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(1. Categories, Functors and Natural Transformations.

Introduction: What are the Foundations of Math?

¢

Category theory attempts to “zoom out” of mathematical constructions and to point out the
higher level relationships between different mathematical constructions. The three main con-
cepts are categories, functors, and natural transformations, although the theory grew out of
implications of these main concepts.

These main concepts were first seen in the study of algebraic topology, since it was observed
that topological problems could be reduced to algebraic, and vice versa. But how? Since there
was no formal notion for what it really meant to take a topological space X and associate it
with some group m(X), category theory came about to formalize this.

However, as we shall soon see, category theory has a big problem. Specifically, there isn’t a

universally agreed upon foundation for category theory, or for mathematics in general.
What do we mean by foundations?

Well, consider a topological space X, or a group G, or a domain R. Then suppose I ask you
“What is X?7”7 or “What is G” or “What is R?” Well, you’ll tell me it’s a topological space, a
group, or the set of real numbers and list the axioms for each object.

That is, a correct answer will characterize X, G or R as a set which satisfies some axioms.
But really, that’s what all our mathematical objects are. So at this point, our foundations are
grounded in set theory.

What is set theory?

Suppose I ask you what is set theory. While we all know there are different set theories, most
people don’t think about set theory axioms on a daily and won’t know (like myself). But
answering this question requires answering the next.
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What is a set?

We usually never have to face this question. But in developing a theory that considers rela-
tionships between different sets, we have to.

Our intuition tells us that sets X are a collection of objects, and that every collection
of objects is a set. We intuitively think that we can form collections of objects to create a
set X, and that we can form intersection and unions between sets, or even compute power sets,
to produce other sets. We also think we can also form sets such as

X ={z ] (@)}

where ¢ is some logical condition of inclusion. However, this leads to paradoxes, one of the
most famous known as Russel’s Paradox which we can describe as follows.
Russel’s Paradox. Let X be a set such that

X ={Aisaset | Aisnotamember of itself.}

Now observe the following.

1. If X € X, then consequently X is not a member of itself. In other words, if X € X, then
X ZX.

Clearly, this is a contradiction. Since X € X is nonsense, X ¢ X, right?

2. Suppose X ¢ X. Then X is not a member of itself, so X € X by the condition of member
of X. In other words, X ¢ X — X € X.

See the problem here? Not every collection of objects is a set. So our previous notions of
sets aren’t correct.

Note that our trouble arose when we said that a set is a collection of objects, and a
collection of objects is a set. This is because no, not every collection of objects is a set.
Thus we need to go back and fix our definition of a set.

What do we do?

This is what many mathematicians asked in the early 1900s when they identified the paradoxes
that arise from our notion of a set. The result has been multiple different types of set theories,
and so there isn’t a clear choice on what to make our foundations. However, this isn’t a huge
problem for category theory. Category theory has its own core axioms, but the fact that there
are different set theories simply means that such core axioms will be phrased differently under
different set theories (although there are some cases where one does need to be careful with
their foundations). In this text, we’ll be a bit sloppy with the foundations of category theory,
although we will point out where we need to be careful.
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Motivation for Category Theory

What do groups G, topological spaces X and vector spaces V' have in common? We use different
letters to describe them! Seriously, that is one major difference. Why? Because our brains are
organizational and thrive off of associations, e.g., G with group, X with topological spaces,
etc. This is great for thinking, but the mental separation of these constructions hides a bigger
picture.

Let’s look at what these things look like. With groups, we are often mapping between
groups via group homomorphisms. For example, below we have the chain complex of abelian
groups with boundary operator 9, : C,, —> C,,_1, with the familiar property that 0, 00,1 = 0.

A chain complex; the image of 0,, is B,,_1, while the kernel of 0, is Z,.

Within topology, we are often mapping topological spaces via continuous functions.

A 2-simplex gets embedded into a manifold in R3.

With vector spaces, we often use linear transformations to map from one to another.
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)
Above we have T : R? —> R3 as a linear transformation sending the various colored vectors in
R? to the vectors in R3. The linear transformation itself is given above.

At some point when we’re learning different basic constructions in pure mathematics, we often
realize that we’re just repeating the same story over and over. The professor tells you about an
object (usually a set) equipped with some axioms. The next thing you learn are “mappings”
between such objects, which can abstractly be called morphisms. The characteristics of these
morphism are generally the following:
1. There’s an identity morphism.
2. There’s a notion of composition.
3. Composition is associative.
4. Composing identities in any order with a morphism returns the same morphism.

What is it that I just described? It sounds just like a monoid! In the most basic sense, a
monoid M = {x,z,...,} is a set of elements equipped with a multiplication map

oM x M— M (x,y) —z-y

which is associative, and with a multiplicative identity e. With a monoid we see that

1. There’s an identity e.

2. There’s a notion of multiplication.

3. Multiplication is associative.

4. Multiplying e in any order with an element = returns z.

The concept of a monoid is one of the most underrated yet powerful concepts of mathematics,
and for some reason it’s usually ignored in algebra courses. It’s an innate, fundamental human
concept, a consequence of our physical reality. How many years have our ancestors been saying;:
“Let’s stack stuff together and see what happens!” Stacking three things in two different ways
is the same. Stacking nothing is an “identity”. Thus what we see is that groups, topological
spaces and vector spaces are all similar in that (1) we have morphisms of interest and (2) the
morphisms behave like a monoid. This notion is what category theory takes care of.
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Category Theory Axioms.

Now we have an understanding of the fact that (1) there is no definitive foundation of mathe-
matics, and therefore that (2) there is no definitive category theory, but rather a definitive set
of axioms for categories. We also understand what things might look like under the axioms of
category theory.

Definition 1.3.1. A category C consists of
« a collection of objects Ob(C)

o a collection of morphisms between objects; for any objects A, B, we denote the mor-
phisms f: A—> B from A to B as Hom¢(A, B)

o a binary operator o known as composition, such that for any objects A, B, C,

o: Hom(A, B) x Hom(B, () — Hom(A4, C)
(f,9) = (gof)

Furthermore, the following laws must be obeyed.

(1) Identity. For each A € Ob(C), there exists a distinguished morphism, called the identity
idg : A—> A in Hom(C).

(2) Closed under Composition. If A, B,C are objects, then for any f € Hom(A, B), g €
Hom(B, C'), there exists a morphism h € Hom(A, C) such that h = go f.

h=gof

TN

AL .9, ¢

(3) Associativity under Composition. For objects A, B, C' and D such that

AL, p_ 9. c_",p

we have the equality
ho(gof)=(hog)of.
(4) Identity action. For any f € Hom(C) where f : A—> B we have that

lpof=f=fola

At this point, the reader is assumed to have never seen a category or has at least some vague
idea. Therefore, any reasonable person would next introduce examples to clarify the above
abstract nonsense. There are two types of examples we can introduce: abstract and concrete
examples. We first introduce the three canonical examples, then three abstract examples. In
the next section we introduce a barrage of more complicated, but real examples of categories
in mathematics. The reader is at liberty to read the next two sections in order, in reverse, or
she can skip back and forth between them.
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Here we make a comment on notation. In what follows we are going to have to describe
categories. To describe them, we need to tell the reader (1) what the objects are (2) what
the morphisms are and (3) what composition is. Often times, (3) is implicit. Therefore our
preferred format of describing an arbitrary category C is using a bold-faced list. An example:

The category C consists of:
Objects. (Here we tell you what the objects of C are.)
Morphisms. (Here we tell you what the morphisms of C are.)

This is simply to avoid a lot of unnecessary words to describe a category (e.g. "the objects of
this category are... the morphisms of this category are...”).

Example 1.3.2. The canonical example of a category is the category of sets, denoted as
Set, which we can describe as

Objects. All sets X!

Morphisms. All functions between sets f: X — Y.

Because most of mathematics is based in set theory, we shall see that while this is a fairly
simple category, it is one of the most useful.

A tip moving forward: When dealing with any abstract construction, it is a common
strategy to keep a “canonical example” of such an abstract construction in your head. For
many people, they often use Set as the image in their head when they imagine a category. This
is fine, but one should be cautioned: in general, categorical objects are not sets. Furthemore,
morphisms are in general not functions. This might be strange, but you will get used to it and
it will eventually become natural to you. The moral of the story is:

The canonical example of a category is Set, but in general the
objects of an arbitrary category C are not sets, and the morphisms

are not functions.

Example 1.3.3. The second canonical example is the category of groups, denoted as Grp.

This can be described as

Objects. All groups (G, -). Here, - : G x G —> G is the group operation.

Morphisms. All group homomorphisms ¢ : (G, ) — (H,-). Specifically, set functions ¢ :
G —> H where ¢(g - g') = ¢(g) - p(9").

We again check this satisfies the axioms of a category.

(1) Each group (G, -) has a identity group homomorphism idg : (G,-)—> (G, -) where idg(g) =
g.

!There’s a minor issue with saying this. We will address it, but not for now.
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(2) The function composition of two group homomorphisms ¢ : (G,-) — (H,-) and 9 :
(H,-) — (K,-) is again a group homomorphism where (1) o ¢)(g) = ¥ (¢(g)). This is
because

UV(p(g-g'))

U(p(g) - ¢(g')
P(p(9) - (p(g)

= @Wop)(g) (Wop)(g)

(vop)g-g)

Q

S
)

(3) Function composition is associative; therefore, composition of group homomorphisms is
associative.

(4) If p: (G,-)— (H,-) is a group homomorphism, then idg op = ¢ oidg = .

Therefore we see that this is a category. We will later see that this category possesses many

convenient and interesting properties.

Example 1.3.4. The third canonical example is the category of topological spaces, denoted
Top. We describe this as

Objects. All topological spaces (X, 7) where 7 is a topology on the set X.

Morphisms. All continuous functions f : (X,7) — (Y, 7).

The reader can show that this too satisfies the axioms of a category.

We now consider some abstract examples. While abstract, they are nevertheless important
examples in their own right. They also illustrate that categories can be finite, which may
counter the intuition the reader might have of categories being “infinte.”

Example 1.3.5. In this example we introduce the three most basic categorical structures. The
first, and most important of the three, is the single object or initial category 1, which is
the category where:

Objects. A single object, abstractly denoted as e.

Morphisms. A single identity morphism id, : ¢ —> e.

The identity of e does not matter; it is an abstract object. This is similar to how a one point
set is denoted as {*} and we don’t really care what * is.

The second category is the arrow category, denoted as 2, which we can describe as
Objects. Two objects e and
Morphisms. Two identity morphisms id, : #—>e and id, : #——e and one nontrivial morphism
f .0 —>

Here we color our abstract objects to clarify that these objects are distinct.
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Finally, we have the category triangle category, denoted as 3, which can be describe as

Objects. Three distinct objects o, e, @

Morphisms. Three identity morphisms, and three nontrivial morphisms: f: e—>e g: e—>
and h: e —>

In this category, we define h = g o f so that this is closed under composition. Note that if we
did not include the existence of h, then this would not be closed under composition, and hence
it would not even be a category.

We can picture all three categories as below.

ide

! ide 2 ide id J Q
/ R VA

Our first step in category theory has been introducing the axioms and showing some simple
examples. We now take our second step by moving on to more basic concepts of category theory
by making a few comments about categories.

Definition 1.3.6. Let C be a category. We say that C is
« Finite if there are only finitely many objects and finitely many morphisms.
» Locally Finite if, for every pair of objects A, B, the set Hom¢(A, B) is finite.
o Small if the collection of objects and collections of morphisms assemble into a set.
o Locally Small if Hom¢(A, B) is a set for every pair of objects A, B.
» Large if C is not locally small. That is, the objects and morphisms do not form a set.

Such terminology proves to be useful, since we have seen that categories come in different
sizes. For example, the categories 1,2, and 3 are finite categories. However, recall Russel’s
Paradox, so that the collection of all sets is not a set. Therefore, Set is a large category.

We now introduce the concept of a subcategory, which is also extremely useful to include in
our vocabularly.

Definition 1.3.7. Let C be a category. We say a category S is a subcategory of C if

(1) S is a category, with composition the same as C

(2) The objects and morphisms of S are contained in the collection of objects and morphisms
of C.

Furthermore, we say S is a full subcategory if we additionally have that

(3) For each pair of objects A, B € S, we have that Homg(A, B) = Hom¢(A, B).

More informally, S is full if it “contains all of its morphisms.”
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Example 1.3.8. Let Ab be the category described as

Objects. All abelian groups (G, -)

Morphisms. Group homomorphisms.

Then Ab is a subcategory of Grp. Futhermore, Ab is a full subcategory of Grp. This
observation also applies to

o FinGrp, the category of finite groups
o FindAb, the category finite abelian groups
o Abrp, the category of torsion-free abelian groups

However, none of these categories are subcategories of Set. In fact, many categories which
are based in set theory are not actually subcategories of Set. This is because the objects of
categories such as Grp or Top are not just sets, but are sets with extra data (such as a binary
operation or a topology).

Example 1.3.9. Let Ring be the category described as

Objects. Unital rings (R, +,-). That is, rings R with a multiplicative identity 1 that is not
equal to its additive identity 0.

Morphisms. (Unit preserving) Ring homomorphisms ¢ : R — R’. That is, functions ¢ :
R —> R’ such that

« pla+0b)=p(a)+ ¢(b)
« pla-b)p(a) - @(b)
« »(0r) = Op and p(1g) = 1p.

For a ring R we know that (R, +) is an abelian group, and we know that every ring homo-
morphism is technically a group homomorphism between abelian groups. However, it is not
the case that Ab is a subcategory of Ring. This is because while every ring is technically an
abelian group, abelian groups on their own are not rings.

We now introduce a convenient categorical construction which will serve to be useful to us
from here on out.
Definition 1.3.10. Let C,D be categories. Then we can form the product category where
we have that
Objects. Pairs (C, D) with C' € C and D € D.
Morphisms. Pairs (f,g) where f : C —> C” and g : D — D’ are morphisms in C and D.
To define composition in this category, suppose we have composable morphisms in C and D as
below.
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C flof D g'og
f/\f'* g/\gzx
e C, Cy --- ... Dy D, Dy ---

Then the morphisms (f,g) and (f’,¢’) in C x D are composable too, and their composition is
defined as (f',g') o (f,9) = (f'o f, g o g).

CxD (f,9")o(f.9)=(f"of,g"0g)

(C1, D1) —22 (Cy, Dy) —L2), (04, Dy)

Note that we can form even larger products of categories; we don’t have to stop at two! But
this will be explored later. For now, we can just be happy with this new tool because it allows
us to be build new categories from the old ones that we already know.

Example 1.3.11. A useful example of a product involves the category Set x Set which we
can describe as

Objects. Pairs of sets (X,Y).

Morphisms. Pairs of functions (f, g).

Such product constructions are useful because in general, algebraic operations of any kind
require a product. For example, to talk about a group (G, -), one needs a binary operator, i.e.
a function - : G x G —> G. Hence to talk to generalize operations on categories, we need to
talk about products. For example, with Set x Set, we can talk about the product of two sets
as a mapping x : Set x Set — Set where (A4, B) — A x B.
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Examples of Categories

Now that we have some idea of basic categories and a few examples in mind on how they
work, we introduce more examples in this section to deepen our understanding. Categories are
extremely abundant in mathematics, so it is not difficult to find examples.

Without proof, we comment that the categories below truly form categories. To discuss
these categories, we will use the notation in the leftmost column.

Category| Objects Morphisms
FinSet || Finite sets X Functions f: X — Y
Vectg Vector spaces over k Linear transformations 7' : V — W
Mon Monoids (M, -) Monoid homomorphisms ¢ : M —> M’
FinGrp || Finite Groups Group homomorphisms ¢ : (G,-) — (H, )
Ab Abelian Groups (G, -) Group homomorphisms
FinAb | Finite Abelian Groups (G, ") Group homomorphisms
Ring Rings (R, -, +) Ring homomorphisms ¢ : (R,-,+) —
(S ) +)
CRing | Commutative Rings (R, -, +) Ring homomorphisms
Ring Rings (R, -, +) with identity 1 # 0 | Ring homomorphisms
R R-modules (M, +) R-module homomorphisms
mod
Fid Fields k Field homomorphisms
Top* Topological spaces (X, xy) with | Continuous functions preserving basepoints
basepoint xg € X
Toph Topological spaces (X, T) Homotopy equivalence classes
Haus Hausdorff  topological spaces | Continuous functions
(X,7)
CHaus | Compact Hausdorff topological | Continuous functions
spaces (X, T)
DMan | Differentiable manifolds M Differentiable functions ¢ : M —> M’
LieAlg | Lie algebras g Lie algebra homomorphisms
Grph Graphs (G, E,V) Graph homomorphisms

Now that we are aquainted with some of the categories that we’ll be working with, we’ll
introduce more interesting categories that become useful. However, these categories are less
trivial than the ones above, i.e it takes a bit of work to see how they form into categories.

Example 1.4.1. Let X be a nonempty set. We can regard X as a category where

Objects. All elements of X.

Morphisms. All morphisms are identity morphisms, and there are no morphisms between any
two distinct objects.

This category, while fairly trivial, is called a discrete category.
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Example 1.4.2. Consider any of the categories Mon, Grp, Ring, or R mod . For any object
of these categories, we can create the notion of a grading. Such a concept is a useful algebraic
construction which appears in different areas of mathematics. For simplicity, we’ll consider a
grading on a group.

A group G is said to be N-graded if there exists a family of groups G, G, ..., G,, ... such
that G = @,-; G;. An example of this is the group (R[z],+), the single variable polynomials
in one variable. To see that this is graded, observe that any polynomial p(z) is of the form

p(x) = ap + a1 + agx® + - - + a,a".
Note that p(x) consists of “components”, i.e., different powers of z. If we let
R, [z] = {az" | a € R}

then we see that Rlz] = @,_o R, [z].

More generally, if A is an indexing set, we say a group G is A-graded if there is a family of
groups G, 1 € A such that G = @, G;. In addition, it G = @\ G; and H = P, H; are two
graded groups such that ¢; : G; —> H; is a group homomorphism, then we say ¢ : G —> H is
a A-graded homomorphism.

With that said, we can define the category of graded groups to be the category GrGrp,
(read as “graded groups”) described as
Objects. \-graded groups G = @;c, for some set \

Morphisms. Graded homomorphisms between graded groups.

As we said before, this produces many graded categories, including GrMon, GrRing, GrMody
ete.

Example 1.4.3. A monoid is a set M equipped with an operation - : M x M — M and an
identity e such that e-m =m-e =m for all m € M. In other words, monoids are like groups,
in that we drop the requirement of an inverse.

Let C be a category with one object; denote this object as o. As we have one object, we
have one homset. We can then interpret M as a category by setting

Homyg (e, @) = M.

Thus each m € M corresponds to a morphism. So, we can write each morphism in the category
as f,, : e—> e for some m € M. We then write f, = 1,, the identity, and more generally define
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composition in the category as
fm o fm’ = fm-m/-

Since M is a monoid, and its multiplication is associative, we see that composition defined in
this way is also associative. Further, for each f,,, we have that

feofm:fmofe:fm

since e -m = m -e = m in the monoid M. Thus we can interpret monoids as one object
categories.

Definition 1.4.4. A category P is said to be thin or a preorder if there is at most one
morphism f : A—> B for each A, B € P.

The simplest thin categories are of the form below

P
A

sy
Q

but they may also have more complex shapes such as the category below.

P

.B\
-

He— a0

/D
\G

Thin categories are very common since we often times only care about one single type of relation
between any two objects. An example of such a relation is a binary relation; for any two real
numbers z,y € R, we know that either x <y or y < z.

This intuition is actually not very far off. Given a thin category P, define the binary relation
< on the objects Ob(P) as follows. For any pair of objects A, B € P, we have that

A < B if and only if there exists an morphism A — B.

Some things are to be said about this relation:

o For each object A, there always exists a morphism A —> A (namely, the identity). This
implies that A < A for all objects A, so that < is reflexive.
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e If f: A—> B and g : B—> C, then we have that A < B and B < C. Since we may
compose morphisms, we have that go f : A —> C. Therefore, A < C, so that < < is
transitive.

Hence, P is really just a set with a reflexive and transitive binary relation. However, this is
exactly the definition of a preorder! Therefore, preorders P can be regarded as categories with
at most one morphism between any two objects, and vice versa.

Preorders can also turn into partial orders, which have the axiom that

if p<p and p’ < pthenp=7yp'.

or linear orders, where for any p, p’ we have that p < p’ or p’ < p.

Example 1.4.5. Here we introduce some examples of thin categories.
Natural Numbers. The sets {1,2,...,n} for any n € N are linear orders, each of which
forms a category as pictured below.

b)) ()

1 —— 2 3 n

In this figure, the loops represent the trivial identity functions.
This example can also be generalized to include N, Z, Q, and R.

Subsets. Let X be a set. Then one can form a category Subsets(X) where the objects are
subsets of X and the morphisms are inclusion morphisms. Hence, there is at most one
morphism between any two sets.

Since there is at most one morphism between any two objects of the category, we see that
this forms a thin category, and hence a partial ordering. What this then tells us is that
subset containment determines an ordering, specifically a partial ordering.

Open Sets. Let (X, 7) be a topological space. Define the category Open(X) to be the cate-
gory whose objects are the open sets of X and morphisms U—V are inclusion morphisms
1 : U—>V whenever U C V. Hence, there is at most one morphism between any two
open sets, so that this also forms a preorder.

Subgroups. Let G be a group. We can similarly define the category SbGrp(G) to be the
category whose objects consists of subgroups H < (G, and whose morphisms are inclusion
homomorphisms. This is just like the last example; and, as in the last example, there
is at most one morphism between any two subgroups H, K of G (either i : H — K or
i : K—> H). Hence, we can place a partial ordering on this, so that subgroup containment
is a partial ordering.

Ideals. Let R be a ring. Then we can form a category Ideals(R) whose objects are the ideals
I of R and whose morphisms are inclusion morphisms. As we’ve seen, this forms a thin
category.
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Example 1.4.6. Let B, be the set of braids on n strands. Recall that B,, forms a group where
the group product is composition, and where the identity is simply n parallel strands. Each
braid group actually has a nice presentation:

B, = <01, ey Op1 | 01010 = a¢+10iafi)1, 0i0; = Uja§2)>
where (1) holds only when 1 < i <n—2 and (2) hold only when |i —j| > 1. These two laws are
imposed so that they match our geometric intuition, so that if we were to replace the strands
with real, phyiscal ropes then they would behave the same way.

Each generator o; is interpreted as swapping the i-th strand over the (i 1)-th strand, while
o; is swapping the (7 + 1)-th strand over the i-th strand. Below are some example generators.

1 2 1 2 1 2 3 1 2 3 4

_ .
_ h

2 1 2 1 1 3 2 1 2 4 3

1

o1 on two strands; o= on two stands; o9 on three strands; o3 on four strands.

The reason why we care about these generators is because every braid can be expressed by
over and under crossings (although such an expression may not be unique). Now, the group
multiplication in this group is simply stacking of braids. For example, the braid

1 2 3
S <
3 2 1

can be obtained by stacking o1, 09 and then o, again. Hence, the braid o;04507.

Now with the family of braid groups By, Bs, ..., we can form a category B as follows.
Objects. Positive integers 1,2, ...,
Morphisms. For any pair of positive integers n, m, we have that

B, ifn=m

J n#*m

Homg(n, m) = {

Hence we only have morphisms f : n —> m when n = m. Furthermore, each morphism is a
braid. Composition is then group multiplication. The identity for each object n is the identity
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braid of n parallel strands. As group multiplication is associative, the composition in this
category is associative, so we see that this truly does form a category.

The following examples demonstrates again that morphisms are not always functions, or
mappings of some kind.

Example 1.4.7. Let R be a ring with identity 1 # 0. For every pair of positive integers m,n,
let M,,»(R) be the set of all m x n matrices. Now recall that for an m x n matrix A and a
n X p matrix B, the product AB is an m X p matrix.

ay; a2 - Aip bin bz - blp Ci1 Ci2 -+ Cip
Q21 Q22 -+ Q2 bar bay - bzp Co1 Co2 -+ Cyp
Am1 Am2 - Qmp bnl bn2 o bnp Ch1 Cp2 *+ Cpp

n
where ¢;; = Z a;;brj. This can rephrased as saying that we have a multiplication map as
k=1

below.

Mipn(R) X My, p(R) —> My p(R)
Since matrix multiplication is associative, we can also say that the above mapping is associative.

This however should feel sort of similar to the process of composition, say for example in
Set, where if we have functions f : X —Y and ¢ : Y —> Z we obtain a function go f : X— 7.
If we follow this intuition, we can consider a matriz A of shape m x n as a morphism from
m —> n. Similarly, B can be regarded a morphism from n — p. This together implies that
AB is a morphism from m — p. This should feel strange, because we are used to thinking of
a morphism as some kind of function. But it works; we can form a category where

Objects. The objects are positive integers m.
Morphisms. The morphisms are matrices. Specifically, for any pair of objects m,n,

Home(m,n) = My, (R).

Here, composition is simply matrix multiplication.

Observe now that our initial observation regarding matrix multiplication translates to a state-
ment regarding whenever two matrices A and B are "composable" (i.e., whenever we can multi-
ply them). That is, our mapping M,, ,,(R) x M,, ,(R) —> M,,,, can be rephrased as composition

o : Home(m, n) x Home(n, p) — Home(m, p)

Associativity of matrix multiplication translates to associativity of composition. Finally, note
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that for each object (positive integer) n, the identity morphism is simply the identity matrix.

100 0
010 0

1, :=1I, =
000 - 1

Thus we see that we have all the necessary ingredients to declare this to be a category.

Example 1.4.8. Let GG be a group, and recall that G is equipped with some binary operator
- . G x G—> G which satisfies associativity. Because this is a two-variable function on G every
g € G induces a map

<_>'g::fg:G4’G

This then gives rise to a collection of maps f, : G —> G for each g € G, which we can picture
as below.

fgl

Yl

G

N,

In particular, if e € G is the identity, then f. = 15. Moreover, composition of these maps is
associative. Thus we can think of this as a category, specifically one with one object, whose
morphisms f : G —> G are induced by the elements g € GG. Also, note that each such map is
an isomorphism, since its inverse is given by (=) - ¢! : G — G.

Now we can step up a level of generality. Let X be a set, and suppose we have a group
action ¢ : X x G—> X. If we denote (g, —) := 5 : X —> X for each g € G, then since ¢ is a
group action we have that ¢, 0 oy = ¢4 and @, = 1x. Hence composition is associative and
we have a well-behaved identity morphism. Usually, when we draw group actions, we think of
something like this:
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What we're seeing is that group actions can be phrased as a category with one object, with
morphisms as isomorphisms. This generalizes our previous discussion, which makes sense since
groups are trivial examples of group actions by setting X = G.

Exercises

1. Let n be a positive integer, and consider a group G such that g" = 1 for all elements
g € G. Show that if we take these groups to be our objects, and group homomorphisms
to be our morphisms, then this forms a category Grp,,.

2. Consider an infinite family of groups G1, G, ..., G,,... Show that we have a category G
where

Objects. The positive integers 1,2,...,n,...
Morphisms. For any two positive integers n, m, we define

G, ifn=m
Homg(n,m) =
@ otherwise.

This example can be applied to many interesting families of groups, since they often
come graded (i.e., they often are indexed by the positive integers.) For instance, the
braid groups By, Bs, ..., are such an example.

3. Let f: X—>Y be a function between two sets. We say f has the “finite-to-one” property
if f~1(y) is always a finite set for all y € Y. Show that we have a (large) category, denoted
Set rro, where

Objects. All sets X.
Morphisms. functions f with the finite-to-one property.

4. Let X and Y be sets. A binary relation R on X and Y is any subset of X x Y. For
two elements z € X,y € Y, we then write xRy if (z,y) € R. Binary relations can be
specialized to describe functions and order relations in set theory.

Show that we can form a category where

Objects. All sets X.
Morphisms. For any two sets X, Y, we write, by abuse of notation, R : X — Y as a
morphism for each relation R on X and Y.

This category is called Rel, to indicate that it is the category of relations.
Hint: Define composition in this category as follows. Suppose R : X —> Y is a relation on
X and Y and P:Y — Z is a binary relation on Y and Z. Then the composite relation
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Q@ : X — Z is given by

Q = {(z, 2) | there exist y € Y such that (z,y) € R, (y,2) € P}.

5. Recall that for a two metric spaces (M, dys) and (N, dy), where dy; : M x M — M and
dy : N x N— N are the metrics, we say a function f : M —> N is a Lipschitz-1 map
with Lipschitz constant 1 if

for all z,y € M. Using this concept, show that we have a category where

Objects. Metric spaces M
Morphisms. Lipschitz-1 maps with Lipschitz constant 1.

This category is commonly denoted as Met.
6. Let G be a group. We say that G acts on a set X if we have a function ¢ : G x X — X
such that
ec-r=u=
o h-(g-x)=(hg) x
Such an X is sometimes called a G-set. Note here that we represent ¢(g,z) as g - z.
Now suppose X,Y are two sets for which G acts on. Then we define a morphism of G

sets to be a function f : X — Y such that f(g-x) = g- f(z). Such a map is called G
equivariant. Show that we have a category G-Sets where

Objects. All G-sets (i.e., sets with a group action by G)
Morphisms. G equivariant maps.
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Paths and Diagrams in Categories

In this section we give an overview of the concept of a path and of a diagram within a category,
which are concepts that are exactly what they sound like. This is usually a discussion that is
usually glossed over, which is a huge mistake since diagrams are used everywhere in mathemat-
ics. They’ll appear in nearly every section from this point on, and any good book on category
theory will have dozens of diagrams. In short, they are extremely indespensible.

So, we set off to do a justice to the important concepts of paths and diagrams. However,
I've kept the pragmatic reader in mind and have avoided making this discussion abstract and
irrelevant.

First, we form some intuition on what exactly a diagram is. Informally, a diagram in a
category C consists of a finite sequence of arrows between objects. Below are some diagrams.

A—?2 > B Y

- " / \

C — D X A
gof

We can also have more complicated diagrams such as the diagrams below.

By

e, S

V/VG/\\ //\ | /i’ A

By

Of course, a diagram does not really mean anything on its own; it is simply a graph?. A diagram
requires the context of a category to have any meaning. Despite this, we can still abstract the
core ingredients of what a diagram really is for a general category C. To do so requires observing
that in the diagrams above (which are the ones we care about), there are certain paths given
by iterated composition. Thus we start at this concept and build upwards to define a diagram.

Definition 1.5.1. Let C be a category and consider two objects A and B. A path p in C of
length n from A to B consists of

o distinct objects Ay, A, ..., Ay with Ay = Aand A,,1 =B

e a chain of morphisms f; : Ay — As, ..., fu: A, — A

2Technically, since a diagram can have multiple morphisms between two objects, every diagram is a “quiver.”
This is explored more in Chapter 2.
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and we say p = f,o0---0 f;. If two paths p= f,0--- f; and ¢ = ¢, © g1 © - - - 0 g1 start and
end at the same objects A and B, we say p and q are parallel paths.

For example, we have a path of length five from A; to Ag in some category C displayed
below in blue.

. A4//17A6m
'Al/ \ //*A5

—

Note that in the above picture, we will in general have many possible paths between two
different objects. We now face the question: is there a way to organize this data without getting
too complicated?

To answer that question, we must work with a small category in order to avoid contradictions
that arise due to size issues in set theory. With that said, we propose the following definition.

Definition 1.5.2. Let C be a small category. For any two objects A, B, and for any positive
integer n, define the path set of order n from A to B as

Path"(A, B) = {all paths p : A—> B of length n}.

The above definition makes sense, but admittedly it is not illuminating. Is there another
perspective we can make from this?

Yes! Because paths are made of components which are inherently ordered, one way to
imagine a path is as a tuple (fi,..., f,) of n-morphisms where the codomain of f; is the
domain of f;;;. In other words, a path from A to B is an element of

Hom(A, A;) x Hom(A;, As) x --- x Hom(A4,, B).

for some objects Ay,..., A, in C. Therefore, we can say that
Path"(A, B) = U Hom(A, A;) x Hom(A;, As) x --- x Hom(A4,, B).
Ay,...An€0b(C)
where in the above union we vary across all objects Ay,..., A, € Ob(C). Note that when

n = 1, we have that Path"(A, B) = Hom(A, B). In this way, the path set can be thought of as
a generalized hom-set.

Definition 1.5.3. A simple diagram J in a category C consists of two distinguished objects
A and 7, referred to as the source and target of J, and any finite collection of parallel paths
pr:A— B,ps: A— B,...,p, : A—> B of any length.
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Some simple diagrams are pictured below. In the first diagram, the source and targets are
X and Z; in the second, they are A and F; in the third, they are V and V7.

//\\//\ Iy

In many situations, simple diagrams are what we really care about. This is because often times
we have two objects of interests, and we consider many possible paths between them. And in
those situations, we are generally asking: are all such paths equivalent?

This is something high schoolers ask themselves all the time, and a mistake they make all
the time. Let n > 2. Consider the functions

D——F —

X

e ¢:N—> N where f(a) = a™ (e for exponent)
e p:NxN-— N where f(a,b) =a+ b (p for plus)
Often times, they get confused and think that the paths of the diagram below are equivalent.

N x N N (a,b) a+b
(ee) e ]
N x N N (@",b") ——— a" +b" = (a+b)"

Sadly, this equation does not hold generally, and the two paths of the diagram are not equivalent.
Thus at this point we introduce terminology for discussing when paths are equivalent.

Definition 1.5.4. Let J be a simple diagram in C. If every parallel path is equal, then we say

J commutes and is a commutative diagram.

At this point, we should note that there is still some work to be done, since of course not
all “diagrams” that we care about are simple. For example, an extremely important diagram
that will eventually become engrained in your brain is pictured below on the left.?

ANy

X < XxY ) —— 9(2)

3Understanding this diagram right now is not important; there is a lot more stuff one needs to learn before
we get into what this means. Long story short, it is the universal property of a product.
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Here, the objects are sets, and the morphisms are functions; the underlying function maps are
pictured above on the right.

Clearly this diagram is not simple. However, note that it is built from simple diagrams;
specifically, the left and right triangles are simple diagrams. At this point, it is clear that the
task of rigorously defining the notion of a diagram is reduced to defining what exactly we mean
by “building” such diagrams.

Exercises

1. Consider a category C with objects A, Ag,...,A,, B, By, B1,...,B,,. Let Ag = By = A
and A, = B,, = B, and suppose we have a family of isomorphisms f; : A,_; == A; and
g; . Bi—l —— BZ as below.

Suppose we have another object C' and isomorphisms ¢; : A; = C, 9; : B; = C with
Yo = @ and @, = 1¥,,. Prove that if ¢; o f; = v;11 and ¥; o g; = ¥;41, then the above
diagram is commutative in C.
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Functors

At this point, we really have no significant reason to care about categories. They have only
so far proved to be an organizatonal tool for concepts of mathematics, but that is about it.
In this section, we introduce the abstract notion of a functor which is prevalent everywhere in
mathematics. Functors are ultimately a helpful notion which we care a lot about, but in order
to define a functor we first needed to define categories. But as we have defined categories, we
move on to defining functors.

Definition 1.6.1. Let C and D be categories. A (covariant) functor F' : C — D is a
“mapping” such that
1. Every C € Ob(C) is assigned uniquely to some F(C) € D

2. Every morphism f : C'—>(C" in C is assigned uniquely to some morphism F'(f) : F(C)—>
F(C") in D such that

F(le) = 1p) F(go f)=F(g)o F(f)

If you have seen a graph homomorphism before, this definition might seem similar. This
is no coincidence, and we’ll see later on what the relationship between categories and graphs
really are. But with that intuition in mind, we can visualize the action of a functor. Below we
have arbitrary categories C, D, and a functor F': C — D.

C D :
e A ... . F(A)
/ \Jz F) ij)
B . c ... .- F(B) F(O) -

In what follows, we offer some simple and abstract examples that can get us familiar with
the behavior of functors. In the next section, we do the opposite, and instead use our abstract
understanding of functors to witness functors in real mathematical constructions?.

Example 1.6.2. Denote 1 as the category with one object e and one identity morphism
1, : #¢—>e. Then for any category C, there exists a unique functor F' : C —> 1 which sends
every object to e and every morphism to 1,.

41 chose to separate this section and the next to ease the learning curve for functors; both perspectives are
necessary for true understanding of a functor.
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Conversely, there are many functors F' : 1 —> C. Since we only have F'(e) = A for some
A € C, and F(1,) = 14, we see that this functor simply picks out one element of C. So these
functors are in correspondence with the objects of C; the picture below may help.

o A

Example 1.6.3. Let 2 be the category with two objects e and e with one nontrivial f : e —>e.
The category can be pictured as below.

2 le 1
f Q

o —>

Suppose now that C is an arbitrary category, and that we have a functor F' : 2—C. Then note
that F'(e) = Aand F(e) = B for some objects A, B € C. Hence we have that F'(f) = ¢ : A—B
for some ¢ € C. Below we have the functor pictured.

2 C

Note we suppressed the identity morphisms. Therefore, we see that this functor simply picks
out morphisms ¢ : A— B in C. So we can say that functors F' : 2—C are in correspondence
with the morphisms of C.

Consider the very first figure of this section, Figure ?7. In that image we saw three objects
A, B, C get sent to F(A), F(B), F(C). However, the original commutative diagram involving
f,g and go f was translated into another commutative diagram in D involving F(f), F'(g) and
F(go f). This is because of the critical property F(go f) = F(g) o F(f) given by a functor. In
fact, any commutative diagram translates to a commutative diagram under a functor.

Proposition 1.6.4. Let C,D be categories with F' : C — D a functor. Suppose J be a
commutative diagram in C. Then the diagram obtained from the image of J under F', which
we denote as F(J), is commutative in D.
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Proof. 1t suffices to prove that, for any complete subdiagram J’ of J involving any two distinct
paths

p:fnofnflo"'ofl q:gmogmilo...ogl

in J, we have that F'(J') is commutative in D. But this immediate. Since J’ is commutative
in C, we have that p = ¢q. Hence we see that

F(p) = Flq) = F(fa) o F(far) - F(f1) = F(gm) © F(gm-1) 0 --- 0 F(g1).

by repeatedly applying the composition property of a functor. Hence F(J') is commutative
of J. Since |

Finally, before we move onto the next section and introduce various examples of functors
across mathematics, we introduce one of the most important functors in basic category theory.

Example 1.6.5. Let C be a locally small category. Then for every object A, we obtain the
covariant hom-functor denoted as

Home (A, —) : C —> Set .

where on objects C' — Home(A, C) and on morphisms (¢ : C—> C') — ¢* : Hom¢(A,C) —
Home¢ (A, C")) where ¢* is a function defined pointwise as

O (f:A—C)=gpof: A—C"

Such a functor is naturally of interest in mathematics since it is often of interetst to consider
the hom set Hom¢ (A, B) for some objects A, B in a category C, as it is usually the case that
this set contains extra structure. For example, within topology this set is always a topological
space, since families of continuous functions can be endowed with the compact open topology.
In the setting of abelian groups, this set also forms an abelian group. Much of category theory
can actually be done by simply “enriching” hom sets of a category with some extra structure;
this is the object of enriched category theory, which we’ll introduce later.

This functor in general also exhibits nice properites. For example, let R be a ring. Then
the sequence below

P

0 —> M, —2> M M,

is exact if and only if, for every R-module N, the sequence
0 —— Hom(N, M;) —Z—> Hom(N, M) —~~ Hom(N, M)

is exact. This result even extends to split short exact sequences. We also have that for R-
modules N, My, M, that

Hom(N, M, & Ms) = Hom(N, M) & Hom(N, M,).
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This result also holds for arbitrary direct sums, so that the hom functor distributes over all
direct sums. Even better, we cannot forget that the hom-functor exhibits the tensor-hom
adjunction which states that for R-modules N, My, My

HOI’H(N & M17 MQ) = HOI’H(N, HOIH(Ml, MQ))

More is to be said about this property; we’ll later see that this is an example of an adjunction.
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Examples and Nonexamples of Functors

Functors were not defined out of arbitrary interest. The definition of a functor was motivated by
constructions that were seen in mathematics (unlike constructions in say, number theory, which
are interesting in their own right). Thus in this section, we include a wide variety of different
constructions in in different areas of mathematics which all fit the definition of a functor. We
present examples from algebraic topology, differential geometry, topology, algebraic geometry,
abstract algebra and set theory.

In short, this section is due to the fact that the only way to really understand what a functor
does is to realize the definition with ezamples. It’s not necessarily important to understand all
the examples, if for instance you have never worked with differential geometry, but it would be
good to get a few of them. What is more important is witnessing how such a simple definition
can be so versatile and prevalent in seemingly different fields of mathematics; thus, what is
important is witnessing the flexibility of functors (in addition to filling in the details of the
examples and doing the exercises at the end).

Algebraic Geometry.

Example 1.7.1. In algebraic geometry, it is often of interest to construct the affine n-space
A"™(k) of a field k. Usually, k is an algebraically closed field, but it doesn’t have to be.

A"(k) = {(ag, ..., an_1) | a; € kY.

For example, when & = R, we have that A"(k) = R™. Moreover, we claim that we have a
functor A"(—) : Fld — Set. To see this, we need to figure out where A"(—) sends objects and
morphisms.

We can first observe that A™(—) sends fields k to sets A™(k). Secondly, we can observe that
for a field homomorphism ¢ : k — &/, we can define the function A™(y) : A"(k) — A™(K)
where for each (ay,...,a,) € A"(k) we have that

A™(p)(ao, - an-1) = (¢(ao), - - ., p(an-1))-

The reader can show that this satisfies the rest of the axioms of a functor. Overall, we can say
that we have a functor

A™(—) : Fld—> Set .

Example 1.7.2. Once the affine n-space is defined, the next step in algebraic geometry is to
construct the projective space P"(k) for a field k. To define this, we first define an equivalence
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relation on A" (k). We say
(ag,...,ap) ~ (bo,...,b,) if there is a nonnzero A € k such that a; = \b;.

This defines an equivalence relation on the points of A"(k). Geometrically, this equivalence
relation says two points are equivalent whenever they lie on the same line passing through the
origin. With this equivalence relation, we then define

Pr(k) = A" ) e {[(ao, a)] | (o an) € A”“(k:)}.

Hence we see that P"(k) is the set of equivalence classes under this equivalence relation. Similar
to the previous example, this construction is also functorial. Consider a field homomorphism
¢ : k—> k’. Then we define the function P"(p) : P"(k) — P™(k’) where

Pr(@)(lao, - -, an]) = [((ao), ..., w(an))].

However, when defining functions on a set of equivalence classes, we need to be careful. It’s
possible that the function could send equivalent objects to different things, so that such a
fuction would not be well-defined. In this case, the above function is in fact well-defined. This
is because p(Aa;) = p(AN)p(a;) for any i = 0,1,...,n. Therefore we can state that we have a
functor

P"(—) : Fld— Set .

Algebraic Topology.

Example 1.7.3. An important example of a functor arises in homology theory. For example,
in singular homology theory, one considers a topological space X and associates this with its
n-th homology group.

In a typical topology course, one then proves that if f : X — Y is a continuous mapping
between topological spaces, then f induces a group homomorphism

H,(f): Hy(X)— H,(Y)

in such a way that for a second mapping g : Y — Z, H,(go f) = H,(g) o H,(f) for all n.
Finally, we also know that H,(1x) = 1g,(x). Therefore, what we see is that this process can
be cast into the language of category theory, so that we may define a singular homology
functor

H, : Top— Ab
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since this functorial process sends topological spaces in Top to abelian groups in Ab.

Example 1.7.4. Another example from algebraic topology can be realized from the funda-
mental group
m (X, x0) = {[z] | 2 € X}

with xy € X, and where [z] is the equivalence class of loops based at x¢, subject to the homotopy
equivalence relation. First observe that X +— m(X) is in fact a mapping of objects between
Top* and Grp. Second, observe that if f : X — Y is a continuous function, then we can
define a group homomorphism

mi(f) s m(X) — m(Y) [2] — [f(z)].

Note that this is well defined since if  ~ 2’ then there is a homotopy relation H : X x [0, 1]—Y".
However, f o H is also another homotopy relation that establishes that f(z) ~ f(z'); hence our
group homomorphism is well defined.

Moreover, if f: X —Y and g : Y —> Z are continuous, then we can check that m (go f) =
m(g) om(f); if [of € m (X, xp), then

(go flu(la]) =[(go floa] =[go (foa)]l = gu([fulle])]) = gs 0 fu([o])

so that (g o f). = g«f«. Finally, we can examine how the identity map 1x on a topological
space acts on an element [a] € m (X, zo):

id,([a]) = [id o a] = [a].

so that it is sent to the identity homomorphism. All together, this allows us to conclude that
this process is entirely functorial, so we may summarize our results by stating that

71 : Top® —> Grp

is a functor.

We now present two examples from differential geometry, which aren’t traditionally pre-
sented as examples of functors but are nevertheless interesting in their own right.

Differential Geometry.

Example 1.7.5. Let M" be a differentiable manifold of dimension n. In general, this means
that there exists a family of open sets U, C R"™ and injective mappings x,, : U,—> M for a € A,
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5 Recall from differential

A an indexing set, with the mappings subject to various conditions
geometry that we can associate each point p € M™ with its tangent space T,(M), in the
following manner.

Suppose for o/ € A we have that x, : U, —> M is a mapping whose image contains p (such

an o must exist). Then T,(M) has a basis

o 0 0
Ox, Oxy’ " Ox,,

is the tangent vector of the map ¢; : U—> M, which simply sends (0, ...,0,z;,0,...,0).

where 3
T
Now suppose ¢ : M{* —> MJ" is a differentiable mapping. Recall that the differential of ¢

establishes a linear transformation between the vector spaces:
doy, : T2 M7 —> T, My".

Consider the category DMan™ whose objects are pairs (M", p) with M™ a differentiable man-
ifold and p € M™. The morphism are (p,p) : (M7,p) — (M3*,q) with ¢ : M} — M}"
a differentiable map and ¢(p) = ¢. Then this process may be summarized as a functor
T, : DMan, —> Vectr where

T:(M,p)="T,(M)
T(p: (M{',p) — (M3", (p))) = dipp : Tp(M) —> Ty M3"
One can show that the identity map is sent to the identity linear transformation on 7,,(M) and

that the differential respects composition, so that that the association of a manifold M (with
a specified point p € M) to its tangent space T,,(M) gives rise to a functor

T, : DMan® — Vecty .

Example 1.7.6. Consider again a differentiable manifold M™ of dimension n. Recall that we
may consider the tangent bundle T'M of M, which is the set

TM ={(p,v) |p€e M" and v € T,(M)}.

The set TM simply pairs each point p € M™ with its tangent space T,(M). However, TM is
more than such a set; it inherits the structure of a differentiable manifold from M as well. In
fact, it is a manifold of dimension 2n.

5There isn’t a universally agreed upon set of conditions, and we won’t really need to worry about them here.
If the reader likes, they can consult Do Carmo’s Riemannian Geometry, which is, and has been for a long time,
the go-to differential geometry text.
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Now suppose we have a differentiable mapping ¢ : M{'—>MJ". Then this induces a mapping

(p,do) : TM12” — TM22m
(¢, dp)(p,v) = (p(p), dpp(v)).

One can show that (¢, dy) : TMP" — TM3™ is a differentiable mapping between manifolds®
At this point we may guess that we have a functor 7'B : DMan— DMan (“7'B” for “tangent
bundle”) where

TB(M™) =TM
TB(p: M{' — My") = (¢, dp) : TM{" —> TM;™.

To check this, we first observe that T'B(1ym) = lppze. Next, suppose ¢ : M{* —> MJ* and
Y MY — MY, and observe that

TB(¢op) = (o, dypy) = (¢,dy) o (p,dy) = TB(p) o TB(p).

Note that above in the second step, we used the fact that dy., = dy o d,, which we know is

©s
true from the previous example. As T'B respects the identity and composition, we see that we
do in fact have a functor

T : DMan — DMan

as desired.

Topology.

Example 1.7.7. Let X be a set. Recall that we can turn X into a topological space (X, 74),
where TéX) is the discrete topology, so that every subset of X is an open set. We claim that

this process is functorial, so that we have a functor

D : Set— Top .
This is because any function f : X — Y extends to a continuous function f : (X, Tl()X)) —
(Y, 757) (hopefully the abuse of notation in f is forgivable here). Hence this defines a functor,
although in a simpler way than we’ve seen in the previous examples.

Example 1.7.8. Let (X,7) be a topological space and consider any zo € X. Then (X, )

6] wanted to show this here, but it turned out to be just tedious definition-checking, so I don’t think it’s
appropriate to include here (perhaps I could make/put it in an appendix...)
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forms an element of Top*. With such a space, we can consider the loop space of (X, )
defined to be
Q(X) ={p:S'—> X | ¢ is continuous and ¢(0) = zo}.

Here S! is the circle. As this consists of a family of continuous functions between two topological
spaces, it can be endowed with the Compact Open topology to turn it into a topological space
as well. Hence we claim we have a functor

Q : Top*— Top.

To see this, one needs to first consider a morphism in Top*, which in this case is continuous
function f : (X,z9) — (Y, y0) such that f(zo) = yo. This must then correspond with a
continuous function Q(f) : Q(X) — Q(Y). We can define this function pointwise: for each
continuous ¢ : S* —> X such that ¢(0) = zg, we have that Q(f)(p) = fop:S;—> Y. In this
case we see that (f o )(0) = yo, and is a continuous function, so it is well-defined.

This example can be further generalized to higher loop spaces which consider continuous
functions ¢ : S™ — X, rather than just having n = 1.

Algebras, Rings, Groups.

Example 1.7.9. Recall that a Lie Algebra g is a vector space g (over a field k), equipped
with a bilinear operation [—, —] : g X g —> g such that

L [z,y] = —[y, 7]
2. [x,[y, 2] + [y, [z, 2]] + [2, [z,9]] = 0.

Condition (2) is referred to as the Jacobi identity, and many familiar operations on vector
spaces satisfy (1) and (2). For example, the cross product on vector spaces in R? satisfy these
properties.

Consider an associative algebra A over a field k£ with (associative); recall that this too
has a bilinear operation - : A x A — A with unit e € A. Then we can use A to create a
Lie algebra L(A), whose (1) underlying vector space is A and (2) whose bilinear operation is
l[a,b) =a-b—b-a.

Now suppose ¢ : A —> A’ is a morphism of algebras. Then we can associate both A, A’
with their Lie algebras L(A), L(A’). Further, we can construct a Lie Algebra morphism L(p) :
L(A) — L(A’), using ¢, by setting L(¢)(a) = ¢(a). This is a morphism of Lie algebras since

[p(a), p(b)] = p(a)p(b) — p(b)p(a) = p(ab — ba) = ¢([a, b]).

One can then check that L(14) = 174y and L(p o) = L(g) o L(¢)), so that what we have is a
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functor
L : Alg— LieAlg

which associates each associative algebra with its Lie algebra structure.

Example 1.7.10. Let R be a commutative ring. Recall that Spec(R) is the set of all prime
ideals of R. In addition, recall that if ¢ : R— S is a ring homomorphism and if P is a prime
ideal of S, then ¢'(P) is also a prime ideal in R. This then allows us to define a functor

Spec : Ring — Set

where on objects R +— Spec(R) and on morphisms ¢ : R —> S +— ¢* : Spec(S) —> Spec(R)
where p*(P) = o~ }(P).

However, we can go even deeper than this. Recall from algebraic geometry that Spec(R)
can be turned into a topological space, using the Zariski topology. However, because ¢ !(P)
is a prime ideal whenever P is, we see that ¢* : Spec(S) —> Spec(R) is actually a continuous
function between the topological spaces. Hence we can view this as a functor

Spec : Ring— Top .

Usually this is phrased more naturally as a functor Spec : Ring —>Sch where Sch is the
category of schemes; this is simply because schemes are isomorphic to Spec(R) for some R.

Example 1.7.11. Let G be a group, and R be a ring with identity. Recall from ring theory
that we can form the group ring

RG] = {Z aq9 | ag € R, all but finitely many a, = 0} .
geG

Thus the elements are finite sums, but we have possibly infinitely many ways of adding them.
Now for two elements a = Z arg and = Z byg, we define ring addition and multiplication

geG gelG
as
O./—{—B: Z(ak+bk>g O-/'B: Z Z <a91b92)g'
geG g€G 91:92=g

Now suppose ¢ : G—> H is any group homomorphism. With that said, we claim that ¢ induces
a natural ring homomorphism ¢* : R[G|] — R[H| between the group rings, where

D agg— Y agp(g).

geG geG
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Clearly this is linear and preserves scaling; less obvious is if this behaves on multiplication,
although we check that below. If «, § defined as above then

geG 91-92=9 g€eG 91-92=9 geG geG

¢ (a-fB) = ¢* (Z > (aglbgg)g) = D (agby)e(g) = D age(g)-Y_ bepl(g) = ¢*(a)-©*(53).

Hence we see that ¢* is a ring homomorphism. Therefore, what we have on our hands is a
functor

R[—] : Grp—> Ring
Possibly, your brain may wonder: it looks like we have an assignment of rings to functors.
R+— R[] : Grp— Ring.

Perhaps this process is functorial? The answer is yes, although at the moment we don’t have the
necessary language to describe it; we will go over this when we introduce functor categories.

Set Theory

Example 1.7.12. Consider the power set P(X) on a set X. Then we can create a functor
P : Set —> Set as follows.

Observe that for any set X, P(X) is of course another set. Therefore objects of Set are
sent to Set, as we claim.

Now let f : X — Y be a function between two sets X and Y. Then we define P(f) :
P(X)— P(Y) to be the function where

P(f)(S) = {f(z) |z € S}.

which is clearly in P(Y"). Now we must show that this function respects identity and composition
properties.

Identity. Consider the identity function idx : X — X on a set X. Then observe that for any
S € PX, we have that

Plidy)(S) = {idx(z) |z € X} = S.

Therefore, P(idx) = 1px so that P respects identities.
Composition. Let XY, Z besetsand f : X—>Y and g : Y—>Z be functions. Let S € P(X).
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Observe that

Plgo )(S) ={lge f)z) |z e S}
={9(f(2)) | = € S}
= {g(y) |y = f(z) and = € 5} =Pg){f(2) |z € S})
P(9)(P()(5))
=( (9) o P(f))(S).

Therefore we see that P(go f) = P(g) o P(f), so that P describes a functor from Set to
Set.

As we just encountered a mass of different examples of functors from different fields, one
might wonder: are there other mathematical constructions which simply do not behave exactly
as a functor? The answer is yes, although finding these examples is a bit tricky. The following
is a well-known example, while the one after is one I haven’t seen presented elsewhere.

Non-functor Examples.

Example 1.7.13. Recall from group theory that, with every group G, there is an associated
subgroup of G called the center:

Z(G)={2€ G| zg=gzforall g e G}.

By definition, Z(G) is an abelian group. As every group G may be associated with an abelian
group Z(G), one might expect that this process is functorial. One might prematurely denote
this as

Z : Grp—> Ab.

However, this is not a functor, as an issue arises with the morphisms. Consider a group
homomorphism ¢ : G —> H. Then for this to be a functor, we’d naturally desire a group
homomorphism Z(p) : Z(G) — Z(H) between the abelian groups. The only issue is that
there is no consistent way to define such a morphism from ¢. The most natural way we would
attempt to achieve this is by considering the restriction, but in general ¢ 2@ : G—> H does

not map into Z(H). For example, consider the Heisenberg Group
1 a b
H3(R)=<¢10 1 c|la,bceR
0 01

where R is a commutative ring with identity. Observe that we can create an inclusion group
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homomorphism i : H3(R) —> GL3(R). One can show that

1 0 a
Z(H3(R)) = 01 OllaeR Z(GL3(R)) =
0 0 1

o o e

o8 o

2 oo
S
m
=

Hence restricting the inclusion ¢ : H3(R) —> GL3(R) to Z(Hj3(R)) results in a group homomor-
phism that does not even hit Z(GL3(R)) (except of course when a = 0). Thus there is not a
general way to relate these two quantities in a functorial fashion.

What follows is a second example in which a process which may appear to be functorial
does not turn out to be. It can, however, be adjusted to become a functor.

Example 1.7.14. Let X be a set. Recall from topology that we can treat X as a topological
space by associating to it the finite complement topology:

The ={U C X | X — U is finite.}

With that said, one may suppose that we have a functor FinC : Set — Top where X —
(X, 7). This would require that each function f: X — Y extends to a continuous function
[ (X, 180) — (Y, 7}:). However, for such a function to be continuous we would need that

if Y — V is finite then X — f~(V) is finite.

In general, this is not true. For example suppose X is infinite and Y is finite. Then Y — & is
finite, but X — f~!(&) = X is infinite. Hence this cannot define a functor F : Set —> Top.

Exercises

1. (i) Let X and Y be two sets. Regard each set as a discrete category. Interpret what a
functor F': X — Y means in this case.

(7i.) Let G and H be two groups. Regard each group as a one-object category whose
morphisms sets correspond to their group elements, with composition their group
product. Interpret what a functor F' : G — H means in this case.

(7ii.) Let X and Y be a pair of thin categories. Interpret what a functor F' : X — Y
means in this case. (Use (7) to get you started.)

2. Let G be a group. Then for any two elements a,b € GG, we define the commutator of
a,b to be the element
aba" bt
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5.

Define [G, G| to be the set
{z129-- 2, | n € N, z; is a commutator in G}

which we call the commutator subgroup. Its underlying set consists of all possible
products, with factors that are of the form a;b;a; 1b[ ! One can show that [G,G] <G for
any group G, which implies that we may discuss the quotient group G/[G, G], which is
abelian in this case.

So, show that we have a functor F' : Grp— Ab where
F(G) = G/[G,d]

Deduce the action of F' on the morphism of Grp (i.e., the group homomorphisms.) and
show that it is well-defined.

. Let R be a unital ring. Recall that G L, (R) is the group consisting of n X n matrices with

entries in K. Show that this construction more generally is that of a functor
GL, : Ring— Grp.

In addition, with such a ring R, we may associate it with its group of units R*, which
you may recall is
R* ={u € R|wr=ru=1 for some r € R}.

Show that this also defines a functor
(=) : Ring—> Grp.

We will see in the next section that there is an interesting relationship between these two
functors.

. Recall the category Setrro is the category whose objects are sets and whose morphisms

are functions with the finite-to-one property (See Exercise 1.3.3). While we saw that
FinC : Set — Top where
X — (X, Th0)

does not define a functor, show that upon changing the domain category from Set to
Set 1o, it does define a functor FinC : Set o —> Top.

(i.) Let X = {xy,29,...,2,} be a finite set. With such a finite set, we can pick a field
k and build X into a finite-dimensional vector space Vx over k. Explicitly, we can
create the vector space

Vx ={cix1+ -+ cyzn | ¢ € Kk}
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We define addition in the intuitive way of adding coefficients of the same basis, so
this is truly a vector space. Note that when k£ = R, we get that Vx = R".

Prove that this process is functorial. That is, show that the functor
F : FinSet — Vect; F(X)=Vx

is a functor.

(7). From any set X, we may construct the free group F(X) generated by X. The
elements of F'(X) are (1) the elements of X, (2) a new element e, and (3) all elements
xy whenever x,y € X. In this way, F(X) is a group with the product being string
concatenation, and we require that re = x = ex. . Below, two words (elements of
F(X)) are combined.

(22yz"1) - (2yPn) = 2%y*n.
Show that we have a functor F' : Set — Grp where sets are mapped to their free
groups, that is, X — F(X).

(#ii). For any set X, we can build the free ring (R{X},+, ) as follows. Let (F(X),-) be

the free group with the added relation that xy = yx for any z,y € F(X). We can

then define
R{X}Z{ > }
T, €EF(X)

Note: This example becomes particularly important later. It can also be generalized to

functors F': Set — Mon, F': Set — Ring, and other algebraic systems, since sets can
also be turned into free monoids, free rings, or other free “objects.”

6. Let V be a vector space over a field k. Recall that we can associate V' with its projective
space P(V) which is defined as the set of equivalence classes of element in V', subject to
the relation v ~ w if v = Aw for some nonzero A € k. That is,

P(V):{[UHUEV}

where [v] denotes the equivalence class of v. Show that this process is functorial, so that
we have a functor
P : Vect;, —> Set .

7. Let R be a ring with ideal I. Recall that we can construct the radical of the ideal I as
the ideal
VI={reR|r el for somen > 1}.

Show that we have a functor

v— : Ideals(R) — Ideals(R)
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where Ideals(R) is the partial order of ideals on R, whose ordering is given by subset
containment.

. Let X be a topological space, and denote Open(X) as the category where the objects

are open sets U C X and morphisms are inclusion morphisms. Create a functor
F : Open(X)—> Set

where on objects F(U) = {f : U — R | f is continuous}. That is, how should F act on
the morphisms for this to be a functor?

. Let k be a field. With each field, we may associate k£ with the category Vect; which

consists of finite dimensional vector spaces V over k. Is this process functorial? That is,
do we have a functor
Vect : Fld — Cat

where Vect(k) = Vect,?
Hint: No. But explain why it breaks.
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Forgetful, Full and Faithful Functors.

Like functions, functors can be composed to form new functors.

Definition 1.8.1. If A, B and C are categories where

A-L.pB_C%,¢

are functors, then we can define the composite functor G o F' : A —> C where
C— GF(C))ecC (f: A— B) — G(F(f)) € Hom¢(G(F(A)),G(F(B))).

We’ve now reached something quite important. We have the notion of a category, as well
as the notion of a functor which acts as a map between categories. Moreover, every category C
is equipped with an identity functor 1. : C — C, functor composition is associative, and so we
may form the category of categories CAT where
Objects. All categories (large and small)
Morphisms. All functors between such categories.
If we instead restrict our objects to all small categories, we obtain the category Cat, which is
usually what we’ll work with. Overall, what we see is that functors are the rightful “morphisms”
between categories.

Since functors are, in an abstract sense, morphisms, and we know that for general mor-
phisms, there exists a concept of an isomorphism, we can directly apply such a notion to define
what an isomorphic functor is.

Definition 1.8.2. Let C and D be two categories. Then a functor F': C —> D is said to be a
isomorphism if it is bijective on both objects and arrows.

Equivalently, F' is an isomorphic functor if and only if there exists a functor G : D — C
such that F' o G is the identity on C and G o F' is the identity on D (both in terms of objects
and arrows).

Sometimes when a functor maps objects from one category to another, the underlying
structure of the objects in the first category gets lost. Or perhaps a binary operation acting on
the elements in the first set of objects becomes lost. For this, we have a special name.
Definition 1.8.3. Let C and D be categories and suppose F' : C —> D is a functor. Then F

is said to be forgetful whenever F' does not preserve the axioms and structure present in the
objects of C (whether it be algebraic or some kind of ordering).

The above definition isn’t precise, although it is a useful notion to have. It will eventually
become precise, but we’ll comment more on that after a few examples.

Example 1.8.4. Consider a group (G, -) with - the binary operation. In some sense, groups
are simply sets with added structure, while group homomorphisms are simply functions that
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respect group structure. Hence we can create a map between Grp and Set that forgets this
structure:
(G,)— G 0: (G, )—(H,+)—p:G— H.

We can demonstrate that this process is functorial. Observe that if 14 : (G,-) — (G, -) is the
identity group homomorphism, then one can readily note that 15(g) = g for all g € G, so that
it is also an identity function on the underlying set G. Therefore, F(1g) = 1pq)

Next, if ¢ : G — H and ¢ : H —> K are group homomorphisms, then F(i o ¢) is the
underlying function ¢ o p : G —> K. Note however that for each g € G,

F(Yop)(g) =v(p(g) = F(¥) o F(p)(g) = F(Yop)=F(¥)oF(p).

Hence, we see that we have a forgetful functor F' : Grp—> Set which leaves behind group
operations, and moreover regards every group homomorphism as a function.

Example 1.8.5. Let (R,+,-) be a ring. Recall that (R,+) (alone with its addition) is an
abelian group. Hence we can forget the structure of - : R x R—> R and, in a forgetful sense,
treat every ring as an abelian group.

This then defines a forgetful functor F' : Rng— Ab which simply maps a ring to its abelian
group. This works on the morphisms, since every ring homomorphism ¢ : (R, +,-) —> (S, +, *)
is a group homomorphism ¢ : (R, +) —> (5, +) on the abelian groups.

Example 1.8.6. Consider the category Top. Each object in top is a pair (X, 7) where 7 is a
topology on X. Moreover, continuous functions are simply functions. This forgetful process is
also functorial:

(X,7)— X f:(X,7)—> Y, ")~ f: X —>Y.

This then gives us the forgetful functor F': Top — Set.

Some things need to be said about a forgetful functors. You might have noticed that our
definition of a forgetful functor was not at all mathematically rigorous. This is because to define
forgetful functors we have two main options:

1. Use very deep set theory and logic to characterize the data of a category; then define
forgetfulness as forgetting some of the data.

2. Define a forgetful functor to be the left adjoint of a free functor F' : C —> D (usually,
C = Set)

Option 1. sounds like a pain, and I don’t know any logic. I’'m sure the reader is probably not
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interested in going on that kind of a ride anyways. Option 2. is not possible right now, but it
will be once we learn about adjunctions.

Thus, using the tools we have right now, we cannot create a rigorous mathematical definition
of a forgetful functor. This does not mean what we’re doing is nonsense; it just means we're
being sloppy in the interest of pedagogy. Once we learn about adjunctions things will make
more sense, so the reader is urged to not worry too much about the rigor of a forgetful functor.

The sloppiness of our work regarding forgetful functors (i.e., us non-rigorously being like
“Hey! See this piece of data? Let’s throw it away!”) might nevertheless be of some discomfort
for the pedantic reader. This is because we cannot rigorously demonstrate what a forgetful
functor is at this point; hence a reader interested in true understanding won’t be able to
fully do so at this point. Sometimes, however, understanding how something works is aided
by understanding when something doesn’t work. Hence to comfort the pedantic reader, we
introduce an example where one might intuitively think such a forgetful functor exists, but it
in fact does not.

Example 1.8.7. Recall that the category hTop has objects as topological spaces and mor-
phisms as homotopy classes between topological spaces. One might prematurely believe that
there is a forgetful functor hTop — Set, but that is not possible.

In trying to do so, we naturally associate topological spaces (X, 7) with its underlying set
X. On morphisms, it’s trickier. Suppose [f : X —> Y] is a homotopy equivalence class with
f: X — Y as the continuous function representing the class. Choose any f': X —Y € [f];
we may very well choose f itself in which case f' = f, and set F(f') = f’, where f' € Set is
regarded as a function.

This breaks when we encounter composition. Suppose f : X — Y and g : Y —> Z are
continuous functions. Let F([f]) = f', G([g]) = ¢, and F([go f]) = (g o f)" where f’, ¢, and
(g o f) are any elements of [f],[g], [¢' o f'] respectively. Then in no case can we always expect
that

F(go f)=F(g) o F(f) = (9o f) =g'of"

Hence this forgetful process cannot behave functorially.

Next, we introduce the notion of full and faithful functors. Towards that goal, consider a
functor F' : C —> D between locally small categories. Then for every pair of objects A, B € C,

there is a function
Fu p : Home(A, B) — Homp(F(A), F(B))

where a morphism f : A— B is sent to its image F(f) : F(A) — F(B) under the functor F.
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@ D
A F(A)
Fap
F R P Y /—\ F(f)<~ F(g) - | F(h)
B F(B)

As we have a family of functions F4 p, we can ask: when is this function surjective or
injective? This motivates the following definitions.

Definition 1.8.8. Let F': C — D be a functor between locally small categories. We say F' is
o Full if 'y p is surjective
« Faithful if F p is injective.

If F4 p is an isomorphism, we say F' is fully faithful.

Now we completely ignored the situation for when C, D are not locally small. This is out of
pedagogical interest; if C, D are not locally small then we do not have the function described
above. However, the concept of full and faithful can still be described; it’s just not as nice of a
description as before.

Definition 1.8.9. Let F': C —> D be a functor.
o Fulliffor all A, B, every morphism g : F'(A)—F(B) in D is the image of some f : A—B
in C
o Faithful if for all A, B, we have that if fi, fo : A—> B with F(f;) = F(f2), thenf; = fs.
We then say F' is a fully faithful if it is both full and faithful.

Example 1.8.10. Consider the forgetful functor F' : Top —> Set which we introduced earlier;
topological spaces (X, 7) are sent to their underlying sets X while continuous functions f :
(X,7) —> (Y, 7') are regarded as functions f : X — Y. This functor is faithful, since if two
continuous functions are equal as set maps, then they are equal as continuous functions. The
fact that this functor is faithful is simply due to the fact that the extra data on a continuous
function, i.e., its continuity, does not interfere with its behavior of being a set function in
sending points X to Y.

Note however that this function is clearly not full, because not every function g : X —Y
can be regarded as a continuous function between the topological spaces.

Example 1.8.11. Let (G, ) and (H, -) be a group. Regard both groups as one object categories
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C and D with objects e and e where we set
Home(e,0) = G Home(e,0) = H

so that each ¢ € GG is now a morphism g : e —> e, and vice versa for every h € (G, so that
composition is given by the group structure. If we have a functor F' : C — D between these
categories, then the function we introduced simply becomes a set function

F,,:Hom¢(e, ) — Homp(e, *).

However, the functorial properties allow this to extend to a group homomorphism from G to
H. Therefore, we see that if F': C—>D is full, it extends to a surjective group homomorphism.
If it is faithful, it extends to an injective group homomorphism.

Example 1.8.12. Consider the category of Grp, and recall it has a forgetful functor F' :
Grp—>Set. This functor is actually fully faithful; to see this, consider two group homo-
morphisms ¢, ¢ : (G,-) — (H,-), and suppose that F(¢) = F(¢). Then this implies that
F(p)(g) = F(¢)(g) for each g € G. However, F(¢)(g) = ¢(g) and vice versa for 1. Therefore,
we have that ¢ = 1, so that the forgetful functor F' is a faithful functor.

The above example can be repeated for many familiar categories, which motivates the
following definition.

Definition 1.8.13. A category C is said to be concrete if there is a faithful functor F' :
C —> Set.

Examples of concrete categories includ Grp, Top, R mod , and many others since these
categories are, in some sense, built from Set. Their objects are sets, and their morphisms are
functions with extra properties; nevertheless, at the end of the day the morphisms are still
functions. Note in particular that these categories are not subcategories of Set, but they are
still deeply related to this category in a way that the above definition illuminates.

We don’t have the tools right now, but we will later show that every small category C is a
concrete category.

Exercises

1. In this exercise, you'll demonstrate that the image of a functor is generally not a category,
but that full functors remedy the situation.

(i.) Let F': C—> D. Define the image of F' in D to consist of
Objects. All F(A) with AeC
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Morphisms. For any two objects F'(A) and F(B), we have that
Homp(F(A), F(B)) = {F(f) | f : A—> B},

Show that this is not always a category. In general, the image of a functor is not a
category.
Hint: Picture two categories C and D below

C D
A C X 95 7Z
fl f2 x\ /
B D Y

and consider the functor F(A) = X, F(B) = F(C) =Y, and F(D) = Z. Explain
what goes wrong, and more generally why the image of a functor is not a category.

Let F': C —> D be a full functor. Show that the image of C under F' forms a full
subcategory of D.

By (i), it is sufficient for F' to be full in order for the image to be a category. Is this
condition necessary for the image to form a category? In other words, suppose the
image of a functor F' is a category. Is F' full?
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Natural Transformations

Example 1.9.1. Suppose we have a pair of functors F,G : C —> Set. In particular, suppose
that F'(A) € G(A) for all objects A. This means that for each A, there exists an injection
ia: F(A)— G(A).

Now this is a bit of an interesting construction since for any morphism f : A— B in C,
there are now two ways we can get from F'(A) to G(B).

A F(A) —2— G(A) T z
f F(f) G(f) ]
B F(B) —— G(B) F(f)(z) —— F(f)(z) = G(f)(z)

B

As we have two different ways of traversing this diagram, are they equivalent? That is,
is it the case that

G(f)oia=1ipo F(f) or,spelled out, F(f)(z)=G(f)(z)?

In general, this isn’t true. But one way (and as we’ll see in the future, the only way) we can
make this diagram commute is if

F(f) = G(f)|

That is, if F'(f) is a restriction of G(f). We summarize this observation by stating that, if

F(f) = G(f)‘F(A) for all f, then the inclusion iy : F'(A) — G(A) is natural.

Example 1.9.2. Let X be a topological space. Then we can create the abelian groups
Co(X),C1(X),...,Ch(X),...

Here, C,,(X) is the free abelian group generated by continuous functions of the form ¢ : A" —>
X, where where A" is the n-simplex. Hence, elements are of (), are of the form

an"P
)

where all but finitely many of the integer coefficients n,, are zero.
In algebraic topology, one observes that these abelian groups assemble into a chain via a
boundary operator 9, : C,, — C},_1 with the property that 0,1 0 9, = 0 for all n.

811—1 81

L Cu(X) —2 s 0 (X) Co(X)
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Now suppose that f: X — Y is a continuous map between topological spaces. Then for each
n, there is an evident mapping between the chain complexes.

Co(f) : Cu(X) — Cr(Y) an~gon—>2n¢‘fo<p.

This is because if ¢ : A — X is a singular map then f oy : A" — Y is also a singular map
because f is continuous. However this presents us with an issue, one we faced in the earlier
example. On one hand, we have a map Cy,—1(f) © 9, : Cn(X) —> C,(Y). On the other hand,
we have a map 0, o Cy,(f) : Cp,(X) —> C,,(Y). But are these equivalent maps?

Ch(X) Ch_1(X)
Cn(f) Cnfl(f)
Ch(Y) Cra(Y)

n

It’s a simple exercise to show that this diagram does in fact commute, i.e., that C,,_;(f) o d, =
Op 0 Cy(f) for all n.

As a result, this "natural’ result (again pun intended) gives us intuition on how to define
a mapping between two chain complexes {C, },en and {C,}hen: @ it is any family of maps
by, : Cp, —> C! such that ¥, 0 0, = 0, 0 1,. Moreover, since we have a notion of objects (i.e,
chain complexes {C},} ) and morphisms (chain maps) this gives rise to a category Ch(Ab), the
category of chain complexes of abelian groups.

When the two ways to traverse the diagram are equivalent, we call this behavior natural and
it makes mathematicians very happy. Naturality, which is what we will refer to this property
as, is ubiquitous in mathematics and functors give us a convenient way of conceptualizing this
useful property.

Definition 1.9.3. Let F,G : C—> D be two functors. Then we define a mapping’ between the
functors
n:F—G

to be a natural transformation if it associates each C' € Ob(C) with a morphism
ne : F(C) — G(C)

in D such that for every f : A—> B, we have that

"Think morphism, because the word mapping here doesn’t rigorously mean anything. That’s because we
don’t really have a word to describe what a natural transformation really is. We have axioms, which we present,
but we don’t have a nice word. That nice word will turn out to be morphism, and you will see soon why.
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A F(A) — > G(A)
f F(f) G(f)
B F(B) ——> G(B)

which amounts to ng o F(f) = G(f) ona.

Thus we can imagine that 7 translates the diagram produced by the functor F' to a diagram
produced by G. For example; if 7 is a natural transformation between F' and G, then we also
see that the following diagram commutes:

A ) F(f) . G G(f)
\ \ G(h)\x

h B F(h) F(B) L G(B)

C F(O) e G(0)

F(A) G(A)
A1 B F(B) l G(B)
' ’ F(C) G(C)
C P D
F(D) G(D)

if the above diagram on the left commutes. Colors are added to aid the visualization in seeing
how the natural transformation translates the diagram produced by F' to the diagram produced
by G.

Definition 1.9.4. Let n : F—> G be a natural transformation. If n4 : F(A) — G(A) is an
isomorphism for each object A, then we say 7 is a natural isomorphism.

Example 1.9.5. Let K be a ring in CRng. Recall from Exercise 1.3.3 that

GL,(—): CRing— Grp (—)*: CRing—> Grp
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are functors. In that exercise we actually showed that the domain categories were Ring, but
for our purpose we can restrict these functors to the full subcategory CRing.

Consider a commutative ring K. Recall that for matrix M € GL,(K), we can take the
determinant of K'; we are usually more familiar with this concept when K = R. However, it
is a fact from ring theory that a matrix M is invertible if and only if the determinant det(M)
of M is in K*. Since GL,(K) is the set of all such invertible matrices, we see that we may
associate each K with its determinant function

detg : GLy(K) — K*

which sends an invertible M € GL,(K) to its determinant in K*. To see that this morphism
is a group homomorphism, we simply recall the determinant property

det(AB) = det(A) det(B).

The claim is now that this family of morphisms assembles into a natural transformation. Specif-
ically, that det : GL,(—) —> (—)*. To see, this, let f : K — K’ be a homomorphism between
commutative rings. Recall from ring theory that the determinant of a matrix M = [a;;] with
a;; € K is given by

det(M) = Y sgn(o)ais) -+ tnon)-

O’ESn

where S, is the symmetric group, and sgn(o) is the sign of a permutation. Now for det to form
a natural transformation, we’ll need that the diagram below commutes.

det i

K GLn(K) K*
f GLn(f) -
K, GLn(K/) T’ K/X
et per

Note that f : K— K’ is a commutative ring homomorphism. To show this diagram commutes,
consider any M = [a;;] € GL,(K). Observe that

(f o detg)(M) = f*(detx (M))

= f>< ( Z Sgn<0)ala(1) T ana(n))

O'ESTL

= 3 580(0) f(a10() ** F(@no(m)

€Sy
= deter([f(ai;]))
= detK/ o GLn(f)(M)

Hence we see that the diagram commutes, so that the determinant det : GL,(—) — (—)*
assembles into a natural transformation between the functors.
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Example 1.9.6. For a field &, recall that we have two functors A"(—), P"(—) : F1d — Set
where

A™(k) ={(ao,-..,an_1) | a; € k} P*(k) = A" (k) ~

where ~ is the equivalence relation on the set A"™'(k) described as follows: (aq,...,a,) ~
(ag, ..., al) if (ag,...,a,) = Aag, - .., al,) for some nonzero A € k. Geometrically, the equiva-

’'n r'n

lence relation identifies points which are lying on the same line passing through the origin.

As we noted before, these functors are particularly important in algebraic geometry. Now for
each point (ag, - . ., a,), denote [(aq, - .., a,)] as its equivalence class. Let 0y, : A" (k)—> P"(k)
be the function that maps a point (aq, ..., a,) to its equivalence class [(aq, - . ., a,)]. Our claim
is that for each k, the functions #, assemble into a natural transformation.

That is, for a field homomorphism ¢ : kK — £/, the diagram

O

k A" (k) Pr(k)
® At () P (p)
K AT P™(k")

K/

commutes. The reader is encouraged to fill in the details for this one. It’s quite surprising that
this does assemble into a natural transformation, because in general there is no reason to ever
expect that the projection map, 7 : X — X/ ~ with ~ an equivalence relation, is, in any sense,
natural. Its because most functions mess things up, and disorganize the equivalence classes!

The above morphism, 6 : A"*!—> P"_ actually has a very interesting geometric realization®.
If Y is an algebraic subset of P"(k), then we can build the affine cone C(Y) = 6~1(Y) U
{(0,...,0)}. Withn =2, Y corresponds to a curve in P?(k), which generates the surface C'(Y))
in in A3(k).

8This isn’t important for the reader to understand. However, I do want to avoid blabbering abstract nonsense
so that the reader knows we’re doing real, relevant mathematics. And perhaps it might be motivation for the
reader to check out an algebraic geometry text!
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Example 1.9.7. Earlier, we showed that ps : Grp—> Ab in which G — G/|G, G| was a
functor. It turns out that the projection

To:G—GJG.G] g g+]G.C

forms a natural transformation between the identity functor 1g,p : Grp—> Grp on Grp and
the functor pg.

To show this, consider the morphism f : G — H in Grp. We know that ps induces a
function f*: G/|G,G]— H/[H, H] defined as

9 +1G,G)) = flg) + [H, H].

Now let g € G.

Ty o £(g). On one hand, observe that
Ty o (f(9)) = f(g) + [H, H].
£* o (Ta(g))- On the other hand, observe that
[roTalg) = [ (9 +1G,G]) = flg) + [H, H].

Hence, we see that
TH o f = f* O TG

so that the following diagram commutes
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G —% . G/G,G]
f r*
H—" > H/[H, H

and hence T is a natural transformation.

Example 1.9.8. The categories FinOrd and Setp, are closely related categories. Recall that
FinOrd has finite ordinals n = {0,1,2,...,n — 1} as objects with morphisms all functions
f : m—>n where m, n are natural numbers, and the objects of Setr are all finite sets (of some
universe U) with morphisms all functions between such sets.

Obviously the objects and morphisms of FinOrd are in Setr. Thus, let S : Findord —
Setr be the inclusion functor.

Define a functor # : Setr — FinOrd as follows. Assign each X € Sety to the ordinal
#X = n, the number of elements in X. We can represent this bijective mapping as

QxXH#X

Furthermore, if f : X — Y is a morphism in Setp, associate f with the morphism #f :
#X — #Y in FinOrd defined by

#f=0yofoly

Thus we have that the following diagram is commutative:

o Ox #X

! #f
Oy

Y #Y

and # acts a natural transformation between the two functors.

Note that if X is an ordinal number, we define fx to be the identity function, which ensures
that # 0.5 is the identity functor on FinOrd. However, S o# is not the identity on Sety, since
the input will be X while the output will just be #X (as S is just the inclusion functor.)

To end this section, we offer a topological interpretation of the concept of a natural trans-
formation, one which has been known by category theorists since the 1960’s, but a perspective
which usually is not introduced since it does not really offer signficant pedagogical advantagous
unless the reader is already aware of basic homotopy theory (in which case, they probably
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already know what a natural transformation is). I've nevertheless decided to include it because
it is an interesting perspective.

Let X and Y be topological spaces. Consider two functions f : X — Y. Recall that a
homotopy H from X to Y is a continuous function H : [0, 1] x X—>Y such that H(0,z) = f(x)
and H(l,z) = g(x). A simple example of a homotopy is when X = [0,1]. In this case,
f,9:[0,1]—Y are simply two continuous paths in Y. A homotopy, in this situation, between
f, g is pictured on the bottom left.

On the above right we have the situation for when f, g start and end at the same point; this
homotopy is know as a path homotopy.

Of course, a homotopy doesn’t always exist. When it does, a homotopy can be interpreted as
parameterizing, via ¢ € [0, 1], a family of continuous functions H; : X — Y which continuously
deform f into ¢°.

But this story is familar! A natural transformation n : F'— G between two functors
F,G : C—> D give rise to a family of morphisms 74 : F(A) — G(A) which are parameterized
by the objects of C (which also satisfy the naturality property). Below we have this pictured of
what this generally looks like.

F(A;) :
' G(An_1)
BAL)

9Caution: a family of continuous functions does not conversely define a homotopy.



1.9 Natural Transformations 61

So, what gives? Is the concept of a natural transformation somewhat logically and conceptually
analogous to the concept of a homotopy? The answer is yes, and we can define a natural trans-
formation in the following manner which is strikingly similar to the definition of a homotopy.

Definition 1.9.9. Let F,G : C —> D be functors. Let 2 be the category with two objects
0,1 and a single nontrivial morphism. A natural transformation n : F'— G is a functor
n:C x (2) — D such that n(—,0) = F and n(—,1) = G.

Proving this is left as an exercise.
Exercises

1. In what follows, let F,G : C —> D be a pair of functors. Interpret what a natural
transformation 7 : F'—> G is in each case.

(i.) Where C is a discrete category, and D is arbitrary. Separately, can we have a natural
transformation when D is discrete?

(7.) Where C and D are preorders.
(7i1.) Where C and D are one-object categories whose morphisms are group.

(7v.) Where C is arbitrary and D is Cat.

2. Show that Definition 1.9.9 and Definition 1.9.3 are equivalent.

3. Consider the initial discussion of this section. Prove that for two functors F, G : C—> Set
such that F'(A) C G(A) for all A € C, the inclusion morphisms i, : F(A) — G(A) form
a natural transformation ¢ : F'— G if and only if, for each f : A— B in C, we have

that F'(f) = G(f)|ra)-

4. Let C be a category, and consider two objects A, B so that we have the functors
Home¢ (A, —), Home(B, —) : C—> Set.
(i.) Let ¢ € Home(B, A). Show that the family of functions
@¢ : Home (A, C) — Home (B, C)

indexed by each object C' € C, where p§&(f : A—C) = foyp: B— C, forms a
natural transformation ¢* : Home (A, —) — Home (B, —).
(7.) Show that every natural transformation n : Hom¢(A, —) — Home(B, —) is con-
structed in this way.
5. Let F' : C—>Set be any other functor. Interpret what a natural transformation ) : e— F

is. What about € : F'—> o7

6. For every ring R there is a natural inclusion homomorphism ig : R —> R[z]. Thus, let
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(—)[z] : Ring —> Ring be the functor that sends a ring R to its single-variable polynomial
ring R[z]. Show that we have a natural transformation

i —(—)[X]

where [ : Ring — Ring is the identity on Ring.

. Recall the category of G-sets is the category where

Objects. All G-sets X (i.e., sets X such that G has a group action ¢ : X x G — X)
Morphisms. All G-equivariant morphisms (i.e., functions f : X—>Y such that f(g-z) =

g-f(x)).
(Also see Exercise 1.3.6). Let X be a G-set with action map ¢ : X x G —> X and fix an
element g € G. For such an X, define the map ¢% : X — X where ¢%(x) = (g, z).

Show that for each g, the maps @9 form a natural transformation I — I, where [ :
G-sets —> G-sets is the identity functor on this category. (Note that this is a nontrivial
example of a natural transformation between a functor and itself!)
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Monic, Epics, and Isomorphisms

In category theory the ultimate focus is placed on the morphisms within a category. What we
really care about are the relationships between the objects. Thus in this section we’ll go over
types of morphisms that exist between objects.

The way that this is done in set theory is to consider injective functions, surjective functions,
and isomorphisms. This can also be done in topology, and in group, ring, and module theory.
However, these concepts make no sense in general. This is because in general, the morphisms
of a category are not functions because in general, the objects of a category are not sets (even
if the objects are sets, the morphisms can still be different than functions).

We can nevertheless abstract the concept of injections and surjections by expressing their
properties categorically; that is, without reference to specific elements in any objects. This
leads to the concepts of monomorphisms and epimorphisms.

Definition 1.10.1. Let f : A—> B be a morphism. Then

1. f is a monomorphism (or is monic) if c—2— 4
92
fegi=Ffog = g =g \ !
fogr1=fog2
for all g1, g2 : C —> A, where D is arbitrary. B

2. f is a epimorphism (or is epic) if

Grof=gof = g1=9 A
giof=gaof
for all g1, 9> : B—> C', where C' is an arbitrary object. f \
3. f is a split monomorphism (or retraction) if, for some B . C
g: B— A, -
fog=1g.

4. f is a split epimorphism (or section) if, for some g : B—> A,

go f=14.

Monomorphisms and epimorphisms are an abstraction that take advantage key properties
of both injective and surjective functions. We illustrate this with a few examples.

Example 1.10.2. In Set, an injective function f : X — Y is “one-to-one” in the sense that
f(z) = f(y) if and only if x = y. With that said, suppose that g1,¢> : Z —> X are functions
and moreover that f o g, = f o go. Then this means that, for all z € Z, we have that

f(91(2)) = [(92(2)) = 91(2) = 92(2)
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since f is one-to-one. Hence we see that injective functions are monomorphisms in Set; one
can then conversely show that a monomorphism in Set are injective functions.

Example 1.10.3. Let (G, ) be a group, and suppose (H, -) is a normal subgroup of G. Then
with such a construction, we always have access to the inclusion and projection homomorphisms

i H—>G  i(h)=h
7:G—G/H 7(g9)=yg

It is not hard to see that ¢ is a monomorphism and 7 is an epimorphism; for suppose @, :
K —> G are two group homomorphisms from some group K where i 0@ = ¢01). Then for each
ke K, i(ek)) =i(p(k) = ¢(k) =(k), so that ¢ = 1. Conversely, if 0,7 : G— M
are two group homomorphisms to some group M such that ¢ o m = 7 o m, then because 7 is
surjective we have that 0 = 7. Hence, we see 7 is an epimorphism.

Since the above constructions can be repeated in the categories Ab, Ring, and R mod ,
so can the above argument. We’ll see more generally the deeper reason for why this is the case
later on.

Example 1.10.4. In the category of fields, Fld, every nonzero morphism is a monomorphism.
This is due to the classic argument: the only nontrivial ideal of a field k its itself; hence the
kernal of any map ¢ : k—> k' is either trivial or all of k. If we suppose ¢ is nonzero, then we
see that it must be injective, and hence a monomorphism.

Definition 1.10.5. Let f : A—> B be a morphism between two objects A and B. We say that
f is an isomorphism if there exists a morphism f~!: B—> A in C! such that

foft=ida flof=idp.
In this case, f~! is unique, and for any two isomorphisms f : A—> B and g : B—> C we have
(gof)y'=flog™".

In this case we say that A and B are isomorphic and denote this as A = B.

This is a generalization of the familiar concept of isomorphisms in abstract algebra and in
set theory that one usually encounters.
Next, we illustrate a few properties of these types of morphisms.

Proposition 1.10.6. Let F': C—> D be a functor. Then if f: A— B € C
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e is an isomorphism, then F(f) is an isomorphism in D.
e is a split monomorphism, then F'(f) is a split monomorphism in F'(f)
e is a split epimorphism, then F'(f) is a split epimorphism.
That is, functors preserve isomorphisms, split monomorphism, and split epimorphisms.

In general, functors do not reflect isomorphisms, split monomorphisms, and split epimor-
phisms. That is, if F(f) : F(A) — F(B) is an isomorphism it is not the case that f is an
isomorphism.

We demonstrate this with the following example.

Example 1.10.7. Recall that Spec(—) : CRing— Set is a functor that appears in algebraic
geometry. It sends every commutative ring A to its ring spectrum Spec(A), which consists of
all prime ideals of A.

Let N = ﬂ P be the intersection of all prime ideals. An equivalent way to speak of
PeSpec(A)
N is the set N = {a € A | a™ = 0 for some positive integer m}; that is, N is equivalently the
nilradical elements of A.

Now the projection ring homomorphism
p: A— A/N

is certainly not an isomorphism (unless A has no nontrivial nilradical elements), but the image
of this map under Spec
Spec(ip) : Spec(A/N) —= Spec(A)

is always an isomorphism. In fact, if we impose the Zarisky topology on these prime spectrums,
the functor becomes one which goes to topological spaces

Spec(—) : CRing— Top

and the map ¢ becomes a homeomorphism. Hence, this functor does not reflect isomorphisms
in either the set or topological senses, because the image Spec(y) is an isomorphism, but ¢ is
not. Despite this, the interpretation of this result is a useful one because it demonstrates that
algebraic geometrists can “throw away” their nilradical elements without changing their Zariski

topology.

Lemma 1.10.8. The composition of monomorphisms (epimorphisms) is a (an) monomorphism
(epimorphism).

Proof. Let f: A—> B and g : B—> C' be monomorphisms, and suppose hi, hy : D —> A are
two parallel morphisms. Suppose that (go f)oh; = (go f)ohy. Note that we can rewrite the
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equation to obtain that
go(fohi)=go(goh) = fohi= foh.

as ¢ is monic, and hence it is left cancellable. But once again, f is monic, so we cancel on
the left to obtain that h; = hy as desired. [ |

Note: it is not always the case that a monic, epic morphism is an isomorphism (that is, it’s
not always invertible.)

Example 1.10.9. Consider the category Top, consisting of (small) topological spaces as our
objects with continuous functions between them as morphisms. Let D be a dense subset of a
topological space X and let 7 : D —> X be the inclusion map. We’ll show that this function is
both epic and monic.

To show it is epic, let fi, fo : X — Y be continuous maps form X to another topological
space Y. Let Y be Hausdorff, and suppose that

floi:fgoi.

Now Im(i) = D, so the above equation tells us that fi(d) = fa(d) for all d € D. That is, the
functions agree on the dense subset. However, we know from topology that this implies that

fi=fa

Proof. Suppose that fi(x) # fa(x) for some x ¢ D. Since the points are distinct, and since Y’
is Hausdorff, there must exist disjoint open sets U, V in Y such that fi(x) € U and fy(x) € V.
Since both fi, fo are continuous, there must exist open sets U’, V'’ in X such that f(U’) C U
and g(V') C V.

However, since D is dense in X, both U’ and V'’ must intersect with some portion of D;
that is, there is some y € U" and z € V' such that y, z € D. Therefore, we see that fi(y) € U
and fo(2) € V, and since y, 2z € D we have that fi(y) = fa(z). But this contradicts the fact
that UNV = (). Therefore, we have a contradiction and it must be the case that fi(z) = fao(x)
for all x € X, as desired. [ |

Therefore, we see that i is epic. To show that it is monic, suppose ¢1,9> : Y —> D are two
parallel, continuous functions, and that

10g; =10 gs.

Since ¢ is nothing more than an inclusion map, we immediately have that g, = go. Therefore, @
is also monic.

However, note that ¢« : D — X is not an isomorphism, since it is not necesasrily always
surjective. Hence ¢ is an example of a monic, epic morphism which is not an isomorphism.
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We finish our discussion on monics and epics by considerig the automorphism groups of a
category.

Definition 1.10.10. Let C be a locally small category. For each object A in C, we can consider
the automorphism group Aut(A) whose objects consist of isomorphisms ¢ : A == A, whose
product is composition, and whose identity is 14.

Note that despite the notation, this does not generally define a functor.

Example 1.10.11. Some examples of the above construction include familiar and useful
examples in mathematics.

o For any group (G, ) in Grp, we can formulate the automorphism group Aut(G) which is
the group of isomorphisms from G to itself. Depending on G, this can have all kinds of
behavior. For example, if Aut(G) is cyclic, then G is abelian. If G is an abelian group of
order p", then Aut(G) = GL(n, F') where F is the finite field of order p.

« For any set X in Set, the automorphism group Aut(X) consists of the bijections on X to
itself; by definition in set theory, these are just permutations. Hence the automorphism
group is the permutation group of the elements of X.

 For any field (k, -, +) in Fld, the automorphism group Aut(k) also consists of field isomor-
phisms to itself. In this setting, what is often of more interest is considering the subgroups
of Aut(k), often denoted as Aut(k/L), which are automorphisms that fix the subfield L.
These subgroups are key to studying polynomial roots and hence are prevalent in Galois
theory.

o For any graph (G, E,V) in Grph, one can construct the automorphism group Aut(G),
which tracks the symmetries of the graph. Interestingly, there is a theorem known as
Frucht’s Theorem which states that every finite group is the automorphism group of
a finite (undirected) graph; this was later extended and shown that every group is the
automorphism group of a directed graph [Groups represented by homeomorphism groups.].

« For any topological space (X, 7) in Top, the autormorphism group Aut(X) consists of the
homeomorphisms to itself. Geometrically, these record the possible ways of continuously
deforming a space back into itself. It is a theorem that every group is the automorphism
group of some complete, connected, locally connected metric space M of any dimension.

With the automorphism group in mind, we might ask the same question on the object level:
Given an object A in C, what objects are isomorphic to A in C? To answer this, we define the
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relation ~ on Ob(C), the objects of C, where we say
A~ Bif AZ B.

Such an equivalence relation divides the objects of C into disjoint isomorphsm classes, which
reduces the structure of C.

Definition 1.10.12. Let C be a category and A any object. We call the equivalence class of A
under ~, defined previously, as the isomorphism class which we denote as

Isom(A) = {X € Ob(C) | X = A}.

This leads to the following categorical construction which preserves a great deal of informa-
tion within the category.

Definition 1.10.13. Let C be a category, and assume the axiom of choice. Then we can
construct a skeleton of a category C, denoted sk(C), as the category where

Objects. For each A € C, we select one representative of each isomorphism class Isom(A).
Morphisms. For two representatives of isomorphism classes A, B, we take

Homg(c)(A, B) = Home(A, B)

We note three things regarding this construction.
(1) We used the axiom of choice to build the objects of the category, since we needed to select
one element from each isomorphism class.
(2) The category sk(C) is a full subcategory of C by definition.
(3) We note that this construction builds a skeleton. In general, a category will have different
skeletons because there are many ways to construct the objects of such a skeleton.
As noted, a category will have different skeletons. However, up to isomorphism, it does not
really matter which skeleton we build as we will see.

Lemma 1.10.14. Let C be a category, and let sk(C) and sk’(C) be two skeletons built from C.
Then sk(C) = sk'(C).

The prove is left as an exercise for the reader. We will see late that there are more enjoyable
properties of “skeletal” categories, which we define as categories exhibiting this type of behavior.

Definition 1.10.15. A category C is called skeletal if no two distinct objects are isomorphic
in C.

Categorical skeletons are inadvertently studied everywhere in mathematics. For example,
asking for a classification of abelian groups, of manifolds, or even of the cardinality of every set
is the same thing as asking for the skeletons of Ab, DMan, and Set. We give a few examples.

Example 1.10.16. Consider the category FinCard (read: “finite cardinals”) which we de-
scribe as
Objects. The set @ and the sets {1,2,...,n} for each n € N.
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Morphisms. All functions between these finite sets.

Clearly this is a full subcategory of FinSet. Moreover, it is skeletal; no two sets are isomorphic
because each object is of different size. Therefore, it is skeletal. In fact, FinCard is a skeleton
of FinSet because any finite set (in some universe U) can be ordered in some way, which
provides an enumeration on its objects. In other words, every finite set is of some finite size,
making it isomorphic to some set {0, 1,2,...,n}.

Example 1.10.17. One can try to generalize the previous example to Set, but this is in
general not possible unless we assume ZFC with the generalized continuum hypothesis, as
such a posulate is independent of ZFC.

Assuming such an axiom, we can construct the category Card where

Objects. The sets @,{1,2,...,n} for each n € N, and wy, wy,ws, . ..
Morphisms. All functions between such sets.

Here we see that this is again a skeleton Set, since by our assumptions (which is assuming a
lot), any set is of some cardinality 1,2,...,n,...,Ro,Ry,.... However, for each such cardinal
we have a corresponding set with that cardinality. Hence each element in Set is isomorphic to
some element of Card. Overall, we see that Card forms a skeleton of Set.

The above example can be repeated for Cycl, the category of cyclic groups. This is because
any two cyclic groups of the same order are isomorphic. Hence, one can find a skeleton of Cycl
by finding a family of cylic groups of every set size (again, using the generalized continuum
hypothesis).

Example 1.10.18. Consider the category Ecld of Euclidean spaces, which we may describe
as

Objects. The vector spaces R" for each n =0,1,2,...,
Morphisms. Linear transformations between vector spaces.

Then we see that Ecld is the skeleton of FinVect;, which is the category of finite-dimensional
vector spaces. The reason why this works is because every finite dimensional vector space is
isomorphic to R™ for some n.

Exercises

1. Prove Lemma 1.10.8 for epimorphisms.

2. Prove Lemma 1.10.14.
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3. Describe the monomorphisms and epimorphisms in the category of Cat.°

4. In the category of Ring, give an example of a morphism which is both a monomorphism
and epimorphism, but not an isomorphism.
(Hint: Consider the inclusion i : Z — Q.)

5. Recall from Exercise 7 that, in any category, if we have two commutative diagrams,
we can always stack them together to obtain a larger commutative diagram. We saw,
however, that converse is not always true: subdividing a commutative diagram does not
produce smaller commutative diagrams.

Prove that the converse is true when all morphisms are isomorphisms.

10(Classifying epimorphisms in Cat is actually nontrivial, although not impossible. However, the task here is
to just interpret the definition of monics and epics Cat.
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Initial, Terminal, and Zero Objects

We can also be more specific in discussing the nature of the objects of a given category C.

Definition 1.11.1. Let the following objects exist in some category C.

o Let T be an object. Then T is terminal if for each object A, there exists exactly one
morphism f4 such that fa: A—T.

o Let I be an object. Then [ is said to be initial if for each object A there exists exactly
one morphism f4: I — A.

e An object Z is said to be a zero object if it is both terminal and initial. Since terminal
and initial objects are unique, so is a zero object.

Equivalently, it is zero if for any objects A, B, there exists exactly one morphism f :
A—> Z and exactly one morphism g : Z—> B. Hence, for any two objects there exists a
morphism between them, namely given by by g o f, called the zero morphism from A
to B.

If an object T is terminal, then there is one and only morphism to itself (namely, its identity).
Therefore, for any two terminal objects T and T”, they are isomorphic, since by assumption
there exists unique morphisms f : T'—> 7" and g : 7" —> T and we have no choice but to say

feg=1r gof=1lp.

Example 1.11.2. Recall that in the category Grp, there exists a trivial group {e}. Moreover,
for each group G, there exist unique group homomorphisms

ig:{e}—G e eq

and
te: G—> {e} g eg.

Note that both are group homomorphisms since they both behave on identity elements and are
trivially distributive across group operations. This then shows that Grp, the trivial group is
initial and terminal and hence a zero object.

This makes sense since for any two groups G, H, there exists a unique map
z2:G—H g ey

which could be factorized as
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7

G - H

z

which demonstrates the existence of a zero object (the name "zero" makes sense now, right?),
which we already know is {e}. Note in this example, we did not actually use much group theory.
In fact, this could be repeated for the categories R mod , Ab, and other similar categories.

The next two examples demonstrate that terminal and initial objects of course don’t always
have to coincide like they did in the previous example.

Example 1.11.3. Let n be a positive integer. Recall that we can create a category, specifically
a preorder, by taking our objects to be positive integers less than n, and allowing one morphism
f : k—> m whenever k < m.

(b)) ()

1—>2—>3 n

Then 1 is an initial object while n is a terminal object. This is because for any number
1 < m < n, there exists a unique morphism from 1 to m, and a unique morphism m to n, both
which may be obtained by repeated composition.

Example 1.11.4. Consider the category Set. Let X be a given set in this category. Then
there are two unique functions which we may construct. First, there is the function

tx : X —> {o}

where everything in X is mapped to the one element e of the one point set. Secondly, we may
construct a function whose domain is the empty set, and whose codomain is X, as below.

Z'X:@HX

Thus we have that, in Set, the one point set is a terminal object {e} while the empty set & is
an initial object.
One may wonder at this point: How exactly is ¢x a true, set theoretic function? And why
can’t we also obtain a unique morphism i’y : X — @, so that @ is a terminal object as well?
The second question is easy to answer; if @ was also terminal, then we’d have that {e} = &
which is not true. Since this is a bit of a boring answer, we’ll explain in detail.
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Recall that a function in f : A—> X between two sets A and X is a relation R C A x X
which satisfies two properties.

1. (Existence.) For each a € A, there exists a x € X such that (a,z) € R

2. (Uniqueness. Or, if you'd like, the vertical line test.) If (a,2) € R and (a,2’) € R then
r =2
Now observe that if A = @, then R C @ x X = @. Hence (1) and (2) are satisfied because
each is trivially true. However, we don’t get a function f : X — &, since in this case (1) fails.
Specifically, (1) demands the existence of elements in our codomain, a demand we cannot meet
if it is empty.
Thus we see that @ is initial, but not terminal as our intuition may suggest, and that {e}
is terminal.

Example 1.11.5. Consider the category of fields Fld. Suppose we ask if this has an initial or
terminal object.

We might guess that the smallest field
FZ = (Z/2Z7 -+, ) = {Oa 1}

which has characteristic 2 is an initial object. However, this fails to be initial. Observe that
the only homomorphism between Fy and F3 is the zero homomorphism, which is not in our
category. (Recall that Fld is a full subcategory of Ring, a category whose morphisms we
require to be unit preserving.)

The reason why it must be the zero homomorphisms is because F3 has characteristic three,
and in general, two fields will only share a (nonzero) field homomorphisms if they have the
same characteristic.

By a similar argument, we can state that terminal objects also do no exist. Overall, these
objects fail to exist in F1ld because fields have a large set of restictions imposed by their numerous
axioms. Hence, this category lacks initial and terminal objects.

Exercises

1. (i.) Let C be a category with initial object I. For any two objects A, B € C, define for
each f € Home(A, B) the functor

Pfﬁ24’C

such that P(e) = A, P(e) = B, and Py(e —> ) = f : A—> B. Show that for each



74

Chapter 1. Categories, Functors and Natural Transformations.

f:A—> B in C, we have a natural transformation
n: P, —> Py

Note that 1; : I —> I is the identity on the initial object.
(7i.) Suppose we don’t know if C has an initial object, but we have a distinguished object
I’ with the property that for each f € Hom¢(A, B) there is a natural transformation

E Pl,, —> Py,

Is I’ an inital object?

i1.) Dualize your work for terminal objects.
y J
(Hint: We now want a natural transformation n’' : Py —> P,).
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(2. Duality and Categorical Constructions

C? and Contravariance

Definition 2.1.1. Consider a category C. Then we define the opposite category of C,
denoted C°P, to be the category where
Objects. The same objects of C.
Morphisms. If f : A—> B is a morphism of C, then we let f°? : B—> A be a morphism of
CoP.

In this case, composition isn’t exactly obvious, so we will explain how that works.

Let f : A— B and g : B—>C' be morphisms of C. Then we obtain morphisms f°? : B— A
and ¢g°° : C —> B. In this case f°P ¢°P are composable, and we define composition of C°P,
denoted as o°P, to be the morphism

fPog®:C— A

Moreover, we have the relation (g o f)°° = f°P o g°P.

Taking the opposite category might seem very strange, but we are doing nothing more than
just taking the same category and swapping the domain and codomain of every morphism.

Consequently, many properties of morphisms are similarly reversed. For example, if f :
A —> B is monomorphism in C, then f°P? : B—> A is an epimorphism in C°°. More generally,
every logically valid statement that can be made in C using its objects and morphisms can
be dualized to achieve an equivalent, logically valid statement in C°P using its objects and
morphisms.

Example 2.1.2. Consider a category C containing 3 objects whose morphisms are arranged as
follows:
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1a

1c A 1p

(7 N0

C 7 B
What does the dual category C°P look like? Well, C°P contains the same objects A, B and
C. As for the morphisms, C has the three morphisms f, g, h, in addition to their composites.

Therefore, C°P also has three morphisms fP? : B— A, ¢ : C'—> B and h°? : A — C and
their composites. Hence, C° looks like this:

1a

N
NG

Example 2.1.3. Let P be a preorder, specifically a partial order. Recall that this means that
P has a binary relation < and if p < p’ and p’ < p, then p = p/.

We claim that that P°P is still a partial order. But first, what does P°" even look like? If
we have some elements pq, ps, p3 in P such that

P1 < p2 < p3

Then, as a category, P has the unique morphisms f : p; —>ps and ¢ : po—> p3. Hence, in P°P,
we have the unique morphisms ¢g°° : p3 —> ps and f°P : ps —> pq, so that we obtain a reversed
binary relation <°? in P, which reorder pi, ps, p3 as below.

ps <P py <P py

This is kinda weird to write, and in fact, it makes more sense if we write <°°=2> as the binary
relation in P°?. We then have that

pr<py<p3in P = p3 > py > p; in PP

which is nice! Things are even nicer in a linear order, for if P = {py,ps,ps3,...} is a linear
order, then we can write that

P S P S prcce
and hence in P°P this becomes
Di Z2Dj 2Dk
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Example 2.1.4. Let (G, -) be a group. In group theory one can formulate the opposite group
(G°P, -°P) as follows. Define (G°P,-°P) to be group with the same set of elements as GG, whose
product -°? works as

g1+ g2 = g2 - g1.
Since both (G, -) and (G, -°P) are groups, we can regard them both as one object categories.

What is interesting to realize is that under the categorical interpretation, they are opposite
categories of each other.

We thus see that dualizing a category simply involves changing the directions of the mor-
phisms on the objects. But can we dualize a functor?

Definition 2.1.5. Let F' : C—> D be a functor and suppose f : A—> B is morphism in C. We
say F' is a contravariant functor if F(f) : F(B) — F(A).

This is in sharp contrast to a covariant functor, in which f : A —> B is sent to F(f) :
F(A)— F(B).

We next introduce a few examples to demonstrate a contravariant functor.

Example 2.1.6. Let k be an algebraically closed field. Recall that A"(k) is the set of tuples
(ay,as,...,a,) with a; € k. In algebraic geometry, it is of interest to associate each subset

S C A™(k) with the ideal

I(S):{fek[xl,...,k:n]

f(s) =0 forall s € S}.

of k[z1,...,x,]. Observe that this is always non-empty since 0 € I(.S) for any S. In additional,
it is clearly an ideal of k[zy, ..., x,], since for any p € k[z1,...,x,],q € I(S), we have that

(p-q)(s) =p(s)-q(s) =p(s)-0=0 for all s € S.

so that p- ¢ € I(S). Now it’s usually an exercise to show that if S; C S, are two subsets of
A"(k), then one has that 1(S;) C I(Sy). Hence this defines a contravariant functor

I : Subsets(A"(k)) — Ideals(k[x1, ..., z,)).

where Subsets(A™(k)) is the category of subsets with inclusion morphisms, and Ideals(k[z1, . .., x,])
is the category of ideals with inclusion ring homomorphisms.
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Example 2.1.7. Consider again k as an algebraically closed field. In algebraic geometry, one
often wishes to associated each ideal of k[xy, ..., z,] with its “zero set”

Z(I) = {s = (ay,...,a,) € A"(k) | f(s)=0forall s € I}.

It is usually an exercise to show that if I; C I are two ideals, then Z(I,) C Z(I;). Hence we
see that this defines a contravariant functor

Z :Ideals(k[zy,. .., x,]) — Subsets(A"(k)).

It is usually at the beginning of an algebraic geometry course that one will understand the
relationship between these two constructions, which themselves are secretly functors.

What follows is a very interesting example. In fact, this example is an example of a beautiful
concept of a sheaf, and it is usually used as a motivating example. But that is for later.

Example 2.1.8. Let X be a topological space, and consider the thin category Open(X),
which contains all open sets U C X, equipped with the inclusion function iy x : U — X.

For each U € Open(X), define the set
C(U)={f:U—R| f is continuous. }
Note that if U C V are in Open(X), then we define the function pyy : C(V) — C(U) where
puy(f:V—R)=f| :U—R

That is, py,v sends continuous, real-valued functions on V' to such functions on U by restriction.
It is not difficult to show that this respects identity and composition requirements, so that we
have a contravariant functor

C(—) : Open(X) — Set

for each topological space X.

What follows is another very important example.

Example 2.1.9. Let C be a locally small category. In this case, we know that each A € C
induces the covariant functor
Home (A, —) : C —> Set

which sends objects C' to the set Home (A, C'). It is natural to ask if we may similarly define a
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functor
Home(—, A) : C —> Set.

The answer is yes. We did not make this observation in the past for pedagogical reasons, since
it’s actually a contravariant functor (and we didn’t know what that was until now). We can
now safely say that Home(—, A) is a contravariant functor.

We now comment on the relationship between contravariant and covariant functors.
Proposition 2.1.10. Let C, D be categories.

e Let F': C—>D be a contravariant functor. Then F' corresponds to a contravariant functor
F : C°° —> D where for a f° : B—> A € C°P,

F(f*:B—A)=F(f: A— B) = F(f) : F(B) — F(4).

o Conversely, let F': C—>"D be a covariant functor. Then F' corresponds to a contravariant
functor F : C°° —> D where

F(f*:.B—>A) =F(f: A—>B) = F(f) : F(A)—> F(B)

The above proposition allows us to treat any functor as covariant or contravariant. Thus, if
we don’t like the behavior of our functor on morphisms, we can find an equivalent functor that
behaves on morphisms in our preferred way.

Generally, covariant functors are easier to think about, so we often like to turn contravariant
functors into covariant functors.

Example 2.1.11. Recall that the functor
C(—): Open(X) — Set

is contravariant. What if we want to treat this as a covariant functor? Well, we can define the
functor

C(-) : Open(X)®® — Set
as follows. If U C V are open subsets of the topological space X, then let ¢ : U —> V be the

inclusion. This is a morphism in Open(X). Hence, i°? : V—U is a morphism in Open(X)°P.
Therefore, we define

CE*:V—U)=C@1:U—V)=pyy :C(V)—C(U).

Thus we see that this functor C acts the same way as C, except it behaves covariantly on the
morphisms now instead of contravariantly.
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Products of Categories, Functors

As one may expect, the product of categories can be easily defined.

Definition 2.2.1. Let C and D be categories. Then the product category C x D is the
category where

Objects. All pairs (C, D) with C' € Ob(C) and D € Ob(D)

Morphisms. All pairs (f, g) where f € Hom(C) and g € Hom(D).

To define composition in this category, suppose we have composable morphisms in C and D as
below.

C flof D g'og
f/_* g/\g/x
e Cy Cy - ... Dy D, Dy ---

Then the morphisms (f,¢) and (f’,¢’) in C x D are composable too, and their composition is
defined as (f',9') o (f,9) = (f' o f, 9" 9).

CxD (f".9")o(f,9)=(f"of,9'0g)
- (Ch, Dy) —"T (Cy, Dy) —- (C3,D3) -+

We also define the projection functors ¢ : C X D —>C and 7p : C X D —> D where on
objects (C, D) and morphism (f, g), we have that

me(C,D)=C m(C,D) =D
WC(fvg):f WD(.ﬂg):g

These projection functors have the following property. Consider a pair of functors F' : B—>C
and G : B—> D. Then F and G determine a unique functor H : B—> C x D where

mcoH=F mpo H=G.

That is, we see that for any morphism f in B we have that H(f) = (F(f),G(f)). Hence the
following diagram commutes

B

H

y
CxD

C <~ —— D
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and we dash the middle arrow to represent that H is induced, or defined, by this process.
We can also take the product of two different functors.

Definition 2.2.2. Let F' : C—> C' and G : D —> D’ be two functors. Then we define the
product functor to be the functor F' x G : C x D —> C' x D' for which

1. If (C, D) is an object of C x D then (F' x G)(C, D) = (F(C),G(D))
2. If (f, g) is a morphism of C x D then (F x G)(f,g) = (F(f),G(g))

Additionally, we can compose the product of functors (of course, so long as they have the
same number of factors). Thus suppose G, F' and G', F’ are composable functors. Then
observe that

(GxGYo(FXF)=(GoF)x(GoF).

Note that in this formulation we have that
e o(FxG)=Fone meo(FxG)=Gomp
Hence, we have the following commutative diagram.

C—" (¢xD—" 57D

D/

Again, the dashed arrow is written to express that F' x GG is the functor defined by this process
and makes this diagram commutative.

Definition 2.2.3. If F' is a functor such that F': B x C — D, that is, its domain is a product
category, then F' is said to be a bifunctor.

An example of a bifunctor is the cartesian product x, which we can apply to sets, groups,
and topological spaces. In these instances we know that value of a cartesian product is always
determined uniquely by the values of the individual factors, which holds more generally for
bifunctors.

Proposition 2.2.4. Let B,C and D be categories. For B € B and C' € C, define the functors
Ho:B—D Kp:C—D

such that Ho(B) = Kg(C) for all B,C. Then there exists a functor ' : B x C — D where

F(B,—) = Kg and F(—,C) = H¢ for all B,C if and only if for every pair of morphisms

f:B— B and g : C'—> (" we have that

Kp(g) o He(f) = Her(f) o Kp(9)-

Diagrammatically, this condition is
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Kp(g)

Heo(B) = Kp(C) He(B) = Kg(C')

He(f) Heo(f)

Ho(B') = Kpi(9) He(B') = Kp (')

Kpi(9)

The proof is left as an exercise for the reader.

Example 2.2.5. We now introduce what is probably one of the most important examples of
a bifunctor. Note that for any (locally small) category C, we have for each object A a functor.

Hom(A, —) : C — Set
We also have a functor from C°? (we at the °P simply for convenience) for each B € CP.
Hom(—, B) : C°* — Set

As an application of the proposition, one can see that that these two functors act as the Kp
and H¢ functors in the above proposition, and give rise to bifunctor

Hom : C°® x C —> Set.

This is because for any h : A—> A" and k : B—> B’, the diagram,

Hom(A’, B) —— Hom(A, B)
K K

Hom(A’, B') —“— Hom(A4, B)

commutes. Hence the proposition guarantees that Hom : C°P x C —> Set exists and is unique.

Example 2.2.6. Recall that for an integer n and for a ring R with identity 1 # 0, we can
formulate the group GL(n, R), consisting of n X n matrices with entry values in R. As this
takes in arguments, we might guess that we have a bifunctor

GL(—,-) : N x Ring — Grp

where N is a the discrete category with elements as natural numbers. This intuition is correct:
for a fixed ring R, we have a functor

GL(—,R): N— Grp
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while for a fixed natural number n we have a functor
GL(n,—) : Ring — Grp.

Below we can visualize the activity of this functor:

R=S |GL(1,S) GL(2,S) --- GL(k,S)
R=7 |GL(,Z) GL(2,Z) --- GL(k,Z)
n=1 n=2 e n==%k

Above, we start with Z since the this is the initial object of the category Ring.

Now that we understand products of categories a functors, and we have a necessary and suf-
ficient condition for the existence of a bifunctor, we describe necessary and sufficient conditions
for the existence of a natural transformation.

Definition 2.2.7. Suppose F,G : B x C —> D are bifunctors. Suppose that there exists a
morphism 7 which assigns objects of B x C to morphisms of D. Specifically, n assigns objects
B € B and C € C to the morphism

N : F(B,C)— G(B,C).
Then 7 is said to be natural in B if, for all C' € C,
n-cy: F(=0C)—G(-,0)

is a natural transformation of functors from B — D.

With the previous definition, we can now introduce the necessary condition for a natural
transformation to exist between bifunctors.

Proposition 2.2.8. Let F,G : B x C —> D be bifunctors. Then there exists a natural trans-
formation n : F'— G if and only if n(B, C) is natural in B for each C' € C, and natural in C
for each B € B.

Proof.

(=) Suppose that n : FF'—> G is a natural transformation. Then every object (B, C) is
associated with a morphism n ey : F(B,C) — G(B,C) in D, and this gives rise to
the following diagram:
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(B,C) F(B,C) G(B,C)
(f,9) F(f.9) JG(f,g)
(B, C") F(B,C") 22 (B, ")

Now let C' € C and observe that
N0 F(=C)—G(=0)

is a natural transformation for all B. On the other hand, for any B € B,
- F(B, =) — G(B, -)

is a natural transformation for all C. Therefore, n is both natural in B and C for all
objects (B, C)

( <= ) Suppose on the other hand that 7 is a function which assigns objects (B,C) to a
morphism F(B,C)— G(B,C) in D. Furthermore, suppose that n(B, C) is natural in
B for all C € C and natural in C for all B € B.
Consider a morphism (f,¢g) : (B,C) —> (B’,C") in B x C. Then since 7 is natural for
all B € B, we know that for all C' € C,

(=) - F(_7 C) - G(_7 C)
is a natural transformation. In addition, n is natural for all C' € C since for all B € B
nmB,-) : F(B> _) - G(Ba _)

is a natural transformation. Hence consider the natural transformation 7 ¢ acting on
(B,C) and 7pr,—y acting on (B’,C). Then we get the following commutative diagrams.

F(B,C) "9, ¢(B,C) F(B',0) 29 q(B',C)
F(fvlc){ {G(LIC) F(lB’vg)J JG(lB/vg)
F(B,C) —29 (B, C) F(B,C) 2 (B!, o)

Observe that the bottom row of the first diagram matches the top row of the second.
Also note that f : B—> B’ and g : C'—> (", and that the diagrams imply the equations

G(f,1c) o) = nwp o) o F(f, 1c)
G(1p,g)onw.cy=nwm.cyoF(lp,g).
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Now suppose we compose equation (2.1) with G(1p/, g) on the left. Then we get that

replace via equation (2)

G(1p,9) o G(f,1c) on,ey = G(1pr, g) o oy oF (f, 1¢)
= .cn o F(ls,g) o F(f, 1¢c)
=nm.cnyoF(lpof,golc)
=nw.c) o F(f,9).

where in the second step we applied equation (2.2), and in the third step we composed
the morphisms. Also note that we can simplify the left-hand side since

G(lB/ag) o G(fa 10) = G<1B/ o fa.g o 10) = G(f7 g)
Therefore, we have that
G(f.9) onwe) =nw.cyo F(f,g)

which implies that eta itself is a natural transformation. Specifically, it implies the
following diagram.

(B,C) F(B,C) —*“~ G(B,C)
(f.9) F(f.9) JG(ﬁg)
(B, C") F(B,C") ~29 (B,

Note: A way to succinctly prove the reverse implication of the previous proof is as follows.
Since we know the diagrams on the left are commutative, just "stack" them on top of each
other to achieve the diagram in the upper right corner, and then
to obtain the third diagram in the bottom right.

" this diagram down
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F(B,C) —29, G(B,0)

F(B,C) 1(8,C) G(B,C) F(flc) G(f.1¢)
' (B',0) ,
F(flc) G(f1¢) F(B »C) — G(B ,(J)
F(B/, C) (B!,C) G(B/, C) F(1gr,9) G(1g1,9)

F(B.C") 229 q(B, ")
F(B',C) 29, (B, C)

F(lB/,g)J F(B, C) (B,c) G(B, C)
1oy BLe 1o
F(B7C) —>G(B,C) F(f’g)J

G(lB/vg)

G(f.9)

F(B,C" 229 g,

This is essentially what we did in the proof, although this is more crude visualization of
what happened, and we were more formal throughout the process.
Exercises

1. Let C and D be categories. Prove that (C x D) = C°P x D°P.
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Functor Categories

In the proof for the last proposition, we used a trick of forming a desired natural transfor-
mation by composing two composable natural transformations. Hence, we see that natural
transformations can be “composed.” We refine this notion as follows.

Let C and D be categories and consider three functors F, G, H : C — D. Suppose further
that we have two natural transformations o, 7 as below:

F—2>G—"——>H

(This might seem like a weird way to write this, but we are trying to hint at something.) Using
these two natural transformations, we can define a natural transformation

T-0:F—H
where, for each C € C, we define
(1-0)c =71c00c: F(C)— H(C).

Visually, we can picture what we are doing as follows. For a given morphism f: A— B in C,
we define the morphism (7 - 0)¢ as

— F(A) F(B) —
(r-0)a| G L aB) |(r-0)s
H(f)

— H(A) H(B)

Thus, we see that natural transformations can be “composed,” and we can thus ask: If we view
functors as objects, and view natural transformations as morphisms, do we get a category? The
answer is yes.

Definition 2.3.1. Let C and D be small categories and consider set of all functors F': C—>D.
Then the functor category, denoted as D¢ or Fun(C, D), is the category where

Objects. Functors F': C— D

Morphisms. Natural transformations n: FF— G

Functor categories are extremely useful, as we shall see that they’re the categorical version
of representations.

When we think of representations, we usually think of a group homomorphism p : G —
GL, (V) for some vector space V over a field k. However, suppose we wanted to be a real smart-
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ass and say “Well, can’t we regard p as actually a functor between two one-object categories
whose morphisms are all isomorphism?” The answer is yes!

What this then means is that the category of representations of a group G is actually a
functor category. Specifically,

Fun(G, GL,(V)) = R-Mod.

Hence in some cases it helps to think of Fun(C, D) as a category of representations of C. This
makes sense, since that is really what a functor is. A functor preserves composition; and if
we stop thinking like the set theorists, we can realize that composition controls a great deal

nn

of structure in a category C. Hence a functor F' : C — D “represents'' that structure in a

category D.

Example 2.3.2. Let 1 be the one element category with a single identity arrow. Then for any
category C, the functor category C! is isomorphic to C. This is because each functor F : 1—>C
simply associates the element 1 € 1 to an element C' € C, and the identity 1; : 1 —> 1 to the
identity morphism 1¢ in C.

Example 2.3.3. Let 2 be the category consisting of two elements, containing the two identities
and one nontrivial morphism between the objects.

idq ido
1159

The category 2.

Now consider the functor category C? where C is any category. Each functor F : 2 —> C maps
the pair of objects to objects F'(1) and F'(2) in C. However, since functors preserve morphisms,
we see that

f:1—2 = F(f): F(1)— F(2).

This is what each F' € C? does. Hence, every morphism g € Hom(C) corresponds to an element
in C2. Hence, we call C? the category of arrows of C.

Proof. Let g : C'— C’ be any morphism between objects C',C" in C. Construct the element
G € C? as follows: G(1) = C, G(2) = C" and G(f) : G(1) — G(2) = g. Hence, Hom(C) and
C? are isomorphic. Moreover, Hom(C) determines the members of C2.

A crude way to visualize this proof is imaging 1 — 2 is a "stick" with 1 and 2 on either
end, and so the action of any functor is simply taking the stick and applying it to anywhere on
the direct graph generated by the category C. Hence, this is why we say Hom(C) determines
the functor category C2. |
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Example 2.3.4. Let X be a set. Hence, it is a discrete category, which if recall, it’s objects
are elements of X and the morphisms are just identity morphisms.

Now consider {0, 1}, the category of functors F' : X —> {0, 1}. Then every functor assigns
each element of x € X to either 0 or 1, and assigns the morphism 1, : z—>x to either 15 : 0—>0
orl;:1—1.

One way to view this is to consider P(X), and for each S € P, assign z to 1 if x € S or z
to 0 if x ¢ S. All of these mappings may be described by elements of P, but we can also realize
that each of these mappings correspond to the functors in {0,1}*. Hence, we see that {0, 1}*
is isomorphic to P(X).

Example 2.3.5. Recall from Example 7?7 that, given a group G and a ring R (with identity),
we can create a group ring R|[G] with identity, in a functorial way, establishing a functor

R[—] : Grp — Ring.

However, we then noticed that the above functor establishes a process where we send rings R
to functors R[—] : Grp — Ring. It turns out that this process is itself a functor, and we now
have the appropriate language to describe it:

F : Ring — Ring®'P

Specifically, let ¢ : R— S be a ring homomorphism. Now observe that 1) induces another ring
homomorphism
Vg R[G] — S[G] Z Qg9 Z p(ag)g.
geG geG
As a result, we see that such a ring homomorphism induces a natural transformation. To show
this, let ¢ : G—> H be a group homomorphism. Then observe that we get the diagram in the
middle.

a RG] —— $[@) e Agg > Tyeq ¥(ag)g
® R(¢) S(p) ]
H RH] —5— S[H] Ygea agp(9) > Lgea U(ag)p(9)

However, we can follow the elements as in the diagram on the right, which shows us that
the diagram commutes. Hence we see that ¢* is a natural transformation between functors



2.3 Functor Categories 91

R[—] —> S[—]. Overall, this establishes that we do in fact have a functor
F : Ring — Ring®'P

which we wouldn’t be able to describe without otherwise introducing the notion of a functor
category.

Example 2.3.6. Let M be a monoid category (one object) and consider the functor category
Set™. The objects of Set™ are functors F : M —> Set, each of which have the following data:

where f : M — M is an morphism in M. Now if we interpret o as the binary relation equipped
on M, we see that for any g : M — M,

F(go f)=F(g)o F(f)

by functorial properties. Hence, each functor F' maps M to a set X which induces the operation
of M on X. Therefore the objects of Set™ are other monoids X in Set equipped with the
same operation as M and as well as the morphisms between such monoids.
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Vertical, Horizontal Composition; Interchange Laws

In the previous section, we considered the idea of forming a composition of natural transforma-
tions, and we verified that this formed a valid natural transformation. That is, if we have three
functors F, G, H : C—> D between two categories C and D, and if o : F—> G and7: G—H
are natural transformations, then we can form the natural transformation

(troo): F— H.

We call such a type of composition as vertical compositions of natural transformations, since
the idea can be captured in the following diagram.

l o
YD
T
We can also perform a different, but similar type of composition between natural transfor-
mations. Suppose F,G : B—>C and F',G' : C—> D are functors between categories B,C, and

C

D. Furthermore, suppose we have natural transformations n : FF—> G and r : F'—> G’. Then
we have diagram such as the following.

F P
B iﬁ C ln"D
G e

Now let B be an object of B. There are two ways we can transfer this object to an object
of C; namely, via mappings of F' and G. Thus F(B) and G(B) are two objects of C. Since
n : F'—> G is a natural transformation between these objects, we see that there’s a way of
mapping between these two elements in C:

n(B): F(B)— G(B).

Hence, we have two objects in C and a morphism in between them. Hence, we know that the
natural transformation n' : F/ — G’ implies the following diagram commutes.

n'F(B)

F(B) F'o F(B) G o F(B)
n(B) F/OI/(B){ JG/OU(B)
G(B) Floa(B) P @ oq(B)

Note that in the last diagram, all of the objects and morphisms between them exist in D. The
easiest way to see why this diagram commutes is to go back directly to the definition of a
natural transformation; namely, the pair of objects along with their morphism on the left imply
the commutativity of the diagram on the right.
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This can be done in general for categories B,C, and D which have functors F,G : B—C
and F',G" : C — D associated with natural transformations n : F'— G and n/ : F' — G'.
Furthermore, it holds for all B € B.

Note further that this diagram is similar to a diagram which represents a natural transfor-
mation; but between which functors? If we look closely, we see that it is between F o F’ and
GoG'.

This leads us to make the following formulaic definition: For natural transformations 7 :
F—Gandn : F"—> G such that F,G : B—C and F',G' : C—> D, then for B € B we
define their "horizontal" composition as the diagonal of the above diagram; that is,

(non)B =G'(n(B)) o F(B) =1 (G(B)) o F'(n(B)).

The above diagram doesn’t quite show that non’ : F'o F—>GoG’ is a natural transformation.
In order to do this, we need to start from two objects in B and consider a morphism between
them.

Proposition 2.4.1. The function non’ : F o F'—> G o G’ is a natural transformation between
the functors F' o F,G' oG : B—>D.

Proof. To show this, we consider a morphism f : B—> B’ between two objects B and B’ in
B. We then claim that the following diagram is commutative:

B Fror(B) 2, poq) TP, oo G(B)

f F'oF(f) F'oG(f) G'oG(f)
B/ / / ! / ! /
F © F(B ) F/O’I](Bl) F o G(B ) ’I']/O'I](Bl) G ° G(B )

First, observe that the left square is commutative due to the fact that  is a natural transfor-
mation from F to GG. Therefore, it produces a commutative square diagram, and we obtain
the above left square diagram by applying F’ to the commutative diagram produced by
n:F—G.

The right square in the diagram is obtained by the fact that n’ is a natural transformation
between functors F’ and G’. Hence the diagram is commutative, and it acts on the objects

G(B) and in C. Therefore, we see that 1 o7 is a natural transformation. |

Thus we see that we have "horizontal" and "vertical" notions of composing natural trans-
formations. Let us denote "horizontal" transformations as o and "vertical" transformations as -
between natural transformations.

It is also notationally convenient to denote functor and natural transformation compositions
as

For:FloF—>FoT noG:FoG—G oG

which are two additional natural transformations. (Remember we showed that the left square
in the commutative diagram of the previous proof commuted by observing that it was obtained
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by the commutative diagram produced by the natural transformation n and composing it with
F'? What we really showed is that F’ o n is a natural transformation, since this natural
transformation described that square. Similarly, " o G is the natural transformation which
represents the right square of the commutative diagram in the previous proof.)

With the above notation, we can then write that

non=(Gon)-(noF)=(noG)-(F on).

This idea of ours can be extended to a more general situation. Suppose we have instead three
categories B, C, and D and where F,G, H : B—>C and F, G, H : C—>D are functors associated
with natural transformations n: F— G,0 : G—> H, and ' : F' — G',0’ : G’ —> H'. The
following diagram may be more helpful than words:

F F’

B ' C Vg
|o |o’
H H'

Note we’ve omitted the label of G and G’ on the middle horizontal arrows since they don’t
exactly fit in there when we include the labels for the natural transformations.

Now suppose we have an object B in B. Then we can create three objects F(B), G(B) and
H(B) in C, and we may interchange between these objects via the given natural transformations.
Specifically, n(B) : F(B) — G(B) and o(B) : G(B) — H(B). However, we also know that
1, o’ are natural transformations between C and D, and hence imply the following commutative

diagram.
F(B) Fror(B) 2 oo rB) 22 H o F(B)
n(B) Flon(B) Gron(B) Hion(B)
G(B) FloGB) 22, ¢oa(B) 2%, moq(B)
o(B) Floo(B) G'oo(B) H'oo(B)
H(‘B) F'o }{(B) — G0 H(B) —r H' 0 H(B)

Suppose we start at the upper left corner and want to achieve the value at the bottom right.
There are two ways we can do this: We can travel within the interior of the diagram, or we can
travel on the outside of the diagram.

In traveling on the interior of the diagram, note that the composition of the arrows of the
upper left square is n’ o n. In addition, composition of the arrows of the bottom right square is
o'oo.

In traveling on the exterior of the diagram note that the composition of the top row is 7’ - ¢
and composition of the right most vertical arrows is 7 - 0. Since both paths achieve the same
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value, we see that
(n'-o')o(n-o)=(non)-(s'00)
which is known as the Interchange Law.
This leads us to make the following definition.

Definition 2.4.2. We define a double category to be a set of arrows which obey two different
forms of composition, generally denoted as o and -, which together satisfy the interchange law.

Furthermore, a 2-category is a double category in which - and o have the same exact
identity arrows.
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Slice and Comma Categories.

In this section we introduce comma categories, which serve as a very useful categorical con-
struction. The reason why it is so useful is because the notion of a comma category has the
potential to simplify an otherwise complicated discussion. As they can be constructed in any
category, and because they contain a large amount of useful data, they are frequently used as
an intermediate step in more complex categorical constructions. Thus, while the concept is
“simple,” they nevertheless appear in all kinds of complicated discussions in category theory.

Definition 2.5.1. Let C be a category and suppose A is an object of C. We define the slice
category (with A over C), denoted (A | C), as the category

Objects. All pairs (C, f : A—> C) for all C € C and morphims f : A —> C. In other words,
the objects are all morphisms in C which originate at A.
Morphisms. For two objects (C, f: A— C) and (C', f' : A— ("), we define

h(Cf)— (T, f)

as a morphism between the objects, where h : C'—> (" is a morphism in our category
such that f" = h o f. Alternatively we can describe the homset more directly:

Homqaio) ((£.0), (/,C)) = {h: C—~C"eC| f' =ho f}.

At this point you may be a bit overloaded with notation if this is the first time you’'ve seen
this before. You need to figure out how this is a category (what’s the identity? composition?)
and ultimately why you should care about this category. To aid your understanding, a picture
might help.

We can represent the objects and morphisms of the category (A | C) in a visual manner.

Objects (C, f): |, Morphisms h : (C, f) — (C, f') \

are given by h : C'—C" such that

Now, how does composition work? Composition of two composable morphisms h : (f,C) —>

(f',C"yand b : (f',C")—> (f",C") is given by b o h: (f,C) —> (f",C") since clearly
"=hof and f'=hof = f'=h'o(hof)=(Woh)of.

We can visually justify composition as well. If we have two commutative diagrams as on the
left, we can just squish them together to get the final commutative diagram on the right.
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A A A
/ X and / Y implies / X
: Cl CY/ C// CY C//

h

C

h' h'oh

Hence, we see that b’ o h: (f,C) —> (f”,C") is defined whenever A’ and h are composable
as morphisms of C.

One use of comma categories is to capture and generalize the notion of a pointed category.
Such pointed categories include the category of pointed sets Set™ or the category of pointed
topological spaces Top”*, etc.

We’ve seen, in particular on the discussion of functors, the necessity for pointed categories.
For example, we cannot discuss “the” fundamental group m;(X) of a topological space X (unless
X is path connected, but still only up to isomorphism). To discuss a fundamental group in a
topological space X, one needs to select a base point zy. As we saw in Example 1.7, 7y is not
a functor Top — Grp, but is rather a functor

m : Top® —> Grp

where Top”*, which consists of pairs (X, zg) with 2y € X, is the category of pointed topological
spaces.

Similarly, it makes no sense to talk about “the” tangent plane of a smooth manifold. Such
an association requires the selection of a point p € X to calculate T,(M). So, as we saw in
Example 77, this process is not a functor from DMan to Vect, but is rather a functor

T : DMan* —> Vect

where DMan®, which consists of pairs (M, p) with p € M, is the category of pointed smooth
manifolds. This now motivates the next two examples.

Example 2.5.2. Consider the category Top™ where
Objects. The objects are pairs (X, xg) with X a topological space and zy € X.
Morphisms. A morphism f : (X, z¢) — (Y, yo) is any continuous function f: X — Y such

that yo = f(zo).
Recall that the one point set {e} is trivially a topological space. Then we can form the category
({e} | Top). The claim now is that

({e} | Top) = Top".
Why? Well, an object of ({e} | Top) is simply a pair (X, f : {¢} — X). Observe that
f(e) =0 € X,

for some xy € X. So, the pair (X, f : {o} — X)) is logically equivalent to a pair (X, z¢) with
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xo € X. That is, a continuous function from the one point set into a topological space X is
equivalent to simply selecting a single point zy € X. Hence, on objects it is clear why we have
an isomorphism.

Now, a morphism in this comma category will be of the form p : (X, f; : {#}—X)— (Y, f1 :
{e} — Y). Specifically, it is a continuous function p : X — Y such that the diagram below

{e}
VAR

p

commutes.

X Y

In other words, if fi(e) = x¢ and fy(e) = yo, it is a continuous function p : X —> Y such that
f(xg) = yo. This is exactly a morphism in Top*! We clearly have a bijection as claimed.

The above example generalizes to many pointed categories, some of which are
« DMan* = (e | DMan)

o Set” = (o | Set)

« Grp" = (e | Grp)

We now briefly comment for any slice category (A | C) built from a category C, we can
construct a “projection” functor
P:(A]lC)—C

where on objects P(C, f : A—> C) = C and on morphisms P(h : (C, f) — (C", ") = h :
C —> (C". Clearly, this functor is faithful, but it is generally not full. Such a projection functor
is used in technical constructions involving slice categories as it has nice properties; we will
make use of it later when we discuss limits.

Next,we introduce how we can also describe the category of an objects under another cate-
gory.
Definition 2.5.3. Let C be a category, and B an object of C. Then we define the category B
under C, denoted as (C | B) as follows.
Objects. All pairs (C, f) where f : C'—> B is a morphism in C. That is, the objects are

morphisms ending at B.
Morphisms. For two objects (C, f : C —> B) and (C', f' : C" —> B), we define

h(Cf) — (T, f)

to be a morphism between the objects to correspond to a morphism / : C'—> C” in C
such that f = f' o h.
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Composition of functions i : (f,C)—> (f',C") and b’ : (f',C")—> (f",C") exists whenever
h' o h is defined as morphisms in C. Again, we can represent the elements of the category in a
visual manner

C C—"r—
Objects (C, f): | Morphisms & : (f,C) — (f',C") x /
f/
B B

The following is a nice example that isn’t traditionally seen as an example of a functor.

Example 2.5.4. Let (G,-) and (H,-) be two groups, and consider a group homomorphism
¢:(G,-)—> (H,-). Abstractly, this is an element of the comma category (Grp | H).

Now for for every group homomorphism, we may calculate the kernal of Ker(yp) = {g € G |
©(g) = 0}. This is always a subgroup of G. What is interesting is that, from the perspective
of slice categories, this process is functorial:

Ker(—): (Grp | H) — Grp.

To see this, we have to understand what happens on the morphisms. So, suppose we have two
objects (G, : G— H) and (K,v : K — H) of (Grp | H) and a morphism h : G — K

between the objects.
P > K
H

Then we can define Ker(h) : Ker(p) — Ker(¢), the image of h under the functor, to be
the restriction A|ker(,) @ Ker(p) —> Ker()). This is a bonafied group homomorphism: by the

G

commutativity of the above triangle, if ¢ € G then ¢(g) = 1¥(h(g)). Hence, if p(g) = 0, i.e.,
g € Ker(p), then ¢(h(g)) =0, i.e., h(g) € Ker(¢)). So we see that our proposed function makes
sense.

What this means is that the commutativity of the above triangle forces a natural relationship
between the kernels of ¢ and ; not only as a function of sets, but as a group homomorphism.
Therefore, the kernel of a group homomorphism is actually a functor from a slice category.

Example 2.5.5. In geometry and topology, one often meets the need to define a (—)-bundle.
By (—) we mean vector, group, etc. That is, we often want topological spaces to parameterize
a family of vector spaces or groups in a coherent way.
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(2 A
T,,m

S

X

For example, on the above left we can map the Mobius strip onto S in such a way that
the inverse image of each x € S; is homeomorphic to the interval [0, 1]. Hence, each point of
x € S carries the information of a topological space, specifically one of [0, 1].

On the right, we can recall that S? is a differentiable manifold, and so each point p has a
tangent plane T),(S?), which is a vector space. Hence every point on S?, or more generally for
any differentiable manifold, carries the information of a vector space.

In general, for a topological space X, we define a bundle over X to be a continuous map
p : E—> X with F being some topological space of interest. If p: E—> X anp' : ' —> X are
two bundles, a morphism of bundles ¢ : p — p’ is given by a continuous map ¢ : £ —> E’
such that

p=poq
Hence we see that a bundle over a topological space X is an element of the comma category
Top/X, and a morphism of bundles is a morphism in the comma category. We therefore see
that Top/X can be interpreted as the category of bundles of X.

One particular case of interest concerns vector bundles. Let E, X be topological spaces.
Recall that a vector bundle consists of a continuous map 7 : £ —> X such that

1. 771(z) is a finite-dimensional vector space over some field k

2. For each p € X, there is an open neighborhood U, and a homeomorphism
Yo 1 Uy x R* =5 771U,

with n some natural number. We also require that 7o ¢, = 1y, .

As we might expect, a morphism of vector bundles between 7 : F—> X and w3 : B/ — X

is given by a continuous map ¢ : E—> E’ such that for each z € X, ¢ st (w) — 7wy (2)

.. m H(x)
is linear map between vector spaces.

To realize this in real mathematics, we can take the classic example of the tangent bundle
on a smooth manifold M (if you've seen this before, hopefully it is now clear why the word
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"bundle" is here). In differential geometry this is defined as the set
TM ={(p,v) |pe M and v € T,(M)}

where we recall that T,(M) is the tangent (vector) space at a point p € M. Since M is a
smooth manifold there is a differentiable structure (U,, x,, : U, —> M) which allow us to define
a map

Yo : Uy x R —>TM

(1, xn), (U, -y up)) (ma(ml,...,xn),iuiai> .

This actually provides a differentiable structure on T'M, demonstrating it too is a smooth
manifold (see Do Carmo). Hence we see that T'M is in fact a topological space. We then see
that the mapping 7 : T'M —> M where

7(p,v) =pand 7 ' (x) = T,(M).

is a continuous mapping. Hence we’ve satisfied both (1.) and (2.) in the the definition of a
vector bundle. The other properties can be easily verified so that this provides a nice example
of a vector bundle.

We can also formulate categories of objects under and over functors.

Definition 2.5.6. Let C be a category, C' an object of C and F' : B—> C a functor. Then we
define the category C over the functor F', denoted as (C' | F), as follows.
Objects. All pairs (f, B) where B € Obj(B) such that

f:C— F(B)

where f is a morphism in C.
Morphisms. The morphisms h : (f, B) — (f', B’) of (C' | F) are defined whenever there
exists a h : B— B in B such that f' = F(h) o f.

Representing this visually, we have that

C C
Objects (f, B): f Morphisms h : (f, B) — (f', B) / \
F(B) F(B) a F(B)

Composition of the morphisms in (C' | F') simply requires composition of morphisms in B.
One can easily construct the category C' under the functor F', (F' | C), in a completely
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analogous manner as before. But we’ll move onto finally defining the concept of the comma
category.

Definition 2.5.7. Let B,C, D be categories and let ' : B—D and G : C— D functors. That
is,

B-f.p<E& ¢

Then we define the comma category (F' | GG) as follows.
Objects. All pairs (B, C, f) where B, C are objects of B,C, respectively, such that

f:F(B)— G(C)
where f is a morphism in D.
Morphisms. All pairs (h, k) : (B,C, f)— (B',C’, f') where h : B—> B’ and k : C —> (" are
morphisms in B, C, respectively, such that
foF(h)=G(k)o f.

As usual, we can represent this visually via diagrams:

F(h)

F(B) F(B) F(B)
Objects (B, C, f): P Morphisms (h, k) r
G(C) G(C) o G(C")

where in the above picture we have that (h,k) : (B,C, f) — (B',C’, f'). Since functors
naturally respect composition of functions, one can easily define composition of morphism
(h,k) and (W', k') as (hoh/, kok’) whenever hoh' and k ok’ are defined as morphisms in B and
C, respectively.

Exercises

1. Let C be a category with initial and terminal objects I and T

i. Show that (C | T) = C.
i. Also show that (I | C) = C.

2. Consider again a group homomorphism ¢ : G — H, but this time consider the image
Im(¢) = {p(g9) | g € G}. Show that this defines a functor

Im(—) : (G | Grp) — Grp
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where on morphisms, a morphism

h:(Hyp:G—H)— (K,p: G—K)

is mapped to the restriction hlim(,) : Im(yp) —> Im(v)).

In some sense, this is the “opposite” construction of the kernel functor we introduced.

Instead of taking the kernel of a group homomorphism, we can take its image.

3. Here we prove that the processes of imposing the induced topology and the coinduced

topology are functorial. Moreover, the correct language to describe this is via slice

categories.

.

Let X be a set and (Y, 7) a topological space. Denote U : Top —> Set to be the
forgetful functor. Given any function f : X — U(Y), we can use the topology on
Y to impose a topology 7x on X:

x ={U C X | f(U) is open in Y'}.

This is called the induced topology on X. So, we see that (by abuse of notation)
the function f: X — U(Y") is now a continuous function f : (X, 7x) — (Y, 7v).
Prove that this process forms a functor Ind : (Top | U(Y)) — (Top | Y).
This time, let (X, 7) be a topological space, Y a set, and consider a function f :
U(X)—Y. We can similarly impose a topology 7y on Y:

v ={VCY | f (V) isopen in X}.

This is called the coinduced topology on Y. Show that this is also a functorial
process.

. Let X, Y be topological spaces with ¢ : X — Y a continuous function. Show

that this induces a functor ¢, : (Top | X) — (Top | Y) where on objects (f :
E—X)— (pof: E—Y).

Let C be a category. Show that we generalize (7) to define a functor
(Cl—):C—>Cat

where A — (C | A).

Let Cat, be the pointed category of categories which we describe as

Objects. All pairs (C, A) with C a category and A € C
Morphisms. Functors F' which preserve the objects.
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Can we overall describe the construction of a slice category as a functor
(— | —):Cat,—> Cat
where (C, A) — (C | A)?
5. In this exercise we’ll see that slice categories describe intervals for thin categories.

i. Regard R as a thin category, specifically as one with a partial order. For a given
a € R, describe the thin category (a | R).

ii. Suppose P is a partial order (so that p < p’ and p’ < p implies p = p'). Describe in
general the categories (p | P) and (P | p).
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Graphs, Quivers and Free Categories

In studying category it is often helpful to imagine the objects and morphisms in action as vertices
and edges corresponding to a graph. In fact, such a pictorial representation of a category is not
even incorrect; one can pass categories and graphs from one to the other. To speak of this, we
first review some terminology.

Definition 2.6.1. A (small) graph G is a set of vertices V(G) and a set edges E(G) such that
there exists an assignment function

8 : E(G)— V(G) x V(G)

which assigns every edge to the ordered pair containing its endpoints.

On the other hand, a directed graph is a graph G where E(G) is now a set of 2-tuples
(v1,v9). This allows each edge of F(G) to have a specified direction. In this case, the assignment
function has the form 0 : E(G) — V(G).

Now, how do we formulate a morphism between two graphs?

Definition 2.6.2. A graph homomorphism between two graphs G and H is a function
f : G —> H which induces maps fy : V(G) — V(H) and fr : E(G) — E(H) where if
d(e) = (v1,v2), then

9o fele) = (fv(v1), fv(v2))-

fv

(1 IE v

In some sense, this behaves almost like a functor. This observation will become important
later. Now since we have a consistent way to speak of graphs and their morphisms, we can form
the category Grph where the objects are small graphs and the morphisms are graph morphisms
as described above.

Finally we introduce the concept of a quiver, which we will see is basically the skeleton of
a category.

Definition 2.6.3. A quiver is a directed graph G which allows multiple edges between vertices.
Instead of a function 0, a quiver is equipped with source and target functions

s:B(GQ)—V(G) t:B(G)—V(G).

So a quiver is a 4-tuple (E(G),V(G), s,t). Now as before, a morphism [ : QQ — @’ between
quivers (E(Q),V(Q), s,t) and (E(Q"),V(Q'), s',t') is one which preserves edge-vertex relations.
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Thus, it is a pair of functions fg : E(Q) — E(Q’) and fy : V(Q) —> V(Q)’ such that

fros=sofg frot=to fg.

€3
Fs
V1 @ 'U ® Us
2
€2

€4

Now that we have all of those definitions out of the way, what’s really going on here? A quiver
can be abstracted as a pair of objects and morphisms.

E V

t

If we let C°P be the category with two objects, two nontrivial morphisms and two identity
morphisms as below

f

g

then we see that a quiver is a functor F' : C°® — Set. With that said, we can define
the category of quivers Quiv, which, based on what we just showed, is a functor category
with objects F' : C°® — Set. This allows us to interpret quiver homomorphisms as natural
transformations.

Now why on earth do we care about these things called quivers? The reason is because the
underlying structure of small categories take the form of a quiver. For example, the category
on the left below can be turned into a quiver, as on the right, after "forgetting" composition
and identity morphisms.

1a
() 0
A °
W N§ \
;f?g\) O ( ///—\1\ Q
C ! B M
\—/ —
foh

In general, since categories allow multiple arrows between objects, we can construct a for-
getful functor which forgets composition and identity arrows.

U : Cat — Quiv.
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Note that if F' : C —> C’ is a functor then U(F) : U(C) — U(C’) is in fact a well-behaved
morphism between two quivers. Recall that the construction of a graph homomorphism is
basically a functor as we’ve known to so far.

Not only can we forget categories to generate quivers, we can generate categories using the
skeletal structure of a quiver. This leads to the concept of a free category; the concept is no
different than the concept of, say, a free group generated by a set X.

Definition 2.6.4. Let ) be a quiver with vertex set V' and edge set E. We define the free
category generated by () as the category with

Objects. The set V'
Morphisms. The paths of the quiver.

Precisely, a path is any sequence of edges and vertices

€eo e1 €n—1
Vo U1 . e Un

with composition of paths defined in the intuitive way:

(’UO €0 Ul €1 L. €n—1 ’Un) o (’Un wo wl L. wm)

€o el €n—1 €o €1 €2 €m
pr UO Ul ... vn wo wl ... wm

When we generate the free category, we also remember to add identity arrows to each vertex.

Since for each quiver @), we can define a free category F(Q) on @, we can realize that this
mapping is functorial. That is, we can define a functor

Fe @ Quiv— Cat

where it maps on objects and morphisms as

Q +— Fe(Q)
(f:Q— Q) — (Fo(f): Fo(Q') — Fu(Q)).

That is, quiver homomorphisms can map to functors Fo(f) between the free categories
generated by the respective quivers.

Now, what is the relationship between a quiver () and the quiver U(F¢(Q))? There must
exist an injection ¢ : QQ — U(F(Q)) which sends @ to the skeleton of U(F¢(Q)). It turns out
that this morphism is universal from @ to U.
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Theorem 2.6.5. Let @ be a quiver. Then there is a graph homomorphism ¢ :
Q — U(F(Q)) such that, for any other graph homomorphism ¢ : Q — U(C) with C a
category, there exists a unique functor F': F(Q) —> C where U(F) oi = ¢. That is,

Q —— U(Fc(Q)) Fe(Q)
© 1 U(F) % F
() c

This is an example of a universal arrow; the dotted lines are the morphisms which are forced
to exist by the conditions of the diagram, which is the idea of a universal element.

Proof. Denote each morphism or path in F(Q) of length n

eo el €n—1
Vg U1 > oo > Un,

as (vg, €01 - €n_1,0y) : Vg —> U,. Now define the inclusion i : Q —> U(F¢(Q)) where each
vertex and edge is sent identically. That is, vertices v map to v in F(Q), and morphisms are
sent identically and for each edge e : v — v

ile:v—1") = (v,e,0).

An important observation to make is the fact that every morphism (v, epeq - €p_1,0,) :
vg —> vp) in F(Q) is a composition of length 2-morphism:

() er €n—1
Vo U1 > > Un

= (Uoi>vl) o (Uli’l}g) 0-+- 0 (Un—lﬁ’vn)

Therefore, for any graph homomorphism ¢ : @) —> U(C), we can create a unique functor

F: Fo(Q) — C where

v — ¢(v)

(U07 €o€1 €Ep—1, Un) Vg > Uy /—— @(60 sV —> U1) o 80(61 U —> U2) ©--+0 S0(€n—1 CUp—1—> Un)
which then gives us
U(F)oi=¢

as desired. [ ]
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Quotient Categories

The quotient category is a concept that generalizes the ideas of forming quotient groups, rings,
modules, and even topological spaces. The core idea of obtaining a quotient "object" revolves
around the concept of an equivalence class.

For example, in constructing the quotient group, one can go about constructing it in two
different ways. One is easy, in which you simply form the concept of a coset, and then observe
that nice things happen when you make cosets with normal subgroups. The hard way is to
construct an equivalence relation, which gives rise to what we recognize as the concept of a
coset, and then continuing further to create the quotient groups from normal subgroups. Both
ways are equivalent, but one ignores the crucial and powerful idea of equivalence relations.

Definition 2.7.1. Let C be a locally small category. Suppose R is a function which, for every
pair of objects A, B, assigns equivalence relations ~ 4 g on the hom set Hom¢(A, B). Then we
may define the quotient category C/R where
Objects. The same objects of C.
Morphisms. For any objects A, B of C, we set Home¢/r(A, B) = Home¢(A, B)/ ~4 B.

Thus we see that morphisms between f : A—> B in C becomes equivalence classes [f] in
C/R.

With that said, we can naturally define a canonical functor @ : C — C/R where Q) acts

identically on objects and where Q(f : A—> B) = [f] € Homg¢,r(A, B). This in fact defines a
functor if we observe that, for a pair of composable morphisms g, f.

Qg)oQ(f) =lgo fl=Qgof).

A nice property of this functor is the fact that if f ~ f/) then Q(f) = Q(f’). What is even
nicer about this functor is that it has the following property.

Proposition 2.7.2. Let C be a locally small category with an equivalence relation ~4 5 on
each set Home(A, B). Then for any functor F' : C — D into some category D such that
f~f, F(f) = F(f"), there exists a unique functor H : C/R —> D such that H o ) = F’; or,
diagrammatically, such that the following diagram commutes.

c—2 .C/R
F iH

Y

D

Proof. Observe that one functor H : C/R — D that we can supply, which will have the
above diagram commute, is one where H(C) = F(C) on objects and where for any [f] €
Homc/R(A, B),
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where f is an representative of the equivalence class f. Note that this is well defined since
F(f)=F(f") it f ~ap f'; hence this will appropriately send equivalent elements to the same
morphism. It is not hard to show that it’s unique; one can just suppose such an H exists and
then demonstrate that it behaves like the functor we proposed initially. ]

Example 2.7.3.
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Monoids, Groups and Groupoids in Categories

One of the most simplest, useful and yet underrated concepts in mathematics is the concept of
a monoid. The reason why monoids are so useful is because they capture three main concepts:
stacking "things" together to create another "thing," in such a way that our stacking operation
is associative, with the additional assumption of an identity element which doesn’t change
the value. Often times in cooking up a mathematical construction, we want to maintain these
three concepts because they are so familiar to our basic human nature.

Now recall the definition of a monoid.

Definition 2.8.1. A monoid M is a set equipped with a binary operation - : M x M — M
and an identity element e such that

1. For any z,y,z € M, we have that - (y - 2) = (z - y) - 2
2. Foranyre M,z-e=x=¢€-x.

It turns out that we can abstract the above definition very easily if we just resist the
temptation to explicitly refer to our elements. In order to do this, we need to find a way to
diagrammatically express the above axioms.

Towards that goal, rename the binary operation as p : M x M — M (for notational
convenience). Then to express axiom (1), we mean that we have 3 elements z,y,z € M and
there are two ways to compute them, but we want them to be the same. So lets make each
different way to compute them one side of a square, which we’ll say it commutes.

1

(z,y, 2) ——= (z-y,2) MxMxM—"2% MxM
Ixp I Ixp H
(Ty-2) —pr—>z-(y-2)=(r-9y) 2 M x M M

The result is the diagram on the above left. Since we want this to hold for all elements in M, we
construct the diagram more generally on the above right; this expresses our associativity axiom.
Now to express the second axiom diagrammatically, we need a way to discuss the identity map.
So define the map 7 : {#} —> M where n(e) = e. This is just a stupid map that picks out
the identity. Then axiom (2) can be translated diagramatically to state that the bottom left
diagram commutes.

(oﬁn)&(e,m X (m,e) {.}XMMMXMMMX{.}

" 0
™ 1arXn ™
M

m=e-m=1m-€=1m

Since we want this to hold for all m € M, we generalize this to create a commutative diagram
as on the above right. We now have what we need to define a monoid more generally.
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Definition 2.8.2. Let C be a category with cartesian products. Denote the terminal object as
T. An object M is said to be a monoid in C if there exist maps

i Mx M— M (Multiplication)
n:T—M (Identity)

such that the diagrams below commute.

MxMxM—" s MxM T s M % s M2 M T
Ty ™
M x M M M

Dually, a comonoid is an object C' with maps

A:C—CxC (Comultiplication)
e:C—T (Identity)

such that the dual diagrams commute.

C A CxC TXCEH;CXOJQiCxT
A AXlC , A g
CxC Cx(CxC C

1loc®A

Note that we're being a little sloppy here. For example, the object M x M x M doesn’t
actually exist; we have either M x (M x M) or (M x M) x M. However, for any category
with cartesian products, we always have that these two objects are isomorphic. Hence we mean
either of the equivalent products when we discuss M x M x M.

Example 2.8.3. Let k be a field. Consider the category Vect,. Then a monoid in this category
is an object A equipped with maps

Example 2.8.4. Group object in the category of Top is a topological group.

Example 2.8.5. Monoid in the category of R modules is an associative algebra.
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(3. Universal Constructions 'and Limits

Universal Morphisms

This chapter is probably the most important chapter in these notes. In an ideal world, this
chapter would be the first chapter. However, that would pedagogically go over terribly. The
discussion requires categories, functors, and natural transformations; we need the language
these concepts offer to even begin to rigorously define what a universal construction even is.

But at this point, we are in fact equipped with the fundamentals. So we can now go on and
define what a universal construction is, and demonstrate its prevalence in mathematics and
therefore the usefulness of category theory as a convenient language to discuss these concepts.

To begin, we will motivate with a few examples.

Let ¢, : (G,-) —> (H,+) be a pair of abelian' group homomorphisms. We now ask the

question:
What is the set of all g € G such that p(g) = 1¥(g)? Is it a subgroup of G?

To determine this, it is equivalent to asking when ¢(g) —1(9) =0 = (¢ —)(g) = 0. Hence
every such g € G lies in the kernel of ¢ —1 : G—> H, and every element in the kernel is such a
desired element; so we've answered the first question. The kernel is a subgroup of GG, so we’ve
answered the last question. Now because this is a kernel, it has an inclusion homomorphism
i : Ker(p — 1) — G. So far, our picture looks like this:

Ker(¢ — 1) *Z‘>G#H

and clearly ¢ oi =1 oi. Now suppose that ¢ : K —> G is another group homomorphism with
the property that p o 0 =1 o o. Then by our previous work, this means that for each k € K,

IThe abelian-ness becomes important later.
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we have that (k) € Ker(¢ — ). That is,
(o) € Ker(p — )

Hence instead of mapping K into G, we can instead map K into Ker(p — 1), and then travel
back to G using i. So, there is a unique morphism 7 : K — Ker(p — 1)) such that the diagram
below commutes (Prove it is unique; it shouldn’t be too bad).

H

Ker(p — 1) : G

K

What’s really going on? This is an example of a universal construction. We have a “supreme”
morphism i : Ker(¢ — ¢) — G with the property that ¢ oi = 1) oi. Any other morphism
o : K — G with the same property that ¢ o ¢ = ¥ o 0 must factor through the “supreme”
morphism ¢ in a unique way. Uniqueness here is very important.

Now, if you haven’t seen this definition before, it’s going to sting a little, and you’ll probably
have to read it 20 times and do many, many examples (not just look at examples, you have to
do some yourself) to achieve true understanding. But here we go:

Definition 3.1.1. Let F' : C —> D be a functor and D an object of D. Define a universal
morphism from D to F' to be a morphism

u:D— F(C)

with C' € Ob(C) and v a morphism in D equipped with the universal property:

For every morphism f : D — F(C"), there exists a unique morphism
h : C'—> C" such that the diagram below commutes.

D FC)

% F(h) h

; ’
F(C) C’
The arrow h is dashed, and should be read as "there exists an h.” This is a practice that we

will continue to use throughout this text.

Remark 3.1.2. To the beginner, this definition will most likely make zero sense. The only
way that it will make sense is to see the definition in action.

A universal arrow can also be thought of as a pair (C',u : D— F(C')). This just emphasizes
that C' is special. This isn’t really useful for us to imagine in this way right now. So you don’t
have to think of it as a pair, so long as you remember you're mapping to F'(C').
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The point is that any arrow of the form f : D — F(C") forces the unique existence of an
arrow f': C —> C" such that F'(h)ou = f.

Example 3.1.3. Let V, W be finite-dimensional vector spaces over a field k. Denote their
bases as {vy, vg, ..., v, } and {wy,wy, ..., wy}.

Q: What does it take for a function 7': V. — W to be a linear transforma-

tion?
Well, suppose we have a linear transformation. Since each element of V may be written as
civr + - + ¢, for ¢; € k, we see that

T(civy 4 -+ cpvn) =T (v1) + -+ + e, T(vp).

Thus we have an answer.
A: To define a linear transformation T : V— W it suffices to specify where
we want 1" to send the basis elements vy, ..., v,.

An illustration of this fact is below.

R N Po(z)

/—\ X245

202422 +1 ..

1 = x2

14z

\\ N . T2+ 27 .
Yy

T

We can specify a linear transformation from R? to the polynomial vector space P3(z) by
specifying where we send the basis elements. Here, we color code where we send the basis.

This observation helps us build our first example of universality.

Let X be a (possibly infinite) set. For a field k, we can generate a vector space V. (Note
the color-coding here corresponds to the color-coding in the definition of a universal morphism)
whose basis elements are x € X. Specifically,

V,,;:{Zcxx

¢ = 0 for all but finitely many ZE} :
zeX

Now let Vect; be the category of vector spaces over the field k. Let U : Vect, —> Set be the
forgetful functor which sends the vector space V' to the set containing all its elements. For any
set X, then there is an inclusion map

i X—U(V,) T X
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This inclusion map has the following property. Let W be any vector space, and suppose that
we have a function f : X — U(W). This is kind of funny. A map f : X — U(W) simply picks
out a w, € W for each x € X. Since X is a basis for V,, this “picking out” defines a linear
transformation 7' : V. — W. That is, such an f : X — U(W) allows us to define a linear
transformation where for each basis element x € X

Since we know where the basis elements go, we see that such a linear transformation is well
defined. Moreover, we see that our construction makes the diagram below commute.

X — > UW) V.
f iU(T) ih

v v

U(Ww) 1474

Therefore, we see that a universal morphism from X to the forgetful functor U : Vect, —> Set
is its inclusion morphism i : X —> U(V}) into the vector space V, generated by X.

Several key concepts in topology are secretly universal properties in disguise. This is because
in some sense, the problem of universality is an optimization problem. And in elementary
topology, we are often trying to optimize a given topological space with a desired property. For
example, the closure of a topological space X is the “largest closed set” containing X. We'll
elaborate more on this.

Example 3.1.4. Let X be a topological space. In topology, it is often of interest to consider
a compactification of the space X. Such a story goes like this: Given X, we seek a compact
space X* such that X embeds as a dense subspace of X*. In other words, we want a compact
X* which has a dense subspace S C X* that is homeomorphic to X. We can then identify X
with S and work within X™, which is a nicer space to work inside of.
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In the middle, we have the topological space (0,1) x (0,1). As this isn’t compact, we can
compactify it to either (1) a sphere, by adding a point and identifying all four sides with the
point, or adding sufficient points to (2) identify opposite edges to obtain a torus.

We can, however, do even better. We can compactify X into a space that is not only
compact, but is also Hausdorff. The optimal compactification for this situation is the Stone-
Cech Compactification, which is defined as follows. Given a topological space X, the Stone-
Cech compactification is the compact, Hausdorff space 58X, equipped with a dense embedding
ix : X —> X such that, for any other compact, Hausdorff space K equipped with a continuous
map f : X —> K, there exists a unique continuous function 5f : X —> K such that

X % . 38X
/ I

v

K

This universal property is what demonstrates that the Stone-Cech compactification 3X is the
“most compact, Hausdorft” space we can densely embed X into. However, in the language of
category theory we see that this is just another example of a universal morphism. To see this,
let I : CHaus—> Top be the inclusion functor from compact Hausdorff spaces into topological
spaces. Then we can rewrite the diagram as

Of course, in practice, we’'d never actually write it like this; but this is just for us to be able to
see that the dense embedding 1x : X — $X is universal from X to the the inclusion functor
I : CHaus — Top, so that the Stone-Cech compactification is truly an example of a universal
morphism.

Example 3.1.5. Consider the free monoid functor F' : Set — Mon which sends a set X to
the free monoid generated by X. Specifically,

F(X)=A{r1ze...2 | z; € X} U{e}

The set consists of all strings using elements of X, and an identity e; the monoid product is
concatenation.
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Suppose I have a monoid homomorphism ¢ : F(X) —> M where M is another monoid.
Then for any two x1,z9 € X, we have that p(z122) = @(x1)p(x2). More generally, for any
x1 -z, € F(X), we have that

(1 1,) = @(w1) - ().

We thus see the following: To define a monoid homomorphism, we just need to know where to
send every individual x € X. This is achieved by defining a set function ¢y : X — U (M), and
by setting ¢(z) = @o(x). This makes the diagram below commutative.

) U(F (X)) T ix(z) =2
U(M) po(z) = ¢(z)

We thus see that (X,ix : X — F(X)) is universal from X to U : Mon — Set.

Example 3.1.6. Let (R,+,-) be a ring and k a field. Suppose further that R is a k-algebra.
Then for any set X = {x1,...,z,} of indeterminates, we can create a free algebra generated
by X, denoted as k{X}. One can show that this defines a functor

F : Set — Alg,

mapping sets X it k{X } and functions f : X—Y to the k-algebra morphism ¢ : k{X }—k{Y}
where ¢ is defined linearly by its action on the basis elements sending each  —> f(z). On the
other hand, note that we can also create a forgetful functor

U : Algk I Set

which simply reinterprets each k-algebra as a set and each k-algebraic morphism as a function.

Now consider a mapping f : X — U(R) in Set. Because we also have a mapping i : X —>
U(F (X)), which acts an inclusion function, we see that we can create a mapping h : F'(X)— A
such that the diagram below commutes.

X —1 e U(F(X) P(X)
g U(h) h
U(4) A

The way we do this is we defined h : F/(X)—> A to act linearly on the basis elements, sending
x + g(x). This defines a k-algebraic morphism and makes the above diagram commute. In
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this case, we say that (F(X),i: X — U(F(X))) is universal from X to the forgetful functor

When we discuss a universal morphism from D to F' : C—D, we are particularly discussing
a morphism u : D — F(C) and a special object C'. Hence, we can actually write a universal
morphism as a pair (C,u : D —> F(C)). Does this look familiar? This is an object of the
category (D | F)! Hence, universal morphisms can actually be thought of as elements in a
comma category. Under this intepretation, what does the universal property translate to? The
next proposition answers our question.

Proposition 3.1.7. Let F' : C—>D be a functor. A morphism u : D— F(C) is universal from
D to F if and only if (C,u: D —> F(C')) is an initial object of the comma category (D | F')

So, as we will see, the universal property of a universal morphism u : D— F(C') translates
to (C,u: D—> F(C)) being an initial object in some comma category.

Proof. Let F': C—> D be a functor, and D an object of D. Recall that the category (D | D)

is the category where

Objects. Pairs (C, f: D— F(C)) with C € C and f : D —> D a morphism in D.

Morphisms. Morphisms between two objects (C, f : D— F(C)) and (C', f : D— F(C"))
are given by morphisms h : C'—> C” such that the diagram below commutes.

F(C) ) P(C)

Suppose (A,u : D —> F(A)) is an initial object in (D | F). Then for every other pair
(A, f: D—> F(A")), there exists a unique morphism h : A —> A’ such that the diagram on

D

F(h

the bottom left commutes.

D D —*— F(A) A

u f B | |
/ \ \ %F(h) %h

\ A\
F(A) s Fy T A F(A') A

However, if we rearrange this we see that this is just the universal property in disguise!
Conversely, any pair (A, f : A—> F(A)) being a universal morphism can be demonstrated to

be an initial object in (D, | F') by reversing the above proof. [

Now, we didn’t do this just for fun. The interpretation of a universal morphism as an initial
object of a comma category theory will serve to be very useful, just not now. As of now it does
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not really grant us much. But when we are deep into the chapter on Limits, this intrepretation
will become useful.

One thing that the interpretation does grant us for now is the following theorem, which
requires essentially no proof if we understand a universal morphism is an initial object of a
comma category. This theorem explains ultimately why we care about universal morphisms;
they’re like categorical invariants!

Theorem 3.1.8. Let F': C—>D be a functor and D € D. Suppose u : D— F(C') is universal
from D to F for some object C € C. If v’ : D —> F(C") is also universal from D to F, then
c=c.

Proof. Universal morphisms u : D— F(C') are initial objects in the comma category (D | F),
and initial objects are always unique up to isomorphism. Hence (C,u : D— F(C')) with the
universal property is unique. |

However, the direct proof, where we do not use the interpretation of a comma category, is
left as an exercise. It’s actually very important to see and understand the direct proof.

As with most constructions within category theory, there is a dual construction. That, is
there is another form of universality which is equally as important as the one we originally
introduced. So, in general, there are two forms of universality.

Definition 3.1.9. Let F' : C —> D be a functor and C an object of C. A universal arrow
from F' to C is a morphism

v:F(C)—D
equipped with the universal property:

For every f : F(C") —> D, there exists a a unique morphism A’ : ' — C
such that the diagram below commutes.

F() ——— D C

A
F()! f n
F(C") c

Note that this is basically the previous definition of a universal arrow from an object to a
functor, except the direction of the arrows have been flipped. This is why we called this the
"dual" definition of the previous one. This motivates the following statement which requires no
effort to prove.

Proposition 3.1.10. Let C be a category and F' : C — D be a functor. If C has a universal
morphism from D to F, then C°P has a universal morphism from F to D.

So we see that the two notions of unviversality we’'ve introduced really are dual concepts.
Both are equally important, and we will see that they both arise as very deep concepts in
mathematics. Not just in the examples we’ve provided, but in deeper pure category theory.

Anyways, we can repeat the propositions we worked on.
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Proposition 3.1.11. Let F': C —> D be a functor. A morphism u : F(C') —> D is universal
from F to D if (C,u: F(C)—> D) is a terminal object of the comma category (F' | D).

This is left as an exercise, and should be similar to our proof from before. And as before,
we get our second important theorem:

Theorem 3.1.12. Let F': C —> D be a functor, with u : F'(C) — D universal from F' to D.
Then if v’ : F(C") — D is also universal from F' to D, then C' = C".

Proof. Universal morphisms from F to D are terminal objects in a comma category, and
terminal objects are always unique up to isomorphism. [

The direct proof is also an exercise.

Exercises

1. Prove Theorem 3.1.8 directly, and dualize your proof to prove Theorem 3.1.12 directly.
2. Prove Proposition 3.1.11.

3. For each ring R, we may construct the single-variable polynomial ring R[x]. This process
defines a functor Poly : Ring — Ring.

Show that for each ring R, the inclusion ring homomorphism ¢ : R— R[X] is a universal
morphism from R to Poly.

4. Let X and Y be two sets, and consider their product X xY. Recall that with any product,
we have “projection maps” 7 : X X Y — X and my : X X Y —> Y where m(x,y) = x
and m(x,y) = y.

. Suppose we have functions f: Z— X and g : Z —> Y. Show how this gives us a
map h: Z—> X x Y, and show that this map is unique (to the pair f and g).

1. Using your map h : Z—> X x Y, show that the diagram on the left commutes, and
that the diagram on the right is equivalent.

7 (X xY,X x V) ™, (X)y)

1 A
f 1 g !
! h,h) |
/ h\ ( )} %
% i

2

To be clear, the diagram on the right is in the category Set x Set.

iti. Let A : Set —> Set x Set be the “copy functor” which sends X — (X, X). Then
the above diagram translates to
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AX x V) T (X y)

Deduce how the product (my,ms) : A(X x Y)— (X,Y) is universal from (X,Y") to
A. This is an important fact that we’ll build upon later.

4. Let X and Y be two sets, and consider the coproduct

XY ={(z,1),(y,2) |z € X,y e V}?

4

Recall that with any coproduct, we’ll have “injection maps” 41 : X — X II'Y and
ip Y — X II'Y where iy(z) = (2,1) and i2(y) = (y,2). Repeat (i-iii) as in the
previous exercise to demonstrate that (i1,72) : (X,Y)— A(X 1Y) is universal from A

to (X,Y).

2Note that I arbitrarily chose the numbers 1 and 2. I could have put anything I wanted. For a coproduct, we
just need to create two separate tuples that contain x values and y-values. Hence 1 and 2 work perfectly fine.
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Representable Functors and Yoneda’s Lemma

This is probably the most important section out of these entire set of notes. The propositions
proved here will allows us to perform slick proofs of interesting results later on. We will also
use results that are left as exercises for the reader (since it is important for the reader to do
them). Now before we introduce the Yoneda lemma, we prove some propositions concerning
the concept of universality.

Proposition 3.2.1. Let F': C—> D be a functor. Then a pair (R,u : D—> F(R)) is universal
from D to F'if and only if for each C' € C we have the natural bijection

Hom¢ (R, C') = Homp (D, F(C)).

That is, any isomorphism, natural in C' as above, is determined by a unique morphism u :
D — F(R) so that (R, u) is a universal arrow from D to F.

Proof. Suppose that u : D—> F(R) is a universal morphism from D to F'. Then by definition,
we have the relation

D —— F(R) R
A () K

v v

F(C) C

Each h : D — F(C') uniquely corresponds to a morphism f : R—> C, while conversely, any
f: R—> C can be precomposed with u to obtain a morphism F(f)owu: D— F(C). Hence
we see the we have a bijective correspondence

Homp (R, C') = Home (D, F(C)).

Now to demonstrate naturality, we consider a morphism k& : C' —> C’ and we check that the
diagram below commutes.

HOHID(R, C) — HomC(D, F(C))

o

Homp (R, C") —=

F(k)o(—)

Home (D, F(C"))

« Beginning with a morphism f: R—> C|,

D . F(R) R we travel right to obtain the morphism
‘ : F(f) o u. Going down, we obtain the

h iF(f) if morphism F(k) o (F(f)ou).
PR)oF(fou F(YC) F(kof) é« ko f » Consider the same morphism f : R—C.
If we instead first traveled down, we’d
F(k) k obtain the morphism k o f. Traveling
right would then send us to the morphism

F(C) ¢’ F(ko f)ou.
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However, it is certainly the case that
F(k)o (F(f)ou)=F(kof)ou

so that these paths are equivalent. The proof could also be given immediately by considering
the diagram on the left, which is supplied here to give a better understanding of what’s going
on.
To prove the other direction, suppose that we have such a natural bijection given by some
©.
¢ : Homp(R,C) = Home(D, F(C))

Then in particular we have that Homp(R, R) = Home(D, F(R)). Consider ¢(1g) : D —
F(R); we denote this special morphism as u : D — F(R).

Now for any f : R—>C, the diagram on the bottom left commutes by naturality; however,
we are more interested in following the element 1z € Homp(R, R).

Homp(R, R) ——— Home(D, F(R)) lg ———> u: D— F(R)
fo(=) F(f)o(=) l ]
Homp(R,C) ——— Home(D, F(C)) f:R—Cv+— o(f)=F(f)ou

We see that any such ¢ must act on Homp(R, C) by bijectively send f : R—> C to F(f)ou.
What this means is that any h € Home(D, F(C)) corresponds uniquely to some f: R—> C
such that h = F(f) o u, which is exactly the definition for u : D — F(R) to be universal
from D to F'. This completes the proof. [ ]

In the proof we demonstrated above, we did something weird. That is, we discussed this
so-called natural isomorphism

¢ : Homp(R, C') — Home(D, F(C)).

However, at this point we’ve only really seen natural isomorphisms between functors. Does this
mean what we really had was a natural transformation between two functors? The answer is
yes; the proof inadvertently derived the natural isomorphism

¢ : Homp(R, —) — Home (D, F(—))

which, by the proposition above, exists only when we have a universal morphism u : D— F'(R)
from D to F. For such functors, we call them representable.

Definition 3.2.2. Let C have small hom-sets. We say a functor K : C —> Set is representable
when there exists an object R and a natural isomorphism

¢ : Homp(R, —) — K.
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The object R here is said to be the representing object for K.

Example 3.2.3. Consider the forgetful functor U : Grp — Set. One way to describe this
functor is simply with words: each group G is sent to its underlying set in Set. Another
approach is to literally express the groups in terms of its elements, for this then tells us where
it is sent in Set. A simple way to do this is to consider the maps

Homgyp(Z, G) = {Group homomorphisms ¢ : Z — G}.

This works since each such map ¢ : Z —> G firstly picks out some element a so that ¢(1) = a.
As this is a group homomorphism we then see that ¢(n) = a™. Hence the collection of all these
maps picks out all of the elements of GG, so that we can say

U(G) = Homeyrp(Z, G).

We use an isomorphism since an equality is not exactly correct; we just know that the two sets
are going to have the same cardinality, and hence be isomorphic in Set. Now, what this in the
end means is that the forgetful functor is a representable, since we have that

U : Grp —> Set = Hom(Z, —) : Grp — Set.

This construction works due to the key property of the group homomorphism, so that this can
be repeated for Ring, R-Mod, etc. Hence many forgetful functors are representable functors.
We will see in Chapter 5 what this really means.

Example 3.2.4. Let (R, +, ) be aring and (k, +, -) a field. Suppose further that R is k-algebra.
Recall that we can create the affine n-space of R

A"(R) ={(z1,... ) | z;i € R}.
Now suppose ¢ : R—> S is a morphism of k-algebras. Then this induces a mapping
AMp) s AN(R) — A™(S)  (r1,-- ) = (@(r1), - ()

What we can realize now is that we have a functor on our hands (by of course verifying the
other necessary properties) between Alg, and Set.

A" : Alg,, —> Set.

Now recall from Example 2.3.1 that if F' : Set—> Alg;, is the free functor assigning X +— k{X},
the free algebra, and U : Alg, —> Set is the forgetful functor, then for each set X we have
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a universal morphism (F(X),i : X — U(F(X))) from X to the forgetful functor U. By
Proposition 77, we thus have the isomorphism

Homayg, (F'(X), R) = Homget (X, U(R)).

natural for all R € Alg,. However, notice that if X = {x,...,2,}, Homget(X,U(R)) is
nothing more than the set of all functions which pick out n elements of R. In other words,

Homget (X, U(R)) = A™(R).

One can verify the naturality of the above bijection (I won’t it’s not too bad). Therefore we
have that
Homayg, (F(X),R) = A"(R) = Homaye, (K{X}, R) = A"(R).

so that we have a natural isomorphism between functors
Homayg, (K{X}, —) = A™(—).

What this then means is that A™(—) is a representable functor.

Example 3.2.5. Let X be a topological space. Recall from Example ?? that we can consider
the set Path(X) consisting of all paths in the topological space X. If we recall that a path in
X can be represented by a continuous function f : [0, 1] — X, we see that

Path(X) = {f :[0,1] — X | f is continuous} = Hommep([0, 1], X).

Hence we see that Path : Top —> Set is a functor; moreover, it is clearly representable since
Path(—) = Homgop([0, 1], —).

This example, however, can be taken even further: What about n-dimensional “paths?” To
generalize this we can use simplicies. Denote A" as the n-simplex. Then we can establish the
family of functors

Hommop (A", —) : Top —> Set

which map simplicies to topological spaces; such continuous functions provide the foundation
for singularly homology theory, and each functor above is representable . Note that we get back
Path when n = 1.

As we have just seen, representable functors not only occur very frequently but they also
arise naturally to yield consturctions which we actually care about.

A natural question to ask at this point is the following: When exactly do we have a repre-
sentable functor on our hands? The next proposition answers that question.
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Proposition 3.2.6. Let C be a locally small category, and suppose K : C —> Set is a functor.
Then K is a representable functor (with representing object R) if and only if (R,u : {e} —>
K(R)) is universal from {e} to K for some object R € C.

Note here that {e} is the one-point set whose single element is denoted as e.

Proof. The forward direction is similar to Example 3.2, while the backwards direction is
similar to the proof of Proposition ?7.

First let’s interpret what it means for u : {#} — K (R) to be universal. This means that
for any other f : {#} — K(C"), there exists a unique morphism h : R —> C’ such that the
diagram below commutes.

(o) —*— KB R
K (C) o

By Proposition 7?7 we also have the natural bijection
Home (R, C') = Homget ({0}, K(C))

which is enough to establish a natural isomorphism ¢ : Home(R, —) = Homge ({0}, K(—)).

Now observe that for a given C’, each f € Homgei({®}, K(—)) is just a function f :
{e} — K(R). Thus, each function can be represented uniquely by an element ¢ € K(C),
which establishes the bijection

Homset({e}, K(C)) = K(C)

for each C'. In fact, it’s not difficult to show that this bijection is natural. Therefore we see
that we can connect our natural bijections together

Hom¢ (R, —) = Homget ({0}, K(—)) = K(—)

which demonstrates that K : C —> Set is a representable functor.

Conversely, suppose that K : C —> Set is representable. Specifically, suppose ¢ :
Hom¢(R,—) =~ K(—) is our natural isomorphism between the functors. Then in partic-
ular, for any h : R —> C, naturality guarantees that the following diagram commutes.

Home (R, R) —~— K(R) lg ©(1r)
ho()| K(h)o(—)
Home (R, C) —=— K(C) h:R—C+—— o(h) = K(h)(¢(1r)).

Now take a step back; define the morphism u : {#} — K(R) where u(e) = (1), and
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suppose [ : {e} — K(C') is some morphism. Then because ¢ : Hom¢(R,C) — K(C) is a
bijection, this means that f(e) = ¢(h : R—> C) for some unique morphism h: R— C. In
particular, the above diagram tells us that

K(h)(¢(1r)) = ¢(h) = K(h)(u(s)) = f(s).

In other words, we have that given any f : {#} — K(C), there exists a unique h : R— C
such that the diagram commutes.

{o} —— K(R)

\ iK(h)
v

K(C)

Therefore, the fact that K is representable gives rise to a u : {#} — K (R) which is universal,

which is what we set out to show. [ |

We are now ready to introduce the well-known lemma due to Nobuo Yoneda. The Yoneda
lemma is simply a convenient result that occurs when one encounters situations with the func-
tors Home (R, —) : C—> Set. While this might not seem that relevant, it applicability expands
when we combine the result with our previous work on representable functors in this section.

Theorem 3.2.7. (Yoneda "Lemma") Let K : C —> Set be a functor. Then for
every object R of C, we have that

Homge (Home(R, —), K) = K(R) = Nat(Home(R, —), K) = K(R)

where Nat(F, G) denotes the set of all natural transformations between functors F, G.

Proof. To demonstrate bijectivity, we construct two maps from each set and demonstrate
that they are inverses.

Suppose we have a natural transformation 7 : Home¢(R, —) —> K. Then for every C € C,
the diagram below on the left commutes.

R Home(R, R) —2— K(R) 1y —— nr(lg) = u
! fO()I K(f) ] ]
C Home (R, C) K(C) fr——nc(f)=K(f)(u)

nc

With this diagram, we can follow what happens to the identity morphism 1z € Hom¢(R, R).
As above, denote ngr(1g) = v € K(R). The commutativity of the diagram above then tells
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us that
ne(f: R—C) = K(f)(u).

This is great! This tells us the exact formula for every n € Nat(Hom¢ (R, —), K). Moreover,
each formula is uniquely determined by some v € K(R). This then motivates us to construct
the mapping

y : Nat(Home (R, —), K) — K(R) n—u

where u is the unique member of K(R) such that no(f : R—> C) = K(f)(u).
Now consider any arbitrary member r € K(R). For each C' € C, construct the mapping
ec : Home(R, C) — K(R) eo(f: R—C) = K(f)(r)
This defines a natural transformation, so that what we’ve constructed is a mapping

y' : K(R) —> Nat(Hom¢(R, —), K) T Ec

where ec(f : R— C) = K(f)(u).
Now given any n € Nat(Hom¢ (R, —), K) we clearly have that ¢ o y(n) = n and for any
r € K(r) we have that y o 3/(r) = r. Hence we have a bijection between sets, so we may

conclude that
Nat(Hom¢(R, —), K) = K(R)

as desired. ]

Example 3.2.8. As the Yoneda lemma is a bit mysterious when one first encounters it, we can
perform a simple sanity check as follows. For any category C, consider the objects A, B € C,
which we can use to build the functors Hom(A, —), Hom(B, —) : C — Set. What is a natural
transformation 7 : Hom(A, —)—Hom(B, —)? It is a family of functions, indexed by all objects
in C, such that for each f: C'—> D the diagram below commutes.

k:A—C+—>nck): B—C

C Hom(A,C') —“— Hom(B, C)

f fo(=) fo(=)

D Hom(4,D) Hom(B,D)  fok:A—>Dr— np(fok)= fona(k).

nD

We see that these functions must satisfy the property outlined in yellow for all C,D. So
what functions do this? An immediate source of such functions that assemble into natural
transformations which we seek arise when we take any ¢ € Hom(B, A) and set each n¢ :
Hom(A, C) — Hom(B, C) equal to

(—)op:Hom(A,C)— Hom(B,C)
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for each C' € C. This clearly checks out since we have that, for any f: C—> D and k: A—>C,

(fok)op=fo(kop)

The question now is: Is every natural transformation derived from some ¢ € Hom(B, A)? We
know that the answer is yes! This is an exercise in Section 1.9. The work of that exercise is
proving this; however, we immediately get the result by the Yoneda Lemma since we can just
observe that

Nat(Hom(A, —), Hom(B, —)) = Hom(B, A).

Therefore, each such natural transformation is created from some ¢ € Hom(B, A), which is
what we’d expect, so the Yoneda lemma passes our sanity check.

We now introduce the following definition to ease our discussion.

Definition 3.2.9. Let C be a category. A functor of the form F' : C°® —> Set is called a
presheaf®. As a presheaf may be viewed as an element of the functor category Fun(C°P, Set),
we can define such a category as the category of presheaves over C.

A natural source of presheaves is one which we are already familiar with. Given any locally
small category C, we can take any object A of C to produce the functor

Home(—, A) : CP —> Set.

This process itself induces a functor known as the Yoneda embedding.

Definition 3.2.10. Let C be a locally small category. The Yoneda embedding on C is the
functor y : C — Fun(C°P, Set) where for each object A

y(A) = Home(—, A) : C°? —> Set.

The reason why this is called the Yoneda embedding is because of the functor’s relationship
with the Yoneda embedding, which should become clear in proving the following proposition.

Proposition 3.2.11. The Yoneda embedding y : C —> Fun(C°?, Set) is a full and faithful

functor.

The proof of this proposition is left as an exercise. However, the Yoneda embedding arises
naturally in many calculations within category. It is used to prove the following important
proposition.

Proposition 3.2.12. Every small category C is concrete.

3The name “presheaf” is due to the fact that this concept is a precursor to the concept of a sheaf, which is
outside of our scope for the moment.
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Proof. Recall that a concrete category C is one which has a faithful functor F' : C— Set. To
demonstrate this for small categories, first define the functor

C : Fun(C, Set) — Set
where a presheaf P : C°® —> Set is mapped as

(P:C®—Set)— [[ P(A).
A€0b(C)

Note that the indexing of the disjoint union is where we use locally smallness. This functor
is fully faithful (exercise). As it is fully faithful, and the Yoneda embedding y : C —
Fun(C°P; Set) is faithful, the composite functor

Coy:C—> Set

must be faithful. Hence we see that C is concrete. [ |

Finally, we end this section with a curious connection to group theory. It turns out that
Yoneda’s Lemma can actually be used in the proof of Cayley’s Theorem. Sometimes this
statement is taken too literally by others and they think “Yoneda’s Lemma is a generalization
of Cayley’s Theorem” but that is simply not true, so the reader is warned to not believe someone
when they hear that. Put simply, Yoneda’s Lemma offers a bijection on sets which, with a little
extra separate work, extends to an isomorphism of groups.

Proposition 3.2.13. (Cayley’s Theorem.) Let (G,-) be a group. Then G is isomorphic to a
subgroup of Perm(G).

Proof. Recall that a group (G, -) can be regarded as a category C; specifically, we construct
a category with one object e and set Hom¢(e,8) = U(G), where U : Grp —> Set is the
forgetful functor. For each g € G, a morphism is represented as f, : e —> e, and we have that
footy = fgqg-

Now consider the functor Home(e, —) : C —> Set. Such a functor produces the following
data:

« We have that Home(e, ) = U(G)
« We also get a family of bijections p, : U(G) —> U(G) such that ¢, 0 @y = @,

In other words, the functor imposes an action of G on its underlying set of elements U(G)
in Set. Specifically, we may write ¢, (g) = ¢ - g for each g € G. Now what’s a natural
transformation 7 between two functors?

n : Home(e, —) — Home/(e, —).

Since there is only one object of C, a natural transformation is one function n : U(G)—U(G)
such that for each ¢’ € G, the diagram below commutes.
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. U(G) —— U(G) g n(g)
RN
¢ U(G) —— U(G) g -g——>ng 9) =49 n9)

Now, Yoneda’s Lemma gives us the bijection below, which we may denote as 1,
Nat(Home (e, —), Home(e, —)) = Home(e, @) = U(G).

If we now observe that

e The collection of such natural transformations is a group under composition, with iden-
tity 1y : U(G) —> U(G), which we may denote as (P, o)

o (P,o) C Perm(G)

then we can extend the isomorphism ¢ : P — U(G) to a group isomorphism

¥ (Po) = (G,

which is the statement of Cayley’s Theorem. |

Exercises

The first two exercises are very important. We (in fact you! The reader!) will use these
results later on.

1. Prove the following dual counterpart to Proposition 3.2.1: Let F' : C —> D be a functor.
Then a pair (R,u : F(R) —> D) is universal from F' to D if and only if for each C' € C,
we have the natural bijection

Hom¢(C, R) = Homp(F(C), D).

2. Prove the following dual counterpart to Proposition 3.2.6: Let C be a locally small cate-
gory, and suppose K : C—>Set is a functor. Then K is corepresentable, with representing
object R, if and only if (R,u : K(R) —> {e}) is universal from K to {e} for some object
R.

Hint: Because K is corepresentable, it is a contravariant functor. Thus, this should be
very similar to the proof of Proposition 3.2.6, except with one twist.
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Finite Products

In this section we will discuss products in categories, which will be our first encounter with the
concept of a limit, something which has yet to be defined. The concept of a limit, and the dual
concept of a colimit, form one of the central concepts of category theory. It will turn out that
both the limit and colimit concepts are a special case of a universal morphism.

Example 3.3.1. Let (G,) and (H,+) be two groups with group operations » : G x G — G
and «: H x H— H. The product group of G, H is the group

@x it ={n|secnen
whose group product works as
(9,h) « (g, 1) = (g+g' h-T).

One may check that this construction satisfies the definition of a group.

If G, H are abelian groups, then the term “group product” is replaced with the term direct
sum (we will explain why later). In this case, the product is denoted (G @ H,+), and the group
operation does not change from above.

Direct sums, or more generally products of groups, are frequently used in group theory.
For example, they are necessary to describe the fundamental theorem of finite abelian groups,
which states that for any finite abelian group A, there exist primes py, po, ..., p, and positive
integers o, s, . .., ay such that

AgZPTQ @ZP;Q @ "'@Zp%n.

That is, every finite abelian group is the product of cycic groups of a prime-power order.

Example 3.3.2. Let (X, 7x) and (Y, 7y) be two topological spaces. Using X and Y, we can
create a topological space (X X Y, Txxy) where Tx«y is the product topology. There are
many ways of defining this topology, but in the finite case, we can write 7xxy as

TXXY:{UXV|U€Tx,V€Ty}.

In the way we have presented this, this is actually the box topology, but the reader may recall
that they coincide when we take finite products.
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Example 3.3.3. In Set, we can always take two sets X,Y to create the cartesian product
X XY defined as the set

XXY:{(az,y) xEX,yGY}

Now consider the following question.

Q: What is the bare minimum amount of logical data that perfectly charac-
terizes the above product X x Y?

WEell, observe that for such a set, we have two projection functions

pr: X xY—X n(z,y) =z
P X XY —Y  pz,y) =y.

Further, suppose that f: Z— X and g : Z—>Y are two functions. Then there exists a third
h:Z— X xY such that p; o h = f and ps o h = g. By this description, we can deduce that

h(z) = (f(2),9(2))-

v o (&) (f(2),9(2) —— ¢(2)

Moreover, this h is unique with respect to f and g; Showing this is the bulk of Exercise 3.1.4.
We now have an answer to our question.

A: The product X xY is characterized by the following data: two projection
functions p; : X XY —>X py : X xY—>Y | such that for any pair of functions
f:Z—X,g: Z—Y, there exists a unique third h : 7 — X x Y such
that diagram 3.1 commutes.

With the above example in mind, we now introduce our first definition of a product.

Definition 3.3.4 (Nice Product Definition.). Let C be a category with objects A and B. The
product of A and B is an object A x B equipped with morphisms

mp: AX B— A mp: AXx B— B

with the following universal property: For any object Z of C with morphisms f : Z — A,
g : Z —> B, there exists a unique morphism h : Z —> A x B such that the diagram below

commutes.
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Z

h

v
Ax B

TA TB

A B

Remark 3.3.5. Note that to utilize the above universal property, one requires a pair of
morphisms f : Z—> A and g : Z —> B. That is, it is not true that, if I have a single
morphism f : Z—> A, then there exists a unique h : Z—> A x B such that w4 oh = k. That
would be false in many cases.

The above definition is a very nice one. For example, it returns the concepts of products of
groups or topological spaces when it is imposed in Grp and Top. However, keep in mind the
products don’t always exist. For example, it does not work in Fld, the category of Fields (that
is, there is no field which satisfies the universal property). We will eventually explain why.

Example 3.3.6. Consider Ring, the category of rings. We can create products in this category
as follows: Let (R,+,+) and (S, +,+) be two rings with zeros Og, 0g and units 1, 1g. Then we
may form the product ring of R and S to be the ring

(RxS,+,+) = {(r, s)

TER,SES}

where for all pairs (71, s1) and (72, s2) in R x S, we define the ring operations to behave as
o (r1,s1) + (ro,82) = (11 + 12,81 + 89)
o (r1,81)+(r2,82) = (1179, 81 ° 52)

Note that with these requirements, the additive identity is (Og,0g) while the multiplicative
identity is (1g,1ls). With this construction, one can show that this satisfies the universal
property of a product in Ring, so that Ring has products.

We make an interesting observation from the last example. For our ring (R x S, +,¢), we
surely have that (Og, 1s) and (1g,0g) are elements of the product ring. However,

(Og,1s)*(1g,05) = (Og * 1g, 05+ 1g) = (Og, Og).

Hence, even if the rings R and S are integral domains, R x S is not an integral domain. Thus
the product of two rings is never an integral domain.

Example 3.3.7. Consider the category of fields Fld. Let Fi, F, be fields. Then we would
expect that the ring

EXB:{@M

a < Fl,FQ}
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to be the “product field.” But we just observed that this cannot be a field because the product
ring is not even an integral domain.

However, this does not exclude the possibility that there is some kind of other field con-
struction which we are not considering that plays the role as a product in Fld. We show that
such a construction cannot hold for all fields with the following simple example.

Consider the fields F5 and F3, the fields with 2 and 3 elements, respectively. Suppose that
P is the product field of Fy and F3. Then by definition, we would require two projection field
homomorphisms

m o P—1 ot P—> 3

However, recall that two fields share a (nonzero) field homomorphism if and only if they are of
the same characteristic. Therefore,

o m; can only exist if P has characteristic 2. In fact, P must be isomorphic to Fs.
o 7y can only exist if it has characteristic 3. In fact, P must be isomorphic Fj.

Clearly, we have a contradiction. Thus we simply cannot generally take products in Fld in a
logical way.

From the previous example, we see that products don’t always exist in category. However,
if they do, then we can take finitely many products. For instance, if we have three objects
A, B, C, then we can take the products

Ax (B xC) (Ax B) xC.

If we have four objects, then we can create 5 products. Thus, if we can take the product of two
objects, then we all finite products consisting of objects of C exist in our category.

We encapsulate this idea and include other prerequisites for a category to have finite prod-
ucts in the following proposition.
Proposition 3.3.8. Suppose C is a category with a terminal object T" and a product object
A x B for every pair of objects A and B. Then
(¢) C has finite products.
(2¢) There exists a bifunctor [ : C x C — C where (A4, B) — A x B.
(¢¢¢) For any three objects, we have an isomorphism

(AxB)xC=Ax(BxC(C)

which is natural in A, B and C .
tv For any object A, we have the isomorphism

TxA=ZA=T x A

natural in A.
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Proof. To prove the first part, let P(n) be the following statement:

P(n) = { For any objects Ay, Ay, ..., A, €C,

their product diagram in C.

Base Case. Observe that for n = 0, the statement is automatically true since we are given
that a terminal object T' exists.

Inductive Step. Suppose the statement holds for n = k. Then for any objects
Ay, Ay, -+, Ag, we have the product diagram

- D

u

I
|
I
I
|
I
!

\

Ap X .-

Ay As

and a unique, induced arrow u whenever such a D € C with morphisms f; : D — A;
exists.

Let Ajy1 be an arbitrary object of C. Then the product (A; x Ag X -+ x Ag) X Agiq
exists, since by assumption, the product of any two objects in our category must exist,
and gives rise to the product diagram:

D

v

I
|
I
I
|
I
|

\

A1X"'XAk A1X"'XAkXAk+1

A

T mh k+1
whenever such an object D with a family of morphisms ¢, : D — A; x Ay and g5 :
D — A, exist.

Look at the bottom of the second diagram; we have a unique morphism 7} : A; X -+ X
Ap X Apy1 —> Ay X - -+ X Ag. We can extend this across the morphisms 7y, mg - -+,

to demonstrate that there exist unique morphisms
miomy Ay X o X Ap X Apyr — Ay

fori=1,2,...,k. Denote these as 7;.

Now suppose we there exists an object C' in C with a family of morphisms h; : C—> A;.
Then by the first diagram, there exists a unique morphism v : C'—> A; x - -+ X A, such
that h; = m; o u. Thus we have the diagram:
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C

|
u | Rr41
v
i
|
\J
A X - X A Ay X oo X A X A - Agia
Ty
so we have a unique morphism v : C' —> A; X -+ X Ajyq such that 7] o v = u and

mh ov = hpy1. However, note that

mov=u = (mom)ov=mou = T;0v=h,.

fori=1,2,... k.

Now let 741 = 7). Then we see that for such a family h; : C—>A; fori =1,2,... k+1,
there exists a unique morphism v : C'—> A; X --- X Ag, such that

in’U:hZ‘

forv=1,2,...,k+ 1. Therefore, we have the product diagram

Ay Apa

so that the product A; x Ay x Agi; exists and is well-defined in C. Hence, P(n) is true
forn=k+ 1.

By mathematical induction, we see that all finite products must exist in C, as desired.

To demonstrate the existence of a bifunctor, we can directly define one. Let [[ : CxC—C
act as follows.

Objects. T[(A,B) = A x B.

Morphisms. Let f: A—> A" and g : B—> B’. Suppose we have canonical projections
m:AXxB—A M9 : AX B—> B

and
T AxB —A m,:AxB —DB.
Then observe we get the diagram

AXx B

X
|
: (o]
fom L goma

i
%

A - "X B

U5
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Thus, there exists a unique morphism u : A x B—> A’ x B’ whenever such f, g exist.
Therefore, we can define how [] acts on morphism as

[[(f:A—A,g:B—>B)=u:AxB—>A"xB

where u is generated by the diagram above. As we just showed, this assignment is well-
defined. It’s now pretty straightforward to now show that this establishes a functor
(and I'm too lazy to do so).

To establish associativity of our products, we demonstrate they’re isomorphic. Thus let
A X (B x C) and (A x B) x C be two products in C. Suppose we have an family of
morphisms hy : D —> A, hy : D —> B and hy : D —> C. Then we get the following
product diagrams.

D
1 D
ha . h3 |
/ i \ g ’
7 h1 !
B o B xC B C é .
D X
/ X m \
y
A AxB— B A
V41 Py

Since we have unique morphisms v : D — B x C' and w : D — A X B, we also get
the product diagrams.

D D

h3

Y

i
|
h1 I v w
|
! z

A Bx(C AxB C

i
(Ax B)x C -

™ Ty

;
Ax (BxC)

for the products A x (B x (') and (A x B) x C, respectively. Thus we have the collection
of morphisms

piom :(Ax B)xC— A m:Ax (Bx(C)— A
pyom : (Ax B)x C—> B prom:Ax (BxC)— B
T (Ax B)yx(C—C ppome: AX (B x(C)—C.

Now observe that

p’loﬂoz:p’low:hl moy="h

phomox =pyow=hy PLOoT o0y =piov=Hhy

mhoz = hs Pa O My 0y = Py oV = hg.
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Thus we see that our first collection of morphisms are projections. That is, for any
family of morphisms hy : D —> A, hy : D —> B and h3 : D —> C, there exists unique
morphisms such that equations y, z such that equations (3), (4) and (5) hold. What
this means is that A x (B x C) and (A x B) x C are universal objects; specifically,
they form universal cones. However, the original universal cone of this construction was
simply A x B x C' with the morphisms 7, 7o, T3. Thus we have that

AX(Bx(C)Z2(AxB)xC=AxBxC

since universal objects of the same construction are isomorphic. Showing naturality is
not hard (again, too lazy to do that).

Finally, let T" be the terminal object of C. Denote t¢ : C'—> T as the unique morphism
from C' to T'. Now consider the product diagram associated with the product T" x A:

D

t
b u

v
Tx A A

ta a0

T

Observe that tp always exists for any D. Hence the existence of u is completely depen-
dent f. Therefore, we can see that this diagram is equivalent to

D

|
I
tp iu f

;
T A A

ta 1a

Hence we see that A with the morphism t4,1, forms a universal cone. But so does
T x A; hence, uniqueness guarantees they are isomorphic.

Now that we have discussed examples of products in categories, offered a rigorous definition,
and we observed an example when they do not exist, we would naturally want to generalize
this concept since it is often the case that we would like to take arbitrary products, or even
infinite products. We also want to somehow connect products to a universal morphism. To do
all of these things requires us to further abstract our definition of a product. Before doing so,
we offer a simple definition.

Definition 3.3.9. Let C be a category. Define the diagonal functor of C as A: C—C xC
where

On Objects. For C an object of C, we define A(C) = (C,C).

On Morphisms. For a morphism f: A—> B, we define A(f) = (f, f) : (A, A) — (B, B).

The above functor is a bit silly; it really doesn’t do much. However, it necessary for us to
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really understand what exactly a product is. It helps us realize that a product in a category is
actually a universal morphism.

Definition 3.3.10 (Rigorous Product Definition.). Let C be a category with objects A, B. The
product A x B of A and B is a universal morphism

m:(AX Byu: A(Ax B)— (A, B))

from A to (A, B). This means that for any other pair (C,q : A(C) — (A, B)), there exists a
unique h : C'—> A x B in C such that the diagram below commutes.

A(A x B) —™— (A, B)

A
INGE /

A(C)

This definition is exactly equivalent to our previous. What this tells us is that a product is
an instance of a universal morphism. We show how this definition is equivalent to the previous

via the following example.

Example 3.3.11. To see this for the case when n = 2, consider the product A x B of two
objects A, B in some category C. Then

(A,B) <" A(AxB) (A, B) T2 (4% B AxB) Ax B
A A A
A(C) (C,C) C

Let’s spell out what’s going on above; you might have seen this exposition, without even
realizing, demonstrating the universality of products. Suppose there exists another object C'
with morphisms f : C —> A and g : C —> B. Then we force the existence of a morphism
f':C— AxB.

A" AxB—"2 B
A
i

C

When we usually do this, we simply just set

sothat mqao f' = f,and mgo f' = g.
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Finite Coproducts

We now move onto the concept of coproducts in categories. We will see that this concept is an
instance of a colimit, which is yet to be defined. We build intuition on the concept with the
special concept of coproducts by introducing examples.

Example 3.4.1. Let (G,) and (H,*) be two groups with group operations « : G x G — G
and «: H x H— H. The free product of G and H is the group

(G*H,*) = {91h192h2 - grhy

giEG,hiEH}

with the following operation. If gihy - - - gghy and gih - - - g;h} are two elements of G* H, then
(g1hy - - gehi)  (ghhy -+~ gohy) = guh - - gehugy By - - gihy.

We require the group operation to obey the following two rules. Let gihy - - grhy € G* H.

o If g € G, then
g- (91h1 o 'gkhkz) = (9 ° gl)hl e Gl

o If h € H, then
(g1hy -+ ghi) s h = g1hy - - - gi(hi < h).

The free product of two groups arise frequently in algebraic topology. Despite that its definition
is somewhat complicated, we will see later that free products are in some sense dual to the
concept of the product of groups. The reader will also soon see that the naming “free product”
is an unfortunate one as it is somewhat misleading.

Free products appear prominently in various statements of Van Kampen’s theorem in topol-
ogy; what follows is a simplified version. If X = U UV is a topological space with U,V open
sets, and if U NV # @& is path connected and simply connected, then

m(X) = m((U)*m (V)

where 71(X) is the fundamental group of X. (Note that since X is path connected, it doesn’t
matter what basepoint for the fundamental group we select).

We will soon see that the free product is the coproduct in the category of Grp, although
such a statement should not make any sense the reader until we define what a coproduct is.

Example 3.4.2. In Set, we can combine two different sets X and Y to create the disjoint
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union X I1Y, which is defined to be the set

XY = {(x,O),(y,l)

xeX,er}.

In the above set, elements are tuples whos first coordinate is either in X or Y, and the second
is some value which depends on whether or not the first coordinate is in X or Y. I decided to
make these values 0 and 1, but it is ultimately arbitrary. We just need to make sure that these
values are distinct so that we can determine if a tuple has an element from X or Y based on
the value in the second slot. For example, for a tuple (z,0), we know that z € X. If the tuple
is of the form (z,1), we know that z € Y.
We perform a similar analysis as before with products, and we consider the following ques-

tion.

Q: What is the bare minimum amount of logical data that perfectly charac-

terizes the above disjoint union X ITY?

Observe that we have the two inclusion functions

11: X—XINIY i1(z) = (z,0)
ip: Y — X1IY is(y) = (y,1).

These two functions are equipped with the following remarkable property. Let Z be some set,
and suppose I have two functions

f- X—XI1IY
g:Y—XIIY.

Then there exists a unique function h : X 1 Y — Z such that the diagram below commutes.

7z
A , f(z) ifi=0
f i g = .
g (=) {g(z) o 3.
X XY Y

21 2

This definition of this unique h : X 1Y — Z is described above on the right. With the above
definition, one can easily see that the above diagram does in fact commute. We now have an
answer to our question.

A: The disjoint union X IT' Y is characterized by two inclusion functions

11 : X— XY, 1 : Y —XIY, such that, for any f : X — 7,

g:Y — 7 there exists a unique h : X I Y — Z such that diagram 3.5

commutes.

This now motivates the following definition of a coproduct.
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Definition 3.4.3 (Nice Coproduct Definition.). Let C be a category with objects A and B.
The coproduct of A and B is an object A Il B of C which is equipped with morphisms

g A— ANl B ip:B—AIlB

with the following universal property: For any object Z of C with a pair of morphisms f : A—Z7
and g : B—> Z, then there exists a unique morphism h : A Il B — Z such that the diagram
below commutes.

A
H
'h

A — Al B

1A B

B

It is now clear that, coproducts in Set exist; it is the disjoint union.

Remark 3.4.4. Note that to utilize the above universal property, one requires a pair of
morphisms f : A—> Z and g : B—> Z. That is, it is not true that, if I have a single
morphism k : A—> Z, then there exists a unique h : AIl B— Z such that hoiyxy = k. That
would be false in many cases.

Proposition 3.4.5. Suppose C is a category with an initial object I and a coproduct object
ATl B for every pair of objects A and B. Then

(¢) C has finite coproducts.

(¢¢) There exists a bifunctor I : C x C —> C where (A, B) — AIl B.

(¢¢¢) For any three objects, we have an isomorphism

(AIB)IIC 2 ATl (BIIC) = AIIBIIC

which is natural in A, B and C .
tv For any object A, we have the isomorphism

IMAZA=ZTIOA

natural in A, where T is the initial object of the category.

Definition 3.4.6 (Rigorous Coproduct Definition). Let C be a category with objects A, B. The
coproduct AII B of A and B is a universal morphism

(AILB,i: (A, B)—> A(AIL B))

from (A, B) to A. This means that, for any other pair (C,j : (A, B) — A(C)), there exists a
unique h : AII B— C such that the diagram below commutes.
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Visually, we have that

Q <z

T < Q)
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Arbitrary Products and Coproducts in Categories

In this section, we perform a construction that allows us to have finite products and coproducts
in a category. Once we achieve that construction, we easily generalize our work to obtain a
definition for arbitrary products and coproducts in a category.

Definition 3.5.1. Let D,, be the discrete category with n-many objects (we use the letter D
for “discrete”). We will often visualize D,, as below.

o e Y

Note that a functor F' : D, — C is one which simply picks out n different objects Ay,
Ao, ..., A, of C:
F(e))=A;, F(e)=Ay ..., F(e,)=A,

This category allows us to make the following definition.

Definition 3.5.2. Let C be a category. The n-th diagonal functor A, : C — C", is the
functor defined as follows.

n-many copies

—_——
On Objects. For an object C, we have that A,(C) = (C,C,...,C).
On Morphisms. For a morphism f : A—> B in C, we have that

A(f:A—B)=(f,f,..., ) : An(A) — A,(B).

The diagonal functor is also sometimes informally called the “copy” functor, since it is
literally just copying data. We now make some observations.

(1) For each object C' € C, we can interpret the object A,(C) € C" as a functor
A, (C):D,—C
where A, (C) sends o; to C for alli =1,2,... n.
(2) Thus, we may also regard the n-th diagonal functor as a functor as below.
A, : C— Fun(D,,C) C— (A,(C): D, —C).

In this interpretation, every morphism f : C'—> (" is interpreted as a natural transfor-
mation A, (f) : A, (C) — A, (C).

(3) Consider a functor F' : D,, —> C such that F'(e;) = A; € C. For each C' € C, a natural
transformation

n:A,(C)—F
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will simply correspond to n-many morphisms 7y, ..., 7, where

With this notation clarified, we now can propose our definition of a product.

Definition 3.5.3 (Finite Product and Coproduct Definition). Let C be a category. Let Aj,
Ay, ..., A, be objects of C. Let F' : D,,—> C be the functor such that F'(e;) = A;.

o The product of A;, As, ..., A, is an object P of C equipped with a (natural transforma-
tion) p : A, (P) — F such that

(P,p: A, (P)— F) is universal from A, to P.

In the case where the product P exists, we write P = [[i*; A;.

« The coproduct of Ay, Ay, ..., A, is an object C of C equipped with a (natural transfor-
mation) i : F'—> A, (C) such that

(Cyi: F— A,(C)) is universal from C' to A,,.

In the case where the coproduct C' exists, we write C' =[] ; A;

Remark 3.5.4. By Observation (3) as above, if p : A, <H Ai> —> F'is a natural trans-
i=1

formation, then it corresponds to n-many morphisms

pk:HAiHAk k=1,2,...,n

i=1
This matches our intuition: A product of n-objects should always have n-many morphisms
between the product and each of its factors.
Similarly, a natural transformation i : F'—> A, (II~; A;) corresponds to n-many mor-

phisms

n

ZkAkg’HAz k;:1,2,...,n

i=1
which again matches our intuition: A coproduct of n-objects should have n-many morphisms
between each of its factors and the coproduct.

We now have everything we need to define arbitrary products and coproducts, including
infinite ones. We just need to specify some notation that we will use. Towards that goal, let A
be some indexing set.

o Define D, to be the discrete category consisting of one object e; for each i € A. (In
particular, D, is now possibly infinite.)
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« Define the A-diagonal functor to be the functor Ay : C — Fun(D,,C) where A,(C) :
Dy —>C sends each o, to C for all i € \.

Definition 3.5.5 (Arbitrary Product and Coproduct Definition). Let C be a category, and
consider an arbitrary set of objects {A;}iex of C, A some indexing set. Let F': Dy —> C be the
functor such that F(e;) = A; for i € \.

o The product of {A;};c, is the object P of C equipped with a (natural transformation)
p: Ay (P)—> F such that

(P, Ay (P)—> F) is universal from A, to P.

In the case where the product P exists, we write P = [[;c\ 4;.

« The coproduct of {A;};c, is the object C of C equipped with a (natural transformation)
i : FF—> A,(C) such that

(Cyi: F—> A5(C)) is universal from C to A,.

Remark 3.5.6. Notice the inherent duality present in the definition of a product and co-
product. This is one of the reasons category theory is nice; one now has a new perspective of
understanding, for example, the free product operation and the group product operation in
Grp; they’re dual concepts!

Since products and coproducts of objects are universal objects, we obtain some nice results
since we already know how universal objects operate. Before introduce such results, we require
the following lemma.

Lemma 3.5.7. Let C be a locally small category, and let {A;}icn be objects of C. Suppose
their product exists in C. Then the functor

J[ Home(—, A;) : € —> Set
ie
which sends an object C' to the set [I;c, Home(C, A;) is representable by the functor

HOl’nFun(D)uc) (A)\(—), F) : C —> Set.

The proof is left as an exercise. It is not difficult to show; it simply requires realizing that
there is a natural bijection between [];c, Home¢(C, A;) and Hompun(p, ¢)(Ax(C), F') for each
CecC.

Using all of our previous work we now have the following proposition.

Proposition 3.5.8. Let C be a locally small category, and let {A;};cx be a set of objects in C.
Denote F' : Dy —> C where F(e;) = A; for all i € \.
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o If the product [];cy A; exists in C, then for each object C' of C, we have the natural
bijection

[[ Home(C, A;) = Home (C, HAz)

i€ i€

o If the coproduct [[;cy A; exists in C, then for each object C' of C, we have the natural
bijection

J[ Hom(4;, C) = Home | [T A4i, C | .

i€ )
Proof. We only prove the first result, since the second follows similarly. Since [];cy A4;
exists in C, we know that this implies [[;c\ A; is equipped with a natural transformation
p: Ay (ILiex Ai) — F such that ([[;cy 4;, p) is universal from Ay to P.

From this perspective, we can apply the result of Exercise 3.2.1 to conclude that, for each
object C', we have the natural bijection below.

Hom, (C, HAZ) = Hompun(p, ¢)(AX(C), F).
i€
However, we know from Lemma 3.5.7 that there is a natural bijection

HOIIlFun(DM(;)(A)\(C), F) = H Homc(C’, Az)

1EN
Thus we have a natural bijection

1EN 1EAN

HHomc(C, A;) =2 Home (C’, HAZ)

as desired.
The second result is left as an exercise (we outline the steps for the reader).

Remark 3.5.9. Note that the above proposition is saying something very deep and beautiful
about products and coproducts as a concept. Moreover, also note that a direct proof would
have been very long-winded and complicated, but that our previous work made it possible to
give a proof consisting of a few lines. Thus, a categorical perspective is evidently sometimes

useful.

We now introduce the following interesting property. This property becomes an important
observation when we begin look at abelian categories.

Proposition 3.5.10. Let C be a category and let {A;};cx be a set of objects in C. Suppose the
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product [[;e\ A; and coproduct [];c) A; exist in C. Then there is a canonical morphism

1EA 1EA

in C.

Proof. Let F' : Dy —> C be the functor where F'(e;) = A;. Then the product and coproduct
are equipped with the natural transformations as below.

Ay (HAz)*’F F— A, (HAZ>

1EA 1EX

Then we can compose them to obtain the natural transformation

Ay (H Ai) — A, (H Ai) :

By the universal property of the coproduct, this implies a unique ¢ : [T;cx Ai —> [1;ex A; such
that the diagram below commutes.
|

Remark 3.5.11. Here is one of our first uses of the word “canonical” This is not an
adjective that adds detail to our morphism (e.g., an extra mathematical property), but it is
a word we superfluously wrote to emphasize to the reader that morphisms of a given form
cannot always be found in categories.

The word “canonical” is often used in category theory language, but it is never really
defined because its always secretly assumed that everyone knows what it means. It’s a useful
word, so we will use it later on, but again: it means nothing more than “There exists an

obvious morphism of a given form.”

Exercises

1. Prove Lemma 3.5.7. (Note: the notation and statement may make it look harder than it
actually is.)

2. Complete the proof of Proposition 3.5.8 as follows.

7. Show that the functor
[ Home(A;, —) : C —> Set
iEX

is representable by the functor

HOmFun(’D)\,C) (F, A)\(—)) :C —> Set
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ii. Using (), Proposition 3.2.1, and interpreting coproducts as universal objects, prove
that

H Hom(Ai, O) = HOII]C (H Ai7 C) .
1EA i€

3. Let P be a preorder with binary relation <. Consider a subset A C P where
A ={a; € P|ie€ A} with X some indexing set.

(i.) Regarding P as a thin category, prove that the product p = ][ a;, when it exists,
i€
is the supremum of A.
Hint: Recall that, if X is a preorder, the supremum of a set S C X is the

element s € X such that if a; < s’ for all i € A\, then s < ¢’

(7.) We know that the dual of the product is the coproduct. Can you guess what
the coproduct H a; in P is in this case? Prove it.
)
4. Let C and D be categories. Consider the functor category Fun(C,D). What is a
product in this category? What conditions do we need to place on C and D for this
product to exist?
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Introduction to Limits and Colimits

In our previous work, we learned a lot about universal morphisms and then studied the basics
of how products and coproducts behave in categories. Such studying provides a great deal of
preparation for the concepts of limits and colimits, which we will introduce in this section.
Before we do so, it will be convenient to utilize the notion of a cone.

Definition 3.6.1. Let C be a category, A an object of C. Let F': J—> C be a functor, J an
arbitrary category. A cone with A over I is a family of morphisms

i+ A—> F(i) e J

such that, for each morphism f :i—j in J, the diagram below commutes.

A
F() — F(j)

We denote the set of cones over I’ with apex A as Cone(A, F).

Dually, a cone with F' over A is a family of morphisms
pi: Fi)—A 1eJ

such that, for each morphism f :i—j in J, the diagram below commutes.

i i

Similarly, we define the set of cones with I over A as Cone(F, A).
We will see that the above concept is similar to the work we have done so far. To demonstrate
this, we generalize our concept of a diagonal functor.

Definition 3.6.2. Let C and J be categories. The diagonal functor on J is the functor
A : C —> Fun(J,C) which sends an object C' to the functor A(C) : J —> C, defined as follows:
Each ¢ € J is mapped to C, and every morphism in J is mapped to the identity of C.

Note how if we set J = D, the discrete category on n-object, or J = D,, the discrete
category with objects indexed by A, we obtain our original definitions of the diagonal functor.

Proposition 3.6.3. Let C and J be categories. Suppose F': J—>C is a functor, and let A be
an object of C.
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« A cone with A over F' corresponds to a natural transformation ¢ : A(A) — F, and vice

versa. In other words,
Cone(A, F) = Nat(A(A), F).

o A cone with F' over A corresponds to a natural transformation ¢ : F—> A(A), and vice

versa. In other words,
Cone(F, A) = Nat(F, A(A)).

The proof is left to the reader. The proposition is the key to mentally switching back and
forth from thinking about cones and natural transformations (between suitable functors) as
equivalent constructions.

We now define limits and colimits.

Definition 3.6.4 (Limits). Let F': J —> C be a functor. The limit of F' is an object Lim F
equipped with a natural transformation u : A(Lim F') — F' such that

(Lim F,u : A(Lim F') — F') is universal from A to Lim F.

 This means that, for any other pair (C,v : A(C') — F') with v a natural transformation
and with C' € C, there exists a unique morphism h : C'—> Lim F' in C such that the
diagram below commutes.

A(Lim F) F Lim F
A A
A(h)i . h
A(C) C

« By Proposition 3.6.3, the morphism « : A(Lim F') — F' forms a cone with Lim F' over F’
via a family of morphisms u; : Lim F'— F (i) for all ¢ € J.

Similarly, any other pair (C,v : A(C')— F)) is also a cone with C' over F' via a family of
morphisms v; : C —> F(i) with ¢ € J.

Thus, the universal property, states that there exists a unique A : C'— Lim F' such that

the diagram below commutes.

C
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Remark 3.6.5. We remind the reader that limits do not always exist for certain functors.
This is because universal objects do not always exist. We will eventually discuss conditions
for existence of limits.

Next, we offer the definition of a limit.

Definition 3.6.6 (Colimits). Let F' : J —> C be a functor. The colimit of F' is an object
Colim F' equipped with a natural transformation u : F'—> A(Colim F') such that

(Colim F,u : F'—> A(Colim F')) is universal from F' to A.

Now is a good time to use Proposition 3.6.3 and reinterpret the definition of a colimit as a
family of morphisms like we did in the definition of a limit.

Remark 3.6.7. We comment on the notation of a limit.
o Many people denote the limit of a functor as Lim.___ F".
o Many people denote the colimit of a functor as Lim___, F'.

The notation makes only sense if one understand the connection between limits and colimits
and universal morphisms. (Compare the direction of the arrow h in the universal diagrams).

However, this then sometimes leads people to start writing Colim___, F' and
Colime_ F. The issue with this notation is that it seems unnecessarily complicated (per-
haps I am wrong, but I have waited for a long time to come upon an instance for when it
could be useful). Despite these observations, this notation is very consistently used in texts
which use categorical tools, and so this warrants a comment to the reader.

Moving forward, I will simply write Lim F' and Colim F', since I see no need to make the

notation anymore complicated than it needs to be.

Example 3.6.8. Let J = D,,, the discrete category with n-objects. Let F': J —> C be the
functor where F'(e;) = A;. We then have that

o The product [T, A; is the limit of F.
o The coproduct [} ; A; is the colimit of F'.

When we set J = D,, with A\ an arbitrary indexing set, we similarly get that the arbitrary
product and coproduct definitions are simply instances of limits and colimits.
Thus, universal diagrams and limits have been right in our faces for the last three sections.

Since limits and colimits are universal objects, we have the following proposition. This is a
genearlization of Proposition 3.5.8.

Proposition 3.6.9. Let F' : J—> C be a functor.

o If Lim F exists, then for each object C' of C, we have the natural bijection

Hom¢(C, Lim F') = Cone(C, F)



3.6 Introduction to Limits and Colimits 155

o If Colim F exists, then for each object C' of C, we have the natural bijection

Hom¢(Colim F, C') = Cone(F, C)

Proof. We prove the first result. Since Lim F' exists, let (Lim F,u : A(Lim F') — F') be
universal from A to F. Then by Exercise 3.2.1, we have the natural bijection

Home (C, Lim F') = Hompyn(sc)(A(C), F') = Nat(A(C), F).
By Proposition 3.6.3, we can rewrite this natural bijection as

Hom¢(C, Lim F') = Cone(C, F).

This proves the first result; the second follows similarly. |

The above proposition is very useful as it gives us the following proposition, which is our
first test of whether or not a limit or colimit exists in a category.

Proposition 3.6.10. Let F': J— C be a functor. Then we may define the functors

Cone(—, F') : C —> Set
Cone(F,—) : C — Set

We have the following two results.

o Cone(—, F) is representable if and only if Lim F exists in C (in which case, this is the
representing object)

o Cone(F,—) is representable if and only if Colim F' exist in C (in which case, this is the
representing object)

Proof. For pedagogical reasons, we prove the second bullet point and leave the first as an
exercise.

One direction is immediate: If Colim F' exists, then by Proposition 3.6.9, we obtain a
natural bijection for each C' in C which implies that Cone(F, —) is representable.

Conversely, suppose Cone(F, —) is a representable functor with representing object R. We
want to show R = Lim F. Now by Proposition 3.2.6, Cone(F, —) is representable if and only
if (R,u: {e#} —> Cone(F, R)) is universal from {e} to Cone(F, —).

Let us shut off our brains and blindly expand what this means. This means that for any
other pair (C,v : {8} —> Cone(F,C)), there exists a unique h : R —> C such that diagram
below commutes.

{o} “— Cone(F, R)

/
AN €=~
Q
]
=]

2
o)
=
Q <
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Now let us turn our brains back on and understand what this means. A function u :
{e} —> Cone(F, R) simply picks out some cone o € Cone(F, R) whose family we denote as
o;: F(i)— R.

Similarly, v : {#} —> Cone(F,C) picks out a cone v({e}), which we may denote as 7.
What the universal property then says is the following: Given any cone 7 with F' over some
object C', there exists a unique h such that the diagram below commutes.

This then means that R = Colim F', which proves this direction. [ |

Remark 3.6.11. The above theorem is actually quite remarkable. We have linked the
existence of our limit to the representability of a particular functor (one which we understand
fairly well). This tells us the concept of a cone is very intimately linked to that of a limit and

colimit.

Exercises

1. Let F, G : J—>C be two functors, and suppose F' = G (i.e., there is a natural isomorphism
between them). Show that
(i) If Lim F' exists, then Lim G exists and Lim F' = Lim G.
(7.) If Colim F exists, then Colim G exists and Colim F' = Colim G.

Thus, limits and colimits are invariant up to isomorphism.
2. Prove Proposition 3.6.3.

3. Expand Definition 3.6.6, the definition of a colimit, in a similar fashion to how we ex-
panded Definition 3.6.4, the definition of a limit.

4. Use Proposition 3.6.3 and Proposition 3.2.1 to show that if Colim F' exists for a functor
F : J—C, then we have a natural bijection

Home (Colim F, C') = Cone(F, C).

This then completes the proof of Proposition 3.6.9.
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5. Use Proposition 3.6.9 (the proof of which you just completed) to prove the first bullet
point of Proposition 3.2.6: The functor Cone(—, F') : C —> Set is representable if and
only if Lim F' exists. Use the following steps.

(i.) Let C be a category, F': J —> C a functor. Recall that we may define the functor

F:J—C®

which acts the same as F' on objects, but if f : ¢ — j is a morphism in J, then
F(f) = F(f)>.
Show that Lim F' exists in C if and only if Colim F' exists in C°P.

i1. Show that

Cone(—, F') = Cone(F, —).

Then use (7) and the second bullet point of Proposition 3.2.6 to complete the proof.
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Equalizers and Coequalizers

We introduce equalizers and coequalizers as further examples of limits, and therefore examples of
universal morphisms. Equalizers and coequalizers are important constructions that are useful
for proofs and definitions that we will encounter later on. We first introduce examples of
equalizers and coequalizers.

Example 3.7.1. Let G and H be groups, and consider a pair of homomorphisms ¢ and v as
below.

o)
G_—_—3 H

¥
Now consider the homomorphism ¢ — 1 : G —> H. Then observe that

Ker(¢ —¢) = {QGG ’ (= ¥)(9) ZO}

and note that this is also the set of all ¢ € GG in which ¢ and ¢ agree. In fact, it is the smallest
such set, a notion we can make precise by the following observation: If G’ is another group with
¥ : G'—> G another map such that pot) = o), then there exists a unique i : G'—>Ker(p— 1))
such that the diagram below commutes.

Ker(p —¢) —— G

H

|
|
ol
i/
|

|

I

o
Note above that i : Ker(¢—1)—>G is the inclusion morphism. Also note that this construction
is possible for any two parallel group homomorphisms.

Example 3.7.2. In Set, equalizers always exist. Simply let D ={z € A | f(x) = g(x)}, and
let e : D —> A by the inclusion morphism into A. Clearly we’ll have that foe=goe.

Now for any h : C'—> A such that foh = goh, we see that the image of h must be a subset
of D. Hence there exists a unique inclusion morphism ¢ : C — D, which shows that e in fact
is the equalizer in Set for any f,g: A—> B.

Definition 3.7.3 (Nice Equalizer Definition). Let C be a category and consider a pair of parallel
morphisms f, g : A—> B. The equalizer of f and g is a pair (E, e : E—> A) such that foe = goe
with the following property. For any other morphism h : C'—> A such that foh = go h, there
exists a unique morphism f’': C'—> FE such that the following commutes.
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f

B

E £ A
A

g
fli /

C

Definition 3.7.4 (Equalizer as a Limit). Let C be a category and consider a pair of parallel
morphisms f, g : A—>B. Let J be the category with two elements and two nontrivial morphisms

as below.
J 1, 1
Y —_—>
/
and let F' : J —> C be the functor such that F(e — o) = A :g; B We define the

equalizer of f and ¢ to be limit (Lim F,e : A(Lim F') — F') of F.

Proposition 3.7.5. Let C be a category, and suppose e : D —> A is an equalizer for a pair of
morphisms f,g: A—> B. Then e is monic.

Proof. Consider any pair fi, fo : C'—> D such that eo f; = eo f;. Then we have that

fi
D = A B

f2 g

C

Since e o f; = e o fy, we see that

foe=goe = fo(eofi)=gol(eofi)
= fo(ecfi)=go(eof).

Hence we see eo f; = eo fy : C —> D is another morphism which is equalized by f and g.

f

B

D = A
A

g
d i Aleoh

C

By the universality of the equalizer e : D — A, we know that there must exist a unique
morphism f’: C'—> D such that

eof'=eofi=eofo

Since f’ is unique, we are forced to conclude that f; = f5. Hence eo fi = eo fo = f1 = fo,
so that e : D —> A is monic. [ |
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Definition 3.7.6. Let C be a category with a zero object Z of C. That is, an object which
is both initial and terminal, such that for any objects A, B of C there exists a unique pair of
morphisms f, g such that

A1,z _9,B

Denote f o g =0 as the zero arrow (any morphism which passes through z is a zero arrow).
Now we define the cokernel a morphism f: A— B to be an arrow u : B—> C' where

l.uof=0:A—C

2. If h : B—> D has the property that h o f = 0, then h = h’ o u for a unique arrow
n:B—D.

Visually, this becomes

A1 . p_» . p

|
|
e
i

C.

The cokernel is a special object in Ab, as it plays a role in the concept of exact sequences
and hence homology as well. The cokernel of a homomorphism f : G — H is the projection
H — H/Im(G), a quotient group of B. This is often written as

coker(f) = H/Im(G).

Coequalizers.

Definition 3.7.7. Let C be a category and consider two morphisms f,g: A—> B in C. The
coequalizer of (f,g) is a morphism u : B—> D such that

1. uof=wuoh

2. If h: B—> C has the property that ho f = h o g, then there exists a unique morphism
h' : D—> C such that h = h' o w.

This may not always exist. We can represent this with the following commutative diagram.
Note that we can interpret a coequalizers as a morphism which uniquely "flattens" morphisms,
and for any other morphism which also "flattens' is related to the original coequalizer.

A B - D

hl

v
C
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With coequalizers, we get the following nice result.

Lemma 3.7.8. All coequalizers are epimorphisms.

Coequalizers can also be realized as universal arrows. First consider the category 2, con-
taining two objects and two nontrivial morphisms. Since there are only two objects, the two
nontrivial morphisms have the same domain and codomain. Now consider the functor category
C? where

1. Objects are functors F' : 2—C, whose image is therefore a pair of morphism f,g: A—B
in C

2. Morphisms are natural transformations, which are therefore a pair of arrows h: A—> A’
and k : B—> B’ so that

A B
g

h k

P

is a commutative diagram. Finally consider the diagonal functor A : C —> C? where

Cr— (10710>

r:C—C" — (r,r).

Now consider a pair f,g : A—> B in C2. If we have a morphism h : B —> C such that
ho f = ho g, then this is the same thing as a morphism (hf, hg) : (f,g) — (1¢, 1¢) in C2.
Therefore a coequalizer u : B— C' is a universal arrow from (f, g) to A.

Example 3.7.9. In the category Ab, the coequalizer of two group homomorphisms ¢, ¢ :
G —> H is the homomorphism

m:H— H/Im(p —1).

where ¢’ € H maps to the coset ¢’ + Im (¢ — ). We show this as follows.
mow=mo1. First let g € G, and consider the elements

mow(g) = ¢(g) + Im(p — )
ToY(g) = ¥(g) +Im(p — ).
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If we subtract these two quantities, we get that

mop(g) = mot(g) = |¢(g) + Im(p — ¢)] — [¥(g) + Im(p — ¥)]

= (¢(g) —¥(g)) + Im(p — 1)
=0+ Im(p — ).

Since their difference is zero, we see that they’re equal. Hence mo ¢ = 1 o).
Universality. Let f : H — H' be another group homomorphism such that f oy = f o).
Then construct the morphism [’ : H/Im(¢ — 1) —> H' where

h+4Tm(p — ) — f(h).

Clearly this is well defined, since if h+Im(p — 1) = h' +Im(p — ), then this means that
h =1+ (p—1)(g), so that

f'(h+Tm(p — 1)) = f(h)
= f(h' +¢(g9) —¥(9))
= f(W)+ foplg) — fo(g)
= f(I)

where in the last step we used the fact that f oy = fo1. Thus we see that [’ is a well-
defined group homomorphism. Furthermore, note that f = f’ow. To finally show that f’
is unique, we suppose there exists another group homomorphism & : H/Im(p — ) —> H’
such that f = k o7w. Then we see that f' o 7w = k o 7, which implies that f' = k.
What we’ve shown is that for any f : H—> H’ such that fop = f o1, there exists a unique
morphism f’: H/Im(p — 1) —> H’ such that f = f’ on. Thus we see that m has the universal
property of being a coequalizer.
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Pullbacks and Pushouts

Pullbacks.

Definition 3.8.1. Let f : A—>C and g : B—> C be two morphisms. Then we say a pullback
of f, g is a commutative square on the left

D" A E—" .4
k f k f
B C B C

such that for any commutative square in the the middle, the diagram on the right commutes,
and f’ is unique.
Another way we can describe this is using the language of limits, and hence show that

pullbacks are simply limit objects. Let J be the category of three objects with the following
shape:

1 2 3

The numbers 1, 2, and 3 here mean nothing; they are simply place holders for some distinct
objects. So any functor F' : J — C simply corresponds to a triple of object and a pair of
morphisms in C:

A-tlsc<t B
if we have F'(1) = A, F(2) = C and F(3) = B. Now we can equivalently describe a pullback
as follows:

Definition 3.8.2. If J is the category with the shape 1 2 3,and F:J—Cis
a functor, then a pullback is a universal arrow (D, u : A(D) — F) from A to F.

First, observe that this shows that a pullback is a limit. But how are our two definitions
equivalent?

Consider the morphism u : A(D)— F. This is simply a natural transformation between the
two functors A(D) : J—>C and F': J—> C. Now A(D)(i) = D for all objects i = 1,2,3 € J.
On the other hand, F(1) = A, F(2) = C' and F'(3) = B. Thus we see that A(R) — F induces
a family of morphisms:

u : AD)(1)— F(l) = uw;: D— A

ug : A(D)(2) — F(2) = uy: D—C
us: A(D)(3)— F(3) = u3: D—B
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which arrange themselves in C into the following diagram:

D

ui
u2

A ¢~ B

~
<

and if we "tip" this diagram over, and force the arrows f and g meeting at C' into a 90 degree

angle, we get the following cone:

D—" > A D—" > A
us3 “2 f — usg f
B ; C B J C

Note that we removed the morphism wuy because it’s redundant, unnecessary information; after
all ug = f owu; = g o ug; which is information already captured in both the original diagram
and the commutative square.

Thus, we see that whenever we have an object E' and morphism v : A(E) — F', we have a
commutative square! In other words, whenever we have a cone over F, we have a commutative
square! And in even other words, whenever we have a family of morphisms v; : £ —> F(i) for

1 =1,2,3, we have a commutative square!

E—">A E—" 5 A

) _
v3 f — wv3 f

Q
sy
Q

B g g

So, how do we connect the universality of (D,u : A(D) — F) with the universality of
the pullback? Well, since this object is universal, we know that for any other pair (E,v :
A(E)—> F), there exists a morphism f’ : E—> D such that the following diagram commutes.

F ~——— A(D) D
A A

h AU 7
A(E) E

The commutativity of the top left diagram gives us the relation that u o A(f') = v, which
implies that u; o f' = v; and ug o f’ = v3. We then have that
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E_—" . 4 E el 4
v3 f - u30f’ f -
B———C B—0—C

B

C

g9
which is just the pullback. Thus the pullback is in fact a limit object, and we understand just
exactly how it is a limit object of the functor F': J — C.

Definition 3.8.3. Let C be a category, and consider a pair of morphism f : A—B, g : A—C
in C. A pushout of (f,g) is the commutative diagram on the left

A—1 . B A—1 . B
g u g h
C——>R C—5

such that for every commutative square as on the right, there exists a unique morphism ¢ :
R — S such that tou = h and t ov = k. We can actually summarize this information more
compactly

where the diagram is commutative. One way to imagine a pushout is a commutative diagram
which swallows every other commutative diagram which contains the morphisms f, g.

As you might suspect, the pushout can in fact be related as the universal arrow of a functor.
Consider the category 3, which contains 3 objects and two nontrivial morphisms.
f

Y X 4.7

Now construct the functor category C3, where

1. Objects are functors F' : 3 —> C, which is equivalent to pairs of morphisms (f,g) where
fiA— Bandg: A—CinC
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2. Morphisms are natural transformations, which in this case simply reduce to a triple of
morphisms (h, [, k) where

Now construct the functor A : C—>C3 where C' +— (1¢, 1¢) where 1¢ : C—>C'is the identity
morphism. Suppose there exists a natural transformation ng : (f, g) — A(S), which we can
represent as follows:

1s 1s

If we have a pushout associated with the object R in C, the existence of these commutative
squares implies the existence of a morphism ¢ : R —> S, so that we have

(f,9) —"— A(R) R
AZS) $

Hence we see that a pushout is a universal arrow from (f,g) to A.



Homp (F(C), D) —°2» Hom(C,G(D)) Homp(F(C), D) —2 . Hom(C,G(D))
e G(k)« (F(h)" B
Homp (F(C), D) —2 > Home(C, G(D')) Homp (F(C"), D) —%2 > Home (C", G(D))
CHaus Top 7 AR gy oy
G(F(C)) —— C ]
X —* . [(8(X)) \  (hidy)
| G(F(C)) f i
P 18 XxY
v G(F(C") C’

(4. Adjunctions.

Introduction to Adjunctions.

As promised, we now build upon the work we did with universal morphisms to define the
concept of an adjunction. Adjunctions are special cases of universal morphisms that occur
between two functors F' and G which assemble between two categories C and D as below.

C—D

G

Studying adjunctions allows us to give an answer to many questions that appear in categories.
For example, adjunctions can explain why, for instance, given two sets X, Y, we have the
isomorphism

F(X xY) 2 F(X)* F(Y)

where F' : Set —> Grp is the free group functor and % denotes the free product. They can also
explain why this property, and other similar properties, hold for similar free functors.

We begin with an example of an adjunction.

Example 4.1.1. Recall that for a fixed unital ring R in Ring, we may form the functor
R[-]: Grp— R — Alg

which sends a group G to its group ring R[G]. Recall that

RG] = {Z g9

geG

g€ G, a, € R, and ay = 0 for all but finitely many ag} )
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Recall also that we can form the functor
(—)* : R-Alg— Grp

which sends an R-algebra A to its group of units A*. These two functors are related in the
following way. Consider a group G and its group ring R[G]. In general, the units of R[G] are
nontrivial. One thing we do know is that elements of the form 1gg, with ¢ € G, are units of
R[G]. (The multiplicative inverse of such an element is 1rg~'.) This allows us to construct a

group homomorphism
i:G— (R[G])" g — lgrg.

What is interesting about this is the following fact: (G,i: G — (R[G])*) is universal from G
to (—)*. That is, if K is a ring, and we have a mapping ¢ : G — K*, then there exists a
unique ring homomorphism A : R[G] — K such that the diagram below commutes.

G ——— (R[G])* R[G]
o 1 (h)* h
(K)* K

The reason why this works is as follows: ¢ tells us to where to send elements of GG. Since a
map on R[G] can be defined by (1) defining where elements of G go and (2) extending linearly,
¢ induces the existence of h.

By Proposition 3.2.1, we then have the following result: If K is an R-algebra, then for each
group G there is a natural bijection

HomRing(R[G]7 K) = HomGI‘P(G7 (K) X)

Specifically, the bijection is natural in G.
But wait—There’s more! For every ring K, there is a natural ring homomorphism

e: R[(K)]|—K > akk — z(ay)k

where z(ag) = 1, the identity of K, if ax # 0, and z(ax) = 0 if ax = 0. The reason why we
care about this is because (K, R[(K)*] — K) is universal from R[—] to (K)*. That is, if G
is a group and we have a mapping ¢ : R[G|] — K, then there exists a unique j : G — (K)*
such that the following diagram commutes.
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We obtain j as follows: Note that ¢(1rg) € K*, since ring homomorphisms send units to units.
Hence, the composite

K’X

where i is defined earlier, yields j. Moreover, the diagram commutes in this way. By Exercise
3.2, if K is a ring, then for every group GG we have the following natural bijection

HomGrP(G, (K) X) = HomRing(R[G], K)

Specifically, the bijection is natural in K. However, we just saw this isomorphism before! This
demonstrates our first example of an adjunction.

Definition 4.1.2. Let C, D be categories. Consider a pair of functors

C—D
G
We say that F,G form an adjunction and that F' is left adjoint to G (and so G is right
adjoint to F) if, for all C' € C, D € D, there is a natural bijection

Homp (F(C), D> = Home (C, G(D))
This definition is somewhat strange, so we comment a few remarks.

Remark 4.1.3.

o To define an adjunction between two functors, it suffices to specify which functor is the
left adjoint, or which functor is the right adjoint (since one specification determines the
other). Thus, the sentence “F' and G form an adjunction” alone does not make sense;
namely, it is missing information of which functor is the left or the right adjoint.

e In an adjunction, we are always going to have some kind of bijection as above. But
there are two different ways we could decide to write it:

Homp(F(C), D) = Home(C,G(D)) or Home(C,G(D)) = Homp(F(C), D)

This can potentially confuse us on which functor is the left adjoint, and which one is the
right. However, one thing that does not change in the above expressions is the position
of F(C) and G(D) in their hom-sets. In their hom-sets, the symbol F(C) is always in
the left position, while G(D) is in the right. Hence we can determine if F' or G is left or
right based on glancing at the bijection. Conversely, knowing the left and rightedness

of our functors tells us how to write down the bijection.
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We now observe that this definition is equivalent to the existence of universal morphisms;
this is something we already saw in our introductory example.

F
Proposition 4.1.4. Let C,D be categories and consider a pair of functors C fT’ D . The
following are equivalent.

(i.) The functors F'; G form an adjunction where F is left adjoint to G (and so G is right
adjoint to G).

(7i.) There exist natural transformations
n:le—GoF e:FoG—Ip
such that

— For each C' € C, the morphism n¢ : C'—> G(F(C)) is universal from C to G
— For each D € D, the morphism e¢p : F(G(D)) —> D is universal from F' to D

Proof. Since F' is left adjoint to G, we have the natural bijection
Homp(F(C), D) = Home(C,G(D)).

This is natural in C' and D.

By Proposition 3.2.1, the above bijection is natural in D if and only if there exists a
morphism e : C —> G(F(C')) which is universal from C' to G. However, the bijection holds
for all C'. Therefore, we obtain a family of universal morphisms

ne : € — G(F(C)).

Since this bijection is also natural in C', we ultimately obtain a natural transformation 7 :
](; —GoF.

Using the same bijection from our adjunction, we can use Exercise 3.2 to conclude the
existence of a family of morphisms ep : F(G(D)) — D which is universal from F' to D.
We then use the fact that the bijection is natural to form the natural transformation ¢ :
F oG —> Ip, as desired.

As we used if and only if propositions, our work proves both directions, which completes
the proof. |

F
Definition 4.1.5. Let C ? D be an adjunction. We establish the following terminology.

o The natural transformation n : I —> G o F' is the unit of the adjunction.

o The natural transformation € : F' o G —> Ip is the counit of the adjunction.

Example 4.1.6. We already saw this proposition in action in the introductory example. In
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that example, we found a pair functors

R-] .
Grp —— Ring

that formed an adjunction with universal morphisms
i¢: G— (R[G])" ek R[(K) | — K

for all groups GG and rings K. Hence ¢ is the unit of the adjunction, while ex is the counit.
These units and counits are what allowed us to establish the bijection

HomRing(R[G], K) = HomGrp(G7 (K) X)

natural in G and K. Hence, the group ring functor R[—] is left adjoint to the group of units

functor (—)*.

Using our previous work, we very quickly and (hopefully) painlessly established a connection
between the natural bijection that appears in the definition of an adjunction and the unit and
counit morphisms. However, we did not really describe what the bijection actually does on
elements. The next proposition characterizes the bijection.

F
Proposition 4.1.7. Let C, D be categories, and suppose C ? D form an adjunction with

F' left adjoint to G. Let 1, € be the unit and counit.
For each C, D, the natural bijection

wc,p : Homp(F(C), D) = Home(C, G(D))
is given by the function where for each f: F(C)— D and g : C — G(D),
p(f)=G(flonc ¢ '(9) =epoF(g).

The proof is left to the reader.

Example 4.1.8. We have already encountered the pair of functors
Set é Mon
U

where F' is the free monoid functor and U is the forgetful monoid functor. We previously saw
that given a set X, there exists an inclusion morphism

ix: X — U(F(X))
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and this morphism is universal from X to U. In addition, we know that the monoid homomor-
phism
ey F(UWM))— M

and this morphism is from I to M. Therefore, we see that F' and U are adjoint functors;
specifically, F'is left adjoint to G and G is right adjoint to F', and we have the natural bijection

Hompgon(F(X), M) = Homget (X, U(M)).

Moreover, we know exactly how this bijection works.
o For f: F(X)— M, we send ¢(f) to U(f) cix.
e Forg: X —U(M), we send ¢~ (g) to epr o F(g).

This data assembles into the commutative diagrams as below.

X % U(F(X)) FUM)) — > M
o(f) v@) F(g)‘ v g)
U(M) F(X)

Now we offer some sufficient conditions for establishing an adjunction.

Proposition 4.1.9. Let G : D — C be a functor. Suppose that for each C' € C, there exists
an object Fy(C) € D and a universal morphism n¢ : C —> G(Fy(C)) from C to G. Then there
exists a functor F': C —> D which is left-adjoint to G.

Proof. To have universality from C to G, the diagram

C —F— G(F(C)) F(O)
g G(f) fi
(D) D

must commute. Hence we have a bijection
Homp(F(C), D) = Home(C,G(D)).

Now suppose h : C'—> C". Then the dashed arrow
C —"— G(Fy(0))

C/
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must exist by universality; we simply utilize the previous diagram. In other words, if A :
C' —> (', then there exists a morphism f : Fy(C) —> Fy(C"). With that said, we can then
define a functor where F' : C — D with F(C) = Fy(C) and F(h) = Fy(C) — Fo(C'). By
construction, this functor is left adjoint to G. |

A similar proposition holds for the establishing a right adjoint.

Proposition 4.1.10. Let F' : C—> D be a functor. Suppose for each object D € D there exists
an object Go(D) € C and a universal morphism ¢4 : F'(Go(D)) —> D from F to D.
Then there exists a functor G : D — C which is right-adjoint to F.

We now introduce a proposition which offers sufficient conditions for an adjunction, although
it is not parallel to either of our previous propositions.

Proposition 4.1.11. Let F : C—> D and G : D —> C be functors, and suppose we have the
pair of natural transformations:

T]CﬂfcﬂGOF &TDIID*)FOG

such that the following composites are the identity:

GLGOFOG&)G FMFOGOFLF

Then there exists a bijective ¢ such that (F, G, ¢) form an adjunction between C and D.

Example 4.1.12. Let U : R-Mod— Ab be the forgetful functor, which forgets the R-module
structure on the underlying abelian group M. Consider the functor F': Ab—> R-Mod, where
F(A) = R® A. We'll show that this is left-adjoint to U as follows.

To show this, we’ll propose a morphism which we will show to be universal. If A is an
abelian group, then we let n4 : A—> U(F(A)) where n4(a) = 1 ® a.

Thus let M be an R-module, and suppose there exists a morphism f : A— U(M). Then
we can define a morphism ¢ : F(A) — M where

p(r@a)=r-fla).

Our construction ensures that this is a well-defined R-module homomorphism. Hence we clearly
have the equality U(p) ons = f. Visually, this becomes

A —" U(F(A)) F(A)
P U(p) @
U(tM) M

Since the construction of ¢ depends directly on the existence of f, we see that it is unique.
Hence we see that 74 : A—> U(F(A)) is universal from A to U. Then by Theorem 4.1, we see
that we have an adjunction, so that F' is truly left adjoint to the forgetful functor U.
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The following proposition is one of the main reasons why adjoint functors are extremely
useful.

Proposition 4.1.13. Let F, F' : C—> D be two left adjoints of the functor G : D —>C. Then
F, F' are naturally isomorphic.

Proof. Let (F,G,¢) and (F', G, ¢') be two adjunctions between C and D. Then these adjoints
give rise to the universal morphisms

ne:C—G(F(C) ne: C— G(F'(0))

for every C' € C. Since these are both universal morphisms from C' to G, we know that they
are isomorphic. Hence there exists a unique isomorphism 6 : F/(C)— F'(C') by universality
such that G(0¢) o ne = 1 (think of a universal diagram).

Now let h : C'—> C’ be a morphism in C. Then F'(h) o 8¢ = 0c o F(h) so that the
diagram

F(C) —"— F(C)

F(h) F'(h)

F(C")

F/(C/)

O

commutes. Hence we see that 6 : I'—> F” is a natural isomorphic transformation between F

and F”’, so that these two functors are naturally isomorphic. |

The other direction holds as well. That is, two right adjoints to one left adjoint are naturally
isomorphic as well, and the proof is the same. We now have our last proposition for this section.
Proposition 4.1.14. Let G : D —> C be a functor. Then G has a left-adjoint ' : C — D if
and only if for each C' € C, the functor Hom¢(C, G(—)) is representable as a functor of D € D.
Furthermore, if ¢ : Homp(Fy(C), D) = Home(C, G(D)) is a representation of this functor, then
Fy is the object function of F.

Finally, we end this section by realizing that we can actually form composition of adjoints.

Proposition 4.1.15. Let C, D and £ be categories. Suppose we have two adjunctions as below.

c—t>p e
G [eX

Then the functors F’ o F', G o G’ form an adjunction between C and £. Further, if (n,¢) and
(1, €’") are unit and counits of the adjunction from (F,G) and (F’,G"), then the unit and counit
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of the new adjunction is

Mo = G(pcy) one : C—> (GoG) o (F' o F(C))
Ep=¢cgoFleqp): (F'oF)o(GoG'(E))—E

Proof. First, observe that the two given adjunctions give rise to
Homyp (F(C), D) = Home(C,G(D)) Homg (F'(D), E) = Homp(D, G'(E)).

which are relations that are natural in objects C, D and E. Observe that in the second
relation, we can set D = F(C'). This then translates to

Homg (F'(F(C)), F) = Homp(F(C), G'(E)).

Using the first relation, we know that Homp(F(C), G(F)) = Home(C,G(G'(FE))). Putting
this together, we then have the bijection of homsets

Homg (F' o F(C)), E) = Home(C,G o G'(E))

which is natural in C' and E. Now, describing the unit and counit is a bit ugly, and not
exactly necessary, since in the end we know what these adjunctions look like. The punchline
here is that we can write our new unit and counit in terms of the original ones.

Observe that for any object C' of C, we have the universal morphism

ne: C— G(F(C)).
Since F(C') € D, we can use 1 that
ey : F(C) — G'(F(F(C))).

Finally, note that G(np,) : G(F(C)) — G(G'(F'(F(C)))). However, we can precompose
this with 7¢ to have that

G(np(cy) o ne : C— G(G'(F'(F(0)))).
On the other hand, for any object E of £ that
ey F'(G'(F))— E.

We also have ep : F(G(D)) — D for any object D € D. Hence, we can set D = G'(E) for
some object E of £ to get

eap)  F(G(G'(E))) — G'(E).
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We can then get that F'(eqi(g)) : F'(F(G(G'(E)))) — F'(G'(E)). Composing this with the
original ¢/,, we get that

epo Fleam) : F(F(G(G(E))) — E

as desired. Now showing that these remain universal is not hard. [ ]

Exercises

1. Give a proof of Proposition 4.1.7.

2. Let U : Ab — Grp be the forgetful functor, and suppose F' : Grp — Ab is the
abelianization functor. That is, if G is a group and ¢ : G—> G’ is a group homomorphism
then

F(G)=G/|G,d] F(p): G/[G,G]— G'/[G, G.

where [G, G] is the commutator subgroup.

F
Show that we have an adjunction Grp ? Ab. Give a description of the unit and

counits.
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Reflective Subcategories.

Definition 4.2.1. Let A be a full subcategory of C. We say A is reflective in C whenever the
inclusion functor I : A—> C has a left adjoint ' : C —> A. We then say the functor F' is the
reflector, and the adjunction (F, I, ) is a reflection of B.

In the case of a reflection, we obtain the bijection of hom-sets
Homy(F(C), A) = Home(C,I(A)) = Homu(F(C),A) = Home(C, A)

which is natural in both C and A.

Example 4.2.2. Let ' : Grp — Ab be the abelianization functor, which sends a group G
to its free abelian group G/[G, G]. From Exercise 7?7, we know that this is left adjoint to the
forgetful functor U : Ab — Grp.

However, the functor U : Ab— Grp is isomorphic to the inclusion functor I : Ab—> Grp.
Hence, F' is also left adjoint to the inclusion functor, so that Ab is a reflective subcategory of
Grp.

Example 4.2.3. Let Top be the category of topological spaces with morphisms continuous
functions. Let CHaus, the category of compact Hausdorff spaces, which is a subcategory of
Top.

If we let X be a topological space, then we denote 3(X) to be the Stone-Cech compactifica-
tion. Let I : CHaus — Top be the inclusion functor. Then the definition of the Stone-Cech
compactification of a space X is the universal property:

X 1) p)
P iﬁ(f) f
1) &

That is, the Stone-Cech compactification is a topological space 3(X) with a morphism wu :
X —> (X)) which is universal across all morphisms f : X — C where C'is compact, Hausdorff.
Thus we see that a Stone-Cech compactification gives rise to an object G(X) € CHaus
and a universal morphism X — I(5(X)) from X to I. Now by Proposition 4.1, this makes
[ : Top—> CHaus a functor, which is left adjoint to the inclusion functor I : CHaus— Top.
This then makes 8 : Top — CHaus a reflector, so that the adjunction is a reflection
between Top and CHaus. Consequently we have the bijection

HOHITOP<X, [(C)) &= HomCHaus(ﬁ(X)y C) — HomTop(X, C) & HomCHaus (ﬁ(X), C)
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since 1(C') is technically no different than from C. This bijection is natural in both X and C.

Example 4.2.4. Let Abtg represent the category of abelian groups with torsion free elements
(for a lack of better notation). Then we have a natural inclusion functor I : Abpp —> Ab.
Now consider the functor F' : Ab — Abrg, which we define as follows:

Objects. Let G be an abelian group. Then F(G) = Gpp where
Grr={9€G|g" #eforn=1,2,3...}.

That is, it sends G to its underlying abelian group of torsion-free elements. It’s not hard
to show this is an abelian group.
Morphisms. Suppose ¢ : G — H is a morphism between abelian groups. Then we set
F(¢) = orr where
orr : Grp—> Hrp eorr(g) = ¢(g).

Note that this definition will cause no issues, since ord(g) = ord(y(g)). Thus we simply
obtain prp by restricting ¢ to Grp.
To show that I is left adjoint to I, we need to demonstrate that there exists a universal
morphism 7g : G — [(F(QG)) for every G € Ab. Hence we propose n¢ takes on the form

ne(g) = {g if ord(g) = o0

e otherwise.

To show this is universal from G to I, suppose we have a morphism ¢ : G — I(H), where
H € Abrg. Then there exists a morphism v : F(G) —> H such that I(¢) o ng = ¢. Visually,
that is,

G —— I(F(G)) F(G)
0 I(%) iw
() i

Sure such a morphism exists, but why the equality?

g € Ker (n¢). If g € Ker(ng), then g has finite order. Hence we see that ¢(g) = e; this is
because ord(¢(g)) = ord(g) < oo, but the only element in I(H) with finite order is e. We
then have that g € Ker(y). Therefore,

1Y) ona(g) = I(¥)(e) = e = p(g).

Hence I(v)) ong = ¢ if g € Ker(ng).
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g & Ker (n¢). if g € Ker(ng), then we know that ord(g) = oo. Therefore, we see that

() ona(g) = I(¢)(g9) = ¢(9).

Hence I(¢) ong = ¢ for g & Ker(ng).
By our previous work, we then have that I(¢) o ng = ¢, as desired. Now 1 is of course
unique based on its construction, since its definition depends directly on ¢. We then have that
ne : G—> I(F(G)) is universal from G to I for each G € Ab!
We then have by Theorem 4.1 that F, I form an adjunction, so that F'is the left adjoint of
I. Hence by definition, we see that AByr forms a full reflective subcategory of Ab.

Exercises
1. Is FinSet a reflective subcategory of Set?
2. Let G and H be a groups. Prove that
G+ H/|[G+H G+ H =G/|G,G)® H/[H, H]

where G % H denotes the free product of G and H. (What this is saying is that F' :
Grp — Ab, the abelianization functor, preserves coproducts. Eventually, this fact will

immediately follow by our knowledge of the adjunction Grp # Ab. )
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Equivalence of Categories

In an ideal world, if we have a category of which we are interested in, our goal would be to find
an isomorphism between it and a category of which we understand very well. We then know
that certain mathematical structures are invariant between transitioning between the two, so
that we could better understand our desired category.

However, this is generally too much to ask for. Many categories which are constructed
are constructed in such a way that they’re not isomorphic to anything we’re familiar with; if
they were, then they probably wouldn’t be interesting. Hence we have a more useful notion of
equivalence between categories.

Definition 4.3.1. Let F' : C —> D be a functor. We say that C is equivalent to D if there
exists a functor GG : D — C and natural isomorphisms n: [ — G o F and ¢ : F o G —> Ip.

In this case, we say both F' and GG are an equivalence of categories.

Example 4.3.2. Let X and Y be sets, and regard them as discrete categories. Then a functor
F: X — Y is just a function between sets. In this case, to say that X and Y are equivalent
is if there exists a functor (function!) G : Y — X such that we have natural isomorphisms
Ny : x —> G(F(x)) and ¢, : F(G(x)) —> x. However, each category has nontrivial morphisms;
hence we see that each of these must be identity morphisms so that

What this then means is that an equivalence of categories for sets is just a pair of invertible
functions. That is, it gives rise to an isomorphism.

Since n,e are already natural transformations, this simply makes them natural isomor-
phisms. It turns out that the notion of equivalence is more useful than of an isomorphism. An
isomorphism is just too much to ask, but equivalence does give us nice invariants too.

Definition 4.3.3. A adjoint equivalence between categories C' and D is an adjunction
(F,G,n,e) where the unit and counit 7 and € are natural isomorphisms.

It turns our an adjoint equivalence is the same thing as an equivalence between categories.
But before we move on, we prove a lemma and a proposition.

Lemma 4.3.4. Let C be a category, and f : A—> B a morphism. Then f induces a natural
transformation

f* : Home(C, —) — Hom¢(C', —)

Then f* is a monomorphism if and only if f is an epimorphism, and f* is an epimorphism if
and only if f is a split monomorphism (that is, if and only if f has a left-inverse.)
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Proof.
=—> Observe that Hom¢(C,—) — C —> Set is a functor. Then f* : Hom¢(C,—) —
Home(C’,—) is a natural transformation where f : ¢’ — C. Now suppose 1,7 :
F—>Hom¢(C, —), where F : C—> Set is a functor, are natural transformations. Then
if f* is monic,
fron=fron = n=n.

Now let h : A—> A’ be a morphism in C. Then we have the commutative diagram

4 FA) —"" . Home(C, A) ——» Home(C", A)
h F(h) Ih* hs
A F(A") ——— Home(C, A') ——— Home(C", A')
NAT 41 f

where we denote 14,1/, on the arrow to signify the fact that both 74,7/, are morphisms
from F(A) to Home(C, A). Now let © € F(A). Then

froma(x) = fromy(x) <= na(x)o f =)o f.
But if f is monic, then f*ona(z) = f* o/, (x) implies that n4 = ny. Hence we see that

na(@)o f=n(x)o f = nalz) =ny(z).
<= Now suppose f is epic. Then using the same notation as earlier, note that

frona(z) = frony(z) <= na(x)o f=n4(x)of = na=na

Hence we see that f* is a monomorphism.

Taking the dual of what we proved, we prove the second part of the lemma. Now we’ll use
this lemma in the theorem below, one which will be very useful.

Proposition 4.3.5. Let (F, G, n,¢) be an adjunction between categories C and D. Then

(¢) G is faithful if and only if for each D € D, ¢p is epic

(2¢) G is full if and only if every ep is split monic.

Therefore, G is full and faithful if and only if p is an isomorphism between F(G(D)) and D.

Proof. If G : D—>C is a functor, then we see that G itself becomes a natural transformation
between the two functors:

GD7, . HOHID(D, —) —> HOHID(G(D), G(—))

Recall that we have an adjunction given by F,G. Then there exists a bijection ¢ where

Yc,p’ - HOI’Ilc(F(C), D/) —> HOHID(C, G(D))
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Thus ¢! : Homp(C, G(D)) —> Homp(F(C), D). Moreover, if D is an arbitrary object, this
becomes a natural transformation between the two functors:

905}_ : Homp(C, G(—)) — Hom¢(F(C), —).
Let C = G(D). Then we have the following sequence of natural transformations:
Gp,—

—1
Ya(p),c(-
_—

" Homp(F(G(D)), —)

Homp(D, —) Home (G(D), G(-))

Composing the natural transformations, we finally obtain a natural transformation
90(_;%1)),0(—) o Gp_ : Homp(D, —) — Homp(F(G(D)),—). How is this natural transforma-
tion given? We can assign — as D itself, and see what happens when we consider the identity
morphism 1p : D — D. In this case

SOE:%D)(;(D) o GD,D(lD) = @G(D),G(D)(lG(D)) =£&Dp

by definition of the counit ep. Now we understand how this poorly-notated natural transfor-
mation works! In general, for and f: D — D', we see that

(pg‘%D),G(D’) oGp,p(f) = foep. (4.1)

Thus, we see that this natural transformation is in disguise; it’s actually just e},

HOIIlD(D, —) — HOIHD(F(G(D), —)'

(1) <= If G is faithful, then the natural transformation in equation (7) is one to one. This
makes €7, a monomorphism. By the previous lemma, this holds if and only if €p
is epic for every D in D.

(i1) <= On the other hand, if G is full, then this natural transformation in equation (7)
surjective. This makes €7, an epimorphism, and by the previous lemma, that holds
if and only if €p is a split monomorphism.

Theorem 4.3.6. Let F': C—> D be a functor. Then the following are equivalent.

(2) G is an equivalence of categories

(i¢) G is part of an adjunction (F,G,n,e) where n, e are natural isomorphisms

(¢¢¢) F is full and faithful, and each object C' is isomorphic to G(D) for some object D.

Note that this theorem is symmetric; one could interchange G with F', and then obtain the
same exact results. Thus, one way of stating this theorem is that C and D are equivalent as
categories if and only if there exits full and faithful functors F': C— D and G : D —>C; or if
and only if F G form an adjoint equivalence.
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Proof.
(1) = (442) Suppose we have an equivalence of categories given by F' : C — D and
G : D —> C, with natural isomorphisms

p:FoG=1Ip Y :GoF = Ie.

Let f: C'—> C’" be a morphism in C. Then observe that the following diagram

%, G(F(C)) —“— C
f G(F(C)) f
' G(F(C") —— C'

is commutative. In an equations, we have that f = ¢, o G(F(f)) o ¢z . Thus suppose
that fi, fo : C —> C’ are two morphisms such that F(f;) = F(f2). Then we get a pair
of commutative diagrams, similar to the ones above, which translate into the equations

fi=vpoGF(f)othel  fa=ve o G(F(f2))otbal

Then if F'(f1) = F(fs), the above equations guarantee that f; = f,. Hence we see that
F is a faithful functor. Since the statement is symmetric in both F' and G, we have also
that G is faithful.

To show that F' is full, suppose there exists a morphism h : F(C') — F(C") for a pair
of objects C,C". Let f =1 o G(h) o . Then we have the commutative squares

G(F(C)) —— C G(F(C) —“— C
G(h) f G(F(f)) !
G(F(C") —— C" G(F(C") —— C"

and hence we have that G(h) = G(F(f)). But since G is faithful, this implies that
h = F(f). Hence we have that there exists a f': C'—> C’ such that h = F(f), so that
F is full. Again, by symmetry, we have that G is full, as desired.
Now since ¢ : Go F' = I¢, we see that every object C is assigned an isomorphism ¢¢ :
G(F(C)) —> C. Hence every object C' is isomorphic to some G(D) where D = F(C).
Similarly, since 1 : F'oG = Ip, we know that each object D is assigned an isomorphism
Yp : F(G(D)) — D. Hence every object D is isomorphic to some object F(C') for
C =G(D).

(i¢¢) = (i2) Suppose (ii7) holds. For any arbitrary object C' € C, there exists an isomor-
phism 7n¢ : C'— G(D) for some object D € D. Denote such an object as Fy(C). Now
consider any other morphism ¢ : C'—> G(D’). Then we have that
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is commutative. Now since g o n5' : G(Fp(C)) — G(D'), and because G is full, we
know that there exists a h : Fy(C) —> D’ such that g o nz' = G(h). To show that this
is unique, suppose there existed another k : G(Fo(C)) — G(D’) such that g = k o n¢.
Then by the same argument, there exists a h' : Fy(C) —> D’ such that G(h') = k.
Furthermore, we’ll have that

k=G)=gons" Gh)=gon'

so that G(h') = G(h). However, since G is faithful, we have that /’ = h. Hence, h is
unique!

Since h is unique, this implies that ne : C—> G(Fy(C)) is universal from C to G. Since
such a universal isomorphism exists for each object of C, we have by Proposition 4.1
that there exists a functor F' : C — D with object function Fy(C') which is left adjoint
to G. Hence we have an adjunction (F,G,n',¢). However, since universal morphisms
are unique, we see that 17’ = 7, so that n, our unit, is a natural isomorphism.

Finally, observe that for any object D, we have that

G(ep) o na) = lap)

for our adjunction. Since 7¢(p) is an isomorphism, we have that G(ep) = 775(1[)), Sine
G is full and faithful, we see that ep must be an isomorphism as well.
Thus, in total, we have an adjoint equivalence (F,G,n,¢), as desired.

(i1) = (i) This direction is clear, since an adjoint equivalence automatically establishes

an equivalence of categories.

With (i) = (iii) = (ii) = (i), we see that all of the conditions are equivalent. W

Example 4.3.7. Let R and S be rings and consider the categories R-Mod and S-Mod. Then
there are two different “product” categories we can form: The categories (R x S)-Mod and
R-Mod x S-Mod

Next, we introduce some properties of equivalences.

Proposition 4.3.8. Let F' : C — D be an equivalence of categories with the corresponding

inverse functor G : D —>C. Let f: C —> C’ be a morphism in C. Then

(¢) fis a monomorphism (epimorphism) if and only if F'(f) is a monomorphism (epimorphism)
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(i4) C'is initial (terminal) if and only if F'(C) is initial (terminal).

Consequently, we have that f is an isomorphism (a monomorphism and epimorphism) if
and only if F(F') is an isomorphism. Note this is not generally true! Additionally, we also
have that C' is a zero object (terminal and initial) if and only if F'(C') is a zero object. Finally,
observe that this proposition is symmetric, so that the same conclusions hold for morphisms
and objects in D governed by G : D — C.

Proof.

(1) = Suppose f : C'—> C" is a monomorphism. Consider two morphisms ¢, h : D —>
F(C) such that F(f)og= F(f)o h. By the previous theorem, we know however
that there exists an object A of C such that D = F(A). Hence there exists an
isomorphism 6 : F/(A) — D. We then have the diagram:

F(A) —> D % Fo) 29 pe

Note that ho 6,900 : F(A) — F(C). Since F is full, we know that there exists
morphism k, k' : A—> C such that go 0 = F(k) and ho 8§ = F(k'). Now observe
that

F(fok)=F(f)oF(k)=F(f)ohof
F(f o k) = F(f) o F(K) = F(f) 0 906,

However, since F(f)oh = F(f) o g, we see that F(f o k) = F(f o k). However,
since F' is faithful, we have that f ok = f o k’. But since f is a monomorphism,
we have that & = k/. Hence F(k) = F(k') = go6 = ko0, and since 0 is an
isomorphism, we have that h = g. Therefore, F'(f) is also monic.

<= Suppose f: C—> C" and F(f) is monic. Consider two morphism g,h : A—> C’
in C, and suppose that fog = fok. Then F(f)oF(g9) = F(f)oF(k) = F(g) =
F(k), since F(f) is monic. However, F is faithful, so that g = k. Hence f is monic
as well.

(i¢) == Suppose C'isinitial in C. Let D be an object in D. Then observe that, since C and

D are equivalent, there exists an isomorphism 6 : F(A) —> D for some object A of
C. Since C' is initial, we know that there exists a unique morphism fo : C — A.
Hence F(fc): F(C)—> F(A). We then have that F(f.) o6 : F(C)—> D. Hence
there exists a morphism from F(C) to D.
Now suppose fi, fo; F(C)—>D. Then 6~1o f;,07 o f5 : F(C)—>F(A). Since F is
full, we know that there exist morphism ki, k; : C—> A such that F(k;) =010 f;
and F'(ky) = 071 o f,. However, since C' is initial, we see that k; = ko = fo. Hence
fi1 = fa, so that there is exactly one morphism f; = fy : F(C) —> D.
Since D was an arbitrary object of D, we have that F/(C) is initial.

<= Suppose F(C) is an initial object. Consider any object C” of C. Then since F'(C)
is initial, there exists a unique morphism f : F(C') — F(C"). Since F is full, we
know that this corresponds with a morphism k : C'—> C” such that F(k) = f.
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Hence we have a unique morphism k : C'—> C’. And since C’ was an arbitrary

object of C, we have that C is initial, as desired.
|

The proofs in which we proved f to be an epimorphism, and for C' to be a terminal object,
are very similar. This proposition will soon be generalized, but this gives us insight into how
useful the concept of equivalent categories truly is.
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Adjoints on Preorders.

Interesting things happen when one applies adjoint concepts to functors between preorders;
ones which preserve order in a special way. It’s actually often the case where we have two
mathematical structures involving chains of arrows which reverse when transferring between

one and the other. We give such a concept a definition first, before introducing a theorem
about such structures.

Definition 4.4.1. Let P and Q be two preorders. If there exists functors F' : P — Q and
G : Q —> P such that

F(P)<@Q < P<G(Q),

That is, there exists f : F(P) — @ if and only if there exists g : P —> G(Q), then F and G
are called a monotone Galois connection. On the other hand, if we have that

F(P)<@Q < P=G(Q)

then F' and G are called a antitone Galois connection.

Theorem 4.4.2. Let P, Q be two preorders, and suppose F' : P —> O° and G :
Q°° — P are two order preserving functors. Then F' is left adjoint to G if and only if
forall P € P and QQ € Q

F(P)2@Q < P<GQ).

Given such an adjunction, we then have that our unit establishes P < G(F(P)) and the
counit establishes F(G(Q)) < Q.

Proof. Observe that if F' is left adjoint to GG, then we have the bijection
HomQDP(F(P)7 Q) = HOH]p(P, G(Q))

which gives rise to the desired correspondence; on the other hand, such a bijection gives rise to
an adjunction. With such an adjunction, we know that for each P, (), there exist morphisms
np: P— G(F(P)) and g : F(G(Q)) — Q. Hence P < G(F(P)) and F(G(Q)) > Q. N

The above theorem came out of the observation that there is a connection between fields,
their subfields, and their groups of automorphisms, an observation which arises in Galois Theory.
The goal of Galois Theory is to understand polynomials and their roots; when they can be
factorized, when and where we can find their roots. The study of Galois groups is now used
widely in number theory. For example, part of Andrew Wiles’ work in proving Fermat’s Last
Theorem involved Galois representations.

It was this theorem, rooted in Galois Theory, that motivated the Theorem 4.77 at the
beginning of this section. The Fundamental Theorem of Galois Theory is simply a stronger,
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special case, since in this case, the functors are literally inverses of each other. The theorem we
introduced, however, simply requires the functors to be adjoints of one another.

Example 4.4.3. Let U,V be sets, and observe that their power sets P(U) and P(V) form
categories; specifically, preorders, ordered by set inclusion.

Suppose f : U —>V is a function in Set. Then f induces a functor f, : P(U) — P(V),
where

fo(X) ={f(@) |z € X}.

Note that if X C X', then f.(X) C f.(X’). Hence this is an order-preserving functor. Now
observe that f also induces a functor f*: P(V) — P(U) where

) =A{z| f(x) eY}.

Note that this also preserves order. In addition, we have that if f.(X) <Y, then this holds if
and only if f(X) C Y. We then have that this holds if and only if X C f.(Y'), Hence we have
a Galois connection, so that we may apply Theorem 4.77 to conclude that f, is left adjoint to

fr
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Exponential Objects and Cartesian Closed Categories.

Before we introduce the notion of cartesian closed category, we begin with a preliminary propo-
sition.

Proposition 4.5.1. Suppose C is a category, and consider the functors
U:C—1 A:C—CxC.

where 1 is the one object category.

(¢) If U has a left adjoint, then C has an initial object.

(¢) If A has a left adjoint, then C has finite coproducts.
(¢¢¢) If U has a right adjoint, then C has a terminal object.
(tv) If A has a right adjoint, then C has finite products.

The proof is a straightforward, although tedious, so we sketch it out as follows.

Proof.
Adjoints of U. First, let F': 1—>C be a left adjoint of U. Suppose F(1) = I in C. Then
for any C € C, we have the bijection Hom¢(F'(1),C') = Homy (1, U(C)) which implies that

Home(7,C) = Hom;y (1, 1).

In other words, for each object C', there is exactly one and only one morphism i : I — C,
which makes I an initial object.

On the other hand, suppose G : 1—>C is a right adjoint of U. Then if G(1) = T, we have
the bijection Hom (U(C), 1) = Hom¢(C, G(1)) which implies that

Homj (1,1) = Home(C, T')

so that for each object C there exists a unique morphism to : C'—> T, which makes T" a
terminal object. Hence left and right adjoints guarantee the existence of initial and terminal
objects.

Adjoints of A. Let FF : C x C —> C be a left adjoint of A, so that we have the
relation

F
CxC —=¢C

Then for each object (A, B) € C x C, we have the morphism 74 p) : (A, B) — A(F(A, B)),
which we can rewrite as nap) : (A, B) — (F(A,B),F(A,B)). We can put this into a
universal diagram

(4, B)

TI(A,B)
—_—

(F(A, B), F(A, B)) (A,B) —“ . (A11 B, AT B)

v v

(C,D) (C,D)




190 Chapter 4. Adjunctions.

where the diagram on the right is the coproduct diagram of A x B. Since both of the pairs
((F(A, B),F(A, B)), 7](,473)) and <(A X B, A X B), (w4, 7TB)> are universal from (A, B) to A,

they must be isomorphic. As two universal objects are isomorphic, we therefore have,
F(A,B)=Z Al B

so that a left adjoint gives rise to products.
Let G : C x C—> C be a right adjoint of A, so that we have

A
C—Cx¢C
G

The adjunction gives rise to a universal morphism €4 5y : A(G(A, B)) — (A, B), which we
can rewrite as €(4,p) : (G(A, B),G(A, B)) — (A, B). We then have the diagram

(4, B) <" (G(A, B),G(A, B)) (4,B) 2™ (A x B, A x B)
A A

\ §(9’79’> \ i(f’f’)
(C, D) (C, D)

where the diagram on the right is the product diagram of A x B. Thus we see that
<(G(A,B), G(A, B)),E(A’B)> and <(A x B,A x B), (’/TA,’/TB)) are both universal from A to

(A, B). As universal objects from the same construction are isomorphic, we have that

G(A,B)~ Ax B

so that this adjunction gives rise to coproducts. |

Thus if we have left and right adjoints of the functors U and A, we get initial and terminal
objects as well as finite products and coproducts. Note, however, that finite products require
(and give rise to) initial objects, and similarly that finite coproducts require (and give rise to)
terminal objects.

Next, we make the following definition.

Definition 4.5.2. Let C be a category with finite products. Suppose Y, Z are objects in C. We
say Z" is an exponent object in C if there exists a morphism eval : (Z¥ x Y) —> Z which
is universal from — x Y : C —> C to the object Z.

Visually, this translates into requiring that the following diagram commutes.

7 vl gy oy ZY

A
\ (h,idy)

X xY X



4.5 Exponential Objects and Cartesian Closed Categories. 191

Hence, every morphism, with the domain being any product with Y, and codomain being
Z, uniquely factors through ZY¥ X Y.
Here, we’ll stop and look at a pretty cool real world example.

Example 4.5.3. Consider the category Set. Then we know that, for any two given objects Y
and Z, we can form a set of functions between the objects:

Homget (Y, Z).

Thus, the collection of morphisms from sets Y to Z is itself a set, and hence a member of Set.
Now let A be any object in Set, and let

X={fecSet|f:AxY —Z}.
Define eval : Homge (Y, Z) X Y —> Z as, who would’ve guessed, the evaluation:
eval(f(y),y) = f(/)
Now for each a € A, we can define a function g, : X x Y —> Z where foreach f: AXY — 7
9a(f.y) = fla,y) € Z

so this is sort of a "double" evaluation function. Then for every such g,, there exists a unique
hg : X —> Homget (Y, Z) where for each f: AXY — Z

half) = flayy) Y — Z.

Thus we get the following commutative diagram:

Z <2 Homge(V, Z) x Y AS
A A

o | (hasidy) ha

X xY X

What is this? What’s really going on and why do we care?
This construction relates to a concept in computer science called currying. Applied category
theory in computer science generally works in Set, so that’s why this idea transfers over.

The idea is: given a multivariable function, do we evaluate all arguments at once, or eval-
uate just one argument, thereby sending a function to another function? Both methods can
offer advantages. But universality tells us that, in the end, they’re the same thing.

We can think of X xY" as being elements (f(a,y),y’) where f : AxY—>Z. Then h evaluates
f(a’,y) for some a’, thus sending the function f : A X Y — Z to the function f : Y — Z.
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That is,
(h xidy) o ((f(a,9),9)) = (f(a’,),9).
Finally, eval evaluates f(a’,y) at ¢/, returning an object in Z.
Alternatively, we can start with the object (f(a,y),y’), and simply act on g, which evaluates
it at both a’ and ¢/, returning the same object f(a’,4’). Thus in the realm of computer science,

we may think of the morphisms (h,id,), g and eval as commands, as this is how currying is
often done.

The universality of this constructions states that both methods are the same; that is,
g =-evalo (h xidy).

Since we started with arbitrary objects in Set, the consequence for computer science is that
we can always curry these functions. Typically what is curried are types, such as Bool or Int.

In an arbitrary category of finite products, the exponential object is just a generalization of
currying. But in Set, we see that an exponential object exists for any two pairs of sets. Thus,
can we turn this exponential assignment into a functor? Yes,we can.

Definition 4.5.4. Let C have finite products and exponential objects for every pair of objects.
Then for each Y in C we can create an exponential functor EY : C — C as follows.
Objects. For each Z € C, we define EY (Z) = Z¥.

Morphisms. Let f: A—> B be in C. Then we note that we have the following diagrams.

A <l Y oy AY B <ole py .y BY
A A A A

g i (h,idy") i h , i (h/,idy) i h'
i i g | i

X xY X X xY X

Now observe that we can form the morphism f o eval, : AY x Y —> B. Hence by
universality of BY, there exists a unique morphism A’ : AY — BY. Diagrammatically,
we take the above diagram on the right, and replace X with AY and g with f o evaly.

B evalB BY X Y BY
A A

foeval, 3 (W' idy) 3 %

AY xY AY

Since h exists if f: A— B exists, we therefore define

EY(f:A—B)=n": A — BY
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where A’ is the unique morphism such that
foevaly =evalyo (h',idy).

Note that there’s one more cool connection here. If we have a category with finite products,
and one in which exponential objects exist, then we have a morphism evaly : AY xY — A
which is universal from the functor — x Y : C — C to A. Therefore, this is a counit!
There’s an adjunction hiding here.

Proposition 4.5.5. Let C be a category with finite products and exponential objects. Let Y
be an object, and define the functors

Py:(—)XYIC*)C
EY =(-)Y:Cc—C.

Then EY is right adjoint to Py for every Y € C. Therefore,
Home (X x Y, Z) = Home (X, ZY)

which is natural for all objects X,Y, 7 € C.

Proof. For each object A € C, the exponential object gives rise to a universal morphism
eval, : AY x Y —> A. So on one hand, we get the diagram on the left

eva. eval
A gy oy AY A ——— Py(EY(A)) AY
A A A "
) (hidy) n ) (hidy) '
XxY X Py(X) X

but on the other hand, the diagram on the right is exactly equivalent. Hence we see that eval
is actually a counit e4 : Py(EY (A)) —> A. Since such a counit exists for each A, this gives

rise to an adjunction, so that EY is right adjoint to Py for every object Y in C. |

Finally, we have everything we need to move onto to the main point of this section.

Definition 4.5.6. Let C be a category. We say C is a cartesian closed category if the
functors

U:C—1 A:C—CxC Pr=(-)xY:C—C
have right adjoints. In other words, C is cartesian closed if
1. There exists a terminal object T'
2. C has finite products
3. An exponential object AY for every A € C for all Y.
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Thus the work we just did was used in showing that our three-bullet point list is another
definition of a cartesian closed category. Often, only one definition or the other is offered, and
it’s not trivial how they’re equivalent, so it can be confusing. Thus our work shows that either
definition is equivalent.

Some examples include Set, which we already dealt with. Set has a terminal object (empty
set), has finite products, and has an exponential object. More interesting is Cat, which is
cartesian closed. In this case, 1 is the terminal object, Cat is closed under finite products, and
the exponential object exists. In this case, C? is simply the functor category!

At first, it seemed silly to define CB as the category of functors from B to C, since it seemed
that it ought to be denoted B¢. However, we see that this was really just because of the concept
of exponentials, which isn’t known when being introduced functor categories.
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KeF(L/F)
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Gal(L/F) D -t [[F - 1] F
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TK; TK; AN | |

{5. Limits and Colimits.

Before we begin, we reintroduce certain terminology.

Definition 5.0.1. Let C be a category. We define a diagram of a shape J to be a functor
F.J—C.

Here, J is generally thought of as an indexing category. We use the word diagram because the
image of J under F' is literally a diagram of morphisms.

In this example, on the left we have the category .J, and on the right we have the diagram of
J in C. Now recall the diagonal functor

A:C—C’

is a functor which sends each object C' € C to the functor A(C') : J—>C, where, for each j € J,
we have

AO) () = C.
This motivates the following concept.

Definition 5.0.2. Let C be a category and F' : J—>C be a functor, where J is a small category.
We define a cone over F' with apex C to be a natural transformation

A(C) —> F.
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Equivalently, it is an object C' equipped with morphisms w; : C — F(i) for each i € J such
that, for every f :i—>j in J, the diagram

commutes.
In the same fashion, we may define a cocone with base C' under F' as a natural trans-

formation

F—>A(C).

Equivalently, it is an object C' equipped with morphisms w; : F(i) — C for each i € J such
that, for every f :i—>j in J, the diagram

F (i) ! F(j)

Uq Ug

commutes.

Alternatively, we could have defined the above, second definition as a "cone," and then
defined the first definition as the "cocone". Why? Well, it’s the same arbitrary nature in which
physicists encountered electrical charge; one was named negative, the other was named positive.
For all we know, in a parallel universe protons were said to have "negative" charge and electrons
were said to have "positive' charge. In the end, nomenclature is arbitrary when it comes to
duality.

Try to recall: what is a limit in a category C? When we speak of one, we're talking about

the limit of a functor
F.J—C.

There are multiple, but equivalent ways to think about it.

A limit can be thought of as a universal object (Lim F,u : A(Lim F') — F') from A to
F.

F v A(Lim F) Lim F
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o A limit can also be thought of as a universal cone. We know that if we have a limit, then
we have an object Lim F' and a natural transformation A(Lim F')— F. Hence, this forms
a cone. As we also pointed out, a cone induces a family of morphisms u; : Lim F'— F'(7).

What makes this cone a "universal" cone is the fact that, for any other cone A(C)— F,
the above diagram establishes the diagram below.

o In a better way, one can think of it as being a universal spider! One could also think of
it as a squished spider, or more optimistically, a two dimensional spider.

C

I
:
I
I v
f !
I
l
\4

Lim F
U; uy
uj Uk

Now try to recall what Colimits of a diagram F' : J—>C are. As before, there are multiple,
but equivalent ways to think about it.

Uj

F(l)

A colimit can be thought of as a universal object (Colim F,u : F —> A(Colim F')) from

F to A.
F —=— A(Colim F') Lim F
/ s 3
v v
A(C) C

« A colimit can also be thought of as a universal cocone (or just cone). Given a colimit of
F : J—C, we have an object Colim F' and a natural transformation u : F—>A(Colim F).
Hence, this forms a cocone (again, or just cone). As we also pointed out, a cocone induces
a family of morphisms w; : F'(i) — Colim F.
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What makes this cocone a "universal" cocone is the fact that, for any other cocone F'—
A(C), the above diagram establishes the diagram below.

e One can also think of this as a universal spider! Or it can be thought of as a jealous
object; if any other object C' is "the center of attention,"i.e. has morphisms pointing to it,
Colim F' will get angry, so the morphisms have to go through Colim F' via f first before

they reach C.

C

H
|
|
|
|
|
|

h fi

Colim F

uj

Ul
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Every Limit in Set; Creation of Limits

While we have been discussing limits and colimits of functors, we generally consider the case
in which they exist. However, they sometimes don’t exist; after all, limits and colimits are
universal objects. Categories which do admit these constructions are often convenient places
to work inside of. This is analogous to complete metric spaces X, where every Cauchy
sequence is convergent in X. With such an analogy in mind, the following definition should
make sense.

Definition 5.1.1. Let C be a category. We say C is complete if all small diagrams in C has
limits in C; in other words, if every functor F': J—>C, where J is a small category, has a limit
in C.

Similarly, we define:

Definition 5.1.2. Let C be a category. We say C is cocomplete if all small diagrams in C
has colimits in C. In other words, every functor F': J—>C, where J is a small category, has a
colimit in C.

Now we show how to construct limits inside of Set, thereby showing that this category is
complete.

Example 5.1.3. For this example, let J = w°P, where w is the preorder of natural numbers.
Since we are asking for the opposite category, we reverse the arrows and get the diagram below.

R

Now suppose F' : w? — Set is a functor. Then if we write F'(i) = A; with A; € Set, then we

see that the image of F' is a family of sets F,, with functions f, : A, 1 —> A,:

One way we could try forming a limit of this diagram is by constructing a cone, using the
product of these sets.

A(] fo Al i A2 P A3 f3

1 s
™ 2
3

I A;
=0

However, this isn’t exactly what we want. A cone must form a commutative diagram and it’s

not always true that f,, om, 1 = m,. So let’s instead restrict our attention to a subset L C H A;
i=0
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where the points (ag, ay, ..., a,,...) do satisfy this relation.
L= {x = (ag, a1, G2,...,) | fnomnyi(a) = ﬂ'n(l')}
and equip L with the functions 7/, where
n, =m,0i: L— A,

(o)
where ¢ : L —> [] F; is the inclusion function. Then we have
i=1

AO fo Al fi A2 f2 A3 f3

so that L forms a cone. We now prove that this cone is universal.
Lemma 5.1.4. The set L is the limit of the functor F': w°? — Set.

Proof. Suppose K is another cone over our diagram, equipped with morphisms 1, : K —> F},.
Since this is another cone, we have that f, oy, 1 = p,. Now let £k € K. Then we can form

an element
o0

v = (po(k), (k) pa(k),...) € [

=1

since each u,(k) € F,. Now observe that

fn o 7Tn+1(x> = fn(ﬂn-i-l(k)) = ,un(k) = Wn(m)'

Thus we see that f, o m,41(x) = m,(z), so that by definition, z € L. Hence we can create a
unique function g : K — L where for each k € K,

g(k) = (po(k), pa (k) pa(k), . ..)

so we then have that
T © g = fn.

Hence, this shows that (L, 7, : L — F},) is universal, so that L = Lim F'!

fo f1 f2 f3
F F F F:
0 P AL
e —
/// —
L=LimF < P K
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If we want to view this in terms of the spider diagrams, then we have

I3

Here, we've taken a nice, simple diagram F' : w°® — Set and shown that there exists a
limit L of the diagram inside of Set. However, we can do this more generally, so that Set is
complete. To illustrate this we need the notion of a set of cones.

Note that in the last example, we can actually think of each x = (xg,z1,22,...) € Lim F
as a cone. How so?

1. For each & = (xg, 21, x9,...) € Lim F, consider the one-point set {x}.

2. Associate {*} with the family of functions 7 : {x} — F,,, defined as

o () = Xy

Now since x € Lim F', we know that f,(z,41) = x,. But, note that this is equivalent to stating
that f,, o m,41(%) = m,_1(%). Therefore the diagram

T x
Tn Tn+1

Fn+1

commutes for every f, : F,.1 —> F},, so that’s how we can regard every x € Lim F as a
cone. Therefore, if we denote Cone(x, F') as the set of all cones of {*} over F, we see that
Cone(x, F') = Lim F..
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Theorem 5.1.5. The category Set is complete. That is, if J is a small category, every
functor F': J —> Set has a limit

Lim F' = Cone(x, F)

where Cone(x, F') is the set of all cones of {*} over F. The set Cone(x, F') forms the limit
cone with the morphisms v; : Cone(*, F') — F; described as follows. If z € Cone(x, F),
then z has a family of morphisms of : {#} — F;. Therefore,

v; : Cone(x, F) — F; vi(z) = o ().

Proof. First, since J is small, we know that Cone(x, F') is a set. For each j € J, establish the
morphism v; : Cone(x, F') — F}; where v;(x) = 05 (z), and o5 : {x} —> F} is the morphism
associated with = as a cone over F'.

We now show that it is a cone. Suppose f : i—> 7 is a morphism in .J. Then observe that
F(f)ovi(x) = F(f)oof(r) = 0f(x) = vj(z). Hence the diagram

Cone(x, F')

commutes, so Cone(x, F') really does form a cone over F'. To show this is universal, and hence
our limit, suppose that A in Set also forms a cone over F' with morphisms 7; : X —> Fj.
Note that for each a € A, we can form a cone from {*} to F, if we define o : {x} —> Fj as

0f(*) = 7j(a). Then the diagram

Cone(x, F')

E F(f) £

must also commutes since it commutes for each 7;. Thus we can define a unique function
g : A—> Cone(*, F'), where each point a is sent to the cone which it forms from {x} over F.
Therefore, Cone(x, F') is universal, so that

Lim F' = Cone(*, F)

as desired. ]
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The above proof can be repeated to show that others categories are complete, like Grp or
Rng.

In attempting to find the limit ' : J—>C in some category C, one strategy is to to compose
this functor with another one GG : C —> D, with the prior knowledge that D is complete. If one
knows D is complete, one then use this information to find the limit of F': J—>C.

Definition 5.1.6. Let F': J—>C be a functor. A functor G : C—> D creates limits for F if
whenever (LimGo F,7: A(LimG o F)—> G o F) exists, the limit (Lim F, o : A(Lim F) — F)
such that

G(LimF)=LimGoF  G(o)=r.

Similarly, a functor G : C—> D creates colimits for F' if whenever (ColimGoF,7: Go F—
A(Lim G o F) exists, the colimit (Colim F, o : F'—> A(Colim F') exists and
G(Colim F) = ColimGo ' G(o) =T.

The diagram below visually explains this process; the existence of limit in D on the left
implies the existence of the limit in C on the right. Moreover, the diagram on the left is the
image of the diagram on the right under G.

Example 5.1.7. Consider a functor F' : J —> Grp. We’ll show that the forgetful functor
U : Grp — Set creates limits for Grp.

By the previous theorem, we know that U o F'; J —> Set must have a limit Cone(x, U o F')
with the family of morphisms v; : Cone(x, U o F')—> U o F;. Now denote the set Cone(x,U o F)
as L. Then we can endow L with a group structure.

o For any 0,7 € L, we define o x 7 to be the cone where (o X 7); = 0; - 7;, where - is the
product in F;.

« For o € L, we define the inverse to be the function 0~' where (¢71); = o; ', with the
inverse being taken in F;.

All we’re really doing here is taking advantage of the fact that each o, 7 is really just a family
of functions o;, 7; : {#} —> F;. Thus we're taking advantage of the group structure in each Fj.
Thus L = Cone(x,U o F) is a group, which then makes the family of morphisms v; :
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Cone(x,U o F') into a family of group homomorphisms. To show this, simply observe that
vi(o X 7) = (0 X 7); =05 -7 = v(0) - vi(7T).

Now we claim that the cone Cone(*, U o F') with the morphisms v; : Cone(*, U o F') —> F; is
universal. To show this, let G be a group and suppose G forms a cone over F' with morphisms
i : G—> F;. Then U(G) forms a cone over Cone(x,U o F') in Set with morphisms U(y;) :
U(G) — U(F).

Since we know Cone(x,U o F') is a universal cone in Set, there exists a h : U(G) —> L such
that U(y;) = U(v;) o h;. However, note that h can be thought of as a group homomorphism.
For any ¢,¢" € GG, we have

hi(g-9') = ¢ilg - 9') = vi(g) x @i(g") = hi(g) x hi(g)
(h(g) - h(g")):-

Therefore, h : U(G)—> L can be realized back into Grp as a group homomorphism h : G— L,
thereby showing Cone(x, U o F') is a universal cone in Grp. This is one way in showing Grp is
complete.

What we really did in the last example was nothing special. Using the fact that Set is
complete, we transferred F' : J —> Grp over to Set via the forgetful functor U : Grp —> Set.
We calculated the limit, and showed that this can be realized as a limit in Grp. In this sense,
U : Grp —> Set creates limits in Grp. A similar strategy can be carried out for other
forgetful functors.

Example 5.1.8. Let C be a category and A an object of C. Recall that with the comma category
(A | C), we have a projection functor P : (A | C) — C where on objects (C, f : A—> (') and
morphisms h: (C, f: A— C)— (C', f : A—> C") we have that

P(C.f:A—C)=C  P(h)=h:C—C"

Now for any functor F': J—> (A | C), the functor P : (A | C) —> C creates limits. To see this,
we first interpret a functor F': J —> (A | C). For each j, we have that

F(j) = (Cj, fj : A— ()

for some C; € C and f; : A— C,. If u: j —> k is a morphism in J, then F(u) : C; — Cj,
is a morphism in C such that the diagram below commutes (as, that’s what morphisms do in
comma categories).



5.1 Every Limit in Set; Creation of Limits 205

Note that this is a cone over F' in C. Now suppose we have a limit Lim P o F' in C with
morphisms y; : Lim P o F— C; with ¢ € J. Then because Lim P o F' is a limiting cone, and
we must have a unique v such that the diagram below commutes.

The claim now is that (Lim Po F,v : A—> Lim P o F) is the limit Lim ' of F': J—> (A | C),
which is left for the reader to show.

Exercises

1. i Let J=w, and let F': J—> Set be a functor were F'(i) = A;. Show that Colim F’
exists and give an expicit description of it.
Hint: It will be a set endowed with an equivalence relation.

71. How does your answer chance when F': J —> Set is contravariant?
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Inverse and Direct Limits.

In the previous example, we calculated the limit of the diagram indexed by w°P. It turns out
that in general, we can construct a lot of mathematical ideas by first modeling them as the
limit of a functor F': J—> C, where J is a partially ordered set. Thus we give a special name
to this concept.

Definition 5.2.1. Let C be a category, and suppose the F': J°° — C has a limit object Lim F
in C, where J is a partially ordered set (where, if i < j, then there exists f : i —> j). Then
Lim F' is said to be a inverse limit or projective limit.

Dually, we define the colimit of a functor F': J — F to be direct limit.

There are many famous examples of these limits, with the following example probably being
the most familiar.

Example 5.2.2. Consider the functor F' : w°® — Rng where we define F(n) = F,, = Z/p"Z
with p being a prime. Then we have a diagram

7, fo Z/pZ f Z/pQZ fa Z/p3Z f3

where the maps f, : Z/p" ™' Z —> Z/p"Z are the projection maps. The limit of this diagram
turns out to be the p-adic integers Z,, and this is one way of defining them. The most popular
way to define them it to work in ring theory, establish p-adic valuations, and realize that the
valuations turn Z into a metric space; one which can be completed with respect to the metric
to give rise to Z,.

First, observe that they form a cone. Define the map

(o] n—1
Tn : Ly —> L/p"Z s (Z Clkpk> = Z arp” + p"Z.
k=0 k=0
Now observe that

00 n n—1
frn © Tpnit (Z akpk> = f, <Z ap® + p”HZ) = Z arp® + p"7Z

k=0 k=0 k=0
o)
k
= Tn <Z agp >
k=0

so we may conclude that f,, omn +1 = m,. Therefore, Z, does in fact form a cone with the
morphisms 7,, so the following diagram commutes.

Ly

3
iy
0 -

Z fO Z/pZ fl Z/pQZ f2 Z/p3Z f3
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Showing this is universal is simple once we realize that each element of Z, may be thought of
as a cone, in the same fashion as we did with Set. That is, we can just apply the previous
theorem to Rng. This then shows that it’s the universal object which we desire.

What about direct limits? A less-talked about idea , although definitely not less interesting,
is the dual of the above construction.

Example 5.2.3. Consider the functor F' : w —> Grp where we have F(n) = F,, = Z/p"Z,
with p being a prime. This time however we have the diagram

Z fO Z/pZ fl Z/pQZ f2 Z/pSZ f3

where we define each f,, : Z/p"Z —> Z/p" ' Z as the homomorphism
n—1 n
fn (Z akpk —|-an> — Z akpk+1 _‘_pn—HZ‘
k=0 k=0

That is, we simply multiply the sum by a power of p. It turn outs that the direct limit is the
Priifer p-Group Z(p>). The Priifer 2-Group is pictured below.
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iy

The Priifer p-group is the set of all p™ roots of unity, as n ranges over all positive integers.
Hence the points lie on the complex unit circle. Specifically, it is the group

-
Z(p™) = {exp( mm) |0<m<pne Z+}
pn

which forms a group under complex multiplication. How does this form a limit for our diagram?

Inverse limits are also used in Galois Theory. In Galois Theory, one can define a field
extension L/F to be a finite, normal, separable extension. However, it turns out that one can
remove the requirement for the extension to be finite. We then obtain infinite Galois groups,
which are constructed as follows.
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Example 5.2.4. Let F' be a field, and suppose L/F is normal, separable extension (not
necessarily finite!). Then we can define L/F to be a Galois extension, and we may speak of a
Galois group Gal(L/F), as follows.

Let F(L/F) be the category of all finite, normal extensions K of F' such that F* C K C L,
and G(L/F) is the category of all their Galois groups. Note that both F(L/F) and G(L/F') are
partially ordered sets, ordered by subset inclusion. To be precise, if K; C K; are in F(L/F),
then

Gal(K;/F) C Gal(K;/F)

and because G(L/F) is a preorder on subset inclusion, this implies the existence of some arrow
[+ Gal(K;/F) — Gal(K;/F). We can describe f = projg, , where

projy, /x, + Gal(K;/F) — Gal(K;/F) Projy, /k,(0) =0

K;

That is, we take each permutation o € Gal(K;/F) and restrict its action to K;, thereby making
it a permutation of K; which fixes F', and therefore a member of Gal(K;/F).
Now consider the product with the associated morphisms

Il Gal(K/F) 7k : [] Gal(K/F)— Gal(K;/F)
KeF(L/F) KeF(L/F)

Then we define

Gal(L/F) = {x =(,on-)€ ][ Gal(K/F)| Projg, /k; Ok, () = WKj(x)}.

KeF(L/F)
So Gal(L/F) forms a cone with morphisms 7g;:

Gal(L/F)

Gal(K;/F) Gal(K;/F)

Proji, /K ;

We then have to work to show that this cone is universal. However, the faster route is to simply
recognize that we can index G(L/F) in a monotonic way, since it is a partially order set. Thus
there exists a partially ordered set J such that if f : 47— j exists in J, then

F(i) = Gal(K;/F) F(j) = Gal(K;/F) = F(f): Gal(K;/F) —> Gal(K;/F)

Thus we have a functor F' : J —> G(L/F) which hits every Galois group Gal(K/F) in such
a way that it preserves the order in G(L/F'). Since the limit of every small diagram exists in
Grp, we can define Gal(L/F') to be the inverse limit of this functor, and we already know
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that the limit will have the form
Gal(L/F)—{('-- ok, ) e I Gal(K/F)|projKi/Kjo7rKi—7rKj}.
KeF(L/F)

and that it will be universal. So, this is how we extend the definition of Galois group from a
finite, normal, separable extension to simple a normal, separable extension.

This construction can be done more generally on a partially ordered system of groups, to create
these things called profinite groups.

Definition 5.2.5. Suppose we are given a partially ordered set of finite groups G, indexed by
some set I, equipped with morphisms {f/ : G;— G; | 4,5 € I ¢ < j} such that
1. f!: G;—> G is the identity idg,

2. floff=ft
Then we define the profinite group G of this system to be the inverse limit:

G = {(Qz')z'el e [1G: | f(a) :gj},

i€l

Note that requiring f7(g;) = g; is the same as requiring f/ o 7;(z) = 7;(x), where z € G, which
is how we defined Gal(L/F).

Thus in the previous example, we have that not only can we actually define Gal(L/F), but
our construction leads to it to becoming a profinite group. Profinite groups are actually very
special, in that they can be interpreted topologically.
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Limits from Products, Equalizers, and Pullbacks.

In our construction of limits for Sets, we basically forced the existence of a cone, because we
could. This is usually the general strategy when it comes to calculating the limit of a diagram
in a given category; one uses available, useful constructions which are already present inside
of a category. For example; in Set, we used the fact that it is cartesian closed to formulate
infinite products.

Since the general strategy for showing Set is complete can be extended to other categories,
one may wonder "well, why? And when will I no longer be able to apply this strategy?" The
theorem below answers this question.

Theorem 5.3.1. Let C be a category and J a small category. Suppose C has equalizers
for every pair of morphisms in C, and all products indexed by objects of J and morphisms
of J. Then every functor F': J—> C has a limit in C.

What do we mean by all products "indexed by objects of J and morphisms of J"? What we
want to do is be able to create products of the form

117 II Foaw= 11 Fe
jeJ wi—>k uij—>k
and know that they’re in C. The product on the far left is indexed by objects of J, while the
equal ones on the right are indexed by morphisms v : ¢ — k in J. It’s a bit weird to think of
a product "indexed by morphisms," but it’s exactly what it sounds like: we index over all the
morphisms, and take the product of the domain or codomain (in the above, we did codomain).
Why do we need this weird concept? To answer this, let’s go over the construction of limits
in Set in a bit different way:.
When we had a diagram F' : J — C in C, our first guess in constructing the limit was
designing the HFJ with morphisms 7; : HF] —> F;. However, this doesn’t actually form a

J J
cone, since for each u : j — k, we can’t guarantee
F(u)om; =my

That is, we can’t guarantee the diagram

117

jeJ

Fy, Fy,
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will commute, which is what we need for a cone. Since we needed F'(u) o w; = 7, we forced it.

But this forcing is simply realizing that, all = € [] F; which satisfy F'(u) o m; = 7, are simply
jed
members of the equalizer of F'(u) o 7; and 7.

Proof. Consider the products H F; and H F}. where in the last product we index over
jeJ wi—>k
all morphisms in J. With both products, consider the projection morphisms

i [ Fe—F;

wi—>k

Wj:HEHFj-

ieJ

Note that because we have products, we have universal properties which we can take advantage
of. That is, the following diagrams must commute for some f and g.

HFi sz 9 H F,

ieJ
| ieJ wi—>k
Tk i
i / 0 !
I o k
i Y
F II & F F,
w:j—>k F(u)

Note however that we can stack these diagrams on top of each other, to obtain

F,
Tk ™,
g
[IF II E
icJ f wi—>k
L ol
F; F;
i F(u) k

Since we have equalizers for every pair of arrows, we can form the equalizer e : D —> H F;
ieJ
of both f and g for some object D.

D T[F f I A

ied ’ wi—>k

Now that we have a morphism e : D— H F;, we can compose this with projections H F,—
ieJ ieJ
F; to produce a family of morphisms 7; oe : D — F;. If we like, we can even add this to our

diagram above to get the following:
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F,

Tk Tk

AN icd f w:t—>k
1223 \\\ urs ™
N
F, > F]
i F(u) k

(It looks like a boat!) Denote p; = m; 0 e : D —> F;. Then what the above boat diagram tells
us is that
T, 0 g = T F(u)om =m0 f.

Composing both equations with e, we get
mpogoe=m,oe  F(u)omoe=mofoe.
but since g o e = f o e, what this really tells us is that
Fu)omoe=mp,o0e = F(u)ou; = .

for every uw : i —> k in J. Therefore, we see that we have that

D
F; ) F,

commutes, so that D equipped with the morphisms u; : D — F; forms a cone. We now show

that this is universal, so that D is our limit. We do this by taking advantage of the universal
property which equalizers posses.
Suppose C' is another object which forms a cone with morphisms 7; : C'— Fj. Then there

exists a map € : C —> H F; such that m o e = 7;,. Moreover, this implies that foe = goe.
ieJ

But the universal property of the equalizer e states that for any subject object, there exists

a morphism h : D — (' such that the diagram below commutes.

D - 11 E I F

e wi—>k

g

/

|
1
|
|
|
|
1 €

h

Ur

v
c —" > F
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Since h : D — C is unique, this shows that D equipped with the morphisms p; : D —> F;
forms a limit of the diagram, so that D = Lim F'. |

We actually proved much more than what was stated in the theorem, since we literally found
the explicit form the limit.

As a corollary, we have the following result which is due to the above theorem. The only
difference is we strengthen our hypothesis, which makes it less general.

Corollary 5.3.2. Let C be a category. If C has all equalizers (coequalizers) and finite products
(coproducts), then C has all finite limits (colimits).

By Proposition 3.3.8, one can obtain finite products by simply demanding the existence of
binary products and a terminal object. Hence we can restate the above corollary:

Corollary 5.3.3. Let C be a category. If C has all equalizers (coequalizers), binary products
(coproducts) and a terminal object, then C has all finite limits.

Not what is even more interesting is that we can construct equalizers and finite products
from pullbacks.

Specifically, suppose our category C has pullbacks and a terminal object T'. For any pair of
objects A, B in C, suppose we take the pull back on the morphisms ¢4 : A—T and tg : B—T.
This then give rise to an object P equipped with two morphisms p; : P—> A and py : P— B,
universal in the sense demonstrated below.

C
g % N f
’
B«ap™ P—5 A

Now on the top left we have our pull back. However, on the top right, we’ve unraveled the
pullback and ignored the terminal object to observe that P has the universal property of what a
product would demand. Hence we may denote P = A x B as the product. Thus by Proposition
3.3.8 C has all finite products. Note that we wouldn’t have been able to construct this if we
didn’t have a terminal object; For example, if C was a discrete category, we wouldn’t even have
any morphisms to take a pullback on!

Now to derive equalizers, consider a pair of parallel morphisms f, g : A—> B. Then we may
simply take their pullback to obtain the diagram below.
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If p: Ax A—> A is the natural projection map, then because we have a trivial mapping
14 : A—> A, there exists a canonical canonical map ¢ : A—> A x A such that poi = 14.
Similarly, because we have mappings pi, ps : P—> B, we must have a mapping h : P—> A x A.

e Z\ pd h\

Ax A Ax A

Now we can take the pullback on the morphism h: P—> A x Aand 7 : A—> A x A to obtain
the equalizer.

Ax A

i

Hence we see that for finite limits, we can reduce our assumptions to pullbacks and a
terminal object, giving rise to the final corollary.

Theorem 5.3.4. If a category has pullbacks and a terminal object, then it has all finite
limits.
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Preservation of Limits

Definition 5.4.1. Let F' : J —> C be a diagram and suppose G : C — D is a functor. If
for every limit Lim /' exists in C with morphisms u; : C'—> F}, we say GG preserves limits if
G(Lim F) is a limit with morphisms G(u;) : G(C') —> G(F;). Moreover, we call such a functor
a continuous functor.

As an immediate consequence of the definition, it should be noted that a composition of
continuous functors is continuous.
Below we see a visual definition of a continuous functor.

D
gi “( gj
G(Lim F)
)V G(“J)
. G(F(g))
G(F(i)) : G(F(j))

There’s one particular and important functor which is always continuous in any category.

Theorem 5.4.2. Let C be a small category. Then for each C' € C, the functor
Hom¢(C,—) : C —> Set

preserves limits. (Dually, the functor Home¢(—,C') = Home(C, —) : C? —> Set takes
colimits to limits.)

Proof. Let F' : J—>C be a diagram with a limiting object Lim F' equipped with the morphisms
0; : Lim F—> F;. Then applying the Hom¢(C, —) functor to Lim F' and to each u;, we realize
it forms a cone in Set.

Lim F Hom¢(C, Lim F)

AN

> Fj Home(C, F) Home(C, F})

Now we show that Home(C, Lim F'), equipped with the morphisms o, is a universal cone;
that is, it is a limit. Suppose that X is a set which forms a cone with the morphisms
7; : X — Hom¢(C| Fy).
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/\

HomCC’F ‘HOIHcCF)

Then for each z € X, we see that 7;(z) : C —> F;. The diagram above tells us that
uwoT(x) = 7j(x) for each x. Hence each x € X induces a cone with apex C' with morphisms

7i(z): C— F,.
C
F; u > F,

However, Lim F' is the limit of F' : J —> C. Therefore, there exists a unique arrow h,

C' — Lim F such that h, o 0; = 7;(z). Now we can uniquely define a function : X —
Hom¢(C, Lim F) where h(z) = h, : C — Lim F, in such a way that the diagram below
commutes.

X

I
|
I
I
I
I
I
| Tj

Y

Hom¢(C, Lim F)

/ \

Home (C, F}) Home (C, F})

Ti

U

Therefore, Home(C, Lim F') is a limit in Set. |

At this point, you may be wondering: What is the difference between a functor which
"creates limits" and one which preserves them? We’ll see that their definitions are different, but
creating limits is the same as preserving them

Theorem 5.4.3. Suppose G : C —> D creates limits for ' : J—C. f Go F': J— D
has a limit in D, then G is continuous.

Proof. Suppose F : J—> C has limit Lim F' in C with morphisms v; : Lim F' — F; for
each ¢ € J. Further, suppose G o F' : J —> D has a limit Lim G o F' with morphisms
u; : LimGo F—> G o Fj.
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Since G : C —> D creates limits, this implies the existence of a limiting object X with
morphisms o; : X —> F} for F' : J—> C where G(X) = Lim G o F and G(0;) = u;. However,
limiting objects are unique (by their universal properties). As they must be isomorphic, there
exists an isomorphism ¢ : X —> Lim F' for which v; o ¢ = ¢;. Thus we see that

GLimF)= G(X)=LimGoF G(viop) = G(o;) = ;.

Therefore, G preserves limits and so is continuous. |

We have the following as a corollary.

Corollary 5.4.4. Suppose G : C —> D creates limits and C is complete. Then D is complete
and G preserves limits.
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Adjoints on Limits

Consider the free monoid functor F' and the forgetful functor U, as below. Recall that they
form an adjunction.

F
Set —— Mon
U

The way that we philosophically interpret this adjunction is as follows: For a set X, a monoid
homomorphism ¢ : F(X)—> M gives rise to a unique set function f : X —U(M). Conversely,
a set function g : X — U (M) gives rise to a unique monoid homomorphism v : F/(X) — M.

We will now observe that these functors exhibit nice behavior.

e Recall that products in Mon are simply products of monoids, while products in Set are
cartesian products. One can show that, for two monoids M, N, we have the isomorphism

UM x N)ZUM) x U(N).

Regarding this functor’s behavior, we say that the forgetful functor U preserves products.

o We may ask if the converse holds: Does the free functor preserve products? The answer
is no: Given two sets X, Y, it is generally not true that F(X x Y) = F(X) x F(Y) (as
monoids).

An easy way to see this is to let X =Y = {e}, the one point set. Then F({e} x {e}) =
F({e}) 2 Z, while F({e}) x F({e}) 2 Z x Z.

o What is interesting, however, is that the free functor does preserve coproducts. Recall
that the coproduct in Set is the disjoint union, while the coproduct in Mon is the free
product of monoids. Then it is true that, for two sets X, Y,

F(XIIY)~ F(X)* F(Y).

Thus we see that we have two functors that separately preserve products and coproducts. This
is actually very interesting; after all, a very useful question to ask about a functor is if it
preserves products, coproducts, equalizers, etc. For example, the fundamental group functor
preserves products, and this is an interesting result one usually proves a topology course.

We now explain why we have this nice behavior.

Theorem 5.5.1. Suppose G : D —> C is a right adjoint and F' : C —> D is its left
adjoint. Then G preserves limits and F' preserves colimits.

Before a proof, we make some comments.
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e An easy way to remember this is RAPL: “Right Adjoints Preserve Limits.” (Speaking
from experience, say it in your head a bunch of times or you’ll forget.) If you can remember
RAPL, then you can remember that, dually, left adjoints preserve colimits.

e The converse of this theorem does not hold.

o Typically, this proof is shown in one of two forms: It is “blackboxed” with a slick applica-
tion of the Yoneda Lemma, which is not illuminating or useful for a new reader. Or, it is
more usefully spelled out by showing that right adjoints preserve limits, and the second
statement is obtained by “dualizing”. For variety, we will show that left adjoints preserve
colimits. Then, the reader can try proving themselves that right adjoints preserve limits.

Proof. Let (Colim H, o, : H(i) — Colim H) be the colimit of the functor H : J —> C. This
means that we have the universal diagram below.

H(f)
Mapping this to D under F': C —> D, we obtain the diagram

F(Colim H)

/ \
F(H(f

We see that (F'(Colim H), F'(o;) : F(H(i)) HF(Cohm H)) is a cone over the functor F o H :
J —> D. We must show it is universal. Towards that goal, let (C,7; : F(H (1)) — C) be a
cone over ['o H : J—>"D. We must show that

1. There exists a a : F/(Colim H) —> C' such that a o F(0;) = 7; for all i € J
2. « is the unique morphism from F(Colim H) to C' with this property.

We show existence. Observe that each 7; : F(H(i)) — C induces a unique morphism ¢; :
H (i) — G(C) such that the diagram below commutes.

F(G(C) —— C

Ti
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Hence, we have a family of §; : H(i) — G(C). However, since Colim H is the colimit of H,
we obtain a unique morphism k : Colim H — G(C') such that the diagram commutes.

G(C)

k

Colim H

/\

H{(i) H{(j)

We then map this diagram in C to the diagram below in D via F"

el

F(k)

F(Colim H)

Thus we see that ec o F((k) : F(Colim H) —> C'is a morphism pointing from F(Colim) to C
such that the above diagram commutes. We have proved existence of such a morphism. It is
not difficult to show uniqueness, which is left as an exercise. Once we have uniqueness, we
can then conclude that (F(Colim H), F(0;) : F(H(i))— F(Colim H) forms a universal cone
over F'o H:J—> D, so that F(Colim H) is the colimit, as desired. [

Example 5.5.2. Using the above theorem, we now know that the free monoid functor F' :
Set —> Mon preserves coproducts. Therefore, we can say that for any sets X,Y, we have that

F(XIIY) = F(X) « F(Y).

Moreover, the free monoid functor is part of a larger family of free functors:
e Free group functor, F': Set — Grp
o Free abelian group functor, ' : Set — Ab
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o Free ring functor, F': Set — Ring

e Free R-module functor, F' : Set — R-Mod

who are the left adjoints to their respective forgetful functors. However, the coproduct in some
of these categories is not always the free product. For example, the coproduct of Grp is the
free product, but the coproduct in Ab is the direct sum. Hence, the above theorem tells us
that coproducts are preserved, but to obtain the correct isomorphism, we need to remember
what the coproduct in the codomain category of our left adjoint is.

Example 5.5.3. Let Meas be the category of measure spaces with measure-preserving mor-

phisms. More precisely,

Objects. The objects are triples (X, A, ux) where X is a topological space, A is a sigma
algebra on X, and px is a measure on X.

Morphisms. A morphism between two objects (X, A, ux) and (Y, B, uy) is a function f :
X —> Y such that f is measurable and preserves measure. That is, is f is measurable
and

px(fH(B)) = py(B)
for every B € B.

Let U : Meas —> Set be the forgetful functor, forgetting measure space properties and
measurability of the morphisms. This functor can’t have a left-adjoint, since it does not preserve
products. In fact, Meas cannot even have products. The main issue with this is that we cannot
guarantee the projection morphisms to preserve measure. For example, if we consider the simple

measure space (R, B, u) where B consists of the Borel algebra and p is the Lebesgue measure,
then one reasonable way to try to form a product with itself is to construct the triple

(RxR,Bx B, pux ).

However, observe that the projection 7 : (R x R, B x B, u x u) —> (R, B, i) is not measure
preserving:
pox (= ([0,1])) = g x p([0,1] x R) = oo
while
u([0,1]) = 0.
Therefore, we cannot form products. Hence our forgetful functor has no left adjoint.

One could guess that the left adjoint would be the measure-constructing functor F' : Set—
Meas where
X = (X ) Pa ILLO)

where P is the sigma algebra on the power set, and pg assigns the measure of each set to zero
(i.e. the trivial measure) but this is not the case. In fact, this functor itself also cannot have a
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left-adjoint because it doesn’t preserve products (since Meas can’t have products).

Exercises

1. Denote the free monoid functor as F. Prove directly that for two sets X, Y, we have
the isomorphism of monoids F(X 1Y) = F(X) % F(Y). (Doing this is actually very
important; The proof of Theorem 5.5.1 will become more intuitive.)

2. Finish the proof of Theorem 5.5.1

3. Let C, D be categories with finite products.

i. Let F': C—> D be a functor that preserves products, so that for two objects A, B
of C, there exists an isomorphism

F(A x B) = F(A) x F(B).

Does this isomorphism have to be natural in A, B?

it. Suppose F': C—>D is a right adjoint. Is the isomorphism F(Ax B) = F(A) x F(B)
natural now?
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Existence of Universal Morphisms and Adjoint

Functors

When we introduced functors, we introduced several if and only if propositions which gave us
criterion on the existence of an adjoint functor. Notably, we showed that if there exists an
adjunction

C D

(that is, the classic bijection of homsets which is natural) then there exist universal morphisms
ne: C—Go F(C) ep: FoG(D)— D

for all objects C', D. Furthermore, we only need one of the universal morphisms to derive an
adjunction. Since universal morphisms are simply initial objects in some comma category, we
have the following proposition.

Proposition 5.6.1. Let G : D — C be a functor. Then G has a left adjoint if and only if for
each C € C, the comma category C' | G has an initial object.

Proof.

—> Suppose G has a left adjoint I’ : C—>D. Then for each C' € C, there exists a universal
morphism n¢ : C—> G(F(C')). Now in the comma category, objects will be of the form

(D,f:C—G(D))

where morphisms between (D, f : C—>G(D)) and (D', f' : C—>G(D")) will be induced
by morphisms h : D — D’ such that

C
G(D) — G(D')

commutes. First, observe that (F(C),nc : C —> G(F(C))) is an object of the comma
category. Second, observe that the bijection of homsets

Homp(F(C), D) = Home(C, G(D))

(natural in C, D) guarantees that every object (D, f : C —> G(D)) in the comma
category corresponds uniquely to a morphism h : F(C') — D. Moreover, uniqueness
guarantees that the diagram
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C
G(F(0)) - G(D)

must commute. Hence, (F(C),ne : C —> G(F(C))) is an initial object C' | G.

<= Now suppose that C' | G has an initial object (D,nc : C —> G(D)). Actually, denote
the object D as F(C). When we write F(C), we're not denoting a functor, because

we’ll show this is a functor. Anyways, our initial object can be written as
(F(C)yne : C— G(F(C))).

This defines a mapping on objects C' +— F(C). To show that this is a functor, suppose
we have a morphism f : C'— C’ in C. Then we have square

C — - G(F(C))

¢ — s G(F(C).

Adding the final leg to this diagram would show that F' is a functor. But since
(F(C),nc : C — G(F(C))) is an initial object in (C' | G), and (F(C"),ne
C" — G(F(C))) is an object in this category, there must be a wunique morphism
F(f) : F(C)— F(C"). Uniqueness of this morphism forces commutativity of the
square

C —X ~ G(F(C))

f G(F(f))

C' 1 G(F(C).

and therefore F' is a functor. Simultaneously, this shows F' is left adjoint to G, as
desired.

We can repeat the proof to achieve the following result as well.

Corollary 5.6.2. Let F': C—> D be a functor. Then F' has a right adjoint if and only if for
each D € D, the comma category D | F' has a terminal object.
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Thus we see that initial and terminal objects are key to figuring out when a functor has a
left or right adjoint, and hence when they preserve limits. We can investigate a little deeper
into this.

Lemma 5.6.3. (Initial Object Existence.) If C is a complete category with small homsets, then
C has an initial object if and only if it satisfies the Solution Set Condition:

There exists objects (C;);er € C such that for every C' € C, there is a a morphism
fi : C;—> C for at least one i € I.
Proof.

—> Suppose C has an initial object C’. Then I is the one-point set since for each C' € C
there exists one unique morphism f : ' — C.

<= On the other hand, assume the solution set condition. Since C is complete, it must have
products, so we may take the product

L@f — ]jI (:%.
ieJ
This product has associated projection morphisms 7y, : H C;—> C. Therefore, for each

ieJ
object C' € C, there exists at least one morphism between W and C' by composition:

fk O Ty - W —C.

By hypothesis, the collection of endomorphisms Home (W, W) is a set. Therefore, we
may form an equalizer e : V — W of this set. Observe that for each C' € C, there exists
at least one morphism between V and C by composition:

frompoe: V—C.

We'll now show that all morphisms are equal. Suppose the contrary; that there are two
distinct morphisms f,g : V — C. Denote the equalizer of this pair as e; : u —> v.
Then we have that

U = 14 f C

e fi

W —s W =1L, Ci

€0e108

Ck

Tk

commutes. The morphism s is induced via the universality of both U and V. Since
eoeyos: W — W, and e is the equalizer of endomorphisms of W, we have that

(eoejos)oe=e.
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Since equalizers are monic, we can cancel on the left side to conclude that
eposoe = 1ly.

However, this implies that the right inverse of e; is s o e. Since e; is already monic, it
must be an isomorphism. Hence f = g, so that V is an initial object as desired.

We can now combine all of our propositions and theorems into the following one, which is
the main adjoint functor theorem of interest.

Theorem 5.6.4. (General Adjoint Functor Theorem.) Let D be complete with
small homsets. A functor G : D—C has a left adjoint if and only if it preserves all small
limits and satisfies the solution set condition:

For each C' € C, there exists a set of objects (D;);e; D and a family of arrows

such that for every morphism h : C' —> G(D), there exists a j € [ and a
morphism ¢ : D; —> D such that

h=G(t)o f.

The above theorem helps us find out when we can get a left adjoint. Prior to this theorem,
we already know what happened if we were given a functor who has a left adjoint. Namely, it
must preserve limits. This natural question one would then ask is if the converse holds. The
above theorem tells us no, the converse doesn’t hold and in fact we need to make sure the
functor satisfies the solution set condition. In the next section, we’ll give an example of a
functor which preserves limits from a complete category, but still has no left adjoint.

As a converse to the above theorem, we have the following.

Theorem 5.6.5. (Representability Theorem.) Let C be a small, complete
category. A functor K : C —> Set is representable if and only if K preserves limits and
satisfies the following solution set condition:

There exists a set S C Ob(C) such that for any C' € C and any x € K(C'), there
exists an s € S, an element y € K(s) and an arrow

f:s—> C such that K(f)(y) = z.
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Subobjects and Quotient Objects

The entire point of category theory, contrary to its name, is to unify mathematics. Mathemati-
cians saw the same stories over and over again in algebra and topology, and one day they got
sick of it and decided to start naming the patterns they were seeing. Mathematicians achieved
a level of abstraction where we no longer really care about the objects, but we want to study
the morphisms between them. However, in many categories, the objects are often things like
groups, rings, or topological spaces; hence there are subgroups, subrings, and spaces with subset
topologies which also exist inside categories we study. This presents a challenge for category
theory: how do we generalize the notion of subgroups or subspaces if we always avoid explicit
reference to the elements?

It turns out that the correct way to go about this is to consider the philosophy of sub-
"things": whenever S is a sub-"thing" of X, there usually exists a monomorphism

m:S— X.

For example, in Set, S C X implies that there’s an injection ¢ : S —> X; a monomorphism is
injective in Set, so this makes sense. In Top, if S C X where S is given the subspace topology,
then the inclusion function ¢ : S — X is continuous, so there does exist a monomorphism
m:S— X in Top.

Thus we see that these monomorphisms give us sub-"things," and so we might naively say
the set of all "subobjects" of an object X in a category C is the set

Sube(X) = {S € Ob(C) | If : S —> X with f monic }.

However, the space of all of these monomorphisms is huge, and also repetitive. For example,
in Set, if we have X = {1,2,3,4,5}, then there are all kinds of monomorphisms into X:

{r, %, $,&}

{Q,G, X, I} {1,2,3,4,5}

{All , Politicians , Are , Corrupt }

Each arrow is basically saying the same thing. How do we deal with this? Well, we can impose
an equivalence relation on this space to obtain something smaller and more manageable.

Let A an object of our category C. Consider monomorphisms f: C'—> A and g: D — A.
Define the relation < on monomorphisms of this form where
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C

A X
f < g if there exists an h where f = goh. hi A

o /

for some monomorphism h : D' —> D. Note that if f < g and f > ¢, then C' and D are
isomorphic (this is not true in general; this only true here because f, g are monomorphisms). So
we now have our equivalence relation: we say f ~ g if there exists an isomorphism ¢ : D — C'
which makes the above diagram commute.

Definition 5.7.1. Let C be a category and let A be an object. We say a subobject of A is an
equivalence class of monomorphisms f : S —> A under the equivalence relation ~. We denote
this space of equivalence classes as

Sube(A) = {[f] |f:C—Aisa monomorphism}.

Example 5.7.2. Let C be a category. An interesting application of subobjects occurs in functor
categories. To illustrate this we consider the functor category Set®: that is, the category with
functors F' : C —> Set whose morphisms are natural transformation n : F'— G between such
functors.

If we play around with these functors long enough, we may ask the question: What happens
when, for a functor F': C — Set, there is another functor G : C — Set such that

G(A) C F(A)?

Could we logically call G a "subfunctor' of F'7 We could with a little more work. Because
G(A) C F(A), we know that there exists a monomorphism (just an injection here) is : G(A)—>
F(A). Now a natural question to ask here is if this translates to a natural transformation. That
is, does the diagram below commute?

A G(A) —"— F(4)
/ G(/) F(f)
B G(B) F(B)

The answer is no. This is because G(f) and F(f) could be two entirely different functions
which do two entirely different things to the same elements in different domains; however, one
way for this diagram to commute is if G(f) is F'(f) restricted to the set G(A). That is, if
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The diagram then commutes. But is this the only way to make it commute? Suppose with
no assumption of G(f) that the diagram did commute. Then we can still make a morphism

F(f)‘G(A) : G(A) — G(B) to get the commutative diagram
A G(A) —— F(4)
f Fol | ew F)
B G(B) F(B)

iB

Then we see that ig o G(f) = igo F(f)’

F(f)

E(f).
Thus we could define G : C—> Set to be a subfunctor of F': C—> Set if G(A) C F(A) and
G(f:A—B) = F(f)’G(A). Or, equivalently, if G(A) C F(A) and that this relation is natural.

However, we can recover the same concept by applying subobjects to this functor category.

Gy’ However, ip is a monomorphism, so G(f) =

- Hence the only way to make the diagram commute is if G(f) is a restriction of

In this case, we can (with laziness) say a G : C—> Set is a subobject of the functor /' : C—>Set
in Set® if there exists a monic natural transformation 7 : G —» F.

Unwrapping this definition, we see that a monic natural transformation in this case is just
one where each morphism 74 : G(A)—>F'(A) is a monomorphism, which, in our case, just means
an inclusion function, such that the necessary square commutes. However, we already showed
that we get the commutativity of the necessary square if and only if G(f : A—B) = F(f) ‘G(A).

Hence we have recovered the same concept of a subfunctor in two different ones; one in
which we followed our intuition, and one in which we blinded applied the concept of a subobject
in the functor category SetC.

The previous example allows us to make the definition:

Definition 5.7.3. Let C,D be categories. Then a functor G : C — D is a subfunctor of
F :D—>C if G is a subobject of F in the functor category DC.

Now, perhaps unsurprisingly, the entire process above can be dualized. When we dualize,
however, we obtain a generalization of the concept of quotient objects. Instead of just dualizing
and being boring, we’ll motivate why we’d even care for such a dual concept.

In interesting categories such as Ab or Top, we not only have subgroups and subspaces,
but we also have quotient groups and quotient spaces. For the case of abelian groups, we can,
for any such group G, consider any subgroup H < G and construct the quotient group G/H.
This comes with a a nice epimorphism 7 : G —> G /H where g — g + H.

For topological spaces (X, 7) in Top, we can define an equivalence relation ~ on X and
consider the topological space (X/ ~,7’) such that 7’ is the topology where a set U is open
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if {x | [z] € U} is open in 7. We can then equip ourselves with a continuous projection map
m: X — X/ ~, which is also an epimorphism.

With these few examples, we see that it is worthwhile to generalize the concept of quotient
objects; to do this however requires no explicit mention of the elements of the objects of the
category. However, we can maintain the philosophy seen in the previous two examples to
generalize the concept.

For an object A in a category C, we consider all epimorphisms

e: A—Q

and call objects such objects () as quotient objects. Again, the space of these objects is too
large, so we instead consider ordering relation

C
A

f < g if there exists an h where f = hog. A &

i
e

D

Observing that f < g and g < f together imply that C' = D, we see that we may construct
an equivalence relation ~ where f ~ g if there exists an isomorphism ¢ : D —> (' such that
f =y og. We can now outline a clear definition.

Definition 5.7.4. Let C be a category and let A be an object. We say a quotient object of
A is an equivalence class of morphisms f : A—> (). We then denote

Quot,(A) = {[f] | f: A—> (@ is an epimorphism }

Example 5.7.5. A quotient object in Cat is a quotient category (from chapter 2)
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{6. Filtered Colimits, Coends, and Kan Extensions

Filtered Categories and Limits

Outside of category theory, the most common types of limits that are taken in areas such as
algebraic geometry and topology are inverse and directed limits. These are limits which are
taken over thin categories (or preorders) which have at most one morphism between any two
morphisms.

As we shall see, limits over thin categories do not possess the nice properties that limits
taken over filtered categories have, which we will see is the categorification of the notion of a
directed set. We will motivate our desire to work with filtered categories instead of just thin
categories by observing an analogous motivation to work with directed sets instead of N in
sequences within topology. The picture in mind should be:

preorders directed sets N directed sets
thin categories filtered categories sequences nets

On the left, we see that thin and filtered categories are the categorification of concepts which
we will use to take limits over. On the right, we have topology concepts of sequences and nets,
which are limits taken over different sets.

Let X be a topological space. Recall that a sequence {a,,}>°, in X is a function a : N— X
such that a(n) = a,. We say the sequence converges to a point = € X if for every open set U
of x there exists a N € N such that {ayn,ani1,...,} CU.

Some of the first topological spaces that people worked with were metric spaces (X, d), and
the properties of these spaces were worked out over time. People eventually figured out that
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o A subset F' C X is closed if and only if F' contains the limits of every sequence in F'.

e A subset U C X is open if and only if U contains does not contain the limit of any
sequence in X — U.

This is a wonderful result! However, it does not generalize to arbitrary topological spaces.
There are weird counterexamples that we will not get into (cite An Introduction to Topology
and Homotopy Theory by Sierdaski).

What this means is that sequences over a plain preorder (i.e., N) are great, and they have
nice properties, but they lack the ability to extend their nice properties to arbitrary topological
spaces. We need more if we want it to work over arbitrary spaces.

This is where a directed set comes in.

Definition 6.1.1. A directed set D is a set equipped with a binary relation < such that for

all a,b,c € D,

1. a < a (Reflexive).

2. if a < band b < ¢, then a < ¢ (Transitive)

3. For all a,b € D, there exists a ¢ € C such that a < ¢ and b < ¢ (Directed).

The first two properties describe a preorder; only the last condition is new to us. To summarize,

the “directed” axiom grants us an upper bounded in D for any finite set of elements of D.
Let D be a directed set. Define a net, or Moore-Smtih Sequence, to be a function

A:D— X. We say a net A converges to a point z € X if for every open set U containing z,

there exists a d € D such that {\(c) | ¢ >d} CU.

Directed sets are then enough to give us the following theorem:

Theorem 6.1.2. Let X be a topological space.
o A subset FF C X is closed if and only if every convergent net A : D — X has a limit in F’

o A subset U C X is open if and only if every convergent net A : D — X — U does not
have a limit in U.

Hence we see that limits taken over preorders have substantial benefits than when they are
simply taken over N. Similarly, what we will see is that limits taken over filtered categories
enjoy much better properties than limits simply taken over preorders. First, we introduce
filtered categories.

Definition 6.1.3. We say that a category J is filtered if

1. For any pair of objects 7,j’, there exists an object k and morphism u : j — k and
v:j —k.

2. For any pair of parallel morphism u,v : i — j, there exists an object £ and a morphism
w : 7 —> k such that the diagram below commutes.

We do not say the empty category is filtered; this should be obvious, but it also needs to be
said.
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Conditions (1) and (2) illustrated.

Example 6.1.4. Let J be a thin category. What does it take for J to be filtered? Well, in
a thin category, there is never any pair of distinct morphisms. Hence condition (2) is trivial.
Therefore, for J to be filtered, we simply need to satisfy (1). But in the language of thin
categories, condition (1) can be read as “for any j,j € J, there exists a k such that j, ;' < k”.
Such a condition holds if and only if

every finite subset S C J has an upper bound in J.

Thus, a thin category J needs to have the above property in order to be a filtered category.

An example of this concerns the category Open(X), where X is a topological space. The
objects are open sets, while morphisms are inclusions. The maximal element X € Open(X)
always exists, and hence makes this thin category filtered.
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<7.

Monoidal Categories

Monoidal Categories

The concept of a monoidal category is motivated by the very simple observation that some
categories are canonically equipped with their own algebraic data which allows us to multiply
objects of the category to get new objects. This is similar to how in a group G, we multiply two
group elements g, h to get another group element gh € G. These types of categories appear
frequently enough in many settings that it has been necessary to really understand what the
core ingredients of these categories are. The task of defining these categories, however, takes
a bit of work. Before we offer the definition and discuss such work we motivate monoidal
categories with two key examples.

Example 7.1.1. Consider the category Set. Then for two sets A, B, we can take their
cartesian product to create a third set

Ax B={(a,b)|ac A bec B}

We also know that given three sets A, B, C', we have an isomorphism Ax (BxC) = (AxB)xC.
The bijection is given by the function

aspc: AX(Bx(C)—=5(Ax B)xC (a, (b,¢)) — ((a,b),c).

In addition, there is a particularly special set {e}, the one element set. For this set, we know
that {e} x A= A x {e} = A. The bijections are given by

Ag:{e} x A= A (e,a) — a
pa:Ax{e} = A (a,e) —

a
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A final observation that is easy to check is that our morphisms a4 pc, A4, and ps are
natural. Naturality for o means that for any three functions f : A— A’, g : B— B/,
h: C—> (', the diagram below commutes

Ax (Bx () —22%, (Ax B)x C
fx(gxh) (fxg)xh
A x (B"'x (") - (A x B') x '
Al B!,C!
while naturality for A and p means that for any function f : A—> A’, the diagrams below
commute.
{o}x A —24 5 A Ax {o} — P4 L 4
1><f| f f><1| f
{o} x A’ ” A A x {e} o A

(Here, 1 denotes the identity 1 : {e} —> {e}). While being able to find the functions «, p, A
and observing that they are natural may not be surprising in Set, what is surpising is that this
behavior continues in many other categories.

Example 7.1.2. Let k£ be a field, and consider the category Vect, of vector spaces over k. For
two vector spaces U, V', we may take their tensor product to create a third vector space over
k. There are many ways to describe U ® V'; here is one of them:

1.(U1+U2)®U:U1®U+u2®v
UV =qu®v|uelU veV suchthat 2. u® (v;+v)=u® v +u® vy
3.c(u®v)=(cu)@v=u® (cv),c € k

Moreover, if U, V' have bases {e;}icr, {f;}jes, then the basis of U ® V' is {e; ® f;} i jyerxs-

From linear algebra, we know that U ®@ (V@ W) = (U ® V) @ W. To show this, we will
define an isomorphic linear transformation U ® (V@ W) — (U ® V) ® W. However, recall that
to define such a linear transformation, it suffices to define it on the basis. Thus, let W have
basis {g¢}eer.- Then we define

apyw U@ (VW)= UeV)aW
where on the basis elements

agvw(e: ® (f; ®ge) = (€ ® f;) @ ge.
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This establishes our desired isomorphism.

In addition, the field k is trivially a vector space over itself; its basis is the multiplicative
identity 1. Moreover, we have the isomorphisms £k ® V =V ® k = V. The isomorphisms are
given by the linear transformations

AV kQV =V 1®e; — ¢
pv  Vek-—=V e, ®1 e

Here, we’'ve defined the two transformations on the bases.

Similarly to our last example, we comment that a, A, p defined here are natural. This means
that for any three linear transformations f : U —U’, g : V — V' and h : W — W’ the
diagram below commutes

U (VeW) 2", UgV)eW

Fe(geh) (fog)@h

Ue(V'eW) s (U'eV)aW
ul,\viw

and we additionally have that the diagrams below commute.

koU —2U LU Uok —" U

1®f f fe1 f

kU — U’ Uk ——— U
U’ U

The observations we have made here continue to be true upon investigating many other
categories C in which we have some known, natural way of combining elements. In each case,
the story is the same. The key ingredients are:

o There is some product ® : C x C —> C (specifically, it is a bifunctor)

o For all A, B,C € C, there is a natural isomorphism

aspc: AR (BRC) = (A®B)oC

o There is a special object I of C such that, for any object A, we have the natural isomor-
phisms
MMm:IA = A paARI = A

The fact that we keep seeing these patterns in many categories is what motivates the fol-
lowing definition.
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Definition 7.1.3. A monoidal category C = (C,®,[) is a category C equipped with a bi-
functor ® : C x C —> C, a (special) object I, and three natural isomorphisms

aspc AR(B®C) = (A®B)®C  (Associator)
A IT®A—= A (Left Unit)
pa:ARI = A (Right Unit)

such that the following coherence conditions hold.

QA LB

A® (I ® B) (A®)® B
\ (7.1)
1a®AB pPA®LE
A® B

A® (B® (C® D)) =222, (A® B)® (C ® D) —2222, (A® B)®C)® D

1la®ap,c,p aA,B,c®lp

A®(B®C)® D) (A®(B®C))®D

(7.2)

QA B®C,D

We also define some terminology within this definition.

o We call the bifunctor ® the monoidal product

o We refer to I as the identity object

o We refer to diagram 7.1 as the unit diagram and diagram 7.2 as the pentagon diagram.

Further, we say a strict monoidal category is one in which the associator, left unit and right
unit are all identities.

The reader should be wondering: What are those “coherence conditions”? The short answer
is that we need the coherence conditions in order for our ideas to make any logical sense. While
that answer is very vague and unsatisfying, we are not quite yet ready to fully explain why
those two diagrams are necessary. We will however say

o The reader is definitely not expected at this moment to understand why those diagrams
are necessary.

o We will eventually explain why those diagrams are necessary.

Before we explain why the diagrams are necessary, we develop further intuition regarding
monoidal categories with some more examples.
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Example 7.1.4. As one might expect, (Set, X, {e}) is a monoidal category. We have verified
most of the details except the coherence conditions, but it is not too difficult to show that the
unit and pentagon diagram commute in Set.

However, we can put another monoidal category structure on Set with the following data:
« We let the disjoint union bifunctor (—) [1(—) : Set x Set—>Set be our monoidal product.
o We let the empty set @ be our identity object.

With these settings, we can define natural isomorphisms for any three sets X,Y, Z
e axyz  XII(YIZ) = (XLY)IZ
e Mx:IIX = X
e px: XlIo = X

in the obvious way, and check that the required diagrams commute. In this way, we have that
(Set, 11, @) is also a monoidal category.

The previous example demonstrates that a given category can have more than one monoidal
structure on it. This is analagous to the fact that sometimes one can put two different group
structures on an underlying set.

The previous example may also make us wonder if we can generalize our logic to consider
other categories in which finite products and coproducts exist. The answer is yes, and this gives
us many examples of monoidal categories:

* (Top, x,{e})
« (Ab, &, {e})
e (R-Mod, x,{0})
Proposition 7.1.5. If C is a category with finite products and a terminal object 7', then

(C, x,T) is a monoiodal category. We refer to this type of monoidal category as a cartesian
monoidal category.

Dually, if it has finite coproducts and an initial object I, then (C,1II, ) is also a monoidal
category. We call this type of monoidal category a cocartesian monoidal category.

We now introduce less obvious, but useful examples of monoidal categories.

Example 7.1.6. Let R be a commutative ring. Then the category of all R-modules, (R-Mod,
®, {0}), forms a monoidal category under the tensor product. Recall that the tensor product
between two R-modules N ® M is an initial object in the comma category (N x M | R-Mod
where the morphisms are bilinear. Alternatively in diagrams, we have that
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M x N M®N

h

’
K

Now consider a third R-module P; then we have two ways of constructing the tensor product.
To demonstrate that we may identify these objects up to isomorphism, construct the maps

f(M®@N)xP—M®(N®P) (Zmz®nl,p>r—>2m, (n; @ p)
and
f'Mx(N®P)—(M&M)®P (m,ane@pj)HZ(m@nj)@pj-

These maps are bilinear due to the bilinearity of ®. Hence we see that the universal property
of the tensor product gives us unique map « and o’ such that the diagrams below commute.

(M ®N) x P (M@N)®@P M (N x P) M@ (NeP)

M & (N ® P) M®N®P

Based on how we defined f and f’, and since we know that ¢ and ¢’ is, we can determine that
a and o are "shift maps', i.e

a(Z@ww%®m> Zm% (n; @ p;) d(;mwﬂm®mgziﬁm®w®m-

7 i

Hence we see that o and o’ are inverses, so what we have is an associator:
aynp: (MOIN)®P = M@ (N®P).

Now consider the trivial R-module, denoted I = {0}. For any R-module M we have evident
maps

> 0@m;—m; > mi®0—0
which provide isomorphisms, so that we have left and right associators
A I QM =~ M pv o M&T - M.

Finally, the triangular and pentagonal diagrams are commutative since shifting the tensor
product on individual elements does not change (up to isomorphism) the value of the overall
elements.
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Example 7.1.7. Consider the category GrModpr which consist of graded R-modules M =
{M,}>°; Then this forms a monoidal category (GrModg,®,I) where I = {(0),}22, is the
trivial graded R-module and where we define the monoidal product as M@ N = {( M ®@N),, }°2,
where
(M®N), = ED M; @ N;.
i+j=n

To show this monoidal, the first thing we must check is that we have an associator. Towards
this goal, consider three graded R-modules M = {M,}>*,, N = {N,}>°, and P = {P,}°,.
Then the m-th graded module of M ® (N ® P) is

M@ (N@P)ln= P Mio(NoP);= P Mz@(@ Nh®Pk)

i+j=m it+j=m hetk=j
= P Mo Ny® P

i+h+k=m
B Mo N, P,

i+h+k=m

= Ph (@ M¢®Nh)®PIf

l+k=m \i+h=l

I

= P (M®N),® P,
I+k=m

=[M® (N ® P),

where in the third step we used the fact that the tensor product commutes with direct sums
and in the fourth step we used the canonical associator regarding the tensor products of three
element. Thus we see that we have an associator

a:M®(N®P)—=(M®N)® P
which as a graded module homomorphism, acts on each level as
- [M @ (N & Pl == [(M®N)® Pl

where in each coordinate of the direct sums we apply an instance of the associator o between
the tensor product of three R-modules. The naturality of this associator is inherited from o'
In addition, we have natural left and right unitors

A I QM= M pvy - MSIT = M

where on each level we utilize the natural left and right unitors for non-graded R-modules.
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Example 7.1.8. Let (M, ®, I, a, p, \) be a monoidal category, C any other category. Then the
functor category CM is a monoidal category. We treat the constant functor I : C —> M where

I(A) =1 forall A

as the identity element, and we can define a tensor product on this category as follows: on
objects I',G : C —> M, we define F'XI G as the composite

FRG: C— —2scxe 9 s —25 u

which can be stated pointwise as (F X G)(C) = F(C) ® G(C). On morphisms, we have that if
n : F1—>Fy and 0 : G;—>G5 are natural transformations, then we say niXn/ : F1XG;—> F2XG,
is a natural transformation, where we define

XN )a=na@n,: Fi(A) ® G1(A) — Fy(A) @ Ga(A).

Note that such a natural transformation is well-defined as the diagram below commutes

A Fi(A) ® Gy (A) 22" By(A) @ Ga(A)
! Fi(f)eG1(f) P (f)eGa(f)
B Fi(B) ® G1(B) —~ I (A) ® G2(A)
nBANg

since ® : M x M — M is a bifunctor. Finally, for functors F,G, H : C — M define the
associator oy gy : FX(GXH) =~ (F X (GX H)) as the natural transformation where for
each object A

(e m)a = arwcu.ma@)  F(A) @ (G(A) @ H(A)) — (F(A) © G(A)) ® H(A)

and the unitors A : [ ¥ F—> F and pf : FX [ — F as the natural transformations where
for each object A

(Np)a = I@ F(A)—F(A)  (pp)a=pa: F(A)®1— F(A).

One can then show that these together satisfy the pentagon and unit axioms.

Example 7.1.9. Consider the category P whose objects are the natural numbers (with 0
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included) and whose morphisms are the symmetric groups S,,. That is,
Objects. The objects are n =0,1,2,....
Morphisms. For any objects n, m we have that

S, ifn=m

Homp(n, m) = {@ it % m

Note that there are many ways of constructing this category; we just present the simplest. In
general terms this is the countable disjoint union of the symmetric groups. Even more generally,
this can be done for any family of groups (or rings, monoids, semigroups).

What is interesting about this category is that it intuitively forms a strict monoidal category.
That is, we can formulate a bifunctor + : P x P—P on objects as addition of natural numbers
and on morphisms as

0RTE Spim

where o € S,, and 7 € S,, and where ¢ ® 7 denotes the direct sum permutation. I could tell
you in esoteric language and notation what that is, or I could just show you: ¢ and 7, displayed
as below

(1,2,...,n) (1,2,...,m)

(0(1),0(2),...o0() (1), 7(2),...,7(m))
become o ® 7 which is displayed as below.

(1,2,...,n,m+1,n+2,...,n+m)

|

(o(1),0(2),...,0(n),n+7(1),n+7(2),...,n+7(m))

To make this monoidal, we specify that 0 is our identity element whose associated identity
morphism is the empty permutation. Now clearly this operation is strict on objects. On
morphisms, it is also strict in the same way that stacking three Lego pieces together in the two
possible different ways are equivalent. Hence the associators and unitors are all identities and
this forms a strict monoidal category.

Proposition 7.1.10. Let C be a category equipped with natural isomorphisms

aspc  AR(B®C) == (A®B)&C
)\AZI(X)A%A
pAA®IL>A

for all objects A, B,C' € C and some identity object I. Suppose the pentagonal diagram 7.2
holds for all objects of C. Then for all A, B € C, the diagram
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A (I®B) —22 5 (A1) B

1A‘§k pARlp

A®B

commutes if and only if the diagram

AQ(B®I) —22, (A@B)®1

1AA« %B

A®B

commutes, which commutes if and only if the diagram

I®A®B) —2% . (@ A)® B

AR B

This ultimately tells us that the definition of a monoidal category is not unique. That is,

commutes.

there are two different yet exactly equivalent ways in which we could have defined a monoidal
category.

Thus what we see is that the definition of a monoidal category is very vast, and asks for a
lot. Moreover, we’'ve shown that there are different coherence conditions we could have imposed
(the pentagonal diagram being the same), but they amount to stating the same thing,.
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Monoidal Functors

Definition 7.2.1. Let (C,®,I) and (D,®,J) be monoidal categories. A (lax) monoidal
functor is a functor F' : C — D equipped with the following data.

o For each pair A, B in C, we have a natural morphism
pap: F(A)© F(B)— F(A® B)

such that for any third object C, the diagram below commutes. (Note that we suppress
the subscripts for clarity.)

F(A) © (F(B) © F((J)> a (F(A) © F(B)) © F(C)

F(A)o F(B® () F(A® B)® F(C)

F<A®<B®C>) = F<<A®B>®C>

o There exists a unique morphism ¢ : J —> F(I) such that, for any object A of C, the
diagrams below commute. (Again, we suppress the subscripts for clarity.)

F(A)oJ —2— F(A) JOF(A) —2— F(A)

F(A)® F(I) —— F(A® 1) F(J)® F(A) ——> F(I® A)

We say the F' is strong if ¢ and e are isomorphisms and strict if ¢ and ¢ are identities.

We also define a monoidal natural transformation between two monoidal functors 7 :
F— G to be a natural transformation between the functors such that, for every A, B, the
diagram below commutes.

F(A)® F(B) —*— F(A® B)

nAGONB NA®B

G(A) ® G(B) G(A® B)

re]
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Example 7.2.2. Consider the power set functor P : Set — Set which associates each set X
with its power set P(X). We may ask if this yields a monoidal functor

P : (Set, x, {o}) —> (Set, x, {e})

in any sense of lax, strong, or strict. It turns out that we may define a lax monoidal functor,
but not a strong or strict.

Towards defining a lax monoidal functor, let A, B two sets. Define ¢4 5 : P(A) x P(B) —
P(A x B) to be a function where if U,V are subsets of A, B respectively, then

wap(U,V)=UxV.
In addition, we define the function ¢ : {#} —> P({e}) where
(o) = {o}.

Observe that with this data we have that for any sets A, B, C', the diagram below commutes

P(A) x <7>(B) x P(C)) @ <73(A) x P(B)> % P(C)

P(A) x P(B x C) P(A x B) x P(C)

P<A>< <B><C)> o 73(<A><B> ><C’>

and that for any set A the diagrams below commute.

P(A) x {o} —L— P(A) {o} x P(A) —2— P(A)

1xe|

P(A) x P({e}) —5=> P(Ax{e}) P({e}) x P(A) ——> P({e} x A4)

P(p) sx1|

Note that our choice that c(e) = {e} was necessary in order for the above two diagrams to
commute.

We now show that this cannot be a strong or strict monoidal functor. To see this, let A, B
be two sets. If | X| denotes the cardinality of a set X, then observe that

P(A) x P(B)| = 2141 . 218l = 9lAI+IB]
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while
P(A x B)| = lAxB|

We see that in general these two sets are not of the same cardinality, and therefore one cannot
establish an isomorphism between these two sets for all A, B, which we would need to do to at
least construct a strong monoidal functor. Hence, we cannot regard this functor as strong or
strict monoidal.

Example 7.2.3. The category of pointed topological spaces Top™ is the category where
Objects. Pairs (X, z) with X a topological space and =g € X
Morphisms. A morphism f : (X, z9)—> (Y, yo) is given by a continuous function f: X —Y
such that f(zo) = yo.
This category is what allows us to characterize the fundamental group of a topological space
as a functor
7 : Top® — Grp

which sends a pointed space (X, zg) to its fundamental group m (X, zo) with zo as the selected
basepoint. We demonstrate that this can be regarded as a monoidal functor

w1 s (Top* x. ({e}.8) ) —= (Grp.x. {c})

where {e} is the trivial group. The reader may be wondering how we are putting a cartesian
product structure on the Top*, so we explain: For two topological spaces X,Y, we define

(X, 20) X (Y, 90) = (X x Y, (0,%0))

where X x Y is given the product topology. The identity object ({e}, ®) is the trivial topological
space with basepoint e.

For any two pointed topological spaces (X, zo), (Y, yo), define the function px y : m (X, z¢) X
(Y, y0) — m(X X Y, (x9,y0)) where for two loops 3,7 based as zg, yo respectively, then

oxy(B,7) =Bx7:[0,1] —-XxY

which is in fact a loop in X x Y based at (xg, o). The above function is bijective; an inverse
can be constructed by sending a loop ¢ in X x Y based at (xg, o) to the tuple (pod,qo )
where

p: X XY —X qg: X xXY—Y

are the continuous projection maps. It is not difficult to see that this preserves group products,
so that ¢y y establishes the isomorphism

(X XY, (w0, 0)) = (X, 20) x (Y, 90)
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a fact usually proved in a topological course. In addition, this isomorphism to be natural:
for two pointed topological spaces (X, xg) and (Y, ), and for a pair of base-point preserving
continuous functions f : (X, xq) — (W, wp) and g : (Y, y0) —> (Z, 20), the following diagram

commutes.
T (X, 7o) x m (Y, 50) ———— m(X X Y, (z0,0))
m1(f)xmi(g) m1(fxg)
m (W, wo) x m1(Z, 20) —555> m(W x Z, (wo, %))

Thus ¢x y is our desired natural isomorphism.

Next, define € : {e} —>m1({e}, ®) to be the group homomorphism that takes e to the trivial
loop at e. As in the previous example, we are actually forced to define € in this way since {e}
is initial in Grp.

With this data, one can easily check that the necessary diagrams are commutative, so that
the fundamental group functor 7; is strong monoidal.

Example 7.2.4. Recall that a Lie algebra is a vector space g over a field k& with a bilinear
function [—, —] : g X g —> g such that

Antisymmetry. For all z,y € g, [z,y] = —[y, 7]

Jacobi Identity. For all z,y, 2z € g we have that

[x, [y7 ZH + [y7 [wa]] + [Z; [515, y]] = 0.

For every Lie algebra g, we may create the universal enveloping algebra U(g). This is the
algebra constructed as follows: If T'(g) is the tensor algebra of g, i.e.,

T(e)=k® (@29 O (IR @
and I(g) is the ideal generated by elements of the form z ® y — y ® x — [z, y], then
Ulg) = T(9)/1(9).
By Corollary V.2.2(b) of [?], this construction is actually a functor
U : LieAlg — k-Alg.

Both categories can be regarded monoidal: (LieAlg, ®, {e}) is the monoidal category where we
apply the cartesian product between Lie algebras, and (k-Alg, ®, k) is the monoidal category
where we apply tensor products between k-algebras over the field k. The associators and
unitors are the same that we have encountered in previous examples of monoidal categories
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with cartesian and tensor products.
We demonstrate that the universal enveloping algebra functor is strong monoidal:

U (LieAlg, &, {s}) — (k-Alg, &, k)

« By Corollary V.2.3 of [?], we have that if g, and g, are two Lie algebras then U(g; ®g2) =
U(g1) ® U(g2). One can use Corollary V.2.3(a) to show that this isomorphism is natural
in both g; and g,. We let this morphism be our required isomorphism

Parge 2 U(91 D g2) — U(g1) ® U(g2).

« Note that U({e}) = k. Therefore, we let € : k —> k be the identity.

As the associators and unitors are simple for monoidal categories with cartesian and tensor
products, it is not difficult to show that the required diagrams commute. In this case, what is
more difficult is obtaining naturality in ¢, although this is taken care of (in a long proof) in
Kassel’s text.
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What are those Coherence Conditions?

We are now going to address the elephant in the room: we have not explained why we have
included diagrams 7.1 and 7.2 in our definition. To explain this, we are going to discuss the
general structure of a monoidal category and answer the natural questions that arise.

Let (M, ®,1,a, p,\) be a monoidal category. For objects A, B, C, ... of M, we can use the
monoidal product ® to generate various new expressions such as A® B which represent different
objects in M. Observe that using three objects, there are two different ways to combine the 3

objects:
A® (B®C) (A® B)® C.

There are five ways to combine 4 objects:

A® (B (C®D)) A(Be(C)®D) (A®B)®C)®D
A (BeC)®D) (A®(B())® D.

And there are 14 ways to combine 5 objects. We will not list them here.

Initially, we don’t really know what the relationship is between the various expressions we
are generating. For example, we may naturally wonder if

A®(B®C)and (A2 B)® C

or

A®(B®(C®D)) and A® (B®C)® D)

have any relation with each other. This is because in practice when A, B, C, D are sets, vector
spaces, groups, or whatnot, the above expressions do have something to do with each other.
As we have seen, that relationship is usually an isomorphism. Therefore, if we are to develop
some kind of theory of monoidal categories which we can apply to real mathematics, we ought
to make sure that these objects are isomorphic in some way.

Monoidal categories by definition do in fact provide isomorphisms between different choices
of multiplying together a set of objects. For example, from the axioms of a monoidal category,
we know that the objects A® (B®C') and (A® B) ® C' are related via the natural isomorphism

QA B,C-

QA B,C

AR (Be(C) —> (A®B)®C

We also know from the axioms of a monoidal category that the 5 products of 4 objects are
related via the diagram consisting of natural isomorphisms as below.
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QA B,CRD QA®B,C,D
—_— —_—

A® (B® (C® D)) (A® B)® (C ® D) (A®B)®C)® D

1a®ag,c,p aa,B,c®lp

A® (BeC)® D) > (A (Be(C)® D

QA BRC,D

Moreover, this diagram is guaranteed to be commutative for all A,B,C,D in M (we will elab-
orate why this is a profound, useful fact).

Finally, repeatedly using instances of o, the 14 ways to multiply 5 objects are related via
the 3 dimensional diagram as below.
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Front. (Note that the symbol ® has been suppressed.)

A((BC)(DE))
1A®V WE
A(((BC)D)E) (A(BC))(DE)
(1a®ap,c,p)®1E aa,B,c®(1p®lE)
C’D))E) QA B(CD),E QA(BC),D,E ((AB
<A<< C)D PCPEE L, ((A(BC))D)E
A,BCD,E Q(AB)C,D.E
(14®ap,c,p)®1E (aa,B,c®1p)®1E
(A(B(CD)))E (((AB)C)D)E
aa Bm A@)IE
Back.
QA BC,DE W\c D.E
1a®ap,c,pE
(A(BO))( B(C(DE))) C)D)E)
aa,B,c®(1pRlE) (1a®ap,c,p)R1E
A,B,C(DE) 14®(1p®ac,p,E)
(AB)C)(DE) A(B(C
Y\a ,C,DE /
AB DE)) 1a®ap cp,E
(14®1B)Qac,p,E QA B,(CD)E
X(AB)C,D,E QA BCD,E
N
(AB)((C
((( QAB,CD,E
aAB‘C'm A@lE
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However, it is not an axiom of monoidal categories that this last diagram is commutative (with
a ton of work, one could prove it to be commutative).

To understand what’s going on, let us first understand why commutativity is important. The
axioms of a monoidal category grant us the commutativity of the pentagon, which connects the
five different ways of multiplying four objects A, B, C, D. This tells us the following principle:
while there are 5 different ways we can multiply four objects A, B,C, D, each such choice is
canonically isomorphic to any other choice.

To see this, suppose you and I want to multiply objects A, B,C, D together. Suppose my
favorite way to do it is (A® B) ® (C ® D), while you choose (A® (B®C))® D. Then we might
be in trouble: I have two possible ways, displayed below in blue and , to “reparenthesize”
my product to get your object.

A® (B® (C®D)) < (A® B)® (C ® D) (AR B)y® C)® D
AR (B®(C)® D) — (A (BC))®D

Fortunately, the commutativity of the pentagonal diagram enures that the two paths are equal.
That is,
ao((1®a)oa)=(a" o 1)o

so that, in reality, I actually have one unique isomorphism (i.e., a canonical isomorphism) from
my object to yours, and you can also canonically get from your object to mine by inverting the
unique isomorphism.

However, our choice of two different parenthesizations was arbitrary. The commutativity of
the entire diagram therefore tells us that any choice of “parenthesizing” A ® B ® C' ® D, the
product of 4 objects in M, is canonically isomorphic to any other possible choice. This brings
up a few questions.

o What do we mean by “parenthesizing?”
o What about a product with n-many objects A for n > 47

We will rigorously specify what we mean by parenthesizing in a bit. To answer the second
question, we state that this result holds for n > 4; this is one version of the Coherence Theorem.
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Mac Lane’s Coherence Theorem

Step One: Category of Binary Words

To begin the proof of the coherence theorem, we need to first state the theorem itself. This task
itself is quite laborious, although it is a worthwhile investment to establish clear terminology
and notation, especially in writing the proof itself. Our primary tool will be the abstract
concept of a binary word.

Definition 7.4.1. Let x(, z; be two distinct symbols. A binary word w is an element defined
recursively as follows.

e 1o and x; are binary words.
o If u,v are binary words, then (u) ® (v) is a binary word.

More precisely, a binary word is any element in the free magma M = F({x¢, z1}) generated by
To, 1, but we will see that the first definition we offered is more useful and transparent.

Example 7.4.2. Since xg, z; are binary words so is the expression (z¢) ® (z1). Similarly, the
expressions
(20) © ((z0) @ (z1))  ((20) ® (1)) ® 23

are binary words.

From the previous example, we see that the notation is a bit clunky. On one hand, our
definition, which states that (u) ® (v) is a binary word if u,v are, is required so that we can
logically manage our parentheses. On the other, it makes notation clunky.

To remedy this, we will often omit parentheses. Given an expression of a binary word, we
will always omit the parentheses around individual symbols in the expression. With this rule,
we have that:

(o) @ (1) = o ® 71
(70) ® ((w0) ® (21)) = 20 ® (9 ® 171)
(o) ® (1)) @ (1) = (o ® 1) @ 13

That is, we keep the parentheses which group together individual products, and throw away
the ones which our smart human brains can don’t need.
Next, we move onto an important quantity that we will often perform induction on.

Definition 7.4.3. We define the length of a binary word w, denoted as £(w), recursively
as follows.

e L(xg)=0and L(z1) =1
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o If w=wu®v for two binary words u, v, we set L(w) = L(u) + L(v).

Example 7.4.4. The binary words (z; ® x¢) @ 1, (1 @ 1) ® xo, (o ® (1 ® 1)) ® o all have
length 2.

More informally, the length of binary word is simply the number of x; symbols that appear
in its expression.

Example 7.4.5. For any binary word w, we have that
L(w® xg) = L{(xg @w) = L(w).
If additionally u, v are binary words, we also have that

Lu® (vew))=L[(u)~+ (L(v)+ L(w))
= (L(u) + L(v)) + L(w)
(u®v) @w).

S

IS

We will use the observations made in the previous example later in this section.

We now demonstrate that these binary words assemble into a category.

Definition 7.4.6. The category of binary words is the category W where

Objects. All binary words w of length n =0,1,2,...,
Morphisms. For any two binary words w and v, we have that

{e} if v, w are the same length

Homyy (v, w) = {

o otherwise.

where {e} denotes the one point set.

What the above definition tells us is that any two binary words share a morphism if and
only if they are of the same length. Moreover, they will only ever share ezactly one morphism.
Since there is always at most one morphism between any two objects in W, we see that W
is a thin category. Moreover, it is monoidal. To prove that it is monoidal, we will need the
following small lemma.

Lemma 7.4.7. The multiplication of binary words extends to a bifunctor ® : W x W — W.

| Proof. First, we explain how ® : W x W —> W operates on objects and morphisms. If (u,v)
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is an object of W x W, we set ®(u,v) = u ® v. Next, consider two morphisms in W.
voiu—u B:v—.
Note that this implies £(u) = L£(v') an L(v) = L£(v’), which also imply that
L(u®v)=L(u)+ L) =L(u)+ L) = LW @).

Therefore, we define the image of (v, 8) under the functor, ®(~, 8), which we more naturally
denote as v ® 3, to be the unique morphism between u ® v — v’ ® v'.
We can picture the action of this functor on objects and morphisms more clearly as below.

W x W 14Y%

(7,8)
(ur,v1) —> (ug,vp) MAPS to vev 225 W

In addition, for any (u,v) in W x W, the identity morphism 1, : (u,v) —> (u, v) is mapped
to the identity 1,5, : u ® v—>u ® v. Finally, to demonstrate that this respects composition,
suppose that (v, #) is composable with (7, 5’) as below.

W x W
(v,8) .8

(ur,v1) ——> (ug,va) —— (u3,v3)

Asboth (v, 8")®(v, B) and (v oy)®(/'0f3) are parallel morphisms acting as (uy, vy )—>(us, v3),
they must be equal because W is a thin category (and hence parallel morphisms are equal).
Therefore, we see that ® : W x W — W is a bifunctor. ]

We now show that W assembles into a monoidal category.
Proposition 7.4.8. (W, ®, x¢) is a monoidal category with monoidal product ® : WxW—W
and identity object z.

Proof. First, we define our product to be given by the bifunctor ® : W x W — W. Second,
we define our identity object to be xy. With these two conditions we now need to find unitors,
an associator, and check that the necessary diagrams commute.

Now as any two binary words of the same length share a unigue morphism, all morphisms
are isomorphisms. Therefore, by Example 7.4, the isomorphisms

Qupw U (VRW) = (LQV) ®w
Aw Lo QW —= w

PuwtWRQ Ty —= W

are forced to exist. Further, these isomorphisms are natural because all diagrams commute
in a thin category. In addition, since W is a thin category, all diagrams commute, and so, in

particular, the required diagrams
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u® (g ®v) furor (u® xy) @V
1. @Ay Pu@lv
U QU
u® Ve (wez) — s (1) (we ) — > (LR V) dw) ® 2
1u®0¢v,w,z au,v,w®1z
u® (vRw)® 2) o (U@ (VW) ® 2z
also commute, so that (W, ®, z¢) satisfies the axioms of a monoidal category. |

We now make a few important comments on how to interpret «, p, and \.

e Each aypw:u® (v ®@w)—> (u®v) ®w can be thought of as an operator which shifts
the parentheses to the left. Dually, a; ! shift them to the right.

e Each A\, : xo ® w = w can be thought of as an operator that removes an identity from
the left. Dually, A\ ! adds an identity to the left.

e Each p, : w® xy == w can be thought of as an operator that removes an identity from
the right. Dually, p,;! adds an identity to the right.

Hence, this very primitive monoidal category VW encodes some basic and useful operators on
binary words.



260 Chapter 7. Monoidal Categories

Step Two: Pure Binary Words

In this section we begin discussing a specific subset of binary words, namely the ones which
lack an identity zy. As the theorem is quite complex, this initial restriction allows us to develop
intuition and some tools that simplify the proof later.

Definition 7.4.9. A pure binary word w of length n is a binary word w of length n which
has no instance the empty word x.

Example 7.4.10. The only pure binary word of length 1 is ;. There is also only one pure
binary word of length 2, which is 1 ® x1. The pure binary words of length 3 are

T ® (11 @ x1) (11 ® 21) @ 1

and the pure binary words of length 4 are as below.

71® (T @@ ) 11e(T1®n)®r) (11®71)Q®11)® 7
1@ (x1®1)®@11) (11® (21 @11)) @1y

As a side note, we comment that the number of pure binary words of length n + 1 is the
n-th Catalan number

1 (2

C, = ( ") 1,2, 5, 14, 42, 132, 429, - --
n+1\n

However, we make no critical use of this fact in our proofs. Next, we form a category of pure

binary words.

Definition 7.4.11. The category of pure binary words Wk is the full subcategory of W
constructed by restricting the objects of W to its pure binary words.
More explicitly, W is the category defined as:
Objects. All pure binary words w of length n =0,1,2,...,
Morphisms. For any two pure binary words u, v of the same length, we have that Homy, (u,v) =
{e}, the one point set. No other morphisms are allowed.

We now focus on a particular set of morphisms in Wp. Recall that we may think of each
Oy @S a “shift map”
Ay w,v U®(U®w)—>(u®v)®w

which makes a single change in the parenthesis of a binary word. However, « itself does not
characterize all possible always in which we make a single change of parentheses within a larger,
more complex binary word. An example of this is the morphism

e ® Qupw S (V@wW) —s5® (u®v) ®w)
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which makes an internal change of parentheses. As we will need to focus on these more com-
plicated morphisms, we rigorously define them below.

Definition 7.4.12 (o-arrows). A forward a-arrow of Wp is a morphism in Wp which we
recursively define as follows.

o For any triple of pure binary words wi, ws, w3 in Wp, the morphism
awl,wg,wg LWy ® (UJQ X w3) E— (wl & U)Q) X w3

is a forward a-arrow.

o If p:w—>w is a forward a-arrow, and u is an arbitrary pure binary word, then the
morphisms
1, @B:u@w-—u®uw BR1lL,:w@u—w Qu

are forward a-arrows.

We also define a backward o-arrow to be the inverse of a forward a-arrow.

Example 7.4.13. Below are a few simple examples of a-arrows. The first two are forward,
while the third is backward.

2 ® (@ @) NO@mO@On) (11®n)® (1 @)
awl,xl,xll 111®a11,11,zll Gl ot w00
(B1@11)®11 4@ (1 @n)@n) 2 (@ (@ 1))
We can have even more complicated examples; for example, the morphism below
(U@ (11 ® (11 ®@21))) @0
(1u®az1,zl,zl)®11¢
(L® ((r1®r) @x1) @0

is an a-morphism for any pure binary words u,v. For example, setting v = (x; ® x1) ® z1 and
v = x1 ® T1, we obtain the forward a-arrow as below.

(11 @21) @1 (x1® (11 ®31))) ® (11 @ x7)
(1<:”l§§1’1)Xfl@awl’zl'zl)®1(*’”1X171>l

(r1@x) 11 (11 ®71) ®x1) ® (17 @ 1)

We emphasize that a-arrows only ever involve a single instance of « or a1 in their expres-
sion.

Next, we introduce a particularly important instance of a pure binary word that will become
essential to our proof.
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Definition 7.4.14. We define the terminal word w(™ of length n recursively as follows.
e 17 is the terminal word of length 1.

o If w™® is the terminal word of length k, then w*+!) = w* ® z; is the terminal word of
length £ + 1.

More informally, the terminal word is the unique pure binary word of length n for which all
parentheses begin on the left.

Example 7.4.15. Below we list the terminal words by length.

Length Terminal Word
1 T
2 T QT
3 (r1 ®@11) ® 21
4 (T1®21) ®@21) ® 13
5 (z1®21) ® 1) @ 21) ® 11

We now introduce a quantity which provides a “distance-measure” between a pure binary
word of length n and the terminal word w(™.

Definition 7.4.16. We (recursively) define the rank of a binary word as follows.
o 7(x1)=0.

« For a pure binary word of the form w = u ® v, we set

r(u®@v) =r(u)+rv)+ L(v) — 1.

Example 7.4.17. We compute the ranks on the pure binary words of length 4.

r(z(zi(riz)) =3 r(z((v121)21))
r((@z)(rz)) =1 r((z1(z121))71)
r(((z121)x1)z1) =0

2
1

Note that w® = ((x121)z;)r; and r(((x121)z1)r) = 0. Hence we see that our intuition of
the rank being a distance measure from w(™ so far makes sense.

An important property of distance-measuring functions is nonnegativity, which we will now
see is satisfied by the rank function.

Lemma 7.4.18. Let w be a pure binary word of length n. Then r(w) > 0.
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Proof. We prove this by induction on n. First observe that this clearly holds for n = 0 since
r(z1) = 0.

Now let w be a pure binary word of length k, and suppose the statement is true for all
pure binary words with length less than k. Since k£ > 1, we may write w = u ® v for some
pure binary words u, v, in which case

>0 by induction
—~

r(w) = r(u) +r(v) + L(v) — 1.

Since L(v) > 1, we see that r(w) > 0 as desired. |

Keeping with the analogy of the rank being a distance measure, we ought to verify that it
is zero if and only if the input, which is being measured from w™, is w™ itself. We verify that
this is the case for the rank function.

Proposition 7.4.19. Let w be a pure binary word of length n. Then r(w) = 0 if and only if
w = w".

Proof. We proceed by induction. In the simplest case, when n = 1, we have that r(x;) = 0
by definition. As z; = w)), we see that this satisfies the statement.

Let w be a pure binary word of length k, and suppose the statement is true for all pure
binary words with length less than k. Then we may write our word in the form w = u ® v,
and we have that

r(w) =r(u) +r(v) + L(v) — 1.

By Lemma 7.4.18 we know that r(u),r(v) > 0. Therefore, if £(v) > 1 then r(w) # 0. Hence,
consider the case for when £(v) = 1, so that v = x;. Then

rlu®v) =r(u)+r(x) + L(x)) =1 =1r(u)

Therefore, r(w) = 0 if and only if if 7(u) = 0. But by induction, this holds if and only if
u =w* . So we see that w = w1 ® 2; = w® which proves our result for all n. |

Lemma 7.4.20. Let § : v — w be a forward a-arrow. Then r(v) < r(w). In other words,
forward a-arrows decrease rank.

Proof. To demonstrate this, we perform induction on the structure of forward a-arrows.
Our base case is f = ay 0 U® (VO W) == (u®@v) ® w for some arbitrary words u, v, w.
With this case, observe that

ru® (vew))=ru)+rvew)+ Lvw)—1
=r(u) + (r(v) + r(w) + L(w) — 1)
+Lv@w)—1
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while

r((u®@v)@w) =r(u®v) +r(w)+ Llw) -1
)+ 100+ r(0) 4 £0) L+ (0
+ L(w) — 1.

If we subtract the quantities, we observe that
ru®(vew)) —r((u®v)@w)=L(vw)— L(w) >0

since v has at least length 1. Therefore o, ., decreases length as desired.
Next, we reach our inductive step: let 5 =1, ®v: u®@v—>u® w where v: v — w is a
forward a-arrow for which the statement is already true. In this case we have that

r(u®@uv) =r(u)+rv)+ L(v) — 1.
while
rlu®@w)=r(u)+rw)+ L(w) — 1.

Since L(v) = L(w) and r(v) > r(w), we see that r(u ® v) > r(u® w). Therefore, we see that
B =1, ® v decreases rank whenever v is a forward a-arrow that also decreases rank.

Finally, let 8 = v ® 1, where v : v — w is a forward « arrow for which the statement is
already true. Then we may write 3 : v ® u —> w ® u Now observe that

rlo@u) =r)+r(u)+ L(u) —1
while
r(w®u) =r(w)+r(u) + L(u) — 1.

Since 7 : v —> w decreases rank, we see that r(v) > r(w) and therefore r(v ® u) > r(w ® u),
as desired.
This completes the proof by induction, so that the statement is true for all forward a-

arrows. [ |

Thus what we have on our hands is the following. We know that the rank of word w is zero
if and only if w = w™. Further, we know that applying a-arrows to a pure binary word will
decrease its rank. In other words, shifting the parentheses of a pure binary word w brings w
“closer” to w(™ (whose parentheses are all on the left). Therefore, the rank of a pure binary
word gives us a measure for how far a binary word w is away from w.

The following lemma demonstrates our interest in the word w™.

Proposition 7.4.21. Let w be a pure binary word of length n. If w # w™, then there exists
a finite sequence of forward a-arrows from w to w™.
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Proof. We first show that for every pure binary word w # w™ there exists a forward a-arrow
B with domain w. We prove this statement by induction on length.

Observe the result is immediate for n = 1,2. Suppose the result is true for binary words
with length less than n > 3. Let w be a pure binary word with length n. Then w = v ® v,
with u, v other pure binary words. We now consider two cases for v and v.

(1) The first case is when £(v) = 1, so that v = 2;. As w # w™ we know that u # w1,
and since u has length less than w, we see that by induction there exists a forward
a-arrow (3 : u—>u'. Using 3, we can construct the forward a-arrow

LRy i u®w —>u @ xy.

Hence  ® 1,, is our desired forward a-arrow with domain w.

(2) The second case is when £(v) > 1. In this case we may write w = ©u® (r®s). A natural
choice for a forward a-arrow in this case is simply

Qups UR(r®s)— (L®T)® s

so that this case is also satisfied.

As we see, in all cases for w # w™, we can find a forward a-arrow with domain w. As a-
arrows decrease rank, and r(w) = 0 if and only if w(™, this guarantees a sequence of a-arrows

from w to w™, which is what we set out to show. |

The previous proposition has an immediate, useful corollary. It will be used as one of the
building blocks for the next section.

Corollary 7.4.22. Every morphism in Wp can be expressed as a finite composition of a-arrows.

Proof. Let v,w be arbitrary pure binary words. Denote ¢, ,, : v —> w to be the unique
morphism from v to w. By Proposition 7.4.21 there exists chains of forward a-arrows whose
composite we denote as I'y : v —> w™, Ty : w—> w™. Our situation is pictured below.

Pv,w
v > W

w®
However, Wp is a thin category, so parallel morphisms must be equal. Therefore
_ -1
Pow = PQ e} Fl-

Hence ¢, ,, is a composition of a-arrows. As ¢, ,, was arbitrary, we see that every morphism

in Wp is a finite composition of a-arrows. [ |
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What this corollary says is that every morphism in Wp can be expressed as a composite
of forward and backward a-arrows. However, we emphasize that there can be many different
ways to represent a morphism in Wp via a-arrows. This will be an issue which we discuss later
in the next section.
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Step Three: Coherence for A®" in «

Using our results from the previous section, we are almost ready to take our first major step in
the proof of Mac Lane’s Coherence Theorem. Before we do so, we need to introduce terminology
to even state the theorem which we will prove in this section. Towards that goal we introduce
a few more definitions.

Definition 7.4.23. Let (M, a, A, p, I, ®) be a monoidal category. For an object A of M, we
define the proxy map of A to be a partial functor

(—)A2Wp4>M

as follows. Note by partial functor, we mean a functor defined on all objects of Wp, but only
a subset of all morphisms of Wkp.
Objects. We define the action on objects recursively as follows.

o Weset (z1)4 = A.

e For a binary word w = u ® v, we define
(w)a = (u@v)a=(u)a®(v)a

Morphisms. We define the partial functor only on a-arrows. We do this recursively as follows.

o For a4, with u, v, w as pure binary words, we set:

(au,v,w)A - a(u)A,(v)A,(w)A

-1 -1
(&u,v,w)A - CY(u),a,,(v)A,(w)A
e For1l,® f and 8 ® 1, with 5 an a-arrow, we set:

(1. ® B)a Ly, ® (B)a
(B®1u)a=(8)a® L,

We now introduce the theorem of the section. This theorem is the first major step in the
proof of the coherence theorem, and the rest of this section will be dedicated to proving it.

Theorem 7.4.24 (Coherence in a.). Let (M, ®,1,a, A, p) be a monoidal category. For every
object A, there exists a unique functor ® 4 : Wp —> M which restricts to the proxy map (—)a
on objects and a-arrows of Wp.

We address the question the reader most likely has in mind right now: Why did we only
define the proxy map on a-arrows? Why not define it on all of the morphisms of Wp to get a
functor to begin with? We did this to avoid a potential well-definedness issue, which we now
elaborate on.
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Let us attempt to naturally extend the proxy map to a functor. With Corollary 7.4.22, it is
clear how to proceed on defining (—)4 on general morphisms. Let v : v — w be any morphism
in Wp. By Corollary 7.4.22, there exist forward and backward a-arrows 71, ..., 7, such that

V=Moo

Since the proxy map is in fact defined on a-arrows, and since functors preserve composition,
we are required to define

(V)a=(m)ao-o(n)a

However, we need to be careful. Suppose that we can also express v as the finite composition
of a-morphisms 41, ..., 0.
f)/:(smo...oél_

While 7, 0---0v; = J,,0---00; because Wh is a thin category, and therefore parallel morphisms
are equal, we have no idea if

(Yn)ao---o(m)a= (Gm)ac---0(61)a

is true in M. That is, we do not know if equivalent morphisms in Wp are mapped to equal
morphisms under the proxy map. Our issue is one of well-definedness.

This issue is similar to one which arises in group theory. When one attempts to define
a group homomorphism on a quotient group, they must understand that there are different,
equivalent ways to represent an element. In this situation they must make sure that the
equivalent elements are mapped to the same target in the codomain.

Example 7.4.25. To illustrate our point, we include a concrete example of our problem which
also demonstrates its nontriviality. For notational convenience, we suppress the instances of
the monoidal product ®. Let

vz ((zrwn) (1)) —> (2o (2120)) 20 ) 20

Then we have many possible ways of expressing v in terms of our a-arrows. Some potential
ways we could express v are displayed below in purple, blue, or
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r1((v121)(2121))
Loy @z 2y ,2,21

w1 (((w121)21)21) g (z1(z121)) (2121)
(11‘1 ’X(!Ill,rl.rl)%‘y YII zl® 111®111)

a"”l"’”l(”"lml)ﬁml
((l‘ll‘l £L‘1 1111’1

Agpq,zqx1,2 1
(z1((z121)21)) 71 s (@) )2 )
Y(zzy)2y,21,21
/(1;1®a117z1721)®111 () oy 0y ®1ap)®

z1((z1(z121)) 1)

Qri,xirix],2]

(z1(21(z121))) 71 (-731561 T1)x1)T
a”l‘fl-lm %’1:1’:@1@411’1
(z121)(2121) )71

As this is a thin category, we know that the composition of these paths are equal in Wep.
However, we now have many ways to define v under the proxy map (—)4. We could write

(PY)A = ((”Tl 1,71 ® 1I1) ® 11‘1) ©0 0 (15171 ® (}:731‘”51711:11)14
= (O’A,A_A ®14) @140 01y @ aaann

or

(’Y)A = (azlﬂ?lxlﬂ?l ® 13@1)14 ©--+0 (17“1 ® O‘mm,m,m)A

= pgaa4Q1q0---01l @ aaanan

or

But as morphisms in M, we don’t know if these compositions in M, displayed below, are all
equal.
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| /A((AA)(AA»
(A ) o (A(A4))(44)

o1
(144><("A,A.A)xy YA,A@“A@LA)

QALA(AA),A

A((A(AA))A) ((A4)A)(AA)

(A((AA>A))A @A,AA,AQLA ((

A(AA))A)A
/1A®CYA,A,A)®1A ((vﬂ_l‘/h,\xlA)xLx
(((AA)A)A)

(A(A(A4))A

QA AAAA Q(AA)AAA

A

aA,A,AAR] 4 QA A, AR A

((44)(AA))A

Hence we need to show that the purple, blue, and compositions are equal in M. While
we could perform tedious diagram chases to show that they are equal in M, that would only
address three of the many possible ways to express 7. It also would not take care of the case
for much larger binary words! Hence, this problem is very nontrivial in general; we need higher
level techniques to get what we want.

Therefore, to define a functor in the first place, we need to prove the following fact.

Proposition 7.4.26. Let (M, ®,I,a, \, p) be a monoidal category, and let A be an object of
M. Let v, w be binary words of the same length. If 3,..., 8, and ~q,...,7, are a-arrows with

/Bko...o/817ryéo...orylzv4>w

then (B)ao---o(B1)a=(y)aoc - o(y1)ain M.

To prove this proposition, we will see that it actually suffices to prove the the special case
with w = w™ and with By, ..., B and v, ..., all forward a-arrows. That is, it suffices to
prove the following proposition.

Proposition 7.4.27. Let (M, ®, I, «, A\, p) be a monoidal category, and let A be an object of
M. Let w be a pure binary word of length n. If 3;,..., ;. and vy, ..., 7, are forward a-arrows
with

Bro--o B,y 00y w—w™

in We, then (Bg)ao---o(f1)a= (y)ao---0o(y1)a in M.

To prove this it will suffice to prove the Diamond Lemma (stated below). It will turn out
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the bulk of the overall proof toward our theorem will be spent on the Diamond Lemma. At
the risk of downplaying its importance, we leave the proof of the Diamond Lemma to the end
since it is very tedious and involved, and we do not want to disrupt the flow of the current
discussion.

We summarize our plan on how to prove Theorem 7.4.24. The uncolored boxes, and the
implications between them, are what is left to do.

Work of Section 1.7 ‘ ’ Diamond Lemma
Proposition 7.4.21 Proposition 7.4.27

'

Proposition 7.4.26

A'4

’ Theorem 7.4.24

Lemma 7.4.28 (Diamond Lemma). Let w be a pure binary word and suppose f3;, 52 are two

forward a-arrows as below.
w
PR
w1 w

There exists a pure binary word z and two 7, : wy —> 2,7 : we —> 2, wWith 71,72 a composition
of forward a-arrows, such that for any monoidal category (M, ®, I, a, A, p) the diagram below

is commutative in M.

Since the above lemma is an existence result, we emphasize this fact by coloring the arrows,
which we are asserting to exist, Green. This is a practice we will continue.

As promised, we now prove Proposition 7.4.27 using the Diamond lemma. We restate the
statement of the proposition for the reader’s convenience.
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Proposition 7.4.27. Let (M, ®,1,a, )\, p) be a monoidal category, and let A be an object of
M. Let w be a pure binary word of length n. If By, ..., Bx and v1,...,7v are forward a-arrows
with

Bro--of,yo0 oy w—w™

in We, then (Bg)ao---o(Bi)a= (y)ao-o(y)a in M.

Proof. To prove the desired statement, we proceed by induction on the rank of a pure binary
word w. In what follows we write we will write w = u ® v since L(w) > 3.

For our base case let w be a word of rank 0. Then by Proposition 7.4.19 we see that
w = w™ so that this statement is trivial.

Next suppose the statement is true for all words with rank at most k£ where £ > 0. Let w
be a pure binary word of rank £ + 1. We want to show that the diagram in M

N
e A

(Br)a0---o( )ao--o(y2)a

7’l

is commutative. By the Diamond Lemma 7.4.28, there exists exist a pure binary word z and
two composites of forward a-arrows 5’ and 4’ such that the diagram below is commutative

in M.
(B1)a w:x
(8 /

Let I, : z—> w™ by any composition of forward a-arrows from z to w™; at least one must
exist by Proposition 7.4.21. We can now combine our two diagrams in M to obtain the

V \
u1 U1A

diagram below.

(2)a

(Br)ao--o(B2) A ()4 / (e)oo(r2)a

20(1)
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By Lemma 7.4.20, we know that forward a-arrows decrease rank, so that r(u;) < r(w) and
r(v1) > r(w). Hence we invoke our induction hypothesis to conclude that both the lower left
and lower right triangles commute in M. As the original upper diamond already commutes
via the Diamond Lemma, we see that the entire diagram is commutative. Therefore we have
that

(Br)ao--o(Bi)a=(v)ao--o(1)a

in M. This completes our induction and hence the proof. ]

As promised, we use the above proposition to prove Proposition 7.4.26.

Proposition 7.4.26. Let (M, ®,1,a, )\, p) be a monoidal category, and let A be an object of
M. Let v,w be binary words of the same length. If By,..., Bk and vy, ...,7 are a-arrows with

/Bko."o/Bl)’Yeo"'o’Yl:UHw

then (Br)ao---o(f1)a= (y)aoc---0o(m)a in M.

Proof. We begin by denoting the domain and codomain of the a-arrows to make our discussion
clear. Let wug,...,ug,tg,...,t, be the pure binary words such that ug =ty = v, v, = uy = w

and

Bi:ui_lﬂui, i:1,2,...,k‘

")/jitjflﬁtj, j:1,2,...,£

Note that each morphism may either be forward or backward. With this notation we can

picture our parallel a-arrows in Wp as below.

Bs

TN
1

v

S A

1
W@ﬁy

w

Now consider the image of this diagram in M, which we do not yet know to be commutative.
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Our goal is to show that this diagram in M is in fact commutative. This will then show our

desired equality.

By Proposition 7.4.21, we can connect each pure binary word u; and ¢; to the terminal
word w™ with forward a-arrows Ly, tu;—> w™ and Iy, : ti— w™ . If we add these to our
diagram (and suppress the notation on the I'’s), it becomes

whose image under the proxy map in M is
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W\ T

()4 (t2)a

Thus the diagram has become a cone, with apex w™, which is sliced by the triangles. The
base of this cone is the original diagram. We now show that each triangle is commutative.

Note that each triangle is of two possible forms: it either consists of 3; or ;. Without
loss of generality, consider a triangle with an instance of j3;, as below.

(B:)
(wi—1)a = (ui)a

mk /um

(w™) 4

Now if 3; is a forward a-arrow, observe that by Proposition 7.4.27 it is a commutative diagram
in M.

On the other hand, suppose j3; is a backward a-arrow. Then ;' is a forward a-arrow.
Then we may rewrite the triangle as

B
(uifl)A = (Ui)A
(Full)x\ /Ful)A
(w(”))A

so that it now consists entirely of forward a-arrows. This then allows us to apply Proposition
7.4.27 to guarantee that it is a commutative diagram in M. Thus, what we have shown is
that each triangle in the above diagram is commutative in M. This literally means that for
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each 1,

(Fu)ao(Bi)a

= (Fui—1>A = <6l> = (Fuf);ll © (F'IL7:71)A
(Fti)A © (%’)A = (Ftifl)A = (71)

A
A (rlz)gl © (F['zfl)A

Therefore, we see that (fg)a o--- o (f1)a can be written as

()3t (Cu)a) e (T )7 o (Cu)a) 00 ()3 o (Tug)a)
which is a “telescoping” composition that reduces to
(Tu)a' © (T ) a-
Similarly, we can expression (7y,)4 00 (7;)a as
(it (M) o ()it o (M) oo ((Ti) 3! o ()

which also reduces to
(Te)a' o (Thy) a-

However, u;, = t, and ug = tg, so that

(Tu)a' © Tug)a = (Ce)a" 0 (Peg)a = (Bi)ao -0 (Br1)a= (Br)ac---o(fi)a

Thus we have that our original diagram in M

(B3)a o
(u)a—_(B2)a (Bn)a

<7m)A

(e %

(72)4 (t2)a

is commutative. Therefore we have that parallel sequences of a-arrows are equal in M, as
desired. H

Finally, we use all of our previous work to prove Theorem 7.4.24. In this case, the proof
is simply the definition of our desired functor. We state the theorem here for the reader’s
convenience.
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Theorem 7.4.24 (Associator Coherence.). Let (M, ®,1,a, X, p) be a monoidal category. For
every object A, there exists a unique functor ® o : Wp —> M which agrees with the proxy map
(—)a on the objects and a-arrows.

To define this functor, we will (in this order) define the functor on (1) object, (2) a-arrows,
(3) general morphisms of Wp, and then finally show that our definition preserves composition.
Objects. For a pure binary word w, we define ® 4(w) = (w)a.
Morphisms. (1) If § is an a-arrow, we define ®4(5) = (5)a.

(2) Now we define our functor on a general morphism v — w in Wp. For convenience
denote this as ¢, : v —> w.

We know by Corollary 7.4.22 that there exist finitely many forward and backward
Q-arrows i, ..., vk such that

Pow = VO O071.

Therefore, define

Pa(Qow) =Py o---0om) = (w)ac---0(m)a.

By Proposition 7.4.26, we see that this definition is well-defined.
Note that this definition allows the functor to also be well-defined on identities, i.e., in
all instances, ®4(1,) = 1,,,.
We now show that this definition of our functor behaves under composition. Let ¢, :
u—>v and ¢, : v —> w be morphisms in Wp. Then there exist sequences of a-arrows
b1, ..., Bk and 7y, ...,7 such that

cpu,vzﬁko"'oﬁl Pow = 709" 071.

Then we can write

D (yw © Puy) = P(yppo---oy0f0---0p)
= (v)ao--o(m)ao(Br)ac---0(B1)a
=P(yo---0oy)od(fro---0p)
= O(puw) 0 P(pPup)

Hence we see that our definition on morphisms behaves appropriately on composition, so
that ® is in fact a functor.
We conclude this section by proving the Diamond Lemma, which we have now seen to play
a critical role in this proof.

Lemma 7.4.28 (Diamond Lemma). Let w be a pure binary word and suppose py, P2 are two
forward a-arrows as below.
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w
>N
w1 Wa

There exists a pure binary word z and two 7y : wy —> z,7Ys : Wo —> 2, with Y1,Ys a composition

of forward a-arrows, such that for any monoidal category (M, ®,1,a, A, p) the diagram below

(w)a
(B1)a (B2)a
(wl)A/ \ (w2) 4
(2)a

1s commutative in M.

15 commutative.

As we said before, the above lemma is an existence result, so we emphasize this fact by
coloring the arrows, which we are asserting to exist, Green.

Proof. We will prove this using induction on the length of w = u ® v. Therefore, throughout
the proof, suppose the result is already true for all words of length less than that of w.

We proceed in a case-by-case basis, exhausting the possible forms of 3; and (5. For our
purposes, we will express w = u ® v. Whenever L£(v) > 1, we write v = s ® .

Let 31, B2 be forward a-arrows. Then 3; could be of the forms

au,s,t 1u ® 71 4! & 11}
and 5 could be of the forms
au,s,t 1u ® Y2 Y2 & 1v~

with 71,72 already forward a-arrows. Therefore, our cases for (1, o, displayed in tuples, are
listed in the table below.

(51; 52) Olyy 5.t 1, ® 72 Yo @ 1,

st (st Cusit) (

L@n | (Lu®7,aust) (Li®7,Lu®72) (Lu®71,7%2 @ 1)
(M ®1,1u®72) (1 ®1y,72® 1)

Qfms,ts lu ® "72)

’71®1fu

While there are 9 cases displayed above, we have pointed out via color the pairs of cases
which are logically equivalent to each other due to the symmetry of our problem. Therefore,

we actually have 6 cases to check We now proceed to the proof.
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Case 1: (v ot, Qusy)-
In this case, we have that $; = (35, for which the statement is trivially true.

Case 2: (7, @ 1,,1, @)
Suppose 1 =1 ® 1, and By = 1, ® 2. Here, 71 : u—> o’ and 5 : v —> v’ for some pure
binary words u’,v’. Then we get the diagram

U@ v

U@

w @
which commutes by the bifunctoriality of ®.

Case 3: (7, @ 1,7 @ 1,)
Suppose 1 = 71 ® 1, and By = v ® 1, with v : u—> u; and 75 : u —> uy both forward
a-arrows. Then in this case we have the triangle below in M.

u®v

'71 A®‘1V y@l(v)/‘

(up ®v)a (ug ® )4

Note that the above diagram is the image of diagram

(u)a
(11)a (v2)a
A / \ (u2) 4

under the functor (—) ® (v)4. As L(u) < L(u®wv), we know by our induction hypothesis that
there exists a pure binary word z and a pair of composite, forward a-arrows oy : u; —> 2z and
09 : up —> z such that the diagram below commutes in M.

(W \*
A
\ A

Therefore we can apply the functor (—)®(v) 4 on the above diagram to obtain the commutative

diagram below
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@
~—
b

(w)a®

(52)A®y \

U)A (UQ

(01). 1Km %
(2)a

which proves this case.

Case 4: (1, @ 71,1, @)

The next case is when #; = 1, ® 11 and B = 1, ® v9 with 7 : v —> vy and v, : v —> vs.
However, this can be proved in a similar manner as the previous case using the induction
hypothesis and the functor (u)4 ® (—).

Case 5:

Let 1 = ayss, so that w = u® (s ®@t). Let s = 12 ® 1, = 72 @ Lyge with v5 : u—>u' a
forward a-arrow. Then we will have the diagram in M

s®t

QV (12®(1s®1¢)) A

(v®s)® ®t))a

(12®12) N (0,

(W ®s)@t)a

/

which commutes in M by naturality of a.
Case 6: (a1, 1, @72)

Let 81 = aysy, B2 = 1, ® v with v a forward a-arrow with domain s ® t. By the recursive
definition of a forward a-arrow, we have three possible cases for .

Case 6.1: y=1,®°
With v =1, ® v/ with ' : t —t/ already a forward a-arrow, we have the diagram in M

V W\@’Y

(u®s)@t)a (u®@(s®@1t'))a

luxm /
U

S)®t)a

which commutes in M by naturality of a.
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Case 6.2: =+ ®1,
If v =+"®1; with 4/ : s —> & already a forward a-arrow, we can create the diagram

V W@lt

(u®s)®@t)a ® (s @1))a
luxk\ /
u®5

which also commutes in M by naturality of «.

Case 6.3: 7= qa;,,

The third case for v is when v = ;4. In this case, we express w =1 ® (s ® (p ® q)). We
can then construct the diagram

(u®(s®(P®q)))a

(lu®as,p,q) A

(u®s)@(p®@q))a (u®((s®p)®q))a

(Cu®s,p,q)A (Qu,s®p,q) A

(u®s)®@p)®q)a (u® (s®p))®q)a

(Q u,s,p@lq)z\

which is always commutative in M. In this case, the word ((u® s) ® p) ® ¢ acts as our vertex
z which completes the diagram.

As we have exhausted all possible cases, we see that the statement is true for pure binary
words of rank k + 1 if it is true for all pure binary words with rank at most k£. By induction,
the statement is true for all binary words of any rank, so that we have proved the theorem.

|




282 Chapter 7. Monoidal Categories

Step Four: Binary Words

So far we have established a unique functor ®4 : Wp — M for each object A of any given
monoidal category M, and this functor grants us coherence in the associators between iterated
monoidal products of a single object. We now consider such monoidal products with the identity
I as well, so that we may say something about coherence with regard to the unitors A and p in
a general monoidal category. Towards that goal, we now consider binary words (not just pure
binary words) and introduce some definitions.

Recall that £ calculates the length of a binary word, or more informally, the number of x;’s
in a binary word. We now introduce a dual quantity which instead counts the number of z

Definition 7.4.29. Let w be a binary word. Define the identity length of w, denoted &,
recursively as follows.

o E(xg)=1and E(z1) =0.

e E(u®v)=E(u)+E().

Similarly to how £(—) counts the number of x;’s in a binary word, £(—) counts the number
of zy’s in a binary word.

Next, we introduce the following concept that will later on be key to our proof of Mac Lane’s
Coherence Theorem.

Definition 7.4.30. Let w be a binary word. We define the clean word derived from w,
denoted w, recursively as follows.

e We set 77 = z;.
o If L(w) =0 (i.e., it has no instance of x;) then W = x.

 Let u,v be binary words with £(u) = 0 and £(v) > 0. Then

URUV=0VQQU="T

» Let u,v be binary words with £(u), L(v) > 0. Then u® v =T ® .

Note that for a pure binary word w, we have that w = w. Informally, the clean word
of a binary word of nonzero length is simply the pure binary word obtained by removing all
instances of the identity from its expression. In the case for a binary word with zero length, we
naturally define the clean word to be zy .

Example 7.4.31. We offer some examples of clean words obtained from binary words.

Word Clean Word
7o ® (10 ® T0) Zo
To X (1171 X .730) 1
(1 ® 20) @ 21 r1 & 21
(21 ®@ 20) ® ) @ 74 r1 ® 2y
(11 @ x0) @ (11 Q@) 1) | 71 ® (71 ® 1)
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The above example also shows that two different binary words can have the same clean word.

Definition 7.4.32 (Monoidal Arrows). A forward monoidal arrow of W is defined recursively
as follows.

o For any triple of binary words u, v, w, the morphisms

Qupw  UR (VRW) = (UQV)®w
A i ToRQU = u
Pu U T —— U
are, respectively, forward a-, A-, and p-arrows. They are collectively defined to be

forward monoidal arrows.

o For any binary word u and forward monoidal arrow u, the morphisms
1, @ p w1,

are forward monoidal arrows.
Finally, we say a backward monoidal arrow is the inverse of a forward monoidal arrow.

We also establish the following terminology to distinguish our a-arrows from our A and p
arrows.

Definition 7.4.33. A forward unitor arrow is either a forward A-arrow or a forward p-arrow.

Similarly, a backward unitor arrow is the inverse of a forward unitor arrow.

As we have already seen forward a-arrows, we provide examples of forward and backward
A, p-arrows.

Example 7.4.34. Below we have a forward and backward A-arrow.

1 ® (o ® 1) ® 1) (r1 ®x1) ® 11
(PR PRrseon
1 @ (11 ® 1) 2o ® (1 @ 21) @ 21)
We also have forward and backward p-arrows below.
(r1 ® x) ® 11 T ® (11 ® 11)
lpxl(@lxl l111®P§11®1-1
r1 ® 1 71 ® (1 ®@ 1) ® o)

We now move onto proving some important lemmas regarding monoidal arrows that we will
use for the coherence theorem.
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The first three are quick, but have particular importance.

Lemma 7.4.35. Let w be a binary word, w # xy. Then £(w) = 0 if and only if w = w.

Note that w = xg is the only case for which the above proposition is not true, since x¢o = Ty
but £(z¢) # 0. Hence, our reasoning for excluding it (and it is not a case we will need to
concern ourselves with).

Proof. Suppose £(w) = 0, and let us prove the forward direction by induction on the length
of the word. Let us write w = u ® v, suppose that the statement is true for all pure binary
words with length less than w. Observe that

W=UuRXRU=uUuRU=uRv="1.

where we used the induction hypothesis on u,v which have smaller length than w. Thus we
see that w = w.

Conversely, suppose W = w, w # gy, and suppose the statement is true for binary words
with length less than w. Write w = u ® v. By the definition of a clean word, the only way
we can have W = w is if u, v are binary words with nonzero length. Therefore, if W = w we
see that

TRU=uRv.

Since u, v have smaller length than w, we may use the induction hypothesis to conclude that
E(u) = E(v) = 0. Hence, E(w) = 0, as desired. |

Lemma 7.4.36. Let w be a binary word. Suppose ¢ : w—>w' is a forward unitor arrow. Then

E(w') =Ew)— 1.
In other words, any unitor arrow always takes away exactly one identity.

Proof. We prove this by examining the possible cases for .. Write w = u®wv. As ¢ is a forward
unitor arrow, it has four possible forms.

(1) Suppose t = A, 1 2g @ v —>v. As
EW)=EW)+E(xg) —1=E(v@x0) — 1

we see that the statement is satisfied in this case.
(2) If L = py : u® x9g—> u, we can use a similar argument as in (1) to prove the statement.
(3) Suppose t =1, @Kk : u®v—>u®v where k : v —> ' is a forward unitor arrow for

which the statement is already true. Then £(v') = £(v) — 1. Hence,

Euxv)=Euxv)—1.

Therefore the statement is satisfied for 1, ® k if it is true for k.
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4) Ifr=r®1, : u®v—u ®@v where k is a forward unitor for which the statement is
already true, then we may prove this case by following a similar argument as in (3).

As we have examined all cases, we may conclude that for every forward unitor ¢ : w — w’,
we have that £(w') = E(w) — 1 as desired. |

Lemma 7.4.37. Let ¢ : w—> w' be a forward unitor arrow. Then w = w'.

In other words, unitor arrows do not alter the particular format of a clean word.

Proof. First, observe that the result is trivial if £(w) = L(w") = 0. Therefore, let w =u® v
be such a binary word with £(w) > 0. Suppose the statement is true for binary words v such
that £(v) < E(w). Let ¢ : w—>w' be a forward unitor arrow. By the recursive definition of
¢, our forward unitor arrow has four possible forms.

(1) Suppose ¢ = \, : xg ® v —> v. However, note that xy ® v = 7, so that this case is true.
(2) If ¢ = py : © ® ¥y —> u, then this case may be proven in a similar manner as case (1).

(3) Suppose t =1, ® £ : u® v —>u ®v' where k is a forward unitor arrow for which the
result is already true. Since L(u ® v) < 0, we have a few subcases.

Suppose L(v) > 0. Then by our assumption on k, ¥ = v. Therefore, if L(u) = 0, we
see that

which again satisfies the case.

Finally, suppose £(v) =0. Then u@v =T =u® v

In all cases we see that ©t ®@ v = u ® v’ as desired.

(3) Our third case if when t = k® 1, : u ® v — « ® v with £ a forward unitor for which
the result is already true. However, this case can be proved similarly as in case (2).

In all instances, we see that for a forward unitor arrow ¢ : w —> w’, we have that w = w’, as
desired. H

The following lemma is an important existence result that will be used in the next propo-
sition.
Lemma 7.4.38. Let w be a binary word with £(w) > 0. Then there exists a forward unitor
with domain w.

Proof. We prove this by induction on the total length of a binary word £(w) + £(w). Thus,
let w = u®wv be a binary word with £(w) > 0 and suppose the statement is true for all binary
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words z with

L(z)+E(2) < L(w) + E(w).
Then we have a few cases for w.
(1) Suppose u = xy. Then we take the forward unitor A, : o ® v —>v.
(2) Suppose v = xy. We may similarly take p, : u ® xog —> u, so that this case is satisfied.

(3) Suppose u,v # xy. Since £(w) > 1, either £(u) or £(v) > 0. Without loss of generality,
suppose E(u) > 0. Since
L(u) + E(u) = L(u) + E(u)

we may apply our induction hypothesis to conclude that there exists a forward unitor
¢ : u—> u' with domain u. Hence, the morphism

LR, u®@u—u Qv

is a forward unitor with domain v ® v = w.

As we have evaluated all cases, we see that the statement is true for all binary words as
desired. [ ]

The previous four lemmas now give rise to the following proposition.

Proposition 7.4.39. Let w be a binary word with £(w) = ¢. Then there exists a composable
sequence of /-many forward unitor arrows ¢4, --- ;17 as below:

Lo oL w—>w.

Moreover, for every such chain, we have that w' = w.

Proof. To prove existence of such a chain for every binary word with nonzero identity length,
we may proceed by induction. Let w be a binary word with £(w) > 0, and suppose that
such a chain exists for binary words v with £(v) < £(w). Then by Lemma 2.5.10, there
exists a forward unitor ¢ : w—> w'. By Lemma 2.5.8, £(w') = £(w) — 1, so by our induction
hypothesis, there exists a chain of forward unitor arrows

L1 0---0L W —>W.

Hence, toty_q0---01; : w—>w is a forward chain of unitors with initial domain w, which
proves existence.

To prove that w' = w, denote the domain and codomain of our unitors ¢; : w;,_; —> w;,
so that wy = w. By Lemma 2.5.9, for each ¢ we have that w;_; = w;. Hence w = w,;. By
Lemma 2.5.8, we have that £(w;) = £(w;—1) — 1. Therefore,

E(wy) =E(w) — L€ =0.
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However, by Lemma 2.5.7, we see that this implies w, = wy = w. Hence we see that

LgO--+0L:W—>W

as desired. [ |

The previous proposition immediately implies the next.

Proposition 7.4.40. Let w be a binary word with £(w) > 0. Then there exists a sequence of
forward monoidal arrows from w to w™.

Proof. By Lemma 7.4.38, we have a sequence of forward unitor arrows from w to .
Ui O -0yt Ww—>W

Since w is a pure binary word, we can then use Proposition 7.4.21 to guarantee a sequence
of forward a-arrows from @ to w™.

ﬁeo...oﬁl wﬂw(n)
Composing these morphisms then gives us our desired monoidal arrow:

Bpo--oBiopgo-ou:w—w™

so that such a sequence of forward monoidal arrows exists. [ |

And the previous proposition gives us the following corollary.

Corollary 7.4.41. Every morphism in W can be expressed as a composition of a sequence of
forward and backward monoidal arrows.

Proof. The proof is the same exact proof as that of Corollary 7.4.22. We use the previous
proposition with the fact that WV is a thin category to conclude this. [ |
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Step Five: Coherence for A®" for p, A

In this section, we extend the work we’'ve completed with the associators to now include the
unitors. We will obtain a theorem similar to Theorem 7.4.24. To even state the theorem, we
need to introduce a new definition.

Definition 7.4.42. Let (M, ®,1,a, A, p) be a monoidal category. For each object A in M,
we define the general proxy map of A to be the partial functor (—)4 : W —> M defined as
follows.

Objects We define the general proxy map on objects recursively.
o Weset (29)a =1 and (x1)s = A

e For a binary word w = u ® v we set:
(w)a = (u@v)a=(u)a® (v)a

Morphisms We define the partial functor only on a-, A-, and p-arrows. This is also done
recursively.

o For binary words u, v, w, we set:

(au,v,w) - a(uA,vA,wA) tUup @ (UA 0y wA) — (uA ® UA) QW4

~

A
(AU)A:)\UA:I®uA—>uA
A

o For a more general a, \, or p-arrow of the form 1, ® § or § ® 1, we set:

(1, ®@pP)a=1,, @ (B)a
(B ® 1u)A = (ﬁ)A & 1uA

Before concluding this definition, we note that there is some potential ambiguity in our definition
on the unitors. This is because sometimes a forward unitor arrow in W can be expressed in two
ways. The reader may check that all possible cases for ambiguity are the three cases below.

To @ Tg To @ (To ® V) (u® x0) ® 2o
Pxq )‘TO 11‘0 Ry >\(.7:0®v) Pu®1z0 P(u®zg)
Zo Ty QU U ® To

As parallel morphisms in W, they are equal. Therefore, in order for our definition to be well-
defined, we need that the corresponding pairs of morphisms
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I®I I® (I ®()a) (Wal) @l
Pr| | Ar Li®Aw) 4 | [Ae@) 4) P(u) 4 @11 | | P((w) 4 ®T)
I I® (U)A (U)A ® I

to be equal in M. One can show that these morphisms are equal in M using the unitor
diagrams 77, 7?7, and ?77.

Regarding our notation, note that we are recycling the same notation from the proxy map to
the general proxy map. This is because the only difference between the two is that the general
proxy map is simply an extension of the proxy map which is now defined on identity elements
o and unitors.

The goal of this section is to prove the following theorem, which can be thought of as an
extension of Theorem 7.4.24.

Theorem 7.4.43 (Coherence in Unitors). Let (M, ®,1,a, A, p) be a monoidal category. For
each object A, there exists a unique strict monoidal functor A4 : W —> M which agrees with
the general proxy map on objects and monoidal morphisms.

The above theorem is implied by Proposition 7.4.44 (stated below), in the same way that
Theorem 7.4.24 followed from Proposition 7.4.26.

Proposition 7.4.44. Let (M, ®, I, a, A\, p) be a monoidal category, and consider two binary
words v, w. Let pq,..., e and 7, ..., be monoidal arrows with:

/’Lko...ou]_) ngo.--onl:vg)w

Then (px)ao---o(1)a= (ne)aoc---o(m)ain M.

The above proposition is implied by Proposition 7.4.45 (stated below), in the same way that
Proposition 7.4.26 followed from Proposition 7.4.27

Proposition 7.4.45. Let (M, ®, I, a, A, p) be a monoidal category, and consider a binary word
w. Let py,..., ux and ny, ..., n be forward monoidal arrows with:

Iuko...olul’ neo...onl:wﬁw(n)

Then (px)ao---o(1)a= (ne)aoc---o(m)ain M.

Once we have the above proposition, we can prove Proposition 7.4.44, and hence our desired
theorem, using the same technique as in in the Proof of Proposition 7.4.26.

We briefly recall such techniques: We consider two parallel chains of monoidal arrows. We
then connect each object in the chain to w™ with a chain of forward monoidal arrow (recall
that a chain must exist for each object). We then have a bunch of adjacent triangles with apex
w™ and we can conclude via the Proposition 7.4.45 that each such triangle commutes. We
then conclude that the original two parallel chains form a commutative diagram in M. Thus,
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our two chains have the same composite in M. This then proves Proposition 7.4.44, which then
grants us Theorem 7.4.43.

As our goal has been reduced to proving Proposition 7.4.45, we prove this proposition using
the following two results.

The first result is the following proposition.

Proposition 7.4.46 (Arrow Reorganization). Let py, ..., ux be composable forward monoidal
arrows with /-many unitor arrows. Then there exist composable forward unitor arrows 1y, ..., 7
and forward a-arrows 7.1, ...n, such that, for any monoidal category M with object A, we
have that

Forward o's Unitors in front

(r)ao---o(u)a= (Mm)ao---o(nMe1)ao(ne)aoc---o(m)a

in M.

The above proposition basically states that monoidal arrows can be reorganized in a partic-
ular way with all of the unitors in the front. The second result that we need in order to prove
Proposition 7.4.45 is the following proposition.

Proposition 7.4.47 (Unitor-Chain Equivalence). Let w be a binary word with nonzero length
and with £(w) = k. Suppose puq,...,u and 1y, ...,7m are a composable sequence of forward
unitor arrows:

U OO lhy, NgO-++O0MN : W—>W
Then (pg)ao---o(u1)a = (m)ao---o(m)ain M.

For the sake of organization, we will assume the validity of these two results now so that
we may prove 7.4.45 We will then prove these two results in the next section.
Proof of Proposition 7.4.45
Let

Iu/nlo...oul, anO...onlszw(n)

be any two composites of forward monoidal arrows from w to w(™. Since &(w) = k
and £(w™) = 0, we know by Lemma 7.4.36 that there are exactly k-many forward uni-
tors in each expression. We can then use Proposition 7.4.46 to find forward unitor arrows

Yy e Vis 014 - - ., O and forward a-arrows Yei1, ..., Yy, Ok+1, - - - , Omy Such that:
Forward a's Unitors in front
(ny)ao o (u)a= (Ymi)ao--o(ym1)ac()ac---0(1)a
Forward o's Unitors in front

(Mo)a o0 (m)a= (dmy)ao--- o0 (fps1)a0(Ok)ao -0 (01)a
By Proposition 7.4.39, we know that the domain of the composition of our unitors is w:

Ve O 0y, 0000 W—>W

Diagramatically, our situation is displayed below.
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(w)a
(1)a (81)a
(11)a (s1)a
(’YZ)AJ (62)a
(Yk) A (Ok)a
() 4
(viV Wf‘
(Tk+1)A (Sk+1)A
(7k+2)Al l(5k+2),4

By Proposition 7.4.50, the upper half of this diagram (above (w)4) must commute. By
Proposition 7.4.26, the bottom half of this diagram (below (w)a), which consists entirely
of forward a-arrows, must commute. Therefore, the entire diagram commutes, and this

completes the proof. |
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Step Six: Arrow Reorganization and Unitor Chain Equivalence

We now discuss what it takes to prove the Arrow Reorganization and Unitor-Chain Equivalence
results.

To prove the Arrow Reorganization result, it suffices to prove a special case which is precisely
stated in the following lemma.

Lemma 7.4.48 (Associator-Unitor Swap.). Let u : w —> w; be a forward a-arrow and let
L . wy —> we be a forward unitor arrow. Then either one of the following two situations must
occur.

o There exists a binary word z, a forward unitor arrow ¢ : w —> z and a forward a-arrow
i z—> wq such that, for any monoidal category M, the diagram below commutes.

)a \)i
(2)a
2)A

o There exists a forward unitor arrow ¢ : w —> wq such that, for any monoidal category

(w
(1) a
(wi)a /
(w

M, the diagram below commutes.

(w)a

(w)a (t)a

(wl)A > (w2)A

(La
As before, the above lemma is an existence result, so we emphasize this fact by coloring the
arrows that we are asserting to exist Green.
Assuming the above lemma, we prove the Arrow Reorganization Proposition.

Proof of Arrow Reorganization (Proposition 7.4.46). We summarize rather than
introducing too much notation, since the proof strategy is rather simple. Consider a sequence
of monoidal arrows (i1, . . ., pg. Suppose j; is a unitor arrow. If p;_; is an a-arrow, we perform
an associator-unitor swap, obtaining a new chain whose composite is the same in M. If not,
we leave it alone and check the other unitor arrows.

We perform this reorganization, swapping associator arrows and unitor arrows one at a
time, until we have a sequence of morphisms in which no unitor arrow is preceded by an
a-arrow (and hence all unitors begin at the front of our chain). The repeated application of
the Associator-Unitor swap guarantees that the composite of this new chain is equal to the

composite of our original chain. ]
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We now understand how to prove the Arrow Reorganization Proposition: it relies critically
on the Associator-Unitor Swap. As we now understand how the Associator-Unitor swap is used,
we offer its proof.

Proof of Associator-Unitor Swap (Lemma 7.4.48). We prove this using a case-by-
case basis. For our proof, we write w = u ® v. Whenever £(v) > 1, we write w = u® (s ®1).
If £(t) > 1, we will write w =u ® (s ® (p ® q)).

Since p is a forward a-arrow, it could be of the forms

« 1U X m M ® 11}
with 7, a forward a-arrow. Since ¢ is a forward unitor arrow, it could be of the forms
)\1) Pu lu ® N2 12 ® l’U

with 7, either a forward unitor arrow. We display our table below, this time coloring the
entries in order to group together similar cases.

(py ) 1, ® no 2 @ 1, Ao Pu

o (st Ly @ Mm2) (s, M2 @ 1)

L,m | (1l.®@m, 1, ®@n) (1la®@m,m®1,) (1,@n1,\,) (1, ® 11, pu)
m®L, | (m®1L,1,®m) (ml,mel) (mo1l,A) (m ® 1y, pu)

Case 1: (ay st Lugs @ 12)

First consider g = a5t 1 u® (s®@t)—> (u®s) @t and ¢ = 1,5 @12 With ny : t —> ¢’ either a
forward A or p arrow. We select the forward unitor arrow 1, ® (15, ® (72)4) and the forward
Q-arTow (i, s, ¢, 10 obtain the diagram

UsA ® (54 @ts)

/ Ly @(Le ®(12).4)

(ug ® 54) Rta up ® (54 @ t)y)

(Tuy ®1$Am

(ug ® s4) @ty

which commutes by naturality of a.

Case 2: (1,72 @ 14).

In this case, pt = st U ® (s®@t) — (u® s) ®t, while ¢t = n, ® 1;. Hence, 1, must act on
(u® s). With that said, 7, must be of the form

/\s Pu, T®1s 1u®0
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with 7 : u —> «/ and o : s —> &’ either forward A or p arrows. Thus we check each of these
cases are satisfied.

Case 2.1: 175 = A,

In this case, u = I. We can construct a triangular diagram by appending As g, : { ® (54 ®
ta) —> 54 ® 1ty as below.

I ® (54 ®@1a)

(I ®s4)@ta

54 ®ta
>\SA®1tA

which commutes in M by Proposition ?7.

Case 2.2: 15 = py,

In this case, s4 = I. We can append the morphism 1,, ® A\, 1 ua ® (I @ t4) —> uyg @ty to
create a triangular diagram as below.

Ug X (I X tA)
OiV \X/\ts
(ua®I) @14 el Ugs @ ta

The above diagram is guaranteed to commute by unitor-axiom (Diagram ?7) in any monoidal
category M.

Case 2.3: 7, =7 ® 15

In this case, 7y = 7 ® 15 with 7 a forward A or p-arrow. We can first apply the forward arrow
T® (15, ® 1;,) followed by Q544 tO Obtain the diagram

Ug ® (54 Q@ta)

(ug ® 54) Rta uly @ (54 ®@ta)

(T®lm& %4

(uy @ s4) @A

which commutes by naturality of .
Case 2.4: 1y, = 1, ® 0. This case is nearly identical to the previous, creating a desired
diagram which commutes by naturality of a.

This proves all of our cases for when = a,, s,+, and ¢ = (172)a ® 1;,, and so we move
onto our other cases.
Case 3: (aust, A\t)
This case cannot happen, since we cannot apply A : xg ® t —> xg after a, ¢ u® (s @ t) —>

(u®s)®tas u® s # g for any binary words u, s.
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Case 4: (uyst, Puss)
In this case, we’ll have that 1 = ay, s,+, and ¢ = py,gs,. This implies that t4 = 1. We can
then append the forward p-arrow 1,, ® ps, to obtain the diagram

Ug @ (54 ® 1)
C:V \Xp\
(ua®sa) @1 o Ua ® Sa

which we know commutes due to Proposition ?77?.

Case 5: (1,®mn,1,®mn2). In this case p =1,, ® (n)4 and ¢ = 1,, ® (n2) 4 with n; a forward

a-arrow and 1), either a forward A or p-arrow. We can prove this case by induction.
Suppose the statement is true for word of length less than n, and let w = u®v be a binary

word of length n. Then we have the diagram on the left

Ug Q@ Vg V4
MA@V (y
/ /
U/A®UA 'UA
1u®mA (A
us @V vy

which is the image of the diagram on the right under the functor us ® (—). By induction,
there exists either a binary word z, and a forward A or p arrow 7’ : v4 —> 2z and a forward
a-arrow 1" : z—> v} such that the diagram below commutes in M.

VA
0% (o) a
vy z
(A ‘AA
“

We can then take the image of this under the functor usq ® (—) to obtain the commutative
diagram below.

Ug ® vy

1uA®V \_‘x(q/)_‘

us @ vy Ug R 2

Tuy ®m A(UN)A

U
Ug K Vy
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As 1,, ® (n')a is a forward X\ or p arrow since (1), is, and since 1, ® (”)4 is a forward
a-arrow since (") 4 is, we have that the case must be true for all words by induction.

Case 6: (1, ®@n1,m2 ® 1)

In this case, p = 1, ® (m1)a with 1y : v —> 0" a forward a-arrow, and ¢ = (72)4 ® 1, with
My : u—> u' either a forward A or p arrow. We can use the forward A or p arrow (m2)4 ® 1,
followed by the a-arrow 1,/ ® (11)4 to obtain the diagram below.

Ug X Vg
1uA®V xxh-\
ug @ vy
(riz);;mA Ly, ®(m).
A
Uy @V

The above diagram commutes by functoriality of ®, completing this case.

Case 7: (1, ® m, A\yr)

In this case we’ll have p = 1, ® n; with n; a forward a-arrow and ¢« = A,,. This then implies
that w = I. We can then append the A-arrow \,, followed by the a-arrow (11)4 : v4 —> V),
to obtain the diagram

I ®uvg

1]®y
I®v,
\ )

which commutes by naturality of .

Case 8: (1, ® n1, pu)
This case cannot happen, since to apply p, after 1, ® n; implies that the codomain of 7, is

VA

xo, which is not possible if 7; is an a-morphism.

Case 9: (1 ® 1,1, ®12)

Equivalent to Case 5.

Case 10: (1 ® 1,,m2 ® 1)

Equivalent to Case 6.

Case 11:(n; ® 1, Ay)

This case cannot happen, since to apply A, after n; ® 1, implies that the codomain of 7, is
Zo, which is not possible for an a-arrow.

Case 12: (1, ® 1,, pu)

In this case, we have that = (m11)a ® 1,, and 72 = p,,. This implies that v4 = I. We can
then append the forward p arrow p,,, followed by the forward a-arrow (1;)4 to the diagram

to obtain
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us @ 1

(771)A:®1v/ y

uy @1 ()

h (m)a
U

/
A

which commutes by naturality of p.
This proves all the cases, which completes the proof. |

Thus we have proven the Associator-Unitor Swap. Our final task is to prove the Unitor-
Chain Equivalence. To do so, it suffices to prove the following lemma.

Lemma 7.4.49. (Unitor Diamond Lemma.) Let w be a binary word, and pi, us a pair of
forward unitor arrows as below.

There there exists a binary word z and a pair of forward unitor arrows n; : wi—>2z, 15 : We—>2
such that for any monoidal category (M, ®, I, a, A, p), the diagram below is commutative in

M.

(w)a
(11)a (n2) A
(wl)A/ \ (w2) 4
(2)a

As before, we color the arrows which we are asserting to exist Green.
Proof. To prove this, we do a case-by-case basis again. In general, we will write w = u ® v,

and if £(v) > 1, we write w = u ® (s ®1).
Now since iy, po are forward unitor arrows, pq could be of the form

1. ® T m & 1, >\v Pu

while ps could be of the form

1u ® 12 12 ® 111 >\v Pu
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with 71, 7m2 both forward unitor arrows. Therefore, our possible cases are as follows. We
could have p; = po. Or, we could have any of the cases below. The paired-coloring indicates
logically equivalent cases due to the symmetry of our problem.

(B, B2) | 1y @n2 M2 @ 1, Av Pu

1, ®m (Lu@n,me ® 1) (Ly @, Ay) (Lu @115 pu)
meL, | (m® 1,1, ®n) (1 ® 14, Ay) (1 @ 1y, pu)
Av (Ao, 1y @ 12) (Aos 72 ® 1) (A A) (Avs pu)

Pu (Pu> 1y @ 12) (pus 12 ® 1) (Pus Av) (Pu> Pu)

Since we’ve already implemented this case-by-case proof strategy several times, we will
point out the cases which we’ve seen before, and take care of the cases that are new.
Case 1: This case can be proven by induction on total length £(w)+ &(w),
using a similar argument as in Case 3 of Lemma 7.4.28.

Case 2: (1, @ 1,70 @ 1,) This case can be proven via functoriality, in a similar manner

as Case 2 of Lemma 7.4.28.
Case 3: (1, @1, \,).
With py = 1, ® m1 and g = A, denote 1, : v —> v'. In this case, we can use the morphisms
Ay, and 7y to obtain the diagram
which commutes by naturality of .
Case 5: (1, @ 11, pu).
With 1 = 1, ® 1, 2 = pu, note that the only choice for 7, is 7, = 1,,. However, there is no
unitor arrow with domain g, so this does not result in a valid case for us to consider.
Case 6: (17, @ 1,, \,).
With ¢ = m ® 1,, g2 = Ay, note that the only choice for 7, is again 1,,. Once again, there
is no unitor arrow with domain x, so this is also not a valid case that we need to consider.

Case T: (11 @ 1, p.).
With py = n ® 1, g2 = py, we can use the morphisms p(,, and n; to obtain

I®

u)a ® 1

/}(“\A /




7.4 Mac Lane's Coherence Theorem 299

which commutes by naturality of p.

Case 8: (\,,\,). In this case, we see that 1 = ps, so that the statement is trivially
satisfied in this case.

With all cases verified, we see that the statement must be true for all binary words, as
desired. [ |

We now show how this proves the Unitor-Chain Equivalence, which we restate for the readers
convenience.

Proposition 7.4.50 (Unitor-Chain Equivalence). Let w be a binary word with nonzero length
and with £(w) = k. Suppose p1, ..., g and 1, ..., ng are forward unitors and that:

,LLkO"'O,LL17 nko...onlzwﬂw

Then (pg)ao -+ o (u1)a= (m)ao---o(m)ain M.

Proof. We prove this by induction on £(w). Suppose the result is true for binary words v with
E(v) < E(w), and consider two composable chains of forward unitors py, ..., g, M1, . - -, Nk as
described above. We seek to show that the diagram

(w)
(y m
(Ul)A
wk)AoMo(m A o)
(W)

is commutative in M. By the Unitor Diamond Lemma, there exists a binary word z and two
forward unitors ¢; : u —> z and 9 : ¥ —> z such that

N%

is commutative in M. Now, by Lemma 7.4.37, we have that Z = w. By Lemma 7.4.36,
E(z) = k—2. Hence, by Proposition 7.4.39, there exists a chain of forward unitors vy, ..., v,
such that v,_s0---0ov; : z—> w. Our situation is displayed below. For clarity, we suppress

Vk_90---0vy:z—> w0 in the diagram below.
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U1A

(M) ao---0(m2) A

By Lemma 7.4.36, we know that &(u;), E(v1) < £(w). Therefore, we may apply our induction
hypothesis to conclude that the lower left and lower right triangles must commute. As the
original upper square commutes by the Unitor Diamond Lemma, this implies that

(r)ao---o(ur)a= (m)aoc o (m)a

as desired. ]

At this point, we have formally filled in all of the potential gaps in the proof of Theorem
7.4.43. We have completed the hard work required to prove Mac Lane’s Coherence Theorem.
We will use the next section to see how our previous results immediately apply our desired
coherence result.
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Step Seven: Proving the Main Theorem

At this point we have proven coherence in associators and unitors, but only when considering
iterated monoidal products of a single object. We have not yet achieved our desired result,
which should say something about more general monoidal products with different objects in
the expression. However, our previous work quickly implies our desired theorem. We first
introduce a definition and perform a clever trick.

In what follows, we let 1 denote the terminal category whose sole object is denoted e.
Definition 7.4.51. Let (M, ®, I) be a monoidal category. Define the iterated functor cat-
egory! of M, denoted as It(M), to be the category where:

Objects. Functors F': M" —> M for alln =0,1,2,... When n = 0, we let M? = 1.
Morphisms. Natural transformations 1 : F'—> G between such functors.

We will give this category a monoidal structure. Towards that goal, we introduce the
following bifunctor

® : THM) x Tt(M) —> Tt(M)

whose behavior we describe on objects and morphisms as follows.
On objects. For two functors ' : M" — M, G : M™ —> M, we define the functor ' © G :
MMM s M pointwise as

(FOG) (Ao, Apim) = F(A1,. .., A) @ G(Anins -+, Avion)

where ® is the monoidal product of M.
On morphisms. Let F},G; : M"— M and F,, G5 : M"™ —> M. Given natural transforma-
tions
n:F—G po Fy—> Gy

we define the natural transformation n ® p : F; © G; — F, ® (G5 pointwise as

(7] @ u)(Al ~~~~~ An+m) = <n)(A171An) ® (/’L)(An+17--~7An+m)

The above bifunctor is what allows us to regard It(M) as a monoidal category. This is
more precisely stated in the following lemma.

Lemma 7.4.52. Let (M, ®,1,a, A, p) be a monoidal category. Then
(It(M),©,c, . A, p)

is a monoidal category where
« The monoidal product is the bifunctor ® : It(M) x It(M) — It(M)
o The identity object is the functor ¢ : 1 —> M, where c(e) = [

!The notation of this category is due to Mac Lane, but he did not supply a name for this category. So I
made one up. Today, this construction is known as an endomorphism operad.



302 Chapter 7. Monoidal Categories

o For functors F; : M% — M, j = 1,2, 3, the associator
op pp 1O (F,0F) — (F1 O F,) O F;

is the natural transformation defined pointwise for each (Aj, ..., Aj 4i,1is) € M (irtiatis)
as

(aFLFQaFS)(Alv---vAi1+i2+i3) = QF (A1, A5 F(Aig 41, Aiy4in) F(Ai] figt1 A4 +ig+ig))
o For a functor F' : M"™—> M, the left unitor A : c® F'—> F' is the natural transformation

defined pointwise for (e, Ay,..., A,) € 1 x M™ as

(AF) (0,41, 4,) = AFP(AL,....A,)

while the right unitor p : F'® ¢ —> F' is the natural transformation defined similarly as
(PF) (A1, An,0) = PF(As,....As)

It is simple to check that these satisfy the axioms of a monoidal category. We now reach

the final theorem.

Theorem 7.4.53 (Coherence Theorem for Monoidal Categories.). For every monoidal category
M there exists a unique, strict monoidal functor

where ®;4(z1) =id : M — M.

Proof. As (It(M),®, c) is a monoidal category by Lemma 7.4.52, the theorem follows by a
simple application of Theorem 7.4.43 to this monoidal category. |

A reader might be wondering: How does the above theorem grant us coherence? Let us first
investigate the behavior of this functor.
Under the functor, the morphism in W

Qg ,xq,2q

1 Q (11 ®@x1) — (11 @ x1) Q14
is mapped by ®;q to the natural transformation between the functors in It(M)

“id.id.id

id ®(id ®id) (idoid) ©id

and, as functors from M?3?—> M, we may substitute any A, B, C to obtain a natural isomorphism
aspcAR(B®(C)— (A®B)®C

in M. Next, we know that functors preserve diagrams. Therefore, our commutative pentagon
diagram in W
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(r1 @ 11) ® (17 @ 1) (r1 ®x1) @ x1) ® 19

71 ® (11 ® (11 @ 21))

.T1®(<ZE1®SL’1>®$1) ($1®(I1®$1))®l’1

is mapped by ®;4 to a commutative diagram of natural transformations in It(M) between the

functors below

id ®(id ©(id ®id)) (idoid) © (id @id) ((d@id) ®id) ®id

ido((id@id) @id) (ido(ide)id) ©id

and as the above functors are of the form M* —> M, we may substitute any A, B,C, D € M
to obtain the commutative diagram

A® (B® (C® D)) 228 (A@ B)® (C® D) 22298 (A B)@ C)® D

1a®ag,c,p aa,B,c®lp

A® (B®C)® D) TEWoers » (A® (B®C))® D

in M.
So far, our functor makes sense. Moreover, we already knew that the above pentagon
commutes for all A, B,C, D € M. Thus, what about diagram 777

Again, functors preserve diagrams. Therefore, the commutative diagram in W (see next
page) is mapped by ®;q to the commutative diagram of natural transformations in It(M)
between functors (see second page) and as functors from M® — M, we may substitute any
A, B,C, D, E to obtain the commutative diagram in M (on the third page).
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Front. (Note that the product ® in W has been suppressed).

z1((2171)(2121))

1z1 ®azlzl,zl,zl

(((371331 561)-751)

1w1®0<x1 x1, :cl 1:1,‘1

131 371171))1}1) Yz ,01(z121),21

Ay ,xq21,27 ®lxl

Azy,z127,012]

(x1(z121))(2127)

(!101(($1$1 $1

Qzy,zy2121,7]

zl ®O¢zl 1, :cl 11

$1 Ty Il%)))

Qrq,xq,x12] ®1xl

(041'1,1'1,11 ®1z1 )®1zl

w’:’l’wl@(ul@lﬁ)
Cy (z121),201,21 ((QZlﬂfl SCl 9[:1:61
(z1(z121))21) 71 /m op
1€1)%1,%1,T]
((($1$1 5131 $1

Qrqxy,xq,2] ®1m1

\

Back.
$1$1 ($1l‘1))$1
xlxl) $1$1
azljlzl}/ T le , 1,2
zl®azl zy,x12]

(xl(ﬂflxl 9515171

5751331 1‘1 951

Qrqxq,zq,2] ®111

1‘1 331 1'1351

Qg ,xq,xq ®(1x1®1r1)
Xy 29,29 (2121)
$1$1 T (x1x1>
Qzyzy,27; 1111

\ (x121) (21 (212071))
lzl ®lzl ®azl z1,2q
X(zyay)ey,ey,21
(z121)((2121)21)

1'156'1 xl)xl)

‘&@)a“l w1,01)®lay

111 Rag \T1T],T]

1:1:1@ 1901 ®am1 ], acl

H
5
—~
—~
5
&
5
5
=
&
B

931551 5151

Xzq 21, (z121)21

Azy,z12121,2]

rd

Azyzy,0171,2]

.CIZ'1 .1'1 33'1%1))).’171

Aﬁ ®lay

$1$1 (I1$1
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Front. (Note that the product ® and the associators in It(M) are suppressed.)
id((idid)(id 1d))

/

1d(((1d id)id)id) 1d idid))(idid)

((id(idid))id) \ ((idid)id)(idid)

(id((idid) i ((id(id 1d)) id) id
(id(id(idid))) id ((1d id)id) id)1i
Back. ((idid)(idid))
((idid)(idid))
(id(idid))(id id) 1d(1d(1d id)) ((idid) id) id)
((idid) id)(id id) id((id(idid))
T (idid) (id( 1d1d 1d1d id) —

\/

(idid)((idid) id)

((idid) id) 1d 1d id(idid))

1d id)(idid))
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Front. (Note that the product ® in M is suppressed.)

A((BC)(DE))
1A®V WE
A(((BC)D)E) (A(BC))(DE)
(1a®ap,c,p)®1E aa,B,c®(1p®lE)
C’D))E) QA B(CD),E QA(BC),D,E ((AB
<A<< C)D PCPEE L, ((A(BC))D)E
A,BCD,E Q(AB)C,D.E
(14®ap,c,p)®1E (aa,B,c®1p)®1E
(A(B(CD)))E (((AB)C)D)E
aa Bm A@)IE
Back.
QA BC,DE W\c D.E
1a®ap,c,pE
(A(BO))( B(C(DE))) C)D)E)
aa,B,c®(1pRlE) (1a®ap,c,p)R1E
A,B,C(DE) 14®(1p®ac,p,E)
(AB)C)(DE) A(B(C
Y\a ,C,DE /
AB DE)) 1a®ap cp,E
(14®1B)Qac,p,E QA B,(CD)E
X(AB)C,D,E QA BCD,E
N
(AB)((C
((( QAB,CD,E
aAB‘C'm A@lE
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This process continues for every possible diagram in V. Each diagram in W is mapped to a
corresponding diagram in It(M) made up of identity functors, and with the identity functor,
we are free to substitute whatever instance of A, B,C,--- € M in it. The arrows between the
identity functors are natural transformations which reduce to instances of «, p, A in M upon
substituting objects in the identity functor. What matters here is the functoriality of ®;. It
guarantees that all the diagrams obtained as the image of ®;; will commute.

This completes our work towards proving Mac Lane’s Coherence Theorem.
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Braided and Symmetric Monoidal Categories

Braided and symmetric monoidal categories serve as some of the most fruitful and most studied
environments of monoidal categories. The formulation of these categories may seem mysteri-
ous and random, but they have been recognized as important in their applications to physics.
Specifically, braided monoidal categories were first defined by Joyal-Street in an attempt to
abstract the solutions to the Yang-Baxter equation, an important equation of matrices in sta-
tistical mechanics. It turns out that braided monoidal categories are exactly the categorical
environment one needs to describe the category of representations of a Hopf algebra Rep(H).
This then allows us a machine which produces solutions to the Yang-Baxter equation, ulti-
mately letting us describe families of such solutions. But it gets even more interesting: the
Yang-Baxter equation turns out to be the necessary criteria to establish a representation of the
Braid group; such a representation is a knot invariant, so this is something of interest to both
mathematicians and physicists.

Before we dive into what exactly braided monoidal categories are, we’ll introduce the concept
of braids.

Definition 7.5.1. The n-th braid group B,, consists of braids on n-strands whose group product
is braid composition. More rigorously,

By ={(0o1,....om07", .01 [ (1),(2)

where (1), (2) are generator relations described below.
1. 0,05 = 0jo; whenever |i — j| > 1
2. 044100441 = 004410;.

Relations (1) and (2) are imposed in order to reflect physical reality. Below the relations
are pictured on a three strands.

il

Geometrically, the above braids are clearly equivalent. Algebraically this translates to the

statements 0301 = 0103 and 010201 = 090103.

The first two braids represent o30; and oy03. Clearly, these are physically equal. Note however
this would not work if they were adjacent, i.e., 0201 # 0201. Hence we set 0,0; = 00, for
li — 7| > 1. For the second pair of braids, it may take some staring to see that they are
physically equal. As we shall see, the relation 0;,10;0,11 = 0;0,110;, called the braid relation,
is of deep importance.



7.5 Braided and Symmetric Monoidal Categories 309

Definition 7.5.2. A Braided Monoidal Category C is a monoidal category (C, ®, I') equipped
additionally with a natural transformation, know as the "twist" morphism

oap: A®B—B®A (Twist Morphism)

such that the following diagrams commute for all objects A, B, C' of C.

(XQY)®Z Yo (Zex) (13
Ux,m Afrx,z
YRX)®Z —s> YR (X ® 2)

X® (Y ®2) ZoX)oy (74)
1xm %T@ly
X®(Z®Y) — (X@Z)@Y
Ax 727

Note that just because we have a twist morphism, it is not necessarily the case that op 4 o
o4, = lagp. That is, applying the twist morphism twice is not guaranteed to give you back
the identity. This case is treated separately.

Example 7.5.3. The canonical example of a braided monoidal category is the braid category
B. This is the category where:

Objects. All integers n > 0.

Morphisms. For any two integers m,n, we have that

B, ifn=m

g ifn#m

Homg(n, m) = {

Composition in this category is simply braid composition. We can introduce a tensor product
® on B where on objects n ® m = n + m while on morphisms o ® (3 is the direct sum braid.
The direct sum braid is simply the braid obtained by placing two braids side-by-side.
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J J

@// - //
d X d d

The braids 10109 and oy0109 are summed together to obtain the braid oy0109050405 above on
the right.

\
\

With an identity object being the empty braid, we see that B is a strict monoidal category.
The associators and unitors are simply identity morphisms. However, this category also have
a natural braiding structure. For any two objects n, m, introduce the braiding

Opym N +M ——m-+n

where on objects the addition is simply permuted; on morphisms, however, o, ,, corresponds
to the braid of length n 4+ m as below.

It is a simple exercise to show that this satisfies the hexagon axioms; the task is simplified
due to the fact that the associators are identities. While this category may seem like a boring
example, it plays a critical role in demonstrating coherence for braided monoidal categories,
something we will do later.

Example 7.5.4. Let GrModg be the category of graded R-modules M = {M,,}5°,. Recall
from 7.1 That GrModpg forms a monoidal category. The tensor product of two graded R
modules M = {M,}>°, and P = {P,}>2, is the graded R-module M ® P whose n-th level is
given by

(M®P),= P M®P,.

i+j=n
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We can additionally introduce a braiding on this category for each invertible elements k €
R; specifically, we define the braiding oy p : M ® P —> P ® M to be the graded module
homomorphism whose n-th degree is

(O'Mp @M@PH@P@)M

i+j=n i+j=n
(m&p) — Kipom
whenever m € M; and p € P;. Observe that with this braiding we get that

me (p®q) — rii(peq) ®

\

ritip @ (g @ m)

rip @ (r'*m @ q)

(m®p)®q

\
_—

y

rip@m)®q —> rip® (m®q)
which clearly commutes. The second hexagon axiom is also easily seen to be satisfied:

(m®p)@q+— rkqe (m e p)

)

ri*(rkp @ m) @n

me® (p®

/N

me(ep) — r’"(m®q) @p

Thus we see that GrModp is more than just a monoidal category; each invertible element of
R induces a braiding, making it a braided monoidal category as well.

Example 7.5.5. If M is monoidal, we can recall from Example 7.1 that the functor category C¥
is also monoidal. If additionally we have that M is braided with a braiding o4 5 : AQB—>B®A,
then we can extend this to a braiding on the functor category of C* by defining, for two functors
F.G : C—> M, the natural transformation

frac: FOG—G®F
defined pointwise for each A € C as the morphism
(Brc)a = or)ca)  F(A) ® G(A) = G(A) @ F(A).

One can then check that this natural transformation satisfies the braided hexagon axioms since
the braiding o in M does, so that C* is additionally braided if M is additionally braided.
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Definition 7.5.6. A Symmetric Monoidal Category C is a braided monoidal category such
that, for the twist morphism,

0B,A°0AB = lagB.

Symmetric monoidal categories are basically monoidal categories which collapse the infor-
mation which braided monoidal categories have the potential to encode. Their environment is
much simpler, but at the cost of information.

Example 7.5.7. Recall from the previous examples that GrModpg can be treated as a braided
monoidal category. A braiding is given an invertible element r» € R. However, consider the
idempotent elements of this ring, i.e., the elements r € R such that 7> = 1. Then we see that
these elements not only give rise to braidings

(emp)n: B Mi@Pj— D PoM,

i+j=n i+j=n

(m®p) — k'p@m

but these braidings have the property that oy poopar = lygp, since r = 1. Hence the category
of graded modules may be specially treated as symmetric monoidal categories whenever there
is an idempotent element of the ring R.

Example 7.5.8. Recall from 7.1 that the permutation category P forms a monoidal category
where objects are nonnegative integers and homsets are given by the symmetric groups. The
monoidal product ® simply sums the object, while two permutations 7 € S,, and p € 5,, are
sent to the direct sum permutation 7® p € S, 1, (this permutation simply horizontally stacks).

In this category, we can introduce a symmetric braiding o, ., : n +m —> m + n to be the
unique permutation o, , € Sy4., pictured below.

(1,2,...,n,n+1,n+2,...,n+m)

lo'n,m

m+1,n+2,....,n4+m,1,2,...,n)

One thing to notice is that this is the underlying permutation of braid given in Figure 7.5.
With the existence of this element of 5,,.,, for every pair of objects n,m in PP, we see that the
permutation category is actually symmetric monoidal.

Definition 7.5.9. A PROP, an acronym coined by Mac Lane for "Product and Permutation
Category', is a symmetric monoidal category P containing the category (N, 0, +).
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Example 7.5.10. Consider the category FinSet, where the objects are natural numbers n
and a morphism f : n—> m is a function from a set of size n to one of size m.

Here, we necessarily include 0 as an object; this denotes the empty set. First we demonstrate
that this is monoidal. Let n, m be any integers. Then we’ll show that + : FinSet x Finset —
FinSet is a bifunctor. First, we acknowledge that n +m € FinSet.

Next, consider the set of morphisms

h:k—>n fin—n

jil—m g:m—m'.

Let Si be the set of k elements. Now since f, g are functions, we know that f : S, — S, and
g : Spm —> Sy for some sets in Set.Then we can define f + g : (n+n') — (m + m’) to be the
function in Set where

f+g: 5. 10S,—S,115,.

where
(f(x),0) ifi=0
(9(x),1) ifi=1.

Hence f + g makes sense in FinSet as morphism f + g : (n +n') — (m +m’).

(f +9)(x,i) = {

Now consider the morphisms f o h and go j. Observe that foh+goj:k+1—n'+m'.
This is then the function
foh4+goj:S, 1S — S, 1185,

but note that
foh+goj: SIS — Sy S,y =(f+g)o(h+))

Hence we must have that (f +g)o(h+j) = foh+goj, so that we have that + is a bifunctor.

Now we show that this is a monoidal category. Define the natural isomorphisms

Upmyp i N+ (M +p) == (n+m)+p
A 04+n—"5n

pnin+0—">n.

We can describe these functions in further detail. Observe that o, ,,, can be realized to be a
function where

Anmyp @ Sn L (S ILS,) == (S, I1.S,,) I1S),.

Elements of S, I (S,, I1 S,) will be either (z,0) where z € S, or (z,1) where x € S,,, 11 5,. In
turn, the elements of this set are of the form (y,0) where y € S, and (y, 1) where y € S,,.

On the other hand, elements of (S5, IL.S,,) IL.S, are of the form (2',0) if 2’ € S, 11 S,, or are
of the form (2/,1) if 2’ € S,. Furthermore, elements of S, I1.5,, are of the form (y/,0) if ' € S,
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and (y',1) if ¢y € S,,.

Now we can explicitly define a, ,, , as

((z,0),0) ifi=0
nmp(2,1) = { ((y,1),0) if i =1and z = (y,0) (7.5)
(y, 1) ifi=1and z = (y,1)
and A\ as
An(z,1) =2
and p as
pn(2,0) = .

Note for both A and p, there is only one case for (z,4) since for A, i is never 0 and for p, i is
never 1.

All of these establish a bijection, and hence an isomorphism. Now to demonstrate that they
are natural, consider f:n—n', g : m—m/ and h : p—>p'. First, we’ll want to show that
the diagram

QAn,m,p

n+ (m+p) (n+m)+p

f+(g+h)| |(f+g)+h

n/+ (m/_|_p/) T (n/ _l_m/) +p/
n-,m-,p

commutes, which we can do by a case-by-case basis. First we follow the path
[(f +9) +h] o anmp S T (S ILS,) —> (Spr IS ) TLSyr.

and then show it is equivalent to the other path.

i = 0 If the input is (z,0), we see that a, mp(z,7) = ((x,0),0). If this is fed into (f + g) + A,
the output will be (f + ¢)(z,0), whose output will be ((f(x),0),0).
However, suppose we first put (z,0) into f + (¢ + k). Then we would have directly
obtain (f(z),0). Feeding this into a,y ./, we would get ((f(x),0),0). Hence we obtain
naturality in this case.

i = 1. Suppose now the input is (z,1). Then either z = (y,0) with y € S,, or (y,1) where
y € Sp.
y € Sp,. Suppose z = (y,0). Then we see that ay, (2, 1) = ((y,1),0). Plugging this

into (f + g) + h, we get

[(f +9)+R]((y,1),0) = ([f +g](y,1),0) = ((9(y),1),0).
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However, we also could have obtained this value by first starting with f + (g + h).
In this case,

[f + (g + W]((y,0),1) = ([g + ~](y,0), 1) = ((9(y),0),1).

Plugging this into o, v 7, we then get that

an/,m’,P/((g(y)> 0)7 1) = ((g(y)7 1)? 0)

Hence the two paths are equivalent.
y € S,. Suppose z = (y,1), Then we have that o, ,,((y,1),1) = (y,1). Sending this
into (f 4+ g) + h, we get

[(f +9) +hl(y,1) = (h(y), 1).

However, we could have achieved this value by first plugging ((y, 1), 1) into f+(g+h):

[f + (g +M]((y, 1), 1) = (lg + hJ(y, 1), 1) = ((h(y), 1), 1).

Then sending this into a,y ., 7, We get

an’,m’,l?’((h(y)a 1)7 1) = (h(y)’ 1)'

Thus the two paths are equivalent.
Hence we see that this diagram does commute, so that « is natural.
[Show naturality works for A and p.]
Now we show that these natural isomorphisms satisfy the monoidal properties. Specifically,
we’ll show that the diagram

Qn,0,m

n+ (0+m) (n+0)+m
n—+m

must commute. To do this, we consider how these functions are realized in Set. If we consider

(x,i) € S, I (& 11S,,), we see that we have two cases to consider.

¢t =0. If i = 0, then we see that a,om(x,0) = ((2,0),0). Sending this into p,, + 1,,, we get
that [pm + 1] ((2,0),0) = (p(x,0),0) = (z,0).
On the other hand, we could obtain this value by directly sending (z,0) into 1, + A,.
Observe that [1,, + A\,](z,0) = (1,(z),0) = (2,0). Hence the diagram commutes for this
case.

¢t = 1. If i = 1, then our element is of the form (z,1). However, we know that z = ((x,1),0),
since (z,1) € 0+ m. Thus observe that ay,o,((z,1),1) = (z,1). Consequently, we get
that [p, + 1n)(z,1) = (1,(2),1) = (z,1).
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On the other hand, we can start instead be evaluating [1,, + \,,|((z,1),1) = (A(z,1),1) =
(x,1). Hence the diagram commutes in this case.
Thus we see that this diagram holds for all naturals n, m.
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Coherence for Braided Monoidal Categories

We saw with monoidal categories that ultimately everything we were saying made sense. That
is, we saw that our definition does not give us an contradictions, and that we can obtain a
significant coherence result which ultimately allows us to not worry about the particular paren-
thesization of a monoidal product. Further, we saw that diagrams freely built from associators
and unitors were all commutative.

With braided monoidal categories we can get a similar statement. This time, however, it is
a bit weaker, although it is nevertheless extremely useful. It was Joyal and Street in the 1993
paper who both first proved the coherence for braided monoidal categories. Their work heavily
relies on the work of G.M. Kelly, and they use very slick, higher categorical tricks.

In this section, we spell out those tricks.

Definition 7.6.1 (Joyal-Street). Let A be a category with V a monoidal category. Suppose
T : A—>V is a functor. We define a Yang-Baxter operator to be a family of isomorphisms

yap: T(A) ® T(B) = T(B) @ T(A).

for each A, B € A such that the diagram below commutes. such that the diagram below
commutes.

T(A) ® T(B)  T(C) —%"» 7(B) ® T(A) ® T(C)
1®BgB,c 1®ya,c
T(A) ® T(C) ® T(B) T(B)® T(C) @ T(A)

ya,c®1 A/B,(,“@l

TIC)®T(A)®T(B) T T(C)RT(B)®T(A)

Note that here we omit the associators although they are implicitly included in the diagram.
Note also that, for any functor T': A—V with V a braided monoidal category, T trivially has
a Yang-Baxter operator y where we set

YA,B = OT(A),T(B)-

Before we move forward we introduce a notion that can be found in [?], originally from [?]. For
our purposes, we will denote the category obtained via disjoint unions of the symmetric groups
S, as P. That is, the objects of P are natural numbers and

S, ifn=m

Homgp(n,m) =
2 ) {@ ifn=#%m
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Definition 7.6.2. Let A be a category and suppose suppose D € Cat/P. That is, D is a
category with an associated functor I' : D — P. Then we define the category D [ .A where
Objects. Finite strings [A;, Ao, ..., A,] with 4; € A

Morphisms. For two strings [A;,..., A,] and [By, ..., B,], denoted as [A;] and [B],

HomeA ([Ai], [Bz]> = {(a, fioooos fa) | fi € Homa(A;, Bg’(i))}

Here « is a morphism of D such that I'(o) = o € S,. Finally, we allow no morphisms
between two different strings of different length.

For any category A, there exists a natural inclusion functor

iA : AH'D/A
ialA)=1[4]  alf: A—B) = (er, f) : [A] — [B]

where ey is the sole element of S;. This functor will be useful for us later. Next we formalize
the following category which can be thought of as a generalized functor category.

Definition 7.6.3. Let A, B be categories. Denote the category {A, B} as the category with
objects (n, F' : A" — B) whose morphisms are

{(o,n:0-T—8)} ifn=m
1%} if n # m.

Homy 4 5 ((n,T), (m, S)) = {

Here 0 € S,,, and n : 0 - T'—> S is a natural transformation from the functor o - T" defined
pointwise as

g - T(Al,AQ, NP ,An) = T(Ag(l), ‘e ,Ag(n))
to the functor S.

There are two things we need to say about this category. First, for any generalized functor
category {A,V}, there exists a a projection functor I' : {A, B} —> P defined on objects and
morphisms as

C(n,T: A"—B)=n L(eyn:o-T—5) =o0.

Hence we see that each category {A, B} is actually a member of Cat/P, because it always
comes equipped with a functor into PP.

Second, if V is a strict monoidal category, then so is {4, V}. One can see this by defining
for two functors T': A" —V and S : A™ — V the functor T ® S : A"™™ —V which is a
functor that can be defined pointwise as

(T @ S) (A, .., Apem) = T(A1, .. A) @ S(Anirs -+ s A,

Thus if V is strict, then so it {4, V}.
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What is useful about this construction is that Kelly showed that the functors
(=) / A:Cat/P—>Cat  {A, (=)} : Cat—> Cat/P

form an adjunction. We use this in the next proposition, which is also aided by the following
lemma.

Lemma 7.6.4. Let V be a strict monoidal category. Suppose T : 1 — V has a Yang-Baxter

operator y. Then there exists a unique strict monoidal functor 77 : B —> V such that the
diagram below commutes.

[y

/ ,
< ey

Further, we have that T"(o) = y.

Proof. Denote the element of 1 as e. Then T'(e) = X for some X € V. Towards a definition of
T’ let T" : B—>V be defined on objects as 7"(1) = X. If we force T” to be strict, this will define
its value on all objects of B. On morphisms, first observe that each 5 € B, can be expressed
in terms of its generators o;. Hence it suffices to define the action of 7" on a generator o;, and
we do this naturally as:

T’(O’Z‘) — 1?}@‘1) ® Yx.x ® 1?}(”_i_1) . X®n _ X®n

We then define 77(3) as the iterative composite over the generators. We are then left to check
that the relations of B are preserved (which they are). This then allows us to define 77 : B—>V
to be a unique, well defined strict monoidal functor which allows the diagram to commute. [

Proposition 7.6.5. Let V be a strict monoidal category, and suppose we have a functor 7' :
A — V with associated Yang-Baxter operator y. Let z be the Yang-Baxter operator on
ig: A— B [ A. Then there exists a unique strict monoidal functor 77 : B [ A—>V such that
the diagram

commutes and that 7'(y') = y.

Proof. Recall that {A, V} is a strict monoidal category if V is. Consider again the one point
category 1 and construct functors Fg : 1—{A,V} and j : 1— B where Fr(e) =T : A—V
and i(e) = 1. Then by the previous work, there exists a map T# : B—> {A, V} such that the
diagram below commutes.



320 Chapter 7. Monoidal Categories

1 — " LB

|
i
T#
F |
\ V

{A V]

Now construct the maps {Fs} : {*}—Hom(1,{A,V}) and {S} : {x}—>Hom(A, V) where
{Fs}(x) = Fs and {S}(x) = S. Consider the pullback squares below.

P —— Hom(B,{A,V}) (K,T)+——> T:B— {AV}

T

{x} ¥ Hom(1,{A,V}) ¥ > Fg=To1

QQ — HomB[AYV) (K T)+——T:B—{AV}

e ]

{*} —— Hom(A,V) *TS:T’OM
First, P corresponds to the set of functors T : B — {A, V} such that precomposition with ¢ is
equal to F'. Meanwhile, the set @) consists of functors 77 : B [ A —> V where precomposition
with 74 is equal to S. However, these sets are in bijection due to the adjoint relation we have.
In other words, the diagrams

1—>B A—2,>BfA
y

are in bijection. Hence we see that 7% corresponds uniquely with a functor 7" such that the

diagram
A—2>B[A
P
\ #
V
commutes and preserves the Yang-Baxter operators as desired. O

Theorem 7.6.6. Let V be an B-category and suppose we have a functor F' : A—> V. Then
there is an equivalence of categories

BFun(BfA,V) ~ Fun(A,V).

given by precomposition of each F': B [ A—>V withiy: A—B [ A.
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Proof. We follow the same argument as Joyal and Street. By the previous lemma, every S B-
monoidal category is strongly equivalent to a strict SB-monoidal category V' via a pair of
functors £ : V — V' and E’ : V' —> V. Hence observe that if we have an equivalence of
categories (—) oiy : BFun(B [ A, V') — Fun(A, V'), then the diagram below commutes

BFun(B/[A, V) %, Fun(A, V)

Fo(-) Bo(-)

BFun(B /A, V") Fun(A, V)

(=)oia

and the top dashed arrow is an equivalence as well. So it suffices to prove this for the strict
case. Now, the proposed functor F' behaves as

F(S:IB%/AHV)zSoz‘A:AHV.

We must demonstrate that this is fully faithful and essentially surjective.
Fully faithful. Let F,G : B [ A —> V be strong SB-monoidal functors. Then define the
function

Q: HomBFun(BfAy)(F, G) —> Hompun(a ) (F 0ig, Goj ).

where, given a natural transformation 7 : F'—> G, we have that p(n): Foiy—> Goiy
is a natural transformation defined as

©(m)a = na)-

We show that this is injective. Suppose ¢(n) = (1) for two natural transformations
n,n' : F— G with F,G € BFun(B [ A, V). The fact that ¢(n) = ¢(') implies that

na) = nan-

As these are natural transformations between monoidal functors, we have that the diagram
below commutes.

N4 Q@A)
—_—

FlA]) @@ F([A]) G(lA]) @ @ G([A])

P

1%

P>

F([A1,..., A)) > G([A1,..., A))

The morphisms P; and P, are the isomorphisms built inductively from

By F([A]) ® F([B] = F([A, B])
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which comes equipped with the data of a strong monoidal functor [see Mac Lane, p. 256].
Moreover, the diagram commutes by Mac Lane’s coherence theorem.

The above diagram similarly holds with n replaced as 1/, since 1’ is also a natural trans-
formation of monoidal functors. Hence what we see is that

MAr,... A © P1 = P2 ona) @ - @npa,
:PQOanl] ®®7]fz4n}

= 77fAl,...,An] oP.

As Py is an isomorphism, we have that 94, 4, = 74, 4, S0 that ¢(n) = (1) implies
that n = n’. Hence the functor is faithful. The functor is clearly full, since by the above
process we can always take a natural transformation n : F oiy—> G oiy and build it into
a natural transformation n : F —> G.

Essentially Surjective. Consider a functor F' : A—>). By Proposition 7.6.5, we know there

exists a unique S : B [ A—>V such that Soiy = F. Hence we have essential surjectivity;
in fact, we have a stronger version in the strict case.

]
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Monoids, Groups, in Symmetric Monoidal Categories

Recall from section 7 that we were able to construct monoid and groups which were internal
to some category C. The philosophy behind the construction is one we’ve seen before: we
of course think of monoids and groups by their elements, but we resist the temptation and
instead present an object-free, diagrammatic set of axioms for monoids and rings. We utilized
the cartesian product in the category C to demonstrate this. However, we now know that the
cartesian product in any category is a small example of a category with a symmetric monoidal
structure. Hence we revisit the concepts of a monoid and group, and expand their generality
by demonstrating that they can be defined in a symmetric monoidal category.

Definition 7.7.1. Let (M, ®, I, a, p, A) be a monoidal category and let M be an object of M.
We say M is if there exist maps

w:MeM-— M
n:l—M

referred to as the multiplication and identity maps, such that the diagrams below commute.

MeMeM) —*—> (MeM)eM 22 Mo M

1®up

M@ M M

w

ToM M, poM M2 preT

byY: M

M

Example 7.7.2. One of the most useful examples of this concept arises from the notion of an
algebra A over some field k£, where A is a vector space over the field k.




324 Chapter 7. Monoidal Categories

Enriched Categories

When we originally defined categories, we sought a degree of large generality that was able to
capture a huge amount of mathematical phenomenon. However, this was not out a mere desired
for generality; as Mac Lane puts it, "good general theory does not search for the maximum
generality, but for the right generality” (108). But it does turn out that in defining categories
so widely we lose some of their internal structure; for example, in many categories, every homset
might have a underlying abelian group structure. These are called preadditive categories
and are extremely useful, in that they give us a first step towards a general framework (but not
to general) that allows one to do homological algebra in.

Now if we've lost some original framework, how do we recover it? First, recall that in
categories, objects are basically dummies. It doesn’t matter how I denote my objects in my
category C; you and are I talking about the same category if our morphisms act the same exact
way. For example, the categories

R

and

()0 () ()

All —— Politicians > Are Corrupt

where the above objects are n words describing how politicians suck, are the same preorders.
Thus, because categorical structure is primarily found within the morphisms, i.e. the homsets,
we only need to fix these to take back our original structure.

Definition 7.8.1. Let (V,®, I) be a monoidal category. A small category C is a V-category or
an enriched category over V if

1. For each A, B € C, we have that Hom¢(A, B) € V

2. There exists a "composition" operator

O4,B,C : HOch(A, B) X Homc(B, C) —> Homc(A, C)

3. For each object A € C, we have a "identity object'

’iA : ]—»Homc(A,A)

such that our composition operator is associative:
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Hom(A, B) ® (Hom(B, C) ® Hom(C, D)) - (Hom(A, B) ® Hom(B, C')) ® Hom(C, D)

1®op,c,p oa,B,c®1

Hom(A, B) ® Hom(B, D) Hom(A, D) Hom(A, C) ® Hom(C, D)

OA,B,D °B,C,D

and such that our unital elements in each homset behave morally like an identity element
should:

OA,B,B OAA,B

Hom(B, B) ® Hom(A, B) —— Hom(A, B) <——— Hom(A, B) ® Hom(A, A)

e

I ® Hom(A, B) Hom(A, B) ®

ip®1 1®1a

Example 7.8.2. The following is a classic example due to F.W. Lawvere. A Lawvere metric
space is a set X equipped with a distance function d : X x X —> R such that

1. d(z,z) =0forall z € X
2. d(z,z) < d(z,y) +d(y, 2) for all x,y,z € X.

It turns out that, we may equivalently define such a space as a category enriched over ([0, o), +, 0).
Recall that ([0, 00),+,0) where + is addition forms a symmetric monoidal category. Here
we treat [0, 00| as a poset where for a pair of objects a, b there exists exactly one morphism

a—biff b <a.

Now what does it look like for a category C to be [0, oo]-category? It means that for any pair
of objects A, B, we have that Hom¢ (A, B) € [0,00). If we denote d(A, B) = Hom¢ (A, B), this
then implies that we have a function

d : Ob(C) x Ob(C) — [0, ox].
Enriched categories also grant us a composition morphism
Hom¢(A, B) x Home (B, C') — Home (A, C)

for all objects A, B,C. But in [0,00), morphisms are just size relations, so what this really

means is that
d(A,C) <d(A,B)+d(B,C)

for all A, B,C € C Finally, we see the identity criterion states that for each object A, we have
a morphism 74 : 0 —> Hom¢(A, A) which translates to

d(A,A) <0 = d(A,A) =0
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since d(A, A) € [0, 00]. This should feel very familiar; what we’ve just come up with is nearly
a metric space structure on the objects of our category! We are only missing the symmetry
relation. For that, this special construction is known as a Lawvere metric space.

Example 7.8.3. Recall that a (strict) 2-category is a category C such that, in addition to the
morphisms f : A—> B between objects A, B € C, there exists 2-morphisms « : f —> ¢ between
parallel morphisms f,g: A— B.

These two morphisms have access to two different forms of composition. On one hand, there is
"vertical" composition

f g /
SN AN TN
RENIIRG N
Voroand NV o = N\ Vo~

g h h

while on the other, there is "horizontal" composition.

f h hof
N TN 0N
A JJW B ﬂé C A ﬂéov B

°g

Moreover, we require that the interchange law be satisfied and that the morphisms form a
category under the vertical composition given by o. However, we can rephrase this as saying a
category C is a 2-category if

1. For each A, B € C we have that (Hom¢(A, B), o) is a category
2. There exist a composition operator o : Hom(A, B) x Hom(B, C) — Hom(A, C)

f h hof
SN T TN
A JJW B Hd Cc = A ﬂéov B
Y \k/ Y
og

3. For each object A, we have a functor i4 : 1 — Hom(A, A), where 1 is the one object
category with one morphism that is sent to 14.
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Above, (3) is stupidly simple; but the reason we're framing it this way is to demonstrate that
a strict 2-category C is the same thing as a category C enriched over the monoidal category
(Cat, x, 1); the category of small categories whose monoidal product is the cartesian product
and whose identity is the one-object-one-morphism category 1.
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(O'M7p)n : @ M; ® P; — @ P; ® M; Ax B A
i+j=n N i+j=n
(m®p) — E9p®@m AQB
140N
IRA—24 . AP Ag]
A® (I® B)
L®f ! felr PARAI®B \ /
I®B —— B ~5— B®I (A e (I®(I®B)) W
A% (B&C) (A®B)®C J P % P
fe(geh) (feg)®h Q / Q /
X)  — ]

CS . Abelian Categories

Abelian categories are generalizations of the structure which can be found in the category of
abelian groups Ab. This may be obvious from the name; what is nontrivial, however, is how to
preserve the nice structure of the category without specific reference to the elements themselves.
It turns out this is possible, but is generally not the way we think about Ab. This is the aim
of this chapter.

Preadditive Categories

Consider two abelian groups (G, +) and (H,-) of Ab. Recall from group theory that we can
turn the set Hom(G, H) into an abelian group (Hom(G, H), ) as follows. Given ¢,v¢ : G—> H,
we can create another group homomorphism ¢ * 1) : G — H where

(e *¥)(g9) = ¢(g) - ¥(g)-

Observe that this is in fact a group homomorphism: if g, ¢" € G, then

(px)g+9g)=plg+g) v(g+d)
e(g) - e(g") - ¥(g) - (g

=p(g) - ¥(9) - ¢(g") - ¥(d)

= (px)(g) - (¢ *¥)(d).

In the third step we utilized the fact that (H,-) is abelian. Thus (Hom(G, H),*) is not nec-
essarily a group unless H is an abelian group. Therefore, this construction doesn’t extend to
Grp.

At this point, your category-theory-voice in your head is probably asking:
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If H is an abelian group, can we create a functor Fgy : Ab — Ab where

G +— Hom(G, H)?

The answer is yes; the functor is actually contravariant, for suppose we have a group homo-
morphism

p0:G—G.

Then define the function
Fy(p) : Hom(G', H) — Hom(G, H)

where

Fu(@)(®: G —> H) =dop:G— H.

To verify functoriality, we have to check that this function is actually a group homomor-
phism. Towards that goal, consider ¥, 0 : G—> H. Then observe that for any g € G,

which verifies that Fiy(p) is a group homomorphism. Therefore, we see that Fy : Ab—> Ab
is in fact a functor.
Now your category-theory-voice should be asking:

If G is an abelian group, can we also create a functor F¢ : Ab—> Ab where
H — Hom(G, H)?

One can easily show that the answer is yes. In this direction, the functor is covariant. That is,
for ¢ : H— H', we have that

FC () : Hom(G, H) — Hom(G, H')

where

FeW)(p:G—>H)=¢op:G—H'"

Note that for our functors, we have that
Fy(G) = FE(H).

This is bifunctor-ish. Therefore, our category theory voice is now asking:
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Do we have a bifunctor F' : Abx Ab— Ab on our hands, where F'(G, H) =
Hom(G, H)?

To see if this answer is true, we ought to be able to show that, given ¢ : G'—>G and ¢ : H—H’,
the diagram

Fu(G) 2 B (@) Hom(G, H) — 7 » Hom((, H)
FC(p) FG' () =  go(-) Po(-)
el led / 1oy
FE(H) — > FO(H) Hom(G, H') ——> Hom(G', H')

is commutative. The above diagram is in fact commutative since function composition is
associative! That is, given o : G —> H, observe that going right and then down gives

bo(oop)

while going down and then right gives

(Yoo)o

Hence we have commutativity of the above diagram, and we therefore have a true bifunctor
F: Ab x Ab—> Ab where
F(G,H) =Hom(G, H).

What this really shows is that Hom(—, —) is a functor; specifically, a bifunctor. So while we
typically think of Hom(G, H) as a set, it had hidden functorial properties. Thus what makes
Ab special is that plugging in abelian groups outputs an abelian group, and this is not the case
with other constructions (e.g. Grp).

Let us now consider a new observation of Ab. For any triple of abelian groups

<G7*>7 (H7 +)7 (K7 )

we can create abelian groups

(Hom(G H),—F’) (801 + 92)(9) = ¢1(9) + ¥2(9)
(Hom(H, K), ) (W1 " o) (h) = h1(h) - ba(h)
(Hom (G,K) ,*) (01 % 02)(g) = 01(9) - 02(9)

where ¢; € Hom(G, H),v¢; € Hom(H, K) and o; € Hom(G, K) for i = 1,2. Now since these
are abelian groups in Ab, there is a composition operator

o: Hom(G, H) x Hom(H, K) — Hom(G, K)
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where o(¢ : G—> H,¢p : H— K) — 1 o ¢ : G—> K. However, we now run into a problem
where our operators might not play nicely with each other. Specifically, is it true that

Yo (g1 + @2) = (o) * (o)

or
(1" a) 0 = (b1 0 @) * (b2 0 )7

For the first case, the answer is yes. Observe that

Vo (g1 + ©2)(9) = ¥(pi(g) + ¥2(9))
= P(e1(9) + ¢2(9))
= P(e1)(9) - ¥(p2)(9)
= (o @) * (o)) (g):

The reason we have linearity here is because of the way we defined the group operations on
the homsets. The definition of these operations is intuitively correct, but we get accidentally get
an extra bonus of obtaining linearity so that we don’t have to worry about the above equations
not holding.

In order to mimic this behavior, we abstract this into a category to define a Ab-category.

Definition 8.1.1. An Ab-category or Preadditive Category is a category C such that, for
each pair of objects A, B, there exists an abelian group operation + on the set Hom(A, B) such
that

o: Hom(A, B) x Hom(B, (') — Hom(A, C)
(f,9)—=gef

is bilinear. What we mean by bilinear is that, given morphisms f,g: A—> B and h,k : B—C,
we have that

(h+k)of=hof+kof
ho(g+f)=hog+hof.

Note that since we demand that Hom¢(A, B) always be a group, we see that any category
such that Hom¢(A, B) = @ can never be an abelian group. A group always requires the
existence of an identity; a demand that an empty set can never meet. Therefore, as an example,
any discrete category cannot be a preadditive category because all of the nontrivial homsets
are empty.

As we demonstrated building up to this definition, Ab is a trivial example of a preadditive
category. A less trivial example is Vecty where K is a field, but this is nearly automatic
since this takes advantage of the fact that vector spaces have their own hidden abelian group
structure.
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Example 8.1.2. Suppose C is a one object category R which is also preadditive. Then this
means that we have two binary operations 4+ and o on the abelian group Hom¢ (R, R) such that

(h+k)of=hof+kof
ho(9+f)=hog+hof.

However, this is simply a ring! The addition is the ring addition, while the ring multiplication
is given by composition. Conversely, a ring regarded as the homset of a one object category
can be defined to be an abelian category. This is because when regarding a group as a one
object category, the group operation becomes the composition operation. Thus adding the
extra axiom of an addition bilinear operation grants us that the category is preadditive.

Example 8.1.3. Let C be a preadditive category. Then C° is also a preadditive category.
To demonstrate this, we know that every pair of objects A, B € C gives rise to a group

(Home(A, B),+) for some operation +. This allows us to place a group structure +' on
Homeor (B, A) where for two f°P, ¢g°? : B—> A in CP,

fP g = (f + 9)”.

That is, we rely on the preexisting group operation + from Home(A, B). Given that the
composition operator of C°P is 0°?, we can check that this satisfies the bilinearity conditions of
o°?. Suppose h°? k°P : B —> A are two morphisms in Hom(B, A) which are composable with
some f°P. Then

(hP 1K) o 0 — (h £ ) 0 [ = fo (h+ k)
= f [©] h —+ f e} k
— hOp oOP fOp +’ kzOP o°P fOp'

The other direction can be verified dually, so that the the group operation +' distributes
bilinearly over o°?. Therefore, C°P is a preadditive category.

Example 8.1.4. If C is preadditive, then the functor category C’ is preadditive. To demon-
strate this, consider the hom-set Homes(F,G) between two functors F,G : J —> C. Now
consider two natural transformations n,e € Homes(F, G). Then for each f € Home(A, B), the
familiar diagram commutes.
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A F(A) =2 G(A)
f F(f) G(A)
B F(B) === G(B)

This diagram tells us that G(f) ona = ng o F(f) and that G(f) oes = eg o F(f). However,
since C is abelian, we can combine these morphisms and add both equations to get

G(f)ona+G(f)oca=npoF(f)+epoF(f) = G(f)o(na+ea)=np+ep)oF(f).

Hence the diagram below

A F(A) T4 GA)
f F(f) G(A)
B F(B) ———— G(B)

commutes. Therefore, using the group product of (Home(F(A), F(B)),+), we've derived a new
natural transformation from F' to G using 7 and ¢ in Homes (F, G). This allows us to endow
the homset Homes(F,G) with the operation +' defined so that for two n,e € Homes(F,G),
1+’ ¢ is the natural transformation where for each object A

(77+/8)A:T]A+€A

where + is the group operation on (Home(F(A),G(A)),+). The fact that this distributes
bilinearly over the composition operator is inherited from C, and can easily be verified, so that
C’ is preadditive.

Example 8.1.5. Let C be a category such that for every pair of objects A, B, the hom set
Home(A, B) is nonempty. Then we can create the category PreAdd(C) where the objects
are the same as C, except each Hompyeaqq(c)(A4, B) is now regarded as the free abelian group
generated by the elements of Hom¢(A, B). This results in a preadditive category if we force the
composition operator o’ in PreAdd(C) to be bilinear. This forcing makes sense in our case since,
if 3 ettome(a,B) Mr S5 2 fettome(a,p) My are two arbitrary elements in Hompyeada(e)(A, B), then if
Y keHome(B,c) Mk € Hompreaaae) (B, C) for some object C', where ny, n's, my, are all nonzero for
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finitely many integers, then

Z myk o ( Z nff + Z n}f)
A,B)

k€Hom¢ (B,C) f€eHom¢ (A,B) feHome(
> > onpemiko i+ Y S mu(ko f)
f€Home (A,B) keHome (B,C) f€Home (A,B) keHome (B,C)

and the above last expression is in fact an element of Hompyeada(ey(4, C).
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Additive Categories

Let G and H be abelian groups in Ab. A natural question to ask in any given category is if a
binary product such at G x H exists in the category. In our case, the answer is yes; it is the
direct sum G @& H. The direct sum satisfies the universal property

G H

utel TH

Here, K is a third group, ¢ and ¢ are arbitrary group homomorphisms, and ng, 7y are the
natural projection morphisms. Interestingly, this object also satisfies the universal property

K

1
|
|
|
|
|
|

u

G GoH , H

G 1323

Here i and iy are the natural injections, e.g. ig(g) = g ® ey. However, this implies that
G @ H is a coproduct! What this implies is that product and coproducts coincide in Ab. This
is actually a pretty remarkable property because this isn’t the case even in nice categories. For
example, in Set, products and coproducts are definitely distinct.

Why is this the case?

Proposition 8.2.1. Let C be a preadditive category with a zero object z. Then for any objects
A, B € C, the following are equivalent

(1) A x B exists
(1) ATl B exists
Moreover, there exists an isomorphism
[[4 = ]TA
5 i€
for any objects A; € C.
Proof. We only demonstrate one direction because the proof is self-dual.

Suppose A x B exists. Then then if C' is an object equipped with morphisms f: C'— A
and g : C —> B, the following diagram must hold.
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C

I

|

i h
I

|

\J

Ax B

TA TB

A B

Equip A with the morphisms 14 : A—> A and the unique zero morphism ()8 : A—> B. Then
there exists a unique 74 : A—> A x B such that the diagram commutes.

A B

TA TB

Symmetrically, equip B with the unique zero morphism (4 : B—> A and 15 : B—> B. Then
there exists a unique ig : B—> A X B such that the diagram commutes.

A B

TA

Now we’ll demonstrate that we have a coproduct structure on our hands. To do this, suppose
we have an object C' equipped with morphisms f: A— C and g : B— C. Then we can
construct a morphism A such that the following diagram commutes.

A—" , AxB <" __p

Observe that h = foms+ gomp suffices, where + is the group operation on the abelian group
Hom(A x B,C'). Observe that

hoiy=(foma+gomp)oia

fo(maoia)+go(mpoia)
7

Similarly,

hoig=(foma+gomp)olp
= fo(maolp)+go(mpolp)
qg.
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Hence the commutativity of the above diagram holds; therefore, we see that A x B is also a
coproduct. Finally, recall that if two distinct objects satisfy the same universal property, they
are necessarily isomorphic; therefore the existence of an isomorphism between the product
and coproduct is immediate. |

The above proof is not hard, but it’s also not trivial. Moreover, there are three extremely
important ingredients we utilized that demonstrate that the assumptions we’ve made so far are
actually necessary and useful.

o This proof does not hold for a category without a zero object because there is not, in
general, an obviously conceivable morphism to go from any two objects A and B.

» Notice that calculating h was only possible because we had an abelian group operation.

« Finally, notice that we utilized bilinearity of the composition operator in order to calculate
hois and h oip and thereby verify the universal property.

Therefore, all of our assumptions so far have been necessary and useful. And all of this now
motivates the following definition.

Definition 8.2.2. Let C be an abelian category. A biproduct of two objects A, B of C is an
object A ® B which is both a product and coproduct.
Equivalently, A biproduct is an object A & B equipped with morphisms

ma: A B— A sz A—ADB
g A®DB—B ig: B—>A®B

such that
1. mgo014 =14
2. tgoig=1p
3. ip0Tma+ipomp = lagn

Definition 8.2.3. An Additive Category is a preadditive category C such that finite biprod-
ucts exist.

Definition 8.2.4. Consider the category Grp.
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Preabelian Categories

In Ab, kernels and cokernels exists for every group homomorphism.

First, recall their definitions.

Definition 8.3.1. Let ¢ : G—> H be a group homomorphism. Then a kernel is an equalizer of
¢ :G—>H and 0 : G—> H, where 0 maps everything to ey, while a cokernel is a coequalizer
of p:G—>Hand 0: G— H.

Ker(p) < G H < Coker(¢p)

In Ab, we set Coker(p) = H/Im(p) while Ker(y) is the natural normal subgroup of G.

Note that the necessary conditions for creating kernels and cokernels is (1) the existence of
a zero object and (2) the existence of equalizers. If we have these ingredients, can we extend
the concept of kernels and cokernels to additive categories? We can.

Definition 8.3.2. Let C be a category with a zero object as well as equalizers and coequalizers.
Let f: A—> B be a morphism between two objects in C. We define

+ kernel to be the equalizer of f and (0§ : A—> B, the zero morphism,
« cokernel of f to be the coequalizer of f and 0% : A—> B.

In diagrams, we have that

Ker(f) E A

A

B . Coker(f)

|
| |
| |
hi Pk

| Y
C D

Example 8.3.3. In the category Grp, we certainly have a zero object z = {e}. Observe that
for a given morphism ¢ : G — H, we can also form the equalizer of ¢ by considering the pair
(Ker(p), e : Ker(¢p) — G) where Ker(¢) C G and e being inclusion. For the same morphism,
we can form the coequalizer be considering the pair (N,c: H —> H/N) where

N=(N
Nex
where A = {H' C H | Im(p) € H and H' < H}. It’s a simple exercise to show that these
satisfy the necessary universal properties.
However, it’s important to observe the subtle difference between the behaviors of Grp and
Ab. Because every subgroup of an abelian group is normal, we know that in the case of Ab,
N =Tm(p) So the coequalizer becomes

(Im(p),c: H— H/Im(p)).
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It turns out that kernels and cokernels are extremely flexible in additive categories.

Proposition 8.3.4. Suppose C is an additive category. Then the following are equivalent.
(1) C has equalizers and coequalizers.
(77) C has kernels and cokernels.

Proof. We only prove the statement for equalizers as the proof will be self-dual.

First note that (i) = (i¢) is immediate because a kernel is an equalizer with a morphism
¢ and a zero morphism. To show (ii) == (i), suppose that we have kernels for every
morphism in C. Then consider two morphisms ¢, : G — H. We can combine these two
morphisms by our group operation on Hom(G, H) and consider ¢ — 1). Since we can take
kernels, we take the kernel of this morphism.

Ker(y) - G, H

We now argue that this is the equalizer of ¢, . First observe that
(p—tv)oe=0 = poe—toe=0 = poe=yoe

using bilinearity of o. Hence we see that e equalizes ¢ and 1, although we now need to
demonstrate its universal property.

Now suppose that there exists an object K equipped with a morphism ¢ : K — G such
that oo =1 o .

Ker(¢o — 1) - G H

K

However, note that
poo=1ooc = (p—1)oog=0.

Since e : Ker(¢) — G is kernel, we note that its universal property implies that because
(p — 1) oo = 0 that there must exists a unique morphism u : K —> Ker(y) such that
eou = 0. Thus we have shown the diagram below

H

Ker(p —¢) ——— G

|
|
ul
1 g
|
I
|

K

must hold so that (Ker(y), e : Ker(¢) — G), is actually an equalizer! [
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Note that we’ve once more utilized the bilinearity of o to construct the above proof, which
again reminds us that the assumptions we’ve made so far are necessary and useful. The above
proof now motivates the following definition.

Definition 8.3.5. Let C be an additive category. Then we say C is preabelian if it has kernels

and cokernels; or, equivalently, if it has all equalizers and coequalizers.

What we have on our hands now is a very nice category where (1) finite biproducts exist
and (2) all equalizers and coequalizers exist. If we recall from our experience with limits, this
automatically grants us the following proposition.

Proposition 8.3.6. A preabelian category has all finite limits and finite colimits.

Proof. 1f a category has finite products and equalizers, it has finite limits. If it has finite
coproducts and coequalizers, it has finite colimits. This is Theorem 5.3.1. [

The fact that there exist finite limits and colimits is extremely convenient in preabelian
categories.

Proposition 8.3.7. Let C be a preabelian category. Let J be a connected category and suppose
F:J—C is a functor. Then
Lim F = Colim F.

Proof. Recall the limit satisfies universal property

for every object C' equipped with a family of morphisms f*: C'—> F (7). Construct the family
of morphisms

1= 0] : F(i)— F(j) ifi#;j
' Lr() ifi=j
where ()7 : F(i)—> F(j) is the unique zero morphism from F (i) to F(j). Then by the universal

property of the limit, for each ¢ € J, there exists a unique morphism h; : F'(i) — Lim F’ such
that the diagram below commutes.

Lim F —Y  F(j)

1

That is, we have u/ oh; = f/. We now argue that we have a colimit on our hands. Specifically,

suppose D is an object of C equipped with a family of morphisms g; : F'(j) — D. Then
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observe that we can supply a morphism

nguk :Lim FF— D
keJ

where the addition operation is from the group structure of Hom(Lim F, D), such that the
diagram below commutes.

h.
Lim F d

F(j)

k
E gru
keJ
S 95

y
D

This diagram commutes since

(Z gkuk> oh; = Z gk(uk ohj) = gj(uj o h;) = g,

keJ keJ

where we utilized the bilinearity of the composition operator. Thus we see that Lim F is
behaving just like a colimit!

The only thing we must verify at this point is that this morphism is unique. Towards that
goal, suppose that ¢ : Lim F' —> D is another morphism such that ¢ o h; = g;. Recall that
uoh; =1 F(i), SO that h; is a monomorphism. Then observe that we can take the image of
the map

h;: F(i) — Lim F

under the contravariant hom functor to get an epic group homomorphism

oh

Hom(Lim F, D)

‘» Hom(F(i), D)

between abelian groups, as o obeys bilinearity properties. By the first isomorphism theorem
we then have that
Hom(F (i), D) = Hom(Lim F, C') / Ker(oh;).

Now we want to show that this map is also injective, because then we could observe that
since

(K—ngouk) oh;=0
keJ

that
E—ngouk:().

keJ

But it seems like we don’t have enough to show that at the moment...
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Kernels and Cokernels

At this point we’ve discussed preadditive, additive, and preabelian categories, where preabelian
categories are just additive categories with the additional hypothesis that kernels and cokernels
exist. This additional hypothesis is extremely useful, so we will demonstrate what this implies
for us.

Let C be a preabelian category. Consider an arbitrary morphism f : A — B. One way
to think about kernels and Cokernels is that they give rise to objects in the comma categories

(ClA)and (B |C).

Ker(f) < A

B < Coker(f)

Now in the comma category (C | A), a morphism between two objects (C, f : C'—> A) and
(D,g: D—> A) is a morphism h : D —> C in C such that f = g o h. Similarly, a morphism
in the comma category (A | C) between two objects (P,m: A—> P) and (Q,n: A— Q) is a
morphism k : P — @) such that n = h o m. These relations give rise to the bow-tie diagram:

hC\f*AVPk
[

With that said, we can actually turn these categories into partial orders. In (C | A), we say
g < f if there exists an h such that foh = g, and in (A | C), we say m < n if there exists a k
such that n =k om.

It turns out that this perspective is actually quite useful.

Proposition 8.4.1. Let C be a category with a zero object, equalizers and coequalizers. Then
for each object A of C, we have the functors

Ker: (A |C)
Coker: (C | A)

(CclA
(A]0C).

—>
—>
that assign kernels and cokernels. Moreover, these functors establish a antitone Galois corre-
spondence; hence we have that

Ker(Coker(Ker(f))) = Ker(f) Coker(Ker(Coker(f))) = Coker(f).

Therefore, any ¢ is a kernel if and only if ¢ = Ker(Coker(¢)), while any v is a cokernels if and
only if ¢» = Coker(1(1))).



344 Chapter 8. Abelian Categories

Proof. We demonstrate functoriality. First we want our functor to act on objects as
(C,f: A—C) — (Ker(f), e : Ker(f)— A).

Now we explain how the functor works on morphisms. Suppose we have two objects of our
comma category (C,f: A—> C) and (D,g: A—> D), and that h : D — C is a morphism
in (A|C) from (D,g: A—> D) to (C, f : A—> (). Then we have the diagram below.

Ker(f) C
\ / .
Ker(g) / x D

Now note that
foea=(hog)oey=ho(goey)=0.

Thus, by the universal property of e; : Ker(f)— A, we know there exists a unique morphism
B’ : Ker(g) — Ker(f) such that the diagram below commutes.

C
e T
% XD

However, this is exactly what it means to have a morphism between the objects
(Ker(g),es : Ker(g) — A) and (Ker(f),e; : Ker(f) — A). Thus we see that our func-
tor maps on morphisms in (A | C) in a nice way:

Ker(f)
y

Ker(g)

h— h': (Ker(g), ey : Ker(g) — A) —> (Ker(f), e; : Ker(f) — A).

where A’ is the unique map obtained from h as explained above. With the remaining properties
easily verified, this defines a functor between the categories. In addition, we can dualize our
work above to also get the functor Coker : (C | A)— (A | C).

Now this creates a Galois correspondence by regarding the comma categories as partially
ordered sets. Suppose that g < Ker(f). That is, there exists a h such that Ker(f)oh = g.
Then we can compare Coker(g) and f by considering the diagram below.

Ker(f) Coker(g)
h T~ | =
! / \ )

Now observe that

fog=fo(eoh)=00h=0.
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Therefore, by the universal property of the cokernel, we know there exists a unique morphism
B’ : Coker(g) —> f such that the diagram below commutes. This then implies that f <
Coker(g).

Ker(f Coker(g)

h/

)
\A/
Y

h

B C

By a similar argument, we have that if f < Coker(g), then g < Ker(f). Hence we have that
g < Ker(f) < f < Coker(g)

so that, as preorder, the kernel and cokernels functors are adjoint pairs that form an antitone
Galois correspondence. Moreover, this implies that for each f: B—> A and g: A—C,

f < Coker(Ker(f)) g < Ker(Coker(g)).

In particular, if f is the cokernel of some morphism ¢, and if g is the kernel of some morphism
1, then we have that

Coker(yp) < Coker(Ker(Coker(p))) Ker(¢) < Ker(Coker(Ker(1)))).

However, applying the order reversing functors Coker and Ker on the relations ¢ <
Ker(Coker(y)) and ¢ < Coker(Ker(¢))) yields

Coker(Ker(Coker(y))) < Coker(¢) Ker(Coker(Ker(v))) < Ker ().

Hence we have that Coker(Ker(Coker(p))) = Coker(yp) and Ker(Coker(Ker(¢))) = Ker(v)
as desired. |
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Abelian Categories

Let C be a preabelian category, and consider an arbitrary morphism ¢ : A —> B. Then, since
we are in an abelian category, we can calculate the kernel and cokernel of this morphism, which
both have their familiar universal properties.

Ker(y) A ; B . Coker(y)
A i
hi g ) ik
i ]
C D

One thing we can do is examine both the kernel and the cokernel of these two morphisms.
Specifically, we can calculate the kernel Ker(c) of ¢ and the cokernel Coker(e) of e. However,
since we have a map ¢ : A —> B such that co ¢ = 0, we see that there exists a unique map
u : A—>Ker(Coker(f)) such that ¢ = € ou. Dually, since poe = 0, there exists a unique map
v : Coker(Ker(f)) — B. such that ¢ = vo (.

Ker(Coker(f))
Ker(f) — < A _ ¢ B —<» Coker(f)
A 7 |
’ Coker(Ker(f)) v

o <
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Operads on Sets

Let Y, Z be sets. Consider a function g : Y —> Z. The way we’ve been taught to think about
this function is as a process where we're sending an element y — ¢(y) in a well-defined manner.

input output

y —— 9 —> 9(y)

The typical picture one uses when describing a function.

Furthermore, if we have another function f : X — Y, then we can set up a pipeline
x> f(x)— g(f(z)). This then establishes an obvious function go f : X — Z.

input output
f g

The function go f.

9(f(y))

But the way that we’ve thought about functions, and more generally morphisms, is actually
over-simplistic. Here we will demonstrate that we can generalize the concept of morphism
composition.

Denote End,,(X) to be the set of all functions f : X — X. Then for such a function, if
we stick with our simplistic concept of plugging things in, we imagine something like

input output

(T1,... @) —————> f —— f(z1,...,7,)

However, a more natural way is to imagine that we're taking values n-many values x; € X
and plugging them into the function f : X™ — X. That is, we don’t have to just think of one
g: Y — X" to form a concept of composition. We can instead imagine that each of these z;
values came from functions ¢; : Y1 — X, g2 : Yo— X, --- ,g,: Y, — X.
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Y, Y, - Y,

gl\ lgz / o
XXX x---xX

K

X
This is in its own right a function; a function from Y; x Y5 x Y,, — X. It’s a generalization
of function composition; when we only have one g; we just get back our original notion of
function composition. We’ve been restricting ourselves this whole time. Now to make this even
more interesting, suppose Y, = X% Y, = X* .Y, = X% where ay,aq,...,a, are positive

integers. That is, suppose we have that g; € End,, (X).
Xal XCLZ e Xan

N b/
XxXx---xX
E
X

The above composition can be expressed as f(g1, g2, - - -, gn) Which we may denote as
foal,aQ ..... an (91’92’- .- 7gn) XXX X x X — X

and note that we’ve construction a function in End,, 14,414, (X) using one f € End, (X) and
n-many ¢; € End;(X). Then what we see is that our composition map is really a function that
can be written formally as

Cay,az,...,an X" x (Xal X X9 x e x Xan) Xataztetan

Then we can make this even more interesting. Each g; : X% — X is just like f : X" — X.
Hence we can repeat the same process on each g;, and plug a family of functions h; ; : X kij—> X
where j =1,2,..., a;.

k k kia k k k2.q kn kn k1,a
Xha o Xke o Xk Xkt Xk2 o Xk . Xhnt o Xhno o XFian
h1,1l lhlg lhl,al h2,1l th,z th,ag hn,ll lhn,z lhn,an
a1-times as-times an-times
— — —
XxXx - xX X xXx - xX X xXx - xX

N ng gn

X xXx---xX

|

X
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Now there are two ways to think about this function. There is

[f oal,ag,.,.,an (917 g2, ... 7gn)] ok1,1,...,k17a1,...,kmal,...,kn,an (hl,la R hn,an)

which first composes f with the g-family, and then composes with the h-family, and then there
is

f O(k1, 1+ +k1,a; )yeees(bn,1+++En,ap) (gl Oki,1,...k1,a, (h1,17 ceey hLal)? <3910 Oy 1,0 knan (hn,lu ceey hn,an))

which first composes each g with its respective h-family, and then composing the resulting
structure with f. Since these are just functions, and individual composition is associative, the
above two ways are the same. This construction which we have demonstrated is an example
of an operad; specifically, a symmetric operad. The previous example can now be seen as
motivation for the following two definitions (which will definitely need repeated read-overs).

Definition 9.1.1. A nonsymmetric operad X in Set consists of a family of sets {X,,}>2
an identity element I € X; (whose purpose will soon be elaborated), and a composition map

On,a1,az,....an * Xn X (Xal X Xa2 X X Xan) — > Aaitazttan
(fa g1,92, ... 7gn) = f Oal,ag,...,an (gla g2, ... 7gn)

which must exist for each n =1,2,..., and any aq,as,...,a, € N, such that
(NS-OP1: Associativity.) Let n € N and consider f € X,,. Let aj,as...,a, € N. Then

[f Oai,a9,...,.an (917 g2, ... 7gn)] Ok1,1,...,k1,al,...,knyal,...,kn,an (hl,la ceey hn,an)

f O(k1,1++k1,a;)yees(bn,1++En,an) (gl Oki,1,...k1,a, (hLl? SRR hl,al)? «+ 590 Ok 1,iknan (hﬂ,lv SRR h":an))

(NS-OP2): Identity. For every f € X,, we have that

foin. (L, I,....;D1)=f=10,(f).

Definition 9.1.2. A symmetric operad is a nonsymmetric operad X with a right group

action -, : X,, x S, — X,, by the symmetric group 5, for each n = 1,2,..., subject to the

following axioms.

(S-OP1: Equivariance 1) Let f € X, and pick g; € X,,,..., 9, € X,, forsomeay,as,...,a, €
N. Then for a 7 € §,,, we must have

!/

(f : 7—) Oa1,....an (gla s 7gn) = (f Oar—1(1)v"'va7—1(n) (g'r—l(l)a cee ag'r—l(n))> *T

where 7" € Sy, y...1q,. Here, 77 is a block permutation that swaps the i-th block with the
7(7)-th block. That is, if 7 € S™ as a permutation acts as

(1,2,...,n) — (7(1),7(2),...,7(n))
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then 77 € Su,1ayt.1a, acts as

1st block i-th block n-th block
(1,2,...,(1,1,...,511+~-+ai+1,...(11—l—---+a,¢+1,...a1+~-+a,,/,1+1,...7(1,1+---+a,1)
—
7(1)-th block 7(i)-th block 7(n)-th block

—_—~—
(...,01,2,...5a1,...,a0+---+a;+1,..., a1+ -+ a1, a1+ +a,1+1,.. a1+ Fap, ..

(S-OP2: Equivariance 2) Let f,g; is as above, and choose o1 € Si,...,0, € S,. Then we

have that
f Oa1,...7an (gl 01,0500 " gn) = (f Oa1,...,an (gla s 7gn)> : (017 ce ao—n)
where (01,09, ...,0,) € Sa,+agt-+a, 18 the permutation described as below.
1st block n-th block
(1,2,..., A1, ..,a1 +-+an_1+1,,..., ap+ -+ ap_1ay,)
H
(01(1),01(2),...,01(a1), ..., a1 + -+ a, 1+0,(1),...,a1 + - + ap_1+on(ay))
1st block n-th block

Example 9.1.3. We can continue with our previous construction concerning the family of sets
End,(X)={f: X"— X | f € Set}

to demonstrate that it forms a symmetric operad. As we already established associativity NS-
OP1, we need to verify the identity axiom NS-OP2. Such an identity element can be chosen
if we select I = 1x : X — X. On one hand we have for any f € X" that

fol,l,...,l (I7I7al):f(1:c71x7a]-x):f

while on the other we have that I o, f = 1x o f = f. Next, define a group action of S, on
End,(X) as
(f : 0)(:1:1,332, . ,LCn) = f(l‘g(l),xg(g), c. ,xg(n)).

We now verify S-OP1 with this group action. Let f € End,(X) and ¢; € End;(X) for i =
1,2,...,n. For a given 7 € S,,, consider the points (x1,...,a1) € X", ..., (z1,...,a,) € X*.
Observe that (f - 7)o, a4, (91, -, 9n) first plugs in the each (x4,_1,...,2,,) into g;, which is
then plugged into f. However, the action of 7 swaps these resulting coordinates. Thus we get
that

7(¢)—th entry

(f : 7_) oal,...,an (gla' .. agn)(xla e,y axan_ﬁ—la cee 7$an) = ( .. agi(mai,ﬁ-l?' s 7xai)7' )
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How do we write this more formally? Well, to answer that, we need to know the answer to
the following question: which g;(z4, ,11,...,%s,) maps to, say, the 1st coordinate? This is
equivalently to asking: what is 77(1)? Hence we see that

(f-T)oayan (G1y- s ) (X1, oy Q1y o Tay 1y -+ Tay)
= f(g‘r—l(l) (xaT_1(1)71+1a cee 7$a7__1(1))7 -3 9r=1(n) (xaT_1(7l)71+17 <. 7xa7__1<n)))
= f Or=1(1),7=1(2),...,r—1(n) (97*1(1)a 9r=12)y - - - 797’*1(71))('1;0,7_71(1)71—&-17 S 71’0‘7_71(1)7 R 7xa_r71(n)71+17 <o ’xanl(n))

= <f Or=1(1),7=1(2),...,r7—1(n) (97'*1(1)7.97*1(2)7 SR 797'*1(71)) : T/) (zla cosTags ey Lagq41y - 7$an)-
where 7/ is the block permutation described in the definition. Thus we see that

(f ' T) Oay,...,an (917 cee 7971) = f Or=1(1),7=1(2),...,r—1(n) (.97—*1(1)’ gr=1(2)y - - - 797*1(71)) -7

as desired. Thus we have S-OP1. Finally, we show S-OP2, which is a bit easier to demonstrate.
As before, let f,a; and g; be as described before. Let o1 € S1,...,0, € S,. Then

f Oal,.,.,an (gl 015590 " Un)(xla s 7~ra1a s 7xan_1+17 cee 7xan)

= f((g1 co) ) (@1, Tay )y (Gn s On) (Tay a1y - - ,a:an)>
= f(gl(m(,l(l), s Toy(a)s - In(Tan(1)s - - - ,$,,n(an))>
= <f Oay . an (G1s--- ,gn)> (To1(1)s - Toy(ar)s - - - s Ton(1)s - - > Lo (an))
= (f Oay.an (g1, ,gn)> N o PR, S I S PO T N
Thus we see that
foar,an (91701, Gn - 00) = (f Cay,an (915, 90)) - (01, 0n)

so that S-OP2 is satisfied. All together, we have that for any set X, the family of sets End,,(X)
forms a symmetric operad.

Example 9.1.4. Consider the family of sets Assoc,, = 5,, where each level is the n-th symmetric
group. Suppose that 7 € S, and that o € S,,,09 € Su,,...,0, € S,, for ay,as,...,a, € N.
Then we define

T o(ll,...,(ln <017 027 LR 70n) E Sa1+a2+---+an

as a permutation of a; +as+- - -+a, letters. Before we describe the permutation, we’ll introduce
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some notation. Consider the (ordered) tuple of the first a; + - - - + a,, integers.
(1,2,...,a1,a0 + L,a1 +2,...,a1 +as,...(ar+ -+ ap_1)+1,.... (a1 + -+ an_1) + ay,)
We can more compactly denote this tuple as

(1,2,...,a1,1",2" .. Jay, ..., 1,2 ... d))

n

where from either context or coloring it will be clear what each 1’,2',... indicates. For ex-
ample, above we’ll have that 1" = a; + 1 and 2’ = a; + 2 wheres 1" = (a; + -+ 4+ a,_1) + 1 and
2/ = (ay; + -+ a,_1) + 2. With that said, we can define 7o,, 4. (01,02,...,0,) € Sa,tayt-tan
by its action on such a tuple, pictured below.

/YA / ! !/ /
(1,2,...,a1,1,2" ... ah, ..., 1,2 ... al)

lal laz lan
(01(1),01(2)),...01(a1),07(1),07(2)),...00(ar),...,00,(1),0,(2) ... 00 (a,))
1st block 2nd block an-th block

(...,01(1),01(2),...o1(ar),...,00(1),01(2)),...01(ar),...,00(1),00(2),...,00(a,),...,)
7(1)-th block 7(2)-th block 7(an)-th block

which can be rewritten more formally as

1st block n-th block

(04—1(1)(1): 0’7—1(1)(2)» e >U;—1(1)(a7—1(1))> e aU/T—l(n)(l)> 0r1n(2), - »Ulf—l(n)(ar—l(n))) € Sar+-tan:

Now for each o; € S, let p;; € S, for j = 1,2,... a; and for k;; € N. For notational
convenience, denote K = ky 1+ -+ ko +---+ky1+---+kna,. By our above definition, we
can construct a permutation in Sk by composing 7 with the o-family and with the p-family.
There are two possible ways to construct such a permutation (and we’ll show that they are
equivalent, therefore satisfying NS-OP1). But before we do that we must consider the first K
integers. This will be a huge tuple; in full notation this is
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1st block 2nd block
<1,27...,]{'|’1, g oo
a1-th block
Ce (l{,'L] + ]i,‘l?g —+ -+ A"L(ll*l) + l (A"]A’[ + A,'LQ —+ -+ k'lﬂl,]) + 2, Cee (]1"1’1 + A,'LQ —+ -+ k[ﬂalfl) + kl,al Ce

(a1+az+-+an—1+1)-th block

n—1 a; n—1 a; n—1 a;

i=1 j=1 i j=1 i j=1

(a1+ag+-+an—1+an)-th block

n—1 a; n—1 a; n  a;
ceey Z Z k"i,j + (kn,'l —+ -+ k,’,L‘(unfl)) + 1, Z Z k;iy.j + (/i,'m] + -+ kn,(an,fl)> + 2, ceey Z Z AZ]
v g=1 i g=1 i g=1

Using our previous notation we can rewrite this as

1st block 2nd block a1-th block (a14+-+an—1+1)-th block  (a1+:--+an)-th block
——

. I ol 3 I ol . I ol .
(1,2./...7/11’1, , 2, ,...,1,2,...,/»17(“,...,1,2,...,k,1u1,...,1,2,...,/{”7@”)

n—1 a;
where again, for example, whereas 1/ = Z Z kij+ (kpa+---+ kn,(anﬂ)) + 1.
i =1
Now we will first want to calculate

(7— oal,..‘,an (Ula g9,... 70n)) Ok1,1,...,k1’a1,.‘.,knyh...,kn,an O(pl,la s 7pn,an)-

The first step to computing this is to note that each p; ; permutes the numbers within its block.

1st block 2nd block (a1+--+4a;—1+j)-th block  (a1+---4an)-th block
—_— —_—
. Y X / /
(1,27...,/1171, , 2, ,...,1,2,...,/1,;j,...,1,2,...,&,“(177)

lpl’l ce lpi,j lpn,an
(p1’1(1)7 p171(2), e ,pl,l(kl,l)u Ce ,p;](l)p;,j(z), cee ,,0;,]-(/1'/,.(;‘)’ s 7pln,an(1>7 p,n,an(z)v tot 7p;1,an(k"/7 aﬂ)))

1st block (a1++-+a;—1+j)-th block (a1+-+an)-th block

Now that we’ve applied the p permutations, we must apply the permutation 704, 4, (01,09, ...,0,)
in Sg,+..4a,- This will instead be a block permutation. Hopefully it is now clear why we were
paying so much attention and to and keeping track of the blocks; we knew ahead of time
that we were going to permute our a; + --- + a, blocks by using our S,, 4.4, permutation
T Oay.an (01,02, ..., 0,) N So 4.y, -

Recall that for p; ;, ¢ ranges from 1 to n while j ranges from 1 to a;. Hence if we permute a
block, we can represent it as follows.
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(pra(1), p10(2), s pra(Brn), - i ()P (2)s s 05 (Fis)s o P (1) Pran (2)s -+ P (B )

1st block (a1++++a;—1+j)-th block (a1++-+an)-th block

(' - ,P171(1)7 p171(2)’ s >p1,1<kl¢1)’ s 7p;z,an(1>’ p:z,an(Q)a s ’p:z,an(k'nv an)’ R )

TOaq,..., an (0'1702 ----- O'n)(l)th block TOay,..., an (01,02,...,an)(a1 +~~-+an)—th block

which can be written more formally (that is, more horribly) as

(oo, oW Prrine, @ Praaont, o Fraes, o))

L(o) 1) 1)

(a1+-++a;—1+j)-th block

At this point we’ll want to see that this is the same as

T O(kl,l+"'+kl,a1)7"'7(hn,l+“'+kn,an) (Ul okl,l;--~7k1,a1 (pl,b s 7p1,a1)7 -, 0n okn,h...,kn,an (pn,la cee 7pn,an))

To do this we need to think about each o; Oki 1o Kisa; (Pids- - pia;) Which isn’t too bad. Each
is a permutation in Sy, 1.4k, , , and hence a permutation of the (ordered) tuple below.

i,a; )

(1, 2, ooy kfi,l; goeey (Azl + k‘i.Q + e + ’l{"i,a,;,l) + 1, ooy (’lﬂi,l + k”in + e ) + ki,m)
which we again abbreviate as

(172,...711'1‘71, 7"'71,72/7"'7}(7[.@1)'

With those notation above each permutation acts as

1st block 2nd block a;-th block
—_———— —_—

- / / L
(1,2,...,]{[\1, ,...,1,2,...,A,;_(”)
0i(1)-th block oi(a;)-th block

(. . ,,0@1(1), pi,1(2)7 P ,pz"l(kii), e 710;,612'(1)7 p;’ai<2), Ce 7p'/i,a¢(k;’i7flqi>7 e )
which can be more formally understood as the tuple

1st tuple a;-th tuple
(,0;02._1(1)(1), p;’Ui_l(l)(Q), . ,p;’o_i—l(l)(k)i’gfl(l))’ . ,p;,gi_l(ai)(l), p;’oi_l(ai)(Q), . ,p;o_i—l(ai)(ki,gfl(ai)))
(9.1)
Now that we understand what each o; oy, ., (Pids- - pia;) does for i = 1,2,...,n, and

because we know that 7 € S,,, this means we can compose 7 with this family of n-permutations,
which will give rise t0 & Sk, | 4 tky o, +++hn 1 +-+hn,a, PerMutation. To calculate this we just now
directly apply their composition. This will act on the k13 4 - k14 + -+ kp1 + - + kna,
tuple
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1st block 2nd block a1-th block (a1+++an—1+1)-th block (a1+-+an—_1+an)-th block
—N—
. I ol . . 11 ol . /PN .
(1.2, ki1, v 12K L2 s 102Ky 102 Ka)
[ —
1st m-block (a14-++an—1+2)-th block
n-th n-block

by rearranging the tuple as below

o1(1)-block o1(a1)-block

(. ey ,p1’1(1)7p171(2>, e ,,0171(]{’1_’0, e 710/1,a1(1)7p/1,a1(2)7 e 7p,1,a1(k1,(11)7 e

7(1)-th n-block
on(1)-block on(an)-block

ey Pra(1)y 01 (2), oy pna(Bnt)s - ooy Pran (1)s Pran (2)s - oy ran (Fray, )y - - -)
7(n)-th n-block

and using (9.1) we know that this becomes

(a1++++ar(1y—1+1)-th tuple (a1++ar(1y—1tar(1))-th tuple

(- 701,0;1(1)<1)7 /)1,0—;1(1)(2)7 e 701,0;1(1)(k1,a;1(1))7 e 7p1,01_1(a1)(1)7 P1,a;1(a1)(2)a e 7p1,01_1(a1)(k1,01_1(a1))

7(1)-th n-block
(a1+++ar(1y—1+1)-th tuple (a1+++ar(1y—1+ar(1))-th tuple

e 7pn,0';1(1)(1)7 pn,aﬁl(l)(2)’ s 7pn,a;1(l)(kn,a,71(l))7 ce 7pn,0[1(an)(1)7 pn,agl(an)(2)7 ce ’pn,a,fl(an)(k‘n,agl(an)))

7(n)-th n-block

The above tuple can be (again, horribly) understood as

O Prriyot, @ pwent, ) Feret, o))

Tr=13) 1) 1)

(' o ’pT?l(i)#T:_ll(i)

(a1+4-+-+a;—1+7)-th block

Which shows that

(7_ Cat,...,an (017 02, ... 7071)) okl,l,n-ykl,al7~~7kn,17--~7kn,an o(pl,h s 7pn,an)

T O(k1,1+"'+k1,a1) ----- (An, 1+ +kn,an) (Ul Ok1,17~~7k1,a1 ()01,17 SR 7101,111)7 <+ 5 0n Okp 1, iknan (pml? SR Hon,an))

so that NS-OP1 is satisfied. Now verifying NS-OP2 is simple; note that as S; has one element,
we are forced to identify our identity element as oy, the unique permutation of one element that
doesn’t do anything. Then for any 7 € S,,, we of course have that 70y, 1 (01,01,...01) =T,
as each element is unchanged by o, before 7 is applied. We also know that oy o, (7) = 7, since
this is just applying 7 and then applying the trivial block permutation to the n elements.
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Now we show S-OP1. As we need a right action of S,, on the n-th level of our operad,
which also happens to be 5, an evident choice would be to just take the group product. Hence
for any o € 5,,, we say 7 € 5, acts on o to give rise to

(c-T)=0o0T

which is clearly in S,,.
To demonstrate S-OP1, let 7,p € S,,, and 01 € Sy,,...,0, € S,, for a; € N. To compute
(T-p) %ay....an (01, ..,04), denote an (ordered) tuple of the first a; + - - - + a,, integers as

(1,2,...,aq,...,1,2' ... ay).

Then we see that (7 - p) o4, a4, (01,...,0,) acts on the tuple to give rise to

(0’;)_1(,’__1(1))(1)7 e ,02_1(7__1(1))(ap—1(7.—1(1))), e 70-;)_1(7'_1(77,))(1)7 e 7U,p_l(T_l(n))(a’p_l(T_l(n))))

On the other hand we need to also compute (Toap—lm,...,ap—l(n) (Op-1(1), - - - Op-1())) - p/ Where p/ is
the evident block permutation. However, this is really just <Toa,1—1(1>~-~’ap—1(n) (0p1(1)s -1 Tp-1(m)))0
p'; below we see that its action on an ordered a; + - - - + a,, tuple is as we would expect.

(1,2,...,a1,...,1",2' ... ay)
|
1 o 1ol
(1 ,2,...,(lp—1(1),...,1 ,2,...,ap_1(n))
l(’f’oap71<1> ,,,,, @1 (n) (Up71(1>7~"7a'p71(n)))

/

(Up_l(T_l(l))(1>7 N 702_1(7__1(1))(apfl(q—fl(l))>, N 70-;_1(7'_1(77,))(]')7 e 7J/p—l(T—l(n))(apfl(Tfl(n))))

Therefore we see that

(T ’ P) Cat,..,an (017 s ,O'n) = (T Oapfl(lym,apfl(n) (O-P*1(1)7 ce 70—971("))) ’ p/

so that S-OP1 is satisfied. We just now need to show S-OP2 is satisfied, which is nearly
immediate. We will however not pretend we're too good to show this and demonstrate it
anyways. For each o; € S,,, pick p; € S,,. Observe that 704, 4, (01 p1,...,00 - pn)

(1,2,...,a1,...,1,2' ... ay,)

1st block

(or10)(pr1y(1)), 0711y (Pr11)(2)), - - or () (Pr1 (1) (@1 (1)) - - -
n-th block

<oy Or=1(n) (pT—l(n)<1))a Or—1(n) (pT—l(n) (2))7 <oy Or=1(n) (pr—l(n) (aT—l(n)))

returns the same result as (7 04, 4, (01,.-.,04)) - (p1,- -, Pn)
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(o1 (1), 11 (2), - Han), o 0 (1), 2 (2), -5 i ()

1st block

(o1 (pr1y(1)), or )y (Pr1(1)(2))s - - s Orr )y (Pr1 () (@r—1(1)), - - -
n-th block

-« 07=1(n) (prl(n)(l))a Or—1(n) (prl(n)(Q))v <3 O7=1(pn) (prfl(n) (anl(n)))

since (7 04y an (O1,-.00)) - (p1,-- - Pn) = (T %y, an (O1,...,00)) © (p1,...,pn) in our case.
As we have that S-OP2 is satisfied, we have that Assoc, = 5, is a symmetric operad.

Definition 9.1.5. An morphism of operads F': X — Y between two (symmetric) operads
X,Y with units I € X; and J € Y; and S,, group actions - and * is a family of maps F,, :
X,,—> Y, such that

(M-OP1) Fi(I)=J

(M-OP2) If fe€ X, and g1 € Xuy, ..., 9n € X,, for a; € N, then

Fa1+-~-+an(f Oa1 ..... an (gbagn)) = Fn(f) oa1 ..... an (Fal(gl>7"'7Fan(gn))

Note: in the case where X, Y are symmetric operads, we define a morphism between X and
Y to be a family of maps F, : X,, — Y,, such that only M-OP1 and M-OP2 hold.

Definition 9.1.6. A algebra over an Operad X is a morphism of operads F': X — End4
where A is some set. Spelled out, this is a mapping
F, : X,, — Homget (A", A)
f=FE(f):A"— A
so that we’re mapping elements of our operad to n-ary operations over A. This mapping also
requires that
2. For feX, g€ X, fori=12,...,n,

Faytotan(f Oar,an (9155 9n)) = Fu(f) 0:11 an (Fay(91)s -5 Fan(gn))-

.....

Diagrammatically, this means the following diagrams commutes:
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Xoyttan Hom(A®++an A)

Fa1+-»-+an

Aal Aag R Aan
A% x A% x .. x Aon wm{ L LFan@n)
F(foﬂl aaaaa an (g1, gn))l = Ax A x n'_t%n:les < A
A lF(f)
A

3. Finally, we have that if 7 € S,,, then for f € X, and (a4,...,a,) € A", then

Fo(f -1)(ar, ... a,) = (Fu(f) * 7)(a1, ... an) = Fo(f)(aray, - - Grw))-

Definition 9.1.7. Let X be an operad. A morphism ® : ' —> G between algebras
F: X —Endy and G : X — Endp over X is a function ¢ : A —> B such that, for f € X,
and (ag,...,a,) € A™,

p(F(f)lar, . an)) = G()(plar), ... plan))

The above relation can be more conveniently expressed as the diagram below commuting:

(0,0,--5)

B Gn(f) B

which must hold for all f € X,, with n € N. Now suppose that for an operad X we have

three algebras An 0y
F:X—Endy, G:X—Endg H:X-—Endc ) ©

such that ® : FF'—> G and ¥V : G —> H are morphisms of algebras B B

given by functions ¢ : A—> B and v : B—>C. A natural question ()

is whether or not one can define a morphism Wo ® : ['— G.  ®4...9) Y

This is however immediate upon realization that we can stack the

diagrams to see that & o ¥ : F'—> H is a morphism of algebras. cr Ho(Gn () C
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As a result, if we are given an operad X, we can create a category Alg, whose objects are
algebras ® : X — End s and whose morphisms are morphisms between such algebras. These
categories actually return ordinary categories that we've dealt with in the past.

Example 9.1.8. Consider the operad Assoc,, = S,. Then we have that
AlgAssocn = Mon

where Mon is the category of monoids. (In terms of set theory, we're being sloppy; but if
anyone challenges this we can just pull out a Grothendieck universe and satisfy their demands.)
To demonstrate this isomorphism we must produce a pair of inverse functors between these
categories.

Before we do that, first consider an object in this category, which is a family of functions
F, : S, — Homgei (A", A) for some set A. To save some space, denote Homget (A", A) as
[A™, A]. Then the fact that F' : Assoc, — End, is an algebra gives us that the diagram on
the left commutes.

SQ X (SQ X Sl) - [AZ’A] X ([A27A]7 X[AvA]) (62’62’61) — (NQa,uQaidA)

S3 Hom(A3, A) e > fig = [i2(pt2,id4)

As this diagram commutes, we can follow the specific path which is taken by the identity
elements ey € S5 and e; € S;. If we denote F,(e,) = p, : A" —> A, then we see that
i3 = p2(pe2,id4). Note that in particular, g3 = id4 by hypothesis. Hence for a,b,c € A, we see
that pus = pa(pa(a,b),c). Conversely, we can repeat the same thing with S; and S, swapped,
and obtain a commutative diagram on the left:

52 X (Sl X SQ) - [A27A] X ([AuA]v X[A2>A]) (62761762> — (MZ,idA,,UQ)

S Hom(A3, A) e3 > iz = pio(ida, p12)

and following the identity elements again grants us that pug = uo(ida, pe). Hence we see that
for a,b,c € A ps(a,b,c) = pa(a, ua(b, c)). All together we have that

MQ(MQ(G” b)’ C) = IUQ(a’ MQ(bv C))

What does this mean? Perhaps this will make it more clear: denote us(a,b) = a - b. Then this

means that
(@-b)-c=a-(b-c).
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This means that we’'ve proved that A is a set equipped with a binary operator py : Ax A— A
which is associative! This is almost a monoid; we're just missing an identity element. However,
note that
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General Operads in Symmetric Monoidal Categories

Every time we find ourselves working in Set, we should feel a great deal of shame and embar-
rassment. Before anyone catches us, we can atone for our sins by drawing diagrams that avoid
specific reference to the element of the sets, thereby transitioning our work to an arbitrary
category. Given our previous work, we can do this; but what were the main ingredients? Note
that we basically only needed the properties of Set and its cartesian product. Given this, and
the fact that Set is symmetric monoidal given the cartesian product, we can largely generalize
our previous work to arbitrary symmetric monoidal categories.

Definition 9.2.1. Let (C,®, ) be a symmetric monoidal category. A (symmetric) operad X
over C is a family of objects {X,, },en, in C, where each X, has a group action by S,, and with

1. A unit morphism n: [ — X

2. For each n € N and a; € N where : = 1,2,...,n, a composition morphism

p:Xp ® Xoy @ - @ X, —> Xayttay,

subject to the associativity, identity, and equivariance axioms outlined below.

(OP1) Associativity. Let n > 0 and choose a; > 0 for i = 1,2,...,n. Further, for each a;,
choose k; ; > 0for j =1,2,...,a;. Let v be the isomorphism which rearranges the factors
of the tensor product as below:

’7:(Xn®Xa1®..‘®XG/WL)®XI€1,1®.”®Xk1,a1®"'®an’1®"'®Xk

~

s

Xn® (Xay @ Xy, @+ @ Xpy ) @ -+ @ (Xo,, @ X, @+ @ X ,)

n,an

Then we demand that the diagram below commutes.

(Xn ® é) X) ® (é) @ in,j) ! X, ® é (Xa,, ® in7j>

=1 =1 j5=1 =1 7=1
an®1
Hay,...,an 1Xn®l—i®"'®ll
n  a;
Xll1+"'+an ® ® ® in,j Xn ® Xk1,1+"~+k1,a1 - ® an,1+~~'+kn,an
i=1j=1
u(k1,1+"'+kl,a1) 77777 (k14 +kn,an) (kp,1++ 1,a1)+ +(kp,1++kn,an)

Xk1,1+"'+k1,a1 +"'+kn,1+"'+kn,an

(OP2) Identity. Letting A be an arbitrary object of C,let A : I® A = Aand p: AR = A
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as the left and right unitors in our symmetric monoidal category. Then the diagrams below
must hold for all n > 0.

®n
[oX, 2% X 0 X, Y LR WD
A H pen .
X, X,

(OP3) Equivariance 1. Let 7 € S, and let 7* be the isomorphism 7* : X,, ® --- ® X,, ==
Xr(a) ® -+ @ X7, and by abuse of notation denote 7 as the morphism 7 : X,, — X,
which is given by the group action. Then the diagram below must commute.

T®Lx,, ®-®lx,,

Xn®Xa1®...®Xan Xn®Xa1®...®Xan

1X7L®T* Harq,...,an

Xn ® XT(al) Q- XT(an) Xa1+--~+an

Xr(a)+-+r(an)

Here, 7/ is the block permutation described below:

1st block i-th block n-th block
(1,2,...,a1,...,a1+ F+a;+1,...a1+ -+ a1,-..a1+Fa,1+1,...0a0+ - +ay)
—
7(1)-th block 7(4)-th block 7(n)-th block
(...,L2...5a1,...,a1++a;+1,...0a0+ -+ Qit1,...,a1+ -+ a1+ 1,0+ ay,..

(OP4) Equivariance 2. Let 0; € S,, for i = 1,2,...,n. By abuse of notation, denote o; :
Xa, —> X,, to be the map given by the group action. Then we have that

1x, ®018-Q0n

Xn®Xa1®"'®Xan Xn®Xa1®"'®Xan

(01,02,...,0n)
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where (01,09, ...,0,) is the permutation in Sy, ;...1,, defined as below.
1st block n-th block
(1,2,...,a1,...,a1+ F+a,1+1,,....a1+ -+ a,1a,)
H
(01(1)7 01(2>7 ce 70.1((“)7 i N anfl—f’o'n(l)a N e (1,,”,14-0'”((1,71,))
1st block n-th block

Example 9.2.2. As before, we can create an endomorphism operad. That is, if we let C
be a symmetric monoidal category, then we can let Ends(n) = Home(A®", A). Then u :
I —> Home¢ (X, X) is defined to be the unique map to the identity. Given f € Enda(n) and
g; € Enda(a;) where a; € N for i = 1,2,...,n, then we define our composition pointwise:

foaran (915 9n) = [0 (g1 @+ ® gn).

Finally, given o € S,,, we can define a group action by assigning f - ¢ to the morphism which
rearranges the positioning of A®™ according to the permutation o. With these hypotheses one
can check that the axioms of an operad are satisfied as we did in the previous section when
C = Set.
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Partial Composition: Restructuring Operads

After one stares at the definition of an operad for quite some time, they will realize that the vast
and mysterious diagrams and indices are really just for booking keeping, and that the idea is
actually rather quite intuitive. And of this bookkeeping is what makes operads a bit annoying;
we are constantly having to think about an arbitrarily long tensor products. However, Freese
has pointed out in his text that we can actually rephrase the language of operads more simply
by replacing the arbitrarily long composition morphism with a partial composition morphism.
However, this itself is not trivial.
Let X be a set, and consider the endomorphism operad End x (n). For any f € Homges (X", X),

we can choose g; € Homge (X, X) for a; € N with ¢ = 1,2,...,n. Composition can then be
defined pointwise:

f oa1,...,an (gla s 7gn>(x17 <o Tagy ey Tagdotan_141y - - - 7xa1+---+an>

= f(gl(xb s xa1)> s agn(xaﬁ-“'-&-an-i-lv s 7$a1+~~+an))

However, what if we decided to build this function another way; perhaps, handling one g; at a
time? The way we could do this is by inserting a g; one at a time:

k-th spot
—_—N
(f? gl) = f(xlv s 7xk—1agi(x/17 s 7$;i)7xk+17 s 7'%'71,)
—_——— —_——
k—1 n—(k+1)

Given that we’d have a total of (n 4+ a; — 1)-many inputs, this then defines a composition
operator
op : X" X% —»Xn—i_ai_l

for each n,a; > 0. We can then repeatedly apply this composition operator to build the same
function that our operadic composition does.

Definition 9.3.1. Let X be an operad in a symmetric monoidal category C. Then for each
n,m > 0, we define the partial composition operator o, : X,, ® X,,, — X,,1,n_1 as the
composition of the arrows pictured below.

k-th factor

- 1

1x,,9n®-®lx, ®&n

Xntm—1 H1,...1,m,1.,1 Xn@®@X1® - 0X,®--® X

In other words, the partial composition operator op on X,, ® X, is the same as our original
composition operator y applied to X, ® X1 ® --- ® X, ® --- ® X.

It was Fresse who demonstrated in his gigantic text that the partial composition operator
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can equivalently construct operads. The strategy he used is as follows: we first investigate what
properties (i.e. diagrams) that the partial composition operator satisfies. Then, we forget that
we ever had on operad, but we rather consider a sequence of objects which are basically operads,
but whose composition operator has now been replaced by the partial composition operator.
Fresse showed that these objects then form a category, and that this category is isomorphic to
the category of operads, thereby demonstrating an equivalence of operad definitions and paving
the way for simpler calculations in demonstrating that something is an operad.

Thus we demonstrate properties of the partial composition operator. Let X be an operad
and recall the associativity pentagon given in OP1. In the associativity diagram, replace
Xo; = Xy except X, = X, for some p < n, and set Xy, ; = X; except for Xj, , = X for some
q < ap. Then we get the commutative diagram below.

k-th spot (-th spot k-th spot
| | I 1
X@0Xi® 03X, ®-X)R(X1® X, --0X;) > X, @(X1® (X, (X1 ®- X, ®---®X1))® - ® X;)
n factors r factor n factors
M, 1®(1x @ @1y, ®®1x,) 1x,®1x; @ ®0®R®lx,
Xn+T_1®(X1®...®XS®...®X1) Xn®(X1®...®XT+s_1®...®X1)

Xn+r+572
With similar substitutions, we also get that the diagram below commutes.

k-th spot ¢-th spot k-th spot ¢-th spot
| i ~ 1 1
Xn®(X1®...®XT®...®X1®X1®...®XS®...®X1) ™, Xn®(X1®...®XS®...®X1®X1®...®XT®...®X1)
n factors (n+r—1) factors n factors (n+r—1) factors
M1,1,.r,.01 H1,1 8.yl
Xongr—1 QU ®- X, @--- 1) Xnts 1 9(I® X, ®@---Q1)

Xm+n+r72
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The Braid Groups Form a (nonsymmetric) Operad

Recall that the n-th braid group B, is the collection of all possible braidings of n-strands,
forming a group under composition. Each braid group has the presentation

B, = (o Op1 | 0101410; = 011100 050, = 0,07
n — 1y-++3Un—-1 Vi1V — U941040 541,005 — Uy

%

where (1) holds only when 1 < ¢ < n—2 and (2) hold only when |i — j| > 1. Below is the braid
0103090503, where we envision application of the generators starting from the left and going to

the right.
) K
/
‘/// ,/

/

g

Each braid group has a natural projection mapping w : B,, —> S,,, where each braid is sent

to the underlying permutation. The kernel of this map is the pure braid group, which doesn’t
change the permutation. However, recall that .S, is a symmetric operad, whose composition is
given by a block permutation. That is, given a permutation .S,,, and n-many other permutations
01 € Sayy...,0n €8, , we can form a permutation in Sy, y..1q, -

(1,2,...,a1,1",2' ... ah, ..., 1,20 00 al)

n

lgl laz . lon
(01(1),01(2)),...01(a1),01(1),01(2)),...00(ar),...,00(1),0,(2) ... 00 (a,))
1st block 2nd block an-th block

(o or(1, 012, or(ar); - 0L, D), 0 (ar), - Th(1), 02D, ), )
7(1)-th block 7(2)-th block 7(an)-th block

This then suggests the idea that there exists an operadic composition for braids; and such an
observation checks out. Given a braid 8 € B,,, and n-many other braids oy € B,,,..., o, € B,,,
we can form a braid in By, +...+4,. The operadic composition is analogous to what we had before
with permutations; we're going to stick braids inside of braids.

Definition 9.4.1. (Topological.) Let 8 € B,, be a braid. We say that the i, (i+1),...(i+k)-
th strands form a cable if there exist a cylinder (depends on ambient space; need to decide one
for consistency) which is disjoint from all other strands of 5.
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Proposition 9.4.2. Every cable is obtained from a map o, : B, X B, — Bpin_1-

In general, we can define an "operadic" composition where the composition is the cabling of
n-braids.
Oay,...,an B, x Ba1 Xoeee X Ban - Ba1+~~+an

We'll want to show that this does form an operad. But before we do that we’ll need to obtain
an algebraic expression, based on the generators of the braids being cabled, which describe the
resultant braid.

Towards that goal, consider the generator oq, which simply swaps the first strand over the
second. Suppose we would like to substitute 4 parallel strands in the first strand of o;, and just
one strand in the second strand of o;. How do we calculate this braid?

J
/\
- p )
>~

Above is the output of 01(4,1), i.e. when ky =4 and ko = 1.

The blue line travels diagonally down, going underneath each red strand once. The blue
line crossing underneath the ¢-th red strand can be represented as o;. We then multiply all of
these together to get the braid.

Hence we see that the braid is simply o4030907.

Suppose now that we would like to substitute 2 parallel strands into the first strand of oy,
and also substitute 3 parallel strands in the second strand of o5. Then this produces a braid of
5 strands.
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Y
xfi
Jg
t

Ia

Above is the output of 01(2,3), i.e. when ky =2 and ks = 3.

How do we calculate this braid? Observe that the i-th red strand crossing over the j-th
strand can be represented as o;4;_1. In the previous situation, j was equal to 1, so it each

IR

Overall, we can simply see that the braid is given by

crossing was just ;.

(0’20’1)(0'30'2)(0'40'3).

Now suppose more generally that we have kj-many red lines and ks-many blue lines. Then
we can iteratively describe their crossings one line at time, just like we did above. The crossings
will look somewhat like this:
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To describe this braid, we note that there will be k; - ko-many crossings, and hence k; - ko-
many generators required to describe the crossings. If we follow the first blue line, and track
each time it crosses with the red lines, we see that their crossings will be oy, ,0%,-1,...,01.
Moving onto the second blue and again traveling down, the crossings will be o, 11, 0%,, ..., 09.
If we have ko-many blue lines, this will be done ks many times.

Hence we have that

)
Ul<k17 k2) = H O(k1+m—1)0 (k1 +m—2) """ Om (92)
m=1
where starting from m = 1,2, ..., ko represents us following the m-th blue line and recording

its crossings with the red lines.

We get a similar story if we instead consider oy *(k, k2). Here, we are swapping k; many
strands under ko many strands, so, we have to swap k; and ky. This then gives us the expression

k1
—1 _ —1 —1 R
0 (kl? k2> - H U(kl—'rrL)+10(k1—7rL)+2 U(kl—'rrL)+k2
m=1

Now it is easily to generalize this to the other generators; we simply shift the indices.

ko

oi(ki, ko) = ] Okrtm—1+0G-1)0(ntm—2)+(—1) " T (i—1)
m=1

(i71)+k’2
- H O(k14+m/—1)0 (ky+m/=2) "~ Om/
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where we set m’ = m + (i — 1) to reindex. Note that this returns the original formula we had
once we set ¢ = 1.
Thus we have that:

Lemma 9.4.3. Let o; be a generator. Then the braid obtained by cabling k;-many parallel
lines into the i-th strand and ko-many parallel lines into the (i 4+ 1)-th strand returns a braid
in By, +x, which may be expressed as

(i—1)+ko
O'i(kl’ kz) = H O(k1+m/—1)0 (k1 +m/—2) """ Om/
m/=i

Now we move onto the more difficult question: suppose we have a general braiding S of
n strands, and suppose we have ki, ..., k, sets of parallel strands. Suppose that we’d like to
substitute ki-parallel strands in the first strand of 3, ko-parallel strands in the second, all the
way to k, strands in the n-th strand. This then defines a braid of (k; + - - - + k,,)-many strands
which we denote as

5(k17 k27 s 7kn)

For example, if § = 01030909, then we have [ below on the bottom left. On the bottom right,
we have 5(k1, ]{72, kg, k4) where kl = 3, kQ = 2, kg = ]., k4 = 3.

I/

/

Above is the output of 5(3,2,1,3).

Staring at the diagram, we can see that it may be expressed as

(030201 : 040302)(060708)(050403 060504 * 070605)

(050403 - 060504 - 070605)(08070%).
But how can we do this in general? To explain, first suppose

B =0i0i,- © Oy
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To draw the cabled braid S(ki, ke, ..., k), we see that we have k-crossings to focus on; these
are where the crossings will happen in our cabled braid. For example, in the braid we provided
above, we can highlight the crossings in yellow.

At each crossing, we're going to have something like this:

That is, at each crossing, there will be a number of red strands crossing over blue strands.
If we can just describe each of these crossings using generators o; like we did before, then we
can describe the whole braid.

We now face the main problem. To describe an arbitrary crossing, we need to know which
generators oy,09,...,0k +..+k, t0 use, and in general it’s not clear which ones to use. For
example, how do we describe the first crossing? We don’t know, so we’ll write g7,. If, however,
we know that the first red strand is, say the k-th strand in S(kq, ..., k,), then we can write the
crossing as 0. Then we can travel down the blue line, writing oy_1, 0%_2, ... until we’ve hit all
the red strands. Then we can repeat this process for each blue line.

So to do this in general, we need to answer three questions:



372 Chapter 9. Operads

o How far are all of our red strands from the left?
o How many red strands are there?
o How many blue strands are there?

If we can answer those three questions, then we can describe exactly what happens in terms of
generators using formula (9.2).
We answer the first question:

Definition 9.4.4. Let 8 € B,, be a braid. Suppose [ can be written as a product of k-many
generators 3 = o;,0;, - - - 0;, (where any o is equally possibly an inverse). Then we define the
quantity

The order which strand s

©(04,04, .., 04;,8) = {is from the left after generators
04Ty - - -, 03; have been applied.
Of course, p(—, s) = s, where — represent empty input, for each strand s. This is because each
s-th strand is originally the s-th strand.

However, a way to define this is to calculate the underlying permutation of o} O'J2- ..., 0} using
the natural projection map 7 : B,, —> S,,. Hence we see that

0(04,04y ..., 04, 8) =T (04,04, ..., 04,.)(85).

Example 9.4.5. Consider the braid oj03090903 pictured below. Suppose we've applied o;03.
Then our braids are now reordered from how they were initially positioned. For instance, after
the application of these generators, the green strand is now the first strand; the red strand is
now the second; the blue strand is the third; and the black strand is now the fourth. Each color
strand is now in a different position than which it started in.

S

>

However, we can express this observation using our tool. Note that 7(oy03) is the permutation
(1,2,3,4) — (2,1,4,3). Hence we see that

90(01037 1) =2 @(0103,2) =1 @(010373) =4 90(‘71‘7374) = 3.
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What about after the first three generators have been applied? We calculate again: 7(oy03072)
is the permutation (1,2,3,4) — (2,4, 1, 3). Hence we have that

90(01030% 1) =2 90(0103027 2) =4 @(010302,3) =1 90(01030274) = 3.

which matches a simple hand-count that we can perform using the picture below.

[

This tool allows us to answer our second and third questions. For example, consider again
£(3,2,1,3) where = 0103090903. How do we calculate, for example, the crossing ®, of 3
blue lines over 1 black line, as in the picture below?

vy T D & & '3 (V4
it e SRR &

y
- 7a
S /s Q :
S
— AN ‘
4 . 1% Tix

Above is the output of 5(3,2,1,3).

This crossing is induced by o3, the fifth generator of 5. Hence § tells us to cross the 3nd cable
over the 4rd cable. But what are these cables? From looking at the diagram, we definitely
know. But in general we won’t be able to just look at the diagram. However, our tool can tell
us: Since we've applied 01030905, we see that

@(01030202,3) =4 90(0'10'30'20'2,4) = 1.
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Therefore, we’re crossing blue cables over the black cables. We also now know there are k;, = 3

blue cables and k3 = 1 many black cables. We have almost everything we need except the

following: how far are the blue cables from the left of the diagram?

Well, since the blue strands are inside of the third cable, we just need to ask how many
stands are in the first and second cables. But what is the first cable? What’s the second? We

see that
g0<0'10'30'20'2, 1) = 2. g0(0'10'30'20'2,2) = 1.

Hence there are
ko+k =2+3=5

strands before the blue strands. We can now calculate the crossings:

1+5
054+305+205+1 = H 034+(m—1)03+(m—2)0m
m=1+5
p+(r—1)
= H O¢+(m—1)0g+(m—2)0m
m=p
where
# of strands before the red strands # of strands in the 4th cable
—— =
p=1+ ko+ks3 q= k4 r= ks
~—~

# of strands in the 3rd cable

Therefore we propose the following.

Lemma 9.4.6. Let S € B, be a braid, and suppose it may be expressed as o;,0;, - - -

terms of k-many generators. Let kq,...,k, be positive integers. Then we have that

5(k1,k2,---,kn) = UP1a ... Yy

where, depending on if o;, is an instance of an inverse or not, we have

pj+(r;—1) pj+(r;—1)
1 1 -1
H O¢j+(m-1)0¢g;+(m-2) " " Om O H T(g;4+m)—19(gj—m)—2 """ Im

where in both cases

# strands before i;-th cable

ij—1

u=1
# of strands in the i;-th cable

[ = 14+ Z k)w(gil..lgijilyu) q; = kso(Uz'l“'Uz‘j,lyij) r; = k¢(0i1~'~0i(j71),(ij+l))

0;

# of stands in the (i;+1)-th cable

k

n
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The three quantities are the three answers to our original questions:

o After applying o0;, ...0;,_,, how many strands come before the cable ij;, relative to the
left? p;.
» How many strands are in the i;-th cable after applying oy, ...04,_,7 ¢;.

« How many strands are in the (i; + 1)-th after applying oy, ... 05, 7 7;.

Example 9.4.7. We can apply this to our previous example. Recall that g = 0103090903.
One way to interpret out braid diagram is as a sequence of permutations. In this case we see
that we get five permutations because we have five generators.

J J
4 ) 6\134
2 |1 (A N3
/ H2@13

i

First we compute the table

J | Pj qj T
111 1 ki =31 ky=
213 | 14+k+ke=6|k3=1]ks=3
312 1+ky=3 kk=3|k=3
41 2 1+ky=3 ks = k=
513 |14k +ke=6|ks=3]ks=1
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This then gives us the product

p1+(r1—1) p2+(ra—1)
I[I carmogim-=2 - om I Germpmim-=2 - om

m=pi m=p2

p3+(rz—1)
H Og3+(m—1)0gs+(m—2) """ Om

m=p3

m=ps4 m=ps

pa+(ra—1) ps5+(rs—1)
H Oqu+(m—1)Tqu+(m—2) """ Im H Ogs+(m—1)0gs+(m—2) """ Om

which becomes

1+(2-1) 6+(3—-1)
( H O3+(m—1)03+(m—2) " * ‘Um) ( H O14+(m=1)014+(m—2) " " * Um)

m=1 m=6

34+(3-1)
( H 03+(m1)03+(m2)“'0m)

m=3

3+(3-1) 6+(1—1)
( H 03+(m—1)03+(m—2) " " Um) ( H 034+(m—1)03+(m-2) " " Um)

m=3 m=6

which reduces to

(030901 - 040305)(060708) (050403 - 060504 - 0706075)

(0’50’40’3 00504 * 0'70'60'5)<0'80'70'6)

which correctly matches what we had before.

Example 9.4.8. We haven’t looked at a braid with an under crossing. So, consider the braid
g = 01_102_1030201 € By, and let ky = 2,ky = 3, k3 = 4, k4 = 5. We’'ll want to calculate the
braid 5(2,3,4,5). Below is 5 and (2, 3,4,5).
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fesanto. 5 o 08 b = 1504

Sl L)
R [

To calculate the resulting braid we need to create our table of values. This is more easily done
by generating the permutation table on the left; it tells us how our cables are swapped around.

Generator Permutation J | p; qj T
7 (1,2,3,4) 1)1 1 k=2 | ky =3
o’ (2,1,3,4)

—T 1 (2’3’1’4) 2|2 14+ k=4 ky =2 k3 =4
L% CEWR 313 | 1tkyths—8 k=2 k=5
0, 0y O , 3,4,

1_1 2_13 4 2 1+k2:4 k3:4 k4:5
01 09 0302 (2747 37 1) 511 1 b —3 | ki =5
01_102_1030201 (47 27 3) 1) 2 T

This then generates the products

3 7 12 8
(H 0;120721> (H 0(7,1+2)_1U;1> (H 0(m+2>10m) (H 0(m+4)10(m+4)20<m+4>30m>
m=1 m=4

m=8 m=4

5
( H O (m+3) —10(m+3)—20m>

m=1
which becomes

1 1 1

11— 1
04 *0g O3

10_7—1)

(0908 * 01009 011010 * 012011 * 013012)(07060504 © 08070605 - 09080706 * 010090807 * 0110100908)

1 -1 -1 -1 =1 —1\/ — 1 _— .
(070" ~03 05" -0y 03 )(05 *07 Og *0g

(030201 © 040302 * 050403 - 060504 * 070605)

which is the correct description of the braid £(2,3,4,5).

Now we can finally answer our desired question:

Given a braid § € B, and n other braids o; € By,,...,a, € B,,, what is the formula for
Blaq, ..., )7
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To answer this question, we build on our previous work by making the following observation.
Suppose we want to compute oy (aq, ag) where o1, aq, aig appear as below.

S

/

Here we have o1, oy = 090109 and ag = 0207 .

Then we get the braid diagram as in @.

However, we can all isotopies to stretch the braid to @), then ), and then reaching a final
stage of @. But note that D may be expressed in either of the equivalent ways:
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[ [

This then gives us the following idea. Suppose we want to calculate f(aq, ..., a,) where

@; € By, Define oy @© --- @ v, as the (a1 + - - - + a,)-braid. Suppose that a; =0, . .. O,
Then

Qaq @ (0%) @ e @ == (Ul,ilal,iQJ LR 7al,ikl)(02,(i1+a1)02,(i2+a2)7 s 70-27(ik1 +a1)>

T (Un,(il+a1+~-~+an71)027(i2+a2)v < On (g, +a1+--~+an71))
1

which concatenates the braid horizontally. Then we see that

5(0[1,...,0[71):B<a1,a2,...7an)Oal@&z@---@an_
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(cmp)n : @ Mi®P - P PoM AxB —% > A

i+j=n N i+j=n
(m®p) — E9p®@m AQB
N 140N
IQA —24 > A4 AQ]
A® (I® B)
L®f ! felr PARAI®B
I®B v B «——B®I (A1) ® (I®(I® B))

A8 (BOC) —42° . (49 B)aC P P % P
fe(goh) (feg)®h Q . / B Q /

(10 . Sheaves

Topological Presheaves and Sheaves

Let X be a topological space. Denote the set of open subsets of X as Open(X). We can
impose the structure of a thin category on this set by declaring that, for two open sets U and
v,

{e} fUCV

Homopen(x) (U, V) =
op (X)( ) {@ otherwise

That is, we allow a single morphism from U to V if and only if U C V. Now suppose Y is
another topological space. Then for each open subset U of X we may construct the set

CWU)={f:U—Y | f is continuous }.
Observe that if U C V' C X are open sets, then there is function
py : C(V)—C(U)

where each f : V—Y is mapped to its restriction f|y : U—>Y. What follows is an important
observation: If we have a chain of three open subsets U C V' C W, then any continuous function
f: W—Y can be restricted to f|y : V—>Y, which can then be restricted to f|y|y : U—Y.
However, we obtain the same result if we instead just restrict f to U in the first place. That
is, flv|lv = flv. In our notation, this implies that

pY °py = py -

What we have on our hands is a contravariant functor (since the relation U C V' induces a
function C'(V)— C(U)). As covariant functors are easier to think about, we can equivalently
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express this as a covariant functor:
C': Open(X)® — Set

which is an example of the concept of a presheaf.

Definition 10.1.1. A presheaf (of sets on a topological space X) is a covariant functor
F : Open(X)°® — Set. We spell out the details: A presheaf consists of

(PS1) an assignment of open sets U C X to sets F'(U)

(PS2) a function pY; : F(V)—> F(U) whenever U C V such that
(Identity) p : F(U)— F(U) is the identity

(Composition) p¥¥ o pl; = p% whenever U CV C W

A morphism of presheaves is a natural transformation between presheaves.
A few comments are to be made about this definition.

o About Set. The codomain of a presheaf doesn’t have to be Set. Usually, the value of
our presheaves are sets of functions, but sometimes such sets have additional structure.
Therefore, the codomain could be Ab, Ring, or another category where the objects are
sets plus some mathematical structure. In these cases, we’d obtain a presheaf of abelian
groups, a presheaf of rings, and so forth.

o About the naming. The only reason this is called a presheaf is because, as the reader may
guess, this idea is a precursor to the concept of a sheaf.

e The fact that we can formulate morphisms between presheaves prompts us to define the
category of presheaves (of sets) on C which we denote as Psh(X, Set).

We now offer some examples of presheaves. The examples we offer will be topological
presheaves, i.e., presheaves on Open(X) for some topological space X. This is because many
interesting and useful examples of presheaves appear in this way. This is also done so that we
can offer our first definition of sheaf with as littel confusion as possible.

Example 10.1.2. Consider the introductory example of this section, and instead take Y = R.
Then in this case,
C(U)={f:U—R| f is continuous}.

However, observe that C'(U) is actually an R-module: if f,g: U —> R are continuous, then so
is f+g¢g:U—R. Moreover, if a € R, then a - f : U — R is continuous. These operations
satisfy the criteria for C(U) to be an R-module. Therefore, when ¥ = R, we obtain a presheaf
on R-Mod, and we may write

C': Open(X)°® — R-Mod.

We will return to this example later on.
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Example 10.1.3. For every open set D of the complex plane C, define the set
H(D)={f:D-—C| f is holomorphic. }

Observe that this induces a functor H : Open(C)°® — Set, and hence we have a presheaf
of sets. Moreover, this is actually a C-module, so that what we have is actually a presheaf of
C-modules; hence we write H : Open(C)°® — C-Mod.

Example 10.1.4. Let X be a topological space, and consider the functor B : Open(X)® —
R-Mod, defined as follows. For an open subset U C X, we define

B(U)={f:U—R]| f is bounded}.

By bounded, we mean that f : U —>R is bounded if there exists a constant M € R such that,
for all x € U, |f(z)| < M. This example becomes important later, specifically in that it is an
example of a presheaf which is not a sheaf (yet to be defined).

Our next goal is to offer our first definition of a sheaf. To motivate the definition, we will
consider our introductory example.

Recall our presheaf C' : Open(X)°® — Set. Consider an open set U with an open cover
U = {U,}icx. Then every f: U — R in C(U) corresponds to an element of F'(U;) for all i; it
is simply the restriction f|y, — R.

A natural question is the converse: If I have such an open cover U of U, and a family of
continuous functions f; : U;—>Y, is there a continuous function f : U —>R such that f|y, = f;
for all 47

Immediately, the answer is no: simply take a family in which the functions disagree on their
overlaps. Thus, what if our family does agree on their overlaps? This would mean that, for
every pair ¢, J,

filvinw; = filvino, -

(Of course, U; N U; could be empty; but we don’t know in general, so we just play it safe and
consider all pairs 7,j € A.) The answer now is affirmative, there is an fact a f : U —> R where
flu, = fi for all i. Thus we see that C' : Open(X )°® —> Set is a rather special type of presheaf,
and we call this kind of functor a sheaf.

Definition 10.1.5. Let X be a topological space. A topological sheaf (of sets) on X is a
presheaf F' : Open(X )°®— Set such that, for every open set U and any open cover U = {U, }ie
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of U, the following two properties hold:
(SH1) If f, g € F(U) are such that f|y, = g|y, for all i € A, then f = g.

(SH2) Suppose that for all © € A, we have h; € F(U;) such that h|y,nu, = hjlu,nu, (e, a
family of h; which agree on all possible overlaps). Then there exists a h € F(U) such that
hly, = h; for all i € .

A few comments about this definition:

e In our definition, SH2 is our main axiom of focus. We add SH1 so that the given
h € F(U) in SH2 is necessarily unique.

e Once again, the codomain of our sheaf does not have to Set. We will see this in a few
examples.

o With the notion of a morphism of sheaves, we can define the category of topological
sheaves (of Sets), denoted Sh(X,Set), to be the category with objects sheaves and
morphisms with natural transformations.

We end this definition by defining a morphism of sheaves; it is simply a natural transforma-
tion between sheaves.

We now offer a few examples of topological sheaves.

Example 10.1.6. Consider again the introductory example C' : Open(X)°® — R-Mod. We

show that this is a sheaf. Towards that goal, let U be an open with open cover U = {U, };ea.

(SH1) Suppose f, g : U—>R are continuous functions which agree on the overlaps of the open
cover. Then in this case it’s clear that f = g.

(SH2) Suppose f; : U —> R is a family of continuous functions such that f;|v,nv, = filv.nv,
for all 7,5 € A. Construct a function ¢ : U — R pointwise as follows: Given a p € U,
there exists some k € X such that p € Uy. Therefore, let p(p) = fr(p); agreement on
overlaps makes this well defined.

We show that ¢ is continuous. For an open set V of R, define ¢~} (V) = U;e, fi (V). As
this is a union of open sets, ¢~'(V') is open and hence ¢ is continuous.

As we've satisfied SH1 and SH2, we see that this is a sheaf.

A reader familiar with topology will note that our work towards the axiom SH2 in the last
example is nothing more than the standard proof of the Pasting Lemma from topology.

Example 10.1.7. Consider the presheaf H : Open(C) — C-Mod which sends open sets of
C to the C-module of holomorphic functions defined on them.

This is also a sheaf, which we verify. Let U be an open set of C and U = {U; };cx an open
cover.

(SH1) This is true in the same was as the last example.
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(SH2) Let f; : U;—> C be a family of holomorphic functions such that each f; agree on all
possible overlaps. Define f : U — C in the obvious way. To show that f is holomorphic
on U, pick any p € U. Then p € Uy, for some k, and hence there exists an open set D, of
p such that fi(z) =35 a,(z — p)", i.e., it has a power series representation. This then
gives us a well-defined power series representation for f, so that f is holomorphic.

We now offer an example of a presheaf which is not a sheaf.

Example 10.1.8. Consider the presheaf B : Open(X) — R-Mod where B(U) is the set of
all bounded functions f : U — R.

In general, this is not a sheaf; axiom SH2 is usually broken. For example, take X = R, and
consider the open set (0, 1), with the open cover given by the sets {U; = (%, 1) li=1,2,... }.
Observe that the functions

i@ (F1) R =1

?

agree on their overlaps, but clearly there is no bounded function f : (0,1) — R such that
flu, = fi for all i. Hence, this is not a sheaf.
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Abstracting Sheaves

We will now take a more categorical approach to extract the key properties of a sheaf, so that
we may generalize our logic. Towards that goal, we’ll introduce a second definition of a sheaf,
one which is equivalent to what the reader has already seen; it will offer a new perspective. To
motivate this perspective, we will again use our canonical sheaf of continuous functions:

C : Open(X)°® — Set C(U)={f:U—Y | f is continuous}

Consider an open set U of X, and let U = {U; }icn be an open cover of U. Let us make a
few nontrivial observations. The reader is strongly encouraged to move forward with pen and
paper in hand and to draw lots of pictures.

« A family of continuous functions h; : U; —> Y can be viewed as an element (h;);c) of the
product [T;c\ C(U;).

« Using our open cover U, we can define for each pair k, ¢ € X the functions

P Gee : | [ C(U:) — C(Upe N Uy)

1EA

where

pk,z((hi)ie,\> = hy, and qk,e (Uh)x@\) = Iy

With a lot of notation, a picture may help.

UpNUyp ka\IUg.

A

Y

o The fact that the functions py ¢, gx ¢ exist for all k£, ¢ € X implies the existence of p and ¢
below which make the diagram commute. (This is just applying the universal property
of the product []; ; F(U; N Uj).) These two functions are rather important.



10.2 Abstracting Sheaves 387

F(U, N U, F(U,NUY)

Tk,L

Now consider the set of all (h;)iex € [T;ex F(U;) such that they agree on overlaps; i.e., such

that h; v, h; v, for all 4,7 € A. We call this set Eq(p, q):

i

Ea(p.q) = { (hi)ies € [T PO | ((ho)ier) = a( (ho)ier ) |-

1EA

However, since C'is a sheaf, we know that for every such (h;);cx in Eq(p, ¢) there exists a unique
h:U—>Y such that h|y, = h;. Therefore, we see that

Eq(p,q) 2 C(U)

Okay, so that’s just a slightly more complicated way of expressing C'(U). What’s interesting
about this, however, is that Eq(p, q) is quite literally the equalizer of p and ¢ (hence the naming
we chose for the set).

q

FU) —— [ F () Il FU:nT;).

: p s
1EN 3,JEX

This is the motivation behind the following definition of a sheaf, which is exactly equivalent
to our previous one.

Definition 10.2.1. A sheaf (of sets) on a topological space X is a functor
F : Open(X)°® — Set

with the following property: If U is an open set and U = {U;};cx an open cover of U, then
F(U) is an equalizer of p, ¢, constructed using U as above. The equalizer diagram is below:

q

F(U) —— [[ F(U}) II FU:nUy).

i€ i, JEN

We remark two comments on this definition.

o It is more important to understand the philosophy of the above definition rather than the
literal text of it (of course, that’s necessary). For example, a topological space does in fact
speak of families of sets which are closed under arbitrary union and finite intersection.
But that’s a literal definition, and not the philosophy of a topological space.
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o There are many ways to state the definition of a sheaf. The one offered above is very
powerful because it allows us to quickly capture many useful situations and it is useful
for proofs.

Now before we move on, we are going to briefly introduce a new concept.

Definition 10.2.2. Let C be a category and C' an object of C. A sieve on C is a set S which
is a subset of all morphisms with codomain C"

SCH{f|f:B—C and f is a morphism of C}

with following property.
(SV1) If fisin S, then foh isin S for any composable h.

We will demonstrate an example of this concept, specifically to capture why we care about
it.

Example 10.2.3. Let X be a topological space, and consider the category Open(X). Let U
be an open set of X. To speak of a sieve on U, we must first realize that the set of all objects
with codomain U is simply the set

Qu={V CU|V is open}

This set may actually be treated as the object set of the full subcategory Open(U) of Open(X).
So, what is a sieve in this case? It is any S C )y such that

(SV1) If Ve S, V'isopen, and V' C V, them V' € S.

Take note that this is a bit of subtle concept; it’s a very versatile definition. For example,

considering R? with its standard topology, the following (blue) open sets create sieves on the

same open set (the open disk at the origin).

On the left, we consider the set of all open sets contained in V; and V5; this is a sieve on the
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open disk (which we call U to be consistent with our notation and discussion). On the right,
we consider the set of all open sets contained in the weirdly shaped V'; this is also a sieve on
U.

Some important facts about sieves on topological spaces that will be of interest to us.

o Every open set V' C U corresponds to a sieve, which we call a principal sieve. This
sieve is simply the set of all open V' contained in V. In the previous example, the weirdly
shaped region inside the open disk at the origin is a principal sieve.

« Every open cover of U = {U, }ic, creates a covering sieve Sy;. This sieve is the set of all
open V such that V' C U; for some i, and where V' C V implies V' is also in the set.

Additionally, a covering sieve induces a (fairly stupid) functor S, where:

{o} IfV eSy

S : Open(X)? — Set S(V) = {
%] otherwise.

We are now prepared to continue our discussion. Our goal now will be to express the
equalizer F of p, q categorically (i.e., without reference to its elements). Let P : O(X)°? — Set
be a presheaf. Given an open set U with open cover U = {U,};cx, we may construct p, ¢ using
U as before, and take their equalizer E:

E—— [ P(U;) 11 PU;nU;).

iE€A i,JEN

q

We now prove the following result.

Lemma 10.2.4. Let E be the equalizer of p, ¢ constructed using an open cover U of U. Let S
be the sieve functor induced by Y. Then

E = Hom(S,P) or, in alternate notation, FE = Nat(S, P)
That is, there is a bijection between E and all natural transformations between & and P.

Proof. We know that

hi

E = {(hi)ie)\ vinu; = hjluino, for all @}]}-

We'll show that every (h;);cx can be used to build a natural transformation between & — P.
Showing the other direction is not hard.

Let Sy be our covering sieve induced by Y. Consider an element (h;);c) in E. For each
V € Sy, we define hy € P(V) as

hy = hi|v
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where 7 is the index such that V' C U,. Of course at least one index exists, but it might not be
the only index. Thus, a natural objection to this definition is the following question: What
if V' is contained in U; and U; for distinct ¢, 57 In this case, how do we define hy?

If (h;)iex € E, then we know that agreement on the overlaps is guaranteed and so we may
unambiguously write h;|v = hjly = hy. Hence, each V' € Sy corresponds to some unique
hy € P(V) for every (h;)iex € E. Furthermore, we know that if V! C V| then hy |y = hy.

These facts allow us to create the following natural transformation 6 : & — P using an
element (h;);ecx of E, as follows.

o If V € Sy, we write 0y : {8} —> P(V) where 6y (e) = hy, the unique hy we already
know exists.

This allows us to create the function
¢ : E—> Hom(S, P) go((hi)ie,\) —(0:S— P)

It is not difficult to show that every natural transformation between & and P corresponds
to a unique element in F, thereby giving us an inverse to this function. Thus we have our
result. ]

The above result is key to the the following proposition, which is what allows us to speak
of a sheaf more abstractly. Before we introduce the proposition, we make a few comments.

o Let

Proposition 10.2.5. Let P : Open(X)° —> Set be a presheaf. Then P is a presheaf if and
only if for every open set U and covering sieve S of U,
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Stalks and Germs

Let (I, <) be a partially ordered set, and suppose we have a functor F' : I — Set. With this

functor, denote F(i) = A; and when ¢ < j, F(i < j) = f;; :+ Ai —> A,. The limit of this

functor Lim F will be a set A equipped with functions ¢; : A;—> A with the universal property
iel

displayed below.

Pj

pj

A
’
K

We may naively suppose that A = [J4; = {(a,7) | @ € A;,i € I}, since such a set admits a

i€l
family of functions inc; : A; —> H A;. However, we cannot guarantee that this the triangle
iel
A, fij Aj

inc; %

114

el

will commute. In fact, it will never commute, since it would imply that for each a € A;,
(a,i) = (fij(a),7), which cannot happen as the tuples are mismatched. Since it is too strong

to demand equality, we can define an equivalence relation ~ on H A; as follows: For i < j, we
el
say (a,i) ~ (b,7) if b= f;j(a). We can then set

A—H&/N
iel
and define a family of maps ¢; : A; — A which maps each a € A; to its equivalence class
under this relation. This then allows the desired triangle to commute and satisfies the universal
property necessary for it to be the limit.
We now apply this construction to our story with sheaves.

Definition 10.3.1. Let X be a topological space and F' : O(X)— Set a sheaf. For any point



392 Chapter 10. Sheaves

r € X, we define the stalk of F' in x, denoted F}, as the colimit

Lim F(U).

zelU

The above notation is a bit informal, but many people use it, so we will stick with it and
explicitly describe this limit as follows. Each point € X induces a functor F®) : O(X),—>Set
where O, is the category of open sets of X containing x, and F®(U) = F(U). We can then
more formally say

Lim F(U) = Lim F®.
zelU UeO(X)q

Therefore, we can say that

where ~ is the equivalence relation described previously. In this instance, the equivalence
relation translates as follows. Let U; C Uy be two open sets. Then we say (f,U;) ~ (g, Us) if
9 =1

U
'We can make this more refined as follows. Let Ui, Us be more generally any two open sets

such that V = Uy NUy # @. Then clearly V C U; and V' C Uy. Now suppose, (f, V) ~ (g1, U)
for some f, g1, and (f,V) ~ (g2,Us). Then we now have that

(g1, U1) ~ (92, U2) <= 1| = 9>

14 14

Thus we have translated our original equivalence relation into a more useful one. To summarize,
we have that our stalk is the set

Lim F(U) Z{[(f,U)]IQJG U0pen,f€F(U)7}

zelU

where (f,U) is a representative of its equivalence class [(f, U)], described explicitly as
8

Definition 10.3.2. Let U be an open set containing x. There naturally exists projection map

(0] ={(6.V) g€ FU).x €V open and g| = f

The above line leads to our next definition.

Therefore, for each f € F(U), we define the germ of f in z to be the equivalence class [(f, U)]
in the stalk F.
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Cll. Persistence Modules

Persistence modules on R.

Definition 11.1.1. Let C be a category, and denote (R, <) to be the poset category on R with
respect to the natural relation <. We define a functor F' : (R, <) —> C to be a persistence
module.

Thus we can say that a persistence module is an element of the functor category C¥.
A persistence module allows us to model the evolution of objects within some category C.
For example, if we have some ascending chain of vector spaces

Vi Vi Vit
then we say that such a chain is a persistence module since it can be modeled as a functor from
R — Vec.
Let S = {s1,59,...,8,} be a finite subset of R”. Then we can describe an adjunction

CR —— (%
as follows. First observe that since S C R, there exists a restriction functor R : C® — C¥,
which acts as a restriction (hence the naming R):
R(F:R—C)=F| :5—C.
How can we write a functor going in the opposite direction? That is, given a persistence module
which acts on S,
K
¢
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is there a canonical way to extend this to a persistence module which acts on the rest of R?

/K“C

One way we may extend a persistence module K : S—>C in C° to a persistence module in
C® is to define a functor K : R —> C where

?(r) =qK(r) ifs; <r<sgg =

I if s < S1
{I if < min(9)
K(ry) ifr>s,

K(s,) where s, is the largest s, € S such that s, <.

Now consider a morphism 71 : K —> P in C°; that is, a natural transformation. By our above

procedure we have a way of discussing the objects K and P; but can we obtain a natural

transformation 7 : K —> P from n? That is, may we extend this relationship to a functor?
First, observe that we may write n : K — P as follows.

P(s1) P(s2) P(sn-1) P(sn)
K(s1) —— K(s3) —— +++ ——— K(8,,1) K(sy)

The top and bottom rows come about by functoriality of K and P, while the upward arrows
are the family of morphisms created by the existence of a natural transformation.
We can extend this to a natural transformation 7 : K —> P by stating

s

B {11 if r < s1, where [ is initial

ns, Where s, is the largest s, € S such that s, <.

Adjoint Functors

Thus we see that we really do have a functor C¥ —> C® on our hands If we denote this as a
functor E : C¥ —> CR, where E can be read as extends, then we overall have

cRécS.

We can now demonstrate that this pair of functors gives rise to an adjunction; there a few ways
to do this. We’ll demonstrate that

Homes (K, Ps) = Homer (K, P)

is natural, where Ps = R(P) and K = E(K). Towards this goal, consider a morphism 7 :
K —> Ps. Then we have something like this again
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Ps(51) Ps(Sz)

|1

K(s1) K(sg) —— -~ K(sp-1) K(sy)

Now we seek a natural transformation 7' : K —> P. Since K is constructed from K, a good
choice would be to write 1, = 7, for s; € S. Now our concern is considering how to define 7,
when r ¢ S. That is, we want something like

P(s;) P(r) P(sip1) ———> -+~

us | 77§| WQHI ‘

- K(s;)

|

R(r) > Klsi) — -

To define the morphism in red, we first recall that in this situation we have K(r) = K(s;).
Hence we know that any morphism from K (r) must originate from K (s;); one such morphism
we already know about is 7, : K(s;) —> Ps(s;). Now, Py(s;) = P(s;); and in our case the
desired target for 7' is P(r), not P(s;). However, we can compose this with the morphism
P(j) : P(s;) — P(r). where j : s; —>r.

P(s;) L P(r) P(sip1) ——>
- ——— K(8;) =———= K(r) —— K(si11) —— -+

Therefore, in this case we define
M= P(j) o ns,.

which necessarily forces commutativity, and hence demonstrating naturality of 7. Now what
if r < 51 or s, < s? In the first case, K(r) = I, and 7. becomes the unique morphism from
I — P(r). This presents one benefit of adding the criteria K (r) = I if r < s;. By uniqueness
of this morphism we get a commutative square. In the second case, we proceed as above.
Therefore

, ipy i I —> P(r) if r <s;
M =
P(j:s;—>r)omns, where s; is the largest s € S such that s <.

Therefore, we can define a map ¢ : Homgs (K, Ps) —> Homer (K, P) where

o(n: K—>Ps)=n": K—P.
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Consider the map 1 : Homgz (K, P) —> Homgs (K, Ps) where
YP(c: K—>P)=0": K— Pg

where we set 0/, = 0,. While this map is particularly boring, we’re discussing it because we can
now see that ¢ and ¢ are inverses of each other. Therefore, we see that we have a bijection
between the hom-sets, as desired.

Naturality.

Finally, we must demonstrate naturality. So suppose we have a natural transformation « :
K — K’ between two persistence modules K, K’ : S—>C. Consider the squares below, which
we do not yet know commutes.

n:K—>Pg+——>n:K—P

Homes (K, Pg) ——— Homer (K, P)

J noa: K — P

Homes (K, Ps) Homer (K7, P) noa: K — Py —— =

(noa) : K'—P
Note that on one hand,

. {11 if r < s1, where [ is initial
a, =

a, where s, is the largest s, € S such that s, <.

and
ipey i I —> P(r) if r <s;

P(j:si—>r)omn, where s; is the largest s € S such that s <.

ipey s I —> P(r) if r < s;
P(j:s;—>r1)o(noa) where s, is the largest s, € S such that s, <.

Since we know that <P(j 1§ —>T)o 77) oa= P(j:s;,—>r)o(noa). Thus we see that the
previous squares we discussed do in fact commute.

Now suppose we have a natural transformation o : P —> P’ between two functors P, P’ :
R — C. Consider the diagrams below, which we will show are commutative.
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n:K—>Pg+————>1n:K—P

Homes (K, Ps) Homger (K, P)

con : K— P
Homer (K, P') ogon: K— P, +——> =
(c'on) : K— P’

Homes (K, PY)

To show this, observe that

o, 0ipey: I—>P'(r) ifr<s;
0.0 P(j:s;,—>r)ons, where s; is the largest s € S such that s <r.

{/p/ [*)Pl() if r < sy
tsi——>r)o(oo

{Zp/(r : I — P'(r) if r <s;
(

n)s; Wwhere s; is the largest s € S such that s <.

/

(j:s;—>r)o (0’ on)s, where s; is the largest s € S such that s <.

= (0o

The diagrams below can assist to seeing why this is the case. First, the change in purple occurs
by commutativity of the diagram on the left; the commutativity results due to the universal
nature of morphisms originating from the initial object I. Second, the changes in green and
red occur by commutativity of the diagram on the right.

P'(j)

P'(s;) P'(r)
P(r) = P'(r) 0s;=0%, or
P(s) — 2 P'(r)
7‘P(7‘) /L'P/(r)
I i .

Thus we see that our original squares are commutative. At this point, we can conclude that we
do in fact have an adjunction

CR — ¢S

as desired.
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Generalized Persistence Modules.

Definition 11.2.1. Let P be a preorder. Then a generalized persistence module is a
functor F': P—>D.

Therefore, we may view D¥ to be the category of generalized persistence modules on P.

Definition 11.2.2. A translation on P is a functor I' : P— P such that x < I'(x) for all x.
Equivalently, it is any functor such that there exists a natural transformation nr : I —T'.

We can denote the category of translations on P as Transp. Note that this is a preorder.
Since P is a preorder, any two natural transformations between two functors must necessarily
be equal. Moreover, every pair of translations must have a natural transformation; that is, one
(or both) of the diagrams below must commute for any = <y in P.

I(z) ——— T(y) K(r) —— K(y)
K(r) —— K(y) I(z) ——— T'(y)

Thus we set I' < K whenever there exists a natural transformation nrg : I' — K.

Definition 11.2.3. Let P be a preorder and I', K € Transp. Suppose F,G € DP. We say
F,G are (I', K)-interleaved if there exists a pair of natural transformations ¢ : FF'—> G o[ and
1 : G —> F o K such that

F(x) F(y) G(x) G(y)
‘PZI ISOy Y |"/’y
G(I'(x)) G(I'(y)) F(K(z)) F(K(y))
Fnx (0 (a))) G(Mr(x (2))) )

AN A

Note that, given the first two commutative squares, we can stack them to create a larger
commutative square:
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F(z) F(y) G(z) G(y)
o oy G(Mr(k (2))) " by Gk (y)))
G(I'(z)) —— G(I'(y)) F(K(z)) —— F(K(y))
F(K(~(2)) re@ Yrw P o) \_ ) oW
F(K(I'(z))) — F(K('(y))) G(I'(K(z)) — G(I'(K(y)))

If the two triangular diagrams did not hold, then we would we would see that there would be two
different, but not necessarily equal ways of getting from F' to F(K(I')) and G to G(I'(K (z))).
Note also that, if we really wanted to, we could keep stacking these diagrams on and on.

The interleaving of two functors satisfies the following three properties.

Proposition 11.2.4 (Functoriality). Let I'; K be translations on a preordered set P. If F,G €
DP and if F,G are (T, K)-interleaved, then H o F' and H o G are also (I, K') interleaved.

Proof. This is true since any functor applied to a commutative diagram will output a com-
mutative diagram. Thus if we compose H with the commutative diagrams which arise from
the interleaving of F, G, we get

H o F(z) HoF(y) H o G(x) H o Gly)
H(paz) H(py) H () H(yy)
HoG(I'(x)) HoG(I'(y)) Ho F(K(z)) Ho F(K(y))

Ho F F(ngr()))) Ho F )))
HoG(T
HOG 77F(K(z) . HOG ))
\ A”
HOF

The above diagrams can be reconciled with the definition of an (I', K) interleaving, so that
HoF,HoG are (I', K) are interleaved. |
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Proposition 11.2.5 (Monotonicity). Let T'y, 'y, K1, K5 be translations of a preordered set P
such that I'; < Ty and K; < K. If two persistence modules F, G € DT are (T'y, K ) interleaved,
then they are also (I'y, K3) interleaved.

Proof. Since I'y < T'y and K; < K,, there must exist natural transformations « : I'y —> 'y
and f : K1 — K. Now since F,G are (I'y, K)-interleaved, this means we get the usual
diagrams, but we can stack an extra layer on the bottom.

F(x) F(y) G(x) G(y)
G(I'y(z)) G(T1(y)) F(K(z)) F(Ki(y))
Glaw) Glay) F(B.) F(By)
G(Iy(x)) G(T2(y)) F(Ky(x)) F(Ks(y))

Hence we can see our natural transformations of interest are G(a) o ¢ : FF—> G o I'y and
F(B)o1 : G—> F o K. We now have to show that our two required triangular diagrams
must commute. Towards this goal, consider the diagram below.

F(nry (ry(2))) F(Br ()

F(z) F(K1(T'1())) F(K3(I'1(x))) F(K3(I'2(x)))
Gy (2)) s G(Ta(a)

The left triangle commutes since F, G are a (I'1, K1) interleaving, while the rightmost com-
mutes by the original square diagrams. We've outlined their correspondence in colors. We
almost have what we want, but we need to make sure o F'(Br, ) o F(nr (1 (2)) =
F(nry(ks(2)))- To do this, observe that the diagram

NKoT'y

xXr KQ(FQ(Q?))

Ki(T'i(z)) ——— Ka(Ti(2))
Bry (@)
must necessarily commute as it is a diagram inside of P, a preordered set. Therefore, the
image of this diagram under F' must produce a commutative diagram, so that we do in fact
get our desired relation. All together, we then have
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The same procedure can be repeated dually to demonstrate commutativity for the other

required triangular diagram. Thus we have that F, G are (I'y, K3)-interleaved. |

Proposition 11.2.6 (Triangle inequality.). Let I'y, 'y, K3, Ky be translations of a preordered
set P. Suppose F,G,H € DF. Then if F,G are (I'y, K))-interleaved and G, H are (I'y, K5)-
interleaved, then F, H are (I'; o I';, K o K;)-interleaved.

Proof. First observe that since F, G are (I'y, K1)-interleaved and G, H are (I'y, K3)-interleaved,
we have the natural transformations

p: F—Goly ¢ :G—>Holy
V:G— FoK; YV H—GoK,

which satisfy the required diagrams. Consider the diagrams

F(z) > F(y) H(x) H(y)
Px Py W ¥y
G(I'y(x)) G(I'(y)) G(K2(7)) G(K2(y))
Py ) L) Vi (@) )

H(y(Ty(2))) ——— H(2(T'(y))  F(K(Ky(2)))

F(K1(Ka(y)))

which commute by our given interleavings. Then there are natural transformations 9. o ¢ :
F—>H(I'y0l'y) and @Y, 01) : H—> F(K;0Kj). We now must check they satisfy the required
triangular diagrams. We can demonstrate this for at least one; Consider the diagram

F(K (T (z))) 282t p e ey (T (T (2))))

VKo (Dy (T (2)))
wrl(T)

G(nryry (T (2
’ G(Ks(Do(I1())))

*“le Yy (ry ()

H(Dy(T'y(x

F(nk,(ry(2))

The above diagram commutes by our given 1nterleav1ngs. The diagram in blue commutes since
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F,G are (I'y, K;) interleaved, while the diagram in red commutes since G, H are (I'y, K5)-
interleaved.
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Interleaving Distances via Sublinear Projections and

Superlinear Families

Definition 11.3.1. A sublinear projection is a function w : Transp —> [0, co] which acts
on the objects of Transp in such a way that w; = 0 and wr,r, < wp, +wls.

Moreover, we say a sublinear projection is monotone if whenever I' < K we have that
wr S Wk .

Note that we can turn a sublinear projection w into a monotone one by defining
wr = inf{wp | TV > T},
This is monotone since, if I' < K is a pair of translations, then one can observe that
{wp |[T">T} D {wr | TV > K} = wr < wg.

Also note another nice property: for every sublinear projection w, it is always the case that
wr < wr for any translation I'.

Definition 11.3.2. Suppose F, G are interleaved by a pair of translations (I', K'). Then we say
F, G are e-interleaved with respect to w if

wr,wg < E.

Now we prove a small lemma.

Lemma 11.3.3. Let w be a sublinear projection on a preorder P, and let I' be a translation
of P. Then for every n > 0, there exists a translation I'' > I" such that

wrr < wr + 1.

Proof. Suppose the statement was false. Then this would imply the existence of some 1 > 0
with the property that
wr +1n < wr

for all IV > T'". Hence we would see that

wr 7£ il’lf{wl'*/ | F/ Z F}

which is a contradiction. [ |

With the definition of a sublinear projection, we can now create a (psuedo)metric between
persistence modules.

Definition 11.3.4. Let F,G € D¥, and suppose w is a sublinear projection. Then their
interleaving distance is given by
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d*(F,G) = {e € [0,00) | F,G are e-interleaved w.r.t. w}
={e € [0,00) | F,G are (', K)-interleaved and wr,wyx < e}.

Proposition 11.3.5. Let w be a sublinear projection. Then d* = d“.

Proof. We will prove this by first showing that d¥ > d“, and then demonstrating that

d* —d* = 0.

d® > d” 1If a pair of persistence modules F, G are e-interleaved by (I', K') with respect to w,
then we can observe that

so that F, G are also e-interleaved by (I', K') with respect to @. Therefore,
{e € ]0,00) | F, G are e-interleaved w.r.t. w} C {e € [0,00) | F,G are e-interleaved w.r.t. w}.

If we take the infimum of the above relation, we get that d < dv.

d* — d® = 0. Let 6 > 0. We'll show that for any persistence modules F, G that
d“(F,G) —d”(F,G) < §

which, in combination of the fact that d¥ < d“, will then give us our result.
Towards this goal, let I', K be an interleaving of F, G such that

wr, wg < d°(F,G) + 6.

Such an interleaving must exist or else d”(F,G) is larger than we thought. By the
lemma we proved earlier, we know that there exist translations IV, K’ such that

r<r’ K<K
and
wr <wr <d’(F,G)+9 wrr < wg < d¥(F,G) + 0.

Note that by Monotonocity of interleavings, since F,G are interleaved by (I', K), we
know that F,G are interleaved by (I”, K’). Therefore, we can conclude that since
wrr,wrr < d¥ 40, we see that

d“(F,G) < d®(F,G) +6 = d*(F,G) — d°(F,G) < 0.
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Since § > 0 was arbitrary, and because d“ > d“ we have that they must be equal, as
desired.
|

We now introduce an important implication of these results.

Theorem 11.3.6. For any sublinear translation w : Transp—> |0, co|, The interleaving
distance d = d* becomes an extended psuedometric on D,

Proof. To show this, we must show that d(F,F) = 0 for any persistence module F, d is

symmetric, and that d obeys the triangle inequality.

d(F,F) = 0 Observe that d(F, F) = 0. This is because if we denote I : P —> P to be the
identity translation on P, then F'is (I, I) interleaved with itself. But recall that w; = 0.

d(F,G) = d(G, F) Now observe that d(F,G) = d(G, F). This is because of the inherent
symmetry present in the definition of an interleaving, which allows us to swap F' and
G.

Triangle Inequality Finally, we show that d obeys the triangle inequality. Consider a
triple of persistence modules F, G, H. Suppose F, G are ¢ interleaved, while G, H are ¢’
interleaved. Regardless of whether or not ¢ < &’ or vice versa, we know that there exist
translations e-translations (I', K') which interleaved F,G and &'-translations (IV, K”)
which interleave GG, H. By the triangle inequality of translations, we know that this
implies that F, H are (I o I'; K o K')-interleaved
Note that by sublinearity we have that

wrr <wp +wr <& +e

wri Swi +wir <e+é

Therefore, we see that
d(F,H) <& +e.

Taking the infimum over ¢’, e, we get that
d(F,H) <d(F,G)+d(G,H)

as desired.

We’'ll now show that this isn’t the only way to invent a metric for persistence modules in
their functor category.

Definition 11.3.7. Let P be a preorder. A superlinear family  : [0,00) — Transp is a
function where
€ +— (. € Transp
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such that Q.,Q., < Q. 4.,.

Note that in Transp, the identity I : P — P is an initial object. So if ; < &9, we know
that
I1<Q., ..

Appending ()., on the right, we get that
IO, <Q.,_.,.
Using the fact that €., €., < Q. 4.,, we see that
I < Qyey <,
Since [ is the identity, we know that I{)., = ;. We thus have that
e, < Qe

so that superlinear families are monotonic.
Now, how does this turn into a metric?

Definition 11.3.8. Let P be a preorder and D a category. Then for F,G € DP, we define
their interleaving distance

d*(F,G) = inf{e € [0,00) | F, G are Q.-interleaved}.

If the above set is empty, we set d(F,G) = oo.

Theorem 11.3.9. The interleaving distance d is an extended pseudometric.

Proof. To show this, we need to prove that for persistence modules F,G, d(F,F) = 0,

d(F,G) = d(G, F) = 0, and that the metric satisfies the triangle inequality.

d(F,F) = 0. Observe that the functors F, I are (I, I)-interleaved. Given that I < ) since
it is initial, we see that d(F, F') = 0.

d(F,G) = d(G, F). Observe that the definition is purely symmetric so that this result is
instant.

Triangle inequality. Let F,G,H be persistence modules and suppose F,G are () -
interleaved while G, H are ().,-interleaved. Then by the triangle property of trans-
lations, we know that F, H are (£2.,),, Q. ., )-interleaved.

Observe that

Qangl S Qal—l—ag
951952 S Qsl—i-sg-




11.3 Interleaving Distances via Sublinear Projections and Superlinear Families 407

By monotonicty of translations, this implies that F, H are (), .., -interleaved, so that
dHF, H) < e, + 5.
Taking the infimum over €1, 5, we get that
dNF H) < d*F,G) +d*G, H)

as desired.
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General Persistence Diagrams

Persistence diagrams (and barcodes) give a visual representation of how a filtration of a topo-
logical space (usually a simplicial complex) evolves. It keeps track of homological dimensions
which are "born" and "killed" throughout this evolution.

Let X be a topological space. We know from algebraic topology that there exists a n-th
singular homology group

H,(X).

Suppose that f : X — R is a real-valued function. An example of this is the height function
of a sphere centered at the origin. Now one thing we can do with these types of functions is
take any a € R and consider

f((00,d]) € X.

The space f~!((00,a]) C X is a topological space induced by the subspace topology of X. In
general, this process can be modeled functorially. Let R be a category with morphisms given
by poset structure. Then

E:R— Top

a— [7((00,a])
since if ¢ < b then this induces a continuous function
i: [ (o0, a]) —> f7H((c0,b])

namely, the inclusion function. We denote the functor as F for "evolution," as this functor
filters the space X. As we send a to infinity, we ultimately obtain the entire topological space.

Switching focus, consider the homology group of this subspace
H,(f~"((c0,a])).
We can also outline this behavior as functorial where we send

H : Top— Ab
fH (00, a]) — H(f~'((c0,a]))

since for any a < b, we have a group homomorphism which we denote as ¢?:

o+ H(f (00, a]) — H(f(c0,]).
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Now we can outline this overall data pipeline as a functor H o £ : R—> Ab

HoFE:R—> Top—> Ab
ar— f7'((00,a]) = H(f~"((c0,al)).

What'’s really happening here? First, F records the evolution of the topological space under
f : X —R. Then H records the homology groups; overall, H o E records the topological
evolution! We are thus interested in the following objects.

Definition 11.4.1. Let a < b. Recall that
Ho E(a <b)= ¢

Since we are interested in the image of these mappings, which will be a group, we denote

F([a, b)) = Tm(eh) = T (H(7 1 ((o0,a]) — H(((00,1))

to be a persistence homology group from a to b.

Definition 11.4.2. For a persistence homology group F([a, b)), define the Betti number from
a to b as
3% = rank(F([a, b])).
In most nice topological spaces, the homology doesn’t change much through its evolution.
That is, as we move from a to b, the persistence homology groups F? don’t change much.
For example, if f : X —> R is the height function and X is a sphere, the topology will not

change until we get from one pole to the other.

What does it mean for the topology to change in this context? It means that we were at
some value a, but then at a + ¢ the homology became different. This means that

H(f ((c0,a])) — H(f")(00,a+¢]

is not an isomorphism. Finding out when the homology does change is valuable information,
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so we keep track of these points.

Definition 11.4.3. A critical value of f : X — R is an a € R such that there exists an ¢ > 0
such that
Hn(f_l((OO, a — 6])) - Hn(f_l((oo, a—+ 5]))

is not an isomorphism. The function f is called tame if f has finitely many critical values.

Let f : X—>R be a tame function. Then we have finitely many critical values {s1, sa, ..., S, }.
Let {to,t1,...,t,} be any interleaved sequence of numbers such that t;_; < s; < t;. We will see
soon why such a choice has much freedom in it. Now append to this sequence t_; = so = —00

an tn41 = Sp41 = O0.
We are now ready to define persistence diagrams.

Definition 11.4.4. Let f : X — R be tame and (s;, s;) be a tuple of critical values. Then we
define the multiplicity of (s;, s;) to be

; ‘ b; b b;
= B, — By + By f— By,

Definition 11.4.5. The persistence diagram of the tame function f : X — R D(f) is the
multiset of tuples (s;, s;) each with multiplicity . Alternatively,

ntintl [ 1

D(f) = U U | Utlsirs)}

i=0 j=0 \ k=1

A
Yy
S1 S22 S3 x
\ 4
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Persistence diagrams consist of points in R x RU {oco} above the diagonal y = z. Thus let
Dgm be the category of half open intervals [p, ¢) with p < ¢ and intervals of the form [p, c0).

In what follows, let S = {s1, $2,..., $,} be a finite set of real numbers, and let (G, +) be an

abelian group with identity e.

Definition 11.4.6. A map X : Dgm — G is S-constructible if for every I C J where
JNS=1InNnS
we have X (1) = X(J).
The motivation for defining this type of function arises from the rank function

B Dgm—>7Z
= rank(F([a,b]))

= rank(Im <H(f_1((oo, al)) — H(f*((o0, b]))))

Suppose that our critical points are S = {sg, s1, $2, 53} and that we have two intervals

I =Ja,b] and J = [c,d] such that [ C Jand INS=JNS.
Sop a C 51 So bdS3

Clearly in this case we have that NS = JN.S. Now observe that
Bb — Bd

since these intervals observe the same changes in rank.

Therefore, we see that the rank function for a tame function f : R—> X is S-constructible.

Definition 11.4.7. A map Y : Dgm — G is S-finite if
Y(I)#e = I=s;,s;)orl=]s;,00)
Alternatively, this states that
I # [s;,8;) and I # [s;,00) = Y(I) =e.

which is probably a better way of thinking about this.

This leads to the following definition:
Definition 11.4.8. A persistence diagram is a finite map Y : Dgm — G.

The motivation for this is due to the persistence diagram. Given a persistence diagram, we
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can extend it to a mapping

X :Dgm-—Z
a,b) — B — g 4 b — g

where a; < a < as and by < b < by are values within some sufficiently small neighborhood of a
and b. Note that in this extension, if [a,b) # [s;,s;) or [s;,00) in, then each /BZJ is of full rank,
so that

X([a,b)) = 0.

Hence we see that the persistence diagram is S-finite where S'is the finite set of critical values.

We now want to invent a distance between persistence diagrams. To do so, we must first
denote G as not only an abelian group, but one with a translational invariant partial ordering
<. What we mean by that is if a < b then a + ¢ < b+ ¢ for any a,b,c € G.

Definition 11.4.9. Consider Y7,Y; : Dgm — G be a pair of persistence diagrams. We say
there exists a morphism ¢ : Y], — Y5 if

Y ()< Y Ya())

JeDgm JeDgm
ICJ 1CJ

for all I € Dgm.

Note the above sums are finite.

Observe that if ¢ : Y7 —> Y5 and ¢’ : Yo —> Y3, then we can define the unique morphism
@' op : Y1—>Y3. Therefore, this morphism relation establishes a reflexive, transitive ordering on
our persistence diagrams. Thus we can consider the category of persistence diagrams PDiag(G)
into the group G where the objects are persistence diagrams Y : Dgm — G and morphisms
as described above. As we stated before, these morphisms make this category into a partial
ordering.

Define the mapping

Grow. : Dgm — Dgm
[p,q) = [p— € g +e] and [p,00) = [p — €, 00).

Now consider a pair of persistence modules Y7, Y; : Dgm — (G. Since they are persistence
modules, we know by definition that they are S; and Sy-finite for some finite sets S, S5. With
that said, observe that Y; o Grow,, Y5 o Grow. : Dgm — G are again persistence modules
since they S7 and S finite, where. ..

Therefore, we have an endofunctor on our category of persistence modules.

V. : PDgm(G) — PDgm(G)
Y) : Dgm — G — Yj o Grow. : Dgm — G.
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Note that for any persistence modules Y : Dgm —> G, we have that V.(Y) — Y since for any
interval Y,
Y Y(J)=YoGrow.

JeDgm
1CJ
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