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THEME 1

BASIC DEFINITIONS

Category theory is much easier once you realize that it is designed to
formalize and abstract things you already know.

—Ravi Vakil, [Vak17]

1.1 January19

Reportedly there is a lot of material that Bryce would like to cover today.

1.1.1 Our Definition

We're doing category theory, so let's define what a category is.

Definition 1.1 (Category). A category C is a pair of objects and morphisms (Ob C, Mor C) satisfying the
following.

« Ob( isa collection of objects. By abuse of notation, when we write c € C

« MorC is a collection of morphisms. Morphisms might also be called arrows or maps or functions
or continuous functions or similar.

A morphism is written f : x — y where x,y € Ob (. Here, z is the domain, and y is the codomain.

In the above definition, we have some coherence conditions:
« Foreachz € C, thereisa morphismid, : x — .

« Given any pair of morphisms f : + — yandg : y — z, there exists a composition gf : x — z.
Importantly, the codomain of f is the domain of g.

Additionally, morphisms satisfy the following coherence conditions.
« Associativity: for any morphisms f: a —bandg: b — cand h: ¢ — d, we have that h(gf) = (hg)f.

« ldentity: given any morphism f : a — b, we haveid, f = f and fid, = f.

6
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Yes, this is a long definition. For reference, it is on page 3 of Riehl.
The intuition to have here is that we have objects to be thought of as points a bunch of morphisms which
are to be thought of arrows between them. Here is an example of some morphisms in a category.

)
TN

O O

The loops are identity morphisms. As an aside, it is reasonable to think that definition of a category is overly
abstract. Most of the time we will be thinking about some concrete category.
Before continuing, we bring in the following definition.

Definition 1.2 (Hom-sets). Fix a category C. Then, given objects x, y € C, we write C(z,y) or Home (x, y)
or Hom(z, y) or Mor(z, y) for the set of morphisms f : © — y. | personally prefer Mor(z, y).

Note that two objects need not have a morphism between them. For example, the following is a category
even though the two objects have a morphism between them.

C [ ] [ ] j
As a less contrived example, there is no morphism between Fy and F3 in the category of fields.
1.1.2 Examples

Let's talk about examples.

Example 1.3. The category Set has objects which are all sets and its morphisms are the functions be-
tween sets.

Example 1.4. The category Grp has objects which are all groups and its morphisms are group homo-
morphisms. Similarly, Ab has abelian groups.

Example 1.5. The category Ring has objects which are all rings (with identity) and its morphisms are
group homomorphisms.

Example 1.6. The category Field has objects which are all fields and its morphisms are field/ring homo-
morphisms.

Example1.7. The category Vec has objects which are all k-vector spaces and its morphisms are k-linear
transformations.

Those are the good examples. We like them because they are with familiar objects.
Here are some weirder examples.

Example 1.8 (Walking arrow). The diagram
e — o

induces a category with a single non-identity morphism.
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Note that we will stop writing down all the identity morphisms and all induced morphisms because they're
annoying to write out.

Example 1.9 (Walking isomorphism). The diagram
—

[ ] [}
—

induces a category with two non-identity morphisms. We declare that any composition of the two non-
identity morphisms is the identity.

There are also such things as a poset category, but for this we should define a poset first.

Definition 1.10 (Poset). A poset (P, <) is a set P and a relation < on P which satisfies the following; let
a,b,ceP.

o Reflexive: a < a.
« Antisymmetric: a < band b < aimpliesa = b.

» Transitive: a < band b < cimpliesa < c.

Now, it turns out that all posets induce a category.

Example 1.11 (Poset category). Given any poset (P, <), we can define the poset category as follows.
o The objects are elements of P.

o Forz,y € P, thereisamorphism z — yif and only if z < y, and there is only one morphism.

Checking that the poset category is in fact a category is not very interesting. The identity law comes from
reflexivity, where id, witnesses a < a.

Additionally, transitivity defines our composition: if « < band b < ¢, then a < ¢, and the morphism
representing a < cis unambiguous because there is at most one morphism a — ¢. This uniqueness is in fact
crucial for our composition: if f : « = bandg : b — cand h : ¢ — d are morphisms, then h(gf) = (hg)f
because they are both morphisms a — d, of which there is at most one.

We continue with our examples. We will not check that these are actually categories formally; perhaps
the reader can do the checks on their own time.

Example 1.12 (Groups). Given a group G, we can define the category BG to have one object « and mor-
phisms g : x — x given by group elements g € G. Composition in the category is group multiplication;
the identity morphism id, needed is the identity element of GG; and the associativity check comes from
associativity in G.

Example 1.13 (Pointer sets). We define the category of pointed sets Set, to consist of objects which
are ordered pairs (X, z) where X is a set and z € X is an element. Then morphism are “based maps”
f:(X,2z) = (Y,y) to consist of the data of a function f : X — Y such that f(z) = y.

Example 1.14. Given any set S, we can define a category consisting of objects which are elements of S
and morphisms which are only the required identity morphisms.

This last example generalizes.

Definition 1.15 (Discrete, indiscrete). Fix a category C. Then C is discrete if and only if the only mor-
phisms are identity morphisms. Additionally, C is indiscrete if and only if Mor(z, y) has exactly one ele-
ment for each pair of objects (x, y).
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1.1.3 Sizelssues

Let's briefly talk about why we are calling ObC and Mor C “collections.” In short, we cannot have a set that
contains all sets, but we would still like a category which contains all categories. There are a few ways around
this; here are two.

« Grothendieck inaccessible categories: we essentially upper-bound the size of our sets and then let Set
contain all of our sets.

» Proper classes: we add in things called “classes” to foundational mathematics we are allowed to be
bigger than sets.

We will avoid doing anything like this in this course, so here is a definition making our avoidance con-
crete.

Definition 1.16 (Small, locally small). Fix C a category. Then C is smallif and only if Mor C is a set. Alter-
natively, C is locally small if and only if Mor(z, y) is a set.

Example 1.17. The category Set is locally small, but it is not small. To see that it is not small, note that
S — Mor({*},S) is an injective map, so Mor Set must be at least as big as Set.

It turns out that most of our categories will be locally small. It is a very nice property to have.

1.1.4 Isomorphism

In algebra (e.g., group theory), we are interested in when two objects are the same. In category theory,
we focus on the morphisms between objects, so we need to be careful how we define this. Here is our
definition.

Definition 1.18 (Isomorphism). Fix a category C. Then a morphism f :  — y is an isomorphism if and
only if there is a morphism g : y — z such that fg = id, and gf = id,. We call g the inverse of f and
often notate it f~!.

This is fairly intuitive: isomorphisms are those morphisms with a way to reverse them.
Observe that we called g “the” inverse of f, and we may do so because inverses are unique.

Proposition 1.19. Fix a category C. Inverses of morphisms, if they exist, are unique.

Proof. Fix f : x — y some isomorphism, and suppose that we have found two inverse morphisms g, h : y —
z. Then
g=ygidy = g(fh) = (gf)h=id. h = h,

so indeed the inverse morphisms that we found are the same. |

Anyways, here are some examples.

Example 1.20. In Set, the isomorphisms are the bijective maps. For this we would have to show that
bijective maps have inverse maps, which is not too hard to show.

Example 1.21. In Grp, the isomorphisms are group isomorphisms. Similarly, isomorphisms in Ring are
ring isomorphisms.

As a warning, we will say now that lots of categories do not have a good categorical notion of injectivity or
surjectivity, so we will not be able to say that isomorphisms are merely “bijective” morphisms.

9
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1.2 January21

By the way, this course is being run by Bryce (interested in category theory, homological algebra, and alge-
braic topology) and Chris (interested in representation theory and category theory).

1.2.1 Groupoids

Reportedly, there will usually not be a lecture to begin out our discussion sections, but here is a lecture to
begin out our first discussion section.

Last time we left off talking about indiscrete categories. Here is a nice fact.

Proposition 1.22. Fix C an indiscrete category. Then all maps are isomorphisms.

Proof. Fix any morphism f : z — y. There is also a morphism g : y — z, and we see that gf € Mor(z, z).
Butid, € Mor(z,x) as well, so we are forced to have ¢gf = id, by uniqueness of morphisms. Similar shows
that fg = id,, finishing the proof. [ |

Remark 1.23. This statement is also true for discrete categories but only because all identity morphisms
are isomorphisms immediately.

The property of the proposition is nice enough to deserve a definition.

Definition 1.24 (Groupoid). A category in which all morphisms are isomorphisms is called a groupoid.

Example 1.25. Viewing groups as one-element categories, we see that groups are groupoids because
all elements (i.e., morphisms of the one-object set) have inverses and hence are isomorphisms.

Intuitively, a groupoid is a group but more “spread out.”

1.2.2 Arrow Words

We close out with some miscellaneous definitions for our morphisms.

Definition 1.26 (Endo-, automorphism). Fix a category C. A morphism f : x — y is an endomorphism if
and only if z = y. A morphism f : x — y is an automorphism if and only if it is an isomorphism and an
endomorphism.

Example 1.27. In the category of abelian groups, the map Z — Z given by multiplication by 2 is an
endomorphism but not an automorphism.

10
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Definition 1.28 (Monic, epic). Fix a category C and a morphism f : z — .

« We say f isa monomorphism (or is monic) if and only if fg = fhimplies g = h for any morphisms
g,h : ¢ — z. In other words, the map

Mor(c, x) Tos Mor(c, y)
is injective. (This map is called “post-composition.”) We might write f :  <— y for emphasis.

« We say f is an epimorphism (or is epic) if and only if gf = hf implies g = h for any morphisms
g,h : y — c. In other words, the map

Mor(y, ¢) = Mor(z, c)

is injective. (This map is called “pre-composition.”) We might write f : = — y for emphasis.

Intuitively, the monomorphism condition looks like the injectivity condition (namely, f(z) = f(y) implies
x = y), So monic is supposed to be a generalization for injective.

Example 1.29. In the category of sets, monic is equivalent to injective, and epic is equivalent to surjec-
tive. Then it happens that being monic and epic implies being isomorphic. We will not fill in the details
here.

Warning 1.30. It is not always true that being monic and epic implies being isomorphic. It is true in
Set, Ab, Grp but not in, say, Ring as the below example shows.

Example 1.31. The inclusion f : Z < Qin Ring is both epic and monic but not an isomorphism. We run
some checks.

» We show monic. Suppose g,h : R — Z are morphisms with fg = fh. We claim g = h. Well,
forany r € R, we see g(r) = f(g(r)) and h(r) = f(h(r)) because f is merely an inclusion, so
g(r) = h(r) follows.

« We show epic. Suppose g, h : Q — R are morphisms with gf = hf. We claim g = h. We start by
notinganym € Z \ {0} and n € Z will have

g(n/m)-g(m) = g(n)

and similar for h. However, g(m) = g(f(m)) = h(f(m)) = h(m) and g(n) = h(n) for the same
reason, so g (£) = g(n)/g(m) = h(n)/h(m) = h (), and we are done because any rational can
be expressed as some -.

« Lastly, f is not an isomorphism because Z and Q are not isomorphic. For example, 2z — 1 has a
solution in Q but notin Z.

And now discussion begins.

1.3 January 24

Chris is giving the lecture today. Reportedly, it might be rough around the edges, but | have full faith in its
coherence.

11
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1.3.1 Review

Let’s quickly talk about two fun types of categories.

Definition 1.32 (Slice categories). Fix a category C and an object ¢ € C.

« We define the slice category | /C to have objects which are morphisms f : ¢ — « for objects « € C.
The morphisms from f : ¢ = xto g : ¢ — yisamorphism h : z — y such that f = gh. Namely,
we require the following triangle to commute.

« Dual to this is the slice category C/c where we reverse all the arrows. For example, our objects
are morphisms f : x — ¢, and morphisms from f : x — ctog : y — care morphisms f : z — y
suchthatg = hf.

There are also groupoids, which we have defined previously.

1.3.2 Subcategories

We have the following definition.

Definition 1.33 (Subcategory). A subcategory of a category C is a category D whose objects and mor-
phisms come from C and that the composition law is inherited. Explicitly, we require D to have the

identity morphisms and be closed under composition of C (i.e., if f : + — yand g : y — z are mor-
phisms in D, then gf is also a morphism in D.)

We are going to want ways to generate subcategories. Here is one way.

Definition 1.34 (Full subcategory). Fix a category C. Then we define the full subcategory D of C to be
defined by choosing some objects ObD C Ob(C and then choosing morphisms by taking all of them.
Explicitly, for z,y € Ob D, we have

Morp(z,y) = More(x, y).
Example 1.35. The category of abelian groups is a full subcategory of the category of groups. Namely,

the category of abelian groups is made of the objects which are abelian groups and all arrows are simply
all group homomorphisms, so no morphisms have been lost in this restriction.

Example 1.36. The category of finite sets is a full subcategory in the category of sets.

Example 1.37. Given a category C, one can take the maximal groupoid of C to be the category whose
objects are the objects of C and whose morphisms are the isomorphisms of C. So as long as C has
morphisms which are not isomorphisms, then the maximal groupoid will not be full.

Example 1.38. The category Rng is a subcategory of Ring, but it is not full. For example, in Ring, the

2
map Z XZ is not a morphism even though it is a morphism in Rng.

One has to be a bit careful with this, however.

12
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Non-Example 1.39. The category Grp is not a subcategory of Set because one can endow the same set
with different group structures.

1.3.3 Duality

Here is our main character.

Definition 1.40 (Opposite category). Given a category C, we define the opposite category C°P to have
objects which are objects of C and morphisms f°P : y — x of C°P are in one-to-one correspondence
with morphisms f : © — y of C. Lastly, composition is defined by, for f°P : y — x and ¢°? : z — y, we
have

fPg® = (gf)°".

In pictures, the composition law reversed the diagram = 4, y 5 zto

op op

T y< z

Let's see some examples.

Example 1.41. Given a partial order (P, <), the opposite category is by (partial) ordering P simply by
flipping the partial order: b <., a if and only if a < b. Namely, the opposite category of a partial order
remains a partial order.

Example 1.42. Fix a group G and form its category BG. Now, when we reverse the arrows (BG)°P, we
get a category corresponding to the group law G°P with group law defined by

h°Pg°P = gh.

Namely, the opposite category of a group is still a group.

In fact, we have that BG = (BG)°P (for whatever = means) by taking making our morphisms perform inver-
sion by ¢ : g — (g°P) L. This map is bijective, and we can check the composition by writing

p(gh) = ((gh)P) " = (APg*P) ™ = (¢P) " (h) ™" = w(g)e(h),
so everything works.
Example 1.43. Algebraic geometry says that CRing°? is equivalent to the category of affine schemes
AffSch. The point here is that the opposite category is potentially very different from the original cate-

gory. (Mnemonically, the opposite of algebra is geometry.)

Now, here is the idea of duality.

Idea 1.44. Theorem statements that hold for categories will need to be true for their opposite category
as well.

As an example, let’s work with monomorphisms and epimorphisms. For example, f : y — z is monic if and
only if the commutativity of the diagram

g
X h>y*f>z

13
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forces g = h. Similarly, f :  — y is epic if and only if the commutativity of the diagram

g
l’T)y ( zZ
h

forces ¢ = h. But notice that flipping the epic diagram notes that epic condition is equivalent to the com-
mutativity of the diagram

op

g
”——
X ¢ — T
hoP Yy forP

forces g = h, which is the same thing as ¢°? = h°P. Thus, we have the following lemma.

Lemma 1.45. Fix a category C. Then a morphism f is monic if and only if f°P is epicin C.

Proof. This comes from the discussion above. [ ]

The point is that we can prove theorems about monic and epic maps simultaneously by working with (say)
monomorphisms general categories and then dualizing to get the statement about epimorphisms.
Let’s see this strategy in action. We have the following definition.

Definition 1.46 (Section, retraction). Suppose that s : + — y and r : y — x are morphisms such that
rs = id; i.e., the composition

TSy
is id,. Then we say that s is a section of r, and r is a retraction of s.

Think about these as having a one-sided inverse. We have the following lemma.

Lemma 1.47. A morphism s in C is a section of some morphism if and only if s°P is a retraction in C.

Proof. Fix s : x — y. The condition that there exists r so that rs = id,. is equivalent to there exists r°P such
that s°Pr°P = id}P, which translates into the lemma. [ |

And now let’s actually see a proof.

Proposition 1.48. A morphism s in C is a section of some morphism implies that s is a monomorphism.
Proof. Suppose that s : z — y is a section for the morphism r : y — z so that rs = id,.. Now, suppose that
sg = sh so that we want to show g = h. But we see that

g=id, g = (rs)g = r(sg) = r(sh) = (rs)h = id, h = h,
so we are done. [ ]

So here is our dual statement, which we get for free.

Proposition 1.49. A morphism r in C is a retraction of some morphism implies that r is an epimorphism.
Proof. We notethatrisaretractioninCimpliesthatr°PisasectioninC°P, sobytheabove, r°P isa monomor-

phism in C°P. Thus, it follows that r is an epimorphism in C. |

We've been saying “section of” and “retraction of” a lot, so we optimize out these words in the following
definition.

14
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Definition 1.50 (Split monorphism, split epimorphism). We say that a morphism f is a split monomor-
phism if and only if it is a section of some morphism. Similarly, we say that f is a split epimorphism if
and only if it is the retraction of some morphism.

So the above statements show that split monomorphisms are in fact monomorphisms, and split epimor-
phisms are in fact epimorphisms.

1.3.4 Yonedalite

So far we have said that monic is similar to injective and epic is similar to surjective. We would like to make
these sorts of correspondences a little more concrete, so we add more abstraction.

Definition 1.51 (Post- and pre-composition). Fix a morphism f :  — y of C. Then, given an object
¢ € C, we define the maps f. : Mor(c, ) — Mor(e,y) and f*(y,c) — Mor(z, ¢) by

f«(g) = fg  andf*(g) =gf.

The map f. is called post-composition because we apply f after; the map f* is called pre-composition
because we apply it after.

Note that f, and f* are nice because they are all real functions of sets (for locally small categories) with
which we can use to understand f. Here are some equivalent conditions.

Proposition 1.52. Fix f a morphism of the category C. Then the following are true.
(@) fisanisomorphism if and only if f. is bijective if and only if f* is bijective.
(b) fis monicifand only if f, isinjective.

(c) fisepicifandonlyif f*isinjective (!).
(d) fissplit monicifand onlyif f* is surjective.

(e) fissplit epicifand onlyif f, is surjective.

Proof. We omit most of these; let's show (b). We have two directions. Suppose that f is monic. Then fix an

object ¢, and we show that the map
f« : Mor(c,z) — Mor(c, y)

by f.(g) = fgisinjective. Butindeed, f.(g9) = f«(h) implies fg = fhimplies g = h by monic, so injectivity
follows.
Conversely, suppose f, is monic. Then suppose that fg = fh for some morphisms g,k : ¢ — z, and we

show that g = h. But f, is injective! So
flg) = fg=fh= f(h)

forces g = h, and we are done. |

15



THEME 2
FUNCTORS AND NATURAL
TRANSFORMATIONS

Mathematics is the art of giving the same names to different things

—Henri Poincaré

2.1 January 26

We will start on new things.

2.1.1 Functors

In this class, we will repeatedly talk about the following idea.

Idea 2.1. Everything is a special case of everything else.

In other words, we will want to abstract old ideas from new ones, and this will happen a lot.
The first time we are going to see this is by trying to consider categories of

Remark 2.2. Yes, Russel’s paradox prevents a category of all categories. Nevertheless, we will try. One
way to get around this is to do size declarations: for example, we can consider the category of all small
categories, as we are about to do.

Anyways, we would like to give some categorical structure to (say, small) categories. Well, what will be our
morphisms between categories? They will be “functors.”
Before defining functors, we should describe what a functor F' : C — D should do.

 Viewing C as consisting of the data of objects and morphisms, an initial requirement might be that F’
takes objects to objects and morphisms to morphisms.

« We would also like F' to preserve the “structure” of our categories, which essentially means we want
to preserve composition in our categories. So we will require a “functoriality” condition to preserve
this structure.

16
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Let’s try to get an intuitive feeling for how functoriality should behave.

Example 2.3. Fix an abelian group A. Then there is a map Hom(A, —) sending abelian groups Ab to sets
Set. In fact, we get a map of morphisms as well, fora morphism f : X — Y provides a post-composition

mapping
f« : Hom(A, X) — Hom(A,Y)

by ¢ — fp. This association has some nice properties. For example, we have the following.
« Wessee (idx). : Hom(4, X) — Hom(A, X) sends ¢ ¢, so (idx )« = idnom(a,x)-

e Givenf: X -Yandg:Y — Z,wehavegf : X — Z, and we can see that

(95)(p) = gfo = g (Fs(®)) = (g+F4) (),

so we are "preserving composition” in some sense because we composed before and after.

Example 2.4. Given a topological space X, we can create the fundamental group 7; (X). This mapping
is nice because a continuous map f : X — Y will induce a map n(f) : m1(X) — 71 (Y), and in fact we
can check that 71 (idx ) = id,(x) as well as preserving composition (f : X — Y andg:Y — Z gives

m1(9f) = mi(g)mi(f))-

With the above motivation, we are now ready to give the definition of a functor.

Definition 2.5 (Functor). Fix categories C and D. Then a functor F' : C — D is a pair of "assignments”
ObC — ObD and Mor C — Mor D satisfying the following coherence laws.

« Morphisms make sense: if f : « — ya morphismin C, then F'f is a morphism with domain Fz and
codomain Fy.

« Identity: given an object c € C, we require F'(id.) = idp(c)-.

« Composition: given morphisms f :  — yand g : y — z in C, we require that F(gf) = F(g)F(f).

2.1.2 More Examples

Let's do more examples.

Example 2.6 (Forgetful). There is a functor U : Grp — Set which sends a group G to its underlying set
G and a group homomorphism to the underlying function. In other words, we are simply forgetting the
algebraic structure of the group. Because the composition law in groups is composition of functions,
and identities in Grp do nothing like in Set.

Example 2.7 (Forgetful). Here are more forgetful functors.
» Ring — Grp (by R — R*)
» Field — Ring
» Ring — Ab

« Grp — Set, by sending G — (G, e ); namely, we point the set of G by its identity, which must be
fixed by group homomorphisms anyways.

With all of our forgetful functors lying around, we have the following definition.

17
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Definition 2.8 (Concrete). A category C is concrete if and only if it has a forgetful functor to Set.

This is not terribly formal because we haven't defined what a forgetful functor means, but hopefully this is
sufficiently intuitive: C should be sets with some extra structure.
Before our next example, we pick up the following example.

Definition 2.9 (Endofunctor). A functor F' is an endofunctor of its “domain” and “codomain” categories
are the same category.

Example 2.10. There is an endofunctor P : Set — Set sending a set X to its power set P(X). We send
morphisms f : X — Y to P(f) by sending subsets Sx C X in P(X) to the image f(Sx) € P(Y). We
will not check the functoriality conditions, but it can be done without too much effort.

And now for more examples.

Example 2.11. There is a functor Top — Htpy by sending a topological space X to the same space up
to homotopy. Then we send continuous maps to continuous maps, up to homotopy.

Example 2.12. There is a “free” functor Z[—] : Set — Ab sending a set S to the abelian group
Z[S) = P zs.
seS

Essentially, this is the free Z-module generated by S; formally, Z[S] is made of finite Z-linear combina-
tions of elements of S.

Then we can take a function f : S — T to a group homomorphism Z[S] — Z[T'] because we have
described where to send the “basis elements” of S, and hence this f will uniquely determine the full
map.

Example 2.13. Fix C a locally small category, and fix some = € C. Then there is a functor Mor¢(z, —) :
C — Set by sending

y — More(z,y) and (f:y—=2)— fo:Morc(z,y) — More(z, 2),

where f. : ¢ — foisagain post-composition.

Example 2.14. There is an endofunctorid : C — C by sending objects and morphisms to themselves.

2.1.3 Categories of Categories

While we're here, we note that we can create new functors from old ones by “composition.”

Proposition 2.15. Fix ' : C — D and G : D — & functors. Then the naturally defined map GF : C — &
is also a functor.

Proof. We do indeed send objects to objects, and a morphism f : © — yinC willbe sentto F(f) : Fax — Fy
and then
GF(f): GFx — GFy.

18
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Further, we can check that GF(id,) = G(idr,) = idgFz, so GF preserves identities. And then, given f :
x —yandg:y— z wesee that

GF(gf) = G(F(9)F(f)) = GF(9)GF(f),

which finishes the composition check. |

The point of the above composition law, is that it lets us form a “category.”

Definition 2.16. We define Cat to be the category of small categories where morphisms are functors.
We define CAT to be the category of locally small categories where morphisms again are functors.

Remark 2.17. Fixing two small categories C and D, a functor F' : C — D can be identified with a function
on merely the morphism sets Mor C — Mor D, which is itself a set. Thus, Cat is a locally small category:
Cat € CAT.

2.1.4 Subcategories.

To finish out class, we have the following warning.

Warning 2.18. Let F' : C — D be a functor. We check that the naturally defined “image” F(C) need not
be a subcategory of D.

Here is an example. Let C be the following category.
a ——b

a’ *>f v

Then let D be the following category.
0—2+1—252

Now we define F : C — Dby Ff = xzand Ff’ = y, which will make a perfectly fine functor. However, the
composition yz : 0 — 2 in D does not live in the image of F', so this image is not a subcategory.

To fix this problem, one often says something like “given a functor F : C — D, consider the full subcat-
egory of F(C)" to mean closing up F(C)'s potentially unclosed composition.

2.2 January3l

So class is in-person today.

2.2.1 SmallRemark

A question was asked in the Discord server about dualizing. In theory, dualizing theorems should be very
easy: simply state the theorem in the opposite category, provided we have shown the necessary machinery
to make the theorem dualize as necessary.

19
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2.2.2 Contravariance

Today we are talking about contravariance. A functor F' : C — D is defined so far as what are called “co-
variant” functors. We would like to define contravariant functors. There are lots of equivalent ways to do
this.

Definition 2.19 (Contravariance, I). A contravariant functor F : C — D is a mapping of objects and
morphisms with the following coherence laws.
e If f:a—0binC, then Ff : Fb — Fa. (Note the reversal of direction!)

« Identity: F'(id.) = idp(.) foreachc € C.

« Contravariant (!) composition: if f : @ = band g : b — cinC, then F(gf) = F(f)F(g).

This in fact comes from dualizing.

Definition 2.20 (Contravariance, Il). A contravariant functor F' : C — Dis a(covariant) functor ' : C°P? —
D.

To be explicit, if we are given a functor F' : C°? — D, then a morphism f : a — bin C is first taken to a
morphism f°P : 4°P — ¢°P. And if we have another morphism g : b — c¢in C, then we see the diagram

a i> b ¢
becomes
op 4o
CLOp é— bOp <— COp
becomes

Fao "L pror FET peor,
which gives our composition law.

We can also dualize in the opposite direction.

Definition 2.21 (Contravariance, Ill). A contravariant functor F : C — D is a (covariant) functor F : C —
Dep,

Warning 2.22. We will use Definition 2.20 as our definition of contravariance.

Example 2.23. We work with Vecy, the category whose objects are k-vector spaces and morphisms
which are linear maps. Then we have a functor

—*: Ve — Vecy,

by taking V' +— V*. (Here, V* := Homy(V, k).) As for morphisms, we need to take f : V' — W to some
map f*: W* — V*, whichis

[ o= pf.
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Example 2.24. We work with Poset the category whose objects are posets and morphisms which are
order-preserving maps. l.e.,amap f : P — (@ is order-preserving if and only if « < bin P implies
f(a) < f(b) in Q. Now we define the contravariant functor O : Top°® — Poset by taking

X —{U:openU C X},

where the order on the right is by inclusion. Then a continuous map f : X — Y becomes the order-
preserving (!) map O(f) : O(Y) — O(X) by

O(f)(Uy) = f~(Uy).
Explicitly, open subsets U; C U, of Y have f~1(U;) C f~1(Us) back in X.

Remark 2.25. We can use the above example to define a presheaf. “Presheaf” can have lots of mean-
ings.

« A “presheaf” can be any contravariant functor.
« A “presheaf” can be any contravariant functor with codomain Set.

» A “presheaf” can be any contravariant functor from O(X)°P. It is Set-valued (respectively, C-
valued) if its codomain is Set (respectively, C).

2.2.3 AlLemma

It's a math class, so we should probably prove something today.

Theorem 2.26. A (covariant) functor F' : C — D preserves isomorphisms.

Remark 2.27. By convention, all functors will be covariant, and if we want a contravariant functor, we
will write C°P? — D. In other words, | will now stop writing “(covariant).”

Proof. Let f : a — b be anisomorphism in C with inverse g. We want to show that F'(f) is an isomorphism;
we claim that F(g) is its inverse. Indeed,

F(f)F(g) = F(fg) = F(idy) = idp() and  F(9)F(f) = F(gf) = F(ida) = idr(q),

soindeed, F(g) is an inverse of F(f). So F(f) is an isomorphism, and we are done. |

This example can do things.

Example 2.28. Fix groups G, H and their one-object categories BG,BH. We claim that functors F :
BG — BG contain exactly the data of a group homomorphism G — H. To see that F induces a group
homomorphism, suppose o, 7 € G, we have by funtoriality

F(or) = F(o)F(7),

which is exactly what we need to be a group homomorphism. Conversely, if f : G — H is a group
homomorphism, then f induces a functor: f(o7) = f(o)f(7) by definition, and f(idg) = idy is a result
of group theory.
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Example 2.29. A functor F' : BG — C is precisely the data of a G-action of an object ¢ € C. We send
the one object * € BG somewhere, say to an object ¢ € C. Then each ¢ € G goes to some morphism
o € Home/(c, ¢) (which is in fact an isomorphism because o is an isomorphism BG). So in total we get a
map

G — Aute,

which is exactly the data of a group action. This unifies group actions on all sorts of structures.

The above definition is special enough to have a name.

Definition 2.30 (Functorial group action). A functorial group action of G on a category C is a functor
BG — C.

Remark 2.31. Technically we will be viewing these functors as providing left actions. To get a right
action, we want a functor (BG)°P? — C.

Note, as in the example, the functor contains the same data as a group homomorphism G — Aut ¢ for some
ceC.

Remark 2.32. Bryce would like to make us aware that writing down G — Aut c as a group homomor-
phism is only legal when C is locally small.

Example 2.33. Given a group G, a G-representation V of G is a functor BG — Vecy, where x € BG goes
toV € Vecg.

2.2.4 The Hom Bifunctor

We have a little time left, so let's do something fun. Given a (locally small) C and an object = € C, we get two
functors

More(xz,—) : C — Set and Mor¢(—,x) : C — Set.

The former functor sends y — Mor¢(z,y) and ¢ : y — 2z to ¢, : More(z,y) — More(z, 2) to @, : f — @f.
We can check this functor is covariant because

0 (f) = @ f = (o)« (f)-

Now, the latter functor sends y — Mor¢(y, z) and ¢ : y — zto ¢* : More(z, 2) — More(y, 2) by ¢* : f — ¢f.
We can check this functor is contravariant because

Vo f = fo = (ey) * f.

2.3 February2

Today we are talking about product categories and the Hom bifunctor.

2.3.1 Hom Bifunctor

Here is our definition.
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Definition 2.34 (Product category). Fix categories C and D. Then we define the product category C x D
as follows.

« We define ObC x D to be the collection of ordered pairs (¢, d) withc € Cand d € D.

« We define Mor((c, d), (¢/, d’)) to be the collection of ordered pairs (f, g) with f : ¢ — ¢ amorphism
inCand g : d— d amorphisminD.

Lastly, we define identity to be the identity on each object and composition by composition component-
wise.

From yesterday, we have the following functors.

Definition 2.35 (Functors represented by objects). Fix C a locally small category and = € C an object.
Then we have the functors

Mor¢(x,—) : C — Set and Mor¢(—,x) : C°? — Set.

The former functor is the covariant functor represented by x, and the latter is the contravariant functor
represented by x.

We would like to codify the structure that having two functors gives us, so we have the following defini-
tion.

Definition 2.36 (Bifunctor). A bifunctoris a functor whose domain is a product of categories.

In particular, here is our standard example.

Definition 2.37 (Hom bifunntor). Fix C a locally small category. Then Hom bifunctor is the functor given
by the functors representing a particular object x € C. Namely, we have

More(—,—) : C°P? x C — Set

by taking (z,y) — Morc(z, y).

We will not check that this is actually a functor, but it is.

2.3.2 Categorylsomorphism

We would like a notion of two categories being the same, but this is somewhat subtle. Here is a first ap-
proximation.

Definition 2.38 (Isomorphism). A functor F' : C — D'is an isomorphism of categories if and only if there
is an inverse functor G : D — C so that GF = id¢ and FG = idp. In this case we say that C and D are
isomorphic.

Remark 2.39. As usual, isomorphisms are unique and whatnot.

Let’s make this definition a little more concrete.

Proposition 2.40. An isomorphism F' : C — D descends to a bijective (i.e., injective and surjective) map
ObC — ObD.
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Remark 2.41. We are attempting to care about set-theoretic issues in our phrasing because Bryce cares
about set-theoretic issues.

Proof of Proposition 2.40. Let G be the inverse morphism for F'. Then we claim that the induced map G :
ObD — ObC will be the inverse for the induced map for F. This is clear because GF' = id¢ and FG =
idp. [ ]

It turns out that isomorphisms are a little too strong: there are categories we want to be the same but are
not actually isomorphic.

Example 2.42. The category
is not isomorphic to

because there are a different number of objects, so there is no bijection.

2.3.3 Natural Transformation
To salvage our notion of categorical isomorphism, we need a notion of naturality. Naturality is more of

something that we can feel as mathematicians rather than something we like to formalize.

Example 2.43. Any two trivial groups have a canonicalisomorphism between them. In fact, there is only
one homomorphism at all.

Non-Example 2.44. There is no “natural” or “canonical” isomorphism Z/3Z — Aj, though the groups
are isomorphic.

Non-Example 2.45. Given a two-dimensional R-vector space named V, there is no canonical isomor-
phismR? — V.,

We would like maps to preserve all the structure we could want. So here is our notion of naturality for
functors.

Definition 2.46 (Natural transformation). Fix functors F, G : C — D. A natural transformationn : F =
G consists of the data of a morphism nx : F¢ — Ge for each ¢ € C such that the following diagram

always commutes for any morphism f : ¢ — ¢’ inC.

Fe — Ge

o e

FC/ T) GC/

The maps ¢, are called the components of .

Quote 2.47. Burn this square into your minds. It is the most important square in this class.

As usual, we start with examples.
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Exercise 2.48. We work in Veci. Then we consider the functor —** : Vec,, — Vec, by V — V**. Then
we claim that there is a natural transformation from —** to id, using the natural transformation

evy V. - V**

byevy (z) = (A € V* — Ax).

Proof. We need to check that the following diagram commutes.

V evy V**

fl lf**
W —— W**

evw

Very quickly, we recall that f** : V** — W** is by

flp) = (A€ W* = o(Af)).

Namely, \: W — k,so Af : V — klivesin V*, so p(A\f) € k.
Now we check the commutativity of the square. Fix some = € V and a linear functional A : W — k. Then
we can carefully compute, after many tears and groans, that

[ (evy(2)(A) = evy (@) (Af) = Af () = evw (f(2))(A).
Because \ was arbitrary, we see that f** evy (A) = evyy f(2), which then gives us f** evy = evyy f. |

We have the following definition.

Definition 2.49 (Natural isomorphism). A natural transformation n : F' — C'is a natural isomorphism if
and only if its component morphisms are isomorphisms.

Example 2.50. In finVecy, the above ev is a natural isomorphism because evy : V = V** is an isomor-
phism when V is finite-dimensional.

Here is a quick proposition.

Proposition 2.51. Let ¢ : F' = G be a natural isomorphism. Then the inverse morphisms 1. = ¢!
assemble to make a natural transformation ¢ : G = F.

Proof. We will be brief. Given a morphism f : + — y, we need to check that the following diagram com-

mutes.

Gw&Fac

ar| |F1

In other words, we need to know that ¢, F'f = G fi,. Well, we already know that
(Pny = Gf‘pw

by naturality, so
Ffy, = ¢y90ny¢z = 1/JyGf(Pac¢m = %Gf
after checking through. |
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2.4 February?7

2.4.1 Examples of Natural Transformations

We're talking about more natural transformations today. For our first example, consider the covariant power
set functor P : Set — Set by S — P(S)and f : S — Tto P(f)(U) == f(U) forU C S.

Exercise 2.52. We define a natural transformation 7, : idset = P a function g : S — P(S) by

ns(z) = {z}

Proof. Fix f : S — T a morphism in Set. After plugging everything in, we need the following diagram to
commute.

S —> T
P(S) 57 PT)

To see this commutes, fix some x € S, and we run it through the diagram as follows.

n{ [

{z} 7 {f(2)}

P(f)

So indeed, the diagram does commute. |

Remark 2.53. We may call the second diagram an “internal” diagram because it is looking internally at
our objects.

For our next example, recall we defined a functorial G-action on some object ¢ € C by afunctor F : BG — C.
Our goal is to define a G-equivariant map between objects.

Exercise 2.54. We track the data between two G-representations F, G : BG — Vecy, by a natural trans-
formation 7, : Vec,, = Vecy.

Proof. Because BG has only one object x, we set V := F'(x) and W := G(x) and need to check the commu-
tativity of the following diagram, for some g : * — xin G.

Fg
— Vv

v
n*l N

W —— W

Note that the natural transformation 7, really only consists of the map 7., which is a linear map V" — W
which respects the group action: 7. (gv) = gn.(v). |

These G-equivariant maps can be turned into a category.
Definition 2.55 (G-representations). We define the category of G-representations to be the category

consisting of objects which are functors F : BG — Vec and morphisms which are natural transforma-
tions between the functors.
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Exercise 2.56. We check that there is a category whose objects are functors C — D and whose

Proof. To define our morphisms, suppose F,G, H : C — D with natural transformations n, : F = G and
ve : G = H. Lastly, we define our composition by

(vn)x =nxvx.
To check that (nv)e : F' = H is in fact a natural transformation, we have the following ladder.

Fa:iFy

nl |

ome| Gz L ay o,

V{ 2

Each square commutes, so the 2 x 1 rectangle will also commute. We check associativity by drawinga 3 x 1
rectangle and seeing that it commutes.

To define our identity maps for our category, we take (idr)x = idp(y) : Fo — Fx. We can check that
this works with our composition without too many tears. |

Definition 2.57 (Functor category). The category of the above exercise is the functor category, notated
DC.

Example 2.58. We have that Repy = Vecp©.

2.4.2 Yoneda, Contravariantltls
For the discussion that follows, we fix C locally smalland f : w — zand h : y — z some morphisms in C.
From this we get the following square.
Mor(z, y) "5 Mor T, 2)
—fJ{ —f

Mor(w, y) - Mor(w, z)

We can check that this square commutes. Here is the internal square.

Hooray, it commutes. The point is that h— and —f are going to induce natural transformations of our Mor
functors.

» The functors Mor(z, —), Mor(w,—) : C — Set. Then any morphism f : w — =z induces a natural
transformation — f : Mor(z, —) = Mor(w, —). The naturality check is the commutativity of the above
square.
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« Similarly, the functors Mor(—, y), Mor(—, z) : C — Set. Thenany morphism & : © — y induces a natural
transformation h— : Mor(—,y) = Mor(—,w). The naturality check is again the commutativity of the
above square.

We won't be more explicit about our squares because my head hurts.
Remark 2.59. Later in life we will talk about the Yoneda embedding, which is essentially about the
embedding C% — Set®, which takes # — Mor(z,—) and f : 2 — y to the natural transformation

—f : Mor(z, —) = Mor(y, —). This will turn out to be a functor and very good. We will not say more for
now.

2.4.3 Categorification

The category Set has some nice operations: we can talk about products A x B, disjoint unions A U B, and
functions A® = {f : C — A}. Note that these notations are suggestive of multiplication, addition (depend-
ing on whom you talk to), and exponentiation. For example,

#(Ax B) = #Ax #B, #(AUDB)=#A+#B, #(AY)=#A4%C.

This gives us some notion of a “cardinality functor” # : FinSet — N, which we can check does some things.
This lets us define “categorification.” We will not give a formal definition of this, but here are some
instructive examples.

Example 2.60. The functor # : FinSet — N is a decategorification functor. For example, we can cate-
gorifya x (b+¢) = a X b+ a x cin N to some natural isomorphism

Ax(BUC)~=(AxB)U(Ax(O).

Example 2.61. There is a decategorification functor dim : fdRep — N.

2.4.4 Equivalence: Advertisement

Let's close class by defining an equivalence of categories. Recall that we called a functor F : ¢ — D an
isomorphism if and only if it has an inverse functor G : D — C such that F'G = idp and GF = idc.
This is a bad notion of saying two categories are the same.

Example 2.62. The categories of k-matrices and k-vector spaces are not isomorphic (they don’t have
the same), even though we often think about vector spaces as merely being some dimensional space.

Here is the fix

Definition 2.63 (Equivalence). Two categories C and D are equivalent if and only if there exist functors
F:C—-Dand G : D — Csuchthat FG ~ idp and GF ~ idc.

2.5 February9

2.5.1 Equivalence

We can define a category Maty, to have objects which are the natural numbers and morphisms which are
Maty (n, m) equal to the m x n matrices with coefficients in k. In linear algebra, we want to think about each
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natural number n as a k-vector space of dimension n, and we want to think about each matrixn — m as a
linear map. In other words, Maty, should be “the same” as fdVecy.

However, fdVecy and Maty, do not even have the same number of objects, so they cannot be isomorphic.
We still want them to be the same, so we weaken our notion of isomorphism.

Definition 2.64 (Equivalence). Fix categories C and D. Then a functor F' : C — D is an equivalence if
there exists afunctor G : D — Cifandonly if FG ~ idp and GF =~ idc. If an equivalence between C and
D exists, then C and D are equivalent, denoted C ~ D.

We should probably start by showing that our notion of equivalence forms what we think of as an equivalence
relation.

Remark 2.65 (Bryce). Equivalence does not form an equivalence relation for size reasons.

Lemma 2.66. Fix categories C, D, £. Then the following hold.
« Reflexive: C ~ C.
e Symmetric: C ~ D implies D ~ C.
o Transitive:C ~ Dand D ~ £ impliesC ~ £.

Proof. We will be brief.
+ We have that id¢ provides the needed equivalence.

« If F: C — Disan equivalence with G : D — C such that FG ~ idp and GF =~ id¢, then G witnesses
D ~C.
e Fix F:C—DandG :D — CwitnessC ~ D, andfix I’ : D — £and G’ : £ — D witness D ~ E.

In particular, we are promised naturalisomorphisms ¢ : G ~ id¢andvy : FG ~idpand ¢’ : G'F’ ~ idp
andvy’ : F'G’' ~ide. We would like GG'F'F ~ id¢, and then F' FGG' ~ idg will follow in a very similar
way.

Well, for an object ¢ € C, we define our natural transformation 7, as having component
Ne == Pc o G%’}vc’
which takes GG’ F' Fcto GFcto c. We show naturality directly. Fix some morphism f : z — yinC. We
need the following diagram to commute.
GG'F'Fz — ¢
GG’F’FfJ{ f
GG'F'Fy — Y

To see that this commutes, here is an expanded diagram.

//—771
GG'F' Fg S9Fa Gm .

GG’F/Ffl lGFf J{f

GG'F'Fzx GFy —/—=y

’

G
wﬁy

29



2.5. FEBRUARY 9 174: CAT. THEORY

By definition of 7,, it now suffices to show that the left and right squares commute. The right square
commutes by naturality of .. To see that the left square commutes, we note that it is what we get
after applying G to the naturality square for ¢’ on the morphism GFf : GFxz — GFy.

Lastly, to see that 7 is a naturalisomorphism, we note that each component 1. = p.0 Gy, is the com-
posite of isomorphisms, where we are using that ¢ and ¢’ are natural isomorphisms and that functors
preserve isomorphisms. |

This is nice because oftentimes showing that two categories are equivalent is easier by showing a chain of

equivalences instead of doing it directly. For example, in our proof that Mat, ~ fdVecy, we will instead show

basis

that both of these categories are equivalent to fdVec,*®* of vector spaces with given basis.

2.5.2 LazyEquivalence

We want to provide a tool for constructing equivalences without having to actually write down a natural
transformation. By way of analogy, when showing an “isomorphism of sets” we often show that a given
map is both injective and surjective. We will do something similar.

Definition 2.67 (Adjectives for functors). Fix categories C and D with a functor F' : C — D. We consider
the map F° : F : Mor¢(z,y) — More(Fz, Fy). Then

« Fis fullif and only if F*° is surjective.
« Fis faithfulif and only if F° is injective.
« Fis fully faithful if and only if F'is full and faithful.

« F'is essentially surjective on objects if and only if each d € D has some ¢ € C such that Fc = din
D.

« Fisan embedding if and only if F is faithful and injective on objects.

« Fisa full embedding if and only if F'is an embedding and full.

Remark 2.68. Technically we might want to require that C and D be locally small, but there are ways of
stating “surjective” and “injective” to note require the underlying domain and codomain to be sets.

Remark 2.69. Being “essentially surjective” will give problems with the axiom of choice later in life be-
cause we are not requiring any notion of uniqueness.

We note that a functor being “full” or “faithful” are both local conditions on particular sets of morphisms.
For example, if a functor doesn’t even hit an object which is outside the image of F, then we can’t touch
those morphism sets.

Example 2.70. Full and faithful does not imply injective on objects. For example, consider the natural
functor F from the left category to the right category, which causes full-on collisions but not locally on
the morphism sets.

ay as a
I 1=l
b1 by b

Namely, the maps Mor¢(as, be) — Morc(a, b).

Let's finish class by proving something.
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Proposition 2.71. The following are closed under composition.
« Full functors.
« Faithful functors.

« Essentially surjective functors.

Proof. We will be very brief.
» Read the proof of the below and replace all instances of the word “surjective” with “injective.”

» Supposethat F': C —+ Dand G : D — & are faithful functors. Then fix z,y € C, and we know that the
induced maps

F° : Mor¢(z,y) — Morp (Fz, F'y) and G° : Morp(Fz, Fy) — Morp(GFx, GFy)

are both injective, so their composite is injective. To be explicit, if f and g have (GF)f = (GF)g, then
G(Ff)=G(Fg),so Ff = Fgby injectivity of G°, so f = g by

« Supposethat F: C — Dand G : D — £ are essentially surjective functors. Well, fixany e € £, and we
are promised an object d € D such that Gd = e. But now we are promised an object ¢ € C such that
Fc2d, so GFc 2 Fd 2 e, which shows that GF is essentially surjective. [ |

2.6 February11l

2.6.1 A Better Equivalence

Today we will be talking about the following theorem for our discussion.

Theorem 2.72. Fix F' : C — D a functor. Then the following are true.
(@) If F'is an equivalence, then F'is fully faithful and essentially surjective.

(b) Assuming a strong form of the axiom of choice, the converse holds.

Remark 2.73. The strong form of the Axiom of choice is for, not sets, but classes/categories depending
on how we choose to construct our categories.

Proof of (a) in Theorem 2.72. We will want some lemmas.

Lemma 2.74. Fix a category C. Further, fix a morphism f : ¢ — d and isomorphisms ¢ : ¢ = ¢ and
v : d = d. Then there is a unique morphism f’ : ¢ — d’ such that one (or equivalently, all) of the
following four squares commute.

/

——- Q0

&
U O
~

1

Here, the four squares are achieved by changing the direction of ¢ and v.

Proof. Thisis on the homework. [ ]
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We now return to the proof of the theorem. In the easier direction, suppose that F' is an equivalence with its
inverse equivalence G : D — C, witnessed by natural isomorphisms 7, : id¢e = GF ande : GF = idp. We
have the following checks.

« We show that F is essentially surjective. Indeed, for any object d € D, we set ¢ .= Gd. Then we see
FGd = dis witnessed by the component isomorphism &,.

+ We show that F is faithful, for which we have to use Lemma 2.74. Indeed, suppose that we have
morphisms f,g : ¢ — dsuch that F'f = Fg. Theninfact GF f = G fg, so the following diagrams will

commute.
c—1 4 c—2 5 d
ncl lm ml lnd
GFCGFfTG)FgGFd GFCGFftG}FgGFd

It follows from Lemma 2.74 that there f and g are uniquely determined, so f = g.
We quickly remark that, by symmetry, G is also faithful.

« We show that F' is full, which will use the lemma as well as the fact that G is faithful (!). Well, sup-
pose that we have some morphism g : Fc¢ — Fd. Passing through to G, we get a morphism Gg :
GFg — GFg, so by Lemma 2.74, there is a unique morphism f : ¢ — d so that the following diagram
commutes.

I\ GFe

|

c

3

d —— GFd
Nd

Now, both GF'f and Gg make the following diagram commute.

7’(}
¢ —— GFc

fl %Gg,GFf
d —— GFd
Thus, by Lemma 2.74, we see GF'f = Gg, so F' f = g by the faithfulness of G. This finishes. |

Proof of (b) in Theorem 2.72. Fix F' : C — D a fully faithful and essentially surjective functor. We need to
constructa G : D — C with some natural isomorphisms. We do this by hand.

« Foreach d € D, we callously choose! Gd to be any ¢ € C together with an isomorphism e, : GFd — d.
Indeed, such a d with isomorphism ¢, exists because F' is essentially surjective.

e Foreach f : d — d'in D, we use Lemma 2.74 to choose h to be the unique morphism making the
following diagram commute.

d —* 5 FGd

fl ih

d' —— FGd
But because Fis fully faithful, there will be a unique morphism which we call Gf such that F(Gf) = h.

We would like to check that G is in fact our inverse equivalence. However, we don't even know if G is a
functor yet.

1 Note we are using some fuzzy form of the axiom of choice here. We will not say more about this.
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+ Fixd € D and we compute G(idg). We run through the definition. Well, we note that id p¢4 makes the
following diagram commute, so it will be the morphism generated by Lemma 2.74.

d —=1% FGd
iddl i idraa

d —— FGd'
d/
But now we see that F(idgq) = idrga, SO idgq must be the corresponding morphism promised by the
fullness and faithfulness of F'. In particular, by definition, G(id;) = idgq.

» Suppose we have f : d — d’and g : d — d”. We want to show that G(gf) = Gg o Gf. For this, we
have the following very big diagram.

FGd —— d
lFGf lg

F(GfoGf) | FGd' 7> d |af
lFGg lf

FGd" —— d"

Eqr

This diagram does commute, from which we see that the left arrow can be either F/(Gg o Gf) (by
funtoriality of F') or F'(G(gf)). So by Lemma 2.74, we have F(Ggo Gf) = F(G(gf)), so faithfulness of
Fimplies Ggo Gf = G(gf).

Now we construct our natural isomorphisms.

+ By construction of the ¢s, the following diagram commutes.

FGd —% d

o

FGd' —— d

« For the other direction, we note that if F'z = Fyin D, then z = y, which we will prove on the home-
work.? In particular, to create an isomorphism 7. : ¢ — GFe, it suffices to create an isomorphism
Fc— FGFc, forwhichwe use Fr. == 5;2. For naturality, we suppose we have a morphism f : ¢ — ¢/,
and we note that the following diagram commutes.

Fe -2y FGFe —F Fe

rs| |Fars |Fs

Fd —— FGFd —— F¢
Fn.r Ere!

Indeed, the outer rectangle commutes by definition of the 7,s, and the right square commutes by nat-
urality of the g,s. Then this forces the left square to commute by an argument by noting

EFC/OF’]’]C/OFf:EFC/OFGFfOFnC

by the commutativity of the outer diagram, so we get the commutativity by invertingalongep,. N

2.7 February14

Here we go.

2 Yes, | know.
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2.7.1 Using Our Equivalence

Last time we proved the following theorem.

Theorem 2.72. Fix F' : C — D a functor. Then the following are true.
(@) If F'is an equivalence, then F'is fully faithful and essentially surjective.

(b) Assuming a strong form of the axiom of choice, the converse holds.
Let’s use this for fun and profit.

Corollary 2.75 (Math 110). The categories Maty, and fdVecy, are equivalent.

Proof. Fix C := fdVecy™™ to be the category consisting of objects which are ordered pairs (V, B) of vector
space equipped with a given ordered basis and morphisms which are linear transformations. | will call these
based vector spaces because | can.

Observe that we have afunctor C — Maty by sending the based vector space (V, B) todim V and the linear
transformation T : (V,B) — (V’,B’) to the corresponding matrix representation. We run the following
checks.

» The functor F is fully faithful because (based) linear transformations (V, B) — (V’, B’) are in bijective
correspondence with matrices in k4™ V' xdimV \which is exactly Morygag,

« This is essentially surjective because it is surjective: the vector space k™ goes to n € Maty.

Thus, F'is an equivalence.

To continue, we use the forgetful functor U : ¢ — fdVec by simply forgetting the basis. This is fully
faithful because look at it, and it is essentially surjective because it is actually surjective. Thus, U witnesses
C ~ fdVecy. Applying transitivity, we see

Mat;, ~ C ~ fdVecy,
which finishes. [ |

We have the following definition.

Definition 2.76 (Essential image). The essential image of a functor F' : C — D is the full subcategory of
D consisting of objects d € D such that d & Fcfor somec € C.

We are saying “full subcategory” to just throw in all the morphisms, so we don't have to worry about poten-
tial composition problems in D.

Corollary 2.77. A fully faithful functor F : C — D induces an equivalence of C onto the essential image
of F.

Proof. Apply Theorem 2.72, where being essentially surjective follows from the definition of the essential
image. |

2.7.2 Motivating Diagram Chasing

We're going to be talking about diagram-chasing for a little while. This is the technique by which we extract
large amounts of information from a commutative diagram. Namely, we will get to formally define what a
commutative diagram is and so on. For this, we will want to do a little graph theory.
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Definition 2.78 (Path). Fix a category C. Then a path in C is finite sequence of the form

(Alafl,A%an 000 7Anafn,An+1)7
where Ay,..., A,+1 € ObCand f; € Mor(Ay, Ag+1) for each k.

Remark 2.79. Equivalently, we could encode this path by the sequence of morphism f1, ..., f,, such that
cod fr = dom fr41.

Let's see an example of the power of abstracting diagrams.

Definition 2.80 (Monoid). A monoid in the category Set is a set M with morphisms y: M x M — M
and n : {*} — M such that the following diagrams commute.

pXiday

M x M x M 2% 6w M YA VAN Y i S A V'
|
oo [ b
MxM ——— M M

Remark 2.81. Our monoid is made by the binary operation -, : (a,b) — u(a,b) and an identity element
e := n(x). The left-hand diagram gives associativity in our “monoid” where p is our binary operation: if
a,b,c € M, then we have

(@pb)pec=a-u(bpc).

The right-hand diagram promises us an identity element e := n(x): if m € M, then
m-ﬂe:m:e-ﬂm.
Remark 2.82. It is not technically necessary for us to use sets M, but if we don’t, then we need a good

notion of product and one-element set. For example, Top can work instead of Set if we want to keep
track of topologies.

Example 2.83. A unitalring R isa monoid in the category of Ab (where our products are tensor products
and one-element setis Z). Namely, we have morphisms u : R R — Randn : Z — Rwith the following
commutative diagrams.

pxidg

RoR®R Y™ RoR RYEX1 pop 2 p
idr X”l lﬂ id f‘i id
R®R ——— R R

The left-hand diagram shows that multiplication is an associative bilinear map, and the right-hand di-
agram promises an identity. We will not be more explicit.

2.7.3 Commutative Diagrams

We should probably define a diagram now.

Definition 2.84 (Diagram). Fix J and C categories. A diagram in C indexed by 7 is a functor F' : 7 — C.
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Notably, we are not requiring this functor to be an embedding.

Example 2.85. A diagram of the shape (0 — 1)? is a commutative square. To be explicit, our index
category is as follows.

(0,00 2% (0,1)

fxidl foy lfxid

Namely, if we send this to C, we some diagram as follows.

~

— C

QU O

<

— d

Because we embedded by a functor, we know that c — ¢/ — d’ isthe sameasc — d — d'.

Example 2.86. We can think about triangles as images of squares which collapse a bit, as follows.

Alternatively, we could just set the index categorytobe e — o — o,

Definition 2.87 (Commutes). A diagram F' : 7 — C commutes if and only if, given k, k' : ¢ — jin J has
Fk=FF.

The point of this definition is that we don’t want composition to matter too much in our index category. For
example, if we have morphisms 0 — 1and 1 — 2in J whichgoto f:a — bandg: b — cinC, we want to
be sure we have 0 — 2 goes to fg without having to look too hard at 7.

Example 2.88. Any diagram over a preorder will commute for free because any two i, j has at most one
element in Mor(z, j).

It's a math class, so we should probably prove something today.

Proposition 2.89. Functors preserve commutative diagrams.

Proof. Fix J,C, D all diagrams with a commutative diagram K : 7 — C and a functor F' : C — D. Indeed, if
k,k':i— jinJ,then Kk = Kk',so JKk = JKK',so JK : 7 — Disindeed a commutative diagram. N

And here is a nice result on commutative diagrams.

Lemma 2.90. Fix f1,..., fmand gi1,..., g, are pathsin C. Then if we have an equality of composites

fefr—1 fixrfi = gnGn—1""- 9291,

then
fom o fi=fom faegn--g1fic1- fu
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Hereistheimage for the above lemma: we are allowed to take either path from A to B, given that the f-parts
and g-parts are commuting.

92
fi f2

A—> e ——3 o °

L] (T [
CZN
[ ] [ ]
f fe f

5 s
e —— 3> e — e e —— B

N

Proof. Look at it. Namely, we have composition is well-defined, so take the given equality and add the
required compositions on either end. |

2.8 February 16

Here we go.

2.8.1 House-Keeping

Let's start with the attendance question from last class because it was a little tricky.

Exercise 2.91. All nonempty indiscrete categories are equivalent.

Proof. The first part of this problem is remembering that indiscrete categories are ones that have all mor-
phism sets are singletons. The second part of the problem is recognizing the following lemma.

Lemma 2.92. Fix C be a nonempty indiscrete category. Then C is equivalent to Be, where e is the single-
element group.

Proof. We use the functor F' : C — Be sending all objects to x and all morphisms to id.. It is surjective on
objects because there is only one object to hit, and C is nonempty. Further, F' is fully faithful because, for
anyc, ¢ € C, the induced map

F : Mor(c, ') — Mor(x, *)

isabijection because both of these are singletons. It follows from Theorem 2.72 that Flisan equivalence. W

So transitivity promises that all indiscrete categories are equivalent, finishing the proof. |

Remark 2.93. In fact, one can use essentially the same proof to show that any functor between indis-
crete categories is an equivalence. In particular, the (weak) inverse to the equivalence generated by
Lemma 2.92 is not canonical.
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2.8.2 Diagram-Chasing Philosophy

We recall that we proved Lemma 2.90 last time, which philosophically means that we should not try to show
equalities of morphisms where there is some overlap between the morphisms. For example, to compare all
paths in the rectangle

e — 06 — @

LD

e —— e — @

above, we merely have to check the commutativity of the squares.
We would like to have some tools to prove that diagrams commute.

Remark 2.94. We remark that the following force commutative diagrams immediately.
« Any diagram indexed by a preorder commutes.

« Anydiagramina preorder commutes because any two morphisms between objects must be equal,
so we get the commuting in the image of the index category.

2.8.3 Initial and Final Objects
Let’s keep building up our theory.

Definition 2.95 (Initial, final). Fix a category C.
« Anobjecti € Cis initialif and only if, for every ¢ € C, there is a unique morphism in Mor(i, c).

« The dual notion is that an object ¢t € C is final or terminal if and only if, for every ¢ € C, thereis a
unique morphism in Mor(c, t).

Remark 2.96. It is true that initial and final objects are unique up to unique isomorphism. We will not
show this here because it might appear on the homework.

And here are many, many examples.

Example 2.97. We work in Set.

« We have gisinitial. Namely, there is only one function & — S for any set S by taking all elements
of & to whatever one’s heart desires in S, and there is only one way to do this because any two
such functions always have the same outputs.

« The singleton set {x} is final. Indeed, any set S has a unique function S — {x} by sending all
elements of S to .

Example 2.98. In Top, the initial object is @ and the final object is {x}.

Example 2.99. We work in Set,, which are ordered pairs (5, s) where s € S. Morphisms (5, s) — (T,1)
are functions f : S — T such that f(s) = t. Singleton sets {«} is both initial and final. It's final for the
same reason as in Set, and it is initial because any pointed set (.5, s) has the unique morphism x — s.

Example 2.100. We work in Ab or Grp. Then the trivial group 0 is the initial and final object by sending
identities to identities.
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Non-Example 2.101. The object Z/2Z is not initial in Ring: there is no morphism Z/2Z — Z. Funnily
enough, there is at most one morphism from Z/2Z to anywhere.

Non-Example 2.102. We work in Ring.

« The object Z is initial by sending 1 — 1g (which is forced) for any ring R, and this uniquely deter-
mines the rest of the morphism.

« The zeroring O is final in Ring because there is only one function R — 0 for any ring R, and it isin
fact a ring homomorphism.

Example 2.103. The category Field has no initial or final object. There is no final object because all
morphisms are injections, and we cannot embed all fields into one large field. There is no initial object
because there are no morphisms between fields of different characteristic. (One can fix this problem by
considering the fields of characteristic p, where IF,, is the initial object.)

Quote 2.104. | hate this category, and you should too.

Example 2.105. Let P be a preorder category.

« We claim that global minimums are equivalent to initial objects. To be explicit, there is surely at
most one morphism between any two elements, so the object m € P is aninitial object if and only
if there is a morphism m — z for each € P if and only if m < x for each z if and only if m is a
global minimum.

 Dually, global maximums are equivalent to final objects.

These new definitions give us a quick criterion for diagram-chasing.

Lemma 2.106. Fix f1,..., f, and g1,..., g be “parallel” pathsinC;i.e., s .= dom f; = dimg; and ¢ =
cod f,, = cod g,. If sisinitial or ¢ is final, then

o f1=0m g1

Proof. We have two cases.

« Take s initial. Then f,,--- f1 and g, - - - g1 are both maps s — ¢, of which there is a unique map by s
being initial, so these are equal.

» Taket final. Then repeat the above sentence using the fact ¢ is final instead of s being initial. |

2.8.4 Concrete Categories

We have the following definition.

Definition 2.107 (Concrete). A category C is concrete if and only if there is a fully faithful functor U :
C — Set. We call U the forgetful functor.

For example, this asserts that two morphisms f,g : * — y in C are equal if and only if their “restrictions”
down in Set are equal, for which we can do an element-wise check on elements of sets.
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Lemma 2.108. Fix U : C — D be faithful functors. A diagram in C commutes if and only if its image
through U commutes.

Proof. Fix J our index category with the diagram K : J — C. We already know that K commuting implies
that U K commutes by Proposition 2.89.

In the other direction, suppose that UK commutes. Then pickup k, k" : i — jin Jsothat UKk = UKk,
but then U being faithful forces

Kk = Kk,
which is exactly what we need to commute. |
And here is why we care
Corollary 2.109. Commutativity of a diagram in a concrete category can be checked on “elements.”
Proof. Essentially we use the forgetful functor in Lemma 2.108. To be explicit, checking on “elements” is

doing the diagram-chase in Set, which we can then pull back to the original concrete category through the
forgetful functor via Lemma 2.108. |

In other words, we can diagram-chase by working everything in set.
2.8.5 Commutative Rectangles
We have the following warning.

Warning 2.110. Consider the following rectangle.

e — e — o

NN

e —— 6 — o

We know that the squares commuting implies that the rectangle commutes. The converse is not true.

Example 2.111. We work in Ab. The outer rectangle of the diagram
Z
0

will commute, but the inner squares do not. (The zero map is not the identity map.)

|

N+—o

= Z
|

7l ——

|

We can salvage Warning 2.110 as follows.
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Lemma 2.112. Fix a rectangle as follows.

a%b#c

AN

a — bV —
9 m

Suppose the outer rectangle commutes. Then the diagram commutes if
« the right square commutes and m is monic, or

« the left square commutes and e is epic.

Proof. We have separate cases.

« Suppose the right square commutes and m is monic. The right square commutes, so hk = mg. Simi-
larly, the outer rectangle commutes, so hke = mj f. But then

mge = hke = mjf,
so ge = j f because m is monic. This shows the left square commutes, so we are done.

« This holds by running the proof of the above in the opposite category, where the main point is that the
left and right squares flip, and m being monic turns into e being epic. |

2.9 February18

Apparently | have to take notes today.

2.9.1 Motivating Horizontal Composition

A while ago we discussed vertical composition of natural transformations: if F, G, H : C — D with natural
transformations a : F' = G and 8 : G = H, then we can define a natural transformation (fa) : F =
H by (Ba). = Bea.. To quickly review, the naturality condition can be checked by drawing the following
commutative diagram.

Fe 1y R

o | Je

Beae| Ge —C1s Gd | Baca

T

HCTf>Hd

We are going to discuss horizontal composition because Eckmann—Hamilton would like to know your lo-
cation. The set-up is as follows: suppose that we have functors F,G : C — D witha : F = G and
F'.G': D — Ewith 3: F' = G’'. Here is the diagram.

-
C |« D &
L2 b
G led
Our goalis to define (8 *x ) : F'F = G'G.
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2.9.2 Whiskering
To define this horizontal composition, we define “whiskering.” There are two kinds of whiskering.

+ Here is the diagram for left whiskering.
Py
c—sD o€
\(_;/(

We would like to define aH : FH = GH. Well, we simply define («H). := ap., which defines a
natural transformation by noting the following diagram commutes for a morphism f : ¢ — din C by
the naturality of « on Hf : Hc — Hd. This gives the following commutative naturality square.

FHe 221, FpHa

OéHcJ/ lQHd

+ Thereis also a notion of right whiskering. Here is the diagram.

F
T ’
D \% L x
\GV/‘T

Wedefine H'a: H'F = H'G by (H'a)y := H'ay. Thisis a natural transformation because we can pick
up some morphism f : ¢ — din D and apply H' to the naturality diagram for «, giving the following
commutative naturality square.

H'Fe 5 Hipg

H’OLCJ/ J{H'ad

2.9.3 Horizontal Composition

From whiskering, there are two ways to define horizontal composition. To review, here is our diagram.
F F’
> e
C a D &
Lo b
fe] a’
» We start by whiskering on the left and then whisker on the right. So we start by noting we have SF :

F'F = G'F induced by whiskering the following diagram.

F F’

F
e
C \% D &
~_ ~_
G led

In total, we see that (G'a)(8F) : F'F = G'G. Note this is a natural transformation by vertical compo-
sition!
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« We start by whiskering on the right and then whisker on the left. So we start by noting we have F’'« :
F'F = F'G by whiskering along the following diagram.

F F’
> T
¢ |« D £

\a/(

G G’

In total, we see that (6G)(F'«) : F'F = G'G, which is a natural transformation by vertical composi-
tion.

We now claim that the two horizontal compositions that we just defined are the same. We could just track
an element through, or we could simply note that this is the naturality of 3 applied to the morphism «. :
Fe — Ge. Indeed, we are showing that the following diagram commutes.

FF L pi

o e

G'F G——,> G’
Now, applying naturality of S to a. : Fc — Gc, we see that the following diagram commutes.

F'Fe 22 FGe

ﬂFCl lﬂcc

G'Fc — G'Ge
G ae
But this diagram is exactly what we wanted, so we are done.

2.9.4 Horizontal and Vertical Composition

For our last note, we show that horizontal composition of vertical compositions is the same as vertical com-
position of horizontal compositions. Here is our diagram.

F F’
SN S
Cfic%»Dfl}/a»é’
NS, \@ﬁ/
H H'

We claim that )

(B'a/) * (Bar) = (B * B) (/).
The point is to draw the following giant commuting square. The “morphisms” are induced by various kinds
of whiskering in the diagram, and they all commute by uniqueness of horizontal composition.

pp ey pa T8 pg

a’FJ/ OL/GJ/ J/o/H
’

GF S agq YL on

ﬁ’FJ/ B’GJ{ J{ﬂ/H

HF —— HG —— H'H
H'a H'B
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We now follow two paths. Consider the red path below.

Fr e g B0 g

a'Fl n'(,.i la/H

’

arF S oa " ¢'H

,B’Fl B/Gl l;/n

HF —— HG —— H'H
H'« H'pB

174: CAT. THEORY

By definition of horizontal composition, thisis (8’ * 8)(a’ * a). Now consider the different red path below.

rr o pa D0 prg

a/Fl a’Gl l(\'ll

aF S g 0 ol

,B’FJ( B’GJ{ lf’li

HF —— HG —— H'H
H'« H'B

The top leg is Sa, and the right leg is 8'¢/, so this total red path comes out to (8'a’)(Ba).

So comparing our two red paths, we see that

(B'a/) = (Ba) = (B"* B) (e x ),

which is what we wanted.
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THEME 3
UNIVERSAL PROPERTIES

The Yoneda embedding, contravariant it is.

—Mike Stay, [Vak17]

3.1 February23

Today we begin talking about universal properties and associated fun.

Convention 3.1. For today, all of our categories will be locally small. We will not care more about size
issues.

3.1.1 A Functorial Initial and Final

We recall the following definition.

Definition 2.95 (Initial, final). Fix a category C.
« Anobjecti € Cis initialif and only if, for every ¢ € C, there is a unique morphism in Mor (i, c).

« The dual notion is that an object ¢ € C is final or terminal if and only if, for every ¢ € C, there is a
unique morphism in Mor(c, t).

The moral of our story is that being initial and terminal will encode our universal properties.
Here is a nice starting proposition and corollary.

Proposition 3.2. An object ¢ € C is initial if and only if # Mor(c,z) = 1 for each z € C. Similarly, cis
terminal if and only if # Mor(x,¢) = 1 for each z € C.

Proof. This is a restatement of the definition. For example, # Mor(c, z) = 1 is asserting there is a unique
morphism from ¢ to x for any object x. |
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Corollary 3.3. An object ¢ € C is initial if and only if the functor Mor(c, —) : C°? — Set “represented” by
cis naturally isomorphic to the (contravariant!) constant functor {x} : C°? — Set sending everyone in C

to {x}.

To be explicit, the functor {x} : C — Set sends objects ¢ € C to ¢ — {*} and sends morphisms f : ¢ — d to
f — id{*}.

Proof. As before, we see that cis initial if and only if # Mor(c, z) = 1 for each z if and only if
Mor(e, z) 2 {x}

because all singletons form an isomorphism class in Set. We label ¢, to be Mor(c, z) = {*} = {*}(x) to be
the unique such isomorphism.

If p, assemble to a natural isomorphism, then we get the reverse direction. For the forwards direction,
we have to check that the following diagram commutes for naturality: suppose f : x — y is a morphism in
C, and we want

Mor(c, x) LN {x}(z)

fofl lidm

Mor(c,y) —2+ {*}(y)

to commute. But this commutes for free because {x}(y) = {x} is a terminal object, so all morphisms to it
are the same. |

Corollary 3.4. An object ¢ € C is terminal if and only if the functor Mor(—, ¢) : C — Set “represented” by
cis naturally isomorphic to the constant functor {x} : C — Set sending everyone in C to {x}.

Proof. This is dual to the previous corollary. |

3.1.2 Representability

Here is our central definition.

Definition 3.5 (Representable). Fix a category C.

« A covariant functor F' : C — Set is representable if and only if there exists some ¢ € C such that
F ~ Mor(e, —).

« A contravariant functor F' : C°? — Set is representable if and only if there exists some ¢ € C such
that F ~ Mor(—, ¢).

In either case, we call ¢ together with the promised natural isomorphism the representation of F.

Example 3.6. Corollary 3.3 says that cis initial if and only if {x} : C — Set is represented by c. Similar
holds for the terminal case.

Here is our mantra.

Idea 3.7. A representable functor encodes a universal property of an object.
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Remark 3.8. Bryce would like you to repeat Idea 3.7 every day before you go to sleep. He will know if
you haven't.

Less formally, Idea 3.7 is saying that a universal property for an object ¢ is a description of Mor(¢, —) or
Mor(—, ¢).
Let's see some examples.

Exercise 3.9. The identity functor idse; : Set — Set, is represented by singleton set {x}.

Proof. To be explicit we would like to show that
Mor({*}, X) 2 X

naturally by taking f — f(x). So we define nx : Mor({x},X) — X by f — f(x). This is an isomorphism
because we have the inverse morphism ' : @ ~ (* — z). This is natural because, with a morphism
h: X — Y, wedraw the following diagram.

Mor({x}, X) —*» X

-] |

Mor({},Y) —/— Y

Thisis natural by tracking some f : {x} — X through: along the top, it goes to h(f(*)), and along the bottom
it goesto (hf)(x) = h(f(x)). ]

Exercise 3.10. The forgetful functor U : Grp — Set is represented by Z.

Proof. The content is to construct an isomorphism
Mor(Z,G) = G

for any group G. Well, to see this, we send f — f(1) and more or less wave our hands to say that a group
homomorphism Z — G is uniquely determined by where it sends 1 because f(n) = n - f(1), and any such
f(1)is legal because we can set f(n) = n - f(1).

So let ng : Mor(Z,G) — G be this isomorphism. For naturality, we need to show that the following
diagram commutes for a given group homomorphism ¢ : G — H.

Mor(Z,G) —2 G

vo- | W

MOI“(Z, H) T} H

Well, along the top, we send f to f(1) to 1(f(1)). Along the bottom, we send f to ¢ f to (¢ f)(1) to ¥ (f(1)).
|

Exercise 3.11. The forgetful functor U : Ring — Set is represented by Z|[z].

Proof. The point is that we have an isomorphism
Mor(Z[z],R) 2 R

because the image of Z is fixed for any morphism ¢ : Z[z] — R, and where we send x is uniquely determined
by a chosen element r € R. u
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Remark 3.12. In some sense, Z and Z[xz] are the “free” object in their respective categories.
And now for contravariant representable functors.

Exercise 3.13. The functor P : Set®® — Set by sending X — P(X)and f : X — Yto f~1:P(Y) —
P(X)is represented by = {0, 1}.

Proof. As usual, the content of the proof is our isomorphism
Mor(X, ) =2 P(X).

Namely, we send f : X — Qto f~1(1). Conversely, given a subset U C X, we can track it by the morphism
1.’I}EU X — Q. [ |

Exercise 3.14. Fix sets A and B. Consider the functor Mor(— x A, B) : Set°® — Set. We claim that this
is represented by Mor (A, B).

Proof. Ourisomorphism
Mor(Mor(A, B),C) = Mor(C x A, B)

is given by currying f — ((a,b) — f(a)(b)). The inverse mappingis f — (a — b — f(a,b)). [ |

Remark 3.15. Many of the above representatives are “nice” in that it seems like they are unique in some
sense. This will tie into universal properties.

3.2 February 25

We talk about the Yoneda lemma today.

3.2.1 TheYonedalLemma

Today we discuss the following question.

Question 3.16. What information “goes into” a natural transformation of a representable functor?
Today we will prove the following theorem.

Theorem 3.17 (Yoneda lemma). Fix C a locally small category and F' : C — Set a functor. Further, fix
¢ € C. Then there is a “natural” bijection (naturalin both cand F')

¢ : Mor(More(c, —), F') & Fe.

Here the outer Mor is in the 2-category, talking about natural transformations Mor¢ (¢, —) = F.

Natural here is in both c and F': if we fix one of them, then the isomorphism is functorial in the other.

Proof. We take this in parts.

« We construct ¢. Suppose that « : Mor¢ (¢, —) = Fis a natural transformation. Then we can produce
an element of F'¢ by noting we have a map a, : Mor¢(c, ¢) — F¢, so we can set

‘ o) = ac(id.)

e Fe.
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» We construct an inverse ¢ : Fe¢ — Mor(Mor¢(c, —), F). Well, picking up some = € Fe¢, then we want a
natural transformation () : More (¢, —) = F. So given another d € C, we want a morphism
Y(x)q : More(e,d) — Fd.

To do this, we pick up a morphism f : ¢ — d, and we want an element of F'd. Without any better ideas,
we note we have a morphism F'f : Fec — Fd, so we define

[V@alf) = (Ff)(=) ]

We now check that v (z) isin fact a natural transformation. Well, suppose thatwe haveamapg : d — e,
we need the following square to commute.

More(e, d) P pg

-l [

More(c, €) TN Fe

For this, we pick up some morphism f : ¢ — d.

- Along the top, we go to (F'f)(z) and then (Fg o Ff)(x).
- Along the bottom, we go to gf and then (F(gf))(z) = (Fgo Ff)(x).

+ We show that ¢ o 9 is the identity. Well, pick up some x € Fc. Then
e (x)) = Y(2).(ide) = (Fide)(2) = idpe(z) = .

+ We show that ¢ o p is the identity. Well, pick up some natural transformation a : Mor¢ (¢, —) = F and
some object d € C and some morphism f : ¢ — d, and we compute

P(p(a)a(f) = Plac(ide))a(f) = (Ff)(c(ide)) = (Ff o ac)(ide).

At this point we look stuck, but naturality of a : Morc(¢, —) = F saves us! We draw the following
diagram.

More(c,¢) —<— Fe
fo—l J{Ff
Morc(c,d) —— Fd

Thus, we know F'f o a. = ag o (— o f), so the above is

Pp(@))alf) = (o (fo—))(ide) = aa(f oide) = aa(f).

So ¥ (p(a))q and ag match as functions on More (¢, d), so they are equal. Thus, ¥ (¢(«)) = a as natural
transformations. So we are done.

The above points establish the needed bijection.
It remains to check functoriality.

+ We show that ¢ is functorial in c. We write ¢ for ¢ given by ¢ € C. Suppose that we have a morphism
f:¢— ¢, and we want to show that the following diagram commutes.

c

Mor(More(c, —), F) —— Fe

i |

Mor(More(¢', =), F) —— F¢
SDC
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The right arrow is F'f. The left arrow requires some thinking: we pick up some natural transformation
a : More(e, —) = F and want to produce a natural transformation Mor¢(¢/, —) = F. Visually, the map
we want is moving

((C — Set) = D) — ((C — Set) — D).

Well, given an object d € C and morphismp : ¢ — d,wecansendp’ : ¢ — dto

Ba(p) = aa(p'f),
which we can type-check actually lives in F'd.
We take a moment to verify that 8 is a natural transformation. For this, we need to check the naturality

of the following square, for a morphism g : d — ¢, that the following diagram commutes.

More(c/, d) NNy 2

- |

Morc(c, e) 5 Fe

Well, we pick up a morphismp’ : ¢ — d.
- Alongthetop, we goto (Fg)(Ba(p’)) = (Fg)(aa(p'f)) = (Fgoag)(p'f). By naturality of a, we see
Fgoayg=aeso(go—),sowehave a.(gp'f).
- Along the bottom, we go to B.(gp’) = ae(gp’f)-
Soindeed, §is a natural transformation.
Finally, we check the naturality of (x).
- Along the top, we go to ¢°(a) = a.(id.) and then to (F f)(a.(id.)) = (Ff o a.)(id.). By naturality
of a,wesee F'f oa, = a.(f o—),sowehave (Ffoa.)(id.) = aw(fid.) = aw (f).
- Along the bottom, we go to

(pC/ (ﬂ) = B (idc’> = Q¢ (idc’ f) = ac’(f)'
These match, so the diagram commutes.
« We show g is functorial in F. We write ! for ¢ given by F : C — Set. Now, suppose that we have

some natural transformation n : F' = G, and we want to show that the following diagram commutes.

F

Mor(More(c, —), F) —4— Fe

! |

Mor(More(c, —),G) —5= Gc
%)

Therightarrowis .. The leftarrow requires some thinking, as before. Fix some natural transformation
a : More(c,—) = F, and we produce a natural transformation 8 : Mor¢ (¢, —) = G. Well, given an
object d and morphism p : ¢ — d, we are given an element ay(f) € Fd, and we want an element in Gd.
So we define

Ba(p) = na(ea(p))-
We quickly check that this 8 : Mor¢ (¢, —) = G actually assembles into a natural transformation. Given
f :d — e, we need to check the commutativity of the following diagram.

More(c, d) —2% Gd

fo—l le (%)

Morc(c, €) — Ge
Well, pick up a morphismp : ¢ — d.
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- Alongthetop, we goto (Gf)(B4(p)) = (Gf)(na(aq(p))). By naturality of 5, thisis (1. o Feo ay)(p).
By naturality of «, this is (1. o a. o (f © =))(p) = ne(e(fp)).

- Along the bottom, we go to B.(fp) = ne(ae(fp)).

Soindeed, §is a natural transformation.

Finally, we check the naturality of ().

- Along the top, we go to ' (a) = a.(id..) and then to 7. (a.(id.)).
- Along the bottom, we go to % (8) = B.(id.) = n.(ac(id.)).

These match, so the diagram commute.

Thus, we have checked that ¢ is functorialin both cand F'. | have a headache, so we will callit quits there. W

3.3 February 28

Chris is back!

3.3.1 YonedalLemma Review

Today is more Yoneda lemma. We recall the statement.

Theorem 3.17 (Yoneda lemma). Fix C a locally small category and F' : C — Set a functor. Further, fix
¢ € C. Then there is a “natural” bijection (natural in both cand F)

¢ : Mor(More(c, —), F) & Fe.

Here the outer Mor is in the 2-category, talking about natural transformations Mor¢ (¢, —) = F.

As seen in the proof, the bijection is by

w(n) = n.(id,) and o N (x)g = ((f € Mor(c, d)) — (Ff)(a:))
We quickly remark that we can motivate the definition o ~! by drawing the following naturality square with

given internal diagram; here f : ¢ — d is some morphism.

More(e, c) AN Morc¢(c,d)

g@—l(z)cl Lo—lcv)d

—_—
Fe T Fd

Because we want o~ !(z).(id.) = z, our definition of o= (z)4(f) is forced.
As for naturality, we note that we can view F'c as the image of the functor F' : C — Set on applying ¢ € C,
or alternatively we could view Fc as the image of the functor ev,. : Set® — Set on applying F.

Remark 3.18 (Contravariant Yoneda). Thereis also a contravariant version of the Yoneda lemma as well,
which provides takes a contravariant functor F' : C°? — Set a functor and some object ¢ € C. Then there
is a “natural” bijection (naturalin both cand F)

¢ : Mor(More(—,¢), F') & Fe.

Again, this bijection is naturalin F' and c.
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3.3.2 Yoneda Embeddings

We are going to describe an embedding
X :C— Set®”

This is defined in essentially exactly the way that we want. We define J(¢) := Mor(—, ¢) and send mor-
phisms f : ¢ — d to the natural transformation X (f) : Mor(—, ¢) — Mor(—,d) by &(f) : g — fg. Itis not
too hard to see that J(f) is in fact a natural transformation and composes properly, so we will omit those
checks now.

Anyways, here is our theorem.

Theorem 3.19 (Yoneda embedding). Fix C a category. The Yoneda embedding & : C — Set®” is a fully
faithful embedding.

Proof. We have the following checks.

» We show that X is faithful, so suppose we have objects ¢, d € C, and we want to show that the map
& : More(e,d) = Mor(&(c), &(d))
is injective. Namely, if f,g: ¢ — d, then X(f) : z — fxand &(g) : = — gz, so X(f) = X(g) forces
f=ride = &(f)(ide) = &(g)(ide) = gide = g.
« We show that J is full. We will actually use Theorem 3.17. Well, suppose that we have a morphism
1 : More(—, ¢) = More(—, d),

and we want a morphism f : ¢ — d such that & (f) = n. Well, viewing Mor(—, d) as just some functor
F : C — Set, we are promised a bijection (by the contravariant version of Theorem 3.17)

Mor ( Morc(—, ¢), Mor¢(—, d)) — Mor(c,d).

In particular, n under this bijection goes to some map f = 7.(id.) € Mor(c, d). Butinfact & (f) = (fo—)
also has (f o —)(id.) = f, so because the above is a bijection, we have n = X (f).

« Weshow that X isanembedding. For this, we suppose ¢ # d are distinct objects, and we need to show
that Mor¢(—, ¢) # More(—, d) as natural transformations. However, morphisms should “remember”
their codomain in the data of a morphism, so Mor¢(x, ¢) and Mor¢(z, d) will be distinct automatically.

]

It might feel like cheating that we are forcing our morphisms to remember their codomain, but it is some-
what necessary: in the indiscrete category, we might accidentally try to force our morphisms to be witnessed
by the same object, but then the above is not actually an embedding because all morphism sets would be
equal.

Just for fun, here is an application.

Corollary 3.20 (Cayley's theorem). Any group G is isomorphic to a subgroup of Sym(G) = Autge (G).

Proof. To convert this to category theory, we use the category BG. Well, Theorem 3.19 provides an em-

beddi
= X : BG — SetB¢™.

Here, we can think of Se as sets equipped with a right G-action: any such functor BG°® — Set sends
the object * € BG to aset S € Set as well as morphisms/elements g € G to functions g : S — S satisfying

s-(gh) = (s-9)-h
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forse Sandg,h € G.

Now, to use &, we see that x € BG goes to the functor & (x) = Mor(—, %) : BG°? — Set. Fixing any set
e € BG, we see that we really have the data of a morphism BG°P — Mor(e, ). In other words, we are giving
Mor(e, ) a right G-action: each g € BG and = € Mor(e, x) will have a multiplication given by

z-g:= g7z,
where we have composition by
(- g) - h=h"g%x = (gh)Pz =z - (gh).

So indeed, X (x) is precisely the data of this right G-action on Mor(e, ). In other words, X (x) is providing
the data of the object Mor(e, ) in the category of G°P-sets.

On the other hand, each morphism g : * — x of BG will go to X(g) : Mor(e,*) = Mor(e, *) by X(g) :
x — gx. To be explicit, our multiplication is by

£(9)(x) = g

In fact, each element J(g) is a G°P-equivariant map on Mor(e, *), where this object is thought of as a G°P-
set. Indeed,

£(9)(-h) =g(zh) = (gz)h = (X(g)x) - h,

which is what we wanted. In particular, & injects Morgg (x*, *) to “G-equivariant” natural transformations
MOI‘Bg(f, *) = MOI'Bg(f, *)

So to finish up, because X is a fully faithful functor, we see that we are injective on morphism sets, so
we can say

ES *

G = Morpg (*, %) — Morgop_set (Mong(—, *), Morgg(—, *)) = Autgor_cet (Mong(—, x), Morgg(—, *)),
where = holds because all elements of G are invertible and hence all the morphisms we are looking at are
invertible. Now, we remark that the data of Mor(—, ) is really only the data of Mor(x, x) because BG has
only one object, so we actually get to embed

G — Autgor_set (Morgg(*, x), Morpg (%, *)) = Autgor-set (G, G).

Lastly, applying the forgetful functor from G-sets to just sets, we have an embedding G < Autge:(G), so
we are done. [ |

3.4 March2

We continue. Chris did some review that the Yoneda embedding X is full, which can be found in our proof
of Theorem 3.19.

3.4.1 Unique Representation

For the attendance question, we have the following.

Proposition 3.21. Fix a category C. Then z = y implies that Mor(z, —) ~ Mor(y, 0—).

Proof. The pointisthatthe Yonedaembedding & mustinduce anisomorphism X (f) : &(z) = X(y), which
is what we wanted. |

In fact, the converse is also true. We have the following definition.
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Definition 3.22 (Creates, reflects isomorphisms). A functor F' reflects isomorphisms if and only if F'f
being an isomorphism implies that f is an isomorphism. Similarly, a functor F creates isomorphisms if
and only if Fz = Fy forces « & y.

Example 3.23. The functor from F : Be + Be — Be sending both points to * will certainly reflect iso-
morphisms because we can only pull back. This F' however does not reflect isomorphisms because
Fe; = Fes but ey is not isomorphic to es; there are no morphisms between them all.

We have the following result.

Proposition 3.24. If a functor F is fully faithful, then F' creates and reflects isomorphisms.

Proof. This was on the homework. [ |

Remark 3.25. Thus, noting that X is fully faithful, we see that Mor(z, —) ~ Mor(y, —) forces « = y.
The point of all of our discussion is as follows.

Proposition 3.26. Suppose two objects z and y represent a functor F' : C — Set by naturalisomorphisms
n : Mor(x, —) = F and u : Mor(y, —) = F. Then there is a canonical isomorphism = = y by n =1 pu.

Proof. Intuitively, f : « & yinduces — o f : Mor(y,—) — Mor(z, —), from we would like the following
diagram to commute.

Mor(z, —)
of \ F
_—
Mor(y, -)

As such, we see that we want f to induce a natural isomorphism (— o f) = n~u : Mor(y, —) = Mor(z, —),
which we can in fact pull back to f because of Theorem 3.17. |

@ Idea 3.27. Thus, we can say that an object represents a functor is unique up to unique (commuting)
isomorphism.

3.4.2 Universal Properties

With our uniqueness in hand, we are ready to talk about universal properties.
Definition 3.28 (Universal property |, element). A universal property for an object ¢ € C is a repre-
sentable functor F' : C = Set along with an element z € F¢ such that  induces (by the Yoneda lemma)

a natural isomorphism Mor(c, —) = F'. In such a triplet (¢, F, z), we call z the universal element.

To be explicit, z € Fcisinducing a natural transformation Mor(c, —) = F by Theorem 3.17, so the condition
we are requiring is that we have a natural isomorphism.
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Exercise 3.29. We discuss Z[z] as the free ring on X.

Proof. We will represent the forgetful functor U : Ring — Set. To start, we need to show that Z[z] does
actually represent U, for which we need a natural isomorphism

1 : Morgping (Z[z], —) = U.
In particular, fixing a ring R, we need an isomorphism Morging (Z[z], R) = UR, which we do by sending a
morphism f : Z[z] — Rto f(z) € UR. This is indeed a bijection because we can uniquely determine a

morphism Z[z] — R by where we send z.
Lastly, our universal element is z. To see this, we track through Theorem 3.17 to compute

Nz(2)(idze]) = idzp () = =,

which is what we wanted. [ ]

Remark 3.30. In words, the above proof says that Z[z] is the universal ring that has a distinguished
element z. Being the “universal ring"” is usually called being the “free ring."”

For our next example, we have the following definition.

Definition 3.31 (Tensor products, |). Fix two k-vector spaces V and W. Then V @ W is made of formal

sums
n
i=1

where vy,...,v, € Vandws,...,w, € W. Further, (v,w) — v ® wis k-bilinear.

Exercise 3.32. We discuss V' ® W by universal property.

Proof. The point is to consider the functor
Bilin(V, W, —) : Vec, — Set

taking U +— Bilin(V, W, U), where Bilin(V, W, U) consists of the k-bilinear maps V' x W — U. Tensor prod-
ucts are actually intended to represent this functor. So here is a better definition for tensor products.

Definition 3.33 (Tensor products, Il). Given vector spaces V and W, we define V ® W as the object that
represents Bilin(V, W, —).

We do not actually know if V@ W really exists, but we will do so shortly. Our universal element z is intended
to live in Bilin(V, W,V ® W), so we are characterizing V ® W by the bilinear map V x W — V ® W. In
particular, we can now more or less say that V' @ W is the “universal” vector space with respect to a bilinear
mapV xW -V W.

Unwinding a bit, we will name the map V x W — V @ W as ®. In particular, we are hoping that this
element induces a natural isomorphism

Mor(V @ W, —) = Bilin(V, W, —).

In particular, by the Yoneda lemma, we are hoping that bilinear maps V' x W — U are in natural bijection
with linearmaps V @ W — U. |
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3.5 March4

Today we're having both Bryce and Chris lecture today (not in that order). We're in luck.

3.5.1 Moreon Universal Properties
We recall our definition.
Definition 3.28 (Universal property |, element). A universal property for an object ¢ € C is a repre-

sentable functor F' : C = Set along with an element 2 € F¢ such that z induces (by the Yoneda lemma)
a natural isomorphism Mor(c, —) = F'. In such a triplet (¢, F, z), we call = the universal element.

We continue our discussion of Exercise 3.32. Typically, one would think about the universal property as
follows.

Definition 3.34 (Universal property, Il). An object ¢ € C satisfies the universal property given by a functor
F : C — Set if we have a universal element x such that (¢, F, ) is a universal property.

In particular, last time we talked about having the functor
Bilin(V, W, —) : Vec, — Set

which we claim was represented by some object V' ® W and our universal element ® € Bilin(V,W,—) —
V @ W. By Theorem 3.17, we can unwind this to a natural transformation

n: Hom(V @ W, —) = Bilin(V, W, —),
which we are claiming is a natural isomorphism to be our universal property. Well, we have our object ®, so

we now track everything through. Here is our diagram to unwind the isomorphism above for a morphism
f:V®W — U corresponding to the bilinearmap f : V x W — U.

Hom(V & W,V @ W) ~°= Hom(V @ W,U)

77V®Wl J{nu

Bilin(V, W,V @ W) ?—> Bilin(V, W, U)
So to unwind what 7y means, we plug into idy g . This makes the following diagram.

. fo— =
1dV®W E— f

TIV®WI an

Namely, we are told that bilinear maps f : V' x W — U correspond uniquely to a morphism f : V@ W — U
(by Theorem 2.72) in such a way that the following diagram commutes.

VxW 25 Vew

P

U
So this is our usual universal property for the tensor product.
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Remark 3.35. We will actually need to construct V' @ W, which we did not do, in order to show that
there exists a way to represent the functor

Bilin(V, W, —) : Vec, — Set.

However, in practice, we only ever want to pay attention to the above universal property.

3.5.2 Category of Elements

Today's discussion will not be discussion. Bryce is, reportedly, sorry. For brevity, we will take the following
convention.

Definition 3.36 (Universal). We say that an object ¢ € Cis universalif and only if it is either initial or final.

Of course, V' @ W will not turn out to be universal in Vec, but if we change our category, then it will be,
which is nice.

With that said, here is our main character for today.

Definition 3.37 (Category of elements). Fix F' : C — Set a functor. Then the category of elements of F,
denoted [ F'is made of the following data.

« Objects are pairs (¢, ) where ¢ € C and x € Fe. In practice, we should think about the object
x € Fconits own, but we will have to remember which c it comes from.

« Morphisms (¢,z) — (d,y) made of morphisms f : ¢ — d which preserve our "base points” as
(Ff)(z) = y. Importantly, we are keeping track of the arrows in C, not in Set; e.g., F' might not be
injective on arrows, so we will keep track of these definitions.

« |dentities are identities lifted from C.

» Composition is composition in C.

Remark 3.38. There is a natural forgetful functor I : [ F — C by
I(c,z) :==c¢ and I( f) = f.
We bring this up because this is roughly why we are keeping track of the morphisms in C instead of Set.

There is also a contravariant version.

Definition 3.39 (Category of elements, contravariant). Fix F' : C°? — Set a functor. Then the category
of elements of F, denoted [ F is made of the following data.

« Objects are pairs (¢, z) wherec € Cand z € Fe.

« Morphisms (¢,2) — (d,y) made of morphisms f : ¢ — d which preserve our “base points” as
(Ff)(y) = x. This flips because Fis contravariant.

« |dentities are identities lifted from C.

» Composition is compositionin C.

Let's see some examples.
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Example 3.40. Let C be a concrete category with faithful (forgetful) functor U : C — Set. We work
through [ U.

« Objects are pairs (¢, z) where z € Uc.
» Morphisms are morphisms f : (¢, z) — (d,y) such that (U f)(z) = y.

In other words, [ U is roughly the objects ¢ € C with an identified base point. Specifically, [(U : Top —
Set) = Top,.

Example 3.41. Fix C a locally small category, which is how you know Bryce is lecturing, which permits a
functor Mor(c, —) : C = Set. We discuss [ Mor(c, —).

« Objects are pairs (d, f) where f € Hom(c, d). So our objects are morphisms.
« Amorphism ¢ : (d, f) — (e, g) isamorphism ¢ : d — einC suchthat of = (¢ o —)(f) = g.

In other words, this gives the category under C, denoted ¢/C. The contravariant version gives C/c.

Exercise 3.42. Fix F : C°? — Set a contravariant functor. We recover [ F as a comma category.

Proof. Tosetup ourdiscussion, we recall that Theorem 3.17 provides us with a sufficiently natural bijection
¥ Fe 2 Mor(More(—, ¢), F).

Now, objects in [ F will naturally be objects z € Fec. We would to track morphisms f : (c,z) — (d,y)

through here as well, which means that we are going to need a morphism t(z) — (y) in Set® . Roughly
speaking, we are going to want the following diagram to commute.

(fo—) (*)

In particular, Theorem 3.19 tells us that all such morphisms between natural transformations take the form
(f o =) for some morphism f, from which we can track our base point.

The point of all this is that we are going to have a nice correspondence between [ F and the comma
category

/F%;¢ﬁ

where F : {x} — Set®” is the constant functor taking % — F. Indeed, to quickly unwind our definition of the
comma category, it is made of triplets (c € C,* € {x}, f : X(c) — F(x)), where morphisms / : (¢, *, f) —
(¢, %, f") require the following diagram to commute.

Notably, we only have to check theidr : F — F morphism because this is the only morphism carried from
F:{x}— Set®”" . But this diagram above is exactly the one we asked for in (x), so we are done. ]

Next time we will discuss the following result.
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Proposition 3.43. Fix F' : C — Set be a functor. Then [ F' has an initial object (¢, z) if and only if F is
representable by ¢ with universal element x.

Proof of the forwards direction. In one direction, take (¢,z) € [ F initial. We would like a natural isomor-
phism 7 : Mor(¢, —) = F. Well, by Theorem 3.17, we get some natural transformation »n corresponding to
x, where

na(f) = (Ff)(x)

by pushing through our definition in Theorem 3.17. For this to be a natural isomorphism, we need the com-
ponents 74 : Mor(c,d) — F'd to be isomorphisms. In other words, for eachd € C and y € F'd, we need some
f :c— dsuchthat

(Ff)(x) =na(f) =y

Equivalently, there is a unique morphism f : (¢, z) — (d,y) in [ F, which is what we wanted. |

Remark 3.44. In the dual case, F will be contravariant, and our initial object becomes final.

3.6 March7

We continue.

3.6.1 Housekeeping

We begin by discussing a homework problem. Here is a definition.
| Definition 3.45 (Divisible). An abelian group A is divisible if and only if, for eacha € Aandn € Z \ {0}.

It happens that the category of divisible abelian groups has non-injective monomorphisms. For example,
we have the following.

Exercise 3.46. The map 7 : Q — Q/Z is a monomorphism.

Proof. Suppose that we have maps f,g : A — Q such that 7f = 7g. We claim that f = g. Indeed, for any
a € A\ {0}, we need to show that f(a) = g(a), for which so far we know that =(f(a)) = 7(f(g)), so thereiis
an integer n such that

f(a) = g(a) +n.

Suppose for the sake of contradiction that n # 0. Then, because A is divisible, there exists an elementb € A
such that a = 2nb, so we get to write

2nf(b) = f(2nb) = f(a) = g(a) +n = 2ng(b) +n,

so f(b) = g(b) + 1. Pushing this though 7, we get

1

b=b+t -

+ 2

so 1 € Z, which is our contradiction. [ ]

And here is the attendance question.
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Exercise 3.47. We describe [ F where F : {x} — Set is some functor.

Proof. Set X := F(x). The objects in [ F are pairs (x,c) where ¢ € X, and the morphisms are morphisms
f:*x— xsuchthat Ff(c) = Ff(d), butonly f = id, is permitted. So we have objects which are elements of
X and only identities, so this is the discrete category on X. |

3.6.2 A Representability Test

Last time we were showing the following result.

Proposition 3.43. Fix F' : C — Set be a functor. Then [ F' has an initial object (¢, z) if and only if F is
representable by ¢ with universal element x.

Last time we showed the forwards direction.

Proof of the backwards direction. Suppose that we have a natural isomorphism « : Mor(¢, —) = F, and we
need an object to be initial in [ F. Without much to do, we set

x = a.(id.) € Fe,

and we claim that (¢, z) is our desired initial element in [ F.

Well, pick up some object (d, y), and we want to show that there is a unique morphism (¢, z) — (d,y).
To be explicit, our data consist of d € C and y € F'd. The main claim is that, for any morphism f : ¢ — d, we
have

aa(f) = (F)(f),

as we showed in the Yoneda lemma. Here is the relevant naturality diagram.

Mor(c, ¢) —< Fe

ol e

Mor(c,d) —2 Fd

Tracking through id.. in the diagram gives the result because a.(id.) was defined to be z. It follows that we
have a morphism f : (¢,z) — (d,y) ifand only if (F f)(x) = y if and only if a4(f) = y, which we know to be
unique because ay4 is an isomorphism. [ ]

From the way we have proven things, we actually have the following result.

Corollary 3.48. In fact, F' is represented by ¢ with universal element z if and only if (¢, z) € [ Fisinitial.

Proof. If (¢,z) € [ Fis initial, then we showed last time that c represents our functor, and z is actually our
universal property (by staring at our proof). Conversely, if F' is represented by ¢, we conjured our universal
element z := a.(id.) to create our initial element (¢, z). ]

3.6.3 Unique Representation
Because the Yoneda embedding (Theorem 3.19) creates isomorphisms, if Mor(¢, —) ~ Mor(¢’, —), then ¢ &

¢/, so our representing objects are isomorphic. We might hope for something more.

Remark 3.49. There is a technical notion of “evil” that basically says that sometimes in category theory
our notion of equality is too strong. For example, isomorphism of categories is too strong, so we had
equivalence of categories to fix this.
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Example 3.50. “Cardinality” of a category is not preserved by equivalence, so it is evil. For example, any
two indiscrete categories are equivalent, but they have different numbers of elements.

Anyways, we have the following result.

Proposition 3.51. For a functor F' : C — Set, the full subcategory spanned by its representations in C is
either empty or a contractible groupoid.

Wait, contractible groupoid?

Definition 3.52 (Contractible groupoid). A contractible groupoid is a category where all morphism sets
Mor(c, d) has exactly one element.

Remark 3.53. The idea is that we can “collapse” our category inwards along unique isomorphisms.

We showed back in Exercise 2.91 that all contractible groupoids are equivalent to Be; here is the idea behind
why we are bringing this up.

Idea 3.54. Unique isomorphisms tend to have contractible groupoids in the background.

So the idea behind introducing Proposition 3.51 is that there will be a unique morphism f : ¢ — d that will
also send the corresponding universal elements correctly inthat f : (¢, z) — (d, y). Itisa good isomorphism.
Before continuing, here is a lemma.

Lemma 3.55. The full subcategory of C spanned by its final objects is either empty or a contractible
groupoid.

Proof. We will be brief. If it is empty, we are done. Otherwise, for any two final objects ¢4, t5, there is exactly
one morphism t; — 2 because t5 is final. So we are done. [ |

Remark 3.56. We can dualize the above lemma (by working in C°P) to replace the word “final” with
“initial” everywhere.

And now we prove Proposition 3.51.

Proof of Proposition 3.51. If F is not representable, then [ F' has no initial objects because initial objects
induce representations. Otherwise, [ F' will have initial objects, but they form a contractible groupoid by
Remark 3.56. [ ]

3.6.4 Typical Universal Properties

Because we are feeling benevolent today, here are some examples.

Exercise 3.57. Consider the contravariant functor P : Set®® — Set, which sends maps objects by P :
S+ P(S) and morphisms by taking f : S — T'to f=* : P(T) — P(S). We discuss Proposition 3.43
with this functor.

Proof. Our objects are pairs (X, A) where X isasetand A C X isa subset. Our morphisms (X, A) — (Y, B)
aremaps f : X — Y suchthat f~1(B) = A.

Now, back in Exercise 3.13, we showed that Q = {0, 1} represents P with universal element 1. Accord-
ingly, we claim that (Q, {1}) is final (note P is contravariant) in [ F. Indeed, for any pair (X, A), there is a
unique map f : X — Qsuch that f~*({1}) = 4 which describes itself. [ |
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Exercise 3.58. Consider the functor Bilin(V, W, —) : Vec,. We discuss Proposition 3.43.

Proof. To start, we note that our objects of [ Bilin(V, W, —) consists of a vector space U with a bilinear map
f:VxW = U. Amorphism (U, f) — (U, f')isalinearmap g : U — U’ such that gf = f’;i.e., the
following diagram should commute.

vxw U

Bihn(vv W, _)(g)(f) = f/’

but Bilin(V, W, —)(g) = (g o —) by definition.

On the other hand, we know that V' @ W represents Bilin(V, W, —) with universal element® : V x W —
V @ W by (v,w) — v ® w. Noting that this means (V ® W, ®) ought to be initial, we are told that whenever
we have a bilinear map V @ W — U, there is a unique map V ® W — U such that the following diagram
commutes.

Explicitly, we want

This is the typical universal property. |
Exercise 3.59. Consider the forgetful functor U : Ring — Set. We discuss Proposition 3.43.

Proof. Our objects in [ R consists of pairs (R,) such that 7 € R. Our morphisms f : (R,r) — (S,s)is a
morphism f : R — S such that f(r) = s.

Now, back in Exercise 3.11, we showed that Z[z] should represent this functor with universal element
z, so we want (Z[z],z) to be initial in [ F. In other words, for any pair (R, ), there is a unique morphism
Z[z] — R such that x — r. Indeed, this morphism must take 1 — 1, so we are sending

N N
E ak.:rk — E akrk,
k=0 k=0

which finishes. [ ]
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THEME 4
LIMITS AND COLIMITS

It's true that many pieces of categorical terminology do come from
analysis, but maybe all that says is that analysis is an old and venerable
subject.

—Tom Leinster, [Lei09]

4.1 March9

The fun continues but now in a different form.

4.1.1 Products
Let’'s do some examples to start because we are feeling kind today.
Exercise 4.1. We consider products A x B in Set, defined as

Ax B:={(a,b):a€ Aandb € B}

in a categorical sense.

Remark 4.2. It turns out that products are limits.

Proof. We would like to make this definition more fit for category theory, for which we note that we have
projectionmaps 7wy : Ax B— Aandng: Ax B— Bbyws: (a,b) — aandnp : (a,b) — brespectively. In
fact, we are universal in the following sense: for any object Aand maps p4 : C — Aand ¢ : C — B, there
isaunique (!) map ¢ : C — A x B making the following diagram commute.

C
1P
YA ~ ¥YB
Ax B
% R
A B
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To see uniqueness, we note that we must have

ma(p(c)) =walc) and  7wp(p(c)) = pr(c),

so we must define our map ¢ as
p(c) = (pac, ppc).

In fact, we can see that this defined map does have 74 o ¢ = p4 and g o ¢ = g, so the diagram does
indeed commute. |

This example should feel similar to universal properties: whenever something occurs in our diagram, we
have some unique induced map. To see this more formally, we have the following auxiliary exercise.

Exercise 4.3. We exhibit the universal property for A x B in the category C := Set.

Proof. We note that we are being granted a bijection between pairs of maps (¢4, ) and our maps . In
other words, there is a bijection

Mor(C, A) x Mor(C, B) — Mor(C, A x B).
To turn this into a universal property, we consider the functor F' : C°? — Set by
F : Mor(—, A) x Mor(—, B).

In particular, we send morphisms f : S — T to F(f) : Mor(T, A) x Mor(T, B) — Mor(S, A) — MOr(S, B)
by
F(f) = (=0of) x (=0 ).
We won't check this is a functor, but you can if you like doing that kind of thing.
Now, we to get our universal property, we need to exhibit our natural isomorphism

n: F = Mor(—, A x B).

We already gave a bijection of sets in the previous exercise, so we just need to show that it is natural. Well,
pick up some morphism f : T'— S, and we have the following diagram to check.

Mor (S, A) x Mor(S, B) (=of)x(Geh Mor (T, A) x Mor(T, B)

| |

Mor(S, A x B) Mor(T, A x B)

—Of

So now, pick up some pair (h,g) € Mor(S, A) x Mor(S, B) and track through. Along the bottom, we go to
h x g which then goesto hf x gf. Along the top, we start with (h, g) then go to (hf, gf) which then goes to

hf xgf.
Now let’'s compute our universal element. For this, we need to find what we are getting out of Theo-
rem 3.17, which is
Maxp(idaxs) = (Ta,75),
which is fairly intuitive. In particular, we can track nax5((74, 75)) through and get id 4 x 5, which will give
what we want. u

Here are some generalizing remarks.
Remark 4.4. The universal property of products in Exercise 4.3 did not depend on Set, but the con-

struction did. Products are more of an ambient concept that might or might not happen in some given
category.
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Remark 4.5. We could just have easily defined arbitrary products

I1s.

aEA

for some sets {S, }aca by just increasing the number of terms. For example, our functor we want to
represent is now

F: H Mor(—, Sa).

aEA

We can also write out the analogous universal property in terms of Exercise 4.1.

Example 4.6. The product of the one term A equipped with the projection mapid4 : A — A. Indeed,
forany map C' — A, there is a unique map C' — A making the following diagram commute.

Example 4.7. The product of no terms at all is the final object X. Indeed, whenever we have no mor-
phisms going anywhere, there is a unique map to X making whatever diagram you want commute.

4.1.2 Coproducts

Next let's discuss coproducts. Let's just give the universal property.

Definition 4.8 (Coproduct). Given two objects A, B € C, we define the coproduct object A]] B to be
equipped with maps ¢4 : A — AJ[Band g : B — A]] B such that, whenever we have an object Z
with maps p4 : A — Zand ¢ : B — Z, thereis a unique map A[[ B — Z making the following
diagram commute.

A B
X V
AllB

YA ¥$B

SPRE.—

Example 4.9. The disjoint union A LI B is the coproduct in Set. Indeed, our maps are ¢4 : a — (a,0) and
tg : b (b,1). To see the universal property, suppose that we have an object C' with maps 4 : A — C
and pp : B — C. To see the uniqueness of ¢ : AU B — C, we see that we must have

p(taa) = pa(a) and  @(tpb) = pp(b)

which exhausts all possible cases for elements of A L B. It is then not too hard to check that this does
satisfy p o1y = p4 and p o Lg = pp by construction.

Example 4.10. We can generalize to products with multiple terms. If we have one object, the coproduct
of Aisjust A. Similarly, if we have no objects, then the coproduct will be an initial object.
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4.1.3 Moreon Products

Now let's generalize our examples. We begin by making the product even more categorical. At a high level,
we might have lots of objects { A, } o, We are given maps 7, : [[ A — A, in some universal way.

|J P2

A, Ag

To make this more in terms of category theory, we note that we can formalize the bottom part of the diagram
as the image of some functor
F:9->¢C

for some discrete category 7. Namely, our objects A, look like F(«) for various « € 7.
To put the product [] A on the same footing, we will similarly define the constant functor

C.:J—C

which sends all objects of J to x and all morphisms to id,..

We would like to create arrows between our diagrams, we are asking for an arrow between our functors,
so we are more or less asking for a natural transformation ) : C, = F. Namely, the component morphisms
take some « € J, we are being promised a morphism 7, : x — A,. If we wanted to check that 5 is a natural
transformation, we would pick up a morphismid,, : @« — «in 7, which gives rise to the following diagram.

id,
—

|7e |7e
Fla) 7 Fla)

Notably, this commutes for free. If we wanted to add more structure to our products, we might want to
change J to be not discrete and have F' be a more general diagram. This gives rise to limits.

Definition 4.11 (Cone). Fix an index category J and a category C with an object ¢ € C. Then a coneis a
natural transformation from the constant functor C. = F, where F' : 7 — C is some diagram.

The limit will be the object lim F' € C which is a “universal” cone, in the same way that the product was

universal with respect to a “discrete cone.” We will not discuss this more formally today, but we will discuss
it more next lecture.

4.2 March1l

We do more limits today.

4.2.1 Conesand Cocones

We recall the following definition. For today, we fix [7 as our index category.

Definition 4.11 (Cone). Fix an index category 7 and a category C with an object ¢ € C. Then a coneis a
natural transformation from the constant functor C. = F, where F' : 7 — C is some diagram.

Definition 4.12 (Apex). A cone over F with summit or apex c is a natural transformation X : ¢ = F with
components \; : ¢ — Fj. These components are called legs.
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Informally, A consists of morphisms \; : ¢ — Fj which commute with the morphisms promised by 7.
Namely, for any morphism f : i — j, we have the following naturality square diagram;

Collapsing the top makes this look more like a triangle.
F; —F Fj
Of course, we also have a dual notion. We have the following definition.

Definition 4.13 (Nadir). A cone under F (or “cocone”) with nadir cis a natural transformation A : F' = ¢
with components A; : F'j — c. These components are (still) called legs.

Remark 4.14. We use the word nadir because someone wanted to.

This time our picture looks like the following.
Fi— L F
Notably, the nadir cis under F' this time.

Example 4.15. Fix our index category J = Z. Fora cone F' : J — C over ¢, our diagram looks like the
following.

4.2.2 Limits and Colimits

Intuitively, our limits will be the universal apex for a cone. It is the best cone; in some sense, it is the smallest
or “closest” apex to the diagram. The diagram looks like the following.

We have the following definition to induce our desired behavior.
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Definition 4.16 (Cone functor). Fix a diagram F' : J — C.

« We define the functor Cone(—, F) : C°? — Set by
¢ — Cone(e, F) := Homgat(c, F)

which are the natural transformations A : ¢ = F. Then a morphism f : ¢ — d goes to the
morphism F(f) : Homcat(d, F) — Homeat (¢, F') so that a cone A : d = F gives rise to a cone

F(f)(A) = Xe o f € Homea(c, F).

« We define the functor Cone(—, F') : C — Set by
¢ — Cone(F, ¢) == Homg, (F), ¢)

which are the natural transformations A : ¢ = F. Then a morphism f : ¢ — d goes to the
morphism F(f) : Homca: (F, ¢) = Homcat (F, d) so that a cone A : F' = cgivesrise to a cone

F(£)(\) = f o Ae € Homca(F, d).

Here is the image of Cone(f) creating a cone with apex ¢ from a cone to apexd.

Xiof Xiof

Q< - &

I

Fi ————— Fj

We will not check the functoriality of this functor, but surely it works: just look at it.
Our functors give the following definitions.

Definition 4.17 (Limit, colimit). A limit of a diagram F' : 7 — C is a representation of Cone(—, F'); in
other words, it is a natural isomorphism C(—, ¢) ~ Cone(—, F'). (Note Cone(—, F') is the contravariant.)
Dually, a colimit is a representation of Cone(F, —).

We will mostly be talking about limits and leave the discussion of colimits to the curious.
Note that, by Theorem 3.17, we see that a natural transformation

a € Hom(C(—, ¢), Cone(—, F'))

corresponds to some literal cone Cone(c, F'). From our discussion of the category of elements, we note that
we can also think of a limit in the following way.

Definition 4.18 (Limit, colimit). A limit of a diagram F' : 7 — C is a terminal object in [ Cone(—, F).

To review, our objects of [ Cone(—, F) look like pairs (¢,\) € [Cone(—, F) where A : ¢ = F. Then our
morphisms (¢, \) — (¢, 1) have the data f : ¢ — d such that

Cone(f, F)(u) = A
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In other words, we require 116 © f = Ao, Which is equivalent to the commutativity of the following diagram.

i Hj

PEN Y

RN

Fi ————— Fj

Thus, (¢, A) being terminalin [ Cone(—, F') means that any pair of objects (d, 1) will have the morphism f be
unique.

At this point, we can see that our limits are indeed unique up to unique isomorphism because our terminal
objects are unique up to unique isomorphism. Alternatively, we can give the following argument.

Proposition 4.19. The limit of a diagram F' : J — C is unique up to unique isomorphism.
Proof. The point is to stack our limits on top of each other. So that (¢, A) and (¢/, \') are both limits of F.

Then we place them in the following diagram and note that we have unique maps f and g induced by the
diagram above.

‘a—a

Q\

Q4

/\

Fi — Fj
By uniqueness, we see that f o g must be the identity (there is only one such morphism from ¢ — ¢ making

the diagram commute, and id. works), so f and g are must be inverses by redoing the stacking with f to
show go f =idy. [ |

Notation 4.20. From now on, we will write lim F for the limit of ' and colim F for F.

Remark 4.21. Not all categories have all their limits and colimits. For example, Field does not have an
initial object (we cannot inject into both Fy and F3), so Field is missing the limit of the diagram from the
empty category.

We close with an example.

Exercise 4.22. We show that product are limits from the discrete category.

Proof. Fix our functor F' : J — C with apex (P, w), which means that we have morphisms 7; : P — Fj.
Note that we have no commutativity among the j € 7 because 7 has no non-identity morphisms.
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To translate the universal property, we see that whenever we have another apex (¢, A), there is a unique
morphism f : ¢ — P making the following diagram commute.

gé=-0o

YRR

. .
Fz—>Ff Fy

This is what we wrote down in Exercise 4.3. [ |

4.3 March 14

The fun, as they say, never stops.

4.3.1 More Examples

Chris is back, so today is just examples.

Exercise 4.23. We discuss the limit of the diagram

Al B.

Proof. The limit will be an object X withamap ¢ : X — A such that, for any object Y, there is a unique map
Y — X making the following diagram commute.

Well, we simply set X := A with X — A simply as the identity mapid4 : X — A. Then we are forced to
have Y — X be ¢ by the diagram commuting, which finishes. |

Exercise 4.24. We exhibit a product where the projection maps are not epimorphisms.

Proof. This is somewhat hard because faithful functors preserve epimorphisms, so concrete categories
won't work here. So we consider the following category.

B

/ \ \\\1
—3
A c— D

Itis not too hard to see that B is the product of A and C (the only object with map to both A and C'is B itself,
so it is our only object to check), but the map B — C'is not an epimorphism because of the problems with
C — D. |
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4.3.2 Equalizers

Definition 4.25 (Equalizer). An equalizeris a limit of the following diagram.

/
A ¢ B
g

We denote this by eq(f, g).

More concretely, we set up our diagram as follows.

E

A—=B
g
By commutativity of the diagram, we want fe = ge = ¢/, so we will ignore the morphism ¢’ entirely: it's
induced by the rest of the diagram.
Now, for E to be universal, we are saying that, for any morphism h : X — A, there is a unique morphism
X — E making the following diagram commute.

This is not an obvious limit; here is an example.

Exercise 4.26. We compute equalizers in Set.

Proof. As a starting example, we note that we do have a “trivial” cone with X = @. This does not use the
other information of our limit, so we simply define

E={acA: f(a) = gla)}

with inclusion morphism ¢ : E C A. Certainly ft = g« by construction.
Now, to show the universal property, any other object X with a morphism i : X — A such that fh = gh,
we see that h(z) € E for each z € X. Thus, h does map into E, so we have our induced map

h:X S E

by simply restricting the codomain. This morphism is unique because any such morphism h must have th =
h,so h(z) = h(x) foreachz € X. ]

Remark 4.27. | think the same construction will work for equalizers in any concrete category.

Exercise 4.28. Working in Ab, we consider the equalizer of the following diagram, where f : A — B is
some morphism.
f
A—=B
0

In particular, we claim that the equalizer is the kernel.
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Proof. By essentially doing the same proof as in Set, the equalizer will be the set

E:={a€ A: f(a) =0(a) =0},
which is ker f. [ ]
Remark 4.29. It follows that eq(f, g) = eq(f — ¢,0) = ker(f — g) by tracking through what we need for

our diagrams to commute.

Here is a nice result on equalizers.

Proposition 4.30. Given two morphisms f,g : A — B and an equalizere : E — A, the map ¢ is always
monic

Proof. Fixtwo maps h,k : X — E such that eh = ek. This has the following diagram.

h f
X_—_—XFE—+A_—_2B
k g

Then we see that eh and ek both have f(eh) = f(ek) = g(eh) = g(ek), so thereisaunique mapz : X — E
such that ez = eh = ek. But then we see that h and k both work, so h = k is forced. [ ]

Remark 4.31. This is notably different from projections failing to be epic because we are really only told
thatpaf = ppf orpsf = ppg when looking at just one projection. However, we need both of these for

f=g

4.3.3 Coequalizers

Of course, there is also a dual notion of an equalizer.

Definition 4.32 (Coequalizer). A coequalizeris a colimit of the following diagram.

f
A ¢ B
g

We denote this by coeq(f, g).

From essentially the same discussion as before, the only data we need for a cocone of the diagram

!
A ¢ B
g

is an object Q with a morphism ¢ : B — Q. The universal property is saying that any object X with a
morphism ¢ : B — X has a unique induced morphism as follows.

f
A—=B—5Q

BN

R

And now for examples.
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Exercise 4.33. We compute coequalizers in Set.

Proof. The “dual” to a subset is a quotient, so we have reason to believe that the coequalizer should be a
quotient. Thus, we define the equivalence relation ~ in B generated by f(a) ~ g(a).! It will happen that the
canonical projection map B —» B/ ~ is our coequalizer. |

4.4 March16

These notes were transcribed from Rhea’s notes. Thank you, Rheal

4.4.1 LimitReview

Let’s review the kinds of limits we can do.
+ The limit of an empty set is the final object.
 The limit of a discrete category is a product.

e The limit of the arrow

A—— B
is A.
+ The limit of the diagram
[ ] *? [ ]

is the equalizer.

We continue our discussion with diagrams of three points.

Exercise 4.34. We show that limit of the triangle

I
N

A

Sy

g

—

Q

is A.

Proof. Any apex L for the diagram will consist of maps 4 : L — Aanditg : L — Band.: L — C sothat
the following diagram commutes.

However, we note that .z = f14 and .c = ht4 by the commutativity of the diagram, so in fact, we can make
the cone by only specifying ¢ 4.

Andinfact, forany choice s : L — A, we caninduce the above diagram to commute by forcing 1 := fia
and vc : hta, which will cause (x) to commute because all the internal triangles commute.

1 For example, we can take the intersection of all equivalence relations B x B which contain the requirements f(a) ~ g(a) for each
a € A.
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We thus claim that A equipped withid4 : A — Ais our limit. This means that we want a unique induced
arrow ¢ : L — A making the following diagram commute.

L% A
v
"AJ/ ida
e
A—fr—- B

Well, any such arrow ¢ : L — A must satisfy ¢ = id4 ¢ = 14, so ¢ is forced. And indeed, ¢ = 14 causes the
necessary triangle to commute, we are done. |

Remark 4.35. At a high level, what is causing this diagram to commute is that we are reducing this limit
to a limit on a one-object category, which we know how to do.

4.4.2 Pullbacks

For our next limit, we have the following definition.

Definition 4.36 (Cospan). A cospan is a diagram of the following form.

A—— B+—C
Equivalently, a cospan is a diagram indexed by the following category.

e — @ —— @

As with equalizers, we can decrease the number of arrows we have to keep track of in a cone over a cospan.
Indeed, an apex L over a cospan is equipped with maps ¢4 : L - Aand ¢p : L — Band p¢ : L — C such
that the following diagram commutes.

N
e
[¥]
. A S
= W Q

4
mTQ

Now, the commutativity diagram now forces ¢ = fpa = g, so we can simply induce ¢ from the rest
of the diagram. As such, we decrease the data of a cone over a cospan as merely consisting of the maps
pa:L— Aand pc : L — Cforcing foa = goc; i.e., we require the following diagram to commute.

pc

N
o
< Q

E

Of course, a cone will induce a diagram of the above form by forgetting the morphism ¢g. Conversely,
a diagram of the above form makes a cone by setting ¢ = foa = gy, which will satisfy the needed
commutativity to be a cone by construction.

Anyways, here is our limit.
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Definition 4.37 (Pullback). A pullback A x g C'is the limit of a cospan, labeled as follows.

AxpgC 25 C

o
AﬁB

The right angle next to A x 5 C'is how we diagrammatically notate pullbacks.

Warning 4.38. The pullback A x g C also depends on the chosen maps f : A — Bandg: C — B, even
though these maps are not included in the notation.

It turns out that pullbacks are actually nontrivial limits, so we will need to fix our category to compute
them. Here's an example.

Exercise 4.39. We compute pullbacks in Set.

Proof. Fix our diagram as follows.
L -5 X

o)

YT>Z

As a first attempt, we might try L = X x Y with mx and 7y being the usual projection. But this does not
work because the diagram might not commute: there is no reason to have

f(@) = f(rx(2,y)) = (frx)(x,y) = (g7y) (@, y) = 9(7v (z,9)) = 9(y)

foreachz € X and y € Y. However, without much better to do, we force this condition in the rudest way
possible: we simply restrict our product to be

XxzY ={(z,y) e X XY : f(x) =9g(y)},

where mx : (z,y) — xand my : (x,y) — y are the usual projections. This does indeed make a valid cone
because any (z,y) € X x Y will have

(frx)(z,y) = f(rx(z,y)) = f(x) = 9(y) = g(7v (2, y)) = (97v ) (=, y),
so frx = gmy.

It remains to show that this X x; Y creates the universal cone. Well, fix a set W with morphisms ¢ x :
W — X and py : W — Y so that the following diagram commutes.

W Yx

XXZYTX}X

l” lf

Y — Z
We need to show that there is a unique arrow ¢. To show that it is unique, note that we need
Tx(p(w)) = (rx@)(w) =px(w)  and 7y (p(w)) = (Tye)(w) =y (w)
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by the commutativity of the diagram. It follows that we are forced to have

p(w) = (pxw, pyw).

We now show that this works. Note that this ¢ is well-defined because each w € W has

flexw) = (fox)(w) = (gpy)(w) = g(pyw),

so (pxw,pyw) € X xz Y. Thenwe have xp = px and my ¢ = ¢y by construction, forcing the diagram to
commute for free. [ |

4.4.3 Pullbacks as Equalizers

It is perhaps not too surprising that we ended up with something that looks like a product, with some equal-
izing condition. In fact, we can realize pullbacks as an equalized product.

Proposition 4.40. Work in some category C. Fixmorphisms f : X — Zandg: Y — Zin some category.
Further, assume that X x Y exists with the canonical projections7x : X XY — Xandmy : X XY — Y.
If eq(fmx,gmy) exists, thenitis equalto X xz Y.

Proof. Set E = eq(fmx,gmy) with equalizingmape : E — X x Y. Our required map E — X will be wxe;
similarly, the required map E — Y will be mye. Now, we see that Ewithnxe : F — Xandmye: F > Y
makes the following diagram commute.

TXE€E X
f

=

Ty €

—

L<

—— Z

Indeed, we have
f(rxe) = (frx)e = (gmy)e = g(mve),

where = is by construction of the equalizer.

It remains to show that E is universal. Well, pick up some object W with maps ¢x : W — X and
oy : W — Y such that fox = gpy. We then claim that there is a unique morphism ¢ causing the following
diagram to commute.

We start with the existence of the map . For this, we expand the diagram as follows.
Ppx

W-¢o>E —5 XxY —5 X

\ [ E L

Y — Z
Note that the square does not commute anymore. We have two steps.

» We use the universal property of X x Y. The maps ¢ x and ¢y induce auniquemapvy : W — X xY
suchthat mxvy = px and Ty Y = py.
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« We use the universal property of E. By construction,

(frx)v = f(rx¥) = fox = gpy = g(ny ) = (97y ),

so vy equalizes frx and gmy. As such, thereisa unique map ¢ : W — E such thatep = 1. In particular,
we see that

(mrxe)p=7x(ep) =mx=px and  (mye)p =7y (ep) = 1y = py,
so the required diagram commutes.

It remains to show that the map ¢ : E — X is unique. Suppose that we have two such maps ¢; and 2. We
again proceed in two steps.

« We use the universal property of X x Y. Note that

px = (mxe)pe = mx(eps)  andpy = (Tye)ps = Ty (eps),
so both morphisms ey, are the needed unique morphism W — X x Y. So we see ep; = egs.

« We use the universal property of E. Note that

(frx)(eps) = f(mxeps) = fox = goy = g(Tyeps) = (gmy)(eps),

so the universal property of E forces there to be a unique map ¢ such ep = ep; = eps. But of course,
1 and 9 are such maps ¢, so p1 = 5 follows.

This finishes checking that E is universal. |

Remark 4.41 (Bryce). As Bryce would like to point out, the existence proof might look like it shows that
¢ is unique immediately—we did use two uniqueness results, after all—but some care is required.
Namely, we only know that the morphism ¢ is the unique morphism commuting with ¢ and then hap-
pens to make the diagram commute, so ¢ might not be unique making the diagram commute.

Remark 4.42 (Bryce). It will turn out that all limits can be realized as equalizers of products.

4.4.4 Directand Inverse Limits

We close lecture with two definitions.

Definition 4.43 (Direct limit). A direct limit is a colimit of the poset category N. In other words, a direct
limit is a colimit of a diagram of the following form.

Ao Ay Az
Intuitively, we can think of direct limits as ascending unions.

Definition 4.44 (Inverse limit). An inverse limit is a limit of the poset category N°P. In other words, an
inverse limit is a limit of a diagram of the following form.

Ao Ay As

Dually, we can intuitively think of inverse limits as a descending intersection.
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4,5 March18

Once again, these notes were transcribed from Rhea’s notes. Thank you, Rheal!

4.5.1 Directand Inverse Limits

We continue where we left off with direct and inverse limits. We recall our definitions.

Definition 4.43 (Direct limit). A direct limit is a colimit of the poset category N. In other words, a direct
limit is a colimit of a diagram of the following form.

Ao Ay As

Definition 4.44 (Inverse limit). An inverse limit is a limit of the poset category N°P. In other words, an
inverse limit is a limit of a diagram of the following form.

Ao Ay As

It is reasonable to ask why, say, we take the colimit over N instead of the limit. Here is why.

Exercise 4.45. Fixa functor F' : N — C. Then the limit of the diagram F'is F0, where the maps F0 — F'n
are the induced ones.

Proof. For concreteness, we will let the morphism i — j in N be denoted (i — j). As usual, we begin
by restating what it means for a cone to have apex ¢ over our diagram F'. In particular, the cone has data
consisting of the object L and morphisms ¢,, : ¢ — F(n) such that the following diagram commutes.

C
N
@M )
N
FO F1 F2

on = F(0 — n)po

In other words, we require that

for each n € N. Thus, we can retrieve the data of ¢,, from merely knowing g, and these data are unique
determined. And conversely, from merely knowing g, we can set ¢,, := F(0 — n)po to get over F with
apex ¢ because (x) commutes for free.

As such, we claim that the limit of this diagram is F0, with g := idro. Indeed, suppose that we have
some cone over F with apex ¢, and we need to induce a unique morphism ¢ : ¢ — F0 such that the following
diagram commutes.

FO F1 2

Well, for the diagram to commute, we need idzg ¢ = g, SO = ¢ is forced. And certainly ¢ = ¢q will work
because it has

©n =F(0 —=n)pog = F(0—n)p
forany n € N, which is what we wanted. This finishes. |

So limits over N are not very interesting, but colimits under N (i.e., direct limits) are, which are why they get
a fancy name.
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4.5.2 Pushouts

We are obligated to spend a few words saying that there is a dual to Definition 4.37.

Definition 4.46 (Span). A span is a diagram of the following form.

A—— B+—C
Equivalently, a span is the image of the following index category.

o —— 0 {— @

Definition 4.47 (Pushout, fibered coproduct). A pushout is a colimit of a span, labeled as follows.

The right angle next to B @ 4 C signifies that this is a pushout.

As before, we have a warning that B @ 4 C depends on the morphisms f and g, even though these are not
communicated in the definition.

The story for pushouts is exactly dual to the story for pullbacks, simply by placing everything in the op-
posite category. For example, as suggested, a cone under a span with nadir X merely needs the data of
pc : C — X and pp : B — C with the coherence condition

¢Bf = ¢cy
because this morphism should be equal to ¢ 4 and will cause the needed diagram

A2
N
fl pa l@c
~
B — X
YB
to commute. This explains why we only drew two arrows in Definition 4.47.
As such, we can provide a wordier version of the universal property for pushouts via the universal prop-

erty for colimits: fix any object X with morphisms ¢y : B — X and ¢¢ : C — X such that the following
diagram commutes.

A2

e

B— X
¥B
Then there is a unique morphism ¢ : B @4 C — X which makes the following diagram commute.

A—2 0o

|l

B 25 B®,C
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Remark 4.48. It is possible to have both a pullback and a pushout in the same square. For example,
consider the following diagram in Set.

AnB —2 3 B

4
TA LB
r

A——— AUB

Now, we see that A N B is the pullback in this diagram via our computation in Exercise 4.39. We will
not show that A U B is in fact the pushout of this diagram, but it is true; roughly speaking, this is the
coproduct A LI B modded out by identifying tama = tp7p.

Example 4.49. We work in Ab. Then, working in the standard pushout diagram, we set

BoC
((f(a),0) = (0,9(a)) : a € A)’

Then this is our pushout, as in the following diagram.

BoyC =

A—2 ¢

l

B 243 BosC

This diagram commutes essentially by construction, and it is universal basically because we have mod-
ded out by the smallest amount possible in order to make this diagram commute.

4.5.3 Hom Sets of (Co)products

Fix Z some discrete category and A : Z — C some functor. As we discussed when talking about coproducts,
a cone under A with nadir X will contain the data of morphisms

for each i € Z, and there are no commutativity conditions here because Z has no non-identity morphisms.
Now, suppose that we have a coproduct object [[,.; A; equipped with ¢; : A; — ], ; A;. Then, given
an object X with a morphism f : [, ; A:, we can generate a tuple of morphisms

€T

f € Mor (H A“X> — {sz A — X}iEI € HMO].”(A,“X)

i€ €T

However, because of the data of the morphisms f; : A; — X makes a cone under A4, it seems like we can
reverse the map.

Proposition 4.50. Fix a discrete category Z and a diagram A : Z — C. Further, let [ |
product of A equipped withinclusions ¢; : A; — [, .7 As.
Then there is a (canonical) isomorphism

Mor (H AZ-,X> = HMor(Ai,X).

i€l i€l

;e Ai be the co-
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Proof. The forwards mapis f — {fi;}icz, as discussed preceding the statement. We call this map ¢.

To show that ¢ is an isomorphism, we give it an explicit inverse. Well, given some tuple {f;}icz €
[I;cz Mor(A;, X) provides the data of a cone under A with nadir X: indeed, we only need the morphisms
fi + A; — X to have a cone. Then the universal property of the coproduct (!) promises a (unique) morphism
[ : Il;ez — X making the following diagram commute.

A;

5| N ()
*

ie]_!Ai — X

So we have generated a morphism f : [[,.; A; — X. We call this map ¢ ({fi}icz)-
It remains to show that ¢ and ) are mutually inverse. We run the checks independently.

« We show ¢ is the identity. Well, we start with {fi}icz € [[;cz Mor(A;, X). Then f == ¢ ({fi}iez) is
chosen to make (x) commute. In particular, we are told that

o(f) ={fuitiecz ={fitiez
by construction of f. This finishes.

« We show 9 is the identity. This time we start with f : [],.; A; — X. Then ¥(¢(f)) is the unique
morphism g such that

gui = @(f)i = fu

for each i € Z. But we see that f will work here, so g = f follows, finishing.

The above checks do witness ¢ and ¢ to be isomorphisms. |

Remark 4.51. In fact, the isomorphism in Proposition 4.50 is natural in X as well as A, for suitably de-
fined notions of natural.

Of course, there is also an analogous story for products, by reversing all of our arrows.

Proposition 4.52. Fix a discrete category Z and a diagram A : Z — C. Further, let [],.; A; be the co-
product of A equipped with projections 7; : [ [, .7 A: — Aj.
Then there is a (canonical) isomorphism

Mor (X, HAZ) = 1_[1\/101“(X7 A).

i€l i€l

Proof. We argue by duality. Moving all objects into C°P turns the product into a coproduct, so we are looking
for an isomorphism

Mor (H A?p,X"p) = 1_[Mor(A?p,XOp)7
i€z ieT
which is exactly Proposition 4.50. Then, from this isomorphism, we merely have to push back from C°? to C

to get the result.
We spend a moment to unravel this isomorphism. Note that

op
(Hf”) =14
€T i€L
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where our new inclusion morphisms are 7" : A7" — [[,c; A7". Now, given f : X — [[;.; A;, the isomor-
phism in Proposition 4.50 yields

(P rPYier € [ Mor(X°P, A7),
1€T

which then comes back to
{mif}ier € [ Mor(4;, X).

i€
This finishes. We quickly remark that we could also just use the above mapping to argue more directly by
the universal property of products, merely imitating the proof of Proposition 4.50. |
4.5.4 Surjective Projection Maps

We close lecture with an application of the ideas in the previous subsection.

Theorem 4.53. Fix C be a category such that Mor(A, B) # & for each A, B € C. Further, fix a discrete
category Z and adiagram A : 7 — C, and suppose that we have a product [ ], A; with projection maps

T HA,L —)Aj.

i€l

Then these morphisms 7; are split epimorphisms.

Proof. Fixsome j € 7, and we show that 7, is a split epimorphism. The point is to manually create a lifting
morphism from A; to [ [, As.

Well, for each k € J, we find some 7, € Mor(4;, A;) (which exists by hypothesis on C), and we will
further require that 7; := id4,. The point is that we are promised that the following diagram commutes, for

anyk e 7.
A; - T A
i€L
ol
A

Thus, as shownin the above diagram, we are promised some morphism : [, A; — Aj suchthatnm, =
foreach k € 7. In particular, we see that
nmy =1, = ida,,

so we have manually split ;. [ |

Remark 4.54 (Nir). | am under the impression that we needed some strong form of choice to choose all
the morphisms 7;.

Remark 4.55. Arguing by duality, Theorem 4.53 tells us that the inclusion morphisms of a coproduct
are split monomorphisms.

The condition that all morphism sets are nonempty is not actually very strong.

Example 4.56. The category Set_z of nonempty sets has all nonempty morphism sets. Thus, the pro-
jection maps from a product of nonempty sets will all be split epimorphisms.
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Example 4.57. Similarly, the category Grp has all morphism sets nonempty because any two groups G
and H have the trivial morphism ¢ : G — Hby v : g — eg.

Corollary 4.58. Fix C a concrete category with faithful functor U : C — Set. Further, fix a diagram

A:T — Cover adiscrete category Z with a product [ [, ., A; with projection maps

Ty HAz — Aj.
i€l

If UA; # @ for each 4, then the maps ; are epimorphisms.

Proof. Fixsome index j € Z. Because all the A; have UA; # &, we see that the induced map
Ur, : [JUA: - UA;
i€z

is a split epimorphism (and in particular, an epimorphism) by Example 4.56.
So to finish, it suffices to show that faithful functor will pull back epimorphisms to epimorphisms, which
we siphon off to the following lemma.

Lemma 4.59. Fix U : C — D a faithful functor. If r : A — B is a morphism in C such that Ur is an
epimorphism (or monomorphism), then 7 is also an epimorphism (or monomorphism).

Proof. We show that 7 is an epimorphism; the other case follows similarly or by arguing by duality. Suppose
that we have an object X with morphisms f, g : B — X. We want to show that f7 = gr implies f = g. But
now, we see that

U(HU(r) = U(fm) = Ulgr) = U(g)U(x),

so because U is an epimorphism, U f = Ug follows. However, U is faithful, so we get f = g, finishing. W

Remark 4.60 (Nir). | do not think that we can strengthen Lemma 4.59 to making 7 a split epimorphism
if U is an epimorphism. For example, the subcategory C

{1.2} —— {1}

of Set will embed via a faithful functor U : C — Set, upon which Ur will be a split epimorphism. How-
ever, 7 itself is not a split epimorphism because this category has no morphism {1} — {1, 2} atall!

The above lemma finishes the proof. |

In other words, we see that, in concrete categories, products of nonempty objects will have surjective projec-
tion maps. Arguing by duality, we also see that coproducts of nonempty objects will have injective inclusion
maps.

4.6 March28

Welcome back from spring break. We are still doing limits.
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4.6.1 Complete Categories
To talk about limits more concretely, we will want to make our categories nicer.

Definition 4.61 (Complete). A category C is complete (cocomplete) if and only if C has all small limits.
In other words, each diagram F' : 7 — C for J small has a (co)limit.

Remark 4.62. One can more generally talk about diagrams with index category that is not small.
The reason we are asking for only small (co)limits is for moral size reasons.

Theorem 4.63. A category C with products indexed by Mor C is a preorder.

Proof. Fix any two morphisms f,g : a — bin C. We would like to show that f = g, so suppose for the sake
of contradiction that f # g. Well, we are granted a product

p = H b
heMor C

in C, with projection maps 7, : p — b.
But now consider morphisms from a to p. The issue here is that

Mor (a, H b)g H Mor(a, b).
heMor C heMor C

Comparing sizes, there are at most Mor C morphisms on the left and at least 2M°"¢ morphisms on the right.
So the right is strictly larger than the left, finishing. [ |

Remark 4.64. It is not obvious that MorC is strictly smaller than 2M°*¢ because Mor C might not be a
set, but such is life. Bryce muttered something about inaccessible cardinals, but | am not a set theorist
and therefore did not record it.

Corollary 4.65. All complete small categories are preorders.

Proof. This follows from the preceding theorem and the definition of complete. |

Let’s try to give a more nontrivial example.

Proposition 4.66. The category Set is complete.

Proof. Fix adiagram F': J — Set. For our limit, we will simply define
L := Cone(x, F)

to be the set of cones over F' with apex *; note that there are no size issues because this is a subset of product
of all Mor(x, F7) foralli € J, which is okay because J is small.
For our projection maps, we define \; : L — F} by

Aj(p) = pi (%),
where this makes sense because p : « = F has p; : * — F'j, so we can extract out our element by 1 (x).
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Quickly, we verify that we have defined a cone ) : L = F. Namely, for any morphism f : i — j, we need
to show that the following commutes.

L
2N
) )
Fi —>Ff Fj
For this, we diagram-chase on our elements. Namely, we compute

(Ff)Xi(p) = (Ff)pi(*) = ps(+)

because the 11 we picked up is a cone already. But now this right-hand side is (F'f); (1) by hypothesis.
We now show that A : L = F'is our limit cone. Well, pick up any conen : X = F, and we need to induce
a unique morphism ¢ : X — L making the following diagram commute.

X

L \" (1)

ZERNN

. .
Fi —>Ff Fj

Well, given z € X, we need to define ¢(z) to be a cone, which means that given j € 7, we need a morphism
¢(z); : *x = Fj. Looking around, the only morphism of this form that we have is

@(x);(x) = n;(x).
To check that ¢ is a cone, we need to run the check, forany f : i — jin J, we have
(Ef)e(@)i(*) = (Ff)mi(z) = n;(x) = ¢(x);(+)

by using the fact that 5 is already cone.
We now show that the diagram (1) commutes. Well, we have, forany z € X,

Ajp(x) = @(x);(x) = n;(x)
by definition of A\; and ¢ (x).
It remains to show that ¢ is unique. Well, suppose that we have a morphism ¢ : X — L making (1)

commutes so that ;i = n; everywhere. Well, for any 2 € X, we need to verify that ¢ (z) = ¢(x), which
means that for any j € J, we need to verify that

because ¥(z);, ¢(z); : * = Fj. However, by hypothesis, we have

() () = A\jpp(x) = n;(z)

by hypothesis on our commuting, so we see that ¢ is in fact forced. |

4.6.2 Limits through Functors

It's definition time!
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Definition 4.67 (Preserves, reflects limits). Fix a diagram K : J — C and a functor F' : C — D.

« The functor F preserves limits if and only if a limit cone A : L = K in C gives another limit cone
FX:FL— FKinD.

» The functor F reflects limits if and only if a limit cone FA : FL — FK in D promises another limit
coneA: L= KinC.

Here is the image for these two properties.

C F D
preserves ———>
reflects FL
/ \ Fy \m
- . .
Ki X7 Kj FKi KT FKj

And here is one more definition.

Definition 4.68 (Create limits). Fixa diagram K : J — C and afunctor F' : C — D. Then F creates limits
if and only if F' already reflects limits and any a limitn : d = FKinDinducesalimit A : L = KinC such
that F\ = 1.

Essentially, having a limit in D allows us to bring the limit upwards to C. This is different from reflecting
limits because reflecting limits already assumed that we had the objects present in C already while creating
limits conjures the objects for us.

Remark 4.69. There are also dual notions for all the above definitions by adding the prefix co- every-
where.

Here is a quick result to get some practice with these words.

Proposition 4.70. Fix a functor F' : C — D which creates limits for some class of diagrams in C. Further,
suppose that D has limits for these diagrams. Then C has limits for these diagrams, and F will preserve
these limits.

Proof. Fixadiagram K : J — C. Then FK hasalimitn : d = FIC, which because F' creates limits will go up
toalimitA:c= KinC.

It remains to show that F' preserves the limit of K. We already know that F' will preserve the limit A
because we lifted by hand (and so A will go down to 7)), so suppose that we have some perhaps distinct limit
u: ¢ = KinC. Then the uniqueness of limits promises us a unique isomorphism ¢ = ¢’ which commutes
with the various legs in A and y, so it follows

Fu~F\=mn,
so F still preserved our limit u going to 7. |

We close by stating a few results.

Proposition 4.71. Fully faithful functors reflect limits and colimits.

Proof. This is supposedly on the homework. |
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Remark 4.72. The functor need not create limits or colimits. Intuitively, this is because a fully faithful
functoris merely an embedding, so the codomain category might have lots of space elsewhere for limits
that our embedding does not hit.

Proposition 4.73. Equivalences preserve, reflect, and create all limits and colimits.

Proof. We leave this as an exercise. [ |

Remark 4.74. Philosophically, this is good because we expect equivalent categories to be “the same”
and so they should have the same limits and colimits, for a good notion of same.

4,7 March30

We continue rolling.

4.7.1 More on Functors through Limits

We add a new definition.

Definition 4.75 (Strictly creates limits). A functor F' : C — D strictly creates limits for some class K of
diagrams if and only if a diagram K : 7 — C in K with limit cone i : d = F K in D has the following.

« Thereis a unique lift of u to C to a cone over KinC.

« The lift of p is a limit cone.

This is different from merely creating limits because of the uniqueness.
And now a result.

Quote 4.76 (Bryce). Any time | use the word “small,” it's kinda sloppy.

Proposition 4.77. Fix A a small category and some category C. The forgetful functor
U : Fun(A,C) — Fun(Ob A, C)

strictly creates all limits and colimits that C admits. In fact, the lifts are computed pointwise: given
a € A, thenev, : Fun(A,C) — C sending F — Fa preserves limits and colimits.

To elaborate, Ob A C A is the subcategory of .4 where we have forgotten about all the non-identity mor-
phisms.

Proof. We kinda just do it. We note that

Fun(ObA,C) = [] ¢
Ob A

in the nicest possible way because we are approximately thinking about a functor from a discrete set of C as
just a Ob A-indexed tuple of things in C. These are pretty much literally equal. Here are our projection maps
7, are pretty much evaluating the functor ev, along Ob A.
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Now, fixadiagram K : J — Fun(A,C) suchthatev, K : 7 — C hasalimitforeacha € A. In otherwords,
we are working in the context of the limits that C admits. As such, we get lots of limit cones. Type-checking
everything through, we have a diagram that looks like the following.

limev, K

2N

€Vq Ki [SAV KJ

Namely, this is a limit taking place in C that we asserted C should admit. We want to lift this upwards to get
a limit for K. Namely, we want a functor

limK: A—C.
Well, we simply define our behavior on objects by hand as
(lim K)(a) := limev, K.
This verifies that we are lifting pointwise because (lim K)(a) = ev,(lim K), so we are really just concerned
with showing the uniqueness of our lift.
To continue assembling our data, for f : a — bin A, we need

(lim K)(f) : (lim K)(a) — (lim K)(b).

In particular, we are exhibiting a morphism as follows.

limevy, K ---------- 3 limevy K
,\;l Pf‘
evg Kj ----- % Jf(*f*)*"” evy K

We can exhibit a map along the bottom objects because ev, K; = K;(a) and evy, K; = K;(b), so we have
some morphism of K;(f) of the bottom objects. Then this will induce a unique map upstairs

limev, K — limev, K

by the universal property of our limits. We call this map (lim K)(f), and it will turn out to be functorial. To
be more explicit, the composite maps

AC
limev, K = limev, K; K; (f) — limev, K;

make a cone, which will induce the desired morphism.
For a taste, let's show that (lim K)(id, ) is still the identity. The main point is that the following diagram
commutes.

idlim evy K

limevy K ---—-—---%-- » limev, K
x| |
€V, Kj ************* > €Vg Kj

K;j(ida)=id K (a)

In particular, the bottom objects are pretty much equal because their morphisms are the identities. Thus,
the map above limev, K — limev, K is unique, and idjiy, ev, xk Works, so we are done.

Lastly, we talk about uniqueness. Essentially, by the uniqueness of the rest of our universal properties,
we can back-solve for what our functor lim K should have been the entire time. [ ]
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4.7.2 Limitsin Set
We continue.
Theorem 4.78. Fix any diagram F' : J — C. Then we claim there is a natural isomorphism
Mor(z, li}n F) = li}n Mor(z, F')
in Set.
Roughly speaking, this is a superpowered version of Proposition 4.52.
Proof. Backin Proposition 4.66, we showed that we can construct a limit of a diagram K : Z — Set by

li%nK = Cone(x, K).

In particular, we have a natural isomorphism
li}n Mor(z, F') = Cone(x, Mor(z, F)).
As such, we claim that
Cone(x, Mor(z, F')) = Cone(z, F).

For this, we take a cone A : ¥ = Cone(x, Mor(z, F')) and recover a morphism \;(*) : « — Fj, which we claim
will assemble to a cone in Cone(z, F'). To check the coherence, we pick up a morphism f : 4 — j and check
the naturality square as

(FFN() = Aj(5),

which is true because A was already a cone.
In the other direction, we take a cone i1 : x = F. We can then define the cone

w' = Mor(x, F)

by sending u;(*) := ;. These maps will be inverses, and we will get naturality by elbow grease.
Synthesizing, we now have an isomorphism

li}n Mor(z, F') = Cone(x, F').

But now this is isomorphic to
Mor(z, li}n F)

because morphisms from z to the diagram to F are the same as morphisms from z to lim 7 F. |

Remark 4.79. We cannot talk very well about

Mor(lim F) x)
J

because it is hard to map out of limits. On the other hand, it is true that

Mor(colim s F,y) = li}n Mor(F, y)

by believing very hard.

And now let’s see an example because Bryce is feeling benevolent.
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Example 4.80. Iterated products of an element a € C are called powers. The above fact gives

Mor (X,HA) = HMor(X, A).

We close with a last result.

Corollary 4.81. The covariant representable functors Mor(X, —) : C — Set inC.

Proof. This follows directly from the previous result, where preservation of limits requires some notion of
naturality given in the previous proposition. |

4.8 Aprill

Unsurprisingly, we are not having discussion today.

Exercise 4.82. In Set, we provide a nice isomorphism Mor(A, BN C) and Mor(A4, B) N Mor (4, C).

Proof. Note that we have a pull-back square as follows.

BNnC —— C
| |
B — BUC

Passing through Mor(A, —), we have the following diagram, which is still a pull-back diagram by Theo-
rem 4.78.

Mor(A, BN C) —— Mor(A4,C)
Mor(A, B) — Mor(A4,BUC)

As such, we get a more or less canonical isomorphism

Mor(A, BN C) = Mor(A, B) N Mor(A4, C).

4.8.1 Limits through Representable Functors

Last time we were talking about the following result, which we restate and add to.

Theorem 4.83. Fix a locally small category C.
(a) Covariant representable functors preserve limits.

(b) The (covariant) Yoneda embedding & : C — Fun(C°P, Set) preserves and reflects limits.

Proof. Note that (a) is essentially Theorem 4.78. It remains to show (b). For one side, note that & reflects
limits because it is an embedding.
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It remains to preserve limits. Suppose that we have a diagram F' : 7 — C with a limit in C. We need to
show that
X (lim F) 2 lim & (F).
J T

We provide an isomorphism on the corresponding diagrams. So we pick up n object X € C, and we see that
lim F')(X) = Mor(X, lim F
X (i F)(X) = Mor(X,lim F)
by tracking through Theorem 3.19 through. Now, by part (a), we see
Mor(X, li}n F)x~ li}nMor(X, F)= li}n((J:(F))(X)).
However, we showed that limits are computed pointwise back in Proposition 4.77, so
lim(( % (F))(X))  (lim £ F)(X).

This completes checking our isomorphisms of objects. Tracking through the naturality everywhere, we get
to say the same thing for morphisms, finishing. [ |

Quote 4.84 (Bryce). Can | say the whole thing is trivial? No, part of it is trivial.

As usual, there is a dual story. Namely, we have
Mor(co};m F, X) = Cone(F, X)
by the universal property of colimits. However, working in Set, we can take opposites to get
\1}{2 Mpr(F, X) = Cone(*, Mor(F, X)) = Cone(F,C).
This is not quite the colimit we want because the colimit wants to work with cocones, not with cones, so

flipping J is not doing the right flip.
Anyway, working with the dual gives us the following statement, which is completely dual.

Theorem 4.85. Fix a locally small category C.
(a) Contravariant representable functors preserve colimits.

(b) The (contravariant) Yoneda embedding & : C — Fun(C, Set) preserves and reflects limits in C°P.

Note that we are talking about limits in C°P because of the flipping of the diagram we just described.

4.8.2 Computing Limits

We would like to compute limits. So let’'s compute limits.

Theorem 4.86. Fix a diagram F' : 7 — C. Then lim 7 F exists if and only if the equalizer of cand d in the
diagram
F(cod h)

Jo— s [1Fi Za= ] Fleodf)

JEIf f€Mor J

Tdom h,l J{Trf

F(dom h) — F(codh)

exists, in which case the limit is this equalizer. Here, cis induced as a map from the top product diagram,
and d is induced as a map from the bottom product diagram.
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Remark4.87. Thus, checking if a category is complete reduces to checking that we have (small) products
and equalizers.

Proof. We first show this in Set. By tracking the diagram through, we have

C(xj)jej = (xcodf)fGMorjv

by looking at what we should do with 7 and tracking the commutativity of the diagram. Similarly,

d(xj)jej = (Ff(xdomf))fGMorjv
which we can again track through some particular 7 projection map. Now, we can compute

li;nF:Cone(*,F):{)\:*iF}.

In particular, we are dealing with some subset of [ [, ; Fj, which we want to track through to be an equal-
izer. So in one direction, let x : * = I be a cone; then f € Mor 7 will need to have
Ff(xdomf) = Tcodf,

which is exactly the equalizing condition we need because of our construction of ¢ and d. We can track this
backwards to describe a cone from this equalizing condition, so we are done with this case in Set.

We now show the general case. In one direction, suppose that an equalizer E of our diagram exists.
Applying the covariant Yoneda embedding & : C — Fun(C°P, Set). In particular, pushing through Mor(—, E),
the fact that we preserve limits gives us the following diagram.

Mor(—, E) ----- » Mor (—, H Fj) — 57 Mor (—, H F(codf))

S fEMor J

Pulling out the products, we get a diagram that looks like the following.

Mor(—, E) ----- > H Mor (,Fj) :;: H Mor (,F(codf))

jeT fEMor J

Drawing in the big diagram, our ¢ and d morphisms which we induced are precisely the cand d we need from
the case of Set. In particular, because X reflects limits, this last limit is

lim X F,
J

which is what we wanted after pulling the J outside and using the fact that we have an embedding.

For the other direction, we just run the entire argument in reverse, starting with the limit, pushing it
through X, viewing that as the equalizer in Set, using the fact that J reflects limits to pull back the equalizer
to the original category, finishing. | will not write this out because | only understood it for the five seconds
after Bryce explained it. |

There is also a dual story, as follows.

Theorem 4.88. Fix a diagram F' : J — C. Then colim s F exists if and only if the coequalizer of c and d
in the diagram

F(codf) Z52 T Fj -—-- y E
I i

f€Mor J jeT

exists, in which case the limit is this equalizer. Here, c and d are induced analogously as previously.

Proof. Duality. |
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Corollary 4.89. The categories Set and Grp and Ab and Top and Vecy, are all complete and cocomplete.

Proof. We run down.

Set is complete because it has products (products) and equalizers (equalizers).

Set is cocomplete because it has coproducts (disjoint union) and equalizers (take a quotient).
+ Grp is complete because it has products (products) and equalizers (weird kernel things).

« Grpis cocomplete because it has coproducts (free products) and coequalizers (weird quotient things).

Ab is complete because it has products (products) and coequalizers (quotient things).
+ Abis cocomplete because it has coproducts (direct sums) and coequalizers (kernel things).
+ The story for Vec is the same as Ab.

« Top is complete because it is pretty much the same as Set.

This finishes. [ ]

4.9 April4

Chris is back!

4.9.1 Elementsin Categories

Fix a concrete category C with its forgetful functor U : C — Set.

Example 4.90. In Set, we can view elements = € X for a set X as morphisms from {x} to X.

Example 4.91. In Grp, we can view elements g € G for a group G as morphisms from Z to G, by essen-
tially tracking where 1 goes.

Can we work more generally?

Non-Example 4.92. In FinGrp, there is no way for this to occur. Roughly speaking, we are asking for
Mor(T, —) ~ U, but this functor U need not be representable.

It turns out that there is no way to make this precise for general categories. As such, we have the following
definition.

Definition4.93 (Generalized element). Fixaterminal object T'in a category C. Then we calla generalized
element of an object X to be amorphismT — X. More generally, a generalized element of shapeY € C
isamorphismY — X.

It turns out that arguments about elements can often be (philosophically) transformed into arguments about

generalized elements.
We are feeling benevolent, so here are some examples.
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Example 4.94. Fix morphisms f, g : A — B. We can translate the statement
f=9g <= f(x)=g(x)forallac A
into asserting that
f=9g < fr=gxforallz: X — A.

To see this that this is true, we note the forward direction is by substitution, and the reverse direction
is by setting X = Aand z = id4 so thatwe aretold f = fz = gz = g.

Example 4.95. A morphism f : A — B is a monomorphism if and only if, for each object X, we have
fg= fhforg,h: X — Aimplies g = h. This is merely saying that fg = fh for “generalized elements,”
which correctly generalizes our notion of injectivity.

Non-Example 4.96. A morphism f : A — Bisan epimorphism if and only if, for each object X, we have
gf = hfforg,h: B— X implies g = h. This does not look like surjectivity for sets: we would be asking
that any morphism g : X — B has a morphism i : X — A making the following diagram commute.

This is a fairly strong condition.

4.9.2 Sheaves

For our next example, we define a sheaf.

Definition 4.97 (Presheaf). Fix a category C. A D-valued presheaf on C is a contravariant functor C°? —
Set. If D is omitted, we will assume that D = Set.

To define a sheaf, we need to talk about topological spaces, which is made of a set X and a topology 7.
Then we have a category O(X), which is a preorder by the containment of open sets; i.e., we have exactly
one morphism U — V foropensets U,V C X ifandonlyif U C V.

In particular, given a presheaf F : O(X)°P — Set, we see that U C V induces a morphism F(V) — F(U),
which we callrestriction because we will think about this as restriction of functions. We willdenote f € F(V)
asgoingto f|y € F(U); thereis noambiguity to the morphism (V') — F(U) because the morphismU — V/
is unique.

Now, here is our definition.

Definition 4.98 (Sheaf). Fix a topological space (X, T) to pick up a presheaf F' : O(X)°P — Set. Then F'
is a (Set-valued) sheaf if and only if it satisfies the following extra conditions.

« Locality: fix an open set U and an open cover {U, }aex- If flu, = glu, forall o, we have f = g.

« Gluing: fix an open set U and an open cover {U, }cx. If we have local elements f, € O(U,,) such
that folv.nus = fslu.nu, forall o, B € A, then there is a global element f € O(U) such that
flu., = fa foreach a.

Visually, locality is saying that an open cover of an open set U can completely determine an element of V.
Here is the image.
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Now, if we have two elements f and g we are equal on the entire open set, then locality requires that f = g.
Gluing is roughly saying that if we have a family {f,}acx on our open cover in such a way that we restrict
properly to intersections, then we can glue our elements together.

Example 4.99. Given topological spaces X and Y, we can define the sheaf of continuous functions X —
Y by taking an open set U C X to the set of continuous functions O(U) from U to Y. This satisfies
locality and gluing somewhat intuitively.

« Locality: if two continuous functions are equal when restricted to an open cover, then they are
equal as functions: simply track where all the elements go.

» Gluing: continuous functions can be built up from local functions if they agree on intersection.
This is called the pasting lemma.

Here is an alternate definition of sheaves.

Definition 4.100 (Sheaf). Fix a topological space (X, T') to pick up a C-valued presheaf F' : O(X)°P? —
Set. For any open set U C X with open cover {U, }ac, the morphism

FU) = [[ FUa)

aEA

can be induced (component-wise) by the restriction morphisms 7(U) — F(U,,). By restricting further,
we can build two maps

Tresar Tresp | | F(Ua) = [[ [ FWanUs)

DN aEX BEA

by taking { fo }aex by either going to myes o @ { fataer = falvanus OF Mresa : { fataer = folu.nu,s- Now,

F is a sheaf if and only if

res &

FU) — 70— T I FWanUp)

Q€A resB el BEN

is an equalizer diagram.

We would like to show that our second definition correctly generalizes the first definition in the case where

C = Set.
Indeed, suppose that F : O(X)°P — Set is a sheaf in the first notion. Then, to show that we have an
equalizer diagram, we first show that the following diagram commutes.

res «

—=
FU) — [ FUa) [T II 7Wanus)
Q€N resfB qeX BeA
In the case of functions, pick up some f € F(U), and which goes to

{f|UQ}aE>\
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in the middle. Then tracking through res « and res 3, we are asking for

fvalvanvs = fluglvanu,-

However, this is true by functoriality. This kind of argument holds more generally, even if we are not talking
about a specific function f € F(U).
We now show that we have an equalizer diagram.

X

|
1
|
‘ \
2 res o

L E—
FU) —— [[ FU.) II I FWanuys)
aEX resB el BeEN

In particular, we are more or less granted an infinite tuple of morphisms {f,}aex from f, : X — F(Uy,).
The gluing axiom, now, looks like the existence of the induced map above. In particular, requiring that
Jalvanus = fslu.nus, which is the hypothesis for gluing, and then we get a full f : X — F(U) such that

u(f) = {flu. taex restricts as fo = flu.-
The locality axiom is the uniqueness in the equalizer diagram. Namely, if we have two such morphisms

fig : X — F(U) such that .f = .g, then the uniqueness of the diagram forces f = g. This translates
precisely into saying that f|y, = g|u, forany aand g forces f = g, which is what locality wants.

4.10 April6

Today is almost the last day of discussing limits.

4.10.1 Limit Functoriality
We begin by talking about functoriality of limits.

Proposition 4.101. Fix a category C with all limits of shape J. Upon choosing a limit and associated
limit cone for each diagram J — C defines the action of objects of a functor

li}n :Fun(J,C) — C.

Proof. As promised, for each F' : J — C, we choose the limit cone A : limy FF = F. For the resulting
argument, we need three diagrams F, G, H with cones A, ui, n over F, G, H respectively.

We know lim 7 is supposed to do on objects, so we pick up a morphism « : F' = G and take it to a
morphism of limit objects. Well, note that we can consider the composite of natural transformations

limF 3 F 3G
J
In particular, this cone over GG induces a unique arrow
lim /' — lim,
J J

which we suggestively call lim 7 «. It remains to run our functoriality checks.

« ldentity: we check lim 7 idp = idjjm_, 7. We have the following diagram.



4.10. APRIL6 174: CAT. THEORY
If we place idiim , 7 on the top arrow, then the diagram commutes, so we conclude that
H}n idp = idjim, 7

by uniqueness.

« Associativity: given morphisms a: F = G and 8 : G = H, which looks like the following diagram.

lim F ----- y IimG ----- y lim H
J J J
b

F — G 3 H

This diagram commutes, so the arrow lim 7 F' — lim 7 H can be made (lim 7 8)(lim s &) or (lim s fa),
so they are the same by uniqueness.

This finishes our functoriality check. |

Remark 4.102. We might be able to have lim 7 output into cones instead of C, but we won't bother.

Remark 4.103. We have to choose all the limit cones in advance, which is somewhat annoying.

4.10.2 Limits of Limits

We also talk a little about limits of limits. Note that a functor F' : Z x J — C more or less induces two
different functors
F:7 — Fun(J,C)

by taking i € T to the functor j — F(i,j). If we wanted to be careful, we would note that we should send
morphisms f : j — j' to F(id;, f).

Remark 4.104. Formally speaking, we are kind of saying that
Fun®(Z x J) ~ Fun®(Z, Fun(J7,C)).
So the category of categories is Cartesian-closed. | only wrote down that sentence for its meme value.

Anyway, here is our statement.

Theorem 4.105. Fix a locally small category C. If the limits

bl G and T F0
@ res) and i inres)

exist, then they isomorphic and isomorphic to limzy 7 F.

Formally, we are viewing the limit
lim L F(.
0 )
as first taking the limit of F' over J (viewing F as a functor from 7 to Fun(Z,C) and then taking the limit
resulting limit over Z.
We start with some motivating exercise.
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Exercise 4.106. We draw the diagrams for equalizers commuting with pullbacks.

Proof. Consider the following two categories.

T L R—
J o — > e <— o

Then the product can be realized as follows.
[ ]
N
e —— o [ ]
o« — o

There are a few ways to compute this limit.

« We might take the limit over the two copies of 7 first (i.e., take the pullbacks first), which with our two
limits will end up looking like the following.

N

Then we can compute the limit over this diagram.

+ We might take the limit over each of the three copies of Z first (i.e., take the equalizers first), which
will give us a diagram that looks like the following.

Then we can compute the pullbacks here.
The theorem is saying that the two ways to compute the limit actually coincide. |
Anyway, here is the proof of our theorem.

Proof of Theorem 4.105. By Theorem 3.19, it suffices to show that
Mor (X,limlimF) = Mor (X, lim F)
rJ IxJ

naturally. We will show the left isomorphism, and the other one follows by symmetry.
Further, taking the limits out of the morphism sets, we can assume that everything is in set, where we
know how to compute limits already. In particular, using the construction in Proposition 4.66, we have

lim F' = Cone(x, F') and lim lim F' = Cone <>)<, lim F(—,j)) ,
IxJ Iz J JjeET

where the second is by tracking what F' means in this case. Explicitly, lim;c 7 F(—, j) isa functorZ — C. We
construct these isomorphisms by hand.
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» We construct a morphism
¢ : Cone(*, F') — Cone <>|<, lim F(,j)> .
€T

Well, picking up a cone X : * = F, we see we are asking for a collection of morphisms

)\7': li F','
(N * = lim (4,7)

foreachi € Z. As such, fix some ¢ € Z. Now, the cone X promises us morphisms \; ; : * — F'(4, ). In
particular, j — A(; ;) gives us a cone which looks like the following.

77777777 i F(i. 4
* > lim (4,7)

/\i,jﬂ /

F(i,j)

Notably, the above diagram has j be variable. We now define ¢(\); to be the induced map in the above
diagram.

We now check that () is really a cone. Well, set f : ¢ — i’ to be a morphism in Z. Thus, we need to
check

limj € JF(f,id;) o p(A); = o(N)sr.

To check this, we draw the following associated diagram.

(X)) .. . . o
x* — lim F'(¢,7) ----- > lim F(¢',
T (i, j) Ty (7', )

e I
.)) gy FUL9)

Now, our functoriality is giving the map on the top right as lim s F'(f,id;). The triangle and the square
both commute by construction of each, so the full diagram commutes, but then we see that p(\); is
the only map from x to lim 7 F'(¢’, j) making the diagram commute, so we get

limj € TF(f,id;) 0 (V)i = p(N)s
+ We construct a morphism
1 : Cone (*,li}nF(—,j)> — Cone(x, F).

This is somewhat hard. Let 4 : x = lim 7 F'(—, j) be some cone so that we want a morphism
V()i — F(i, J).
As such, we let p; ; : limje s F(i,j) = F(i, j) be the canonical projection. As such, we define
V()i = pijhi

by simply composing our two cones.

It remains to show that we actually have a cone. Well, pick up (£, g) : (¢,7) — (¢, 7') some morphism.
Then we compute

F(f,9)¢(p)i; = F(f,idj ) F(idy, g)ps,j i
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by moving around our definitions. Now, F(id;/, g)p;; = pi,j» because p is a cone. So we so far are
dealing with

F(f7 idj’)pi.,j’:ui~

For this, we draw the following diagram.

lims F(i, ) iy Py F(i', )

pi.j/J/ J/pi’,j/

F(i,j") B, 5')

F(f,id;/)

The top triangle commutes because p is a cone, and the bottom square commutes by definition of the
top map of the square. As such, we see that

F(f, ldj/)p,LJ/’LL2 = Pi’,j/,ui/ = ’LZ)(/,L)i/j/
by the commutativity of the diagram. This finishes showing that /(1) assembles into a cone.

It remains to check that ¢ and v are mutually inverse and natural, but we won't bother proving these.

4.11 April8

Today we began with review, which was not recorded.

4.11.1 Group Objects

The main idea is as follows.

Idea 4.107. We want to talk about “groups in a category C.”

%

One way to do this is to simply require a functor BG — C, but we would like to have an object in C into a
group, on its own.

As such, here is our definition. Fix a category C with finite products (and hence a terminal object T'). Then
a group object G in C has the following data.

« GeobC.
+ We have a morphism V : G x G — C for our operation.
« We have an identity element 5 : T — G (via the morphisms-as-elements philosophy).
« Lastly, thereisaninversemaps: G — G.
We also require the following diagrams to commute.

« Associativity.
GxGxG 2% g xa
idg xvl lv (Ass)

GXG#G

This is intended to say that (ab)c = a(bc) for a, b, c € G.
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o Left identity.

TxG T axa

N gv (Lid)

This isintended to say that1-g = gforany g € G.
+ Right identity.

GxG & g

(RId)

This isintended to saythatg-1 =gforanyg € G.

The data so far assemble into a monoid object. To create a group, we introduce the canonicalmape : G - T
(the “counit” map) and the diagonal map A : G — G x G by idg x idg. So here is our last diagram.

 Inverse.
GxG —2 L gxa
N E
a _ T : a (Inv)

N B
GXGTGXG

The top diagram takes g € G and asserts that g=! - g is equal to the identity element as required by 7.

The bottom diagram is doing the same for g - g~ 1.

So we now state our definition.

Definition 4.108 (Group object). Fix a category C with finite products (and hence a terminal object 7).
Then a group object GG in C has the following data.

« GeobC.

« We have a morphism V : G x G — C for our operation.

« We have an identity element n : T'— G (via the morphisms-as-elements philosophy).
o Lastly, thereisaninverse maps: G — G.

We also require (Ass), (LId), (RId), and (Inv) to all commute.
Example 4.109. A group object in Set is a group.

Example 4.110. A group object in Grp is an abelian group. This is by the Eckmann—Hamilton argument
because we have made the group G a monoid in two different ways, and we get told that these monoid
structures must coincide. However, we have also required that the inverse map s : G — G to be a group
homomorphism. The fact that this inverse map is a group homomorphism requires G to be abelian.

We quickly outline the Eckmann—Hamilton argument. Because 7 : {e} — G is a group homomorphism, we
do indeed realize i as the actual identity for G. It remains to show that the V map is correct, so suppose we
have a second morphismV’' : G x G — G.
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Well, we note that a group homomorphism f : G — H consists of the data of the following data com-
muting.

GxG Yo @

fxfi Jf

HxH ~ H
In particular, id¢ : G — G will provide the following data.

(GxQ)x (GxG) L% axa

o] Js

GxG—— G
v

Tracking through ((z,1), (1,y)) € G x G shows that V'(z,y) = xy, which is what we wanted.
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THEME 5

ADJOINTS

Right foot, let’s stomp. Left foot, let’s stomp. Cha cha real smooth.

—DJ Casper, [Cas09]

5.1 April1l

We finally begin our discussion of adjoints.

Remark 5.1. Being shocked for thirty minutes after lecturing is strongly cringe.

5.1.1 Introducing Adjunctions
Given two categories C and D, we can ask for the following relations, listed in order of strength.
» We can ask for categories to be equal. This is very strong.
» We can ask for categories to be isomorphic. This is evil.
« We can ask for categories to be equivalent. This is a good notion, but it is also somewhat strong.

For example, we might want to think of Set and Grp to be related. Of course, they are not equivalent (for
example, Grp has a zero object {e¢} while Set does not).

The goal for today is to talk about a weaker notion than equivalence (so that we have lots of interesting
examples) that is still powerful enough to be useful. Here is our definition.

Definition 5.2 (Adjunction). Fix two categories C and D. An adjunction is a pair of functors F' : C — D
and G : D — C with isomorphisms (of sets)

Morp(Fe,d) = More(c, Gd)

natural in both arguments. We will call F' a left adjoint to G and G a right adjoint to F', notated F' 4 G.

Notation 5.3. We will write the pair of functors F: C -+ DandG:D - CasF:C=D:QG.

103



5.1. APRIL 11 174: CAT. THEORY
Remark 5.4. It turns out that adjoints are unique up to some notion of isomorphism, so we may write
“the"” adjoint. However, we will not prove this uniqueness for a while.

Let's actually write out our naturality square. For ¢, if f : ¢ — ¢ is a morphism, we need the following
diagram to commute.

Morp(Fd,d) =~ More(d,Gd)
—oFfl l—of
Morp(Fe,d) =  More(e, Gd)

And here is the other naturality square, for a morphismg : d — d'.

Morp(Fe,d) More¢ (¢, Gd)

5o-| |Gae-

Morp(Fe,d’) Morc(c, Gd')

IR

IR

Here is one last piece of notation.

Notation 5.5. We will notate f* : Fc — d being “adjoint” or “transpose” to the morphism f° : ¢ — Gd,
by the isomorphism promised by the adjunction.

Let’'s make the naturality a little faster; it turns out that the naturality is equivalent to having a natural iso-
morphism as follows.

D(F—,—)

C? x D /U%\ Set
N S

c(vaf)

Take a moment to verify that the functors actually type-check.
Here is another way to promote the efficiency.

Lemma 5.6. Fix functors F' : C = D : G with given isomorphisms D(F¢,d) = C(c,Gd) for ¢ € C and
d € D. Then, naturality is equivalent to the following: one of the squares below commutes if and only if
the other does, for any morphisms making the diagrams well-defined.

# b
Fe 1 d c -1 Gd
Fhl lk hl le
Fd —— d d —— Gd
g g9
Proof. This is supposedly on the homework. |

In general, the above condition is better to check than naturality.

5.1.2 Examples

We are feeling kind today, so let's see some examples.

Exercise 5.7. The functor F' : Set — Grp sending a group X to the free group on X is left adjoint to the
forgetful functor U : Grp — Set.
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Proof. The pointis that, given a set X and group G, a morphism FX — G isin some sense the “same data”
as a morphism X — FG. For example, given a morphism f° : X — UG, we define f* : FX — G by

Fawe - mn) = f(21)f (22) - f(20).

This turns out to be an isomorphism, and it turns out that we can show naturality everywhere, but we will
not bother. [ |

Remark 5.8. There are many examples of “free-forgetful” adjunctions.

Remark 5.9. Philosophically, a right adjoint poses a question which the left adjoint answers. For exam-
ple, U : Grp — Set is asking how to get maps of groups from sets, which the free functor tells us how
to do.

Exercise 5.10. The functor F' : Set — Top taking a set X to the topological space X equipped with the
discrete topology is left adjoint to the forgetful functor U : Top — Set.

Similarly, the functor G : Set — Top taking a set X to the topological space X equipped with the
indiscrete topology is right adjoint to U.

Proof. For the first claim, we are saying that, given a set X and a topological space T, continuous maps
FX — T have the same data as X — UT. However, all maps (of sets) FX — T are continuous for free
because F X has the discrete topology.

On the other hand, for the second claim, we are saying that, given a set X and a topological space T,
maps (of spaces) UT — X have the same data as continuous maps " — GX. This is true because all maps
T — GX are automatically continuous because we are asking for the preimages of @ and GX to be open,
which are true for free. ]

Exercise 5.11. We give the embedding functor between the poset categories . : (Z, <) — (R, <) aright
adjoint.

Proof. We claim that the right adjointis r — |r]. This is well-defined and does give a functor. To get a right
adjoint, we are saying that tn < rifand onlyif n < |r], which is true by some analysis. Notably, we only care
about the existence of morphisms to get our bijections because we are working in poset categories. |

Remark 5.12. Of course, ¢ also has a left adjoint as [-].

Exercise 5.13. We give the embedding functor . : Groupoids — Cat a left and right adjoint.

Proof. Recall that a groupoid is a category where all morphisms are isomorphisms. There are two ways to
do this.

« We can construct the “maximal subgroupoid” maxC by merely taking C and throwing out all mor-
phisms which are not isomorphisms. This turns out to be a right adjoint.

+ We can force all morphisms to be isomorphisms by adding in all the necessary inverses and quotient
out by what we need to remain a category; this process is called “localization,” in analogy with local-
izing a ring. This turns out to be a left adjoint.

We won't actually check that these are adjoints (because the checks are painful), so we will declare that we
are done. [ ]
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5.1.3 Units and Counits

We are now done talking about examples. As such, have a lemma.

Lemma 5.14. Fix adjunctions F' : C = D : G. Then there exists a natural transformation 7 : id¢ = GF,
where 7. : ¢ — GFcis defined as the transpose of idp.. : F'¢c — Fcalong the isomorphism

Morp(Fe, Fe) = More(c, GFe)

promised by the adjunction.

Proof. We only have to check naturality. As such, fix some morphism f : ¢ — ¢/, and we need the following
diagram to commute.

c " GFe

L e

C/ T> GFC/
Note that id, is the f” of id ., so by Lemma 5.6, it suffices to check that the following diagram commutes.

idpe
Fe —25 Fe

Ffl lFf
F /

id s
¢ —X£5 Fd

This commutes because look at it. |
The nin the lemma is special.
Definition 5.15 (Unit). Work in the context of Lemma 5.14. Then 7 is called the unit.

Our lemma also has the following dual.

Lemma 5.16. Fix adjunctions F' : C = D : G. Then there exists a natural transformation e : F'G = idp,
where g, : FGd — d is defined as the transpose of idgq : Gd — Gd along the isomorphism

Morp(FGd, d) = Morc(Gd, Gd)

promised by the adjunction.

Proof. Duality. [ |

And here is our corresponding word.

| Definition 5.17 (Counit). Work in the context of Lemma 5.16. Then ¢ is called the counit.

We close class with an example.

Exercise 5.18. We compute units and counits for the free-forgetful adjoints between Set and Grp.

Proof. Ourunitnx : X — UFX sendsanelementz € X toxz € UFX, the length-one word. On the other
hand, couniteg : FUG — G sends an element ¢; --- g, € FUG made of letters of G to its evaluation in
G. [ ]
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5.2 April13

We continue talking about adjoints.

5.2.1 More Examples

We recall the following definition.

Definition 5.2 (Adjunction). Fix two categories C and D. An adjunction is a pair of functors F' : C — D
and G : D — C with isomorphisms (of sets)

Morp(Fe,d) = More(c, Gd)

natural in both arguments. We will call F' a left adjoint to G and G a right adjoint to F', notated F' 4 G.

From here we were able to define the unit and counit. Another way to view our construction last time is to
apply the Yoneda lemma to the natural isomorphism

Morp(Fe,—) = Mor¢(c, G—)

of functors D — Set. In particular, Theorem 3.17 grants us an object 1. : Mor¢(c, GF¢) representing this
isomorphism, which assembles into our unit 7 : id¢ = GF.
Let's see some more examples.

Exercise 5.19. We discuss the product—hom adjunction in Set.

Proof. The point is that there is a natural bijection
Mor(X x Y, Z) = Mor(X,Mor(Y, Z)) ()

by taking the function f : X x Y — Z to the function f defined by z — (y — f(x,y)). To see that thisis a
bijection, there is aninverse taking g € Mor(X, Mor(Y, Z)) by §(z, y) := g(x)(y), and we can check that these
are inverses by hand.
This willassemble into an adjunction of the functors F' := — x Y and G := Mor(Y, —). Thus, () turns into
a naturalisomorphism
Mor(FX, Z) = Mor(X, GY),

which is what we need for F - G.
We close our discussion by tracking through our unit and counit.

« For the unit, we need to transpose idp. through Morp(Fe, Fe) = Mor(c, GFc). In particular, we are
tracking through id x xy through

Mor(X x Y, X xY) = Mor(X,Mor(Y, X x Y)).
Thus, nx (x)(y) should be nx (z)(y) = idxxv (z,y) = (x,y) after moving everything through.

+ Forthe counit, we need to transpose idg4 through Morp (FGd, d) 2 Mor(Gd, Gd). In particular, we are
tracking through idyoq(y, z) through

Mor(Mod(Y, Z) x Y, Z) = Mor(Mod(Y, Z), Mod(Y, Z)).
Thus, we canfind ez (f,y) = f(y), which finishes.

This finishes our discussion. [ ]
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Exercise 5.20. We discuss the hom-tensor adjunction for k-vector spaces.

Proof. ltis false that
Hom(V x W,U) = Hom(V, Hom(W, U)).

This does not make sense because we don't really want to talk about linear maps V. x W — U but rather
being bilinear in both arguments, so we want an isomorphism

Bilin(V x W, U) = Hom(V, Hom(W, U))
instead. Thus, using the universal property for tensor products, we would have
Hom(V ® W,U) = Hom(V, Hom(W, U)).

We can compute that the unitis still ey (f ® w) := f(w). Chris does not remember the counit precisely. H

5.2.2 The Triangle Equations

We should probably prove something today, so let’s prove something.

Proposition 5.21. Fix adjoint functors F' 4 G between categories C and D with unit n and counite. Then
we have the triangle equations.

F =2 FGF ¢ =5 GFG
idg ‘HEF idg ‘MGE
F G

Proof. Expanding out on objects, our first triangle takes some ¢ € C and writes down the following.

Fe XU pape

\ l -

Namely, the top arrow is a whiskering. Similarly, the other triangle looks like the following on some d € D.

—— GFGd

lm J{G(ad (2)

To prove the result, we recall the following lemma.

Lemma 5.6. Fix functors F' : C = D : G with given isomorphisms D(F¢,d) = C(c,Gd) for ¢ € C and
d € D. Then, naturality is equivalent to the following: one of the squares below commutes if and only if
the other does, for any morphisms making the diagrams well-defined.

Fe 2,4 e L Gd
FhJ/ J{k hJ{ J{Gk
Fc T> d’ c T) Gd'
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As such, we start with the following diagram. Note that the following diagram commutes because look at
it.
c — 5 GFec

ncj/ lidGFC

GFec —— GFe

idgre

Thus, Lemma 5.6 tells us that the following diagram commutes.

idge
Fe —5 Fe

FT]cJ/ lich

FGFCT Fe

This is (1).
For the other one, we start with the following square which commutes because look at it.

FGd 9754 pGa

idFGdl lgd

FGd ——— d
d
Again applying Lemma 5.6, we get the following commutative diagram.

FGd 2% GFGd

idcdl lG(Ed)

FGd —— Gd
idga

This is (2). This finishes the proof. |

As such, we have the following nice result for adjoints.

Theorem 5.22. Fixfunctors F' : C = D : G with natural transformationsn : id¢ = GF ande : FG = idp
satisfying the triangles in Proposition 5.21. Then F 4 G.

Proof. Given some f%inC, we set f* equal to Gf* o 1.; conversely, we send ¢” in D to ¢ equal to g4 0 F¢.
The point of showing that these commute is by drawing the following diagram.

t
Fe 2 rare 291 Faa

EFc
idpe Vi

Fc

€d

d

This diagram commutes by some effort, which will give the inverse conditions.
We can show that these are mutually inverse, and then they are natural in both arguments because of
course they are. |

5.3 April15

5.3.1 Units and Counits Speed-run

We quickly recall that the transpose of f : F'c — dis Gf o 7., and the transpose of g : ¢ —+ Gdiseg 0 Fg.
We now continue the proof from last class.
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Theorem 5.22. Fix functors F' : C = D : G with natural transformations 7 : id¢ = GF ande : FG = idp
satisfying the triangles in Proposition 5.21. Then F 4 G.

Proof. Suppose that we have functors F' : C = D : G with 5 and ¢ satisfying the needed triangle equations.
We now define our adjunction by hand. Namely, we define

¢ : Morp(Fe,d) — More (¢, Gd)
by sending f to G f o n. by hand. Similarly, we define
¥ : More(c, Gd) — Morp(Ge, d)
by : g — g4 0 Fg. To check that these are inverses, we see that
vo(f) =9(Gfone) =cao FGf o Fr.
Computing, we push ¢4 through via the following triangle.

FGFe 290 FGa

| |-

Fcﬁd

This commutes by naturality. As such, we find that

w‘p(f):fochanc:fa

where in the last equality we have used the triangle equations.
For the other inverse, we compute

©Y(g9) = p(eqo Fg) = Gego GFGg o1,.

As such, we draw the following naturality square to push out 7.

c—2 +Gd

al |re

Thus, we compute
eY(g) = Geaonaaog =g,
where we once again finished by the triangle equations.

It remains to check naturality. We use Lemma 5.6, of which we show the other direction. Namely, we
show that the left square below makes the right square commutes.

f ef

Fe —— d ¢c —— Gd
Fhi lk hl le
Fd — d c —5 Gd'

The left square commuting gives kf = gF' f, so

GkoGgon.=GgoGFhon, (%)

110



5.3. APRIL15 174: CAT. THEORY

by throwing through G and putting 7. on the right. The left-hand side is now Gk o ¢(f). On the other side,
we draw the following naturality square.

c " GFe

o o

¢ —— GF¢
Me!

As such, our right-hand side of (x) becomes

Gkow(f)=w(g)oh,

which gives the commutativity of the desired square. |

5.3.2 Morphism of Adjunctions

We now begin discussion. We start with the following definition.

Definition 5.23 (Morphism of adjunctions). A morphism of adjunctions from F 4 G to F’ 4 G’ is a pair
of functors H : C — C’ and K : D — mcD’ so that the following two diagrams commute.

Cc —C Cc —¢C
Fl lFf c{ Tc/
D—> D D—4 D

Additionally, we require one of the following (equivalent) conditions.
(@) Hp=1n'H.
(b) Ke =€¢'K.

(c) The following diagram commutes.

Morp(Fe,d) ——— More(c, Gd)

x| |m

Morp/ (K Fe, Kd) More: (He, HGd)

Morp/ (F'He, Kd) —— More/(He, G'Kd)

Here, €, n are the unit/counit for F 4 G and similar for¢’, .

We start by showing (a) implies (b). For this, we want to show K¢y = ¢/, forany d € D. We will show that

(Keq)? < (eka)? = ide Kas

where we are transposing through F’ 4 G’. On the other hand, pushing through the sharp on the left-hand
side, we note

(Keq)* = G'(Kea) o gq = G'Keg o nyygq = HGeq 0 Hngg = H(Geq 0 1Ga),

which is what we want after applying the triangle inequality and using the naturality of H; notably, we used
Hnp=n'Hin=.
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We now show (b) implies (c). Suppose Ke = ¢'K, and we want our rectangle to commute. We simply
diagram-chase in Set: pick up some f : Fc — d. Along the top, we track the following.

f————Gfone

|

H(Gfonc)

|

g F'H(Gf on.) «—— H(Gfon.)
So we would like
Kf=¢cka0o F'H(Gf on.).
Well, we can compute

exao F'H(Gfon.) = Keqo KF(Gf on.)
— K(40Gf) o KFy.
= K(foepe) o KFn,,

where in the last equality we used the naturality of € as follows.

FGFe 290 FGa

ere| =

Fcﬁd

Continuing to rearrange, we see that we have
KfoK(epcoFn.) =K/,

where we have used the triangle equalities.

5.4 April18

Bryce's advisor will be giving next week’s lectures. So it's time to speed-run adjunctions.

5.4.1 Contravariant Adjoints

Let’s discuss trying to use contravariant functors to make adjunctions. We might start with two contravari-
ant functors F : C°? — D and G : D°P — (, but these are not compatible because they don't go both ways
properly. As such, we want to turn G into a functor

D — C°P.

Indeed, functors .A — B can become functors A°° — B°P by just reversing all the arrows, so we can indeed
view G as a functor G : D — C°P, as desired.
Now, to make out adjoint, we might just try to require the isomorphism

Morp(Fe,d) = Morg? (¢, Gd) = More(Gd, ¢),

but now both functors are on the left side, so this is a little weird. Nonetheless, we have the following
definition.
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Definition 5.24 (Mutually adjoint). Two contravariant functors F' : C°? — D and G : D°? — C (thought
of as a functor D — C°P) are mutually left adjoint if and only if there are natural isomorphisms

Morp(Fe,d) =2 More(Gd, ¢).
They are mutually right adjoint if and only if there are natural isomorphisms

Morp(d, Fc) = More(c, Gd).

Exercise 5.25. Fix P : Set®® — Set sending A — P(A) and f +— f~. We claim that B is mutually right
adjoint with itself.

Proof. We are requiring a natural isomorphism

Morget (Y, PX) < Morget (X, PY').
The main point is that Set is Cartesian-closed, roughly meaning that we can curry as
Morget (X X Y, Z) = Morget (X, Mor(Y, Z)).
Now, recall that B is represented by Q := {T, F}, in that P = Morge;(—, 2). Thus,

Morget (X, PY) 2 Morget (X, Mor(Y, Q2))
= Morget (X x Y, Q)
> Morget (Y x X, Q)
Morget (Y, Mor(X, 2))
Morget (Y, PX),

and everything is natural, so we are done. |

5.4.2 Uniqueness of Adjoints

We take a moment clean up after ourselves and quickly justify why we have been saying “the adjoint.”

Proposition 5.26. Fix functors F, I’ which are both left adjoint to G. Then there is a unique natural
isomorphism 6 : F' = F such that the following two triangles commute.

ide =Y GF FG —= idp
\ Hca HGH /
n €
GF' F'G

Proof. We start by exhibiting 6, which we do by hand. As such, we define
0:=¢cF oFn and 0= FoF'n.

We show that these are inverse by hand; note that they are natural transformations as composition and
whiskering of natural transformations. We can type-check that Fy’ : F = FGF and thenecF’ : FGF' = F’
and similar for ¢'.

To show these are inverse, we show that

00 = idp,

113



5.4. APRIL 18 174: CAT. THEORY

which we do on components as
(0'0). = id.

for some object c¢. To do this, we show that the transposes are equal, for which we compute the transpose
(0'0). as
G(#'0)on.=Ge'FoGF'noGeF' o GFn o1,

where we have dropped the c out of laziness. We now use naturality. Namely, we see

ide —=— GF

4

GF' 17G:F? GFGF'
gives
Ge'FoGF'noGeF o (GFn on) = Ge'FoGF'noGeF onGF o7.
Using the triangle equalities, we note that Ge F’ o nGF’ = (Ge o nG)F’ vanishes,* so we are left with
Ge'FoGF'noy.
Using naturality in the same way as last time but changing the primes around, we get
Ge'FoGF'non,

which again by the triangle equalities simply vanishes into 7. So indeed, the transpose of (6'6).. is 7., which
is the transpose of id..
We now show that our triangles commute as needed. For the left triangle, we compute

GOon=G(EF oFn)on=GeF oGFn on.
By the naturality from before, we have GFn' o n = nGF’ o 7/, which gives
GeF' onGF' on = (GeonG)on =1n

where we have used the triangle equalities. The other triangle follows similarly, which we omit.
It remains to show uniqueness of 6. Pick up an object ¢, and we show that 6. : F'c — F’cis unique. Well,
to make the left triangle commute, we need the following triangle to commute.

c -1y GFe

\ laoc
e

GF'c
Now, we can compute the transpose of 8. : Fc — F’c (through F' - G) as G0, o ., which is n/, from the

above triangle. As such, 6. must be the transpose of n,, which is exactly how we constructed 6 to begin with
anyway. |

5.4.3 Composing Adjunctions

Adjunctions can also create more adjunctions, provided they cohere.

1 Namely, GeF’ o nG is an identity natural transformation, so whiskering with F’ on the right gives the morphism idpr(—y, which
does indeed vanish
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Proposition 5.27. Fix F' 4 G and F’ 4 G’ in the following diagram.

Then F'F 4 GG'.

Proof. We compute

Morg (F'Fe,e) = Morp(Fe,G'e)
= Morc(c, GG'e)

by tracking through our various adjunctions. This finishes. |

And here is the last thing we will prove today.

Proposition 5.28. Fix an equivalence of categories F' : C ~ D : G with its promised natural isomor-
phisms7 :ide = GF ande : idp = F'G. We canreplace these with an adjoint equivalence by modifying
either one of § or € (notably not changing F and G!).

Proof. This proofis, reportedly, a little long. Fix 7 and we modify . (For the other result, swap F and G and
¢ and 7.) Now, we fix

v = GeonG

which is a natural transformation from G = G (namely, nG : G = GFG and Ge : GFG = G). Notably, this
is a natural isomorphism because Ge and G are both isomorphisms at each unit.
Our goal is to kill v to fix our triangle equalities. As such, we set

g =coFy7!,
which is now a natural isomorphism F'G = idp by a similar computation to before: we send FG = FG =
idp.
We now check our triangle equalities. Note that the following diagram commutes.

G 25 gro
S
G 2% GFG

P —
8

Q

The bottom triangle commutes by definition of v, and the square commutes by naturality of nG—simply
chase an element all the way through. As such, we can collapse this diagram down to the following.

¢ =5 Gra

G

This is our first triangle inequality, so we are done.
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For the second triangle inequality, we draw the following huge diagram.

P [l [

FGF 255 porar 2£SE par

\ HFGE'F M/E’F
FGF ——— F
e'F
We quickly review why this diagram commutes.
» The top-left square commutes by the naturality of n applied to a square of F's.
+ The top-right square commutes by naturality of ¢’ applied to a square of F's.
» The bottom-right square commutes by the naturality of ¢’ applied to a square of F's.
» The bottom-left triangle commutes by the triangle equality we showed for ¢’ already.

This diagram now collapses to
(€'FoFn)? =¢'FoFy,

which forces ¢’ F o F'p = id because these are isomorphisms, which is what we wanted. |

5.5 April20

Chris is back, for the last time.

5.5.1 Adjoints Preserve (Co)limits

Here is a theorem.

Theorem 5.29. Fix a category C.

« C admits all limits of shape 7 if and only if the diagonal functor A: C — C7 admits a right adjoint.
Here, the right adjoint is the lim functor.

« Dually, C admits all colimits of shape 7 if and only if the diagonal functor A: C — C7 admits a left
adjoint. Here, the left adjoint is the colim functor.

Proof. Here is the image.

We now recall the following theorem.

Proposition 4.101. Fix a category C with all limits of shape [J. Upon choosing a limit and associated
limit cone for each diagram J — C defines the action of objects of a functor

li}n : Fun(J,C) — C.
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As such, we start by proving the forward direction of our theorem. Namely, we are promised a functor
lim: ¢7 — C.

We check that this is the right adjoint of A: we merely have to exhibit isomorphisms

?
Morg (¢, lim F') & Mores (Ac, F).

Now, Morcs (Ac, F) denotes natural transformations from ¢ to F', which are just cones over F' with apex c.
As such, we have

Morc (e, lim F') = Cone(c, F) 2 Mores (Ac, F),

where & is because lim F° represents the functor Cone(—, F'). This is natural because look at it.
Now work in the other direction. Suppose that R : C7 — C is right adjoint to A. But then

Mor(e, RF) = Cone(c, F')

naturally, so RF represents Cone(c—, F'), so RF will be a limit of the diagram F. In fact, we can see that R
must now be the limit functor because we showed the limit functor was a right adjoint, and we know limits
are unique. |

Here is our main theorem.

Theorem 5.30. Right adjoints preserve limits.

Proof by diagrams. More rigorously, suppose that F' 4 G are functors F': C — Dand G: D — C. Then, for
adiagram K : K — D, if the limit lim K exists, then

G(lim K) = limGK.

We will do a proof by diagrams. To be explicit, we pick our limit cone X : lim K = K. Hitting everything
with G, we have the following diagram.

lim K Glimk
| ——1
K GK

In particular, our legs \; : lim K — Ki become G)\; : Glim K — GKi, which assembles into a cone G :
Glim K = GK by whiskering.

We claim that G\ is a limit cone. As such, we pick up a cone u: ¢ = GK, and we want a unique map
¢ — Glim K commuting with our legs. To use our adjoint, we transpose everything.

Quote 5.31. It's good notation. Fuck you.

In particular, we hope that we have cones as follows.

In particular, we will now check that u* :: Fc = K is actually a cone. To check this, we invoke Lemma 5.6.
Indeed, because GA: Glim K — GK is a cone, the following diagram commutes.

id.
c—— ¢

/LiJ/ J//ti’

. .y
GKi TK}(} GKi
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Transposing, the following diagram commutes.

idpe
Fe —2% Fe

f
IJ/EJ J/IJ(%,

Ki —— Ki'
Kf

So indeed, 4! is a cone, so we have a unique map 7: Fc — lim K commuting with our cones. So we get a
map
¢ —: Glim K.

Everything commutes because we can transpose triangles back as squares (using Lemma 5.6: do the above
diagram argument in reverse), so we have indeed constructed the needed map.

It remains to show that our 7” is unique. Well, given any o: ¢ — G'lim K, we can transpose back to show
o must match up with 7, which we then bring back to say ¢ = 7°. This finishes. |

Proof by Yoneda. We can also the Yoneda lemma as follows. Write
More(e, Gli}n K) = Mor¢(Fe, 1i}n K)
~ lim Morp (Fe, K)
= li}n Mor¢(c, GK)
= More (¢, lim GK),
which finishes. Notably, = is the universal property of the limit; this is how limits behave in Set. |

We also have the following result.

Corollary 5.32. Left adjoints preserve colimits.

Proof. Duality. [ |

Quote 5.33. | only lecture properly when | am harassed.

5.5.2 Whiskering

We close class with the following result.

Theorem 5.34. Fix an adjunction F' 4 G. If 7 is small and £ is locally small, then we have adjunctions as
follows.

Fo— —oF
cJ 1 DI R
Go— —oG

Proof. We will show one of these. We start by writing out the triangle identities as follows.
F - FGE G <% GFG

\ gap \ gm

As such, we can build units and counits by hand. Indeed, we set 7} : idps : (G o —)(F o —) by sending K to
nK. Similarly, we seté : (F o —)(G o —) = ides by K — ¢K. Drawing the internal diagram for one of the
triangle identities shows that they commute. |
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5.6 April22

It's time to get started, but it is discussion section, for some definition of discussion.

5.6.1

We pick up the following lemma.

Lemma5.35. Let F' 4 G be an adjunction between categories C and D, with unitpand counite. Then G is
faithful/full/both if and only if each d € D has ¢, is an epimorphism/split monomorphism/isomorphism.

Proof. We go one at a time.

(i)

(ii)

Fix d,d’ € D with parallel morphisms f, g: d — d’. The main point is to look at

foedq,goeq.

Passing to the transpose, we go to (feq)* = G(feq)nga by our discussion of units and things. Dis-
tributing this is
(fea)* = Gf

by applying the triangle equalities. Similarly, (ge4)! = Gg, so feq = geq if and only if Gf = Gg. Thus,
if £4 is an epimorphism, this means f = g if and only if Gf = Gg. Similarly, if G is faithful, then f = ¢
ifand only if Gf = Ggifand only if fe, = geq, SO €4 is an epimorphism.

We proceed by force. Suppose G is full. We would like e4: FGd — d to be a split monomorphism, so
we need a retraction r: d — FGd so that re)d = idpgq-

As such, we simply pick up ngq: Gd — GFGd, but G is full, so we can lift this to some morphism
r: d — FGd so that Gr = ngq. We now show

TEG = idFGd .
Taking the transpose, we are showing
(rea)’ = G(rea)naa = Gr = naa

where we are as usual using the triangle inequalities in =. Transposing back finishes.

In the other direction, suppose that each of the ¢, are split monomorphisms. For each d € D, we are
promised a retraction r4: d - FGd so that ryeq = idpgq-

We now lift by hand: fixd,d’ € D with f: Gd — Gd’, and we want to lift it by hand. Namely, define
g=flra=cao Ffory,

whichwe canseeisamapd — d'. We don't want to hit this with G directly because GF'f is sad; roughly
speaking, we want to put ¢, on the other side of F'f. As such, we compute

(Gg)ﬁzgd/ o FGg=¢€g 0o FGey o FGF f o F'Gry.

Now, we use the naturality of the following square.

FGFGd £9<% paa

EFGd’l lad'

FGd ——— d
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This gives us
eq ocpgq © FGF f o FGry.

Next, we use naturality of another square, as follows.

FGFGd E°EL rarGa

sFGdl leFGd

FGd 5 FGd
This gives
eqo Ffoepgqo FGry.

Moving things over, we want to put the retraction on the other side, so we draw the following naturality

square.

FGd £ FGFRG

EdJ/ J{sFGd

d —— FGd

In total, we are left with
ewv ol forgoeg

which retracts properly to f*

(iii) This follows from adding together (i) and (ii) because isomorphisms are the same as being epic and
split monic. |

Remark 5.36. There is also the following dual statement for F. Namely, F' is faithful/full/both if and
only if each d € D has ¢, is a monomorphism/split epimorphism/isomorphism. In particular, we can
pass to the opposite category to change our adjoints.

5.6.2 The Category of Categories

We would like to understand the category of (small) categories. We pick up the following definition.

Definition 5.37. A reflective subcategory C is a full subcategory D of C such that there is a left adjoint
L: C — D of the embedding C < D. This L is called the reflector or the localization.

The point is that we have a reflector L which gives us a fairly natural way to fix D: the embedding C — Diis
fully faithful, so each of the counit morphisms e;: L;d — d are all isomorphisms. In other words, for each
d € D, we essentially have

Ld = idp

by viewing d € C via the embedding.
Example 5.38. The embedding¢: Ab — Grp gives afull subcategory. This is reflective, with its reflector

Ltaking a group G to its abelianization G/[G, G]. We won't check that this is a left adjoint, but it follows
because mapping into an abelian group is the same thing as mapping from the abelianization.

Example 5.39. The embedding Sh(X) — PSh(X) gives a full subcategory, and its reflector is sheafifi-
cation.
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Exercise 5.40. Thereisan embedding of N: Cat < sSet. Here, sSet is the set of presheaves on A, where
Ais the "simplex” category with the following data.

» The objects of A are sets [n] := {0,1,2,...,n}.
« The morphisms of A are non-decreasing maps [n] — [m].

Approximately speaking, the objects of A look like n-splices. This embedding makes a reflective sub-
category.

Proof. We first describe the embedding. Fix a category C. For notation, given an object X,: A°? — Set and
let X, := X ([n]). The way that we are going to embed is by

N(C),, :== Fun([n],C).

The point is that we have a left adjoint h: sSet — Cat by just restricting down to the 0th component for
objects and the 1st component for morphisms. |

As such, we have the following result.

Proposition 5.41. Suppose that we have an inclusion ¢: D — C making D a reflective subcategory.
(i) Theinclusion ¢ creates limits (that C admits).

(ii) D has all colimits that C admits by applying the reflector.

The point is that understanding C will give us understanding of D.
Proof. We proceed as follows.
(i) This follows by muttering something about monads.

(i) We will actually show this. Let F': J — D be a diagram such that C has colimits of shape 7. Now, let
A: tF = cbe a colimit cone in C, and we note that LA: L.F = Lcis a colimit cone in D because left
adjoints preserve colimits. However, L.F = F, so we have found our colimit. ]

Corollary 5.42. The category Cat is complete and cocomplete.

Proof. By synthesizing the above discussion, we see that it suffices to show that
sSet = Psh(A) = Fun(A°P, Set)

iscomplete and cocomplete. However, Set is complete and cocomplete, and we know how to compute limits
and colimits in functor categories (namely, pointwise) pulling from their codomain. This finishes. |
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THEME 6
ICAN EXTENSIONS

| felt profoundly stupid in that moment and he has a PhD in SYNTAX

—Beth Piatote, [Pia]

6.1 April25
My computer charge is low, so let's see how far we go.

Remark 6.1. Peter Haine took the class when Professor Riehl was writing the book.

6.1.1 Motivation

We are doing an invitation to Kan extensions.
Roughly speaking, fix a functor K: C — D and another category £. Then the precomposition functor

(=0 K): Fun(D,€&) — Fun(C, )

preserves all co/limits admitted by Fun(D, £). Namely, if £ has all limits and colimits, then (— o K) will
preserve them. As such, here is our idea.

Idea 6.2. If £ above has all limits and colimits, then we expect the functor (— o K) to have both left and
right adjoints.

One can often check this by hand, but the point of this week’s lecture is to discuss if or when the above is
true and to be able to describe the adjoints.

Exercise 6.3. Fix a group G and subgroup H C G; let BG and BH be the one-object categories for G
and H, respectively. Then we fix a field K and set

Repk (G) = Fun(BG, Veck)

to be the K -representations of the group G; define Repy (H) similarly. We talk through Idea 6.2 here.
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Proof. Theinclusion.: BH — BG gives the map
res%: Repy (G) — Repy (H)
by precomposition. The adjoints are as follows.

md$

LN

Repg (G) T> Repy (H)
\czoﬁdg/
These have names from algebra, but that is all that we will say. |
Anyway, let’s say explicitly what we are doing for the rest of the week.
1. We will work through Idea 6.2.
2. We will discuss Kan extensions, which answer Idea 6.2 and in particular give formulae for the inverses.

3. Then we will explain that all concepts are Kan extensions.

4. And lastly, we will get some fun theorems.

For fun, let's give a theorem to whet our appetite.

Theorem 6.4 (Universal property of presheaves). Fix a small category C so that we can fix the presheaf
category PSh(C) := Func(C°P, Set); further, take a category £ with all colimits. Then the restriction of
& : C — PSh(C) defines an equivalence

(— o X): Fun®"™(PSh(C), &) ~ Fun(C, ).

Namely, a functor from C to £ has the same data as a functor from PSh(C) to £ which preserves colimits.
Intuitively, what is happening is that PSh(C) is the “free category” preserving colimits. To see this, note

that the free-forgetful adjunction from, say, Ab to Set says that

MOIAb (Z[S}, G) = MOI‘Set (S, G),

so now the analogy is a bit clearer.
With all that motivation said, here is what we will do for the rest of the week.

« Today we will introduce Kan extensions.
« On Wednesday, we will talk through the formula for computations involving Kan extensions.

« On Friday, we will explain why all concepts are Kan extensions.

6.1.2 Kan Extensions

So let's talk about Kan extensions. Here is our motivating question.

Question 6.5. Given a functor K: C — D, how can extend K (covariantly) to PSh(C)?

Here is the image for this.
c—%
| =
PSh(C) ----- » PSh(D)

We would like to draw in the dashed arrow. In general, there need not be a good way to do this, and it need
not be unique—in fact, we will have a handedness to our choice of arrow.
As such, here is our definition.
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Definition 6.6 (Kan extension). Fix functors K: C — Dand F': C — £. A left Kan extension of F along
K isafunctor Lang F': D — £ and a natural transformation n: F = Lang F o K. We also require the
data to be “initial” in the following sense: for any other pair (G: D — &,~v: F = GK), we require v to
factor uniquely through 7, as follows.

F
C &
n
Lang F
N
K |
A
G
D

A right Kan extension is the same, flipping all the natural transformation arrows: our data are the ter-
minal pair (Rang F: D — &,n: (Lan Kp)K = F).

Let's see an example.

Exercise 6.7. Fix an object ¢ € C to make the pair of functors ¢: 1 — C and *: 1 — Set. We describe
Lan, * using the Yoneda lemma.

Proof. The main point is that, given a functor G: C — Set, Theorem 3.17 gives us a bijection
Ye: Fe = Fun(More(c,—), F).

In particular, a natural transformation from %: 1 — Set to Fc: 1 — Set consists exactly of the data of a
natural transformation from Mor¢ (¢, —) to F. In total, we are promised a unique natural transformation 1),
to make the following diagram commute.

1 * Set

Mor¢ (¢,—)

o

(¢}

Thus, Lan, * is Mor¢ (¢, —). |

Anyway, it's a math class, so let's prove something today.

Proposition 6.8. Fix a functor K: C — D and category &. If all functors F': C — &£ have Kan extensions,
then Lang (—) is a left adjoint of (— o K).

Lang (—)
Fun(C,€) , L Fun(D, &)
(—oK)
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Proof. It suffices to provide the natural bijection

?
Mor(F,GK) = Mor(Lank F, G).

Well, by the universal property of Lanx F, natural transformations v: F' = GK are in bijection with natural
transformations v': Lang F' = G such that

v=9"n,
where 7: F' = Lang F. From this bijection one can turn Lang (—) into a functor by extending the action on
objects. |

Next class we will attempt to discuss when we can remove the seemingly strong condition on having all Kan
extensions.

6.2 April27

We continue our discussion of Kan extensions.

6.2.1 Kan Extensions for Embeddings

Our goal for today is to give a formula for Kan extensions (to be able to determine when they exist), which
we saw utility for last class.

Exercise 6.9. There is an order-preserving map/functor between the poset categories
2°: Q — R.

We extend this functor to all of R by continuity. Namely, we want to induce the dashed arrow in the
following diagram.

Proof. Intuitively, we want to write
2% == lim 29,
q—z

where the limit is over ¢ € Q. To make this rigorous, we can define this in two ways.

« On the left, we can write
2% == sup 29.

q€Q
q<z

« On the right, we can write
2% == inf 29.
q€Q
q>z

These fit into our context of category theory because the supremum is the colimit in the slice category of
objects ¢ € Q under z; i.e., we want the objects ¢ € Q with a map to z, which is equivalent to ¢ < z. So we
can reframe our two stories as follows.

« On the left, we can write
sup 27 = colim (Q/x —-Q EN ]R) .

q€Q
q<z
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« Ontheright, we can write

inf 29 = lim (x/@ - Q % R) .
qg@
q>T

As such, we have a purely categorical extension of 2°: Q — R to all of R. It turns out that these are the left
and right Kan extensions for 2*: Q — R, but we will not check this now. [ |

More generally, suppose that we have some embedding K: C — D with a functor F': C — &£. Then our
story of Kan extensions will again be about trying to “extend” F to all of D. Namely, we want to induce the
following arrow.

c L.¢

o~
k[
D

Drawing motivation for example, we would like to define

?
(Lang F)(d) = ((:(e)lclgil F(e).

Here, C/d refers to the subcategory of D/d where we are restricting to im K; i.e., this category consists of
objects which are morphisms K¢ — d and morphisms which are triangles commuting under d.

Approximately speaking, we are trying to understand Lang F to be approximating F from below, which
is reasonable because defining as a colimit will still be able to have maps out of it for our initial universal
property later. Similarly, we might hope

?

(Rang F)(d) = Clei;r/lc F(c).

Before continuing, we want to remove the condition that F' is an embedding.

6.2.2 Comma Categories, Quickly

We take a moment to talk about comma categories. Suppose that we have the following set-up, where
X,Y, Z are categories with F, G functors.

Y
G

X — 7
F

Then we want to define the comma category to be universal with respect to the following diagram.

X1
~

X2Y*>

L~

F

G

—

N

In particular, we define X X ;Y as having objects which are morphisms Fz — Gy (forz € X andy € Y).
Then out morphisms are commuting squares (made of a pair of morphisms z — 2’ and y — %) so that the
following diagram commutes.

flx) —— g(y)

o e

f@) — g(y)
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6.2.3 Kan Extensions in General
In particular, with our functor K: C — D, we can more concretely describe
C)?Dd = sz{d}

Namely, its objects has the data of ¢ € C, the fixed d € D and a morphism K¢ — d; we may ignore the data of
d. Continuing, our morphisms (¢, f) — (¢, f’) condition is asking for morphisms k: K¢ — dandk’: K¢’ — d
so that the following diagram commutes.

Ke —% 5 d

|

KC/T>CZ

Notably, the two vertices on the right collapse, so this is really a commuting triangle “under” d.
This now lets us generalize our Kan extensions.

Theorem 6.10. Fix K: C — D and F': C — & as usual. If the colimit
0k (F)(d) = colim (cipd ek 5)

exists, then it defines the action of Lank F' on objects d € D; the action on morphisms is induced by
action of colim on morphisms along with the functoriality of the construction of CXpd in d.

Proof. Thisis long and therefore omitted. [ |

Nonetheless, let's see some corollaries.

Corollary 6.11. Fix a functor K: C — D from a small category C to a locally small category D. If £ is
cocomplete, and we have a functor F': C — &, then Lang F exists by Theorem 6.10.

Proof. Our limit exists because £ has all colimits and C is a fine index category because it is small by hypoth-
esis. |

Corollary 6.12. Fix a functor K: C — D from a small category C to a locally small category D. If £ is
cocomplete, then the functor
(—oK): Fun(D, &) — Fun(C, &)

has a left adjoint, namely Lang (—).

Proof. The Kan extension exists by Corollary 6.11. |

6.2.4 Kan Extension Examples

We close class with some examples.

Exercise 6.13. Fixa small category C and a cocomplete category £ with afunctor F': C — £. We compute
the left Kan extension.
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Proof. Then Corollary 6.11 gives us a Kan extension from the following diagram.
c—f ¢
///‘(
Ckl //’/ Lan, (F)
PSh(C)
In particular, Theorem 6.10 promises that we can compute

Lang X = colim Fe.
Fe—X

Asanaside, if X = K¢, then our diagram above is indexed over a category (namely, £) with aterminal object,
so we can find its colimit ¢ in there to be able to say

colim Fe = F¢'.
Fe—X

So this is nice. ]

As a corollary of the previous exercise, we have proven the following theorem from yesterday.

Theorem 6.4 (Universal property of presheaves). Fix a small category C so that we can fix the presheaf
category PSh(C) := Func(C°P, Set); further, take a category &€ with all colimits. Then the restriction of
& : C — PSh(C) defines an equivalence

(— o X): Fun®"™(PSh(C), ) ~ Fun(C, &).
Namely, a functor from C to € has the same data as a functor from PSh(C) to £ which preserves colimits.

Namely, the inverse mapping is given by taking F': C — £toLan, F.

Exercise 6.14. Fix a group G and subgroup H C G and a complete and cocomplete category C. Then
Corollary 6.11 grants us the following left and right Kan extensions.

G
Ind%

= 0\
Repy (G) —— Repy (H)
\i/

G
Coind%

We compute these.

Proof. On the left, we begin by needing to compute
BH Xpa,

which has objects which are morphisms in BG (namely, we only have to care about our single object x here)
and hence in bijection with G. Then the morphisms g — ¢’ are elements h € H with g'h = ¢ by tracking
through our diagram. Notably, we can forget about ¢’ (and recover it as gh™!).

From these computations, we can actually write out ind% (X) (for X : BG — C) as the coequalizer (given
at the right) of the following diagram.

HX:>>HX*> IT x
GxH G G/H

One has to be a little careful about how our actions of G on the objects are as well as what precisely these
morphisms are. There is a similar formula for right Kan extensions. |
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And so we end with the following theorem.

Theorem 6.15 (Frobenius reciprocity). In the previous example, set C := Vecy, and assumethat [G : H] <
oo. Then the functors
ind%, coind : Repy H — Repy (G)

are naturally isomorphic.

Proof. The point is that we computed these as some products and coproducts, which are equal when finite
(which is true because G/ H is finite). [ |

6.3 April29

Welcome to the last day of class.

6.3.1 Ultrafilters

Last time we were able to write down Kan extensions for the diagram
c LI ¢
x|
D
by writing down
(Lang F)(d) == colim (Cipd —~ch 5) .

Let's see another example: we're going to talk about ultrafilters.

Definition 6.16 (Ultrafilter). Fix a set S. An ultrafilter on S is a collection &/ C P(.S) with the following
coherence conditions.

(@) o ¢ U.

(b) Upwards closed: if A, B € P(S), then A € Y and A C B implies B € Y.
(c) Intersection: A, B € P(S) implies AN B € P(S).

(d) Foreach A € P(S), exactlyoneof A € U or (S\ A) € U is true.

We let 5(S) denote the set of all ultrafilters on S.

Remark 6.17. Note that, if we threw out the first condition, then @ € U/ would imply & C S C S, thus
giving S € U, violating the last condition. So we can actually derive @ ¢ U from the other three.

Ultrafilters are important for point-set topology, for various reasons; it turns out that they are the correct
indexing set.

Example 6.18. Given s € S, then we can build
ds ={ACS:s€e A},
which is an ultrafilter.

It happens that the map s — J; is a bijection if S — 3(S) when S is finite. However, when S is infinite, there
might be other ultrafilters, but the axiom of choice is needed in their construction.

129



6.3. APRIL 29 174: CAT. THEORY

Remark 6.19. Here are some use cases for ultrafilters.
« Logic, asin tos's theorem.
« Topology, as for limits.

« And more: geometric group theory, dynamics, and so on.
There is also a functoriality of ultrafilters.

Proposition 6.20. Fix a function f: S — T, thereisamap f.: 8(S) — B(T) by

U—{BCT:f'(B)eU}

Proof. Note that f~! is closed under intersection and unions, so we can just check the axioms one by one.

[ ]
So we have a functoriality and can now do category theory.
Theorem 6.21. The diagram
finSet —— Set
R
j 7B
Set
makes (3 a right Kan extension.
Proof. The point is to check
p(S) = lim F,
where we have interpreted S — F in the correct way. |

Now, having a right Kan extension tells us lots of things by abstract nonsense. For example, by using the
functorid: Set — Set, the universal property gives us a natural transformation

n: id = S.
In the same way, there is also a natural transformation
w: %= B.

Having these two notions lets us write down strange commutative diagrams, like the following.

53“:[352

W |

B == 5

Observe that this would be essentially impossible to verify by hand (or at least very annoying), but it follows
directly from uniqueness of the natural transformation 32 = /3 by universal property.

Remark 6.22. It turns out that  and p will specify the data of a monad.
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6.3.2 Category Theory via Kan Extensions

Today, we will explain why all concepts are Kan extensions.! Namely, we are going to reinterpret many
concepts in category theory as Kan extensions. But for now, we will talk about ultrafilters.
Let's see an example concept.

Proposition 6.23. Fix a functor F': C — D.
1. The colimit colim F exists if and only if the left Kan extension of !: C — 1 exists.

2. Under the hypothesis of (a), Lan; F' = colim F.

Proof. Let's talk about why we might expect (a) to be true. Namely, we are looking for functorsd: 1 = D'is
asking for the following diagram.

However, this is equivalent data to a cone v: F' = d. If we have a left Kan extension, then this is again
equivalent data to natural transformations Lan, F = d.

But because we are doing everything over 1, this is the same data as a morphism Morp (Lan, F, d). So
Lan, F will exactly represent Cone(F, —), meaning that colimits and the left Kan extension have exactly the
same data.

This proof technically gives us (b) for free because we showed that we have the same data from both
objects, but we can also write down the formula

Lan; F' & colim (Cil{*} EN D) ,

but of course CxX;{#} has is the same data as C. |

Remark 6.24. We can also interpret limits as right Kan extensions, by flipping the arrows.
Next let's see adjoints.

Proposition 6.25. The data of an adjunction F' 4 G with unit n: id¢ = GF and counite: FG = idp has
the same data of left and right Kan extensions of the following two diagrams, respectively.

1% A%

In particular, the right adjoint G is the left Kan extension Lany id¢, and the left adjoint F'is the right Kan
extension Rang idp.

D

Proof. We will only show one direction; suppose F' - G. The main point is that we get an adjunction

Go—
Fun(D,C) © L  Fun(C,C)
—oF

1 Alternatively, “all Kancepts are Kan extensions.”
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from Theorem 5.34. However, the uniqueness of adjoints combined with what we already know about the
adjoint of (— o F') from Corollary 6.12, we are able to conclude

Langp(—) 4 (—o F).
In particular, Lang id¢ = G*(id¢) = G, so we are done. [ ]

6.3.3 The Kan Extension Formula

To set up our discussion, fix F': C — D such that D has all colimits and that C is small. Then, by the formula
in Corollary 6.11, we know that we can extend F' as in the following Kan extension diagram.

c L5
| .~
c
However, this extension somewhat clearly should be F, so the formula in Corollary 6.11 tells us
Fc%colim(C QCC%CQD)
Here are some consequences.

Theorem 6.26 (Co-Yoneda lemma). Fix everything as above. Then we can the diagram

y—xr—rc T—C

isa coequalizer diagram; here one of the maps being coequalized is the inclusion from Fy, and the other
is the inclusion from Fx.

Theorem 6.27 (Density, I). Fix a functor F': C — Set from a small category C. Then F'is the colimit of
the diagram
op
(/ F) Leor S Fun(C, Set).
c
Dually, a functor F': C°P — Set is the colimit of the diagram

F — C 35 PSh(C).
Cop

Proof. This follows quickly from the Co-Yoneda lemma, with a little elbow grease. |

Theorem 6.28 (Density, Il). The diagram

c —% , PShC

[~

PShC

gives a left Kan extension.
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Proof. Using the formula, we can just compute
(Lan, X)(F) 2 colim <c ZpsneF = C S PShC> .

However, C X pshcF is fcop F, so the previous density theorem tells us that we get F' out of this colimit. B
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