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Introduction

18.905 is the graduate algebraic topology class at MIT, and it'll be a weird semester to take it because we're all over
the world, but hopefully the class can still be a good time. The goal is for it to not feel like a “completely virtual

experience.”

The students of the class shared where we are currently located, as well as what we want to get out of the class

and why we want to learn algebraic topology.

Because a lot of students are interested in category theory, the class will put a “categorical spin” on the topic —
since we are following Professor Haynes Miller's notes, there will be a fair amount of that.

In terms of logistics, we'll be using the Canvas website for 18.905. Professor Miller's notes are posted on the
welcome message, and a general syllabus is also posted in its corresponding location. We will not use the Hatcher
book extensively (it's mroe geometric than Dr. Hahn prefers), but it can be an alternative source.

The point of this class is to cover homology, cohomology, and Poincaré duality — if we read the 100 pages
corresponding to that material, we should understand the class, and the “finiteness” of content makes this class
hopefully approachable. Homology is a tool in algebraic topology which (along with cohomology) is used everywhere in
mathematics, especially in algebraic geometry and differential geometry. And we'll see how it can show up in surprising
places through category theory and applied mathematics, too. However, this class will not cover point-set topology
and the fundamental group — we can read Hatcher or the end of Munkres for that.

Zoom lectures will be recorded, so those of us attending in inconvenient time zones can still learn the material.
Logistics-wise, we should display the name we want to go by, as well as pronouns optionally. And we should unmute
ourselves whenever we want to talk or send questions into the chat in order to keep the class interactive.

There will be biweekly problem sets — we should submit our homework only if we are taking the class for credit,
and if so, we should make sure to meet in groups. That's why the website https://psetpartners.mit.edu has been
developed: this makes it easier for us to work on problem sets together, and we should just remember to write down
all sources and other people that we consulted at the top of each pset. Problem sets will be worth 85 percent of our

grade, and the last 15 percent is a (significantly easier) exam that should take only about an hour to complete.


https://psetpartners.mit.edu

1 September 2, 2020

We'll start with a small introduction of “what homology is" and where we're going to go with it during this semester.
The basic concept is that we want to study spaces by studying how many holes they have — this is a very coarse
invariant, but it can still be useful.

Example 2

The shape O has “one hole,” while the shape Y has “no holes” and the shape 8 has “two holes.”

We need to be able to rigorously define what a “hole” means, and we need to have a rigorous way to calculate how
many such holes there are, so that we can distinguish different kinds of spaces. The fundamental group gives one
way for us to measure the number of holes: the fundamental group of the circle is Z, while the fundamental group of
Y is the trivial group, and the fundamental group of 8 is the free group on two generators.

But there's no “surface” to any of these three shapes, and the fundamental group is inherently one-dimensional.
Since we'll want to talk about higher-dimensional spaces, we will use a different method to understand these “holes,”
called the first homology group H; (called such because it measures “one-dimensional holes” or loops, but generalizing
better to higher dimensions).

We'll now describe an algorithm for calculating the first homology group, and we'll spend some of the class explaining

why this is rigorous:

Example 3

Let's compute the homology group H; of the circle.

First of all, we'll think of the circle has a discrete graph: take two points on the circle, and imagine that they are

connected by two segments. Then for every edge in the graph, we can draw an edge:

y

These edge directions can be assigned arbitrarily — it turns out that it won't matter where the arrows point. In
the diagram above, the edges f and g have source x and target y.

Now, let Z{f, g} denote the free abelian group generated by f and g: such elements can be written as formal sums
7f +4g, or 0, or 3f —2g. Similarly, let Z{x, y} denote the free abelian group generated by the two vertices x and y.
We can consider the group homomorphism

d:Z{f, g} = Z{x, y}

where f and g both map to y —x (that is, the target vertex minus the source vertex). The kernel of this homomorphism
is then the free abelian group generated by f — g — since there is one element generating this kernel, there is one
hole. This kernel is called the first homology group of the space, and the number of generators is also the first Betti
number.

We'll spend the rest of today doing similar types of examples to help us gain some intuition.



Example 4

Let's compute the homology group H; for the Y shape, which we expect to have zero holes.

We can imagine Y as being embedded in R? with the subspace topology, and the natural way to turn this into a

graph is as follows:

Like before, we can consider a group homomorphism
d:Z{f, g, h} = Z{x,y, z, w}

where f, g, h are sent to w — x, y — w, z — w, respectively. And this time the kernel is trivial (which is the free abelian

group with no generators), and therefore we indeed find that there are zero holes with this method.

Remark 5. Notice that we can cut up the two shapes above in different ways as well: for example, we can add extra
vertices and create more edges. We'll soon see that we can add an extra vertex in the middle of some of our edges,

and this will also not change our final answer.

We'll soon see how this concept generalizes to higher dimensional spaces, as well as why this invariant exists for
topological spaces.

2 September 4, 2020

Our first problem set has been posted — it's due in two weeks (September 18 at class time) on Canvas. We can be
matched with other students as "pset partners” if we enter our available times on the psetpartners website soon! It's
recommended that we start on the problem set early, so that we can absorb the material a little at a time (some of the
topics will make sense to us very soon, while other topics will take more time). Also, we won't have class on Monday
because of Labor Day.

Remark 6. Starting next week, to accommodate different time zones, office hours will be held the hour before class
on Wednesdays and Fridays.

Recall that last time, we learned how to compute the first homology group H1(G) when G is a directed graph (an
object with vertices and some arrows between them). This homology group basically let us count the number of loops

in our graph — let’s do another example to illustrate the concept.



Example 7
Suppose that our graph looks like a triangle:

To compute the first homology group, we form the map of free abelian groups
Z{f, g, ht > Z{a, b, c}

that sends f to b—a, gto c—b, and hto c—a. Then the kernel of the map 9, also called a boundary homomorphism,

is generated by g — h+ f, so
H1(G) = ker(0) = free abelian group generated by g — h+ f.

And the fact that we have one generator means that our object has “one hole.”
But we want to be able to talk about higher-dimensional objects, not just one-dimensional graphs, and we want
to be able to deal with topological spaces (like subspaces of R"), not just combinatorial objects. We'll tackle the first

problem first: we'll understand how to deal with finding a combinatorial representation in higher dimensions.

Example 8

Say that we glue in a two-dimensional triangle into our shape from above:

This “solid triangle” should now have zero holes, so we expect the group H; to be trivial. Here, g— h+ fis a
cycle, so it'll still be in the kernel of our boundary operator, but it'll also be in the image of the boundary operator

OA=9g—h+f,

because we can imagine going along the boundary of our triangle A, counting edges with direction! So homology will

record cycles modulo the boundaries, and we'll rigorize this now.

Definition 9
A semisimplicial set X is a sequence of sets Xg, X1, X5, -+ ,, and functions dy, di; : X1 = Xq, dy, d1, do : Xo —
X1, and so on (in general, we have n+ 1 functions from X, — X,_1 for every n > 1), such that the simplicial

identities are satisfied:
did; = dj—1d

whenever j < j and those equations make sense.




The idea is that we're building arbitrary shapes out of points, lines, triangles, tetrahedra, and so on.

Example 10

Suppose we have a semisimplicial set where Xo = @, X3 =g, ---

Then we actually just have a directed graph: Xg can be thought of as the set of vertices, and X; can be thought
of as the set of edges. Here, dy, d1 : X1 — X record the “target” and “source” of our edges, and it turns out the
simplicial identities are always automatically satisfied.

Example 11

Let's return to the two-dimensional solid triangle from above.

In this case, we have X3, Xy, --- all empty, and we have
Xo={A}, Xi={f.g9.h}, Xo={a b c}

corresponding to the faces, edges, and vertices. Now we need to specify a bunch of functions. The functions

do, di 1 X1 — Xg are defined similarly to before: we have
dof:b, dog:C, doh:C,

and
dlf:a, dlg:b, dlh:a.

It turns out that we can finish our description by setting
dA=g, dA=h dA=TF
We could have arrived at these equation by using the simplicial identity
doh A = didpA,

and it turns out that there is only one way to assign {0, 1,2} to {f, g, h} so that A “maps to all three edges” and also
satisfies the simplicial identities. (But we'll also see a better explanation soon.)

We can now explain how to compute the homology of a semisimplicial set X. Let S,(X) denote the free abelian
group generated by the set X, (this is also called the set of n-simplices).

Definition 12

For all n > 1, the boundary operators are group homomorphisms
On : Sp(X) = Sp_1(X)

are defined by sending o € X, to

n

> (-1)*do.

k=0

We also define 8y : Sp(X) — 0 to be the zero homomorphism.




Definition 13
Let X be a semisimplicial set. The group of n-cycles in X, denoted Z,(X), is the kernel of the boundary operator
Oy, and the group of n-boundaries in X, denoted B,(X), is the image of Opy1.

Basically, the idea is to “get rid of higher-dimensional cycles.” We'll prove on our homework that B,(X) is a
subgroup of Z,(X), so every boundary is a cycle (if we take the boundary of a boundary, we get zero), which is in turn
a subgroup of S,(X).

Because our boundaries are the “boring cycles” (which are actually just part of higher-dimensional behavior), it

makes sense to define the quotient abelian group
Hn(X) = Zn(X)/Bn(X)v

which intuitively measures the number of n-dimensional holes in our object.

We can now turn to the second question: how can we turn our attention from semisimplicial (combinatorial) sets
to topological spaces? Specifically, how can we do the same process as we did with the circle and Y and other shapes
during the first class, cutting up our topological spaces to form a semisimplicial set?

Showing that all methods of cutting give us the same answer will take up some time, so we'll dodge the question

by defining a "maximal” or “canonical’ method of cutting up a topological space.

Definition 14
For any n > 0, the standard n-simplex A” is a subspace of R"*!, defined as the convex hull of the standard basis

{eo, €1, ,en}. In other words,

An—{zt,‘e,'izt,'_l, t,‘ZO}.
i

For example, Al is basically a line segment in R?, and A? is a triangle in R3.

Definition 15

Let X be a topological space. Define Sing,(X) to be the set of all continuous maps A" — X.

These are extremely infinite sets — for example, Singg(X) is the set of maps from a point to X, which means we
can think of it as the set of points in X. But we can still talk about these sets in useful ways: specifically, we have
maps

d; : Sing,(X) — Sing,_1(X),

which are defined by “forgetting” the basis element ;.

Example 16
In the map d; : Sing,(X) — Sing; (X), we take the image of the triangle with vertices ey, e, €2, and we only keep

the part which is the image of the line segment from ¢y to es.

These d; maps turn out to make Sing(X) into a semisimplicial set! And this way, we don't need to cut a space

into simplices, because we're doing the “maximal” construction where we consider all continuous functions.

Remark 17. We can look into Hatcher’s treatment of “A-complexes” (which is an alternate name for a “semisimplicial

set”) — there are some good pictures.



Definition 18
If X is a topological space, define S,(X), Z,(X), Bn(X), and H,(X) to be S,(Sing X), Z,(Sing X), B,(Sing X),
and H,(Sing X), respectively.

We can think of a certain hierarchy being used here, going from geometric to combinatorial to algebraic objects:
Topological Spaces =09, Semisimplicial sets . Abelian groups.

Here, “Sing” is short for “singular,” because we have some continuous but very ugly maps that can be created from
this process. And now we can understand why we chose d1A = h and so on in the solid triangle above: labeling our

vertices of the triangle as eg, €1, &, the edge d1 A is the one "opposite from” vertex e;, and so on.

3 September 9, 2020

A lot of us have been assigned to pset groups by the psetpartners website, but if we're not satisfied with our groups or
had trouble with the process, we should email Dr. Hahn or go to office hours (which will now take place on Wednesdays
and Fridays before class, as previously mentioned). Our first problem set will be due next Friday.

Last time, we set up the basic idea of singular homology, and we discussed certain transformations described in

the diagram below:

. Si .. .. mZn,Bn,Hn .
Topological Spaces >, Semisimplicial sets 20.Z0:B0 b Apelian groups.
That means that if we're given a topological space, we should be able to extract a semisimplicial set, and then
subsequently extract an abelian group. But the arrows in the above picture have a more specific meaning — the maps

Sing, S, Z,, Bn, H, are compatible with “maps between objects:”

Fact 19
If X — Y is a continuous map of topological spaces, and o : A" — X is a continuous function, then the composite
map A" — X — Y is also continuous, so a map X — Y induces a map Sing,(X) — Sing,(Y).

To be more specific with the underlying ideas here, we'll introduce a lot of category theory notation which will

encode what we care about here:



Definition 20

A category C consists of the following:

+ A class ob(C) of objects in C,
« For every pair of objects X,Y € ob(C), a set of morphisms denoted Hom¢(X,Y),
« For every X € ob(C), an identity morphism 1x € Hom¢(X, X),
« For every (X,Y, Z) (with X,Y, Z € Hom¢(X, X)), a composition operation
Home(X,Y) x Home(Y, Z) — Home(X, 2),
written as (f, g) mapping to g o f. This composition must satisfy (hog)of =ho(gof) and

lyof=f Y feHome(X,Y), folx=f VfeHome(Y,X).

Remark 21. Note that categories have a class of objects instead of a set, which means the collection sits in a higher
Grothendieck universe. But we won't need to worry about these issues for now. (This is really just to avoid needing
to worry about things like “the set of all sets.”)

We have perhaps already seen many examples of categories from other math classes:

Example 22
There is a category Set of sets, which means that ob(Set) is the class of all sets, and morphisms are functions
from one set to another.

In particular, if X,Y are two sets, then Homset(X,Y) is the set of all functions from X to Y. The composition

operation is just the composition of functions, and the identity morphism is the identity function.

Example 23
There is a category Ab of abelian groups, which means that the objects in ob(Ab) are abelian groups, and the
morphisms Homap (A, B) refers to the set of all group homomorphisms A — B.

The idea here is that the composition of two group homomorphisms is always a homomorphism, and we always

have identity homomorphisms.

Example 24
There is a category Vectg of real vector spaces, where the objects in ob(Vectr) are vector spaces (with scalar

field R) and the morphisms are linear transformations.

In general, “identity morphism is a morphism” and “composition of morphisms is a morphism” are really the two
facts that we get out of saying that something is a category.

Example 25
There is a category Top of topological spaces, where the objects are topological spaces, and HomTo(X,Y)

denotes the set of all continuous maps X — Y.




Remark 26. When C is a category, we'll often use X € C as shorthand for X € ob(C). (So X € Top often means X
is a topological space.) Similarly, we'll often write f : X — Y when we mean f € Hom¢(X,Y), and we'll use the word

“map” instead of “morphism” frequently.

Definition 27
A morphism f : X — Y in a category C is called an isomorphism if there exists a map g : Y — X such that

gof=1xand fog=1y.

Example 28
A morphism in Set is an isomorphism if and only if it is a bijection, and a morphism in Ab is an isomorphism if
and only if it is a group isomorphism. Similarly, an isomorphism in Top is a homeomorphism (a continuous map

with a continuous inverse).

Proposition 29
Suppose f : X — Y is an isomorphism in a category C. Then the inverse g : Y — X is unique, so we can talk

about “the inverse” rather than “an inverse.”

Proof. Suppose that ¢’ : Y — X were some other inverse of 7. Since go f = 1x, we know that
(gof)og =1xog =7,
but also (by associativity) this is equal to
go(fogd)=goly =g,
sog=4g. O

While category theory does unify a lot of mathematical concepts we've already talked about, there's another reason

we care about it:

Definition 30

A functor F : C — D of categories consists of
+ An assignment F : ob(C) — ob(D) from objects to objects, and
- for all X, Y € ob(C), there is a function F : Hom¢(X,Y) — Homp(F(X), F(Y)).

Furthermore, we must have F(1x) = 1g(x) for all X € ob(C), and for all composable pairs of morphisms f, g € C,

F(gof)=F(g)o F(f).

Example 31
For each n > 0, there is a functor Sing,, : Top — Set, and there is a functor S, : Top — Ab.

Let's unpack this data: every topological space is associated to a set, and if we have a function between topological
spaces, we get a canonical function between sets by applying Sing,,. Similarly, we can get a homomorphism between

abelian groups from a function between topological spaces by applying S,.



And now we can do some “Inception-level stuff:”

Example 32
There is a (huge) category Cat of categories, where objects in ob(Cat) are categories and morphisms in Cat are

functors.

The idea is that if C and D are two categories, then Homc,t(C, D) might be a class and not a set. But (again) we
won't worry about this distinction too much.
The statement that “Cat is a category” means that we can compose two functors to get another functor:

Example 33
There is a functor Free: Set — Ab, taking a set to the free abelian group generated by that set. Then S, : Top —

Ab is the composite functor Free o Sing,,.

Note now that if X — Y is a map in Top (a continuous map between topological spaces), then we can form the

following diagram for each 0 </ < n, corresponding to our “degeneracy” maps d; from last time:

Sing,,(X) SEL/EN Sing,_1(X)

Sing,,(f)l J(Singn—l(f)

Sing,(Y) —% Sing,_1(Y)

This diagram commutes, meaning that the two different composite functions we can form from Sing,(X) —

Sing,_;1(Y) are the same. We can formalize this idea:

Definition 34
Let F,G : C — D be two functors. A natural transformation © : F — G consists of maps ©x : F(X) — G(X)
for all X € ob(C), such that for all maps f : X — Y in C, the diagram below commutes:

F(X) -2 6(X)

F(f)l lG(f)

FIY) —2 G(Y)

Example 35
Suppose n > 1 and 0 </ < n. Then there is a natural transformation d; : Sing,, — Sing,,_;, where Sing,, and

Sing,,_; are functors from Top to Set.

Definition 36

A natural transformation © : £ — G is a natural isomorphism if the map ©x is an isomorphism for all X € ob(C).

We'll finish with a construction: suppose that C and D are categories, and C has a set of objects (instead of a
class). Then there is another category Fun(C, D), whose objects are functors from C to D, and morphisms are natural
transformations of those functors. When we say that this is a valid construction, we're saying that a composition of
two natural transformations is a natural transformation. We'll continue with this and do some more examples next

timel

10



4 September 11, 2020

We'll continue to discuss the formal language of category theory today. We looked at functors Sing,, : Top — Set,
which record the set of continuous functions from a standard n-simplex into X, as well as natural transformations
d; : Sing, — Sing,,_;. But we haven't put them together in the semisimplicial set construction, and we haven't really
motivated the semisimplicial identities either. So we'll try to put all of that into a categorical context today.

To do this, we're going to need to construct new categories out of old categories.

Definition 37
Let C be a category. Then the opposite category C°P is a category so that ob(C°P) = ob(C), but for any
X,Y € ob(C°), we define

Homeor (X, Y) = Home (Y, X).

If f € Home(y,x) is @ morphism, we denote the corresponding morphism in Homee» by £°P. The composition law

we use is
(f 0 g)* = g% o .

In other words, all of our morphisms get “flipped around.”

Example 38

Recall the category of real vector spaces Vectyr from last time: the objects of this category are vector spaces, and
the morphisms are linear transformations. Since every V' has a dual V* = Homy.., (V. R) (where the underline
refers to the vector space of such transformations, rather than just the set), note that if W — V is a linear map,
and V — R is a linear map, their composite is also linear. Thus, a linear map W — V induces a map V* — W*

in the opposite direction after dualization.

This structure can be described concisely by saying that there exists a functor
()" :Vecty” — Vectg.

Remark 39. We can also understand opposite categories in terms of functors. If C and D are categories, then a
functor F : C — D takes objects to objects, and maps ¢ — ¢’ to maps F(c) — F(c’). But sometimes we want to go
in reverse, which is why we have functors F : C°P — D, which still take objects to objects but send maps ¢ — ¢’ to
maps F(c") — F(c).

Last time, we also described the following construction. Let C and D are categories, such that C has a set of
objects. Then Fun(C, D) is a category, such that the objects are the set of functors from C to D, and the morphisms are
natural transformations of functors. What this is really hiding is a claim that we can compose natural transformations
properly, which we should check on our own.

So now we're ready to return to our semisimplicial sets:

11



Definition 40
Let Ajy; denote the category with objects

ob(Ai) = {[0]. [1]. [2]. - - - },
and morphisms between objects given by

Homa, . ([a], [b]) = {injective functions f : {0,1,---,a} — {0, 1,---, b} that preserve order}.

inj

(In other words, f(x) < f(y) whenever x < y.) This means that there are no morphisms from [a] to [b] when b < a,

and we're also implicitly assuming that the composition of injective functions is injective, and that the composition of

order-preserving functions is order-preserving.

Example 41
There are three maps in Ajyj from [1] to [2]: such (injective order-preserving) functions {0, 1} — {0, 1, 2} are just

determined by the image, which is either {0, 1}, {0, 2}, or {1, 2}.

Proposition 42
A semisimplicial set is a functor AJY — Set.

There's a lot of notation to unpack here, and we're encouraged to think through this ourselves and see how the
precise correspondence works. But remember that a semisimplicial set was defined as a sequence of sets Xq, X1, X5, - - -

together with maps dy, di : X1 — Xo, dy, d1, d> : Xo — X, and so on. From this, we should be able to extract a

functor F : A°° — Set.

inj
Let's try to understand that: the set of objects of Af’n‘j is the same as the set of objects of A, which is

{[0], [1]. [2]. - - - }. So we'll have our functor send F([i]) to X;. But we need to see where the d; maps fit in, too:

Example 43
By definition of the opposite construction,

Homes (2], [1]) = Homa,, ([1]. [21).

which consists of the three maps in Example 41.

We'll label these three maps: let fy be the map with image {1, 2}, f; be the map with image {0, 2}, and f> be the
map with image {0, 1}. So now we'll define the d; map to be F(f°") : X5 — X, and it's good for us to think about

what this really means.
Note that this abstraction tells us that Fun(Aic:fj’, Set) is a category (with natural transformations as morphisms).

This allows us to assert the following theorem that we've been working towards, which explains the “arrows” from the

first class more clearly:

Theorem 44
There is a functor
Sing : Top — Fun(AfP, Set).

inj’

12



Theorem 45
There are functors
S Zn, By Hy Fun(Af’n‘}, Set) — Ab.

Both of these results tell us that there are correspondences both in the objects and in the maps of the two categories,

and we can put those results together as well (because of the “huge” category that tells us functors compose):

Corollary 46
We have (composite) functors
SniZp, B, Hp - Top — Ab.

Definition 47

Let Fil denote the category with one object for each non-negative integer, no morphisms from a to b if a < b,

and a unigue morphism otherwise.

It's worth thinking why this is well-defined: this has the same objects as Ay, but very different morphisms.

Proposition 48

A functor Fil — Ab can be thought of as a sequence of abelian groups with maps between them:

Aa Al

Definition 49
A chain complex of abelian groups is a functor Fil — Ab with the property that

0100, =0 Vi>2.

There is indeed a category of chain complexes of abelian groups, denoted chAb, and the morphisms are then natural
transformations of functors Fil — Ab. If we unwind the definition of a natural transformation, we find that a map of

chain complexes is a diagram as below:

Ap <2 A <2 A
BO 2 Bl 5 B2

In other words, we map Agp to By, A1 to By, and so on, so that all squares commute.

We'll continue to restate results from earlier on in class:

Theorem 50

There is a functor from semisimplicial sets to chain complexes of abelian groups:
S. : Fun(ApY, Set) — chAb,

mapping X to a sequence Sp(X) A S1(X) 2 S>(X) & ...

13



Theorem 51

There are functors Z,, B, H, : chAb — Ab from chain complexes to abelian groups.

We can put all of this together by saying that the homology group functor H, : Top — Ab is a composite of the

following functors:
« The Sing construction, which takes us from a topological space to a semisimplicial set,
« The S, construction, which takes us to a chain complex of abelian groups,

« The H, = ker(8,)/im(8,+1) construction, which takes us to abelian groups.

5 September 14, 2020

Some more details are now known about the exam — it'll be held on Monday, November 8th, and it should be much
easier than the problem sets (taking about an hour or less to complete). We'll be given a 24 hour period to do it, and
we can consult books and the internet as we wish (but not other people). And as a reminder, our first problem set is
due at class time on Friday.

Last lecture, we defined a category called chAb, but we'll quickly change our conventions to follow the official
course notes: from now on, we'll call this category of nonnegatively graded chain complexes chAbsq. Recall that

an object of this category is a sequence of abelian groups
N N N

and a morphism is a diagram between two of these objects with all squares commuting:

33 al

A, =2 A Ao
%, g o, O, p

Definition 52

A (not necessarily nonnegative) chain complex is a sequence of abelian groups with maps

o o 6] o_ o
RN P N . N TR N s N N = N

These are objects of the category chAb, with morphisms forming similar diagrams as above.

We mentioned last time that we can think about chAbx( as a functor category from Fil to Ab, and it's worth
thinking about how that extends here. And to relate the two categories, we do have a functor chAbxq — chAb, where

any nonnegatively graded chain complex is just sentto --- —+A; - Ag—-0—0— ---.

Fact 53
We also have functors Z,, B, H, : chAb — Ab for any integer n, defined analogously as before, so we can still
define the nth homology group functor for chAb instead of chAbxg, with H,(X) = 0 for n < 0.

That’s enough category theory for now, and we’'ll now spend some time looking at how to rigorously compute the

homology groups for topological spaces.

14



Example 54

Let X = p be the one-point topological space (that is, R®). Can we compute the homology groups here?

Since Sing,(X) is the set of continuous functions from A" — p, where A" is the standard n-simplex, there is only
one unique continuous map for each n, which we can denote a,. This then gives us the nonnegatively graded chain
complex

S.(X) = Z{ao} & Z{ay} & Loy -+,

so each group here is abstractly isomorphic to the integers.
So now we want to explicitly write down the nth boundary map 9,. It suffices to show where the generator a,

goes, and that's defined via
n

On(an) = 3 (~1)*(dan),

k=0
where dy is a function of sets from Sing,(X) — Sing,_;(X). But there's only one (n — 1)-simplex image that exists
in X, so this expression will just be

k even,

n
an-
=> (-DFap 1= " '
k=0 0 k odd.

So S.(X) is isomorphic in chAb>q to the sequence of maps
zlzéznlzd ..

and now we're ready to compute the homology groups. Remembering that Oy is defined to be the zero map, we find
that
Ho(X) = ker(@o)/im(él) = Z/O = 7.

(We could have probably predicted this if we've already worked on the problem set a bit.) Moving on,
Hl(X) = ker(@l)/im(ag) = Z/Z = 0.

And we can continue in this way:
H>(X)=0/0=0,

and all subsequent homology groups Hs(X), Hy(X), - -+, will also be 0. Putting this all together,

Z n=20
Hn(p) =
0 otherwise.

We can also compute the homology of the empty set, but this is basically all of the possible direct computations

we can do from the definition! So we’ll move into a slightly less boring class of spaces:

Definition 55
A subset X C R" is star-shaped with respect to a point b € X if for every point x € X, the interval

{tb+ (1 —1t)x:te]0,1]}

lies entirely in X.
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In other words, we can draw a straight line from b to any point in subset X. Such shapes should be “completely
filled in:" we expect that they are basically disks but with some deformations.

Theorem 56
Let X be star-shaped. Then H,(X) = H,(p) for all n.

In order to approach this, we'll need to do some algebra in chAb (and we'll see as time progresses that this class
is basically one-third algebra, one-third geometry, and one-third category theory).

Definition 57
Let C, and D, be chain complexes, and let fy, fi : C. — D, be two maps (called chain maps). A chain homotopy

h: fy ~ f; is a collection of homomorphisms h : C,, = D,41, such that
Oh+ ho=1f —fy.

If there exists a chain homotopy h : fy ~ f1, then fy, i are chain homotopic.

The slightly relevant diagram is below:

' > Cn—}—l

Cn Cn—l
/ /

: HD,H,l;)Dn*}Dnil;)...

This is not a commutative diagram, but it's a way for us to visualize what's going on. This kind of structure

tends to arise out of geometric constructions, and it's useful because of the following result:

Lemma 58
Suppose fy, fi : Co — D, are chain homotopic. Then the two maps H,(fy), Ho(f1) : Ha(Ci) = Hp(Dy) are the

Same.

Recall that H,, is a functor, so a map like fy or f; gives us a map of abelian groups. And this result is saying that
the induced maps of abelian groups are identical.

Proof. Let ¢ € Z,(C.) be an n-cycle. We must show that
fic = foc € Zn(Dx) € Bn(Dx).
Picking some chain homotopy h, we have that
fic — foc = (0h + hd)c = dhc + hoc,
but dc = 0 because c is a cycle, so this is just Ohc. So we've written fic — fyc as the boundary of hc. O

Remark 59. We're using a convention where we are omitting indices (some of the partials here should be 8, versus

Op+1). This makes it more practical to write things down, and we should feel free to do the same on our homework.

Proof of Theorem 56. Suppose that X is starshaped with respect to b € X. A map X — p induces a chain map
€ : S.(X) = Si«(p), and the map b : p — X induces a map 1 : S.(p) — S.(X) (in both cases, because S, is a
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functor). We wish to show that for all n, H,(¢) and H,(n) are inverse isomorphisms of abelian groups. To do that,
we need to show that both compositions are identity maps. First, note that

Hn(€) o Hn(n) = Ha(g 0m)
by definition of functoriality, and because € o 7 is the identity map, this gives us
= Hn(1s.(p) = LHy(s.(0)-
We need to show that the other order of composition also gives us something nice: specifically, that
noe: S, (X)— Si(X)
is chain homotopic to the identity map, which is good enough by Lemma 58. We'll use the chain homotopy
h: Sq(X) = Sqr1(X)

that sends simplices to simplices (so we send generators to generators), meaning that for any o € Sing,(X), we define
the map h(o) : A9t — X via

th =1,
h(o)(to, -+ tgs1) =

tob+ (1 —to)o (1f1t0, R f"j;o) otherwise.

Geometrically, what is happening here is that given a simplex ¢ in our star-shaped region, we're connecting it with
straight lines to everything in b (which adds an extra dimension). Because we're star-shaped, this higher-dimensional

simplex will stay inside the region. Then dy(h(c)) = o, and for all i > 0, we have

di(h(a)) = h(di-1(0)).

This means that
8(/’)(0’)) = dohO' — dlhO' + dzhO' — e,

which simplifies to
o — h(dgo — dio+---) =0 — hdo.

This lets us conclude that 9h+hd = 1—ne, so we indeed have a chain homotopy, and 1 and ne are chain homotopic. [

6 September 16, 2020

The recording from last class had some technical issues, so it needs to be re-recorded before it can be posted on the
class website. (But it won't be necessary for the problem set due on Friday.)

Last class, we defined the notion of chain homotopy. Basically, given two maps of chain complexes fy : C, — D
and f; : C, — D, we define a collection of group homomorphisms h: C, — D,4+1 such that

Oh+hd="H —fy.

This is useful because chain homotopic maps fy, fi give us the same homology groups H,(fy), Hx(f1), and we used
this to show that star-shaped regions in R"” have identical homology groups to that of a single point. (We did this by

taking k-dimensional simplices and connecting them to (k + 1)-dimensional simplices.)
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A valuable question to ask, then, is the following: if we have two maps f, g : X — Y in Top, when are S.(f) and
S.(g) chain homotopic? In such a case, we have H,(f) = H,(g), and the idea is that working with topological spaces

can tell us something algebraic.

Definition 60
A homotopy h between maps of topological spaces f, g : X — Y is a continuous map

h:Xx[0,1] =Y

such that h(x,0) = f(x) and h(x,1) = g(x). (And f and g are homotopic if such an h exists.)

The second variable here in x is often thought of as “time:" we can imagine that we have a continuous movement

(or family of interpolating maps) from the map f to the map g.

Theorem 61
If £ and g are homotopic maps of topological spaces, then S.(f) and S.(g) are chain homotopic (meaning that

H,(f) = Hn(g) as maps of abelian groups).

Proof. This is on our homework assignment, since it'll help us get more familiar with the concepts but isn’t a particularly

memorable proof. O

Fact 62
Suppose that hip : X x [0, 1] — Y is a homotopy from f; to £, and hyz : X x [0, 1] — Y is a homotopy from 1

to f3. Then we can compose them together, in the sense that

hlg(X,2t) OS tS 1/2,

his(x,y) =
h23(X,2t*1) 1/2St§1

is a homotopy from f; to f.

This means that there is a transitivity property for being homotopic, and this is the argument we need to say that
f ~ g (meaning f and g are homotopic) is an equivalence relation on the set of continuous maps Homo, (X, Y).

(We also need to verify reflexivity and symmetry, but those are easier to do.)
This also means we have a homotopy category Ho(Top) with ob(Ho(Top)) = ob(Top) and Homyg(rop) =
HomTop(X,Y)/ =, meaning that maps in the homotopy category are homotopy classes of maps in Top. (And in

this assertion, we're saying things like “composition behaves well with this equivalence relation.” This then gives us a

canonical functor
Top — Ho(Top)

which sends maps to their equivalence classes — we can think of this functor as some kind of “quotient functor.”

Theorem 61 implies that we have a diagram

Top — " 5 Ab

|

Ho(Top)
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which commutes — specifically, there exists a unique functor Ho(Top) — Ab. (This is a “first isomorphism” type
construction for categories: we're saying that the functor H, defined on Top has the property that it sends homotopic
maps to identical maps in Ab, so it “uniquely factors through” this homotopy category construction.) But if we look
at the functor S, : Top — chAb instead and try to construct a similar diagram, there isn't a functor from Ho(Top)
to chAb which makes the diagram commute, because homotopic maps of topological spaces are not sent to identical

maps of chain complexes — only chain homotopic ones.

Remark 63. There's a category Top, of “pointed topological spaces” (topological spaces with a base point), and we

also get a similar looking diagram out of the w1 fundamental group functor:

Top, ——=— Ab

|

Ho(Top,)

Here, m1(X) is the set of functions from S* — X which send base points to X, modded out by the homotopy

equivalence ~.

Definition 64
A continuous map f : X — Y of topological spaces is called a homotopy equivalence if it maps to an isomorphism
under the functor Top — Ho(Top). Two spaces X,Y are homotopy equivalent if there exists a homotopy

equivalence f : X =Y.

If we unpack this a little, this means that f is a homotopy equivalence if and only if there exists an inverse map
g Y — X such that f o g and g o f are homotopic to the identity map. And the “slogan” to remember here is that
homology cannot tell between homotopy-equivalent spaces, or between homotopic maps. So it's useful to be
able to tell whether two spaces are homotopy equivalent quickly, and we'll show one simple way this often comes up:

Definition 65

An inclusion A < X is a deformation retraction if there is a map h: X x [0, 1] — X such that
« h(x,0) =x for all x € X,
« h(x,1) € Aforall x € X,

« h(a,t)=aforallae Aand t €[0,1].

In other words, we start with X and “pull everything back” to A over time, such that everything inside A is untouched.
We can check that this is indeed a homotopy equivalence between A and X, and often we can show that two spaces
X and Y are homotopy equivalent if we can exhibit a common deformation retraction to some subspace A that sits
inside both X and Y.

Example 66
We can check that S"~! C R"” — {0} is a deformation retraction, even though the dimensions of the two spaces
are different. And an annulus and a circle with a small “stick” attached to it are homotopy equivalent, because

both deform into a circle.
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Last class, we proved that star-shaped regions have the same homology as a point — in fact, the inclusion of that
central point b € X to X is a deformation retraction. But this hasn't gotten us to proving things which are not
homotopy equivalent to a point, and we'll need to understand some other simple spaces.

Specifically, we want to understand how inclusions A C X of subspaces relate the homology H,(A) to H,(X).
Notice that S.(A) — S.(X) is a subcomplex of chain complexes, meaning that we have a map of chain complexes
(as usual, with commuting squares) except with vertical arrows being inclusions C; C D; rather than just any maps
Ci— D,.

This leads us to the following construction: let C, C D, be a subcomplex. Then the quotient complex D, /C.
has groups

(D./C.), = Da/Cy

and differential maps
6,, . Dn/Cn — anl/Cnfl

that are well-defined, because two classes in D, that differ by a class in C,, will have boundaries that only differ by a
class in C,—1. (This is exactly the assertion that the squares in the map of chain complexes commute.)

Definition 67
Let A C X be a subspace of a topological space. Then we denote H,(X, A) to be the nth homology group of the
quotient complex S.(X)/S.(A).

We'll discuss the relation between H,(A), H,(X), and H,(X, A) next time!

7 September 18, 2020

We'll continue to talk about the relative homology group H,,(X, A) today. Recall that if we have a subspace A C X,
we define Hp, (X, A) is defined to be the homology group of the quotient chain complex S.(X)/S.(A). We know that
we have a general strategy for computing these homology groups: look for a slightly simpler subspace A of X, and
then try to relate the three groups

Hm(A), Hn(X), Hn(X, A).

To compute that third quantity H,,(X, A), we'll learn today how to relate it to H,,(X/A). And the geometric picture
here is that we're “breaking up a space into smaller pieces and putting the computation together.”

Definition 68
Let Top, denote the category with objects

ob(Top,) = {(X,A) : X is a topological space and A is a subspace of X},
with morphisms

Homep, ((X, A), (Y, B)) = {continuous maps f : X = Y with f(A) C B}.

This means we've basically extended homology from Top onto these pairs in Top,: for each nonnegative integer
m, we have a functor H,, : Top, — Ab, which we'll use to understand our homology gruops. And also note that we
have a functor Top — Top, which sends X to (X, @), so we can view Top as a subcategory of Top, if we want.

To understand the quotient chaim complexes a bit better, we'll need to do some algebra.
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Definition 69
let AL B Chea sequence of abelian groups with maps between them. This sequence is exact (at B) if

kerg=im f.

If this sequence of groups is part of a chain complex, then “this sequence has no homology,” since the homology

groups are ker g/im f.

Example 70
A sequence 0 — A 'y Bis exact if and only if f is injective (since the kernel of f should be the image of the zero
map), and A s B = 0is exact if and only if f is surjective (since the kernel of B, which is all of B, should be

the image of f).

Definition 71

A longer sequence of abelian groups is exact if it is exact on every three-term (adjacent) subsequence.

Example 72

The sequence of maps
052325 7/22 -0

is exact (we can check the condition on all three three-term subsequences). In general, an exact sequence of the

form 0 -+ A— B — C — 0 is called a short exact sequence.

Example 73
The chain complex for the emptyset S, (@) is exact, because all groups are just 0. On the other hand, the chain

complex for a point S.(p) is not exact, because the zeroth homology of a point is Z, though it is exact away from
So(p)-

This kind of language is useful because it's often going to make some technical algebra machinery easier to deal

with:

Theorem 74 (Five lemma)
Suppose we have maps of abelian groups as in the diagram below, such that that all squares commute:

d d

Ad As A —Ls AL —L A

Lo bbb

B, —%sB 938, 4.8 9,5

If both rows are exact, and fy, f1, f3, f4 are isomorphisms of abelian groups, then so is f;.

Even if this statement looks technical, it'll turn out to be very useful.

Proof. We need to check that £ is both injective and surjective. We'll show the latter here, and we'll get a chance to

try injectivity on our own.
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Pick some b, € B, — we wish to write it as the image of some element of A,. Because f; is an isomorphism, we
know that db, = fi(a;) for some a1, and then da; = 0 because foda; = dfia; = ddb, = 0 (last step because of
exactness, and using the isomorphism property of fy). Now by exactness, we know that a; = da, for some a, € A,,
and now we know that

dfra, = f1day, = fa; = dbs.

And now by, — f2(a2) goes to 0 under d, so there exists some bz € B3 such that dbs = b, — f2(a2) by exactness. And

now because f3 is an isomorphism, we can “lift” this to an as such that
f383 = b3, — f2d23 = df383 = bg — fagag.
This means that b, = f2(as + das), which means b, is in the image of £ as desired. O

Remark 75. Proofs like this are called diagram chasing: they're harder to do over Zoom because we're supposed to

physically point at diagrams. So we should go through and verify that this kind of argument makes sense to us.

Definition 76

A short exact sequence of chain complexes is a diagram 0, — A, LR B. % C. —0..

We can expand out the definition to look like this:

0 0 0

> Ay —— Ay —— Ay —— -
fat1 fn fo-1
-— Byy1 — By, —— By —— -
In+1 9n 9n-1
c—— Chppyp —— Cy —— Cpog —— -+
f2 fi fo

0 0 0

In this diagram, rows must be chain complexes (so the composite of two maps must be zero), and the vertical

maps must be short exact sequences of abelian groups.

Example 77
Let A C X be an inclusion of topological sequence. Then 0 — S.(A) — S.(X) — S.(X)/S.«(A) — 0 is a short
exact sequence of chain complexes.

Theorem 78
Let 0 - A, — B, — C, be a short exact sequence of chain complexes. Then we have a long exact sequence of

homology groups

v Hpgr(B) 2229 (€)= Ha(A) 22D Ho(B) 22D Ho(€) = Hoy () 2220 H, o (B) — -
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We know that the H,, maps between A, B, C for a fixed n exist by functoriality, but it's surprising that we have a
degree-lowering map that relates the homology between A and C. It's not very easy to describe what these maps do,
but we can try to understand it by playing with some of the algebra.

This is a version of the Snake Lemma, and we'll prove this algebraic result in digestible chunks on our homework

as well.

Fact 79

It seems people like to mention that the Snake Lemma was proved in a Hollywood movie, but the time between
the Snake Lemma being established and the movie coming out is now shorter than the time between the movie's
release and the present day. We can see such a proof in the following Youtube video: https://www.youtube.com/
watch?v=etbcKWEKnvg.

Corollary 80

Suppose A C X is an inclusion of spaces. Then there is a long exact sequence

coo = Hpp1(X) = Hpp1 (X, A) = Hp(A) = Ha(X) = Hp (X, A) = Hpo1(A) = Hpo (X)) — -

These “degree-lowering maps” are supposed to be pretty mysterious — in practice, we shouldn’t need to dig into their
definition when using this corollary. The point is to summarize the relation between our homology groups using the
fact that “there exists these maps that make the sequence exact,” and we'll see why this is true as we start computing
homology groups in the next week or so. It's particularly powerful because it relates all of the homology groups H,, at
once.

And now we can return to the question of computing H,(X, A), and we'll start with a simple case:

Example 81
Let b be a point of X, meaning that we have a pair (X, {b}) in Top,. Let's compute the relative homology group

Hm(X,{b}).

We'll be able to do things from first principles in this simple example. First of all, remember the definition: if we
consider the map S.({b}) = S.(X) — S.(X)/S.({b}), we can note that S,,(X)/Sm({b}) is just the quotient of the
free abelian group generated by the m-simplices of X by the group generated by the single m-simplex A" — p LS

(In other words, we're just killing a single m-simplex.) We can check that for all m > 0, this implies that
Hm(X) = Hn(X, {b}),

because this is a "boring simplex” that is easy to calculate the boundary for. And as we showed on our homework,
Ho(X) = Zmo(X), where m(X) is the set of path components of X. Then there is a direct sum decomposition

Ho(X) = Z ® Ho(X, {b}),

where the Z corresponds to the path component containing b. This means we have a free abelian group of one lower
rank when we go from Hg(X) to Ho(X, {b}).
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https://www.youtube.com/watch?v=etbcKWEKnvg
https://www.youtube.com/watch?v=etbcKWEKnvg

Theorem 82 (Excision)
Let (X, A) be a pair of spaces, and suppose that there is a subspace B of X so that A C Int(B), and A— B is a

deformation retraction. Then for all m, there is an isomorphism

Hm(X/A) m>0

Hm(X, A) = Hm(X/A, p) = :
ker(ZmoX —7Z) m=0

The condition on B is not really that restrictive here (Int(B) refers to the interior of B) — it just makes sure
we're not doing something horrible bad topologically. So we've shown some connection between relative homology
and absolute homology, via the Snake Lemma. Next time, we'll start to gather things together so we can start doing

real computations.

8 September 21, 2020

Our second homework assignment will be posted tonight — it will be due in a little under two weeks.

Last time, we discussed the functor H,, : Top, — Ab from pairs of topological spaces to abelian groups, and
we started discussing the excision theorem: this stated that for some pair (X, A) of spaces and a subspace B of X
satisfying some not-very-difficult conditions (that is, the closure of A is contained in the interior of B, and A — B is
a deformation retraction), then

Hm(X, A) 2 Hp(X/A, p) 2 Hy(X/A).

This is the most subtle of the theorems in homology theory, and we'll spend a few days going over the proof of it.

In fact, we're going to state and prove a more general version:

Definition 83
Suppose U C A C X are three topological spaces. Then if U C Int(A), then the triple is called excisive, and the
inclusion (X — U, A—U) C (X, A) is called an excision.

Theorem 84

An excision induces an isomorphism of abelian groups

Ha(X — U, A= U) = Hpm(X, A).

(Remember that we should think of H,,(X, A) as basically looking at the homology group of a quotient space, and
U is contained in both A and X, so (X — U)/(A — U) should look a lot like X/A.)

Definition 85
Two maps f, g : (X, A) — (Y, B) are homotopic if there exists a function h: X x [0, 1] — Y such that

« h(x,0) = f and h(x,1) = g for all x € X,
« h(a,t) € Bforallae Aandte|0,1] (that is, the subspace A is sent to the subspace B at all times).

This allows us to define the Ho(Top,) category, which behaves under the homology functors as we want.
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Giving a quick summary of where we are right now, we've constructed the following ideas:

1. We have a sequence of functors H, : Top, — Ab for all integers n,

2. We have a sequence of natural transformations 8 : H,(X, A) = H,—1(A) = H,—1(A, @) (via our embedding of
Top into Top,) from the Snake Lemma, such that

(a) For any pair (X, A) of topological spaces, the sequence
c = Hay1 (X A) S Ho(A) = Ho(X) = Ho(X, A) S -
is exact (where all other maps besides the 8 Snake Lemma ones exist because of naturality),
(b) If fo, 1 : (X, A) — (Y, B) are homotopic, then H,(fy) = H,(f).
3. The excisions we described earlier in the lecture induce a homology isomorphism.

4. We've constructed the “dimension axiom:” the homology groups H,(p) of a point are Z for n = 0 and 0 otherwise.

5. Finally, we've checked some version of this result on our homework: if X; are a collection of spaces indexed by
a set /, then

Hom <|_|X/> = Die/Hm(Xi).

i€l

Fact 86
These are the “basic facts of homology,” and this is meant in a pretty strong sense: a theorem by Eilenberg
and Steenrod says that these facts completely characterize the H,, functors. In other words, we can start

distinguishing topological spaces with algebraic invariants if we just know the facts above!

Remark 87. If we have a set of functors E,, : Top, — Ab which satisfy all axioms above except the fourth (dimension
axiom), we get something called a extraordinary homology theory. We'll see a few examples of these extraordinary
homology theories later on in the class, and there's a lot of active research in this area (see K-theory, bordism theory,

topological modular forms, and so on).

Before we jump into excision, though, we'll take a break and do a few calculations from these axioms that we've

listed above.

Example 88
Let’s calculate the homology groups H,(S!) for a circle.

We know that
st=10,1]/{0, 1}

(we take an interval and identify the two endpoints together). So we can use the following long exact sequence
associated to the pair ([0, 1], {0, 1}):
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H2({0,1}) —— Ha([0,1]) —— H([0,1],{0,1})

H1({0,1}) —— H1([0,1]) —— H1([0,1],{0,1})

Ho({0,1}) —— Ho([0,1]) —— Ho([0, 1],{0,1})

Now we can fill in the necessary information piece by piece:

H2({0,1}) = H1({0,1}) = 0 by the dimension axiom and disjoint union.

H>([0,1]) = H1([0,1]) = 0 because we have a deformation retraction to a point. Therefore, the maps
H>({0,1}) — H2([0,1]) and H1({0, 1} — H1([0, 1]) are the zero maps.

Therefore, by the definition of an exact sequence, H»([0, 1],{0,1}) is the zero group as well. (The same

argument works for all m > 2 too, which is why it's not included here.)

Now, Ho({0,1}) = Z & Z, and Ho([0,1]) = Z. (Remember that we're creating free abelian groups of path
components here.) Since the points 0 and 1 are both being “included” into the interval, the map f : Z®Z — Z
should send both (1,0) and (0,1) to 1. (Another way to understand this is to consider the composite map
{0} — {0,1} — [0, 1], which is a deformation retraction. Since 1 — (1,0) — 1, we should indeed define our

map as shown.)

Now, we want to look at H;([0, 1], {0,1}). By exactness, this relative homology group is Z, corresponding to
ker f of the map defined in the last bullet point (which is the multiples of (1, —1).

Finally, we can look at Ho([0, 1], {0,1}). The image of f is all of Z, so the kernel of the map Ho([0,1]) —
Ho([0, 1],{0, 1}) is Z, which is everything. But the next boundary map is also zero, so this group is 0.

Other than calculating the map f, we didn't have to do very many “geometric things,” and we didn't need to know

much about the boundary maps, either! So we know that

Hx([0,1],{0,1}) =0, Hi([0,1].{0,1}) = Z,  Ho([0,1], {0, 1}) =0,

and now we can use the excision theorem to say that

Hm([0,1],{0,1}) & Hp(S* %) =2 Ap(Sh),

where H,,(S1) is the same as H,,(S?) except for m = 0. So putting everything together,

Hx(S1) =0, Hi(SYH=Z, Ho(SY) =Z & Hy(SY) = Z.

So the homology of a circle tells us that we have one path component and one one-dimensional hole:

1 Z m=0,1
Hn(S5Y) =
0 otherwise.

We can extend this to calculate (on our homework) that

Z m=0,q
Hn(S9) =
0 otherwise.
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And now we'll end this class with a few consequences of our calculations:

Corollary 89
If g # r, then S9 and S are not homotopy equivalent. Furthermore, R? and R" are not homeomorphic.

Proof. The first part follows from having different homology groups. For the second part, suppose that R9 and R"
are homeomorphic. Removing a point and its image tells us that RY — { b1} is isomorphic to R" — {b,} for two points
by € RY, B, € R". But there is a deformation from S971 into R9 — {h;}, and also S into R” — {by}, which is a

contradiction. O

Theorem 90 (Brouwer fixed point theorem)
Let f: D" — D" be a continuous map. Then there is a point x € D" such that f(x) = x.

(In other words, if we “stir our coffee cup,” some point of coffee will be where it started during the process.)
Proof. Suppose otherwise. Then we can define the map g : D" — S"1, such that
g(x) = the point where the ray from f(x) to x hits the boundary of the disk.
Notice also that for any x € S"~! C D" on the boundary, g(x) = x, so we have the identity map under the composition
Sl DN ST

For n > 2, we can apply the functor H,_1 to get the identity map Z — 0 — 7Z under composition, which is a

contradiction. (And n=1is a case we can address on its own.) O

9 September 23, 2020

Today, we'll continue some arguments from last class and justify a few statements we didn't fully prove. Last time,

claimed that if we have three spaces U C A C X such that U C Int(A), then the excision
(X—=UA=-U)C(X A

leads us to the final Eilenberg-Steenrod axiom that we haven't proved yet and won't prove on our homework, which is
that excisions induce homology equivalences. So the next few classes will cover a proof of this, and then we'll be
able to return to calculations and discover interesting facts about topological spaces. (In particular, we'll use this to
justify why the homology of a pair H,,(X, A) is essentially just H,,(X/A, p) as long as we satisfy some mild point-set
conditions.)

The key fact we'll need to use is the locality principle, which we'll set up now:

Definition 91
Let X be a topological space. A family A of subsets of X is a cover if X is the union of the interiors of all A € A.

(This is basically like an open covering, but we want to allow our subsets themselves to be not open as long as the

interiors do the job.)
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Definition 92
Let A be a cover of X. An n-simplex o : A" — X is A-small if the image of o is entirely contained in a single
element A € A.

In other words, a “small” simplex is one that lies entirely within one subset without needing to cross between
different ones. Note that if o : A" — X is A-small, then so is dio, which is entirely contained within ¢ itself (since
we're just “forgetting some vertices”). But that means we can form a semisimplicial set, denoted SingA(X), where
we choose our n-simplices to be the A-small n-simplices in X. And now via the usual functor, we know that we can
create a chain complex SA(X) (with elements of abelian groups just combinations of small simplices), which we can

say something useful about:

Theorem 93 (Locality principle)

The inclusion SA(X) C S,(X) induces an isomorphism on homology groups.

So the key to excision is that we can make our simplices into “very small” (A-small) simplices without changing
the homology groups. Intuitively, we need to change a cycle in Z,(X) into a “sum of smaller simplices,” and we can

do this by adding more boundaries to our simplex. Here's some intuition first:

Example 94

Suppose X is a topological space, and o : A! — X is some (directed) path.

Suppose that we have a small triangle in X with o as one of the edges, as shown below:

X

Looking at this diagram, we see that
f—g+o0c=0

in the homology group H;(X), because it's a “boundary” of the triangle. But now if we shrink this triangle , bringing
the top vertex down so that o points basically along the same axis as f and g, as shown below, we can say that o is
the same as f — g, mod our boundary map 8. And we can always do this "breaking up,” regardless of what our space

X is, because g and f's images are contained inside ¢’s. The hope is that making lengths smaller will help us make

To make this more precise, our goal is to construct a natural transformation, denoted $, between the functor

“smaller simplices” in some sense.

S, Top — Ab and itself. (This means that for any topological space X, we have to construct an abelian group map
$ from S,(X) to itself, which should chop up our n-simplices into combinations of smaller n-simplices.)

To specify such a map, we need to say what it does to each generator o : A" — X. The trick here (which will
come up on our problem set, too) is to consider the following naturality square:
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Sa(A") —2— S.(AM)

Sn(U)J/ ls,,(a)

$
Sn(X) — Sn(X)
This square should commute, and we have the special n-simplex
1An . An — An

which is one of the generators of the free abelian group S,(A"). So let's start with that element in the top left corner
and follow it around the square. Applying the vertical S,(c) map to 1a» means we're composing the identity map
A" — A" with the map 0 : A" — X, so

Sn(o)(1an) = 0.

so now naturality (across the bottom and top paths of the square) forces
$(0) = Sn(0)$(Lan).

So the naturality square lets us specify a functor $ described on every topological space, as long as we say what

it does to 1a-. Let's now $ cuts our simplices into smaller pieces:

We define $ by letting $(1a0) = 10, which tells us that $ is the identity on points. Also, we set $(1a1) =f — g,

where f and g are oppositely oriented line segments inside A! as in the diagram above.

Going further, defining $(142) will come from the following cutting up of a triangle:

B\C

. D

A
F/\E

A\V]
r\

In the diagram here, we define $(1p2) = A—B+C—D+E —F. The important point is that this linaer combination
is the same (at the level of homology) as the original 2-simplex, because they look the same modulo boundaries.
In general, to define $(1a»), we can let b denote the center of mass of A”. We'll subdivide the boundary of A"

according to $ of one lower dimension, and then we can connect each of those to the central point b:
$1An =bx* $(61An),

where b x (arg) : S,—1(A") — S,(A"™) is the “cone construction” we previously saw in the star-shaped region proof.
(In the triangle above, this means we take each of the six directed edges we've drawn along the boundary, and we
connect them to the center point to form A, B, C, D, E, F.) And we're saying this doesn't change the homology of

our simplex:
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Theorem 96
For any topological space X, $ : S.(X) — S.(X) is a chain map, and it is chain homotopic to the identity (so in

homology, it's not doing anything) via a natural chain homotopy.

Proof. We can check that
8$1Aﬂ - $61An,

which is saying that the boundary of the subidivision — an expression like A— B+ C — D + E — F in the triangle above
— is equivalent to the $ expression obtained by taking the boundary of the original triangle.

So then naturality tells us for any n-simplex o : A" — X that
0%0 = 0%(Sn(0)(1ar)) = Sn(0)(8%1an) = Sn(0)($01ar) = $00,

(it commutes with the differential, which makes it a chain map). Now to show that we have actually have $ chain
homotopic to the identity, we need to define a chain homotopy T : S;(X) — S,41(X) from $ to 1s (x). But the same
naturality trick means that it suffices to define what T does to 1a»: we'll define T(1p0) to be 0, and for any n > 0,
we define

T(1an) = b* ($1pn — 1an — TOLpn).

This is an inductive construction, and it may appear to be a bit obscure, but we can check that it satisfies the condition
for being chain homotopic to the identity with some symbol-pushing. For some geometric intuition, T (1a1) is exactly
the “squashed” 2-simplex living in S,(A!) that we described in the picture above, where f, g, o all live on top of each
other. O

So now if A is a cover of a space X, our goal is to show that we have a homology isomorphism by shrinking a

chain via $ repeatedly.

Lemma 97

Suppose A is a cover of A”. Then for any simplex o € S,(A"), there exists an integer k such that $¥o is A-small.

Proof. This is a consequence of the following fact from point-set topology:

Lemma 98 (Lebesgue covering lemma)
Let M be a compact metric space, and let I/ be an open cover. Then there is some € > 0 such that for all x € M,
Be(x) C U for some U CU.

Since A" is a compact metric space, we can apply this lemma with the open cover U = {Int(A) : A € A}
Subdividing via $ will make our diameter smaller and smaller, until we get below this specified value of €.
O

And now we can bootstrap this to get the result for any space:

Lemma 99
Let A be a cover of a space X, and let o € S,,(X). Then there exists an integer k such that $¥o is A-small.
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Proof. This comes from thinking about the definitions of singular homology. Assume without loss of generality that o
is a single n-simplex. Then consider the inverse image o~ 1(Int(A)) for all A € A these subsets form an open covering
of A" (as opposed to X), so Lemma 97 gives us what we want. O

Next time, we'll use this to prove the excision theorem.

10 September 25, 2020

We'll continue the proof of the excision theorem today, working off of the “locality principle” discussed yesterday, but
we'll start by giving some geometric intuition for the “connecting map” in the homology long exact sequence. Suppose

that we have a pair of spaces A C X such that
Hm(X, A) = Hn(X/A, p),

which is just H,,(X/A) for m > 0. (Remember that such a pair just needs to satisfy some mild point-set conditions.)
Then the Eilenberg-Steenrod axiom tells us about the existence of a long exact sequence

: = Hin(A) = Hin(X) = Hin(X, A) % Hi 1(A) = Hm 1(X) = -

We're supposed to think of the connecting map O as generally very hard to compute, but there are some situations
where that map is possible to understand. Suppose we pick a class ¢ € Sp,(X) which is not in Z,(X), meaning in
particular that Oc # 0 (we can't be a boundary because we're not even a cycle). However, if the image of ¢ under the
quotient map Sy, (X) — Sn(X/A) is a cycle, then this means dc € Sp,—1(X) must be in the image of the inclusion
Sm—1(A) = Sm—1(X). (In fact, 8¢ must be within Z,,_1(A), because the boundary of a boundary is always zero,
even when we don't start with a cycle.) So in this case, dc represents some element of H,,_1(A), and it's possible to
understand the boundary map.

Example 100
Let's return to one of last time's main examples: suppose that X = [0, 1] and A = {0, 1}, so that X/A identifies
the endpoints of the interval and gives us something homeomorphic to a circle.

If we consider o : A! — X to be the element of S;(X) that is a homeomorphism sending ey to 0 and e; to 1
(that is, the standard identification with the interval), then in the chain complex S.(X), 8o = {1} — {0}. This is not
a trivial element in So(X), but Oo is sent to 0 under the quotient X — X/A: in particular, ¢ is sent to an element in
Z1(X/A). So o represents a class in H1(X, A) & H1(S'), and the boundary is a class in Ho(A) (the free abelian group
on {0} and {1}). Therefore, the boundary map in the diagram

o HU(SY) S Ho({0,1)) = -

maps Z to Z ® Z by sending o to the element (1, —1). (And perhaps this helps us understand why the “boundary”
map is called that.)

So now we'll return to excision. Last time, we showed that if we have a cover A of X (a set of subsets whose
interiors form an open cover) and an element o € S,(X), then there exists an integer k such that the k-fold subdivision
$ko is A-small.

Before we jump further, recall that we found a natural chain homotopy T from $ to the identity 1s,(X), which
means that there is a natural chain homotopy T* from $¥ to 1s,(x) (this is saying that chain homotopies compose).
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As a corollary of that, if we're given any o € Z,(X), then $¥o must be equivalent to o modulo boundaries. We won't
need to use TX very much, except that it's natural — we want to suppress the actual formula for T* because it is a bit
messy.

We'll restate the locality principle again here:

Theorem 101 (Locality principle)
Let A be a cover of a space X. Then the inclusion of chain complexes SA(X) C S.(X) induces isomorphisms
HA(X) — Ha(X) for all n.

Proof. To show surjectivity, suppose that we have some cycle ¢ € Z,(X). Then our goal is to show there is some
A-small element of Z,(X) that is equivalent to ¢ modulo boundaries, but this can be done using $*c (by the argument
from last class). Injectivity is a bit more tricky: here's the result we need to show. Suppose that we have ¢ € Z;,“(X)
is an A-small cycle that is “zero in homology,” such that ¢ = 8b for some b € Z,+1(X). We need to show that this is
also “zero in homology” in the A-small case: that is, we must find some b’ € S, so that 8b' = ¢ as well.

To do that, we choose k so that the subdivision $¥b is A-small. If we try to calculate the boundary of the

subdivision, we find that
8($*b) — c = 8(($" — 15,,,0))(b))

by definition, and now we can use the chain homotopy definition to rewrite as
O((0Tk + Tk0)(b)) = 80Tkb + O(T,0Ob).
Boundaries of boundaries are always zero, so this leaves us with 9(Txc). So this means that
c =0($*b — Tko),

and now we just need one more fact to finish:

Lemma 102
If c € Sp(X) is A-small, then Tyc € Sp41(X) is also A-small.

Proof of lemma. Because A-smallness is closed under sums and differences, we can assume without loss of generality
that ¢ = o is a single A-small n-simplex. We can represent ¢ as the composite map A" - A — X, where A€ A is
one of the subspaces in our cover; let ¢’ denote the map A" — A and ¢ denote the inclusion A — X. In particular,

this means we can write
o= S,(t)(d").

But now Ty is natural, so we can push what it does to ¢’ along the inclusion:
Tko = (Spy1(L))(Tka'),

and To is the image of some Txo' € S,.1(A). Therefore, Txo is indeed A-small, since it's the image of something

going on in A itself. O
And that's enough for us, because $¥b and Tc are both A-small, and we've shown injectivity. O

We now state the excision theorem again:
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Theorem 103 (Excision)
Suppose that U C A C X is excisive, so that U C Int(A). Then the map of pairs (X — U, A—U) — (X, A) induces

homology isomorphisms.

Proof. The statement U C Int(A) is equivalent to the statement
Int(A) U Int(X — U) = X.

But this now looks more like an open covering! Letting B denote X — U, we have that {A, B} is a cover of X, so
now (X — U, A —U) is the pair (B, AN B). So this means we're trying to show that the inclusion of chain complexes
S«(B,ANB) — S.(X, A) induces homology isomorphisms.

So here is the key diagram to look at:

0 —— S.(A) —— SAX) —— SAX)/S.(A) —— 0
0 —— S(A) —— S.(X) —— S.\(X,A) —— 0

The second and third arrows are inclusions, and we can note that there are actually short exact sequences of chain
complexes (basically by definition, because S.(X, A) is just S.(X)/S«(A)). But for every short exact sequence of
chain complexes, we know that we have a long exact sequence on homology groups. So for every map of short exact
sequences, we get a map of long exact sequences of homology groups:

—— H(A) —— HAX) —— Han(SAX)/S.(X)) —2= Hm-1(A) —— HA_1(X) — -+

Fool J Eoo]

% Hm(A) —— Hm(X) ————— Hp(X,A) ——2 5 Hi1(A) —— Hpo1(X) —— -

We have the isomorphisms in the diagram above because of the equalities of the S.(A)s originally. In addition,
we've just been proving in the last few classes (by locality) that H:t(X) — Hp(X) is also an isomorphism, and so is
H2 (X)) = Hm—1(X). And now we use the five lemma: we must have an isomorphism

Hm(SA(X)/S.(X)) = Hm(X, A),
and therefore SA(X)/S.(A) = S.(X)/S.(A) must induce homology isomorphisms, where the homology satisfies
Hm(S«(X)/S«(A)) = Hn(X, A).

We can now observe that

S (X)/Sn(A) = (Sn(A) + Sn(B))/Sn(A)

(because the A-small chains are just contained in one of the two pieces of the cover), and because we have abelian

groups, we can rewrite this as
= S5(B)/(Sn(A) N Sp(B)) = Sn(B)/Sh(ANB) = Sy(X = U)/Sh(A—U),
which means the homology groups behave as desired. O

While we don’t need to use the entire proof, since excision is an axiom for our purposes, some elements of the
proof will be useful as a tool to solve other problems.
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Corollary 104
Let (X, A) be a pair of spaces, such that there is a subspace B of X with A C Int(B) and A — B is a deformation
retraction. Then Hpy(X, A) — Hn(X/A, p) is an isomorphism for all m.

Proof. Consider the following diagram in pairs of topological spaces Top,:

(X, A) —— (X.B) «——— (X— A B—A)

| ! g

(X/A.p) —— (X/A, B/A) —— (X/A=p.B/A-p)

We claim that every map labeled with a letter induces a homology isomorphism, and then commuting squares tell

us that the leftmost arrow does so too. This is true because:

+ k is a homeomorphism in Top,,
+ j is an excision,

+ i is a homology isomorphism because of the deformation retraction that induces a homotopy invariance of
homology,

« j is an excision,

« i is also a deformation retraction obtained from the retraction B x | — B by quotienting out by A.

11 September 28, 2020

We'll start with a quick summary of what we've done so far: we have functors H, : Top, — Ab, where H,(X) =
H,(X, @), and there are natural transformations 0 : H,(X, A) = H,_1(A). These functors and transformations then
need to satisfy the Eilenberg-Steenrod axioms. Last time, we talked about the excision theorem, and one application

is that is that whenever n > 0, we have
Ha(X, A) = Ha(X/A, p) = Ha(X/A).

We'll now leverage these axioms to build some computationally practical tools to help us compute homology for
more interesting spaces. First of all, we'll introduce another tool for computation besides the long exact sequence.

Theorem 105 (Mayer-Vietoris)
Let X be a space, and suppose {A, B} is a cover of X, meaning that A, B C X and Int(A) UInt(B) = X. We'll
fixnames i : ANB— A, j:ANB— B, k: A— X, and £: B — X. There is a long exact sequence

e His (X)) D HA(AN B) = Ho(A) @ Hp(B) = Hn(X) > Ho_1(AN B),

with other maps being given (geometrically) by

Hn(NDHn()

Ho(AN B) 22020, 1y Ay &5 H,(B) 20

;H"(e% Hp(X).
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Proof. We can consider the following short exact sequence of chain complexes, where A = {A, B}:

S.(N®S.() Si(k)—5.(2)

0— S.(ANB) S.(A) @ S.(B) SA 0.

The kernel of the difference map is indeed the image of the inclusion from the intersection, and we also have surjectivity

of the last map by “smallness” and injectivity of the first map easily. But now by the locality principle,
Hn(S*A(X)) = Hn(X)v

so we obtain the Mayer-Vietoris sequence by taking the long exact sequence from this short exact sequence of chain

complexes. O

Remark 106. Vietoris published his last mathematical paper at the age of 103; he was actually the oldest person alive
at one point. But he’s most famous for this theorem.

Let's see some applications of this now:

Example 107
Let's calculate part of the homology of S? using Mayer-Vietoris. We'll use A to be the “upper hemisphere” plus a
little bit, and B to be the “lower hemisphere” plus a little bit: then AN B is a collar around the equator.

(Remember that we need the interiors of A and B to cover X, so we can't just use the hemispheres.) Then one

part of our long Mayer-Vietoris sequence becomes
Ha(A) @ Ha(B) = Ha(S2) S Hi(AN B) — Hy(A) ® Hy(B).

Here, A and B are homeomorphic to the disk, and a disk is homotopy equivalent to a point (because, for example,
it's star-shaped). Therefore,
Ha(A) = Ha(D?) = Ha(p) = 0,

and the same holds for B. Thus, the direct sum H>(A) @ Ho(B) is just the zero group, and the same is true for
H1(A) @ H1(B). Next, notice that Hy(A N B) is homeomorphic to the annulus, which is homotopy equivalent to St
(by a deformation retraction), so H; (AN B) = Z.

Remark 108. We'll always have to do this kind of “induction” argument, where we know the homology of S to get

the one for S2.

Thus, we have an exact sequence
0— Hx(S?) Lz >0,

such that f is injective and also surjective, so it must be a bijection. Thus HQ(SQ) =7

Example 109
Consider the torus T = S x S, which we can draw as a hollow donut or as a filled-in square with opposite edges

identified (in the same orientation). Our goal is to cover this torus with simpler spaces as well.

We'll do something similar to the sphere — we'll take the “left part” and "right part” of the donuts, which are
“macaronis” that intersect in the middle. So A and B are homeomorphic to cylinders, and AN B is the intersection of
two (smaller) cylinders.
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This time, part of the Mayer-Vietoris sequence is
Ha(A) @ Ha(B) = Ho(T) S Hi(AN B) = Hi(A) @ Hi(B) — Hi(T) 2 Ho(AN B) — Ho(A) @ Ho(B).

We'll still go with the philosophy that the values of the individual groups, and some of the non-boundary maps, are
easier to compute than the boundary ones. First of all, A and B are both homoeomorphic to the annulus, which is

homotopy equivalent to a circle (by deformation retraction again). Thus,
Hx(A) @ Ha(B) 20 0=0
(remember that Hq(S") is Z for ¢ = 0, n and 0 otherwise), while
Hi(A)®Hi(B)ZZ®Z, Ho(A)®Hy(B)=ZZDZ.

Next, AN B is the equivalent to the disjoint union of two cylinders, so Ho(AN B) = Z ® Z (we have two path
components), and H1(AN B) =Z @& Z. So now we can rewrite our Mayer-Vietoris sequence as

0= HAT) 22625202 5 H(T) 22025202

This isn't enough on its own to determine H>(T) and H1(T), so we need to also understand a few of the maps.
Because we don't know anything about the homology of the torus, we can’t do much with the Snake Lemma boundary
maps, but we can at least understand the maps labeled f, g above.

Let's start with g, which sends Ho(AN B) — Ho(A) @& Ho(B). To understand this, we can look at the path
components: we'll send (1,0) to (1, 1), because any element of AN B is in both A and B, and similarly (0, 1) is sent
to (1,1). So in general, an element (x, y) € Ho(AN B) will be sent to (x + y, x + y). On the other hand, the map
f:Hi(ANB) = H1(A)® H1(B) is a bit harder to understand, but A “provides a homotopy equivalence of one cylinder

Q@ of AN B to the other one: looking at topological spaces, the sequence of maps of spaces
Q—-ANB—-AUB—A

give us a map of homology groups via the functor H;:
7 —-72ZQL—~ZDL— 7.

We can follow the maps and find that 1 — (1,0) — f(1,0) —7?, but if we look at the composite map from Q to A,
we're including a “small tip” of the macaroni into the whole thing, so we have a deformation retraction. Thus 1 must
end up being sent to 1. Since the map AL B — A is a projection, and so is ALl — B, we know that f(1,0) = (a, b)

must have a = 1. The same argument tells us that b = 1, and thus we have
1—(1,0)—(1,1)— 1.

This therefore tells us that the map f is also (x, y) — (x+y, x+y), and now we have enough information to compute
H>(T) and H1(T). First of all, consider

0o H(T) > Z0Z L7207

Because the kernel of f is Z (it's all multiples of (1, —1)), and the map H2(T) — Z ® Z must be injective, exactness
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implies that ’ Ho(T) = ker(f) =2 Z{(1,-1)} = Z ‘ And now, we can look at

207572025 H(T) 2025207,

We have
ker(r) = im(f) = diagonal Z — Z ® Z,

and the image of r is a copy of Z in H1(T). The rest of the argument will be left as an exercise to us, but we can
find that | Hy(T) = Z & 2|
Soon, we'll introduce tools for more combinatorial arguments for calculating homology groups, like the graph

drawing we did on the first day of class. For example, if we take our square with opposite edges identified (call them
f,g) and cut along the diagonal h, we'll have two faces A and B. This will form a semisimplicial set for the torus,
which gives us the chain complex Z{A, B} — Z{f, g, h} — Z{x}, sending A~ f+g—h,B—g+f —h,and f,g, h

all to 0. Our aim will be to prove that no matter how we cut up our space, this kind of construction is indeed valid!

12 September 30, 2020

Our second problem set is due at class time on Friday — there was a sign error in the last part, which has been fixed
now.
As mentioned last time, we're going to return to talking about calculating homology using a finite semisimplicial

set and proving that this construction is valid. It'll take us a bit of time to get there, though:

Definition 110

Let C be a category, and consider a diagram in C:

A", B

E

C

A pushout of such a diagram is a commuting square
A—B
J{g J{PB
c-L5p
with the following (universal) property that for any other square with P replaced with P’, there is a unique map
p: P — P’ such that
popc=pc, Ppops=p;z.

This definition should remind us of that of a product, which is also fundamentally about a unique map coming from

a diagram. (We'll get some practice on the next problem set looking at specific examples of what these look like.)

Example 111

Let's describe (without proof) what pushouts look like in Top.
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If we have three topological spaces and two continuous maps A — B, A — C, then the pushout has
P=(BuCQC)/(f(a)=g(a)Va e A).

In other words, we use the quotient topology where we identify some points in the disjoint union B LI C, by making

any point f(a) equal to the corresponding point g(a). So we have a sequence of maps
B—-BuUC— P

and then the composite of these two maps B — P is the map pg.

Example 112

There is a unique function from the emptyset to any other topological space, so the pushout of the diagram

g —— B

|

C

is just the disjoint union B U C.

Example 113
There is a unique map from any topological space to the one-point topological space p, so the pushout of the

diagram

|

T
Q

is P = B/im(f), because all points under f are identified with each other.

There's also a particularly important kind of pushout that we should keep an eye out for:

Definition 114

Suppose we have a pushout square as shown:

Ui "t —— B

[

Uie/ D" —— P

We then say that P is obtained from B by attaching n-cells.

Here, / is some index set, so | |,.; S"~! is a disjoint union of spheres. We then apply the inclusion map into the

i€l
corresponding boundaries of the disks D", and the idea is that we've identified some (n — 1)-spheres inside of B to

get P.
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Example 115

Consider the following diagram:

stust ——p

L]

D>UD? —— P

Then we obtain P from the one-point space by attaching two 2-cells, which we can think of as “sticking two hollow
spheres onto a point.” That's because we're taking the disjoint union of two disks, but we're taking both boundaries
and identifying all points there together. So the disks “curl up,” and we're left with our two hollow spheres attached
at a central point.

Similarly, the figure-8 graph is obtained from the same attaching process in one lower dimension:

SOust ——p

L]

D'UD! —— P

This space is homeomorphic to the perimeter of a square with opposite edges identified in the same direction:

rr

an AN a

\\

Specifically, this means there is a continuous map r : S* — (figure-8), called aba='b~!, corresponding to going
along a, then b, then a backwards, then b backwards in the square. And then we can glue a 2-cell to this figure-8
shape by using r as the boundary:

St —— (figure-8)
D> P

Then P is homeomorphic to the disjoint union of a disk and the hollow square, but then we identify the two
boundaries, so this is actually homeomorphic to the torus. In other words, if we take a solid square and identify two
opposite edges a, we get a cylinder, and then identifying the other two gives us a torus. Rewording this claim, we say
that T is obtained from the figure-8 by attaching a 2-cell.
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Definition 116

A CW complex X is a space together with a sequence of subgroups
@ =Sk 1 X CSkgX CSkiX CSkpXC---CX,
such that X is the union of the Sk, X (the “n-skeleta” of X), and we have a pushout diagram:

Llic, S™! —— Ska_1X

I |

Llie,, D" ——— SkaX

In other words, the n-skeleton is obtained from the (n — 1)-skeleton by attaching n-cells.

(The “C" here stands for “cell,” and the “W" stands for “weak,” because we're using the weak topology — a set is

open if it is open when restricted to each skeleton.)

Example 117
The torus T can be given the structure of a CW complex by letting

SkoT =p, SkiT = (figure-8), SkT =SksT =---=T.

Definition 118
A CW complex is finite-dimensional if Sk,X = X for some n, and the dimension of X is the smallest n for which

this is true. A CW complex is of finite type if /, is finite for each n.

It's possible that CW complexes can have cells in larger and larger dimensions, and it's also possible that we can
attach an infinite number of n-cells at each step. So the descriptions of “finite-dimensional” and “finite-type” help us

keep the shapes more manageable.

Definition 119
A CW complex is finite if it is finite-dimensional and of finite type.

Equivalently, a CW complex is finite if it has finitely many cells. (For instance, the torus has one 0-cell, two 1-cells,

and one 2-cells with the specific structure above.)

Theorem 120 (from point-set topology)
Any CW complex is Hausdorff, and a CW complex is compact if and only if it is finite. In fact, any compact

smooth manifold can be given some finite CW complex structure.

We can organize CW complexes into a category which we call CWcomp, with morphisms being diagrams where all

squares commute:
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Ul Ul
Skns1X —— Skni1Y

Ul Ul
SkopX — Sk,Y
Ul Ul

Skn,1X E— Skn,1Y

Ul Ul

We then have a functor
U : CWcomp — Top,

which records only the union of the skeleta (which “forgets” the subspace structure and only keeps the underlying

topological space).

Fact 121
There is a functor
Fun(Ap, Set) — CWcomp

from semisimplicial sets to CW complexes, where we view the sequences Xy, X1, - -+ as collections of points, edges

(attached to points via the d; maps), triangles, and so on.

Specifically, if X. is a semisimplicial set, then X, is the set of n-cells in the corresponding CW complex.

Remark 122. There are CW complexes that don't arise from the image of the functor here — we can think of these
CW complexes as slightly more combinatorial than topological spaces, but still somewhere between semisimplicial sets

and topological spaces.

Then the composite map
Fun(Afy, Set) — CWcomp — Top

is sometimes called a geometric realization of a semisimplicial set.
Our goal from here is to understand homology groups H, for a geometric realization, and we want to prove that
they can be obtained by taking the homology of the semisimplicial set (using the method from the first few lectures).

We'll do this by more generally understanding the homology of CW complexes.

Example 123
The n-sphere S" can be given a CW structure with one 0-cell and one n-cell.

This basically tells us that we have a pushout diagram as shown:

Snfl —

I

D" —— S"
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This is a very compact structure, and it's a reason we should think of CW complexes as being “more flexible” than
our semisimplicial sets. But there is a different CW structure on 5" which we'll occasionally make use of, by setting

Sk_1S"=@, SkyS"=plUp=S°,

and then we take
SkiS"=S' Sk,S"=5? ... Sk,S" = Skypi1S"=5".

Basically, we keep gluing in a top and bottom hemisphere to our k-dimensional sphere, until we get to an n-
dimensional one. So if we want to get from Skx_1S" to Sk.S", we glue two k-cells as hemispheres. And this means
that we have a CW complex S°°, defined via Sk,5°° = S,,: while this CW complex is finite type, it is not finite, because
it describes an infinite-dimensional space. We can try thinking about what homology S* has, and we'll continue to

explore CW complexes next time.

13 October 2, 2020

We'll continue talking about CW complexes and related notions today. Last time, we discussed the specific CW

s*=Js"

with Sk 15 =0, SkoS™® = SY, Sk;S> = S1, and so on. (So passing from one skeleton to the next, we attach two

complex

cells that correspond to “hemispheres” in the next dimension.)
We know that
g=0,n
Hq(S") =
0 otherwise.

So as n — oo, we should guess that the homology just reduces to

Z q=0
Hq(5%) =
0 otherwise.
This can actually be made precise: we can prove this because homology is made out of simplices, and each individual
simplex is compact, so mapping it into a union of spheres must map it into a particular sphere. And each homotopy
also comes from a compact space, so everything is going on in some particular finite-dimensional sphere.

Proposition 124

5°° is contractible; that is, it is homotopy equivalent to a point.

Proof. We can write a point x € S* as a sequence
x = (xp, X1, X2, ")

such that x, = 0 for all sufficiently large n, and Z,X,Q = 1. (Remember that by definition, S° is the union of S”s,
so any element x must sit in a specific S”, and that makes our sequence finite.) So now we can look at the map
f . p — S which picks out some point, say (1,0,0,---), and we can also look at the unique map g : S — p which
sends everything to p.
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We want to show that f and g are inverse homotopy equivalences, meaning that
fog=idsw, gof =1,

The latter is clear because g o f is exactly the 1, map, but we need to show that the map f o g (which sends every
point to (1,0,0,---) is homotopic to the identity. To do that, consider the map

T:5° =S5 T(xo,x1, ) (0,x0,x1," ")

which shifts the sequence to the right by one spot (this is indeed a continuous function). We'll show that T & 1s
and also that T = f o g, which is enough to prove what we want.
For the first of these homotopies, we can consider the map h: S x [0, 1] — S°°.

o tx+(1-1t)Tx
Ctx+ (1= )Tx||

h(x, t)

This is a well-defined, continuous map because tx + (1 — t)T x is never the origin — the first nonzero coordinate in
Tx occurs after the first nonzero coordinate in x, and even in the t = 0 case we're okay because T x isn't the origin
either. We can check that this satisfies the properties that we want, and now we turn to a homotopy T = f o g: we

use

tT 1-t)(1,0,---
hix. t) = x4 (1= t)( )
[[tTx + (1 = £)(1,0,--- )l
Similarly this is well-defined because the denominator has a nonzero first coordinate except when t = 1, and even in

that case we're fine. O

This “shifting” process, allowed only because our sequences are infinite, is called a swindle. And we've proved a
fun result, even if it won't be theoretically imporant for us going forward. It's just important to keep in mind that a
CW complex can have infinitely many cells, but we still end up with something that is just homotopy equivalent to a
point.

We can talk about another CW complex that is extremely important:

Example 125

The real projective k-space RPX is defined as the quotient
RPX = SX/(x ~ —x)

which identifies opposite (antipodal) points on the sphere.

For example, RP° = S%/(x ~ —x), where S° consists of two points that are antipodal (because S° is the subspace
of R of distance 1 away from the origin, which is {(—1), (1)}). So that means that RP° is a single point.

Next, RP! is a circle with opposite points identified, which can be thought of as identifying opposite edges of a
hollow square (both in opposite orientations). But this turns out to just be another circle. If we're not super sure

how to visualize this, we can write it out as shown:

b Ay d
77
N Y
&«
a b
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Then the double-headed arrow goes from b to a, and the single-headed arrow goes from a to b. So this means we
indeed have a circle, where a and b are two of the points.
But now going on to RPP? and higher, we're identifying antipodal points of a 2-sphere, and we can't draw this inside

a 3D space (much like we can't draw a Klein bottle inside 3D space).

Fact 126
We can notice that the inclusion of the equator S — S¥*1 is compatible with the map x — —x (antipodal points

are still antipodal). So we have inclusions
@ C RP° C RP* C RP?,

and this gives us a CW complex.

We can write out the pushout diagram more explicitly:

Skfl R]P)kfl

l |

Dk — 5 RPK
Here, S¥~1 — RP*~1 is the quotient map, and the inclusion S¥~1 < D¥ is the boundary of the upper hemisphere.

(It's worth thinking about this a bit more so that we understand this point.) So RP* can be thought of as a CW

complex with exactly one cell in each dimension up to k, meaning that
RP>* = | JRP"

is finite type but not a finite CW complex, just like S°°. We'll prove, though, that unlike 5°°, this is not contractible,
and it will turn out that there's a lot of structure encoded in this one space!
Now that we have some fundamental examples of CW complexes, we can examine their homology to look at the

geometric realization of a semisimplicial set. First, we'll need to do a calculation:

Definition 127
A wedge of k-spheres is a space, denoted \/,, Sk, consisting of |/| different k-spheres all meeting (only) at a

single point.

For example, the figure-8 graph that we drew last class is a wedge of two 1-spheres, and we can add another circle

to the central point to get a wedge of three 1-spheres, and so on. We can write this more formally as

Vs =LIs/r

i€l i€l i€l

()l

(remember that when g > 0, this is the same as ordinary homology, and we have one less Z when g = 0). Excision

= H, <|_|Sk,|_|p>.

i€l i€l

Then the reduced homology group is

tells us that this is the same as
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And we can calculate these relative homology groups using the long exact sequence of the pair (|_|,-€, Sk, e p): this
looks like

= Hg <|_|p> — Hq <|_|sk> — Hq <|_|5k,|_|p> % Hoor (I_Ip) — Hqo1 <|_|5k> e
iel icl icl icl icl iel
And we understand many of these groups already: using the Eilenberg-Steenrod axiom for disjoint union tells us that

7 q=0k
Hq<|_|5’<>% DieiZ

icl 0 otherwise,

and also that

H, ('_lp) _ @ielZ q=0

icl 0 otherwise.

So the groups Hq (Llic, S¥. e, p) will be zero almost everywhere: we can check (in a straightforward way) that

i (\/sk>g i a=k

i€l 0 otherwise.

In particular, when k is positive, the zeroth relative homology group makes sense: we only have one path component,
so Hy of the wedge is indeed Z, and thus Ho of the wedge should be 0.
This calculation is important to us because of the following idea: if we let X be a CW complex, we can consider

the relation between homology groups of skeleta
Hq(Skk—1X), Hq(SkiX).

But if we want to do something like this, we need to consider the long exact sequence of the pair (SkgX, Skx—1X),
which requires us to understand the maps

HqH(Ska, Skk,1X) g Hq(5kk71X) — Hq(Ska) — Hq(Ska, Skk,1X).

The first and last maps here are isomorphic to Hq 1 (SkeX/Skk_1X) and Hy(SkX/Ski_1X), respectively, and there

is a pushout square

LUiey, S5 —— SkieiX

! |

Llies, DK ——— Sk X

which tells us that
SkeX/SkiaX = | | D/ ] S

il i€l
is really just identifying a single point on the boundaries of all of our disks, because the pushout construction for Sk, X
first puts Ski_1X together with a bunch of disks, and then the quotient then collapses all of skc_;. And taking a
disjoint union of disks and identifying their boundaries indeed gives us a wedge \/,c, Sk, (For visualization, we can
consider k = 1 and putting two line segments together into the figure-8 graph.)

So the relevant parts of the long exact sequence are exactly given by the reduced homology of the wedge of spheres,

which we've just calculated. And now we've basically spelled out the following result, which we'll cover next time:
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Proposition 128
Suppose X is a CW complex, and say that k, g > 0 are integers. Then

0 k<q

Ho(SkiX) = .
Hqe(X) k>gq

In other words, for a fixed g, nothing really happens except around g = k. We'll see with some examples next time

that the homology will indeed change at the gth place, and then at the (g + 1)th place, and never again.

14 October 5, 2020

Our third problem set is now posted — it'll be due two weeks from last Friday, and it'll be a bit easier than the previous
one (where the last problem had a lot to absorb).

We'll start by discussing homology for a CW complex: recall that the result we stated at the end of class last time
was that for a CW complex X and k, g > 0,

0 k<q

Hq(SkiX) =
Ho(X) k> g.

Let's look at some small values of ¢ first to understand what's going on:

« When g = 0, we're saying that Ho(SkeX) = Ho(X) for all k > 0. Here, we should be thinking of SkoX as a
bunch of points, Sk X as gluing edges to points in the O-skeleton that already exist, Sk»X as gluing disks to the
1-skeleton, and so on. And the point is that attaching a cell to objects that are already present does not change

the number of path components that we have.

« When g = 1, we're saying that H;(SkoX) = 0, H1(Sk1X) is something that we aren't explicitly describing, and
H1(SkaX) = H1(X) (along with all subsequentH;(SkyX)). The first result here says that the disjoint union of
a bunch of points has trivial first homology group, which makes sense. Beyond that, we're saying that we're
adding loops and cycles when we add the 1-skeleton (specifically, we're “adding to" Z;(X)), but then we need
to mod out by boundaries, which come from 2-cells. So attaching the 2-cells will help us do that "modding out”
of By (X).

In general, the idea is that Hy(Skg—1X) = 0, then Hy(SkqX) will surject onto Hq(X), and then we'll finally mod
out appropriately to get Hq(Skq11X) = Hy(X). But let's prove this rigorously for CW complexes.

Proof. We can compare Hq(Ski—1X) and Hqy(SkeX) by using the long exact sequence of the pair (SkxX, Skik—1X).
We know that (by excision)
Hy(SkiX, Ski_1X) = Hy(SkeX/Ski_1X),

which we indicated at the end of last class is just a wedge of spheres

,‘-Nlq (\/ Sk> = EBZ only when g = k and 0 otherwise.

i€l i€l

(Geometrically, we can imagine that we're “filling in some triangles” when we go from Sk; X to Sk, X, and then each of

those triangles becomes a hollow 2-sphere when we collapse the whole skeleton Sk;.X.) Then the long exact sequence
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tells us that the homology of the skeleton can only change in a few places: the gth homology of the k-skeleton is O if
k < g, because the groups Hq(SkeX) and Hqy(Skk—1X) are isomorphic for small k.

And for k > g, we find that Hg(SkeX) = Hq(Skks1X), so we will be done if we can show that the homology of
the k-skeleton is actually the homology of X itself for k > q. (That is, X is the infinite union of the k-skeleta — we
need to make sure that nothing weird happens like with the S construction.) To do that, note that A9 and A9*+! are
compact, and anything in H, has to be represented by a sum or difference of finitely many simplices. So each given
sum of simplices lives in some specific k-skeleton; knowing A9 is compact tells us surjectivity from Hg to Hgy1, and
then the boundary relations are also present because A9*! is compact as well. ]

Our next step is to look at cellular homology, which is a method to construct homology groups using these CW

complexes:

Definition 129
Suppose X is a CW complex. Let C,(X) = C(X) denote the relative homology group

Hn(SkiX, Sknp_1X) = A, (\/ s"> ,

i€lp

which is the free abelian group on the set of n-cells of X.

Definition 130

For each n > 0, define the map
d : Cpi1(X) = Cp(X)

to be the composite map C,1+1(X) = Hpi1(Skne1 X, Ska(X)) LN Ho(SkaX) — Hp(SknX, Skp—1X) = Ch(X),

where 0 is the boundary map that comes from the long exact sequence described earlier.

Theorem 131
The maps d : Chr1(X) — Ch(X) make C.(X) into a chain complex (that is, d o d = 0). Furthermore, the

homology of this chain complex is isomorphic to the homology of X.

For some intuition, we'll look at a few examples now to see how cellular homology works.

Example 132
Consider a sequence of functors
Fun(A?nz-’, Set) LR CWcomp Y Top,

where the composite functor is called the geometric realization of semisimplicial sets.

Then we know that
Cﬁell(/_—(x)) =7ZSing, X = Sn(X)

is the free abelian group on the n-simplices, and then

CENF(X)) = Su(X)
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is the standard chain complex we've been working with. So the point of this theorem is that the semisimplicial homology
of X agrees with the singular homology of the geometric realization of X, which means we finally have the justifications
for the maneuvers from the beginning of class — it indeed doesn’'t matter how we chop up our simplices. In fact, the
singular homology is not just an invariant of the topological space — it's an invariant up to homotopy equivalence, too.
(And this emphasis on homotopy types rather than topological spaces is why this is an “algebraic topology” course.)

But cellular homology works even when our CW complexes don’t come from semisimplicial sets:

Example 133

Let's compute the homology of the sphere S” again, using cellular homology. We'll assume n > 2.

We know that S has a very simple CW complex structure, which doesn’t come from a semisimplicial set. (Basically,
we have one 0-cell and one n-cell.) If we use this CW structure, then Cg®'(X) is the free abelian group on the set of
{-cells, meaning that

Cgell(sn) ~ Z, Cﬁell(sn) ~ Z,

and all other Cg*(S") = 0. So C.(S?) is isomorphic to the chain complex

but all of the d maps are just trivial because there's always a 0 somewhere! So then we can compute
H»(S5?) = ker(d)/im(d) = Z/0 = Z,

and in general doing this “kernel mod image” calculation will give us Z for Hy and H> and O everywhere else, which
is the expected answer. And notice that we arrived at this answer directly, as opposed to using an inductive method
with our previous methods, so this is another sign that CW complexes are more flexible.

In particular, if a CW complex X has only even-dimensional cells (2-cells, 4-cells, and so on), then the same chain
complex calculations will tell us that

N g odd
Hq(X) =

@Dic),Z qeven.
And in geometric situations, for example for varieties defined over C, we sometimes are able to construct CW complexes
with only even cell structure, while we can’'t get “even semisimplicial sets” in the same way.
In most examples, computing those boundary maps can be difficult or tedious. But let's also do an example where
the boundary maps are easier to deal with:

Example 134

Let's compute the homology of the torus T2, using the CW structure

SkoT =p, SkT = (figure-8), SkoT =T.

Remember that we draw the figure-8 often as the boundary of a square with opposite edges identified (so that all
vertices collapse to a single one). This has one 2-cell, which is attached to the 1-skeleton via the map b~ta='ba :
St — Sk T.

We can now compute the homology group from the cellular chain complex

Z{x} & Z{a, b} &£ Z 0.,
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We know that d; is the zero map (thinking about the “target minus source,” or using the fact that we know Ho(T) = Z
a priori), and we can also understand how to compute the map d»: since the boundary of our 2-cell is glued with
b~ta=lba, we must have

dbhu=—-b—a+b+a=0.

So both the d; and d» maps are zero, and this recovers the homology group we've already calculated.

Proof of Theorem 131. Consider the following diagram with many long exact sequences of pairs (the d maps have

been labeled as dy and d, just for ease of reference):

C52 (X) = Hiy1(Skns1X, Skn(X)) 0= Hp1(Skp—2X)
o T J
0 = Hps1(Skn-1X) ————————— Hy(Skn)X ————2———— Hy(SkaX, Skn_1X) —2—5 Hoo1(Skn-1X)
| —
H(Skn1(X)) H1(Skn 1X, Skn 2X)

l

0 = Hp(Skns1 X, SknX)

All rows and columns here are exact, and each d is defined as the composite arrows described here. But now we
know that d, o d, = 0, because it's a sequence that can be computed by taking the vertical and horizontal arrows, and
the composition of the two horizontal maps is zero by exactness.

From here, j,_1 is injective by exactness of the rightmost column, and therefore
ker(dy) = ker(8p-1)

(injection doesn't increase the kernel), and then this is im(j,) by horizontal exactness. Furthermore, j, is injective by
exactness of the horizontal sequence, and therefore we can identify im(j,) with H,(Sk,X). Putting this all together,

ker(d,)/im(dyx) = Hn(SkaX)/im(8n),

which is exactly the homology group H,(Sk,+1X) by the left vertical exact sequence, and that's H,(X). O

15 October 7, 2020

We'll continue the discussion of CW homology today. Last time, we saw that the cellular chain complex CS'(X) of a
CW complex X indeed computes the singular homology groups for the union of the skeleta, and that's good because
this is more “compact” than the very infinite Sing complex. And we saw a few examples of this: for instance, we can
compute the homology group of S? easily with the minimal cell structure (one O-cell and one 2-cell), without needing
to worry about boundary maps or the long exact sequence. (And we combined this with the functor from semisimplicial
sets to chain complexes to verify that the homology calculations we did on the first day of class do indeed work.)

As we move along further in math, we'll get a few more tools to help us deal with some of the differential maps,
but the cellular differentials are a bit subtle to compute if we don’t have anything combinatorial. Remember that we
computed last time that the differentials in the chain complex CS®'(T') of a torus are both 0, but we discovered this by
drawing the torus as a square with opposite edges identified, so we did have some combinatorial or geometric intuition

there.
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Example 135

Consider S? with a different (less minimal) cell structure

SkoS?=5S° Sk S?=S' Sk, 5% =52

We do this by starting with two points (a 0-sphere) x and y, and then we attach two paths v and v connecting x
to y, and then we attach two “hemispheres” A and B to the top and bottom of the 1-sphere we've just formed. So

our cellular chain complex looks like
C(S2) = Z{x, y} < Z{u, v} & Z{A B} < 0--- .

(There's an ambiguous notation here — we're suppressing the fact that the object on the left side depends on the CW
structure.) To calculate the maps d, we can make a choice between the orientations of the edges: for example, we
can pick

du=y—x, dv=y—x.

If we're just trying to compute the Oth homology group, we only care about the image of the d map, and indeed
changing the orientation will never do anything to that (we'll just change u to —u). So this tells us already that the
zeroth homology group is

Ho(S?) = Z{x,y}/Z{y — x} = Z.

(As always, the numerator is the kernel of the dy map, which is the whole group, and the image is the kernel of the
di map.) And now we need to figure out what dA and dB are — to do that, it's worth going back to some of the
definitions. We should remember that we are doing an attachment of cells when we go from the 1-cell to the 2-cell,
which gives us the following pushout square:

styust — SKS2 =3t

l |

D? U D? —— Sk;S? =52

This pushout square governs how A and B are attached, and we care about understanding the top map f here
(because once we know the map from S* LU S! to Sk;S? = S! — in other words, “how the boundary of our disks are
attached” — we determine the 2-skeleton). And we have a way of determining the cellular boundary d map just from
this map f, using the composite map

STUSY — SkiS? — Sk;S?/SkyS2.

Here, the last topological space Sk;S2/SkoS? is a wedge of two 1-spheres (corresponding to the loops u This gives
us a map on H; of the form
YASY/REWACYA

where we're associating the Zs to A, B, u, v, respectively, and this map records the value of dA and dB (if we look at

how things go into the quotient space). Remember that the boundary of A looks like this:
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Then the map S* — Sk;S? (the gluing map that determines A) is the identity map, but we don't even need to
understand how things map onto the 1-skeleton of the sphere — it's enough to know how S! maps onto the wedge of
two 1-spheres obtained by identifying x and y. The same holds for B.

In more generality, if we want to compute the boundary of an n-cell, we know that this n-cell is determined by

some map
S = Sky_1(X)

(which tell us “where we attach the n-cell’). And then the value of the composite map
S"™ 1 5 Sk,_1(X) = Sky_1(X)/Skn_o(X),

where the last group is a wedge \/,E,H S7~1 gives us the boundary d of the n-cell. And now we have a geometric
way of understanding what the cellular boundary map is doing!
So finishing up our example, we can now characterize the d maps of

C(S2) = Z{x, y} < Z{u, v} < Z{A B} + 0 :

we have

du=y—x, dv=y—x, dA=v—u, dB=v—u.

And we can confirm by calculation that this gives us homology groups {Z,0,7Z,0, - - - }, just like before.

Fact 136

Note that a generator of H,(S?) in this particular CW structure is given by A — B (the difference of the two
hemispheres). And we can see that this is true without a lot of work, because the attaching maps from S! — Sk; S*
that define A and B are identical, so dA = dB.

We've now seen that homology can be used to prove that topological spaces are not homotopy equivalent (if
we have two spaces and they have non-isomorphic homology groups, they can't be homotopy equivalent, because
homology is an invariant of homotopy type). But another thing we can do is prove that continuous maps are not
homotopic. Homology is a functor, and if we have two continuous maps of topological spaces which are sent to

different maps of abelian groups, that tells us important information.

Definition 137
Let f : S” — S" be a continuous map. The degree of f is the value of 1 under the group homomorphism
Hu(f) 1 Z — Z.

Soif f,g:S" — S" are two maps of different degrees, then they cannot be homotopic — otherwise we'd have an

equivalence of maps in homology.
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Lemma 138
Suppose that f,g : S” — S" are two maps. Then

deg(g o f) = deg(g)deg(f).

Proof. Consider the sequence of maps
s"hsn g gn

which gives us (under H,) a composite map of groups

Ha(f) Hn(9)

Z Z Z.

Since H,(f) sends 1 to deg(f), and H,(g) sends 1 to deg(g), we must indeed send 1 to deg(f)deg(g) under the

composite map (because we have a homomorphism). O

Corollary 139
Suppose f : S" — S™ is a homeomorphism. Then deg(f) is either 1 or —1.

Proof. A homeomorphism is an isomorphism in Top, so there must exist a map g : S” — S” such that the composite
is the identity in Top. But the degree of the the identity map is 1 (this follows by functoriality, since H,(1s») must be
1z), so

1 = deg(g) deg(f),

and the result follows. O

Example 140
Let's consider the degree of the map f : S” — S" which reflects across a hyperplane. (For instance, we could

imagine reflecting around the equator of S?, so A and B swap places.)

We can note that f is not just a map from a 2-sphere to itself — it's a map of CW complexes! And on C¢®" it sends
A— B to B — A and doesn’t do anything else. So looking at the cellular chain complexes (rather than the homology
groups) tells us that the degree must be —1, and this argument holds for any f : S” — S".

Corollary 141

A reflection of S along an equator is not homotopic to the identity.

Example 142

Now let's consider the degree of a rotation of S” (for example, spinning along a globe).

We know that any rotation of S” along an axis is homotopic to the identity by writing out an explicit homotopy:
we continuously “raise the amount of rotation” from 0 to the final amount. Therefore, the degree of a rotation must
be . (We may know that the composition of two reflections is a rotation, and that's indeed compatible with the
fact that (—-1)(—1) =1.)
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So now we can think about the antipodal map S! — S! sending x — —x: because this is a 180 degree rotation,
it has degree 1. In contrast, the antipodal map S? — S? is not a rotation, because there's no axis being fixed. To
understand this, we should think of a point of S? as a triple (a, b, c) € R3 with a°> + b® + ¢ = 1, and then this
map sends (a, b, c) — (—a, —b, —c). But this is a composite of three maps, where we swap the sign of a, b, and
then finally ¢. So we actually have a composite of three reflections, each with degree —1, so our final answer is
(—1)3 = . This generalizes to n dimensions — in general, the degree of the antipodal map S” — S" is .
We'll see next time how this can help us compute the homology of the real projective spaces, which are the quotients
under this antipodal map.

16 October 9, 2020

We'll start with a summary of the last few classes, repeating the main points of cellular homology. Recall that if
we have a CW complex X, we define a chain complex CS®(X) (which is “fairly finite" compared to the singular chain
complex), whose homology groups compute the singular homology groups. Then the nth group C$®'(X) is the free
abelian group on the set of n-cells /,, and then we can compute the differential d : C5'(X) — C$°'' (X) by considering

the diagram below (an extension of the pushout square):

|_|ie/n S — Skﬂ—l(X) B— Skn—l(X)/Skn—2(X) = \/ieln,l st

! |

Llie, D" ——— Skn(X)

If we apply H,_1 to the top row of this diagram, we go from a map of topological spaces to a map of abelian
groups. The top left corner of this square tracks (or parameterizes) the boundary of our n-cells, while the top right
corner is an easier-to-understand version of the (n— 1)-cells, so this characterizes d : C$¥(X) — C!l (X) completely.

Note that we definitely need to know the homology of spheres and wedges of spheres — either using Mayer-Vietoris
or other methods — for this to be a viable strategy for computing homology groups. And these differential maps d are
sometimes difficult to compute, but if we manage to write down a semisimplicial set (so that everything is in triangles
instead of cells), we have a combinatorial explicit way to write down all of the relevant maps.

From here, we started discussing the homology of maps Hq(f) : Hq(X) — Hg(Y), and to figure out what that
is, we often put some CW structure on X and Y (semisimplicial sets, or just some generic CW structure), so that f
induces a map of C¢®(X) — C<(Y), not just from Hy(X) — Hy(Y). This was helpful when we looked at the degree
of a reflection f : S> = S? around the equator, and the idea was to treat the top and bottom hemispheres as 2-cells
(that is, pick a useful CW structure for the problem). Then the reflection swaps A and B, both of which have the
same boundary, because we're attaching the top and bottom hemisphere in the same way. So dA = dB and therefore
A — B is in the kernel of d, meaning it's an element of HS®'(S?). And since we know that the homology H.(S?) is
isomorphic to Z, A — B must be a generator of H5¢(S?), and this means we can think about the following map of

cellular chain complexes:

Z{A B} —— Z{u,v} —— Z{x, y}

5 5 g

Z{A BY —— Z{u,v} —— Z{x,y}

Here, f maps A, B to B, A respectively, while g and h are the identity map. Since A— B maps to B — A, this tells
us that the degree of the reflection must be —1, because Hy(f) : Z — Z is the multiplication by —1.
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We'll get lots of practice choosing the right CW structure and working through calculations on this problem set
and the next one!

At the end of last class, we generalized this to show that for any sphere S”, a reflection along an S"~! C S” has
degree —1, and therefore the antipodal map S — S” (secretly a composite of reflections) has degree (—1)"™t. So
today, we'll compute one more important example of cellular homology right now, and then the rest of the computations

will be mostly left for our homework.

Example 143

Let's compute the homology for the real projective spaces, using the tools we've developed in cellular homology.

Recall that we define the real projective spaces via
RP" = S5"/(x ~ —x);

that is, we identify opposite points on the sphere with each other. If we were asked to compute the homology, we
could try to construct a semisimplicial model, but that can be very challenging — in fact, a lot of algebraic topology
concerns combinatorially describe a space that's more naturally presented geometrically.

Instead, we can use a CW structure on RP”, which contains one k-cell in each dimension 0 < k < n. Let's check

this in some low dimensions:

+ S% is two points (a CW complex with two 0-cells), and RP° is what we get when we identify those two points

together, which indeed gives us a single O-cell.

+ St looks like a circle, and we can describe the cell decomposition as a CW complex with two points and two
(half-circle) edges connecting them. Then RP! has the two points identified, as well as the two edges, so we
just have one O-cell and one 1-cell. (In other words, RP! is homeomorphic to a single point with a loop, which

is just another circle.)

- If we want to understand RP?, we start with S2, which we can describe (as usual) with two points x, y, two edges
u, v connecting them, and two hemispheres A and B above and below the equator. Then RP? identifies each of
those pairs together. But this isn't a space that we're super familiar with — in particular, this isn't homeomorphic

to anything that embeds in 3-dimensional space (much like a Klein bottle)!

So instead of drawing on prior knowledge of simple spaces, we'll think about the pushout square that defines RP?,

where (loop) refers to the 1-skeleton RP!.

S —— (loop) —— RP!/RPY = St

[

D? —— RP?.
Then the horizontal composite map on H;y gives us a map Z — 7Z, and when we go once around the original circle

S, we go through u twice.

So that means that we can write down the cellular chain complex:
CeN(RP?) =2 Z{A} — Z{u} — Z{x},

where A is sent to 2u. And then we know that v is sent to 0 for a variety of reasons, and this allows us to compute
Hq(RP?):
Ho(RP?) = Z, H;(RP?) = Z/2Z, H>(RP?) = H3(RP?) =--- = 0.
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In other words, we have a loop that's not a boundary, but if we go around it twice, it becomes a boundary! (This is
similar to some ideas with the Mobius strip.) Ad even though we have some two-dimensional information, RP? doesn't
have any H, in it, so somehow the 2-cell doesn’t give us a 2-dimensional hole — it just tells us about how going around
a circle twice gives us a boundary.

So now let's move on to CS'(RP") in general. We'll do this inductively: assume that we understand RP"~!. Then

we can draw the diagram from attaching our n-cell:

Snfl N RHNHI N Rﬁpnfl/RPnf2 o~ Snfl

I

D" ——— RP".

To make progress here, we need to understand the maps geometrically, and using the same cell diagrams as above,
we can think of the quotient sphere as two (n — 1)-spheres wedged together and also identified together using the
antipodal map.

One way to understand this is that the map S""! — RP"!/RP"? is the action of first pinching the equator
together (giving us a wedge of two (n — 1)-spheres), and then quotienting under antipodal identification. So the
differential d : CS& (RP™1) — CS(RP") is calculated by looking at the homology of the “pinch + identify” map.
Therefore, we have a composite map

pinch quotient

17— =1 D1l —— —7,

where the pinch map sends 1 to (1, 1), and then the quotient map sends (1,0) to 1 and (0, 1) to the degree of the
antipodal map. And d : C5&' (RP™1) — CS®'(RP") is the multiplication map Z — Z by (1 + (—1)").

Example 144
We can compute the homology groups of RP* by saying that

cCRrRPHY~2232%5257257.

Then computing the homology groups directly gives us the more sophisticated answer of

Z g=0

7/27 q=1
H,(RP*) =< 0 q=2

7)27 q=3

0 otherwise.

From here, we'll move in a different direction, looking at invariants beyond homology. In algebraic topology,
some invariants are easier to compute than homology, while others are hard, but they “see” different information about
a topological space. We'll spend some time here talking about “"easier” invariants (meaning that they distinguish fewer

spaces than homology, but they're easier to compute).
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Definition 145
Let X be a finite CW complex. The Euler characteristic of X is

X(X) = D (=1)*Ill,

k

where |/¢| is the number of k-cells.

Example 146

The 2-sphere has a minimal CW structure with one O-cell and one 2-cell, so its Euler characteristic is 1 + 1 = 2.
Alternatively, we can equip it with an alternative CW structuer with two 0-cells, two 1-cells, and two 2-cells, and
then the Euler characteristicis 2 —2 4+ 2 = 2.

Getting the same answer in both ways is not an accident:

Theorem 147
The Euler characteristic x(X) depends only on the homotopy type of X (the union of the skeleta, up to homotopy
equivalence), not the specific choice of CW structure.

Example 148
The Euler characteristic of the torus can be calculated by picking the CW composition with Sky(T) being a single
point, Ski(T) being a figure-8, and Sko(T) being the whole torus. Then the Euler characteristicis 1 —2+1 = 0.

And because this is more straightforward to compute than homology, we can use the above theorem to get the

following result easily without needing to do much computation:

Corollary 149

The torus and the sphere are not homotopy equivalent.

We're going to be working with the following more refined result:

Theorem 150
If X is a finite CW complex, then

X(X) = (—1)Frank(Hx(X)).
k

Since we can write this in terms of only homology groups, x(X) is indeed “strictly weaker” than homology. And
we should explain what rank means in the theorem above. Since Z is a PID, and abelian groups are Z-modules,
there is a classification of finitely generated Z-modules — every finitely generated abelian group is isomorphic to
2" DL/ ML B L/l & - & Z/nZ, where r > 0 and ny,---, ny > 2, and we call r the rank of A. (So something
like Z ® Z/27Z has rank 1.) And if X is a finite CW complex, we can compute the homology groups of X with cellular
homology, and that finiteness tells us that Hy(X) is indeed finitely generated for each k.
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17 October 13, 2020

Last time, we started discussing topological invariants that are easier to compute than homology, and our primary

example was the Euler characteristic (of a CW complex X)
X(X) =Y (=1)"hl.
k

The fact that this is indeed an invariant was an important theorem that we stated — we claimed that the Euler

characteristic doesn't depend on the CW structure of X, and it's also a strictly easier invariant than homology:

X(X) =Y (1) rk(Hk(X)),
K
where the rank of the finitely generated abelian group Hy(X) is the “number of free copies of Z." (Because we have
a finite cellular chain complex, we do know that all H are finitely generated.) Let's prove this now, starting with an

algebraic fact:

Lemma 151
Let 0 > A — B — C — 0 be a short exact sequence of finitely generated abelian groups. Then rk(B) =
rk(A) + rk(C).

We'll prove a variant of this on problem set 4 (which will be posted this Friday when we turn in problem set 3), so

the proof is omitted for now.

Proof of invariance of x(X). For all k > 0, we have short exact sequences of finitely generated abelian groups
0 — Zg&'(X) — C'(x) & B (X) = 0.

Let's look at

« Exactness at Z,fe”(X) tells us that the map from cycles into chains is injective, but indeed the cycles are just a

subset of the chains.
» The boundaries are defined to be the image of the boundary map 9, so we have exactness as B! (X).

« The above two facts together give exactness at the middle, too.

We also have a short exact sequence
0 — BE(X) — Z&(X) & HE'(X) — 0.

(To verify this, we need to check that every boundary is a cycle, and that the homology is the quotient of the cycles

by the boundaries.) So now

D DRI =D (F1)Frk(CE (X)),
k

k
since the rank of the free abelian group on the k-cells is the number of k-cells. And now we can write this as

= D (C1)F (rk(ZE" (X)) + k(B (X))
k
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with the first exact sequence, and then use the second exact sequence to rewrite this again as
==Y (=1 (rk(BF (X)) + rk(HE! (X)) + rk(Bi (X))
k

and the two terms with Bys cancel out with each other, leaving the result. 0

The Euler characteristic is not a very powerful invariant, because it doesn't distinguish quite as many spaces, so
let's look at another one now which is still easier to compute than homology, called homology with coefficients. The
idea is that we don't necessarily need to use the free abelian group functor:

Definition 152
Let R be a commutative ring and X be a semisimplicial set. Then for any k > 0, Sx(X; R) is the free R-module
generated by Xj.

For example, Sk(X;Z) = Sk(X) (because Z-modules are just abelian groups). And we can do a similar thing for

topological spaces:

Definition 153
Let R be a commutative ring and X be a topological space. Then for any k > 0, Sk(X; R) is the free R-module
generated by Sing,(X).

In both cases, the alternating sum of the semisimplicial face maps d; will create the differential maps Sx(X; R) —
Sk—1(X; R) for a chain complex S.(X; R) of R-modules. (So this is a direct clean generalization.) And S.(X;Z) =
S.(X) as well.

Example 154

Consider the semisimplicial set shown below:

We'll consider S.(X;Q), which is a chain complex of rational vector spaces with linear maps between them — it'll
be isomorphic to
0-Q—-Q0Q3Q—-QeQeQ—=0—---.

(Here, the first Q is the vector space with basis A, the first direct sum is the space with basis {u, v, w}, and the second
direct sum is the one with basis {x, y, z}.) Then the linear maps are determined in the usual way: we send u, v, w to
Yy —X,z—y,z— X, respectively, and knowing how the basis elements behave under the maps tells us how the whole
map behaves. Therefore, we get exactly the same thing as before, just with groups replaced with vector spaces.

So now the homology R-modules of S,.(X; R), denoted Hy(X; R), can be calculated with a similar method as with
Hq,(X;Z). We can check that all of our (Eilenberg-Steenrod) homology proofs still work for homology with coefficients
in any commutative ring R, except that

R g=0

Hq(x R) =
0 otherwise.
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In particular, if X is a CW complex, we can always compute Hq(X; R) by looking at the cellular chain complex
Cel(X; R).

Example 155

Let's look again at the homology of RIP2, which has a cell structure with one 0-cell, one 1-cell, and one 2-cell.

Earlier, we calculated H,(RP?) = H,(RP?; Z) with a cellular chain complex
2., 0
= 0=22Z2=>2Z—-7Z—-0—---,

telling us that
7 g=20
Ho(RP?) =S 7/27 gq=1
0 otherwise.

So now let's move from “integral homology” to “rational homology:” we can calculate using the similar-looking cellular
chain complex
~--—>0—>Q3>Q£>Q—>O—>--~ .

Therefore, we can
Q ¢g=0
He(RP* Q) =40 qg=1
0 otherwise
because this time, Q/2Q is the trivial group — every rational number can be written as twice another rational number.
And now let’s calculate H,(RP?, F5), where F, denotes the field with two elements. This time, if we look at

~-~—>0—>]F23>IF23>F2—>0—>---.

And the point is that the map 2 is the same as the map 0 in this case, so

]F2 q=0

F, g=1
Hy(RP%:F) =4 2 7

]F2 C]=2

0 otherwise.

We can tell that our answers do indeed change a lot depending on the choice of commutative ring R.

Fact 156
All subsequent material won't be tested until after November 9 —it's important for us to have a good understanding
of cellular homology, so pset 4, due October 30, will give us lots of practice with that. After the election, we'll

have our brief exam on November 9.

In the next few weeks, we'll be talking about material for problem sets 5 and later. Here are some of the key

questions we'll be answering:

+ In what sense can Hq(X; R) be easier than Hy(X;Z)? In particular, can we compute Hq(X; R), homology with
coefficients, in terms of the integral (standard) homology? (The answer turns out to be yes, but the translation
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process is a bit subtle.) In some sense, the integral homology groups are the best ones — for example, the rational
homology groups will “pick out the free parts” of them.

Remark 157. In applied topology (for instance persistent homology in computer science), we may be given a
giant collection of points in R, Then if we fix a radius R and connect any two points that are less than R
apart, then we can draw a 2-simplex for points, all of which are in some diameter R circle, and keep building up
a semisimplicial set in this way. And there are theorems that say that homology with Q coefficients has much

lower computational complexity, and provably so!

+ How can we compute Hq(X x Y) in terms of Hq(X) and Hg(Y)?

+ Extending that thought, any topological space has a diagonal map A : X — X x X, mapping x to (x, x). What
can we say about Hg(A)? In particular, there will be spaces where Hy(A) is not the same as Hq(X) — effective
homology on the diagonal will give us some information about X that the pure homology groups don't see.

« What special features do manifolds have with respect to homology (compared to generic topological spaces)?

In the process of answering these questions, we'll introduce the (purely algebraic) functors Tor, Ext, and also

introduce the relevant ideas of cohomology.

18 October 14, 2020

Yesterday, we introduced “homology with coefficients” in a general commutative ring as a generalization of Hq(X)
(which is homology “in the integers”). Today, we'll start looking at how to compute Hq,(X; R) from Hq(X) = Hq(X; Z),
which will turn out to be related to computing the homology of a product space X X Y in terms of the homologies of
X and Y.

All of these tools will be purely algebraic, so we'll need to set up some tools from category theory and algebra.
Recall that for two abelian groups A and B, we defined Homap (A, B) to be the set of functors (group homomorphisms)
from A to B. But this set has extra structure —if f, g : A — B are two homomorphisms, then f + g and f — g are also
homomorphisms. (For example, f — g : A — B is defined by the formula (f — g)(a) = f(a) — g(a).) That means the
set Homap (A, B) is an abelian group with this addition law, and we will denote this object of Ab by Hom,, (A, B).

Let's generalize this:

Definition 158
Suppose R is a commutative ring, and let R-mod be the category of R-modules. Then Homg_mod(M, N) can be
given the structure of an R-module, and we denote the resulting object in R-mod by Homg oa(M, N).

(For example, the set of linear maps between vector spaces over a field form another vector space.) This construc-
tion turns out to be functorial: mapping (M, N) — Homg_moq(M, N) is functorial in its inputs. Here's what we need

to check to verify that statement:

« Suppose that N — N’ is some map of R-modules. Then any map M — N gives a composite map M — N — N’,

so there will be an R-module map

HO7mR—mod(l\/lr N) — mR—mod(Mr NI)
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« Now suppose that M — M’ is some fixed map of R-modules. Then there will be a corresponding map
HoimR—mod(lw/Y N) — mR—mod(Mv N),

where the map f : M’ — N gets sent to the composite map M — M’ — N (notice that the direction of maps
is being flipped here).

In other words, we have a functor
Homg_ 10q : (R-mod)°P x (R-mod) — (R-mod),

sending (M, N) to Homg_ oq- And the more general structure here is that some categories C (such as R-mod) have
internal Homs

Hom. : C? x C — C,

where C° x C is the product category in the category of categories Cat.

Example 159

The category Set of all sets also has an internal Hom, where we can just set

Home, (A, B) = Homset(A, B).

It turns out that there is a currying isomorphism here: if A, B, C are sets, then we have a bijection
Homset (A X B, C) = Homset (A, Homset (B, C).
For example, if we have a function f : A — Homse (B, C), we can send it to a function g : A x B — C, given by
g(a b) = (f(a))(b).

Internal Homs will usually give something of this flavor, so we should ask if we can find the analog of this currying

isomorphism in R-mod.

Theorem 160

Let R be a commutative ring. There is a functor (called the tensor product)
®r : (R-mod) x (R-mod) — (R-mod),

with the property that
Homg 1o4(A®r B, C) = Homg oq4(A, Homg 64(B, C).

In addition, this isomorphism is natural in A, B, C, and this uniquely determines ®g.

We typically denote ®g(A, B) as A ®g B instead. Note that ®& and Homg .4 are actually adjoint functors,
which is an important concept in category theory that we might see later. The important thought is that both functors
determine internal structure, and they actually determine each other.

The first step is to define a functor ®g : R-mod x R-mod, and then we need to check the isomorphism and

naturality conditions.
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Definition 161
If A and B are two R-modules, then the tensor product A ®r B is the R-module generated by symbols a ® b
with a € A and b € B, with the following (quotienting) relations:

« Distributivity: a®@ (b+b)=a®b+a®@ b, and (a+3d)@b=axb+a ®b.

+ Scalar multiplication: (ra® b) = r(a® b) and a® (rb) = r(a® b).

We can check ourselves that this actually defines a functor ®g, but once we have our tensor product more
concretely, we're ready to sketch the proof of the above theorem.

Proof sketch of Theorem 160. With our definition, a map of R-modules A ®r B — C is determined by where it
sends the generators a ® b. So given a map f : A®r B — C, we can define a map g : A — Homg ,0q(B. C) via
(g9(a))(b) = f(a® b), and analogously given g, we can define f(a® b) = (g(a))(b). What we need to check is that
the relations on A®g B are defined to ensure that g is indeed an R-module map if and only if f is, and this is a basic

algebraic check. O

Let's look at a few examples that are most relevant for us:

Example 162
If R =7, what does A ®z B look like for Z-modules A and B?

Here, A and B are abelian groups, and A ®y B will be some other abelian group.

« We'll do one example in full detail. If A=7/27Z and B = 7 /4Z, then the tensor product has eight generators
0®0, 1®0, 0®1 1®1 082 1®2 0®3 1®3,
with various relations. For example,
0®2=(0-0)®2=0(00®2)=0

by scalar multiplication, and this holds for all other generators with a 0 appearing anywhere. So our tensor
product is generated just by 1 ® 1,1 ® 2,1 ® 3, but

191+1091=1®(1+1)=1®2,

and similarly 1®14+1®1+1®1=1® 3, so the other generators can just be written in terms of 1 ® 1. Since
1141014114181 =102+1®2=1®(2+2) =184 =0, our tensor product group is just
generated by 1 ® 1, and we have a cyclic group. But in fact

1®l+10l=(1+1)®1=201=0,

so 1 ® 1 has order 2, meaning that

|2/22 2, 2,/42 = 2./2Z

(We do need to check that 1 ® 1 is nonzero.)

« Next, let's check an example of Theorem 160: let's verify that

| Homa(Z/4% @7, 2./2Z, 1./2Z,) | = Homay(Z/2Z, 7,/ 21)
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is actually isomorphic to

\ Homap(Z/AZ, Hom s, (Z/27, 7./27.)) \ =~ Homap(Z/AZ, Z.27).

(The boxed groups are the ones actually stated in Theorem 160.) So we should have the same number of group
homomorphisms from Z/27Z to Z/2Z as from Z/4Z to Z /27, which is indeed true: either we send 1 to 0 or 1

to 1 in both cases.

We'll look at some more example computations next time!

19 October 16, 2020

We calculated the homology groups of RPP* in a combinatorial way, through the nerve N(BC,), on our homework
— the idea was to point out that we have a geometric and a combinatorial-algebraic way to compute the homology

groups, but the latter isn't necessarily easier to do by brute force.
Last class, we started discussing the internal Hom and tensor product in the category of R-modules: these were

related by a natural isomorphism (which can be used as the definition of a tensor product)
Homg-mod(A ®r B, C) = Homgmod (A, Homg_n0q(B, €)).

Concretely, we also wrote down that A ®& B is an R-module generated by symbols a ® b with a € A, b € B,
along with certain relations (regarding distributivity and scalar multiplication). One thing we used implicitly is that
A®r B =B ®gr A, and this is clear in the concrete construction because all of the relations pair up in a symmetric
way. But from the abstract internal Hom description, this is perhaps more surprising.

We started calculating some tensor products over Z last lecture as well: for example, we found that
7)27 Qg L)AL = 7.]A7 Q7 7./27 = 7./ 2.

Let's try looking at another example:

Example 163
What is the tensor product Z/27Z ®z Z./3Z7

At first glance, we have the six generators 0®0,0®1,0®2,1®0,1® 1,1 ® 2. But we know that anything with
a 0 is just the zero element, so the only generators that remain are 1 ® 1 and 1 ® 2, and now

181+411=1®(1+1)=1®2.
So this means our tensor product is generated by 1 ® 1 alone, but now
1®1+1®14+1®1=1®3=0, 1®1+1®1=2®1=0.

So the order of this element must divide both 2 and 3, meaning 1 ® 1 = 0. Therefore, this group is the trivial group.

Proposition 164
If Ais an abelian group (that is, any Z-module), then Z/2Z ®7 A = A/2A. More generally, we have

Z/n7 ®7 A= A/nA.
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Proof. This tensor product is generated by elements 1 ® a for a € A, with the relations that 2(1®a) =2® a=0. A

similar argument works for general n. O

From here, the next step is to look at the group Z ®7 A. If we have an abelian group B, we can use the abstract

characterization to say that (all Homs below are in the Ab category)

| Hom(A ©7, Z, B) |~ Hom(A, Hom(Z, B)).

Since B is abelian, the set of group homomorphisms from Z to B is just B itself — it's determined by where 1 is sent.

So this is the same as | Hom(A, B) |, and therefore it makes sense that A = A ®y Z, which we can check by showing

the isomorphism of groups a — 1 ® a.

Proposition 165
Let R be any ring, and let M be an R-module. Then

R®r M= M.

A similar argument here relies on the fact that
LomR—mod(R' N) = N,

and the rest is similar. So now we can tensor with cyclic abelian groups, as well as with the ring itself, and we can do

a bit more theory for understanding now.

Definition 166
Let R be a ring, and let A, B, C be R-modules. A bilinear map f : A x B — C is a function of sets with the

following relations:
. f(a+a,b)="f(a b)+f(a,b)and f(a, b+ b)="f(a b)+f(a b)foralla,a € Aand b, b € B,

« f(ra,b) =rf(a,b) and f(a, rb) =rf(a, b) forallac A be B,reR.

Theorem 167
Bilinear maps from A x B — C are in bijection with R-module maps from A®r B — C.

Proof. This is basically just the concrete description of a tensor product — specifying a bilinear map Ax B — C requires

us to satisfy certain conditions, which are exactly the same as the tensor product constraints. O

We won't use this way of thinking very much, but it can be useful in certain contexts.

Next, we'll turn our attention to the tensor product of direct sums:

Theorem 168
Let A, B, C be three R-modules. Then

(ABB)®rC2(A®rC)® (B®r (),

with isomorphism given by (a2, b) ® c — (a® ¢, b® ¢).
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We can check on our own that this is an isomorphism by constructing the reverse map. One way of interpreting
this is that the operations (®r, ®&) make R-mod (also denoted Modg) into a categorical ring. We can check things
like the associativity of our tensor product: there is a natural isomorphism

(ARr B)®r CZ A®g (B®r C).

So R-mod form a commutative ring, but in the sense of categories instead of classical algebra. And we can actually
completely understand a ring R in terms of its R-modules, which we can look into if we're interested.

And this helps us understand basically all tensor products that we care about in this class: we know how to compute
®z of finitely generated abelian groups.

Example 169

Suppose we wanted to compute something like

(Z)2Z. & 7./3Z) ®7 (Z/6Z ® T.).

We can then distribute the tensor product as
=((Z/2Z®7/37) Q Z]6Z) & ((Z/2Z. & 7./37) ® 7),
which further simplifies (like in ordinary algebra) to
Z/2LQRLI6ZBL/3LRQ3L/CLDL/2L L B 7L/ R L,

where we use the tensor product as the primary operation in the order of operations, and simplification from the work
we've done before yields
222 & L)L DL/27 ® Z/3Z.

And certainly with finite type CW complexes, we should only expect to see this kind of finitely generated abelian group.
We are interested in homology with coefficients, but often the rings R that we use are Z, Q, and finite fields like [F3.

And modules over a field are just vector space, and now we can figure out how those work too!

Example 170

In @-modules (rational vector spaces), let's compute

(Q2Q)®q (Q®Q®Q).

(This is basically the generic example that we might see with finite-dimensional vector spaces.) If we expand this
out with the distributive law, we end up with six copies of Q ® Q = Q, so we end up with a 6-dimensional Q-vector
space QP QP Q®Q Q@ Q. So we basically multiply the dimensions when we're working over a field.

This is all we'll say about tensor products of abelian groups for now, and we'll start tackling a slightly fancier

question now — tensor products of chain complexes.

Example 171
Consider the interval | = [0, 1] = D! as a CW complex with two 0-cells and one 1-cell. We're interested in looking
at [ x I.
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Then our cellular chain complex looks like
Z{a} — Z{x,y},

sending a to y — x. We can calculate the homology of an interval, which is the same as the homology of a point. So

now we can get a product cell decomposition for / x /:

X®y agy yQy

X® a a®a y®a

XX a®x y®x

Basically, every cell here comes from taking the product of some cell in the first / and some cell in the second /.
And this naming might help us understand the differential map: we can write down equations like

adx)=y@x—x@x="(y—x)@x" = "8a®x,”

but also
da®a)=a®x+y®a—a®y—-xRa="“(y—-x)®a+ax(x—-y)”

which looks a lot like 0a ® a — a ® 0a. This leads us to the following definition:

Definition 172
Let C,, D, be two chain complexes of R-modules. The tensor product C, ®g D, is a chain complex with groups
given by

(C* (2= D*)n = @ Cp ® Dq
p+qg=n

and differential map
0(cp ® dg) = (8¢, ® dg) + (—1)P(c, @ Ody).

This sign coefficient (—1)” can be obtained by thinking about geometry, but it's important for us in showing that
the composition of two & maps is the zero map. And we'll eventually prove that this kind of tensor product chain
complex is what we want for computing the homology of a product space:

Ce(X) @ CS(Y) 22 CS(X x V).

The idea is that the homology groups of CS(X) ® C(Y') are computable purely in terms of Hy(X) and Hy(Y'), so
that will help us look at X x Y. (We don't need to understand the entire cellular chain complexes for X and Y — just
the homology groups are sufficient!)

Unfortunately, this construction has some bad properties as well. The main issue is that if C, and D, are two chain
complexes, the homology of C, ® D, can't be determined in general from the homology of C, and the homology of
D,. So it's a very special property of those cellular chain complexes that come up in our study — chain complexes from
other sources may not have homology groups coming from the homology group of the two pieces.

In addition, there isn't an obvious “internal Hom" in chain complexes: if we look at all the maps between two chain

complexes, there isn't an obvious way to make that into a chain complex. So that might make it more confusing to
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deal with a tensor product description, especially with the abstract definition! This property is actually related to the
last one — next class, we'll talk about why the chain complexes arising from CW complexes behave better than other

ones.

20 October 19, 2020

Problem set 4, giving us more practice with cellular homology, is now posted — as always, it will be due in about two
weeks.

We're going to continue discussing the algebra of tensor products today. Recall that we were motivated last time
by the product CW structure on a product of two CW complexes to define a tensor product of two chain complexes

of R-modules, with nth group given by

(C* R D*)n = @ Cp ©Or Dq,
pt+q=n
and boundary maps given by
0(¢cp ® dq) = (8¢p) ® dq + (—1)"(¢p @ (8dy)).

Recall that the term (—1)P is necessary for the partial maps to form a chain complex. But there are still some confusing
features — it turns out that the homology of a tensor product of this form is only simply related to the homology of the
individual chain complexes C, and D, when the origin is from CW complexes. In addition, the set of maps hom(Cy, D)
is not obviously a chain complex, so we haven't quite figured out how to relate tensor products to our internal Homs.

So we'll jJump into some more algebraic theory today. Let's start with a short exact sequence
0—+-A—=-B—=C—=0,
and consider some other R-module. It makes sense to then consider the sequence
0>AQrRM—=BRr M= C®rM—0

and ask whether it is exact. The answer turns out to be no, and we can see this concretely:

Example 173

Take R = Z, and consider the short exact sequence
05232%7/2Z -0

where g denotes the quotient map.

If we tensor this short exact sequence with Z/27Z, we find a sequence
0 =>Z2ZR®1Z/20 — 7 Ry L/27 — L]27Z & 2727 — 0,

which is isomorphic to
0— Z/27 — 7./27 — 727 — O.

(For the first two groups, this was because tensoring Z ®z A always gives us back A, and for the third, recall that
7/27 @7 A= A/2A.) But now the multiplication by 2 map becomes the 0 map, which is not injective, so we cannot

have exactness.
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However, there is an important result that helps our tensor product behave a little bit nicer with exactness:

Theorem 174
Let M be an R-module. Then the functor

-®r M : R-mod — R-mod

is right exact, meaning that if A— B — C — 0 is an exact sequence of R-modules, sois AQg M - BRr M —
C®r M — 0.

Remember that exactness failed at the first place in our example above, so we've gone around this issue by only look
at the "right” part of the sequence. (In fact, A— B — C — Qis exact if and only if AQg M — BRrM — CQrM — 0

is exact for every R-module M, because we can just take M = R.)

It’s important to remember that whenever we have a theorem or result about tensor products, we can also restate
it using internal Homs — they can often be easier to prove that way.

Theorem 176

A sequence of R-modules A — B — C — 0 is exact if and only if
0— mR—mod(Cv N) — mR—mod(Bv N) — mR—mod(Av N)

is exact for all R-modules N.

In particular, we should notice the opposite functoriality here — the arrows have been flipped.

Proof that Theorem 176 implies Theorem 174. Assume that A — B — C — 0 is exact. To check that the tensor
product sequence AQgr M — B®r M — C ®g M — 0 is exact, it suffices to check (by Theorem 176) that

O — HOmR_mod(C ®R M, N) — HOmR_mod(B ®R M, N) — HOmR_mod(A ®R M, N)
is exact for every N. And this is equivalent to wanting
0 — Hom(C,Hom(M, N)) — Hom(B, Hom(M, N)) — Hom(A, Hom(M, N))

to be exact for every N, but now we can apply Theorem 176) with N replaced with Hom(M, N). O

Proof of Theorem 176. We'll prove one direction (the other is left as an exercise). Exactness at Hom(C, N) is equiv-
alent to the map Hom(C, N) — Hom(B, N) being injective. In other words, by functoriality of our internal Hom, we
want to know whether a map C — N is determined by the composite map B — C — N. But that's true because
B — C is surjective by exactness (at C in our original sequence), meaning that we can look at the image of the
composite map of some b that maps to c.

So now it remains to check exactness at Hom(B, N), which can be restated as follows: f : B — N restricts to the
zero map A — B — N if and only if we can write f as a composite map B — C — N.

« If we have a composite map B — C — N, then we can look at A— B — C — N, and the map A — C (and
thus also the map A — N) is the zero map by exactness of the original sequence at B.
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« Next, if f : B — N restricts to the zero map A — B — N, we want to find a map g : B — C so that f is the
composite B — C 2 N. Recall that C is the quotient of B by the image of A, so we just need to make sure that
f's kernel contains the image of A to have a well-defined composite map. And this is true because A - B — N

is the zero map, so B — N sends everything in im(A) to zero.

O

We've now proved that if 0 > A— B — C — 0 is exact, then AQp M = B®Rr M — C ®r M — 0 is exact, but
we don't necessarily have exactness 0 - A®r M — B ®r M. But notice that this sequence will stay exact if we use
M =R or M= R&R —in the latter case, we end up with a sequence 0 - A®A—- B&B - C®C — 0. In general,
if M is a free module (such as a vector space over a field), we preserve exactness (not just right exactness).

And to connect this back to topology, note that if we have a topological space X, we have a chain complex of
free R-modules C<®'(X; R), and perhaps that will start giving us a sense of what's special about these particular chain

complexes.

21 October 21, 2020

Last time, we talked about the way tensor products interact with exactness (which encodes a lot of useful algebraic

facts). Specifically, if M is an R-module, then the tenso r product functor
-®r M : R-mod — R-mod

is right exact but not necessarily exact. But we mentioned that for free R-modules M (which always happens when R
is a field, for example), then tensoring with M is exact.

We primarily care about chain complexes because they help us encode homology, and that plays into the next
definition:

Definition 177
Suppose C, and D, are two chain complexes of R-modules. A chain map f : C, — D, is a quasi-isomorphism if
Hq(f) is an isomorphism for each integer q.

In other words, the map is an isomorphism at the level of homology groups. In particular, having this quasi-
isomorphism tells us that C and D have the same homology, but there isn't always a quasi-isomorphism between two

such chain complexes (so quasi-isomorphism is stronger).

Example 178

Suppose R = Z, and we have a two-term chain complex with Zs in degree 1 and 0:
C*:---—>O—>O—>ZE>Z—>0—>O—>-~-.
We also have another chain complex

Di=-++—=0—-0—-%Z/5Z—-50—-0—---.

Then C, and D, have the same homology groups (we can check this ourselves), and in fact we have the following
chain map which is a quais-isomorphism:
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0— =7 —2>2 47 0

L]

0 0 7/52 —— 0 — ---

We can check that this diagram does commute, so C, and D, are quasi-isomorphic. And this construction

motivates the next idea:

Definition 179
Let M be an R-module. A free resolution of M is a chain complex C, of free R-modules and a quasi-isomorphism
C. — M, where we think of M as a chain complex concentrated in degree 0 (that is, we have M at degree 0 and

0 everywhere else).

The example above shows us that C, is a free resolution of M = Z/5Z for R = 7Z, and we'll work a bit more with

this idea now.

Example 180

If R is a field, then every module is itself a free resolution, because all R-modules are free.

Example 181
Suppose R = Z (this is basically the only ring that's not a field that we'll need to worry about for now), and take
M=Z/320Z&7Z/2Z.

We can write down a free resolution in the folloiwng diagram:

£

—— 00— 2Pl ———— L DLDZL 0
o I |
0 0 2/]32BLDL/2L —— 0 —— ---

Here, in the map f, we send (1,0) to (3,0,0), and we send (0, 1) to (0,0,2). We can check that the homology
of the top row and bottom row agree, and that the square commutes, so we do have a quasi-isomorphism. And this
example is basically the generic one — we can always find a two-term free resolution by taking a surjection from a free

module and adding some relations with the map f.

Remark 182. Note that free resolutions aren’t unique: consider the following diagram.

7790707 —2 70707 0
| | [ |
0 0 Z/3LSL DL/ — 0 — -

If f sends 1 to (0,0,1), and g sends (1,0,0),(0,1,0),(0,0,1) to (3,0,0),(0,0,2),(0,0,0) respectively, then we also
have a free resolution of the same M = Z/3Z ® Z ® Z/2Z. This isn't a minimal resolution — there's an extra relation

in the map from degree 1 to degree O — but it is valid.

However, there won't always be such a compact solution for more complicated rings:
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Fact 183
Suppose R = Q[t]/t?, and let M be the module Q where t acts by (multiplication by) 0. This also has a free

resolution, but even the “smallest” one is infinite. But we won't really need to worry about those kinds of rings.

Theorem 184 (Fundamental theorem of homological algebra)
Let N and M be R-modules. Let

Fa F1 Fo E> Eq Eo
Ll L 1]
0 0 N 0 0 M

be free resolutions of N and M, respectively. Then any R-module map f : N — M liftsto a chainmap f, : F, — E,,

and f, is unique up to chain homotopy.

Let's see what this theorem means in practice:

Example 185
Take R = Z, and consider the abelian group map f : Z/2Z — Z/6Z (so N = Z/27Z and M = Z/6Z) that takes 1
to 3.

A free resolution of Z/27Z has top row
F*:-~-—>O—>Zi>Z—>O—>---,

and we have a similar chain complex E, for Z/6Z. So then we can get a chain map F, — E, as shown:

0 7 2.7 0
oo
0 7 -7 0

The squares all commute, so this chain map gives us a map Ho(f.) : Ho(Fi) = Ho(Ex). And Ho(F.) is isomorphic
to Z/2Z, Ho(E.) is isomorphic to Z/6Z, and thus Ho(f.) is exactly the map f that we started with!So understanding
maps between R-modules is the same as understanding maps between free resolutions of R-modules, and furthermore,

we only need to understand maps up to chain homotopy.

Proof sketch of Theorem 184. We can build up a map between the free resolutions inductively, showing that there is
only one choice up to chain homotopy at every stage.

The first step is to create the dashed arrow in the following square:

F() ***** > Eo
o e
N—— M

We know that Fq is free on some set Sy by definition, so for each sy € Sp, we can define fo(sp) to be any arbitrary

element of Eg such that
em(fo(s0)) = fen(s0)).
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(This can always be done because €, is surjective, since Ho(Fi) = Fo/im(F1 — Fg) is isomorphic to N. Similarly, this

tells us that ey is also surjective.) So now we can extend our diagram as shown:

ker(en) —=— ker(em)

Fo#)Eo

EN Em

N—" M
The top two vertical maps are surjective, so this helps us create F{ — E7, and so on. The rest of the proof is left

for us to think about — it may show up in our homework as well. O

In practice, this theorem is really easy to use — we are guaranteed a chain map inducing in homology from the

module that we started with. (We'll see this in action soon.)

Definition 186 (Sketchy for now)
Let R be a commutative ring, and let ch(R-mod) be the category of chain complexes of R-modules. The derived

category of R, denoted D(R), is a category obtained from ch(R-mod) by formally inverting all quasi-isomorphisms.

Quasi-isomorphisms aren’t actually isomorphisms, but we're changing the category we're talking about. So the
objects of D(R) are chain complexes, but there are many more morphisms than before. Specifically, for any quasi-
isomorphism f, : C, — D,, we have a formal inverse g : D, — C, in D(R). (This is kind of like rigorously going from
the natural numbers to the integers — we just “add in inverses” to get the negative numbers.) So this means we also
add morphisms that are the composition of a quasi-isomorphism and a chain map, and so on — the goal is to force

quasi-isomorphisms to become isomorphisms in the minimal way.

Fact 187
The actual construction of D(R) is beyond the scope of this class, because there are set-theory technicalities
(such as having a set of maps versus a class of maps). But the point is that ch(R-mod) doesn’t matter to us —

D(R) does, because we're working with homology.

Example 188
In D(R), every object is isomorphic to a chain complex of free R-modules, and free resolutions give us an example
of this.

Our next steps will be to learn some general facts about D(R) and then prove a few consequences of these facts
which can be stated without reference to D(R) itself. (This “derived category” doesn't actually show up in Hatcher
or in Miller's notes because it's more technical, but taking this path will help motivate us to understand why these
consequences exist.)

For example, consider the following construction of tensor products in D(R). If C. and D, are two chain

complexes, the derived tensor product C, @ D, is defined as follows:

+ Replace C,, D, with quasi-isomorphic chain complexes of free modules C., D..
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« Take the ordinary tensor product C, Qg D..

+ Check that the result is well-defined up to quasi-isomorphism.

Since we're avoiding the mention of quasi-isomorphism, we're going to prove a consequence of this claim instead.
Next time, we'll show that if M and N are R-modules, then the groups H,(M &% N) is well-defined for every q. (These
groups are called Tor groups.) And we'll do this without explicit mention to the derived category.

22 QOctober 23, 2020

Last time, we introduced the derived category D(R) for a commutative ring R. Since quasiisomorphisms induce
isomorphisms in homology, the main point of the construction is that two chain complexes that are isomorphic in
D(R) must have isomorphic homology R-modules.

We then started seeing how the tensor product plays into this: the derived tensor product is denoted @ or ®H,‘?,
and we described the construction for it last time. (The reason for the symbol L is historical — it has to do with the
“left adjoint” in the currying isomorphism.) One useful fact, in the case where at least one of C, and D, is a chain
complex of free R-modules, is that

C, ®% D, = C, @ D,.

And as we mentioned last time, we won't try to go too far into this statement directly, since we aren’t talking about

D(R) directly. But we'll prove some consequences of this fact:

Definition 189
Let M and N be two R-modules. The group Tor;(M, N) is defined as the homology group H;(M ®% N), where

M and N are chain complexes concentrated at degree 0.

We'll prove soon that Tor;(M, N) is well-defined rigorously in this lecture (that is, it doesn’t take on different forms

if we pick different free resolutions), but for now it's worth getting used to the algorithmic practices of computation:

Example 190
Suppose R = Z. What is Z/2Z ®% 7./477?

There are different ways we can compute this, based on which module we choose to make a free resolution for and

also how we do it. So we'll do this in a few different ways — one idea is to write
727 Q% 7/47. = (Z > 7) ® L/4Z,

and then we can take the tensor product from here to get nonzero things in degree 1 and O:
>~ 30— /4T B LIAT -0 — - .

So now Torog(Z/2Z,7/47) is Z/4Z mod the image of the multiplication-by-2 map, which is Z/27Z. Similarly, we find
that Tor1(Z/27Z,7./47) = 7./2Z, and there is no homology anywhere else.

Alternatively, we could have computed this tensor product in another way by resolving the Z/47Z, so that

Z/2Z R 747 2 7)27 @ (Z 2 7),

73



and then computing this ordinary tensor product gives us
> 57/ 57/22 -,

again with zeros beyond here. And again Torg and Tor; are Z/27, because the multiplication-by-4 map is just the
zero map on Z/27Z. So indeed the homology groups are the same, and that’s what we should believe if we believe in
the derived category D(Z).

Finally, let's compute this in a third, “less efficient way"” by resolving both sides:
727 @ 7,/47. = (Z{a} = Z{b}) ® (Z{c} > 7{d}),

(the a, b, ¢, d just to make our notation easier, but those groups are all isomorphic to Z) and the tensor product of
these chain complexes is
Z{ia®@c} > Z{b®c,a®d} - Z{bad}

(with these groups being in degree 2, 1,0), with one of the differentials given by
da®c)=(0a®@c)+(—-1)(a®dc)=2b®@c)+ (-1)(a®4c)=2(b®c) —4(a®d),

where we've used the formulas O from the resolutions of our two modules. (Remember the &+ sign comes from the

original degree of the left term.) We can also calculate
d(b®c)=0b@c+bR0c=0®0c+bR4d=4(b®d),
a®d)=0a®d—a®dd=2b®d—-—a®0=2(b®d),
and now we can confirm that this is a chain complex (that is, we haven't made any calculation errors), because
00(a®c)=02(b®c)—4a®d)=2-4b®d) —4-2(bd)=0.

And now we're ready to compute the homology of the chain complex: Hg is Z{b®d}/im(81) = Z{b®d}/Z{2(b®d)} =
Z/27Z, H; is the kernel of 8; mod the image of 85, which is Z{b® c —2(a® d)}/Z{2(b® c) —4(a® d) = Z/2Z, and

H> is zero because 05 is injective. So we've recovered the same result as before with more calculation!

Example 191
Next, let's compute the derived tensor product Z/2Z ®“ Z/37Z.

The most efficient way is to write it as
~(Z37)RZ/3Z27/3Z > 7/3Z,

and because the multiplication-by-2 map is surjective, we find that the Tor groups are all just zero in this case.

Example 192
The next idea to look at is Z/3Z ®" Z.

This time, we already have a free resolution, and tensoring by Z does nothing in this case. So this is a chain

complex with Z/37 concentratred at degree 0, and thus the Tor groups are Z/3Z in degree 0 and O otherwise.
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Example 193
If R is a field, and V, W are vector spaces over R, then Torg(V,W) = V ®g W (a vector space with dimension
dim(V) dim(W)) and Tor,;(V, W) = 0 for all i # 0.

In the logic above, we're using the fact that every module over a field is its own free resolution.

Proof that the Tor groups are well-defined. Suppose that M and N are two R-modules, and F, and F] are two free
resolutions of M. We need to prove that (here we use the regular tensor products) F, ®r N and F] ®z N have the
same homology (Tor) groups.

We can in fact show that we have a chain homotopy between the two chain complexes, which is enough to show
that they have the same homology groups. And this goes back to the fundamental theorem of homological algebra:
up to chain homotopy, there exists a (unique) map f : F, — F/ that lifts 1y, and there also exists a (unique) map
g : F, — F, that lifts 1y, as well. So f o g is a map from F. — F/ that lifts 1, so the fundamental theorem of
homological algebra tells us that f o g must be chain homotopic to the identity (which also lifts 14;). So that means
that

(fog)®@r N=(f@N)o(g®N)

is chain homotopic to 1ggy, and the same argument works for showing that (gof)®g N is chain homotopic to 1rgn.
This means g®g N and f ®g N are inverses up to chain homotopy, meaning F, ®z N and F, ®r N are chain homotopy

equivalent. 0

Let's now take a look at a related construction of Tor by studying a bit about internal Homs. If F, is a chain

complex of free R-modules, and N is an R-module, we can form a new chain complex,
Homp gy (Fs. N),
which is basically the internal Hom in the derived category, but notice the negative sign:
Hompgy(Fi, N)n = Homg_moq(F=n, N).

Let's illustrate this more clearly:

Example 194

Suppose R = Z, and our F, chain complex has only terms in degree 1 and 0:

F*:-~-—>O—>Zi>Z—>O—>-~-.

Take N =Z/27Z. Then
Hompzy(Fu, N) & -+ = 0 = 2/22. % 2/22. = 0 — - -,

where we have terms in degrees 0 and —1, instead of 1 and 0. And the differential map 0 exists here, because a map
from the degree-0 Z to Z/27 can be composed with the multiplication-by-4 map to get us a map from the degree-1 Z
to Z /27 — this construction comes from the boundary map in F.. (This is related to the contravariance of the Hom
functor.) So if M and N are R-modules, then we can compute Homp gy (M, N) by replacing M with a free resolution

and then doing the kind of calculations above.
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Definition 195
Let M and N be R-modules. The group Exth(M, N) is the —ith homology group H_i(Homp gy (M, N)).

In other words, this is the homology group H,;(MD(R)(F*, N)). We'll need to prove on our homework that,
similar to Tor, this construction doesn't depend on the free resolution F, of M, and this comes from the fundamental
theorem of homological algebra again. It turns out that these Ext groups is more natural than a lot of the other things
going on here, and that's because we do have an internal Hom here. We'll be able to use these Ext and Tor groups
to compute homology with coefficients, and we'll see that next time!

23 October 26, 2020

Last class, we defined and worked a bit with the Ext and Tor functors. Now that we've done a bunch of algebra,
we can answer some topological questions that motivated that discussion, particularly dealing with homology with
coefficients.
Recall that the nth group of the chain complex of R-modules S, (X; R) is the free R-module generated by Sing,(X),
with boundary map given by the usual alternating sum of the d; maps, which means that S,(X) = S.(X; Z) by definition.
Note that this chain complex S.(X; R) can be alternatively described as S.(X) ®z R because S, is made out of
free Z-modules, and tensoring with Z turns them into Rs. And this ordinary tensor product also calculates the derived

tensor product S.(X) ®@% R because S, is free. But in fact, we can make a more general definition:

Definition 196

Let M be an abelian group, and let X be a topological space. Then we can define

S, (X; M) = S.(X) @z M, Hg(X; M) = Hq(S.(X; M)).

In other words, we replace the ring R with an arbitrary abelian group — phrasing in terms of tensor products mean
we never use the ring structure at all. We still have M = Z or a field as the most interesting cases, though.

Fact 197
If R is a commutative ring and M is an R-module, then Hq(X; M) will acquire the structure of an R-module. In
particular, if M = R itself is a ring, then Hq(X; R) is itself an R-module.

At this point, let's also introduce the new, related idea of cohomology, which will come up soon. Suppose that
we have an abelian group M and an topological space X. Then we can make a new chain complex concentrated in
non-positive degrees, where the (—n)th term is Hom,_,.4(S,(X), M) (itself an abelian group). This in fact helps us

calculate groups related to the derived category, since this calculates Hompz)(S+(X), M).

Definition 198
The gth cohomology group H9(X; M) of a topological space X is the (—g)th homology group of the chain
complex Hompzy(S«(X), M).

It's interesting to then think about homology with coefficients and cohomology with coefficients, and ask whether
these tell us more than homology with integers. And it turns out the answer is no — homology with integer coefficients
still determines everything we're talking about, but it's sometimes easier to compute (so still useful).
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To understand how this determination happens, we'll talk about the universal coefficient theorems. We'll start
with the cohomology version:

Theorem 199

Let X be a topological space, and let M be any abelian group. Then for any integer g, there is an isomorphism

HI(X: M) & Homay (Ha(X), M) @ Exth(Hq-1(X), M)

The point is that the right side only has to do with integer homology groups, but the left side has coefficients in

M. Somehow, cohomology comes from mapping homology into M, but we also have an extra error term (the Ext
one).

Let's now state the homology version in more generality and spend more time talking about it:

Theorem 200

Let C, be a chain complex of free Z-modules (such as S,(X) or C¢"(X)), and let M be an abelian group. Then
for any integer q,

I

Hy(Ci @7 M) = Hy(C.) @7 M @ Tork(Hy—1(C.), M).

Remark 201. The isomorphism above is not natural, though — even though we have a natural short exact sequence
0 — Hy(C.) ®z M — Hy(Cy @7 M) — Torf(Hg-1(C.), M),

and in fact the term in the middle is the direct sum of the outside terms, that doesn't mean the direct sum decomposition

is natural in the isomorphism above. (For an example where this fails, we can see example 24.2 of Miller’s notes.)

Example 202

Consider the real projective plane X = RP? — recall that we have a standard cell structure C¢(RP?) =
Ce(RP2; Z), which is Z 2 Z > Z.

As a reminder, this cellular chain complex allows us to compute

7 g=20
He(RP?) =< 7/2Z q=1

0 otherwise.

Let's look again at how to compute Hq(RIE”2, M) for some other group M. For example, recall that we calculated
Hq(RP?, F,) by calculating CS®(RP?) @7 F, directly, and that gives us

F, ¢=01,2
F, 3 F, S F, = Hy(RP%F,) ={ -

0 otherwise.

But now let's try another method, which is to use the universal coefficients method above. The advantage here is

that we don't need to know the cellular chain complex to do the tensor product — this time, we only need to assume
the boxed homology groups above. For example,

Ho(RP?; F2) = (Ho(RP?) ®7 F») & Tori (Ha (RP?), Fa).

7



(So the homology with F coefficients can be determined in terms of the ordinary H> and H; homology groups.)

Plugging this in and remembering that F5 is the same as Z/2Z,
Ho(RP?; o) & (0 @7 Fo) @ Tory (F2, Fa) & Tory (Fa, Fa).
This Tor group is defined to be the derived tensor product
=~ H,(Fy @5 ),
and we compute this by doing a free resolution:
= Hi((Z 2 2) @ Fy) = Hy(Fy 5 Fy).

This two-term chain complex has first homology group F» (multiplication by 2 is the zero map), and thus we've arrived
at ‘ H>(RP?; F,) = F» ‘ just like before but with less assumptions!

Similarly, we can compute using the universal coefficients formula again:
H1(RP?; F2) & Hi(RP?) ®z F2 ® Tory (Ho(RP?), F2),
and reading off things from above yields
>~ (Fy ®z Fy) @ Tor(Z,Fo) = Fy @ TorZ(Z, Fy).
But now Z is its own free resolution, so

TOI’%(Z,FQ) = Hl(Z ®L FQ) = Hl(_) 00— FQ — .. _),

which is the zero group. So indeed, ‘ H;(RP?; Fy) = Fy ‘ and the Tor group contributes nothing to this one.

Example 203
Let's compute H»(S?;F3) (we can just equip it with the Z/3Z structure, but it doesn't really matter).

We have
Ha (5% F3) = (H2(5%) ®2 F3) & Tori(H1(S?), F3),

and now because H,(S?) & Z and H;(S?) = 0, we have
= Z ®Z ]F3 D TOI'l(O, F3)

But 0 is its own free resolution, so
H1(0 ®@“F3) = H;(0 — 0) =0,

and thus H2(52;F3) =3 ‘ This is indeed what we expect, because we can also compute this by using the minimal

cell structure on S2:
Hz(Cie”(Sz) X7z IF3) = Hg((Z —0— Z) X7z F3),

which simplifies to
= H2(]F3 —-0— F3) = Fs.

Again, the point is that we didn’t need to know this cellular structure to get our final answer.

Proof outline of the universal coefficients theorem. Suppose that we have a chain complex C, of free Z-modules and
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an abelian group M. We need to calculate C, ®z M, and we can always do this by finding a two-term free resolution
= FR=2FfF—=0—=--

over the integers (this happens because the integers are a PID). So the short exact sequence of chain complexes that
we end up with is

0-Ci®zF —>Ci®gFo— Ci®z M —0,

and now we can use the Snake Lemma to get a long exact sequence in homology (all tensor products here are over Z)
Hq(C* & Fl) — Hq(C* (39 Fo) — Hq(C* ® M) 3) qul(C* ® Fl) — qul(C* & Fo)

Notice though that this exact sequence is the same as if we take out the fg, F; (because the tensor product is exact
when we tensor with a free module). So this is isomorphic to

He(Ci) ® F1 = Hq(Ci) @ Fo = Hg(C @ M) LN Hq-1(Cy) ® F1 = Hg—1(Cy) ® Fo,
and this implies that we have a short exact sequence
0— Hq(C*) (%9 Fo/Fl — Hq(C* & M) — ker(Hq_l(Cq) ®F — Hq_l(C*) ® Fo) — 0.

But Fy/F1 is exactly M, meaning that the kernel is exactly the Tor group Tory(H4—1(C.), M) that we want. O

24 October 28, 2020

Last time, we discussed the universal coefficient theorems, which let us define and compute homology with coefficients
in an arbitrary abelian group. We'll continue developing some consequences of the existence of the Tor and Ext
functors, using the fact that we can calculate Tor with any free resolution and end up with the same final answer.

The first question we'll think about is how to compute the homology of a tensor product of chain complexes:

Theorem 204

Suppose that C,, D, are chain complexes of Z-modules, and suppose that C, is a complex of free Z-modules.
Then

Hn(Cy @z Dy) = ( @ Hp(Cy) ®z Hq(D*)> ® < EB Torf(H,y(C.), Hq(D*))> .

p+g=n p+q=n—1

Note that if we tensor together two chain complexes, there isn't a way of computing the homology of the result in
terms of the homology of the individual pieces, except when the tensor product agrees with the derived tensor product.
That's why C, having free Z-modules is important here!

In fact, this is actually a generalization of our results from yesterday: when D, is concentrated in degree 0, meaning
there is only a nonzero group in the Oth spot, then this reduces to the universal coefficients theorem. And the proof

from last time can show this theorem whenever D, is concentrated in any single degree.

First proof idea. The tensor product C, ® D, that we're trying to compute actually calculates the derived product
C. ®" D, in D(Z), meaning that the homology will not change if we replace D, with any chain complex isomorphic to
it in D(Z). (In other words, we can change D, by a quasi-isomorphism without changing the homology of the tensor
product.)
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A reasonable choice to make is to replace D, with the chain complex D satisfying (D,)q = Hq(D.) and all
boundary maps being zero (this has the same homology by construction). Then D/ becomes a direct sum of chain
complexes each concentrated in a single degree, so we can use the proof of the universal coefficients theorem to
finish. O

Let's now give a proof that doesn't involve the derived category, but is still similar in spirit:

Second proof idea. Consider the chain complex denoted Z(D.,), where the nth group
Z(D.)p = Zy(Dy) =ker(0: D, = Dp_1)

is the set of cycles in the original chain complex, and all boundary maps are zero. We have an inclusion of chain
complexes Z(D,) — D,, and this gives us a valid chain map. Furthermore, because the boundary maps of Z(D,) are
zero, we know that it is a direct sum of chain complexes each concentrated in a single degree.

From here, we can think about the quotient chain complex D,/Z(D,): this also has all boundary maps zero, so it
is also a direct sum of chain complexes concentrated in a single degree. So we have the short exact sequence of chain
complexes

0—>C.®zZ2(Dy) = Ci®z D, — Co®z D,./Z(D,) — 0,

where we're tensoring by a free module C, so we do preserve exactness. Any short exact sequence of chain complexes
can then be expanded to a long exact sequence in homology, meaning H,(C. ®z D.) can be written in terms of the
homology of H,(C, ®z Z(D.)) and Hp—1(Cix ®z D./Z(D.)), and now we reduce to the UCT because of the “direct
sum of concentrated chain complexes” idea. ]

The above theorem holds more generally: if R is a PID, and C,, D, are chain complexes of R-modules with C,
consisting of free modules, then we have

Hn(Cy ®r D,) = ( EB Hy(Ci ®r Hq(D*)> ® ( EB Torf(H,(C.), Hq(D*))> .

p+q=n p+q=n—1

Being a PID is the relevant assumption, because the universal coefficients theorem relied on having the very short

two-term free resolutions. In fact, if R is a field, things further simplify to

Hn(C. ®r D.) = €D H,(C.) @r Ho(D.).
p+q=n

All of this is relevant to algebraic topology because of the following result:

Theorem 205 (Eilenberg-Zilber)
Suppose that X and Y are topological spaces, and R is a commutative ring. Then S,(X xY’; R) is quasi-isomorphic
(in particular, has the same homology) to S.(X; R) ®r S.(Y; R).

And this works nicely with our previous work: we can now compute the homology of a product in terms of the
homology of the individual spaces. One way to think about this is to examine the product CW structure on X x Y/,
which we sketched a bit a few classes ago. (After all, the tensor product is actually designed to match the cellular
chain complex on a product.) But not every topological space comes from a CW complex, and we haven't really
developed the product CW structure idea yet. So we'll prove this theorem directly next time, and for now we'll explore

how this theorem works in practice.
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Example 206

How can we compute the homology groups H,(RP? x RP?;F,) (notice that we're using field coefficients)?

Recall that

F, ¢=012

HyRP%F) = { 2 7
0  otherwise.

We can compute

Ho(RP? x RP*;F>) & P H,(RP?F2) ®r, Ho(RP?; F2) 2 Ho(RP?; F2) @, Ho(RE?; F>)
p+q=0
(there's no other way to get nonzero groups p, q), and this is just F, ®p, Fo = (we just multiply the dimensions
of the vector spaces). Next,

H1(RP? x RP?; Fy) = (Ho(RP?; Fo) ®p, H1(RP?; F)) @ (H1(RP?; F) ®r, Ho(RP?; F,))

then simplifies to (FF, ®p, F2) ® (FF ®p, Fa) = . We can do a similar computation to find that Hs has
three copies of F, (from each of (p,q) = (0,2),(1,1),(2,0)), Hs has two copies (from (p, q) = (1,2) and (2, 1),

since the (0, 3) and (3, 0) have zero groups being tensored), and H4 has one copy. This gives us our final answer:

Iy qg=0,4,

F, ®F g=13,
Hq(RP? x RP%Fp) = { 2
FoF0F, g=2

0 otherwise.

It's difficult to explicitly describe the space RP? @ RP? — for example, it's hard to triangulate or make a semisimplicial
model for it. But computing its homology in this way is not too difficult in the F, case, and the Z case just has us

doing some more computation.

Remark 207. We can notice that the answer “reflects” around g = 2, and this has to do with Poincaré duality — there
is some interesting geometry that explains why we have this symmetry, and we'll prove some results like this near the
end of the semester.

Remark 208. We have a diagonal map RP? — RP? x RP? mapping x + (x, x), and thus we have a map Hx(A) :
Ho(RP?; Fy) — Ha(RP? x RIP?;F,), which is a map from Fy to Fa @ Fo @ Fo. It turns out that it's very interesting
to answer questions about what this map actually is (given the source and target), and that will also come up in the
last part of the course.

We'll finish today's class with a bit of setup for the Eilenberg-Zilber theorem. Since we're trying to show that S, (X x
Y R) is quasi-isomorphic to S.(X; R) ®r S«(Y; R), we're actually going to construct an explicit quasi-isomorphism

here:
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Definition 209

The Alexander-Whitney map A : S, (X XY, R) = S.(X; R)®r S.(Y; R) is a chain map defined by constructing
amap A:Sp(X xY;R) = Sp(X; R)®Sq(Y; R) for all integers n, p, g with p+ g = n. It suffices to define A(o)
for o : A" — X XY € Sing,(X x Y), and this is determined by the maps o : A" — X and B : A" — Y. We define

A(o) = (alar) ® (Blad)

with restriction to AP given by the AP — A" map sending (&g, -+ , €,) to (ey, -+, €, 0,---,0), and restriction to

A9 given by the map A9 — A" sending (ep, -+ ,€q) to (0,---,0, €y, , €g).

Next time, we'll indeed show this is a quasi-isomorphism, and that will conclude our unit on tensor products and

homology.

25 October 30, 2020

We're now getting into the “dog days” of the semester, but we'll have a break for the next few days (no assignments
until the exam on the 9th). Today, we'll finish discussing the Eilenberg-Zilber theorem that we've been working towards,
which tells us that the Alexander-Whitney map A : S.(X x Y) — S.(X) ®z S«(Y) for topological spaces X, Y, given
by the maps

A(@)= D alw @ Blas

p+q=n

forall o : A" — X x Y, is a quasi-isomorphism. Here, a|ar is the composite map

AP first coords AP i) (X « Y) p_><>)<v

while B is the same composite but with A? last coords, An and a py projection map. Perhaps surprisingly, though, the

exact map is not super important for the proof of the theorem! It's left as an exercise for us to check that this is a
chain map — that is, it commutes with the boundary maps of the two chain complexes.

In order to prove the Eilenberg-Zilber theorem, we'll basically elaborate (in a technical way) on two main ideas
we've been developing: naturality and the fundamental theorem of homological algebra.

To do that, consider the following construction: let C be a category, and let M be a set of objects of C (called the
set of models). For any collection {my, -+, m,} C M, consider the functor F : C — Ab, given by

|_| Hom(m;, c)} .

This is called an M-free functor, and it is determined by a special set of objects (and checking naturality is left for us).

Flc)=7Z

Example 210
Take C = Top x Top (pairs of topological spaces, with no assumptions about one being a subset of the other),
and let M be the set of pairs {(AP, A9) : p, g > 0}.

These are functors that are “controlled by what they do on simplices,” and we can recall that we made a similar
type of naturality argument in the past. So now the functor corresponding to the single element {A” x A") is

Fianxan (X, Y) = Z [HomTop x Top (A", A"), (X, Y)] = Z [HomTop (A' X) x Homrop (A", Y)]
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(by the definition of the product category and how we compute Homs). But now picking an n-simplex in each of X

and Y is equivalent to picking an n-simplex for the product:
=Z [HomTop (A", X X Y)] = Sp(X x Y).

So we have some language for describing our S, maps now! Similarly, if we make the functor for the set M =
{(A°, A™), (AL, AL, .- (A", A®)}, then

Fu(X,Y)=12Z| | | Homepx1op((AP, A7), (X,Y))
p+q=n

:z[ | | Homrop(A?, X) x Hom(A%, V)| .
p+q=n

But this is exactly
= P Z[Homrop(A?, X) x Homrop (A9, V)] = D S,(X) @z Sq(Y),
p+q=n ptq=n

because both S,(X) and S,(Y) are free, and this is exactly S.(X) ®z S.(Y). So the point of this example was to
describe that the nth group of S.(X x Y), as well as S.(X) ®z S«(Y), are controlled by maps from simplices.

So now, we'll return to the general setup:

Definition 211
Let C be a category, and let M be a set of modelsin C. If F : C — Ab is any functor, an M-free resolution of F is
a functor F, : C — chAb with a natural transformation ef : Ho(F«) — F, satisfying the following two conditions:

« Each F, is an M-free functor,

« If we evaluate F, on an object of M, then it is a free resolution of F, meaning that H;(F.(m)) =

0
and that ¢ : Ho(Fi(m)) — F(m) is an isomorphism.
F(m) i=0

This is a pretty involved generalization of a free resolution — the idea is that functors are controlled by what they

do on the model set, so it can be useful to talk about being a free resolution only on those elements.

Theorem 212
Let © : F — G be a natural transformation of functors F, G : C — Ab. If F, and G, are M-free resolutions of F

and G, then there is a natural transformation ©, : F, — G, lifting ©, unique up to natural chain homotopy.

This is probably the most elaborate construction we'll do in this class, and we won’t get too deeply into it, but
a small part will be on our homework. The language is set up to have a strong analogy between this result and the
fundamental theorem of homological algebra, though.

As a corollary of this, we actually find that the Eilenberg-Zilber theorem is true, and that the Alexander-Whitney

map A is unique up to natural chain homotopy — let's show how this is proved:

Proof of Eilenberg-Zilber. Let C = Top x Top, and let
F(X\Y) = Ho(X xY), G(X,Y) = Ho(5:(X) @z S(Y)).

Then we can let
Fo(X,Y)=S.X xY), GiX,Y)=5.X)®z S(Y).
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It's not true that F, and G, are always free resolutions, but when X and Y are simplices, F, and G, indeed record chain
complexes with homology only found in degree 0. So F. and G, are free resolutions at least on the model objects, and
in general they are indeed M-free resolutions. So now we can specify a natural map Ho(X xY) = Ho(S«(X)®zS5.(Y)),
we have a unique lift up to chain homotopy to this Alexander-Whitney map A : S.(X x Y) — S.(X) ®z S«(Y)!

So we do need to say what this map does on zeroth homology, but that's just counting connected components. We
basically pick a natural isomorphism Hg(X X Y) — Ho(S«(X) ®z S«(Y)) along with the natural inverse Hy(S«(X) ®z
S.(Y)) = Ho(X xY), and going around and composing these maps gives the identity on either Ho(X X Y) or
Ho(S«(X) ®z S«(Y)). Thus, S.(X xY) and S.(X) ®z S.(Y) must be chain homotopy equivalent. The point is that
inducing an isomorphism on Hy means that we are chain homotopy equivalent to the identity! So quasi-isomorphism
has been shown. O

So now we can turn to asking why homology of product spaces are actually interesting to us, and we'll understand
this some more by looking at the diagonal map
X5 X x X,

which exists for any topological space X. If we look at such a space X which has free abelian groups for homology

groups (e.g. not Klein bottle), Then we have that

Hn(X x X) = @D Ho(X) @2 Hq(X),

p+ag=n

because the Tor terms in the Kiinneth theorem go away, and now we let H,(X) denote the direct sum @, Hn(X).

(For example, we have four copies of Z for a torus, coming from 1 + 2 + 1 copies in Hg, H1, H2.) Then

| H.(X) @2 Ho(X) | = (EB HP(X)) R (EB Hq(x>) ,
p q
and now distributing the tensor product over the direct sum yields

=D Ho(X) @2 Hf(X) =D D Ho(X) @z Ho(X) = D Ha(X x X) = [ Hu(X x X) |

n p+q=n

Therefore, we have a map
H.(X) = Ho(X x X) 2 Ho(X) @z Hio(X)

induced by the diagonal map A” — A”. And let's think about what's going on in algebra here: if we have an abelian
group A and a map A — A®gz A, this is what we actually call comultiplication, which is the (categorical) opposite of

a multiplication:

Definition 213
Let A be an abelian group. A multiplication is a map of abelian groups A®z A — A, taking a® a’ to an element

a’ = m(a® a'), which satisfies

m((a;+ a),d)=m(aa®ad)+maa®ad), mae(a+a))=maea)+maa).

In other words, this multiplication distributes over addition (from our abelian group). For example, a ring is an
abelian group A with a multiplication satisfying certain properties, so ring multiplication is a valid example here. But
comultiplications are a bit weirder, and that means the inducing of a comultiplication by A (rather than a multiplication)
means that this is not as related to familiar mathematical structures for us. For that reason, we'll look into cohomology

groups (with any coefficients) next time, and we'll find that A induces a multiplication there. So we don't need to
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talk about comultiplication directly, which will be convenient! (Basically, studying “corings” in homology is less good
than studying rings in cohomology.)

26 November 2, 2020

We'll talk a lot about cohomology and the diagonal map over the next few classes, but we'll first do a bit more
discussion about homology with coefficients (because there have been a lot of questions).

One of the main questions we might ask is “why we care about homology with coefficients if we can calculate them
from the ordinary homology groups anyway,” and applied algebraic topology in theoretical computer science was used
as an example. But let's see some instances in pure math too:

Example 214

On our problem set, we looked a group homology: given a group G, we can form a category BG and a simplicial
set (the “nerve” of that category) N(BG), and we may care about the homology of Hy(N(BG); M) for various
q € Z, groups G, and coefficient groups M.

We know that there's a very specific combinatorial gadget we can use, but we should remember that the number
of simplices grows exponentially, so it's hard to actually compute the groups in closed form with any algorithm.
For instance, if G = GL,(Fy) for some finite field g, we know the answer for M = Q, but it's an open problem to

determine the answer for M = Z (and this is an active area of research right now).

Example 215
If X is a topological space and we have an integer k, we can define a configuration space Config,(X), which is
the subspace of X** given by

{(x1, -+, xk) € XK x; # x; when i # j}.

Picking a point of our “configuration space” basically means we pick k distinct points of our topological space X,

and then we can also define the unordered configuration space
Bk (X) = Config,(X)/ Sk,

where Sy is the symmetric group. (In the unordered configruation space, we don't care about the order that the k
points are chosen.) It turns out that we know Hq(Bk(R");Z), but we don't know Hy(Bk(T);Z) (where T denotes
the torus). On the other hand, we learned about Hq(Bk(T);F2) in the 1980s and Hq,(Bk(T); Q) in the 2010s, and
many people have tried to understand the answer for F3 or Z without success.

So now let’s turn our attention to cohomology, starting with a quick review of the definitions. If we have a

topological space X, and M is an abelian group, we can form the internal Hom
Hompzy(5:(X), M),

which is an object of D(Z), meaning it has well-defined homology groups. Then we defined the gth cohomology group
of X in terms of the homology groups of this object:

H(X: M) = H_q(Hompz) (S« (X), M)).
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This internal Hom is easy to compute, because we don't need to resolve anything when S, is already free. Our first
step is to define
SUX; M) = Homp(S4(X). M),

and because Homy, (-, M) is a functor from Ab° to Ab, we know that the map 8 : S4(X) — Sg—1(X) must induce a
corresponding map 8 : S971(X; M) — S9(X; M) (precomposing with 8). This gives us the cochain complex

Sfatcher(X; M) = -+ = 0 — S°(X; M) 9, SH(X; M) 9, S2X; M) = -,

which can be thought of as a chain complex concentrated in nonpositive degrees. The cohomology groups can then
be found via
HI(X; M) = ker(S9(X; M) = SI9(X; M))/im(S971(X; M) — S9(X; M)).

Fact 216

As a warning, note that we can also form a cochain complex
& 0 -0, 1 6] 2 )
Mlller(XvM):—>O—>S X;M) —= S (X; M) = S ( X, M) — -,

but with the slightly different boundary maps S9(X; M) — S9t1(X; M) of (—1)9t18. These two objects
Stiatcher(X; M) and Sgyie, (X5 M) are isomorphic in D(Z), but they aren't literally the same.

In lecture, we'll have S*(X; M) denote the Miller convention, but we can use either one. (So unlike the signs in
the tensor product, these are just a matter of convention.) And a useful fact is that S*(X;F») is the same in both
conventions, because —1 = 1.

Let’s quickly recall the universal coefficients theorem for cohomology:
HI(X; M) = Exty(Hg—1(X); M) @ Homp, (Hg(X), M).

This result shows us that cohomology with coefficients in M, can always be computed in terms of coefficients with

coefficients in Z, just like for homology.

Example 217
Let's compute the cohomology group H?(RP?; F»).

The first method we can try is to use the cellular cochain complex: recall that we have the chain complex
CHRPL,Z)~ - 50252352 50—,
So the cochain complex will look like
2ol (RP?;F2) = - = 0 = Homay,(Z, Fo) — Homa,(Z, F2) — Homay(Z,Fo) =0 — -+,

and Hom,,(Z, F») is just F» because the map is determined by where 1 is sent. And now the two maps are +2 and

40, but since we're working with F» coefficients, all of the maps are just zero. So we're left with the cochain complex

s 0P S S F, 50
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and this tells us that

F, ¢g=0,1,2,
HI(RP2% o) = 4 °
0  otherwise.

The alternative method, though, is to use the UCT directly: for example,
H?(RP?; Fy) = Ext}(H1(RP?), Fy) @ Homa, (Ho(RP?); ),
and we know the integral homology groups of RP? already:
>~ Extl(Z/27,Fy) © Homa, (0; Fp) = Ext}(Fo; Fy).
In order to compute this Ext group, we need to compute

H_1 (Hompzy(F2, F2)) ,

and this requires us to find a free resolution. We'll replace the first F» with the isomorphic chain complex Z 2, Z, and
thus we need to find
2
H_]_(Fg — Fz),

where the two groups are concentrated in degrees 0, —1, and this recovers the same answer of F, as above.
So now we're ready to think about how cohomology (specifically how the functor H*(-; M)) interacts with the

diagonal map:

Definition 218

We use the notation (analogous to the one for homology)

H*(X: M) = @5 HY(X; M).

The idea is that if X — Y is a continuous map of topological spaces, and M is an abelian group, then there is a
natural map
HI(Y;: M) = HI(X; M)

(cohomology induces a map in the opposite direction, because internal Homs reverse arrows — they're contravariant

functors). So if we set Y = X x X, we always have a natural map
HY(X x X; M) — HI(X; M)

induced from the continuous diagonal map X — X x X. If we add this up for all g, we end up with a map
H*(X x X; M) = H*(X; M),

and we want to view this as a "multiplication” (rather than as a “comultiplication” that we had to work with last time).
We know the homology of a product space in terms of the homology of the factors (using the Kiinneth theorem), and

we know how to relate that to the cohomology of our product space using the cohomology version of the UCT:
H*(X xY; M) = Hom(H.(X xY;Z), M) ® (Ext terms).

So together, we get a “cohomology Kiinneth theorem” from these two isomorphisms.
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Remark 219. /f R is a ring, and if H.(X; R) is a free R-module, then we know (by the UCT) that
H*(X x X; R) = H*(X; R) ®r H*(X; R).
So again, things look a lot simpler if we have free modules.
In general, if we have two spaces X and Y and a ring R, we can always construct a map
H*(X;R)®r H*(Y;R) = H*(X XY R).

However, if H.(X; R) and H.(Y; R) are free modules, then this will be an isomorphism.

Corollary 220

If X is a topological space and R is a ring, then we have a natural multiplication
H*(X; R) ®r H*(X; R) = H*(X; R)

defined by composing the maps

HI(A;R)
—_—5

H*(X; R) ®g H*(X; R) = H*(X x X; R) HI(X; R)

In other words, there are individual cohomology groups for each space, but direct summing all of the cohomology
groups together allows us to multiply them too! After we do a bit more work, we'll soon be able to talk about the
“cohomology rings” for individual spaces.

27 November 4, 2020

Today, we'll discuss a cool fact: if X is a topological space and R is a (always commutative) ring, then
H*(X:R) = @ HI(X; R)
q=>0

is a graded-commutative ring (which we'll define later). To be a graded abelian group, we must satisfy the following

conditions:
+ Each class (element) x € HI(X; R) C H*(X; R) is homogeneous of degree ¢.
« Every class x € H*(X; R) can be written as a sum of finitely many homogeneous elements.

So if we want to think about how to go from a group to a ring, our next step is to figure out how our multiplication
looks.

Definition 221

Let X, Y be topological spaces and R a ring. Then there is a natural sequence of maps
H*(X; R) ®r H*(Y; R) 2 H*(S*(X: R) ®r S*(Y; R)) 2 H*(Homp ) (5:(X) @z 5.(Y), R)) & H* (X x Y; R),

and the composite map is called the cohomology cross product x : H*(X; R) ®g H*(Y; R) = H*(X x Y; R).

This cross product is an isomorphism if either Hy(X; R) or Hq(Y; R) is a finitely-generated free R-module for all
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integers g. (So when R is a field, it's true if all homology groups are finite-dimensional vector spaces.) But the cross
product always exists, whether or not it is an isomorphism.

There are two different assumptions going on here: freeness is asking f; to be an isomorphism, which has to do
with the Kiinneth theorem, and the finite generation is asking about f,. So let's look at these fi, 5, 3 maps more

carefully.

« The map f3 is always an isomorphism, because by definition we compute the cohomology as
H* (X xY;R) = H*(HomD(Z)(S*(X xY),R)),

and then the Eilenberg-Zilber theorem tells us that S,(X x Y) is the same, in the derived category, as S.(X) ®z
S.(Y).

« The map £ is induced from a chain map
Hompz) (S4(X), R) ®z Hompz) (S.(Y), R) = Hompz)(5+(X) ®z S«(Y). R),
where the actual map is given by

x@y = (=1PIf(x)g9(y) IxI=Ifl=plyl=lgl=aq,
f®g—
0 otherwise.

« The map f; is something we've already seen — if R is a PID, then f; is the map from the Kiinneth theorem.

Recall that the short exact sequence looks like
0 — H.(C.) ®r Hi(Ds) 2 H.(C. ®r D.) — Tor terms — 0,

and the f; map is the one labeled. (If R is not a PID, it still exists and is natural, but it's just not part of the

short exact sequence.)

In general, we should think of the finite generation hypothesis as an artifact of switching between homology

and cohomology.

We can look at H°(X; R), the zeroth cohomology group, for more understanding as well. Recall that the zeroth
homology group Ho(X; R) counts the number of path components, so we expect something similarly simple for
HO(X; R). Writing moX for the set of path components, we know that H°(X;R) is the set Homse(mo(X), R),
additionally equipped with a natural R-module structure. For example, if X has two path components, H°(X; R) is
the set of maps from two points into R, which is something like R ® R, and indeed whenever myX is finite,

Homset(m0X, R) = EP R.
moX
But if mpX is infinite, this is not a direct sum, because every object of a direct sum must be a finite sum of the
individual pieces. Meanwhile, functions from moX to R pick out infinite sequences! (This is similar to the distinction
between the product of abelian groups versus the direct sum of abelian groups.) Again, this has to do with switching
between homology and cohomology — Ho(X; R) is always a direct sum.

So now we'll return to the cross product and the cohomology ring. Again, recall that for any map X — Y of
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topological spaces, we have a map S.(X) — S.(Y), and thus we have a map
Hompz) (5«(Y). R) = Hompz(5.(X), R)

(contravariance switches the direction of the arrows), and thus we have a map H*(Y; R) — H*(X;R). Using the
diagonal map X — X x X, we get a map

H* (X x X; R) = H*(X; R),
and now we use the cross product to extend this to
N N X HY (AR) e
H*(X; R) ®r H*(X; R) = H*(X x X; R) ———= H*(X; R).

The composite map now gives us the multiplication of the “cohomology ring,” called the cup product in cohomology
(with coefficients in R). We do want to show that we have the desired ring structure:

Theorem 223

The cup product makes H*(X; R) into an associative and graded-commutative ring.

That means we need to check the following conditions:

« There is an element 1 € HO(X; R) such that the cup product 1x = x1 = x for all x € H*(X; R). (It's the thing
that takes every path component and sends it to the multiplicative identity 1 in R.)

- If x,y,z € H*(X; R), then
(xy)z = x(y2),

so we can talk about xyz without any ambiguity.

+ Being graded-commutative is not the same as being commutative: if x € HP(X; R) and y € HI(X; R), then
xy = (=1)P9yx € HPTI(X; R).

So if we want to multiply two elements in H*(X; R), we need to break it up into its direct sum components first.

As always, if we want to do calculations with our constructions, we need to build from previous calculations, so we
must figure out how this product works in simple spaces first. For now, let's try to get some geometric understanding
for this product, which we'll eventually justify.

Example 224

If we calculate the cohomology groups of the torus T, we'll find that

]F2 q:0,2
HY(T:F2) =qF2dF, g=1

0 otherwise.

We can see that the homology and cohomology are identical here, and there is indeed some kind of duality that
relates the two. We can draw two loops a, b around the torus, one “horizontal” and one “cross-section,” representing
the two generators of Hy(T,F») = HY(T,F,), and now we can ask about the cup product ab € H?(T;F2). It turns
out that ab = 1, because a, b intersect! So the cup product has to do with intersections, and we're claiming that
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no matter how we wiggle a (deform by homotopy), it'll always intersect b at least once (and always an odd number of
times). Being able to justify this idea will take us a while, though.

For now, we'll think about how to compute cohomology rings H* of more complicated spaces from the cohomology
rings of simple ones — something like the Mayer-Vietoris theorem, or trying to compute the cohomology of a product
space from the cohomology of the individual parts. We'll prove next time that not only is H* a graded-commutative,
associative, unital ring, we can compute H*(X x Y’; R) by thinking about H*(X; R) and H*(Y; R) as rings.

28 November 6, 2020

For our test on Monday, we need to know how to use cellular or semisimplicial structures to calculate homology with
coefficients in R. (So there won't be any Ext or Tor groups, and the Kiinneth theorem won't come up.) Further
announcements about the test will be posted on Canvas, and we'll still have a (relaxed) lecture on Monday.

Last class, we discussed the multiplication structure of H*(X; R), the direct sum of the cohomology groups for
a topological space X (coming from a combination of the cross product and the diagonal map). We'll look more at
this structure today, proving that it is unital, associative, and graded-commutative. (Recall that this last condition
means that if x € HP(X; R) and y € HY(X; R), then xy = (—1)P9yx € HPT9(X; R). This kind of thing also shows
up in places like supersymmetry in physics!) Additionally, if we have a continuous map of topological spaces X — Y
(a morphism in Top), then there is an induced map H*(Y; R) — H*(X; R) which is a map of rings (so addition and

multiplication are respected by the induced map).

Even if we don't remember the proofs from today, the above facts are important for us to use in practice. If we
take a look at Sections 28 and 29 of Miller's notes, or Section 3.2 of Hatcher, we can see the proofs in more

detail (but we should be aware of the different sign conventions).

We want to make our cup product more explicit, meaning that we need to understand how products work for
explicit elements in the cohomology group HP(X; R). Note that any element of HP(X; R) is represented by a class

f e SP(X; R) = Homp,(5p(X), R).

Furthermore, f must be a cocycle, and it must not change if we add a coboundary to . (Cocycles and coboundaries
have the same definition as cycles and boundaries, except that our chain complex is going in the opposite direction.)
So we notice that some of the arguments will depend on the specific chain complex that we choose.

Explicitly, an element of Homu,(S,(X), R) is a function from S,(X) to R that respects addition (it's an abelian
group homomorphism), so it's determined by a map f : Sing,(X) — R from the simplices o : A? — X to the ring R.
So if we have two such functions, we want to construct the multiplication: if f € SP(X; R), and g € S9(X;R) are
two cocycles (meaning they do represent something in cohomology), we should have fg € SPT9(X; R) spit out a map
from (p + g)-simplices to R. And in fact, if we go through the definition, we'll have

(fg)(o) = (1) (0olar)g(o]as).
where the f term is the “front p-face” of APT9 while the g term is the “back g-face.”

Proof of associativity. Suppose we have f € SP(X;R),g € S9(X;R), h € S"(X; R) that are all cocycles. Then we
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can compute (fg)h and f(gh) by applying them both to o € Sing, . ,(X): we find that
((Fg)h)o = (=1) P+ (£ g)(alasa)h(olar),

which further simplifies to
= (=PI (=1)PUf(o|ar)g(a|na) h(oar).

So f accounts for the front, g for the middle, and h for the back coordinates. Expanding this out gives us

= (=P P9 (0] p0) g(0]ar) (o) |

Similarly,
(f(gh))(0) = (=1)P*DF (0]ar)(gh) (0 pesr)
simplifies to
= (=1)P7* P f (o) (—1)" g(o]as) h(onr),
and rearranging gives us the same thing as the boxed expression above. O

Proof of unitality. We want to show that there is an element 1 € H9(X; R) which serves as a multiplicative identity.
We can use the function 1 : Singy(X) — R, which sends every 0-simplex to the identity element 1 € R. So now for
every cocycle f € SP(X; R),

(f-1)(0) = (~1)"°f(0lar)1(0]a) = 1-f(0) - 1 = f(0),

because ¢ is a p-simplex to start with. Indeed, this means that f -1 = f, and a similar computation shows that
1-f=f. O

The next proof is Theorem 3.11 in Hatcher, and it's a bit trickier than the first two. To see why, suppose we have
two cocycles f € SP(X; R) and g € S9(X; R). Then for a (p + q)-simplex ¢ : AP*9 — X, we have

(fg)(o) = (=1)Pf(a|ar)g(0]aq),

but direct evaluation of
(9f)(0) = (=1)*g(c|as)f(o]ar),

where the g term now refers to the front g-face instead of the back g-face, which don't necessarily have anything to
do with each other! So we don't get any obvious relations from the definitions.
What we want to do is show that (fg) — (—1)P9(gf) is a coboundary, which is all we need for the cohomology to

work out properly.

Proof sketch of graded-commutativity. We construct the following chain map S.(X) — S.(X) (we're back to our
ordinary chain complexes now), which takes a degree-p simplex ¢ : AP — X to (—l)p(p“)/z&, where & is the
composite map

A LA S X,

and f reverses all of the orientations, sending (vo, vi,---,Vp) to (Vp, Vp—1,---, v). (When we reverse all of the
coordinates, we do w transpositions.) This map turns out to be chain homotopic to the identity, because flipping
the orientations picks up a negative sign. So we can apply this map to our fg — (=1)P9gf map, and that will show
the desired result. O

92



Fact 226

If X is a topological space and R is a ring, H*(X; R) is not just a graded ring — it's also a graded R-algebra,
which means that H*(X; R) is an R-module (not just an abelian group) and that the multiplication is R-linear
(meaning the cup product is a map H*(X; R) @& H*(X; R) — H*(X; R), with a tensor-product on the left side).

Next, we'll start talking about the cohomology ring of a product space, and we'll end this class with a construction.
If A* and B* are two graded R-algebras, we can define their tensor product by ignoring the gradings and multiplication
(we just think about everything as R-modules). This result A* @ B* has a tensor product graded R-algebra
structure, defined so that if a, b, &, b’ are homogeneous, then

(@@ b)(a®b)=(-1)PlE(daw bb).

In a future class, we'll explain the sign convention, and we'll also how it allows us to have the following result:

Theorem 227

Let X,Y be two topological spaces. Then the cross product
X H*(X;R)®@r H*(Y;R) = H'(X XY, R)

is a map of graded R-algebras.

In other words, the cohomology ring of a product has a lot of constraints coming from the cohomology ring of its

individual spaces.

29 November 9, 2020

Today, we'll talk through some examples and do some calculations, but we should feel free to take class time to work
on our test. We'll have one more group homework assignment after this, which will be a little bit longer than the first
four.

Let's try calculating some cup products by brute force, going back to the definition. (This is not generally
recommended — we usually use known answers of small spaces, plus some theorems that help us assemble the answer

— but we want to show that it's possible to calculate directly.)

Example 228
Let's calculate H*(Klein bottle; F5), using the following semisimplicial decomposition with one 0-simplex, three

1-simplices, and two 2-simplices:

v b v
I 4
U
aA v a
c
L
>
14 b "4
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To calculate the chain complex S.(K), we take the free abelian groups generated by the simplices, and also look
at the boundary maps:
o= S(K)=22Z{U LYy > Z{a, b, c} - Z{v}—>0— -

If we want to find the chain complex S*(K;F5) from this, we care about the free abelian group of homomorphisms
from Z{v},Z{a, b, c}, and Z{U, L} (respectively) to F,, so we have

co o Fo{6,} D Fo{a, 66,60} 2 Fofbu, 6.} =0 — -,

where 0, : Z{v} — 5 is the map that sends v — 1, while §, : Z{a, b, c} — F, takes a to 1 and b, ¢ to 0 (and other
maps are defined similarly). Essentially, we're using the dual Fo-vector spaces.

Next, we need to compute the cohomological boundary maps without invoking any theorems. To compute 9(6,),
we need to come up with a specific function on the free abelian group Z{a, b, ¢} to 5, so we need to evaluate it on

a, b, c. And we know that because the homological boundary map 0 sends a, b, ¢ to 0, we
8(5\,)(8) = a(év)(b) = 8(5v)(c) =0,

and indeed we want our zeroth cohomology group to be IF», so this is what we expect. Turning our attention now to
the next boundary map, we need to compute 8(d,), a map from Z{U, L} to F», so we need to figure out what it does
to U and L. Since our homological boundary map takes U to a+ b — c and L to ¢ + a — b, we know that

0(62)(U) =ds(a+b—c) =1,

and similarly 8(6,)(L) = 1. (If we were doing things with Z-coefficients, we'd have to worry about signs for these
boundary maps, but not here because we use Fy-coefficients.) We can also find that 0(d,)(U) = 1,8(dp)(L) =
—1,0(6c)(U) = —1,0(8.)(U) = 1. But every —1 is also just a 1, again because we're working in F». So because each
of 0,4, 0, 0c get sent to functions which take both dy and §; to 1, we have

02,0p,0c — Oy + 0y
We can now fill in our chain complex for our Klein bottle:
o Fa{6,} 2 Fol8a, 65,6} 2 (82, 8b, 6c > 6y + 611F2 {00, 61} — 0 — -+,

so the zeroth cohomology group is HO(K; IF2) & F»{é, }, a one-dimensional vector space, the first cohomology group
is HY(K;F2) = ker(8), which can be written in terms of various generators: two examples are Fo{d, + 0p, 0p + Oc}
or F2{0, + 8p, 0, + 6.} (we'll use the first one), which is a two-dimensional vector space. Finally, H*(K;Fy) =
Fo{dy,d.}/(0uy + d.), which is a one-dimensional vector space.
And now we should be able to compute the cup products too: we should be able to take two elements of H*(K; F»)
and multiply them. For example,
(62 +6)(8a + 6b)

should be something that lives in the H?(K; F2) vector space, and in order to compute it, we need to look back at our
geometric picture again, and we do this by figuring out what it does to U and L. We can order our vertices of U as

shown, so that edges always point from smaller to larger numbers:
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b
1V ¢ Yo
U
aMN Y a
CrL
\
Ov [g v

Here, the front 1-face (the first two coordinates) of U is a, and the back 1-face is b. So up to a sign that doesn't
matter for us,
(62 + 6p)(0a + 6p)(U) = ((6a + dp)(a))((0a + dp)(b)) =1-1 =1,

and similarly because the front face of L is ¢ and the back face is a,
(024 06p) (02 + 0p)(L) = ((02+05)(c))((6,+ 0p)(a)) =0-1=0.

Therefore, the cup product result is dy (it's the map that sends U to 1 and L to 0), which is the nonzero element of
our vector space H?(K:TFy).

So if we say that oo = 0, + 05, B = dp + O are the generators of the first cohomology group, and we also say that
k is the generator of the second cohomology group, we've just found that . Similarly,

(6b + 5c)(‘5b + 66)(U) = ((5b + 50)(3))((5b + 56)(b)) =0,

(5b + 66)(513 + 66)(L) = ((5b + 66)(6))((6b + 6c)(a)) =0,

so|B> =0 Finally,

and

(024 05)(0p +0c)(U) = ((02 + d5)(a))((0p + 0c)(b)) = 1,

(63 + 6b)(6b + 5:)(L) = ((63 + 5b)(C))((6b + 6c)(a)) =0,
o) . What we've found now is that
H*(K;F2) 2 Fo{1} @ Fo{a} @ Fo{B} ® Fo{k},

which are homogeneous in degree 0, 1, 1, 2, respectively, with the boxed relations above, and also koo = kB = k*> =0
(because there's nothing with degree larger than 2).

In our problem set, we may have used a CW structure instead of a semisimplicial set for the Klein bottle. But
the cup product is only defined in terms of front and back faces, so that definition really only makes sense for

semisimplicial sets.

30 November 13, 2020

Our final problem set will be posted on Monday, and it will be due on the last day of the semester that due dates can
be assigned. It'll cover homological algebra, Ext, Tor, cohomology groups, and a bit of Poincare duality.

We're going to start computing cohomology rings for a variety of spaces so that we can use them for geometric
purposes, and we should build up our toolbox for doing so. Sometimes, it's pretty easy to do this, so let's start with
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some “silly” rings:

Example 230
Let's compute the cohomology ring H*(S52%;7Z).

We know that
H™(S2;Z) = Homa,(Hm(S?), Z) @ (Ext terms),

but everything is free so the Ext terms will vanish. This means that because the homology groups are 7Z, 0, Z, the
cohomology groups will also be . (Alternatively, we can use the minimal cell decomposition 0 — Z — 0 —
Z — 0 in degree 0 and 2, and dualize it to get Z — 0 — Z — in degree 0 and —2. This will give us the same answer.)

Therefore,
H*(S%:72) = Z{1} © Z{x},

where 1 is the degree-0 part and x is the degree-2 part. And we also need to describe the multiplicative structure,
which follows

1-1=1, 1-x=x, x-1=x
because 1 is the multiplicative identity. (Indeed, recalling the graded-commutatve condition, we do have
x-1= (_1)IXH1|1 ‘X,
meaning that we don't need to talk about a left versus right identity.) Finally, because of degree reasons, we have
x-x=0.

Putting this all together, we have
H*(S%,7Z) = Z[x] /x>,

where x is homogeneous of degree 2. And we understood everything here using formal properties — we never had to
dig into the geometry or topology of the sphere.
Similarly, for any ring R and any integer n > 1, we have

H*(S™; R) = R[x]/x°,

where |x| = n (the element x is homogeneous in degree n), and all products are forced. (This will always be isomorphic
to R@® R as an R-module.)

Example 231
Last time, we found that if K is the Klein bottle,

H*(K;F2) 2 Fo{1} @ Fo{a} ® F2{B} ® F2{k},

with 1, a, B, k of homogeneous degree 0,1, 1, 2.

Furthermore, we found that a® = o3 = k and 32 = 0, meaning that
Ba=(-1'"aB=—-k=k

by graded-commutativity and using that we're working in F». And figuring out other multiplications can be done with
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Just degree reasons and the identity element 1.
We can also look at a product like

(a+B)B) =aB+B>=k+0=k,

because distributivity holds for our ring. The point is that we can present this ring with other bases as well, and at the

end of the day we have
H*(K;Fy) 2 Fola, B, k] /(o — k, a8 — k, ak, Bk, k?).

Remark 232. We found this by using a particular finite semisimplicial set, and recall that we worked hard earlier on
in the class to show that we can pick any semisimplicial set when we're computing homology groups. In order to
understand why we can do something similar for computing our cup products and cohomology rings here, note that
there is a map of seimsimplicial sets from our finite semisimplicial square diagram into Sing(K). When we defined the
cup product, we can think of everything we did last class as going on in the enormous semisimplicial set Sing(K), and
everything will still work.

We'll get a glimpse now of how this ring structure can help us answer questions that aren't just directly about the
computations:

Is there a continuous map f : S? — K, such that H?(f;F») : H>(K;F») — H?(S2;F,) (cohomology reverses the
direction of arrows) is nontrivial?

This is a map F> — F», and we want to know whether there is a continuous map f such that the map is not the
zero map. For example, sending all of S® to a single point wouldn’t work.

To answer this, note that f : S> = K induces a map of rings, not just a map of cohomology groups. Specifically,
we can look at the map

H*(K;TF2) — H*(S% Fy),
which is actually a map

Fola, B, K]/ (o — k, a3 — k, ak, Bk, k?) — Fa[x]/x°.

We're asking whether it's okay for this map to send k to x, and we know that because this is a map of graded rings,

a, B must both be sent to 0 (there's no degree 1 part in the image). But then that means a® = k must be sent to 0

as well, so the answer is [no].

Next, let's examine a construction that will help us start putting together cohomology rings. Suppose R is a ring,

and A* and B* are two graded R-algebras. Then remember that A* ®z B* has a canonical graded R-algebra structure:

- If we forget the multiplication and grading, we're just tensoring two R-modules together, so this is indeed an
R-module.

- If a € A* is homogeneous of degree p, and b € B* is homogeneous of degree g, then a ® b is homogeneous of

degree p 4+ g. The multiplication is given by
(@ @ b)a®b) = (~1)P12(2ax bb),

where we're doing multiplications on A* and B* individually.

Two lectures ago, we stated the following result, and the sign (—1)“"”‘"‘ is essential for it to work:
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Theorem 234
If X and Y are topological spaces, then the cohomology cross product x : H*(X; R)®@r H*(Y; R) = H*(X XY R)

is a homomorphism of graded R-algebras.

This is particularly useful because this is often an isomorphism, as long as the homology of one of the groups
Hq(X; R) is a finitely generated free R-module for all integers g.

Proof. We can see Miller's lecture 29 for more details, but our goal here is to not unravel the definition of the cross
product too much. If a;,ax € H*(X; R) and 31,8, € H*(Y; R) are all homogeneous elements in their respective
rings, we need to prove that the cross product interacts properly with the cup product:

(a1 x B1)(ez x B2) = (—1)*Pl((aya2) x (B152)).
We can now consider the difference between the maps
XxY 2% X XY x X xY

and

X xY B Xy X XY XY,

where there is an isomorphism from the two images given by 1 x Swap x 1. Note that
(a1 X B1)(a2 x B2) = H (Axxy)(a1 X B1 X az X Ba)
where we're using the associativity of the cross product. And now cohomology is a functor, so this can be written as
= (H"(Ax x Ay) o H*(1 x Swap x 1)) (a1 X B2 X a2 X (32),
which can be re-parenthesized as
= H*"(Ax x Ay) (H*(1 x Swap x 1)(a1 X B2 X an X B2)),

which is
= H' (0 x 1)) ((1)21=la; x 0 x B2 % B))
and this sign shows up because we're evaluating this Swap isomorphism. This indeed leaves us with

(—1)PlH* (A x A) (0 x a2 x B2 % Ba)) = (=1)P 1= (a00) x (B x Ba),

as desired. O

Example 235

How can we compute the cohomology ring H*(T; Z) for a torus T7?

Noting that
H*(T:Z) = H*(S' x S';72),

we have a cross product
H*(SY:Z) @7 H*(SY Z) — H* (X! x S, 7Z)
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which is an isomorphism because we have free modules for the S's. Because H*(S*;Z) = Z{1} @ Z{a}, where the
degree of ais 1 and a®> = 0, we can take a copy Z{1} @ Z{a} and another copy Z{1} ® Z{b}, and their tensor product

H* (S Z) @z H*(SY,Z2) 2 Z{1® 1} @ Z{a® 1} ® Z{1 ® b} ® Z{a ® b},

where the individual summands have degree 0,1,1,2. (Indeed, a rank 2 free Z-module tensored with a rank 2 free
Z-module should give us a rank 4 free Z-module.) We now just need to figure out the multiplications — 1 ® 1 needs to
be the identity, and degree reasons mean that the only interesting thing left is products of degree-1 things. We know
that

(a®1)(1®b)=(-1)°%al®1b) =a®b,

(1®@b)(a®l) = (-1 (1la®bl) = —a® b,

so indeed if we define a® 1 =x,1® b =y,a® b = z, we have xy = z,yx = —z (which is what we want for

graded-commutativity). Next,
(a@1)(a®1)=(-1)"(a*®1?) = (-1)°(0®1) =0,
so x? =0, and similarly y2 = 0. What we end up with is
HY(T:Z) = Z[x,y, z]/(xy — z,x°,y? xz, zy),

and we don't need to write down the yx + z relation because it follows from graded-commutativity. (Note that we
also know that x? = x-x = (—1)¥1x-x = —x2, so we could have already learned that x? = 0 by graded-commutativity
alone.) And we should be careful — if we saw this in algebra class, we would think that yx = z as well, but that's not

the case.

31 November 16, 2020

Our final homework assignment will be posted tonight (as discussed last time), and we'll have about three weeks,
including Thanksgiving break, to complete it. We'll probably know everything we need to solve the problems by the
end of this week — doing the homework problems is the most important part of this class! Also, Professor Haynes Miller
is requesting comments on the notes, and there is a publishing deadline in December, so we can email any comments
that we have.

We'll continue discussing basic techniques for assembling cohomology rings, and we'll start with an algebraic
comment. If A* and B* are graded R-algebras, for example coming from cohomology with coefficients in R, then
A* @ B* (the direct sum of the underlying abelian groups) is also a graded R-algebra. This is easier to think about
than the tensor product we discussed previously: we get a pointwise multiplication

(a,b)(d, V) = (ad, bb')

with unit (1,1). (And the homogeneous degree-p pieces are generated by (a,0) with |a] = p, as well as (0, b) with
|b| = p, so they end up being a homogeneous degree-p thing in each component.)

In category theory language, this object is the product of A* and B* in the category of graded R-modules. Let's
see how we can use this for topology:
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Proposition 236
Suppose X and Y are topological spaces. Then H*(X LY; R) 2 H*(X; R) @ H*(Y; R) as R-algebras.

Proof. The inclusion X < X UY induces a map of graded R-algebras H*(X UY;R) — H*(X;R), and similarly
Y < X UY gives us a map H*(X UY; R) — H*(Y; R). But by the universal property of the categorical product, this
induces a map

H*(XUY;R) — H(X; R)UH*"(Y;R).
Because of the way we've constructed this map, this is already a map of graded R-algebras, and we just need to show
this is an isomorphism by showing it is a bijection (forgetting about the ring structure). But then the cohomology
groups of a disjoint union can indeed be written this way by unpacking the definitions, and this is left as an exercise

(using the universal coefficients theorem). O

We can talk now about wedges — we briefly looked at this when defining the figure-8 graph SV S* or when working

with cellular homology.

Definition 237
Suppose (X, x) is a topological space along with a point x € X, and let (Y, y) be a topological space along with
y €Y. Then

XVY =(XUY)/(x~y).

Even though we don't explicitly say which point we're using to “glue” the two spaces together, the resulting wedge
does depend on our choice of x and y.

Recall that we discovered that wedges don't change homology groups except in degree 0 (since we're just quoti-
enting out by a single point, there's a long exact sequence which is only “interesting” in degree 0). Something similar
turns out to happen for cohomology: if r : X UY — X VY denotes the quotient map, we can use the long exact

sequence of a pair of spaces, which tells us (as we just said) that
Hqo(XUY) = Hge(XVY)

is an isomorphism for all integers ¢ > 0. Thus, the universal coefficients theorem tells us that H4(X VY;R) —

HY(X UY;R) is also an isomorphism for all g > 0:

Proposition 238
The quotient map r: X UY — X VY) induces a map of graded R-algebras

H (X VY;R) = H*(XUY;R)

which is an isomorphism in positive degrees and an injection in degree 0.

In other words, we can look at the larger ring and compute multiplications in the disjoint union instead of the wedge.

And we often know what degree-0 groups looks explicitly, because it can be expressed in terms of path components.

Example 239
Suppose we have a topological space S?V St v St = (52v S') v S!. Then H*(S? v St Vv S':Z) injects into
H*(S%Z) ® H*(S1: Z) ® H (X1, 7).
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The direct sum of cohomology rings (that is, the image of the injection) looks like
(ZoZoZ)® (ZOZ) D (Z),

where the first three Zs are degree 0, generated by (1s2,0,0), (0, 151, 0), (0,0, 151) (where the 1s denote the units in
the individual cohomology rings for the spheres), the next two Zs are degree 1, generated by (0, x,0) and (0,0, x),
where the x's are generators of the corresponding groups H'(S';Z), and the last Z is of degree 2, generated by
(y,0,0), where y is a generator of H?(S?;7Z).

So to find the cohomology of the wedge S?V 52V ST, we need to take the subring of this generated as an abelian
group where we take all of the generators in positive degrees, (0, x,0), (0,0, x), and (y,0,0). But in degree 0, we
only have one generator, because the wedge only has one path-component. Thus,

H*(S?vSivsShz)=2zo(ZaZ) o7,

where the Zs are in degree 0,1, 1,2, and all products of positive-degree classes are zero (because each one comes

from a different sphere). And this allows us to answer some other questions:

Example 240
Is S2 v S v S! homotopy equivalent to the torus T7

We can more easily prove that these two maps are not homeomorphic — for example, we can remove a point from
the wedge and make it not path-connected anymore. So these two shapes may not look very similar to us, but we
haven't developed any tools until now for proving things about why they're not homotopy equivalent (because it has
the same homology groups as the torus)!

In other words, none of the algebraic invariants connected with homology have been able to distinguish these two
spaces so far, but the one exception is the ring structure in cohomology (or the coring structure in homology). And
indeed, H*(S? v S v S'; Z) has trivial positive-degree products, while the cohomology ring of the torus H*(T;Z) &
ZIx,y,z]/(x?, y?, xy — z, 2%, xz,yz), where x, y are in degree 1 and z is in degree 2. In particular, this means xy = z,
so there is a product of two positive-degree elements which is not zero. So S?V SV S 22 T in Ho(Top), and one
way to think about that is that the diagonal maps

(S2vStvsS) = (S2vStvSh)x(s?vstvsh), T—TxT

induce different maps in homology (meaning their cohomology rings are different).

With this, we now have all of the most basic tools for assembling cohomology rings, and everything from here will
be less elementary. Our focus will be on Poincaré duality, but we'll learn further tools for computing cohomology
rings if we take 18.906 or go further into algebraic topology. We'll present the main ideas and statements this week
so that we can work on the homework, and then we'll spend some time afterward doing the relevant proofs.

First of all, suppose A is an abelian group and R is a ring. Then there is a map
f . HOmAb(A, R) ®Z A — R,

which is adjoint to the identity g : Hom,,(A, R) — Homa, (A, R) under the currying isomorphism. (This is because
the tensor product was specifically designed to give us a bijection between maps of the forms f and g above.) So now
if M is an R-module, we have a mp

f:Homg mod(M, R) @ M — R,

101



similarly adjoint to the identity g : Homg ,04(M, R) = Homg ,0q4(M, R). Describing f explicitly is not too hard: if we
have a map M — R and an element m € M, we define f(¢ ® m) = ¢(m), so this is an “evaluation map.”
There's a variant of this for cohomology, caled the Kronecker pairing. If X is a topological space and R is a ring,
then we have a pairing map
()t HI(X; R) ®r He(X; R) = R.

To define this pairing, note that a class in the cohomology group HY(X; R) can be represented by a cocycle in
S9(X; R), modulo coboundaries, and we have our favorite explicit cochain complex designed to compute cohomology
groups for us. And an object in S9(X; R) is a function on Sing,(X), or equivalently an abelian group map defined on
the simplices S4(X). On the other hand, a class in the homology group Hq(X; R) is a formal R-linear combination of
classes in Sing,(X) that happens to form a cycle, modulo boundaries. So now we can take any function Sing,(X) — R
and evaluate it on a formal combination of classes in Sing,(X), and that's exactly what the pairing map does.
So this gives us a map
SUX;R)®r Sq(X;R) = R,

which extends to a chain map S*(X; R) ®r S.(X : R) — R, where the left-hand side is a tensor product of chain
complexes and the right-hand side is concentrated in degree 0. That finally gives us our desired map H(X; R) ®r
Hq(X; R) — R, and we're claiming that this is well-defined — if we modify our cocycle by a coboundary, it doesn't

change the result of the Kronecker pairing. We'll use this pairing next time to state Poincaré duality.

32 November 18, 2020

Last time, we discussed the Kronecker pairing (also called the “cap product”), the last product that we'll be needing in
this class. This pairing is a map HY(X; R) ®r Hq(X; R) — R, computed by evaluating the sum of maps on simplices
(in HY(X; R)) on the particular formal sums of simplices (in Hqy(X; R)). We'll use this to state Poincaré duality, but

we'll need to do some setup first.

Proposition 241
Let X be a finite type CW complex. Then the map HI(X;F2) — Homg, oq(Hq(X,F2), F2) is an isomorphism,

where the map is adjoint to the Kronecker paiirng.

We're basically claiming that if we have finiteness assumptions (the CW structure only has finitely many cells in
each dimension, giving us finite-dimensional vector spaces) and we're working with coefficients in F,, cohomology and
homology are linear duals in a canonical way involving the Kronecker product. We'll prove this on our homework —
the result is also true if we replace F, with another field, but we really only need it for IF5 in this class.

The above proposition shows that the Kronecker pairing satisfies a particular condition:

Definition 242
A perfect pairing of two finitely-generated free R-modules V and W is an R-linear map V ®r W — R, such that
the adjoint map V — Homg (W, R) is an isomorphism of R-modules.

(This is basically a repackaging of a specific chosen isomorphism between V' and the dual of W through the
currying isomorphism.) And with this, we can start stating Poincaré duality, which is a useful fact about cup products

in manifolds:
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Definition 243
An n-dimensional manifold M is a Hausdorff topological space, where every point has an open neighborhood

homeomorphic to R".

Example 244
A 2-dimensional manifold is called a surface, and examples of 2-dimensional manifolds include S2, T, K, RP? and
IR? itself (even though this last one is not compact). A non-example of a manifold is S? A 52, because there is no

neighborhood around the wedge point which looks like R2.

Example 245

Examples of 3-dimensional manifolds include R3, S3, S x St x S1, and RP3.

Many people spend time trying to classify manifolds, because they're applicable in other fields as well — smooth
algebraic varieties over R or C and configuration spaces in physics systems are both often manifolds.

Fact 246 (from point-set topology)

Any compact manifold is homotopy equivalent to a finite type CW complex.

This, in particular, implies that the homology and cohomology groups of any compact manifold are finitely gener-
ated.

Theorem 247 (Poincaré duality, version 1)
Let M be a compact n-dimensional manifold. Then there exists a unique class (element) [m] € H,(M;T>), called
the fundamental class, such that for all integers p, g with p + g = n, the map

HP(M: Fo) @5, HI(M;F2) % HY(M; Fy) S,

(the composition of the cup product and the Kronecker pairing) is a perfect pairing.

(Another way to say this is that we take the cup product, and then we evaluate that result on the fundamental
class.) This can be restated as saying that HP(M;F,) is canonically isomorphic to the Fo-linear dual of HY(M;TF>)
whenever p 4+ g = n (the adjoint map of the perfect pairing is an isomorphism).

Even if we don't talk about cup products at all and we're only interested in homology or cohomology groups, this
is still a very strong constraint:

Example 248

Suppose M is a compact 3-dimensional manifold with HO(M; F,) = F, ®F, (meaning it has two path components)
and Hl(M;Fg) Z2F, ®F, dF,.

Now we can actually ask ourselves for all of the homology and cohomology groups of M (with F» coefficients).
For example, because 1 + 2 = 3,

H?(M;F5) 2 Hom(H*(M;TF2), Fo) 2 Fy & Fy & Fy,
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because the dual of a three-dimensional vector space is still a three-dimensional vector space. Similarly, because
0 + 3 = 3, we also know that H3(M;F5) = F, & F,. (And all other cohomology groups vanish, and we can actually
prove this because —1 + 4 = 3 and the negative cohomology groups are all 0.) And furthermore, by Proposition 241,

we know that homology is adjoint to cohomology, so H;(M;F>) is isomorphic to H*(M;F5) and so on. Therefore,

F, @ TF> qg=20,3
Hq(M;]F2): FoaF,plF, g=1,2
0 otherwise.

But in fact, Poincaré duality is saying something not just about the cohomology groups but also cup products — let's

see some examples to get a feeling for that.

Example 249
Recall that we've previously computed H*(T;Fo) = Falx, v, z]/(xy — z, X2, y?, xz,yz, 2°) 2 Fo{1} ® Fo{x, y} ®

Fo{z}, and this is a commutative ring because we're working with F,-coefficients.

Let's see what Poincaré duality is claiming for us here. First of all, there should be some fundamental class in T,
which is an element of the second homology group Hy(T;F,) = Fo{0,} (we're using again that the second homology
group can be viewed as the dual of the second cohomology group). This fundamental class turns out to be ¢, and

now we can think about how this works out in practice: we're supposed to get a Poincaré duality perfect pairing
P HY(T:F2) ®@p, H (T F2) — Fa,
which first takes the cup product and then pairs against the fundamental class: for instance,
P(x®y) = (xy.0z).
But we've computed that xy = z, so this is just
(2,67) =0,(z) = 1.

We can also find that
P(x® x) = (x*6,) = (0,6,) = 6,(0) =0,

and similarly P(y ® y) = 0. But we also get a Poincaré duality for H°(T;F») ®r, H?>(T;F2) — F»: the only nonzero
result comes from taking the nonzero elements in each of H° and H?, which yields

P(1®2z)={(1z,0;) =0,(z) = 1.

So we've checked how the pairings work in the torus, but now we want to think about how this pairing being perfect

can help us compute the cohomology rings that we haven't previously computed.

Example 250
Let’s compute the cohomology ring H*(RP?; F5) (using that RP? is a two-dimensional manifold, because it has a

canonical CW structure coming from a square).

We know that H°(RIP?;FF,) = F,, because there's one path component and H° is the set of maps from path

components into F5 (or alternatively it's the dual of the zeroth homology group). Also, H*(RP?;F5) = F, as well
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— this is something we know from the cell decomposition of RP?, and it's not something Poincaré duality gives us
directly. But now we are able to say that because 0 + 2 = 2,

H?(RP?; F,) = HO(RP?; IFy)

(which avoids needing to use the specifics of the cell decomposition), and also everything in higher dimensions is just

0. So now we can say that our cohomology ring (as a graded F,-vector space) is
H*(RP?; F,) & Fo{1} @ Fo{a} ® Fo{b}

where these FF»s are in dimensions 0, 1, 2 respectively. And now we just need to compute the cup products: multiplying
anything with 1 gives us the original element, and b? = ab = 0 for degree reasons, and thus we only need to compute
a® and see whether it's 0 or b. But Poincaré duality says that we have a perfect pairing

P : HY(RP?) ® H'(RP?) — >,

and a pairing from Fo®p, — F» is a perfect pairing only if it's a nontrivial map (a trivial map doesn't induce an

isomorphism for the adjoint map after we apply currying). That means that
(a®, [RP?]) #0,

where [RIP?] denotes the fundamental class of RP?. But pairing with 0O gives us 0, so indeed we must have a®> = b,

and we've finished describing the cohomology ring:
H*(RP?; F,) = Fs[a, b]/(a* — b, ab, b?),
where the degree of a is 1 and the degree of b is 2.

Remark 251. /f we look at the cohomology ring H*(S? v S*;F,) instead, that looks like Fsa, b]/(a?, ab, b®). So the
cohomology groups (as Fa-vector spaces) are the same for S v S' and RIP?, but the ring structures are different —

a® = b in one case and a*> = 0 in the other. And we can verify that S®>V S! is not a manifold.

Next time, we'll talk more about the intuition behind Poincaré duality and how it works beyond F» coefficients.

33 November 20, 2020

Today's the last day before Thanksgiving break, so we'll discuss a bit about geometric intuition behind Poincaré duality.
After break, we'll do a proof of Poincaré duality that doesn’t have very much to do with the geometry, but it's still

helpful to have an image in mind.
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Example 252

Consider a torus T, and suppose we have the two standard loops a and b shown:

Even though a and b are geometric pictures of cycles, they also represent generators of Hy(T;Fy) = Fo{a, b}. We
want to ask how many times a and b intersect, modulo 2 — the claim is that generically, no matter how we deform a
and b, the two will intersect an odd number of times.

To see this, let’s start with the standard a and b and look around a neighborhood of their unique intersection. a

and b can then either look like straight lines, or we could have some small deformation:

a

SR

The two ways of drawing b are homotopic, but the number of intersections is indeed different. It is odd in both
cases, though, and it's worth convincing ourselves why this always happens generically.

There are indeed special cases, like tangent intersections, where the total number of intersections is even. But
those cases are always unstable, because deforming a or b slightly will return us to an odd number of intersections. If we
take a class on smooth manifolds, the word for “generic” becomes “transverse,” and thus the unstable situation comes
up because we don't have transverse intersections. (So that's not really a topology question.) This is why it's nice
that the cup product, a purely topological (in fact, homotopy-related) quantity, can help us analyze this intersection
number — we don't have to do any of the smooth geometry that we otherwise would!

From here, we can try to ask stranger questions:

Example 253
How many times does a curve a intersect a? Here, we take two generic representations of the class a (rather than
taking the same curve twice).

This time, if we draw some more pictures, we'll find that the intersection number is always even, though (again)
it can be hard to make this intuition rigorous:
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So now we can define an Fo-module homomorphism
fa: Hi(T;F2) — Fa,

which is a map F»{a, b} — F», and we'll define it to send a to 0 and b to 1 (because this function counts the number
of intersections with a, modulo 2). But as we'll show on our homework, the first cohomology group Hl(T;IFQ)
should be isomorphic to Homg, oq(H1(T; F2), F2) the linear dual of the first homology group, so f; represents a class
in the cohomology group H*(T;F,) of the torus. This class is exactly the Poincaré dual of a.

In general, suppose we have a compact n-dimensional manifold M, and let p and g be two integers with p+ g = n.
If we fix a cycle a € H,(M;TFy), then for any b € Hq(M;F5), we can look at how many times a and b intersect.

The point is that whenever p + g = n, generic representatives of a and b will intersect at some number of points,
rather than in a higher dimension. For example, a plane and line intersect at a point generically in R3, but two
planes intersect at a line.

And it turns out that the number of points mod 2 is independent of the generic choice of geometric representative
for a and b, so we can fix a € H,(M;F2) and think about varying b € Hy(M; F2). Then we get a well-defined function
f,, which takes in possible g-cycles and spits out the number of intersections with a. And again, duality tells us that
this f, can be viewed as a class in HI(M;TF5).

So now we can explain that the Poincaré duality theorem, geometrically, tells us that this definition of a — £, gives
us an isomorphism H,(M;F,) = HY(M;F5). In other words, a cycle, modulo boundaries, is exactly determined by
the parity of how many times it intersects all other cycles! Remember that we had the pairing

P: HI(X;F,) ® HP(X;F>) — F,

is @ map that sends v ® v — (uv, [M]) for the fundamental class [M]. Furthermore, we said that this pairing (-, -) is

perfect, meaning that we induce an isomorphism
Hq(M;F2) = Hom(Hp(X;F2),F2) = HP(X;Fz).

The claim, then, is that these two ways of constructing an isomorphism — one rigorously, and one more geometric —
from H, to HY are the same. We won't actually show the connection to geometry rigorously in this class (it's beyond
the scope), but even the formal existence of such a structure on the cup product has many applications of its own.

Remark 255. The fundamental class [M] € H,(M;TF,) is supposed to be a canonical object Poincaré dual to a class
in HO(M;F3). Remembering that HO(M;Fy) sits inside H*(M;Fy), the canonical class to use here is the function 1.

It's also worth asking whether there is a version of Poincaré duality for integer coefficients, since we've been
spending the whole class developing theory for arbitrary coefficient rings. The answer is yes, but it's more complicated
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and only works for oriented manifolds, and we'll try to explain it geometrically now. (But this won't come up on our
homework.)

If we return to our torus, we do have an oriented manifold, and we can consider the standard picture of a and
b intersecting again. As we've seen with semisimplicial sets, homology classes come with a direction: this time, we
can draw arrows on a and b. If we now consider the three-intersection picture, we can zoom in on each of the three

intersections individually.

a

el

The first and third intersections look similar to the original one we had, but the second one has b going to the left
instead of the right! So our pictures differ by a reflection (a matrix with determinant —1), and thus we can count the
number of intersections between our classes by taking sign into consideration. And now because the torus is oriented,
our signed count will always be 1. (With something like the Klein bottle, we'll get issues arising from the torsion in
the first homology group. But we'll be more rigorous about this next class.)

In the last few minutes of class, we'll see a few more applications of Poincaré duality with F»-coefficients. We
computed last time that H*(RP?, F,) = F,[a]/a®, and we can more generally H*(RP"; F5) for any n.

Example 256

Let's compute the ring H*(RP3; F,): as a graded vector space, we know that
H*(RP3; F,) &2 Fo{1} @ Fo{a} @ Fo{b} ® Fo{c},

where 1, a, b, ¢ are in degree 0,1, 2, 3.

(Notice that we indeed see the characteristic “symmetry” around the middle dimension.) We have a pairing
H; (RP?) ®@p, H?>(RP?) — 5, which can be viewed a map Fa{a ® b} — F, sending P(a ® b) = (ab, [RP?]). But for
this pairing to be perfect, it must be the nontrivial map from F5 to F», so we must have ab = ¢ (the nontrivial element

in degree 3). And continuing with these kinds of arguments, we can completely determine that
H*(RP") = Fy[a]/a"™ ",

where the degree of ais 1. (So it's always going to be a “truncated polynomial algebra” in a.)

Theorem 257 (Borsak-Ulam)
Let f: S” — R" be any continuous function. Then there exists an x € S" such that f(x) = f(—x).

If we set n = 2, this tells us that any function from the two-dimensional sphere to the plane intersects itself at two
antipodal points. So some antipodal set of points on the earth will share the same temperature and also the some air

pressure (because we can encode that information in an ordered pair)!

Proof. Suppose for the sake of contradiction that no such x exists. Then we can consider the continuous function
g:S" — S"1 with

f(x)—f(—=x)

[F(x) = F(=)|
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(This is well-defined exactly because of our assumption.) Now g(—x) = —g(x) (antipodal points are sent to antipodal
points), so there is a continuous map g : RP” — RP"~! that is induced by g. (That is, we can quotient out by
antipodal points, and g respects that.)

We claim now that H1(g;F>) is nontrivial — this is a fact about paths, and part of the idea is that a path from the
north pole to the south pole becomes a loop (cycle) when we identify those two points. If we believe this fact, then

H(g;F») is also nontrivial, because it's dual to a nontrivial element in homology. So that gives us a ring map
H*(g;Fy) : H*(RP" 1 F,) — H*(RP"; F,),

which is a map F»[a]/a” — Fs[a]/a™!. But Hi(g;F2) being nontrivial means a > a, which means 0 = a" + a",
which is a contradiction. O

34 November 30, 2020

This week, we'll be looking at the proof of Poincaré duality and formulating similar results for coefficients besides IF,.
The reason we're being a bit relaxed about whether we understand the proof (instead focusing on how to apply the
result on our homework) is that this one is concrete and more “low-tech:” we'll learn some new tools which lead to
different and perhaps easier proofs of Poincaré duality if we continue studying algebraic topology.

The version of Poincaré duality that we're going to formulate is going to hold for manifolds with some extra
structure: specifically, the theorem will hold for manifolds equipped with an R-orientation, which doesn't necessarily
exist for every manifold (and isn't necessarily unique). But all manifolds are indeed F-orientable, and that Fa-
orientation is indeed unique. So the main goal for today will be to discuss this notion of orientation, which will be

required for the precise statement of Poincaré duality in more generality.

Example 258
For some geometric intuition, topological spaces like the Klein bottle, Mobius strip, or RP? are not Z-orientable,

but the torus is Z-orientable.

Before discussing orientation in general, we need to look locally near a point (where things look like R"):

Definition 259
Let M be an n-dimensional manifold, and let x € M be a point. The local homology of M at x is H.(M, M—{x}).

The pair (M, M — {x}) is not one of the “nicely-behaved” pairs where we can just look at the homology of the
quotient. But by excision, we do know that

H.(M, M —{x}) = H.(R",R" — {x}),
and the long exact sequence of the pair (R", R” — {x}) tells us that

7 degree n
H.(R", R" — {x}) =
0 otherwise.

(because we know the homology of R" and also R" — {x}).
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Definition 260

A local Z-orientation of a manifold M near x € M is a choice of generator of H.(M, M — {x}).

Since we can either pick 1 or —1 as a generator, there are two choices for the Z-orientation at each point. And
for a general ring R, note that
H(MM—-{x})®z R=ZZ®z R =R,

which gives us the following definition:

Definition 261
A local R-orientation of a manifold M near x € M is a choice of (R-module) generator the rank-1 free R-module
H (M, M — {x}).

Local R-orientations of M near x are then in bijection with R*, the group of units in R. And since F5 contains
only the element 1, there is indeed a unique choice for the local orientation near any point x € M.

To go from local orientation to something more global, we need to pick these units in a consistent way:

Definition 262

Let M be an n-dimensional manifold. Define

om = | | Ha(M, M — {x},
xeM
and similarly

om®R=| | Hi(M, M- {x} ®z R.
xeEM

We can make oy (and similarly oy ® R) into a topological space if we put a topology on it (it's a disjoint sum of
Rs, with one copy per point in the manifold), and we want the topology to make the projection map p: oy @ R — M
(returning to the “point in the manifold that we're over") into a continuous map.

Definition 263
If AC M is a closed subset of a manifold M, and x € A, then define

jA,x 2 H,,(M, M — A) — Hn(Mr M — {X})

to be the map on H, induced by the inclusion (M, M — A) < (M, M — {x}).

(In the Eilenberg-Steenrod axioms, we said that homology should be a functor of pairs, so we do indeed have this
map.) So it turns out that a basis of open sets for our topological space oy will be given by {V,4}, where U C M
is an open set, a € H,(M, M — U), and

Via = {g (@) : x € U}

And in fact, the map p: oy ® R — M is an |R|-sheeted covering space (in the point-set topology sense).

Definition 264
A section of the projection map p: opy ® R — M is a continuous function f : M — oy ® R such that po f is the
identity map. The set of all sections of p is denoted I'(M; oy ® R).

110



(This is secretly an algebraic geometry notation.) For Poincaré duality, we care about special kinds of sections:

Definition 265
A section f € ['(M; o,y®R) is an R-orientation of M if at each point x € M, the class f(x) € H,(M, M—{x})®zR

in the fibre of the covering space is a local R-orientation.

Fact 266

There is a nice condition (from covering space theory) showing the existence of R-orientations: if M is an n-
dimensional manifold where 71 (M, x) = 0 for every x € M (in other words, if M is simply connected), then the
projection map p : oy ® R — M is the trivial |R|-sheeted covering space, because of the Galois correspondence
between covering spaces and subspaces of 7;. So sections are then easy to understand, and there are |R*| total
R-orientations.

This fact tells us that some simple spaces are Z-orientable, and it is the most useful criterion if we want to use
Poincaré duality for coefficients other than F». (And while the torus is not simply connected, it still has understandable

covering spaces.) But checking whether orientations don't exist is a bit more subtle:

Fact 267

If M C N is an inclusion of manifolds, and M is not R-orientable, then N is also not R-orientable.

Because there's a copy of the Mobius strip inside the Klein bottle, we can use tricks like that to show non-
orientability.
To see where the compactness comes in for Poincaré duality, we need another construction. If M is an n-dimensional
manifold, then we have a map
JiH(M;R) = T(M; o ®R)

defined by taking a class a € H,(M; R) and x € M and evaluating j(a)(x). This should give us a class in the local
homology H,(M, M — {x}) ®z R, and we'll define it to be the restriction of a € H,(M; R) to H,(M; M — {x}) ®z R.

And this gets us to a big theorem in orientation theory:

Theorem 268

If M is a compact manifold, then the map j is an isomorphism.

This means that sections of the covering space (functions from the manifolds back to the disjoint union of copies
of R) are exactly in bijection with the top homology group H,(M; R), given by the explicit function above. And to
see how this all connects to Poincaré duality, we finally get the origin of the fundamental class mentioned in Poincaré

duality:

Definition 269

Suppose that M is a compact, n-dimensional, R-oriented manifold (meaning that it's oriented by a particular
section f € '(M; oy ® R), which restricts at every point to a local orientation). Then there is a corresponding
class H,(M; R), which we call the fundamental class [M] of the R-oriented manifold.
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Proof of Theorem 268 for coefficients in Z. \We'll show a slightly more general fact: for any n-dimensional manifold
M, suppose we're thinking about a specific compact subset A C M. Then for each x € A, we have a map jax :
Hy(M, M —A) = H,(M, M —{x}) coming from the H, functor, and these assemble into a map (combining all x € A)

Ja: Ho(M, M — A) = T(A; om)

(take the disjoint union of all points x € A, which is a subset of the sections of M using the subspace topology). So

what we'll prove is the following:

Theorem 270
Let M be an n-dimensional manifold, and let A be a compact subset of M. Then Hy(M, M — A) =0 for ¢ > n,
and the map ja : Hy(M, M — A) — T'(A; op) is an isomorphism.

(This theorem is true even if A is something like the Cantor set inside of Euclidean space!)

Lemma 271
Let A and B be two compact subsets of M. Then if the theorem is true for A, B, AN B, then it's true for AU B.

Proof of lemma. Consider the diagram

Hpi1(M,M = AN B) —— Ho(M, M — AUB) —— Hnp(M, M — A) @ Ho(M, M — B) —— Hn(M, M — AN B)

lo J/jAuB le ®Js lemB

0 NMAUB;oy) ———— (Ao @l (B;oyy) ——  T(ANB; om)

We want to show that the map in the second column jaug is an isomorphism, given that the js @ jg and jans maps
are isomorphisms, and we can do that using the five lemma as long as know that the top and bottom rows are exact.
We can check on our own that (by definition of the section construction) the bottom row is exact, and the top row

is exact by Mayer-Vietoris. O

And to finish the proof, we should read Miller's notes if we'd like to look more at the details — we use this lemma

repeatedly to reduce ourselves to simple compact subsets inside R”, where we can check the result by hand.
O

35 December 2, 2020

We'll sketch the (low-tech) proof of Poincaré duality today and Friday, and we'll talk about some more modern
developments next week.
We've discussed a lot of structures on the homology and cohomology of a space: the cross product through the
Alexander-Whitney map
Xt HP(X; R)®r HY(Y;R) — HPTI(X x Y R),

the cup product, which is the cross product combined with the diagonal map

U: HP(X; R) ®g HY(X; R) — HPT9(X; R),
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and the Kronecker pairing, coming from the concept that homology and cohomology are linearly dual:
HP(X; R) ®r Hp(X; R) = R.

But today we'll introduce a final operation, along the same lines as the three above:

Definition 272
The cap product
N: HP(X;R)®r Hy(X; R) = Hop(X; R)

is a “fancier Kronecker pairing” defined by applying homology to the chain map
SP(X; R) ®r Sn(X; R) 2% SP(X: R) @ Sp(X; R) ®r Sn_p(X; R) 25 R ®r Sn_p(X; R) = Sp_p(X: R),

where AW is the Alexander-Whitney map applied to S,(X; R), and (-,-) is the Kronecker pairing applied to
SP(X;R) ®r Sp(X; R).

We should note that all of these constructions are coming with the cross product, the diagonal map on a topological
space, and the Kronecker pairing. And the most important of them is the cup product, but the others are relevant as
well.

If we unwind the definitions, there are a few properties that are straightforward to show:

Proposition 273

The cap product satisfies the following properties:

« (aUub)Nnx=an(bNx), and 1 Nx = x. In other words, H.(X; R) is a module for H*(X; R) — homology

is a module over the cohomology ring using the cap product as a module multiplication.

« {aUb,x) ={a,bnx). So as long as we know about the Kronecker pairing, the cap and cup products are

basically the same information.

- If £ : Ho(X; R) = R denotes the element adjoint to 1 € HO(X; R) (meaning it's the function from the free
module on path components to R, sending each component to 1), and b € H?(X; R), x € H,(X; R), then

e(bnx) = (b, x). So the cap product is a “souped-up” version of the Kronecker pairing.

+ If we have a map f : X — Y of topological spaces, and we have b € HP(Y) and x € H,(X), then
H.(F) [H*(f)(b) N x] = bN [H«(f)(x)] (this is called the projection formula).

And now we're ready to state the general Poincaré duality result:

Theorem 274 (Poincaré duality, version 2)

Let M be a compact n-dimensional manifold, equipped with an R-orientation for a PID R (so that we have
things like the Kiinneth formula and short free resolutions). Then there is a unique class [M] € H,(M; R) that
restricts to the local orientation in H,(M, M — {x}) ®z R for each point x € M, with the property that the map
HP(M; R) — Hp—p(M; R) sending a to an [M] is an isomorphism for all p.

Geometrically, this isomorphism in reverse taking homology to cohomology takes a homology class and records
the intersection number with every complementary-dimension homology class. It's hard to justify geometrically what's

going on without smooth manifold theory, and we'll prove this result here for integer coefficients.
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We're actually going to prove this by formulating a more general statement, which works for compact subsets
of arbitrary manifolds (instead of just compact manifolds). The hope is that we'll be able to break down the uglier
statement into pieces.

To do this, we'll need to introduce relative cap products. If A C X is a subspace of X, then we have a relative

cap product
HP(X) ® Hp(X, A) = Hn_p(X, A),

which makes the relative homology H.(X; A) also into a module over the ring H*(X). This structure exists because

of the following diagram:

SP(X) @ Sp(A) —— SP(A) @ Sp(A) —— S, ,(A)

SP(X) ® Sp(X) Sn_p(X)
SP(X) @ Sp(X, A) ~-mmmmmmmem e » Sn_p(X, A)
0 0

The left column is the short exact sequence of chain complexes coming from relative homology — for reasonably
nice spaces, everything is free, so the tensor product with SP(X) gets to be exact. (And another way to think
about it is to use the fact that there's a noncanonical direct sum involved in the Kiinneth formula.) Then the map
SP(X) ® Sp(A) — SP(A) ® S,(A) in the second row is induced by the inclusion A <— X, and then we have a cap
product following that. Then the square we have commutes by the projection formula, and then the right column
is an actual short exact sequence.

So now the dashed blue map (the relative cap product we're interested in) exists by the universal property of the
quotient. Specifically, remember that if we have a map of abelian groups B — A — A/B, and we have a map A — C,
we can show that a map A/B — C exists by checking that the composite map B — A — C is zero. So here, the
left column plays the role of B —+ A — A/B, and the bottom right corner S,_,(X, A) plays the role of C. We must
check that the composite of the three red maps is zero, and we do this by using the commuting square to go through
Sn—p(A) in the top right corner instead. Then note that the composite map S,_,(A) = Sp—p(X) = Sp—p(X, A) is
zero because the composite of any two maps in a short exact sequence is zero. Therefore, taking homology of this
dashed blue arrow does indeed vyield the relative cap product.

Next, we need to introduce Cech cohomology. If K C X is a closed subset of a topological space X, then by
excision, we know that H,(X, X — K) = H,(U, U — K) for any open set U that contains K (that is, locally around K).
So now we have a cap product

HP(U) @ Hp(U, U — K) = Hp—p(U, U — K),

meaning that H.(X, X — K) is a module over the cohomology ring H*(U) for any open set U that contains K, and
our goal is to package all of that into a single module over a “germ” (in the sense of differential geometry). We're
basically going to look at the limit of all open subsets over K and discuss what module structure we end up with.
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Definition 275
Let K be a closed subset of X. The Cech cohomology of K is denoted HP(K), and an element x € HP(K) is
an element of HP(U) for some open U containing K. Furthermore, if K C U C V for open sets U, V, we set

x € HP(V) C AP(X) equal to H*(1)(x) € HP(U) C HP(X), where ¢ is the inclusion of U into V.

We should note that HP(K) depends on how K sits in X — for reasonable closed sets, we have H*(K) = H*(K),

but this fails when we have things like a Cantor set. (So a deformation retract of an open neighborhood is okay.)

Fact 276
The Cech cohomology H*(K) is a ring, using the fact that the intersection of two open sets is open (so we can

use the usual cohomology cup product). Furthermore, the point is that when we glue all the module structures

together, H,(X, X — K) is a module over HP(K) (the universal thing that carries all the cohomology groups of

open sets).

What we'll see next time is that if X is a space with closed subspace K, we've now constructed
N: HP(K) @ Hp(X, X — K) — Hp—p(X, X — K),

which is reminiscent of the kind of things that happen in Poincaré duality. And indeed, we'll be showing that this map
is an isomorphism, perfect pairing, and so on, under various conditions on X and K. We'll do this by breaking up X
and K into smaller pieces, where we already understand the result, and then assembling everything into the result we

want using Mayer-Vietoris and the five lemma.
We'll end today with an example where Cech cohomology behaves differently from ordinary cohomology:

Example 277
Consider the topologist’s sine curve, which is the graph of y = sin (27") for 0 < x < 1 (and gets more periodic as
we approach 0). Let K C R? be the union of this curve with {0} x [—1, 1], as well as some curve -y that connects

(0, —1) back to (1,0).

This curve looks like a “messed-up circle,” where things get very complicated around the y-axis. Then

7Z degree 0
H*(K) =
0 otherwise,

so singular cohomology thinks this weird space is a point. But

. 1 Z degree 0, 1
HY(K) = H*(S") =
0 otherwise.

Basically, it's not clear why we want to study the topology of pathological spaces like this, but there are various things

like Cech cohomology which do help us deal with them!
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36 December 4, 2020

We'll finish our “bird’s-eye tour” general overview of a low-tech proof of Poincaré duality today. Last time, we introduced
Cech cohomology: if X is a topological space and K C X is a closed subset, then (restating what defined last time in
more detail) we defined
A (K) = || H*(U)/ ~,
KCU
where the equivalence class ~ tells us about how elements interact if one open set is contained within another. And

we'll describe yet another variation on thi, thinking about Cech cohomology on a pair.

Definition 278
Let L C K be a pair of closed subset of a space X. Then we define
A k.= || HW@WV) ~
LCV,KCU
where (U, V) ranges over all pairs of open sets V C U, V is an open neighborhood of L, and U is an open

neighborhood of K. And the equivalence relation considers two classes to be the same if they're related along a

restriction given by these pairs.

Theorem 279

If (K, L) is a closed pair in a space X, then there is a natural long exact sequence
o BP(K L) = BP(K) = H(L) S Pt —

where the Snake Lemma map raises the degree.

Basically, we take the long exact sequences from pairs of open sets and check that they're compatible when we

put them together.

Theorem 280
Let A and B be compact subsets of a Hausdorff space X. Then the inclusion (B, AN B) C (AU B, A) induces an
isomorphism of

HP(AU B, A) = HP(B, AN B)

for all integers p.

The hypotheses here are a bit more subtle — ordinary homology doesn't require things to be compact or Hausdorff.
It's just that the excision statements interact in a particular way when we put them together for different open sets.

We also discussed the cap product for a closed subspace K C X:
N:HP(K) @z Hy(X, X — K) — Hp_p(X, X — K).

Basically, we could replace (X, X — K) terms by “local” open sets U (by classical excision). And now we can write

down a relative version of this to the Cech cohomology of a pair:
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Definition 281

Let L C K be a pair of closed subspaces of a space X. The fully relative cap product is a map

N HP(K, L) @z Ha(X, X — K) = Hp_p(X = L, X = K).

This map in fact commutes with Mayer-Vietoris sequences, and we'll spell that out here:

Theorem 282
Let A and B be compact subsets of a Hausdorff space X. Fix a class xaug € H,(X, X — AU B) — this class
automatically gives us canonical classes x4 € H,(X, X — A), xg € H,(X, X — B), xang € H,(X, X — AN B) using

the induced maps from the inclusions. Then there is a map of long exact sequences

i S P(AUB) ———————— S HP(A)® HP(B) ——————— AP(ANB) ————° 3 FPHI(AUB) ———— -

lﬁmus J/(ﬂXA)@(-ﬁXs) lﬂxms lﬂXALB

e Hop(X X — AUB) —— Hy p(X, X — A) @ Hy_p(X, X — B) —— Hp p(X, X —ANB) —2— Hpp 1 (X, X —AUB) ——> -

And now we'll come up with the maximally general version, which will make an “inductive” proof easier. Let M be
an n-dimensional manifold (not necessarily compact) and K be a compact subset. We have a map H,(M, M — K) —
[(K; op) (recall the latter is the set of functions from K to the disjoint union of homology groups oy, so that the
composite map K LR om S K is the identity) which is an isomorphism. Then a Z-orientation along K is a section
of op over K (an element in the set of sections ['(K; oy) which restricted to a generator of the local homology
Hy(M, M — {x}) for every x € K. This particularly nice section (Z-orientation) then corresponds to a homology class
Mk € Hy(M, M — K), called the fundamental class along K.

If L C K is an inclusion of compact subsets of M, then the map coming from functoriality

Ho(M, M = K) = Hn(M, M — L)

sends [M]k to [M].. (Another way of thinking of this is that a choice of local orientation that is compatible for every
point in K will restrict to L and give us a choice of local orientation there.) And we have also just introduced the cap
product

N:HP(K, L) @z Ho(M,M — K) = Hp_p(M — L, M — K),

so we're ready to put everything together:

Theorem 283 (Poincaré duality, version 3)
Let M be an n-dimensional manifold, and let L C K be a pair of compact subspaces. Suppose we are given a

Z-orientation along K, giving us a fundamental class [M]x. Then the map
N [Mlk: HP(K, L) = Hpp(M — L, M — K)

is an isomorphism.

We can read Miller's notes for more details, but here are the key ideas of the induction:

Proof. First, we prove this for the special case where M = R"” and K and L are compact, convex subsets. This is a
bit of analysis — we need to use the point-set topology of R".
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From there, we can do the case where M = R" and K, L are a finite union of such compact, convex subsets — this
requires writing down the Mayer-Vietoris sequence for a union, looking at the long exact sequences and using the five
lemma. (This step is relatively easy.)

The next step is to do M = R"” and K, L any compact subsets of R”. This again requires some analysis: we use the
fact that an arbitrary compact subset of R” can be arbitrarily well-approximated by a finite disjoint union of compact,
convex subsets (this is similar to the construction of the Lebesgue measure).

And from there, we're ready to switch to the case where M is an arbitrary manifold, but K and L are finite unions
of compact Euclidean subspaces of M (here, Euclidean means that we take subsets of “local R"s" in neighborhoods of
points). This comes from writing M as a union of R"s — we can pick finitely many if we're only interested in what's
happening around K and L, because those subspaces are compact.

And finally, we get the case where M is arbitrary, and K and L are arbitrary compact spaces, using the fact that

M is a manifold, and thus Hausdorff, to do the appropriate approximations. O

We'll slightly restrict the above statement for some particular applications:

Theorem 284
Let M be an n-dimensional manifold with compact subset K. A Z-orientation along K determines a fundamental

class [M]x € H,(M, M — K), and capping with it gives us an isomorphism

AmP(K) = Hp(M, M — K).

And now we can get a result that we couldn’t have with the original form of Poincaré duality, because R” isn't

compact:

Corollary 285 (Alexander duality)

Let K be a compact subset of R”. Then the composite map
AP(K) S Hy(R", R" — K) & A,_1(R" — K)

is an isomorphism, where & comes from the homology of a pair.

(Here, the first map is an isomorphism from the above result, and the second map is an isomorphism because R”

has a very boring homology.) So we're relating the Cech cohomology of a subspace to the homology of its complement.

Example 286
Let K be a closed loop in R? (such as the image of a continuous function S — R?), which is nice enough that
its Cech cohomology H'(K) = Z.

Basically, for a nice enough loop, Cech cohomology will be the same as ordinary homology. But there are some
pathological loops (like those made of the topologist's sine curve) that we can deal with too! So Cech cohomology
covers a much wider set of curves, though we won't prove that.

Then the reduced homology

Ho(R? — K) = AY(K) =2 Z,

so if we replace the H with the corresponding homology group, we find that

Ho(R? - K) =2 Z & Z.
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Therefore, R? — K has exactly two path-components, and this is exactly the Jordan curve theorem!

Fact 287
On the other hand, the analog of the Jordan curve theorem is false in R3: there are injective continuous maps
f : S2 — R3 such that R® — im(f) does not have two path components (a counterexample is the Alexander

horned sphere). So there's something special about having two dimensions.

37 December 7, 2020

Today and Wednesday, we'll be talking about “algebraic topology after 18.905," exploring a bit of 18.906 and what's
out in the world of topology afterwards. We've talked about four main topics in this course:

« Category theory (categories, functors, natural transformations, products, pushouts, internal Homs),
« Homological algebra (chain complexes of abelian groups, the derived category D(Z), the Tor and Ext groups),
« Homotopy theory (study of the homotopy category Ho(Top)),

« Algebraic topology (study of Top itself, and in particular manifolds).

One thing that's good for us to notice is that homotopy theory and algebraic topology are two somewhat different
topics — on Wednesday, we'll look at the former in more detail, but today we'll think about what comes next in each
of the four topics.

Category theory: Products and pushouts are special cases of objects called limits and colimits, which are things
defined by the universal property. We defined the currying isomorphism, which is an example of an adjunction. (So
18.906 will start with this if it's similar to how it's been taught in the past.) Starting in the early 2000s, people like
to study higher categories, which have objects and morphisms like regular categories, but also 2-morphisms (which

are morphisms between morphisms), and possibly 3-morphisms and so on.

Example 288
“HZ-modules” is the higher category (or equivalently, co-category) of chain complexes. An object of HZ-modules
is a chain complex of abelian groups, a morphism is a chain map, and 2-morphisms are chain homotopies.

Example 289
S is the oo-category of homotopy theory, where objects are topological spaces, morphisms are continuous maps,

and 2-morphisms are homotopies.

And since homotopy theory should not necessarily be associated with algebraic topology, we can also make an
equivalent co-category using just the combinatorial definition (so we don't need to know what a topological space is if
we just work with simplicial sets). We introduced simplicial sets in the homework because co-categories are becoming

increasingly essential tools in different fields of math.

Example 290
Cat, is the oo-category of categories, where objects are categories, morphisms are functors, and 2-morphisms are

natural transformations.
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(Kerodon is a good source for learning more about this topic if we search it up online.)

Homological algebra: This topic is developed much more in algebraic geometry (such as in 18.725-726), where
we can learn about the sheaf Hom, sheaf Ext, sheaf cohomology, and so on. If we consider a set like {x?>+y?—1 = 0}
in R?, we're using an algebraic way (the set of solutions to the equation) of describing a geometric object (the circle).
We may want to ask whether we can use an algebraic algorithm to calculate the homology of the solution set for a
given set of polynomials with real coefficients: in other words, if we were given the polynomial x2 + y2 — 1, could we
find the homology without needing to know much about topology? And doing this is due to Grothendieck.

This is valuable, because we can then think about applying this algorithm to a polynomial with coefficients in a
number field (in which it's not clear how to extract topology). Then we can talk about things like the cohomology of
Diophantine equations — cohomology can be an invariant of polynomials over number fields or more algebraic fields!
The Galois action on the number field then gives us a Galois representation, which is an object in the Langlands
program.

Homotopy theory: One way of thinking about this topic to understand why it's a subject separate from algebraic
topology is that it's the “study of the equals sign,” or more specifically the isomorphism sign. Suppose we have a graph
of two vertices a and b connected by an edge: perhaps this edge means that a and b are “equal,” so this is isomorphic
to just having a single vertex a. But now if we have a graph where there are two edges between a and b, that means
they are equal in two ways — there are two different equalities. Then we could use one of the equalities to identify the

other point, but we still end up with a self-loop on the one vertex a.

b b
a

a a

If we also say that b is connected to ¢ through a single edge, that means that b and ¢ are equivalent in just one way,
and we can contract that edge in our simplified diagram. So notice that we're really drawing homotopy equivalences
here: we look at systems of objects that are equal to each other when connected by paths, remembering how many
ways each connection can happen.

And if a and b are equal in two different ways, it's possible that we can have an equality between equalities, and
drawing lines between the existing edges “fills in” the hole in the middle of the picture. So contracting this diagram

gives us a single point again, which can be thought of as telling us why D? is equivalent to a point.

So homotopy theory is about objects, equalities between objects, but also equalities between equalities and so on.
And a CW complex or semisimplicial set is then a combinatorial system which gives us this kind of thing: the 2-cells
record equalities between equalities, the 3-cells record equalities between 2-equalities, and so on.

Algebraic topology: We can take a topological space and come up with certain invariants, and objects like
homology really come from homotopy theory but are still useful for studying topological spaces. Beyond this, an
example of a fundamental question we might want to ask in algebraic topology is “can we classify all n-dimensional
compact manifolds up to homeomorphism,” or alternatively do the same for smooth manifolds up to diffeomorphism.
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Example 291
Surfaces (2-dimensional compact manifolds) have been completely classified — it's at the end of Munkres' topology

book. (And Miller's lecture notes have a lecture devoted to this classification, too.)

To get a sense for this, we'll focus on the Z-oriented surfaces, which are classified entirely by the genus of the
surface (a genus g surface is a torus, but with g holes instead of 1). So in particular, we can determine a Z-oriented
surface by the first homology group, so if we have a collection of polynomial equations, we can see whether it'll produce
a surface (this is something we can do in algebraic geometry), and to find out which surface, we just need to find its
first homology group.

But we'll probably never classify all n-dimensional compact manifolds for large n, because the problem gets wildly
complicated. So instead the question becomes how to classify manifolds with particularly simple homology. In 1961,
Kervaire and Milnor classified all compact, simply connected, n-dimensional manifolds M that satisfy

Hamy =2 970"
0 otherwise,
meaning they look like a sphere, for all n > 5. (The lower dimensions in topology can often be tricky, which has to do
with how going up in dimension makes it easier to untangle knots.) We also know the answer for n =2 (known since
around 1900), and in 2003 we know the answer for n = 3 due to Perelman (and the work on the Poincaré conjecture).
But n = 4 is still unknown to us right now.

Milnor asked (after completing his work) whether it's possible to classify simply connected (2n)-dimensional man-
ifolds with Ho(M) 2 Z and Hi(M) 2 Hy(M) = -.- =2 H,_1(M) 2 0. (So a lot of the homology groups vanish.) Note
that anything which is simply connected is Z-orientable, so Poincaré duality also tells us that the homology groups
Hpv1 2 Hpoo(M) & - 2 Hyp 1 20 and Hay (M) 2 Z, but Hy(M) is unconstrained. (So it's similar to the sphere
where we have the top and bottom dimension, but we also allow for some freedom of one homology group.) And this
is now done for all n except 2n = 4 (we can't even do the simpler version of the problem here yet), 2n = 24, and
2n = 126. So there are some cool connections to sequences that stop after a finite amount of time — what can go
wrong is that we have strange issues in dimensions larger than 24, which have to do with the Leech lattice or monster
group.

Let's go through some history on the progress made on this question: Wall solved n = 6 mod 8 in 1962, Brown
and Peterson solved n = 5 mod 8 in 1966, and Browder solved n = 3 mod 8 in 1969. After that, Schultz solved
n=2mod 8in 1972, and Stolz solved n =1 in 1985. In 2009, the case n # 63 and n =7 mod 8 was solved by Hill,
Hopkins, and Ravenel. Hopkins was a professor at MIT of algebraic topology, and Hill was a graduate student (now
at UCLA and the head of the Association for LGBT Mathematicians). And the final case, n # 12 and n = 0 mod 4,
was done by Dr. Hahn, along with Burklund and Senger (two grad students) last year! And Adela Zhang, another
grad student at MIT, is thinking about extending this to two unconstrained homology groups.

From here on all we'll look at homotopy theory and the study of Ho(Top) (or some combinatorial system of
equalities, avoiding the topological setup). The basic question we'll focus on is as follows:

If m and n are positive integers, how many maps are there from S — S” up to homotopy?

The set of such maps, up to homotopy, is denoted 7,,S”, and we want to understand the answer for various m, n.

We proved on our homework that 352 has more than one element, because we showed that not every pair of maps
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from S3 to S? is homotopic. Here are some facts we'll see in 18.906:
« If m < n, then all maps S™ — S" are homotopic, so m,S"” has only one element.

« If m = n, then m,,S™ = Z: such maps are determined, up to homotopy, by their degree (the integer invariant

we've explored a lot on our homework).
« If m > n, then unless we're in a special case where m=2n—1, m,,S" is a finite set.

We may want to ask for the cardinality of this set in the m > n case, and a more refined question is to think
about the group structure of this set. If we have two maps f, g from S™ — S”, we can define f + g by first ensuring
that the south pole of f is sent to the same point as the north pole of g (we can find some homotopic maps to do a
deformation). So now we take the sphere S™, pinch the equator using a quotient map, and we have two copies of S™
wedged together. So now we have a map S — S Vv S™, and then we'll send the top half by f and the bottom half
by g.

Wikipedia has a table of all of these groups: for example, it turns out that m14(S*) = Z/1207Z x Z/127 x 7./27.

We'll study these in more detail on Wednesday's class!

38 December 9, 2020

We'll talk some more about homotopy theory today, particularly looking at homotopy groups of spheres and what
patterns arise. Recall that m,S" is the set of continuous maps from S to S”, up to homotopy, and we mentioned
last time that this is a group. Specifically, we can add two maps f : S™ — S" and g : S™ — S" by pinching the
equator of S™ to get S™ A S™, and then sending the top half of the sphere via f and the bottom half via g. (And we
just need to use homotopy to adjust the maps f and g so that the south pole of f is sent to the north pole of g.)
We want to say as much as we can about these groups m,,S", and we'll learn the following theorem in 18.906:

Theorem 293 (Freudenthal)
For n > k+ 2, w,4xS" is independent of n.

The group m,4+xS" is denoted xS — basically, for sufficiently large n, these groups become “stable.” Let's see what
this looks like for k = 1:

Example 294
It is known that m3S? = Z, S & 7Z/27, wsS* = Z/27, and in general 7,1 S" is Z/27Z for all larger n. So
™S = Z/27, but we saw on our homework that there's a particular interesting map in w352, and that's in fact a

free generator of the group.

We'll focus on the “stable” groups mxS in today’s discussion: it turns out that the first eight groups for k =
1,2,3,4,5,6,7,8 are Z/27,72./27.,7/8Z & 7Z/37Z,0,0,Z/27,7./16Z & 7Z./3Z & 7./5Z, and Z/27Z, respectively. These
first few examples exhibit some chaotic-looking behavior, and it's not clear what the pattern immediately is. In fact,
in the 1950s and 1960s, finding each of these groups was a major theorem. So it was a bit disappointing when the
results started coming in, because it wasn't clear what to conjecture in general.

So we'll use the one tool we've developed — homology — to understand these groups as best we can. An element of
7S, for example, isamap f : S’ — S" for n > 0, and it's difficult to distinguish these maps because the homology
H.(f) : Ho(S™T") — H.(S") is going to be trivial no matter what our map f is, just for degree reasons. So it's a bit

unclear how to see information about homotopy spheres directly.
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Definition 295
A map of spheres f : S™ — S” has Fp,-Adams filtration at least k if we can find some factorization of f as a
composite S™ A, X1 b, Xo T Xk = S", such that each H.(fi; Fp) is trivial.

In other words, if a map has F,-Adams filtration at least k, we can factor through k different topological spaces,
and we never know what any of those do through homology (so f gets more and more difficult to understand using
homology as k grows). This notion turns out to be robust — every map has a specific F,-Adams filtration for every

prime p.

We'll learn in 18.906 that .S is always a finite abelian group, and we can write such groups as direct sums by
prime. So we can study 7S one prime at a time, and for each prime we can draw a relevant diagram that helps
us understand the structure better.

For example, let's take p = 2. As mentioned above, ™S & Z/27, so there’s only one interesting map S™1 — S”,
which has Adams filtration 1 (so it's visible to homology if we factor it through at least one other space). But m,'s
interesting map has Adams filtration 2, so a map S"*2 — S” can be factored through some space that's still invisible
to homology. If we next look at 73, it turns out a fraction 1/2, 1/4, and 1/4 of the interesting maps have Adams
filtration 1, 2, 3, respectively, which reflects the Z/8Z structure. And in the diagram below, each connected component

of m dots basically corresponds to a term Z/2™Z in the group 7.S.

Adams filtration

) !
3 T + [ ]
2 ([ ] + ® + [ ]
1| e . .

~
>~

1 2 3 4 5 6 7 8

A supercomputer in China generated this kind of graph two years ago (work due to Isaksen, Wang, and Xu) —we've
made a lot of progress recently, but we're at the limit of current knowledge with k = 90. Specifically, we're getting to
the point where it takes a few months to compute! But we might hope that we can see some patterns in the columns
to understand what we can say about the groups, and that's still a bit difficult to do. Organizing by Adams filtration
does give us some interesting patterns: at the top of the picture, we have some interesting periodicity (those groups
are called the v;-periodic homotopy groups of spheres, and they're completely understood), and then there's a gap
between those and the rest of the groups in the diagram. In other words, there's a simple collection of homotopy
groups that are extremely invisible to homology, and then nothing for a while, and then a messy collection that are a
lot easier to detect with ordinary homology.

One of the biggest open questions in this subject is whether this gap continues forever, and how big it actually is
(between the vi-periodic and other groups), and the answers would have some geometric applications to the study of
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manifolds as well. And another natural question is whether we can understand the non-v;-periodic groups in the messy
part of the picture.

Definition 297
An extraordinary (co)homology theory E, is a functor E, : Ho(Top) — (graded abelian groups), satisfying all
of the Eilenberg-Steenrod axioms except the dimension axiom.

(In other words, we have Mayer-Vietoris sequences and excision and so on, but the homology or cohomology groups
for a point are allowed to be complicated.) And what's nice about these homology theories is that they can sometimes
tell differences between maps f : S™ — S apart. Specifically, the E.(f) : E.(S™) — E.(S") may be nontrivial,

because we don't necessarily have concentration in a single degree like we do for H,.

Example 298
The most important example of an extraordinary homology theory is E, = KO, (known as topological K-theory),
and this was heavily studied in the 1970s and 1980s. One notable feature is that we can use this theory to see

the vq-periodic part of m,S.

In particular, topological K-theory has a geometric definition in terms of vector bundles (which we'll also start
to learn about in 18.906), and there's also some algebraic or combinatorial definitions that we can work with. But
developments have been made since the 1980s, and we can try to create extraordinary cohomology theories that detect
other elements in .S too. To understand that, we should talk a bit about homology theories in the abstract sense.

Definition 299
An E.-ring is a cohomology theory E* taking values in graded commutative rings, instead of graded abelian

groups.

In particular, this means we have a product (analogous to the cup product), so an example would be E*(X) =
H*(X; R) for some commutative ring R. But we can also take values in graded commutative rings by taking E*(X) =
KO*(X) (this is called K-theory cohomology). It turns out that if we have an E..-ring E*, we can extract a
(canonical) classical ring by taking £* of a single point.

Example 300

The classical ring underlying H*( - ; R) is the cohomology of a point with coefficients in R, which is R in degree 0
(and nothing else). Meanwhile, the classical ring underlying topological K-theory KO*(-) turns out to be 8-periodic
in the degree (this is called Bott periodicity).

And the idea is that we can develop all of commutative algebra, replacing rings with E,.-rings, and finding analogous
statements for results like the Nakayama Lemma. Basically, cohomology theories should be the same in many ways
as ordinary rings, and this field of study is what is called “higher algebra” or “derived algebra” today. It turns out that

even though we get a lot of the same results, some differences do come up:

Example 301
In classical algebra and number theory, we like to study elliptic curves. Imitating the theory of elliptic curves in
Eo.-rings gives us elliptic cohomology theories, which have interesting patterns that look like (for instance) Artin

reciprocity, and this can help us see some of the groups in the Adams filtration picture.
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But something interesting that doesn’'t happen in classical number theory is that there is a universal elliptic
cohomology theory, which doesn’'t have a lower algebra analog, which sees all information in elliptic curves! This
is known as TMF (topological modular forms), and if we take the TMF cohomology of a point, it turns out that
TMF*(point) ®z Q is the classical ring of modular forms. So modular forms come up in topology, but in the context
of a more complicated object.

Thus, we can study things like abelian varieties and automorphic forms by constructing analogs of them in the world
of Eo-rings. And we can also talk about cohomology theories only valued in associative rings instead of commutative
ones (which is the notion of an E;-ring), and in general lots of (maximally complicated but universal) algebra can
be constructed in this “higher algebra” world than we could have classically. The study of chromatic homotopy
theory then assembles the homotopy groups .S out of things detected by E..-rings: each E,.-ring has a chromatic
height, where height O looks like ordinary homology, height 1 is topological K-theory, height 2 is TMF, and there's
a convergence theorem (the chromatic convergence theorem) which says that each element in .S is detected at
some height (some spot in the realm of the complexity of E..-rings).

So this filtration of very complicated groups slowly reveals more and more information to us, and some ongoing
questions include how to compute in height 2 and how to connect number theory to height 3. So topologists sometimes
conjecture things in number theory, and that kind of work has been fruitful for progress. And a final open question to
consider is whether there is a geometric construction for EMF (rather than abstract higher algebra), just like we have
cycles or vector bundles for homology or K-theory. According to physicists, TMF*(X) should be related to the Dirac

operator on the space of loops in X, but no one has been able to make that mathematically well-defined yet.
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