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Chapter 1
Lecture 1

1.1 Conventions & Tentative Plan
Convention.

(a) Denote CAT your favorite choice between the category of paracompact Hausdorff spaces or the category of smooth
manifolds with the caveat that for CAT paracompact Hausdorff spaces, we must allow the total space of a fiber bundle
to be non-paracompact. This means that a CAT group is a Lie group when CAT = DIFF the category of smooth
manifolds or a topological group when CAT is paracompact Hausdorff spaces.

(b) As stated above, when CAT is paracompact Hausdorff spaces, we must allow for the total spaces of fiber bundles to not
be paracompact and we will implicitly make this assumption everywhere. A slightly less general but categorically well-
behaved theory is obtained by letting CAT be paracompact Hausdorff spaces that are also o-compact. A maximally
weak condition due to Kiiti Morita given in the paper On the Product of Paracompact Spaces is that CAT is
paracompact Hausdorff spaces that are also a countable union of locally compact closed subspaces.

(c) Finally, most generally, we can consider CAT-bundles to be any of the above or we can place no stipulations on our
spaces but require that all bundles in sight are numerable. The whole story goes through for numerable bundles as
long as we supply the appropriate lemmas and in the numerable land. This will be an exercise.

(d) All maps, actions and objects considered belong to your favorite choice of CAT. An isomorphism of topological spaces
is a homeomorphism and an isomorphism of smooth manifolds is a diffeomorphism.

(e) When CAT = DIFF, a group is a Lie group. When CAT is paracompact Hausdorff spaces, a group is a paracompact
Hausdorff topological group.

(f) To simplify our lives, all group actions considered henceforth will be faithful. Following Steenrod will call such group
actions effective. Later, I will provide some exercises that will indicate how to change the definitions to make nearly
everything things go through more generally.

Warning. When CAT is paracompact Hausdorff spaces, we must be cautious about certain constructions landing back in
paracompact Hausdorff spaces. When CAT is paracompact Hausdorff spaces, we will always carry out our constructions
in the full category Top of topological spaces (or, if you care, any “convenient” category of topological spaces) and then
observe that the space so constructed is paracompact Hausdorff.

Let us now establish a convenient bit of notation we will use later when discussing principal G-bundles.

Definition (G-Torsor). Let G be a group and suppose G acts on a space F. Then we say F is a G-torsor if G acts
effectively on F' and the map G x F' — F x F defined by sending (g,z) — (z,gx) is an isomorphism. An analogous
definition works for a right action.

Exercise 1. Show that if F' is a G-torsor, then F = G and that this isomorphism may be taken to be G-equivariant.

Example 1. Let G be a topological group that does not have the trivial topology—for example, consider G = GL,,(R)
topologized as a subset of R™. Let G; be the space with the same underlying set as G but equipped with the trivial
topology (only G and @ are open). Then G ~ G} effectively by left translation but G % G;. Hence, Gy is not a G-torsor.

Plan.

(1) Bundles.

(2) Characteristic Classes.

(3) Up to participants. Possibilities: Chern-Weil theory, characteristic classes of surface bundles or bordism. Based on
participant backgrounds, it looks like we’ll be talking about bordism, time permitting.
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1.2 Fiber Bundles and G-Bundles

Reminder. To simplify our lives, all group actions considered henceforth will be faithful. Following Steenrod will call
such group actions effective.

The basic building block for the things we are interested in is the notion of a fiber bundle.

Definition (Fiber Bundle). A fiber bundle over a base space B with fiber F and total space F is amap p: E — B
satisfying the following local triviality condition: for each # € B, there is an open nbhd U of = an isomorphism ¢: p~1(U) —
U x F such that the following diagram commutes

p I (U) L5 UxF

|
U——=U
We call such a nbhd trivializing and the map ¢ a trivialization or a bundle chart. A particular fixed choice of such

trivializations covering B, say &7 = {(¢i, U;)};c; is called an atlas or a bundle atlas. We can denote this information as
(E7p7 B’ F’ %)'

Remark. The data of a fiber bundle makes precise the idea of one space (the fiber) “continuously/smoothly” parame-
terizing another space (the base space). But often times (and in particular in geometric situations) the fibers we consider
have more structure than simply being a space.

The basic object we are actually interested in are fiber bundles with a specified structure group.

Definition. Let G be group. A fiber bundle with structure group G or a G-bundle is a fiber bundle p: £ — B with
fiber F' and a left G-action on F' along with the additional data of a G-atlas.
A G-atlas is a collection of trivializations &/ = {(Ui, it D 1(U Y=U; x F) } covering B which we require to satisfy the

following compatibility criterion: for each transition map ;; def Pip; ~1 there exists a map gij: Ui NU; — G such that

Yij = cpigojflz (U;NU;) x F—= (U;NnU;) x F vij(x, f) = (z, f - gi(2)).

We call each g;; a transition function. We will call each ¢;; a transition or transition map to differentiate between
the two.

Notation. We will often denote this information as (E,p, B, G, F, o). It’s useful to think of this schematically as
ELB  GAF {(¢i, U }icr -

Example 2. Consider the case where G = GL,(R) and FF = R"—here, we let G ~ F in the usual way by linear
isomorphisms. Then a vector bundle of rank n is precisely a fiber bundle with structure group GL,,(R) and fiber R".
Thus, G-bundles are a vast generalization of vector bundles.

Exercise 2. In the example above, we assumed that the action of GL,(R) on R™ was effective. Verify this.

Proposition 1.2.1. Let £ = (E,p,B,G,F, %) be a G-bundle and denote the identity element of G by e. The transi-
tion functions for £ satisfy the following compatibility condition. For any choice of indices i, 7,k for which the relevant
intersections of the sets U;,U; and Uy, are non-empty,

(1) 9i5 = gikgrj on U; N U, N Uj;
(2) Gii = €5
(8) gij = g;il, where the inverse means the inverse group element.

The conditions (a), (b) and (c) together constitute what are called the cocycle conditions. The inversion and the
multiplication all happen pointwise in G.

Proof. We have gpigoj_l = goigp,;lgokgpj_l and the left-hand side has the form (b,v) — (b, g;;(b)v) whereas the right-hand
side has the form (b,v) — (b, gix(b)gr;(b)v) so we conclude that g;;(b)v = gzk(b gr;(b)v for all acceptable choices of
(b,v) € B x F. Since G acts faithfully on F', this means that g;; = gixgx;.

goicp;l = id, so since G acts faithfully on F', one also concludes that g;; = e. g;; = g;il follows similarly by faithfulness

since @;; = g@{il. |
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Exercise 3 ((x), x). Fiz a G-bundle &, show that the maps g;; are in fact unique. [Hint: Use that the left G action is
effective.

Remark. When G does not act faithfully, we must consider the maps g;; as part of the data of the G-bundle since they
are only unique up to elements of the kernel of the corresponding group-homomorphism G — Autcar(F).

Definition. Say a G-atlas o/ for a G-bundle ¢ is maximal if there does not exist a G-atlas & with o/ C Z. Equivalently,
whenever a trivialization (o, U) satisfies the above compatibility criterion for every trivialization of 7, then (¢,U) is
already in & (since we could otherwise append it to & to produce a larger G-atlas).

Exercise 4 ((x), xx). Let £ be a fiber bundle.

(a) Show that any G-atlas for & is contained in a unique mazximal G-atlas. [Hint: Look up the proof that any atlas for a
manifold is contained in a unique maximal atlas and try to repeat the argument.]

(b) Define a relation on the set of G-atlases for £ by saying that two G-atlases &/ and % are equivalent and write of ~ B
if & and B are contained in the same mazimal atlas. Show that ~ is an equivalence relation on G-atlases for €.

(c) Show that if o ~ B, then o U B is another G-atlas for & equivalent to both o/ and B.

(d) Suppose o and B are inequivalent G-atlases for the fiber bundle §. Show that there exists G-atlases o/’ and B’ with
o ~ o and B ~ B’ such that the trivializing open nbhds of &/’ and B’ are the same. In other words, there is an
index set I such that o' = {(p, Ui)}iel and B = { (P, Ui)}z‘el‘

Remark. As a consequence of this exercise, we will often suppress the G-atlas of a G-bundle and we will assume that a

G-bundle comes equipped with a specified choice of an equivalence class of G-bundle atlases, rather than a G-atlas itself.

Later, in Exercise 7, you will show that the definition of a morphism of G-bundles is independent of the equivalence

classes of G-bundle atlases used.

1.3 Morphisms of Bundles

Let us begin with the simplest case.

Definition. Let & = (E,p,B,F) and ¢ = (E',p',B’,F’) be fiber bundles. A morphism { — ¢’ is a pair of map
(f,f): (E,B) — (F’, B") making TFDC:

Exercise 5. Show that f is completely determined by f

Exercise 6. Use commutativity of the above square to show that the map E — E’' is a fiber-preserving map in the sense
that the fiber in E over b € B is mapped to the fiber in E' over f(b) € B'.

Let us recall the motivating example given in the lecture for how we will define bundle morphisms, which we flesh out in
a little more detail. The idea is that we should want the bundle morphism to “come from” the group structure somehow.

Reminder. Consider the case of G = GL, (R)—the group (n xn) invertible matrices topologized as a subset of R"*—and
F =R". Then GL,(R) ~ R" in the evident way by linear isomorphisms. Let A € GL,,(R).

If there is any justice in the world, then given a map f: X — Y, we should like to say that the following is a bundle
morphism

X xR XAy R

| |

_
X 7 Y
where the vertical maps are the projections onto the first factor. For instance, A could be the matrix rI where I is the
identity matrix, in which case Av is simply multiplication by r.

If we are given a vector bundle £ — B, then for any trivialization ¢;;: (U;NU;) x F — (U;NU;) x F', the commutative
diagram
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U;NU;)) x F 225 (U;nU;) x F

| |

UNUj =——=U;NU;
ought also to constitute a bundle map.

With this example in mind, we provide our definition of a morphism of G-bundles.
Warning. For simplicity, we first restrict to the case of the same fiber in the definition below.

Definition (Morphisms of G-Bundles). Let ¢’ = (E',p',B',G,F, ") and £ = (E,p, B, G, F, <) be two G-bundles,
say with G acting on the left of the fibers. A morphism (f, f): £ — &' is a tuple of maps,

f:E—-E  f:B— B

which we require to satisfy the following local property.
For each (¢;,U;) € o and each (p},U}.) € &', there exists a map g,;: U; N f~1(U}) — G such that

¢hofopr Uin f7HU) x F — f(U;N f~YU})) x F

has the form

(2, 0) = (f(2), Gpi(2) - ).

Remark. This morphism arises as the dashed arrow in the commutative diagram

p U0 FU) —I )W 0 £ UR) —S ()N U

®; ﬁ L@’k Lﬂ’k

U;N YUY x F ------ > fUN I U)X FY ——=— U, x F'

Definition. Define Bung the category of G-bundles with fiber I to have as its objects G-bundles with fiber F' and
morphisms as above.

We similarly define Bu ng(B) to be the category of G-bundles with fiber F over B to have as its objects G-bundles
with base space B and fiber F'. The morphisms are as above except, in addition, we require f = idg. Thus, all of the
action happens on the total space.

Warning. As stated in the Conventions & Tentative Plan section of the first lecture’s notes, when CAT is paracom-
pact Hausdorff spaces, we must allow the total space of the G-bundle to be non-paracompact. In other words, for CAT
paracompact Hausdorff spaces, Bung is G-bundles where G, F, B € CAT, but we place no such restriction on the total
spaces of the G-bundles. We could also assume all bundles in sight are numerable but we will only address this in Lecture
6.

Of course, there’s a little more to do here—clearly, we must verify that composites of bundle morphisms are themselves
bundle morphisms!

Claim 1. This definition does in fact form a category.

Proof. Say we consider &; {99, & LA, &3 where the bundle atlas for &; is «7; = {(¢;,, Uji)}ielj' We will begin the proof

we an investigatory first step.

Since (g, g) is a G-bundle morphism, 5, 0go ‘/71_1:1 has the form (b1, v) — (g(b1), 95,1, (b) -v) on Us, Ng~ (U, ). Similarly,
since (f, f) is a G-bundle morphism, @3, o f o (pgjl has the form (b2, v) = (f(b2),g3,2,(b2) - v) on Uz; N f~1(Us,) and so,
composing these,

eafer) e, er (b1,0) = (F(9(01)), G52, (9(01))F2,1,(0) - v)

on Uli mg—l(U2j N f_l(U3k)) = Uli mg_l(U2j) n (f o g)_l(U3k)'
This suggests we define
_ def ,_ _
93,1, = (gs,czj Og)gzjli
on Uy, N gfl(UQj) N (f o g)~1(Us,) —this is CAT because everything in sight is CAT. However, at this point, we need to
extend gg, 5, to a CAT map defined on all of Uy, N (f o g)"1(Us,). The idea will be to glue things together.



1.3 Morphisms of Bundles 9

For each z € (f o g)~1(Us,), pick Us, , be any trivializing open nbhd of &, such that x € gfl(Ugm)—a little thought
shows that we can always find such a set. For such an open set, the procedure above produces

def ,__

9310 = (F3,2,. ©9)92, .1,

J,@

on U, Ng ' (Us, )N (fog) ' (Us,). Suppose we also have y € (fog)~'(Us,) such that g~ (Us, ) Ng~'(Us,,) # @. Note
that the composites that furnish g3, , and g3, ,, , are in fact equal on their common domain. Indeed, g3, ;, ,, arises from

P3y, ]7%1 2,01, = ©3, [Ge1,
whereas g, ¢, ,, arises from
3. fe3) 2,501, = 3, [Te1,.-
Hence,
T30,y = 3,152 on the open set Ui, N g_l(Ugm) N g_l(Ugj,y) N(fo g)_l(Ug,k).
Finally, define
F3,1, (0) = F3,1, (D).
It follows from what we have just shown that this is well-defined. To see that it is smooth when CAT = DIFF, note that

smoothness is a local property and that upon restriction to the open nbhd U1, Mg~ (U, ,) N (fo9) " (Urs), 3,1, = T3,1,.
and g3, 1, p is smooth by assumption. H

The following exercise is dependent on the results of Exercise 4.
Exercise 7 ((x), xx). Let &,& € Bunf with fized bundle atlases o/ and o', respectively.

(i) Show that (]?, f): € = & is a morphism of G-bundles with respect to the atlases </ and " iff for any other choices
of G-bundle atlases B ~ o/ and B ~ o' in the same equivalence classes, (f, f): &= & is a morphism of G-bundles
with respect to the atlases 4 and %' .

(ii) Conclude that the definition of a morphism of G-bundles is independent of the equivalence class of G-bundle atlases
used.

Remark. As a consequence of Exercise 7, it is easy to see that the category Bung is categorically equivalent to its
quotient formed by identifying G-bundles over the same base space and having G-atlases in the same equivalence class.

Exercise 8 ((x), x). Show that the G,,; are unique if they exist. [Hint: Use that the action of G on F is effective.]

Remark. When G does not act faithfully, we must consider the g, as part of the data. Since we are assuming G acts
effectively (hence, faithfully), we are in a situation where we need only stipulate that the g, exist.

Exercise 9 ((x), ). Let ¢ = (E,p,B,G,F) and ¢ = (E',p/,B',G,F) be two objects in Bunk. Given a morphism
(f.): €€ in BunZ, show that for each b € B the restriction ﬂp’l(b) is an isomorphism from p~1(b) to (p')~1(f(b)).

Remark. In fact, something somewhat unexpected is true. Let £ = (E,p,B,G,F) and ¢ = (E',p',B’,G, F) be two
objects in BunZ. If (f, f): € — £ is a morphism of G-bundles, then the square

E—

|

BT>B’

is a pullback in your favorite choice of CAT. This is the source of the “naturality” criterion for characteristic classes. We
shall defer the proof of this for later.

Exercise 10. Given a morphism (f, fl:E—=¢& in Bung, show that the map f on the base space is completely determined
by the map [ on the total space.

It is possible to vastly generalize this, though we will not have any occasion to use this but we will use the idea when
we consider reductions of structure group. There is no standard definition for the following, so feel free to come up with
your favorite variation!
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Definition. Let Bun be the category whose objects are structured fiber bundles—that is, fiber bundles with a structure
group (recall that we assume all group actions on the fiber are effective). Given £,& € Bun, § = (E,p,B,G,F, o),
6/ = (E/7p/, Bl’ H’ F/7¢d/)7 a morphism g *> gl is a quadruple (907?7 f7 f): § 4) 5’7

v:G—-H f:F>F  f:E—-E  f:B—>B

which we require to satisfy the following properties.

(a) ¢ is a group-homomorphism.
(b) f(g-v) =(g)- f(v). _
c) For each U; € &7 and each U, € 7', U; N f~Y(U}), there exists a map hy;: U; N f~1(UL) — H such that
k k k

30;6 ofogai_lz U7ﬂf71(U;i) X F — f(Ulﬁfil(U;C)) x F'C Bx F'

has the form 7 7
(z,v) = (f(@), hii(z) - f(v)).

While intuitively straightforward, these definitions or unwieldy. The following theorem saves us by furnishing a more
reasonable criterion for providing isomorphisms in the category Bung(B).

Theorem 1.3.1. Fiz a choice for CAT to work in. Let § = (E,p, B,G, F, &) and ¢’ = (E',q, B,G, F, /") be two G-bundles
in Bung over B with commonly refined atlases o = {(Ui, i)} and &' = {(Ui,:)}. Denote the transition functions {gi;}

for & and {ggj} for .
(a) € and & are isomorphic as G-bundles over B iff there are functions g;: U; — G such that for all i, j,
9i; = 9; ' 9ij 95
the multiplication and inversion pointwise in G. In particular, the isomorphism in the (<) direction is given by
f: E— E' defined by letting f;: Ui x F — U; x F be f;(b,v) = (b,g; '(b)v) and f|p~*(U:) = ;" fii.
(b) The conclusion of (a) is independent of the choice of transition functions for & and £'.

(¢) In particular, the isomorphism of (a) is given by defining f;: U x F — U; x F as fi(b,v) = (b,g; *(b)v) and then
setting f to be ;' o fi 0 on p~ (U;).

Remarks.

(i) Note that the atlases are assumed to have the same trivializing open nbhds. This can always be arranged by taking
intersections of the trivializing open nbhds in each atlas as you are asked to show in one of the preceding exercises.
(ii) To say that E and E’ are isomorphic over B means that the isomorphism of G-bundles E — E’ has the form (f,idp).
(iii) It is worth reiterating that g; ! indicates pointwise inversion in G of g; and g, 1 gi;9; indicates pointwise multiplication
in G of the functions.

Proof. (<) Define f: E — E’ as follows. In the bundle coordinates of (U;, ¢;), we define f;: U; x F — U; x F by

fi(b,v) = (b,g; " (b)v)
and define
f:E—E by letting flp™ Y (U) = ¢ o fio .

Once we know this is a well-defined expression for f and morphism of G-bundles, we will have that f is an isomorphism
since it is locally an isomorphism.

To see this is well-defined, we must check that ;' o fi o ; and ¢! o f; 0 ¢; agree on p~!(U; N Uj). Hence, it suffices
to show

7 oyt = 1
or, written another way,
Vjifivi; = -
Taking (b,v) € U; NU; x F, the left-hand side sends
(b,v) = (b, g;(b)g; " (b)gis (b))

Since we know that 9}:‘ = (g9;)"'gjigi, we have the following string of equalities
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Vjifipij (byv) = (b, g5 (b)g; ' (b)gi (D)v) = (b, (g7) 7" (b)g;i (b)gi (b)g; " (b)gi; (D)v) = (b, g5 (b)g;i (b)gis (b)v)
= (b, gj_l(b)gji(b)gij(b)v) = (b, Qj_l(b)ﬂ) = [;(b,v).
Thus, f is well-defined and an isomorphism in the underlying category of spaces. It remains to show it is a morphism of

G-bundles.
To see that f is a morphism of bundles, we must check that ;o f o <pj_1 has the appropriate form, where this is defined

on U; NU; x F. Since U; NU; x F C U; x F and since f|p~'(U;) = d)j_l o fj o @;, we have that

Piofop;t =0l o fjop0t =tijo f on U;NU; x F.
By the same reasoning applied to f;, we may also write
piofop;t =viot o fiopiop;t = fiop.
For (b,v) € (U;NU;) x F,

Pih; (b, 0) = iy (b, gy (B) - v) = (b, gi; (b)g; (b))
fipip; 1 (b,0) = fi(b, gij(b)v) = (b, g; " (b)gi (b)v)

so the desired function can be taken to be either
- -1
9i5 = nggj
or
B |
9i5 = 9i 9ij-
Since G acts effectively on F', these two choices are equal.
(=) Next timel!

1.4 (x) Exercises: 1

Ezxercise ((x), x). Fiz a G-bundle £, show that the maps g;; are in fact unique. [Hint: Use that the left G action is
effective.

Ezxercise ((x), xx). Let £ be a fiber bundle.

(a) Show that any G-atlas for £ is contained in a unique mazimal G-atlas. [Hint: Look up the proof that any atlas for a
manifold is contained in a unique maximal atlas and try to repeat the argument.]

(b) Define a relation on the set of G-atlases for & by saying that two G-atlases &/ and B are equivalent and write of ~ B
if of and B are contained in the same mazimal atlas. Show that ~ is an equivalence relation on G-atlases for €.

(c) Suppose o7 and B are inequivalent G-atlases for the fiber bundle £. Show that there exists G-atlases o/’ and B’ with
o ~ ' and B ~ B' such that the trivializing open nbhds of &/’ and B’ are the same. In other words, there is an
index set I such that o' = {((pf,Ui)}iel and B = {(¢?, Ui)}iel' [Hint: Intersect the trivializing nbhds of & and

Ezercise ((x), x). Show that the g,,; are unique if they exist. [Hint: Use that the action of G on F is effective.]

Ezxercise ((x), x). Let £ = (E,p,B,G,F) and £ = (E',p',B',G,F) be two objects in Bung. Given a morphism
(f.): €= € in BunZ, show that for each b € B the restriction ﬂp‘l(b) is an isomorphism from p~1(b) to (p')~1(f(b)).






Chapter 2
Lecture 2

2.1 Examples

TO BE FILLED OUT

2.2 End of Proof of First Theorem

Recall the statement of the theorem.

Theorem. Fiz a choice for CAT to work in. Let £ = (E,p,B,G,F, /) and ¢’ = (E',q,B,G,F, ") be two G-bundles in
Bung over B with commonly refined atlases o = {(U, :)} and o/’ = {(Ui,b;)}. Denote the transition functions {gi;+

for & and {gz’-j} for .
(a) € and &' are isomorphic as G-bundles over B iff there are functions g;: U; — G such that for all i, j, for all (b,v) €
(U; nU;) x F, we have
955 (0)v = 971 (6)gi; (b)g; (D)v-
(b) The conclusion of (a) is independent of the choice of transition functions for & and &'.
(¢) In particular, the isomorphism of (a) is given by defining f;: Ui x F — U; x F as f;(b,v) = (b, gi_l(b)v) and then
setting f to be w;l o fiop; on p~H(U;).

Proof. (=) Suppose f: E — E’ is an isomorphism of G-bundles over B with the same typical fiber F. Recall that this
means the morphism on the base space is the identity. Then we know that ¢; o f o <p;1 has the form (b, v) = (b,9;;(b)v)

for some CAT map g,,: Ui; wf U;NU; — G. First, let us make a claim.

Claim 2. Let {gij} be the set of CAT maps witnessing that f is a G-bundle morphism per the definition. Then f~': E/ —

FE has the set of CAT maps {Ej} where Ej = gj‘il witnessing that ! it is a G-bundle morphism. Here, the inverse on
g;; indicates pointwise inversion in G.

To see this, observe that ¢; o f o gojfl has the form (z,v) = (z,9;;(x) - v) and so since f is an isomorphism, the inverse
@jo f~t oy ! has the form (z,v) (x,gi_jl(a:) -v) and so with hj; = @»—jl, this does it once we know gi_jl is CAT; in
the topological case, this is because inversion in G is continuous and in the smooth case this is because inversion in G is
smooth.

Taking our cue from the end of the (<) implication, we define

——1
9i = 9ij5 ggj-

Then the claim is that
9ij = 9 995
Equivalently,
9i; = (9§i)_1§jigij§i_jlg§j~
Multiplying on the right by (ggj)_l, it suffices to show that

(ggi)ﬂgjigij?i_jl =e.

13
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Towards this end, we inspect what mappings give this combination of transition functions and g;;’s. Consider
(ig) (i fo; ) (@ig) (i f 7 o D (i) = (hidy ) (W feor )iy ) (o f 1 ) (i ).
As a consequence of the claim, we see that this composite eliminates to
Py
and so sends (b,v) + (b, g;;(b)v). On the other hand, the original composite sends
(b, v) = (b, 915 (b)0) = (b, (75" 915) (B)0) = (b, (9655 915) (b)0)
(b, (yjigijg;jlg;j)(b)v) = (b, (ggjgjigijgfjlgz{j)(b)v)y

and so we conclude that
(b, gi; (b)v) = (b, ((92'1)_1@2‘9@?;]‘19;3')(b)v)~

Since the action of G on F' is effective, we conclude that
1= =1 -1
géj = (921) 95i9i59:; ggj =9; 9ij95,

as desired. W

2.3 (x) Exercises: 2

Exercise 11 ((x), x). Show that the conclusion of Theorem 1 is independent of the equivalence class of the bundle atlas
on & and &'.

Exercise 12 ((x), xx). Prove the following generalization of Theorem 1.

Let ¢ = (E,p,B,G,F,o/) and £’ = (E',q,B',G,F,d") be two G-bundles in Bunf. Denote the transition functions
{98p'} for & and {gaa' } for & respectively.

(a) Given a bundle morphism (f, fH:E=¢

E—1 ., p

|

BT>B’

the following relation holds for all suitable a, @', 3,3',b and v for which the expression makes sense:
Garp (D)0 = gara(f(0))Fas(b)gps (b)v. (%)

(b) Given a map f: B — B’, a morphism of bundles (f, f): & — & eaists iff there exist CAT morphisms .5 satisfying

(%).



Chapter 3
Lecture 3

3.1 Pullback Theorem

At this point we collect a small lemma by technically useful lemma.

Lemma 3.1.1. Suppose 7: E — B is a fiber bundle with typical fiber F'. Then w is an open map.

Proof. Let {U;},.; be an open cover of B by trivializing nbhds and let U C E be an open set. The projection map 7 is
an open map since it is locally an open map, we claim. Indeed, the local trivializations give commutative diagrams

I (U) —=> U; x F
WJ/ lpﬁ
U, ——— U

and the projections maps off of any product are open maps essentially by definition of the product topology. Hence,
7| 771(U;) is an open map. In general, for U as above, we may write U = J(UN7~1(U;)) and then, since image commutes
with union, 7(U) = Jm(UN7~1(U;)) and 7| 7~1(U;) is an open map by the reasoning just given so that since U N7~ (U;)
is open in E and therefore an open subset of 7=1(U;), 7(U N7~1(U;)) is open. Hence, 7(U) is open, being a union of open
sets. W

Before we present the main theorem of this section, we collect a corollary to the preceding theorem and an exercise.

Corollary 3.1.2. Let £,& € Bun&(B) be two G-bundles over B. Suppose & and & admit G-atlases o = {(y;, Ui)}ier and
A" = {(;,Us)};c; over the same collection of trivializing open sets and suppose that the transition functions associated
to these two atlases are the same (i.e., g;; = gl{j). Then £ = ¢ over B.

Proof. Take g; = e in Theorem 1. H
We will need another fact, we leave as an exercise.

Exercise 13 ((x), *). Every morphism of Bun&(B) is an isomorphism. In other words, a morphism of G-bundles with
typical fiber F' over B is necessarily and isomorphism. Hence, the category Bung(B) is a groupotd.

For the next theorem, we will leave certain details as exercises. As stated in our conventions, we will not assume that
the total spaces are paracompact in these cases.

Theorem 3.1.3 (Pullback Theorem). Fiz a choice of CAT. Let & = (P',p/,B',G,F, ') € Bunk and let f: B — B'.
Denote o' = {(vi,Ui) };c; the G-atlas with transition functions g;;: Ui NU; — G.

(a) The pullback

iel

BTB’

exists and f*¢ = (f*P',B,G,F) can be given the structure of a G-bundle with
trivializing open sets {fﬁl(U,;)}ieI and transition functions g;; def g;j of.

Furthermore, with respect to this structure, the diagram above is a morphism f*¢ — &' in Bung.

15
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(b) A morphism ((p,ﬁf): € — ¢ in Bunb, where € = (P,p,B,G,F) and ¢’ = (P',p/, B',G, F) is a pullback in the sense
that Bung morphism

p—1{,p

| ¥

BT)B/

is a pullback in CAT. Moreover, there is an isomorphism of G-bundles f*¢ = ¢.
(c) The analogous statements are true when P and P’ are rank n vector bundles.

Before giving the proof, we give two remarks.

Remark. While we have already seen that for G = GL,,(R) and F' = R", the category Bu ng is equivalent to the category
of rank n vector bundles. However, it is worth pointing out how this argument goes through for vector bundles as they
are usually presented. We will only need to make a single comment about this and we therefore prove (c¢) along with (a))
and (b).

Remark. Part (a) of this theorem says that the pullback in CAT exists in CAT and that, moreover, there is a natural
way to give the pullback the structure of G-bundle such that the resulting pullback diagram constitutes a morphism in
Bung. Part (b) is the converse—it says that to even give a morphism of G-bundles (f, f): £ = &', we must have had that
£ f*¢ to begin with. Looking ahead, what Milnor and Stasheff call the naturality condition of characteristic classes is
really functorality as a consequence of this theorem.

Proof. (a) Let f: B— B’ and ¢’ = (P',p/,B',G,F) € Bung. The pullback in the underlying category of spaces is
P ={(be) e Bx P': f(b) =p'(e)}

topologized as a subspace of B x P’. Let m = pry: f*P’ — B be the evident projection. Then, at least on the level of the
full category of topological spaces (and on the level of sets), we have the following pullback square

f*Pl PTa Pl

N

BTB’

In the vector bundle case, the vector space structure is defined by

def
Tl(b, 61) —+ Tg(b, 62) = (b, r1€1 =+ 7"262).

To show that this is a CAT pullback, there is more to do.

When CAT is paracompact Hausdorfl spaces, there are no constraints placed on the total space f*P’, be we note that
it is Hausdorff as it is a subspace of a Hausdorff space. We now show it is a G-bundle over B. Recall that we have denoted
the G-bundle atlas as

"= {(;, U;)} with associated transition functions  g;: U; N U; — G.

We let

Vi=f"YU;) anddefine ;i 7 N(V;) = Vi x F
by defining its inverse ¢; ': V; x F' — f*P’, which is psychologically easier; namely, using the model above for f*P’, we
let

;' (b,x) = (0,97 (f(b),2)).

This has set-theoretic inverse (recalling that (b,e) € f*P is a valid point)

[¢i(b) = (b,prs ¥i(0)). |

Indeed, by definition of f*P’, ¥(e) = (f(b),pry1;(e)). To justify this notation, we must show that ¢; and ¢; ' are really
inverse to each other, that they are homeomorphisms, and that they fit into the relevant trivialization diagram. We leave
this as the following exercise.

Exercise 14 ((**), xx). Show that p; and ;" as defined really constitute set-theoretic inverses and that the following
diagram commutes on the level of sets
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7Y V;) —— V; x F

a lprl

V, —V;
Then show that ¢; and <pi_1 are continuous and conclude that they are homeomorphisms. [Hint: Recall that f*P’ is a
subspace and B x P’. Consider that the open subspace V; x (p')~1(U;) = f~Y(U;) x (p')~1(U;) is homeomorphic to
fﬁl(Ui) X U1 x F. ]
As a consequence of this exercise, f*P’ 5> B is at least a fiber bundle over B with typical fiber F.
Observe that on overlaps,

pij(b,x) = (b, pry (w5 ' (f(b).2))) = (b, gi;(f (b)) - )

which is certainly CAT in either order of composition. Setting

def
Gij = Yij5 o f.

Then g;; is certainly CAT as a composite of CAT maps and in particular we have that
@ij(b,z) = (b, g5 (b) - )

which is the right form. This shows that f*P’ — B is indeed an object in Bung7 at least when CAT is the category of
paracompact Hausdorff spaces.

At this point, there are three things left to do. The first is to show that f*P’ is a topological manifold and then equip it
with a smooth structure and show that the bundle projection is smooth with respect to this. The second part is to prove
the categorical part of (a). The third and last part is to show that we get a morphism of G-bundles f*¢' — &'

In the smooth case, as a consequence of what has been done up to this point, we already know that f*P’ is Hausdorff
and locally Euclidean (our assumptions imply U; X F' is locally Euclidean in this case). We must show that it is also second-
countable to show that f*P’ is at least a topological manifold. For this, simply note that since B’ is second-countable,
we may suppose the open cover of B’ by bundle atlases was countable since second-countability allows us to pass to a
countable subcover. Hence, f* P’ is a countable union of second-countable subspaces and is therefore second-countable.

That f*P’ is locally Euclidean and admits a smooth structure is left as an exercise. In fact, it is enough to show that
the natural candidate charts that show f*P’ is locally Euclidean are actually smoothly compatible.

Exercise 15 ((x), xx). Show that f*P" admits the structure of smooth manifold with an atlas of charts given by (x X y)op;
where x X y is a chart of U; X F and thus of B x F. Conclude that the p; are themselves diffeomorphisms with respect to
this smooth structure. [Hint: Regardless of whether or not ¢; and <pj_1 are smooth in any differentiable structure on f*P’,
the preceding computation shows that ¢;; is smooth.]

With this smooth structure, the projection map is smooth, we claim. Indeed, for a chart x of U; and thus of B and chart
y of F, it is enough to check that z o 7o ¢; ' oz™! x y~! is smooth. Of course, since the ¢; are bundle trivializations,
mTo gpi_l is the projection onto the first coordinate. We therefore have

zomog; Lox !t xy Tt =pry: x(U) x y(V) — z(U),

which is certainly smooth.

Let us turn to the categorical part of (a). Observe that the pullback in spaces is also the pullback of underlying sets.
Hence, given CAT maps v: X — P’ and u: X — B, there is a unique function of sets (u,v): X — f*P making the obvious
diagram commutes. In the non-smooth case, we already know that (u,v) is continuous because f*P’ is the pullback in the
category of topological spaces. We must consider the smooth case.

Give f*P’ the smooth structure above. The above considerations mean it suffices to show that (u,v) is smooth.
Since smoothness is a local property, we may as well suppose X = R™. Since (u,v)(p) = (u(v),v(p)), @i o (u,v)(p) =
(u(p), pra ¥i(v(p))) and this is CAT as a composite of CAT functions on each component and, hence, by Exercise 15 we
conclude that (u,v) is smooth. Thus, f*P’ is a pullback in CAT for either choice of CAT.

Remark. Needless to say, everything here goes through with rank n vector bundles as well.
Thus, for either choice of CAT, we have a square
f* Pl Pra Pl
TK'J/ lp'
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and this diagram constitutes a morphism of Bung since if we set g;; = gz{j o f, then

i 0 pryop; (b, x) = pipa(b, v (f(b), ) = ity (£ (b), ) = (£(b), g5;(F (b)) - ) = (b, gi; (b) - )
which has the the right form to be a morphism of G-bundles and is certainly CAT because everything in sight is CAT.

Remark. Notice that this pullback exists even when we are considering manifolds with corners. We do not get so lucky
in general when considering pullbacks between manifolds with corners.

(b) Define P — f*P’ by x + (p(z), f(z)) and observe that this is well-defined and is a morphism over B by universal
properties (namely, the pullback exists in CAT so this morphism is CAT).

| f |

P ,,(?li),> f*P' Pra P
A A
B=——B —— B

!

Since this is a morphism of the total spaces of G-bundles with fiber F' over a fixed base space, it suffices by Exercise 13
to show that the map on total spaces is indeed a morphism of G-bundles, in which case the stated exercise implies that
it must be an isomorphism of G-bundles. Thus, all we have to do is verify the bundle atlas compatibility of this map.
We have a CAT morphism from universal properties (p, f): P — f*P’ as remarked above. Now, for trivializations 7; of
& and p; of f*¢, N B N
$i © (p> f) ° njl(bv U) = ¢i(, fnjl(ba v)) = (b, pry ¢if77;1(b7 v)).

But since (f, f) is a morphism of G-bundles £ — &', we know that pr, 1/)1-]?17;1(@ r) =g,;;(b) - x and so

¥i © (pa f) o 77;1(577}) = (b7§23(b) : ’U)
which is the correct form and so (p, f) is a morphism of G-bundles over B and is therefore an isomorphism.
(¢) Mutatis-mutandis. H

Remark. It follows that if P — X x G is a morphism of principal G-bundles, then P must be trivial. Indeed, one can
check by universal properties that the pullback must be B x G.

3.2 Fiber Bundle Construction Theorem

Theorem 3.2.1 (Fiber Bundle Construction Theorem). Fiz B a base space, G a group and a G-space F, the desired
fiber space. For any given open cover {U;},.; and CAT maps g;;: U NU; — G satisfying the cocycle conditions

(1) gij = girgrj on U NUx N Uj;

(2) gii = e

3) gij = g;;, where the inverse means the inverse group element.
J Jt

there ezists a G-bundle £ = (E,p, B, F,G) trivializable over the U; and with transition functions g;; and, furthermore, £
is unique up to isomorphism over B.

More specifically, we will construct (E, p, B, F, G, &) with a naturally occurring G-bundle atlas where o/ = {(v;,U;)}
where

iel
E:HUz XF/{(jvb’f) N(i’x7gij(b)'f) :erimUj’ fEF}
il
with the quotient topology and where
Pi: pil(Ui) = Ui x F [(7" b?”)] — (b,’U).
The bundle map p: E — B 1is the evident projection.

Proof. Tt is easy to see that E as defined above will be Hausdorff. In the smooth case, we leave it as an exercise to the
reader to show that E will be second-countable—the idea is the same as the one used in the preceding theorem.
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The proffered bundle map p: £ — B is induced by the projections onto the first coordinates of each summand of the
disjoint union ), pry: [[,c; Us x ' — B. This map is constant on the fibers of the quotient map

¢: [[UixF—E
iel
and so descends to the map p: : E' — B as claimed by the universal property of the quotient. In particular, pog = >, ; pr;.
We now turn to the bundle structure.

Exercise 16. Show that the p; are well-defined as functions of sets.
We should like to show that, additionally, the ¢; are homeomorphisms, since the inverse (b, v) — [(i,b,v)] is clear.

Claim 3. The restriction of the quotient map to g to ¢~ (p~*(U;)) = ;e UinU; x F induces a quotient map q: [];.; UiN
Uj x F %pil(Ul)

Of course, ¢~ (p~1(U;)) = (poq)~*(U;) and we have seen that pogq is simply the projections off of each piece of the disjoint
union, so ¢~ (p~1(U;)) = ;e Ui NU; x F follows immediately. It is immediate that ¢: [[;c,;U; N U; x F' — p 1 (U;) is
surjective and continuous so let us show that it is a quotient map by showing that for any set V' C p=1(U;) with ¢~ 1 (V)
open is itself open. If V' C p~!(U;) has preimage open in the open subspace [[je, UinUjx F C ngl U; x F, then it must
be open in ngl U; x F. But also the preimage of V' in H 1 UiNU; x F is the same as its preimage in Hjel U; x F.
Since ¢: ngl U; x F' = E is a quotient map, this means that V is open in E and hence since p~1(U;) C E is open, it is
open in p~}(U;).

With this claim in hand, observe that the diagonal

e, UinU; x F

l T~

i—>U><F

is precisely the inclusion of each factor into U; x F' and is therefore continuous and, hence, by the universal property of
the quotient map, ¢; must be continuous.
Conversely, ¢, ! arises as the dashed arrow in

UinUsx F —5 [, UinU; x F

“f I

and is therefore continuous. In addition,

Finally, ¢;; = ¢; 0 <pj_1 has the form

(b7 U) = [(.7’ b, U)] = [(27 b, Yij (b) U)} — (b7 gij(b) . ’U)

and so the transition functions for the trivializations are as claimed.
This shows that £ — B is a G-bundle with fiber F trivializable over {U;} with trivializations ¢; and associated
transition functions g;;. It only remains to show that E can be given a smooth structure for which the ¢; are smooth.
We know that the ¢; are well-defined and homeomorphisms. The smooth structure on E will be determined by the
collection of charts (x X y) o ¢; where z x y is a chart of U; x F. Since ¢;; has the form (b,v) — (b, g;;(b) - v), it is
smooth by our assumptions, so smooth compatibility of these charts is completely manifest as each component of this
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map is smooth. Moreover, with this smooth structure, the projection map p is smooth. Indeed, it is enough to check that
x0p0<p;1 o(x xy)~! is smooth. Writing this suggestively as x o (pocpfl) oz~ ! xy~!, we observe that po go;l U, xF = U;
is the projection since ¢; is a bundle trivialization nd so

xo (pogo;l) ox txyl= pry: z(U) x y(V) = z(U),

which is certainly smooth.
The uniqueness statement is an immediate consequence of Corollary 1 given at the beginning of this lecture. H

3.3 The Associated Principal Bundle Functor

We give a preliminary definition of a principal G-bundle.

Definition (Preliminary). A principal G-bundle is an object of Bung where G ~ G by left translation (g-¢' = g¢g’).

Remark. Normally one sees a principal G-bundle defined as a G-bundle (P, p, B,G, F, <7) along with a right G-action
on the total space P such that the following diagram commutes for all g € G

p-—%p
’”l lp
B——B

and such that, with respect to this right G-action, all trivializations (p;,U;) € & are G-equivariant, by which we mean
the following diagram commutes

p L (U) —5 pmH(h)

2l |#

UZXG;Q>UZXG

Here, U; X G v~ G by right translation (i.e., (b,¢") - g = (b,¢'g)).
It will turn out that there is an essentially unique way to give £ € Bung these extra properties and we defer this analysis
for a later lecture.

Definition. Let £ = (E,p, B, F,G, /) be a CAT G-bundle. Write o/ = {(U;, ¢;)} and denote the transition functions for
gbygijl UiﬂUj - G.

Then the associated principal G-bundle over B is the CAT fiber bundle P(£) provided by the fiber bundle construc-
tion theorem for the data of

the same base space B;

typical fiber G where G acts on itself by translations (the obvious G-action);
the open cover provided by the G-atlas «;

¢i; the associated transition functions for the G-bundle atlas.

This bundle is indeed a principal G-bundle since it has typical fiber G with action by translation and a G-atlas. Functoriality
of this construction is a more delicate question. In fact, it is the only place where a more general theory breaks down if
G ~ F is not effective.

Reminder. It is useful to recall that P(§) = [[,.; Us x G/{(j,z,9) ~ (i,2,9:5(x) - g) : 2 € U NU;, g € G}.

It is worth reiterating that the following theorem is the first place the assumption that G acts faithfully on F' is
completely necessary.

Theorem 3.3.1. The associated principal G-bundle construction extends to a functor P: Bung — Bung. In particular,
given (f, f): € = & in Bunk, the morphism P(f, f) has the same associated Gij's-

Remark. The details of this theorem are themselves not so important—it is mostly a tedious verification. What is
important to know is that for a morphism in BunZ, (f, f): € = &, for any indices i and k such that U; N ) # 0,
P(f, f) sends [(4,b,9)] — [(k, f(b),7);(b) - g)] where the g, come from the bundle morphism (f, f).

Proof. Using the explicit construction given in Theorem 3, P is defined on objects. It only remains to show that we may
define it on morphisms functorially. This means that P(id) =id and P(f o g, f o g) = P(f, f) o P(g, 9).

Suppose we are given a morphism (f, f): & = & of G-bundles.
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Denote

o = {(%7U1:)}i61 and o = {(7//]" Vj)}jej
the G-atlases for § and &', respectively. Then this means there are CAT morphisms g;;: U; N f _1(Vj’ ) — @G such that
Vi fo; t(b,v) = (f(b),3;;(b) - v) for all trivializations for which this expression makes sense.
Notation. To avoid clutter, we will use the same roman letters for the transition functions of & and &/’ and the maps
Gji- We will differentiate between the transition functions of &/ and &/’ by putting a prime on those of </’—in other
words, we will write them as g;; and ggj with the understanding that in the first case, 7,j € I whereas in the second case

i,j € J. For g;;, we must understand that the first index (in this case, j) is an element of J and the second (in this case
1) is an element of I.

By definition,
P(é.) = HUZ X G/{(.]7b7g) ~ (Zabvgl](b) g) : Z:j S Iv be Uz mUjv gc G}7
iel
and
P(&) =T Vix GHG.Y,g) ~ (i, ,gi;(t)-g) i, j € J, ¥ €VinV;, g€ Gl
icJ

There is an evident candidate for a map P(f, f): P(¢) — P(¢')—namely, whenever U; N =4V, # 0,
[(2, b, 9)] = (4, £(0), G54(b) - 9)).

To see that this is well-defined, we must show it is independent of the equivalence classes chosen. Towards this end, we
prove the following claim.

Claim 4. For each b € (U; NU;) N f~1(Vy),
Tri(0)gij (b) = Gy, ().
Similarly, for each b € (U; N f=1(V;)) N f=1(Vy),
g;ci(f(b))gij(b) = Gy, (b).

In particular, on the relevant domains,

Iki9ij = Gij and (9ri © £)Fij = Gnj-

In other words, we can “cancel” adjacent indices that are the same. Note that this makes sense because the adjacent
indices appearing above depend on the same G-atlas—either both depend on 7 or both depend on &7’.

For the bundles £ and &', we know that 1/kaap;1(b,v) = (b, g;(b) - v) and so

(b, Tk (b) - v) = Ui (b,v) = (WU for )(wie; )b, v) = (b,Gpi(0)gii (b) - v).

Since the action of G on F is effective, G — Autcar(F) is injective and so it must be that gy ;(b) = g, (b)gi;(b). Similarly,
for the bundles ¢ and &', we know that wkfgo;l(b, v) = (b,7y;(b) - v) and so

(b, Tk (0) - v) = i fo; (b, 0) = (w; (Wi Sy ) (b, 0) = (b, gy ((9)Fi (B) - 0).

Since the action of G on F is effective, G — Autcar(F) is injective and so it must be that g;,;(f())g;;(b) = gj;(b). In
each of the two cases just considered, b € B was any element for which the expression makes sense, and hence

Iri¥ij = Jij and (gri © £3i; =

where these expressions are defined. This proves the claim.
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With the notation as in the claim, this shows that the assignment is well-defined since we may conclude that the
following diagram commutes up to the quotient relations.
(7,0, 9) ————— (k. f(), G (b) - 9)
| 2
(%) _
Z‘ i

(4,0,9i5(0) - 9) =5 (K, £(8), 93 (f (0))5:5() - 9)

(s

()

(K, £ (), gy (b) - 9)

(K, f(b),G;(D) - 9)

Each equality labeled () follows from the claim. For (+*), we note that (j,b,g) = (k', f(b), g}, ;(b) - g) and apply the claim
to conclude that

(K, £(5), Grr;(0) - 9) = (K, (D), ghorre (£ (0) 75 (D) - 9)-
The case of (x * x) follows by observing that (i, b, g;;(b) - g) — (k', b, G;+;(b)gi; () - g) and by the claim,

(K, 0,G4::(b)gi; () - g) = (Kb, G () - ).

The way to read the above diagram is as follows. If we choose a different equivalence for (k, f(b),g;(b) - g), then
the square with bottom leg (%) shows that the map is still well-defined since for the pair of indices j,k, (j,b,9) —
(K, £(b), grri(f(D))gy;(b) - g) and the target is identified with (&, f(b),gx;(b) - g). On the other hand, if we alter the
equivalence class of (j,b,g), then the same reasoning applied to the bottom left square shows this association is well-
defined since (', f(b), gr1(f(0))Gy; (D) - g) is identified with (k, f(b), gy, (b) - 9)-

This defines our map P(f, f). To see that this map covers f: B — B’ in the sense that the following diagram commutes

Pie) "4 p(e)

-

<

—

we chase elements. Taking [(¢, 0, g)] € P(£),

and so we have an honest morphism of fiber bundles _

To check that this is a CAT morphism and a morphism of G-bundles, it suffices to check that ¢ P(f, f)e¢; lis CAT and
has the appropriate form. Taking (b,g) € U; x G and recalling how the trivializations behave the specific construction
given in the fiber bundle construction theorem, we see that this map sends

(b.9) T 106,59 " (k. £), 0 0) - 9] B3 (8). FsD) - ).

This has the appropriate form to be a morphism of G-bundles and so P(]}v7 f) is a morphism of G-bundles. To see that
this is sufficient to verify that the morphism is smooth when CAT = DIFF, recall that the trivializations ¢; and vy,
are diffeomorphisms—hence, it suffices to check smoothness using these trivializations. From above computation, we see
that this is certainly smooth since the association (b,g) — (f(b), Gri(b) - g) has smooth component functions from our
assumptions.

The only thing left to check is that the association is functorial. For the identity map id: £ — &, P(id) sends the
equivalence class [(4,b, g)] to the equivalence class [(Z,b, g)], so P(id) = id.

The case of composites is more subtle and we must open the blackbox of Claim 1 to make progress. For composites

£ (9.9) & (5.5

. The form of the composite map

€3

where ¢; has bundle atlas <7; = {(¢;,, Uﬁ)}z‘elj

903;6,?5027]-1‘;02]"91011’ : Uli N g_l(UQj) N (f © g)_l(USk)
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is

From the analysis of Claim 1, we know that while (g3, 5, © f)gy,1, is only defined on Uy, N g Uz,) N (fog) ' (Us,) it is
admits a CAT extension to Uy, N (go f)~!(Us,) and, hence, there is a CAT map g, ,: Uy, N(go f)~'(Us,) — G for which

4103ka 5‘)01@: (Ulz n (f Og)il(U?)k)) X F— U3k X P

has the appropriate form
(b7 g) = (ba 53;6173 (b) ' g)

Thus, from how we defined P on morphisms, we conclude that P(f o g, f o g) sends
(15,0, 9)] = [(3k, f(9(D)), 3,1, (b) - 9)].
On the other hand, fixing an appropriate index 2;, P(]?7 f)oP(g,g) is defined by

[(16,0,9)] = (25, 9(b), G2,1,(0) - 9)] = Bk, F(9(b)), Ga2, (9(D))G2;1,(b) - 9)].

Cracking open the blackbox of Claim 1 yet again, we observe that gs ;, was defined in such a way that it agrees with
(3,2, © 9)F2,1, on Ur, N g~ (Usz,) N (f 0 g)~!(Us,) and so these two composites are locally equal and therefore equal.
We conclude that _ _
P(fog,fog)=P(f f)oP(g,9)

completing the proof. W

Remark. One way to make most things go through when G ~ F is not effective is to replace all equalities between
transition functions g;; and the functions g;; that appear in the definition of a morphism of G-bundles and replace them
by equality in Aut(F"). For instance, instead of requiring that g;;g;x = gix in the cocycle conditions, we could only require
that ¢;;()g;x(b) - g = gix(b) - g for all b € B and g € G for which this expression makes sense.

Working with these definitions, what fails above when G ~ F' is not effective is that Claim 4 would only be true
in terms of the action of F'—that is, g,;(b)gi;(b) - v = gy;(b) - v. When the action of G on F' is not effective, we cannot
conclude from this that g, (b)g:;(b) - g = gj;(b) - g and so the whole proof breaks down there.

3.4 (x) Exercises: 3

Ezercise ((x), ). Every morphism of Bun&(B) is an isomorphism. In other words, a morphism of G-bundles with
typical fiber F' over B is necessarily and isomorphism.

Ezxercise ((xx), *x). Show that ¢; and <pi_1 as defined really constitute set-theoretic inverses and that the following
diagram commutes on the level of sets

7Y (V) —= V;x F

| lpn

Vie—=1V

Then show that ¢; and gai_l are continuous and conclude that they are homeomorphisms. [Hint: Recall that f*P’ is a
subspace and B x P’. Consider that the open subspace V; x (p')"1(U;) = f~Y(U;) x (p')~1(U;) is homeomorphic to
f_l(Ui) x U; x F. ]

Ezxercise ((x), *x). Show that f*P’ admits the structure of smooth manifold with an atlas of charts given by (z X y) o ¢;
where x X y is a chart of U; X F' and thus of B x F'. Conclude that the p; are themselves diffeomorphisms with respect to
this smooth structure. [Hint: Regardless of whether or not ¢; and <pj_1 are smooth in any differentiable structure on f*P’,
the preceding computation shows that ¢;; is smooth.]






Chapter 4
Lecture 4

4.1 The Category Pring of Principal G-Bundles

We need a more workable definition of principal G-bundles. We construct such a definition in this section.

Lemma 4.1.1. Fiz a choice of CAT. Let £ = (E,p,B,G,F, &) € Bung. Let H < G be a subgroup for which there is a
right action F v~ H compatible with the G action making F into a (G, H)-space.

(a) There is a unique way to define a right action E «~ H such that

(i) The right action of H on E is a fiberwise isomorphism and thus covers the projection to the base space;
(ii) For every trivialization (p,U) € o, ¢: p~1(U) — U x G is right H-equivariant where the right action of H on
U x G is defined by (b,g) - h = (b, gh).

This action is, moreover, independent of the equivalence class of the atlas for .
(b) F always admits a compatible action of H when H is contained in the center of G.

Warning. It one tries to use the say left action of G on F, then equivariance will fail in general because we will want
pij(z, gv) = gij(z,v) and gy;;(z,v) = g(x, gij(2)v) = (z, 99:;(x)v) whereas p;;(z, gv) = (2, gij(x)gv) so in general these
will not be equal unless G is abelian.

Proof. (a) It suffices to consider the case that G = H, since the proof for a more general subgroup of G will simply follow
by changing letters where appropriate to indicate which elements belong to G and which elements belong to H.
For each trivialization (p,U) € o, we assert that the following

def _
zg=2-,9= ¢ '(p(x)-g)

defines a right action of G on p~!(U). To see that (x - g) - h = z - gh, we push symbols around and find

(z-g9)-h=¢ " (ele  (e(x)-9))-h) = ((e(x)-g)-h) = (p(x) - gh)

as desired. Furthermore, = - e = p~1(¢(z) - €) = z, clearly. So this is indeed a group action and it is a CAT action since
everything in sight is assumed to be CAT. Doing this for every trivialization in ./, we claim that the resulting action
is well-defined, CAT and is such that every trivialization in & is right G-equivariant with respect to this action. If it is
well-defined, it will certainly be CAT since continuity and smoothness are local conditions and the definition just given is
smooth over each trivializing nbhd.

Thus, it suffices to show that this action makes all trivializations G-equivariant and that for any trivializations (p,U)
and (¢, V) and for each z € p~ 1 (U NV),

Tpg =Ty 4.

That is, we would like o= (p(x) - g) = =1 ((z) - g). We consider the latter first.

Since 1) is an isomorphism, we could just as well ask that ¢(z) - g = (Yo 1) (p(x) - g). In the coordinates of the
trivialization, write

Then this looks like a map sending

(zf)-9=(2f-9)~ (z,9vu(2)f-9) = (z.9vu(2)f) - g

where gyy: UNV — G. Of course, when g = e, we know by cancelling the ¢’s that

25
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(2. gviu(2)f) = (W™ ) (p(2)) = (¢ p(2)) = V().

This shows that we recover ¥(z) - g = (2, g9v.u(2)h) - g as this is equal to (o~ ')(¢(z) - g) as desired. We used the fact
that the actions were compatible to write gv,u(2)(fg) = (gv.v(2)f)g.
Having shown that x -, g = x -y g, equivariance of all trivializations is now immediate. Indeed, we have

o(x-g) =o(x-pg) = oy g) =ple " (o(x)-9) = ¢(z)-g.

As for uniqueness, given any other such action with ¢(z - g) = ¢(z) - g, it follows that 2 - g = ¢~ 1(p(x) - g) and that
is uniqueness. Now, suppose &/’ ~ &7 is an equivalent atlas. Then &/” = &/ U &/’ is also an equivalent atlas by Exercise
4(c). Hence, the above construction shows that the action produced by 27" is independent of the charts used and, hence,
we can use either the charts of & or the charts of &7’ to produce this action.

(b) This is a modification of the proof above, since nothing goes wrong if the elements of H commute with everything

in G and we may simply define the right action in this case to be v - h et

abelian groups). W

h=1. F (left and right actions are the same for

Remark. For example, if F = R", G = GLy(R) and H = {rl},cg\ (y the subgroup of matrices that are a non-zero

multiple of the identity matrix, then we recover the structure of a vector bundle on Bung]:ln(R).

Example 3. For a principal CAT G-bundle £ € Bung, there is an evident right G-action on each trivialization U x G by
translation (i.e. (x,9) - ¢’ = (x,gg’)). Hence, for a principal G-bundle &, there is unique way to give £ a fiber preserving
right G-action on the total space for which all trivializations are right G-equivariant by the preceding lemma.

Exercise 17.

(a) Show that for CAT = TOP, if P 2y B is a principal G-bundle then there is an isomorphism of principal G-bundles

P——P
L
P/G —— B

It turns out this is true in DIFF too, as we will see in_the next subsection. _
(b) Show that a CAT morphism of principal G-bundles (f, f): & — & is the same as providing a pair of maps f: P — P’
and f: B — B’ for which TFDC

p—t,p

|

B — B’
and such that f is right G-equivariant. Conversely, show that such a pair of maps determine a morphism of bundles
m Bung. [Hint: Reduce to the case of trivial principal G-bundles.]

We are now ready to provide our improved definition of the category of principal G-bundles.

Definition. Fix a choice of CAT. Let Pring be the category whose objects are those Bu ng equipped with a fiberwise right
G-action on the total space such that all trivializations of the bundle are G-equivariant where U x G is given the right
G-action defined by (x,¢) - ¢’ = (2, gg’). The morphisms of Pring are pairs of maps f: P — P’ and f: B — B’ for which
TFDC

and such that fis right G-equivariant.

Remark. It turns out that for P — B a principal G-bundle, the action P v~ G is necessarily free and faithful. Faithfulness
follows from freeness since G # () as it must have an identity element. For freeness, equivariance of the trivializations
implies that it suffices to show that the action X x G v~ G is free. This follows since (z,9o) - g = (y,91) - g if and only if
r =1y and gyo = g1, visibly.

Exercise 18. Show that there is an equivalence of categories Bung ~ Pring.
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4.2 The Associated Bundle Construction

4.2.1 Digression on Quotients in DIFF

During the question period of Lecture 3, Min asked a very good question about the associated bundle construc-
tion—mnamely, what is the natural smooth structure to equip the space P xg F with?

In this subsection, we will address Min’s question by giving an exercise that provides a partial answer to the following
related question.

Question 1. When is a smooth map M — N between manifolds with corners a question map in DIFF?

Remark. When DIFF only includes manifolds without boundary, this question has a good partial answer—all surjective
submersions between two manifolds without boundary are quotient maps in the category of smooth manifolds without
boundary.

By a quotient map in DIFF, we mean a map ¢q: M — N having the following universal property. If f: M — P is
smooth and constant on the fibers of ¢!, there is a unique smooth map g: N — P making TFDC

M
ql \‘
A

Definition. Fix a choice of CAT to work in. Let w: M — N be a CAT map. We will say that f satisfies the
CAT local section condition if for every p € M, there is a nbhd V of 7(p) and a CAT section

M . D
[
N+«=—V w(p)

such that o(m(p)) = p. We call o a CAT local section of .

We now establish some preliminaries.

Lemma 4.2.1. Every fiber bundle satisfies the local section condition. In the smooth category, the sections may be take to
be smooth.

Proof. In a trivializing nbhd U, for each v € F', there is a section U — U x F' given by p — (p, v) which shows this. In the
smooth category where manifolds have corners, we must take U so small that it is a coordinate nbhd, in which case we
may suppose U C R}* WLOG. Then the very same section U — U x F sending p — (p, v) is the restriction of the smooth
map R™ — R"™ X F having the very same form and so is smooth. W

Lemma 4.2.2. Ifr: E — B is a CAT fiber bundle with typical fiber F', then w is a topological quotient map—in particular,
it is an open map. If E — B is simply a CAT map satisfying that each point p € B has an open nbhd U and at least one
section, then it is surjective and a topological quotient map.

Remark. The immediate corollary of this proposition is that maps satisfying the stronger local section condition are
topological quotient maps.

Proof. Pick a base & for the topology of B consisting of trivializing open sets. This can be done by picking any base %’
for B and a covering % of B by trivializing open nbhds and then letting 8 = {UNB': U € %, B’ € #'}. Then one
easily checks that & = {wil(U) :U € %} is a base for the topology of E by thinking of it as {U x F': U € #}. Hence, if
V is any open set in F, then it is the union of sets in & and for each set #=*(U) € &, (7~ *(U)) = U is open, so if we
express V' = (J;c; Us, then 7(V') = | J;c; m(U;) since image commutes with unions. This shows that 7 is an open map and
surjective continuous open maps are quotient maps.

Let m: E — B satisfy the local section condition. Surjectivity follows essentially by the definition. To see that it is
a quotient map, it suffices to show that if 7=1(V) is open, then V is open in B. Cover B by open nbhds satisfying the
local section condition, say {W;},.; and let o;: Wi — E be the section that is guaranteed to exist by the hypotheses. By
assumption, 71(V) is open and, hence, o; '~ (V) = (10 0;) (V) is open in W; and thus open in B. It now suffices to
show that |J,;;(m 0 0;) 71 (V) =V since this is a union of open sets in B and, of course, this is true since the W; cover B,
completing the proof. W

! This means that the map fla~*(p) is the constant map for all p € N.
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Lemma 4.2.3. If 7: M — N is a smooth map satisfying the local section condition, then 7 is a smooth submersion.

Proof. This is a purely local problem, so by picking charts we may suppose m: R™ ¢ x Rf_ — R"* x Rff_ is smooth. Fix
peE R and let V C R"F x Rﬁ be an open subset admitting a smooth local section o: V' — R}* mapping m(p) to p.

Now, mo =id on V of m(p) in R} and therefore 7, o o, is the identity on tangent vectors over W and so, in particular,
Tp is surjective. Of course, p was not fixed, so 7, is surjective for all p. W

Remark. Even though V C R}, our definition of smoothness for domains and codomains of this sort implies that the
differential of the function is well-defined on V—indeed, we can extend everything in sight appropriately and then simply
use smoothness in the usual case.

Exercise 19. In this exercise, all manifolds are assumed to have corners. Let m: M — N be a smooth surjective map
satisfying the local section condition.

(a) A function f: N — P is smooth iff f o7 is smooth. [Hint: Use surjectivity and the local section condition.]

(b) For any smooth f: M — P constant on the fibers of w, there is a unique smooth map f: N — P such that ]?o = f.
[Hint: Use one of the preliminary results.]

(c) Conclude that that 7 is a quotient map in DIFF and therefore the smooth structure on N is the unique one, up to
diffeomorphism, for which (b) is true for the map 7. [Hint: Make categorically flavored argument.]

(d) Suppose ©': M — N’ is another smooth surjective map satisfying the local section condition. Suppose that m and '
are constant on each other’s fibers. Show that N and N’ are diffeomorphic. [Hint: This is a small generalization of
(c).

(e) If P — B is a principal G-bundle in CAT = DIFF, show that there is an isomorphism of DIFF principal G-bundles

P P
L
P/G —— B

Here is a question that seems interesting.

Question 2. Consider the category of smooth manifolds without boundary. Are all smooth quotient maps smooth submer-
sions?

4.2.2 Associated Bundle Construction

Lemma 4.2.4. Let £ > Pring be a CAT principal G-bundle and let G ~ F by ¢: GXxF — F. Denote the associated bundle
with fiber F' by P[F,{] = P[F] “p xqg F, where P xg F is the colimit of

actxid
PxGxF _—<XPxF

id xact
In other words,
PxaF=(PxF)/{(pg,v) ~ (p,gv)}

with the quotient topology.

(a) The projection P x F — P % B induces a CAT map p: P xg F — B.
(b) With this map p, P X F is the total space of a CAT bundle £ xg F € Bung trivializable over the same open sets as
& and having the same transition functions as & and whose trivializations are

G p N U) =p  (U;) xa F 229 Ui x G xg F2U; x F,

where the isomorphism U X G xg F = U x F may be chosen naturally and ¢; is a trivialization of &.
(c) When CAT = DIFF, the natural map P x F'— P xg F is a smooth quotient map.

Proof. Let & = {(vi,U;)},-; be the G-atlas for . Each ¢; is then G-equivariant by the definition of Pring. We have

i€l
act xid

PxGxF —XPxF --—--- » PxgF
J{ id xact J{ !
P P v
p p

B B B
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which yields p by universal properties. Note that p~1(U;) is open in P xg F since p~1(U;) x F is an open saturated set
for this topological quotient map. Moreover, p~1(U;) = p~1(U;) xg F.
In the smooth category, we can define a smooth structure on P X F by requesting that each of the maps

Gi: WU = p M Uy) xg F 229 U, x G xg F2U; x F

be part of the smooth structure. This is well-defined since ; is G-equivariant. The isomorphism U; x G xg FF 2 U; x F
is given naturally by (x,g,v) + (z, gv). Note that ; is defined on [(z,v)] € p~1(U;) xg F by

[(z,0)] = [(¢i(z),v)] = [(p(2), g0, v)] = (p(2), gov)

This respects the group action since ¢; is G-equivariant, so

[(zg, g "0)] = [(p(z), 909, g~ )] =— (p(2), gov).

Smooth compatibility follows by observing that ¢;; has the form
(x’ 7)) = [(‘Tv €, U)] — [(SDij (.’L‘, 6)7 U)] = [(mv 9ij (.’L‘), U)} = (2, 9ij (m)v)
where brackets denote equivalence class. This is a CAT function
UiﬁUj ><F—>UiﬂUj x F

since g;; was assumed CAT as the transition function for the bundle £. It is easy to verify that TFDC:

pUU) L Ui x F

| |

Uy =—= 1

Thus, these are also trivializations for a fiber bundle.

This is the natural smooth structure on P xg F' since, with it, P x ' — P X F satisfies the smooth local section
condition and, hence, by Exercise 17, it is the unique smooth structure for which this is true and thus P x F' — P xXg F
is moreover a smooth quotient map. Indeed, pick [(x,v)] € P xg F. The fiber over this point in P x F' consists of all
elements of the form (zg~!, gv) with g € G. Fix one such (pg—!, gv). Working in a trivialization, p—1(U;) = U; x F and
p~1(U;) = U; x G, suppose p;(x) = (p(), go). Consider the smooth map U; x F — U; x G x F sending

(z,0) = (2,909,995 'v) = (2, 909, (90g) " 'v).

This is smooth because the G-action is smooth. Using this map, we let the desired section be given by the dashed arrow
in the following diagram

U xF —— U;xGxF

| |

pHU;) - »p (Ui x F

By equivariance of the trivializations for £, we know that ¢; is a G-equivariant isomorphism, so since ¢;(z) = (p(), go),

[(p(2),900)] —— (p(), 909,97 95 ' g0v) =———= (p(x), 909, 9~ ")
[(2,0)] Fommmmmmmmmm oo > (07 (p(x), 909), 9 0)

and (; ' (p(z), gog), g~ v) = (¢; ' (p(2), 90)9, 9~ v) = (zg, g~ 'v) as desired. W

Theorem 4.2.5. For each G ~ F, — Xg F: Pring — Bung is a functor. For a morphism (f, f) of Pring considered as
a morphism of Bung, the morphism (f, f) Xa F has the same associated gi; s and thus is a morphism in Bung.

Proof. Given
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we wish to show that

PxoF 28 prys F

| |

BﬁB’

is a morphism in Bung. Since ]7 is right G-equivariant, there is at least a map ]? xgF: P xgF — P’ xgF that is
continuous. Clearly, when (f, f) = id, this construction will preserve the identity.
To see that it is a morphism of G-bundles, observe that since (f, f) is a morphism of G-bundles, it has the form

’l/}i.]?(pj_l(bv 9) = (f(b)agij(b) “9).

Since 9; and ¢; are G-equivariant isomorphisms, it follows that
{pvifXG F@;l(hv) = (f(b)7§7,j(b) ’ ’U)

and so fxc; F' is a morphism of G-bundles. In particular, this shows that when CAT = DIFF, fx(; F' is smooth by
definition of the smooth structures involved and the fact that g,; is smooth. (Alternatively, smoothness of f x¢ F* follows
from the description of the relevant spaces as smooth quotients.)

It only remains to check that composites behave well. For this, it suffices to observe that (fo g)xqgF = fXG FogxgF
since — X g F' is a functor TopG — Top being a colimit construction. W

4.3 The Equivalence Between Pring and Bung

Theorem 4.3.1. Fix a choice of CAT. If G acts effectively on F, then there is an equivalence of categories
— xg F:Pring & Bung : P

Proof. Given & = (P,p,B) € Bung, P(§) x¢ F is the unique bundle having the same transition functions as £ associated
to the same open sets as the G-atlas for {. By Corollary 1 and Theorem 1(c), there is an isomorphism of bundles

ng: P(§) xg FF = ¢
where this isomorphism is defined on a trivialization nbhd U; by
¥t o b
~~ ~~
for ¢ for P(§) xg F

Hence, in the bundle coordinates provided by these two trivializations, the map P(§) xg F — £ looks like the identity
map U; x F % U, x F. N
We assert that this isomorphism is natural. Let (f, f): £ — &’. The naturality diagram we wish to consider is

P(e) xo 7S p(eh) xg F

lng B J{"]g’
(f.1)
{—————— ¢

The base space version of this diagram obviously commutes so the interesting action is on total spaces. In the evident
well-chosen trivializations and using the definition for a morphism in Bung, the naturality diagram looks like
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UnfYU)xF—— U, xF

lid J{id
UnfYU)xF ——= U, xF
where the horizontal arrows are both of the form (b,v) — (f(b), g, (b) - v)—for the top horizontal arrow, this is a
consequence of Theorem 4 and Theorem 5.
Now consider the case of P(§ x¢ F'). Once again, this has the same trivializing open sets as £ and the same transition
functions. Theorem 1(c) and Corollary 1 once again furnish isomorphism we claim are natural. The argument is the
same, mutatis mutandis. W

4.4 Exercise

Exercise 20. If P — B is a principal G-bundle, show that the orbit space P/G is isomorphic to B. In particular, show
that this can be done in both the smooth and topological categories. [Hint: Use Exercise 19 to show that P — P/G is a
smooth quotient and that P — B is a smooth quotient.]






Chapter 5
Lecture 5

5.1 Homotopy Invariance

5.1.1 Preliminaries

The goal is the prove the following theorem in the smooth case.
Theorem 5.1.1 (Homotopy Invariance Theorem). Fiz a choice of CAT. Let F be an effective G-space.

(a) Given a principal G-bundle ¢: G — P =5 B x I, there is an isomorphism & = &| B x {0} = €| B x {1} = & of
principal G-bundles (so in particular the & are principal G-bundles).

(b) Given a G-bundle € : F — E £ B x I, there is an isomorphism & = &| B x {0} = €| B x {1} = £,.

(¢) Given a pullback

f* P/ P/

|

34f>B’

the bundle f*P' over B depends up to isomorphism only on the homotopy class of f. In the smooth case, when B’ has
boundary but no corners, then f ~ g smoothly iff f ~ g continuously.

When CAT = TOP, this is still true, but annoying to prove, so we restrict to the smooth case.

Remark. To prove this in the case CAT = DIFF, it is useful to introduce connections on principal G-bundles. The idea is
that a bundle £ over B x I should look like instructions for flowing from &| B x {0} to £| B x {1}. We will use the principal
G-connection as crutch to construct the desired flow.

Definition (Whitney Sum). The Whitney sum of two vector bundles E; 2L, B and E» 22 B over a base space B is
the vector bundle over B with total space denoted by E; @ FEs fitting into a pullback diagram

El@EQ 4>E1XE2

| [

BT>B><B

where A is the diagonal map b — (b, ).

Exercise 21. Fix a choice of CAT and suppose E; 2L B and Es 225 B are vector bundles of rank k1 and ko, respectively,

and with bundle atlases @ = {(pi,1,Uin)}ic; and oo = {(¢j2,Uj2)} ;¢ 5, respectively.

(a) Show that Eq x Es DXP20 B % B s a vector bundle with bundle atlas ) X @y and associated transition functions
Giir X gj50 1 (Uin x Uj2) N (Ui q X Ujr o) = GLg, (R) x GLg, (R) C GLg, 41, (R) are the block diagonal matrices

(91'1'/ 0)
0 g550)°

(b) If Ey — B has rank k1 and Ey — B has rank ka, show that Ey ® Es — B has rank ki + ko.

33
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(c) Using the description of the transition functions given in the pullback theorem, characterize the trivializations and
transition functions for the vector bundle E1 & E5 — B.

(d) For b € B, let Evy, and Eoy, denote the fibers over b in Ey and Es, respectively. Let w: [[,c5 E1p © Eap — B be the
evident projection. Show that w can be given the structure of a rank ki + ko vector bundle as follows. The topology on
Hpep E1v © Eop is generated by

{w—l(v(ij)) Fiel, e Vi € Ui N Uj,g}

with trivializations
Yi XB @j: H Elb D EQb — (Ui,l N Uj’g) X (Rkl () RkQ)
bEUI,1NU 3,2
sending v1 ®va € E1y,® Eop to (b, pi(v1) ®¢j(v2)). When CAT = DIFF, equip this bundle with the structure of a smooth
manifold and show that m is smooth.

Remark. The above exercise will be vastly generalized in a later exercise when we consider continuous functors and
smooth functors on categories of finite dimensional vector spaces. This exercise should be considered as a warm-up.

Definitions. Fix CAT = DIFF and let £ = (P,p, B, G, G) be a principal G-bundle.

(a) The subbundle V/ 2 Ker p. C TP is called the vertical subbundle. A principal G-connection is a choice of
complement H C TP, the horizontal subbundle such that V@ H = TP and Hy,.g = (Rg)+«p(Hp), where Ry: G — G
is right multiplication by g.

d
(b) Consider g = T.G topologized as R. Each X € g determines the fundamental vector field X, = pn p-exp(tX).

In this way, g acts on the total space of a principal G-bundle by o: P x g — T'P sending (p, X) = X.

Remark. Any such splitting of TP is equivalent to a section a section TP/V — TP of the quotient map TP — V with
the image determining H.

Proposition 5.1.2. Let G — P 5 B be a smooth principal G-bundle and fiz a principal G-connection on P.

(a) Given a wvector field X on B, there is a unique horizontal lift X* of X. The lift X* is invariant under G (i.e.,
(Rg)«p X, = X, for allp € P and g € G). Conversely, every horizontal vector field X* on P invariant under G is
the lift of a vector field X on B.

(b) For every smooth lift 5 7: I — P, every g € G and every vector field X along -y, there exists a unique horizontal lift

X: 11— TP such that X; € Tf(v) P. For any fized lift 5 of v, the collection of all such horizontal lifts of X assemble

into a smooth map I x G — TP that is G-equivariant.

By a horizontal lift of a vector field, we mean a vector field for which 7. (X)) = Xr(,). By a vector field along a curve,
we mean a smooth curve v: I — B and a commutative diagram of smooth maps

TB

'

I ——B
so equivalently a section of v*T'B.

Warning. Throughout this proof, we implicitly rely upon the fact that the trivializations of a principal G-bundle are
all G-equivariant. This is critical for passing from the local formulation provided by bundle trivializations back to the
non-local situation.

Proof. (a) Write TP = V @& H. Note that m, collapses V' and induces a fiberwise isomorphism 7.,: H, = Ty, M.
Uniqueness is clear since we can and must take X = 7r*p1 (Xx@p)) € Hp. To see invariance under G, observe that
(Rg)spXy = X;([— o Ryglpg) as a derivation of germs of smooth functions at pg, &p7. To verify that this is X7 , it
suffices by uniqueness to check two things—we must verify that (Rg)*pX; € Hpg has trivial vertical component and we
must verify that 7., (Rg)*pX; = Xr(pg) = Xn(p)- The first part follows since X; € H), with trivial vertical component
and we assumed that (Ry)«,Hp = Hpy so this part is fine; for the second part, we observe that 7 o Ry = 7 and therefore

Tapg(Rg)up X, = (70 Rg)up Xy = mp X,

Do

which is known to be equal to X () as desired.
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To check that this is smooth, we can take a nbhd U of x € B such that 7=}(U) = U x G and then using this isomorphism
we obtain a smooth vector field Y on 7~ (U) such that .Y, = X (p) by setting, for instance, }N/m’g = (X¢,0) € Ty, (UXQ),
which is certainly smooth, and then using the indicated isomorphism to produce Y. This checks out since naturality of
tangent bundles and commutativity of the bundle projections over trivializations

(U) ——=—— UxG
wwm P
U

yields the following commutative diagram with horizontal arrows the evident ones

| H(U)

Pry.

H|x Y (U)o V|a Y U) —— TP|7(U) —— T(U x G) 255 TU

\ l (] |

—>U><G—>U

T|U

We now see that X* must be the horizontal component of Y, and since TP =V & H, the projection TP — H is smooth
and so we see that X* is locally smooth and hence globally smooth.
Conversely, if given a horizontal vector field X* on P which is invariant under the action of G, then for every b € B we
pick p € 771(b) and set
Xb = 7T*7pX;.
This is independent of the choice of p since any other p’ € 7~!(z) is related to p by pg = p’ for some g and so by invariance,

TF*,pg(X;g) = W*,pg((Rg)*pX;)

and the same calculation we did above shows that

”*,pg(X;g) = W*ypg((Rg)*,pX;) = W*,pX; = Xp.

If X so-defined is smooth, then X* is clearly its lift so we must show X is smooth.

Pick a trivializing open set for 7: P — B, say U with trivialization ¢: 771(U) — U x G. In the following diagram,
the straight-arrow part is commutative and the bent arrows are sections of the adjacent vertical arrows. The dashed bent
arrows are induced by the solid for the corresponding square.

TP|7 ' (U) 2= T(U x G)

e

N U) —2— UxG N\
‘n—iﬁ b—(b,e) (lpﬁ
W— U ———o—U +—— TU

Then X|U is the composite U — TP|n~'(U) — TU since for any p € 7~'(b), X, = 7. ,X,;. This compos1t0 is smooth
because the dashed section U — 7~1(U) is the composite of smooth functions defined by b + »~1(b,e). Thus, X is
smooth.

(b) Now consider the vector field along a curve case. First consider the case that Im(y) C U where U is a trivializing
open set. Since the trivializations of a principal G-bundle are G-equivariant, this suffices. WLOG we may suppose U is
also the domain of a coordinate chart. We may then reduce to the case of a trivial principal G-bundle

Ux@G

J{pﬁ

Any lift 7: I — U x G of v is thus given by ¢~ (y(t),c(t)) where c: I — G is smooth, so pick any smooth ¢: I — G (for
example, ¢ = e). Note that prq, 7(t) = 4(¢) since on derivations of germs of smooth functions, this is
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d

= — —oy

— — opry 0
S pry oYy ds

s=t s=t

as pry oy = .

Define X: I — T(U x G) by letting X, € T~ (t)(U x G) be the unique horizontal vector projecting to X; € T, ) (U).
To see that this is smooth, we note the smooth vector field Y: 1 — T(U x @) along 7 sending ¢ — 7(t) satisfies that
pry, ¥(t) = 4(t). So we may consider its horizontal component by the smooth projection T(U x G) 2% H ® V — H onto
the horizontal subbundle. Hence, X is smooth because it is the horizontal component of the smooth vector Y along 7.
Uniqueness is the same argument as before.

For the smooth vector field constructed above, define a smooth map I': I x G — T(U x G) by (¢, g) — Rg*”‘y’(t))zt. The

same computation as before shows that the vector field I — T(U x G) sending t +— Rg*)?t is smooth along R, 07 as a
composite of smooth functions and is horizontal as well. In fact, by uniqueness, Rg*;( t)Xt is the horizontal component of
the smooth lift of v given by R, 0 7.

d
The same idea as above works to show I' is smooth—the function I': I x G — T(U x G) sending (t,g) tR o7 is

d

d .
%u(fy(t) g) and u(¥(t), g) is a composite of smooth
functions. Thus, T is the horizontal component of I' by the above and so is smooth. As for equivariance, (¢, )¢’ = (t, gg "
maps under I" to (note the contravariance of the right action!)

smooth since if p: P x G — P is the action map, then this is (¢, g) —

X, =R oR ~ X, =T(t,g) ¢

P(ng/) =R gy (t)

99’ *v(t) g'*y(t)-g

In the general case, one takes a covering of Im~ by finitely many open trivializable open sets that are also domains
of manifold charts by compactness, say Uy,...,U,, and when n > 1, one finds numbers 0 < w; < t; < wy < ty <
< < wy, = t, = 1 such that [0,¢1) € v 1(U1), (wi,t2) € v~ 1(Usz) and in general for i # 1,n, v~ Y(U;) = (w;_1,t;) and
Y Un) = (waey, 1.

The base case of the induction suffices to see how the argument goes, so suppose n = 2. Then by the above we can
construct the lift of 7| [0,%1), say 7|[0,¢1) by abuse of notation. For the lift of | (w1, 1], we associate to it in coordinates
the smooth curve c; and for the latter the smooth curve ¢, and we require these to glue appropriately to give a global lift
by requiring that they match on overlaps which we call 5. The local case above shows that we may construct X on [0, ;)
and on (wg, 1] such that the two pieces agree on the common time domain and satisfies that )?t is a vector field along
covering X.

Exercise 22. Show that this covering may be arranged and fill in the details. [Hint: This is done in the proof of Theorem
9.]

d
As before, we set I'(t, g) = R = )Xt and show it is smooth since it is the horizontal component of (¢, g) — dt'u( (t), 9).

This completes the proof. W

Remark. An important case of the second part of this proposition is when X : I — T B is velocity field v of 7. By abuse
of notation, we will consider the resulting collection of horizontal lifts of this vector field v*: I x G — TP the horizontal
lift of the velocity field.

The analogue of parallel transport is constructed using the following theorem. We need to recall a basic ODE result
first. See, for instance, Theorem 2.2 here.

Theorem 5.1.3 (Picard-Lindelsf Theorem). Fiz Q2 C R x R" open and (to,yo) € Q. Let F: Q — R" be of class C*
(0 <k < o0). Consider the IVP

y(t) = F(t,y), y(to) = Yo- (*)

Suppose F' is locally Lipschitz continuous in the second argument and uniformly continuous with respect to the first. Then
for any a,b > 0 with

[to—a,tota]x{z € R" : d(z,y0) <b} C Q and M =sup {|F(t,y)| : (t,y) € [to —a,to+a] x {z € R" : d(z,y0) < b}},
there exists a unique solution to (%) on the interval

[to —min{a,b/M} ,to + min {a,b/M}]
of class C* on (tg — min {a,b/M} ,to + min {a,b/M}) and left (resp. right) differentiable at the appropriate endpoints.

Remark. In order to streamline the presentation, we defer the proof of the next theorem to another subsection.
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Theorem 5.1.4. Let G — P = B be a principal G-bundle and suppose we chosen a principal G-bundle connection. If
v: I — B is smooth, then for each p € w~1(0), there is a unique smooth horizontal lift v*: I — P covering v and starting
at p.

For a lift to be horizontal, we mean that all tangent vectors lie in the specified horizontal subspace.

Corollary 5.1.5. Let G — P = B be a principal G-bundle and suppose we chosen a principal G-bundle connection. Let
J CR be one of R, Ry or R_. If v: J — B is smooth, then for each p € 7=1v(0), there is a unique smooth horizontal
lift v*: J — P covering v and starting at p.

Proof. The case of Ry = [0, 00) suffices. First, we observe that the restriction to I is smooth and so has a smooth lift.
We can repeat this at [1,2] as well and so on and so forth lifting at each endpoint in the obvious way. Call the thus
constructed lift v*. To verify that this is indeed smooth, note that the only possible issue occurs at integers n. But since
the lift over an interval [n — %, n -+ %] starting at v*(n — %) is smooth by the theorem and, hence, by uniqueness, the lift

must be smooth at n. W

5.1.2 Proof of Smooth Homotopy Invariance

We can now prove Theorem 5.

Proof (Theorem 5). (a) Fix once and for all a principal G-connection on the principal G-bundle €.

Let X be a vector field on B x I given by X, ) = where we think of T(, (B x I) as having derivations of

dt|,_
germs of smooth functions as its elements. Let X* be a horizontal lift of this vector field. As we have seen, X* is w-related
to X in that TFDC:

TP = T(B x I)

X*T Ix

P——BxI

Notice that the integral curve of X through (p, sg), say v = v(®*0) is the solution to X~(s) = 4(s). In other words, if we
think of v: I — B x R having components (y1,72), then

d .
it =9(s)
t=(s)

which forces 41 = 0 and forces 42(s) = 1 so that 49 = 1 and so 12(s) = s + C. In particular, subject to v(0) = (b, so),
~(s) = (b, s + so). Hence, the flow is given by

X (t,b,5) = 7" (t) = (b,t + 9).

Since we are allowing the base manifold to have boundary or even corners, the usual results showing the existence and
smoothness of flows do not hold. However, ®X is smooth and clearly exists by virtue of our just having described it
explicitly. The flow domain is the subset

Ax ={(t,b,s) e RxBxI1:0<t+s<1, 0<s<1}.

Observe that the flow is the restriction of the smooth map R x B x R — B x R sending (¢,b,s) — (b,t + s) to the subset
Ax. Thus, the map restricted to R x B x I is smooth and so to show the flow ®%X is smooth, it suffices by the universal
property of submanifolds (even with corners) to show that Ax is a submanifold of R x B x I.

Note that {(t,s) e R xI:0<t+s<1, 0<s<1}isasubmanifold of RxI. This is because the map (¢, s) — (t+s, s)
is a diffeomorphism onto I x I and so for a chart of B about b, say z: U — R"* x Riv the map (t,b,s) — (s, z(b),t — s)
is a diffeomorphism into I x z(U) x I C R x R} x R and this is certainly a submanifold chart.

Now we wish to construct the flow for the horizontal lift ®X  and show that it is smooth. By the preceding corollary,
for each p € 7= 1((b, 5)), there is a unique lift of the entire integral curve v(**) to a curve 77 and 37 will be an integral
curve of X*. We note that X # 0 for any p since X is never 0.

Claim 5. The lifts 37 assemble into a smooth flow ®X~ for X*.
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The flow certainly exists. The only possible problem is smoothness at boundary points. Since X* is smooth, it admits a
smooth extension in nbhds U of boundary points in coordinates. Since flows exist, are unique and are smooth locally in
Euclidean space, the restriction of the smooth local flow generated by this extension of X* to U is consequently smooth
and so ®X " is smooth.

Claim 6. The maximal flow domain D, of ®X" is the preimage of the maximal flow domain Ay for ®X under the map
T RxP—>RxXx(BxI).

Indeed, if we could extend 37 in time further than 4™(®), then 77 would project down to an extension of 4™(?) satisfying

all relevant properties which contradicts the fact that 4™ manifestly cannot be extended further without shooting off
the manifold.

Pick p € m~(z,t). Notice that R,77 = 779. This is because R 7" covers v R ,77(0) = 77(0)g and

APV (1) — x_oxx

Ron (P (0) = B Xy = X

since X* is a horizontal lift and 7”7 is an integral curve of X*. Together, this means that R,y? is a horizontal lift of +?

satisfying R,77(0) = 77(0)g. By uniqueness of horizontal lifts, R, 77 = 779. Thus, ®X  is G-equivariant. In other words,

Ry®% " (t,p) = ®%(t, Ryp) = @~ (¢, pg).

Define f: £ - & x I by p— ((I)X* (1 — prym(p),p), proym(p)). Observe that & = &| B x {1} is an honest submanifold of
€ so since X" (1 — pry 7(p), p) has image in £;, we may understand it as a smooth map into &;. f is clearly a smooth map
and we are forced to take as its smooth inverse (p,t) — ®X (t—1,p). We know both of these exist by the preceding claim.
Note that since p € &1, it can only flow backwards and thus its flow domain can only consist of non-positive numbers by
analyzing the flow domain of X.

Indeed, supposing we have access to the group law, we would have

X" (prﬂ(p) — 1,05 (1- prﬂ(p),p)) =" (prym(p) — 1+ 1—prym(p),p) =p

and similarly in the other direction. Since both composites are always defined, where we consider them, this checks out.

The only thing left to show is that the diffeomorphism so constructed is G-equivariant. Since we have shown that X
is G-equivariant, this follows. Hence, this is indeed an isomorphism of principal G-bundles.

(b) Given a G-bundle £ over B x I with fiber F', we take its associated principal G-bundle P(§) and apply (a) to conclude
that P(&) & P(£)1 x I. We must show that P(£); is the associated principal G-bundle to &; and that P(£); x I xg F = & X 1.
This first thing follows simply by observing that & has a G-bundle atlas afforded by restrictions of G-bundle charts for £
and, hence, similarly for P(£). Thus, P(£); is built in the same way and from the same restrictions of trivializations with
the same transition functions, as in the definition of the associated principal bundle construction. Thus, P(&1) = P(£)1 by
Theorem 1. Finally, we wish to check that P(£); x I xg F' = (P(£)1 x¢ F') x I. Since the G-action only intertwines with
P(£)1, this is essentially automatic.

(¢) When B’ has boundary but no corners, the Whitney approrimation theorem allows us to deduce that f ~ g
in the smooth category iff f ~ ¢ in the topological category.

If there is a smooth homotopy h: f ~ g, where f ~ g: B — B’, then we may pullback the bundle by h: B x I — B’
and apply the preceding. W

Remark. This shows that homotopic maps induce equivalent principal G-bundles in the smooth category. One might
wonder whether there is a principal G-bundle P’ — B’ for which f*P’ = ¢* P’ if and only if f ~ g. This question does not
have an answer in DIFF, but for topological (paracompact Hausdorff) spaces, there does exist an answer to this question
and the bundle is called a universal bundle—it turns out that there are multiple choices for this bundle.

5.1.3 Proof of Unique Horizontal Path Lifting

Warning. Do not get bogged down in this proof. This argument is purely a proof of concept—that is, one can proof the
unique horizontal path lifting statement as I asserted in lecture. For a vastly slicker proof using the connection form see
Kobayashi & Nomizu Volume I. Their argument actually works in our setting of manifolds with corners—their proof can
simply be inserted following the proof of Claim 8 below.

We being with the following observation.

Lemma 5.1.6. For a trivial principal G-bundle B x G — B, a principal G-connection is completely characterized by a
choice of splitting of T(B x G)| B x {e} 2= H® V| B x {e}.
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Proof. Certainly if we are given a principal G-connection, then Ry.Hq ) = H 4 is required. Conversely, given a com-
plement H of V| B x {e}, extend H by defining H, 4y = Rg«H, ), by abuse of notation. Note that the action of G on V'
sends vertical vectors to vertical vectors since if 7. (v) = 0, then 7, o Ry (v) = (7 0 Ry)« = 7« (v) = 0. In particular, the G
action on V determines a fiberwise automorphism of V. Hence,

RgHp.e) N Vivg) = BoeHp,e) N Ry Vip,g) = Rou(Hp,e) N Vip,e)) = Rgu0 = 0.
Dimension constraints then force T(y oy (B x G) = Hp gy © V3, 4). Moreover,
Ry Hp,g) = Rys RgsHp,e) = RogxH(p,e) = H(b,gg')

so H is invariant under the right G action on T'(B x G).

Finally, to see that H so defined is a smooth subbundle, pick a smooth trivializating frame of sections si,..., s,
of H|B x {e} in an open set U of B x {e} and extend this by setting s1(b,g) = Rgs«s1(b,€) or, in other words, if
pw: T(B x G) x G — T(B x G) is the action, s1(b,g) = Rgvs1(b,e) = p(s1(b,e),g). Then we claim that the collection so
defined is a trivialization of H over U x G. Indeed, each s; is smooth as a composite of smooth functions and since Rg.
defines an isomorphism from H, 4y to H(y, g4, the collection of s; remain linearly independent. Thus, they are a smooth
trivialization over U x G.

Since H NV = 0 fiberwise and H +V = T(B x G) fiberwise, T(B x G) = H @ V. For instance, one constructions a
retract in the SES of vector bundles

0>V —->TBxG —-TBxG)/V-=0

by collapsing the subbundle H. W

Remark. Since all Lie groups are parallelizable, it should not come as a surprise that the major obstruction to trivializing
the bundle H comes from B. In fact, the idea to trivialize T'G is roughly what we have done above.

We are now ready to give a proof of Theorem 9.

Proof (Theorem 9). We begin with two reductions that will take us all the way to the case of trivial G-bundle of the
form R” x G — R".

Claim 7. If the assertion is true for trivial principal G-bundles, then it is true for all principal G-bundles.

Indeed, fix v: I — B smooth. As before, we take a covering of Im v by finitely many trivializable open sets by compactness,
say Uy,...,U,, and find numbers 0 < wy < t; < wg < ty < -+ < w, = t, = 1 such that, when n = 1, [0,1] = v 1(U;)
and, in general for n > 1, [0,¢1) € v~ *(Uy), (w1,t2) € v~ }(Uz) and in general for i # 1,n, v~ 1(U;) = (w;—1,t;) and
v~ YU,) = (wn_1,1]. Inducting on n, when n = 1, the claim furnishes the assertion.

The case of n = 2 illustrates the general case and induction step, so we consider it with 0 < wy < t; < to = 1. Pick
numbers 71 < ro such that 0 < wy <71 <719 < t; < to = 1. We first construct the horizontal lift on [0, r5], call it 7;. We
then construct a lift 72 of v over the interval [rq, 1] by requiring that J5(r1) = 1(r1). Then 77 and 75 are smooth and by
local uniqueness agree on [0, r2] N [r1,1] = [r1, 2] and so they agree on the open set (r1,r2). Define

- . ?1(15) te [O7T2)
%”_{%@)tewhu

This is well-defined since for any ¢t € (ry,r2), 71(t) = 72(¢) and it is smooth since the two pieces are smooth and agree on
an open set. For general n, one proceeds by choosing numbers ry 1 <712 <791 <722 < -+ < Tp_1,1 < p_1,2 partitioning
I as

O:wO:t0<w1<7‘1,1<7'1,2<t1<w2<7"271<7'2,2<t2<w3<~~-<wn_1<rn_1,1<rn_172<wn:tn:1

and repeating the same argument.

~

We may therefore suppose the principal G-bundle is trivial. Indeed, given a bundle trivialization for P, say ¢: p~1(U) —
U x G, since ¢ is G-equivariant, ¢, sends the horizontal subbundle H|U to a horizontal subbundle for U x G that satisfies
the relevant properties to be such and we thereby obtain a principal G-connection on the trivial principal G-bundle
R; x G — RE.

Claim 8. We may further suppose the base space B = R".

By the same sort of argument as above except with charts instead of bundle trivializations, we may reduce to assuming
that B = R™ % x Rff_ (using a boundary chart). However, there is no harm in replacing R"~* x Rff_ in these cases by R"
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as the principal G-bundle over R"~* x R’jr is trivial. However, we must check that the principal G-connection extends as
well.

Idea. We will equip H and V over R} with a smooth bundle metrics by the standard partition of unity argument such
that V- = H. Smoothness and triviality of all metrics and bundles in sight will allow us to smoothly extend the metrics
while preserving V4 = H over RY.

As a consequence of the preceding lemma, it suffices to pick a (smooth, as always here) complement of V|R"™ x {e} that
extends the complement of V|R} x {e} determining the principal G-connection on R} x G — R}'. We will define this
complement by constructing a suitable Riemannian on R™ X G. Given the subbundle V — R"x G of T(R" xG) - R" X G
any metric.

At this point, it is convenient to identify

T*(R" x G)|R" x {¢} 2 T(R") x R™ 2 R" x (R" x R™)

and
T*(RE x G)|RE x {e} ZRE x (R" x R™).

One sees these identifications respect the inclusion of R} x G into R™ x G using the global standard coordinate systems
for Euclidean space and its standard submanifolds with corners. The same is true for all codimension 0 submanifolds of
R™, in fact.

Take an open cover of R} by trivializing open sets for the bundle H*®2| R} x {e}—these may be taken to be the
same as those for H* so say {U;},.; are trivializing for both and let {)\;} be a partition of unity subordinate to this
open cover. Choose a trivializing frame s, ..., s, for H*|U; and let w;: U; — H*®2| U, =2 U; x R"™ be the map sending
x = Yy . 5i(x) ®si(x). Then w; is positive-definite and symmetric. The argument proceeds is almost verbatim what is done
for Riemannian metrics. It is not hard to see that it is smooth.

Since V|R" x {e} = R™ x {e} x R™, we can give this bundle any metric we like. Give T(R}} x G)| R} x {e} the metric
g = gn + gv. Then one sees that H = V1. Now we should like to smoothly extend this.

In nbhd U of a point on the boundary of R}, we may construct an orthornormal collection of smooth sections of
T*(U x G)|U x {e} 2U x R™ x R™, say $1,...,Sy+m with the first n being a trivialization of H and the last m being
the trivialization of V' (say of the form p — (p,0,e;)). Smoothness implies that, in coordinates, these extend to an open
nbhd of U in R™, say U and we may suppose that on this extension the collection remains linearly independent WLOG.
Using the identification U x R™ x R™ = T*(U x G)‘ R"™ x {e}, we define w; = ) . s; ® s; so that w; is a symmetric
positive-definite bilinear form. Since the identifications above respect inclusions, it is not hard to see that w; extends the
inner product defined on U in our original construction of the metric.

Picking extensions of this sort around each point p € OR}, let U be the resulting open nbhd of R}. Taking partition
of unity subordinate to this larger open cover, we build a smooth metric for the bundle T(R"™ x G)|U x {e} such that
H =V over R} x {e}—indeed, the metric still looks like g + gy over RY.

There is now no obstruction to extending the metric to all of R™ x {e} without disturbing H = V+ over R, so we
declare globally H = V+ over R", furnishing the smooth complement. The preceding lemma now extends this to all of
R"™ x G. We are thus reduced to considering the trivial case of R® x G — R".

Observe that a smooth lift

must have the form 5 = (v, ¢) for some smooth c¢: I — G. Hence, we should like that ¢ is the unique vector in TG such
that ¥(t) € Hy(t),e(t))- Smoothness of v means that we may replace I by an open interval .J around I and thus consider

R"” x G

~  x
v .- l

J —— R"
For the sake of the following claim, we work in the general non-local case.

Claim 9. There is a unique vertical vector w € T,G such that, in a given trivialization (¢, U), ¢: 77U 2 U x G,
(Y1), w) € pu(H)(5(1),9)-
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By abuse of notation, we denote the induced horizontal subbundle of T(U x G) coming from ¢.|(H|7~Y(U)) by H as
well and similarly denote the vertical subbundle by V', thereby fully reducing to the local case. Uniqueness follows since
if (0,w —w') € Hy@),g) while (0,w —w') € Viy),4) and hence w = w'. For existence, note that every vector not in the
vertical subbundle V' is the sum of a unique vector in H and a unique vector in V—hence, we may write (4(0),0) = h+v
for some horizontal and vertical vectors h and v and therefore (¥(¢), —v) = h is horizontal.

The goal now is to assemble the collection of all such w’s into something usable. Again, for the sake of the following
claim, we consider the general non-local case.

Claim 10. This unique vector w varies smoothly and assembles into a smooth map into the vertical subbundle W: JxG —
V Cc TP. In fact, W(t,g) = Rg*W(t’e).

Indeed, consider the function I': I x G — T'P which in a trivialization has the form I'(Z, g) = (¥(t),0) € T(y@),q)(R™ X G).
This is smooth by extending I = [0, 1] to some larger open interval J using smoothness of 7. It follows that W =T — v*
from the above reasoning and the fact that v* is obtained from I' by post-composition with the projection onto the
horizontal subbundle. To see that W is smooth, it suffices to observe that it is actually the negative of the projection of
I" onto the vertical subbundle.

To see the last part, observe that by the preceding lemma, Ry.I'(t,e) = I'(t, g) and so since I'(¢, ) + Wi o) € Hze),

F(t>g) + RQ*W(t,e) = Rg*(r(t7 e) + W(t,e)) € RQ*H(t,e) = H(’%Q)'

Exercise 23.

(a) Show that T+ W is smooth by working in local coordinates.
(b) Show that T +W is smooth in a coordinate free way. Namely, consider the Whitney sum of bundles TP & TP which
is, equivalently, the pullback bundle in the diagram

TP®TP —— TP xTP

| l

PTPXP

where A is the diagonal map. This is the bundle over P whose fiber over p € P is T,P ® T,P. Construct a fiberwise
linear map TP & TP — TP sending (v,w) € T,P & T,P tov+w &€ T,P. Show that this is smooth using the smooth
structure constructed in the pullback theorem and conclude that I' + W s smooth.

We have therefore reduced to the trivial case. Fix g € G. Our set up is

R"” x G

|

J — R"

where wish to solve the ODE on the tangent bundle of R™ x G given by
y() =W(t,y),  y0) =g (%)

Picking a coordinate nbhd about g, say (:107(7 ), we may assume this is completely Euclidean with x(ﬁ) = R™. By
naturality, we have the following commutative diagram

id Xz

R” x U 2% R™ x R™

| |

J R'n R’n,

It follows that the vertical subbundle of R™ x R™ — R" is the set of vectors at each point of R™ x R™ of the form (0, v)
with v € R™. Let Wy = (idr» xx,) o Wo (idy xz~1): J x R™ — T(R"™ x R™). Since W} lands in the vertical subbundle
V of T(R™ x R™), we may assume that Wy: J x R™ — T(R"™ x R™) lands in the set of vectors of the form (0, v).
Since the tangent bundle is trivial over such a coordinate system, we have a canonical identification of T(R™ x R™)
with R” x R™ x R™ x R™ and by triviality we may forget “basepoints” and thus we let W7: J x R™ — R"™ be the
projection of Wy onto the R™ vector component. Thus, by the usual reasoning we may find a local solution to the ODE

y(t) =Wa(t,y(®),  y(0) ==(g)
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Passing back in our coordinate system, we may assemble this into a local smooth lift 7 landing in R™ x G that covers ~.
We must now extend this solution.

Let . be the set of all smooth (i.e., admitting extensions if necessary) curves n defined on a subinterval of J of the
form [0,¢] or [0,¢) (¢ > 0) that are solutions to (x). Order this set by the relation v < «' if 4/ extends . Then . # O
by the above. For any chain in ., say {7;},c;, the union v = (J~; is a solution since the union of intervals of the form
[0, c] or [0, c) is an interval of one the same two types and since for any ¢ € dom(7), v(t) = v;(¢) for some ¢ € I, 7y satisfies
A(t) = W(t,~v(t)) wherever this makes sense as ~; satisfies this and similarly v(0) = g since v(0) = ~;(0) = g for each
i € I. Hence, . contains a maximal element by Zorn’s lemma.

The uniqueness property Picard-Lindel6f theorem, implies that all such extensions are unique. Indeed, the local ap-
plication above shows that in a nbhd of 0 the extension is unique so any further extension extends this local solution.

Exercise 24. Show that ¥ is in fact totally ordered. [Hint: The Picard-Lindel6f Theorem actually gives uniqueness and
existence on a closed interval, where smoothness at the endpoints is taken in a one-sided manner. Use this and smoothness
of W to show that .7 is totally ordered by extending from endpoints.]

It follows that . contains a greatest element, say c. Write
dome = (a,b) C J.
Note that J necessarily contains 0, so suppose b < 1 + ¢, where J = (—¢,1 + ¢).

Idea. The next part of the proof is a cute Riemannian and metric geometry argument. Roughly, the idea is that we have
to trap some segment c| (tg,b) in a compact set. On the metric side, we need to exclude something like the topologists’
sine curve. This is where the Riemannian geodesic distance metric comes in. The idea is that W ought to be bounded
since it is obtained from right multiplication. Indeed, we are saved because Lie groups are highly symmetric spaces and
so we are able to equip the vertical bundle with the right invariant metric in a suitable way and with a right invariant
metric, all Lie groups are complete Riemannian manifolds.

Claim 11. Assuming b < 1, Im ¢|[0,b) is contained in a compact subset of G.

Give G a right invariant Riemannian metric, g&. One can always find such a thing by right translation. Explicitly,
define

ggg(v, w) = gg7e(Rg—l*'U, Ry-1,w)

for any inner product on T.G = g.

Exercise 25. Fquipped with a right invariant Riemannian metric, a Lie group is a complete metric space under the
geodesic distance metric. [Hint: The Hopf-Rinow Theorem says that it is enough to show the exponential map arising
from the metric is defined on the entire tangent space T,G']

Since G is a complete Riemannian manifold, it follows by the the Hopf-Rinow Theorem that every closed and bounded
subset of G in this metric is compact. We have seen above that

Wit,g) = RgxWit,e)-

Perhaps by shrinking J (we only care that it is open about I = [0, 1]), we may assume by a compactness argument that
t= [[Wigell g is bounded above by some M > 0, say. But by right invariance of the metric,

Wity llgz = 1RgxWit,e) gz = \/gg,e(Rg—l*Rg*W(t,e)aRg—l*Rg*W(t,eﬂ
= \/gg,e(W@,e), Wite)) = [Wite)llgz-

It follows that ||W]| is bounded, say |[W] < M.

Since G is a complete Riemannian manifold, it follows once again by the the Hopf-Rinow theorem that every closed
and bounded subset of G in this metric is compact. By assumption, ¢ = W (¢, ¢(t)) and we may suppose ||W (¢, c(t))]| < M
by the above. Then, with d, the geodesic distance metric,

s—b s—b

1
lim dg (C(O)7 C(S)) = lim infS.mooth curves n: ¢(0) — c(s) / ||77(t) || dt
0

1 d s
< lim/ 1L c(st)| dt = hm/ 1é8)]| de < Mb.
s—=b Jo o dt s—b Jg
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In the penultimate step, we have used u-substitution. By the monotone convergence theorem, the limit

lim/ e8] dt
s—b 0

exists since the assignment s > [ [|¢(t)|| dt is increasing and bounded above.

This shows that, in the equivalent topology induced by the geodesic distance metric, the distance between ¢(0) and
each point ¢(t) is bounded. In particular, ¢ does not escape all compact sets in G with this metric since it does not leave
the closed ball of radius Mb about ¢(0) and this set is compact as a consequence of Hopf-Rinow. Call this closed ball
B = By(c(0), Mb) and take any finite covering of B by trivializing coordinate balls of radius 1 say (z;,U;) (i =1,...,k)
where z; is a diffeomorphism from U, onto the open ball at the origin of radius 1. Suppose further each z; is the restriction
of a chart z;: W; = R™ and let V; be the preimage of the open ball of radius 2 centered at the origin.

By the Lebesgue covering lemma, there exists r > 0 such that every set of diameter less than r is completely
completely contained in one of the U;. Pick ¢y € [0,b) such that

lim/ le(o)l| de < 7.
s—b to

This ty exists since the relevant limit exists as we argued above. Thus,
diam (Im(c| [to, )))) Lef sup {dg(c(t1),c(t2)) : t1,t2 € [to,b)} < lin})/ le®)]) dt < 0.
s=b [y

Hence, sup {dg(c(t1), c(t2)) : t1,ta € [to,b)} exists (and so is finite). It follows that Im(c|[to,b)) is contained in a chart
(z,U) of G, WLOG.

Expand this (z,V) so that Im(¢|[tg,b)) C V properly. In particular, Im(c|[to,b)) is a closed and bounded subset of
V and so it compact and hence is contained in a closed ball of some radius 1 < ro < 2 in (V). By compactness and
how we choose these open sets, there is some point p € xz(Im(¢| [to,d))) such drm (p,0z(V)) = d(Im(¢| [to,b)),0V). Say
r1 = drm (p, 0z(V)).

WLOG we may suppose we are considering the Euclidean case by considering a coordinate nbhd of ~(b) in the base
space say containing (tg —e,b+¢) C [to — &,b+ €] C J. The ODE (without the initial condition) is

y(t) = W(t, y(t))-

where we understand this to be taken with respect to the coordinate system of V. Perhaps by shrinking, we may suppose
W: (to—e,b+e) xV — R™ is bounded above by M > 0, say. Pick ¢; < b so close that b —t; < min {5, ;—]\14} We can do
this since the initial condition for #; is y(t1) = ¢(t1) and d(c(t1),0V) < ri. Then the Picard-Lindel6f theorem guarantees

us an extension of ¢ past b. This means that ¢ was not maximal; this is a contradiction. Hence, ¢ is smooth on [0,1 + ¢)
and thus on [0, 1] as desired. This shows existence and uniqueness in the local case which suffices. W

Remark. For a vastly slicker proof using the connection form see Kobayashi & Nomizu Volume I. It is probably still
necessary to reduce to the local case of R™ x G as we have done above to use their proof since their manifolds have no
boundary.

5.2 Additional Content

Lemma 5.2.1. For a principal G-bundle G — P = B, let Op: G — P be the p-orbit map g —p - g.

(a) O, is smooth.
(b) For X € g =T.G, (Op)+(X) = X
(c) The fundamental vector field is always vertical.

Proof. (a) {p}xG C P x (@ is a submanifold, so since the action map is smooth, so too is its restriction to this submanifold.
(b) Thinking of a tangent vector as a derivation of germs of smooth functions at e, given X € T.G,

(Op)se(X) = X ([~ 0 Ople)

whereas
d

def d
i - X)L (. X)) (—
pr t:Op exp(tX) = (p-exp(tX)) (dt t:O)
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which is
d

7(_ ORex (tXx (p)
dt POXI|

and comparing the two on coordinate functions z*, we have by the chain rule and a small computation,

%((Rexp(tX)(p))i = (Re(p))«(X) = X([= o R_(p)le)

t=0

which is the same derivation obtained above.
(c) This is the same sort of computation with 7,(Op)«e(X) = X([— om0 Op]) = 0since 710, =p. N

Example 4. A G-invariant Riemannian metric on P yields a horizontal distribution by letting H = V.

Exercise 26. Let £ = (P, p, B) be a smooth principal G-bundle over B and let H C TP be a principal G-connection.

(a) Show that there is a canonical isomorphism between T.G and the vector space of all left invariant vector fields on
G —a left invariant vector field X is one for which Ly X = X o Ly. We call either of these the Lie algebra g of the
Lie group G.

(b) Show that g* is naturally isomorphic to the space of left invariant one-forms on G—that is, one-forms w such that
Liw=wo Ly forallg€G.

(c) For each g € G, define the conjugation map Ady: G — G by a — gag™'. Show that Ad: G x G — G defined by
(g,h) — Adgy(h) is smooth and has full rank and that (Ady). is a linear automorphism of g.

(d) Define ad: G — GL(g) the adjoint representation by ad(g) d:ef(Adg)*. Show that ad is smooth. Hence, there is a

smooth vector bundle given by the associated bundle construction Ad(P) & p XG g

(e) Say a Lie algebra-valued k-form on a smooth manifold M is a smooth section of (M x g) ® /\k T*M and denote
these by QF (M, g). Show that (M x g) @ N* T*M = N¥(T*M @ M x g). Conclude that sections of (M x g) @ N* T*M
are effectively what would be called Lie algebra-valued k-forms in the vernacular.

(f) Say the connection form of the given principal G-connection on & is a Lie algebra valued 1-form w € QY(P,g)
satisfying

(i) For each X € g, w(X*) = X.
(ii) (Ry)*w =ad(g ) ow for all g € G.

Then such an w exists and is unique. Conversely, any such Lie algebra-valued 1-form defines a unique principal
G-connection.



Chapter 6
Lecture 6

6.1 Classifying Spaces

6.1.1 Numerable Bundles

Definition. Say a fiber bundle p: E — B is numerable if it admits an open cover by trivializing open sets % = {U;},.;
for which there exists a partition of unity subordinate to % . Equivalently, there is a locally finite open cover of B by
trivializing open sets {U; };.; for which there is a family of continuous maps p;: B — [0,1] for which U; = pi H((0,1]).

Say an open cover of a space is numerable if it is locally finite and there is a family of continuous maps p;: B — [0, 1]
for which U; = p; 1((07 1]) or, equivalently, if it is an open cover for which there exists a subordinate partition of unity.

We will say a principal G-bundle p: E — B is numerable if it admits a locally finite open cover by trivializing open
sets {U;},; such that there is a family of continuous maps p;: B — [0, 1] for which U; = p; *((0, 1]). Say an open cover of a
space is numerable if it is locally finite and there is a family of continuous maps p;: B — [0, 1] for which U; = p; *((0, 1]).
Note that this means that there is right G-equivariant isomorphism

p~HU) =p M (p H((0,1]) 2 p H((0,1]) x G =U; x G
for all ¢ € I, not simply an isomorphism.
Remark. The equivalence above comes by taking U; = p; *((0,1]).

Exercise 27. If the base space B in the definition above is paracompact Hausdorff, then all fiber bundles are numerable.
[Hint: Use a partition of unity.]

Lemma 6.1.1. A numerable cover a space determines a partition of unity.

Proof. For a numerable cover with functions p;, we let

U
! Dicr Pi

for each j € I. This is well-defined because the cover is locally finite and so at any one point the sum is finite and has
finite value. The 7); then determines a partition of unity. H

Proposition 6.1.2 (Husemoller, 7.2.1.2). If E — B is a numerable G-bundle, then there is a countable partition of
unity {p;};en such that E is trivial over each p; '((0,1]) and, hence, admits a G-equivariant trivialization.

Proof. Take a partition of unity {&;},.; and let I(b) = {i € I : §;(b) > 0} and for each J C I with#.J < oo, set
V(J)={be B:&(b)>&(b) forallje Jandie I\ J}
Then V' (J) is open. For such J, let
&) =max {0, min (&0) - &0)}.

Then £;1((0,1]) = V(J).
Then if #J' = #J" for two finite subsets of I and J' # J”, then V(J') N V(J”’) = @ as we cannot have both
&¢(b) > & (b) and & (b) > &;: (D).

45
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Thus, we may set Vi, = (J 7 4y V(J) a disjoint union and let &, = >- ;. 45—, §s- Then £.1((0,1]) =V, and
P|V,, is trivial because it is trivial over each set in the disjoint union for V;,,. Then the desired partition of unity is given
by

Em

Pm ==
T Ysobn

where p?,((0,1]) = V,,. G-equivariance is clear since we are considering disjoint unions of open trivializing sets. W

Exercise 28. In this exercise, you will define a category Bung,nurrl to be the category of numerable G-bundles with
fiber F and establish variants of theorems in the first five lectures.

(a) The objects of numerable G-bundles with fiber F §& = (E,p,B,G,F, ) where E,B,G,F € Top and where & is a
G-atlas. Show that, with morphisms defined as usual, Bung’nu]m is a category. [Hint: Numerability does not play a role
here. Adapt the proof of Claim 1.]

(b) Show that the pullback theorem holds for Bungnum. [Hint: Numerability matters here. Note that while the G-atlas
need not contain any numerable open covering, there always exists such a covering (hence, G-atlas) that is compatible
with it.]

(c) Show that there is an equivalence of categories Bungnum =~ Pring num where on the right-hand side the morphisms of
numerable principal G-bundles are morphisms of fiber bundles that are G-equivariant on the total space.

(d) Prove topological homotopy invariance by looking up the proof in Dold’s paper Partitions of unity in the theory of
fibrations or adapt Dan Freed’s writeup here.

Remark. This allows us to assume all numerable principal G-bundles are covered by a countable locally finite collection
of trivializing open sets.

6.1.2 Universal Bundles € Milnor’s Construction

Remark. The following is taken from Milnor, Dold and Husemoéller. We will not provide full details for the sake of brevity
and leave them to the reader. We will make the construction in a series of claims .

Lemma 6.1.3. Let X be a space. The isomorphism classes of (numerable) principal G-bundles over X form a set.

Proof. From Theorem 1.3.1, it follows that the isomorphism classes of (numerable) principal G-bundles can be mapped
injectively into the set consisting of all open covers % of X and maps U; NU; — G. This is a set since if 7(X) is the set
of opens for X, then this set has size at most 7(X) x {f: U — G : U € 7(X)} which is a set. W

Definition. For each topological group G, define a functor kg: Ho(Top)°®? — Set sending a space X to the set
[Pring num (X)] of isomorphism classes of numerable principal G-bundles over X. A numerable principal G-bundle P — B
is called a universal bundle and B is called a classifying space of G if there is a natural isomorphism [—, B] & k¢
given by sending a homotopy class f: X — B to the principal G-bundle f*P.

Remark. This says that k¢ is representable and that, moreover, the natural isomorphism [—, BG] 2 k¢ has a particularly
nice description.

Remark. The content of this subsection is that universal bundles exist.

Idea. The basic idea of the Milnor construction is to repackage the data of the second component of the trivializations
wy, = (m,un): P p,t((0,1]) = p,,;1((0,1]) x G and the functions p,, into transition functions.

Conventions. We fix a principal G-bundle 7: P — B with a countable locally finite trivializing open cover {p; ' ((0, 1)}, eN

determined by a corresponding partition of unity {p;}, . such that P| p; 1((0,1]) is trivial throughout. For each n € N,
fix
wy = (mu): Plogt((0,1]) = p H((0,1]) x G

a choice of trivialization.

Definition. Let A C R"™"! be all (n + 1)-tuples of points (so,...,s,) with s; > 0 such that Y s; = 1. This is the
topological n-simplex. It has vertices e; = (0,...,0,1,0,...,0) the i-th standard basis vector.
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Notation. Let W, = [J;_,p; '((0,1]) and define as a set (not as a space)

E,G = A" x G"1/ ~

where

(807"'78”7907"'7971) ~ (867""3’/77,7967"'79;1)
if and only if s; = s} for i = 0,...,n and if s; = s} > 0 then we also require g; = g;. We will denote points of E,,G using a
semicolon (Sg,...,Sn : g0s---,9n)-

As a space, FE,G has the finest topology for which the coordinate functions
ti: E,G —[0,1],  pr;: t;((0,1]) =G (0<i<n)
are continuous. The function ¢;: E,G — [0, 1] projects onto s; and pr;,: t;l(((), 1]) — G projects onto g;.

Remark. Hence, when s; = s, = 0, for the purposes of the equivalence relation, the values of g; and g are irrelevant.
One way to think about this is that when a coordinate of A™ is 0, we forget the corresponding i-th G-coordinate but
remember that it used to be there.

Exercise 29. The join of a collection X1, ..., X, of spaces is the quotient space

(A" X Xy X x Xy) [/~

where (t1,... by, @1, .. Tn) ~ (T1, .., Tny Y1, - -+, Yn) if and only if for each 1 <i <n, s; =r; and when s; =1; >0, we
also require x; = y;. We will denote points of this space as (t121,...,tnxy) where (t1,...,t,) € AL and (x1,...,2p,) €
H?:1 Xi.

Show that there is a homotopy equivalence between E,G and x"G.

Exercise 30 (x). Consider E,G equipped with the topology constructed above.

(a) Show that the topology on E,G satisfies the following universal property. A function f: X — E,G is continuous iff
for each 0 < i < n the functions

tiof: E,G —[0,1] pr;of: f_lti_l((O, 1) = G

are continuous.
(b) Show that a subbase for the topology on E,G consists of all sets of the following two types:

t;l((a,ﬁ)) ={(50,---+50:90,---,9n) € E,G: a0 < s; < B} where 0 < j<nanda < f,a, B €R. I
pr; H(U) = {(50,- -+ 50 G0s---,9n) € EnG : 5; # 0 and g; € U where U C G is open} where 0 < j < n. (II)
Show that this subbase contains a set which is the whole space E,G.

Define a free right action of G on FE,,G by

(807"'78n : gOa"'ngb)g = (807"'?871 : gOg?""gTLg)'
This is easily seen to be continuous using the above exercise. It is furthermore clearly free. Define

B.G = E,G/G.

Claim 12. There is a G-equivariant closed map and, in particular, closed embedding
i: EnG — En+1G

where i sends (Sg,...,5n : g0y---,9n) > (S0,--+,5n,0: G0y -+, Gn,€).

Equivariant is obvious. The complement of i(E, G) consists of all points (sg, ..., Snt1 : go,---,gn+1) such that s,41 > 0.
This set is open essentially by definition of the topology. Note that the topology on the subspace of E,1G consisting of
all points of the form (sg,...,8,,0: go,...,gn, €) satisfies the same universal property as F, G; from this it is easy to see
that E,G — E,11G is an embedding and it is furthermore a closed map since if F C E, G is closed, then i(F) C E,11G
is closed in i(E,G) and i(E,G) is closed—it follows that there is a closed F’ C F,,+1G such that i(F) = F" Nni(E,G)

which is an intersection of closed sets in E,41G and is therefore closed. //
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Lemma 6.1.4. Let
EG = colim, E,,G

with E,G — E,+1G the closed embedding and closed map described above.

(a) The topology of EG satisfies the following universal property. A function f: X — EG is continuous iff for each
0 <i < oo the functions
t;of: EG—[0,1] pr;of: f7171((0,1]) = G

are continuous. In other words, the topology of EG is the finest one for which the coordinate functions
ti: E,G —[0,1], pri: t;1((0,1) = G (0<i<oo)

are continuous. It has the corresponding subbase as in the previous exercise.

(b) EG has a free right G-action induced from those of E,G.

Warning. This is statement is not something I have a source for, but it seems reasonable. I would still appreciate if
someone would read this carefully and tell me that this isn’t an insane proposition.

Proof. (a) The points of EG have the form ((s;);en : (¢i)ien) where all but finitely many s; are 0. By considering what
must be true of the colimit, one sees that EG has open (resp. closed) sets those subsets A C E'G such that (identifying E,G
with its image in EG) AN E,G is open (resp. closed) for all n. It follows that the natural structure map j,: E,G — EG
is a closed embedding. We will henceforth identify E,G with its image in EG.

The projections ¢; and pr; are continuous because they are continuous on each F; ;G for k > 0 (essentially using the
universal property of the colimit). Thus, if f: X — FEG is continuous then ¢; o f and pr; of are continuous for all . Thus,
the colimit topology on EG at least contains the topology generated by these functions. We must verify the reverse is
true—that is, the topology generated by the coordinate functions contains the colimit topology.

Conversely, begin by observing that {((s;): (g:;)):s; =0} is closed being a complement of the subbase element
{((si) : (gi)) : 0 < s; < 2}. Hence, E,G = Ny {((s:) : (gi)) : Sn+x = 0} which is closed. Hence, in the topology of the
coordinate functions, each E, G is closed. Now let ' C EG be closed in the coordinate function topology. To show that
F' is closed in the colimit topology, it suffices to show that each F,, = F'N E,G is closed in E,G. Since F is closed in
the coordinate function topology, it is an intersection of finite unions of complements of the sets of type (I) or (II) by the
exercise (just take complements of the unions generating the topology). Thus, write

F=()E;
JjeJ
where each FEj is a finite intersection of complements of the subbase elements. For convenience, we recall them here.
tj_l((oz,,B)) ={((si) 1 (9:)) e EG:a<s; < B} where0<j<nanda<f,a,f€R (1)
prj*l(U) ={((si) : (9:)) € EG : s; # 0 and g; € U where U C G is open} where 0 < j <n (I1)

Fix n > 1 an integer and consider F,,. Then F,, = ﬂjeJ(EnGﬂEj). Now, if t;l((a, b)) ={((s;) : (1)) : ss < aors; >b}
where 0 < ¢ < n is in the union defining F;, then under our identification of £,G C EG,

E,GN{((5:):(9:):si <aors; >b} =1t7"((a,;0))° = {(50,--+,8n G0y, 9n) : $i < aor s; > b}.

and if i > n, E,G N {((s:):(g:)): 8i <aors; >b} = E,G. Similarly, do the same for each pr; '(U) appearing in the
intersection defining I; and note that, once again, intersecting the resulting set with F,, G satisfies that

E,.GN{((s:):(g:)) : gi € U}:pr;I(U) ={(S05--+,Sn :G0s---,9n) : i €U}

under the same identification of E,G with its image in FG and for 0 < ¢ < n—when ¢ > n the intersection is all of E,,G.
Of course, this shows that

E,GNF =F,=()(E.GNE;)
jeJ
is an intersection of closed sets in the topology of F,G and thus F, C F,G is closed. Hence, F' is closed in the colimit

topology and the two therefore agree.
(b) The G-action induced by those of E,,G is obtained by defining EG ~ G by

((si) : (94)) -9 = ((s1) = (9i9))
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This is clearly a free action. Call this map A: EG x G — EG and denote p: G x G — G the group multiplication map.
To check A is continuous, observe that for U C G open, (pr;0A)~ (U) = {(((si) : (9:)),9) : (9i»9) € p~*(U)} which is
open because ;Fl(U ) is open in G x G and so can be written as a union of open rectangles—one verifies more precisely
by using type (IT) sets. Similarly, if J C [0, 1] is open, then one easily checks (t; 0 A)~!(J) = t;*(J) which is open. H

Exercise 31. Is it true that EG = colim E, G in the category Tops of spaces with a continuous right G-action and
continuous equivariant maps? [Remark: I believe this is true, which is the provenance of the preceding lemma.|

Claim 13. Let BG = EG/G. Then BG = colim,, B,,G = colim,, E,,G/G. Moreover, the maps B, G — B,,+1G induced
by the closed maps and embeddings F,G — E,,;1G are themselves closed maps and embeddings.

Category theory makes the first part trivial. Let Gy be the underlying discrete version of the topological group G and
let BGy be the category with one object @ and Endgg,(e,®) = Gy as a group. We saw that EG is the colimit in right
G-spaces and it follows immediately that EG is the colimit in the category of right G, spaces as well. We wish to
compute the colimit of the functor F: BGg x (N, <) — Top where F(e,n) = E,G as a space and with G-action given
by F(g,n) = —-g: E,G — E,G the right G-action on E,G. This is a functor since we saw that E,G — FE,11G is
G-equivariant. Since colimits commute with colimits,

colimpax (N, <) F = colim(y <) colimpg, F' = colim, B,,G = colim,, £,G/G
colimpgx (n,<) F = colimpg, colim(n <y F' = colimpg, £G = EG/G.

Hence, we have a zig-zag of (natural!) isomorphisms connecting the two constructions, as desired.

As for the second part, let F' C B, G be closed and let F be its preimage in E,,G and note that F is itself a right G-space.
Hence, F C E,;1G is closed and a right G-subspace because E,G C E,1G is a closed subspace and E,G — E,1G is
G-equivariant. The projection E,, 11G — E,11G/G sends this to a closed subspace since F already contains all G-orbits
of points in it and hence is a closed saturated set for the quotient map—it follows that B,,G — B,,+1G is a closed map.

Since it is injective and continuous, it is a closed embedding. //
Claim 14. The projection p: EG — EG/G = BG is a numerable principal G-bundle.

As a consequence of the last claim, this projection is p: colim F,,G — colim E,,G/G induced by the principal G-bundle
projections p,,: E,G — E,G/G. Notice that EG has natural projections

tp: : EG — [0,1]
sending ((8;)ieN : (9i)ien) to sk. These respect G-orbits and hence descend to maps
T1: BG = [0,1]

defined by the same formula. Let Uy = t,;l((O, 1]). This is an open saturated set for the quotient map p: EG — EG/G =
BG. Hence, its image
Uk/G =V, = lel((o, 1])

is open in BG.

The collection {V;},-, is a locally finite open cover of BG since every representative of a point [((s;), (¢i))] € BG has
the same (s;);en coordinates and by definition of EG, each point has only finitely many s; # 0. We can furthermore
trivialize EG — BG over each V; G-equivariantly. Indeed, EG|V; = U; is the set of ((s;) : (¢:)) with s; > 0. Define

©;: U, -V, x G by
((s5) : (95)) = (p((s5) = (93)), Pra((s5) : (95))) = ([(s5) : (95)], 2)-

This is continuous because its two components are continuous functions restricted to the open subset U;. G-equivariance
of the association is immediate. For an inverse, pick a representative of a point [(s;) : (g;)] such that g; = e and call this
representative ((s;) : (¢5)). Then define its inverse ;' Vi x G = U; by

([(s5) = (g5)], 9) = ((55) = (959))
or, equivalently,
(p((55) = (97)),9) = ((35) : (959: " 9))-

This association is manifestly G-equivariant and an inverse to the previous map. It is well-defined because there is one
and only one representative of the class [(s;) : (g;)] with g; = e. If ([(s;) : (9:)],9) — ((si) : (g}g)) is continuous, then we
are done because the transitions ¢;;: V; N V; x G — V; N'V; x G will have associated transition functions

9i3 (p((s5) : (9))) = i ([((s) : (95)]) = gig; "
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or, equivalently,
9i5 ([(s5) : (g)]) = pry @5 ' ((s5) : (g5)], €)

where pr; is the coordinate function EG — G and so

9ij = Dr; ocpj*l(—,e): vinVv, =G

which is certainly continuous being a composite of continuous functions (note that @}1(—, e) is continuous). /!

Exercise 32. Show that this association ([(s;) : (g;)],9) = ((sj) : (g}9)) is continuous and equivalent to (p((s;) :

(9i),9) = ((s;) : (gj9;'g)). [Hint: Check that the subspace topology on U; induced from the coordinate function
topology on EG satisfies a similar universal property to EG. Then simply check on subbase elements.]

Theorem 6.1.5. The principal G-bundle p: EG — BG is universal.

Proof. Let w: E — B be a numerable principal G-bundle. We may assume there is a countable (locally finite) partition
of unity p;: B — [0,1] such that E — B is (equivariantly) trivializable over U; = p; *((0,1]) say with trivializations
©w; = (’/T,’LLZ')I 7T71(Ui) —U; x G.

Given such data, we can define a map E — EG given by f(z) = ((pi(m(2)) 1, (ui(z))). This is well-defined since only
finitely many p;(x) # 0 and it is G-equivariant because the u; are G-equivariant. This shows that every numerable principal
G-bundle has a map to EG — G. We must show homotopy invariance now—that is, [—, BG]| = Pring num(—)/iso as in the
definition of the universal bundle. Let us begin by showing that pulling back the universal bundle establishes a bijection
[X, BG] = Pring num (—)/iso.

The following was an exercise but we give the proof here anyways.

Claim 15. Pulling back a map B — BG yields a numerable principal G-bundle over B.

By the pullback theorem, it suffices to check that for a given a map of principal G-bundles f: E — EG, the bundle E — B
is numerable. Indeed, we obtain a G-equivariant map by composition t; o f: E — [0,1] where [0,1] «\ G is the trivial
action. Hence ; o f descends to a map p;: B — [0,1]. Notice that the covering p; *((0,1]) is a locally finite open cover and
indeed a partition of unity using the p;—this is because, necessarily, > t; = 1 (check how the simplices A™ are defined
and note that points of EG are just points lying in some E,,G) and this cover is locally finite since for any € EG, only
finitely many ¢;(z) are non-zero and the G-action preserves their values in that t;(z - g) = t;(x).

It follows that

5] (0,1]) D [0,1) x G

is a morphism of G-bundles over p; '((0,1]) £ [0,1] since f and pr; are both G-equivariant. Hence, E| p; 1((0,1]) is
the pullback of p;: p; 1((0,1]) — [0,1] by the pullback theorem. But the pullback of a trivial G-bundle is trivial so we
conclude, so there is an isomorphism of principal G-bundles E|p;*((0,1]) = p;*((0,1]) x G.

Now we establish the desired bijection [B, BG] = Pring num(B)/iso by pulling back the universal bundle. We have
already seen that every principal G-bundle has a bundle morphism into EG — BG. By the pullback theorem and
homotopy invariance, this shows that pulling back the universal bundle is a surjective map [B, BG| — Pring yum(B)/iso.
Now we must show that it is an injective correspondence and this is the more subtle part.

Suppose 7: E — B is pulled back (up to isomorphism) from two maps f,g: B — BG. If we can show that the two
induced G-equivariant maps fv, g: E — B are G-equivariantly homotopic, then this homotopy will descend to a homotopy
on the base space between f and g. In a little more detail, given f,g: F — EG G-equivariant, we must show that there is
a homotopy H: E x I — EG from f to g satisfying that H(z - g,t) = H(z,t) - g as G-equivariance of the homotopy (and
since I is locally compact Hausdorff, an annoying point-set technicality we generally do not have to worry about) means
it will descend to a homotopy H: B x I — BG between f and g, where f,g: B — BG are also induced by passage to the
quotient. _ _

Write f,g are f(x) = ((ui(z)) : F;(z)) and g(x) = ((vi(x)) : Gi(z)). For 1 < k < co. We will construct a homotopy that
inserts Os between all s;’s in the coordinate expression for fand g. The two cases are similar so consider f Define maps
H*: E xI— EG by

H*(z,t) = ((uo(@), . .., up—1(x), tug(z), (1 — )ug(@), tugs1(x), (1 — gy (@), ...) : Fi(x))

where we have suppressed the matching pattern for the F; coordinates. This is continuous, well-defined (note that the
coordinates all sum to 1) and G-equivariant. As in the usual trick, we define H: F x I — EG by
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(1) = fla)
H'(z,2t) te[0,1/2]
H(z,t)=1{:

Hb(z,2t — (1 —27G-D)) te [1—2-(k-1 127k

Observe that H(z,0) = (u1(z), 0, uz(x),0,...: F1(z),e, Fa(z),e, . ..) (recall that this is really an equivalence class so we can
replace the e terms on the right by any other group element). This is continuous because each H* is continuous, H (z,0) =
H k=1(z,1) and since each coordinate only plays a role in finitely many of the steps H k. it is clearly G-equivariant. This
gives a G-equivariant homotopy from (ui(x),0,u2(2),0,... : Fi(z),e, Fa(x),e,...) to f We can do the same for g in
such a way that we obtain a G-equivariant homotopy from (0, vi(x),0, v2(z),0,v3(x),...: e,G1(x), e, Ga(z), e, Gs(x),. . .).
Finally, we can connect these two starting points of the homotopy by another G-equivariant homotopy

H:ExI— EG

defined by
H(z,t) = ((1 —t)ur(x), tor(x), (1 — t)ua(z), tva(z), ... : Fi(x),Gi(x), Fa(x), Ga(x), .. .).

This is certainly continuous as can be verified using the coordinate functions and G-equivariant. It is well-defined since the
relation on EG makes identifications ((s;) : (g;)) ~ ((s}) : (g7)) when s; = s’ for all j and whenever s; > 0 we demand
g; = g;- (but when s; = 0 we make no such stipulation). Similarly, one can check that only finitely many terms of the
left-hand side of the coordinate expression for H are non-zero and that these terms all sum to 1. H

Exercise 33. Fill in the details that H as constructed above is continuous. [Hint: It may help to look at the proof
Hatcher gives for Whitehead’s Theorem showing that weak equivalences between CW-complexes are actually homotopy
equivalences.|

Exercise 34. Verify that the association so defined by pulling back the universal bundle is natural. We only verified that
it provides a bijection [B, BG] — Pring num(B)/iso for each space B € Ho(Top).

Exercise 35. Using the ideas above, show the total space of the Milnor construction is contractible: EG ~ x.

Lemma 6.1.6. The Milnor construction is functorial in the group G as a numerable structured fiber bundle. In particular,
the Milnor construction on the base space assembles into a functor B: Top — Grp — Top.

Proof. Given a continuous homomorphism ¢: G — G', Eg: EG — EG' is defined by ((s;) : (¢:)) — ((si) : (¢(gi))). This
is certainly well-defined and continuous, as can be checked using the coordinate projection maps. This map satisfies that
((sq) : (95)) - g — ((s5) : (p(g:)) - p(g) and so it is a fiberwise map and, in particular, descends to a map on quotients
because ¢ is a group-homomorphism and thus respects the quotient relation. We call this Be.

BG 2%, BG/
| |
BG B BG’

Functorality follows quickly from this. W
Theorem 6.1.7. Milnor’s functor B: Top — Grp — Top preserves homotopy equivalences between underlying spaces.

Proof. Let f: G — G’ be a continuous homomorphism with homotopy inverse g: G’ — G in spaces. Let H: G x [ — G
be a homotopy from g o f to the identity and H': G’ x I — G’ be a homotopy from f o g to the identity. D

6.1.3 Bar Constructions in Homotopy Theory and Another Model for The Universal
Bundle

Idea. In algebra, one learns that the relative tensor product A ® g B of a right R-module A with a left R-module B is
given by the following reflexive coequalizer, where the tensors are taken over Z
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do
§:d1
A®B7804> A®R®B

where

dp =act® B
di = A®act

sp = insertion of multiplicative identity 1g

To be a reflexive coequalizer means the underlying diagram

do

FE=a—., (+)

S0 —>

satisfies dgsg = id = dys9. A basic theorem is that the colimit of this diagram is the coequalizer of dy and d;.

Such an object of this sort is fine for regular algebra, but in homotopy theory our objects are only associative, unital
and commutative up to higher coherences. To get better behavior in such a situation, we must extend this diagram to
capture the relations of homotopy theory. There are many ways to do this, but the following is the basic idea.

Suppose you have a space X and you wish to consider how its points are related to each other. The first basic obstruction
to relating two points of a space is if they lie in the same path-component of X. But it is not always the case that any two
paths connecting two points are themselves homotopic with the homotopy fixing the endpoints. For instance, consider two
paths with opposite orientation connecting any two points in S'. We can similarly ask for homotopy relations between
these homotopies and so on and so forth. The combinatorics of this question is completely captured by the cube category
0. The category O has objects I*™ for n > 0 where I = x0 <1 is a poset. The morphisms of (] are the morphisms of
posets (i.e., order non-reversing maps) I*"™ — I*™ where [*" is a poset by using 0 < 1 on each coordinate.

In the particular setup we are considering, the object that will track all of the relevant homotopies and relations is the
cubical set

homep (7, X): O°P — Set

where, here, I = [0, 1] and the morphisms I"™ — I"™ are the maps corresponding to those in 0. Of course, the combinatorics
of the category [0 is complicated. A simpler option is subdivide each cube into simplices. The relevant category to
consider which will still capture the desired homotopy data is the simplex category A. It has objects the posets [n] =
{0 <1< .- <n} and its morphisms are morphisms of posets. The object to consider is then the simplicial set

homop (A7, X): A — Set.

Notice as well that the full subcategory of A°P on [0] and [1] is precisely the reflexive coequalizer diagram ().
To see that we’ve done a good job, we should like that this object captures the homotopy type of the space X.

Theorem 6.1.8. The geometric realization of the simplicial set homtop(A™,X) for any space X is naturally weakly
equivalent to X.

Proof. The functor homre,(A™,—): Top — sSet is the singular simplicial set functor. It is a right Quillen functor and
geometric realization |—| : sSet — Top is its left adjoint and also a left Quillen functor. These functors form a Quillen
equivalence. Since every object in fibrant in Top and every object is cofibrant in sSet, model category theory implies that
the [homop(A™, X)| — X is a weak equivalence. W

This all suggests that the relative tensor product in homotopy theory should be a resolution by the relations of homotopy
theory if it is to capture the higher coherence data. To make this perfectly precise, we should also replace “colimit” by
“homotopy colimit” but on the point-set level it will pay to distinguish between them. Let us write * X ¢ * for the realization
of the simplicial object which in degree n is G*™ and with face and degeneracy maps given by multiplication/deletion and
insertion of identities, respectively. One can check that when e — G is a cofibration, this is a cofibrant simplicial diagram
in spaces and therefore its realization is already derived in a suitable sense. It will turn out that BG ~ % X & *. Similarly,
EG ~ G x¢ * where G X ¢ * denotes the realization of the simplicial object which in degree n in G x G*™ with face and
degeneracy maps given by multiplication/deletion and insertion of identities, respectively.

Let us now define the two-sided simplicial bar construction, which one often simply calls the bar construction
in homotopy theory. We shall define it in a fully functorial manner.

Exercise 36. Show that there is a functor A — Top (resp. A — Top, ) sending [n] — A™ (resp. [n] — A%} ) and sending
an order preserving map 0: [n] — [m] to
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0*(t0, N 7tn) = (80, ce ,Sn)

L]0 0-1(i) = 0
l Zj€0*1(i) tj 071(i) # 0.

Definition. Let C = Top or Top,. These categories are closed symmetric monoidal under the x and A, respectively. We
denote these by ® for convenience. By abuse of notation, let Bar(C) be the following category.

1. The objects of Bar(C) are triples (A, M, B) where M is a monoid in C and A and B are right and left modules over
M, respectively.

2. The morphisms of Bar(C) are triples (f,v,9): (A,M,B) — (A’,M', B’) such that ¢ is a morphism of monoids,
f: A= p*A’ and g: B — ¢*B’ are morphisms of right (resp. left) modules over M where ¢* indicates restriction of
scalars.

The two-sided simplicial bar construction or simply the bar construction is the functor
Bar: Bar(C) — sC = CA™

defined as follows. Levelwise, Bar(A, M, B),, = A® M®"® B. Fixing an element ag®@m1 ®...Qm, @b,+1 € Bar(4, M, B),,
the face maps d;: Bar(A, M, B),, — Bar(A, M, B),—1 (0 < i < n) multiply the i-th and ¢ + 1-st elements of ag ® m; ®
... ® My, ® byt and the degeneracy maps s;: Bar(A, M, B),, — Bar(A, M, B),+1 (0 < i < n) inserts a unit after the i-th
element in ag @M1 ® ... Q My @ byi.

Definition. Let C = Top or Top, and denote the monoidal product of C by ® as above.
Let X € CA™. Define the geometric realization |X| of X to be the following coend

[m]leA
def X, x A" C=Top
X|=Xoa A= f[m]eA L

Ik X, NAY C = Top,.

Here, (—)4 is the functor from spaces to pointed spaces adding a disjoint basepoint.

Notation. We shall denote the functor |Bar| : Bar(C) — C simply by B.

Proposition 6.1.9. The functor |—|: sC — C is a left adjoint. When C = Top, its right adjoint is the functor X +—
Homt,,(A™, X) and when C = Top, its right adjoint is the functor X — Homr,, (AL, X).

As far as the author knows, this construction is due to Peter May but the idea goes back further to Dold, Lashof and
Steenrod. This next theorem is Theorem 8.2 here, among other items. The non-degeneracy of the basepoint is essential
for homotopical reasons—one should hope that B(x, G, G) is already derived in a suitable sense and this condition makes
this possible.

Theorem 6.1.10. Suppose Top is a convenient category of spaces and let G be a group for which e — G is a closed
cofibration. Then EG = B(x, G, G) is a right G-space and EG — EG/G = B(x, G, %) is a numerable principal G-bundle.

Remark. While will not use this construction, it has superb functorial properties as long as we restrict our attention to
groups as in the statement of theorem and work in a convenient category of spaces.

6.2 The Classification Theorems: Consequences and Applications

6.2.1 The Classification Theorems

Recall the following from the subsection Universal Bundles & Milnor’s Construction.
Lemma. Let X be a space. The isomorphism classes of (numerable) principal G-bundles over X form a set.

Definition. For each topological group G, define a functor kg: Ho(Top)°P — Set sending a space X to the set
[Pring num(X)] of isomorphism classes of numerable principal G-bundles over X. A numerable principal G-bundle P — B
is called a universal bundle and B is called a classifying space of G if there is a natural isomorphism [—, B] & kg
given by sending a homotopy class f: X — B to the principal G-bundle f*P.

Remark. This says that k¢ is representable and that, moreover, the natural isomorphism [—, BG] = k¢ has a particularly
nice description.
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We refer to the two following theorems as the Classification Theorem. We will prove the latter of the two at the
end of the lecture.

Theorem 6.2.1. Fiz a topological group G. The functor kg: Ho(Top)°P — Set is representable. In particular, there is
a natural isomorphism kg = [—, BG| which associates to an isomorphism class of a principal G-bundle E € kg (B) the
homotopy class of the map f: B — BG such that E = f*EG where EG and BG are given as in Milnor’s construction.

Proof. In our construction of Milnor’s universal bundle, we saw that a numerable principal G-bundle £ — B is exactly
the same (up to isomorphism) as a morphism of principal G-bundles fE — EG. The pullback theorem implies that
f: E — EG is determined by the map it induces on base spaces f: B — BG. Topological homotopy invariance now
implies that the association f — [f] is well-defined and thus it is a bijection. Naturality follows immediately by pasting
pullbacks (i.e., two pullback squares paste to a single pullback square). W

Theorem 6.2.2 (Dold, 7.5). A numerable principal G-bundle & is a universal bundle iff the total space E of £ is
contractible. In particular, any two universal (numerable) bundles are G-equivariantly homotopy equivalent.

6.2.2 Consequences and Applications

Corollary 6.2.3. Any two base spaces of a universal bundle are homotopy equivalent.

Proof. If E — B and E' — B’ are universal bundles, then [—, B] and [—, B’] both represent the functor k. Hence, there

is a natural isomorphism [—, B] & [—, B’] and hence, by Yoneda, this is represented by a homotopy equivalence (i.e., an
isomorphism in Ho(Top)) in [B,B’]. A

Exercise 37. Given a homotopy equivalence f: B ~ BG, show that f*EG — B is a numerable principal G-bundle and
that, moreover, f*EG — B is a universal principal G-bundle.

Proposition 6.2.4. There is a homotopy equivalence B(Gy1 x G2) ~ BGy x BGs.

Proof. Certainly EGy x EGy — BG1 x BG5 is a numerable principal G x Ga-bundle and the product of two contractible
spaces is a contractible space. Hence, EG; x EGy — BG, x BG4 is a universal bundle. By the corollary, there exists a
homotopy equivalence B(G; x G3) ~ BG; X BGy. N

The following will be used in the next theorem. Note that when CAT = DIFF, we are not guaranteed that G/H is Lie
group in general unless H is a closed normal subgroup.

Exercise 38. Fix a choice of CAT. Let G be a CAT group, let H < G be a CAT subgroup which is closed when CAT = DIFF.
Suppose there exist open sets e € E C G and e € U C H such that the group multiplication E x U — E -U C G gives an
isomorphism onto its image. Show that the projection q: G — G/H is a CAT principal H-bundle. [Hints/Steps:

(1) By the quotient manifold theorem, G/H is a smooth manifold if H < G is a closed Lie subgroup.

(2) Write U = HNV for V C G open.

(3) Show that there is an open set W C V such that W=1W C V.

(4) Setting T = ENW, show that T x H — TH C G is an isomorphism onto its image.

(5) Show that TH is open in G and that its image in G/H is open as well.

(6) Show that this gives an H-equivariant trivialization TH — (T' x H) = ¢~ *(TH).

(7) By translation, show that G/H is covered by such open sets with corresponding trivializations. Verify that transitions
functions for these are CAT and land in H.

(8) Conclude.]

Theorem 6.2.5. Let G be a Lie group and H < G a closed subgroup. Then G — G/H is a principal H-bundle.

Remark. In general, G/H will only be a a Lie group when H is a normal subgroup as well. For H < G a closed subgroup,
G/H is a smooth manifold for which the projection G — G/H is smooth.

Proof. Write h @ b+ = g where by b we mean any complement of  C g. Define F: b+ x H — G by
F(v,h) = exp(v) - h.
To compute F, (g ¢)(w,w’), we note that this is

Fio(=e)(w) + Fuc(0, =)(w).
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~

Now, Fio(—,e)(w) = exp(—)«o(w) = w under the usual identification of Toh = b+ and similarly since Fi .(0,—) =
e-—=idy, Fi.(0,—)(w") = w'. Thus,
F*,(e,O) (w? wl) =w+w

This gives a map Toht x h = ht x h — g and so is an isomorphism. Hence, this is a local diffeomorphism about (0, e).
Hence, there exist open sets Eq C h* and U C H each containing e € G such that f| Ey x U is a diffeomorphism onto its
image. In particular, E = exp(Ey) is open. Then for E and U as chosen, the preceding exercise shows that G — G/H is
a smooth principal H-bundle. W

Proposition 6.2.6. There is a weak equivalence G = QBG.

Proof. Fix a basepoint e € EG and let b be the image of e in BG. We treat these as basepoints. Note that the bundle
projection EG 2 BGisa quotient map and therefore surjects so we loose nothing by doing this—every point b € BG is
the image of some point e € EG.

By Theorem E.1.3, fiber bundles are Serre fibrations, so the fiber sequence G — EG — BG is a (homotopy) fiber
sequence. Similarly, Mapr,, ((/,0), (BG,b)) = PBG 2", BG be the path-space fibration having basepoint the constant
map at b. Since this is a Hurewicz fibration, its fiber QBG is its homotopy fiber. B

Let h: EG xI — EG be a contracting homotopy with h(z,0) = e the basepoint and h(x, 1) = x. Define h: EG — PBG

by @+ (po h)(x,t). This is a pointed map. Let a = 71‘ p~1(b). We then have a morphism of (homotopy) fiber sequences

G EG BG
[ Fooo
QOBG —— PBG —» BG

Since EG ~ x ~ PBG, the long exact sequence in 7, for a fibration along with the 5-lemma furnishes the result for
basepoints as chosen. Any other choices of basepoint work out the same so « is an honest weak equivalence. W

Remark. Because of this, we say that BG is a delooping of G.
Corollary 6.2.7. mo(BG) = . If G is path-connected, then BG is simply connected.

Proof. There is an adjunction for homotopy classes of pointed spaces XX, Y], = [X,QY], and £S" = S"*!. Hence,
T (Y) = mp41Y . The result now follows since G — QBG is a weak equivalence.

Lemma 6.2.8. Let us denote g and &g the universal principal bundles for G and G’ respectively. Let ¢: G — G’ be
continuous group-homomorphism. This gives a continuous action G ~ G by g-g = (g) - g .

TFAE up to homotopy:

(a) By as in the Milnor construction.

(b) If there exists a continuous morphism of bundles f: EG — EG' such that f(:c -g) = ~(x) - (g), then passage to
quotients induces By.

(c) By is the map BG — BG' classifying the numerable principal G'-bundle . which is the bundle EG x¢ G' — BG.

Remark. Even though G — G’ specifies an action G ~ G’, it may not be an effective action, but this is alright. The
only place where effectiveness is required is in obtaining functorality of the associated principal G-bundle construction
and from there the equivalence Pring ~ Bung.

Proof. 1t suffices to work with the objects constructed in the Milnor construction throughout by the forgeoing considera-
tions.

(c) & (a) Given a map classifying FG xg G' — BG, we would like to show that it is homotopic to the Milnor
construction and, conversely, we would like to show that Milnor By classifies EG x¢ G’ — BG. By the classification
theorem and the pullback theorem, it suffices to show that the By of the Milnor construction classifies EG xg¢ G’ — BG
where EG x ¢ G’ has transition functions the same as EG except we post-compose them with ¢ (i.e., ¢ o g;;). This pops
out of the associated bundle construction since G ~ G’ through .

The Milnor construction By sends p((s;) : (g:)) — p((s:) : (¢(g:))). We can define EG xg G" = EG' by E¢ x,G’. We
thus have diagram which we do not yet know commutes.

EG ¢G2S BG %o &

| |

BG —— BG’
By
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It is easy to check this commutes (here, ¢ is the projection EG’ — BG’).

[((s0) : (92)), 9)] —— [(((s3) = (2(9:))), (9))]

! l

p(((s0) : (9:)) —— a(((s4) : (#(9:))))

If we can show that Ey X, G’ is a morphism of principal G’-bundles, then the pullback theorem tells us that this must be
a pullback diagram and so we can conclude. For this, it is easy to see that the coordinate form of Ey (perhaps shrinking
V first) has the form

VxGoUxG  (z,9) = (Be(x),guv (2)e(9))

where gy (z) € G’ is the image of (z,e). As in Theorem 4.2.5, it follows that upon taking associated bundles, the form
of this map on the same trivializing open sets is

VxG -UxG  (x,9)~ (Bo(x),gyy(2)d)

which is therefore a morphism of principal G’-bundles and hence so we may conclude.
(b) < (c) Given a morphism of principal G’-bundles

EG xq G £ EG
BG —— BG'
define EG — EG xg G’ to be the composite

EG %% BpG x G — EG x¢ G

sending x — [(z, e)]. Then the induced map
EG — EG

sends z — F([(z,e)]) but also
z-g F([(z-g,e)]) = F([(z, 0(9)]) = F([(z,e)] - v(9)) = F([(z,€)]) - ¢(g)
so that FG — EG’ satisfies the hypotheses sought for fand, moreover, the following diagram commutes

EG —— EG xqg G —— EG'

| | |

BG =——— BG —— B¢’

so that By is described as in (b).
Conversely, given map f furnishes a morphism of principal G’-bundles f x,G": EG xq G = EG' x¢' G' = EG'. More
explicitly, in the evident morphism of coequalizer diagrams, this arrows arises as the dashed one

EGxGxG —= EGx G —— EG xg G

l?x«pxl lfxl %
EG' xG xG@ —= EG' xG@ —— EG x¢ G’
Passing to the quotient, this construction yields a map BG — BG’. Thus, fxv, G’ classifies the bundle EG x¢ G’ — BG

by the pullback theorem, homotopy invariance and the classification theorem. It is easy to see these two procedures are
inverse to one another up to homotopy and this finishes the proof. H

Exercise 39. Show that p: G — G/H is a CAT principal H-bundle iff there is a nbhd U of the basepoint eH € G/H
along with a local CAT section s: U — G of p. [Hint: Define ’(/Jg_li gU x H — p~1(gU) by wg_l(gu,h) =g f(u) - h. Show
these are G-equivariant homeomorphisms (diffeomorphisms in the smooth case) whence the inverse makes sense.]

Lemma 6.2.9. Suppose H < G is such that p: G — G/H is a numerable principal H-bundle.

(a) Regardless of the assumptions of numerability, q: EG — EG/H s a principal H-bundle.
(b) Under the assumptions of numerability, EG/H — EG/G is a fiber bundle with fiber G/H.
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(c) Under the assumptions of numerability, (e.g., H < G is a closed subgroup of a Lie group), EG — EG/H is a universal
principal H-bundle (i.e., it is in addition numerable). In particular, EG/H = EG x¢ (G/H).

(d) EG/H ~ BH.

(€) There is a model for Bi: BH — BG which is a numerable fiber bundle with fiber G/H.

Proof. (a) Fix a nbhd U of eH € G/H as in the preceding exercise. Fix a G-bundle atlas for 7: EG — BG, say {U;, p;}.
Let Wi, = qp; (Ui x p~'(gU)) € EG/H. This is open because ¢; *(U; x p~'(gU)) is an open saturated set for ¢ and
they cover EG/H. Define ¢; 5: ¢ *(W; 4) = W, 4 x H by

Gig (07 (, gs(u)h)) = i g7 (g (gu, k) = (g7 (@, g (gu,€)), h) = (qp; ' (x, gs(u)), h).

It is not hard to see that this is well-defined, a homeomorphism and right H-equivariant since the ¢; are G-equivariant.
As for transitions functions, the transition map

Gig 0 (;5;91, Wi g MW, x H—= W gNW; g x H

is a homeomorphism and right H-equivariant—this means for fixed x € W; 4 N W; 4, the function ¢; 4 o quT; (z,h) =

$ig © (bj_,;, (x,e)h and so we extract a proposed transition function. But then ¢; 4 0 g 18 the graph of the corresponding
transition function h(; g,(;,¢) and therefore must be continuous. This shows that £G — EG/H is a principal H-bundle.

(b) It is not hard to see by hand that EG/H = EG xg G/H and some thought shows by the associated bundle
construction that EG/H = EG xg G/H — EG/G is a numerable fiber bundle since EG — EG/G is a numerable
bundle—it is surely the case that these two projection maps are the same. It follows that EG/H locally has the form
U x G/H and over the same open sets EG has the form U x G.

(¢) Now suppose, in addition, that G — G/H is a numerable principal H-bundle. We know that p: EG — EG/G is
a numerable bundle and so we may assume it has a locally finite and countable open cover given by a partition of unity
witnessing this say {(U;, p;)} where p;: BG — [0,1] with U; = p; *((0,1]) and p~*(U;) = U; x G equivariantly. Then on
trivializations, EG — EG/H looks like the projection (id,p): U; x G — U; x G/H. We know that U; X G — * x G 2 G is
the “numerable type” bundle. Since G — G/H is numerable, it has some covering ¥ = {(V}, A;)},; as EG — BG does.

Define a new partition of unity by {((p;A;)~*((0, 1])’pi)\j)}iel ieJ (
be locally finite since (p;A;) 71 ((0,1]) = U; x V;. To see that it is a partition of unity, simply observe that for fixed z € U;

and h € H,
D_pi@s(h) =323 pil@)s(h) = 3 Ai(h) =1

jeJ

understood appropriately). This is easily seen to still

where we can move the same as we have indicated by local finitentess. This shows the bundle is numerable.
(d) This follows from preceding considerations.
(e) This follows from preceding considerations. W

6.3 Characteristic Classes

Definition. Fix a cohomology theory h. A characteristic class for numerable principal G-bundles is a natural trans-
formation ¢: kg — h* of functors Ho(Top) — Set where kg(X) = Pring num(X)/iso where % € Z is fixed.

Theorem 6.3.1. All characteristic classes of principal G-bundles are pullbacks of cohomology classes under classifying
maps X — BG. In particular, Nat(kqg, h*) = h*(BG).

Proof. We have seen by the classification theorem that kg = [—, BG] = homy,(top)(—, BG) and hence by the Yoneda
lemma, there is a natural isomorphism Nat([—, BG], h*) = h* BG. Given a characteristic class ¢ € h*BG and f: X — BG,
naturality of the correspondence gives f*c € h*X. N

Definition. Fix a cohomology theory h. A characteristic class for principal k-vector bundles of rank n are natural
transformations c: kX — h* of functors Ho(Top) — Set where kX(X) = Vectk,num”(X)/iso are numerable k-vector
bundles of rank n up to isomorphism and where * € Z is fixed.

Exercise 40. Let K be either R or C.

(a) Let G ~ F effectively. Show that the associated principal G-bundle functor and the associated bundle functors constitute
an equivalence of categories P : Bungnum ~ Pring num : — X F' between the subcategories of numerable bundles.
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(b) Show that all characteristic classes of numerable K-vector bundles of rank n are pullbacks of cohomology classes under
classifying maps X — BG. In particular, Nat(kX,h*) = h*(BG). [Hint: The associated K”-bundle of the universal
bundle is universal in the same sense for vector bundles by (a).]

Theorem 6.3.2. There are natural isomorphisms of graded rings

H*(BO(n);Z/2) 2 Z /2wy, ..., wy], |w;| =i
H*(BO;Z/2) =2 Z/2[wy,ws .. ], |w;| =i
H*(BU(n);Z) = Z[cy, . . ., ¢, le;| = 2i
H*(BU;Z) 2 Zcr,co.. ], e =2i

Proof (Sketch). The Serre spectral sequence for the fibration U(n) — EU(n) — U(n) for n > 1 collapses and U(1) = S!
so that BU(1) = CP* whose cell structure we know. Bootstrap up using the Serre spectral sequence for the fiber
sequences U(n) — U(n + 1) — U(n + 1)/U(n) = S?"*1. For the infinite unitary group BU, use the fact that inclusion
BU(n) — BU(n + 1) is a cofibration (e.g., use that Gr, x+n — Grii1k+14n 1S an embedding and so has a tubular
neighborhood for all n). Hence, the infinite orthogonal group case follows from identifying BU = hocolim BU (n), then
using lim' argument along with the understanding that hocolims respect ring structure.

For the orthogonal group, first note that Voo = O(2) 2 S x S1. There is a fiber sequence O(k) — O(n) — O(n)/O(k)
with O(k) — O(n) a cofibration. We know that O(n)/O(k) is (n — k — 1)-connected from homotopical reasonings and the
fibration sequence O(n — 1) — O(n) — S™~ 1.

Use the map of fiber sequences arising from what we shown about

O(n) - EO(n) — BO(n)

s

O(n)/O(k) —— BO(k) —— BO(n)

where EO(n) — BO(k) is the map EO(n) — EO(n)/O(k) under our identification of EG/H ~ BH. We are using a
result from before to do all this.

Show that O(n) — O(n)/O(k) kills generators of cohomology suitably. In the Serre spectral sequence of the bottom
row, for r < k+1, d,zqy = 0 for r < ¢ and so z, is transgressive. By naturality of the Serre spectral sequence, this means
dyzg =d.E.(F)(xq) = E.(F)(drzg) = 0 for r < k + 1. Hence, z, is transgressive in the top spectral sequence

6.3.1 Explicit Universal Bundles

Definitions. Consider the following subgroups of the Lie group GL, (k) for k =R or C.

(a) O(n) < GL,(R) consists of the matrices A with AA* = I (i.e., those matrices preserving the standard inner product
on R™) the orthogonal group.
(b) SO(n) < O(n) < GL,(R) is the connected component of O(n) consisting of all A € O(n) with det A = 1 the
special orthogonal group.
(c) U(n) < GL,(C) consists of all matrices with AA* = I (i.e., those matrices preserving the standard inner product on
C™) the unitary group
(d) SU(n) <U(n) < GL,(C) the subgroup consisting of all matrices A € U(n) with | AA*| = 1 the special unitary group.
(e) Let Sp,,(R) < GL2,(R) be the subgroup of matrices preserving the canonical symplectic form on R?" which is given
in the standard basis as the block matrix
0 idpxn
_JQn B (_ idnxn 0 ) ’

This is the (real) symplectic group. This is not the compact symplectic group.
Remark. Note that the columns of a matrix in O(n) have norm 1.

Theorem 6.3.3 (E. Cartan, Malcev, Iwasawa). Every connected Lie group G is homotopy equivalent to any of its
maximal compact subgroups (these are all necessarily connected and exist).

Proof. Omitted.

Lemma 6.3.4. The maximal compact subgroup of a Lie group is itself a Lie group.
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Proof. By Cartan’s Theorem, every closed subgroup of a Lie group is itself a Lie group. A compact subset of a Hausdorff
space is always closed. W

Corollary 6.3.5. There is a homotopy equivalence Sps,,(R) ~ U(n); in particular U(n) is a (strong) deformation retract
of Spsy,,(R). Hence, B Sp,,(R) ~ BU(n).

Remark. Part of this is Proposition 2.2.4 in the third edition of Introduction to Symplectic Topology by Dusa McDuff
and Dietmar Salamon. There is an error in the second and first editions for this argument. They explicitly construct the
deformation retract.

It is worth pointing out that the stronger version of the theorem we gave above allows us to conclude that any Lie
group deformation retracts onto its maximal compact subgroup.

Proof. The remark allows us to only consider the homotopy equivalence part. This is still subtle and an argument may be
found here. H

Remark. It follows that even dimensional manifolds have a series of obstructions to having a symplectic structure arising
from their Chern classes.

We now construct explicit models for BO(n) and BU(n) and their special counterparts in a series of exercises along
with some additional assertions.

Remark. For the next exercises, we understand O(n) x O(m) < O(n + m) by identifying (4, B) € O(n) x O(m) as the

matrix
A0
0B

and we will understand O(n — k) < O(n) by identifying A € O(n — k) as the matrix

A0
01)"
Exercise 41. Fixr K=R or C. Let k <n and let kK = dimg K.

(a) Let Vi n(K) be the Stiefel manifold of orthonormal k-frames in K™ with respect to the standard inner product on
K" —that is, Vi, n(K) C K™ is a k-tuple of vectors in K" that are all mutually orthogonal. Show that there are homeo-

morphisms
Vin(R) = 0(n)/O(n—k)  Vin(C)=U(n)/U(n— k).

Conclude that Vi, is compact and can be given a smooth structure via these homeomorphisms. [Hint: A continuous
bijection from a compact space to a Hausdorff space is a homeomorphism.|

(b) Let Grg,,(K) be the Grassmannian manifold whose points are the set of all k-dimensional planes through the origin
of K. Topologize Gry, ,,(K) as a quotient of Vi ,,(K) — Gry n(K) via the map Vi n(K) — Gry o (K) sending a k-frame
to the plane it spans. Show that Gry ,(K) so topologized is a compact smooth manifold of dimension kk(n — k) by
exhibiting a homeomorphism

Gren(R) = 0(n)/(O(n—k) x O(k))  Gren(C) =U(n)/(U(n — k) x U(k)).

(c) Show that the projection Vi, n(K) — Gri.(K) is a principal O(k)-bundle when K = R and is a principal U(n)-bundle
when k = C.

[Hint: Consider the map U(n)/U(n — k) — Vi ,,(C) sending a coset U - U(n — k) — (Uep—k41,-..,Ue,) where e; is the

i-th standard basis vector of C™. Do the analogous thing for the real Stiefel manifold.]

Exercise 42. Repeat the above exercise after replacing the word “orthogonal” by “linear independent.” This exercise is
easier because the Stiefel manifold will be an open submanifold of R™.

Exercise 43. Let k=R or C.

(a) Show that if 0 < k < n, then there is a transitive and smooth action SO(n) ~ Vi n(R) with stabilizer for any
point x € Vi, (R) diffeomorphic to the subgroup SO(n — k). Conclude that there is a diffeomorphism Vi ,(R) =
SO(n)/SO(n — k). Similarly, show that for k <n, Vi ,(C) = SU(n)/SU(n — k).

(b) Let Gr;n(k) be the Grassmannian of oriented k-planes in K™ where

arf,(R)  0(m)/(O(n — k) x SO(k))  Grf,(C) & Un)/(Un - k) x SU(K)).

Show that Gry (K) is a smooth quotient of Vi ,(K) and that for k < n, the quotient map Vi ,(K) — Gr;n(k) is a

),

principal SO(k) bundle when K =R and is a principal SU(k)-bundle when K = C.
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[Hint: Define an action V;, 41 (K) v G(n) by embedding G(n) < G(n+k) as the subgroup of matrices of the form (é S})
where A € G(n). To show the relevant things are principal bundles, appeal to Theorem 6.2.5. |

Remark. Note that for all 0 < k < n, Gr}’ . (K) is the same as SU(n)/(SU(n — k) x SU(k)) in the complex case and the
same as SO(n)/(SO(n — k) x SO(k)) as a consequence of (a).

Exercise 44. Show that there are fiber sequences O(n — 1) — O(n) — O(n)/O(n —1) = S" 1 and U(n — 1) — U(n) —
U(n)/U(n—1) = S?"=1. Use this to determine the connectivity of the inclusions O(n —1) — O(n) and U(n — 1) — U(n)
via the long exact sequence in homotopy groups and conclude that Vi, (K) increases in connectivity as n — oo. [Hint:

U(1) 2 St and O(1) = Y]

For the following exercise, you will need the following point-set lemma.

Lemma 6.3.6.

() If Xg — X1 < --- is a sequence of closed embeddings between paracompact Hausdorff spaces, then X = colim X,, is
paracompact Hausdorff.

(b) If Ay — Ay < -+ and By < By < -+ are two sequences of embeddings where all A; and B; are locally compact,

then (colim A) x (colim B) = colim(A4; x B;).

Proof. (a) A proof of this may be found on the nLab, reproduced from a paper of Ernest Michael.
(b) This is Lemma 5.5 of Milnor-Stasheff. W

Exercise 45. For convenience, denote by G = G(n) any one of O(n), U(n), SO(n) and SU(n).

(a) Using the standard inclusions K* = {0} x K™ — K™"*! induce the horizontal maps in the following diagram and show
that they are smooth and make the following diagram commute. We have suggestively indicated what the maps do to
the right.

Vintk(K) ==---- > Vansrt1(K) O(n+k)/O(k) = O(1 +n+k)/O(1 + k)
Grpmik(K) ——-- » Gl k1 (K) O(n+k)/(O(k) x O(n)) = O(1L +n+k)/(O(1 + k) x O(n)).

(To make sense of this, recall that the second coordinate refers to the dimension R"* and the first subscript refers
to n-frames (resp. n-planes) in R"**.) Describe these maps in terms of the homeomorphisms of Exercise 42 and
Exercise 40.

(b) Show that the horizontal maps in (a) are closed embeddings.

(¢) Define
EO(n) def colimy, V;, n+x(R) and BO(n) def colimy, Gry, 41 (R)
EU(n) o colimy, V3, 1% (C) and  BU(n) 1/ colimy, Gry, 1% (C)
ESO(n) 1 colimy V;, ntx(R) and BSO(n) 1 colimy, Gr;” nin(R)
ESU(n) = cohmk Vantk(C) and  BSU(n ) = cohmk Gr) nik(C)
and let

~": EG — BG
be the map induced by the universal property of the colimit by way of part (a). Call the space (+ suppressed if necessary)
Gr, (k=) & BG(n)

the infinite Grassmannian. Show that the naive definition' for ESO(n) and ESU(n) agrees with the definition
given above [Hint: Use Exercise 42(a) and appeal to the fact that colim(Xy — X; — Xz — --+) = colim(X,, —
Xn+1 — Xn+2 — e )]

Exercise 46. For convenience, denote by G = G(n) any one of O(n), U(n), SO(n) and SU(n). Let K> & e,

! That is, setting ESO(n) = colimy, SO(n + k)/SO(n) and ESU(n) = colimy SU(n + k)/SU(n)
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(a) Show that K> is a topological vector space when topologized as the colimit K C k? C k3 C --- where the identification
k™ c k™™ js either
k" 20 x k™ c k™" or k" =2 K" x 0 C kmtn

and show that the result is independent of which identification scheme we choose.

(b) Show that EG(n) is homeomorphic to the subspace of (K>)™ =2 k* of orthogonal n-frames where orthogonality is taken
with respect to the standard (hermitian) inner product. Show that there is bijection between Gry(K>) (resp. Gry (k*))
and the set of k-planes (resp. oriented k-planes) in k>. [Hint: Use the definition of V;, ,,+ x(K) as a subspace of kk("+*)
and take colimits in k.

(c) For G(n) = O(n) or U(n), that BG(n) may be identified with the set of n-dimensional subspaces of K. For G(n) =
SO(n) or SU(n), show that BG(n) may be identified with the set of n-dimensional subspaces of K> with an orientation
(i.e., £).

(d) Show that EG(n) is contractible and has a free fiberwise right G(n)-action for whichy™: EG(n) — BG(n) is a principal
G(n)-bundle. Show that BG(n) is paracompact Hausdorff and conclude that ¥™ is a universal (hence, numerable)
principal G(n)-bundle.

(e) Show that there is a double cover Gry (K®) — Gry,(K™®) by forgetting orientation. Show that this is the universal cover.
[Hint: Show that 7SO (m) = x for all m > 1. Show that SO(n—k) x SO(k) — SO(n) — SO(n)/(SO(n—k) x SO(k))
is a fiber sequence by Theorem 6.2.5 and Theorem E.1.3. Show that for sufficiently large n > m > N, m.SO(m) —
m150(n) is surjective and use the long exact sequence in homotopy groups for a fibration.

[Other hints:

(i) For geometric reasoning, it is best to think of the Stiefel and Grassmannian manifolds as the manifolds of frames and
planes, respectively.

(ii) Since G(n) is locally compact Hausdorff, — x G(n) commutes with colimits in the category of spaces. Use this to define
the action on EG(n).

(iii) Use the preceding lemma to show BG(n) is paracompact Hausdorff.

(iv) Using this action and the fact that colimits commute with colimits, show that BG = EG/G and that the projection
EG — BG is isomorphic to the quotient map EG — EG/G.

(v) Define the orthogonal projection of v onto w by proj,,(v) def <ww|| ?
each fixed (oriented) plane V' € BG, let Uy C BG be the set of (oriented) planes whose image under the orthogonal
projection k> — V is surjective (and orientation preserving). Show that Uy is open by showing that Uy N Gry, gin(K)
is open (resp. Uy N Gr;kJrn is open) for all k£ > 0. Use the fact that V,, 4 — Gry n4k IS @ quotient map.

(vi) Show that EG — BG is equivariantly trivializable over the open subsets Uy for each V € BG.

]

Remark. It turns out that the homotopy type of BG(n) can be identified with an infinite dimensional manifold. The
proof of the homotopy equivalence is subtle, however.

w where (— | —) skew linear in the first entry. For

Proposition 6.3.7. Let i = iy ,: G(n) = G(n + m) be the standard inclusion A — (13 ?) Let : G(m) x G(m) —

A0
(A, B) — ( 0 B) .
(a) The maps inm induce maps Vi ik = Vitmntbtm 0nd Gri ik — Grigmntktm (+ and field suppressed) for all
k > 0 making TFDsC

G(n +m) be the smooth map

Grn,nJrk —_— Grn,n+k+1 Vn,n+k —_— Vn,n+k+1
Grn+m,n+k+m — Gr71+7n,n+k+1+m Vn+m,n+k+m — V;H-m,n+k+1+m

In particular, upon taking colimits and invoking universal properties, we obtain a commutative diagram
EG(n) —— EG(n+m)
BG(n) —— BG(n+m)

(b) The induced map BG(n) — BG(n + m) in the diagram above is, up to homotopy, Bin . In particular, the map
EG(n) — EG(n+m) (call it j) respects the identification of iy m: G(n) — G(n + m) in the sense that j(z - g) =

j(x) - i(g)-
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(c) The map Bi: BG(n) — BG(n+ m) classifies the bundle over BG(n) given by

p.(7" x G(m)) (3" x G(m)) X Gmywam) G0 +m).

Here, v x G(m) denotes the principal G(n) x G(m)-bundle EG(n) x G(m) — BG(n) x {*} 2 BG(n).
Proof. (a) This is straightforward.

(b) By Lemma 6.2.8, it suffices to show that the map j: EG(n) — EG(n+m) induced in (a) satisfies j(x-g,) = j(2)-gn
where we identify G(n) C G(n + m) via the inclusion iy ,,: G(n) — G(n + m) of (a). For this, note that the map
Vin = 0(n)/O(n — k) - O(n+ m)/O(n — k) = Vipm ntm already satisfies this under our identification scheme. From
this, it follows that the map on the colimit must as well by how the O(k) action is defined (see (b) of Exercise 44 and
the hint (ii)).

(¢) For convenience, let us denote G(n x m) 2ot G(n) x G(m). By Lemma 6.2.8, we know that Bi = Bi,,,, classifies

the bundle EG(n) Xo(n) O(n +m). This allows us to reduce this to a categorical argument since it now suffices to show
that there is a fiberwise (i.e., G-equivariant) isomorphism (EG(n) x G(m)) X gnxm) G(n+m) = (EG(n)) X gm) G(n+m).

Claim 16. Suppose H x K < G are subgroups and suppose we have a free action X v~ H. Then with the canonical action
of H x K ~ G, there is an isomorphism of right G-spaces

(XX K)Xgxxg G=ZX xgG.

Fix G and let Ind2**: Topy; — Topyyx be the functor X +— Ind?**(X) = X x K. Now, the left-hand side is the
composite Ind%,, ;e o Ind2* ¥ =2 Ind% and the right-hand side is induction (X x K) Xgxx G = X x5 G as claimed. /

It follows that there is natural G(n + m)-equivariant isomorphism f: (EG(n) x G(m)) XGmxm) G(n +m) —
(EG(n)) xgm) G(n + m). To see that this is a morphism of principal G(n + m)-bundles over B, note that equivari-
ance implies that this map descends to the quotient

[ (EG(n) x G(m)) XG(nxm) G(n+m)/G(n+m) = (EG(n)) Xgm) Gn+m)/G(n+m)
and since fis an isomorphism, so too is f. We may now conclude by Exercise 17 (both parts). W
Proposition 6.3.8. The map Bi = Biy ,: BG(n) — BG(n 4 m) classifies the vector bundle (V" Xg(n) K") © K™.

Here, K™ means the trivial rank m vector bundle over BG(n).

Proof. We know that Bi classifies the principal G(n + m)-bundle (") Xg(n) G(n + m). Forming its associated vector
bundle, we have isomorphisms

(/Vn XG(n) G(’I’L + m)) XG(n+m) K e Wn XG(n) (G(n + m) X G(n+m) kn+m)
o ,Yn XG(n) kn+m o ,Yn XG(n) kn X km
From our identifications, the action of G(n) ~ k™ x k™ is seen to act on the k™ piece. Thus,

V" XGm) K X K™ = (7" X gy K*) x K™

and this is easily seen to be
(V" Xan) K") x K™ 2 (4" xgm) K") @ K™

as desired. W
Exercise 47. Fill in the missing detail that (7" X ) K™) X K™ 2 (v X g(n) K™) @ K™.

Corollary 6.3.9. If X — BG(n) classifies a vector bundle & of rank n, then the composite X — BG(n) — BG(n + 1)
classifies the vector bundle £ ® K.

Proof. Pulling back the classified vector bundles and pasting pullbacks we have a diagram

?— EG(n) XG(n) k" k —— EG(TL + 1) XG(n+1) kntt

l | |

X ——  BG(n) BG(n+1)
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Since £ is obtained as the pullback

E —— EG(n) xgm) K"

| |

X — BG(n)
one easily computes that ? in the diagram above must be £ k. W

Definition. Under the inclusion i: G(n) < G(n + 1) defined above, let G = G(00) = colim G(n). When G(n) = O(n),
this is called the infinite orthogonal group and similarly for the other options for G(n).

Exercise 48. Show that G = G(c0) = colim G(n) is a topological group.

Lemma 6.3.10. The induced inclusions BG(n) — BG(n + 1) can be chosen to be cellular. In particular, BG(oo) =
colim,, BG(n) is a CW-complex and hence paracompact Hausdorff.

Proof. For this, note that a CW-structure is give in Milnor-Stasheff for Gr,, ,4; and it satisfies that the inclusions
Gty kt+n > GIp k+14n are inclusions of subcomplexes and colimit of a sequence of inclusions of subcomplexes is always a
CW-complex. This shows that each BG(n) is a CW-complex. A close inspection of these inclusions BG(n) = Gr, (k*) —
Gryp41(k*) = BG(n+ 1) arising from G(n) — G(n + 1) shows they are cellular. The colimit of inclusions of subcomplexes
is itself a CW-complex. Hence, BG(o0) is paracompact Hausdorff. H

Remark. Unfortunately, we are not guaranteed that

6.4 Axioms for Stiefel-Whitney Classes

Definition. Define a vector bundle v} over RP" called the tautological line bundle or the canonical line bundle
as follows.

(1) The total space
E(vp) ={(v,[w]) € R"™" x RP" : v||lw that is, v and w are parallel}

is a subbundle of the the trivial bundle 7: R"*! x RP" — RP" with projection E(v}) — RP" inherited from this
bundle.

(2) For U C S™ any open subset not containing a pair of antipodal points. Its image U; C RP™ is open and the bundle
v} is trivializable over U; with trivialization ¢=': Uy x R — 7~ 1(U;) defined by ¢~ *([w],r) = ([w],rw) for each
(w,r) eU.

Proposition 6.4.1. The bundle v} is not trivial for any n > 1.

Proof. Let s: RP™ — E(v}) be any section and consider the composite S™ 25 RP E(y}) which sends v € S™ to

([v],t(v)v) for some t: S™ — R which satisfies t(—v) = —t(v). Since S™ is connected, the intermediate value theorem
implies that some ¢(v) = 0. Hence, E(7}) has no global section and thefore F(v;) could not possibly be the trivial bundle.
]

Lemma 6.4.2. The bundle vi is the open Mébius bundle over S*.

Proof. Each point of E(v{) can be written as ([(cos 6, sin 0)],¢(cos,sin6)) where 0 < § < w and ¢ € R. This is a unique
continuous assignment except at § = 0, 7 where ([(cos0,sin0)],¢(cos0,sin0)) = ([(cos m,sin7)], —t(cos 7, sin7)). It is also
a continuous map [0, 0] x R — E(y1). One can easily verify that it is in fact a quotient map and therefore it follows that
E(71) 220,0] x R/ ~ where ~ identifies {7} x R with {0} x R by (0,t) ~ (7,—t). H

Theorem 6.4.3. The Stiefel-Whitney classes for vector bundles & € Vecty are cohomology classes w; (&) € H (B(£);Z/2)
for satisfying the following properties.

(1) w; () € HY(B(£);Z/2) fori>1, wo(€) = 1 the unit of the cohomology and ring, and for m > dim &, w,,(€) = 0.
(2) Given a morphism of rank n-vector bundles (f, f): &€ = &, wi(€) = fw;(&).

B) wg(E®n) = Zf:o wi& — wg_;n; this is called the Whitney sum formula.

(4) wi(yi) # 0.

Moreover, these conditions uniquely characterize these classes.
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Proof. One simply studies BO(n). Let RP* = S*.

(4) Since 71 BO(n) = Z/2, there are two homotopy classes of maps RP! — BO(n) (you will show this in the exercises
below). Since E(v1) is not trivial, the classifying map S' — BO(n) is the non-trivial homotopy class. If this map were 0 on
cohomology, then it must be 0 on homology as well since the universal coefficient theorem gives us natural isomorphisms
from path-connectedness of BO(n) and S* (i.e., the Exty, term vanishes)

HY(S';Z/2) =2 Homgz(H,(S*),Z/2)  H'(BO(n);Z/2) = Homg(H,(BO(n)),Z/2)

and by naturality of the Hurewicz theorem, since S — BO(n) is non-zero on w1, H1(S*) — H;(BO(n)) is non-trivial.
Hence, by naturality of the above isomorphisms, H*(BO(n)) — H'(S") is non-trivial. In particular, we may suppose the
map S! = RP! — RP>™ ~ BO(1) is the evident inclusion of subcomplexes

(3) In the exercises, you will show that the block sum of matrices ppm: O(n) x O(m) — O(n + m) deloops to the map
Bppnm classifying the Whitney sum of bundles. Since the inclusion i, ,: O(n) — O(n + m) classifies the sum with the
trivial bundle

6.5 Exercises

Exercise 49. Let Bpy,: BG(m) x BG(n) — BG(m+n) be induced from the block sum of matrices pmn: G(n) x G(m) —
G(n + m) with identifications as above for our explicit models for classifying spaces. Show that Bpm,, classifies Whitney
sums.

Exercise 50. Suppose X admits a basepoint xq for which it is well-pointed® and Y is path-connected.

(a) Define an action of 71(Y,yo) on the set of pointed homotopy classes of maps [(X, o), (Y, yo)]-
(b) Show that there is an isomorphism
[(X’ 1’0), (Y» yO)Vﬂl (Y) = [X7 Y]

where [X,Y] denotes (free) homotopy classes of maps.

(c) Show that the action of m1(Y) on [(S™, s0), (Y, yo)] is the same as the usual action of 1 (Y) on mp(Y).

(d) For any path-connected topological group G or any topological group such that 7o(G) is an abelian group, show that
[S™, BG] & m,(BG).

(e) Show that mBO(n) = Z/2 for all n > 1. Conclude that [S™, BO(n)] = m,(BO(n)). [Hint: It is enough to show

From (c), it follows that we may understand principal G-bundles (with G path-connected) over CW-complexes by ob-
struction theory.

Exercise 51. Consider the attachment of an m-cell to a space X given by the pushout

gm-1___* X

| l

D" — X Ug D™
Suppose g: X — BG classifies a principal G-bundle over X.

(a) Show that if f: X Up D™ — BG extends g, then there is an isomorphism of principal G-bundles over S™, f*EG|X =
g EG.

(b) Show that such an extension g exists in this toy model iff [g o ®] =0 in mp,—1BG.

(c) Show that if Y is an H-space® then'Y is a simple space (i.e., the action of m1(Y) on m,(Y) is trivial for alln > 1).

(d) Show that for G a discrete group, BG is weakly equivalent to an H-space. [Hint: BG is an Eilenberg-Maclane space
K (G, 1) and loop spaces are H-spaces.]

(e) Classify principal Z/2-bundles over S™ for all n > 1. [Hint: The only interesting case is n = 1.]

2 This means that the inclusion {0} < X is a closed Hurewicz cofibration. This is always the case for CW-complexes and topological
manifolds.

3 An H-space is a pointed space Y with basepoint * and a product x: Y X Y — Y such that y — -y and y — y - * are both homotopic to
the identity map.
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6.6 Proof of Classification Theorem

We need a lemma first.
Lemma 6.6.1. Let & be principal G-bundles for i = 0,1 with projections p: P, — By and q: Py — Bs.

(a) Let X be a right G-space and let G ~ X by g-xz =2 -9 1. Then G ~ X is free and faithful if the right action is free
and faithful.
(b) For X as above, there is a natural bijection

homg(P1,X) = F(€1 Xaq X)

where T'(§1 xq X) is the set of continuous sections of the bundle & Xxg X — Bj.
(c) There is a natural bijection

homprin (€0,61) = T'(§ xa P2)

with action on Py as described in (a)

Proof. (a) This is obvious.

(b) Let us establish the map homg (P, X) — I'(§1 X¢ X). Given a G-equivariant f: P, — X, the map (id, f): P, —
P; x X is G-equivariant where (p,7)-g= (p-g,97 ' x) = (p-g,7 - g). Hence, it descends by passage to G-orbits to a map
P, /G — Py xg X and since & is a principal G-bundle, P, /G = B;.

Consider the trivial principal G-bundle. Then homcar, (B x G, X) = homcar(B, X) and the bundle B x G xg X — B
is simply the projection B x X — B and so sections of this is easily seen to be homear(B, X). It is not hard to check
these are compatible with passage to G-orbits as indicated above.

Now consider the general case. Let {U;},_; be an open cover of B such that &} := & | U; is trivial. There is a commutative
diagram of equalizers

el

hOHlCATG(Pl,X) Em— Hie] homCATG(§i7X)G :; Hi,jel hOHlCATG(€1| (Ul N Uj),X)

; ]

icl F(fi Xa X)G :; Hi,je[ F(€1| (UIL N Uj) Xa X)

with the isomorphisms following from the trivial principal G-bundle case. It follows that the induced map is an isomorphism.
Since the solid vertical arrows are induced by passing to G-orbits as above, one can check that the dashed map is induced
in the same way.

(c) This follows since G-equivariant maps between the total spaces of principal G-bundles are precisely the bundle
maps. H

We can now prove the second classification theorem.

Proof (Theorem 6.2.2). (=) Let E — B be a universal bundle and let EG — BG be the Milnor construction. Let
f: B — BG classify E — B and let g: BG — B classify EG — BG. Then by pasting pullbacks, go f: B — B necessarily
classifies E — B and therefore E — B is isomorphic to the bundle (g o f)*E. Since E — B is universal and the identity
map also classifies this bundle, go f ~ idp. The same reasoning shows that fog ~ idgg. Let h: B x I — B be a homotopy
from g o f to idg. By the homotopy invariance theorem, we know that the corresponding pullback bundle

P——F

L

BxIT>B

is P (P|Bx{0}) xIZ=(P|Bx{1}) x I and so is isomorphic to E x I. Similarly for EG x I — EG. Hence, the two
composites of £ — EG and EG — E are G-equivariantly homotopic to the identity and thus constitute a G-homotopy
equivalence. Hence, since EG =~ %, so too do we have F ~ x.

(<) Let p: E — B be a numerable principal G-bundle with E ~ % contractible and let ¢: P — X be another numerable
principal G-bundle. By the associated bundle construction, since E v~ G is free and faithful (i.e., free and effective), the
opposite action G ~ E given by g-v = v - g~ ! is free and faithful and so we may “replace” the fiber of the principal
G-bundle q: P — X by F itself—in particular, the construction is P xg EF — X. It is easy to see this bundle remains
numerable by the construction of the associated bundle. By the preceding lemma, a section X — P Xg E of this bundle
is equivalent to providing a morphism P — E. We must show that a section exists.
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Since p: Px¢E — X is numerable, let {p;},.n be a countable locally finite partition of unity such that W; = p; *((0, 1])
is a trivializing open set for the bundle P xg E — X with trivialization ;. We can further suppose this set is minimal in
that by removing any W; from the cover results in a collection of open sets that does not cover X.

Let W; — v;(p~1(W;)) be any section, then the poset . of sections with domains | J W; is non-empty. Taking

e, Wi — P xa E} where K is totally ordered, we define W = U, U;e s, Wi and we

define s: W — P xg E by s(w) = si(w) where w 6 Ujes, W;j- This is well-defined by the chain condition, W' is certainly
of the form (J jescn W and continuity follows from the pasting lemma.

Hence, by Zorn’s lemma, a maximal element of .7 exists. Call it (s, W) and suppose W = J.. ;o Wj. If W # X, then
by our assumption on the partition of unity, J # N and so there is an index n € N such that n ¢7 J. Let f: WUW,, — [0,1]
be the function

jeJCN
a union of a chain {sk: U

1 () < 325y pi(2)

1 p%(:c)Ejerj(w) pu(®) 2 ey Pi (@)

Note that this is well-defined since pn(z) > 3, ; pj(x) > 0 for 2 € WU W,, means that either € W so that p,(z) >0
or x € Wy, so that p,(z) > 0. It is continuous and f(x) > 0 if and only if 3, ; p;j(x) > 0 so that W C F71H(0,1]). If we
can extend s| f~1(1) to a section over p; 1((0,1]), call it s’, then

) = s(z) pn(x)SZjerj(x)
5) {s%x) (@) = Ty (@)

is continuous by the pasting lemma applied to the closed subsets (pn, —>_ ;¢ ; pj) " ((—o0,0]) and (p,, — Z]G i) (o,
This also extends the original section s since for x € W, if S(z) # s(z), then f(z) < 1 and so pu(z) > 32 ; pi()
This will be the contradiction of maximality we seek.

To see that such a section s’ exists, notice that W,, = p,,((0, 1]) is a trivializing open set and so it suffices to provide a
section of W,, x By — W, extending one defined on a relatively closed subset f~1(1) N W,,. We already have an extension
to the open set Wy = f~1((0,1]) N W,, contained in W,, by the given section s. Let x € E be a point and H: Ex [ — E
the contraction to *. Define an extension of s by

S(@) = {(w) e f710,1/2)
H(s(x),1 - 2f(2)) € f7([1/2.1)).

00)).
> 0.

This is continuous by the pasting lemma to the two evident closed sets and noting that when f(x) = 1/2 the two pieces
agree. W
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Appendix A
Technicalities and Manifolds with Corners

A.1 General Notions of Smoothness in Local Coordinates

A.1.1 I'mportant Notation and Definitions

Notation. We make the following notational conventions.

n def

R” =1[0,00)"
H* ¥R xR,

ndjf n—=k k
Ry ' R** x R

We will denote
ink: R =R"" xRF - R"

the canonical embedding given by the evident subset inclusion for each 0 < k < n.

Definitions.

(a) For A C RF, a function f: A — R™ is smooth if for each p € A, there is an open nbhd U of p in R¥ and a smooth
function f: U — N such that ﬂ A=f.

(b) Similarly, for A ¢ R¥=* x Rﬁ, a function f: A — R" is smooth if for each p € A, there is an open nbhd U of p in
RF D> RF x Rﬁ and a smooth function f: U — R™ such that ﬂ A=f.

(c) For a subset A C R¥~* x Rﬂ and a function f: A — R, we will say that f is smooth if for each p € A, there is an
open nbhd U of p in R* > R¥¢ x Rﬁ and a smooth function f: U — R™ such that ﬂ A = f. In other words, for
the purposes of smoothness, we consider a function into R} to be smooth iff it is smooth considered as a function
into R"™—in other words, f is said to be smooth if i,, , o f is smooth in the sense given above.

(d) We will define manifolds with corners in the section below. Given two such manifolds M™ and N, we will say a
function f: M — N is smooth if for each p € M, there are charts (z,U) about p and (y, V') about f(p) such that the
map

yofoa i a(Unf Ty (V) = y(V)

——
CRp CR}

is smooth in the sense just described.

A.1.2 Basic Results

Theorem A.1.1. Let A C R* be a set and f: A — N be a function. Then f is smooth iff there is an open set U C RF
with A ¢ U € R* and a smooth function f: U — N is smooth and f| A=f.

Proof. This is a partition of unity argument. W
Corollary A.1.2. The same is true if A C R*¥ ¢ x RY.

Proof. 9A in R** xR is 9A in R*. Indeed, R*~* x RY C R" is closed, and so contains all of its limit points and hence
the limit points of A in RF~¢ x Rf_ is the same as the limit points of A in R*. W

69
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A.2 Manifolds With Corners

A.2.1 Basic Definitions and Facts

Definition (Model Spaces). Consider R}} C R"™. We give this the following standard smooth structure where a smooth
chart of R} is a smooth homeomorphism onto an open subset of some Rj} where smoothness is defined as before for
subsets of Euclidean spaces. Smooth compatibility of these charts boils down to a simple exercise in point-set topology.
These will be our model spaces after which we pattern manifolds with corners.

Definitions (Manifold with Corners). A smooth manifold with corners of dimension n is a second countable,
Hausdorff space that is locally patterned after the spaces R" % x ler (k is not fixed, k > 0) with a maximal smooth atlas
&/ comprised of such charts that are smoothly compatible—smooth compatibility of these charts is defined in the way
given above. The definition of a smooth function between two manifolds with corners is then patterned after the notion
of smoothness for functions R}» — R} introduced above. See, specifically, (d) of the definitions given in the preceding
section.

We shall say that a chart (z,U) for an n-manifold-with-corner M is a boundary chart if it is a homeomorphism from
U onto an open subset of R" % x Rﬁ such that z(U) NR"* x Rffz x 0 # @ for some 1 < £ < k. We shall say that a
chart (z,U) for an n-manifold-with-corner M is a corner chart if it is a homeomorphism from U onto an open subset of
R™"* x RE with k > 2 such that (U) NR" ™% x Ri_[ x 0 #£ O for some 2 < £ < k.

Definition (Boundary and Corners). By abuse of notation, we shall refer to the boundary OM of a smooth manifold
with corners M to be the set of all points that are mapped by some chart to the boundary of one of model spaces
R x R_’f_ (k > 1) and we shall call the set of points which are mapped by some chart to the boundary of one of the
model spaces R"F x Rﬁ with k > 2 the corner set of M and denote it by ZM.

Definition (Corner Depth). Let M be a manifold-with-corners of dimension n. For each 1 < k < n, let £ M be the
set of points p € M for which there is a chart (z,U), z: U = R"7* x R% such that z(p) € R"* x 0 C R"* x R%. We
call the set £ M the set of k-th order corners or corners of depth k. We denote by depth,,(p) or simply depth(p)
the smallest integer k for which there exists a chart (z,U) about p where z: U — R" ™% x Rff_. We call this the depth of

p.
Remark. The upshot of the remainder of this chapter is that what you expect to be true is indeed true.

The following theorem is a standard result in algebraic topology.

Theorem A.2.1 (Topological Invariance of the Boundary). Given a topological n-dimensional manifold with bound-
ary M, if there is a chart (x,U) for which x(p) € ORY, then the same is true for all other charts of M.

Proof. This is a local homology argument. By shrinking U if necessary and shifting, we may suppose x(U) is an open
half ball of some fixed radius € > 0 centered at z(p) = 0 € R”. By excision, H,(M,M \ {p}) = H,(U,U \ {p}) =
H,(z(U),z(U)\ {0}). By the LES of the pair and contractibility of (U), H,(z(U),x(U)\ {0}) = H,_1(x=(U) \ {0}) and
2(U)\ {0} ~ S"~! by the radial contraction onto the boundary. Hence, the local homology of p is non-trivial and evidently
concentrated in degree n — 1 with a factor of Z. Since local homology is a homeomorphism invariant, this shows that any
other chart must send p to a point with non-trivial local homology and some thought shows that the only such points lie
on the boundary of R as desired. W

Theorem A.2.2 (Smooth Invariance of Corner Points). Let M be a manifold-with-corner.

(a) If p € LM, then p is topologically a boundary point in the sense that there is a homeomorphism R} = R% for k > 1.

(b) If p € OM, then the defining condition is true for every chart about p in the smooth and topological case.

(c) If p € LM, then the defining condition is true for every chart about p in the smooth case. In particular, there is no
diffeomorphism R} 2 R F x Rﬁ_ for any k > 2.

(d) Ifi#jandp e LM, thenp ¢ £; M.

(e) Any diffeomorphism R"™* x R¥ — R"F x R% preserves Zi,(R"™* x RY) for each 1 < k < n. This lifts to manifolds
with corners in the obvious way.

Proof (Sketch). The idea is that you can successively flatten the walls of R} to get a homeomorphism R} = R}, but it
cannot be smooth because things go “too quickly” around the origin. This can be made precise by contradiction, supposing
there is a diffeomorphism f: R} — R, taking a smooth curve v in R/} passing through f(0) at time ¢t = 0 with non-zero
derivative and then observing that f~1(v) has a kink at time ¢t = 0 and does not slow to speed 0, so could not possibly be
smooth.

(c) and (d) are proved in essentially the same manner. The gist of it is that OR} \ ZR} is disconnected with components

n—k+1
)

consisting of the boundary points of R} for which exactly one of the coordinates x ...,x™ are equal to 0. //
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A.2.2 Constant Rank Theorem

Theorem A.2.3. Suppose M™ and N™ are smooth manifolds (without boundary) and that f: M — N is smooth.

(a) If f has rank k at p € M, then is some coordinate system (x,U) about p and some coordinate system (y, V) about
f(p) withyo fox~t in the form

(yo fomfl)(al, nad™) = (al, . ,ak,wk“(a), oY (a)).

Moreover, given any coordinate system vy, the appropriate coordinate system on N can be obtained by permuting the
component functions of y.
(b) If f has rank k in a nbhd of p, then there are coordinate systems (z,U) about p and (y,V') about f(p) with yo fox™1
in the form

(yofox Y)(d',...,a™) = (a',...,d",0,...,0).

(¢) If n < m and f has rank n at p, then for any coordinate system (y, V') about f(p), there is some coordinate system
(x,U) about p with
yofox~t(al,...,a™) = (a',...,a").

(d) If m < n and f has rank m at p, then for any coordinate system (x,U) about p, there is a coordinate system (y, V)
about f(p) with
yofox~a',...,a™) = (a',...,a™,0,...,0).

(e) (Equivariant Rank Theorem) Let G be a Lie group acting on M and N and suppose the action on M is
transitive. Let f: M — N be G-equivariant and smooth. Then f has constant rank.

Remark. Note that rank f < min{m,n}. Hence, in (c) and (d), f has full rank at p and therefore f has full rank in a
nbhd of p since the condition of being full rank is an open condition.

Proof. (a) Fix a coordinate system (y, V') about f(p) and choose some coordinate system u about p. Since rank(df,) = k,
there is some k x k submatrix of df, (in coordinates) whose determinant is nonzero. Thus, by performing some diffeomor-
phisms (i.e., permuting the coordinate functions u’ and y* and thereby performing row/column operations) and relabeling,
we can bring this k& x k-submatrix into the upper left-hand corner of D(y o fou™1):

det(a(yaof>(p))7é0 a,B=1,...,k.

oub
Now, define
% =y%o f a=1,...,k
" =u" r=k+1,...,m.
) O(y*o f) det o 1 ) . vt .
Then, recalling that o Dg(y® o fou ")(u(p)), we see that the determinant m x m matrix S (p) ] is in fact
u u
D 1 —1 .. -Dm 1 -1
<a<ya o f) (Yo f'O u™ ) (u(p)) (y'of ou )(u(p))
8uﬁ N “ee N
B=1,rk Dyyr(y™ o fou™)(u(p)) -+ Dim(y™ o f ou™")(u(p))
det #0

Ok xk Lm—k)x (m—r)

because the columns are clearly linearly independent. Unraveling what this matrix is (namely, Dy, (z®ou™1)), it follows by
the Inverse Function Theorem that z o ™! is a diffeomorphism in a nbhd of u(p). Hence, x = (zou~!) ou is a coordinate
system in some nbhd of p in M: it will be a homeomorphism and if (z, W) were any other coordinate system about p
in M, then the transition map will likewise clearly be smooth. The cases of 9z/0x are taken care of by noting that the
Inverse Function Theorem (really the chain rule, I think) gives us a description of 9z/dx as (9x/9z)~1L.

Now, if ¢ = 27 (a?,...,a™), then x(q) = (a',...,a™) and therefore %(q) = a’ and hence,
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u"(q) =a’ r=k+1,...,m,
SO
yofox ta',...,a™)=yo f(q) for g =27 (a',...,a")
- <a17 ) aka 7)
This is (a).
(b) As above, choose coordinate systems 2 and v so that vo fo 271 has the form obtained in (a). Since rank(df,) = k
in a nbhd of p, the lower rectangle in the n x m matrix (8(1}83]0)) must vanish in a nbhd of p. That is, the lower (right)
x
rectangle of
Ly Ok (m—k)

Dk+1wk+1 . mek-i-l
Dyp1tp™ -+ Dy
Hence, **+1, ... 4™ are independent of a**!,..., a™ on said nbhd. Since the 1/**% are smooth, this means that we can
write

Y (a) = ¢ (a',...,d") r=k+1,...,n

To see this, “walk along coordinate lines,” use the MVT and possibly regroup—we can always walk in an open, path-

connected subset of R™ from one point to another along coordinate lines by using compactness and a metric d to put an
e-tube around a curve connecting the two points (I think... see for instance HW 5).
Define

Yy =v a=1,....k
o(v,...,v%) r=k+1,...,n.
Since

you t(d',...,b") =y(q) for v(q) = (b,...,b")
DL, bR, b = 0L BR)),

= (bl,...,bk,bk ! —
<6yl> <1k><k ka(nfk) )
ovJ X ]-(n—k)x(n—k)

has nonzero determinant, clearly, as the columns are linearly independent. Therefore y is a coordinate system in a nbhd
of f(p) by the same reasoning as in (a) (i.e., diffeomorphism, etc.). Moreover, from the previous centered equation,

the n x n Jacobian matrix

yoforl(a,....a") =youv"

=yovl(al,...,d" v* T (a),...,¥"(a))
= (al’ .. .7ak7¢k+1(a) _Ek‘*‘l(al’. .. 7ak)7' < )wn(a’) _W(GIV o ’ak))
= (al’,,,,ak70,...70),

Yovo fox™(al,...,a™)

as desired.
(c) This is basically a special case of (a). Except, when k = m, it is unnecessary to permute the ¢ (i.e., the column
space), only the u* (i.e., the rows) need to be permuted in order that

det(a(y;u;f)(p));éo a,B=1,...,k.

(d) Since the rank of f at any point must be < m, the rank of f equals m in some nbhd of p (i.e., full rank at a point
implies full rank in a nbhd). It is easier to think of the case that M = R™ and N = R"™ and find the coordinate system y
when we are given x = idg=—since this result is local, we don’t really lose anything. Then (b) yields coordinate systems
@ on R™ and ¢ for R™ such that
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Yofoptal,...,a™) = (a',...,a™0,...,0).

Even without o1, 1 o f takes R™ into R™ x {0} C R" except—as Spivak puts it—the points of R™ just get moved to
the wrong place in R™ x {0}. This is corrected by defining a diffeomorphism A: R™ — R™. In particular,

AL, b)) = (@ N, L 0™, e ).
Then, if ¢=1(b,...,0™) = (a',...,a™), we have

Moo f(at,...,a") =Xotpo fop L(b,...,b")
=A0',...,b™,0...,0)
= (¢ 1", ...,b™),0,...,0)
=(a*,...,a™,0,...,0),
which shows that Aot is the coordinate system y we sought (of course, since these are smooth manifolds, the diffeomorphism
A being compatible with the maximal atlas will obviously be a chart). If we are given a coordinate system x on R™ other

than the identity, we define
MDY, .07 = (2 LY.L ™), 0T e,

and is not hard to check that y = A o ¢ is the coordinate system we sought.
(e) Choose g € G such that gp = ¢ in M for any two points p,q € M. By transitivity, this g exists. Since g- f = f(g-—)
(equivariance) TFDC:

M f*p> Ty N

lg* |o-

ToM —— Ty N
with the linear maps isomorphisms. Hence, f must have constant rank. B

Corollary A.2.4. Suppose f: M™ — N™ has full rank at p € M and suppose that M and N have corners.

(a) Suppose n < m. For any coordinate system (y, V') about f(p) (say a k-corner chart) and any coordinate system (x,U)
about p and any smooth extension of in oyo fox™! to a smooth function defined on an open subset of R™, there is
a coordinate system (z, W) of R™ about x(p) with

inkoyofor toztal,...,a™) = (a',...,a").

(b) Suppose m < n. For any coordinate system (x,U) about p, any coordinate system (y,V) about f(p) (say a k-corner
chart) and any smooth extension of in oy o fox~! there is a coordinate system (z, W) about (in oy o f)(p) with

zoippoyofox tal,...;a™) = (a',...,a™,0,...,0).
Remark. In practice, it is convenient to drop the standard embeddings i ¢ from these expressions.

Proof. Since the condition of full rank is an open condition (since the rank function is a lower semicontinuous function),
any smooth extension of yo f ox™! to a function from an open subset of R™ into R™ has full rank in a sufficiently small
nbhd of the original domain. We will use this in the short argument below.

(a) For any charts y and z, by definition of smoothness, we may suppose yo f oz ! is defined on an open nbhd U C R™
into R™ and, furthermore, since max rank is an open condition, we may suppose that f has max rank on this extension
and then apply (c) of the constant rank theorem.

(b) This argument is entirely analogous. H

A.2.3 Submanifolds
Warning. The following definition is wordy and seemingly difficult to parse but the basic idea is completely tractable
and that is how one should remember it. We will give the idea immediately after the definition.

Definition (Submanifold). Let M be an m-dimensional manifold with corner or boundary. A subset N C M is a
submanifold of dimension n or an n-dimensional submanifold of M if the following holds.
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For each point ¢ € N there is a chart 2: U — R™7* x Ri of M about ¢ (note that necessarily k& > depth,,(q) by
smooth invariance of corner points) such that for each p € iy, ,(x(U N N)), there is a chart (p,, V) of R™ about p such
that for some 0 < ¢ < n,

Vo N (im0 ) (UNN) = ¢, (0 x R" x RY)

or, equivalently,
(Vi N (@(U NV N))) = 9p(Vy) 1 (O x R x RY).

In other words, ¢, sends Vj, N iy, (x(U N N)) homeomorphically onto its image in 0,,—,, X R ¢ x Rﬁ ~ Rt x Rﬁ.

Lemma A.2.5. In the above definition, one can replace the set 0,,—, x R} by any permutation of the factors of the
product.

Proof. Permute the components functions of ¢ in the definition—this permutation is a diffeomorphism. B

Remark. The idea this definition captures is relatively simple. A submanifold should be a subset that sits nicely in charts
of the original manifold. This condition is too restrictive when we do not map into a full Euclidean space since we haven’t
allowed ourselves the room to massage a subset into a locally nice form.

Thus, the idea here is that a submanifold of a manifold with corners is a subset which can be “straightened out” locally
after embedding the model space R} in R". Thus, in some sense, this condition is no different from the one that is
encountered for manifold without boundary.

In the following definition, 0 means the generalized boundary, as usual.

Definition. A neat submanifold of a manifold-with-corners M" is a submanifold N™ of M, in the sense of being
immersed and topologically embedded, such that

(a) (OM)N N = 0N;

(b) (OM)NN = (M) N N;

(c) For every point p € IN, depthy(p) = depth,,(p) and there is a (corner) chart (z,U) of M about p such that
.’L‘_l(O « Rm—depthy (p) RiepthN(p)) —UnNN.

(b) is an item of convenience in the sense that it’s possible only items (b) and (c) may matter some application. For
tubular neighborhoods, however, (b) is essential, as we remark below.

Remarks.

(a) In the case of a manifold with boundary but no corners, the idea is that a neat submanifold is a submanifold that
meats the boundary transversely.

(b) Observe that when 9N = (), this recovers the definition of submanifold we used previously when we only discussed man-
ifolds without boundary. The only difference is that we previously asked that it sit nicely in the first m-coordinates—we
have to modify this to make notation easier.

(c) One essential difference between a neat submanifold and an ordinary submanifold is that we require the submanifold
be able to be straightened out natively in the ambient manifold M, as opposed to straightening it out in the codomain
R" of some chart for M.

(d) Sometimes people require a neat submanifold to be in addition a closed submanifold (i.e., a closed subset as well)
instead of the somewhat weak condition that &M NN = M N N. The reason why is that we may want to throw away
pathological examples like M = H? = {(a@y) €R?:y> 0} and N = {(O,y) cR?:y> 0} because these subspaces
will not admit tubular neighborhoods.

(e) The condition that depthy (p) = depth,,(p) is superfluous if we restrict ourselves only to manifolds with or without
boundary. Otherwise, this guarantees that we avoid something like N = {(¢,¢,t) : t > 0} C R3, where N meets M
at a depth 3 corner point.

(f) If we restrict to Many, a neat submanifold N C M is exactly a submanifold satisfying OM "N = M NN = N and
T,N ¢ T,0M for all p € M. For manifolds with corners, this extra stipulation doesn’t make sense since M isn’t a
manifold with corners (it’s not even smooth in a sensible way), but it does still serve to guide intuition. We will prove
this later after we have collars.

Observation. For manifolds without boundary, this definition recovers the usual one since the composite of two diffeo-
morphisms is a diffeomorphism and so the two charts at play compose to give a single chart for the smooth structure.

Example 5 (Kissing the Disk). Let M = D? be the unit disk with boundary in R? centered at (x,y) = (0,1) and let
N be the image of (—1/2,1/2) of the curve ¢ — (¢,t?). For the moment, let us forget that N ¢ R? and M C R2.
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One can check that N C M and that N meets OM tangentially at the single point (0,0). Then there is no chart (x,U)
of M about (0,0) such that z(UNN) = z(U)NR x {a} in RZ for any a > 0. This is because, by smooth invariance of the
boundary, boundary points must be sent to boundary points, so any such chart of M sends (0,0) — 8R§r and similarly
every other point of NV in this chart must be mapped to an interior point. Moreover, since N meets the boundary of M
tangentially, we are precluded from straightening N out as {a} x R.

Now let us embed this picture in R? by remembering that N C R? and M C R2. We can now imagine a chart of R?
that “unfurls” the boundary of the disk locally near (0,0) and so sends N near (0,0) onto R x {0}. Here are some words
about this. The desired chart of R? can be produced by sending (x,y) — (z,y — 22). This is certainly smooth and it is
bijective since (z,y —2?) = (z0, yo — 22) if and only if # = x¢ and hence y = yo (from the equation y — 2? = yo — 22). This
is invertible because the Jacobian of (z,y) — (x,y — 2?) is (_1233 (1)> with determinant 1 # 0 and so this is a bijective,
smooth, locally invertible function and so it is a diffeomorphism. This sends z? to the line y = 0.

Definition (Submanifold Chart). Let M be an m-dimensional manifold with corner or boundary and let N C M be
a subset which is an n-dimensional submanifold. Given a chart z: U — R™™% x R¥ such that U NN # @ and for which
there exists a chart (¢, V) of R™ satisfying V N (im0 2)(UNN) = ¢ 1(0,,—,, x R}) as above, we say that ¢ 0 iy, oz
is a submanifold chart for N. As usual, we will think of the submanifold chart ¢ o i,, ; o  as a smooth function onto
an open subset of some R.

Remark. This is guaranteed to exist when N is a submanifold by restricting the chart z to the open set U Nz=1(V},).

Theorem A.2.6. Suppose N C M is an n-dimensional submanifold with corners, where dim M = m. Then N can be
given the structure of a smooth manifold with corners determined by collection of submanifold charts and this makes
N — M a smooth embedding. In particular, the corner points of N are well-defined.

Conversely, any smooth embedding i: N — M has submanifold charts in this way with the smooth structure on N
determined by them and, hence, the smooth structure on N is the unique one for which the topological embedding N — M
is an immersion. In other words, i(N) is a submanifold of M and N — i(N) is a diffeomorphism.

Proof. 1t is probably easier to understand some of the arguments below if we reduce to working with model spaces.

(=) Before proceeding, we should point out that the property of being Hausdorff and second-countable are all inherited
by subspaces.

The smooth structure on N is obtained by giving it the atlas (extended to a maximal atlas as usual) consisting of
submanifold charts for N. (@i, k2, (imx2) (V)N U N N). To see smoothness of transitions, let us write

(i y) (i)™ = Pimaryr i ™!

where we are now required to show that smoothness of ~!

1

and 7', makes sense in this context. Let us consider their

composite. Smoothness of i;llkgo* means that there is a smooth extension to a function into R™, by definition. Recalling

that ¢ is a chart of R™, it is clear that the smooth extension of this composite is simply ¢! on its full domain. This

shows, additionally, that the corners of N are well-defined. To see this, let ¢ and ¥ be two of the charts as above. Then
smoothness of ¢ 01~ means that depth(¢)(p)) = depth(¢(p)) by smooth invariance of corner points.

We should like, additionally, for N to be paracompact in the subspace topology. This follows since manifolds are
hereditarily paracompact. We argue this in a remark below the end of this proof. We could also appeal to the fact that
every manifold is metrizable and every metric space is paracompact—since subspaces of metric spaces are metric spaces
this is enough.

(<) Now suppose N is a manifold with corners and i: N — M is a smooth embedding. Let ¢ € N and pick a coordinate
system (z,U) about ¢ and a coordinate system (y, V) about i(g) and consider the composite y oo 2z~!, which is smooth.
By shrinking U and shifting things as necessary, we may suppose this is a map z(U) — y(i(U)) C R™™* x R% and where
z(U) c R"* x RY. In other words, WLOG we henceforth suppose z(U) C V.

Since the composite i, ; oy oioxz~ ! is smooth, we know it extends to a function on an open subspace of R™ and since
it is full rank, which is an open condition, we may suppose that the function has full rank on this open subspace. By
(d) of the constant rank theorem, it follows that there is a chart (z,V,) about each p € iy, 1 (y(i(U))) in R™ such that
ZpOimpoyoiox t(al,...;a") = (0,...,0,a',...,a") € R™ (recall that we’re being fiddly with the way coordinates
go so WLOG we make them go this way). This means that 2, o iy, o y almost constitutes a submanifold chart for i(IN)
(after intersecting the domain with ¢(N)). It remains to show that when z, 0., 0y, when restricted to VNN, or perhaps
some V' NN where V' C V is open, has the desired form. This is where it is important that ¢ be a topological embedding.
Since 7 is an embedding, i(U) is an open subspace of V' N N, and so by definition of the subspace topology there is some
W such that W N N = ¢(U)—we may suppose W C V by the obvious modification and thus for the chart (W, y) we have
what we want—z, o 7, ; o y has the right form and is a submanifold chart.

Now we consider uniqueness of the smooth structure. Let i: N — i(N) be a smooth embedding.

Recall that the collection of all submanifold charts determines a subbase for the subspace topology
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on i(N) and likewise determine the submanifold smooth structure on i(N). We’ve just shown in one
direction that these charts are smoothly compatible with N—mnamely, we just showed that i: N — i(N) 4_@
is smooth with the charts. Now let us consider the other way around i~': i(N) — N, which certainly

exists since ¢ is a topological embedding and so homeomorphism onto its image.This will be smooth

if we can show that z 0i™% o (2, 04y, 0 y)~! is smooth. This is the part where i being a topological embedding is
important—we need to throw away the possibility of the immersed line j: R — R?2 at right, where the map j~! back to
R from the interval indicated will necessarily discontinuous in the subspace topology. Just as before, there is some W C V
such that W N N = i(U) C V. Hence, for the shrunken chart (W,y), we know that x o i o (2, 0 4y, 0 y)~! has the
form (0,...,0,a,...,a") — (a!,...,a™) which is obviously smooth—hence, i~! is smooth and therefore i: N — i(N) is
a diffeomorphism. W

Remark. Thus, ¢ being a topological embedding lets us exclude the possibility that some disparate piece of IV intersects
every open nbhd in M of VN N.

Remark (Hereditarily Paracompact). All manifolds are hereditarily paracompact. According to the Wikipedia article
for paracompactness, this is equivalent to having all open subspaces being paracompact. In fact, by the Whitney embedding
theorem, it suffices to show that all subspaces of R™ are paracompact, so let U C R™ be open. In any case, there’s a
shortcut to this result. Any locally compact second-countable Hausdorff space is paracompact, say by Theorem 2.6 here.
The property of being second-countable and Hausdorff is hereditary. Clearly any open subspace of R" is locally compact
since e-balls are precompact. Similarly for any model space R}!.

Corollary A.2.7. Fix N C M a submanifold. A submanifold chart y = ¢ 0 ip ; 0 x considered as a smooth function
defined on an open nbhd U of M is a diffeomorphism onto its image—in particular, y(U) is a submanifold of R™.

Proof. The map is a smooth embedding and so by the above theorem determines a smooth structure on its image. The
inverse map restricted to its image is certainly a homeomorphism and it is smooth as the map zoz~* oi;:koga_l = i;:kogp_l

defined on a subset of Euclidean space has smooth extension given simply by ¢=*. W

Theorem A.2.8 (Universal Property of Submanifolds). Let S C N be a submanifold and let i: S — N be the
inclusion. A map f: M — S is smooth iff i o f is smooth. Say dim M = m, dim N =n and dim S = s.

Proof. (=) Easy since i: S — N is smooth. (<) Suppose io f is smooth. By definition of a submanifold, about each point
in S, there is a nbhd V and a diffeomorphism onto its image y: V' — y(V) C R", such that y(VNN) = y(V)N(0x R*~¢ x
Rﬂ)—that is, a submanifold chart. We have concluded y is a diffeomorphism onto its image by the above corollary. Thus,
in coordinates, yoio f oz ™! looks like a map onto these last s coordinates and is assumed smooth. But this has the same
form as y|V N N o f ox~! using the submanifold chart constructed as above and, hence, y|V N N o f o x~! is smooth.
Hence, f is smooth. W

A.3 Whitney Theorems

Remark. All of the following material is adapted from Lee’s Introduction to Smooth Manifolds.

Lemma A.3.1 (Lee, 2.26). Let M be a manifold with corners, A C M closed, and f: A — R* smooth.' For any open
nbhd U of A, there is a smooth function f: M — RF such that ﬂA = f and suppr U.

Proof. This is a partition of unity argument. W

Warning. If A is not closed, then we have no control over the boundary behavior and this will therefore fail in general.
For example, consider 1/ defined on the set (0,1] C R—we cannot extend this at 0.

Theorem A.3.2 (Whitney Approximation Theorem for Functions). Let M be a manifold with corners and
F: M — RF continuous. Given any positive continuous function §: M — R, there is a smooth function F: M — R¥ that
is §-close to F—that is ’F(aj) - F(x)‘ < 0(x) for allx € M. If F is smooth on a closed subset A C M, then F can be

chosen such that ﬁ’ A= F|A.

Proof. Partition of unity argument along with the lemma above. W

! Recall that this means that there is a smooth extension of f in an open nbhd of each point p € A.


http://math.stanford.edu/~conrad/diffgeomPage/handouts/paracompact.pdf
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Corollary A.3.3. If M is a manifold with corners and §: M — R a continuous function, then there is a smooth positive
function e: M — R with 0 < e(x) < §(z) for all z € M.

1 1
Proof. Apply Whitney approximation to construct a smooth e: M — R such that |e(z) — 55(;10) < 55(95) |

Remark. This gives an easy way to construct the smooth function used in the proof of the collar nbhd theorem for
smooth manifolds.

Theorem A.3.4 (Whitney Approximation Theorem). Let N be a manifold with corners, M is a manifold without
boundary and let F': N — M be continuous. Then F is homotopic to a smooth map F: N — M. If F is already smooth
on a closed subset A C N, then the homotopy can be taken relative to A (this means that the homotopy is fized on A).

Remark. It will turn out that dropping the relative homotopy assumption makes this go through for manifolds M with
boundary, but perhaps not necessarily with corners.

Corollary A.3.5. Suppose M has no boundary and we are given a homotopy H: N x I — M between smooth maps
f,9: N — M. Then there is a smooth homotopy H: N x I — M between f and g such that H and H are themselves
homotopic rel N x OI.

Proof. Let A= N x 91 be a closed subset and note that H is already smooth on it. The Whitney approximation theorem
tells us that there exists a smooth homotopy H satisfying the properties we want. W

Remark. In particular, this shows that for a manifold M with empty boundary, the homotopy groups of M may defined
in the smooth category by taking A = x x I where x € S™ is a chosen basepoint.

Corollary A.3.6. If N is a manifold with corners, M has no boundary, A C N is closed and f: A — M is smooth, then
f has a smooth extension to N iff it has a continuous extension to N.

Proof. Whitney approximation! H

Here’s an example of what goes wrong when M has boundary and we insist the homotopy be fixed on a closed subset.
Example 6 (6-7). Let F: R — H? by t — (¢, |t|), A =[0,00). Then no such homotopy fixed on A exists.

To get this to work for manifolds with boundary, but without corners, we need to construct a smooth “flowing in”
L

~~
map R: M — Int M~ C M and a smooth homotopy H: M x I — M satisfying the following properties: H is a smooth
homotopy from ¢ o R to idy; and the restriction of H to Int M x I gives a smooth homotopy from R|Int M to idp, as. Let
us show this exists.

Warning. See the errata for the following. It’s not totally clear to me the Lee needs the properness assumption so I have
not used it.

Construction 1 (Lee 9.26). Let C: [0,1) x 9M — M be an open collar nbhd. Observe that M \ Im(C|[0, 3) x M) is
closed because the collar is an embedding of an open submanifold.

Let ¢: [0,1) — [3,1) be an increasing diffeomorphism which is the identity on [2, 1), and define an embedding R: M —
Int M by flowing in along the collar as

_[». pe M\ Im(C|[0, 2) x M)
fiw) {w(s),x), p=C(5,).

The two pieces agree on their overlap by definition of ¥ and so % is smooth since each piece is smooth. R is a diffeomorphism
onto the closed subset M\ Im(C| [0, 1) x M) and hence it is a smooth embedding of M into Int M, where, recall, proper
means the preimage of compact sets are compact. Since Int M C M is a submanifold, the same things should be true of
R viewed a map into M.

Let ¢: Int M — M. There is a smooth homotopy H: M x I — M by “flowing back,” defined by

p p e M\Im(C|[0,2) x M)
H(p’t)_{(ts+(1t)¢(s),z), p=C(s,2).

H also gives a smooth homotopy from ¢ o R to idy; and the restriction of H to Int M x I gives a smooth homotopy from
R|Int M to idnt pr- There is a way to make this, moreover, a proper map and thus an embedding.
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Remark. An injective immersion that is proper is an embedding. This is a consequence of a theorem in the chapter
Point-Set Results.

Theorem A.3.7 (Whitney Approximation Theorem). Let N be a manifold with corners, M a manifold with bound-
ary but no corners and let F': N — M be continuous. Then F is homotopic to a smooth map F: N — M.

Proof. With this in hand, we see that Ro F': N — Int M is smoothly homotopic to a map G by the standard Whitney
approximation theorem. Let ¢: Int M — M be the inclusion. Then the flow back homotopy gives a homotopy ¢ o G ~
toRoF ~F sotoG: N— M is a smooth map homotopic to . R

Theorem A.3.8. Let N be a manifold with corners and M a manifold with boundary. If F,G: N — M are homotopic,
then they are smoothly homotopic.

Proof. Let R be the flow-in constructed above. Then R o G and R o F' are homotopic smooth maps from N into Int M,
so they are smoothly homotopic. Thus we have smooth homotopies F ~ tRF ~ +RG ~ G as desired. Obviously smooth
homotopy is an equivalence relation so we’re good. W

A.4 Collars and Boundaries

Lemma A.4.1. Let M be a manifold-with-boundary. Then TM is a manifold-with-boundary and, in particular, 0T M =
TOoM.

Proof. This is essentially the vector bundle construction lemma, Lee 10.6, and is not hard to see directly. The bundle
charts are the same, they are still (z!,..., 2™, ;,...,0,) and so we see we only run into issues when the chart x in question
is a boundary chart. W

Lemma A.4.2. Let M be a manifold-with-boundary. Then, in coordinates, for every p € OM, T,0M C T,M consists of
the vectors with last coordinate 0.

Proof. This is easiest to see with curves. W

Definition. Let M be a manifold-with-boundary and p € OM. It is easy to see that one may still take T}, M to be the vector
space of derivations of germs of smooth functions. Moreover, T, M has a distinguished class of inward pointing vectors,
defined as those vectors with a strictly positive last coordinate. This definition is invariant under choice of coordinates.
One similarly defines outward pointing vectors.

Remark. We might be tempted to define T, M in terms of smooth curves, but this seems to require annoying modifica-
tions—we must allow ourselves to consider smooth curves with domain (—¢,0] and [0, ) (really just one by symmetry) to
make sense of this. There is a geometric interpretation of inwards pointing vectors in terms of smooth curves.

Exercise 52. The above definitions are invariant under choice of coordinates and can be detected using curves (in the
appropriate sense) and derivations.

Definition (Collar). A collar of a manifold-with-boundary M is an embedding i: 0M x [0,1) — M such that i[5/, 0y
is the canonical inclusion of M C M. In particular, a collar is a neat submanifold (see above for the definition). Say a
closed collar is an embedding (in the loose sense) i: OM x [0,1] — M. A closed collar always contains a collar.

Warning. While it might be tempting to try and define collars for manifolds with corners, we run into
a serious issue with smoothness. Namely, consider the (filled) teardrop. This is a smooth manifold with
corners of dimension 2. But its boundary could not possibly be a manifold with corners with its subspace
topology, because it has a singularity! This is basically because, as remarked before, the boundary of
a manifold with corners does not have a smooth structure unless there is no corner set. However, if we
were content to work outside some category of smooth manifolds, then we strongly suspect that collars
will exist in some modified sense and the same argument will work.

Proposition A.4.3. A collari: [0,1) x OM — M, if it exists, is an open submanifold of M. A closed collar is a closed
submanifold. In particular, they are open (resp. closed) maps.
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Proof. The first part suffices since the latter will be the closure of the restriction to [0, 1).

The invariance of domain implies that any embedding between manifolds with empty boundary of the same dimension
is an open map, since it amounts to giving an injective map from an open subspace of R™ into itself sends the subspace
to another open subspace, and being an open map is a local property when the map in question is injective. Hence, on
the interior of the collar (0,1) x OM, at least, the map C an open map. We can cheat for points on the boundary. Fix a
coordinate nbhd for the boundary of [0,1) x M. In coordinates, we might as well assume the map looks like an embedding
H"™ D U — H". We can then extend this to a smooth map R™ D U — R™. Since collar map is an embedding of full rank,
this is an open condition and so we may assume the extended map has full rank. This means that in a nbhd of p the map
is a local embedding and therefore by invariance of domain an open map. But this means that its restriction to U is open
by inspecting what the subspace topology does. W

Neatness is essentially automatic since the only points to worry about from the definition are the boundary points and
we gave ourselves the entire boundary!

Remark. We will prove these always exist. First we need a few lemmas. We will go about this in the most natural way
to prove it, at least I think. Another way to prove it is to use tubular neighborhoods by embedding the manifold in R
for big enough N (here we simply mean an immersion and topological embedding). Kupers takes this approach in his
differential topology lecture notes but it seems somewhat incorrect in the sense that he is not using his own stipulated
definition of a submanifold!

Say a vector field on a manifold-with-boundary or corners M is an inward pointing vector field if for all p € OM, X,
points inward.

Lemma A.4.4. Let M be a manifold-with-boundary or corners of dimension n. Then there exists an inward pointing
vector field X on M.

9
5 Oxm’
— - Then we set X = Yo PaXa. It is easy to

see that X, is inward pointing since only boundary charts intersect the boundary. W

Proof. This is a partition of unity argument where we stipulate that on a non-boundary coordinate patch U,, X, =

n

and on a coordinate patch for a corner with order k, we set Xo = ;"

The idea is to flow in along this vector field.

Remark. It is important to point out that the flow for an inward pointing vector field exists and is smooth. The proof
is a variation upon the usual argument which we sketch below.

Theorem A.4.5 (Collar Neighborhood Theorem). Let M be a manifold-with-boundary of dimension n.

(a) M has a (closed) collar. In addition, for a collar C: [0,1) x OM — M, the complement of C(a) = Im(C|[0,a) x OM)
is closed. In particular, a collar is an open submanifold and the collar map is an open map.
(b) Suppose N C M is a neat submanifold. Then we can find a collar for M that restricts to a collar for N.

Remark. We give two proofs. The first will be for (a) and the second for (b), which implies (a). For (b), the idea is
roughly that we can find a fat enough covering of N by neat submanifold charts and then cover M by charts that never
meet ON. It is worth pointing out that we do not need to assume N N IM = ON and we do not need to assume N is
closed for this argument to work.

Proof ((a)). Let X be an inward pointing vector field on M and consider the ODE on M given by ¥ = X () with initial
condition y(0) = p € M. In coordinates, this locally has the form y' = f(¢,y(t)) where f(¢t,y(t)) = y(t) and this is
Lipschitz continuous in the dummy variable y(¢) so that the Picard-Lindelof theorem applies (and one can easily check
that transitions preserve solutions). Kosinski 1.6.3 shows that the flow exists and, because of the time tube argument for
flows extending to a global flow, we know that in general the valid times for the flow must taper off to 0 unless the manifold
is compact. So let A be the maximal flow domain about M x {0} in M x R, and let the flow be ®. Let i = AN (OM x R)
and note that this is open in M x Rxq. Then for (¢,0) € U, @, (4,0)(0;,7 - d/dt) = 0; +rX"(q) and so clearly is an
isomorphism between tangent spaces T{4 0/ — Ty M, since we have arranged that X" # 0 for any ¢ € M. We used the
fact that X (¢) only has component in the inwards direction from the construction above and hence by the inverse function
theorem ®|U is a local diffeomorphism—one might worry that the inverse function theorem does not apply because of
the boundary, but we just extend everything where we need to and use properties of the subspace topology to see that
®|U, which is certainly an immersion, is additionally a local topological embedding and hence a local diffeomorphism.

Observation. We can glue the local inverses together once we know that it is injective on an open subspace of the union
of the nbhds upon which ® is invertible.
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This follows from the tubular neighborhood trick.

Thus, we may also suppose WLOG that & is an embedding on U, perhaps by shrinking it first—note that U will
always contain OM x {0}. (It is clearly an embedding.) Suppose we have a smooth function e: 9M — (0,00) such that
(g,e(q)t) € U for all ¢t € [0,1] for the moment. Then c: OM x [0,1] — M by (p,t) — P(p,te(p)) is an embedding that
is neat on [0, 1). It is certainly smooth because everything in sight is smooth and to show it is an embedding it suffices
to show that (p,t) — (p,te(p)) is an embedding into U C IM x R>( since @ is an embedding on U by hypothesis now.
This function is also certainly smooth and injective. It has differential (id, ?) into M x Rxq so it suffices to determine
the differential of (p,t) — t - &(q). In coordinates, the matrix for this will be 1 x (n + 1) or a row vector of length n + 1
and it is clear that this will be (using the identity chart on the time part) (tdi1e --- tOne €(q)). Since €(q) > 0 for all g,
this will always have full rank. Hence, the differential is componentwise (id, full rank) and so is clearly an isomorphism. It
therefore remains to construct ¢.

The construction of € is a partition of unity argument in M by noting that every ¢ € OM has a coordinate nbhd U
such that U x [0,e(q)) € U where £(g) > 0. Pick an open cover of M be charts {U,},; such that for each o € J, there
exists uq > 0 such that {q} x [0,us] C U for all g € U,. To see this exists, simply shrink everything as needed. WLOG we
may suppose by paracompactness that {U,} is locally finite.

Let I, 2 be the (finite) set of all v € J for which there exists § € J such that U, NUg # @ and Ug NU, # O. Let I,
be the set of 5 € J such that Uy, NUg # @ and let Ny = max {#(Ig) : 8 € a2}

Observation. Notice that for each 8 € I, Ng > #(I,) since a € Iz 5 and, in particular, I3.

Set t, = min {uﬁ/max {NO%, NE} :B € Ia)g}. Running the partition of unity subordinate to {U,}, we put € = Y pata-
For q € U,, we now wish to show that (q) < ug for each § € I,. Suppose we set pg =1 for § € I,. Fix v € I, and pick
tg < u,/max {Ng,Ng} for each 8 € I,. Then

e(@)=> tg< Y uy/max {N3, N2} = #(Ia)uy Y 1/max {N3, N2} < #(Io)u, /#(la) = u,

BEl BEla BElLa

hence, £(g) < ug for all 5 € I, so we’ve achieved our goal, ¢ is smooth into where this is an embedding.
The last part follows from a preceding lemma. W

Here’s a slightly different and more terse proof for (b).

Proof ((b)). Cover ON C OM by neat submanifold charts in M with image coordinate balls of radius 2, say {(zi, Vi) };c;-
WLOG we may assume this collection is locally finite by paracompactness since manifolds are hereditarily paracompact.
Let U be the union of the restriction of each neat submanifold chart (z;, V;) to the coordinate balls of radius 1—call the
resulting chart (z;,U;)—and let F be the union of the closed balls of radius 3/4s for each such chart. Note that since the
collection in question is locally finite, F is closed.

In the coordinates of the neat submanifold charts, the last coordinate points inward for both N and M. We must be
prudent about how we extend this covering. For each p € 9M \UNOM = OM N (UNOM)¢, there is an open nbhd in dM
of p disjoint from U N IM. Indeed, we need to find nbhds separating p and F' and this amounts to saying that a manifold
is a regular space. Thus, we may find a sufficiently small boundary chart (z,V’) about p such that V.N (U NOM) = Q.

Cover the rest of M by such charts and then observe that M\ M is open and we cover it by charts. Now we construct
a partition of unity subordinate to this open cover where we use the radius 1 charts constructed in the first paragraph.

Let X =Y poX, where X, is, in coordinates, axim the last coordinate. Then for any p € ON, X, is inward pointing,
being a sum of inward pointing vectors and similarly for any p € M. This is a consequence of the above construction.

Let W1 € M x Ry be the open subset on which the flow of X is defined, call the flow n, and let W C OM x R be
W1 NOM x Ry. Then since Wy is open, W is open in M x R. We must shrink W to yet another open subset to make
things work out. Begin by noting that for ¢ € 9M and working in one of our neat submanifold charts about this point,
@, (q,0)(0; + 7 - d/dt) can be computed as

d., ; d. . d. .
. A — (9 AW —(H L \¢pi
(8Z+rdt)(x o ®) = (0; +rdt)(ac o ) (@—I—?‘dt)(b
4. . d . , .
— 9,® alf VRRP Y, Ll = o8 :
0.0 41— .07 + 1 . 0, %7 +r5(0)

= 8¢<I)j + T’yé(q,to)(O) = &(Iﬂ + ’I”Xg = (91' + X;

where we have used the group law to deduce this for the X term and since ®(—,0) = id, so the directional derivative 9;
of id at (g, 0) is still J;. It follows easily that ®,(4,0) has full rank. Hence, even though we have boundary from R, the
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inverse function theorem implies that this is a local diffeomorphism and thus we may shrink W to an open subset where
®, (4,1 has full rank.
As above, we can construction an embedding OM x [0,1) — W and now the desired collar map is

OM x [0,1) =W L M

since everything in sight here has full rank. The open part follows as before.

We now want to show that we can restrict this to a collar for N. At this point, we might worry that # may shoot W out
of N, despite pointing into N, so we need to shrink W yet again. To fix this, let U be the union of the boundary charts
in our open cover and let W/ = W Nn~1(U). Redoing the above construction with W’ in place of W gives us a collar
that restricts as a consequence of the delicate construction of our given open cover. Essentially, restricting to W Nn=1(U)
makes us shoot into points of only U—by working in the nice submanifold coordinates, for points p € N, we see that we
are simply flowing vertically inward for both NV and M in U.

Openness of the restricted collar is the same argument as usual. W

Let us call such a function € as above a smooth shrinking function.
Lemma A.4.6. Shrinking functions exist.
This lemma should be interpreted appropriately.

Corollary A.4.7. Every open nbhd of OM contains a collar.

Proof. An open nbhd U of M is an open submanifold and, in particular, it is neat submanifold-with-boundary, so the
same argument applies to show a collar exists. W

Although we didn’t need the collar nbhd theorem to show the following, it makes it particularly straightforward and
easy to see.

Corollary A.4.8. Suppose M is orientable. Then TM|OM = TOM ® R where as usual R is the trivial bundle over OM
with fiber R. In particular, the normal bundle of OM in M is trivial.

Proof. Let i: OM — M be the inclusion and let j: OM x [0,1) — M be a collar nbhd so that j|OM x {0} = i. First note
that TM|OM = ¢*TM. The collar neighborhood is an open submanifold of M and has tangent bundle diffeomorphic to
TOM x R over M x [0,1) and, as before, this is diffeomorphic to j*T'M. The collar has a submanifold (and note that
the condition of being a neat submanifold is transitive) M x {0}. By pasting pullbacks we get the following rectangle
with every rectangle a pullback

'ITM — 7"TM ——— TM

| Lo

OM —2 5 M x [0,1) —L1— M

)

where j*TM = TOM x R as we said above. Hence, we must compute i5;j*T M. Of course, one sees immediately that this
is what we described. W

Remark. To identify the normal bundle vy, with R, one can simply use a partition of unity argument and a collar to
produce a Riemannian metric on M which is a product metric in a nbhd of M. Say we make it the product metric at
least on [0,1/4) by covering M with open sets that only intersect the collar at [1/4,1) x M. This can be done using
coordinate balls whose closure in M is compact.

For this next corollary, it helps to know that M is orientable iff T'M is orientable as a vector bundle over M. First, we
make a definition.

Definition (Induced Orientation). Let M be an orientable manifold with boundary (but not corners) of dimension
n. Then OM inherits an induced orientation from M. The natural way of specifying this for which Stokes’ theorem
has a nice form is the outward pointing first convention. Namely, for each p € 9M, we define an orientation class for
T,0M by declaring a tuple of vectors (v1,...,vn—1) € Tp,0M to be in this orientation class iff for each outward pointing
vector (hence, any outward pointing vector) w € T, M, (w,v1,...,v,—1) defines a positively oriented basis in T, M. One
could similarly make a definition by using the inward pointing first convention but we do not need this.

Of course, we must check that these actually define an orientation.
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Corollary A.4.9. Let M be an orientable manifold with boundary. Then OM inherits a natural orientation by the outward
pointing first convention. Namely, for each p € OM, we define an orientation class for T,0M by declaring a tuple
of vectors (v1,...,v,) € T,OM to be in this orientation class iff for each outward pointing vector (hence, any outward
pointing vector) w € T,M, (w,v1,...,v,) defines a positively oriented basis in T, M.

Proof. This is straightforward using the definitions. W



Appendix B
Transversality and Regular Value Theorems

Here is the basic concept of transversality.

Definition. Let K, L and N be manifolds with corners and let f: K — N and g: L — N be smooth maps. Then we say
that f is transversal to g, denoted by f rh g, if whenever we have f(k) = g(I) = p, we have [T, K + g.T;L = T,N. We
can also say that f and g are transverse.

Remark. If f(K)Ng(L) = @, then transversality holds vacuously. Basically, the idea is that the two maps intersect as
generically as possible.

Remark. The only way, it seems, to get good results for transversality, at least with little effort, is to assume neatness
in some places. Essentially, the issue is that the regular value theorem, as we know how to prove it, is insensitive to the
corners or boundaries. Basically, the argument one wants to use relies upon not having extra structure floating around
on M. It is possible to compensate for this by imposing additional constraints on the map f to get an analogous result
for manifolds with boundary. A neat submanifold is assumed to only have corner points of depth k& match up with the
corner points of depth &k in the ambient manifold, and this assumption eliminates the extra data needed to make certain
arguments go. Another issue is that the regular value theorem only makes sense in the category DIFF and if M has corners
then OM is not smooth.

Before we begin with the regular value theorem, let us introduce an auxiliary lemma and use it to prove a proposition.

Lemma B.0.1. Let M be a smooth manifold without boundary and let g: M — R be smooth. Suppose g has regular
value 0 and g=1(0) # @. Then g~1([0,00)) is a submanifold with boundary g=*(0) and dimension equal to that of M. In
particular, the submanifold charts for g~1(Ry) can be chosen in such a way that g~'(Ry) sits as H™ C R™ without
further straightening—these submanifold charts would exhibit g=*(Ry) as a neat submanifold in a different context.

Proof. Since 0 is a regular value of g, g~1(0) is a codimension one submanifold of M by the usual constant rank theorem.
We have that g=1((0,00)) is an open submanifold being open in M. We only need to check that there is a smooth
structure on this and that we have submanifold charts. Really the only issue is with the boundary. Each p € ¢g=1(0) admits
a submanifold chart for ¢=1(0) and we must show we can make this a submanifold chart for g=!(R.).

A submanifold chart exists for each p € ¢g~1(0), say (z,U), such that U N ¢g=1(0) = z7}(R™! x {0}). We want
to show that g=1((0,e)) N U sits in this chart as H™. With respect to the given chart, since g|g~'(0) is constant and
g~ 10) € R™ ! x {0}, g has trivial derivatives in the directions lying in the R™~! x {0} subspace. Hence, in these
coordinates, for each p € g=1(0), gip = (0,...,0,v) for some v # 0, v € R—and so in any chart, v > 0 or v < 0 since by
the IVT it will otherwise be 0 somewhere—since 0 is a regular value, forcing v # 0. Therefore suppose in our chart v > 0.
Then our coordinates, each ¢ € z(U), ¢ = (¢*,...,q™), with ¢™ > 0 has g(q) > 0. Hence, U N g~ *(R,) C 2~ }(H™) as
desired. This is a submanifold chart because the boundary of g=1(0) already sits neatly in the chart and we do not need
to do any more straightening. W

Lemma B.0.2. Let M have boundary but no corners and let f: M — N be smooth, dim M = m, dim N = n. No point
q € ON can be a regular value for both f and f|OM unless f~1(q) = @. In particular, q can only be a reqular value for
flOM.

Proof. We have seen in the first subsection of the annoying part of the appendix that f~!(¢) C OM is forced if ¢ is a
regular value for f. Now, if p € f='(¢) C OM, then since in coordinates about p, after extending f to an open nbhd
where it remains maximal rank, f looks like a projection and f| f~1(¢q) = p, Ker f., C T, f "' (q), where we are identifying
T,f~(¢q) with its image i.,T,f~*(¢q). But then by the usual regular value theorem, W = ( f|OM)™'(q) = f~1(q) is a
submanifold of dimension m —1—n, and each p € W, Ker f|0M., = (Ton)pf ' (g), where this notation means the image
of T,W in T,0M.

83
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The usual regular value theorem for manifolds M’ with M’ = () is proved by using (c) of the constant rank theorem
and observing these yield submanifold charts. Just because N has boundary points or corner points does not mean the
usual argument fails. Indeed, after performing a diffeomorphism of the domain chart we get a submanifold chart for W and
we see that W has no boundary. We have to throw away the possibility that f: M’ — N can have regular value ¢ € N
with f=1(q) # @, but this was argued in the appendix—roughly, when OM’' = @, if f has max rank locally at a point
p € M', then (c) of the constant rank theorem carries through and careful analysis shows that we must have f~1(q) = @.

Now, on the other hand, f., surjects T,M — T, N and so has kernel dimension m —n, so there is a vector v € T, M for
which f,,(v) = 0 but v ¢ Ker f|9M,,. It cannot be that v € T,0M C T,M since then v € Ker f| M., and therefore v
is an outward or inward pointing vector. Working in coordinates (x,U) and (y, V), after extending, there is a coordinate
system for z(U) by (c¢) of the constant rank theorem such that f looks like a projection R™ — R"™, say projecting onto
the first m — n coordinates. We casually identify vectors for these Euclidean spaces with vectors in the naive sense. Let
w be the image of the vector v in this coordinate system. In these coordinates, f, is the block diagonal matrix that is
L —nxm—n in the upper-left corner and 0 everywhere else. Hence, for f, to have vanishing derivative in the direction of w,
w must be a linear combination of the last n coordinates of R™ and therefore, in particular, f(rw) = 0 for all sufficiently
small r € R.

Claim 17. It is not hard to see that for small enough r with one of either » > 0 or r < 0, rw remains in the image of
z(U) under the diffeomorphism taking us to the coordinates in which f is a projection.

—

One can verify the claim by noting that in the original coordinate (z,U), x(U) C x(U) where a?Uj is the domain of the
extension, a vector pointing into or out of z(U) viewed as a subset of R™ will still do so after we perform a diffeomorphism

of aj/(\U/)—the diffeomorphism must take half-balls inside (resp. outside) the boundary of z(U) to half-balls inside (resp.
outside) its image. By outside, we mean its complement.
Hence, f~1(0) must contain points not lying in &M and this is a contradiction. M

Remark. We can get a feel for what’s going on here by the following corollary, which essentially states that what goes
wrong is dimensional when ¢ € N is a critical point of f but not the restriction f|9M.

Corollary B.0.3. If ¢ € ON is a regular value for f, then for each p € f~1(q), Ker f., C T,0M.

Proof. Suppose Ker f,, ¢ T,0M and let V = Ker f,, NT,0M. Since ¢ is a regular value for f, f,, has rank n = dim N and
dim Ker f,, = m—n and dim V' < m—n—1. Working in a boundary chart, one deduces V' = Ker( f| s )+p C T,0M C T, M.
By the rank-nullity theorem, dim V' + rank( f| Oar)+«p = m — 1 and therefore

rank(f|Op)sp=m—1—dimV >m—-1-m+n+1l=n
but also rank( f| Oar)«p < n since dim T, N = n so in fact
rank( f| O )sp =1

so q is a regular value for f| M. This contradicts the above lemma. W

Theorem B.0.4 (Regular Value Theorem). Let M and N be smooth manifolds with boundary but no corners of
dimension m and n, respectively and let f: M — N be smooth. If ¢ € N is a regular value of both f and f|OM, then
f~Y(q) is a neat submanifold of M of codimension n (i.e., dim f~1(q) = m —n).

Remark. For ¢ € N to be a regular value of f means that for all p € f~!(q), rank(df,) = dim N, and this forces
dim N < dim M. We must throw out the vacuous case in this theorem which is why we additionally stipulated that
[~ a) # 0.

For our assumptions, it will turn out that for ¢ ¢ AN, dim N < dim M — 1if ON N f~1(q) # @ and dim N < dim M if
ON N f~1(q) = @. For q € AN it will turn out we only need dim N < dim M because f~!(¢) C M in this case and it is
furthermore not possible for ¢ to be a regular value of both f and f|9M. This follows from the preceding lemma.

Proof. We have seen in the first subsection of the annoying part of the appendix that f~'(q) C OM is forced whenever
q € ON, so we first suppose that ¢ € 9N and suppose it is a regular value of f|dM and thus not f. Then (f|OM) (q) =
f~Y(q) is a submanifold of @M and hence M by the usual regular value theorem, the proof of which only relies on the
domain manifold not having boundary (see a similar comment in a lemma above).

Now suppose g € ON is a critical point of f and thus not f|0M. Fixing any coordinate system (y,V’) about ¢ and
(z,U) about p where, say, WLOG z(p) = 0 and y(q) = 0. After extending from the domain z(U) ¢ H™ to U c R™
while keeping f maximal rank, and performing a diffeomorphism of the domain U , call it say z—we may assume it is a
diffeomorphism of the entire domain by shrinking things where necessary—f looks like a projection R™ — R onto the
last m — n coordinates. Strictly speaking, the extension f is an extension of y fr=!to have domain U, and then the final
function in question is fZ~!. WLOG assume that p = 0 in these coordinates so that f(p) = f(0) = 0. Then f=1(0) is a
submanifold of codimension n by the usual regular value theorem.
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Claim 18. Zf1(0)NZz(U) = zf~'y~(0) = Zzf~*(¢) and Zz is an honest chart that gives a submanifold chart f~1(q)
about p.

Now, Zf~1(0) = Z(U) N (0 x R™~") since fZ~! is a projection, so Zf~1(0)NZz(U) = Zz(U)N (0 x R™~") and the RHS is
just the preimage of 0 after restricting to 2z(U) so these are equal. Hence, Zz(U N f~1(g)) C 0 x R™~" and in particular
2z(UN f1(q) =22(U) N0 x R™ ™ so that U N f~1(q) = z7'271(0 x R™~") which shows that, if it is a chart, then
it is a submanifold chart. For this last part, observe that points with last coordinate positive are sent to points with last
coordinate positive, so U still gets mapped to a half space and so by restriction we then get a chart.

Now suppose ¢ ¢ ON. We begin by supposing p € f~1(g) is not in M for this hypothesis. Then f~!(q) is a submanifold
in a nbhd of p. This is because, in coordinates, we may write this locally as a projection from an open subset of R onto R",
say killing off the first m —n coordinates, with no other words needed. Hence, if p = (a',...,a™) in this coordinate system,
then this is clearly a submanifold chart for f~'(q) about p since all points of the form (z!,..., 2™ " o™=+l .  a™)
are sent to the image of p under f in these coordinates. This takes care of the points not in the boundary of M. Next, we
must consider points in the boundary of M and verify neatness as well.

Now consider the case p € M N f~1(q). Pick charts (z,Up) and (y, Vo) such that z(p) = 0 and y(q) = 0 and set

z(Uo)=U  y(Vo)=V.

We have a smooth map U — R™ with U open in H™ the upper half-space which we may extend to an open subset
U c R™ and get f: U — R". Since max rank is an open condition, we may suppose this extension has max rank. It
follows that f~1(0) is a submanifold of R™ of codimension n (i.e., of dimension m — n). WLOG suppose U is an open
unit coordinate ball in H" and U is the completion of it to a full open unit coordinate ball in R™—we can arrange for
this by shrinking; the point is that we want fto agree with f on the OH™ C R™.

Let 7: f_l(O) — R be the projection onto the m-th coordinate and recall that this coordinate for any boundary chart
is the outward/inward pointing direction. This has regular value 0—i.e., fil(O) has non-trivial tangent vectors in the
x™-direction. Suppose this was not the case. Then the tangent space to f_l(O) at 0 (i.e., z(p)) would lie completely in
some collection of n of the direction % where ¢ # m and so f‘l(O) lies in a subset of the first m — 1 coordinates. But for

these coordinates, one easily verifies that (f|0M)~1(0) = (f|OH™) 1(0) and so as a consequence of how we constructed

U and U (see above) we have that (working in coordinates) (f|dH™)~1(0) = f~1(0) N 9H™ (i.e., those points with
2™ = 0). Since ¢ is a regular value for f|9M, this submanifold must have dimension m — n — 1, but if 0 is not a regular
value of the m-th coordinate projection map, then in fact To( f|OM)~1(0) C ToOH™ and therefore is a submanifold of
dimension m — n, which is a contradiction. B B

Now, f~1(0) = 7~!(R,) and by the Lemma, 7~ (R, ) is a submanifold of f~!(0) C U contained in U with boundary
771(0)—that is, f~1(0)NU = f~1(0). Thus, f~*(0) admits reasonable submanifold charts in f~(0) and has codimension
0 therein. We also know that f~1(0) is a submanifold of U since U is a submanifold of U for the obvious reasons (consider
how we constructed U and U ). It remains to show that it is in addition neat.

The only trouble arises for points in 7~ 1(0), so let (a, Uy) be a submanifold chart for 7—(0) in f~1(0). Then (after
rearranging) U, N7 1(0) = a~1(0 x R™ "1 x {0}). Since i: f~1(0) — U is an embedding between manifolds with-
out boundary, (d) of the constant rank theorem guarantees that there is a chart (3, Vj) such that (after rearranging)
Bia=t(at,...,a™ ") = (0,...,0,at,...,a™ ™). The reasoning of the preceding Lemma shows us that 7 ~*(R, ) must sit
as the collection of points in the image having the form (0,...,0,a’,...,a™ "1 v) where either v > 0 for all such a’ or
v <0 for all such ¢’. W

Theorem B.0.5. Let M™ and N™ be smooth manifolds with boundary of dimension m and n, respectively. Let A C N
be a k-dimensional submanifold without boundary. If f: M — N is smooth and f h A and f|OM th A, then f~1(A) is a
neat submanifold of codimension n —k (i.e., dimension m —n + k) with 0f ~1(A) = f~1(dA).

Remark. If A has no boundary, A is not automatically neat because of the example of the parabola kissing the disk.

Proof. Either 9A = @ or ANON = JA. First consider the interior points of A. These are points which, by definition, also
lie in the interior of N. In particular, A\ A is a smooth boundary-less manifold and N \ N is too. Since ANIN = 9A,
we may choose our submanifold chart about for each ¢ € A\ A NIm(f) to be an interior chart of N and, perhaps by
shrinking, we may suppose our submanifold chart (y, W) about ¢ has image a product nbhd y(W) =U xV C RF x R*~*
such that y(AN W) = U x 0. Pick coordinates, (x, Z) about p € f~!(¢) in M with Z so small that f(Z) C W, so we
don’t have to worry about intersecting things. To avoid breaking into cases, suppose z(Z) C H™ is open but we do not
specify whether (z,7) is a boundary chart or not. Transversality of f to A then becomes transversality of y o f o x™! to
U x 0 and transversality of f|OM to A then similarly becomes transversality of yo f o x_1| (ZNoM) to U x 0. The first
of these is equivalent to the assertion that the composite
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has regular value 0 and the latter that g| 9H™ has regular value 0. Transversality of f|9M to A then becomes transversality
of yo fox™'|(ZNOM) to U x 0.

This shows that ¢g~1(0) is a submanifold of W having codimension n — k (i.e., dimension m — n + k) as a consequence
of the regular value theorem proved above. In other words, z(f~1(y =1 (U x {0}))) = z(f~*(ANW)) is a submanifold of Z.
But z is a diffeomorphism from Z onto x(Z), so f~1(ANW) must
be a submanifold of M. Now suppose ¢ € A and so by neatness F(M)
of A, g € AN ON. Since A is neat, we may replace our target N \ m 0
chart (y, W) by a neat submanifold chart for ¢ € ANON. Then the w A
same argument above works, replacing V' by an open V C H" ¥
intersecting the boundary. M

Corollary B.0.6. Let M™ have boundary and no corners and let K, L C M be neat submanifolds of dimensions k and ¢,
respectively. If K M L and 0K M L, then KN L is a neat submanifold of M of dimension k+ £ —m. In fact, in this setup,
OK M L is equivalent to K M 0L and K N L is a neat submanifold of both K and L of dimension k + £ —m.

Remark. Since K and L are submanifolds, dim K, dim L < m (k,¢ < m) and since they are transverse, dim K + dim L >
dim M (k+¢ > m) because for allp € KNL, T,K+T,L =T,M. When K and L both have boundary, then this inequality
tightens to k + ¢ — 1 > m because we assumed 9K h L.

Proof. The last statement follows from showing it for one submanifold by symmetry. Let f: K — M be the neat embedding
of K into M. Since f i L and f|OK L, it follows by the the preceding that f~1(L) is a neat submanifold of K of
dimension k —m+ ¢ =k + ¢ —m (i.e., of codimension m — £). We want to show that the neat embedding f restricts to a
neat embedding f: KN L — M.

The result now follows from the following claim, whose proof is exemplary of the utility of thinking locally.

Claim 19.If A C B C C and B is neat in C' and A is neat in B, then A is neat in C' (neatness forces dim A > 1).

Say dim A = 4, dim B = j and dim C' = k. We make some reductions. Pick a neat submanifold chart for a € 9B N da in
C, call it (y,V). Using this chart, we may reduce to the Euclidean case where we suppose, in particular, that C = H¥,
B =0 x H/ and A C B is neat—we may make this assumption by shrinking to a subset diffeomorphic to the open unit
half-ball in H* via our chart and then using the evident radial diffeomorphism. We have this reduced to the case that
A C 04_; x H/ C HF with A neat in 0 x HY.

Suppose WLOG 0 € A is our new a. Pick a neat submanifold chart (z,U) for A about 0 in 0 x H7 and suppose U is the
open unit half-ball in H’. Then z: U — H is a diffeomorphism for which z(UNA) = 2(U)N0,_; x H* C H7. We can now
extend this to a chart for H* having domain the open unit half-ball B; as follows. For a = (a!,...,a*=7, a*=3%1 ... aF) €
By, we define a chart (y, B;) by a — (a',...,a* 7 z(a*=7*1,. . a¥)). Since y = (pr,z) on its domain, where pr is the
projection onto the first k — j coordinates, it is clearly a diffeomorphism. The inverse is y = = (pr,2~!) which is likewise
smooth. Thus, this is a chart and moreover y(VNA) =y(UNA) =2(UNA) =z2(U)N0k_; x H C H* as desired. H

Lemma B.0.7. If p: E — B is an orientable vector bundle of rank n > 1 and i: X — B is an embedding, then the
induced bundle i*p: i*E — X formed by the pullback is orientable.

Proof. Since i is an embedding, one easily verifies that there is bundle isomorphism i*E = p~!(X) = E| X. This is verified
topologically by universal properties and one then checks that the homeomorphism given is in fact a bundle isomorphism
by recalling how the vector space structure is defined on the fibers of i*F.

We therefore give each fiber p~1(x) the orientation p, is had originally. Fix a trivializing open nbhd U in B of a point
x € X. Then UNX is a trivializing open nbhd in X. Moreover, one quickly verifies that p=*(X) D p~ 1 (UNX) — p~1(U) &
U x R" is therefore orientation preserving or orientation reversing everywhere, and so i* E = p~1(X) is orientable in the
obvious way. W

It once again helps to know the definition of orientability of a vector bundle over M.

Theorem B.0.8. Fizn > 1. Let N C M is be a submanifold of an orientable manifold with corners M and suppose
dim N =dim M — 1 (i.e., a hypersurface). Then N is orientable iff the normal bundle of N is trivial.

Remark. M being orientable is surely needed since the M6bius band M is not orientable and O(M x [0,1)) = M is not
orientable, where dim OM = dim(M x [0,1)) — 1.

Proof. (<) Suppose the normal bundle of N is trivializable. It follows that TM|N = TN @ R. Since M is orientable,
TM|N =TN @R is orientable, we claim, and this follows from the preceding lemma. The other lemma now shows that
TN must be orientable and hence N is orientable. (=) Is N is orientable, then T'N is orientable. Hence, 0 — TN —
TN ®vy — vy — 0is a SES of vector bundles and the middle one is orientable once again because M is orientable and
we have an isomorphism TM|N = TN & R. Hence, vy must be orientable. But the only orientable line bundle is trivial,
so we conclude. H



Appendix C
Bundles, Normal Bundles, Tubular Neighborhoods

C.1 Bundle Potpourri

Proposition C.1.1. Let B be a paracompact Hausdorff space and p: E — B be a vector bundle. Then E admits a metric
(i.e., inner product).

Proof. Define E* @ E* as before and define S?E* as before. Construct local sections w: U, — S?E* g w(@) =
> wig (@) (Ci(2) ®L;(x)) (in general). Set w(z) =, £i(z) ®{;(x). Then w is positive definite. Partition of unitya{)\i}. Con-
vex linear combination (adds to 1, not negative) > \;w; for positive definite w;. Since this is a convex linear combination
of positive definite forms, the resulting function is positive definite. W

Remark. Paracompact Hausdorff is equivalent to the statement that every open cover admits a subordinate partition of
unity.

Lemma C.1.2. Let p: E — B be a vector bundle of (as we always implicitly assume) finite rank. Then the dual bundle
EY exists and there is a natural isomorphism of bundles EVY = E. Moreover, E¥ = Hom(E, R).

Proof. EVY is constructed as in the vector /fiber bundle construction lemma. To show that EVY = F naturally, we simply let
E,Y = E, be the natural double duality isomorphism for FDVSs. On trivializations, this is basically just U xRYY — U xR.

For the next part, pick a trivialization U for E. Then Hom(E,R) on U has trivialization given essentially by doing
¢~ *—that is, on fibers it is Hom(E,,R) — Hom(R",R). W

Theorem C.1.3. Let f: E' — E be a morphism of smooth vector bundles over M. The function p — dim Ker f, is locally
constant iff there is a covering of M by open sets U; such that E'|U; admits a trivializing frame containing a subset whose
specialization in each fiber over each point p € U; is a basis of Ker f, (i.e., a subset of the collection of specified local
sections on U; are at each point a basis for the kernel).

Proof. (<) This is obvious. (=) WLOG we may assume the U; are path-connected. Admitting a trivializing frame is the
same as saying the U; are trivializing, we remark. Since we have assumed local constant-ness, we may assume that for all
p € U;, dimKer f, = d. Let {s;} and {s;} be trivializing frames with 1 <¢ <n’ and 1 < j < n so that r = n' — d is the
common rank of the maps f, on U;. We can write

f(sh) = Zaijsi

since the s; are a local frame where a;;: U; — R are smooth functions. For each p € U, since f,, has rank r (i.e., for
all p € U;, rank f, = r). It follows from standard linear algebra that an r x r submatrix of (a;;(p)) has full rank (i.e.,
is invertible), call it A(p) where A is the function which is this particular submatrix at all points. Since rank is a lower
semi-continuous function, the set of points ¢ € U; for which rank A(q) > r — 1 is open. Hence, we can cover U; by open
sets for which some submatrix satisfies this property—say we cover U; by U, for which a submatrix A, is invertible and
let I, and J,, be the sets of indices picking out A, in (a;;).

Fix a and restrict attention to U,. WLOG suppose that the upper left r x 7 matrix of (a;;) is A, perhaps by rearranging
indices. Since (a;;) has rank r on U,, it is easy to see that the first » columns of (a;;) span the image of (a;;) at each
point—basically this is because a linear dependency among the full column vector would imply a linear dependency for
A, which is impossible because A, is invertible. Hence, for each j > r and p € U,, there is a unique linear combination
in £

FENW) = ers Fsi) ) =Y crjaim(p)si(p)-
k=1

k=11i=1

87
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Of course, also, by linear independence of the s; everywhere, we must have that

T

aij(p)si(p) = Z ckjaik(p)si(p)

k=1

or in other words

ai;(p) = Z ik (P) ;-
k=1

This gives a system of n’ equations for fixed j by varying i. Since (a;;)1<i j<, is invertible everywhere, Cramer’s Rule
allows us to solve for each ¢j; uniquely such that all of these n’ equations are satisfied. In particular, Cramer’s rule tells
us that each cg; is a rational function of the a;js with denominator the determinant polynomial which is non-vanishing
by assumption. So these are all smooth.

Hence, we get d sections
kA

0 = S D ChgarSh
k=1
with 1 < j < d such that v;(p) € Ker(f|,) for all p € U,. One sees this since we just showed for j > r that f(s}) =
Y k1 Ckjf(8},) and f is linear on each fiber so this means that f(s}) — f(35,_; ck;jsy,) = 0 and so 8§ — 37, cxjs), is in
the kernel of f at each point but s} — 37, _, cx;s), # 0 by linear independence of the .
By inspection, the d vectors v; are linearly independent essentially because if j # j’ then v; has a factor of s;- 4, Whereas

v, has a factor of s;4,. Hence, dimension considerations force vy, ...,vq to span Ker f\p at each point p € U,,.
Finally, consider the n’ sections s},...,s.,v1,...,v4. By construction, for each p € U,, f(s1(p)),...,f(s.(p)) are a
basis for the image of f| , Whereas vy (), - - -,va(p) are a basis for its kernel. Hence, together they form a basis for £}, by

dimension considerations and the Rank-Nullity theorem. W

Corollary C.1.4. Let f: E — E’ be a bundle surjection over B, then p — Ker f, is locally constant ¢ff Ker f is a
subbundle of E.

Proof. (<) Trivial. (=) We have local trivializing frames by the preceding theorem. W
Corollary C.1.5. If f: E — E’ is a bundle surjection then Ker f is a subbundle of E.

Reminder. Recall that a subbundle of a vector bundle p: E — B is a subspace E’ C FE such that for all p € B

(a) Ez,7 C E, is equipped with the natural vector subspace structure coming from FE,;
(b) E, C E, has rank constant k (at least, say, on each connected component of E if we really want to include that
possibility).

We also demand that p: E' — B has the structure over a vector bundle over B. If we forget to say smooth before
subbundle, we will probably mean a smooth subbundle, which is a subbundle that is also a submanifold of F.

Lemma C.1.6. Let p': E' — B and p: E — B be smooth vector bundles over B of rank n’ and n respectively. If there
is a smooth bundle morphism i: E' — E which is injective on fibers (a bundle monomorphism), then i(E’) is a smooth
subbundle of E. In particular, i is a closed embedding and immersion.

We shall do this by showing that there are local trivializations determined by frames such that n’ of the local sections lie
entirely in E’ entirely and constitute a frame for E'—we then extend this to a local frame for E.

Proof. i is obviously injective. We will first show that 4 is a closed immersion. Let U be a common trivialization of E’ and
FE perhaps by shrinking things enough. We may also suppose U is path-connected. Restricting to U, we may suppose that
the bundles in question are both trivial. Henceforth we assume the bundles over B are trivial.

Pick trivializing frames {s;} and {s;}. There is an n x n’ matrix (a;x) such that i,sj(p) = >_; a;k(p)s;(p) where
ajr: B — R are smooth. This has rank n’ at all points ¢ is injective on all fibers. It is a standard linear algebra fact that
at each point p € B, an n/ x n’ submatrix of (a;,(p)) is invertible. Since rank is lower semi-continuous, this is an open
condition. Hence, we can once again pass to smaller (connected) neighborhood, say V' C U on which the same n’ x n’/
submatrix of (a;x) is invertible at all points. Hence, we might as well assume that the bundles are trivial and, furthermore,
that upper left n’ x n’ submatrix of (a;) is everywhere invertible on B (perhaps after rearranging indices).

Notation. Denote s}, the function i(s},) for each 1 <k < n'.

Denote this submatrix by A(p) at each point p € B.
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Observation. The n x n matrix (call is M) of smooth functions representing X = (is],...,48./, Sn/41,...,8n) in the
basis of the s;’s has upper left n’ x n/ submatrix A. Furthermore the upper right n’ x (n —n’) submatrix is 0, the lower
right (n —n') x (n — n') submatrix is the identity matrix.

These observations imply that the matrix M is invertible at all points p € B—for instance, expanding the determinant
along the last column each time will reduce us to computing det A so that det M = +det A. It follows that M(p) is a
basis for the vector space over p for each p € B. In particular, X' comprises a trivializing frame.

The bundle morphism 4 in the bundle charts determined by {s} } and X is then

(p7(vlv"'7vn')) = (pv(vla"'av7l’707"'70)'

Tt is easy to see from this description that ¢ is an immersion and an embedding. To see that Im (%) is closed, let v € E'\ Im(7)
and say it lies over the fiber over p € B. In coordinates, this looks like v € V' x R™ \ R™ X 0 and from this description it
is clear that the complement is open so that Im(z) is closed. W

Lemma C.1.7. Let E — B be a vector bundle of rank n and let E' C E be a fiberwise subset having constant dimension
n'. Then E' is a subbundle of rank n' over B iff there is a covering {U;},.; of B by trivializing open sets such that over
each U; there exists a vector bundle E} and bundle isomorphisms ¢;: E'|U; ® E!' & E|U; satisfying that the composite
E'\U;, — E'|U; ® E!' 2 E|U; is the inclusion map over Uj.

Remark. The idea is take local frames for E' and E and apply linear algebra to see that at a point p there is a basis for
the fiber E, that contains the frame for E’ evaluated at p. Then we use calculus to show this holds in fact holds locally.

Proof. (=) We can construct frames for both bundles {s}} and {s;} over a small enough trivializing nbhd U. Fix p € U.
Then some subcollection of the s;’s append to {s;} to construct a linearly independent set at p, WLOG say sp/41,. .., Sn.
The n x n/ matrix (a;x) of smooth functions satisfying sj, = > a;,s; has rank n’ everywhere and therefore has an n’ x n’
invertible submatrix at p, which we may suppose after rearranging indices is the block (ajr)1<jk<n’. This is an open
condition so let p € V' C U be open where this block is invertible. On V it follows that the matrix of coefficients for
{sh,. .80, Snt1,..., S, in terms of the {s;} has upper left n’ x n’ block (a;i)1<jk<n (perhaps after rearranging),
upper right n’ x (n — n’) block 0 and lower right (n — n’) x (n — n’) block the identity matrix. Hence, this matrix is
invertible and so is invertible locally on p € V' C V C U and so furnishes a frame.

This construction gives us a trivialization for which E'| V! = V' xR x0 C V' xR" = E|V'. Let E” = V' x0xR"*"
That E'|V' @ E” = E|V' in the desired manner follows by

ElVeE'|VXxR)®XxR"™)2Xx (R"&OR"™)2 X xR"= E|V’

where in the first isomorphism we used the local frame {s},...,s/,} on E’ over V' to construct the isomorphism,
noting that E”|V’' = X x R"", and in the last isomorphism we used the inverse of the trivialization afforded by
{sh,..., 80, Sn/+1, ..., Sn}. This obviously respects the inclusion in the sense that the composite £'| V' — E'| VG E"| V' =

E| V" is the inclusion.
(<) The conditions here imply that E’ has the structure of a smooth vector bundle since smoothness is local and it is
clearly subbundle from the condition here as well. W

Corollary C.1.8. If E' C E is a subbundle of p: E — B where E’ has rank n’ and E has rank n, then there are bundle
charts of E covering B such that ¢;: (p~ 1 (U;),p~ (U;) N E") = (U; x R™,U; x R™ x 0).

Proof. We constructed these charts above. W

Corollary C.1.9. Let E' C E be a subbundle of rank n’ of the vector bundle p: E — B of rank n. Then the
quotient bundle E/E' — B exists.

Proof. Using the charts above, we may fix and consistently use the obvious isomorphism R" /R”' x 0~ R sending
a vector to the element defined by its last n — n’ coordinates. Define E/E’ to be fiberwise the quotient Ej/E;. Pick
bundle charts U; for E such that p~1(U;) N E’ maps under the trivialization to U; x R™ x 0 and let q: E/E' — B be
the obvious projection. We topologize ¢~!(U;) by declaring the isomorphism of sets ¢~ (U;) & U; x R®™" induced by
p Y (U;) 2 U; x R" — U; x R"/R”, ~ U, x R by the universal property of the quotient to be a homeomorphism. By
giving U; the inherited smooth structure, we can pull back the smooths structure on U; x R~ to give q~(U;) a smooth
structure. We generate topologies/take maximal atlases everywhere. W

Corollary C.1.10. FEvery subbundle of rank k of a real bundle p: E — B of rank n over a paracompact Hausdorff space
B admits a complement. In particular, if Ey C E is a subbundle, then E/E, = Ei- (non-canonically, I think) for any
choice of metric on E. In particular, E =~ E; © Ei- and E/E, = Eji-.
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Proof. Let E; C E be a subbundle over B. Fix a metric g and let Ei be its fiberwise orthogonal complement. One can
check that Ei is a subbundle and that E = F; @ Fj-. Denote q: E/E; — B and ¢, : Ei- — B the bundle projections (the
latter being the restriction of p to Ei- and the former being defined in essentially the same manner). Note further that we
can give the bundle ¢, : Ei- — B the same trivializations as ¢ and as p. For E/E, the trivializations are defined as above.

There is a fiberwise isomorphism E; @ E{- — E by sending vectors to their sum. Note that this sends the obvious
subbundle E; @ 0 to the subbundle E; diffeomorphically, clearly. To see that this is smooth, note that in coordinates this
looks like U x R* x R"™* — U x R™ sending (p, v, w) — (p,v + w) and this is certainly smooth. To get this description,
we just have to observe that local frames for E; and Ej yield a local frame for their direct sum as well as for E. Since
this is smooth and bijective, it is a diffeomorphism.

The last thing to check is that Ey @ FEi/E; = Ei-, since it surely must be that F; © Ei-/E; & E/E; because the
isomorphism given above preserves the copies of E;. Define E; @ Ef- — Ei- by sending (p,v,w) — (p,w). This descends
to the desired fiberwise quotient as a function. The description of the quotient given above immediately shows that it is
smooth with little effort. W

Theorem C.1.11. Over paracompact Hausdorff spaces, all short exact sequences of bundles split, but as usual the splitting
is not natural. In particular, in the smooth category, the splitting is additionally smooth.

Proof. We just need access to partitions of unity. Let 0 — A = B £ C — 0 be a short exact sequence of bundles (i.e.,
fiberwise short exact). We construct a section s: B — A of i: A — B. Pick a local trivialization of A and extend this to a
local trivialization of B in such a way that the trivialization has A sit as R* x 0 in R™ —this exists as we have seen. The
section is obvious then. Doing this locally everywhere by a partition of unity argument, we must show that the resulting
thing is a global left inverse. One can do this with careful analysis.

Now we must show that this implies that B splits. This follows by showing that A @® B/A = B, which can be done. H

Remark. Alternatively, equip the bundle B with a Riemannian metric by a partition of unity argument and take the
orthogonal complement of A in B. The argument fails in the holomorphic category because we need not have a holomorphic
partition of unity.

Warning. Kernels are only guaranteed to exist in the category of vector bundles when we take the kernel of an epimor-
phism. See Hirsch’s book on page 93.

Definition. A (linear) sphere bundle (resp. (linear) disk bundle) is a fiber bundle in which every fiber is (home-
omorphic to) the standard metric (i.e., unit) sphere (resp. metric disk) in Euclidean space having structure group the
orthogonal group.

Reminder. This means that there is a covering with homeomorphisms p~1(U) 2 U x F.

Lemma C.1.12. A (smooth) vector bundle (of rank n) E — B is the same thing as a fiber bundle F — E — B with
structure group GL,(R) and a (smooth) G L, (R)-equivariant isomorphism F = R"™ for all p € B.

If B is paracompact Hausdorff, then a (smooth) vector bundle (of rank n) E — B is additionally the same thing as a
(smooth) vector bundle with structure group O(n) which is the same thing as a fiber bundle F — E — B with structure
group O,(R) and a (smooth) O, (R)-equivariant isomorphism F = R"™.

Proof. For the first part, the inclusion C is clear from the trivializations. For D, make F into a vector space by pulling back
the vector space structure on R™. We can then define new trivializations by composing with the isomorphism F' = R™:
;g N U;) 2 U; x F 2 U; x R™. Define a vector space structure on E, by fixing a trivialization about p and pulling back
the vector space structure from any trivialization. The choice of trivialization does not matter up to isomorphism of vector
spaces. To see this, begin by letting p € U;NU;. Then the transition functions relate the homeomorphisms/diffeomorphisms
i Ep = R™ and ;1 E, = R" by a linear isomorphism, since F' = R" is GL,(R)-equivariant. The claim, then, is that
the two induced structures on F), are isomorphic, and this is clear because pulling back this structure means that the two
structures will themselves be related by an element of GL, (R). Thus, for the trivialization v;: ¢~ 1(U;) = U; x R™, we
have for p € U; NU; and E, the structure coming from the index j that ;| E, is still linear since it becomes linear after
post-composition with ¢;;(p) = t;;(p) "' € GL,(R), which is a linear isomorphism and so forces ;| E, to be.

For second part, give the vector bundle a (smooth) metric and on each trivialization let ei,... el : U; — U; x R"
be a (smooth) orthonormal frame for the metric. Let the transition functions now be defined by letting #;,(p) be the
change of basis matrix taking (e (p), ..., el (p)) — (€i(p),..., €. (p)). This is clearly smooth and the resulting vector is
still isomorphic to the one with the old ¢;; via the identity map. The last part is analogous to the above. W

Proposition C.1.13. Over a paracompact Hausdorff base space, a real vector bundle of rank n having structure group
O(n) determines and is determined by linear sphere bundles and linear disk bundles. That is, these notions are “the same.”
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Proof. Strictly speaking, this follows by the equivalence of categories Bung&) =~ Pring(,) =~ Bungg;; and similarly for
linear disk bundles. W

Lemma C.1.14. Let V and W be vector bundles over X. Then Hom(V, W) 2 V*Q@W and if V and W have common rank
n, then the subset Iso(V, W) is a fiber bundle over X with typical fiber GL,(R) and I'(Iso(V, W)) = {bundle isos V = W}.

Proof. A section X — Iso(V,W) is a choice of isomorphism V,, — W), for all p € X. We must show that this determines
an isomorphism of bundles. In a nbhd of U C X, this is a section U — U x GL,(R)) and is therefore determined by
fu: U — GL,(R). Such a map determines at each p € U a map R™ — R" and so an assignment U x R" — U x R"
given by (p,v) — (p, fuv) which is therefore as continuous or smooth as fyr is. We worked locally and these all glue. W

Lemma C.1.15. Let V' and W have the same rank. Then Iso(V, W) is an open subset of Hom(V, W)

Proof. In the trivializations, this looks something like U x R™ and the isos are the matrices of full rank which is an open
condition. W

C.2 Some Further Recollections on Bundles

Lemma C.2.1. Let f,g: M — R be functions from a manifold into R and let 0 < k < oo. If fi + -+ + fu = h is C* and
fi,-, fuo1 are C*, then f, is CF.

Proof. fn="h—(fi+---+ fn_1) and so must be C* since h and the sum f; +---+ f,,_; are. W

Proposition C.2.2. Let p: E — B and p': E' — B be vector bundles of rank n and let f: E — E' be a smooth map that
s a linear isomorphism on each fiber. f is then a bundle isomorphism—that is, it is a diffeomorphism over B.

Proof. In bundle coordinates, f looks like a map U x R™ — U x R" by (p,v) — (p, fp(v)) for f, the bundle coordinate
version of the relevant linear isomorphism. Define f~' by (p,v) — (p, f, '(v)). Let A: U — GL,(R) be such that

A(p)v = fp(v) so that f is (p,v) = (p, A(p)v).

Claim 20. The action (p,v) — A(p)v, U x R™ — R", is smooth. Therefore the adjoint of A is smooth into GL,,(R),
which is equivalent to saying that A is smooth into R"™ and hence equivalent to saying that the component functions of
A are smooth.

For convenience, we will write A for A(p). Since GL,(R) is an open subset of R"27 being the preimage under det
of R\ {0}, smoothness into GL,,(R) is equivalent to smoothness into R™ . Recall that we are in bundle coordinates
U xR" — U x R"™—WLOG suppose U is the domain of a chart on B perhaps by shrinking if necessary. Observe that
smoothness of (p,v) — (p, A(p)v) means that the assignment (p,v) — A(p)v, U x R™ — R", is smooth. This is because
finite products exist in the category of manifolds. In particular, fix vy = (5;) Then U x {vg} — R" is smooth since
U x {vp} is a submanifold of U x R"™. This map is then (p,vo) — (A1;,. .., An;) and so for this to be smooth in R™, each
component must be smooth. Now the map A: U — GL,,(R) is simply the map p — (A;;(p)) and by the above observation
that GL,(R) is open in R”z, this is smooth because each component is smooth.

Claim 21. The inversion (—)~!: GL,(R) — GL,(R) is smooth.

The inverse of matrix has entries rational functions which in the (4,j) spot has numerator a polynomial in the various
relevant entries for the relevant minor and has numerator the determinant of the matrix. Since det: GL,(R) — R is
smooth and non-vanishing, the denominator is a smooth and non-vanishing function, so everything checks out.

Putting this together, the function defined in bundle coordinates as (p,v) + (p, A=1(p)v) is smooth, it is well-defined
since we have defined it in bundle coordinates locally, and it is clearly inverse to the given map. W

Lemma C.2.3. Let p: E — B be a smooth rank n vector bundle. Let R be the trivial rank 1 bundle over B. Then the
bundle maps m: R® FE — E and +: E® E — E are smooth, where this is the Whitney sum.

Proof. These are the Whitney sums of the bundles. Let U be a trivializing nbhd for E, which we can assume exists
by shrinking if necessary any trivializing nbhd. The resulting trivialization of R x FE is then simply the one sending
(p,7,v) = (p,7, ®,(v)) where ®: p~1(U) — U x R™ is the trivializing diffeomorphism. The first map in coordinates is given
by UxRxR"™ — U xR" sending (p, r,v) — (p,rv). This is basically a diagram chase since for p € B m(r,v,) = rv, € E,
since the trivializations respect vector space operations. This map is further in coordinates R™ x R x R™ — R™ x R"
by (p,r,v) — (p,rv). The multiplication map R x R™ — R" is clearly smooth. For the second map, one argues as before
and notes that addition R™ x R™ — R" is clearly smooth. W
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Lemma C.2.4 (Lee, 10.19). Let p: E — B be a smooth vector bundle of rank n and let U C B be an open neighborhood.
Denote €;: U — U x R™ the i-th standard section p — (p,e;). For any smooth local frame {s1,...,s,} on U, there exists
a diffeomorphism—in fact trivialization—¥: p~1(U) — U x R™ such that V=! o €; = s;. Hence, smooth sections over an
open set U determine a smooth bundle trivialization and conversely.

Proof. We will define ! and show it is fiberwise linear and a diffeomorphism, justifying the inverse notation. Define
U (p, (v1,...,v,)) = 3, visi(p) and note that this is certainly fiberwise linear! To show this is smooth, we only need
to check that the operation of summing is smooth on p~!(U). This is true since for any V C U a trivializing open
nbhd with ® the trivialization, ® is a diffeomorphism linear on each fiber and so commutes with the sum and hence
Soivisi(p) = @TIR(Y0, visi(p) = (Y, @(v'si(p))) and the fiberwise sum on U x R™ is smooth as part of the definition
of a smooth vector bundle from the above. Thus, if ¥ ! is smooth, then ¥ is a smooth local trivialization and clearly we
have U~log; = s;.

It is clear that ¥~ is a bijection since the s; form a frame, so to show it is a diffeomorphism, it suffices to show it is a local
diffeomorphism. Let V' C U be a trivializing open nbhd as above. If we can show that ®o \II*1| V xR™ is a diffeomorphism
of V x R™ with itself, then since ® is a diffeomorphism, we will have that ¥~! is a diffeomorphism V x R" — p~1(V).
Now, ® o s; is smooth as a composite of smooth functions. Hence, in coordinates ®(s;(p)) = (p, (ci(p),...,c%(p))) and
the o; must be smooth in p for this function to be smooth. Thus,

o \Ij_l(pa (Ulv s ,Un)) = (I)(Z visi(p)) = (pv (Z ’UZ'Uli (p)v EER Zvlo';,(p))) = Z @(vlsz(p))

which is smooth as the sum operation is smooth as soon as we know that the sum operation is smooth and we do know
this (essentially the last equality). What’s happening here is that the smooth matrix (07}); ; is at each point p the matrix
(0%(p))i,; which transforms something in the ordered basis (s1(p),...,s.(p)) for E, to something in the standard basis
for R™. In other words, this is a change of basis matrix and it is therefore invertible. Thus, ® o U ~1(p, (vy,...,v,)) =
(at(p))(v1,...,v,)" the matrix multiplication—this is smooth because the matrix multiplication just gives polynomials in

J

smooth functions. It follows that the inverse is given by (® o =)~ (p, (wy,...,w,)) = (d%(p)) (w1, ..., w,)" and since
(U}) is everywhere invertible, its determinant is always non-zero and smooth, so the inverse matrix is a smooth function

being a rational function of smooth functions where the denominator never vanishes. W

Remark. Nothing we used above relied on using R"™ for the typical fiber. We could just as well have consider complex
vector bundles with typical fiber C™.

Corollary C.2.5. If an open nbhd U C B admits a smooth local frame for p: E — B a smooth vector bundle of rank n,
then U is a trivializing open nbhd.

Corollary C.2.6. A smooth local trivialization is equivalent to a smooth local frame by sending v € E, to (v1,...,v5)

where Y, vis;(p).
Proof. This just deconstructs what the construction above did. W

Corollary C.2.7. Let 7: E — B and ©': E' — B be smooth vector bundles of rank mn and n' respectively with say
dim B =m. Let f: E — E' any fiberwise linear function (not assumed to be continuous or anything). Then f is smooth
iff each point p € B is contained in the domain of a smooth local frame F such that f sends each section in F to a
smooth function.

Proof. The direction (=) is trivial since f is fiberwise linear, so let sq1,...,s, be smooth sections of the first in a nbhd of
a point that form a frame and let 0; = f o s; and suppose the o; are smooth. Then in the trivialization constructed from
the smooth local frame .7, we know this is U x R" — (7/)~1(U) by

(P, (V1y .-y 0,)) — Z v;8;(p) — Z v;04(p)-

Note that we have used the fact that f is fiberwise linear to pull the coefficients out at the last step—this is evidently an
indispensable assumption.

Let s; be local frame for E’ on this same nbhd (perhaps by shrinking). Since the o; are smooth, o; = ZZ/:l ciks), where
the ¢;; are smooth real-valued functions. Thus, this can be written

(P, (01, 5vn)) = D> vicik(p)si(p) = Y (Z 'Uicik(p)> 51(p)
k=1 k

% =1 \i=1

Hence, in the local trivializations afforded to us by these frames as we constructed above, the assignment is
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n n
(pa (Ulv s 7Un)) = (pv (Z UiCil(p)v RN} Z ViCin! (p)))
i=1 i=1
This is smooth because each of the components are smooth. Indeed, using a chart for U, this is basically just

(1, oy Tm), (U1, o)) — ((aﬁl,...,xm)7(Zvici1(x1,...,xn)7...,Zvicm/(xl,...,wn)))

All mixed partial derivatives with respect to each coordinate z1,...,x,,v1,...,v, clearly exist and are always smooth,
clearly. W

Corollary C.2.8. Let n: E — B be a smooth vector bundle over B and f: E — R a map that is linear on each fiber.
Then f is smooth iff [ sends some smooth local frame in a neighborhood of every point to smooth functions B — R.

Proof. f is the composite £ — R x B — R where the last map is the projection and is therefore smooth and the first map
sends v € E, to (f(v), m(p)) which is smooth precisely if f is smooth (since 7 is assumed to be smooth). This reduces us
to the case above for the map (f, w) where it suffices to show that (f, ) satisfies the conclusions of the preceding corollary
and surely it does. W

C.3 Normal Bundles & Tubular Neighborhoods

C.3.1 Normal Bundles

Reminder. Recall that we have seen that E//E = E*L.

Definition. Let f: M — N be an immersion. Denote vy = (f*T'N)/TM the normal bundle of the immersion f.
Here, the quotient by T'M occurs via the identification of TM with its image in TN. When f is an embedding of M into
N, we denote this by va,.

Remark. Recall that f*T'N = {(p,v) € M x TN : f(p) = wn(v)}.

Lemma C.3.1. If N is a Riemannian manifold, then vy may be taken to be the subbundle of
F'TN = {(p,v) € M x TN : f(p) = 7 (0)}

consisting of all pairs (p,v) where v € TpML (identifying T, M with its image).

Proof. Should be similar to the proof that E//E = E+. R

Theorem C.3.2. Let f: M — N be an immersion. Then f*TN =TM @ vy.

Proof. Use a metric. Define TM&v; — f*T'N by sending (p, v, w) — (p, v+w). This is smooth and a fiberwise isomorphism
so it is a diffeomorphism. W

Remark. Everything above ought to hold for manifolds with boundary.

C.3.2 Exponential Map and Shrinking

Taken from Riemannian Geometry class notes. All manifolds are without boundary.

Reminder. Recall that for a Riemannian manifold M with dim M = n, we call 7, , the geodesic having +(0)

v
and v(0) = p. In coordinates, the geodesic equation is ¥/(t) + Ffj(’y(t))f'yi(t)f'yj(t) =0 for 1 < ¢ < n, where I'{, =

J
1
59”6 (Gik,j + Gjk.i — 9ij,k). More concisely, this is D;¥(t) = 0, where D, is the covariant derivative along ~.

Proposition C.3.3 (Naturality of geodesics). Let M and M be two Riemannian manifolds and ¢ : M — M a
Riemannian isometry. If p € M and vy is a geodesic on M such that v(0) = p and ¥(0) =v € T,M, then 7 := po~y is a
geodesic on M such that ¥(0) = ¢(p) and 7(0) = p.(v).
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Remark. Note that the geodesic equation D;¥(t) = 0 is a non-linear differential equation.

Lemma C.3.4. There exists a unique vector field G on TM whose integral curves are of the form t — (y(t),*(t)) where
v is a geodesic. The flow of G is called the geodesic flow.

Proof. The geodesic equations are in local coordinates ¢ + Ffjiiij = 0. We reduce this to a first order equa-

tion by introducing the variable y* = 4*. Then in bundle coordinates for TU, a solution to the geoedesic equation
t— (z1(t),..., 2" (t), 2 (t),...,2"(t)) satisfies the system of first order equations

ik =y 1<k<n,
gF = —TEyy;, 1<k<n.
o . P 1 0 0
where, here, this is in terms of the coordinates afforded by the trivializing frame (z*, ..., 2", FISERREE W) By standard
x x

results, there is a flow for this (the centered equations just above) pinned down by the usual specification. We recall that
the flow is obtained by piecing together the integral curves, and it is unique by uniqueness of integral curves as usual—in
particular, the integral curves are geodesics where the geodesic through (p,v) is precisely v,,. W

Corollary C.3.5 (Local Existence and Uniqueness). Let pg € M and ug € T, M. Then there exists g > 0 and an
open neighborhood Uy C TM of (po,ug) with the following properties:

1. For any (p,u) € Uy, there exists a unique geodesic Yp o, : (—¢,€) — M such that v, .,(0) = p and 7y ,(0) = u.
2. The map ..(+) : Uy x (—¢€0,e0) = M defined by ((p,u),t) — vpu(t), is smooth.

Proof. This follows by consideration of the properties that flows have. W
Corollary C.3.6. Fiz s € R. If vy, s, (1) exists, then yp . (s) exists and vp 1, (1) = vp.»(8). In particular, vp o = Vpu(s-—).

Proof. If s = 0, then we can check by hand that this is true. So suppose s # 0. In local coordinates, one checks that
Ypw(s - —) is the solution to the IVP for

O +THOWO)V () =0  1<t<n

subject to the initial conditions 4(0) = sv and (0) = p. This is because we can divide through by the common factor of
s2. Hence, uniqueness forces our hand. W

Set
0, ©'{v e T,M : 4, ,(t) is defined for all ¢ € [0,1]} C T, M.

Notice that by the preceding, there exists § > 0 such that ngM(Op) C O, (an open ball). It will turn out that O, is open
and that O = {J,¢ ), Op are both open.

Definition. For p € M, define the exponential map at p as exp,: O, — M by v+ 7;,,(1).

Remarks.

1. For p fixed, the map exp,, is C*°.
2. For t € R and v € T, M such that tv € O, we have exp,,(tv) = Vp (1) = Vpo(1)-

Proposition C.3.7. Let dim M = n. The differential map dexpp(Op) is the identity where we understand ToT,M = R"
and T,M = R".

Proof. Pick v € T, M. Since vy ¢4,(1) = vp 0 (t), we have

d
exp,,(tv) = —

d
dexp, (0,)(v) = & 2.

dt o :O'YW)(t) = Yp,u(t) =v.

t=0
Corollary C.3.8. On a neighborhood of 0, € T;,M, the exponential map exp, is a diffeomorphism onto its image in M.

Proof. This follows from the inverse function theorem since dexpp(Op): To,0p — TM is an isomorphism. W

Lemma C.3.9. exp is smooth on an open subset of O. In particular, O is open in TM, O, is open in T,M, and exp is
smooth on O.
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Proof. Suppose dim M = n. Let G denote the geodesic flow, which we assume is maximal, as always—Ilet A denote the
maximal flow domain, which we know is an open subset of R x T M. By Corollary 38, TM; = {(p,v) € TM : (1,p,v) € A}
is open in T'M. In particular, if (p,v) € TM;, then (p,v) € TM; for all t € [0,1] since one constructs the maximal

flow domain as the union of the maximal integral curves (see way above for this). We can write therefore write the

1,id n .
exponential function on its maximal domain of definition as the composite T M, M A S TM T M. All functions

in sight are smooth and T'M; is open in T'M. Now observe that TM; = O and hence that TM;, = TM; NT,M =
{(p,v) e T,M : (1,p,v) € A} = O,, is open in T,, M in the subspace topology—the subspace topology on T,,M is equivalent
to the topology it inherits from being diffeomorphic with R™. One observes easily now that O = T'M; and so is open as
well. W

Corollary C.3.10. Consider the map E: O — M x M given by (p,v) = (p,exp,(v)). Then for each p € M,
dE((p, Op)): T(pyop)TM — T(p’p)(M x M)

s nonsingular.

% hasfor1 <i<m Ddni = % essentially
4" | (,0,) dz' |0,y 07",

by definition. Equipping the codomain with the basis induced by the chart = x x, we see that the matrix of dE((p, 0,)) must

Proof. Let (x,U) be chart about p in M. Note that any basis

idmxm Ome
X Y
we already know that dexpp(Op) is the identity by the above. Hence, Y = id,, .. Hence, in coordinates, we must have

have the form ( > as the projection is independent of d; for j > m+1. On the other hand, for m+1 <7 < 2m,

idmxm

dE((p,0,)) = (idn)}xm Ome)

which is upper triangular and therefore invertible. Hence, for each p € M, dE((p,0,)) is non-singular. W

Theorem C.3.11 (Naturality exponential map). Let M and M be two Riemannian manifolds, ® : M — M be a
Riemannian isometry and p a point in M. Denote by exp™ and exp™ the exponential maps of M and M, respectively.
Then

expé‘{[(p) op, =Po expfgw .

Theorem C.3.12. Let M and M be two Riemannian manifolds, and ®1,P2 : M — M be two Riemannian isometries. If
there exists p € M such that &1(p) = P2(p) and dP;(p) = dPs(p), then &1 = Ps.

Proof. Exercise. (Hint: Prove that the set where the two isometries agree is both open and closed.)






Appendix D
Algebraic Topology

D.1 Products and Pairings in Homology and Cohomology

Warning. Milnor and Stasheff make at least two non-standard sign conventions.

(i) For ¢y € H"(X) and 0 € H,41(X), their connecting homomorphism ¢ in the LES in cohomology is characterized by
the stipulation that
(o) = (=1)""4(90).

In the usual account of algebraic topology, the connecting homomorphism following relation holds

[30(0) = $(00). |

(ii) Let ¢ < k. Milnor and Stasheff define the cap product Cy(X) ® C*(X) — Cj_¢(X) by
ag ’L/J = (—1)e(k_é)w((f| [Uk,g7 N ,’Uk]) Jl [7)0, . ,U}C,e].

The more standard definition is

‘JA¢:w(U| [vo, - .., ve]) O [’U@,...,Uk].‘

D.1.1 Cup and Cap Products

Definition (Excisive Triad). A triad is a triple (X; A, B) where A, B C X and AU B = X. Given a homology (resp.
cohomology) theory E, (resp. E*), we say that a triad (X; A, B) is excisive for E if the inclusion (4, AN B) — (X, B)
induces an isomorphism on all homology (resp. cohomology) groups for E.

Theorem D.1.1. (X; A, B) is excisive iff (X; B, A) is excisive.
Proof. This is 7.13 in Switzer. W

Remark. The excision theorem in algebraic topology says roughly that when A, B C X such that Int(A) UInt(B) = X,
then (X; A, B) is excisive for all homology and cohomology theories. This is further refined for CW-complexes as follows.
If X is a CW-complex and A, B C X are subcomplexes such that (X; A, B) is a triad, then this triad is excisive for all
homology and cohomology theories.

Definition (Cup Product). Given ¢ € C*(X; R) and ¢ € C*(X; R), define ¢ — 1 € C***(X; R) by
(¢ —¥)(o) = p(o] [vo, .., ve])¥ (o] [k, - - -, VE4e])-
This is a bilinear pairing that descends to a bilinear pairing
H*(X;R)®r H'(X; R) = H**‘(X;R).

The same formula yields relative versions

97
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H*(X;R)®r H'(X,A;R) = HX=Y(X, A;R)
H*(X,A;R)®r H'(X; R) = HX=Y(X, A; R)
H¥(X,A;R)®r HY (X, A; R) = HX=Y(X, A;R)
This is called the cup product.

Proposition D.1.2. When A, B C X are open subsets or when A, B C X are subcomplexes of the CW-complex X, there

18 a a cup product
H*(X,A;R) ®p HY(X, B; R) — H*"Y(X, AU B;R).

Proof. This goes by showing that the inclusion of C*(X, AU B; R) into the subcomplex of C*(X; R) consisting of cochains
that vanish on sums of chains in A and B is a cochain homotopy equivalence. W

Theorem D.1.3. Fiz any ring R.
(a) For the differential § of C*(X, A; R) and for ¢ € CF(X, A; R) and v € CY(X, A; R),
3(p—9) =bp — ¢+ (=1)Fp — 5y,

(b) The cup product turns H*(X, A; R) = @, H' (X, A; R) into an associative, graded commutative, unital, R-algebra. If
la| =k and |B| = ¢, then a — B = (—1)*B — a. This is called the cohomology ring.
(c) Given f: (X, A) — (Y, B), the induced maps on relative cohomology f* satisfies

[la—B)=fa— fB.
That is, f* is a ring-homomorphism.
Definition (Cap Product). Fix ¢ < k, spaces A C X and a ring R. Define a bilinear pairing
Ck(X: R) @R C(X; R) = Cree(X3 R)
by
o~ @ =p(o|[vo,...,vd) o|[ve, ..., vl
This descends to a bilinear pairing on cohomology
~: Hi(X;R) ®r HY(X;R) — Hy_¢(X; R).
The same formula yields relative versions
Hy(X,A;R) @r HY(X; R) = Hy—o(X, A; R)
Hyp(X, A;R) @r HY(X, A;R) = Hy_ (X, A;R

~—

Theorem D.1.4. Fix any ring R.
(a) Given o € Cr(X, A; R) and ¢ € C*(X, A; R) with £ < k,

Ao~ )= (—1)"(90 ~ p— 0 ~ bp).

(Using Milnor and Stasheff’s conventions, this has a somewhat nicer form.)
(b) Given f: (X,A) — (Y,B),
fela) ~ o = fula ~ [7(©))).

Theorem D.1.5. Fiz { < k. Given a € Cryy(X, A; R), p € C¥(X, A; R) and ¢ € C*(X, A; R),

Pla~¢) = (pUd)(a).

This holds on the level of cohomology as well.

D.1.2 Cohomology and Homology Cross Products

Definition (Cohomology Cross Product). Define a bilinear pairing
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H™"(X;R)®r H(Y;R) = H"™(X x Y;R)
called the cross product by
def * *
P@Y = x1p = prix(p) — pry (¥).
If A C X is open (or a subcomplex) and B C Y is open (or a subcomplex), there is a more general cross product
H"(X,A;R)®r H"(Y, B; R) Eal H"™™(X xY,AxYUX x B;R),

where pri (¢) € H"(X xY,AxY;R) and pry (¢) € H"(X xY, X x B; R).
Proposition D.1.6. If R is a commutative ring, then
« % de i .
H(X)or H'(Y) YD Q H(X)or H(Y)
n it+j=n

acquires the structure of a graded R-algebra where multiplication is defined on decomposable tensors by (the cup product
is being suppressed)
(a@b)(c®d) = (-1)"lac © bd.

In this case, the cross product is a homomorphism of R-algebras. This is an isomorphism of R-algebras when R is a
commutative ring and H*(Y) is a finitely generated free R-module by the Kiinneth theorem.

D.1.3 Duality and Orientability

Notation. For A C M, let H.(M | A;R) = H.(M, M \ A; R). When A = {p}, we denote this by H.(M | p; R).
Convention. We will understand “manifold” to mean a manifold without boundary here. All n-manifolds will have n > 1.

Lemma D.1.7. For an n-manifold M and each p € M, H.(M | p;R) is concentrated in degree with n with H,(M |
p;R) = R.

Proof. Choose a coordinate system (z,U) about p with z: U — R™ a homeomorphism. WLOG z(p) = 0 perhaps by
shifting.
Since M \ {p} and U are open and M \ {p} UU = M, we have an excision isomorphism
H(U | {p}; R) = H.(U,U\ {p}; R) = H.(U,M \ {p} NU; R) = H.(M, M\ {p}; R) = H.(M | p; R)

induced by the evident inclusion of pairs (U,M \ {p} NU) — (M, M \ {p}). There is also a homeomorphism of pairs
(U, U\ {p}) = R™,R™\ {0}). By the LES in homology for the pair (R"™, R™\ {0}), we see that,

H.(R"|0;R) = H,_1(R"\ {0};R) for x > 1.
There is a natural homotopy equivalence R™ \ {0} — S™~! given by v + v/||v||. Hence,
H,(R"|0;R)= H, ;(R"\{0};R)= H, (S" 5 R) for*>1.
When % = 0, Hy(R™ | 0) can be computed by hand to be 0 and so Hy(M |p;R)=0. R
Lemma D.1.8. Let M be an n-manifold. If p € M and x: U =2 R"™ is a coordinate nbhd of p in M, then
H.(M | B;R)= H.(M | p; R)

where B C U is any open subset contained in U mapping under x to an open ball of finite radius. Furthermore, this
isomorphism is induced by the map of pairs (M, M \ B) — (M, M \ {p}). In particular, H,(M | B; R) = R.

Proof. Perhaps by shifting, we may suppose WLOG that z(p) = 0. Note that M \ {p} deformation retracts onto M \ B.
Indeed, it suffices to show that R™ \ {0} deformation retracts onto R™ \ B(0, ), where B is the open ball centered at 0
of some finite radius r. This map is obtained by

@ ]l = r,

Hz, 1) = (1—t)x—ﬁt 2] < r.
X



100 D Algebraic Topology

This is clearly well-defined and it is continuous by the pasting lemma. In particular, this shows that (M, M \ B) —
(M, M\ {p}) is a homotopy equivalence of pairs. Another way to see this is that what we have just shown is H,(M \ B) —
H.(M \ {p}) is an isomorphism so it follows by naturality of the LES in homology and the five lemma applied to the
inclusion (M, M\ B) — (M, M \ {p}) that H.(M | B) — H.(M | p) is an isomorphism. W

Definition. Let M be an n-manifold and R be a ring. We suppress coefficients.

(a) An R-fundamental class of M at a subspace X is an element u € H, (M | X) such that for each z € X, the map
H,(M|X)— H,(M | x)

sends p to a generator of H,(M | x).

(b) An R-orientation p of M is an assignment p — u, € H, (M | p) which we require to satisfy the following condition.
For each p € M, there is a coordinate nbhd (z,U) of p with z(U) =2 R™ and an open subset B C U such that z(B) is
an open ball of finite radius under x and a choice of generator ug € H, (M | B) such that for every g € B, the natural
map H,, (M | B) — H,(M | q¢) maps up — g

(c) M is R-orientable if such an assignment as above exists.

(d) When R = Z, we say M is orientable if such an assignment as above exists.

Theorem D.1.9. Let M be a closed n-manifold and R be a ring. We suppress R coefficients.

(a) If M is R-orientable, then the map H,(M) — H,(M | p) = R is an isomorphism for p € M.

(b) If M is not R-orientable, then the map H,(M) — H,(M | p) = R is not an isomorphism but it is injective and has
image {r € R : 2r = 0}.

(c) H;(M) =0 fori>mn.

(d) The torsion subgroup of H,—1(M;Z) is trivial if M is orientable and is Z/2 if M is non-orientable.

(e) If M’ is any non-compact manifold of dimension n, the H,(M;R) = 0.

Reminder. Recall that the characteristic of a ring R, denoted char(R), is defined to be minimum integer n > 1 such
that

I+---4+1=0

—_———

n times

if it exists, and if such an integer does not exist, it is defined to be 1.

Corollary D.1.10. Fiz a ring R with char(R) > 2 or char(R) = 0. If M is a closed manifold with H,(M;R) = R, then
M is orientable.

Proof. If M is not orientable, then H, (M) — H,(M | p) & R is injective with image the set of r € R with 2r = 0. Our
assumptions preclude this, however, since R # 0 and 2r = 0 if and only if r =0. H

Corollary D.1.11. Every closed n-manifold is Z/2-orientable.

Proof. Since 2-1=141=0and 2-0=0+0 =0 in Z/2, if M is not Z/2-orientable, then the map H,(M;Z/2) —
H, (M | p;Z/2) = Z/2 is injective and has image all of Z/2 and so is an isomorphism, but this contradicts the assumption
that M is not Z/2-orientable. W

Theorem D.1.12 (Brown). All topological manifolds with boundary have collars—that is, all topological manifolds with
boundary admit an open embedding OM x [0,1) — M which restricts to the inclusion of OM into M att = 0.

Corollary D.1.13. If M is a topological manifold with boundary, then M\ OM = Int(M) — M is a homotopy equivalence
and (M,0M) is a good pair in the sense of Hatcher.

Definition. Let M be a compact n-manifold with boundary and R be a ring. We suppress coeflicients.

(a) An R-orientation p of M is defined to be an orientation of Int M.
(b) M is R-orientable if Int M is R-orientable.
(c) When R =Z, we say M is orientable if Int M is orientable.

Proposition D.1.14. If M is a manifold with boundary, then an R-orientation of M determines an R-orientation of
oM.
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Proof. We drop coefficients throughout the proof.

Pick a coordinate nbhd U of a point p on the boundary of M and suppose U is contained in a collar nbhd of the
boundary. Suppose moreover that U maps to an open half ball in H" and that U is contained in the domain of larger
chart. Let 0U = U NOM. Let N =Int M, let V=U\ 90U and let g € V.

Note that H.(N | ¢) & H.(M | q) from the LES in homology and the five lemma since N — M and N\ {¢} — M\ {q}
are homotopy equivalences as a consequence of the collar theorem. Similarly (M \ V) \ {p} — M \ U is a homotopy
equivalence.

We then have the following chain of isomorphisms

Hy(N | q) = H,(M | q) = Hy (M, M\ V)
DH, 2 (M\V,(M\V)\ {p}) = H, 1(OM | p)
=~ H, 1(dM | dU)

The penultimate isomorphism is excision of N \ V. The connecting homomorphism 9 arises from the LES of the triple
(M,M\ V,M\ U) and is an isomorphism since H.(M,M \U) = H.(M,M) = 0 since M \ U — M is a homotopy
equivalence—indeed, one can simply construct this by showing that the complement of an open hall ball in H” is homotopy
equivalent to H™.

This map sends a local orientation to a local orientation and all isomorphisms in sight are natural so they descend to
restrictions between local generators. W

Corollary D.1.15. If M is a compact n-manifold with boundary and R-orientable, then there is a unique class pp €
H,(M,0M) mapping to the fundamental class of H,_1(OM).

Proof. Since Int(M) is not compact and homotopy equivalent to M, the LES of the pair (M,90M) satisfies that
H,(M,0M) — H,_1(0M) is injective. Let Cy be a collar of the boundary of the form dM x [0,1) and let C be the
image of OM x [0,1/2) in M. Setting N = M \ C, N is compact, closed and a deformation retract of Int M. Hence,

H,(Int M | N) = H,(M | Int M) = H,(M,dM).

The R-orientation of Int M maps the fundamental class pnt ps for Int M to an element of H,(Int M | N). This is itself a
fundamental class for the subspace N. Indeed, this follows from the following commutative diagram of inclusions of pairs

(Int M,Int M \ M) —— (Int M, Int M \ N)

| |

(Int M, Int M \ {z}) —— (Int M, Int M \ {z})

Let pps be the image of prng ar int Hy, (M, OM). Naturality of the chain of isomorphisms above now implies that duas gives
a generator of Hy,_1(OM | z) for all x € M furnishing an orientation. M

D.2 The Steenrod Algebra, Graded Modules and Graded Rings

Convention. We fix a prime p throughout, but indicate the special cases of p = 2.

Definitions. For a monoid M, an M -graded ring is a ring R with R = @, ., R as abelian groups and R, - Ry C
Ry.my. When we say a graded ring, we mean Z-graded, and we henceforth restrict to these and we will understand
certain Z-graded modules and rings to be trivial in negative degrees.

A graded left module over a graded ring R is a left R-module M such that as abelian groups M = @,,., M,, and R; -
M; C M;y;. A graded right module is defined similarly with M;-R; C M; ;. A homomorphism of graded R-modules
M and N is an R-linear map f: M — N that respects the grading in the sense that f = @, f; where f;: M; — N;.

If M is a graded right R-module and N is a graded left R-module, we define M ®pgr N to be the graded abelian group
with underlying abelian group M ®pg N the usual tensor product and with grading defined by letting (M ®g N)i be the
subgroup (not submodule, of course) generated by elements m ® n with dimm + dimn = k.

If R is a graded ring and n € Z, let R(n) be graded the R-module which in degree k is given by R(n)r = Rp+k. A
free graded module over a graded ring is any direct sum of the form

D rn).

icl



102 D Algebraic Topology

Suppose R is a commutative graded ring. This simply means R is a graded ring and additionally the multiplication
is commutative. A graded R-algebra over a commutative graded ring R is an R-algebra A—that is, a ring A that has
an R-module structure for which the ring multiplication is R-bilinear—where we additionally require the multiplication
map A ®g A — A to be a morphism of graded R-modules. We always assume algebras are associative. We say A is a
commutative graded R-algebra if for x € A;, y € A;j, vy = (—1)”yz. In fact, the map T: A® A — A ® A generated
by sending a; ® a; (—1)ijaj ® a; for a; € A; and a; € A; is R-bilinear so descends to a map A @r A -+ AQp A.

Continuing to suppose R is a commutative graded ring, if A and B are graded R-algebras, then A ® gz B acquires a
graded R-algebra structure by defining pa p: (A ®z B) ®z (A®z B) - A®z B by (1a @ pp) o (1@ T ® 1), so that
(a1 ®b1)(ag @ bg) = (—1)dimazdimbi(q,q, @ byby).

Continuing to suppose R is a commutative graded ring, let M be an ordinary R-module (not graded). Then we may
define its graded tensor algebra I'(M) to be T'(M) = @D, M®r" with M®r% = R, and where “juxtaposition” defines
the product structure and where addition is obvious. The R-algebra structure follows since the tensor product “bilinearizes”
the r-action.

Definition. Suppose first that p > 2. The Steenrod algebra A = A, is Z/p-algebra
A, = (Z/p)[3, P°, P, P?,. . |/T

where [ is the ideal closed under Z/p-multiplication generated by P° — 1, 32, and the Adem relations

- -b—-j)—-1 PR
Pan — Z(_l)a—l—] ((p )( ]) )Pa-‘rb—jp_} a< pb
7 a—7pj
. ~1)(b— i o

Paﬁpb:Z(—l)aJrj <(p )( . ])>ﬂpa+bjpj a Spb
; a—pJ
the binomial coefficients necessarily being taken mod p.

Here 3 is the Bockstein homomorphism and the P* terms are call the Steenrod reduced p-th powers. The relation
PY =1 is conceptually useful because it’s nice to sum from 0.

When p = 2, the Steenrod algebra has a somewhat more tractable description as the Z/2-algebra

AQ = (Z/2)[SqO,Sq1,Sq2,Sq‘3, .. ]/I

where [ is the ideal closed under Z/2-multiplication generated by S¢" — 1 and the Adem relations

_i_1 o
SqeSqb = Z <ba j 9 >Sq“+b_35q7 a < 2b
J

the binomial coefficients necessarily being taken mod 2.
The Steenrod algebra A, is naturally graded. For p = 2, deg Sq" = 2i. For p > 2, deg 3 = 1 and deg P* = 2i(p — 1).

Theorem D.2.1. Let H* denote the cohomology functor H*(—,—;Z/p): Top® — Abn on pairs of spaces to graded
abelian groups. Then, in fact, H*: Top(2) — gl\/lodAp lands in graded modules over the Steenrod Algebra.

Theorem D.2.2. Let p = 2 and let H* = H*(—,—;Z,). Then the Steenrod squares Sq' satisfy the following list of
properties on cohomology.

(1) Sq*: H*(—, —;Zs) — H*Vi(—, —;Zs) is a natural transformation of cohomology theories, meaning Sq*: H™ — H"T?
is natural and Sq' commutes with the connecting homomorphism in the LES in cohomology. This implies, for instance,
that Sq'(a + B) = Sqi(a) + Sq¢*(B).

(2) If i > j, then Sq'(z) =0 for all x € H (K, L; Zs).

(3) Sq¢i(z) = 22 for all x € HY(K, L; Zs).

(4) S¢° =id.

(5) Sq' is the Bockstein homomorphism arising from the connecting homomorphism induced by hitting the SES

0—>Z2y 24y —7Zo—0

with the cochain complex function C*(K, L; —) and then noting that a SES of cochain complexes gives rise to a long
exact sequence in cohomology.
(6) Cartan formula: Sq'(zy) = Zj(qux)(Sqi*jy).

(7) Adem relations: For a < 2b, Sq°Sq® = Zj (b;j;jl)Sq“"’b_quj, the binomial coefficient is taken mod 2.
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Fizp>2 and let H* = H*(—,—;Z,). Then ( and the Steenrod reduced p-th powers satisfy the following list of properties
on cohomology.

(1) P*: H*(—,—;Z,) — H**(—, —;Z,) is a natural transformation of cohomology theories, meaning P*: H™ — H"T* is
natural and P' commutes with the connecting homomorphism in the LES in cohomology. This implies, for instance,
that P'(a + B) = Pi(a) + PY(p).

(2) If 2i > j, then P'(z) =0 for allx € HI (K, L; Z,).

(3) Pi(z) = aP for allz € H* (K, L;Z,).

(4) P° =id.

(5) B is the Bockstein homomorphism arising from the connecting homomorphism induced by the SES

0—=2, =2y, =72, — 0

with the cochain complex function C*(K, L;—) and then noting that a SES of cochain complexes gives rise to a long
exact sequence in cohomology.

(6) Cartan formula: P'(xy) = 3 ;(P/z)(P'7y).

(7) Adem relations:

pepb — Z(—l)‘”‘j ((p — 1 _J) B 1) patb=ipi a < pb
; a—pj
PalBPb — Z(fl)a+j <(p - 1)(b * j))ﬂpaerij a < pb.
; a—pj
the binomial coefficients being taken mod p.

Remark. Since the Pis are coomology natural transformations, it will follow that they commute with the suspension
isomorphisms for reduced suspension on well-pointed spaces. This is essentially because of the way reduced and unreduced
co/homology theories are related.

Definition. Fix p > 2. The admissible monomsials in the Steenrod algebra A, are the monomials of the form
661 Pil 662 Piz . 5% Pin

for n € N, where ¢; = 0 or 1 and where ¢; > €41 +pij4q for all 5. In other words, the admissible monomials are the ones
to which we cannot apply the Adem relations. In general, any monomial is of this form, and we may give lexicographic
ordering to such monomials by associating to them the N-length tuples of integers (e; + pi1, 2 + pia, ...). We define the
excess of an admissible monomial by > .(2i; — 2pij41 — €j41) (the reason why is buried in Hatcher’s book where he
defines this).

Fix p = 2. The admissible monomials in the Steenrod algebra A, are the monomials Sq't S¢® - -- Sqi»—1Sg'~ for
n € N, where i; > 2i;; for all j. In other words, the admissible monomials are the ones to which we cannot apply the
Adem relations. It is convenient to write such monomials as Sq¢’ where I = (i1,...,i,). In general, any monomial is of this
form, and we may give lexicographic ordering to such monomials by associating to them the N-length tuples of integers
(i1,42,13,...). We define the excess of an admissible monomial by 3, (i; — 2i;41). For the Steenrod squares, we can write
this as e([).

Theorem D.2.3. All monomials can be written as a sum of admissible monomials.
Proof. Use the lexicographic ordering and apply the Adem relations. H

Theorem D.2.4. The mod p Steenrod algebra is equivalently the collection of all stable cohomology operations on H* (or,
equivalently, HF;(HF,), if you know about spectra,).






Appendix E
Point-Set Results

E.1 Miscellany

Theorem E.1.1 (May, Thm 7.4.1). Let p: E — B be a map and % be a numerable open cover of B. Then p is a
Hurewicz fibration iff p: p~Y(U) — U is a Hurewicz fibration for allU € % .

Proof. Omitted. There are two typos in May’s proof. u; should be u; = Z{Zl v, (B)/ Yok vr, (B) and s(e, 8) should be
s(e, B)(0) =e.
Corollary E.1.2. Every numerable fiber bundle is a Hurewicz fibration.

Proof. For an element U of a numerable open cover by trivializing open sets, it suffices to show in the coordinates of the
trivialization that U x F' — U is a Hurewicz fibration. Of course, the dashed lift in the following diagram

x Y9 uxrF

o
of 7]

XX —/—U
always exists and can be taken to be the map (H, g o pry ). Hence, the previous theorem allows us to conclude. W
Theorem E.1.3. Every fiber bundle E — B is a Serre fibration.
Proof. Omitted.
Theorem E.1.4 (Lee, A.57). A proper continuous map to a locally compact Hausdorff space is a closed map.

Proof. We show that for f: X — Y continuous and proper and C' C X closed, f(C)¢ is open. Since Y is LCH, each
y € f(C)¢ has an open nbhd V containing y that is precompact (open set whose closure is compact). So K = f~1(V) is
compact as f is proper and so C'N K is a closed subset of the compact space K and so is compact in K and, hence, also
X. Hence, f(CNK) = f(C)NV is compact. Since Y is Hausdorff, it is also closed. Hence, V' \ (f(C)NV) =V \ f(C) is
an open nbhd of y not intersecting f(C). W

E.2 Submanifolds are Locally Closed

Definition. Say a subspace A C X is locally closed if it A is a closed subspace of an open subspace V of X.
Lemma E.2.1. Let AC X. TFAE:

(a) A is locally closed.
(b) Each p € A has an open nbhd U C X such that ANU is closed in U.
(c) A is open in its closure A.

Proof. (a) = (b) ACV C X. The nbhd if V since VN A = A is closed in V.

(b) = (c) Let U, be a nbhd of p € A asserted to exist. Then Cly, (U, N A) = U N Clx(A) since if z € Cly, (U, N A),
then every nbhd of  in U contains points of A and therefore since U, is open x € A, which is the non-trivial inclusion.
Since U, N A is closed in U, it follows that U, N A = U, N A and so U, N A is a nbhd of p in the subspace topology on A.
Since p was arbitrary, A C A is open in the subspace topology.

(c) = (a) Since A C A is open in the subspace topology, there is an open subspace U of X such that UNA=A. W
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Theorem E.2.2. Submanifolds are locally closed.

Proof. Let N™ C M™ be a submanifold. By (b) above, this is a local problem, so fix p € N. Then there is a chart
(z,U) of M about p which, for convenience, we assume z: U — R is a diffeomorphism onto an open subspace of some
R™F x Ri C R™ and we assume z(U) is an open ball, as well as a straightening diffeomorphism ¢: V' — R™ where we
may as well assume z(U) C V, where V is open in R™. Then pz(U N N) = ¢z(U) N0 x R"~* x RY C R™. But this is
closed in pz(U) since its complement is

er(U) Npz(UNN)¢ = pz(U) N (pz(U)N0x R"“ x RL C R™)° = pa(U) N (0 x R x RY)®

and 0 x R ¢ x Rﬁ_ is closed so its complement is open, and therefore the intersection is an open subset in @z (U). This
shows that U is an open nbhd of p € N for which N N U is closed in U. We conclude by (b). W

Remark. The preceding theorem allows us to throw away the closed hypothesis in many assertions in the literature. It
can be useful to pair this with the corollary of the following theorem. Note that we phrase it differently from Kosinski,
however, because it seems that his statement is not quite correct.

E.3 Tubular Neighborhood Trick

In order to prove the following theorem in the smooth case, we need the following auxiliary lemma.

Lemma E.3.1. If f: M — N is a local diffeomorphism and C C M is a submanifold for which f|C is a homeomorphism
onto its image, then f(C) is a submanifold of N and hence f|C is a diffeomorphism onto its image.

Proof. This is an exercise in definitions. Since f|C' is a homeomorphism onto its image, it is a topological embedding. We
therefore only need to verify that it is an immersion, and this follows because the property of being an immersion is local
and f is locally a diffeomorphism. M

The following theorem is taken from Daniel Tausk’s notes, Lemma 8.12, where it is proved carefully. The hypotheses made
there are the ones when I arrived at while thinking about this.

Theorem E.3.2 (Tubular Neighborhood Trick). If f: X — Y is a local homeomorphism where Y is hereditarily
paracompact and Hausdorff and f is a homeomorphism on a subspace C C X, then f is a homeomorphism on a nbhd U
of C.

This can be upgraded to DIFF as follows. If f: X — Y s a local diffeomorphism which is a homeomorphism on a
submanifold C' C X, then f is a diffeomorphism on a nbhd U of C'.

Since closed subspaces of a paracompact Hausdorff spaces are themselves paracompact, the proof admits minor modifica-
tions showing the following.

Corollary E.3.3. If f: X = Y is a local homeomorphism where Y is paracompact Hausdorff and f is a homeomorphism
on a subspace C C X such that f(C) is closed in'Y, then f is a homeomorphism on a nbhd U of C.

Remark. We have already shown that manifolds are hereditarily paracompact.

Proof (of Theorem). First, let us agree on some ad hoc terminology. For an open subset V of X, we will call the map f|V
a chart for f if f|V is a homeomorphism onto its image. We will let C' = f(C). Now, the trickiest part of this is showing
that a nbhd of f(C) of the correct form exists. Lang, as usual, does not explain this well, or even really try to explain
this.

Claim 22. For each point of € C' and nbhd U in X of z, there is a nbhd V' C U of « such that f(VNC) = f(V)n f(C)

Since UNC is open in C, f(UNC) is open in f(5). Hence, there is an open subset A C Y such that f(UNS) = AN f(9)
Let V. =UnN f~!(A). Then V is an open nbhd of z contained in U and trivially we have f(V' N C) C f(V') N f(C). On
the other hand,

fV)NfC)cANf(C) = fUNC) = fVNO).

For the last equality, observe that V C U so V. N C C U N C, while on the other hand, U N C C f~1(A) (basically just
apply f~! to f(UNC) = AN f(C)) so that by intersecting both sides of U N C C f~(A) with U and C, we obtain
UnCcUnf Y ANC=VnCandso f(UNC)C f(VNC) and therefore have equality.

Note that a local homeomorphism that is injective is a homeomorphism. Therefore it suffices to find an open set Z C X
containing C such that f|Z is injective. For each z € C, let
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fo=fIUL: U, =V

be a local homeomorphism. By the claim, we may assume WLOG that f(U, NC) =V, NC. Let Yy = J,cc V- Then this

is open and paracompact Hausdorff since Y is hereditarily paracompact and Hausdorfl. Therefore {V} admits a locally
finite open refinement, say {V;},.; (the family {V;},.; is locally finite in Yj).
For each index ¢, choose € C' NV, such that V; C V! and set

Ui = f; (Vi) = (f1U;) " (V) C Uy,
which is open since Yj is open and therefore its open subsets are open in Y. Then
fi= flUi: U; =V,
is a local homeomorphism and
fU;NnC)=Vv,n f(C).

This latter thing follows because f, is a homeomorphism and therefore

fWVin F(O) = £ (Vin £(C) = £ (V) n 7 F(C) =Uin C.

Since paracompact Hausdorff spaces are normal, the shrinking lemma guarantees a locally finite open refinement of the
V; on the same index set, say {W;} with W; C V; such that Cly,(W;) C V; C V... For each i € I, let

Zi = fi_l(Wi)-

Then Z; C U; C U, is open in X and, by abuse of notation, f; = f| Z;: Z; — W, is a homeomorphism. Once again, since
fz is a homeomorphism, we have that
[(Z;nC)=W;n f(C).
Now we claim that
Cc U Z;.
iel

Indeed, for x € C, there exists ¢ € I such that f(z) € W; and therefore f(x) € W; N f(C) = f(Z; N C); it follows that
there exists y € Z; N C with f(y) = f(z) but since f|C is injective, x = y, proving the claim.

For each = € C, let

I.={iel: f(z) € Cly,(W,)}.

Since the closed cover {Cly, (W;)} is locally finite as W; C V; and {V;} is locally finite in Y so #(I;) < co. Moreover,
I, # O from the above.
Keep x € C. If i € I, then from what we have shown,

f(z) € Cly,(Wi) N f(C) CVin f(C) = f(U:NC),

and so since f|C is injective, x € U; and, in particular

x € ﬂUZ,

i€l,

and this holds for all z € C.
Let us find an open nbhd G, of f(z) in Yy with the following properties:

(a) foreachie I, G, NW, £#Q iff i € I;;
(b) Gz - f(ﬂie[m Ui)'
Such a set GG, can be defined by
Go= Yo\ J Clu(W)nf([) Ua).
i€\, i€l,

N—_——
(a) (b)

We claim that G, is open in Yy (and hence Y). Since f is an open map and #(l,) < oo, f([;c;, Ui) will be open
in Yy and hence Y. Since {Cly,(W;)} is locally finite and the union of any collection of locally finite sets is closed,
Yo \U,e L Cly, (W;) is open in Yy and hence Y—therefore G, is open in Yy and hence Y. Note that for any locally finite
collection of sets, the closure operator distributes over the union, which is where the penultimate assertion comes from.
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Let G = U,cq Go and let Z = f71(G) NU;c; Zi- Then G is open in Y and hence Y and therefore Z is open in X.
Moreover, S C Z since C' C | J,;c; Z; and clearly f|Z: Z — G. Since Z is open and f is a local homeomorphism, f|Z is a
local homeomorphism. It therefore suffices to show it is injective to complete the proof.

Let z,y € Z with f(z) = f(y). Pick indices 4,5 € I with = € Z; and y € Z;. Now, f(z) = f(y) € G, for some z € C
so f(z) € G, NW; and f(y) € G, N W; and therefore i,j € I, by property (a). Property (b) implies G, C f(U; N U;)
and therefore there exists p € U; NU; with f(x) = f(p) = f(y). But since f is injective on U; and on U; individually, f is
injective on U; N Uj. Therefore z = p = y.

Observe that everything we did above made no explicit mention of whether we worked in TOP or DIFF. Indeed, because
smoothness is a local property, everything still goes through in the smooth. B



Appendix F
Inverse and Implicit Function Theorems

F.1 Some Basic Calculus

Reminders. Let m,n € N and let E C R™ be an open subset.

(a) We say that a function f: E — R" is differentiable at x € E if there exists a linear transformation A: R — R™

such that L m
po W+ h) = fa) = AR
h—0 |h]

in the usual -0 sense where h € R". Equivalently, we say that f is differentiable at a € E if there exists a linear
transformation A: R™ — R™ such that

o @) = (@) = Az — o)

=0.
z—0 |z — al

We call the linear transformation A the (total) derivative of f at x and often simply denote it by f'(x) or D f(x). It

h
is unique. This relation can be rewritten as f(z + h) — f(x) = f'(z)h + r(h) where limp,_,o |T|(h) =0.
(b) Let f: R® O EF — R™. Then with respect to any basis %, = {u1,...,u,} of R™, we can write f(z) =
(fi(z),..., fm(z)) where f;: E — R are the component functions on w; for i = 1,...,m. Let B, = {e1,...,e,} be

any basis of R™. Suppose in addition that F is open and f is differentiable at 2 € E. Then then the matrix of D f(z)
viewed as a linear transformation from R"™ with basis 4%, to R™ with basis 4%, is simply the following m x n (rows
x columns) matrix of partial derivaties, called the Jacobian matrix:

(D1f1)(@) -+ (Dnf1)(x)

We can recover the multivariable chain rule from this. Note however that even if a function has such a matrix, it may
not be differentiable. It is not enough for a function to have all partial derivatives at a point for the derivative to exist.
(¢) We put a norm on the space of linear transformations by || A|| et sup{||Az|: ||z|| < 1} where ||z|| = y/>_ 27 is the
usual norm on a Euclidean space. For scalar vector spaces, there is an equivalent norm on the corresponding space of

(Df(x)) =

matrices called the Frobenius norm defined by ||(a;;)|| = /> afj.

(d) Given two normed linear spaces V and W over a field F, let B(V,W) denote the space bounded and hence
continuous linear transformations V- — W; if V and W are finite dimensional, then B(V, W) = L(V, W). Suppose a
f+ ECR™— R™ is continuously differentiable on an open set £ C R™. Then Df: F — B(R",R™) = L(R",R™) is
continuous on F as it is a matrix of continuous functions. In fact, if {ej,...,e,} and {u,...,u,} are standard bases
and if Df(z) = (aij), y = Y.y i€, then (Df(z))y = 2211(2?:1 a;;ci)u; (an m X n matrix) so by the Schwarz
inequality, [[(Df(2))yll* = >2,(32; aije;)? < X2,(30; a3 - 22, ¢5) = 22, aij|lyll* so that for the linear transformation
norm, |Df(z)| < [Iy/>° afll. If fis continuously differentiable, then the a;j are actually continuous functions. Thus,
if € > 0 there exists a § > 0 such that if ||z — y|| < J, then | Df(z) — Df(y)| = ||(aij(x) — aij(y))|| < €. Just take the
smallest & working appropriately for each a;j. This shows that, in fact, Df: E — B(R™, R™) is continuous.

(e) If a function f is defined in an open subset £ C R? and D f, Do f and Dyf exist everywhere in E and Do f
is continuous at (a,b) € E, then Disf exists at (a,b) and we have equality of the mixed partials: (D12f)(a,b) =
(Da1f)(a,b). Therefore Doy f = D1of if f € C?(E).
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(f) If f: E C R™ — R™ is differentiable on an open convex set E C R™ and there exists M > 0 such that | Df(z)|| < M
for all z € E, then || f(b) — f(a)|| < M||b— al| for all a,b € E. To see this, first suppose n =1 and let z = f(b) — f(a)
and let ¢(t) = z- f(¢). Then ¢ is real valued and differentiable on (a, b), therefore ¢(b) —p(a) = (b—a)z- f'(x) while on
the other hand ¢(b) —¢(a) = ||2]|?. The Schwarz inequality then says that ||z||2 = (b—a)||z- f'(2)| < (b—a)||z||||f'(z)].
In the general case, let v(t) = (1 —t)a + tb and let g(t) = f((t)) and use this case to derive the result.

Lemma F.1.1 (Contraction Lemma). Let (X,d) be a non-empty metric space and let @ # A C X equipped with the
metric it inherits from X. Let ¢: A — X be a contraction map.

(a) If v has a fized point, then it is unique.
(b) Suppose in addition that X is complete and A = X. Then there exists a unique fized point for ¢.

Proof. (a) Uniqueness is trivial. Indeed, suppose ¢ has a fixed point * € A and suppose y € A is another. Then
d(z,y) = d(e(x), ¢(y)) < ed(x,y) for some 0 < ¢ < 1. This can only happen when ¢ = 0 or d(z,y) = 0 and this latter case
implies that @ = y for a metric space has d(x,y) = 0 iff = y. But if ¢ = 0, then d(p(z), ¢(y)) = 0 for all z,y € A and
therefore ¢ is the constant map, and in this case, only one point satisfies ¢(x) = x, again. Thus, uniqueness is proved.

(b) Now suppose A = X and that X is complete. Uniqueness of the alleged fixed point is due to (a), we prove existence.
Fix any xo € X and define a sequence (x,,) recursively by letting z, = @(xn—1). Then d(xn11,2n) = d(p(zn), p(Tn-1)) <
cd(Zpn, Tp—1) and by induction d(zp41,2,) < "d(21, xo). Thus, if m > n, then d(z,, T ) < Z;’;nﬂ d(xg,zi-1) < ("4 -+
N d(xy, m0) = (7 F)d(a1, 20) and the geometric series has sum 1/(1—¢) so this is < ¢*[(1—¢) ™ d(x1, 20)] — 0
as n — 00. So this is a Cauchy sequence in X, and so (x,) converges in X, say x,, — x. But then since ¢ is continuous,
it is sequentially continuous, and so ¢(x) = lim, 0 @(2,) = lim, 00 Tpt1 = x. Thus there exists a fixed point of the
contraction map ¢, namely z, and this fixed point is unique. W

F.2 Inverse Function Theorem

Remark. In order to distinguish between the usual norm on the set of bounded linear maps between two normed linear
spaces and the usual Euclidean norm on RY, we shall denote the latter by |-|. Moreover, for ease of reading, we shall use
boldface notation to indicate that certain elements should be understood as vectors or taking values in R? for d > 1.

Theorem F.2.1. Suppose f is a C'-mapping of an open set E C R® into R% and suppose there exists a € E such that
Df(a) is invertible. Then:

(a) There exist open sets U,V C R™ (which we may take to be connected) such that a € U, f(a) € V, f|U is a
homeomorphism onto V and Df(x) is invertible for all x € U.

(b) If g: V — U is the inverse of £|U (this exists by (a)), then g € C*(V).

(c) If, in addition, f is C* for some k € N U {oo}, then so too isg: V — U.

Writing the equation y = f(x) in component form, we arrive at the following interpretation of the conclusion of the
theorem: The system of n equations
yi:fi(zl,...,xd) (ISZSTL)

can be solved for z1,...,24 in terms of y1,...,yq if we restrict x and y to small enough nbhds of a € E and f(a) € Imf.
In addition, the solutions are unique and continuously differentiable on these nbhds.

1
Proof. (a) For ease of notation, let A = Df(a). Since Df(a) is invertible. Thus, let A = §||A*1||*1. Since Df is continuous
at a, there exists an open ball U C F centered at a such that for all x € U,

|DE(x) ~ DEG)| < A = 5| DE(a) "

Then 1
|Df(x) — Df(a) ||| (Df (a)) || < ;<1

which implies that Df(x) is invertible for all x € U. (If we didn’t know this, we could consider determinants).
Now we “linearize” this with a sort of modified Newton’s approximation!, allowing us to use the contraction lemma.
For each y € R%, associate a function oy B — R4 defined for x € E by

! Newton’s method to find a zero of a differentiable f: I — R is to let zo € dom f, let 1 = 20— f(x0)/f’ (z0) and let x2 = x1 — f(z1)/f (x1)
etc. and hope this converges.
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def _ _
py(x) = x+ ANy — £(x)) = x + Df(a) ' (y — £(x)).

Note that x is a fixed point of ¢, iff y = f(x) because A is a one-to-one linear transformation.
Now, since

Dpy(x)=1— (Df(a))_lDf(x) = A_l(A — Df(x)),
it follows that for all x € U,
_ _ 1
Dy (x)|| < [[A7[[|A — DE(x)|| < AJA7Y| < 3

By (f) of the reminders, this means that

loy(a1) — oy ra)] < g b ol - (¥

Hence, for every y € R?, ¢y is a contraction mapping. Therefore, by (a) of the contraction lemma, if ¢, has a fixed point
in U, then f(x) =y is the unique fixed point of ¢,. Observe that this holds with the choice of y = f(x) for each x € U;
since we can do this for every x € U, it follows that £ is one-to-one on U.

Put V = f[U]. We shall show that every y € V has an open nbhd contained in V', thereby proving V' is open. Towards
this end, fix yo € V; then yo = f(x¢) for some xg € U. Let B = B(X¢,7) be an open ball with center at x¢ and radius

r > 0 such that B C U. We assert that y € V whenever |y — yo| < Ar = gHA_lﬂ_l.
Fix y with [y — yo| < Ar and put ¢y(x) =x+ A~ (y — f(x)) as above. Then

_ _ T
[p(x0) = xo| = [A7H(y = yo)| < [ A7 ||Ar = 3.
Notice that (*) holds by continuity of ¢ for x,y € B C U; hence, by the triangle inequality, for x € B,

[Py (%) = x0| < |y (%) = ¢ (x0)| + [y (x0) + %0|

<1| |+7“<
— |IX — X — .
2 oy ="

Thus, ¢y (x) € B. - o -
Therefore ¢y, is a contraction of B into B; B being a closed subset of a complete space, B is complete. By the contraction

lemma, ¢y has a fixed point x € B and for this x, f(x) =y; thus y € f[B] C f[B] C f[U] = V. Analogously, given any
open subset O C U, £f][O] C V is open in V, so f is an open map and therefore a homeomorphism onto V. This is (a).

(b) Let g = (f|U) ! so that g: V = f[U] — U. Pick y,y +k € V with k # 0 and write g(y) = x and g(y +k) = x+h.
Then h # 0 since f is a homeomorphism. Let ¢, be as before. Then

oy(x+h) —p(x) =h+ A f(x) - f(x + h)]=h - A k.

1 1
As we saw, for all x1,%2 € U, |y (x1) — ppy(x2)| < 3 x1 — Xa|,50 |h — A7k| < 3 |h| and therefore by the reverse triangle
inequality,
1 1 3
|lh| — |A7'k]| < 3 |h| so that 3 |h| < ‘A—lk‘ < 5 Ih|

and from this we obtain
lh| <2 A7 k] = A" K] ()

Now, let T = (Df(x))~!. Since
gly+k)—gly) - Tk=h—-Tk = -T[f(x+h) — f(x) — Df(x)h],

(#) implies that
8(y + k) —gly) = Tk| _ [|IT]| [f(x +h) — f(x) — Df(x)h|
k| oA [h| '
As k — 0, (%) shows that h — 0. The RHS of the above inequality thus tends to 0. Hence, by the squeeze theorem, so
too does the LHS. Hence, Dg(y) = T; but T = (Df(x))~! = (Df(g(y)))~!. Thus, for all y € V,

Dg(y) = [Df(g(y))] "

Since x ++ Df(x) is continuous, the matrix components of Df (x) are continuous. Since inversion in L(R?, R%) is continuous
with respect to the operator norm, it must be that g is continuously differentiable.
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(c) Notice that every function A € GL(d,R) is infinitely differentiable. In fact, the inversion map :: GL(d,R) —
GL(d,R) is C*, viewing GL(d,R) C R%—for instance, GL(d,R) is a Lie group. Let ¢ denote this inversion. Therefore
Dg = 1o Df og, so this now follows from the chain rule that g is C*. Indeed, observe that Dx(Dg(x)) = (Dpg(g)xt) ©
Dg(xy(Df) o Dyg. R

Remark. It follows from (c) that a C!-diffeomorphism which is C* is in fact a C*-diffeomorphism. This follows because
D(g(y)) =t o Df o g(y) and then the chain-rule plus induction yields this for us.

The extension to differentiable manifolds goes as follows:

Theorem F.2.2. Let M and N be smooth n-manifolds and suppose f: M — N is C* and for some p € N, Dfp: TyM —
T,N is invertible where ¢ = f(p). Then there exist open sets U C M and V. C N such that f: U — V is a C*-
diffeomorphism.

Proof. Let (U1, ¢) and (V1,%) be charts about p and ¢ respectively and thereby consider f in its coordinate presentation:
F =4 1o fop. Then Fis C*. Let x € U; such that ¢(z) = p and notice that DF is invertible at x since each of
the functions in the composite is: D, F = Dy(¢=1) o D, f o D,p. By the inverse function theorem in R", we have sets
Up C U; and Vg C V; such that F: Uy — Vj is a C*-diffemomorphism. Put U = ¢[U;] and V = v[V;]. Since ¢ and v are
diffeomorphisms, U and V are open and we have f = o Foe ': U C M — V C N is a C*-diffeomorphism. W

Corollary F.2.3. Suppose U C R™ is open and f: U — R™ is continuously differentiable with D f(x) invertible for each
x € U. Then f is an open map and therefore f[U] is open in R™. If in addition f is injective and smooth, then f: U — f[U]
s a diffeomorphism.

Proof. For each a € U, we can find an open nbhd of ¢ in U upon which the restriction of f is a diffeomorphism (hence,
open) by the inverse function theorem. This works for every point so first assertion follows since, after all, we may therefore
write f[U] as a union of open sets. If f is injective, the inverse f~! exists and on a nbhd of each of its points f(a) € f[U],
it is equal to the inverse given by the inverse function theorem by uniqueness of inverses, and therefore f~! is smooth and
injective as desired. W

F.3 Implicit Function Theorem

Theorem F.3.1. Let f: E — RF be a C™ function on an open subset E C R™ x RF. Let (x,y) = (z,... 2", yt,...,9%)
denote standard coordinates on E and suppose that for some (a,b) € U, the k x k matriz

is invertible. Then there exist open nbhds (x,y) € Vo CR" andy € Wy C R* and a CF function g: Vo — Wy such that

(a) f(x,g(x)) =f(a,b) for allx € V.
(b) £71[{f(a,b)}] N (Vo x Wy) is the graph of g—that is, f(x,y) = f(a,b) for (x,y) € Vo x Wy iff y = g(x).
(c) g is C* and has derivative given by

De(b) = - (;T(a,b))_l (S5am).

Proof. Consider the function ¥: U — R"** defined by ¥(x,y) = (x,f(x,y)). Then

I, 0

DraB = | (20 b)) (2 o)

which is invertible because it is block lower triangular and the blocks on the main diagonal are nonsingular. Thus, by the
inverse function theorem, there exist open connected nbhds (a,b) € Uy and (a,f(a,b)) € Yy such that ¥: Uy — Y is a
C™-diffeomorphism. WLOG suppose Uy = V' x W. Henceforth, we only consider ¥ on Uj.

Write ¥~ 1(x,y) = (A(x,y), B(x,y)) for some C™ component functions A and B. Then

(x,y) =¥ (¥ '(x,y)) = ¥(A(x,y), B(x,y)) = (Ax,y),f(A(x,y), B(x,y))). (*)

It therefore follows that A(x,y) = x, so ¥ ! has the form ¥~!(x,y) = (x, B(x,y)).
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Put W =Wyand Vy = {x € V CR": (x,f(a,b)) € Yy}. Define g: Vo — Wy by g(x) = B(x,f(a,b)). Then (*) implies
that for all x € Vg,
f(a,b) =1 (x, B (x,f(a,b))) = f(x,g(x)).

Hence, the graph of g is contained in f~![{f(a,b)}]. Conversely, suppose (x,y) € Vo x Wy and f(x,y) = f(a,b). Then
¥(x,y) = ((x,f(x,y))) = (x,f(a, b)), so

(X7Y) =u! (X’ f(a’ b)) = (X7 B(Xv f(avb))) = (X’ g(X)),

implying that y = g(x), as desired.
Finally, to compute Dg(b), put ®(x) = (x,g(x)). Then for x € V5 and k € R",

@' (x)k = (g (x)k, k).
As we know, f(®(x)) = f(a,b) for x € Vj. The chain rule shows therefore that
(Df(2(x))) (DP(x)) = 0.
When x = a, ®(x) = (a,b) and Df(®(x)) = Df(a, b). Thus,
[Df(a, b)][D®(a)] = 0.

Then for every k € R™,

%

(g;(a, b)) [Dg(b)]k + <§ij (a, b)) k = [Df(a, b)](Dg(b)k, k) = [Df(a, b)][Dd(b)]k = 0.

Thus, | |
(§Z<a, b)) [Dg(b)] + (g; (a,b)) —0 (%%

which is equivalent to our assertion about Dg(b). H
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