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1
Introduction

We give a motivation and an overview for this book. Takeaways:

- Studying diffeomorphism groups of disks is a subject of philosoph-
ical and mathematical interest.

- Dimensions < 3 and > 5 behave quite differently.

- In high dimensions > 5, surgery theory, smoothing theory and
cobordism categories provide different approaches and perspec-
tives.

1.1 Diffeomorphisms of disks

The focal point of this book are the diffeomorphism groups of disks.
More generally, we will also look at moduli spaces of smooth disks
(which incorporates the fact that disks may have different smooth
structures), or diffeomorphism groups of other manifolds with a
relationship to disks (e.g. spheres). Let me for now only give the defi-
nition of diffeomorphism groups of disks, with these generalizations
and more details to follow in later lectures.

The n-dimensional disk D" is the subspace of R” given by those
x € R" such that ||x|| < 1. This is a smooth manifold with boundary
dD" given by the (n — 1)-sphere S" ! := {x € R" | ||x|| = 1}.

Definition 1.1.1. We let Diff;(D") be the group of C*-diffeomorphisms
of D" that are the identity on a neighborhood of D", topologized
using the C*-topology.

The guiding question will be the following;:
Question 1.1.3. What is the homotopy type of Diffy(D")?

For example, what are its path components? What are its ho-
mology groups? What are its homotopy groups? Is it homotopy
equivalent to a Lie group? Are its homotopy groups finitely gener-
ated? Can we relate it to other objects in algebraic topology? Can we
relate it to other objects in manifold theory?

Example 1.1.2. For n = 2, consider the
“swirl” C2-diffeomorphism described in
polar coordinates by

f(r,0) = (rz,e +2m(1 — r))

and drawn in Figure 1.1. We can make
it C* by replacing (1 — r) with a
C®-function of the radius that 0 in a
neighborhood of 0.
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Figure 1.1: The punchy swirl diffeomor-
phism of D2,

Before telling you about partial answers to this question, we shall

1.2 Why?

give some reasons why one might find it an interesting question. Not
of all these might be convincing to you, but hopefully at least one of
them is.

Intrinsic interest

The hardest way to motivate a mathematical topic is to say that it is
intrinsically interesting. The notion of a manifold is one of several
ways modern mathematicians have formalized the notion of “geom-
etry,” as a way to study the intuitive ideas of space, time, shape, and
extension. Such a link is made precise in modern theoretical physics
(though one might argue that differential geometry and higher cate-
gory theory are more relevant to physics than differential topology),
but even without this manifolds capture a part of these intuitive ideas
underlying our experience of reality. Thus results about manifolds
can serve to illuminate our intuitions (or challenge manifolds as a
good formalization of these intuitions).

Disks play a more fundamental role than the average manifold;
using Morse theory or handle theory, we shall see that any smooth
manifold can be build out of disks by gluing along their boundary;
disks are the basic building blocks of all manifolds.

More importantly, the homotopy type of the topological group
of diffeomorphism of disks make quantitative some of the intuitive
distinctions discussed above. Firstly, diffeomorphism groups of disks
capture the subtle phenomena that link the local and global geometry
of manifolds; the difference between infinitesimal/infinite and finite
extension. Locally, a manifold looks like R" and on R" “difficulties
can be pushed out to infinity.” However, in a compact manifold
this is not possible, and the non-triviality of diffeomorphisms of
disks is the most direct incarnation of this failure, capturing non-
local but compactly-supported phenomena. Secondly, in a similar
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way diffeomorphism groups of disks capture the subtle differences
between smooth and continuous or piecewise-linear phenomena.
When studying piecewise linear or topological manifolds, instead of
“pushing difficulties to infinity,” one can “push them into a point;”
there are no derivatives to blow up. This may be used to prove that
homeomorphisms or PL-homeomorphisms of D" fixing the boundary
pointwise are contractible, known as the Alexander trick. Thus the
non-triviality of diffeomorphisms of disks measures the difference
between smooth and PL or topological manifolds.

Interactions with other fields

The study of manifolds was such an important motivation for the
development of topology in the 50’s, 60’s and 770’s, that I will not
attempt to give a list. One of the major achievements of that era of
topology was the theory of how to build manifolds out of disks is
called surgery theory. In a range of dimensions increasing with the
dimension, it solves the problem of classifying manifolds, diffeo-
morphisms and families of diffeomorphisms, in terms of homotopy
theory and algebraic K-theory. In the case of disks this link is most
clear. For example, when n > 5 it allows the computation of the set
of smooth structures on D". In this direction also lie the Farell-Jones
approach of studying aspherical manifolds, which are very rigid [?].

In the last decade, the study of manifolds has shifted to a field-
theoretical perspective. On the one hand, cobordism categories
provide a manageable setting for studying all manifolds of a given
dimension simultaneously. On the other hand, field theoretic tech-
niques may be used to define invariants of manifolds, diffeomor-
phisms, or families of diffeomorphisms, which can detect some of
these non-trivial in ways not visible to surgery theory.

An exciting future

As mentioned above, the surgery-theoretic techniques to study
Diffy(D") only work in a range and approaches inspired by field
theories have given rise two new approaches which are linked and
whose full potential has been not realized (in my opinion).

Let me give one example. Variations of the Madsen-Weiss theorem
allow one to compute much of the diffeomorphism groups of man-
ifolds with many handles. These may seem far from disks, but by
comparing two similar manifolds with many handles one can recover
information about disks. The resulting answers seems to indicate that
characteristic classes for disk bundles obtained from configuration
space integrals, and indexed by graphs, play a prominent role.

15
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1.3 An overview of this book

I will now describe the main results that we shall discuss.

Low dimensions

As mentioned above, we will start in low dimensions n = 1,2,3 to get
reacquainted (or acquainted) with the tools of differential topology
that we will use throughout the course. At first sight the results in
low dimensions are disappointing, but they play a large role in low-
dimensional manifold theory and in view of the systematic picture
available in high dimensions, highly surprising.

The right object to look at is not Diffy(D"), but the moduli space
My(D") of n-dimensional smooth manifolds that are homeomorphic
to D" and have the standard smooth structure near the boundary.
This is weakly equivalent to a disjoint union

Mo(D") ~ | | BDiff, (D),
o]

where [0] ranges over the isotopy classes of smooth structure on D"
that are standard near the boundary and BG denote a classifying
space of a topological group G. The following theorems thus respec-
tively compute 719(M;(D")) [Moiy7] and the homotopy type of the
unique connected component [Smasgb, Hat83]. We will give proofs
of these results for n = 1,2, and outline the ideas for n = 3.

Theorem 1.3.1 (Folklore, Radd, Moise). For n =1,2,3, D" has a unique
smooth structure that is standard near the boundary up to isotopy.

Theorem 1.3.2 (Folklore, Smale, Hatcher). For n = 1,2,3, Diffy(D") is
weakly contractible.

High dimensions: 7t

In dimension 4 nothing is known (many experts won’t commit to
conjectures, nor is there an approach), so we skip directly to the high
dimensions n > 5.

We shall start by discussing the s-cobordism theorem. This is
the most important of the results relating homotopy theory and
algebraic K-theory to manifolds. A cobordism between two closed n-
dimensional manifolds My and M3, is a compact (7 + 1)-dimensional
manifold N with an identification dN = M, LI M;. It is an h-cobordism
if both inclusions My < N and M; — N weak equivalences.
An example of an h-cobordism is a product N = My x I, and the
s-cobordism gives a condition under which an h-cobordism is diffeo-
morphic to one of this form [Sma61, Mil65].
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Theorem 1.3.3 (Smale). Suppose n > 5, then an h-cobordism N between
My and M is diffeomorphic to My x I rel My if and only if an invariant
T(N) € Why(Z][m1(My)]) vanishes.

Here Why (Z[m1(M))]) is a quotient of the group K;(Z[m1(My)]),
defined as colim, GLy(Z[7r1(Mp)])??, an example of an algebraic
K-theory group. We will use this theorem and ideas from its proof to
show that

mo(My(D")) = O, and 7o (Diffy(D")) = @41,

where ©,, is the group of homotopy n-spheres under connected sum.
The groups O, are related to the stable homotopy groups of spheres
by a famous result of Kervaire-Milnor [KM63].

High dimensions: algebraic K-theory

The results for 71y were generalized to families of manifolds. The
parametrized h-cobordism theorem via Igusa’s pseudo-isotopy
stability theorem [Igu88] and Waldhausen’s stable parametrized
h-cobordism theorem [W]JR13b]. Using this Farrell and Hsiang com-
puted 7;(Diffy(D")) ® Q in a range i < 1n/3 [FH78]. In this range, it is
given by

0 if n is even

i(Diffy (D" =
m;(Diffy(D")) ® Q {Ki(z)®Q if n is odd,

the latter of which was computed by Borel [Bor74]. We shall prove
this using the Hatcher spectral sequence.

High dimensions: smoothing theory

The space Diffy(D") has additional algebraic structure: given an
embedding e: | |; D" — D" and i elements f; of Diffy(D"), we may
produce a new diffeomorphism of D" fixing the boundary pointwise
by inserting the f; into the image of the i disks of the embedding and
extend by the identity, see Figure 1.2.

This gives BDiffy(D") the additional algebraic structure of an
E,-algebra and since it is path-connected it is weakly equivalent to
("X for some space X called an n-fold delooping. After recalling the
recognition principle for n-fold loop spaces, we will produce a ex-
plicit example of a n-fold delooping of BDiffy(D") by understanding
the link between smooth and topological manifolds [BL74]:

Theorem 1.3.4 (Morlet). BDiffy(D") ~ QfTop(n)/O(n), where Top(n)
is the topological group of homeomorphisms of R" in the compact-open

topology.

T Why(Z[m])

fe} 0
Z 0
Z/2Z 0

Z/52  Z[t)/ (1)

Table 1.1: Some examples of Whitehead
groups.

n 5 6 7 8 9 10 11

[©, 1 1 28 2 8 6 992

Table 1.2: The order of ®,, for 5 < n <
11. See https://oeis.org/A001676 for
the full list for n < 63.

Olo

Figure 1.2: Producing a new diffeo-
morphism of D? from three diffeo-
morphisms fi, f2, f3 of D?, and an
embedding e: | |; D> — D?.
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This is proven using a combination of general h-principle machin-
ery [Gro86] and the Kirby-Siebenmann bundle theorem, Essay II of
[KS771.

High dimensions: cobordism categories

After this we will describe how to use cobordism categories in combi-
nation with embedding calculus to obtain results about BDiffy(D"),
an idea due to Michael Weiss.

We will start with the Pontryagin-Thom theorem computing the
groups of manifolds with tangential structure ¢: B — BO(n) up to
cobordism in terms of the homotopy groups of the Thom spectrum
MT1 associated to the virtual bundle —¢*y with -y the universal
n-dimensional vector bundle over BO(n). Then we shall explain the
parametrized extension of this result [GTMWog]:

Theorem 1.3.5 (Galatius-Madsen-Tillmann-Weiss). There is a weak
equivalence
BCob¥ (1) ~ Q®~'MTy.

Results of Galatius-Randal-Williams relate this theorem to diffeo-
morphism groups of the manifolds Wy 1 = (#,5" x S") \ int(D*")
[GRW14, GRW18] for the tangential structure 6: BO(2n)(n) —

BO(ZTI),I there is a map *Forn =1, Wy is a genus g surface
with one boundary component. It
BDiff, (W 1) s QO®MTO may thus be regarded as a higher-
&

dimensional analogue of a surface.

inducing an isomorphism on homology in the degrees < gT—3 After

that we shall describe embedding calculus [Weigg, BdBW13],> which 2 The “pointillistic” study of manifolds.
can be used to study spaces of embedding Emb,(M, N) as long as

the handle dimension hdimy (M) of M rel boundary is smaller than

dim(N). The reason this is helpful is that the Weiss fiber sequence

relates diffeomorphisms of W, ; and embeddings of W1 \ pr1

(where D"~1 C s 1 = W, 1) into W, 1. Taking the complement

of an embedding invertible up to isotopy produces a disk with

boundary identified with S"~! and this fits into a fiber sequence

Diffy(W,1) — Em o (Wg1) = My(D™).

One may use this to find non-trivial rational homotopy groups of
BDiff(D?") [Wei15], and to show that the homotopy groups are
degree-wise finitely generated [Kup17]. A similar story exists in odd
dimensions using [BP15, Per1s].



Part 1

Comparing diffeomorphism

groups






2
Prerequisites

2.1 Manifolds and maps between them

In this section we recall some standard definitions, mostly to fix
notation.

Topological manifolds

There are two equivalent definitions, via charts and sheaves. We start
with the classical definition in terms of charts, due to Whitney.

Definition 2.1.1. A d-dimensional topological manifold X is defined to
be a second countable Hausdorff topological space’ that is locally
homeomorphic to an open subset of IR¥.?

Note that every point of an open subset of RY has a subset home-
omorphic to R?, so we could have written “locally homeomorphic to
R%” above. That is, X should come equipped with an atlas, that is, a
collection of homeomorphisms ¢;: X O V; = W; C R? called charts.
To make sure different atlases do not lead to different manifolds, one
demands that the atlas should be maximal under inclusion (by Zorn’s
lemma maximal atlases always exist).

An atlas determines as a topological space X by glueing, i.e. as a
coequalizer3

L Wi —= UiWi — X,

where W;; = ¢;(V;NV;) C W;. Then W; ; and W;; are identified by
i 1, called a transition function.

We may rephrase this in analogy with algebraic geometry, and
define manifolds as topological spaces with a certain conditions on
their real structure sheaf (see Section II.3 of [MLMo4]). A presheaf of
sets F on a topological space X assigns to each open subset U C X a
set F(U) and to each inclusion U C V a map*

res);: F(V) — F(U)

* Second countable means that the
topology on X has a countable basis,
and Hausdorff means that every pair
of distinct pairs can be separated by
open subsets. These two properties
have two important consequences:
paracompactness and metrizability.

> This property is called being locally
Euclidean.

3 This is a notion from category theory,
see [?], and a special case of a colimit.

4+The notation res]; obviously being
shorthand for “restriction from V to U.”



22 ALEXANDER KUPERS

such that (i) resu = id, (ii) for U C V C W we have resu ores {/}/ =
o(X

(X)

of open subsets of X to Set.> 5 One may define the category of
presheaves valued in any category C as
functors O(X)°P — C.

res|]. In other words, a functor from the opposite of the poset

It is a sheaf if for all collections of open subsets {U; };c; of X we
have that

FOly) — TL F (W) —= I1;; F(Uin Uj)

is an equalizer. That is, every collection of elements f; € F(U;) such
u; U;

that res;; nu; fi = 1resu nu; fj for all i, j, is obtained from a unique

f € F(u;l;) by restriction.

Example 2.1.2. For a topological space X, the assignment C%: U —
{continuous f: U — R} forms a sheaf of sets (in fact R-algebras) on
X; this is the sheaf of R-valued continuous functions.

We may then rephrase the previous definition as follows:

Definition 2.1.3. A d-dimensional topological manifold X is a second
countable Hausdorff topological space with the following property:
for all p € X there exists an open neighborhood V of p and d func-
tions xq,...,x4 in C%(V), such that the map ¢ := (x1,...,%4): V —
R is a homeomorphism onto an open subset W C R? and the sheaf
¢*CY, is isomorphic to the sheaf C%|y. Here ¢*C}, is the pullback
sheaf, defined by assigning to U C W the set C) ((,D(U))

C"-manifolds and C"-maps

One reason to prefer the definition by sheaves is that it is a more
global definition, which allows for a cleaner definition of C"-map.
So we shall start with this definition and define a C"-manifold for
r € INU {oo}. We know what the sheaf of C"-functions assigns to an
open subset W of R: the set of functions f: W — R that are r times
continuous differentiable in the following sense (we recall this to fix
some notation): for |I| < r the Ith partial derivative D! f exists and is
continuous. Here [ is an s-tuple of non-negative integers (iy, ..., is)
with i, € {1,...,m}, we define |I| := s, and for f: R"” D W — R we
then set

ol f

dx;, -+ - 0X;,

DIf =

Definition 2.1.4. A C"-manifold of dimension d is a topological space
X with a subsheaf C§, C CY such that for all p € X there exists an
open neighborhood V of p and d functions x1, ..., x; in C% (V) such
that the map ¢ := (x1,...,%4): V — R? is a homeomorphism onto an
open subset W C IR? and the sheaf ¢*C}, is isomorphic to the sheaf
C%|v. The elements of C% (V) are called C’-functions.
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Definition 2.1.5. Let g: M — N be a continuous map between C’-
manifolds. Itis C"is f o g € C};(M) for all f € C};(N). Let C"(M, N)
denote the set of C"-maps M — N.

Like the equivalence of the definition of topological manifolds
using chart and sheaves, the above definition of a C"-manifold is
equivalent to one using charts:

Definition 2.1.7. A C"-manifold is a second countable Hausdorff
topological space X with a maximal atlas of charts ¢;: X D V; —
W; C R? whose transition functions ¢;¢; ': W; D ¢;(V;NV;) — W;
have r times continuously differentiable components.

Topological and C"-manifolds with boundary

We may define a topological manifold of dimension d with boundary
as a second countable Hausdorff space locally homeomorphic to c.
The subset of X consisting of points p that are mapped to R~ x {0}
under these local homeomorphisms is well-defined.® The subspace of
such points is called the boundary of X and denoted 9X.

A smooth manifold with boundary may then either be directly
defined in terms of an atlas where the domains of charts are now
open subsets of R-1 x [0,00), or as a topological manifold with
boundary with a subsheaf of its sheaf of continuous functions. There
is a subtlety in the latter case; what is the subsheaf C}, C C% for
V € R%1 x [0,00)? There seem to be multiple reasonable options. On
the one hand, one might say that C{,(U) consists of those f: U — R
which extend to some open subset U of U in R¥. On the other hand,
one may take those f that are C" on U N (R¥~! x (0,00)) with D!f
for |I| < r extending to continuous functions on U. The Whitney
extension theorem says that these two conditions are equivalent.

Topological and C"-manifolds with corners

Similarly, we may consider second countable Hausdorff spaces that
are locally homeomorphic to [0,00)?. This is called a topological
manifold with corners. Since [0,00)? is homeomorphic to R*~1 x

[0, 00), every such space is a manifold with corners. However, for
manifolds with corners we should remember the data of the atlas,
and then manifold with corners comes with a stratification by depth,
the numbers of coordinates that are 0. The union of subsets of depth
> 0 is the boundary. The extension to C"-manifolds is similar as for
corners.

Example 2.1.6. The assignment
Cji: M D U+ C'(U,N) is a sheaf
of sets on M; this is the sheaf of C"-
maps to N.

¢ This may be proven by computing the
local homology groups Hy_1 (U, U \ {x})
for a U a neighborhood of x € X. This
will be Z if x is not in the boundary,
and 0 if it is.

Figure 2.1: A disk D¥ is a smooth
manifold with boundary given by
oDk = sk1.

Figure 2.2: A cube [0,1) is a d-
dimensional manifold with corners.
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2.2 Submanifolds and embeddings

Recall that M C N is a C"-submanifold of a C*°-manifold N if for each
p € M there is a chart ¢: N D V — R” such that " }(R") = MN V.
Given a C"-embedding ¢: M — N, its image ¢(M) is a submanifold
as a consequence of the inverse function theorem (to prove this, note
it suffices to prove this locally in the source and target, reducing to
the case of a map R™ — R" with injective differential and sending 0
to 0, which we want to show admits the desired charts near 0, now
add (n — m) additional coordinates and use this to offset the image in
(n — m) directions complementary to the image of the differential at
the origin).



3
The Whitney topology

The goal of this lecture is to define diffeomorphism groups as topo-
logical groups. To do so we discuss the weak topology on function
spaces, which will also be used for several later results in the course,
which can be stated as continuity, density or openness results. For
background reading on this material see [Hirg4, Wal16].

3.1 The Whitney topology

So far C"(M, N) is just a set. We describe its topology in detail, be-

cause it is the topology we will use on the group of diffeomorphisms,

and because the topology will play a role in approximation argu-

ments involving “generic smooth functions.” We shall give two

definitions of the Whitney topology:

- by giving a sub-basis, which is more concrete and convenient for
understanding some examples,

- by giving it as a subspace of a section space, which is more conve-
nient for checking formal properties.

Remark 3.1.1. Another good model for spaces is given by simplicial
sets. One can always pass from topological spaces to simplicial sets
by taking the singular simplicial set. We will see a different simplicial
set weakly equivalent to C"(M, N) in Section XXX.

The Whitney topology by sub-basis

We shall start with a definition in terms of a sub-basis. This means
a subset is open if every point has a neighborhood that is a finite
intersection of elements of the sub-basis.

Definition 3.1.2. Let r be finite. The (weak) Whitney topology on the
set of C"-functions M — N has a sub-basis given by sets

N'(f. ¢, 9,K€)

Takeaways:
- There is a topology on the set

of C" maps defined in terms of
convergence of partial derivatives on
compact sets.

- This is best defined as a subspace of

the topological space of sections of
the r-jet bundle.

- In this topology the diffeomor-

phisms form a topological group.

- The topological group Diffy(D') is

contractible.
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indexed by

- f: M — N a C"-function,

« ¢: M DV — W CR"™ a chart,

- ¢: ND V' — W' C R" a chart,

- K C V compact such that f(K) C V/,

- €>0,

and consisting of all g: M — N that C" and have that property that
g(K) € V'and [D'(pf¢~") ' (x) — D' (pgp™ ") (x)] < e forall

x € ¢(K), |I|]<rand 1<k <n.

In this topology a sequence of C"-maps converges if and only if on
all compact subsets in charts the first r partial derivatives converge
uniformly.

Definition 3.1.3. For r € IN, we let Cj,,(M, N) denote the topological
space of C"-functions M — N with the (weak) Whitney topology, and
define Cj (M, N) to be the coarsest topology on C*°(M, N) making
all inclusions Cj (M, N) < Cj,,(M, N) continuous.

Notation 3.1.4. Unless there is a risk of confusion, we will omit the
subscript W from the notation.

A definition in terms of a sub-basis is not a helpful definition if
one wants to check this topology behaves as expected. For example,
trying to prove that composition is continuous involves covering
compact subsets by charts and quickly gets messy.

The Whitney topology as a subspace of a section space

To avoid the messiness of arguments involving the sub-basis, we
give a nicer construction of this topology; we construct C"(M, N) as a
closed subset of a section space in the compact-open topology.

Definition 3.1.5. For s < r, the set J°(R™,R") of s-jets of C" functions
f: R™ — R"is defined to be the quotient of C"(R™,R") by the
equivalence relation that says f ~s g if D!f;(0) = D!g;(0) for all
|I| <sand 1 < k < n (where f; and g, denotes the kth components).

Under addition these form an R-vector space, which is isomorphic
to the finite-dimensional vector space of ordered n-tuples polynomi-
als of degree < s in m variables, by the correspondence’

R DO,
II<s ™

where I! is defined by [T/, (#i’s in I)!.> We may use this to topolo-
gize [*(R™,R") := C"(R™,R") / ~s.

* This is just Taylor approximation at
the origin.

*Eg. forI = (1,1,2,3,3,3,3), I! =
211131,
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Given a point m € M, we can use charts to generalize the defini-
tion of ~; to an equivalence relation ~,, on C"(M, N) where two
C’-functions are equivalent under ~; ;;, if their partial derivatives of
degree < s coincides at m. This is well-defined because equality of
partial derivatives is independent of the choice of charts

Definition 3.1.6. We define the set J*(M, N) of s-jets of C" functions
f: M — N as the quotient of M x C"(M, N) by the equivalence
relation generated by (m, f) ~ (m/, f') if m = m’ and f ~g, f'.

There is a well-defined map 7: J*(M, N) — M induced by the pro-
jection M x C"(M,N) — M and a well-defined map 7: J*(M,N) — N
induced by evaluation map M x C"(M, N) — N. Using charts of M,
one sees that 77 is a locally trivial bundle over M with fiber J*(R", N).
Similarly using charts of N, one sees that for J°*(R™,N), 7 is a lo-
cally trivial bundle over N with fiber J§(IR™,R"), the subspace of
s-jets mapping 0 to 0. We may use these identifications to topologize
J*(M,N).

By construction, the combined map (77, 7): J'(M,N) - M x N
is locally trivial with fiber J§(IR™,IR"). We will usually consider it as
a bundle over M via the map 7, and then call it the bundle of r-jets
M — N over M. It is isomorphic to the associated bundle over the
principal Diff" (M)-bundle over M for the action Diff" (M) ~ J*(M, N)
acting by precomposition.

Given a C"-map f: M — N, we can record its s-jets, by sending it
the map j°(f): M — J°(M, N) given by j*(f)(m) = [f]m, the latter
denoting to the equivalence call of f under ~y,,. The map j*(f) is
continuous because it is the composite of M — M x C"(M, N) given
by m — (m, f) and the quotient map. It satisfies 77 o j*(f) = idyy, so is
a section of 7.

So, letting T'(M, J*(M, N)) denote the set of continuous sections,

a subset of the set Map(M, J*(M, N)) of continuous maps f: M —
J*(M, N), taking the s-jets gives a map

i C"(M,N) —-T(M,J°*(M,N))

We may recover f from j's(f) as the composition T o j°(f), so the
map j°: C"(M,N) — T (M, J*(M, N)) is injective. This is called the
inclusion of holonomic sections into all sections, or the inclusion
of functions into formal functions. There is a natural topology on
I['(M,]J*(M,N)) as a subspace of the mapping space Map(M, J*(M, N))
topologized using the compact-open topology:

Definition 3.1.7. The compact-open topology on the set Map(X,Y) of
continuous functions X — Y has a sub-basis given by sets N (K, W)
indexed by

27
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- K C X compact,
- W C Y open,
and consisting of all f: X — Y such that f(K) C W.

However, an advantage of the compact-open topology is that when
restricted to reasonable spaces (compactly-generated weakly Haus-
dorff), then Map(X, —) is right adjoint to X x — (indeed, mapping
spaces between CGWH spaces are again CGWH). For example, the
evaluation map X x Map(X,Y) — Y is the continuous map adjoint to
the identity Map(X,Y) — Map(X, Y). By constructing their adjoints
instead, it is possible to prove that various natural maps between
mapping spaces is continuous without doing arguments using sub-
basis elements.

For the application to the Whitney topology, let us now take s = r.

Lemma 3.1.8. The subspace topology on C'(M,N) C T'(M, J'(M, N)) co-
incides with the weak Whitney topology, and C"(M,N) C T(M, ]"(M, N))
is closed.

Proof. Those sub-basis elements N (K, W) for K in a chart of M and
W defined as e-neighborhood of j"(f)|x with respect to the identi-
fication of r-jets near K with polynomials using the charts ¢ and ¢,
define the same topology as the compact-open topology, because any
N (K, W) is a union of these special sub-basis neighborhoods. But
these sub-basis elements are exactly those generating the Whitney
topology.
It is closed since being holonomic means that higher jets are
determined by the partial derivatives of the Oth jet, a closed condition.
O

Properties of the Whitney topology

This identification of C"(M, N) with a subspace of a section space is
a useful tool for proving properties of C"(M, N) with the Whitney
topology. We shall prove the following properties, always using the
strategy of proving the result for sections of the r-jet bundle and restricting
to holonomic sections:

- The inclusion C"(M, N) < C"~1(M, N) is continuous.

- Composition C"(M, N) x C"(N, P) — C"(M, P) is continuous.

- The immersions and submersions are open in C"(M, N).
Lemma 3.1.9. The inclusion C"(M,N) < C"~1(M, N) is continuous.

Proof. If E — E’ is a continuous map of locally trivial bundles over
M, then T'(M, E) — T'(M, E’) is continuous. To prove this, one notes
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that it is the restriction of the map Map(M, E) — Map(M, E’) ob-
tained by Yoneda from the right adjoint to the natural transformation

CGWH(M x —,E) — CGWH(M x —, E').

We will applying this to E = J"(M,N) — E' = J"~1(M, N). This
is continuous, since local triviality we may assume M = R" and
N = R" and in that case it is just the claim that a projection in a finite
dimensional real vector space is continuous. The lemma follows by
restriction to holonomic sections. O

Lemma 3.1.10. The composition map C"(M,N) x C"(N, P) — C"(M, P)
is continuous. In particular, for U C M open the restriction map if;: C"(M,N) —
C"(U, N) is continuous.

Proof sketch. Composition of C"-functions induces a continuous map
J"(M,N) xn J"(N,P) — J'(M, P). This in turn induces a continuous
map I'(M, J"(M,N)) x (N, J"(N,P)) — I'(M,]"(M,P)). The lemma
follows by restriction to holonomic sections. O

Lemma 3.1.11. The subsets of immersions and submersions are open in
C"(M,N).

Proof sketch. If U C J°(R™,N) is open and invariant under the
action Diff' (M), then the subspace of T'(M, J*(M, N)) of sections with
values in U in open. Now take U to be those r-jets with injective or
surjective differential. O

Diffeomorphisms as a topological group

We now focus our attention on the subspace Diffy, (M) C Cj, (M, M)
consisting of diffeomorphisms. We have shown above that compo-
sition of diffeomorphisms is continuous. To show that taking the
inverse is continuous is a bit harder, since one not can take the in-
verse of a general section.

The r-jet of a diffeomorphism f has two special properties:

(i)  its r-jets of f lie in the subspace ] (M, M) of r-jets of those
C"-maps have bijective differential, by the inverse function
theorem,

(i) themap Toj"(f): M — M is a homeomorphism.

As for property (i), using local coordinates one sees that inver-
sion is a continuous operation on J"V(M, M) switching 7t and
7. We thus get an induced map inv: Map(M, [V (M, M)) —
Map(M, J"™ (M, M)), but it doesn’t preserve sections because
moinv(s) = 7(s).

Getting property (ii) involved, suppose we restrict to the subspace
pHomeo (A Trinv (M M) of T(M, JmV(M, M)) such that 7(s) lies in

29
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the homeomorphisms of M. Then we may consider the continuous
map

(t,inv): THomeo (A1 7rinv(AM M) — Homeo(M) x Map(M, "™ (M, M))

and compose with the continuous map given by composition of the
source

Homeo(M) x Map(M, ["™ (M, M) — Map(M, ["™ (M, M)).

This composition is continuous and lands in the sections. By re-
stricting to holonomic sections coming from diffeomorphisms this
amounts to taking the inverse, we conclude:

Corollary 3.1.12. Diff" (M) with the Whitney topology is a topological
group.

C’-manifolds with boundary

The above definitions can be modified to define the Whitney topology
on the C"-maps f: M — N between manifolds with possibly non-
empty boundary. Similarly, the above arguments can be modified to
show that if M is a manifold with boundary, the group Diff; (M) of
C’-diffeomorphisms fixing the boundary pointwise is a topological
group in the Whitney topology.

3.2 The diffeomorphisms of D!

Having defined Whitney topology on Diff" (M), we will show that
the first non-trivial diffeomorphism group is in fact contractible by a
convexity argument.

Theorem 3.2.1. Diff}(D') ~ x.

Proof. We will construct a deformation retraction onto the subspace
{id}. This is done by linear interpolation. That is, we claim that
H: Diffy(D') x [0,1] — Diffy(D') given by

(f,t)—»(1—t)-f+t-id

is a continuous and well-defined. In particular, we claim that H(f,t) €
Diff)(D!) for all (f,t). Continuity follows from the fact that when
the manifold is compact and has a single chart, the Whitney topol-
ogy coincides with the topology of uniform convergence of the map
and the first r derivatives. To prove that f; := (1 —t)-f+t-idisa
diffeomorphism, we compute its derivative at xy € [0, 1]:

%(xo) =(1- f)%(xo) +t.
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Since f is a diffeomorphism its derivative is always non-zero, and
since f must be increasing near 0, the derivative is always positive.
This implies % (x) is always non-zero, proving that f; is a local dif-
feomorphism using the inverse function theorem. It also implies that
ft is strictly increasing, and hence injective. Thus it is a diffeomor-

phism. O

This argument proves that Diff;"!(D') ~ Diff}(D"), since both are
contractible. By a similar argument, one also proves contractibility
of the topological groups of diffeomorphisms that are the identity
near D!, or whose value and first r derivatives coincide with those
of the identity at dD', so these are also weakly equivalent. In the
next couple of chapters, we will prove all these variations are weakly
equivalent for all M.

3.3 The strong Whitney topology

As the adjective weak in our definition of the (weak) Whitney topol-
ogy suggests, there is also a strong Whitney topology. This serves to
control the behavior at co when M is not compact. It will not reap-
pear, but we shall give its definition for the edification of the reader.

The strong Whitney topology by sub-basis

Definition 3.3.1. For r finite, the strong Whitney topology on
C"(M, N) has sub-basis given by

N, fAeit A9} {Ki} {ej})

indexed by

- aset],

- f: M — N a C"-function,

- {¢j: M DO V; = W; C R"};cj alocally finite collection of charts
covering M,

- {¢;:ND V]-’ — W]-’ C R"} ¢y a collection of charts,

- {Kj C Vj}je a collection of compact subsets such that f(K;) C Vj/ ,

- {€j} ey a collection of positive real numbers,

and consisting of all g: M — N that are C" and have that property
that g(K;) C V/ and [D'(¢;f¢; ")i(x) — D' (¢jg¢; )i(x)|| < e for all
je€l, xe¢i(K), |I|<rand 1<k <n.

We let C5(M, N) denote C"(M, N) with the strong Whitney topol-
ogy, and CZ (M, N) again by letting C*(M, N) have the coarsest
topology making the inclusion C*(M, N) — C;(M, N) continuous.
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The strong Whitney topology as a subspace of a section space

One may define this in terms of r-jets by taking the fine topology on
the mapping space Map(X, Y) instead of the compact-open topology,
with sub-basis given by

N(f,U)={flidx feUCXxY}

for U C X x Y open. The compact-open and fine topology coincide
if the domain X of the mapping space is compact, from which we
conclude:

Lemma 3.3.2. The identity is a continuous map Cy(M, N) — Cy; (M, N),
which is a homeomorphism if M is compact.

Using the properties of the fine topology on mapping spaces, one
may also prove that composition is continuous, as is inversion of
diffeomorphisms, so that Difft (M) is also a topological group.



4
Collars

In the previous chapter we discussed the Whitney topology and
showed that diffeomorphism groups in this topology were topo-
logical groups. We now start a general discussion how groups of
diffeomorphisms with different boundary conditions and differentia-
bility conditions compare, which serves as an excuse to revisit some
differential topology. As before, references are [Hirgs, Wal16].

4.1 Comparing diffeomorphism groups

Let M be an m-dimensional compact smooth (i.e. C*°) manifold with
boundary oM. Then there are several variations of its diffeomor-
phism group that one may define.

(1) Firstly, we have a choice of differentiability condition, i.e. for » €
IN U {c0} we may let Diff}(D"), etc., denote C"-diffeomorphisms
that are the identity on dD" in the (weak) Whitney topology
discussed in the previous lecture.

(2) Secondly, we can change the boundary conditions:

- Diff) (M) denotes those diffeomorphisms that are the iden-
tity pointwise on dM and all of whose derivatives coincides
with those of the identity on oM.

- Diff) ;;(M) denotes those diffeomorphisms that are the iden-
tity on an open neighborhood of 0 M.

If we give these the subspace topology, they are all topological
groups and we get a commutative diagram of inclusions of topologi-
cal groups:

Takeaways:

- All reasonable variations on diffeo-
morphisms are weakly equivalent.

- Collars exists by flowing along
an inwards pointing vector field
constructed using a partition of
unity.

- By “sliding along a collar” you can
make families of diffeomorphisms
be the identity on a neighborhood of
the boundary.
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Diff} ,, (M) — Diff} ,(M) —— Diff}(M)

[ [ |

Diff] ,, (M) — Diff§ ,(M) —— Diff3(M)

! ! [
w w w

Diff§, (M) —— Diff§, (M) —— Diffy (M).

Theorem 4.1.1. All these inclusions are weak equivalences.

This will take the next few lectures to prove, and during the proof
we will also discuss:

- Partitions of unity.

- Existence and uniqueness of collars.
- Weak Whitney embedding theorem.
- Existence of tubular neighborhoods.
- Approximation by smooth functions.

In this chapter we will discuss the left horizontal arrows and
collars, and it will not be necessary that M is compact.

4.2 Collars

Our main tool be the existence of collars.

Definition 4.2.1. If M is a C"-manifold with boundary dM, a collar
is a C"-embedding c: 0M x [0,1) — M that is the identity on the
boundary.

The existence of collars uses two important tools for studying
manifolds: patching together local data using partitions of unity, and
flowing along vector fields.

Definition 4.2.2. A partition of unity subordinate to an open cover
{U;}ie; of a topological space X is a collection of continuous func-
tions #;: X — [0,1] such that
(i) foralli € I, the support supp(7;) == cl{x € X | ;(x) # 0} is
contained in Uj;,
(ii)  only finitely many #; are non-zero at a given point p € M,

(i) Yiermi=1

Partitions of unity exist if X is paracompact, and one of the rea-
sons that topological manifolds were assumed to be second countable
Hausdorff is because this implies they are paracompact.

oM

Figure 4.1: A collar of oM.
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Lemma 4.2.3. If {U;}ic; is an open cover of a C"-manifold M, then there
exists a C"-partition of unity subordinate to this open cover.

Proof. If the U; are contained in charts, this may deduced by convo-
lution as explained in Chapter 6." The general case may be deduced
from this; take a second open cover {V;};c; with each V; contained in
a chart. Then we take the open cover {U; N Vj}i,je 1xJ, and construct
a C’-partition of unity #; ;. Now take 1; = } ;c;7;;, which is well-
defined since only finitely many 7; ; are non-zero at each point. O

We will use partitions of unity to produce a vector field X on M
that points inwards at the boundary.

Definition 4.2.4. A vector field X on M points inwards at p € oM if
all charts M D V — W C R™~! x [0,00) around p, we have that the
mth component X (p),, in the expression X' (p) = Y./*; X(p);0/9x;
is strictly positive. It is said to be inwards pointing if it is inwards
pointing at all points of dM.

Note that the condition for a vector field to be inwards point-
ing at p is true in all charts around p if and only if it is true in one
chart around p, and that this condition is convex, i.e. if X and ) are
inwards pointing at p, thensoist- X + (1 —t)-Y forall t € [0,1].

Lemma 4.2.5. There exists an inwards-pointing vector field.

Proof. We can clearly produce such an inwards-pointing vector field
locally; just take d/0dx;,; in some chart and pull back the vector field
(which you can do along a diffeomorphism).

To produce an inwards-pointing vector field on M, take a locally
finite open cover {V;};c; by charts and a C” partition of unity {#; }ic;
subordinate to this open cover. For each V; take &} to be the pull back
of d/0x,, as describe above. Then Y, 17;&; does the job, because the
space of inwards pointing vector fields is convex. O

Now consider the following the ordinary differential equation on

M given by
Lot = X1, 42)

with initial condition (0) = p € M. We claim that its solutions exist,
are locally unique, and depend C” on t and the initial condition p
(note for p € dM, we may only take t > 0). To prove this, it suffices
to prove this is in a chart around the initial condition p € M —a
transition function between two charts takes a solution to a solution,
so this is well-defined — and in that case we can apply the Picard-
Lindelof theorem.

* This is the only case that we will use
in this chapter.

oM M

3 — — — -

Figure 4.2: An inwards pointing vector
field.

oM

li

Py Yy

—
o A A
/

A A4

Figure 4.3: Flowing along an inwards
pointing vector field.
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Definition 4.2.6. There is an open neighborhood U of M x {0} in
M x [0,00) and a C"-map

by U—-> M
() = 7p(t)

where 7, is the solution of (4.2) with initial condition y(0) = p € M.
This is called the (non-negative time) flow of X .2

We shall use @ to produce a collar using the inverse function
theorem. The tangent space of M at ¢ € dM is a direct sum of
T;0M and a one-dimensional normal direction M /T;0M. With
respect to this direct sum decomposition, the derivative of @y at
(9,0) € UN (oM x [0,00)) is given by idr gy and the projection of
A to the normal direction. We arranged that the latter is positive
in charts, so the differential is bijective and we conclude that ¥ :=
Dy |un(@amx[0,00): UN (OM X [0,00)) — M is a local diffeomorphism.

It might be not injective yet, but may be fixed by shrinking U
using the following point-set lemma, see e.g. Corollary A.2.6 of
[Wal16]. This requires the existence of a metric on M, which exists by
Urysohn’s theorem.

Lemma 4.2.7. If Y is a metric space, f: Y — Z is a continuous map such
that f is a local embedding and for X C Y we have that f|x is injective,
then there is a neighborhood U of X in Y such that f|y; is an embedding.

Proof. O

Since Y is the identity on oM x {0}, we may thus shrink U so that
¥ is an embedding. By picking a C’-function €: oM — [0, ) such
that (g,te(q)) € U for all t € [0,1], we may finally produce our collar
as

c:oMx[0,1) - M
(p,t) = ¥(p, te(p))
and thus have proven the following theorem:
Theorem 4.2.8. Collars exist.

Remark 4.2.9. We did not prove the optimal result. If we already had
a collar ¢ near a closed subset C of M, then we could have used the
same technique to produce a collar ¢ that coincides with ¢ near C.
This can be used to prove that the collars are unique up to isotopy
(i.e. for every two collars c1,¢p: OM x [0,1) — M there exists a map
[0,1] — Embyy(0M x [0,1), M) that begins at ¢; and ends at c;. More
generally it may be used to prove that the space of collars is weakly
contractible.

> We have only > 0 because we have
a manifold with boundary and do not
want to flow “out of M.”
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Gluing manifolds along their boundary

A first application of collars is to show that gluing manifolds along
a diffeomorphism identifying their boundary is well-defined; that is,
given C"-manifolds N and M and a C"-diffeomorphism ¢: N — dM,
there is a C" structure on N Uy M agreeing with the C" structure on N
and M. Because a C"-structure may be defined locally, after picking
collars it suffices to give a C’-structure on ON x (—1,0] Uy M x [0,1)
agreeing with those on 0N x (—1,0] and oM x [0,1). Now note

that we can use id Uy ¢ to identify ON x (—1,0] Uy oM x [0,1) with
ON x (—1,1) which clearly admits a C"-structure. This C’-structure
obviously agrees with the one on N x (—1,0], and agrees with the
one on oM x [0,1) since ¢ was a C’'-diffeomorphism. The uniqueness
of collars up to isotopy discussed above implies the C"-structure is
independent of the choice of collars.

4.3 The left horizontal arrows

We shall now prove that inclusion Diff}) ;;(M) — Diff; ,(M) of
(4.1) is a homotopy equivalence. This proof involves the gluing
construction described at the end of the previous section, and a
“sliding along a collar”-construction common in differential topology.

Proposition 4.3.1. Forallr > 1, the inclusion i: Diffy ;(M) —
Diffy (M) is a homotopy equivalence.

Proof. Letc: oM x [0,1) - M beacollarand 7: (—1,1) — (—1,1) a
C’-embedding that is the identity near 1 and maps [0,1) to [1/2,1),
e.g. Figure 4.4. Consider the manifold

M := (M x (—1,0]) Uy M,

which has an extended collar ¢: oM x (—1,1) — M.

Recall that the boundary condition imposed on elements f of
Diff} (M) is that at dM, f and its first r derivatives coincide with
the id and its first r derivatives. Thus Diff} (M) is homeomorphic to
the subspace of Diff' (M) of diffeomorphisms that are the identity on
oM x (—1,0]. Similarly Diff ;;(M) is homeomorphic to the subspace
of Diff" (M) of diffeomorphisms that are the identity on a neigh-
borhood of 0M x (—1,0]. It hence suffices to construct a homotopy
equivalence between these two subspaces of Diff" (M).3

The homotopy inverse r to i is given by “sliding along the collar.”
That is, we define an embedding s,: M — M by

._ {5(%'70)) if p=2(q,t) € (M x (—1,1))
sy(p) = .
p otherwise

~ 1

Figure 4.4: A C"-embedding that is
the identity near 1 and maps [0,1) to
[1/2,1).

3 By convention, we use the (weak)
Whitney topology, not the strong one.
Since M is not compact, these do not
coincide. However, they do coincide
when restricted to the subspaces of
Diff" (M) that play a role in our proof.
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and map a diffeomorphism f of M coming form Diff} (M) to the
following diffeomorphism:

sypofos,Hp) if pesy(M)
p otherwise.

r(f)(p) = {

This may be described by saying we insert f in the image of s, and
extend by the identity. By construction it is the identity on the neigh-
borhood ¢(dM x (—1,1/2)) of IM.

To obtain homotopies i or ~ idDiffgrD( myand roin idDiffs/u( M), We
isotope 7 to the identity through embeddings that are the identity
near 1 and map [0,1) into [0,1) by linear interpolation. We shall
only do the case i o . Let us denote for s € [0,1] an embedding
Syt M — M by

_Jelg, (T =s)n(t) +st) if p=2E(qt) € (M x (=1,1))

s (p) = p otherwise.

Then the homotopy DiffS,D(M ) x [0,1] — Diffgl p(M) fromiortoid is
given by sending

(fs) — (pH{sn,sOfosmg(p) ifpes,?(M))' .

p otherwise.



5
The exponential map

In Proposition 4.3.1 we showed that in the commutative diagram
below, the left horizontal maps are weak equivalences, and in this
chapter we show that the right horizontal arrows are weak equiva-
lences too. References for this chapter are again [Hirgg, Wal16], but
also [Mil63].

Diff} ,;(M) —— Diff} ,(M) —— Diff}(M)

[ [ |

Diff} ;(M) —— Diffj ,(M) —— Diff5(M)
! ! I
| | |

Diff§’; (M) —— Diffyp (M) —— Diffy’ (M)

5.1 The exponential map

In this section, we still allow non-compact M. For convenience, we
shall start with the assumption that M has empty boundary and
explain how to weaken this later.

The definition of the exponential map requires a Riemannian
metric, which exists by an argument analogous to that proving the
existence of an inwards-pointing vector field in Lemma 4.2.5:

Lemma 5.1.1. M admits a C*°-Riemannian metric," unique up to homotopy.

Proof. We use that the space of Riemannian metrics is convex. This
means that is contractible as soon as it is non-empty. A Riemannian
metric exists because Riemannian metrics exist locally, i.e. on open
subsets of IR, and using a smooth partition of unity we can combine
these local Riemannian metrics to a Riemannian metric on M. O

Takeaways:

- Exponential maps exist by moving
along geodesics with given initial
position and velocity.

- Exponential maps are used to
produce tubular neighborhoods.

- They may be also used together
with collars to do a linear inter-
polation using geodesic segments
or “bend straight” derivatives of a
diffeomorphism at the boundary.

* A Riemannian metric may be given
in a chart by a symmetric matrix g;;
of functions. It is C* if each of these
functions is C*. If M was only C’, it
would only admit a C"-Riemannian
metric.
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Let us fix a smooth Riemannian metric ¢ on M. For a C!-path
v: R D [a,b] — M, the derivative 9/(t) is an element of TM and we
can evaluate g: TM ® TM — R on /() ® 7/(t) to get its squared
length ||7/(#)||?> € Rx, and its (non-negative) square root ||/ (t)||.
We can then define the length and energy of y as

= [l e = o) [ 70

By Cauchy-Schwarz we have that

- (/abwu)ndt)z < ([ a) ([ 1 epar) - ecn

with equality if and only if ||7/(t)|| is constant, i.e. -y is parametrized

by arc-length up to rescaling.

Example 5.1.2. The geodesics on the
Definition 5.1.3. A Cl-path y: R D [a,b] — M is said to be a geodesic? 2-sphere with standard spherical metric
. . . . .. th ths that locall incide with
if for all a’ < b’ in [a, b], the restricted path ¥|(y | is a local minimum ;’fzat ziclieas s That focally comarde wi

for the energy function3 among C!-paths with the end points y(a’)

d ( b/) 2 A notion which of course depends on
and 7y ’ the choice of Riemannian metric g.
Variational calculus tells us that 1 is a geodesic if and only if it ? Equivalently of the length function if -y

. . . Lo is parametrized by arc-length.
satisfies the Euler-Lagrange equations for this variational problem. In

this case, the Lagrangian is given by L := || — [|>: TM — R and the
Euler-Lagrange equations with respect to coordinates (x;,v;) on TM are
given by

d oL oL

E{Tvr - aTcr = (5.1)

for all . To deduce this, one may work in charts and evaluate L on a
small perturbation y + €7 for € > 0. The derivative with respect to €
must be zero at € = 0, and this gives (5.1).

Writing g;;(x) for the Riemannian metric in local coordinates, we
may write out these differential equations as

= 2* (ng 1> ): ag” 7 = 228 22 %ri %7] Z ail] 1), (5.2)
1

which is an equation expressing the second derivative of y in terms

of a quadratic function of the first derivatives.# We can rewrite this as +Ideally we would have written 7/ with
v} with superscripts, in accordance to

a system of ordinary differential equations ) ,
the convention that subscripts refer to

dx; dv; . sections of the cotangent bundle and
T =v; and I = —F;k(x)vjvk, (5.3) superscripts to sections of the tangent
bundle.

where the Christoffel symbols F;.k, which are smooth maps T*M ®

. Remark 5.1.4. This is the same differ-
* *
T"M — T"M obtained from (5.2) as ential equation as the one that arises

3 9 when defines a geodesic as a parallel
IS — Z srl _ 8ij + ag ri + 8jr path, in the sense that parallel transport
U - g 2 Xy ox i ox; along 7/ preserves /. This shows that

the length of 9/ is constant, so that

a geodesic can also be defined as a
local minimum for ¢ instead. Since the
energy has a quadratic term, however,
finding minimizers for the energy
functional is a more robust problem
than finding minimizers for the length
functional, see Chapters 10-12 of
[Mil63].
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where g" denotes the inverse of the metric (that is, the dual metric
T*M ® T*M — R). Note that Ffj depends smoothly on x, as g does.

Applying existence and uniqueness of solutions to (5.3), we obtain
the following:

Lemma 5.1.6. For all p € M there exists a neighborhood U C M of p, and
an € > 0, such that for each q € U and v € T;M with ||v|| < € thereis a
unique geodesic vy: (—2,2) — M satisfying y(0) = g and ' (0) = v.5 The
geodesic depends in a C*°-manner on q and v.

Definition 5.1.7. There is an open neighborhood V of the o-section in
TM, such that there is a C"-map

I:Vx(-22) =M

with the property that I'(, ) (—22): (=2,2) — M is the geodesic
through g with tangent vector v.

The exponential map exp: V — M is obtained from I' by evaluating
attime 1 € (—2,2). Itis a C®-map, and it is useful to know its
derivative at a point (p,0) in the 0-section. The tangent space Ty0)V
canonically is a direct sum T;M @& T;(M) and by construction in local
coordinates for small times (equivalently near the 0-section) we have
that ;(t) = x; + tv; + higher order terms, so that the derivative is
given by the addition map +: T, o)V = ;M & T;M — T;M.

Non-empty boundary

If M has non-empty boundary, we construct an exponential map by
picking a collar for M and a Riemannian metric that is of the form
¢ = gy + dt? on the collar with g3 a Riemmannian metric on M. The
only difference is that I' will not be defined for negative time at the
boundary, unless v lies in TOM.

5.2 Tubular neighborhoods

We start by giving a classical application of the exponential map; the
existence of tubular neighborhoods. This will be used in the next
chapter. For convenience we shall again assume at first that M has
empty boundary. We may identify the tangent bundle TM to a C’-
submanifold M C N with a sub-vector bundle of the tangent bundle
TN restricted to M.

Definition 5.2.1. The normal bundle v, is the quotient vector bundle
TN|pm/TM. We let 7, : TN|p — var denote the projection.

This vector bundle has the property that its transition functions
are C", which means its total space also has the structure of a C’-
manifold.

Remark 5.1.5. In fact, a stronger claim
is true by our assumption that M is
compact; geodesics are in fact defined
for all of R instead of just (—2,2).

5 The choice of the number 2 here is of
course arbitrary.

Remark 5.1.8. The exponential map
should remind the reader of the ex-
ponential map for Lie groups. This is
amap exp: g — G, in general only
defined on a neighborhood of 0 in g.

In this analogy, the space of C* vector
fields TC™ (M, TM) is the “Lie algebra”
for the group Diff*(M). This is a useful
point of view, but suffers from the
unfortunate defect that in contrast with
the case of Lie group, the exponential
map for diffeomorphisms is not locally
surjective, see [Mil84].
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Definition 5.2.2. A tubular neighborhood is an C"-embedding

®: vpr — N such that ® is the identity on the 0-section and the
composition 7t o D®: Tvy = TM B vy — TN — vy is the identity on
VM-

Theorem 5.2.3. Every compact C"-submanifold M C N with empty
boundary has a C" tubular neighborhood.

Proof. Given a Riemannian metric, we may identify vys with the
orthogonal complement to TM in TN|;. We may then apply exp to
an e-disk bundle Devyy C v for € > 0 small enough such that exp
is defined on D, (this exists since M was assumed compact). By the
above computation its derivative is

TM & vy — TN

(v,w) —»v+w,

and hence is bijective of the desired form. By the inverse function
theorem this is a local C"-diffeomorphism, and since exp is the iden-
tity on the O-section, a point-set lemma implies that by decreasing e
the map exp: Devpr — N is an embedding (this also uses that M is
compact).

We may then identify D.vy; with vy by a fiberwise applying the
map

o [ntreinesiel o £ o,

0 ifv=0,

where 7 (—) is a strictly-increasing function that is the identity near 0
and has image [0, €). O

Remark 5.2.4. This proof does not give a relative version of existence,

but one can again prove uniqueness up to isotopy and in fact that the
space of tubular neighborhoods is contractible.

Non-empty boundary

If M has non-empty boundary, we should consider only embeddings
@: M — N that are neat (see Figure 5.3).

Definition 5.2.5. An embedding ¢: M — N is neat if it satisfies the

following two properties:

- ¢ 1(ON) = aM,

- for each p € OM thereisa chart : N DV — W C R"! x [0,00)
such that =1 (R~ x [0,00)) = MN V.

Figure 5.1: A tubular neighborhood for
S' c R2

Figure 5.2: The function 7.
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Then we may pick a collar for N and Riemannian metric such that
¢ = ¢lan + dt? on the collar and TM|yy = TOM & %, i.e. M leaves the
boundary orthogonally. This is proven in Section 2.3 of [Wal16]. Then
the argument above also gives a tubular neighborhood of M.

| |

oM M oM M

Figure 5.3: A neat submanifold (left)
and a non-neat submanifold (right).

5.3 The right horizontal maps

We shall now show that the inclusion
Diff} (M) < Diffj(M) (5.4

is a weak equivalence.

The main idea is to use geodesics to interpolate between f €
Diffy(M) and id near oM. We shall restrict to compact M and shall
show that

Diff} ;;(M) — Diff} (M)

is a weak equivalence.

We begin by noting that for each diffeomorphism f € Diffy(M), y )
there exists a € > 0 such that f(dM x [0,€]) C dM x [0,1]. By further
decreasing €, we may arrange that forallg € oM and t € [0,¢€],
there is a unique geodesic segment from g to 7y (f(g,t)) € oM.
This depends in C®-manner on g and 7y (f(g,t)), though of course
tom(f(g,t)) only depends in a C"-manner on (g, ).

Let @: [0,1) — [0,1] be a smooth function that is 0 near 0, and 1
near 1. Letting y(f,q,t): [0,1] — 0M denote the unique geodesic seg-

ment from g to 71y (f(g,t)) in OM (if it exists, which by assumption

it does if t < €). Then we may write down the following smooth map 1
M — M: Figure 5.4: The function @.

) {(v(f,q, H@(L), (1= @(E)t+@()moy(f@1) ifp=(q.1) M x[0,¢),

f(p) otherwise,
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where the first expression gives a point in dM x [0, €).

If € is small enough, this is a diffeomorphism. By construction,
it is the identity on a neighborhood of dM. If € is small enough, by
interpolating between @ and the smooth function [0,1) — [0, 1] that
is constant equal to 1, we obtain an isotopy f(l_f) .0 between fo
and f. To justify these arguments about small enough €, one can may
the result that embeddings are open when the domain is compact,
Theorem 2.1.4 of [Hirg4].

Theorem 5.3.1. The map Diffy ;;(M) < Diff) (M) is a weak equivalence.

Proof. Suppose we are given a commutative diagram

s —" . Diff] (M)

| ]

pi+t —H_, piffh (M)

then we need to provide a homotopy through commutative diagrams
to one where there is a lift.

Let e(f) > 0 satisfy all the conditions used above; (i) f(dM x
[0,€]) C aM X [0,1], (ii) there is a unique geodesic segment from g
to mynm(f(gq,t)) forall g € oM and t € [0, €], (iii) for all T € [0, 1], the
map f~(17'r) 1 1. is a diffeomorphism. This depends in a continuous
manner on f, and since Di*! is compact, there is a single ¢y > 0
which works for all Hs for s € D', Then the desired homotopy is
given by

[011] >5T— (HS)(lfr)Jrrw'

It is clear from the construction that this preserves the property
that a diffeomorphism lies in Diff§;;(M), and that for T = 1 we land
in Diff};(M). O

Application to the topology of diffeomorphism groups

We can use the techniques of the previous proof to prove that the
Diff}) ;;(M) is locally contractible for compact M, where we shall
assume for convenience that M has empty boundary.

Proposition 5.3.2. If M is compact with empty boundary, then Diff" (M) is
locally contractible.

Proof. It suffices to prove that there exists a neighborhood U of id,

which deformation retracts onto id;. Fix a Riemannian metric, then
there exists an € > 0 such that for all v € TM with ||v]| < €, there is
a unique geodesic from 77(v) to exp(v), where 7r: TM — M denotes
the projection.
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Let us take the open subset of C*°(M, M) consisting of those
diffeomorphisms whose graph lies in the open subset of M x M
consisting of (v,exp(v)) for ||v|| < e. For each such diffeomorphism
f we may write down a canonical geodesic interpolation f; from
fo = ftofi = idy. Foreach t € [0,1] this is a smooth function
depending continuously on f. Since diffeomorphisms are open in the
smooth functions, by shrinking U, we may assume that all of these
paths consist of diffeomorphisms. O

The case r = 1

Let us also show that in the case r = 1 the map (5.4) is a homotopy
equivalence without requiring M to be compact. I believe this proof
may be modified for » > 1, but the details are involved.
Understanding the map (5.4) amounts to understanding the
difference between Diff} (M) and Diff%rD(M ). Pick a C®-collar
c: OM x [0,1) — M, and identify the image of ¢ with oM x [0,1)
to reduce the amount of notation. For p = (g,t) € oM x [0,1),
the tangent space T, M decomposes as T;0M & €, with € the trivial
sub-bundle spanned by %. Since both Diff} (M) and Diff},, p(M) fix
pointwise the boundary dM, the T;0M-component of their deriva-
tives equals the identity in both cases. For Diff} (M) the derivative
is also the identity on €, but for Diff}(M) this may not be the case.
The difference is thus that the derivative at p = (g,0) of f €
Diff%rD(M ) may be described by a matrix of the form

idroy O
D,f = q
vf [ 0 idj

while the derivative of g € Diff}(M) may be described by a matrix of
the form

Dyg = (5-5)

idrom  X(8)(9) ]
0 Ag)(q) -ide |

with A(g): @M — (0,0) a C'-function and X (g) a C'-vector field on
OM (which is the same as a fiberwise linear map € — ToM).

Theorem 5.3.3. The map i: DiffaD(M) < Diff} (M) is a homotopy
equivalence.

Proof. We continue the notation used above. We shall deform a C!-
diffeomorphism g € Diff} (M) into Diff%)/D(M) in two steps. Firstly,
we shall do a scaling in the collar direction to make A equal to 1.
Secondly, we will use I' to make & equal to 0.

Step 1 — rescaling A Recall that A(g) denotes the C"-function A: oM —
(0, 00) appearing in (5.5). This depends continuously on g. The

45
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idea is that by scaling the collar in the [0, 1)-direction, we can scale
A(g) by a positive function.

y n(2) vy n(1/4)

1 1

1/2 1/2

Pick a map #: (0,00) — C*([0,1),[0,1)) such that the adjoint
(0,00) x [0,1) — [0,1) is smooth, %(]) is a C"-diffeomorphism
that maps 0 to 0, is the identity on [1/2,1) and has derivative 1/1
at 0 and so that 7(1) is the identity. Using this we can define a
continuous map 77: C'(9M, (0,0)) — Diff} (M) by sending A to the
diffeomorphism given by

) {(q,rm(qw)) if p = c(9,1)

p otherwise

Consider the composition

7(Ag))og

which is a new C!-diffeomorphism of M, whose derivative at
(9,0) € oM given by the composition

rdT,,aM Y(9) Hidw X(q) ] _ fdw Y(g) + X (q)
0 1/A(q)ide 0 Ag)ide 0 ide ’

where ) (q) involves the derivatives of A(g) with respect to ¢. Thus
the composition 7(A(g)) o ¢ has function A = 1. We may interpolate
from g to this diffeomorphism by taking the isotopy

0,1]>t—7f(l—-T+7TA(g))0g

This gives a homotopy H1: Diff;(M) x [0,1] — Diff}(M)
whose values on the subspace Diff} (M) x {1} lie in the subspace
Diffé, 1—1(M) where A = 1. Since #(1) = id, this homotopy is
the identity on Diff%/D(M ). We denote the end result at T = 1 by
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Step 2 — substracting X Now that we have made A equal to 1, it re-
mains to make X equal to 0. We will use I' to do this.

The idea is that given a vector field X on dM, the diffeomorphism
of oM x [0,1) given by (g,t) — (T'(gq, —X(v),t),t) has derivative at
(9,0) given by
. Y
idrom  —X(q) 1
0 ide

and thus can cancel X'(g). Suitably interpolating to the identity
near oM x {1}, we can extend this diffeomorphism M, and then
compose it with H to kill X'(Hj).

This interpolation is accomplished by picking a C!-function
p: [0,00) — [0,1) that has derivative 1 near 0, that is 0 on [1/2, o).
Another concern is that we can only follow the geodesic X (q) £

for a small time depending on X'(7). Thus we also need to pick
a C"-function 0: TOM — (0,1) such that I'(g,v, t) is defined for
|t| < o(g,v). We then define

Figure 5.5: The function p.

po(q,0,t) = c(q,0)0 (t/0(q,0)) -
which has the effect of modifying p so that its values never exceed
o(g,v), while keeping its derivative 1 at 0.

Let TC' (0M, ToM) C T(M, ToM) denote the subspace of C! vector
fields in the Whitney topology. We can define a continuous map
G: T (0M, TOM) — Diff} (M) by sending X to the diffeomor-
phism given by

(Tlg, —X(9), oo (q, —X(q),1)],£) if p=rc(q,t)
p otherwise

For g € Diff;l), 1—1(M), recall that X'(g) denotes the C"-vector field
X appearing in (5.5), and consider the composition

G(X(g))og

which is a new C!-diffeomorphism of M. Its derivative at (g,0) €
oM is now given by the composition

7

draom —X(q)| |idrom X(q)| _ |idrem  —&(q) + X(q)
0 ide 0 ide 0 ide

which is the identity. We may interpolate from g to this diffeomor-
phism by taking the isotopy

0,1] 37— G(T-X(g))og.
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This gives a homotopy H?): Diff%r =1 (M) x [0,1] — Diff},, 1=1(M)
whose values on the subspace Diff}) ,_; (M) x {1} lie in Diffél,,D (M).
Since G(0) = id, this is the identity on Diff} ,(M). We denote the
end result at T = 1 by H{Z) (9)-

Thus the homotopy inverse is given by r: g +— Hl(z) (Hl(l) (g)), and
the homotopies provided in steps 1 and 2 above give homotopies
from i or and r o to the identity. O



6
Convolution

In the previous two chapters we showed that in the commutative
diagram below all horizontal maps are weak equivalences, and now
we show that the middle vertical arrows are weak equivalences. The
results of this chapter are also discussed in [Hirg4], in Section 2.2.

Diff} ;(M) —— Diff} ,(M) —=— Diff}(M)

[ [ |

Diff} ;(M) —— Diffj ,(M) —=— Diff5(M)
|
| | |

Diff§’;(M) —— Diffy’p (M) —— Diffy’ (M)

6.1 Weak Whitney embedding theorem

We shall use a technique to increase the smoothness of functions

by convolving them with bump functions, essentially averaging
them locally with the goal of making them smoother. This averaging
procedure requires a notion of translation, and it is enough that this
translation exists locally. We construct it by giving an embedding

of M into an open neighborhood of Euclidean space and using the
globally defined translation on RN. To do so we must show that we
can embed M into Euclidean space.

Theorem 6.1.1. Every compact C"-manifold M with empty boundary admits
a C’-embedding ¢ into some Euclidean space RN.

Proof. Let {V;}X_, be a finite cover by charts ¢;: M D V; = W; C R™,
which exists by compactness. Let {’71‘}?:1 be a C" partition of unity

Takeaways:
- Every compact manifold can be

embedded in a Euclidean space.

- Convolution with a bump function

makes functions smoother, and
can be applied to maps between
manifolds using embeddings and
tubular neighborhoods.

- The differentiability of diffeomor-

phisms does not affect the homotopy
type of the diffeomorphism group,
because the condition of being a
diffeomorphism only involves condi-
tions on the underlying continuous
function and the first differential.

- Convolution can be used to produce

a weakly equivalent simplicial
group of diffeomorphisms, without
reference to the Whitney topology.
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subordinate to this finite cover. Let us define the functions
q_)l'i MDYV, — R 1

(1i(x), mi(x)pi(x)) if x € supp(n;) C V,
0 otherwise,

X —

which are well-defined C" functions. Then we define a C"-map

¢: M — RFmHD),
x = (P1(x),..., Pr(x)).

This map is injective, because if ¢(x) = ¢(y), then this means that
7i(x) = n;(y) # 0 for some i, so both lie in the same V;, and then
we can recover x and y from the #;(x)¢;(—) part ¢; by dividing by
17i(x) = 5;(y). The image ¢ is a compact Hausdorff space, so ¢ is in
fact a homeomorphism.

To check it is a C"-embedding it thus suffices to check that the
differential is injective. Suppose that 7;(x) # 0. Then it suffices to
prove that the differential of ¢; is injective at x. Let us compose §;
with the C"-diffeomorphism p: (0,00) x R™ — (0,00) x R™ that sends
(x0,--,xm) to (xo, xlT,xl' ..., xl—oxl). Then p o ¢; has injective differential
at x if and only if ¢; has. But p o ¢; is given by x — (17;(x), ¢;(x)), and
hence its differential is injective between ¢; was a chart. O

A similar proof gives a relative version: given a compact C'-
manifold M, a closed subset D C M containing dM and an open
subset U C M with an C"-embedding ¢o: U — RN, there ex-
ists a C'-embedding ¢: M — RN +N’ that near D coincides with
@o: U — RN — RN+N ", This implies uniqueness up to isotopy after
possibly increasing N. The same technique may be used to show that
Emb(M, R*®) := colimy_,oEmb(M, RY) is weakly contractible.

Non-empty boundary

Recall that we prefer our embeddings ¢: M < N of manifolds with
boundary to be neat, cf. Definition 5.2.5: (i) 91 (dN) = 9M, and (ii)
for each p € OM there is a chart : N D V — W C R"~! x [0,00) such
that =1 (R"~! x [0,00)) = MN V.

The relative existence and the existence of collars can be used to
construct neat embeddings of manifolds with boundary. To do so, we
will need a small addendum to relative version stated before; if the
last coordinate of ¢y is larger than R on M \ U, then we can find ¢
such that the last coordinate of ¢ is larger than R — € for any € > 0.

Proposition 6.1.3. Every compact C'-manifold M with boundary admits a
neat C"-embedding ¢ into RN~1 x [0, c0).

Remark 6.1.2. There are stronger
versions of the Whitney embedding
theorem. Transversality will get you to
R2m+1 gee Proposition 12.1.7. Using
the Whitney trick, one can improve

this to R?", see Theorem 18.1 4. Using
this, one prove the existence of proper
embeddings of a non-compact manifold
into R?". A relative version will prove
that Emb(M, RN) is high-connected, see
Lemma 34.1.1.
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Proof. Pick an C’-embedding ¢, of 9M into RN'. Then using a collar
c: M x [0,1) < M, we can extend this to an embedding of the image
of the collar into RN' x [0, 00) by simply taking ¢o(q,t) = (¢3(q), t)
if x = c(q,t). By applying the previous proposition with addendum
we can extend this without modifying the embedding near oM

nor intersecting the hyperplane with last coordinate equal to 0, i.e.
staying inside RN x [0, c0). O

6.2 Approximation by smooth functions

We first discuss this smoothing on functions on Euclidean spaces.
We then generalize this to manifolds using the Whitney embedding
theorem and tubular neighborhoods.

Approximation on Euclidean spaces

The main tool for smoothing is convolution, see Chapter I of [DK10].

Definition 6.2.1. The convolution f x g: R" — R" of a compactly
supported continuous function f: R” — IR with a continuous
function g: R" — R™ is given by

(f*g)(x) = fle—y)g(y) = fy)gx —y).
yeR” yeR? Y
By differentiation under the integral sign, this inherits the smooth-
ness of f. Thus to obtain smooth approximations, one lets 1: R" —
[0, 00) be a C*®-function with support in D" such that f]R,, N =1, see
e.g. Figure 6.1. Then 7. defined by x — Z#(x/€) has support in 1
DZ(0) :== {x € R" | ||x|| < €} and integral 1. Even if g is C", we
still have that #¢ * g is C* for € > 0, and one checks that as e — 0,
e * g — g in the weak C"-topology.

An application of smoothing functions

Figure 6.1: An example of a bump
We thus have a general technique to approximate C’-functions by function 77 on R. One may give a

C*®-functions. As an illustrative example we prove the following. fwo copies of the function given by

0if x < 0and exp(—1/x) if x > 0.

formula by combining appropriately
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Theorem 6.2.2. Every compact C"-manifold M with empty boundary and On R” one may take [T, 5 o 7r;, with

stably trivial normal bundle admits a C®-structure. 7i: R" = R the projection.

Here the normal bundle is stably trivial if for some embedding
¢p: M — RN " the normal bundle is trivial, i.e. isomorphic to the
trivial bundle M x RN~ By the uniqueness of embeddings up to
isotopy upon increasing N, which we will prove later, we see that
eventually ¢ is unique up to isotopy, and this notion is well-defined.
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Proof. Let ¢: M — RN be a C"-embedding into RN, and ®: M x
RN-" — RN be a tubular neighborhood. Here we have used that
sthe normal bundle is stably trivial. Then M is a collection of compo-
nents of the inverse image of 0 under the C"-map 7: RN — RN-"
given by projection to M on ®(M x DN~") and extended by some
smooth map elsewhere. Now approximate 7 by a smooth map by
convolving it with 7. Since 0 was a regular value on ®(M x DN=)
and #e * T — 7t as € — 0 in the weak C"-topology, the same is still true
for 1¢ * 7 for € small enough. Thus the components of (7¢ * 77) near M
form a C*-submanifold M. Consider the map p: ®(M x DN=") — M
given by projecting away the DN~ factor, then p|y is the identity
and thus has injective differential, and thus p|,; also has injective
M — Misa
C’-diffeomorphism from a smooth manifold to M. O

differential for € small enough. We conclude that p

With more effort we could have proven a “strongly relative ver-
sion” of this theorem, which allows one to extend a given smooth
structure to a larger part of the C"-manifold, by noting the above con-
struction works locally because every normal bundle is locally trivial.
Using this one may prove that any C"-manifold with empty boundary
admits a C*-structure (Theorem 2.2.9 of [Hirg4]). Using collars one
may prove the same for C"-manifolds with boundary. The arguments
given later will show that any C"-diffeomorphism between smooth
manifolds is C"-isotopic to a smooth diffeomorphism, implying that
the smooth structure is unique up to isotopy.

Approximation on manifolds

We next explain how to extend convolution to manifolds. Suppose
we have two compact C*°-manifolds M and N, for the moment with
empty boundary. Take C®-embeddings g : M — R, g : N —
RN, and tubular neighborhoods ®y;: vp; — RNM, @) vy — RNV,
Denote the images of the tubular neighborhoods by U(M) and U(N),
and let tpr: U(M) — M and my: U(N) — N denote the projections
onto the 0-section.

There exists an € > 0 such that for any p,p’ € M satisfying
l|[p — p'|| < € (with respect to the Euclidean metric on R"NM), the line
segment [0,1] 5t — t-p+ (1 —1t) - p’ lies in U(M). Similarly, given
a continuous map f: M — N there exists an €(f) > 0, such that the
convex hull in RM of the set f(7tm(Be(r)(p))) is contained in U(N)
forall p € M.

For a continuous map f: M — N, the expression

|y T (=)
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is well-defined for x € M C R™™, because 7 has support in a ball
of radius € and hence x — y never leaves U(M). This is smooth if 7¢
was. If € < €(f), we may apply the C® map 7y to get a C® map we
denote

Ne*x ft M — N.

By construction, as € — 0 this approaches f in the C"-topology.

We have thus extended the approximation technique of the previ-
ous section to manifolds. When M has boundary, some extra care is
required: both embeddings need to be neat and € tuned down near
the boundary. In the next section we will describe a situation where
this extra care is taken in a slightly different manner.

6.3 The vertical arrows
We shall now prove that the inclusions
Diff3’n (M) — Diff) (M)

are weak equivalences for all » € IN.

We start by picking a C* collar neighborhood ¢: dM x [0,1) — M.
We shall pick a neat C*® embedding ¢ < M — RN~1 x [0,00)
such that (pX,}(]RN’l x {0}) = 9dM, and denote ¢ur|am by Pan-
Using the collar we may assume that ¢y is given by ¢yp % id on
oM x [0,1/2]. If we use the Euclidean metric to construct a C* tubular
neighborhood ®y;: vjy — RN~T x [0, ), it will be of the form
Py x id on oM x [0,1/2].

Theorem 6.3.1. The maps Diffy’, (M) — Diffy , (M) are weak equiva-
lences.

Proof. Suppose we are given a commutative diagram

st — s Diff$p (M)

| I

D+t M, Diff) (M),

then we need to provide a homotopy through commutative diagrams
to one where there is a lift. We may start with an initial collar sliding
trick homotopy as in Chapter 4 to make each H; € Diff} , the identity
on oM x [0,1/2].

We define a cut-off version of the convolution construction. Let
us assume € < 1/4, pick a smooth function p: [0,1) — [0,1] that
isOon [0,1/4] and 1 on [1/2,1). Using it we may define a function

53
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p: M —[0,1] by

p(t) ifp=1(gq,t) €M x[0,1)

plp) = 1 otherwise,

and set

(enf) (%) = 7oaa ((1 ~p(x)) £ () +0() |

eRMM

By construction this is the identity ony € oM x [0,1/4 — €], and
it is interpolation between the smooth identity map and a smooth
convolution elsewhere. Thus it is smooth everywhere.

For each s € D'*!, there exists a single e; € (0,1/4) such that
Ne*¥7Hs: M — N is well-defined for € < €; and this depends continu-
ous on s. These are smooth maps M — M converging uniformly to
H; in the C-topology as € — 0. This means that the first derivative of
e*H; is bijective when € is small enough, and since H; is injective,
e*rHs will be injective for € small enough, again depending continu-
ously on s. By compactness of D'*! there exists a single ey € (0,1/4)
such that this is true for all H;. Thus we define the homotopy by the
formula

v2 01 = ((=pen) Herpete [ oG —y)) ).

We remark that this preserves C*-functions. For T = 1, we land in
the C*-diffeomorphisms. O

6.4 Diffeomorphism groups as simplicial groups

We promised a construction of a simplicial group of diffeomorphism
which does not involve the Whitney topology. This is sketched in this
final section of this lecture.

A recollection of simplicial sets

We recall the definition of a simplicial set, see e.g. [GJog]. This is a
different notion of space than topological space,” which is more
combinatorial.

Let A be the category of finite ordered sets, which has a skele-
ton given by [k] = {0,...,k} for k > 0. Then a simplicial set is a
functor Y: A°? — Set. Evaluating on [k] = {0,...,k} we obtain
a collection of sets of Yy for k > 0, called the sets of k-simplices. In
geometric examples, these are k-parameters families of geometric
objects. The inclusions {0, . . ...k} — {0,...,k} induce the face
maps d': Yy — Yy_1, and the map {0,...,k} — {0,...,k — 1} hit-
ting i twice induces the degeneracy map s;: Xy_1 — Xy. These two

e (W) f (a(x —y))) |

* This can be made precise. Homo-
topy theories on a category may be
presented by model category structures.
There is a Quillen model structure on
both simplicial sets and compactly
generated weakly Hausdorff spaces,
and these are Quillen equivalent; this
implies they have the same homotopy
category.
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special types of morphisms generate all the morphisms of A, so the
k-simplices, face maps and degeneracy maps describe the simpli-
cial set completely. To see the reason for these names, note that the
combinatorics of d; are those of the faces of the standard k-simplices
A= {(to,...,.ty) | t; €[0,1],L;t; = 1}.

To every topological space X we can assign a simplicial set Sing(X)
with k-simplices given by the set of continuous maps A¥ — X. These
simplicial sets are Kan complexes, which are the simplicial sets one
should think of as corresponding to topological spaces (the definition
is that they have horn fillers, and they are the fibrant objects in the
Quillen model structure). Kan complexes Y have homotopy groups
;(Y,yo) based at a 0-simplex yy € Yy, see Section 1.7 of [GJog], and
so we can make sense of weak equivalences between them.

A simplicial map is between two simplicial sets is a natural trans-
formation, i.e. consists of maps f;: Y — Z; that are compatible with
the face and degeneracy map. A map between Kan complexes is said
to be a weak equivalence if it induces an isomorphism on all these ho-
motopy groups. A continuous map f: Y — Z is a weak equivalence
in the classical sense if Sing(f): Sing(X) — Sing(Z) is, so if you are
interested in the homotopy theory of spaces, you might as well think
about Kan complexes.

Diffeomorphism groups as simplicial groups

Note that if a space X is a topological group, then each of the sets
Sing(X)y is a group, and all face and degeneracy maps are group
homomorphisms. In other words, it is a functor A°? — Grp, and
hence called a simplicial group. All simplicial groups are Kan by
Lemma 1.3.4 of [G]og].

We will now give a simplicial group weakly equivalent to Sing(Diff; (M) )

whose definition does not involve the Whitney topology. It does un-
fortunately involve manifolds with corners, which are locally mod-
eled on [0, ) instead of R* (manifolds with empty boundary) or
R*1 x [0, 00) (manifolds with boundary).

Definition 6.4.1. Let SDiff;(M) denote the simplicial group with
k-simplicial given by the C’-diffeomorphisms A¥ x M — AF x M that
fix A¥ x 9M pointwise and preserve the projection to A

It follows directly from the definition that the simplicial group
SDiff}y(M) is a sub-simplicial group of Sing(Diff} (M) )y, consisting
of the “smooth simplices.” It is not all of Sing(Diff}(M) )y, as the
1-simplex

= {(to,tl) ‘ t; € [O, 1],f0 +t = 1} — lefr(]R)

(6.1)
(to, t1) — x — x + max(0,tyg — 1/2)
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2 One may similarly define SDiff} , (M)
and SDiff} ;; (M) and these will be
weakly equivalent to SDiff5 (M
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consists of diffeomorphisms and is continuous in the Whitney topol-
ogy, as all partial derivatives converge uniformly on all compact
subsets of R, but is not a 1-simplex of SDiff" (M).

The following is proven by applying the smoothing techniques
of this lecture not in the manifold direction, but in the parameter
direction. For example, in (6.1), this amounts to smoothing the func-
tion x — x + max (0, tp — 1/2). To prevent issues at the boundary, a
preliminary step involving a collar of dAF x M U AF x 9M in AF x M is
required, just like in Theorem 6.3.1.

Proposition 6.4.2. The inclusion SDiff}(M) — Sing(Diff}(M)) is a weak
equivalence.
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Low dimensions






7
Smale’s theorem

We spend the previous three chapters proving that a number of
variations of the definition of a diffeomorphism group are weakly
equivalent. Hence we make the following convention.

Convention 7.0.1. In the remainder of this book, unless mentioned
otherwise, differentiable manifolds and diffeomorphisms are C*.
Diffeomorphisms will always have the weak Whitney topology.

Today we will prove that the diffeomorphism group Diff; (D?)
is contractible, using the proof in [Smasgb]. We will later discuss
isotopy extension, and the alternative proof by Gramain [Gra73].
There are three other proofs:

(1) using complex geometry [EE69], see [EMS88] for a variation,
(2) by modifying Hatcher’s proof for D3 [Hat83],

(3) by using a curve-shortening flow as in [Gra89].

We shall also discuss the related diffeomorphism group Diff(S?), and

start the proof that is weakly equivalent to O(3).

7.1 Squares vs. disks

We shall need to compare diffeomorphisms of the square to diffeo-
morphisms of the 2-disk. This uses the following general construc-
tion.

If M, M’ are compact manifolds of dimension m (possibly with
boundary), and i: M — M’ is an embedding, then there is an
induced continuous map:

i*i lefa/u(M) — Diffa/u(M’)

p if p€i(M),

S ilp) = i(f(i'(p))) otherwise.

This inserts f on the image of i, and extends the identity elsewhere.

Takeaways:
- Diffeomorphisms of D? fixing the

boundary are contractible.

+ The proof of this involves two ideas:

(i) the space of non-zero vector
fields on D? that are equal to &
near the boundary is contractible,
(ii) Poincaré-Bendixson implies the
flow-lines of such a vector field has
to leave D? in finite time.

« This allows one to compute that

Diff(S%) ~ O(3).
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If i is isotopic to 7/, then i, is homotopic to (i'),; an isotopy i
induces a homotopy (i¢)«. Thus if we also have an embedding
j: M' — M so that i and j are mutually inverse up to isotopy, then
iy and j, are mutually inverse up to homotopy. Applying this to the
embeddings of Figure 7.1, we obtain the following:

Proposition 7.1.1. The topological groups Diffy 1;(1) and Diff; 1;(D?) are
homotopy equivalent topological groups.

Remark 7.1.2. Strictly speaking we did not define diffeomorphism of
manifolds with corners, like 2. However, since we require them to
be equal to the identity on a neighborhood of the boundary, we can
equivalently think of Diffy ;;(I?) as a subgroup of Diff(IR?). Wall’s
book has a section on manifolds with corners and smoothing of
corners, [Wal16].

7.2 Smale’s proof

To prove that Diff;(D?) is weakly contractible, it thus suffices to
prove the analogous statements for squares.

Theorem 7.2.1 (Smale). Diff, ;(1?) is contractible.

The idea is to consider for a diffeomorphism f € Diff ;(I%) the
vector field X'(f) on I? obtained by pushing forward &, along f:

X(f)(xy) = (f«(@))(x,y) = Dfp-1(y,) (@)

One can reconstruct f from X'(f) as follows. To avoid issues with
domain of certain maps, let us first remark we may extend X (f) by
the constant vector field &, to a bounded vector field on R?, which we
shall also denote X (f). Then its flow ® y () is defined forall t € R,
see e.g. Proposition 1.4.4 of [Wal16].

Let us now take a point (0,y) € {0} x I and flow for time ¢.
Since X (f) is obtained by pushing forward a vector field on IR?
along a diffeomorphism, we may compute the flow by flowing for
time t along this vector field and applying f. To see this, note that a
flowline 7y of @y (f) is determined uniquely by the equations

%(V(t)) = X(N)(r(1) = (Df) g1(4(1))(e1)

7(0) = (0,).
Butt — f(t,y) also satisfies these equations: f(0,y) = (0,y)
since f is the identity near d1? and %f(t,y) = (Df)(xy) (1) =

(Df) f-1(f(x))(€1). Hence from uniqueness of solutions to ODE’s, we
may conclude that

Dy p)(t0,y) = f(ty).

Figure 7.1: Embeddings of disk into
square, and square into disk, by trans-
lation and scaling. Note that i o j and
joi are isotopic to the identity by linear
interpolation.
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Now that we have shown how to recover f from X(f), the plan is
to use a convexity argument on the vector field X (f). Before doing
so, we start with some preparation.

Observe that X' (f) lies in the space S of non-zero smooth vector
fields on I? that are equal to & on an open neighborhood of 9I2. It is
topologized as a subspace of all smooth maps R?> — R%. Conversely,
we claim that any ) € S gives rise to a diffeomorphism. The con-
struction of this diffeomorphism is essentially by flowing, but there
are some technical details to address.

Let ®y: R x R? — RR? denote the map obtained by flowing along
the vector field )/, where again we have implicitly extended ) to R?
by the constant vector field €. This lemma is one of two places where
we use that we are in dimension 2 in a non-superficial manner. The
second place is when we show that S is contractible in Lemma 7.2.5.

Lemma 7.2.2. Let ) € S, then forall (0,y) € {0} x I there exists a
T(V,y) € (0,00) such that ®y(t(Y,y),0,y) € {1} x I, see Figure 7.2.
This is unique and depends continuously on Y and smoothly on y.

Proof. The uniqueness following directly by remarking that the x-
coordinate increases linearly in t as soon as one leaves I2. Continuity
in Y and smoothness in y follow from Picard-Lindelof.

Existence is less easy. Since ) equals ¢ near 91, if a flow-line
leaves, it has to do so through {1} x I. Thus we see that existence of
T(),y) can only fail if the flow-line does not hit {1} x I.

Suppose that 7: [0,0) — I? is a flow-line that does not hit {1} x I.

In that case, we consider the forwards-time limiting set

o' (1) = () (@)
a>0
It is closed and invariant under the flow. It is non-empty as an inter-
section of nested compact subsets. Furthermore, since ) is €; near
912, it is contained in the interior of I2.

Let us thus pick a point g in c0* (1), then since ) € S we have
Y(q) # 0. Hence there is a straight line segment 7 through g which
is transverse to ) near g, i.e. an affine linear embedding (—1,1) — I?
such that 7(0) = gand all s € (—1,1), Tsn @ V(5(s)) = R?. The subset
7~ 1(im(7)) is discrete, and we can order its non-negative elements
ast) < tp < .... For each 7(t;) € im(7), we introduce the notation

sii= 1" (k).
Claim: either (i) s1 = sp = 0, or (ii) s; is strictly increasing or decreasing
to 0.

Proof of claim. Suppose (i) does not hold. Then for concreteness,
consider the instructive Figure 7.3.

IZ

Figure 7.2: The red line is the flow-line
t — ®y(t,0,y), and the T(Y,y) is the
first and only time where this flowline
hits the side {1} x I of I%.

Example 7.2.3. For X (f), the function
T(X(f),y) is identically 1.

In fact, a similar argument prove the
stronger Poincaré-Bendixson theorem,
Theorem 7.2.3 of [CCoo], which says
that co*(vy) is of one of the following
three forms:

- a fixed point,

+ a union of paths between fixed

points,
- a periodic orbit.
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Sy !

Since 7 is transverse to ) and Y points upwards at s;, any flow-
line through # must point upwards. Thus 7 cannot re-enter the
shaded region through #. By uniqueness of solutions to ordinary
differential equations, it cannot re-enter through . Finally, the
piecewise-smooth Schoenflies theorem® applied to the union S of the
segment of vy between ty and ¢; and the segment of # between sy and
s1, implies that S separates the plane and thus 7 can not re-enter in
any other way. This implies (ii). O

In case (i), uniqueness of solutions to ordinary differential equa-
tions implies 7 is periodic. In case (ii), let ¥ be the flowline through
g. Then co* (/) C o0*(y) and the argument above implies that
co* (') Nim(#) consists of the convergence points of co* (7y) Nim(7)
and hence only of g. Thus 7/ is periodic.

Thus in both cases, we obtain that there is a loop in the interior of
I? along which Y has winding number 1. This implies that it must
have a zero in the interior, by the Hopf-Rinow theorem. We have thus
obtained a contradiction, and 7y must leave. O

It is tempting to define a diffeomorphism

(x,y) = @y(t(V,y) - x,0,y), (7.1)

but this is not the identity near 9I2. It has two defects:
(a) It might do some scaling in the x-direction near {0,1} x I.

(b) A flowline might end up moving vertically, e.g. in Figure 7.2,
we have that the flowline enters at a higher y-coordinate than
the one at which it exists. This means the map is a non-trivial
diffeomorphism ¢()): I — I when restricted to {1} x I.

We have already seen before that these issues do not tend to
matter, and we can get rid of them if we slightly more careful in
(7.1). To address (a), we pick a smooth family of smooth embeddings
z: [0,1] — [0, 00) with the following properties:

(i)  the image of # is [0, T],

Figure 7.3: The flow-line 1y intersecting
the transversal 7.

* We will prove the smooth Schoen-
flies theorem in Theorem 11.1.3, and
the piecewise-smooth version easily
follows.
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(ii)  #¢ has derivative 1 near 0 and 7, and
(i) m =id.
We shall use this to reparametrize the time coordinate.

y 2
2

1/2 e

To address (b), we pick a smooth function p: [0,1] — [0,1] that is
O near 0 and 1 near 1. Given a diffeomorphism ¢: I — I that is the
identity near 91, we define a diffeomorphism of I?

pp: I = I
(x,y) = (x, (1—p(x)) -y +p(x)- ¢ ().

We shall use this to modify the diffeomorphism near {1} x I.
We then define

Yy: 2 = I?
(X, y) = P [Py (1, (x),0,¥)].
Lemma 7.2.4. Forany Y € S, the map ¥y is a diffeomorphism.
Proof. The map Yy is a composition of the three maps
(x,y) = (e(y) (%), 0,),
(ty) = Py(t,0,y),
(X, y) = ()

which are easily shown to have bijective differential. Thus as a conse-
quence of the inverse function theorem, ¥y is a local diffeomorphism.



64 ALEXANDER KUPERS

Thus it suffices to show it is injective and surjective. It will be surjec-
tive as a consequence of the Brouwer fixed point theorem. If it failed
to be injective, this would imply that there exist (x,y) # (x,y’) such
that ¥y (x,0,y) = ¥y(x/,0,y'). Uniqueness of solutions implies that
=y’ and since there are no periodic orbits we must have x = x’,
leading to a contradiction. O

By smoothness of the family 7, the map ¥: S — Diff, ;(I?) is
continuous, and by property (iii) we have that ¥ y(r) = f. Thus it suf-
fices to deform the vector field X' (f) to X (id) = & in S, continuously

in f.

Lemma 7.2.5. The space S smoothly deformation retracts onto the constant
vector field €.

Proof. Identify S with the space of smooth maps 12 — R?\ {0} that
equal ¢] near the boundary. The non-zero vectors may be identified
with R? \ {0}, so pick a lift & of ¢ to the universal cover

p: R?\ {0} — R?\ {0}.

Every vector field in S lifts uniquely to a C®-function X (f): I —
R?\ {0} once we specify that on I x {0} it should take value €. Then
automatically it has value €, on 912 since I? is simply-connected.
Thus we may identify S with a subspace of the space of smooth
maps I — R?\ {0} that are equal to & near 9I°.

Since R? \ {0} is homotopy equivalent to S, its universal cover
R? \ {0} is contractible. Hence there is a deformation retraction
hs, s € [0,1] onto € By the techniques of the previous lecture this
deformation retraction may be made smooth. Then the homotopy

H:8x1[01] =8
(V,s) = pohs(d),

obtained by applying ks to the values of ), is a deformation retrac-
tion of S onto &. O

Proof of Theorem 7.2.1. There is a deformation retraction onto the
identity given by
(f:5) = ¥ (x(p))- =

This proof fails in dimension n > 2 because there may be non-zero
smooth vector fields & that are equal to €] near 0" but have periodic
orbits. These can not be integrated to diffeomorphism f by the above
construction, because then X'(f), the pushforward of the vector field
¢ without periodic orbits, would have to equal X’ (possible up to
composition with some easily understood diffeomorphisms).>

> Here is an example of how to con-
struct such an X. First, take a solid
torus D"~1 x S! with the longitudinal
vector field % for 6 the S'-coordinate.
Embed this solid torus in I" so that
{1} x S! bounds a disk. Then we can ex-
tend the vector field to a non-zero vec-
tor field on this disk, as 711 (S"~1) = 0
where $"~! is the homotopy type of
the non-zero vectors (here you see
where n = 2 is different: we would get

Al A~ e e IN A e 41 e
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7.3 Diffeomorphisms of S

We give a partial proof of an application of Smale’s theorem, which

we will revisit in the next lecture when we have developed parametrized

isotopy extension. This application is that there is a weak euqivalence
Diff(5?) ~ O(3). Today we shall show that Diff(S?) is a product of
O(3) with a topological group G similar to Diffy(D?), which will later
be shown to be contractible.

We start with the following well-known observations. We consider
S? as the subspace of R® given by {z € R3 | ||z|| = 1}. Its tangent
space at z may thus be identified with the subspace of R? orthogonal
to z. This means that the orthonormal frame bundle Fr°(TS?) can
be identified by ordered triples of orthonormal vectors in R3. This
admits a free transitive action of O(3), so we may identify Fr(TS?)
with O(3).

The orthonormal frame bundle is homotopy equivalent to the
general linear frame bundle Fr®(TS?2). This consistent of ordered
triples (z1,2p,23) in R?, with z; € S?, and the pair (z;,z3) linearly
independent and orthogonal to z;. Gram-Schmidt gives a continuous
map

GS: FrSH(TS?) — FrO(TS?)

Z

n B laniph
7 7

lz2ll” |23 — (22, 23) 722 ||

(le 22, 23) = (zl/

which is easily seen to be a homotopy equivalence.

A diffeomorphism f of S? acts on the general linear frame bundle.

By applying the Gram-Schmidt map and identifying the orthonormal
frame bundle with O(3), we see thats there is a map

a: Diff(5?) — O(3)
f = GS(f(1), Dz, f(22), Dg, f(23)).

On the other hand, there is a map O(3) — Diff(S?) by rotating the
sphere, which is a section of the previous map:

G = ker(g) —— Diff($?) —*— FrCH(TS?)

T \ |es

rotation 8 Fro ( TSZ )

We conclude that there is a homeomorphism

Diff(5%) = O(3) x G,

Remark 7.3.1. There is also an inclusion
0O(3) — GL3(R) and the Gram-
Schmidt map induces a splitting
GL3(R) = O(3) x H, where H is the
group of upper-triangular matrices with
positive diagonal entries. This is an
example of the Iwasawa decomposition
G = KAN for G = GL3(R).
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where G is the subgroup of Diff(S?) consisting of diffeomorphisms
which fix €] and the frame (&,&3) in Ty, S? up to an upper triangu-
lar matrix with positive diagonal entries. There is an inclusion of
Diffy ;;(D?) into G by acting on the hemisphere around —&;. We
claim this inclusion is a weak equivalence. If so, it follows from
Smale’s theorem that:

Theorem 7.3.2. We have that Diff(5?) ~ O(3).



8
Parametrized isotopy extension

In the previous chapter we proved Smale’s theorem that Diff;(D?) ~
. We left open a step in the computation of Diff(S?). To finish this
computation, we shall use the parametrized isotopy extension the-
orem to show that certain restriction maps are fibrations. Isotopy
extension is discussed in [Hirgg, Wal16].

8.1 Parametrized isotopy extension

Isotopy extension

A basic question about manifolds is the following: if we move a
point around a manifold M, is this motion induced by a family of
diffeomorphisms? To answer it, we must state the question in a
precise way. In doing so, we shall also generalize it from points to
arbitrary submanifolds.

Definition 8.1.2.
embedding g: M x [0,1] < N x [0, 1] that fits into a commutative
diagram

M x [0,1] N x [0,1]

~

0,1].

- An isotopy of diffeomorphisms of N is a diffeomorphism f: N x
[0,1] — N x [0, 1] that fits into a commutative diagram

f

N x [0,1] N x [0,1]

~

[0,1].

- An isotopy of embeddings M — N is a neat smooth

Takeaways:

- We can extend isotopies of embed-
dings to isotopies of diffeomor-
phisms by flowing along a vector
field obtained by extending the
derivative of the embedding with
respect to t.

- With care, this proves that the action
of diffeomorphisms on embeddings
is a fibration.

Example 8.1.1. Consider the case of the
path [0,1] > ¢ — ¢ & in R?, a point
moving with constant speed along a
straight line from (0,0) to (1,0). If we
imagine the manifold R? being made
out of a stretchy material, you put
finger on (0,0) and, by pushing, deform
the entire manifold while you move
your finger from (0,0) to (1,0). This
should convince you that the question
may be answered positively in this
particular case. See Figure 8.1 for a
picture of the end result.

Figure 8.1: The end result of the point-
pushing, depicted by its effect on
vertical lines in R2. The dashed line
gives the boundary of the support.
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An isotopy of diffeomorphisms is also called an ambient isotopy.
We remark that g; := g|j1, 41y is an embedding M — N, and f; ==
8lNx{s is a diffeomorphism of N.

The isotopy extension theorem answers the following question:
given an isotopy g of embeddings, when is there an isotopy f of
diffeomorphisms such that gy = f; 0 go? We will answer this in the
case of a compactly-supported isotopy of embeddings; this means that
there is a compact set K C M such that g¢[ynx = 8olm\x for all
t € [0,1]. There is a similar notion of a compactly-supported isotopy

of diffeomorphisms.
Remark 8.1.3. A compactly-supported

isotopy is the same as a smooth map

. ) §: M x [0,1] = N such that each g is
of embeddings g: M x [0,1] — N x [0, 1] with support K such that an embedding and g:|ynx = Zolar  for
KNOM = @, there exists a compactly-supported isotopy of diffeomorphisms all ¢ € [0,1] for some compact K. This

. is not true without the assumption of
fiNx [O, 1] — N X [O/ 1] such that fo = id and g = f; o go. compact support [Gei17].

Theorem 8.1.4 (Isotopy extension). Given a compactly-supported isotopy

Proof. The smooth vector field on M x [0,1] given by 9 can be pushed

forward along the embedding g to obtain a vector field X'(g) in

T(N % [0,1])|a1x[0,1]- If we flow along X'(g) for time ¢ with initial con-

dition (p,0), we end up at (g¢(p), t): it satisfies the same differential

equations and initial conditions as applying g; to the flow along % on

M x [0,1].* We can deduce that g preserves the projection 7t to [0, 1] " This is similar to what happened in
be noting that ¢ preserves 7 if and only if the vector field 7. (X (g)) the proof of Theorem 7.2.1.

on [0,1] equals 2.

If we can extend X (g) to a smooth vector field X'(f) on N x
[0,1] that projects to % under ., we can attempt to flow along it to
produce f. The fact that it extends X'(g) will then imply g; = f; o go,
and the fact that it projects to % under 7, will imply that it preserves
7t. To guarantee that f is compactly-supported, we make sure that
X (f) is equal to % outside of a compact set. This will also imply that
the flow of X'(f) is well-defined, i.e. can’t flow away to infinity in
finite time, see e.g. Proposition 1.4.4 of [Wal16].

In fact, we can slightly weaken the conditions on the X (f) we
need to construct; it suffices that X' (f) coincides with X(g) on M x
[0,1], coincides with % outside a compact subset of N x [0,1] and
(X (f)) is a positive multiple of % everywhere. We may then
modify X'(f) by scaling it with smooth function that is 1 on M x [0, 1]
and outside a compact set, to get that 71, (X (f)) = 2 onall of
N x [0,1]

The condition that X'(f) maps under 7, to a vector field that
is a multiple of % by a positive smooth function is convex, so we
can produce X (f) by a partition of unity. Since the support of g is
compact, we may find a finite collection of charts ¢;: N x [0,1] D
Vi — W; — R"! x [0,00) covering the image of the support of
g, so that ¢;(V; N g(M x [0,1])) = W; N (R™! x [0,00)). Let X;(f)
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be the vector field on V; given by first extending (¢;):(Z) is on
W; N (R™~1 x [0,00)) in constant fashion to the remaining (n — m)
directions and then applying (¢;” ). After possibly shrinking V; to
a smaller open neighborhood of (M x [0,1]) NV}, 7, of X;(f) is a
positive multiple of %.

Let Vp be an open subset of N x [0, 1] satisfying Vong(M x [0,1]) =
@ and VoUUK_, V; = N x [0,1], and let #; be smooth partition of unity
subordinate to this open cover. The desired vector field is

Remark 8.1.5. We can avoid having to rescale X'(f) if we had used
nicer charts in our argument. The precise statement concerning
existence of these nice charts is at follows: given an embedding

M x K — N x Kover K, there existsachartx: K DOV - W C le,
and ¢: N x K D V' — W’ x R""¥ such that (i) ¢((M x K) N V') =
W’ x R"™, 1 (V') € V with g N x K — K the projection, and (ii)
the following diagram commutes

for 7r: R"** — RF the projection.

This also works when you have submersions of K, or when there
are boundaries involved. A reference for these types of technical
results is [Sie72].

Example 8.1.6. The compact support condition is necessary, as is
clear from the proof. For example, consider the family given by
moving a knot tied in the x-axis to oo, see Figure 8.2. This can not be
induced by an ambient isotopy, because if it were then R3 \ Ky would
be diffeomorphic to R3 \ R, but they have different fundamental
groups (see Chapter 3 of [Roly6] for fundamental groups of knot
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complements).2 > There is an interesting review of this
book in [Neu77], which starts with “I
have a friend whom I do not see very

often these days.” It also contains the
/\ @&&f@@tﬁi(ﬁbémﬂy of embeddings to
””” T which isotopy extension does not apply.

A knot Kj centered at the ori-
gin for t = 0 moving right-
wards to oo as t increases.
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Parametrized isotopy extension

What if instead of a single parameter ¢ € [0,1], we have multiple
parameters? If we define a k-parameter isotopy of neat embeddings
g: M x Ak — N x A¥ by replacing [0,1] = A! with A¥, and similarly
define a k-parameter isotopy of diffeomorphisms f: N x AF — N x Ak,
This involves embeddings and diffeomorphisms of manifolds with
corners, which are locally modeled on [0, oo)k, and are explained in
[Wal16]. The proof of Theorem 8.1.7 is easily modified to give:

Theorem 8.1.7 (Parametrized isotopy extension). Given a compactly-
supported isotopy of embeddings g: M x A* — N x A¥ with support

K such that KN oM = O, there exists a compactly-supported isotopy of
diffeomorphisms f: N x A — N x AX such that 87 = fr°8(1,0,.,0) for each
f e Ak,

One should think of this Theorem as saying that acting by dif-
feomorphisms g is a Serre fibration. This is not true, but it is true
that up to smooth approximation, which is sufficient to compute
the homotopy fiber of this map and get a long exact sequence of
homotopy groups. As before, the issue is that a k-parameter isotopy
is not the same as a continuous map A — Emb(M, N): “a continu-
ous family of smooth embeddings is not a smooth family of smooth
embeddings.” To avoid this problem we define:

Definition 8.1.8. Let SEmb(M, N) be the simplicial set with k-
simplices given by smooth embeddings M x Ak — N x A¥ covering
the projections to AX,

Given a smooth neat embedding go: M — N, SEmb,; (M, N)
denotes the subsimplicial set of compactly-supported smooth em-
bedding M — N which agree with gg on an open neighborhood of
oM.

As in Section 6.4, the inclusion
SEmb, 5 (M, N) < Sing(Emb_ 5 ;(M, N))

is a weak equivalence.3 This is a reasonable statement, if SEmb, 5 ;;(M, N)
is Kan, which we shall prove momentarily. The following is a con-
sequence of the parametrized isotopy extension theorem. It uses

the notion of a Kan fibration, see e.g. Section 1.3 of [GJog], which
means it has the left lifting property for horn fillers A} < A". Let
SDiff, 5 1(N) C SDiff(N) denote the subsimplicial set of compactly-
supported diffeomorphisms that are the identity on an open neigh-
borhood of dN.

Corollary 8.1.9. Fix a smooth neat embedding go: M — N. Then the
map SDiff. 5 ;(N) — SEmb, ; ;(M, N) given by acting on g is a Kan
fibration.

3 Strictly speaking that argument was
only given for M and N compact, but it
may be appropriately generalized.
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Corollary 8.1.10. The simplicial set SEmb(M, N) is Kan.

Proof. Given maps of simplicial sets X — Y — Z,if X — Y and

X — Z are Kan fibrations, so Y — Z. This is clear from the definition
of a Kan fibration in terms of a lifting property. Apply this X =
SDiff, 5 11(N) (which is Kan because it is a simplicial group), ¥ =
SEmb,, ;(M,N) and Z = . O

Convention 8.1.11. We will not distinguish between Emb and SEmb,
and similarly for Diff and SDiff. Thus we apply parametrized isotopy
extension to say a map is a fibration, the reader should either implic-
itly substitute fiber sequence, or replace the topological spaces with
weakly equivalent simplicial sets and substitute Kan fibration.

Manifolds with boundary

There are several extensions of parametrized isotopy extension to
manifolds with boundary. Firstly, we can allow the boundary oM
of M to move in dN as well, that is, as long as it always maps to the
boundary of N.

Corollary 8.1.12. Given a compactly-supported isotopy g: M x A* —
N x AK of neat embeddings, there exists a compactly-supported isotopy of
diffeomorphisms f: N x A* — N x A* such that g; = f; o go.

Sketch of proof. First apply parametrized isotopy extension to g3, ax: M X
A¥ — 9N x A¥ to obtain f2: AN x AF — 9N x A. The neatness as-
sumption means that we can extend all the vector fields used to build

f2 to N, so this extends to an f: N x A¥ — N x A*. Now f~log
satisfies the assumptions of Theorem 8.1.7. O

Secondly, it is also acceptable if M (including its boundary oM)
maps to the interior of N.

Corollary 8.1.13. Given a compactly-supported isotopy g: M x A* —
int(N) x A of embeddings, there exists a compactly-supported isotopy of
diffeomorphisms f: N x A* — N x A* such that g¢; = fi o go.

Sketch of proof. First apply parametrized isotopy extension to g5y, sk
to obtain f: N x Ak — N x A¥. Then f? o ¢ fixes 9M pointwise. By
a version of the argument used to show that Diffy (M) ~ Diff, ;(M),
one may deform this through ambient isotopy so that it fixes an open
neighborhood of M pointwise. Cut out a small neighborhood of the
image of dM and apply parametrized isotopy extension again. O
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9
Embeddings of Euclidean space

. . . . Takeaways:
In the previous chapter we proved parametrized isotopy extension. . Emb(D", M) ~ Emb(R", M) ~
This was one step on the argument started in Chapter 7 deducing FrSL(TM).
Diff(5%) ~ O(3) from Smale’s theorem Diff;(D?) ~ *. Today we shall * As the stabilizer of the action
finish thi tb tine the h ¢ ¢ f th of Diff(5%) on Emb(D?, §?) is
inish this argument by computing the homotopy type of the space Diff,(D?), we obtain Diff(5?) =~
of embeddings of R™ into M. This shall be used many more times in 0(3).
later chapters.
9.1 Embeddings of R™
It shall be useful to describe the homotopy type of the space of
embeddings of R" into an m-dimensional manifold M.
Embeddings of R™ into R™
We start with the case where the target is also R™, and along the way
determine the homotopy type of Diff(R™).
Theorem 9.1.1. The inclusions O(m) — GLy, (IR) — Diff(]Rm) — The observant reader may have noticed

that there is a shorter proof of Theorem
9.1.1; by taking for an embedding & the
family

Emb(R™, R™) are all weak equivalences.

Proof. We start with the inclusion GL,,(R) < Emb(RR™,R™). Firstly, Lop(r-—) if T <o,
by translation, we may deformation retract Emb(RR™,R"™) onto the [1, 0o = {Doh if T = oo.
subspace Embg(R™,R™) of embeddings that fix the origin. This fixes
the the subspace GL,,(R) C Emb(R™, R™) pointwise.

Next we shall prove that every commutative diagram

St —— GLu(R)

! |

D+l —H 5 Emby(R™,R™)

may be homotoped through commutative diagrams, to one in which
there exists a lift. To do so, we first deform H into subspace of
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H;, our original family

linear approximation near origin

1) 5. .
HS( ), linear near origin

T

zooming in

HS@, linear everywhere

Embg(R™,R™) of embeddings that are linear near the origin. This
uses a linear interpolation cut off using a small enough bump func-
tion supported near the origin in R, and preserves GL,,(R).

Let 7: R™ — [0,1] be a smooth function that equals 1 near the
origin and is supported in D"'. By compactness of D'*! and the
inverse function theorem, one proves that there exists an ¢y > 0 such
that for all s € D't we have that

[0,1] 57 > (1 —7y(~/e0)) - He + 77(~/€0) - DoHs

is a path of embeddings. At T = 0, it is Hs, At T = 1, near the origin
it is the linear map DyHs. This deformation fixes GL,,(R) pointwise.
Let us call the end result H"): Di+1 — Embg(R", R").

Finally, we push out the non-linear stuff to co by precomposing
with a family of scaling maps. For A € (0,0), let r, denote the scal-
ing map x — A - x. Then the following is a homotopy of embeddings
ending at linear maps

ri oHYor_, ifTt<1

0,1] 3T~ ¢ 7 )
DoHjg otherwise,

which again fixes GL;;(IR) pointwise. This completes the proof that
GL;(R) — Emb(R™,R™) is a weak equivalence. (Remark it was

Figure 9.1: An outline for the strategy
for Theorem 9.1.1.

Figure 9.2: The smooth function # in
the case m = 1.
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important here that we used the weak Whitney topology of the
strong one, otherwise this homotopy of embeddings would not be
continuous.)

All of these deformations preserve the subspace Diffy(IR™) of
diffeomorphisms fixing the origin, which is easily seen to be a defor-
mation retract of Diff(R™), so it also proves GL,,(R) < Diff(IR"™) is a
weak equivalence. Finally, O(m) — GL,,(R) is a weak equivalence by
Gram-Schmidt. O

The map Emb(R", R™) — GL,,(R) taking the derivative at 0 is
a weak homotopy inverse to GL,;;(R) < Emb(RR™,IR™). to see this,
note that GL;,(R) — Emb(R",R™) — GL,,(R) is the identity map.

Embeddings into M

Now we generalize the target to M. Note that taking the value and
derivative at the origin gives us a map

Emb(R™, M) — Fr°(TM).

Theorem 9.1.2. The map Emb(R™, M) — FrSY(TM) is a weak equiva-
lence.

Proof. There is a commutative diagram

Emb(R", M) —— FrSH(TM)

J{evo J{n

M:M/

the first of which is a fibration by parametrized isotopy extension
and the second of which is a fibration since it is the projection of

a locally trivial bundle. Thus it suffices to prove that the map on
fibers over p € M is a weak equivalence. By shrinking in the R"
direction, we may assume we always land in some fixed chart around
p € M. This reduces the proof to the statement that the derivative
map Emby(R™,R™) — GL,;,(R) is a weak equivalence, which we
proved above. O

This also allows us to compute the homotopy type of Emb(D™, M).
The following is a generalization of a result on diffeomorphisms from
Section 7.1. Note we do not need a compactness assumption in this
case.

Lemma 9.1.3. Given m-dimensional manifolds M and M’ with embeddings
i: M — M and j: M' — M that are inverse up to isotopy, the spaces of
embeddings Emb(M, N) and Emb(M’, N) are homotopy equivalent.

Corollary 9.1.4. The restriction map Emb(R", M) — Emb(D™, M) is a
homotopy equivalence.
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Generalization to embeddings of R

We shall state the generalization of the results of the previous section
to embeddings of R¥ into M, where k < m. Let GL(R¥, R™) be the
space of injective linear maps R — R”, and O(IR¥,IR") the space of
linear isometries RX — R™. Then Theorem 9.1.1 generalizes to

Theorem 9.1.5. The inclusions
O(RF,R™) < GL(R¥, R™) < Emb(RF, R™)

are all weak equivalences. Taking the derivative at 0 gives a homotopy
inverse Emb(R¥, R™) — GL(IR¥,R™) to the latter map.

Just like the orthonormal and general linear frame bundles gener-
alizes O(m) and GL,(R), the orthonormal and general linear Stiefel
bundles generalize O(R¥, R™) and GL(IR¥, R™). These may be de-
fined as associated bundles for the orthogonal and general linear
frame bundles. This uses that there are right actions of O(m) on
O(R¥,R™), and GL;,(R) on GL(RF, R™):

V(M) := O(RE,R™) X o) Fr(TM),
VEh(M) = GL(RK, R™) x gy, (r) Fr°H(TM).

Recording the value and derivative at the origin gives a map
Emb(RF, M) — VEH(M).

Theorem 9.1.6. The map Emb(R¥, M) — VEL(M) is a weak equivalence.

9.2 Connected sums

We shall give a classical corollary of Theorem 9.1.1: by combining it
with isotopy extension, we can prove a result of Palais on the well-
definedness of the connected sum operation [Pal6o]. The input for this
construction is a pair of path-connected oriented manifolds M, N of
the same dimension. It is given by taking an orientation-preserving
embedding ¢p: D™ < M, and an orientation-reversing embedding
@n: D™ — M. One then removes the interiors of their images, and
glues the resulting manifolds along their boundary using the identity.

Definition 9.2.1. The connected sum M#N is given by
(M\ @pm(int D™)) U (N \ g (int D™)),
where we identify
(M\ pu(int(D"))) = §" and (N \ gy (int(D™))) = 5"~

via the identity map.

M ;
—
PN ;

Figure 9.3: A connected sum.
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The connected sum M#N is again an oriented manifold, this was
the reason for choosing one embedding to be orientation-preserving
and the other to be orientation-reversing. Of course the construction
M#N depends on the choice of @)1 and ¢y, and if we want to re-
member this in the notation we write M#,,, ,, N. We shall show that
M#N is well-defined up to diffeomorphism.

Lemma 9.2.2. If @y is isotopic to @'y, then M#y,, o\ N is diffeomorphic to
M#, N

PMmPNT
Proof. By isotopy extension there is a diffeomorphism f: M — M
such that f o ¢p; = ¢/, This induces a diffeomorphism

f#id: Mg, o N = M#y N

P {f (p) if p € M\ gui(int(D™)),

p otherwise,
where we use f o g1 = @) to see that this is well-defined. O

By symmetry the same is true when we modify ¢y by an isotopy.
Thus to show that M#N is well-defined, it suffices to show that the
spaces Emb ™ (D™, M) and Emb™ (D™, N) of orientation-preserving
embeddings are path-connected. If so, the same is true for the space
of orientation-reversing embeddings because it is homeomorphic.

Lemma 9.2.3. If M is path-connected and oriented, Emb™ (D™, M) is
path-connected.

Proof. We computed above that Emb™ (D", M) ~ Fr°?(M), and the
latter fits into a fiber sequence

SO(m) — Fr°°(M) — M,

with both fiber and base path-connected. O

9.3 Diffeomorphisms of S? revisited

In Chapter 7, we showed that Diff(S?) = O(3) x G, with G similar
to Diffy(D?), and claimed that in fact there is a weak equivalence
Diff(S%) ~ O(3). This result is originally due to Smale [Smasgb].

Theorem 9.3.1. We have that Diff(5?) ~ O(3).
Proof. The map Diff(5?) — O(3) factors as

Diff(S?) — Emb(D?, $?) — Emb(IR?, $?) — Fr°(TS?) — FrO(TS?),
with all except the first map weak equivalences. Hence it suffices to
show that the homotopy fiber of Diff(S?) — Emb(D?, S?) is a weakly

contractible. But this map is a fibration by parametrized isotopy
extension and its fiber is the contractible space Diff;(D?). O
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Gramain’s proof of Smale’s theorem

In Chapter 7, we proved Smale’s theorem that Diff;(D?) ~ . We will
now give a different proof due to Gramain (based on a proof of Cerf
in [Cer68]). It has the advantage of avoiding dynamics in the form of
the Poincaré-Bendixson theorem, instead using that O(2) has few ho-
motopy groups and the parametrized isotopy extension theorem. The
proof appears in [Gray3], but we instead follow Hatcher’s exposition
[Hat11] (which I highly recommend).

Convention 10.0.1. Having spend a few lectures discussing how
various boundary conditions do not affect the homotopy type, we
shall henceforth not distinguish between them.

10.1  Gramain’s proof of Smale’s theorem

We shall prove that Diffy(D?) is weakly contractible by letting it act
on the arc g in D? C R? connecting —é; and &, see Figure 10.1. By
parametrized isotopy extension as discussed in Chapter 8, we obtain
a fibration

Diffy(D?) — Emby (I, D?).

Its fiber over v is given by those diffeomorphisms that fix 7 point-
wise. Since both components of the complement of 7, are disks,

up to smoothing corners, this is weakly equivalent to Diff;(D?) x
Diff;(D?)."

Remark 10.1.1. In the above paragraph, we strictly speaking should
have used simplicial sets of diffeomorphisms that are the identity
near 0D? and embeddings that equal o near 91 to apply parametrized
isotopy extension. Then the fiber over g would have been a simpli-
cial set of diffeomorphisms that fix v and a neighborhood of 9D?
pointwise, which is weakly equivalent Diffy(D?) x Diffy(D?) using the
results of Chapters 4 and 5. These technical details are tedious and
easy to provide.

Takeaways:

- That Diffy(D?) ~ * is equivalent
to a space of embedded arcs being
weakly contractible, which can be
deduced from the fact that O(2)
only has non-trivial 7ty and ;.

+ The same techniques prove that
the path-components of Emby (I, %)
are weakly contractible for any
surface X with compact boundary
components.

+ This implies the diffeomorphism
groups of most surfaces have weakly
contractible components.

Figure 10.1: The arc g in D?.

* This strategy is a slight deviation from
Hatcher’s proof in [Hat11], who lets
Diff;(D?) act on Emby: (D2, D?).
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Now consider the long exact sequence of homotopy groups, based
at the identity in the total space Diff;(D?). Restricting to the relevant
components of the base (the one containing 7) and total space (the
identity), in low degrees this is the exact sequence of groups

711 (Diffy(D?))? —— 71y (Diffy (D2)) —— m(Embl")(1, D2))

L {&e™} ———— {ld}} ———— {[nl},

with ¢ € 7o(Diffy(D?)) and Emby, 15(1, D?) denotes the path compo-
nent of Emby (I, D?) containing yy. We have also slightly simplified
notation by leaving out the path components we restrict to in 7r; of
the diffeomorphism groups (since it doesn’t matter anyway).

Thus 71o(Diffy(D?)) is trivial if the path component of Embgm] (I, D?)
is simply-connected. For the higher homotopy groups Diffy(D?) there
is a long exact sequence of abelian groups

. — m(Diffy(D?))*2 — 7(Diffy(D?)) — m(Embl)(1,D2)) — -~
el
There is a section up to homotopy Diff,(D?) — Diff;(D?)? given
by f — f xid, which induces the dashed arrow. This implies that
the long exact sequence splits into a collection of split short exact
sequences and for i > 1 we get an isomorphism of abelian groups

71;(Diffy (D?)) 2 71,1 (Emb}" (1, D2)).

The conclusion is that the higher homotopy groups of Diff;(D?)
vanish if and only if the path component of Emb; (I, D?) containing
Yo is weakly contractible. We have thus reduced Smale’s theorem to

the following statement:
Remark 10.1.2. Note that we do

Theorem 10.1.3 (Equivalent to Smale’s theorem). The path component not claim that Emby (I, D?) is path-
[0 2 5 L . . connected, though this is tru.e. Th1§
Emby"" (I, D*) of Emby (I, D*) containing -yo is weakly contractible. follows from the smooth 2-dimensional
Schoenflies theorem, which we will
Proof. Consider the manifold T given by gluing a 1-handle [—1,1] x I prove next chapter.

to dD? containing both components of dD? \ 97 as in Figure 10.2. It is
diffeomorphic to the manifold obtained by removing the disk S from
a larger 2-disk (D?)’.

We shall study embeddings of I U'S into (D?)’ that send 0 € I to
the boundary. Even though I U S is not a manifold, but one can still
prove that a version of parametrized isotopy extension is true for it
by applying ordinary parametrized isotopy extension first to S and
then to I. We conclude that we have a fiber sequence

Emb, (I, T) — Emby(IU S, (D?)") — Emb(S, (D?)"). (10.1)
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Figure 10.2: The surface T, diffeomor-
phic to an annulus.

As S = D2, the results of the previous lecture say that the base
Emb(S, (D?)") is weakly equivalent to O(2). We next claim that
Emb, (I U S, (D?)") is weakly contractible. To see this, “drag the
lollipop into the part where the embedding is the identity.” Firsly,
precomposition I — [ U S induces a weak equivalence Emby(I U
S, (D?)") — Emby(I, (D?)") by techniques as in the previous lecture.
Next, we may use a collar as in Lecture 3 to replace any compact
family in Emby(I U S, (D?)") by one that coincides with 7o on half
of I. Then by precomposing with self-embeddings I — I fixing {0},
we can homotope this compact family to one equal to constant map
given by a small vertical line segment.

From the long exact sequence of homotopy groups for (10.1)
and the fact that 71;(O(2)) = 0fori > 1, it thus follows that
;i (Emby (I, T)) = 0 fori > 0 and base point in any path compo-
nent.

We shall now use this to prove that Embgm] (I, D?) is weakly con-
tractible. Let By = {0} x I denote the so-called core of the added
1-handle. As D? and T\ By are isotopy equivalent, there is a homotopy
equivalence Embgm] (I,D?) ~ Embgm] (I, T\ Bo) and it suffices to
prove the latter is weakly contractible. We then remark that there is
an inclusion

i Emb[ (I, T\ Bo) = EmbJ™(I,T),

which we claim induces an injection on homotopy groups. Once we
establish this claim, we have finished the proof because we showed
that latter has vanishing higher homotopy groups; only trivial groups
inject into the trivial group.

To prove the claim we consider the universal cover T of T. We can
identify this explicitly; it is diffeomorphic to R x I, and we may pick
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coordinates such that By lifts to the arcs {2i + 1} x I and a lift ¢ of 7
is given by the arc {0} x I (of course there are other choices, we pick
one). An arc y € Embgm] (I, T\ Bo) has a unique lift ¥ which coincides
with g at 0. Hence we may identify Emb[a%] (I, T) with a subspace

E C Embl°/(I,R x I).
Similarly, we may identify Embgm] (I, T\ Bo) with the subspace
Emb[™)(1, (=1,1) x I) € Embl*)(I, R x I).
There is a retraction r: Emb[a%] (LRxI)— Emb([j‘ﬂ(l, (—=1,1) x I)
by precomposition with an embedding R < (—1,1), i.e. shrinking
the R-direction. We conclude that there is a homotopy commutative

diagram

Emb[") (1, T\ By) —— Embl"")(1,T)

IR

E

/

Emb " (I, T\ Bo) +—— EmbJ"/(I,R x 1),

which establishes the claim. O

Remark 10.1.4. Why does this argument fail in higher dimensions?
To make the argument go through, T should have been obtained by
attaching a 1-handle to the boundary of D". But then the base we
would be studying in our generalization of (10.1) involves the space
of embeddings of a complementary D"~2 x D? rel 9D"~2 x D? into
D". These spaces of embeddings will be highly non-trivial in general.

10.2  Path-components of embeddings of arcs in surfaces

We shall now generalize the results of the previous sections from
arcs in D? to arcs in a surface ¥ with non-empty boundary, whose
boundary components are compact (hence circles). We have already
done most of the work, and only need to replace D? with ¥ in the
arguments.

We fix two points xp, x; in 0%, and a smoothly embedded arc
in X between them. Let Embf[)%] (I,X) denote the path-component of
Emby(I,X) containing .

Lemma 10.2.1. If x¢ and x1 do not lie in the same boundary component,
then Embg%] (I, %) is weakly contractible.
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Proof. The proof in the first part of Theorem 10.1.3 works. One
defines Y as the surface obtained by gluing a disk S to the boundary
component containing x;. Analogous to (10.1), we obtain a fiber
sequence

Emb, 1;(I,£) — Emby ;(IUS,E) — Emb(S, %) (10.2)

where again Emb; ;(I U S,%’) is weakly contractible and now there
is a weak equivalence Emb(S,%’) ~ FrO(TY’). The space FrO(T¥/)
has vanishing 7t; for i > 1 using the long exact sequence of homotopy
groups associated to the fiber sequence

0(2) = FrO(T2)) - ¥/,

using that 77;(X’) = 0 for i > 1 since ¥/ is a path-connected surface
with non-empty boundary. As before, the long exact sequence of
homotopy groups for (10.2) implies the lemma. O

Lemma 10.2.2. If X9 and x1 lie in the same boundary then, Emb[a%] (LX) is
weakly contractible.

Figure 10.3: The surface T, in the
case diffeomorphic to the boundary
connected sum of a genus 2 surface
¥ with boundary component, and an
annulus.

Proof. If dpX denote the path-component of 9% containing xp, x1, and
glue a 1-handle [—1,1] x [ via {—1,1} X I to both components of
90X \ {x0, x1} to obtain surface similar to T.

Let Bo denote the core {0} x I of this handle, then we have that
Emb([,%] (L) ~ Emb([,%] (I, T\ Bo). As before we claim that

v Emb[ (I, T\ Bo) — Emb™ (I, T)

is injective on higher homotopy groups. Since in T, vy goes between
two different boundary components, Lemma 10.2.1 says that its higher
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homotopy groups vanish, and establishing the claim would imply the
lemma.

To do so, note that 711 (T) = 711(X) * Z and let T denote the cover
corresponding to the summand 711 (X). That is, 711 (T) & 711 (Z). This
is obtained by cutting T along By to get a surface U with two copies
/3(()1) and ,Béz) of By in its boundary, letting U denote its universal
cover (which is contractible), and writing

T=U0Ouuul

where we identify ﬁol with a lift of ﬁ(()z) in the first copy of U, and
[30 with a lift of (1), in the second copy of U.

Q ™0 T
K u
After picking a lift ¥ of 79, we may identify Emb([)%] (I, T) with a

subspace of Embg%] (I, T) and Emb[am (I, T\ Bo) with Embz[,%] (L,u.
As before, we may give a retraction r: Embg;”] (I,T) — Embg%] (Lu).

0

By

We conclude that there is a homotopy commutative diagram

Embl"!(1, T\ By) —— Emb[ (I, T)

IR

E

—

Embl"/(1, T\ By) +—— Embl1/(1, T),

which establishes the claim. O

10.3 Path-components of diffeomorphism groups of surfaces

We may use the previous results to prove a version of the Earle-Eels
theorem [EE67]. We are going to assume the classification of compact
oriented smooth surfaces.

Theorem 10.3.1. Let X be a compact path-connected oriented surface with
non-empty boundary. Then the path-components of Diffy(X) are weakly
contractible.

Figure 10.4: The surface U.
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Proof. It suffices to prove that the path component of the identity

is weakly contractible. The proof is by induction over the genus g
and number n of boundary components, in lexicographic order. The
initial case (g,n) = (0,1) is the disk, which we have proven already.
Let 7p: I — X be a non-trivial arc (i.e. it does not isotopic to an arc in
the boundary). Then there is a fiber sequence

DIffiS,; (Z,,) — Diffidy, (£) — Embl) (1, %)

where Y., is the surface ¥ cut upon along 7 (so that there are two
copies of 7 in the boundary). This has lower genus g’ < g, or equal
genus ¢’ = ¢ and lower number n’ < n of boundary components
(the latter happens when ¢ connects two different boundary com-
ponents, the former when it does not). Thus Diffia‘/iu(Z%) is weakly
contractible by the induction hypothesis. But we have also proven
that Embg%] (I,X) is weakly contractible. The long exact sequence of
homotopy groups finishes the proof. O

We can extend this to closed surfaces:

85

Remark 10.3.2. What about ¢ = 0,1?

We saw before that Diff(S?) has two

Theorem 10.3.3. Let X be a compact oriented surface of genus > 1. Then
33 p 'f f & path-components, each of which

the path-components of Diff(%) are weakly contractible. homotopy equivalent to SO(3). Since
T? is itself a topological group, at least

Proof. It again suffices to prove that the path-component of the T2 splits off Diff(T?2). This is in fact

identity is weakly contractible. We have a fiber sequence the homotopy type of the identity

component, and its path-components

are given by SL,(Z), see e.g. Chapter 2

Diffy (X \ int(D?)) — Diff(Z) — Emb ™" (D?,X) of [FM12].

and we know that the fiber has weakly contractible components.
The base is weakly equivalent to Fr°?(TZ), and we saw before

that this implies its components only have non-vanishing 7; (this
only needs ¢ > 0). Now an argument is needed that the map

7 (Emb ™ (D?, %)) — 7o(Diffy(Z \ int(D?))) is injective (this needs

g > 1). This is a theorem of Birman, e.g. Theorem 4.6 of [FM12]. The
long exact sequence of homotopy groups finishes the proof. O






11
Hatcher’s proof of the Smale conjecture

Takeaways:

We gave two proofs that Diffy(D?) is weakly contractible. After
reading a paper of Cerf, Smale conjectured that Diff;(D?) is weakly
contractible as well. This was proven by Hatcher in [Hat83], after
Cerf computed 71 (Diffy(S3)) = 719(O(4)) which amounts to comput-
ing 71 (Diffy(D3)) = 0 [Cer68]. We shall not be able to give Hatcher’s
proof, but shall attempt to describe the approach and state some con-
sequences. There is also an approach due to Eliashberg using contact
geometry, the 77p-case of which is worked out in [GZ10].

11.1 A restatement of Smale’s theorem

Hatcher did not directly prove that Diffy(D?) is contractible, like
Smale did. Instead, the proof is more along the lines of Gramain’s
theorem, which leveraged a proof that a certain space of embeddings
is contractible.

In this section we will use Smale’s theorem to prove in dimension
2 the statement that Hatcher proved in dimension 3:

Proposition 11.1.1. The restriction map Emb(D?,R?) — Emb(S!,R?) is
a weak equivalence.

Proof. We shall let Diff(IR?) act on the standard embedding of D?,
resp. S!, into IR?. This gives a commutative diagram

Diff(R?) Diff(IR?)

| | s

Emb(D2,R?) —"L Emb(s!,R?),
where both vertical maps are fibrations by parametrized isotopy
extension. They are also surjections on 71g. For the left map this
follows from the results of Lecture 77, and for the right map this
follows from smooth 2-dimensional Schoenflies, proven below in

+ Smale’s theorem together with

2-dimensional smooth Schoenflies
is equivalent to the statement that
Emb(D?,R?) — Emb(S!,R?) is a
weak equivalence.

- Hatcher’s proof uses Morse the-

ory to prove Emb(D3,R%) —
Emb(S?,R?) is a weak equivalence,
which implies Diffy(D3?) ~ x.

- This may be used to prove 3-

dimensional versions of the con-
sequences of Smale’s theorem.
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Theorem 11.1.3. Thus it suffices to prove that the map on fibers over
the standard embeddings is a weak equivalence; this map is given by

id x {id}: Diff(R? rel D?) — Diff(R? rel D?) x Diff;(D?)

which is a weak equivalence by Smale’s theorem. O
Remark 11.1.2. In Theorem 9.1.1
. . X . we proved that the left vertical map
For completeness and later comparison with the three-dimensional Diff(R?) — Emb(D2, R?) of (11.1)
case, let us prove the relative mp-case, i.e. that the map (x) is sur- is a weak equivalence, and hence

A . . o Diff(R? rel D?) i 1 ible.
jective on 71, which amounts to proving smooth Schoenflies in iff(R” rel D) is weakly contractible

dimension 2. We shall only be able to give a sketch, because the proof
uses codimension one Morse theory, which we have not discussed yet.
One may even take this as a motivation for the Morse theory that we
will discuss in the next couple of lectures.

Theorem 11.1.3 (Smooth Schoenflies in dimension 2). Every smooth
embedding ¢: S — R? extends to a smooth embedding D*> — R2.

We shall need the following basic consequences of Morse theory,
to be discussed in Chapter ??; any smooth function f: S! — R admits
an arbitrarily small perturbation to a smooth function g with the
following properties:

(i) The set of p € S! such that D,g = 0, called critical points, is finite.

(i) The values g(p) for p a critical point, called critical values, are
distinct.

(iii) Near each critical point p there is a local coordinate x on S with p
corresponding to x = 0 such that g is given by g(x) = g(p) + ax?
with w € R\ {0}.

Such a function is said to be generic Morse.

Sketch of proof. We shall ignore most issues involving corners and
parametrizations, as this is only a sketch. Using the previous facts,
we may take the height function

h:st R SR

and perturb it to be generic Morse. Since the subspace of embeddings
in all smooth maps is open, if this perturbation is small enough, a
linear interpolation to it will stay in the subspace of embeddings. By
isotopy extension this interpolation is induced by an ambient isotopy.
Thus it suffices to prove that the perturbed ¢ smoothly bounds a disk
(since we may use the ambient isotopy to get a bounding disk for the
original ¢ from one for the perturbed ¢).
Let us now temporarily forget about ¢, and only remember its

image ¢(S!). Then we can find a finite set {y;}%_, of y; € R which
are not critical values of , and such that each subset f~!([y;,yi,1]) C
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IR? contains at most one critical point. By linear interpolation, we can
arrange that near R x {y;} have the image of ¢ is vertical. The image
of the embedding now looks like Figure 11.1.

Next we shall simplify ¢ by a number of cuts along the lines
R x {y;}. We shall remember the order in which we do these cuts, and
the exact process we use, since we later want to reverse them.

To make the first cut, we note that there is always an even number
of points ¢(S') N ({y;} x R) and so we may pick an “innermost” pair,
i.e. so that interval connecting them in R x {y;} contains no other
points. Since the embedding is locally vertical, we can separate two
cuts by a small distances €; > 0 from R x {y;}. That is, we insert
parallel vertical translates of these interval connecting the innermost
pair, separated by distance 2¢1. The missing pieces left out separating
the cuts is bounded by a rectangle, which obviously bounds a square
in a standard manner.

Next we do the same for a next choice of points innermost after
removing the pair, now separating the parallel translates by distance
2ep with €3 < €1, etc. At the end of the process, the result might look
like Figure 11.2 (depending on the choice of innermost pairs).

Let us restrict our attention to each of the pieces. The crucial
observation that they contain at most one critical points, because
the y;’s separated all critical values and all critical values for all
critical points are distinct. Away from the critical points, each piece
is described by a smooth family of embeddings of a finite number of
points into IR. We know how to manipulate these, so we can write
down an isotopy moving these pieces into the inverse image under
f of a small neighborhood of the critical values. This is chosen small
enough so that we can use the local coordinates near the critical
point and so that we can linearly interpolate the parallel families of
points to be straight. By isotopy extension this isotopy is induced by
a compactly-supported isotopy of R?.

L N

(ii) parabola (iii) parabola

(i) rectangle
bounded above bounded below

Now the situation has been isotoped to look like a disjoint union
of the five standard models given by Figure 11.3 or their vertical
reflections. Here it is very important that we do not mean just an
impressionistic shape: these are given by explicit formulas. This
means we can write down formulas for the half-disks or squares that
they bound, and running the ambient isotopy in reverse, the pieces in
Figure 11.2 bound a disk (or rather half-disk or rectangle).

Figure 11.1: Intermediate result 1.

Figure 11.2: Intermediate result 2. It has
5 pieces (not 4!).

Figure 11.3: Standard models. Only
(i) and (ii) occur in Figure 11.2, but
if we had picked the innermost pairs
differently for the middle line, (iii)
would have occurred.
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Now we reverse the cutting process. By construction, we obtain
Figure 11.1 by combining these pieces along some standard rectan-
gles. This combination process involves finitely many steps given
by either an addition or substraction of a disk. By Lemma 11.1.4 this
preserves the diffeomorphism type. Thus the image of ¢ bounds a
disk.

Now we remember ¢ again, instead of just its image. We realize
that we may have ended up with a bounding disk D? for ¢(S!)
whose boundary parametrization does not agree with that coming
from ¢. However, since Diff(S!) has two path-components, we can
isotope and/or reflect the disk to make the parametrizations line
up. O

Lemma 11.1.4. Given a smooth manifold M, smooth embeddings ¢o: D™~ ! —
D™ and ¢1: D! < 9M, we have that M and M U D™ (obtained using
@o and ¢1) are diffeomorphic modulo smoothing corners.

Proof. This follows from isotopy extension, as gluing along isotopic
embeddings gives a diffeomorphic manifold. On the one hand, we
observe that Emb(D"~!,0D™) has two path components, so up to
reflection, we may assume that @y is the standard inclusion D"~ —
D™. On the other hand, after picking a chart of R"~! x [0,00) = M
hitting the component of dM containing the image of ¢;, we may
assume @ coincides up to reflection with the standard inclusion
D1 x {0} < R™~! x [0, ). Then the observation is that

(R™! % [0,00)) UD™

obtained from gluing along standard inclusions, is diffeomorphic to
R™1 x [0, 00). This is proven by writing down an explicit diffeomor-
phism. O

11.2  Hatcher’s proof and Alexander’s theorem

Hatcher’s approach is to prove the following analogue of Proposition
11.1.1, which is equivalent to the combination of smooth Schoenflies
in dimension 3 with Diff;(D3) ~ x.

Theorem 11.2.1 (Hatcher). The restriction map Emb(D3,R3) —
Emb(S?,IR3) is a weak equivalence.

In words, any smooth family of embeddings S — R3 can be
extended to a smooth family of embeddings D3 < R3. This is equiv-
alent to the combination of Diffy(D3) ~ * and the 3-dimensional
Schoenflies theorem, by the same argument as in the previous sec-
tion. To give an idea of why this is true, we shall sketch the proof
of Alexander’s theorem. This is equivalent to the relative 7rp-case of
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Theorem 11.2.1, saying that Emb (D3, R®) — Emb(S?, R?) is surjective
on 7. More details are given in Theorem 1.1 of [Hatoy].

Theorem 11.2.2 (Alexander). Every smooth embedding ¢: 5> — R3
extends to a smooth embedding D3 — R3.

Sketch of proof. The argument is basically the same as for Theorem
11.1.3:

1. Make the height function generic Morse.

2. Pick non-critical values {z;} separating the critical points and
make the embedding vertical near the planes R? x {z;}.

3. Cut along the R? x {z;}, innermost? circles first, separating the cuts
by €’s.

4. Isotopy the pieces to live near a critical level, so that the local
coordinates near the critical point apply.

5. Using your understanding of Emb(S!,IR?) to maneuver the circles
so that we have a disjoint union of pieces described by one of

seven standard models as in Figure 11.4. These by construction
bound a disk.

6. Run the isotopy and cutting process in reverse, and put together
the pieces. By Lemma 11.1.4 the result is again a disk.

7. Adjust difference between parametrization of boundary coming
from embedding and the bounding disk using Smale’s theorem on
diffeomorphisms of S2. O

Note that we used our understanding of path-components of

Emb(S!,R?), and proving the 7t;-versions will involve the entire
strength of Proposition 11.1.1.

Remark 11.2.3. Why does this strategy fail for dimension 4? It was
important that in both 2- and 3-dimensional case the intersections
with the hyperplanes of constant height were very simple: either
points in dimension 2, or circles in dimension 3. For dimension 4
we’d be dealing with surfaces in IR?. We can still define a notion of
“innermost” for these and isotope the pieces to live near a critical
level. Thus steps (1)-(4) work. However, step (5) fails, as the pieces
may not bound a disk, being of the form d(X x I U {1-handle}) and
hence a surface of possibly high genus.

*In fact, the situation is slightly nicer
now; where before there were some-
times non-equivalent choices which
pairs of points in ¢(S') N (R x {y;}) to
consider innermost, e.g. in the middle
line of Figure 11.1, now there is 70 need
to make such a choice. This is essen-
tially because circles are path-connected,
but pair of points are not. Thus there

is now only a choice of order in which
circle to take innermost, which in the
2-dimensional case you take different
pairs. This is why in Figure 11.4 no
“cylinder with half-disk removed” anal-
ogous to the “parabola bounded below”
as in Figure 11.3 shows up among the
pieces.

Figure 11.4: Four of the standard mod-
els. The remaining three are obtained
by reflecting vertically. Note that in the
right one, the inner horizontal disk does
not reach all the way down (otherwise it
would bound a solid torus, not a disk).
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11.3 Consequences of Hatcher’s theorem

We give a few consequences of Hatcher’s theorem.

Diffeomorphisms of S

Recall our proof that Diff(S?) = O(3). Hatcher’s theorem implies a
similar result for Diff(S3).

Theorem 11.3.1. We have that Diff(S3) ~ O(4).

Proof. There is a fiber sequence
Diff(S® rel D%) — Diff(5%) — Emb(D?, $3),

with fiber homeomorphic to Diffy(D3) ~ x and base weakly equiva-
lent to FrO(TS%) = O(4). O

Path-components of diffeomorphism groups

Recall we proved that for path-connected compact oriented surfaces
¥ with non-empty boundary, Diffi () is weakly contractible. One
way of rephrasing this, is saying that the map

Diffid(2) — hautil(2)

is a weak equivalence. This follows since we claim that haut'! () is
weakly contractible. To see this in the case that X has one boundary
component, note that hautld(2) = Map'd(£, ), where £ is the
surface obtained by filling in the boundary component with a disk,
putting a base point in its center. Fori > 1,any map §' x £ — &
extends to D't1; we need to extend from % x S’ to * x D'*1 (which
we can do by a constant map), then for each of 2g arcs D! from

D! x S'UaD! x D! to D! x Di*! (which we can do since this is
the same as extending a map from S**! into Y, to D2, and Y has
to 71 for i > 1), and then from D? x St UoD! x Dit1 (for similar
reasons as before).

One generalization of this to 3-manifolds is the following [Hat76,
Ivay6] (though the 7ty and 771 case are due to Waldhausen and Lau-
denbach respectively). A Haken 3-manifold is by definition a compact
path-connected P2-irreducible sufficiently large 3-manifold, though
we have not defined the majority of these terms (see e.g. [Hemoy4],
[Wal68]).

Theorem 11.3.2 (Hatcher-Ivanov). For M a Haken 3-manifold, we have
that Diffid (M) — haut'd(M) is a weak equivalence.
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Spaces of long knots

Let Emb, (R, R3 ) denote the space of embeddings R — R3 that

are standard outside of a compact set. These look like knots tied

in a straight line, called long knots. Of course there are many path-
components, but we can say something about that of the trivial long
knot. We start by noting that Emb,(R,R3) ~ Emb,(D?!, D%) and
prove some preliminary results.

Lemma 11.3.3. We have that Emby(D?, D3) is weakly contractible.

Proof. We reverse the proof of Gramain’s theorem to obtain a fiber
sequence
Diffy(D3)? — Diff;(D?) — Emb,(D?, D?)

with fiber and total space weakly contractible. Use the 3-dimensional

smooth Schoentflies or Alexander’s theorem for path-connectedness.
O

Let D2 be the half-disk, and define the subset S} := S N D3 of
its boundary 9D? . Then it is easy to prove that Emb(D?, D3 rel S!)
is weakly contractible, by precomposing with self-embeddings of D%
fixing S} to move into the neighborhood of S} where the embedding
is the identity.

We may now also fix D! := D2 NR x {0} (so that 9D% = S! U D?);
to be the standard embedding D! < D3. We have that D® and
D3\ D? are isotopy equivalent, so that Emb(D?%, D3\ D2 rel 9D?)
is homotopy equivalent to Emby(D?, D?). Hatcher proved in [Hat76]
(see also [Hat]) that

Emb(D?%, D%\ D? rel 9D%) < Emb(D?, D rel 9D?)

is a weak equivalence. One should think of this as an analogue of the
argument we compare arcs in 2. and X U strip in the previous lecture.

Proposition 11.3.4. We have that the path-component Emb® (R, RR3)
of Emb. (R, R3) containing the standard inclusion R — R3 is weakly
contractible.

Proof. Consider the fiber sequence
Emb”(D?%, D%\ D? rel 9D%) — Emb"(D?%, D® rel 8D2) — Emb)(D?, D?)

with fiber weakly contractible and left map a weak equivalence. The
long exact sequence of homotopy groups implies that Embg(Dl, D?)
is weakly contractible. O
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The s-cobordism theorem






12
Transversality

Now that we have discussed dimension 2 in detail, and outlined
what happens in dimension 3, we shall start to move on to high
dimensions. Our next main goal is the s-cobordism theorem. This is
done using Morse theory, or equivalently handle theory. Today we
shall show that Morse function exists. References are Chapters 2 and
3 of [Milg7], Chapter 4 of [Wal16], and Chapter IV of [Kosg3].

12.1  Sard’s lemma

Sard’s famous lemma is one of the basic foundational results of
smooth manifold theory, rivaled in importance only by the inverse
function theorem and existence and uniqueness for solutions of

ordinary differential equations. We start by recalling some definitions.

For the moment, all manifolds have empty boundary.

Definition 12.1.1. If f: M — N is a smooth map, theng € M is
said to be a critical point if Dyf: TyM — T, N is not surjective. A
point p € N is said to be a critical value if it is the image under f of a
critical point.

Conversely, if Dgf: TyM — Tf,)N is surjective, we call g € M a
regular point, and if p € N is not a critical value, we call it a regular
value.

If p € N is regular, then f~!(p) is a smooth submanifold of M by
the implicit function theorem and it has codimension #.

Theorem 12.1.3 (Sard). Let U C R"™ be open and f: U — R" be a smooth
map. Then the set C C R" of critical values has measure 0.

Here measure 0 makes sense without defining a Lebesgue mea-
sure; a set is measure o if in each chart it is contained in a union of
disks of total volume < ¢ for every € > 0. A measure o set can not
contain an open subset, and thus we conclude that the regular values
are dense. Furthermore, the continuity of the derivative means that

Takeaways:

- Sard’s lemma says that regular
values are dense.

- This can be used to reprove the
Brouwer fixed point theorem, and
to improve the Whitney embedding
theorem.

+ Using Sard’s lemma and a strongly
relative argument, we can prove
functions can be made transverse to
submanifolds of the target.

- A stronger version of transversality
is jet transversality.

Y critical values

.

° Py
N

’ S

. N

critical points

Figure 12.1: The graph of a smooth
function f: R — R.

Example 12.1.2. The element 1 € R is
a regular value of ¥ x?: R” — R and
its inverse image is the (m — 1)-sphere
S™=1. Its only critical value is 0.
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the regular values form an open subset. Thus another formulation of
Sard’s lemma is sometimes that the regular values are a dense open
subset of the target.

A proof of Sard’s lemma is given in Chapter 3 of [Milg7], and
Chapter 4.1 of [Wal16] gives a short proof in the case m < n. We start
with a mild generalization.

Proposition 12.1.4. The set of critical values of a smooth map f: M — N
has measure 0. As a consequence of the regular values are open and dense.

Proof. First assume that M = dN = &. We first consider the case
M = U C R™ open. Cover N with a countable collection of charts of
the form ¢;: N D V; — R". Then we have that

a convergence point.

Crit(ﬁ) = U goi—l (Crit(goi ° f|f’1(V,') ), Figure 12.2: The critical values can have
i

the union of the inverse images under g; of the critical values of the
maps @; © f| 1y R™ D f~Y(V;) — R". Since smooth maps preserve
measure 0 sets, e.g. Lemma 4.1.1 of [Wal16], Crit(f) is a countable
union of measure 0 sets and hence has measure 0.

By a similar argument, we reduce the general case to that of M
open in R™. Cover M with a countable collection of charts ¢/: M D
V! — R™. Then we have that

Crit(f) = J Crit(f o (¢)) ),

the union of the sets of critical values of the maps fo (¢})~1: ¢/(V/) —
N. Again this is a countable union of measure o sets and hence mea-
sure o.

Finally, if the boundaries are not empty, one adds an exterior collar
on N, and remarks that the critical values are the union of the critical
values of f|yp and a Whitney extension of f after adding exterior
collar on M. Since a union of two measure o sets has measure o, this
reduces it to the case of empty boundary. O

Manifolds with boundary

If we are dealing with manifolds with boundary, for the defini-

tion of critical point we need to distinguish two cases. In the case

p € int(M), the definition is as above. However, in the case p € dM,
it is a critical point if it is a critical point of f or f|ypr (or both). We
may then also define critical value, regular points and regular val-
ues, and f~1(p) is a neat submanifold when p is a regular value

in the interior of N, by Lemma 2.4 of [Milg7]. It is also true that
a(f~Yp)) = f'(p) NOM. Sard’s lemma and its consequences hold as
before.
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The role of neatness is sufficiently subtle that we give an explana-
tion; firstly, this is a local question and only subtle near the boundary
of M, in which case we are considering a map

f:R™ 1 % [0,00) — R".

Either by definition or the Whitney extension theorem, we may
extend f to a smooth map f: U — V, with U a neighborhood of
R~ x [0,00) in R™. Without loss of generality f has no critical
points, so that f ~1(p) is a submanifold of U. If 7rp;: R — R de-
notes the projection onto the last coordinate, we claim that the map
7m: f1(p) — R has 0 as a regular value. This is because the tangent
space of f~1(p) at g is the kernel of D, f and if ker(D, f) was con-
tained in ker(Dy7t;,) = T;0M, then f|3) would not have had p as a
regular value. This guarantees f~!(p) is neat, and if we had dropped
the assumption that f|55; was regular, then f~!(p) might not have
been neat.

A generalization of the Brouwer fixed point theorem

We can now give the first of two classical applications of Sard’s
lemma, which is a generalization of the Brouwer fixed point theorem.

Theorem 12.1.5 (Hirsch). If M is a compact manifold, there is no smooth
map f: M — oM that is the identity on oM.

Proof. This is a proof by contradiction. Let g € dM be a regular value,
which exists since they are dense by Lemma 12.1.4. Then f~1(g) is

a compact 1-dimensional neat submanifold of M whose boundary
lies in 9M. By construction, f~1(g) N9M = {g}. But all compact
1-dimensional manifolds are a finite disjoint union of circles and
intervals as in Figure 12.3, and hence have an even number of points
in their boundary. O

Applying this to M = D" and using the smooth approximation
techniques of Chapter 6, we obtain:

Corollary 12.1.6. There is no continuous retraction D" — 0D".

99

Figure 12.3: An f~!(p) as in the proof

From this the Brouwer fixed point theorem follows as usual, which of Theorem 12.1.5 when M = D2.
says that every continuous map f: D" — D" has a fixed point. From
an f: D" — D" without fixed points one constructs a a continuous

(x)—x

retraction g: D" — dD" by sending x to m

An improved Whitney embedding theorem

The second is the first improvement on the result that a compact
smooth manifold M admits a smooth embedding into some Eu-
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clidean space; we shall show that if M has dimension m, it can be
smoothly embedded into R?"*1.

Proposition 12.1.7. Every compact smooth manifold M can be smoothly
embedded into R¥" 1,

Proof. Starting with a smooth embedding ¢: M — RY, then we shall
show that one can reduce N by 1 as long as N > 2m + 1.

The idea is to pick a unit vector v € SN~1 and consider 7, o
¢: M — RN~! where 7,1 : RN — RN~ is projection onto the
hyperplane orthogonal to v. What can go wrong? Firstly, 77,1 o ¢
may not be injective, or secondly, 7t,1 o ¢ may be injective but its
derivative might have a kernel somewhere. The first happens if there
are x,y € M distinct such thatv = % and the second
happens if there is a w € TM such that Dgo(wg =v.
So, we should pick an v in the complement of the union of the

images of the smooth maps *

cho: {(x,y) | x #y} € M?> — SN-1

P(x) — ¢(y)
Cr¥) = o) — oy
tan: {w | ||w|| =1} € TM — SN~1

De(w
"~ IDg(w)||

~

(x, w)

If2m < N —1,thenv € SN~!is a regular value of cho if and

only if it is not in the image of cho, and similary for tan as long as

2m —1 < N — 1. Thus if we assume that 2m < N — 1, it suffices to

show that im(cho) Uim(tan) # SN~1. But this follows from the fact

that both terms are sets of critical values and hence have measure o.
Thus as long as N > 2m + 2, we can find a unit vector v € SN-1 o

project along and still have an embedding.? O

12.2  Transversality

The main consequences of Sard’s lemma are transversality results.
We shall prove the basic version.

Definition of transversality

Let us start with the definition of transversality. For the moment, all
manifolds have empty boundary.

Definition 12.2.1. Let f: M — N and g: M’ — N be smooth
maps. Then f and g are said to be transverse, denoted f M g, if for

1 cho stands for “chord”, and tan for
“tangent line”. Alternatively one could
define a single map on the Fulton-
MacPherson compactification of the
configuration space C,(M).

2 The proof also makes clear that we
can go down to R?" if we only want to
avoids cusps. A variation of cho would
also allow us to guarantee that the
tangent plane at any intersection point
are distinct.
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allp € f(M)Ng(M'),q € f~1(p) and ¢ € ¢ !(p), we have that
Dfq(Ty(M)) + Dgy (Ty (M')) = Tp(N).

Example 12.2.2. If dimM + dimM’ < dim N then f and g are
transverse if and only if f(M) and g(M’) are disjoint.

Let us discuss some special cases:

Example 12.2.4. If g is the inclusion of a submanifold X, then the
definition simplifies upon identifying X with its image; f th X if for
allp € f(M)NXand q € f~1(p) we have that Df,(T;(M)) + Tp(X) =
Ty(N). An equivalent statement is that for all p € f~1(f(M) N X) the
map 710 Dpf: TyM — Tf,)N — v, X, the latter being a fiber of the
normal bundle of X in N, is surjective.

The implicit function theorem says that if f is transverse to X then
f~1(X) C N is a smooth submanifold. It will be of codimension 1 — x,
hence of dimension m + x — n.

Example 12.2.5. If f is the inclusion of a submanifold, this definition
simplifies: two smooth submanifolds M and X are transverse if

TyM + TpX = TyN for all p € M N X. The implicit function theorem
then says that we can find a chart U near x such that NN U and X N U
in this chart are given by two affine planes intersecting generically
(that is, in an (m + x — n)-dimensional affine plane).

Let us explain the modification to manifolds with boundary only
in the case of f h X with 0X = @. Then f th X if notonly f is
transverse to X in the ordinary sense, but also f |y is transverse to X.
In this case f~1(X) C M is a neat submanifold with boundary (see
IV.1.4 of [Kos93]). Remark that X C N is neat if and only if X h oN.

Proof of transversality

We shall now give a proof that every smooth map can be approxi-
mated by smooth maps transverse to X. The case of transversality
with respect to a map g is done by considering graphs, see Chapter
IV of [Kosg3]. We give this proof as an example how a strongly rela-
tive statement allows one to do an induction over charts and reduce to
the local case. This is a very common technique.

Theorem 12.2.6. Every smooth map f: M — N can be approximated by a
smooth map transverse to X.

Proof. To do induction over charts in Step 3, we actually need

to prove a strongly relative version. That is, we assume we are

given a closed subsets Cyone, Diodo C M and open neighborhoods
Udones Viodo € M of Cyones Diodo Tespectively, such that f is already
transverse to X on Ugope (note that Cyone N Dioqo could be non-empty).

Remark 12.2.3. There are several other
useful notions of transversality of a
map with respect to a submanifold,
which generalize better to PL and
topological manifolds. These include
microbundle transversality, block
bundle transversality, and stable
transversality. The main issue is that PL
or topological submanifolds might not
have normal bundles [RS67].

Figure 12.4: A transverse intersection
of a 2-dimensional and a 1-dimensional
submanifold.
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See Figure 12.5. It will be helpful to let r := n — x denote the codimen-
sion of X.

M N
~
Cdone
udone- i
f X
(% - -
~
Vtodo
Dt(wdo
W |

Then we want to make f transverse on a neighborhood of Cyope U
D040 Without changing it on a neighborhood of Cqone U (M \ Viodo)-
We also fix a continuous €e: M — (0,00) and a metric on N, and
demand that f(m) is not moved more than e(m).3

Step 1: M open in R™, X = {0}, N = R”, Dyoq, is compact We first
prove that the subset of C®°(M,R") which consists of smooth
functions M — R” that are transverse to {0} is open and dense.

Note that f is transverse to 0 near D,q, if and only if 0 is regular.
Openness follows from the fact that being transverse to 0 near a
compact subset K is an open condition. For density, we use Sard’s
lemma, which says that the regular values are dense in IR". Thus
for every f € C*°(M,R") there is a sequence of x; € R" of regular
values of f: M — IR" converging to 0. Then

fe=f—x
is a sequence of functions transverse to {0} converging to f.

This is not a strongly relative version yet. Fix a compactly-supported
smooth function 7: M — [0, 1] such that # is 0 near Cggne U (M \
Viodo) and 1 on a neighborhood of Dyyqo \ Ugone (compactness of
Dyodo means we can take the support of # to be compact). Then
consider the smooth functions

fe=nfc+ 1 =n)f.

For k sufficiently large, this is transverse to {0} on a neighborhood
of Cgone U Diodo, by openness of the condition of being transverse to
{0} near a fixed compact subset (here the support of 7). Taking k

Figure 12.5: The input for the strongly
relative version of transversality in
Theorem 12.2.6. We are then asked to
fix f near Dy,q, with support in Viyqo,
by moving the graph for example a bit
upward or downwards.

3 In fact, we could have ignored the
smallness of the approximation, be-
cause it turns out that strongly relative
results always imply approximations,
see Appendix I.C of [KSy7].
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even larger, we can also arrange that d(fi(m), f(m)) < e(m) for all
m.

Step 2: M open in R™, N = R" x X, Dyyqo compact Then f: M — N =
R” x X is transverse to X if and only if f := 130 f: M - R" x X —
R" is transverse to {0}. So this reduces it to step (1).

Step 3: M open in R™, vy trivializable, Dyyq, compact Since vy is trivial-
izable, we may take a trivialized tubular neighborhood R” x X in N,
and substitute

« M =fY(R"x X)and N' =R’ x X,

- = flm-
* Céone = Cdone mf_l (]Rr x X)r

+ Uone = Udone N fH(R" X X),

* D{ 4o = Drodo N f~1(D" x X) (which is fine since if f(x) ¢
D" x X then you are transverse to X anyway),

- V4o = Viodo N f~1(int(2D") x X) (which serves to control the
support so that we can extend by f outside M’ C M),

. €/ = E/‘M/, d/ = d'N"
This reduces it to step 3.

Step 4: General case This will be an induction over charts. Take a
locally finite covering U, of X so that each vx|y, is trivializable.
We can then find a locally finite collection of charts ¢;: M D
Vi = W; C R™ covering M, such that (i) 2D™ C W;, (ii) Dioqo C
Ui (p;l (D™) and (iii) for all i there exists an a with f(V;) C U,.
Let’s order the i, and write them asi € IN from now on. By
induction one then constructs a deformation to f; transverse on
some open neighborhood U; of C; := Cyone U Uj<; (pj_l (D™). For the
induction step from i — 1 to i, use step (3) with the substitution

- M =W, 1and N =N,
- f''=fio (Pi_+11'

* Clione = 9i+1(CiNYV}),

* Ugne = 9ir1(UiNV;),

* Diogo = D™ N ¢i(Dgodo N V;) (note this is compact),
) Vt/odo = int(sz) n q)i(vtodo N Vl)z

- €' is smaller than € and sulfficiently small such that we do not to
disturb property (iii) and 4’ = d.

Since the cover is locally finite, f is modified near each p € M only
finitely many times. Thus lim;_,, f; is a well-defined smooth map
that is transverse to X near |JC; O Cgone Y Diodo- O

103
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We may apply this to the case that f is the inclusion of a submani-
fold.

Corollary 12.2.7. If M and X are smoothly embedded compact submanifolds
of N, then there is an arbitrarily small ambient isotopy ¢; of N such that
$1 (M) M X. In particular, if m 4+ x < n we can make M and X disjoint.

Proof. Pick a Riemannian metric ¢ on N. The embeddings are open
in all smooth maps, so if we pick a perturbation f of the inclusion
f: M — N transverse to X small enough, then it is an embedding
and furthermore has the property that for all § € M there is a unique
geodesic in N connecting f(q) and f(g) in N. This gives a family of
embeddings f; such that fy = f and f; = f. By isotopy extension f; is
induced by an ambient isotopy. O

12.3 Jet transversality

A Morse function will be a particularly nice type of function, and we
shall show that such functions exist using a transversality theorem
that applies to the jet spaces we used to define the Whitney topology.
To explain this, let us revisit transversality.

One can rephrase transversality in terms of the first jet space.
Recall that J"(M, N) was given by the space of pairs of a point in m
and an r-jet of a map f: M — N near m. This r-jet contains the data
of the rth Taylor approximation of f at m, i.e. for r = 1 its value and
first derivative. It is a locally trivial bundle over M x N with fiber
given by n-tuples of polynomial of degree < r in m variables taking
the value 0 at the origin. As the transition maps between these local
trivializations are induced by diffeomorphisms and hence smooth,
we see that J"(M, N) is in fact a smooth manifold, of dimension
m4n(l+m+ ("I + . ("),

There is a r-jet map

j i C®(M,N) - T(M,]J'(M,N))

recording the r-jets of a smooth map f at all points in m. Considered
asamap M — J"(M, N) this is smooth.

For any r > 1, we can describe the condition f is transverse to X
in terms of j"(f). For concreteness, let us take r = 1, then there is a
subspace X of J'(M, N) consisting of those 1-jets with image in X
(and arbitrary first derivatives). We then have f M X if and only if
j'(f) h X. Note that X has dimension m + x + nm, i.e. codimension
m — x, as locally we are imposing (m — x) equations to get the values
to lie X.

We can arrange j!(f) th X using jet transversality, a transversality
result with respect to any closed stratified subset of the jet bundle.

Example 12.3.1. If r =0, J"(M,N) is
just the product M x N and (m + n)-
dimensional. If = 1, there is the
additional data of the n-dimensional
directional derivative in each of the
m directions, so it is (m + n + nm)-
dimensional.

IRZ

(2K D

Figure 12.6: A 1-dimensional stratified
subset of R2.
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A stratified subset here is in the sense of Whitney; it is a subset Y C
J"(M, N) that is a union of finitely many i-dimensional submanifolds
Y; so that cl(Y;) = Uj<; Yj. A proof may be found in Section 4.5 of
[Wal16].

Theorem 12.3.2. Let D be a closed stratified subset of ]"(M, N). Every
smooth map f: M — N can be approximated by a smooth map whose r-jet
is transverse to D, i.e. transverse to each stratum. There is also a strongly
relative version.

Generic maps

The classical application is the studying of generic maps M — N
when m > n, the starting point of singularity theory [AGZV12].

To do so, one definition a stratification of J'(M, N) in terms of the
dimension of the cokernel of the derivative. That is, it is the union of
strata S' given by the subspace of J'(M, N) where the derivative has
i-dimensional kernel.

Lemma 12.3.3. The ¥/ form a stratification of J'(M, N), and X! has
codimension (m — n +1)i.

Then the jet transversality theorem implies that any smooth map
f: M — N can be arbitrarily approximated by a map f such that
i1 (f) M X' In particular, the subset X/ ( f) where the rank of the
derivative drops by i, is a submanifold of codimension i(m — n + i)
and its closure in M is ;> Y (f).

Example 12.3.4. If n = m, then
(m—n+i)i= i2. For example, a map
$? — R? will generically only have
regular points and circles of folds.






13
Morse functions

We shall define Morse functions, prove that they exist, and explain
that near a critical point a Morse function admits a nice form in
well-chosen coordinates. References are Chapters 2 and 3 of [Milgy],
Chapter 2 of [Mil63], and Chapter 4 of [Wal16].

13.1  Morse functions

Morse functions are particularly nice functions from manifolds to R;
they are the functions where the critical points are as non-degenerate
as possible.

Definition of Morse functions

To make this precise, we define the Hessian Hess(f) of a smooth
map f: M — R at a critical point p € M. Before giving a coordinate-
independent definition, we discuss its construction on R™. The
Hessian of f at 0 € R™ is defined in terms of Taylor approximation
around 0 as

F(x) = F(0) + (Vof,x) + %(HO( )%, %) + remainder,  (13.1)

with (—, —) denoting the standard standard Euclidean inner product,
and the remainder vanishes up to second order at 0. To make this
equation hold, the symmetric matrix Hy(f) must be given by*

2
(Ho(f))ij = aiaij (0).

The matrix Hy(f) at 0 is not invariant under coordinate changes, as it
is non-zero is not invariant under coordinate changes unless 0 was a
critical point.

However, if 0 was a critical point, the following appropriate ver-
sion of Hy(f) is invariant under coordinate changes. Any two tangent
vectors v,w € TyM may be extended to smooth vector fields ¢ and

Takeaways:

- Morse functions are smooth func-
tions M — R with non-degenerate
critical points. One proves that these
exist by rephrasing the condition in
terms of jet transversality.

- The Morse lemma says that non-
degenerate critical points locally
look like — Y3 x? + ¥, %2,

*Soif m =1, Hy(f) is just the second

derivative ZZTJZ{ (0).
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w.> Let [f]: M — R denote the directional derivative of f in the
o-direction, and 3[f](p) its value at p. This is independent of the
choice of 7 extending v and linear in v. If p is a critical point, then
0[f] vanishes at p for any v.

Let us now consider the expression @[3[f]](p) € R, which satisfies

ola[f]](p) — @[olf]l(p) = [0,@][f](p) =0, (13.2)

with [, @] the vector field obtained by taking the Lie bracket. Since
9(¢](p) is independent of the choice of extension 7 for any ¢: M — R,
(13.2) implies @[3[f]](p) is independent of the choices of extensions 7
and @ of v and w to vector fields.

Let us denote the real number @[3[f]](p) by Hess,(f)(v, w).
The function Hess,(f): T,(M) x T,(M) — R given by (v,w) —
Hessy (f)(v, w), is bilinear by construction, and symmetric by (13.2).
This is the right definition of the Hessian.

Definition 13.1.1. A critical point p € M is said to be a non-degenerate
if the Hessian Hessy(f): T,(M) ® T,(M) — R of f at p is a non-
degenerate bilinear form.

The classification of non-degenerate bilinear forms is easy; by
Gram-Schmidt up to GL,,(R) they are equivalent to a unique bilinear
form of the form — Y* | x? + Y, ., x%. The integer A € {0,...,m}
is called the index, and thus we can associate to each non-degenerate
critical point a well-defined index.

Definition 13.1.2. A smooth function f: M — R is Morse if it is regu-
lar near dM, i.e. there is an open neighborhood of dM that contains
no critical points, and all critical points of f are non-degenerate.

Existence of Morse functions

We may describe this in terms of the second jet space J?(M, R). This
contains a subspace D of 2-jets with arbitrary value, vanishing first
derivatives and degenerate second derivatives. This is a stratified
subset, with stratification by the dimension of the kernel of the
Hessian. We have chosen D so that j2(f)(m) ¢ D is equivalent to f
either being regular at m or having a non-degenerate critical point.
That is, for f that are regular near the boundary. j2(f) ND = @ if and
only if f is Morse.

Note D has codimension m + 1, because all first derivatives have
to vanish, as does the determinant of the Hessian. We conclude that
j2(f) is disjoint from D if and only if it is transverse to D. Using the
relative version of the jet transversality theorem of Theorem 12.3.2,
we conclude that Morse functions exist:

2 Clearly this is possible in a chart and
we may use a bump function to extend
to M.
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Theorem 13.1.3. Every smooth function f: M — R which is reqular near
OM may be approximated by a Morse function without modifying it near
oM.

Generic Morse functions

In Chapter 11 we used the notion of a generic Morse function, i.e. a
Morse function all of whose critical values are distinct. We could
have proven this by a stronger version of jet transversality called
multi-jet transversality. However, it is easy to prove their existence by
hand. We start with the following remark:

Lemma 13.1.5. The Morse functions are open in C*°(M,R).
Proof. It suffices to prove that D C J?>(M,R) is closed. O
Corollary 13.1.6. Every smooth function f: M — R which is reqular near

OM may be approximated by a generic Morse function without modifying it
near oM.

Proof. Without loss of generality f is Morse already. Then for critical
point p € M pick a smooth function 17,: M — R thatis1atp

and with support away from the other critical points and an open
neighborhood of dM. Then consider for €; € R consider

f + Zeinil
i

which is Morse with the same critical points if all ¢; are small enough.
Now just pick the €; such that the critical values f(p;) + ¢€; are distinct.

O

13.2  The Morse lemma

Now that we have defined Morse functions and have shown they
exist, we shall study them in more detail. In particular, we shall see
that there exist coordinate near a non-degenerate critical point in
which the function takes a standard form.

Morse singularities

We shall describe a particular situation in which a critical point is
non-degenerate.

Definition 13.2.1. A critical point p € M of f: M — R is said to be a
Morse singularity if there exists a chart with coordinates (x1,...,Xn)
around p (that is, p corresponds to 0) so that f near p is given by

A m
(X1, Xm) Hf(p)—;xiz—i- Y. X2,

i=A+1

Remark 13.1.4. Note that the codimen-
sion of D is barely enough for Theorem
13.1.3. In particular, one can not use
the same argument to show that a
1-parameter family of smooth functions
M — R can be approximated by a
family of Morse functions. This is in
fact impossible, and one needs to allow
additional singularities. These are the
so-called birth-death singularities, which
locally look like
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Lemma 13.2.2. Every Morse singularity is a non-degenerate critical point.

The Morse lemma

The Morse lemma is the converse to Lemma 13.2.2, and is proven
in Chapter 2 of [Mil63]. We shall follow the proof in Section 4.8 of
[DKo4] instead.

Theorem 13.2.3 (Morse lemma). Every non-degenerate critical point is a
Morse singularity.

Proof. Without loss of generality we may assume that f(p) = 0,
and fixachart : M D V — W C R" so that ¢(p) = 0. Let
x = (x1,...,%y) denote the coordinates near p coming from this
chart, defined on W C R™.

Let Sym(IR™) denote the space of symmetric (m x m)-matrices
over R. The multi-variable version of Taylor approximation says
that there is a smooth map Q: W — Sym(IR") such that f(x) =
(Q(x)x, x), which satisfies Q(0) = Hy(f) (e.g. obtained from (13.1)
by absorbing the remainder into the Hessian term). We first want
to change coordinates from x to y so that Q is independent of y. To
do this, make the ansatz that y = A(x)x for a smooth map A: W —
GL,(R). In that case we need to solve the equation

(QO)A(x)x, A(x)x) = (Q(x)x, x),

or equivalently A’(x)Q(0)A(x) = Q(x). The insight of Duistermaat-
Kolk’s proof is to consider the smooth map G: Sym(R") x W —
Sym(R™) given by

(B,x) — (id + ;Q(O)lB>tQ(0) (id + ;Q(0)1B> —Q(x).

This is equal to 0 at (B, x) = (0,0) and its derivative with respect
to B at B = 0 is the identity

2.G(B,0) = @Q(o)‘l)tQ(O) +0Q0) (;Q(O)_1>

1. 1. .
= §1d—|-§1d =id.

By the implicit function theorem, there exists a neighborhood U of
0 in W and a smooth map : U — Sym(R™) such that G(B(x),x) = 0.
Taking

Alx) = id + %Q(O)’lﬁ(x)

we obtain that (Q(0)A(x)x, A(x)x) = (Q(x)x,x). So we shall use
coordinates y = A(x)x. Since x — A(x)x has derivative id at 0, by the
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inverse function theorem there exists some smaller neighborhood U’
on which this map is a diffeomorphism.

Now that in y-coordinates we have that f(y) = (Q(0)y,y), itis a
matter finding a matrix A such that A'Q(0)A diagonal with entries
+1 and using the coordinates z = Ay instead. This is possible as a
consequence of Gram-Schmidt. O

A useful observation following from the Morse lemma is that
non-degenerate critical points are isolated. In particular, a compact
manifold can only contain a finite number of them.
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14
Handles

Now that we have defined Morse functions and have shown that
there exist coordinates near a non-degenerate critical point in which
the function takes a standard form, we use this to relate Morse
functions to handle decompositions. References are Chapters 2 and 3
of [Milg7], Chapter 2 of [Mil63], and Chapter 4 of [Wal16].

14.1  The difference between level sets

A generic Morse function f: M — R will provide us an understand-
ing of M by studying the inverse images of points of intervals in R.
A level set of f is a subset of M of the form f~!(a), which is a sub-
manifold of codimension 1 if a is a regular value. A sub-level set of f
is a subset of M of the form f~!((—oo,a]), which is a manifold with
boundary if a is a regular value.

The difference between two sub-level sets involves f~!([a,b]). If a
and b are regular values of f, then f~!([a,b]) is a smooth manifold
with boundary. We shall start by explaining how its diffeomorphism
type depends on a and b.

No critical values in [a, b]

The first case is when [a, b] contains no critical values, i.e. f~!([a,b])
contains no critical points. Recall that a continuous function is said to
be proper if the inverse image of a compact subset is compact.

Proposition 14.1.1. If f: M — R is proper and f~1([a, b]) contains no
critical points, then f~'([a,b]) is diffeomorphic to f~1(a) x [a, b].

Proof. To prove this, we use the notion of a strict gradient-like vector
field. This is a smooth vector field X on f~1([a,b]) such that df(X) =
1. One way to construct these is by picking a Riemannian metric g
on f~1([a,b]) and taking the gradient V f, the dual of the 1-form df.
Since the condition on a strict gradient-like vector field is convex, we

Takeaways:
- If f: M — R is a Morse function,

every critical point corresponds to

a handle in a handle decomposition
of M, i.e. we write M as being build
by attaching copies of D* x D"~
along dD* x D"~ corresponding to
critical points.

- This implies copmcat smooth

manifolds have the homotopy type
of finite CW complexes.
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can also patch them together from local constructions using smooth
bump functions.

So let X be a strict gradient-like vector field. Since f~!([a, b]) is
compact and df (X) = 1, its forwards-time flow ®y exists until the
flow-line hits f~1(b) at time (b — a) (as f increases linearly along the
flow-line). Consider the smooth map given by

¢: £ (a) x [a,b] = f~'([a,b])
(p.t) = @x (p,t).

It has bijective differential, and hence is a local diffeomorphism
using the inverse function theorem. It is injective by uniqueness of
solutions to ordinary differential equations and surjective because
every point p € f~1([a,b]) lies on a flow-line from f~1(a) to f~1(b).
Hence it is a diffeomorphism. O

For a < b, the sub-level set f~1((—o0,b]) is obtained by glueing
f~1([a, b)) to the sub-level set f~!((—co,a]) along f~!(a). Proposition
14.1.1 then implies:

Corollary 14.1.2. If M is compact and f~1([a,b]) contains no critical
points, then the sub-level sets f~1((—oo,a]) and f~1((—oo, b)) are diffeo-
morphic manifolds with boundary.

Figure 14.1: An example of a proper
map f: M — R such that f~1([a, b])
contains no critical point. note that
f~1((—o0,a]) contains 7 critical points.

A single critical value in [a, b]

What happens when there is a unique non-degenerate critical point
p in f~1([a,b])? Pick a coordinate chart ¢: M D V — W C R™ such
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that ¢(p) = 0, and in terms of coordinates (x1,...,x,) € W, f is
given by

flxy, ..., xn) :c—‘\;xiz—&—‘ Z x%.

This is possible by Theorem 13.2.3.

Let € > 0 be small enough such that W contains the ball B, s(0)
and a < ¢ — 2e < ¢+ 2e < b. Then we shall describe the difference be-
tween f~!([a,c —€]) and f~!([a,c + €]), at first homotopy-theoretically
and then as a manifold. To do so, define the subset C C B, 5-(0) by
{(x1,...,x,,0,...,0) | Zf‘zl xlz < e}, where C stands for core. This is
of course a A-dimensional disk, whose boundary (A — 1)-sphere lies in

fHe—e).

The description of f~1([a,c + €]) up to homotopy is as follows, and
along the way we will in fact obtain a description up to diffeomor-
phism.

Proposition 14.1.3. The union f~1([a,c — €]) U C is a deformation retract
of f~([a,c +e)).

To prove this, we follow Milnor and shall find a neighborhood U
of f~!([a,c — €]) UC that is a deformation retract of f~!([a,c + €]) and
itself deformation retracts onto f~1([a,c — €]) U C:

F Y a,c—ehuC S US F Y (a,c+e]).

The construction uses a modification F of f. This modification is
obtained by chaning f only on the subset f~!([c — €, ¢ + €]), using
a smooth function ¢: [0,00) — [0, c0) satisfying (i) ¢(0) € (e,2e),
(ii) ¢(t) = ¢(0) for t near 0, (iii) ¢(t) = 0 for t € [2¢,00), and (iv)
¢'(t) € (—1,0] for all t € [0,00).

Then F is given by
F: M — R
e e (S rana ) ifxev
f(x) otherwise.

This is a smooth function because ¢ (Zf‘zl X242y x%) has
compact support in V.

Lemma 14.1.4. F has the following properties:

@) flac+e])=F1ac+e]).

(ii)  F has the same critical points as f.

(iii) In B ;5(0) CW, F~Y([a,c — €]) is described by Figure 14.3. More
precisely, U is diffeomorphic to f~'([a,c — €]) U (D* x D"=%)
attached along an embedding 9D x D™= (up to smoothing
corners), with C corresponding to D* x {0}.

2e
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2e

Figure 14.2: The function ¢.
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]Rmf/\
S (la,c +e])
f(la,c—e])
]R)\

Proof. Let us write x = (y,z) whenx € V, withy = (y1,...,¥))
denoting the first A coordinates and z = (z1,...,z,_,) denoting the
remaining m — A.

Part (i) follows by noting that since F < f (since ¢ is non-negative),
we have that f~1([a,c +€]) C F1([a,c + €]). For the converse, if
x € F1([a,c + €]) and ¢([|y]12 +21[2]12) > 0, then [[yl[ + 2| 2I[? < 2¢
(since ¢(t) = 0 when t > 2¢), so that

F) = £(0) = ~IlylP 112l P < 21yl + el < e

and thus x € f1([a,c + €]) as well.

For part (ii) there is only something to check when p € V. Work-
ing in local coordinates, we have that s VF(x) = (—y — ¢'(x)y,z —
¢'(x)2z). This certainly vanishes at 0, so p is a critical point. To see
this is the only critical point, note that since ¢'(x) > —1, we must
have y = 0 and since ¢’(x) < 0, we must have z = 0.

The precise proof of part (iii) is a rather long computation, as
we need to produce an explicit diffeomorphism. For details the
reader may look at Chapter 3 of [Mil63] or Section VII.2.2 of [Kosg3].
The main observation is that upon fixing the first A-coordinates
tobe equal toy = (y1,...,y)) with ||y||> < ¢, the intersection of
F~1([a,c — €]) with the (m — A)-dimensional plane {y} x R"* is
given by a disk whose radius depends smoothly on y. Of course, as
soon as ||y||* + 2||z||? reaches Ty := inf{t | ¢(t) = 0}, then this disk
coincides with the intersection of the original set f~!([a, c — €]) with

Figure 14.3: The set U is the union of
the red and purple parts. The set is
f~1([a,c + €]) is the union of the red,
purple and dashed parts.
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]Rmf/\
S (la,c +e])
f(la,c—e])
]R)\

5

the (m — A)-dimensional plane {y} x R"~*.
To check this, note that this intersection is given by the set (y,z) €
R x R™* with z satisfying

¢ = [yl + Izl = ¢(llyl* +2l|zI]*) < c —e.

The condition may be rewritten in terms of a(y,z) = ||y||> + 2||z||? as

Plaly,2) ~aly,2)/22 e~ Syl (141)

Since ¢(t) — t/2 is decreasing on the interval [0, 2¢] from ¢(0) > € to
—e¢, there is a unique ty > 0 such that ¢(tp) — to/2 = € — 3|[y[|>. In
terms of t(, the inequality (14.1) is equivalent to

1
121> < 5 (to — [yl ). (142)

Since ¢(0) > € and ¢'(t) > —1, we have that ¢(ty) > € — tg, so that
we have ¢(ty) — to/2 > € — 3ty and thus that ty > ||y||?, so the right
hand side of (14.2) is strictly positive. The set Dy, :== {(y,z) | ||z[|* <
3(to — |[y||*)} is the desired disk. O

We shall then define U = F~!([a,c — €]), which is diffeomorphic
to f~1([a,c + €]). To see this, apply Proposition 14.1.1 using the
observation that there is no critical point in f~!([a,c +¢€]) \ U. From
this observation and part (iii) of the Lemma, we not only obtain
the homotopy-theoretic description also the stronger statement that
f~([a,c + €]) is diffeomorphic to (f~1({a}) x [a,c — €]) U (D* x
Dm—/\).

Figure 14.4: The gray part consists of
those disks Dy in the proof of Lemma
14.1.4 that do not coincide with those
for the original function f.
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Corollary 14.1.5. If f is proper and f~'([a, b)) contains a unique non-
degenerate in its interior, then the sub-level set f~1((—oo, b)) is given by
F((=00,b]) Uypi y pm—r (DY x D) up to diffeomorphism.

14.2 Handles

Handle decompositions

We say that the manifold with boundary f~!((—co, b]) is obtained
from f~1((—oo,a]) by attaching a handle (and implicitly smoothing
corners, see Chapter 2.6 of [Wal16]):

Definition 14.2.1. Let M be a smooth manifold with boundary oM,
and let ¢: @D’ x D=1 — 9M be a smooth embedding. Then the
manifold

MU, (D' x D)

is a smooth manifold with boundary (after smoothing corners) and is
said to be the result of attaching a handle to M.

We shall also introduce some terminology for handles (see Figure
14.5).

Definition 14.2.2. Suppose we are given a handle attachment M U,

(D' x D™1).

- the subset D' x D" is called the handle, and is said to have index i,
so is also called an i-handle,

- the subset D' x {0} is called the core and its boundary aD? x {0}
the attaching sphere,

- the subset {0} x D" is called the cocore and its boundary {0} x
0D~ the transverse sphere.

A handle decomposition of M is a way of writing M as obtained by
iterated handle attachments from @. If we use that generic proper
Morse functions exist and that each critical point gives rise to a
handle attachment, we conclude that:

Corollary 14.2.3. Every closed smooth manifold admits a handle decomposi-
tion.

This is a necessarily finite handle decomposition, since we re-
marked before that there can only be finitely many non-degenerate
critical points.

Example 14.2.4. For example, S” has a handle decomposition with a
single 0-handle and a single n-handle. The n-handle is attached along
the identity map 9D" x DV 22 §"~1 — §n=1 =~ 9(D0 x D").
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An application

We shall deduce a corollary about the topology of manifolds from
this:

Corollary 14.2.6. Every compact smooth manifold has the homotopy type of
a finite CW-complex.

Proof. The proof is by induction over the number of handles, the case
of no handles being trivial. If M is a CW-complex, then M U,, (D x
D™~") deformation retracts onto M Uy (D' x {0}). This amounts
to attaching a cell to a CW complex, and it is well-known that a
space obtained by attaching a cell to a CW complex is homotopy
equivalent to a CW complex (you just need to rearrange the order of
the cell attachments to that the next i-cell is attached to the (i — 1)-
skeleton). O

Figure 14.5: A 3-dimensional 1-handle
attached to R? = 9(R? x (—o0,0]).
The colored 2-disk is the cocore (its
boundary the transverse sphere), the
thick line (i.e. 1-disk) the core (its
boundary the attaching sphere).

Remark 14.2.5. In fact, even compact
topological manifolds have the ho-
motopy type of a finite CW-complex
[Mil59], though they need not admit
handle decompositions [FQgo].






15
Handle modifications

In the previous lecture we proved that closed manifolds admit handle
decompositions. Now we shall apply the same theory to cobordisms,
and give several lemma’s that will aid us in the manipulation of han-
dle decompositions. The main reference of this material is the first
chapter of [L62], but see also Chapters VI and VII of [Kosg3], Chapter
5 of [Wal16], and Milnor’s book [Mil65] for a purely Morse-theoretic
approach. We prefer the handle-theoretic approach, since it applies
to PL and topological manifolds once one establishes transversality,
isotopy extension and the existence of handle decompositions.

15.1 Cobordisms

We start with the definition of a cobordism, see Figure 15.1 for an
example in the case m = 1.

Definition 15.1.1. Let My, M; be closed manifolds of the same
dimension m. A cobordism from My to M; consists of a 5-tuple
(W,00(W), fo,01(W), f1) where W is a compact (m + 1)-dimensional
manifold with boundary o(W), do(W) and 91 (W) are submanifolds
of (W) and (W) = 9p(W) L9d1(W), and fo: My — do(W) and
f1: My — 99(W) are diffeomorphisms.

Handle attachments give rise to cobordisms. In describing this, it
shall be useful to change the focus to the cobordism, whose dimen-
sion is w. Indeed, given an embedding ¢: 9D’ x DV~ < 9g(W) x {1},
we obtain a cobordism by taking

(90(W) x I) Ug (D' x D*F)

and smoothing the corners. I find Liick’s notation convenient for this,
(00(W) x I) + (¢). This is a cobordism from dy(W) to the manifold
31(W) == 31((39(W) x 1) + (¢)) given by

(30(W) \ ¢(aD" x int(DV~')) U (D' x aD¥~),

Takeaways:

- One may change the attaching map
of a handle up to isotopy.

- Transversality may be used to move
the attaching map of a j-handle off
an i-handle if i > j. Consequently,
handles may be rearranged in order
of increasing index.

- If an attaching sphere of a handle
intersects a transverse sphere of
another handle transversally in a
single point, these handles cancel.

d1 (W) = Ussl

Figure 15.1: A cobordism from S! Ly S!
toStust st

Example 15.1.2. Every closed (m + 1)-
dimensional manifold is a cobordism
from & to @.
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which is said to be the result of doing surgery along ¢ to do(W).

If we attach a second handle to 91 (W) along ¢’ we get a larger
cobordism (dg(W) x I) + (¢) + (¢'). Note that the order matters;
(00(W) x I) + (¢') + (¢) does not even make sense, as ¢’ does not
have image in dg(W) x {1} and hence can not be used to attach a
handle.

In fact, all cobordisms can be written as iterated handle attach-
ments. To see this, we use that our previous results imply that there
is a generic Morse function f: W — R that takes the value 0 on
do(W) and 1 on 91 (W) and is regular near the boundary. Each critical
point of this Morse function will correspond to a handle and since
critical points are isolated and W is compact, there are only finitely
many.

Proposition 15.1.3. Every cobordism W can be written up to diffeomor-
phism rel dg(W) as

(@o(W) X I) + (¢1) + ... + (),

and 01 (W) is hence diffeomorphic to dg(W) modified by finitely many
surgeries.

One next immediate goal is to see how we can manipulate handle
decompositions without changing the diffeomorphism type of the
cobordism rel dp(W). We will see that we can in particular make the
following changes:

(1) Change the ¢;’s by isotopes.

(2) When index(¢;) > index(¢; 1), interchange ¢; and ¢; 1 after an
isotopy of ¢;1.

(3) When index(¢p;.1) = index(¢;) + 1 and the attaching sphere of
¢i+1 meets the transverse sphere of ¢; transversally in a single
point, cancel ¢; and ¢; 1.

The last part contained some terminology introduced at the end
of last section, which we review. We call that for a handle D! x D?~,
D' x {0} was called the core and {0} x D¥~ the cocore. The boundary
aD x {0} of the core is the attaching sphere, and the boundary {0} x
dD¥~ of the cocore is the transverse sphere.

In the next chapters we will develop more subtle tools to manipu-
late handle decompositions, culminating in the s-cobordism theorem.
These have topological assumptions, in contrast with the tools in this
chapter.

15.2  The handle isotopy lemma

We start by proving that changing the map ¢ by an isotopy does not
affect the diffeomorphism type of the cobordism rel dy(W).
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Lemma 15.2.1 (Handle isotopy lemma). If ¢; is isotopic to ¢}, then
W + (¢1) is diffeomorphic to W + (¢}) rel 9g(W).

Proof. Let ¢y (t): D' x DY~ x [0,1] — 91(W) x [0,1] denote the
isotopy of embeddings, with ¢1(0) = ¢; and ¢1(1) = ¢;. By the
isotopy extension theorem, there is an isotopy of diffeomorphisms
fi:91(W) x [0,1] — 91(W) X [0,1] such that fy = id and ¢;(1) =
f10¢1(0). Now let c: 9;(W) x [0,1] — W be a collar, and define a
diffeomorphism

F: W+ (p1) = W+ (¢1)
P {C(flt(q),f) if p=rc(qt)ew,

p otherwise.

O

Suppose that before applying the handle isotopy lemma, a handle
is attached using ¢, to W + (¢). Then we can use ¢} := F o ¢, as
an attaching map to W + (¢]), where F: W + (¢1) — W + (¢]) is
the diffeomorphism defined in the proof of Lemma 15.2.1. Then the
diffeomorphism W + (¢1) = W + (¢]) extends to a diffeomorphism
W+ (¢1) + (¢2) = W+ (¢7) + (¢3). Thus if we modify one handle by
an isotopy, we can compatible modify subsequent handles too.

15.3 The handle rearrangement lemma

We will use the handle isotopy lemma to prove the handle rear-
rangement lemma. Recall that the outgoing 91 (W + (¢)) is ob-
tained from 01 (W) by a surgery, and in particular contains the subset
31(W)\ 9o(aD' x int(D¥)) of dy (W).

Lemma 15.3.1 (Handle rearrangement). Suppose we are given a cobor-
dism W + (¢o) + (¢1). If index(¢pg) > index(¢py), we may isotope

¢1 to ¢} with image in 91 (W + (¢)) \ ¢o(dD x int(D¥~)), where

ip := index(¢o).

Proof. There are four steps. We shall use the notation iy := index(¢y)
and 7, := index(¢1).

Step 1(a): make transverse and attaching spheres disjoint. Our first step is
to show that we can make the attaching spheres of ¢; disjoint from
the transverse sphere of ¢y by an isotopy of ¢;.

We know by transversality results discussed in Chapter 12 that
by an ambient isotopy of 91 (W + (¢)) we can make the attach-
ing sphere of ¢; transverse to the transverse sphere of ¢;. This
transverse sphere is diffeomorphic to {0} x dD¥~% and thus

(w — ig — 1)-dimensional, while the attaching sphere is diffeomor-
phic to 9Dt x {0} and thus (i; — 1)-dimensional. They live in the

123
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(w — 1)-dimensional manifold d1(W + (¢p)), so they are transverse
if and only if they are disjoint.

Step 1(b): shrink rest of image to be disjoint from attaching sphere. By
shrinking the D%~ i_direction of the image of ¢, we can make the
entire image of D1 x DY~/ under ¢ disjoint from the transverse
sphere.

Step 2(a): flow attaching sphere out of handle. Now pick a vector field on
91(W + (¢o)) \ transverse(¢p) that is pointing radially outwards in
D~ \ {0}-direction of ¢o((D \ {0}) x 9dD¥~0). Flowing along
this for finite time will isotope the attaching sphere of ¢; out of

¢o((D'\ {0}) x aD™~).

Step 2(b): shrink rest of image out of handle. By shrinking the D%~
direction of the domain aDt x D1 of ¢, we can isotope ¢ so
that its image lies in the complement of ¢(D" x 9D¥~0) in M. [

By the handle isotopy lemma, W + (¢p) + (¢1) and W + (¢o) + (¢7)
are diffeomorphic rel dp(W). But in the conclusion of the lemma,
we can make sense of M + (¢7) + (¢o) and it is clear that this is
diffeomorphic to W + (¢g) + (¢1) rel 99(W). Let us record this:

Lemma 15.3.2 (Handle rearrangement lemma). Given a cobordism
W + (¢0) + (¢1), if index(¢pg) > index(¢p;), we may isotope ¢y to ¢y such
that W + (¢o) + (¢1) is diffeomorphic to W + (¢7) + (¢o) rel 9g(W).

Thus we can always arrange the handle attachments to happen in
order of increasing index, and have all handles of the same index by
attaching simultaneously.

Corollary 15.3.3. Every cobordism W is diffeomorphic rel dg(W) to one of
the form

@o(W) x 1)+ Y (¢)) + ... + Y (¢1),

where the superscript denotes the index of the handle.

Remark 15.3.4. In the duality between handle decomposition

and Morse functions, this implies that every Morse functions is
homotopic through Morse functions to a self-indexing one, i.e.
f(@o(W)) = =1, f(01(W)) = w+1and f(p) = index(p) for each
critical point. This simplifies the proof in the previous lecture that
compact smooth manifolds admit a finite CW decomposition.

15.4 The handle cancellation lemma

So far we have only rearranged the handles, but not changed the
number (or indices) of handles. Now we described a special situation
where you can remove two handles of adjacent index.
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Example 15.4.1. We have already seen a case of this where discussing
Hatcher’s proof of the Smale conjecture. Supposed that we have a 0-
handle ¢ and a 1-handle ¢ so that ¢; one component of dD! x D¥~1
is mapped to ¢9(dD”) C W + (¢p). Then up to isotopy, we may
assume ¢ is a standard embedding, and W + (¢o) + (¢1) is given by
glueing a disk D® to 91(W) along half its boundary D¥~! C 9D¥. We
saw before this is diffeomorphic to W rel dp(W).

The following lemma is the generalization of this from adjacent
indices 0 and 1, to adjacent indices i and i + 1.

Lemma 15.4.2 (Handle cancellation lemma). Given a cobordism W +
(¢0) + (¢1) with index(¢1) = index(¢g) + 1 so that the attaching sphere
¢1 intersects the transverse sphere ¢ transversally in a single point, there is
a diffeomorphism from W + (¢o) + (¢1) to W rel M.

Proof. We now use the notation i := index(¢y), so that index(¢;) =i+
1. Our strategy will be to isotope ¢ so that it has a certain standard
form on d(W + (¢p)), and then find nice coordinates to reduce to a
computation in a standard model. Let us identify D' x dD“~ with a
subset of d(W + (¢p)).

Step 1(a): make intersection point standard Recall that 9D*+! x {0} C
oD*1 x DW=i=1 ig the attaching sphere of (¢ ). By rotating
dD'*1, and dilating and translating D¥~*~!, we can assume
that ¢, (1 (0D x D¥=I=1) 0 ({0} x 9D¥~*)) = (£1,0) and
¢1(€1,0) = (0,1).

Step 1(b): make derivative at intersection point standard Now we con-
sider the derivative of ¢; at (€},0), a bijective linear map

Dz 091
—

T(g,0) (@D x D77 1) 2 RFx RV Tioz) (D' x 9DV ") 2RI x RV,

By transversality of the intersection of the attaching sphere with
the transverse sphere, the composition

R’ x {0} = R' x R*""! 5 R x RV - RY/RY""! (15.1)

is surjective. Since the group of invertible matrices that map R
surjectively onto R¥ /R¥~~1 is a lower triangular group and
hence has at most two connect components, we can homotopy the
derivative, so that it is given by id (up to reflection) within losing
the property that (15.1) is surjective.

To show that this to homotopy of derivatives is induced by an
isotopy of embeddings, we recall that the map

Emb(dD' ™! x DY~ (W + (¢g))) — Fr(ToO(W + (¢0)))

given by recording the derivative at (¢3,0) is a fibration.
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Step 1(c): make ¢y standard near intersection point The restriction to a
hemisphere 9D*! x D¥~i=1 5 Di x p¥=i=1 — Di x gD¥~
(so that (&;,0) corresponds to (0,0)) lands in a hemisphere D’ x
Diﬂ;l C D' x @D¥~ (so that (0,&;) corresponds to (0,0)). By
linear interpolation we can make it the identity near the origin.

Step 2: make attaching map standard on handle By first shrinking the
D®~~ldirection and then flowing along an appropriate vector
field as in Step 2 of Lemma 15.3.1 and reparametrizing, we can
make ¢ standard on the entire handle, in the sense that the map
dD*1 x pU—i-1 5 Di x D¥~=1 - DI x DY=""1 ¢ D x 9DV is
the identity.

Step 3: find standard coordinates We may now use ¢, itself to find nice
coordinates of the part of the image of ¢; outside of the handle.
Indeed, we may identify that image using ¢ with D' x D®~~1,
Combining the image of ¢y and this part of the image of a ¢, we
obtain a subset of 91 (W) identified with

(aDi % Dw—i) UaDixDﬂ’*i*1 (Dl, % Dw—i—l) o~ Dw—l.
Step 4: prove result in standard model In this these coordinates, we first

attach an i-handle along
go: 9D’ x DY"! — D"1 = (9D x D7) U,y po-i1 (DL x DY)

given by the inclusion of the first term. Next we attach an (i + 1)-
handle along the inclusion of the union (DL x D®~"~1) Uypi, puw-i-1
(Di, x D¥~i=1) = 9Di*! x D¥~i~1, In a local model, one can prove
this is diffeomorphic to attaching D" along an embedding of a
bottom hemisphere D" ™! C 9D”, and we say before that this is
diffeomorphic rel do(W) to not attaching anything at all. O



16
Handle exchange

In the previous lectures we proved that manifolds admit handle de-
compositions, and obtained the handle isotopy, handle rearrangement
and handle cancellation lemma’s as tools to manipulate handle de-
compositions. We shall now make additional assumptions on our
cobordism W will shall allow us to use these tools, are results derived
from them, to simplify the cobordism. This is based on Chapter 1 of
[L62], see also Chapter 8 of [Mil65].

16.1  Handle decompositions and topology

CW decompositions

Let us provide more details about producing a CW-complex out of
a rearranged handle decomposition. Suppose that we are given a
rearranged handle decomposition

W = (W x 1)+ Y (¢0) + ...+ Y (¢]),

Io Ly

where the superscript denotes the index of the handle. Then we
may inductively produce a CW complex X relative to dyW which is
homotopy equivalent to W rel dyW. To do so define

Wi i=W = QoW x )+ Y (¢)) +... + Y_(¢}),

and remark that W_; = (dgW x I) and W; is obtained from W;_; as a
pushout
U fe10¢i, apk« (o

Ll;, 9D* x D@k Wi_q
l J (16.1)
L, D* x D¥ =% W.

We then define X_; = dyW with homotopy equivalence f_1: W_; =
doW x I — X_ given by projection onto the first component, and in-
ductively produce Xy with map fi: Wy — X by letting X be defined

Takeaways:
- Rearranged handle decomposi-

tions correspond to relative CW
decompositions.

- Topologically the simplest cobor-

disms are h-cobordisms, where the
inclusions of dg(W) and 9, (W) into
W are weak equivalences.

- If certain geometric conditions

are satisfied, it is possible to ex-
change an i-handle for an (i + 2)-
handle. This allows one to remove
the 0,1, w — 1, w-handles of an
h-cobordism.
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as the pushout

U fe109i [ypk 1o

LIy, 9D* Xe-1
l J{ (16.2)
L;, D Xk,

and letting f; by induced by the obvious map of commutative dia-
grams from (16.1) to (16.2) induced by the projection D¥~* — x and
the map fx_1: Wy_1 — Xj_1. We're finished when k = w, and we set
X = Xp.

This construction is easily seen to have the following properties.
Firstly, the k-cells of X are in bijection with the k-handles of X, so that

H. (Wi, We—1) = @ H. (D x DY, 9D* x D¥F)
Ii

~ (P H,(D*,aD")
Iy

In computing cellular homology, we use these identifications in
combination with the map

Okt He (X, Xi—1) = Hom1 (Xi—1) = Hom1 (Xp—1, Xi—2)

to obtain a small chain complex computing the homology of X (and
hence W). Given the bases of H.(Xy, Xi_1) and H,_1(X;_1, Xx_2)

in terms of handles, we can compute the coefficient of d; from a
k-cell Dg( toa (k—1)-cell Dg;}, as the intersection number of the
attaching sphere of the corresponding k-handle with the transverse
sphere of the (k — 1)-handle (i.e. the number of points in a transverse
perturbation counted with sign). Note this involves a choice of
orientation of the core of each handle (which then induces one via
your favorite convention on the attaching and transverse sphere), just
like in the cellular homology of a CW complex we implicitly choose
an orientation on each cell.

Poincaré duality

Thus we can compute H, (W, dgW) from the geometric data of the
handles and the intersection numbers of attaching spheres and
transverse spheres of adjacent indices.

A classical consequence is a special case of Poincaré duality.
Without loss of generality we may add a little collar 9; (W) x I at
the end of a cobordism. In that case, we can read the handle de-
compositions backwards; we note that each i-handle contributes
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a subset D' x DY~ to W, and we can start at dg(W), thinking of
each of these as attached along 9D’ x D¥~/. However, we can

also start at d1 (W), thinking of each of these as attaching along
d(D' x D¥~1)\ 9D x DY~ = D! x 9D™~!. This converts attaching
spheres in transverse spheres and vice versa.

To translate the matrix of d; with respect to the bases of handles
from the original handle decomposition to the reversed one, we run
into a difficulty is that an orientation of a core does not induce a
canonical orientation of the cocore unless W is oriented. But if we
assume W is oriented, then the matrix for d; for the reversed handle
decomposition is the transposes up to sign of the matrix for J; of the
original handle decomposition. From this we conclude that

H.(W,91(W)) & Hy—s(W,99(W)),

a version of Poincaré duality.

h-cobordisms

We shall use the relationship between handle decompositions and
homology by translating statements about homology to statements
about the intersection numbers of attaching spheres and transverse
spheres. The goal is to produce a pair of handles that has a single
transverse intersection point, so that we can apply handle cancella-
tion to simplify the handle decomposition. The following definition
will give us the topological information about a cobordism which
shall allow us to achieve this goal in many cases:

Definition 16.1.1. A cobordism (W, My, My, fo, f1) is said to be an
h-cobordism if both inclusions My < W and M; < W are weak
equivalences.

From now on our task will be to simplify handle decompositions
of h-cobordisms.

16.2  The handle exchange lemma

Occasionally it is helpful to create to new handles. This is done using
the handle addition lemma, obtained by running the proof of the
handle cancellation lemma in reverse.

Lemma 16.2.1 (Handle addition). Given an embedding D¥~! — 91(W),
let ¢g: OD' x DU~ — 91 (W) denote the restriction to a standard 0D x
D%~ ¢ DY, Then there exists an embedding ¢1: OD'T! x D¥=i=1
91(W + (o)) such that W = W + (o) + (¢1)-

129
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Following Liick, we say an attaching map ¢: 9D x DY~ — 91 (W)
is trivial if it is the restriction to dD’ x D¥~ of an embedding D¥~! —
d1(W). Note that ¢ is trivial.

The handle addition lemma is often used to create a (i + 1)-handle
custom built to cancel an i-handle, at the expense of create a new
(i + 2)-handle. This procedure is called a handle exchange, since we
exchanged an i-handle to an (i + 2)-handle. We introduce some
notation in addition to W', the subcobordism with only j-handles for
j<i

91(Wi) =0y (Wl)\ |_| 4);:—0-1 (aDi+1 > Dw—i—l)
i1
is the complement of the images of the attaching maps of the (i +1)-
handles.

Lemma 16.2.2 (Handle exchange). Let W have a handle decomposition
given by
— +1
= (W) x T+ Y_(¢1) + 1 (@) + ... + L (1)
Suppose that for one of the i-handles ¢’ , there exists an embedding ¢'*': 9D'*! x
DY=i=1 5 9, (W*) such that

(a) the attaching sphere of ¢'*1 is isotopic in 91 (W') to an embedding
intersecting the belt sphere of 4);0 transversally in a single point.

(b) @' is isotopic to a trivial embedding in d;(W'*1).
Then W is diffeomorphic rel dg(W) to

W = (W XI"’Z‘P] +Z(pz+1 7+2) +. +2¢]

j#jo

Proof. We can disregard all handles of index > i + 1. By handle
addition we have that

W:BOW XI—i—Z(p] +Z¢1+1
> 9o(W) ><I+Z ¢] +Z ¢z+1 z+1)+(¢)i+2)

for some ¢'*1 isotopic to ¢'*! and ¢'*? coming from handle addition.
By handle isotopy we have that

W= 3g(W) x T+ Y (9) + (95 + (1) + (972)
2 9p(W) x I+ 3 (1) + (@) + (¢) + (¢'7),

and now ¢*! has image in d; (W'). Thus we may interchange it with
the (i + 1)-handles. Then isotoping ¢'*!, we may write this as

W =2 9g(W) ><I+Z¢] +Z¢l+1 + (¢ + (§2)
= 9o(W) ><I-|—Z¢j s +Z¢z+1 (§+2)
= 9y(W) x [+ Z(qy}) ¢t + Z ¢z+l

-e.

+2)

‘Sl
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where ¢! has an attaching sphere which intersects the belt sphere
of 4)% once transversally, so that we may use handle cancellation to
write

W2 30(W) < T+ Y(9) + (¢1) + (o)) + (#72)

= (W) x T+ L (9 + L + (@) .
1770

16.3 Removing handles of index 0,1, w — 1, and w

We start by explaining how to remove the 0- and 1-handles when
w > 6. By reversing the handle decompositions, the same argument
also removes the w- and (w — 1)-handles.

Lemma 16.3.1. Let dg(W) < W be 0-connected. Then there exists a handle
decomposition of W without 0-handles.

Proof. We inductively remove the 0-handles. Since dp(W) — Wis a
bijection on connected components, for some 0-handle there must a
1-handle connecting its transverse sphere dD™ to 91(dg(W) x I). This
1-handle will have attaching sphere intersecting the transverse sphere
0DY transversally in a single point, so by the handle cancellation
Lemma 15.4.2, they cancel. With one less 0-handle, the induction
hypothesis kicks in. O

Lemma 16.3.2. Let w > 6 and dg(W) — W be 0-connected. Then there
exists a handle decomposition of W without 0- and 1-handles.

Proof. By the previous lemma we may assume there are no 0-handles.
We will use the handle exchange lemma to inductively trade each
1-handle for a 3-handle. To do so, it suffices to explain how to build a
embedding ¢?: 9D? x D¥~2 — 9;(W?!) suited to apply Lemma 16.2.2
to (¢}). The easiest way to guarantee condition (a) is to start with
the interval S} given by restriction of the copy of D! x {&;} inside
the D! x 9(D""!) inside 9;(¢}). This automatically intersects the
transverse sphere {0} x dD" ! once transversally.

Since 719(dg(W)) — mo(W) is a bijection and there are no 0-
handles, both endpoints have to lie in the same path-component of
do(W). Since 91 (W°) = a1(W) \ LIy, ¢} (9D x D* 1) is up homo-
topy given by removing some points from do(W) and w > 6, this
does not affect path-connectivity. Hence the endpoints of S} also
lie in the same path component of 9; (W?), and we may connect
them by a path S! there. Since w > 6, 7r1(d;(W?)) is isomorphic
to 711(91(WP)) =2 711(d9(W)) and hence surjects onto 711 (W). Thus
we may assume S! := S} U S! is null-homotopic in W, adding a
non-trivial loop in d; (W0) if necessary (which does not affect the fact
that S! intersects the transverse sphere of ¢} in a single point).
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We may assume S! is embedded by transversality, since w — 1 > 3.
The result is an embedded circle S! in 9; (W), which satisfies the
relevant part of condition (a). Since a circle is 1-dimensional and
the attaching spheres of the 2-handles are also 1-dimensions, and
w — 1 > 3, we can isotope the attaching spheres of the 2-handles so
that they do not intersect S', i.e. into d; (W?1).

We claim that d;(W?) — W is an isomorphism on 7t;. This is
the case since to obtain W from 9; (W?) one needs to add i-handles
fori > 3,aswell as (w — 1) and (w — 2)-handles (the 1- and 2-
handles on the other side), and w — 2 > 4. Up to homotopy, this
amounts to attaching cells of dimension > 3, which does not affect
1. We conclude that S! is nullhomotopic in 01 (W?), and because
a generic map of a 2-disk into a (w — 1)-dimensional manifold is
embedded when n > 6, bounds an embedded D? in 9, (Wz). This
2-disk guarantees the existence of an extension of S! full-fledged
@?: 9D? x D72, since a disk has trivial normal bundle, satisfying
condition (b). O

Corollary 16.3.3. If W is an h-cobordism of dimension > 6, it has a handle
decomposition of the form

W=(@WxI)+Y (¢2)+...+ Y (672
I

iw—z '
Iw—Z

16.4 Smooth structures on D?

We may use the results obtained in the previous section to prove a
result that should have appeared in the previous part of this book.

Theorem 16.4.1. Let ¥ be a compact smooth surface with boundary S*
and such that there is a homotopy equivalence & — D? rel S'. Then ¥ is
diffeomorphic to D? rel S'.

Proof. Since every homeomorphism of S! is homotopic through
homeomorphism to a diffeomorphism, S! has a unique smooth
structure and it suffices to prove that ¥ is diffeomorphic to D?.

Let us remove a small disk from the interior of X to obtain an
2-dimensional smooth cobordism S from S! to S!. An easy appli-
cation of Mayer-Vietoris and Seifert-van Kampen implies S is an
h-cobordism. In particular, both inclusions S' < S are homotopy
equivalences.

If we put a handle decomposition on S, then 16.3.1 will allow
us to remove the 0- and 2-handles. Thus S is obtained from S! x I
by adding only 1-handles. However, we cannot add any 1-handles
without changing the homology and violating the condition that S
is an h-cobordism, so in fact we must have that S is diffeomorphic to
D2 U S! x I and hence diffeomorphic to D?. O
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In particular, if ¥ is homeomorphic to D? rel S!, then ¥ is diffeo-
morphic to D?. This is captured by the slogan: D? has a unique smooth
structure rel boundary.






17
The s-cobordism theorem

We finish the proof of the h-cobordism theorem [Mil65, Kosg3, Loz,
Wal16], and deduce some consequence for manifolds homotopy
equivalent to spheres [Sma61], and the group of path components of
diffeomorphisms of disks.

17.1  The two-index lemma

Our next goal is to generalize the techniques of the previous lec-
ture to trade i-handles for (i 4+ 2)-handles, eventually reaching the
following conclusion:

Lemma 17.1.1 (Two-index lemma). Let2 < g < w—3. If Wisan
h-cobordism of dimension w > 6, it has a handle decomposition of the form

— (J(W) x I +Z¢l +Z (@7 ).

1q+1
g1

For ease of exposition we shall make the following simplification:
W is simply-connected.

Proof. 1Tt suffices to explain how, for i < g, to trade an i-handle in a
handle decomposition

W = 9g(W ><1+24>1 +. +2q>z’

for an (i + 2)-handle. We can then inductively remove all handles of
index < g, and reversing the handle decomposition also all handles
of index > g+ 1.

Suppose (¢!) is the handle we want to exchange. Then we pick a
trivial embedding ¢'*1: ' x D®~=1 < 9, (W), which is condition
(b) of the handle exchange lemma. We show that S' admits an isotopy
in 91 (W) to an embedded sphere lying in d;(W') which satisfies
property (a) of the handle exchange lemma, i.e. its attaching sphere
intersects the transverse sphere of (¢!) transversally in a single point.

Takeaways:
- If dim W > 6, the Whitney trick may

be used to show that a homological
condition implies that the geometric
condition be arranged by an isotopy,
implying that an h-cobordism has

a handle decomposition with only
q,9 + 1-handles for 2 < g <w — 2.

- The Whitehead torsion T(W) of

W is an invariant in the algebraic
K-theoretic group Wh; (Z[m]),
extracted from a two-index handle
decomposition by noting which
modifications of the matrix of
degrees of attaching matrix can be
realized geometrically.

- In dimension > 6, an h-cobordism

is diffeomorphic to a product if and
only if T(W) = 0.

+ This implies homotopy spheres of

dimension > 6 are homeomorphic to
spheres, and that 7o (Diff; (D")) sur-
jects onto the set ®,.1 of homotopy
(n + 1)-spheres.
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We start by noting the relative homology group H;(W,dg(W)) =
0 because W is an h-cobordism, and there are no #-handles for
i’ < i. Thus we must have that in the cellular chain complex
[¢f] = Za]-d[cp;:*l}. That is, there is some formal Z-linear combi-
nation of the attaching spheres of the (i + 1)-handles 4);+1 which has
intersection number 1 with the transverse sphere of ¢.

We shall explain how to modify S x D¥~/~1 by an isotopy in
91 (Wt1) to an embedding in d; (W') which represents Yaid [gb}“]. To
i+1
]

do so, it suffices to explain how to add a single copy of d [cp] (or its

negative). This is called a handle slide. Pick one of the infinitely many
parallel translates S_§ of the i-dimensional attaching sphere (47;“)

in d1 (W) (these certainly exist after shrinking the D®~i-direction
of ¢;+1). Now pick an arc in 9; (W!) from & € S’ to a point in §;
Generically the arc is embedded and its interior avoids S’ and S_; We
may thicken it to a I x D/, so that {0,1} x D®~'~! coincide with S’ and
S_;'», with orientations depending on the desired sign. We use the arc to
create an embedded connected sum Si#§;: in d; (W'). By construction
S;: bounds an (i + 1)-dimensional disk in 9; (Wi*1), and thus Si#S_;
is isotopic to S’ in 9 (Wi*1). By isotopy extension, we extend S’ to
Si x Dv=i=1,

This is a candidate S x D®~i~1 which almost satisfies (a) and
(b), with the exception that in (a) instead of the actual number of
intersection point being 1, we only have that the intersection number
of S’ with the transverse sphere of (i)f is 1. We now use a consequence
of the Whitney trick; this consequence says since d; (W!) is at least 5-
dimensional, i is at least 2 and w —i — 1 < w — 3 with the complement
of the (w — i — 1)-dimensional transverse sphere of ¢! in o; (W)
simply-connected, we can isotope S such that actual number of
intersection points is 1. An application of the exchange lemma now
exchanges (¢!) for an (i +2)-handle. O

17.2  Manipulating two-index h-cobordisms

Now we have reached the stage where for2 < g < w — 3, the
h-cobordism W has a handle decomposition of the form

W= @oW x 1)+ Y (¢])+ Y (9]')):
Iy

i
q+1
I+

Manipulation of the remaining handles

Since W is an h-cobordism, the relative homology H.(W,d(W))
has to vanish. Thus the differential d; from the free abelian group
on (g + 1)-handles to that on g-handles has to be an isomorphism.
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In particular I; = r = I;;1, and taking the handles as a basis we
obtained an invertible (r x r)-matrix D, representing over the integers.
We have shown how to do three manipulations on the handles which
affects this matrix:
(i)  We can change the arbitrary choice of orientations we made,
multiplying a row or column by —1.
(i) We can change the order of the handles, switching rows and
columns.
(iii) We use handle addition to add a canceling pair of handles,
which replaces D, by
D, 0
0 1

(iv) We can do a handle slide as in the proof of Lemma 17.1.1,
which adds a multiple of one column to another (or a row if
we reverse the handle decomposition).

If W were not simply-connected, we should instead have lifted
everything to the universal cover and would have obtained an isomor-
phism 0, of free Z[rr;]-modules with canonical basis after a choice of
lift of handles, so that we get a representative matrix D, with entries
in Z[m;] on which geometrically we can do the following operations:

(i)  We can change the arbitrary choice of orientations and lifts we
made, multiplying a row or column by %y for ¢ € 7.

(i)  We can change the order of the lifts of handles, switching
rows and columns.

(iii) We use handle addition to add a canceling pair of handles,
which replaces D, by

D, 0]

0 1 (17.1)

(iv) We can do a handle slide as in the proof of Lemma 17.1.1,
which adds a Z[vy]-multiple of one column to another (or a
row if we reverse the handle decomposition).

If it is possible to reduce the matrix D, to the identity matrix using
these operations, we can apply the Whitney trick as in Lemma 17.1.1
to cancel all the i-handles against an (7 4 1)-handles and end up with
a handle decomposition without any handles!

The Whitehead torsion

Let us define a group which carries the obstruction to this. We first
note that third operation amount to multiplication with an elemen-
tary matrix ¢;j(a) for i # jand a € Z, which is equal to the identity
matrix except the (i, j)th entry is a instead of 0.
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This leads to define for any ring R, here Z 1], the group E,(R)
as the subgroup GL,(R) generated by elementary matrices. If n > 3,
elementary matrices are commutators; for i, j, k all distinct we have

eix(ab) = [eij(a), ejx(D)].

This contains (up to sign) matrices switching rows or columns as in
(ii) by modifying the following expression for n = 2:

ei(1)era(—=1)ern(1) = [_01 (1)] (17.2)

Taking the colimit E(R) over the map (17.1), colimy, e Ex(R), we
claim we get the commutator subgroup of GL(R) := colim;,cGL,(R).
This uses the equation in GLy, (R) for [g,h] € GL,(R) stabilized n

times;
s o]fr ofme)t o
-l 2 2] 2

and we have that in GL,(R)

g 0| |idy ¢ id,, 0 id, g 0 —id,
0 ¢ ' |0 idy||-g7! idu|| O idy]| |idy O |’

and in this expression all except the last matrix are obviously in
E,(R), and the last is by a mild generalization of (17.2).

So let us instead define for a not necessarily commutative ring R,
the first algebraic K-theory group as

Ki(R) == colim H;(GL,(R)) = cr?_ljor?GLn(R)ab,

n—oo

which takes care of (ii), (iii) and (iv). When R = Z[G] (note G = m;
in our application), we thus obtain the group containing the invariant
by killing of £¢ in K;(Z[G]), so as to implement (i):

Definition 17.2.1. If R = Z[G|, then we have {£g|g € G} €
GL1(Z[G])?, and we define the first Whitehead group as

Wh; (G) = Ki(Z[G])/(£g)-
See Table 1.1 for some computations of Whitehead groups.

Definition 17.2.2. We denote the class of the matrix M in Wh; (7r1) by
T(W) and called it the Whitehead torsion of W.

17.3 The s-cobordism theorem

We can now state the s-cobordism theorem, and prove the most rel-
evant part. After that we shall also give an important application,
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the high-dimensional Poincaré conjecture. We also explain its conse-
quences for diffeomorphisms of disks.
Here is the statement, Theorem 1.1 of [L62], of which we proved

the most relevant “if” part.
Remark 17.3.1. Let us recap the proof

Theorem 17.3.2 (s-cobordism theorem). If W is an h-cobordism and strategy:
w > 6, then W = 9y(W) X I rel dg(W) if and only if the torsion T(W) € (1) Givea W a handle decomposition.
Wh ( ) ishes. | ¢ I t of Wh ( ) . lized b (2) Get rid of 0-handles by handle

1(711) vanishes. In fact, every element of Why (711 ) is realized by an cancellation, and 1-handles by
h-cobordism and two h-cobordisms are diffeomorphic rel dg(W) if and only handle exchange. By turning the
lf they have the torsion. handle decomposition upside down,

we may also remove the w and
For T € Why(711), one may build an h-cobordism with torsion T (w —1)-handles.

(3) Fori > 2, exchange i-handles for
o . ) (i + 1)-handles using the handle
remaining parts of the theorem follow by showing that Whitehead exchange lemma until only handles

by attaching handles according to a representative matrix for 7. The

torsion may be defined purely topologically and satisfies certain of index > |w/2| remain. This
uses the h-cobordism theorem

assumption and w > 6 to create the
¢V’s, and the Whitney trick (which
we still need to discuss). Turning
the handle decomposition upside

. . L . down, exchange i-handles for (i — 2)-
We shall now give the classical application of this theorem, the handles using the handle exchange

Poincaré conjecture in dimension > 6 [Sma61]. It requires the fol- lemma until only handles of index
|w/2] and |w/2]| + 1 remain.

(4) Extract the algebraic invariant

addition formula’s, see Chapter 2 of [Lo2].

The Poincaré conjecture

lowing fact:

Proposition 17.3.3. Why({e}) = 0. T € Wh(m) from the matrix
containing the intersection numbers
Proof. Firstly, the determinant det: GL,(Z) — {+£1} factors over the the transverse spheres of the [w/2]-
e e . . handles and the attaching spheres of
abelianization. Since the map the (|w/2] +1)-handles.

(5) Show that the vanishing of T implies
we can get rid of the remaining
handles. This uses that the invariant

{£1} = GL(Z) — GL,(Z) — {+£1}

is an isomorphism, it suffices to show that the kernel of det, the spe- is built so that it encodes the ob-
cial linear group SL,(Z), is perfect when n > 3. Thus H; (GL,(Z)) = struction to reducing matrices to the
{£1} if n > 3 (this is an example of homological stability). Eiinmtletl};?ﬁgi ?E;ff::;gé:ﬁa Zfs

To show this, we use that SL,(Z) equals E,(Z) for n > 3 (a baby geometrically by manipulations of
case of [BMS67]). Clearly E,(Z) C SL,(Z), so it suffices to prove handles).

SL,(Z) C E,(Z). This is not so hard: in order for a integer matrix
to be invertible, all columns and rows have to have gcd equal to 1.
Thus by adding rows to rows according to the Euclidean algorithm
we can make the last column have a single non-zero entry £1. By
switching the rows using (17.2) we can assume it is the last entry that
is £1. Then we can also make the last row be o except the last entry.
Inductively, we can make the entire matrix be diagonal with entries
+1. Using for a € Z* = {£1} the equation

era(—a)ex (1/a)era(—a)ern(1)ex (—1)era (1) = [g ﬂ(ﬂl] ,

we can make all diagonal entries by 1 except possibly the bottom-
right one. But since we are in SL,(Z), this has to be 1 as well. Since
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all operations are implemented by multiplying with elements of
E,(Z) on the left or right, we conclude that the matrix was in E,(Z).
O

The following is a special case of the s-cobordism theorem which
follows from the above computation.

Corollary 17.3.6 (h-cobordism theorem). If W is an h-cobordism, w > 6
and 11 (W) = {e}, then W = 9g(W) x I rel do(W).

Theorem 17.3.7 (Smale). If M is a smooth closed manifold of dimension
> 6 which is homotopy equivalent to S™, then it is (PL-)homeomorphic to
s,

Proof. Embed two disks D™ disjointly in M. Their complement is a
cobordism W. It is simply-connected by Seifert-van Kampen and the
two maps 0D — W are homology equivalences by Mayer-Vietoris.
We conclude that M is an h-cobordism.

By the h-cobordism theorem, we conclude that M = §"~! x [0, 1]
rel S"~1 x {0}. This means that M is obtained from D™ U;q S™~! x
[0,1] = D™ by gluing on a copy of D' along a possibly non-trivial
orientation-preserving diffeomorphism f of S”~1. By the Alexan-
der trick for (PL-)homeomorphisms, every (PL-)homeomorphisms
f:8m=1 — gm~1 extends to a (PL-)homeomorphism F: D" — D™,
Then a (PL-)homeomorphism M — S™ is given by

G: M= D"uU; DY — S" = D" Uy DY

Fl(x) ifxeD”
X if xe D™ [

X =

Consequences for diffeomorphism groups

The following is a fundamental object in the theory of smooth mani-
folds (see Table 1.2 for a table):

Definition 17.3.8. Let ®,, denote the set of oriented smooth closed
manifold of dimension m which are homotopy equivalent to S™, up
to orientation-preserving diffeomorphism. We shall later see that it
admits an abelian group structure, and call it the group of homotopy
spheres of dimension m (or exotic spheres).

From the construction in Smale’s theorem, we see that for m > 5
every (m + 1)-dimensional homotopy sphere is obtained by gluing
a D™ to a D™*! along a orientation-preserving diffeomorphism of
s™.

Corollary 17.3.9. If m > 5, then the map 1(Diff* (S™)) — @41 is
surjective.

Remark 17.3.4. Note we just proved
that Ky (Z) & Z /27, as in Table 20.2.

Remark 17.3.5. A similar but easier
proof using row reduction tells us that
if F is a field and n > 3, then SL,,(F) is
generated by e;;(a). We conclude that
K1 (F) = F* for all fields FF.
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Recalling our discussion of diffeomorphisms of S2, we can re-
late this to disks. Note that the inclusion D™ < S™ induces a ho-
momorphism 7 (Diffy (D™)) — mo(Diff " (S™)), and hence a map
7o (Diffa(D™)) — @1

Corollary 17.3.10. If m > 5, then the map mo(Diffy(D™)) — Oy 41 is
surjective.

Proof. As in the 2-dimensional case, the above inclusion and the
inclusion of rotations of S™ into diffeomorphisms induce a weak
equivalence

Diff,(D™) x SO(m + 1) — DiffJ (S™),

which implies that the map 7to(Diffy(D™)) — 7o(Diff* (S™)) is an
isomorphism. O

Example 17.3.11. Milnor proved that ®; contains a copy of Z/7Z
[Mils6] (it is in fact isomorphic to Z /287 [KM63]). Thus we conclude
that 719 (Diff;(D®)) has at least 7 (or least 28) path components.
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18
The Whitney trick

To finish the proof of the s-cobordism theorem, we need a tool to
make the number of intersection points of two submanifolds equal to
the absolute value of their algebraic intersection number. The latter
counts the intersection points with sign, and hence some may cancel.
This tool will be the so-called Whitney trick [Mil65, Chapter 6], [Scoos,
Section 1.5]. We shall also discuss what happens in dimension 4, in
particular the Casson trick [Cas86], [Scoos, Chapter 2]. Takeaways:

- The Whitney trick allows one to cancel two intersection points of
opposite sign. It works for submanifolds of dimension m, x in a
simply-connected (m + x)-manifold, when m + x > 6 and m, x > 3.

- The assumptions come from: (i) finding an immersed 2-disk
bounding a pair of paths between the intersection points, (ii)
making this 2-disk generically embedded, (iii) finding normal
vector fields.

- In dimension four, it fails, but you can localize this failure to (ii)
using the Casson trick. This is the starting point of Freedman’s
proof of the Whitney trick for topological 4-manifolds.

18.1  The Whitney trick

We give the standard proof of the Whitney trick, as in Milnor’s book
[Mil65]. We then give an application by improving the dimension
bound in the Whitney embedding theorem.

The Whitney trick

Suppose that N is a smooth manifold, and we have smooth subman-
ifolds M, X C N such that m +n = x and M h X. Let us take two
intersection points pg, p1 € M N X such that pg, p; are in the same
path components of M and X. Let us pick embedded smooth paths
ym: [0,1] - M and yx: [0,1] — X starting at py and ending at p;
avoiding other intersection points, see Figure 18.1.
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TX Figure 18.1: The submanifolds M, X of
R3, and the arcs 3 and .

P0J~¥_pl
M

We shall also pick a Riemannian metric on N, such that M and
X are totally geodesic near vy U vx, and at pg and p;, M and X
are orthogonal. This may be arranged by constructing the Rieman-
nian metric by a partition of unity; clearly these conditions can be
arranged locally first near py and p; and then near ) and yx in-
dependently, and we may extend the Riemannian metric elsewhere
arbitrarily.

Now pick a basis (£1(0),...,{x(0) of Tpy(X) = Ty, (M)L at py,
with {,(0) = ‘%X(O), and similarly a basis (&1(0),...,¢m(0)) of
Tpo (M) = Ty (X)4 at pg with &, (0) = dg—;‘”(O). In particular, we
obtain a basis ({1(0),...,{x(0),81(0),...,&n(0)) of Ty, (N), see Figure
18.2.

Figure 18.2: The basis of Ty, (N).

We can parallel transport these along ) and x respectively,
resulting in two families of frames for ¢ € [0,1]

@O, Gl (6,68, S0 (1) over g,

(D%, Gm(8),61(1), ., 8 (1)) over 7x.

We shall need to assume that their values at t = 1, in T, N, are oppo-
sitely oriented. This makes sense without reference to any orientation
of N.
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For later use we make two independent remarks. Firstly, since M
was totally geodesic near <), parallel transport along y); preserves
lying in or being orthogonal to M, and similarly for X. Secondly,

M (1) = 'ﬁ—tM(l) and ¢X_.(1) = dg—tx(l), so by flipping one of these
in one of the frames we can make the frames at p; be equally oriented.

It shall be useful to consider the following manifold with corners
now: let B? (a 2-dimensional bigon) be the submanifold of R? as in
Figure 18.3. We get an embedding of the boundary dB> — N by
sending the top half to s and the bottom half to yx.

Lemma 18.1.1. If m,x < n —2and N is simply-connected, then N \
(M U X) is simply-connected. If additionally n > 5,* then there exists an

Figure 18.3: A 2-dimensional bigon.

embedding B> — N such that B> N (M U X) = 9B?, i.e. given by yp U vx. *In fact n > 6 is forced; m + x = n and
m,x < n— 3 implies that n < 2n —6, so
Proof. For the first statement, we note that by transversality any 2- that0 <n—6son > 6.

disk in N generally avoids both M and X, so their complement in

N is simply-connnected, 711 (N \ (M U X)) = 0. Thus there exists an
extension of B> — N to a continuous map B?> — N the image of
whose boundary is the image of ) U yx and whose interior lands in
N\ (MU X). We can make it smooth and generically an immersion. In
fact, if n > 4 it is generically even an embedding (since generically it
is self-transverse using multi-jet-transversality, and self-intersections
have dimension 2 -2 —n < 0). O

We may assume that B is totally geodesic near dB?, and the
tangent space to B> will coincide with the span of M (t), &M (t) over
vy and the span of X(t), &X(t) over yx.

Lemma 18.1.2. Ifm —1 > 2, we can extend ({(t),..., X (t)) (resp.
(EM(t),...,eM [ (t))) from yx (resp. ym) to B2, such that they together
from a trivialization of the normal bundle (TB?)*, the extension of the
7X’s over 1 is orthogonal to M and the extension of the &M’s over vy is
orthogonal to X.

Proof. We start with the ¢’s, here both the sign condition on the
intersections and the dimensional restrictions will come in.

Let p be a vector field on B? that is orthogonal to d_B?. Then at
po and py, the points in (9 B?), we have x-frames (C{(, .. .,Cff_l,m)
in (TM)*. Since p1(po) = dg—tx, but p1(p1) = _t%x, these have the
same orientation in (TM)* (as trivialized over 7,) and thus can be
extended over 9 (B?) lying in (TM)*

Now we have an (x — 1)-frame over dB? and we want to extend it to
the (trivial) (n — 2)-dimensional normal bundle to B2. The obstruction
to extension lies in 771 (O(n — 2)/O(m — 1)), which vanishes as long as
m—12>2.

Finally, the ¢M’s provide us with (m — 1)-frames over 9B%, and we
need to extend this to the remaining (m — 1)-dimensional sub-bundle
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over the normal bundle to B? orthogonal to the &’s. As 9B — B*isa
weak equivalence, this is always possible. O

Let us denote the corresponding vector fields on B> by

(gll' . '/gxfll 61/' . '/Cmfl)‘

These form an integrable distribution, i.e. their span is closed under the
Lie bracket, since they are constructed orthogonal to TB2. The Frobe-
nius theorem then implies that we can extend them a bit outside B2
so that they may be consistently exponentiated to give a neighbor-
hood U C N of B? whose intersections with N and X are as in the
following standard model: the two parts of dB? are parts of graphs
Py ={(tt?—1)|t€R}and P, = {(t,1 —t?) | t € R?}, then N is
R", B? is the subset bounded by P; and P; in R? x {0}, M is given
by P; x R"~! x {0}, X is given by P, x {0} x R""!. In this standard
model, M and X intersect once with opposite sign, and we can cre-
ate a compactly supported isotopy removing both intersections by
moving either P; upwards or P, downwards, see Figure 18.4.

Figure 18.4: The Whitney move.

The conclusion is the following:

Theorem 18.1.3 (Whitney trick). Suppose that N is simply-connected, M
and X smooth submanifolds of dimension m,x > 3,> m + x = n, intersecting 2 As the proof shows, it is in fact

. . acceptable to have m = 3 and x = 2, as
transversally. If po, p1 G‘ M N X have opposite sign on ‘same' path components long as we assume that 7t (N \ M) — 0.
of M and X, then there is a compactly supported ambient isotopy ¢ of N
such that MN ¢1(X) = MN X\ {po, p1}-
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Here originally the sign was only defined with respect to some
arcs vy and vy, but since N is orientable because simply-connected,
we can define this sign a priori (and it is in particular independent of
the arcs).

The strong Whitney embedding theorem

The classical application of the Whitney trick is the strong Whitney
embedding theorem. So far we have proven the “moderately strong”
Whitney embedding theorem, every closed smooth m-dimensional
manifold M embeds into R?>"*1.

Theorem 18.1.4 (Whitney). Every closed smooth m-dimensional manifold
M embeds into R*™.

Proof. We have classified all < 2-dimensional manifolds, so we can
check it by hand for these. Let us thus assume m > 3.

Recall that to obtain the embedding into R?"*! one projects along
a line onto a hyperplane. Doing this once more, generically results
in an immersion M & R?" with only double points, i.e. transverse
self-intersections. If we can find paths pairing these with oppo-
site sign, then we can apply the Whitney trick to remove all inter-
sections. However, a priori there is no reason that this is possible.
Whitney solved this by showing that you can locally introduce a
self-intersection of whichever sign you want, the higher-dimensional
generalization of Figure 18.5. You can thus modify the immersion by
creating for each self-intersection point its own canceling one. O

X Figure 18.5: A Whitney pinch.
}_)

18.2  Dimension 4

The main concern with trying to applying the Whitney trick in
dimension 4 is when m = x = 2, as there are often special techniques
to deal with 1-dimensional submanifolds. In this case we run into
three obstructions: (i) the complement of M and X in N may not

be simply-connected even if N (or even N \ M) is, (ii) a generic
immersion of a 2-disk into N is not an embedding, and (iii) we might
encounter a framing obstruction in 711 (O(2)/0(1)) = Z. One might
think a hands-on method might get around it. This is not possible, as
the following example by Lackenby shows [Lacg6].

147
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Proposition 18.2.1. Given N = S? x §?, M = S? x x, there is a smoothly
embedded 2-sphere Q C S? x S? intersecting M in two points with opposite
sign, such that no Whitney disk exists.

However, we can still try to construct a Whitney disk. It turns
out that (i) and (iii) may be fixed, at the expensive of making (ii)
worse. For (i) we refer to Section 1.3 of [FQgo]. The idea is to twist an
immersed 2-disk around this boundary to change the obstruction by
1. Instead we focus on the more geometrically intersection (iii).

The Casson trick

The construction underlying Casson’s trick is a finger move. This is 4-
dimensional construction and involves an immersed surfaces ©. C N
and an embedded arc 7y in N, whose interior avoids X (generically
always the case) and whose endpoints are two distinct points py, p1
in X which are not points of self-intersection. Then we form a tubular
neighborhood U & D3 x (—¢,1 + €) of , such that U N X is given
near pg by D? x {0} x {0}, and near p; by {0} x D? x {1}. We

may “push up” ¥ near pg by replacing D? x {0} x {0} with points
F = {(x,y,0, f(x®> +y?))} with f: [0,1] — (—¢,1+ €) a smooth
strictly decreasing function thatis 1 +¢/2 at0,1 at1/4 and 0 on
[1/2,1]. Then F N {0} x D? x {1} consists of two points of the form
{(0,+£y,0,1)}, and the intersection is transverse. Let us denote F (%)
the result of replacing D? x {0} x {0} with F, which has two more
intersection points.

Now let us consider the special situation that p; is really close to
po- In that case we shall describe the difference between 711 (N \ F (X))
and (N \ 2).

For every point the image of N that is not a self-intersection, there
is a loop in N \ X called the meridian. It is given by noting that locally
N looks like R? — R* and the loop S! > 6 — (0,0,sin(8), cos(f))
circles around the surface near the origin. So, let z be class of the the
meridian around X at pg in 771 (N \ ). We may construct from v a
loop 1 in 711 (N \ £) (well-defined up to the meridian). See Figure 18.6.

Lemma 18.2.2. We have that m11(N \ F(£)) = m1(N\ X)/([z,2"]), with
([z,2"]) denoting the normal subgroup generated by the commutator of z
and the conjugate of z by 1.

Proof. If we remove a 2-disk C whose boundary connects the new in-
tersection points through N and the finger (in coordinates {0,y,0, t}
with y2 <1/4,1<t<f (x2 + yz)), the result is equivalent to moving
the finger slightly less far and connecting by an arc, see Figure 18.7.
Since an arc is 1-dimensional, removing it does not affect 7r;. Think-
ing of C as the cocore of a two-handle, we see that to get from this
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h1 o ( —
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picture to N \ F(X), we add a 2-handle, which is a D?> x D? attaching
along a 9D? x D?, so kills off a single generator of 7;. It suffices to
figure out this is [z, z].

The generator it kills is represented by the meridian of C. To iden-
tify it, we look near one of the new intersection points in N \ F(X),
its link is a 2-torus, a product of a meridian of N and a meridian of
the finger. The disk C intersects its 2-torus once. This show that the
meridian of C is the commutator of the meridian of N, which is z,
and the meridian of the finger, which is z". O

4

1%

We shall give a slightly simpler version of Casson’s trick; a similar
argument works to make simply-connected the complement of
two embedded surfaces, each with simply-connected complement
but possibly intersecting, instead using finger moves of one of the
surfaces onto the other.

Theorem 18.2.3 (Casson trick). Suppose we have a simply-connected com-
pact g-manifold N and an immersed D? in N with boundary embedded in
ON. If there exists a homology class p € Hy(N) such that the intersection

Figure 18.6: The result of a finger move
along 7.

Figure 18.7: Removing a disk from a
finger move.
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number [D?] - B = 1, then we may modify D? rel dD? by finger moves such
that N \ D? is simply-connected (increasing the number of self-intersections).

Proof. We first show that 7r; (N \ D?) normally generated by meridians.
To see this, note that any loop  in N \ D? is nullhomotopic in N
and this null-homotopy generically intersects D? in finitely many
points away from the points of self-intersection. This shows 7 is
freely homotopic in N \ D? to a wedge of meridians, one for each
intersection point, which proves the claim.

This means that [z] € Hj(N \ D?) generates, as all meridians are
conjugate to a fixed one z. Let us now represent 8 by an immersed
surface B intersecting D? transversally, and removing disks from B
around the intersection points to obtain B’. Then [0B’] = [z] since the
signed count of intersection points was 1 and each intersection point
contributes a signed copy of a meridian. Thus [z] is null-homologous
in N'\ D? and we conclude H;(N \ D?) = 0.

Thus 711 (N \ D?) is generated by commutators. If a group is
generators by commutators, and by a set of generators I, then it is
generated by conjugates of the commutators of the generators and
their inverses: the basic identity is

lab,c] = abcb'a" ¢ ta = (abcb tca V) (aca ) = [b,c])[a, c]

Thus it is generated by commutators of the form [z, zw,]”. It suffices

to kill the generators up to conjugacy [z, z% '], which is possible
using finger moves as a consequence of the formula [z%, V] =

[ZI Zw’w_l]w. O

Casson handles and Freedman'’s theorem

One can try to push these techniques to give something like a Whit-
ney trick. It will try to produce an embedded disk out of an im-
mersed one, but only succeeds up to homotopy.

The image of the immersed D? that is a candidate Whitney disk
might have 711 (from loops over self-intersections). Now apply Cas-
son’s trick and disks, called accessory disks, for the intersection
points (adding pinches if necessary), creating a 2-stage tower of Whit-
ney disks. This kills the original 7r; in the Whitney disk, but possibly
adds new 71 in the new accessory disks. However, if we repeat the
above procedure infinitely many times, creating an infinite tower,
no 711 should remain; any potentially non-trivial loop lives in a com-
pact subset and dies when we add the next layer of accessory disks.
This large limiting object is called an Casson handle. Casson gave a
precise definition — something we neglect to do — and proved the
following:
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Theorem 18.2.4 (Casson). For any immersion of D? in simply-connected
N with 9D? C ON embeded, and B € Hy(N) such that [D?] - B = 1, there
exists a Casson handle V in N such that (V N ON) is a regular neighborhood
of 9D? and D? can be homotoped rel dD? into V.

Lemma 18.2.5. A Casson handle (V,V N dN) is properly homotopy
equivalent to (D? x R?,S' x R?).

The most important theorem in topological 4-manifolds is then
Freedman’s re-embedding theorem, one version of which says, page
79 of [Scoos]:

Theorem 18.2.6 (Freedman). Every Casson handle V contains a topological
2-handle D? x D? rel 9D? x D?> C ON.

This leads to a version of the Whitney trick for topological 4-
manifolds (with fundamental group and homology restrictions).
Its proof depends heavily on the classical theory of decomposition
spaces, also known as Bing topology. This involves the collapsing of
complicated subsets, and can certainly not be done smoothly. In fact,
Theorem 18.2.6 must be false in the smooth category, because if it
were not, none of the exotic smooth phenomena could occur.
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20
Algebraic K-theory

Takeaways:

Our next goal is to prove that the surjective map . Algebraic K-theory is a generaliza-

tion of the study of vector bundles
7To (Diffa (Dn)) — 01 on spaces or schemes by group
completing and splitting cofiber

is also injective. We shall not follow the original proof, but instead sequences.

- It may be constructed by group
completion (via I'-spaces).
between manifolds and algebraic K-theory. In this lecture we will set . By looking at cells or using the

up the statements of these results. The main reference is [Wei13], but group completion theorem, we show
this recovers Ky and Kj.

will ahistorically derive it from “final results” on the relationship

we shall also use [Seg74] and [MS76].

Remark 20.0.1. In these notes we will take classifying spaces of large
categories. The reader should substitute a small version to avoid
set-theoretical issues.

20.1  Algebraic K-theory

Algebraic K-theory can be motivated from several points of view:
(i) Itis a natural home for invariants from manifold theory.
(if) It is the algebro-geometric analogue of topological K-theory.

(iif) It is a general method to simplify the study of two objects by
performing in a homotopy-coherent way two simplifications:
(a) group completion, (b) forcibly splitting cofiber sequences.
We have only seen the torsion of a h-cobordism, so (i) is not very
helpful for us. Instead, let us start with (ii), the historical origin of
algebraic K-theory.

Algebraic K-theory via algebraic vector bundles

Fix a commutative ring R, then a vector bundle over Spec(R) is by
definition a sheaf that locally in the Zariski topology is isomorphic to

O%’;C( R) for some n > 0. We claim that there is a correspondence:

{vector bundles} /iso = {finitely generated projective R-modules} /iso.
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This correspondence is given by sending a vector bundle E to the
Ospec(r)(Spec(R)) = R-module P of global sections I'(E). Conversely
a finitely-generated projective R-module P is sent to the sheaf assign-
ing to a basis element Spec(Ry) the localized R¢-module Py. That this
construction works requires some non-trivial commutative algebra,
see Section II.5.2 of [Boug8] or Section 1.2 of [Wei13].

To produce the analogue of topological Ky, we want to group com-
plete the abelian monoid of isomorphism classes of vector bundles on
Spec(R) under direct sum. This implements (a), and (b) is automatic
because for projective modules every short exact sequence splits. Let
K: AbMon — AbGr the group completion of abelian monoids (i.e. the
left adjoint to the inclusion of abelian groups into abelian monoids).
For an abelian monoid M, this is explicitly given by the quotient
of the free abelian group on the elements of M, by the equivalence
relation [m| ~ [n] if there exists a g € M such that m + g = n+g4.

Definition 20.1.1. We define the 0th algebraic K-theory of a ring R to be
Ko(R) := K({fin.gen. projective R-modules}/iso, &)

This construction is related to our earlier definition of K; in terms
of group homology by exact sequences, e.g. the localization long
exact sequence for Z ;) (all primes exact p inverted)

Kl(]Fp) — K (Z(p)) — Kl(Q) — Ko(]Fp) — KO(Z(p)) — K(](Q),

which you can find as (6.6) on page 449 of [Wei13]

It was long believed that this is the beginning of a long exact se-
quence of homotopy groups of a fiber sequence of spaces K(F,) —
K(Z,)) — K(Q) with additional structure (to make 7 an abelian
group). This goal was achieved by Quillen, who gave several con-
structions of K(R).

Desiderata

At this point it is helpful to discuss how we will eventually recognize
that we have the “right” construction of an algebraic K-theory space
whose homotopy groups are the algebraic K-theory groups. It should
satisfy many if not all of the following desiderata:
(i)  Its g and 711 recover Ky and Kj as defined before. There is
also a notion of K, due to Milnor for local rings, which we
would like to recover as well, see Section III.5 of [Wei13].

(i) There is a standard list of desired formal properties we
wouldd like the algebraic K-theory groups to have, see Chap-
ter V of [Wei13]: localization, cofinality, resolution, approxima-
tion, devissage.

R Ko(R)

field Z
PID’s,eg. Z Z
Z|V-5 ZoZ/2Z

Table 20.1: Some examples of Kj’s of
rings.
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(iii) It should be an algebro-geometric version of the spaces BU
and BO in topological K-theory.

(iv) It should satisfy a homotopy-theoretic version of the universal
property of group completion of abelian monoids.

All of these are true for the construction of an algebraic K-theory
space that we will describe, once made precise, though we shall
not discuss (iii) again. This leads one to motivic homotopy theory,
e.g. [Levo8].

20.2  Group completion

We shall describe a construction which will evidently satisfy desider-
ata (i) and (iv).

The group-completion construction of K(R)

We start by recalling the notion of a I'-space [Segy4], where I’ is the
category of pointed finite sets with skeleton given by 7 = {x,1,...,n}
(warning: this is opposite of Segal’s convention, but in my opinion
more intuitive). This is a simplicial space X: I' — Top such the
map X(n) — X(1) x --- x X(1) induced by the n projections 7 =
{*,1,...,n} — 1 = {x,i} sending all elements except i to the

base point, is a weak equivalence for all n (including n = 0, so that
X(0) ~ ).

You should think of this as essentially a commutative unital
monoid structure on X(1); the unit is the degeneracy X(0) — X(1)
induced by 0 = {*} — 1 = {x,1}, and the multiplication is
X(1) x X(1) < X(2) — X(1) with the left a weak equivalence and the
right induced by c: {x,1,2} — {%,1} given by all non-base points to
1. The commutativity follows from the commutative diagram

swap

{,1,2} {x,1,2}

T

{x,1}.

Example 20.2.1. If M is a commutative unital monoid, then Xj;(n) :=

M" is a T-space, maybe more conveniently written as 5 — M5\{*},
The maps induced by various operations of pointed finite sets are as
follows:

projection {%,1} — {x} ~» projection M — x
combination {*,1,2} — {*,1} ~ multiplication M? — M
permutation {*,1,...,n} — {%,1,...,n} ~ permutations of terms M" — M"

inclusion {*} — {x,1} ~» unit x — M.
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Example 20.2.2. For a ring R, we can define a I'-space Xy by letting
Xgr(n) be the classifying space of the category of n-tuples of finitely
generated projective left R-modules and isomorphisms. The maps
induced by various operations of pointed finite sets are induced by
the following functors as follows:

projection {x,1} — {x} ~» projection (P) >
combination {x,1,2} — {x,1} ~ direct sum (P,Q) — (P& Q)
permutation {x,1,...,n} — {*,1,...,n} ~ permutation (P,..., Py) = (Py1),---, Ps(n))

inclusion {*} — {*,1} ~» adding trivial module * — (0).

Given a I'-space X: I' — Top, we can precompose with the oppo-
site of the functor A — I'°P sending [n] = {0,...,n} to i by sending it
to the set of gaps {i < i+1|0 <i <n— 1} with disjoint base point.
A map f: [n] — [m] is sent to the induced map on gaps as in Figure
20.1. This gives a simplicial space BeX.

4 intervals + * Figure 20.1: The functor A — T'°P
on morphisms. On the left hand
side, a morphism in A is written

e o ) o 4
downwards in terms of arrows. On the
Ql — * * TG* right hand side, a morphism in I' is
VAN i written upwards in terms “mergings”

[4] e o o o o

of intervals encoded by blocks. Two
intervals here are merged into the base

4 intervals + * .
point.

Example 20.2.3. For X} it is indeed the bar construction, e.g. Bx(Xy) =
MF, and you should imagine the intervals being labeled by M. Then
d;, induced by skipping i, so merges two intervals if i # 0, k and then
is given by multiplication.

The fact that X was a I'-space implies that each map B,(X) —
B1(X)" which is induced by the inclusion of {i,i + 1} into {0,...,n}
(or of one interval into n intervals), is a weak equivalence. A simpli-
cial space with this property is called a Segal space.

Theorem 20.2.4 (Segal). BX := |Bo(X)| is an infinite loop space (the Oth
space of an Q)-spectrum).

Before sketching the proof, we make some observations. Firstly,
the inclusion

X(1) x Al < |Bo(X)| = <|_| X(n) x A”)
n>0
sends X (1) x dA! to the contractible space X(0), and so the adjoint
may be extended unique up to homotopy to a map X(1) — QBX. We
want to construct a map from BX to a loop space, etc.
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To see this, note that BX is again the first space of a I'-space. As-
signing to each pointed finite set S the functor X°: T +— X(SAT)
gives a I'-object in I'-space. Thus, realizing in the T-direction we get a
T-space BUX: § s BXS.

This satisfies B! (X)(1) ~ BX, so that we have a map BX —
QB(BWX). Iterating this construction we get

X(1) = QBX — O?B(BVX) — O*B(BPX) — - --
and we note that BX) X is levelwise path-connected if k > 1.

Lemma 20.2.5. If X is a levelwise path-connected T-space, then X (1) —
OBX is a weak equivalence.

Proof sketch. Consider the simplicial space shBe(X) given by p +—
B,11(X), i.e. precomposing with x LI —: A — A, which maps to Be(X).
It is a result of Segal, proven inductively by a quasifibration glueing
lemma, that if E, — B, is a map of proper simplicial spaces such that
for each injective morphism 6: [q] — [p] in A, we have that

9*
EP E‘I

L

B 14 B q
homotopy cartesian, then so is

Ey —— |Es|

L

B() —_— ‘B.|.

In our case E, = shB.(X) and B, = X, and the second diagram
would become

X(1) —— [shBe(X)| ~ *

| !

X(0) ~ x —— BX,

where [shB,(X)| is contractible by an extra degeneracy argument
(indeed, every shift is). The diagram being homotopy cartesian is
equivalent to the sequence of weak equivalences

X(1) ~ hofib(X(1) — X(0))

~ hofib(|shBe(X)| — BX)
~ hofib(x — BX) ~ QBX.

The restriction to injective morphisms
is possible since we quickly shift to the
semi-simplicial space AES — AP —
Top, and its thick geometric realization.
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In the setting of I'-spaces, we may replace the levels of the sim-
plicial spaces with products of X(1) up to weak equivalence. Now
observe that 6* for 6 injective is a composite of face maps d;. Each
d; acts on only two terms and since products preserve homotopy
cartesian squares, we are reduced to showing that

X(1)? —— X(1)

L

X(1) ——

is homotopy cartesian, with 7t projection on the second factor and

c is the composition map of the I'-space. To check it is homotopy
cartesian, it suffices to check the map on vertical homotopy fibers

is a weak equivalence. This map is given by multiplication by some
element. Since X(1) is path-connected and X(1) is unital up to homo-
topy, this is always a weak equivalence. O

In general, it is not true that X(1) — QBX is a weak equivalence.
Instead it is an interesting map called the group completion map for
reasons that will soon become clear when we reach Theorem 20.2.10.

Definition 20.2.7. The group completion algebraic K-theory is given by
KOB(R) := OBXg.

Corollary 20.2.8. K@B(R) is the infinite loop space associated to a spec-
trum.

Example 20.2.9. We claim that 779(QQBXg) = Ko(R). To see this, note
that 719(QQBXRg) = m11(BXRr) and BXg has a single 0-cell and 1-cells
given by O-cells in X(1), i.e. finitely-generated projective R-modules
P. Thus 7 is generated by homotopy classes of loops p. The 2-cells
come from 1-cells of X(1) and 0-cells of X(2), and thus implement
either yp ~ p if P = P" and ypgo ~ 7p * 7q-

Algebraic K-theory and homology of general linear groups

To see that our previous definition of K; in terms of group homology
arises naturally from KB we will find a commutative unital monoid
Mg (so strictly associative and strictly unital) such that BX;, ~ BXg.

To do so, consider the category with objects pairs (R", i) of a
finitely generated free R-modules and a projection, and morphisms
R-linear isomorphisms between the images. By direct sum, this
becomes a homotopy commutative unital monoid. We have BXg =~
BXmyg, and BXjy, is the isomorphic to the ordinary bar construction
BMg. The point of this is to apply the following theorem [MS76],
usually called the group completion theorem.

Remark 20.2.6. In fact, this proof only
needs that the abelian monoid structure
induced on 7p(X(1)) is a group, i.e. has
inverses.

i1 23 4 5

Ki(z) zZ/2 Z/2 Z/48 o Z

Table 20.2: The algebraic K-theory
groups K;(Z) = m;(K(R)) for 1 <i <5.
Ko =2 Z already appeared in Table 20.1.
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Theorem 20.2.10 (McDuff-Segal). If M is a homotopy commutative unital
monoid, then we have that

H.(QBM) = H,(M)[mo(M)1].

The idea of its proof is to do a variation of the proof of Lemma
20.2.5, using homology instead of homotopy. Just like a square being
homotopy cartesian means that the maps on homotopy fibers over all
base points are weak equivalences, it being homology cartesian means
they are homology equivalences.

Proof sketch of Theorem 20.2.10. Let us specialize to the case that
mo(M) = Ny for ease of notation. We shall use a result about ho-
mology fibrations analogous to the one about quasi-fibrations used
in Lemma 20.2.5. It says that if E, — B, is a map of proper simplicial
spaces such that for each injective 8: [q] — [p] in A the diagram

9*
Ep — K

Lo

9*
BP Bq

homology cartesian, then so is the diagram

Ey — |Ed|

L

BO —_— ‘B.|.

In our case, pick m in the path-component of M corresponding to
1, and let My be the homotopy colimit over m; - —: M — M. Even
though we have used up to left M-module structure, this is still a
right M-module and its homology is colimH, (M) = H.(M)[m, 1.
Then we can consider the simplicial space

[p] — Moo x MP

using the right M-module action on M (called the two-sided bar
construction and usually denoted B(Mc, M, %)), which maps to BsM
by sending M to a point.

We want to apply the above result. Since geometric realization
commute with filtered homotopy colimits, we have that

B(Meo, M, *) >~ hocolim B(M, M, x) ~ x,

the last step by an extra degeneracy argument. Furthermore By =
*, 50 like in Lemma 20.2.5, we would end up proving that M, is
homology equivalent to (OBM, as desired.
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As before we only need to check the following diagram is homol-
ogy cartesian:

MOOXML>M00
| |
M —— %,

with 7t projection and a acting on the right, is homology cartesian.

Checking on fibers over M, it suffices that for every m € M, the map
—-m: Meo — My is a homology isomorphism. This is true since M is
homotopy commutative, whence — - m is homotopic to m - — on M. If
m is the nth component, acting by it is equal to (m - —)", which was
inverted. 0

Remark 20.2.11. The conditions for this theorem can weakened

(e.g. 7rp only needs to admit a calculus of right fractions), and the
consequences often stronger (the map M. — (QBM is acyclic, i.e. the
map is an isomorphism for local coefficients coming from the target)
[RW13, MP15].

If Mfree denotes the topological submonoid of those components
corresponding to the free modules, then we have that

H*(Mgee)[no—l] ~ C;PEOI?H* (I_I BGLMR)) .

n>0

There is an inclusion Mgee — Mpg, inducing a map
H. (MR*) [ '] — Ha (M) [ ],

which will not be an isomorphism in degree 0 as there are more
projective modules than just the free ones. However, it is an isomor-
phism onto those components that are in its image. This is because
inverting just direct sum by free modules also inverts direct sum

by projective modules, as every projective is a summand of a free
module.

Since KB(R) is an infinite loop space, 7r; of each of its compo-
nent (say the one corresponding to the equivalence class of the free
module [0]) is equal H; of that component. Hence we conclude that

1 (KOB(R)) = colim Hy (BGLy (R)).
Thus K©B(R) satisfies (i) and at least part of (iv), the latter in the
sense that ()B creates an infinite loop space, the homotopy-theoretic
version of an abelian group. A universal property in the homotopy
category is described in Theorem IV.1.5 of [Wei13].



21
The theorems of Igusa and Waldhausen

Takeaways:

Today will be a “story-time” lecture. This means we will not prove
many of the results stated, but outline a theory. We will apply it in
the next lecture to prove that the surjective map 7y (Diffy(D")) —
®,,41 is also injective. Our references are [Haty8, Wal85, Wei13].

21.1 The Se-construction

Waldhausen generalized algebraic K-theory from rings to categories
C which have the additional structure of a Waldhausen category
[Wal85] (see also Section IV.8 of [Wei13], which also discusses the
delooped G.-construction by Gillet-Grayson in Section IV.g9 and
which some people find more intuitive because its 77y is Kp). This is
the most convenient construction for desiderata (ii) (technical tools)
and (a higher-categorical version of) (iv) (a universal property) from
last lecture.

The Seo-construction

A Waldhausen category is a category with the minimal data neces-
sary to construct algebraic K-theory. Specializing to C = P(R), the

category of finitely generated projective R-modules, we recover K(R).

The example of C to keep in mind is the category FinSet, of pointed
finite sets.

Definition 21.1.1. A Waldhausen category is a pointed category C
with two classes of arrows ¢(C) and w(C) of cofibrations and weak
equivalences. These should satisfy the following properties:

(i) Isomorphisms are cofibrations and weak equivalences.

(i) Cofibrations and weak equivalences are closed under composi-

tion.

(iii) The map from the initial object is a cofibration.

- Algebraic K-theory may also be

constructed by the S,-construction,

which may be applied to a category
of retractive finite spaces over X to

obtain A(X).

- If X is path-connected, this can be

rewritten in terms of matrices.

- Including finite sets over X into

retractive finite spaces over X, we
get amap QXy — A(X) whose
homotopy fiber is QOWhP¥(X).

- Igusa and Waldhausen proved that

there is a highly-connected map
H(M) — QWhP*(X) with domain
the moduli space of h-cobordisms
starting at M.
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(iv) Cofibrations are preserved by cobase change: for each commu-
tative diagram with horizontal map a cofibration

B——A

|

C

the pushout A Up C exists and the map C —+ AUp Cisa
cofibration.

(v)  Left properness: if in a commutative diagram

A+—B——~C

FoEL

Al «+—B ——

all vertical arrows are weak equivalences, and left horizontal
maps are cofibrations, then AUg C — A’ Uy C’ is also a weak
equivalence.

Definition 21.1.2. Let Ar([n]) be the category of arrows in the linear
category [n] givenby 0 — 1... — n. That is, the object are mor-
phisms (i — j) and a morphism (i — j) — (k — 1) is given by a

i j
k I
Definition 21.1.3. We define a category S, (C) as the full subcategory

of functors F: Ar([n]) — C on those objects F such that F(i — i) = %,
all horizontal maps F(i — j) — F(i — k) are cofibrations and each

commutative diagram

—

—

square

F(i —j) —— F(i = k)

l l

F(j—j)=% —— F(j— k)
is a pushout square.

For example, the objects of 55(C) look like

% —— F(0 — 1) — F(0 — 2)

| |

* — F(1 —2)

|

*
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with the square a pushout square. In general the top line F(0 — j)
gives a filtration of the corner F(0 — n), with filtration quotients
F(j — j+ 1) appearing just above the diagonal with «’s. In fact,
you can think of Se-construction as a space of filtrations with chosen
subquotients (which a priori are only defined up to isomorphism).

By using the fact that [n] — Ar([n]) is a cosimplicial category, we
see that [n] — S,(C) is a simplicial category. We have not yet used
the weak equivalences, so let’s do so:

Definition 21.1.4. Let C be a Waldhausen category, then we define the
Waldhausen algebraic K-theory to be

KSe (C) :== Q|wS.(C)],

where wS,(C) is the subcategory of S, (C) with same objects but only
those morphisms that are natural transformations consisting of weak
equivalences.

The category of projective modules

We may apply this to the category P(R) of finitely-generated pro-
jective R-modules, with cofibrations the monomorphisms with
projective cokernel and weak equivalences the isomorphisms. Let
us denote the resulting K-theory space by K°*(R). Results of Quillen
and Waldhausen imply the following;:

Theorem 21.1.5 (Quillen-Waldhausen). If R is a ring, then we have that
K®B(R) ~ K% (R).

Proof sketch. There is a simplicial map (it is convention to use 7 in-
stead of w when the weak equivalences are the isomorphisms)

iSu(P(R))[ = Xr(n)

by sending F to the “filtration quotients” (F(0 — 1),F(1 —
2),...,F(n —1,n)) (the diagonal just above the ’s). Waldhausen
proved using his additivity theorem that this becomes a weak equiva-
lence upon realizing the [n]-direction. O

The category of finite sets

We may also apply the S,-construction to FinSet., with cofibrations
the injections and weak equivalences the isomorphisms. Let FinSet
denote the category of finite sets of order n with isomorphisms, then
we have that

|iSy (FinSet,)| — (BFinSet)"
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is an isomorphism, because short exact sequences of finite sets aren’t
just split but canonically so! It is clearly true that BFinSet ~ | |,~g BX,
by restriction to a skeleton. We conclude that

K°*(FinSet,) ~ QB <|_| an) .
n>0
In Chapter 32, we will prove — when talking about cobordism
categories — the following as the special case of a 0-dimensional
cobordism category. This uses that finite sets are exactly the compact
0-dimensional manifolds. For a reference in the algebraic K-theory
literature, see Theorem IV.4.9.3 of [Wei13].

Theorem 21.1.6 (Barratt-Priddy-Quillen-Segal). There is a weak equiva-
lence
QB | | | BE, | ~QFS,
q>0
where S denotes the sphere spectrum. In particular, we have that K;(FinSet )
is isomorphic to the ith stable homotopy group of spheres.

That is, the sphere spectrum is the algebraic K-theory of finite sets.

21.2  Algebraic K-theory of spaces

We shall discuss the algebraic K-theory of spaces A(X), first using
the S.-construction and then a version of group completion for path-
connected X. We then construct the map QX — A(X), whose
homotopy fiber is QOWhP#(X).

Algebraic K-theory of spaces via S.-construction
Let X be a space. Eventually this will be our manifold.

Definition 21.2.1. A retractive finite space over X is a space Y with
cofibration i: X < Y and retractionr: ¥ — X, i.e. r oi = idy, such
that the pair (Y, X) is homotopy equivalent to a relative finite CW
pair. A map of retractive finite spaces over X is a continuous map
that is the identity on X and compatible with the retractions.

We can define a Waldhausen category R¢(X) of retractive finite
spaces over X by taking the cofibrations to be the Hurewicz cofibra-
tions, and the weak equivalences to be the homotopy equivalences rel
X (or equivalently weak equivalences, since the objects are homotopy
equivalent to a relative CW pair). Note that the category would not
be pointed without the retraction, as it provides the maps exhibit-
ing X itself (with identity cofibration and retraction) as the terminal
object.
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Definition 21.2.2. We define the algebraic K-theory of spaces A(X) of
X to be
A(X) = K** (wRf(X)).

Intuitively algebraic K-theory homotopy-coherently (a) group
completes, and (b) splits cofiber sequences. In the previous lecture
we focused our attention on (a), as cofiber sequences were already
split in our examples. This is of course not true in retractive spaces,
and forcing the splitting of cofiber sequences allows the computation
mo(A(X)) = Z[my(X)]. Let us discuss this is some examples using
the following lemma, which follows from a consideration of the
1-skeleton of K¢ (wRf(X)):

Lemma 21.2.3. The group 11o(A(X)) is generated by symbols [Y] with Y a
retractive finite space over X, under the equivalence relation that [Y] = [Y]
ifY ~ Y over X, and [Y'] = [Y] + [Y"] if there is a cofiber sequence
Y=Y =Y '=Y/Y.

Example 21.2.4. In 719(A(*)) each disk satisfies 0 = [D¥] = [SK~1] +
[S], because DX is weakly equivalent to * and by splitting the inclu-
sion of the boundary. Thus we have that [S¥] = (—1)¥[S?]. This leads
to the identification of 7ro(A(*)) with the relative Euler characteristic;
e.g. we have that the class [T?] represented by a based torus is equiv-
alent to [S! v S' v §?] by splitting the inclusion of the 1-skeleton, and
this is —[S°] — [S°] + [S°] = —[S"], and —1 is indeed equal to x(T?, *).

Example 21.2.5. In 719(A(S')), S! LU * admits many retractions to S?,
rp for @ € S'. However, all represent the same class: for 6,6, € st
take ST with r;: [ — S1 having both 6y and 6; in its image. Then
there is a zigzag of weak equivalences over X

(Sl U*,T@O) — (Sl |_|I,1’[) — (51 UI,T@I).

This generalizes to say that relative CW complexes with homotopic
attaching maps represent the same class in 77o(A(S')).

Next, one may be concerned that apart from the class of S! v S?,
7o(A(S')) contains another class from a non-trivial loop in S?, e.g.
S Ugi D2. However, this does not admit a retraction to S.

A group completion construction of A(X)

Waldhausen also proved there is an analogue of the group comple-
tion construction when X is path-connected. This uses the Kan loop
group GX, weakly equivalent to ()X but in fact topological group,
Section VL5 of [G]og].
Then we may consider the space of continuous pointed maps
Va SKAGX, — Va S AGX,. Let us take the subspace haut, cx (\/n Sk A GX+>
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of GX-equivariant pointed homotopy automorphisms. If k > 2, ap-
plying 7y gives an isomorphism with GL, (Z[rr1]): there are weak
equivalences

map, ;x (\/ SFAGXL,\/ S A GX+> ~ map, (\/ AV GX+>
n n n n
~ [T (\/Sk/\GX+> ,
n n

and the latter has 779 given by Homap, (2", Z[m1]") = Homy ). Mod (Z]71]", Z[m1]").
We now want to let k — oo, in which case we can give a differ-

ent description. Consider the symmetric spectrum ~*GX . Since

X%: Top, — Spis defined as Y — S AY and symmetric spectra has

a symmetric monoidal structure for which S is the unit, Z*GX is a

unital monoid in symmetric spectra. Thus we can define left modules

over it, and set GL,(X*GX ) to be the space of homotopy invertible

2GX4-module maps from V,, Z*GX to itself. As before

Mapsecy ., <\/ 2°GX4,\/ ZOOGX+> ~ MAaPgpectra (\/ s, \/ ZOOGX+>
n n n n

~]O®(Z®GX4)",
n

and we may define GL, (X*GX ) by picking the components corre-
sponding to GL,(Z[1]). By the Freudenthal suspension theorem we
conclude that

GL,(2*°GXy) ~ hokcolim haut, cx (\/ Sk A GX+> .
—» 00 n

We shall use the notation BGL,(X*GX ) for hocolim Bhaut, cx (\/,1 Sk A GX+),
even though the left hand side is not a topological monoid (only an
E;-space). These classifying spaces form a topological monoid with
multiplication map induced by wedging maps together. The follow-
ing is proven in Section 2.2 of [Wal85].

Theorem 21.2.6 (Waldhausen). If X is path-conected, there is a weak
equivalence

OB <|_| BGL,,(Z°°GX+)> ~ K> (wRf(X))).

n>0

The map QX+ — A(X)

We can form the wreath product topological group %, ! GX and
include this into haut, cx (V/, S’ A GX;) as “permutation matrices”
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with entries in GX. By increasing the dimension of the sphere in the
target and group completion we get a map

OB <|_| B(Z, GX)) — QOB <|_| BGL(Z°°GX+)> ,

n>0 n>0

and by Waldhausen’s theorem the target is weakly equivalent to
A(X). On the other hand, by a labeled version of the Barratt-Quillen-
Priddy-Segal theorem we have that the source is weakly equivalent
to QX, = Q%¥E®X,, see Exercise IV.7.7 of [Wei13]. We thus obtain a
map

QX4 — A(X),

and from the construction, it is clear that this is induced by a map of
spectra

Xy = A(X),

which one should think of as being a delooping of the inclusion of
the (1 x 1)-matrices.

There is an alternative construction of this map, which uses a
Waldhausen category of retractive finite spaces over X which are
weakly equivalent to X L {finite set} rel X, and retraction providing
the finite set up to homotopy with a labeling by elements of X. This
is particularly easy in the case X = %, in which case we may instead
use actual finite sets and the map is induced upon S,-construction by
the inclusion of Waldhausen categories

FinSet. — Ry ().

The Whitehead space

We can now define the Whitehead space.

Definition 21.2.7. The smooth Whitehead spectrum WhP(X) of X is
given by the cofiber of the map

I¥Xy = AX).
From this we obtain the smooth Whitehead space
QWhDiff (X) — Qm+lMDiff(X),

which is weakly equivalent to the homotopy fiber of QGX —
A(X). Note that taking Q**! does not discard any information: the
map QGX, — A(X) on 7 is simply the identity map Z — Z, so
WhP¥(X) is 0-connected.
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Waldhausen’s splitting theorem

A priori, the relation between OWhP#(X), QGX and A(X) may
be complicated. However, using the Bokstedt trace (or equivalently
Goodwillie linearization of A(—)) we can map back to X . This
uses THHg, which may easily be defined for ring spectra symmetric

spectra using the cyclic bar construction, under cofibrancy conditions.

This is the geometric realization of the simplicial object
[p) > BS(R) = R,

with differentials induced by thinking of [p] as (p + 1) points on the
circle:
THHs(R) == |BJ(R)].

T /;nultiply RN

B (R; A)

We can generalize the cyclic bar construction of R to have coeffi-
cients in a bimodule A, see Figure 21.1:

By“(R; A) := R"P A A.

Then we have that BY“(R;R) = BY(R), while BJ“(R;S) is the
double bar construction B(S, R, S).

The Bokstedt trace is a generalization of the Dennis trace K, (R) —
HH,(R) (upgrading from base Z to base S). The latter is given by
noting that there is a simplicial map"”

Bp(GLy(R)) = GL4(R)? — B;°(R) = RP*!
(MY MP) s Y ML M2 MP T M
i1-eerip

i1,i2 " g, i3 ip—1,dp”ipi1”

Figure 21.1: The cyclic bar construction

with coefficients.

Remark 21.2.8. We can also take the
cyclic bar construction of an associative
dg-algebra R with values in a dg-
bimodule A, in the case Chy. Then

the resulting chain complex is quasi-
isomorphic to the Hochschild chain
complex HH(R; A).

* This is the ordinary trace when p = 1.
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We thus get a map
tr: A(X) - THHg(X2*GX),

whose target is weakly equivalent 2*°LX, where LX denotes the
free loop space. This is a generalization of Goodwillie’s theorem that
HH,(C.«(QX)) = H.(LX) when X is path-connected [Goo85]. We
can then evaluate the free loops at 1 € S! to map to Z°X . One may
check that the composite map

®X, — A(X) — THHg(S¥GX,) ~ £°LX, — LX,

is the identity: the trace restricted to (1 x 1)-matrices is essentially
the identity. As a consequence, we obtain Waldhausen’s splitting
theorem:

Theorem 21.2.9 (Waldhausen). There is a weak equivalence

A(X) ~ WhP(X) x OX,.

21.3  Moduli spaces of h-cobordisms

We now explain the relationship between algebraic K-theory of
spaces and h-cobordisms.

Concordance diffeomorphisms

The s-cobordism theorem classifies h-cobordisms of dimension n > 6.
In particular, it says that given a closed (n — 1)-dimensional manifold
M, we have that

{h-cobordisms starting at M} /diffeomorphism rel M = Why (711 (M)).

Following the philosophy of this course, we next want to know
the automorphisms of the h-cobordisms. Since by composition of h-
cobordisms we can move between different isomorphism classes, the
homotopy type of the automorphisms is independent of the choice
and we may as well take the trivial one. Then an automorphism is a
diffeomorphisms of M x I which fixes only M x {0} pointwise. Let us,
for later use, define a version when M has non-empty boundary oM.

Definition 21.3.1. The concordance diffeomorphism group C(M) is given
by
C(M) := Diff(M x I rel M x {0} UM x I).
Note that restriction to M x {1} gives a homomorphism C(M) —

Diff; (M) whose fiber over the identity is Diffy(M x I). Thus in the
case of M = D", we have up to weak equivalence a fiber sequence

Diffy (D" 1) — C(D") — Diffy(D").
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Thus through understanding the concordance diffeomorphisms
C(D") we get close to diffeomorphisms of disks.

The conclusion is that the moduli space H(M) of h-cobordisms start-
ing at M may be described up to weak equivalence as

H(M) =~ Why (711(M)) x BC(M),

as indeed a homotopy class of maps X — Why(711(M)) x BC(M)
classifies a bundle of h-cobordisms over X with incoming bound-
ary trivialized as X x M. However, there is also a direct geometric
description:

Definition 21.3.2. H(M) is the simplicial set with k-simplices given
by bundles W — AF of smooth manifolds with boundary, with

an embedding M x AK — W over A, exhibiting W as a bundle of
h-cobordisms starting with M.

Stabilization

There is a map on bundles of h-cobordisms, which takes the fiberwise
product with an interval I. This induces a map H(M) — H(M x I),
where since M x I has boundary we use relative h-cobordisms:

the cobordism must be one of manifolds with boundary and the
boundary cobordism is trivialized as a product. On concordance
diffeomorphisms this may be described by Figure 21.2.

MxIL —— M x I2

M x {0} (M x0) x TU (M x I) x {0,1}

Definition 21.3.3. We define the stable /-cobordism space as

H (M) = hocolimy_,,H(M x I¥).

This is weakly equivalent to Why (7r1) x hocolimy_,,,BC(M x I¥).

The stable parametrized h-cobordism theorem and Iqusa stability theorem
The following are the main theorems of [Igu88] and [W]R13a].

Theorem 21.3.4 (Igusa). Let M be of dimension m, then the map H(M) —
H(M) is min (mT*l, ’”T*F’)—connected. It is already surjective on homotopy

groups Tty for k < "2,

Figure 21.2: The stabilization map on
concordance diffeomorphisms.
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Recall an n-connected is an isomorphism on 7; for i < n. Thus,
this becomes an isomorphism on 7o when m > 7 and isomor-
phism on 711 when m > 9, but eventually the range of homotopy
groups in which it is an isomorphism will grow with slope 1/3. The
s-cobordism theorem and work of Hatcher-Wagoner-Igusa show that
1o and 71y stabilize a bit earlier; 19 when m = 6, and 771y whenm =7
[HW73, Igud).

Thus it makes sense to want to compute 7 (M) if one is interested
in families of h-cobordisms. The stable computation is a result of
Waldhausen, Theorem 0.3 of [W]R13a]:

Theorem 21.3.5 (Waldhausen). There is a natural weak equivalence
H(M) ~ QWhP(M).

It should not be obvious how to use this compute (M), or even
recover the s-cobordism theorem. In the next lecture we will explain
how to do this, and we compute 711 (H(M)) = 9(C(M)).
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The Hatcher-Wagoner-Igusa sequence

In the previous lecture we started the theorems of Igusa and Wald-
hausen. Today we use them to prove 71o(Diffy(D")) — ©,41 is
bijective is n > 7, as an application of the more general Hatcher-
Wagoner-Igusa sequence. The classical references are [HW73, Igu84],
but we follow [Jah10]. We also use some results from [Wal78].

22.1  The s-cobordism theorem

Our goal in this first section will be to see how the Igusa-Waldhausen
theorems allow for a computation of 77y(H(X)), as a practice for the
computation of 711 (H (X)) = mp(C(X)) in the next section. We shall
assume throughout that X is path-connected.

Setting up the sequence
Recall that there was a weak equivalence
OB <|_| BGLn(szL)) — A(X).
n>0

This may be extended to a homotopy commutative diagram

OB (L0 B(£41GX)) — QB (L0 BGLy(2¥GX4)) —— A(X)

| |

OB (Upso B(En2m)) —— OB (um BGL(P)) = L K(2Zm)),

where the [P] range over isomorphism classes of finitely generated
projective Z[r1]-modules, and GL(P) are the automorphisms as a
Z[rr1]-module. The right hand vertical map may also be constructed
as induced by the map of Waldhausen categories

R/ (X) — Ch/,

(1]’

Takeaways:

- To obtain computations in terms of
Whitehead groups, one compares
A(X) to K(Z[m]).

- This gives a way to compute
7 (C(M)).-
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given by the relative equivariant chains of the cover corresponding
to 711(X): define Y as the pullback of the universal cover along Y —
X — Briy, let X be the lift to Y of the subspace X, and take C. (Y, X)
as a chain complex of Z[7;]-modules.

We may identify both terms in the left column using the general-
ized Barratt-Quillen-Priddy-Segal theorem: QB(| ;>0 B(X41G)) ~
QBG4 where QY, = Q®X*Y, . If we then complete the top row one
step to the right, and take the homotopy fibers (over 0) in the first
two vertical directions, we obtain a commutative diagram with rows
and columns fiber sequences

QQ(Bmy /X)) ———— F

| |

00X, —+ A(X) — WhP*(Xx)

| |

Q(Bmty)+ —— K(Z[m]).

From the vertical fiber sequences, we get two long exact sequence
of homotopy groups with a map between them. We may identify
some of these homotopy groups with higher algebraic K-theory
groups, and also use 71, (QY) = 715,(Y, ), the ith (reduced) stable ho-
motopy group of the pointed space Y, . If we then add the cokernels
of the horizontal maps, we get:

| l l
Bri/X) — my(F) ——— Fy(X) —— 0
0 —— m(Xy) ——— ma(A(

|

| l
5 ((Bmy)+) —— Ku(Z[m]) —— Wy(m) ——— 0
l l

l

T (

X)) — m(WhP# (X)) —— 0

where we define
W, (1) := coker(7;, ((Bmtp)+) — Ku(Z[n]))

F,(X) := coker(r;, 1 (Bm1/X) — 1, (F)).

Note that the left vertical column might not be not exact. By taking
the long exact sequence of a short exact sequence of chain complexes,
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we see whether or not this is the case depends on the injectivity of
the left horizontal maps (one out of three is always injective).

The s-cobordism theorem

As the map QX1 — A(X) is a mp-isomorphism, the first possibly
non-trivial homotopy group 7t,(WhPH(X)) is n = 1. Let K(Z[m1])free
be the subspace consisting of those path-component corresponding to
the free modules in Ky(Z[m]).

Lemma 22.1.1. The maps QX1 — Q(Bmy )+ and A(X) — K(Z[m1])free
are 2-connected, i.e. an isomorphism on 1, for n < 1, and surjection on 715,

Proof. The first claim follows from the easy fact that X — By is
2-connected, and Q preserving connectivity. Because 7, (QY;) =
5 (Y, ), this may be deduced from the Atiyah-Hirzebruch spectral
sequence for the generalized homology theory 75 (—) applied to the

pointed space Y
Eyy = Hp(Y;75) = 75,0 (Yy)

with 75 the gth stable homotopy group of spheres (so the E2-page
consists of reduced homology groups). If we run these spectral
sequence for both X and By, the fact that X — B is 2-connected
will imply that the map 75, (X4 ) — 715, (Bmy) is an isomorphism for
n <1 and a surjection for n = 2, as desired.

The second claim follows from the fact that the map 7rp: [T, Q*(V/,, S A
GX4) — @, Z[m|" is 1-connected (considering the target as a dis-
crete space), and we then apply B, increasing connectivity by 1.

Applied QB(|],>¢ —) preserves connectivity. It may be regarded as a
special case of Proposition 1.1 of [Wal78]. O

We may compute that 7§ (X,.) = 711 ((Brry) ) & 73° @ Z/2Z using
the Atiyah-Hirzebruch spectral sequence (there is no differential

into the 773P-term because you can map out to H; = 72P), while
5 (Bt / X) vanishes because the map X — Brr; is 2-connected.
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The conclusion is that for n = 1 the diagram simplifies to

0 0 0

| | |

0 ——— (B /X) 20 ——— m(F) 20 — F(X) 20 —— 0

lo

0 —— m(Xy) 2 ez2/2Z — m(A(X)) —— m(WhPH(X) —— 0

J{u o~ o~

0 —— m((Bm)4) 2P ®2/2Z —— Ki(Z[m]) —— Wi(m) ——— 0

|

0 0 0

Let us use this to reprove the s-cobordism theorem.

Corollary 22.1.2. Let X be a closed smooth manifold of dimension n. Then
we have that 7to(H(X)) = 711 (WhPH(X)) = Why (Z[r1]) if n > 6.
Proof. The identification 7mo(H (X)) = 71, (WhPH (X)) uses the combi-

nation of Igusa and Waldhausen'’s theorems (with improved range).
It remains to identify

W () := coker (ni‘b ©Z/2Z — K1(Z[7T])>

with Wh; (777), but this is easy once one notes that [g] € 72® goes to
the image of the (1 x 1)-matrix in K;(Z[m;]) and the non-trivial ele-
ment of Z /27 goes to —1. Identifying the map with the inclusion of
(1 x 1)-matrices, we thus get exactly the ¢ in our original definition
of Wh1 (7'[1 ) O]

22.2  The Hatcher-Wagoner-Igusa sequence

Next we consider n = 2. In that case we can use the computations of
the previous section to write
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We shall just take Why (7r1) to be Wy (71y):

Definition 22.2.1. We set Why(711) := coker (755 ((B71)+) = Ka(Z[m1])).

It remains to do the following computations: Remark 22.2.2. This is enough to obtain
. . an interesting result, as we shall later
(a) identify 1o (F), see that Why (Z/2Z) =~ Z/27Z.
(b) identify 75(B7r;/X) and show the map 75(Bm;/X) — mo(F) is
injective,

(c) show the image of K3(Z[m;]) — m2(F) contains a particular
element,

(d) show that the map 7t5((B7y)+) — Kp(Z[m1]) is injective.
We start with (a).

Lemma 22.2.3. We have that 1ty(F) = Hy(71y; (710 & Z./2Z)[111)).

Proof. By the group completion theorem, in the commutative dia-
gram
colimy, 0 BGL, (2°GX) — A(X)

| |

COlimnHmBGLH(Z[nl]) — K(Z[nl})free/

the vertical maps have the same relative homology (when restricting
the right hand side to a path component). Since the right map is
2-connected, its relative 7r3 (which is 71y of the homotopy fiber F)
equals its relative Hs by the Hurewicz theorem and the fact that the
spaces involved are simple, so 717 acts trivially on higher homotopy
groups.

We may compute relative H3 using the left hand side, obtaining an
isomorphism

713(F) 22 colimy_se0 H3 (BGLy (E°GX), BGLy (Z[m1])).

This may in turn be computed by a relative Serre sequence for the
vertical maps in

BGL,(Z¥GX) —— BGLy(Z[m1])
l | Jid
BGL,(Z[m1]) —% BGL,(Z[m1])

From now on we suppress the colimit as 7 — co from the notation
(this is harmless as a consequence of homological stability). The left
map is obtained by applying B to the map

GL,(Z°GX) — GLy(Z[m1)).

The fiber of this map over all components of GL, (Z[r]) are weakly
equivalent, since all components of QGX, and may identified this
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with [T,2 QoGX4. The action here is given by GL, (Z[m]) is given by
conjugation, upon writing this as M, (QoGX ). Thus we obtain the
spectral sequence

E3, = Hp(BGL(Z[m1]); Hy(*, BMy(QoG X)) =
H, (BGLy(Z[m1]); Hg—1(BMu(QoGX+))
X

Hp4(BGL, (X5GX), BGL, (Z[m1])).
Thus we see that the only non-trivial contribution to Hj is

Ho(GLn(Z[ﬂl])/HZ(BMH(QOGX+))) 1 Ho(GLn(Z[Tfl])} nl(Mn(QOGXJr)))
>~ Hy(GLy(Z[r11]); Mn (775 (GX4))).

The trace tr: M, (75(GX1)) — m7(GX, ) does not factor over
the GL,,(Z][m])-coinvariants, but it does when we take the quotient
of the latterby ¢ -a- ¢! —aforg € m and a € 75(GX4) (think
about the case n = 1). In fact, it is a matter of elementary linear
algebra that after taking this quotient, the trace induces an isomor-
phism, see Lemma 22.2.4. So the only contribution to relative Hj is
Hy(mmy, m5(GX 1)), where the action of gisby g: a v+ g-a-g.

Let us finally compute 71{(GX ) using the Atiyah-Hirzebruch
spectral sequence to be @, ¢, H1(GXy) ® @y cx, Z/2Z. Using
H,(GX,) =2 mmp, we may identify by translation with (7r, @ Z/2Z) ]
and compute 7, (F) as Hy(7ry; (71 & Z/27Z) [11]).

Lemma 22.2.4. For A a Z|G]-module, we have that the trace induces an
isomorphism Hy(GL,(Z[G]); Mu(A)) — Hy(G; A), where the action of
GL,(Z[G)) is by conjugation.

Proof. Evey element of M, (A) is a sum of 4;;;;. Since conjugation
can interchange basis vectors, we have that ae;; ~ aej;, and con-
jugation by a diagonal matrix with first diagonal entry g and the
remainder are 1’s gives ae;; ~ g - - g_len.

Similarly every ae;; for i # j is equivalent to aej; and conjugating
with

idnfz

shows that aej, is equivalent to —aej; — aepy 4 aexn + aejp, which is in
turn equivalent to 0. O

Remark 22.2.5. We basically proved Proposition 1.2 of [Wal78],
once one remarks that the quotient of 717(GX, )by g-a —a-gis
HHy(Z[m], 75(GX)), with HH denoting Hochschild homology.
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The computation of 775(B7ry/ X) is easier, (b).

Lemma 22.2.6. We have that 75(Bmy/X) = Hy(7ty; m2[1]), thinking of
1 e m.

Proof. We have that
m3 (B /X) & H3(Bmy/X) = m3(Bmy, X) /1y = Ho(m1, ma(X)).

The identification as a subset Hy(7t1; (7o & Z/2Z)[m1]) follows by
identifying QBX; — A(X) with the inclusion (1 x 1)-matrices. O

We will not prove (c) and (d), as this gets too much into the details
for a lecture, as both are proven by naturality and particular compu-
tations. For (c), the claim is that Hy(7r1; Z/2Z[1]) is in the image of
K3(Z[m1]) — mp(F). This follows by naturality using + — X — x,
and a computation in the case * = X. For (d), one proves the case
m = Z/27Z first. See pages 250-252 of [Jah1o].

Definition 22.2.7. We define Wh{ (71, Z/2Z & m,) as

Wh{ (m1,Z/2Z & ) = Fp(X)
= H0(7T1,' (71'2 D Z/ZZ)[T[]D/H()(T(L‘ (71'2 b Z/2Z)[7‘c1}))

So our diagram becomes

m3((Bm)4) ———— K3(Z[m]) ———— W3(m) —— 0

| |

0 — Ho(my; m2(1]) — Ho(my; (72 @ Z/2Z)[m1]) F>(X) 0

!

0 —— m(Xy) ——————— m(A(X)) ————— m(WhPH(X)) — 0

| |

0 — m((Bmy)y) —— Ko(Z[m]) ———— Why
0

where (x) hits at least Hy(711; Z/2Z[1]). So using that we have a
short exact sequence of chain complexes in a range, and applying the
Igusa-Waldhausen theorems identifying 7r1 (H(X)) with 779(C (X))
for X a manifold of dimension > 7, we recover a result of Hatcher-
Wagoner [HW73] with corrections by Igusa [Igu84]:

—

m) —— 0

0

Theorem 22.2.8. If n > 7 we have an exact sequence:

K3(Z[7T1]> — thr(T[l,Z/ZZ@ 7'[2) — ﬂl(H(X)) = NQ(C(X)) — th(ﬂ'l) — 0.
(22.1)
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Isotopy classes of diffeomorphisms of disks

Having proven the Hatcher-Wagoner-Igusa sequence, we apply it to

isotopy classes of diffeomorphisms of disks. Takeaways:

- 119(C(M)) vanishes if M is simply-connected of dimension > 7 (in
fact n > 5).

- If an element of 7ro(Diff" (S")) is in the kernel of the map to ©,,1,
it is pseudo-isotopic to the identity. Using the above, this means it
is isotopic to the identity as long as n > 5.

+ O, is a finite abelian group for n > 5.

23.1  Pseudoisotopy implies isotopy

Recall that a diffeomorphism f of closed M is isotopic to the identity
if there is diffeomorphism f;: M x [0,1] — M x [0, 1] commuting
with the projection to [0, 1], such that f = id and f; = f. The notion
of pseudo-isotopy drops the condition that f; commutes with the
projection.

Definition 23.1.1. A diffeomorphism f of closed M is pseudo-isotopic
to g if there is diffeomorphism F: M x [0,1] — M x [0,1] such that
F(M x {i}) = M x {i} for i = 0,1, F|p1,qoy = id and F|p1, (1} = -

The following was first proven by Cerf, who also improved the
range to n > 5, [Ceryo].

Lemma 23.1.2. If M is simply-connected of dimension n > 7, then
7(C(M)) = 0.

Proof. Using the Hatcher-Wagoner-Igusa sequence, this reduces to
algebra. It is clear from the definition that the Wh{ -term Hy(7ty, (72 @
Z/27Z)[m))/Ho(my, (1t & Z/2Z)[1]) vanishes with 77y is trivial,

as we take a quotient of a group by itself. For Why (), we need to
explain how to compute the map

75 (%4) = K(FinSet,) — Ka(Z).
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This is done by a Postnikov tower argument applied to the K-
theory spaces. First, we kill 77y by picking a component. We may
compute K; by killing 711 and computing H;. On the level of groups,
killing 711 amounts to passing to the maximal perfect subgroup G,, of
Xy, resp. GL,(Z). These are given by A, and SL,(Z) for n as n — co.

We thus need to compute both groups and the map

Hy(BA,) — Hx(BSL,(Z))
as n — oo. They are isomorphisms by Lemma 23.1.3. O

We’ll compute the map on K; using central extensions, see Section
IIL.5.3 of [Wei13] or the notes [Pra1s].

Lemma 23.1.3. Forn > 0, we have that Z/2Z = H,(BA,) —
Hy(BSL,(Z)) = Z/2Z is an isomorphism.

Proof. The H; of a perfect group Gy, is related to the universal central
extension G, of G, by the following short exact sequence

1— Hy(Gp) = Gy — Gy — 1

of groups, where G, has the property that each projective complex
representation of Gy, lifts uniquely to G, or equivalently has the
property that it has a unique map to every other central extension
(the existence of this universal extension requires the perfectness, see
Lemma IIL.5.3.2 of [Wei13]).

In particular, we may attempt to construct an approximation to Gn
by mapping to a group which we know has a central attention taking
the pull back. For example, we have the map A, — SO, (R) by acting
on the permutation representation. The group SO, (R) has a Z/2Z
central extension Spin, (R), and it is a fact that the pullback of this
to A, is the universal central extension A,. In particular, there is an
isomorphism

Z./27Z =~ Hy(BA,) — Hy(BSO,(R)) = Z /2Z.

Firstly, one computes Hy(BA,) = Z/2Z by using the identification
with 775 (*4 ) and computing this using stable homotopy theory"'. Sec-
ondly, one shows that the map is surjective by using the construction
of Spin,, (R) to show that the pullback to A, is a non-trivial central
extension.

Since the map A, — SO, (RR) factors over SL,(Z), we conclude
that Hy(BA,) — Hz(BSL,(Z)) is injective. But it is also true that
Hy(BSL,(Z)) = Z/27Z, see e.g. Section IIL5 of [Wei13], so it has to
be an isomorphism. I do not know a non-involved proof of this; the
standard one uses Steinberg symbols. O

Remark 23.1.4. We thus compute
Ky(Z) = Z/2Z, as listed in Table 20.2.

Remark 23.1.5. One should think of
this proof of this lemma as studying the
composition

K(FinSet,) — K(Z) — K(R'™P) = ko.

Alternatively, given presentations,
we could in principle have proven
Hy(A,) — Hy(SLy(Z)) is an isomor-
phism using Hopf’s formula without
resorting to topological K-theory.

* Using the Pontryagin-Thom theorem,
one may also use framed manifolds or
framed immersions, see e.g. [?]



LECTURES ON DIFFEOMORPHISM GROUPS OF MANIFOLDS, VERSION FEBRUARY 22, 2019 187

Let us explicitly state the consequences in turns of pseudo-
isotopies.

Corollary 23.1.6. If M is simply-connected of dimension m > 5, then f is
pseudo-isotopic to g if and only if f is isotopic g.

Proof. The direction < is obvious, so let us prove =. If F: M x I —
M x I is a pseudo-isotopy from f to g, then F' := (f x id;) " 'oFisa
pseudo-isotopy from f~! o ¢ to id. This is exactly an element of C(M).
But 71p(C(M)) = 0 under the assumptions of the corollary, so there
is a path F/ of concordance diffeomorphisms from F’ to idps«;. It we
restrict F{ to M x {1}, we obtain an isotopy from Fy|y 13 = f~'g to
FiImx {1y = idm. Composing with f, we obtain an isotopy from g to

£l O

23.2  Application to diffeomorphisms of disks

The group of homotopy spheres

Before, we defined the set ©,,1 as the set of oriented homotopy
(n 4 1)-spheres up to orientation-preserving diffeomorphism or

equivalently (when n > 4) up to h-cobordism.> We showed before 2One of the big open questions of 4-
manifold topology (that is, when n = 3)

. . . .. . ) is whether D* admits a unique smooth
defined up to diffeomorphism, so this induces an abelian monoid structure.

that connected sums of path-connected oriented manifolds is well-

structure on @y, 1.
Lemma 23.2.1. If n > 4, ©,,1 is an abelian group.

Proof. Take X x I and removed a neighborhood of * x I. The result is
a (n + 2)-dimensional manifold whose boundary is diffeomorphic to
2#3, where £ denotes X with opposite orientation. Removing a little
disk from a point in its interior gives an h-cobordism from S"*1 to

Y#%, so the inverse of ¥ is 2. O

Given a f € Diff"(S"), we get S?H be the homotopy sphere
obtained by using f as an attaching map

51'2“ = D"tly f D,

Lemma 23.2.2. The map my(Diffy(D")) — ©,,41 given by [f] — S?“ is
a homomorphism.

Proof. Let f, g € Diffy(D"). If we take the connected sum along the
equator away from the support of the diffeomorphisms, the clutching
function for S}ZH#%Jrl is obtained by juxtaposing f and g. By an
Eckmann-Hilton argument juxtaposition induces the same operation
on 71y as composition. O
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This means that to show 7mp(Diffy(D")) — ©,1 is injective, it
suffices to show its kernel is trivial.
Proposition 23.2.3. For f € Diff"(S"), the homotopy sphere S?H is
diffeomorphic to S"*1 if and only if f is pseudo-isotopic to the identity.
Proof. For <, a pseudoisotopy F from f to the identity may be used
to constructed a diffeomorphism SJ’ZH — S"*1 by inserting F on the

cylinder between a little disk around the origin in the first D", and
the second D1

g: S}Vl[-&-l gDn+1 Uf Dn+1 N Sn+1

x ifx € D{l;rzl C first D"11,
x+— S F(2r—1,0) ifx = (r,0) € first D"l and r > 1/2,
x if x € second D"*1.

For =, suppose we are given a diffeomorphism g: SJ’ZH s
We shall get a bit more control on it, and the pseudo-isotopy will
appear. Firstly, without loss of generality ¢ is orientation-preserving.
Both S?H and S"*! come with embeddings of D"*! LI D"*1; the first a
small disk around the origin in the first D"*1, the second equal to the
second D"*1. Consider the composition

Dn+1 L Dn+l SN S}{+l N Sn+l

whose isotopy class is given by an element of 71y of the configuration
space of two points in $"*! with labels in the oriented frame bundle
of TS"*1. This is path-connected, so we may find an isotopy to the
standard inclusion D11y D"*+! < §"+1 and by isotopy extension we
may assume that the following diagram commutes

Dn+1 L Dn+1

—

Thus g may be interpreted as a diffeomorphism §: S” x I — S§" x I
which coincides with the identity on S” x {0} and f~! on S" x {1}.
Compose f x id; to get the desired pseudo-isotopy F. O

Sn+1

n+1
Sy

We obtain the following for n > 7 (but let’s state it with the
improved n > 5 range due to Cerf):

Theorem 23.2.4. If n > 5, the surjective map
7o (Diffa (D")) = Onia

is also injective. That is, 1ty(Diffy(D")) = ©y1.
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Proof. If [f] € mo(Diffy(D")) = mo(Diff" (S")) is in the kernel

of mmy(Diffy(D")) — ©,41, it is pseudo-isotopic to the identity

by Proposition 23.2.3 and hence isotopic to the identity Corollary
23.1.6. Thus [f] is equal to the identity element of rro(Diff" (S")) =
7T0 (Diffa(Dn)). O

23.3 Facts about @, 4

Kervaire and Milnor studied ©,,;1 in detail [KM63]. Firstly, they
showed that every homotopy (1 + 1)-sphere admits a stable framing,
though not necessarily uniquely so. We will give the proof in the easy
cases. The remaining cases use results of Rokhlin and Adams on the
J-homomorphism.

Lemma 23.3.1. Forn+1 = 0,3,4,5,6,7 (mod 8), every homotopy
(n + 1)-sphere admits a stable framing.

Proof. The stable tangent bundle is classified by an element 7 of
y+1(BSO). This group vanishes if n = 3,5,6,7 (mod 8). It is
Zifn = 0,4 (mod 8). In that case the homotopy group corre-
spond rationally to a dual of p(,1)/4. In particular T # 4 implies
that the (p(,41)/4(TZ), [X]) # 0. All the lower degree Pontrya-

gin classes have to vanishes since they live in a zero cohomology
group, so p(,4+1)/4(TX) is a non-zero rational multiple of the L-genus
L(y+1)/4(TZ). By the Hirzebruch signature theorem we have that
(L(n+1)/4(TZ), [Z]) = ¢(Z), which hence must also be non-zero. But
the signature must be zero, as there is no cohomology in the relevant
degrees. We conclude that T = 0. O

Thus, we may map an element £ € ©,,1; to the union p(X)

over all its stable framings of the framed bordism class in the

fr
n+1°

with 7t} | by the Pontryagin-Thom theorem. This map becomes

framed bordism group (2 The group Qff 1 may be identified

a well-defined group homomorphism if we quotient by p(S"*1):

¢: Opq — 75,/ p(S™). Its kernel bP"*? = ker(¢) consists of
those homotopy (n + 1)-spheres which admit a stable framing such
that they bound a some stable framed manifold. We trivially get a
short exact sequence

0—bP""2 5 0,1 — O,.1/bP"2 50

where the right term is finite since it is a subset of the finite group
1/ p(S™1).

What is the advantage of bP" "2 Any embedded sphere in the
bounding manifold B for £ € bP"*2 will have trivial normal bundle,
so is suitable for surgery. This allows one to simplify the bounding

189
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manifold. If we can reduce it to a contractible manifold, we can

use the h-cobordism theorem to show that ¥ = §"*1 When B is

of odd dimension — # is even — there is no obstruction to making
B contractible. When B is even dimension — n = 2k + 1 is odd —
there is an obstruction and you only make B k-connected. However,
Kervaire and Milnor were able to show that the obstruction group is
finite, so that we can conclude:

Theorem 23.3.2 (Kervaire-Milnor). ©,,41 is finite if n > 5.

Corollary 23.3.3. If n > 5, the group 11o(Diffy(D™)) is finite abelian.
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The results of Kervaire-Milnor
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The Hatcher spectral sequence and the Farrell-Hsiang

theorem

Last lecture we finished the proof that 77p(Diffy(D")) = ©,,11 for

n > 5. We will use this to compute 7, (Diffy(D")) ® Q, a result
originally due to Farrell and Hsiang. Instead of the original proof, we
shall give one using the Hatcher spectral sequence. Our references
are [FH78, Hat78].

25.1  Concordance diffeomorphisms of D", rationally

Recall that the topological group C(M) of concordance diffeo-
morphisms is given by those diffeomorphisms of M x I that fix
U(M) =M x {0} UoM x I pointwise.

Let us specialize to M = D". Restricting a concordance diffeo-
morphism of D" to the upper boundary D" x {1}, gives the fiber
sequence

Diffy (D" 1) — C(D") — Diffy(D"). (25.1)

DTl

If our eventual goal is to compute 77, (Diffy(D")) @ Q, it is thus
a good idea to compute 77, (C(D")) ® Q first. Using (25.1), this will
serves as a reality check for Theorem 25.4.2.

Let us compute 7, (C(D")) ® Q. The Igusa-Waldhausen theorems
imply that there is an isomorphism*

Takeaways:

- Rationally, A(x) is weakly equiva-
lent to K(Z).

+ There is a spectral sequence comput-
ing 7. (BDiffy(D")) ® Q in terms of
7. (C(D" x I¥)) with d'-differential
involving an involution correspond-
ing to flipping the h-cobordism.

- Using this, we show that in a range
7, (BDiffy(D")) ® Q vanishes
when 7 is even, and is given by
K,+1(Z) ® Q when n is odd.

*Note that C(D") is both a topolog-
ical group and an E,-algebra, so its
homotopy groups are abelian when
n>1.
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m(C(D") ® Q = 71, 42(WhPH (D)) 2 Q (25.2)

for * < min (”TJ, ”T_g) (called the concordance stable range).> We may

replace WhPf(D") with WhP# (), as the Kan loop group GX only
depends on the weak homotopy type of X and thus WhPH(—) is a
weak homotopy invariant on path-connected spaces. One may also
compare the Waldhausen categories Rf (—), by applying the covariant
functoriality by taking pushouts to maps mutually inverse up to
weak equivalence. This proof also works for spaces X that are not
path-connected, see Proposition 2.1.7 of [Wal85].

To compute the right hand side, we recall from the Waldhausen
splitting theorem, here Theorem 21.2.9, stated in terms of spectra

A(%) ~ 8 x WhP#(4).

We also recall the fact that S — A(x) is a mp-isomorphism. It is
well-known that 77, (S) ® Q = 0 unless * = 0, so that to compute
7, +2(WhP# (%)) © Q, it suffices to compute 77, (A(*)) ® Q and discard
the Q in degree 0.

Let M, (QS%);q denote the component of GL,(S) corresponding to
the identity matrix. By construction, there is fiber sequence

M, (QS%)ig — GL,(S) — GL,(2),

with fiber taking over the identity in GL,(Z).

Since all components of QS° are weakly equivalent, this is weakly
equivalent to an n?-fold product of QpS°. Since QS is rationally
weakly contractible, so is M, (QSO)id. Thus, when we take a disjoint
union over n > 0 and apply (OB we obtain a rational weak equiva-
lence

OB (1,50 BGLA(S)) —— A(x)

] |

OB (Lp=0 BGLA(Z)) —— K(Z).

This discussion is summarized by the following rational computa-
tion of WhPff (x):

Proposition 25.1.2. There is an isomorphism

0 if*=0

. (WhPH (4)) & Q =
( ) K« (Z) ®Q otherwise.

Remark 25.1.3. The rational algebraic K-theory groups of Z appearing
in Proposition 25.1.2 were computed by Borel using analysis on the
Borel-Serre compactification of SL,(Z)\SL,(R)/Oy(R). In the end,
he reduced it to a computation Lie algebra cohomology, whose result
is as follows [Bory4, Jan16]:3

2 This range may be improved using
Morlet’s disjunction theorem, see e.g.
[RW15s].

Remark 25.1.1. This generalizes to
amap A(Bm) — K(Z[m]) thatis a
rational isomorphism away from 7,
as in general this map need not be
surjective on 71y (it only hits the path
components corresponding to finitely
generated free modules).

3 In previous chapters, we have already
computed or stated Ko(Z) & Z,
Ky(Z) 2 7Z/2Z, Ky(Z) = Z/2Z, which
is consistent with Borel’s computation.
See also Table 20.2.
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Q if x =0or x> 5satisfies *x =1 (mod 4)

0 otherwise.

K*(Z)@g@ﬁ{

25.2  Block diffeomorphisms

To get at Diffy(D") instead of C(D"), we use a different approach.
This uses the simplicial group of block diffeomorphisms:

Definition 25.2.1. Let M be a smooth manifold, then the block diffeo-
morphisms Diff5(M) is the simplicial group with k-simplices given by
the set of diffeomorphisms f: M x A¥ — M x AF such that (i) for each
face o C A¥ we have f(M x ¢) = M x o, and (ii) f fixes 9M x AF
pointwise.

Example 25.2.2. We have that 719 (Diff}(M)) equals the set of pseudo-
isotopy classes of diffeomorphisms of M rel boundary.

This simplicial group is built to be more easily studied by the
surgery-theoretic techniques. These techniques are developed to
classify manifolds or isotopy classes of diffeomorphisms, and block
diffeomorphisms can be studied by these techniques because each of
its homotopy groups may be identified with 77y of a different space.
Let us explain this.

All simplicial groups are Kan, so an element of 7 (Diff5(M)) is
represented by a diffeomorphism f: M x A¥ — M x A* that is the
identity on 9M x AF U M x 9Ak, i.e. an element of Diffy(M x AF).
Two representatives fj, f1 are equivalent if there is a diffeomorphism
of M x A* x I that is face-preserving and the identity on all of the
boundary except M x A x {0,1}, on which it is fy and f;. This is
equivalent to fy and f; being pseudo-isotopic, an thus we have that

7 (Diff5 (M)) 2 710 (Diff5 (M x AF)).

Recalling that the topological group Diffy (M) was weakly equiva-
lent to the simplicial group SDiff; (M) with k-simplices given by the
set of diffeomorphisms f: M x Ak — M x A¥ preserving the map to
A¥ and fixing 9M x AF we obtain an inclusion

SDiffy(M) < Diff§(M).

From now we will write Diffy(M) instead of SDiffy (M), so as to
make the notation more uniform.
Let us now restrict to M = D" for n > 5. Then we see that

7 (Diff§(D")) 22 7o (Diff}(D"*) 2 710(Diffy (D" ) = @, 411,

the latter following from pseudoisotopy-implies-isotopy. Hence the
homotopy groups of the block diffeomorphisms of D" are finite by
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Theorem 1.2 of Kervaire-Milnor [KM63], as long asn +k+1 > 5.
We conclude from this that each path component of Diffg(D”) is
rationally weakly contractible. Let us now consider the quotient
Diff}(D") /Diffy(D"). Since Diffy(D") C Diff}(D"), the action is free
and we have a fiber sequence
Diff,(D") — Diff5(D") — Diff5(D") /Diff, (D").

When n > 5, the middle term is rationally weakly contractible and

the inclusion Diffy(D") — Diff(—b,(D”) is a mp-isomorphism. Hence we

may conclude that the right term is a rational classifying space of the
left term:

Proposition 25.2.3. For n > 5, there is a rational weak equivalence

BDiffy(D") ~¢q Diff}(D") /Diffy(D").

25.3 The Hatcher spectral sequence

We shall describe a spectral sequence due to Hatcher computing the
homotopy groups Diff§ (M) /Diffy(M) in terms of homotopy groups

of C(M x I¥), see Proposition 2.1 of [Hat78]. We then describe it in the
concordance stable range.

The construction of the spectral sequence

To describe it, we need some new definitions.

Definition 25.3.1. D¥(M) is the quotient of the simplicial group of
diffeomorphisms of M x I¥ rel 9M x I*¥ which on M x I preserve the
projection to I¥, by those diffeomorphisms preserving the projection
to I¥ everywhere.

Remark 25.3.2. Written out in symbols, we might denote D*(M) by
Diffy (M x IF over 91%) / Q¥ Diffy (M).

Using the D¥(M) we may provide a filtration of the homotopy
groups of Diff}(M) /Diffy(M). To do this, we use that there is a
map 74 j(D*(M)) — m;(D¥(M)) by interpreting a I'/-indexed
family of diffeomorphism of M x I¥ as an I'-indexed family of
diffeomorphism of M x I¥*J. There is also a map 71o(D*(M)) —
nk(Diffg(M )/ Diffy(M)). We define the ascending filtration of
nk(Diffg(M )/ Diffy(M)) as the image of the vertical maps in

0 — m(DY(M)) — m_1(D'(M))

T |

71 (Diff§ (M) / Diffy (M))
(253)

mo(D*(M))
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We claim this is the E.-page of the spectral sequence associated to
an exact couple.

Remark 25.3.3. Let us recall how one checks this is the case. With
our grading convention, an exact couple is a pair of bigraded abelian
groups D** and E** with morphisms i, j, k of various bidegrees:

Dik i Di—1k+1

Ezfl,k’

with the dashed line indicating that the target is a different bidegree
(it should really map to D'~¥). We require that this diagram is exact,
i.e. ker(j) = im(i), etc.

We may then note that d := j o k maps E** into a chain complex
and take homology to obtain a new exact couple (E')** = H(E**),
(D")** =id(i), i = i|p, and j, k’ defined appropriately (see page 38
of [McCot]). Iterating this, and calling E** E. ,, (E')** EZ ,, etc., we
obtain a spectral sequence. It is a priori unclear whether it converges
to something. There are two natural conditions for the target: D™ =
colim;D** or D* = lim; D**, with natural increasing filtration
FD*® = im(D*f — D~%) and decreasing filtration FFD~*® =
ker(D*® — D*K) respectively.

In the case that in the diagram - -- — D**VA~1 — D** vanishes
for k < 0, the limit vanishes (as does a lim!-term, which one should
always take into account when taking limits of abelian groups).
Thus in this case D~ is the natural candidate. General convergence
results of Boardman [?] (see also pages 76—78 of [McCo1]) imply
that the spectral sequence indeed converges when there are at most
finitely many differential into or out of a given entry.

Definition 25.3.4. C¥(M) is the quotient of the simplicial group of
the diffeomorphisms M x I¥ x I rel 9M x I¥ x I which on M x LI :=
M x IF x {0} UM x 9IF x I preserve the projection to I* x I, by the
subgroup preserving the projection to I* x I everywhere.

Remark 25.3.5. Written out in symbols, we might denote C¥(M) by
Diffy (M x I¥ x I over )/ QX IDiffy (M).

Inclusion of concordance diffeomorphisms, which are the identity
on Mx C, gives a map C(M x I¥) — CK(M).

Lemma 25.3.6. The map C(M x I¥) — C¥(M) is a weak equivalence.
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Proof. Using a smooth retraction r: I¥ x I — LI, we may constructed
a map p from C¥(M) to the group of diffeomorphisms of M x I¥ x T
preserving the projection to I¥ x I everywhere:

p(f): (m,t) = (7o f(m,r(£)),1).

This shows C¥(M) is isomorphic to the quotient of C(M x I¥) by
the intersection C(M x I¥) with the subgroup of diffeomorphisms of
M x I¥ x I preserving the projection to I¥ x I. But this subgroup is
weakly contractible, by “pushing the non-trivial part out through the
upper boundary.” O

Restricting elements of CK(M) to M x I¥ x {1} induces a fiber
sequence
D*(M) — (M) — D*(m),
and the long exact sequences of homotopy groups of these fiber
sequences assemble into collection of groups:

;(D*(M)) i mi_1(DF(M))

6\\\
ksl /

i (CH(M)).

where the map i is indeed the map 7t;(D¥(M)) — 7m;_1(D*1(M))
described before. This is almost an exact couple, except that it is not
exact at 71o(D¥). To fix this, we make the following definition

Dik 7t;(D¥(M)) ifi >0
| 7y (DifE (M) /Diffy (M) if i < 0

ik _ ) (CE(M)) ifi >0
. 0 otherwise,

with the obvious extension of 7, j and k: in particular, the extension of
i to DO — D~1k+1 is the map 7mo(D¥(M)) — 71 (Diff§ (M) / Diffy(M))
is induced by inclusion. To check exactness of this couple, we only
need to remark two things. Firstly, each nk(Diffg(M )/Diffy(M)) is
represented by an element of 7 (Diff§(M)) = 71o(Diff§(M x I¥)), and
so may be hit by an element of 719(D¥(M)). Secondly, the kernel of
mo(DFH(M)) — ﬂk(Diffg(M) /Diffy(M)) consists of elements repre-
sented by f such that there is a diffeomorphism of M x I¥ x I that
equals f on M x I¥ x {1}, i.e. if f in the image of 71o(C*¥(M)) under ;.
In this case D® and lim; D** vanish, while D~ is isomorphic
to 7. (Diff5 (M) /Diffy(M)). The induced filtration on D~ is exactly
the one from (25.3). We thus get a spectral sequence which con-
verges since it is first quadrant. The El-page is E¥ = 71;(CK(M)) =
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71;(C(M x I¥)). By construction the d!-differential is the map k o j. This
is easily seen to be given by the map

d': g (C(M x I7)) — 1y (C(M x [P71))

given by restriction to the upper boundary M x I x {1}.
The conclusion is the following, called the Hatcher spectral sequence,
see Section 2 of [Hat78]:

Proposition 25.3.7 (Hatcher). There is a spectral sequence
Eby = mg(C(M x IF)) = 7, 441 (Diff5 (M) / Diff (M)),

which d'-differential given by restriction to the upper boundary.

The differential

The homotopy groups of C(M) have at least two additions (three if
n > 1). The first comes from the group structure and the second is
concatenation (a third one is ordinary addition on homotopy groups):

F(m,2t) ift<1/2

fxg:(m,t)— {g(m,Zt—l)Of(m'l) ift >1/2.

They are equal by an Eckmann-Hilton argument.
If f € C(M x I?) is in the image of the stabilization map o: C(M x
IP~1) — C(M x IP) i.e. f = 0(g), then we see in Figure 25.1 that

d'([f]) = d'(ox[g]) = [+ 8] = [g] + [3]-

Here § is given by applying to g the involution on C(N) (with N =
M x P~ 1) given by

g+ &= (8lnxpy xidr) o go (idy x 1),

where 7(t) = 1 — ¢ (this is easier on C°(M), where it simply is
flipping). Intuitively, on the level of moduli spaces of h-cobordisms
this amounts to switching the direction of the h-cobordism.

Lemma 25.3.8. We have that [0(g)] = —0+[§]

Figure 25.1: The stabilization map
on concordance diffeomorphisms
composed by restriction to the upper
boundary.
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Proof. One uses C°(M) instead. Then Figure 25.2 repeats the argument-
by-picture given by Hatcher. The left homotopy is given by bending
straight, ending up in the subgroup of diffeomorphisms preserving
the projection to I (the final factor in M x I x I in the definition of
C%(M x I). The right homotopy is given by noting that this is a con-

catenation of two elements, homotopic to respectively o(g) and o (g)

as we have adding a part that preserving the projection to I. O
Figure 25.2: The picture proof of
Lemma 25.3.8. This is happening in
CO(M), otherwise we’d have to be the
identity at the bottom.
o ~ o(g)xalg)

25.4 The Farrell-Hsiang theorem

Let us now specialize this to M = D" and work rationally. Using
Proposition 25.2.3, we then obtain a spectral sequence

E,y = 3(C(D" x I')) © Q = 7411 (BDiffy(D")) © Q.

For g in the concordance stable range, i.e. below a horizontal line
in the spectral sequence, we can identify each column as 77,(C(D")) ®
Q = Ky12(Z) ® Q by (25.2) and Proposition 25.1.2.

To understand d! in this range, it remains to determine the invo-
lution on these homotopy groups. Farrell and Hsiang computed the
action of the involution is on K;(Z) ® Q (here it is dualization, on
GL,(Z) given by transpose inverse).

Lemma 25.4.1. The involution on K;(Z) ® Q acts by —1, except for i =0
when it is given by the identity.

It turns out that the involution on K;(Z) ® Q equals the involution
on 71;_»(C(D")) ® Q up to a sign (—1)"*! (indeed from Lemma
25.3.8 we know the involution changes by a sign depending when we
stabilize).

We conclude that on the E!-page the Oth column is a (+1)-eigenspace
is n is even and a (—1)-eigenspace when 7 is odd. After that the
columns alternate, by Lemma 25.3.8. From this, we see that the dl-
differential is alternatively an isomorphism or 0. On the one hand,
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when 7 is even we have that the first differential d': E1; — Egq is
given by
1 7 1
d (ou[f]) = [f1 + [f] = [f] - ()" f] = [f] + [f] = 2[fL,
so all columns cancel pairwise. On the other hand, when # is odd,
the first d'-differential is 0 and all columns except the Oth column
cancel pairwise. See Figure 25.3.
action of involution action of involution
—id id —id id id —id id —id
@ o @) @} @) @ ol @)
® . 0® ® _ ® ® ® _0® ®
—~ = —~ 0 —~ = o o (0] —~ = — (0] —
N N N N N N N
‘o’n = \-(:l \’é T\T ‘o’z g \-(:l
s s [ s s s s =
b4 4 4 R b4 b4 4 4
0 1 2 3 0 1 2 3
qa/ 14 ‘ q/ 14 ‘
(a) n even (b) n odd
Figure 25.3: The E!-page of the
spectral sequences converging to
Theorem 25.4.2 (Farrell-Hsiang). In the concordance stable range, we have 7p+q+1(BDiffy(D")) © Q, with ¢ in the

concordance stable range.

that

0 if n is even

+(BDiffy (D" =
7‘[( 1 a( ))®Q K*+1(Z)®Q ifn is odd.

Note this computation is compatible with (25.1) and (25.2), as it
should be. In particular, when 7 is odd we have that 7, (BDiffy(D")) ®

Q is 0 except when * = 4i for i > 0, in which case it is Q.
Remark 25.4.3. At the time of the
proof in [FH78], the Waldhausen

splitting theorem was not yet proven,

so the computation of WhDPiff () was

a lot harder. They also discussed

aspherical manifolds. The techniques
were generalized by Burghelea [Bury9].
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26
Topological manifolds and handles

26.1  The theory of topological manifolds

The theory of topological manifolds is modeled on that of smooth
manifolds, using the existence and manipulation of handles. Hence
the final definitions, tools and theorems that we want for topological
manifolds are similar to those of smooth manifolds.

To obtain this theory, we intend to bootstrap from smooth or PL
manifolds, a feat that was first achieved by Kirby and Siebenmann
[KS77, Essay IV]. They did this by understanding smooth and PL
structures on (open subsets of) topological manifolds. To state the re-
sults of Kirby and Siebenmann, we define three equivalence relations
on smooth structures on (open subsets of) a topological manifold M,
which one should think of as an open subset of a larger topological
manifold.

To give these equivalence relations, we have to explain how to pull
back smooth structures along topological embeddings of codimen-
sion o. In this case a topological embedding is just a continuous map
that is a homeomorphism onto its image, and a typical example is
the inclusion of an open subset. If X is a smooth structure on M and
¢@: N — M is a codimension o topological embedding, then ¢*%
is the smooth structure given by the maximal atlas containing the
maps ¢ 1 o¢;: R" C Uy — ¢(N) — N for those charts ¢; of & with
¢:(U;) C ¢(N) C M. Note that if N and M were smooth, ¢ is smooth
if and only if p*X )y = Zn.

Definition 26.1.1. Let M be a topological manifold.

- Two smooth structure Xy and ¥; are said to concordant if there is a
smooth structure ¥ on M X I that near M x {i} is a product £; x R.

- Yo and X are said to be isotopic if there is a (continuous) family of
homeomorphisms ¢;: [0,1] — Homeo(M) such that ¢; = id and
$1Zo = X1 (i.e. the atlases for ¥y and X; are compatible).

- Yo and X; are said to be diffeomorphic if there is a homeomorphism
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¢: M — M such that ¢*Xy = X1.

Remark 26.1.2. By the existence of smooth collars, ¥y and X, are
concordant if and only if there is a smooth structure ~ on M x I so
that X[y, ;) = X;, where implicitly we are saying that the boundary
of M is smooth.

Note that isotopy implies concordance and isotopy implies diffeo-
morphism. Kirby and Siebenmann proved the following foundational
results about smooth structures:

- concordance implies isotopy: If dim M > 6, then the map

{smooth structures on M} . {smooth structures on M}
isotopy concordance

is a bijection. Hence also concordance implies diffeomorphism:

isotopy

=

diffeomorphism concordance

- concordance extension: Let M be a topological manifold of dimen-
sion > 6 with a smooth structure ¥y and U C M open. Then any
concordance of smooth structures on U starting at X|;; can be
extended to a concordance of smooth structures on M starting at
Xo.

- the product structure theorem: If dim M > 5, then taking the carte-
sian product with R induces a bijection

{smooth structures on M} —xRr {smooth structures on M x IR}
concordance concordance '

These theorems can be used to prove a classification theorem for
smooth structures.

Theorem 26.1.3 (Smoothing theory). There is a bijection

{smooth structures on M} T, {lifts of TM: M — BTop to BO}
concordance vertical homotopy '

These techniques are used as follows: every point in a topological
manifold has a neighborhood with a smooth structure. This means
we can use all our smooth techniques locally. Difficulties arise when
we want to move to the next chart. Using the above three theorems, it
is sometimes possible to adapt the smooth structures so that we can
transfer certain properties. We will do this for handlebody structures
in this lecture and microbundle transversality in the next lecture.
Perhaps the slogan to remember is a sentence in Kirby-Siebenmann
(though we will replace “PL” by “smoothly”):
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The intuitive idea is that ... the charts of a TOP manifolds ... are as good
as PL compatible.

Let me try to somewhat elucidate one of harder parts of proving
these results: it appears in the product structure theorem (which also
happens to be the theorem we will use most in later lectures). The
proof of this theorem is by induction over charts, and the hardest
step is the initial case M = RR". We prove this by showing that for
n > 6, both R" and R"*! have a unique smooth structure up to
concordance; a map between two sets containing a single element
is of course a bijection. To produce a concordance from any smooth
structure of R" to the standard one, we will need both the stable
homeomorphism theorem and Kister’s theorem. Let us state these results.

Definition 26.1.4. A homeomorphism f: R" — IR" is stable if it is
a finite composition of homeomorphisms that are identity on some
open subset of R”.

Remark 26.1.5. Using the topological version of isotopy extension
[EK71], one may prove that f is stable if and only if for all x € R”
there is an open neighborhood U of x such that f|; is isotopic to a
linear isomorphism.

The following is due to Kirby [?].
Remark 26.1.6. In fact, the stable

Theorem 26.1.7 (Stable homeomorphism theorem). If n > 6, then every homeomorphism theorem is true in
. . . . n all dimensions. The case n = 0,1 are
orientation-preserving homeomorphism of R" is stable. folklore, n = 2 follows from work by
) L . . . Radé6 [Radz24], n = 3 from work by
Lemma 26.1.8. A stable homeomorphism is isotopic to the identity. Moise [Moi77], and the cases n = 4,5

are due to Quinn [?].
Proof. 1f a homeomorphism # is the identity near p € R", and

Tp: R" — R" denotes the translation homeomorphism x — x + p,
then 7, 'ht, is the identity near 0. Thus the formula

[0,1] 5 T+ T;rl,hTT.p

gives an isotopy from & to a homeomorphism that is the identity near
0.

Next suppose we are given a stable homeomorphism /, which by
definition we may write as & = hy - - - hy with each h; a homeomor-
phism that is the identity on some open subset U; Then applying the
above construction to each of the k; using p; € U;, shows that h is
isotopic to a homeomorphism /' that is the identity near 0.

Finally, let 0;: R" — R" for r > 0 denote the scaling homeomor-
phism given by x — rx then

ot Wo_r ifTe[01)

0,1] 3T~
id ift=1
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gives an isotopy from /'’ to the identity (note that for continuity in the
compact open topology we require convergence on compacts). O

Thus the stable homeomorphism theorem implies that Homeo(IR")
has two path components: one contains the identity, the other the
orientation-reversing map (x1,x2,...,X,) — (—x1,%2,...,%,). We
will combine this with Kister’s theorem [Kis64]. This result uses the
definition of a topological embedding, which in this case — when the
dimensions are equal — is just a continuous map that is a homeomor-
phism onto its image.

Theorem 26.1.9 (Kister’s theorem). Every topological embedding R" —
R" is isotopic to a homeomorphism. In fact, the proof gives a canonical such
isotopy, which depends continuously on the embedding.

In the next section, we shall give a proof of this theorem. It is
proven by what may be described impressionistically as a “conver-
gent infinite sphere jiggling” procedure. Combining Kister’s theorem
with Theorem 26.1.7 and Lemma 26.1.8 we obtain:

Corollary 26.1.10. Ifn > 6, every orientation-preserving topological
embedding IR — IR" is isotopic to the identity.

Corollary 26.1.11. For n > 6, every smooth structure 3. on R" is concor-
dant to the standard one.

Proof. Any smooth chart for the smooth structure £ can be used to
obtain a smooth embedding ¢p: R[,; — R, which without loss of
generality we may assume to be orientation-preserving (otherwise
precompose it with the map (x1,x2,...,%,) — (—x1,%2,...,%,)). A
smooth embedding is in particular a topological embedding and

by Corollary 26.1.10, it is isotopic to the identity. Pulling back the
smooth structure along this isotopy gives us a concordance of smooth
structures starting at the standard one and ending at . O

Remark 26.1.12. In particular, for n > 6 there is a unique smooth
structure on R” up to diffeomorphism, as concordance implies
isotopy implies diffeomorphism. The smooth structure on R” is in
fact unique in all dimension except 4. The stable homeomorphism
theorem and Kister’s theorem are true even in dimension 4, but
concordance implies isotopy fails.

Remark 26.1.13. The proof of the stable homeomorphism theorem
is beautiful, but has many prerequisites. It relies on both the smooth
end theorem and the classification of PL homotopy tori using PL
surgery theory [KS77, Appendix V.B] [?, Chapter 15A], and uses a
so-called torus trick to construct a compactly-supported homeomor-
phism of R" agreeing with the original one on an open subset.
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26.2  Existence of handle decompositions

As an application of the product structure theorem, we will prove
that every topological manifold of dimension > 6 admits a handle
decomposition [KSyy, Theorem IIl.2.1]. The definition of handle
attachments and handle decompositions for topological manifolds
are as in Definition ?? except ¢ now only needs to be a topological
embedding.

This definition involves topological manifolds with boundary,
which are locally homeomorphic to [0,00) x R"~! and the points
which correspond to {0} x R"~! form the boundary oM of M. A
neighborhood of this boundary is a product.

Definition 26.2.1. A collar for OM in M is a map oM x [0,00) — M
that is the identity on the boundary and a homeomorphism onto its
image.

It is elementary that every topological manifold with boundary
admits a collar, see e.g. [?]. Suppose one has a map e: M’ — M of a
topological manifold with boundary M’ into a topological manifold
M of the same dimension that is a homeomorphism onto its image.
Using a collar for M/, we may isotope the map e such that its bound-
ary 0M’ has a bicollar in M, i.e. there is a map 0M X R — M that is
the identity on oM x {0} and is a homeomorphism onto its image.
This isotopy is given by “pulling M back into its collar a bit.”

Remark 26.2.2. Not every map e: M’ < M as above admits a bicollar,
e.g. the inclusion of the closure of one of the components of the
complement of the Alexander horned sphere, see Remark 28.1.3.

Theorem 26.2.3. Every topological manifold M of dimension n > 6 admits
a handle decomposition.

Proof. Let us prove this in the case that M is compact. Then there
exists a finite cover of M by closed subsets A;, each of which is
contained in an open subset U; that can be given a smooth structure
%; (these do not have to be compatible). For example, one may obtain
this by taking a finite subcover of the closed unit balls in charts.

By induction over i we construct a handlebody M; C M whose
interior containss J;<; A;, starting with M_; = &. Soleti > 0 and
suppose we have constructed M;_1, then we will construct M;. By
the remarks preceding this theorem we assume that there exists a
bicollar C; of 0(M;_1 NU;) in U;. In particular C; is homeomorphic to
d(M;_1 NU;) X R and being an open subset of U; with smooth struc-
ture X;, admits a smooth structure. Thus we may apply the product
structure theorem to d(M;_1 NU;) C C;, and modify the smooth
structure on C; by a concordance so that d(M;_1 N U;) becomes a

209



210 ALEXANDER KUPERS

smooth submanifold. By concordance extension we may then extend
the concordance and resulting smooth structure to U;. We can then
use the relative version of the existence of handle decompositions
for smooth manifolds to find a N; C Uj; obtained by attaching han-
dles to M;_1 N U;, which contains a neighborhood of A; N U;. Taking
M; .= M;_1 U N; completes the induction step. O

26.3 Remarks on low dimensions

What happens in dimensions n < 4? The cases n < 3 and n = 4 are
quite different. In dimensions n < 3, results of Rad6 and Moise say
that every topological manifold admits a smooth structure unique up
to isotopy [?]. Informally stated, topological manifolds are the same
as smooth manifolds.

Dimension 4 is more complicated. A result of Freedman uses an
infinite collapsing construction to show that an important tool of high
dimensions, the Whitney trick, still works for topological 4-manifolds
with relatively simple fundamental group [?]. This means that the
higher-dimensional theory to a large extent applies to topological
4-manifolds [FQgo]. One important exception is that they may no
longer admit a handle decomposition, though in practice one can
work around this using the fact that a path-connected topological
4-manifold is smoothable in the complement of a point, see Section
8.2 of [FQgo].

In dimension 4, smooth manifolds behave differently. For example,
n = 4 is the only case in which R” admits more than one smooth
structure up to diffeomorphism. In fact, it admits uncountably many.
Furthermore, these can occur in families: in all dimensions # 4 a
submersion that is topologically a fiber bundle is smoothly a fiber
bundle by the Kirby-Siebenmann bundle theorem [KS77, Essay 1I],
but in dimension 4 there exists a smooth submersion E — [0, 1]
with E homeomorphic to R* x [0,1] such that all fibers are non-
diffeomorphic smooth structures on R? [?]. See also [?]. Hence the
product structure theorem is false for 3-manifolds, as it also involves
4-manifolds. In particular, it predicts two smooth structures on
S3, but the now proven Poincaré conjecture says there is only one.
However, it may not be the right intuition to think that there are
different exotic smooth structures on a given manifold, but that many
different smooth manifolds happen to be homeomorphic.
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Kister’s theorem and microbundles

In this section we give a proof of Kister’s theorem on topological self-
embeddings of IR”, which we use in two places: (i) to prove the initial
case of the product structure theorem, and (ii) to prove Theorem
27.2.6 about the existence of R”-bundles in microbundles. The proof
is rather elementary, and a close analogue plays an important role in
the e-Schoenflies theorem used in [EK71] to prove isotopy extension
for locally flat submanifolds.

The goal is to compare the following two basic objects of manifold
theory:

(i) The topological groups
{CAT-isomorphisms (R",0) — (R",0)}

with CAT = Diff or Top. In words, these are the diffeomorphisms,
homeomorphisms and PL-homeomorphisms of R" fixing the
origin. These are denoted Diff(n) and Top(n) respectively.

(ii) The topological monoids
{CAT-embeddings (R",0) — (R",0)}

with CAT = Diff or Top. In words, these are the self-embeddings
of R" fixing the origin, either smooth or topological. These is no
special notation for them, so we use EmbgAT(lR", R").

Remark 27.0.1. We can include these spaces into the topological
groups or monoids of CAT-isomorphisms or CAT-embeddings that
do not necessarily fix the origin. A translation homotopy, i.e. deform-
ing the embedding or isomorphism ¢ through the family

[0,1] 3T+ ¢ —1-¢(0),
shows that these inclusions are homotopy equivalences.

The reason there is no special notation for the self-embeddings is
the following theorem.
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Theorem 27.0.2. The inclusion
{CAT-isomorphisms (R",0) — (R",0)} — {CAT-embeddings (R",0) — (R",0)}
is a weak equivalence if CAT is Diff or Top.

In this section we prove this theorem, and the smooth case will
serve as an explanation of the proof strategy for the topological case.

Remark 27.0.3. The PL version of Theorem 27.0.2 is also true [KL66].

27.1  Topological self-embeddings of R"

We next repeat the entire exercise in the topological setting. We want
to show that the inclusion

Top(1) — Emby P (R", R")
is a weak equivalence. As before it suffices to find a lift

Sk Top(n)

X
R

D1 &, Emb P (R", R")
after homotoping the diagram. That is, we want to deform the family
gs, s € D1 to homeomorphisms staying in homeomorphisms if we
already are in homeomorphisms. Here it is helpful to remark that
since a topological embedding is a homeomorphism onto its image, it
is a homeomorphism if and only if it is surjective.

Our strategy is outlined by the following diagram:

gs our original family
|
canonical circle jiggling
~

(1)

Qs image equals an open disk

zooming in
N

g§2) surjective
The important technical tool replacing Taylor approximation is the
following “sphere jiggling” trick. Let D, C R"” denote the closed disk
of radius 7 around the origin.

Lemma 27.1.1. Fixa < band ¢ < d in (0, c0). Suppose we have f,h €
EmbgOp(lR”,]R”) with h(R™) C f(R") and h(Dy) C f(D.). Then there
exists an isotopy ¢ of R" such that

(i) ¢o =id,
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(i) ¢1(h(Dy)) D f(De),
(iii) ¢y fixes pointwise R" \ f(Dy) and h(D,).

This is continuous in f,h and a,b,c,d.

Proof. Since h(R") C f(R"), it suffices to work in f-coordinates. Our
isotopy will be compactly supported in these coordinates, so we can
extend by the identity to the complement of f(R") in R".

We will now define some subsets in f-coordinates and invite the
reader to look at Figure 27.1. Let b’ be the radius of the largest disk
contained in (D) (in f-coordinates, remember) and a’ the radius of
the largest disk contained in #(D,). Our first attempt for an isotopy
is to make ¢; piecewise-linearly scale the radii between a and 4 such
that ¢ moves to b’. This satisfies (i), (ii) and fixes R" \ f(D,). In words
it “pulls h(Dy) over f(D.). It might not fix h(D,).

This can be solved by a trick: we conjugate with a homeomor-
phism, described in h-coordinates as follows: piecewise-linearly
radially scale between 0 and b by moving the radius 4 to radius a”,
where a” is the radius of the largest disk contained in f(D,). In
words, we temporarily decrease the size of h(D,) to be contained
in f(D,), do our previous isotopy, and restore /(D,) to its original
shape.

The continuity of this construction depends on the continuity
of V', a’ and a”, which we leave to the reader as an exercise in the
compact-open topology. O

Theorem 27.1.2. The inclusion
Top(n) — EmbgOP(IR”,]R”)
is a weak equivalence.

Proof. Following the strategy outlined before, we have two steps.

(i) Our first step involves making the image of g into a (possibly infi-
nite) open disk. Let Rs(r) be the piecewise linear function [0, o) —
[0,00) sending i € INj to the radius of the largest disk contained
in ¢s(D;). Then we can construct an element of EmbgOP(IR”, R")
given in radial coordinates by hs(r, ¢) = (Rs(r), ). This satisfies
hs(R™) C gs(R™), hs(D;) C gs(D;) for all i € Ny and has image an
open disk. It is continuous in s.

Our goal is to deform £ to have the same image as g5 in infinitely
many steps. For t € [0,1/2] we use the lemma to push hs(Dq) to
contain gs(Dj) while fixing gs(D). For t € [1/2,3/4] we use the
lemma to push the resulting image of /(D) to contain gs(D5)
while fixing gs(D3) and the resulting image of hs(D;), etc. These
infinitely many steps converge to an embedding since on each
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compact only finitely many steps are not the identity. The result
is a family Hs(—,t) in EmbgOP(IR”, R") such that H;(—, 1) has the
same image as gs. It is continuous in s since /s is. So step (i) does
this:

GV (x, 1) = Hy(Hs(—, 1) Lgs(x),1— 1)

For t = 0, this is simply gs(x). For t = 1, this is Hs(—, 1) (gs(x)),
which we denote by gs(l) and has the same image as hs(x), i.e. a
possibly infinite open disk. Note that if g; were surjective, then so
Gs(l)(x, t) for all ¢.

There is a piecewise-linear radial isotopy Ks; moving hs(x) to the

identity. It is given by moving the values of Rs at each integer i to i.

We set
Gs(z)(x, t) = Ks(—,1— t)*lggl) (x)

g

so that for t = 0 we have get g;”’ and for t = 1 we get ggz) with

image R". Note that if gs(l) were surjective, then so c? (x,t) for all

t.
O

Figure 27.1: The disks appearing in
Lemma 27.1.1. The dotted disks are
derived from the marked intersection
points.
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27.2  Microbundles

Let us reinterpret smooth tranversality in terms of normal bundles.
Recall that f: M — N was transverse to a smooth submanifold
X C Nifforallx € Xand m € f~!(x) we have that Tf(TM,,) +
TXy = TN,. This is equivalent to the statement that Tf: TM,, —
vy = TNy/TXj is surjective. The vector bundle v := TN|x/TX over
X is the so-called normal bundle.

In the topological world the notion of a vector bundle is replaced
by that of a microbundle, due to Milnor [Mil64].

Definition 27.2.1. An n-dimensional microbundle ¢ over a space B is a

triple { = (X,1,p) of a space X with maps p: X - Bandi: B — X

such that

- poi=id

- for each b € B there exists open neighborhoods U C B of b and
V C p~Y(U) C X of i(b) and a homeomorphism ¢: R" x U — V
such that {0} x U — R" x U — V coincides with i and R" x U —
V — B coincides with the projection to U. More precisely, the
following diagrams should commute

R x U — v R'x U —— v
R
U———u U——u

Two n-dimensional microbundles ¢ = (X,i,p), &' = (X/,7,p’) over
B are equivalent if there are neighborhoods W of i(B) and W’ of i’(B)
and a homeomorphism W — W’ compatible with all the data.

Example 27.2.2. If A: M — M x M denotes the diagonal, and
my: M x M — M the projection on the second factor, then (M X
M, A, 71p) is the tangent microbundle of M.

To show it is an m-dimensional microbundle near b, pick a chart
P: R" — M such that b € p(R"). Since the condition on the existence
of the homeomorphism ¢ in the definition of a microbundle is local,
it suffices to prove that the diagonal in R” has one of these charts.
Indeed, we can take U = R", V = R” x R” and ¢: R" x R" —

R" x R" given by (x,y) — (x +y,y).

Example 27.2.3. Every vector bundle is a microbundle. If M is a
smooth manifold, the tangent microbundle is equivalent to the
tangent bundle. This is a consequence of the tubular neighborhood
theorem.

Kister’s theorem allows us to describe these microbundles in more
familiar terms. To give this description, we use that microbundles

215
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behave in many respects like vector bundles. For example, any
microbundle over a paracompact contractible space B is trivial, i.e.
equivalent to (R" x B, 19, 71z). This is Corollary 3.2 of [Mil64]. The
following appears in [Kis64] and is a consequence of Theorem 26.1.9.

Definition 27.2.4. An R"-bundle over a space B is a bundle with fibers
R" and transition functions in the topological group consisting of
homeomorphisms of R” fixing the origin.

We say that two R"-bundles ¢, {1 over B are concordant if there
is an R"-bundle ¢ over B x I that for i € {0,1} restricts to ¢; over
X x {i}.

Theorem 27.2.6 (Kister-Mazur). Every n-dimensional microbundle
¢ = (E, i, p) over a sufficiently nice space (e.g. locally finite simplicial
complex or a topological manifold) is equivalent to an R"-bundle. This
bundle is unique up to isomorphism (in fact concordance).

Proof. Let us assume that the base is a locally finite simplicial com-
plex. The total space of our IR"-bundle £ will be a subset of the total
space E of the microbundle, and we will find it inductively over the
simplices of B.

We shall content ourselves by proving the basic induction step,
by showing how to extend € from dA' to Al see Figure ?2. So sup-
pose we are given a R"-bundle &, ,; inside {|,,;. For an inner collar
0A! x [0,1] of dA" in Al, the local triviality allows us to extend it to
Eax(0,1) inside &yaiyo,1]- Since Al is contractible, we can trivialize the
microbundle ¢|,; and in particular it contains a trivial R” bundle
Eni 2 R™ x Al. By shrinking the IR”, we may assume that its restriction
to dA’ x [0, 1] is contained in Eanix[oa)- Thus for each x € 0Al, we get a
map ¢x: [0,1] — Emby(R",R"). Using the canonical isotopy proved
by Kister’s theorem 26.1.9, we can isotope this family continuously
in x to ¢, satisfying (i) ¢»(0) is a homeomorphism, (ii) (1) = ¢x(1).
Thus the replacement of Exi|xix(o1] € Eanix (o) BY P04 (Enilaixfo))
is an extension of &, ,; to A'. O

Remark 27.2.5. Warning: an R"-bundle
need not contain a disk bundle, in
contrast with the case of vector bundles
[?]. Even if there exists one, it does not
need to be unique [?].



28
Topological transversality

28.1  Locally flat submanifolds and normal microbundles

The appropriate generalization of a smooth submanifold to the
setting of topological manifolds is given by the following definition.

Definition 28.1.1. A locally flat submanifold X of a topological manifold
M is a closed subset X such that for each x € X there exists an open
subset U of M and a homeomorphism from U to R which sends

U N X homeomorphically onto R* C IR™.

Locally flat submanifolds are well behaved: every locally flat
submanifold of codimension 1 admits a bicollar, the Schoenflies the-
orem for locally flat S"~!’s in S" says that any locally flat embedded
S"~1in S" has as a complement two components whose closures are
homeomorphic to disks [?]. Moreover, there is an isotopy extension
theorem for locally flat embeddings [EK71].

Remark 28.1.2. Every locally flat submanifold of codimension 1
admits a bicollar. This may be used to give a different version of

the proof of Theorem 26.2.3, by noting that all M; constructed have
locally flat boundary 0M; in M. Generalize Theorem 26.2.3 to the
relative case: if M is of dimension > 6 and contains a codimension
zero submanifold A with handle decomposition and locally flat
boundary dA, then we may extend the handle decomposition of A to
one of M.

Definition 28.1.4. A normal microbundle v for a locally flat submanifold
X C Nisa (n — x)-dimensional microbundle v = (E, i, p) over X

together with an embedding of a neighborhood U in E of i(X) into N.

The composite X — U — N should be the identity.

Does a locally flat submanifold always admit a normal microbun-
dle? This is true in the smooth case, as a consequence of the tubular
neighborhood theorem.

Remark 28.1.3. This is not the only
possible definition: one could also
define a “possibly wild” submanifold
to be the image of amap f: X — M,
where X is a topological manifold X
and f is a homeomorphism onto its
image.

Examples of such possibly wild
submanifolds include the Alexander
horned sphere in S and the Fox-Artin
arc in R®. These exhibit what one may
consider as pathological behavior:
the Schoenflies theorem fails for the
Alexander horned sphere (it is not the
case that the closure of each component
of its complement is homeomorphic
to a disk). The Fox-Artin arc has a
complement which is not simply-
connected, showing that there is no
isotopy extension theorem for wild
embeddings.

See [?1 for more results about wild



218 ALEXANDER KUPERS

Lemma 28.1.5. Any smooth submanifold X of a smooth manifold N has a
normal microbundle.

Remark 28.1.6. In fact, one can define smooth microbundles, requiring
all maps to the smooth and replacing homeomorphisms with diffeo-
morphisms. A smooth submanifold has a unique smooth normal
microbundle.

However, the analogue of Lemma 28.1.5 is not be true in the
topological case, and there is an example of Rourke-Sanderson in
the PL case [RS67]. However, they do exist after stabilizing by taking
a product with R® [?]. The uniqueness statement uses the notion
of concordance. We say that two normal mircobundles v, v; over
X C N are concordant if there is a normal bundle v over X x I C N x I
restricting for i € {0,1} to v; on X x {i}.

Theorem 28.1.7 (Brown). If X C N is a locally flat submanifold, then there
exists an S >> 0 depending only on dim X and dim N, such that X has a
normal microbundle in N x R® if s > S, which is unique up to concordance
ifs>S+1

Remark 28.1.8. By the existence and uniqueness of collars, normal
microbundles do exist in codimension one. Kirby-Siebenmann proved
they exist and are unique in codimension two (except when the am-
bient dimension is 4) [?], the case relevant to topological knot theory.
Finally, in dimension 4 normal bundles always exist by Freedman-
Quinn [FQgo, Section 9.3]. One can also relax the definitions and
remove the projection map but keep a so-called block bundle struc-
ture. Normal block bundles exist and are unique in codimension > 5
or < 2,see [?].

28.2  Topological microbundle transversality

We will now describe a notion of transversality for topological mani-
folds, which generalizes smooth transversality and makes the normal
bundles part of the data of transversality.

Definition 28.2.1. Let X C N be a locally flat submanifold with nor-

mal microbundle ¢. Then a map f: M — N is said to be microbundle

transverse to & (at v) if

- f~1(X) C M is a locally flat submanifold with a normal microbun-
dlevin M,

- f gives an open topological embedding of a neighborhood of the
zero section in each fiber of v into a fiber of ¢.

See Figure ?? for an example. We now prove that this type of
transversality can be achieved by small perturbations, as we did in
Lemma 12.2.6 for smooth transversality.
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Remark 28.2.2. One can also define smooth microbundle transver-
sality to a smooth normal microbundle. This differs from ordinary
transversality in the sense that the smooth manifold has to line up
with normal microbundle near the manifold X, i.e. the difference
between the intersection “at an angle” of Figure ?? and the “straight”
intersection of Figure ??. Smooth microbundle transversality implies
ordinary transversality, and any smooth transverse map can be made
smooth microbundle tranverse. This is why one usually does not

discuss the notion of smooth microbundle transversality.

Remark 28.2.3. There are other notions of transversality that may be
more well-behaved; in particular there is Marin’s stabilized transver-
sality [?] and block transversality [RS67]. A naive local definition is
known to be very badly behaved: a relative version is false [?].

The following is a special case of [KS77, Theorem III.1.1].

Theorem 28.2.4 (Topological microbundle transversality). Let X C N
be a locally flat submanifold with normal microbundle ¢ = (E,i,p). If
m+x—n > 6 (the excepted dimension of f~1(X)), then every map

f: M — N can be approximated by a map which microbundle transverse to

¢

Proof. The steps of our proof are the same as those in Lemma 12.2.6.
Again, we actually need to prove a strongly relative version. That is,
we assume we are given Cyone, Diodo C M closed and Ugone, Viodo C
M open neighborhoods of Cygne, Diodo respectively such that f is
already microbundle transverse to ¢ at v4one OVer a submanifold
Lgone = f1(X) N Ugone in Ugone (note that Cyone N Dyoqo could be
non-empty). We invite the reader to look at Figure ?? again. It will be
helpful to let 7 := n — x denote the codimension of X.

Then we want to make f microbundle transverse to ¢ at some v on
a neighborhood of Cyope U Dyoqo Without changing it on a neighbor-
hood of Cgone U (M \ Viodo)- We will also ignore the smallness of the
approximation, as it is a theorem that a strongly relative result always
implies an e-small result, see Appendix L.C of [KS77].

Step 1: M open in R™, X = {0}, { is a product, N = E = R" We want
to apply the relative version of smooth transversality (with the
small smooth microbundle transversality improvement mentioned
in Remark 28.2.2). To do this we need to find a smooth structure
¥ on M such that for some open neighborhood Wy, of f~1(0) N
Cdone C M, the microbundle vgype N Wy over Lyone N Wy is smooth
and f: My — R" is transverse at Vgone N Wy to 0 near Cygpe.

This uses a version of the product structure theorem. The version
we stated before said that concordance classes of smooth structures
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on M x R are in bijection to concordance classes of smooth struc-
tures on M. We need a local version, specializing [KS77, Theorem

L5.2]:

Suppose one has a topological manifold L of dimension > 6, an
open neighborhood E of L x {0} C L x R%, a smooth structure X on
E,D C L x {0} closed and V C E an open neighborhood of D. Then
there exists a concordance of smooth structures on E rel (E \ V) from
Y. to a ¥/ that is a product near D. See Figure ??.

We want to substitute the data (L, E, s, %, D, V) of this theorem by
the data (Lgones E(Vdone), 7 Z', Lgone N Cdone, V') with X/ and V’

to be defined. Thus here we get the condition that dim(Lggne) =
m—r =m+x—n > 6. For this substitution to make sense, we must
have that Ejgpe is an open subset of Lyone X R”, which comes from
the open inclusion (p, f): E(Vdone) > Ldone X R’. In terms of the
latter coordinates f is simply the projection 7p: Lggne X R" — R’.
Since E(Vgone) € M C R™, it inherits the standard smooth
structure. The set V/ will be an open neighborhood of Lygpe in
E(V4one) With closure also contained in E(vgone)-

Then the application of the local version of the product structure
theorem gives us a smooth structure on V’, which can be extended
by the standard smooth structure to M since we did not modify it
outside V'. In this smooth structure Lyopne is smooth and vggpe is
just the product with R”. This implies that f is a now smooth, as it
is given by the projection (Lggpe)x. X R" — R".

To finish this step, outside a small neighborhood of Lgone we
smooth f near D,,q, without modifying outside V.4, and then
apply a relative version of transversality with the same constraints
on where we make the modifications.

Step 2: M open in R™, ¢ trivializable Since ¢ is trivializable we may
assume E (&) contains R” x X. If we substitute

- M = 1R x X),
* Clone = (Caone U f7H(X > (R"\int(D")))) N f~H(R" x X),

+ D} 40 = Diodo N f1(R" x X),
we reduce to the case where ¢ is a product and ¥ = R" x X.

Then we have that f: M — Y is givenby (f1, f2): M — R" x X.
Consider the map fi: M — R’. Then (f1)~1({0}) N Ugone =
F7H(X) N Ugope is a locally flat submanifold Lggne With normal
microbundle and f; embeds a neighborhood of the o-section of
the fibers of vgone into IR’, the fiber of projection to a point. By the
previous step we thus can make f; microbundle transverse to ¢
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near Cyone U Dyodo by a small perturbation to some f;, while fixing
it on a neighborhood of Cqone U (M \ Viodo)-

A minor problem now appears when we add back in the com-
ponent f>: even though f' := (f], f») has (f')"}(X) a locally flat
submanifold with normal bundle, ' may not embed neighbor-
hoods of the o-section of fibers of this normal bundle into fibers
of R" x X — IR’. This would be resolved if we precomposed f,
by a map that near Cgyone U Diogo collapses a neighborhood of the
0-section into the 0-section in a fiber-preserving way, extending by
the identity outside a closed subset containing this neighborhood.
Such a map can easily be found, see e.g. Lemma III.1.3 of [KS77].

Step 3: General case This will be an induction over charts, literally the
same as Step 3 for smooth transversality. We can find a covering
U, of X so that each {|, is trivializable. Since X is paracompact
(by our definition of topological manifold), we can find a locally
finite collection of charts {¢;: R™ D Vg — M} covering Vo4, such
that (i) D™ C Vj, (ii) Diodo C Up ¢p(D™) and (iii) for all B there
exists an & with f(¢s(Vp)) C Ua-

Order the B, and write them as i € IN from now on. By induction
one then constructs a deformation to f; transverse on some open
U; of C; == CUUj<;¢j(D™). The induction step from i toi + 1
uses step (2) using the substitution M = V;11, Cgone = ¢i111(ci)/
Udone = (P;L11<ui)/ Diodo = D™ and Vioq, is int(2D™).

Then a deformation is given by putting the deformation from f; to
fi41 in the time period [1 —1/2/,1 — 1/27*1]. This is continuous as
t — 1 since the cover was locally finite. O

Remark 28.2.5. We could have used the local version of the product
structure version in place of the ordinary product structure theorem
and concordance extension in the proof of Theorem 26.2.3.

Remark 28.2.6. The case m + x —n < 0 of Theorem 28.2.4 may be
proven similarly, and does not require the local product structure
theorem.

If re-examine the proof to see how important the role of the nor-
mal bundle ¢ to X is, we realize that we only used that X is paracom-
pact and that X is the zero-section of an R”-bundle. The microbundle
transversality result with these weaker assumptions on X will be
used in the next lecture.

Remark 28.2.7. Theorem 28.2.4 does not prove that if M and X are
locally flat submanifolds and X has a normal microbundle ¢, then M
can be isotoped to be microbundle transverse to ¢. The reason is that
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the smoothing of f in step (1) destroys embeddings, as locally flat
embeddings are not open.

However, an embedded microbundle transversality result like
this is true. The proof in [KS77, Theorem III.1.5] bootstraps from
PL manifolds instead, a category of manifolds in which it does not
even make sense to talk about openness (PL maps should always
be considered as a simplicial set). One additional complication is
that finding adapted PL structures requires a result of taming theory,
which says that for a topological embedding of a PL manifold of
codimension > 3 into a PL manifold, the PL structures on the target
can be modified so that the embedding is PL. This is applied to both
X and N.



29
The Kirby-Siebenmann bundle theorem

Takeaways:

Having finished the algebraic K-theory part, we now works towards
smoothing theory and proving the weak equivalence

®, x BDiffy(D") ~ Q"Top(1) /O(n).

The main tools are the Kirby-Siebenmann bundle theorem and Gro-
mov’s h-principle machinery. We start with the former, Essay 1I of
[KS77]. For bundles, a good reference is [Husg4].

29.1  Bundles and submersions

We start with a preliminary discussion of the relationship between
smooth manifold bundles and smooth submersions.

Manifold bundles

For a topological group G, the classifying space BG classifies prin-
cipal G-bundles; these are maps 7t: E — B with a free action of

E x G — E of G over B, which are locally trivial in the sense that
each b € B has an open neighborhood U C B such that there is a
G-equivariant homeomorphism

Tl (U) ——=— > UxG

On the overlap of two such neighborhoods we obtain transition
functions ¢;;: U; N U; — G satisfying the cocycle condition.

The classifying space BG is determined up to weak equivalence by
the existence of a universal principal G-bundle EG over BG, which is

- Proper smooth submersions are

smooth manifold bundles.

- Smooth submersions that are

topological manifold bundles are
smooth manifold bundles, even
if they are not proper; the Kirby-
Siebenmann bundle theorem.

« This allows us to compute the ho-

motopy type of the space of smooth
structures on a topological manifold
M as a disjoint union of quotient
spaces Homeo(M) /Diff(Ms) for
different smooth structures ¥ on M.
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called universal because pullback gives a natural bijection

{principal G-bundles over X}

[X,BG] — : :
isomorphism

[f] = [F*(EG)],

as long as X is paracompact. See Chapter 4 and 5 of [Husg4].

For any space Y with G-action, we can define locally trivial Y-
bundles with transition functions in G. One definition of this a map
E’ — B that is isomorphic over B to one constructed from a principal
G-bundle E — B as E xg Y (I imagine one wants to encode the
principal G-bundle as part of the data, but this will not matter soon).

The action G on Y is said to be faithful (also called effective) if
g-y=yforall y € Y implies ¢ = id. In this case, E may be recovered
from E’ up to isomorphism, and we conclude that there is a bijection

{principal G-bundles over X} =N {Y-bundles over X with transition functions in G}
isomorphism isomorphism

[E— X]— [ExgY — X].

Let us specialize to G = Diffy(M), which has a faithful action on
M itself. No reference has been made so far to smooth structures. We
may as well assume that the base B is a smooth, since any space with
the homotopy type of a finite CW complex is homotopy equivalent
to a smooth manifold. But even if the base B of an M-bundle with
transition functions in Diffy (M) is a smooth manifold, the total space
E need not be. The reason is that the continuous maps g: U —

Diff, (M) which appear as transition functions do not need to have
the property that the associated map g: U x M — U x M over U is a
diffeomorphism.

However, using the smoothing results for continuous maps into
mapping spaces with C*-topology discussed before, we can approx-
imate all transition functions maps for which this is the case. This
is related to the fact that the inclusion SDiffy(M) — Sing(Diffy(M))
of simplicial groups, given by including smooth simplices into all
singular simplices, is a weak equivalence.

Once all the associated maps for the transition functions are
diffeomorphisms, there is a unique smooth structure on E making
the map 7r: E — B smooth. We conclude that up to isomorphism,
the M-bundles 7t: E — B with transition functions in Diff(M) over
smooth base B, are in bijection with the following objects:

Definition 29.1.1. A smooth M-bundle over B is smooth map 7: E — B
such that each b € B has a bundle chart: an open neighborhood U C E
of 771(b) such that there is a diffeomorphism 71 (U) = U x M
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fitting in a commutative diagram:

o

i (U) — Ux M

| |

u:u.

The upshot of this discussion is BDiff(M) also classifies smooth
manifold bundles, as long as we map in smooth manifolds.

Submersions

The notion of a smooth manifold bundle is local in the base. We may
also demand locality in the fiber, which leads to the definition of a
smooth submersion.

Definition 29.1.2. A smooth map 7: E — B is a smooth submersion
such that each e € E has a submersion chart: an open neighborhood
U C E of e and an open neighborhood V C w~!(7t(e)) of e such that
there is a diffeomorphism ¢: U = 7r(U) x V fitting in a commutative
diagram:

o

U— n(U)xV

T l?‘[l

r(U) (U).

That 7t(U) is open follows from the fact 77(U) x V is diffeomorphic
to an open subset of E. Note that we may assume that ¢| )y = idy
by composing with the diffeomorphism id x gD';(le)xV over 7t(U).

More generally, one can define a submersion chart for any subset
of a fiber of 7; the above definition is for {e} C 7 !(7(e)). For
example, a bundle chart is a submersion chart for an entire fiber with
the additional data of an identification of that fiber with M.

Example 29.1.3. The implicit function theorem says that a smooth map
rt: E — B is a submersion if and only if its derivative Drt: TE — TM
is surjective. The definition given above has the advantage of easily
generalizing to topological and PL manifolds.

The union lemma for submersion charts

We want to prove that every compact subset K of a fiber of a sub-
mersion 7t: E — B admits a submersion chart. This is directly
consequence by induction over a finite cover of K by submersion
charts, of the following union lemma. This lemma is a consequence
of isotopy extension. The best reference for these types of technical
results is [Siey2].
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Lemma 29.1.4. Let t: E — B be a smooth submersion, b € B and
Ko, Ky C 1 (b) compact. If Ky and Ky admit a submersion chart, then so
does Ko U Kj.

Proof. Fori € {0,1}, let (U;,V;, ¢;) be a submersion chart for K;;
thatis, U; C Eand V; C 7~ !(b) are open neighborhoods of K;
with a diffeomorphism ¢;: U; — 7(U;) x V;. We may assume that
(#i)|x(e)xv, = idy, (as explained before), and that the subsets p(U;)
are both equal to p(U;) N p(U;) =: W1 (by restriction).

There exist compact codimension o submanifolds M; C V; con-
taining K; in their interior such that My; := My N M; is compact
codimension 0 submanifold with corners in V1 := VN V;. By shrink-
ing Wy if necessary, we may assume that Wy, = RF with b the origin
and that we have ¢ L po(Wor x Mo1)) € Wor x V1.

The latter implies that the map

f= (Pl_lo(Poi Wo1 X Mor — Upr — Wor x Vin

is well-defined. It may be interpreted as a k-parameter isotopy of
My in V1 indexed by RF, which equal to the identity at the ori-
gin in the parameter R¥. By isotopy extension there exists a com-
pactly supported ambient isotopy ¢ of Vy; indexed by DF such that
f(t,m) = (m). By extension by the identity, after replacing Wy, by
DX, ¢ may be interpreted as a compactly-supported diffeomorphism
P: Uy — Up over Wp;.

If we replace ¢o by @g := ! o @g, then the maps @y: Wo; x Vo —
Up and ¢1: Wy1 x V; — Uj agree on Wy; X Mo;. So, define a new map

@: Wpp % (int(M()UMl)) — E

(t,m) @o(t,m) if m € int(My U M;) N M
,m
¢1(t,m) otherwise

This is a smooth immersion over W, that is an embedding at
b € W. By point-set lemma’s, there exists a neighborhood W of b
in Wy and a neighborhood V of Ky U Kj in int(My U M), such that
@: W x V — E is an embedding over W. Let us denote its image by U
and ¢ be (p\al : U — W x V. This is the desired submersion chart. [

If Tr: E — B is proper, this means that every fiber has a submer-
sion chart and thus as long as B is path-connected, 7t is actually a
smooth manifold bundle. This is the Ehresmann fibration theorem:

Corollary 29.1.5. If t: E — B is a proper smooth submersion and B is
path-connected, it is a smooth manifold bundle.

There is also a version when E has non-empty boundary, and
7|3 0E — B is a smooth manifold bundle.
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Remark 29.1.6. This may also be proven directly by constructing com-
muting vector fields on E whose projections to B are non-vanishing
and flowing along them. The properness of 71 comes in when making
sure this flow exists near the fiber.

Remark 29.1.7. This proof only uses the isotopy extension, which also
known for topological and PL-manifolds [EK71, Hud66]. We have
thus also proven an Ehresmann fibration theorem for these types of
manifolds.

29.2 A weak version of the Kirby-Siebenmann bundle theorem

E
Corollary 29.1.5 is false without properness. The Kirby-Siebenmann
bundle theorem gives a condition under which a smooth submersion i”
which non-compact fibers is still a smooth manifold bundle.

B
Statement and stmtegy Figure 29.1: A non-proper submersion

which is not a manifold bundle.
This result uses the notion of a topological manifold bundle, which has
bundle charts given by homeomorphisms 71 (U) = U x M and is
classified by a map B — BHomeo(M). We will prove the following
weaker version of Kirby-Siebenmann'’s result:

Theorem 29.2.1. If t: E — B is a smooth submersion which is a topological
manifold bundle, and the dimension d of the fibers of 1t are of dimension
> 6, then it is a smooth manifold bundle.

Remark 29.2.2. Kirby-Siebenmann’s is stronger in the following sense:
(i) they also allow their fibers to have boundary, (ii) our version is
Top ~» Diff, it also works for PL ~~ Diff or Top ~» PL, (iii) for

the Top ~ Diff or Top ~» PL cases, they improve the dimensional
restriction to d # 4 (and d # 3 if the boundary of the fibers is non-
empty), and the PL ~~ Diff case there is no dimensional restriction
at all, (iv) the condition of being a topological manifold bundle is
replaced by a weaker technical “engulfing condition.”

Remark 29.2.3. The case d = 4 is false. For example, there is a
smooth submersion R® — R all of whose fibers are mutually non-
diffeomorphic.

Let us consider the case that E homeomorphic to B x M x R over
B, with M compact. The strategy will be to “roll up” the R-direction
to obtain a topological manifold bundle 7t: E — B homeomorphic to
B x M x R/Z over B, so that 7t factors as

E L E

Z. cover

B
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where 7 is a fiberwise covering map. Then E inherits a smooth
structure from E making 7 a smooth submersion, and since 77 is
proper it is a smooth manifold bundle by the Ehresmann fibration
theorem. A fiberwise cover space of a smooth manifold bundle is a
smooth manifold bundle, just by lifting the bundle charts.

The fiberwise engulfing condition

Let us obtain a slightly weaker result under slightly weaker assump-
tions. The input is a smooth submersion 7r: E — B with a contin-
uous map p: E — R. We introduce the notation F, := 77~!(b) and
Fy(x,y) == F, N p~!([x,y]) (where we shall also allow x, y to be +co).

Definition 29.2.4. We say 7t satisfies the fiberwise engulfing condition
if for any b € B and pair m < n of integers, there exists a smooth
isotopy h; of F, compactly supported in F,(m — 1,n + 1) such that
ho = id and inthq (F,(—o0,m)) D Fy(oo,n).

We shall show that the fiberwise engulfing condition implies a
global one:

Proposition 29.2.5. Suppose B is compact and of dimension k. If 7t satisfies
the fiberwise engulfing condition, then for any pair of integers m < n there
exists a smooth isotopy gt of E over B compactly supported in p~(m — k —
1,n+k+1) such that go = id and int g1 (p~(—o0,m]) D p~1(—o0,n].

Remark 29.2.6. The compact support condition in the fiberwise
engulfing condition implies that p is proper on each fiber.

This is a special case of an engulfing condition E[r,c,C| for C C B
compact, r € (0,c0] and ¢ > 0:

For any pair m < n of integers with [m —c¢,n+c| C [—r + 2,7 — 2], there
exists a smooth isotopy g of E compactly supported in p~(m —c,n +c)
such that gg = id and int g (p~!(—oc0,m]) D p~(—oc0,n] N 7~ 1(C).

For example, the condition in Proposition 29.2.5 is £[oo, k + 1, B].

Here are some facts about this condition, easily verified:

- &[r,c,C] implies E[s,d, D] if r >s,c <dand C D D.

- &[r,c,C] and &|r,d, D] imply £[r,c +d,C U D] (hint: compose iso-
topies). If CND = &, £[r,¢,C] and E[r,d, D] imply £[r, max(c,d),CU
D] (hint: shrink the support of the isotopies in the base).

Remark 29.2.7. It is instructive to point
- &[ri,c,C] for a sequence of r; going to oo implies [, ¢, C|. out that to obtain £[r, ¢, C] and &[r, 4, D]
imply E[r,c +d,C U D], for integers

m < n, we need g€ for m < n+d and
gD for m — ¢ < n to avoid one of them
for each b € B there is an open neighborhood Wy, C B of b such that for any messing up the condition for the other.

closed C,, C W, we have that 5[1,’ 1, Cb] holds. This is the entire point of including the
integer m < n everywhere.

Lemma 29.2.8. Fixing r and assuming the fiberwise engulfing condition,
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Proof. By the union lemma for submersion charts, Lemma 29.1.4, we
can find a submersion chart for F,[—7,7|; ¢p: U, — W, X V, with

V, C F, containing F,[—r, r]. We need to produce an isotopy g; for
eachm < nwith [m —1,n+1] C [—r+2,r —2]. But this is done
simply by extending h; on F, to U}, using the submersion chart, using
a bump function #7: W, — [0,1] which is 1 on C, and 0 near 0W,. [

We now give the proof of Proposition 29.2.5.

Proof of Proposition 29.2.5. By taking a fine enough triangulation and
taking neighborhoods of vertices in the barycentric subdivision,
there exists a cover of B by k + 1 closed subsets C;, each of which

is a finite disjoint union of closed subsets C;; contained in a Wj,.
Lemma 29.2.8, £[r, 1, Cl-]-] holds and hence £[r, 1, C;] holds. From this
we conclude that £[r, k + 1, B] holds. Since r was arbitrary, we can
conclude &[oo, k + 1, B] from this. O

The following is a weak version of the bundle theorem.

Corollary 29.2.9. For any pair m < n of integers there is an open subset
Eun C E containing p~'([m,n]) such that rt|g,, : Emn — B is a smooth
manifold bundle.

Warning: this is not local condition, as E;;; constructed locally
need not path together globally.

Proof. From &[0,k + 1, B], which holds by Proposition 29.2.5, we ob-
tain a diffeomorphism /; of E over B such that inthy(p~!(—oco,m]) D
p~!(—oo,n]. This is a covering map on E,;, defined as follows:

Zynn = ha (p~H (=00, m]) \ p~! (— o0, m),

Enn = |J 1 (Zn).
icZ

Then hy induces a Z-action on E;;, with Z,,, a compact fundamental
domain, as /1 has compact support. Thus we obtain factorization

Ep —————— Eyn/Z
\ /

where g is a covering map and 7 has compact fibers. We saw before
this implies that 7 restricted to E,;; is a smooth manifold bundle. O

29.3 The Kirby-Siebenmann bundle theorem

There are two things to do now: (i) give a condition under which
the fiberwise engulfing condition holds, (ii) deduce the Kirby-
Siebenmann bundle from this.
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Verifying the fiberwise engulfing theorem
We shall now explain how to verify the fiberwise engulfing condition.

Example 29.3.1. We claim that if a fiber F, is a (smooth) product

M x R with M closed and ||p — m,|| < 1, then F, satisfies the fiberwise
engulfing condition. To see this, pick m < n, so that p~!([m, n]) is
compact and contained in M x [m —1+¢,n + 1 — €|. Now we simply
pull (—oo,m —1+€) over (—oo,n + 1 — €] by a smooth isotopy with
support in [m — 1,1 + 1] and take the product with idy;, which verifies
the fiberwise engulfing condition.

We now weaken the condition in the Example that F, is a smooth
product, to the statement that it is just a topological product. For
convenience we take p = 71y, as this is enough for our purposes.

Lemma 29.3.2. If the fiber F, is homeomorphic to M x R for M a closed
topological manifold of dimension > 5 and p = 1, then F, satisfies the
fiberwise engulfing condition.

We will approach this differently than Kirby-Siebenmann, using
Siebenmann’s end theorem instead of engulfing. The end theorem
is in the same class of theorems as the h-cobordism theorem and
Waldhausen'’s theorem, and concerns the question whether a non-
compact manifold N is the interior of a compact manifold with
boundary [Sie65]. The answer involves a point-set topology condition
on the ends of N called tameness and a finiteness obstruction o(e)
valued in Ko(Z[75°(€)]), where 715°(€) is the fundamental group at co
of that end. We shall not explain what these terms mean, as we only
need the following example:

Example 29.3.3. If N = int(N) with N a compact topological manifold
with boundary, then the ends of N are tame, in bijection with the
path components of dN. The fundamental group 7{°(e) at oo of the
end € corresponding to 9;N is 711(9;(N)). In this case the finiteness
obstructions vanish.

Let CAT = Diff, PL or Top.

Theorem 29.3.4 (Siebenmann). Let N be a CAT-manifold with empty
boundary of dimension n > 6. Then N is interior of a compact CAT-
manifold with boundary N if and only if it has tame ends and for each end €
the finiteness obstruction o (€) € Ko(Z[r°(€)]) vanishes.

The condition of tameness and the construction of o (¢) are inde-
pendent of CAT, only depending on the existence of a sufficiently
powerful handle theory, which exists for all smooth and PL mani-
folds, and for topological manifolds of dimension # 4.
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In this case the N is unique up to h-cobordisms starting at ON.
In particular, it is unique up to CAT-isomorphism if Why (71{°(¢))
vanishes for all ends. This uses that the h-cobordism is also true for
PL or topological manifolds under the usual dimensional restrictions.
Note that this includes the following claim:

Lemma 29.3.5. If N is a compact manifold with boundary and W is an h-
cobordism starting that ON, then int(N) is CAT-isomorphic to int(N U W).

Proof. This is a consequence of an Eilenberg swindle: let W~ be
the inverse of W — thatis, WU W™! = 9y(W) x [and W TUW =
01(W) x I — which exists by the full strength of the h-cobordism
theorem classifying h-cobordisms in terms of the Whitehead group.
The emphasis here is on the word group, so inverses exist.

Then we have that

W\ &1 (W) 2 W U (3, (N) x 1) U@, (N) x ) U---
*WUWluw)uWltuw)u...
= (WUW HuWuwHu...
= 9o(W) x [0,0)

so that we have
INt(NUW) = NU(W\91(W)) =2 NU (9y(W) x [0,00)) = intN. O

Proof of Lemma 29.3.2. Suppose that F, is homeomorphic to M x R
and of dimension > 6. Fix m < n and consider F,(m — 1,n + 1) =
p~1((m —1,n+1)), the interior of F,(m — 1,n + 1). As a topological
manifold F; is the interior of M x [m — 1,1 + 1], so its ends are
tame and have vanishing finiteness obstruction. This means that
Fy,(m — 1,1+ 1) is also the interior of a compact smooth manifold
with boundary F,(m — 1,1 + 1). Forgetting the smooth structure we
obtain a compactification as a topological manifolds, which must
hence be equal to M x [m — 1,1 + 1] up to gluing on h-cobordisms.
This implies that F,(m — 1,1 + 1) there are two boundary components
doF, and 91 F, the inclusions of which into F,(m — 1,1 + 1) are weak
equivalences. This means that F,(m — 1,1 + 1) is an h-cobordism,
and using Lemma 29.3.5 we may assume it has trivial torsion by
gluing on an additional i-cobordism. By the hi-cobordism theorem
it is hence a product, and we conclude that F,(m — 1,n + 1) =
M’ x [m —1,n+ 1] for some smooth closed manifold M'.

We now apply the same idea as in Example 29.3.1. Since p is
proper, the subset p~1([m, n]) is compact in M’ x [m — 1,n + 1]
and hence contained in M’ x [m —1+¢,n+ 1 — €]. Now we pull
[m—1,m—1+ €] over [m —1,n+ 1 — €], with compact support, and
take the product with idys. This extends by the identity to a smooth
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compactly-supported isotopy of F, verifying the fiberwise engulfing
condition. O

Remark 29.3.6. Note that it seems as if we have implicitly proven a
weak version of the product-structure theorem; if a topological mani-
fold M x R of dimension > 6 has a smooth structure (M x R)y, then
it is also smoothly a product with R. However, in applying the end
theorem and s-cobordism theorem to topological manifolds we rely
on a handle theory for topological manifolds, whose existence was
proven using the product-structure theorem by Kirby-Siebenmann.
So this would be circular.

Finishing the proof

The previous section allows us to remove the technical condition
from the statement of the weak bundle theorem:

Lemma 29.3.7. If w: E — B is a smooth submersion which is homeomor-

phic to B x M x R over compact B for some closed topological manifold M
of dimension > 5, then for any pair of integers m < n there exists an open

subspace Eyy C E containing B x M x [m, n] such that 7t|g, : Emn — B is
a smooth manifold bundle.

Using this we can finish the proof of the Kirby-Siebenmann bundle
theorem. We repeat its statement:

Theorem 29.3.8. If t: E — B is a smooth submersion that is a topological
manifold bundle with dimension of dimension > 6, then it is a smooth
manifold bundle.

Proof. Being a smooth manifold bundle is a local condition, so we
may assume B = DK and that the topological manifold bundle

is trivial: there is a homeomorphism ¢: E = B x N over B. We
may exhaust the topological manifold N by compact topological
submanifolds N; with boundary JN;.

Let us pick disjoint collar neighborhoods dN; x R for these. Taking
E; := ¢~ (B x ON; x R), we obtain a smooth submersion 7: E; — B
whose total space E; is homeomorphic to B x dN; x R. By the version
of the weak bundle theorem there is a smooth manifold bundle E; in
this containing ¢~!(B x aN; x [~1,1]).

Since B = D¥, this bundle is trivial; letting U; denote the fiber of E;
over the origin, we get a diffeomorphism between E; and B x U; over
B. Identifying U; with a subset of dN; X R through ¢ and projecting
to R, we get a continuous function p: U; — R which takes values
in [—1,1] only on U; N (dN; x [—1,1]). Perturb with support in
U; N (N; x [—1,1]) to a real-valued function f; which is smooth
on ﬁi_l((—l/Z, 1/2)) and has 0 as a regular value. We get A; =
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ﬁ;l (0) a smooth compact submanifold of U;. This is the boundary
of the smooth manifold M; with boundary obtained as the union of
P ((—00,0]) and 91 (B x (N;'\ ON; x (00, ~2])).

Using the M; we get an exhaustion of E by compact subsets E;,
whose boundaries are trivializable manifold bundles. Then we may
apply a version of the Ehresmann fibration theorem for smooth
submersion 7t|g\ine(g, ;)¢ Ei \ int(E;—1) — B to see that it is a smooth
manifold bundle with boundary. Trivializing them and glueing, we
obtain a diffeomorphism of E with B x Fy over B. These give the
bundle charts exhibiting 77: E — B as a smooth manifold bundle. [
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30
Flexibility and smoothing theory

Today we finish the proof of smoothing theory by using the Kirby-
Siebenmann bundle theorem to show that the functor U +— Sm(U)
assigning to a topological n-manifold its space of smooth structures,
fits into Gromov’s framework of flexible invariant sheaves.

Convention 30.0.1. In this section we assume all dimensions are > 6.

30.1  The space of smooth structures

The bundle theorem is meant to be applied to the following object:

Definition 30.1.1. For U a topological manifold, let Sm(U) be the
simplicial set with k-simplices a smooth submersion 77: E — AF
together with a homeomorphism ¢: E — A* x U over A¥. We call it
the space of smooth structures on U.

The bundle theorem then implies that for a k-simplex (E, 7T, ¢),

there is a diffeomorphism E = AF x Us, over A¥ with Us, some smooth
structure on U, as any smooth manifold bundle over a compact base

is trivializable.
Given a smooth manifold M, we get a map Sing(Homeo(M)) —

Sm(M) by sending a k-simplex 1 to (A* x M, 71, h). We just saw that

all k-simplices are of this form up to diffeomorphism over AF. From
this we conclude that if Sm(M)y, denotes those simplices whose
fibers are diffeomorphic to M (a union of path components), then
there is a weak equivalence of simplicial sets

Sm(M)s,, = Sing(Homeo(M)) /SDiff(M).

Since the latter is a quotient of a simplicial group by a simplicial
subgroup, we conclude that Sm(M) is Kan, justifying the use of the
word “space.” More importantly, as Sing(Homeo(M))/SDiff(M) is
a model for the homotopy fiber of BDiff(M) — BHomeo(M), we
conclude that:

Takeaways:

- Given standard machinery, the

Kirby-Siebenmann bundle theo-
rem is the essential ingredient to
smoothing theory.

- The conclusion is that for an n-

dimensional manifold with bound-
ary M, Smy(M) is weakly equivalent
to the space of sections of a bundle
with fiber Top(n)/O(n) over M that
are equal to the point O(n)/O(n)
over oM.

- In particular BDiffy(D") is weakly

equivalent to a component of
O"Top(n)/O(n).
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Corollary 30.1.2. We have that hofib(BDiff(M) — BHomeo(M)) is
weakly equivalent a union of path components of Sm(M).

In the next lecture we will explain how the bundle theorem im-
plies an h-principle for Sm(—). This gives a homotopy-theoretic
descriptions of Smy(M) in terms of Sm(IR™). Let Top(m) denote the
topological group of homeomorphisms of R” in the compact-open

topology.
Lemma 30.1.3. We have that Sm(IR™) ~ Top(m)/O(m).

Proof. There is a unique smooth structure on R (recall m > 6 was
assumed). This means we have that Sm(RR™) is weakly equivalent to
the quotient Homeo(R™) /Diff(R"). Now we substitute the notation
Top(m) := Homeo(IR™) and recall that in Lecture 8 we proved that
Diff(IR™) ~ O(m). O

There are also relative versions when the boundary has a fixed
smooth structure, all submersions are trivialized on the boundary,
and all diffeomorphisms and homeomorphisms fix the boundary
pointwise. We will explore this in more detail in the next lecture, but
we state this now for the following example:

Lemma 30.1.4. We have that Smy(D™)q ~ BDiffy(D™).

Proof. This follows from the fact that Homeoy (D™) is contractible by
the Alexander trick. O

In particular, the promised homotopy theorem description of
Smy(D™) in terms of Sm(IR™) ~ Top(m)/O(m) will give the link be-
tween diffeomorphisms of disks and homeomorphisms of Euclidean
space promised by smoothing theory.

30.2  Flexible sheaves

We shall fit Sm(—) into a framework of Gromov [Gro86]. We start by
recording the functoriality of Sm(U) in U. If U and V are topological
manifolds of the same dimension with empty boundary, the space
Emb (U, V) of topological embeddings is the simplicial set with
k-simplices given by a map AF x U — AF x V over A* that is a
homeomorphism onto its image. No locally flatness assumptions play
a role because we are in codimension o, but it is good to remember
that in positive codimension they do.

Definition 30.2.1. Let Mfd};Op be the simplicially enriched category
with objects n-dimensional topological manifolds with empty bound-
ary, and morphisms from U to V the simplicial set Emb' (U, V).
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We remark that pullback along the embedding makes Sm(U) into
a continuous functor
Sm: (Mfd, )P — sSet
U — Sm(U).
Since the conditions on smooth submersions and homeomor-

phisms are local, a k-simplex of Sm(U) is uniquely determined by its
restrictions to an open cover U = {U;} of U. That is, the diagram

Sm(U) — [1;Sm(U;) —= IT;; Sm(U; N U;)
is an equalizer diagram. In other words, Sm satisfies the sheaf prop-
erty.
Definition 30.2.2. A continuous functor
¥: (Mfd,P)°P — sSet

satisfying the sheaf property is called a invariant sheaf on topological
n-manifolds.

We may produce relative versions of the values of Sm or any
invariant sheaf ¥ on topological n-manifolds. To do so,let A C U
be a closed subset and define ¥(A C U) to be colimit over all open
subsets V of U containing A of ¥ (V). This is called the space of germs
of ¥ near A. There is a canonical map p4: ¥(U) — ¥(A C U) and for
a € ¥Y(A C U) we define

¥(Urel (a,A))) = p,'(a) C¥(U),
the subspace of elements equal to a near A.

Definition 30.2.3. A invariant sheaf on topological n-manifolds ¥ is
said to be flexible if for all compact subsets L C K in U, the map

¥(KcU)—Y¥(LcU)
is a Kan fibration.

Using the observation that for any compact pair (K, L) and open
subsets (V, W) containing (K, L) there is a finite pair of handlebodies
(N,P) such that KC N C Vand L C P C W, and doing an induction
of handles, one proves the following lemma:

Lemma 30.2.4. Y is flexible if and only if for all 0 < i < n the map
¥(D' x D" C R") — ¥(0D' x D"~ C R") is a Kan fibration.

Proposition 30.2.5. When the Kirby-Siebenmann bundle theorem holds, Sm
is flexible.
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Proof. A diagram

A —— ¥(D' x D" C R")

| !

N —— ¥(aD! x D"~ C R")

is given by the data of an open Uy C R" containing D’ x D"~ and ‘
an open U; C R" containing D' x D", a manifold bundle Ey — A;
with fiber Uy and a manifold bundle E; — A/ with fiber U;. Without
loss of generality Eg both are trivial, since Ai and A/ are contractible.
In that case we are asked to extend the bundle A{: x Uy to A,
compatibly with the given extension of A{: x Uy to A x Uy. But of
course the trivial bundle A/ x Uy will do. O

This also implies that restriction maps between relative versions
are Kan fibrations, using the following lemma:

Lemma 30.2.6. If in a commutative diagram of simplicial sets

A—— B

]

C——D

all maps are Kan fibrations, the induced map on fibers of the vertical maps is
also a Kan fibration.

30.3  Flexibility and h-principles

The flexibility condition is exactly what is necessary to do handle
induction arguments. The easiest version uses the existence of handle
decompositions, so we will assume that n # 4 in which case Kirby
and Siebenmann proved the existence of handle decompositions
for topological n-manifolds. See Appendix V.A of [KS77] for an
explanation how to avoid this, using a technique due to Lashof
[Lasyoa, Lasyob].

The following is the general version of a handle induction argu-
ment.

Proposition 30.3.1. Ifn # 4and j: ¥ — P is a morphism of flexible
invariant sheaves on topological n-manifolds, then

j:¥(Mrel (k,K)) — ®(Mrel (j(k),K))

is a weak equivalence for all compact topological n-manifolds M, K C M
compact and k € ¥(K C M) a germ, if and only if ¥ (R") — ®(R") isa
weak equivalence.
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Proof. As in Lemma 30.2.4 one reduces to the case where K is a
handlebody N. We may take a finite handle decomposition of M ex-
tending that of N. The proof proceeds by induction over the number
of handles in M that are not in N. For the induction step, if the filtra-
tion by handles is givenby My = N C M; C My C ... C My =M
consider the pair of fiber sequences

¥ (M rel (cj, M;)) D(M el (j(cj), M;))

| |

¥(Mrel (cj—1, Mj-1)) D (M rel (j(cj-1), Mj-1))

l |

¥(D' x D" rel (cj, D' x D" 7)) —— ®(D' x D" rel (j(c;),dD" x D"~))

where the top map is a weak equivalence by the inductive hypothesis.
This reduces to the case of a single handle M = D' x D"~/ and
K=9D' x D",

This case is proven by induction over i, and it shall be convenient
to replace disks by cubes. Then there is a fiber sequence

Y(I x " rel (c,dI' x " U T x ([0,1/2] U {1}) x ["~i~1))

l

Y(I' x " rel (c,d' x " TU T x {1} x ["7I71))

|

Y(I' x [0,1/2] x I"""1 rel (c,al' x [0,1/2] x I"~I~1))

with base isomorphic to ¥(I' x I rel (c,dI' x I"~')), total space
weakly contractible and fiber isomorphic to ¥ (I'*1 x "~ rel (c,aI'*! x
["=i=1)). There is a similar fiber sequence for ® and using these iden-
tifications, we get a map of fiber sequence

YT x [ rel (¢, 01 x P77y —— @(IF x [T L rel (¢, 01t x [T

| |

* — *
V(I x " rel (c,oI' x ") ——=——— O(I' x " rel (c,dl! x "),

with map on bases a weak equivalence by the inductive hypothesis
(the initial case i = 0 being the assumption of the proposition), so
that the map on fibers is also a weak equivalence. O

So when one has a flexible invariant sheaf ¥, the trick is finding a
zigzag of morphisms between flexible invariant sheaves with weakly
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equivalent values on IR”, to a more easily understood one. Gromov
provided a universal map

Y-/

which induces a weak equivalence on R”, and proved that the val-
ues of ¥/ may be computed in terms of homotopy theory. The an-
swer involves the topological version of the frame bundle of the
tangent bundle: by the Kister-Mazur theorem there is a principal
Top(n)-bundle Fr™P (M) over M unique up to isomorphism. Since
homeomorphisms are in particular embeddings, we have an action of
Top(n) on ¥(R").

Lemma 30.3.2. Given a topological manifold M and a choice of Fr'°P (M),
there is a weak equivalence

¥/ (M rel (m,0M)) ~ Tapg(M, Fr™P (M) X g () F(R")).

This may simplified if M admits a smooth structure, since then we
may use the orthonormal frame bundle Fr®(M) to get Fr'°P(M) =
Fr© X o(n) Top(n) and thus

Fr'°P (M) Xqop () ¥(R") = FrO(M) X () ¥(R").
Remark 30.3.3. I did not go into much detail because the current
construction is a bit unsatisfactory (requiring us to move away form

simplicial sets, for example). Someone should redo Gromov’s theory
using co-categories.

Morlet’s theorem

Applying the general h-principle technology to Sm(—) and recalling
the identification Sm(RR") ~ Top(n)/O(n) from the last lecture, we
obtain the following result:

Theorem 30.3.4. For all topological manifolds M of dimension n # 4 there
is a weak equivalence

Sm(M) = Ton (M, Fr™ (M) X 1op () Top () /O(n))

and the left hand side may be identified with a disjoint union of Homeoy (M) / Diffy(Msy)

over smooth structures % of M up to concordance.

Remark 30.3.5. Kirby-Siebenmann avoid Lemma 30.3.2 by producing
a length 4 zigzag of geometric spaces connecting the left and right
hand sides of Theorem 30.3.4.

As a corollary of the Alexander trick Homeoy(D") =~ %, we obtain
the promised identification of BDiff,(D"):

Corollary 30.3.6 (Morlet). If n # 4 there is a weak equivalence
BDiffy(D") = OyTop(n)/O(n).
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Another description of A(x)

Note that combined with the results of the algebraic K-theory part,
this establish a direct link between homeomorphisms of R” for n odd
and algebraic K-theory of the integers. Using this, Waldhausen gave a
different expression for A(x), see page 15 of [Wal82]. Note that there
is a map

S! x Top(n) — Top(n +1)

induced by idg.—1 X rotg. This sends {1} x Top(n) U S' x Top(n — 1)
into Top(#n), so that there is an induced map

X (Top(n)/Top(n — 1)) — Top(n +1)/Top(n),
making (Top(n +1)/Top(n)),>o into a spectrum.

Theorem 30.3.7 (Waldhausen). The spectrum (Top(n +1)/Top(1))n>0
is weakly equivalent to A(x).
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31
Homological stability for symmetric groups

Takeaways:

Symmetric groups are the diffeomorphisms groups of compact 0- . We prove that the homology of the

dimensional manifolds. Indeed, any such manifold is diffeomorphic symmetric group &, is independent
of n in a range, by studying its

. . . . action on a highly-connected semi-
feomorphisms. Today we will study their homology, as practice simplicial set.

to a disjoint union of finitely points and all permutations are dif-

for studying the homology of diffeomorphism groups of higher- - Alternatively, one may combine a
transfer argument with the Barratt-

dimensional manifolds later.
Priddy-Quillen-Segal theorem.

31.1  Quillen’s stability argument

The symmetric group &, is the group of automorphisms of the finite
set {1,...,n}. Thus the inclusion {1,...,n} < {1,...,n+ 1} induces
a homorphism

o: 6, — Gn+1.

We claim that this sequence of groups and homomorphisms has a
property called homological stability:

(%) The relative groups H.(BS, 11, BS,) of ¢ vanish if * < n/2. More
concretely, the map o.: H«(BS,) — H.(B&,1) is a surjection for
* < n/2 and an isomorphism for * < n/2 —1.

Example 31.1.1. The first time

. R . . the abelianization is non-trivial is

as I know, but which appears in his 1974-I notebook [Qui]. A general H,(B&,) = Z/2Z. In this case, we
machinery for these types of arguments is worked out in [RWW17]. indeed have that H;(B&;) — H;(B&2)
is not surjective yet, as (2—1)/2 < 1,
while Hy(B&;) — H;(BG3) is predicted
statement is trivial for n = 0. For the induction step from n —1 to n to be surjective.

We shall use a strategy of Quillen, which he never published as far

The strategy is to prove the statement (x) by induction over n. The

we shall find a semi-simplicial set I,(n) with &,-action satisfying a
number of good properties. A semi-simplicial set is simply a simplicial
set without degeneracies, i.e. substituting for A the subcategory Ajy
with only injective maps. We may take its thick geometric realization

He(m)|l = | [ AP x Tp(n) | /~

p>0
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and take the homotopy quotient by &,, to obtain a space ||Is(1)]| / Sp.
The space ||Io(n)]| is visibly a CW-complex and hence we may
filter it by skeleta. Since homotopy quotients and geometric realiza-
tion commute up to weak equivalence, we have that ||I4(1)|| / &, ~
||Ie(n1) /) Syl|. Our first assumption on I,(n) shall be:
(@) The group &, acts transitively on each set I,,(n). This im-
plies that I,(n) / &, is the classifying space of the subgroup
Stabg,, (xp) of &, for x, any element of ().

We thus get a spectral sequence
Epy = Hy(BStabe, ({1,...,p +1})) = Hp1q(|[L(n)]] / &),

with differential given by Y;(—1)/(d;). It is slightly more convenient
to work relative to the map to * J/ &, = BS,, in which the spectral
sequence looks like:

H,(BStabg, ({1,...,p+1})) ifp>0
Epy = Hy(BS,) if p=—1= Hpig11(BSy, [|le(n)[| J &), (31.1)
0 ifp<—1

with additional d!-differential d': E(l)q — El—l, 4 induced by 0.
To make (31.1) useful, we need to establish additional properties:

(b) ||Ie(n)|| is (n — 2)-connected. This implies ||lo(n)|| / S, —

% | &, = BS,, is (n — 1)-connected, so that the spectral sequence
converges vanishes in the range * <n —2.

(c) The stabilizer of a p-simplex x, € I,(n) is isomorphic to
S, p—1. This implies that the El-page contains the homology
of previous symmetric groups.

(d) All mapsd;: B&, 1 — B&;,_, are induced by homomor-
phisms &, 1 — &, which are conjugate to the stabiliza-
tion map. This implies };(—1)"(d;)« is 0 if p is odd and the
map induced by the ¢ if p is even, because conjugate maps
induce homotopic maps on the bar construction.

The resulting E'-page can be seen in Figure 31.1. By the inductive
hypothesis, for p > 0 the horizontal maps in the commutative
diagram

H,(B&,_2p-1) —— H.(B&, 3p)

E E

1 d! 1
4>
EZM EZP*M
s n—2p—1 . . n—2p—1
are surjective for ¢ < —5— and an isomorphism for g < —5— — 1.

Thus apart from the (—1)st and Oth column, the E2-page vanishes
in a range below a line of slope 1/2, see Figure 31.2. Thus these
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a/p

— = N " =

= | | | |

149 v = 0 = O = o =

82— g 9 — 9 S == Hyg(BSy||L(n)])
3 et et et et vanishes for p+g <n—2
T o o < o pta

—1 0 1 2 3

Figure 31.1: The El-page of (31.1) with
properties (a)—(d) filled in.

groups can’t serve as the domain of a higher differential to kill what

remains on the (—1)st and Oth column for ¢ < 7! and g < %1 —1

respectively. This is enough to show that the the map
d' = 0.: Hi(B&, 1) = Ey, — EL; , = H.(B&,)

must have been an isomorphism for g < ”T_l — 1 and a surjection

forg < ”T_l This finishes the proof of the homological stability

argument, up to establishing properties (a)-(d).

Figure 31.2: An illustrative E2-page of
(31.1).

-1
/p

vanishing at Es

g
]
T
<

-
)
&
z
3

|

0

|

vanishing on E2 by inductivehypothesis

31.2 Injective words

The p-simplices semi-simplicial set I, (1) is supposed to encode
the “ways to undo (p + 1)-fold stabilization.” Of course there is no
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canonical such way, but there is once we have picked (p + 1) elements
of {1,...,n}. The complex of injective words should be thought of as
the space of such choices and homotopies between them.

Definition 31.2.1. The semi-simplicial set I, (1) of injective words has
p-simplices given by the set of injective maps [p] = {0,...,p} —
{1,...,n}. We shall write a p-simplex as (mq, ..., mp).

Property (a) is obvious, and for (c) we identify the stabilizer of
(mg, ..., my) with the permutations of {1,...,n} fixing {my,...,my}
pointwise, which is isomorphic to &,,—,_1. Then (d) amounts to
checking whether the inclusions of &,_, 1 into &, corresponding
to different (n — p — 1)-element subsets are conjugate, and of course
they are. Thus it remains to establish (b). This is again an inductive
argument.

Let’s do some initial cases as practice. Firstly, for n = 1 the semi-
simplicial set Io(1) has a single 0-simplex and no high simplices, so
its geometric realization is non-empty, i.e. (1 —2) = (—1)-connected.

For n = 2, I,(2) has two 0-simplices, (0) and (1), which are con- @)
nected by two 1-simplices (0,1) and (1,0), so ||Is(2)]] is a circle and (12)

in particular o-connected. See Figure 31.3. Similarly, for n > 2 we (I) g

can connect any two 0-simplices with a 1-simplex and ||I.(n)|| is & (2,1)

path-connected.

Lemma 31.2.2. For n > 3, I,(n) is simply-connected.

L (D] 1. (2)]]
Proof. Its fundamental groupoid has objects (1), has generating Figure 31.3: The geometric realization
morphisms 7y, for m # n. Each 2-simplex is given by (m, n, ) for ([ (m)[ forn=1,2.
m,n, ¢ distinct, and encodes a relation v,y Ymn = Y- However, it is

clear that using these equations we can shorten any loop until we

reach a term of the form 7, Ynm. For convenience take n = 1, m = 3.

Then we have equations

V31713 = 13173 Y12 = idy

where the first comes from 1> = 3p713, and the second comes
from 71231 = 732 upon multiplying by 7521 from the right and
conjugating by 7{21. O

By the previous lemma, for proving the desired connectivity when
n > 3 it suffices to prove that the homology vanishes in a range.
Latter, you may think through the argument in the previous section,
and realize we only needed acyclicity of ||Io(n)]].

Lemma 31.2.3. H.(||Ie(n)||) vanishes for x < n — 2.

Proof. The proof is by induction over n. Let Ci(Is(1)) denote the
augmented simplicial chains (i.e.!Z in degree —1 and Z[I,(n)] in
degree p), so that H,(Cs(Ie(1))) = H.(||Le(n)]])-
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Define an increasing filtration F.C«(ls(1)) of C«(le(n)) by letting
F. to be the span of those p-simplices such that none of the last
p+1—celements (mc,...,my) in a p-simplex (my, ..., my) is n. Then
Fy = C«(Ile(n — 1)), and F./F,_1 is a direct sum over all c-element
initial segments (my, ..., m._p,1) of Cs_c(Le(n —c)).

Thus we obtain a spectral sequence converging to H.(||ls(n)||)
with El-page vanishing in degrees ¢ < n — 3 for p = 0and g <
n—p—2forp > 1. We directly obtain that H.(||Is(n)||) vanishes
for x < n — 3. The only group that can contribute to ¥ = n —21is
H, 2(||Ie(n — 1)]|). But the inclusion ||I¢(n — 1)|| — ||Is(n)]| is
null-homotopic by using the element 7 to cone it off. O

31.3 The transfer

Considering the problem of non-uniqueness of unoding stabilization
can be approached differently; on homology we can just sum over all
choices. This is the transfer map

tr: H,(BS,) — H.(B&,_1).

It is constructed explicitly by noting that B&, has an n-fold cover
with total space B&,,_1; take any contractible space E with free
properly discontinuous &;-action, and consider the map E/&,_1 ~
BG,_1 — E/6, ~ B&, with fiber &6,,/&,,_1. Now define a chain
map C«(BS,) — C.(B&,_1) by sending a singular simplex in B&,, to
the sum of its lifts.

This is an example of a more general transfer map

trp: Hi(B&,) — Hi(B&u_p),

construction using an analogous n!/(n — p)!-fold cover. This satisfies
the equation tr, o 0 = oy o trp, + try 1. The following is Lemma A of
[Dol62].

Lemma 31.3.1 (Dold). The map

R,:= @ motry: H(BG,) - € H.(B&,_,)/im(0y)

0<p<n 0<p<n
is an isomorphism.

Proof. The proof is by induction over n, with the case n = 0 being
trivial. For the induction step, consider the diagram

H,(B&,)

Ry

H.(B&,-1) Do<p<n-1 H*(Be’n—l—p)/im(a*)f

249
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where 71 projects away the term p = 0. This commutes since
trp 00w = tr,_1 (mod im(cy)). This shows that 0. has a left inverse,
and

H.(B&,) = H.(B&,)/im(0.) & € H.(BS,_1_p)/im(0x)
0<p<n—1

is an isomorphism, proving the induction step. O

With respect to these identifications the map oy is just the inclu-
sion of summands. Thus we conclude that o, is split injective. If we
can show that the stable homology of the symmetric groups is finitely
generated in each degree, we obtain a homological stability result
without an explicit range; at some point the split injections have to be
isomorphisms.

This may be deduced from the identification on K(FinSet,) ~ QS°
(to be proven in Chapter 32). since we saw that K(FinSet,) ~
QB(Ll, B&,) and thus by the group completion theorem the ho-
mology of a component QyS” equals the stable homology of B&,,.

Lemma 31.3.2. The homology of QoS° is finitely generated in each degree.

Proof. It suffices to prove that if a path-connected space X is abelian
and has finitely generated homotopy groups in each degree, then its
homology is finitely generated in each degree. The abelian condition
implies that a Postnikov tower exists, so this may be proven by in-
duction over n for P, (X) (the space only having the first n homotopy
groups non-zero) using the fiber sequences

Pu(X) = Pyya(X) = K(my41(X),n +2)

and the fact that H, (K(7,41(X), n + 2)) is finitely generated in each
degree if 77,11 (X) is finitely generated abelian. O



32
The Barratt-Priddy-Quillen-Segal theorem

Takeaways:
We shall now prove the long promised Barratt-Priddy-Quillen-Segal . Uno r}c; ered onfiguration spaces of
theorem Euclidean spaces provide approxi-
0 mations to BG,,.
QB |_| B&, | = QS5 - The group completion of | |,~o B&,
n=>0 is given by based loops of the clas-

sifying space of the 0-dimensional
cobordism category.

- By iterated delooping BCob(0, N) ~
case of results to come. Our proof is modeled on the general scan- QN-IC(RVN), and the latter is

3 N—-1¢N
ning approach of [GTMWog, GRW1o0, Gal11], and [Hat11] gives an weakly equivalent to Q75T by a

. scanning argument.
expository account.

using cobordism categories [BP’72, Seg73], which we announced
in Theorem 21.1.6. One should think of this as the o-dimensional

32.1  Compact-open configuration spaces

We shall need a type of configuration space with particles that can
disappear at infinity; we shall these compact-open configuration spaces,
in analogy with the compact-open topology where a sequence of
functions converges if and only if converges uniformly on compact
subsets.

For n > 0 the unordered configuration spaces of n particles in a
manifold M are given by

Cy(M) :=Emb({1,...,n},M)/&,.

These spaces are closely related to classifying spaces of symmet-
ric spaces when M = RN (or more generally when M is highly-
connected and high-dimensional):

Lemma 32.1.1. There is a (N — 1)-connected map C,(RN) — BG&,,.

Proof. Consider the space
Emb({1,...,1n},R®) = colimy_,,Emb({1,...,n},RN)

with free properly discontinuous &;-action. We claim it is weak con-
tractible. This is proven by noting that a map S' — Emb({1,...,n},R®)
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factors over some Emb({1,...,n},IR®). One then either applies the
proof for finite N below, or just linearly interpolates from a configura-
tions in the image of S' to the configuration in RN*" with ith point at
en+i- The conclusion of these observations is that the quotient space

Cy(R*®) :== Emb({1,...,n},R%) /&,

is weakly equivalent to B&,,.

Thus it suffices to show that Emb({1,...,1n},RN) is (N — 2)-
connected, because then the inclusion Emb({1,...,n},RN) —
Emb({1,...,n},R®) is a (N — 1)-connected map between spaces
with a free properly discontinuous Gi-action, and thus the map on
quotient spaces be (N — 1)-connected. To compute the connectivity
of Emb({1,...,n},RYN), note that St — Emb({1,...,n},RN) may be
extended to a map D! — (RN)". Generically, it is transverse to the
fat diagonal {(x1,...,x) | 3i,j such that x; = x;} C (RN)", a finite
union of submanifolds of codimension N. If i 1 < N transverse
implies disjoint, so that if i < N — 2 an i-sphere of configurations is
null-homotopic. O

We now define a version where particles can disappear outside
a subset N, and then let the size of N go to infinity. If N C M, we
define
C(M,M\N) = <|_| Cn(M)> /~,
n>0
where two configurations ¥ and i/ are equivalent if their intersections
with N are equal.

Definition 32.1.2. We define C(RV) to be the colimit

; N RN
where B,,(0) C RN denotes the closed ball of radius n around the
origin. For U C RN we let C(U) be the image of | |~ Cx(U) in
C(RN).

Example 32.1.3. A sequence X; € C(RVN) converges if ¥ N B, (0)
converges for all n. Thus the map [—1,1] — C(RY) given by sending
+1 to the empty configuration and any other ¢ to (t/(1 —t2),0,...,0)
is continuous. Similar paths to infinity may be used to show that
C(RN) is path-connected, connecting each configuration to @ by
moving all particles to infinity. The same path-connectivity statement
is true for any codimension zero submanifold U C RN such that
every path-connected contains a path to infinity.

Using an elaboration of this example we shall prove:
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Lemma 32.1.4. We have that C(RN) ~ SN, with basepoint given by the
empty configuration.

We shall use the following lemma:

Lemma 32.1.5. If Uy U Uy = X is an open cover of X by two subsets, then
the pushout
UgNnUu; —— Uy

| |

U1 — X
is also a homotopy pushout.

Proof. We use the notion of a Serre microfibration. This is a map of
spaces f: E — B such in each commutative diagram

Di

D' x [0,1] B

there exists an € > 0 and a lift. A Serre microfibration with weakly
contractible fibers is a weak equivalence, [Weios].
Now note that there is the canonical map

e X = (Up x {0}) U (UpnUy x [0,1]) U (U x {1}) = X,

with the domain is a standard model for the homotopy pushout. We
claim that the canonical map

f:UpU (U(n X [0,1]) ullh - X

is a Serre microfibration with contractible fibers. The contractibility of
the fibers is obvious; they are either a point or an interval. To see it is
a Serre microfibration think of a map g: Y — Up U (U x [0,1]) U Uy
as a pair (g1,¢2) of amap g1: Y — X and amap g: Y — [0,1] such
that g(y) =0if y € X\ Uj and go(y) =1if y € X\ Up.

Then given a commutative diagram

DI — " Uyu Uy x [0,1])Ulh

| I

DIx[0,1] — 2 X

we define two continuous functions u: [0,1] — [0,1/4], A: [0,1] —
[3/4,1] (the first non-decreasing, the second non-increasing) by

u(t) == max{hy(d) | d € ho(d) € [0,1/4] 3(d,s) € D' x [0,t] with Hy(d,s) € X\ U;},

253
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A(t) == min{hy(d) | d € ho(d) € [3/4,1] 3(d,s) € D' x [0,#] with Ha(d,s) € X\ Up},

thought of as “error terms” measuring to what extent the function
(d, t) — (H(d,t),ha(t)) fails to land in Uy U (Up; x [0,1)) Ul C

X x [0,1]. The maximum and minimum are taken over a closed
hence compact subset of D', so exist. By construction #(0) = 0 and
A(0) = 0, and by continuity there exists a € > 0 such that u(e) < 1/4
and A(e) > 3/4. Then we define our partial lift on D x [0, €] by first
coordinate equal to H and second coordinate by

(@) = min (0,max (1,24 =1 ) ).

In words, we modify (d,t) — (H(d,t), hy(t)) by translating and
scaling the second values enough to overcome the errors.
Now note that fibers of 7t are either a point or an interval, see

Figure 32.1. By Weiss’ Lemma it is hence a weak equivalence. O
i T Figure 32.1: The map 7 of Lemma
Uy NU; X [0,1] —/ 34.1.5.
Uz
—
p- X
Uy

Proof of Lemma 32.1.4. There is an open cover of C(RN) by two open
subsets:

(i) Uy is those configuration with no particle at the origin,

(if) Uy is those configuration with a unique particle closest to the

origin.

Then we have that Uy is contractible by pushing all particles out
to infinity, while U; is contractible by translating until the unique
particle is at the origin and then pushing all remaining particles.
Their intersection Uy N U; is the subspace of configurations without a
particle at the origin but with a unique one closest to the origin. This
deformation retracts onto SV =1 by moving the unique one to radius
1 by scaling and then pushing the remaining particles to infinity. We
conclude with the help of the previous lemma that C(RY) is weakly
equivalent to the homotopy pushout of the diagram

SN—l

|

*

— X
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which may be computed by replacing the top and bottom maps by
weakly equivalent cofibrations SN~! < DN and taking the actual
pushout to get SN. O

32.2  The O-dimensional cobordism category

We now define the 0-dimensional cobordism category.

Definition
A topological category is a category object in Top. As such it has spaces

of ob(C) and mor(C) of objects and morphisms, and continuous
source, target, identity and composition maps.

Definition 32.2.1. Let Cob(0, N) be the topological category with
space of objects given by R and space of morphisms given by the
subspace of those (t,t/,%) € R? x C(R x IN1) satisfying t < #/
and ¥ € C((t,t') x IN71). The source of (t,#,¥) is t and the target
is t'. The identity at t is (t,t,&). Composition is given by union of
configurations.

Note that particles in the morphism spaces can not disappear to
infinity since they are constrained to the bounded set (t,#') x IN=1.
By moving to f to 0 and #' to 1, Lemma 32.1.1 implies the morphism
space admits an (N — 2)-connected map to | |y>o BSk.

We want to consider its classifying space BCob(0, N). This is
usually defined to be the geometric realization of the simplicial space
given by the nerve N,Cob(0, N), which has p-simplices given by the
space of a sequence of (p + 1) objects and p morphisms between them:

(to,t1,%01) (t1,t2,%12) (tp—1tp.Xp—1,p)
{to} {1} {tp}

forty < ... < tp. In general it is the p-fold pullback mor(C) x4 c)
mor(C) Xgp(cy *++ Xop(c) mor(C).

However, we shall find it convenient to take a slightly different
geometric realization. For that purpose, let us discuss a bit of the
homotopy theory of geometric realization.

A simplicial space X, is said to be proper if the inclusions U; s;(X,-1) <

X, are Hurewicz cofibrations.” A simplicial space X, is proper if it

Remark 32.2.2. One can also define

a version Cob®(0, N) of Cob(0, N)
where the t € R are discrete. This is
convenient for some arguments, and its
classifying space is weakly equivalent to
BCob(0, N).

Figure 32.2: A morphism in Cob(0, N)
for N = 2.

* This is the same as being Reedy
cofibrant with respect to the Strem
model structure.
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is good [Lew82] (this uses the union lemma for cofibrations [Lil73]);
the inclusions s;(X,,_1) < X, are cofibrations.> A simplicial space
X, may be considered as a semi-simplicial space by forgetting the
degeneracies, for which we usually use the same notation. Just like
there is a geometric realization |X,| of a simplicial space there is a
thick geometric realization ||X,|| of it considered as a semi-simplicial
space: in the expression

[ X[ = <|_| A" ><Xn> /~,

n>0

the equivalence relation ~ just uses the face maps, not the degener-
acy maps. There is a quotient map

[[Xe[| = [Xe]

and Segal proved that if X, is proper this is a weak equivalence
[Seg74]. This is a non-formal statement about the interaction of the
Quillen and Strem model structures.

Lemma 32.2.3. N,Cob(0, N) is a good simplicial space, and hence proper.

Proof. We have N,Cob(0, N) is a disjoint union over ny,...,n, 1 €
N} of a (p + 1)-tuple (ty,...,t,) € RP*!and p configurations
of n; particles in (t;,t; ;1) x IN~1. By rescaling, we may identify
each of these p spaces of configurations with either * (if n; = 0) or
Ce((0,1) x IN=1) (if n; > 0).

Under these identifications, the degeneracy map is given by taking
the product of the following map 3; with a fixed space: §; is the
map doubling the ith entry in the subspace (ty,...,t,) € RPT!
with fp < ... < t, 1. The map §; is easily shown to be a Hurewicz
cofibration and a product of a Hurewicz cofibration with a space
is easily seen to bea Hurewicz cofibration by the product-mapping
space adjunction. O

This means that we may also take the thick geometric realization
of NoCob(0, N), considered as a semi-simplicial space. This is homo-
topically more well-behaved — see Lemma 33.4.5 — and so we shall
use B(—) to denote the thick geometric realization.

Comparison to group completion

We take a unital monoid model for | J,~, B&, by taking a Moore
loop version of | |,,~ C;(IR®). This is given by letting taking pairs of
7 > 0 and a configuration in C((0,c0) x IN~1) that is contained in
[0,7] x I N-1 and taking the colimit as N — oo. The unit is (0, @) and
the multiplication is by concatenation.

2Some of the results used require the
cofibration to have closed image. This
is automatic in the category of CGWH
spaces, —in which one should be
working anyway — so we shall ignore
this.
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There is a simplicial map
NoCob(0) — N¢M, (32.1)

where we think of M as a topological category with a single object
and morphism space M. This is a good simplicial space by a similar
argument to Lemma 32.2.3, and hence proper, so we might as well
use the thick geometric realization. The map (32.1) is induced by the
functor sending the objects of Cob(0, N) to the unique object and a
morphism (t,#,X) to the pair (£ —t,X — t - e1). This is a levelwise
weak equivalence.

Lemma 32.2.4. A levelwise weak equivalence of semi-simplicial spaces
induces a weak equivalence upon geometric realization. More generally, a
semi-simplicial map that is (n — p)-connected on p-simplices induces a
n-connected map upon geometric realization.

Proposition 32.2.5. The map BCob(0, N) — BM is (N — 1)-connected.

The inclusion RN < RN*! induces maps of cobordism categories,
and we may define3

BCob(0) := colim BCob(0, N).
N—oo

The map BCob(0, N) — BM is compatible with the map induced by
the inclusion RN — RN*1 in the sense that there is a commutative
diagram

BCob(0, N)

/ "
BCob(0,N +1),
so that we obtain a map

BCob(0) — BM

which is a weak equivalence. Using our discussion of K-theory
and the group completion theorem, we may deduce the following
corollary.

Corollary 32.2.6. We have that ABCob(0) ~ K(FinSet. ) and that
H.(QBCob(0)) = (EB H*(BGS”)) (5],
n>0

that is, taking the colimit over stabilization maps.

3 One can exchange B and the colimit
if desired since geometric realization
commutes with filtered colimits.
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Using the homological stability results of the previous lecture, we
may also conclude that H,(BS&,) — H.(QyBCob(0)) is an isomor-
phism for * < n/2 (the injectivity for * = n/2 coming from the
transfer argument). That is, the classifying space of the 0-dimensional
cobordism category may be used to compute the stable homology of
symmetric groups.

32.3 Comparison to configurations in a cylinder

Our starting point are the spaces (BCob(0, N), which we saw last
time approximate K(FinSet) as N — oo. We start with identifying
BCob(0) with a geometric object. This uses the technique of semi-
simplicial resolution.

Let A, denote the category of possibly empty ordered finite sets
and morphisms order-preserving maps, then an augmented simplicial
space is a functor A(jrp — Top. The category A differs from A by
adding a new isomorphism class of objects &, which have a unique
map to every other objects. Thus an augmented simplicial space is
a simplicial space with a map e: Xo — X_; called an augmentation,
which coequalizes both face maps do,d1: X7 — Xp. This induces
amap |Xe| — X_1, also denoted €. The same construction goes
through for semi-simplicial objects.

Definition 32.3.1. A semi-simplicial resolution of a space X is an aug-
mented semi-simplicial object X, with X_; = X so thate: || X.|| —
X_1 = X is a weak equivalence.

Proposition 32.3.2. There is a zigzag of weak equivalences
C(R x IN71) ¢~ ... — BCob(0,N).

Proof. We shall build a semi-simplicial resolution Xo of C(R x IN~1).
Its space of p-simplices X}, is given by

the subspace of C(R x IN71) x RFFL of (X, ty,...,t,) with tg < ... <t
such that ¥ is disjoint from the “walls” {t;} x IN~1.

Its geometric realization ||X,|| has points given by a point ¥ and
a finite collection of walls disjoint from ¥ with non-zero weights
summing to 1. The element ¥ is topologized as before, the walls
can move and the weights of the walls can vary (so that the walls
disappear or appear when the weight hits 0).
There is a map
€: || Xo|| = C(R x IN71)

which forgets the walls, and this is a Serre microfibration since
configurations of particles disjoint from walls stay so under small
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Figure 32.3: A pointin X, for N = 2,
L] ° having 2 +1 = 3 walls.

to ti tr
th <t <th eR

perturbations. Furthermore, its fiber e ! (¥) over ¥ is weakly con-
tractible. To see this, we prove that a map f: S' — e~ 1(¥) with

K compact is homotopic to one that has walls in a bounded sub-
set B of R. To see this note that the semi-simplicial map given by
pp: |Sing(X),| — X, is a levelwise weak equivalence. We saw last
lecture that a thick geometric realization of a levelwise weak equiv-
alence is a weak equivalence, and thus we may up to homotopy lift
ftoamap f: 5" — ||[p] — |Sing(X),|||. But this is homeomorphic
to the geometric realization of a simplicial set, so by simplicial ap-
proximation there exists a triangulation of S’ and a homotopy of f
to a simplicial map f. Since the triangulation has finitely many non-
degenerate simplices, j o p o f has image given by the union of the
images of y restricted to finitely many simplices. This lies in a finite
union of bounded subsets and hence is bounded.

We can then find a choice of wall disjoint from C and ¥ and load
all the weights unto this wall to obtain a homotopy to a constant map.
Thus the map ||X.|| — C(R x IN~1) is a weak equivalence.

A point in X, is given by a collection fy < ... < t, and an element
of

p—1
C((—OO, to) X INil) X C((i’l‘, tiJrl) X INil) X C((tk,oo) X INil),
=0

1

see Figure 34.1. We can map X, to N,Cob(0, N) by forgetting the
outer two terms. These outer two terms are contractible, by pushing
the particles in (—oo,ty) x IN~1 or (t, ) x IN~1 out to infinity. Thus
the map Xo — N,Cob(0, N) is a levelwise weak equivalence and
hence so is its thick geometric realization. O

Note that the inclusion RN «— RN*1 induces a commutative
diagram

C(R x IN71) «—— || Xe(N)|| ———— BCob(0,N)

| ! !

C(R x IN) +—— ||Xe(N +1)|| — BCob(0,N +1),

so we may eventually take N to infinity and still get a zigzag of weak
equivalences.
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32.4 A delooping arqument

We will now repeat a version of the previous argument to prove the
following:

Proposition 32.4.1. For k > 0 there is a weak equivalence
C(RF x IN7F) ~ QC(RF x N7k,

This uses a consequence of the following delooping result, related
to those discussed when we talked about algebraic K-theory. We call
a semi-simplicial space X, a semi-Segal space if the map X, — Xf ,
induced by the p inclusions [1] < [p] sending {0,1} to {i,i + 1}, is
a weak equivalence (this implies that Xy ~ *). The following is a
special case of Lemma 3.14 of [GRW10].

Lemma 32.4.2. If X, is a semi-Segal space with X; path-connected (or more
generally group-like), then X1 ~ Q]| X,||.

Proof of Proposition 32.4.1. Tt suffices to resolve C(RF1 x IN=k=1) by a
semi-Segal space X,, such that X; ~ C(IRF x IN=F).

We define X, to be the semi-simplicial space with p-simplices X,
given by

subspace of C(RF1 x [N=F=1) 5 RP+1 consisting of (%, 1, ..., t,) with

to < ... < tp such that ¥ is disjoint from the “walls” RF x {t;} x [N=k=1,

This clearly is a semi-Segal space with X; ~ C(RF x IN=F), by
pushing particles in the outer half-planes R¥ x (—oo,t) x IN7¥~1 and
RF x (tp,00) x IN"F=1 to infinity.

There is a canonical map €: || X.|| — C(RF! x IN=%=1) but to
show that it is a weak equivalence it is helpful to define an inter-
mediary space. The semi-simplicial space X}, has p-simplices given
by

the subspace of C(IRF+1 x [N=k=1) 5 RPH1 x (RF)P+1 consisting of

(%, to, ..., tp,Yo,...,yp) With fg < ... < t, such that ¥ is disjoint from

the subset {y;} x {t;} x IN"*=1 of a wall.

There is a simplicial map X, — X}, given by p-simplices by the map
Xp — X;, sending (¥, to, ..., tp) to (X, to, .. .,t,,,ﬁ,...,@). We obtain a
factorization

[1Xel| 1%l

C(le+1 x IN—k—l).

The top map is a levelwise weak equivalence; push R* outwards
from {y;}. To show that €’ is also a weak equivalence, we remark that
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Figure 32.4: A point in X; for N = 2

° and k = 2.
°

n °
———————— - - ————-—--W------------------1

°

°
to<t; €R
Yo *

—————————————— m----------------------- 1

it is a microfibration (this is not true for € since points intersecting
a wall can suddenly appear at infinity) and its fibers are weakly
contractible by a similar argument as in Section 32.3.2. O

In fact, it is possible to give maps C(RF x IN=F) — QC(RF1 x

N ’k’l) that are homotopic to those in Proposition 34.2.5 but com-

patible with the inclusions RN < RN*L. This map is given by
identifying the domain of () with [—oo, 0] and defining its adjoint
[—o00,00] x C(IRF x IN=F) — C(RFH! x [N=F=1) by

(5,X) = (X+5- exs1).
Thus we get a sequence of weak equivalences
C(R x IN71) = QC(R? x IN72) = ... = QN7IC(RY),

and C(RN) was identified with SN in the previous lecture by a
scanning argument. Using Proposition 32.3.2, we thus conclude that

QBCob(0,N) ~ QNsN.

Since the maps are compatible with the inclusion RN — RN*1, we
get commutative diagrams

~

QBCob(0,N) —=—— QNsN

| !

QBCob(0,N 4+ 1) —— QN+IgN+1
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where the right vertical arrow is the Freudenthal suspension map.
Recalling the notation Q8% = O®S = colimy_,QVSN, we conclude
that

QBCob(0) ~ QS°.

Combined with conclusion that QQBCob(0) ~ K(FinSet, ) of last
time, this implies the Barratt-Priddy-Quillen-Segal theorem:

Corollary 32.4.3 (Barratt-Priddy-Quillen-Segal). We have that K(FinSet ) ~
Qs°.

32.5 Application to stable homotopy groups of spheres

One can use the Barratt-Priddy-Quillen-Segal theorem to deduce
some properties of the stable homotopy groups of spheres.

Bounds on torsion

Recall the homological stability result that H,(B&,) = H,(QyS°)
for * < n/2. Since &, is a finite group and hence has homology
groups which are finite in degree (e.g. using Lemma 32.5.2 below),
this implies that the homology of QoS" is finite in each degree. Since
Q0S? is a homotopy-commutative H-space, the action of 7y on its
higher homotopy groups is trivial and by an induction over the
Postnikov tower, one may recover a theorem of Serre:

Corollary 32.5.1 (Serre). 71;(S) is finite for i > 0.
One can better using the following basic lemma:
Lemma 32.5.2. If G has order n, then H;(BG) is annihilated by n for i > 0.

Proof. Take the n-fold covering space r: EG — BG, then the composi-
tion of 77, and the transfer tr: H;(BG) — H;(EG) is given by multipli-
cation with n. But this factors over the trivial group H;(EG). O

Since the order of G, is n!, this shows that no p-torsion can occur
until n > p. This means that H,(QS°) contains no p-torsion for
* < g. By a Serre class argument one may show:

Corollary 32.5.3. 71;(S) contains no p-torsion for i < k.

This is not optimal as the first odd p-torsion shows up ini = 2p — 3,
a result again due to Serre.
Homology spheres

There is an interesting method to construct elements of the stable
homotopy groups of spheres using homology spheres with finite
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fundamental group: i-dimensional manifolds % such that H.(X) =
H,(S") and 711 (X) finite.

Such homology spheres have universal cover S, which is classified
by a map X — BG&y with N the order of 71 (X). We want to map
BG&,s to K(FinSet, ), and to do so we use another construction of
K-theory, the +-construction. This construction takes a path-connected
space X and produces a map X — X+ which is a homology isomor-
phism with all local coefficients and surjective on 71 with kernel the
maximal perfect subgroup of 7r1(X). It is functorial up to homotopy
and Quillen proved that (BS«)* =~ QpS°, where G = colimy 0 &y.
Applying this to ¥ — B&y we get

2t = (B6N)T = (BSw) T ~ Q0S°,

and since ©* has the same homology as S’ but is simply-connected, it
has to be weakly equivalent to S'. Thus we have produced an element
of 7'[1‘(8).

Example 32.5.4. The classical example of a homology sphere is

the Poincaré homology sphere P, given by taking the quotient of
SU(2) = S3 by the binary icosahedral group 2 - I, which has 120
elements. It gives us an element of 713(5), but which element is it?

By construction PT — (BS1p0)" factors over (B2 - I)". Since the
map P — B2 - is 3-connected and the map S® — P is multiplication
by 120 on top degree, we conclude that H;(B2-1) = Hy(B2-1) =
0 and H3(B2 - 1) = Z/120Z (and its periodic after that). By the
Hurewicz theorem 713(B2 - I)* = Z/120Z. This means that the
element obtained is at least 120-torsion (note the map 73(P*) —
m3((B2 - I)™) is surjective).

There is a homomorphism Z/3Z — 2 - I, by including an or-
der 3 rotation in the binary tetrahedral group 2 - T and including
that into 2 - I. By construction, upon mapping to &1y, this gives a
subgroup conjugate to Z/3Z — &3 — &ip. Since Z /37 is the
3-Sylow of &3, H.(BZ/3Z;Z3)) = H.(B&3;Z3)) and since the
map H,(B&3;Z3)) — H*(QOSO;Z(3)) is split injective, we con-
clude that H3(P*) — H3(QoS%) hits a Z/3Z-summand. Since
m(8) & m(8) & Z/27Z, this means that there must be a Z/3Z
in 713(S) (note this verifies for p = 3 the claim that the first odd
p-torsion in the stable homotopy group of spheres shows up in
i=2p-—3).

In fact, it is known that 713(S) = Z/247Z. The above argument
shows the elements in this group produced from P is non-trivial and
generates a subgroup of order at least 3. I would not be surprised
if the element in 713(S) is a generator, but it is harder construct 2-
torsion in 713(S) through homology because 71 (S) and 715(S) start
interfering.
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33

Homological stability for diffeomorphism of W1’

We shall now prove the results of the previous two lectures for the
high-dimensional manifolds W, 1 := #¢(S" x §") \ int(D?"). Homolog-
ical stability for the diffeomorphism groups of these manifolds is a
result of Galatius and Randal-Williams [GRW18]. We shall prove this
up to proving the connectivity of a certain simplicial complex related
to the algebra of quadratic forms. Assuming this result, we explain
how to lift the high-connectivity of this complex to the connectivity
of semi-simplicial space of thickened cores, and use this to deduce
homological stability.

33.1  Homological stability

As mentioned in the introduction, we are interested in the manifolds
Wq,1 = #(S" x S") \ int(D?"). These are high-dimensional analogues
of genus g surfaces. We shall take n > 3, so that the dimension is

2n > 6 and the Whitney trick can be used, in contrast to n = 1 where
special low-dimensional techniques apply and n = 2 where nothing
is known.

Removing two disks from 5" x S§", we obtain a manifold W 5,
which we may glue to W, along one of its boundary components
to obtain Wg1,1. We can extend a diffeomorphism of W, 1 fixing
the boundary pointwise over Wj » by the identity, resulting in a
homomorphism

lefa (Wg,l ) — lefa (Wg+1’1 )
which induces a stabilization map on classifying spaces
(o BDiffa (Wg,l) — BDiffa (Wg+1,1 )

Theorem 33.1.1 (Galatius-Randal-Williams). For n > 3, the relative
homology groups H.(BDiffy(Wq1,1), BDiffy(W, 1)) of the stabilization
map vanish for x < %

Takeaways:
- The diffeomorphism groups of W,

exhibit homological stability.

- Constructing a Wy 1 in a W,

amount to finding a hyperbolic sum-
mand in the middle-dimensional
homology, considered as a (—1)"-
quadratic module.

+ The simplicial complex of such

hyperbolic summands is highly-
connected. This may be lifted to
a discrete version of the semi-
simplicial space, and then use the
weakly Cohen-Macauleyness to
deduce that the semi-simplicial
space is highly-connected as well.

+ The Quillen argument goes through

as expected, with a few changes in
low degrees due to the action not
being transitive.
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Remark 33.1.2. A similar statement is true for n = 1, i.e. Wy a genus
g surface with one boundary component, though the range is better.
This is a result due to Harer [Har85], with improvements by Ivanov,
Boldsen and Randal-Williams. See [Wah13] for a survey. Though it
is also based on Quillen’s argument, the connectivity of the relevant
semi-simplicial set is proved in quite a different manner than in the
high-dimensional case.

Remark 33.1.3. A similar result is true when studying N#W,; for N
a 1-connected manifold or even N with 711 (N) polycyclic-by-finite. It
is also true with tangential structure, and for homeomorphisms or
PL-homeomorphisms.

33.2 Thickened cores

Producing thickened cores

The manifold Wy ; can be build, up to smoothing corners, by plumb-
ing together two cores; take two cores D" x S" and once we pick

D" C S", identify D" x D" in the first copy of D" x S" with the

D" x D" in the second copy of D" x §" using the diffeomorphism
(x,y) = (y,x) of D" x D". Then W can be made by taking a g-fold
boundary connected sum of Wy ;:

W1 = Wiy

Undoing stabilization amounts to picking an embedded copy of a
Wi,1 in Wg 1 whose complement is diffeomorphic to W,_1 1 and such
that a disk D?"~1 in oW1 = $21=1 s in 9W = $2"~1. To achieve this
goal, we shall first study the problem of finding an embedded W ;
in a (n — 1)-connected 2n-dimensional manifold W with boundary
oW = S?'~1. That is, we leave the connection to the boundary and
the complement for later.

We claim it suffices to find two embedded S$"’s in W, denoted ¢
and f, with trivial normal bundle and intersecting once transversally
in a single point p. The transversality implies that there exists a chart
¢: W D U — R?" such that ¢(p) = 0, plen U) = R" x {0} and
¢(fNU) = {0} x R". Pick a trivialization of both normal bundles at p,
ve Zex R", vp = f x R". Using a Riemannian metric that is standard
near 0 in ¢-coordinates we get tubular neighborhoods E and F of e
and f with the following properties: they are diffeomorphic to e x D"
and f x D", and furthermore, we have that $(ENU) = R" x D" and
$(FNU) = D" x R". This gives an identification of E U F with the
plumbing Wi ;.
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The algebra of thickened cores

We shall now discuss how to use the Whitney trick to build a thick-
ened core from algebraic data.

Pick an orientation on W, so that the intersection product is well-
defined. Note that e and f represent homology classes [e], [f] in
H, (W) satisfying [e] - [f] = 1. We can extract more algebraic data out
of E and F, which are in particular immersions S” x D" & W. The
set I (W) of regular homotopy classes of such framed immersions
has additional functions defined on it. Taking signed intersections of
transverse representatives gives a map

A (W) @ IF(W) — H, (W) @ Hy (W) — Z
and taking signed transverse self-intersections gives a map

Z if n is even,

CITw) —
pe (W) Z/27 if nis odd.

Note that taking signed self-intersections requires a choice of
ordering of the self-intersection points. Changing the order can
change the sign by (—1)"", and to remove the ambiguity we need
to take the quotient by 2Z when 7 is odd. A path of immersions
is called a reqular homotopy and a generic regular homotopy is a
composition of ambient isotopies, Whitney moves or inverse Whitney
moves (see Section 1.6 of [FQgo]). This implies that y is well-defined,
as self-intersections always appear in pairs, of opposite orientation is
n is even.

Using the Whitney trick and the fact that W is simply-connected
of dimension 2n > 6, one may show that if ji(¢) = 0 then [e] may be
represented by an embedded framed n-sphere e. If we have another
class [f] with u(f) = 0 and A(e, f) = 1, then by the Whitney trick we
can find second embedded framed n-sphere f which intersects e once
transversally in a single point. Then we can produce a thickened core
as in Section 33.2.

To better study the maps A and u, we need to replace the set
Iff(W) by an abelian group. We define the abelian group structure
by taking connected sum, but to get this to be well-defined we need
to identify the framings near a point in the core of each of the two
immersions. To do so, fix a basepoint by in Fr(W), and let Zff (W) be
the set of regular homotopy classes of a: S” x D" &= W with a path
in Fr(W) from a|pnpn to by. This gives Zff (W) the structure of an
abelian group. Alternatively, one may use Smale-Hirsch to identify it
with a homotopy group 7, (Bun(TS" x D", TW)).

Wall identified the algebraic structure on (Zf(W), A, 1) (the
simply-connected case of Theorem 5.2 of [Walgo]).

Example 33.2.1. When W = R?, so

n = 1, then Iff(R?) may be identified
with the set Z/2Z x Z. The Z/27Z
records whether the immersion is
orientation preserving, while the

Z records “twisting”. This may be
proven by the classification of generic
regular homotopies or by noting that
Smale-Hirsch identifies I (R?) with
the set of free homotopy classes of
maps of S! into the frame bundle
Fr(TR?) = R? x O(2) [Smas9a]. Note
that while A vanishes identically, i does
not.

Example 33.2.2. In the case W = R?,
we have that ZiT(R?) = Z as an abelian
group. Using Smale-Hirsch, which
identifies Z!T(R?) with

More generally Zff (R?") 2 71,(O(2n))
and 7' (W) = 7, (Fr(TW)), and the
group structure given by connected
sum coincides with the group structure
on the homotopy groups.
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Definition 33.2.3. For € = =£1, an e-quadratic module is an abelian
group A with a bilinear map

AMARA—-Z

such that A(x,y) = eA(y, x), and amap pu: A — Z/(1 — €)Z such that
(i) fora € Z and x € A we have u(a-x) = a’u(x),
(ii) forx,y € Awehave u(x+y)—pu(x)—puly) = A(x,y) (mod (1 —
€)Z).

Example 33.2.4. The hyperbolic e-quadratic module is uniquely
defined by H = Z{e, f} with A(e,e) = A(f,f) =0, A(e, f) = 1, and

ple) = u(f) = 0.
Example 33.2.5. Let us compute
Lemma 33.2.6. We have that (Z(W), A, ) is an (—1)"-quadratic module. Zft(Wy1). As Wiy admits a framing,
by Smale-Hirsch, the frame bundle
Sketch of proof. The linearity of A in each entry follows form the fact Fr(TW,1) is homotopy equivalent to

Wi x O(2n). Thus we conclude that

that we can always take the tubes along which we take connected Iy (Wi,1) is isomorphic as an abelian

sums disjoint. For the symmetry, we use that the linear isomorphism group to

of R" x R" given by (x,y) — (y,x) preserves orientation if # is 7Ta(Wiy x O(21)) & Z{e, f} & 11, (O(21)).
even and reverses orientation when # is odd. This means that upon The standard embeddings D" x §", S x
switching the two immersions in A, we have the same intersection D" < W correspond to (e,0) and

(f,0). Thus we get an embedding

. . H — ZIff(Wy1) of (—1)"-quadratic

if n is odd. modules which is not far from being an
The second condition on u follows by noting that the self-intersections  isomorphism.

of x#y are given by the self-intersections of x, the self intersections of

points, with the same orientation if 7 is even and opposite orientation

y and the intersections of x with y (see Figure 33.1). For the first con-
dition, we note that a - x is represented by taking a normal bundle and
creating a parallel copies x1, ..., x,; of x, connected by tubes we can

ignore. For each self-intersection of x, each x; will intersect itself and
the other x; once with the same sign as the self-intersection, and this
thus contributes a? the amount of the original self-intersection. O

Figure 33.1: On the left hand side we
have the connected sum of the two
immersions on the right hand side. Its
self-intersections are the union of the
self-intersections of both immersions,
together with their intersections.

Thus we have reduced the task of finding thickened cores in W to
finding hyperbolic submodules in (Zff (W), A, u).
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The simplicial complex of hyperbolic summands

Most naturally Kflg(W) is not a semi-simplicial set, but a simplicial
complex. A simplicial complex X has a set of vertices and for each

p > 1 a set of p-simplices, consisting of unordered (p + 1)-tuples in
VP*1 and closed under taking subsets. By picking an arbitrary order-
ing of the vertices, this can be made into a semi-simplicial set and
hence has a thick geometric realization, which up to homeomorphism
is independent of the choice of ordering.

Definition 33.2.7. Let A be an e-quadratic module. Then the sim-
plicial complex Kilg(A) has vertices given by inclusions H < A of
summands. A (p 4 1)-tuples {Hy,...,H,} forms a p-simplex if all H;
are mutually orthogonal.

For later arguments it shall be important that not only that K3'® (A)
is highly-connected, so are links of simplices. The link Linkx (c') of a
p-simplex ¢ in a simplicial complex X, is the simplicial subcomplex
with g-simplices given by those T such that TN = gand TUcr isa
(p+q—1)-simplex of X.

Definition 33.2.8. A simplicial complex X, is weakly Cohen-Macauley of
dimension > n if || Xe|| is (n — 1)-connected and for each p-simplex o,
||Linkx (c)|| is (n — p — 2)-connected.

Remark 33.2.9. It is instructive to compare this definition to the char-
acterization of PL-manifolds of dimension 7 in terms of simplicial
complexes; a simplicial complex is a PL manifold of dimension # if
the link of each p-simplex is PL (n — p — 1)-sphere.

The following is proven by an argument similar to what we used
to show that semi-simplicial set I, (1) of injective words was highly-
connected, by comparing Kilg(A) and Kflg(A @ H).

Theorem 33.2.10 (Galatius-Randal-Williams). Suppose that there exists
an embedding of g orthogonal copies of H into an e-quadratic module A,
then Kflg(A) is weakly Cohen-Macauley of dimension < g2;2

33.3 Semi-simplicial spaces of thickened cores

As before, let W be a (n — 1)-connected 2n-dimensional manifold with
boundary given by 9W =2 52”1 We shall define a semi-simplicial
space Ko (W) on whose thick geometric realization Diffy (W) will
eventually act. As a step towards proving that the relevant semi-
simplicial space Ko (W) is highly-connected, we also consider a

discretized version K§(W).

269
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Definition 33.3.1. Fix an embedding D**~! x {1} < 9W;; which
avoids S" x {0} and {0} x S". Let T; ; be the manifold with corners
Wi 1 U D1 x [0,1], the thickened core.

Pick once and for all an embedded smooth path 7 from {0} x
{1} € D*"7! x {1} to §" x {0} avoiding (S" x {0}) U ({0} x S")U
({0} x [0,1]). Then

Crp = (8" x {0}) U ({0} x §") U ({0} x [0,1]) Uy
is its core. See Figure 33.2.

Note that there exists a deformation retraction H: T;; x [0,1] —
T; 1 onto C11 which is an embedding for times t < 1, and that up to
smoothing corners Tj ; is diffeomorphic to W ;.

Fix a boundary collar chart R?*~! x [0,00) < W. An admissible
embedding of T1 1 into W is an embedding ¢: T1; <+ W such that
there exists an € > 0 and a,b > 0 such that ¢[ 2.1, o is given with
respect to the boundary collar coordinates by (x,t) — (ax +b-eq,t).

Definition 33.3.2. The semi-simplicial space Ko(W) has p-simplices
given by
K, (W) C Emb(Ty,, W)P*!

of ordered (p + 1)-tuples (¢, . ..,¢,) of admissible embeddings, such
that ¢;(C1,1) N ¢;(C1,1) = @ ifi # jand b; < b; if i < j. The ith face
map d; forgets ¢;.

Some remarks about this semi-simplicial space: the images of the
¢; need not be disjoint, only their cores. A priori (¢y,...,¢p) has two
orderings; the one from its definition as an ordered (p + 1)-tuple and
the other coming from the order in which their cores are attached
along the line R x {0} C R?"~! x [0,0). We have demanded that
these orderings coincide. In particular, (¢, ..., ¢,) may be recovered
from the unordered set {¢yo, ..., ¢p}.

We then define the semi-simplicial set K (W) by forgetting the
topology on the embedding spaces.

33.4 Ke(W) is highly-connected

To prove that K§(W) is highly-connected, we compare it to the
simplicial complex K3'® (Zfr(W)) of hyperbolic summands in the
e-quadratic module (Zff(W), A, u) for e = (—1)".

From hyperbolic summands to discrete embeddings

Recall that a p-simplex of K‘;(W) is an ordered (p+1)-tuple (¢o, ..., ¢p)
of embeddings of thickened cores. These must have disjoint cores,

D

Ci1

Figure 33.2: The thickened core T;; and
its core Cy 1, in the case n = 1.
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and their order coincides with the order in which they are attached to
the boundary. Thus we can recover the order from the set {¢o, ..., ¢},
and we may regard K3 (W) as a simplicial complex without changing
the homeomorphism type of its thick geometric realization.

Recall that if A is an e-quadratic module, then the simplicial
complex Kilg(A) has vertices given by inclusions H — A of sum-
mands. A (p + 1)-tuples {Hy, ..., Hp} forms a p-simplex if all H;
are mutually orthogonal. We saw last lecture that (Zff (W), A, i)
is an (—1)"-quadratic module, after we pick a basepoint framing
b € Emb(D" x D", W) ~ Fr(TW). We pick the one coming from the
boundary collar chart.

There is a simplicial map

T.: K3(W) — K38(Zf (W)

sending ¢ to the hyperbolic summand spanned by the classes of
Plsnx 0y and @1y sn- The path of framings to the base point is
induced by moving the disk to which we restrict along Wy ; and
D?"=1 x [0,1] to the boundary collar chart. It is easy to see that
embeddings with disjoint cores gives orthogonal summands, as we
may compute A geometrically by counting intersection points with
sign.

Lemma 33.4.1. The map T is surjective on vertices, up to changing the
null-homotopies of framings.

Sketch of proof. By the discussion in the previous lecture, from each
hyperbolic summand we may produce an embedded copy of W 1
whose spheres represent ¢, f € H except for the path of framings
(which we shall ignore per the statement of the lemma). It remains to
attach Wy ; to the boundary via a “tether” D**~! x [0,1] and produce
the path of framings. Pick any smooth path # from {0} x {1} € W,
to the boundary collar chart. Generically it is embedded and avoids
(S" x {0}) U ({0} x S™) U1, so by shrinking W; ; we may assume

it is disjoint from it. Thicken it by taking a tubular neighborhood,
taking care to make it attach to W ; and the boundary collar chart
correctly (as in the definition of an admissible embedding) by picking
an appropriate Riemannian metric to use in the exponentiation. It
may be the case that the framings lie in different path components,
but then just change the orientations. O

Using this we prove the following lemma. We remark that a sim-
ilar arguments works for links of simplices of K (W), a generality
which we shall use later, but we shall not give the proof in this gener-
ality for the sake of keeping the notation understandable.
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Lemma 33.4.2. Given a commutative diagram

§h ——— [[KSW)]]

j lHI.H (33.1)

DIt — [|K3B(ZE (W)

we may produce a map D' — ||K§(W)|| whose restriction to the bound-
ary is homotopic to the top horizontal map.

Note we do not claim this map is a lift. This is consequence of
possible getting the framings wrong in Lemma 33.4.1. The follow-
ing argument is a standard argument in the homotopy theory of
simplicial complexes called a lifting argument.

Sketch of proof. By simplicial approximation there exists a pair sim-
plicial complexes (K, Lo ) with (||Ke||,||Le||) = (D'*1,5") and a
commutative diagram of simplicial maps

Lo —L 5 K(W)
J =
Ko — KS8(ZE(W))
which upon geometric realization is homotopic to (33.1) through
commutative diagrams.

Let us now for convenience assume that for all vertices in the
image of f, the cores are transverse. This assumption is unnecessary,
since one always arrange it to be true by an initial homotopy (using
the weakly Cohen-Macauleyness), but we shall skip this step for ease
of exposition.

We then try to produce a lift of F one vertex at a time. We shall
fail to produce to the right null-homotopies of framings, but the
statement allows us to ignore this. Pick an enumeration ki, ..., ky
of the vertices in K, \ L, i.e. in the interior of Di*1, and suppose we
have produced a lift of the first M of these, ki, ..., kp;. We shall also
suppose these lifts represent the same summand of H, (W) (i.e. are
the same up to framings), and that all cores are transverse to each
other and the cores of the vertices in the image of L, under f.

For the next vertex kj;;1, we can use Lemma 33.4.1 to pick a lift.
By a small perturbation we can make it transverse to the cores of
the k; for i < M and of the vertices in the image of L. under f. This
may be done one core at a time using the fact that transversality is
an open condition. Note the hyperbolic summand F(kp1) is or-
thogonal to that of F(k;) for all k; in Linkg (kps+1), using the fact that
orthogonality only depends on its image in H, (W). This means that
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we can use Whitney tricks to make its core disjoint from the cores of
those k;, one core at a time. This requires that all cores are transverse;
to guarantee that doing a Whitney trick does not create new intersec-
tions requires us to find Whitney tricks disjoint from the other cores.
This might be impossible if cores intersect non-transversally, e.g. if
intersections separate on a core the two intersection points we are
trying to cancel. This completes the induction step. O

If W contain g disjoint copies of W 1, then ZIf(W) contains g
orthogonal copies of H. Using the fact that Kflg(W) is then £ 52—
connected, the previous lemma implies the following corollary:

Corollary 33.4.3. Suppose that there exists an embedding of g disjoint
copies of Wy 1 into W, then K3(W) is weakly Cohen-Macauley of dimension
< 82

—= 2

In particular, this implies that for %2 —p —2 > —1 the complement
of the cores of a (p + 1)-tuple of admissible embeddings still admits
an embedding of another W ; into it, as the link is non-empty.

From discrete embeddings to topologized embeddings

Now that we have established a connectivity result for K (W), we
shall leverage it to prove a connectivity result for Ko (W). This is
done by comparing discrete and topologized embeddings through a
bi-semi-simplicial space.

Definition 33.4.4. Let Koo (W) be the bi-semi-simplicial space with
(p,q)-simplices given by ordered (p + g + 2)-tuples of (¢o, - .., Ppiq+2)
of admissible embeddings with disjoint cores and compatible order-
ing at the boundary (i.e. forming a p-simplex in Kf’ g+l (W)), where
the first p + 1 are topologized and the last 4 + 1 are discrete. That is,

Kp,4(W) is topologized as a subspace of K, (W) x Kg(W).
There are two augmentations

€: Keo(W) = Ko (W)

5: Kao(W) = KS(W)
given by either forgetting the last g + 1 or first p + 1 admissible
embeddings. There is also an inclusion map :: K{(W) — K¢(W). By
moving the discrete embedding into the topologized embeddings,
one proves that the following diagram is homotopy-commutative

[[Ke e (W)[| —— [[Ke(W)]|

’

il

[IKe(W)]
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so that the map € factors over a highly-connected space. In particular,

if there exists an embedding of g disjoint copies of Wj 1 into W,
the bottom space is & ;4 -connected. Thus if we can show that € is

(% — 1)-connected, then we can conclude that ||Ke(W)]|| is & ;4—

connected as well. For this it suffices to prove that the map on p-
simplices is (% — p — 1)-connected, using the following lemma used
in Lecture 28:

Lemma 33.4.5. A levelwise weak equivalence of semi-simplicial spaces
induces a weak equivalence upon geometric realization. More generally, a
semi-simplicial map that is (n — p)-connected on p-simplices induces a
n-connected map upon geometric realization.

Since disjointness of cores is an open condition, the map
ep: [llg] = Kpg(W)I| = Kp(W)

is a Serre microfibration. The fiber of € over a p-simplex (¢, ..., ¢p) €
K,(W) is weakly equivalent to the semi-simplicial set of discrete ad-
missible embeddings whose cores avoid those of the ¢;. By an argu-
ment as before, this is still gfzﬁ—connected, and g}ﬁ > % —-p—1
A generalization of Weiss” lemma, Proposition 2.6 of [GRW18], says
that:

Lemma 33.4.6. A Serre microfibration f: E — B with (n — 1)-connected
fibers is n-connected.

We conclude from this:

Corollary 33.4.7. Suppose that there exists an embedding of g disjoint
copies of Wy 1 into W, then K (W) is %—connected.

33.5 Quillen’s arqument

As announced in the previous lecture, we shall now attempt to run
Quillen’s argument again. The proof shall be analogous but not iden-
tical to that for symmetric groups. We start by considering the action
of Diffy(W, 1) on the geometric realization of the semi-simplicial
space Ke(W, 1). To directly copy the argument for symmetric groups,
we would like that

(1) Diffy(W, 1) acts transitively on K,(Wg,1) and the stabilizer of a

p-simplex is isomorphic to Diffy (W, _1,1).
(2) All face maps are homotopic to o.
(3) ||Ke(W)]] is gf—connected.
We have already established (3) in Corollary 33.4.7, but (1) and (2)

are not true. However, the failures of (1) and (2) will not be hard to
overcome.
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The failure of (1) and (2)

For (1), we firstly note that transitivity fails simply because cores
can be attached along different parts of the boundary and the action
Diffy(Wg,1) fixes the boundary of W, 1 so can not map these to each
other. However, K,(Wg 1) clearly deformation retracts onto the sub-
space Kj,(Wg 1) of (p + 1)-simplices with ith thickened core attached
along (x,t) — (1/3-x+ (i+1)-ey,t).

This does not address all problems: transitivity fails because
the thickened cores are not disjoint, only the cores. But we may
similarly by shrinking the thickened cores onto their cores, produce a
deformation retraction of Kj,(W) onto the subspace Ky (W) where the
thickened cores are disjoint.

The final obstruction is that it is not clear that the complement of
a (p + 1)-simplex is diffeomorphic to W,_,,_1 1. We shall prove this
using the path-connectedness of ||Ke(W, 1)|| for g sufficiently large.

Lemma 33.5.1. Let eg,e1: T1y < Wg1 be admissible embeddings that
g > 4. Then there is a diffeomorphism f of W 1 such that ey = f oeg and f
is isotopic to the identity on oW, 1

Proof. If eg and e; are disjoint, the union of their images together
with a little strip near the boundary is diffeomorphic to W1, and
one may construct the desired diffeomorphism by hand. If only their
cores are disjoint, we may shrink them onto the cores and note that
by isotopy extension it suffices to construct f for these embeddings.
For the general, we use that ||K (Wg,1)]| is path-connected. The
proof is then by induction over the number of vertices in a path of
1-simplex connecting ep and e, using the above argument for the
induction step. O

Corollary 33.5.2. Let eg,e1: T1,1 — Wg 1 be admissible embeddings that
g > 4. Then the complement of eq is diffeomorphic to the complement of ey.

Now we may check (2) using the preferred p-simplex given by a
(p + 1)-tuple of standard embeddings of Ty,; into Wy 1.

Finishing the proof
The previous paragraphs implies the following weaker versions of
(1)—(3) hold:
(1) For g—p Z 4, Kp(wg,l) //lefa(ngl) ~ BDiffE)(ngpfl,l)-
(2) For g —p > 4, the face maps d;: K,(Wg1) / Diffy(Wg1) —
K,—1(Wq,1) // Diffy(Wg,1) are homotopic to 0.
(3) ||Ke(W)]] is gg4—connected.
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The spectral sequence argument will then go as for symmetric
groups, with an offset in the range to accommodate for the offsets.
This proves Theorem 33.1.1:

Theorem 33.5.3 (Galatius-Randal-Williams). For n > 3, the relative
homology groups H.(BDiffy(Wgy1,1), BDiffy(Wy 1)) of the stabilization
map vanish for x < 551,



34

The homotopy type of the cobordism category

In the previous lecture we proved homological stability for BDiffy (W, 1).

Today we start with the computation of the stable homology. The first
step is computing the homotopy type of the cobordism category

of d-dimensional manifolds, analogous to the proof of the Barratt-
Priddy-Quillen-Segal theorem. This is the subject of this lecture. The
original reference is [GTMWog], but we shall follow [GRW10] and the
exposition in [Hat11].

34.1  Compact open spaces of submanifolds

We shall start by defining the analogue of the spaces C(U) of compact-
open configuration spaces. To do so, we first define spaces of sub-
manifolds analogous to ordinary configuration spaces and compute
their homotopy type. We then describe how to define its “compact-
open variation” ¥;(U) for U C RN and compute the homotopy type
of Td (IRN) .

Spaces of submanifolds

Fix a compact d-dimensional manifold M, with empty boundary
for the sake of convenience of exposition. Let us consider the space
Emb(M, RN) of embeddings M — RN in the C*®-topology. This has
a continuous action of Diff(M) by precomposition.

Lemma 34.1.1. The space Emb(M,RN) is (N /2 — d — 2)-connected.

Proof. Given a map H: K — C®(M,RN), we use h for the associated
map K x M — K x RN and 7 for the associated map K x M — RN, i.e.
h=moh.

Consider a map F: S' — Emb(M, RN) and its associated map
f: 8" x M — RV, then we may extend it to a map §: DI*! x M —
RY, as RV is contractible. Since the embeddings are open in all

Takeaways:
- One can define right compact-open

spaces of submanifolds using the
existence of tubular neighborhoods,
and then the proof of Barratt-Priddy-
Quillen-Segal goes through without
any real modification.

- The result is that BCob(d) =~

Q°~IMTO(d), with MTO(d) the
Thom spectrum of —y over BO(d).
This generalizes to other tangential
structures.
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smooth maps, for all ¢ in an e-neighborhood of S' in D'*!, the map
g(t,—): M — RY is an embedding.

Now may make the restriction of § to By_./4(0) C R*! generic,
the result we again denote by §. We may do this an perturbation
that is small enough such that for t € By _./4(0) \ B;_¢/2(0), linear
interpolation between f(t, —) and §(t, —) is through embeddings,
again using the fact that embeddings are open in all smooth maps.
We then let i: Di*1 x M — RN be defined by

f(t,m) ifl—e/4<||t|]| <1

i _ ) 1—e/2—-||t]] ¢ 1—€/2—||t||\ » .

h(t,m) = o flm)+ (11— —gr)g(tm) ifl—e/2<|[t]|<1—€/4
g(t,m) otherwise

A generic map D! x M — RN is an embedding if 2(d +
i+1) < N,ie.i < N/2—m — 2, which implies that the map
H: D! — C®(M,RY) lands in the subspace of embeddings; on
B1(0) \ B1_¢/2(0) it is an embedding by our condition on the small-
ness of the perturbation, and on B;_.,,(0) it is because the map
Bi_¢/2(0) x M — By_¢/2(0) x RN — RN is an embedding. Since H
extends F, this concludes the proof. O

We claim that this makes Emb(M, RY)/Diff(M) an approximation
for BDiff(M), and in particular

colimy_,,Emb (M, RN) /Diff(M) ~ BDiff(M).

Note that the space Emb(M, RN) /Diff(M) has points given by a
(unparametrized) submanifolds W C RN that are diffeomorphic to
M, justifying the slogan “a model for BDiff(M) is given by the space
of submanifolds of R diffeomorphic to M.”

To prove the claim, we need to verify that

7: Emb(M, RYN) — Emb(M, RY) /Diff( M)

is a principal Diff (M )-bundle. As the action is free, it suffices to show
the existence of local sections (as these then give local trivializations).
That is, given a submanifold W € Emb(M, RYN)/Diff(M) we need to
find an open subset U of Emb(M, RN)/Diff(M) containing W and a
map s: U — Emb(M, RN) so that 7t 0 s = idy;. This follows from the
existence of tubular neighborhoods. Pick an embedding ¢o: M —
RN whose image is W and a tubular neighborhood ®q: vy —

RN extending ¢, so that we have a map po: ®o(vy) — W. Let

U be the subset of W' C RN such that W' C ®((v);) and the map
polw : W' — W is a smooth submersion. This is open and the section
s: U — Emb(M,RV) is given by sending W’ to the embedding
@w: M — RN given by sending m € M to po|,yi (@o(m)).
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Compact-open spaces of submanifolds

We want consider submanifolds that are able to disappear partially at
infinity, like how a single particle in a configuration was allowed to
disappear in C(RN). Our only option to allow their diffeomorphism
types to change, and hence we might as well take all submanifolds.

Definition 34.1.2. Let ¥;(RY) denote the set of closed subsets
W C RN that are smooth d-dimensional submanifolds, i.e. locally
diffeomorphic to the pair (RN, R%).

We next define the topology on this set, following Section 2 of
[GRW1o0]. This is done in three steps:

(1) Using a tubular neighborhood @: vy — RN of W € ¥,4(RN),
let I'.(vyy) denote the space of compactly supported smooth
sections and T'¢(vyy) — ¥4(RN) as the graph of the section, in-
terpreted as a subspace of RN using ®. As a first approximation,
topologize ¥4 (IRN) so that these are homeomorphisms onto
open subsets. This is denoted ¥, (RN ).

(2) For N C RN, let ¥;(RN, RN \ N) be the quotient space of
Y ;(RN)< by the equivalence relation where W ~ W' if and only
if WAN =W nNN.

(3) Let ¥4(RN) be the colimit of ¥4(RN, RN \ B,(0)) as n — co.

Example 34.1.3. When d = 0, we have that ¥o(IR") is homeomorphic
to the space C(IRV) of compact-open configurations that we used in
the proof of the Barratt-Priddy-Quillen-Segal theorem. This follows
from the fact that (1) produces standard open neighborhoods in the
configuration space, and (2) & (3) mirror the construction of C(RN).

For U C RY open, let us denote by ¥,(U) the subspace of ¥;(IRN)
of those W such that W C U. We will occasionally consider ¥;(C)
for C closed for notational convenience, then by definition this is
¥, (int(C)).

There is an operation on 719(¥4(RF x IN=F)) given by juxtaposition:
(W, W) is sent to WU (W’ + ¢5,1) in ¥(RF x [0,2] x IN"k=1) and then
[0,2] is reparametrized to I. Indeed, this comes from the structure of
an algebra over the little (N — k)-cubes operad on ¥ (IRF x IN=K).

Lemma 34.1.4. For 0 < k < N, we have that to(¥4(R* x IN=%)) isa
group under juxtaposition.

Proof. For W € ¥4(RF x IN=F), Sard’s lemma says that the restriction
to W of : RF x IN-F — RF has a regular value. Without loss of
generality this the origin in R¥. By zooming in on the origin, we find
a path in ¥4 (RF x IN=K) from W to the product RF x W|y. We claim
that the juxtaposition of R* x W|y with itself admits a path to the

279



280 ALEXANDER KUPERS

empty manifold. To see this, note that there is a null-bordism V of
W|o U W/|o which is embeddable in IN~F*1. This provides a path from
RF x (W|o LU W]|p) to @ given by

Err (R x (=00, 8] x (Wlo UW]o)) U (RF x (Vi4-teeg)) . O

In fact, it is isomorphic to the group of (d — k)-dimensional mani-
folds in RN~F up to bordisms embedded in RN~ x I.

The homotopy type of ¥ 4(RN)

We shall compute ¥,;(IRYN) by the same lemma we used before:

Lemma 34.1.5. If Uy U Uy = X is an open cover of X by two subsets, then
the pushout
UpNnUu; —— Uy

| |

U — X
is also a homotopy pushout.

To phrase the outcome of the computation, we recall the notion of
a Thom space. Suppose we are given a vector bundle { over a base B,
i.e. an R¥-bundle p: E — B with transition functions in GL;(R). By
definition this is the associated bundle with fiber R of a principal
GL(R)-bundle Fr(¢). In fact, we may recover Fr(&) as the space
of maps R — E that are a linear map onto a fiber of p. Then the
Thom space of { is the pointed space given by taking the fiberwise
one-point compactification and collapsing the section at infinity to a
point.

Definition 34.1.6. We have that Th({) is given by Fr({) xqr, (r) Sk,
with GL,(R) acting on S by identification the latter with RF U {co},
and collapsing s« = Fr({) Xgp,(r) {0} to a point:

Th(Z) := (Fr(Z) Xgr,(r) S*)/5eo-

If we endow { with a Riemannian metric, this is homeomorphic
to the quotient D({)/S({) of the closed unit disk bundle by the unit
sphere bundle.

Let Gry(N) denote the Grassmannian of d-planes in RY. It carries
several vector bundles, the first of which is the canonical bundle
74(N). This is d-dimensional and has total space described by the
subspace of Gry(N) x RN consisting of (V,v) with v € V. We shall
instead by interested in 7} (N), the (N — d)-dimensional vector
bundle with total space described by the subspace of Gr;(N) x RN
consisting of (V,v) with v € V. Note that 7,4(N) ® v (N) is the
trivial N-dimensional bundle.
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Proposition 34.1.7. We have that ¥4(IRN) ~ Th(vy7 (N)).

Proof. We intend to cover ¥;(RN) by two open subsets Uy and Uy:

- Uy is the subspace of ¥;(RN) of W such that 0 ¢ W.

- Uy is the subspace of ¥;(IRN) of W such that there is a unique
point wp in W that is closest to 0.

- Uy N Uy is then the subspace of ¥;(RN) of W such that 0 ¢ W but
there is a unique point wyp in W that is closest to 0.

Unfortunately, U; as above is not open, so we replace it with the
following
- Uy is the subspace of ¥,;(IRN) of those W such that restriction

ot W of function x — ||x||? has a unique minimum, which is a

non-degenerate critical point.

Firstly, Up has a deformation retraction onto @ by pushing mani-
folds to infinity. Next, by first translating wy to 0 and then zooming
in on the origin (analogously to our proof that Emb(IR",R") ~ O(n)),
we see that U; ~ Gr,(N). Finally, by moving wy onto SN~ ¢ RN by
scaling and then zooming in on it, we see that Uy N U; is homotopy
equivalent to the space of affine d-planes in RN, whose closest point
to the origin lies in SN~!. This is the same as a point V € Gry(RN)
and a point in the unit sphere of the fiber of 7 (N) at V, i.e. the unit
sphere bundle S(7;(N)). By Lemma 34.1.5 we conclude that there is
a homotopy pushout

! |

S(77(N)) ———
Gry(N) —— ¥4(RN)

with the left vertical map the projection to the base.

To compute this, we may replace the left vertical map by the
cofibration S(7v7 (N)) — D(v;7(N)), where D(y;(N)) denotes the
closed unit disk bundle, and taking the actual pushout. This is given
by D(v; (N))/S(7v7 (N)), which we saw before is homeomorphic to
Thom(77 (N)). O

Example 34.1.8. When d = 0, we have that Gro(R") is given by the
Thom space of the orthogonal complement to the canonical bundle
over the space Gry(RY). This Grassmannian has a single point, and
77 (N) has N-dimensional fibers, so that Th(1(N)) = SV,

34.2  The d-dimensional cobordism category

We now define the d-dimensional cobordism category Cob(d, N).
Like Cob(0, N) this is a topological category, i.e. has spaces of objects

Here is a collection of embeddings R —
IR? which are not in U; but converge

to a point in Uj. Let 7: R — [0,1] be a
smooth function which is 0 on (—o0,0],
> 0 on (0,00) and strictly increases

to oo. Then take ¢;: R — RR? in radial
coordinates (r,6) as follows

er(x) = (7(x—t),x/(1+x2)) ifx>0,
ST (=2, x/(1+47)  ifx <.
This is at minimal radius 1 on the

interval [0, ], so fo t > 0 is not in Uy
but for t =0 is.
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and morphisms, and source, target and composition maps that are
continuous.

Let ¥4(R x IN~1) denote the subspace of ¥;(RN) consisting of W
contained in R x int(IN~1). Note these are not allowed to disappear
except at {400} x IN~1. For open U C R and W € ¥4(R x IN71) we
let W|; denote W N (U x IN~1). We also allow {t} C R, and then
W[t = WnN ({t} x IN71) € ¥,_;(int(IN~1)), the latter being the
subspace of ¥;_1(RN~1) of X contained in int(IN"1).

Definition 34.2.1. The d-dimensional cobordism category Cob(d, N)
is the topological category with space of objects given by R x
Y4 1(int(IN-1)) and space of morphisms given by the subspace
of R? x ¥;4(IRN) consisting of triples (t,/, W) such that t < #' and
there exists an € > 0 so that

W oo pre) = (RXWI)[ oo rse)s
W —e00) = (R X WIpr)| (11_¢,00)-

The source and target maps send (t,t/, W) to W|; and W|y re-
spectively. The identity at (t, X) is (¢,t,R x X). The composition of
(t,t',W) and (#,t’,W’) is given by (t,t", W") with W” the union of
W|(—oo,t’) and W/|[t’,oo)'

One should really think of the morphisms (¢, ', W) as being sub-
manifolds of [t, '] x int(IN~1), the above is just slightly more techni-
cally convenient (because otherwise the subspace of RV they live in
changes depending on ¢, t').

It is not clear that the simplicial space N,Cob(d, N) is proper. We
shall thus take BCob(d, N) to be its thick geometric realization.

We shall postpone the identifying its homotopy type in terms of
classifying of diffeomorphism groups until the next lecture. Instead
we shall prove the following theorem:

Theorem 34.2.2. We have that BCob(d,N) ~ QN~"1Th(v(N)).

These weak equivalences can be made natural in N (by an argu-
ment similar as for configurations, which we won’t give for the sake
of brevity), so that when we define Cob(d) := colimy_,«Cob(d, N),
we have that

BCob(d) = colimy QN "ITh(y7 (N)).

We can identify the latter as 3* of a Thom spectrum. This requires
us thinking of 'yjl- (N) has being related to the formal vector bundle
—74(N) over BO(d), as 1 (N) is not a vector bundle over BO(d).

By definition, the Thom spectrum M(—¢) of the virtual bundle —¢
of an ¢ that is n-dimensional over B is given as follows, supposing
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there exists a filtration B(N) of B such that ¢ has an N — n orthogonal
complement &3; (this is always possible up to weak equivalence).
The Nth space of M(—¢) is then given by Th(&y;), so that in this
convention, the Thom class is in degree —n. With this definition,
colimy_,QNTh(77 (N)) is the infinite loop space associated to
MTO(d), the Thom spectrum of —v over BO(d).

The following is the main result of [GTMWog].

Corollary 34.2.4 (Galatius-Madsen-Tillmann-Weiss). We have that
BCob(d) ~ Q®~IMTO(d).

Comparison to manifolds in cylinders
The first step shall be to compare BCob(d, N) to ¥;(R x IN~=1).

Proposition 34.2.5. There is a zigzag of weak equivalences

YR x IN71) < ... — BCob(d,N).

***** —~ O

to t1 tp
to<ti <thb €R

Proof. We shall build a semi-simplicial resolution X, of C(R x IN71).
Its space X, of p-simplices is given by

the subspace of ¥4 (IR x IN~1) x RP*! consisting of (W, t,...,t,) with
to < ... < tp such that W is transverse to the “walls” {t;} x IN~1,

See Figure 34.1. As before, the map
€ || Xe|| = Fg(R x IN71)

induced by the augmentation, is a microfibration with contractible
fibers. The former uses that transvesality is an open condition, the
latter that Sard’s lemma which says that for fixed W, the set {t |
{t} x IN"' i W} C R is dense.

To compare this to the nerve of Cob(d, N), we consider the semi-
simplicial subspace X of X, given by (W, t,..., ty) such that there
exists an € > 0 such that W|(; _c 1 1e) = (R X W|p,)|(1, e t,1¢)- See Fig-
ure 34.2. We may bend submanifolds straight by linear interpolation
to prove that the inclusion

X, — X

Remark 34.2.3. We leave to the
reader to convince themselves that
mo(BCob(d)) = 0;{1(*), the (d —1)st
unoriented bordism group. This may
also be deduced from Corollary 34.2.4
using elementary homotopy theory,
see Section 3 of [GTMWog], a fun but
non-trivial exercise.

Figure 34.1: A pointin X, ford =1,
N = 2, having 2 + 1 = 3 walls.
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Figure 34.2: A point in X} ford = 1,
N =2, having 2 4 1 = 3 walls, obtained

vy by deforming the point in X, of Figure
Lo’ \ 34.1 by linear interpolation near the

walls.

to ti tr
th <t <th eR

is a level-wise weak equivalence, and hence so is its thick geometric
realization.

Next we note that there is a semi-simplicial map X, — NoCob(d, N)
given by sending (W, fo,...,t,) to the p-tuple of morphisms obtained
by taking W/}, ;,,,) and extending in constant fashion to (—oo, t;) and
(tiy1,00). This forgets about the pieces W|(_q, ) and W] [t,,00), Which
are contractible pieces of data by pushing outwards to infinity. Thus
this semi-simplicial map is a levelwise weak equivalence, and hence
realizes to a weak equivalence,

We summarize by noting that we produced a zigzag of weak
equivalences

YR x IN71) <= [|X,|| <— [|XL|| — BCob(d,N). O

A delooping argument: easy case

Recall that ¥;(IR* x IN=K) denotes the subspace of ¥;(IRN) of W

contained in R¥ x int(IN~*). Now we repeat a version of the previous

argument to prove the following:

Proposition 34.2.6. For k > 0 and d < k + 1, there is a weak equivalence
Y (RF x INTF) ~ O, (RFF! x [N=F1),

Proof. We again give a semi-simplicial resolution of ¥;(R*1 x
IN=k=1) by a semi-Segal space X, such that X; ~ ¥, (RF x IN7F). As
before, X, has space X, of p-simplices given by

the subspace of ¥;(RF1 x [N=k=1) x RP*+! consisting of (W, t, ..., t,)

with fg < ... < t, such that W is disjoint from the “walls” R¥ x {t;} x
N—k-1

This is clearly a semi-Segal space with the desired X; (which is
group-like by Lemma 34.1.4) by pushing the submanifolds in RF x
(—oo,tg) x IN"F=1 and RF x (tp,0) x IN=k=1 out to infinity.

There is a canonical map €: || X|| — ¥4(RFHT x IN=F=1) but
to prove it is a weak equivalence, we use an additional augmented
semi-simplicial space Xj,. It has space X; of p-simplices given by
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the subspace of ¥;(IRF+1 x [N=k=1) x RPF1 x (RK)P+1 consisting of
(W, to, ..., tp,Yo,...,yp) With tg < ... < t, such that W is disjoint from
ok {1 x V<L

There is a semi-simplicial map
Xo — X,

by picking y; to the 0. This is a levelwise weak equivalence by push-
ing R* x {t;} x IN*¥=1 radially outwards in the R¥-direction from
{y;} x {t;} x IN"¥=1. We obtain a factorization

~

[1Xel| : 1%l

\de(le-l-l x IN—k—l).

Finally, we note that right vertical map is a weak equivalence
because it is a microfibration with contractible fibers. The condition
that k > d is used to show that the fibers are non-empty: W is a
d-dimensional manifold, and this must avoid some (N — k — 1)-
dimensional manifold {y} x {t} x IN"*1if i+ N -k —1 < N, i.e.
d<k+1. O

A delooping argument: hard case

It remains to discuss the cases 0 < k < d — 1. In this case a more subtle
version of Proposition 34.2.5 is used. This takes advantange of the
full strength of Lemma 3.14 of [GRW10], which uses the following no-
tion: a semi-Segal space is group-like if the induced monoid structure’
on 71p(X1) has inverses.

Lemma 34.2.7. If X, is a semi-Segal space with Xy group-like, then X; ~

Proposition 34.2.8. For k > 0and d > k + 1, there is a weak equivalence
4 (RE x IN7F) o QW (IRFF x [NFT),

Proof. We now only attempt to resolve the path-component ¥, (RF+1 x
IN=K=1) 5 of ¥4 (IRFH1 x [N=k=1) corresponding to the empty manifold.
This is the identity with respect to its group structure on 71y, and
Q\I,rd(]RkJrl % Ikafl)g ~ Q\Pd(]Rk+1 % Ikafl).

As before, the resolution is by a semi-Segal space X, such that
X1 =~ ¥4(RF x IN7F). As before, X, has space X, of p-simplices given
by

the subspace of ¥;(IRF+1 x [N=k=1) 5 RPF1 consisting of (W, t, ..., tp)

with #g < ... < t, such that W is disjoint from the “walls” R¥ x {t;} x
N—k-1

Note that the conditions on d and k
are necessary; in particular the fact
that X, is a resolution implies that

¥, (RF1 x [N=k=1) jg path-connected,
which is not true for k small.

* That is, the map

70(X1) X 70(X1) — 70(Xa2) — m(X4),

which is associative by considering a
diagram involving X3 and unital by
considering a diagram involving Xj.
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However, we shall need two different semi-simplicial spaces (X’)7
and (X")0. The space of p-simplices of (X’)J is given by

the subspace of ¥ (R x [N=k=1) x RP*1 x (RF)P*1 consisting of

(W, to, ..., tp,Yo,...,yp) with tg < ... < t, such that Wi ({y;} x {t;} x
Ikafl).

The space of p-simplices of (X”)I is given by

the subspace of ¥;(IRF+1 x [N=k=1) 5 RP+1 x (RK)P+1 x (0, 0) consist-
ing of (W, to,...,tp,Y0,...,Yp,€) With ty < ... < t, such that WnN (RF x
(t; — €, t; +€) x IN"k=1) equals RF x (t; —€,t; +€) x W15y and
|ti+1—i’1" >2efor0<i< p—L

There is a semi-simplicial map (X”)? — (X')0 forgetting the €’s.
This is a level-wise weak equivalence by zooming in on the {y;}. The
map ||(X)D]| = ¥4(RF1 x [N=k=1) is a Serre microfibration with

weakly contractible fibers, so is a weak equivalence. Note that this proof is not so different
from Proposition 34.2.6, as there as
. N—k—1 we could have phrased disjointness
the distance from {y;} x {t;} x I to W and the y; to be 0. We as transversality, and the hard step of

claim that this is a levelwise weak equivalence. To prove this, we use sliding in a null-bordism is unnecessary.

There is a semi-simplicial map X}, — (X”)7, taking € to be half of

that because W|y, 1. (4, is the restriction of an element of ¥ (REH x
IN—k—l)

z, there is an embedded null-bordism V; of W| {yi}x (g} In
IN—k—l

x 1. As in the proof of Lemma 34.1.4, we may use this to
deform W to have empty intersection with R* x {t;} x IN7%=1 gsee
Figure 34.3. O

Combined with Propositions 34.1.7, 34.2.5 and 34.2.6, this finishes
the proof of Theorem 34.2.2 and hence Corollary 34.2.4.

34.3 Tangential structures

Next lecture we shall use a stronger version involving tangential
structures. Given a d-dimensional vector bundle ¢ over B and a d-
dimensional manifold W, let Bun(TW, {) denote the space of bundle
maps TW — ¢. This has a continuous action of Diff(W) by precompo-
sition. Then

Emb (W, RY) X pigg(w) Bun(TW, )

is the space of embedded submanifolds of RN diffeomorphic to W and with
tangential structure ¢. If N is (d — 1)-dimensional, one uses instead
Bun(TN @ ¢, ).

Example 34.3.1. If { is the canonical bundle over BO(d), this is the
same up to homotopy as imposing no tangential structure. If ¢ is the
canonical bundle over BSO(d), up to homotopy this is the same as a
choice of orientation.
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Figure 34.3: Halfway through using a
null-bordism to clear intersections with
awallinthecasek=1,d =2and N =
3. The manifold W/}, consists of
two points, and the nullbordism is an
interval. The purple is the intersection
with R x {t;} x L.
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We can define a version ‘I’g(]RN ) of ¥4(RN) of submanifolds
with ¢-structure. Using this, one may define cobordism categories
Cob®(d, N) and Cob®(d). The results proven in this lecture generalize
to:

Corollary 34.3.2 (Galatius-Madsen-Tillmann-Weiss). We have that
BCob(d) ~ Q® ' MTE, where MT¢ is the Thom spectrum of the virtual
vector bundle —& over B.



35
Surgery in cobordism categories

In the previous lecture we proved that BCob(d) ~ Q®~'MTO(d), and
stated the more general version

BCob®(d) ~ Q*"'MTE.

Today we will use the tangential structure 6 induced by n-connective
cover BO(2n)(n) — BO(2n). Surgery in cobordism categories is used
to show that the stable homology of BDiff;(W, 1) may be computed
by QBCob? (211) ~ Q®MT0. These results appear in [GRW14].

35.1 The tangential structure 0

Recall 0 is the tangential structure coming from pulling back the
universal 2n-dimensional bundle vy along the n-connective cover
6: BO(2n)(n) — BO(2n),i.e. m;(BO(2n)(n)) = 0for0 < i < n
and the map 7;(BO(2n)(n)) — m;(BO(2n)) is an isomorphism
for i > n. In this section we consider the 6-structures on W, 1 :=
#e(S" x S") \ int(D?").

6-structures on the (2n — 1)-sphere

Since the diffeomorphism group Diffy (W, 1) fixes the boundary, it

is natural to also fix the #-structure near the boundary. As in the
previous lecture, the space of 0-structures over §2n-1 jg defined to be
the space of bundle maps Bun(TS?* ! @ ¢,0%y).

Lemma 35.1.1. For any 2n-dimensional manifold W, Bun(TW, 6*~y)
is weakly equivalent to the space of lifts along 0 of “the” classifying map
W — BO(2n) of TW.

We are justified in using “the” since the space of classifying maps
of any vector bundle over reasonable base is weakly contractible
(using the relative classifying property of the classifying space).

Takeaways:

- The manifolds W,,; admit con-
tractible spaces of f-structures,
so we might as well use Cob?(d)
instead.

- By surgery on objects and mor-
phisms, made possible using the
f-structures, we can show that
QyBCob?(d) is weakly equivalent a
component of the group completion
of |—|g20 Blefa (Wg,l)-



200 ALEXANDER KUPERS

Proof. We have that ¢ € Bun(TW, ) is given by pairs of a map
I: W — B and an isomorphism A: TW = [*¢. If we fix a choice
of tangent classifier for TW given by a map t: W — BO(2n) and
an isomorphism 7: TW 22 t*v, then a lift ¢’ of t along 6 gives us a
bundle map TW — 6*y as the map t': W — BO(2n)(n) and the
isomorphism TW = (')*0*y = t*v. Thus given (t, T) we get a map
Liftg(t) — Bun(TW, 0*y).

We may change B by a homotopy equivalence, so by using the
path-loop fibration we may suppose that 6 is a fibration. This implies
that the map

Bun(6): Bun(TW,0"y) — Bun(TW, )

is a fibration. It has image in the subspace of classifying maps for
TW. This subspace is weakly contractible, so Bun(TW, 0*+y) is weakly
equivalent to the subspace Bun(0)~!(t, 7). By construction Liftg(t) —
Bun(TW, 8*) factors over Bun(8) ~!(t, ), and there is a homotopy
inverse Bun(9) (¢, T) — Lifty(t) sending (I,A) to I. O

Let F := hofib(BO(2n)(n) — BO(2n)), which has homotopy
groups given by

(F) = {m(O(Zn)) ifi <n

0 ifi>n

and one should think of it as O(2n)/O(2n)(n — 1) (even though this
does not make sense as O(2n)(n — 1) is not a subgroup of O(2n), or a
group at all).

We may prove that single lift of TS?'~! & e exists by obstruction the-
ory, as the obstruction classes in H'*1(S2"~1; r;(F)) all live in vanish-
ing groups, and similarly it is unique up to homotopy once we fix an
orientation as the obstructions for uniqueness lie in H($*"~1; 7t;(F))
(the orientation comes from H°(S*"~1; 7ty (F)) = Z/27).

An alternative argument uses the isomorphism TS*' ! @ e 2 2,
Using it, we may conclude that the space of 0-structures is weakly
equivalent to the mapping space Map(S?*~1, F). Using the fiber
sequence

O?"1F — Map(S**~1,F) = F
we see that Map(S?"~!,F) ~ F. This show 7 of the space of 6-
structures is Z /27, and also shows that space of 6-structure is not
weakly contractible.

O-structures on Wy 1

Let us pick a 6-structure /3 near dW, 1 and let Buny(TW,,1,0%y)
denote the space of bundle maps extending ¢y. We claim that this is
weakly contractible.
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To see that a single f-structure exists, note that the obstructions to
extending (; lie in H™™ (W, 1,0W,1; 71;(F)). As the homology groups
vanishes if i + 1 < n (i.e. i < n — 2) and the coefficients vanish if i > n,
there is a single obstruction class in H" (W, 1,0W, 1; 77, 1(O(2n)).
These obstruction class record whether the trivialization of the tan-
gent bundle on the boundary of each of the 2g n-handles may be
extended. We may show that it vanishes by noting that Wy ; admits
a framing and hence so does W, 1, and the restriction to a neighbor-
hood of W, ; = §21=1 of this framing is in particular a f-structure,
and without loss of generality it is equal to {y. For uniqueness there
are no obstructions, so a #-structure extending ¢y is unique up to
homotopy.

If fact, by comparing to a framing one sees that the space of all
f-structures is weakly equivalent to Map, (Wg; F), where W, :=
#.(S" x S"). This fits into a fiber sequence

28
O (F) — Map, (Wg; F) — [ [Q"F,
i=1

whose base and fiber are weakly contractible by our calculation of
the homotopy groups of F. The conclusion is that Buny(TW, 1,6%)
is weakly contractible, so that the moduli space of W 1’s with 6-
structure,

BDiff§(Wy 1) = Buny(TW,1,0%y) / Diffy(Wq,1),

is in fact weakly equivalent to BDiffy(Wg 1).

This justifies the study of Cob?(d) instead of Cob(d) if one is inter-
ested in diffeomorphism groups of W 1. The former has a technical
advantage; embedded spheres of dimension < # in a f-manifold have
a trivial normal bundle, and hence we can attempt to do surgery on
them.

35.2  Surgery in cobordism category: statement

We start by stating the result of this lecture and do a rational compu-
tation.

Statement

Our definition of Cob®(d) was a colimit over N of topological cate-
gories Cob® (d, N), whose space of objects was given by R x ‘1’271 (IN-1)
and whose space of morphisms was a subspace of R? x ‘I’g(]R x IN=1),

It is slightly more convenient to use instead a “Moore loop” varia-
tion. It shall also be useful to replace ‘I’gil(IN’l) and ‘Yg(]R x IN—1)

291
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with homeomorphic spaces lpg_l (N—1,0) and lpg(N ,1); here tpg(n,k)
is defined to be the space of submanifolds of R¥ x R"~ that are only
allowed to go to infinity in the R*-directions.

Definition 35.2.1. The topological category Cob®[d, N] has space of
objects given by lpg_l (N —1,0) and space of morphisms the subspace
of [0,00) X lpg(N —1,1) consisting of (t, W) such that W is a product
outside of [0,#] x RN~1.

The nerves of Cob®(d, N) and Cob®[d, N] are levelwise weakly
equivalent, so their classifying spaces are weakly equivalent as well
(recall these are defined using the thick geometric realization). Taking
N — oo, we get a weak equivalence

BCobf®(d) ~ BCobf|d].

In contrast to Cob®(d), Cob®[d] has non-trivial endomorphisms
and hence contains non-trivial monoids, to which we may attempt to
apply the group completion theorem.

Taking d = 2n and ¢ = 6, the strategy is to find a monoid M (ie. a
subcategory with a single object) in Cob?[211] such that (i) the map

BM — yBCob?[2n]
is a weak equivalence, and (ii) there is a weak equivalence

M =~ | | BDiff§(W,1),
g0

with the monoid multiplication homotopic to boundary connected
sum (which is easily seen to be homotopy commutative).

In the previous section we saw that for W, 1, -diffeomorphisms
are the same as ordinary diffeomorphisms, so we conclude there are
weak equivalences

0B (|_| BDiffg(wg,1)> ~ (BM =5 QyBCob?[2n] ~ QyBCob?(d) ~ QOF MTH.
g=0

An application of the group completion theorem of McDuff-Segal
[MS76] then gives Theorem 1.2 of [GRW14]:

Theorem 35.2.2 (Galatius-Randal-Williams). Ifn > 3, the stable
homology of BDiffy(Wq 1) is computed by the isomorphism

colim H, (BDiffy (W, 1)) = H, (QF MT6).

g§—00
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Rational computation

We have that H, (QF MT6; Q) is the free graded-commutative al-
gebra on 7,~o(MT6) ® Q. This is the same as the rational spec-
trum homology in positive degrees which may be identified with
H,~2,(BO(2n)(n); Q) shifted down by —2#n using the Thom isomor-
phism, which applies since the base of 0% is simply-connected and
hence 6% is orientable. We conclude that H,(QFMT6;Q) is the free
graded-commutative algebra on generators k,v, where A" is a dual
to a monomial A in the Euler class ¢ and Pontryagin classes p; for
] <i < n—1of total degree > 21, in degree |[A| — 2n.

The weak equivalence BDiffy(Wg 1) ~ QF MT6 is homotopic to a
Pontryagin-Thom map. This implies that kv are dual to generalized
MMM-classes «, in cohomology. To define them, let

Wq 1 / Diffy(Wg 1)

denote the universal W, 1-bundle over BDiffy(W, 1), and take its
vertical tangent bundle T, which is 2n-dimensional. Given the
monomial A, we obtain A(T,) € HIA! (Wg,1 / Diffy(Wg1);Q), and
integrating over the 2n-dimensional fiber gives the class k) €
HIN=21(BDiff, (W1 ); Q).

35.3 Surgery in cobordism category: proof outline

We now give an outline of the proof. Given that the entire paper
[GRW14] is 74 pages long, we can not give full details.

Strategy

One starts with constructing a sequence of subcategories, with inclu-
sions inducing weak equivalences upon taking classifying spaces:

CobgD,k,l [2n] — CobGle[Zn] < Cob?[2n] < Cob?[2n]. (35.1)
We define them for finite N and take colimits as N — oo:

Standard strip To define Cob%,[21, N] for N > 2n + 1, we let D?*~1 C
RN-1 be given by taking $"~1 N ((—o0,0] x R?"~1) and increasing
the dimension to N — 1 by taking a product with RN~172", We also
fix a -structure on D?*~1 by restricting £4 on S**~! to the bottom
hemisphere.

Then Cob? [21, N] is the subcategory of Cob?[211, N] with objects
given by X € g8 (N —1,0) such that (X, £) N ((—o0,0] x RN72) =
(D?"1, 05| p2n-1) and morphisms given by (t, W, £) such that
(W, )N (R x (—00,0] x RN"1) = (R x D*"~1,R x ¢3). That is,

Example 35.2.3. If n = 3, we have that
H*(OF (MT6); Q) is the free graded-
commutative algebra

Q[KC/PI{PIZ ‘ 21’[] +4k + 8l > 6],

so only excluding «, and xy,, as both
i=1,2satisfy [31] <i<3-1
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its intersection with the bottom half-space coincides a standard
strip, as a manifold with 6-structure.

Highly-connected morphisms For k < n —1, let Cob%/k [2n, N] be the
subcategory where all morphisms (¢, W) satisfy the property that
the pair (W|jo, W|t) is k-connected.

Highly-connected objects For k <n—1and [ <k, we let Cob%lk,[ [2n, N|
be the subcategory of Cob%,k [2n, N] with I-connected objects X.

We want to taked =2n > 6,k=n—1and/ =n —1, and we geta
weak equivalence

BCobf, , 1 ,_1[2n] — BCob?[2n].

Note that the objects are (1 — 1)-connected (2n — 1)-dimensional
manifolds, so by Poincaré duality they must be homotopy equivalent
to §2"~1, of course, there can still be more than one isomorphism
class of objects, due to the existence of exotic spheres.

Let A be a set of isomorphism classes of objects containing at
last one object in each path-component of classifying space and
COb%,A;—l,n—l [2n] is the full subcategory on objects in .A. Then we

have that BCob%,nfl/nfl [2n] is weakly equivalent to BCob%! [2n].

Dn—1n—-1
So let A be given by the class (S?*~1,/;) and one isomorphism class

in each other path component, so that
6,4 = 0
BCobyy, 1, 1[2n] — BCobp ,,_q,,_1[21].

Let us next take based loops at the object (S*"~1, ;) to get a weak
equivalence of based loop spaces

QBCob%? | | [2n] =~ Q®MTe.

The based loop space only sees the path component containing
(8?~1,¢3), and though there are still many objects, the space of such
objects is path-connected. Now consider the simplicial space with
p-simplices given by (NOCOb%jifl,nfl [2n])P*+1. Then the map

60,4
NyM ——— NpCoby’, , [2n]

& ——— (NoCobls | [2n])P*+]
with * in degree p mapping to the (p + 1)-fold product of (S**~1, ;)
is levelwise homotopy cartesian and satisfies the conditions for the
Bousfield-Friedlander theorem” (Theorem 4.9 of [GJog]). Thus upon

* The Bousfield-Friedlander theorem is a
example of a theorem giving conditions
under which homotopy pullbacks
commute with geometric realization.
See also [Rez14].
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geometric realization we get a homotopy cartesian square

0,
BM ————— BCoby)_,, ,[2n]

|

6,4
* — ||[p] = (NOCObD,n—l,n—l[zn])erl"

with bottom right-hand corner contractible with an extra degeneracy
argument. .

Thus B COb%:/rlt—l,n—l [2n] is weakly equivalent to classifying space of
the full subcategory on the single object (S?*~1, ;). That is, we take
M to be endomorphism monoid of (5", 4;) in BCob%ln_Ln_1 [2n],
and have a weak equivalence

6,A
QOBM =~ BCoby’, ,, [2n].

We shall identify the homotopy type of M. By scaling the ¢-
coordinate of (¢, W) this is the space of §-manifolds (W, ¢) in [0, 1] x
R*~! with the following properties:

- (W, 0) N ({i} x R®™1) = (821, ¢45) for i € {0,1},
- (W,0)N (R x (—00,0] x R®72) = (R x D 1,R x ¢3), and
- Wis (n — 1)-connected.

By an argument as in Section 35.1, the spaces of §-structure are

contractible if they are non-empty, so this weakly equivalent to

| | BDiffy(W),

(W]
where W ranges over all (n — 1)-connected manifolds with boundary
oW = §21~1 whose tangent bundle is trivializible over the n-skeleton.
The monoid structure coming from composition is given by boundary
connected sum along the top hemispheres D*'~! C $2"~1. Thus
using the group completion theorem we have that

H, <|_| BDiffa(W)) [710] ' =2 H. (QoBM).
(W]

There can be more diffeomorphism classes of manifolds W than
just those of the W, 1; though their homotopy theory says that W ~
W, 1, by smoothing theory we can still change the smooth structure
on a disk. Thus, up to elements that are already invertible we only
need to invert Wy ;. We conclude that

H. (|_| BDiffa(W)) [Wi1] ! = H.(Q®MTH),
W]

and restricting to the path-components of W 1, we obtain Theorem
35.2.2. We shall now outline the steps proving that all inclusions
(35.1) induce a weak equivalence upon taking classifying spaces.
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Creating a standard strip

We start by proving that BCob%,[211, N] — BCob®[2n, N] is a weak
equivalence for N > 2n + 1. It is done by comparing both sides to a
space of f-manifolds in R x RY. Like in the first step of the proof of
Barratt-Priddy-Quillen-Segal and Galatius-Madsen-Tillmann-Weiss
theorems, there is a commutative diagram

BCob!,[2n, N] —— BCob®[2, N]

l: iﬁ (35-2)

¥ p(N, 1) ——— ¢§(N,1)

with vertical maps weak equivalences, and l[)fl, p(N, 1) the subspace
of $9(N, 1) consisting of (W, ¢) such that (W, £) N (R x (—o0,0] X
RN=2) = (R x D1, R x £3|pou1). Thereis amap p: ¢&(N,1) —
IPZ,D(N ,1) by taking a diffeomorphism of R x R x RN~2 onto R x
(2,00) x RN-2 coming from an orientation-preserving diffeomorphism
R — (2,00), and adding a “tube” (R x S?*~1,R x £3).

The identity on ¢§(N, 1) is homotopic to the map ¢ o p by sliding
W up and sliding in a tube. This uses that there exists a 6-structure
on D?" extending /3 on its boundary S*"~!. A preferred choice is
by rotating /3| p2n—1 around aD?*~! (by uniqueness we may assume
that the 6-structure on S?*~! is the restriction of this one). The map
p o ¢ is homotopic to the identity by connecting up the strip and
the tube, which has a 8-structure by rotating D?"=1 in the “other
direction.” See Figure 35.1. Thus the bottom horizontal map in (35.2)
is a homotopy equivalence and hence the horizontal map is a weak

equivalence.
AN Figure 35.1: The “sliding in a tube” and
1 \ “ : ” o
X N undoing a tube” homotopies
| \
\ | \
\ | !
I I !
I T 7
I
| ? |
\ ! |
\ ! |
PEd I I
- — ! !
| !
- | |
e B ] : 1‘- -
j \ /
D2n 1 [i’, oo) % D21171

moving a tube in or out undoing a tube
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Surgery on morphisms

Our next goal is to make the morphisms highly-connected relative
to their outgoing boundary. This is done by induction over k, i.e. we
prove all inclusions

Cobf, ,_1[2n,N] = ... < Cob}, y[21n, N] = Cobf, _;[2n, N] = Cobf[2n, N]

induces weak equivalences upon taking classifying spaces as N — co.
The following is a special case of Theorem 3.1 of [GRW14]:

Theorem 35.3.1. The inclusion Cob%,k[Zn, N] — CobeD,kfl[Zn, N]
induces a weak equivalence on classifying spaces if (i) k < n — 1, and (ii)
k+1+2n <N.

Given a morphism Wy, an element of the relative homotopy
group 71x(Wig ., W|t) for k < n — 1 can be killed by surgery as long we
can represent it by an embedded sphere with trivial normal bundle.
But condition (i) in 35.3.1 means that we can arrange any map to
be an embedding by transversality, while the 0-structure takes care
of the normal bundle. To implement this surgery in the classifying
space, we replace BCob%lkf1 [2n, N] by the geometric realization
semi-simplicial space XN with p-simplices given by elements of
lpfw (N, 1) with intervals (a; — €,a; + €;) such that for each pair of
regular values t < t' € U;(a; — €,a; + €;), the bordism W/}, 1 is
k-connected relative to its outgoing boundary. In this space we can
do a surgery move as in Figure 35.2 (though it needs to modified to
get the f-structures to work out, see Figure 3 of [GRW14]). This can
be embedded in RN under condition (ii) of Theorem 35.3.1.

Of course there is no canonical choice of the surgery data that
will make the morphisms in Nj, k-connected rel outgoing boundary.
However, one may define a semi-simplicial space whose g-simplices
contain g + 1 pieces of surgery data and show this is weakly con-
tractible. Using more than one pieces of surgery data is fine: we may
“overkill” relative homotopy groups, all this does is add some more
relative homotopy in degree k + 1.

Surgery on objects

After making the morphisms (1 — 1)-connected relative to the out-
going boundary, we make the objects highly-connected by induction
over [, i.e. we prove all inclusions

Cob, 1 ,_1[2n,N] < ... < Cob%, ,_ ¢[2n,N] < Cobf, ,_; _;[2n,N] = Cob}, ,_;[2n, N]

induces weak equivalences upon taking classifying spaces as N — co.
The left-most step — surgery in the middle dimension — will be
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D D S

fo f1 fo 1 to 1

Figure 35.2: A surgery move in the
case k = 0, i.e. making morphisms

harder than the other ones so we have two theorems, which are path-connected relative to the outgoing
boundary when 2n = 2.

special cases of Theorems 4.1 and 5.2 of [GRW14].

Theorem 35.3.2. The inclusion COb%,k,l [2n,N] — Cob%,k,l_l[Zn, N]
induces a weak equivalence on classifying space if 2(1 +1) < 2n,1 < k,
[ <2n—k—2,and 1 +2+2n < N.

Theorem 35.3.3. The inclusion Cob{, , ,_4[2n,N] < Cob},, 1, ,[2n,N]
induces a weak equivalence on classifying space if 2n > 6 and 3n +1 < N.

The idea is similar as before; using surgery moves indexed by
weakly contractible spaces of surgery data to increase connectiv-
ity of the objects. The connectivity of the morphisms is necessary,
providing the existence of paths for the surgery moves.



36
The Weiss fiber sequence

Having given the outline of the Galatius-Randal-Williams theorem
H.(BDiffy(W,,1)) = H.(QFMTE) for x < ?, we will use this to
get information about H, (BDiffy(D?")). This involves thinking of
diffeomorphisms of a disk as “the difference” between diffeomor-
phisms and a space of self-embeddings. In the next lecture we will
study these self-embeddings using embedding calculus. The ideas
are due to Weiss [Wei15], and appeared in a slightly different form in

[Kup17].
36.1  Monoids of self-embeddings

A first definition

Let us fix a n-dimensional smooth manifold M with boundary oM.
Let us also fix a codimension zero submanifold K C dM. Then let
K¢ :=0M \ K, an open submanifold of dM. We shall denote M := M U
oM x [0, 1], the union taken along oM C M and oM x {0} x M x [0,1].

Definition 36.1.1. Let Embg (M) be the space of embeddings M — M
with image in M \ K° C M and fixing K C M x {0} C M.

Note that such embeddings are really a map M — M (though
we used the above definition to avoid discussions about boundary
conditions) and may be composed. This gives Embg (M) the structure
of a (non)-unital monoid, though it has a unit up to homotopy.

The complement
We can extract a manifold with corners out of ¢ € Embg(M):
Clp) = M\ (im(g) UK x [0,1),

whose boundary is canonically identified with (K¢ x [0,1]).
Let Cx denote the set of diffeomorphism classes of n-dimensional
manifolds with boundary identified with d(K¢ x [0,1]). Given W, W' €
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Ck, we may form WOW' by identifying K¢ x {1} C W with K¢ x
{0} € W’ and identifying 9(K* x [0,2]) with (K¢ x [0,1]) by rescaling
the second term by 1/2. This is associative and has unit K° x [0, 1].

Lemma 36.1.2. We have that C(¢ o ) = C(¢)TIC().

Proof. For e > 0 small enough, we can find an extension of ¢ to
$: MUM x [0,€] that is the identity on K x [0,€]. Then C(¢) =
M\ (im(@) UK x [0,1]) is clearly diffeomorphic to C(¢) by moving
along the collar.

Furthermore, C(3) is clearly diffeomorphic to Ce(9) := M UIM x
[0,€] \ (im(¢) UK X [0,€]). The identification

Cleoy) = ¢(Ce(9))TC(9) = C(@)TIC(p),

proves the desired equation in Ck, see Figure 36.1. O
¢(¥lom) P(Ce(¥)))
Lo Cle) = C(¢)

This means that there is a homomorphism from Embg (M) to the
monoid Ck.

Definition 36.1.3. Let C C Cx be a submonoid, then Emb$ (M) denote
the submonoid of Embg (M) of the connected components mapping
to C.

Which elements of Ck lie in the image of Embg(M)? A relative
h-cobordism between two manifolds with boundary V, V' with 0V =
L = 9V’ is a manifold with corners W with oW = VU V' UL x [0,1].
Below we shall have V = K = V' and L = oK".

Lemma 36.1.4. If K® is simply-connected and ¢ is homotopy equivalence,
then we have that C(¢) is a relative h-cobordism on K°.

Proof. Tt suffices to prove that both inclusions of K* — C(¢) are
weak equivalences. Let us assume for convenience that K¢ is path-
connected, applying Siefert-van Kampen to the pushout

K< x {0} ——— C(p)

| |

im(¢) =M —— MUK, x [0,1]

Figure 36.1: A diagrammatic picture
explaining Lemma 36.1.2.
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gives the pushout diagram of groups

m (K% {0}) =0 ———— m(C(9))

l |

m(im(@)) ———— m (MUK, x [0,1]),

and we conclude that the map 1 (M) — (M) * 11(C(¢)) induced
by an isomorphism of 7t (M) and the inclusion onto the first term is
an isomorphism, and hence 711 (C(¢)) = 0, so that 71y (K x {0}) —
m1(C(¢)) is an isomorphism. It then also follows that the 71y (K° x
{1}) — m1(C(¢)) is an isomorphism.

Then we consider homology. By excision, we have that

H.(C(g), K* x {0}) = Hi(MUK® x [0,1],im(¢))

and the right hand side vanishes since ¢ was assumed a homotopy
equivalence. By Poincaré duality we also get that H,(C(¢), K® x
{1}) =0. O

36.2  Self-embeddings of Wq 1

We shall soon specialize to W, 1, but first prove that it is quite com-
mon that an embedding is a homotopy equivalence.

Lemma 36.2.1. Let M be the complement of the interior disk D" in a
simply-connected closed manifold N with torsion-free homology groups.
Any embedding : M — M is a homotopy equivalence.

Proof. We claim that 1, is injective; this follows form the fact that the
intersection product between degrees i and n — i (for i > 0) is non-
degenerate and preserved by . up to sign e. Thus, if we suppose
that for i > 0 and x € H;(M) is non-zero, take y € H,,_;(M) such that
x-y #0, then ¢, (x) - P« (y) # 0 as well and hence . (x) # 0.

We next claim that ¢, is surjective. By counting dimensions, ¢, is
surjective after tensoring with Q. Take a generating set x1,..., x; of
H;(M) such that there exist y1,...,yn € H,—;(M) such that x; - y; = &;;.
Then consider z € H;(M), and write z — Y ; €(z - ¥« (y;) )« (x;). We
claim that this is 0 in H;(M;Q); this follows since the — - §(y;) are a
basis of H;(M;Q)". But H;(M) < H;(M;Q), so . is surjective.

Thus 9. is a homology isomorphism and by Whitehead’s theorem
it is a homology equivalence. O

Let us now take M = Wyq and K = D¥"! C $2"~1 = 9w,
the bottom hemisphere. Then by Lemma’s 36.1.4 and 36.2.1, if n >
3, we may use the h-cobordism theorem to conclude that C(¢) is
homeomorphic to D*'~1 x [0,1]. Thus the image of Emb 201 (W 1)
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lies in the subset © of diffeomorphism classes of 2n-dimensional
manifolds with boundary identified with 9(D?*~1 x [0,1]) that are
homeomorphic to D?'~1 x [0,1] rel boundary. Let ®y C © be the class
of D*'~1 x [0,1] rel boundary. The embedding space of interest will be
Embggnq (Wg 1)

Remark 36.2.2. We shall give a few different interpretations of these
spaces of self-embeddings.

Firstly, Embgg”_1 (W,,1) may be thought of as those isotopy classes
of embeddings are isotopic to a diffeomorphism. Secondly, Weiss
proved that Embgzj,,l (Wg,1) = Diffy (W1 \ {}) for x € 0W, 1. Thirdly,
Embgz,,,l (Wg,1) may be thought of as homeomorphisms of W with
a lift of its (topological microbundle) differential to a linear map over

the n-skeleton.

36.3 The Weiss fiber sequence

A minor defect of our construction is that there is no monoid maps
from Diffy (W, 1) to either model. Instead, we shall use moduli spaces
of manifolds to produce a map

BDiffy(Wy 1) — BEmb?,, 1 (Wy1)

2n—1
D+

up to homotopy.

A different model

We shall first give a different model for this space of self-embeddings.
To do so, we introduce Wy 1. These are defined by taking W :=
D¥=1 [0,1]#(S" x ") C [0,1] x R™ and letting W1 = D=1
0, 1JUE_,(W+i-e). Thus 9Wg1 = D1 x {0,1} US* 2 x [0,g+
1].
Definition 36.3.1. Let Emb,-1(W, 1) be the space of embeddings
_ _ +
¢: W1 — W, 1 with following properties:
(i) ¢ is the identity on D?"~! x {0},
(ii) @ maps int(D¥"~!) x {g + 1} into the interior of W1,
(iii) ¢ is given by id x scaling on S?*~2 x [0, + 1] (necessarily the
scaling is by a number < 1).
This is clearly a monoid under composition, and we let Emb%z,,,l (ngl)
be the subspace of embeddings such that the closure of W1 \ im(¢)
is diffeomorphic to D?*~1 x [0,1] rel boundary up to rescaling in

the second term. The following is an annoying, essentially following
from the existence of inclusions Wy 1 < W, 1 and Wy < W, 1.

Lemma 36.3.2. We have that Emb%zf,l (Wg1) ~ Embgg_n,1 (We1).
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Moduli spaces of manifold models

We shall give a geometric model for BDiff (W, 1), which is similar to
the monoid M which appeared at the end the last lecture, without
the 0-structures. To define it, we pick an embedding of $>"~! into

R x R*® whose intersection with (—co,0] x R® is D?*~ 1,

Definition 36.3.3. Let M&(S*"~1) be given by the space of pairs
(t, W) € [0,00) X 1, (00,1) that satisfy
(i) W(_oo0] = (—00,0] x $" "1 and W|}; o) = [0,00) x S¥' 1.
(i) WN (R x (—e0,0] x R®) =R x D> 1,
(iii) We have t > 0if g > 0.
(iv) Ift >0, Wi\ ([0,¢] x int(D*"~1)) is diffeomorphic to Wy rel
boundary up to rescaling [0, g + 1] to [0, £].

Note that the space M?(S?"~1) is a unital monoid under the
operation (t, W) B (t/,W') = (¢t + ¢, W) with W given by W' N
((—00,t] Xx R®) = WN ((—o0,t] x R®) and W' N ([t,c0) x R®) =
W’ N ([t,00) x R®), with unit given by (0,R x S?*~1). The space
ME(S?"~1) is a right M?(5?*~1)-module.

Lemma 36.3.4. Foreach g > 0, M8(S?"~1) ~ BDiffy(W,) and the
operation B is homotopic to boundary connected sum.

Proof. By scaling we may deformation retract M&(S?*"~1) onto the
subspace with t = g + 1. This is the homeomorphic to the quotient
of the space of embeddings of Wy, into [0,g + 1] x [0,00) x R® by
the diffeomorphisms of W, 1) fixing W, 1 pointwise. Since this is an
action with local slices, this quotient is a model for BDiffy(W,,1). Un-
der this identification, B indeed corresponds to boundary connected
sum. O

The fiber sequence

Our goal is to compute M&(S?*~1) J MO(S?"~1), which fits into a
fiber sequence

Mg<52n71>) N Mg(52n71)//MO(SZn71) SN *//MO(SZn71>’

since M%(5?"~1) is path-connected. This is a consequence of the
following general statement:

Lemma 36.3.5. Let A be a unital topological monoid and M a right A-
module. Then if M is group-like, there is a fiber sequence

M—->M/JA—=x/A.
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Proof. This is a consequence of a result of Segal we used before;
if E¢ — B. is a map of semi-simplicial spaces such that for each
injective 6: [q] — [p] in A we have that

9*
EP Efl

L

B P B q
homotopy cartesian, then so is

9*
Ey —— [|E.||

L

By —— [|Ba]l.

Apply this to E, = Be(M, A, %) and B = B.(*, A, %) and the
map given by projecting away M. Since a composite of homotopy
cartesian square is homotopy cartesian, we may check d; only. Since
products preserve homotopy cartesianness, we may reduce to check-
ing that the map (act, 71): M X A — M X A is a weak equivalence. By
fibering over A, it suffices to check that for each a2 € A acting by a is
a weak equivalence on M. Then the group-like property allows us to
reduce to the identity component, and it suffices to check on a single
element; for the identity it is obvious, O

To compute the middle term, we shall write down a semi-simplicial
resolution of X, of M&(S**~1) for ¢ > 0.
Definition 36.3.6. Let ¢ > 0, then the semi-simplicial space X, has
p-simplices X, given by the data of
(@) (tW) e M3(s*T),
(b) an embedding ¢,: Wg1 — W/j,q with following properties:
(i) @y is the identity on D" x {0},
(i) @p maps int(D3"" ') x {g + 1} into the interior of W| 0,47
(ili) ¢p is given by id x scaling on $2"~2 x [0,#] (necessarily the
scaling is by a number < g%),
(iv) the closure of W)y, \ im(¢p) is diffeomorphic to D1 % [0,1]
rel boundary up to rescaling in the second term.
(c) a p-tuple of embeddings ¢;: W1 — Wg 1 in Emb%in,l (Wg,1) for
0<i<p-1.
The face maps compose or forget embeddings, and the augmentation
forgets all embeddings.
This should remind the reader of a mix of M$(S**~1) with

B (*, Emb%Zn—l (Wg,l ), EmbOD2n—1 (V_Vg,l )



LECTURES ON DIFFEOMORPHISM GROUPS OF MANIFOLDS, VERSION FEBRUARY 22, 2019

which is weakly contractible by an extra degeneracy argument:

Lemma 36.3.7. Ifn # 2, the map €: || Xo|| — ME(S*"~1) is a weak
equivalence.

Proof. By the isotopy extension theorem, the map e is a fiber bundle
and thus it suffices to prove that the fibers are weakly contractible.
Given a continuous map S’ — €~ 1(W, ) there exists an : W1 —
W|(o,) satisfying the properties in (b), whose image contains all these
embeddings and whose complement is diffeomorphic to a disk. This
may be used to cone off the continuous map, by letting the other
embeddings be determined uniquely as factoring over . These have
the correct complement, since the set of smooth structure on a disk
forms a groups under boundary connected sum. O

We can apply — / M%(S2"~1) to get a semi-simplicial resolution for
MSE(S21=1) ) MO(S?"=1). There is semi-simplicial map
Xo ) MO(S?"71) — NEmb,, (W 1)

Din—l
given by remembering only the p-tuple of embeddings.
Lemma 36.3.8. For each p > 0, the map X, [/ M?(S**~1) — N,Emb?,, 1 (W)

D2n—1
. . +
is a weak equivalence.

Proof. By contractibility of spaces of embeddings into infinite-
dimensional Euclidean spaces, we may assume that the image of

¢y is exactly W 1. We may similarly assume that the complement of
W/jo, lies outside [0,g + 1] x R™. This subspace of X, / M°(5**~1)
is homeomorphic to NpEmb%Zn,l (Wg1) x (MO(S21=1) f MO(521=1Y),
and the latter term is weakly contractible. O

The conclusion is a zigzag of weak equivalences

Xo | MO(SH)]

/\

||N.Emb%2+,,,1(wg,l)y] ME(S21-1) ) MO(S2n-1)
BEmb , 1 (Wg 1) BDiffy (W, 1) // BDiffy(D?"),
+

and the map BDiffy(W,1) — BEmb?,, ; (1A ¢,1) is determined by the

2n—1
. . D+
inclusion

BDiffy(W,1) — BDiffy(Wg,1) / BDiffy(D*"),
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which fits into a fiber sequence

BDiffy(Wg1) — BEmb%in,l (W,

1) — * /| BDiffy(D™").

Since BDiffy(D?") is path-connected, it may be recovered from
* /| BDiffy(D?") by taking based loops.



37
Embedding calculus

Takeaways:

In the last lecture we saw there is a fiber sequence . Studying embeddings through their

restrictions to embedded IR"’s in

. (€] .
BDiffy (Wg,l ) — BEmb Dgwl (ng ) — BZlefa (DZn ) . the domain recovers under mild
- conditions the entire homotopy type

Today we shall explain how to study the middle term using embed- of the space of embeddings.

- Filtering by the number of R"’s
gives a tower which is remarkably
for more explicit results. computable.

ding calculus. The main reference is [BABW13], but see also [Weigg]

37.1  Embeddings and immersions

There is a slogan that embedding calculus is the pointillistic study of
manifolds. As a motivation we shall give an example of what a first
naive attempt at such a theory can see.

For the moment, let M and N be n-dimensional manifolds with
empty boundary. How does one study the space of embeddings
Emb(M, N)? A good strategy would be to precompose with an
embedding L < M for L so that one understands the embeddings of
L into a n-dimensional well. We have only down this for one example
of L; L = | R". In that case we have seen that Emb(| |, R", N) fits
into a pullback diagram

Emb(| |y R", N) —— FrSL(TN)K

! l

Emb(|; *, N) ~ Confy (M) —— MK

where we shall use Confy (M) as shorthand for the ordered configura-
tion space of k particles in N.

There is no canonical choice of | |y R” < M to restrict along. The
strategy is to take all choices. As a first attempt we might try to
extract information out of the composition map

Emb(| |R", M) x Emb(M,N) — Emb(| |R",N).
k k
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This is not a bad idea. In the case k = 1, we get a map
FrCL(TM) x Emb(M, N) — FrSL(TN),
and upon adjointing the first term in the domain over, we get a map
Emb(M, N) — Map(Fr°t(TM), FrSY(TN)).

But in fact we land in a smaller subspace of the target: the space
Bun(TM, TN) of bundle maps, i.e. TM — TN that map each fiber
linearly onto a fiber. This map is essentially the derivative. We can
complete it to a commutative diagram

Emb(M, N) Map (Fr¢Y(TM), FrSL(TN)

Imm(M, N) - Bun(TM, TN)

with the map Imm(M, N) — Bun(TM, TN) being a weak equivalence
if M has no compact component, by Smale-Hirsch [Smasga, Lasyoa].

One way wonder about the difference between Emb(*, M) and
Emb(IR", M). The latter would give rise to the map Emb(M, N) —
Map(M, N) remembering that an embedding is in particular a con-
tinuous map. There are examples of manifolds where no immersion
exists in a homotopy class of continuous maps (e.g. the identity ho-
motopy class of the Mobius strip into S! x R), so remembering the
underlying immersion instead of the underlying continuous map
certainly captures more information.

37.2  Manifold calculus

We shall explain the outline of a theory which, when applied to
Emb(—, N), produces embedding calculus. This is called manifold
calculus, and our discussion shall follow [BABW13]. There are other
approaches to embedding calculus; a more classical one restricts
attention to a single manifold and uses the (discrete) poset O(M)
of open subsets diffeomorphic to a disjoint union of disks in place
of Disk,, [Weigg]. A more modern one studies functors out of an
co-category of configuration, [BABW15].

Setting up manifold calculus

If we reflect composition maps, we realize that if we consider them
for each k individually we are forgetting that there are compatibilities
between them. This can neatly encoded by thinking of Emb(—, N) as
an invariant presheaf on smooth n-manifolds.
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That is, we can define the topologically-enriched category Mfd,
with objects n-dimensional manifolds M with empty boundary, and
morphism spaces from M to M’ given by the space of embeddings
Emb(M, M’). Then an invariant presheaf on smooth n-manifolds is a
continuous functor Mfd," — Spaces, and Emb(—, N) is indeed such a
continuous functor.

Embedding calculus proposes to study Emb(—, N) by its restric-
tion to the subcategory Disk;, the full subcategory on those objects
diffeomorphic to | | R” for some k > 0, or the even smaller subcate-
gories Disk;* where all objects are diffeomorphic to ||y R" for k' < k.
Denote the inclusions Disk,%k — Mfd, by 4 and Disk, — Mfd, by
t. Then there are restrictions functors ¢ and ¢*. These admit right
adjoint functors (1) and 1 given by right Kan extension. One can
then either use the projective model structures on these presheaf cat-
egories, or co-categories, to construct derived functors of these right
Kan extensions.

Definition 37.2.1. The kth Taylor approximation 7;(F) of F €
Fun(Mfd,,, Spaces) is the homotopy right Kan extension along . of
its restriction to Disk;*.

A right Kan extension is a limit, an using the Bousfield-Kan for-
mula for enriched homotopy limits, one finds the following for-
mula for this extension (assuming that values of F are fibrant): on
M € Mfd,, it is the totalization of the cosimplicial spaces with p-
cosimplices given by

p
11 Map <HEmb(Ul-, Uiy1) x Emb(U,, M),F(uo)> .
Up,...,Up€ob(Diski*) i=0

(37.1)
This explicit construction, or the homotopy universal property of

homotopy right Kan extension, has several formal consequences:

- There is a homotopy unique sequence of maps

j x (372)

To(F) «—— Ti(F) «—— Ta(F) — -+,

whose homotopy limit 7« (F) may also be described as the homo-
topy right Kan extension along : of the restriction F to Disk,.

- A natural transformation 7: F — G of functors Mfdy,Y — Spaces
induces a weak equivalence on all M € Disk=F if and only if
Tk (F) = T¢(G).

- We have that 7T (F) = Tin(ix) (F)-
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Definition 37.2.2. The tower (37.2) is called the Taylor tower of F, the
Tk (F) the kth Taylor approximation and 7 (F) the limit of the Taylor
tower.

Alternative perspectives

Let us outline a few alternative perspectives on manifold calculus.

- An alternative construction of 7;(F) is as the homotopy sheafifica-
tion with respect to the Grothendieck topology on Mfd, generated
by those open covers that contain each k-tuple of points in M,

[?]. For k = 1, this is just a homotopy sheaf with respect to the
ordinary Grothendieck topology.

- An second alternative construction of 7 (F) uses that Disk, is the
PROP constructed out of the operad EST with k-ary operations
Emby (| Jx R”,R") (historically called the framed little n-disks op-
erad, you should not use this terminology, because it is extremely
confusing). This exhibits Fun(Diskj, Spaces) as the category of
right EST-modules. Any manifold M gives rise to a right ES'-
module Emb(—, M) and 7 (F)(M) is the derived mapping space
of ESY-modules from Emb(—, M) to F. To get the kth Taylor ap-
proximations, one uses that there is a truncated operad EGL=k

(which lives in symmetric sequences on finite sets of cardinality

< k), and take the derived mapping spaces of ES™=K-modules

form Emb(—, M) — F.

- We can also interpret manifold calculus through the point of view
of factorization cohomology. This is a functor f ~ C: Mfd;? — Spaces
taking as input an EGT-coalgebra C in the symmetric monoidal
category (Spaces, X, *). Such a coalgebra is simply the symmetric
monoidal right ES“-modules, i.e. takes disjoint using to product
(just like algebras over an operad O are the symmetric monoidal
left O-modules). In Spaces this theory collapses to some extent, as
ESt-coalgebras are just spaces with GL, (IR)-action (since every

space has a canonical E.-coalgebra structure from the diago-

nal). However, the construction does not require the input to be

symmetric monoidal, one can equally well take factorization coho-

EGL

mology of right E;7~-comodules; the result is exactly 7o (F). From

this perspective, the Taylor tower is just the cardinality filtration.

First examples

Let us first produce some examples of linear functors, i.e. those

F: Mfd,F — Spaces such that F — 71(F) is a natural weak equiva-
lence. If F satisfies F(&) ~ *, then F is said to be reduced. In this case,
inspection of equation (37.1) or the homotopy universal property
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implies that
T1(F) (M) ~ Map (FrS(TM), F(R"))"CLn(R),

Since the action of GL,(IR) on Fr°“(TM) is free, we may replace this
with the actual equivariant maps and obtain instead.

Map (E<L(TM), F(R"))S5 ) = T(M, FS(TM) % 61, 1) F(R™))-

In particular, if F = Map(—, X) it is linear: this is simply the case
F(R") = X with trivial GL,(RR)-action.

Remark 37.2.3. This may be used to justify a claim in the smoothing
theory part; if one can show that flexible invariant sheaf on topolog-
ical n-manifolds is a linear functor in a topological manifold setting,
then it is weakly equivalent to a spaces of sections. In fact, a sheaf
satisfying an h-principle — at least in the sense that we defined it —
is the same as being a linear functor, that is, also being a homotopy
sheaf.

37.3 Embedding calculus

We shall now apply the previous discussion to F = Emb(—, N).

The Oth and 1st Taylor approximations

We can use this to compute 71 (F) for F = Emb(—, N). Note in this
case To(F) = Emb(&, N) = %, i.e. F is reduced). Then there is a natural
transformation Emb(—, N) — Imm(—, N), and by Smale-Hirsch

the latter is naturally weakly equivalent to Bun(T—, TN), which is
isomorphic to T'(M, Fr°L(TM) X imrGLy (R) FrSL(TN)) and thus linear.
The values on R" of this natural transformation is given by

Emb(R”, R") — Imm(R", R"),

which is a weak equivalence by shrinking the domain, and in fact
both sides are weakly equivalent to GL, (R). We conclude that
Lemma 37.3.1. We have that T;(Emb(—, M)) ~ Imm(—, M).

Of course, we could also have reasoned in the other direction and
used the formula in Section 37.2.

Making the rest of the tower useful

To make the tower (37.2) useful in the case F = Emb(—, N), one
needs to know two things:

(1) What are the differences between the stages?
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(2) What does the tower converge to?

We start by answering the first question. Given an element f; €
Emb (M, N) (usually the identity), Weiss computed the homotopy
fiber of Tx(F) — T¢_1(F) over the image of fj as follows. There is a
number of bundles over Confi(M) := Emb({1,...,k}, M). For each
subset S C {1,...,k} we may take Emb(S, N) (note all these bundles
are trivial). These form a cubical diagram

Subset({1,...,k})°P — Spaces
S — Emb(S, N)

over Confy(M). These spaces in this diagram have compatible
canonical sections o given on (x1,...,x;) € Emb({1,...,k}, M)

by the embedding sending s € S to fy(xs), so we might as well
consider it as a diagram of pointed spaces. On a cubical diagram

F: Subset({1,...,k})°P — Spaces, of pointed spaces there is a natural
operation called “total homotopy fiber”: this is the homotopy fiber of
the map from the corner to the homotopy limit of the punctured cube

F({1,...,k}) — F(S).

holim

SeSubset({1,...k})°P\{1,...k}
This may also be computed by taking iterated homotopy fibers.

This is a pointed space again, so applying tohofib fiberwise
to the cubical diagram, we get a space tohofibgEmb(S, N) over
Emb({1,...,k}, M). There is an Sj-action on the base, which ex-
tends to an action on the total space that preserves the fiberwise base
point. Thu we can take the quotient by & to get a bundle tohofiby
over Cy(M) = Confy (M) /&Sy with section which we denote fj.

Theorem 37.3.2 (Weiss). There is a weak equivalence between hofib(T,(F) —
Tx—1(F), fo) and the subspace of T (C(M), tohofiby ) of sections are equal
to fo near the fat diagonal.

For the second question, it is helpful to extend to manifolds with
boundary. Such an extension is unique up to homotopy (it will al-
ways be true that F(M) ~ F(int(M)), and we may have worked with
such manifolds from the start. We will just say that work of Good-
willie and Klein [GK15] implies that the Taylor tower for Emb(—, N)
converges when evaluated on those M which admit a finite handle
decomposition with handles of dimension < n — 2 [GWgg].



38

Finiteness results for diffeomorphisms of disks

We shall combine the results of the previous two sections to prove
that each homotopy group 7;(Diffy(D?")) is finitely generated for
2n > 6.

38.1 Finiteness for embeddings

We start by proving some results about the monoid of embeddings
Embggn,l (Wg,1), which we shall shorten to Emb(W, 1). We will does
this by independently considering its path components and identity
component. This suffices, since 77y is a group by our identification of
it with various groups of diffeomorphisms and homeomorphisms,
and hence all components are homotopy equivalent.

The group of path components

Firstly, we note that the fiber sequence
BDiffy(Wg,1) — BEmb(W, 1) — B?Diffy(D*")
implies that there is a short exact sequence of groups
®2n+l — 7T (Diffa (Wg,l )) — 7o (Emb(WgJ )) — 0.
We shall use this to prove that 77o(Emb(W, 1)) has the following
property:
Definition 38.1.1. We say that a group G is of homologically finite type if
for all Z[G]-modules M that are finitely generated as abelian groups,

for each i > 0 the homology group H;(BG; M) is a finitely generated
abelian group.

Lemma 38.1.2. In a short sequence
1 H—=>G—G =1,

if G is homologically finite type and H is finite, then G' is also of homologi-
cally finite type.

Takeaways:

- By combining information about

embeddings and diffeomorphisms
of a fixed manifold, in our case
We 1, we can learn something about
diffeomorphisms of disks.

- We may avoid the limitations of

homological stability by letting
g — oo.

- The sources of finiteness for embed-

dings are embedding calculus and
a result of Sullivan that mapping
class groups of high-dimensional
simply-connected manifolds are
arithmetic groups.
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Proof. There is a local coefficient Serre spectral sequence
E?’ﬂ = H,(BG'; Hy(BH; M)) = Hp14(BG; M).

By assumption the target is finitely generated in each degree. We
need to prove that the g = 0 row is finitely generated in each degree.
To do so we prove by induction over p the stronger statement that
for all M’ that are finitely generated as abelian groups, for all p’ < p
the groups H,/(BG'; M) are finitely generated. The initial case p =0
follows by taking M’ = M in the above spectral sequence and looking
at E3, = Ho(BG’; M') (which uses that H acts trivially on M, so that
Hy(BH; M) = My = M). No differential goes into it or out of it, and
it converges to a finitely generated group, so it is finitely generated.
Let us next prove the induction step, and assume the case p — 1.
Then first p columns, i.e. the Oth to (p — 1)st, consists of finitely
generated groups because H being finite implies Hy(BH) @ M’
is finitely generated as an abelian group. Then the entry E%O =
H,(BG; M) can only have differentials to finitely generated abelian
groups, and has to converge to a finitely generated abelian group.
Hence H,(BG; M’) has to be finitely generated as well. O

Hence it suffices to prove that the mapping class group 71o(Diffy(Wg 1))
is of homologically finite type. This is a consequence of the follow-
ing theorem of Sullivan, proven using surgery theory and rational
homotopy theory [Suly7]:

Theorem 38.1.3 (Sullivan). If M is a closed simply-connected smooth
manifold of dimension n > 5, then to(Diff(M)) is an arithmetic group.

For us an arithmetic group is a group I' such that there exists an
algebraic group G over Q, i.e. G C GL,(Q) defined by polynomial
equations in its entries, such that there is a finite index group of T’
which is isomorphic to G N GL,(Z).

Borel and Serre proved there is a finite index subgroup I of T
which acts freely on a manifold with boundary, the Borel-Serre com-
pactification, such that the quotient is a compact manifold with
boundary [Sery9]. This gives a finite free Z[I"]-module resolution
of Z, which allows one to compute H,(BI"; M) for M’ finitely gen-
erated as an abelian group, using a chain complex that consists of
finitely generated abelian groups. Hence it is of homologically fi-
nite type. To deduce the same for I', we need the following lemma
(compare to Lemma 38.1.2).

Lemma 38.1.4. If H C G has finite index, then G is of homologically finite
type if and only if H is.

We conclude the following:
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Theorem 38.1.5 (Borel-Serre). An arithmetic group is homologically finite
type.

Corollary 38.1.6. If M is a closed simply-connected smooth manifold of
dimension n > 5, then rto(Diff(M)) is of homologically finite type.

The manifold W, ; is not closed, but using W, = #, (5" x S"), we
have a fiber sequence

Emb(D*", Wg) — BDiffy(W, 1) — BDiffy(W,).

We saw before that Emb(D?", W,) =~ FrGL(TWg), which fits into a
fiber sequence

O(2n) — Fr°H(TW,) — Wy 1,

so that we may conclude that no(FrGL(TWg)) =Z/27 = m(FrGL(TWg)).
Thus 77(Diffy(Wg1)) differs from 7to(Diffy (Wg)) by finite groups,

and hence is also of homologically finite type. We may then conclude
that:

Corollary 38.1.7. We have that rro(Emb(W,,1)) is of homologically finite
type.
The identity component

We shall study the identity component Emb;q(W, 1) of embeddings
We1 — We rel D?"~! using embedding calculus. We saw before that
there is a tower

T3 +—— T(C3(W;,1), tohofibs rel fat diagonal and D>~ 1)

Ty +—— T(C2(Wg,1), tohofib; rel fat diagonal and D21

-

Emb;g (Wg,l ) T = BunD%;1—1’id ( TWg1, TW, ).

This converges since the handle dimension of the source W 1 rel
D?*"1 is n, while the target W 1 is 2n-dimensional, and 2n —n > 2
if n > 3. We shall use this to prove that Emb;4 (W, 1) has homotopy
groups which are finitely generated abelian groups in each degree
(since it is a path-connected H-space, 7r; is abelian).

For the first Taylor approximation, we note that the bundle maps
fit into a fiber sequence

Map* (Wg,lr O(Zn)) — BunDZ_”’l,id(ngrl’ TI/Vg/l) — Map* (Wg,lf Wg,l ),
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and the fiber and base may be identified by [1,, Q"(O(2n)) and
[Tog Q" (Wy,1), so that it easily follows from the long exact sequence
of homotopy groups that the identity components of the space of
bundle maps are finitely generated abelian groups in each degree.

By the Goodwillie-Klein estimates [GK15] that went into proving
the tower converges, the layers given by section spaces, become more
highly connected as the number of particles goes to infinity. This
simply follows by connectivity estimates on the total homotopy fiber.
Thus it suffices to show that the section spaces also have finitely gen-
erated homotopy groups in each degree. This is a similar argument;
the fibers have finitely generated homotopy groups by using the iter-
ated homotopy fiber formula and using that configuration spaces are
homotopy equivalent to finite CW complexes and hence have finitely
generated homotopy groups. Then one does an induction over the
number of cells in the base.

Proposition 38.1.8. We have that 7t;(Embiq(Wy 1)) is a finitely generated
abelian group for all i > 1.

By a Serre class argument, we then also have that H.(Embjq(W,,1))
is a finitely generated abelian group in each degree. From the geo-
metric spectral sequence the same is true for H,(BEmbjq(Wg1)).

The classifying space of embeddings

Now we combine our results on the path components and the iden-
tity components. There is a fiber sequence

BEmbid(I/Vg/l) — BEmb(Wgrl) — Bﬂo(Emb(ngl))

and by the Serre spectral sequence, the homology of the total space
may be computed by

E3, = Hp(B7io(Emb(Wy,1)); Hy(BEmbig(Wy,1))) = Hp1q(BEmb(W,,1))

and since the 71o(Emb(W, 1)) is of homologically finite type, while
each Hy(BEmbjg(W, 1) is a finitely generated abelian group. This
means that each entry on the E2-page is a finitely generated abelian
group, and hence so is Hp4(BEmb(W,1)).

Theorem 38.1.9. We have that H.(BEmb(Wy 1)) is finitely generated in
each degree.

38.2  Diffeomorphisms of disks

Consider the Serre spectral sequence for

BDiffy(W,1) — BEmb(W,,1) — B?Diffy (D),
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which is given by
E;, = Hy(B?Diffy(D*"), Hy(BDiffy(Wg1))) = Hp1q(BEmb(Wg1)),

where we note that the coefficients are trivial since the base is simply-
connected.

By the Galatius-Randal-Williams theorems, we have that H,(BDiffy(W, 1))

is equal to H,;(QY*MT®) for q%. This is finitely generated. On other
hand, the spectral sequence converges to finitely generated abelian
groups by Theorem 38.1.9. Then a similar argument to Lemma 38.1.2
tells us that H,,(B?Diff,(D?")) is finitely generated for p < %3 But
¢ was arbitrary so H, (B?Diff,(D?")) is finitely generated in each de-
gree. By a Serre classes argument, the same is true for the homotopy
groups. This is the result we have been working towards the last
couple of lectures [Kup17].

Theorem 38.2.1 (K.). We have that 7t;(Diffy(D?")) is finitely generated for
i>0and n > 3.

Remark 38.2.2. The same is true for odd-dimensional disks as long as
the dimension is not 5,7, by using results of Botvinnik-Perlmutter in
place of Galatius-Randal-Williams, [Per15, BP15].
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