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Preface

THIS book gives a present-day account of Marston Morse’s theory of the calculus
of variations in the large. However, there have been important developments
during the past few years which are not mentioned. Let me describe three of
these

R. Palais and S. Smale nave studied Morse theory for a real-valued function
on an infinite dimensional manifold and have given direct proofs of the main
theorems, without making any use of finite dimensional approximations. The
manifolds in question must be locally diffeomorphic to Hilbert space, and the
function must satisfy a weak compactness condition. As an example, to study
paths on a finite dimensional manifold M one considers the Hilbert manifold
consisting of all absolutely continuous paths w : [0,1] — M with square inte-
grable first derivative. Accounts of this work are contained in R. Palais, Morse
Theory on Hilbert Manifolds, Topology, Vol. 2 (1963), pp. 299-340; and in S.
Smale, Morse Theory and a Non-linear Generalization of the Dirichlet Problem,
Annals of Mathematics, Vol. 8o (1964), pp. 382-396.

The Bott periodicity theorems were originally inspired by Morse theory (see
part IV). However, more elementary proofs, which do not involve Morse theory
at all, have recently been given. See M. Atiyah and R. Bott, On the Periodicity
Theorem for Complex Vector Bundles, Acts, Mathematica, Vol. 112 (1964), pp.
229-247. as well as R. Wood, Banach Algebras and Bott Periodicity, Topology,
4 (1965-66), pp. 371-389.

Morse theory has provided the inspiration for exciting developments in dif-
ferential topology by S. Smale, A. Wallace, and others, including a proof of the
generalized Poincare hypothesis in high dimensions. I have tried to describe
some of this work in Lectures on the h-cobordism theorem, notes by L. Sieben-
mann and J. Sondow, Princeton University Press, 1965.

Let me take this opportunity to clarify one term which may cause confusion.
In Chapter 12 I use the word “energy” for the integral

1
Eif‘/
0

along a path w(t). V. Arnol’d points out to me that mathematicians for the past
200 years have called E the “action” integral. This discrepancy in terminology
is caused by the fact that the integral can be interpreted, in terms of a physical
model, in more than one way.
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Think of a particle P which moves along a surface M during the time interval
0 <t < 1. The action of the particle during this time interval is defined to be
a certain constant times the integral F. If no forces act on P (except for the
constraining forces which hold it within M), then the “principle of least action”
asserts that E will be minimized within the class of all paths joining w(0) to
w(1), or at least that the first variation of E will be zero. Hence P must traverse
a geodesic. But a quite different physical model is possible. Think of a rubber
band which is stretched between two points of a slippery curved surface. If the
band is described parametrically by the equation = w(t), 0 < ¢ < 1, then the
potential energy arising from tension will be proportional to our integral E (at
least to a first order of approximation). For an equilibrium position this energy
must be minimized, and hence the rubber band will describe a geodesic.

The text which follows is identical with that of the first printing except for
a few corrections. I am grateful to V. Arnol’d, D. Epstein and W. B. Houston,
Jr. for pointing out corrections.

J. W. M.
Los Angeles, June 1968.



Part 1

Non-degenerate Smooth
Functions on a Manifold



Chapter One

Introduction

In this section we will illustrate by a specific example the situation that we will
investigate later for arbitrary manifolds. Let us consider a torus M, tangent to

the plane V', as indicated in Figure 1.1.

S

p

Figure 1.1

Let f: M — IR (IR always denotes the real numbers) be the height above
the V' plane, and let M* be the set of all points © € M such that f(z) < a.

Then the following things are true:
1. If a < 0= f(p), then M* is vacuous.

2. If f(p) < a< f(g), then M* is homeomorphic to a 2-cell.
3. If f(q) < a< f(r), then M* is homeomorphic to a cylinder:
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4. If f(r) < a < f(s), then M“ is homeomorphic to a compact manifold of genus
one having a circle as boundary:

5. If f(s) < a, then M* is the full torus.

In order to describe the change in M® as a passes through one of the points
f(), f(q), f(r), f(s) it is convenient to consider homotopy type rather than
homeomorphism type. In terms of homotopy types:

(1) — (2) is the operation of attaching a 0-cell. For as far as homotopy
type is concerned, the space M2, f(p) < a < f(q), cannot
be distinguished from a 0-cell:

Here “~” means “is of the same homotopy type as.”

(2) — (3) is the operation of attaching a 1-cell:

(3) — (4) is again the operation of attaching a 1-cell:

=

(4) — (5) is the operation of attaching a 2-cell.

The precise definition of “attaching a k-cell” can be given as follows. Let Y be
any topological space, and let

ek = {z € R : Iz <1},

be the k-cell consisting of all vectors in Euclidean k-space with length < 1.
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%

The boundary
e ={zeR": ||z| =1},

will be denoted by S¥=1. If g : S*=! — Y is a continuous map then
Y U, ek,

(Y with a k-cell attached by g) is obtained by first taking the topological sum (=
disjoint union) of Y and e*, and then identifying each € S*~! with g(z) € Y.
To tale care of the case k = 0 let €® be a point and let é° = S~! be vacuous, so
that Y with a 0-cell attached is just the union of Y and a disjoint point.

As one might expect, the points p, ¢, and s at which the homotopy type of
M?® changes, have a simple characterization in terms of f. They are the critical
points of the function. If we choose any coordinate system (x,y) near these
points, then the derivatives % and % are both zero. At p we can choose (x,y)
so that f = z2 + 42, at s so that f = constant — 22 — 2, and at ¢ and r so that
f = constant + 22 — y2. Note that the number of minus signs in the expression
for f at each point is the dimension of the cell we must attach to go from M¢
to M?, where a < f(point) < b. Our first theorems will generalize these facts
for any differentiable function on a manifold.

e For further information on Morse Theory, the following sources are extremely
useful.

e M. Morse, “The calculus of variations in the large,” American Mathematical

Society, New York, 1934.

H. Seifert and W. Threlfall, “Variationsrechnung its Grossen,” published in

the United States by Chelsea, New York, 1951.

R. Bott, The stable homotopy of the classical groups, Annals of Mathematics,

Vol. 70 (1959), pp. 313-337.

R. Bott, Morse Theory and its application to homotopy theory, Lecture notes

by A. van de Ven (mimeographed), University of Bonn, 1960.



Chapter Two

Definitions and Lemmas

The words “smooth” and “differentiable” will be used interchangeably to mean
differentiable of class C'*°. The tangent space of a smooth manifold M at a point
p will be denoted by TM,,. If g : M — N is a smooth map with g(p) = ¢, then
the induced linear map of tangent spaces will be denoted by g, : T'M,, — T'N,,.

Now let f be a smooth real valued function on a manifold M. A point p € M
is called a critical point of f if the induced map f. : TM, — TIR () is zero. If

we choose a local coordinate system (z1,...,2,) in a neighborhood U of p this
means that

of _ . _of _,

ozt OQan

The real number f(p) is called a critical value of f.

We denote by M? the set of all points € M such that f(z) < a. If a is
not a critical value of f then it follows from the implicit function theorem that
M? is a smooth manifold-with-boundary. The boundary f~!(a) is a smooth
submanifold of M.

A critical point p is called non-degenerate if and only if the matrix

< afng (p)) :

is non-singular. It can be checked directly that non-degeneracy does not depend
on the coordinate system. This will follow also from the following intrinsic
definition.

If p is a critical point of f we define a symmetric bilinear functional f,. on
TM,, called the Hessian of f at p. If v,w € T'M,, then v and w have extensions
v and W to vector fields. We let f..(v,w) = v,(w(f)), where Up is, of course,
just v. We must show that this is symmetric and well-defined. It is symmetric
because

up(w(f)) —wp(0(f)) = [0, w]p(f) = 0,

where [v, w] is the Poisson bracket of v and w, and where [v, w],(f) = 0 since f
has p as a critical point.

Therefore f.. is symmetric. It is now clearly well-defined since v, (w(f)) =
vp(w(f)) is independent of the extension v of v, while w,(v(f)) is independent

Here w(f) denotes the directional derivative of f in the direction w.
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of w.
If (x1,...,2,)isa 1ocal coordinate system and v = Y a; 2+
we can take @ = Y b;+2>

pvw_z ]dx1|p

5.7 |p Where b; now denotes a constant function. Then

0% f
fuolv) = o(@)0) = o by 55 = Sy s

P

2
so the matrix (%(p)) represents the bilinear function f,, with respect

to the basis %M,, ce aa;%b'

We can now talk about the index and the nullity of the bilinear functional f,.
on T'M,. The indexz of a bilinear functional H, on a vector space V, is defined to
be the maximal dimension of a subspace of V' on which H is negative definite;
the nullity is the dimension of the null-space, i.e., the subspace consisting of
all v € V such that H(v,w) = 0 for every w € V. The point p is obviously a
non-degenerate critical point of f if and only if f., on T'M, has nullity equal
to 0. The index of f.. on T'M),, will be referred to simply as the indezx of f at
p. The Lemma of Morse shows that the behaviour of f at p can be completely
described by this index. Before stating this lemma we first prove the following:

Lemma 2.1. Let f be a C* function in a convex neighborhood V' of 0 in IR,
with f(0) =0. Then
flze,...,z,) = ingi(:cl, ceey ),
i=1

for some suitable C™ functions g; defined in 'V, with g;(0) = 2L(0).

é)wi
Proof.
df(tzy, ... tey) /
. At L R LT T (twy,... tx,) - zidt.
f(xq Tp) = /0 m Z o, (txy Tp) - T
Therefore we can let g;(z1,...,2,) = 01 %(tml, ooy txy)dt. O

Lemma 2.2 (Lemma of Morse). Let p be a non-degenerate critical point for f.
Then there is a local coordinate system (y',...,y"™) in a neighborhood U of p
with y'(p) = 0 for all i and such that the identity

F=fm) =)= =)+ + (")
holds throughout U, where A is the index of f at p.

Proof. We first show that if there is any such expression for f, then A must be
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then we have
-2 if i=j5 <A,

>’f o
ERE (p)=¢2 if i :.j > A,
0 otherwise,
which shows that the matrix representing f,. with respect to the basis % preces % »
is
-2

2

Therefore there is a subspace of T'M, of dimension A where f.. is negative
definite, and a subspace V of dimension n — A where f.. is positive definite.
If there were a subspace of T'M, of dimension greater than A on which f,,
were negative definite then this subspace would intersect V', which is clearly
impossible. Therefore A is the index of f..

We now show that a suitable coordinate system (y!,...

,y™) exists. Obvi-
ously we can assume that p is the origin of IR™ and that f(p) =

f(0) = 0. By
Theorem 2.1 we can write
flxy,...,xy) = ijgj(zl, cey Tp)
j=1
for (z1,...,zy,) in some neighborhood of 0. Since 0 is assumed to be a critical

point:

5,0 = L0 =0

Therefore, applying Theorem 2.1 to the g; we have

n
gj(:m, e ,.’En) = inhij(wlw .. ,.’En)
i=1

for certain smooth functions h;;. It follows that

flxy, ., o) = Z l‘i$jhij(3;‘1,...,ajn).

4,J=1
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We can assume that h;; = hj;, since we can write h;; = (hi; + hy;), and
then have h;; = hj; and f = > x;x;h;;. Moreover the matrix (Bij(O)) is equal
to (%%(0)), and hence is non-singular.

There is a non-singular transformation of the coordinate functions which
gives us the desired expression for f, in a perhaps smaller neighborhood of 0.
To see this we just imitate the usual diagonalization proof for quadratic forms.
(See for example, Birkhoff and MacLane, “A survey of modern algebra,” p. 271.)
The key step can be described as follows.

Suppose by induction that there exist coordinates uy,...,u, in a neighbor-
hood U; of 0 so that

f=F)? £ £ w1)?+ Y wuHilu, .. )
i,j>r

throughout Ui; where the matrices (H;j(u1,...,uy,)) are symmetric. After a
linear change in the last n — r + 1 coordinates we may assume that H,,. # 0.
Let g(u1,...,uy) denote the square root of |H,.(u1,...,uy)|. This will be a

smooth, non-zero function of uq, ..., u, throughout some smaller neighborhood
Us; C Uy of 0. Now introduce new coordinates vy, ..., v, by
V; = U4 for i#r

s n) = gl ) ( F 2N )

It follows from the inverse function theorem that vy, ..., v, will serve as coordi-
nate functions within some sufficiently small neighborhood Us of 0. It is easily
verified that f can be expressed as

f = Z i(vi)Q + Z ’UinHi/j(’Ul, ce ,’Un)
i<r n,j>r
throughout Us. This completes the induction; and proves Theorem 8.3. O
Corollary 2.3. Non-degenerate critical points are isolated.

Examples of degenerate critical points (for functions on IR and IR?) are
given below, together with pictures of their graphs.

We conclude this section with a discussion of 1-parameter groups of diffeo-
morphisms. The reader is referred to K. Nomizu,“Lie Groups and Differential
Geometry,” for more details.

A 1-parameter group of diffeomorphisms of a manifold M is a C*° map

IR xM— M

such that
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(a) f(z) = ez sin®(1). The origin is a (b) f(z) = «®. The origin is a degenerate
degenerate, and non-isolated, critical critical point
point.

(¢) f(z,y) = z® — 329> = Real part of (@) f(xz,y) = z*y* The set of critical
(z+4y)3. (0,0) is a degenerate critical points, all of which are degenerate,
point (a “monkey saddle”). consists of the union of the = and y

axis, which is not even a sub-manifold
of IR?.

(e) f(z,y) = 2. The set of critical points, all of which are degenerate, is the z axis,
which is a sub-manifold of IR?.
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1. for each t € IR the map ¢ : IR X M — M defined by ¢:(q) = ¢(t,q) is a
diffeomorphism of M onto itself,
2. for all t,s € IR we have @5 = @1 0 @s.

Given a l-parameter group ¢ of diffeomorphisms of M we define a vector
field X on M as follows. For every smooth real valued function f let

X,(f) = lim flen() — fla)

h—0 h
This vector field X is said to generate the group (.

Lemma 2.4. A smooth vector field on M which vanishes outside of a compact
set K C M generates a unique 1- parameter group of diffeomorphisms of M.

Proof. Given any smooth curve
t—c(t) e M
it is convenient to define the velocity vector

de
E S TMc(t)

by the identity ¢(f) = Flbnnow (Compare §8.) Now let ¢ be a 1-
—

parameter group of diffeomorphisms, generated by the vector field X. Then for
each fixed ¢ the curve

t— ¢i(q)
satisfies the differential equation
det(q)
=X
dt Pt (q)7

with initial condition ¢g(g) = ¢. This is true since

dei(q) () = lim floein(@) = fleela) _ . Flen(p) — F(p)

dt h—0 h h—0 h

= X,(f),

where p = ¢;(g). But it is well known that such a differential equation, locally,
has a unique solution which depends smoothly on the initial condition. (Com-
pare Graves, “The Theory of Functions of Real Variables,” p. 166. Note that,
in terms of local coordinates ul,...,u", the differential equation takes on the
more familiar form: dd—lf =at(ut,...,u"),i=1,...,n.)

Thus for each point of M there exists a neighborhood U and a number € > 0
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so that the differential equation

doy(q)
dt

= Xy, (9), volq) = q

has a unique smooth solution for ¢ € U, [t]| < e.

The compact set K can be covered by a finite number of such neighborhoods
U. Let g9 > 0 denote the smallest of the corresponding numbers €. Setting
wi(q) = q for ¢ ¢ K, it follows that this differential equation has a unique
solution ¢;(q) for |t| < €p and for all ¢ € M. This solution is smooth as a
function of both variables. Furthermore, it is clear that ¢ = ;0@ providing
that |¢|, |s|, |t + s| < eg. Therefore each such ¢, is a diffeomorphism.

It only remainb to define ; for |t| > &q. Any number ¢ can be expressed as
a multiple of % plus a remainder r with |r| < 2. If t = k(5) + 7 with k£ > 0,
set

Pt =0 0P 0 0P 0Py

where the transformation peo is iterated k times. If k < 0 it is only necessary
to replace Peo by ¢_ 20 iterated —k times. Thus ¢ is defined for all values of
t. Tt is not difficult to verify that ¢, is well defined, smooth, and satisfies the
condition @15 = py 0 ps. This completes the proof of Theorem 2.4 O

Remark 2.5. The hypothesis that X vanishes outside of a compact set cannot be
omitted. For example let M be the open unit interval (0,1) C IR, and let X be
the standard vector field jt on M. Then X does not generate any 1-parameter
group of diffeomorphisms of M.



Chapter Three

Homotopy Type in Terms of Critical Values

Throughout this section, if f is a real valued function on a manifold M, we let
M® = f~!(~o0,a] = {pe M: f(p) <a}.

Theorem 3.1. Let f be a smooth real valued function on a manifold M. Let
a < b and suppose that the set f~[a,b], consisting of allp € M with a < f(p) <
b, is compact, and contains no critical points of f. Then M® is diffeomorphic
to M®. Furthermore, M® is a deformation retract of M, so that the inclusion
map M® — M? is a homotopy equivalence.

The idea of the proof is to push M? down to M?® along the orthogonal
trajectories of the hypersurfaces f = constant. (Compare Figure 3.1.)

Figure 3.1

Choose a Riemannian metric on M; and let (X,Y") denote the inner product
of two tangent vectors, as determined by this metric. The gradient of f is the
vector field gradf on M which is characterized by the identity

(X, gradf) = X(f)

(= directional derivative of f along X) for any vector field X. This vector field

Ing}assical notation, in terms of local coordinates u', ..., u™, the gradient has components
ij 9f
Z 9" 5u7

J
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gradf vanishes precisely at the critical points of f. If ¢ : IR — M is a curve

with velocity vector 9¢ note the identity

dt
de _d(foc)
<m£“”>— i

Let p : M — IR be a smooth function which is equal to m
out the compact set f~![a,b]; and which vanishes outside of a compact neigh-

borhood of this set. Then the vector field X, defined by

X, = p(qg)(gradf),

satisfies the conditions of Theorem 2.4. Hence X generates a 1-parameter group
of diffeomorphisms

through-

pr: M — M.

For fixed ¢ € M consider the function ¢t — f(v:(q)). If ¢i(q) lies in the set
f~a,b], then

df(er(q) _ <d90t(Q)

m pm ,gradf> = (X, gradf) = +1.

Thus the correspondence
t— f(pe(q))

is linear with derivative +1 as long as f(y:(q)) lies between a and b.

Now consider the diffeomorphism ¢,_, : M — M. Clearly this carries M“
diffeomorphically onto M?. This proves the first half of Theorem 3.1.

Define a 1-parameter family of maps

e MY — M°

by

7ﬂ@{q it flg)<a
Pria—ran(@) if a< flg)<b

Then 7y is the identity, and r; is a retraction from M?® to M?. Hence M is a
deformation retract of M?. This completes the proof.

Remark 3.2. The condition that f~'[a,b] is compact cannot be omitted. For
example Figure 3.2 indicates a situation in which this set is not compact. The
manifold M does not contain the point p. Clearly M® is not a deformation
retract of MP.

Theorem 3.3. Let f : M — IR be a smooth function, and let p be a non-
degenerate critical point with index A. Setting f(p) = c, suppose that f~1[c —
g,c+ €] is compact, and contains no critical point of f other then p, for some
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Figure 3.2

e > 0. Then, for all sufficiently small ¢, the set M“T¢ has the homotopy type of
M™% with a A-cell attached.

The idea of the proof of this theorem is indicated in Figure 3.3, for the special
case of the height function on a torus. The region

M= = fﬁl(*oovcfs]

is heavily shaded. We will introduce a new function ' : M — IR which coincides
with the height function f except that F' < f in a small neighborhood of p. Thus
the region F~1(—o0,c — €] will consist of M¢~¢ together with a region H near
p. In Figure 3.3, H is the horizontally shaded region.

Mete

Figure 3.3
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Choosing a suitable cell e C H, a direct argument (i.e., pushing in along the
horizontal lines) will show that M¢~¢Ue* is a deformation retract of M°~°UH.
Finally, by applying Theorem 3.1 to the function F and the region F~![c—¢, c+¢€]
we will see that M ¢ U H is a deformation retract of M°*¢. This will complete

the proof.
Choose a coordinate system u',...u" in a neighborhood U of p so that the
identity
f —c— (u1)2 o (uk)2 + (uh+1)2 N (un)Q
holds throughout U. Thus the critical point p will have coordinates
ul(p) == un(p) =0.

Choose € > 0 sufficiently small so that

1. The region f~'[c —e,c+ €] is compact and contains no critical points other
than p.
2. The image of U under the diffeomorphic imbedding

(w,...,u"): U - IR"
contains the closed ball
{(', .. um) Y (uh)? < 2}
Now define €* to be the set of points in U with
W)+ (W) <eand WM =... =u" = 0.

The resulting situation is illustrated schematically in Figure 3.4.

The coordinate lines represent the planes v*! = ... = ¢ = 0 and u! =
... = u* = 0 respectively; the circle represents the boundary of the ball of radius
V/2¢; and the hyperbolas represent the hypersurfaces f~'(c—¢) and f~(c+e).
The region M¢~¢ is heavily shaded; the region f~l[c — ¢,¢] is heavily dotted;
and the region f~![c,c + €] is lightly dotted. The horizontal dark line through
p represents the cell €.

Note that e* N M¢~¢ is precisely the boundary é*, so that e* is attached to
M°=¢ as required. We must prove that M¢~¢ U e* is a deformation retract of
Mete,

Construct a new smooth function F : M — IR as follows. Let p: IR — IR
be a C'* function satisfying the conditions

w(0) > e
u(r)y=0 for r>2
—1<pg(r)<0 forall r,
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(ul,. .., ut)-axis

NN NN

f=c f=c+e f=c+e f=c

Figure 3.4

where p/(r) = j—ﬁ. Now let F' coincide with f outside of the coordinate neigh-

borhood U, and let
F=f—pu ((u1)2 4o (@) 2+t 2(u")2)

within this coordinate neighborhood. It is easily verified that F' is a well defined
smooth function throughout M.
It is convenient to define two functions

§&n:U —[0,00)
by
€= (u')? + o+ (uh)?
=)+ (W)
Then f = ¢ — & +; so that:
F(q) = ¢ = &) +nlq) — n(&(q) +2n(q))

forall g € U.

Assertion 3.1. The region F~!(—o0,c + ¢] coincides with the region M+s =
Y (—o0,c+¢].

Proof. Outside of the ellipsoid £ 4+ 2n < 2¢ the functions f and F' coincide.



HOMOTOPY TYPE IN TERMS OF CRITICAL VALUES 17

Within this ellipsoid we have
1
F§f=c—§+nSC+§£+n§c+a

This completes the proof. O
Assertion 3.2. The critical points of F' are the same as those of f.

Proof. Note that

OF ,
5 1—p/(€+2n) <0
OF ,
7 1 > 1.
an 1—24/(§+2n) > 1
Since OF OF
dF = 5 ——d¢ + —d

where the covectors d¢ and dn are sunultaneously zero only at the origin, it
follows that F' has no critical points in U other than the origin. Now consider
the region F~![c—¢,c+¢]. By Assertion 3.1 together with the inequality F' < f
we see that

Flle—ect+elC fle—ec+el

Therefore this region is compact. It can contain no critical points of F' except
possibly p. But
F(p)=c—u(0) <c—e.

Hence F~1[c — ¢, ¢+ ¢ contains no critical points. Together with Theorem 3.1
this proves the following. O

Assertion 3.3. The region F~!(—o0, ¢ — €] deformation retract of M<T<.

It will be convenient to denote this region F~1(—o0,c — €] by M*~¢ U H;
where H denotes the closure of F~1(—o0,c—¢] — M¢7¢.

Remark 3.4. In the terminology of Smale, the region M°~¢ U H is described as
M™% with a “handle” attached. It follows from Theorem 3.1 that the manifold-
with-boundary M¢¢ U H is diffeomorphic to M¢™¢. This fact is important
in Smale’s theory of differentiable manifolds. (Compare S. Smale, Generalized
Poincare’s conjecture in dimensions greater than four, Annals of Mathematics,
Vol. 74 (1961), pp. 391-406.)

Now consider the cell e* consisting of all points ¢ with
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Note that e* is contained in the “handle” H. In fact, since %—Ig < 0, we have

F(qg) < F(p)<c—c¢

but f(q) > ¢ — ¢ for q € e*.

SNNIIIY
b NOINNN

Figure 3.5

The present situation is illustrated in Figure 3.5. The region M°~¢ is heavily
shaded; the handle H is shaded with vertical arrows; and the region F~1[c —
g,c+ €] is dotted.

Assertion 3.4. The region M¢~¢ Ue» is a deformation retract of M°~= U H.

Proof. A deformation retraction r;, : MU H — M ¢ U H is indicated
schematically by the vertical arrows in Figure 3.5. More precisely let r; be
the identity outside of U; and define r; within U as follows. It in necessary to
distinguish three cases as indicated in Figure 3.6.
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Case 1.

Case 2.

Case 3.

Within the region £ < e let r; correspond to the transfor-
mation

(uh, ... u™) = (ul) ... Jut e Jtu™).

Thus r; is the identity and rq maps the entire region into
¢*. The fact that each r; maps F~1(—o00,c — €] into itself,
follows from the 1nequahty E 0.

Within the region ¢ < & < 77 + € let 14 correspond to the
transformation

(uh, .. u™) = (ul, . et s su™)

where the number s, € [0, 1] is defined by

(E—¢

se =1+ (1—1t)( ; )z,

Thus r; is again the identity, and ry maps the entire region
into the hypersurface f~!(c —¢). The reader should verify
that the functions s;u’ remain continuous as & — ¢, n — 0.
Note that this definition coincides with that of Case 1 when
E=e.

Within the region n+e < ¢ (i.e., within M°¢). let r; be the
identity. This coincides with the preceding definition when
E=n+e.

This completes the proof that M¢~¢Ue* is a deformation retract of F~!(—o0, ¢+
¢]. Together with Assertion 3.4, it completes the proof of Theorem 3.3. O

Case 2 Case 2

Nﬁj?mﬁ WV

Figure 3.6

Remark 3.5. More generally suppose that there are k& non-degenerate critical
points p!, ..., p* with indices A;,..., Ay in f~1(c). Then a similar proof shows
that M°*¢ has the homotopy type of M¢~UeM U- .- Ueh.
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Remark 3.6. A simple modification of the proof of Theorem 3.3 shows that the
set M€ is also a deformation retract of M¢T¢. In fact M€ is a deformation
retract of F~1(—oo,c| which is a deformation retract of M+ (Compare Fig-
ure 3.7.) Combining this fact with Theorem 3.3 we see easily that M= U et is
a deformation retract of MF€.

Figure 3.7: M¢ is heavily shaded, and F~'[c,c + ¢] is dotted.

Theorem 3.7. If f is a differentiable function on a manifold M with no de-
generate critical points, and if each M*® is compact, then M has the homotopy
type of a CW-complex, with one cell of dimension A for each critical point of
index \.

(For the definition of CW-complex see J. H. C. Whitehead, Combinatorial
Homotopy I, Bulletin of the American Mathematical Society, Vol. 55, (1949),
pp. 213-245.)

The proof will be based on two lemmas concerning a topological space X
with a cell attached.

Lemma 3.8 (Whitehead). Let ¢o and 1 be homotopic maps from the sphere
é* to X. Then the identity map of X extends to a homotopy equivalence

E: X Ue — X ue
$o $1
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Proof. Define K by the formulas

K)==z for zeX
1
K (tu) = 2tu for 0<t<y u e ét
1
K(tu) = pa_ot(u) for 3= t<1, uwee

Here ¢; denotes the homotopy between g and ¢1; and tu denotes the product
of the scalar ¢ with the unit vector u. A corresponding map

(X Uue— Xue
¥1 Yo

is defined by similar formulas. It is now not difficult to verify that the compo-
sitions K¢ and ¢K are homotopic to the respective identity maps. Thus K is a
homotopy equivalence. O

For further details the reader is referred to, Lemma 5 of J. H. C. Whitehead,
On Simply Connected 4-Dimensional Polyhedra, Commentarii Math. Helvetici,
Vol. 22 (1949), pp. 48-92.

Lemma 3.9. Let ¢ : ¢ — X be an attaching map. Any homotopy equivalence
f: X =Y extends to a homotopy equivalence

F:Xue — X ueé
® fe

Proof. (Following an unpublished paper by P. Hilton.) Define F' by the condi-

tions
Flx=f
F| . = identity.

Let g : Y — X be a homotopy inverse to f and define

G:YUue —Y U e
fe gfe
by the corresponding conditions G|y = g, G|s identity.
Since gfp is homotopic to ¢, it follows from Theorem 3.8 that there is a

homotopy equivalence

K:X Ue—Xxueée
gfe ¥

We will first prove that the composition
KGF:XUe' — Xue
@ @

is homotopic to the identity map.
Let h; be a homotopy between gf and the identity. Using the specific defi-
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nitions of K, G, and F, note that

KGF(z)=gf(x) for zeX
1
KGF(tu) = 2tu for 0<t<z, ue et
1
KGF(tu) = ha_atp(u) for 3 <t<1, wueé.
The required homotopy
qT:XUe}‘—>XUe}‘
® @
is now defined by the formula
qr(z) = h(x) for zeX
(tu) = t for 0<t<iTT e
gr(tu) = ;——tu or 0st<——, u€e
1
qr(tu) = ho_orirp(u) for T <t<1, ueé

Therefore F' has a left homotopy inverse. O

The proof that F is a homotopy equivalence will now be purely formal, based
on the following.

Assertion 3.5. If a map F has a left homotopy inverse L and a right homotopy
inverse R, then F' is a homotopy equivalence; and R (or L) is a 2-sided homotopy
inverse.

Proof. The relations

LF ~ identity, FR ~ identity,

imply that
L~L(FR)=(LF)R~R.
Consequently
RF ~ LF ~ identity,
which proves that R is a 2-sided inverse. O

The proof of Theorem 3.9 can now be completed as follows. The relation
KFG ~ identity,

asserts that I’ has a left homotopy inverse; and a similar proof shows that G
has a left homotopy inverse.

Step 1. Since K(GF') ~ identity, and K is known to have a left inverse, it
follows that (GF)K =~ identity.
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Step 2. Since G(FK) ~ identity, and G is known to have a left inverse, it
follows that (FK)G ~ identity.

Step 3. Since F(KG) ~ identity, and F' has KG as left inverse also, it
follows that F' is a homotopy equivalence.

This completes the proof of Theorem 3.9.

Proof of Theorem 3.7. Let ¢1 < ¢ca < c3 < --- be the critical values of f: M —
IR. The sequence {¢;} has no cluster point since each M is compact. The set
M® is vacuous for a < ¢1. Suppose acy, ca, c3, . .. and that M® is of the homotopy
type of a CW-complex. Let ¢ be the smallest ¢; > a. By Theorems 3.1 and 3.3

and Theorem 3.5, M°*¢ has the homotopy type of M°~2 UeM U--- U el
P1 Pj(e)

for certain maps ¢1, ..., ;) when ¢ is small enough, and there is a homotopy
equivalence h : M ¢ — M* We have assumed that there is a homotopy
equivalence b/ : M* — K, where K is a CW-complex.

Then each A’ o h o ¢; is homotopic by cellular approximation to a map

;¢ — (A — 1) — skeleton of K.

Then K b}J My wu e is a CW-complex, and has the same homotopy
1 i)

type as M“T¢, by Theorems 3.8 and 3.9.

By induction it follows that each M® has the homotopy type of a CW-
complex. If M is compact this completes the proof. If M is not compact, but
all critical points lie in one of the compact sets M?, then a proof similar to that
of Theorem 3.1 shows that the set M® is a deformation retract of M, so the
proof is again complete.

If there are infinitely many critical points then the above construction gives
us an infinite sequence of homotopy equivalences

M* C M* C M®* C---

LD

K c Ky ¢ K3 C---

each extending the previous one. Let K denote the union of the K; in the direct
limit topology, i.e., the finest possible compatible topology, and let g : M — K
be the limit map. Then ¢ induces isomorphisms of homotopy groups in all
dimensions. We need only apply Theorem 1 of Combinatorial homotopy I to
conclude that g is a homotopy equivalence. [Whitehead’s theorem states that if
M and K are both dominated by CW-complexes, then any map M — K which
induces isomorphisms of homotopy groups is a homotopy equivalence. Certainly
K is dominated by itself. To prove that M is dominated by a CW-complex it
is only necessary to consider M as a retract of tubular neighborhood in some
Euclidean space.] This completes the proof of Theorem 3.7. O
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Remark 3.10. We have also proved that each M® has the homotopy type of a
finite CW-complex, with one cell of dimension A for each critical point of index
A in M®. This is true even if a is a critical value. (Compare Theorem 3.6.)



Chapter Four

Examples

As an application of the theorems of §3 we shall prove:

Theorem 4.1 (Reeb). If M is a compact manifold and f is a differentiable
function on M with only two critical points, both of which are non-degenerate,
then M is homeomorphic to a sphere.

Proof. This follows from Theorem 3.1 together with the Lemma of Morse (§2.2).
The two critical points must be the minimum and maximum points. Say that
f(p) = 0 is the minimum and f(g) = 1 is the maximum. If ¢ is small enough
then the sets M¢ = f~1[0,¢] and f~1[1—¢, 1] are closed n-cells by §2.2. But M*®
is homeomorphic to M*~¢ by §3.1. Thus M is the union of two closed n-cells,
M=% and f~1[1 — ¢, 1], matched along their common boundary. It is now easy
to construct a homeomorphism between M and S™. O

Remark 4.2. The theorem remains true even if the critical points are degenerate.
However, the proof is more difficult. (Compare Milnor, Differential topology,
in “Lectures on Modern Mathematics II,” ed. by T. L:.Saaty (Wiley, 1964),
pp- 165-183; Theorem 1’; or R. Rosen, A weak form of the star conjecture for
manifolds, Abstract 570-28, Notices Amer. Math Soc., Vol. 7 (1960), p. 380;
Lemma 1.)

Remark 4.3. It is not true that M must be diffeomorphic to S™ with its usual
differentiable structure.(Compare: Milnor, On manifolds homeomorphic to the
7-sphere, Annals of Mathematics, Vol. 64 (1956), pp. 399-405. In this paper a 7-
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sphere with a non-standard differentiable structure is proved to be topologically
S7 by finding a function on it with two non-degenerate critical points.)

As another application of the previous theorems we note that if an n-manifold
has a non-degenerate function on it with only three critical points then they have
index 0, n and % (by Poincaré duality), and the manifold has the homotopy type
of an g-sphere with an n-cell attached. See J. Eells and N. Kuiper, Manifolds
which are like projective planes, Inst. des Hautes Etudes Sci., Publ. Math. 14,
1962. Such a function exists for example on the real or complex projective plane.

Let CP,, be complex projective n-space. We will think of CP,, as equivalence
classes of (n + 1)-tuples (z1,...,2,) of complex numbers, with Y [z;|> = 1.
Denote the equivalence class of (z1,...,2n) by (20 : 211+ 2).

Define a real valued function f on CP,, by the identity

f(Z() 21 it Zn) = ZCj‘ZjF

where cg, c1, ..., c, are distinct real constants. In order to determine the critical
points of f, consider the following local coordinate system. Let Uy be the set of
(20121 : 1 zy) With 29 # 0, and set

Zj .
\z0|z—0 = x; + iy.

Then
T1,Y1y-- - TnyYn - UO —>]R'

are the required coordinate functions, mapping Uy diffeomorphically onto the
open unit ball in IR?*". Clearly

5P =22 +y2,  wlP=1-) (a+4)),
so that
n
f=cot+ > (¢j—co)ai+v3)
j=1

throughout the coordinate neighborhood Uy. Thus the only critical point of f
within U. lies at the center point

po=(1:0:0:---:0)

of the coordinate system. At this point f is non-degenerate; and has index equal
to twice the number of j with ¢; < co.
Similarly one can consider other coordinate systems centered at the points

pr=0:1:0:---:0),...,p,=(0:0:---:0:1).

It follows that pg,p1,.-.,pn are the only critical points of f. The index of f
at py is equal to twice the number of j with ¢; < c,. Thus every possible even
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index between 0 and 2n occurs exactly once. By Theorem 3.7:
CP,, has the homotopy type of a CW-complex of the form
uetuetu..-Ue™,
It follows that the integral homology groups of CP,, are given by

Z for 1=0,2,4,...,2n

0 for other values of i.

H,(CP,;Z) = {



Chapter Five

The Morse Inequalities

In Morse’s original treatment of this subject, Theorem 3.7 was not available. The
relationship between the topology of M and the critical points of a real valued
function on M were described instead in terms of a collection of inequalities.
This section will describe this original point of view.

Definition 5.1. Let S be a function from certain pairs of spaces to the integers.
S is subadditive if whenever X DY D Z we have S(X,Z) < S(X,Y)+S(Y, 2).
If equality holds, S is called additive.

As an example, given any field F as coefficient group, let

Ry (X,Y) = Ath Betti number of (X,Y)
= rank over F of Hy (X, Y F),

for any pair (X,Y") such that this rank is finite. Ry is subadditive, as is easily
seen by examining the following portion of the exact sequence for (X,Y, Z):

- — (Y, Z) (X, Z) —m H/(X)Y) — -
The Euler characteristic (X, Y) is additive, where x(X,Y) = S (= 1)*Ry (X, Y).

Lemma 5.2. Let S be subadditive and let Xo C --- C X,,. Then S(X,, Xo) <
S S(Xy, Xioq). If S is additive then equality holds.

Proof. Induction on n. For n = 1, equality holds trivially and the case n = 2 is
the definition of (sub) additivity.

If the result is true for n—1, then S(X,_1, Xo) < 1" S(X;, X;_1). There-
fore S(X,,Xo) < S(Xpn_1,Xo0) + S(Xpn, Xn1) < 30, S(X;, Xi—1) and the
result is true for n. O

Let S(X,@) = S(X). Taking X¢ = @ in Theorem 5.2, we have

n

S(Xn) <Y S(Xi, Xia) (5.1)

i=1

with equality if S is additive.
Let M be a compact manifold and f a differentiable function on M with
isolated, non-degenerate, critical points. Let a; < --- < ax be such that M®
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contains exactly ¢ critical points, and M* = M. Then
H, (M® M%) = H,(M%-1 Ue, M%)
=H, (M, éM) by excision,

) coefficient group in dimension A,
0 otherwise.

where A; is the index of the critical point.
Applying Equation (5.1) to @ = M®* C --- C M% = M with S = Ry we
have

Ry(M) <3 Ry(M®, M™ ) = Cy;

i=1
where C), denotes the number of critical points of index A. Applying this formula
to the case S =y we have

x(M) = Zx(Mai,Mai—l) =Cp—C,+Cy—+---£C,.

i=1
Thus we have proven:

Theorem 5.3 (Weak Morse Inequalities). If Cy denotes the number of critical
points of index A on the compact manifold M then

Ry(M) < Cy, and (5.2)
D (DMR(M) =Y (-1)*Ch (5.3)
Slightly sharper inequalities can be proven by the following argument.
Lemma 5.4. The function S is subadditive, where
SUX,Y)=R(X,)Y) - R 1(X,)Y)+ Ry o(X,Y) —+--- £ Ry(X,Y).

Proof. Given an exact sequence

h a1y B J c—*.. ... . —sD—50

of vector spaces note that the rank of the homomorphism h plus the rank of 4
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is equal to the rank of A. Therefore,

Rank h = Rank A — Rank ¢
= Rank A — Rank B + Rank j
= Rank A — Rank B + Rank C — Rank K

= Rank A — Rank B + Rank C — +--- £+ Rank D.

Hence the last expression is > 0. Now consider the homology exact sequence of
a triple X DY D Z. Applying this computation to the homomorphism

Hy 1 (X,Y) -5 Hy (Y, 2)
we see that
Rankd = R\ (Y, Z) — Ry (X, Z2) + R(X,Y) — Ry 1 (Y, Z)+--- >0
Collecting terms, this means that
SUY,Z) = S(X,Z)+ Su(X,Y) >0,
which completes the proof. O
Applying this subadditive function Sy, to the spaces
gCcM*CcM*=C---CM™

we obtain the Morse inequalities:

k
S (M) < 37 S (M, M=) = O — Cpy + — -+ % Co
i=1
or
Ry(M) =Ry (M) 4 —--- £ Ry(M) <Cp, — Cp—1 + —--- £ Ch. (4n)

These inequalities are definitely sharper than the previous ones. In fact,
adding (4)) and (4p_1), one obtains (2;); and comparing (43) with (4)_;) for
A > n one obtains the equality (5.3).

As an illustration of the use of the Morse inequalities, suppose that Cy 1 = 0.
Then R)1 must also be zero. Comparing the inequalities (45) and (4)41), we
see that

Rp—Ry1+— TR =C—Cr_1+—---EC)h.

Now suppose that C_; is also zero. Then Rj_; = 0, and a similar argument
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shows that

Rypo—Rp3+—- xRy =Ch—a—Ch_3+—---£Cp.
Subtracting this from the equality above we obtain the following:
Corollary 5.5. If 41 = Cy—1 =0 then Ry, = Cy and Ry11 = Ry—1 =0.

(Of course this would also follow from Theorem 3.7.) Note that this corollary
enables us to find the homology groups of complex projective space (see §4)
without making use of Theorem 3.7.



Chapter Six

Manifolds in Euclidean Space

Although we have so far considered, on a manifold, only functions which have
no degenerate critical points, we have not yet even shown that such functions
always exist. In this section we will construct many functions with no degenerate
critical points, on any manifold embedded in IR"™. In fact, if for fixed p € IR"
define the function L, : M — IR by L,(q) = ||p — ¢||*. It will turn out that for
almost all p, the function L, has only non-degenerate critical points.

Let M C IR" be a manifold of dimension k < n, differentiably embedded in
IR". Let N ¢ M x IR" be defined by

N ={(q,v) : ¢ € M, v perpendicular to M at ¢}.

It is not difficult to show that IV is an n-dimensional manifold differentiably
embedded in IR?". (N is the total space of the normal vector bundle of M)
Let E: N — IR" be E(q,v) = ¢+ v. (E is the “endpoint” map.)

E(q,v)

Definition 6.1. e € IR" is a focal point of (M, q) with multiplicity u if e = q+v
where (q,v) € N and the Jacobian of E at (q,v) has nullity u > 0. The point e
will be called a focal point of M if e is a focal point of (M, q) for some q € M.

Intuitively, a focal point of M is a point in IR™ where nearby normals inter-
sect.
We will use the following theorem, which we will not prove.

Theorem 6.2 (Sard). If My and Ms are differentiable manifolds having a
countable basis, of the same dimension, and f : My — My is of class C!,
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then the image of the set of critical points has measure 0 in M?2.

A critical point of f is a point where the Jacobian of f is singular. For a
proof see de Rham, “Variotes Differentiables,” Hermann, Paris, 1955, p. 10.

Corollary 6.3. For almost all x € IR", the point x is not a focal point of M.

Proof. We have just seen that N is an n-manifold. The point z is a focal point
iff z is in the image of the set of critical points of £ : N — IR™. Therefore the
set of focal points has measure 0. O

For a better understanding of the concept of focal point, it is convenient to
introduce the “second fundamental form” of a manifold in Euclidean space. We
will not attempt to give an invariant definition; but will make use of a fixed
local coordinate system.

Let u',...,u* be coordinates for a region of the manifold M C IR"™. Then
the inclusion map from M to IR" determines n smooth functions

y(ut, . uP), (et ).
These functions will be written briefly as #(u', ..., u") where & = (21,...,2,).
To be consistent the point ¢ € M C IR™ will now be denoted by ¢.
The first fundamental form associated with the coordinate system is defined
to be the symmetric matrix of real valued functions

o) (2.0
i) = 6u¢ an ’

The second fundamental form on the other hand, is a symmetric matrix (ZU) of
vector valued functions.

0*%
outoud -
as the sum of a vector tangent to M and a vector normal to M. Define ¢;; to

2 =

It is defined as follows. The vector at a point of M can be expressed

be the normal component of e Given any unit vector ¥ which is normal

OuiOu

(£ o25)- 5

can be called the “second fundamental form of M at ¢ in the direction v
It will simplify the discussion to assume that the coordinates have been
chosen to that g;;, evaluated at ¢, is the identity matrix. Then the eigenvalues

to M at ¢ the matrix

of the matrix (17~ K_;]) are called the principal curvatures Ki,..., Kk of M at

¢ in the normal direction ¢. The reciprocals K; Lo, Kf{l of these principal
curvatures are called the principal radii of curvature. Of course it may happen

that the matrix (17- E_;J) is singular. In this case one or more of the K; will be
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zero; and hence the corresponding radii K ! will not be defined.
Now consider the normal line ¢ consisting of all ¢+ t¥, where ¥ is a fixed
unit vector orthogonal to M at q.

Lemma 6.4. The focal points of (Mq) along £ are precisely the points (j’JrKi_lzT,
where 1 < i <k, K; # 0. Thus there are at most, k focal points of (M, q) along
£, each being counted with its proper multiplicity.

Proof. Choose n—k vector fields w1 (u', ..., u*), ... @, r(u', ..., u*) along the
manifold so that i,...,w,_; are unit vectors which are orthogonal to each
other and to M. We can introduce coordinates (u',...,u* t* ... t"~*) on the

manifold N € M x IR" as follows. Let (u',...,u” t!,...,t""*) correspond to

the point
n—=k
(f(ul, o), Z t%Wy (ul, ... ,uk)> € N.
a=1

Then the function

E:N—IR"
gives rise to the correspondence
= n—=k
1 k41 —ky €, =01 k = 1 k
(u'y ... u .t )—>x(u,...,u)+Ztawa(u,...,u ),
a=1

with partial derivatives

08 _ oF +Zt“6%

out o’ o’
08 -
— = Wg.
ote P
Taking the inner products of these n-vectors with the linearly independent vec-
oz ox - . . .
tors —, ..., el Wi, ..., Tsh_k will obtain an n X n matrix whose rank equals

the rank of the Jacobian of E at the corresponding point.
This nxn matrix clearly has the following form

or 0% oo
<8Ui'8'uj> <%:t oul .wﬁ>

O identity matrix

Thus the nullity is equal to the nullity of the upper left hand block. Using the
identity

. 8(4_8:?;’)_8117(1 oF . &7

~ou \ " ou; ) Ou;  Ouy T e Ou;0u;
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we see that this upper left hand block is just the matrix

(gij - Zt“u‘;’a Eg)
[e3

Thus:

Assertion 6.1. ¢+ tU is a focal point of (M, ¢) with multiplicity p if and only if
the matrix

(gij — - Eg) (%)
is singular, with nullity p.
Now suppose that (g;;) is the identity matrix. Then (x) is singular if and

only if % is an eigenvalue of the matrix (17 . é;) Furthermore the multiplicity

w is equal to the multiplicity of % as eigenvalue. This completes the proof of
Theorem 6.4. O

Now for fixed p € IR" let us study the function
Lﬁ = f M — 1R

where

We have of oz
z
- =2— (¥ —1p).
ou? ou? (@ =)
Thus f has a critical point at ¢ if and only if ¢ — p'is normal to M at ¢.
The second partial derivatives at a critical point are given by

0’ f ox 0¥  oOr
- =2 — . — —u’ - (T — p).
outou’ Jut  Oul 8u’u (@ =)
Setting p'= & + tv, as in the proof of Theorem 6.4, this becomes

8328fuj =2 (g~ 17 ;).

Therefore:

Lemma 6.5. The point ¢ € M is a degenerate critical point of f = Lyif and
only if p'is a focal point of (M,p). The nullity of ¢ as critical point is equal to
the multiplicity of P’ as focal point.
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Combining this result with Theorem 6.3 to Sard’s theorem, we immediately
obtain:

Theorem 6.6. For almost allp € IR™ (all but a set of measure 0) the function
L, M — 1R
has no degenerate critical points.

This theorem has several interesting consequences.

Corollary 6.7. On any manifold M there exists a differentiable function, with
no degenerate critical points, for which each M® is compact.

Proof. This follows from Theorem 6.6 and the fact that an n-dimensional mani-
fold M can be embedded differentiably as a closed subset of IR*" ! (see Whitney,
Geometric Integration Theory, p. 113). O

Application 6.1. A differentiable manifold has the homotopy type of a CW-
complex. This follows from the above corollary and Theorem 3.7.

Application 6.2. On a compact manifold M there is a vector field X such
that the sum of the indices of the critical points of X equals x(M), the Euler
characteristic of M. This can be seen as follows: for any differentiable function
f on M we have x(M) = 3_(—1)*C) where Cj, is the number of critical points
with index A. But (—1)* is the index of the vector field gradf at a point where
f has index A.

It follows that the sum of the indices of any vector field on M is equal to
% (M) because this sum is a topological invariant (see Steenrod, “The Topology
of Fibre Bundles,” §39.7).

The preceding corollary can be sharpened as follows. Let k£ > 0 be an integer
and let K C M be a compact set.

Corollary 6.8. Any bounded smooth function f : M — IR can be uniformly
approximated by a smooth function g which has no degenerate critical points.
Furthermore g can be chosen so that the i-th derivatives of g on the compact set
K uniformly approzimate the corresponding derivatives of f, for i < k.

(Compare M. Morse, The critical points of a function of n variables, Trans-
actions of the American Mathematical Society, Vol. 33 (1931), pp. 71-91.)

Proof. Choose some imbedding h : M — IR"™ of M as a bounded subset of some
euclidean space so that the first coordinate hy is precisely the given function f.
Let ¢ be a large number. Choose a point

p=(—c+e1,e2,...,6n)

close to (—¢,0,...,0) € IR"™ so that the function Lp : M — IR is non-



MANIFOLDS IN EUCLIDEAN SPACE 37

degenerate; and set
Ly(z) —c?
2¢ '
Clearly g is non-degenerate. A short computation shows that

n '.’IJ2 n Bl n 2
o) = 7y + Y My EhlEl s
i=1

=1 i=1

g(z) =

Clearly, if ¢ is large and the ¢; are small, then g will approximate f as required.
O

The above theory can also be used to describe the index of the function
L,:M—-1R
at a critical point.

Lemma 6.9 (Index theorem for L,). The index of L, at a non-degenerate
critical point ¢ € M is equal to the number of focal points of (M, q) which lie on
the segment from q to p; each focal point being counted with its multiplicity.

An analogous statement in part IIT (the Morse Index Theorem) will be of
fundamental importance.

Proof. The index of the matrix

0L, o
<auiauj) = 2gi — 10+ 4ij)

is equal to the number of negative eigenvalues. Assuming that (g;;) is the

identity matrix, this is equal to the number of eigenvalues of (7' - £;;) which are
> % Comparing this statement with Theorem 6.4, the conclusion follows. [



Chapter Seven

The Lefschetz Theorem on Hyperplane Sections

As an application of the ideas which have been developed, we will prove some
results concerning the topology of algebraic varieties. These were originally
proved by Lefschetz, using quite different arguments. The present version is due
to Andreotti and Frankel.

Theorem 7.1. If M C C" is a non-singular affine algebraic variety in complex
n-space with real dimension 2k, then

H,(M;Z)=0 fori>k.
This is a consequence of the stronger:

Theorem 7.2. A complex analytic manifold M of complex dimension k, bi-
analytically embedded as a closed subset of C™ has the homotopy type of a k-
dimensional CW-complex.

The proof will be broken up into several steps. First consider a quadratic
form in k£ complex variables

Q(zh, ..., 2" = thjzhzj

If we substitute z + iy" for 2, and then take the real part of Q we obtain a
real quadratic form in 2k real variables:

Q'(zt,..., 2%yt ..., y¥) = real part of thj(xh + iy™) (27 4 iy?).

Assertion 7.1. If e is an eigenvalue of Q' with multiplicity u, then —e is also an
eigenvalue with the same multiplicity .

Proof. The identity Q(iz',...,iz") = —Q(z",..., 2*) shows that the quadratic
form Q' can be transformed into —Q’ by an orthogonal change of variables.
Assertion 7.1 clearly follows. O

Now consider a complex manifold M which is bianalytically imbedded as a

See S. Lefschetz, “L’analysis situs et la géométrie algébrique,” Paris, 1921; and A. An-
dreotti and T. Frankel, The Lefschetz theorem on hyperplane sections, Annals of Mathematics,
Vol. 69 (1959), pp. 713-717.
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subset of C". Let ¢ be a point of M.

Assertion 7.2. The focal points of (M, ¢) along any normal line 2 occur in pairs
which are situated symmetrically about q.

In other words if ¢ 4 tv is a focal point, then ¢ — tv is a focal point with the
same multiplicity.

Proof. Choose complex coordinates z!, ..., z¥ for M in a neighborhood of ¢ so
that 21(q) = -+ = 2zF(¢) = 0. The inclusion map M — C" determines n
complex analytic functions

Let v be a fixed unit vector which is orthogonal to M at ¢. Consider the
Hermitian inner product

Zwaﬁa = Zwa(zl7 LN

of w and v. This can be expanded as a complex power series
Z we (21, ..., 2")0q = constant + Q(z2!, ..., z¥) + higher terms,

where Q denotes a homogeneous quadratic function. (The linear terms vanish
since v is orthogonal to M.)

Now substitute 2" + iy" for 2" so as to obtain a real coordinate system for
M; and consider the real inner product

w - v = real part of Zwa@a.
This function has the real power series expansion
w - v = constant + Q' (z, ..., 2% 4!, ..., y¥) + higher terms.

Clearly the quadratic terms Q' determine the second fundamental form of M
at ¢ in the normal direction v. By Assertion 7.1 the eigenvalues of Q' occur in
equal and opposite pairs. Hence the focal points of (M, ¢) along the line through
q and g + v also occur in symmetric pairs. This proves Assertion 7.2. O

Proof of Theorem 7.2. We are now ready to prove Theorem 7.2. Choose a point
p € C™ so that the squared-distance function

L, M —TR

has no degenerate critical points. Since M is a closed subset of C", it is clear
that each set
M®=L;'[0,d]
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is compact. Now consider the index of L, at a critical point ¢q. According to
Theorem 6.9, this index is equal to the number of focal points of (M, ¢) which
lie on the line segment from p to ¢q. But there are at most 2k focal points along
the full line through p and ¢; and these are distributed symmetrically about gq.
Hence at most k of them can lie between p and gq.

Thus the index of L, at g is < k. It follows that M has the homotopy type of
a OW-complex of dimension < k; which completes the proof of Theorem 7.2. [

Corollary 7.3 (Lefschetz). Let V' be an algebraic variety of complex dimension
k which lies in the complex projective space CP,,. Let P be a hyperplane in
CP,, which contains the singular points (if any) of V.. Then the inclusion map

VnP—YV

induces isomorphisms of homology groups in dimensions less than k — 1. Fur-
thermore, the induced homomorphism

kal(V N P; Z) — kal(V; Z)
18 onto.

Proof. Using the exact sequence of the pair (V,V N P) it is clearly sufficient to
show that H,(V,VNP;Z) =0 for r < k— 1. But the Lefschetz duality theorem
asserts that

H,.(V,VNP;,Z)=H*"(V - (VNP)Z).

But V — (VN P) is a non-singular algebraic variety in the affine space CP,, — P.
Hence it follows from Theorem 7.2 that the last group is zero for r < k—1. O

This result can be sharpened as follows:

Theorem 7.4 (Lefschetz). Under the hypothesis of the preceding corollary, the
relative homotopy group m-(V,V N P) is zero for r < k.

Proof. The proof will be based on the hypothesis that some neighborhood U of
V' N P can be deformed into V' N P within V. This can be proved, for example,
using the theorem that algebraic varieties can be triangulated.

In place of the function L, : V =V NP — IR we will use f: V — IR where

0 forre VNP

fay=9_1_ orzx
T, f ¢ P.

Since the critical points of ;p have index < k it follows that the critical
points of f have index > 2k — k = k. The function f has no degenerate critical

points with ¢ < f < co. Therefore V has the homotopy type of V¢ = f71[0,¢]
with finitely many cells of dimension > k attached.
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Choose € small enough so that V¢ C U. Let I" denote the unit r-cube. Then
every map of the pair (I",1") into (V,V N P) can be deformed into a map
1I,1") — (VE, VN P)c (U, VNP),

since r < k, and hence can be deformed into VNP. This completes the proof. [



Part 11

A Rapid Course in Riemannian
Geometry



Chapter Eight

Covariant Differentiation

The object of Part II will be to give a rapid outline of some basic concepts of
Riemannian geometry which will be needed later. For more information the
reader should consult Nomizu, “Lie groups and differential geometry”. Math.
Soc. Japan, 1956; Helgason, “Differential geometry and symmetric spaces,”
Academic Press, 1962; Sternberg, “Lectures on differential geometry,” Prentice-
Hall, 1964; or Laugwitz, “Differential and Riemannian geometry,” Academic
Press, 1965.
Let M be a smooth manifold.

Definition 8.1. An affine connection at a point p € M is a function which
assigns to each tangent vector X, € T M, and to each vector field Y a new

tangent vector
X, FY eTM,

called the covariant derivative of Y in the direction X,. This is required to be
bilinear as a function of X, and Y. Furthermore, if

f:M—->1R
is a real valued function, and if fY denotes the vector field
(fY)q = fla)Yq
then & is required to satisfy the identity
Xp B (fY) = (Xp /)Y, + f(p)Xp Y.
(As usual, X,,f denotes the directional derivative of f in the direction X,.)

A global affine connection (or briefly a connection) on M is a function which
assigns to each p € M an affine connection -, at p, satisfying the following
smoothness condition.

1. If X and Y are smooth vector fields on M then the vector field X F Y, defined

Note that our X F'Y coincides with Nomizu’s V xY . The notation is intended to suggest
that the differential operator X acts on the vector field Y.
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by the identity
XFY),=X,FY,

)

must also be smooth.

Note that:
2. X kY is bilinear as a function of X and Y,
3. (fX)FY =f(XFEY),
4. (XH(fY)=XHY +f(XEY).

Conditions (1), (2), (3), (4) can be taken as the definition of a connection.

In terms of local coordinates u!, - - - , u™ defined on a coordinate neighborhood
U C M, the connection I is determined by n? smooth real valued functions Ffj
on U, as follows. Let 0y denote the vector field % on U. Then any vector field
X on U can be expressed uniquely as

X = Z :Ek@k
k=1

where the ¥ are real valued functions on U. In particular the vector field 9; - 0;
can be expressed as

OiFo; =) Tro. (8.1)
J 1]
k

These functions Ffj, determine the connection completely on U. In fact given
vector fields X = 2'9; and Y = y79; one can expand X Y by the rules (2),

(3), (4); yielding the formula

Xy =% (Z xiy§> O (8.2)
k i
where the symbol y’j stands for the real valued function
v = 0wt + ) Ty
J

Conversely, given any smooth real valued functions I‘fj on U, one can define
X FY by the formula (8.2). The result clearly satisfies the conditions (1), (2),
(3), (4), (8.1).

Using the connection  one can define the covariant derivative of a vector
field along a curve in M. First some definitions.

A parametrized curve in M is a smooth function ¢ from the real numbers to
M. A wvector field V' along the curve c is a function which assigns to each t € IR
a tangent vector

Vi e TMc(t)-
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This is required to be smooth in the following sense: For any smooth function
f on M the correspondence
t— Vif

should define a smooth function on IR.
As an example the velocity vector field % if of the curve is the vector field
along ¢ which is defined by the rule

de_ d
dt  dt’

Here % denotes the standard vector field on the real numbers, and
e : TIRy — TMc(t)

denotes the homomorphism of tangent spaces induced by the map ¢. (Compare
Figure 8.1.)

Figure 8.1

Now suppose that M is provided with an affine connection. Then any vector
field V' along ¢ determines a new vector field Dd—y along ¢ called the covariant
derivative of V. The operation

DV

V _
@

is characterized by the following three axioms:

D(V+W) _ DV DW
(a) =g =" * ar -
(b) If f is a smooth real valued function on IR then

D(fV) _df DW
a —a e
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(c) If V is induced by a vector field Y on M, that is if V; = Y, for each ¢, then

Z‘t/ is equal to dc FY (= the covariant derivative of Y in the direction of the

velocity vector of c).

Lemma 8.2. There is one and only one operation V +—» [;—‘t/ which satisfies
these three conditions.
Proof. Choose a local coordinate system for M, and let u'(¢),--- ,u™(t) denote

the coordinates of the point ¢(¢). The vector field V' can be expressed uniquely
in the form ‘
V= Z v’ 8j
1 DY

where v, ,v™ are real valued functions on IR (or an appropriate open subset
of IR), and 01, -- , 0, are the standard vector fields on the coordinate neigh-
borhood. It follows from (a), (b) and (c) that

DV dov? dc
s (Gers)

J

dvk du’
-y | 7r’€ i | o
Xk: dt de )k

Conversely, defining 2 T V. by this formula, it is not difficult to verify that condi-
tions (a), (b) and (c) are satisfied. O

A vector field V' along c is said to be a parallel vector field if the covariant

derivative %‘t/ is identically zero.

Lemma 8.3. Given a curve ¢ and a tangent vector Vi at the point ¢(0), there
is one and only one parallel vector field V along ¢ which extends V.

Proof. The differential equations

do* du?
— —Thv =0

dt + dt

have solutions v*(¢) which are uniquely determined by the initial values v*(0).
Since these equations are linear, the solutions can be defined for all relevant

values of t. (Compare Graves, “The Theory of Functions of Real Variables,” p
152.) O

The vector V4 is said to be obtained from Vi by parallel translation along c.
Now suppose that M is a Riemannian manifold. The inner product of two
vectors X, Y, will be denoted by (X,,,Y}).

Definition 8.4. A connection - on M is compatible with the Riemannian met-



COVARIANT DIFFERENTIATION 47

ric if parallel translation preserves inner products. In other words, for any
parametrized curve ¢ and any pair P, P’ of parallel vector fields along c, the
inner product (P, P') should be constant.

Lemma 8.5. Suppose that the connection is compatible with the metric. Let V',
W be any two vector fields along c. Then

d DV DW
%% — W — ).
G = (5w + (n B0
Proof. Choose parallel vector fields P, --- , P, along ¢ which are orthonormal
at one point of ¢ and hence at every point of ¢. Then the given fields V and W
can be expressed as Y v'P; and Y w’ P; respectively (where v' = (V, P;) is a
real valued function on IR). It follows that (V, W) = " v'w! and that

DV _§dv', DWW ~dw
dt dt =" dt dt =7
Therefore
DV DW do’ ;dw! d
<dt’W>+ <V’dt > =2 (Mi*” dt> =3 ("W).
which completes the proof. O

Corollary 8.6. For any vector fields Y, Y' on M and any vector X,, € TMy:
X, (YY) = <Xp - Y’Yp/> + (¥, Xp EY).

Proof. Choose a curve c whose velocity vector at ¢ = 0 is X,; and apply Theo-
rem 8.5. 0

Definition 8.7. A connection b is called symmetric if it satisfies the identity
(XFY)-(YFX)=[X,Y]

(As usual, [X,Y] denotes the poison bracket [X,Y]|f =
two wvector fields.) Applying this identity to the case X
[05,0;] = 0 one obtains the relation

X(Y[)=-Y(X[f) o
= 0;, Y = 0;, since

k k _
¥ —rk =o0.

The following reformulation may (or may not) seem more intuitive. Define The “co-
variant second derivative” of a real valued function f along two vectors Xp, Yp to be the
erpression

Xp(Yf) = (Xp EY)f
where Y denotes any vector field extending Y. It can be verified that this expression does not
depend on the choice of Y. (Compare the proof of Theorem 9.1 below.) Then the connection
is symmetric if this second derivative is symmetric as a function of Xp and Yp.
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Conversely if Ffj = F?i then using formula (8.2) it is not difficult to verify
that the connection & is symmetric throughout the coordinate neighborhood.

Lemma 8.8 (Fundamental lemma of Riemannian geometry). A Riemannian
manifold possesses one and only one symmetric connection which is compatible
with its metric.

(Compare Nomizu p. 76, Laugwitz p. 95.)

Proof of Uniqueness. Applying Theorem 8.6 to the vector fields 9;, 9;, Ok, and
setting (0;, k) = g;i one obtains the identity

0igjr = (0; = 0;,0k) + (0;,0; F O)

Permuting ¢, j, and k this gives three linear equations relating the three quan-
tities

<8Z I—Gj,ak), <0] F@k,fm, and <8k |—81,8J>
(There are only three such quantities since 0; - 9; = 9; - 0;.) These equations
can be solved uniquely; yielding the first Christoffel identity

1
(Oi - 0;,0%) = 3 (9igjk + 0j9ir — Okgij)

The left hand side of this identity is equal to ), Ffjggk. Multiplying by the
inverse (g*‘) of the matrix (ge) this yields the second Christoffel identity

1
EDD 5 (Oigjk + 0jgir — Orgij) 9"
k

Thus the connection is uniquely determined by the metric.

Conversely, defining Ffj by this formula, one can verify that the resulting
connection is symmetric and compatible with the metric. This completes the
proof. O

An alternative characterization of symmetry will be very useful later. Con-
sider a “parametrized surface” in M: that is a smooth function

s:IR? — M.

By a vector field V along s is meant a function which assigns to each (z,y) € IR?
a tangent vector
Viz,y) € TMis(zy)-

As examples, the two standard vector fields % and a% give rise to vector fields

S*a%’ and S*a% along s. These will be denoted briefly by g—; and g—;; and called
the “velocity vector fields” of s.
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For any smooth vector field V along s the covariant derivatives Dd— and 3};
are new vector fields, constructed as follows. For each fixed yg, restricting V' to
the curve

x — s(z,yo)

one obtains a vector field along this curve. Its covariant derivative with respect
to x is defined to be (—) This deﬁneb == along the entire parametrized

surface s.
As examples, we can form the two covariant derivatives of the two vector

fields % and g—z. The derivatives 295 and Q% are simply the acceleration

dz oz
vectors of suitable coordinate curves. However, the mixed derivatives dD gs and

D Os
dy Oz

(2,y0)"

cannot be described so simply.

Do Do
Lemma 8.9. If the connection is symmetric then — 5 ——S
dx 8y dy Oz
Proof. Express both sides in terms of a local coordinate system, and compute.
O



Chapter Nine

The Curvature Tensor

The curvature tensor R of an affine connection F measures the extent to which
the second covariant derivative 0; - (9; - Z) is symmetric in ¢ and j. Given
vector fields X, Y, Z define a new vector field R (X,Y") Z by the identity

R(X,Y)Z=-XFYFZ)+YF(XF2Z)+[X,Y]F Z.

Lemma 9.1. The value of R (X,Y)Z at a point p € M depends only on the
vectors Xp, Yy, Z, at this point p and not on their values at nearby points.
Furthermore the correspondence

Xp, Yy, Zp — R(Xp,Y)) Zp
from TM,, x TM, x TM, to TM, is tri-linear.

Briefly, this lemma can be expressed by saying that R is a “tensor.”

Proof. Clearly R(X,Y)Z is a tri-linear function of X, Y, and Z. If X is
replaced by a multiple fX then the three terms —X F (Y F Z), Y H (X F 2),
[X,Y]F Z are replaced respectively by

1. —fX (Y F 2),
2. (YA)(XFZ)+ fY+H(XF Z),
3. —~(Y/)XFZ)+ fIX,Y]F Z.

Adding these three terms one obtains the identity
R(fX,Y)Z=fR(X,Y)Z.

Corresponding identities for Y and Z are easily obtained by similar computa-
tions.

Nomizu gives R the opposite sign. Our sign convention has the advantage that (in the
Riemannian case) the inner product (R (0, 8;) 9;,0k) coincides with the classical symbol
Rhijk-
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Now suppose that X = > 2'9;, Y = > 40;, and Z = Y 2%0;.. Then
R(X,Y)Z =Y R(z'0;,4°0;) (*0))
- Z ziyl 2P R (95, 0;) Ok
Evaluating this expression at p one obtains the formula
(R(X,Y)Z), =Y ' (0)y’ (p)="(p) (R (0i,0;) D),

which depends only on the values of the functions z*, y?, z* at p, and not on
their values at nearby points. This completes the proof. O

Now consider a parametrized surface
s:IR* — M.

Given any vector field V' along s. one can apply the two covariant differentiation
operators % and % to V. In general these operators will not commute with

each other.

D D D D ds 0Os
L 9.2, —V—-———V=R|[—,— | V.
erma dy dx dz dy <8x’ 8y>

Proof. Express both sides in terms of a local coordinate system, and compute,
making use of the identity

0; F (0i - 0) — 0 - (95 Ox) = R (9, 0;) O

[It is interesting to ask whether one can construct a vector field P along s
which is parallel, in the sense that

EP = EP =0,

dx dy
and which has a given value P ) at the origin. In general no such vector
field exists. However, if the curvature tensor happens to be zero then P can
be constructed as follows. Let P, o) be a parallel vector field along the z-axis,
satisfying the given initial condition. For each fixed zo let P, ,) be a parallel
vector field along the curve

y — s(x0,y),

having the right value for y = 0. This defines P everywhere along s. Clearly
%P is identically zero; and %P is zero along the z-axis. Now the identity

D D D D ds Os
PPp 2 lp_r(L B \p_
dy dx dz dy R(@aﬁ@y) 0
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implies that %%

the curves

P = 0. In other words, the vector field %P is parallel along

y — s(zo,y).
Since (%P)(ro,o) = 0, this implies that %P is identically zero; and completes

the proof that P is parallel along s.] O

Henceforth we will assume that M is a Riemannian manifold, provided with
the unique symmetric connection which is compatible with its metric. In con-
clusion we will prove that the tensor R satisfies four symmetry relations.

Lemma 9.3. The curvature tensor of a Riemannian manifold satisfies:
1. R(X,)Y)Z+R(Y,X)Z =0,
2 RX,Y)Z4+RY,Z2)X+R(Z,X)Y =0,
3. R(X,Y)Z W)+ (R(X,Y)W,Z) =0,
4. R(X,V)Z W)+ (R(ZW)X,Y)=0.
Proof. The skew-symmetry relation (1) follows immediately from the definition
of R.
Since all three terms of (2) are tensors, it is sufficient to prove (2) when the

bracket products [X,Y], [X, Z] and [Y, Z] are all zero. Under this hypothesis
we must verify the identity

~XF(YF2)+YF(XF2Z)
Y (ZFX)+ZF (Y FX)
—ZH(XFY)+XF(XFY)=0.

But the symmetry of the connection implies that
YHFZ-ZFY =[Y,Z]=0.

Thus the upper left term cancels the lower right term. Similarly the remaining
terms cancel in pairs. This proves (2).

To prove (3) we must show that the expression (R (X,Y)Z, W) is skew-
symmetric in Z and W. This is clearly equivalent to the assertion that

(R(X,Y)Z,Z)=0
for all X,Y,Z. Again we may assume that [X,Y] = 0, so that (R (X,Y) Z, Z)
is equal to
(- X+FYF2)+YH(XF2Z2),2).
In other words we must prove that the expression

YH(XF2),2)

is symmetric in X and Y.
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Since [X,Y] = 0 the expression Y X (Z, Z) is symmetric in X and Y. Since
the connection is compatible with the metric, we have

X{(Z,72)=2(X¥Z,7)
hence
YX(Z,Z)=2(YF(X+2),2)+=2(X+2ZY}+ Z).

But the right hand term is clearly symmetric in X and Y. Therefore (Y + (X + Z), Z)
is symmetric in X and Y; which proves property (3).
Property (4) may be proved from (1), (2), and (3) as follows.

Formula (2) asserts that the sum of the quantities at the vertices of shaded
triangle W is zero. Similarly (making use of (1) and (3)) the sum of the vertices
of each of the other shaded triangles is zero. Adding these identities for the top
two shaded triangles, and subtracting the identities for the bottom ones, this
means that twice the top vertex minus twice the bottom vertex is zero. This
proves (4), and completes the proof. O



Chapter Ten

Geodesics and Completeness

Let M be a connected Riemannian manifold.

Definition 10.1. A parametrized path

vl — M,
where I denotes any interval of real numbers, is called a geodesic if the accel-
d
eration vector field | 1s identically zero. Thus the velocity vector field d—z/

must be parallel along . if v is a geodesic, then the identity

d/dy dy\N _,/Ddy dyv\
dt \d¢ dt/  “\dtdt’ dt/

dy dy
dt dt’ dt
along . Introducing the arc-length function

/ H H -+ constant

This statement can be rephrased as follows: The parameter t along a geodesic
1s a linear function of the arc-length. The parameter t is actually equal to the

shown that the length

> of the wvelocity vector is constant

arc-length if and only if =1.
In terms of a local coordinate system with coordinates u',...,u" a curve
t— ’y( ) € M determines n smooth functions u'(t),...,u"(t). The equation
7 for a geodesic then takes the form
dt dt
du® du?
F . =0
dt2 ]Zl u") dt dt

The existence of geodesics depends, therefore, on the solutions of a certain
system of second order differential equations.
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More generally consider any system of equations of the form

d*a =, di
S R, 2.
g = 0 g)
Here @ stands for (u!,...,u™) and F stands for an n-tuple of C* functions, all

defined throughout some neighborhood U of a point
(if1,71) € IR*™.

Theorem 10.2 (Existence and Uniqueness Theorem). There exists a neighbor-
hood W of the point (i1, v1) and a number € > 0 so that, for each (iy, Tp) € W
the differential equation ,

d“d =, du

dez F(, dt)
has a unique solution t — wu(t) which is defined for |t| < e, and satisfies the
initial conditions
du
dt
Furthermore, the solution depends smoothly on the initial conditions. In other
words, the correspondence

@(0) = iy, —(0) = Tp.

(i, To, t) —> u(t)

from W x (—e,¢e) to R"™ is a C* function of all 2n + 1 variables.
i
Proof. Introducing the new variables v* = Y this system of n second order

equations becomes a system of 2n first order equations:

di _
dt ~ "
di -
d—::F(ﬁ,ﬁ)

The assertion then follows from Graves, “Theory of Functions of Real Variables,”
p. 166. (Compare our §2.4.) O

Applying this theorem to the differential equation for geodesics, one obtains
the following.

Lemma 10.3. For every point pg on a Riemannian manifold M there exists
a neighborhood U of py and a number € > 0 so that: for each p € U and each
tangent vector v € T M, with length < e there is a unique geodesic

Yo:(—2,2) — M
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satisfying the conditions

dyy
»(0) = p, 0) =
7(0) =p O =v
Proof. If we were willing to replace the interval (—2,2) by an arbitrarily small
interval, then this statement would follow immediately from Theorem 10.2. To
be more precise; there exists a neighborhood U of py and numbers 1,65 > 0 so
that: for each p € U and each v € T M, with ||v|| < €1 there is a unique geodesic

Yo i (—2e9,2e9) — M
satisfying the required initial conditions.
To obtain the sharper statement it is only necessary to observe that the

differential equation for geodesics has the following homogeneity property. Let
¢ be any constant. If the parametrized curve

t— y(t)
is a geodesic, then the parametrized curve
t — y(ct)

will also be a geodesic.
Now suppose that € is smaller than e1e5. Then if ||v]| < € and [t| < 2 note
that

‘ Y <ep and |est| < 2es.
&2
Hence we can define yv(t) to be V2 (eat). This proves Theorem 10.3. O

This following notation will be convenient. Let V € T'M, be a tangent
vector, and suppose that there exists a geodesic

v:[0,1] — M

satisfying the conditions

W) =0 JO=0

Then the point v(1) € M will be denoted by exp,(v) and called the ezponential

The historical motivation for this terminology is the following. If M is the group of all
n X n unitary matrices then the tangent space T'My at the identity can be identified with the
space of n X n skew-Hermitian matrices. The function

expr : TMy — M
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of the tangent vector v. The geodesic v can thus be described by the formula

7(t) = exp, (t0).

Theorem 10.3 says that exp,(v) is defined providing that [|v|| is small enough.
In general, exp,(v) is not defined for large vectors v. However, if defined at all,
equ(v) is always uniquely defined.

Definition 10.4. The manifold M is geodesically complete if exp,(v) is defined
forallqg € M and all vectorsv € TM. This is clearly equivalent to the following
requirement:
For every geodesic segment 7 : [a,b] — M it should be possible to extend 7
to an infinite geodesic
v: IR — M.

We will return to a study of completeness after proving some local results.

Let TM be the tangent manifold of M, consisting of all pairs (p,v) with
p € M, v e TM, Wegive TM the following C* structure: if (u!,... ,u") is a
coordinate system in an open set U C M then every tangent vector at ¢ € U can
be expressed uniquely as t'0; + - - - +t"9,,, where 0; = % ¢ Then the functions
ub, ... u™, th, ... t" a coordinate system on the open set TU C TM.

Theorem 10.3 says that for each p € M the map

(q,v) — exp,(v)

is defined throughout a neighborhood V' of the point (p,0) € TM. Furthermore
this map is differentiable throughout V.

Now consider the smooth function F' : V. — M x M defined by F(q,v) =
(q,exp,(v)). We claim that the Jacobian of F' at the point (p,0) is non-
singular. In fact, denoting the induced coordinates on U x U C M x M by
(ul, .. ult ud, ... ub), we have

0 0 0
F, - | = — .
(5‘1#) out + Oub

0 0
F* - = —
( otJ ) ol

Thus the Jacobian matrix of F' at (p,O) has the form ((I)

D, and hence is

non-singular.

as defined above is then given by the exponential power series

1 1
epr(A):I+A+§A2+§A3+~-~.
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It follows from the implicit function theorem that F' maps some neighborhood
V' of (p,0) € TM diffeomorphically onto some neighborhood of (p,p) € Mx =
de finitionM. We may assume that the first neighborhood V', consists of all
pairs (g, v) such that ¢ belongs to a given neighborhood U’ of p and such that
lv|| < e. Choose a smaller neighborhood W of p so that F(V') D W x W. Then
we have proven the following.

Lemma 10.5. For each p € M there exists a neighborhood W and a number
e >0 so that:

1. Any two points of W are joined by a unique geodesic in M of length < e.

2. This geodesic depends smoothly upon the two points. (Le., if t — exp, (tv),
0 <t <1, is the geodesic joining ¢1 and g2, then the pair (q1,v) € TM
depends differentiably on (q1,q2)-)

3. For each ¢ € W the map exp, maps the open e-ball in T M, diffeomorphically
onto an open set Uy D W.

Remark 10.6. With more care it would be possible to choose W so that the
geodesic joining any two of its points lies completely within W. Compare J. H.
C. Whitehead, Convez regions in the geometry of paths, Quarterly Journal of
Mathematics (Oxford) Vol. 3, (1932), pp. 33-42.

Now let us study the relationship between geodesics and arc-length.

Theorem 10.7. Let W and € be as in Theorem 10.5. Let
~v:[0,1] — M

be the geodesic of length < ¢ joining two points of W, and let
w:[0,1] — M

be any other piecewise smooth path joining the same two points. Then,

1
dt o

where equality can hold only if the point set w([o,1]) coincides with v([0,1]).

! dw

dt
dt ’

0

Thus « is the shortest path joining its end points.
The proof will be based on two lemmas. Let ¢ = y(0) and let U, be as in
Theorem 10.5.

Lemma 10.8. In U,, the geodesics through q are the orthogonal trajectories of
hypersurfaces
{exp,(v) : v e TM,, |lv| = constant }.

Proof. Let t +— v(t) denote any curve in T'M, with |Ju(t)|| = 1. We must show
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that the corresponding curves
t > exp,(rov(t))

in Ug, where 0 < 79 < €, are orthogonal to the radial geodesics
t — exp,(rv(to))-

In terms of the parametrized surface f given by

f(rt) =exp,(rv(t)), 0<r<e¢,
of of\ _
(5 5) -0

9 jof of\ _ /D of of of Dof
8r<8’8t>_<8r6‘r’5‘t>+<8r’8r8t>'

The first expression on the right is zero since the curves

we must prove that

for all (r,t).

r— f(r,t)
are geodesics. The second expression is equal to
<3f D3f>_13<8f ‘9f>_0
or’ or ot 20t \or’ or ’
since H%H = |lv(t)]| = 1. Therefore the quantity <g—{, %{> is independent of 7.

But for » = 0 we have
f(0,t) = exp,(0) = ¢

0
hence 6—{(0, t) = 0. Therefore <%, %> is identically zero, which completes the
proof. O

Now consider any piecewise smooth curve
w:la,b] — Uy — {q}.

Each point w(t) can be expressed uniquely in the form exp, (r(t)v(t)) with 0 <
r(t) < e, and [Ju(t)|| =1, v(t) € TM,.

b
Lemma 10.9. The length/
a

d
dotJH dt is greater than or equal to |r(b) — r(a)l,

where equality holds only if the function r(t) is monotone, and the function v(t)
is constant.
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Thus the shortest path joining two concentric spherical shells around ¢ is a
radial geodesic.

Proof. Let f(r,t) = exp,(rv(t)), so that w(t) = f(r(t),t). Then

i—o; = g—ir’(t) + %
Since the two vectors on the right are mutually orthogonal, and since H % H =1,
this gives , ,
1% = |5 = roe
where equality holds only if 2—{ = 0; hence only if % = 0. Thus

dw

b
| = [ ore > o) - )

b
/
where equality holds only if 7(¢) is monotone and v(t) is constant. This completes
the proof. O

The proof of Theorem 10.7 is now straightforward. Consider any piecewise
smooth path w from ¢ to a point

q' = exp,(rv) € Uy;

where 0 < r < &, ||v]] = 1. Then for any 6 > 0 the path w must contain a
segment joining the spherical shell of radius ¢ to the spherical shell of radius r,
and lying between these two shells. The length of this segment will be > r — ¢;
hence letting d tend to 0 the length of w will be > r. If w(]0, 1]) does not coincide
with v([0, 1]), then we easily obtain a strict inequality. This completes the proof
of Theorem 10.7.

An important consequence of Theorem 10.7 is the following.

Corollary 10.10. Suppose that a path w : [0,£] — M, parametrized by arc-
length, has length less than or equal to the length of any other path from w(0)
to w(f). Then w is a geodesic.

Proof. Consider any segment of w lying within an open set W, as above, and
having length < e. This segment must be a geodesic by Theorem 10.7. Hence
the entire path w is a geodesic. O

Definition 10.11. A geodesic v : [a,b] = M will be called minimal if its length
1s less than or equal to the length of any other piecewise smooth path joining its
endpoints.
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Theorem 10.7 asserts that any sufficiently small segment of a geodesic is
minimal. On the other hand a long geodesic may not be minimal. For example
we will see shortly that a great circle arc on the unit sphere is a geodesic. If
such an arc has length greater than , it is certainly not minimal.

In general, minimal geodesics are not unique. For example two antipodal
points on a unit sphere are joined by infinitely many minimal geodesics. How-
ever, the following assertion is true.

Define the distance p(p, q) between two points p,q € M to be the greatest
lower bound for the arc-lengths of piecewise smooth paths joining these points.
This clearly makes M into a metric space. It follows easily from Theorem 10.7
that this metric is compatible with the usual topology of M.

Corollary 10.12. Given a compact set K C M there exists a number 6 > 0
so that any two points of K with distance less than § are joined by a unique
geodesic of length less than §. Furthermore this geodesic is minimal; and depends
differentiably on its endpoints.

Proof. Cover K by open sets W, as in Theorem 10.5, and let 4 be small enough
so that any two points in K with distance less than ¢ lie in a common W,,. This
completes the proof. O

Recall that the manifold M is geodesically complete if every geodesic segment
can be extended indefinitely.

Theorem 10.13 (Hopf and Rinow). If M is geodesically complete, then any
two points can be joined by a minimal geodesic.

Proof. Given p,q € M with distance » > 0, choose a neighborhood U, as in
Theorem 10.5. Let S C U, denote a spherical shell of radius § < e about p.
Since S is compact, there exists a point

po =exp,(6v),  |[jv]| =1,
on S for which the distance to ¢ is minimized. We will prove that
exp,(rv) = q.

This implies that the geodesic segment t +— () = exp,(tv), 0 <t < 7, is
actually a minimal geodesic from p to q.

The proof will amount to showing that a point which moves along the
geodesic v must get closer and closer to ¢. In fact for each ¢ € [4,7] we will

Compare p. 341 of G. de Rham, Sur la réductibilite d’un espace de Riemann, Commen-
tarii Math. Helvetici, Vol. 26 (1952); as well as H. Hopf and W. Rinow, Ueber den Begriff
der-vollstandigen differentialgeometrischen Fliche, Commentarii,Vol. 3 (1931), pp. 209-225.
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prove that

p(y(t),q) =7 —t. (1)

This identity, for t = r, will complete the proof.
First we will show that the equality (1;) is true. Since every path from p to
¢ must pass through S, we have

p(p;q) = rsrgg(p(p, s) +p(s,q)) = 6 + p(po, q).

Therefore p(pg,q) = r — J. Since pg = v(6), this proves (1;).

Let to € [d,r] denote the supremum of those numbers ¢ for which (1;) is
true. Then by continuity the equality (1,) is true also. If to < r we will obtain
a contradiction. Let S’ denote a small spherical shell of radius 4’ about the
point y(to); and let p{; € S’ be a point of S’ with minimum distance from gq.
(Compare Figure 10.1.)

Figure 10.1

Then

p(1(to),q) = min(p(y(to), s) + p(s,4)) = 6"+ p(po, 9),

hence

p(Po, q) = (r —to) — 0. (10.1)

We claim that pg is equal to v(tg 4+ 0”). In fact the triangle inequality states
that

p(p,p4) > p(p,q) — p(ph,q) =to + &'

(making use of (10.1)). But a path of length precisely tg + ¢’ from p to pj is
obtained by following ~ from p to (o), and then following a minimal geodesic
from ~(tp) to pf. Since this broken geodesic has minimal length, it follows from
Theorem 10.10 that it is an (unbroken) geodesic, and hence coincides with ~.
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Thus (tp + 0") = p,. Now the equality (10.1) becomes

p(’Y(tO + 5/)7 Q) =r—= (tO + 5/) (1t0+5’)
This contradicts the definition of ¢g; and completes the proof. O
As a consequence one has the following.

Corollary 10.14. If M is geodesically complete then every bounded subset of
M has compact closure. Consequently M is complete as a metric space (i.e.,
every Cauchy sequence converges).

Proof. If X C M has diameter d then for any p € X the map exp, : TM, — M
maps the disk of radius d in T'M, onto a compact subset of M which (making
use of Theorem 10.13) contains X. Hence the closure of X is compact. O

Conversely, if M is complete as a metric space, then it is not difficult, us-
ing Theorem 10.5, to prove that M is geodesically complete. For details the
reader is referred to Hopf and Rinow. Henceforth we will not distinguish be-
tween geodesic completeness and metric completeness, but will refer simply to
a complete Riemannian manifold.

FAMILIAR EXAMPLES OF GEODESICS. In Euclidean n-space, IR", with the
usual coordinate system z1, . .., x, and the usual Riemannian metric dzy ®dz; +
-+ +dz, ® dzr, we have Ffj = 0 and the equations for a geodesic v, given by
t— (z1(t),...,2,(t)) become

d2$i

dez2
whose solutions are the straight lines. This could also have been seen as follows:
it is easy to show that the formula for arc length

1
JE))
P dt
coincides with the usual definition of arc length as the least upper bound of the
lengths of inscribed polygons; from this definition it is clear that straight lines
have minimal length, and are therefore geodesics.

The geodesics on S™ are precisely the great circles, that is, the intersections
of S™ with the planes through the center of S™.

Proof. Reflection through a plane E? is an isometry I : S* — S" whose fixed
point set is C' = S"NE2. Let z and y be two points of C' with a unique geodesic
C’ of minimal length between them. Then, since I is an isometry, the curve
I(C’) is a geodesic of the same length as C’ between I(z) = = and I(y) = y.
Therefore C' = I(C"). This implies that C’ C C.

Finally, since there is a great circle through any point of S™ in any given
direction, these are all the geodesics. O
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Antipodal points on the sphere have a continium of geodesics of minimal
length between them. All other pairs of points have a unique geodesic of minimal
length between them, but an infinite family of non-minimal geodesics, depending
on how many times the geodesic goes around the sphere and in which direction

it starts.

By the same reasoning every meridian line on a surface of revolution is a

geodesic.

The geodesics on a right circular cylinder Z are the generating lines, the
circles cut by planes perpendicular to the generating lines, and the helices on

Z.

Proof. If L is a generating line of Z then we can set up an isometry I :

IR? by rolling Z onto IR?:

N

p—

)

N
N M
N L/

Z—L—

The geodesics on Z are just the images under I~ of the straight lines in IR?
Two points on Z have infinitely many geodesics between them.

O
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Chapter Eleven

The Path Space of a Smooth Manifold

Let M be a smooth manifold and let p and ¢ be two (not necessarily distinct)
points of M. By a piecewise smooth path from p to ¢ will be meant a map
w: [0,1] = M such that

1. there exists a subdivision 0 = tg < t; < --- < tx = 1 of [0, 1] so that each
W|it;, 2] 1s differentiable of class C°°;
2. w(0) =p and w(l) =gq.

The set of all piecewise smooth paths from p to ¢ in M will be denoted by
Q(M;p,q), or briefly by Q(M) or Q.

Later (in Chapter 16) © will be given the structure of a topological space,
but for the moment this will not be necessary. We will think of Q as being
something like an “infinite dimensional manifold.” To start the analogy we make
the following definition.

By the tangent space of 2 at a path w will be meant the vector space con-
sisting of all piecewise smooth vector fields W along w for which W(0) = 0 and
W (1) = 0. The notation T, will be used for this vector space.

If F is a real valued function on € it is natural to ask what

F, : TQ, — TRy,

the induced map on the tangent space, should mean. When F is a function
which is smooth in the usual sense, on a smooth manifold M, we can define
F. : TM, — TIRp,) as follows. Given X € T'M, choose a smooth path
u+— a(u) in M, which is defined for —e < u < € , so that

da
3.0

a(0) = p,
Then F,(X) is equal to W lu=0 = o, multiplied by the basis vector (%)
TR p(p).-
In order to carry out an analogous construction for £ : 2 — IR, the following
concept is needed.

Fp) €

Definition 11.1. A variation of w (keeping endpoints fized) is a function

a:(—ee) — Q,
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for some € > 0, such that

1. a(0) =w
2. there is a subdivision 0 =t < t1 < - < tr =1 of [0,1] so that the map

a:(—ee)x[0,1]] — M

defined by a(u,t) = a(u)(t) is C™ on each strip (—e,e) X [ti—1,t:], © =
...k
Since each a(u) belongs to Q = Q(M;p,q), note that:

3. a(u,0) =p, a(u,1) = q for all u € (—¢,¢).

We will use either o or & to refer to the variation. More generally if, in the
above definition, (—¢,¢) is replaced by a neighborhood U of 0 in IR", then «
(or @) is called an n-parameter variation of w.

Now a may be considered as a “smooth path” in Q. Its “velocity vector”
3—3(0) € T, is defined to be the vector field W along w given by

da O
= — 0 = - 0 t .
du( e (’9u( )
Clearly W € TQ,,. This vector field W is also called the variation vector field
associated with the variation «.
Given anyW e T, note that there exists a variation & : (—¢,e) —  which

satisfies the conditions @(0) = w, 92(0) = W. In fact one can set

Wi

a(t) = expy ) (uWi) .

By analogy with the definition given above, if F is a real valued function on
), we attempt to define

F,:TQ, — T]R,F(w),
as follows. Given W € T}, choose a variation & : (—e,e) — Q with

da

a0)=w,  T0)

and set F, (W) equal to Wh:o multiplied by the tangent vector (%) Fo)
Of course without hypothesis on F there is no guarantee that this derivative will
exist, or will be independent of the choice of &. We will not investigate what
conditions F' must satisfy in order for F, to have these properties. We have

indicated how F, might be defined only to motivate the following.

Definition 11.2. A path w is a critical path for a function F : Q — IR if and
. d(F(&(w))) . o
only if =—3.=*|u=0 is zero for every variation & of w.

Ezxample 11.5. If F' takes on its minimum at a path wp, and if the derivatives
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W are all defined, then clearly wy is a critical path.



Chapter Twelve

The Energy of a Path

Suppose now that M is a Riemannian manifold. The length of a vector v € T'M,

will be denoted by |[v|| = (v,v)é. For w € 1 define the energy of w from a to b
(where 0 <a<b<1)as
b
Bhw) = [
We will write E for E}.
This can be compared with the arc-length from a to b given by

L’;(w):/;

as follows. Applying Schwarz’s inequality

(L) = (L) (o

d
with f(¢t) =1 and g(t) = HdL:H we see that

2

a9 dt.

dw

Edt

(La)* < (b~ a)Ey,

where equality holds if and only if g is constant; that is if and only if the
parameter ¢ is proportional to arc-length.
Now suppose that there exists a minimal geodesic v from p = w(0) to ¢ =
w(1). Then
E(y) = L(7)* < L(w)* < E(w).

Here the equality L(v)? = L(w)? can hold only if w is also a minimal geodesic,
possibly reparametrized. (Compare Theorem 10.10.) On the other hand the
equality L(w)? = E(w) can hold only if the parameter is proportional to arc-
length along w. This proves that E(v) < E(w) unless w is also a minimal
geodesic. In other words:

Lemma 12.1. Let M be a complete Riemannian manifold and let p,q € M
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have distance d. Then the energy function
E:QM;p,q) — IR
takes on its minimum d? precisely on the set of minimal geodesics from p to q.

We will now see which paths w € 2 are critical paths for the energy function
E.

Let & : (—e,e) — Q be a variation of w, and let W; = g—Z(O,t) be the
associated variation vector field. Furthermore, let:

dw
V, = 9 = velocity vector of w,
D dw .
+ = —— = acceleration vector of w,
dt dt

AV =V — Vi = discontinuity in the velocity vector at ¢, where 0 < ¢ < 1.

Of course A;V = 0 for all but a finite number of values of ¢.

Theorem 12.2 (First Variation Formula). The derivative ldE(d&#M:O is equal

2
to L
-3 WAV - / (Wi, Ay) dt.
t 0

Proof. According to Theorem 8.5, we have

0 /0o da\ _, /D da da
du\ot' ot/ “\duot’ ot/

Therefore
SBat) 8 [ f0n ooy, [ (D 0n 0o
du  duJy \ Ot Ot 7)o \duot’ ot/
By Theorem 8.9 we can substitute %% for d%% in this last formula.

Choose 0 = tg < t; < --- < t = 1 so that « is differentiable on each strip
(—&,e) X [ti—1,t;]. Then we can “integrate by parts” on [t;_1, ti], as follows. The

identity
9 [0a da\ _ [DOa da\ [l D oo
ot \ou’ ot/ \dtou’ ot ou’ dt ot
implies that

[ (Boa gy (B0 a7 (B0 Do,
¢, \dt du’ ot S \ouw ot )|t o \oudtot /)

Adding up the corresponding formulas for i = 1,..., k; and using the fact that
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g—g =0 for t =0 or 1, this gives

1dE(a(w) &= L /da D da
5 du ——;Wt’%”—/o oudior )

Setting u = 0, we now obtain the required formula

1dEoa !
0 == A) — [ Wy

t

This completes the proof. O

dEoa

Intuitively, the first term in the expression for <5>%(0) shows that varying the
path w in the direction of decreasing “kink,” tends to decrease F; see Figure 12.1.

dw

E(ti_)

w(ti) = Oé(O, ti)

dw
t.
dt(ﬁ)

original  path
w = a(0)

path a(e) with >
smaller energy N

Figure 12.1

The second term shows that varying the curve in the direction of its accel-

D d
eration vector — ( —w) tends to reduce E.

Recall that the path waf) is called a geodesic if and only if w is C*° on the

d
whole interval [0, 1], and the acceleration vector E(d—i) of w is identically zero

along w.

Corollary 12.3. The path w is a critical point for the function E if and only
if w is a geodesic.

Proof. Clearly a geodesic is a critical point. Let w be a critical point. There
is a variation of w with W (t) = f(¢t)A(¢) where f(t) is positive except that it
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vanishes at the t;. Then

1dE !

50 == | r0am.am)ar

This is zero if and only if A(t) = 0 for all ¢. Hence each w|y, 4., is a geodesic.
Now pick a variation such that W (t;) = A, V. Then 29E(0) = — 3" (A, V, A, V).

If this is zero then all A,V are 0, and w is differentiable of class C!, even at the

points ;. Now it follows from the uniqueness theorem for differential equations

that w is C°° everywhere: thus w is an unbroken geodesic. O



Chapter Thirteen

The Hessian of the Energy Function at a Critical Path

Continuing with the analogy developed in the preceding section, we now wish
to define a bilinear functional

B :TQ, xTOQ, — IR

when « is a critical point of the function E, i.e., a geodesic. This bilinear
functional will be called the Hessian of E at ~.
If f is a real valued function on a manifold M with critical point p, then the

Hessian
fox 1 TMp x TM, — IR

can be defined as follows. Given X1, Xy € T'M, choose a smooth map (u1, uz)
a(uy,us) defined on a neighborhood of (0,0) in IR?, with values in M, so that

0 0
00.0)=p,  FEO.0=X1  F0,0)=X

Then
9 f(a(uy, ug))

*ok X 7X ==
f ( ! 2) Ouq0us (0,0)

This suggests defining F.. as follows. Given vector fields Wi, Wy € T}, choose
a 2-parameter variation
a:Ux[0,1] — M,

where U is a neighborhood of (0,0) in IR?, so that

0 0
a(0,0.0) =7, 50,00 =W(0),  F-(0,0,6) = Wa(t)

(Compare chapter 11.) Then the Hessian E,.(W1, Ws) will be defined to be the
second partial derivative
62E(07(u1, UQ))
8’&1 8uz (070)’

where a(u1,us) € Q denotes the path a(uy,us)(t) = a(uy,us,t). This second
2

(0,0).
u16u2
The following theorem is needed to prove that F,. is well defined.

derivative will be written briefly as
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Theorem 13.1 (Second variation formula). Let & : U — Q be a 2-parameter
variation of the geodesic vy with variation vector fields

oo .
leafuz((),()) GTQW, Z:172.
2
Then the second derivative — 5 Juidu ———(0,0) of the energy function is equal to
U1 Oug

DW; ' D*W;
_zt:<W2(t),Atdt>—/0 <W2, R,V )

d
where V = il denotes the velocity vector field and where

dt

DW, _DW, DWW, ,
T dt() dt(t)

denotes the jump in L 4t one of its finitely many points of discontinuity in

the open unit interval.

Proof. According to Theorem 12.2 we have

1 0FE da . da L'/ da D da
m;§<a A8t> /0<8u2’dt<9t>dt'

Therefore
1 90%E D da 8a Oa D O
7= _ A
2 8u18u2 Z <du1 8u2 8t > ; <8U2’ dU1 ¢ 8t >

/1 D 9a Doa dt/l 9a D Doa\

0 du1 aUQ’ dt ot 0 aUQ’ du1 dt ot

Let us evaluate this expression for (ui,us) = (0,0). Since v = &(0,0) is an
unbroken geodesic, we have

da D 0a
Yor dt ot
so that the first and third terms are zero.
Rearranging the second term, we obtain

1 O%E D 1 DD
Qamauz(o’o)Z<W%AtdtW1>/o <W2,duldtv>dt. (13.1)

t
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D D
In order to interchange the two operators — and —, we need to bring in the

du1 dt
curvature formula,
D D DD Jda OJa
— V- —=——V = —,— | V=R((V,Wy) V.
dui dt dt duy (at ’ 8u1> (V: W)
D D D
Together with the identity d—mV = E% = £W1 this yields
D 9 D2W,
— =V = R (V,Wy) V. 13.2
du, Ot az TRIIN) (13.2)
Substituting this expression into (13.1) this completes the proof of Theorem 13.1.
O
. O*E .
Corollary 13.2. The expression E..(W1,Ws) = W(O’ 0) is a well defined
uU10U”

symmetric and bilinear function of W and Ws.

2

0°F
Proof. The second variation formula shows that W(O’ 0) depends only on
U10U

the variation vector fields W7 and Wa, so that E.. (Wi, Ws) is well defined. This
formula also shows that E,, is bilinear. The symmetry property

Eei(W1,W3) = Ey.(Wo, Wy)
is not at all obvious from the second variation formula; but does follow imme-

. 0’E 0’E
diately from the symmetry property Y Dudus O
U10U2 U20U71

Remark 13.3. The diagonal terms E..(W, W) of the bilinear pairing E,, can be
described in terms of a 1-parameter variation of v. In fact

d?Eoa

E**(VV, W) = du2

(0),

where a : (—e,e) — 2 denotes any variation of v with variation vector field

da

d—(O) equal to W. To prove this identity it is only necessary to introduce the
U

two parameter variation

B(u1,uz) = a(ur + ug)
and to note that B B
8,6’_d£ 82E06_d2EO64
ou;  du’ Ou duy  du?

As an application of this remark, we have the following.
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Lemma 13.4. If v is a minimal geodesic from p to q then the bilinear pairing

E.,. is positive semi-definite. Hence the index A of E. is zero.

d’E(a

Proof. The inequality E(a(u)) > E(y) = E(a(0)) implies that w
u

evaluated at u = 0, is > 0. Hence E...(W, W) > 0 for all W. O



Chapter Fourteen

Jacobi Fields: The Null Space of E.,

A vector field J along a geodesic 7 is called a Jacobi field if it satisfies the
Jacobi differential equation

D2 g
RV,9)V =0
LRV, T)
d
where V = L. This is a linear, second order differential equation. (It can

be put in a more familiar form by choosing orthonormal parallel vector fields
Py, ..., P, along . Then setting J (¢t) = >_ f*(¢t)P;(t), the equation becomes

S i g )
WJFE a;()f7(t)=0, i=1,...,m;
j=1

where a} = (R (V, P;) V, P;).) Thus the Jacobi equation has 2n linearly inde-
pendent solutions, each of which can be defined throughout «. The solutions
are all C'*°-differentiable. A given Jacobi field J is completely determined by

its initial conditions:
DJ

dt
Let p = v(a) and ¢ = v(b) be two points on the geodesic «y, with a # b.

J(O)v (O) € TM'y(O)

Definition 14.1. p and q are conjugate along v if there exists a non-zero Jacobi
field J along v which vanishes for t = a and t = b. The multiplicity of p and
q as conjugate points is equal to the dimension of the vector space consisting of
all such Jacobi fields.

Now let v be a geodesic in Q = Q(M:;p, q). Recall that the null space of the
Hessian
E.. :TQ, xTQ, — IR

is the vector space consisting of those Wy € T2, such that E,. (Wi, Ws) = 0 for
all W5. The nullity v of E,, is equal to the dimension of this null space. FE,, is
degenerate if v > 0.

If v has self-intersections then this definition becomes ambiguous. One should rather say
that the parameter values a and b are conjugate with respect to =y.
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Theorem 14.2. A wvector field W1 € TQ., belongs to the null space of E.. if
and only if W1 is a Jacobi field. Hence E.. is degenerate if and only if the
end points p and q are conjugate along v. The nullity of E.. is equal to the
multiplicity of p and q as conjugate points.

Proof. (Compare the proof of Theorem 12.3.) If J is a Jacobi field which
vanishes at p and ¢, then J certainly belongs to TC2,. The second variation
formula (Theorem 13.1) states that

- E**(j,W2)=Z<W2(t),0>+/O (Ws,0) dt = 0.

t

Hence J belongs to the null space.

Conversely, suppose that W belongs to the null space of F,.. Choose a
subdivision 0 = to < t; < ... <t = 1 of [0,1] so that Wily,_, ) is smooth
for each i. Let f :[0,1] — [0,1] be a smooth function which vanishes for the
parameter values tg,t1,...,t; and is positive otherwise; and let

wa(t) = 10 (P +RW V)

Then

2
dt.

1 D2,
—5 B (W1,W2) Zo+ H Sz TRV

Since this is zero, it follows that Wy

[t:_1,t;) 18 @ Jacobi field for each i.
DW.
Now let W3 € T2, be a field such that W3(t;) = Ay, ] Lfori=1,2,... k-
1. Then

1
/ 0dt =0
0

! has no jumps. But a solution W7 of the Jacobi equation is com-

k—1

—%E** (W, W3) = 2;

D W1

Ay,

Hence

DW;
pletely determined by the vectors Wy (%;) ; ! (t;). Thus it follows that the

k Jacobi fields Wiy, , 4, @ = 1,...,k, fit together to give a Jacobi field W
which is C*°-differentiable throughout the entire unit interval. This completes
the proof of Theorem 14.2. O

It follows that the nullity v of E,., is always finite. For there are only finitely
many linearly independent Jacobi fields along .

Remark 14.3. Actually the nullity v satisfies 0 < v < n. Since the space of
Jacobi fields which vanish for ¢ = 0 has dimension precisely n, it is clear that
v < n. We will construct one example of a Jacobi field which vanishes for ¢t = 0,
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d
but not for ¢ = 1. This will imply that v < n. In fact let J; = tV; where V = d—z

denotes the velocity vector field. Then

DY DV
= =1 V4t— =V
dt T

2

DV D
(Since prl 0), hence “27 = 0. Furthermore R(V,J)V =tR(V,V)V =0
since R is skew symmetric in the first two variables. Thus J satisfies the Jacobi

equation. Since Jp =0, J1 # 0, this completes the proof.

Ezample 14.4. Suppose that M is “flat” in the sense that the curvature tensor
2

is identically zero. Then the Jacobi equation becomes e 0. Setting
) d2 7
J () = f*(t)Pi(t) where P; are parallel, this becomes dJ; = 0. Evidently

a Jacobi field along v can have at most one zero. Thus there are no conjugate
points, and FE., is non-degenerate.

Example 14.5. Suppose that p and g are antipodal points on the unit sphere S™,
and let v be a great circle arc from p to ¢. Then we will see that p and ¢ are
conjugate with multiplicity n—1. Thus in this example the nullity v of F,, takes
its largest possible value. The proof will depend on the following discussion.

Let a be a 1-parameter variation of v, not necessarily keeping the endpoints
fixed, such that each a(u) is a geodesic. That is, let

a:(—ee)x[0,1]] — M

be a C* map such that «(0,¢) = ~(t), and such that each a(u) (given by
a(u)(t) = a(u,t)) is a geodesic.
Lemma 14.6. If « is such a variation of v through geodesics, then the variation

vector field W (t) = Z—Z(O,t) is a Jacobi field along .

Do
Proof. If « is a variation of v through geodesics, then aa—? is identically zero.

Hence
~ dudt ot dtdu ot ot
_ D00 o (90 D) da
~dt2 du ot’ou ) ot

DDa_DDoa, (a0 da)a
ot’ ou

(Compare equation (13.2).) Therefore the variation vector field g—a is a Jacobi

u
field.
Thus one way of obtaining Jacobi fields is to move geodesics around.
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Now let us return to the example of two antipodal points on a unit n-sphere.
Rotating the sphere, keeping p and ¢ fixed, the variation vector field along the
geodesic v will be a Jacobi field vanishing at p and ¢. Rotating in n —1 different
directions one obtains n — 1 linearly independent Jacobi fields. Thus p and ¢
are conjugate along v with multiplicity n — 1. O

Lemma 14.7. Every Jacobi field along a geodesic v : [0,1] — M may be ob-
tained by a variation of v through geodesics.

Proof. Choose a neighborhood U of 7(0) so that any two points of U are joined
by a unique minimal geodesic which depends differentiably on the endpoints.
Suppose that v(t) € U for 0 < ¢t < §. We will first construct a Jacobi field W
along 7|j,s) with arbitrarily prescribed values at ¢t = 0 and ¢t = §. Choose a

d
curve a : (—e,e) — U so that a(0) = v(0) and so that d—a(O) is any prescribed
u
db
vector in T'M.,gy. Similarly choose b : (—¢,e) — U with b(0) = () and —(0)

du
arbitrary. Now define the variation

a:(—ee) x[0,0] — M
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by letting &(u) : [0,6] — M be the unique minimal geodesic from a(u) to

0
—a(O,t) defines a Jacobi field with the given end

b(u). Then the f la ¢
(u) en the formula ¢ — —

conditions.

Any Jacobi field along |(9 5 can be obtained in this way: If J(y) denotes the
vector space of all Jacobi fields W along ~, then the formula W +— (W (0), W(4))
defines a linear map

£ 3(’}/) — TM,Y(O) X TM'y(O)~

We have just shown that ¢ is onto. Since both vector spaces have the same
dimension 2n it follows that ¢ is an isomorphism. IL.e., a Jacobi field is determined
by its values at (0) and (). (More generally a Jacobi field is determined by
its values at any two non-conjugate points.) Therefore the above construction
yields all possible Jacobi fields along /o,

The restriction of &(u) to the interval [0,d] is not essential. If w is suffi-
ciently small then, using the compactness of [0,1], a(u) can be extended to
a geodesic defined over the entire unit interval [0,1]. This yields a variation
through geodesics:

o' i (—e,e) x [0,0] — M

with any given Jacobi field as variation vector. O

Remark 14.8. This argument shows that in any such neighborhood U the Jacobi
fields along a geodesic segment in U are uniquely determined by their values at
the endpoints of the geodesic.

Remark 14.9. The proof shows also, that there is a neighborhood (—d,d) of 0
so that if t € (—0,0) then y(¢) is not conjugate to v(0) along v. We will see in
Theorem 15.2 that the set of conjugate points to v(0) along the entire geodesic
~ has no cluster points.



Chapter Fifteen

The Index Theorem

The index A of the Hessian
E..:TQy xTOQ, — R

is defined to be the maximum dimension of a subspace of T2, on which E,, is
negative definite. We will prove the following.

Theorem 15.1 (Morse). The index A of E.. is equal to the number of points
~v(t), with 0 < t < 1, such that v(t) is conjugate to v(0) along ~; each such
conjugate point being counted with its multiplicity. This index A is always finite.

As an immediate consequence one has:

Corollary 15.2. A geodesic segment v : [0,1] — M can contain only finitely
many points which are conjugate to v(0) along 7.

In order to prove Theorem 15.1 we will first make an estimate for A by
splitting the vector space T}, into two mutually orthogonal subspaces, on one
of which FE,, is positive definite.

Each point 7(t) is contained in an open set U such that any two points of
U are joined by a unique minimal geodesic which depends differentiably on the
endpoints. (See chapter 10.) Choose a subdivision 0 =ty < t; < ... <t =1
of the unit interval which is sufficiently fine so that each segment ~[t;_1, ;] lies
within such an open set U; and so that each ’Y|[ti,1,ti] is minimal.

Let TQ, (to,t,ta2,...,tx) C Ty be the vector space consisting of all vector
fields W along v such that

L. W|,_, 4, is a Jacobi field along v|f,_, +,) for each 4;
2. W vanishes at the endpoints ¢t =0, t = 1.

Thus TQ (to, t, t2, . .., tx) is a finite dimensional vector space consisting of bro-
ken Jacobi fields along ~.

Let 7" C T2, be the vector space consisting of all vector fields W € T,
for which W (t0) =0, W(t1) =0, W(te) =0,..., W(tx) = 0.

For generalization of this result see: W. Ambrose, The index theorem in Riemannian
geometry, Annals of Mathematics, Vol. 78 (1961), pp. 49-86.
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Lemma 15.3. The vector space Ty splits as the direct sum TS, (to,t;,t2,. .., 1)@
T'. These two subspaces are mutually perpendicular with respect to the inner
product E,.. Furthermore, E,, restricted to T’ is positive definite.

Proof. Given any vector field W € T, let W, denote the unique “broken Jacobi
field” in TQ., (o, ti, t2, ..., tg) such that Wi(t;) = W(t;) for i = 0,1,...,k. It
follows from Theorem 14.8 that W exists and is unique. Clearly W —W; belongs
to T". Thus the two subspaces, T2, (to, t;,t2,...,t;) and T” generate T2, and
have only the zero vector field in common.

If W1 belongs to TQ (to, t, ta, . . . , ) and Wy belongs to T”, then the second
variation formula (Theorem 13.1) takes the form

1 DW. !
QE**(Wl,Wg):—Z<W2(t),At dt1>—/0 (Wa,0) dt = 0.

t

Thus the two subspaces are mutually perpendicular with respect to Fy..

For any W € T2, the Hessian E,.(W, W) can be interpreted as the second
derivative diﬁfj& (0); where a : (—¢,e) — Q is any variation of v with variation
vector field 42 (0) equal to W. (Compare Theorem 13.3.) If W belongs to 7" then
we may assume that & is chosen so as to leave the points (to),y(t1),. .., y(tk)
fixed. In other words we may assume that a(u)(¢;) = vy(¢;) for i =0,1,... k.

Proof that E,.(W,W) > 0 for W € T'. Each a(u) € Q is a piecewise
smooth path from v(0) to v(t1) to ¥(t2) to ... to v(1). But each y|y,_, 4 is a
minimal geodesic, and therefore has smaller energy than any other path between
its endpoints. This proves that

E(a(u)) = E(y) = E(a(0)).

Therefore the second derivative, evaluated at © = 0, must be > 0.

Proof that E,.(W,W) > 0 for W € T, W # 0. Suppose that E,.(W,W)
were equal to 0. Then W would lie in the null space of F,.. In fact for any
Wi € TQy(to, t1, ..., t,) we have already seen that E,,(Wi,W) = 0. For any
Wy € T’ the inequality

0> Eoe(W 4+ cWa, W + cWa) = 2¢E,.(Wa, W) + P E,..(Wa, W)

for all values of ¢ implies that E,.(Ws, W) = 0. Thus W lies in the null space.
But the null space of E.,, consists of Jacobi fields. Since T’ contains no Jacobi
fields other than zero, this implies that W = 0.

Thus the quadratic form FE., is positive definite on 7”. This completes the
proof of Theorem 15.3. O

An immediate consequence is the following:

Lemma 15.4. The index (or the nullity) of E.. is equal to the index (or nul-
lity) of E.. restricted to the space TQy(to,t1,...,t,) of broken Jacobi fields.
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In particular (since TQy(to,t1, ..., tk) is a finite dimensional vector space) the
index N is always finite.

The proof is straightforward.

Let v, denote the restriction of «y to the interval [0, 7]. Thus ~, : [0,7] = M
is a geodesic from 7(0) to y(7). Let A(7) denote the index of the Hessian (E{ ).
which is associated with this geodesic. Thus A(1) is the index which we are
actually trying to compute. First note that:

Assertion 15.1. M(7) is a monotone function of 7.

For if 7 < 7/ then there exists a A(7) dimensional space V of vector fields
along ~, which vanish at (0) and (7) such that the Hessian (Ef ).« is negative
definite on this vector space. Each vector field in V extends to a vector field
along -, which vanishes identically between ~v(7) and ~(7’). Thus we obtain a
A(7) dimensional vector space of fields along v,/, on which (EJ /)** is negative
definite. Hence A(7) < A(7').

Assertion 15.2. A(T) = 0 for small values of 7.

For if 7 is sufficiently small then 7, is a minimal geodesic, hence A(7) = 0
by Theorem 13.4.

Now let us examine the discontinuities of the function A(7). First note that
A(7) is continuous from the left:

Assertion 15.3. For all sufficiently small ¢ > 0 we have A(T — ¢) = A(7T).

Proof. According to Theorem 15.3 the number A(1) can be interpreted as the
index of a quadratic form on a finite dimensional vector space T2 (to,t1, .. ., tx).
We may assume that the subdivision is chosen so that say t; < 7 < ;1. Then
the index A(7) can be interpreted as the index of a corresponding quadratic form
H. on a corresponding vector space of broken Jacobi fields along ~y,. This vector
space is to be constructed using the subdivision 0 < t; < to < ... < t; < 7 of
[0,7]. Since a broken Jacobi field is uniquely determined by its values at the
break points 7(¢;), this vector space is isomorphic to the direct sum

2 = TM"/(tl) @ TM’y(tQ) @ e @ TM’Y(ti)‘

Note that this vector space X is independent of 7. Evidently the quadratic form
H, on ¥ varies continuously with 7.

Now H is negative definite on a subspace V' C ¥ of dimension A(7). For all
7/ sufficiently close to 7 it follows that H,, is negative definite on V. Therefore
M7") > (r) But if 7/ = T — e < 7 then we also have A1 — &) < A(7) by
Assertion 15.1. Hence A(T — ) = A(7). O

Assertion 15.4. Let v be the nullity of the Hessian (E()... Then for all suffi-
ciently small € > 0 we have

Mt +e) =Mr1) + 1.
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Thus the function A(t) jumps by v when the variable ¢t passes a conjugate
point of multiplicity v; and is continuous otherwise. Clearly this assertion will
complete the proof of the index theorem.

Proof that Mt +¢) < A7)+ v. Let H; and ¥ be as in the proof of Asser-
tion 15.3. Since dim X = ni we see that H. is positive definite on some subspace
V' C ¥ of dimension ni — A(7) — v. For all 7 sufficiently close to 7, it follows
that H., is positive definite on V’. Hence

M) <dim Y —dim V' = A1) + v.

PROOF THAT A(T +¢) > M7) +v. Let Wy,..., Wy be A(7) vector fields
along ~,, vanishing at the endpoints, such that the matrix

((ES)** (Wi, Wj))

is negative definite. Let J1,...,J, be v linearly independent Jacobi fields along
v-, also vanishing at the endpoints. Note that the v vectors

DIn

W(T) c TM’Y(T)

are linearly independent. Hence it is possible to choose v vector fields X7, ..., X,
along 7,4, vanishing at the endpoints of 7,4, so that

(5 m.x0))

is equal to the v x v identity matrix. Extend the vector fields W; and J; over
Yr+e Dy setting these fields equal to 0 for 7 <t < 74 €.
Using the second variation formula we see easily that

(Eg+€)** (\7}-“ WZ) = 0
(ESJFE)** (Jn, X1) = 26px  (Kronecker delta).

Now let ¢ be a small number, and consider the A(7) + v vector fields
Wi, .o, Wiy, ¢ "G —eXa, ... ) — eX,

along v,4+c. We claim that these vector fields span a vector space of dimension
A7) + v on which the quadratic form (E{"®)  is negative definite. In fact the



86 CHAPTER 15
matrix of (Eg +E)** with respect to this basis is

<(E8)** (Wi, Wj)) cA
cA? —41+ 2B

where A and B are fixed matrices. If ¢ is sufficiently small, this compound
matrix is certainly negative definite. This proves Assertion 15.4. O

The index Theorem 15.1 clearly follows from the Assertions 15.2, 15.3, and
15.4.



Chapter Sixteen

A Finite Dimensional Approximation to 2¢

Let M be a connected Riemannian manifold and let p and ¢ be two (not nec-
essarily distinct) points of M. The set Q = 0(M;p,q) of piecewise C*° paths
from p to ¢ can be topologized as follows. Let p denote the topological metric
on M coming from its Riemann metric. Given w,w’ €  with arc-lengths s(t),
s'(t) respectively, define the distance d(w,w’) to be

s p (1)1 + ( / 1 (5- ‘fj;)zdtf .

(The last term is added on so that the energy function

E(w) _/ab (j‘:)th

will be a continuous function from a to the real numbers.) This metric induces
the required topology on €.

Given ¢ > 0 let Q¢ denote the closed subset E~1([0,¢]) € Q and let Int Q¢
denote the open subset E~1([0,¢)) (where E = E} : Q — IR is the energy
function). We will study the topology of Q¢ by constructing a finite dimensional
approximation to it.

Choose some subdivision 0 = tg < t1 < ... < tp = 1 of the unit interval.
Let Q(to,t1,...,tx) be the subspace of a consisting of paths w : [0,1] — M such
that

1. w(0) =pand w(l) =gq,
2. Wlit,_, 4,1 is a geodesic for each i = 1,... k.

Finally we define the subspaces

Qto, t1, ..., tk)° = QN Qto, t1, ..., tk)
Int Q(to,tl, .. .,tk)c = (Int QC) N Q(to,tl, ce ,tk).

Lemma 16.1. Let M be a complete Riemannian manifold; and let ¢ be a fized
positive number such that Q¢ # @. Then for all sufficiently fine subdivisions
(to,t1,--.,tk) of [0,1] the set Int Q(to,t1,...,tk)¢ can be given the structure of
a smooth finite dimensional manifold in a natural way.
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Proof. Let S denote the ball

{zeM: p(x,p) < e}

Note that every path w € Q¢ lies within this subset S C M. This follows from
the inequality I2<E<ec.

Since M is complete, S is a compact set. Hence by Theorem 10.12 there
exists € > 0 so that whenever x,y € S and p(z,y) < € there is a unique geodesic
from « to y of length < €; and so that this geodesic depends differentiably on x
and y.

Choose the subdivision (tg, t1, ..., tx) of [0, 1] so that each difference t; —t;_1
is less than €2 /c. Then for each broken geodesic

w € Q(to,tl,...,tk)c

we have

2
(Lf:ﬁilw) = (t; —ti1) (Ef;flw) < (t; — t;1)(Ew)
< (tl‘ — tifl)c < 62
Thus the geodesic w|f,_, ;,) is uniquely an differentiably determined by the two

end points.
The broken geodesic w is uniquely determined by the (k — 1)-tuple

w(tl),w(tg), Ce ,w(tkfl) eMxMx---x M.
Evidently this correspondence
wir— (w(t1), ..., w(tg—1))

defines a homeomorphism between Int Q (g, t1,. .., tx)¢ and a certain open sub-
set of the (k — 1)-fold product M x --- x M. Taking over the differentiable
structure from this product, this completes the proof of Theorem 16.1. O

To shorten the notation, let us denote this manifold Int Q(tg,t1,...,t;)¢ of
broken geodesics by B. Let
E':B—1R
denote the restriction to B of the energy function F: 2 — IR.
Theorem 16.2. This function E' : B — IR is smooth. Furthermore, for each
a < c the set B* = (E')71[0,a] is compact, and is a deformation retract of

the corresponding set Q. The critical points of E' are precisely the same as
the critical points of E in Int Q°: namely the unbroken geodesics from p to q of

Similarly B itself is a deformation retract of Int €.
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length less than \/c. The index (or the nullity) of the Hessian E., at each such
critical point 7y is equal to the index (or the nullity) of E.. at 7.

Thus the finite dimensional manifold B provides a faithful model for the
infinite dimensional path space Int 2°. As an immediate consequence we have
the following basic result.

Theorem 16.3. Let M be a complete Riemannian manifold and let p,q € M
be two points which are not conjugate along any geodesic of length < \/a. Then
as has the homotopy type of a finite CW-complex, with one cell of dimension A
for each geodesic in Q at which E,. has index \.

(In particular it is asserted that Q% contains only finitely many geodesics.)
Proof. This follows from Theorem 16.2 together with Theorem 3.7. O

Proof of Theorem 16.2. Since the broken geodesic w € B depends smoothly on
the (k — 1)-tuple

w(tl),w(tg),...,w(tk_l) EMXMXx---xM

it is clear that the energy E'(w) also depends smoothly on this (k — 1)-tuple. In
fact we have the explicit formula

i pwitin),w(ti)”

tlitl 1

For a < ¢ the set B is homeomorphic to the set of all (k — 1)-tuples
(p1,---,Pk—1) €S xS x -+ x S such that

k
P \Pi-1,Pi) pz 17291 <a

i—1 1*t1 1

(Here it is to be understood that pg = p, pr = ¢.) As a closed subset of a
compact set, this is certainly compact.

A retraction r : Int Q¢ — B is defined as follows. Let r(w) denote the unique
broken geodesic in B such that each r(w)|,_, +,) is a geodesic of length < ¢ from
w(ti—1) to w(t;). The inequality

p(p,wt))? < (Lw)?<EBw<c
implies that w[o, 1] C S. Hence the inequality
p(W(?fi,l),(,L}(ti))2 < (ti — tifl) (E,fjflw) < i cC= 52

implies that r(w) can be so defined.
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Clearly E(r(w)) < E(w) < ¢. This retraction r fits into a 1-parameter family
of maps
7y @ Int Q¢ — Int Q°

as follows. For t;_1 < u < t; let

ro(w)
ru (W)

T (W) |ju,1] = Wl[u,1-

0.1 = 7(@)][0,t:_1)
[t:_1,u] = minimal geodesic from w(t;—1) to w(u),

Then r( is the identity map of Int Q¢, and r; = r. It is easily verified that
ry(w) is continuous as a function of both variables. This proves that B is a
deformation retract of Int Q2°.

Since E(ry(w)) < E(w) it is clear that each B® is also a deformation retract
of Q9.

Every geodesic is also a broken geodesic, so it is clear that every “critical
point” of F in Int Q¢ automatically lies in the submanifold B. Using the first
variation formula (Theorem 12.2) it is clear that the critical points of E’ are
precisely the unbroken geodesics.

Consider the tangent space T B, to the manifold B at a geodesic y. This
will be identified with the space T2, (to,t1,. . .,tx) of broken Jacobi fields along
v, as described in chapter 15. This identification can be justified as follows. Let

a: (—e,e)— B

be any variation of « through broken geodesics. Then the corresponding vari-

0
ation vector field a—Z(O,t) along v is clearly a broken Jacobi field. (Compare

Theorem 14.6)

Now the statement that the index (or the nullity) of E.. at ~ is equal to
the index (or nullity) of EZ, at v is an immediate consequence of Theorem 15.4.
This completes the proof of Theorem 16.2. O

Remark 16.4. As one consequence of this theorem we obtain an alternative proof
of the existence of a minimal geodesic joining two given points p,q of a complete
manifold. For if 2%(p, ¢) is non-vacuous, then the corresponding set B* will be
compact and non-vacuous. Hence the continuous function E' : B* — IR will
take on its minimum at some point v € B®. This v will be the required minimal
geodesic.



Chapter Seventeen

The Topology of the Full Path Space

Let M be a Riemannian manifold with Riemann metric g, and let p be the
induced topological metric. Let p and ¢ be two (not necessarily distinct) points
of M.

In homotopy theory one studies the space * of all continuous paths

w:[0,1] — M

from p to ¢, in the compact open topology. This topology can also be described
as that induced by the metric

d*(w,w’) = max p (w(t),w (1)) .

On the other hand we have been studying the space €2 of piecewise C'>° paths
from p to ¢ with the metric

Lrds  ds'\? :
AN * !/ o T
d(w,w)—d(w,w)+</0 (dt dt) dt | .

Since d > d* the natural map
i: Q— QF
is continuous.

Theorem 17.1. This natural map i is a homotopy equivalence between ) and
Q*.

(Added June 1968. The following proof is based on suggestions by W. B.
Houston, Jr., who has pointed out that my original proof of Theorem 17.1 was
incorrect. The original proof made use of an alleged homotopy inverse 2 — Q*
which in fact was not even continuous.)

Proof. We will use the fact that every point of M has an open neighborhood N
which is “geodesically convex” in the sense that any two points of N are joined
by a unique minimal geodesic which lies completely within N and depends dif-
ferentiably on the endpoints. (This result is due to J. H. C. Whitehead. See
for example Bishop and Crittenden, “Geometry of manifolds,” p. 246; Helga-
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son, “Differential geometry and symmetric spaces,” p. 53; or Hicks, “Notes on
differential geometry,” p. 134.)

Choose a covering of M by such geodesically convex open sets N,. Sub-
dividing the interval [0,1] into 2% equal subintervals [(j — 1)/2%, j/2*], let Q}
denote the set of all continuous paths w from p to ¢ which satisfy the following
condition: the image under w of each subinterval [(j — 1)/2¥, j/2¥] should be
contained in one of the sets N, of the covering.

Clearly each €2} is an open subset of the space {2* of all paths from p to g,
and clearly 2* is the union of the sequence

M CBCQC---.
Similarly the corresponding sets
% =i (@})

are open subsets of ) with union equal to 2.
We will first show that the natural map

(ilg,) = % — O

is a homotopy equivalence. For each w € €} let h(w) € € be the bro-
ken geodesic which coincides with w for the parameter values t = j/2%, j =
0,1,2,...,2% and which is a minimal geodesic within each intermediate inter-
val [(j —1)/2%,/2F]. This construction defines a function

h:QZ—)Qk,

and it is not difficult to verify that h is continuous.

Just as in the proof of Theorem 16.2 on page 88, it can be verified that
the composition (i|q, ) o h is homotopic to the identity map of 2} and that the
composition h o (i|q, ) is homotopic to the identity map of . This proves that
ilq, is a homotopy equivalence.

To conclude the proof of Theorem 17.1 we appeal to the Appendix. Using
Theorem 24.18 on page 141 note that the space {2 is the homotopy direct limit
of the sequence of subsets 2. Similarly note that Q* is the homotopy direct
limit of the sequence of subsets Q. Therefore, Theorem 24.21 (page 141) shows
that i : 2 —* is a homotopy equivalence. This completes the proof. O]

It is known that the space 2* has the homotopy type of a CW-complex. (See
Milnor, On spaces having the homotopy type of a CW-complex, Trans. Amer.
Math. Soc., Vol. 90 (1959), pp. 272-280.) Therefore

Corollary 17.2. Q) has the homotopy type of a CW-complex.

This statement can be sharpened as follows.
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Theorem 17.3 (Fundamental theorem of Morse Theory). Let M be a complete
Riemannian manifold, and let p,q € M be two points which are not conjugate
along any geodesic. Then Q(M;p,q) (or Q*(M;p,q)) has the homotopy type of a
countable CW-complex which contains one cell of dimension A for each geodesic
from p to q of index A.

Proof. The proof is analogous to that of Theorem 3.7. Choose a sequence ag <
a1 < ag < --- of real numbers which are not critical values of the energy function
E, so that each interval (a;_1,a;) contains precisely one critical value. Consider
the sequence

QO CQ"CcQ”?C...;

where we may assume that Q% is vacuous. It follows from Theorem 16.2 together
with Theorem 3.5 and Theorem 3.9 that each Q% has the homotopy type of
Q%-1 with a finite number of cells attached: one A-cell for each geodesic of index
Ain E~'(a;_1,a;). Now, just as in the proof of Theorem 3.7, one constructs
a sequence Ky C K1 C Ky C ... of CW-complexes with cells of the required
description, and a sequence

Qo C Qu C Q%2 C---

L]

Ky ¢ K1 ¢ Ky C---

of homotopy equivalences. Letting f : Q@ — K be the direct limit mapping,
it is clear that f induces isomorphisms of homotopy groups in all dimensions.
Since Q is known to have the homotopy type of a OW-complex (Theorem 17.2)
it follows from Whitehead’s theorem that f is a homotopy equivalence. This
completes the proof. (For a different proof, not using Theorem 17.2, see p.
149.) O

Ezxample 17.4. Suppose that p and ¢ are two non-conjugate points on S™. That
is, suppose that ¢ # p,p’ where p’ denotes the antipode of p. Then there are
denumerably many geodesics 7o, 1,72, - - - from p to ¢, as follows. Let v denote
the short great circle arc from p to ¢; let 7; denote the long great circle are
pq'p'q; let vo denote the arc pgp’q’pq; and so on. The subscript & denotes the
number of times that p or p’ occurs in the interior of ;.

The index A(yx) = pls ...+ py is equal to k(n — 1), since each of the points
p or p' in the interior is conjugate to p with multiplicity n — 1.

Therefore we have:

Corollary 17.5. The loop space Q(S™) has the homotopy type of a CW-complex
with one cell each in the dimensions 0,n —1,2(n —1),3(n —1),... .

For n > 2 the homology of Q(S™) can be computed immediately from this in-
formation. Since 2(S™) has non-trivial homology in infinitely many dimensions,
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we can conclude:

Corollary 17.6. Let M have the homotopy type of Q(S™), forn > 2. Then any
two non-conjugate points of M are joined by infinitely many geodesics.

This follows since the homotopy type of 2*(M) (and hence of Q(M)) depends
only on the homotopy type of M. There must be at least one geodesic in Q(M)
with index 0, at least one with index n — 1, 2(n — 1), 3(n — 1), and so on.

Remark 17.7. More generally if M is any complete manifold which is not con-
tractible then any two non-conjugate points of M are joined by infinitely many
geodesics. Compare p. 484 of J. P. Serre, Homologie singuliére des espaces
fibrés, Annals of Math. 54 (1951), pp. 425-505.

As another application of Theorem 17.5, one can give a proof of the Freuden-
thal suspension theorem. (Compare Theorem 22.3.)



Chapter Eighteen

Existence of Non-Conjugate Points

Theorem 17.3 gives a good description of the space Q(M;p,q) providing that
the points p and ¢ are not conjugate to each other along any geodesic. This
section will justify this result by showing that such non-conjugate points always
exist.

Recall that a smooth map f : N — M between manifolds of the same
dimension is critical at a point z € N if the induced map

f* : TN, — TMf(w)

of tangent spaces is not 1-1. We will apply this definition to the exponential
map
exp = exp,, : T'M, — M.

(We will assume that M is complete, so that exp is everywhere defined; although
this assumption could easily be eliminated.)

Theorem 18.1. The point expv is conjugate to p along the geodesic =y, from p
to expv if and only if the mapping exp is critical at v.

Proof. Suppose that exp is critical at v € TM,,. Then exp, (X) = 0 for some non-
zero X € T(T'M,),, the tangent space at v to T'M,, considered as a manifold.

d
Let u — v(u) be a path in T'M,, such that v(0) = v and i(O) = X. Then
the map a defined by «(u,t) = exptv(u) is a variation through geodesics of
the geodesic 7, given by t — exptv. Therefore the vector field W given by
t— aﬁ(exp tv(u))|u=o is a Jacobi field along ~,. Obviously W (0) = 0. We also
u

have
do(u)

W(1) = 2 (expto(u)) s

ou

(0) = exp, X = 0.

= exp,

u=0

But this field is not identically zero since

%(0) = @% (exp tv(u)) = —v(u)

(0,0)

£0.

u=0

So there is a non-trivial Jacobi field along -, from p to exp v, vanishing at these
points; hence p and exp v are conjugate along ~,.
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Now suppose that exp, is non-singular at v. Choose n independent vectors
X1,..., X, in T(TM,),. Then exp,(X1),...,exp,(X,) are linearly indepen-

dent. In T'M, choose paths v — vi(u),...,u — v,(u) with v;(0) = v and
dv; (u
%(0) = X;.

Then aq,...,a,, constructed as above, provide n Jacobi fields Wy,..., W,

along ,, vanishing at p. Since the W;(1) = exp,(X;) are independent, no non-
trivial linear combination of the W; can vanish at exp v. Since n is the dimension
of the space of Jacobi fields along ~,, which vanish at p, clearly no non-trivial
Jacobi field along -, vanishes at both p and exp v. This completes the proof. [

Corollary 18.2. Let p € M. Then for almost all ¢ € M, p is not conjugate to
q along any geodesic.

Proof. This follows immediately from Theorem 18.1 together with Sard’s theo-
rem (Theorem 6.2). O



Chapter Nineteen

Some Relations Between Topology and Curvature

This section will describe the behavior of geodesics in a manifold with “negative
curvature” or with “positive curvature.”

Lemma 19.1. Suppose that (R (A, B) A, B) < 0 for every pair of vectors A, B
in the tangent space T M, and for every p € M. Then no two points of M are
conjugate along any geodesic.

Proof. Let v be a geodesic with velocity vector field V; and let J be a Jacobi
field along . Then

D%2J
— +R(V,HV =0
e+ R(V.)
so that 027
— . JY=—(R(V,)V,J) >0
(57) =~ RVDV) =
Therefore

d /DJ
dt<dw’> <dt2’> H

Thus the function <3g ,J > is monotonically increasing, and strictly so 1f ;é 0.
If J vanishes both at 0 and at ¢y > 0, then the function < " t] ,J > also vamshes
at 0 and tp, and hence must vanish identically throughout the interval [0, ¢o].

This implies that

DJ
J(0)=—(0)=0
0=~ =0
so that J is identically zero. This completes the proof. O

Remark 19.2. If A and B are orthogonal unit vectors at p then the quantity
(R (A, B) A, B) is called the sectional curvature determined by A and B. It is
equal to the Gaussian curvature of the surface

(uy,u2) — expp(ulA + usB)
spanned by the geodesics through p with velocity vectors in the subspace spanned

by A and B. (See for example, Laugwitz “Differential-Geometrie,” p. 101.)

[Intuitively the curvature of a manifold can be described in terms of “optics”
within the manifold as follows. Suppose that we think of the geodesics as being
the paths of light rays. Consider an observer at p looking in the direction of
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the unit vector U towards a point ¢ = exp(rU). A small line segment at ¢ with
length L, pointed in a direction corresponding to the unit vector W € T'M,,,
would appear to the observer as a line segment of length

2
L (1 + % (R(U,W)U, W) + (terms involving higher powers of r)) .

Thus if sectional curvatures are negative then any object appears shorter than
it really is. A small sphere of radius ¢ at ¢ Would appear to be an ellipsoid with
principal radii e(1+ % K+ )y e(I+ i -) where K7, ..., K, denote
the eigenvalues of the linear transforrnatlon w +—> R (U,W)U. Any small object

of volume v would appear to have volume v (1 + = (K1 + Ky + -+ K,,) + (higher terms))
where K7 + - - -+ K, is equal to the “Ricci curvature” K(U, U), as defined later

in this section.]
Here are some familiar examples of complete manifolds with curvature < 0:

The Euclidean space with curvature 0.

The paraboloid z = z? — y?, with curvature < 0.

The hyperboloid of rotation 22 + 3% — 22 = 1, with curvature < 0.
The helicoid x cos z + ysin z = 0, with curvature < 0.

Ll e .

Remark 19.3. In all of these examples the curvature takes values arbitrarily close
to 0. Cf. N. V. Efimov, Impossibility of a complete surface in 3-space whose
Gaussian curvature has a negative upper bound, Soviet Math., Vol. 4 (1963),
pp. 843-846.

A famous example of a manifold with everywhere negative sectional curva-
ture is the pseudo-sphere

—/1—a2—y2+sech 'Wa2+y2, 2>0

with the Riemann metric induced from IR®. Here the Gaussian curvature has
the constant value —1.

No geodesic on this surface has conjugate points although two geodesics
may intersect in more than one point. The pseudo-sphere gives a non-Euclidean
geometry, in which the sum of the angles of any triangle is < 7 radians. This
manifold is not complete. In fact a theorem of Hilbert states that no complete
surface of constant negative curvature can be imbedded in IR®. (See Blaschke,
“Differential Geometric I,” 3rd edn., §96; or Efimov, ibid.)

However, there do exist Riemannian manifolds of constant negative curvature
which are complete. (See for example Laugwitz, “Differential and Riemannian
geometry,” §12.6.2.) Such a manifold can even be compact; for example, a
surface of genus > 2. (Compare Hilbert and Cohn-Vossen, “Geometry and the
imagination,” p. 259.)
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Theorem 19.4 (Cartan). Suppose that M is a simply connected, complete
Riemannian manifold, and that the sectional curvature (R (A, B) A, B) is ev-
erywhere < 0. Then any two points of M are joined by a unique geodesic.
Furthermore, M is diffeomorphic to the FEuclidean space IR"™.

Proof. Since there are no conjugate points, it follows from the index theorem
that every geodesic from p to ¢ has index A = 0. Thus Theorem 17.3 asserts
that the path space Q(M;p, q) has the homotopy type of a 0-dimensional CW-
complex, with one vertex for each geodesic.

The hypothesis that M is simply connected implies that Q(M;p,q) is con-
nected. Since a connected 0-dimensional CW-complex must consist of a single
point, it follows that there is precisely one geodesic from p to q.

Therefore, the exponential map exp,, : T'M;, — M is one-one and onto. But
it follows from Theorem 18.1 that exp,, is non-critical everywhere; so that exp,
is locally a diffeomorphism. Combining these two facts, we see that exp, is a
global diffeomorphism. This completes the proof of Theorem 19.4. O

More generally, suppose that M is not simply connected; but is complete
and has sectional curvature < 0. (For example M might be a flat torus S* x St,
or a compact surface of genus > 2 with constant negative curvature.) Then
Theorem 19.4 applies to the, universal covering space M of M. For it is clear
that M inherits a Riemannian metric from M which is geodesically complete,
and has sectional curvature < 0.

Given two points p,q € M, it follows that each homotopy class of paths from
p to g contains precisely one geodesic.

See E. Cartan, “Lecons sur la Géométrie des Espaces de Riemann,” Paris, 1926 and 1951.
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The fact that M is contractible puts strong restrictions on the topology of
M. For example:

Corollary 19.5. If M is complete with (R (A, B) A, B) < 0 then the homotopy
groups m;(M) are zero fori > 1; and w;(M) contains no element of finite order
other than the identity.

Proof. Clearly m;(M) = Wl(M) =0 for i > 1. Since M is contractible the coho-
mology group H” (M) can be identified with the cohomology group H* (m (M)
of the group 71 (M). (See for example pp. 200-202 of S. T. Hu “Homotopy The-
ory,” Academic Press, 1959.) Now suppose that 71 (M) contains a non-trivial

finite cyclic subgroup G. Then for a suitable covering space M of M we have
m1(M) = G; hence

H*(G) =H*(M)=0 fork>n.

But the cohomology groups of a finite cyclic group are non-trivial in arbitrarily
high dimensions. This gives a contradiction; and completes the proof. O

Now we will consider manifolds with “positive curvature.” Instead of con-
sidering the sectional curvature, one can obtain sharper results in this case by
considering the Ricci tensor (sometimes called the “mean curvature tensor”).

Definition 19.6. The Ricci tensor at a point p of a Riemannian manifold M
s a bilinear pairing
K:TM,xTM, — IR

defined as follows. Let K(Uy,Us) be the trace of the linear transformation
Wr—R (Ul, W) U,

from TM, to TM,. (In classical terminology the tensor K is obtained from
R by contraction.) It follows easily from Theorem 9.3 that K is symmetric:
K (U1, Us) = K(Us, Uy).

The Ricci tensor is related to sectional curvature as follows. Let Uy, ..., U,
be an orthonormal basis for the tangent space T'M,,.

Assertion 19.1. K (U, U,) is equal to the sum of the sectional curvatures (R (U,, U;) Uy, U;)
fori=1,2,...,n—1.

Proof. By definition K (U,, U,,) is equal to the trace of the matrix ((R (U,, U;) Up, U;)).
Since the n-th diagonal term of this matrix is zero, we obtain a sum of n — 1
sectional curvatures, as asserted. O
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Theorem 19.7 (Myers). Suppose that the Ricci curvature K satisfies

(n—1)

KU, U) >

r

for every unit vector U at every point of M ; where r is a positive constant. Then

every geodesic on M of length > wr contains conjugate points; and hence is not
minimal.

Proof. Let 7 : [0,1] = M be a geodesic of length L. Choose parallel vector
fields P, ..., P, along v which are orthonormal at one point, and hence are
orthonormal everywhere along v. We may assume that P, points along ~, so
that

DP;

dvy
= =0.
dt

V=—=LP,, and
dt

Let Wi(t) = (sin(rt))P,(t). Then

1 ! D2W;
§E**(VV1',, W;) = —/ <Wz a2 + R (V, W) V> dt
0

_ /l(sin(ﬂ't))2 (72 = L2 (R (P, ;) Pa, Fy)) dt.
0

Summing for ¢ =1,...,n — 1 we obtain
1 n—1 1
3 > B (Wi, W) = / (sin(mt))? ((n — 1)7* — L*K(P,, P,,)) dt.
i=1 0

Now if K(P,,P,) > (n—1)/r? and L > 7r then this expression is < 0.
Hence E..(W;,W;) < 0 for some i. This implies that the index of « is positive,
and hence, by the Index Theorem, that v contains conjugate points.

It follows also that 7 is not a minimal geodesic. In fact if @ : (—¢,¢) = Q is
a variation with variation vector field W; then

dE(a(u))
du

d2B(a(u)

=0
’ du?

<0,
for w = 0. Hence E(a(u)) < E(v) for small values of u # 0. This completes the
proof. O

Ezxample 19.8. If M is a sphere of radius r then every sectional curvature is
equal to 1/72. Hence K (U,U) takes the constant value (n — 1)/r2. It follows
from Theorem 19.7 that every geodesic of length > 77 contains conjugate points:
a best possible result.

See S. B. Myers, Riemann manifolds with positive mean curvature, Duke Math. Journal,
Vol. 8 (1941), pp. 401-404.
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Corollary 19.9. If M is complete, and K(U,U) > (n —1)/r? > 0 for all unit
vectors U, then M is compact, with diameter < mr.

Proof. If p,q € M let v be a minimal geodesic from p to g. Then the length of ~
must be < 7r. Therefore, all points have distance < 7r. Since closed bounded
sets in a complete manifold are compact, it follows that M itself is compact. [

This corollary applies also to the universal covering space M of M. Since M
is compact, it follows that the fundamental group 1 (M) is finite. This assertion
can be sharpened as follows.

Theorem 19.10. If M is a compact manifold, and if the Ricci tensor K of M
is everywhere positive definite, then the path space Q(M;p,q) has the homotopy
type of a CW-complex having only finitely many cells in each dimension.

Proof. Since the space consisting of all unit vectors U on M is compact, it
follows that the continuous function K (U,U) > 0 takes on a minimum, which
we can denote by (n —1)/r% > 0. Then every geodesic v € Q(M;p, q) of length
> 7r has index A > 1.

More generally consider a geodesic v of length > knr. Then a similar ar-
gument shows that v has index A > k. In fact for each ¢ = 1,2,...,k one
can construct a vector field X; along v which vanishes outside of the interval
(=21, 4), and such that E,.(X;,X;) <0.

Clearly F,.(X;, X;) =0 for i # j; so that X;,..., X}, span a k-dimensional
subspace of T(2, on which E,, is negative definite.

Now suppose that the points p and ¢ are not conjugate along any geodesic.
Then according to Theorem 16.3 there are only finitely many geodesics from p
to g of length < knr. Hence there are only finitely many geodesics with index
< k. Together with Theorem 17.3, this completes the proof. O

Remark 19.11. 1 do not know whether or not this theorem remains true if M is
allowed to be complete, but non-compact. The present proof certainly breaks
down since, on a manifold such as the paraboloid z = 22 + y?, the curvature
K (U,U) will not be bounded away from zero.

It would be interesting to know which manifolds can carry a metric so that
all sectional curvatures are positive. An instructive example is provided by
the product S™ x S¥ of two spheres; with m,k > 2. For this manifold the
Ricci tensor is everywhere positive definite. However, the sectional curvatures in
certain directions (corresponding to flat tori S' xS C §™ x S¥) are zero. It is not
known whether or not S x S* can be remetrized so that all sectional curvatures
are positive. The following partial result is known: If such a new metric exists,
then it can not be invariant under the involution (z,y) ~ (—z, —y) of S™ x Sk.
This follows from a theorem of Synge. (See J. L. Synge, On the connectivity of
spaces of positive curvature, Quarterly Journal of Mathematics (Oxford), Vol.
7 (1936), pp. 316-320.
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For other theorems relating topology and curvature, the following sources
are useful.

K. Yano and S. Bochner, “Curvature and Betti Numbers,” Annals Studies,
No 32, Princeton, 1953.

S. S. Chern, On curvature and characteristic classes of a Riemann manifold,
Abh. Math. Sem., Hamburg, Vol. 20 (1955), pp. 117-126.

M. Berger, Sur certaines variétes Riemanniennes a courbure positive, Comptes
Rendus Acad. Sci., Paris, Vol. 247 (1958), pp. 1165-1168.

S. I. Goldberg, “Curvature and Homology,” Academic Press, 1962.
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Applications to Lie Groups and
Symmetric Spaces



Chapter Twenty

Symmetric Spaces

A symmetric space is a connected Riemannian manifold M such that, for each
p € M there is an isometry I, : M — M which leaves p fixed and reverses
geodesics through p, i.e., if v is a geodesic and v(0) = p then I,,(y(¢)) = v(—t).

Lemma 20.1. Let v be a geodesic in M, and let p = v(0) and ¢ = v(¢). Then
I, L, (v(t) = y(t+2¢) (assuming y(t) and y(t+2c) are defined). Moreover, 1,1,
preserves parallel vector fields along ~y.

Proof. Let +'(t) = v(t + ¢). Then +/(t) is a geodesic and v/(0) = g. Therefore
L1 (v(1)) = To(3(~1)) = L,y (=t — €)) = 7'(¢ +¢) = (¢ + 2¢).

If the vector field V' is parallel along ~ then I, (V) is parallel (since I,
is an isometry) and I, (0) = —V(0); therefore I, (t) = —V(—t). Therefore
I, I, (V(t) = V(t + 2c). O

Corollary 20.2. M is complete.

Since Theorem 20.1 shows that geodesics can be indefinitely extended.
Corollary 20.3. Ip is unique.

Since any point is joined to p by a geodesic.

Corollary 20.4. IfU,V and W are parallel vector fields along v then R (U, V)W
is also a parallel field along .

Proof. If X denotes a fourth parallel vector field along -, note that the quantity
(R (U, V)W, X) is constant along . In fact, given p = ~(0), ¢ = v(¢), consider
the isometry T = I(./2)Ip which carries p to q. Then

(R (Uy, Vo) Wy, Xo) = (R(TLU,, T.V,) T.W,, T, X,,)

by Theorem 20.1. Since T is an isometry, this quantity is equal to (R (Up, V;,) Wy, X,).
Thus (R (U, V) W, X) is constant for every parallel vector field X. Tt clearly fol-
lows that R (U, V)W is parallel. O

Manifolds with the property of Theorem 20.4 are called locally symmetric.
(A classical theorem, due to Cartan states that a complete, simply connected,
locally symmetric manifold is actually symmetric.)
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In any locally symmetric manifold the Jacobi differential equations have
simple explicit solutions. Let v : IR — M be a geodesic in a locally symmetric
manifold. Let V = %(O) be the velocity vector at p = (0). Define a linear
transformation

Ky :TM, — TM,

by Ky(W)=R(V,W)V. Let ey, ..., e, denote the eigenvalues of Ky .

Theorem 20.5. The conjugate points to p along v are the points y(mk/\/e;)
where k is any non-zero integer, and e; is any positive eigenvalue of Ky . The
multiplicity of v(t) as a conjugate point is equal to the number of e; such that t

is a multiple of w/./€;.
Proof. First observe that Ky, is self-adjoint:
(EKy (W), W') = (W, Ky (W")).
This follows immediately from the symmetry relation
(R(V,W)YV' W'y =(R(V',\W)V,W).
Therefore we may choose an orthonormal basis Uy, ..., U, for M, so that
Ky (U;) = eU;,

where eq,...,e, are the eigenvalues. Extend the U; to vector fields along v by
parallel translation. Then since M is locally symmetric, the condition

remains true everywhere along . Any vector field W along v may be expressed
uniquely as
W(t) = wi()Us(t) + - + wn(H)Un(t).

Then the Jacobi equation DJTZV + Ky (W) = 0 takes the form

dei
Since the U; are everywhere linearly independent this is equivalent to the system
of n equations
d2wi
dt?
We are interested in solutions that vanish at ¢ = 0. If e; > 0 then

+ e;w; = 0.

w;(t) = ¢;sin(y/e;t), for some constant c;.

Ky should not be confused with the Ricci tensor of chapter 19.
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Then the zeros of w;(t) are at the multiples of t = 7/,/e;.

If e; = 0 then w;(t) = ¢;t and if e; < 0 then w;(t) = ¢; sinh(y/|e;|t) for some
constant ¢;. Thus if e; < 0, w;(¢) vanishes only at ¢ = 0. This completes the
proof of Theorem 20.5. O



Chapter Twenty One

Lie Groups as Symmetric Spaces

In this section we consider a Lie group G with a Riemannian metric which is
invariant both under left translations

L,:G— G,
L. (o)=710

and right translation, R.(c) = o7. If G is commutative such a metric certainly
exists. If G is compact then such a metric can be constructed as follows: Let
(,) be any Riemannian metric on G, and Let p denote the Haar measure on G.
Then v is right and left invariant. Define a new inner product ({,)) on G by

(v W>>:/G G<Lo*Rf*(V)aLo*Rr*(W)>du(d)du(T)'

Then ((,)) is left and right invariant.

Lemma 21.1. If G is a Lie group with a left and right invariant metric, then
G is a symmetric space. The reflection I, in any point T € G is given by the

formula I (o) = 7o~ 7.

Proof. By hypothesis L, and R, are isometries. Define a map I. : G — G by
I.(0) =01

Then I, : TG. — TG, reverses the tangent space of e; so is certainly an
isometry on this tangent space. Now the identity

Ie(O') = RU—IIELO.—I

shows that I., : TG, — TG,-1 is an isometry for any o € G. Since I, reverses
the tangent space at e, it reverses geodesics through e.

Finally, defining I, (o) = 7o~ !7, the identity I, = R,I.R-! shows that each
I is an isometry which reverses geodesics through 7. O

A 1-parameter subgroup of G is a C'°® homomorphism of IR into G. It is well
known that a 1-parameter subgroup of G is determined by its tangent vector at
e. (Compare Chevalley, “Theory of Lie Groups,” Princeton, 1946.)
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Lemma 21.2. The geodesics v in G with v(0) = e are precisely the one-
parameter subgroups of G.

Proof. Let v : IR — G be a geodesic with (0) = e. By Theorem 20.1 the map
L1 takes y(u) into y(u + 2t). Now Ly lc(0) = y(t)oy(t) so y(t)y(u)y(t) =
~(u + 2t). By induction it follows that vy(nt) = v(t)™ for any integer n. If ¢'/t”
is rational so that ¢/ = n’t and ¢’/ = n’’t for some ¢ and some integers n’ and n"’
then y(t' + ") = v(t)" " = ~(¢')y(t"). By continuity ~ is a homomorphism.
Now let v : IR — G be a 1l-parameter subgroup. Let 7' be the geodesic
through e such that the tangent vector of 7/ at e is the tangent vector of 7 at
e. We have just seen that 4’ is a 1-parameter subgroup. Hence v = . This
completes the proof. O

A vector field X on a Lie group G is called left invariant if and only if
(La)«(Xp) = Xgp for every a and b in G. If X and YV are left invariant then
[X,Y] is also. The Lie algebra g of G is the vector space of all left invariant
vector fields, made into an algebra by the bracket [,].

g is actually a Lie algebra because the Jacobi identity

(X, Y], 21+ IV, 2), X] + [[Z, X], Y] = 0
holds for all (not necessarily left invariant) vector fields X,Y and Z.

Theorem 21.3. Let G be a Lie group with a left and right invariant Riemannian
metric. If X,Y,Z and W are left invariant vector fields on G then:

(a) ([X.Y], Z) = (X,]Y, Z])
(b) R(va)Z: i[[X,Y],Z]
(c) (R(X,Y)Z,W) = ;(X,Y],[Z,W]).

Proof. As in chapter 8 we will use the notation X Y for the covariant deriva-
tive of Y in the direction X. For any left invariant X the identity

XFX=0

is satisfied, since the integral curves of X are left translates of 1- parameter
subgroups, and therefore are geodesics. Therefore

X+ FX+Y)=XFX)+(XFY)+ Y FX)+(YFY)

is zero; hence

XFY+YEFEX=0.

On the other hand
XFY-YFEX=[XY]

by Theorem 8.7. Adding these two equations we obtain:
(d) 2X Y =[X,Y].
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Now recall the identity
Y{X,Z)=(YFX,Z)+ (X, Y+ Z).

(See Theorem 8.6.) The left side of this equation is zero, since (X, Z) is constant.
Substituting formula (21) in this equation we obtain

0=([v,X],2) +(X,[Y,Z]).
Finally, using the skew commutativity of [Y, X], we obtain the required formula
((X,Y],2) = (X,[Y, Z]) (a)
By definition, R (X,Y) Z is equal to
- XFYF2D)+YHFXEF2)+[X,Y]FZ

Substituting formula 21, this becomes

1 1 1
20+ I 20+ 511X YD, 2]

Using the Jacobi identity, this yields the required formula
1

The formula (c) follows from (a) and (b). O

Corollary 21.4. The sectional curvature (R (X,Y) X,Y) = 1 ([X,Y],[X,Y])
is always > 0. Equality holds if and only if [X,Y] = 0.

Recall that the center c of a Lie algebra g is defined to be the set of X € g
such that [X,Y] =0 forall Y € g.

Corollary 21.5. If G has a left and right invariant metric, and if the Lie
algebra g has trivial center, then G is compact, with finite fundamental group.

Proof. This follows from Myers’ theorem (Theorem 19.7). Let X; be any unit
vector in g and extend to a orthonormal basis X, ..., X,,. The Ricci curvature

n
KX, X1) = ) (R (X, Xi) X, Xo)

It follows that the tri-linear function X,Y, Z — ([X, Y], Z) is skew-symmetric in all three
variables. Thus one obtains a left invariant differential 3-form on G, representing an element of
the de Rham cohomology group H3(G). In this way Cartan was able to prove that H3(G) # 0
if G is a non-abelian compact connected Lie group. (See E. Cartan, “La Topologie des Espaces
Représentatives des Groupes de Lie,” Paris, Hermann, 1936.)
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must be strictly positive, since [X7, X;] # 0 for some i. Furthermore K (X7, X7)
is bounded away from zero, since the unit sphere in g is compact. Therefore, by
Theorem 19.9, the manifold G is compact. O

This result can be sharpened slightly as follows.

Corollary 21.6. A simply connected Lie group G with left and right invariant
metric splits as a Cartesian product G' x IR* where G’ is compact and IR”
denotes the additive Lie group of some Fuclidean space. Furthermore, the Lie
algebra of G' has trivial center.

Conversely it is clear that any such product G’ x IR* possesses a left and
right invariant metric.

Proof. Let ¢ be the center of the Lie algebra g and let
g ={Xeg: (X,0)=0 forall Cec}

be the orthogonal complement of c¢. Then g’ is a Lie sub-algebra. Forif X, Y € g’
and C € ¢ then
(X, Y],C) = (X,[Y,C]) = 0;

hence [X,Y] € ¢'. It follows that g splits as a direct sum g’ @ ¢ of Lie algebras.
Hence G splits as a Cartesian product G’ x G”; where G’ is compact by The-

orem 21.5 and G” is simply connected and abelian, hence isomorphic to some
R, (See Chevalley, “Theory of Lie Groups.”) This completes the proof. O

Theorem 21.7 (Bott). Let G be a compact, simply connected Lie group. Then
the loop space Q(G) has the homotopy type of a CW-complex with no odd di-
mensional cells, and with only finitely many A-cells for each even value of A.

Thus the A-th homology groups of Q(G) is zero for A odd, and is free abelian
of finite rank for A even.

Remark 21.8. This CW-complex will always be infinite dimensional. As an
example, if G is the group S* of unit quaternions, then we have seen that the
homology group H;(S?) is infinite cyclic for all even values of i.

Remark 21.9. This theorem remains true even for a non-compact group. In fact
any connected Lie group contains a compact subgroup as deformation retract.
(See K. Twasawa, On some types of topological groups, Annals of Mathematics
50 (1949), Theorem 6.)

Proof of Theorem 21.7. Choose two points p and g in G which are not conjugate
along any geodesic. By Theorem 17.3, Q(G;p, ¢) has the homotopy type of a
CW-complex with one cell of dimension A for each geodesic from p to ¢ of index
A. By Theorem 19.7 there are only finitely many A-cells for each A. Thus it only
remains to prove that the index A of a geodesic is always even.
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Consider a geodesic vy starting at p with velocity vector

d
V:d—Z(O) eTG, =g

According to Theorem 20.5 the conjugate points of p on v are determined by
the eigenvalues of the linear transformation

Ky : TG, — TG,
defined by
Ky (W) =R (V,W)V = Z[[V,W], V]
Defining the adjoint homomorphism
AdV:g—g

by
Ad V(W) =[v,W]
we have 1
Ky = —Z(AdV) o (AdV).
The linear transformation Ad V is skew-symmetric; that is

(Ad V(W),W') = — (W, Ad V(W)

This follows immediately from the identity 21.3-(a). Therefore we can choose
an orthonormal basis for g so that the matrix of Ad V takes the form

(Ad V)? are positive, and occur

Therefore the non-zero eigenvalues of Ky = —i

in pairs.
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It follows from Theorem 20.5 that the conjugate points of p along vy also occur
in pairs. In other words every conjugate point has even multiplicity. Together
with the Index Theorem, this implies that the index A of any geodesic from p
to ¢ is even. This completes the proof. O



Chapter Twenty Two

Whole Manifolds of Minimal Geodesics

So far we have used a path space Q(M;p,q) based on two points p,q € M
which are in “general position.” However, Bott has pointed out that very useful
results can be obtained by considering pairs p, g in some special position. As
an example let M be the unit sphere S"!, and let p,q be antipodal points.
Then there are infinitely many minimal geodesics from p to ¢. In fact the space
0 of minimal geodesics forms a smooth manifold of dimension n which can be
identified with the equator S* C S"*!. We will see that this space of minimal
geodesics provides a fairly good approximation to the entire loop space Q(S™+1).

q

S’n

p

Let M be a complete Riemannian manifold, and let p,q € M be two points
with distance p(p, q) = Vd.

Theorem 22.1. If the space Std of minimal geodesics from p to q is a topological
manifold, and if every non-minimal geodesic from p to q has index > Ao, then
the relative homotopy group m;(Q, Q%) is zero for 0 < i < Ag.

It follows that the inclusion homomorphism
() — mi(Q)

is an isomorphism for ¢ > Ag — 2. But it is well known that the homotopy group
7;(Q) is isomorphic to m;41 (M) for all values of i. (Compare S. T. Hu, “Homo-
topy Theory,” Academic Press, 1959, p. 111; together with Theorem 17.1.)
Thus we obtain:
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Corollary 22.2. With the same hypotheses, m;(Q%) is isomorphic to m; 1 (M)
for 0<i <Ay —2.

Let us apply this corollary to the case of two antipodal points on the (n+1)-
sphere. Evidently the hypotheses are satisfied with Ag = 2n. For any non-
minimal geodesic must wind one and a half times around S”*!; and contain
two conjugate points, each of multiplicity n, in its interior. This proves the
following.

Corollary 22.3 (The Freudenthal suspension theorem). The homotopy group
7 (S™) ids isomorphic to i1 (S"TY) fori < 2n — 2.

Theorem 22.1 also implies that the homology groups of the loop space 2
are isomorphic to those of Q% in dimensions < Ag — 2. This fact follows from
Theorem 22.1 together with the relative Hurewicz theorem. (See for example
Hu, p. 306. Compare also J. H. C. Whitehead, Combinatorial homotopy I,
Theorem 2.)

The rest of chapter 22 will be devoted to the proof of Theorem 22.1. The
proof will be based on the following lemma, which asserts that the condition “all
critical points have index > A” remains true when a function is jiggled slightly.

Let K be a compact subset of the Euclidean space IR"™; let U be a neighbor-
hood of K; and let

f:U—IR

be a smooth function such that all critical points of f in K have index > A.

Lemma 22.4. If g: U — IR is any smooth function which is “close” to f, in
the sense that

a9 of

’ d?g o f

— <e, i=1,...,
8951-8%- 85&18:8] c (l J n)

uniformly throughout K, for some sufficiently small constant €, then all critical
points of g in K have index > .

(Note that f is allowed to have degenerate critical points. In the application,
g will be a nearby function without degenerate critical points.)

Proof of Theorem 22.4. The first derivatives of g are roughly described by the

single real valued function

>0

9g
k/’ =
=3 | 3
on U; which vanishes precisely at the critical points of g. The second derivatives

of g can be roughly described by n continuous functions

e;,...,eZ:UHIR,
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as follows. Let

el(z) <e

M) < e2(a) << - < el(a)

QN

denote the n eigenvalues of the matrix ( af;"ﬂ). Thus a critical point x of g
T J

has index > A if and only if the number eg(x) is negative.

The continuity of the functions eg follows from the fact that the A-th eigen-
value of a symmetric matrix depends continuously on the matrix. This can be
proved, for example, using the fact that the roots of a complex polynomial of
degree n vary continuously with the coefficient of the polynomial. (Rouche’s
theorem.)

Let mgy(x) denote the larger of the two numbers kg (z) and —e* (). Similarly

let ms(x) denote the larger of the corresponding numbers k¢(z) and —e*(z).
The hypothesis that all critical points of f in K have index > Ag implies that
—6)}0 () > 0 whenever k¢(x) = 0. In other words my(x) > 0 for all z € K.

Let 6 > 0 denote the minimum of m; on K. Now suppose that g is so close
to f that

Iy
|kg(x) — ky(z)] < 0, ez"(x) —eP(x)| <6 (22.1)
for all x € K. Then m,(z) will be positive for € K; hence every critical point
of g in K will have index > Aq.

To complete the proof of Theorem 22.4, it is only necessary to show that the
inequalities (22.1) will be satisfied providing that

99 Of
63% 8.171'

%9 f
8xi8xj 89518553

<e€

<e, and ’

for sufficiently small €. This follows by a uniform continuity argument which
will be left to the reader (or by the footnote above). O

We will next prove an analogue of Theorem 22.1 for real valued functions on
a manifold.

Let f : M — IR be a smooth real valued function with minimum 0, such
that each M¢ = f~1[0, ¢] is compact.

Lemma 22.5. If the set M° of minimal points is a manifold, and if every
critical point in M — MY has index > Ao, then m.(M, M%) =0 for 0 <r < Ao.

Proof. First observe that MY is a retract of some neighborhood U C M. In fact

This statement can be sharpened as follows. Consider two n X n symmetric matrices. If
corresponding entries of the two matrices differ by at most €, then corresponding eigenvalues
differ by at most ne. This can be proved using Courant’s minimax definition of the A-th eigen-
value. (See §1 of Courant, Uber die Abhéngigkeit der Schwingungszahlen einer Membran...,
Nachrichten, Koniglichen Gesellschaft der Wissenschaften zu Gottingen, Math. Phys. Klasse
1919, pp. 255-264.)
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Hanner has proved that any manifold MY is an absolute neighborhood retract.
(See Theorem 3.3 of O. Hanner, Some theorems on absolute neighborhood re-
tracts, Arkiv for Matematik, Vol. 1 (1950), pp. 389-408.) Replacing U by a
smaller neighborhood if necessary, we may assume that each point of U is joined
to the corresponding point of M° by a unique minimal geodesic. Thus U can
be deformed into M° within M.

Let I" denote the unit cube of dimension r < Ag, and let

h: (17,17 — (M, M°)

be any map. We must show that A is homotopic to a map h’ with h/(I") c M°.
Let ¢ be the maximum of f on h(I"). Let 36 > 0 be the minimum of f on
the set M — U. (The function f has a minimum on M — U since each subset
M?¢ — U is compact.)
Now choose a smooth function

g: M SR

which approximates f closely, but has no degenerate critical points. This is
possible by Theorem 6.8. To be more precise the approximation should be so
close that:

1. |f(x) — g(x)] < 6 for all 2 € M+?%; and
2. The index of g at each critical point which lies in the compact set f [, c+20]
is > }\.0.

It follows from Theorem 22.4 that any g which approximates f sufficiently
closely, the first and second derivatives also being approximated, will satisfy 2.
In fact the compact set f~1[6, c + 28] can be covered by finitely many compact
set K;, each of which lies in a coordinate neighborhood. Theorem 22.4 can then
be applied to each K.

The proof of Theorem 22.5 now proceeds as follows. The function g is smooth
on the compact region g~1[26, ¢ + 6] C f~1[d, ¢ + 26], and all critical points are
non-degenerate, with index > Ag. Hence the manifold g~!(—o0o, ¢ + d] has the
homotopy type of g~!(—o0, 28] with cells of dimension > Aq attached.

Now consider the map

h:ImI" — M, M° C g~ (—o0,c+ 6], M°.
Since r < Ag it follows that h is homotopic within g~!(—o0, ¢+ 6], M° to a map
BT — g (—o0,26], M°.
But this last pair is contained in (U, M?); and U can be deformed into M within

M. Tt follows that A’ is homotopic within (M, M°) to a map h” : i —
M?P, MO, This completes the proof of Theorem 22.5. 0
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The original theorem, 22.1, now can be proved as follows. Clearly it is
sufficient to prove that
mi(Int Q°, Q%) =0

for arbitrarily large values of c¢. As in chapter 16 the space Int ¢ contains
a smooth manifold Int Q¢(¢y,...,t;) as deformation retract. The space Q¢ of
minimal geodesics is contained in this smooth manifold.

The energy function E : Q — IR, when restricted to Int Q¢(¢o, t1, ..., tk),
almost satisfies the hypothesis of Theorem 22.5. The only difficulty is that E(m)
ranges over the interval d < F < ¢, instead of the required interval [0, c0). To
correct this, let

F:[d,c) — [0,00)

be any diffeomorphism.
Then
FoFE :Int Qc(to,t17...7tk) — R

satisfies the hypothesis of Theorem 22.5. Hence
mi(Int Q(to, . .., tx), Q%) = m;(Int Q°, Q)

is zero for i < Ag. This completes the proof. O



Chapter Twenty Three

The Bott Periodicity Theorem for the Unitary Group

First a review of well known facts concerning the unitary group. Let C" be the
space of n-tuples of complex numbers, with the usual Hermitian inner product.
The unitary group U(n) is defined to be the group of all linear transformations
S : C" — C" which preserve this inner product. Equivalently, using the matrix
representation, U(n) is the group of all n x n complex matrices S such that
S5S5* =1; where S* denotes the conjugate transpose of S.

For any n X n complex matrix A the exponential of A is defined by the
convergent power series expansion

— Lo, 13
eXpA—I—i—A—i—aA +§A 4o

The following properties are easily verified:

1. exp(A*) = (exp A)*; exp(TAT 1) = T(exp A)T 1.
2. If A and B commute then

exp(A + B) = (exp A)(exp B). In particular:

3. (expA)(exp—A) =1
4. The function exp maps a neighborhood of 0 in the space of n X n matrices
diffeomorphically onto a neighborhood of I.

If A is skew-Hermitian (that is if A + A* = 0), then it follows from (1) and
(3) that exp A is unitary. Conversely if exp A is unitary, and A belongs to a
sufficiently small neighborhood of 0, then it follows from (1), (3), and (4) that
A+ A* = 0. From these facts one easily proves that:

5. U(n) is a smooth submanifold of the space of n X n matrices;
6. the tangent space TU(n); can be identified with the space of n x n skew-
Hermitian matrices.

Therefore the Lie algebra g of U(n) can also be identified with the space of
skew-Hermitian matrices. For any tangent vector at I extends uniquely to a left
invariant vector field on U(n). Computation shows that the bracket product
of left invariant vector fields corresponds to the product [A, B] = AB — BA of
matrices.

Since U(n) is compact, it possesses a left and right invariant Riemannian
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metric. Note that the function
exp : TU(n); — U(n)

defined by exponentiation of matrices coincides with the function exp defined
(as in chapter 10) by following geodesics on the resulting Riemannian manifold.
In fact for each skew-Hermitian matrix A the correspondence

t — exp(tA)

defines a 1-parameter subgroup of U(n) (by Assertion (2) above); and hence
defines a geodesic.

A specific Riemannian metric on U(n) can be defined as follows. Given
matrices A, B € g let (A, B) denote the real part of the complex number

trace(AB*) = Z AijBij~
]

Clearly this inner product is positive definite on g.

This inner product on g determines a unique left invariant Riemannian metric
on U(n). To verify that the resulting metric is also right invariant, we must check
that it is invariant under the adjoint action of U(n) on g.

DEFINITION OF THE ADJOINT ACTION. Each S € U(n) determines an inner
automorphism

X+ SXS ' = (LsRg1)X
of the group U(n). The induced linear mapping

(LSRS—I)* : TU(’FL)I — TU(’FA)I

is called Ad(S). Thus Ad(S) is an automorphism of the Lie algebra of U(n).
Using Assertion (1) above we obtain the explicit formula

Ad(S)A = SAS™!,

for Aeg, SeUn).
The inner product (4, B) is invariant under each such automorphism Ad(S5).
In fact if A; = Ad(S)A, By = Ad(S)B then the identity

ABf = SASTY(SBS™1)* = SAB*S™!
implies that
trace(A; B}) = trace(SAB*S™!) = trace(AB*);

and hence that
<A11 Bl> = <Av B>
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It follows that the corresponding left invariant metric on U(n) is also right
invariant.

Given A € g we know by ordinary matrix theory that there exists T' € U(n)
so that TAT ! is in diagonal form

ial
TAT ! =
10,

where the a;’s are real. Also, given any S € U(n), there is a T € U(n) such
that )
ezal
TST ' =

1Qn

e

where again the a;’s are real. Thus we see directly that exp : g — U(n) is onto.

One may treat the special unitary group SU(n) in the same way. SU(n)
is defined as the subgroup of U(n) consisting of matrices of determinant 1. If
exp is regarded as the ordinary exponential map of matrices, it is easy to show,
using the diagonal form, that

det(exp A) = efrace4,

Using this equation, one may show that g’ , the Lie algebra of SU(n) is the set
of all matrices A such that A+ A* = 0 and trace A = 0.

In order to apply Morse theory to the topology of U(n) and SU(n), we begin
by considering the set of all geodesics in U(n) from I to —I. In other words, we
look for all A € TU(n); = g such that exp A = —I. Suppose Ais such a matrix;
if it is not already in diagonal form, let 7' € U(n) be such that TAT ! is in
diagonal form. Then

expTAT ' = T(exp AT ' =T(-D)T* = -1
so that we may as well assume that A is already in diagonal form
ial
A =
ia,
In this case,
eial

expA =

1
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so that exp A = —I if and only if A has the form

T
kl

T
kn

for some odd integers k1, ..., ky.

Since the length of the geodesic t — exptA to from t =0 to ¢t =11is |A] =
Vtr AA*, the length of the geodesic determined by A is it m\/k? +--- + k2.
Thus A determines a minimal geodesic if and only if each k; equals +1, and
in that case, the length is my/n. Now, regarding such an A as a linear map of
C" to C" observe that A is completely determined by specifying Eigen(ir), the
vector space consisting of all v € C" such that Av = imv; and Eigen(—in), the
space of all v € C™ such that Av = —imv. Since C" splits as the orthogonal
sum Eigen(ir)®Eigen(—in), the matrix A is then completely determined by
Eigen(im), which is an arbitrary subspace of C™. Thus the space of all minimal
geodesics in U(n) from I to —I may be identified with the space of all sub-vector-
spaces of C".

Unfortunately, this space is rather inconvenient to use since it has compo-
nents of varying dimensions. This difficulty may be removed by replacing U(n)
by SU(n) and setting n = 2m. In this case, all the above considerations remain
valid. But the additional condition that ay + --- 4+ a9, = 0 with a; = L7 re-
stricts Eigen(im) to being an arbitrary m dimensional sub-vector-space of cm,
This proves the following:

Lemma 23.1. The space of minimal geodesics from 1 to —1 in the special unitary
group SU(2m) is homeomorphic to the complex Grassmann manifold G,,(C*™),
consisting of all m dimensional vector subspaces of cm.

We will prove the following result at the end of this section.

Lemma 23.2. Fvery non-minimal geodesic from 1 to =1 in SU(2m) has index
>2m + 2.

Combining these two lemmas with chapter 22 we obtain:

Theorem 23.3 (Bott). The inclusion map G,,(C*™) — Q(SU(2m); 1, 1) in-
duces isomorphisms of homotopy groups in dimensions < 2m. Hence

TG (C*™) 22 ;1 SU(2m)
for i < 2m.

On the other hand using standard methods of homotopy theory one obtains
somewhat different isomorphisms.

Lemma 23.4. The group m;G,,(C*™) is isomorphic to m;_,U(m) for i < 2m.
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Furthermore,
i1 U(m) =2 mUm+1) =21, ,U(m+2) = ...
fori < 2m; and
m;U(m) = 7;SU(m)
forj # 1.

Proof. First note that for each m there exists a fibration
U(m) — U(m + 1) — S+
From the homotopy exact sequence
o ST o  U(m) — m  U(m 1) — ST
of this fibration we see that
mi—1U(m) 2 m_1U(m+1)

(Compare Steenrod, “The Topology of Fibre Bundles,” Princeton, 1951, p. 35
and p. 90.) It follows that the inclusion homomorphisms

ﬂ—iflU(m) — 7T7;71U(m + 1) — 7ri,1U(m + 2) — ...

are all isomorphisms for ¢ < 2m. These mutually isomorphic groups are called
the (i — 1)-st stable homotopy group of the unitary group. They will be denoted
briefly by ;1 U.

The same exact sequence shows that, for ¢ = 2m + 1, the homomorphism
TomU(m) = w9, U(m + 1) = 79, U is onto.

The complex Stiefel manifold is defined to be the coset space U(2m)/U(m).
From the exact sequence of the fibration

U(m) — U(2m) — U(2m)/U(m)

we see that m; (U(2m)/U(m)) = 0 for i < 2m.

The complex Grassmann manifold G,,(C*™) can be identified with the coset
space U(2m)/U(m) x U(m). (Compare Steenrod §7.) From the exact sequence
of the fibration

U(m) — U((2m)/U(m) — G,,(C*™)

we see now that N
WiGm(C2m) i> 7Ti_1U(m)

for 7 < 2m.
Finally, from the exact sequence of the fibration SU(m) — U(m) — S! we
see that m;8SU(m) = m;U(m) for j # 1. This completes the proof of Theo-
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rem 23.4. ]

Combining Theorem 23.4 with Theorem 23.3 we see that
71U = m_1U(m) =2 m;Gp (C*™) 2 1,,.,SU(2m) = w1, U

for 1 <4 < 2m. Thus we obtain:
Periodicity Theorem. m;—1U =2 m; 11U for i > 1.

To evaluate these groups it is now sufficient to observe that U(1) is a circle;
so that

7TOU = 7TOU(1) =0
mU=mU(1) 2 Z (infinite cyclic).
As a check, since SU(2) is a 3-sphere, we have:
7TQSU = WQSU(Q) =0
m3SU = 138U (2) 2 Z (infinite cyclic).
Thus we have proved the following result.

Theorem 23.5 (Bott). The stable homotopy groups m; U of the unitary groups
are periodic with period 2. In fact the groups

U 2mU=2rn,U=. ..
are zero, and the groups

WlUgﬂgUgF5U§...
are infinite cyclic.

The rest of chapter 23 will be concerned with the proof of Theorem 23.2. We
must compute the index of any non-minimal geodesic from I to —I on SU(n),
where n is even. Recall that the Lie algebra

g =T(SU(n));d

consists of all n x n skew-Hermitian matrices with trace zero. A given matrix

A € g’ corresponds to a geodesic from I to —I if and only if the eigenvalues of A

have the form inky,...,iwk, where kq,...,k, are odd integers with sum zero.
We must find the conjugate points to I along the geodesic

t — exp(tA).
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According to Theorem 20.5 these will be determined by the positive eigenvalues
of the linear transformation

Ky:g — o

where

Ka(W) =R (4, W) A= L[4 W], 4]

(Compare Theorem 21.7.)

We may assume that A is the diagonal matrix

iﬂ'kl

ik,

with ky > ke > ... > k,,. If W = (wj) then a short computation shows that

[A, W] = (im(k;j — ke)wje) ,

hence

[A,[A,W]] = (=7 (k; — ke)wje) ,

and

Ka(W) = (j(kj - ke)%e) .

Now we find a basis for g’ consisting of eigenvectors of K 4, as follows:

1.

For each j < ¢ the matrix Ej,, with +1 in the (j¢)-th place, —1 in the (£j)-th
place and zeros elsewhere, is in g’ and is an eigenvector corresponding to the
eigenvalue 7T;(kzj — ky)2.

Similarly For each j < ¢ the matrix E;e, with +4 in the (j¢)-th place, +i in
the (£7)-th place is an eigenvector, also with eigenvalue %Q(k'j — ky)?.

Each diagonal matrix in g’ is an eigenvector with eigenvalue 0.

Thus the non-zero eigenvalues of K4 are the numbers %(kj — lfg)2 with

k;j > k. Each such eigenvalue is to be counted twice.

Now consider the geodesic v(t) = exptA. Each eigenvalue e = %2 (kj—ke)* >

0 gives rise to a series of conjugate points along v corresponding to the values

t=m/Ve, 2r/\e, 3n/e, ... .

(See Theorem 20.5.) Substituting in the formula for e, this gives

2 4 6

t=
kj— ke ky— ke ky— kg

The number of such values of ¢ in the open interval (0,1) is evidently equal to
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k‘j—k[ _ 1
= =1

Now let us apply the Index Theorem. For each j,¢ with k; > k, we obtain
two copies of the eigenvalue %2(1@ — k)2, and hence a contribution of

2 M—l
2

to the index. Adding over all j, ¢ this gives the formula

A=Y (kj—ke—2)

kj>ke

for the index of the geodesic .

As an example, if v is a minimal geodesic, then all of the k; are equal to £1.
Hence A = 0, as was to be expected.

Now consider a non-minimal geodesic. Let n = 2m.

Case 1. At least m + 1 of the k;’s are (say) negative. In this case at least
one of the positive ki must be > 3, and we have

A>3 (-1)—2) =2(m+1).

Case 2. m of the k; are positive and m are negative but not all are +1.
Then one is > 3 and one is < —3 so that

Zni: 3—(-1)-2) +mz: 1-(-3)-2)+B—-(-3)—2)
:4m22(m+1).

Thus in either case we have A > 2m + 2. This proves Theorem 23.2, and
therefore completes the proof of the Theorem 23.3.



Chapter Twenty Four

The Periodicity Theorem for the Orthogonal Group

This section will carry out an analogous study of the iterated loop space of the
orthogonal group. However the treatment is rather sketchy, and many details
are left out. The point of view in this section was suggested by the paper Clifford
modules by M. Atiyah, R. Bott, and A. Shapiro, which relates the periodicity
theorem with the structure of certain Clifford algebras. (See Topology, Vol. 3,
Supplement 1 (1964), pp. 3-38.)

Consider the vector space IR™ with the usual inner product. The orthogonal
group O(n) consists of all linear maps

T:R" — R"

which preserve this inner product. Alternatively O(n) consists of all real n X n
matrices T such that TT7* = 1. This group O(n) can be considered as a smooth
subgroup of the unitary group U(n); and therefore inherits a right and left
invariant Riemannian metric.

Now suppose that n is even.

Definition 24.1. A complex structure J on IR"™ is a linear transformation
J :IR" — IR" belonging to the orthogonal group, which satisfies the identity
J? = —1. The space consisting of all such complex structures on IR™ will be

denoted by Q1 (n).

We will see presently (Theorem 24.7) that €4 (n) is a smooth submanifold of
the orthogonal group O(n).

Remark 24.2. Given some fixed Ji € 1(n) let U(n/2) be the subgroup of O(n)
consisting of all orthogonal transformations which commute with ;. Then
Q1(n) can be identified with the quotient space O(n)/U(n/2).

Lemma 24.3. The space of minimal geodesics from I to —1 on O(n) is home-
omorphic to the space Q1(n) of complex structures on IR"™.

Proof. The space O(n) can be identified with the group of n x n orthogonal
matrices. Its tangent space g = T'O(n); can be identified with the space of
n x n skew-symmetric matrices. Any geodesic v with 4(0) = I can be written
uniquely as

V(t) = exp(rtA)

for some A € g.
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Let n = 2m. Since A is skew-symmetric, there exists an element T' € O(n)
so that

0 ay
—aq 0
0 ag
TAT™' = —az 0
0 A
—a,; 0
with ay,ag, ..., a;, > 0. A short computation shows that T'(exp 7 A)T 1! is equal
to
cosmay;  sinwaq 0 0
—sinma; cosmay 0 0
0 0 cosmas  Sinmas
0 0 —sinmwas cosmas
Thus exp(wA) is equal to —1I if and only if a1, as, ..., an, are odd integers.

The inner product (A, A) is easily seen to be 2(a? + a3 +---+a2,). Therefore
the geodesic v(t) = exp(ntA) from I to —I is minimal if and only if a; = ag =
o=y = 1.

If ~y is minimal then

hence A is a complex structure.
Conversely, let J be any complex structure. Since J is orthogonal we have

JIr=1

where J* denotes the transpose of J. Together with the identity .9 = —I
this implies that J* = — 9. Thus J is skew-symmetric. Hence

0 al
TgT = |- 0
for some ay,as, ..., a, > 0and some T. Now the identity J2 = —I implies that

a1 =+ = am,m = 1; and hence that exptJ = —I. This completes the proof. [
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Lemma 24.4. Any non-minimal geodesic from 1 to —1 in O(2m) has index
>2m — 2.

The proof is similar to that of Theorem 23.2. Suppose that the geodesic has
the form ¢ — exp(ntA) with

0 aq
—aq 0
A= 0 as
—a9 0
where a; > as > -+ > a,, > 0 are odd integers. Computation shows that the
non-zero eigenvalues of the linear transformation K4 = —%(Ad A)? are

1. for each i < j the number (a; + a;)?/4, and
2. for each i < j with a; # a; the number (ai — aj)?/4.

Each of these eigenvalues is to be counted twice. This leads to the formula

A= (ai+a;—2)+ > (ai—a;—2).

1<j a;>aj

For a minimal geodesic we have a1 = as = --- = a,, = 1; so that A = 0, as
expected. For a non-minimal geodesic we have a; > 3; so that

A=Y (3+1-2)+0=2m—2.
2

This completes the proof. O
Now let us apply Theorem 22.1. The two lemmas above, together with the
statement that Q;(n) is a manifold imply the following.

Theorem 24.5 (Bott). The inclusion map Q1(n) — QO(n) induces isomor-
phisms of homotopy groups in dimensions < n — 4. Hence

T4 (n) = m110(n)
fori<n—4.

Now we will iterate this procedure, studying the space of geodesics from J
to —F in Q1(n); and so on. Assume that n is divisible by a high power of 2.
Let Ji,...,9%—1 be fixed complex structures on IR" which anti-commute,

These structures make IR” into a module over a suitable Clifford algebra. However, the
Clifford algebras will be suppressed in the following presentation.
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in the sense that

I Is +Is9r =0

for r # s. Suppose that there exists at least one other complex structure J
which anti-commutes with J1,..., Jx_1.

Definition 24.6. Let Qi (n) denote the set of all complex structures J on IR"
which anti-commute with the fixed structures Ju, ..., Jx—1-
Thus we have

Qk(n) C Qk,l(n) Cc...C Ql(n) C O(TL)

Clearly each Qi (n) is a compact set. To complete the definition it is natural to
define Qop(n) to be O(n)

Lemma 24.7. Each Qi(n) is a smooth, totally geodesic submanifold of O(n).
The space of minimal geodesics from Jp to —Fp in Qe(n) is homeomorphic to
Qpr1(n), for 0 <L < k.

It follows that each component of Qx(n) is a symmetric space. For the
isometric reflection of O(n) in a point of Qx(n) will automatically carry Qg(n)
to itself.

Proof of Theorem 24.7. Any point in O(n) close to the identity can be expressed
uniquely in the form exp A, where A is a “small,” skew-symmetric matrix. Hence
any point in O(n) close to the complex structure J can be expressed uniquely
as J exp A; where again A is small and skew.

Assertion 24.1. J exp A is a complex structure if and only if A anti-commutes
with .

Proof. If A anti-commutes with J, then J~'AJ = —A hence
I= exp([fflA[]) expA =9 texp AT exp A.

Therefore (J exp A)? = —1. Conversely if (J exp A)> = —I then the above
computation shows that

exp(J AT )expA =1
Since A is small, this implies that
JAT = -A

so that A anti-commutes with 7. O

submanifold of a Riemannian manifold is called totally geodesic if each geodesic in the
submanifold is also a geodesic in larger manifold.
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Assertion 24.2. 9 exp A anti-commutes with the complex structures Jy, ..., Jy_1
if and only if A commutes with Jy,..., Ji_1.

The proof is similar and straightforward.

Note that Assertions 24.1 and 24.2 both put linear conditions on A. Thus a
neighborhood of J in Q(n) consists of all points J exp A where A ranges over
all small matrices in a linear subspace of the Lie algebra g. This clearly implies
that Qg (n) is a totally geodesic submanifold of O(n).

Now choose a specific point J;, € Qi(n), and assume that there exists a
complex structure J which anti-commutes with Ji,..., J%. Setting J = Ji A
we see easily that A is also a complex structure which anti-commutes with J.
However, A commutes with 1, ..., Jx—1. Hence the formula

t — Ji exp(ntA)

defines a geodesic from J; to —J in Qk(n). Since this geodesic is minimal in
O(n), it is certainly minimal in Qg (n).

Conversely, let v be any minimal geodesic from Jj to —J in Qx(n). Setting
~v(t) = Ji exp(ntA), it follows from Theorem 24.3 that A is a complex structure,
and from Assertions 24.1 and 24.2 that A commutes with Ji,..., Jx—1 and
anti-commutes with J;. It follows easily that JyA belongs to Qxy1(n). This
completes the proof of Theorem 24.7. O

Remark 24.8. The point JxA € Qi41(n) which corresponds to a given geodesic
v has a very simple interpretation: it is the midpoint 7(%) of the geodesic.

In order to pass to a stable situation, note that x(n) can be imbedded
in Qr1(n +n') as follows. Choose fixed anti-commuting complex structures
I, T on IR". Then each J € Qx(n) determines a complex structure
JeJ onIR"@ R™ which anti-commutes with Jo @Il fora=1,....k—1.

Definition 24.9. Let Qi denote the direct limit as n — oo of the spaces Qi(n),
with the direct limit topology. (l.e., the fine topology.) The space O = Qq is
called the infinite orthogonal group.

It is not difficult to see that the inclusions Qyy1(n) — QQk(n) give rise, in
the limit, to inclusions Q11 — Q€.

Theorem 24.10. For each k > 0 this limit map Q11 — QO is a homotopy
equivalence. Thus we have isomorphisms

ThO Z w1 ZEmp 0 = . Em Q.

The proof will be given presently.
Next we will give individual descriptions of the manifolds Qg(n) for k =
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0,1,2,...,8.

Qo(n) is the orthogonal group.

Q1(n) is the set of all complex structures on IR".

Given a fixed complex structure J; we may think of IR™ as being a vector space
C"/? over the complex numbers.

Q2 (n) can be described as the set of “quaternionic structures” on the complex
vector space C™2. Given a fixed Jp € Q(n) we may think of C2 as being
a vector space H"/* over the quaternions H. Let Sp(n/4) be the group of
isometries of this vector space onto itself. Then Qs(n) can be identified with
the quotient space U(n/2)/Sp(n/4).

Before going further it will be convenient to set n = 167.

Lemma 24.6-(3). The space Q3(16r) can be identified with the quaternionic
Grassmann manifold consisting of all quaternionic subspaces of H".

Proof. Any complex structure J5 € Q3(167) determines a splitting of H*" =
IR'®" into two mutually orthogonal subspaces V; and V5 as follows. Note that
J1.52J5 is an orthogonal transformation with square 1. 9%.93.91 9295 equal to
+1. Hence the eigenvalues of J1. %595 are £1. Let V; C IR'" be the subspace
on which 91995 equals +I; and let V5 be the orthogonal subspace on which it
equals —I. Then clearly R = Vi & Vs, Since J1 92 J3 commutes with 7 and
J> it is clear that both V7 and V5 are closed under the action of J; and Js.
Conversely, given the splitting H* = V; @ V4 into mutually orthogonal
quaternionic subspaces, we can define J3 € Q3(16r) by the identities

jé‘vl = _jljé’\/l
j3{v2 :~71~72|V2'

This proves Lemma 24.6-(3). O

The space Q3(16r) is awkward in that it contains components of varying
dimension. It is convenient to restrict attention to the component of largest
dimension: namely the space of 2r-dimensional quaternionic subspaces of H*".
Henceforth, we will assume that 95 has been chosen in this way, so that dimes
dimyg V; = dimyg Vo = 2r.

Lemma 24.6-(4). The space Q4(167) can be identified with the set of all quater-
nionic isometries from V; to V5. Thus Q4(167) is diffeomorphic to the symplectic
group Sp(2r).

Proof. Given J3 € Q4(167) note that the product J5.9; anti-commutes with
J1FTs. Hence 391 maps Vi to Vo (and V, to V7). Since J3.91 commutes with
J1 and 9> we see that

jéjllvl V1 — N
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is a quaternionic isomorphism. Conversely, given any such isomorphism 7T :
Vi — Vh it is easily seen that J; is uniquely determined by the identities:

*721|V1 = Ji’flT
ﬂ|v2 T '9.

This proves Lemma 24.6-(4). O

Lemma 24.6-(5). The space Q5(167) can be identified with the set of all vector
spaces W C Vj such that

1. W is closed under J; (i.e., W is a complex vector space) and
2. Vi splits as the orthogonal sum W & J, W.

Proof. Given J; € Q5(167) note that the transformation J; 9395 commutes with
J1 9293 and has square +1. Thus 19295 maps V; into itself; and determines
a splitting of V7 into two mutually orthogonal subspaces. Let W C V; be the
subspace on which 19,95 coincides with +I. Since 5 anti-commutes with
N J1Ts, it follows that oW C Vi is precisely the orthogonal subspace, on
which J19195 equals —1. Clearly J1W = W.

Conversely, given the subspace W, it is not difficult to show that J5 is
uniquely determined. O

Remark 24.11. Tt U(2r) C Sp(2r) denotes the group of quaternionic automor-
phisms of V; keeping W fixed, then the quotient space Sp(2r)/U(2r) can be
identified with Q5 (167).

Lemma 24.6-(6). The space 6(16r) can be identified with the set of all real
subspaces X C W such that W splits as the orthogonal sum X & 5 X.

Proof. Given Jg € Qg(167) note that the transformation %9196 commutes
both with 1. %93 and with 91 91 95. Hence 991 Js maps W into itself. Since
(PT1Ts)? = 1, it follows that JJ1Js determines a splitting of W into two
mutually orthogonal subspaces. Let X C W be the subspace on which %915
equals +1. Then J; X will be the orthogonal subspace on which it equals —I.
Conversely, given X C W, it is not hard to see that Js is uniquely deter-
mined. 0

Remark 24.12. If O(2r) C U(2r) denotes the group of complex automorphisms
of W keeping X fixed, then the quotient space U(2r)/O(2r) can be identified
with a Qg(167).

Lemma 24.6-(7). The space 27(16r) can be identified with the set of all real
Grassmann manifold consisting of all real subspaces of X = IR*".

Proof. Given J7, anti-commuting with 71, ..., Js note that 19597 commutes

with 91593, with 719195, and with 91,9 Js; and has square +1. Thus 91 9697
determines a splitting of X into two mutually orthogonal subspaces: X; (where
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J1JsJ7 equals +1) and Xo (where J1. 9697 equals —I). Conversely, given X; C
X it can be shown that J7 is uniquely determined.

This space Q7(16r), like Q3(167), has components of varying dimension.
Again we will restrict attention to the component of largest dimension, by as-
suming that

dim X; = dim Xy = 7.

Thus we obtain:

Assertion 24.3. The largest component of Q7(16r) is diffeomorphic to the Grass-
mann manifold consisting of r-dimensional subspaces of IR?".

O

Lemma 24.6-(8). The space Qg(16r) can be identified with the set of all real
isometries from X; to Xs.

Proof. 1If Jg € Qg(16r) then the orthogonal transformation J 778 commutes
with J1 553, 19195, and J>J1Ts; but anti-commutes with J; 95 7. Hence
J7Js maps X; isomorphically onto Xs. Clearly this isomorphism determines
Js uniquely. O

Thus we see that Qg(16r) is diffeomorphic to the orthogonal group O(r).

Let us consider this diffeomorphism Qg(167) — O(r), and pass to the limit
as r — oo. It follows that g is homeomorphic to the infinite orthogonal group
O. Combining this fact with Theorem 24.10, we obtain the following.

Theorem 24.13 (Bott). The infinite orthogonal group O has the same ho-
motopy type as its own 8-th loop space. Hence the homotopy group m;O is
isomorphic to m; 130 fori > 0.

If Sp = Q4 denotes the infinite symplectic group, then the above argument
also shows that O has the homotopy type of the 4-fold loop space Q20 Sp, and
that Sp has the homotopy type of the 4-fold loop space Q2QQQ0. The actual
homotopy groups can be tabulated as follows.

The verification that these groups are correct will be left to the reader. (Note
that Sp(1) is a 3-sphere, and that Sp(3) is a projective 3-space.)

The remainder of this section will be concerned with the proof of Theo-
rem 24.10. It is first necessary to prove an algebraic lemma.

Consider a Euclidean vector space V with anti-commuting complex struc-

tures J1,..., Jk-

Definition 24.14. V is a minimal (J1, ..., Jk)-space if no proper, nontrivial
subspace is closed under the action of J1,. .., and J. Two such minimal vector

For k > 8 it can be shown that Qj(16r) is diffeomorphic to Qj_g(16r). In fact any
additional complex structures J9, Jio,- .., Ji on IR'6" give rise to anti-commuting complex
structures J3 99, 58 J10, B8 J11, - - -, 8T on X1; and hence to an element of Qy_g(r). However,
for our purposes it will be sufficient to stop with k = 8.



THE PERIODICITY THEOREM FOR THE ORTHOGONAL GROUP 135

i modulo 8 | m;O | m;Sp
0 Zy 0
1 Zs 0
2 0 0
3 Z Z
4 0 Zo
5 0 Zo
6 0 0
7 Z Z

spaces are isomorphic if there is an isometry between them which commutes with
the action of J1,..., Tk

Lemma 24.15 (Bott and Shapiro). For k # 3 (mod 4), any two minimal
(J1s- -, Jx) vector spaces are isomorphic.

The proof of Theorem 24.15 follows that of Lemma 24.6. For £k = 0,1, or 2
a minimal space is just a 1-dimensional vector space over the reals, the complex
numbers or the quaternions. Clearly any two such are isomorphic.

For £k = 3 a minimal space is still a 1-dimensional vector space over the
quaternions. However, there are two possibilities, according as J5 is equal to
+J51J> or —J1.J. This gives two non-isomorphic minimal spaces, both with
dimension equal to 4. Call these H and H'.

For k = 4 a minimal space must be isomorphic to H®H’, with J3.9; mapping
H to H’'. The dimension is equal to 8.

For k = 5,6 we obtain the same minimal vector space H @& H’. The complex
structures J5, Js merely determine preferred complex or real subspaces. For
k = 7 we again obtain the same space, but there are two possibilities, according
as J7 is equal to + 7195 9391J5Fs or to —J1. 5939295 Fs. Thus in this case
there are two non-isomorphic minimal vector spaces; call these L and L'.

For k = 8 a minimal vector space must be isomorphic to L & L', with 97 Js
mapping L onto L’. The dimension is equal to 16.

For k > 8 it can be shown that the situation repeats more or less periodically.
However, the cases k < 8 will suffice for our purposes.

Let my denote the dimension of a minimal (i, ..., Jk)-vector space. From
the above discussion we see that:

m():l, m1:2, m2:3, m3:4,
my = ms =mg =my =8, mg = 16,
For k > 8 it can be shown that my = 16my_s.

Remark 24.16. These numbers my are closely connected with the problem of
constructing linearly independent vector fields on spheres. Suppose for example
that J1, ..., are anti-commuting complex structures on a vector space V of
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dimension rmy. Here r can be any positive integer. Then for each unit vector
u € V the k vectors Jru, JPu, ..., Jru are perpendicular to each other and to
u. Thus we obtain k linearly independent vector fields on an (rmy — 1)-sphere.
For example we obtain 3 vector fields on a (4r — 1)-sphere; 7 vector fields on an
(87 — 1)-sphere; 8 vector fields on a (16r — 1)-sphere; and so on. These results
are due to Hurwitz and Radon. (Compare B. Eckmann, Gruppentheoretischer
Beweis des Satzes von Hurwitz-Radon..., Commentarii Math. Hely. Vol. 15
(1943), pp. 358-366.) J. F. Adams has recently proved that these estimates are
best possible.

Proof of Theorem 24.10 for k # 2 (mod 4). We must study non-minimal geodesics
from J to —J in Qx(n). Recall that the tangent space of Qx(n) at J consists
of all matrices J A where

1. A is skew
2. A anti-commutes with J
3. A commutes with J1,..., Jk_1

Let T denote the vector space of all such matrices A. A given A € T corresponds
to a geodesic t — J exp(ntA) from J to —9 if and only if its eigenvalues are
all odd multiples of i.

Each such A € T determines a self-adjoint transformation K, : T — T.
Since a Qk(n) is a totally geodesic submanifold of O(n), we can compute K 4
by the formula

_ A2 _ 2
KB =i 14,5 = CABE2APAZBA)

just as before. We must construct some non-zero eigenvalues of K4 so as to
obtain a lower bound for the index of the corresponding geodesic

t — J exp(mtA).

Split the vector space IR" as a direct sum M, @ My @ - & M, of mutu-
ally orthogonal subspaces which are closed and minimal under the action of
Tty Te—1, J and A. Then the eigenvalues of A on M, must be all equal,
except for sign. For otherwise M} would split as a sum of eigenspaces of A; and
hence would not be minimal. Let %iaj, be the two eigenvalues of A|ay, ; where
ai,...,as are odd, positive integers.

Now note that J' = a,:le\Mh; is a complex structure on Mj; which
anti-commutes with i, ..., Jx—1, and J. Thus My, is (J1,..., Jk-1,9,T')-
minimal.. Hence the dimension of M}, is my1. Since k+1 # 3 (mod 4) we see
that My, Ms, ..., My are mutually isomorphic.

We are dealing with the complex eigenvalues of a real, skew-symmetric transformation.
Hence these eigenvalues are pure imaginary; and occur in conjugate pairs.
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For each pair h, 7 with h # j we can construct an eigenvector B : IR" — IR"
of the linear transformation K4 : T — T as follows. Let B|y,, be zero for
C# h,j. Let Blag, be an isometry from M, to M; which satisfies the conditions

BJy =YoB for a=1,....k—1;
BY=-9B and BYJ' =+4+9'B.

In other words By, is an isomorphism from Mj, to M ;3 where the bar indicates
that we have changed the sign of J on M;. Such an isomorphism exists by
Theorem 24.15. Finally let By, be the negative adjoint of By, .

Proof that B belongs to the vector space T'. Since

(Bv,w) = (v,—Bw) for ve& M, weM;

it is clear that B is skew-symmetric. It is also clear that B|y, commutes with
Jis- -, Je—1 and anti-commutes with . It follows easily that the negative ad-
joint B| M, also commutes with 71, ..., Jkx—1 and anti-commutes with J. Thus
Bel.

We claim that B is an eigenvector of K4 corresponding to the eigenvalue
(an + a;)?/4. For example if v € M}, then

(KsB), = %(—AQB +2ABA — BA?)v

1
= Z(—a?Bv + 2a;Bapv — Bajv)

1
= i(a] + ah)QBU;
and a similar computation applies for v € Mj.

Now let us count. The number of minimal spaces M; C IR" is given by
s =mn/my41. For at least one of these the integer aj, must be > 3. For otherwise

we would have a minimal geodesic. This proves the following (always for k # 2
(mod 4)):

Assertion 24.4. K4 has at least s — 1 eigenvalues which are > (3 + 1)%/4 = 4.
The integer s = n/myy41 tends to infinity with n.

Now consider the geodesic t — J exp(ntA). Each eigenvalue e of K
gives rise to conjugate points along this geodesic for t = e71,2e7!,3e7!,... by
Theorem 20.5. Thus if €2 > 4 then one obtains at least one interior conjugate
point. Applying the index theorem, this proves the following.

Assertion 24.5. The index of a non-minimal geodesic from J to —J in Qx(n)
is >n/mgq — 1.

It follows that the inclusion map

Qk+1 (n) — QQk(n)
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induces isomorphisms of homotopy groups in dimensions < n/my+1 — 3. This
number tends to infinity with n. Therefore, passing to the direct limit as n — oo,
it follows that the inclusion map i : Qgy1(n) — QQk(n) induces isomorphisms
of homotopy groups in all dimensions. But it can be shown that both Q41 and
a ) have the homotopy type of a CW-complex. Therefore, by Whitehead’s
theorem, it follows that ¢ is a homotopy equivalence. This completes the proof
of Theorem 24.10 providing that k& # 2 (mod 4).

O

Proof of Theorem 24.10 for k =2 (mod 4). The difficulty in this case may be
ascribed to the fact that Qg (n) has an infinite cyclic fundamental group. Thus
QQk(n) has infinitely many components, while the approximating subspace
Qk+1(n) has only finitely many.

To describe the fundamental group m1Qx(n) we construct a map

fiun) —stcc

as follows. Let Ji,...,Jx_1 be the fixed anti-commuting complex structure on
IR". Make IR" into an (n/2)-dimensional complex vector space by defining

Ww=5N""%...Ju_1v

for v € IR"™; where i = \/—1 € C. The condition k¥ = 2 (mod 4) guarantees
that 4> = —1, and that i, ..., Js—1 commute with s.

Choose a base point J € Q(n). For any J' € Qr(n) note that the com-
position J~1J’ commutes with . Thus J 19’ is a unitary complex linear
transformation, and has a well defined complex determinant which will be de-

noted by f(J").
Now consider a geodesic

t— J exp(ntA)

from J to —J in Q(n). Since A commutes with i = 1% ... Jk—1 (compare
Assertion 24.5 in the proof of Theorem 24.7) we may think of A also as a complex
linear transformation. In fact A is skew-Hermitian; hence the trace of A is a
pure imaginary number. Now

(T exp(ntA)) = det(exp(rtA)) = e™ trace 4,

Thus f maps the given geodesic into a closed loop on S! which is completely
determined by the trace of A. It follows that this trace is invariant under
homotopy of the geodesic within the path space Q(Qx(n); I, —9).

The index A of this geodesic can be estimated as follows. As before split IR"
into an orthogonal sum M; @ - - - ® M, where each Mj, is closed under the action
of J1i,...,Jk-1, I, and A; and is minimal. Thus for each h, the complex linear
transformation A|ps, can have only one eigenvalue, say iap. For otherwise M,
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would split into eigenspaces. Thus Al coincides with ap 1z ... Je—1|a1), -

Since Mj, is minimal under the action of Ji,...,9x—1, and J; its complex

dimension is my /2. Therefore the trace of A is equal to i(a; + -+ - + a,)my /2.
Now for each h # j an eigenvector B of the linear transformation

(—A%B + 2ABA — BA?)

B+ KB = .

can be constructed much as before. Since Mj, and M; are (Ji,..., Jp—1,T)-
minimal it follows from Theorem 24.15 that there exists an isometry

Bl,, : My — M;

which commutes with Ji,..., Jx—1 and anti-commutes with J. Let B] M, be
the negative adjoint of B|yy, ; and letB|y;, be zero for £ # h,j. Then an easy
computation shows that
(an, —a;)*B

1 .

Thus for each aj, > a; we obtain an eigenvalue (ap —a;)?/4 for K 4. Since each
such eigenvalue makes a contribution of (aj, —a;)/2 — 1 towards the index A, we
obtain the inequality

KaB =

> > (an—a;—2).

ap>a;

Now let us restrict attention to some fixed component of Q28 (n). That is let
us look only at matrices A such that trace A = icmy, /2 where ¢ is some constant
integer.

Thus the integers ay, . .., a, satisfy

1. a1 =as =... =a, (mod 2), (since exp(mrA) = —I),
2. a1+ ---+a, =c, and
3. max |ay| > 3 (for a non-minimal geodesic).

Suppose for example that some aj is equal to —3. Let p be the sum of the
positive aj, and —g the sum of the negative ap. Thus

p—q=cg pt+q=r,

hence 2p > r + c. Now

hence 4 > 2p > r + ¢; where r = n/my tends to infinity with n. It
follows that the component of Q2 (n) is approximated up to higher and higher
dimensions by the corresponding component of Qxy1(n), as n — oo. Passing to
the direct limit, we obtain a homotopy equivalence on each component. This
completes the proof of Theorem 24.10. O



Appendix. The Homotopy Type
of a Monotone Union
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The object of this appendix will be to give an alternative version for the final
step in the proof of Theorem 17.3 (the fundamental theorem of Morse theory).
Given the subsets Q% C Q* C Q2% C ... of the path space Q = Q(M;p,q),
and given the information that each Q2% has the homotopy type of a certain
CW-complex, we wish to prove that the union 2 also has the homotopy type of
a certain CW-complex.

More generally consider a topological space X and a sequence Xy C X; C
Xy C ... of subspaces. To what extent is the homotopy type of X determined
by the homotopy types of the X;?

It is convenient to consider the infinite union

XE :X() X [0,1}UX1 X [1,2}UX2 X [2,3}U .
This is to be topologized as a subset of X x IR.

Definition 24.17. We will say that X is the homotopy direct limit of the se-
quence (X;) if the projection map p : Xy — X, defined by p(x,7) = x, is a
homotopy equivalence.

Ezxample 24.18. Suppose that each point of X lies in the interior of some X;,
and that X is paracompact. Then using a partition of unity one can construct
a map

f:X—IR

so that f(x) >i+1 for z # X;, and f(z) > 0 for all z. Now the correspondence
z +— (z, f(x)) maps X homeomorphically onto a subset of X. which is clearly
a deformation retract. Therefore p is a homotopy equivalence; and X is a
homotopy direct limit.

Ezxample 24.19. Let X be a CW-complex, and let the X; be subcomplexes with
union X. Since p : Xy — X induces isomorphisms of homotopy groups in all
dimensions, it follows from Whitehead’s theorem that X is a homotopy direct
limit.

Ezample 24.20. The unit interval [0, 1] is not the homotopy direct limit of the
sequence of closed subsets [0] U [1/4, 1].

The main result of this appendix is the following.

Theorem 24.21. Suppose that X is the homotopy direct limit of (X;) and Y is
the homotopy direct limit of (Y;). Let f : X — 'Y be a map which carries each
X; into Y; by a homotopy equivalence. Then f itself is a homotopy equivalence.

Assuming Theorem 24.21, the alternative proof of Theorem 17.3 can be given
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as follows. Recall that we bad constructed a commutative diagram

Q% Cc Qn C Q% C---

L

Ky ¢ K1 ¢ Ky C---

of homotopy equivalences. Since 2 = UQ% and K = UK, are homotopy direct
limits (compare Theorems 24.18 and 24.19 above), it follows that the limit
mapping 2 — K is also a homotopy equivalence.

Proof of Theorem 24.21. Define fs, : Xy — Yy by fu(z,t) = (f(z),t). It is
clearly sufficient to prove that fs is a homotopy equivalence. O

Case 1. Suppose that X; = Y; and that each map f; : X; — Y; (obtained by
restricting f) is homotopic to the identity. We must prove that fx is a homotopy
equivalence.

Remark 24.22. Under these conditions it would be natural to conjecture that
fs. must actually be homotopic to the identity. However counterexamples can
be given.

For each n let
he s X, — Xy,

be a one-parameter family of mappings, with h§ = f,, A7 = identity. Define
the homotopy
hy : Xy — Xx

as follows (where it is always to be understood that 0 < ¢ < 1, and n =
0,1,2,...).

(hyy(z),n +2t) for 0<t<3
hy(z,n+1t) = (h??) 4t)u(x),n+ 1) for % <t< %
(Mfy_gpyu(@)m+1) for §<t<L

Taking w = 0 this defines a map hg : X5 = Xy which is clearly homotopic to
f=. The mapping h; : X5y — Xy on the other hand has the following properties:

hi(z,n+1t) = (x,n+ 2t) for 0<t<

o= O
- N —

hi(z,n+1t) € X1 X [n+1] for <t<

We will show that any such map h; is a homotopy equivalence. In fact a homo-
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topy inverse g : X5, — Xy can be defined by the formula

x,n+ 2t for 0<t<
g(z,n+1) = ( )3 1
hi(z,n+35 —t) for 5 <t<

1
2
1.
This is well defined since

1
hi(z,n + 5) =hi(z,n+1)=(z,n+1).

Proof that the composition h1g is homotopic to the identity map of Xs. Note
that

(z,n + 2t) for Ogtgi

glx,n+1t) =< hi(z,n+2t) for ;<t<3

hi(z,n+3—1t) for $<t<1

Define a homotopy H, : Xy — Xy as follows. For 0 < u < % let

hig(z,n +1t) for 0<t< (12“)

Hy(z,n+t)= and for L4u<t<1
hi(z,n+1—wu) for (12") <t<i+u

This is well defined since

(1—u)
2

1
hig(z,n + ):hlg(m7n+§+u):hl(x,n+l—u).

Now Hj is equal to h1g and H 1 is given by

at) 0<
R P
(,n+1) <

H

Clearly this is homotopic to the identity.

Thus h;g is homotopic to the identity; and a completely analogous argument
shows that ghy is homotopic to the identity. This completes the proof in Case
1.

Case 2. Now let X and Y be arbitrary. For each n let g, : Y, — X,, be a
homotopy inverse to f,. Note that the diagram

g
Y, —/— X,
Jn in

In+41
YnJrl — Xn+1
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(where i,, and j,, denote inclusion maps) is homotopy commutative. In fact

ingn ~ gn+1fn+17;ngn = gn+1jnfngn ~ gn+1jn‘

Choose a specific homotopy hj, : Y,, = X, 11 with hf = i,,9n, b = gnt1Jn; and
define G : Yy, = X5 by the formula

n(y),n+2t) 0

Glyin+1) (gn(y) n+ 2t) :

(h2t713 n+ 1) 2

We will show that the composition G fy, : X5, — Xx. is a homotopy equivalence.
Let X denote the subset of Xy, consisting of all pairs (z,7) with 7 < n. (Thus
XE=Xox[0,]]U---UX,_1 x[n—1,nUX, x[n].) The composition G fx
carries X3 into itself by a mapping which is homotopic to the identity. In fact
X% contains X,, X [n] as deformation retract; and the mapping G fx restricted
to X, X [n] can be identified with g, f,,, and hence is homotopic to the identity.
Thus we can apply Case 1 to the sequence {X%} and conclude that Gfs is a
homotopy equivalence.

This proves that fx has a left homotopy inverse. A similar argument shows
that fxG : Yy — Yx. is a homotopy equivalence, so that fx; has a right homo-
topy inverse. This proves that fy is a homotopy equivalence (compare page 22)
and completes the proof of Theorem 24.21.

Corollary 24.23. Suppose that X is the homotopy direct limit of (X;). If each
X; has the homotopy type of a CW-complex, then X itself has the homotopy
type of a CW-complex.

The proof is not difficult.
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