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FOREWORD

The mathematical community was startled in 1956 by John Milnor’s dis-
covery of a smooth manifold homeomorphic but not diffeomorphic to the 7-
dimensional sphere [M3]. A few years later Michel Kervaire found a closed
topological 10-dimensional manifold that does not support a smooth struc-
ture [K]. Thus was differential topology born as a separate field of manifold
study. Of course there were earlier important topological theorems that used
differentiable techniques, e.g., Morse Theory, Pontryagin-Thom transversal-
ity, and Whitney’s strong embedding theorem. However, the Kervaire-Milnor
examples showed that these techniques could not be directly applied to the
study of topological manifolds in general.

At about the same time that the Kervaire-Milnor examples were discov-
ered, important new differentiable techniques were developed; in particular,
the Smale-Hirsch immersion theorem, Smale’s h-cobordism theorem [Sml],
and Haefliger’s embedding theorem ([H]). These made it possible for Kervaire
and Milnor in 1963 to classify, up to diffeomorphism, all smooth manifolds
homeomorphic to the n-dimensional sphere S™ when n > 4 ([K-M]). Thus was
established the new field of surgery. This field rapidly matured over the next
7 years through the work of Browder, Novikov, Sullivan, and Wall to become
an effective method for classifying, up to diffeomorphism, all closed simply
connected manifolds of a given homotopy type X and of dimension greater
than 4 (so-called high dimensional manifolds) ([Bd], [W]). Surgery theory is
also effective for classifying high-dimensional non-simply connected manifolds
provided certain groups Wh(m (X)) and L, (7 (X)) can be calculated. Much
progress has been made calculating these groups over the last 40 years and
this is currently a focus of research. Building on this earlier work Kirby and
Siebenmann, in their 1976 monograph ([K-S]), accomplished the daunting task
of indirectly extending the above differential topology techniques so as to ap-
ply to topological manifolds. In particular, they established effective versions
of the h-cobordism theorem and of surgery theory that are valid for high-
dimensional topological manifolds. They also established a smoothing theory
to answer the basic question: Does a given topological manifold support a
smooth structure and if so (up to diffeomorphism) how many?

We further remark that the Kervaire-Milnor exotic spheres, i.e., smooth
n-dimensional manifolds homeomorphic but not diffeomorphic to S™, have
also been of much interest to differential geometers through the study of
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Riemannian manifolds of positive sectional curvatures. The classical sphere
theorem, due independently to Berger and Klingenberg 1960 ([B], [Kl]),
showed that if the sectional curvatures of a closed simply connected n-
dimensional manifold are strictly 1/4-pinched, then the manifold is homeo-
morphic to S". And recently Brendle and Schoen have shown, under this same
1/4-pinching assumption, that the manifold is actually diffecomorphic to S™, by
using Hamilton’s Ricci flow theory ([B-S]). A bit earlier use of this theory by
Perelman positively solved perhaps the oldest problem in topology, Poincare’s
Conjecture; i.e., any simply connected closed 3-dimensional manifold is home-
omorphic to S3.

Professor Shastri’s book gives an excellent point of entry to this fascinating
area of mathematics by providing the basic motivation and background needed
for the study of differential geometry, algebraic topology, and Lie groups.

His book is accessible to a serious first year graduate student reading it
either independently or as a text in a graduate course. If such a student also
familiarizes himself/herself with the basics of algebraic topology, through cup
products, then he would be prepared to understand the important results
outlined above.

A major strength of Professor Shastri’s book is that detailed arguments
are given in places where other books leave too much for the reader to supply
on his/her own. This, together with the large quantity of accessible exercises
makes this book particularly reader friendly as a stable text for an introductory
course in differential topology.

F. Thomas Farrell
Binghamton, New York
Autumn, 2010



PREFACE

This book is intended for a preparatory course for the vast and elegant theories in topol-
ogy developed by Morse, Thom, Smale, Whitney, Milnor, etc. It grew out of several years of
teaching at my department, a third-semester course in Differential Topology. The selection
of topics broadly follows the classical book of Milnor, Topology from the Differentiable View-
point, [M1] from which I myself learned differential topology. One may see here quite a bit
of similarity with the book Differential Topology [G-P] by Guillemin and Pollack. That was
the book from which I used to teach my course initially and which is also modeled on Mil-
nor’s book. Two other books I have been influenced by are Kosinski’s book ‘Differentiable
Manifolds’ [K] and John Lee’s book Manifolds [L].

This book assumes that the reader has gone through a semester course each in real
analysis, multivariable calculus, and point-set-topology. The entire book or parts of it can be
adopted as text for M.Sc./B.Tech./M.Tech./Ph.D. students. The exercises in each chapter
with solutions/hints at the end make this book self-readable by any interested student. I
have included a ‘section-wise dependence tree’ which may help a teacher to make his/her
course plan.

The first two chapters offer a quick review of differential and integral calculus of several
variables. They also serve as a ready reference to fundamental results to be used throughout
the rest of the book. They include standard material such as inverse and implicit function
theorems, change of variable formula for integration, Sard’s theorem, etc. As a precursor
to the study of manifolds, we discuss the Lagrange multiplier method with complete proof
and include interesting examples.

Chapter 3 deals with smooth manifolds as submanifolds in a Euclidean space. Basic
notions of tangent space, immersions, embeddings, transversality, etc. and the stability
properties of some of these notions are discussed. In Chapter 4, we introduce the notion
of orientability and develop the algebraic machinery of differential forms that is necessary
for the study of integration on manifolds, and then present the general form of the Stokes’
theorem and a little bit of De Rham cohomology.

In Chapter 5 we introduce the notion of abstract smooth manifolds. A fundamental
gluing lemma is introduced, which is used again and again in the construction of new
manifolds out of the old ones. As an immediate application of this lemma, we give an
elementary proof of the classification of 1-dimensional manifolds. To my knowledge, there
is some novelty in this proof. This chapter concludes with Whitney’s (easy) embedding
theorems.

In Chapter 6, we begin with the normal bundle, tubular neighborhoods and orientation
on normal bundles laying down the foundation for homotopical aspects of manifolds. We
then go on to study vector fields and isotopies, thereby clearing the ground for bringing in
constructional tools of differential topology.

In Chapter 7, we discuss intersection theory, which is central to the theme of the book.
Technically useful results such as relative transverse homotopy theorems are proved with
complete detail. We directly discuss oriented intersection numbers, relate this to the degree
of a map, the concept of winding number, index of a vector field, etc. We discuss various
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equivalent definitions of the Euler characteristic, except the standard definition itself, viz.,
alternative sum of the face numbers of a triangulation. This chapter includes big results
such as the Jordan-Brouwer separation theorem, the Borsuk-Ulam theorem, the Hopf degree
theorem, the Gauss-Bonnet theorem etc.

In Chapter 8, we introduce the Morse functions. For a submanifold of a Euclidean
space, existence of ‘linear’ Morse functions is established. We then introduce the notion
of attaching handles and connected sum, prove handle presentation theorem for compact
manifolds due to Smale and present a proof of classification of compact smooth surfaces.
Again, to my knowledge, there is some novelty here. Here the reader will meet two more
definitions of Euler characteristic, one through handle presentation and another directly
through the Morse function and see a proof of Poincaré-Hopf index theorem.

Chapter 9 deal with the basics of Lie groups. It is primarily included as a rich source of
examples of manifolds and most of it can be read independently of the rest of the book. Part
of it needs a little more background such as working knowledge of covering space theory
and topological groups.
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Review of Differential Calculus

1.1 Vector Valued Functions ........... ... 1
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1.8 Miscellaneous Exercises for Chapter 1 ....... ... i 45

This chapter is a self-contained review of some basics of the differential calculus of several
variables. We assume that you are fairly familiar with these results and just need to browse
through this chapter to get familiar with some standard notation/results to be used in the
rest of the book. However, if you are learning some of them for the first time, you may need
to go through it slowly. In any case, whenever you have some difficulty in later chapters,
often it just helps to come back to this chapter for the relevant clarification.

1.1 Vector Valued Functions

We shall use the notation N, Z, Q, R, C to denote the set of positive integers, the ring of
integers, and the fields of rational numbers, the real numbers, and the complex numbers,
respectively.

Definition 1.1.1 Let r € N be a nonnegative integer. Let U be an open interval in R. We
say f : U — Ris a C"-function if f possesses all derivatives of order < r and these derivatives
are all continuous throughout U. (For r» = 0 this is taken to mean that f is continuous.)
We say f is C* on U if it is C" for all 7 > 0. The set of all real valued C"-functions on
U is denoted by C"(U). Similarly C*>°(U) denotes the set of all C* functions. We say f is
smooth if it is of class C", for some r > 1. The purpose of introducing this somewhat vague
terminology is twofold:

(i) often the actual value of r > 1 is not so important.

(i) most of the properties that we need to discuss merely require that r» = 1; only once in
a while we need to have higher values of r.

Remark 1.1.1 In the literature, the terminology “f is a continuously differentiable func-
tion” means that f is a C'-function. We shall also use this without hesitation.

Recall that a complex valued function is continuous if and only if its real and imaginary
parts are continuous. Motivated by this, we can immediately adopt the following definition.

Definition 1.1.2 Let U be an open interval. A vector valued function f : U — R"™ where,
f@&) = (f1(t),..., fn(t))is differentiable at t = t¢ € U if and only if each one of its component
functions f; is differentiable at ty. In this case, we shall use the notation

D(f)(to) := (fi(to), - -, f(t0))
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for the derivative of f at tg. If f is differentiable at all points ¢ € U, we then say that f is
differentiable on U. We shall use the notation C"(U; R™) to denote the set of all functions
f:U — R™ with each component f; € C"(U).

Remark 1.1.2 As can be easily verified, this definition is quite satisfactory in the sense
that all the standard properties of differentiability of scalar valued function of a real variable
have parallels here also. For instance, we have the chain rule for differentiation of composite
of two functions viz., for any real valued differentiable functions g : V.— U and f : U — R",
we have f o g is differentiable on V' and

D(f o g)(t) = D(f)(g(t)g'(t) = g' ) (f1(g(t)), .-, [u(g(1)))-

Thus, the theory of vector valued functions is a straightforward extension of the theory
of scalar valued functions. Having said this, we should however take some precaution in
dealing with vector valued functions. Indeed, the Mean Value Theorem (MVT) is one of the
most fundamental results about smooth real valued functions. Alas! It is no longer true in
the case of vector valued functions:

Example 1.1.1 Consider f(z) = (cosz,sinz). Then f(27) — f(0) = 0. On the other hand,
f'(z) = (—sinz, cosz), and hence || f/(z)|| = 1, for all . Therefore, there can be no zy such

that f(27) — f(0) = 27 f'(xo).

Remark 1.1.3 Nevertheless, the situation is not so bad, since we can always salvage some-
thing useful out of the corresponding results for real valued functions. As an illustration,
here we give a result that is an easy consequence of the Mean Value Theorem in 1-variable
calculus. We shall refer to it as the Weak Mean Value Theorem (WMVT).

Theorem 1.1.1 Let f : [a,b] — R™ be a continuous map, which is differentiable in the
open interval, a < b € R. Then there exists ty € (a,b) such that

1£(0) = f(a)l| < (b= a)[[D(f)(to)]|- (L.1)

Proof: Let v = f(b) — f(a) and consider the function g(t) = v - f(¢). Apply MVT to g to
obtain to € (a,b) such that

vy =v-(f(b) - f(a) = g(b) — g(a) = (b — a)g'(t) = (b— a)(v - D(F)(to)).

Therefore, by Cauchy-Schwartz’s inequality, it follows that

1£(0) = f(a)l = IVl < [[(b = a)D(f)(to) | = (b — a)[[D(f)(to)l],
which is nothing but (1.1). 'S

Exercise 1.1 Verify the following statements:

(a) A vector valued function f : R — R"™, f = (f1, f2,..., fn) is continuous if and only if
each f; : R — R is continuous.

(b) The function f as above is differentiable at ¢ = ¢ if and only if

o 10 = £(t)

t—to t—to

exists.
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1.2 Directional Derivatives and Total Derivative

We are interested in differential properties of vector valued functions of several real
variables. In the case of one variable, the domains of definition of our functions were, at
least to begin with, open intervals. The analogue of this in several variables will be open
subsets. Let us first recall some standard notations and concepts.

Given a point x € R™ and é > 0, the open ball and the closed ball of radius § around x
are defined respectively as follows:

Bs(x) ={y €R" : |y —x| <3}, Bs(x)={y eR" : [y —x| <5}
‘We shall also use the notation:
Sl={xeR" : |x|=r}; D" ={xecR" : ||x| <r}; "t =S} D" =D7.

A subset U C R™ is said to be open in R™ if for each x € U there exists 6 = dx > 0 such
that Bs(x) C U. A subset is closed if its complement is open.

So let us begin with a function f: U — R™, where U is an open subset of R™ for some
m,n > 1. Considerations similar to the one in the previous section offer us an easy approach
to convert the study of f into the study of its components f;’s, where f = (f1, fa,..., fm)-
So, let us concentrate on the case m = 1.

Can we do a similar simplification in the domain of the function as well? That is, can
we restrict the function to line segments parallel to one of the coordinate axes and passing
through a given point in U and talk about the differentiability of these restricted functions?
No doubt this can be a useful idea but we need to be cautious. Let us examine an example
before we proceed.

Example 1.2.1 Define a function f : R? — R by

Ty

flz,y) = { 2? +y?’ (1.2)
0, it (2,9) = (0,0).

This map has the property that for each fixed y, it is continuous for all z and for each fixed

x it is continuous for all y. However, it is not continuous at (0,0) even if we are ready to

redefine its value at (0,0). This is checked by taking limits of f as x — 0 along the lines

y = mx for different values of m.

Remark 1.2.1

(i) Note that in the above example, we have taken a rational function in two variables,
which is homogeneous of degree 0. Such functions provide a variety of counterexamples to
illustrate the failure of certain phenomena for functions of several variables. As you will
soon see most of our counterexamples in this chapter are based on rational functions which
are homogeneous, possibly with different weights assigned to different variables.

(ii) This however should not discourage us completely. As a first shot, we shall give some
more thought to this idea of restriction along line segments in the domain which leads us
to the notion of directional derivatives and partial derivatives.

Definition 1.2.1 Let v be a unit vector in R™, U be an open subset and let x € U be any
point. Then the line {x +¢tv : ¢t € R} which passes through x contains an open segment
around x completely contained in U. Therefore, given a function f : U — R, we can talk
about the differentiability at x of the function obtained by restricting f to this line segment.
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0ot
Figure 1 The directional derivative.

More precisely, consider the function g(t) = f(x + tv), which is defined in an open interval
containing 0. We say that the directional derivative of f in the direction of v at x exists
and is equal to ¢’(0) if ¢/(0) exists; in this case, we denote g'(0) by Dy (f)(x). Thus,

D)) — tian TV = FG)

t—0 t

(1.3)

If the derivative exists for all x € U, we obtain a function x — Dy (f)(x) defined on U. We
shall denote this function by D, f. In the special case when v = e;, the i*" standard basis
element for the vector space R", the directional derivative is called the partial derivative
of f with respect to the i*" variable. We also use the simpler notation D, f in this case.
Moreover, when the variables are denoted by x,y, z, etc., as in the case n = 2, or 3, we use

of of 0
the notations a—i, 8_];’ 8_£’ etc. The notations D f, Dy f, D f, etc. are also in use. Whenever
all the partial derivatives exist, we shall denote the vector (D1f,..., D, f) by the symbol
Vf (read “del f” or “grad f7). This is called the gradient of f and is also denoted by grad f.

Remark 1.2.2 Directional derivatives share most of the natural properties of the deriva-
tives of a function of one variable. One is tempted to define the notion of differentiability in
terms of directional derivatives, or even more economically, in terms of partial derivatives.
Namely, tentatively, let us say that f is ‘T-differentiable’ at p if it possesses all the direc-
tional derivatives at p. Caution is needed here in the sense that we should check whether
such a “T-differentiable” function, as expected, is automatically continuous or not. Alas,
this is not the case, as illustrated by the following example. Therefore, we discard this
tentative definition.

Example 1.2.2 Consider the function defined by

x2y .
f(a:,y) = x4+ y2’ if (l',y) 7£ (0’0) (1.4)

0, if  (z,y)=(0,0).

Check that at (0,0) all the directional derivatives exist. Yet the function is not continuous
at (0, 0) since along parabolas y = ma?, if we take the limit as x — 0, we get different limits.
So, such a function cannot be declared as differentiable. Check that the partial derivatives
are not continuous at (0,0), nor even bounded near (0, 0).

Remark 1.2.3 In case of three variables, it is customary to denote grad f by the sum

L3 4+ &L5 + 8Lk Tmplicit in this is the notation i = (1,0,0),j = (0,1,0),k = (0,0,1).
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We can generalize this practice for any number of variables by using the standard basis
elements:
e; = (1,0,...,0),e2 =(0,1,0,...,0),...,e, = (0,0,...,1).

For a function f of n-variables we can then write

(V) ()= Z D;f(x)e;.

Remark 1.2.4 Recall that when we have a differentiable function f of one variable, by the
Increment Theorem, we have,

flx+h)=f(x)+ f'(x)h +e(h)h (1.5)

where the error function e(h) — 0 as h — 0. Indeed, (1.5) is equivalent to the differentiability
of the function f at x : simply by rearranging the terms in (1.5) we get,

flx+h) = f(x) = hf'(x)
h

= le(h)| — 0 (1.6)

as h — 0. It turns out that (1.6) can be adopted to give a very satisfactory definition of
differentiability of a real valued function of several real variables.

Definition 1.2.2 Let U be an open subset of R, x € U and let f : U — R be a function.
We say f is differentiable at x if there exists a = (a1, aa,...,a,) € R™ such that for all
h = (h1,h2,...,hy) € R"\ {0} with x + h € U, we have,

. _ oo fx4h) - f(x) - 3 aih
fime(h) = lim BN 1

= 0. (1.7)

We say « is the total derivative of f at x and denote it by D(f)(x) or sometimes by
D(f)x. If this happens at all points of U, then we say f is differentiable in U. Also, the
assignment x — « defines a vector valued function

Df:U—R"
called the total derivative or simply the derivative of f.

Remark 1.2.5
(1) Note that if n = 1, then we get back the old definition.

Df = f'.

(2) Let u be unit vector. By putting h = tu in (1.7), and letting ¢ — 0, we immediately
deduce that

Du(f)(x) = > asui = D(f)(x) - . (1.8)

In particular, we conclude that if the total derivative exists then all the partial derivatives
exist and the components of the total derivatives are nothing but the partial derivatives.
Thus,

D(f)(x) = Vf(x). (1.9)

(3) All the standard laws of differentiation such as additivity, the Leibniz rule, etc., are valid
and can be verified in a straightforward manner. We have considered only some of these
properties below.
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Theorem 1.2.1 Increment Theorem: Let f: U — R be a function where U is an open
subset of R™ and let x € U. Set z = f(x) and Az = f(x+h)— f(x). Then f is differentiable
at x if and only if there exists a vector a € R™ and an error function € defined in a
neighborhood of 0 € R™ such that

Az =a-h+|h|e(h) (1.10)
and e(h) — 0 as h — 0.

Proof: In fact, this is just a rewording of Definition 1.2.2. o
Taking the limit as h — 0 in (1.10) yields:

Theorem 1.2.2 Continuity Theorem: If f : U — R is differentiable at x € U, then f
18 continuous at X.

Theorem 1.2.3 Chain Rule (Simpler Case): Let V be an open subset of R™. Let
fi(a,b) — Vandg:V — R be such that f = (f1, fa, ..., fm) is differentiable at tg € (a,b)
and g is differentiable at f(to) € V. Then the composite function go f is differentiable at tg
and its deriwative at ty is given by

192D 1) = 3~ 22 (00D B (1), w1

Proof: Put y = f(¢o). By the increment theorem we have,

fto+k) — flto) = kf'(to) + ker(k); (1.12)

g(y +h) —g(y) = Dg(y) -h + ||hfe2(h) (1.13)

with €1 (k) — 0 as k — 0 and e2(h) — 0 as h — 0. (Note that €; is a vector valued function.)
We must find €(¢) such that €(t) — 0 at ¢ — 0 and

go f(to+k)—go f(to) = Dg(f(to)) - f'(to) + ke(k). (1.14)

First of all, observe that f is continuous at ty and hence we can put h = h(k) =
f(to+k)— f(to) for sufficiently small k. Then we have h(k) — 0 as & — 0. Next, we observe
that

)] /
lim ———— =&+ f'(¢
Jim, T— 17 (o)l
In particular, thck)” is a bounded function. We now take
h(k
(k) = Dlg(y)) - r (k) + 12,

which clearly tends to 0 as k — 0. Now, substitute h = h(k) in (1.13) to obtain (1.14). &

Remark 1.2.6 Remark 1.2.5(2) and Theorem 1.2.3 give enough indication that total
derivative and directional derivatives are closely related. This is what we want to inves-
tigate further.

Theorem 1.2.4 Let f: U — R be a function such that its partial derivatives all exist and
are all bounded in U. Then f is continuous in U.
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Proof: We shall write down the proof for n = 2 and leave the general case as an exercise
to the reader.

Let M > 0 be such that | fo(z,y)| < M, |fy(z,y)| < M for all (x,y) € U. Let (x¢, yo) be
a point in U. Let (z,y) be sufficiently near (xg,yo) so that the rectangle with sides parallel
to the axes and with vertices (x,y), (2o, yo) is contained in U. Then we have,

[f(@,y) = f(@o, yo)l < [f(@,y) = F(@,90)| + |f(z,50) — f (20, y0)l- (1.15)

Using the mean value theorem for f, and f, we can find a point ¢; between gy and y and
a point ¢y between o and x such that f(z,y) — f(z,y0) = fy(x, c1)ly — yo| and f(z,yo) —
f(zo,y0) = fz(c2,90)|z — zo|. Plugging these on the right-hand-side (RHS) of (1.15) above
yields:

[f(@,y) = f(zo,y0)| < M(ly — yol + & — 2o])

which tends to 0 as (x,y) — (2o, Yo)- [ )

Example 1.2.3 We may improve upon Example 1.2.2 as follows. Take g(z,y) =
Vaz+y?f(x,y), where f is given as in Example 1.2.2. Then the function g is continu-
ous also at (0,0) and has all the directional derivatives vanish at (0,0). That means that
the graph of this function has the zy-plane as a plane of tangent lines at the point (0,0, 0).
Once again (see Remark 1.2.2), we may be tempted to award such “nice” geometric behavior
of the function and admit it to be “differentiable” at (0,0). However, it is not differentiable
at (0,0), according to the definition that we have adopted. For

9(z,y) — 9(0,0)
1z, )

has no limit at (0,0). We hope that this example illustrates the subtlety of the situation in
the following theorem.

= f(m,y)

Theorem 1.2.5 If f : U — R is such that all its partial derivatives exist in U and are
continuous at p € U, then f is differentiable at p. Moreover, the derivative Df itself is a
continuous function on U.

Proof: Here again we shall write down the proof for n = 2 and leave the general case as
an exercise. Taking p = (zo,yo) concentrating attention inside an open rectangle around p
contained in U, we have,

|f(x,y) — f(w0,90) — (Az fe (0, Y0) + Ay fy(0,%0))|

|f(z,y) — f(2,90) — Ayfy(xo, yo)| + [f(z,y0) — f(20,y0) — Az fu (0, Y0)| (1.16)
|Ayl | fy(z, 1) = fy(mo,v0)| + |Az| [ fz(c2,v0) — fu(xo,y0)| (by MVT) '
[[(Az, Ay)[| (|fy(z,c1) = fy(wo,y0)| + | fz(c2,y0) — fe(xo,y0)])-

Note that ¢ lies between yg and y; also cs lies between g and z. Thus, ¢; — yg and c2 — xg
as (z,y) — (w0, ¥y0). Hence, by continuity of f, and f,, it follows that the quantity in the
bracket on the RHS above tends to 0 as ||(Az, Ay)|| — 0. Thus, dividing out by ||(Az, Ay)||
and then taking limit as ||(Az, Ay)|| — 0, we obtain

|f(z,y) = f(wo,y0) — (Az fe(w0,y0) + Ay fy (w0, y0))]
[(Az, Ay)|

as required. The last assertion of the theorem follows immediately if you recall that a vector
valued function is continuous if all its components are so, as the components of Df = V f
are nothing but the partial derivatives. o

The following corollary has the flavor of Riemann’s removable singularity for functions
of one complex variable.

IA I IA

— 0
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Theorem 1.2.6 Removable Singularity: Let U be an open subset of R", p € U and
f U — R a continuous function. Suppose Df exists in U \ {p} and limqy—, Df(q) = L
exists. Then D f, exists and is equal to L.

Proof: For n = 1 this is a direct consequence of MVT. Since this is a nonstandard result,
we shall write down the proof. Choose § > 0 such that [p —d,p+ ] C U. By the mean value
theorem applied to f : [p—J,p] — R for each ¢ € [p — §, p) there exists ¢ < x < p such that
flg@) — f(p) = f'(x)(q — p). Now take the limit as ¢ — p inside [p — J, p) we obtain that the
left-hand derivative of f exists and is equal to lim,_,, f’(z) = L. Similarly the right-hand
derivative exists and is equal to L and we are done.

We shall now write down the proof for the case n = 2, the general case being similar. Tak-
ing p = (o, yo) concentrating attention inside an open rectangle around p contained in U, we
merely reproduce the inequality (1.16), except that we have to replace fz(zo,¥0), fy(zo,¥0)
respectively by L(e1), L(ez). Therefore,

|f(z,y) — f(x0,y0) — L(Vtaz, Ay)|
|f(x,y) — f(20,90) — (AzL(e1) + AyL(ez)| (1.17)
[1(Az, Ay)[| [| fy (2, 1) — L(ez)| + | fx(c2, yo) — L(e1)]]-

Here ¢; lies between yo and y and ¢y lies between z¢ and z. Since lim,_., Df(q) = L, we
have

IA I

lim f,(q) = L(e1); lim f,(q) = L(es).
q—p q—p
Therefore, the expression in the square bracket tends to 0 as ¢ = (z,y) — p = (z0,yo0). This
implies D f, exists and is equal to L. ®

Remark 1.2.7 One way we would like to use this result is the following. Often in topology
maps on a disc are defined using polar coordinates. Since the polar coordinates have a
built-in singularity at the origin, the smoothness of the maps so defined need to be checked
carefully.

Recall that the disc D" can be thought of as the quotient space of S*~1 x [0, 1], where
we identify all (v,0),v € S""! to a single point. This indeed gives polar coordinate repre-
sentation of the disc.

Now suppose we have a C'-function f : S*~! x [0,1] — R such that f(v,0) = 0 for all
v € S" 1. Let f: D" — R be the function defined by f[v,r] = f(v,r). Since the quotient
map (v,7) — [v,r] is a local diffeomorphism at all points (v,t) € S"~! x (0,1], it follows

that f is a C'-function on D™\ {0}. Therefore, f will be differentiable at 0 if lim, o D f(v,7)
exists, i.e, independent of v as a single linear map R™ — R.

Remark 1.2.8 Theorem 1.2.5 fully justifies the need to study the partial derivatives. In-
deed, often in literature, the conditions of this theorem are taken as the definition of differ-
entiability. Though, such a definition, automatically excludes functions that may be differ-
entiable but having a derivative which is not continuous, it has the tremendous advantage
of being extremely simple to work with and being sufficient in many practical purposes.
For instance, this definition very easily extends to higher order differentiation. All that we
have to do is to consider partial derivatives of partial derivatives and so on, since each par-
tial derivative is a new scalar function. For instance, for a function f of 2-variables, there
are four possible partial derivatives of second order, viz. D1(D1), D1(Daf), D2(D1f) and
0% f O*f 0°f Of
0x2’ Ox0y’ Oydx’ Oy?’
simplification of notations, such as D1 of to denote D1(Dsf), etc. It is not true, in general
that D1 2(f) = Da,1(f). Finally, when fewer than three variables are involved, such as for

D5 (D2 f). These are also written as

respectively. There is a further
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a function f(z,y,z), there are the classical notation fs, fzy, etc. to denote respectively,
of of
Ox’ Oyox
differentiation is being taken. The theorem below gives a sufficient condition under which
we can permute the order of taking mixed partial derivatives.

, etc. Pay attention to the order in which the variables with respect to which the

Definition 1.2.3 Let r be a nonnegative integer. Let U be an open set in R™. As in
Definition 1.1.1, we say f : U — R is a C"-function if f possesses all partial derivatives of
order < r and these partial derivatives are all continuous throughout U. We say f is C* on
U if it is C" for all r > 0. The set of all real valued C"-functions on U is denoted by C"(U).
Similarly C>°(U) denotes the set of all C* functions.

Remark 1.2.9 We say a function is smooth if it is in C” for r > 1. It is a convenient
practice to adjust the value of r according to the context.

Theorem 1.2.7 Clairaut’s Theorem:! Let U be an open subset of R?. Let f : U — R be
such that both fr, and fy. exists and are continuous in U. Then fry = fya on U.

Remark 1.2.10 In order to prove this, we need to exploit the mean value theorem thor-
oughly. On the way we shall be able to get a “second order mean value theorem” for functions
of two (or more) variables. Moreover, we shall be able to give a proof of a statement that is
slightly more powerful than Clairaut’s theorem.

Theorem 1.2.8 Second Order Mean Value Theorem : Let f be defined in an open
subset U of R?, and possess D1 f, Do f in U. Let the rectangle R with vertices (a,b), (a +
h,b), (a 4+ h,b+ k), and (a,b + k) be contained in U. Then there exists a point (z,y) € R
such that

hkDa,1 f(z,y) = A,

where A is the double difference given by

A:=Af:=fla+h,b+k)— fla+h,b) — fla,b+ k) + f(a,b). (1.18)
(a,b+k) (x,b+h) (a+h,b+k)
(x,y)
(a,b) (x,b) (a+h,b)

Figure 2 Second order mean value theorem.

Proof: Put g(t) = f(t,b+ k) — f(¢,b). Then by the mean value theorem (MVT) for one
variable functions, there exists 0 < s; < 1 such that

A =g(a+h)—g(a) = hg'(a+ sih). (1.19)

Take © = a + s1h. Observe ¢'(t) = D1 f(¢t,b+ k) — D1 f(t,b). Now define G(r) = D1 f(z,r)
and observe that G'(r) = D1 f(x, 7). Apply the MVT again to get 0 < so < 1 such that

kG'(b+ sok) = G(b+k) — G(b) = D1 f(z, b+ k) — Dy f(z,b) = ¢'(z). (1.20)
Now, multiply both sides of (1.20) by h and take y = b + sok. ()

I Alexis Claude Clairaut (1713-1765), contemporary of D’Alembert, a prodigious Parisian, is well known
for his contributions in astronomy.
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Theorem 1.2.9 Commutativity of Mixed Partial Derivatives: Let f be defined in an
open subset U of R?, and possess D1f, Da1f, and Daf in U. Suppose Da 1 f is continuous
at some point (a,b) € U. Then Dy of exists at (a,b) and we have,

Di2f(a,b) = Da1f(a,b). (1.21)

Proof: By the continuity of Dy 1 f, given € > 0, there exists a rectangle R contained in U
such that
|D21f(z,y) — D21f(a,b)] <e,

for all (z,y) € R. Then,

A
h_lf —D21f(a,b)| <e

where A is defined as in (1.18). Fix h and let kK — 0. Since D5 f exists, we obtain,

po AF _ Daf(a+hib) = Daf(ab)
k—0 hk h

Plug this in the above inequality to get,

Dgf((l + hv b) - D2f(a7 b)
h

— Dg’lf(a, b)' § €.

This proves that Dj o f(a,b) exists and is equal to Da 1 f(a,b) as required. 'Y

Example 1.2.4 You are familiar with examples of one variable functions having a discon-
tinuous first derivative, e.g.,

f(z) = 2*sin G) . (1.22)

Such functions can be used to construct examples of functions of several variables which are
differentiable but have discontinuous partial derivatives. For instance, take g(z,y) = f(x)
where f is as above.

Example 1.2.5 Consider the function

22— g2
g(z,y) = 22 + g2 (z,y) # (0,0), (1.23)
0, (z,9) = (0,0).

Put f(z,y) = zyg(x,y). Then g, and g, exist everywhere and

fe =yg9+2ygs; fy = 29+ Y9,

Therefore,
£10(0,0) = Tim fo(0,9) = £:(0,0) _ . w9(0y)
y—0 Y y—=0 y
Interchanging « and y, we see fy;(0,0) = 1. If one of the functions f,, and fy,, were

continuous at (0,0), then both would have the same value at (0,0). Therefore, Theorem
1.2.9 tells you that neither f,, nor fy, is continuous. One can directly verify that being a
homogeneous rational function of degree zero, f,, takes a constant value on the line y = mx
and these constants are different for different m. That is enough to conclude that f,, (and
similarly f,.) is not continuous at (0,0).
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Theorem 1.2.10 Taylor’s Theorem: Let f : U — R be a C"-function, where U is a
convex open subset of R™. Let 0 € U. Then for each point x € U, we have

r—1
1
0+ o > Diyiyin f(0)as, i, -+ 2, + R(X) (1.24)
k=1

where the remainder term R(x) satisfies

R(x)
lim — 2 = 0. (1.25)
=0 x|
Proof: Fix x € U and define g(t) = f(¢x). Then by Taylor’s theorem for one variable, there
exists tx € (0,1) such that

" Z g<k) L 90 (1.26)

7!

By repeated application of the chain rule to find successive derivatives of g(t) = f(tx), we
find that

g (1) =g’ 1) =3, Dif (®)zi; gD (1) =X Dijf(X)zizys--- } (1.27)
K1) =3 Diigi f(X) i, iy - -+ @i 5
for k<r—1and
g\ (t ZDZW i f(xX) T @iy - - 4, (1.28)
Substituting these, in (1.26) and taking
(r) (¢
R(x) =2 r(' x) (1.29)
we get the first part of the statement. Since,
)l(ll)% Dlllzu‘lr,»f(txx) Dlllg...lrf( ) &,1(11 0 HXHT._l O
for all i1, 19,...,1,, (1.28) yields (1.25). ()

We end this section with an analogous result, which is obtained by a simple application
of the chain rule. We shall have some opportunities to use this later.

Theorem 1.2.11 Let f be a C" function in a convex neighborhood U of 0 € R™. Then there
exist C"~1 functions g; on U such that g—i(O) = ¢;(0) and

0) + _Z ;9i(x), (1.30)

for x = (x1,...,2,) € U.

Proof: By the fundamental theorem of integral calculus of one variable, we have

fx) = / df (tx) / 8f %) .

Therefore, we define g;(x) = / (‘3f(xtx)
satisfied. 0 ! N

dt and check that all the required properties are
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Exercise 1.2

1. In each of the following cases draw a picture of the level surfaces for f and that for
V f at some select points of the surface. Check that V f is perpendicular to the surface
at all these points.

(a) f(x,y, Z) =a?+ 2y2 + 3'22; (b) f(.T, Y, Z) =a? + y2 - 22;
(C) f(w,y,z) =Yy—- 2.

2. Find all the directional derivatives for f at P in each of the following cases:
(a) f= x? — 9y2; pP= (172); (b) f= (xQ +y2 + 22)71/2; P = (17 1’1);
(¢) f=e®cosy,; P=(1,m).

3. Simplify the expression for g o f in each of the following cases.
(a) f(x) = (cosz,sin’ x); g(u,v) = u? + v?;
(b) F(x) = (2,22, 2), gl v, w) = € + cosv + w?.
4. Use the2 cl;ain rule and the Leibniz rule, etc., to find the derivative of these functions:
(a) e°" %" (b) =Pt gin3 27z;  (c) f(cosz,sinz).
5. Let f, g be smooth real valued functions. Derive the following formulae:
(a) V(fg) = g(Vf) + f(Vg); (b) V(f")=nf""'Vf.
(c) V(f/g9) = (1/g*)(gV [ = [Vg);
(d) V3(fg) = gV>f +2V Vg + fV3g.

6. The divergence div f of a smooth function f: R™ — R" is defined by

div f = Z 8fz

In the vector notation, writing f = )", fie; and V=3, % we can write
divf=V-f
Find the divergence of the following functions:
(a) ri+yj+zk
(fﬂQ + y2 + 22)3/27
7. Show that
(a) div (kf) = kdiv f, k a constant;
(b) div (af) = adiv f + - Vf, «, a scalar function;
(c) div (fVg) = fV?g + (V) - (Vg);
(d) div (fVg) — div (gV f) = fV?g — gV>/.

8. For a smooth function f : R® — R®, f = (f1, fa, f3), we define the curl of f by the

(b) (cosz coshy)i+ (sin zsinh y)j.

formula
Ofs O0fa\., (0fi Ofs\., (9f2 Ofs
1 f = — (2 Y2 an _ 95 92 9y
curl f =V f <8y 2z ) T\ oz e )T o T oy
Compute the curl of the following functions:
zi+yj+zk

(a) zi+zyj + (22 +y2 +22)k;  (b)

(22 + 42 + 22)3/2°
9. Establish the following identities where f,g, etc. denote vector valued functions and
a, 3 denote scalar functions:
(a) curl (f +g) = curl f 4+ curlg; (b) curlgrada = 0;
(¢)div(f xg)=g-curl f — f-curlg; (d) div(curl f) = 0;
(e) curl (af) = (grada) x f+acurl f; (f) div(8Va x aVG) =0.
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10. Let f : U — R be as in the above theorem, r > 2. Suppose f(0) = 0 and Df(0) = 0.
Then show that there are C"~2 functions 7;; such that 7;;(0) = 89?33:]» (0) and f(x) =
> i Tii(X)zizg, x €U

11. A smooth function f : R® — R is called homogeneous of degree k if f(tx) = t* f(x)
for all x € R™ and t € R. Typical examples of such functions are homogeneous
polynomials of degree k. Prove the following Euler’s Identity:

kf(x) = szﬁ (1.31)

12. Deduce (1.30) directly from (1.24).

1.3 Linearity of the Derivative

We shall denote the space of all m x n matrices with real entries by M (m,n;R) or by
the more suggestive notation R™*"™ to indicate that it can be identified with the Euclidean
space of dimension mn. When m = n, we shall use the simpler symbol M (n;R) also. We
shall use the notation GL(n,R) for the (open) subspace of all invertible n x n matrices
with real entries. The corresponding notations M (m,n; C), M (n; C), GL(n,C), etc., with R
replaced by C has the obvious meaning.

Consider a smooth function f : U — R™ at a point x € U where, U C R™ is an open
set. It is convenient to have the convention of writing elements in R™ as column vectors.
Since this will take up a lot of typed space, we shall write them as (z1,...,z,)" € R". With
this convention, if the components of f are fi, fa,..., fm then f(x) = (f1(x),..., fm(x))".

On the other hand, if L : R™ — R is a linear map, it is represented by the row vector
(L(e1),...,L(ey)). In this way, the dual space (R™)* of linear maps R” — R gets identified
with R™ but treated as row vectors.

Following the theme in Definition 1.1.2, we now make:

Definition 1.3.1 Let U be a nonempty open subset of R™. A vector valued function f :
U — R™ is said to be differentiable at x € U if and only if each component f; is differentiable
at x. In that case, the derivative of f at x is defined to be the m x n matrix obtained by
writing the row vectors D f;,7 =1,2,...,m, one below the other.

We would like to interpret the derivative D f(a) of f at a € U as a linear map R™ — R™.
In the simplest case, viz., m = n = 1, i.e., when f is a real valued function defined on
an interval, the derivative f’(a) at a is a real number. Recall that each real number r
corresponds to a unique linear map h, : R — R viz., z — rz. Hence, we have no difficulty
in thinking of f’(a) as a linear map from R to R. The graph of the affine linear map

x— f(a)+ f'(a)(x — a) (1.32)

is nothing but the tangent line to the graph of f at the point (a, f(a)). Also observe that
the RHS of (1.32) is nothing but the linear approximation to f near a.

Likewise, when n = 1, m > 2, we can identify the total derivative of f at x = a with a
m x 1 matrix or a column vector D f(a) = (fi(a),..., f!,(a))’. This in turn is identified with
the linear map R! — R™, which sends e; to (fi(a),..., f..(a)). Observe that the graph of
this linear map parallely shifted so as to pass through (a, f(a)) is the tangent hyperplane
to the graph of the function at the point (a, f(a)).
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Next, we consider the case when n > 2 and m = 1. As an example consider a linear
function L : R?® — R, given by

L(z,y,2)" = ax + by + cz. (1.33)

For each point p € R3, the total derivative DL(p) of L at p is the linear map R?® — R
given by the 1 x 3 matrix (a, b, ¢). On the other hand, the gradient VL(a) of L is the vector
ai+ bj+ ck € R? which can be identified with the row vector (or the 1 x 3 matrix) (a, b, c).
Thus, DL is the constant function on R3 with a single value in the space of linear maps
R3 — R, which can be identified with the space of 1 x 3 matrices M(1,3;R) with real
coefficients. Likewise, if Q(x,y, z) = 22 + y? + 22, then the total derivative DQ is a function
from R3 to M(1,3;R) given by

(z,y,2)" — (27,2y,22). (1.34)

Finally, consider the case m,n > 2. Then D f(x) is the matrix obtained by writing the
row vectors D fy, ..., D f, one below the other in that order. Incidentally this happens to be
the same matrix obtained by writing the column vectors D1 f, ..., D, f next to each other
in that order. The corresponding linear map is seen to send e; to the vector Y.\ | D; f;e;.
We can now formulate a direct definition of differentiability of a map f : U — R"™ on an
open set U C R™. This, we shall state as a theorem, in view of Definition 1.1.2.

Theorem 1.3.1 Let f : U — R"™ be a function and a € U any point where U is an
open subset of R™. Then f is differentiable at a if and only if there exists a linear map
L=1L,:R™— R" such that the error function has the property

— i Wlath) — fla) - L] _
ufineoe(h) B uflnw Al

0. (1.35)

Proof: Assuming f is differentiable at a, we set L : R® — R™ to be the linear map defined
by the matrix obtained by writing the row vectors D fi(a), ..., D f,(a) one below the other.

If ¢; are the corresponding error functions for f; as in (1.7) we take ¢ = (e1,...,€,)" and
verify that (1.35) is satisfied. The above argument is completely reversible and hence the
converse follows. P’

Definition 1.3.2 Given f: U — R™ where U is an open subset of R”, if f possesses total
derivative at every point of U we obtain a function Df : U — M (m,n;R) = R™*" defined
by x +— Df(x),x € U. This is called the total derivative of f. If Df is differentiable at
a € U then we say f is twice differentiable at a. Once again if this is true for all a € U
then we say f is twice differentiable in U and the second derivative D?f is then a map
U — M(m x n,n;R) = R™*" More generally, if f is (k — 1)-times differentiable and if
DF-1f.U — R xn g differentiable, then we say f is k-times differentiable.

Remark 1.3.1 Note that D*f exists implies that D*~! f is continuous and therefore f €
Ck=Y(U). Further, it also follows that D f is continuous if and only if f € Ck(U;R™).

The following theorem gives the chain rule for the derivative of composite of two such
functions. Note that if we have to show that two given matrices are equal then it amounts
to showing that their corresponding entries are equal. Then Theorem 1.2.3 discussed above
completes the proof. We leave the details of the proof to the reader.

Theorem 1.3.2 Chain Rule: Let U be an open subset of R", V be an open subset of
R™. Let f:U — V and g : V — R be such that f is differentiable at x € U and g be
differentiable at f(x) € V. Then go f is differentiable at x and the derivative is given by

D(g o f)(x) = (Dg)(f(x)) o (Df)(x). (1.36)
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Remark 1.3.2 Going back to the case, n = 1 and [ = 1, note that Dg is a matrix of size
1 xm and Df is a matrix of size m x 1 and their product D(g o f) is a matrix of size
1 x 1, which can be thought of a real number. This yields the statement of Theorem (1.2.3)
discussed in the previous section. We could have expressed this in vector notation by the
dot product of two column vectors:

D(go f)(x) = [(Dg)(f(x))]" & (Df)(x). (1.37)

Finally, we also note that, in the above theorem, if we interpret the quantities in (1.36) as
the corresponding matrices then the composition corresponds to the matrix multiplication.

Remark 1.3.3 There is an analogue of the mean value theorem for real valued functions
of several variables, proved by simply converting the problem into one variable. From this,
we can then derive the analogue of the weaker version of the mean value theorem for vector
valued functions as seen in Theorem 1.1.1.

Theorem 1.3.3 Let U be a convex domain in R™ and f : U — R™ be a continuously
differentiable function. Let a,b € U be any two points.
(i) If m = 1, then there exists xo € [a, b] such that

f(b) = f(a) = D(f)(x0)(b — a). (1.38)
(ii) In general, there exists xo € [a,b] such that
1F(b) = F(@) [l < [D(f)(x0)ll[b — all (1.39)

Proof: Consider the function v : [0,1] — R™, defined by
y(t) = tb+ (1 —t)a (1.40)

and put g = fon.
(i) If m = 1, apply the MVT to g to obtain ¢y € [0, 1], such that

f(b) = f(a) = g(1) = 9(0) = g'(to) (1.41)
Put xg = 7v(to). Then by chain rule,
g'(to) = D(f)(x0)(b — a). (1.42)
Now (1.41) and (1.42) together give (1.38).
(ii) Apply Theorem 1.1.1 to the function g : [0, 1] — R™ as above. [ )

Example 1.3.1 Let us compute the derivative of some specific maps:

(a) Consider the function ¢(x) = x ex = Y ,z? on R™. Clearly, its partial derivatives
all exist and are continuous and hence D¢ exists and is determined by the partial deriva-
tives. Therefore, Doy = (21,212, ... ,21,) = 2x'. (Remember that x is a column vector.)
Observe that D¢y : R™ — R as a linear map is actually given by

Dox(y) =2x ey = Qszyz

(b) On M (n;R) consider the function o(A) = AA*. The space M (n,R) is identified as the
Euclidean space R™*": the only difference being the variables are indexed by ordered pairs
(1,7),1 < 4,57 < n. Therefore, at any point B € R"*" the derivative Dop is a linear map
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from R"*"™ — R"*". The (4, j)*™-coordinate functions of f are nothing but Y, a;ra;. Each
of these is therefore a quadratic in the variables and hence is continuously differentiable
any number of times. Thus, the function f is also differentiable any number of times.
Here we shall find its first derivative and this amounts to finding the partial derivatives of
Oij = >k Gikaj,. With respect to the variable a,, this is zero unless p = 4,j. If p =i # j

then ggpf] = ajq Similarly, if p = j # 4, it is a4. If p = ¢ = j then it is 2a,,. We can
now replace a;; by b;; to get the value of the respective derivatives at A = B. The matrix
representing Dop is of size n? x n? and its entries can now be written down. Here is the
answer for n = 2 :

2b11 2b12 O 0

ba1 b b1 bi2

ba1 b b1 bi2

0 0 2021 2bao

DO’BZ

Here is an alternative approach. We know that Dop : M (n,R) — M(n,R) is a linear map.
A linear map is completely determined if we know its values on all unit vectors. The value
of Dop on any unit vector A is the directional derivative of Do at B in the direction of A.
Therefore, by the definition of the directional derivative we have

F(B+ sA) — f(B) (B + sA)(B + sA)! — BB

Dop(A) = liIr(lJ = lin(lJ
S5— S S5— S
. s(AB! + BA) + s2AA!
= lim
s—0 S
Therefore,
Dog(A) = AB' + BA". (1.43)

Thus we have determined Do at all points of M(n;R) as a linear map from M (n;R) to
M (n;R). Its matrix representation can be recovered from (1.43) by substituting

A= Ej), o)
which are n?
elsewhere.
(c¢) Let us now consider ¥ : M (n;R) — R given by ¢(X) = det X. This is a polynomial
function in the entries z;; of the matrix X of degree n. Once again it is enough to determine
the partial derivatives. In the first method as in the above case, we need to use the full
expansion formula for the determinant. There is a simpler way, viz., we can use the Laplace
expansion formulae

x n? matrices with entries equal to 1 only at ((ij), (k)" place and zero

B(X) =det X = 25Xy
J

where X;; is the (i)™ cofactor of X. Observe that for each fixed i and j the cofactor X;;
is a polynomial in x;’s but does not involve the variable z;;. Therefore, we can compute
the partial derivative of det X with respect to x;; treating X;; as constants and hence
% = Xj;. One can write grady as a n%row vector with its (ij)'" entry as X;j. With
a little more caution, we can also write it as n X n-matrix: Dix = adj(X)!. However,
caution is required in interpreting adj(X)! as a linear map on M (n;R). It is neither by left
multiplication nor by right multiplication:

DW)x(Y) =Y Xijyij = Tr(adj(X)Y). (1.44)

ij



Linearity of the Derivative 17

In particular, for X = Id,,, we have

D(det);, (Y)=Tr((Y).

We can also employ the second method here to directly compute

lim det(X + sY) — det(X)

s—0 S

and arrive at (1.44). However, we need to use the multilinearity of det meticulously here.
We leave this to you as a joyful exercise.

Exercise 1.3

1.

Compute the total derivative of the functions in each of the following cases.
(a) f: M(n,R) x M(n,R) — M(n,R) given by f(A4,B) = A+ B.

(b) g: M(n,R) x M(n,R) — M(n,R) given by g(A, B) = AB.

(c) h: M(n,R) — M(n,R) given by h(A) = A%

Let 7 : M(m,n;R) — M(n,m;R) denote the transpose: A — A’. Prove that D(7)4 =
T, for all A € M(m,n;R).

Leibniz’s rule: Let U be an open subset of R™, and «, 3 : U — M (n;R) be any two
smooth maps. Put vy(z) = a(x) - 8(x). Show that

D7)z = D(@)s - B(z) + a(z) - D(B)a- (1.45)

(Note that D(«), D(8) take values in M (n;R)™ which admits action by M (n;R) both
on the left and on the right, viz.,

A(Bl,,Bm):(ABl,,ABm), (Al,,Am)B:(AlB,,AmB)

where A; - B; etc. denote the matrix multiplication. You have to interpret the right
hand side of (1.45) in this sense.)

Let f:R™ — R" g : R™ — R be smooth maps. Derive the formula
D*(go flx = D(f)x- D*(9) i) - D(f)x + D(9) s - D*(f)x- (1.46)

Show that div f is nothing but the trace of the linear map D f. Conclude that div
remains unchanged under an orthogonal change of coordinates.

Consider the vector field f(z,y, z) = xj. Compute its curl with respect to the standard
right-handed Cartesian coordinate system {i, j, k}. Compute the same with respect to
the system i* = —i, j* = j, k* = k also. What do you conclude?

Show that the curl remains unchanged under an orientation preserving orthogonal
change of coordinates, i.e., the curl is an SO(3)-invariant.
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1.4 Inverse and Implicit Function Theorems

The edifice of differential topology is built on the base theme: a differentiable map
closely imitates the behavior of its tangent map, in a sufficiently small neighborhood. The
very first instance of this is the Inverse Function Theorem. If f : (a,b) — R is a continuously
differentiable function such that f’(c¢) # 0, ¢ € (a,b), then we know that in a sufficiently
small neighborhood U of ¢, f is strictly monotonic; equivalently, f is one-to-one on U.
Moreover, the inverse of f, defined over f(U) is also differentiable. Such a behavior holds
in higher dimensions as well. This is going to be the topic of this section, the importance
of which cannot be overemphasized.

The basic idea in the proof is to use the contraction mapping principle. The first part
of this theorem is equivalent to saying that a certain system of equations can be solved
uniquely in a sufficiently small neighborhood of 0, viz.,

Yi :fZ(wl,axn)7 f: (.fl,“'afn)

under suitable conditions on f. Experience tells us that if you want to show the existence
of certain solutions the contraction mapping principle comes quite handy e.g., remember
the proof of Picard’s iteration method for the solution of the first order linear differential
equations.

Definition 1.4.1 Let (X, d) be a metric space. A function ¢ : X — X is called a contraction
if there exists a constant 0 < ¢ < 1 such that for all x,y € X we have

d(¢(x), o(y)) < cd(z,y).

Theorem 1.4.1 Contraction Mapping Principle:
Let (X, d) be a complete metric space*. Then every contraction ¢ : X — X has a unique
fized point in X, i.e., there exists a unique point y € X such that ¢(y) = y.

Proof: Start with any point xg. Define

Xr1 = ¢(.T0),.T2 = (b(ah),. R (b(xn_l),. e

Observe that d(zn41,2n) < ¢*d(x1,20) for some 0 < ¢ < 1. Since ), ¢ < oo it follows
that given € > 0 we can find ng such that for m >n > ng :

m—1

AT, Tn) < Z ckd(wl,wo) < ed(x1,x0).
k=n

Therefore {z,} is a Cauchy sequence. Since X is complete, this sequence has a limit point
y € X. Also observe that any contraction is a continuous function. Therefore,

o(y) = o(limz,,) = lim ¢(zy,) = lim a1 = y.
Finally if y; € X,i = 1,2 are such that ¢(y;) = y;, then
d(y1,y2) = d(o(y1), d(y2) < cd(y1,y2)
with ¢ < 1. This is meaningful only if y; = ya. ®

Remark 1.4.1 Since R” is a complete metric space, every closed ball in it is a complete
metric space. This is what we need in the following theorem.

2Recall that a metric space X is complete if every Cauchy sequence in X is convergent in X.
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Theorem 1.4.2 Inverse Function Theorem (IFT): Let E C R" be an open set, 0 € E
and let f € C*(E,R™) be such that Df(0) is invertible. Then there exist open neighborhoods
U of 0 and V of f(0) such that

(i) f: U — V is a bijection;

(i) g = f~1: V — U is differentiable.

(iii) D(f~1) is continuous on V.

Proof: (i) Put A = Df(0) and consider f = A~' o f. Then f € (E;R") and D(f)(0) = Id.
Now if we prove the conclusion of the theorem with f replaced by f then it will also hold
for f. Thus without loss of generality we may assume that D(f)(0) = Id.

1
Choose 0 < € < 3 Let 0 < § < 1 be such that the open ball U = Bs(0) is contained in
E and

IDf(x) — Id|| < e (1.47)

for all € U. This is possible by the continuity of Df at 0. Put V = f(U). First we claim
that f is injective on U.
For any y € V, let us define ¢, : U — R" by

oy(z) =2+ (y — f(2)). (1.48)
Then differentiating with respect to x, we have,
D(¢y)(z) =1d—Df(x) (1.49)

for all x € U. Hence, for all € U, we have,

[1D(¢y)(@)]| < [ Id = Df ()] <e<1. (1.50)

Now for 1, x5 € U, by Theorem 1.3.3, we have

16y (1) = by (@) || < [ D(¢y) (@) [l1 — 2], (1.51)

for some 2’ € [x1,22] C U. Combining with (1.50), this gives

[Py (1) — dy(2)|| < €llz1 — 2] (1.52)

(That means ¢, is a contraction mapping on U.)
Now suppose f(z1) = f(x2) =y with z1,z2 € U. Then

From (1.52), we conclude that 1 = xo. Therefore, f|y is injective.

Next, we must show that f(U) = V is open. Fix yg € V,yo = f(20),z0 € U. Let r > 0 be
such that the closed balls B, (x¢) C U. It suffices to show that By.(yo) C V. If y € Byc(v0),
then

r
16y (z0) = 2ol < lly = woll <re =< 3. (1.53)
Therefore, if 2 € B,(zg), then
T — x| +T
l6y(x) = zoll < NIy () — Py (o)l + ¢y (w0) — ol < e =zl £r (1.54)

2
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Therefore, ¢, maps the closed ball B, (zg) into itself.

By contraction mapping principle (Theorem 1.4.1), thereis a € B,(x() such that ¢, (a) =
a. This means f(a) = y. So, y € f(U) = V. Therefore, B,(yo) C V. This proves that V is
open.

(ii) (The proof of this part is exactly similar to the proof of the statement for one variable.
Nevertheless, we write down the details here.)

Recall that the space of all invertible n X n matrices is an open set in the space of all
n x n matrices. Since the map = — D(f)(x) is continuous at zo and since D(f)(zo) is
invertible, it follows that we can choose § > 0 such that for all z € U = Bs(xg), we have
D(f)(x) is invertible. Now to show that g is differentiable, and also Dg(y) = (Df(z))™?!,
consider y € V and y + k € V. Put g(y) = x,9(y + k) = 2 + h,T = (Df(x))"L. Then,
fle+h)=y+k, f(x) =y and we have,

lg(y + k) —gly) = T(k)|

K]
Df(z)gly+k)—gly) -k
< 7] 1D f(=)[g( k;) ()] — kIl
< IPf@)(h) = (fla + k) = f@))I] 1Rl
17l il
We now want to take the limit as ||k|| — 0 on the left-hand-side (LHS). On the RHS, we
have
L IDI@ M) ~ (Gt )~ S
Inll—0 %]
Therefore, it suffices to show that as || k|| — 0, we have, ||h|| — 0 and % remains bounded.

We have, ¢y(z + h) — ¢y(x) = h + [f(z) — f(z + h)] = h — k. Therefore, ||h — k| =
lloy(x + h) — ¢y(x)]] < [|R||/2 (by (1.52)) and hence, ||h|| < 2||k||. This completes the proof
of all the claims. Thus, g is differentiable and D(g) =T = D(f)~!.

(iil) Finally, the continuity of D(g) is obvious from the continuity of D(f), and the continuity
of the inverse operation on invertible square matrices. o

Remark 1.4.2 Let us re-examine the above proof a little bit.
(a) In (i) we started with ¢ < 1/2, which was used in (1.52) to conclude that ¢, is a
contraction mapping. We could have achieved this with any 0 < ¢ < 1. However, later in
(1.54), we would only get ¢y (Br(z0)) C Baer(xo), which is not enough unless e < 1/2.
Now consider an example: f(x) = x + 22. Then Df(x) = f'(x) = 1 + 2z and hence
(1.47) is satisfied with 6 = %. The theorem then concludes that f is a 1-1 mapping in the
interval (—1/4,1/4).
On the other hand, since f'(z) = 14 2z > 0 in the interval (—1/2,00), it follows that
f is strictly monotonically increasing in this interval and hence is a 1-1 mapping. Thus, we
see that the open set U given by the theorem is not optimum even if we restrict ourselves
to open balls around the point under consideration.
(b) The second point that we would like to make is that the proof of the theorem is exis-
tential, i.e., it does not tell you how to get the inverse map (unlike for instance, Picard’s
iteration method for solution of ODE’s). However, there are special situations in which we
may be able to write down the inverse map. In the above example, we can write down the

inverse map by inspection. viz., g(y) = /w+ 1 — 5. More generally, if f is given by a
convergent power series,

f(x):Zanx”, ag=0, a; #0
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then we can formally write down the inverse of this power series. It turns out that this
formal inverse power series g(z) = >, b,x™ is also of positive radius of convergence and
the function defined by it is the inverse of f. (See [Sh2] for more details.) Such a method is
available for analytic functions of several variables also.

(¢) Alternatively, for holomorphic functions, Cauchy’s residue theory allows one to write
down an integral formula for the inverse. This is then available for real valued functions
as well provided they are given by convergent power series by taking the real part of the
integral of the complexified function. (See [Sh2] for more details.)

(d) However, the space of C! functions is much much larger than the space of analytic func-
tions and certainly the method of power series would not work there.

(e) The inverse function theorem is valid even in a Banach spaces. Far reaching generaliza-
tions have been obtained using the good old “Newton’s method” by Nash [N], [Ham], [Ho],
et al.

Definition 1.4.2 We shall set up the notation: Let 1 : R® XxR™ — R™ and 7 : R” xR™ —
R™ be the respective projections and let 7; : R® — R™™™ and 75 : R™ — R"*™ be
the inclusion maps given by u — (u,0) and v — (0,v) respectively. Given a linear map
A:R" x R™ — R", we put A4; = Aonn;. Clearly then A = Ay o + As o ma. We have,

Lemma 1.4.1 Suppose that r = n and A; is invertible. Then for every v € R™, there
exists a unique u € R™ such that A(u,v) = 0, given by the formula

u=—-A;1Ay(v).

Proof: Obvious.
Before taking up the nonlinear analogue of this result, which goes under the name
“implicit function theorem”, we would like to introduce the following important terminology.

Definition 1.4.3 Let U C R™",V C R™ be open subsets. A map f : U — V is called
a diffeomorphism if it is a bijection and both f and f~! are continuously differentiable.
Clearly, then f~! will also be a diffeomorphism. Given a diffeomorphism f, we also refer to
it as a change of coordinates on U by treating the coordinate functions fy,..., f,, of f as
the new coordinates on U. We say, U and f(U) are diffeomorphic.

Remark 1.4.3

(i) It follows immediately that m = n once there is a diffecomorphism f : U — V where U,V
are nonempty open sets. For, then Df : R™ — R™ will be a linear isomorphism.

(ii) Note that a diffeomorphism is necessarily a homeomorphism whereas, there are plenty
of homeomorphisms that are not differentiable at all. Even if f is differentiable, the inverse
of f need not be differentiable. The simplest example of this is the map z — > on R.

(iii) Clearly, composite of two diffeomorphisms is a diffeomorphism.

(iv) Typical examples of diffeomorphisms are exp : R — R™T, linear isomorphisms, trans-
lations, and so on. A diffeomorphism restricted to an open subset of the domain defines a
diffeomorphism onto its image.

(v) Later on, we shall define diffeomorphisms of arbitrary subsets of Euclidean spaces. Obvi-
ously, “being diffeomorphic” is an equivalence relation among these sets. The central theme
of differential topology is to classify subsets of Euclidean spaces up to diffeomorphism.

Theorem 1.4.3 Implicit Function Theorem (ImFT): Let E C R™ x R™ be an open
subset, (a,b) € E and let f € C*(E,R") and A := D(f)(a,b). Suppose that f(a,b) = 0
and Algrnxo is tnvertible. Then there is an open neighborhood U of (a,b) in R™ x R™, q
neighborhood W of b in R™ and a unique map g € C*(W,R™) such that for every point'y €
W, f(g(y),y) = 0. Moreover, D(g)(b) = —A7* Ay where A} = Algnxo and Az = Algxrm.
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Proof: Put F(x,y) = (f(x,y),y), (x,y) € E. Then F € C}*(E,R™ x R™) and we have,

Ay A2:|

DF(a,b) = [ o 7

Therefore, DF'(a,b) is invertible. By Theorem 1.4.2(IFT), it follows that, we have neigh-
borhoods U and V of (a,b) and (0, b), respectively such that F is a diffeomorphism of U
onto V. Put W ={y : (0,y) € V}. Then W is open in R™. Let G be the inverse of F.
Write, G(0,y) = (9(y), h(y)),y € W. Then

(0,y) = FoG(0,y) = F(g(y), h(y)) = (f(g(y), M(y)), h(¥))-

Therefore, h(y) = y and f(g(y),y) = 0. Uniqueness of g follows from the injectivity of
F. Finally, differentiating the equation f(g(y),y) = 0, with respect to y, it follows that
A1D(g)(b) + Az = 0. This means, D(g) = —Al_lAg. ®

Remark 1.4.4 Think of the equation f(x,y) = 0 as a system of n equations in n + m
variables. With (a,b) as a given solution, the theorem tells you under what condition,
we can solve for the variables x near a in terms of the variables y, to obtain a unique
continuously differentiable solution. The new function g(y) so obtained is said to be given
by the equation f(x,y) = 0 implicitly. That is why the theorem is so named.

As a simple example consider the equation 22 + y?> — 1 = 0 defining the unit circle in
R2. Observe that we can solve for 2 uniquely, in a small neighborhood of any point (a, b)
such that a # 0. That is so, because, then f,(a,b) = 2a # 0.

Theorem 1.4.4 Surjective Form of Implicit Function Theorem: Let U C R**™ be
open, f € CH(U,R™), and let a € U be such that f(a) = 0 and Df(a) is surjective. Then
there exists a diffeomorphism ¢ : V. — (V) of a neighborhood V of 0 in R*™™ onto a
neighborhood of a, such that fé(x1, ..., Tnem) = (T1,Z2,. .., Zp.)

Proof: In other words, the conclusion of the theorem is that after a change of coordinates
in the domain, the function f coincides with the projection map in a small neighborhood
of the origin.

By performing a translation, we may assume that a = 0. Consider the n x (n + m)
matrix A corresponding to D f(0) which is of rank n. By performing column operations we
can bring this to the form in which a;; = d;;,1 <7 < n,1 < j < n+m. To sum it up, it
follows that, we can first perform an affine linear change of coordinates R**™ so that, with
respect to the new coordinates, the point a is the origin and the given map f = (f1,..., fn)
has the property that

af; . .
8—3{(0):6”’ i=1,....,n,7=1,....,n+m.
3
Consider the map h : U — R™*™ defined by h := (hy,. .., hntm) where,
fixw“,xnma ’LSTL,
hi(x1a~-~a$n+m) = { -Tzf ! + ) ’iZTL-I—]..

Then D(h)(0) is invertible and hence by the IFT 1.4.2; h has an inverse ¢, which is contin-
uously differentiable in a small neighborhood of 0. Writing

(1, yZn) =X, (Tng1s-- s Tongtm) =Y,

we have,
(@1, Tngm) = (X,y) = hod(x,y) = (f o d(x,¥),y).

Therefore, we have, f o ¢(z1,...,Zntm) = (21,...,2,) near 0. ®
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Theorem 1.4.5 Injective Form of Implicit Function Theorem: Let E C R" be an
open subset, 0 € E and let f € C*(E,R"™™) be such that f(0) =0 and D f(0) is injective.
Then there exists a neighborhood U of 0 € R™™ and a diffeomorphism v of U onto a
neighborhood of 0 € R™™ such that 1(0) = 0 and

Vf(xy,...,zn) = (x1,...25,0,...,0).

Proof: The proof here is somewhat dual to the proof of the surjective form considered
above. First of all, by a linear change of coordinates in R"*™ we may assume that

ofi
8xj

(0) =i, 1<i<n+m, 1<j<n.

(Perform row operations!) Define F' : E x R™ — R"™™ by F(x,y) = f(x) + (0,y). Then
DF(0) is invertible. Let 9 be the inverse of F' on a suitable neighborhood of 0, etc. Then,
since F'(x,0) = f(x), it follows that v o f(x) = ¢ o F(x,0) = (x,0), as required. A

Example 1.4.1 Take f(z,y) = 2% + y? — 1. Let us work out explicitly the surjective form
of ImFT for this function at the point (1,0). The conditions for ImFT are satisfied since
f(1,0) =0 and Df, = (2,0). The curve 22 + y? — 1 =0 (or = ¢) is a circle centered at the
origin. This suggests that the map

(r,0) — (Vr 4+ 1cosf,vr + 1sin6)

to play the role of ¢. We check that ¢(0,0) = (1,0). And f o ¢(r,8) = r as required. The
function makes sense provided we restrict the domain |r| < 1 and will be a diffeomorphism
in —1<r <1,—m <6 < m. The same discussion goes through at the point (0, 1) for the

function ¢ changed to
(r,0) — (Vr+ 1sinf,v/r + 1cosf).

Example 1.4.2 Consider the function f(z,y) = y?>—z>. The derivative vanishes identically
only at (0,0). Therefore, the implicit function theorem is available at all points a # (0,0).
For instance, let a = (1,1). Then Df(; 1y = (=3,2). Now put g(z,y) = 2x + 3y — 5 and
Y = (f,g). Then ¥(1,1) = (0,0) and D1y 1 is invertible. Therefore, by the inverse function
theorem, in some neighborhood W of (1,1), we have ¢ : U — V = ¢(W) a diffeomorphism.
Put ¢ =~ : V — W. Then

(xa y) =1vo (b(l‘, y) = (f,g) © (b(l‘, y) = (f(¢(l‘, y)),g((b(x, y)))
implies that f o ¢(x,y) = x. Notice that ¢ is not unique.

Remark 1.4.5 The method that we have followed in the above two examples can be made
into an algorithm to find a local diffeomorphism v whose inverse ¢ = 1~ fits the bill in
Theorem 1.4.4 as follows: Complete the matrix of D f(a) into an invertible matrix

(%)

where A is a m x (m + n) matrix. Let g : R — R™ be the affine linear map such
that g(a) = 0 and Dg = A. Put ¢ = (f,g). Then D(a) is invertible and hence in a
neighborhood of a it is a diffeomorphism onto a neighborhood of 0 € R**™ and 1(a) = 0.
If ¢ =1~1, then we have

(x,y) =vod(x,y) = (f,9) o o(x,¥)
which gives f o ¢(x,y) = x, as required.
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Combining the arguments employed in the above two theorems, we obtain the following
more general result.

Theorem 1.4.6 Rank Theorem: Let U be an open subset of R*, F € CY(U,R™), a €
U,b = F(a) and let DF(a) be of rank r. For any N > 7,1 <i <r, let p; : RV — R denote
the projection map (x1,...,xN) — ;. Then there exist diffeomorphisms ¢ : V — ¢(V), 9 :
W — (W) of suitable neighborhoods of the origins in R™ and R™ respectively, such that
»(0) = a,(0) = b, and

pio toFop(x)=pi(x), 1<i<r (1.55)

Furthermore, if DF(x) is of rank r for all x in a neighborhood of a, then ¢,v, etc., can be
chosen so that

Yo Fog(xy, ... ,00) = (x1,...,2,,0,...,0),

for points (z1,...,x,) € V.

Proof: By shifting the origins on either side, we will assume that a = 0, b = 0. Now
consider A = DF'(0). Since the rank of this matrix is r, there exists linear isomorphisms B
and C' say, of R™, and R" respectively, such that BAC is of the form

I, 0
0 0|’
Therefore, replacing B o F o C, by F, we will assume that the matrix A = DF(0) itself is of

the above form.
Consider the map H : U — R" defined by H = (hy,..., h,) where,

‘ B fi(xl,...,xn), 1 S ] ST,
hz(wl,“',xn){xi’ r—|—1§2§7’l

Then it follows that the rank of DH(0) is n. Hence, by IFT, in a small neighborhood of 0,
H will be a diffeomorphism. Then we have, for 1 <i <7, pjoFoH ' =p,oHoH ! =p;
as required, in the first part.

Now assume that V, W, ¢, 4 etc. have been chosen so as to satisfy (1.55). Note that we
can always insist that the neighborhood V so chosen is convex. Put ¢y 1o Fo ¢ =: G =
(915 - -, 9m)- It follows that the matrix of DG(x) is of the form

[ ﬁ(x) (J)B(X) } '

Therefore, under the additional hypothesis that DGF(x) is of rank r for all x € V| it

g ..

follows that B = 0 for all x € V. This is the same as saying 6—9 =0 fori,j >r+1.
Lj

Since V is convex, this implies that g;,¢ > r + 1 depend only on (z1,...,x,). Therefore,

G(x) = (p(x), a(p(x))), for some function o : W — R™~" where W is a neighborhood of 0
in R". Here p denotes the projection onto the first r factors. Let L : W x R™™" — R™ be
the map defined by

(v,2) = (v, 0ly) +2).

Then, L is a diffecomorphism in a neighborhood of 0. Moreover, G(x) = (p(x), a(p(x))) =
L(p(x),0). Therefore, L™ o G(x) = (p(x),0). All that we need to do now is to replace 9
by ¢ o L. ')
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Remark 1.4.6 Before winding up with the above theme we will now consider one more
result of the above type. Recall that any invertible matrix can be written as a product
of elementary matrices and permutation matrices. (This is an easy consequence of the
Gauss elimination method.) We may ask the question whether there is a similar result with
diffeomorphisms. First of all, we can hope to have such a result, locally only. With this
modest modification in the question, the answer is in the affirmative: The prototype of an
elementary matrix is a diffeomorphism of the type

x=(x1,...,2n) — (T1,.. ., Zp—1, Tk + (X), Tht1, -, Tn), (1.56)

where, « is a continuously differentiable map with certain properties. We will be satisfied
with a result of the type, which ensures that every diffeomorphism is a composite of functions
of the above form (1.56) and of course, of some permutations. We begin with:

Definition 1.4.4 By a primitive mapping f : U — R™ of an open subset of R, we mean
a diffeomorphism f of U onto an open subset f(U) and f is of the form (1.56) above.

Clearly, a diffeomorphism f is a primitive mapping if and only if p; o f = p;, for all ¢
except perhaps for one say i = k. It follows that the matrix D f coincides with Id except in
the k' row. Indeed, given any mapping f of the form (1.56), f is a local diffeomorphism
if and only if 8_a # —1. Note that the inverse of a primitive mapping is again a primitive

T
mapping.
The following theorem is what we were after:

Theorem 1.4.7 Let U be an open set in R™ 0 € U, and F € C*(U,R") be such that
F(0) = 0 and DF(0) be invertible. Then there exists a neighborhood V' of 0, in which we
can express F' as a composite

F=PoGyo---0Gy, (1.57)
where P is a permutation and G1,...,G, are primitive diffeomorphisms of the form
Gi(x) = (21, -, @i—1, T + Qi (X), Tig1y oy Ty)- (1.58)

Proof: Let us put F' = Fj. Inductively, for each 1 < k < n — 1, we shall find a permutation
Py, a map «g, such that if G are defined as in (1.58), and if we put Fyyr1 = Py o Fj o G,;l
then

pioFgi1 =pi, 1<i<k. (1.59)
Clearly, then F,, itself is primitive and we set G,, = F},. Then it follows that
F:P10P2o...o nfloGnO”'OG1~

By taking P = P, o---0 P,_1, the conclusion (1.58) follows.
Inductively, consider the matrix DFy(0). Since this is invertible, from (1.59), it follows
0 F
that there exists a j > k such that %(O) # 0. Take Py to be the transposition

interchanging j and k if j # k and equal toj Idif j = k. Let H = Py o Fj. Then it follows
that (k, k)™ entry of DH(0) does not vanish. Put ay(x) = py, 0 H(x) — x. If G}, is defined
as in (1.58), a simple computation show that DGY(0) is invertible and hence is a primitive
diffeomorphism in a small neighborhood of 0. Since, p; o Fx, = p;, and p; o P, = p; for
1 <i<k-—1, it follows that

piOFkH:piOPkOFkOGgl:piOFkOGIZl:piOG;l:pi, 1< k-—1.
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Moreover, for i = k, we have
proFip1 =proHoGy' =proGroGy' = py.
This completes the proof. ®

Exercise 1.4

1. Verify that the following functions define a diffeomorphism of R? — R? by expressing

them as composites of primitive diffeomorphisms or otherwise.
(a) (z,y) = (z+y? y+2° +32%y + 3zy® + y°).
(b) (z,y) = (z +y° + 223y + 25,y + 2°).

2. Let U be an open subset of R” and f,g : U — R™ be two submersions such that
Ker Df = Ker Dg on U. Then for each p € U, there is a neighborhood W of f(p)
in R™ and a diffeomorphism h : W — g(f~1(W)) = W’ such that ¢ = ho f on
V= fHw).

1.5 Lagrange Multiplier Method

Near a maximum the decrements on both sides are in the beginning only imperceptible.

—J. Kepler
When a quantity is greatest or least, at that moment its flow neither increases nor
decreases. —I. Newton

If one is looking for a mazimum or a minimum of some function of many variables
subject to the condition that these variables are related by a constraint given by one or more
equations, then one should add to the function whose extremum is sought the functions that
yield the constraint equations each multiplied by undetermined multipliers and seek the mazx-
imum or minimum of the resulting sum as if the variables were independent. The resulting
equations combined with constrained equations will serve to determine all unknowns.

—J. Lagrange

These epigrams have been reproduced from the beautiful book of Tikhomirov [Ti].

In this section we would like to study the above statement of Lagrange. Nowadays, we
call it Lagrange® Multiplier Method (LMM). Recall that given a real valued function f on
an open subset U of R™ and a point p € U, we say p is a local maximum if there exists a
neighborhood V of p in U such that f(q) < f(p) for all ¢ € V. Similarly, p is called a local
minimum if there is a neighborhood V' of p such that f(q) > f(p) for all ¢ € V. The point
p is called a local extremum point if f(p) is a local maximum or a local minimum. For a
smooth function f : U — R, a necessary condition for a point p € U to be a local extremum
of f is that all the 15* order partial derivatives of f vanish at p. This is deduced by merely
restricting the function to various coordinate axes through the point p and then applying
the corresponding result from one variable calculus. For future reference let us state and
label this result here:

Lemma 1.5.1 Let f : U — R be a smooth function defined on an open subset of R". A
necessary condition for f(P) to be a local extremum of f at P € U is that Df(P) = 0.

3 Joseph Louis Lagrange was born on Janaury 25, 1736, in Turin, Italy (and was named Giuseppe Lodovico
Lagrangia) and lived in Paris most of his life. He is well known for his many mathematical discoveries, the
calculus of variations being one of them.
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The Lagrange Multiplier Method deals with such a necessary condition for local ex-
tremum of the function restricted to a subspace called the constraint space. Let us first
make a little more concise statement out of the above quotation from Lagrange.

We are given a smooth function f(x1,...,x,) of n variables. The problem is to find the
extremal values of this function on the constraint space G given by a number of equations
gi(z1,...,2n) =0, it =1,..., k. The LMM says that the points at which extrema of f may
occur are contained in the space of solutions of

oL . oL .
axi—o,z—l,...,n, a—)\j—O,]—l,...,k:, (1.60)

where L is the Lagrange multiplier function defined by

k
L:=L(x,A) = f(x)+ Z Aigi(x). (1.61)

When we equate the partial derivatives % to zero, we get back the constraint space
itself. Thus, if (x1,...,Zn, A1,..., ) is a solution of (1.60), it follows that (z1,...,x,) is
a point on the constraint space. Conversely, if (z1,...,x,) belongs to the constraint space,
and for (A1, ..., ;) the point (z1,...,Zn, A1, ..., \;) satisfies the first n equations of (1.60)
then the other k£ equations are also satisfied automatically. Thus, we see that LMM is a
clever way of converting a problem of extrema with constraints, to another problem of

extrema without constraints, by increasing the number of variables.

Example 1.5.1 Before we proceed any further, let us examine a simple example where we
have f(z,y) =  and the constraint space is the cuspidal curve y? = 23. This means 2° > 0
and hence > 0. Indeed the point (0, 0) is on the curve and f(0,0) = 0. Thus, the minimum
is attained precisely at (0,0). Also we see that for any positive value of z, we can always
find two solutions of y? = 2% and hence it follows that f is not bounded above on the curve
y? = 2. So, it has no maximum. Now according to LMM, we must look for extrema of f

among solutions of (1.60) where,

L:=L(z,y,\) =z + \y? — 2%). (1.62)
This yields
1—-3\2? =2y =y?—2° =0, (1.63)
which, alas, has no solutions at all.

Thus we see that the statement of LMM needs some technical correction. One simple
way to do this is to put an additional condition on the constraint space:

Theorem 1.5.1 Let G be the subspace of R™ given by some smooth equations g;(x) = 0,
fori=1,2,... )k, and f be a real valued smooth function on G. Suppose that for every
P € G, the set {Vg1(P),...,Vgr(P)} is independent. Then the local extrema, if any, of
a given smooth function f defined on G has to be found among the solutions of equation
(1.60), where L is as in (1.61).

Proof: Put g = (g1,...,gx) : R® — R¥. Then G = {x € R" : g(x) = 0}. To say that
{Vgi(P),...,Vgr(P)} is independent is the same as saying that (Dg)p : R" — R* is
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surjective. Let now for some P € G, f(P) be a local extremum for f. In view of the
discussion above, we have only to prove that there exists constants \;, 1 < ¢ < k such that

(VHp+ X (Vg)p + -+ M(Var)p =0. (1.64)

Apply the surjective form of the ImnFT (1.4.4) to the map x — g(x) to obtain a neigh-
borhood V of 0 in R™ and a diffeomorphism ¢ : V' — ¢(V') to a neighborhood ¢(V') of P
such that go ¢(z1,...,2,) = (z1,...,2k).

Let W be the linear span of {v; := (D¢)o(e;), : k+1 < j <n}. By the chain rule, it
follows that Dgp o Dgg(e;) =0, k+1 < j < n. Therefore, (Vg;)p-v; =0for 1 <i <k
and k+1 < j < n. This means that (Vg;)p € W+, the orthogonal complement of W. Since
these vectors are given to be independent, and since dim W+ = k, they actually form a
basis for W+.

On the other hand, since ¢(0) = P, it follows that 0 is a local extremum for f o ¢
restricted to 0 x R"~*. Therefore, by Lemma 1.5.1, D(f o ¢)o(e;) = 0,k +1 < j < n. By
the chain rule, this means that (Vf)p is perpendicular to v; for all k +1 < j < n, ie,
(Vf)p € W, Therefore, (1.64) follows as required. ')

Remark 1.5.1

(i) A global extremum in the interior of a constraint space is necessarily a local extremum.
Thus to solve a global extremum problem, one uses LMM for the interior of the
constraint space and gets all possible local solutions. To this set one adds all local
extrema on the boundary of the constraint space. Often LMM itself can be used for
the local extrema on the boundary of the constraint space as a problem with an
increased number of constraints. This way, we keep cutting down the “dimension” of
the space on which we need to look for the possible extrema. Hopefully, in a finite
number of steps, this process will convert the constraint space into a finite set. We
can then simply enumerate the value of the function at these finitely many points and
find out the actual maximum or minimum.

(ii) In general, an extremum problem may not have any solutions and LMM does not
address itself to the existence aspect at all. A result of Weierstrass, which says that a
continuous function attains its extrema on a closed and bounded subset of a euclidean
space, comes in handy in many situations, to ensure the existence. So, it is good if we
have the constraint space as a closed and a bounded subset.

(iii) In some situations even if the constraint space is unbounded we can guarantee the
existence of the extrema. For instance, suppose we know that the function tends to
+00 as ||z|| — +oo. Then this function will attain its minimum. (You may recall
that this fact has been used in an elementary “canonical” proof of the Fundamental
Theorem of Algebra. See for example [Sh2].)

(iv) The condition that Vg; are independent ensures that the constraint space is a smooth
submanifold of the Euclidean space with its tangent space orthogonal to the gradient
lines of the constraint function. (See Chapter 3 for more details.) In general, a con-
straint space may not be smooth all over and may have corners, e.g., it may be a cube
or a polyhedron. Even in such cases the method can be employed for local extrema
away from such corner points. At the corners, however, you will have to use further
analysis of the situation.

(v) The condition that Vg; are independent is not always necessary. However, in the
absence of this condition, weird things can happen. From a certain advanced point of
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view, this happens to be the more interesting case as it allows the study of singularities
and degeneracies. In order to have the full force of LMM, it is necessary that we
formulate the problem in the projective space of multipliers. Take f = gy and put
L= Zf:o Aigi in (1.61). We are now looking at the projective class of multipliers
Ao, ..., Ax] € PE~1. [Two multipliers (A1,...,\x) and (A},...,\}) are in the same
class if and only if there exists a nonzero real number s such that (A,...,A\x) =
s(A],...,AL). The extra condition that we put on multipliers is that they are not
identically zero i.e., at least one A; # 0. For more details about the projective space,
see Sections 5.1 and 5.2.] Thus, Theorem 1.5.1 takes the form:

Theorem 1.5.2 The extrema of the function gy on the constraint space G are contained
in the set of solutions of (1.61), where L = Zf:o Aigi-

Equation (1.64) says that the vector (Vf)p = (Vgo)p belongs to the linear span of
{(Vg1)p,-..,(Vgr)p}. This condition is now replaced by saying that the set of vectors,
{(Vgo)p,..-,(Vgr)p} is linearly dependent. Then the case that we have discussed in The-
orem 1.5.1 corresponds to the restricted classes in which Ay # 0. The advantage in the new
formulation is that we need not put the additional hypothesis that {(Vg1)p,...,(Vgr)p}
are linearly independent. Geometrically, this amounts to allowing the constraint space to
have singularities. We shall not go into more details here and be content with just discussing
how this helps us to resolve the difficulty that we faced in Example 1.5.1.

Setting £ = Aoz + A1 (y? — 22) with the only restriction that (Mg, A1) # (0,0), we then
obtain A9 —3A122 = 2\1y = y? — 23 = 0. This then allows the solution Ay = 0 together with
(xz,y) = (0,0) as a probable solution, which we know happens to be the actual solution!

We can modify the above problem by taking f(z,y, z) = =+ z, and the constraint space
to be g(z,y, 2) = y* — 23 = 0. Then we get

L= )\0(1'-‘1-2) +)‘1(y2 - IS)’ ()‘0’)‘1) 7£ (070)

This yields that the probable solutions are inside 0 x 0 x R. Since obviously, f(0,0,z) = z
does not have any extremum values for z € R, it follows that f(z,y,z) = z + z has no
extremum values on the constraint space.

Example 1.5.2 Physical interpretation of grad:
Consider any linear function ¢ : R” — R, ¢(x) = >, oz, and the problem of finding
its maxima on the unit sphere S”~!. The Lagrange multiplier function in this case is

iaixi - A (i:wzz — 1)
i=1 =1

which leads to the solution that

=t i=1,2,....n. (1.65)

sz‘azz,

Let us now apply this to a specific case where ¢ = Dfg, and f : U — R is a smooth
function in a neighborhood U of 0 € R™. To each v € S"~! we can consider the path
(—e€,€) — U given by t — tv and look at the function ¢t — f(¢v). The derivative of this map
at 0 is nothing but D fo(v). Now D fo(x) = >, aa_aixi' Therefore, from (1.65), it follows that
the extrema of the function

v = Dfo(v)

occur at i”—gfL”. Thus, V f is the direction in which the increment in f is the maximum.
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Figure 3 The hill is steepest in the direction of V f.

The figure shows the graph of f, for n = 2. At any point on the graph, the increment in
f is maximum in the direction of the vector V f.

Example 1.5.3 Let z,y, 2z be nonnegative real numbers subject to the condition
z+y+ z=1. Find the maximum value of f(z,y,z) = zy + yz + za — 2zyz.

Observe that part of the constraint (viz., nonnegativity) is given by a number of inequal-
ities. We shall ignore this part in the beginning and consider them only at a later stage. The
other part of constraint is given by a linear equation. So, it seems easier to eliminate one of
the variables and treat the problem with two variables only and without any constraint. I
leave it to you to work out this problem in this method and see which one is actually easier.
We shall carry out the LMM below.

Thus, here L(z,y,2,\) = 2y + yz + zx — 22yz — Mz +y + z — 1). Putting VL = 0, we
obtain

r+y+z2z2—1=0

and
y+z—2yz=x+z—2xz=x+y—2zy = A\

This means (y — z)(1 — 2z) = 0, etc., and yields the following:

y = x or z = 1/2
z =y or xz = 1/2
= z or y = 1/2.

Observe that if none of x, y, z is equal to 1/2 then x = y = z = 1/3 and f(x,y, z) = 7/27.
So, consider the case when z = 1/2. Then z = y and f(z,y,1/2) = (v +vy)/2=1/4 < 7/27.
By symmetry, this is the case with = 1/2 as well as with y = 1/2.

One should remember that the above set of solutions gives all possible local extrema, in
the interior of the region under consideration. Since a global extrema which is in the interior
of the constraint domain has to be among these, but not those which are on the boundary
of the constraint domain, we should keep in mind to look at the boundary also separately.

So, let us look at one of the boundary pieces say given by z = 0. This is the same as
adding another constraint to the above situation. Therefore, we may simply consider

E(x,y,z,A) = f('ray72) - )\1(.73 +y+z— 1) — A2z
But, in this case, we see that plugging simply z = 0 in the given problem makes it easier to
handle. We get
‘C’('TayvA) =Y — A(l‘ +y— 1)

Putting VL = 0 we get y = @ = A = 1/2. Hence, f(1/2,1/2,0) = 1/4 < 7/27. Other
constraints such as z = 0, or y = 0 yield the same result because of the symmetry. The
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problem is not over yet. We have to consider the boundary constraints two at a time, say
y =z = 0. But then f(z,0,0) =0 < 7/27.

Therefore, the maximum value is 7/27. Incidentally we have also found out that mini-
mum value is 0.

Thus, we have proved an inequality:

7
0§xy+yz+zx—2xyz§2—7

whenever z,y,z >0and z+y+ 2 = 1.

Example 1.5.4 The Inequality of Arithmetic and Geometric Means:
Given nonnegative real numbers a1, . .., a, show that

a1+a2+"'+an)n

a1a2~~~an§< -

We set S = > ,a; and 2; = a;/S. Then ) . x; = 1, z; > 0 and we must prove that
122+, < (1/n)™. Thus, we have converted the given problem into an extremal problem:

L=mxxo - xp — Na1 + 22+ + 2, — 1).

Putting VL = 0 gives
TIA=ToA = = T A = 2T122 - Tny-

Since we are interested in the maximum of x; - - -z, clearly we can assume that none of x;
is 0. Then A\ # 0 and ©1 = 23 = -+ - = ©,, = 1/n. Therefore the maximum value 1 - - - x,, is
at this point which is equal to (1/n)™ as required.

Example 1.5.5 Inequality of Geometric and Quadratic Means:
Given nonnegative real numbers ay, ..., a, show that

a%-’-.’-a% 1/2
7’” .

(araz---a,)" < <

We set S = (a?+---+a2)/? and z; = a;/S. Then ), 2% = 1. And we have to prove that

(x129 - ~-xn)1/" <+/1/n.

So, we take f(z1,...,2,) = 122 - - - &, and maximize it subject to the constraint ), x? = 1.
As before the maximum is seen to have attained at 1 = 22 = -+- =z, = y/1/n and is

equal to y/1/n.
This has a nice geometric interpretation: Find the box of maximum size inscribed in
a sphere. The above solution tells us that this box is actually a cube and its volume is

1 n/2
(2r)" (—) , where r is the radius of the sphere.
n

Example 1.5.6 Cauchy’s Inequality: For arbitrary real numbers
ai,...,0n,b1,...,b, show that

San< (Z ) " (z b?) "

Put A = />, a?. If all the a; = 0 then the given inequality is obvious. So, we assume
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A # 0. Put 2; = a;/A so that szf = 1. We now fix by,...,b, and put B = />, b2
Observe that we may assume that B # 0. We have to prove that ) . b;z; < B subject to
the constraint >, 27 = 1. Thus,

EZZbi$i—A (ZZL’ZZ—].) .
Equating VL = 0 we get
2)\1’2 :bi,i: 1,2,...,n.

Since some b; # 0, we have A # 0. Therefore, 1 = Y, 27 = B?/4)\?. This means that
A = £B/2. Correspondingly, we have x; = £b;/B. The negative sign corresponds to the
value —B whereas the positive sign gives B. Therefore, we get —B < ). bjz; < B.

1 1
Example 1.5.7 Ho6lder’s Inequality: Fiz real numbers p,q > 1 such that — + — = 1.
P q

Let a;,b; be any nonnegative real numbers. Then

pos () ()

The proof is similar to the above after we set z; = a;/A, where A = (3, a?)'/?, ete.

We shall end this section with an application of Lagrange Multiplier Method to Linear
Algebra:

Theorem 1.5.3 Given any symmetric matriz A € M, (R) there exists an orthogonal matriz
P € O(n) such that P~YAP is a diagonal matriz.

Proof: Check that finding a matrix P as above is the same as finding an orthonormal basis
{v1,...,vyp} for R” consisting of eigenvectors of A.
We start with the function ¢ : R™ \ {0} — R given by

X - Ax

P(x) =

Observe that ¢ is continuous and ¢(ax) = ¢(x) for all real scalars. Thus, ¢(R™\ {0}) =
#(S"1). By Weierstrass’ theorem, ¢|sn—1 attains its maximum and minimum values. And
by the above observation, ¢ attains its extrema on the whole of R™\ {0}, and this will happen
inside the unit sphere. Therefore, we can study the extrema of the function f : S*~! — R,
given by

XX

f(x) =x-Ax)
in place of ¢. As we shall see this simplification of the problem is a very important step
since we have got rid of the denominator in the expression for ¢. Now the idea is clear— an
extremum value of f should give an eigenvalue of A. Indeed we shall soon see that it gives
even the corresponding unit eigenvector.
So we set up

L(x,A) = f(x) — Ax-x.

The extrema of f with the constraint x-x = 1 is to be found among the solutions of VL = 0.
Since D f(x) = 2Ax, it follows that the local extrema are given by the solution of the
equation

Ax = Ax. (1.66)
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Remember that the existence of such a solution x on the unit sphere is guaranteed by
the general consideration that a continuous map has to attain its maximum on a closed and
bounded subset together with the principle that such a maximum is also a local maximum
for all curves passing through the point.

Let such a solution of (1.66) be denoted by v; with the corresponding eigenvalue p.
(Incidentally it may be noted that we have actually found vy corresponding to the maximum
eigenvalue or the minimum eigenvalue.)

Inductively, having found mutually orthogonal vectors vi,..., vy of unit length such
that Av; = u;v;, we now consider the LMM with the data:

fx)=x-Ax; g(x) =x-x=1; gs(x)=v; - x=0, 1 <i<k.

For this we have to set
k
Lx,A) = f(x)+ ) Nigi(x) + Mg(x) — 1)
i=1

and look for points (x, A1, ..., Ay, A) which satisfy V£ = 0. This is the same as saying

k
2Ax =3 AV +2)x. (1.67)
1

Since we are also having the constraints g;(x) = 0 = x - v;, by the symmetry property of
A, it follows that Ax - v; = x+ Av; = x - u;v; = 0, for all 1 < i < k. Plugging in this
information in (1.67) yields that A\; = 0 and Ax = Ax. Thus we have found another (not
necessarily different from the old ones) eigenvalue of A which we shall denote by pgy1. The
corresponding solution of Ax = pr4+1x can now chosen to be a unit vector and denoted by
Vi+1. The proof is completed by induction. ')

Exercise 1.5
1. Examine the map f(z,y,z) = zyz for extremum values on the unit sphere

24y 422 =1,

2. Examine the function 22 4 y? + 22 for extremum values on the surface z = zy + 1.

3. Find the maximum value of 822 4 4yz — 16z + 10 on the ellipsoid

42 + 9?4+ 422 = 16.

4. Consider the space SL(2,R) of 2 x 2 matrices { z Z } over the real numbers and

with determinant ad —bc = 1. Show that the Euclidean distance of SL(2,R) from the
origin, viz., minimum of (a? + b% + ¢* + d2)1/2 is v/2. What about the same problem
if R is replaced by C?

1.6 Differentiability on Subsets of Euclidean Spaces

Given a subset X of some Euclidean space, a function f : X — R and a point z € X, in
order to define the differentiability of f at x, we have insisted that the set X should be a
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neighborhood of x or at least contain a neighborhood of x in R™. Our aim here is to remove
this restriction as far as possible and extend the notion of differentiability of functions.
For instance, X could be a closed interval [a,b] in R and the point may be one of the end
points. Recall then that f is said to be differentiable at a if the “right-hand derivative”
at a exists. Similarly, it is said to be differentiable at b if the “left-hand derivative” exists.
When we consider subsets of R™ for n > 2, such simple-minded modifications would not
be possible. We must remember that any modification/extension of the definition should
conform with the old definition of differentiability when X is a neighborhood of x. Here is
then a reasonably satisfactory answer to this problem.

Definition 1.6.1 Let X ¢ RY and x¢ € X be any point. A function f : X — R is said to
be differentiable (of class C") at X if there exists an open subset U of R such that xo € U
and a function f : U — R, which is differentiable (C™) at x¢ such that f|UmX = f. If fis
differentiable at every point of X then we say f is differentiable on X.

Remark 1.6.1

(i) Clearly, if X itself is open in R, then this new definition of differentiability coincides
with the old one for functions defined on open subsets.

(ii) Now consider the case when f : [a,b] — R. Suppose that we have defined f to be
differentiable at a if the right-hand derivative of f at a exists, viz.,

o flath) = @

= 1-
Jm Y o (1.68)

exists. Clearly, this is implied by the existence of the derivative at a according to Definition
1.6.1. On the other hand, if f satisfies (1.68), consider

(o f f@)-(a-2)a, v<a
f(-f) - { f({E), = [a,b]. (169)

Then f is defined in (—o0,b] and is differentiable at a and f lla,p) = f. Thus, the two
definitions coincide here.

(iii) Also, we now have two different definitions of differentiability of a function defined on
R™ itself, the new definition applied to the case when R" is thought of as a subspace of
R”*! by a coordinate inclusion say,

(1, 2n) — (T1,..., %0, 0). (1.70)

Verify that the two notions coincide.

(iv) Tt follows easily that sums, products, and composites of differentiable functions yield
differentiable functions again—we have only to argue in the same old fashion with extended
functions instead of the given functions.

(v) Observe that we have not defined the derivative of a function that is differentiable in the
new sense on arbitrary subsets. No doubt if the domain of the given function is open then
we can take the derivative to be the same as in the old sense. Can we take the derivative of
f to be that of f at x¢ in general? The trouble with this idea is the choice involved in f and
that there is no guarantee that this derivative can be unique. One of the important aspects
of the notion of manifolds is that it allows us to define the derivative of a differentiable
function on a manifold, in an unambiguous way, as we shall see later. (The exercise 1.6
below will give you some idea about the conditions on the domain for the derivative of any
functions to be defined uniquely.)

Definition 1.6.2 By a diffeomorphism f: X — Y of two subsets of Euclidean spaces we
mean a bijection f such that both f and f~! are smooth. If such a function exists, then we
say X and Y are diffeomorphic. Compare Definition 1.4.3.
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Remark 1.6.2 It is easy to see that “being diffeomorphic” is an equivalence relation. We
remind you that one of the central theme of Differential Topology is to classify objects
up to this equivalence. Observe that any diffeomorphism is a homeomorphism and hence
nonhomeomorphic spaces cannot be diffeomorphic. The converse is far from being true but
examples are not that easy to come by. We shall however establish easily the invariance of
certain topological properties of spaces under diffeomorphisms, the corresponding result for
homeomorphism being more difficult. The very first instance of this is the following result.

Theorem 1.6.1 Invariance of Domain: Let U C R™, V C R™ be nonempty subsets
which are diffeomorphic to each other.

(a) If U and V are both open then m = n.

(b) If m=n and U is open, then V is also open.

Proof: (a) Choose z € U and consider D(f),. Since f is a diffecomorphism, by the chain
rule, it follows that D(f), : R® — R™ is a linear isomorphism. Hence, m = n.

(b) Since U is open the two definitions of differentiability coincide here. By IFT 1.4.2, f is
an open mapping. Therefore, f(U) =V is open. '

Example 1.6.1

1. It is easy to see that any two open balls (closed balls) in R™ are diffeomorphic (use
a translation followed by a scaling). Moreover, all open balls are diffeomorphic to the
whole of R™. To see this consider the map ¢ : B" — R"™ given by

X)= —— > 1.71
b(x) T (1.71)

with its inverse map

Yy

VI+lyl*

2. Consider the function  +— 22 on the unit interval [0, 1]. This is clearly a smooth map
in the new sense, since it is the restriction of a smooth map on the whole of R. Clearly it
is a bijection and hence a homeomorphism. However, observe that the inverse function
x +— +/x is not differentiable at x = 0. Thus, this is not a diffeomorphism. Indeed, it
can be seen that if f : [a,b] — X is a diffeomorphism where, X is any subset of R”,
then D(f) does not vanish at any point of [a,b]. (Exercise: Supply details.)

U(y) = (1.72)

3. The phenomenon that we witnessed in (2) has nothing to do with the boundary. For

instance, consider the map

x — xd,

which is a homeomorphism of R with itself and is a C°° map. However, its inverse is
not differentiable at 0.

Example 1.6.2 Let H™ denote the upper half-space in R,
H" = {(z1,...,2,) €R" : z, >0}.

Let f be a smooth function defined in a neighborhood of 0 € H". Let f;, fo be any two
extensions of f to a (common) neighborhood U of 0 in R™, which are differentiable at 0.

Then
lim fi(h) = fi(0) — D(f;)(0)(h)
]| -0 [h

=0,i=1,2.
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Therefore, for each i = 1,2 we can take the limit, by restricting h to remain inside H".
But, for h € H”, fi(h) = f(h) = fa(h). Hence, it follows that D f1(0) = D f2(0). Thus, the
derivative of f at 0 can be defined unambiguously to be the linear map D f (0) where f is
any differentiable extension of f in a neighborhood of 0.

Example 1.6.3 Let n > 2. Consider the unit sphere S”~! in R™ given by

ST = {(z1,. .., @) Zﬁ =1}.

Let N = (0,...,0,1) denote the “north pole” and U = S"~1\ {N}.

Al

) |

Figure 4 Stereographic projection.

Given any point x € U, there is a unique line Ly passing through x and N and this
line is not parallel to the hyperplane R™~! x {0}. Therefore, Ly intersects R"~1 x {0} in a
unique point. We shall denote it by 7(x). The function n : U — R"~! = R"~! x 0 is called a
stereographic projection. Let us compute this explicitly. The line Ly can be parameterized as
tx+(1—t)N,t € R. We want to find the value of ¢ for which this point belongs to R"~! x 0.
Therefore, we put the last coordinate equal to zero to obtain the equation tx,, +1 —t = 0,
ie,t= ﬁ (Note that x € U implies z,, # 1 and hence this makes sense.) Thus

n(x):( no ”““”—1). (1.73)

11—, 1—2x,

In order to compute the inverse map, we can reverse this geometric argument. Given
any point y € R”~! x 0, the line joining y and N has to meet the sphere in exactly two
points, one of the points being N itself. The other point is clearly n~!(y). Following the
same procedure, we first get the parameterization ty + (1 —¢)N,t € R of the line and then
require that a point of the line to be on the sphere, which yields ¢* Y, y? + (1 —t)? = 1. This
is the same as ¢[t(3", y? + 1) — 2] = 0. The solution ¢ = 0 gives the point N. The solution
t = —2 gives the point ™! (y). Therefore,

T+[lylI?
n—l(y) — < le 2%171 ||yH2 B 1>
Lyl 7 14yl 1+ [y ll?

It follows that both 1 and 7! are smooth and hence 7 is a diffeomorphism. More generally,
we can take any point P € S* ! and consider the “stereographic projection” from that
point onto the hyperplane perpendicular to the vector p.
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Remark 1.6.3

1.

Consider the subset X = [0,1] x {0} U {0} x [0,1]. Tt is easy to see that this is
homeomorphic to the closed interval [—1, 1]. But there is no diffeomorphism between
them! For suppose that f : [—1,1] — X is a homeomorphism with f(p) = (0,0) say.
Then the two half-intervals around p have to be mapped respectively onto horizontal
and vertical segments of X. Suppose f is also smooth. It will then follow that the
left-hand and right-hand derivatives of f at 0 are multiples of e;, es, respectively; by
the smoothness condition, they should be equal and hence both are zero. This means
Df(p) = 0. Therefore, f cannot have a smooth inverse.

I/—\ o -

)
@ ®

Figure 5 Nondiffeomorphic but homeomorphic subspaces.

The above argument can be used to prove that the boundary of a triangle in R? cannot
be diffeomorphic to a circle or the boundary of a square. Of course, it also can be used
to show that a (full) triangle is not diffeomorphic to a disc or a (full) square, whereas
they are all homeomorphic to each other. Thus, in differential topology, we have to
be careful to distinguish between I x I and the unit disc D2. And this is not just a
minor irritation that one can ignore.

Exercise 1.6

1.

Determine the maximal intervals on which these functions are diffeomorphisms:

(a) sin  (b) cos (c) tan (d) V1 —¢2.

Show that for » > 0 and s = sinr, the map (v,t) — (v,sint) is a diffeomorphism
D? — D”. [Hint: Use Theorem 1.2.6.]

Consider the quarter space
Q={(z,y) €eR* x>0, y >0}

and a real valued differentiable function f on it. Show that the derivative of f at 0
can be defined unambiguously, as a linear map R? — R.

Let X € R”, and 0 € X. Suppose vi,vs,...,Vv, are independent vectors such that
the line segments [0,v;] C X, V i. Let f : X — R be differentiable at 0. Show that
D fo is well defined.

Let X be a subset of R?, 0 € X. Let us denote the set of natural numbers by N =
{1,2,...}. Assume that (i, %), (%, %) € X for all n € N where k # =+l are some non
zero real numbers. Suppose f : X — R is a continuously differentiable function and

fEEy=0=f(1, 1) VnecN. Show that D(f)e is well defined and compute it.

n’n n’n

Recall that for a subset A C R™, a point a € R™ is called a cluster point of A (or a limit
point of A) if there is a sequence {a,} of distinct points in A\ {a}, which converges
to a. Assume that there are smooth curves C,...,C,, passing through a such that
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the tangent vectors vy, ..., v, to these curves at a are independent. Further, suppose
that a is a limit point of each C; N A. Show that for any f : A — R, a differentiable
map, D f, is well defined.

7. Show that any two (nondegenerate) triangles in R? are diffeomorphic.

8. A finite subset {po,...,pn} C R™ is said to be affinely independent if the vectors
{p1—po,-..,Pn—po} are independent. (Any singleton set is affinely independent.) By
an n-simplex in R™, we mean the convex hull of any affinely independent subset with
n + 1 points. Show that any two n-simplexes in R™ are diffeomorphic.

9. Show that any two regular n-gons in R? are diffeomorphic to each other.

10. Classify the following list of subsets of R? into diffeomorphism types.
(@ (b) (© (d)

© (h) B

Figure 6 Classify into diffeomorphism types.

1.7 Richness of Smooth Maps

In this section, our aim is to establish the fact that smooth functions are “plenty” in a
very loose sense.* (For a detailed treatment of this topic see [Hi].) Recall one of the most
important C* functions on R :

z e/ (1.74)

which you may have studied as an example of a nonzero smooth function with all its
derivatives at 0 vanishing. (Verify this fact right now, if you have not seen this before.) The
Taylor’s expansion of this function at 0 is identically 0 and yet the function is nonvanishing
except at 0. This and similar other functions become very useful for us and in fact contribute
to the richness of the set of smooth functions.

4The space C([0, 1];R) of all continuous real valued functions on the closed interval [0, 1] can be given
a measure called Wiener measure with respect to which the subset of all continuous functions that are
differentiable even at a single given point is of measure zero. Nevertheless, Theorem 1.7.2 below implies
that under the “sup-norm” topology, the subset of smooth functions is dense in the space of all continuous
functions.
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Figure 7 Patching up smooth maps.

Let us begin with any smooth function f : R — R taking only positive values except at
0 and having all its derivatives 0 at 0, for instance, as in (1.74). We consider the function
g defined by

(J;(f”)’ ’ i gj (1.75)

Then g™ (0) = 0 for all n > 0 and g(z) > 0 for all z. Moreover, g(z) = 0 if and only if
xz <0.

What we have done just now is a typical case of “patching up” of two smooth functions.
Recall that if you have two continuous functions f; and fs that agree at a point x = x,
then we could define another function g, which is f; for z < x¢ and f for x > zy. Of
course, without any further assumptions, the function ¢ is also continuous. However, if f;
were smooth we cannot say immediately that g is also smooth at xy. This would require
that all the derivatives (or at least as many as we are interested in) of f; and fy agree
at xg. The point is that “patching up” two smooth functions is possible and this is the
secret of the richness of smooth maps. It may be recalled that holomorphic functions are
rather too rigid: if two of them agree on a connected set with a limit point then they agree
everywhere. So, one cannot “patch up” two distinct holomorphic functions. Recall that for

any real or complex vector-valued function f defined on a topological space X, the support
of f is defined by

suppf=cl({x € X : f(z)#0}) (1.76)
where cl denotes the closure of a set. The zero set Z(f) of f is defined to be
Z(f)={z € X : f(z) =0},

Clearly supp f = cl(X \ Z(f)).
In this terminology, we have supp g = [0, c0).

Next, we modify g to have compact support. Let now 0 < a < b be real numbers and
define

h(z) = glx — a)g(b — z). (1.77)

Then check that the support of h is precisely [a, b]. Sketch the graph of h and observe
that it has the shape of a camel’s hump.
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N

O a b 0 a b

Figure 8 A camel’s hump and a smooth step.

We now define

L7 h(t) dt
Y (7)) = S 1.78
@)= (1.78)
The function 7 has the following properties:
(i) v(z) =1 for all x < a;
(ii) monotonically decreasing in [a, b];
(iii) and ~y(z) = 0 for all = > b.

We call such a function a smooth unit step-down function. By scaling, shifting, reflecting,
or combining several of these operations on this function, we can get smooth functions with
other geometric properties. For instance, let us illustrate how to use this to get smooth
“bump” functions on R™. Consider

a(x) = y(x[]) (1.79)

The norm function is not smooth at x = 0. However, the composite of this with ~ is a
smooth function all over. [This is another typical tool used in building up smooth functions
out of possible nonsmooth ones. Pay attention to this.] Then o : R® — [0, 1] is a smooth
function which vanishes for ||x|| > b and equals 1 for ||x|| < a. For n = 2, its graph looks
like a nice hill with a football ground at the top!

a2 —b

Figure 9 Hilltop with a football ground.

Remark 1.7.1 It is worth noting that the smooth functions that we construct “depend”
smoothly on the initial data that we choose according to the properties that we want the
functions to have. This is so because of the “algorithmic” nature of the constructions that
we have discussed so far. This fact will be used in a nontrivial way in a later chapter. At
this stage, you are welcome to try the first few exercise at the end of the section, which
emphasize this phenomenon.

Remark 1.7.2 An important technique that allows passage from “local” to “global” in
differential topology, is the so-called “partition of unity”. Though the concept itself can be
studied in a more general setup (of paracompact spaces), we shall restrict ourselves to the
case of subspaces of Euclidean spaces.
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Theorem 1.7.1 Partition of Unity: Let X be any subspace of R™ and {Uy}aeca be an
open covering of X. Then there exists a countable family {6;} of smooth functions with
compact support on R™ such that

(1) 0 < 0j(x) <1, for all j and xz € X;

(ii) for each x € X there exists a neighborhood N, of x in X, such that only finite number
of 0; are nonzero on Ng;

(iii) for each j, (supp@;) N X C Uy, for some ay; and

(iv) >2;0;(z) =1, for all x € X.

Proof: Recall that U, are open in X means that there exist V,, that are open in R™ and
Uo=XNV,. Put W=U,V,. Then X C W and {V,} is an open cover of the open set .
If we prove the theorem, with X replaced by W and {U,} replaced by {V,}, we can then
take the restriction of n; to X to complete the proof of the original statement. So, instead
of changing X to W, etc., we may and will assume that X itself is an open set in R"™.

We now use the fact that every open set in R™ is the increasing union of a countable
family of open sets whose closure is compact. There are different ways to see this; here is
one such way: For positive integer i, take

Ki={xeX : x| <i&dx R"\ X)>1/i}.

Check that
X = UZK“ K; C fz C KiJrl C fi+1~

Here K denotes the closure of a subset K in R™. Also, each K; being closed and bounded,
is compact. We set K_1 = Ky = ) for the sake of inductive steps that follow.

Figure 10 Nested union of compact sets.

1
For any ball B in R™, let us agree to denote by §B, the ball with half the radius and

the same center. Let now B be the collection of all balls in R™ each of which is contained
in some member of {U,}. Among these balls, for each 7 > 1, there will be finitely many By,

_ 1 _
not intersecting K;_o and such that their halves = By, will cover the compact set K; \ K;_1.

Together, let us index all these balls by {B;}. (Strictly speaking we should use double
indices like B;; but we avoid this for simplicity.) Clearly, the family {B;} is an open cover
for X.

Now, a crucial fact is that the family {B;} is locally finite on X, i.e., for each z € X, we
can find a neighborhood N, of  such that only finitely many of {B;} intersect N.

To see this, suppose = € K;. Then take N, = K. Clearly, N, does not meet any of the
balls chosen after the stage 7 + 2.
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For each j, choose some smooth bump function n; : R® — [0, 1] with its support equal
to B; and which equals 1 on 1 B;. One can verify straight away that (i)-(iii) are all satisfied
by n; in place of ;. In particular, 1 := Zj 7; makes sense and gives a smooth function on
7 : X — [0,00). Moreover, for each z € X, since x belongs to at least one of the half balls
1B, it follows that 7;(z) = 1 and hence n(z) > 1. Hence, for each j,

N
0, == (1.80)

T
makes sense on X and defines a smooth map 6; : X — [0, 1]. Since each 6; vanishes outside
the ball B;, we can extend it by zero on all of R™\ B; to obtain smooth maps 6; : R” — [0, 1].
Verify that all the properties required by {0} are satisfied. ®

Remark 1.7.3

(i) The partition of unity is going to be extremely useful for us. Here, we shall give two
immediate corollaries. The first one already tells you that there are enough smooth functions
to separate disjoint closed subsets in R™.

(ii) The family {6;} may fail to be locally finite at all points of R™, viz., at the boundary
points of the set X. Because of this, the function n may fail to make sense at these points.
Our next corollary is an illustration of how the partition of unity can be combined with
other tools in analysis such as taking convergent series to define smooth maps with other
properties.

Corollary 1.7.1 Smooth Urysohn’s Lemma: Let Fy, Fi be any two disjoint closed
subsets of R™. Then there exists a smooth function f : R™ — [0, 1] such that f(x) = 0 for
all x € Fy and f(x) = 1 for all z € Fy. If F} is compact then we can choose f to have
compact support also.

Proof: Consider the open covering {R™ \ Fy, R™ \ F1} of R” and apply the above theorem
to get a partition of unity {#;} subordinate to this cover. (This just means that the family
satisfies the conditions (i)—(iv) of the above theorem with X replaced by R™.) Define

A={j : supp 0, N Fy #0}; f(z) ::Z(‘)j.

jeA

Then by condition (iii), f makes sense and is smooth. For j € A, we have supp 0; C X \ Fo,
which means that 6;(Fy) = {0}. Therefore, f(Fy) = {0}. On the other hand, given any
point z € F since ), 0;(z) = 1 and if 0;(z) # 0 then j € A, it follows that f(z) = 1. If
F} is compact, then there will be a finite open cover {U, ..., U} of Fy such that each U;
intersects only finitely many members of {supp 6;}52,. Therefore, it follows that the set A
is finite. In particular, being a finite sum of functions with compact support f itself has
compact support. ®

Corollary 1.7.2 A subset C of R™ is closed if and only if it is the precise zero set of a
smooth function f:R"™ — R.

Proof: Since the zero set of any continuous real valued function is closed, we have only to
prove the “only if” part here.
Given an n-tuple of nonnegative integers a = (a1, ..., ap), let |a| = >, a; and let D
denote the partial derivative "
a «

DO{ ==
[0 (03
Dz - 0o
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Let X = R\ C, with the open cover {X}, in the above theorem and let {6;} be the
partition of unity obtained therein. Let ¢, = sup{|D*(0,)| : |a| < r}. Since each 6, is a
smooth function with compact support, ¢, is a finite quantity. Choose ¢, > 0 such that
>, €rcr < oco. Now consider f = > °7, €.0,. This sum is not necessarily locally finite.
However, it is convergent. Indeed, observe that for any fixed «, the series Zr2|a\ €-Cr 1S A
majorant series for Zrz\cq D“(€,0,). By the majorant criterion, the series ) D%(e,.0,) is
uniformly convergent for each multi-index «. It follows that f is a smooth function on R™.
If x € X, then since some 0, (x) # 0, it follows that f(x) # 0. On the other hand, if z € C
then 6,(x) = 0 for all » and hence the sum, f(z) = 0. [ )
We shall end this section with the following approximation theorem.

Theorem 1.7.2 Approximation Theorem: Let C be a closed subset of an open set U in
R™ and f : U — R™ be a continuous map that is smooth restricted to C. Given a continuous
function € : U — (0,00), there exists a smooth function g : U — R™ such that

g)=f(y), YyeC and ||f(y) — gyl <ely), VyeU. (1.81)

Proof: By the smooth version of the Tietze Extension Theorem (see Exercise 10 below),
there exists a smooth function h : U — R™ such that h = f on C. Since € is a continuous
positive function, for each x € U, we can choose a neighborhood U, of x in U so that
€' () =inf{e(y) : y € Uy} > 0. By the continuity of f and h, for each x € C, there exists
a neighborhood V,, C U, of x such that

1f () = hy)ll < €'(z) < e(y), y € Ve

Also by continuity of f for each x € U\ C, there exists neighborhood V,, C U, of x in U\ C
such that

1f(z) = fW)ll < €'(x) <e(y), y€Va

Let us put gx(y) = h(y),y € U for all z € C and g¢,(y) = f(x),y € U (the constant map)
forallz e U\ C.

Let {\;} be a smooth partition of unity on U subordinate to the open cover {V;},ecu.
Suppose that supp A; C V. Define g = Zj Ajge,;- Then clearly g is a smooth function on
U and if y € C then

ZA )92, (W) =D A W)h(y) = f(y)-

Finally for y € U we have,

I76) =50l = I X))~ ge, 0
< ZA W) =90,
< Z_Aj<y>e<y>:e<y>,
which completes the proof. J o

Remark 1.7.4 You may have learned in your real analysis course that any continuous map
f: K — R on a compact subset K of R™ can be approximated by a polynomial function
(Weierstrass’ approximation theorem). The above result is clearly a big generalization of
this result in a sense, though you cannot deduce Weierstrass’ approximation theorem from
it. Also, when K is noncompact, you cannot hope to get polynomials to approximate a
given continuous function.
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Exercise 1.7

1.

10.

Fix a < b € R. Show that there exists a smooth function ¢ : R x R x R — R such that
for each fixed (o, 8) € R x R, the map ¢4 5 : R — R given by ¢q 5(t) = ¢(a, 5,t) has
the properties:

(i) dap(t) =, t <a, Pap(t) =0, t > 0;

(ii) ¢q,p is monotonic.

. Fix M >e>0.

(a) Show that there is smooth map g : [0, M] x [0,1] — [0, M] such that for each
« € [0, M], the map defined by g,(t) = g(a,t) has the properties:

(1) ga( ) = a near 0 and g, (¢) is some positive constant near 1;

(ii) fo Jo(t)dt < e.

(b) Deduce that there is a smooth map h : [0, M] x [0, M] x [0,1] — [0, M] such that
(1) ( ,03,t) = a near 0 and h(a, §,t) = B near 1 for each fixed (o, 3);

(ii) fo (o, B, t)dt < e.

Fix M > 0. Show that there is a smooth map f : (0, M] x (0, M] x [0,1] — [0, 1] such
that for each (v, 8) € (0, M] x (0, M], the map fqo 5 : [0,1] — [0, 1] has the properties:
(i) fa,8(0) =0, fa,(1) =1

(ii) fp 5(t) = a near 0, f} 5(t) = S near 1;

(iii) f is strictly increasing.

Construct a C* function f : [—1,1] — R such that the zero set of f is equal to the
1

closure of ({— : n # 0 is an integer }) .
n

Give an example of a smooth function f: R — R such that
supp f = [0,1] and |f'(z)] < 1 for all .

Let —co<a<f<ooand —co<y<d<ooandlet a=ag <a; < - <aggsr1 =0
and v = ¢p < ¢1 < -+ < cop+1 = 6. Given order preserving diffeomorphisms ¢; :
[a2i—1,a2;] — [cai—1,c2i],7 = 1,...,k, construct a diffeomorphism % : [, 5] — [7, ]
such that Y|, _, ,as) = ¢iy% = 1,2,..., k. If any one of the ¢; is given only on the
open interval, does the conclusion hold?

Given a < ¢ < b, show that there exists a smooth function f : [a,b] — R such that f
b

vanishes near a and b and is a constant near ¢ and such that / flx)dz = 1.

Given 0 < a < b € R, find a smooth function f : R — R such that
(i) near 0, f = a;

(ii) near b, f = 0; and

(i) =1 < f'(x) <0, for 0 <z <b.

Prove or read from a point set topology book the following simpler version of Wall-
man’s theorem: Let K C R™ x {0} be a compact set, and U be an open subset of
R"*! containing K. Then there exists ¢ > 0 and an open subset V of R™ such that
K CV x(—ee) CU.

Smooth Tietze Extension Theorem: Let C' be any closed subset of R" and f :
C — R be any smooth map. Then there exists a smooth function f : R"™ — R such
that flc = f



11.

12.
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Let f: U — R be a smooth function that vanishes in a neighborhood of p € U, where
U is an open subset of R™. Show that there exists a smooth function A : U — R, that
vanishes in a neighborhood of p and satisfies f = Af on U.

By a smooth homotopy, we mean a smooth map H : X x R — Y. Put h(z) = h(x,t).
Two smooth maps f,g: X — Y are said to be smoothly homotopic if there exists a
smooth homotopy H such that h; = f, H; = g for some s,t € R. Show that being
smoothly homotopic is an equivalence relation on the set of smooth maps from X to
Y.

Miscellaneous Exercises for Chapter 1

Given a C* function f : R — R such that f(1/n) = 0 for all positive integers n, can
you determine the values of f(0), f'(0), f”(0),---?

An example of Weierstrass’ function (due to McCarthy):® A continuous func-
tion f : R — R which is nowhere differentiable is called a Weierstrass’ function
because he was the first one to discover such functions. (This should not be confused
with the Weierstrass’ pee-function p.) Here is an easy example: Define

14, if -2<2<0;
glx)=¢ 1—ux, it 0<a <2
g(x —4n), if —2<x—4n <2, for some integer n # 0.

Observe that g is a periodic function with period 4. Put gi(z) = g(22kx) and f(z) =
>0 gr(x)/2%. Show that f is a Weierstrass’ function. [Hint: to show that f is not
differentiable at x, consider the sequence {x + 2*2)6} or {x — 2*2)6} depending upon
whether mod 2 you have 0 <z <lorl <z <2]

Examine the following functions for continuity at (0,0). The expressions below give
the value of the function at (z,y) # (0,0). At (0,0) you are free to take any value you
like.

: 2 2 _ .2
) g (i) s (i) oy
sin?(z + y)

(i) [lle] = Iyl = I = Iyl (V) e

Suppose f,g : R — R are continuous functions. Show that each of the following
functions on R? are continuous.

(i) (z,y) = f(@) +9(): () (z,y) — f@)9(y);

(ili) (2,y) = maz{f(z),9(y)}; (iv) (z,y) — min{f(z),9(y)}.

If f, g are differentiable, are all the above functions differentiable?

Deduce from the above exercise that every polynomial function in two variables is
continuous (smooth). Can you generalize this?

5 Amer. Math. Monthly Vol. LX No. 10 Dec. 1953.
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Examine each of the following functions for continuity.

i .T2 2
(i)f(x,y)—{oylv +h v7o

y=0.
1 .1
xsm;—l—ysm;, x # 0,y # 0;
(i) g(x,y) = { @sing, z# 0,y =0;
ysing, $:07y7£0a
0, z=0,y=0.

Let f : B-(0) — R be some function where B,(0) is the open ball of radius r and
center 0 in R?. Assume that the two limits

lim f(z,y);  lim f(z,y) (1.82)
x—0 y—0

exist for all sufficiently small y and for all sufficiently small x, respectively. Assume
further that the limit lim : f(x,y) =1 also exists. Then show that the iterated
0

z,y)—(0,
limits

lim[lim f(z,y)], lim[lim f(z,y)] (1.83)
y—0z—0 z—0y—0

both exist and are equal to [.

Put f(x,y) = i—;z, for (x,y) # (0,0). Show that the two iterated limits (1.83) exist

but are not equal. Conclude that the limit ( %un( : f(z,y) does not exist.
z,y)—(0,0

w2y?
Put = = —
both exist. Compute them. Show that the lim(z,y)ﬁ(o’o) f(z,y) does not exist.

(z,y) # (0,0). Show that the iterated limits (1.83)

Express the definition of  lim  f(z,y) in terms of polar coordinates and analyze

(z,y)—(0,0)
it for the following functions:
3 — xy? || + |y
. _ . .o , — t —1 ;
0 fo) = 520 (@) o) = v (1)
2

(iii) h(r,y) = 52—

z? + y?

Consider the function

.’53
fay =, Zrp @700

0, (z,y) = (0,0).

(a) Show that f is continuous and all the directional derivatives f exist and are
bounded all over R2.

(b) For any C! curve g : R — R? (i.e., continuously differentiable and g’ # 0) show
that fog is a C!'- mapping. [Hint: Use the Taylor expansion for g at points ¢t € R such
that g(t) = (0,0).]

(c) Yet, f is not differentiable at (0,0). [Hint: Use polar coordinates.]

Compute D(7) at the point —Id, where 7(A) = AA" as in (1.43).
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14.

15.

16.
17.

18.
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For a fixed A € GL(n;R), and consider the map x(B) = ABA~!. Compute D(k).

Derive the Liebnitz rule for differentiation of the product fg of two differentiable,
matrix-valued functions f: X — M(p x ¢;R) and g : X — M(q x m;R), where X is
any open set of R™.

Consider 1 : GL(n;R) — GL(n;R) given by n(A) = A~!. Show that 7 is a C** map
and compute D(n) at Id.

Compute the derivative of A — A? where A € M(n;R).

Recall that a map f : C — C is holomorphic if f = u + w, where u,v : R2 — R
are smooth functions satisfying Cauchy-Riemann equations. Let f be holomorphic.
Suppose g : C — R is a smooth map. Show that

V(g0 f)(z) = If'(2)PV(9)(f(2))
Deduce that if ¢ is harmonic then g o f is harmonic.
For a > 0, consider the function f: R x R — R given by f(r,s) = (a — rs)(r + s)°.

(a) Discuss the extremum values of f.
(b) Deduce that (2cosf — rs)(r + s)? < 2+ 2cosb, for all 7,5 € [0,1] and 6 € R.
(c) Deduce that for complex numbers z;, j = 1,2 of modulus < 1,

21 — 22

leal = Jal] < | £

< [z1| + |22

[Hint: Use Cosine Rule: |z + w|? = |2]? + |w|? + 2R (zw).]

Given a homeomorphism f : S"~! — S"~! the cone over f, C(f) : D* — D" is
defined by C(f)[v,r] = [f(Vv),r], in the notation introduced in Remark 1.2.7.

(a) Show C(f) is a homeomorphism of D™ to itself.

(b) If f is a diffeomorphism, can you say that C(f) is a diffeomorphism?

(¢) Can you give sufficient conditions on f under which this holds?

(d) Can you characterize all diffeomorphisms f : S*=1 — S"~! such that C(f) is a
diffeomorphism?






Chapter 2

Integral Calculus

2.1  Multivariable Integration ......... ... i 49
2.2 Sard’s TheorTeImn .. ... 54
2.3 Exterior AIgebra ... ... 57
2.4 Differential FOrms .. ... 63
2.5 Exterior Differentiation ............o.oiiii i e 66
2.6 Integration on Singular Chains ... 69
2.7 Miscellaneous Exercises for Chapter 2 ....... ... i 75

As in Chapter 1, we shall assume that the reader is familiar with line integrals, surface
integrals, the standard results such as the Green theorem and the Stokes’ theorem for
surfaces in R?. In Section 2.1, we shall begin with recalling some important results from the
integral calculus of several variables. We introduce the notion of measure zero sets, with
the restricted aim of formulating a very important result about the largeness of the set of
regular values of a smooth function. This result goes under the name Sard’s theorem and
is dealt with in Section 2.2. With the aim of generalizing the integration theory, we then
develop the necessary algebraic preliminaries of differential forms in Sections 2.3, 2.4, and
2.5. In Section 2.6, integration on singular chains is introduced and a generalization of the
Stokes’ theorem is proved.

2.1 Multivariable Integration

In this section, we begin with a quick review of the Riemann integration theory for
several variables, basic properties of measure-zero sets, and present the “change of variable
formula” for integration.

Definition 2.1.1 By a boz B in R™ we mean a product of intervals
B = I}, [a;, bi] (2.1)
The volume of the box B is defined to be u(B) := II(b; — a;).

Definition 2.1.2 Let A C R™. We say A has measure zero in R™ if for every € > 0, there
exists a countable cover {By,..., By,...} of A by boxes such that >, u(B;) <e.

Remark 2.1.1

(a) If B C A C R™ then A has measure zero in R™ implies so has B.

(b) Any countable subset of R™ has measure zero. More generally, a countable union of
measure zero sets has measure zero.

(¢) In Definition 2.1.2, we can use open boxes instead of closed ones. We can even use closed
balls or open balls instead of rectangles. All these give the same notion of measure zero.
(d) If A is a compact subset of measure zero, then for every € > 0, there exists a finite cover
of A by closed boxes {By, ..., By} such that ), u(B;) < e.

(e) For any finite cover of [a, b] by closed intervals [a;, b;], we have ), (b; —a;) > b—a. Thus,

49
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we are happy that the interval [a, b] for a < b is not of measure zero in R.
(f) The following lemma tells you that being “measure zero” is a kind of local property of
sets.

Lemma 2.1.1 A C R” is of measure zero in R™ iff ANU is of measure zero for every open
subset in R™.

Proof: Cover A by a family of open sets in R™. Then by the Lindeloff property! for subsets
of R™, there exists a countable subcover {U;} for A. Now each AN U, is of measure zero
and hence for each € > 0, there is a countable cover of A N U; such that the total measure
is < 57. The collection of all these open sets forms a cover for A with the property that the
total measure is < ), 57 = €. The converse is obvious from Remark 2.1.1(a). [ )
Definition 2.1.3 By a partition P of an interval [a,b], we mean a finite set of points
a =1 <t < -+ <t, = b By a partition of a box B as in (2.1), we mean an n-
tuple P = (Py,..., P,) where P; is a partition of [a;, b;]. The boxes T} [t (i), t ()], Where
[ta(i)s ta(i)+1] is a sub-interval occurring in P; are called subboxes of the partition P. If each
subbox of a partition @ is contained is some subbox of a partition P, then we say Q is a

refinement of P.

Definition 2.1.4 Now consider a bounded function f : B — R and let P be a partition of
the box B. For each subbox S of P put

mg(f) =inf{f(z) : €S} Ms(f) =sup{f(z) : v €S}
The lower sum and the upper sum of f with respect to P are defined by:

L(f,P):=>_ ms(Hu(S); U, P):=Y Ms(f)u(S),
S S

where the summations are taken over all subboxes belonging to the partition P.

Remark 2.1.2
(a) If @ is a refinement of P then

L(f,P) < L(f,Q); U(f,Q) <U(f,P).

(b) Given any two partitions P, P’ of B, there exists a partition ) of B, which is a refinement
of both P, P'.
(c) For any two partitions P, P’ of B, we have L(f, P) < U(f, P’).
(d) Let now
L(f) := sup{L(f,P) : P is a partition of B}

and
U(f):=inf{U(f,P) : P is a partition of B}.

Then L(f) < U(f).

Definition 2.1.5 Let f: B — R be a bounded function. We say f is (Riemann) integrable
on B if L(f) = U(f). In this case, we put

Lf:Mﬁ=Wﬁ

and call this the integral of f over B.

IThat is, every open cover has a countable subcover. Every second countable space has the Lindel6ff
property. In particular, every subspace of a Euclidean space has the Lindeloff property.
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Remark 2.1.3

(a) The condition in the above definition is equivalent to say that for every e¢ > 0, there
exists a partition P of B such that U(f, P) — L(f, P) < e.

(b) For the constant function f = ¢, [, ¢ = cu(B).

(c) As a typical example of a bounded function that is not integrable, take f(x1,...,z,) =0
if 1 is rational and = 1 if z is irrational.

(d) If f, g are integrable then for any scalars «, 3, af + (g is integrable and

/Baf+ﬁg:a/3f+ﬂ/39.

(e) If f and g are integrable then so is fg.
(f) Given any continuous function f on a closed box B, it is not hard to see that f is
integrable on B. However, we need a result which a bit stronger than this, viz., a bounded
function f on a (bounded) box is integrable iff the set of points where f is discontinuous is
of measure zero. This is indeed a deep theorem due to Lebesgue. Toward a quick proof of
this, let us introduce the following notion:

Definition 2.1.6 Let X C R”, and f : X — R be a bounded function. For each x € X
and r > 0, introduce the notation:

M(z,r) =sup{f(y) : y€ B(x)NX}; mlx,r)=inf{f(y) : y € Br(x)NX}.

Note that M (x,r) is a decreasing function of r and m(z,r) is an increasing function of r.
We define the oscillation of f at x to be the quantity

O(f, ) 1= lim(M(z, )  m(z,r)).

Remark 2.1.4 (a) For any bounded function, the oscillation O(f, z) is a nonnegative upper
semi-continuous function: the nonnegativity follows from the fact that M (z,r) > m(z, ).
“Upper semi-continuity” means that B, :== {x € B : O(f,x) < €} is an open subset of B
for all € > 0. To see this, suppose z € B.. By definition of O(f, x), there exists r > 0 such
that M(x,r") —m(x,r’) < eforall0 <+’ <r. Let y € B.(z). Then for 0 < s <r— |z —y|,
Bs(y) C By(z) and hence M(y,s) — m(y,s) < M(x,r) — m(z,r) < e. This implies that
Bs(y) N B C B..

(b) A bounded function f is continuous at a point x iff O(f,z) = 0.

Theorem 2.1.1 (Lebesgue) A bounded function f : B — R is (Riemann) integrable iff
the set of points Z at which it is discontinuous is of measure zero. In particular, every
continuous function is integrable.

Proof: Suppose Z is of measure zero. Given ¢ > 0 by the above remark, first of all we
have B¢ := B\ B. = {z € B : O(f,x) > ¢} is a closed subset B and hence is compact.
Also B¢ C Z and hence is of measure 0. Therefore there exist finitely many closed boxes
By, ..., By, whose interiors cover B¢ and such that ) . u(B;) < e. By Lebesgue covering
lemma, it follows that we can find a partition P of B such that each subbox S of this
partition is
(1) either contained in of the B;
(2) or is contained in B.. Accordingly, let us denote the set of all subboxes S of P satisfying
(1) by Py and (2) by P3 so that P = P; U Ps.

Let |f(z)] < M for all z € B for some M > 0. Then Mg(f) — ms(f) < 2M for all
S € P. Therefore

> (Ms(f) = ms(F)u(S) <2M Y- u(S) <2M Y p(By) < 2Me.

SepP; SepP,
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Now let S € P». Then for every x € S we have O(f,z) < €. Therefore, there exists r > 0
such that M (z,r) — m(z,r) < e. By compactness of S, this means that we can partition S
so that on each subbox S’ of this partition, we have Mg/ (f) — mg/(f) < e.

Let P’ be the partition of B which is a refinement of P and when restricted to each
S € P, refines the above partition on S. Then

U(f,P)=L(f,P) = > (Ms(f)—ms(f)u(s)
S'€P]UP}
< Y (Ms(f) =ms(MuS) + Y (Msi(f) —ms ()l
Sep S'eSeP;]
< 2Me+e Z w(S) < e(2M + p(B)).
S€EP;

Since € > 0 is arbitrary, this proves that f is integrable.
To prove the converse, note that Z = U, B'/" and hence it is enough to prove that B/"
is of measure zero for each n. Given € > 0 let P be a partition of B such that

U(f,P)*L(f,P)<E/TL

Let P’ be the set of all those boxes in P which intersect BY/™. Then BY/"™ C Ugep/S and
for S € P', we have Mg(f) — ms(f) > 1/n. Therefore

ST ulS) < n S (Ms(f) - ms(F)u(S)

SeP’ Sep’

< 0 (Ms(f) =ms(N)n(S) = n(U(f, P) = L(f, ') <.
seP
This shows that u(B/™) = 0 and completes the proof of the theorem. [ )
Remark 2.1.5

(a) Given any subset A of R™, recall that the boundary of A is defined by 64 = A\ int(A)
where A is the closure of A in R” and intA denotes its interior in R”.

(b) Recall that the characteristic function x4 of a subset of a space X is defined to by
xa(x) =1ifx € Aand =0 if x & A. Tt follows that y4 is discontinuous precisely at its
boundary points x € §A. Therefore, for any closed box B, xa|p is integrable over B iff
BN J§A is of measure zero.

(¢c) Given a bounded function f on a bounded set A, choose a closed box B such that A C B.
If xaf is integrable over B then we put

/Af:=/Bfo-

(For this to make sense, we have to verify that the right-hand side (RHS) is independent of
the choice of B.)
(d) For a bounded subset A C R™ with JA having measure zero, we set

pa) = [ 1= [

the integral of the constant function 1; pu,(A) is called the n-dimensional volume of A.
(e) For any t € R, R"~! x {t} C R" has its n-dimensional volume equal to zero. So is the
case with any subset of R"~! x {t}.
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Theorem 2.1.2 Fubini’s Theorem: Let A C R", B C R™ be rectangles, f : A x B — R
be an integrable function. For each x € A, let f, : B — R be defined by f.(y) = f(z,y).
Then the lower and upper sum functions L : © — L(fz), U :x w— U(fy) are integrable

functions on A and we have
/ f:/L:/U. (2.2)
AxB A A

In particular, if f, is integrable for all x € A then we have

/AXBfZ/A</B f(w,y)dy> da. (2.3)
Remark 2.1.6

(a) The RHS of (2.3) is an iterated integral. That is the reason why we call even the RHS
of (2.2) also as an iterated integral for f.

(b) Of course we can interchange A and B and get another valid statement. The change
of order of integration in an iterated integral is a very useful tool that is available if f is
continuous.

(c) Thus, for all continuous functions f on any rectangle, the integral can be evaluated by
integrating the function with respect to one variable at a time and in whichever order we
may prefer.

Theorem 2.1.3 Change of Variable Formula:
Let f : U — V be a diffeomorphism of open subsets in R™. Then for any continuous
function « on V, with compact support, we have

[ a= [ o plaet @ (2.4)

Proof: Consider the case when n = 1. Without loss of generality, we may assume that U
and V are closed intervals, say U = [a,b] and V = [¢, d]. Formula (2.4) can be rewritten as:

Amazﬁwmoﬁf- (2.5)

Suppose that f is strictly increasing. Then we know from the calculus of 1-variable that

d b
/a@wz/aumvaw (2.6)

Since f’(x) > 0 this formula is the same as (2.5). On the other hand, if f is strictly
decreasing, then ¢ = f(a) > f(b) = d and hence

d O] f(a)
a(y)dy = a(f(@)f'(z)de = a(f(@)|f (x)] dz .
| ewas=[ Cotsns@an= [ Cag@ire) @)

(a) £()

which is again the same as (2.4). (In the integration theory that we have developed here, we
have ignored the orientations on subsets of R™. That is the reason why we need to introduce
a correction factor of taking modulus of the determinant of D f. Later in Chapter 4, we shall
restore the orientation factor as a necessity, in order to develop the theory of integration on
manifolds.)

Combining this with Fubini’s theorem, it follows that (2.4) holds when f is a primitive
mapping (see (1.56)).
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Also, we easily check that (2.4) is valid if f is a permutation of variables.

Now we claim that if (2.4) holds for f : U — V and ¢g : V. — W then it holds for
go f:U — W. This is verified in a routine way, using the chain rule for differentiation (see
(1.36)).

Now by the Primitive Mapping Theorem 1.4.7 for each x € U, there exists a neigh-
bourhood W, on which f can be expressed as a composite of primitive mappings and a
permutation. Therefore, (2.4) is valid for all @ having its support inside f(W,) for some
xz € U. Let {6;} be a smooth partition of unity subordinate to the cover {f(W,)}zcv} of
V. Then (2.4) is applicable to each 6« and hence we have

foe = [, =] oo piae)

(2.8)
= [ e plaet ().
1%
Since a has compact support, these terms are nonzero only for a finite number of j’s.
Therefore, taking summation over j in (2.8) is allowed and this yields (2.4). [ )

Exercise 2.1

Let {I;} be a finite cover of an interval (a,b) by open intervals. Show that there exists a
subcover {I; }1<;<, such that I; NI =0, for |j — k| > 2. Conclude from this that the sum
of the of lengths of intervals belonging to this subcover is less than 2(b — a).

2.2 Sard’s Theorem

The behavior of a real valued smooth function of one variable changes at a point where
the derivative vanishes. This fact is not simply an exception but a phenomenon that is
present in the general situation also, though in a more complicated manner. Sard’s theorem
assures us that every smooth map takes the set of all such points where its derivative is
not surjective, into a set of ‘negligible size’. Going through the proof you will have an
opportunity to use the surjective form of the implicit function theorem as well as the rank
theorem in a nontrivial way.

Definition 2.2.1 Let X be an open subset of R™ or the half-space H™ and let f : X — R"
be a smooth map. A point z € X is called a critical point of f if D f, is not surjective. We
shall denote the set of critical points of f by Cy. Any point y € R™ such that f(z) =y for
some critical point z of f is called a critical value of f.

Theorem 2.2.1 Sard’s Theorem: Let f : X — R"™ be a C*™ map. Then the image f(Cy)
of the set of critical points of f is of measure zero in R™.

Remark 2.2.1 The proof of this will be through several steps. Recall the definition of
measure zero sets in R™ (Definition 2.1.1). The first step is to examine the behavior of a
measure zero set under a smooth map and in particular, under a diffeomorphism. This will
enable us later to define the concept of measure zero sets in arbitrary manifolds.

Theorem 2.2.2 Let A C R™ be of measure zero and f : A — R™ be any smooth function.
Then f(A) is of measure zero.
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Proof: Given a point « € A, choose a ball B around = so that f|zn4 is the restriction of
a smooth function f : B — R™. Since A can be covered by a countable union of such balls,
we may as well assume that A C B C B and f: B — R" is a smooth map. By continuity
and compactness of B we can now choose M > 0 such that |[Df,|| < M for all x € B. A
simple application of Theorem 1.3.3 (WMVT), now yields that

1f(x) = fW)Il < Mllz = yll, ¥a,y€B.

Therefore, if D is a disc of radius r in B, it follows that f(D) is contained in a disc of radius
rM. Now given € > 0 cover A by balls D; of radius r; such that > vol,(D;) < e. It follows
that f(A) is contained in a countable collection of balls of total volume < Me. [ )

Remark 2.2.2

(i) In particular, it follows that the property of being measure zero is a diffeomorphism
invariant.

(ii) Also, if f: A — R! is a smooth map where A C R™ for n < [, then f(A) is of measure
zero in R!. For, we can consider R™ as a subset of R” x RI™", define f on A x RI=" by
f(a, b) = f(a) and apply the above theorem to f in place of f. Of course, we have to appeal
to the fact that A x 0 is of measure zero in R’.

We now proceed to give a proof of Morse-Sard’s theorem. Suppose X C R™. The case
m < n is covered by Remark 2.2.2(ii), the entire set f(X) being of measure zero, in this
case. So, we may and shall assume that m > n > 1. Given A C RF x R! and v € RF,
define the slice of A at u by

A, ={z €eR* : (x,u) € A}.
The following is an easy consequence of Fubini’s theorem.

Lemma 2.2.1 Let A be a closed subset of Rt If A, is of measure zero in R* for all
u € R!, then A is of measure zero in R**!.

Now by the local nature of the problem, we may assume that X is an m-dimensional
cube in R™ of side-length o > 0 and f is defined and smooth in a neighbourhood of X. Let
C = Cy be the set of critical points of f. For > 1, put C, equal to the set of all x € X
such that all partial derivatives of f of order < r vanish at x. Then clearly

Co>CiDCyD---

Now the proof of Theorem 2.2.1 is completed by proving the following three statements:
. . m
(I) f(Cy) is of measure zero if r > — — 1.
n
(IL,) f(C\ C}) is of measure zero.

(II1L,) For r > 1, f(C, \ Cry1) is of measure zero.
Proof of (I): By Taylor’s theorem, it follows that

fle+h)= f(z)+ R(z,h)

where ||R(z,h)|| < M|h||"™ for all z € C, and x + h € X, where M is a constant that
depends on the partial derivatives of f of order 7 +1 > 2. Divide X into I"™ cubes each of
side /1. If S is one of these small cubes, it follows that f(S N C,) is contained in a cube
of side v/nM (ay/m/1)"*1. Thus, f(C,) is contained in the union of at most ™ such cubes
which have a total volume less than or equal to

[\/EM(O[\/E/Z)TJFl}nlm — M/lmf(rJrl)n.
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m
Since r + 1 > —, it follows that this quantity converges to zero as [ — oo. This completes

the proof of (I)n

Before proceeding further, we observe that statement (I) yields a proof of the theorem
for the case m = n = 1. For, here, C' = C4 and therefore f(C) = f(C1) is of measure zero.
So, from now onwards, we assume that m > 1.

Inductively assume that the theorem is true for all maps h : W — Y, where W is an

open subset of R¥ &k < m. Under this induction hypothesis we shall prove (II,,,) and (IIL,,).
Combined with (I) this will imply the theorem for subsets X C R™.
Proof of (II,,): Let a € C'\ C;. Then one of the first order derivatives of f at a is not zero
and hence the rank of Df, > 0. Hence by the rank theorem, there exists a neighbourhood
V of a such that after a suitable change of co-ordinates at a as well as at f(a), we may
assume that f is of the form f(x,y) = (z,g(z,y)), for all (z,y) € (RP x R™~P?) NV, where
p=rkDf, and g: V — R"7? is a smooth function. Now (z,y) € CyNV it y € Cy, . (Here
s {z} x R™ PNV — R"P ig given by g¢,(y) = g(z,y).) From this, it follows that for
every x € RP, we have

{z} xR"7PNf(CNV)={z} x g.(Cy,).

By the induction hypothesis, each of these slices is of measure zero and hence f(C' NV) is
of measure zero. Since C'\ C; can be covered by countably many such sets, we are through.
Proof of (III,,):

For each partial differential operator P of order r and 1 < j < m, put

U(P,j):{xeX : <8%on) (g;);éo}.

J

Then X \ C;41 is covered by the open sets {U(P, j)} where P and j take all possible values
as above. Therefore, if we prove that f((C; \ Cr+1) NU(P,j)) is of measure zero for each
P, j, then the proof of (ITl,) will be complete.

Fix P and j, put

U=U(P,j), g=Pf:U—R, Z=g'0), and h= f|z.

Observe that C,. N U C Z. Clearly, the critical set C} of h contains C, N U. Therefore, it
suffices to prove that f(C}) is of measure zero.

0
Clearly ¢ is a smooth map, with 6—9 # 0 on U. Therefore by the surjective form
Lj
of the implicit function theorem, around each point z € Z, we can choose a coordinate

neighbourhood V, on which g takes the form g(x,y) = x. This means V, N Z looks like an
open subset of {0} x R™~!. Therefore, by induction hypothesis, f(C, NV,) = h(C, N'V,)
is of measure zero. Since C}, can be covered by countably many such neighbourhoods V., it
follows that f(Cp) is of measure zero, as claimed. [ )

As an entertaining exercise, we shall give an application of Sard’s theorem here to a
central result in homotopy theory, which is however, not the main import of Sard’s theorem.

Recall from Exercise 1.7.12, that by a smooth homotopy, we mean a smooth map H :
X xR — Y. Two smooth maps f,g: X — Y are said to be (smoothly) homotopic if there
is a smooth homotopy H such that H; = f, Hs = g for some t,s € R. If f is homotopic to a
constant map, then we say f is null homotopic. Given any smooth map f : X — R"™ we can
consider H(z,t) = tf(z), which defines a smooth homotopy of f with the constant map 0.
We say Y is simply connected if every smooth map f : S' — Y is null homotopic. We shall
prove:
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Theorem 2.2.3 For m > n, every map f :S"™ — S™ is null homotopic. In particular, S™
is simply connected for all m > 2.

Proof: We first note that any map f : X — S™, which is not surjective is null homotopic.
This follows easily from the fact that S™ \ {p} is diffeomorphic to R™ and the observation
that we have made above that every map into R™ is null homotopic. So, it is enough to
prove that any smooth map f : S™ — S™ is not surjective.

This is precisely where we use Sard’s theorem. Choose any point p € S*, ¢ = f(p), and
let 7 : S™\ {¢} — R™ be the stereographic projection. Then (n o f)~!(R™) is an open
subset U of S™ \ {p}. So, we can choose the stereographic projection (see Remark 1.6.3(i))
7:S"\ {p} - R" and put V = 7(U). Now put g = no for~ ! :V — R™ Then g is
smooth. Since n < m, it follows that Dg is never surjective. This means the entire set V'
is the critical set of g. Therefore, g(V) is of measure zero in R™. In particular, g is not
surjective. This means f is not surjective. [

Exercise 2.2

1. Give an example of a smooth map f : R — R such that the set of critical values is
dense.

2. Does the exercise above contradict Sard’s theorem?
3. Show that for any C* function f, the critical set C is a closed subset.

4. Let U ¢ R? and V C R? be open sets and f : U — V be a surjective C' function.
Does f necessarily have rank 2 at some point of U?

5. Let f : C™ — C be a complex analytic function. Show that the set of critical points
of f is of measure zero.

2.3 Exterior Algebra

In this section, we shall develop the multilinear algebraic machinery needed to introduce
the notion of differential forms.

Throughout this section, V' denotes a vector space of dimension n, over the field? R.

Let p > 1 be an integer and let VP denote the Cartesian product of p copies of V :

VP=Vx---xV.
—_——

p copies

Definition 2.3.1 By a p-tensor on V, we mean a multilinear map

¢: VP =R,
i.e., for every 1 <4 < p and vectors, vy, ...,V,, the map
V= (b(vl,"'avi—lavavi-‘rla"'7vp)

is linear.

2Indeed, most of the stuff here is valid if we replace R by any field. At places such as when dealing with
alternating and symmetric tensors etc., we will have to assume that the field is of characteristic zero.
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Remark 2.3.1

(i) For p =1, a 1-tensor on V is nothing but a linear map on V. A typical example of a 2-
tensor is the dot product on R™. By writing elements of R™ as column vectors and then
by writing p of them side by side, we identify (R™)P with the space of n x p matrices
over R. Then for p = n, we have another familiar tensor, viz., the determinant.

(ii) If ¢, are p-tensors, then for any «, § € R, a¢+ (1 is also a p-tensor. Thus, the set of
all p-tensors on V forms a vector space and we denote this vector space by 7P(V). Let
us determine its dimension. For this purpose, let us consider a mechanism to produce
higher order tensors, out of lower order tensors.

Definition 2.3.2 Given a p-tensor ¢ and a g-tensor 1) on V define the product (p+¢)-tensor
¢ ®1 on V as follows:

(p@Y)(u,w) = p()(w), ue VP weVi (2.9)

We call ¢ ® 9 the tensor product of ¢ with . It is not difficult to see that tensor product
is an associative operation. But it is not commutative. (See the exercise below.)

For positive integers p, n, let us denote the set of all functions from
{1,2,...,p} = {1,2,...,n}

by S(p,n). For an element I € S(p,n), we shall write i), for I(k) and display I as

I=(i1,...,i0p).
Given a set {¢1, ¢2, ..., ¢n} of 1-tensors, and I = (i1,...,ip) € S(p,n), let us denote
o(I) = iy ® -+ ® @i, (2.10)

We can now determine the dimension of 77(V) :

Theorem 2.3.1 Let {¢1,...,¢n} € V* =TY(V) form a basis for V*. Then the set

{o(I) : 1€5S(n,p)} (2.11)
forms a basis for TP(V'). Consequently, dim TP(V) = #(S(p,n)) = nP.

Proof: Let {vi,...,v,} be the basis of V dual to {¢1,...,¢n}, ie, ¢i(v;) = ;5. We
first claim that two p-tensors ¢,1, are equal iff ¢(v;,,...,v; ) = ¥(v;,,...,v;,) for all
J € S(p,n). Just like the similar statement for linear maps on a vector space, this follows
by multilinearity of ¢. The details are left to the reader.

Now observe that,

1, if (Ji,eehdp) =1,
O(I)(Vjrs-- -5 Vi,) ={ 0. oth(ejrlwise. r) (2.12)

Therefore, (2.11) defines an independent set in 7P(V'). Next, given any p-tensor v, consider
the p-tensor

= Z Y(Vigs o,V )o(I).
IeS(p,n)
It follows that
EVjrse oy Vi) = UV, v5,)
for all J € S(p,n). Therefore, & = 1. This proves that the set (2.11) generates 7P(V'). Thus,
we have proved that the set (2.11) is a basis for 7?7(V). [ )
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Definition 2.3.3 Let p > 2. Let S, denote the group of permutations of {1,2,...,p}.
Given o € S, and a p-tensor ¢, we define the p-tensor ¢ by

¢U(V1, e ,Vp) = ¢(VU(1),VU(2), ey Vo(p))~ (213)

This defines a linear action of the permutation group S, on the space 7?(V'). For p > 2, we
say a p-tensor ¢ is symmetric if ¢7 = ¢ for all o € S},. More interesting for us for the time
being are the tensors that are antisymmetric or alternating, viz., those p-tensors satisfying:

¢ =sgn (0)g, (2.14)

where sgn (o) is the signature of the permutation o (= 1 according as ¢ is even or odd).
Since every permutation of n letters is a composite of finitely many transpositions, it follows
that a p-tensor ¢ is alternating iff

¢ =~ (2.15)

for all transpositions 7.

Notice that any 1-tensor is automatically symmetric as well as alternating.

Let us denote by SP(V*) and AP(V*), the subset of all symmetric tensors and the subset
of alternating tensors, respectively. We can then verify that these two subsets are indeed
vector subspaces of 7P(V). (Note that S*(V*) = AL(V*) = V*.) Further, let us define two
linear maps Sym : 7P(V) — SP(V*) and Alt : 7P(V) — AP(V*) as follows:

Sym(¢) = % S 67 Ali(g) = Z% S sen (0)6°, (2.16)

where the sum is taken over o € S,.
The following lemma is easy to prove:

Lemma 2.3.1

(a) For any ¢ € TP(V), Alt(¢) = ¢ iff ¢ € AP(V*); in particular, Alt o Alt = Alt.

(b) For any ¢ € TP(V), Sym(¢) = ¢ iff ¢ € SP(V*). In particular, Sym o Sym = Sym.
(c) For p > 2, Alt o Sym = Sym o Alt = 0.

Let us now consider the behavior of these special tensors under the tensor product.
Immediately we see that there is trouble here: ¢ ® 1) is neither symmetric nor alternating,
even when both ¢ and ¢ are symmetric or both are alternating. We shall not give up so
easily.

Definition 2.3.4 Define exterior product A : AP(V*) x AN(V*) — APTI(V*) as follows:

dA = Alt (¢ ® ). (2.17)

Remark 2.3.2 We can then verify easily that

(a) (a11 + azg2) N = a1(d1 A ) + az(da A 9);

(b) & A (b1)1 + bat)2) = bi(p Ath1) + ba(p A 1p2). That means that “A” is bilinear. We would
like to see whether this operation is associative just like the tensor product. That needs to
be verified carefully.

(c) If ¢1, @2 are 1-tensors then 11 Ae = —ihg A1)1. In particular, ¢1 A ¢ = 0. Can you say
that ¢ A ¢ = 0 for any p-tensor ¢? Wait for a while.

Lemma 2.3.2 If Alt (¢) = 0 then for all ¥, we have Alt(¢ ® 1) = 0.



60 Integration

Proof: Let ¢ € AP(V*), 9 € AY(V*). Consider S, as a subgroup of Sp4, consisting of those
permutations that leave {p+1,...,p+ ¢} pointwise fixed. Let {7;} C Sp+4 be a set of right
coset representatives for S,. Then

pANY = Alt (¢ @)
= ZO’ESPJ”] sgn (0’)(¢ ® ,(/))o'
= =, (Saes, sen (am)@ 0 v)™)
_ er sgn (Tj) (ZGESP sgn (a)(¢a ® 1/)))
>, sen (7)) (Alt(¢) @ v)™ =0

since Alt (¢) = 0. [ )

7

Theorem 2.3.2 The exterior product is associative.
Proof: Let ¢,1,& be any three alternating tensors. We have to prove that

(@NP)NE= N (P NE).

Instead we shall prove that

(OANP)NE=ALL (9 @Y RE) =P A (Y AE).

Using the associativity of the tensor product, this is the same as proving

(PAY)NE=Alt((p@Y) RE); Alt(¢®@ (Y ®E)) = A (P AE). (2.18)

Now

(P AY)ANE—Alt((¢ @) ®E)
= Alt((pAY) ®&) — Alt((p @ ¢) ® §)
Alt[(p ANY) ® €~ (9@ Y) ®@¢]
Alt[(p NP — o @ Y) ®&]
= (AP —9p@Y)NE=0,

the last equality holds from the above lemma, because
Als (PN =@ Y)=d NP —dAtp=0.

This proves (p AY) A& = Alt((¢ ® ¥) ® &)
Similarly, we can prove the other equality in (2.18). ')

Remark 2.3.3 Thus, we need not put any brackets while taking the exterior product of
more than two (alternating) tensors. We can now derive a basis for AP(V*) as follows: Let

s(p,n) denote the set of all strictly monotonic sequences I = (i1,4g,...,4p) in {1,2,...,n}.
Let {¢1,...,én} be a basis for V*. For I = (i1,...,ip) € s(p,n), put
b1 = Giy N biy Ao ANy, = Alt (p(1)). (2.19)

Theorem 2.3.3 The set {¢r : I € s(n,p)} forms a basis for NP(V*). In particular, we
have dim AP (V*) = (Z)

Proof: Since Alt(¢) = ¢ for ¢ € AP(V*), it follows that Alt is a surjective linear map.
Therefore, the image of the basis {¢(J) : J € S(p,n)} of T?(V),is {¢py : J € S(p,n)}, a
generating set for AP(V*). The given set is a subset of this set. We shall see why the extra
elements are unnecessary for generating AP(V*). First of all, observe that for each sequence
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J € S(p,n), (p < n), there is a permutation o € S, such that J o ¢ is monotonic. But
Alt (¢(J o o) = sgn (0)Alt (¢(J)). Therefore, we can cut down this generating set to

{Alt (¢(J)) : J is monotonic}.

We now observe that if J is not injective, i.e., if a certain number has repeated then ¢; = 0.
Hence we can cut down the generating set to the required size as above.

It remains to see that the {¢; : I € s(p,n)} is independent. This can be proved by
using a property similar to (2.12). (Take this as an exercise.) [ )

Remark 2.3.4
1. Using the fact ¢1 A 2 = —d2 A ¢1 for 1-tensors, we can immediately deduce that
o1 AN gy = (=1)"ds A ¢r,

where I, J are of length p, g, respectively. Therefore, from the bilinearity of the exterior
product, it follows that this relation of anticommutativity should hold for all tensors:

PAY = (1) Ao, (2.20)
where ¢ is a p-tensor and ¥ is a g-tensor.
2. In particular, we have an affirmative answer for the question raised in Remark 2.3.2(c).

3. Take V = R™ and p = n. We get dim A™ (R™*) = 1. This is the same as saying
that there is only one alternating n-tensor on R™ up to a scalar multiple. Since the
determinant function is one such, this gives the uniqueness of the determinant function
as a multilinear alternating function taking the identity matrix to 1.

4. What happens to AP(V*), where p exceeds the dimension of V7 Clearly, none of the
sequences [ is now injective and hence Alt (¢(I)) = 0. Therefore, AP(V*) = 0.

For the sake of completeness we define A°(V*) = R.
5. We define the exterior algebra A(V*) of V' to be the direct sum of vector spaces,
AV = ANV @A (VB @A (V)B0D - (2.21)
together with the exterior product
A AP X AT — APTE (2.22)

It is a graded, anticommutative algebra. Any vector space basis for V* = TH(V) =
A (V*) would generate AV* as an algebra. (See Theorem 2.3.3.)

Definition 2.3.5 Given a linear function f : V — W between two vector spaces, consider

the linear map f* : 7H(W) = W* — V* = T1(V), the dual map of f. More generally, for
any ¢ € TP(W) we can consider f*(¢) € TP(V) defined by

(@) =¢o(fifs- i) (2.23)

It is easily checked that f* is a linear map. Since

a-o(f7f7"'7f):(f7f7"'7f)00—
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for any permutation o of {1,2,...,p}, it follows that
[(07) = (f*(9)). (2.24)

Therefore, f* takes alternating tensors to alternating ones. (Of course, it takes symmetric
tensors to symmetric ones also.) Hence, we get an induced linear map

APF: AP(W) — AP(V). (2.25)

Moreover, f* clearly respects the tensor product and hence the exterior product. Therefore,
(2.25) actually defines a graded algebra homomorphism

NS AW = AV A F(6A) = (AF(6)) A (M), (2.26)
Moreover, even at the tensor product level, if f:V — W,g: W — U are linear maps then
(g0 f)" = f*og". (2.27)

This means that

ANgo f)=Afong. (2.28)
Observe that A(Id) = Id, where Id denotes the identity map of an appropriate vector
space.?
Example 2.3.1 Let U,V be any two n-dimensional vector spaces, with bases {uy,...,u,}
and {vy,..., vy}, respectively. Then any linear map A : U — V corresponds, in a natural

way, to an n X n matrix, which we shall denote by A itself, via,
Alu;) = Zaijvi~ (2.29)

Now, both A"U* and A"V* are 1-dimensional vector spaces spanned by uj A--- Au),
and vi A --- A v}, respectively. Therefore,

(A"A)VIA - AVE) = a(A)(u) A~ Aud), (2.30)

where o : M (n,R) — R is some function. We want to determine this function o.
On the space of 1-tensors, we have

n
AT (V) = (V] o A)(w;) = V) (Z akivk> = aji.
k=1
This in turn implies that A*(v}) = >'_; aju; (i.e., the matrix corresponding to A* is the
transpose of the matrix corresponding to A). Therefore,
a(A)(ui A Auy) = (ATA) (VA AVE) =AY (VI) A AAR(VE). (2.31)

It follows from this that « is an alternating n-tensor on the space of n X n matrices, in
terms of its rows. Thus, from Remark (2.3.4)(iii), it follows that a(A) = Adet (A4), since
det is a nonzero alternating n-tensor.

3In the fancy language of categories and functors, what we have just seen above amounts to saying that
the exterior algebra defines a contravariant functor from the category of finite dimensional vector spaces to
the category of finitely generated, graded, anticommutative algebras.
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The value of A can now be checked by evaluating both sides on the special map A = Id :
U — U. Since the matrix of Id is Id, we have det (Id) = 1. So, A = a(Id). On the other
hand, (2.31) gives a(Id) = 1. Therefore, A = 1. Thus,

(AN"AY(Vi A Ave)=det (A)(uf A---Au)). (2.32)

In particular, if U = R™ =V, it follows that

(A"A)(¢) = det (A)g, ¥ & € A"(R). (2.33)

Exercise 2.3

1.

24

Consider 7; : R? — R,i = 1,2 the two coordinate projections. Show that m, ® my #
o Q 1.

Let f: U — V be an injective (surjective) linear map of finite dimensional vector
spaces. Then show that Af : AV — AU is surjective (resp., injective). (Hint: Use
(2.28.)

Show that a given set {¢; € V*,i=1,2,...,p} is dependent iff
¢1/\.../\¢p:0.

For ¢, € V* and v; € V show that

((251 A=A gi)k)(vl, .. ,Vk) = %det ((QSZ(VJ))

Let ¢ € A™V* be any nonzero element. For any linear transformation A : V' — V and
any basis {v1,...,v,} of V, show that

P(Avy, ..., Avy) = (det A)p(v, ..., Vp). (2.34)

The space of symmetric tensors is also important especially in differential geometry
and representation theory. Show that the dimension of SP(V*) is equal to (p +2_1),
where n = dim V.

Indeed, analogous to the exterior product, define a symmetric product
O SP(V*) x SUV*) — SPHI(V*)

and establish that it is associative. Show that the graded algebra @,>0SP(V*) is
isomorphic to the polynomial algebra R[x1, ..., z,], where n = dim V.

Differential Forms

Throughout this section, X will be an open subset of H™.

Definition 2.4.1 For p > 0, by a p-form on X, we mean a function w, which assigns to
each point z € X, an alternating p-tensor w(z) € AP(R™"). Two p-forms on X can be added
together pointwise and also any p-form can be multiplied by a scalar function on X. Thus,
the space of all p-forms on X forms a module over the ring of all scalar functions on X.

Moreover, we can take exterior product of a p-form and a ¢-form to get a (p + ¢)-form;
this again is done pointwise. It is not difficult to see that these operations make the space
of all forms on X into a graded anticommutative algebra over the ring of all real valued
functions on X.
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Example 2.4.1

(i)
(i)

(iii)

(iv)

Clearly, any 0-form on X is nothing but a scalar valued function on X.

We know that T, (X) = R" for all z € X. For any C*-function f : X — R, recall that
the total derivative Df, : R™ — R is a linear map, and that the assignment x — D f,
is a smooth function on X. In the new terminology, each D f, is a 1-tensor and hence

is an element of A'(R"*). Thus, Df is a 1-form on X. In this new avatar, we shall
denote D f by df.

Now, suppose f is the i**-coordinate projection m; : X — R. Then Df, = m; for all
x. It is customary to denote 7; by a more transparent notation x; and we shall follow
this practice. The corresponding 1-form is then dz;. Thus, dx; denotes the 1-form on
R™ which assigns, to each point x € R™, the 1-tensor on R™ which is nothing but the
projection onto the i*" coordinate.

Now, use the fact that (R™)* is spanned by {z1,...,z,}, to see the following: Given
any 1-form w on X, for each x € X, there exist unique scalars, f1(z),..., fn(z) such
that

n
w(z) = Z filz)x;. (2.35)

i=1

Since dz;(z) = z; for all x € X, we have,
w=Y_ fidz;, (2.36)

where f; : X — R are some scalar functions.

What we saw above applies, in general, to p-forms for p > 2 also. As in (2.19), let us
introduce the notation

l‘]:l‘il/\"~/\$1‘p, Where[:{i1<i2<~-~<ip}.

Since {z1,..., %, } is a basis for (R™)*, it follows from (2.3.2) that AP(R™") is spanned
by {x; : I € s(n,p)}. We shall introduce the notation dz; for the p-form on X, which
assigns x; € AP(R™™) for each point a € X. Then as above, given any p-form w on X,
there exist functions f; : X — R, I € s(n,p), such that

w= Y frdry. (2.37)

Ies(n,p)
The functions f; are called the coefficient functions of the p-form w.

What are the coefficient functions of the 1-form df, where f : X — R is a smooth
function? The answer is in the elementary calculus that you have studied. These are

0
nothing but the partial derivatives af_. Thus,

Tq

af =) g—a{idwi. (2.38)
=1
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(vii) A very important aspect of forms is the beautiful way they transform. Consider a
smooth map ¢ : X — Y. Then for each x € X, the map d¢, : R® — R™ is a linear
map. This in turn induces a linear map

NP(ds) : AP(R) = AP(RPY).
Thus, given a p-form w on Y, we can “pull it back” to a p-form on X as follows:

¢ (w) (@) := NP (dgz)(w)(P(2)). (2.39)

It is routine to verify that for each p, ¢* itself is a linear map. Further, they are algebra
homomorphisms also, in the sense

P (WAT)=¢"(w) Ap™(T) (2.40)

Let us work out this one completely in a simple situation first. Let X,Y be open
subsets of some Euclidean spaces and let ¢ : X — Y be a smooth function. For the
sake of clarity and to be conformal with standard practice, let us denote the coordinate
projections on X,Y by {z1,...,2,} and {y1,...,ym}, respectively. For z € X, put
y = ¢(z). Put m; 0 ¢ = ¢;. Consider the 1-forms dy; on Y. We have

¢* (dy;)(x) Eﬁxgzg%)) )
— d(m)y 0 () (2.41)

= d(miod)s = d(i)(x).

Now using the homomorphic property of ¢*, we can say something on p-forms. (For
simplicity, we don’t write the point z at which the action is taking place.)

¢*(dy1) = (b*(dyzl ACERIAY dyzp) =dpiy, N+ A d(bzp =:d¢j. (2.42)

It follows that

¢* (Z fIdy1> => (fro¢)der. (2.43)

I

To summarize, the pullback of forms under a smooth map is completely determined
in terms of the pullback of 0-forms and 1-forms.

Observe that if ¢ is a diffeomorphism then d¢, is an isomorphism for all z and hence
so is ¢* for each p.

Definition 2.4.2 A p-form on an open subset of R™ is said to be continuous/smooth if all
its coefficient functions are continuous/smooth.

Remark 2.4.1

1. We leave the verification that the smoothness of a p-form is independent of the local
parameterization chosen to the reader as an exercise.
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2. The set of all smooth p-forms is a vector subspace of the space of all p-forms. This
subspace will be denoted by QP(X). Note that Q°(X) = C*°(X;R), the ring of real
valued C*°-functions on X. Each QP(X) is a module over Q°(X).

Moreover, the exterior product of smooth forms turns out to be smooth. Thus,
(X)) =X)e(X)D--- @ QY(X), (2.44)

forms an anticommutative graded algebra over the ring of smooth functions Q°(X).
Given a smooth map f : X — Y, we have the algebra homomorphism Q(f) : Q*(Y) —
Q*(X), with the property that

Q(go f) =Q(f) o Qg); QId) = Id. (2.45)

Exercise 2.4 If n : R — R? is the inclusion map x — (z,1) what are n*(dx;),i = 1,27
Generalize your result for coordinate inclusions R” — R"** and p-forms dx;.

2.5 Exterior Differentiation

Throughout this section X,Y etc. will denote open subsets of HY for some N.
We have used the concept of derivative of a function to define a 1-form associated with
a smooth function:

¢ — do (2.46)

which now defines a function d : Q°(X) — Q!(X). The elementary properties of the deriva-
tive are all present in this function and can be summarized as follows:

(i) d(a + Bv) = ad(p) + (), a,f € R;

(i) d(é1) = 6d() + pa(9).

(iii) If f: X — Y is a smooth map, then

ffod=do f~.

The last one is a consequence of the chain rule for differentiation.

Our aim now is to extend this operator to all over Q*(X), so that all these properties
are preserved. That is, we would like to define d : QP(X) — QPT(X) for each p which
should satisfy (i), (i), and (iii). Property (i) tells us that it is enough to define d on the
basis elements dz;. The correct extension of property (ii) means that

(iie) d(¢ A) = ¢ A d(w) + d(6) A (2.47)

This relates d defined on QP with that defined on Q?~1, for p > 2, and so on.

Thus, it follows that we are only free to define d on Q. We have reduced the entire work
to the task of defining d of dx;. Here again, we fall back on our knowledge of calculus. Recall
that for any smooth function ¢ : U — R, the derivative is a smooth map Df : U — (R")*
and its derivative is a smooth map D%f : U — M (n;R). Thus, we can think of D?f as a
2-tensor valued function on U. In order to get an alternating tensor out of it, we follow the

good old method of “alternatising” this, viz., Alt (D?f). But the entries of D?(f)(x) are
2

nothing but (x) and hence it follows that D?f is a symmetric 2-tensor. Therefore,

o°f
axiaxj
Alt (D?f) = 0. In particular, we are led to define

d(dz;) = 0. (2.48)
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Combine this with (i) and (iie) to get,

_ of _ o°f _
=34 (Z d—xidxz> = XJ: S, dzj Adz; =0, (2.49)

2 2

the last equality is justified because the terms ———dx; Adx; and
L0 Xy 8l‘z

dx; Ndx; cancel

out each other.

As pointed out before, together with the definition of d on Q°(X), this completes the
definition of d on the entire of Q*(X). Let us go through this carefully, once again.

To start with we have the operator d on Q°(X). Then we define d(dz;) = 0 for all i.
Next, for a general 1-form ¢ = Y, f;dz; € Q' (X), by property (i), we have

= Z d( fidz;). (2.50)

By property (iie) we get,

Thus,

= dfi Ada;. (2.52)
i
Further, for p > 2, and I € S(p,n) we have,

d(dxy) de“ - Ad(dzi) A Adag, = 0. (2.53)

Finally, for any p-form, ¢ =", frdzr € QP(X), we have,

d(¢) =Y d(frdzy) = dfs Adaxy. (2.54)
I I

That the operator d satisfies (i) and (iie) is clear from the way we have defined d. We
call d the exterior derivative.
As a bonus, we also have

(iv) d?>=0. (2.55)

Let us prove this. In (2.53), we have verified that d(dx;) = 0 for all I. Now from (2.54),

= d(dfr Ndwr) = d(dfr) Adxr =0 (2.56)
I I

since d(dfr) = 0 from (2.49) for each I.
Can there be another operator d say, which agrees with d on Q°(X) and satisfies the
properties (i), (iie), and (iv)? The answer is NO, which may give you a mild surprise.

Let us see why this is so. First of all, since on 0-forms d should be the same as d, we have,
d(z;) = dx; and hence it follows that ddx; = 0 for all I. Therefore, d(¢) = >, d(fr) Ndxr =

> dfr) ANdxp = d(o).

In this sense the exterior derivation d is unique on open subsets of Euclidean spaces.
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We may now worry about property (iii) of the extended operator d. Not really, because,
we have another surprise bonus: Suppose the statement is true for ¢ and ¢ then

frdlony) = *(d(¢)Aw+¢Ad( )
= [Hd(@) A ST () + [ (0) A F(d(¥))
= d(f* (@) N f* (W) + fr(9) Ad(f*(¥))
= d(f*(9) A (¥))
= d(f (oY)

Now, to begin with, (iii) is valid on Q°(X). Also if ¢ = dw is a 1-form then f*(d(¢)) =
f*(0) = 0. On the other hand,

In particular, the formula is valid for 1-forms dz;. Using the above, it is valid for all frdx;
in QP(X),p > 1. Finally, because of the linearity of the two sides, it is then valid for sums
of such elements in QP(X),p > 1 also. Thus, property (iii) is also valid.

Example 2.5.1 Let X be an open subset of H3. For a smooth function f : X — R, we
have,

3
df = gqi da;. (2.57)
=1

The vector formed by the coefficient functions is nothing but the

_(9of of of
grad f = <8x1’8x2’ 923 ) (2.58)
Thus, for a O-form f, we can say
df = grad f. (2.59)

Next, given any smooth 1-form w = fidz1 + fodzs + f3dxs, we have,
d(w) = df1 Adzry + df2 A dzy + dfg A dxs
Use (2.57) and the anticommutativity of A to see that

Of:  Of1

X1 X9
dfs  0f2 ofi  Ofs
9o, " Boa dxa A dxs + 925 9 dxz N dxy

Choosing the correct order for basis elements of A2(R3™), viz.,
{dl‘g ANdzsz,drs A dxy,dxy A dl‘g} = {i,j, k},
we see that the vector formed out of the coefficients of d(w) is

O 0 05 O 0fs 0K _ i g
ax? 8$3’3$3 a$1,ax1 axz 1,.J2,J3)-
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Thus, for a 1-form w, we may say
dw = curl w. (2.60)

Let now 7 = gidxo A dxs + godxs A dxi + gsdxi A dxo be a smooth 2-form. Then

_ (991 | 992  Ogs
d(T) = (31'1 + 97s + 91 dx1 A dxo A dxs. (2.61)

Here the coefficient function gives us the divergence, div (g1, g2, g3). Thus, we may say that
for a 2-form 7,

dr = div (7). (2.62)

Of course, d(¢) = 0 for any 3-form ¢.
In this sense, d o d = 0 has the following familiar interpretation:

curl(grad) =0 & div(curl) = 0. (2.63)
Exercise 2.5
1. Show that d(f) = 0 for a O-form on R™ iff f is a constant.
2. Show that d(w) = 0 for a 1-form w on R™ iff w = d(f) for some O-form f.
3. Show that d(7) = 0 for a 2-form on R™ iff 7 = d(w) for a 1-form w.

4. Generalize the above three results to the case when R"™ is replaced by an open convex
subset.

5. Which of the above results hold for R? \ {0} also?

2.6 Integration on Singular Chains

In this section, we shall once again, use the notation I := [0,1], for the closed unit
interval in R. Thus, I™ will denote the n-fold Cartesian product of I which is the unit
n-cube in R™. We shall consider topological spaces X,Y etc., which are all subspaces of
Euclidean spaces.

Definition 2.6.1 Forn > 1, by a singular n-cube in X, we mean a smooth map v : I — X.
By a singular 0-cube in X we mean a point of X.

Remark 2.6.1 Here the adjective “singular” is used to indicate that the map need not be
injective. Indeed, we should have used the terminology “singular smooth n-cubes” so as to
allow room for continuous functions v : I™ — X also as ‘singular n-cubes’. For our limited
purpose of integration theory, it is necessary and sufficient to restrict ourselves to smooth
functions only.

Thus, a singular 1-cube « is nothing but a smooth curve in X. Notice that the image
of this curve may be a single point. Here the emphasis is on the function v rather than its
image set as a subset of X. Thus a singular 1-cube v is a parameterization of the image
curve y[[].
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Example 2.6.1 The most important singular n-cube is the identity map of I™ to itself.
We shall denote this by &,. We shall also denote the inclusion map I™ — R™ by &,, when
there is no confusion. Next, we have the face-cubes F}; : I" — Il foreach1 <j<n+1
and ¢ = 0, 1 defined by

Fli(e, o mn) = (01,000, Tj1,8, 05, ..+, Tp).

For i = 0,1, they are called back (respectively) front j-face of &,41. For instance, the two
faces of &; are {0} and {1}. The singular 2-cube & has four singular 1-cubes as its faces.
Indeed, &, has 2n faces.

front faces

RN

o -2
! 3\‘\ «;’43 >
/A A
y

~Y

bzigk faces

Figure 11 Oriented faces of cubes of dimension < 3.

Example 2.6.2 The map t — 2™ defined on [0,1] is a singular 1-cube that represents
the oriented circle. Likewise the spherical coordinates [0, 1] x [0,1] — R3 given by

25 —1 2s—1 2s —1
(t,8) — (cos27rtcos7r 82 ,sin 27t cos 82 ,sinm 82 ) (2.64)

is a singular 2-cube which represents the oriented 2-sphere.

Definition 2.6.2 Let 5,,(X) denote the set of all singular n-cubes in X. By a n-chain in X
we mean a function ¢ : 5,(X) — Z with the property that ¢(vy) # 0 only for finitely many
v € 5,(X). The set of all n-chains on X will be denoted by S, (X).

Proposition 2.6.1 Pointwise addition of two members makes S, (X) into an abelian group,
ie.,
(c1+e2)(7) = aa(y) + 2 (7).

Remark 2.6.2 The chain that sends every singular n-cube to 0 is the additive identity
of the abelian group S,(X) and so, will be denoted by 0 itself. For a chain ¢, suppose
{71,-..,7} is the set of all singular n-cubes on which ¢ is nonzero. It is customary to
denote ¢ by the formal sum ). n;v;, where n; = ¢(7;). This notation has a lot of advantage
without loosing any rigor. Thus, a singular n-cube v gets identified with an n-chain which
takes the value 1 on v and 0 on every other singular n-cube. Thus, the negative of v is
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nothing but —~. More generally, the negative of a chain ), n;v; is nothing but — 3. n;v;.
If you know what is a free abelian group, then you will be able to see that S, (X) is actually
a free abelian group with s,,(X) as a basis. In particular, So(X) is a free abelian group with
X itself as a basis.

Definition 2.6.3 The boundary 0v of a singular (n + 1)-cube is

1 n+1

oy = Z Z(—l)i+jfy o F};.

i=0 j=1

For any (n + 1)-chain ¢ = ), n;7v;, we define dc by
dc =" n;0().

It is then clear that 0 : Sp4+1(X) — Sp(X) is a group homomorphism. It is called the
boundary operator.

For n < 0, we define S,,(X) = 0 and then naturally, take 9 : S,,11(X) — S, (X) to be 0
as well.

Definition 2.6.4 Given a smooth map f: X — Y, we define f. : S,(X) — S,(Y) by

fs (me) = an‘fo%n

Remark 2.6.3 It is not difficult to check that

(i) f« is a group homomorphism;

(i) f: X =Y,g:Y — Z are smooth functions then (g o f). = gs o fs;
(iii) (Id) = Id.

We also have one more naturality property:
Lemma 2.6.1 o f, = f.00.

Proof: For any smooth map f : X — Y and any (n 4 1)-chain ¢ in X, we have to verify
that do f.(c) = f.0(c). Since the singular (n+ 1)-cubes form a basis for S, 11(X), it suffices
to verify this for singular (n 4 1)-cubes 7 in place of ¢. But then

[0(y) = f*(zz Zj(fl)_i+j'7 © F]T,Lz) = Zz Zj(_l)iJrjf o(yo F]nz)
= 22 (=) (foy)oFy =0(fon)
do fu().

This completes the proof. ®

Remark 2.6.4 Notice that the assignments f ~» f* on tensors and f ~» Q(f) on differen-
tial forms also have similar properties as seen in Sections 2.3, 2.4. It may interest you to
know that the operator 0 also has the property 9 o @ = 0. This indicates a deep connection
between the operator d on smooth chains on the one hand and and the operator d on differ-
ential forms on the other, which leads to what is known as homology theory, which is ‘dual’
to the ‘cohomology’ that we are going to introduce in Chapter 4. It may be remarked that
by the linearity and the naturality properties of 9, in order to prove 8% = 0, it is sufficient
to prove that 92(¢,) = 0. And the proof of §%(¢,) = 0 is combinatorial in nature and is
very straightforward. Try it.
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Definition 2.6.5 Given an n-form w on I, we know that there is a unique (continuous)
function f such that w = fdxq A --- A dz,,. We define

/ w= fdxy A ANdxy, = flza,...,xn)day - - day, = /-
n I‘IL

In In

Next, if v is a singular n-cube in X and w is an n-form on X, then we define

/w::/ y*w ::/ Y*w.
¥ n Iﬂ,

And finally, we extend this definition to all singular n-chains ¢ = ", n;w; by linearity:

/W:an‘/ w:Zni/ Yiw
¢ i i i m

(i) Lety :[0,1] — R? be a smooth function. Let w be a smooth 1-form on a neighbourhood

of image C of 7. Then
[e=] v@
c 0,1]

If we write y(t) = (71(t), y2(t), v3(t)) and w = fidx; + fadxe + f3dxs, then

(Z fily d% > dt,

where dt denotes the 1-form on the interval, which assigns the identity map at each
point of [0, 1]. Thus,

Lo=] (Zfiw(t))%()) at= [ ¥y

which is the familiar line integral of the vector field F = (f1, fo, f3) on the curve ~.

Example 2.6.3

(ii) Suppose f : U — R is a smooth map defined in a neighbourhood U of the image of +,
and w = df. Then

b b
/w:/ 7*(df):/ (for)dt=f(y()) — f(v(a)).
C a a

In particular, this proves that on all closed curves v in X, / df = 0. Later, we shall
¥

generalize this result.

(iii) Let now
v(t) = (arcosf,brsinf), (0<60<2m,0<r<1)

be a parameterization of the elliptical region for some a,b > 0. Then, 0 is a param-
eterization of the ellipse and we have

27
/ xdy = / abcos® 0 df = mab.
oy 0
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On the other hand, d(z dy) = dx A dy and we have

v (dz ANdy) = (—arsinfdd+ acos@dr) A (bsinédr + brcostdb)
= abrdr Adf.

Therefore,

/d(x dy) = /dw ANdy = / ¥ (dz A dy) = abr.
¥ % Ix[0,27]

That these two integrals are the same is not a coincidence but a special case of Green’s
theorem.

Let now F : [0,1]2 — R3 be a parameterization of a smooth surface in R3. Let
w = g1dxs A dzrs + gadrs A dxy + gsdxry A dxs

be a smooth 2-form defined in a neighbourhood of the image S of F. Then,

/w = F*(w).
s [0,1]2

Write
F(ui,ug) = (f1(u1,u2), fa(ur,uz), f3(u1,uz))
Then,
2
F (d.ﬁz) = : aujdu]‘,
j=1

for each ¢ and hence,

Ofx 0fr  O0fi Ofy
F*(dep Ndxy) = | =— —— — —— —— | duy A dus.
( Tk .Tl) (8’11,1 8u2 8’11,1 8u2 U1 U2
Write
ny(dus Adus) = F*(dzg Adxs),
na(duy Adus) = F*(dxs Adxy),
ng(dul N dUQ) = F* (dl‘l N dl‘g)
Then check that OF OF
N := 3) = — X —.
(711,’)7/2,’)13) aul X auz
. . N
N is the fundamental vector product of the parameterized surface S. Let n = m
denote the unit vector in the same direction as this and dS = ||(n1, n2, n3)||dui A dus.

Put G = (g1 0 F,g20 F, g3 o F). Then,
F*(w) =[(g10 F)n1 + (92 © F)na + (g3 o F)ngldui A dus

and

/w: F*(w):/ (Gen)ds.
S [0,1]2 [0,1]2

The 2-form dS is called the area form. The vector (g1, g2, g3) which corresponds to the
given 2-form w, represents the flux density, the integral depends only on its component
normal to the surface on which integration is taken.
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Put X = [0,1] x [0, 7] x [0, 27]. Let now P : X — R? be given by
P(r,0,¢) = (rsinf cos ¢, rsin O sin ¢, r cos 0)
be spherical coordinate representation of the unit ball D? in R?. One can easily verify

that P*(dz Ady A dz) =r?sin@dr A df A dp and

4
/dx/\dy/\dz:/ P*(dmAdy/\dz):/ r2sin@dr AdO A dp = —.
P X X 3

On the other hand, take w = zdx A dy and check that d(w) = dz A dy A dz. If
F :[0,7] x [0,27] — R3 given by F(0,¢) = P(1,0, ¢) is the representation of the unit
sphere, we have,

™ 2m
/w:/ F*(w):/ / cos2esin9d0/\d¢>:4—7T.
F [0,7] x[0,27] o Jo 3

Once again, the equality of the two expressions || pdw and J W is not a coincidence
but a very special case of the divergence theorem of Gauss.

We shall now present a sweeping generalization of these results as a reward for going
through the seemingly meaningless algebrization that we have indulged in, in the
preceding sections.

Theorem 2.6.1 Stokes’ Theorem for Chains: Let w be a (n — 1)-form on an open
subset X of R™. Then for any singular n-chain c in X, we have,

/de = /&w. (2.65)

Proof: Since both sides of the identity are linear in ¢, it suffices to prove (2.65) when ¢ =~
is a singular n-cube. But then

(LW—/JWW%:LMVM—/dWW)

n

whereas

foo = S0 [ =Sy [ Ry
i VoF i m
= Z(—l)”j/ (Fjrfi)*Ofy*w:/ Y*w.
Infl 85"

2%

Now v*w is just an (n — 1) form on I™. Thus, it suffices to prove (2.65) for the singular
n-cube &, and an arbitrary (n — 1) form o’ on I", viz.,

/dw’:/ W' (2.66)
n 0&n

Let us introduce a temporary notation for the forms

dx :=dx1 A+ Ndzp; dXg :=dzi A+ -dog_1 Adzgi1 A~ Adzy,.

For a fixed x = (21,...,2,) and 1 < k < n let

Xp = (T1y oo Tho1, Tt 1y -y Tn); G(Xkyt) = f(T1y ooy T 1, by Tty - - -5 Tn)-
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Since each (n — 1)-form w is a finite sum:

W = ka:d)aa
k

it is enough to prove (2.66) when w is of the form f dxy for each 1 < k < n. Now for such
an w we have,
k-1 Of

— 0 —
dw =d(f dxg) = Tsidmk ANdxp = (—1) D

of
dw = 1 k— 1/
/n ( ) [n a.’]fk
(~1 / (/ a_xkdxk) dey---drg - dz,, (Fubini)
= 1/ / 9(x0,1) — g(x5, 0)|day - - - dag - - dzy

j Xk, 1) g(Xk, )]dﬂ?l d.Tn.
1

n

——dx. Therefore,

The last two steps are justified by the fundamental theorem of integral calculus of 1-
variable and the simple fact that [ ;1 =1. On the other hand,

0, ifj#k
/I,L,I(Fj’i) (W) = / 9(Xg, 1)dx1drs - dxy, ifj=k.

Therefore,
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S 1)t / (F1)* ()
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2¥) I

n

= (fl)Hk/ 9(Xg, V)dzy - - dzp + (—1)’“/ 9(Xg,0)dxy - - - dap.
The claim follows. [ )

Exercise 2.6 Verify Proposition 2.6.1.

2.7 Miscellaneous Exercises for Chapter 2

1. An element 7 € AP(V*) is said to be decomposable if there exist ¢1, ..., ¢, € V* such
that 7 = ¢1 A+ - - A¢,. Clearly every element of A'(R™*) and A" (R™") is decomposable.
Show that every element of A"~!(R™*) is decomposable. In particular, it proves that
every element of AP(R3") is decomposable for all p.

2. Show that ¢1 A ¢ + P53 A ¢4 is not decomposable if {¢1, P2, P3, P4} is an independent
set in A'V*. (Hint: Any independent set in V* can be completed to a basis.) Thus, in
dimension > 4, there are indecomposable elements.

3. Recall that given a linear map f : R” — R, there is a unique vector w € R™ such that
f(u) = uew, the dot product of the two vectors, for all u € R™. Given n — 1 vectors
Vi,...,Vn_1 € V, we define their cross product C(vy,...,v,_1) =: w by the property
that det (v1,...,vp—1,u) = u e w. Show that the cross product is multilinear and
alternating. For n = 3, this is indeed the classical cross product: C(vq,va) = vi X va.
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The basic motivation for the concept of a manifold is to be able to talk about differentiability
of functions defined on such objects and then to be able to assign a meaning to the derivative
of a differentiable function on such objects. In this chapter, first we introduce the basic
concept of a manifold, though we shall restrict ourselves to those that are subspaces of
FEuclidean spaces. Next, we introduce the concept of tangent space and define the derivative
of a differentiable function. We then introduce the reader to special types of maps such
as immersions, submersions embeddings etc. In particular, we shall see how the concept of
regularity is generalized to transversality. Finally, the concept of “perturbations” is realized
in the precise form of a homotopy and some of the special types of maps above are shown
to be “stable under small perturbations”. This makes the study of these special maps more
important.

3.1 Basic Notions

Definition 3.1.1 Let N, k, and r be fixed positive integers. Let X be a nonempty subspace
of RY. We say X is a k-manifold (or k-dimensional manifold) of class C", if for each z € X
there exists an open neighborhood U, of z in X and a C"-diffeomorphism ¢ : U, — ¢(Uy)
onto an open subset ¢(U,) of R¥. The integer k is called the dimension of X and the map
¢ is called a chart for X. Observe that there is no uniqueness in the choice of charts and
in particular, we can choose a chart x so that ¢(x) = 0. Such a chart will be called a local
coordinate system at x for X and U, will be called a coordinate neighborhood of x. The
inverse of ¢ will be called a local parameterization. Any collection of charts {(Uy, ¢o)} such
that X = UU, will be called an atlas for X. We also call X a smooth manifold in RN or
simply a differentiable manifold, if we do not want to mention the class to which it belongs
nor the Euclidean space where it lives.

Definition 3.1.2 A nonempty subset X of a Fuclidean space is called a 0-dimensional
manifold if it is a discrete subset. If X = (), we call it a manifold of dimension —1.

Remark 3.1.1

(i) In the first definition above we have frozen the integer k. There is not much harm if we
allow it to vary provided we assume that X is connected. For, because of the invariance of
domain (see Theorem 1.6.1), it follows that k(x) is locally a constant and hence a constant.
However, we do not consider disjoint union of manifolds of different dimensions as a mani-

fold.

7
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(ii) Observe that we can allow r = 0 also but then we should drop out the word ‘differen-
tiable’. That will give us the definition of a topological manifold (for more, see Chapter 5).
(iii) Observe that any C"-manifold is a C*°-manifold for 0 < s < r. A deep theorem due
to Whitney (see e.g., Ch.2 of [Hi]) tells us that any C!-manifold is C!-diffeomorphic to a
C°°-manifold. This is a partial justification for the way we use the word “smooth manifold”
to mean a C"-manifold, where r could be any integer between 1 and oo.

(iv) In the second definition, we want to emphasize the fact that X is not necessarily a closed
subset of the Euclidean space. For instance, the set {1/n : n € N} is a 0-dimensional man-
ifold in R, whereas its closure is not.

Example 3.1.1

1. Any nonempty open subset of R is a k-manifold. Indeed, any nonempty open subspace
of a k-manifold is again a k-manifold.

2. All vector subspaces of R™ are manifolds. Suppose V is a k-dimensional subspace.
Choose a basis {v1,..., vy} for V and consider the map ¢ : R¥ — V given by

k
(1,...,28) — Z%Vz
i=1

This is clearly a bijective linear map of R* onto V. Hence it defines a global parame-
terization of V' which makes it a k-dimensional manifold.

3. A Cartesian product of any two manifolds is again a manifold. Inductively, this will
hold for a Cartesian product of any finite number of manifolds. Observe that the
dimension adds up except when you take an empty product.

4. Given any open subset U C R" and a smooth map f: U — R, the graph

Ip={(xf(x) : xeU}

is a manifold in R"*1. It is covered by a single parameterization, viz., x — (x, f(x)).
This also shows that I'y is actually diffeomorphic to U. By combining the above
examples we can produce a few more examples but not many.

5. For n > 2, consider the (n — 1)-dimensional sphere S"~! in R™ given by the following
equation:

i+l =1 (3.1)

Put Uy = S 1\ {£N} where N = (0,...,0,1). Let ny : Uxr — R""! be the
stereographic projections (see Example 1.6.3). It follows that {(Us,n4), (U-,n-)} is
a C*®-atlas for S"~!, showing that S”~! is a smooth manifold.

Later on, we shall see that this is a special case of a phenomenon, viz., a nonempty
regular level set of a smooth function on an n-manifold is an (n — 1)-manifold.

6. You are familiar with the representation of the unit circle by (cos6,sin#),0 < 6 < 2.
For 0 < 6 < 27 this is nothing but a parameterization of the unit circle which covers
the whole circle except the point (1,0). Even the point (1,0) is covered by the map
but we see that the map does not define a parameterization in the sense that we
have introduced above. This can be slightly rectified by taking a larger open interval
(—e < 0 < 27 + ¢€), and taking the same map and then restricting it to suitable
smaller open intervals, depending on the point that we want to cover so as to get a
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parameterization of the circle by a single map which is allowed to be not injective
globally. Such maps are called “global parameterizations”. In this sense, the circle is
indeed a very special manifold—very few manifolds admit such parameterizations.

7. Having said that, we can generalize this aspect of the circle a little bit. Take any
parameterized smooth curve C in R?. For definiteness assume that it does not intersect
the y-axis. Now rotate the curve around the y-axis inside R® to obtain a smooth
surface p(C). It is easy to give a “global parameterization” of p(C) starting with a
parameterization « : [0,1] — R? of C' : Observe that each point (y1(t),y2(¢),0) is at
a distance |y1(t)| from the y-axis, and hence when rotated about the y-axis, traces
the circle with center (0,72(¢),0) and radius |y1(¢)| in the plane y = v5(¢). Therefore,
I :[0,1] x [0,27] — R3 given by the above formula

(t, ) = (71(t) cost,y2(t),v1(t) sinap)

is a parameterization of the surface p(C). A typical example of this is when we take
the curve C to be a circle disjoint from the y-axis, say,

~v(0) = (2 + cosb,sin b, 0)

the circle with centre (2,0) and radius 1. The surface of rotation is nothing but a torus
given by the global parameterization

(0,¢) — ((2 + cos8) cosp,sin b, (2 + cos f) sin1)).

8. As a typical example of a subset of R?, that is not a manifold, consider X to be the
union of the two coordinate axes. Observe that at each point z € X \ {(0,0)} the
required condition is satisfied with & = 1. However, for = (0,0), no neighborhood
U of (0,0) in X can be even homeomorphic to R. For, U \ {z} will have at least
four connected components, whereas, if we remove a point from R, we get only two
connected components.

9. Another typical example of a subspace of R, that is not a manifold is a closed inter-
val [0,1]. No neighborhood of the point 0 in the interval [0, 1] can be diffeomorphic
(homeomorphic) to an open subset of R. Can you see why?

Remark 3.1.2

(i) Let X C RY be an n-manifold, r € X, and let ¢ : R — X be a parameterization for
X at x € X. Then for all z € R*, D(¢), : R* — R¥ is a linear map of rank n and hence
injective. For, if ) : U — R"™ is the inverse of ¢, then there exists z/A) : W — R"™, which is a
smooth extension of ¢ to a neighborhood W of z in RY. Now ) o d(z) = og(z) = z for
all z € R™. Therefore, D(qﬁ)(ﬁ(z) o D(¢), = Id.

(ii) In the situation described above, applying the injective form of implicit function theorem
(1.4.5), we get a neighborhood W of x € RV and a diffeomorphism 7 : W — R such that

To(b(yla"'ayn):(ylﬂ"'aynaoa"'vo)'
Therefore,
XNW=¢pR") =7 (R"x0)={2€W : 7:(2) =0, i >n+1}.

Here for each 1 < i < N, 7; denotes the i*"-coordinate function of 7. In other words, every
manifold in RY is locally equal to the zero set of some “coordinate functions”.
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Definition 3.1.3 Let X C RY be a manifold. A subspace Y of X is called a submanifold
if Y ¢ R is a manifold on its own.

Remark 3.1.3

(i) There is need for caution in this definition, while we are dealing with “abstract mani-
folds”. We shall discuss this point in Chapter 5.

(ii) It is natural to expect that the dimension of a submanifold is less than or equal to that
of the manifold. Indeed, we have the following stronger result that can be proved exactly
as in (ii) of the above remark.

Theorem 3.1.1 Let X be a k-dimensional submanifold of a n-dimensional manifold Y.
Then for each a € X, there exists a neighborhood W of a in RN and a diffeomorphism
7: W — RN such that

(i) 7(a) = 0

(@ YNW={zeW : 1r(x)=0,i>n+1}

(iie) XNW={zeW : 7(x)=0,1 > k+1}.

Exercise 3.1
Let A= {xe€S"! : 21 >0} be the closed right-half sphere.

1. Use the stereographic projection ¢4 to see that A\ {(0,...,1)} is diffeomorphic to
the closed right-half space {y € R"~! x 0 : y; > 0}.

2. Given any p € dD"! find a diffeomorphism « : D"~! — A such that a(p) =
0,0,...,1).

3. Conclude that if p is any point on the boundary of a closed disc D"~! then D"~1\ {p}
is diffeomorphic to the closed upper-half space H* 1.

3.2 Manifolds with Boundary

In (7) of Example 3.1.1, we saw that even a closed interval is not a manifold according
to Definition 3.1.1. Clearly, there is a need to extend the definition of a manifold to include
objects such as a closed interval, a closed disc, the half-spaces in R™ etc. The key is to
choose a correct local model such that copies of this model would cover these objects.

Recall the notation for the upper half-space in R¥ :

H" = {(21,...,2) €R" : z; >0}

Definition 3.2.1 Let k € N. Let ) # X C R be such that for all x € X there exists
a neighborhood U, of  in X and a diffeomorphism ¢ : U, — ¢(U,) where ¢(U;) is an
open subset of H*. Then we call X a manifold with boundary. Terms such as chart, atlas,
coordinate neighborhood, etc., are defined exactly similarly as in Definition 3.1.1.

Remark 3.2.1 Let X be a manifold with boundary. Consider the subset
OX ={z e X : ¢(z) € R*! x 0 for some chart ¢}.

Suppose x € X. Then for every chart ¢ of X at z, it follows that ¢ (z) € R*~! x 0. (For,
¢ ov~1 defines a diffeomorphism of an open subset A of H* containing the point y = v (x)
to some open subset B in H* and sends the point y to z = ¢(x) € R¥~! x 0. If y were not in
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R*=1 x 0, then ¢ o1~ would map an open neighborhood W of y in R* to a neighborhood
W' of z. By invariance of domain, W’ must be open in R*. But no neighborhood of z in R*
is contained in B C HF!!)

It follows that

X\0X ={z € X : ¢(x) € int (H*) for some chart ¢}.

From this description, it follows that X \ 0X is open in X. Therefore, X is a closed subset
of X. Moreover, we have:

Theorem 3.2.1 Let X be a k-dimensional manifold with boundary. Then 0X is either
empty or is a manifold of dimension k — 1.

Proof: We first observe that X may be empty. For the images of all the charts may be
contained in int(HF). (In such a case, X will be a manifold (without boundary).

So, let X be nonempty. For each =z € 90X, let (U,¢) be a chart at  for X. Put
V = ¢ 1(RF"1 x 0) and f = @|y. Then observe that V = 9X N U and hence is an
open subset of X. Moreover f(V) = ¢(U) NR¥~1 x 0. Hence, f : V. — f(V) defines a
diffeomorphism of V onto an open subset of R¥~!. This proves the claim. ®

Definition 3.2.2 Let X C RY be a n-manifold with boundary. By a neat submanifold
Y C X of dimension m we mean a closed subset ¥ C X which is an m-manifold with
boundary on its own such that

(i) Y =Y N 90X and

(ii) at each point y € QY there exists a chart (U, ¢) for X, ¢ : U — R™*™™ x H™ such that
p(UNY)COoxH™.

The figure below shows a closed strip as a 2-manifold with boundary and six of its

subspaces. None of the subsets except the last one is a neat submanifold, even though each
one of them is a manifold with (or without) boundary.

O

Figure 12 Only the last one is a neat submanifold.

Definition 3.2.3 A compact manifold without boundary is called a closed manifold. A
noncompact manifold without boundary is called an open manifold.

Remark 3.2.2 When we say X is a closed submanifold of Y, we mean that X is a sub-
manifold of Y and as a topological space, it is a closed subspace of Y. This should not be
confused to mean that X is a closed manifold. It is true that a closed manifold, which is a
submanifold of another manifold, is also a closed submanifold. However, the converse need
not be true. Likewise, one should not confuse an open submanifold with an open manifold
which is a submanifold of another manifold. Indeed, in this case, neither implies the other.

Example 3.2.1
(1) Clearly, the half-spaces H* are themselves manifolds with boundary, 0H* = R~ x 0.
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More generally, if P is defined by finitely many linear inequalities inside R"™, then it will be
a topological manifold with boundary. If it is defined by only one linear inequality, then it
would be a smooth manifold with boundary. In particular, all half-rays and closed intervals
are 1-dimensional manifolds with boundary.
(2) The open interval (0,1) is not a neat submanifold of R since it is not a closed subset.
Nor is the closed interval [0, 1] since its boundary is nonempty whereas R = (). The closed
interval [—1,1] is a neat submanifold of the closed disc D?.
(3) All closed balls in R™ are n-dimensional manifolds with boundary. Each of them is
diffeomorphic to the unit ball via a suitable translation followed by a scaling. Therefore, it
is enough to see that the unit ball is a manifold with boundary. Exercises 3.1 show that
D™\ {p} is diffeomorphic with H™ where p is any point on the boundary. Thus, D" can be
covered by two such charts, defined on D™\ {p}, D™\ {q}, p # ¢,p,q € ID".

We shall give a slightly different proof of the same here, still leaving the Exercises 3.1
to you.

Wix

Figure 13 Extended Stereographic projection.

Consider the stereographic projection ¢4 : S*~ 1\ {N} — R"~! and extend it on D"\ {N}
as follows. First, fix a point x € D™ and x # N. Let 7(x) # N denote the point of intersection
of S*~! and the line joining N and x. Then, 7(x) is a smooth map. Observe that if x € S*~1,
then 7(x) = x. Moreover, each point of D™\ { N} belongs to a unique line segment [7(x), V).
Now put
B Ix - 7)1

IN = 7(x)II> = [lx = 71>

Observe that for each y € S"~1\ {N}, o restricted to the line segment [y, N) is a diffeo-
morphism onto [0, 00).

Finally consider 1(x) = (¢4 (7(x)),0(x)). Then v is a diffeomorphism of D™\ { N} with
H" extending the diffeomorphism ¢ .
(4) As a typical nonexample, let us consider the unit square I? in R2. At a first glance, we
may conclude that this is a manifold with boundary. But caution is needed, particularly at
the four vertices. Indeed, we shall right now prove that there is no local chart for I? at any
of the four vertices. Say for instance (U, ¢) is a chart at 0 = (0,0), i.e., ¢ : U — H? is a
diffeomorphism onto an open subset of H2. Clearly ¢(0) € R C H?. By the definition of
smoothness of ¢, we may assume that ¢ itself is defined and smooth in an open set V' C R?
around 0 and U = V N I% Tt follows that D(¢)o is an isomorphism. On the other hand
we can compute the two partial derivatives of ¢ by remaining inside the boundary of the
square and since this is mapped inside R x 0, it follows that the two partial derivatives
are linearly dependent. In other words, {D(¢)o(e1), D(¢)o(ez2)} is a linearly dependent set.
Hence, D(¢)o cannot be an isomorphism. This contradiction proves the claim.

o(x)
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Exercise 3.2

1. Show that a manifold is locally compact, locally path connected, Hausdorff, and II-
countable. If it is connected then show that it is path connected.

2. Show that any two points in a path connected manifold X can be joined by a piecewise
smooth path w : [0,1] — X which is a 1-1 function.

3. Given g € Uy C Us C --- C U, where each U; is a manifold of dimension i, show
that there exists a coordinate chart (V, ¢) for U, at zg such that

VNU,={z eV : ¢j(x)=0, i+1<j<n}.

4. Show that if X and Y are manifolds with boundary, then X x Y is a manifold with
boundary provided 90X = @) or Y = 0. What is (X x Y)? [Hint: First study the
example I x S!.] What goes wrong if X # () and 9Y # 0?

5. Show that if f: X — R” is a smooth map and X is a manifold then the graph of f
is a manifold diffeomorphic to X.

6. Let X be a connected manifold and Y be a neat submanifold of X. If dimY = dim X
then show that Y = X.

3.3 Tangent Space

Let us begin with a simple example. Let f : R — R be a smooth map and let us consider
its graph. We know that the slope of the tangent to this curve at any point (p, f(p)) is equal
to f'(p). Therefore, it follows that the actual tangent at (p, f(p)) is the image of the map ¢ —
(p, f(p))+ (1, f'(p))t, which is the same as the graph of the map = — f(p) —pf'(p)+ f'(p)z.

X

o TN
0

| 0

(p,f(p))

Figure 14 The tangent space is independent of the parameterization.

Observe that this is an affine linear map. If we ignore the additive constant (p, f(p)) for
a while, then what we have is the linear map R — R? given by the derivative at p of the
parameterization x — (z, f(z)) of the graph. This is going to guide us in defining tangent
space to any manifold at any of its points.

Definition 3.3.1 Let X be a manifold of dimension £ > 1 in RY. Let ¢ : U — X be alocal
parameterization at x. Recall that by this we mean that ¢ is the inverse of a coordinate chart,
U is a neighborhood of 0 in R* and ¢(0) = x. Consider the linear subspace A = D(¢)o(R¥)
of RY. We shall first show that A is independent of the choice of parameterization ¢. So,
suppose 1) is another parameterization at . Put h = ¢! o4, which is defined in a suitable
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neighborhood of 0 in R*, and is a diffeomorphism there. In particular, D(h)o : R¥ — R¥ is an

isomorphism. Since D(¢))g = D(¢)g o D(h)o, it follows that D(¢)o(R¥) = D(¢)o(R*) = A.
We define the tangent space of X at x to be this linear subspace A and denote it by

T.(X). The geometric tangent space at x is defined to be the affine subspace T,(X) + x.
Now consider X x 0 € RY x RY and the subspace

T(X)={(z,v) : v€X, veTy(X)}

T(X) is called the total tangent space of X. Observe that the first projection 7 : RY xRN —
RY restricts to a smooth map 7 : T(X) — X. We have for each x € X, 7 !(x) =
{2} x T,(X) C {z} x RN, which we shall identify with T,(X) itself and treat it as a linear
subspace of RY.

Now suppose Y is a l-dimensional manifold in R™ and f : X — Y is a smooth map.
We would like to define the derivative of f to be a map D(f) : T(X) — T'(Y). Indeed for
each z € X, we will define D(f), : T (X) — T,,(Y) to be a linear map, where y = f(z). So,
suppose that ¥ : V — Y is a local parameterization for Y at y. Since f is continuous and
(V) is open, f~1()(V)) is open. We choose a local parameterization ¢ : U — X for X at
x such that ¢(U) C f~1((V)).

/f\

Y

/xv Lvy/
(p/q;
U _—¢~ 'V

0 0

Figure 15 Using local coordinates to define the derivative.

Now consider the map h = fo¢ : U — RM which is smooth on U. So, D(h)g : R¥ — RM
is a linear map. Since D(¢)g : R¥ — T,(X) is an isomorphism, it makes sense to take

D(f)o = D(h)o o (D()o)™* : To(X) — RV

which is clearly a linear map. Put g = 1)=* o f o ¢. Then 1) o g = f o ¢ = h, and hence it
follows that the image of D(h)g is contained in the image of D(1)o(R') = T, (Y).

It remains to prove that D(f)o as defined above is independent of the choice of ¢. So,
let ¢1 be another parameterization for X at z and let hy = f o ¢1. We have to show that

D(h1)o o (D(¢1)0)~" = D(h)o o (D(¢)o) "

Let a : W — RF be a smooth extension of ¢1_1 where W is open in RY, such that x €
W N X C ¢(RF)N @1 (RF). Then, it follows that h = f o ¢1 o o ¢ and hence,

D(h)o = D(fogioaod)
= D(h1)o o D(a)x 0 D(¢)o = D(h1)o o (D(¢1)0)~" o D(¢)o
which proves the claim.

It is straightforward to verify that the chain rule holds for the derivatives of functions
on manifolds.

Remark 3.3.1 Here is an alternative approach to D(f). Let f be any smooth extension
of f in a neighborhood of x in RY. Take
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We have to verify that the right-hand side (RHS) of (3.2) is independent of the extension
f chosen. We refer to the Remark 1.6.1 (iii). By the injective form of implicit function
theorem, there exists a neighborhood W of 0 € R and a diffeomorphism a : W — W’
onto a neighborhood of x € X C RY such that U= WNR*"x0and aly =¢: U — X is a
parameterization of X near x. Then D(f o &)|gnxo = D(f o ¢) for all extensions f of f. It

follows that D(f) restricted to Tx(X) = D(¢)o(R"™) is independent of f. Observe that (3.2)
implies that the image D(fx)(Tx(X)) C Tt (Y).

Definition 3.3.2 The tangent space T'(X) together with the projection map 7 : T'(X) — X
is called the tangent bundle on X. In this sense, for any smooth map f : X — Y of manifolds,
we treat D(f) as a commutative diagram of maps

x) 29 vy

7(
b

Remark 3.3.2

(i) Observe that for each point x € X, there is the vector space 7~!(z) C T(X). There are
other examples of bundles over a topological space. We shall meet at least one more such
example during this course. A simple way to consider a bundle over X is to take X x R"
with the first projection. These bundles are called trivial bundles. In fact, a bundle (E, )
over X is called trivial bundle, if there exists a homeomorphism F' : E — X x R™ for
some m such that m; o F' = 7. Often, the homeomorphism is required to satisfy additional
structural conditions, depending upon the kind of bundles that we are dealing with. The
situation with the tangent bundle is that the fibre 7=!(z) = z x T,,(X) over every point
has a vector space structure which is very important for us. Thus the homeomorphism F
above is required to be linear when restricted to each fibre: F : 771 (z) — {z} x R™. It may
be a good idea to read the formal definition of a vector bundle etc. from section 5.5 before
reading the following examples and remarks or come back to them later.

(ii) Suppose now that X is a manifold with boundary X # (). The points in the interior
of X pose no problems in defining the tangent space—the old definition is applicable here
verbatim. Even if x € 0X, we still define the tangent space T, X in the same manner as
above. This is where Example 1.6.2 comes to our aid so that there is no ambiguity involved
because of the choice of the extension of the parameterization ¢ : H" — X at x to a smooth
function defined in a neighborhood of 0 in R™.

Example 3.3.1

(1) Taking (R™, Id) as a single chart for R™, it follows that at each point of z € R™, the
tangent space T, (R™) = R™. Indeed, let (U, ¢) be a local parameterization for a manifold
of dimension k and let V = ¢(U). Consider

U U xRF - T(X)

given by
(z,v) = (¢(z), D(¢)z(Vv))-

Clearly ¥ is a smooth map (provided ¢ is at least of class C?). It is also injective and the
image 7~(V) =: T(V) is an open subset of T'(X). It is easily seen that the inverse map is
also smooth and hence ¥ defines a local parameterization for T'(X). From this we see that
T(X) itself is a manifold of dimension 2k. This discussion also shows that as a bundle T'(X)
is locally trivial.



86 Submanifolds of Euclidean Spaces

(2) Let V' be any k-dimensional vector subspace of R™. As before we get a linear bijective
mapping ¢ : R¥ — V. For every point 2 € R¥, we have D(¢)q = ¢ and hence Ty, (V) = V
for every v € V. Indeed, if ¢! : V — R* is the inverse of ¢ then the map

(v, w) = (v,07 (W)

defines a diffeomorphism of (V) onto V x R¥ as a trivial bundle. As a subspace of R" x R™,
T(V) is equal to V' x V.

(3) Consider the unit circle S'. We can use the global parameter ¢ : t — (cost,sint) defined
on R. The tangent space at a point a = (costg, sintg) is then the image of D(¢), = the line
spanned by the unit vector (— sintg, costp), which is nothing but the line perpendicular to
the position vector of the point a. Thus, we see that T'(S') = {(z,20z) : z € S', a € R} is
diffeomorphic to S' x R. Indeed, this shows that the tangent bundle of S! is a trivial bundle.

Remark 3.3.3

1. A n-manifold with a trivial tangent bundle is called a parallelizable manifold. This
is the same as having n vector fields o; such that at each point of the manifold, the
tangent vectors {o;(z)} are independent in T, X. We shall see that S* and S7 are
parallelizable (see exercises below). We shall also see that S?" is not parallelizable
(see remark 7.3.2). It is a deep result that the spheres S*"~1 n # 1,2,4 are not
parallelizable, the proof of which is beyond the scope of this book (see [Hus]). Indeed,
counting maximum number of independent vector fields on some special types of
manifolds itself has become a big branch of Differential Topology.

2. Let X be a submanifold of Y and i : X — Y be the inclusion map. What is D(i),
for x € X? In the case, Y = RY we already know that D(i), : T,.,(X) — R is the
inclusion map. Therefore, for the inclusion maps j; : X — RY and j, : Y — RV, we
know that both D(j1) and D(j2) are inclusion maps. But j; = j2 o ¢ and by chain
rule, D(j1) = D(j2) o D(4). Therefore, D(i) : T, X — T,Y is also the inclusion map.

Exercise 3.3

1. Show that if f : X — Y is a diffeomorphism then D(f) : T(X) — T(Y) is a diffeo-
morphism. (Thus, the tangent space is a diffeomorphic invariant.)

2. Compute D(f) where f: S* — St is given by 2z — 2™,

3. Suppose X is a manifold such that 7'(X) is trivial. If U is an open subset of X, show
that T'(U) is trivial.

4. Let V be a vector subspace of R" of dimension k. Exhibit explicitly the tangent space
of V' (as a subspace of R™ x R™). Next if L : V' — W is a linear map, where W is a
vector subspace of R™, write down explicitly D(L).

5. Let X C R” be a closed subset and a manifold. Define p : R™ — R by
p(z) =d(z,X) =inf{d(z,z) : € X}
where d denotes the euclidean distance function. Show that

(a) there exists xg € X such that p(z) = d(z,x0) and
(b) for any x € X satisfying (a), the vector z — x is perpendicular to T, X.
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6. Let X be an n-dimensional smooth manifold in R". Show that for any point z € X,
there exist n coordinate projections z;,,...,z;, , which when restricted to a suitable
neighborhood of z in X, give a coordinate chart for X. [Hint: There is such a set of
coordinate projections, which when restricted to Ty (X), is independent.] Deduce that
after a suitable permutation of coordinates, a neighborhood of x € X is the graph of
a smooth function f : U — RV~ where U C R is open.

7. Use coordinates (..., x;,y;, zj,w;, ..., ) for R4, Check that

("'7xj,ijzjij7"',) = ("',_yjaxj,_wj,zjw",)

defines a unit vector field on the sphere S**~!. Likewise, by merely permuting the

four symbols (z,y, w, z) and choosing appropriate signs produce two more unit vector
fields, so that all the three vector fields are mutually orthogonal. (In particular, this
proves that S? is parallelizable.)

8. Use the coordinates (a, b, c,d, e, f, g,h) € R® to write-down seven mutually orthogonal
vector fields on S” following a method similar to the one in the above exercise. Here
are two of them.

(a,b,C, daeafag’h’) = (b? _a7d7 —C, _faea _hag)

and
(a7b7cv daevagvh’) = (Cv _dv _avbaga _ha _evf)'

Follow the same method to produce seven mutually orthogonal vector fields on S87*~1.

3.4 Special Types of Smooth Maps

Throughout this section, X, Y, etc., will denote manifolds unless specified otherwise.

Definition 3.4.1 Wesay f: X — Y is immersive (resp. submersive) at x € X if (Df), is
injective (resp. surjective.) If this is true at every point of X then we say f is an immersion
(respectively, a submersion). Finally, we say f is an embedding if f is a diffeomorphism of
X onto its image f(X).

Remark 3.4.1 Observe that if f is immersive at a point then it is immersive at all points
in a neighborhood of that point. Also, it is injective in a small neighborhood of this point.
However, an immersion need not be globally injective as seen by the example z — e2™7,
Clearly, if an immersion f : X — Y exists, then dim X < dim Y. Similar statements hold
for submersions. Also, observe that if f is an embedding, then f(X) is clearly a manifold
diffeomorphic to X.

These special classes of smooth maps are very useful in the study of Differential Topology.
To begin with, we shall see that they can be used to identify certain submanifolds. Before
proceeding further, let us recall “proper maps”.

Definition 3.4.2 A continuous function f : A — B of topological spaces is called a proper
map if for every compact subset K of B, we have f~1(K) is compact.

Remark 3.4.2 It follows easily that if B is Hausdorff then every map f : A — B from
a compact space A is proper. Indeed properness hypothesis on maps is a clever device
introduced to take care of the vast situations wherein the domain is not compact.
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Theorem 3.4.1 Let f : X — Y be a smooth, proper, injective immersion. Then Z = f(X)
18 a submanifold and f : X — Z is a diffeomorphism. Moreover, Z is a closed subset of
Y. Conversely, if Z is a closed subset of Y, which is also a submanifold of Y then Z is the
image of a smooth, proper, injective immersion.

Proof: We shall first show that f is a homeomorphism onto Z. This is equivalent to show
that f : X — Z is an open mapping. Let U be an open subset in X and suppose that
f(U) is not open in Z. Then there exists a sequence y,, = f(z,), say, in Z \ f(U) such that
yn — y and y € f(U), say y = f(x), for some x € U. Since K = {y}U{y, : n>1}isa
compact subset of Y and f is proper, it follows that f~1(K) is compact. Any sequence in
a compact set has a subsequence that is convergent. Hence, after passing to a subsequence,
if necessary, we may assume that x,, — 2’ say. Since z,, € X \ U, a closed subset, it follows
that ' ¢ U. But then f(z') = lim f(z,,) = limy, =y = f(x). Since f is injective, we have,
x = x’ € U, a contradiction. Hence, f is a homeomorphism onto Z.

(Indeed, we have just proved the following: a continuous proper bijection of two metric
spaces is a homeomorphism.)

In order to show that Z is a submanifold, let € X be any point and y = f(z). Choose
a chart (U,v) at y for Y and consider g = 0o f on V = f~1(U). It is enough to show
that g(V') is a submanifold of R™. Thus, we have reduced the problem to the case when
Y = R™. Similarly, by precomposing with a parameterization at z for X, we may assume
that X = R™.

Now by the injective form of implicit function theorem, there is a diffeomorphism « :
W — R™ of some neighborhood W of 0 in R™, such that

ao f(xy,...,xn) = (x1,...,2n,0,...,0).

Put 3 = a~ ! gnxo. Then 3 is a parameterization for f(X).

This also proves the smoothness of f~! since 3(x,0) = f(x). Hence, f is a diffeomor-
phism.

To show that Z is a closed subset of Y, let y, = f(x,) be a sequence converging to
y € Y. Now argue exactly as in the proof that f : X — Z is an open mapping to see that
yEZ.

The converse is obvious: we simply take X = Z and f as the inclusion map. ®

Example 3.4.1 As a typical counterexample consider the mapping f : R — R?, which
traces the figure-eight curve:
f(t) = (sinwt,sin 27t).

If ¢ is the restriction of f to the open interval (—1,1), it is not difficult to see that f is an
injective immersion. However, the image fails to be a manifold precisely at the point (0,0).
This failure can be attributed to the fact that g is not a proper map.

N
NN

A

f

-1 1

Figure 16 An injective immersion that does not yield a submanifold.

Submersive maps have a special role to play. We first make a few a definitions.
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Definition 3.4.3 Let f : X — Y be a smooth map of manifolds. We say « € X is a reqular
point for f if Df, is surjective. A point that is not regular may be referred to as critical or
singular. We say y is a regular value if all points of f~1(y) are regular for f. Thus, we see
that if f=1(y) = () then clearly y is a regular value. [This is a typical case of a phenomenon
in modern mathematics wherein a red herring need be neither red nor a herring.)

Remark 3.4.3 We shall denote the set of regular points of f by Ry and the set of critical
points of f by Cf := X \ Rs. We shall denote the set of regular values of f by V. Note
that Vy N f(X) C f(Ry) and often these two sets are not equal. It is an easy consequence
of the implicit function theorem that,

are all open.

The following theorem that may be also called regular inverse image theorem, is of
utmost importance to us. It is a direct consequence of the surjective form of implicit function
theorem.

Theorem 3.4.2 Preimage Theorem: Let X and Y be boundaryless manifolds. Let f :
X — Y be a smooth map, dim X = n, dimY = m. Then for all reqular values y of f the
inverse image W = f~1(y) is either empty or is a closed submanifold of X of codimension
m. Moreover, the tangent space to W at any point w € W is precisely the kernel of D f,,.

Proof: Being the inverse image of a single point, clearly W is closed. In order to show that
it is a submanifold, by composing f with a chart at y for Y, we may assume that Y = R™
and y = 0. Similarly, by precomposing with a parameterization for X at z € W, we may
assume that X = R™. But then the claim follows directly from the surjective form of the
implicit function Theorem 1.4.4. Y

Example 3.4.2 As we know already, this theorem can be used to produce a large number
of submanifolds of Euclidean spaces. Typical examples of these are conics in R?, quadratic
hypersurfaces in R™ such as the sphere, ellipsoids, hyperboloids, etc.

Let us now discuss a few important examples occurring in the space of matrices. We
know that the space M (n,R) of n x n real matrices can be thought of as the Euclidean
space R™. A standard notation here is R™*™ which indicates that we are considering the
Euclidean space R™"” as the space of all m x n matrices with real entries instead of space
of column vectors of column-size mn.

Cousider the mapping det : M (n,R) — R the determinant mapping. It is indeed a poly-
nomial mapping and hence is smooth. Now, the space GL(n,R) of all invertible matrices
is the inverse image of the open set R\ {0} under this mapping and hence is an open sub-
manifold of M (n,R). Also, its total tangent space is actually equal to GL(n,R) x M (n,R).
Likewise the space S(n) of all symmetric matrices, being a vector subspace of dimension
n(n 4+ 1)/2, is a closed submanifold of M (n,R). (Similarly the space of all antisymmetric
matrices is a closed submanifold of dimension n(n — 1)/2.) We also know that the tangent
space to any vector subspace V of the Euclidean space is V' x V itself.

Now consider, the space O(n) of all orthogonal matrices in M (n,R) :

O(n) :={A € M(n;R) : AA" = Id}.

Thus, if 7 : M(n,R) — S(n) is defined by 7(A) = AA*, then O(n) = 77 (Id,,). Since T is
easily seen to be smooth map, this leads us to the question whether Id is a regular value
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for 7 or not. To check this, we must fix some B € O(n) and compute D7p. This has been
done in (1.43).

We have Drp(A) = AB' + BA! for all A € M(n,R). To show that for each fixed
B € O(n) the mapping A — AB! + BA! is surjective onto the space S(n) of all symmetric
matrices, given C' € S(n), we consider A = LCB. Since BB = Id, we get AB' = 1C. Also,
since C' is symmetric, we have BA" = £C* = 1C and hence AB' + BA* = C.

It follows that O(n) is a submanifold of M (n, R) of codimension equal to n(n+1)/2 and
hence dim O(n) = n? — n(n +1)/2 = n(n — 1)/2. Moreover, the tangent space to O(n) at
any point can now be identified with the kernel of D7. At B = Id, this is easily seen to be
the space of all antisymmetric matrices.

Example 3.4.3 Consider S = {(A,t) € M(n;R) xR : ¢(det A) = 1}. It is easily verified
that every nonzero real number is a regular value of f(A,t) = t(det A). Therefore S = f~1(1)
is a smooth submanifold of M (n;R) x R. It is also easily verified that A — (A, 1/det, A)
defines a diffeomorphism of GL(n;R) with S. Thus GL(n,R) is the zero set of a polynomial
in n? + 1 variables, which makes it an affine variety.

Another rich source of obtaining manifolds and closely related to the preimage theorem
is the “Jacobian criterion”. The difference is that instead of implicit function theorem, we
have to appeal to the rank theorem. Below, we state this criterion, the details of the proof
of which is left to the reader as an exercise.

Theorem 3.4.3 Jacobian Criterion: Let f : X — Y be a smooth map of manifolds.
Suppose D f, is of constant rank r throughout X. Then for any pointy € Y, W = f~1(y) is
either empty or is a closed submanifold of X of codimension r. Moreover, the tangent space
T.W of x € W is the kernel of Df, : T, X — T,Y.

Example 3.4.4 The Rank Manifolds Ry (m,n;R) : Here is an important class of sub-
manifolds of the space of matrices, which do not occur, in general, as regular inverse image
of some nice functions as such.! Let

Ri(m,n;R) = {A € R™*"™ : rank A = k}.

We shall show that this is a smooth submanifold of the Euclidean space R™*™  of codi-
mension (m — k)(n — k). Let C, ; denote the set of all k-subsets of the set {1,2,...,n}.
For a € C,, let U, denote the open subset of Ry(m,n;R) consisting of those matrices
A whose columns corresponding to the indices oy, ..., ax are independent. It is clear that
Ri(m,n;R) = Uaec, ,,Ua- Therefore, it is enough to show that each U, is diffeomorphic to
an open subset of R, where t = mn — (m — k)(n — k) = k(m +n — k).

First, consider the case when o = {1,2,...,k}. Let W be the open set of all elements
in R™** of maximal rank k. Consider the map

¢ W x RF*(=F) R (m,n;R)

given by
(B,C) — [B,BC].

The smoothness of this map is clear. It is elementary linear algebra to verify that ¢ is a
bijective map onto the open set U, of Ri(m,n;R). Being a rational function, the inverse is
also a smooth map.

Now, in the general case, the map ¢,, is nothing but ¢ as above followed by an appropriate
permutation of columns; and hence all the claims made in the special case are valid.

n the language of Algebraic Geometry, this phenomenon can be expressed by saying that Ry (m,n;R)
is not a complete intersection, in general. See exercise 24 in 3.7.
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Example 3.4.5 Steifel Manifolds V}, ,, : For integers 1 < k < n, let V}, denote the

subspace of R"** of k-tuples (v1,...,vy) of vectors v; € R™ such that (v;,v;) = &;;. These
are called orthonormal k-frames in R™. Let ¢ : Ri(n, k;R) — S(k) € R¥*k be defined by
¢(A) = A'A. If we write A = [uy,...,u;] where u; are columns of A then we have,

¢(A) = olur, .. wy] = (((wis uy))).

One can write down the matrix form for D(¢), using the double-indices {(¢,7),1 <
i <m, 1 <j < n}. Check that the columns corresponding to (i,5) for 1 < i < j < k are
independent, whereas other columns are repetitions. [Write down the matrix of D¢ for some
small values of k and n.] Therefore, it follows that the rank of D¢ is equal to k(k + 1)/2
everywhere and hence, by the Jacobian Criterion, Vi, = ¢~!(Idy) is a submanifold of
Ry (n, k; R) of codimension = k(k+1)/2. It is clear that Vj_, is a closed subspace of S"~! x
-++ x S"71 (k-copies) and hence is compact. Also note that V3, = S"~! and V,, , = O(n),
the space of the orthogonal group and V,,_1, = SO(n), the space of special orthogonal
group. (See exercise 2 at the end of the section.)

We now consider an extension of Theorem 3.4.2 to the case when X may have boundary.
The importance of such a result being more or less obvious, will, in any case, be demon-
strated in a later section. We begin with:

Lemma 3.4.1 Let S be a manifold without boundary and = : S — R be a smooth map
such that 0 is a regular value of 7. Then {s € S : 7(s) > 0} is either empty or is a manifold
of the same dimension as S with boundary equal to {s € S : w(s) = 0}.

Proof: The set {s € S : w(s) > 0} is an open subset of S and hence is a submanifold.
(What happens if it is empty?) So, let s € S be such that 7(s) = 0. By the surjective form
of implicit function theorem, we may as well assume that 7 is a coordinate projection in a
neighborhood of s € S and then the result is obvious. ')

Theorem 3.4.4 Extended Preimage Theorem: Let X, Y be smooth manifolds, Y = (),
f:X — Y be a smooth map and y € Y be a regular value for both f and flaox. Then
W = f~Y(y) is either empty or is a neat submanifold of X of codimension = dimY. Also,
for all x € W, we have, T,W = ker (D f;).

Proof: Clearly W is a closed subset of X. As in the boundaryless case, from the Implicit
Function Theorem 1.4.3, it follows that W N int(X) and W N 0X are both submanifolds,
the former being a manifold without boundary. So, we have to analyze the situation at a
point x € WNOX.

Figure 17 A neat submanifold produced by preimage.

By choosing a parameterized neighborhood of z in X, etc., we reduce the entire situation
to the case of amap f: H®" = R* 2 =0,f(0)=0and 0 € RF is a regular value of both f
and Jf. The smoothness of f means that f has a smooth extension f in a neighborhood U
of 0 in R™. Also by definition D f = D f and hence D fj is surjective. From the result that we
have proved in the boundaryless case, it follows that for a smaller neighborhood V' of 0 in
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R”, we have, S = f~1(0)NV is a codimension k submanifold. Clearly, H*NS = f~1(0)NV
and hence, we must show that H" N S is a manifold with boundary 0H™ N S. For this,
we consider the last coordinate projection 7 : V' — R and claim that 0 is a regular value
for m|g. Since H* NS = {x € S : w(x) > 0}, by appealing to the lemma above, this will
complete the proof.

To show that D(r|s) : To(S) — R is a nonzero map, assume the contrary. This means
that Tp(S) C R"~1. But To(S) = Ker D fo and D fy|gn—1 = D fo|gn—1 = D(0f)o. Therefore,
Ker Dfy = Ker D(0f)p. On the other hand, both maps are surjective and hence by the
rank-nullity theorem, nullity of Dfy is n — k whereas that of D(9f)o is m —1 — k, which is
absurd. ®

Remark 3.4.4

(i) In Figure 17, the curve S and the z-axis intersect in a very special way. In layman’s
language, one may say that the two curves “cross” each other at the point of intersection.
Now consider another situation in which $ is the graph of y = z3. Here also the curve S
crosses the z-axis. But there is a difference, viz., the curve appears to “linger on” a little,
before crossing over. Mathematically, this can be described in a very neat way. The tangent
to the graph y = 2 coincides with the tangent to the z-axis, whereas in the situation of
Figure 17 the two tangent lines are different. This leads us to the geometric concept called
“transversality” which is going to play a big role in the rest of the development of the
subject and we propose to take it up in the next section.

(ii) Discussion of regular values of maps between manifolds of the same dimension deserves
some special attention. We end this section with a result that we come across in many
situations.

Theorem 3.4.5 Stack-Record Theorem: Let X be compact and f : X — Y be a smooth
map of manifolds of the same dimension and without boundary.

(i) If y € Y is a regular value, then f=1(y) is a finite set = {x1,..., 2} and there exist open
neighborhoods U; of x; and V' of y such that f : U; — V s a diffeomorphism for 1 <i <k
and f~Y(V) =1IE_,U;, a disjoint union.

(ii) On the space of reqular values of f, the number of points #(f~1(y)) is locally a constant
function.

(iii) If f is a submersion and Y is connected, then f is a covering map.

Figure 18 The records are stacked one over other.

Proof: (i) By the inverse function theorem, for every point € X such that f(z) =y, there
is an open set U, in X such that x € U, f: U, — f(U,) is a diffeomorphism and f(U,) is
open in Y. In particular, this implies that f~!(y) is an isolated subset of the compact space
X and hence is a finite set, say f~1(y) = {z1,..., 2% }. Therefore, there exists W; C U,,



Transversality 93

such that W; N W; = 0,i # j. Put V' = Nk, f(W;). We claim that there exists an open
neighborhood V of y contained in V’, such that we have f~1(V) Cc UX_, W, = W. By putting
Uy =W; N f=1V"), (i) follows.

Suppose the claim is not true. Then there will be a sequence z, € X \ W such that
f(zn) — y. Passing to a subsequence we may assume that z, — z. Then f(z) = y whereas
z & W and hence, cannot be equal to any of the x1, ..., zx; a contradiction. (Observe that
this takes care of the case when y is not a value at all.)

(ii) Follows from (i). However, first notice that it also follows that the set of regular values
is an open set.

(iii) If f is a submersion, then f(X) is open. Since X is compact, f(X) is closed as well.
Therefore, f(X) =Y and every point of Y is a regular value. The conclusion (i) for every
point of Y means that f is a covering map. o

Exercise 3.4

1. Show that the following subsets of M (n,R) are submanifolds; determine their dimen-
sion and the tangent space at Id,,.
1) T={A=((ai)) : detA#0, & a;; =0,i < j}.
(ii) SL(n,R) ={A : det A=1}.
(iii) SO(n) ={A € M(n,R) : AA' =1Id,, & det A =1}.
(iv) Opq(R) ={A € M(n,R) : AJ, A" = Jp 4}, where

I, 0
Jpaq_|:0p _Iq:|a 1§p§n_1,p+q:n

(v) SOpq={A€0pq : det A=1}.
2. Show that V;,_1 , is diffeomorphic to SO(n).

3. Identify the group of all rigid motions of R™ as a subspace of M(n + 1,R) and show
that it is a manifold. Similarly identify the group of all affine isomorphisms of R™ with
a subspace of M (n + 1,R) and show that it is a manifold. What are the dimensions?

4. Under the identification C = R? show that the group U(n) of all n x n unitary matrices
(i.e., those which satisfy AA* = Id) form a manifold. What is the tangent space at
Id and what is the dimension?

5. Show that GL(n,C) is connected. Show that GL(n,R) has precisely two components.

3.5 Transversality

Definition 3.5.1 Let f : X — Y be a smooth map of smooth manifolds and let Z be a
submanifold of Y. We say f is transversal to Z, (written f M Z) if for each point z € X
such that y = f(z) € Z, we have,

Im(Df)s +Ty(Z) =Ty(Y).

Remark 3.5.1

(i) It may be noted that, no condition is imposed at points € X such that f(x) & Z.
Thus, it follows that if f(X)N Z = 0, then f is transversal to Z in a vacuous way.

(ii) Consider the case when Z = {z} is a singleton. Then the above condition says that f is
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a submersion at x. This is true for each z € f~1{z} iff 2 is a regular value for f. Therefore,
we see that the notion of transversality is a generalization of the notion of regularity. This
will become more evident in the proof of the following theorem.

Theorem 3.5.1 Transversal Inverse Image Theorem: Let f : X — Y be a smooth map
and Z CY be a submanifold of codimension k, where Z and Y are boundaryless. Suppose
that f Z and Of M Z where Of := flox. Then f=Y(Z) =: W is a submanifold of X of
codimension = k such that OW = 0X NW. Moreover, we have To(W) = (df2) " (T(2)(2)),
for every x € W.

Proof: We shall prove this theorem by reducing it to the case of the Preimage Theorem
3.4.2, as follows:

Let € W be any point. Choose a coordinate neighborhood (U, ¢) at y = f(z) such
that, ZNU ={y : ¢1(y) = -+ = ¢x(y) = 0}, where ¢ = (é1,...,¢n). Let p denote the
projection to the first k factors in the Euclidean space, so that we can rewrite Z NU =
(po )~1(0). Observe that p o ¢ is a submersion. Hence, by the Preimage Theorem 3.4.2,
we have, T,(Z) = T,(Z NU) = Kerd(p o ¢),. Now consider the map g : V — R¥ given by
g=pog¢o f, where V = f~1(U). Then clearly W NV = g=1(0). Thus, if we prove that 0 is
a regular value of g, then from the Preimage Theorem, the conclusion of the above theorem
follows.

Therefore, to see that Dg is surjective, let v € R¥ be any vector. Since d(p o ¢) is
surjective, there exists u € Ty (Y") such that d(po¢)(u) = v. Now from the hypothesis of the
theorem, we can write u = (df )z(w1) + ug, where uy € T,(Z). Therefore, v = d(po¢)(u) =
(dg.)(w1), since d(p o ¢)(uz) = 0.

Finally, for the last part, we have,

T, W = (dgz)~"(0) = (dfz) "' (d(p o d)y) "1 (0) = (dfe) "' Ty 2,
as required. This completes the proof. [

Remark 3.5.2 It should be remarked that, in the above theorem, the hypothesis on f
restricted to V is indeed equivalent to say that g is a submersion. It is in this strong
sense that we say that transversality is a generalization of the regularity. Thus, taking
transversal inverse images of already known manifolds is another sure way of constructing
new manifolds.

Example 3.5.1 Let us now examine a few simple examples of transversal maps. Consider
Y = R? and let Z be the real axis. Consider the map f : R — R? given by ¢ + (t,at + b.)
For a =0 =5, f maps R inside Z. At any point ¢ € R, we then have df; = (1,0) and hence
the image of df is contained in the tangent space to Z. Thus, f is not transversal. However,
for a # 0, the only point ¢ € R for which f(¢) € Z is t = —b/a, and at this point df = (1, a).
Therefore, the image of df is the line y = ax which, together with the tangent space to Z,
spans R2. We conclude that, f is transversal to Z iff a # 0 or b # 0. Now consider the map
g(t) = (t,p(t)), where p(t) is some polynomial function of some higher degree. The points
common to the image of g and Z are given by the roots of the polynomial p(¢). At such a
root tg, the derivative is given by df = (1,p(tg)). Therefore, the image of df at such a point
is not contained in Z iff p’(¢y) # 0, which is the same as saying that ¢y is not a multiple
root of p(t). Thus, g is transversal to Z iff p(t) has no multiple real roots.

As a typical counterexample, take p(t) = t3. As observed in Remark 3.4.4, the graph of
p crosses the z-axis at the origin. Yet it is not a “point of transversal intersection”.
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Exercise 3.5

1. Consider the hyperboloid 22 4+y? — 22 = 1 and the sphere 22 4+y?+ 22 = a?. Determine
the values of a for which the intersection is transversal.

2. Let X, Z be submanifolds of Y. Say X is transversal to Z if tx : X — Y is transversal
to Z. Show that this is equivalent to say that for every y € XNZ, we have, T,(XNZ) =
T,(X) N T,(Z). In particular, this implies that the inclusion map vy : Z — Y is
transversal to X. Thus, the symmetric terminology, “X, Z intersect transversally’ for
this property is justified.

3. Given smooth maps f : X — Y and g : Y — Z and a submanifold W of Z, such
that g is transversal to W, show that g o f is transversal to W iff f is transversal to
-1
g t(W).

4. Give an example to show that the intersection of two submanifolds can still be a
manifold even though they are not intersecting transversally. In such a case, what can
be said about the dimension of the intersection? Illustrate with examples.

3.6 Homotopy and Stability

One of the important aspects of the algebraic and differential topology is to study
properties that remain invariant under a deformation or a homotopy. Recall that by a
homotopy we mean a continuous map F : X X I — Y, where X,Y are any two topological
spaces and I denotes the unit interval. We write, for each ¢t € I, fi(z) = F(z,t),z € X
and say that fo is homotopic to f;. In fact by a reparameterization, we can see that f; and
fs are also homotopic for any ¢,s € I. A property that remains invariant under “small”
deformations is called a stable property. More precisely, suppose P is a property of a map
f: X — Y. Then P is said to be stable if for all homotopies F' : X x I — Y of f (i.e.,
fo = f,) ft possess the property P, for all 0 < ¢ < ¢, for some € > 0. Thus, the study of
stability property can be termed as a “local behavior” under homotopies (deformations).

While dealing with smooth maps of manifolds f : X — Y, it is not unreasonable to
demand that the homotopy F' of f is also a smooth map. Later on, we shall see that this
is indeed not too much of a restriction. So, from now on, we shall assume that a homotopy
F' is a smooth map also. The following theorem tells you that many interesting properties
that we studied so far are all stable.

Definition 3.6.1 For any homotopy F': X X I — Y, the track of F is defined to be the
map F : X x I — Y x I given by F(z,t) = (F(z,t),t).

Lemma 3.6.1 Given any smooth map F': X x I — Y and a point ¢ = (z,s) € X x I, we
have rank (DF), = rank (Dfs), + 1.

Proof: First consider the case when X = R™ and Y = R™. Then D(F), is represented by
a (n+1) x (m+ 1) matrix of the form the

wor=[ 3]

where A; = (Dfs)s, fs(x) = F(z,s). Hence, the conclusion.

In the general case, take a coordinate neighborhood (U,¢) at y = F(z,s) and a
parameterization (R",¢) at = for X such that F(¢p x Id)(R" x I) C U and consider
G=¢oFo(¢pxId):R™xI— R"in place of F. ()
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Theorem 3.6.1 Let f : X — Y be a smooth map of manifolds where 0X = () and X is
compact. Then all of the following properties of f are stable properties:

(a) Immersion.

(b) Submersion.

(¢) Local diffeomorphism.

(d) Transversal to a given submanifold Z C Y.

(e) Embedding.

(f) Diffeomorphism.

Proof: Let F: X x I — Y be a homotopy of f and F be its track.

(a) Let f be an immersion. This means that at each point « € X, the rank of D f, is equal to
the dimension of X. Then by the lemma above, D(Z*:’)(%O) is injective, i.e, F is an immersion
at (x,0) for all z € X. By the injective form of implicit function theorem 1.4.5, there exist
neighborhood U, of x and €, > 0 such that F|Uw x[0,¢,) 18 an immersion. Since X is compact,
there exist finitely many points x; such that X = U;U,,. Take € = min{eg,}. It follows that
F| Xx[0,¢) 18 an immersion. But then from the above lemma, we conclude that fs is also an
immersion for all 0 < s < ¢, as required.

(b) Simply replace the word “immersion” by “submersion” everywhere in the proof of (a).
(¢) This is a special case of (a) or (b) when dim X = dimY.

(d) Let z € X and f(x) =y € Z. Let dim Z = k. Choose a coordinate neighborhood (U, ¢)
at y for Y such that Z N U is given by vanishing of ¢1,..., ¢r. Consider the composition
H = mo¢oF in a neighborhood of (z,0) say, in V x [0,«). Here 7 : R® — R"~* is the
projection to the last n — k coordinates space. As in the proof of Theorem 3.5.1, to say
that f|y is transversal to Z is equivalent to say that H|y o is a submersion. Now by the
surjective form of implicit function theorem 1.4.4, conclude that H [y «[o,) is a submersion,
for a neighborhood W of z and for § > 0. This means that fi|y is transversal to Z for
all t € [0, ). Now, use the compactness of X to get a finite cover and choose € to be the
minimum of the corresponding positive numbers [3;.

(e) Since X is compact, any continuous map to a Hausdorff space Y is proper. Thus, in
view of (a), and Theorem 3.4.1, the only thing that needs to be proved is injectivity of f; for
sufficiently small ¢. If this is not true, then for all n, we can find x,, # 2/, € X and 0 < ¢,, <
1/n such that F(zy,t,) = F(z],t,). By the compactness of X, passing to subsequences
if needed, we can assume that z, — xo, and z}, — z{. Then F(xy,t,) — F(x0,0), and
also F(z!,,t,) — F(x{,0). This means that f(zo) = F(x¢,0) = F(z,0) = f(z}). Since f
is injective this means that xg = x{,. On the other hand, by the injective form of implicit
function theorem, it follows that there exists a neighborhood U x [0, €) of (2, 0) such that F
is injective in this neighborhood. Then for large n, we have (x,,t,), (z,,,t,) € U X [0, €) and
we have, F(x,,t,) = F(z/,,t,). This means that F(z,,t,) = F(2,,t,) and hence z, = z/,,
for all sufficiently large n, which is a contradiction.

(f) Observe that since f is a diffeomorphism, dim X = dimY. Again in view of (e), it
remains to prove that f; is also surjective. Since, connected components are mapped inside
connected components, we may as well assume that both X and Y are connected. It now
follows that for small ¢, f; being a submersion, is an open mapping. Hence, f;(X) is an open
subset of Y. It is also closed because X is compact. Hence, f;(X) =Y, as required. ®

Exercise 3.6 Let f: X XY — Z be a smooth map and let F': X xY — Z xY, be defined
by F(x,y) = (f(z,y),y). For any point y € Y, let f¥(z) = f(x,y). Show that for any point
(z,y) € X xY, we have rank DF, ,y = rank D(f"), + n, where n = dimY. (Compare
Lemma 3.6.1.)
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Miscellaneous Exercises for Chapter 3

Throughout these exercises, X,Y etc. denote manifolds in RY or H".

1.
2.
3.

10.
11.

12.

13.

Give an explicit atlas for S! x S'. What is the minimum number of charts needed?

2

For what values of r, does the equation 22 — 22 — y2 = 72 define a manifold?

For positive real numbers a,b consider the set S(a,b) of points P € R3, which are
at a distance b from the circle 2 + y? = a. Show that for 0 < b < a, S(a,b) is a
2-dimensional manifold and identify this manifold. What happens when a = b and
b>a?

The graph of a function f: X — Y is defined to be

I(f) ={(z,y) e X xY : y=f(z)}.

Show that if X,Y are smooth manifolds and f is smooth then I'(f) is a submanifold
of X x Y and is diffeomorphic to X.

Let f : X — Y be a continuous map of differentiable manifolds such that I'(f) is
a smooth submanifold of X x Y. Does this imply that f is differentiable? [Compare
Exercise 3.3.6 and Example 3.1.1.4. Hint: Example 1.6.1.3.]

Let V be a vector subspace of R"™. Show that the tangent space T,,(V) = V for all
zeV.

Exhibit a basis for the tangent space of the paraboloid 22 + y2 — 22 = 1 at the point
(1,0,0).

For any two manifolds X and Y without boundary, show that
Ty (X X V) = Tu X x T,Y.
Compute dp where p: X XY — Y is the projection.
For smooth maps f: X — X',¢g: Y — Y’ show that d(f x g) = df x dg.
Compute d(n), where n: X — X x X is the diagonal map z — (z, ).

Prove that the tangent space to the graph of a smooth map f: X — Y at (z, f(z))
is the graph of the tangent map

dfx : Tx(X) — T(w,f(z))(X X Y)

Let ¢: I — X be a smooth curve where X is a smooth manifold. The velocity vector
to c at t = s is defined to be the vector dcs(1) € T,(5)(X). We denote this simply by

de L X =R"and c(t) = (c1(?),...,cn(t)) then check that

_dc

dcs(l) = E =

Prove that every vector in T,(X) is the velocity vector of some curve in X passing
through . (This exercise gives an alternate description of the tangent space.)

If f:R — R is a local diffeomorphism, then show that f is a diffeomorphism onto an
open interval.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Submanifolds of Euclidean Spaces

Show that the map z — 223 — 322 restricts to a local diffeomorphism of C \ {0,1}
onto C. Now, use the following fact that there is a complex differentiable map that
is a covering projection A : D — C\ {0,1} (the modular function), to construct a
surjective holomorphic mapping B;1(0) — C, which is a local diffeomorphism of the
open unit disc onto C.

Give an example of a surjective local diffeomorphism R? — S2. [Hint: Consider z
223 —32%/2+ 1]

Show that any injective local diffeomorphism f: X — Y is a diffeomorphism onto an
open subset, where X,Y are smooth manifolds.

Let f: X = Y,g:Y — Z be smooth maps. If f, g are embeddings then so is g o f. If
g,go f are embeddings then so is f.

Let f: X — Y be a submersion. If X is compact and Y is connected, show that f is
surjective.

Let p(z1,...,z,) be a homogeneous polynomial of degree k with real coefficients. For
any r # 0, show that p(X) = r defines a submanifold of R™ of codimension 1. Show
that if ryre > 0 then p(X) = 1 and p(X) = 72 define diffeomorphic submanifolds.
Give an example to show that the condition 7173 > 0 cannot be dropped.

Let Pi,...,Poy1 € R be any n + 1 points that do not lie in a hyperplane. Consider
the mapping ¢ = (¢1,...,dnt1) given by ¢;(x) = m,i =1,...,n+ 1. Show that
¢ :R*"\{Py,...,Pys1} — R"! is an embedding.

Let U be a nonempty open subset of R” and ¢(z) = d(z,R™ \ U). Show that

o= )

defines a proper embedding of U in R™+!.

Show that every rational function f(z) = ( ) / Q(z ) (where P, Q are polynomials in
one variable) extends to a smooth map of f : C — C, where C = S? is the extended
complex plane (which is also called the Riemann sphere).

Fundamental Theorem of Algebra Let p(z) = 2" + a12" ! + - + a, be a non-
constant polynomial with complex coefficients. Show that p has a root by making the
following simple observations:

(i) p is smooth.

(ii) p extends smoothly to a map C = S2 — S2.

(iii) p is a local diffeomorphism at zy iff p’(zo) # 0.

(iv) There are only finitely many critical points of p.

(v) #(p~1(w)) is finite for all w € S%.

(vi) Property (ii) of Theorem 3.4.5 holds for p.

(vii) C\ S is connected where S is a finite set.

(viii) A locally constant function is a constant on a connected set.

(ix) p : C — C defines a surjective mapping.

In Example 3.4.4, we saw that the space R1(2,2;R) of all 2 x 2 real matrices of rank
1 is a 3-dimensional submanifold of R?*2. Display it as the regular inverse image of
a smooth map R?*2\ {0} — R. Generalize this to the case of R,,_1(n,n;R). [Indeed,
among all Ry (m,n;R), this is as far as you can go— other R, (m,n;R) are not even
intersection of an appropriate number of hypersurfaces.]
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26.

27.

28.

29.
30.
31.
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Show that every closed subset of R™ is the intersection of R™ x 0 and another sub-
manifold Y of R"*!. [Hint: Compare Corollary 1.7.2.]

For a linear map f : R™ — R"™ show that the graph of f is transversal to the diagonal
A iff +1 is not an eigenvalue of f.

Let f: X — X be a smooth map with x as a fixed point. We say x is Lefschetz type
if +1 is not an eigenvalue of df, : T, X — T, X. If all fixed points of f are of Lefschetz
type then we say f is a Lefschetz map. If X is compact, show that a Lefschetz map f
has only finitely many fixed points.

Let f: X — Z,g:Y — Z be continuous maps of topological spaces. The fibered
product denoted by X Xz Y is a subspace of the product X x Y defined by

XxzY ={(z,y) e X xY : f(z) =gy}

Suppose now that X,Y,Z are smooth manifolds and f,g are smooth. We say f is
transversal to g (and write f g) if df, (T, X)+dgy(Ty(Y)) = T.(Z) whenever f(z) =

9(y) = z.

(i) Show that frh g iff (f x g)N Az in Z x Z.

(ii) Deduce that X xz Y is a submanifold of X x Y if frh g.

(iii) If f is a submersion, show that the projection ps : X Xz Y — Y is a submersion.
This submersion is called the pullback of f via g.

Xx, V2 o x

Y———7
Show that S0(n) is connected for all n > 1 and O(n) has precisely two components.
Show that U(n) is connected for all n > 1.

Show that Vi ,, 1<k <n are connected.
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In this chapter, we extend the notion of integration discussed in Chapter 2, to the class
of smooth manifolds. First, we introduce the notion of orientation on manifolds and dif-
ferential forms on manifolds. Via partition of unity, we then define integration on oriented
manifolds. Stokes’ theorem comes almost as a free reward. As an illustration of the fact
that the integration on manifolds can be effectively used to bring out the geometric and
the topological behaviour of the manifolds, we then introduce De Rham cohomology groups
and compute them for spheres and give a few applications.

4.1 Orientation on Manifolds

In your calculus course, you have met with the concept of orienting a curve by putting
an arrow or even indicating orientations on surfaces by placing curved arrows, etc. In this
section, we shall consolidate the notion of orientation, which is very fundamental especially
in the theory of integration on manifolds.

Definition 4.1.1 Let V be a vector space of dimension n > 1. Consider the set B of all
ordered bases for V. On this set let us introduce an equivalence relation as follows. We know
that any two ordered bases correspond under an invertible matrix, i.e., if «, 8 are any two
ordered bases, written columnwise, then there is a unique invertible n x n matrix M, such
that Ma = 8. We shall define o ~ (3 if det M > 0. It is straightforward to verify that “~” is
an equivalence relation. We shall call an equivalence class of an ordered basis an orientation
for V. Since for any invertible matrix M either det M > 0 or < 0, it follows easily that
there are precisely two equivalence classes of ordered bases. It is also clear that, if one class
« is represented by (vi,...,v,) then (—vy1,va,...,v,) represents the other class. For this
reason, we may refer to the other orientation as the “opposite orientation” or the “negative”
of the first orientation and indicate this by writing —a. This does not necessarily mean that
« is the positive orientation and the other one is the ‘negative’. As such we do not have any
bias for one orientation from the other and treat both the orientations with equal dignity.

Finally, it remains to define orientation on the vector space (0). Since on every nonzero
vector space there are precisely two orientations, we shall declare the same to be true on
the (0) space as well. These two orientations will be denoted by =+, by convention. We shall
denote by F,, the standard orientation on R", i.e.,

E, =le,ea,...,en].

Remark 4.1.1 Observe that if f : V — W is a linear isomorphism then f takes an ordered
basis of V to an ordered basis of W. Moreover, it is easily verified that if two of the ordered
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bases of V are equivalent then the corresponding bases of W are also so. Thus, f induces a
function f, on the set of orientations of V' to that of W. This function is clearly a bijection.

- @ ——— >

B Y
N

Figure 19 Orientations on R and R2.

Example 4.1.1 Consider the following orientation on R3 :

(1) {91,62,63}, (11) {_617_627_63}3 (111) {61783762}?
(IV) {_eBa €2, el}a (V) {361, €2, 563}, (VI) {el +ez,e2 +-e3,e3 + el}~

Since there are three negative signs in (ii) as compared to (i) and no order change, it follows
that the determinant of the transformation matrix is actually —1. So, (i) and (ii) are in
different orientation classes. Arguing similarly, we can check that (i), (iv), (v), and (vi) are
in one class whereas, (ii) and (iii) in another.

Definition 4.1.2 Let X be a manifold of dimension n > 1. By a preorientation o on X
we mean a choice a,, of an orientation on T, X for each x € X. A preorientation « of X is
said to be smooth or continuous if it satisfies the following smoothness condition: to each
r € X, there exists a parameterization (U, ¢) for X at x such that dp, : R™ — Ty, (X)
carries the orientation class £, to ag(, for ally € U C R, i.e., doy(E,) = ay(y). (Observe
that we could have replaced F,, by —F,.) A preorientation which is smooth will be called
an orientation. If there exists an orientation of X then we say X is orientable. In such a
case, X together with a fixed orientation will be called an oriented manifold.

Finally, let X be a manifold of dimension 0. Then by an orientation on X, we mean a
function € : X — {+, —}. Thus, an orientation on X simply assigns a sign + for each point
of X. Obviously, there is no need to put any smoothness condition on €, since every function
on a discrete space is continuous.

Lemma 4.1.1 Let X be a connected manifold and w, # be any two orientations. Suppose
there exists a point = € X such that w, = 6,. Then w = 6.

Proof: As usual, we take A = {z € X : w, = 0, }. The hypothesis says that A is nonempty.
We shall show that A is both open and closed in X and conclude that A = X. So consider y €
A.Let ¢ : U — R™ and ¢ : U — R™ be charts for X at y such that d¢, (w,) = E,, = dip,(0,)
for all x € U. Then, since w, = 0, we have, d(¢) o ¢~ 1)o(Ep) = dipy(wy) = dipy(0y) = E,.
Therefore, d(1) o ¢~ 1), has positive determinant at z = 0 and hence this must be the case
for all z in a neighbourhood W of 0. This means d(v) o ¢~ 1), (E,) = E, for all z € W.
Taking V = ¢~ 1 (W), this is the same as saying w, = 0, for all x € V. Therefore, V C A.
This proves the openness of A. Exactly the same way, one can show that X \ A is open.
This completes the proof of the lemma. ®
As an immediate consequence we have:

Theorem 4.1.1 On a connected manifold there can be at most two orientations.
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Remark 4.1.2

(i) Clearly every open subset of R™ is orientable. Indeed we need to fix one basis for R™ and
take the class of the same basis for all T,U = R™. In fact, a similar reason tells you that
if X is an orientable manifold then every open subset of X is also so. Observe that this is
also true for any subset Y of X, which is the closure of an open subset.

(ii) Of course there need not be any orientation on a given manifold. The simplest example
is the M6bius band. We leave it to you to figure out why this surface is not orientable. At
this stage we do not want to give a formal proof of this fact.

(iii) Observe that if w is an orientation on X, U is a connected open subset of X and
¢ : U — R" is a diffeomorphism onto an open set, then d(¢), preserves orientation for all
x € U or it reverses orientation for all € U. The argument that goes into proving this has
occurred in the proof of the above lemma.

Definition 4.1.3 A diffeomorphism ¢ : X — Y of oriented manifolds is said to be ori-
entation preserving if at each point x € X, we have D¢ : T, X — Ty)Y mapping the
orientation of T, X to that of T (,)Y.

Remark 4.1.3 It is a straightforward exercise to verify that if X is connected then any dif-
feomorphism ¢ preserves orientation iff it does so at a single point. [See Remark 4.1.2.(iii).]
Therefore, every diffeomorphism of connected oriented manifolds, either preserves orien-
tations or reverses them. Also, a composite of two orientation preserving diffeomorphisms
is again orientation preserving. It is also true that composite of two orientation reversing
diffeomorphisms is orientation preserving. On R™ itself, translations and rotations are easily
seen to be orientation preserving, whereas the reflection in any hyperplane is orientation
reversing. A holomorphic function defined in a region in C is orientation preserving at all
points z such that f'(z) # 0.

Let us now give a criterion for orientability of a manifold.

Theorem 4.1.2 An n-dimensional manifold is orientable iff it has an atlas {(Uq, ¢pa)} such
that for each pair of indices «, 3, ¢z o ¢t is an orientation preserving diffeomorphism of
open subsets of R™.

Proof: Assume that X is orientable and 6 is an orientation on X. Let {(Uy, ¢o)} be an
atlas that guarantees the local smoothness of 6. This just means that D(¢q)y(0y) = E,, for
all y € U, and for all . Therefore, whenever U, N Ug # 0, for all z € ¢o(Uy N Ug), we
have, D(¢g 0 ¢ ')z (En) = En.

Conversely, given such an atlas, we define an orientation w on X as follows: Let x € X
be such that = € U,. Among the two possible orientations on T,X, take w, to be that
one such that D(¢q)z(wz) = Ep. From the condition given on the atlas, it follows that
w; is well defined, i.e., it does not depend upon the choice of a. The smoothness of w
follows by the very definition, since for all points y in the neighbourhood U, we have,
wy = D(¢a)y(weg) = E,. This completes the proof of the theorem. A

We shall now take up the task of getting an orientation on the boundary of an oriented
manifold. In this, we shall be guided by the standard practice of choosing orientation on
the boundary of a bounded plane region, viz., when you trace the boundary curve forward,
the region should be on your left. So, to begin with we fix an orientation on R"™ say, the
standard one E,,, given by the ordered basis (e, ...,e,). This then gives an orientation on
H".

Definition 4.1.4 The induced orientation on R™®~! x {0} from the standard orientation
FE,, of H™ is defined and denoted by

OB, = (—1)"E,_, (4.1)
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Remark 4.1.4

1. First observe that if {vi,...,v,_1} is an ordered basis of R"~! representing OE,,,
then {—e,,v1,...,v,_1} represents the orientation E, on R™. We express this by
simply writing

—e,0F, = F,.

2. Now, if h : U — V is a diffeomorphism of two open subsets in H", then for any
z € UNR™ ! we have,

Dh,(R"™1) CR"! and Dh,(e,) = Xe, +v; A>0, veR" L (4.2)

Definition 4.1.5 Let X be a manifold, x € 0X. A vector v € T,(X) is called inward
(resp. outward) if there exists a local parameterization ¢ : H* — U at x for X such
that d¢o(en) = v (resp. = —v). From the remark above, it follows that this definition is
independent of the choice of parameterization.

Remark 4.1.5 It is now clear that while adopting the Definition 4.1.4, we have followed
the standard convention of orienting the boundary of a planar region by the rule that the
region lies to your left while you trace the curve in the chosen direction.

Theorem 4.1.3 Let X be an orientable manifold. Then 0X is orientable. Indeed, if w is
an orientation on X, there is a unique orientation Ow such that at each point x € 0X, we
have, wy = [ng][0ws], where ny is a nonzero outward vector to X at x.

Proof: We shall verify the local constancy of dw, which will automatically prove that it is
well defined also. So, let ¢ : H — U denote a local parameterization around z, such that
for all z € OH,

Wo(z) = ( ) (En) ( ) (_enaEn)
= (d(b)Z( E,) = (_l)nn¢(z)(d¢)z(En—l)~
Taking x = ¢(z) and dw, = (—1)"(d¢).(En—1) we are done. [ )

Remark 4.1.6 It is not difficult to prove the above theorem directly by using the criterion
for orientability in 4.1.2. We leave this to you as an exercise.

Definition 4.1.6 The orientation Jw is called the induced orientation on the boundary of
X from the given orientation w on X.

Remark 4.1.7
(i) Let X and Y be manifolds, at least one of them being boundaryless. If both are oriented
with orientations w and 6 respectively, then the product X x Y is oriented with the product
orientation defined by

(WO) (2,y) = wably:

Recall that T, ) (X xY) = T,(X) x Ty(Y) and hence an ordered basis for this product
vector space is obtained by simply taking an ordered basis for the first factor followed by
an ordered basis for the second.

(ii) Consider the unit interval I with the standard orientation Ej. On the two points 0,1 €
0I, what are the induced orientations? If we follow the outward normal rule, the point 1
acquires the + sign and the point 0 acquires the sign —. Next consider cylinder I x S'.
Fixing an orientation on S' and one on I say the standard ones, we get an orientation on
I x S'. The boundary of this consists of two copies of the circle, viz., {0} x S' and {1} x S*.
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What are the induced orientations on them? If we denote the standard orientations on I
and S! by E; and 7, we see that on {0} x S!, we have d(n7) = 9(n)(7) = —7 and hence
the induced orientation on {0} x S' is —7. It is easily seen that the induced orientation on
{1} x St is 7 itself.

More generally, for any oriented manifold X without boundary, the oriented boundary
of I x X should be expressed as

[l x X] = [{1} x X] — [{0} x X].

Figure 20 Boundary orientations on the plane region.

Figure 20 shows the induced orientations on the boundary components of a disc with
three wholes in R2.

Exercise 4.1
1. Let X be a connected nonorientable manifold.

(i) Let Uy be an atlas for X of open subsets diffeomorphic to D™. Show that there
exists a smooth loop 7 : [0, 1] — X with the following properties:

(a) There exist a partition 0 =ty < t; < --- < t,, = 1 such that y([t;—1,%]) C
Uy, -

(b) If we choose the constant orientation on each of U,, such that at v(¢;) the
two orientations from U,,_, and Uy, agree for 1 < i < n—1, then the orientations
on y(t1) = y(tn) coming from U,, and U,, do not agree.

Such a loop is called an orientation reversing loop.

(ii) Show that dim X > 1.

(iii) Improve the result in (i) by getting an immersed loop first. This means that the
loop may have some self-intersections.

(iv) Extract an embedded loop out of (iii), which is orientation reversing.

2. Conversely, show that if there is an orientation reversing loop in X then X is nonori-
entable.

3. Show that if a loop is contained in a single chart then it is orientation preserving.

4. Show that any null-homotopic loop is orientation preserving. Deduce that a simply
connected manifold is orientable.

5. Obtain an embedding of the Mdbius band inside the solid torus in R? which itself is
obtained by rotating the disc

{(z,9),0) €R® : (z—2)*+y* <1}
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around the y-axis. Use this description to explicitly write down an diffeomorphism
¢ : Ml — M which is isotopic to identity.

4.2 Differential Forms on Manifolds

Throughout this section, X will denote a manifold of dimension n, with or without
boundary. Recall that T, (X) denotes the tangent space to X at € X, T(X) : UgexTy(X),
the total tangent space, and 7 : T(X) — X, the projection map. If X is an open subset of
R™ or H", then all the tangent spaces T,,(X) = {x} x R™ can be identified with 0 x R™ in a
natural way. In Chapter 2, we have extensively discussed the differential forms on X in this
special case. The situation with a submanifold of Euclidean spaces is only a little bit more
complicated and all those notions and results which are “local” in nature, generalize in a
natural way. Moreover, whatever we do here is then applicable to the so-called “abstract
smooth manifolds” (introduced in Chapter 5) as well, thanks to the embedding theorems
that we shall prove therein.

Definition 4.2.1 For p > 0, by a p-form on X, we mean a function w that assigns to each
point x € X, an alternating p-tensor w(z) € AP(Tx(X)*). Two p-forms on X can be added
together pointwise and also any p-form can be multiplied by a scalar-function on X. Thus,
the space of all p-forms on X forms a module over the ring of all scalar functions on X.

Moreover, we can take the wedge product of a p-form and a g-form to get a (p+ ¢)-form;
this again is done pointwise. It is not difficult to see that these operations make the space
of all forms on X into a graded anticommutative algebra over the ring of all real valued
functions on X.

Remark 4.2.1 As before, a very important aspect of forms is the beautiful way they
transform. Suppose ¢ : X — Y is a smooth map. Then for each z € X, the map d¢, :
T.(X) = T,(Y),( y = ¢(x)), is a linear map. This in turn induces a linear map

NP(ddy) : AP(T,(Y)) = AP(TH(X)").
Thus, given a p-form w on Y, we can pull it back to a p-form on X as follows:
9" (w)(z) := AP (dos)(w)(¢(x)). (4.3)

It is routine to verify that for each p, ¢* itself is a linear map. Further, they are algebra
homomorphisms also, in the sense

P (WAT) = (W) Ad™(7). (4.4)

Definition 4.2.2 A p-form on an open subset of R™ is said to be smooth if all its coefficient
functions are smooth. A p-form w on a manifold X is said to be smooth at x € X if for
some local parametrization ¢ : U — X at x, (where U is an open subset of R™,) the p-form
f*(w) is smooth.

Remark 4.2.2

1. We leave the verification that the smoothness of a p-form is independent of the local
parameterization chosen to the reader as an exercise.
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2. The set of all smooth p-forms is a vector subspace of the space of all p-forms. This
subspace will be denoted by QP(X). Note that Q°(X) = C*°(X;R), the ring of real
valued C*°-functions on X. Each QP(X) is a module over Q°(X).

Moreover, the wedge product of smooth forms turns out to be smooth. Thus,
X)) =X)eM(X) D Q(X), (4.5)

forms an anticommutative graded algebra over the ring of smooth functions Q°(X).
Given a smooth map f : X — Y, we have the algebra homomorphism Q(f) : Q*(Y) —
Q*(X), with the property that

Qgo f) =Qf) 0 Qg); QId) = Id. (4.6)

Thus, the assignment X ~» Q*(X) is a contravariant functor from the category of
smooth manifolds to the category of graded anticommutative algebras.

3. Recall from Section 2.5, that for an open subset U of R", the exterior differentiation
d: QU) — Q(U) satisfied the properties (i), (ii), (iii), and (iv), which are verified
pointwise and hence all these are valid when we replace U by a manifold X.

For future reference, here is the summary of the properties of the exterior differenti-
ation operator that we have already established.

Theorem 4.2.1 The exterior differentiation operator d : Q*(X) — Q*(X) is the unique
operator satisfying the following conditions:

(E1) d is homogeneous of degree 1, i.e., d(QP(X))) C QPTL(X), for all0 <p <n—1, and
4@ (X)) = (0).

(E2) Let 7 : T(R) = R x R — R be the projection to the second factor. For any smooth
map f : X — Rlet Tf : TX — TR be the map induced on the tangent space. Then
moTf:TX — R is a smooth map which when restricted to each fibre is a linear map. We
can identify it with df which assigns to each point x € X, the 1-tensor df, : T, X — R. Thus
moTf=df.

(E3) d(w+ 1) = d(w) + d(7).

(E4) d(w A7) =d(w) AT+ w Ad(T).

(E5) dod = 0. ( Co-cycle condition).

(E6) For any smooth map f: X =Y, f*od=do f*.

Exercise 4.2
1. Verify various claims made in the section, especially those in Remark 4.2.2 (1).

2. Let X be a connected manifold with an oriented atlas {U,}. We say a smooth n-form
¢ on X is an orientation form on X if ¢(vy,...,v,) > 0 whenever, [vy,...,v,] is
the orientation on X at a point. Show that there is such a form ¢ on X. Obviously,
such a form is nonzero at every point of X. Conversely, show that given any nowhere
vanishing smooth n-form ¢ on X, there is an orientation on X with respect to which
¢ is an orientation form.

4.3 Integration on Manifolds
We begin with recalling Theorem 2.1.3.
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Theorem 4.3.1 Change of Variable Formula: Let f : U — V be a diffeomorphism of
open subsets in R™. Then for any integrable function o on V, we have

[ o= [ @opiactar) (4.7)

If f is an orientation preserving diffeomorphism then detdf is positive everywhere and hence
there is no need to take the modulus in the expression for the integrand on the right-hand
side (RHS) of (4.7) and we get

/U o = /V (ao f)det(df) (4.8)

Just as in Definition 2.6.5, given any n-form w on an open set U there is a unique function
a such that w = adzr; A -+ Adx,. So, if a is integrable, we can and shall define

[o= [ o (4.9)

We can now rewrite (4.8) in the form

/Uw:/vf*w. (4.10)

[The existence of the integral the RHS of (4.9) can be guaranteed if we assume that « is

b
continuous and has compact support.] Consider now the simple line integrals / f(t)dt and
a

a
f(t) dt. By convention, one is the negative of the other. The domain of integration, viz.,

b
the interval [a, ] is considered with different orientations in the two integrals. A diffeomor-
phism of the interval that takes one orientation to the other, is given by ¢(t) = a + b — t;
the determinant of the Jacobian of this diffeomorphism is —1 everywhere. Thus, the change

of variable formula explains why the two integrals are negatives of each other. The notation
b

is too special for the case of intervals and is not conveniently generalizable. This prob-

fem is already resolved in the definition of the integration of forms on chains as well as the
definition of forms adopted above.

The advantage of (4.10) over (4.7) is not just in elegance. Only this way we shall be
able to formulate the notion of integration on a manifold. The price we have to pay is that
we are now restricted to taking diffeomorphisms that preserve orientations. Naturally, this
makes sense only on manifolds that are oriented. However, (4.10) can be used for orientation
reversing ones as well, by changing the orientation of the domain on one of the sides.

Let then X be an oriented n-dimensional manifold. Recall (from 4.1.2) that this means
that:

(i) there is an assignment © : z — O, where for each z € X, ©, is an orientation (an
equivalence class of an ordered basis) of T,(X);

(ii) © is “smooth” or “locally consistent” in the sense that there is an atlas {(Uj, ¢;)}
of parameterizations for X such that for each y € Uj;, D(¢;), : R" — Ty, X takes the
standard orientation of R™ to the orientation O, (,). Such parameterizations are said to be
orientation preserving.

Let now w be a smooth n-form on X with compact support, i.e., with the closure of the
set of all points where w # 0 being compact. We shall define the integral of w on X. This
will take several steps:
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Step I Let the support of w be contained in an open set W of X, which can be covered
by a single parameterization. If ¢ : U — W is an orientation preserving parameterization,

then we define
/Xw::/Ugb (w). (4.11)

The most important thing to observe now is that the RHS above is independent of ¢
chosen. For, if ¢ : V — W is another such parameterization, we put ¢ = ¥~ o ¢ and see
that £ : U — V is an orientation preserving diffeomorphism and hence

L= [ ewen=[wovroorw= [ v

We also observe that this integral has the usual linearity properties on forms that satisfy
the assumption above.

Step II: In order to remove the assumption that we made in Step I, we now invoke the
technique of partition of unity. Let {a;} be a smooth partition of unity subordinate to an
atlas {(U;, ¢;)} as above. Then for each i, a;w satisfies the assumption in Step I and hence
Jx aw makes sense. Since the support of w is compact, only finitely many of o;w are nonzero

and hence we may take
w = oW 4.12
/. ;A (4.12)

provided we verify that the RHS of (4.12) is independent of the partition of unity chosen.
Step IIT Once again, assume first that support of w satisfies the assumption in Step I.
Then all o;w also satisfy this and we have ), ajw = w. Therefore,

[o@=% [ o).

This means that the two definitions of [, w as in (4.11) and (4.12) coincide, in this special
case.

Step IV Now suppose {f;} is another smooth partition of unity subordinate to the cover
{U;}. Then for each fixed j, we apply Step III to B;w to see that

[ [

Similarly, we apply it to each a;w to see that

(Observe that all sums involved are finite even though the indexing sets may be infinite.)
Therefore, upon taking the sum over both i, j, we obtain that

;Aﬂjw—géaiﬂjw—géaiw.

This proves that the RHS of (4.12) is independent of the partition chosen.
Step V We have more or less subsumed that the dimension n of X is > 1. However, this is
not the case. Indeed, the case when n = 0 is much easier to handle and let us do it separately
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here. X is now a discrete space. An orientation on X means a function © : X — {—1,1}.
A 0-form on X is nothing but a function f: X — R. To say f has compact support means
that f(x) = 0 except for finitely many = € X. Now we define

| 1= ewr. (4.13)

For a bijection f: X — Y of 0-dimensional oriented manifolds, we define det f : X — R
by

(det f)(z) = ©(2)O(f()). (4.14)

Then to say that f preserves orientation is the same as saying that det (f)(x) = 1 for
all z € X.

This completes the definition of / w for a smooth compactly supported n-form w. It has
X
all the usual properties of the integral. We shall summarize them in the following theorem,

for future reference.

Theorem 4.3.2 (Properties of the Integral)

(i)/aw—i—bT:a/w—I—b/ T.

b's X b's

(ii) If X1 N Xo =0, then w= w—l—/ w.
X1UX> X1 X2

(iii) If —X denotes the manifold with the orientation opposite to that of X, then

[ fe

(iv) If f : X — Y is an orientation preserving diffeomorphism then

[ [

Remark 4.3.1 Now suppose that Y is a smooth submanifold of X of dimension k. Then
the restriction of a smooth k-form 7 on X to Y makes sense. It is just ¢*(7) where ¢ : ¥ — X
is the inclusion map. For the sake of notational simplicity, we write 7 or 7|y for +*(7). If this
restriction is compactly supported on Y, and Y is oriented, then fY 7 makes sense. Special
cases of this will lead you to some familiar integrals. We have already seen enough examples
of this.

We end this section with the final version of Stokes’ theorem. In reality, it is the general
form of the Fundamental Theorem of Integral Calculus. Given a continuously differentiable
function f : [a,b] — R we know that

b
/ F(#)dt = f(b) — f(a), a<b. (4.15)

We first observe that in terms of our new terminology, the left-hand side (LHS) of the

above equation can be written as df, with the standard orientation on the interval
[a,b]
[a, b]. Even the RHS can also be written as an integral, viz., integral of the 0-form f on the
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0-dimensional oriented manifold {a, b}, which is treated as the boundary of the oriented 1-
manifold [a, b]. If ¢ is a continuously differentiable function on [0, c0) with compact support
then,

/0 " (t)dt = —g(0) (4.16)

Once again the RHS of this formula can be treated as an integral of the 0-form on the
boundary 0 of the ray [0,00), which receives the negative orientation sign. Thus, we see
that both (4.15), (4.16) can be written as

/ = f (4.17)
X 0X

where X is a 1-dimensional oriented manifold, 0X is the oriented boundary, and f is a
smooth O-form on X with compact support.
Our aim is to generalize (4.17) to all dimensions. As a first step we have:

Lemma 4.3.1 Let w be a smooth (n — 1)-form on X = R or X = H" with compact

support. Then
/dw:/ w, (4.18)
X ox

where X has standard orientation and dX has the induced boundary orientation.

Proof: First consider the case when X = R". Then X = () and hence RHS has to be
interpreted to be = 0. On the other hand, since w has compact support, there exists R > 0
such that w vanishes identically on the boundary and outside of the box B = [-R, R]™.
Therefore, LHS= [}, dw.

Write I, := (1,2,...,p—1,p+1,...,n) so that

dxjp:dxl/\-~-/\ga;/\~-~/\dxn

where the “hat” indicates that the corresponding term is missing. Write w = Zp fodzy,,
where f, are some smooth functions each vanishing outside of B and on dB. Then

_10f,
d(w) = Z(—l)p 187pdx1 A ANdxy,.

- P
Now for each p and for each fixed (z1,...,Zp, ..., %n),
R
Ofp __ d
= (X1, Tpy ey T )dTy
_RaZL’p
= folz1,. . zp_1, R, Tpt1s e, &) — fp(@1, o Tpm1, — R, Tpg1s -, Tn)
= 0-0=0.

Therefore, by Fubini’s theorem, we have

/Bd(w) :Z(—l)?l/R /I; g—dedm2~-~dmn:0.

—R

Thus, the lemma is proved in this case.
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Next, consider the case when X = H™. Here, the modifications that we have to make in
the above argument are the following:
(i) The box B should be replaced by the half-box H = [-R, R]"~! x [0, R].
(ii) The (n — 1)-form w vanishes outside H and on all faces of it except perhaps on the face
[-R,R]"~! x 0.
(iii) On R™~! x {0}, we have, dz, = 0, and hence dx;, = 0 for all p # n. Therefore, w
restricted to R"~! x {0} is equal to f,dzy, .
5 of,

Now as before,
—R axp

dx, = 0 for all p < n. However, for p = n we have to consider

" of,
/ %d(tn = fu(z1,...,2n-1,R) — fru(z1,. .., 2n-1,0) = —fu(z1,...,24-1,0).
0 n

Now the orientation on R"~! x 0 as the boundary of H" is equal to (—1)" times the standard
one.

Therefore,
SH" Rn—1x0 R?—1x0
Therefore,
40
_ 0
= (—1)" 1 H”a—i:dﬂjl/\"'/\dxn

= (—l)n_l/R ) 0(—fn(1'1,...,1'n,1,0))d$1"‘dl’n,1
n=ix

= (—1)"/ fn d$1d$2 "'d.Tn_1.
R7=1x0

Combining this with (4.19), completes the proof of the lemma. ®

Theorem 4.3.3 Stokes’ Theorem: Let X be a compact oriented n-manifold and let 0X
be oriented with the induced orientation. Then for any smooth (n—1)-form w on X we have

Joao= | w (4.20)

Proof: Since the two sides are linear in w, using partition of unity technique, we may
assume that w has its support contained in a parameterized open set W of X. Pulling back
both sides the statement is reduced to the statement of the above lemma. ®

Corollary 4.3.1 Let X be an oriented closed n-manifold (compact and with empty bound-
ary). Then for any (n — 1)-form w on X, we have / dw = 0.
X
Apart from the obvious classical applications implied via Green’s theorem and Gauss’s

theorem, etc., the general form of Stokes’ theorem has many applications. We give one such
application below as an exercise. For others, you will have to wait a bit.

Exercise 4.3 Let f,g : X — Y be smooth maps where X and Y are oriented closed
n-manifolds. Suppose f is homotopic to g. Then for any smooth n form w on Y we have

[ [



De Rham Cohomology 113

4.4 De Rham Cohomology

In Section 2.4 we introduced the functorial graded algebra Q*(X) of smooth differential
forms over the ring C*°(X;R), for a smooth manifold. In Section 2.5, we introduced the
functorial differential operator d : 2*(X) — Q*(X) with the property that d*> = 0. Q*(X)
together with the operator d is called the De Rham complex of X.

That 92 = 0 is the same as saying that ker [d : QP(X) — QPT1(X)] contains the image
of d : QP71(X) — QP(X). For X = R?, we have seen that this is the same as saying
curl o grad = 0 and div o curl = 0. Classically, if you had a differential equation such as

pdx + qdy = 0,

solving this equation means that we have to find a function f such that df = pdx + qdy. In
the terminology of the De Rham complex, this just means that the 1-form w = pdx + qdy
is in the image of d : Q% — Q. Of course, you know that it is necessary to assume that
g—’y’ = % in order to solve this equation and then how to solve it in R2. Such an equation
was called an ezxact equation.

Now suppose you consider
xdy —ydx

.’132 _|_ y2

on R?\ {0}. You can easily check that dw = 0. Integrate this form on any circle C,. of radius
r > 0 and center 0 and see that

w(z,y) =

/ M = 2m. (4.21)
c. Tty

On the other hand, if w = df for some f then by Stokes’ theorem, we know that fCT w=0.
Therefore, we conclude that if U is any domain contained in R? \ {0} and contains some
circle C;. then there cannot be any smooth function f such that df = w.

But now, consider a domain such as the right-half space G = {(z,y) € R? : 2 > 0}.
Then we can take f(x,y) = arctany/xz and see that df = w.

Thus, it seems that the integration theory of forms on spaces can reveal to us certain
topological properties of the space. In this case U had a hole in it and Kerd was bigger
than image of d, whereas G does not have any holes and Kerd is equal to image of d.

In this section, we shall strive to make this observation into a meaningful mathematical
result.

We make a small beginning with the following theorem.

Theorem 4.4.1 Let w be a smooth 1-form on S'. Then w = df for some f zﬁ/ w=0.
Sl

Proof: We have already seen the “only if” part in example 2.6.3 (ii). Now suppose the
integral vanishes. Let h : R — S! be the map 6 — (cosf,sinf). Define g : R — R by the
formula,

o) i= [ 1)

Then for any fixed € R, the restriction h : [z,27 + 2] — S! is a parameterization of
S! and therefore,

g<2w+x>—g<x>=/f+xh*<w>=/S1w=o.

Therefore, g factors through A to define a map f : S* — R by the formula f(cos#,sinf) =
g(0). Your knowledge of 1-variable calculus is enough to tell you that g is smooth and
dg = h*(w). Then, so is f and df = w. ()
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Definition 4.4.1 Let w be a differential p-form. We say, w is closed if d(w) = 0. We say w
is exact if there exists a (p — 1)-form 7 such that d(7) = w.

Remark 4.4.1 Thus, from (2.55), all exact forms are closed forms. On an n-dimensional
manifold, all n-forms are closed. By convention, the only exact O-form is the constant func-
tion 0. Of course, all constant functions are closed 0-forms. On the other hand, on a con-
nected manifold, the only closed 0-forms are constant functions. (Can you prove this?) The
question of whether a closed form is exact or not is surprisingly related to the topological
properties of the manifold X. To lay down the foundations for a systematic study of this
question is the aim of this section.

Observe that the set ZP(X) of all closed p-forms constitutes a linear subspace of (X))
and contains the linear subspace BP(X) of all exact p-forms. The quotient space

HY (X) i= Z7(X)/B(X) (4.22)

is called the p'™ De Rham Cohomology group of X. We shall drop the lower suffix pg for
the time being and use a simpler notation,

HP(X) = Hyp(X).
The direct sum
H*(X) ::HO(X)@Hl(X)@~-€BH”(X) (4.23)

is called the total De Rham cohomology group of X. Observe that if f : X — Y is a smooth
map of manifolds, then from Theorem 4.2.1 (f), it follows that the pullback of a closed
(resp. exact) p-form on Y is a closed (resp. exact) p-form on X, i.e., f*(Z?(Y)) C ZP(X)
and f*(BP(X)) C BP(Y). (It may be noted here that, this property is expressed by saying
that the map Q(f) : Q*(Y) — Q*(X) is a homomorphism of chain groups.) Therefore, we
obtain a linear map on the cohomology groups, induced by (f). Let us denote this by
H(f) : H?(Y) — HP(X). The property (2.45) also continues to hold for these induced
maps, viz.,

H(go f) = H(f)o H(g); H(Id)=Id. (4.24)

Example 4.4.1 We remarked earlier that on a connected manifold the only closed 0-forms
are constants. Let us prove this. Fix any point z € X and for any other point y € X, choose
an embedded smooth arc v : [0,1] — X joining = and y. Let now f : X — R be a smooth 0-
form on X such that df = 0. Then the pullback 0-form on [0, 1] viz., g = v*(f) = fo~, is such

d d
that dg = v*(df) = 0. This means <d—i) dt = 0 at all points of [0, 1] and hence d—‘;] = 0. This

means g = ¢, a constant on [0, 1]. In particular, it means that f(z) = g(0) = g(1) = f(y).
Therefore, f is a constant.

In terms of cohomology, this just means that H°(X) = R. More generally, it is not hard
to see that H°(X) is a vector space over R of dimension equal to the number of connected
components of X.

Also observe that if X = {x} is the singleton space, then there are no nonzero p-forms
on X for p > 0 and hence HP(X) = 0 for p > 0. Thus,

R, p=0,

H® (%) ~ { 0, p>0. (4.25)

In a sense, the size of this space gives you an idea of how “many” closed p-forms are not
exact.
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Remark 4.4.2 Connectivity of manifolds, which is the same as path-connectivity can be
rephrased as follows. Any two point-maps in X are homotopic in X. This should ring
a familiar bell in us. We may anticipate something more general about the behavior of
homotopic maps vis-a-vis differential forms. And this anticipation turns out to be true. As
a first step we have:

Lemma 4.4.1 Let X be any manifold and w be any 1-form on X. Then w = df for some
smooth function f iff for every closed piecewise smooth path v : [a,b] — X, we have

Lw:— /abv*(w) =0.

Proof: Assume w = df. Then by the Fundamental Theorem of Integral Calculus,

b b
/ 2 (df) = / (f o) (t)dt = F(5()) — [(1(a) =0,

since <y is a closed path.

To prove the converse, we fix p € X and for any ¢ € X choose a smooth path « from p to
q and define f(q) = fv w. If 7 is another path from p to ¢, then 7-~~! is a closed piecewise
smooth path and by hypothesis, qu_l w = 0. This implies that [ w = fvw. Thus, f(q) is
independent of the path chosen.

We claim that df = w. So, let ¢ € X be fixed. Choose a coordinate neighbourhood U
around ¢. Fix a smooth path « from p to ¢. Then for every point x € U we can take any
path « lying within U, and write

f(x):/waw—/vw—i-/oéw.

Using some coordinates for U we may therefore workout as if we are inside R™. So, we can
first of all write w =), g;dx;. In these coordinates, we may assume ¢ = 0. Therefore,

of . F(0,...,h...,0)= £(0,...,0,...,0)
1"
= }ng})ﬁ ; gidz; = gi(0).

(The last equality is due to the mean value theorem of integral calculus.) Since this is true
for all i =1,2,...,n, this means df (q¢) = w(q). Therefore, df = w. A

Theorem 4.4.2 If X is a simply connected manifold, then every closed 1-form in X is
exact.

Proof: Recall that if X is simply connected then every smooth loop v : S! — X has a
smooth extension 4 : D? — X. Now if w is a closed 1-form on X then

/Ww—/gl v*(w):/gl ’?*(w):/md(ﬁ/*(w))

by Stokes’ theorem. But d(§*(w)) = 4*(dw) = 0. Therefore, /w = 0 for every smooth loop.

~
Therefore, from the above lemma, w is exact. ®

Indeed, we have the best that we can wish, viz., homotopic maps inducing same homo-
morphisms at the cohomology.



116 Integration on Manifolds

Theorem 4.4.3 Let h : R x X — Y be a smooth map and put h,(x) = h(r,z). Then for
any two points t,s € R, we have h} = h% : H?(X) — HP(Y).

A more fundamental result from which we can deduce the above theorem is:

Lemma 4.4.2 (Poincaré) For any fixed t € R, let ¢(z) = (t,z) and let 7 : R x X — X be
the projection to the second factor. Then, t* and 7* are inverses of each other on cohomology
groups. In particular, H?(R x X) ~ HP(X).

The proof of the theorem is immediate from this lemma: Take ¢,.(z) = (r,z) for r = ¢, s.
Then
hi =(how)* =t oh™=1ioh™ =(hou)" =hl.

Moreover, taking X = R™ and applying the second part of the lemma iteratively, we
obtain the following;:

Corollary 4.4.1 H*(R"™) ~ H*(x), where x denotes a pointspace.

A more general result that is also immediate is:

Theorem 4.4.4 Homotopy Invariance: A smooth homotopy equivalence f : X —'Y of
manifolds, induces an isomorphism H(f) : H*(Y) — H*(X) of the De Rham cohomology
algebras.

Proof: If g : Y — X is a smooth map that is a homotopy inverse to f then, we have
fog~Idy and go f ~ Idx. Therefore, H(fog) and H(go f) are identity homomorphisms
of appropriate cohomology algebras. Hence, H(g) is the inverse of H(f). ®

Proof of Poincaré Lemma:

In order to prove the lemma, since ¢* o 7* = (w0 )* = (Idx)*, we need to prove the
other equality, viz., 7* o t* = (Idrx x)* on H*(R x X).

For this purpose, we introduce the homotopy operator

P:OPR x X) — Q1R x X)
satisfying the following property:
dPw + Pdw = w — 7" 1*w. (4.26)

Assume that we have defined such an operator. Consider an element of HP(R x X)
represented by a closed p-form w on R x X. Then by (4.26), it follows that w — 7% 0 t*(w) =
dPw is an exact form and therefore represents the 0 element of H?~!(X). This will complete
the proof of the lemma.

As in the case of the operators d and [, the task of defining an operator on the forms on
manifolds becomes easy (and indeed possible at all) if we demand that the operator behaves
well under transformations. Here, let us demand that for any diffeomorphism ¢ : X — Y
we have,

Po(¢xId)*=(¢xId)*oP. (4.27)

where Id : R — R is the identity map.
Having made this demand, we now proceed from local to global. So, let X be an open
subset of the Euclidean space. Then every p-form on R x X can be written in the form:

w= > frdtAde+ Y gsduy

Tes(p—1,n) Jes(p,n)
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where fr,gs are smooth functions on R x X. (See Remark 2.3.3.) Now define

Pw)(t,z)= > ( /Ot fl(s,w)ds> dz;. (4.28)

Ies(p—1,n)

Our task is to check that P, first of all, satisfies (4.26), at least in this special case. By
additivity of either side, it is enough to check this for forms of the type f dt Adxr and gdx ;.
We leave this to the reader as a routine exercise.

The next task is to prove (4.27).

Once again, we need to verify this for forms of the type fdt A dy; and gdy;. On the
latter, i.e., on gdy; both sides vanish. Checking this on the former is left to the reader as
an exercise.

Finally, let X be any manifold. Cover it with an atlas {(¢;, U;)}. For any p-form w on
R x X, define P(w) to be that (unique) (p — 1)-form, which when pulled back onto R x U;
via Id x ¢, gives the differential (p — 1)-form P((Id x ¢*)(w)).

It remains to prove that P satisfies (4.26), in the general case. This follows, by using
partition of unity, since both sides of (4.26) are linear.

This completes the construction of the operator P and thereby the proofs of the lemma,
the theorem, and the corollary. ®

We shall now take up the task of determining the cohomology groups of the spheres S™.
We plan to attack this using induction on n. To begin with from Example 4.4.1, we know
that H°(S?) ~ R? and H?(S) = 0 for all p > 1. We also know that H°(S") ~ R for all n.
However, our induction begins with n = 1.

Lemma 4.4.3 H'(S') ~ R.

Proof: Consider the linear map 7 : Q2'(S') — R given by

ww) = [ w

By (4.21), it follows that n is not the zero map. By Theorem 4.4.1, it follows that 1 induces
a linear map 7 : H*(S') — R, which is injective. Therefore, 7] is an isomorphism. ®

We now use the standard topological approach. Write S® = U; U Us, where, Uy, U, are
obtained by deleting north pole and south pole respectively, from S™. Use the stereographic
projection to see that both U; are diffeomorphic to R™ and U; N Us is diffeomorphic to
RxS"~1. By Lemma 4.4.2, it follows that H?(U;NUs) ~ HP(S"~!). Our inductive argument
then needs only the following key step:

Lemma 4.4.4 For p > 1, H?(U; N Usy) is isomorphic to HPT1(Uy U Us).

Proof: Let us directly define an isomorphism
B HP™H U, UUy) — HP (U NUy) (4.29)

as follows: Given a closed (p + 1)-form w on Uy U Us, since U; are diffeomorphic to R™, the
closed forms w|y, are also closed and hence both are exact. So, there exist p-forms v; on U;
such that d(v;) = w|y,. Consider the p-form vy — vy on U; N Us. This is a closed form, for
d(vy —v2) =d(1) —d(v2) =w —w =0 on Uy NUs. Put B(w) = [v1 — v2]. If we have chosen
some other p-forms v} in place of v;, then it follows that v; — v/ is a closed form on U; and
hence is an exact form. Therefore, (11 —v2) — (V] — v}) = (v1 — v]) — (V2 — v4) is also exact
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on Uy NUs. This means that in the cohomology group, [v1 — ve] = [v] — v4]. Therefore, 3 is
independent of the choice of v;’s.

Using this, it is now easy to verify that 3 : ZPT1(U; UUy) — HP(U;NUs) is a linear map
such that 8o d = 0. Therefore, 3 factors through the quotient space and defines a linear
map that we shall again denote by 3 : HP1(Uy U Us) — HP(Uy N U3).

Suppose B[w] = 0. This means 3(w) = 0 and hence there exist a (p—1)-form 6 on Uy NU;
such that 11 — vy = d(0). Put

Vi={(z0,. -, 7n) €S" 1 @y > —1/2}; Va = {(20,...,70) €S" 1z, <1/2}; W =ViNV2.

Figure 21 Patching up forms.

Choose a smooth function A on V5 that is = 1 in V1NV, and = 0 in a small neighbourhood
of the south pole. Then the (p — 1)-form A is defined on V5 and is equal to 6 on Vi N V5.
Let v be the p-form defined by

y=J b on V7,
T e +d(N\9), on V.

This is well defined since, on the intersection Vi NV, we have, v1 = v + d(0) = va + d(A\).
Now clearly, d(v) = w on the whole of V; U Vo = S™. Therefore, [w] = 0. This proves 3 is
injective.

Now let {p1, p2} be a smooth partition of unity on S” such that supp p; C Vi, i =1, 2.
Given a closed p-form v on U; N U, the forms p;v make sense on Vj, j # i. Consider the
(p + 1)-form w defined by:

—d(pav), on V.

On Uy N Uz, we have d(p1v) + d(p2v) = d((p1 + p2)v) = d(v) = 0, which means that
d(p1v) = —d(pav). Therefore, w is well-defined. It is easily verified that w is a closed form
and f(w) = [p1v + pav| = [v]. Therefore, Slw] = [v]. This proves surjectivity of 8 and
thereby the lemma. '

w = { d(ply)a on Vr2a

Theorem 4.4.5 For n > 1 we have,

R’ p:O’n7

PRy _
HP(S™) = { 0, otherwise. (4.30)
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Proof: Since all S*,n > 1 are connected H°(S") ~ R, by Example 4.4.1. We now use a
result in algebraic topology that we proved in Theorem 2.2.3 viz., that all S”,n > 2 are
simply connected. By Theorem 4.4.1, it follows that H!(S¥) = (0) for all £ > 1. By iterated
application of Lemma 4.4.4 it follows that HP*!(S¥*?) = (0) for £ > 1 and H"(S") ~
H(S') ~ R. o

Here are some immediate applications of the computation of the De Rham cohomology
of D™ and S™. We begin with an elementary lemma which often used in algebraic topology.

Lemma 4.4.5 The following two statements are equivalent.
(a) There is no smooth map 7 : D® — S"~! such that r(z) = z for all x € S"~L.
(b) Every smooth map f : D™ — D™ has a fixed point.

Proof: (A map as in (a) is called a smooth retraction.) Suppose there is a smooth map
f: D™ — D", such that f(x) # x for any = € D". Let L, denote the line passing through
x and f(x). Then L, NS"~! has precisely two points. Let g(x) € L, N S"~! be the point
so that {g(x),z, f(z)} are located in that order on L,. (It is given by an explicit root of a
quadratic equation.) It follows that g : D® — S"~1 is smooth and g(z) = x for all z € S"~1.
This proves (a) = (b).

To see (b) = (a), suppose r : D" — S"~! is a smooth map such that r(z) = z for all
x € S*!. Then the map —n o r, where i : S®~! — D" is the inclusion map, is a smooth
map D™ — D™ having no fixed points.

Figure 22 “No fixed points” yields retraction.

Theorem 4.4.6 ( Brouwer) Every (smooth) map f : D™ — D™ has a fized point.

Consider the case n > 2. Suppose we have such a map, then by the above lemma, we have a

smooth retraction 7 : D* — S"~1 i.e., ron = Idgn-1. Therefore, on the (n— 1) cohomology
groups, we have

Id=1Id"= (ron)"=n"or* =0,
because H"~(D") = (0). This is a contradiction to the fact that H"~1(S*~1) = R. [ )

Remark 4.4.3 Using the approximation theorem 1.7.2, first show that every continuous
map f : D™ — D" can be approximated by a smooth map g : D® — D". Now if f has no
fixed points, put € = min{d(z, f(z)) : « € D"} and choose g such that d(f(x),g(x)) <
€/2,x € D", to conclude that g cannot have a fixed point. This contradicts the above result
and thereby establishes the continuous versions of (a) and (b).

Exercise 4.4 Verify all the details left to you in the proof of the Poincaré lemma.
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Integration on Manifolds

Miscellaneous Exercises for Chapter 4

Show that an n-form w on S™ is exact iff fSn w=0.
Show that a closed (n — 1)-form n on R™ \ B" is exact iff [,,, n=0.

Let X be an orientable smooth n manifold. Say X satisfies (CI)-property if for every
compactly supported n-form on w, there is a compactly supported (n — 1)-form 1 such
that d(n) = w iff [, w=0.

(a) Show that R™ satisfies (CI).

(b) Let X = Uy U Us, where U; are connected open and Uy N Us is connected. Show
that X satisfies (CI) if U; and Uy satisty (CI).

(c) Show that every connected orientable manifold X satisfies (CI).

Let X be a connected closed manifold. Show that H™(X) = R or (0) according as X
is orientable or not.
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We are familiar with the concept of a differential manifold as a subspace of a Euclidean
space. We shall now study this concept in an abstract setup. This will enable us to see
that the notion of a “manifold” is independent of any particular embedding. It also gives
us more natural examples of differential manifolds such as projective spaces, without the
tedious method of realizing them as submanifolds of some Euclidean space. All the notions
developed so far for manifolds do make sense in this general setup as well. Finally, we shall
see that every abstract differential manifold can be embedded in some Euclidean space,
coming full circle. Thus, after all, one could have stuck to submanifolds of Euclidean spaces
only.

We introduce abstract topological manifolds and abstract smooth manifolds in Section
5.1 and 5.2, respectively. In Section 5.3, we introduce the fundamental gluing lemma which
will be used several times in what follows. In Section 5.4, a simple proof of classification of
1-dimensional manifolds is proved. Sections 5.5 and 5.6 deal with tangent space. In Section
5.7, we shall first show that every manifold can be embedded in a suitable Euclidean space.
We shall then prove some general results that bring down the dimension of the ambient
Euclidean space. (These are the so-called easy Whitney embedding theorems.)

5.1 Topological Manifolds

In this section, let us get familiar with the general concept of a topological manifold.
For simplicity, we shall first consider only manifolds “without boundary”.

Definition 5.1.1 Let X be a topological space. By a (n-dimensional ) chart for X we mean
a pair (U, ) consisting of an open neighborhood U of z and a homeomorphism ¢ : U — R"
onto an open subset of R™. By an atlas {(Uj,v;)} for X, we mean a collection of charts for

X such that X = U;Uj. If there is an atlas for X, we say X is locally Euclidean.
A chart (U, ) is called a chart at xg € X if ¥(zo) = 0.

Let n > 1 be an integer. We say X is a topological manifold of dimension n if:
(i) X is locally Euclidean, i.e., there is an atlas consisting of n-dimensional charts,
(ii) II-countable, it has a countable base for its topology and
(iii) a Hausdorff space.

Any countable discrete space is called a 0-dimensional manifold.

121
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Remark 5.1.1

1.

Observe that once a chart (U,) exists at a point zy € X, then we can choose a
chart (V,¢) at z¢ such that ¢(U) = R™. For, by composing with a translation, we
can assume that ¢(x¢) = 0 and then we can choose r > 0 such that the open ball
B,(0) C ¥(U) and put V = ¢~ 1(B,(0)), and ¢ = f o1 where f : B.(0) — R™ is the
diffeomorphism given by x — W

For an atlas, it is necessary to assume that the integer n is the same for all the charts.
Of course, if X is connected, such an assumption is not necessary—it is a consequence
of topological Invariance of Domain. (See Theorem 5.1.1, below.) It should be noted
that any known proof of the purely set-topological invariance of domain is very hard
as compared to the differential topological one. However, the differential topological
version of this is easy as seen in Theorem 1.6.1.

For a topological space that is locally Euclidean, the II-countability condition is equiv-
alent to many others, such as metrizability or paracompactness. We find II-countability
the most suitable for our purpose.

Example 5.1.1

1.

Clearly, differential manifolds inside Euclidean spaces that you have studied earlier
are topological manifolds in the above sense.

Let X be the union of the two axes in R2. If U is any connected neighbourhood of
(0,0) in X then U \ {(0,0)} has four components. It follows that X cannot have any
chart covering (0,0) and hence fails to be a topological manifold.

Let X be the set of all real numbers together with one extra point that we shall denote
by 0. We shall make X into a topological space as follows: Let 7 be the collection of
all subsets A of X of the form A = B U C where B is either empty or an open subset
of R with the usual topology such that (CNR)U {0} is a neighborhood of 0 in R. We
leave it to you to verify that 7 forms a topology on X in which R is a subspace. Since
0 also has neighborhoods that are homeomorphic to an interval, it follows that X has
an atlas. It is easily seen that X has a countable base also. But however, observe that
X fails to be a Hausdorff space, since neighborhoods of 0 and 0 cannot be disjoint.

Likewise, one can also give examples of spaces that are Hausdorff and has an atlas
but not II-countable. The typical example is the so-called long line: Consider the set
Q2 of all countable ordinals and put X = Q x [0,1). Define a total order < on X as
follows:

(o, t) < (B,s) fa<Bora=pandt<s.

With the order topology induced by this order, X is a connected, Hausdorff space, hav-
ing a smooth structure, locally diffeomorphic to R. But X does not have a countable
base. (For more details, See [J].)

Another type of nonexample is obtained by taking the disjoint union of manifolds of
different dimensions. Thus, the subspace of R?, consisting of the z-axis together with
the point (0, 1), is not a manifold.

The real projective space. Let us now consider some examples of manifolds that do
not occur naturally as subspaces of any Euclidean space but as quotients of subspaces
of Euclidean spaces. The foremost one is the n-dimensional real projective space P".
This is the quotient space of the unit sphere S™ by the antipodal action, viz., each
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element x of S™ is identified with its antipode —x. By the definition of quotient
topology, if g : S® — P™ denotes the quotient map then a subset U of P™ is open iff its
inverse image ¢~ 1(U) is open in S™. We first observe that the quotient map ¢ is both
an open mapping as well as a closed mapping. This follows easily from the fact that
for any subset ' C S™, F U (—F) is open (closed) if F' is open (closed, respectively).
From this, many of the topological properties of S™ pass onto the quotient space P".
For instance, using the openness of ¢ we can easily conclude that P™ is II-countable.
Indeed given any base B for the topology of S”, it follows that {¢(U) : U € B} is a
base for P". Since S™ is compact, it follows that P™ is also so.

We may represent points of P by the symbols [z], where [x] = ¢(z), x € S"™. Given
x € S™ consider V to be the set of all points in §”, that are at a distance less than
V2 from z. Then check that U = ¢(V) is a neighborhood of [2] in P" and ¢ itself
restricts to a homeomorphism from V' to U. Since V' is anyway homeomorphic to an
open subset of R™, this proves the existence of an n-dimensional atlas for P".

To see that P™ is Hausdorff, let [x] # [y] € P™ be two points. Clearly, in S™, we
can choose € > 0 such that B(+x) N Bc(+y) = 0. It then follows that ¢(B.(z)) and
q(B(y)) are disjoint neighborhoods of [z] and [y] in P".

Definition 5.1.2 A topological space X is called a manifold with boundary if it is a II-
countable, Hausdorff space, such that each point of # has an open neighborhood U, and a
homeomorphism ¢ : U, — H" onto an open subset of H".

Denote by int X the set of all those points in x having a neighborhood U,, that is
homeomorphic to an open subset of

int H” = {(x1,...,2,) € R" : 2, > 0}.

Clearly this forms an open subset of X and is a topological n-manifold in the old sense.
Can you see why this is nonempty? The complement of this set in X is denoted by 0X and
is called boundary of X. Clearly it is a closed subset of X.

Remark 5.1.2 It may happen that X is empty which means precisely that X is a mani-
fold. The points of 0.X are characterized by the following property. There is a neighborhood
U, of x and a homeomorphism ¢ : U, — H" such that the n'"-coordinate of ¢(z) vanishes,
i.e., ¢n(x) = 0. This is a simple consequence of the following profound result:

Theorem 5.1.1 Topological Invariance of Domain: Let A and B be any two subspaces
of R™ that are homeomorphic to each other. If one of them is open in R™ then the other
one is also open.

We shall not prove this here. We shall not use this theorem either. Usually, a first course in
algebraic topology offers a proof of this theorem. For a purely point-set topological proof of
this theorem, you may read [H-W].

Remark 5.1.3 It follows that U = ¢~ *(R"! x 0) is a neighborhood of z in dX if we
take ¢ as given in Remark 5.1.2. Also, then ¢ itself restricts to a homeomorphism ¢ : U—
(R™"=1x{0})Np(U). As a consequence, it follows that 9.X, if nonempty, is itself a topological
(n — 1)-dimensional manifold (without boundary).

Exercise 5.1

1. Give 5 examples of manifolds of different dimension. Give examples of Hausdorff, II-
countable spaces that are not manifolds. Can you think of some manifolds other than
projective spaces, that “do not naturally occur” as subspaces of Euclidean spaces?
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2. Consider an equivalence relation on R"*1\ {0} : x ~ y if there exists A # 0 such that
y = Ax. Show that the quotient space (R"*1\ {0})/ ~ is homeomorphic to P".

3. Prove that every locally Euclidean, II-countable, Hausdorff space is paracompact or
read it from some book, say, e.g., [Du].

5.2 Abstract Differential Manifolds

We would now like to introduce the notion of an abstract differential manifold. To begin
with, we shall concentrate only on manifolds without boundary. Most of the concepts that
we are going to introduce apply to manifolds with boundary as well and can be obtained
routinely. However, when extra care needs to be taken for manifolds with boundary, we
shall take care of them.

The “new” objects that we are going to introduce should be such that we should be
able to talk about the differentiability of maps defined on such objects. So, first of all, these
objects should be ‘locally’ Euclidean. That is precisely what we have done in the previous
section. On the other hand, consider a differential manifold X as a subspace of a Euclidean
space as introduced in Ch. 3. If f : X — R¥ is any map then, f is differentiable iff for each
parameterization ¢ : R™ — X of an open set of X, the composite f o ¢ is differentiable. Can
we then simply turn the table around and say that, in the case of an abstract topological
manifold, a map f : X — R is differentiable at a point z € X iff f o ¢ is differentiable at
0 = ¢~ 1(x), where, ¢ is a parameterization of X around z? Clearly, such a definition will
depend heavily on the parameterization of X near z that we may choose and can run into
serious difficulties. This leads us precisely to the notion of “compatibility of charts” and
“differential structures”.

Definition 5.2.1 Let X be an n-dimensional topological manifold (with or without bound-
ary) and U = {(U;,1;)} be an atlas for X. For each pair of indices i, j, such that U;NU; # 0,
consider the homeomorphisms v;; : 1;(U; N U;) — 4, (U; NU;) defined by by := 1b; o ;L.
These are called the transition functions associated to the atlas V.

U,
v, \111].

. ey

Figure 23 Smooth transition functions.

<

$

Now fix a positive integer 7. We say the atlas U is of class C” if all its transition functions
are at least of class C”.

Let ¥ = {(U;, i)}, © = {(V},0;)} be two C" atlases for X. We say U is C"-equivalent
to © if for each pair of indices i, j, such that U; N'V; # 0, the map

001 (U NV;) — 0;(U; NV)
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is of class C". Check that this is an equivalence relation on the family of all C"-atlases on
X.

It follows easily that if ¥ and © are two equivalent C" atlases, then their union
{(Us, ¥:)} U{(V;,0;)} is also a C" atlas on X in the same equivalence class. From this
it follows that, given any C" atlas on X, there exists a unique maximal C" atlas in the same
equivalence class. Indeed, it is nothing but the the union of all members of the equivalence
class.

Definition 5.2.2 Let 0 < r < oo be an integer or equal to co. By a C" structure on a
topological manifold X, we mean an equivalence class ® of C" atlas on it. The ordered pair
(X, ®) where X is a topological manifold and ® is a C" structure on it will be called a C”
manifold. If r > 1, it will be called a smooth manifold.

Often, in practice, we simply take one single atlas to represent the entire C” structure and
of course the maximal atlas in the class is a natural choice. Also, we shall dispense away
with this elaborate notation (X, ®), and simply say X is a smooth manifold, whenever
there is no confusion. This is similar to the usual practice followed elsewhere such as “X is
a topological space” or ‘G is a group”, etc.

Definition 5.2.3 Let (X, ®) and (Y, ¥) be two smooth manifolds. A continuous map f :
X — Y is said to be smooth at x € X if for some (U,¢) € ® and (V,9) € ¥ such that
x € U and f(U) C V, we have 1 o f o ¢~ ! is smooth at ¢(x). [Using the chain rule for
differentiation, it follows easily that this condition is independent of the choice of ¢ and ¢.]
If f is smooth at all points of X, then we say f is smooth on X. A bijection f such that f
and f~! are both smooth will be called a diffeomorphism.

It is also clear that a diffeomorphism is a homeomorphism. Hence, if two manifolds are
nonhomeomorphic, they cannot be diffeomorphic. However, there are examples (difficult)
of homeomorphic manifolds, that are not diffeomorphic. [Milnor gave examples of nondif-
feomorphic smooth structures on the sphere S7.]

Definition 5.2.4 Let X be an n-dimensional manifold, and Y C X a subspace. We say Y
is a k-dimensional submanifold if for each y € Y there is a chart (U, ¢) for X at y such that

Hly) = 0 and
YNU={xeU : ¢1(x) =+ = pp_r(x) =0},

where ¢ = (¢1,...,¢,). Letting ¥ = (dp—k+1,--.,Pn), it follows easily that the collection
{Y NU,9¥|ynv)} forms an atlas for Y and hence Y itself is a k-dimensional manifold on

its own. The maximal atlas containing this atlas will be called the smooth structure induced
from that of X on'Y.

Remark 5.2.1

1. It follows that the inclusion map is now an embedding of Y in X. Conversely, if Y is a
subspace and a k-dimensional manifold on its own and if ¢ : Y — X is an immersion,
then by applying the injective form of the implicit function theorem, we see that Y is
a submanifold.

2. Theorem 3.4.1 is valid in the abstract setup as well. The proof is identical.

3. As in the case of manifolds in Euclidean spaces and unlike the topological manifolds,
the abstract differential manifolds with boundary do not cause any problem. In the
definition 5.2.1, by allowing the charts to take values in the upper-half space H" as
in the definition 5.1.2, we get a differential n-manifold with boundary. The boundary
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of such a manifold precisely consists of those points that are mapped inside R*~! x 0,
by any chart. Remark 3.2.1 and Theorem 3.2.1 etc. are valid ditto in this situation as
well.

4. Replacing open subsets of R™ by open subsets of C"™ and requiring that the transition
functions to be complex differentiable, one gets the notion of complex n-dimensional
manifolds. However, the analogy almost ends there. Due to the “rich” analytical as-
pects of complex differentiability, complex manifolds need to be studied on their own.
On the other hand, due to the nonavailability of the partition of unity, many of the
techniques available in differential topology are not available to complex manifold
theory. On the positive side, since every complex n-dimensional manifold is a real
2n-dimensional smooth manifold, all the results applicable to real smooth manifolds
are available to complex manifolds after treating them as real smooth manifolds.

5. Having pointed out the importance of existence of smooth partition of unity, we shall
now see that what we have proved for subsets of R in Theorem 1.7.1, is also available
for abstract manifolds. And this result will be needed immediately in section 5.7 to
prove that every abstract manifold can be embedded in a Euclidean space.

Lemma 5.2.1 Let X be a topological manifold. Then there exists a nested sequence of
open subsets {W;} in X such that

(i) W, is compact for each i;

(ii) W; C Wiy 1, for each i;

(iil) X = U;Wi.

Proof: Let ¢; : Uy — B" be homeomorphisms such that X = Ua(b;l(B{L/z). Since X is
IT-countable, it is Lindeloft, i.e., every open cover of X has a countable subcover. Therefore
we may assume that the family {U,} is countable and index them by natural numbers:
{U;}ien. Put V; = gb;l(B?/z). Then each V; is an open subset of X. The closure of Vj is
compact being homeomorphic to the closed ball D} /2

Put W7 = V4. Inductively having defined Wy, satisfying (i) and (ii), there are finitely
many members of {V;}, that cover Wj. Let Wj41 be the union of all these members and
Vie+1. Check the property (iii). [ )

We now have the following version of Theorem 1.7.1, that is obtained by merely replacing
R™ by an abstract smooth manifold Y. Even the proof is similar. You are welcome to write
down the details of the proof by yourself and read what is given here later.

Theorem 5.2.1 Partition of Unity on Abstract Manifolds: Let X be any subspace of
a smooth manifold Y and {Uy}aen be an open covering of X. Then there exists a countable
family {6;} of smooth real valued functions on'Y with compact support such that

(i) 0<0i(x) <1, for all j and z € X;

(i) for each x € X there exists a neighborhood N, of x in X, such that only finitely many
of 0; are nonzero on Ng;

(iii) for each j, (supp0;) N X C Ua,; for some ay; and

(iv) >2;0;(z) =1, for all x € X.

Proof: As before, we may replace X by a neighborhood of X in Y and assume that X itself
is a smooth n-manifold. By the previous lemma, X is the increasing union of a countable
family of open sets {K;};>1 whose closure is compact. We set Ky = 0.

We shall now construct a countable family {B;;} of open sets in X with diffeomorphisms
¢ij + Bij — B™ such that {B;;} is a covering of X, that is a locally finite open refinement of
{Ua}. After that, since each B;; is diffeomorphic to an open ball, we can construct a bump
function on each of them and proceed exactly as in the proof of Theorem 1.7.1.
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Inductively, suppose {B;;} have been constructed for ¢ < k so as to cover K. For each
point x € fkﬂ \ K}, we can choose a neighborhood W, contained in some member of
{U4} and not intersecting Ki_1. We can further assume that there is a diffeomorphism
Yy : Wy — B™ such that ¢, (x) = 0. Since {1/);1(3?/2)} is an open cover of K1 \ K that
is compact, finitely many of these will cover it and we shall name them Bj1) ;’s. It then
follows that

?k+1 C Uij{BZ‘j i< k+ 1}.

Inductively, the construction of the family {B;;} is over. Clearly, it is an open refinement
of the family {U,} and covers X. To see that the family {B;;} is locally finite, given x € X,
suppose x € Kj,. Then, take N, = Kj,. Clearly, N, does not meet any of the B;; for i > k42
and the family {B;; : i < k+ 2} is finite. ®

Remark 5.2.2 Naturally, we now have all other consequences of existence of the partition
of unity such as the smooth Urysohn’s lemma, the smooth Tietze’s extension theorem, the
Approximation theorem 1.7.2; etc., for any smooth manifold.

The fundamental problem in differential topology is to classify all smooth manifolds up
to diffeomorphism. This problem is known to be unsolvable. However, there are plenty of
restricted versions of this problem that are useful, solvable, and some of them are still not
solved. Let us now study some examples and nonexamples of smooth manifolds.

Example 5.2.1

(i) The simplest example is perhaps R™ itself. Begin with the atlas {(R™, Id)} and take a
maximal atlas U containing it. This definitely gives us a C* structure on R"™, called the
standard smooth structure on R™. Let us denote this by (R",S). Indeed for any open subset
U of R™, there is a unique smooth structure on U, that contains the inclusion map U — R™.
(ii) The above game can be played starting with an arbitrary homeomorphism A : R™ — R™,
as well, instead of the identity map. Clearly, {h} is an atlas and there is a unique maximal
atlas containing {h}, that gives a smooth structure on R™. Let us denote this by ®;. Ob-
serve that h : (R", ®;,) — (R™,S) is a diffeomorphism. Thus, up to a diffeomorphism, we
have not obtained any new structure on R".

(iii) More generally, suppose X,Y are topological spaces and f : X — Y is a homeomor-
phism. If Y is a smooth manifold, then we can give a smooth structure to X also, by “pulling
back” the smooth structure on Y via f, so that f is a diffeomorphism, viz., if {(U;,v;)} is
a smooth atlas for Y then take V; = f~1(U;) and ¢; = fo;. Then {(Vi, ¢;)} is an atlas for
X. (Verify this.) This fact should not be confused to mean that any two smooth manifolds
that are homeomorphic are diffeomorphic. Now verify that, if X =Y = R", then the pull
back of the standard structure on R™ via f is ®; that we have defined in a slightly different
way in (ii) above.

(iv) Given a nonempty open subset A C X of a smooth manifold, by restricting each chart
of X to U, we get a smooth structure on U. This is called the subspace structure. We shall
always take the subspace structure on an open subset of a given manifold, unless it is men-
tioned otherwise. Clearly, the dimension of A is equal to that of X. The openness of A in X
is crucial for this. For an arbitrary subset B, this process need not give a manifold structure.
However, for a function defined on B, we have the notion of differentiability in the usual
sense: f: B — Y is C" at x € B if f has an extension that is C" in a neighborhood of z in
X.

(v) Tt is easy to construct a homeomorphism of the unit square [0,1] x [0,1] in R? onto
the unit disc. Then using the method described in (ii) we can think of the unit square as a
smooth manifold. However, recall that the unit square is not a smooth submanifold of R2.
(See Example 3.2.1(3).) Likewise the boundary of the unit square in R? is not a smooth
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submanifold of R%. However, since it is homeomorphic to S!, we can give it a smooth struc-
ture so that it is diffeomorphic to S!. In other words, here we have two different smooth
structures i.e., inequivalent atlases, on the underlying topological manifold S*. (It is possible
to have many more: merely keep taking regular n-gons in R?.) We shall soon see that all
these inequivalent structures are diffeomorphic to each other, i.e., there is only one smooth
manifold up to diffeomorphism with its underlying topological space homeomorphic to S*.
(vi) It is known that R™, n < 3 has only one smooth structure, up to diffeomorphism. Of
course the proof is not easy. Soon, we shall see a proof of this for n = 1. Indeed, we shall
classify all 1-dimensional manifolds. A somewhat more technical result is the classification
of 2-dimensional manifolds, which will be studied in Chapter 8. In dimension 3, the problem
already becomes formidable ([Moi]).

(vii) It was believed for a long time that each R™ has only one (viz., the standard) smooth
structure, up to diffeomorphism. However, it is one of the shocking discoveries of the 1980’s
that R* admits (uncountably) many nondiffeomorphic smooth structures. Donaldson was
awarded the Fields medal for this outstanding discovery [Do].

(viii) P* as an abstract C*° manifold. Let us write down at least one atlas explicitly.
We will use the notation in Example 5.1.1.6. Indeed, we need to solve Exercise 5.1.2 now.
Observe that S* ¢ R™*!\ {0} and the equivalence relation defined in the exercise restricts
to the antipodal relation on S™. Moreover, observe that given any nonzero vector in R",
there is a unit vector in that direction. This shows that we can represent P™ as “the space
of all lines” in R™*!, passing through 0. Let us denote the line represented by (zo,. .., *n)
by [zo,...,x,]. For 0 <i <n, put U; = {[z] = [z0,...,2s] : xz; # 0}. Define ¢, : U; — R
by the formula

i XTi_ €T; xT
[x}—[(xo,...,xnw(—0,...,—’ —*—)

To verify that each v; is a homeomorphism, we write down its inverse map, viz.,

(to,t1y. . ytn—1) > [S0yS1y. -+ Siy- .., Sy Where,
tja j< i,
Sj = 1a J=1

tj_l, j>i+1.

Clearly, U;U; = P™. Therefore, in order to show this is a smooth atlas, we have only to
check that the transition functions are all smooth. Let ¢ < j. Then, observe that

’l/)Z(UZ N UJ) = {(to, Ce ,tnfl) eR" : tj,1 7£ 0}

and

Wi 0 Htoy . tno1) = < o 1 ,...,t"‘1> . (5.1)
tj,1 tj,1 tj,1
A similar formula holds for the case ¢ > j also. Hence, all the transition functions are
smooth.
(ix) The complex analytic manifold CP™: In a similar fashion to that of real projective
space, we can define the complex projective space CP™ as the quotient space of C"*1\ {0}
by the equivalence relation

(#1,+, Zn41) ~ (Az1,. .., Azng1), A € C\ {0}.

Of course, it will be a “n-dimensional complex manifold” and hence, a 2n-dimensional real
C*° manifold. The details are left to the reader.
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Remark 5.2.3 Caution has to be taken while considering the Cartesian product X x Y,
when X and Y both have nonempty boundary. The natural way would be to take the product
atlas {¢; x¢; } where, {¢;}, {1;} are, respectively, atlases for X and Y. This is perfect under
the assumption that 0X = @ or Y = (). Therefore, in general, (int X) x (intY) C X x Y
carries the product structure. However, if x € 0X,y € 9Y then at (z,y) € X X Y the
product of charts fail to form a chart for X x Y. Therefore, one needs to “modify” this.
Such a process is called “smoothing the corners” in which one has to establish that there is a
“unique” smooth structure on X xY that extends the product structure on (int X) x (int Y).
Here, we shall not discuss this any further. On the other hand, it makes perfect sense to talk
about differentiability of functions defined on X X Y with reference to the product atlas,
without bothering about whether it defines a manifold or not.

Exercise 5.2 Write down details of the Example 5.2.1.(ix).

5.3 Gluing Lemma

We shall now give a general construction that allows us to obtain new manifolds out of
the old ones. As a bonus, we shall then be able to classify all 1-dimensional manifolds, in
the next section. A more general version of this is employed in defining the tangent bundle
of an abstract smooth manifold. Several important constructions are just special cases of
this gluing lemma. Especially, we shall see some of them in Chapter 8.

Definition 5.3.1 By a gluing data (M, ¢), we mean a smooth manifold M and a diffeo-
morphism ¢ : U — V where U,V are open subsets of M such that U NV = ). Let R be
the equivalence relation on M whose equivalence classes are the singletons outside U UV,
and the pairs {u, ¢(u)},u € U. We shall denote the set of equivalence classes M /R with the
quotient topology by My and the quotient map by q¢ : M — M.

Remark 5.3.1 There is a category of gluing data and morphisms between gluing data:
suppose (M, ¢), (M’, ¢') are two gluing data. By a morphism

a:(M,¢) — (M',¢')

we mean a smooth map « : M — M’ such that ¢’ o = a0 ¢ for x € U. Clearly then «
induces a smooth map & : My — M, (;),. The word “canonical” in the following lemma should
be understood in this sense.

Recall that for a subset A of a topological space X, the boundary §(A) is defined to be
the set of all points £ € X such that every neighborhood U of x in X intersects both A
and X \ A. This should not be confused with the boundary of a manifold, though there are
instances in which the two concepts coincide. In the following lemma, we need to use this
concept.

Lemma 5.3.1 The Gluing Lemma: Let (M, ¢) be a gluing data and g4 : M — My =: N
be the corresponding quotient map. Then

(i) N has a “canonical” smooth structure such that the quotient map ¢ : M — My is a
local diffeomorphism. In particular, a map f : My — R is smooth iff f o ¢ is smooth.

(ii) N is not Hausdorff iff there is a sequence {u,} in U converging to some point p € §(U)
and such that {¢(u,)} converges to a point in §(V), (where 6(U) = U\U, and 6(V) = V\V
are the sets of boudary points of U, V respectively in X).
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(iii) Suppose (M’,¢’) is another gluing data, i.e., ¢ : U’ — V' is another diffecomorphism

where U’, V' are open subsets of M’ with U’ NV’ = (). Then My is diffeomorphic to Mé),,
if there exists a diffeomorphism « : M — M’ such that « o ¢ = ¢ o on U.

U—2sy

Figure 24 Verifying Hausdorffness for gluing-up.

Proof: (i) Observe that the quotient map g = g4 : M — My is a local homeomorphism.
Indeed, for any open set G of M, that is contained in M\U or in M\ V, we have ¢ : G — ¢(G)
is a homeomorphism. Therefore, we can choose an atlas {(A;,v;)} for M such that each
Aj is contained in M \ U or M \ V. (Here, the hypothesis U NV = § is used.) We claim
that {(q(A;),7;)}, where 7; = 1; 0 ¢~ ')}, is a (smooth) atlas for M. For, given i, j, let us
say A; C M\ V,A; C M\ U. Then the intersection of ¢(A4;) with g(A4;) can be written as
a disjoint union of two open sets:

q(Ai) N q(Ay) = q(A; N A)) [T a(6(A: N TU) N Ay).
And the transition function 7; o 7, is equal to 1; 0 1; " on the first set and v; o ¢ o 1); *
on the second set.
(ii) Given two points z,y € N, if one of them does not belong to the boundary of ¢(U) =
q(V) in N, we can easily get open sets around xz and y that are disjoint. Therefore, N is
not Hausdorff iff there are points ¢(z), ¢(y) on the boundary of ¢(U) = ¢(V'), that cannot
be separated by open sets. Let {U,},{V,} be a fundamental systems of neighborhoods at
x,y € M, respectively. Then ¢(z),q(y) cannot be separated in N iff for each n, we have
q(Un)Nq(Vy,) # 0. This is the same as saying that for each n > 1, there is z,, € U,, NU such
that ¢(z,) € V,, N V. But then we see that z, — = and ¢(x,,) — y. The converse is easy to
see. (The best way to understand this is to consider the situation when you are gluing two
open intervals along two open subintervals (see the Figure 25).
(iii) Clearly, the map « factors down to give a continuous bijection @ : My — My :

M—O‘>M

ql l

My —25 M,.
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The smoothness of @ and its inverse follows from the last part of (i). ')

Example 5.3.1
1. In the lemma above, take
M =(-1/2,1), U = (-1/2,0), V = (1/2,1)
and
Tt)=t+1; At)=1/2—t.
Can you recognize M, and M,? How do they differ?

(Do——<

Figure 25 gluing one or two intervals.

Observe that the map M — S! given by ¢ — 2™ factors down to define a diffeo-
morphism M, — S'. However, My is not a Hausdorff space since A does not satisfy
condition (ii) in Lemma 5.3.1.

2. The cylinder and the Mobius band: Put
M = (-1/2,1) x [0,1]; U =(-1/2,0) x[0,1}; V =(1/2,1) x [0,1].

Take ¢ : U — V given by ¢(t,s) = (t + 1,s). As in the above example obtain a
diffeomorphism of M, with S! x [0, 1].

0 =

Figure 26 Cylinder and the Mébius band.

Now take 9 : (t,s) = (t + 1,1 — s). The resulting manifold M, is called the Mdbius
band. We shall denote it by M. The difference in the construction of the cylinder
and the Mobius band is in the fact that the gluing map ¢ used for the cylinder is
orientation preserving whereas 1) used for the Mobius band is orientation reversing.
Indeed, you can easily show that the central circle in M is orientation reversing and
hence M is nonorientable (see Exercise 4.1.1). Later, we shall give yet another proof
of this fact (see Theorem 7.4.2).

3. In the above example begin with M = (—1/2,1) x S! (instead of (=1/2,1) x I) and
make corresponding changes everywhere else. Also take 1 to be (t,v) — (1 4 ¢,7).
Exactly as in example 1 and 2, you will get a diffeomorphism from My to S' x S!.
This surface is popularly called the torus, that resembles the surface of a well-made
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medu-vada or a donut. On the other and, M, is not such a surface at all. One cannot
even visualize it in the 3-dimensional FEuclidean space. An “approximate picture” of

this object is shown in the Figure 27 that is indeed an immersion of this surface. It is
called the Klein bottle.! We shall denote it by K.

Figure 27 The torus and the Klein bottle.

Let ¢ : M — K be the quotient map. The image of the two lines (—1/2,1) x {v, 0} in
K is an embedded loop, that separates K into two Md&bius bands. Define 7 : M — K

by
q(2t,v), —1/4<t<1/2;
T(t,v) =< q(2t —1,v), 1/4<t<1;
q(2t +1,v), -1/2 <t <0.

Then 7 factors through M — S' x S! to give 7 : S! x S! — K, that is a two-to-one
smooth map. (Indeed it is a 2-sheeted covering projection, if you know what a covering
projection means.)

Exercise 5.3

(a) Obtain a generalization of the gluing Lemma 5.3.1 for the following gluing data: Let
M be a smooth manifold. Instead of considering one single pair of open sets {U, V'}, let us
have a family ¢, : Uy — Vu,a € A of homeomorphisms (diffeomorphisms) where U, V,,
are open subsets of M such that U, NV, =0, V a € A. Carry out the rest of the details
exactly as before.

(b) Given a smooth atlas {(U;, ¢;)} on X, put M equal to disjoint union of ¢;(U;) and for
each pair of indices ¢, j such that U; N U; # 0, put ;5 : ¢;(U; NU;) — ¢;(U; NU;) to be
the diffeomorphisms 1;; = ¢; o ¢;1. Use this as gluing data to obtain a space N. Consider
the map © : M — X defined by Ol4,(v,) = (bi_l. Show that © factors through the quotient
map q : M — N to define a diffeomorphism 6 : N — X.

N

N

X

IThe Klein bottle was first described in 1882 by the German mathematician Felix Klein. It was originally
named the Kleinsche Flache meaning “Klein surface”; however, this was incorrectly interpreted as Kleinsche
Flasche meaning “Klein bottle”, that ultimately led to the adoption of this term in the German language
as well.—Wikipedia
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5.4 Classification of 1-dimensional Manifolds

In every classification problem, we must, first of all, have plenty of examples that are
“likely” to represent all possible types of objects that we want to classify. Only after that,
we can make a probable list of representatives that are mutually of different types. The final
step is to show that every object that we wanted to classify belongs to (precisely) one of
the types mentioned in the list.

In order to classify all manifolds, clearly, it suffices to consider only connected ones. For,
any manifold is locally connected and hence its connected components are open as well as
closed. Therefore, any manifold is the disjoint union of its connected components, even as
a topological space.

What are the examples of 1-dimensional connected manifolds that we have?

We observe that any two closed intervals are diffeomorphic via an affine linear map.
This diffeomorphism can then be used to get diffeomorphisms between any two finite open
intervals or between any two half-open intervals as well. Moreover, x +— tanx defines a
diffeomorphism of the interval (—m/2,7/2) — R. Thus, as far as subsets of R are concerned,
we have three different classes of connected 1-dimensional manifolds:

(1) open intervals (ii) half-open intervals (iii) closed intervals.

As soon as we go to subspaces of R2, we get “other” types: circles, ellipses, parabolas, and
many more smooth curves. If we have one-to-one parameterization of any of these curves
then clearly they will be diffeomorphic to an interval. This is the case with a parabola
for instance. One can also see easily that any two circles are diffeomorphic to each other.
Indeed, placing a small circle inside an ellipse and then projecting radially from the center
of the circle produces a diffeomorphism of the circle with the ellipse. Write down an explicit
formula by yourself:

Do we get any other types of 1-dimensional manifolds, if we look inside higher dimen-
sional Euclidean spaces? The answer is: NO.

Theorem 5.4.1 Let X be a connected 1-dimensional, (Hausdorff and II-countable) abstract
smooth manifold. Then X is diffeomorphic to one of the following:

(i) (0,1): (ii) [0,1); (iil) [0,1] (iv) S™.

Our main tool in the proof of this theorem is the basic gluing Lemma 5.3.1 that we have
introduced in Section 5.3.

Let us take a look at the Examples 5.3.1. Since they become crucial, we shall recast
them in a little general setup.

Example 5.4.1 Let M = (a,b)[[(¢,d), p € (a,b),qg=b+c—p € (¢,d),U = (p,b),V =
(¢,q). Let ¢ : U — V be the diffeomorphism given by ¢(x) = c+x—p. Then the identification
space My is diffeomorphic to an open interval. If we replace one or both open intervals
(a,b), (¢,d) by the half-closed intervals [a,b), (¢, d], respectively, then M, is diffeomorphic
to a half-closed or a closed interval accordingly. To see this, consider the map f : M —
(a4 c—p,d) defined by f(z) =c+x—p,z € (a,b) and f(z) = z for x € (¢, d). Clearly, this
map factors through ¢ : M — My to define a smooth map f My — (a+c—p,d).

Example 5.4.2 Consider M = (0,1),U = (0,1/4),V = (3/4,1) and ¢(t) = ¢t + 3/4. Then
M, is diffeomorphic to the unit circle S!.

To see this, consider the map © : M — S given by t — €37*/3  which factors through the
quotient space to define a map 0: My — S*. We can easily check that Oisa diffeomorphism.

We can now slightly generalize these facts in the following two lemmas. The ease with
which we can prove the next result is specific to 1-dimensional manifolds.



134 Abstract Manifolds

Lemma 5.4.1 Let a < b < cand d < e < f be real numbers, M be the disjoint union of the
two intervals M = (a,c) [[(d, f). Let ¢ : (b,c¢) — (d,e) be a diffeomorphism with ¢(b) = d
and ¢(c) = e. Then the identification space My is diffeomorphic to an open interval.

Proof: Choose V/, ¢’ so that b < b’ < ¢’ < c. Put ¢; = @|p 1. Extend the diffeomorphism
¢1: [V, ] — [6(b)), ¢(c')] to a diffeomorphism ¢; : R — R. Put g = ¢;(a). We claim that
My is diffeomorphic to the open interval (g, f).

Put M’ = (a,c) [[(¢('), f) € M. Then observe that the quotient map g : M — My is
surjective restricted to M’ and hence My is the same as q(M') = M . Now let ¢ : M" —
(g, f) be defined by

t, ift e o), f).

Then 1 factors through ¢ to give a continuous bijection 1 : My — (g, f). On the other

hand v o ¢ restricted to (a,c) is ¢ and restricted to (d, f) is the identity map. This suffices
to conclude that ¢ and its inverse are smooth. ®

W(t) —{ o1 (t), ifte (a);

Lemma 5.4.2 Let a < b < e < f and let ¢ : (a,b) — (e, f) be an order preserving
diffeomorphism. Then the identification space (a, f) is diffeomorphic to the circle.

Proof: Choose a < @’ < 0" < b and put ' = ¢(a’), f' = ¢(b'),¢1 = ¢|(ar 1) As in the
previous lemma, observe that the subset (a’, ') surjects onto (a, f) and hence (a’, f')4, =
(a, f)e-

From the exercise 6 in 1.7, there is a diffeomorphism « : (a’, f') — (0,1) such that the
following diagram is commutative:

(', 1) =2 (e, f')

Pk

(0,1/4) ——= (3/4,1)

where 7(t) = t + 3/4. Therefore, the gluing Lemma 5.3.1(iii) implies that a defines a
diffeomorphism of (a’, f')4, with (0,1),. As seen in Example 5.3.1, the map ¢ — e57/3
defines a diffeomorphism of (0,1), with the unit circle S'. [ )

We now come to another result specific to 1-dimension. It is the key to the classification
of 1-dimensional manifolds.

Lemma 5.4.3 A key-lemma: Let X be a connected 1-dimensional manifold having an
atlas consisting of two members, Uy, Us, such that U; # U; N Us # Us. Then

(i) Uy NUs is nonempty and has at most two components.

(ii) If Uy N Uy has one component, then X is diffeomorphic to an interval.

(iii) If U; N Us has two components, then X is diffeomorphic to S*.

Proof: That U; NU; # B follows from the connectedness of X. Observe that this just means
that X is obtained by gluing two (disjoint) intervals Iy, Iy (diffeomorphic to Uy, Us respec-
tively), along some nonempty proper open subsets J; C I1,Jo C I via a diffeomorphism
¢ : J1 — Jo. We make the following observations, each one being obvious or follows easily
from the previous ones.

(a) Each I; is an open interval or an half-open interval, i.e., cannot be a closed interval.
(b) Each component of Jy, J3 is an interval. None of them can be a closed interval.

(¢) At least one of the end points of each component C of J; belongs to I;,i = 1, 2.

(d) If e is an end point of a component C of Jy, then lim,_.. ¢(x) does not exist in I (by
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(ii) of gluing Lemma 5.3.1). Here the limit is taken where the variable x remains inside C.
(e) Number of component of J; cannot exceed the number of end points of I; that do not
belong to I;. This follows from (d).

(f) If both I; are open intervals, then J; can have at most two components each. If one of
the I; is an half-open interval then J; are connected. This proves (i).

To prove (ii), first consider the case wherein I, I are both open intervals. It follows that
J1 and J3, being diffeomorphic U; N Uy are also open intervals. As seen in (i), both end
points of J; cannot be in the interior of I; and similarly both end points of J, cannot be
in the interior of I5. Therefore, the situation is precisely as in the Lemma 5.4.1. Even the
diffeomorphism ¢ has to be order preserving. So, Lemma 5.4.1 is applicable.

The case when I; or/and I is not an open interval is handled similarly, once we show
that J; and Js are open intervals. As such the other possibility is that both are half-open
intervals. The diffeomorphism will then take the boundary point of J; to that of Jo and we
will have non-Hausdorffness at the other end. Therefore, J; and Jo are open intervals. The
rest of the argument is the same as above, except that the conclusion in this case is that
X is diffeomorphic to a half-open interval or a closed interval according as one of I, Is or
both are half-open intervals. This proves (ii).

(iii) Now suppose J; and hence Jy has two components. Say A, As and Bi, B2 are the
components of Ji, Jz, respectively. Let ¢(A;) = B;. Then first of all we note that both
I; are open intervals. Then the identification space X can be obtained in two steps: first,
we glue along ¢1 = ¢|a, to obtain a space My, and then perform another gluing along
¢2 = P|a,. Of course, My, is also a Hausdorff space, for otherwise X will not be Hausdorff.
By the first case discussed in (ii) it follows that My, is an interval. Therefore, we are in the
situation of Lemma 5.4.2 and conclude that X is diffeomorphic to S!. ®

Proof of the theorem 5.4.1: Let {U,} be an atlas for X. By II-countability, there exists
a countable subcover for {U;} for X. Indeed, we have:

Step I There exists a countable family {U;} :

(i) Each U; is diffeomorphic to an interval;

(ii) Uk ¢ UjgkflUj =: Wi_1;

(iii) Wi—1 NU # 0,k >1.

To construct such a family, we start off with any one member from the countable family
{U;}, call it U;. Having picked up Uy, Us, ..., Uk_1 so as to satisfy the above requirement,
we check whether Wj,_; := Uj<i—1Uj is the whole space X. If so, we stop. Otherwise, it
means that there are members in {U;} not contained in Wy_;. If none of them intersect
Wi_1, it would mean that X is disconnected. Therefore there exists a member that we label
U} with the required property.

We remark that in addition if X is compact, then the family {U;} can be chosen to be
finite also. Moreover, if X is nonempty, we can start with U; as a half-open interval.
Step II If W,, #£ X, then W,, is diffeomorphic to an interval.

We shall prove this by induction on n. This is true for k& = 0 since Wy = Up. So assume that
Wy, is diffeomorphic to an interval and Wy41 # X. Apply the Lemma 5.4.3, we conclude
that Wy is diffeomorphic to an open interval, a half-open interval, a closed interval, or
S!. The latter two cases are ruled out, because, then Wy is compact and hence will have
to be the whole of X.

Step III If the sequence {U;} stops at j = m say, then from the previous step Wy,
is an open interval or a half-open interval. Therefore, the key Lemma 5.4.3 applied to
X =W,, = Wy_1 UW,, yields that X is an interval or a circle.

Step IV Consider the case when the sequence {U;} is infinite. First consider the simpler
case when Uy = Wy is diffeomorphic to a half-closed interval. We shall fix a diffeomorphism
fo: Wy — [0,1). We can then get a diffeomorphism f; : Wi = Wy U Uy — [0,2) such that
filwe = fo. Inductively, having found a diffeomorphism f; : Wy — [0,k + 1) such that
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frlw,_, = fr—1, it is easily seen that we can find a diffeomorphism fy41 : Wiy1 — [0,k+2)
such that fi+1|w, = fx. Now define f: X — [0,00) by f = limg_ oo fx. This is the same as
saying f(z) = frt2(x) whenever x € Uy. It follows that f is a diffeomorphism.

Now consider the case when X = (. In this case, it follows that at each stage Wy is
diffeomorphic an open interval. Hence the gluing of the next interval may occur on either
side. If there is a U; such that all other U; occur on only one of the two sides, then we could
have re-labeled them so that this U; is the 0" one and proceeded as in the above case. If
this is not the case, then there are infinitely many U; occurring on either side of Uy and
hence we can relabel them by positive and negative integers, redefine Wy = U?z_ xU; and
obtain diffeomorphisms fj : Wi, — (—k, k) such that fri2|lw, = fr. Put f = limp_ f
and check that f: X — (—o00,00) is a diffeomorphism. 'y

Here is an interesting application of the classification of 1-dimensional manifolds. (Com-
pare Lemma 4.4.5 and Theorem 4.4.6.)

Theorem 5.4.2 Let X be a compact manifold with nonempty boundary. Then there exists
no map f: X — 0X such that flox = Idgx.

Proof: [The result is true even for continuous maps. However, we shall give the proof here
for smooth maps only. For continuous maps see Exercise 6.1.1.] Let f : X — 90X be such
a smooth map. By Sard’s theorem, there exists € 0X, which is a regular value for f (as
well as for X, which is obvious in this case). By the Extended Preimage Theorem 3.4.4,
it follows that L = f~1(z) is a 1-dimensional neat submanifold of X. Recall that neatness
means that the boundary of L is precisely equal to

LNaX = (flox)™'(z) = {z}.

On the other hand, since X is compact L is also compact. By the classification theorem, L is
the union of finitely many components, each one of them diffeomorphic to a closed interval
or a circle. Hence, OL should have an even number of points. This is a contradiction. &

Remark 5.4.1 As a corollary, we obtain another proof of Brouwer’s Fixed Point The-
orem 4.4.6.

Exercise 5.4 Let W be a smooth 1-dimensional manifold, W = AU B with AN B =
{w}. Suppose both A and B are diffeomorphic to a closed interval. Show that W is also
diffeomorphic to a closed interval, without appealing to the classification theorem.

5.5 Tangent Space and Tangent Bundle

It is time you have gone through the exercise 5.3. The theme of this exercise is that we
can think of a smooth n-manifold as a union of a collection of open subsets of R™ that are
glued to each other along some diffeomorphisms. This view helps us to define the tangent
space of an abstract smooth manifold also, since we know that the tangent space for an
open subset U of R" is actually diffeomorphic to U x R™. The following definition should
be understood from this point of view.

Definition 5.5.1 (Tangent space to an abstract smooth manifold) Let (X, ®) be
a smooth n-dimensional manifold, where ® = {(U;, ¢;)}iea is a maximal smooth atlas.
Consider the space

F={(z,i,v) e X x AXR" : z €U}
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Give discrete topology to A, take the product topology on X x A x R™ and let F' have the
subspace topology. [Observe that F' is homeomorphic to the disjoint union U;epU; x R™.
Now define an equivalence relation on F' by (x,i,v) ~ (y, j,u) iff

z =y, and D(¢j 0 ¢; ') g (v) = u.

The verification that this is an equivalence relation is straightforward. Let T'X be the space
of equivalence classes with the quotient topology and g : F' — T X be the quotient map.

We call TX the total tangent space to X. If m : TX — X denotes the map induced by
the projection onto the first factor ' — X, then (T'X, 7) is called the tangent bundle of X.
The subspace 7~ 1(x) is called the tangent space of X at x and is denoted by T, (X).

Remark 5.5.1

(i) The first thing to observe is that in the definition of TX we could have used any atlas
®’ C P, in place of the maximal atlas ®. For if A’ C A such that {U; : i € A’} is a cover
of X, and F’ is defined similarly, then ¢ : F’ — TX is surjective. This observation is going
to be quite useful in practice. For example, we can now immediately see that T'X is second
countable, by choosing a countable A’ as above. We leave it to you to verify that TX is
Hausdorff also. However, this becomes clearer, after remark (iii) below.

(ii) The image of all points (x,¢,0) forms a subspace of TX diffeomorphic to X. We shall
merely identify this with X itself. Under this identification, we have m(z) = z and hence
X is called the O-section of m. Further, in X x A x R™, for each fixed (z,i), we have the
subspace {(z,4)} x R™, that can be identified with R™ and hence can be given the linear
structure. Moreover, ¢ : {(z,7)} x R" — T,(X) is a bijection. Verify that it is actually a
homeomorphism. Since the equivalence relation respects the linearity, it follows that T, (X)
is a vector space in such a way that ¢ : {(z,7)} x R™ — T,(X) is an isomorphism.

(iii) For any open subset U of X, we shall denote by U the inverse image of U under 7. [Some
authors use the notation TU for T~'U. This notation may run into difficulty when U is not
an open set but a submanifold of X of lower dimension.] Once again, q : U; x {i} x R" — U;
is a homeomorphism. Shifting the labeling from the domain to the map, we shall denote
this homeomorphism by ¢; : U; x R" — U;. Put & = (¢p; x Id) o qi_1 : U; — R™ x R™.
Since {Uz : 4 € A} is an open cover of T'X, it follows that T'X is a topological manifold of
dimension 2n, with {(U;,&;) : i € A} as an atlas. (Of course, you have to verify now that
TX is Hausdorff to complete this step.)

(iv) Finally, let us look at the transition functions associated to the above atlas of TX. For
any two indices 4, j such that U; N U; # (), we have, the transition mappings

§o& Tt 9i(UinUy) x R” — ¢;(U; NU;) x R®

given by,
(y,w) = (95067 ' (y), D(¢;6; )y (w)).

[The expression in the first slot is obvious. The expression in the second slot is precisely due
to the manner in which we have introduced the equivalence relation in F.] It follows that
if ¥ is a C"t! atlas for X then the above maps define a C" atlas for TX. In this manner
we get T X as a 2n-dimensional C"-manifold. Observe that with this smooth structure, the
projection map 7w : TX — X is a C" mapping and is referred to as the projection map of
the tangent bundle. Finally, it should be noted that each transition function is a linear map
when restricted to the second slot.

(v) The abstract definition of the tangent space coincides with our old geometric definition
for a smooth submanifold X of RN given in the previous chapter. To see this, consider the
map 7 : TX — RY x RY defined by [z,4,v] — (x,D(¢;1)¢i(z)(v)). Verify that it is well
defined. The surjectivity of this map is obvious. Proving the injectivity is similar to proving
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the well-definedness of the map. That the inverse map is also of class C" can be verified by
choosing any chart at a point.

(vi) Tangent space of a manifold with boundary is also defined exactly in a similar fashion.
Note that the dimension of the tangent space T, X is the same as the dimension of X even
at points of 9X. On the other hand, since X is a manifold of one dimension lower, T,0X
is a codimension 1 subspace of T, X.

Definition 5.5.2 For a smooth map f : X — Y of manifolds, the induced map T'f : T X —
TY is defined by the formula

[x,l’/u] g [y7j7 u]?

where, (U, ¢;), (V;, ¢;) are charts for X and Y, respectively at z,y such that f(U;) C V;
y = f(z) and u = D(¢; o f o ¢;)(v).

Remark 5.5.2

(i) Once again, the usual chain rule for differentiation can be employed to see that the
above definition of T'f is independent of the choice of charts at = and f(z). Clearly, T'f
restricted to 7~1(z) for any = € X, is a linear map. We also have the obvious chain rule
T(go f) =T(g) oT(f). Once we have verified this, we can use the notation Df itself for
T f and call it the derivative of f.

(ii) Observe that we can define the smoothness of any function defined on any non empty
open set U of X as well, by simply treating U as a submanifold with the smooth structure
obtained by restricting the atlas for X to U. In particular, we then ask the question: Is
a chart smooth with respect to the smooth structure to which it belongs? To be precise,
consider the homeomorphism ¢; : U; — R™, that belongs to the atlas ®. Treating U; as a
manifold with the induced structure and R™ with its standard structure, is ¢; smooth? To
answer this, we first observe that the singleton {(U;, ¢;)} is an atlas for U; and hence any
map ¢ : U; — R™ is smooth iff g o (;5;1 is smooth. In particular, we can take g = ¢; and it
follows that ¢; is smooth.

(iii) Closely related is the question: How does the derivative of ¢; look like? The answer is
D((bl)[x’ 2 U] = (sz(x), v).

(iv) All the notions and results about immersion, submersion, etc., that you have learned
for differential manifolds in Euclidean spaces are valid for abstract manifolds as well.

The concept of tangent bundle leads to a more general and very powerful concept, viz.,
the vector bundle. We shall take this opportunity just to introduce this concept here. For
further studies the reader may consult [Hus| or [St].

Definition 5.5.3 Let B be a topological space. By a real vector bundle of rank k over B
we mean an ordered triple £ = (F,p, B), where E is a topological space p : E — B is a
continuous map such that for each b € B, the fiber p~1(b) is a k-dimensional R-vector space
satisfying the following local triviality condition(LTC):
To each point b € B there is an open neighborhood U of b and a homeomorphism ¢ :
p 1 (U) — U x R* such that
(i) m1 0 ¢ = p and
(ii) ma 0 ¢ : p~1(b) — R* is an isomorphism of vector spaces.

Here 711 : U x R* — U and 75 : U x RF — RF are projection maps.

E is called the total space of £ and B is called the base of &.

It ¢ = (E;,pi, Bi), i = 1,2 are two vector bundles, a morphism & — & of vector bundles
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consists of a pair (f, f) of continuous functions such that the diagram

By —f>E2

Bl —>BQ

is commutative and such that f \pl_l ®) is R-linear. If both f and f are homeomorphisms

also, then we say (f, f) is a vector bundle isomorphism. In this situation we say that the
two bundles are isomorphic.

Often while dealing with vector bundles over a fixed base space B, we require a bundle
morphism (f, f) : (E1,p1, B) — (Ea,p2, B) to be such that f = Idg.

Definition 5.5.4 Let £ = (E,p,B) be a vector bundle. By a section of £ we mean a
continuous (smooth) map o : B — FE such that poo = Idg. A section o is said to be
nowhere zero, if o(b) # 0 for each b € B.

Remark 5.5.3

1. A simple example of a section is the zero section, that assigns to each b € B the
0-vector in p~1(b). (Use (LTC) to see that the zero section is continuous.)

2. The simplest example of a vector bundle of rank k over B is B x R¥. These are called
trivial vector bundles. In fact any vector bundle isomorphic to a product bundle is
called a trivial vector bundle. We shall denote this by ©% := B x R*, the base space of
the bundle being understood by the context. It is easy to see that the trivial bundle
has lots of sections. Indeed, if o : B — B x R is a section then it is of the form,

o(b) = (b, f(b))
where f : B — RF is continuous. Thus, the set of sections of ©F is equal to C(B,R¥).

3. Using the vector space structure of each fibre, given two sections, s; and ss of a vector
bundle, we can add and scale them:

(514 52)(@) = 51(2) + s2(2); (rs1)(x) = rsu ().

Using local triviality, one can verify that if s1, so are continuous, then so are rs; and
s1+ s2. Thus, the set of all sections of a vector bundle forms a vector space. Indeed, it
forms a module over the ring C(X;R) of continuous real valued functions on X. Using
partition of unity, we can produce lots of sections.

4. In all the above remarks, for a smooth bundle over a smooth manifold, you can replace
“continuous” by “smooth” everywhere.

Example 5.5.1

1. A simple example of a nontrivial vector bundle is the infinite Mobius band M :
Consider the quotient space of R x R by the equivalence relation (¢,s) ~ (t + 1, —s).
The first projection gives rise to a map p : M — S', which we claim is a nontrivial
real vector bundle of rank 1 over S!. It is easy to see that complement of the 0-section
in the total space of this bundle is connected. Therefore, the bundle cannot be the
trivial bundle S* x R. Indeed, the total space of this bundle is not even homeomorphic
to S! x R but to see that needs a little bit more topological arguments.
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The tangent bundle 7(X) := (TX,p, X) of any smooth submanifold X € RY is
a typical example of a vector bundle of rank n, where n = dim X. It satisfies the
additional smoothness conditions, viz.,

(i) both the total space and the base space are smooth manifolds;

(ii) the projection map p is smooth and

(iii) the homeomorphisms ¢ : p~1(U) — U x R™ are actually diffeomorphisms.

Over the base space B which is a smooth manifold, a vector bundle that satisfies these
additional smoothness conditions will be called a smooth vector bundle.

On a manifold X embedded in RV, we get another vector bundle, viz., the normal
bundle, v(X), that is also a smooth vector bundle (see section 6.1).

Let B = P™ be the n-dimensional real projective space. The canonical line bundle
vt = (E,p,P") is defined as follows: Recall that P" can be defined as the quotient
space of S” by the antipodal action. Put

E={([z],v) € P" x R"™ : v = )\z}.

That is, over each point [x] € P™ we are taking the entire line spanned by the vector
x € S"in R"*!. Let p: E — P" be the projection to the first factor. The verification
that this data forms a line bundle is easy.

Definition 5.5.5 By a continuous/smooth vector field on a smooth manifold X, we mean
a continuous/smooth section of the tangent bundle. By a parallelizable manifold, we mean
a smooth manifold X whose tangent bundle is trivial.

Remark 5.5.4 As before, a vector field on a parallelizable manifold X™ corresponds to a
smooth map X — R™. Indeed, a manifold is parallelizable iff there exists n smooth vector
fields {o1,...,0,} such that for each p € X, we have

{0'1(]9), s ’Jn(p)}

is linearly independent in T,(X).

Exercise 5.5

1.

Show that if f : X — Y is a diffeomorphism, then T'f : TX — TY is a diffeomorphism.
Thus the tangent space is a diffeomorphic invariant of a manifold.

Show that a map f: X — Y is smooth, iff for every open set U of a Euclidean space
and every smooth map g : U — X the composite f o g is smooth.

Show that f: X — Y1 xYs, f=(f1,f2) is smooth iff each f; is smooth.

If X and Y are smooth manifolds (without boundary), show that X; x X5 is a smooth
manifold in such a way that the projection maps m; : X7 x X9 — X; are smooth. Also
show that T'(X x Y) is diffeomorphic to T'(X) x T(Y).

Show that the diagonal map = — (z, ) is smooth for any smooth manifold X.

Show that if f; : X; — Y; are smooth, then so is f1 x fs.
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5.6 Tangents as Operators

Let V be a finite dimensional vector space and V* be the space of all linear functionals
on V. Elements of V*, by definition, operate on V. This role can be easily interchanged
meaningfully as follows: Fix a vector v € V and consider the assignment f +— f(v) for
f € V*. This assignment defines a linear functional on V*, that vanishes iff v is the zero
vector. Thus, we may think of elements of V' as operating on the vector space V*. Using
this idea, we shall now give an operator-theoretic interpretation of a tangent to a manifold
at a point.

Given an abstract smooth manifold X, let C°°(X) denote the ring of all smooth real
valued functions on X. (The ring structure on C*°(X) comes from that of R via pointwise
addition and pointwise multiplication.) Fix a point p € X and define an equivalence relation
~p on C*(X) as follows: f ~, g iff there exists a neighborhood U of p on which f = g.
Check that this is actually an equivalence relation and denote the space of equivalence
classes by Cp°(X). Also, we shall denote by [f], the equivalence class of f. Observe that the
ring structure of C*°(X) quotients down to define a ring structure on C;°(X). This ring is
called the ring of germs of smooth functions on X defined at p. The phrase “on X” in this
nomenclature can further be justified, because, if we have a smooth function f defined in
a neighborhood of p, using a bump function, we can extend it to a smooth function f on
the whole of the manifold X and the germ | f]p of f at p does not depend on the actual
extension but only on [f],.

Let us now consider the situation when X is an open subset of R™. Fix a vector v €
T,(X) = R™. To each smooth function f : X — R, we have an assignment f — D f,(v), the
directional derivative of f along v. Let us denote this by v(f) = Df,(v). Then
(i) v(af + B9) = av(f) + Bv(g);

(ii) v(fg) = f(p)v(9) + g(p)v(f); and

(iii) If f = g in a neighborhood of p then v(f) = v(g).

All this clearly make sense, when X is any smooth manifold because of the chain rule: If
¢ : X — Y is a diffeomorphism of open sets in R”, with ¢(p) = ¢, D(¢),(v) = u we have
v(f) = u(f o ¢). This proves the invariance of the properties (i), (ii), and (iii) under local
coordinate changes. It allows us to adopt these properties as axioms for a tangent at a point
for abstract manifolds as well. Property (i) is nothing but linearity. Property (ii) is called
derivation. Property (iii) seems to have been added as an afterthought. This corresponds
to the infinitesimal behavior of the derivative without which the entire machinery will be
meaningless. To sum up, we have the following definition.

Definition 5.6.1 Let X be a manifold and p € X. Let D,(X) be the space of all functions
7 :C*(X) — R satisfying:

(A) r(af + Bg) = ar(f) + Br(g), @B ER, f,g € C=(X),

(B) 7(fg) = F(p)r(9) + 9p)7(F); f.g € C(X).

(C) If f = g in a neighborhood of p then 7(f) = 7(g).

Observe that 71,72 € Dp(X),a1,a2 € R, ¢ € C*°(X) then oy + agme € D,y(X) and
¢7; € Dp(X). Verify that, in this way, D,(X) is a C°°(X)-module. Property (C) implies

that we can consider 7 € D,(X) as a function C;° — R satisfying (A) and (B). It then
follows that D,(X) is a C;°(X)-module. Define © : T),(X) — D,(X) by the formula:

O(v)(f) = Dfp(v). (5.2)
Then O is a linear map.

Once again, by the chain rule, we obtain:
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Theorem 5.6.1 © is functorial in the sense that if ¢ : U — R"™ is a diffeomorphism such
that ¢(p) = 0, then we have the following commutative diagram:

Tp(X) —2=> Dy(X)

d%l lm

To(R") —Z Dy (R™)

Theorem 5.6.2 © : T,,(X) — D,(X) is an isomorphism of vector spaces.

Proof: Because of the above naturality property, it is enough to prove this for X = R™ and
p = 0. Now let e; denote the standard basis from Tp(R™) = R™. Then O(e;)(f) = 88_92(0)’ the
partial derivative with respect to ;. We shall denote O(e;) by 9; and prove that {01,...,0,}
is a basis for Dy(R™).

Given a smooth function f on R™, from (1.30) we have the identity:

f(z) = f(0) + szgz(l")

where ¢;(0) = 9;(f). Let now 7 € Do(R™). Using property (A) and (B) first verify that for
any constant function ¢, we have 7(c¢) = 0. Therefore,

() =>_ 7(x:)g:(0) =D 7(2:)0i(f) = (Zm)&-) (f)-

This proves that {d1,...,0,} generates Dg(R™). To see that these vectors form an in-
dependent set, we simply evaluate them on the coordinate functions x;’s and see that

(%)p(fﬂj) = dij- I

Remark 5.6.1 Thus, we can now identify the tangent space T),(X) with the space D,(X)
of “local derivations” at p. Let us now consider global derivations.

Definition 5.6.2 By a derivation on the ring C>°(X), we mean a R-linear mapping 7 :
C>®(X) — C*=(X) such that

T(fg9) = fr(g) + g7(f). (5.3)
Remark 5.6.2

1. Let us denote by D(X) the space of all derivations on X. Clearly the sum of any two
elements of D(X) is an element of D(X) and we can multiply a derivation with a
smooth function to obtain another. This makes D(X) into a C*°(X)-module.

2. Fix a point p € X and consider the map E, : D(X) — D,(X) defined as follows:
Given a germ [f], of a smooth function f defined in a neighborhood of p, consider

some extension f : X — R of f and define
Ep(m)([f1p) = [F(F)p-

In order to see that FE, is well-defined, we must check that if fi, fo : X — R are
smooth functions such that [f1], = [f2], then [7fi], = [Tf2]p. This is the same as
showing that if f = 0 in a neighborhood of p then 7(f) = 0 in a neighborhood of p.
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To see this, choose a smooth function p on X such that f = pf and p(¢) = 0 in a
neighborhood of p. (See Exercise 1.7.11.) Then

T(f) =71(pf) =7(p)f +7(f)p-

It follows that 7(f) vanishes in a neighborhood of p. Therefore, E, is well-defined.
Clearly for each 7, E,(7) satisfies (A) and (B). Any way we have verified (C) just
now. Therefore, E,(1) € D,. We can now onwards denote E,(7) by 7.

3. Thus, each element 7 € D(X) gives rise to an element of D,(X) for each p € X. Is
then an element 7 € D(X) just a collection of elements of D,(X) one for each p € X?
As in the case of a vector field, we may anticipate some “smoothness” condition on
these operators, as p varies over X. To examine this, we can restrict ourselves to a
coordinate neighborhood and work on an open subset U of R™. Now suppose 7 € D(U)
so that E,(7) = 7, € D,(U) for each p € U. Using the structure of D,(U) we can
write

) = 3o 5 0) (5.4)

where o;(p) € R. Now, the fact that 7(f) is a smooth map for any smooth map f tells
us that each of the functions o; must be smooth. Conversely, one can directly check
that, given a smooth function o : U — R"™, (5.4) gives a derivation 7 on U.

4. Let T(X) denote the space of all smooth vector fields on X. This is also a C*(X)-
module in an obvious fashion. The following theorem establishes a canonical isomor-
phism of these two modules.

Theorem 5.6.3 The C*(X)-module T (X) of all smooth vector fields on X is isomorphic
to the module D(X) of all derivations on X.

Proof: Once again, we define O : T(X) — D(X) as follows: For a smooth vector field o on
X, let 7, = O(0), € D,(X) be defined by

7(f) = O(a(p))(f)-

From the remark above, it follows that f — 7,(f) is smooth. Hence the above definition

makes sense. Clearly, © is a C *°(X)-module homomorphism. We directly define the inverse
of this as follows: Given 7 € D(X), define 7, € D,(X) by the formula

() = 7(/)P)-

Clearly, 7, satisfies (A) and (B) of Definition 5.6.1. Property (C) is checked as in the above
remark. It follows that 7, € D,(X). Hence, 7, = O(v) for a unique v € T,(X). From the
remark above, it follows that the assignment p — ©71(7,) defines a smooth vector field o.
The verification that this gives the inverse map of © is left to the reader. ®

Definition 5.6.3 Given 7,7/ € D(X) = 7(X) we define their Lie bracket [, 7'] by the
formula:
[, 7| =707 —7' o

Observe that, a composite of two endomorphisms is an endomorphism and hence [, ] is
an endomorphism, being the difference of two endomorphisms. But, the composite of two
derivations is not a derivation. However, the bracket |7, o] of two derivations is a derivation
and you have to verify this.
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Definition 5.6.4 Let ¢ : X — Y be a smooth map. Let 7: X - TX,0:Y — TY be any
two smooth vector fields. We say 7 is ¢-related to o and write 7 ~¢ o if

TopoT =00¢. (5.5)

Given o, in general, there may not be any 7 that is ¢-related to ¢ and vice versa.
However, if ¢ is a diffeomorphism, then the identity (5.5) defines 7 in terms of o and vice
versa. We then say 7 =: ¢*(0) is the pullback of o or o = ¢.(7) is the pushout of 7.

T¢
Tx s 7y
x—2 -y

Definition 5.6.5 Similarly, « € D(X),5 € D(Y) are said to be ¢-related for a smooth
map ¢ : X — Y if for every z € X and a smooth map defined in a neighborhood of f(z) in
Y we have

B(f) =alfod) (5.6)
Equivalently, a ~4 3 if the following diagram

C®(X) —2 > (X))

=,

Co(Y) —2s o (Y)

is commutative. Once again, if ¢ is a diffeomorphism, then (5.6) defines « in terms of § and
vice versa.

Theorem 5.6.4 The isomorphisms Ox : T(X) — D(X), respect the relation ~4 for any
smooth ¢.

Proof: Let ¢ : X — Y be a smooth map, 7 € 7(X),0 € 7(Y), be any. Put a = 6(r),8 =
©(0). Suppose T ~4 0. We have to show that o ~y 5. So, let € X be any and f be a
smooth function defined in a neighborhood of y = ¢(z) in Y. We have to prove (5.6).

B(f)ooly) = B

O(a)(f)(y) = O(a(y))(f)

Dfy(a(y)) = Dfy(D¢s(7(x))
D(f 0 ¢)a(r(x)) = O(7(x))(f © ¢)
O(7)(f 0 ¢)(x) = a(f 0 ¢)(x) = a(f 0 ).

We leave the converse part to the reader as an exercise.

Corollary 5.6.1 For any smooth map ¢ : X — Y of manifolds and respective vector fields,
we have,

Ti ~¢ O'Z‘,i = 1,2 — [7’1,7’2} ~¢ [0’1,0’2].
Proof: We should think of 7; and o; as elements of D(X) and D(Y) respectively. But then
the hypothesis is equivalent to say that the following diagram is commutative:

C®(X) —>C>(X)

wT Tw

o

C(Y) ——=C>(Y)
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Thus, if 73 ~¢ o0; then 71 079 ~y 01009 and 7 0 71 ~y 09 0 01. By the linearity,
[T1,T2) =T1 0T =T 0Ty ~g 01002 — 03 001 = [01,02]. [ )

Exercise 5.6

1. Let 0,7 be two vector fields on an open subset U of R™. Express [0, 7] in terms of
coordinate functions.

2. Show that [, ] has the following properties:
(i) [, ] is antisymmetric, i.e., [v,u] = —[u,v] for all u,v € g.
(ii) [, ] is bilinear, i.e., [ayuy + aguz, v] = a1[u, v] + azfuz, v].
(iii) the Jacobi identity:

[[71, 2], 73] + [[72, 73], 1] + [[73, 1], 72] = O (5.7)

(A vector space with a binary operation like the above is called a Lie algebra. When
X happens to be a Lie group, a particular subalgebra of (7 (X),[,]) becomes very
important. (See Chapter 9 for more details.)

5.7 Whitney Embedding Theorems

In this section, we shall prove some of the celebrated results of Whitney about approx-
imating functions by immersions and embeddings into Euclidean spaces. As a warm-up let
us begin with:

Theorem 5.7.1 For any compact smooth manifold X, there exists a smooth neat embedding
g: X — HN.

Proof: First, consider the case when X = ). At each point x € X, choose a chart ¢® such
that ¢®(z) = 0. Put U, = (¢®) 1 (R"). Clearly {(¢®)~1(D"),z € X} itself is an open cover
of X. Since X is compact it follows that there exists a finite atlas {(U;, ¢;) }1<i<k such that

U, = ngi_l(]R") and {(;5;1 D" : 1=1,2,.. .,k} covers X. (5.8)

Let A : R™ — R be a C* bump function, such that A (D™) = {1} and A(R™\ 2D™) = {0}.
Define A; : X — R by the formula

_f Xogi(x), zeU;
A”(x){ 0, e X\U.

Check that each \; is a smooth function on X. Now define f; : X — R"™ by the formula:

o= {3 128,

Once again, observe that each f; is smooth and restricted to ¢; ! (D™), is an embedding.
We put g; = (fi, M) : X — R**! and put g = (g1,...,9x) : X — RF+D Tt remains to
show that g is an embedding. Clearly g is a smooth map. If z € ¢; ' (D"), then since f; is
immersive at x, it follows that ¢ is immersive at z. Hence, g is an immersion. To see that g is
injective, let us say = # y € X. We may assume that \;(y) = 1 for some 7. If A\;(z) = 1, then
both z,y belong to U; and hence ¢;(z) # ¢i(y) and hence f;(z) = ¢i(z) # ¢:i(y) = fi(y).
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It follows that g(x) # g(y). Now assume that \;(z) # 1. But then g;(z) # ¢;(y) and hence
g9(x) # 9(y).

Since X is compact, the map g is closed. Therefore, g is a homeomorphism onto its
image. By the injective form of the implicit function theorem, it follows that g~! is also
smooth. Therefore, ¢ is an embedding. Put g(z) = (g(z),1) and take N = k(n + 1) + 1.
This takes care of the case X = ().

In case OX # (), we can first find a smooth function a : X — [0, 00) such that a=*(0) =
0X as follows: Choose an atlas {(U;, ¢;)}, that is locally finite. Define a;(x) = 7, o ¢;.
Define o = ), ;. This makes sense and gives a smooth map because of local finiteness of
U;. Now a(x) = 0 iff a;(x) = 0 for all ¢ such that € U;. This is equivalent to say that
x € 0X.

Now consider the map g(x) = (g(z), a(z)), where g is constructed as before. It follows
that g(0X) = g(X) NRN=1 x 0 and g(X) c HY. Therefore, g : (X,0X) — (HY,0HY) is
a neat embedding. ®

Remark 5.7.1 The proof of the above theorem gives you a glimpse of certain techniques
frequently used in differential topology: have a certain result locally and then use partition of
unity to glue it up to obtain a global one. Here the end result is somewhat crude in the sense
that it is not at all economical in the choice of the dimension of the ambient Euclidean space.
Moreover it cannot be easily generalized to the case of noncompact manifolds. There is yet
another related question: Given a continuous map f : X — R, can we find embeddings
(immersions) g : X — RY very close to f? Whitney’s idea is to address all these questions
simultaneously. The key is to bring in a measure theoretic argument. We need to make a
definition and recall some results from Section 2.2.

Definition 5.7.1 Let X be a smooth manifold of dimension n. A subset A of X is said to
be of measure-zero in X if there exists an atlas {(U;, ¢;) : i € A} for X such that ¢;(U;NA)
is of measure zero in R" for every ¢ € A.

Remark 5.7.2 By Theorem 2.2.2, it follows that the above definition is independent of the
atlas. Check that this concept has the usual properties of measure zero sets in the Euclidean
spaces. Also verify that for any manifold X, X x 0 is of measure zero in X x R. As an easy
consequence, we deduce the following:

Theorem 5.7.2 Mini Sard’s Theorem: Let f : X — Y be a smooth map of manifolds
with dim X < dimY. Then f(X) is of measure zero in'Y.

Proof: First, consider the case when X and Y are open subsets of R™, R™ respectively,
with n < m. We can then treat f as defined on an open set U in R™ and identify X with
UNR"™ % (0,0,...,0), that is of measure zero in R™. Therefore by Theorem 2.2.2, it follows
that f(X) is of measure zero in Y. In the general case, using coordinate charts on either
side, f(X) can be covered by countably many measure zero sets. Hence, the conclusion. é#

Remark 5.7.3 In any case, this is an easy consequence of the result that we prove next.
The idea of giving this proof is that, for our purpose in this section, we do not need the
stronger form of Sard’s theorem and the above mini Sard’s theorem suffices. However, we
shall use the stronger form later. We begin by recalling an important result from Chapter
2 for ready reference. (See Theorem 2.2.1).

Theorem 5.7.3 Let f: U — R™ be a C™ function. Then the set of critical values of f is
of Lebesgue measure zero in R™.
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Remark 5.7.4 Recall that « € U is called a critical point of f if Df, is not surjective. A
point y € R™ is called a critical value of f if f~!(y) consists of at least one critical point
of f. Notice that there is no difficulty in extending the definition of critical points, etc., for
maps between manifolds, since being a critical point is invariant under diffeomorphisms.
We can now extend the above result to manifolds.

Theorem 5.7.4 Morse-Sard Theorem: Let X,Y be any smooth manifolds, and f : X —
Y be a C* map. Then the image f(Cy) of the set of critical points of f is of measure zero
mnY.

Proof: We choose an atlas for {(U;, ¢;,)} for Y. To show that f(Cy) C Y is of measure-
zero is the same as to show that ¢;(f(Cy) N U;) is of measure zero in R™, where n is
the dimension of Y. Replacing X by f~1(U;) and f by ¢; o f, we have reduced the task
to the case of a smooth map f : X — R"™. We now cover X by a countable family of
parameterized neighborhoods {(V},%;)}. It then suffices to prove that f(V; N Cy)) is of
measure zero for each j. Put g; :== fo; : R™ — R". Then the critical set Cy N'Vj of f is
precisely equal to 1;(Cy, ). Therefore, f(V; N Cy) = g;(Cy, ), the image of the critical set of
gj : R™ — R" m < n. By Theorem 5.7.3, each g;(Cy,) is of measure. This completes the
proof of the theorem. 'S
We can now move toward Whitney’s results, with a “local extendability lemma”.

Lemma 5.7.1 Let m > 2n. Let «, 8 : R® — R™ be two smooth maps and C' C R™ be a
compact subset such that

(a) o = on R™\ 2D";

(b) Blc is an immersion;

(c) sup ||a(z) — B(z)|| < e, for some € > 0.

Then there exists a smooth map v : R — R™ satisfying:

(i) v Rn\2Dn = Q.

(ii) sup [[y(z) — a(z)| <e

(iii) v is an immersion on C' U D".

Proof: Choose a smooth bump function ¢ : R® — [0,1] such that ¢ = 1 on D" and
supp ¢ C 2D". For L € R™*" put

vL(x) = B(x) + d(x) L(x).

We shall show that there are “plenty” of choices of L for which v = v will satisfy our
requirements. To begin with note that (i) is satisfied for all L.
Step 1 Since C is compact, there exists €y > 0 such that

sup ||a(z) — B(x)|| < e < e.
zeC

Then for all L € R™*™ with ||L|| < (e — €)/2, we have

sup |7z (2) — el@)|| < sup [[yz(z) = B(@)[| + sup[|(z) — a(z)]| <e.

This ensures condition (ii).
Step 2 Clearly the map A : R™ x R™*" — R™*" given by

(z, L) = Dyr(x)

is continuous and A(C' x {0}) is contained in the open set of all linear maps L of rank n.
Therefore, there exists § > 0 such that for all ||L|| < § and for all € C, we have Dy (x)
is of rank n.
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Step 3 We want to choose L in such a way that for all z € D™, D~y (x) is of rank n. Since
¢ =1 on D™, we have
Dy (x) = DB(x) + L

Therefore, we do not want L to be of the form ¢ — DF(x) where £ is of rank < n.

Recall that Ry (m,n;R) of rank & matrices is a smooth submanifold of codimension
(m—k)(n—k) in R™*". (See Example 3.4.4.) Since (m — k)(n — k) > m —n+ 1, it follows
that the dimension of R™ x Ry (m,n;R) is less than mn + 2n —m — 1 for all k£ < n. Since
m > 2n, by mini Sard’s Theorem 5.7.2, the mapping 7 : R” x Ri(m,n;R) — R™*™ given
by (z,¢) — ¢ — D{(x) has its image of measure zero in R™*".

Thus, if we choose L € R™*™\ 7 (Up<, R™ x Ry.(m,n; R)) such that || L] < min {4, 5>},
we are through.

Theorem 5.7.5 Let X be a smooth manifold of dimension n, 0X =0, and let f : X — R™
be a continuous function, m > 2n. Suppose that K C X is a compact set such that f|x is
smooth and is an immersion on an open set containing K. Given € > 0 there exist a smooth
function G : X — R™ such that

(a) Glx = f;

(b) sup [ G(z) — f(@)] < e

(¢) G is immersive on X.

Proof: Note that the approximate Theorem 1.7.2 though stated for continuous functions
on open subsets of R™ is valid for continuous functions on any manifold. (See remark 5.2.2.)
Even the proof is valid verbatim. Thus, there exists a smooth map f : X — R™ such that
sup || f(x) — f(z)|| < €/2 and f = f on a compact neighborhood of K. So, if we prove
(a),(b),(c) with f replaced by f and e replaced by ¢/2 then we are through. It follows that
we may as well assume that f itself is smooth, which we shall do.

Choose a locally finite, countable atlas {(U;, ¢;)} such that X \ K = U;¢; ' (D). Put
Xi = K U< ¢;1(D”). Then clearly each Xy is campact and X = Ui Xy. We shall first
construct a family of smooth functions g; : X — R™ such that
(1) g1l = 3 grtlx, = g,k > 1
(ii) gy is immersive on Xj.

(iii) sup,ex, [/ (z) — gr(@)]| < €.

We do this by induction, using Lemma 5.7.1. Put a« = g = f o ¢f1 : R* — R™, and
C = (. Let v be the map obtained in the lemma and put g; = vo ¢; on U; and = f on
X\ o7 (2D™). Tt is straightforward to check that gy satisfies (i), (ii), and (ii).

Inductively, suppose we have defined gi. Put a = f o ¢,;i1,ﬁ = gro (b,;ll and C =
Or+1(Xk N QS,;L(Q]D)”)). Apply Lemma 5.7.1 to get v and put gx+1 = v 0 ¢g41 on Ug41 and
=gron X \¢,;i1(2D”). Once again verifying the conditions (i), (ii), and (iii) is just routine.

Given © € X = UX}y we choose k such that © € Xj. We then define G(z) = g (2)
whenever x € Xj,. By property (i) if © € X;,1 > k then it follows that gi(x) = ¢;(x) and
hence G is well-defined. Also G(z) = ¢g1(z) = f(x) on K. Observe that since {U;} is locally
finite, given any x € X there exist a neighborhood W of x and r such that U; "W = ()
for ¢ > r. This then implies that f.(x) = fr41(z) = --- = G(z) on W. Hence, G is smooth.
This same property also allows us to conclude that [|G(z) — f(z)|| = ||f-(z) — f(2)] < e
Therefore, (b) is satisfied. Condition (c) follows from (ii) and the fact that X = Uy Xj. &

Theorem 5.7.6 Let m > 2n + 1. Let X be a smooth manifold of dimension n and f :
X — R™ be a continuous function. Suppose K is a compact subset of X on which f is an
embedding. Then there exists an injective immersion g : X — R™ such that g|x = f and
sup |lg(z) — f(z)|| < e. Moreover if f is a proper mapping, then g is an embedding.
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Proof: By the previous theorem, there exists an immersion f : X — R™ such that f lk = f
and sup || f(z) — f(z)|| < e2. Therefore, without loss of generality we may as well assume
that f itself is an immersion. This means that f is locally injective. Therefore, there exists
an atlas {(U;,¢;)} for X \ K, that is locally finite, countable, X = K U (U;V;) where
Vi = qS;l(]D)”), and such that on each W; := ¢;1(2]D)”), f is injective. Put Xy = K and
Xptr1 = Xp UV iy so that each X}, is compact and X = Uy Xj. We shall construct a family
gr + X — R™ of smooth functions such that
(1) 90 = figk+1 = gr on X \ Wiy1.
(i) sup | f(z) — g(x)| < e
(iii) gx is an embedding on Xj.
(iv) g is injective on each W;.
We shall then put g(z) = limg o gi (). It then easily follows that g is as required. To see
the last part, we have only to observe that if f is proper then g is also proper because of
the property sup || f(z) — g(z)| < e.

Taking g; = f, inductively, suppose we have defined g as required. Choose a bump
function ¢ : X — [0,1] such that suppt) = W11 and ¢ = 1 on V. For any v € R™, put

_ | gr(z), € X\ Whyr;
g1 (@) = { ge(z) +Y(@)v, @ € Upy1. :

The idea is to choose v € R™ suitably, so that gx4+1 will become an embedding on Xj1.
By continuity of the map (z,v) — Dgg41(x) and the fact that it is an immersion on the
compact set Xy, as in the proof of the previous theorem, we can ensure that gxyi is an
immersion and sup ||gr+1(z) — f(2)|| < € provided ||v]| is sufficiently small.

We now want to ensure that gx11 is injective on X1 as well as on each W;. Consider
the open set

Q={(z,y) e X xY : ¢(x) #¥(y)}
and the smooth map A\ : U — R™ given by

_ gk(@) —gk(y)
Ay = = = ey

Since the dimension U is 2n < m it follows that image of A is of measure zero in R™. Hence,
we can choose v of arbitrary small length and not in the image of A\. With such a choice of
v, we shall now claim that gxy1 is as required.

Suppose x # y and gr4+1(x) = gr+1(y). If ¥(x) # ¥ (y) then it follows that v = A(x,y),
which is a contradiction. Therefore, ¢(x) = 9 (y). This implies that gi(z) = gx(y). Therefore,
x,y do not belong to same W; nor both belong to Xj. It remains to see why both of them
do not belong to X 1. If so, one of them say « must be in X1\ X C U} But this implies
¥(z) = 1 and therefore 1(y) = 1. But then both are in Wi 1, which is a contradiction. &

Remark 5.7.5

1. Theorem 5.7.6 immediately tells you that all compact n-manifolds can be embedded
in R?"*!, For noncompact manifolds, the missing link is that we have to find just one
smooth proper map f : X — R?*+1, Note that if & : X — R is a proper map then so
is the map =z — (a(x),0,0...,0). If {6;} is a countable, smooth partition of unity, we
can easily verify that a(z) =}, jf;(z) is a smooth proper map. Thus, we conclude
that every n-manifold can be embedded in R?7*1,

2. In all these discussions we have assumed that X is a manifold without boundary just
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for simplicity. All the arguments go through even if 9X # ). The only difference is that
some of the members of any atlas we take may have their range the upper-half space
H" instead of R™. As in the last part of the proof of Theorem 5.7.1, we can obtain a
neat embedding of 1 : X — H?2"*+2, Finally, using measure theoretic arguments as in
the above proof, we can find a vector u € S?**! so that if 7 : H?"1t2 — H?"t! is the
projection along u then 7o f : X — H?*t! is a neat embedding.

Using the heavy tools from algebraic topology, Whitney has proved that every n-
manifold can be embedded in R?” for n > 0 and can be immersed in R?*~! n > 1.
But the approximate version of this result is false in general. The simplest example is
obtained by the figure eight curve:

~(cost,sint) = (cost,sin2t), 0<t<2rw (5.9)

defines an immersion of S! in R2. If € < 1/2, then it is not very difficult to see that
no e-approximation to 7 can be an embedding. (Exercise: Write down details.)

It is possible to avoid/post-pone the definition of tangent space for an abstract smooth
manifold as done in section 5, if needed, due to time constraint or otherwise. For this,
one has to define immersions in terms of local parameterizations and then directly
prove the embedding theorems of the last section. After that, we can of course take
the geometric tangent space as defined in chapter 3. However, this is not recommended
in the long run. The alternative definition treated in section 6 is used only in the last
chapter in this book and is a must from the geometric viewpoint.

5.8 Miscellaneous Exercises for Chapter 5

Throughout this set of exercises, X,Y etc. denote smooth manifolds.

1. Let S(X) denote the set of all points (x,v) € T(X) such that ||v|| = 1 where X C RV.

Show that S(X) is a manifold and compute its dimension. (S(X) is called the unit
tangent bundle of X.)

Consider the space R"*1\ {0}. Define an equivalence relation on this set by saying

(-T(),...,l'n) ~ (yla-"’y”)

iff (xg,...,2n) =7(y1,-..,Yyn) for a nonzero real number r. Let Y denote the quotient
space.

(i) Show that Y is the same as P".

(ii) Let © = (zo,x2,...,2y) and U; = {[z] € P* : x; # 0}. Show that each U;,i =

0,...,n is an open subset of P® homeomorphic to R™ and P" = U,U;.
(iii) Define d([], [y]) = cos™! (<x”’|f”/>”) ., [z],[y] € P". Verify that d is a metric on
Ty

P™ inducing quotient topology from S™.

The two-sphere S?, the projective space P2, the torus S! x S', the Klein’s bottle,
etc., can all be obtained by the above construction in Lemma 5.3.1, where U,V are
diffeomorphic to S* x (0,1). In each case, think of the correct choice for M and the
diffeomorphism ¢ : U — V. Indeed all oriented surfaces can be obtained by this
construction, taking M as the disjoint union of two copies of a disc with a number of
holes and U,V as the unions of small boundary annuli. Learn the details!
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. Show that if f : X — Y is a diffeomorphism, then T'f : TX — TY is a diffeomorphism.
Thus, the tangent space is a diffeomorphic invariant of a manifold.

. Show that a map f: X — Y is smooth, iff for every open set U of a Euclidean space
and every smooth map g : U — X the composite f o g is smooth.

. Verify that all the results proved in Section 2.4 are valid for abstract manifolds also.

. Whitney’s Hill There exists a C' map f: R? — R and a “path” 7 in R? such that
7 is contained in the critical set of f and f|, is not a constant (see [W]). The graph
of f is called Whitney’s hill. The graph of + then defines a path on this hill that is
“flat” at every point and yet keeps going up and down. Can this path be smooth?

. Show that every complex manifold is orientable and has a canonical orientation.

. Orientation Double Cover: For any linear isomorphism « : R® — R™ define sgn(«)
to be =1 according as « preserves (or reverses) orientation. Let X be a connected
manifold. Choose a family ¥; : R® — X, j € A of local parameterizations that cover
the whole of X. (¢; may be the inverses of functions belonging to an atlas.) On the
space Z = R™ x A x {—1,1}, introduce an equivalence relation as follows:

(2,7, €1) ~ (y, k, €2) iff 1j () = ¥y (y) and sgn(d(v;, ' 0 ¥))z) = €r€a.

Denote the quotient space by X. Prove that

(i) the assignment (z,7j,¢) + 1;(z) defines a double covering p : X — X and hence
X is a smooth manifold of the same dimension as X

(ii) X is orientable;

(iii) X has one or two connected components according as X is not orientable or
orientable.

(iv) The map (z,j,€) — (z,j, —¢€) defines a diffeomorphism 7 : X — X such that
poT=p,and ToT = Id.

(v) T is orientation preserving iff X is oriented.

Grassmannian Manifolds: Let G}, ,, denote the set of all k-dimensional vector sub-
spaces of R™ where 1 < k < n—1. (The cases k = 0, n are disinteresting.) Consider the
space M (n,k) := M(n, k;R) of all n x k real matrices. Let U(n, k) =: U be the open
set of M(n, k) consisting of those matrices of maximal rank (=k). Let Cj , denote
the set of all k-subsets of {1,2,...,n}. Finally, let © : M (n, k) — G, be defined by
A +— column space of A. We give the quotient topology to Gy, via O, i.e., a subset
V of Gy, is open iff ©~(V) is open in U.

(i) Show that © : U — Gy, is surjective.

(ii) For each A € Cjp, let Ua be the subset of those elements of U such that the
rows corresponding to the indices in A are independent. Show that {Us : A € Cyn}
forms an open cover for U.

(iii) The family {O(U4) : A € Cy,,} forms an open cover for Gy .

(iv) For each A € Cip, let 7 = n(A) denote the strictly increasing function
{1,...,n =k} — {1,2,...,n} \ A. Given L € M(n — k,k), let L; denote its i‘"
row. Let L' := ¢ (L) € Ua denote the element whose j* row L’ is defined as follows:
if j = n(i) then L = L;. Otherwise j = ¢; for some i, where A = {q1 < ¢2 < - < q&}
in which case, we take L = (0,0,...,1,0,...,0) with 1 exactly in the it" place. Show
that ¢4 : M(n—k, k) — Uy is an embedding and 14 := Ooda : M(n—k, k) — ©(Ua)
is a homeomorphism.

(v) Verify that {(©(Ua),v ;") : A€ Cy .} forms a smooth atlas for G, ; making it
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into a smooth manifold of dimension k(n — k). It is called the Grassmannian manifold

of type (k,n).
(vi) Show that © : U — G, 1 is a smooth map.

Consider the Steifel manifold V , C U as given in Example 3.4.5.
(i) Show that ©(V4 ) = Gp k and hence Gy, is compact.

(ii) Given an element F = (vi,...,vk) € Vi,, complete it to a basis
{vi,...,vi,ui,..., up_i} of R”. Show that the set U of all F' = (v1;,...,V},) € Vi
such that {v{...,vi,ui,...,up_¢} is a basis for R” is an open subset of V , con-
taining F.

iii) Apply the Gram-Schmidt process to the sequence {v/,...,v},uy,...,u,} to ob-
y 1 k
tain the orthonormal basis

/ / / /
Vi Vi Vi1, Vi )

Define a mapping S:U— Vi—k,n by the formula
SF') = {Vhprs oV

Show that § is smooth.

(iv) Consider the mapping S : G, — Gn—k,n, which maps any k-dimensional sub-
space to its orthogonal complement. Show that .S is a diffeomorphism. S is canonical
in the sense that it does not depend upon the choice of the basis. (However, it does
depend upon the choice of the metric.)

(v) Observe that Gy, =P ! = S(Gp_1.).

Consider the space S of all symmetric n X n real matrices A of rank %k such that
A% = A. Define 1) : S — G}, mapping A to the column space of A. Show that 7 is a
diffeomorphism. Hence, we get an embedding of Gy ,, in Sym(n) = R7(n+1)/2,

Let M be a smooth n-submanifold of some RY. Then there is a canonical map, called
the Gauss map, of M to G, n sending p € M to its tangent space g(p).

(i) Show that g is smooth.

This map is clearly of great geometrical interest; its nondegeneracy is obviously related
to how curved M is in RY. (See the Gauss-Bonnet Theorem in Chapter 7.)

(ii) Gauss map could be defined by taking the normal spaces instead of the tangent
spaces, and use this to describe the Gauss map of S* ¢ R**+1,

Show that Gy, ,, is connected.
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In this chapter, we introduce a “nonsingular” version of homotopy, viz., isotopy. In Section
6.1, we discuss the normal bundle and tubular neighborhoods laying down the foundation
for homotopical aspects of manifolds. In particular, we prove the existence of “collar neigh-
borhoods” for the boundary a manifold. In Section 6.2, we shall show how vector fields help
us to construct isotopies. Isotopies together with collar neighborhoods form an essential
part of the tool-kit in differential topology. In section 6.3, we obtain a few ready-to-use
results which go a long way in building up new manifolds out of the old. In Section 6.4, we
shall see a little bit of ‘smoothing theory’.

6.1 Normal Bundle and Tubular Neighborhoods

In this section, we shall assume that all manifolds are submanifolds of some Euclidean
space and use the Euclidean metric. Most of these concepts could be generalized to the
situation while dealing with manifolds endowed with a “Riemannian metric”, which of
course, we are not discussing here.

Definition 6.1.1 Let X C R" be a smooth manifold. For each point 2 € X define the
space of normals to X at = to be

N.(X)={veRY : v1T,X}
The total normal space N(X) of X in R¥ is defined by:
N(X):={(z,v) e X xRN : v L T, X}.

We denote the restriction of the first projection X x RY — X to N(X) by 7 : N(X) — X.
Clearly it is a smooth map. N(X) together with the map 7 is called the normal bundle of
X in RY,

Theorem 6.1.1 Given any submanifold X C RN, N(X) is a submanifold of RY x RY; the

dimension of N(X) is equal to N. For each point (x,v) € N(X), we have T5+)(N(X)) =
T.(X) x N (X). Moreover, the projection map 7 : N(X) — X is a submersion.

Proof: Given z € X choose a diffeomorphism 7 : RN — V, where V is a neighborhood of
x in RY such that 7(R™ x 0) = V N X = U. We shall show that 7=!(U) is diffeomorphic to
RM. As z varies over X, this will give an atlas for N(X).

Let {e1,...,en} be the standard basis for RY. For ¢t € R™, put v;(t) = (d7),0)(€i).
Apply Gram-Schmidt’s process to {vi(t),...,vn(t)} to obtain an orthonormal basis

153
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{ui(t),...,un(t)} for RY. Note that if t € R",z = 7(¢,0) € X, then {vi(¢),...,v.(t)}
is a basis for T, X. It follows that {ui(t),...,u,(t)} is an orthonormal basis for T,(X)
and {up4+1(t),...,un(t)} is an orthonormal basis Nz(X). Since Gram-Schmidt’s pro-
cess is a smooth operation, it follows that u;(t) are smooth functions of ¢ € R™. For
(t,s) € R* x RN~ we define

N-—n
@(t,s) = (T(t,O), Z Sjuj-‘rn(t))-

It is straight forward to verify that © is a diffeomorphism of RY onto 7=1(U) = N(U) C
N(X). This proves the first part of the theorem.

Also, it follows that T, v)(N (X)) = d(©) 1,5 (RY) = Tp(X) x N4(X). The above argu-
ment also shows that X is a submanifold of N(X). In particular, T(X) is a submanifold of
T(N(X)). Since 7 is the restriction of the projection, w(x,0) = z, it follows that (dm), :
T,(N(X)) — Tx(X) also has the property dm,(v) = v for all v € T,(X) C T,(N(X)).
Hence, 7 is a submersion.

Indeed, for each fixed t = (¢1,...,t,,0,...,0) the mapping

s =(81,---,8N-n) — O(t,s)

is a linear isomorphism of the vector spaces 0 x R¥~=" — N, X where x = 7(t,0). Putting
Y = T|gnxo : R" = U,and ¢ = (¢ x Id) 0 ©O~L : N(U) — U x R¥N="_ it follows that the
projection map 7 : N(X) — X satisfies the requirements as in Definition 5.5.3 for a vector
bundle of rank N — n over X. '

Example 6.1.1 Consider the unit sphere S"~! in R”. Its normal bundle N(S"7!) is a
submanifold of R" x R™. Consider the mapping « : N(S"~!) — R" given by

(z,y) =z +y.

Figure 28 The e-neighborhood of the unit circle.

Restricted to S*~! x 0, it is a diffeomorphism with which we are used to identify S*~! x 0
with S?~1. On the other hand, restricted to each normal line N, (S"~1), it is an affine linear
embedding onto the line spanned by x itself in R™. Thus, we see that if we restrict « to only
those vectors of length < € for some 0 < € < 1, then « itself is one-to-one.

It can be easily seen that this is actually an embedding onto the annular region,

{z eR"” : e<|z|| < 1+¢€}
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which is an open neighborhood of S*~1 in R™. We shall soon conceptualize this property
and prove it for all proper submanifolds of R¥.
On the other hand, consider the mapping 8 : N(X) — S"~! x R given by

(z,0) = (z, (2, v)).

This is clearly a smooth map. Verify that this is a diffeomorphism by showing that the map
v :S" 1 x R — N(X) defined by
(z,7) = (x,72)

is the inverse of (. The diffeomorphism is seen to preserve the first factor and restricted
to each normal line, it is linear also. Such a diffeomorphism is called an equivalence or
isomorphism of the vector bundles. A vector bundle over X, which is isomorphic to X x R"
for some n, is called a trivial bundle. Thus, what we have seen above amounts to saying
that the normal bundle of S*~! in R" is trivial, i.e.,

NES"5R") =~ 04,1 ~S" ! xR.
(Compare Example 3.3.1(3).)

Definition 6.1.2 Given a submanifold X C RY and a continuous function € : X — (0, 00),
introduce the notation,

Ne(X) =A{(z,v) e N(X) : |Iv] < e(z)}
Clearly, NV (X) is a neighborhood of X x 0 in N(X).

Remark 6.1.1 Whatever we did so far in this section is valid for manifolds with or without
boundary. But in the following theorem, we actually have to assume that X has no boundary.

Theorem 6.1.2 Tubular Neighborhood Theorem: Let X C RY be a proper subman-
ifold without boundary and let U be a neighborhood of X in RN. Then there exists a con-
tinuous function € : X — (0,00) and a diffeomorphism ¢ : N(X) — V onto an open
neighborhood V' of X in U such that ¢(x,0) = x for all x € X. In particular, X is a strong
deformation retract of V. Moreover, if X is compact, then we can choose a constant € > 0,
such that V =V = Ugzex Be ().

Proof: We consider the linear mapping o : RY x RY — R¥ given by
(W, v) —u+v.

First we claim that o : X — R¥ is a submersion. In Theorem 6.1.1, we have seen that
for all points (x,v) € N(X), the tangent space to N(X) is given by

Since « is a linear map, it follows that Do = « for all points in RN x RYN. Therefore, it
follows that
Do(T(, v)N(X)) =R".

This proves that « is a submersion. Since dimension of N(X) and dimension of RY are the
same, by the inverse function theorem, this means that o : X — R¥ is a local diffeomor-
phism.

In particular, for each * € X we can find §(x) > 0 such that on the open set
Box(z,0(z)) = {(y,v) € N(M) : |lz —y| < §(x),||v]] < é(x)}, the map « is injective
and the image is contained in U.
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(If X is compact, we can immediately conclude that for suitable a choice of € > 0, a is
injective on V. as well. In the noncompact case, we have to work harder.)

Let us put 7/(z) to be the supremum of all such d(z) < 1 for which « is injective on
Box(z,0(x)) and such that a(Box(z,d)) C U. As seen above, « is a local embedding implies
that 7 is positive. We shall show that 7 is actually uniformly continuous in z, i.e.,

7(z) = r(2")| < [l — 2] (6.1)
We may assume that 7(x) > 7(z’). We then have to prove that
7(x) = 7(2') < |z = 2'|].

If this were not true, then 7(z) > 7(2’) + ||z — 2’|] > ||l — 2’||. This clearly implies that
Box(2',7(x) — ||t — 2'||) is contained in Box(x,7(x)) on which « is injective. Therefore,
7(2') > 7(x) — || — 2’|, which is absurd.

Put e(x) = 7(2)/2 and take ¢ = a|y. (x). We claim that ¢ is a diffeomorphism onto an
open subset V = ¢(N(X)). Since the dimension of the domain and codomain are the same
and « is a submersion, all that we need to prove is that ¢ is injective.

Now suppose (x,v), (z',v') € N.(X) are such that ¢(z,v) = ¢(a’,v') = z. Once again,
we may assume that 7(z) > 7(z’). But then

lz = 2"l < llz =zl + Iz = 2’| = VI + V]| < e(@) + (@) < 7(2).

This implies that (x,v),(z,v') € Box(x,7(z)) on which & = ¢ is injective. Therefore
(x,v) = (2, V).

X X
Yo

B(x, d(x))

Figure 29 The normal bundle.

Now consider the case when X is compact. Take € as the constant function
min{e(x) : x € X}. Clearly, V., contains

V =aN (X)) = a(Ugex{z} X Bo(z) N N, (X)) .

On the other hand, suppose z € V.,. This means that z € B (x) for some z € X. Since
X is a closed subset of RY (being a proper submanifold) X N B. (z) is a closed subset of
this open ball. If » = d(z, X), the distance between z and X, then it follows that there
is yo € X N By (x) such that r = d(z,yo). Moreover, it follows that yo is a critical point
of the function f(y) = ||y — z||?>. This means that the derivative of the function f at the
point y = yo restricted to T,, X must be the zero map. This is the same as saying that the
gradient vector 2(y — z) at yo is perpendicular to Ty, X, which is the same as saying that
z — Yo € Ny,(X). Clearly, r < ¢’ and hence (yo,2z — yo) € Ne(X). Also, ¢(yo, 2 —yo) = 2
and hence z € V. '

Definition 6.1.3 Let X be a submanifold of a manifold Y. By a tubular neighborhood of
X in Y we mean a pair (V,7) where V is a neighborhood of X in Y and 7 : V — X is a
submersion and a strong deformation retraction.
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Remark 6.1.2
(i) Recall that 7 is a strong deformation retraction means that there is homotopy H :
V x I — V such that

H(y,0) =y, Hy,1)=n(y), y€V; and H(z,t) =2, Vo € X,t € I.

In particular, this implies that w(x) = z, V € X. The above theorem, not only establishes
the existence of a tubular neighborhoods in case Y = R"™, but also gives recipe to construct
one. At least in case X is compact, for sufficiently small €, an e-neighborhood will do.
Note that once some € > 0 is chosen to satisfy the above property, the same holds for all
0 < €’ < € also. Moreover, it is easily seen that N (X) is diffeomorphic to N/ (X) with the
diffeomorphism being equal to the identity map on X x 0.

(i) Consider the situation when X C Y is a neat submanifold with X = Y NX # (). Note
that the normal bundle of X in Y makes perfect sense and is a vector bundle of rank equal
to the codimension of X in Y. This is so because the normals to X at a point z € 9X are
the same as normals to X in Y at that point. We then take the union of some appropriate
tubular neighborhood of int X in int Y with a tubular neighborhood of X in dY to obtain
a tubular neighborhood of X in Y.

(iii) Finally, consider a situation of a nonneat submanifold such as [0,1] x {0} C R2. The
arguments in the above theorem break down because the local diffeomorphism does not
guarantee open mapping due to the presence of boundary points of the submanifold in the
interior of the ambient manifold. The situation can be remedied to some extent by allowing
all normals to X at the boundary points of X. By modifying the map 7 near the boundary
points, it is possible to obtain a map 7 : V — X satisfying the conditions in Definition
6.1.3. The simplest situation of this type is depicted in Figure 30.

o(Ng) o(Ne)

Figure 30 Tubular neighborhoods.

(iv) Suppose X C Y € RY. One can talk about the normal bundle and the tubular neigh-
borhoods of X in Y extending all the results we have proved for the case X C RN. We
can also deal with the situation when Y itself is an abstract manifld. However, this leads
us to consider the concept of inner products on tangent spaces of Y which vary smoothly,
familiarly known as Riemannian metric, which we shall not be dealing with.

As an application of the existence of tubular neighborhoods, we can now generalize the
approximation Theorem 1.7.2, which says that smooth functions form a dense subspace of
the space of all functions.

Theorem 6.1.3 Smooth Approximation: Let X and Y be manifolds and let C' C X
be a closed subset. Given f : X — Y a continuous function that is smooth on C, and
a positive function € : X — (0,00), there exists a smooth map g : X — Y such that
|f(z) —g(z)|| < e(z), x € X and such that g|c = f.
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Proof: We may assume that both X and Y are proper submanifolds of RY and f is defined
on an open set U containing X. Choose a continuous function 6 : X — (0, 00) such that Vs
is a tubular neighborhood of ¥ in RY with the submersion 7 : V5(Y) — Y. Observe that
my = Idy. Let r(z) = min {6(z)/2,e(z)/2}. By Theorem 1.7.2, there a smooth function
p: RY — RN such that ||f(z) — p(z)| < r(z) for all z € X and p|c = f. Put g = mop.
Then for « € C we have, g(z) = mop(z) = mo f(x) = f(z). Moreover,

[f(z) = g(@)ll < [ f(z) = p@)[| + llp(z) — 7o p(z)|| < 2r(z) < e(2),
for all x € X. '
Exercise 6.1

1. Use Theorem 6.1.3 to deduce Theorem 5.4.2 for continuous maps. Can you replace
the compactness hypothesis on X by a weaker hypothesis? Can you remove the com-
pactness hypothesis altogether?

2. Prove the continuous version of Brouwer’s fixed point theorem.

3. Let f: D™ — D™ be any continuous (smooth) map such that f|g.—1 = Id. Then show

that f is surjective.

6.2 Orientation on Normal Bundle

Based on this experience we have gained in the special case of the boundary of a manifold,
we shall now study how to orient an arbitrary submanifold of an oriented manifold.

Definition 6.2.1 Let X C RY be a smooth manifold and N(X) denote its normal bundle.
By an orientation 7 of N(X) we mean a choice of orientation class 7, of N,(X) for each
x € X such that 7 is locally constant in the following sense. Recall that if (U, ¢) is a local
coordinate chart for X then using Gram-Schmidt process we have defined a diffeomorphism
¢: N(U) — ¢(U) x RN="_ We demand that for all z € U the orientation class 7, of N, (X)

is mapped onto the same orientation class of RY =", under (ﬁx

Remark 6.2.1
(i) Observe that the above definition is similar to the definition of orientation on the manifold
X itself. Indeed, in this sense an orientation on X is nothing but an orientation on the
tangent bundle T'(X).
(ii) The above definition is available to the normal bundle of any submanifold Y inside a
given manifold also.
(iii) Given a manifold X C RY and an orientation 7 on N(X), we define the associated
orientation w on X by the rule

Tewy = B,

(Use Theorem 4.1.2 to verify that w is smooth.)

(iv) More generally, consider the situation where Z is a submanifold of Y. Let us agree to
use the notation [V] to denote an oriented vector space, i.e., a vector space V with a specific
orientation. Consider the identity

[NZ(Z;Y)HTZZ} = [TZY} (6.2)

This identity can be used to define any one of the three objects whenever the other two
are known. Moreover, if two of them are smooth then the third one is also smooth. As an
example, suppose now that Y is oriented. Then Z will be orientable iff N(Z;Y") is orientable;
moreover, fixing an orientation on Z is the same as fixing one on N(Z;Y).
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Theorem 6.2.1 Let X,Y,Z be smooth manifolds, Z C'Y be a closed submanifold with Z
and Y boundaryless. Let f: X — Y a smooth map such that f () Z and Of ) Z. Assume
that X,Y, Z are all orientable. Then W = f=1(Z) is also orientable.

Proof: Let z € W and z = f(x). The transversality condition says that

dfo(T(X)) + T.Z = T.Y. (6.3)
Write T,,(X) = T,W & N, W. Observe that df,(T,W) = T, Z. It follows that
dfo(N,W) @ T.Z = T.Y. (6.4)

Using the orientations on Y and Z to define the orientation classes on df, (N,W). Similar
to the proof of the above theorem, the smoothness of this assignment can be seen. Now use
the fact that df, is injective on N, W and hence df, : N, W — df,(N,W) is an isomorphism.
Use this to pull back the orientation class onto N,W. Since df, is smooth in z, it follows
that this gives a smooth orientation on N(W; X), the normal bundle of W in X. Since X
is orientable, it follows that W is also orientable. N

Remark 6.2.2
(i) It may be noted that according to our convention, the induced orientation on W is given
by the following two formulae:

dfz[NzW] [TZZ] = [szk [NxW] [TxW} = [TIX] (6'5)

(ii) Once W is oriented in the above manner, its boundary gets an induced orientation, say
«, by the formula:

NeQy = [T W], (6.6)

where 7 is the outward normal to OW. On the other hand, we can consider the induced
orientation, say 5 on OW directly via the map df : 0X — Y given by the formula

d(0f)e[Na(OW; 0X)|[T. 2] = [T.Y];  [Ne(OW;0X)]Bs = [T:0X] (6.7)

It is an interesting exercise to figure out the exact relation between a and 3. Please try this
and only after you have given enough time to it read the following solution. However, we
are not going to use this result in the rest of the course.

Since the outward normal 7, for 0X is also the outward normal to W, by the rule for
induced orientation on the boundary we have,

N [T:0X] = [T X]. (6.8)
Therefore,
N2 [Ne(OW;0X)] By = 12 [T20X] = [T X]. (6.9)
On the other hand,
[ToX] = [NoW[ToW] = [NoW]neow. (6.10)

Therefore,
Ux[Na:(awﬁX)]ﬁx = [Na:W]na:ax = (_l)knx[NxW]axa

where k = dim N,(W). Notice that at any point & € 9W, the normals to OW inside 0X
are the same as normals to W inside X. It follows that 3, = (—1)*a,. Since this true for
all points x € W and k = codim Z, we have,

6 _ (_1)codim Za_

Exercise 6.2 Extend the concept of orientation on any vector bundle.
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6.3 Vector Fields and Isotopies

Definition 6.3.1 Let X be a smooth manifold. By a vector field on X we mean a smooth
map o : X — T X such that moo = Idx.

Remark 6.3.1
(i) Thus, a vector field assigns to each point € X, a tangent vector to X at x in a smooth
fashion. Consider the case when X is an open subset of R™. Then TX = X x R™ and 7 is
the first projection. Therefore, we can write o(z) = (z, 7(z)) where 7 : X — R™ is a smooth
map. This establishes a one-to-one correspondence between vector fields on X and smooth
maps X — R™. This happens, more generally, whenever the tangent bundle of X is trivial.
A typical case is the unit circle St.
(ii) In general, the assignment « — (z,0) defines a vector field which is the zero-field. Given
any two vector fields, we can add them pointwise to obtain another vector field. We can also
multiply a vector field by a scalar. Thus, the set of vector fields on a given manifold forms a
vector space. Further, we can also multiply a vector field on X by a smooth function X — R.
This operation makes the set of all vector fields into a module over the ring C*°(X;R) of
smooth real valued functions.
(iii) Using partition of unity, we can always patch up vector fields defined locally to obtain
plenty of nonzero vector fields. However, having a vector field that does not vanish anywhere
is another matter. As we shall see later the existence of a vector field that does not vanish
anywhere implies a certain topological behavior of the manifold.
(iv) Vector fields arise in a natural way from many physical situations, which we shall not
discuss here. The most common one is when we have to deal with a homotopy h; : X — X
of the identity map. Then, to each point x € X, we have the smooth curve ¢ : t — hy(x)
which starts at . We could simply take the tangent vector to this curve at x, to obtain a
vector field on X. In this section, we want to show that the situation is reversible to a large
extent.

We shall need the following fundamental result from the theory of ordinary differential
equations (See for instance, Theorems 1 and 2 and Remark 1 in Section 2.3 of [Pe].)

Theorem 6.3.1 Let U C R™,V C R™ be open subsets, xg € U,vg € V and let o €
C™(U x V,R™). Then there exist positive real numbers d,r such that for all x € B,.(x¢) C U
and v € B, (vo) C 'V, the initial value problem

of
ot
has a unique C” solution f : G — U, where G = By(Xg) X Byr(vo) x [0, d].

(x,v,t) =o(f(x,v,t),v); f(x,v,0)=x

Definition 6.3.2 Given a vector field o on X, by the initial value problem
associated to o [abbreviated to IVP(¢)], we mean

aof

ot |, =o(f(z,t)); f(z,0) ==z (6.11)

z,t)
For a function € : X — (0, 00) set up the notation
Xe={(z,t) e X xR : [t] <e(z)}.

Lemma 6.3.1 Let X be any smooth manifold and ¢ : X — T'X be a smooth vector field.
Then there exists a smooth map € : X — (0,00) and a smooth map f : X, — X satisfying
the IVP (o) (6.11) for all points in (z,t) € X..
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Proof: Via a local coordinate system at a point € X, the differential equation (6.11)
corresponds to an ordinary differential equation (initial value problem) defined in a neigh-
borhood of 0 € R™. Therefore, there exists a positive number § and a neighborhood U of
0 on which the equation has a unique solution U x (—4,0) — U. Translated back to the
manifold, this means that we have a neighborhood V,, of z and § > 0 and a smooth map
f Ve x(=94,0) — V, satisfying (6.11). Let {V,} be a locally finite open refinement of
the open cover {V,} of X. Let {6,} be a smooth partition of unity subordinate to {V,}
and let §, denote the corresponding positive numbers, so that we have a smooth function
fa 1 Va X (=0a,04) — X satisfying (6.11). Put e = > 0.0,. By the uniqueness of f,’s, in
each neighborhood, it follows that f, = fg on Vo NV X (—a,a), where a = min{dq, Iz}
(Details are left to the reader as an exercise.) Therefore, {f,} patch-up to a well-defined
map f : X, — X as required. o

Definition 6.3.3 For each fixed z € X, the curve t — f(x,t) has the property that
f(z,0) = 2 and the tangent to this curve at any point f(x,t) is equal to o(f(x,t)), for
all values of ¢ for which the curve is defined. They are called solution curves or flow curves
of the field o, emanating from z. If the map € in the above lemma can be chosen so that
the values keep away from 0 i.e., there exists » > 0 such that e(z) > r for all € X, then
we say o admits global solutions on X.

The reason for introducing the last terminology is clear from the following lemma.

Lemma 6.3.2 Suppose the vector field ¢ admits a global solution. Then a solution f is
defined on X x R and satisfies the property

flz,t+s) = f(f(x,t),s). (6.12)

In particular, the maps f; : X — X defined by fi;(z) = f(x,t) are diffeomorphisms that
satisfy fi1s = fso fi, for all t,s € R.

Proof: Suppose f: X x (—r,r) — X is a global solution of o where r > 0. If t,s € (—r, 1)
are such that ¢ + s € (—r,r), then the curves t — f(f(z,s),t) and ¢ — f(z,s+t) are both
solution curves for o emanating from the point f(z,s). By the uniqueness of the solution,
it follows that f(f(z,s),t) = f(x,s +t). Now given any ¢t € R write t = mg + ¢’ where
[t'] < r/2 and m is some integer. Put ¢ = f, 5. Define g : X x R — X by the formula
g(z,t) = f(¢™(x),t'). Verily first that g = f wherever f is already defined, g is a solution
for 0 and g¢ys = g¢ © gs. Therefore, we can rename g as f. [

Certainly, if X is compact then the smooth function e keeps away from 0 and hence
o admits global solutions. Even if X is not compact but the vector field o has compact
support K, we have the same conclusion. For then, around points where o = 0, we can
choose § = 0o, K itself can be covered by finitely many neighborhoods where solutions are
defined for some § > 0. Therefore, we obtain:

Theorem 6.3.2 Let X be any smooth manifold and o : X — T X be a smooth vector field
that vanishes outside a compact subset of X. Then there exists a smooth 1-parameter family

of diffeomorphisms hy : X — X, for all t € R with the following properties.
dh

(i) ;ix) =o(ht(x)), forallz € X, t € R;

(ii) ho(z) =z, for all x € X

(lll) ht o hs = ht+s;

(iv) hi(z) =z for allt € R and for x outside a compact set.

Moreover, the family hy satisfying (i) and (i) is unique.
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Definition 6.3.4 Because of the uniqueness and the property (iii) in the theorem, the
1-parameter family of diffeomorphism is called the I-parameter group of diffeomorphism
generated by the vector field o.

Remark 6.3.2
(i) Without some compactness conditions, the theorem is not valid as seen by the following
example. Take X = (0,1) and 0 = L. Then the solution for IVP(c) has to be necessarily,

f(z,t) = 4+ t. But, there is no € > 0 such that f(z,t) € (0,1) V2 € (0,1) and all [t] <e.
(ii) The theorem is valid for manifolds with boundary as well, except that we need to assume
that the vector field o is mever pointing outward along the boundary points. For then the
solution curves starting at a boundary point will lie inside the manifold for a small period.
So, the conclusion also should be modified by restricting solutions for ¢ € [0,€). As an
important corollary we have:

Theorem 6.3.3 Collar Neighborhood Theorem: Let X be a manifold with its boundary
0X compact. Let U be a neighborhood of 0X. Then there exists an embedding ¢ : 0X X
[0,1) = X such that ¢(x,0) =z for all x € IX.

Proof: Let n be a vector field on X, which is pointing strictly inward at each point of the
boundary. (Use partition of unity to see the existence of such a vector field.) Choose an
open set V such that 90X CVC V C U and such that V' is compact. Then by multiplying by
a suitable cut-off function, we may assume that n vanishes outside V. It follows that there
is an € > 0 and a map h: X x [0,e) — X such that
(i) h(z,0) =z, ¥V z € 0X;

oh
(1) E(m) =n(z), Ve edX, te|0,¢).
This then implies that h is a local diffeomorphism at (z,0), for each z € 9X. Moreover
hlax xo is injective. By stability property (see Theorem 3.6.1), it follows that there exists

0 > 0 such that h : 0X x [0,0] — X is an injective immersion. Choosing ¢ smaller if
necessary we may assume h(90X x [0,d]) C V. Now we just define ¢(z,t) = h(x, ). [ )

Definition 6.3.5 Let X,Y be smooth manifolds, h: X x I — Y be a smooth homotopy.
Put h¢(x) = h(z,t). We say h is an isotopy, if each h; is an embedding. In that case, we
say hg and hy are isotopic to each other. Clearly, this is an equivalence relation among all
diffeomorphisms X — Y. (Take this as an exercise.) Furthermore, when X =Y and each
h¢ is a diffeomorphism with hg = Idx, we call h; a diffeotopy, or an ambient isotopy. Of
course, a diffeotopy is an isotopy. An isotopy is said to have compact support if it is the
identity map outside a compact set. Two embeddings f,g: X — Y are said to be ambient
isotopic if there exists an ambient isotopy h : Y x I — Y such that h(f(z),1) = g(z).

Remark 6.3.3 Clearly, if two maps are ambient isotopic to each other, then they are
isotopic. We may always assume that an isotopy is defined for all ¢ € R, instead of just
on the interval I. For example, let u be a smooth function such that u(t) = 0 for ¢t < 0,
p(t) =1 for all t > 1 and p/(t) > 0, for all ¢t. Then consider F(z,t) = h(z, pu(t)). Thus,
whenever an isotopy is given we may at will assume that it is defined for all ¢. This will help
us technically in several ways. For instance, we can now allow isotopies defined on manifolds
with boundary as well.

Example 6.3.1

1. Any two linear isomorphisms : R — R" are ambient isotopic to each other iff the
product of their determinant is positive: Consider a smooth map A : [0,1] — GL(n,R)
such that A\(0) = Id. Then the map defined by H (x,t) = A(t)(x) is a diffeotopy of Idgn
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and A(1). Now given linear isomorphisms, f,g € GL(n,R) we can find X as above with
A1) = gof~tiffdet gof > 0. ( GL(n,R) has precisely two path components consisting
of those matrices with + determinant. See Exercise 3.4.5.) Check that H(f(z),t) is
the required diffeotopy from f to g.

2. Let f : R® — R" be any diffeomorphism (at least C?). Then it is diffeotopic to the
linear isomorphism D fy. To see this, first consider a diffeomorphism g : R — R"
such that ¢g(0) = 0 and Dgg = Id. Define

(tz)
h(x,t)_{ gtm’ t#0
T, t=0.

Verify that h is a diffeotopy of g. Now given any diffeomorphism f, consider ¢(z,t) =
x —tf(0). Then ¢(f(x),t) defines a diffeotopy of f with f — f(0). Therefore, we may
assume f(0) = 0. Put g = f o (Dfo)~!. Then g(0) = 0 and Dgg = Id. Therefore, by
the earlier case, we have the diffeotopy h:. But now h(Dfo(x),1) = f(x). Thus, f is
diffeotopic to the linear isomorphism D fj.

3. If f,g: X — Y are ambient isotopic embeddings then it follows that the complement
of their images are diffeomorphic. This can be used to produce embedded arcs in R?,
which are not ambient isotopic. For example, take f(t) = (¢,0) and ¢(¢t) = (tan=t/2,0)

n (—1,1). Directly write down an isotopy between them. The complement of R? \
(0,1) x {0} is connected, whereas, R? \ R x 0 is disconnected. So, f and g cannot be
ambient isotopic.

As an immediate application of the notion of isotopy, let us derive the “uniqueness” of
the collar neighborhoods, which itself is going to be very useful later. We begin with:

Lemma 6.3.3 Let M be a closed manifold and ¢ : M x I — M x I be an embedding such
that ¢(z,0) = x, = € M. Then there exists 0 < § < 1 such that ¢|srx[0,s) is isotopic to

Id|arxo,s)-

Proof: Write ¢(x,t) = (¢1(z,t), p2(x,t)). Then ¢1(z,0) = z and ¢2(x,0) = 0. Moreover,
we check that the derivative of ¢ at any point (z,0) € M x 0 is of the form

()

where a > 0. Consider the homotopy H : M x I x I — M x I given by
(z,t,8) — (1(x, st), (1 — s)t + spa(x, st)).
Clearly,
H(z,t,0) = (¢1(x,0),t) = (z,t); and H(z,t,1) = (61(x,t), d2(x,t)) = ¢(x,1).

We claim that there exists 0 < § < 1 such that for each s € I, (z,t) — H(z,t,s) is an
embedding on M x [0,4]. The arguments involved are exactly similar to the one you have
seen in the Stability Theorem 3.6.1.

Fix s € I and put Hs(z,t) = H(z,t,s). At any point (z,0,s) the derivative of H, is of

the form
Id so
0 1-s4+a«
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and hence is invertible. By inverse function theorem, H, is a local diffeomorphism at all
points (z,0, s). Since M x {0} x I is compact, it follows that there 0 < § < 1 such that H,
is a local diffeomorphism on M x [0, d]. Therefore, it suffices to show that for some ¢ > 0,
H;, is injective on M x [0, 6] for all s.

If this were not true, then for each n there exists z1,,22, € M,s, € I and 0 <
tinston < 1/n, such that (1 n,t1n) # (T2, ton) and Hs (€1n,t10) = Hs, (T2,n,t2n).
By passing to subsequences we may assume that z;, — x; € M, and s,, — s € I. It then
follows that (z1,0) = Hs(x1,0) = H(x1,0,s) = H(x2,0,s) = (22,0) and hence x; = z».
But for large n, (%in,tin) are in a neighborhood of (z1,0) = (x2,0), which violates the
injectivity of Hg on this neighborhood. [ )

Theorem 6.3.4 Let M be a compact component of ON. Then any two collar neighborhoods
of M in N are isotopic.

Proof: Let f : M x I — N be an embedding such that f(z,0) = z,z € M (ie., fisa
collar of M in N). Fix 0 < 0 < 1. The map F5 : M x I x I — N given by F(z,t,s) =
f(z,t — st 4 std) defines an isotopy of f with another collar of M, viz., fs(z,t) = f(z, ).
Given any neighborhood U of M, we can choose ¢ such that fs(M x I) C V. Therefore, in
order to prove that any two collars f,g of M are isotopic to each other, we can replace f
by fs and assume that the image of f is contained in the image of g. Now the problem is
reduced to the situation of the above lemma, wherein, p =g lof: M xI - M xI. &

We shall now embark upon making good use of the existence of global solutions. To
begin with the following lemma is easy to prove.

Lemma 6.3.4 Let H: M xR — N x R be such that H(z,t) = (h(z,t),t). Then H is an
embedding iff & is an isotopy.

Remark 6.3.4 Embeddings of the above form are called level-preserving embeddings. Often
we call H as the track of h. Thus, isotopies of maps from M to N are in 1-1 correspondence
with level-preserving embeddings of M x R in N x R.

Definition 6.3.6 For any manifold X, recall that T{, (X x R) = T, X @ R. So, given a
smooth vector field o on X x R, we can decompose o as a direct sum

o= (01,02), (6.13)

where o3 : X X R — R is a smooth map and o1(x,t) € T,(X). We call o1 as the space
component of o and o9 as the t-component (time component) of 0. We shall denote by
Ot the vector field whose space component o7 is 0 and whose time component oy is the
constant map (z,t) — 1.

Now let us take a close look at a level-preserving embedding. Fixing a point x € X, we
get the curves t — H(x,t) = (h(z,t),t). The tangent field to this curve has its t-component
equal to 0t. The space component defines a vector field along the curve, which we can view
as time dependent vector field on X.

We now want to reverse this process. We have a ready-made tool for this, viz., vector
fields that admit global solutions (see Lemma 6.3.2).

The following theorem is independently due to R. Thom [Th] (compact case), R. Palais
[Pa] and J. Cerf [Ce]. We begin with a lemma.

Lemma 6.3.5 Let o be a vector field on N x R whose time component is 9¢. Suppose
H: N xRxR— N xR is the global solution for IVP(c) as in (6.11). Then the mapping
G(z,t) = H(x,0,t) is the track of an isotopy of the identity map of N.
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Proof: We know that H(z,s,0) = (z,s) for all (x,s) € N x R and DH(0t) = o, since H is
a solution of IVP(¢). Therefore, G(z,0) = H(x,0,0) = (z,0).

Let 1y : N xR — N and 73 : N X R — R be projection maps and let H; = m; 0 H; G; =
m; 0 G,i = 1,2. Thus, H = (Hy, H). Then DH,(0t) is nothing but the t-component of o
that is equal to 9¢. This just means that for each fixed (z, s), the curve t — Ha(z, s,t) is of
the form ¢ + a(z, s). Consequently,

Ga(z,t) = 2 0 G(x,t) =t + a(z,0).

Since G(x,0) = (z,0), it follows that «(z,0) = 0. This proves that G is level-preserving. To
show that G is an embedding, we consider the map L : N x R — (N x R) x R defined by

L(z,t) = (H(z,t, —1),1).

Note that (z,s,t) — (H(z,s,t),t) is a level-preserving diffeomorphism of N x R x R with
itself. Taking the composite with the embedding (z,t) — ((x,t, —t),t), we get the map L.
Therefore, L is an embedding. Therefore, it suffices to show that L o G is an embedding.
(See Exercise 3.7.17.)

Recall that H is a 1-parameter group of diffeomorphisms. Therefore,

H(H(p,s,r),t) = H(p,s,7 +1).
Put y = Hy(z,0,t). Therefore,
L(G(z,t)) =

L(H ( 0,t
H(y,t,—1)
H(Gl(x 1),
H(H ( 0,t), —
H(z,0,t —t

):t) = L(y,1)
1) = (H (Hy(x,0,
t,—

t
,—1),t) = (H(G(

= » =), 1)

= ( ):t) = (H(2,0,0),t) = ((z,0),1).

This proves that G is an embedding. Since we have already seen that G is level-preserving,
it follows that G is the track of an isotopy of the identity map. o

) t, =), 1)
£.8),~),1)

=
=
(

Theorem 6.3.5 (Isotopy Extension Theorem) Let f : M — N be an embedding of
a manifold M in a manifold N with ON = (). Let K C M be a compact subset and F :
M xR — N xR be the track of an isotopy of f. Then there is G: N X R — N X R which is
the track of an isotopy such that G(f(x),t) = F(x,t) for allz € K and t € [0,1]. Moreover,
G is the identity map outside a compact subset of N x R.

Proof: Consider the vector field ¢/ = DF o 9t. [This is nothing but the tangent field to
the curves t — F(z,t).] This is defined on F(M x R) which is a smooth submanifold of
N x R. Since K := F(K x [0,1]) is compact, we can extend 0’|z to a vector fieldo on all
of N x R in such a way that o vanishes outside an open set V containing K and such that
V is compact. We define a new vector field 7 on N x R by

7 = (01, 0t),

i.e, the space-component of 7 is the same as that of o whereas the time-component has been
changed to 1. Observe that o'|z has its time component 0t and hence the extended o also
has this property. Therefore, it follows that

Ty =0l =0olx.

We have only to verify that 7 admits global solutions. For this, we examine the behaviour
of the solution curves of 7 and find € > 0 such that for all x € IV the solution curves are
defined for |t| < e.
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Let W be an open set such that V' C W and W is compact. Then there exists ¢ > 0
such that all solution curves originating in W are defined for || < e.

On the other hand, consider a solution curve originating at a point (z¢,%y) ¢ V. Since
o1 vanishes outside V| the curve is of the form ¢ — (xq,to +t). These curves may never hit
V, in which case, the solution is defined for all + € R. On the other hand, if it hits V, say
for some t = ¢, # 0, that is, now we have (zg,to+t1) € V .C W, |t1] > 0. The solution curve
can now be extended further for a time |¢| < € and hence is defined at least in the interval
lt| < e+ [ta].

Thus in either case, the solution curves are defined for |t < e.

Let now H : NxRxR — N xR be the global solution given by ¢ and G(z,t) = H(x,0,1t).
For some xo € K let Cy be the solution curve of o which at ¢ = 0 passes through (f(zo),0).
Then Cp : t — F(x0,t). Since o and 7 agree on K = F(K x [0,1]), it follows that, Cy is the
solution curve for 7 as well in 0 < ¢ < 1. Hence, F(xo,t) = H(f(z0),0,t) = G(f(x0),t) for
0<t<1.

Remark 6.3.5 It is also important to note that if V' C N is any open set with compact
closure and K = F (K x I) C V, then the isotopy G of N that we get is the identity map
outside V. The hypothesis ON = () itself is not crucially used; but if ON is nonempty we
need to assume that the image of F' avoids ON.

Remark 6.3.6 This theorem has several natural as well as surprising applications. One
of the easy consequences is that any two collars of a compact boundary component of a
manifold are ambient isotopic (see Theorem 6.3.4). We have many more to come.

Corollary 6.3.1 Let Z C M be a compact submanifold. Let fo, f1 : Z — N \ ON be any
two isotopic embeddings in N \ ON. If fy extends to an embedding of M into N then so
does fi.

Proof: Let F: Z x R — N be an isotopy of fy and f1. Let G : fo(Z) x R — N x R be
defined by G(y,t) = (F(f;'(y),t),t). We can then apply Theorem 6.3.5 with K = fo(Z)
to obtain the track of an isotopy H : N x R — N x R such that H(y,t) = G(y,t) for all
y € fo(Z). Now consider L : M x R — N given by

L(z) = mo H(fo(x),1)

where 7 : N x R — N is the first coordinate projection. Clearly, L(z) = 7(G(fo(x),1)) =
w(F(z,1),1) = fi(x), z € Z. '

Corollary 6.3.2 Let N be a connected manifold, and a,b be any two points in N \ ON.
Then there exists a diffeomorphism ¢ : N — N isotopic to identity such that ¢(a) = b.

Proof: A smooth path from a to b inside N\ 9N defines an isotopy of the singleton {a} C N.
Now apply Theorem 6.3.5. ')

Corollary 6.3.3 Let N be a connected manifold of dimension > 2 and let k be any posi-
tive integer. For any two k-subsets {a1,...,ar} and {b1,...,bx} of N \ ON, there exists a
diffeomorphism ¢ : N — N isotopic to identity such that ¢(a;) =b;,1 < i <k.

Proof: Induct on k, the case £ = 1 being covered by the above corollary. Assume that
the result holds for £k — 1 where k > 2. Let ¢ : N — N be a diffeomorphism isotopic to
identity such that 1(a;) = b;, 1 <i < k—1.If ¢p(ar) = by there is nothing more to be done;
simply take ¢ = 1. Otherwise, we can join ¥ (ay) to by by a path v : R — N not passing
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through any of by,...,bg—1. Let S = {b1,...,bx—1,%(ax)}. Consider the isotopy of S, viz.,

F:S5 xR — N given by
s s # P(ax),
F(s,t) =
e0={ S0, 220
Now apply Theorem 6.3.5 with M = K = S to obtain an isotopy 7 : N — N such that
7(b;) = bi,i <k —1and 7(¢(ar)) = bi. Now take ¢ = 70 9. A

Theorem 6.3.6 Orientation Reversing Isotopy: Let N be a connected nonorientable
manifold, p € N be any point. Then there exists a diffeomorphism ¢ : N — N isotopic to
Idy such that ¢(p) = p and D¢, : T,N — T,N is orientation reversing.

Proof: Let v be a loop at p that is orientation reversing. (See Exercise 4.1.1.) Then ~ can
be thought of as an isotopy of the embedding {p} — N. Let & : N xR — N X R be an
isotopy extending this as in Theorem 6.3.5. Let us verify that ¢(x) = ®(x,1) is such that
D¢, : T,N — T,N is orientation reversing. For this, we may choose any parameterization
7 : R" — N of a neighborhood of p € N such that 7(0) = p and fix an orientation on
T,(N) say, D1o(Ey,). Put ¢1(q) = ®(g,t), so that ¢g = Idy and ¢1 = ¢. Also note that
®(p,t) = (y(t),t). Therefore, it follows that {¢;(7(R™))} forms an open cover for the loop
7[0,1]. We can now extract a finite subcover {U;} out of this, where U; = ¢, (T(R"))
with 0 = tg < t1--- < tp = 1 and such that there are points ¢t; < s; < t;11 so that
7185, 8j+1]) C Uj;. Orient Uy by taking D7, (E,) on T, () N. Having oriented Uy, orient Uj4
so that the two orientations on T, ;)N coincide. By continuity, and from the fact that
¢o = Id, it follows that for each j, and s; <t < sj41, D¢y preserves this orientation. Now
is an orientation reversing path means that the orientation on T,(1yN = T, N coming from
Uy, is different from the one with which we started. Therefore, it follows that D¢, reverses
the orientation. a

Theorem 6.3.7 Disc Theorem: Let fy, f1 : D™ — N\ IN be any two embeddings, where
N is a connected n-manifold. If N is orientable assume that either both fo and fi1 preserve
orientation or both reverse it. Then they are ambient isotopic.

Proof: Observe that by isotopy extension Theorem 6.3.5, since D™ is compact, it is enough
to prove that f; are isotopic to each other.

First consider the case, when N is orientable and f; are both orientation preserving. By
an ambient isotopy along a path joining f1(0) to f2(0) we can first make f1(0) = f2(0) = p.
Let now U be a coordinate patch for N around p. Choose 6 > 0 such that f;(D}) C U. Let
O(z,t) = (1 —t +td)x. Then O : D™ x [0,1] — D™ is an isotopy such that ©(D™ x 1) C U.
Therefore, f; o © gives an isotopy of f; with an embedding g; such that g;(D™) C U. Thus,
we may as well assume that f;(D") C U. This is equivalent to assume that N = R™. The
conclusion follows from the Example 6.3.1, 1 and 2.

The case when both f; are orientation reversing is converted into the first case, by
changing the orientation on the codomain V.

Now suppose N is nonorientable. We can follow the above arguments till we get to the
case when f;(D™) C U, where U is a coordinate patch. But now it may happen that for
any fixed orientation on U one of f; is orientation preserving and the other revering! In this
situation, we go back to the manifold N find a loop at p which is orientation reversing and
perform an ambient isotopy of f; o f~! along this loop to an embedding h. Now f» and
fg = h o f1 are isotopic and f1, fg are both orientation preserving or orientation reversing.
We are then back in the first case. '

Exercise 6.3

1. Justify the choice of the function € in the proof of lemma 6.3.1.
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10.

Isotopy

. Show that every orientation preserving diffeomorphism of S! is isotopic to the identity

map.

. Show that the embedding f : (0,1) — R? given by f(t) = €2™ is not ambient isotopic

to the inclusion map ¢ — (¢,0).

. For each n > 1 construct at least one diffeomorphism S™ — S™ which reverses orien-

tation.

. Obtain an embedding of the M&bius band inside the solid torus in R3 which itself is

obtained by rotating the disc
{(z,y),0) eR® : (z—-2)*+y* <1}

around the y-axis. (See Example 3.1.1.7.) Use this description to explicitly write down
a diffeomorphism ¢ : Ml — M which is isotopic to identity.

Let f : R — R? be a proper embedding representing the trefoil knot as shown in the

figure below:

Figure 31 The trefoil knot.

Show that f is not ambient isotopic to the inclusion map t — (¢,0,0). Are the two
embeddings isotopic?

Given 0 < € < 1/2, construct a smooth map p: I — I such that
(i) ()=t 0<t<e/20r3/4<t<1

(ii) p/(t) > 0 for all ¢.

(iii) u(1/2) =e.

Define h : D™ x I — D™ by

hx,t) = () + (1= 8)x]) =

1]

where p is as in the above exercise. Show that h defines an isotopy of D™ which is
identity in a neighborhood of the boundary and maps ]D)?/2 onto D7.

Let f : D" — R" be any embedding such that f(0) = 0. Let V' be a neighborhood

of f(D™) U Dfo(D™) such that V' is compact. Show that f is isotopic to a linear
embedding by a diffeotopy of R™ which is the identity map outside V.

Why do we need dim N > 2 in Corollary 6.3.37
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6.4 Patching-up Diffeomorphisms

Let M be a closed m-manifold and ¢ : M x I — M x I be any smooth map. Suppose
for some 0 < ¢ <1, ¢(M x {t}) C M x {s} for some s. Then the derivative D¢ at a point
(x,t) € M x I is of the form

A v
(0 %)

where A is an invertible m X m matrix and « is a nonzero real number. In particular, if
1 M x[a,b] = M x o, f] and ¢ : M x [b,c] — M x [§3,~] are diffeomorphisms such that
P1|vixpy = P2lnmrx{py, we can patch-up the two diffeomorphisms into a homeomorphism
¥ : M x [a,c] — M X [a, 7] but it may fail to be a C'-map in general. This is so because at
points (z,b), the t-derivatives of ¢; and ¢o may not match. On the other hand the method
we have followed to compose homotopies would produce a 1-to-1 map that is also C! but
fails to give a diffeomorphism since the t-derivatives at points (z,b) vanish. In this section
we shall study a partial solution to this problem. It is of some practical importance for us
in the diffeomorphic classification of surfaces.

In the following lemma, we have to use the fact that the solution generated by a smooth
family of vector fields is smooth. (See Theorem 6.3.1.)

Lemma 6.4.1 Smoothing Lemma: Let M be a compact manifold and oy, o1 be any two
vector fields on M which are tangential to the boundary at boundary points. There is a
diffeomorphism © : M x I — M x I such that

(a) ©|arxqo,1y = Id and

(b) at points (z,0) and (z,1), DO is, respectively, of the form

Id oo | Id o4
0 1 ’ 0 1

[Here Id denotes the identity map of the tangent space T, M for an appropriate © € M.]

Proof: Note that, it is enough to prove the result for the case o1 = 0. For then, we can put
two such diffeomorphisms together to define a diffeomorphism I' : M x [0,2] — M x [0, 2]
so that D(I") at points (x,0) and (z,2) (instead of (z,1)) satisfies condition (b). It is then
just a matter of reparameterizing M x [0,2] by M x [0, 1]. So, we shall prove the result for
the case o9 = o and o1 = 0.

For any vector field 7 on M admitting global solution, let us introduce the notation ®”
for the 1-parameter group of diffeomorphisms M xR — M generated by 7. We consider the
family of vector fields so and the associated 1-parameter group of diffeomorphisms ®57, for
0 < s < 1. (Note that ®) = Id for all t and ®3° = Id for all s.) Define ¥ : M x I x [ —
M x I x I by

U(z,s,t) = (97 (x,t),s,t).

Check that ¥ defines a diffeomorphism that is doubly level-preserving.

Let i : I — I be a strictly monotonically decreasing smooth map with n(0) = 1, n(1) =0
and 1'(0) = n'(1) = 0 (see 1.78). Put G(z,r) = (x,n(r),r) and let 7(x, s,t) = (z,t) be the
projection. Put @ =m0V oG : M xI — M x I, ie., O(z,r) = (7" (z,7),r). It is easily
seen that © is a diffeomorphism satisfying (a). We have to check (b). By the chain rule, it
follows that the matrix form of D@ is the product:

x S T
{0 0 1] 0 1 0 0 7' (r)
0 0 1 0 1
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which is equal to
POl ST i JoX:
Ox Js /(T) + or
0 1

By the definition, ®*?(x,0) = z, Va and hence %(w, 0) = Id. On the other hand, since
s =n(r) and n(1) = 0 we have ®*?(z,1) = ®%(z,1) = z. Therefore, %(x, 1) = Id. This
takes care of the (1,1)* entry of the matrices in (b). Now use the fact that n'(r) = 0 for
r = 0,1 to see that the (1,2)™ entry reduces to 22" (z,r) = n(r)o(®*’ (x,r)) for r = 0,1.

or
Again, for r = 0, since s = n(0) = 1, we have %(w,O) = 0(®7(2,0)) = o(x). Finally, for
r =1, since s = (1) = 0 we have 8%(ac, 1) = 0o(z,1) = 0. This completes the proof of
the lemma. 'y

Remark 6.4.1

(i) Given some smooth functions «, 3 : M — (0, 00), using Exercise 1.7.3, the conclusion in
(b) of the above lemma can be strengthened to the following:

(b’) at points (z,0) and (x,1), DO is, respectively, of the form

Id g0 . Id g1

0 «a |’ 0o p
ii) There is nothing special about the interval I = [0, 1], in the above lemma; we can replace
[0,1] by [a,b] for any a < b.
(iii) Often in application, the vector fields o, 7 may be given on a closed subset of M. We

can simply extend these on the whole of M smoothly and work with the extended vector
fields.

Using the existence of the collar neighborhoods, we can now derive several interesting
results from this lemma. The following corollary is immediate.

Corollary 6.4.1 Given a vector field X : S*™1 — T(D") that is strictly pointing inwards,
there exists a diffeomorphism ¢ : D™ — D", that is identity on the boundary and such that
the radial component of D¢ at any point on the boundary is equal to o.

Proof: If ¢ and (8 are the spherical and radial components of A\, we can apply the above
lemma, along with Remark 6.4.1 (a), to get a diffeomorphism © : S"~1 x [ — S"~1 x [ so
that D(6) satisfies (b’) with @ = 1. Treating (z,r) as polar coordinates, this © defines a
diffeomorphism ¢ : D™ — D" as required. ')

Theorem 6.4.1 Let ¢ : S"~' — S"~ ! be a diffeomorphism which is diffeotopic to Idgn-1.
Then ¢ can be extended to a diffeomorphism of D™.

Proof: If ¢ is diffeotopic to Id we can find a level-preserving diffeomorphism 7 : S*~! x
[1/2,1] — S"~1x [1/2,1] such that n(v,1) = (é¢(v), 1) and n(v,1/2) = (v,1/2). Via the polar
coordinates this give a diffeomorphism 9 of the annulus {x € D™ : 1/2 < ||x|| < 1} such
that the radial component o of D at any point (z,1/2) € D™ is pointing inward. Thus, by
the above corollary, we can extend this diffeomorphism to a diffeomorphism of the disc to
itself. Note that 1 restricts to ¢ on the boundary. [ )

Theorem 6.4.2 Patching-up diffeomorphisms: Let M be a compact manifold, ¢ : M x
I — M x I be a continuous function such that ¢1 := @|arxjo,1/2) and ¢z = @|rrx(i/2,1] are
self-diffeomorphisms of M x [0,1/2] and M x [1/2,1], respectively. Given 0 < § < 1/2,
there exists a diffeomorphism ® : M x I — M x I such that ®|yrxj0,5) = ¢larxo,5] and
Q| arxi—s,1) = Alarxi-s1-
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Proof: Clearly, ¢ is a homeomorphism M x [0,1] — M x [0,1] and takes M x {1/2} into
itself. Let us write f(x) = ¢(z,1/2). Then it follows that f : M — M is a diffeomorphism.
The missing thing for ¢ to be a diffeomorphism on the whole of M x [0,1] is that ¢ may not
be smooth at points in M x {1/2}. Indeed, the only missing thing is that at points (z,1/2)
the t-derivatives of ¢ from left and right may not be the same.

By composing with a variable reparameterization (see Exercise 1.7.3) we shall assume
that the time component of the time derivative of ¢ at points (z,1/2) are both equal to 1
from either side of the interval. Thus, at each point (z,1/2), the left-hand and the right-
01 g9
1 11
are some smooth vector fields on M. Note that since ¢ restricts to self-diffeomorphisms of
OM x [0,1/2] and OM x [1/2,1], it follows that o, are tangential to the boundary. We shall
now use the above lemma to make o1 = 0.

hand t-derivatives of ¢ exist and are of the form , respectively, where o;

For j =1,2, let ©,; = 0(o;) be diffeomorphisms:
O1: M x[1/2,1] - M x [1/2,1]; ©2: M x[0,1/2] = M x [0,1/2]

such that ©1(z,1/2) = = = O1(x,1); O2(x,0) = x = Oz(x,1/2) and DO1(,,1/2) =
o tha ¢ Id o9(2)
|: ! 11( ) ] ; D@g\(x71/2) = [ 0 12 } 5

D®1|(Jc,1) = |: 0 1 :| :D®2|(Jc,0)~

Let T : M x[0,1] — M x[1, 2] be the translation (x,t) — (x,t+1). Define A : M x[0,2] —
M % [0,2] by:

P(z,1), 0<t<1/2;

_ ) eu(f(2),1), 1/2<t<1;
A1) = Tlo Oa(f(z),t —1), 1<t<3/2
Tog(z,t —1), 3/2<t<2.
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Figure 32 The t-derivatives of ® are being adjusted.
Check that A is a diffeomorphism. Let €; : [0,1] — [0, 2] be a diffeomorphism such that
at)=t, 0<t<s & eal)=t+1, 1-6<t<1.

By the compactness of M, it follows that there is a 0 < p < 1/2 such that ¢(M x [0,4]) C
M x [0,p] and ¢(M x [1 —d,1] € M x [1 — p,1]. Let €2 : [0,2] — [0,1] be a diffeomorphism
such that

et)=t 0<t<p & e)=t—1, 2—p<t<2.

Put ® = (Idpy X €2) o Ao (Idp X €1) and verify that & is as required. [ )

Remark 6.4.2 Consider the converse of Theorem 6.4.1, viz., if ® : D" — D" is a diffeo-
morphism then the restriction map n = ®|gp» is isotopic to the identity diffeomorphism
or to the reflection. This is “almost true” but extremely difficult to prove. What one can
achieve without much difficulty is the following. If 7 is given as above, and is orientation
preserving, then there exists a diffeomorphism ¥ : S*~! x [0,1] — S"~! x [0, 1] which is the
identity map on S"~! x 0 and is equal to n on S"~! x 1. However, this does not mean that
7 is isotopic to Id; the diffeomorphism ® may not be level-preserving.

More generally, one can consider any closed manifold M and a diffeomorphism @ :
M x [0,1] = M x [0,1] such that ®|arxo = Id. Such a diffeomorphism is called a pseudo
isotopy of ®pr.1. If P denotes the space of all pseudo isotopies of diffeomorphisms of M
one is interested in the number of path-connected components of P. Cerf [C1] has proved
that if M is simply connected and dim M > 5 then P is path connected.
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From this, Cerf [C1] deduced that the group A,, of all orientation preserving diffeomor-
phisms of D™ is path connected for n > 6. For n = 1, this is an easy exercise. For n = 2, this
was a result of Smale [Sm]. For n = 3 and 4 this is again proved by Cerf [C2]. For n = 5,
the problem is still open.

The following result which is a variant of Theorem 6.4.2 comes handy later in the
classification of surfaces.

Theorem 6.4.3 Let X,Y be n-dimensional smooth manifolds, X1, Xo C X, Y1,Y2 CY be
such that

X=XjUXs, Y =Y1UY, X, NXo=90X1NdXy; YINYy, =0Y, NoYs

where X; C X,Y; CY are closed subspaces. Let f : X — Y be a homeomorphism whose
restrictions to X1 and Xa define diffeomorphisms f1: X1 — Y1 and fa: Xo — Ya. Then f
can be altered in a neighborhood of X1 N Xo to a diffeomorphism f: X — Y.

Proof: Put X1NXs = M, Y NY,; = N. By restricting the discussion to collar neighborhoods
of M, N we may assume that

X1=Mx[0,1/2], X0 =M x [1/2,1], X = M x [0,1];

Y1 =Nx[0,1/2],Ya=N x [1/2,1,Y = N x [0, 1].
Note that f restricts to a diffecomorphism ¢g : M — N. Consider h : N x [0,1] — M x [0, 1]
given by h(z,t) = (g7 *(z),t) and put ¢ = hof : M x[0,1] — M x[0,1]. Apply the Theorem
6.4.2 to obtain a diffeomorphism ® : M x I — M x I as specified. Now f = g o ® gives the
required alteration of f. '

Example 6.4.1 Gluing Manifolds along Boundary Components: Let M be a closed
manifold. Consider two embeddings ¢; : M x I — N; where each ¢;|y/x {0} is an embedding
onto some boundary components M; of N; and ¢;(M x [0,1]) is a collar neighborhood of
M; in N;, i =1,2. Consider the quotient space

_ Ny \ M1 [[ N2\ M,

~

w

where ¢1(x,t) ~ ¢pa(z,1 —t) Vo € M,0 <t < 1. Clearly, W is a smooth manifold that
contains copies of both Ny and Ns. Indeed, if we put N/ = N; \ ¢;(M x [0,1/2) then we
see that W = ¢(N7]) U q(N3), with ¢(N{) Ng(N3) = M. Also each N is diffeomorphic to N;
and the quotient map ¢ is also a diffeomorphism restricted to each N.

Of course, the diffeomorphism class of W heavily depends on the embeddings ¢;,i = 1, 2.
Since any two collar neighborhoods are ambient isotopic (see Remark 6.3.6), ultimately it

follows that the diffeomorphism class of W depends on the isotopy class of diffeomorphisms
of M.

Example 6.4.2 Double of a Manifold Let X be a compact manifold with non empty
boundary and ¢ : 0X x [0,1] — X be a collar neighborhood. Take N; = X and Nz to be
another copy of X with the opposite orientation if X is orientable. Take ¢1 = ¢ = ¢ and
perform the gluing operation. The resulting manifold W in the above construction is called
the double of the manifold X and is denoted by 2X. Observe that if X is orientable then
so is 2X. In particular, the double of the disc D™ is S™, and the double of the cylinder is
the torus, etc.
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Example 6.4.3 Capping Off: Let X be an n-manifold with a boundary component C
diffeomorphic to S"~!. By capping off X at C we mean the manifold obtained by gluing a
disc D" to X along C. More specifically, in Example 6.4.1, take N; = X, No = D", M = S"~!
and ¢ : S"! x [0,1] — Ny be any collar neighborhood of C' and ¢a(x,t) = (1 —t/2)x. We
shall denote the resulting manifold W by X¢ = W.

When we cap-off all the boundary components of X that are diffeomorphic to S*~!, we
get a manifold, that we simply denote by X . This construction happens to be very important
in the study of manifolds of dimension 2, 3, since any orientation-preserving diffeomorphism
of St or S? is isotopic to the identity map. (This is an exercise for n = 1 and a nontrivial
result due to Smale [Sm] for n = 2.) Therefore, the result of capping off is independent of
the diffeomorphisms chosen and therefore is a well defined manifold. Notice that we can
recover the original manifold X from X by removing as many discs as we have put. (Use
Disc Theorem.)

Exercise 6.4

1. Directly using Corollary 6.3.1 deduce that any diffeomorphism f : S"~! — S"~! that
is isotopic to Id extends to a diffeomorphism of D™.

2. Let M be any connected manifold of dimension n > 2. Let D;, D},i = 1,2,...,k be
embedded discs in int M such that D; N D; = @ = D] N D’,i # j. Then there exists
diffeomorphism f : M — M diffeotopic to Id such that f(D;) = Dj,i=1,2,...,k.

3. Let W be a connected manifold with Si, ..., S; as boundary components, all of them
diffeomorphic to S*~!. Given any permutation o of n letters, there exists a diffeomor-
phism A : W — W such that A(S;) = Sy)-

4. Let W be a smooth surface Wy, Wy be such that W = Wy U Wy. Suppose there are
diffeomorphisms ¢; : I x I — W; such that

(bo(o X I) :(bl(l X I),(bo(l X I) = ¢1(0 X I),Wl ﬂW2 = ¢0(0 X I) U(bo(l X I)

Assume further that gbal o ¢1loxr and gbal o ¢1|1x1 are both orientation-preserving or
both orientation-reversing. Then there exists a diffeomorphism ® : S* x I — W, such
that ®(e'™ s) = ¢(0,5),1/3 <0 <2/3, and ®(e™? 5) = ¢1(0,5),1/3 <0 < 2/3.

5. In the above exercise assume that one of ¢0_1 o¢1loxs and ¢0_1 o ¢1|1x7 is orientation-
preserving and the other is orientation-reversing. Then show that there is a diffeomor-
phism ® : M — W with similar properties as in the exercise, where M denotes the
Mobius band.

6. State and prove similar results that describe a torus and a Klein bottle as a union of
two cylinders.

6.5 Miscellaneous Exercises for Chapter 6

1. Let M be a closed submanifold of N. Show that any two tubular neighborhoods of M
in N are ambient isotopic.

2. Let A,B C M be closed submanifolds of a closed manifold M. Suppose dim A +
dim B < dim M. Then show that there exists an ambient isotopy ¢ of M such that
$(A)NB = 0.
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3. Some Consequences of the Tubular Neighborhood Theorem.
(i) Let X C RY be a smooth compact submanifold. Then X is a smooth retract of an
open neighborhood (in fact of its e-neighborhood, for all sufficiently small € > 0).
(ii) Let X be a smooth compact submanifold of a smooth manifold Y. Then X is a
smooth retract of an open neighborhood of X in Y. (This is clear from (i) if Y is a
submanifold of some R™.) Hence, any smooth map X — S (S an arbitrary smooth
manifold) can be extended smoothly to a neighborhood of X in Y.
(iii) Local triviality of a proper submersion: Let f : X — Y be a smooth map,
and p € S a regular value of f. Suppose F' := f~1(0) is compact. Then show that
there is a neighborhood U of p in Y and a diffeomorphism ¢ : f~*(U) — F x U
such that 7y o ¢ = f. (Hint: Can take ¢ = (r, f), where r is a retraction onto F' of a
neighborhood of F in X, if U is sufficiently small.)
(iv) Conclude that if f : X — Y is a proper map, which is a submersion of connected
manifolds, then there exists an open covering {U,} of Y and diffeomorphisms ¢, :
Y (Uy,) — U, x F such that f = 7 o ¢, where F = f~1(p) where p € Y is fixed.
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The differentiable viewpoint of some topological concepts as expounded by Milnor in [M1]
is fully realized in this chapter. We begin with some technical results about the transversal
maps in Section 7.1. We then introduce the oriented intersection number in Section 7.2. In
Section 7.3, the degree of maps between manifolds of the same dimension is introduced as a
special case of intersection number. We then discuss, in Section 7.4, the mod 2 intersection
number, which, while taking care of nonoriented cases, adds its own flavour to the recipe. In
Section 7.5, the concept of winding number is introduced as a special case of the mapping
degree. We then give applications of these results to the proofs of the Jordan-Brouwer Sep-
aration Theorem, the Borsuk-Ulam Theorem (Section 7.6), and the Hopf Degree Theorem
(Section 7.7). We take up the study of the Lefschetz fixed point theory in Section 7.8. The
local Lefschetz numbers are introduced, once again through the mapping degree. We then
relate the Lefschetz number to the index of a vector field.

Of course, one can think of several applications at this stage. However, we shall give only
two applications in the last section. We relate the integral of a pullback to the mapping
degree of a smooth map between oriented manifolds of the same dimension. The second
application is a proof of a simple version of the Gauss-Bonnet theorem.

7.1 Transverse Homotopy Theorem

Theorem 7.1.1 Transversality Theorem: Let Z C Y and S be manifolds without
boundary. Let X be a manifold with or without boundary and F : X x S — Y be a smooth
map such that F and OF are both transversal to Z. Then for almost every s € S, the
mappings Fs and OF are transversal to Z. (Here Fs(x) = F(z,s), v € X,s € S.)

Proof: Clearly, it suffices to prove that the set of points s for which Fy is not transversal is
of measure zero. For then we can apply this result to the special case of 0F : 0X xS =Y
and conclude that the union of the two sets of points s € S for which Fy or 0Fs is not
transversal is of measure zero.

Our strategy is to employ Sard’s theorem and hence, we shall convert the requirement
of transversality into regularity of some other map. Recall that the transversality condition
has to be verified only at points (z, s) so that F(x, s) € Z. This means that we must consider
the set W = F~1(Z). This is a proper submanifold of X x S, since both F' and F are
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transversal to Z. Now the target manifold for the map of which we are going to look for
regular values is obviously S. Thus, we may consider the map m : W — S, which is the
restriction of the second projection. We shall claim that s is a regular value of 7 implies
F Z.

So, fix s € S, a regular value of 7. This implies that o := Dm(, 5 : Tz s\W — Ts(S5)
is surjective for all (z,s) € W. We want to show that Fy ) Z. So, let (x,s) € W and
F(z,s) = z. Put

A= DF(%S) : T(x,s)(X X S) —T,Y.

Since F') Z, we have,
Im\N+T.Z=T.Y.

So, given v € T.Y, there exists vi € T, Z,u; € T, X,uy € TS such that
AMug,ug) + vy =v. (7.1)

From the surjectivity of o and the fact that it is the restriction of the second projection, it
follows that there exists (w1, uz) € T(, )W such that a(wy,uz) = us. Therefore, by adding
and subtracting A(wq,usz) in (7.1), we have

v = vi+A(wi,u2) + A((u,u2) — (Wi, u2))
= v+ A(wi,u2) + A(u; — wy,0)
= V2+/\(U1 —Wl,O)

where vo = vi + A(wy,uz) € T.Z since A(T(,,5)(W)) C T.(Z). This completes the proof
that F, h Z. .

Remark 7.1.1 The steps in the above claim are completely reversible. Therefore, we can
say that Fj is transversal to Z iff s is a regular value of 7 : W — S.

Theorem 7.1.2 Let f : X — Y be a smooth map, where Y is a proper submanifold of R™.
Let BY denote the open unit ball in RN. Then there exists a smooth map F : X x BN —Y
such that F(x,0) = f(z), = € X and for each fized x € X, the mapping s — F(z,s) is a
submersion. In particular, F' and OF are submersions.

Proof: For any fixed real number r > 0, consider the map G, : X x BY — RY defined
by (z,s) — f(z)+ rs, where r # 0 any fixed real number. Check that G,(z,0) = f(x)
and for each fixed x, s — G(z,s) is a submersion of BY into RY. Let N.(Y)) be a tubular
neighborhood of Y in RY and let 8 : N(Y) — Y be the submersion as considered in
Remark 6.1.2. Now observe that G.(X) C N.(Y). Now, put F = S0 G.. A

Remark 7.1.2 Note that we need not be strict about the assumption that Y is a proper
submanifold of RY. All that we need is that Y should have tubular neighborhoods in RY as
described in Remark 6.1.2.(iii). Thus, the result is applicable in a somewhat more general
situation than the one stated in the above theorem.

Theorem 7.1.3 Transverse Homotopy Theorem: Let Z C Y be boundaryless mani-
folds. Given any smooth map f : X — Y, on a compact manifold X, there exists a smooth
map g: X — Y such that g\ Z, 09\ Z and g is homotopic to f.

Proof: We can always think of Y as a proper submanifold of some R". Then by the above
theorem, there exist F : X x BY — Y such that F,0F are submersions and hence F, and
OF; are both transversal to Z for almost all s. For any such value of s € BV let [0, s] denote
the line segment joining 0 and s. Then F restricted to X x [0, s] defines a homotopy of f
with g = F as required. 'Y
In applications, we need to strengthen this result to a relative version, viz., while taking
the homotopy of f, we do not want to “move” f on parts where it is already transversal.
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Theorem 7.1.4 Extended Transverse Homotopy Theorem: Let Z be a closed sub-
manifold of Y with 0Y = 0Z = (). Let X be any compact manifold and W C X be closed.
Suppose f: X — Y is a smooth map such that for all x € W both f and Of are transversal
to Z. Then f is homotopic to a smooth map g relative to W, such that g Z,0gM Z and
f =g in a neighborhood of W.

Proof: Observe that “being transverse” to a closed submanifold is an open condition. Hence
f and 9f are both transverse to Z in a neighborhood U of W. Let V be an open subset
such that W C V C V C U. By the smooth version of Urysohn’s lemma (Corollary 1.7.1),
we can find a smooth map 7 : X — [0,1] such that 7|y = 0 and 7| x\v = 1. Let F' be as in
the proof of Theorem 7.1.2. Define G : X x BN — Y by

G(z,v) = F(z, (7(2))*v).

It is enough to show that G Z and OGN Z. For then, we can appeal to the transversality
Theorem 7.1.1, to conclude that for almost all v € BY | Gy and G, are transversal to Z. Fix
one such v, and take g = G. Clearly, the map H(z,t) = G(xz,tv) defines a homotopy of f
with g. Moreover, for x € W, we have H(z,t) = G(z,tv) = F(x,ty(z)?v) = F(x,0) = f(x).
Therefore, f is homotopic to g relative to W. It remains to show that G\ Z and G ) Z.

Let now z € X. If y(x) # 0, then u — ~(z)?u is a diffeomorphism of BY onto an
open ball in RV, Since u — F(x,u) is a submersion from B to Y, it follows that u
F(z,7v(r)%u) is a submersion. In particular, G is transversal to Z at points (z,u), where
v(x) # 0.

Next, consider a point  such that v(z) = 0. We have to actually compute the derivative
DG, vy, now. For this we think of GG as a composite of the two maps:

(z,u) = (2, u(z,0); (z,v) = F(z,v),
where 1 : X x BN — BY is given by u(z,u) = v(z)?u. Also,

Dii(z,w) = (2(2) D(7)zu, v(2)*1d) = (0,0).
By the chain rule, it follows that

oG
a_ =D T
ox ‘(a:,u) f

as Flxx oy = f. Since f ) Z, it follows that G is transverse to Z at these points also. The
proof of transversality of F to Z is similar. ®

Corollary 7.1.1 Suppose f : X — Y is a smooth map such that 0f i Z. Then there
exists a map ¢g : X — Y homotopic to f, relative to the boundary such that ¢ M Z and
g=fondX.

Exercise 7.1 Supply details of Remark 7.1.1.

7.2 Oriented Intersection Number

We begin with the following situation: X, Z C Y are smooth manifolds, X is compact
and all these manifolds are boundaryless. Also, dim X + dim Z = dimY. Such a data is
called a data appropriate for intersection theory.

In this section, we also assume that all the manifolds are oriented. Later we shall consider
the nonoriented case.
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Definition 7.2.1 Let W be a compact 0-dimensional oriented manifold. Recall that each
point of W receives a sign 4. The number of + signs minus the number of — signs in W is
called the orientation number of W.

Example 7.2.1 The orientation number on J[a, b] is always zero irrespective of what ori-
entation we take on [a,b]. More generally, if X is a compact oriented 1-dimensional man-
ifold, then the orientation number on 90X is zero. This follows from the classification of
1-dimensional manifolds that we have seen in the previous chapter: that every connected
compact 1-dimensional manifold is diffeomorphic to either S! or to the closed interval [0, 1].
This result plays a key role in the theory of intersection numbers.

Definition 7.2.2 Assume that f : X — Y is smooth and f M Z. Then it follows that
W = f~1(Z) is a compact 0-dimensional oriented submanifold of X. The orientation number
of W is called the intersection number of f with Z. We denote it by I(f, Z).

Remark 7.2.1

1. Consider a situation in which f is an embedding. Through this embedding, we can
identify X with a submanifold of Y. Then W = X N Z and it consists of finitely
many points. At each of these points, the transversality condition X i Z says that
the tangent spaces of these manifolds are supplementary. Being of complementary
dimensions, they are also, complementary. Now, if the orientation classes satisfy

[Tw(X)][TwZ] = [TwY} (7'2)

the point w is assigned the number +1 at w; otherwise, —1 is assigned. These numbers
are called orientation numbers and I(X, Z) is nothing but the sum of these numbers.

2. What is the relation between I(X, Z) and I(Z, X)?. To see this we need to examine
what happens at each of the points w € W = X N Z. Observe that we now have to
consider the validity of the equation

[T Z][Tw(X)] = [TwY] (7.3)

which involves a permutation of the left-hand side of (7.2). The signature of this
permutation equals (—1)(dim X)(dim Z) “Thig then precisely gives the relation:

I(X,Z) = (—1)Wdim X)(dim Z) 77 x) (7.4)

3. Suppose X is the disjoint union of two manifolds X = X; U Xs and f
it follows easily that I(f, Z) = I(f1,2Z) + I(f2, Z).

X; = fZ Thena

4. Tf we change the orientation on only one of the manifolds X,Y, or Z, then I(f,Z)
changes its sign.

Theorem 7.2.1 Let X be the boundary of an oriented manifold M and f be the restriction
of a smooth map F : M — Y. Suppose f N\ Z. Then I(f,Z) = 0.

Proof: By the extended transverse homotopy Theorem 7.1.4, there exists a homotopy of F'
to amap G: M — Y such that G|x = f and Gy Z. Then W = f~1(Z) is the boundary
of an oriented compact 1-dimensional manifold G=1(Z) and hence as seen in Example 7.2.1
the orientation number of W is zero. 'Y

The above theorem is the first step toward some meaningful way of computing the
orientation numbers. For example, as a corollary we have,
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Theorem 7.2.2 If f and g are homotopic, and transversal to Z, then I(f,Z) = I(g, Z).

Proof: Recall that given an oriented manifold X, I x X is given the product orientation,
wherein [ is given the standard orientation. The two boundary components 0 x X and 1 x X
then have the induced orientations. Under the diffeomorphisms x — (0,2) and = — (1, z),
we have,

[0 x X]=[1x X]—[0x X].

Put ¢ = 9(F) : 0(I x X) — Y where F is a homotopy from f to g. By Theorem 7.2.1,
we have, I(¢,Z) = 0. But dloxx = f and ¢|1xx = g. Hence, I(g9,Z) — I(f,Z) = 0. A

Remark 7.2.2 The advantage of the above theorem is quite apparent: We can extend the
definition of I(f, Z) not only to all smooth maps f : X — Y without the assumption that
f i Z, but to any continuous map f : X — Y as well. For, by the Smooth Approximation
Theorem and the Transverse Homotopy Theorem, we can choose g to be any map that is
homotopic to f and g Z and define I(f, Z) = I(g, Z). If h is another such map then since
g =~ h, it follows that I(g, Z) = I(h, Z). Therefore, the definition is unambiguous. Also it is
clear that the above theorems and all other properties of the intersection number are now
valid for all smooth maps.

Definition 7.2.3 Consider the special case when X = Z. We put f =¢: X — Y to be the
inclusion map and define
I(X;Y) :=1I(,X).

This is called the self-intersection number of X inside Y. We shall return to the study of
this important number a little later.

Exercise 7.2

1. Let M be a connected, closed, oriented manifold and take the product orientation
on M x M. Compute the self-intersection number I(M x {p}; M x M) for any point
p € M. Also, compute I(M x {p};{p} x M; M x M).

2. Compute the self-intersection number of the diagonal in CP! x CP*.

7.3 Degree of a Map

In this section, we continue to assume that X,Y, Z, etc., form an appropriate data for
the intersection theory.

An important special case of the intersection number is when the manifold Z = {z} is
a singleton. Notice that this means that dim X = dimY. We shall further assume that X
and Y are boundaryless and compact and Y is connected. Under these conditions, we make
the following definition:

Consider then a smooth map f : X — Y and a regular value z € Y of f. This is
equivalent to say that f M {z}. We can now consider the number I(f,{z}) and write the
simpler notation I(f, z) for it. Let us make a few observations:

(a) We know that if f is replaced by a map g homotopic to f and transversal to {z}, then
this number remains the same: I(g,{z}) = I(g, {z}).

(b) Now given any z € Y, we also know that f can be homotoped in such a way that it
becomes transversal to {z}. Combining these two observations, we can define I(f, z) for all
zeY.
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(c) Next, observe that if z € Y is a regular value of f by Stack-Record Theorem 3.4.5, it
follows that there is a neighborhood V of z € Y such that f~*(V) = [, V; is the disjoint
union of open sets such that f : V; — V is a diffeomorphism, for each i = 1,2,..., k. We can
further assume that V' is connected. As z varies over V, its inverse image will have exactly
one point z; in V; and for each fixed i, the orientation number assigned to z; is the same
throughout V;, since V' is connected. Thus, it follows that I(f,{z}) has the same value for
all z e V.

(d) It follows that I(f,z) is locally a constant function on Y. Since we have assumed Y is
connected, it is actually a constant function. We can now make a definition:

Definition 7.3.1 Let X,Y be closed, oriented manifolds of same dimension n and let Y be
connected. Then for any smooth map f : X — Y we define deg f to be equal to the value
of the constant function I(f,y) for y € Y.

Remark 7.3.1

1. It follows easily that if f is not surjective, then its degree is zero. For then, we can
choose y € Y\ f(X), which is clearly a regular value for f in the definition of deg f.

2. If X = OM, where M is a compact, oriented manifold and f can be extended to
F: M — Y, then deg f = 0. This is an immediate consequence of Theorem 7.2.1.

Example 7.3.1 Degree of the Antipodal Map: If X is a closed, connected, orientable
manifold and f : X — X is a diffeomorphism then clearly, deg f = +1 according as f
is orientation preserving or reversing. As a special case, let us compute the degree of the
antipodal map 7 : S” — S" given by x — —x. For n = 1, it is easy to see that the antipodal
map preserves orientation. For n > 2, we need to work it out carefully.

To see whether 7 preserves orientation or not, it is enough to do this at a single point
p € S™ and compute the derivative of i at this point and check whether d(n), preserves
orientation or not. So, let us take p = (1,0,...,0), say. The tangent space at p to S™ is
the vector space spanned by {ea,...,e,41}. Also, the induced orientation from B"*! on
S™ at this point gives the ordered basis [es, ..., en+1]. Now T_,S™ = T,,(S™). However, the
induced orientation at —p is the opposite of that at p. Moreover, dn, : T,S™ — T_,S™ is

also the antipodal map v +— —v. Therefore, the ordered basis [es, ..., e, 1] is mapped onto
[—ea,...,—ent1], which is equal to (—1)"[ea, ..., ent1]. It follows that
degn = (—1)"*1, (7.5)

As a simple application of the computation of the degree of the antipodal map, let us
prove the following:

Theorem 7.3.1 On S?", every vector field has to vanish at some point.

Proof: We shall assume that there is a nowhere vanishing vector field ¢ on S?” and arrive
at a contradiction.

Dividing by the norm, we get a vector field g{) such that qg(x) is of unit length for all x.
Such a field is called a unit vector field. Using é, we define a homotopy H : S?" x I — §27
between the identity map and the antipodal map by

H(z,t) = (cosmt)x + (sinnt)p(x).

[Observe that since z and (ZB(:E) are unit vectors orthogonal to each other, for each fixed
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x, H(z,t) defines a rotation in the plane spanned by {z, g{)(m)}, through an angle 7t in the
direction indicated by ¢(x).]

We have proved that the degree of 1 is —1 on S?. Under the assumption that S*>" has a
nowhere vanishing vector field, we have obtained that 7 is homotopic to the identity map.
Homotopy preserves the degree whereas the degree of the identity map is always +1! This
contradiction proves the theorem. '

Remark 7.3.2
1. In particular, this implies that none of the even dimensional sphere is parallelizable.

2. In the case of 2-dimension, this theorem has the following amusing interpretation. As-
sume that you have a ball full of hairs sticking out of its surface. You will never be able
to comb it “smoothly” without leaving any parting points. With this interpretation
the above theorem is sometimes called the hairy-ball theorem.

3. It is clear that whenever we can compute the degree of a certain map, we will have
rich consequences. Let us illustrate this point with another example that is one sure
case where we can compute the degree.

Lemma 7.3.1 Let S! C C denote the circle with center 0 and radius r. For any integer m,
the mapping 7, : SL — S! given by z — 2™/|2™| has degree m.

Proof: Intuitively, this is clear. However, we can directly verify this by first principles.
First, observe that the map « : S! — S! given by z — 7z is an orientation-preserving
diffeomorphism. Hence, by considering 7,, o «, it is enough to prove the statement for
r = 1. Consider the case m # 0. Look at the derivative of the map z — 2" at a point (j,
where (; are |m|t" roots of unity. The tangent line at (; is oriented by 2¢;. The derivative
d(m)¢; (1G5) = mC;.nflij = ma which is the oriented tangent line at 1 or the opposite of it
depending on m is positive or negative. In either case, since there are exactly |m| number
of points, there degree is equal to m. Of course, if m = 0 then the map is a constant and
the degree is zero too. ®

Figure 33 The degree of a map.

Lemma 7.3.2 Let p(z) be any polynomial of degree n > 1 over complex numbers and let

P(z) = pEZ; , wherever p(z) # 0. Then for sufficiently large 7 > 0, the mapping P : SL — S*
p(z
has degree n.

Proof: By dividing by the coefficient of the leading term, we may as well assume that
p(2) = 2" +q(2) where ¢(z) is a polynomial of degree < n. We know that for all large values
of r, p(z) # 0 on S}. We shall show that P is homotopic to the map 7, : S} — S* defined
by z — z"/|z|" = 2™/r™. Since we have seen that degn,, = n, this will complete the proof.
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So consider the obvious homotopy
H(z,t) = (1 —1t)p(z) +tz".
We first claim that H(z,t) # 0 for any ¢ € [0, 1] if |z| is very large. For this, we observe that

’H(Z»t) (1 —t)g(2)

zn

a=)|

>1-

=i+

As z — 00, q(z)/z™ — 0. Therefore, for large r > 0, H(z,t) does not vanish and so,

H(z,1t)
G(z,t) = ———+
|H (z,1)]
is a well-defined homotopy G : S x I — S! as required. ®

Theorem 7.3.2 Fundamental Theorem of Algebra (FTA): Let p be a nonconstant
polynomial with complex coefficients. Then p has at least one complex root.

Proof: Consider the function P : SL — S!, defined as above, for some large r. We have
shown that deg P = m. On the other hand, if p has no zeros at all, then P makes sense on
the whole of the ball B,.(0). From Theorem 7.2.1 deg P = 0, which is a contradiction. &

We can strengthen the above arguments to arrive at a result similar to that of the
argument principle in complex analysis.

Lemma 7.3.3 Let p be a polynomial and z = zg be a zero of order [. Then on the circle
0B,(zp) the mapping p/|p| has degree = [ for sufficiently small r.

Proof: Choose r > 0 so that on the closed ball B, (z0), p has no other zeros. Write p =
(2 — 20)!q(2). Then on B,(zp), q does not vanish. Hence, we can consider the homotopy

(z — 20)'q(tzo + (1 — t)2)

|(z = 20)'q(tzo + (1 = 1)2)]
for z € 0B, (z0),t € [0, 1]. Observe that

H(z,t) =

_ 0\
H(z,0) = p(2) i H(z,1)= 67(2 ZO)Z .
p(2)] |2 = 20
Here ¢ = |qEZO) is a complex number of unit length. Multiplication by such a number is
q(20
a rotation and hence does not affect the degree. Thus, the map z — H(z,1) is clearly of
degree . Py

Theorem 7.3.3 Argument Principle: Let R be a bounded region in C bounded by a
smooth curve OR. Assume that p is a polynomial which has no zeros on OR. Then the number
of zeros of p inside R counted with multiplicity is equal to the degree of p/|p| : OR — S*.

Proof: An elementary observation in algebra tells us that there are only finitely many
zeros of a polynomial. Let z; be the zeros of p inside R. We choose small enough discs
D; in R around each of the zeros of p so that they are mutually disjoint and restricted
to the boundary of these discs, P = p/|p| is of degree [, where I; is the multiplicity of
the zero z;. Now p/|p| makes sense on the 2-dim manifold M = R\ U;D; and hence
the map restricted to M should be of degree 0. Observe that OM = OR U; dD; and
the orientations induced on dD; from M is the opposite of the standard one. Therefore,
0 = deg Plom = deg Plor — _; deg Plop, = deg Plor — > _; li. )
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Remark 7.3.3 Notice that in proving the above results, we have used only a little knowl-
edge of complex numbers. Indeed, such a result is provable for any holomorphic map also,
on similar lines. But for that, we need to use a little more knowledge of Complex Analysis,
such as that the zeros of a holomorphic function are isolated etc.. So, we better leave this
to Complex Analysis itself. For another proof (due to Euler) of the Fundamental Theorem
of Algebra using the notion of degree, see Exercise 2 below.

We shall end this section with a recipe to determine the degree of a map f : St — S!.

Example 7.3.2 Let f : S' — S! be any smooth map. Consider the exponential map
exp : R — S! given by t +— 2™, We shall claim that there exists a smooth map g : R — R
such that f o exp = exp o g. Let us examine what kind of map ¢ should be. Since for a
fixed t and for any integer k all points ¢t 4+ k are mapped to the same point under exp, it
follows that g(¢ + k) should be points such that the difference between any two of them is
an integer. Therefore, if we set a(t, k) = g(t+k) — g(t), then «(t, k) is a continuous function
of R x Z taking integer values. Hence, it must be a constant for each k € Z. Let us denote
this constant by «a(k), i.e., g(t + k) — g(t) = a(k), for all t € R and for all integers k. But
then we have

gt)+alk+1) = g+ (E+1))
glt+k+1)
gt +k)+a(l)
= g(t)+alk)+al)

which shows that a(k+1) = a(k)+ «(l). Therefore, denoting (1) = d, we have, a(k) = dk.
Thus, we have,

g(t+k)=g(t)+dk, k€ Z, t €R. (7.6)

We shall first of all show that d is indeed the degree of f. For this we shall prove that
f is actually homotopic to the map 7 : z — z%. Once again, we construct this homotopy
in the space R and then pass down to S!'. Clearly the power map 7 on S! corresponds to
the multiplication map u : t — td on R. So, consider H : R x I — R given by (¢,s) —
sg(t) + (1 — s)td. This is a smooth homotopy between p and g. It defines a homotopy
G : St x I — S! between n and f. For,

H(t+k,s) sgt+k)+ (1 —s)(t+k)d
= sg(t) +skd+ (1 —s)td+ (1 — s)kd

= H(t,s)+kd, keZ.

Since we know that 7 is of degree d we are done.

Thus, it remains to prove the existence of the function g as claimed. Indeed, the prop-
erties of g require us to define it only in the interval [0, 1]. For, once the function is defined
here, its values elsewhere are determined by the property (7.6).

This we shall do by proving a little more general result.

Lemma 7.3.4 Let 7 : [a,b] — S! be any map, ¢y € R be such that e?™ = ~(a). Then
there exists a unique map 7 : [a,b] — R such that exp o4y = v and (a) = to. Moreover, if
v is smooth then 7 is also smooth.

Proof: Since the uniqueness is not of our immediate concern, we leave its proof to you as
an exercise. Let A be the set of all ¢ € [a,b] such that there exists a map 7 : [a,c] — R as
described above. Clearly, a € A and hence A is nonempty. Now, we shall show that A is
both open and closed and hence A = [a, b], which will complete the proof. Let ¢ be a closure
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point of A. Our aim is to show that ¢ is in the interior of A. Let U be any neighborhood of
f(c) in S, which is not the whole of S'. For definiteness, we choose U = S\ {—f(c)}. Since
f is continuous, there exists € > 0, such that if Ic = (¢ — ¢,¢ + €) N [a, b], then f(I) C U.
Since ¢ € A, there exists s € AN I.. If s > ¢, this implies ¢ € int (4). So assume s < ¢ and
let 4 : [a,s] — R be as required. Now we know that ezp~!(U) is a disjoint union of open
intervals such that on each of these intervals J,., exp : J. — U is a diffeomorphism with its
inverse In,.. The point 4(s) belongs to precisely one such interval J,. say. It follows that for
points t € I, we have ¥(t) = In, o f(t). Therefore, if we define 7 : [a,s]U I — R by the

formula
(t)_ :Y(t)a a<t<s,
| Inqo f(t), tel,

then we obtain a continuous 7 : [a, s]U I — R as required. This proved that [a,s]UI. C A.
Since ¢ is in the interior of I, this proves that ¢ € int A.

If «y is smooth, since locally 4 can be expressed as In o7y for some branch of the logarithm,
it follows that 4 is also smooth. ®

gl

Remark 7.3.4 Using Lemma 7.3.4, given ¢y € R such that expty = f(1), we can now get
a map g : [0,1] — R such that g(0) = to. It follows =that g(1) = to + d for some integer d.
We now extend g to the whole of R by the formula (7.6) as a continuous function.

For future reference, we shall state whatever we have proved just now as a theorem.

Theorem 7.3.4 Given any map f : S' — S' and a point xo € R such that exp(zg) =
e?™0 = f(1), there exists a unique map g : R — R such that g(0) = xg and expog = foexp.

As an immediate consequence, we derive an interesting result which is the first case of
the well-known Borsuk-Ulam Theorem.

Theorem 7.3.5 Let f : St — S! be a smooth map that is odd, i.e., such that f(—z) =
—f(x),x € St. Then deg f is odd.

Proof: We have a map g : R — R such that expo g = f o exp. Since f is an odd map, it
follows that g(t+1/2) = g(t)+ A(t), where =e?™(®)* = —1. As in Example 7.3.4, \(t) can be
shown to be locally constant and hence does not depend upon ¢. This means A(t) =1/2+m
for some integer m. But then, if d = deg f we have,

git)+d = g(t+1)
g(t+1/2+1/2)
g(t+1/2)+1/24+m
g(t)+142m

This proves that d = 1 + 2m is odd. )
What we have seen so far, is the tip of a great iceberg called the theory of covering
spaces, which you will learn in a first course in Algebraic Topology.

Exercise 7.3
1. Compute the degree of f : S™ — S™ given by
(-Tla s ,.’En+1) = (_xla sy TR, Tkt - - ,l’n+1).

2. Euler’s Proof of Fundamental Theorem of Algebra:' Consider the affine space
Vi of all monic polynomials

flx)=2" —az" 4+ (=) "a,

IThe idea behind this proof of FTA is due to Euler.
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with real coefficients and identify it with R™ via

fre(ar,...,an).

The Cauchy product of two polynomials
(f.9) — fg

then defines a map

Omon t Vi X Vi = Vipgn.
(a) Show that ¢y, is a smooth, proper map.
(b) Show that the Jacobian of @, n, i.e., the determinant of D(¢y, ) at any point
(f,g) is equal to the resultant R(f,g) of the two polynomials f, g with respect to the
variable z. (See [Lang] p. 200.)
(c) Show that (f, g) is a regular point of ¢y, ,, iff f and g have no common roots in C.

(d) Put f = Hle(as2 + a?),g = H§'=1($2 + b3), for some a;,b; € R. If
ai,...,ay,by...,b; are distinct real numbers, then show that v = ,g) 1S a reg-
2 2.2 b? disti 1 b hen sh h o(f,g) i o
ular value and #(¢~1(v)) = (k;rl) and the Jacobian of ¢,,, at all these points is
positive.

(e) Conclude ¢ o is a surjective map.?

(f) For f(x) = 2™ + c1xp_1 + - + ¢p € Cla], define f(z) = 2™ + 2" 1 + -+ + Gp.
Observe that h(z) = f(z)f(x) € Rlz] and f has a root iff k has a root.

(g) Deduce the Fundamental Theorem of Algebra.

7.4 Nonoriented Case

We shall now consider the case when the orientation information on one or the other
manifolds appearing in the data for intersection theory is missing. This could simply mean
that we have not decided on any orientation on one of them, or that such a data is not
available to us or that indeed one of these manifolds may not be orientable. It also includes
the case when all the orientation data were available (as before) but we prefer not to
use them for awhile. Nevertheless, as soon as the dimensionality condition is met, viz.,
dim X +dim Z = dimY and fr) Z, we know that W = f~1(Z) is a (compact) 0-dimensional
manifold and we can simply count the number of points in it. We define

Iy(f,Z) = #(W) mod (2)

and call it the mod 2 intersection number. It follows that all the earlier theorems, available
for the oriented intersection number are available for mod 2 intersection number as well, with
trivial modifications. Moreover, if I(f, Z) were defined then I(f, Z) = I2(f, Z) mod(2). It is
also obvious, on general considerations, that the mod 2 intersection theory is weaker than
the oriented intersection theory, when the latter is available. For instance, using only the
mod 2 intersection theory, the arguments used in proving FTA 7.3.2 above would only lead
us to conclude that every odd degree polynomial has a root, instead of the full assertion
of FTA. However, there are situations in which, actual computation of the intersection
number could be impossible or very cumbersome, whereas, the mod 2 intersection is easily
computable. Certainly, the mod 2 intersection is stronger in one sense, viz., it has wider
range of applicability. Let us now illustrate this point.

2This step uses the fact that a positive degree map has to be necessarily surjective, and that the degree
is independent of the regular value chosen to compute it, which in turn, uses Sard’s theorem. During Euler’s
time, perhaps one could not have expected such justification to be provided.
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Theorem 7.4.1 Let Y be a manifold of dimension 4m + 2,m > 0. Let Z be a closed
submanifold of Y of dimension 2m + 1. If mod 2 self-intersection Io(Z;Y) of Z in'Y is
nonzero then Z or'Y is nonorientable.

Proof: Assuming that both Z,Y are orientable, we fix some orientations on them and

consider the number I(Z;Y") € Z. Recall that this is nothing but I(X, Z;Y) where X = Z.

In (7.4), we have seen that I(X,Z) = (—1)dmX)W@dmZ) r(7 X Putting X = Z and using

the fact that dim Z is odd, this means that I(Z;Y) = —I(Z;Y). Hence, I(Z;Y) = 0. On

the other hand, I(Z,Y) = Io(Z;Y) mod(2), which contradicts the hypothesis. A
As an application, we have a neat proof of the following “obvious fact”:

Theorem 7.4.2 The Mobius band is nonorientable.

y =M

Figure 34 The central circle has nontrivial self-intersection.

Proof: Take Y to be the M6bius band and Z to be the central circle in the above theorem.
By pushing Z a little bit all over, we can obtain a homotopy of Z to another circle X C
Y such that X N Z is a single point and the intersection is transversal. (Ex. Prove this
rigorously.) Therefore, I>(Z;Y) = 1. Since Z = S! is orientable, from Theorem 7.4.1, it
follows that Y is not orientable. ®

Remark 7.4.1 For more application of mod 2 intersection, see the next section.

Exercise 7.4 Compute the (mod 2) self-intersection number of the diagonal in P? x P2.

7.5 Winding Number and Separation Theorem

We shall now study two more important geometric concepts using the intersection theory.

The classical Jordan curve theorem says that every simple closed curve in R? separates
R? into two parts. Restricting ourselves to the case of smooth curves, this can be stated
as: every embedding of S' separates R? into two components. This somewhat “self-evident”
result, as we all know is hard to prove. On the other hand, intuitively this should also be
true in dimension three, i.e., any embedding of S? should separate R3 into two components.
Indeed, such a result is true in all dimensions. In order to prove this and more, we shall con-
sider the situation in a general setup. However, for motivation and geometric understanding
of what is going on, you may keep the picture of a simple closed curve in R? in your mind.

Let X be a compact, orientable, boundaryless manifold of dimension n — 1 and let
f X — R™ be a smooth map. Let us take a point z € R™ which does not belong to the
image of f. We are interested in studying how f “wraps” around z. For this, we consider
the behavior of the mapping 7¢ : X — S"~! given by

flz) -z

xr— —

1f(z) = 2l
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Hold on then. This is the setup that is ideal for the study of the degree of a map. In what
follows, we assume that X is oriented and talk about the degree d of 7; and its properties. In
the nonorientable case, corresponding statements with appropriate modifications will make
sense and will be true.

The experience that we have with the mappings S' — S! suggests the following defini-
tion:

Definition 7.5.1 We define the winding number W(f,z) of f around z to be the degree
of Tf-

One of the simplest properties of the winding number is that it is locally a constant as
a function of z. Hence, it is constant on each component of R™ \ f(X). This remark will
become quite handy soon.

We begin with a result similar to the argument principle which is also proved in a similar
way. So let us call it the generalized argument principle.

Theorem 7.5.1 Generalized Argument Principle: Let X = M, where M is a com-
pact oriented manifold and let F : M — R™ be a smooth map such that OF = f. Let
z € R"\ f(X) be a regular value of F. Then W (f, z) is equal to the sum of the intersection
numbers on F~Y(z). In particular, Wa(f,2) = #(F~1(2)) (mod 2).

Proof: The proof is similar to the one that we gave for the argument principle (Theorem
7.3.3). Without loss of generality we may choose the origin of R™ to be at z itself. Choose
small neighborhood B; around each of the points z; € F~1(z) in X so that

(i) F : B; — U is a diffeomorphism onto a neighborhood of z.

(ii) Each B; is diffeomorphic to a n-disc.

(iii) The closures of B; are mutually disjoint.

If €; is the number assigned to z;, we must show that W(f,z) = >, €. Recall that ¢; = 1
according as F'|p, is orientation preserving or reversing. But this is the same as whether
F|sp, is orientation preserving or reversing. Put g; = F|p, and let h; = g;/|g:|. Then
deg h; = deg g; = deg (F|op,) = €;. On the other hand, consider A = M \ U;B;. Then F(A)
does not contain 0 and hence, H = F/|F|: A — S"~! is defined. Therefore, 0 = deg H =
deg f— >, degh; =deg f — > €. ®

Remark 7.5.1 We would like to bring to your notice once again that, in the statement
of the above theorem, we have assumed that M is orientable. However, if this is not the
case, the result is still valid provided you replace W (f, z) by Wa(f, z), etc. This remark is
applicable to almost all situations that we discuss in future.

We shall now give a method that works well in computing the winding number. First,
prepare yourself with two lemmas, the proof of the first one being an exercise for you.

Lemma 7.5.1 Let © : R\ {0} — R" be defined by z — z/||z||. At any point a € R™\ {0},

show that d(0©), = Wwa, where 7, : R™ — R" is the projection of R™ on the orthogonal
a

complement of a. In particular Kerd(0), = L({a}), the linear span of a.

Lemma 7.5.2 Let v € S" ! and let L, = {xv : 7 > 0} be the ray along the unit vector

v, 7r(x) = f(x)/||f(z)]]. Then for any smooth map f: X — R™\ {0}, v is a regular value
of r4 iff fM L,. Further, we have, W(f,0) = I(Ly, f).

Proof: Clearly, x € Tf_l(’l)) <= f(z) € L,. Now, v is a regular value of 7y iff d(74), :
T,X — T,(S*™') is an isomorphism. Also, ker (d(0) (»)) = L({v}), the subspace spanned
by v, which is also equal to T'f(;)(Ly). Since the dimension of T, X is n — 1, it follows
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that d(7f), : ToX — T,(S"™!) is an isomorphism iff d(7f), is injective and its image is
complementary to L({v}). This is again equivalent to say that dfy(T;X) + Tt)(Ly) =
Ty (R™) = R™, which, in turn, is equivalent to say that f is transversal to L.

Figure 35 Computing winding number.

Now, recall that the orientation taken on L, is in the direction of v. Let [a] denote
the orientation class of T,,X. In computing the number I(L,, f), the orientation number ¢,
attached to x is +1 iff [v]df,([a]) = E,, is the standard orientation on R™. On the other hand,
if [b] denotes the orientation class of T, (S*~1), then we also have [v][b] = E,,. Therefore, it
follows that e, = +1 iff d(7f) maps [a] onto [b]. This is the same as saying that 7; preserves
orientation at x iff ¢, = +1. (In Figure 35, the vector u is not a regular value of 7y because
of the point y1. The vector v is a regular value with z; € 7 !(v). The orientation numbers
add up to +2.)

Upon taking the sum over all z € 7, L(v) the last assertion of the lemma follows. ')

Theorem 7.5.2 Jordan-Brouwer Separation Theorem: Let X be a connected, com-
pact, boundaryless submanifold of codimension 1 in R™. Then R™\ X consists of two con-
nected components, A, B of which one is bounded. Moreover, X is the common boundary of
A and B.

Proof: The proof will be divided into several easy steps.
Step 1: We first prove the local version of the above theorem: At every point x € X,
there exist arbitrary small neighborhood U of x in R™ such that U \ X has precisely two
components. To prove this, first consider the simplest situation, when X is replaced by
R™! x 0. In this case, all that we have to do is to take U to be a ball around x. Then,
clearly U \ X has two components, viz., U N H}. Now, in the general case, let € X be
any point, U, be a neighborhood of x € R™ and let ¢1, ..., ¢, be coordinate functions such
that

UNX={z€U : ¢o(2) =0}; ¢i(x)=0,i=1,...,n.
If ¢ = (¢1,...,¢n) defines a diffeomorphism of U onto the unit ball B™ say, then it follows
easily that U \ X has precisely two components Cy, Cy say, which are diffeomorphic to the
upper-half and the lower-half balls.

Step 2 : Let z € R\ X. Let x € X be any point and U, be a neighborhood of x in R™.
Then there exists a path v C R™\ X, which starts at z and ends in a point of U,. To prove
this, we have to use the connectivity of X. If Y is the set of all points in X which have the
above property, it is easily seen that Y is both open and closed. So, it remains to see why
Y is nonempty. Take any regular value v € S*~! of the function

z—x

T .
[
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Then the ray L = {z +tv : ¢ > 0} intersects X transversely. (See lemma 7.5.2.) Let zg
be the point on this ray which belongs to X and nearest to z. We can then choose a point
y € LNUy, such that the line segment [z, y] does not intersect X at all. This means zo € Y.
Hence, Y is nonempty as required. This completes the proof of Step 2.

Step 3: R™\ X has at most two connected components. Fix x € X. If U, is chosen as in
Step 1, it follows from Step 2, that every element z € R™\ X can be joined to a point either
in Cy or in C5 inside R™\ X. Hence, the assertion.

Figure 36 The complement of X has at most two components.

Step 4: Let x € X and U, etc., be as in Step 1. Let f : X — R"™ be the inclusion map. Then
the winding number Wa(f, z) takes different values on Cy and Cs. In particular, R™ \ X
has at least two components. To see this, draw a line L through x that is transversal to X.
(L exists by Sard’s theorem). Then on this line, pick up points ¢, co on either side of = so
that [c1,co] C U and [e1,co] N X = {x}. It follows that ¢; are in different C?s. Hence, we
may assume that ¢; € Cq and ¢z € C2. Now we can use the ray [c1,00) that includes the
point ¢z to compute the winding number Wa(f, ¢1). Likewise, we can use the sub-ray of this
[c2,00) (which excludes c¢1) to compute Wa(f, c2). It follows that Wa(f,c1) = Wa(f, c2)+ 1.
Therefore, ¢1, co must be in different components of R™\ X. This completes the proof of the
assertion in Step 4.

Combining this with Step 3, we have completed the proof that R™\ X has precisely two
components.

Observe that X is a closed subset of R™. Therefore both A and B are open sets in R™
such that A = AU X and B = B U X. Combining this with Step 1, we conclude that A
and B are manifolds with their common boundary as X. Of course at least one of them
must be unbounded say, A. On the other hand, there cannot be more than one unbounded
component, since X is compact. So, B is bounded. ®

Remark 7.5.2

1. Consider the special case when X is diffeomorphic to S*~!. For n = 2, and for a
topological embedding of X, this is the classical Jordan Curve Theorem. Indeed, a
“not so easy” application of Riemann mapping theorem, tells you that the bounded
component U of R?\ X is diffeomorphic to (biholomorphic to) the open unit disc. For
n = 3, the famous Alexander’s horned sphere [A] gives an example of a topological
embedding of S? in S? such that the complements are not 3-cells. Thus, a certain
“flatness” condition on the embedding is necessary, such a condition being always
satisfied in case of smooth embeddings. And then these results are popularly know as
Schoenfly-type theorems which need special techniques to handle. (See [Bn], [M].)
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2. What happens when we take a submanifold of codimension > 17 To understand this,
consider a simple situation first. If U is a connected open subset of C, then you know
that U\ F' is still connected where F' is a finite set. Likewise if we take away a line from
R? it is easily seen that the resulting space is still connected. Indeed, this holds in much
generality. Let Y be a connected manifold, and X CY be submanifold of codimension
> 1. Then Y\ X is connected. We can use the transverse homotopy theorem to prove
this as follows. Let a,b € Y\ X be any. Since Y is connected, there exists a smooth path
v :[0,1] — Y connecting a,b. By the extended transverse homotopy Theorem 7.1.4,
we may assume that v is transversal to X. But then W = y71(X) is a submanifold of
[0,1], which is of codimension > 1. This means W = ), which is the same as saying
that Im~vy; N X = (.

Exercise 7.5
1. Prove Lemma 7.5.1

2. For n > 2 and for any connected manifold X, the set of all homotopy classes of maps
S™ — X is denoted by 7, (X). It can be shown that these form an abelian group. For
any continuous map f : X — Y, taking composition induces a group homomorphism
f (X)) = ma(Y).

(a) Let N be a closed connected submanifold of codimension k > 2, in a manifold M.
Show that the inclusion induced map ny : m;(M \ N) — m;(M) is an isomorphism for
1 < k — 2 and is surjective for i = k — 1.

(b) In the above situation suppose further that 71 (M) = (0). Prove w1 (M\N) # (0).

7.6 Borsuk-Ulam Theorem

In this section, we shall apply the notion of winding number to prove one of the most
popular results in Topology.

Recall that a map f : S®™ — R™ is a called odd if it satisfies the following symmetry
condition:

f(=z)=—f(x), Y2zeS"

A typical example of such a map is the antipodal map itself, which takes each = to —zx.
Standard examples of odd maps are sin x and polynomial maps with only odd degree terms.
In particular z — 2% is an odd map if the degree d is odd. The Borsuk-Ulam theorem can
be loosely stated as a partial converse to this, viz.,

‘ every odd map is of odd degree. ‘

Lemma 7.6.1 Let £ > be an integer. The following statements are equivalent to each
other.

(k1) The image of any odd map f : S¥ — R**1\ {0} has to intersect every line in R*¥+!
through the origin.

(k2) The image of any odd map g : S¥ — R¥ contains (0,...,0).

(k3) There is no odd map g : S¥ — S¥=1.

(k4) Given any map h : S*¥ — R¥| there exists v € S* such that h(v) = h(—v).
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Proof:

(k1) = (k2) Define f(z) = (g(z),0). Then f is odd and hence there exists v € S* such
that f(v) belongs to the xp1-axis, i.e., f(v) = (0,...,0,t) = (g(v),0). This implies g(v) =
(0,...,0).

(k2) = (k3) An odd map g : S¥ — S¥~! can be thought of as an odd map f : S¥ — R*\ {0}
contradicting (k2).

(k3) = (k4) Define ¢(z) = h(x) — h(—=x). Then ¢ is an odd map. If its image contains no
zeros then g = h/||h|| makes sense and is an odd map. This contradicts (k3).

(k4) = (k1) Given any line L through the origin, consider the projection 7, : R¥*t — RF
parallel to L. Then 71, being linear, it follow that h = 7, o f is an odd map. By (k4), there
exists a point v € S¥, such that h(z) = h(—z) = —h(z). Hence, h(x) = 0. This implies that
f(z) € Kernp = L. [ )

Theorem 7.6.1 Borsuk-Ulam Theorem: Consider the following statements, in which
k > 1 is a fized integer:

(ka) Given an odd map f :SF — R¥1\ {0}, we have Wa(f,0) = 1.

(kb) Given an odd map ¢ : S¥ — S, we have, deg, ¢ = 1.

These two statements are equivalent to one another. Each of them implies all the four
statements in the previous lemma. Moreover, statements (ka) and (kb) are true, for all
kE>1.

Proof: We shall first prove that statements (ka) and (kb) are equivalent, prove (ka) =
(k1) and then prove the statement (ka).

(ka) = (kb) Consider ¢ as an odd map into R¥*1\ {0}. Then by (ka), 1 = Wa(¢,0) and
by definition, this is equal to deg, (¢/]|¢||) = deg, ¢.

(kb) = (ka) Put 6 = //||f]].

(ka) = (k1) If L is a line that does not intersect image of f, then using this we can com-
pute the mod 2 intersection. So, if L™ is aray on L from the origin, Wa(f,0) = L(f, L™) = 0.

We shall now turn our attention to the proof of (ka), which is achieved by induction on k.
Observe that once we have an induction hypothesis that (ka) is true say, then corresponding
statements (k1)—(k4) as well as (kb) are available for us in proving ((k+1)a). Also, we can
choose to prove either ((k+1)a) or (k+1)b at our will.

Consider the statement (1b). This is precisely what we have proved in Theorem 7.3.5.
Thus, we have (1a) and (1b) are true.

Now assume that ((n-1)a) is true for some n > 2. Let f: S” — S™ be an odd map. We
have to prove that deg f is odd. Treat S”~! as a submanifold of S™ via the equator given by
Zn+1 = 0 and consider the map g = f|gn-1. Let v be a regular value for both f and g. By
symmetry, it follows that —v is also a regular value of f and g. It also follows that +v do
not belong to the image of g since the domain of g is of dimension one lower than that of its
codomain. Therefore, if L is the line spanned by v, then L does not intersect Im g. Moreover,
it also follows that fN L. Therefore, by definition, deg, f = Wa(f,0) = #(f~*(v)), (mod 2).

Now, under the antipodal mapping, there is a one-to-one correspondence between the
sets f~1(v) and f~!(—v), which follows from the symmetry property of f. Therefore,

#UH @) = S0 o, —oh) = S#UHD))

Also observe that f~1(L)NS"~! = g=1(L) = (). Once again, by the symmetry, there is
a one-to-one correspondence of the sets f~'(L)NS% and f~!(L) NS™ where S denote the
upper and lower hemispheres. Therefore,

#f71(v) = #(f7H(L)NSY).
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Now, consider the map h = 7 o f : S — R". It follows that h is an odd map. Moreover,
0 ¢ h(S"1), since L does not intersect g(S"~!). Hence, Wa(h|gn-1,0) = 1, by induction
hypothesis ((n-1)a). On the other hand, 0 is a regular value of h, since f M L. Therefore,
from Theorem 7.5.1, we have, Wa(h|gn-1,0) = #h™1(0) = #(f~1(L)NS}) =1 (mod 2). &

Remark 7.6.1

1. The 2-dimensional version of (k4) in Lemma 7.6.1 has the following meteorological
interpretation. At any given time, there exists a pair of antipodal points on the globe
at which temperature and pressure are equal.

2. Ham-Sandwich problem: In dimension 3, the Borsuk-Ulam theorem gives an affir-
mative answer to the following question: Consider three sandwiches of arbitrary size
and shape, situated in the space arbitrarily. Can one cut each of the three sandwiches
into two equal parts, by a single stroke of the knife? The mathematical model of this
question will read as follows: Suppose A;, As, A3 are bounded regions (open and con-
nected) in R3. Does there exist a plane P that separates each A; into two portions
of equal measure? (It is not asserted that the two halves of A; are connected.) One
converts this problem into the setup of the Borsuk-Ulam theorem, the sketch of which
is as follows. (We leave it to you to fill up all the necessary arguments.)

Fix a vector v € S%. To each r € R, let P, be the plane perpendicular to v and passing
through rv. For each A = A;, let fa(r) be the difference of the measures of portion of
A lying on either side of P,. First, show that f(r) is continuous. Use the intermediate
value theorem to show that there is r, € R such that f(r,) = 0. Prove that r, is
unique. This is where connectivity of A has to be used.

We get a map g4 : S? — R defined by v — r,. Show that g4 is continuous, by
using an appropriate property of integration. Verify that g4 is odd. Now take g :=
(ga,,945,945) and complete the argument.

3. It is also easily seen that the same arguments as above can be used to solve the higher
dimensional analogue of the Ham-Sandwich Problem.

Exercise 7.6 Fill in all the details in the proof of the Ham-Sandwich Theorem outlined in
the above remark.

7.7 Hopf Degree Theorem

Lemma 7.7.1 Let f : S® — S",n > 1 be any smooth map of degree 0. Then f is null
homotopic.

Proof: We prove it by induction. For n = 1, consider a map ¢ : R — R such that goexp =
expo f as given by Example 7.3.2. Since degf = 0, it follows that («(1) = 0 and hence)
g has the property g(t + n) = g(t) for all ¢t and for all integer n. So, we consider g4(t) =
sg(t), 0 < s <1,t€R. Then each g5 has the property g;(t +n) = sg(t +n) = sg(t) = gs(t)
and hence defines a unique smooth homotopy f; : St — S! such that g; o exp = f; o exp. Of
course this is a homotopy of the constant map 1 with f.

We now assume the result for n and go on to prove it for n + 1. Observe that the
induction hypothesis is equivalent to say that any smooth map S — R"*1\ {0} having
winding number 0 around the origin is null homotopic in R+ \ {0}.

We know that the punctured S™t! is diffeomorphic to R™*!, which is contractible.
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Therefore, it suffices to prove that f is homotopic to a (continuous) map a : S"*! —
S"+1\ {v1} for some point v; € S*FL.

Let f: S"t! — S"*! be a smooth map of degree 0. Choose two regular values vy, vy €
S"*! for f. By an isotopy, push all the points in f~!(v;) into Siﬂ, the upper hemisphere,
and f~'{vy} inside S™*', the lower hemisphere. (See Corollary 6.3.3.) Next, by an isotopy
in the codomain (or otherwise), we may assume that v; = N,vy = S, the north and the
south pole, respectively. Let p : S"*1\ {N} — R"*! be the stereographic projection and
h=pof:S"H - R+

Now, for each a; € f~1({S}) = h=({0}), choose disjoint neighborhoods V; of a; in
S™*! such that each is diffeomorphic to a disc neighborhood V' of 0 under h (Stack-Record
Theorem 3.4.5). Let W = S™*! \Ui>0V;. Then clearly OW = S§" U;= 0V;. Consider the map
h: W — R 1\ {0}. It follows that the winding number W (h|s»,0) is equal to the sum of
all the winding numbers W (f|sv;,0). On the other hand, this sum is equal to the degree of
f up to sign, and hence is equal to zero. By induction hypothesis, h|s» is homotopic to a
constant map in R"*1\ {0}. From this, we get a smooth map

g: S71+1 N Rn+1 \ {0}

1

which extends the map h|s». Now, p~! o g will patch-up with f st to define a continuous

map f : S*t! - S"HL Tt easily follows that the south-pole S is not in the image of f.
Finally define F : S™*! x I — S**+1 by

~ | f(=x), x e St
Fla.) = { o (tg(@) + (1 - Dh(e)), @ e S,

Then F' is a homotopy of f to a map f as required. [

Theorem 7.7.1 Hopf Degree Theorem: Let X be a compact oriented boundaryless man-
ifold of dimension n and let f,g: X — S™ be any two maps. Then f ~ g iff deg f = degg.

Proof: We have only to prove the “if” part here.

Observe that it is enough to get a map G : X x I — R"*1\ {0} such that Gy = f,G1 = g.
So, first define H : X x I — R""! by H(x,t) = (1 —t)f(z) +tg(x). By extended transverse
homotopy Theorem 7.1.4, we may assume that 0 is a regular value for H. By an isotopy
of X x I which is identity near (X x I) we can push the finite set H~1(0) inside a
subset A of X x (0,1), which is diffeomorphic to a disc. (See Corollary 6.3.3.) Now consider
W =X xT\int A and let B = 0A. Then

OW = (X x 0) U (X x 1)U B.
Since H(W) c R™*1\ {0}, it follows that
0= W(g,O) - W(fvo) - W(H|B?O) = degg - degf - W(H|Ba0)

Hence, W(H|p,0) = 0 and by the lemma above, it follows that H|p can be extended to a
map H : A — R\ {0}. Together with the rest of H on W, this defines the map G that
we wanted. [

Remark 7.7.1 Thus, for a compact connected, oriented boundaryless manifold X of di-
mension 1 > 1, the homotopy class of a map f: X — S” is determined by an integer, viz.,
the degree of the map. A natural question that arises is: for each integer d, does there exist
amap f: X — S™ with its degree equal to d? The answer is “YES”.

Of course, for d = 0, we simply take f to be any constant map. So let d # 0. Now
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consider the special case where X = S”. For n = 1, we know that the map 74 : z — 2% is
of degree d on S*. By successively spinning 74 (equivalently, taking supsension), we obtain
degree d maps on higher dimensional spheres. The catch is that the “spinned” maps are
not smooth at the north and south poles. One can change them “slightly” by a homotopy
to get smooth maps. However, this technique will not be available on other manifolds.

We can try another geometric idea. Pick disjoint copies of balls in the manifold, as many
as the degree of the map that you want to construct; pinch the rest of the manifold to a
single point to obtain a bouquet of spheres; map each of these spheres to a single sphere
by orientation-preserving diffeomorphisms. It is clear that such a map is continuous and
is of degree d. The only problem seems to be the smoothness of the map at the boundary
points of the discs. This can be resolved in several ways, e.g., one can appeal to smooth
approximation Theorem 6.1.3. Here is another.

Theorem 7.7.2 Let X be an oriented, connected, closed n-dimensional manifold. For every
integer d, there exists a smooth map f: X — S™ such that deg f = d.

Proof: We first observe that if ¢ : R™ — S™ \ {IN} is the inverse of the stereographic
projection, then lim do, = 0. For

xr—00

221 2z, 1-— ||:E|2)

o(x1y..y&p) =t (01,...,0nt1) = <1+ Ll T a2 T3 o]

Now take partial derivatives of each o; and see that the limit is zero as © — oo. (Indeed,
all the higher derivatives also have limit zero.)

Let now ¢; : U; — R™ be orientation-preserving diffeomorphisms where U, are disjoint
open subsets of X. We define f: X — S™ by

f(x):{ oco¢gi(x), zeU;, i=1,...,d;

N, xEX\UZ‘Ui.

From the lemma above, it follows that as x approaches a boundary point of U; from inside
U;, df, tends to 0. It follows that f is smooth. Now observe that ¢ is orientation preserving
or reversing according as n is odd or even. Therefore, it follows that deg f = (—1)"!d.
When n is even, we also know that the antipodal map is of degree —1. So, in this case we
compose the above f with the antipodal map to get a map of degree d. ®

Remark 7.7.2 The Hopf degree theorem is available when X is nonorientable also. The
basic result that we need is that in a connected nonorientable manifold, there exist embedded
loops w which reverse orientation. (See Exercise 4.1.1).

Theorem 7.7.3 Let X be a connected nonorientable manifold of dimension n > 2. Then
two maps f,g: X — S™ are homotopic iff deg, f = degy g.

Proof: Again, we need to prove the case “if” only. As in the orientable case, it suffices to
prove that if degy f = 0 then f is null homotopic. Choose a regular value v € S™ for f and
let F = f~'(v) ={ai...,a2;}. We shall show that f is homotopic to a map fi with v as a

regular value but f; !(v) = {a1,...,as_2}. Repeating this argument, it would follow that
f is homotopic to a map that is not surjective. As before, this will imply that f is null
homotopic.

We shall prove that there is an embedded closed disc B™ C X such that asi_1, a9, €
int B" and W (f|opn,v) = 0. It then follows as in Lemma 7.7.1 that f|g» can be homotoped
so as not to contain the point v in its image. This homotopy can then be extended to a
homotopy of f all over X to a map f; as required.
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By an ambient isotopy of X, first push asx and asr_1 inside a co-ordinate neighborhood
U and the rest of the a’s inside a disjoint coordinate neighborhood. Now fix an orientation
for U and obtain the intersection numbers €(azi—1) and €(agx). If these two are different
then their sum is 0. Well and good—you can take B = U.

If not, choose an embedded loop 7 : I — X at agy such that v is orientation reversing
and does not pass through any of the points a;,7 # 2k. Extend this to an ambient isotopy
of X that is a constant outside a tubular neighborhood of 7, which does not contain any
of the points a;, 7 # 2k. The new map f is obviously homotopic to the old one and has the
property that the intersection number at asr with respect to the orientation that we have
fixed on U is the opposite of €(agr—1). Therefore, we are back in the above case. ®

Exercise 7.7 For smooth maps f: M — N and g : N — P, where M, N, P are oriented
closed n-manifolds, show that deg (g o f) = (degg)(deg f).

7.8 Lefschetz Theory

Given a self-map f : X — X of a compact smooth manifold X, consider the problem
of studying the set of fixed points of f. Of course, many questions can be raised in this
regard. The very first question is: Is the set nonempty? Second, if there are finitely many
such points, how many of them are there? Moreover, we also like to know the local behavior
of the function f itself in a neighborhood of a fixed point. Lefschetz’s theory comes up with
a fairly good answer to many of these questions.

First of all, we make a completely natural observation, viz., f(z) = x for some z € X
iff (z, f(z)) € Ax the diagonal in X x X. Thus, the fixed points of f are in one-to-one
correspondence with the points in the intersection of the graph I'y of f with the diagonal
A in X x X. So, the intersection theory must have a role to play in the fixed point theory.
This simple observation is the key to the entire discussion that follows.

Definition 7.8.1 Let X be a compact, oriented manifold and f : X — X be a smooth
map. Then the number I(Ax,I'y; X x X) is denote by L(f) and is called the Lefschetz
number of f. In particular, we define the (Poincaré) index I(X) of X by the formula

I(X):=L(IDx)=I(Ax; X x X) = I(Ax,Ax; X x X). (7.7)

Remark 7.8.1 Since intersection number is a homotopy invariant, it follows that L(f) is
also an invariant of the homotopy class of f. Also, it is invariant under conjugation, viz, if
¢: X — X is a diffeomorphism, then L(f) = L(¢~ o f o ¢).

Remark 7.8.2 If the fixed point set of f is empty, then clearly L(f) = 0. Thus, at least
we know when the fixed point set is nonempty, viz., if L(f) # 0.

Is the converse true? How does the number L(f) measure the number of fixed points?
These questions are subtle, for a number of reasons. First of all, we know that the set
theoretic intersection is not a homotopy invariant. Next, certain signs are attached to the
points and the summation of these signed numbers is taken as the intersection number.
Since cancellations are possible while taking the summation, it is not at all clear why L(f)
need not vanish, even when f may have fixed points. This is indeed true, yet, the scenario
is not so bad, as we shall soon see.
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Let us first examine the simplest case when z is a fixed point and I'y is transversal to
A at (x,z). This means that

T(x,x)(rf) + T(a:,x)(A) = T(a:,x)(X X X)
This is the same as saying
m(Id,dfy) + Ar,x = Tp(X) x Tp(X).

Here Id denotes the identity map of T, X. Observe that (Id, df,.) is injective and hence the
image of (Id, dfy) is of dimension n. Also, the diagonal in T, X is of dimension n. It follows
that the above transversality condition is equivalent to say that I'm(Id,df.)NArg, (x) = {0}.
This is the same as saying that no eigenvalue of the linear map df, is equal to 1.

Definition 7.8.2 A fixed point x of f is said to be of Lefschetz type if df, has all its
eigenvalues different from 1. Also, we call f itself a map of Lefschetz type if all of its fixed
points are of the Lefschetz type.

Remark 7.8.3 From the above analysis, it is immediate that fixed points of maps of the
Lefschetz type are isolated. Since the condition is open, we would anticipate that fixed
points are almost always of the Lefschetz type. In any case, the importance of Lefschetz
type maps is enhanced by the following result.

Lemma 7.8.1 Every map is homotopic to a map of the Lefschetz type.

Proof: Recall that given f : X — X, there exists a map F : X x BY — X such that for
each fixed z, the map v — F(z,v) itself is a submersion (Theorem 7.1.2). Consider the map
G: X x BN — X x X given by G(x,v) = (z, F(z,v)). Then it is fairly obvious that G is
also a submersion (see Exercise 3.6). Hence, by transversality Theorem 7.1.1, for almost all
v € BN, the map x — G(z,v) = (x, F(x,v)) is transversal to A. But this map is the graph
of the map x +— F(x,v), which is clearly homotopic to f. ®

For a Lefschetz type map, let us denote the intersection number at a fixed point z; by
n(x;). Then by definition, L(f) = > n(x;). The following lemma tells us how to identify
this. Since the transversality condition is the same as saying that 1 is not an eigenvalue of
df,, this means that df,, — Id is an isomorphism of T, X.

Lemma 7.8.2 Let = be a Lefschetz type fixed point of f. Then the intersection number
n(z) is £1 according as df, — Id preserves or reverses orientation at x.

Proof: Let A = df, : T, X — T, X. Let [a] = [a1,...,a,] denote the orientation class for
T, X. Then for T, o1(X x X), T3.4)(4), and T, 4)(I'y), we have the orientation classes
given by

[(a,0)][(0,a)] = [(a1,0),...,(an,0),(0,a1),...,(0,an)],
[(a”a)} = [(alval)v'“a(an’an)]v
[(aa A(a)} = [(alv Aal)v ) (an’ Aan)]a

respectively. Let € denote +1 according as A — Id preserves orientation or reverses orienta-
tion, i.e.,

(A — Id)a] = [(A - Id)(ar),..., (A — Id)an] = elay, ..., an] = €[a].

Then
[(a,a)][(a, Aa)] = [(a,a)][(0, Aa — a)] = [(a, a)][(0, (A — Id)(a))]
el(a, a), (0,a)] = €[(a,0), ( a)l.

Therefore, the intersection number at x is also equal to € (see (7.2)). 4
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Remark 7.8.4 In the above discussion, notice that we do not need X to be an orientable
manifold, the entire discussion is local in nature: To obtain the numbers n(z;) we need to
fix some orientation at the point x; and it does not matter which orientation is taken, the
value of n(x;) will be the same. Therefore,

Corollary 7.8.1 The number L(f) = I(Ax,I'y; X x X) is well defined for all closed man-
ifolds X and for all smooth maps f : X — X irrespective of whether X is orientable or not,
and is an invariant of the homotopy class of f. (In particular, it does not even depend upon
the smooth structure of X either.)

Remark 7.8.5 In particular, notice that the self-intersection number
I(X)=1(Ax,Ax; X x X) (7.8)
is defined as an integer even in the case when X is not orientable.

Example 7.8.1 Let us examine what it means to say that the intersection number at
a point (z,x) is +1 in the 2-dimensional case. By passing to a coordinate neighborhood
and adding a suitable constant to f, we may assume that x = 0 and f is defined in a
neighborhood of 0 € R? and f(0) = 0. Then dfy = A : R?> — R? is a linear map that
approximates f and hence f(t,s) = A(t, s) + €(t, s), where €(t,s) — (0,0) as (¢, s) — (0,0).
Therefore, an approximate picture of f can be obtained by studying A.

Let us assume that A has two independent eigenvectors, and A1, Ay are two real eigen-
values of A. By a coordinate transformation, we may assume that these eigenvectors are
in the direction of z-axis and y-axis. Now consider the case, when both \; are > 1. This
implies that each nonzero vector is mapped to a vector of length larger than itself. Thus, f
is an expanding map (near 0) and we call 0 a “source”. Exactly the opposite happens when
both A; are < 1 and we call 0 a “sink”. In either case, it is clear that det (A — Id) is positive
and hence n(z) = 1.

Now consider the case when A\; > 1 and Ay < 1. Then f is expanding along the z-axis
and contracting along the y-axis. In this case, we call 0 a saddle point. Also det (A—1d) <0
and hence n(z) = —1.

Of course, it may happen that A has no real eigenvalues in which case, the picture may
be more complicated. We shall come back to it later.

Definition 7.8.3 Let x be a Lefschetz type isolated fixed point of a smooth map f: X —
X. We say z is a source (resp. a sink) if df, : T, X — T, X has all eigenvalues > 1 (resp.
< 1). If some eigenvalues > 1 and some other < 1, then we say z is a saddle point.

Remark 7.8.6 Observe that the local Lefschetz number L, (f) at a source is always equal
to 1. At a sink it is equal to (—1)" and at a saddle point it is equal to (—1)* where k is the
number of eigenvalues of df,, which are less than 1.

As seen above we know that most maps are of the Lefschetz type. However, in practice,
we do come across maps that are not. This phenomenon is similar to the fact that most
polynomials have distinct roots but sometimes we have to deal with those that have multiple
roots.) We shall now use the homotopy invariance property of L(f) to define the local
Lefschetz numbers at any isolated fixed point that is not necessarily of the Lefschetz type.
The first step is:

Lemma 7.8.3 Let U be an open subset of R", f : U — R™ be a smooth map with a
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Lefschetz type fixed point at z € U. Then for a suitable € > 0, f(x) # z for any x € 0B.(z).
Moreover, the Gauss map associated to f, viz., F': Bc(z) — S"~! given by

flz) —=

Flz)= I\ "%
@ = i@ =
has its degree equal to n(z).

Proof: By linear approximation, we first reduce the problem to the case when f itself is
linear. First try it yourself and only then read the following details.
Put A = df,. Then by Taylor’s’ Theorem, f(z) = f(z) + A(z — z) + ¥(z), where

()

xr—Zz

—0 asx — z.

Put ¢ = 1/[|[(A —I)7'||. Then for all v € R™, we have ||(A — I)(v)|| > ¢||v||. Now choose
€ > 0 such that ||¢(z)|| < cl|lx — z||/2 for all « such that ||z — z|| < e. Then the first part
follows. Now define g¢(x) = (A — I)(z — z)) + t¢»(x). Then g; never vanishes in B.(z) and
we have go(z) = (A —I)(z — 2z) and ¢1(x) = f(x) — . After dividing out by the norm, this
yields a homotopy of F with the map

(A=ID(z—2)
[(A=1I)(z — =)

T —

on 9B.(z). Therefore, the two maps have the same degree. It remains to show that the
degree of the map

(AW
I(A=D)
is equal to 1 according as (A — I) preserves orientation or reverses it. From lemma 7.8.2
we are through. o

Theorem 7.8.1 Splitting Principle: Let f: X — X have an isolated fized point at xg
inside a neighborhood U of x. Then there exists a homotopy H of f that is constant outside
a compact subset K of U to a map g such that all fized points of g inside U are of the
Lefschetz type.

Proof: It suffices to prove the result for the case when U is an open subset of R™ and 0 is the
only fixed point of f in U. Choose a bump function p : U — [0, 1] such that p(B,(0)) = {1}
and p(U \ Bar(0)) = {0}, with Bs,(0) C U. For any fixed v € R™, consider the mapping

H(z,t) = f(2) + tp(a)o = hy(a).

We shall show that for all € > 0 sufficiently small, there exist plenty of v with ||v|| < € such
that H defined as above gives the required homotopy.

First, we want to ensure that h; does not have any fixed points outside B,.(0). In the
compact set r < ||z|| < 2r, since f has no fixed points, we can find § > 0, such that
||f(z) — x)|| > d. Now take v such that ||v|| < §/2. Then

[he(2) = 2[| = [|f () = 2|| = tp(@)|[v]] > 6/2.

On the other hand, for [|z|| > 2r, we have, p(x) = 0 and hence H(z,t) —x = f(z) —z # 0.
Now by Sard’s theorem, there exists v € R™ such that 0 < ||v|| < 6/2 which is a regular
value for f — Id. Now suppose z is a fixed point of ¢ = hy. Then = € B,(0) and hence
g(y) = f(y) +v in B,.(0). Therefore, dg, = df,. Hence, x is of the Lefschetz type iff df, — Id
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is an isomorphism. Now, since we have assumed that z is a fixed point of g, we have
x = g(x) = f(x) + v, which implies (f — Id)(x) = v. Since v is a regular value, it follows
that d(f — Id), = df, — Id is an isomorphism. Hence, we have proved that f is homotopic
to a map g which has all its fixed points inside B,-(0) and they are all of the Lefschetz type.
Moreover, g = f outside Ba,-(0). 'Y

Definition 7.8.4 Given a map f : U — R” with an isolated fixed point z, we consider
the map F(z) = H;Eg:iﬂ on dB,(z) for sufficiently small r > 0 and put L,(f) = deg F.
It is easily verified that if we choose any other sphere around z to define L.(f), then
we get the same number. As remarked earlier, if ¢ : V — U is a diffeomorphism then
L.(¢7' f$) = Ly(»)(f). This enables us to define the local Lefschetz number of self-maps of
any manifold.

Thus, suppose f : X — X has an isolated fixed point z € X. Choose a parameterization

¢ : R™ — U with ¢(0) = z around z. Define the local Leschetz number of f at z by

L.(f)=Lo(¢™" o fo9). (7.9)

From the splitting theorem, using similar arguments as in the argument principle, we
obtain:

Lemma 7.8.4 Let f : X — X be any smooth map where X is a compact manifold.
Suppose f has finitely many fixed points {z1,...,2x}. Then L(f) =", L., (f).

Proof: Choose disjoint neighborhoods U; of x; each diffeomorphic to a ball and apply the
splitting principle in each of the these neighborhoods simultaneously, to obtain a Lefschetz
map ¢ that is homotopic to f and agrees with f outside X \ U;U;. So, L(f) = L(g). By
definition, since g is a map of the Lefschetz type, the global Lefschetz number is the sum
of the local ones, i.e., we have L(g) = >_,; Lz,;(g). Now by argument principle, L(g|v;) is
the sum total of the degrees at zj;s, i.e., L(glu,) = >_; La,;(g)- On the other hand, on the

boundary of U;, f = g and hence L(g|y,) is equal to the degree of H;Eg:iﬂ. Since z; is the

only fixed point of f inside U;, this degree is equal to L, (f). '

Remark 7.8.7 Thus, the above lemma gives a method to determine the Lefschetz number,
even without actually homotoping the given map to a Lefschetz map. We shall now use this
in a very special case, viz., to compute the Lefschetz number of the identity map.

Let us begin with an example.

Example 7.8.2 Consider the following mapping f : S® — S"™, which fixes the north pole
and the south pole, given by y
x4+ 5/2
0= s
where S denotes the south pole. Check that the north pole is a source and the south pole
is a sink. Of course there are no other fixed points of f. Therefore, L(f) = 1+ (—1)". On
the other hand, f is homotopic to identity (why?) and hence

L(f) = L(Id) = I(S?) = I(Ag2; S x S?). (7.10)

Thus, I(S?) = 2. Using similar ideas, it is possible to compute I(S) for any 2-dimensional
closed manifold S. This we shall do in the next chapter.
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Remark 7.8.8

1. The discussion that we had on the Lefschetz number is going to be of some use. For
this, we should choose the map homotopic to Id so that it has only isolated fixed
points. Already, we have a method to generate homotopies of the identity map, viz.,
by choosing a vector field o and generating a 1-parameter group of diffeomorphisms,
{h:} from it.

2. It is fairly easy to see that for sufficiently small ¢ > 0, each h; will have finitely many
fixed points, provided the vector field o that we choose has finitely many zeros. In
such a situation, we have, I(X) = L(hy).

3. A natural question that arises is: Can we read off this number directly from the
vector field? The answer is yes indeed and this is the major part of the celebrated
Poincaré-Hopf Index Theorem (see Theorem 7.8.2 below). We begin with:

Definition 7.8.5 Let o be a smooth vector field on R™ such that o(z) = (z,0) iff z = 0.
Recall that the tangent space to R™ is a product T(R™) = R™ x R™. Therefore, a vector
field o on R™ corresponds simply to a map ¢ : R — R", by the formula:

o(z) = (z,6(x)). (7.11)

In this case ¢ restricts to a smooth map ¢ : R™ \ 0 — R" \ 0. Consider the winding number
W (6,0) of 6|gn—1 around 0 and call this the local index of o at x and denote it by ind,o.

Remark 7.8.9 Of course, we could take the restriction of & to any sphere around 0 and
they would all have same winding number around O.

Lemma 7.8.5 Let f,g:R™\ {0} — R™\ {0} be any two smooth maps. Then W(go f,0) =
W(g,0)W(f,0).

Proof: Recall that W(f,0) is defined to be the degree of the map f : St — S*1 given
by f (z) = % Now consider the homotopy

f(z)
1S ()]
between g o f and g o f which yields Wi(go f,0) = W(go f,O). Now go f = go f and

hence W(gOf, 0) = deg(g o f) =deg(go f) We now appeal to Exercise 7.7 to conclude the
lemma. ®

H@Jy—gG +ﬂ—0f@0

—

Lemma 7.8.6 The local index, indg o is invariant under diffeomorphisms:

Proof: If ¢ : R® — R" is a diffeomorphism such that ¢(0) = 0. We have to show that
ind o = ind ¢*(0). First of all note that

¢*(0)(@) = (2, (d(0)a) " (6(9(2))) =: (z,7(x)), say.

Therefore, we must show that W (r,0) = W(4,0). Now consider the homotopy H(x,t) =
(dore:) 1 (6(4(x))), which yields that W (7,0) = W (A~ 106 0¢,0), where A = dey is a linear
isomorphism. Now, we know that A preserves orientation iff the diffeomorphism ¢ preserves
orientation. Therefore, W (A~1,0) = W(¢,0) = £1. We can now appeal to Lemma 7.8.5 to
conclude that

W(r,0) = W(A™1,0)W(5,0)W(¢,0) = W(s,0).
This completes the proof of the lemma. ®
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Definition 7.8.6 Index of a Vector Field: Let o be a smooth vector field on a manifold
X with finitely many zeros {z1,...,zr}. By the above lemma, it follows that the “local
index” ind ., (o) of o at each of the point z; is well-defined, being the index of the pullback
vector field under a parameterization around z;. We define the (global) indez of o by the
formula:

Ind (o) = Y ind.,(0). (7.12)

Remark 7.8.10 The well-definedness of the local index is a very important property. In
particular, it does not depend on the local orientations. The fallout is that the sum of all
these local indices is well-defined even for nonorientable manifolds also. This is something
that is not so obvious at all since all this depended on our theory of oriented intersection
numbers, or for that matter, on the notion of degree.

Example 7.8.3 There is a close relation between the discussion we had on Lefschetz type
maps and vector fields. Suppose o is a vector field on a 2-disc with an isolated zero. We can
draw arrows to indicate this vector field and look at the various possible patterns as in the
figure below.

N i
PARN AEAN e

v) (vi) (vii)
Figure 37 Types of 2-dimensional fluid flows.

The first one is called a source, the second one a sink, terms we have used to describe
certain types of Lefschetz fixed points. We have more here. The third one is clearly a saddle
point. The fourth one may be called a vortex, and the fifth one is a spiral. The sixth one
is again a vortex but with an opposite orientation to that of the fourth one. Finally, you
are welcome to choose a name for the last one (butterfly?) Compute the index in each
case. Draw a small circle C' around each zero of the field, draw a unit circle S on the
side and watch how o(z)/|lo(z)| moves on S as your point x moves on C. The indices
are respectively, 1,1, —1,1,—-1,1,2. ARE YOU SURPRISED TO SEE THAT the first and
second and similarly, the third and the fifth have the same index?

Theorem 7.8.2 Let o be a smooth vector field with finitely many zeros on a closed manifold
X. Then the sum of all the indices of o at these points is equal to the self-intersection number
I(X), i.e.,

Ind(o) = I(X).
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Proof: Let h; be the 1-parameter group of diffeomorphisms generated by o. Since hg = Idx,
it follows that I(X) = L(h;) for all t. Now for sufficiently small ¢ > 0, the fixed points of h;
are precisely, the zeros of o. Therefore, we can compute L(h;) as the sum of finitely many
local Lefschetz numbers. Thus, it is enough to prove that L,(h:) = ind, (o) for each of these
fixed points. This local problem can be transferred to a neighborhood of 0 in the Euclidean
space. Then by Taylor’s expansion, we have

hi(x) = ho(x) + to(z) + t20y ()
where o1 () is some smooth function. Therefore,

hi(z) —x hi(z) —ho(z)  to(z)+t?o1(z)  o(x) +tor(a)

[ha(@) =2l ~ The(@) = ho(@)l ~ Tto(@) +Lor (@)l ~ Jlo(@) + tor()]

The above equation is valid for sufficiently small ¢ > 0. The winding number of the map on
the LHS restricted to a small sphere is the local Lefschetz number L,(h;) of the map h;.
On the RHS, we have a homotopic family of maps defined even for ¢ = 0. Therefore, they
all have the same degree. Putting ¢ = 0, we get the map 6 : « — o(x)/||o(x)]||, the winding
number of which is ind, (o).

Remark 7.8.11 As an immediate fallout of this theorem, we now have a better definition
of I(X), that is valid for all closed manifolds, viz., take any smooth vector field with finitely
many zeros and take the sum total of local indices. For compact manifolds with boundary,
the choice of vector field should be such that at the boundary points it is strictly outward.
All this will be futile of course, if we do not have such vector fields. We shall see more about
them in a later chapter.

Example 7.8.4 On the projective plane P2, we shall construct a vector field o that has
only one zero. Also, this zero happens to be a vortex. Consequently, we obtain: I(P?) = 1.
The vector field o is obtained by constructing a vector field 7 on S? which is invariant under
antipodal action. We use spherical coordinates

(1,0) — (costpcosB,cosypsinb,siny), —w/2 < <7/2, 0<6<27m

for S?, and take
(1, 0) = (7%/4 — 1*)(—sin b, cos 6, 0).

Figure 38 An invariant vector field on S2.

The two zeros of 7 are precisely at the south and north pole and the index at these
points is +1, they being vortices (see example 7.8.3). Passing down to P2, this will produce
a vector field o with index 1.
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Exercise 7.8

1. Let o be a vector field on D™ with finitely many zeros all of which are in the interior.
Suppose the sum of the indices at these zeros is equal to zero. Then there exists a
vector field on D™ that agrees with o on a neighborhood of dD™ and which does not
vanish anywhere.

2. Let X be a connected manifold and P C X be a finite subset. Then there exists an
open set U in X diffeomorphic to an open disc that contains P.

3. Let X be a closed manifold. Then I(X) = 0 iff there exists a nowhere vanishing
smooth vector field on X.

4. Construct a nowhere vanishing vector field on the Mobius band.

7.9 Some Applications

We shall now bring our knowledge of degree of a map together with the integration
theory that we have developed so far. The very first result may be viewed as a further
generalization of the change of variable formula. We then give an application of this to the
Gauss-Bonnet theorem, a classical result in differential geometry.

Of course, the Gauss-Bonnet formula for the curvature form can be viewed as another
way to compute the Euler characteristic itself.

Theorem 7.9.1 Degree Formula for Integration: Let X,Y be any two n-dimensional
smooth compact oriented connected manifolds without boundary and f : X — Y be any
smooth map. Then for any n-form w on Y, we have

[ rw=wean | w (7.13)
X Y
As a first step toward the proof of this theorem we have:

Lemma 7.9.1 Let y € Y be a regular value for f. Then there exists a neighborhood U of
y in Y such that for all n-forms w with support contained in U, formula (7.13) holds.

Proof: By Stack-Record Theorem 3.4.5, we have a neighborhood U of y such that f=1(U) =
Uk _, Vi, with each f : V; — U being a diffeomorphism. Then by the change of variable
formula 4.10, for any w with support inside U, we have,

/ @) =t) /

where n(x) = 1 according as f : V; — U is orientation preserving or not. Therefore,

/)(f*wZZi:/wf*w=f%:yn(x)Lw=(degf)/yw-

This completes the proof of the lemma. ®

We now complete the proof of the theorem as follows. Fix a regular value y € Y for f
and a neighborhood U as above. Recall that, given any point z € Y we can find a diffeotopy
ht of Y such that h;(y) = z (see Disc Theorem 6.3.7). Using the compactness of Y, we can
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find finitely many diffeomorphisms g; : Y — Y such that Y = Ug; (U). Using the partition of
unity, we can write any form w as a finite sum of forms each of which has support inside one
of g;(U). By the additive property of the integrals, it is now enough to prove the theorem,
for a form w with its support inside one of g;(U). Since g; ~ Idy, it follows that f ~ g; o f.
By Exercise 4.3, we have,

[ 5o [ wonre= [ row = [ @ =) [ o

The proof of the theorem is complete. ®

Definition 7.9.1 Let X C R"*! be a compact connected smooth hyper-surface. Consider
the map x +— v(x), where v(z) denotes outward unit normal to X at z. (This makes sense,
because of the Jordan-Brouwer separation theorem.) This map is called the Gauss map of
X and let us denote it by gx = g¢. Its Jacobian, i.e, the determinant of the derivative is
called the curvature form (which is an n-form) and is denoted by . Indeed, let V,, denote
the volume form on the unit sphere. Then x = ¢g*V,.

Example 7.9.1 If X is a sphere of radius r, then g(z) = x/r for each  and hence & is
equal to 1/r™ times the volume form.

Lemma 7.9.2 The degree of the Gauss map is equal to half of x(X) for an even dimensional
hypersurface X in R*+1.

Proof: Choose a € S™ so that both +a are regular values of the Gauss map g : X — S™.
(This is possible, by choosing a regular value for the composite map 7o g : X — P™ where
7w : S™ — P" is the quotient map onto the real projective space.) Consider the vector field
O, on S™ given by

0,(v) = a — (a, v)v. (7.14)

The zeros of this vector field are precisely +a. One is a sink and the other is a source. Since
n is even, the index at both points is equal to 1. (This is the only place where evenness of
n is used and it is crucial.)

Now consider the pullback vector field o = g*(©,) on X. Since O,(v) = 0 iff v = +a,
o(xz) = 0 iff g(x) = £a. In particular, the zero set Z of ¢ is finite and we know that

X(X)=> ind.(0) = ) ind.(o)+ Y ind.(0).

=€z 9(x)=a 9(z)=—a

Also, observe that in a neighborhood of each z € Z, the Gauss map g is a diffeomorphism,
z being a regular point. Moreover, since g(z) L T, X, it follows that T,,(X) = T(;)S". One
can easily check that ind. (o) = +indy(,)(04) according as dg, preserves the orientation or

not. Therefore,
Z ind,(c) =degg = Z ind, (o).

9(z)=a 9(z)=—a

The conclusion of the lemma follows. '

Remark 7.9.1 Note that in the odd dimensional case, this formula is not valid since
X(X) = 0 whereas  could be positive everywhere. That is the reason why the following the-
orem is also available for even dimensional manifolds only. However, if you are interested in
computing the total curvature somehow, computing the degree of the Gauss map somehow
is a solution.
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Theorem 7.9.2 Gauss-Bonnet: If X is a compact even dimensional hypersurface in

R then )
/ R = §'YHX(X)
X

where v, is the volume of the unit n-sphere.
Proof:

N 1
/ K= / 9" Vn = (deg g) Vn = (degg)yn = §'YHX(X)-
X X N

This completes the proof. ®
Exercise 7.9

1. Let X,Y be connected, oriented, closed n-manifolds, and f : X — Y be a smooth
map. We know that Hp5(X) = R = Hpz(Y). Therefore, there is a real number X
such that f*: HRp(Y) — Hpp(X) is given by f*(r) = Ar. Show that A = deg f.

2. Let X be a nonorientable closed n-manifold. Show that every n-form on X is exact
by using the fact that every n-form w on X such that | +w = 0 is exact. (Compare
Exercise 4.5.4.)

7.10 Miscellaneous Exercises for Chapter 7

1. Let X,Y be submanifolds of R™. Show that for almost all v € R™, the translates X +v
intersect Y transversely.

2. If X, Z are submanifolds of Y such that dim X+dim Z < dim Y then show that X can
be isotoped away from Z by an isotopy that is constant outside a given neighborhood
of Z.

3. Let X be a submanifold of R\ {0}. For any 1 < k < n, let Gj,,, denote the space
of all k-dimensional linear subspaces of R". (See Exercise 10 in 5.8. Show that almost
all elements of Gy, ,, intersect X transversely.

4. Let n > 2 and f : R™ — R" be any smooth map. Show that given ¢ > 0 and a compact
subset K of R", there exists a smooth map g : R — R" such that dg is never zero
and |f — g|] < € on K. The same statement is false for n = 1.

5. A manifold X is called s-parallelizable if TX & Oy is a trivial bundle, for some k,
where O = X x R¥ denotes the trivial bundle of rank k.
(i) Show that product of a finite number (more than one) of spheres is s-parallelizable
and is actually parallelizable if one of the sphere is odd dimensional.
(ii) Show that every codimension 1 submanifold of R™ is s-parallelizable.
(iii) Show that if X is a product of spheres then it can be embedded as a codimension
1 submanifold of a Euclidean space.

6. Show that T'X is orientable for any manifold X.

7. Let M C N be a codimension 1 submanifold.
(i) Suppose N = R"™ n > 1 and 8M = (. Then M bounds a unique compact
submanifold of R+,
(i) Suppose M # () and ON = (). If M, N are connected then so is N \ M.
(iii) Suppose OM = M N ON. Then the normal bundle of M in N is trivial iff there
exist arbitrary small neighborhoods of M in N that are separated by M.
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10.

11.

12.

Intersection Theory

Show that any map f: S™ — S™ such that f(z) = f(—=z) has an even degree.

Let X,Y be orientable closed connected manifolds of the same dimension and let
f: M — N be of degree k. Then fu(m(X)) is a subgroup of m1(Y") of index that
divides |k|. In particular, if k = 1, then fx is surjective on the fundamental groups.

Let M™ be a closed submanifold of R"*!. For each z € R"™!\ M, define 7, : M — S"
by
_ Y-

ly —=[l”

72 (y)

Show that

(i) x;,i = 0,1 are in the same component of R* ™1\ M iff 7,, ~7,,.

(ii) @ is in the unbounded component of R"*1\ M iff 7, is homotopic to a constant
map.

(iii) Suppose M is connected. Then z belongs to the bounded component of R" ™1\ M
iff deg 7, = £1.

Let M, N be closed, oriented submanifolds of dimension m, n respectively of R? where,
m +n+ 1 = ¢. The linking number Lk(M, N) is defined to be the degree of the map
T:M x N — S™" given by

r—y

(@, y) =
[z = yll

Show that

(i) Lk(M,N) = (-1)™"Lk(N, M)

(ii) If M can be deformed to a point in R?\ N or if it bounds an oriented compact
submanifold in R?\ N then Lk(M, N) = 0.

(iii) If M = {z,y} then N separates x and y iff Lk(M,N) = £1.

Prove the following generalization of the fundamental theorem of algebra: Let U be
an open set in R™ and f : U — R™ be a proper smooth map such that outside a
compact set Det(Df,) > 0 always or < 0 always. Then f is surjective.
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Recall that for a real valued smooth function of a real variable, the local extrema were
identified by conditions on the values of the derivative of the function. In particular, the
first derivative itself necessarily vanished at these points. Further, in order to determine
the nature of the function at an extremum point, viz., whether it has a local maximum
or a local minimum at that point, it was necessary to study the second derivative of the
function. There is no reason why a similar theory should not exist in the case of functions
of several variables.

Indeed, such is precisely the case, viz., the “nonsingularity” of the second derivative at
a point is a sufficient condition to determine the local behavior of the function at a critical
point. The key result is called the Morse! lemma. While dealing with the second derivative,
the Morse lemma plays a role similar to the one played by the inverse function theorem
while dealing with the first derivative. The importance of this result is enhanced by the fact
that it gives a lot of information on the topology of the manifold itself. Smale? developed
this idea into a powerful tool and used it to solve the Poincaré conjecture for dimension
> 5 [Sm1]. In this chapter, we shall introduce the easier part of Morse theory and use it to
present a classification of compact smooth manifolds.

8.1 Morse Functions

In order to see the effectiveness of the Morse theory, one needs to know that there
are “enough” smooth functions which have all their critical points nondegenerate. Such
functions are called Morse functions. In this section, we shall see that Morse3-Sard’s theorem
can be effectively used to prove that there are plenty of Morse functions on any given
manifold.

Definition 8.1.1 Let U be an open subset of R” and f : U — R be a smooth map and
x € U be a critical point of f. (Recall that this simply means that Df, = 0.) We say z is a

! Marston Morse (1892-1977) was born in Waterville, Maine, USA. He did his Ph. D. under the guidance
of G. D. Birkhoff. The so called Morse theory came out of his paper ‘Relations between the critical points of
a real functions of n variables in 1925. He has contributed more than 180 research papers and eight books
on a whole range of topics such as minimal surfaces, topological methods in the theory of functions of a
complex variable, differential topology and dynamics.

2Stephen Smale (1930-) is a US mathematician, who has out-standing contributions in differential topol-
ogy, dynamical systems, mathematical economics and theoretical computer science. He received Fields medal
in 1966 for solving Poincaré conjecture in dimensions greater than 4.

3This is not Marston Morse but A. P. Morse (1811-1984) whose major contributions are in the area of
probability and measure theory and mathematical foundation.
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nondegenerate critical point if the Hessian matrix

0*f
H = 8.1
1) = (5o @) (s.1)
is nonsingular.
Lemma 8.1.1 Nondegenerate critical points are isolated.

Proof: Consider the map g =V f:U — R", i.e.,

_(ofor
“@—<M;~W%L-

Then the critical points of f are nothing but the zeros of g. We look at the derivative of g at
a point x, which is nothing but the linear map R™ — R" given by the Hessian matrix (8.1).
Assuming that this is nonsingular at = x(, we can apply the Inverse Function Theorem to
conclude that g is a local diffeomorphism at . Therefore, g(z) = 0 has a unique solution in a
neighborhood of zy. This means that there is no other critical points of f in a neighborhood
of Zo- Q

Remark 8.1.1 Observe that under diffeomorphisms, the nondegeneracy of critical points
is preserved. (See the exercise at the end of this section.) This observation enables us to
define nondegenerate critical points of a smooth function f defined on any manifold X, viz.,
x € X is a nondegenerate critical point of f if for some parameterization ¢ of X around =,
¢~1(x) is a nondegenerate critical point of f o ¢ : R™ — R.

Definition 8.1.2 A smooth function on a manifold is called a Morse function if all its
critical points are nondegenerate.

Let us first of all prove a result that will guarantee that there are plenty of Morse
functions. We now need the observation that we made in Exercise 3.3.(6). Since we are
going to use it now, let us give a proof of this here.

Lemma 8.1.2 Let X be an n-dimensional smooth submanifold of RY. Given any point
x € X, there exist n coordinate projections x;,,...,x;,, which are such that restricted to a
neighborhood of z € X, they form a coordinate system for X.

Proof: This follows directly from the corresponding linear algebra result: If L is any n-
dimensional vector subspace of RV, then some n of the coordinate functions (treated as
linear functionals) restricted to L are linearly independent. Now, choose L = T, X and
observe that the derivative of x; restricted to X is nothing but z; restricted to T, X. Choose
Zi ...,%;, so that on L they are independent and define ¢ = x;,,1 < k < n. Then
¢ : X — R" is such that D(¢), is an isomorphism. Now, by appealing to the inverse
function theorem, get the conclusion of the lemma. ®

Theorem 8.1.1 Let X — RY be a smooth manifold and f : X — R be any smooth
function. Then for almost all vectors u € RN | the mapping f. defined by:

ful@) = () + (2, u)

is a Morse function on X.
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Proof: We are required to prove that the set of all vectors u € RY for which f, is not a
Morse function is of the Lebesgue measure zero in RY. Suppose, we cover X by a countable
family of open subsets {U;} such that the statement is true for each U; in place of X. Since
the countable union of measure zero sets is of measure zero, the result follows for X itself.

Let us first consider the case when N = n and X is an open set in R”. Let g : R® — R"

be the derivative of f, i.e.,
_(9Ff of
s = (35 3 @,

D(f)(x) = g(x) + .

Therefore, x is a critical point of f, iff g(z) = —u. Since H¢(z) = Dg(x) = Hy, (z), we want
Dg(x) to be nonsingular, for all z € g~!(—u). Since the dimensions of the domain and the
codomain of g are the same, this is the same as saying that —u is a regular value for the
function g. Morse-Sard’s theorem says that this is the case for almost all vectors u. This
completes the proof in this special case.

Now consider the general case. By the previous lemma, given z € X, we can choose a
neighborhood U such that some n coordinate projections restrict to a coordinate system on
U. Without loss of generality, for convenience of writing down the proof, we assume that
these are the first n coordinate projections and let ¢) : V' — U be the inverse parameteriza-
tion, where V' is some open subset of R™. Then clearly, ¢¥(y) = (y,v(y)) for some smooth
function v : V — RN—",

For each w € RV~" consider the mapping

F(w)(z) = f(z) + (z, (0, w))

and let h:= F(w) o : V — R. Then from the earlier case, for almost all v € R™, we have,
h, is a Morse function.
Now we observe that for any u = (v,w) € R® x R¥N="" and z = ¢(y),y € V,

It follows that

fu((y) = f(y)+ (¥(y),u)
= fW()+(y,7®)), (v,w))
= f((y) + (Y, v) + (v(y), w)
= f((y)+ @), (0,w)) + (y,v)
= h(y) +(y,v) = hy(y).

Let S be the set of all w € RV such that f, is not a Morse function on U. Then the above
argument together with the first case of the theorem we have proved, shows that for every
w € RVY~" the intersection S N (R™ x {w}) is a subset of measure zero in R™ x {w}. Since
this is true for all w € RVN=" it follows from Fubini’s theorem that S itself is of measure
zero in RV, as required. ')

Remark 8.1.2 Recall that every smooth manifold X can be embedded in a Euclidean
space. Therefore, you get plenty of Morse functions on any manifold. Indeed, taking f = 0,
we get plenty of linear functions on the ambient Euclidean space, which when restricted to
X give Morse functions. Also, if X is compact, given any € > 0, we can choose v € RV in
such a way that |(z,u)| < € for all z € X and thereby, get a Morse function f, on X such
that | f(z) — fu(x)| < e for all z € X.

When X is noncompact, it is desirable to have Morse functions f : X — R, which
are proper, i.e., f~1(K) is compact for all compact subsets K C R. If we stick to linear
functions, this is more or less not possible. However, if we allow “quadratic” functions, then
the answer is in the affirmative.
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Theorem 8.1.2 Let X C RY be any smooth closed manifold. Then for almost all points
z € RN, the square of the distance function from y restricted to X is a proper Morse
function.

Proof: Given z € RN put L. (z) = Y, (z;—=;)% Since L7 1[0, r] is nothing but the closed ball
of radius r with center z, it follow that X N L; 1[0, 7] is compact. From this, the properness
of L.|x follows. Note that z € X is a critical point of L, iff z — z is perpendicular to
the tangent space T, X, iff v = z — x € N, X. Therefore, we consider the space of normals
N(X) C RY x RY and the function a : (x,v) — = + v on it. The image of a consists of
those points z for which the critical set of L, : X — R is nonempty. Put x +v = 2. We
claim that the Hessian of L, at x € X is nonsingular iff Da, . is nonsingular. Appealing
to Morse-Sard theorem, it follows that almost all points z € RY are regular values of a and
for these values of z, L, is a Morse function.

As in the Theorem 6.1.1, let © : R® x RN=" — N(X) be a parameterization covering
(x,v) € N(X), say O(t,s) = (¢(t), s - u(t)), where ¢ : R® — U is a parameterization
for X near x, and u(t) is an orthonormal frame for Ny (X). Here t = (t1,...,t,),8 =
S1,-..,8N—n); and the vectors {u;(t),...,un_n(t)} form an orthonormal frame orthogonal
to T¢(t)X. Therefore, {u;} are orthogonal to the tangent vectors gt;. Now a o O(t,s) =

¢(t) + s - u(t) with its N partial derivatives

B) S
8;;54_2 kal;k 1<i<n, and uy,uy, - -un_p.

So, Doy ) is nonsingular, iff these N vectors are independent at the corresponding (t,s).
Taking the dot product with the N independent vectors %, 1<j<n,andui,us, - un_n,
J

96 90 du duy,
<8t ot; +Z ot _> (Zk:‘gka—ti'uj> (8.2)

we get a matrix

K3

dN—n
Clearly (8.2) is nonsingular, iff its first block is nonsingular. Since g_td; -ug = 0, it follows
that
9% o) — 0% w +(‘3q§ Ouy,
315 ot; *) T oot ot; oty

Therefore, the first block of (8.2) is equal to the matrix

dp 9 0%¢ _ 2
(5 ot 2ot 'uk> P pe) _;Skuk.D @

On the other hand, to compute the Hessian of L., we can use the parameterization
¢ : R" — U and consider the map 3 = L, 0¢ : t — |é(t) — z||°>. The first derivative
Df = 2(¢(t) — 2) - D(¢) and the second derivative is 2[D(¢) - D(¢) + (¢(t) — 2) - D?(9)].
Since ¢(t) —z =2 — 2z =v =), spug we are through. A

Remark 8.1.3 There is a deep relation between the Morse functions L, and the geometry
of the submanifold X. (See [M2].)

Exercise 8.1 Let ¢ : U — V be a diffeomorphism of open subsets of R" and f: V — R
be a smooth function. Show that x € U is a nondegenerate critical point of g o ¢ iff ¢(x) is
a nondegenerate critical point of f. [Hint: See (1.46).]
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8.2 Morse Lemma

One of the landmarks in the theory of Differential Topology is the characterization of a
function in a neighborhood of a nondegenerate critical point. This result is due to Marston
Morse. Before we proceed, let us consider a simple example.

Example 8.2.1 Let S? denote the unit sphere in R? and let 7 : S> — R be the projection
to the last coordinate, 7(x,y, z) = 2. Since 7 is a linear map dm, = 7 for all p and hence
vanishes identically on the plane z = 0. Since the only points at which the plane z = 0 is
tangent to S? are (0,0, £1), it follows that (0,0,+1) are the only critical points of 7. Let
now p be one of these two points, say p = N = (0,0, 1) the north pole. In order to determine
the second derivative of 7 at p, we must express dr in terms of a coordinate system for S?
around p. Since the restrictions of (z,y) coordinates themselves define a coordinate system
for S% around p, we may write

he,y) = n(z,y,2) = /T =22 =)
valid in a neighborhood of p. Therefore,
Al = —(x(1 - 22 —y?)"V2 (1 — 2% yz)_1/2)_

Therefore, the Hessian at p is given by [ _(1) _(1)

Figure 39 The 2-coordinate as a Morse function.

A similar computation, (which differs only in the sign) is valid at —p as well. This shows
that both the critical points (0,0, 41) are nondegenerate.

Notice how the topology of the space h~1(—o0, 2] changes: for z < —1, this set is empty;
for z = —1, it is a singleton space; for —1 < z < 1, it is diffeomorphic to D? and for z > 1,
it is the whole space S?. In sections that follow, we shall see a precise formulation of this
phenomenon.

We begin with the celebrated result of Marston Morse.

Theorem 8.2.1 Morse Lemma: Let f : X — R be a smooth map and p € X be a
nondegenerate critical point of f. Then there exists a chart (U, ®) for X near p such that

¢(p) =0 and

k n
foo@) = flp) =Y at+ 3 a? (53)

i=k+1
for all x € $(U) and for some k.
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We shall first prove a weaker version of the above theorem, which was an exercise to you
earlier (see Exercise 1.2.10).

Lemma 8.2.1 Mini-Morse Lemma: Let f : X — R be a smooth function from a convex
open subset X of R”, 0 € X, f(0) = 0 and 0 be a critical point of f. Then there exist
smooth maps 7;; : X — R, 1 <14,j <mn, such that 7, ;(z) = 7;,(x), and

f(z) = Z Tij(@)x;x; (8.4)

1<4,j<n
for all z € X.
Proof: We are going to apply (1.30), first to f and then to its partial derivatives am . Since
f(0) =0 and g:fz (0) =0, it follows that
n
; ( i axj (tz) dt) = 2 (/ / a%awz (stx) dsdt) ;2.
Now, take 7;;(x) = /0 / oz, fxi (stz)ds dt, to get (8.4). [ )

Remark 8.2.1 Note that one could directly obtain the above lemma via Taylor’s expan-
sion (exercise). Also, we have H;(0) = ((57:;(0))). Now by (1.46),if ¢ : V — U is a

21
diffeomorphism, ¢(yo) = x¢, and f': U — R is a smooth map with a nondegenerate critical

point at xg, then we have

Hyop(y0) = D(¢)y, Hy(x0)D(¢)y,-

Recall that any symmetric matrix can be diagonalized. Since H is symmetric, we can hope
to make Hy.4 into a diagonal matrix by appropriately choosing ¢. For this we need to
perform the diagonalization in a parameterized form. This is the gist of the following proof.

Proof of Morse Lemma: Replacing f o ¢~! by f, for a suitable coordinate chart ¢ at p,
it is enough to prove the lemma under the assumption that X is a convex open subset of
R”,p =0, f(0) =0 and Dfy = 0. By Lemma 8.2.1, there exist smooth functions 7;; such
that 7;; = 7;; and

fx) = Z Tij (X) 525 (8.5)

1<i,j<n
1
Put 7(x) = ((73;(x))). Then 7(0) = §H(f)(()) and hence 7(0) is nonsingular, by hypothesis.
Therefore, at least one of the 7,,;(0) # 0, say 7,4(0) # 0. Make a linear change of coordinates,
Yi = x;,1 # kyyr = te, + .

It is easy to check that
Fns-yn) Z“w Y)Viy;

where
Unn(Y) = Tnn(X) + QtTnk(X) + tszk (X)
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Therefore, for a suitable choice of ¢ € R we can assume that o,,(0) # 0. All this amounts
to saying that after a linear change of coordinates we may as well assume that 7,,,(0) # 0

in (8.5).
We now follow the simple method of completing the square.
Tnj
f(X) = Tnn[xi + 2 Z %xlxj] + Z Tij ;T
Jj<n i,j<n

= Tnn [1'71 + Zj<n :::, ij + Zi,j<n )\ijxiwj

by adding and subtracting suitable terms. Since 7,,,,(0) # 0, we can take the squareroot of
the modulus of this function in a suitable neighborhood of 0 :

9(x) = V/[Tan(x)|-
We now make the substitution

Dj<n Tnj(X)l“j) _

i — iy | < 5 =
Yi = i1 < N Yn = g(%x) (-Tn + ()

Why does this substitution define a change of coordinates and where is it valid? We have
to merely compute the Jacobian matrix J(y;x) and check that it is invertible at x = 0. By
the inverse function theorem, it then follows that in a smaller neighborhood, the substitution
is invertible, i.e., there exists smooth functions ¥;(y) such that x; = ¥;(y),i = 1,2,...,n.
If v = (¢1,...,%,) then it follows that

Fov(yiya. yn) =2y2 + > pij(¥)iss
i,j<n
for some smooth functions p;;(y), say. Once again, since the Hessian of f is nonsingular at

0, it follows that the (n — 1) x (n — 1) matrix ((p;;(0))) is nonsingular. All this amounts
to saying that by a suitable change of coordinates in a suitable neighborhood of 0 we may

assume that
fx) =Y i)y + ).
2,j<n
By repeated application of this process it follows that by a suitable change of coordinates
in a suitable neighborhood of 0 we may assume that

fx)==+ Zx?
i=1

We now make a permutation of coordinates to get the form (8.3). A
Following such a fundamental result, we make a few definitions:

Definition 8.2.1 At a nondegenerate critical point p of a smooth function f, the Hessian
H¢(p) is nonsingular and the number k that occurs in (8.3) is nothing but the number of
negative eigenvalues of H(p). This number is called the index of f at p.

Remark 8.2.2

1. Now, if the index is zero, then it is clear that f(p) is a local minimum and if the index
is equal to n then f(p) is a local maximum. For any other value of the index, f(p)
fails to be either a minimum or a maximum. Such points are collectively called saddle
points.
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L

Figure 40 A maximum, two saddles, and a minimum.

In the above picture we have the torus on which we are considering the height function
f(z,y,2) = z. H, L indicate the points at which the maximum and the minimum occur.
S1 and So are saddle points. At S7, the function f decreases in the direction of the
z-axis and increases in the direction of the y-axis, whereas, the reverse holds at So.
Clearly, the indices at the critical points H, Sy, So, L are respectively 2,1,1,0.

2. Consider the vector field grad f where f is a Morse function. By definition, the critical
points of f are precisely the zeros of this vector field. Moreover, the local index of the
vector field is precisely equal to (—1)* where k is the index of the critical point as
will be seen below. If v denotes the number of critical points of f of index k, let us
denote the alternate sum

e(f) =Y _(—D)fu. (8.6)

Lemma 8.2.2 The number e(f) is equal to the index of the vector grad f and hence is
equal to the self-intersection number of the manifold X.

Proof: Indeed if p is a critical point of f of index k we shall show that ind,(grad f) = (—=1)¥,
from which the lemma would follow.
By Morse Lemma, we can choose coordinates at p for X so that

k
fo0)=fp) =D ai+ ) af.
k+1
Therefore, in this neighborhood of p, grad f has the form

x = (=221, ..., =2k, 2Tk 1, - - -, 2Tp).

Therefore, the local index of grad f around this point is (—1)* as required. ®
We shall soon see that the Morse functions give much more information on the manifold.

Exercise 8.2

1. Let X be the subspace of R? consisting of points

((2 + cosB) cos 1, (2 + cos ) sine),sinf), 0<0,¢ < 2.
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Observe that this is the surface of revolution of the circle
(x—2)%+22=1

about the z-axis.

(i) Draw a decent picture of the surface.

(ii) Show that the projection on the z-axis is a Morse function on X. Determine the
critical points and whether they are local maxima, minima or saddle points.

(iii) Are the projections to the y-axis and the z-axis Morse functions?

(iv) Determine all orthogonal projections f : R® — R, which are Morse functions
restricted to X.

(v) Show that all Morse functions which occur in (iv) have the property that different
critical points occur at different levels.

(vi) Write down an algebraic equation for this surface.

(vii) Observe that portion of the surface lying in « < 0 forms a copy of the cylinder.
Use this to obtain a Morse function on the cylinder with exactly two critical points,
one of index 0 and the other of index 1.

(viii) Use a similar parameterization to obtain a Morse function on the Mdbius band
with exactly the same property as in (vii).

2.Iff: X >R, ¢g:Y — R are Morse functions, show that h(z,y) = f(z) + g(y) is a
Morse function on X x Y.

3. Show that sinx,cosxz : R — R are Morse functions and because of periodicity, they
define Morse functions on S'.

4. Use the above two exercises to obtain a Morse function on S' x St with (vo, v1,10) =
(1,2,1) and with precisely three critical values, —2,0, 2.

5. If X is a compact manifold without boundary, show that every smooth function f :
X — R has at least two critical points.

6. Give an example of an isolated critical point that need not be nondegenerate.

7. Show that f(z,y) = y* + 2* — 222 is a Morse function, with three critical points
of index 0,0,1 at the points (—1,0),(0,0), (1,0), respectively. Find another Morse
function with similar critical indices and which sends the three critical points to three
distinct values.

8.3 Operations on Manifolds

The basic idea here is to build new manifolds out of old ones. The central theme is
Lemma 5.3.1 that was employed in Chapter 5 for defining the tangent bundle of an abstract
manifold and also to classify 1-dimensional manifolds. Here we shall see this lemma being
used again and again.

We shall first introduce the notion of connected sum, then the noting of gluing manifolds
along common boundary components, and finally the notion of “attaching handles”. In the
next section, we shall revert back to the study of Morse functions.

Definition 8.3.1 Connected Sum: Recall the notation: for r» > 0,

Dr:={zeR" : ||z| <r}; D"=D}.
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Let My and Ms be any two connected manifolds of dimension n and let f; : D™ — int M;
be embeddings, i = 1,2. Consider the quotient space of the disjoint union

M\ {A(0)} [T M2\ {£2(0)} (8.7)

by the relation

fl('r) = f2 077(93), 0< H'T” <1, (88)

where 7 is the inversion map

Figure 41 The connected sum.

Lemma 8.3.1 The diffeomorphism class of [f1, f2] depends on the isotopy classes of the
embeddings f;, i.e., if f; is isotopic to g; in M;, i = 1,2 then [fi, f2] is diffeomorphic to
[gla 92} .

Proof: We shall prove that both of them are diffeomorphic to [f1, g2]. An isotopy of fs to
go vields an isotopy H : K x I — M> of the inclusion map to go o f{l, where K = fo(D").

By the isotopy extension theorem, we get H : My x I — My, an isotopy of Idps, which
extends H. Now in Lemma 5.3.1, put

M = M\ {10} [T(M2\ {£2(00})

ofz) = T, r € My;
T H(z,1), xe M.
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Then for x € U =: f1(D" \ {0}), we have, a o ¢(z) = 1 o a(z), where ¢ = foono fit,
and ¢ = gaono ffl. Therefore, by (iii) of Lemma 5.3.1, [f1, f2] is diffeomorphic to [f1, g2].
Similarly, we can prove that [f1, g2] is diffeomorphic to [fa, go]. '

Remark 8.3.1

1. Appealing to the Disc Theorem 6.3.7, the hypothesis in the above lemma can be
assured always if M; are connected nonorientable, and whenever M; is orientable, by
assuming that g; o f;l is orientation preserving. Whenever, both M; are oriented, we
shall actually assume that one of the two f; is orientation preserving and the other
is orientation reversing, which is the same as saying fo o f; ! is orientation reversing.
In this case, it is clear that fo o 7o f; ! is orientation preserving and hence [fi, fo]
will inherit an orientation compatible with those of M;. With these conventions, we
can now say that the quotient space [f1, f2] is well-defined for connected manifolds
M, M5. We denote this space by M;# M. The notion easily gets extended to the case
when M, are not connected, since only one component each of M; will be involved in
the entire operation.

2. Observe that the quotient map ¢ given by (8.7) and (8.8) restricted to the smaller set

M\ (D7) [ M\ f2(D2),

where 0 < €1, €3 < 1/2, is also surjective and hence defines the same manifold below.

3. The simpler way of identifying “f1(z) ~ fa(z)” will not produce a Hausdorff space.
This is the reason why we have to involve the inversion map 7. Since 7 is orientation
reversing (in all dimensions), it is necessary to choose one of the embeddings f1 or
f2 to be orientation reversing. Beyond this, there is nothing very sacrosanct about
the inversion map 7 either. Observe that 7 fails to be a diffeomorphism at 0 and at
the boundary. Therefore, it is better to restrict this to a suitable open annular region
{x : 0<s < |z|| < r < 1}. This is where the previous remark comes handy. Then
in the construction of M;# M,, we can replace 1 also by any diffeomorphism isotopic
to 7. We leave the details of this to you as an exercise.

Definition 8.3.2 The space M #Ms> is called the connected sum of My and M.

Remark 8.3.2

(i) Put B = fi(}D)?/z). We may then think of M;# Ms as obtained by gluing M \int B} with
M, \int BY along the boundaries B} and BY via a diffeomorphism f : S"~* — §"~!. This
description of the connected sum is much more intuitive and helpful. It is perfectly suited in
case we are dealing with topological manifolds (or the so called “piecewise linear manifolds”
which we have not introduced here). However, in the category of smooth manifolds, first of
all, this approach does not display the smooth structure on the connected sum. One has to
prove this separately and indeed, there is no way we get a canonical smooth structure. All
that one can hope to prove is that there do exist smooth structures on the quotient that
extends the smooth structure on open parts M; \ BY. Second, the diffeomorphism type of
the new manifold depends on the isotopy class of f and not all diffeomorphisms of a sphere
are isotopic to Id. Hence, even the diffeomorphism structure on the glued manifold is not
well-defined. However, in dimensions less than four, we do not have this problem, since there
are just two isotopy classes of diffeomorphisms of S™ for n < 3.

(ii) The operation of taking connected sum is associative on the collection of diffeomor-
phism classes of connected n-dimensional manifolds. i.e., (My#Ms)# M3 is diffeomorphic
to My#(My#Ms) for any three n-manifolds. (Apply the Disc Theorem appropriately.)
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Clearly this operation is commutative.

(iii) The standard sphere S™ plays the role of identity for this operation: M#S™ = M.

(iv) When we allow nonconnected manifolds, it is necessary to mention the components
along which the operation is being performed.

(v) We remark again that the connected sum is orientable iff both the original manifolds are
so. Also, if you are not particular about retaining the original orientations on the manifolds,
then it is not necessary to assume that fjo f5 ! is orientation reversing, for the simple reason
that this can always be arranged by choosing appropriate orientations on M;. This remark
is applicable whenever we are gluing along single connected components taken from each
connected manifold.

(vi) For some interesting results on connected sums, see [Shl].

Example 8.3.1 Recall that we have constructed the Klein bottle as the quotient K = My
of M = (—1/2,1) x S* where ¢ : (—1/2,0) x S* — (1/2,1) x St is the map (t,v) — (141, 0).
Check that the image of the two lines (—1/2,1) x {—t,2} in the Klein bottle K is an
embedded loop that separates K into two copies of the Mobius band. If you recall that
capping off the Mdbius band yields P2, you have just proved that K = P2#P2.

We shall now describe an operation that is also a special case of gluing.

Definition 8.3.3 Attaching Handles: Fix integers n,k such that 0 < k& # n. Write
R" = R* x R""* and elements v € R" in the form (x,y). Put S¥71 = S¥=! x 0 and
Sn=k=1 = {0} x S*=*=1 Put T = D" \ 0 x D%, Along with the projection map (x,y)
x/|x||, we shall refer to T as a tubular neighborhood of S*~! in D". There is an obvious
diffeomorphism A : D"\ §*~1 — B¥ x D"~* given by

(x,y) — (x, (1= [x]*)~"?y). (8.10)
Consider the inversion
a:D"\ (SFtuox D" F) - D"\ (SFTT U0 x DPF) (8.11)

given by a = A= o (n, Id) o A, where n : B*\ {0} — B¥\ {0} is the inversion map as given
in (8.9). Indeed, we have,

(VTP x|
ol ’”‘( E 1—||x||2y>' (812)

Let now M be a n-dimensional manifold with boundary and f : 7' — M be an embedding
such that f(0T) C OM. Consider the quotient space of the disjoint union

[CAVICl | (PRI VES

where for each x € T'\ S¥~1, we have the identification = ~ fa(x). Clearly this is a n-
manifold with boundary. We shall call this space “M with a k-handle attached along the
attaching-sphere f(S*=1)” and denote it by M U H*. Note that the quotient map is an
embedding restricted to M\ f(S*7!) as well as D™\ S¥~1, which we shall use for identifying
these manifolds as submanifolds of M U H*. With this understanding, D" \ S*~! is called
the k-handle, the (n — k)-disc 0 x D"~* is called the belt disc and its boundary, the belt
sphere, which we shall denote by X" *~1,
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Remark 8.3.3

(a) As in the case of the connected sum, it is clear that the diffeomorphism class of the
result of attaching a handle depends on the isotopy class of the attaching map. This being a
tubular neighborhood of the attaching sphere, it further depends on the isotopy class of the
attaching sphere itself except perhaps in the case of 1-handles, when the attaching sphere S°
consists of two points. In this special case, the two points with “the same orientation” and
with opposite orientation’ has to be distinguished. Simply speaking, now the orientations
on the tubular neighborhood of these points enter into the picture.

(b) One of the drawbacks of the above definition of attaching handles is that it does not
readily exhibit the original manifold M as a subspace of M U H*. The other is, of course,
it is less intuitive. The first reason indeed produces a serious handicap in the computation
of homology and homotopy. In order to tackle this, it is necessary to see the relation of this
construction with the more intuitive definition of attaching a handle, which we shall call
combinatorial attaching.

Definition 8.3.4 Combinatorial Attachment: Let 0 < k < n. Let M be a (topological)
n-manifold with boundary and h : S*=1 xD"~* — 9M be an embedding. The quotient space
of the disjoint union M [[D* x D"~* by the identification z ~ h(z) for all z € Sk=1 x D"~k
is called the space obtained by combinatorial attachment of a k-handle to M. We shall denote
it by M Uy, D* x D"k,

Remark 8.3.4 It is clear that M U, D¥ x D"* is a topological manifold that contains
M and DF x D"~* as closed subspaces such that their intersection is h(SF=! x D"Fk).
The biggest disadvantage of this construction is when we start with a smooth manifold
M, the construction does not provide any way to put a smooth structure on the space so
constructed. The following proposition gives a clear relation between combinatorial attach-
ment and attaching (smooth) handles so that we can go from one to the other as and when
necessary. This result can be viewed as a “smoothing” of the combinatorial attachment.

Proposition 8.3.1 Let MUHP be obtained by attaching a k-handle to M via the attaching
map f. Then there exists a diffeomorphism h : S¥=1 x D"~* — 9M and a homeomorphism
©: MUH" — MU, DF x D"F, which is the identity map on the boundary of M U H*
and on the belt disc.

Proof: The first step is similar to Remark 8.3.2.(i), viz., under the quotient map ¢ we take
the image of some smaller subsets restricted to which ¢ is surjective. So, put A = {(x,y) €
D" : ||x[|> <1/2} and B="T(1/2) = {(x,y) € D" : |x||*> > 1/2}. Clearly a interchanges
A\ S¥~1 and B\ S*7! and is the identity map on A N B. Therefore, M U H* is equal to
the identification space M \ f(B) Uy A, where g = f|ans.

The second step is to “rewrite” M \ f(B) Uy, A as M Uy, D™. Consider v, : A — D™, 75 :
A — D* x D" * given by

(%,y) = { (x,¥), it [lylI* > 1/2,
’ (V2 = lylI»)x,y), if yll* <1/2;
V2(x,y), it [lyl* <1/2,

Y2(%,y) = { (1 — x>~ Y2(x,y), if |yl*>1/2.

Check that v; is a homeomorphism whereas 7» is a diffeomorphism and both are equal to
the identity map on the belt-disc 0 x D"~*. Now consider w : M \ f(B) — M given by

(4 if geM\ f(A),
w(Q)_{ fomof g, if qef(T\B).
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Once again, the above said properties of v imply that w is a homeomorphism. Now w and
2 together define a homeomorphism

©:MUH"=M\ f(B)u, A — MU, D" x D"*

where b : S¥1 x D% — M isgiven by h=710g0 ’y{l. Check that O is as required. &

(©
Figure 42 The three cases of attaching handles in dimension 2.

Remark 8.3.5

(i) The figures (a),(b),(c) above show attaching a k-handle, for k = 2, 1,0 respectively, in
2-dimension.

(ii) In the above definition, the role of the integer k, 0 < k < n is important. The two
extreme cases are the easiest to understand. For k = 0, since the sphere S™! is empty, this
just means that W, NWs = (. Equivalently, M is the disjoint union of W; and D". We next
take up the case k = n which turns out to be nothing but “capping off” which we have
discussed earlier in Chapter 6.

Theorem 8.3.1 Let M be a smooth n-manifold. Suppose M = Wy U Ws with Wy N Wy =
OW71 = OWs and both W1 and Wy are diffeomorphic to the closed unit disc D™.

(i) Then M is homeomorphic to S™.

(i) M is diffeomorphic to S™ iff there are diffeomorphisms f; : D™ — W; such that fotofi:
St — SP1 extends to a diffeomorphism D — D™,

Proof: (i) Let f; : D™ — W, be homeomorphisms. Consider the restrictions to the bound-
ary and the composite homeomorphism f; Lo fi : S»1 — S"~! Extend this to a home-
omorphism ¢ : D" — D™ (via the cone construction, for instance). Let ny : D" — S™ be
embeddings given by

x = (x,£4/1 — [|%]|?).

Define ¢ : M — S™ by the formula:

_ n of_l(x), erl’
s ={ i, Tem

To see that 1 is a homeomorphism, the only thing we need to check is that its two definitions
on the boundary 0W; agree.

(ii) Now assume that f; are diffeomorphisms and that the diffeomorphism f5 Lo f1 extends
to a diffeomorphism A : D" — D". Let 7 : D™ — D" be a diffeomorphism, which is the
identity map on the boundary and the radial component of its derivative at any point on the
boundary is equal to the radial component of D(f~1)o D(f2)o D(A™!). Take ¢ = 70\ and
follow the steps in (i). The extra work that is needed here is to check the smoothness of ¥
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along the equator. This is precisely the role played by 7 here, so that the radial components
of the derivatives of ffl and ¢~ 1o f{l coincide.

Conversely, suppose we have a diffeomorphism ¢ : M — S™. Consider the embedding
Yo f1 : D" — S". By an ambient isotopy of the sphere S, we may (change ¢ and) assume
that the image of this embedding is the upper hemisphere and it is the identity map on the
boundary. This means that ¢(W3) is the lower hemisphere and ¢(0W7) = (0W3) is equal
to the equator in S”. Therefore, we can take diffeomorphism ¢ = f; ' o¢p~ton_ : D" — D"
and see that it extends f; ' o fi. o

Corollary 8.3.1 With M as in the above theorem if n = 2, then M is diffeomorphic to S2.

Proof: It is enough to prove that every diffeomorphism S' — S!' extends to a diffeomor-
phism D? — D2. [This depends on the result given in Exercise 6.3.2. Since this step is
crucial, we offer a solution here.] In view of Theorem 6.4.1, we need to prove that every
orientation preserving diffeomorphism ¢ : S' — S! is isotopic to the identity map. With-
out loss of generality, (by composing with a rotation), we will assume that ¢(1) = 1. Let
f R — R be a map such that expof = ¢ oexp and f(0) = 0 as in Theorem 7.3.4. Then
it follows that f(1) =1 and f : [0,1] — [0,1] is an orientation preserving diffeomorphism.
In particular, f is strictly increasing. Therefore, for each fixed ¢,  +— tf(x) + (1 —t)z is a
diffeomorphism of [0, 1]. Check that the diffeotopy

(z,8) — tf(x) + (1 —t)x
actually factors down to give a diffeotopy of Id with ¢ on S'. [

Remark 8.3.6 The above theorem deals with a very special case of attaching an n-handle
to an n-manifold. The arguments, however, go through in the general case as well with a
weaker conclusion, viz., the homeomorphism type of a manifold obtained by capping off at
a boundary component which is homeomorphic to a sphere is unique. Indeed, we can go one
step further. If W is connected, among such boundary components of W, it does not matter
at which component we are attaching the n-handle—the homeomorphism type of the new
manifold is the same. This is an easy consequence of Exercise 6.4.3. For ready reference,
below we state the corresponding result for the case n = 2.

Theorem 8.3.2 Let M be a connected (compact) smooth 2-manifold obtained by attaching
a 2-handle to a connected surface Wy. Then the diffeomorphism class of M is uniquely
determined by the diffeomorphism class of W1 irrespective of which boundary component of
W is being used in the attaching process.

We shall consider one more special case when n = 2 and k = 1.

Theorem 8.3.3 Attaching a 1-handle to a 2-disc produces either the cylinder or the Mdbius
band.

Proof: The attaching sphere consists of two points on dD?, which, we may assume, are
{(£1,0)}, up to isotopy. The tubular neighborhoods of these points can be chosen to be
D2\ (0 x [-1,1]). Again, up to isotopy, the attaching diffeomorphism has two choices : it
may preserve (or reverse) orientation on both the components or it may preserve orientation
on one component and reverse it on the other. In the first type, by changing the orienta-
tion on the handle, we can assume that the orientation is preserved on both components.
Accordingly, we get two possibly distinct diffeomorphism classes of surfaces. One class will
be orientable and other nonorientable and hence the two are diffeomorphically distinct.
We need to determine these two manifolds. Here, Exercises 8.2.1.(vii)-(viii) come to our
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aid. We have constructed Morse functions on the cylinder as well as the Mobius band with
exactly two critical points one of index 0 and the other of index 1. Therefore, both are
obtained by the process of attaching a 1-handle to a 2-disc. Therefore, of the two surfaces
obtained, the orientable one must be the cylinder and the nonorientable one must be the
Mobius band. Y

We shall now take up a little bit of the general theory of attaching handles.

Definition 8.3.5 By a (finite) handle presentation for an n-manifold M, we mean a se-
quence My C My C --- C M, = M of submanifolds, where M, is diffeomorphic to D"
and each M; is obtained by attaching a k;-handle to M;_ 1,0 < k < n,1 < i < p. The
presentation is said to be monotonic if ¢+ < j implies k; < k;.

Remark 8.3.7 The following theorem immediately tells us that any handle presentation
can be converted to a monotonic one.

Theorem 8.3.4 Let W be a manifold obtained from M by attaching a k-handle first and
then attaching a l-handle. If k > 1, then W is diffeomorphic to a manifold obtained from M
by attaching a l-handle first and then a k-handle.

Proof: On the boundary 9(M U H*) look at the attaching sphere S'~! of the [-handle
and the belt-sphere X" %=1 Since [ — 14+ n — k — 1 < n — 1, it follows that (see Exercise
6.5.2) there is an ambient isotopy of (M U H*) that moves S'~! away from X"~k=1. Of
course, this isotopy can be extended to the whole of M U H*. But any compact subset that
is disjoint from ¥"~*~! can further be isotoped into M \ S¥~1. We can now perform the
attaching of the two handles in any order. ®

Corollary 8.3.2 If M admits a finite handle presentation then it admits a monotone one.

Remark 8.3.8 Caution is needed in the correct interpretation of this result when k =1 =1
and n = 2. No doubt the two handles can be attached in whichever order you like. However,
the relative location of the four points on the boundary of the 2-manifold comes into play
now since you cannot shuffle them any which way you like by an isotopy.

Remark 8.3.9 We shall prove in the next section that every compact smooth manifold has
a handle presentation and hence a monotonic one. We shall now see the homotopy theoretic
aspect of attaching a k-handle. This was the original point of view of M. Morse. This part
may demand a little bit more familiarity with elementary homotopy theory on your part.

Definition 8.3.6 Let X be a topological space and Y be a subspace of X. By a strong
deformation retraction r : X — Y we mean a continuous map r such that there is a
homotopy H : X x I — X such that H(z,0) = z,H(z,1) = r(z) and H(y,t) = y for all
y €Y and 0 <t < 1. If such a strong deformation retraction r exists then Y is called a
strong deformation retract of X.

Lemma 8.3.2 There is a strong deformation retraction R : [0, 1]xD! — {1} xD'U0, 1] x{0}
with the additional property R(0,%) = (0,0) for all y € D'.

Proof: See the picture and try to write down an expression for R, before reading further.
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T

Figure 43 A typical deformation.

Fore S, 0<r<1, 0<s<1take

R(r.6,5) 22_1,9,0), r+2s <2,
r,0,s) =
@,9,1), r4+s>2.
Verify that R has the required properties. [

By “spinning” the above result, we get:
Lemma 8.3.3 S¥=1 x D' UD* x {0} is a strong deformation retract of D* x D'.

Proof: Express elements of D¥ in polar coordinates (6,t) where 0 <t < 1 and 0 € SF~1.
Let R:[0,1] x D! — {1} x D' U [0, 1] x {0} be a strong deformation retraction as provided
by the above lemma. Put R((6,t),y) = (0, R(t,y)). Check that R is the required strong
deformation retract. ®

Corollary 8.3.3 If W' is obtained from W by attaching a k-handle, then W UDF x {0} is
a strong deformation retract of W’.

Proof: This is because, wherever the identification takes place, that part is not disturbed
by the strong deformation retraction and so the two operations can be performed inter-
changeably. o

Definition 8.3.7 By an n-cell, or a cell of dimension n, we mean a topological space
homeomorphic to the closed unit disc D™ in R™. Attaching an n-cell to a topological space
means that we have a continuous map a : ID™ — X and we are taking the quotient space
of the disjoint union X [[D™ by the relation  ~ «a(z) for all z € 0D". Note that a 0-
cell is a singleton space and attaching a 0O-cell means just taking the disjoint union with a
singleton space. We say a topological space X is a finite CW-complex if it can be obtained
by attaching successively finitely many cells of nondecreasing dimensions, beginning with a
0-cell.

Corollary 8.3.4 Every monotone handle presentation of a manifold M defines a homotopy
equivalence of M with a finite CW complex X with one cell of dimension k for each k-handle
in the presentation.
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Proof: This follows from the following observations and a simple induction:

(i) If f : X — Y is a homotopy equivalence, A : S¥=1 — X is a continuous map, then
the space obtained by attaching a k-cell to X via A is homotopy equivalent to the space
obtained by attaching a k-cell to Y via f o A. Indeed, the homotopy f extends to a map
f:XU\DF 5 Y Usox DF by sending the interior of the first k-cell in a one-to-one fashion
into the interior of the second k-cell. A similar comment applies to a homotopy inverse of
f and defines the homotopy inverse of f .

(ii) If M’ is obtained from M by attaching a k-handle, then M’ has the homotopy type of
attaching a k-cell to M. This is a direct consequence of Corollary 8.3.3. ®

Definition 8.3.8 Let X be a finite CW-complex, with the number of k-cells equal to ny.

Then the number
X(X) = (=1)Fm
k

is called the Euler characteristic of the space X. Let M be a manifold with a handle presen-
tation P. Let hj denote the number of k-handles in P. We define the Fuler characteristic
of the presentation P to be the alternate sum:

X(P) = (=1)"hy.

k

Remark 8.3.10 It follows immediately from corollary 8.3.4 that x(X) = x(P), where X is
the CW-complex associated with the handle presentation P of a given smooth manifold M
We shall soon relate this number with I(M) via the Morse theory and that is the celebrated
Poincaré-Hopf index theorem.

Remark 8.3.11 Closely associated with the operation of attaching handles is another no-
tion called “surgery”, or “spherical modification”. Roughly speaking this is what happens
to the boundary M = 0W of a manifold W to which you are attaching a handle. In partic-
ular, given a closed manifold M, we can consider M x [0,1] and perform the operation of
attaching a handle along the boundary part M x {1} (i.e., without involving M x {0}). If
W is the resulting manifold, we then consider OW \ M x {0} as the result of performing a
surgery on M. We shall not go into the details here.

Of particular interest to us here is the case of 1-surgery on a surface F, which is the
result of attaching a 1-handle to F' x [0, 1]. For this reason, this operation also justifiably
goes under the name “attaching a 1-handle”, though technically incorrect. This limited
study will be taken up in the next section, where it will help us in completely classifying
the result of attaching 1-handles to surfaces.

Exercise 8.3 Show that R"#R" is diffeomorphic to S*~! x R.

8.4 Further Geometry of Morse Functions

In the example 8.2.1, we had hinted at a certain change in the topology of the level sets
h=1(—o0, 7] where h was the height function on the sphere. We shall now consolidate this
idea.

Definition 8.4.1 For simplicity of the exposition, we take M to be a manifold without
boundary. Let f: M — R be a Morse function. For any r € R, put M, = f~1(—o0,7] and
for r < s, put M, s = f~![r,s]. If r and s happen to be regular values, then it follows that
M, and M, s are submanifolds of M with boundary f~1(r) and f~*({r,s}) respectively.



Further Geometry of Morse Functions 227

Theorem 8.4.1 Regular Interval Theorem If f has no critical values in [r, s], and M, s
is compact, then M, s is diffeomorphic to f=1(r) x [r, s]. Moreover, M, is diffeomorphic to
M.

i i

r N

Figure 44 No change occurs in a regular interval.

Proof: We observe that f(M,s) = [r,s]. (why?) Now, consider the vector field o =
grad f/||grad f||* on M, . We take a smooth function ¢ : M — R which is identically
1 on M, s and vanishes outside a compact neighborhood of M,. ;. We then consider the vec-
tor field p = co. Let ¢ : M x R — M be the 1-parameter group of diffeomorphism generated
by p. Then we have the identity

o9

2 @,1) = p(o(a, ).

For any fixed © € M, consider the map 7 : t — f(¢(x,t)). Then by the chain rule, we

have,

9 6) = (arad £(9(, 1), p(6(z, 1))

This is equal to 1 for all values of ¢ such that ¢(z,t) € M,s, for, then p = o =
grad f/|lgrad f||?. Therefore, it follows that 7(t + s) = 7(¢) + s in this range. In partic-
ular, it follows that ¢(—,t) carries M, to M,y; diffeomorphically for all 0 < ¢t < s —r.
Clearly, then the map ¢ : f~'(r) x [r,s] = M, s defined by

(x,t) — Pla,t — 1)
is a diffeomorphism. Also, the map ¢s_,. : M — M takes M, to M, diffeomorphically. &
Remark 8.4.1
1. Observe that the diffeomorphism v satisfies the property fow(x,t) =t +r.

2. The compactness assumption on M, , is necessary. Usually, this is ensured by assuming
that f is a proper map. By simply deleting a point from M,  we can break the
conclusion of the theorem whereas, in the hypothesis, only the compactness of M, ,
is not satisfied.

As an immediate corollary let us prove:
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Theorem 8.4.2 Let M be a closed n-manifold with a smooth function f : M — R hav-
ing exactly two critical points. Suppose the critical points are nondegenerate. Then M 1is
homeomorphic to S™.

Proof: Since M is compact, f must attain its minimum, say, at p with f(p) = a. Likewise,
f attains its maximum also, say, at ¢ # p with f(g¢) = b. Since M is boundaryless, these
points must be critical points of f. It also follows that f~1(a) = {p} and f~1(b) = {q}. Now
by the Morse lemma, it follows that for sufficiently small € > 0, f~1[a,a+¢] and f~1[b—¢,b]
are closed n-cells. In particular, f~*(a + ¢€) is diffeomorphic to S"~!. From Theorem 8.4.1,
it follows that f~'[a + €, b — €] is diffeomorphic to S"~! x I. This means that M is actually
obtained by gluing two discs to S»~! x I. Hence, we can obtain a homeomorphism between
S™ and M. ®

Remark 8.4.2

1. In general, we cannot say that M is diffeomorphic to S™ since we do not have any con-
trol over the diffeomorphisms that we have used in gluing the discs. Indeed, there are
examples of closed connected 7-dimensional manifolds, which have a Morse function
with precisely two critical points but not diffeomorphic to S” (see [M3]).

2. However, we know that any diffeomorphism of a circle is isotopic to either the identity
map or to the antipodal map. Using this, it would follow that, if n = 2 then M is
actually diffeomorphic to S2.

3. The hypothesis “nondegenerate” may be dropped from the above theorem but the
proof will be much harder since we do not have the ready made Morse Lemma here.
Therefore, careful analysis of the fact that there are only two critical points has to be
made. Indeed, on S™ itself, there do exist Morse functions with exactly two critical
points neither of which is a nondegenerate one (exercise).

4. Since we would like to concentrate on one critical point at a time, it helps to have
a Morse function that maps different critical points to different values. That is the
content of the next lemma.

Lemma 8.4.1 There exists Morse function f : M — R which maps different critical points
to different values.

Proof: Add suitable “bump functions” to modify a Morse-function near a critical point.
We leave the details to the reader as an exercise. N

Theorem 8.4.3 Let M be a compact manifold without boundary and f : M — R be a
Morse function such that p € M is the only critical point inside f~1(c), where ¢ = f(p).
Suppose the index of p is k. Then there exists ¢ > 0 such that M., is obtained by attaching
a k-handle to M..

Proof: Replacing f by f — ¢ we shall assume ¢ = 0.

The idea is to find a new Morse function F' : M — R, which is equal to f outside
a small neighborhood U of p and F' < f inside a smaller neighborhood V of p so that
the region F'~!(—o00, —¢] will consist of M_. together with a small portion H inside V and
F~1(—00,€] = M,. Moreover, F will have no critical values in [—e¢, €], so that, from Theorem
8.4.1, we have F~!(—o0, —¢] is diffeomorphic to F~!(—o0,€]. It then remains to describe
the portion H and how it is glued to M_, and to prove that F~!(—o0o, —¢] is obtained by
attaching the k-handle to M _..
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Using the Morse Lemma, we get a diffeomorphism ¢ : R¥ x R*™* — U € M onto an
open subset of M such that ¢(0) = p and

k n—k
Floxy) == a7+ >yl =[x+ [ly|?
i=1 i=1

for all points (x,y) inside a disc of radius 1, say. Choose 1/3 > ¢ > 0 so that [—e, €] does
not have any critical values of f other than 0.

Let 4 : R — R be a smooth function so that
(i) 1(0) >
(i) ()—O YVt > 2
(iii) =1 < p'(¢t) <0, for all ¢.
(See Exercise 1.7.8.)
For (x,y) € Rl x R*™* put ¢ = ¢(x,y). Define F : M — R by

_ | flo), q€ M\ ¢(D"),
Fla) = { f@) = p(Ix)* +2[lyl?), q¢=ox,y) €U

Observe that the second formula yields F' = f outside ¢(D5,). Therefore, it is well defined
and smooth, all over M.

Note that F~1(—oco,—€] \ M_. is contained in ¢(D"). Therefore, by replacing
F~!(—o00,—¢] and M_, by their inverse image under ¢ : D — U and replacing f, F' by
fo@,Fog,etc., we can also replace M by D".

Figure 45 The k-handle H.
Thus, we now have
M_c={(xy) D" : —|x[I*+|yll* < —¢}
and
F7l (=00, —¢ = {{(x,y) € D" = — [x|*+ llylI* + u(llx|* +2[ly]|*) < e},

etc.



230 Geometry of Manifolds

Claim I:  F~!(—o0,¢] = M, = f~}(~o0 }
Since F' < f, it follows that f Y(—o0, €] € F~1(—o00,€]. Now, suppose F(q) < e.If ¢ = (x,y)
and ||x/|% + 2||y||* > 2¢, then F(q) = f(g) and we have nothing to do. Otherwise,
x| +2|lylI”
Fla) = x| + [y < X2

Therefore, F~1(—c0, €] = f~(—o0, €.

Figure 46 Modification of the function near a critical point.

Claim II: The critical points of F' are the same as that of f.
We have to compare the two functions:

=l + Iyl =l + lly 1 = adlx]® + 2]y ).
The derivatives of these are respectively,
2(_X7 Y)7

2(=(1+p)x, (1 = 2u")y)

each of which vanishes iff (x,y) = (0,0), since —1 < p/ < 0. Hence the claim.
Claim III: F'~!(—o0, —¢] is diffeomorphic to M..

Since F' and f have same set of critical points and ¢ is the only critical point of f inside
I t—¢, €] D F7l—¢, ¢, and F(q) = f(q) — p(0) < —e, it follows that F has no critical
points in F~1[—¢, €]. Therefore, F~!(—o0, —¢] is diffeomorphic to F~!(—o0, €] = M.
Claim IV: For each x € R¥, the intersection F~1(—o0, —¢] N ({x} x R"7*) = x x ]D)’rl(;’)§ for
some (x) > 0. The function x — r(x) is smooth and if ||x||? > 2¢ then r(x) = (||x||* —¢)'/2.
In particular, F~1(—o0, —€] = M_. U H where,

H={(xy) eR" : [x]* <2¢ly]* < r(x)*}.
For a fixed x, we are looking at points (x,y), which satisfy
=[xl + llyl1* = (i) +2[ly 1) < -

Putting t = ||x]|? + 2||y||?, this is the same as
—— >e. (8.13)

Since p(t) — % is a strictly monotonically decreasing function, there is a unique ¢y such
that equality occurs in (8.13) and (8.13) holds iff t < o iff ||x]|% + 2|y||? < o iff [y]|*> <
(to — [Ix[I*)/2.



Further Geometry of Morse Functions 231

Since u(t) > € for t < 0, it follows that ¢y > 0. Also since p/(t) > —1, it follows that
w(t) +t > p(0) = e for all ¢ > 0. Therefore,
to , 3[Ix|

— _ 3 2 3 2
= hfto) — 2 + 2200 = u(to) + to — S (to — [IxI) > € = 5 (to — [Ix]]?)

which proves that to > ||x||2.
Putting r(x) = y/(to — ||x]|2)/2, the first part of this claim is done.

Now conslder the function p(¢ ) 5 L+ 3”;” —¢, and apply the implicit function theorem.
It follows that the function x — t¢ is smooth. Therefore, x — r(x) is smooth.

[At this stage, it is clear that F~!(—o0, —¢] is obtained from M_. by a combinatorial
attachment of a k-handle. The following details are necessary to see that the attachment is
indeed smoothly performed.]

Claim V: The space F~1(—oco, —¢ is obtained from M_. by attaching a k-handle along
the (k — 1)-sphere S := Slf/_gl x 0.
The k-handle is attached to M_. along the (k — 1)-sphere

S={(x0) : [x]*=e}

The attaching map is the diffeomorphism A : T — T’ :

— Ixl12)1/2

where T" = {(x,y) € M_. : ||x]|?> < 3¢} is a tubular neighborhood of S in M_,. Therefore,
M_. U HF is the quotient of the disjoint union

[\ ) [T\ 8]/ ~

X 2 _ 1/2
(x,y) ~ ha(x,y) = V2 (X, (%) y) |

[See (8.12) for the definition of a.]
In order to define a diffeomorphism g : M_. U H* with F~!(—o0, —¢], we consider two
smooth maps o : M_.\ S — F~!(—oc0, —¢] and 7 : D"\ S¥~1 — F~!(—o0, —¢] given by

o(x,y) = x@ ;o T(x X, r(v2ex)
)= (= o) e = (W 1—||x||2y>

It is readily checked that both ¢ and 7 are embeddings. Since o o h o a« = 7, it follows that
these two patch up to define a smooth embedding g of M_. U H*. It remains to show that
g(M_.UHF) = F~(—c0, —¢].

For each fixed x such that ||x|| < 1, let Lx = {(x,y) € D*}. Then Ly is a (n — k)-disc
of radius (1 — ||x||*)!/2. Under 7, this is mapped onto a (n — k)-disc in L 5, of radius

r(v/2ex). Now by Claim IV, it follows that 7(L,) = F~'(—o0, —¢] N L /3« Therefore,

where

D"\ SFY) = Pl (—o0, — N {(x,y) €D" : ||x]]% < 2¢}. (8.14)

Now suppose that ||x||? > € and put Sx = M_, N Ly. Then Sy is a (n — k)-disc of radius
(||x]|? — €)*/2. Tts image under o is a disc of radius r(x). As seen in Claim IV, it follows that
0(Sx) = Lx N F~ (=00, —¢]. Since M_.\ S C {(x,y) : ||x]|> > €}, it follows that

o(M_.\ S) = {(x,y) € F~ (=00, ~¢] : [x]? > e}. (8.15)
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Together with (8.14), this implies
g(M_.UH") = F~}(—o00, —€.
That completes the proof of the theorem. ®

Theorem 8.4.4 Handle Decomposition: Every closed manifold M has a handle pre-
sentation.

Proof: Begin with a Morse function f : M — [a,b], which sends distinct critical points
to distinct values a = cg < ¢1-++ < cxg—1 = b. Put M; = f~1[a,¢; + €], where € is half the
minimum of all ¢; — ¢;—1. If p € M is such that f(p) = a then p must be a local minimum
and hence the index at p is 0. Therefore, by the Morse Lemma Mj is a disc. The rest of the
claim follows from the previous lemma. ®

Remark 8.4.3 Combined with Corollary 8.3.4, we conclude that every compact manifold
has a monotone handle presentation and hence is the homotopy type of a finite CW-complex.

Note that starting with a Morse function f on a closed manifold M, we get a handle
presentation P for M, which, in turn, yields a homotopy equivalence of M with a CW-
complex X. We also note that for each 0 < k < n, the number v}, of critical points of index
k of f is equal to the number hj of k-handles in P, which, in turn, is equal to the number
of k-cells in X. Therefore, we get

e(f) =x(P) = x(X). (8.16)

On the other hand, we also get the vector field o = grad f for which we have seen I(M) =
e(f) (see (8.6)). Combining these two we have:

I(M) = e(f) = x(X). (8.17)
Thus we have the following celebrated result:

Theorem 8.4.5 Poincaré-Hopf: The Euler characteristic of a closed manifold M is equal
to the index of any vector field on M with finitely many zeros.

Remark 8.4.4
(i) In particular, it follows that the combinatorial quantity x(X) is a diffeomorphism invari-
ant. Indeed, it is an easy consequence of homology theory that x(X) is a homology (and
hence a homotopy) invariant of the underlying topological space of any finite CW-complex.
(ii) Classically, Euler-characteristic is defined for any finite simplicial complex as the al-
ternate sum of number of face numbers. You will learn this in a first course in Algebraic
Topology.
(iii) It may be noted that the underlying topological space X (geometric realization) of a
finite simplicial complex K can be treated as a finite CW complex in a natural way. Then
our definition of x(X) for this CW-complex coincides with the classical definition x(K).
Thus, when X denotes the CW complex obtained via a Morse function on a manifold M,
we can define x(X) to be the Euler characteristic of the manifold M itself and denote it by
X(M).

We shall end this section with a result that is useful for computing the Euler character-
istic and that will be used in the classification of surfaces in the next section.

Theorem 8.4.6 Let My, Ms be any two n-dimensional manifolds. Then
X(My#Mz) = x(My) + x(Mz) + a(n) (8.18)

where a(n) =0 if n is odd and = —2 if n is even.
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Proof: Choose Morse functions f; : M; — R,i = 1,2 such that p; € M; is the only
maximum for f; and py € My is the only minimum for f5. Choose coordinate neighborhoods
(Ui, ¢i), around p;, i = 1,2 such that

fi(o7 ' (2)) = f(p1) — Zw?; F2(02 (@) = fa(p2) +Zx2’ 0< |zl <1.

Figure 47 Connected sum of two Morse functions.

Now take ¢ = f1(p1) — 1 + fa(p2) and g2 : M2 — R to be go(z) = f2(z) + c. Verify that
fillgz : Mi\{p1} I M2\ {p2} — R factors down to define a smooth function h on M;#M>
(see Definition 8.3.1). The critical points of h are precisely those of fi and f> minus the set
{p1,p2}. Indeed, in a neighborhood of any of these critical points, h coincides with either
f1 or with fa + ¢. The index at py for f; is 1 whereas the index at py for fo is (—1)™. This
proves

e(h) = e(fr) + e(f2) + aln).
Now use (8.17) to derive formula (8.18). A

Remark 8.4.5

1. In summary, we have related half-a-dozen different versions of “Euler characteristic”:
(i) as the alternate sum >, (—1)*vy of the number of k-cells of a CW-structure (or
the number of k-faces of a simplicial structure),

(ii) as >, (—1)*hy of the numbers hy, of k-handles of a handle presentation,

iii) as self-intersection number of a manifold,

iv) as the index of a vector field with finitely many zeros,

v) as the Lefschetz number of a self-map homotopic to identity, and

vi) as the alternate sum of number of critical points of a Morse function.

We have also discussed a simple version of Gauss-Bonnet Theorem, which relates the

Euler characteristic of a hypersurface in R2"*! to its curvature. These ideas have

motivated a large number of deep results which go under the generic name index

theorems, such as Atiyah-Singer Index Theorem. What we have seen so far is just the
tip of an ice-berg.

NN S N

2. For a compact manifold M with nonempty boundary, one can find a Morse function
f M — la,b] such that f~'(a) = M. From this, information similar to the above
can be extracted.

Example 8.4.1 Consider the unit sphere
SPH = {(20, ..., 20) €CM 0 Y [z P =11

J

The group of unit complex numbers S' acts on S?”*! as scalars and the quotient space is
called the complex projective space CP™. Writing an element of CP” in the form

z=1z0:20: " Znl,
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we have Y |z;12 =1, and [20 : 20 ¢+~ : 2] = [wzp 1 w2g : -+ 1 w2y, for all w € S'. Let
A1 < A2 <--- <A, be any real numbers and consider f(z) =3 _; Aj|zj|%. Let us verify that
f is indeed a nice Morse function on CP™.

Put U; = {z € CP™ : z; # 0}. Let B®" denote the open unit disc in C" and consider
the map ¢g : B?" — CP" given by

1/2

(#1y+ .0y 2n) — I—Z\zﬂz D21t 2

J

This map defines a diffeomorphism of B?" onto Uy and so defines a chart around the

point [1:0: ---: 0]. Likewise, we can consider diffeomorphisms of B?" onto U; for other
j’s and get an atlas for CP".

Clearly fo¢o(z) = Ao+ _;(Aj — Ao)|z;|? Hence, [1:0: ---: 0] is the only critical point
of f in Up; it is nondegenerate and is of index 0. Likewise, we see that in Uy, f takes the
form

Cj + Z()\] - /\Z)‘Zz‘z
i#]
Hence, [0: 0:---:1:---:0] is the only critical point of f in Uj, is nondegenerate and is of

index 2j. Observe that the value of the function at this point is A;. Thus, we obtain
CP'~eUe?u.---Ue™
as a finite CW-complex, the cells being attached in the increasing order of their dimension.

Exercise 8.4
1. Prove that M, is a strong deformation retract of M.

2. Read a proof of Poincaré duality for smooth manifolds based on Theorem 8.4.4 from
[B] or from [K].

8.5 Classification of Compact Surfaces

In any classification problem, we must first of all have a sufficiently large list of the type
of objects that we want to classify. The second step is to get rid of redundant elements from
this list. The final task is to prove that our list is “complete”.

Naturally, the boundary surfaces of solid objects that we are familiar with are the first
set of examples of 2-dimensional manifolds that we come across— the surface of a football,
of a bicycle tube, of a teacup, of a Swiss cheese, and so on. Surprisingly, as we shall see
soon, these are all the surfaces that could be there, had we made just one restriction, viz.,
orientability. That is, all smooth orientable, (closed) surfaces occur as the boundary of some
smooth solid objects in R3.

Beginning with a connected solid and assuming that it is somewhat symmetric in shape,
let us choose our coordinates so that the solid is situated symmetrically about the XY-
plane. We then see that the boundary of this solid intersects the XY-plane in a number of
Jordan curves, arranged in a certain pattern. What is this pattern? We may further assume
that these curves are all circles. It is important to notice that there is one large circle and all
other circles are interior to it. The smaller circles themselves are external to each other. We
can easily write down equations for these circles. Let p; =0, i = 1,2,..., g be the equations
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for smaller circles and py = 0 be the equation for the large one. Then the curve C' defined
by po - --pg = 0 is the union of all these circles.

Now observe that the closed and bounded region A defined by these circles is a disc
with g holes in it. We can then think of the portion of the surface above the XY-plane
being the graph z = f(z,y) of a suitable smooth function f, which takes positive values in
the interior of A and which vanishes on 0A = C. By symmetry, we can say that the lower
portion is given by the graph of z = —f(x,y). These two can be combined into a single
equation 22 = f(x,y)2.

Where do we look for such a function f? Luckily, we need not search for it much long:
we can simply take the function f so that f? = —pop; - - - pg.

More specifically, we may take

(2 +(y—g—1)2%—(g+1)? ﬁx—i—y k)2 —1/9)+22=0 (8.19)

to represent our surface. (Use the Pre-image Theorem to see that this actually represents a
smooth surface.)

=

Figure 48 A surface of genus 3.

We can think of these surfaces as obtained by taking two copies of a disc with some holes
and identifying each boundary circle of the first copy with one boundary of the second copy
in a one-to-one fashion. In order to get an orientable surface, we need to be a bit careful
in choosing the identifying homeomorphisms. What happens if we are careless? Well, the
result would still be a surface, but probably not orientable. So, this is then a good way
of producing nonorientable surfaces. Indeed, it turns out that all connected, nonorientable
closed surfaces can also be obtained in this way. It seems that we have found our list. What
to do next?

An interesting fact about surfaces given by (8.19) is that the projection to the y-axis is
a Morse function on it with critical points at (0,0, 0), (0,2(g+1),0), and (0,k+£1/3,0),k =
1,2,...,g. The indices at the first and the second one are 0,2 respectively and all others
are of index 1. It turns out that this information is enough to distinguish homologically,
and hence diffeomorphically, one surface from the other.

However, in our classification scheme, we shall take a route through an entirely different
geometric description of the surfaces.

Starting with a teacup, suppose we just break its handle. The boundary of the resulting
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object is then seen to be diffeomorphic to the surface of a ball. Reversing this procedure,
we would like to think of the surface of the teacup as being obtained from the surface of the
ball by “attaching a handle”. We can then repeat this process to obtain other surfaces. This
single idea turns out to be sufficient to classify all compact orientable surfaces. Of course, we
have to take care of a few technical details, for which, we have done enough preparation in
the previous chapters. The key role is played by the fact that attaching handles in dimension
2 can more or less be completely described by another operation, viz., taking “connected
sum”.

In what follows, we are speaking about diffeomorphism classes of manifolds, even though

we may simply refer to them as manifolds.

A Family M of Model Surfaces

We generate a family M of compact surfaces by the following simple procedure:
(i) We put the sphere S?, the torus T := S* x S! and the projective plane P := P? in M.
(ii) Given any two members X; and Xs in M, we take X1# X5 to be also a member of M.
It should be noted that for this operation, we do not insist that X; and X, are distinct.
(iii) Given a member X of M, we allow the surface obtained by deleting the interior of
finitely many disjoint discs in X to be a member of M. Also, the reverse operation of
“capping off” any number of boundary components is allowed.
(iv) Disjoint union of finitely many copies of finitely many members of M is again a member
of M.

Since any compact surface is the disjoint union of its connected components, it is enough
to consider only those that are connected. Also, observe that the two operations (ii) and (iii)
commute with each other. For, discs that we want to remove can be, first of all, isotoped
away from the scene of action of taking the connected sums and vice versa. Therefore, the
operation of taking connected sum needs to be performed only on pairs of members of M
that are closed and connected manifolds. Let us denote the orientable surface obtained by
taking the connected sum of g copies of T by T, (g > 0, with the convention: Ty = S?)
and the (nonorientable surface obtained by taking the connected sum of & copies of P? by
Pr, k > 1. Next, let us denote the surface obtained by making h holes in T, (respectively,
in Pg) by Ty (resp. by P p.)

The classification theorem for compact surfaces states:

Theorem 8.5.1 Every compact connected surface is diffeomorphic to precisely one member
of the following list:

(a) Tgn g,h > 0;

(b) Pyn, k>1,h>0.

The proof of this will be broken up into proving the following three propositions:

Proposition 8.5.1 Every compact surface is diffeomorphic to a member of M.

Proposition 8.5.2 Every connected member of M is diffeomorphic to either a Ty 1, g,h >
0, or to P p,k>1,h > 0.

Proposition 8.5.3 Distinct members of the family
{T%h : g,hZO}U{P]@h, : k>1,h >0}
are nondiffeomorphic.

We shall take up the proof of Proposition 8.5.3 first. Here the Euler characteristic plays
a crucial role.
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Lemma 8.5.1 x(Ty) =2—2¢; x(Px) =2 —k.

Proof: We already know that x(Tp) = x(S?) = 2 (see Example 7.8.2). On the torus
T; = S' x S, we have plenty of nowhere vanishing vector fields, e.g., (z,y) — (1x,2y).
Therefore, x(T1) = 0. Now appeal to (8.18) (with a(n) = —2 to get,

X(Tg) = x(Tg—1) + x(T1) — 2.

Therefore, by induction

X(Tg) =2-2(g—1)-2=2-2g.

Likewise, starting with the fact that x(P) = 1 (see Example 7.8.4), it follows that x(Py) =
2 — k.

Proof of Proposition 8.5.3: Since orientability is a diffeomorphism invariant, it follows
that no member of {T, s g,h > 0} is diffeomorphic to any member of {Pyn,k > 1,h > 0}.
Since the number of connected components of the boundary is a diffeomorphism invariant,
it follows that different values of h will mean different diffeomorphism types in each of these
sets. Now if Ty j is diffecomorphic to Ty ; by capping of all the boundary components on
either side we conclude that T, is diffeomorphic to Ty . Since the Euler characteristic is a
diffeomorphism invariant, we have

2—2g9=x(Ty) =x(Ty) =2—-2¢

and hence g = ¢'. Similarly, if Py, is diffeomorphic to Py then 2—k = x(Px) = x (P ) = 2—K/
and hence k = k. A
We now move toward the proof of Proposition 8.5.1.

Lemma 8.5.2 Let W' be obtained by attaching a 0-handle or a 2-handle to a member W
of M. Then W' € M.

Proof: Suppose we are attaching a 0-handle. This is the same as taking the disjoint union
with a 2-disc. By (i) and (iii) it follows that a 2-disc is in M. Therefore, by (iv) it follows
W' =W ][D? € M, in this case.
Similarly, attaching a 2-handle is the same as capping off a boundary component and
so, W' e M. o
We now consider the case of attaching a 1-handle. The following lemma is self-evident
in view of the isotopy theorems of Section 6.3.

Lemma 8.5.3 Let W be the result of attaching a 1-handle to a surface M.

(i) If the attaching sphere belongs to two different components of M or

(ii) M is nonorientable.

Then the diffeomorphism type of W is uniquely determined by M and the isotopy class of
the attaching sphere.

Otherwise there are precisely two isotopy classes of attaching maps which determine two
distinct possibilities for the diffeomorphism class for W. In the first case, the attaching
diffeomorphisms are both orientation preserving (or reversing); this case will be called ori-
entation preserving attaching maps. In the second case, one attaching diffeomorphism is
orientation preserving and the other is orientation reversing; this case will be called the
case of orientation reversing attaching maps.

Proposition 8.5.4 Let W be a manifold obtained by attaching a 1-handle to a disjoint
union of two copies of the 2-disc in such a way that the two points of the attaching 0-sphere
belong to the two different components. Then W is a disc.
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Proof: With the specific condition on the attaching sphere mentioned, we know that the
resulting surface is unique. So, it is enough to show that a 2-disc can be obtained in this
fashion.

This is the same as finding a Morse function f : D? — R with three critical points of
indices 0,0, 1 respectively. For then we know that the domain of such a function can be
obtained by attaching a 1-handle to the disjoint union of two 2-discs. Of course then there
are two possibilities for the attaching sphere. The first one is as described above. The second
possibility actually gives a surface which is disconnected and hence ruled out.

Finally, we just appeal to the Exercise 8.2.7, where we have constructed such a Morse
function. N

Example 8.5.1 We consider the parameterization of the torus T :

(0,¢) — ((2+ cosf) costp, (24 cos ) sinp, sin ),

where —7/2 < 0 < 37/2 and —7/2 < 1) < 37w /2. The coordinate projection onto the z-axis
defines a Morse function f with precisely four critical points (—3,0,0),(—1,0,0),(1,0,0),
and (3,0, 0) of indices 0, 1, 1, and 2, respectively. Let us denote 7). the subspace of T' consist-
ing of points with z-coordinate < r. It follows that T_o C Ty C T C T3 = T is a monotone
handle presentation of T.

Going back to the parameterizing space [—7/2,37/2] x [—7/2,37 /2], we can consider
the function f(6,1) = (2 + cos @) cos . This has four critical points precisely at

(9’ ¢) = (O’ 7T)7 (71-’ 7T)7 (71-’ 0)7 (0’ 0)

The identification on the boundary (8, —7n/2) ~ (0,37/2),(—7/2,¢) ~ (37/2, = + 27)
produces the Klein bottle K. The function f respects this relation and hence defines a
smooth map f : K — R. Since the quotient map is a local diffeomorphism, it follows that
f is a Morse function with the critical behaviour similar to that of f.

We shall first discuss the case of the Klein bottle along with the Morse function f. Let
us denote f~!(—o0,r] := K,. It then follows that

K ,CKyCKy,CKs=K

is a monotone handle presentation of K. Clearly K_5 is a 2-disc. Observe that Ky is the
image [—n/2,37/2] x [1/2,37/2] and hence is the Mdbius band. Since Ky is obtained by
attaching a 1-handle to the disc K _o, there were only two possibilities for K corresponding
to the two cases whether the 1-handle is oriented or not. Since the orientable handle case
would have produced an orientable manifold and since the Mobius band is nonorientable,
we conclude that the result of attaching a nonorientable 1-handle to a 2-disc is precisely
the Mobius band.

It now follows that the diffeomorphism type of K5 is unique. Since attaching a 2-handle
to it, or which is the same as capping off the boundary component, produces the Klein
bottle K3, Ko is nothing but the surface obtained by removing a disc from K3 = K.

We now consider the torus T and the Morse function f. As before, let T, = f~!(—o0,7].
We then have a monotone handle presentation

T oCTyoCTy,CT3=T.

As usual, Tj is a disc and T% is clearly a cylinder. It follows that attaching an orientable
1-handle to a 2-disc produces the cylinder.

Now suppose we are attaching a 1-handle to a cylinder. As seen before, there are two
distinct cases to be considered: (i) orientable handle and (ii) nonorientable handle.
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Since Ty is an orientable surface obtained by attaching a 1-handle to the cylinder, it
follows that this is the unique surface corresponding to case (i). What is the surface corre-
sponding to (ii)?

By Theorem 8.3.4, we can first perform the two operations of attaching handles in the
reverse order. We already know that attaching a nonoriented 1-handle to a 2-disc gives the
Moébius band M. Once a manifold is nonorientable, we also know that the orientability of
the 1-handle does not matter any more. So the diffeomorphism type of the surface obtained
by attaching another 1-handle to M is unique, which is nothing but Ks as seen before.

Let us summarize the results that we have seen in the above discussion.

Proposition 8.5.5 Let M be a surface obtained by attaching a 1-handle to a cylinder or
a Mobius band. Then the surface M obtained by capping off M is diffeomorphic to either
(i) a 2-sphere, (ii) a projective space, (iii) a torus, or (iv) a Klein bottle. Equivalently, M
is either (i) To,1, (ii) P11, (iii) Tq,1 or (iv) P21 respectively.

Figure 49 Attaching a 1-handle to a cylinder.

Proof: The first two cases correspond to the case when we start with a cylinder and attach

the 1-handle along a 0-sphere contained in the same boundary component of the cylinder,

which can be converted into attaching a 1-handle to a disc, by first capping off the other

boundary component of the cylinder. The rest of the cases are as in the above example. &
We are now ready to discuss attaching 1-handle to a general surface.

Lemma 8.5.4 Let W be a surface with a connected boundary OW = C. Let M be a
smooth surface obtained by attaching a 1-handle to W along C. Then M is diffeomorphic
to either W or W#P2,

Proof: Choose a collar neighborhood C' x [0,1] of C' in W. Then W/ = W \ C x [0,1)
is diffeomorphic to W itself (ambient isotopy of collar neighborhoods). Now W = W'#D
where the 2-disc D is obtained from the collar C' x [0,1] by capping of at the boundary
component C' x {1}. Note that the operation of attaching a 1-handle is performed on the
collar C' x [0, 1] along the boundary component C' x {0} away from the scene of operation
of connected sum. Therefore, we may interchange the order of these two operations and
think of M as obtained by taking the connected sum of W' with the result Z of attaching
a 1-handle to a disc. We know that Z is either a cylinder or a Mobius band.

To obtain M we have to further cap off Z. Clearly Z is either S? or P2. The conclusion
follows. ®



240 Geometry of Manifolds

Lemma 8.5.5 Let W be a connected surface with precisely two boundary components
C1,Cs. Let M be a smooth surface obtained by attaching 1-handle to W where the attaching
0-sphere consists of points one from each C;. Then M is diffeomorphic to either W#T; 2 or

WH#P, ;.

Proof: Since W is connected, W is connected. By the Disc Theorem, the two discs Dy, Do
in W which we have used for capping of C;, Cs, may be assumed to be inside a larger disc
D. This produces as in the previous lemma a diffeomorphism of W with W’#Tg 2, where
W itself is diffeomorphic to W. Now the operation of attaching the handle is carried out
on Ty o part and we have already seen that this produces either Ty ; or Py ;. N

Lemma 8.5.6 Let W; and W5 be two connected surfaces with connected boundary com-
ponents C; and Cy respectively. Let M be the result of attaching a 1-handle to W7 U W5
where the new handle intersects both C; and C3. Then M is diffeomorphic to Wy #Ws.

Proof: By taking collar neighborhoods of C1,Cy, etc., as before we conclude that M is
diffeomorphic to Wy#Wa#Ws, where Wj is the result of attaching a handle to a disjoint
union of two discs Dy, Dy wherein both the components dD1,0Ds are involved in the
attaching process. We know that this produces a disc again. Therefore, W3 is S? and the
conclusion follows. Y

Lemma 8.5.7 Let W be a member of M and W’ be obtained by attaching a 1-handle to
W. Then W' is also in M.

Proof: There are three distinct possibilities.

(a) The attaching 0-sphere is contained in a single boundary component of W. This is the
case described in Lemma 8.5.4 and we conclude that W € M.

(b) The attaching sphere intersects two boundary components that are both in the same
component of W. This case is taken care by Lemma 8.5.5 and we are done.

(¢) Finally, the attaching sphere intersects two boundary components, that belong to dif-
ferent components of W. This is described in Lemma 8.5.6 and we are through again. &

Proof of Proposition 8.5.1 : Given a compact surface M, to show that it is a member of
M, we can first cap-off all its boundary components and assume that it is a closed manifold.
Then by Theorem 8.4.4, M has a handle decomposition,

MoC My C---C My =M.

Since M is a disc, My € M. Also, each M; is obtained by attaching k-handle (k = 0,1, 2)
to M;_1. By Lemmas 8.5.2 and 8.5.7 each M; is in M and we are done. ®
Now toward the proof of Proposition 8.5.2, we first prove:

Theorem 8.5.2 Let W be a connected nonorientable closed surface. Then W#T is diffeo-
morphic to W#K, where T, K denote the torus and the Klein bottle, respectively.

Proof: In the Gluing Lemma 5.3.1, let M = (—1/2,1) x S}, U = (-1/2,0) x SL,V =
(1/2,1) x S'. Take ¢,¢ : U — V given by

o(t,v) = A +t,v); »(t,v) = (141 0).

Then we know that the quotient spaces My, M, are respectively the torus and the Klein
bottle (see Example 8.5.1). Consider the connected sum W+#M. We may assume that the
connected sum is being performed via a disc in M which is disjoint from U and V. It then
follows that W#T (respectively, W#K) is diffeomorphic to the quotient space (W#M),
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(respectively (W#M),). By (ii) of Lemma 5.3.1, if we find a diffeomorphism o : W#M —
WH#M such that ¢ o = a0 on U, then it follows that (W#M), is diffeomorphic to
(WHM)y.

So, in order to produce a diffeomorphism « as required, we consider the manifold X
obtained by filling up the two holes in W+#M at the two boundary components {—1/2} x S!
and {1} xS!. Let the two discs be denoted by D1, Dy and let U’ = D;UU, V' = DyUV. Then
U’ and V' are themselves disjoint embedded discs in X. Let f, g : D> — X be embeddings
such that f(D?) = U’ and g(D?) = V’. Note that the diffeomorphism ¢ o¢~! : V — V
extends to a diffeomorphism A : V/ — V/. Put f' = f and ¢’ = go A : B> — V'. Then by
the Disc Theorem, we get a diffeomorphism « : X — X such that «o f = f and aog = ¢'.
It follows that « restricts to a diffeomorphism of W#M — W#M such that o|y = Idy
and on U

aop = (aogloglop=(gog ')oo
= (Yoo Hop=v=voa
as required. This completes the proof. '

Figure 50 An oriented handle T can be moved onto K, an unoriented one.

Remark 8.5.1 In the figure above, we have taken W = P2 but have drawn only a Mobius
band (which is all that one can draw on a piece of paper). One can either attach an oriented
1-handle as shown by T or an unoriented 1-handle as shown by K. The result is the same
since the M6bius band has no sides. One can actually “move” the handle K onto the handle
T.

Proof of Proposition 8.5.2: By capping off boundary components, it is enough to consider
only closed manifolds in M. As we have seen these objects are obtained by taking connected
sums of copies of T and P. If only copies of T are involved or only copies of P are involved,
we are within this list. It remains to identify T,#P). the connected sum of g copies of T and
k copies of P g,k > 0. But then by the above theorem along with the fact K = P5, we get

Pi#T, = (PBi#T)#T,—1 = (Pr#K)#Ty 1 = Pryo#tTy 1 = - = Pryg.
This completes the proof of the proposition 8.5.2. ()

Remark 8.5.2 To summarize, given any connected compact surface without boundary, by
the Morse theory, it has a handle decomposition and hence is a connected sum of finitely
many copies of the torus and the projective space. If it is orientable then there cannot be
any projective space involved and hence it is diffeomorphic to T, for some g > 0. Otherwise,
it has to be diffeomorphic Py, for some k > 1. This completes the proof of the classification
of smooth compact surfaces.
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Remark 8.5.3

1. The unique number g in Ty, is called the genus of the surface. The Euler characteristic

of this surface is equal to 2 — 2¢g which determines g. In fact, using the technique of
Mayer-Vietoris sequence, one can easily find all the homology groups of this surface.
It turns out that the first homology group is a free abelian group of rank 2g and the
0*" and the 2" one are isomorphic to Z. The number k in P, is also significant. It is
equal to 2 — x(Pg). The first Betti number (the rank of the first homology group) of
P}, is equal to k — 1 and the 2™ homology group vanishes.

It turns out that the homeomorphic classification of all compact surfaces coincides
with the diffeomorphism classification. In some sense, topological classification should
be easier since we have to deal with homeomorphisms rather than diffeomorphisms
at each stage. However, while dealing with topological manifolds, we do not have the
tools of differential topology either, such as Morse functions. So, after all, the problem
seems to be not so easy. One could first try to prove that every topological surface
carries a smooth structure. Though this happen to be a fact, (at least as a consequence
of the classification) solving this problem independently seems to be not easy at all.

A well-known approach to topological classification of surfaces is as follows: One first
proves that every compact 2-dimensional topological manifold (surface) is triangula-
ble. (This classical result is attributed to Tibor Rado.) Using the triangulation one
then proves that every connected surface is the quotient of a regular polygon with
even number of sides, by certain edge identifications on the boundary. One then gets
rid off all superfluous identifications and bring them to a number of “standard form”
(what are called “canonical polygons”) each of which happens to produce a topologi-
cally distinct (Euler characteristic again) surface. This approach also helps to actually
write down generators and relations for the fundamental group of the surface.

Slightly on a different track, by “the smoothing theory” developed by several authors,
it follows that every triangulated surface admits a “unique” smooth structure. Com-
bined with the above cited result of T. Rado, it follows that every topological surface
has a smooth structure. Our classification theorem then shows that the smooth struc-
ture itself is unique of the topological surface. Of course, there is also the combinatorial
equivalence of any two triangulations on a given surface. None of these results are el-
ementary. The reader is urged to go through the “Foreword” to this book once again
at this stage.

Exercise 8.5

1. Show that the tubular neighborhood of any embedded circle in a surface is diffeomor-

phic to either S* x (—1,1) or an open Mobius band.

2. Show that every nonorientable surface contains a Mébius band.



Chapter 9

Lie Groups and Lie Algebras: The Basics

9.1 Review of Some Matrix Theory ... 243
9.2 Topological GIOUDPS . ... .nt ittt et et et 252
0.3 L& GIOUPS vttt ettt et e e e 257
9.4 Lie AlGEDIas .. ..ot 261
9.5 Canonical Coordinates ... 265
9.6 Topological Invariance ... 270
9.7 Closed SUDGIOUDS ...ttt et e et 271
9.8 The Adjoint ACtiOn . ... 272
9.9 Existence of Lie SUDGroups ........c.uiiuiiii i 274
9.10 FOIAtION . ...ttt e e e e e e 279

In this last chapter, we introduce the reader to some basic results in Lie groups. On the
one hand, it serves the purpose of supplying a large number of interesting examples of
smooth manifolds and on the other, it gives the reader an opportunity to see some basic
tools of differential topology being employed fruitfully. In the first section, we quickly recall
some results from matrix theory and in the second some results from topological groups.
Mastering everything in these sections is not all that necessary to go ahead. In Section 9.3,
we introduce the Lie groups and in Section 9.4, the Lie algebras. In section 9.5 and 9.6, the
fundamental inter-relation between the Lie group and its Lie algebra is discussed. The next
two sections exploit this relation to get information on the structure of Lie groups such as
subgroups, normal subgroups, conjugation action and so on. The last two sections deal with
the fundamental problem of existence of Lie subgroups and we take this opportunity to
introduce yet another differential topological/geometrical notion—foliation. The treatment
in this chapter is somewhat different from other chapters, in the sense that we assume more
maturity and indulgence on the part of the reader. As a result, exercises are spread out all
over the chapter, instead of at the end of each section.

9.1 Review of Some Matrix Theory

This section is a quick review of some linear algebra. We hope that you are familiar with
most of the stuff here and will be able to figure out a lot of routine checking which we are
going to leave as exercises for you.

The Quaternions

Consider the group of quaternions with eight elements: @ = {£1, +i, £j, £k} with the

following group law:

i2=j2=k>=-1;ij=k; jk=1i; ki=]j.
The “associated group algebra H over R” consisting of linear combinations
a=ag+ai+azj+ask, a- €R

is a four dimensional vector space of over R with a multiplication that extends the group
law of @ linearly.

243
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We define the conjugation in H by

a=ag—aii— asj— ask

Clearly aa = Y a2 and hence we define

al = ﬁ

It follows that a = 0 iff |a| = 0.
We say a € H is purely imaginary if its real part ag = 0.
The following two results are easy to prove.

Theorem 9.1.1 H is a skew field and it contains the field of complex numbers.

Theorem 9.1.2 The set of elements of modulus 1 in H form a group denoted by S>.

Remark 9.1.1 Note that H is a 2-dimensional vector space over C in two different ways:
the left- and right-module structures do not coincide. On the other hand, there is no such
problem with H as a 4-dimensional vector space over R.

Exercise 9.1.1

1. Express a € H as z1 + z3j, where z; € C.
(a) Verify that

ai = i(Zl — ZQj); aj :j(il + 52j); ak = k(il — 52j) (91)

(b) Use the cosine rule and the fact that |21 + 22j|? = |21|? + |22/ to show that

labl] = |a||b|, a,be H.

2. View S? as the space of unit quaternions and S? as the space of unit quaternions that
are purely imaginary.

(h)
(i)

Show that ¢ € S = pgp~' € S? for all p € S3.

1

Show that for each p € S3, the map g — pgp~! is the restriction of a rotation

R3 — RS,
Denote by A,, the 3 x 3 matrix representing the rotation g — pgp~'. Show that

p — A, defines a continuous homomorphism 1 : S* — S0(3). What is the kernel
of this homomorphism?

Show that p +— pip~! defines a smooth map h : S? — S2.
Show that the map h given above is a submersion.

Show that (p, q) — pgp~! defines a transitive action of S* on S2. Determine the
isotropy subgroup I, of any element q € S.

For any element q € S?, and p € I, show that g is an eigenvector corresponding
to the eigenvalue 1 of A,.

Show that the axis of rotation A, is the line spanned by a vector ¢ where p € I,.

If p = r+p’ where p’ is purely imaginary, then show that p € I, where ¢ = p’/[p’|.
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From now onward K will denote R, C, or H. Each of them is endowed with the topology
of the underlying Euclidean space.

We shall reserve the notation ¢ to denote the vector space dimension of K over R. Thus,
c=1,2,4 according as K =R, C, H.

The General Linear Group

We consider finite dimensional vector spaces over K. When K = H, we have to specify
whether V' is a left-vector space or a right-vector space. We have to make a choice here
between two equally good things and our choice is to take left vector spaces V over K
always so that we don’t have to mention it again and again. In particular, H" will denote
the left-vector space of row vectors of size n with entries in H.

The set of n X n matrices with entries over K will be denoted by M (n,K). The space of
all K-linear endomorphisms on a K-vector space V will be denoted by End (V). The right
multiplication by a matrix A € M(n,K) on K" gives an element of End (K™) :

Ry :vi—vA.

The map A — R, itself is a K-linear isomorphism, by which we identify M (n,K) with
End (K™).
Thus, topologically, End (K™) is homeomorphic to R™.

Remark 9.1.2 The left multiplication v +— Av is K-linear only if K is commutative.
This is the reason why we would like to deal with right-multiplication instead of the left
multiplication, even though the latter is more conventional in linear algebra textbooks.
Thus, caution is needed while dealing with the skew field H.

Definition 9.1.1 We define the general linear group GL(V) of V to be the group of all
K-linear automorphisms of V. The group of all invertible elements of M (n,K) is denoted
by GL(n,K).

Exercise 9.1.2 There is an obvious multiplication rule on M (n,K), that makes it a K-
algebra. Check that R4 o Rg = Rpa. Deduce that A € GL(n,K) iff R4 € GL(n,K). In the
cases K = R, C, we have,

GL(n,K)={4 € M(n,K) : detA#0}.
Recall that C™ can be thought of as a 2n-dimensional vector space over R. Let us fix
such a structure on C", e.g.,
Cr: (21 + 112y T+ Ynt) = (X1, Y1, -+, Ty Yn)-

(Some authors may prefer to use another structure, viz.,

(1'1 +y117"~,xn+ynl) = (1'1,1'2,~~~axn7y1,y27"',yn)~

There will be corresponding changes throughout the following discussion that are not diffi-
cult to figure out.)

Given A € M (n,C), the C-linear map Ry : C" — C" is also a R-linear map. Let C,,(A)
denote the unique 2n x 2n real matrix that represents R 4. Thus, we have a commutative
diagram

n Cn 2n
C"—R

RA\j chnw

Cn
Ccn —— RZn
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Example 9.1.1 For n = 1, recall how complex numbers were embedded in M (2,R), viz.,

a+h— b . Check that this coincides with C;. Take Jo = ( 01 ) . Prove

a
—b
that {4 € M(2,R) : AJy = JoA} is precisely the image of C;.

-1 0

Exercise 9.1.3 Put Jo,, = diag(Js, ..., J2) the block matrix in which each 2 x 2 matrix
along the main diagonal are equal to Jy and the rest of the entries are zero. Show that

Co(M(n,C)) = {A € M2n,R) : Aoy = JopA}. (9.2)

In a similar manner, taking {1,j} as a C-basis for H, the right multiplication by an
element z + wj € H on H gets identified with

( z T)eMumy
- Z
This in turn induces the identification of H" with C2” via:

On: (Zl +w1ja-~-azn+wnj) = (zl,w1,...,zn,wn)

and the corresponding identification of M (n,H) :

Q,(M(n,H)) = {A € M(2n,C) : Ay, = JonA}. (9.3)

Theorem 9.1.3 C, : GL(n,C) — GL(2n,R) and Q, : GL(n,H) — GL(2n,C) define
monomorphisms of groups.

Definition 9.1.2 We define the determinant function on M (n,H) by the formula
det A = det (Q,,(A)). (9.4)
Exercise 9.1.4
1. Show that A € GL(n,H) iff det A # 0.
2. Show that det A € R for all A € M(n,H).
3. Show that GL(n,K) is an open subspace of M (n,K).

4. Show that GL(n,K) is path connected for K = C,H and has two connected compo-
nents for K = R. (Hint: Use induction and the Gauss Elimination Method).

5. Prove that det A > 0 for all A € GL(n,H).

The Orthogonal Group
We fix the standard inner product (, )x on K™ defined as follows:

(a,b)g = Z azb,
T
where a := (a1,...,a,) € K" etc.. We define the norm on K™ by

lallx = v/ (a, a)x.

Note that for a € C™, ||a]|c = ||Cr(a)|/r. Similarly, for b € H", ||b|lm = || Qn(b)||c. Thus,
the embeddings C,, and Q,, are norm preserving. For this reason, we may soon drop the
subscript K, from || — ||x unless we want to draw your attention to it.

Check that (, )k is sesqui-linear, conjugate symmetric, non degenerate and positive
definite. (In case K = R, the conjugation is the identity map and hence it is bilinear and
symmetric.) Orthogonality, orthonormal basis, etc., are taken with respect to this norm.
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Theorem 9.1.4 C,, preserves the inner product. In particular, {x1,...,%x,} C C" is an
orthonormal basis for C™ iff

{Cn(%1),Crn(1x1), ..., Crn(xn), Cr.(1x1,) }
is an orthonormal basis for R?™.

Exercise 9.1.5
1. State and prove a result similar to Theorem 9.1.4, for Q,,.

2. Prove Schwartz’s inequality: ||(x,y)| < ||Ix| [|y]|-

For any A € M(n,K) we shall use the notation A* := AT = AT. Observe that the
identity
(xA,y) = (x,yA"), x,y € K"

defines A*.

Theorem 9.1.5 For A € M(n,K) the following conditions are equivalent:
(1) <XA7yA>K = <X7 y>K~

(ii) R4 takes orthonormal sets to orthonormal sets.

(iii) The row-vectors of A form an orthonormal basis for K".

(iv) AA* = Id.

(v) A*A = Id.

Definition 9.1.3 O, (K) = {A € M,(K) : AA* = I} is called the orthogonal group of the
standard inner product on K". For K = R, C,H, it is also denoted by O(n),U(n), Sp(n)
respectively and called the orthogonal group, the unitary group, and the symplectic group,
respectively.

Observe that C,(A*) = (Cn(A))* for all A € M(n,C). Similarly, 9, (B*) = (Q,(B))* for
all B € M(n,H). The following theorem is then an easy consequence.

Theorem 9.1.6 For each n > 1, we have:

(i) Cn(U(n)) = O(2n) N Cn(GL(n, C));

(ii) Qn(Sp(n)) = U(Qn) N Qn(GL(n)H));

(iil) Cap 0 @n(Sp(n)) = O(4n) N Cap 0 O, (GL(n, H)).

Corollary 9.1.1 A € O, (K) iff R4 is norm preserving.

Proof: For K = R, this is a consequence of the fact that the norm determines the inner
product via the polarization identity:

1
(¢ y) = 5+ vl = =l = lly]*)-

For K = C,H we can now use the above theorem and the fact that C,, and @, are norm
preserving. '

Exercise 9.1.6
1. Show that |det A =1 for A € O, (K).

2. Show that O, (K) is compact.
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3. Show that the Gram-Schmidt process is valid in a finite dimensional vector space over

H.

4. Show that Sp(n,C) := {A € M(2n,C) : A'Jy,A = Jo,} forms a subgroup of

GL(2n,C). This is called the complex symplectic group of order n.

5. Show that Sp(n,C)NU(2n) = Sp(n,C) N Q,(M(n,H)) = Q,(Sp(n)).

The Special Orthogonal Group

Definition 9.1.4 SL(n;K) = {4 € M(n,K) : detA = 1}. This forms a subgroup of
GL(n,K). We define SO(n) = SL(n,R)NO(n); SU(n) = SL(n,C)NU(n). These are called
the special orthogonal and the special unitary group, respectively.

Remark 9.1.3 We do not need to define the special symplectic groups. Why?

Example 9.1.2

1. O(1) = {£1} = Zy and SO(1) = (1) is the trivial group. It is not difficult to see that

50(2)—{( cos Sine) :96[0,277)}

—sinf cosf

and
cos sin 6

ow={( .20 5 . oepoan)

Thus, SO(2) can be identified with the group of unit complex numbers under multi-
plication. Topologically this is just the circle. Similarly, O(2) just looks like disjoint
union of two circles. However, the emphasis is on the group structure rather than just
the underlying topological space.

Again, it is easy to see that U(1) is just the group of complex numbers of unit length
and hence is isomorphic to SO(2). Indeed, it is not hard to see that C; defines this
isomorphism. Clearly, SU(1) = (1).

The group Sp(1), is nothing but the group of unit quaternions that we have met. As
a topological space, it is S?. Thus, we have now got three unit spheres, viz., S°, St, S3
endowed with a group multiplication. A very deep result in topology says that spheres
of other dimensions have no such group operations on them.

4. We also have Q; : Sp(1) — SU(2) is an isomorphism. It is easily seen that

Q1(Sp(1)) € SU(2). The surjectivity of Q; is the only thing that we need to prove.
This we shall leave as an exercise.

Exercise 9.1.7

1. A function f:R™ — R” is called a rigid motion (isometry) if

d(f(x), f(y)) = d(z,y) ¥V 2,y € R".

(Recall that the Euclidean distance is defined by d(x,y) = ||z — y||.) Show that for
A€ O(n), Ry:R™ — R” is an isometry.

2. Show that every isometry of R™ is continuous and injective. Can you also show that

it is surjective and its inverse is an isometry?



10.

11.

12.

13.
14.
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Show that composite of two isometries is an isometry.
Show that x +— x + v is an isometry for any fixed v € R"™.

Let f be an isometry of R”. If v,u € R™ are such that f(v) = v and f(u) = u then
show that f fixes the entire line L passing through v and u and keeps invariant every
hyperplane perpendicular to L.

Let f : R® — R"™ be an isometry such that f(0) = 0. If f(e;) = e;,i = 1,2,...,n,
where e; are the standard orthonormal basis for R”, then show that f = Id.

Given any isometry f of R™ show that there exists a vector v € R™ and A € O(n) such
that f(z) = xA + v,z € R". Thus, isometries of R™ are all “affine transformations”.
(In particular, this answers Exercise 2 completely.)

Show that the set of all A € GL(n+1,R), which keep the subspace R™ x {1} invariant
forms a subgroup isomorphic to the group of affine transformations of R”. Is it a
closed subgroup?

Show that GL(n,K) is isomorphic to a closed subgroup of GL(n + 1,K).

Show that A € O(3) is an element of SO(3) iff the rows of A form a right-handed
orthonormal basis, i.e., Ra(es) = Ra(e1) X Ra(ez).

Show that every element of A € O(n) is the product A = BC where B € SO(n) and
R is either Id or the reflection in the hyperplane z,, = 0, i.e.,

RC(xla"'axnflaxn) - (xla"',xnfla_xn)

Show that eigenvalues of any A € O(n) are of unit length.
Show that one of the eigenvalues of A € SO(3) is equal to 1.

Given A € SO(3), fix v € S? such that vA = v. Let P be the plane perpendicular to
V.

(a) Show that Ra(P) = P.

(b) Choose any vector u € P of norm 1. Let w = v x u. Show that every element of
P can be written as (cosf)u + (sin f)w, for some 6.

(c) Show that there exists ¥ such that

R 4(cosfu + sinfw) = cos(d + 9)u + sin(f + J)w.

Thus, every element of SO(3) is a rotation about some axis.

The Exponential Map

We can endow M (n,K) with various norms. The Euclidean norm is our first choice. If
we view M (n,K) as the space of linear maps, then the so-called L?-norm becomes quite
handy. There are other norms such as row-sum norm, column-sum norm, maximum norm,
etc. For the discussion that follows, you can use any one of them. But let us concentrate on
the Euclidean norm.

Lemma 9.1.1 For any z,y € M(n,K), we have ||zy| < |z|/|y]

Proof: Straightforward. »
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Definition 9.1.5 By a formal power series in one variable T with coefficients in K we
mean a formal sum Z;io a,;I", with a, € K. In an obvious way, the set of all formal
power series in T' forms a module over K denoted by K[[T']]. We define the Cauchy product
of two power series p = > a,T",q = >, b, T" to be another power series s = > ¢, T"
where ¢, = Y, aiby—;. (Note that except for being noncommutative, H[[T']] has all other
arithmetic properties of C[[T]] or R[[T]].]

Theorem 9.1.7 Suppose for some k > 0, the series Y |ar|k™ is convergent. Then for all
A € M(n,K) with ||A|| < k, the series Y a,A" is convergent.

Proof: The convergence of the series is the same as the convergence of each of n? series

>, ar A}, formed by the entries. Since |A];| < [|A"|| < ||A[|" < k", we are done. [ )
T2

Definition 9.1.6 Taking p(T") = exp(T) = 1+T+ ?—h -+, which is absolutely convergent

for all T € R, we define the exponential of A € M(n, K) to be the value of the convergent
sum

A
exp(A):Id—l—A—l—E—l—w-.

Lemma 9.1.2 For any invertible B € M (n,K) we have B exp(A)B~! = exp(BAB™1!).

Proof: Check this first on the partial sums. ®
Lemma 9.1.3 If AB = BA, then exp(A + B) = exp(A) exp(B).

Proof: In this special case, the Cauchy product becomes commutative and hence binomial
expansion holds for (A 4+ B)™. The rest of the proof is similar to the case when the matrix
is replaced by a complex number. ®

Corollary 9.1.2 For all A € M(n,K), exp(4) € GL(n,K).
Proof: We have exp(A)exp(—A) = exp(4 — A) = exp(0) = Id. ®

Theorem 9.1.8 The function exp : M (n,K) — GL(n,K) is smooth (indeed, real analytic).
The derivative at 0 is the identity transformation.

Proof: The analyticity follows since the n2-entries are all given by convergent power series.
To compute the derivative at 0, we fix a “vector” A € M(n,K) and take the directional
derivative of exp in the direction of A : viz.,

D(exp)o(A) = }E% exp(tA)t— exp(0) 4

Corollary 9.1.3 The function exp defines a diffeomorphism of a neighborhood of 0 in
M (n,K) with a neighborhood Id € GL(n,K).

Proof: Appeal to Inverse Function Theorem 1.4.2.

Polar Decomposition

Lemma 9.1.4 Given any A € M(n,C), there exists U € U(n) such that UAU ! is a lower
triangular matrix.
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Proof: If A is a root of the characteristic polynomial of A there exists a unit vector v; € C"
such that viA = Av;. The Gram-Schmidt process allows us to complete this vector to an
orthonormal basis {vy,...,v,}. Take U to be the matrix with these as row vectors. Then
el UAU ! = v AU = Xe;. Hence, UAU ! is of the form

A, 0
* B )
Now a simple induction completes the proof. ®

Definition 9.1.7 We say A is normal if AA* = A*A. A square matrix A is called symmet-
ric, skew-symmetric, Hermitian, skew-Hermitian, respectively, if A = AT A= —AT, A=
A* A= —A*.

Corollary 9.1.4 Spectral Theorem If A € M(n,C) is normal, then there exists U €
U(n) such that UAU ! is a diagonal matrix.

Proof: If A is normal then so is UAU ! for any U € U(n). On the other hand a lower
triangular normal matrix is a diagonal matrix. ')

Remark 9.1.4 In particular, if A is hermitian or symmetric or skew symmetric etc., then
it is diagonalizable. The entries on the diagonal are necessarily the characteristic roots of
the original matrix. Moreover, if A is real symmetric matrix, then all its eigenvalues are real
with real eigenvectors and hence U can be chosen to be inside O(n).

Definition 9.1.8 A Hermitian matrix A defines a sesqui-linear (Hermitian) form on C™ :
(u,v) — uAv®,

i.e., linear in the first slot u and conjugate linear in the second slot v. Recall that A* satisfies
the property
(ud, v)c = (u,vA™)c.

Therefore, for a Hermitian matrix A, (uA,u)c is always a real number. In particular, all
eigenvalues of a Hermitian matrix are real. We say A is positive semidefinite (positive defi-
nite) if (uA,u)c > 0 for all u (respectively, > 0 for all nonzero u.)

Lemma 9.1.5 A Hermitian matrix is positive semidefinite (positive definite) iff all its eigen-
values are nonnegative (respectivey, positive).

Lemma 9.1.6 If A is Hermitian so is, Exp (4).

Theorem 9.1.9 The space of all n x n complex Hermitian matrices is a real vector space
of dimension n%. Exponential map defines a diffeomorphism of this space onto the space of
all positive definite Hermitian matrices.

Proof: The first part is obvious. Given a positive definite Hermitian matrix B let U be a
unitary matrix such that
UBU! = diag (M, .., \n).

Then we know that A\; > 0 and hence we can put u; := log A;. Put
A= U *diag (1, .., pn)U.

Then Exp (A) = B. This shows Exp is surjective. For the proof of the injectivity of Exp on
the space of hermitian matrices, see the exercise 9.1.8 below, which is completely elementary
linear algebra modulo the spectral theorem. o
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Theorem 9.1.10 Polar Decomposition: Every element A of GL(n,C) can be written
in a unique way as a product A = UH where U is unitary and H is positive definite
Hermitian. The decomposition defines a diffeomorphism of ¢ : GL(n,C) — U(n) x R,
Furthermore, if A is real, then U is orthogonal and H is symmetric and hence ¢ restricts
to a diffeomorphism ¢ : GL(n,R) — O(n) x R*(n=1)/2,

Proof: Consider the matrix B = A*A, which is Hermitian. Since A is invertible, so is
A*. Therefore, for a nonzero vector v, (vA*A,v) = (vA*,vA*) > 0, which shows that B
is positive definite. Choose C € GL(n,C) such that CBC~! = diag(\1,...,\,) and put
H = C7Ydiag(\/M\1,.-.,v/An)C. Then H is clearly a positive definite Hermitian matrix and
H?=DB.Put U= AH!. Then A = UH and we can directly verify that U is unitary.

Finally, if A = U;H; where U; is unitary and H;j is positive definite Hermitian, then
X =U"'Uy=HHy ! is both unitary and positive definite Hermitian. Therefore, X has all
its eigenvalues of unit length, as well as, positive. Thus, all its eigenvalues are 1. Since it is
diagonalizable also, it follows that X = Id,,.

The construction of H from A is indeed a smooth process, though this is not clear from
the way we have done this. But we can simply write

1
H = Exp (§log A*A)

where log is the (local) inverse map of Exp in Corollary 9.1.3. It follows that the assignment
¢ : A (U, H) is smooth. The inverse map is clearly smooth. [

Exercise 9.1.8

1. Let D = diag (MIk,,.. ., A1, ). If AD = DA then show that A is of the form
diag (Ag,, ..., Ag,) where Ay, are k; x k; matrices.

2. Let D = diag (M\1,...,\n), D" = diag (\},...,A}) where \; > X\ip1, Aj > A, for
all i. If U is an invertible matrix such that UExp D;U ! = Exp D5 then show that
D1 = Dy and U.DlUi1 =D.

3. Let A, B be hermitian matrices such that Exp A = Exp B. Then show that A = B.

9.2 Topological Groups

The interaction of the group multiplication and the Euclidean topology in the discussion
of matrix groups in the previous section motivates the study of so-called topological groups
in an abstract setup. This section is just a brief introduction to topological groups.

Definition 9.2.1 Let G be a group together with a topology on it such that the function
GxG — G given by (z,y) — xy~! is continuous, where G x G is given the product topology.
We then call G a topological group. A subgroup together with the subspace topology will be
called a topological subgroup. (However, when the context is clear, we may simply mention
this as a subgroup.) Homomorphisms g : G — H between topological groups are always
assumed to be continuous.

We shall consider topological groups that are Hausdorff (T3) only. (Extra caution should
be taken when you are studying topological groups that arise in algebraic geometry with
Zariski topology—these are non-Hausdorff.)
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Example 9.2.1

1.
2.

Any group together with the discrete topology is a topological group.

The real numbers, the complex numbers etc., along with the standard addition and
standard topology are topological groups. The nonzero real (complex) numbers and
the positive real numbers form topological groups under multiplication. The complex
(real) numbers of unit length form a closed subgroup of the respective multiplicative
topological groups.

The skew field of quaternions is a topological group under addition with the standard
Euclidean topology.

Any finite dimensional vector space over K is also a topological group. Indeed, there
is an obvious notion of topological vector spaces, and these are easy examples of
topological groups.

GL(n,K) is a topological group for any of the three (skew) fields K. The orthogonal
groups are all subgroups of GL(n,K).

For any two subsets A, B of a group G, we set up the notation

AB={ab : a€ A,beB}; A'={a"!: ac A}

The following easily proved fundamental result is at the heart of various special topological
properties of a topological group that we are going to see. Most of them are in the exercises
that follow.

Lemma 9.2.1 Let U be an open subset of topolgical group G.

(a) If e € U, then there exist neighborhoods V, W of e such that VV~! c U, WW C U.
(b) Given any x € G, there a neighborhood A of e such that zAz~! C U.

(¢) UX and XU are open subsets for any arbitrary subset X of G.

Exercise 9.2.1 Let G denote a topological group.

1.

N g

For each g € G, the left (and right) multiplication Ly, : G — G (Ry : G — G) is a
homeomorphism.

. A group homomorphism f : G — G’ of topological groups is continuous iff it is

continuous at e € G.

The commutator subgroup, the center, etc., are all topological subgroups. If H is a
topological subgroup then its centralizer, the normalizer, etc., are topological sub-
groups.

Every open subgroup is a closed subgroup also.
Closure of a subgroup is a subgroup.
If a subgroup H is not closed then H \ H itself is dense in H.

If a topological group is Ty, then it is 7;. This is equivalent to the condition that the
intersection of all neighborhoods of e is equal to {e}.

There are plenty of interesting topological groups which are 77 but not 7. They
especially occur in the theory algebraic groups. (For example you can take the co-
finite topology on the multiplicative group S' of unit complex numbers.) However, we
will be interested mostly in topological groups which are 7o (Hausdorff).
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9. The connected component of G containing the identity element e is a closed, normal
topological subgroup of G. If G is locally connected, then it is also an open subgroup.

10. The product of any family of topological groups is a topological group, with the
product topology.

11. Let V be a neighborhood of e € G. If G is connected, then V is a set of generators
for G.

12. Let G be a connected topological group and H be a normal discrete subgroup. Then
H is contained in the center. (Hint: If N is a neighborhood of z € H such that
N N H = {z}, choose a neighborhood V of e such that VaV~! C N. Now use the
previous exercise.)

Definition 9.2.2 Let H be a closed subgroup of G. Then the set of left (or right) cosets is

given the quotient topology and is called a homogeneous space and is denoted by G/H (or
by H\G.)

Remark 9.2.1 Observe that the group G acts on the left of G/H transitively. (This is the
reason for the name “homogeneous”.) Therefore, local topological properties of the space
G/H are the same at any of its points.

Exercise 9.2.2 Let H be a closed subgroup of a topological group G.
1. Show that the quotient map ¢ : G — G/H is an open mapping.
2. If H is a closed subgroup of G then the homogeneous space G/ H is a Hausdorff space.

3. If G is compact then so are H and G/H. The converse is also true. (Hint: First prove
the following version of the tube lemma, using compactness of H : Given an open set
W D H, there exists a neighborhood U of e in G such that UH C W.)

4. If G is connected then G/H is connected. Conversely, if both H and G/H are con-
nected then G is connected.

5. The special orthogonal group SO(n) acts on S"~! transitively. The isotropy sub-
group (stabilizer) of (0,...,0,1) is equal to SO(n — 1). Therefore, there is a bijec-
tive continuous map f : SO(n)/S0(n — 1) — S"~L. Since SO(n) is compact, so is
SO(n)/SO(n — 1). Since S"~! is Hausdorff, f is a homeomorphism. Similarly, it fol-
lows that U(n)/U(n — 1) ~ S~ and Sp(n)/Sp(n — 1) ~ S4~1. Write full details
for the above claims.

6. Use the results in the above exercise to prove that for n > 1, the groups

GL(n,C),U(n),SL(n,R),SO(n,R), Sp(n) are all connected. Show that GL(n,R), O(n),n >

1 have precisely two connected components.

Example 9.2.2 Consider the action of x € Sp(1) on H by conjugation: C,, : y — z~tyx.
Clearly the action is linear. Let T" be the linear span of {i, j, k} in H. Using Exercise 9.1.1.2a,
show that C, maps i,j,k into T and hence C,(T) = T. Moreover, since |ab| = |a||b]
for a,b € H, it follows that C, is norm preserving. Therefore, C, defines an element
O(z) € O(3). Check that © : Sp(1) — O(3) is a homomorphism of groups. Clearly, it is
a smooth map and hence is a homomorphism of topological groups. Since Sp(1) = S? is
connected, the image of © is contained in the connected component of Id € O(3). Therefore,
we have © : Sp(1) — S0(3).

What is the kernel of this homomorphism? To answer this, observe that z € Ker©
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iff © commutes with i, and j. (why?) That = = (ao, a1, as,a3) commutes with i implies
az = az = 0. Similarly, a; = 0. Therefore, x = £1. Since {—1, 1} is the center of Sp(1), it
follows that the group Sp(1)/{—1, 1} is isomorphic to a subgroup of SO(3).

Since the action of the subgroup {—1,1} on Sp(1) = S? is nothing but the antipodal,
we know that the quotient map ¢ : Sp(1) — Sp(1)/{—1,1} is the double cover S* — P3.
Thus, we have shown that P2 is a closed subgroup of S0(3). Since both the groups are of
the same dimension = 3, it follows that P3 is also an open subgroup of SO(3). But SO(3)
is connected. Therefore, P? = SO(3).

Exercise 9.2.3
1. An element o € S0(3) is a rotation about z;-axis iff o(z;) = ;.

2. Show that elements of S0(3) can be written as 010207 where o, o} are rotations about
the x;-axis, 1 =1, 2.

3. Show that ©(ag + a1i) is a rotation about the xi-axis. Similarly, obtain an element
x € Sp(1) such that ©(x) is a rotation about zs-axis.

4. Deduce that © : Sp(1) — S0(3) is surjective. (This gives an alternative proof of the
last part of Example 9.2.2.)

5. Show that P3 is diffeomorphic to the space UT(S?) of unit tangents to S2. [Hint:
Consider the mapping z — (ziz ™!, zjz~!) from S3 to UT(S?) C R3 x R3]

6. Use the above exercise to construct an explicit embedding of P? in R,

In the remaining part of this section, we assume that the reader is familiar with rudiments
of fundamental group and covering space theory. (See any basic algebraic topology book
such as [Spa] or [Hat]). She may choose to skip this part until she acquires such knowledge
and come back to it later. Only some results in the sections to follow will depend on it.

Theorem 9.2.1 Let G be a locally connected and connected topological group, H be a locally
connected closed subgroup and Hy be the connected component of H containing e. Then the
quotient map G : G/Hy — G/H is a covering projection.

Proof: Observe that Hy is a normal subgroup. Since H is locally connected, Hy is an
open subgroup of H. Therefore, we can find an open neighborhood V of e in G such that
V=WV NH C Hp. Let ¢ : G — G/H and qo : G — G/Hy be the respective quotient maps.
Both are open maps and g = g o qg. Hence, G is a surjective continuous open mapping.

Given any g € G, we claim that the open neighborhood p(gV') of p(g) is evenly covered
by G. Let us choose a complete set of representatives R of the left-cosets of Hy in H so that
H =[],cr hHo, a disjoint union. It then follows that

@ (V) = | (gVh),
heR

where each member on the right-hand side is open in G/Hy. First, we claim that any two
of them are disjoint.

Suppose qo(gVh1) N qo(gVhe) # 0,h; € R,i = 1,2. This means gvihy = guvahahg for
somev; € V.1 =1,2and hg € Hy. Therefore, v;lvl = hghohfl € V-'WNH C Hy. Since Hy
is normal in H this means that hghfl = v;lvlhlhglhfl € Hy. That means ho Hy = h1Hy
and hence ho = h; since they are both in R.

It remain to prove that ¢ : ¢o(gVh) — p(¢gV) is a homeomorphism for each h € R.
We already know that it is a surjective, continuous, open mapping. So, we check that it
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is injective. If for some h € R, G(guihHy) = G(gvahHy), i.e,, gviH = guoH, then vy 'v; =
ho € Hy. But then gvihHy = gvashohHy = gvshHy, since Hy is normal in H. This proves
the injectivity of g restricted to each go(gV'h). ()

Corollary 9.2.1 If G/H is simply connected, then H is connected.

Corollary 9.2.2 For any discrete normal subgroup H of a connected locally connected
topological group G, the quotient map G — G/H is a covering group homomorphism.

Lemma 9.2.2 Let f: X — Y, g:Y — Z be maps of locally connected, connected topo-
logical spaces. Suppose g o f is a covering projection. Then f is a covering projection iff g
is.

Proof: Exercise.

Theorem 9.2.2 FEvery locally simply connected topological group admits a simply connected
covering group.

Remark 9.2.2 We shall not prove this. For our purpose, it suffices to remark that, in gen-
eral, every locally simply connected space admits a simply connected covering. In particular,
every topological manifold has this property. Further, if it is a topological group then we
know how to make the covering into a covering group.

Theorem 9.2.3 Let H C G be locally simply connected and connected topological groups.
Suppose H is a closed subgroup and G/H is simply connected. Then 71 (G) is isomorphic
to a quotient of m1(H).

Proof: Consider the following commutative diagram,

aE G/H
iq Po lp H

in which p : G — @ is the (universal) simply connected covering, H = p~1(H) C G, and
po = p| - It follows easily that é/f{ is naturally homeomorphic to G/H. Let q : H — H be
the universal cover. By the lifting property, it follows that there is a unique map f : H — H
such that pg o f = ¢ and f(e) = &, where ¢, ¢, etc., denote the identity elements in the
corresponding group. It follows that f is a group homomorphism. From Theorem 9.2.1, it
follows that H is connected. From Lemma 9.2.2, it follows that f is a covering projection.
Therefore, f is surjective. Let F, F' denote the kernel of p and ¢, respectively. Then 71 (G)
is isomorphic to F and 7y (H) is isomorphic to F. Also, it follows easily that f restricts to
a surjective homomorphism fy : F — F. '

Exercise 9.2.4

1. Let X be a locally path connected and connected topological space, which admits a
(simply connected) universal covering projection p : X — X. Let Y be a subspace
of X and 7 : Y — X be the inclusion map. Then ny : mY — m X is surjective iff
p~1(Y) is path connected.
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2. Use this to give an alternative proof of Theorem 9.2.3.

3. Let G be a topological group. Suppose Gisa simply connected topological space and
p: G—Gisa covering projection. Show that G can be made into a topological group
in such a way that p is a homomorphism of topological groups. Show further that a
simply connected covering of a topological group is unique up to isomorphisms.

4. Show that if G admits a simply connected covering then it is the quotient of a simply
connected topological group by a central subgroup.

5. Let G, G’ be topological groups. By a local homomorphism f from G to G’ we mean
a continuous mapping f : V — G’ defined on a neighborhood V of e in G such that

z,y,xy € V= f(xy) = f(2)f(y)-

(a) Principle of Monodromy Show that if G is simply connected and V' is connected
then there is a unique continuous homomorphism f : G — G’ such that f lv = f.
(Hint: By Exercise 9.2.1.(11), V' is a set of generators for G and hence if at all f
G — G’ is defined then we must have f(g1---gx) = f(g91)--- f(grx) where g; € V.
The problem is precisely, in verifying why f is well defined. This is where the simply
connectedness has to be used. Assume that G is path connected and follow arguments
similar to the one that you have used in analytic continuation.)

(b) If a connected topological group G’ has a neighborhood of €’ isomorphic to a
neighborhood of e in a simply connected topological group G, then G’ is the quotient
of G by a normal discrete subgroup of G.

9.3 Lie Groups

Definition 9.3.1 By a Lie group we mean a topological group whose underlying topological
space is a smooth manifold and whose group operations are smooth with respect to the
smooth structure of this manifold. Mappings between two Lie groups will be always assumed
to be smooth homomorphisms. A submanifold, which happens to be a topological subgroup,
is automatically a Lie group on its own and is called a Lie subgroup.

The proto-type of Lie groups for us are matrix groups some of which you have seen
in Section 9.1. We shall now deal with a “general method” which gives you many more
examples.

Definition 9.3.2 We say A € M (n,K) is nonexceptional if det (I + A) # 0. For such a
matrix its Cayley transformation A% is defined by the formula

A* = (I — AT + A~ (9.5)
Let us denote the set of all nonexceptional matrices in M (n,K) by K§.

Lemma 9.3.1 K2 is an open set in M (n,K) on which the map A — A% is smooth and is
an involution, i.e., A € Ky = A# € Ki and (A#)# = A.

Theorem 9.3.1 Let G be a matriz group in M(n,K) and Go = GNK}. Then G is a Lie
group if the image of Gy under the Cayley map is an open subset of a real vector subspace
of M(n,K).
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Proof: Being a closed subgroup of GL(n,K), G is a Hausdorff topological group. Therefore,
the only thing that is needed for it to be a Lie group is that G is a smooth manifold. For
this, it is enough to prove that I'd € G has a neighborhood that is diffeomorphic to an open
subset of a finite dimensional vector space over R. This is precisely what is being provided
by the hypothesis. o

Definition 9.3.3 Let J € GL(n,K) be fixed. Consider the set O;(n) of all matrices in
M (n,K) such that

A JA = J. (9.6)

Such a matrix A is called a J-orthogonal matriz. Let ssj(n,K) denote the set of all B such
that

B'J = —-JB. (9.7)
Such a matrix B is called a J-skew-symmetric matrix.
Lemma 9.3.2 A € 0;(n,K) NK} <= A% € ss5;(n; K) NKP.

Theorem 9.3.2 O;(n;K) forms a closed Lie subgroup of GL(n,K) and ssj(n,K) forms a
real vector subspace of M (n,K).

Proof: That it is a topological closed subgroup is easy to see. Similarly, the fact that
ss7(n,K) is a vector subspace of M(n,K) is easily verified. The previous lemma together
with Theorem 9.3.1 complete the proof. ()

Taking J = Id,,, we get the orthogonal group O(n;K). In this case, since ssyq(n,K) is
the space of skew-symmetric matrices, with real dimension equal en(n—1)/2, it follows that
O(n;K) is a Lie group of dimension cn(n — 1)/2. For K = R, clearly O(n;R) = O(n). But
for K = C, or H, this is not the same as U(n) or Sp(n).

Similarly, taking J = Ja,, we get various symplectic matrices as Lie groups.

Remark 9.3.1 It follows easily that composites of two Lie group homomorphisms is again
a Lie group homomorphism. Also, the Cartesian product of finitely many Lie groups is
again a Lie group. At this stage, it is not at all clear that if H is normal Lie subgroup of
G, whether G/H is a Lie group. So, let us take up this problem now.

Theorem 9.3.3 Let H be a closed Lie subgroup of a Lie group and q : G — G/H be the
quotient map onto the space of left-cosets. Then G/H is a smooth manifold of dimension
equal to the codimension of H in G such that the left action of G on G/H is smooth.
Moreover, the quotient map is a smooth locally trivial fiber bundle. Further, if H is normal,
then G/H is a Lie group and q is a surjective Lie-homomorphism with Kerq= H.

Proof: The quotient space G/H is a Hausdorff space since H is closed [see Exercise
9.2.2.(2)]. Choose a local coordinate system 1, . .., Z,, (dim G = n) around a neighborhood
U of e € G for G such that z;(¢) =0, i =1,...,n, and

HNU={geU : zi(9)=0,i=1,...,k}
where k = codim H. Put
T:={geU : zi(9) =0, fori=k+1,...,n}.
Consider p: T x H — G given by u(t,h) = th. Then u(t,e) = t, u(e, h) = h. Therefore,

dpe(u,v) = dpe(u,0) + dpe(0,v) =u+v.
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Hence, by the inverse function theorem, p : TV x H' — U’ is a diffeomorphism where
T', H', U’ are some open neighborhoods of e in T, H, GG, respectively. Choose a neighborhood
S C T of e such that S™1S C U’. Put V = u(S x H). We then claim that ¢ : S — ¢(V) is a
homeomorphism and p : S x H — V is a diffeomorphism such that the following diagram

Sx H \%
S —=q(V)

is commutative, where, m; denotes the projection to the first factor.

Assuming this, we can then transfer the smooth structure of S to ¢(V'). Then for any
point g € G, the neighborhood g(q(V)) = ¢q(gV) gets the smooth structure from ¢S. If
915N g2S # 0, then the two transition functions on S N gy 1958 differ by the multiplication
by g1 12, which is a diffeomorphism. Hence, this would define a smooth structure on G /H as
desired. The rest of the claims are all straightforward. Clearly, ¢ : S — ¢(V') is a continuous
bijection. Since ¢ : G — G/H itself is an open mapping, it follows that ¢ : S — ¢(V)
is also open. The commutativity of the above diagram is obvious. It remains to see why
@S x H — Vis a difftomorphism. That it is a surjective submersion is clear. Suppose
w(s1,h1) = p(s2, ha). This means s1hy = sohy = sflsQ = hlhgl eHNU =H = 59 =
s1h for some h € H'. Since s; € T" and p : T x H' — U’ is injective, it follows that s1 = s
and hy = ho. This shows that u: S x H — V is injective. ®

Corollary 9.3.1 Let H be a closed subgroup of a Lie group G. Then corresponding to the
exact sequence H «— G — G/H, there is long a exact sequence of homotopy groups and
sets:

—>7TZ(H)—>7TZ(G) —>7TZ(G/h)—> 7Tz'_1(H)—> (9 8)
= m(G/H) — mo(H) — 7o(Q). ’
Proof: This is an immediate consequence of the fact that the quotient map G — G/H is
a locally trivial fiber bundle over a manifold G/H and hence is a fibration, i.e., it possesses
the homotopy lifting property. (See [Spa).) ()

Corollary 9.3.2 Let H be a closed subgroup of a connected Lie group G such that G/H
is simply connected. Then H is connected.

Exercise 9.3.1

1. Let X,Y, Z be smooth manifolds. Suppose ¢ : X x Z — Y is a smooth map such that
for each z € Z the map ¢, : X — Y given by ¢.(z) = ¢(z, z) is a diffeomorphism.
Then show that the map ¢ : Y x Z — X defined by %(y,z) = ¢ *(y) is a smooth
map. (Hint: Consider the track of ¢ and apply the inverse function theorem.)

2. Let G be a smooth manifold together with a group operation such that the multipli-
cation G x G — G given by (g, h) — gh is smooth. Then G is a Lie group. (Note that
similar statement is false for arbitrary topological groups.)

3. Let i : G x G — G the multiplication in a Lie Group G. Compute the derivative of p

at (e, e). Show that D(n). = —Id, where 1 : G — G is the inverse map g — g~ *.

4. Let f,g : X — @G, where X is a manifold and G is a Lie group. Put h(z) =
f(z)g(x),x € X. Assume that f(xo) = g(xo) = e. Show that d(h)z, = d(f)ze +d(9)z,-
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By an action « of a Lie group G on a smooth manifold X we mean a group homo-
morphism « : G — Diff (X), such that the map (g,z) — (a(g))(z) is smooth. (For
example, typically, G acts on itself in three different ways: left action, right action,
and by conjugation.) For any x € X the sets

G":={g€qG : a(g)x =z}; a(G)x :={alg)z : g€ G}

are called stabilizer of x and orbit of x, respectively.

(a) Show that for each z € X, the map a, : G — X defined by g — a(g)x is a smooth
map of constant rank & and hence deduce (from the rank theorem) that G* = o !(z)
is a submanifold of G of dimension = dim G — k. Also show that T.G® = Ker D(ay)e.
(b) Show that for some neighborhood U of e € G, a(U)x is a k-dimensional subman-
ifold of X with Te(a(U)x) = D(ay)e(Te(Q)).

(¢) In particular, if a(G)x is a submanifold of X, then its dimension is = k.

Consider the action of R on S! x S! via the left multiplication by «a(t) = (e®*, e®2*t)
where a1, a2 € R. Show that if {a1, a2} is linearly independent over Q, then the orbit of
any element is dense in S' x S!. Show that any one of these orbits is a (1-dimensional)
submanifold iff {a1, a2} is linearly dependent over Q.

Generalize the above example to an action of R on T" =S x --- x S! (n copies).

Let G be a compact Lie group acting on a manifold X. Show that every orbit is a
submanifold. [Hint: Prove that a(U)z is an open set of a(G)z in X containing the
point z.]

Let f : G — H be a homomorphism of Lie groups. If G is compact, show that f(G)
is a compact Lie subgroup of H.

Flag Manifolds: The above exercise is a rich source of examples of smooth manifolds.
Here is an illustration: Fix a sequence of integers 1 < k; < ko < -+ < ky < kyq1 =n.
For K = R,C, or H, let Gk, = G n(K) denote the Grassmannian variety of k-
diemnsional subspaces of K. In the product of Grassmannian manifolds

M =Gy X -+ X Gipop,s

consider the point P = (V4,...,V;), where V; is the linear span of the standard basis
elements, {ey, ..., ey, } in K”. Consider the diagonal action of O(n) = O(n,K) on M.
From the above exercise, it follows that the orbit of P under this action is manifold.
It is called the flag manifold and is denoted by F(ki,ka,...,k.). Show that it is
diffeomorphic to the homogeneous space

On)/O(l1) x - x O(l) x O(ly41),
where I = ki and [; = k; — k;_1, 1 > 2.

Let f : G — H be a homomorphism of Lie groups. Suppose H; C H is a Lie
subgroup. Then show that G; = f~!'(H;) is a Lie subgroup of G with T.(G1) =
(Dfe) ' (T.(Hy)). [Consider the action of G on H/H; via f and apply Exercise 5.(a).]

Show that intersection of finitely many Lie subgroups is a Lie subgroup.

Let H be a Lie subgroup of G. Show that any subgroup F' of G such that Hy C F' C H
is a Lie subgroup, where Hj denotes the connected component of H.
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9.4 Lie Algebras
In this section, let K denote a field of characteristic # 2.

Definition 9.4.1 Let g be a finite dimensional vector space over K. A binary operation
[,] : g x g — gis called a Lie bracket if it satisfies the following conditions:

(LI) [, ] is bilinear, i.e., [a1us + agusg, v] = a;[uy, v] + azus, v].
(LII) [, ] is anti-symmetric, i.e., [v,u] = —[u,v] for all u,v € g.
(LIII) [, ] satisfies the Jacobi identity: [[u, v], w| + [[v, W], u] + [[w,u],v] = 0.

A vector space g together with such a Lie bracket operation is called a Lie Algebra.

Definition 9.4.2 By a Lie-homomorphism ¢ : g1 — g2 between two Lie algebras over K
we mean a K-linear map such that ¢([u, v]) = [¢(u), #(v)].

Remark 9.4.1

1. If ¢ is invertible, then automatically its inverse is also a Lie homomorphism and hence
¢ is an isomorphism of Lie algebras.

2. Observe that the [, ] can be thought of as a multiplication rule so that g becomes an
algebra over K except that usually, the multiplication is assumed to be associative.
Here, [, | is perhaps highly nonassociative and instead of associativity, we have the
Jacobi Identity.

3. Given an associative algebra A on K if we define [u,v] = uv — vu, it is not difficult
to see that g becomes a Lie algebra. On the other hand, there seems to be no way to
recover the associative multiplication from the Lie bracket. Also observe that this Lie
bracket measures the amount of noncommutativity of the associative multiplication.
The most important example of this for us is the matrix algebra M (n,K) from which
we get the Lie bracket in the above manner, to make it into a Lie algebra. This Lie
algebra will be denoted by gl(n,K). There are several sub-algebras of this Lie algebra,
which are of interest to us: viz., the space of all Hermitian matrices denoted by o(n, K),
the space of all trace zero matrices denoted by sl(n,K), and so on.

4. Let g be a 1-dimensional Lie algebra, say v € g is a nonzero vector. By property (LIT)
it follows that [v,v] = 0. Thus, there is a unique 1-dimensional Lie Algebra. Any Lie
algebra in which the Lie bracket is identically zero is called an abelian Lie Algebra.

5. We shall not be able to pursue the study of Lie algebras on its own here. The foremost
important example of Lie algebra is something inside the the space 7 (X) of all smooth
vector fields on a smooth manifold X. Recall from Section 5.6 (Exercise 2) that we
have defined a “Lie bracket” operation on 7 (X) which satisfies properties (LI),(LII)
(LIII) of Definition 9.4.1. Thus (7 (X),[, ]) is a Lie algebra over R. In particular, we
are interested in a very special subalgebra of this Lie algebra, when X = G is a Lie

group.

Example 9.4.1 Let G be a Lie group. For each g € G, the left-multiplication L, : G — G
is a diffeomorphism. Clearly, D(Ly). : Te(G) — T4(G) is a linear isomorphism for each g.
Consider the map TG — G x T.(G) given by

(9:v) = (9, (D(Lg)g(v)).

Check that this defines an isomorphism of the vector bundles. (To see that this is a smooth
map, use local coordinates and an argument similar to the one that occurred in Exercise
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9.3.1(1).) In other words, the tangent bundle of a Lie group is trivial, i.e., every Lie group
is parallelizable. It follows that the module 7 (G) of all smooth vector fields on G is a free
C*°(G) module of rank = dimension of G. Now let us take a closer look at this module
along with its Lie algebra structure.

Given a vector field o on Y and a diffeomorphism f : X — Y the pullback vector field
or the induced vector field f*(0) on X is defined by @ — D(f™1) p(z) (o (f(2)))-

Thus, in particular, for a Lie group G, since each element g € G defines a diffeomorphism
Ly : G — G, we can talk about Ly(o) for each o € T(G). Thus, we get an action

GxT(Q)—T(G) (g,0)— Li(o).

Definition 9.4.3 We say that a smooth vector field o on G is left-invariant, iff o = L} (o)
for all g € G.

Remark 9.4.2 From (5.5), it follows that ¢ is left-invariant, iff o is Lg-related to itself for
all g € G.

Lemma 9.4.1 A vector field o on G is left-invariant iff

9(9) = D(Lg)e(a(€)), g € G. (9-9)
T(C) D(Lg)e T(G)
.|
G G
Proof: Verify directly. o

Theorem 9.4.1 For a Lie group G, the space g of all left-invariant vector fields over G
forms a Lie subalgebra of the Lie algebra of all vector fields T (G).

Proof: That g is a R-linear subspace is easily verified. To see that if o; € g,7 = 1,2 then
[01,02] € g, we appeal to Corollay 5.6.1 and the Remark 9.4.2 above. ()

Definition 9.4.4 The Lie algebra g of all left-invariant smooth vector fields over a Lie
group G is called the Lie algebra of G.

Remark 9.4.3 The evaluation map o — o(e) defines a linear map Fv : g — T.(G). Given
a vector v € T.(G) the formula

wilg) = (DLg)e(V) (9.10)

defines an element of g such that Ev(vy) = 7 (e) = v. Moreover, for any o € g, by the
invariance, we have o(g) = (DLgy)c(o(e)). Therefore, «v is the inverse of Ev. Thus, as a
vector space, g is isomorphic to T.(G). It seems we have not done anything great except
that the tangent space T.(G) has been now equipped with a Lie bracket. The simplest point
to note at this stage is the fact that there was no way to define a Lie algebra bracket of
the tangent space T.(G) directly. This Lie bracket is going to dictate a lot of algebraic and
geometric behaviour of G. We shall deal with only a few of the interrelationships between
G and its Lie algebra g.
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Example 9.4.2 Consider the additive group R of real numbers. Its Lie algebra t is a 1-
dimensional vector space. The map L : C*®(R) — C*°(R) defined by L(f)(to) = %(to)
is a generator of the vector space t. Clearly, [L, L] = 0, which can be seen directly or by
referring to Remark 9.4.1.(4).

Example 9.4.3 Take G = GL(n,K) and let A = (a;5), B = (bi;) € T1a(G) = M(n,K).
We want to compute [A, B] by interpreting A, B as left-invariant vector fields v4,vgs, on
G. Let z;; denote the coordinate functions on M (n,R.) We shall compute the effect of
the operator (yp ©7y4) on x;; at e = Id. For this, we have to first compute the operator
Y4 : O%°(G) — C*(G) at least in a neighborhood of e. Recall that v4 at e is nothing but
taking the directional derivative of a function in the direction of A at e. Similarly, (va),
is nothing but taking the directional derivative in the direction of D(L,).(A4) = gA. In
particular, we have

va(9) (i) = (9A)i; = > givar; = xi;(gA).
k

We must treat the assignment g — Zk gikar; as a function of g and compute (vB)e on
this. Since g — gA is a linear map (right multiplication by A), its derivative is R4 itself.
Therefore the directional derivative of this map in the direction B is nothing but BA.
Therefore, its (i, j)*""-coordinate is z;;(BA). This just means that the matrix of yp 074 is
nothing but BA. It follows that the matrix of [y4,v5] is equal to AB — BA.

On a more canonical fashion, we may drop out the matrix notation. Thus, let V' denote
any finite dimensional vector space, gl(V') the algebra of endomorphism of V, and GL(V),
the open subset of invertible elements of gi(V'). Clearly GL(V) is a Lie group which is indeed
isomorphic to GL(n,K), where n = dim V' with its Lie algebra equal to gl(V'). Workout the
following exercises.

Exercise 9.4.1 Let V denote a finite dimensional vector space, in these exercises.
1. If X is an open subset of V| then for all z € X, we have, T, X = V.

2. A closed subgroup H of GL(V'), which is an open subspace of a subalgebra § of gi(V'),
has its Lie algebra equal to b.

3. Let W C U C V be any subspaces. Show that
{AeGL(V) : AU CU}; {AeGL(V) : (A-Id)U Cc W}

are Lie subgroups of GL(V'). Describe the corresponding Lie subalgebras. [Hint: Start
with a basis of W, extend it to a basis of U and then to a basis of V. You can then
work inside GL(n, K).]

4. Let a: G — GL(V) be any homomorphism (i.e, linear representation), where V' is a

finite dimensional vector space. Let U, W be subspaces of V such that W C U. Then
G(U),G(U; W) respectively given by

{9€eG : a(g)U)CcU} & {ge€G : (alg) —1d)(U) C W}

are Lie subgroups of G with their respective Lie algebras

{veg: (Da)(v)U) U} & {veg : (Da)(v)U) Cc W}
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5. Show that the derivative of Exp : M(n;K) — GL(n;K) at a point A € M(n,K) is
given by the formula:

(9.11)

Exp (ada) — Id
DA(Exp) = Rpgp 4 © (M) 7

adA
n

Exp x —14
X

o0
where is understood as the operator Z ( and Rx is the right
n=0

n+1)!
multiplication by X.

6. (Theorem of Nono) Show that Exp is not a local diffeomorphism at A € M (n;K)
iff ad 4 has an eigenvalue of the form 2wk, where k # 0 is an integer.

Lemma 9.4.2 Let h : G; — G2 be a Lie homomorphism. Then given any left invariant
vector field o on Gy, there is a unique left-invariant vector field h. (o) on Gy such that o
and h, (o) are h-related.

Proof: If 7 is any vector field on Ga, which is h-related to o then 7. = dh.o.. Since
Te 18 completely determined by o, the uniqueness follows. It remains to show that the
left-invariant vector field defined by

7(9) = d(Lg)e(dhe(0e)), g € G2 (9.12)

is h-related to o. First observe that h : G; — G2 is a homomorphism implies that ho L, =
Ly(g) o h for any g € Gy. Therefore, for any g € G, putting v = o(e), we have,

d(h)g(a(9)) = d(h)g(d(Lg)e(v))

Il
QU
>
)
h
N<)
S
—
<

= d
= d
d

We can now define h, (o) := 7 as defined in (9.12). [ )

Theorem 9.4.2 Given a Lie-homomorphism h: G — Ga of two Lie groups, d(h). : g1 —
go defines a homomorphism of Lie algebras. The assignment G ~> g is a covariant functor

from the category of Lie groups and Lie homomorphisms to the category of Lie algebras over
R.

Proof: Since d(h). : T.G1 — T.G> is a linear map, it follows that h, : g1 — go is a linear
map. Since g; ~p hy(0;), it follows from Corollary 5.6.1, that [0y, 03] ~p [h(01), he(02)].
Therefore, from the uniqueness in the previous lemma, we have

hylo, 02] = [hs(01), hi(02)].

This proves that h, is a homomorphism of Lie algebras.

If k : G2 — Gj3 is another Lie homomorphism, then clearly, by the chain rule, d(koh). =
d(k)e o d(h)e and also d(Id). = Id, for the identity homomorphism of any group G. This is
precisely what we mean by saying that G ~» g defines a covariant functor. ®

Theorem 9.4.3 Let H be a Lie subgroup of a Lie group G. Then the inclusion map n :
H — G induces an identification dn. : § — g of the Lie algebra with a Lie subalgebra of g.

Proof: This is clear since the only thing that we have to observe is that d(n). is injective,
1 being an embedding. ®
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Remark 9.4.4 It becomes important to classify all finite dimensional Lie algebras up to an
isomorphism. Fixing a basis { E;} for the vector space, the Lie-algebra structure is completely
determined by the “structural constants”

cijik = [[Bi, Ej), Bk

which satisfy a certain symmetry condition dictated by the properties (LII) and (LIIT) and
extended over the whole vector space via (LI). For dimensions < 3, workout the following
exercises. You will find that as the dimension increases the problem becomes more and more
cumbersome. Cartan developed a different approach for such a classification. You may read
about it from several available expositions. (See [Hum].)

Exercise 9.4.2

1.

9.5

On a real vector space of dimension 2, show that any two nontrivial Lie algebras are
isomorphic. (And, of course, there is a nontrivial one.)

Consider the set L of all strictly upper triangular 3 x 3 real matrices. Compute the
Lie brackets of the following elements that form a basis for L.

01 0 000 00 1
Ex=000]:FB=(001]|,EB=[000
000 000 000

Show that the vector product [u,v] = u x v defines Lie algebra structure on R3.

Show that the Lie algebra in the above exercise is isomorphic to the Lie algebra so(3) of
3 x 3 real skew-symmetric matrices. Indeed check that you can map i, j, k respectively

010 0 0 -1 0 00

-1 0 0 |; 00 0 ]; 0 01

0 00 1 0 0 0 -1 0
Show that ‘direct” sum of two Lie algebras is again a Lie algebra in an obvious way,
where the bracket of vectors from different factors is defined to be zero. If a Lie algebra
can be written as a direct sum of two or more Lie algebras of nonzero dimension then

it is called decomposable. For example, you can write R* = R2@R or R3 =R&R$R
and take the Lie algebra structures accordingly.

Determine whether or not the two Lie algebras L and so(3) given above on R? are
decomposable or not.

Can you find some more 3-dimensional Lie algebras?

Canonical Coordinates

We first recall some basic facts from the theory of ordinary differential equations. Let
X, Y be smooth manifolds. Let 0 : X x Y — T'X be a smooth map such that 7w oo = Idx,
i.e., o is a smooth family of vector fields on X. For a given smooth function o : X — X
consider the equation

W et,9) = 07wyl F.0,9) = ala) (9.13)
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where f: X x R x Y — X is a smooth function.

By the theory of ordinary differential equations, given any point (z,y) € X x Y there
exists a unique smooth solution f of this problem in a sufficiently small neighborhood of
(2,0,y). (Compare theorem 6.3.1.)

Now look at the special case when X = GL(n,R) and Y = M(n,R). Take o = Idx
and o to be the left-invariant vector field (g, A) — (g,gA) for A € M(n,R). Then the map
f given by (g,t, A) — ge!” satisfies (9.13). Putting g = e,t = 1, we get the exponential
map. Thus, we are lead to define exponential map in the case of arbitrary Lie groups via
solutions of (9.13). That is what we shall do now.

Let now X = G be any Lie group, Y = g its Lie algebra, 0 : X x Y — TG be the
left-invariant vector field given by (g, A) — (g,g9A). Let a« = Idg : G — G. Let f be the
unique solution of (9.13) in a neighborhood U x (—¢,€) x V of (e, 0,0).

We may, and shall assume that V' is a convex neighborhood of 0 in g.

Lemma 9.5.1 For A € V, g € U, |s| < 1 and t1, 2, such that [t1], |t2| and [t1 + t2] all
being < €, we have,

flg,t1 +1t2,A) = f(g,t1, A) f(e,t2, A) (9.14)

and

flg,st,A) = f(g,t,s4). (9.15)
Proof: Fix ¢; and put go = 04(¢1). Consider the two functions

P1(g.t,A) = f(g,t1 + 1, A)g; ¢2(9,t, A) = f(g,t1,A) f(e,t, A).

Let us check that both are solutions of the initial value problem (9.13), with « replaced
by 8(g9) = f(g,t1, A)g. Then by the uniqueness of the solution, it follows that ¢; = ¢o from
which (9.14) follows.

Clearly,
¢1(g’07A) = f(g,tl,A)g = ﬁ(g)
and
$2(9,0, A) = f(g,t1, A) f(e,0, A) = f(g,t1, A)a(g) = B(g)-
Next
D gt )= L.t 4 1.0) = (0.1 +1,4),4) = o(1 (0.1, ), 4):
also, i p
Dot ) = flo0 D (et

= f(gv t1, A)U(f(e7 i, A)’ A) = 0(¢2(ga t, A)a A),
the last equality being given by the left-invariance of ¢. Thus, we have verified that both ¢;
are solutions of (9.13). The proof of (9.15) is similar. This time use the vector field so and
see that both the functions f(g, st, A) and f(g,t, sA) are solutions of (9.13). Details are left
as exercise to the reader. ®
For any A € V, let us put

QA(t) = f(evt,A)' (916)
Then it follows that
9,4(t1 + t2) = 9A(t1)9A(t2), (9.17)

for t1,to,t1 +t2 € (—€,€). As an immediate consequence, it follows that the map (¢, A) =
f(e,t, A) can be extended uniquely on R x V' — G so that for each fixed A € V, the map
04 :R — G is a homomorphism. It also follows that € is smooth.
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Definition 9.5.1 Let G be any Lie group and g be its Lie algebra. Let V be a convex
neighborhood of 0 € g as given above. We define the mapping Exp : V — G by the formula

Exp (A) = 04(1). (9.18)

Now given any A € g, we can choose a positive integer m, such that A/m € V. Using
(9.15), we can define

Exp (4) = 04/m(m) = (0a/m(1))™ = (Exp (A/m))™. (9.19)
Verify that this way, Exp gets extended on the whole of g as a smooth map.
Theorem 9.5.1 The map Ezp : g — G is a local diffeomorphism at 0.

Proof: Since D(Exp)o : To(g) — T.G is nothing but Id : g — g, we can use the inverse
function theorem to see that Exp is a diffeomorphism in a neighborhood V' of 0. [ )

Remark 9.5.1 It is not true that Exp is a local diffeomorphism at other points of g, in
general (see under Exercises 9.4.1).

Definition 9.5.2 A local inverse of Exp in a suitable neighborhood of e € G is called a
canonical coordinate system for G.

The following lemma justifies this name.

Lemma 9.5.2 Let f: G — H be a Lie homomorphism. Then Exp odf. = foExp : g — H.

a—Lt-n
ExpT TExp
de

Proof: Fix A € g and put B = Df.(A) € h. Consider the homomorphism 0 : R — H given
by 0(t) = f(Exp (tA)). Then %(0) = Df.(Exp(A)) = B. Therefore, § = §p and hence
6(1) = Exp (B). o

As an immediate corollary we have:

Theorem 9.5.2 Let G be a connected Lie group. Then any Lie homomorphism f: G — H
is completely determined by d(f)e : g — b.

Proof: By the previous lemma and the theorem, it follows that f is completely determined
in a neighborhood of e € G. But then since G is connected, f is defined on a set of generators

for G. ®

Remark 9.5.2 An easy corollary of the exponential map is that any Lie group is a real
analytic manifold. This follows from the fact that the canonical local charts are real analytic
on the overlaps, being given as solutions of a suitable initial value problem. Further, it follows
from the above theorem that any (smooth) homomorphism of Lie groups is actually real
analytic.

Corollary 9.5.1 Let G be a Lie subgroup of H. Then for any neighborhood U of 0 € b
Exp (U Ng) = Exp (U) N G defines a neighborhood of e € G.

One can generalize the “canonical coordinates” a little bit.
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Theorem 9.5.3 Let G be a Lie group and g be its Lie algebra. Let g=V; & --- @ Vi be a
direct sum decomposition of g into linear subspaces. Let U be a neighborhood of 0 € g and
¢, :UNV; = G, 1<i<k be smooth maps such that D(¢;)o is the inclusion map V; — g.
Then the map

U (v, vig) = od1(vi) - dr(ve) (9.20)
defines a local coordinate system for G around e.

Proof: All that we need to see is that the derivative of ¥ at 0 € g is nonsingular. Since the
derivative of the product is the sum of the derivatives, it follows that d(¥)y = Id. By the
inverse function theorem, we are through. ')

Remark 9.5.3 In particular, if ¢; = Exp|y,, then ¥ is called a canonical coordinate of the
II-kind by some authors.

Exercise 9.5.1 Verify that Exp : g — G as given in (9.19) is well-defined and smooth.

We end this section with a computation of the power series expansion for the multipli-
cation rule in any Lie group in terms of canonical coordinates.

Let G be any Lie group, U be some suitably small neighborhood of e € G such that
UU C U and U is diffeomorphic to a neighborhood of 0 € g via the exponential map. Let
{1,...,2,} be the coordinate functions of the inverse of the exponential map. Then we
know that z; are analytic functions. We would like to find the power series expression for
the functions U x U — R given by

So for the time being fix g, h € U such that gh € U. Let u, v € g be such that Exp (u) =
g, Exp (v) = h. We shall treat elements of g as elements of D(X). (See Section 5.6.) Let
now f be any analytic function around e € G. Put «a(t) = gExp (tv). Then we know that

d
E(fooz)zv(f)oa. (9.21)

Applying this to the functions v¥(f) successively yields

dr =vF E>1 22
@(foa)—\'(f)oa, > 1. (9.22)
Therefore it follows that
© k
foalt) = Y VH()@O) (9.23)
k=0

Taking g = e, and t = 1, we get
1) = fle)+ 3 LD (9.2)

Replacing h by g and therefore v by u, we have

> uk e
flo)=rfe)+>, % (9.25)

k=

[
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Applying this to each v in place of f, we get

= ukvl e
V(o) = V(7)) + 30 . (9.26)

k=1
Putting t = 1 in (9.23) and substituting from (9.26), we get,
V(NG _ o~ wVI()(e)
1=0 k,l=0

We can now put f = x; in each of the above identities to obtain the power series expansion
for z;(g),zi(gh), etc. Since x;(e) = 0, we get

> uF(z;)(e
ri(g) = 3o N, (0.28)
k=0

Given two analytic functions, «a, 8 in a neighborhood of e, we shall use the notation
a ~ 3 to denote that the terms of order < 2 vanish in the power series expansion of o — .
Thus, we can write,

zi(gh) ~ xi(g) + zi(h) + uv(z)(e). (9.29)

It also follows that

zi(gh) — wi(hg) ~ [u, v](zi)(e). (9.30)

Lemma 9.5.3 Let f(z,y) be a (smooth) analytic function in a convex neighborhood U of
(0,0) such that f(x,0) = f(0,y) = 0. Then there exists (smooth) analytic functions «;; in
U such that

flz,y) = Z Q5 (z, y)xzyg (9.31)

We apply this to the function z;(gh) — z;(g) — z;(h) and to the function z;(h~1g~1hg)
to obtain

zi(gh) — zi(g) — zi(h) = Y _ aiji(g, h)aj(g)zk(h). (9.32)
jk
zi(h™'g™ hg) = Bijuw;(9)k(h). (9.33)
ik

Therefore, replacing g by gh and h by h=tg='hg in (9.32) we obtain

zi(hg) — zi(gh) — zi(h™ g™ hg)

= > aije(gh,h ' g7 hg)z;(gh)zr(h g~ hg)
ik

~ 0.

Combining this with (9.30), we get,

2:(h g hg) ~ [v, u)(a) (). (9.34)
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Replacing h by g~ h~tgh in (9.32), we get
i(h™'gh) — zi(g) — zi(g~"h™"gh) ~ 0.

Using (9.34), this gives,

i(h™ gh) ~ i(g) + [u, v](z:) (e). (9.35)
Interchanging g and h and then g and ¢!, we get
2i(ghg™") ~ @i(h) + [u, v](z;)(e). (9.36)

Corollary 9.5.2 D(Cy)c(u) = u+ [u, v], where g = Exp v.
Proof: We use (9.36). Putting h = Expu, we have,
. A(Co(BXD tu
£(D(Cy)elw)) = limy_g 2(CalExp 1)

limt_,o

zi(w) + [u, v](z;)(e)

z,;(tu)
t

which proves the corollary. '
These derivations will become very handy for several purposes later on.

9.6 Topological Invariance

As an application of canonical coordinates of the second kind, let us prove the topological
invariance of Lie groups. First we have,

Lemma 9.6.1 Let a : (—¢,¢) — R be a continuous local homomorphism. Then f is the
restriction of a linear map. In particular, a(z) = za(1) for all x € R.

Proof: For any —e < = < ¢, and any integer k # 0, we have a(x) = ka(z/k). For the same
reason, if p/q is any (nonzero) rational number with |p/q| < 1, then a(%x) = pa(%) = %a(x).
By continuity, it follows that for all —1 < r < 1, we have a(rz) = ra(z). Now for any
0 < |z| < |y| < €, we have a(ry) = ra(y) implies that, (by taking r = z/y) a(z) = %a(y).
Therefore a(y) = 2a(z). This implies that for all » € R such that —e < 72 < €, we have
a(rz) = ra(z). Thus, this formula can be used to extend a : R — R. In particular, it follows

that a(1) = La(x). Therefore, a(y) = La(x) = ya(1) for all y € R. A

Theorem 9.6.1 If f : Gy — G5 is a continuous homomorphism of Lie groups, then it is
analytic. In particular, the underlying topological group determines the structure of a Lie
group completely.

Proof: It is enough to prove that f is analytic at e € G;. First consider the case when
G1 =R. Let {z1,...,z,} denote a canonical coordinate system around e € Gs. It is enough
to prove that x;(f) is analytic in a neighborhood of 0 € R.

We know that for any v € g and m € Z, Exp(v) = (Exp(v/m))™. Thus, if g,¢™
are inside a canonical neighborhood then we know that In(¢™) = mln(g). Therefore,
i (f)(mt) = z;((f(t)™) = ma;(f(¢)) for all t € R and for all integers. This just means
that x;(f) is a local homomorphism. From Lemma 9.6.1, we conclude that z;(f) is analytic.
This completes the proof in the case G; = R.
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In the general case, let {v1,...,v,} be a basis for g and let  : U — G be the associated
canonical coordinate system as in Theorem 9.5.3. This means that for some ¢ > 0 every
element belonging to ®(U) has a unique expression

g =Exp (t1v1) - Exp (tnvn); |ti] <e.
Since f : G — H is a homomorphism, we have,

flg) = f(Exp (trv1)) - - f(Exp (tnVn))-

Each t; — f(Exp (¢;v;)) is a continuous local homomorphism and hence analytic. Being the
product of finitely many analytic maps, f is also analytic. ®

Remark 9.6.1 It is easy to see that if Exp : B — G is a diffeomorphism where B is a ball
of radius r around 0 in g, then U = Exp (%B) is a neighborhood e in G that does not contain
any subgroup H # {e} of G. This property of a Lie group is referred to as “having no small
subgroups”. Gleason and Yamabe proved that any Hausdorff topological group is a Lie
group iff it is locally compact and has no small subgroups. In a series of papers by various
authors (Montgomery, Zippin, Iwasawa, Gleason, Yamabe, etc.), it has been established that
a topological group that is a topological manifold does not have small subgroups. Together
with the above result of Gleason and Yamabe, this proves that a topological manifold that
is a topological group is a Lie group, which answers Hilbert’s 5'" problem affirmatively.

9.7 Closed Subgroups

In this section, we shall see another application of generalized canonical coordinates.

Often it may happen that we do get subgroups that are not closed. On the other hand,
experience tells us that closed subgroups are always better behaved. So, we begin with a
basic theorem due to Lie, which justifies our definition of matrix groups.

Lemma 9.7.1 For 1 < ¢ <k, let v; : (—¢,€) — G be smooth maps such that v;(0) = e and

thi 0o = u; € T.(G) are linearly independent. Let § be the subspace of T,(G) spanned by

{uy,...,ui}. For |t;| < €, consider the map

r (Z tz‘uz‘> =71 (t1) - Y (t)-

Then T is smooth and D(T')g(u) =u, ué€h.

Proof: Enough to show that D(I')g(u;) = u;. But the left-hand side is the directional
derivative of I' in the direction of u;, which is equal to v;(0) = u;. [ )

Theorem 9.7.1 Let H be a closed topological subgroup of a Lie group G. Then H is a Lie
subgroup.

Proof: The only thing that we need to verify is that H is a submanifold. For this, it is
enough to give a coordinate chart for H around e.

Let g be the Lie algebra of G. Since we do not know whether or not H is a manifold,
we cannot talk about the tangent space to H at e as such. This difficulty is overcome by
using an appropriate description of the tangent space, viz., we consider the set T'(H) of all
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vectors v'(0) € g, where v is a smooth curve in H such that v(0) = e. We hope that T'(H)
indeed plays the role of the Lie algebra of H.

We first prove that T'(H) is a vector subspace of g. Given v such that 4'(0) = u € T(H),
and a real number r, the curve ¢ — ~(rt) is a curve in H with velocity vector at 0 equal to
ru. Therefore, ru € T(H). If y1, 72 are two such curves in H then the curve t — ~; (t)y2(t) =}
takes values in H and has its velocity vector at 0 equal to v1(0) — v5(0).

(We can go on to show that T'(H) is indeed a Lie sub-algebra. But this seems to be not
necessary at alll)

Fix an ordered basis, {uy,...,u;} for T(H). Let v; be a smooth curve in H such that
~/(0) = u;,7;(0) = e. Define

r (Z ti“i) =y (t)y2(t2) - - vk (te)- (9.37)

2

Then I" makes sense for all |¢;| < ¢, for some € > 0 and takes values in H. Also, I'(0) = e
and D(T")(0)(u) = u for all u € T(H) (see the lemma above). The claim is that " defines a
parameterization of a neighborhood of e in H. For this, fix a complementary subspace W
to T(H), ie., T(H)®W =g and let

®(u+v)=T(u)Exp(v), ueT(H);ve W (9.38)

Then by Theorem 9.5.3, we see that in a smaller neighborhood U around 0 € g, ® is a
diffeomorphism.

Clearly ®(UNT(H)) C H. The only thing that is needed now is a smaller neighborhood
U’ CUof0in g, such that HN®(U’') C (U’ NT(H)).

So, assume that this is not the case. Then there exists a sequence w; € g\ b such
that w; — 0, and ®(w;) € H. Write w; = u; + v;. It follows that v; — 0,v; # 0 and
v; € W. Cousider the sequence v;/||v;| of vectors of unit length. Passing to a subsequence,
if necessary, we may assume that this converges to a vector v of unit length in W. Since
O(w;) = ®(u;)Exp (v;), it follows that Exp (v;) € H for all 4. For any t € R, put n; =
[t/]|vil|]. Check that n;v; — tv. Therefore, Exp (n;v;) — Exp (tv). Since each Exp (v;) €
H, so are Exp (n;v;) = (Exp (v;))™. Therefore, Exp (tv) € H. Thus, we have proved that
the curve C : ¢t — Exp (tv) is in H. By definition, v = % ’0 € T(H), which is absurd. &

Remark 9.7.1 We draw your attention to the fact that in the course of the proof of the
above theorem, we have obtained an alternative description of the Lie subalgebra of a closed
subgroup H of G, viz. h = T(H). Also, ® defines a diffeomorphism of a neighborhood of
0 € h with a neighborhood of e € H.

Exercise 9.7.1

1. Let H, be a family of Lie subgroups of a Lie group G. Show that N,H, is a Lie
subgroup.

2. Give a similar description of the tangent space T, X to a smooth submanifold X of a
Euclidean space RY as in Remark 9.7.1.

9.8 The Adjoint Action

Definition 9.8.1 Let G be any group and V be a vector space. By a linear representation
of G on V, we mean a group homomorphism ¢ : G — Aut(V') where Aut(V') denotes the
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group of all vector space isomorphisms of V' to itself. The representation ¢ is called faithful
if it is injective.

Definition 9.8.2 Let g be a Lie algebra over K. By a linear representation of g, we mean
a Lie algebra homomorphism « : g — gl(n,K) for some n > 1.

Example 9.8.1 Let g be a (finite dimensional) Lie algebra over a field K. Fix some basis
{v1,..., vy} for g over K. For each v € g consider the mapping u — [u, v]. This is clearly
a linear map and hence gives an element P(v) € gl(n,K). The mapping P : g — gl(n,K) is
itself linear. Moreover, using Jacobi-Identity and the antisymmetry property, we can easily
check (exercise) that P is a Lie algebra homomorphism and hence defines a representation
of g in gl(n,K). This is called the adjoint representation of g and is denoted by ad : g —
GL(n,K).

Example 9.8.2 Let G be a Lie group and Aut(G) denote the group of all Lie automor-
phisms of G. Given f € Aut(G), the map Df : g — g is Lie isomorphism of g to itself. By the
chain rule, it follows that f — Df defines a linear representation D : Aut(G) — GL(n,K).
Now, for each g € G, consider the conjugation Cy : G — G, given by h — ghg~'. Then
C, is Lie automorphism of G and hence C, € Aut(G). Moreover, check that g — Cy is
a group homomorphism. Composing this with f +— Df considered above, yields a linear
representation of G on g denoted by Ad : G — gl(n,K) and called the adjoint representation
of G.

Theorem 9.8.1 D(Ad). = ad.

Proof: For any two elements v,u € g, we have to show that D(Ad)(v)(u) = ady(u) =
[u,v]. Consider the curve t — Exp tv in G passing through e and with tangent at e equal

to v. Then Ad(E )1
. Xp tv) —
DU = (i =)
D(C —1Id
(i 2B ) >(u)
t—0 t
o wtv]
= }H%T (using Corollary 9.5.2)
= [u,v]

[ )

Definition 9.8.3 The center z(g) of a Lie algebra g is defined to be the set of all u € g
such that ad, = 0.

Remark 9.8.1 Clearly z(g) is a subalgebra of G.

Theorem 9.8.2 Let G be a connected Lie group. Then its center is a closed Lie subgroup
with its Lie algebra equal to the center z(g) of g.

Proof: The representation Ad: G — GL(n,R), where n = dim G is a Lie homomorphism.
The kernel of Ad is therefore a closed Lie subgroup with its Lie algebra equal to the kernel
of ad : g — gl(n,R), which is, by definition, the center of g. From Theorem 9.5.2, it follows
that Ad(g) = D(Cy)e = Id <= Cy = Id <= g € 2(G). ')

Remark 9.8.2 That the center z(G) is a closed Lie subgroup also follows from Theorem
9.7.1, once we observe that it is a closed topological subgroup.
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Definition 9.8.4 By an ideal in a Lie algebra g we mean a subalgebra (subspace) b such
that [u,v] € b for all u € h,v € g.

Remark 9.8.3 The center of a Lie algebra is an ideal.

Theorem 9.8.3 Let H be a connected Lie subgroup of a connected Lie group G. Then H
is normal in G iff its Lie algebra by is an ideal in g.

Proof: For any g € G, consider the automorphism Cy : G — G. Given any connected Lie
subgroup H of G, C,(H) = gHg™! is again a Lie subgroup of G with its Lie algebra equal
to D(Cy)(h). Therefore, H is normal iff D(Cy)(h) = for all g € G.

Now suppose D(Cy)(h) = b for all g € G. From Corollary 9.5.2, we have D(Cy)(u) =
u + [u,v] for ¢ = Exp v. Therefore, it follows that for all u € h and all v € g, we have,
[u, v] € . Conversely, if § is an ideal, then for all points g € Exp (U), we have D(Cy)(h) C b.
The set of all g for which this property holds is a subgroup that contains a neighborhood
of e € G. Since G is connected, this subgroup must be the whole of G. This completes the
proof. ®

9.9 Existence of Lie Subgroups

A Lie algebra of a Lie group G can have a subalgebra that does not correspond to any
Lie subgroups: here is a simple example.

Example 9.9.1 Take G = T? = S! x S!, and b as the linear span of (1,7) in g = R2. It
follows that the corresponding algebra homomorphism is induced by the homomorphism
f: R — torus® given by t — (e*,e'™), which has dense image in T?. (Compare Exercise
9.3.1.(6).) Therefore, if there were a Lie subgroup H C T? with its Lie algebra equal to b
as above, then H would contain the image of f which is dense in a 2-dimensional manifold.
So, H cannot be a submanifold.

However, the situation is no worse than this. Thus, we are led to make the following defi-
nition.

Definition 9.9.1 By a wvirtual subgroup H of a Lie group G, we mean a Lie group H
together with a smooth injective immersive homomorphism ¢ : H — G. (We identify H
with the underlying set ¢(H) and get rid of ¢.)

Remark 9.9.1 Thus, every Lie subgroup is a virtual subgroup. As seen above (the irra-
tional) image of f in T? is a virtual subgroup but not a Lie subgroup. The induced topology
on a virtual subgroup H is often weaker than its topology. Of course, these two topologies
coincide iff H is a submanifold iff H is a Lie subgroup iff H is locally closed. In particular,
a virtual subgroup whose underlying set is open or closed is a Lie subgroup.

Lemma 9.9.1 Any immersive homomorphism « : H — G of Lie groups defines a virtual
subgroup a(H) of G.

Remark 9.9.2 Since ¢ : H — G is immersive, it follows that we can identify the Lie
algebra h of H with a subalgebra of g. It is also clear that two connected virtual subgroups
having the same Lie subalgebra are equal. So, we are now interested in the existence part.

Theorem 9.9.1 Let h be a Lie subalgebra of the Lie algebra g of a Lie group G. Then there
is a unique connected virtual subgroup H of G such that its Lie algebra is equal to b.
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We shall postpone the proof of this theorem to the end of this section. Let us see how
much of the Lie theory we can build up based on this result.
As an immediate corollary, we have,

Theorem 9.9.2 Let ¢ : h — g be a Lie algebra homomorphism where by, g are Lie algebras
of Lie groups H,G, respectively. Then there is a local homomorphism f: H — G such that
dfe = ¢. Further, if H is simply connected, then [ extends to a homomorphism f: H — G.

Proof: Let I'y C bh x g be the graph of ¢. Check that I'y is a sub-algebra of h x g. Since h x g
is the Lie algebra of H x G, it follows that there is a unique connected virtual subgroup
K C H x G whose Lie algebra is I'y. Consider the two projections 7 : H x G — H and my :
H xG — G. The tangent space to K at (e, e) is equal to I'y, and in fact, d(71)(c,e) (V, ¢(V)) =
v. Therefore, d(71) : T(e,e)(I'¢) — TeH is an isomorphism and hence 7, : 'y — H is a local
diffeomorphism onto a neighborhood U of e € H say. Let f = m o (m)~! on U. It is
easily verified that df. = ¢. Being the local inverse of a homomorphism, 7, 1is a local
homomorphism. Since s is a homomorphism, it follows that f is a local homomorphism.
The last part follows from the Principle of Monodromy. (See Exercise 9.2.4.(5).) [ )

Corollary 9.9.1 If G, G’ are any two simply connected Lie groups, then G =~ G’ iff their
Lie algebras are isomorphic: g ~ g’.

Example 9.9.2 Consider a connected 1-dimensional Lie group G. By the above corollary,
its universal covering group is isomorphic to the additive group of real numbers. Thus, de-
pending on whether G were compact or not, it is either isomorphic to S' or R. In particular,
we know that the multiplicative group of positive real numbers is isomorphic to R via the
exponential map.

Corollary 9.9.2 Given any o € g, there is a homomorphism h : R — G such that h.(L) =
o, where L = % is the generator of the Lie algebra of R.

Proof: For, R is simply connected and the association L — o extends uniquely to a Lie
algebra homomorphism ¢ : t — g and hence we can apply the latter part of Theorem 9.9.2.

Theorem 9.9.3 Let g be a Lie algebra over R. Then there exists a connected Lie group G
whose Lie algebra is isomorphic to the quotient algebra g/z(g).

Proof: Consider the adjoint representation ad : g — gl(n,R) where n = dim g. The kernel
of this homomorphism is precisely equal to the center z(g). Therefore the image of ad is
a Lie sub-algebra b of gl(n,R) isomorphic to g/z(g). The connected virtual subgroup H
of G € GL(n,R) has its Lie algebra equal to h. But then H is the image of a one-to-one
immersion of a Lie group which is the Lie group that we are looking for. o

Remark 9.9.3 It is a fact (much harder to prove) that every Lie algebra is the Lie algebra
of a connected, simply connected Lie group.

Lemma 9.9.2 Let g be a Lie algebra. Then the linear span
0.6) == L({[u,v] : wveg)
is an ideal in g.
Proof: Easy. ®

Definition 9.9.2 The ideal [g, g] is called the derived sub-algebra of g and often denoted
by g’
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Remark 9.9.4 A Lie algebra g is abelian iff g’ = 0. It is easy to see that the factor algebra
g/¢ is always abelian. Moreover, g’ is contained in all ideals § of g such that g/b is abelian.

Theorem 9.9.4 Let G be a connected Lie group. Then the commutator subgroup [G,G] is
a connected Lie subgroup whose Lie algebra is equal to [g, g].

Proof: First consider the case, when G is simply connected. Let ¢ : g — g/[g, g] be the
quotient homomorphism of Lie algebras. Observe that g/[g, g] is abelian and hence is iso-
morphic to the Lie algebra of the additive group R¢, where d = dim g/[g, g]. By Theorem
9.9.2, there is a Lie-homomorphism f : G — R such that df. = ¢. Clearly Ker f is a closed
Lie subgroup of G, whose Lie algebra is [g, g]. Since d(f). is surjective, by implicit function
theorem, f defines a surjective map of some neighborhood of e € G to a neighborhood of
0 in R4 Tt follows that f : G — R? itself is surjective and hence G/Ker f ~ R?. From the
homotopy exact sequence of the fibration G — G/Ker f, viz.,

m(G/Ker f) — mo(Ker f) — mo(G)

it follows that Ker f is connected. (See Corollary 9.3.2.)

Since R? is abelian, it follows that Ker f contains [G, G]. We claim that Ker f = [G, G].
It is enough to prove that a neighborhood of e in Ker f is contained in [G, G].

Choose a basis of [g, g] consisting of elements of the form

{XZ = [lli,VZ‘] : Z:].,,k}

where u;,v; € g. We may assume that u;,v; are in a neighborhood V of 0 € g where
Exp : V — @ is a diffeomorphism onto a neighborhood of e € G. Complete this to a basis

{X1,. oo, Xy X1, -, X}

of g and take canonical coordinates x; of G around a smaller neighborhood V' of e with
respect to this basis. Put g;(¢) = Exp (tu;); h; = Exp v;,i = 1,...,k and consider ~;(t) =
[g:(t), hi]. Clearly, v;(0) = e and ;(t) € [G, G]. From equation (9.36), it follows that v/(0) =
X;. Therefore, as in the proof of Theorem 9.7.1, (see the Remark 9.7.1), the map ® defined
as in (9.37), gives a diffeomorphism of V' with a neighborhood of e € Ker f. At the same
time, we know that ® takes values in [G, G]. Therefore, it follows that a neighborhood of
e € Ker f is contained [G,G]. Since Ker f is connected, it follows that Ker f C [G,G].
This completes the proof in the case G is simply connected.

Now in the general situation, consider the simply connected covering homomorphism
¢ : G — G. Then [G,G] is the connected subgroup whose Lie algebra is [g,g]. The ho-
momorphism ¢ induces identity map I'd = D(¢) : ¢ — g and hence ¢([é, G’]) is the sub-
group of G whose Lie algebra is [g, g]. But since ¢ is surjective, qb([é,é]) = [G,G] and
¢~ (|G, G]) =[G, G). Since ¢ is a local diffeomorphism, it follows that [G,G] is a submani-
fold of G. N

Remark 9.9.5 In general, [G,G] may not be a closed subgroup.
We shall now take up the proof of the existence Theorem 9.9.1

Definition 9.9.3 Let G be a Lie group, g its Lie algebra, and let h be any subalgebra.
Consider the family of all Lie subgroups F' of G whose Lie algebras contain f). The intersec-
tion of all these Lie subgroups is again a Lie subgroup (see Exercise 9.7.1.(1)), whose Lie
algebra is called the Maltsev (Malcev) closure of b and is denoted by h™. Clearly h C hM.

Lemma 9.9.3 (Maltsev) [h™, 5] = [p, b].



Existence of Lie Subgroups 277

Proof: Clearly, h C h™ and hence [h, h] C [h™, hM]. We have to prove the other inclusion.
We apply Exercise 9.4.1.(4) to the adjoint representation of G taking W = [h, h] and U
to be any subspace of g containing W, to conclude that

Hy :={g9€G : (Ad(g) —Id)(U) C [b,b]}
is a Lie subgroup of G with its Lie algebra
bu:={veg : adv)(U) C [b,h]}. (9.39)

Further, suppose that [U, §] C [h, h]. Then clearly b is contained in hg. Therefore, h™ C by.
This just means that [h*, U] C [b, b].
In particular, taking U = b, we get [h™,h] C [h,b]. Now, taking U = bM, we get

(6™, 5] C [, b]. o
Proof of Existence Theorem 9.9.1
Let B™ denote the Maltsev closure of h. Then from Lemma above we have [[]M, bM] = [h, b].

Let F be the Lie subgroup of G such that its Lie algebra f = h™. Let F' be the univer-
sal covering group of F. Then F‘/ [F’, 13’} is a simply connected abelian group and hence is
isomorphic to R™ for some n. (See Exercise 8 of 9.9.1.) Its Lie algebra is h™ /[h, ] that con-
tains b/[h, h]. Therefore, there is a (unique) Lie subgroup J of F'/[F, F] with its Lie algebra
equal to h/[h,b]. Let H be the inverse image of this under the quotient homomorphism
F o F / [F ¥ ]. Clearly, the Lie algebra of H is equal to h. The required virtual subgroup
H of G is the image of H in F C G. [ )

Exercise 9.9.1

1. Show that if H is a Lie subgroup of a connected Lie group G and dim H = dim G
then H = G.

2. Show that a connected Lie group is abelian iff its Lie algebra is abelian.

3. Show that Exp : g — G is a surjective covering homomorphism for any connected
abelian Lie group G.

4. By an n-dimensional torus we mean T" := (S!)” := S! x ... x S!, the Cartesian
product of n copies of S'. Show that T” is a matrix group.

5. Show that every T™ is isomorphic to R™/Z™.

6. Let H be a discrete subgroup of R™. Show that there exist a linearly independent set
S = {v1,...,vi} in R™ such that the additive subgroup generated by S is equal to
H.

7. Let {v1,...,vi} be a linearly independent set in R™ and let H be the additive sub-
group generated by this set. Show that the quotient group R™/H is isomorphic to
TF x Rk,

8. Show that a connected, simply connected abelian Lie group is isomorphic to R™.
9. Show that any connected compact abelian Lie group is isomorphic to a torus. [Hint:

Show that Exp : g — G is a surjective homomorphism and hence a covering homo-
morphism. Then appeal to Exercise 6.

10. By a torus T in G, we mean a subgroup T of G which is isomorphic to (S*)* for some
k. T is called a mazimal torus if it is not contained in another torus in G which is
larger than T. Show that every compact Lie group G contains a maximal torus.
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Let T C G be a torus, where G is compact. Show that 7" is maximal iff any element
of G that commutes with every element of T' is in T itself.

Let Ry denote the 2 x 2 matrix representing the rotation through an angle € in R2.
For any two square matrices A, B, we shall use the notation diag (A, B) to denote the
matrix whose diagonal blocks are A and B respectively and other blocks are zero:

diag (A, B) = ( 64 ) )

Let T' C G be described as below. In each case, show that 7' is a maximal torus of G.:
a) T = {diag(e’®r,...,e"") : 0, €[0,2m)} CU(n) =G.

b) T = {diag(e*’r,... . e¥") : 0, €[0,27)} C Sp(n) =G.

c) T = {diag(e*r, ... e¥n=1 ) : 0, €10,27),0, = — Z?:_ll 0;} C SU(n)=G.
d) T = {diag(Re,,...,Re,) : 0; €[0,2m)} C SO(2n) = G.

e) T = {diag(Ry,,...,Rp,,1) : 0; €[0,2m)} C SO2n+1)=G.

These are called standard maximal tori in the respective matrix groups.

Use the above list to compute the center z(G) in each case.

Use the above exercise to show that SU(2) is not isomorphic to SO(3) and U(n) is
not isomorphic to SU(n) x U(1).

Show that any conjugate of a maximal torus is also a maximal torus.

For each G as in Exercise 12, show that conjugates of the standard maximal torus
T cover the entire group, i.e., for each 2 € G there exists g € G such that gzg~! €
T. (This is just the diagonalization theorem for normal matrices, in case of G =
O(n),U(n). For other groups, you have to work a little further, especially for Sp(n).

By a generic element (also called a generator) in a Lie group G we mean an element
g € G such that the closure of the subgroup generated by g is the whole group G.
Show that every torus T has a generic element. (One also says that T is monogenic.)
Indeed, most of the elements in T are generic.

Show that if g € T is a generator of T as above, then the centralizer of g is T

Let T be a maximal torus in a compact connected Lie group G. Let Ng(T') be the
normalizer of T in G. Show that W := Ng(T')/T is finite. (W is called the Weil group
of G.).

Let T C G be a maximal torus, t be the corresponding Lie subalgebra. Let v € t
be such that Expv = g is a generator of T. Consider the right-invariant vector field
o(h) = D(Rp)e(v). Under the quotient map ¢ : G — G/T, show that o defines a
vector field & on G /T, which vanishes precisely at points of W C G/T. Show that at
each of these points the index of & is the same. Conclude that x(G/T) # 0. (Indeed,
one can also prove that x(G/T) = #(W).)

Let T be a maximal torus in a connected Lie group G. Show that given any = € g
there exists g € G such that gzrg~' € T. (Hint: Show that the diffeomorphism L, :
G/T — G/T has a fixed point.]

Show that any two maximal tori in a connected Lie group are conjugate.

Describe the Lie subalgebra of the standard maximal torus T of G in each case as in
Exercise 12.
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24. The reflection in the hyperplane B in R™ perpendicular to a unit vector v is given by
u — u — 2(u, v)v. Show that every reflection is an element of O(n) but not SO(n).

25. Every element of O(n) \ SO(n) is a product of an element of SO(n) with a reflection.
26. Conjugate of a reflection by an element of O(n) is a reflection.

27. Recall from your complex analysis course that any rotation in the plane can be written
as the composite of two reflections, i.e., z — €z can be written as the composite of
z +— Z followed by reflection in the line making an angle /2 with the z-axis. Deduce
that every element of the maximal torus in SO(n) is a product of reflections. Deduce
that every element of O(n) is a product of reflections. Also, give a direct (geometric)
proof of this fact.

9.10 Foliation

In this section, we give a brief introduction to the fascinating topic of foliations and give
just one application, viz., the classical proof of the existence theorem for Lie groups.

Definition 9.10.1 Let M be a smooth manifold of dimension m. By an atlas of submer-
sions of codimension d on M, we mean a collection F = {(U,, fo)} where {U,} is an open
covering of M and f, : Uy, — R™~ % are submersions satisfying the following compatibility
condition: for each x € U, N Ug, there exists an open neighborhood W of f,(z) in R™~¢
and a diffeomorphism h : W — fg(f51(W)) such that ho f, = f3. A maximal atlas of
submersions of codimension d is called a foliation of dimension d or simply a d-foliation.

Remark 9.10.1 Two atlases are compatible with each other if their union is an atlas.
Thus, it follows that given any atlas there is a unique atlas that is maximal and contains
the given one. The differential structure of a smooth manifold M itself is a 0-foliation on
M. A submersion f : M — N defines a d-foliation where, d = dim M — dim N. Given a
d-foliation F on M, we get a vector sub-bundle E(F) of the tangent bundle T M, by taking
E(F), = KerDf,, where x € U,. (Use compatibility condition to see that this is well-
defined and use the implicit function theorem to see the local triviality.) Also it is clear that
if 71 and F» are compatible d-foliations then E(F;) = E(F3). The following lemma will
enable us to study the interrelation between subbundles of T'M and foliations on M.

Lemma 9.10.1 Let U be an open subset of R” and f, g : U — R™ be two submersions such
that Ker Df = Ker Dg on U. Then for each p € U, there is a neighborhood W of f(p) in
R™ and a diffeomorphism h: W — g(f~1(W)) = W’ such that g=ho f on V = f~1(W).

U—f>W

SN

V h R'HL

N LT

U——W

Proof: This was an exercise to you earlier (see Exercise 1.4). Since we need to use it now,
here is a solution. By the implicit function theorem, we may replace f,g with f o ¢ and
g o ¢ for a suitable diffeomorphism and assume that f is actually the coordinate projection
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(x1,...,2n) — (21,...,2Zm). Now the condition that Ker Df = Ker Dg implies that g—xgi =
0, for i = m + 1,...,n. Therefore, on a connected neighborhood U’ of the point p, g is
independent of the variables #y,11,...,2, and hence factors through a map h : W/ =
f(U") — g(U"), i.e., g = hf. Clearly, the rank of h is equal to m on W' and hence, by the
inverse function theorem, on a smaller neighborhood W of f(p), it is a diffeomorphism. &

Corollary 9.10.1 Let F;,i = 1,2 be any two foliations on M such that E(F;) = E(Fz).
Then F;i, F, are compatible.

Corollary 9.10.2 Let £ C T'M be a subbundle of rank d. Suppose there is an open
covering {U,} of M and submersions f, : U, — R"~¢ such that Ker Df, = E,,z € U,,
for all a. Then the collection {(U,, fo)} is an atlas of submersions.

Definition 9.10.2 We shall call a subbundle of E of TM completely integrable if there
exists a foliation F such that E = E(F).

Clearly the entire bundle 7'M and the 0-bundle are completely integrable. However, it
is not at all clear, why there should be any completely integrable proper subbundles of T'M
for an arbitrary manifold M.

Example 9.10.1 Every subbundle of rank 1 of T M is completely integrable. By corollary
9.10.2, this is a local property. Thus, we may assume that U is an open neighborhood
0 € R™, on which a nowhere vanishing vector field o is given. We have to find a submersion
f W — R™ ! in a neighborhood of W of 0 such that D(f)(c) = 0. In fact, we shall
find a coordinate system {y1,...,y,} around 0, such that 9,, = o and then take f to be
the projection onto the first (n — 1) factors. First, choose a coordinate system such that
o(0) = Oy, Consider the initial value problem on U :

99

or @ = olg(z,0), g(z,0) = (9.40)

There exists a neighborhood W of 0, ¢ > 0 and a smooth solution of this problem g :
W x (—e,e) — W. Since g(z,0) = z, it follows that aa_fi =1fori=1,2...,n—1. Let
V =Wn(R" 1! x0). It follows that g : V x (—¢,) N W — W is of maximal rank at 0 and
hence is a diffeomorphism in a neighborhood of 0. Now the coordinate functions of g can
be taken as y;,i =1,2...,n.

Let us denote by I'(E) the set of all smooth sections of a smooth vector bundle E over
M. Recall that I'(E) forms a module over the ring C°°(M). Also recall from Section 5.6
that on I'(T'M) = T (M) = D(M), we have the Lie bracket operation [, | which makes it
into a Lie algebra over R. We now consider C*°-submodules £ of T'(T'M) which are Lie
subalgebras, i.e., those for which 0,7 € £ = [0,7] € £. As such there is no reason to
expect that given a vector subbundle F C T'M, the submodule I'(E) will be a subalgebra
of I'(TM).

Theorem 9.10.1 Theorem of Frobenius: For any subbundle E C TM, T'(E) is a Lie
subalgebra of T(TM) iff E is completely integrable.

Proof: Suppose E = E(F) for some foliation F of M. Let 0,7 € T'(E). To show that
[0,7] € T(E) is purely a local problem. So, let U be a neighborhood of a point on which
we have a submersion f : U — R™~ ¢ such that Ker Df = E,,x € U. This means that
o(f) =0 = 7(f), on U. But then it follows that o o 7(f) = 70 o(f) = 0 on U. Therefore
[0, 7](f) = 0. Therefore, [o,7] € E,x € U.
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To prove the converse, we induct on the rank d of E. For d = 1, the above example
gives the result. So, let us assume that d > 2 and for every manifold Y and every subbundle
E' C TY of rank d—1 such that T'(E’) is a subalgebra of T'(TY"), E’ is completely integrable.
Let now E be a subbundle of rank d and that T'(E) C T'(T'M) is a subalgebra. Once again, by
the above Corollary 9.10.2, the problem of showing that F is completely integrable is local in
nature. Therefore, we may simply assume that M = R™ and we have a system {o1,...,04}
of vector fields that are everywhere independent in a neighborhood U of 0 € R™. From the
example above, we may further assume that o1 = 91 and 0;(z1) = 0 for i > 2 (by subtracting
the appropriate x;-components). Put W := {& € U : 2y = 0} and 7; = oilw, @ > 2.
Clearly, 7; are tangential to W and hence span a subbundle E’ of rank (d — 1) on W.
Observe that every element of T'(E’) is a restriction of an element of I'(E) to W. Thus, for
i = 1,2, consider w; = 2?22 a;;7; on W. There exists smooth functions b;; on W x (—¢,¢)
such that b;;|w = a;;. Put &; = ZJ‘Z? bjjo; € T'(E). We have,

(w1, ws] = [@1, Wa]|w -

Since I'(E) is a subalgebra, [&1,w9] is a linear combination of ¢;,4 > 1 at every point of
W x (—¢,€). Since @;(x1) = 0, it follows that [©1,02](x1) = 0. Therefore [&1, 9] is actually
a linear combination of o;,¢ > 2. Therefore, [@1,ws]|w € T'(E’). This proves that I'(E’) is a
subalgebra of T'(TW). By induction hypothesis, it is completely integrable.

Let f: W’ — R™ 4 be a submersion where W' is a neighborhood of 0 in W such that
Ker Df = E'. We claim that the submersion fr: 7~ }(W’) — R™~4 is the required one.

It is enough to prove that E C Ker D(fn). Write fm = (f1,..., fm—d) where each
fi = fi(ze, ..., xy). It is then enough to show that o;(f;) = 0 for all 1 < ¢ < d, and
1 < j < n. Note that to begin with we have o1 (f;) = 0 for all j. So, fix any j and for brevity
write g = f;. We have to show that o; := 0;(g) = 0 for all 2 <14 < d. Again, to begin with
we have for any ¢ € W', «;(0,q) = (7:)4(g) = 0 since g = f; € Ker Df. Since o1(g) = 0, we
have

o1(a;) = 0104(9) = (0105 — 0301)(g) = [01,03](9)-

Since I'(E) is a Lie subalgebra, it follows that we can write [01, 0;] = Zz=1 ayoy. Therefore,
it follows that [o1,0](g) = 22:2 apay. Thus, for each fixed ¢ € W’ the (d — 1) functions
ai(z1,q),2 < i < d satisfy the initial value problem given by the following system of (d-1)
linear differential equations:

aai
8331

d
= aro; @;(0,9) =0. (9.41)
k=2

Since a;(x1,q) = 0 is one solution of (9.41), by the uniqueness of the solution, it follows
that «;(x1,q) = 0. ®

Definition 9.10.3 Let F be a d-foliation of a manifold X. By an integral manifold of F we
mean a pair (Y, f), where Y is a smooth manifold and f : Y — X is an injective immersion
such that D f,(T,Y) C Ey,)(F).

On the collection of all connected integral manifolds of F, there is an obvious partial
ordering, viz., (Y1, f1) < (Yo, f2) iff Y1 C Y and f1 = fa|y;. A connected integral manifold
of dimension d, maximal with respect to this ordering is called a leaf of F.

Remark 9.10.2

(i) Often we allow ourselves to confuse image f(Y') of f with the leaf (Y, f). In general, the
image of a leaf need not be a submanifold of the foliated manifold X.

(ii) If F is the foliation of a fibration then of course the leaves are submanifolds and every
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submanifold of the fiber is an integral manifold. For any foliation F, if (U, f) € F then any
connected component of f~!(f(x)) C U passing through z is an integral manifold, which is
also a submanifold called a slice of F at .

(iil) Tt is not difficult to see that every leaf is a union of slices. Also, note that the dimension
of a slice is always equal to d (where F is a d-foliation)

Lemma 9.10.2 Let (U, f) € F and S be a slice in U.

(a) Let (Y, g) be a connected integral manifold of F such that g(Y) C U and g(Y)N S # 0.
Then g(Y) C S.

(b) For any (V,h) € F, at most countably many slices of V' will intersect S.

Proof: Since D(f o g) = D(f) o D(g) =0, it follows that f o g is locally constant. Since Y
is connected, this implies f o g is a constant. This implies (a).

Let S’ be another slice of F. Let W be a connected component of SNS’. Then¢: W — S
is an immersion and since both have same dimension, it follows that W is open in S. We
conclude that S NS’ is open in both S and S’.

Therefore, {S NS’ : S’} forms a disjoint family € of open sets in S as S’ varies. Now
let S” vary over all slices of (V,h). Clearly, two distinct slices of (V,h) do not intersect.
Therefore, by II-countability of S, Q2 has only countably many members. Therefore, only
countably many of S’ could intersect S. ®

Lemma 9.10.3 Every slice is contained in a d-dimensional leaf.

Proof: Let S be a slice and £ be the family of all d-dimensional connected integral manifolds
(Y', f') that contain S. If {(Yx, fx)} is a chain in £, then we can take ¥ = U,Y; and
f:Y — X to be such that f|Y; = fi. Being a countable union of an increasing family of
smooth manifolds, Y is a smooth manifold, in which each Y} is open. It follows easily that
f is an injective immersion also. Therefore, every chain in £ has an upper bound. Apply
Zorn’s lemma to conclude that £ has a maximal element, (Y, f), which is easily seen to be
a leaf. ®

Theorem 9.10.2 Let F be a d-foliation on X. Then X is the disjoint union of d-
dimensional leaves of F.

Proof: The only thing that we need to see is that any two distinct d-dimensional leaves are
disjoint, which follows easily from Lemma 9.10.2. [ )

Proof of Theorem 9.9.1 Let G be a Lie group and h be a subalgebra of g. Recall that g
itself is the subalgebra of T'(T'G) consisting of all left-invariant vector fields on G. If we define
Ey = D(Lg)c(h) C T4(G) for each g € G, one can easily verify that E is a vector subbundle
of TG. Moreover, I'(E) will be a subalgebra of I'(T'G). (Exercise). By Frobenius Theorem
9.10.1, there exists a d-foliation F on G such that E = E(F), where d = dim §. Let H be
the maximal leaf of F passing through e € G. We claim that H is a virtual subgroup of G
with its Lie algebra equal to . Observe that ¢ : H — G is a smooth injective immersion.
Therefore, the only thing that we need to show is that H is closed under multiplication
and then being the composite of H x H — G x G — G the multiplication H x H — H
will be smooth. Given any h € H, consider the diffeomorphism L;-1 : G — G given by
the left multiplication by h~!. Since F is invariant under D(Ly), it follows that L;-1(H)
is an integral submanifold of F, which passes through e. By maximality of H this means
that L,-1(H) C H. This just means h~'H C H for all h € H, i.e., H is closed under
multiplication. ®
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Remark 9.10.3 Observe that the above argument actually shows us that other leaves of
F are nothing but left cosets of H.

Remark 9.10.4 We have seen two proofs of the existence theorem. Recall that in both the
proofs, Theorem 9.9.2 on the existence of local homomorphisms was derived from Theorem
9.9.1 on virtual subgroups. An alternative idea is to first prove Theorem 9.9.2 and then
derive Theorem 9.9.1. Observe that by virtue of Lemma 9.5.2, we have no choice in defining

f in a canonical coordinate neighborhood, viz., f = Exp g o ¢ o (Expg) .

G—H

EXp a T EXP H
¢
g——=h
The problem is in proving that f is a local homomorphism. Indeed, this is an easy conse-
quence of the so called Campbell-Hausdorff series that describes the canonical coordinates
of the multiplication in a Lie group G completely in terms of the Lie bracket of the Lie
algebra g. However, this is beyond the scope of this book.






Hints/Solutions to Selected Exercises

§1.2
10. See Lemma 8.2.1.
11. Differentiate the identity f(tx) = t* f(x) with respect to ¢ and put t = 1.

§1.3

1. (a) This is a linear map. Therefore, D f(4 5)(X,Y) = f(X,Y) = X 4+ Y.
(b) Dg(A7B)(X,Y) =AY + XB.

(c) Dha(X) = AX + X A.

2. This is also a linear map.

3. First, do it for m = 1 and coordinatewise.

4. We have

D(go f) = D(9)(f(x)) o D(f)(x).

Note that the composition on the RHS here is indeed matrix multiplication. Therefore,
Leibniz’s rule applies as in Exercise 3 above and we have

D(D(go f)) = D(D(g) o f) - D(f) + (D(g)  f) - D*(f).

Since D(g) happens to be a row vector, we convert it into a column vector by taking the
transpose, before taking the derivative and then use Exercise 2. Therefore,

D(D(g) o f) = [D(D(g)" o f)]' = [D*(9)" o f - D(f)]" = D(f)" - D*(g) o f-

The formula (1.46) follows.

§1.4.
1. Let f(z,y) = (x+v2,y), g(z,y) = (x,y+23). Then the first map is go f and the second
oneis fog.
2. See Lemma 9.10.1.
§1.5

2 _ .2 _ 2 _1
l.a =y~ =2"=3.
2. Critical points are: (v/2, —v/2,—1), (=v/2,v/2,~-1),(0,0,1) at which the function takes
values 5,5, and 1, respectively. Clearly, the surface is unbounded and hence there is no
maximum; the minimum is 1.

2 4 2

3. (x4, ).
4. Same answer for the complex case. Use the spectral theorem.
§1.6
1.(a) (—7/2,7/2); (b) (0,7); (¢) (—m/2,7/2); (d) (0,1).
2. From 1.(a), it is clear that the map defines a diffeomorphism D \ {0} — D7\ {0}. Also
the map extends to a homeomorphism of D]’ to D7, sending the origin to the origin. The crux
of the matter is to verify that it is continuously differentiable at 0 as well and its derivative
at 0 is invertible. In this case, the derivative any point (v, t),t # 0, is multiplication by cost
and hence converges to the Identity map at the origin.
3,4,5,6. Let f be any differentiable function in a neighborhood of a and which extends f on

285
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that neighborhood. Then D fa is completely determined by its values on any set containing
n independent vectors. In each of these cases, these values in turn are completely determined
by f itself, since the domain of f contains curves with n independent tangent vectors.

7. This is a special case of 8.

8. Consider f : R**! — R™ given by

n+1
f(tlel R tn+1en) = Z tz(pz - pO)'
=1

Verify that f defines a diffeomorphism of the standard n simplex A,, spanned by e1, ..., €e,+1
with the n simplex spanned by {po,...,Dn}-
9. Indeed you can find a diffeomorphism of the form z — az + b for some 0 #a € C,b € C.

10. {a}, {b}, {c}. {d. e}, {f, g} {h}, {i, 5}.
§1.7

1. Take ¢(a, B,t) = B+ (o — 8)Va,b(t), where y is given by (1.78).

2. (a) Choose b = ¢/2M,a = b/2 and 8 > 0 such that (1 —b)8 < €/2 in the above
exercise and take g(a,t) = ¢(a, (3, t). Estimate the area.
(b) Patch two such functions.

3. Let ¢ be any bump function on [0, 1] with support in the interior of [0, 1] and such
that the area under the curve is 1. Now take h as in the exercise above and put

fa,ﬁ(t)—/oth(a,ﬁ,s)dw (1—/01h(a,6,s)ds> /Otw(s)ds.

4. Take e~Y/*sin %

5. Consider a smooth bump-function h as in (1.77) with a = 0,b = 1. Put M =
max{|h'(t)|} and take n(t) = 55h.

6. Assume first that —co < a < § < 0o and —oc0 < v < § < oo. From Exercise 3 above
it follows that there are smooth functions ; : [ag;, azi+1] — [c2:, C2i41],0 =0,1,..., k
such that

Vi(agi) = cai, Yi(azir1) = coiv1, ¥i(a2i) = ¢5(az:), ¥i(azit1) = iy (azipr)

and ¥;(t) > 0 for all t. Put ©|(4y, a,4,] = ¥is4 = 0,1,...,k and

Vlass,azisa] = isi =1,2... k.

In case any one of the «, 3,7, is +00, we have only to use the open brackets at the
corresponding end. The answer to the last part is NO: Take ¢(x) = 22, which cannot
be extended to a diffeomorphism on any interval containing zero.

7. In the construction of bump function « as in (1.79), choose a = r/2,b = r, where
r = min{c—a,b—c} for the given a < ¢ < b. Now take g(x) = a(|t —¢|) and f = g/k,
where k = fab g(t)dt.

8. Choose « as in (1.79) with a, b replaced by a+¢, and b—e for a suitable 0 < € < (b—a)/2
and scale it down by 2max {|a/|}.

10. There is an open covering {U;} of C' and smooth functions f; : U; — R such that
[ilu;nc = f. Let {0;} be a smooth partition of unity subordinate to the cover {U;} U

{R"\ C}. Take f = 32,0, f;.
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11. Take 7 > 0 so that f vanishes on the closed ball B, (p). Apply the smooth Urysohn’s
Lemma (Corollary 1.7.1) to the disjoint closed sets Fy = B,.(p) and Fy; = supp f.

12. Reflexivity is obvious. For symmetry, the map (x,t) — H(x,1—t) defines a homotopy
from g to f. Finally suppose H,G : X x R — Y are smooth maps such that H; =
fiHs = g,Gp = g,G4 = h. For transitivity, without loss of generality we can assume
that t < s < p < ¢. By composing each H, G with appropriate smooth step functions
as in (1.78), we can assume that H, = f,r < t,H, = g,r > 3,G, = ¢g,7 < p,G, =
h,r > q. We can now define J(z,r) = H(x,r),r < p and J(z,r) = G(x,r),r > s.

§1.8

1. Apply Rolle’s theorem inductively to get a sequence z,  — 0 such that f (Znk) =0
and hence by continuity conclude that f(™(0) = 0. (See Exercise 1.7.4 for a nontrivial
example of such a function. Also note that there does not exist any such analytic function.)
3. Each of them has a limit equal to 0 at (0,0) and hence by taking the value also equal to
0 at (0,0) each of them becomes continuous.

4. For (i) and (ii), use the fact addition and multiplication R x R — R are continuous. For
(iii) and (iv), use the fact

f f— f+g—|f—
max{f, g} = %\g\; and min{, f,g} = "Fgfw
If f and g are differentiable so are f + ¢ and fg. Maximum and minimum do not preserve
differentiability as illustrated by f(x) = x,¢9(x) = —x. One can actually determine the

troublesome points.

5. Every polynomial function in any number of variables is smooth.

6. Use the fact that if «(z) is bounded and S(z) — 0 then a(x)B(x) — 0 to conclude that
both functions are continuous everywhere.

9. Both the iterated limits exist and are equal to 0. Yet the total limit does not exist be-
cause, along the lines y = z and y = 2x, the two limits are different.

10. Observe that taking limit as (z,y) — (0,0) is same as taking limit as r — 0 in polar
coordinates.

(i) and (iii) The function is independent of r and is a nonconstant. So the limit does not
exist.

(ii) As r — 0, the function % — +00. The required limit is /2.

12. D(1);(B) = —(B + B").

13. « is linear.

14. D(fg)x(A) = D(x(A)g(x) + F(X)D(g)x(A).

15. Each entry of n(A) is given by a rational function of the entries of A with the denom-
inator being the det(A). Therefore, n is smooth. To compute D(n), use Leibniz’s rule and
see that D(n)x(4) = —XtAX L

16. Let S(X) = X2. Then D(S)x(4) = XA + AX.

18. (i) Equating f, and fs to 0 yields r — s and a = 2r2. Therefore, if a < 0 then there is
no extremum in the interior. For a > 0,r = \/m gives the maximum value of f equal to
a?.

(ii) Putting a = 2cosé, if cosf < 0 we see that f(r,s) < 0 for r,s € [0,1] whereas
2+ cos® > 0. For cosf > 0, from (i) we have f(r,s) < 4cos? 6 < 2+ 2 cos¥.

19. (a) Both C(f) and C(f~!) are continuous and inverses of each other.

(b)-(d). Let f:S' — S is any smooth map such that f(1) =1 but f(—1) # 1. Then C(f)
will map the line segment [—1,1] to a union of two line segments broken at 0. Hence, C(f)
is not differentiable at 0. Therefore, we see that it is necessary that every pair of antipo-
dal points should be mapped onto antipodal pair of points. By continuity, it follows that
f = +Id. And this condition is also enough to conclude that C(f) is a diffeomorphism.
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§2.1 Choose Iy = (a1,b1), such that b; is the largest among all intervals containing a;.
Having chosen I, = (ag, bx) choose Ix11 = (ag+1,br+1) such that byy; is the largest among
all intervals containing b;. This process clearly terminates and produces the subcovering
with the required property. The latter part follows by a simple induction on the number of
intervals involved.

§2.2

1. Let « be the bump function as in (1.79), with 0 < a < b < 1. Enumerate the set of
rationals in R : ¢, g2, ... Take f(z) =>", aq("é)oz(x —2n).

2. Any countable subset of R is of measure zero. Therefore, there is no contradiction.

4. Yes. If at all points € U, f has rank 1 means that every point in U is a critical point.
Therefore, f(U) is of measure zero in V' and cannot be surjective since V' is open.

5. Induct on n beginning with the fact that for a nonconstant analytic function g : C — C,

the zero set is discrete.

§2.3.

1. 7 ® m2((1,0),(0,1)) = 1 whereas, m2 ® 71((1,0), (0,1)) = 0.

3. Any independent subset of V* can be completed to a basis. Then use Theorem 2.3.3.
4. If {¢;} is dependent, then the rows of ((¢;(v;))) are dependent. Otherwise they form a
basis for a vector subspace U C V* and we can use (2.33).

§2.5.

1.df =0 = % = 0 for each ¢. Given any point x join it 0 by line segments parallel to
the axes. Then f constant along each line segment and therefore f(x) = f(0) for all x.
2,3,4. In each case, join points x € R™ as in the above exercise to 0 and take integration
from 0 to x of the given form along the path. The integral is well-defined because the domain
is convex.

5. Statement in Exercise 1 still holds; every n-form on any open subset of R™ is a boundary
as well a closed form, so the statement is true somewhat vacuously. Exercise 2 does not hold
for R?\ {0} : consider Ij@;fy"jz Likewise, there are closed (n — 1)-forms on R™ \ {0}, which
are not exact.

§2.7.

1. Given 7 € A""!'R", we can view it as a linear map © : (R")* — A"(R") = R by the
formula ©(¢) =7 A ¢. If 7 # 0 then O is also a nonzero linear map and hence its kernel is
of dimension n — 1. Choose a basis {¢1,...,¢n_1} of the Ker© and extend it to a basis
{d1,...,Pn-1,dn} of (R™)*. Now the linear map O'(¢) = 7' A ¢ where 7/ = g1 A--- A dp_1,
also has the same kernel and hence © = r©’ for some 0 # r € R which gives 7 = r7'.

2. Suppose {¢;} is a basis for V* so that ¢1 Aga+pd3Ads = 11 A)e for some ¢; € V* i =1,2.
Write ¢1 = Zz Oé)i¢i,’(/)2 = Zz ﬁz¢z Then

D1 NP2+ @3 NPy =1 Nipg = Z(azﬂj — a;fi)di N ¢j.

1<j

Comparing the coefficients of ¢1 A ¢; for j = 3,4, we get [a1 : 1] = [a3 : B3] = [ou : Ba].
But then we get agfy — agf3 = 0, which is the coefficient of ¢3 A ¢4. On the left-hand side,
this is equal to 1 which is a contradiction.

63.2

1. A local homeomorphism preserves local compactness and local path connectedness. Being
locally homeomorphic to a Euclidean space, a manifold satisfies these two properties. Being
a subspace of a Euclidean space, it inherits the Hausdorffness and II-countability from the
Fuclidean space. The last property follows since any locally path connected and connected
space is path connected.

2. First find a piecewise smooth path joining any two given points such that on each piece it
is one-to-one as follows: Cover a given path by finitely many coordinate charts. The problem
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reduces to the case when X is replaced by R™, wherein you can actually join any two points
via the line segment itself. Now the entire path may have self-intersections, which can be
easily removed by cutting down the extra paths.

3. Apply (ii) of Remark 3.1.2, successively, backwards, beginning with U,,—; C U,.

4. Consider the case when X # ) and 9Y = (). We have to worry about a point (z,y) €
0X x Y. If U,V are coordinate nbds of z,y respectively, with diffeomorphisms ¢ : U — H"
and ¢ : V. — R™ then clearly ¢ x ¢ : U x V. — H"™ x R™ is a diffeomorphism which, in
turn is diffeomorphic to H™*™. Thus, an atlas for X x Y can be constructed by taking
the product of two atlases for X and Y, respectively. If y is also a boundary point, the
product ¢ x ¢ gives a diffeomorphism with a “quarter” space which is not diffeomorphic to
a half-space in R"*. Indeed look at Example 3.2.1.(4).

6. By the inverse function theorem, any submanifold of the same dimension is an open
subspace. If it is neat also, by definition, it is closed as well.

§3.3.

2. Choosing a local coordinate system ¢ — e2™* for a point z € S', the map z — 2™ becomes
t — nt whose derivative at any point is the multiplication by n. Therefore, the derivative
of z — 2" is also the linear map obtained by multiplication by n. However, this argument
requires the knowledge that the tangent bundle of S! is trivial and fixing a trivialization.
One can use complex numbers and see the same thing directly as follows in a more elegant
way: the complex derivative of the complex map z +— 2" is nz"~! at any point z. The
tangent space to S at z is the line spanned by 2z. Restricted to this line the linear map
defined by multiplication by nz"~! rotates the line onto the line spanned by iz™ (which
incidentally is the tangent line at z™) and also expands it by a factor of n.

3. Let ¢ : TX — X x R" be a diffeomorphism such that ¢(z,0) = (z,0) and such that for
each x the map v — ¢(z,v) is a linear isomorphism. Set theoretically, TU coincides with
all tangents to X which are drawn at points of U. Therefore, ¢(TU) = U x R™ and hence
it follows that ¢ itself restricts to a trivialization TU — U x R™. [Caution: It is important
to note that this argument is not available if we take arbitrary submanifolds in place of
an open set U. Indeed, the tangent space to a submanifold, in general, need not be trivial.
However, you will have to wait to see such an example.

4.T(V)=V xV;D(L)=L x L.

5. [See Remark 1.5.1.(iii)] Since ||z|| — oo implies d(z, ) — oo, it follows that the infimum
is attained. That proves (a). Now choose smooth functions g1, ...gn—n in a nbd of zy such
that XNU is given by g; = 0,7 = 1,..., N—n. Apply Lagrange Multiplier Method (Theorem
1.5.1) to f(z) = ||z — x| to see that x¢ should satisfy (1.60), which is the same as saying
that the vector 2(z — xp) is in the linear span of vectors perpendicular to the tangent space
T (X).

6. See Lemma 8.1.2.

7. The other two vector fields are

(coosziy—wy, =25, Y5,...); (oo, —Wj, —25,Yj, %4, - - )
8. The other five vector fields are:
(d? c, _ba —a, h7ga _fa —6); (6, fa -9, _h7 —a, _ba c, d)v
(f, —€, ha _gab, _a,d, _C); (ga haeafv —C, _da _aa_b); (h> _ga_faev _da c, ba —(Z).
83.4
1.
(i) Open subset of the Euclidean space

{A=((aij)) : aj; =0,i < j}.
(ii) D(det)a(B) = tr(adj(A)B). Therefore, 1 is a regular value of det and hence SL(n,R)
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is a codimension 1 manifold. The tangent space at Id is the kernel of the tr. Therefore, the
tangent space to SL(n,R) at Id is the space of all matrices A with ¢r(A) = 0.
(iii) This is the connected component of O(n) that contains Id.
(iv) Similar to the case of O(n) discussed in Example 3.4.2. T14(O, 4(R)) is the space of all
A such that AJ, , + J, ;A" = 0.
(v) This is the connected component of O, 4(R) that contains Id.
2. Consider « : SO(n) — Vp_1,, given by [vi,...,Vy] — (Vi,...,V,_1). Show that this
defines the required diffeomorphism.
3. An affine isomorphism of R” is of the form x — Ax+v, where A € GL(n,R) and v € R",
and therefore can be identified with the subspace of M(n + 1;R) of matrices of the form

{ A v

0 1 ], A e GL(n,R),v e R"™

This is an open subspace of the Euclidean space of all (n + 1) X (n + 1) matrices of the
form [ 64 ‘1/ } and is of dimension n? + n. Among them, those that satisfy AA! = Id,
correspond to the rigid motions of R™. They form a submanifold of dimension n(n + 1)/2.
4. In Example 3.4.2, replace R by C, transpose by conjugate-transpose, etc., to conclude
that the space U(n) of unitary matrices is a complex manifold of dimension n(n —1)/2 and
hence a real manifold of dimension n? — n.

5 Use the Gauss Elimination Method without pivoting: First, show that “sweeping” a
particular column (or row) can be done homotopically. This proves that every element of
GL(n,K) can be connected to + a permutation matrix. Next, over the complex numbers,
using e’ connect every transposition to Id.

63.5

1. If a < 1 the intersection is empty and hence transversal. For ¢ = 1, the intersection
consists of the circle 22 + y? = 1,z = 0. At any of these points the two tangent planes
coincide and hence the intersection is not transversal. For a > 1 the intersection consists of

two circles 2 + 3% = a?, 2+ % The tangent planes do not overlap and hence together

span R3. Therefore, the intersection is transversal.

2. Take f : X — Y to be the inclusion map in Theorem 3.5.1. 3. Use the fact that for
y e W' =g Y(W), we have T,W' = (dg) ™ (Ty,yW).

4. Look at the circle (z —1)?2 +y? =1, (x — 2)? + y?> = 4 in R", n > 2. Their intersection
is a singleton and hence, is of 0 dimension irrespective of what n you take. In any case,
the intersection is not transversal. For n = 2, the intersection dimension is correct but
not otherwise. Thus, one cannot say anything about the intersection dimension in case the
intersection is not transversal.

§3.7.

1. Put Uy = S'\ {(0,£1)} and let ¢ : Ux — R be the stereographic projections from
(0,4£1). Then the four maps ¢+ x ¢+ form an atlas for S* x S!. However, we can do better.
Consider the following three open sets:

Uy =S' xS\ (I xSTUS xw); Uy =St x ST\ (wx STUS! x w?); and

Us =S x ST\ (w? x StUS! x 1).

It can also be shown that the torus cannot be covered by two charts, (each diffeomorphic
to R?) but that needs a little more knowledge of algebraic topology. On the other hand, we
have seen how to write the torus is a union two open sets each diffeomorphic to an annulus.
2 r # 0. Preimage Theorem 3.4.2.

3. By Exercise 3.3.5, it follows that if z € R? is a point at a distance b from the circle, and
if p is a point on the circle at this distance, then the vector z — p is perpendicular to the
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tangent at p. Conversely, if we take the circle of radius b with the center at p and in the
plane perpendicular to the tangent line at p then all the points on this circle are also at a
distance b from a small portion of the circle around p. They would actually be at distance
b if b < a. Therefore, in this case, the set of such points is the union of all these circles,
i.e., the surface generated by rotating the circle (x — 1) + 22 = b2 around the z-axis. This
is diffeomorphic to S! x S;, which is a torus. When b = a, the point (0,0,0) lies on this
surface and is a singular point. (The surface is not even a topological manifold.) For b > a,
this surface is topologically a sphere but will have “corners” at (0,0, £v/b2 — a?).

4. The map x — (z, f(x)) is smooth with its inverse given by the restriction of the first
projection X x Y — X to I'y. Being diffeomorphic to a manifold, I'y is a manifold on its
own.

5. The graph of f : x — x'/° is a smooth submanifold of R x R, it is the graph of the
function y — 3 (interchanging the coordinates). However, we know that f is not smooth
at 0.

12. Let ¢ : R® — X be a parameterization at p € X. Then the tangent space at p is given
by d¢o(R™). For any v € R", consider the curve ¢t — ¢(tv) through p in X. Its velocity
vector is equal to dgo(v).

13. Use the mean value theorem to see that f is one-to-one.

14. Put g(z) = 223 — 322 The derivative vanishes precisely at z = 0, 1. Since g is generically
3-1 mapping, it follows that g : C\ {0, 1} — C is a surjective, local diffeomorphism. Compose
this with A to get a surjective 18. Every submersion is an open mapping. If X is compact
then f(X) is compact and hence closed also.

19. Use Euler’s identity, ). xiaa—fi = kp(x1,...,x,) for any homogeneous polynomial of
degree k to conclude that 0 is the only value that is not regular. Consider the map

1/3

T2
T1

to give the required diffeomorphism. The two surfaces 2% + 32 — 22 = £1 in R? are not even
homeomorphic to each other. [Use connectedness!]

20. Each ¢; is a proper mapping into R\ {0}. Therefore, ¢ is a proper mapping into an
appropriate open subset of R**1. Injectivity and immersiveness follow by linear algebra and
the fact that Pi,..., P11 are affinely independent. (Caution: ¢ is not a proper embedding
into R™+1,

22. May assume that P and @) do not have common factors. Then send all zeros @ to oo

and send oo to the limit lim,_ . ggg to obtain f To verify the smoothness of f at oo,

replace z by 1/z; at points that are mapped to oo, replace f by 1/f

24. Consider det : M (n;R) \ {0} — R.

26. The tangent space to the graph of a linear map f is equal to the graph I'; of f iteself,
viz., Ty = {(v, f(v);v € R™}. The tangent space to the diagonal is the diagonal itself.
Therefore, at any point of intersection, i.e., for f(v) = v the two tangent spaces span
R™ x R™ iff their intersection is (0,0). This just means that there is no vector v # 0 for
which f(v) =v.

27. The intersection of I'y and Ax is transversal and hence is 0-dimensional and hence
discrete.

29. To show that SO(n) is connected, induct on n. Given any A € SO(n), show that there
is a path A(¢) in SO(n) from A to an element in SO(n — 1) C SO(n) as follows. Put
v =(0,...,0,1) € R". If Av = v then it follows that A € SO(n — 1) and hence there is
nothing to prove. If not, choose a plane P containing v and Av. Let 6 denote the angle
from Av to v. Let Ry denote the rotation in the plane P that maps Av onto v. Now
RipA,0 <t <1is a path that joins A to a point RgA € SO(n — 1) as required.
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30. Similar to the above exercise.
31. Induct on n. For n = 2, we have V] 5 is nothing but S'. Assume that for n > 2, V},, is
connected for all 1 < k < n. Use the embedding Vi, C Vig1,n41 via

(Viye ooy Vi) = (V1o Vi, €n41).

Now given any F' € Viyin4+1 use rotation to connect it to an element of the form
(Vl, ey Vi, en+1).

84.1

1. (i) Assuming that there is no such loop in X we shall show that X is orientable. Fix
zo € X and for every z € X fix some path v, from 2y to z. Fix an orientation 6,, on
T,,X. Partition each path v, so that each segment is contained in one of the U,. Obtain
an orientation 6, on T, X as described in (b). Now given any U,, pick any point z € U, and
give the constant orientation to U,, that agrees with .. That this is well-defined on each
U, and that it defines an orientation on X both follow from the assumption that there are
no orientation reversing loops.

(ii) Use the classification of 1-manifolds (see Chapter 5).

(iii) Follow the procedure in Exercise 3.2.2, to approximate v by an embedded piecewise
smooth loop.

(iv) This can now be approximated by a smooth embedded loop.

3.Let H: I x I — X be a homotopy of a constant loop to a loop . Divide the square
into n? squares [k/n,k +1/n] x I/n,l+1/n],0 <k <n—1,0<1<n—1sothat H maps
each square into a coordinate chart. Now inductively show that the loops ¢t — H (¢,1/n) are
orientation preserving for [ =0,1,...,n.

£4.2

2 For each x € U,, we can then choose an ordered basis {vi(z),...,v,(z)} for T, X such
that wa(z) = vi A -+ AV} defines a nonvanishing smooth n-form on U,. Take a smooth
partition of unity 6, () subordinate to this cover and put w =" fawa.

Conversely, let w be a nowhere vanishing smooth n-form on X. Then it follows that given
any ordered basis {vy,...,v,} for T, X either w(vy,...,v,) positive or negative. We may
assume that it is positive at some point. Since X is connected, it follows that it is positive
for all z € X. Two such ordered bases define the same orientation class iff the values of w
on them have same sign. It follows easily that if we can choose the orientation class at each
T, X such that w takes positive values on each of them then we get a smooth orientation
on X.

64.3. Let F': X x I — Y be a smooth homotopy. By Stokes’ theorem

0= [ Pan= [ - [ gw- [ re
§4.5.

1. Write S™ = Dy U D5 as the union of upper and lower hemispheres. Find (n — 1)-forms 7,
on Dj such that d(7;) = w|p,. Apply Stokes’ theorem and induction.

2. The inclusion map ¢ : 9B™ — R™ \ B" is a homotopy equivalence. Therefore, 7 is exact
on R™ \ B™ iff n is exact on 9B™ ~ S"~!. Appeal to the above exercise.

3.

(a) Let 1o be an (n—1)-form on R™ such that d(ng) = w. Let r > 0 be such that suppw C D!

Then
0 :/ w :/ w :/ 10-
" i oDy

By the previous exercise, 79 is exact on R™ \ B. So, let 6 be an (n — 2)-form such that
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d(0) = no on R™\ B'. Let A be a bump function =1 on R™ \ BY,. and such that supp A C
R™\ BI'. Put n = 19 — d(A\@). Check that suppn C BZ, and d(n) = w.

(b) Let [ +w =0 and w compactly supported. Using a bump function fix an n-form 7 with
compact support contained in U; NUs such that fX 7 = 1. (This can be done in a coordinate
neighbourhood.) Let {a, 8} be a partition of unity subordinate to the cover {Uy,Us}. Put
t = fC aw. Then aw — t7 is compactly supported in U; and fX(aw — t7) = 0. Similarly,
Pw + tT is compactly supported on Us and

ﬁw—i—tT:/(l—a)w—l—t/T:/w—/aw—i—t:O.
Us p's X p's X

Therefore, there are (n — 1)-forms ¢4, g2 with compact supports that are respectively con-
tained in Uy, Uy such that d(¢1) = aw — c7 and d(¢2) = Bw + c7. Extend by 0 both of these
forms on the whole of X and take the sum.

(c) Write X = Uy U- - -UUy, where each U; is a coordinate chart and such that if V; = U;<;U;,
then V; N Uj41 is nonempty. Apply (a) and (b) and induction.

4. We may assume n > 2. First consider the case when X is orientable. Check that for
the orientation form w, [ w > 0. Therefore, it follows that [7] — [, 7 defines a surjective
linear map © : H},(X) — R. We need to show that [, 7 = 0 implies that 7 is exact, which
follows from (c) above.

Now consider the nonorientable case. One can argue as in (c¢) and (b) above. The impor-
tant case to consider is when U; and Us are orientable but U; U U, is not. This just means
that U; N Uy = V1 [V, a disjoint union of two nonempty opens sets, such that on one of
them say, Vi, the two orientations from U; and Us; agree and on V5 they don’t. Choose a
partition {«, 8} subordinate to {Ui,Us} as before. Choose two n-forms 7; with compact
supports contained respectively in V; and such that fvj 7; = 1, where the orientations on

V; are taken from Uy. Put ¢; = 1 (fUl ow — ng 6w) it =% (fUl ow + ng ﬂw) . Consider
the n-forms ¢1 = aw —t17 — toms on Uy and ¢o = fw + t171 + ta72 on Us. Then fUl ¢1=0
and [, Us ¢2 = 0 and hence there exist (n — 1)-forms 7,72 with compact supports contained
in U; and Us, respectively such that d(n;) = ¢;,5 = 1,2. It follows that d(n + 72) = w.
Rest of the details are left to the reader.

85.4. W can be expressed as Uy U Us U Uz where each Uy, Uz are half-open intervals, Us is
an open interval and U; NUs = (), and U; NUs, Us N U3 are open intervals. Now use Lemma,
5.4.5 (ii) twice.

5.6 1. If o =3, ai(w)a%i,r => ﬁi(m)a%i then

00, Jaj;| O
o) = 3 [ el 32 - Ao 52 | 5

J i

§5.8.

1. The map (z,v) — ||v||? is smooth TX — R and and 1 € R is a regular value.

7. If v were a smooth path, then f o~ will be smooth and (f o)’ (t) = Df,u) ov'(t) = 0.
This would mean that f is a constant on ~.

8. A biholomorphic mapping always preserves orientation. Since C comes with a preferred
orientation so are all open subsets of C".

9. Notice that there is no identification within the two open sets R™ x {5} x {£1}. Therefore,
p defines a diffeomorphism of these two open sets onto its image. It follows that p is a double
cover. We can declare the collection R” x A x {—1,1} as an atlas for X with the quotient
map restricted to each of them being a local parameterization. We orient each member of
this atlas so that the image of R™ x j x +1 will receive an orientation so that the quotient
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map will preserve the orientation or reverse it according to the sign . Under this rule, it
is clear that the atlas becomes an orientable atlas for X. Finally, if X is already oriented
then you see that all the identification will occur within those members with the same signs
and hence we get two disjoint copies of X itself as X. And conversely also.
10.

(i) Choose a basis for F' € G}, and express them as column vectors of a matrix A €
M(n x k;R)
(ii) Row rank = column rank implies that U = UaU 4. Also, each Uy is open in M (n x k; R)
itself.
(iii) This follows since each U, is a saturated open set, i.e., if ©(F;) = O(Fy) then F; €
Uy < F5 € Uy. To see this, consider the projection m4 : R” — R*, which sends z; — 0
for alli ¢ A. Then F € U, iff m4(O(F)) = R*.
(v) Given F' € U4 consider the k x k matrix H = F formed by the rows of F corresponding
to the indices in A. Then FF~! is in the image of ¢ 4.
(vi) Follows from (v) and the fact that ©(F) = ©@(FF~1).
12. Define A : Vi, — S by the formula A(F) = FF*. Check that A induces a map 7 :
Gj,n — S such that 70 © = A and 7 is the inverse of 7.
13. (i) In a coordinate nbd U of a point z € X first get a smooth map 8 : U — M (N xn;R)
such that 3(x) is a basis for T;(X). Then follow by © to get the Gauss map.
14. See Exercise 3.7.31.

§6.1

1. Given a continuous function f : X — 90X, which is identity on the boundary, by modifying
it in a collar neighbourhood of 0.X, we may assume that f is smooth around each point of
0X. Think of X as embedded in some RY. Fix a tubular neighbourhood U of X in RV, If
€ is chosen sufficiently small, then a smooth approximation g to f will take its values inside
U, i.e., we have a smooth map ¢ : X — R such that ||f(z) — g(x)| < €/2 and so g(z) € U.
Now take h = wog, where w : U — 0X is the projection of the tubular neighbourhood. If g
is chosen so that g(z) = f(z) = z on 90X, it follows that h : X — 0X is a smooth function
such that h(x) = x on 9X. Compactness hypothesis on X can be removed by taking proper
maps, i.e., there is no proper continuous map from X — 90X, which is the identity map on
the boundary. However, if we remove the properness hypothesis also, then the result does
not hold: take X = [0, 1).

§6.3

2. See corollary 8.3.1.

3. The complement of the first embedding is such that removing a single point makes it
disconnected.

6. This requires the knowledge of the fundamental group of the complement of a knot:
For the trefoil knot this happens to be not isomorphic to Z. The fundamental group of
the complement of the real axis is indeed isomorphic to Z. If two proper embeddings of
R in R? are properly isotopic to each other, then their complements will have isomorphic
fundamental groups, which is not the case here.

On the other hand, one can slowly pull one of the ends through the loop and “untie”
the knot that gives an isotopy of the given embedding with the inclusion map x — (z,0,0).
Indeed take an isotopy of the identity map R — R with a diffeomorphism ¢ whose image is
any tiny open interval and then compose it with the given embedding f. This example also
illustrates that the isotopy extension theorem is not valid for noncompact case.

7. Use the smooth step function that we have constructed and consider a linear modification
of it.

8. Use the above exercise.

9. The isotopy given in example 6.3.1 restricted to D™ has compact support. Using the
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above exercise, “shrink” this isotopy so that the entire isotopy lies inside V. Then use the
isotopy extension theorem.

10. The result is false for n = 1. There is no diffeomorphism of R, which takes —1,0,1
respectively to 0,1, —1, because every 1 — 1 continuous map f : R — R is monotonic.

§6.4.

1. By Corollary 6.3.1, f : S"~! — §"~! C R" extends to an embedding F : D" — R". Since
F(S"1) = S~ ! separates R™ into two components it follows that F(D") is contained in
the closure of one of them say C. Since it is an embedding and the dimensions are the same,
F is an open mapping. Since D™ is compact, F'(D™) is both closed and open in C. Therefore,
F(D") = C. Therefore, C' is the bounded component and hence C' = D".

2. Combine the arguments in the proofs of the Disc Theorem 6.3.7 and the Theorem 6.3.3.
3. Cap off W at all these boundary components and then use the above exercise.

4,5,6. Indeed, ¢y and ¢; patch-up to define a homeomorphism ¢, which may fail to be a
diffeomorphism along {0,1} x I. Use smoothing lemma to modify ¢ as required.

§6.5.

1. In the Theorem 6.1.2, since X is compact, we can choose € to be a positive constant instead
of a continuous function. Any tubular neighbourhood looks like a(Uzexa X Be N Ny (X))
where a(z,v) = x + v. A reparameterization by v +— Sv will define an isotopy of the
e-neighbourhood with the €¢’-neighbourhood. Since X is compact, the isotopy extends to an
ambient one.

2. First find a homotopy H : A x I — M of the inclusion map A — M such that for
arbitrary small ¢, the map H; : A — M is transversal to B. Since Hy is an embedding by
stability, it follows that there is an ¢ > 0 such that H; is an embedding for ¢t < e. This
means that H : A x [0,¢] — M is an isotopy. Extend this to an ambient isotopy. Clearly
H.(A)NnB=0.

3.(iii) Since f is proper, F' = f~!(p) is a closed manifold. Therefore, we can choose € > 0
so that f(N(F)) C U where U is a coordinate neighbourhood of the point p. Now consider
the map © : N.(F) — F x U given by (z,v) — (z, (f(z,Vv)). Verify that it is a submersion.
Restricted to F' it is injective. Therefore, by arguments similar to the ones you have seen
in Theorem 3.6.1, © is a diffeomorphism N (F) — F x V for a suitable ¢ > 0 and a
neighbourhood V of p, as required.

§7.2.

1.0,1.

2. For any ¢t > 1 the embedding [z1, z2] — ([21, 22], [t21, 22]) is homotopic to the diagonal.
There are precisely two points of intersection ([1,0], [1,0]) and ([0, 1], [0, 1]) the intersection
is transversal and the intersection number at both the points is +1. Therefore, the self-
intersection number of the diagonal is 2.

§7.5

1. Use polar coordinates.

2.Ifi <k—1andif o : S — M is a smooth map, we can homotope this so as to be
transversal to N. This then implies a(S?) C M \ N. This proves surjectivity. Likewise for
i <k —2,asmooth map a:S* — M\ N and a smooth extension 3 : Dt — M of a, we
can homotope [ without disturbing it on the boundary sphere, to a map that is transversal
to N and then again this implies S(D™) C M \ N. This proves injectivity.

3. At any point p € N we can choose an embedded k—disc o : D* < M such that
D = o(D*) intersects N transversely at a single point {p}. Now the embedding restricted
to the boundary of the disc defines an element [a|gr—1] € m—1(M \ N). If this element were
trivial, then we can get an extension of a|gs—1 to a smooth map 3 : D — M \ N. Thinking
of these two discs as upper and lower hemispheres in S*, and by the smoothing lemma, we
can arrange it so that o, § patch-up to define a smooth map v : S* — M so that the image
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v intersects N transversely in a single point {p}. Now since 7, (M) = (0) it follows that ~
extends to a smooth map 4 : D**! — M. We can further assume that 4 is transversal to
N. Can you see the contradiction now?

§7.8.

1. You may treat o as a smooth map o : D" — R"™. Let py,...px € int D™ be the zeros of o.
Choose € > 0 small enough so that B.(p;) are disjoint and contained in D”. It follows that
the winding number W (o /S"~1,0) of ¢/S"! around 0, which is equal to the degree of the
map o/||o|| : S*~1 — S"~! is zero. By Hopf-degree theorem, there is a smooth extension of
o:S" 1 - R"\ {0} to a smooth map 6 : D" — R™ \ {0}.

2. Use Corollary 6.3.3 for n > 2. For n = 1, this is an easy consequence of the classification.
3. Follows from 1. and 2. above.

4. There is one on the cylinder that quotients down to a nowhere vanishing field on the
Mobius band.

§7.9. 1. As seen in Misc. Excercises 4.5, w — [ w defines the isomorphism H"(X) — R.
Now use (7.13).

2. Let 7 : X — X be the orientation revrsing diffeomorphism such that po 7 = p. Let w
be a n-form on X. Put @ = p*(w). Then 7*& = 7*p*w = p*(w) = . Since 7 is orientation
reversing at each point, it follows that

Jo=[ro=-] o0
X X X

Therefore, & is an exact form (see 4.5.4.)). Say & = dp for some (n — 1)-form p on X. Put
o = (i + 7 w)/2. Then it follows that o = p*(¢) for some (n — 1)-form ¢ on X. It also
follows that d(¢) = w.

7.10.

1 Apply the Transversality Theorem 7.1.1 to the homotopy F : X x RY — RY given
by (z,v) — z +v.

2 In the proof of Theorem 7.1.3, we know that Fy is transversal for almost all s. By
stability theorem, for all sufficiently small s, each Fy is an embedding. Therefore, if
we choose € > 0 small enough then for ||s|| < e all Fs are embeddings, their image
will be contained in U and some of them will be transversal to Z. We can then define
the isotopy H : X x I — Y so that H1(X) M Z. Using Isotopy Extension Theorem,
we can then get an ambient isotopy as required.

3 Let E = E(Gi,n) ={(L,v) € G xR" : v € L}. Consider the projection to the first
factor m; : E — Gy, . (This is the projection of a vector bundle called the tautological
bundle over Gy ,.) Show that the second projection e : E — R™ is a submersion.

Now consider W = W;l(X) and show that L € Gy, is a regular value of m|y iff
L X.

4 Choose R such that K C Bg(0). Since n > 2 it follows that df (R™) is of measure zero
in M(n;R). Therefore, there exist A € M(n,R) \ df(R™) such that 0 < ||A]| < ¢/R.
Take g(z) = f(x) — Ax.

For n — 1, the argument fails: take f(z) =sinz, K = [0,27], and e = 1/3.

5 (i) We know that the normal bundle of any sphere S® € R"*! is trivial and anyway
T(S") ® N(S") = T(R"*1) = ©"*1. Therefore T(S") ® ©' = ©"*! which shows
that the sphere is s-parallelizable. Inductively, assume that X is s-parallelizable. Then
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TX xS =T(X)aT((S") ® 0! =T(X)®entt = @mtntl This shows all
finite products of spheres are s-parallelizable.

(ii) Recall every odd sphere has at least one nowhere vanishing vector field [viz.
(=22, 21, —T4, T3, ..., —Topt2, Tak+1)]. Therefore T(S*+1) = ¢ @ O. Therefore,
T(X % S2k+1) — T(X) o) el @g m+l @g

—m-1 + e! + T(SQkJrl) em-1 ) @2k+2 — gm+2k+1,

(iii) By the Jordan-Brouwer separation theorem, if X is a closed codim. 1 submani-
fold, then X bounds a compact submanifold of dimension n in R™. Hence X has the
unit outward normals at every point, which means that the normal bundle is trivial.
Therefore T'(X) & ©! = T(R") = O,

(iv) Inductively having embedded a product of spheres X in R™*1, we shall show that
X x S¥ can be embedded in R™**+1 : Consider X x 0 € R™*! x 0 ¢ R™*! x R*. The
normal bundle of X in R™*! x R* is also trivial being the direct sum of its normal
bundle in R™*! and the trivial bundle X x R¥. Therefore, its unit normal bundle,
which is clearly a submanifold of R™+1+% ig diffeomorphic to X x S*.

If {(Ui,¢i)} is any atlas for a manifold M, then {(T'(U;), D¢;)} forms an atlas for
T M. Then for any ¢, j, the tran51t10n function U; NU; x R® — U; NU; >< R™ is given
by (gi)j_l o ¢;, d((;Sj_1 o0¢;)). Now ¢j o ¢; is orientation preserving iff d(cb o¢;) is and

hence in either case, (gi)j_l o ¢, d(cb]_ o ¢;)) is orientation preserving.

(i) Use Exercise 7.5.1.2 and the fact that R™ is simply connected.

(ii) Around a point p € M you can connect the ‘two- sides’ of N \ M.

(iii) If the normal bundle (which is of rank 1 in this case) is nontrivial, you can find
an embedded loop v in M restricted to which the bundle is non trivial, which gives
an embedding of a Mobius strip S in NV such that SN M = ~.

If v € S" is a regular value then f~!(v) consists of pairs of point z;, —x; and hence
even number of points. Therefore the mod 2 degree is 0.

Covering space theory tells you that there is a covering projection p : Y — Y such that
pum(Y) = fu(mi(X)). If Y is orientable then all its coverings are also orientable and
the degree of the covering map p is equal to the index of the subgroup p#ﬂ'l( )=d
say. Also, the covering space theory tells you that f can be lifted to a map f: XY
such that f = po f. Assuming that d is finite, it follows that deg f = (deg f)(deg D).
(If d is infinite then deg f = 0.)

(i) Take a path v from g to o1 in R"T1\ M to get the homotopy To(t)-

(ii) If = is in the unbounded component then 7, makes sense on all the bounded
components. Therefore, deg 7,, = 0 and hence by the Hopf degree theorem 7, is null-
homotopic. The ‘if” part follows from (iii).

(iii) Choose a disc D around x and contained in the bounded component U. Then 7,
extends to U \ int D and hence deg (7 |pr) = deg (7z|op) = £1.

(i) This is the property of the orientations on M x N and N x M.

(ii) Then the map 7 is null homotopic or extends to X x N, where 0X = M, respec-
tively.

(iii) This goes back to the previous exercise.

We may assume that U is connected and det D f,, takes values in [0, c0). Let K C R™ be
the set of all points at which det D f, = 0. Then K is compact. Given any point z € R"
we can choose R > 0 so that D} contains f(K) U {z} in its interior. Now consider
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M = f~1(8D%). Since S?{l separates R", M = () would imply that f(U) C D".
By properness of f this would imply U is compact, which is absurd. So M # 0. It
follows that M is a closed (n — 1)-dimensional submanifold of U, which bounds a
submanifold N of U. Put F = f|y. Since at every point x € M we have Df, is
orientation preserving, it follows that the local degree of f: M — S?{l at any point
is +1. Therefore, deg f > 0. Use Theorem 7.5.1 now to conclude that for any regular
value w of F in D%, the winding number #(F~(w)) = W(f,w) = deg f is positive.
This implies F' : N — D% is surjective. In particular, z is in the image of f.

8.2

1. (vii) (z,y,z) — —x is a Morse function with two critical points, viz., (3,0,0) of index 0
and (1,0,0) of index 1.

(viii) The parameterization restricted to m/2 < 1 < 3w/2 gives the cylinder. The function
f(6,¢) = (24 cos ) cosp will then have only two critical points at (0,¢) = (m, ), (0,7)
of indices 0 and 1, respectively The same domain can be used to define the M&bius band
by the identification (0,%) ~ (27, —%). The same map factors through this identification to
define f : Ml — R, which has the same critical behavior because locally, f and f behave the
same way.

7. Take f(x,y) = 3z* + 42° — 1222 + ¢%.

§8.4. Indeed f~!(r) is a strong deformation retract of f=1(r) x [r, s] = M, 5 from which the
conclusion follows.

§9.1.1.

2.2e By homogeneity, it is enough to check this at p = 1. The tangent space to S° at
this point is the subspace of purely imaginary quaternions and the tangent space to S? at
h(1) =i is the space spanned by {j,k}. Let A be a unit vector in 73S®. Then

Dh(\); = hmteow

= limy_g % (7(1“/1\3:&;7“‘) — i)

= Ai—i\
which is easily seen to be surjective.

§9.1.4.

1. If A € M(n,H) is invertible, then we have Id = Q,(4A47!) = Q,(A4)Q,(A~1), which
gives det A = det Q,,(A) # 0. Conversely, if B is such that det B # 0, then B is invertible.
Since BJsy, = Jo, B, it follows that B~1Js, = Jo,, B—! and hence there exists A’ € M (n,H)
such that Q,,(A") = B~L. Tt follows that Q,,(AA’) = Id and hence AA’ = Id.

2. BJs, = Jon, B implies that det B = det B = det B.

5. Combine Exercises 2 and 4.

§9.1.5. Q,, preserves inner product. i.e., if we write v, = z,. +w,j, then (v, vi) = (2, 21) +
(wr, wg) = (Qn(vy), Qn(vk)). Therefore, {vi,...,v,} forms an orthonormal basis for H"”
iff {Q,(v1), Qn(iv1),--, Qn(Va), Qn(jva)} forms an orthonormal basis for C2".

§9.3.1.

5.(a) D(az)g = D(a(g)) o D(ay)e and a(g) : X — X is a diffeomorphism.

10. You have to copmute the stabilizer subgroup of the element P. The elements of O,
which fix the subspace V4, are precisely of the subgroup Ok, x O,_k,.. Now keep working
backwords. 12. Let H, K be subgroups of G. Consider the action of G on G/H and restrict
to the subgroup K and use Exercise 5.(a).

13 Union of connected components of a manifold is a submanifold.

§9.4.2.

1. If {uj,us} is a basis, define [uu;] = 0 = [ug, uz] and [uy,uz] = uy. Verify that this
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defines a Lie algebra. Any other 2-dimensional nonabelian Lie algebra has to be of the form
in which [uy,uz] = au; + buy for some a,b € R with (a,b) # (0,0). Suppose b # 0. Then
take the basis {u;/b, w}, where w = [uy, us]. It follows that [u;, w] = w.

2. [Ey, Eo] = B, |E1, B3] = 0 = [Es, ).

6. Both are indecomposable since both are dimension 3 and there are brackets (such as
[E1, Es] = E5, which involve three independent vectors.

7. Yes indeed. (a) There is a family of so-called nilpotent algebras (3-dimensional):

[El,EQ] = 0, [El,Eg] = aE1 + bEQ, [EQ,Eg] = CE1 + dEQ,

where ad — bc # 0.
(b) Also, there are two more (nonnilpotent ones):

[E1, o] = E3; [Ea, B3] = £E1; [E3, E1] = Es.

§9.8.1.1. Clearly H = N, H, is a subgroup. It will be a Lie subgroup if it is a submanifold.
It will be a submanifold, if H NV is a submanifold of V, where V is any suitable neigh-
bourhood of e € G. Since exp : g — G is a local diffeomorphism, which restricts to local
diffeomorphisms of §, — H,, it is enough to see that N,bh, is a subalgebra of G. But any
arbitrary intersection of vector subspaces of a finite dimensional vector space is actually
equal to a finite intersection. It follows that N, b, is a Lie subalgebra.

§9.9.1.

1. If U is a nbd of e in H then U is also open in G. Therefore, U generates G.

2. G abelian iff [G,G] = (1) iff [g, g] = (0) iff g is abelian.

3. By (9.30), it follows that if [u,v] = 0, then Exp (u + v) = Exp (u)Exp (v). Therefore,
if g is abelian then Exp : @ — G is a homomorphism of the additive group g to the Lie
group G. We know Exp is a local diffecomorphism. Therefore, Exp (U) is open for some
neighbourhood of U of 0 in g. Since G is connected, Exp (U) generates G.

6. Choose a maximal subset of H that is linearly independent, say {vi,..., vy}, where
k <n.Put H =), 7Zv;. Clearly H, is a subgroup of H, which is free abelian. Let P be
the parallelotope spanned by {vi,...,vi}. Then P is compact and hence P N H is finite.
For each x € H, write x =), 2;v;. Now for each integer m, define

X = MX — Z |max;|v;.
i

Note x,, € PN H. Conclude that P N H generates H. Since P N H is finite, and Z is
infinite, there exists distinct integers k,l such that x; = x;. This implies that (k — {)x =
> (lkx;] — |lz;])v;. Therefore, H is contained in the rational linear span of H;. Since H is
finitely generated, it follows that (by taking a common denominator to all the coefficients in
the expressions of all members of PN H) there is an integer d such that dH C H; which is
a free abelian group. By the structure theorem for finitely generated abelian groups, there
exists a basis {uy,...,ux} for H; and integers mq,...,my such that {mius,..., meu}
generates dH. Now {mju1/d,...,mpuy/d} is a basis for H as required.

8. G is abelian and hence g is abelian and therefore isomorphic to R™. By Exercise 3,
Exp : R™ — @ is a surjective homomorphism. It is also a local diffeomorphism. Therefore,
its kernel is a discrete normal subgroup N C R™. But then Exp induces an isomorphism of
R"™/N — @G. On the other hand, the projection map ¢ : R®™ — R™/N is a covering projection.
Therefore, (1) = 71 (G) = 7 (R"/N) = N.

10. Every Lie algebra contains a maximal abelian subalgebra.

11. Do the same with abelian subalgebras of the Lie algebra.

13. (a) and (b) all scalar matrices; (c) n'" roots of unity as scalar matrices; (d) so(2) for
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n =1 and £Id for n > 2; (e) trivial group

14. 2(SU(2)) ~ Zo, 2(SO(3)) = (1), 2(U(n)) ~ St and z(SU(n) x U(1)) ~ Z,, x U(1).
17. Fix a basis {vi,...,v,} for the Lie algebra of T. Choose t1,...,t, € R such that
{1, t1/tr, ..., tr—1/t,} is linearly independent over Q. Put v = >, ¢;v;. Then show that
{Exp (nv) : n € Z} is dense in T.

21. If v is a path in G connecting ¢ and id, then L, is homotopic to Id. Therefore, L(L,) =
L(Id) = x(B/T) # 0.
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