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Preface

The series of three books on Basic Topology is a project book funded by the Govern-
ment of West Bengal. It is designed to introduce many variants of a basic course
in topology through the study of point-set topology, topological groups, topolog-
ical vector spaces, manifolds, Lie groups, homotopy and homology theories with an
emphasis on their applications in modern analysis, geometry, algebra, and theory
of numbers. Topics in topology are vast. The range of its basic topics is distributed
among different topological subfields such as general topology, topological algebra,
differential topology, combinatorial topology, algebraic topology, and geometric
topology. Each volume of the present book is considered a separate textbook that
promotes active learning of the subject highlighting the elegance, beauty, scope,
and power of topology. Volume 1 studies metric spaces and general topology. It
considers the general properties of topological spaces and their mappings. Volume 2
considers additional structures other than topological structures studied in Volume 1.
The contents of Volume 2 are expanded in five chapters. The chapterwise description
of Volume 2 runs as follows:

Chapter 1 provides a background on algebra, topology and analysis for a smooth
study of this volume. Chapter 2 studies topological groups and topological vector
spaces using topology and algebra. It provides many interesting geometrical objects
of interest and relates algebra with geometry and analysis. Chapter 3 studies topolog-
ical problems of the theory of differentiable manifolds and differentiable functions on
differentiable manifolds. The concepts of diffeomorphisms, embeddings and bundles
play important roles in differential topology. The main aim of this chapter is to convey
an elementary approach to differential topology avoiding algebraic topology, which
is studied in Volume 3. Chapter 3 starts with topological manifolds followed by
smooth manifolds and smooth mappings leading to differential topology. The most
basic results embedded in the theory of differential manifolds is essentially due to
the work of a single man, H. Whitney (1907-1989). Whitney’s embedding theorems
say that every manifold can be embedded in a Euclidean space as a closed subspace.
It implies that any manifold may be considered as a submanifold of a Euclidean
space. Sard’s theorem is studied, and it is applied to prove the fundamental theorem
of algebra, and the Brouwer fixed-point theorem without using the tools of algebraic

topology.
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viii Preface

Chapter 4 starts with Hilbert’s fifth problem and discusses a study of Lie
groups and Lie algebra. Chapter 5 presents a brief history of the emergence of the
concepts leading to the development of topological groups, and also Lie groups as
mathematical topics with their motivations.

This volume is complete in itself and deals with the introductory concepts of topo-
logical algebra, differential topology and Lie groups and discusses certain classical
problems such as the fundamental theorem of algebra, Brouwer fixed-point theorem,
classification of closed surfaces and the Jordan curve theorem without using the
formal techniques of algebraic topology, which are studied in Volume 3.

Anyone who will study Volume 2 and solve exercises in the book will earn a
thorough knowledge in topological groups and vector spaces (which form an integral
part of topological algebra general topology) and also knowledge in topology of
manifolds and Lie groups (which form an integral part of differential topology).

The book is a clear exposition of the basic ideas of topology and conveys a
straightforward discussion of the basic topics of topology and avoids unnecessary
definitions and terminologies. Each chapter starts with highlighting the main results
of the chapter with motivation and is split into several sections which discuss related
topics with some degree of thoroughness and ends with exercises of varying degrees
of difficulties, which not only impart additional information about the text covered
previously but also introduce a variety of ideas not treated in the earlier texts with
certain references to the interested readers for more study. All these constitute the
basic organizational units of the book.

The authors acknowledge Higher Education Department of Government of West
Bengal for sanction of financial support to the Institute for Mathematics, Bioinfor-
matics and Computer Science (IMBIC) toward writing this book vide order no.
432(Sanc)/ EH/P/SE/ SE/1G-17/07 dated August 29, 2017, and also to IMBIC,
University of Calcutta, Presidency University, Kolkata, India, and Moulana Abul
Kalam Azad University of Technology, West Bengal, for providing infrastructure
toward implementing the scheme.

The authors are indebted to the authors of the books and research papers listed
in the bibliographies at the end of each chapter and are very thankful to Profs.
P. Stavrions (Greece), Constantine Udriste (Romania), Akira Asada (Japan) and also
to the reviewers of the manuscript for their scholarly suggestions for the improvement
of the book. We are thankful to Md. Kutubuddin Sardar for his cooperation towards
the typesetting of the manuscript and to many UG and PG students of Presidency
University and Calcutta University, and to many other individuals who have helped
in proofreading the book. The authors’ thanks are also due to IMBIC, Kolkata, for
providing the authors with a library and other facilities toward the manuscript devel-
opment work of this book. To those whose names have been inadvertently not entered,
the authors apologize. Finally, the authors acknowledge, with heartfelt thanks,



Preface ix

the patience and sacrifice of the long-suffering family of the authors, especially
Dr. Shibopriya Mitra Adhikari and Master Avipriyo Adhikari.

Kolkata, India Avishek Adhikari
June 2021 Mahima Ranjan Adhikari



A Note on Basic Topology—Volumes 1-3

The topic “topology” has become one of the most exciting and influential fields of
study in modern mathematics because of its beauty and scope. This subject aims
to make a qualitative study of geometry in the sense that if one geometric object is
continuously deformed into another geometrical object, then these two geometric
objects are considered topologically equivalent, called homeomorphic. Topology
starts where sets have some cohesive properties, leading to defining the continuity
of functions.

The series of three books on Basic Topology is a project book funded by the
Government of West Bengal, which is designed to introduce many variants of a
basic course in topology through the study of point-set topology, topological groups,
topological vector spaces, manifolds, Lie groups, homotopy and homology theories
with an emphasis on their applications in modern analysis, geometry, algebra and
theory of numbers.

The topics in topology are vast. The range of its basic topics is distributed among
different topological subfields such as general topology, topological algebra, differ-
ential topology, combinatorial topology, algebraic topology and geometric topology.
Each volume of the present book is considered as a separate textbook that promotes
active learning of the subject highlighting elegance, beauty, scope and power of
topology.

Basic Topology—Volume 1: Metric Spaces and General
Topology

This volume majorly studies metric spaces and general topology. It considers the
general properties of topological spaces and their mappings. The special structure of
a metric space induces a topology having many applications of topology in modern
analysis, geometry and algebra. The texts of Volume 1 are expanded into eight
chapters.

xi



xii A Note on Basic Topology—Volumes 1-3

Basic Topology—Volume 2: Topological Groups, Topology
of Manifolds and Lie Groups

This volume considers additional structures other than topological structures studied
in Volume 1 and links topological structure with other structures in a compatible
way to study topological groups, topological vector spaces, topological and smooth
manifolds, Lie groups and Lie algebra and also gives a complete classification of
closed surfaces without using the formal techniques of homology theory. Volume 2
contains five chapters.

Basic Topology—Volume 3: Algebraic Topology
and Topology of Fiber Bundles

This volume mainly discusses algebraic topology and topology of fiber bundles.
The main aim of topology is to classify topological spaces up to homeomorphism.
To achieve this goal, algebraic topology constructs algebraic invariants and studies
topological problems by using these algebraic invariants. Because of its beauty and
scope, algebraic topology has become an essential branch of topology. Algebraic
topology is an important branch of topology that utilizes algebraic tools to study
topological problems. Its basic aim is to construct algebraic invariants that classify
topological spaces up to homeomorphism. It is found that this classification, usually
in most cases, is up to homotopy equivalence.

This volume conveys a coherent introduction to algebraic topology formally inau-
gurated by H. Poincaré (1854—-1912) in his land-marking Analysis situs, Paris, 1895,
through his invention of fundamental group and homology theory, which are topo-
logical invariants. It studies Euler characteristic, the Betti number and also certain
classic problems such as the Jordan curve theorem. It considers Higher homotopy
groups and establishes links between homotopy and homology theories, axiomatic
approach to homology and cohomology inaugurated by Eilenberg and Steenrod. It
studies the problems of converting topological and geometrical problems to algebraic
ones in a functorial way for better chances for solutions.

This volume also studies geometric topology and manifolds by using algebraic
topology. The contents of Volume 3 are expanded in seven chapters.

Just after the concept of homeomorphisms is clearly defined, the subject of
topology begins to study those properties of geometric figures which are preserved
by homeomorphisms with an eye to classify topological spaces up to homeomor-
phism, which stands as the ultimate problem in topology, where a geometric figure
is considered to be a point set in the Euclidean space R". But this undertaking
becomes hopeless, when there exists no homeomorphism between two given topo-
logical spaces. The concepts of topological properties and topological invariants play
key tools in such problems:
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(a)

(b)

The concept of “topological property” such as compactness and connectedness,
which is introduced in general topology, solves this problem in a very few cases,
which are studied in Volume 1. A study of the subspaces of the Euclidean plane
R? gives an obvious example.

On the other hand, the subjects algebraic topology and differential topology
(studied in Volume 2) were born to solve the problems of impossibility in
many cases with a shift of the problem by associating invariant objects in the
sense that homeomorphic spaces have the same object (up to equivalence),
called fopological invariants. Initially, these objects were integers, and subse-
quent research reveals that more fruitful and interesting results can be obtained
from the algebraic invariant structures such as groups and rings. For example,
homology and homotopy groups are very important algebraic invariants which
provide strong tools to study the structure of topological spaces.
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Chapter 1 ®)
Background on Algebra, Topology Giese
and Analysis

This chapter communicates a few basic concepts of algebra, analysis and topology
for the smooth study of Basic Topology, Volume 2 of the present series of books. A
detailed study of the topological concepts and results is available in Volume 1 of the
present series. Moreover, the books Adhikari (2016, 2022); Adhikari and Adhikari
(2003, 2006, 2014, 2022); Alexandrov (1979); Borisovich et al. (1985); Bredon
(1983); Dugundji (1966); Hu (1969); MacLane (1971); Simmons (1963); Williard
(1970) and some other references are given in Bibliography.

1.1 Some Basic Concepts on Algebraic Structures
and Their Homomorphisms

A group, ring, vector space, module or any algebraic system is defined as a nonempty
set endowed with special algebraic structures. A homomorphism (transformation) is
a function preserving the specific structures of the algebraic system. Their detailed
study is available in the book [Adhikari and Adhikari, Springer, 2014] and also in
many other books.

1.1.1 Groups and Fundamental Homomorphism Theorem

This subsection presents some basic concepts of group theory which are subsequently
used. Historically, the earlier definition of a group as the set of permutations (i.e.,
bijections) on a nonempty set X with the property that a combination (called compo-
sition) of two permutations is also a permutation on X is generalized to the present
definition of an abstract group by a set of axioms.

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 1
A. Adhikari and M. R. Adhikari, Basic Topology 2,
https://doi.org/10.1007/978-981-16-6577-6_1
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2 1 Background on Algebra, Topology and Analysis
Definition 1.1.1 A nonempty set G together with a binary operation
m:GxG— G,

the image of (x,y) under m, denoted by xy, usually called a multiplication, is called
a group (abstract) if the algebraic system (G, m) has the following properties:

G() xy(z) = x(yz) forall x, y, z in G (associative law);

G(2) there exists an element e in G such that xe = ex = x for all x in G (existence
of identity);

G(3) foreachx in G, there is an element x’ in G such that xx’ = x’x = e (existence
of inverse).

Remark 1.1.2 In a group G, the identity element e is unique and for every x in G;
the element x’ in G(3) is also unique. The element x’ abbreviated as x~Vis called the
inverse of x in G. In additive notation, xy is written as x + y, ¢ as 0 (zero) and x!
as —x.

@9

Definition 1.1.3 A group G is said to be commutative if the binary operation “m
on G is commutative in the sense that xy = yx for all x, y in G. The term “abelian
group” is usually used in honor of N. H. Abel (1802-1829) when the composition
law is in additive notation. A finite group G is a group having its underlying set finite;
otherwise, a group G is said to be infinite.

Example 1.1.4 Under usual addition, Z forms an infinite group; on the other hand,
Z,, forms a finite group.

Example 1.1.5 (Permutation group) Let X be a nonempty set X and P(X) be the
set of all permutations (bijective mappings) on X. Then under the usual composition
of mappings, P(X) forms a group, called permutation group on X. In particular, if X
consists of only n elements, then P (X) is called the symmetric group on n elements,
denoted by S,,.

Example 1.1.6 (Circle group) The set S! = {z € C : |z| = 1} forms a group under
the usual multiplication of complex numbers, called the circle group in C.

Example 1.1.7 (General linear group) The set GL(n, R) (GL(n, C)) of all invert-
ible (nonsingular) n x n real (complex) matrices forms a group under usual multi-
plication of matrices, called the general linear group of order n over R(C).

A subset of a group forming a group, called a subgroup, creates interest in many
situations.

Proposition 1.1.8 Let G be a group and H be a nonempty subset of G. Then H is
a subgroup of G ifand only if xy~™' € H forall x,y € H.

Example 1.1.9 Let G be a group and Z(G) be defined by Z(G) ={g e G : gx =
xg for all x € G}. Then Z(G) forms a subgroup of G, called the center of G. This
subgroup is also sometimes written as C(G).
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Definition 1.1.10 Let G be a group and H be a subgroup of G. For every x € G,

(i) the set
xH ={xh:he H}

is called a left coset of H in G and
(ii) the right coset Hx is defined by the set

Hx ={hx:h e H}.
Definition 1.1.11 Let G be group. A subgroup H is said to be a normal subgroup
of G, if
xH =Hx,Vx € G;
equivalently, H is a normal subgroup of G if

xHx '={xhx':he H C H, Vx €G.

Theorem 1.1.12 Let G be a group and N be a normal subgroup of G. If G/N is
the set of all cosets of N in G, then it is a group under the composition

xNoyN =xyN,Vx,yeG

called the factor group (or quotient group) of G by N, denoted by G/N.

Definition 1.1.13 Given an additive abelian group G, and a normal subgroup N of
G, the factor group G/ N is defined under the group operation

x+N)+(@+N)=x+y)+N,Vx,yeG
and this group is sometimes called difference group.
Definition 1.1.14 Let G and K be two groups. A map
f:G—>K
is said to be a homomorphism (of groups) if

fxy)=fx)f»Vx,yeG.

Remark 1.1.15 A homomorphism of groups maps identity element into identity
element and inverse element into the inverse element.

Definition 1.1.16 A homomorphism f : G — K of groups is said to be

(i) a monomorphism if f is injective;
(i) an embedding if f is a monomorphism;
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(iii) an epimorphism if f is surjective;
(iv) anisomorphism if f is bijective.

In particular, an isomorphism of G onto itself is called an automorphism of G, and
a homomorphism of G into itself is called an endomorphism.

Remark 1.1.17 Two isomorphic groups are considered as replicas of each other,
because they have identical algebraic properties. So, two isomorphic groups are
identified in group theory and are considered the same group (up to isomorphism).

Definition 1.1.18 The kernel of a homomorphism f : G — K of groups, denoted
by ker f, is defined by
kerf ={x e G: f(x) = e},

where ek is the identity element of K.

Theorem 1.1.19 Let f : G — K be a group homomorphism. Then ker f is a normal
subgroup of G. Conversely, if N is a normal subgroup of G, then the map

7:G—> K/N, x> xN

is an epimorphism with N as its kernel.

Corollary 1.1.20 Let N be a subgroup of a given group G. Then N is a normal
subgroup of G iff it is the kernel of some homomorphism.

Theorem 1.1.21 (First [somorphism Theorem) Let f : G — K be a group homo-
morphism. Then f induces an isomorphism

f:G/kerf — Imf, x kerf — f(x), forall x € G.

Corollary 1.1.22 Let f : G — K be an epimorphism of groups. Then the groups
G/kerf and K are isomorphic.

Example 1.1.23 Let G = GL(n, R) be the general linear group over R and R* be
the multiplicative group of nonzero real numbers. If

det :G - R*, M+ det M
is the determinant function and
N={M e GLn,R) :detM = 1},

then N is a normal subgroup of G such that the groups GL(n, R)/N and R* are
isomorphic by Corollary 1.1.22.
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Definition 1.1.24 Given a group G and a pair of elements g, 1 € G, the commutator
of g and £ is the element ghg~'h~!, denoted by [g, h]. The subgroup K of G
generatedby the set S = {ghg~'h~! : g, h € G}is called the commutator subgroup
of G and it consists of all finite products of commutators of G.

Theorem 1.1.25 Let G be a group and K be the commutator subgroup of K. Then

(i) K is a normal subgroup of G;
(i) the quotient group G/K is always commutative;
(iii) the group G is commutative iff its commutator subgroup K is the trivial group.

1.1.2 Concept of Group Actions

The concept of group actions unifies the historical concept of the group of transfor-
mations and the axiomatic concept of a group used today.

Definition 1.1.26 Let G be a group with identity element ¢ and X be a nonempty
set. Then G is said to act on X from the left if there is map

nu:GxX—X,

the image (g, x), denoted by g(x) or gx such that

(i) e(x) =x, forallx € X;
(i) (gk)(x) = g(k(x)), forallx € X, and g,k € G.

The set X endowed with a left G-action on X is said to be a left G-set.
A right G-set is defined in an analogous way. The ordered triple (X, G, ) is
sometimes called a transformation group.

Remark 1.1.27 There is a one-to-one correspondence between the left and right
G-set structures on X. So it is sufficient to study only one of them according to the
situation.

Example 1.1.28 The Euclidean n-space R” is a left G (n, R)-set under usual multi-
plication of matrices.

Example 1.1.29 Let G be a group and H be a subgroup of G.

(i) The action H x G — G, x — hx (left translation by %) is a group action of

H on G;

(i) The action H x G — G, x > hxh~' (conjugation by ) is also an action of
H on G;

(iii) If H is normal in G, then the action G x H — H, h + xhx~!is an action of
GonH.

Remark 1.1.30 There may exist different actions of a group on a set.



6 1 Background on Algebra, Topology and Analysis

Proposition 1.1.31 Let X be a left G-set and g € G be an arbitrary point. Then the
map
Yg: X — X, x = g(x)

is a bijection, i.e., a permutation on X.

Proof , and " are two maps such that ¥, o ¢! = Ix = ¥' o ¥, and hence
Y, is a bijection. Q

Remark 1.1.32 The concept of a G-set X is equivalent to the concept of a repre-
sentation of the group G by the permutations on X.

Definition 1.1.33 Let X be a left G-set. Two given elements x, y in X are called
G-equivalent, if y = g(x) for some g € G. The relation of being G-equivalent, being
an equivalence relation ~ on X, the quotient set X/ ~, denoted by Xmod G is called
the orbit set of X, obtained by the action of G on X. For an element x € X, the set

G(x)

is called the orbit of x, which is also denoted by orb (x) and the subgroup G, of G
defined by
G, ={g€G:gkx)=x}

is called the stabilizer or isotropy group at x.

1.1.3 Ring of Real-Valued Continuous Functions

The ring C([0, 1]) of real-valued continuous functions on the closed interval [0, 1] is
an important ring in mathematics. This ring gives an interplay between real analysis
and algebra.

Definition 1.1.34 Let C([0,1]) be the set of all real-valued continu-
ous functions on the closed interval [0, 1], ie., C([0,1]) ={f:[0,1] —
R such that f is continuous}. Then C([0, 1]) forms a commutative ring
under usual pointwise addition and multiplication:

(f+9&) = f(x)+9W), and (f - 9)(x) = f(x)g(x), V f,g € C([0,1]) and Vx € [0, 1],
where the right-hand addition and multiplication are the usual addition and mul-

tiplication of real numbers. The ring C([0, 1]) is called the ring of real-valued
continuous functions on [0, 1].
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Example 1.1.35 The ring C([0, 1]) = R contains divisors of zero and hence it is not
an integral domain. Consider the elements f, g € R

0,if0<x<1/2

f:[O,l]—>R,f(x)={ ,
ifl/2<x<1

1
X—E,

F—x, if0<x<1/2

g:[O,l]—>R,f(x)={ ,
0,if1/2<x <1

Then f, g € C([0, 1]) are nonzero elements such that their product f - g = 0. This
implies that the ring C([0, 1]) cannot be an integral domain.

Theorem 1.1.36 For each point x € I = [0, 1], the ideal
M, ={f eC(0,1]) : f(x) =0}

is a maximal ideal of the ring C([0, 1]). Moreover, if M is the set of all maximal
ideals of C([0, 1]), then the map

vl —-> M, x— M,
is a bijection.

Proof This is left as an exercise or see Volume 1. a

1.1.4 Fundamental Theorem of Algebra

This subsection states the Fundamental Theorem of Algebra, and its proof is given in
Chap. 3 of this volume by using the tools of differential topology and also in Chap. 2
of Volume 3 by using the tools of homotopy theory. The fundamental theorem of
algebra asserts the completeness of the field C.

Definition 1.1.37 A field F is said to algebraically closed or complete if every
polynomial ring F[x] of degree n (n > 1) over F has arootin F.

Example 1.1.38 The field Cis algebraically closed. It follows from the fundamental
theorem of algebra, Theorem 1.1.39.

Theorem 1.1.39 (Fundamental Theorem of Algebra) Let C be the field of complex
numbers. Every nonconstant polynomial over C has a root in C.
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1.1.5 Vector Space and Linear Transformations

This subsection recalls the concept of vector spaces (linear spaces) which have a
very strong algebraic structure to solve many specific problems. Let F be the field
F = R or C. For an arbitrary field F, the definition of a vector space is similar.

Definition 1.1.40 A vector space or a linear space over a field F' (whose elements
are called scalars) with identity element e is an additive abelian group V (whose
elements are called vectors) together with an external law of composition, called
scalar multiplication

m:FxV—>YV,

the image of (o, v) under m abbreviated as wv, if the following conditions are satisfied
forallx,ye Vanda, B € F:

(i) ex = x;

(i) a(x+y) =ax + ay;
(iii) (¢ + B)x = ax + Bx;
(iv) (af)x = a(Bx).

Example 1.1.41 F" is a vector space over any field F. In particular, the n-
dimensional Euclidean space R" is a vector space over the field R.

1.1.6 Basis for a Vector Space

This subsection studies the basis of vector spaces. The n vectors such as e; =
(1,0,...,0),..., e, =(0,0,...,1) € R" determine every vector of R” uniquely.
This leads to the concept of basis (finite) of a vector space.

Definition 1.1.42 Let B be a nonempty subset (finite or infinite) of a vector space
V over F. A vector v € V is called a linear combination of vectors of B over F if it
can be expressed as

v=av+---+ayv,, a; € F; v,eB;i=1,2,...,n.

Proposition 1.1.43 Let B be a nonempty subset (finite or infinite) of a vector space
V over F. Then the set L(B) of all linear combinations of vectors of B is a subspace
of the vector space V, which is the smallest subspace of V containing B.

Definition 1.1.44 L(B) is called the subspace generated or spanned by B in V. In
particular, if V = L(B) for some B C V, then B is said to be a set of generators
for V. It is said to be finitely or infinitely generated according as card B is finite or
infinite.
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Example 1.1.45 The vector space C" is finitely generated. On the other hand, the
polynomial ring R[x] with real coefficients is not finitely generated, because any
linear combination of a finite set of polynomials is a polynomial whose degree does
not exceed the maximum degree say k of the set of polynomials, but R[x] has
polynomials having degree > k.

Definition 1.1.46 A nonempty subset B of a vector V is said to be a basis of V over
Fif

(i) V is generated by the set B and

(ii) B is linearly independent over F.

If a vector space V is trivial, i.e., V = {0}, then the empty set @ is taken as its basis.

Theorem 1.1.47 (Existence theorem) Every vector space has a basis. The cardinal-
ity of every basis of a vector space is the same.

Definition 1.1.48 Given a nonzero vector space V over F, the cardinality of every
basis of V being the same, this common value is said to be the dimension of V,
abbreviated as dim V. The vector space is said to be finite- or infinite-dimensional if
V has a finite or an infinite basis B, i.e., if card B is finite or not. If dim B is n, then
V is said to be an n-dimensional vector space over F.

Example 1.1.49 R” is an n-dimensional vector space over R. On the other hand,
R[x] is an infinite-dimensional vector space over R.

Example 1.1.50 The real quaternions form a 4-dimensional vector space H over R,
with a basis B = {1, i, j, k}.

1.1.7 Algebra over a Field

Definition 1.1.51 An algebra A is a vector space of a field F, with multiplication
defined in such a way that .4 is also a ring in which the scalar multiplication and ring
multiplication are linked by the property
a(xy) = (ax)y = x(ay), Vx,y € A, and Ya € F.
An algebra A is said to be commutative if
xy=yx,Vx,ye A

and it is said to have an identity, denoted by 1, if

lx =x1,Vx € A.
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(i) An algebra A over the field R is said to be real;
(ii) An algebra A over the field C is said to be complex.

Example 1.1.52 The vector space C([0, 1]) is a commutative real algebra with iden-
tity.

Definition 1.1.53 Let A be an algebra over a field F. Then a nonempty subset 5 is
said to be a subalgebra of A if B is itself an algebra over F under the same operations
defined on A.

Example 1.1.54 Given an algebra .4, the subset
C={xeA:xy=yx,Vye A}

of A is a subalgebra of A, called the center of A.

Definition 1.1.55 A homomorphism f : .4 — B from an algebra A to an algebra
B over the same field F is a mapping with the properties

@O fx+y) =)+ )
(i) f(xy) = f)f();
(i) f(ax) =af(x),

Vx,ye Aand Va € F.

1.2 Some Basic Results of Set Topology

This section recalls some basic topological concepts and results studied in Basic
Topology, Volume 1 of the present series of books to facilitate a smooth study of its
Volume 2.

1.2.1 Continuity of Functions

Definition 1.2.1 Let X and Y be topological spaces. A function f : X — Y is said
to be continuous if f~'(U) C X is an open set in X for every open set U in Y.

The concept of continuity can also be equally well formulated by closed sets
in topological settings given in Theorem 1.2.2.

Theorem 1.2.2 Let X and Y be topological spaces. A function f : X — Y is con-
tinuous iff f~'(A) C X is a closed set in X for every closed set A in'Y.
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1.2.2 Identification Topology

Proposition 1.2.3 Let (X, t) be a topological space and Y be a nonempty arbitrary
set. Given a surjective map [ : X — Y, the topology

={(VcYy:fi(V)yer)

is the strongest (largest) topology on Y such that the function f : (X, 1) — (Y, 75)
is continuous.

Proof Let o be a topology on Y such that the given function
f:&X, 1)~ ¥, 0)

is continuous. Let U € o be an arbitrary open set in Y. Then by continuity of f, it
follows that f~'(U) € 7 and hence U € . This implies that o C ;. Q

Definition 1.2.4 The topology 7, defined in Proposition 1.2.3 is called the identifi-
cation topology.

Definition 1.2.5 Let (X, t) be a topological space and Y be a nonempty set. If
f X — Y is a surjective map, then a topology o is defined on Y such that it is
the largest topology on Y for which f is continuous by declaring that a subset U
of Yisin o iff f~!'(U) € 1. Then f is said to be an identification map with o its
identification topology, and the corresponding topological space (Y, o) is called its
identification space.

Example 1.2.6 Let (X, ) be a topological space and P be a partition of X into
disjoint subsets generated by an equivalence relation ~, which produces the quotient
set Y = X/ ~. Then a new topological space (Y, o), called an identification space,
is defined if the points of Y are the members of P and if p : X — Y maps each point
of X to the member of P containing it, and the topology o of Y is the largest for
which p is continuous. Hence, the map

p:(X,t)—> (Y,0), x — [x]

is an identification map.

Theorem 1.2.7 Let (X, t) and (Y, o) be topological spaces. If f : X — Y is a
continuous surjective map such that f maps open sets of X to open sets of Y or f
maps closed sets of X to closed sets of Y, then f is an identification map.

Proof Let f : X — Y be a continuous surjective map such that f maps open sets of
X to open sets of Y and 7 be the topology defined in Proposition 1.2.3. To prove the
theorem, it is sufficient to prove that o = 7¢. Given any open set U € o, it follows
from continuity of f and definition of 7, that



12 1 Background on Algebra, Topology and Analysis
ff'Uyer = Uery = o C1y.
Conversely, for any V € 17, by surjectivity of £, it follows that f(f~1(V)) = V.

Again, by using the hypothesis that f maps open sets of X to open sets of Y, it
follows that

ff'Wyetr = Vv=f(f (V) eo = 1, Co.
Next, let f map closed sets of X to closed sets of Y and U € o be an arbitrary
open set. Then by continuity of f and definition of 7, it follows as discussed above

that o C 7. Conversely, let U € 5. Then

W er = X— W isclosedin (X,1) = fX—flU)=Y-U

is closed in (Y, o), since
ffly-u=x- 1w
and by hypothesis, f maps closed sets into closed sets. Hence, it follows that
Ueo = 17 Co.

Thus in both cases, 0 C 7y and 7y C o assert that 7, = 0. a

1.2.3 Open Base for a Topology

Definition 1.2.8 Let (X, 7) be a topological space. A collection B of open sets {U'}
in X is said to be an open base for the topology 7 if every open set in X can be
expressed as a union of some members of B.

Remark 1.2.9 An open base of a topological space is characterized in Theo-
rem 1.2.10.

Theorem 1.2.10 Let (X, t) be a topological space. Then a given collection of open
sets BB forms an open base of the topology t if and only if for any open set U and
any point x € U there exists a set V € B such that

xeV cUuU.

Proof See Chap. 3 of Basic Topology, Volume 1. Q
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Definition 1.2.11 In the set R, a subset U C R is said to be open for a topology t
on R if for every point x € U, there are points a, b € R, with a < b such that

x € (a,b)CU.

The collection B of such sets {U} forms an open base for the topology 7, called
Euclidean topology on R.

1.2.4 Product Topology

Definition 1.2.12 Given topological spaces (X, t) and (Y, o), let
B={UxV:Ue€t,andV eoc}C X xY.

Then B is the family of all subsets of X x Y of the form U x V, where U €
7, and V € o are such that the intersection of any two elements U x V, U’ x V' €
B is also in BB, because

U xV)NWU xV)=UNU)x(VxV)eB.

This asserts that B forms an open base for a topology 7z, called the product
topology on X x Y generated by the open base B, and the set X x Y endowed with
the product topology 75 is called a product space.

Remark 1.2.13 Product topology on a finite product of topological spaces is defined
in an analogous way.

The product topology on X x Y is now studied in Theorem 1.2.14 by the projec-
tion maps

pr:XxY—=>X, (x,y)>x,and p,: X XY =Y, (x,y) ~ y.

Theorem 1.2.14 Let X and Y be two topological spaces with the product topology
tgon X x Y. Then

(i) the projection map

pr:XxY—=X, (x,y) > x

s continuous;
(i) the projection map
P XxY—=>Y (x,y)—>y

is also continuous;
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(iii) the projection maps p, and p, send open sets to open sets;
(iv) the product topology on X x Y is the smallest topology such that the projection
maps py and p, are both continuous.

Proof (i) Given any open set U of X, the set p]_I(U) =UxYetg = p;is
continuous. Given any open set V of Y, the set p, 'MY=XxVerp =
P2 s continuous.

(ii) Let U x V € 15 be an arbitrary basic open set in the product topology on
X x Y. Then other open sets of the product space X x Y is a union of these
basic open sets. So to prove part (ii), it is sufficient to consider the effect of p,
and p, onthe basicopensetU x V.As pj(U x V) =U and p,(U x V) =V,
where U is an open set of X and V is an open set of Y, and it follows that p;
and p, send open sets of the product space X x Y to open sets of X and Y,
respectively.

(iii) Suppose u is an arbitrary topology on X x Y such that the projection maps p;
and p, are both continuous. Then for any open set U of X and any open set V
of Y, the set

NPy Vyen = UxVeu =

the product topology 73 is contained in the given topology 1 on X x Y so that
p1 and p, are both continuous. This proves (iii). a

Example 1.2.15 The Euclidean plane R? = R x R has the usual topology, which
is the product topology such that it is the smallest topology with the property that

p1:RXR, (x,y)—>xand p :R xR, (x,y)—~>y
are both continuous. This implies that the map
S:RxR, (x,9)—>x+Yy

is continuous, since f(x,y) = (p1 + p2)(x,y), V(x,y) € R x Rand hence f =
p1 + p2 is the sum of two continuous maps which are continuous.

1.2.5 Connectedness and Path Connectedness

We recall the concepts of connectedness and path connectedness of topological spaces
along with their associated results (see Chap. 5 of Basic Topology, Volume 1) for
using them in this volume.

Definition 1.2.16 A topological space (X, 7) is said to be connected if it is not the
union of two disjoint nonempty open subsets of X; equivalently, (X, 7) is connected,
whenever X = AU B, where A 2 and B # (), then AN B #Wor AN B # (.
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Example 1.2.17 (i) Therealline space (R, o) with usual topology o is connected.
(ii) Every open or closed interval of (R, o) is connected.
(iili) Euclidean n-space R” is connected for alln > 1.

Proposition 1.2.18 If f : (X, t) — (Y, 0) is a continuous map from a connected
space X, then f(X) is also connected.

Corollary 1.2.19 If f : (X, t) — (Y, 0) is a homeomorphism, then X is connected
iff Y is connected.

Remark 1.2.20 Connectedness of a topological space is a topological property by
Corollary 1.2.19 in the sense that it is preserved under every homeomorphism.

Definition 1.2.21 Let (X, 7) be a topological space and x € X be an arbitrary point.
Then the largest (maximal) connected set C, (from the set theoretic viewpoint)
containing the point x is called the connected component or component of x in X,
which is the union of all connected sets in X containing the point x.

Example 1.2.22 The punctured Euclidean plane R* = R — {0} has two connected
components such as
i) A={xeR*:x <0}and
(i) B={x e R*:x > 0};
On the other hand, R has only one connected component, which is R itself.

Recall the concept of path connectedness and its related results from Chap. 5 of
Volume 1.

Definition 1.2.23 A topological space X is said to be path-connected if for every
pair of points a, b € X, there is a path connecting the points a, b in X, i.e., if there
exists a continuous map

f:I— Xsuchthat f(0) =a, f(1)=band f(I) C X,

where I = [0, 1] has the subspace topology inherited from the real line space R.
Example 1.2.24 Every convex set in R” is path-connected.
Recall the following results from Chap. 5 of Volume 1.

Theorem 1.2.25 Let a topological space X be such that every pair of points can be
Jjoined by some connected subset of X. Then X is connected.

Proof Let a topological space X be such that every pair of points can be joined
by some connected subset of X in the sense that any path joining these points will
entirely lie in a connected subset of X. If X is not connected, then there exist two
disjointopen sets U and V suchthat X = U U V.Leta € U and b € V be two points
and W C X be a connected set containing the points a and b. Then Uy = U N W
and V| = V N W are two disjoint nonempty open sets in W such that W = U; N V.
But it contradicts the connectedness of W. Q

Corollary 1.2.26 Every path-connected space is connected.
Proof 1t follows from Theorem 1.2.25. a
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1.2.6 Compactness

We now recall the concept of compactness, which was born through the Heine—Borel
theorem for bounded closed sets of the Euclidean line.

Definition 1.2.27 Let (X, 7) be atopological space. It is said to be compact if every
open covering of X has a finite subcover.

Definition 1.2.28 A subset A of the Euclidean n-space R” is said to be bounded
if the coordinates of every point x = (x1, X2, ..., X,) € A are bounded in the sense
that there is a real number r > 0 such that

x| <r, Vi=1,2,...,n.

Example 1.2.29 (i) Every closed interval [a, b] in the Euclidean line R is com-
pact.
(ii) Every closed and bounded subspace of the Euclidean n-space R” is compact.
(iii) No open interval (a, b) in the Euclidean line R is compact.

Theorem 1.2.30 (Heine—Borel) A subset A of the Euclidean n-space R" is compact
iff it is closed and bounded.

Example 1.2.31 Consider the unit 2-sphere S? in Euclidean space R? and the real
projective plane R P2.

(i) The unit 2-sphere S? = {(x, x2, x3) € R® : x? + x3 + x3 = 1} is compact in
R3, since |x;] < 1, Vi = 1,2, 3 and S? is the set of all zeros of the continuous
function, which is a polynomial:

Fxr, %2, x3) = x4+ x3 +x3 — 1

and hence S? is the inverse image f~'(0) of the closed set {0} in the Euclidean
line R. Again, as S? is bounded, S? is compact in R3.

(ii) The real projective space R P? is compact. Consider S? in R* and the partition
of 2 into subsets having exactly two points which are antipodal points. Then
R P? is the corresponding identification space with identification map

p: §? — RPZ, x b [x] ={x, —x},

which is continuous. This shows that R P? is the image of the compact space S>
under the continuous map p and hence R P? is compact.

Definition 1.2.32 A topological space X is said to be Hausdorff if every pair of
distinct points of X have disjoint nbds.
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Definition 1.2.33 A topological space X is said to be normal if for every pair of
disjoint closed sets A and B, there is a continuous function

f:X —[0,1]such that f(x) =0,Vx e A, fx)=1,VxeB,and0 < f(x) <1, Vx e X,
i.e., if there exists a continuous function f* such that

for all A
f:X—>R. x— 0, forall x €
1, forallx € B

and

0< f(x) <Ilforallx e X.

1.2.7 Axioms of Countability and Regularity of a Topological
Space

Definition 1.2.34 Let (X, t) be a topological space. Then it is said to satisfy

(i) the first axiom of countability, if every point of X admits a countable open
base in (X, 7);
(ii) the second axiom of countability, if (X, t) has a countable open base.

Definition 1.2.35 Let (X, t) be a topological space. Then it is said to be a regular
space if for every nbd U of an arbitrary point p € X, there exists an nbd V' of the
same point p such that V. C U.

1.2.8 Urysohn Lemma

Lemma 1.2.36 (Urysohn Lemma) Let (R, o) be the real line space. A topological
space (X, t) is normal if and only if every pair of disjoint closed sets P, Q in (X, 1)
are separated by a continuous real-valued function

f:(X, 1) > R,0)
such that

0, forallx € P

f = {1, forallx € Q

and
O0<f(x)<lforallx € X.
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1.2.9 Completely Regular Space

Definition 1.2.37 A topological space (X, 7) is said to be completely regular if

(i) its every one-pointing set is closed in (X, 7) and
(ii) for each point p € X and each closed set A C X not containing the point p,
there exists a continuous function

0, f =

fiX s I=[0,1]xm | *TP
1, forallx € A.

Example 1.2.38 Every normal space is completely regular by Urysohn

Lemma 1.2.36.

Definition 1.2.39 Let C and D be two open coverings of a topological space (X, 7).
Then C is said to be a refinement of D if every element of C is a subset of some
element of D.

Definition 1.2.40 Let (X, 7) be a topological space. A family F of open covering
of X is said to be locally finite if every point of X has an nbd which intersects,
nontrivially, only a finite number of members belonging to F i.e., if for every point
x € X, there is an open set U, € t containing x such that the set

{U e F:UNU, # @} is finite.

Definition 1.2.41 A Hausdorff space (X, 7) is said to be paracompact if every open
covering C of X has an open, locally finite refinement, i.e., for every open covering
C of X, there is a locally finite open covering D such that for every openset V € D,
there is an open set U € C with the property that V C U.

Theorem 1.2.42 Let X be a normal space and U = {U;};ca be a locally finite open
covering of X. Then U has a shrinking in the sense that there is an open covering
V = {V;}ica such that

V,‘ cU;, VieA,

where V; denotes the closure of V;.

Theorem 1.2.43 Every paracompact Hausdorff space is normal.

Definition 1.2.44 (Partition of Unity) Let X be a topological space with open cov-
ering Y. A partition of unity subordinate to I/ is a family {y;};ca of continuous
maps

¥t X — [0, 1]
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such that

(i) the set of i € A for which v;(x) > 0, Vx € X is finite and
(i) Tiea¥i(x) =1, Vx e X.

Theorem 1.2.45 Let X be a topological space. Then it is paracompact iff its every
open covering U has a partition of unity subordinate to U.

Theorem 1.2.46 Every metric space is paracompact.

Theorem 1.2.47 (Space-filling Curve Theorem) There is a surjective continuous
map ¥ : 1 — I%.

Remark 1.2.48 For the application of space-filling curve, see Chap.3 of this vol-
ume.

Theorem 1.2.49 (Fubini) Let X be a compact set in R" such that every subset
X, = X N (t x R"™") has measure zero in the hyperplane R"~'. Then the Lebesgue
measure u(X) = 0 on R".

Proof See Chap. 5, Basic Topology, Volume 1. Q

1.3 Some Basic Results on Analysis

Let f be a smooth map defined on an open set U in R" into R”. Given a pointx € U
and a vector v € R”, the derivative of f : U — R™ at the point x in the direction v,
denoted by df; (v), is defined by

tv) —
dfo) = lim o0 v[> f@)
Consider df, as a map
df, :R" = R", v~ df.(v).

Remark 1.3.1 df, is also abbreviated as Df, or Df (x).

Definition 1.3.2 The map f : U — R is called C! if

(i) Df (x) exists for every x € U and
(ii) Df :U — LR™, R"), x — Df, is continuous, where L(R", R™) denotes the
vector space of all linear transformations from R” into R™.
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Definition 1.3.3 Let U C R" be an open set and f : U — R™ be a C! map. By
recursion, f is said to be a C" for 2 < r < oo if the map

Df:U — R™ is C" 1.
It is said to be C*° if it is C” for all r. On the other hand, for f = (f1, f2, ..., fm) :
U — R, the map f is said to be (real) analytic or C® on U, if in some nbd of every

point of U, it can be expanded in a convergent power series having a positive radius
of convergent.

Derivative of a Linear Map and Jacobian Matrix

This subsection gives a method to differentiate a map f = (fi, f>,..., fu) : R" —
R™, where

fi:R" >R, i=1,2,...,n
and
f@) = (fix), fo(x), ..., fu(x) eR", Vx e R".
Theorem 1.3.4 Let U C R”" be an open set and f : U — R" be a C* map. Then

the partial derivatives 0f; /0x; exist. The matrix representation of the linear map Df
is given by m X n; the matrix

0xy 9x,
J(f) =1 ... .
Ofn . Ofa
dxy 9x,

of the first derivatives of the mapping f is called the Jacobian matrix of f, denoted
by J(f), where every partial derivative is evaluated at x = (x1, X2, ...,%x,) € U.
The Jacobian matrix is written as % lx-

Example 1.3.5 Let f : R? - R3, (x, y) — (x3, xzy,x4y).Then =01, f2, f2),
where

file,y) =x3, fHrlx,y) =x%y, filx,y) =x*y.

Then o o
S 9y 3x2 0

i) 0
JN=RE=] 20
s s 4x3y x*

dx dy
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Theorem 1.3.6 (Inverse Function Theorem) Let U C R”" be an open set and f :
U — R" be a differentiable map. If p is a point in U such that the Jacobian deter-
minant |J (f)| of f is nonzero at p, then there exists an nbd V of p and an nbd W
of f(p) such that

(i) f sends V homeomorphically on W and
(ii) the inverse of f from W onto V is also a differentiable map.

Theorem 1.3.7 (Implicit Function Theorem) Let U C R" be an open set and V C
R"™ be anopen setand (x, y) € R" x R™ ~ R"™ [f (xo, yo) € U x V C R"™ and
f:UxV —>R"isa c! map such that f(xy, yo) = 0 and det (df/0y) is nonzero
at the point (xo, Yo), then there exists an open nbd W C U of the point xo and a map
h: W — V such that

(i h(xo0) = yo,
@) f(x,h(x))=0,Vx e Wand
(iii) the map h is unique.

Moreover, if (0f/0x) represents the matrix A and (3f/9y) represents the matrix B,
then h is a C' map with (3h/dx) = —B~'A.

1.4 Category and Functor

This section conveys the introductory concepts of category theory, which unifies
many basic concepts and results of mathematics in an accessible way. A category is a
certain collection of mathematical objects (possibly with an additional structure) and
morphisms which are like mappings agreeing with this structure. The objects may
be a set, group, ring, vector space, module, a sequence of abelian groups, topological
space, etc., and morphisms are collections of mapping preserving this structure. A
natural transformation is a certain function from one functor to the other one satisfy-
ing some specific properties. These concepts together with their dual concepts form
the foundation of category theory, which provides a convenient language to unify
several mathematical results. This language born through the work of S. Eilenberg
(1913-1998) and S. MacLane (1900-2005) during 1942—-1945 is used throughout
the present book. This section conveys the introductory concepts of category, functor
and natural transformation in the language of category theory.
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1.4.1 Introductory Concept of Category

Definition 1.4.1 A category C consists of

@
(ii)

(iii)

(iv)
v)

a certain collection of objects X, Y, Z, ... usually denoted by ob(C);

for every ordered pair of objects X, ¥ € ob(C), a set of morphisms from X to
Y, denoted by [X, Y], is specified;

for every ordered triple of objects X, Y, Z € 0ob(C) and any pair of mor-
phisms f € [X, Y], g € [Y, Z], their composition, denoted by g o f € [X, Z],
is defined by the following properties:

(associativity): if f e [X,Y], gelY,Z], he[Z, W], then ho(go f) =
(hog)o fel[X, W]

(existence of identity morphism): for every object Y € 0ob(C), there is a mor-
phism 1y such that for every f € [X, Y], g € [Y, Z], theequality ly o f = f
and g o 1y = g holds.

Remark 1.4.2 The identity morphism in a category is unique for each of its objects.

Example 1.4.3 (i) The collection of all sets and their mappings form category,

(ii)

(iii)

(iv)

)

(vi)

(vii)

(viii)

denoted by Set, where objects are all sets, morphisms are all possible mappings
between them and the composition is the usual composition of functions.
The collection of all groups and their homomorphisms forms category, denoted
by Grp, where objects are all groups, morphisms are all possible homomor-
phisms between them and the composition is the usual composition of map-
pings.

The collection of all abelian groups and their homomorphisms forms cate-
gory, denoted by .4b, where objects are all abelian groups, morphisms are
all possible homomorphisms between them and the composition is the usual
composition of mappings.

The collection of all rings and their homomorphisms form category, denoted
by Ring.

The collection of all R-modules and their R-homomorphisms form category,
denoted by Modg.

All morphisms may not be map: For example, let (X, <) be a partial order
set. There is an associated category Cx whose objects are all elements of X
and the set [x, y] of morphisms from x to y is either ¥ or the singleton set
according to x £ y orx < y.

The collection of all vector spaces and their linear transformations for a cate-
gory, denoted by Vect.

The collection of all topological spaces and their continuous maps forms a
category, denoted by 7 op.

The concepts of bijective mappings of sets, isomorphism of groups, rings or vector
spaces and so on can be unified through the concept of an equivalence in category
theory.
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Definition 1.4.4 A morphism f € [X, Y]inacategory C is said to be an equivalence
if there is a morphism g € [Y, X] in the category C such that

fog=1ly, gof=Ilx.

If f is an equivalence in C, then g is also an equivalence in C and the objects X and
Y are said to be equivalent.

Example 1.4.5 The equivalences and equivalent objects in the following categories
are specified:

(i) Inthecategory Set, equivalences are bijective mappings and equivalent objects
are precisely the sets having the same cardinality;

(ii) in the category Grp, equivalences are group isomorphisms and equivalent
objects are precisely isomorphic groups.

(iii) in the category Ring, equivalences are ring isomorphisms and equivalent
objects are precisely isomorphic rings.

(iv) inthe category Vectr over F, equivalences are vector space isomorphisms over
F, and equivalent objects in the category of finite-dimensional vector spaces
over F are precisely the vector spaces over F having the same dimension.

(v) inthe category 7 op, equivalences are homeomorphisms and equivalent objects
are precisely homeomorphic topological spaces.

Remark 1.4.6 Important Examples of the categories from a topological viewpoint
are available in Basic Topology, Volume 3.

1.4.2 Introductory Concept of Functors

A functor is a natural mapping from one category to the other in the sense that it
preserves the identity morphism and composites of well-defined morphisms. It plays
a key role in converting a problem of one category to the problem of other category
to have a better chance for a solution.

Definition 1.4.7 Given two categories C; and C,, a covariant functor
F:C,—>C,X—> FX), f— F(f)

consists of

(i) an object function which assigns to every object X € C; an object F(X) € C;
and

(ii) a morphism function which assigns to every morphism f € [X, Y] in the cate-
gory Cy, a morphism F(f) € [F(X), F(Y)] in the category C, such that
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(a) F(lx) = lp, for every identity morphism 1x;
(b) for a pair of morphisms f € [X, Y], g € [Y, Z] in the category C;, the equality

F(go f) = F(g) o F(f) holds in the category C,.

A contravariant functor is defined dually.

Definition 1.4.8 Given two categories C; and C,, a contravariant functor

F:C—C,X— FX), f— F(f)

consists of

(i) an object function which assigns to every object X € C; an object F(X) € C;

and

(i) a morphism function which assigns to every morphism f € [X, Y] in the cate-

gory Cy, a morphism F(f) € [F(Y), F(X)] in the category C, such that

(@) F(lx)=1rx);
(b) for morphisms f € [X, Y], g € [Y, Z] in the category C;, the equality F(g o

f) = F(f) o F(g) holds in the category C,.

Example 1.4.9 (i) There is a covariant functor F : Grp — Set whose object

(i)

(iii)

function assigns to every group G its underlying set |G| and to every group
homomorphism f : G — K in the category Grp to its corresponding under-
lying set function f : |G| — |K]| in the category Set.

Given an object A € C, there is a covariant functor /¢ : C — C whose object
function assigns to every object X € C the object ¢ (X) = [C, X] (the set of
all morphisms from the object C to the object X in the category C) and the
morphism function assigns to every morphism f € [X, Y] in C, the morphism
he(f) :he(X) = he(Y), g — f og in the category C.

Given an object A € C, there is a contravariant functor h€ : C — C whose
object function assigns to every object X € C the object K€ (X) = [X, C] (the
set of all morphisms from the object X to the object C in the category C) and the
morphism function assigns to every morphism f € [X, Y] in C, the morphism
hC(f) : hC(Y) — h€(X), g+~ go f in the category C.

Remark 1.4.10 Important Examples of the functors from a topological viewpoint
are available in Basic Topology, Volume 3.
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1.5 Euclidean Spaces and Some Standard Notations

In mathematical problems, subspaces of an n-dimensional Euclidean space arise
frequently. Such spaces are used both in theory and application of topology. Some
standard notations used throughout the book are given.

] : empty set
V/ : ring of integers (or set of integers)
Z, : ring of integers modulo n
R : field of real numbers
C : field of complex numbers
Q : field of rational numbers
H : division ring of quaternions
n n

R" : Euclidean n-space, with || x| = lez and (x, y) = Zx,- Vi

i=1 i=1

for x = (x1,x2,...,x,)and y = (y1, ¥2, ..., yu) € R™.

c” : complex n-space
1 1[0, 1]
I 10,1} 1
1" tn-cube={x e R": 0 <x; <1forl <i <n}forx = (x1,x2,...,%,)
D" : n-disk or n-ball={x € R" : ||x|| < 1}
N : n-sphere={x € R"*! : ||x|| = 1} = 3 D"*!(the boundary of the (n + 1)-disk D"*1)
RP"  :real projective space =quotient space of S” with x and —x identified for all x € S"

CP" :complex projective space = space of all complex lines through the origin in
the complex space C"*!

L : disjoint union of sets or spaces

x, T : product of sets, groups, modules, or spaces
= : isomorphism

~ : homeomorphism

iff : if and only if

X C Yor Y D X: set-theoretic containment (not necessarily proper).
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Chapter 2 ®)
Topological Groups and Topological s
Vector Spaces

This chapter studies certain topological-algebraic structures such as topological
groups and topological vector spaces. The book Basic Topology, Volume 1 of
the present series of books studies the general properties of topological spaces and
their continuous maps. But this chapter studies the topological spaces with other
structures (algebraic) compatible with the given topological structures. For example,
the circle group S' in the complex plane C, the 3-spheres S* (group of unit quater-
nions), the general linear group GL(n, R), GL(n, C), etc., admit a natural group
structure under usual multiplication such that their usual topological and algebraic
group structures are compatible in the sense that the corresponding group operations
are continuous. It asserts that the concept of a topological group is precisely that
concept in which the algebraic and topological structures are united and interrelated.
This phenomenon leads to the concept of topological groups.

Lie groups named after Sophus Lie (1842—-1899) arising in mathematics through
the study of continuous transformations provide a rich supply of topological groups
(see Chap. 4) which needs a discussion on topological groups. On the other hand,
a topological vector space (linear space) is a vector space endowed with a topology
such that the scalar multiplication and addition are both continuous. Topological
vector spaces provide a rich supply of topological groups by Proposition 2.10.5. Most
of the interesting concepts that arise in analysis are studied through vector spaces
(real or complex), instead of single object such as a function, measure or operator.
Topological vector spaces provide specified topological and algebraic structures for
the study of functional analysis. It is interesting that the topology on topological
vector space is localized in the sense that this topology can be determined by the
family of open nbds of its origin 0.

Historically, the concept of topological groups arose through the study of groups
of continuous transformations such as geometric transformations and these groups
form an important class of topological manifolds (see Chap. 3). For example, if a
Euclidean plane is endowed with a group of continuous transformations, then the
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group is transformed into a topological group. One of the basic concepts of the theory
of topological groups is the concept of Lie groups (studied in Chap. 4).

This chapter presents introductory concepts of topological groups and topologi-
cal vector spaces together with topological rings and fields having special structures.
These special structures make their study interesting and display an interplay between
modern algebra (including matrix algebra) and topology. For example, a topological
group G is an algebraic group and there is a topology T on G such that these two
structures are linked together by the condition that the group operations (multiplica-
tion and inversion) are both continuous with respect to this topology 7 (see Definition
2.1.1), which are said that group structure and topological structure on a topological
group are compatible. Theorem 2.4.11 proves that every topological group can be
viewed as a group of homeomorphisms of a topological space, which is analogous
to Cayley’s theorem in group theory. Topological rings, fields and vector spaces are
defined in an analogous way. A link between a topological group and a topological
vector space is given in Definition 2.10.4 (by groups of linear operators) and also in
Proposition 2.10.5.

Various interesting applications of topological groups and topological vector
spaces are also available in Sects. 2.12 and 2.12.9. The general theory of topological
groups is well-connected with many families of topological groups such a topolog-
ical groups of matrices and Lie groups, which form versatile important classes of
topological groups. Classical matrix groups are studied in this chapter. On the other
hand, Lie groups are studied in Chap. 4. They link topology with geometry, algebra
and analysis. This chapter also studies topological group actions which are used to
construct many geometrical objects (see Sect. 2.12.4). More study on topological
groups is available in subsequent chapters.

For this chapter, the books Adhikari (2016, 2022); Adhikari and Adhikari (2003,
2006, 2014, 2022); Armstrong (1993), Bredon (1993), Chevalley (1946), Kelly
and Namioka (1963); Morris and Wulbert (1967), Pontragin (1946); Rudin (1973),
Simmons (1963), Sorani (1969), Zariski (1969) and some others are referred in Bib-
liography.

2.1 Topological Groups: Introductory Concepts

This section addresses the concept of topological groups and develops its theory by
studying the properties of topological groups derived from the existence in these
groups some topology. It provides important examples for the study of algebra,
analysis, topology and geometry. From the logical view-point, this concept is a simple
combination of abstract group and topological space interlinked by the continuity of
group operations. This section also studies topological group actions which are used
to construct many geometrical objects (see Sect. 2.12.4).
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2.1.1 Basic Definitions and Examples

This subsection communicates some basic concepts related to topological groups
with illustrative examples. Topological group theory relates algebra with geometry
and analysis. The concept of topological groups was born through an exercise to
connect two branches of mathematics such as abstract group theory and topology.
This unification is an outcome of a great influence of Lie groups and direct conse-
quence of various types of transformation groups. The basic concept of a topological
group is that it is an abstract group endowed with a topology such that the multi-
plication and inverse operations are both continuous. This concept was accepted by
mathematicians in the early 1930s.

Definition 2.1.1 A nonempty set G is said to be a topological group, if it satisfies
the following axioms:

TG(1): G is algebraically a group;

TG(2): G is topologically a Hausdorff space, i.e., every pair of distinct points of
G are strongly separated by disjoint open sets;

TG(3): The group multiplication

m:GxG— G,(x,y) — xy

is continuous, where the topology on G x G is endowed with product topology;
TG(4): The group inversion

v:G—>G,x—>x_1

is continuous.

Remark 2.1.2 Some authors do not assume “Hausdorff property” for defining a
topological group. Theorem 2.7.2 is proved without the assumption of Hausdorff
axiom of a topological group.

Remark 2.1.3 The conditions TG(3) & TG(4) in Definition 2.1.1 are equivalent to
the single condition
TG(5): the map

V:GxG— G, (x,y)— xy !

is continuous. In the language of nbds, it is formulated as follows:

(i) for any two points x, y € G, every nbd W of xy, there exists a nbd U, of x and
anbd U, of y such that

U.U, CW, where UyUy ={ab:a e U, andb e U,};

(ii) given apointx € G, for every nbd V of x !, there exists a nbd U of x such that
u-tcv.
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Equivalently, given two points x, y € G, for every nbd W of the element xy~!,
there exist one nbd U of x and another nbd V of y such that UV~! c W.

Example 2.1.4 (i) Every (algebraic) group endowed with discrete topology is a
topological group;

(ii) The real line space R endowed with the Euclidean topology induced by the
Euclidean metric

d:RxR—=R, (x,y)—~ |x —y|

is a topological group under usual addition of real numbers, because it is alge-
braically a group and the usual operations of addition and inversion

f:RxR—=>R, (x,y)—>x+Yy

and
v:R—-R, x> —x

are both continuous;

(iii) R" is a topological group under usual pointwise addition of real numbers and
with topology induced by Euclidean metric on R";

(iv) The punctured real line space X = R — {0} is a topological group under usual
multiplication of real numbers and the topology on X induced by the usual
Euclidean topology of R;

(v) C" is a topological group under usual addition of complex numbers and the
usual product topology on C";

(vi) Consider the unit circle S' = {z € C : |z| = 1} in the complex plane C with the
subspace topology on S inherited from the usual topology on C. Then it is a
topological group with the group multiplication

m:S'x S — st (eie,eiﬂ) e

and inversion

v:S' — Sl, el e,
Remark 2.1.5 Continuity conditions TG(3) & TG(4) in Definition 2.1.1 are essen-
tial to relate the group structure on G with the topological structure on G, because
G may not be a topological group for an arbitrary topological structure on G (see
Example 2.1.6).

Example 2.1.6 Every (algebraic) group endowed with nontrivial topology is not
a topological group. For example, consider the set G = {x, x5, x3} consisting of
three distinct elements x;, x, and x3. Then G is algebraically a group under the
multiplication defined by the table
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X1|X1 X2 X3
X2]|X2 X3 X1
X3|X3 X1 X2

Define a topology 7 on G by taking the collection of open sets

T ={0, U1 ={x}, Uz = {x2}, Us = {x1, x2}, G}.

Consider the group inversion map v : G — G, x > x~'. Then
v(x1) = x1, v(x2) = x3, v(x3) = X2

This shows that v~!(U,) = {x3}, which is not an open set in the topology T and
hence the inversion map v cannot be continuous. This asserts that G is algebraically
a group but it is not a topological group with respect to the given group structure and
the above topology 7 on G.

For better understanding, as this group G is isomorphic to the group (Zs, +),
consider G as the additive group Z3 = {0, 1, 2} and the topology

t={0, U1 ={0}, Uy = {1}, Us = {0, 1}, Z3}.

Then (Z3, +) is an algebraic group but not a topological group under the topology
7. But it is a topological group under discrete (or indiscrete) topology.

Remark 2.1.7 Example 2.1.6 shows that making an algebraic group G to be an
interesting topological group, depends on both algebraic and topological structures
(restricted) on G, though any algebraic group is a topological group under the discrete
and indiscrete topologies.

Example 2.1.8 The additive algebraic group (Z, +) is a topological group under
discrete topology but it not so for nontrivial topology on Z. For example, (Z, +) is not
a topological group under a nontrivial topology on Z defined in Proposition 2.12.43
(discussed later on).

Proposition 2.1.9 If G is a topological group, then the following statements are
equivalent on the underlying topological space of G

(i) GisaTy space;
(ii) G isa T space;
(iii) G is a Hausdorff space.

Proof 1t follows from Definition 2.3.1. a

Definition 2.1.10 Let G be a topological group and H be a nonempty subset of G.
Then H is said to be a subgroup of the topological group G, if
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(i) H is a subgroup of the abstract group G and
(i) H isaclosed subset of the underlying topological space of the topological group
G,ie,H =H.

Remark 2.1.11 For the study of topological subgroups and normal subgroups; see
Sect. 2.3.

2.1.2 Homomorphism, Isomorphism and Automorphism for
Topological Groups

This section generalizes the standard concepts related to homomorphisms of abstract
groups. In the theory of topological groups, two topological groups are said to be
same if they have the same topological structures (up to homeomorphism) and the
same algebraic structure (up to isomorphism).

Definition 2.1.12 Let G and H be two topological groups. Amap f : G — H is
said to be

(i) a homomorphism, if f is a homomorphism of abstract groups from G into H
and f is also a continuous map from the topological space G into the topological
space H;

(ii) an isomorphism, if f is an isomorphism of abstract groups from G onto H and
f is also a homeomorphism from the topological space G onto the topological
space H;

(iii) an automorphism, if f is an isomorphism of the topological group G onto
itself;

(iv) a monomorphism if f is a homomorphism of topological groups and the map
f is also injective;

(v) an epimorphism, if f is a homomorphism of topological groups and the map
f is also surjective.

Remark 2.1.13 A topological group homomorphism between two topological
groups is a continuous map of topological spaces such that it is also a homomor-
phism of abstract groups. A topological group isomorphism between two topological
groups is a homeomorphism between topological spaces and it is also an isomor-
phism between abstract groups. Two topological groups are said to be equivalent if
there exists a topological group isomorphism between them.

Example 2.1.14 The additive topological group (R, +) with usual topology and
the multiplicative topological group (R™, -) of positive reals with topology inherited
from the usual topology of R, are isomorphic topological groups by a topological
group isomorphism

f:R,+)— RN, t>e.
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So, we shall not distinguish the topological groups (R, +) and (R*, ), which are
considered to be the same as the topological groups.

Example 2.1.15 Two isomorphic topological groups are algebraically isomorphic
but its converse is not true, i.e., two topological groups may be isomorphic as abstract
groups but they may not be isomorphic as topological groups.

(i) Consider the algebraic groups G = {xy, x», x3} and Z3 = {0, 1, 2} given in
Example 2.1.6. The group (G, 1) endowed with indiscrete topology X is a topo-
logical group and the group (Z3, 1) endowed with discrete topology u is also
a topological group. These two topological groups (G, A) and (Z3, 1) are not
topologically isomorphic but they are algebraically isomorphic, since

f:G—)Z3,X1,X2,X3I—>0, 1,2

is an algebraic isomorphism but it is not continuous.

(ii) The groups (R, +) and (R2, +) are isomorphic, since both of them are vector
space over the field Q having the same dimension. On the other hand, they are
not homeomorphic under usual topology, since deletion of a single point from
R makes R disconnected, but by deletion of a single point from R? keeps R?
connected.

Example 2.1.16 Two non-isomorphic algebraic groups may be homeomorphic by
making them topological groups. This asserts that preservation of topological struc-
ture under a homeomorphism does not guarantee preservation of algebraic structure
by an isomorphism. For example, consider the set M (3, R) of all 3 x 3 real matrices.
It can be identified with the Euclidean space R¥. Consider the topological groups
lab
R3}, +)and G ={| 01 ¢ | :a, b, c € R} with usual matrix multiplication.
001
The group G is nonabelian. On the other hand, the group R? is abelian. Hence,
these two algebraic groups cannot be isomorphic. But considering them as subspaces
of R** with Euclidean topology, their underlying spaces are homeomorphic.

2.2 Local Isomorphism and Local Characterization of
Topological Groups

The discussion on topological groups in Sect. 2.1 shows that there is a close connec-
tion between algebraic and topological operations on a topological group G. In many
situations, the study of a topological group G in a nbd of its identity element provides
valuable information on the whole topological group G. This section studies local
properties of topological groups in the sense that those properties which are true for
all locally isomorphic groups.
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For the study of local properties of a topological group G with identity e, we
need to study only the behavior of G in an arbitrary small nbd U of e. So, a natural
question arises: is it possible to study the nbd U independently without reference to
the entire group G? The classical theory of Lie groups studied in Chap. 4 gives its
answer. But the Proposition 2.6.9 prescribes a method for constructing a topological
group locally isomorphic to a given topological group. On the other hand, Proposition
2.2.16 gives a sufficient condition on a family of subsets U of an abstract group G
under which G becomes a topological group, where the topology t is determined by
U.

2.2.1 Neighborhood System of the Identity Element of
Topological Group

The abstract concept of a group G defines a topology on G in Proposition 2.2.16,
by providing a sufficient condition on a family of subsets U of the abstract group G
under which G becomes a topological group, where the topology t is determined by
U. To study a topology on G, it is sufficient in many occasions to describe a complete
system (family) of nbds of its identity element. For example, Theorem 2.5.4 proves
that a topological group G with its identity element e is locally compact if there
exists a compact nbd of e.

Definition 2.2.1 A topological group G is said to be discrete if it contains no limit
point in the sense that every point of G has a nbd containing only a single point.

Remark 2.2.2 An abstract group G, endowing with its underlying space |G|, the
discrete topological space is a discrete topological group. Proposition 2.2.3 charac-
terizes discrete topological groups.

Proposition 2.2.3 A topological group G with its identity element e is discrete if e
is an isolated element of G.

Proof Since e is an isolated element of G, it has a nbd which contains no point other
than e, i.e., it is not a limit point of any nbd of e. Hence, the proposition follows from
Definition 2.2.1. a

2.2.2 Local Properties and Local Isomorphism

This subsection studies special properties (called local properties) of topological
groups that are determined by the behavior of the topological groups in the nbd of
its identity element and coveys the concept of local isomorphism to define locally
isomorphic topological groups.

Definition 2.2.4 introduces the concept of a local isomorphism for topological
groups, which plays an important role in the study of topological group theory.
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Definition 2.2.4 Let G be a topological group with identity element e; and H be a
topological group with identity element ey . A local isomorphism

f:G—H

is a homeomorphism from a nbd U of ¢ in G onto anbd V of ey in H such that

(i) ifx,y e Uandxy € U, then f(xy) = f(x)f(y) and
(ii) ifh,t € Vand ht € V, then f~'(ht) = f~ (W) f~1(@).

The topological groups G and H are said to be locally isomorphic if there exists
a local isomorphism
f:G— H.

Example 2.2.5 If two topological groups are isomorphic, then they are also locally
isomorphic. But its converse is not necessarily true. For example, the additive group
(R, +) and the multiplicative group (S, -) are locally isomorphic topological groups,
but they are not isomorphic topological groups.

Proposition 2.2.6 Let G be a topological group with identity element e and H be
a topological group with identity element ey . If

f:G—>H

is a local isomorphism of a nbd U of e in G onto anbd V of ey, then

(i) flec) =em;
(i) ifx,x ' eU, then f(x~") = f(x)™".

Proof (i) Since egeg = eg, itfollows f(eg) = f(eg) f(eg), and hence f(eg) =
€H;
(i) Sincexx™! = e; € U, itfollowsthatey = f(eg) = f(x)f(x~"). Thisimplies
that f(x~ ") = f(x)~L.
Q

Proposition 2.2.7 Local isomorphism relation between topological groups is an
equivalence relation on the set of all topological groups.

Proof 1t follows from Definition 2.2.4. a

2.2.3 Local Characterization of Topological Groups

This subsection studies local characterization of a topological group G. Its motivation
comes from the fact that corresponding to every element a € G, there exist two
associated homeomorphisms (see Proposition 2.2.9)
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L,:G— G, x+— ax

and
R,:G— G,x — xa.

Definition 2.2.8 Given a topological group G and an elementa € G

(i) themap L, : G — G, x — ax is called a left translation (map) by a and
(ii) themap R, : G — G, x — xa is called a right translation (map) by a.

Proposition 2.2.9 Let G be a topological group with identity element e. Then for
every element a € G, the left and right translation maps

()
L,:G— G, x — ax;

(i)

R,:G— G, x+— xa,

are both homeomorphisms.
Proof Let G be a topological group and a € G be an arbitrary element.

(i) Consider the left translation map L,. Since G is a topological group, the group
operation is continuous and hence the map

L,:G—>G,x —ax,VxeG

is continuous.
Similarly, L,-1 is continuous. So, L, and L,-1 are two continuous maps such
that

L,oL, 1 =1g=Ls10L,.

This asserts that L, is a homeomorphism with L,-1 as its inverse.
(ii) For R,, itis proved in a similar way.

a

Corollary 2.2.10 Let G be a topological group. If A is an open subset of G and B
is any subset of G, then B A is also an open subset of G.

Proof By hypothesis, A is an open set in G and by Proposition 2.2.9, for every
b € B, translation L, is a homeomorphism. Since BA = Ube g bA, it follows that
b A being the homeomorphic image of the open set A under L, is open and hence
B A is union of open sets in G. This asserts that BA is an open set in G. Q
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Corollary 2.2.11 Let G be a topological group. If A is an open subset of G and B
is any subset of G, then AB is also an open subset of G.

Proof Proceed as in Corollary 2.2.10. Q

Our next aim is to define a topology T on an abstract group G, by means of nbds
to make (G, 1) a topological group (see Proposition 2.2.16).

Definition 2.2.12 Let (X, 7) be a topological space. A collection B of open sets
{U} in X is said to be an open base for the topology 7 if every open set in X can
be expressed as a union of some members of B. A basis B of (X, 7) is said to be a
complete system (complete family) of nbds of the topological space X, if every
open set of B is a nbd of every point contained in this open set.

Definition 2.2.13 gives an equivalent formulation of open base for a topology.

Definition 2.2.13 Let (X, 7) be a topological space. A collection of open sets By,
each member of which contains a point x in X, is called an open base (or a local
base) for 7 at the point x, if for every open set U containing x, there exists an open
set V. € By, suchthatx € V, C U.

Remark 2.2.14 Definition 2.2.12 asserts that to determine a topological space, it is
sufficient to specify one of its open base. On the other hand, the nbds of a topological
space (X, t) is not completely determined by the closure operation in X, but they
depend on the choice of the basis B. So, speaking of nbds in our subsequent study,
we assume that some specific basis has been selected. Moreover, Proposition 2.2.9
says that if the complete family open sets {U} in X of nbds of the identity element
e of a topological group G is known, then the complete family of nbds of any point
can be determined.

Remark 2.2.15 Let G be a topological group with identity element e. The family
U = {U} of nbds e in G, cannot be taken arbitrarily for forming a complete family
of nbds of any point. They satisfy certain conditions called the conditions (A), such
as

(i) the intersection of any two sets belonging to U is in U;
(ii) the intersection of all sets belonging to U is the set {e};
(iii) any set containing a set belonging to U is in U;
(iv) If U € U, there exists a set belonging to V € U such that VV C U. (It follows
from the continuity of multiplication in the topological group G at the point
(e, e));
(v) the family of sets V such that V~! € U for every member V € V, then V = U.
(It follows from the continuity of inversion map in the topological group G);
(vi) forany gy € G, the family of sets {goU g, v e U} coincides with U. Because
the set of all nbds of gy coincides, the collection of the sets of the form {goU :
U € U} and hence every set of the form {U gy : U € U} can also be represented
in the form {goU’ : U’ € U} and conversely.
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Proposition 2.2.16 gives a sufficient condition on a family of subsets U of an
abstract group G under which G becomes a topological group, where the topology
7 is determined by U.

Proposition 2.2.16 Let G be an abstract group with identity element e and U be a
family of subsets satisfying the conditions (A) given in Remark 2.2.15. Then there
exists a topology t on G such that

(i) (G, 1) forms a topological group and
(ii) the given family U of subsets of G forms the complete nbd system of e under the
topology t.

Proof Consider the family V of subsets V of G satisfying the condition if g € V,
then the set V contains some set of the form gU : U € U. Then any union of sets
belonging to V is also in V. Moreover, ¥ € V and G € V. Then it follows that the
family U of subsets of G satisfies all the conditions of Remark 2.2.15. Hence, it
determines a topology T on G such that U forms the family of open sets with the
family of nbds of a point g € G is the family of sets {gU : U € U} in the topology
7. To show that (G, t) forms a topological group, consider the map

V:GxG— G, (x,y)— xy L

Let (x9, y0) € G x G and xoy(;lU be a nbd of the point xoy(;l. Then U € U. Let
U, € U be a set such that U Uy C U. Then the set xoU, ! can be represented in the
form Usx; ' : Us € U by the Remark 2.2.15. This implies that

(xoUa) (U1 y0) ™" = xUayy ' Uy C x0y, ' UiUy C x0y;' V.

This proves v is continuous and hence it is proved that (G, t) is a topological group.
a

Proposition 2.2.17 Given a topological group G and elements a, k € G, the home-
omorphisms

() L,:G— G, x— ax;
(i) R,: G — G, x — xa;
(iii) L;: G — G, x — kx; and
@(iv) R, :G — G, x— xk

satisfy the relations
R, 0o R, = Ry,

and
L,oLy = Ly.

Proof 1t follows from the definitions of L, and R, for any pointa € G. a
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Proposition 2.2.18 Let G be a topological group. Then for every element a € G,
the inner automorphism

¢.:G— G, x — axa”!

is a homeomorphism.

Proof The maps L, : G — G, x+> ax and R, : G — G x — xa~! are both
homeomorphisms. Hence, ¢, = Rs;-1o L, : G — G, x — axa~! is a homeomor-
phism as it is the composite of two homeomorphisms. Q

Proposition 2.2.19 Let G be a topological group. Then the inversion map

v:G—>G,xv—>x*1

is a homeomorphism.

Proof As G is a topological group, v is a continuous map such that
Wov)(x) =v(w(x) =v(x N =x,VxeG = vov=1g (identity map on G)

shows that v is a bijection with self inverse. Consequently, the continuity of v and
its inverse v~! (= v) imply that v is a homeomorphism. Q

Definition 2.2.20 A topological space G is said to be homogeneous if for every
pair of points x, y € G, there exists a homeomorphism

¥ : G — G suchthat ¢ (x) =y,

i.e., if ¥ transforms x to y for any two elements x, y € G.

Example 2.2.21 Every topological group is homogeneous as a topological space.
Let G be a topological group. Since the left and right translations L, and R, are
both homeomorphisms, for arbitrary pair of points x, y € G, it follows that every
topological group is homogeneous as a topological space. More precisely, for any
two points x, y € G, the homeomorphism

Y=Ly1:G—>G, x> (yx’l)x

is such that ¢ (x) = y. Similar results hold for right translation. This implies that
these translations have a certain homogeneity property as a topological space.

Remark 2.2.22 Let G be a topological group with the identity element e. Since left
and right translations L, and R, are both homeomorphisms of G onto itself, for any
two given points x, y € G, the homeomorphism Ly,-1 : G — G maps x to y. This
shows that for every x € G, itis possible to move any y € G anywhere in G without
changing its topological structure. This asserts that it is sufficient to consider the nbd
system only at the identity point e.
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Theorem 2.2.23 (or Corollary 2.2.24) asserts that if we know an open base U at
the identity element e of a topological group G, then we can completely find open
bases for the given topology on G at any point g € G by applying the concepts of
left or right translations to the sets belonging in ¢/.

Theorem 2.2.23 Let G be a topological group with identity element e and U be an
open base at the point e. Then

U =1{gU:9eG, Uel}

and
U ={Ug:ge G, U el}

are both open bases for the given topology on G.

Proof Letg € GandV beanopensetin G, containing g.Since L1 : G — G, x
g~ 'x is a homeomorphism, it sends the open set V into the open set g~'V. By
hypothesis, I/ is an open base at the point e. Hence, there exists an open set U €
U such that e € U C g~'V. This shows that g € gU C V. Hence, it follows that
U; constitutes an open base for the given topology on G. Similarly, it follows that
U, also constitutes an open base for the given topology on G. a

Corollary 2.2.24 Let G be a topological group with identity e and U be an open
base at the point e. Then the families of open sets

gU ={gU : U elU}, andUg={Ug:U €U}

both constitute local bases at any point g € G.

Proof 1t follows from the proof of Theorem 2.2.23. a

2.3 Topological Subgroups and Normal Subgroups

This section introduces the concepts of topological subgroups and topological normal
subgroups of a topological group and studies them.

Definition 2.3.1 Let G be a topological group and H be a nonempty subset of G.
Then H is said to be a subgroup of the topological group G, if

(i) H is a subgroup of the abstract group G; and
(i) H isaclosed subset of the underlying topological space of the topological group
G,ie,H =H.

Remark 2.3.2 Definition 2.3.1 asserts that if H is a subgroup of a topological group
G, then
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(i) the topology of H is the subspace topology inherited from the topological group
G and

(i) H is not only a subgroup of the abstract group G, one additional topological
condition is imposed on H which is its topological closureness property in the
sense that H = H.

Example 2.3.3 (i) S' ={z € C:|z| = 1} is a topological subgroup of the topo-
logical group C* = C — {0} under usual multiplication of complex numbers.
The topological group S' is called the circle group in the complex plane.

(ii) The set Z endowed with the discrete topology forms a topological subgroup of
the topological group (R, +).

Remark 2.3.4 The concepts of isomorphism and subgroups for topological groups
needs consideration of both the topological and algebraic structures. For example:

(i) a nonempty subset of a topological group is a subgroup if it is algebraically a
subgroup as well as it has the subspace topology;

(ii) an isomorphism between two topological groups is a homeomorphism as well
as it is a group isomorphism.

Proposition 2.3.5 Let G be a topological group and H be a subgroup of G. Then
H is itself a topological group.

Proof To prove that H is a topological group, it is sufficient to show that the restric-
tion of the continuous group operation of G on H is also continuous. Given two
elements x, y € G, let xy~! = z. Then every nbd V of the point z € H in the topo-
logical space H is obtained as V = H N W for some nbd W of the same point z in
the topological space G. Since G is a topological group and x, y € G, there exist a
nbd U, containing x and another nbd U, containing y such that U, U;' C W. This
asserts that V, = H N U, and V, = H N U, are also nbds of x and y under the sub-
space topology of H inherited from the topology of G. This shows that V, Vy_l cw
and also V, Vy’1 C H, and hence H is a topological group. Q

Definition 2.3.6 Let G be a topological group and N be a subgroup (topological)
of G. Then N is said to be a normal subgroup of the topological group G, if N is a
normal subgroup of the abstract group G.

Remark 2.3.7 Definition 2.3.6 asserts thatif N is anormal subgroup of a topological
group G, then

(i) the topology of N is the subspace topology inherited from the topological group
G and

(i) N is not only a normal subgroup of the abstract group G, but also one additional
topological condition is imposed on N which is its topological closureness
property in the sense that N = N.
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Remark 2.3.8 Let G be a topological group. If H is a subgroup of G or N is
a topological subgroup of G, then G is not only an abstract group, but also the
underlying topological space of the topological group G, that imposes one additional
condition, which is the condition of closureness of H and N.

Proposition 2.3.9 Let G be a topological group

() If H is a subgroup of the abstract group G, then H is a subgroup of the topo-
logical group G.

(ii) If N is a normal subgroup of the abstract group G, then N is a normal subgroup
of the topological group G.

Proof (i) Let H be a subgroup of the abstract group G and x, y € H be any two
points. Then xy~! € H. To show it, let V be an open nbd of the point xy~'. Then
there exists an open nbd U, of x and an open nbd U, of y such that U, U Lcv.

Since x, y € H, there exist points a, b € H such thata € U, and b € U, such
thatab~! € H andalsoab™' € V. Hence, it follows that xy~! € H. This asserts
that H is a subgroup of the abstract group G and it is also a subgroup of the
topological group G.

(ii) Let N be a normal subgroup of the abstract group G, and x € N and g € G be
arbitrary points. If W is an arbitrary open nbd of the point g~ ' x g, then there exist
an open nbd U of x such that g~'Ug C W. Since, by hypothesis, x € N, there
exists a point n € N such that n € U. Moreover, g"'ng € N and g 'xg e W
assert that g~ 'xg € V, because an arbitrary open nbd W of the point g~ 'xg

intersects N. This proves that N is a normal subgroup of the topological group

G.

a

Remark 2.3.10 For an alternative proof of Proposition 2.3.9; see proof of Proposi-
tion 2.3.29.

2.3.1 Discrete Normal Subgroups

This subsection studies discrete normal subgroups, which play an important role in
the study of topological groups. For example, they define simple topological group.
Let G be any topological group with its identity element e. It has two trivial normal
subgroups such as the {e} and the group G itself.

Definition 2.3.11 A normal subgroup of a topological group G with its identity
element e is said to be discrete if e is an isolated element of G.

Definition 2.3.12 A topological group G is said to be simple if every normal sub-
group of G is either discrete or coincides with G.
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Example 2.3.13 Consider the topological group (R, +) under usual addition of
real numbers and endowed with usual topology (see Example 2.1.4). Let A # R be
a subgroup of the topological group R. Then there exists a least positive integer &
in A and A consists of all multiples of k. This implies that A is a discrete subgroup
of the topological group R. Hence, it follows by Definition 2.3.12 that R is a simple
topological group. But R is not a simple abstract group from the view-point of abstract
algebra.

Remark 2.3.14 A deep study of subgroups of the topological group (R, +) with an
emphasis on its dense subgroups is available in Sect. 2.12.5.

2.3.2 Some Topological Properties of Groups, Subgroups
and Normal Subgroups

This subsection proves some properties of subgroups of topological groups.

Theorem 2.3.15 Let G be a topological group with identity element e. Then the
connected component of e is a closed normal subgroup of G.

Proof Let X be the connected component of e. Then X is the largest connected
subset containing e, of G and hence it follows that X = X. It implies that X is
closed. To show that it is a normal subgroup of G, take any point a € X. Consider
the translation

Li:G— G, g— a_lg,

which is a homeomorphism by Proposition 2.2.9. Since X is connected and La ™! is
a homeomorphism, it follows that its image La~!(X) = a~' X is also connected. As
a~'X is a connected subset containing a'a = e, and X is the maximal connected
subset containing e in G, it follows that a~'X c X and hence X~'X = X. This
asserts that X is a subgroup of G. To show that X is a normal subgroup of G, take
an element g € G. Then the set ngf1 = (R4-1 0 Ly)(X) contains e and is also
connected since it is the homeomorphic image of the connected set X. By the above
argument, it follows that gXg~' C X, which asserts that X is a normal subgroup of
G. a

Corollary 2.3.16 Let G be a topological group with identity element e and C, be
the connected component of e. Then the other connected components of G are cosets
of C.inG.

Proof For any connected component C, of g # e € G, it follows that

L,(C,) = gC, C Cyyand Ly1(Cy) =g 'C, C C. = C, C gC.,



44 2 Topological Groups and Topological Vector Spaces

since both gC, and g~!(C,) are connected, and by hypothesis, C, is the connected
component of g. This asserts that C; = gC.,. a

Definition 2.3.17 Let (X, t) be atopological space. Itis said to be locally connected
if every nbd of any point x € X contains a connected nbd of the point x.

Proposition 2.3.18 Let (X, t) be a locally connected space. Then every connected
component of an open set in X is also an open set.

Proof Let A be a connected component of an open set U in X. If a € A, then U is
an open nbd of a and hence U contains a connected nbd V of a. By hypothesis, A is
a connected component and hence V N A # §. This implies that V C A and a is an
interior point of A. This proves that A is an open set. Q

Remark 2.3.19 Any nbd of the identity element of a connected topological group
G is a set of generators of the group G. It is proved in Theorem 2.12.30 .

The open base or basis at a point of a topological space given by open sets in
Definition 2.2.13 is redefined by open nbds in Definition 2.3.20.

Definition 2.3.20 Let (X, t) be a topological space and x € X be an arbitrary point.
By a nbd basis or a local basis of the topological space (X, ) at the point x, it is
meant a family F, of nbds of x in X such that every nbd of x contains a member of
the family F,. Each member of this family is called the basic nbd of x in (X, 7).

Definition 2.3.21 Let G be a topological group and X, Y C G be two given subsets.
Then XY is the set defined by

XY={xy:xeX, yeY}
and X! is the set defined by
X '={x"':xeXx}
The subset X is said to be symmetric if X = X!

Remark 2.3.22 Let G be a topological group.

(i) If X is a symmetric subset of G, then X N X ~land X X~! are both symmetric;
(ii) If X, Y C G are two symmetric subsets, then X N Y is also symmetric.

Definition 2.3.23 Let (X, t) be a topological space and N, be the set of all open
nbds of x (¢ X). Then a subsetf, of N\, is said to be a fundamental system of nbds
of x or a base for 7 if for an N, € N, there is some U, € U, such that U, C N,.

Proposition 2.3.24 Let G be a topological group with its identity element e. Then
there is a fundamental system of symmetric nbds of e.
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Proof Let U = {U;} be an arbitrary fundamental system of nbds of e. To prove the
proposition, it is sufficient to show that there is a symmetric subset of ¢/, which
satisfies the conditions of Definition 2.3.23. Suppose U € U. Then U is open in G
and U~ is also an open nbd of e in G by Proposition 2.2.19. Hence, U and U ! are
both open nbds of e such that V.= U N U~! is symmetric and open. Then the family
V = {V} of such V forms the required fundamental system of symmetric nbds of e.
a

Proposition 2.3.25 Let G be a topological group with identity element e. Given any
point g € G and any nbd N of g in G, there is a symmetric nbd S, of e in G such
that S,gS;' C N.

Proof 1t follows from the continuity of multiplication of the topological group G.
Because for continuous group multiplication

m:GxG—G
and any nbd N of g, there exist nbds U and V of g in G such that
UxVcm'(N).

This implies that the nbd N of g contains the nbd X = UV of g in G. Hence, it
follows that the set Sy = X N X~! forms a symmetric nbd of e in G satisfying the
required property. Q

Corollary 2.3.26 Let G be a topological group with identity element e. Given any
nbd N of e in G, there is a symmetric nbd S, of e in G such that S,S, = S}z, C N.

Proof 1t follows from Proposition 2.3.25 as a particular case. Q

Corollary 2.3.27 Let G be a topological group with identity element e. Given any
nbd N of e in G and any positive integer n, there is a symmetric nbd S, of e in G
such that S§ C N, where S" is the product of n copies of the symmetric nbd Sy of e
inG.

Remark 2.3.28 Proposition 2.3.25 is applied to prove a basic result on topological
quotient groups embodied in Theorem 2.6.5 An alternative proof of Proposition 2.3.9
is given in proof of Proposition 2.3.29.

Proposition 2.3.29 Let G be a topological group and H be a subgroup of G. Then

() H is also a subgroup of G -
(ii) if H is normal in G, then H is also a normal subgroup of G.

Proof (i) Since for arbitrary elements x, y € ﬁihe product element xy € H and
the inverse element x~! € H, it follows that H is also a subgroup of G;
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(i) By hypothesis, H is a normal subgroup of G. Then g H g~' C H, Vg e G. This
asserts that gHg™' C H, Y g € G. Similarly, for any g~' € G, the opposite
inclusion also holds. Hence, it follows that H is a normal subgroup of G.

Q

Proposition 2.3.30 Ler G be a topological group with identity element e and V be
anbd of e in G. Then there exists a symmetric nbd U of e with the property

vu—'=UuU cv.

Proof Since the multiplicationm : G x G — G is continuous by hypothesis, it fol-
lows that there exist nbds W and T of e such that

WT CU.

If M = WNT,then M~ is also anbd of e and hence U = M N M~!. Consider
the nbd
U=MnM™"

It follows that U is a symmetric nbd of e such that
UUT'=UUCMMCWTCV.

a

Proposition 2.3.31 Let G and K be two topological groups and f : G — K be a
homomorphism such that f is continuous at a point gy € G. Then f is continuous
at all points g € G.

Proof Let g € G be an arbitrary point and U be a nbd of f(g) in K. Then by left
translation the image L, ,-1(U) is anbd of f(g). Hence, there exists a V of gg such
that

909~
fv)C Lgog*' ),

which implies that L__-1(V) is a nbd of g such that

99

f(Ly1 (V) C U

2.4 Topological Group Action and Transformation Group

This section studies topological group actions on topological spaces to study many
geometrical objects such as real and complex projective spaces, torus, lens spaces,
etc., as orbit spaces obtained by specifying actions of topological groups (see
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Sect. 2.12.4). The concept of topological group action is used to prove Theorem
2.4.11, which asserts that every topological group can be viewed as a group of
homeomorphisms of a topological space, which is analogous to Cayley’s theorem
in group theory.

Definition 2.4.1 Let G be a topological group with identity element e, and X be a
topological space. If G x X has the product topology, then G is said to act on X
from the left if there is continuous map

nw:GxX—X,

the image (g, x), denoted by g(x) or gx such that

(i) e(x) =x forallx € X;
(ii) (gk)(x) = g(k(x)), forallx € X, and g,k € G.

The group G or the pair (G, X) is then called a topological transformation
group of X relative to the group action i : G x X — X. It is sometimes denoted
by the triple (G, X, i). A topological space X endowed with a left G-action on X
is said to be a left G-space.

A right action and a right G-space are defined in an analogous way.

Remark 2.4.2 There is a one-to-one correspondence between the left and right G-
structures on X. So itis sufficient to study only one of them according to the situation.

Example 2.4.3 For the general linear group G(n, R), the Euclidean n-space R” is
a left G (n, R)-space under usual multiplication of matrices.

Definition 2.4.4 Let X be a left G-space. Two given elements x, y in X are called
G-equivalent, if y = g(x)(i.e., y = gx) for some g € G. The relation of being G-
equivalent is an equivalence relation on X and the corresponding quotient space
Xmod G endowed with quotient topology induced from X (i.e., the largest topology
such that the projection map

p:X — Xmod G,x — G(x)

is continuous, where G (x) = {g(x) : g € G} is called the orbit space of x € G.
For an element x € X, G(x) is called the orbit of x and the subgroup G, of G
defined by
G:={9€G:glx)=x}

is called the stabilizer or isotropy group at x of the corresponding group action.

Example 2.4.5 (Geometrical) The actions of a given topological group on the same
topological space may be different. For example, let T be the torus in R? obtained by
rotating the circle C : (x — 3)2 + z2 = 1 about the z-axisand Z, =< h >, generated
by k. Consider the three actions
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()
WI :Z2 xT — Ta (h’(-x’y’z)) = (-x?_yv _Z)’

which geometrically represents rotation of 7' through an angle 180° about the
X-axis;
(ii)
Voo X T = T, (h, (x,y,2)) = (=x, =y, 2),

which geometrically represents rotation of 7' through an angle 180° about the
Z-axis;
(iii)
V3:ZyxT — T, (h,(x,y,2) = (=x, =y, —2)

which geometrically represents refection of 7' about the origin.
Each of v, ¥, and 13 is a homeomorphism of T' of order 2 with the sphere,
torus and Klein bottle as the resulting orbit spaces respectively.

Proposition 2.4.6 Let X be a left G-space and g € G be an arbitrary point. Then
the map
Yy: X > X, x = gx) (= gx)

is a homeomorphism.

Proof 1, is continuous for every g € G, since the group action is continuous. So, ¥/,
and -1 are two continuous maps such that v, o -1 = Ix = Y41 o ¥, and hence
it follows that v/, is a homeomorphism. Q

Remark 2.4.7 Let X be a G-left space and homeo(X) be the set of homeomorphisms
Yy X — X forall g € G. Then homeo(X) = {v, : g € G} is a group under usual
composition of mappings. Proposition 2.4.8 shows that this group is closely related
to the group action of G on X.

Proposition 2.4.8 Let X be a left G-space. Then the map
f : G — homeo(X), g ¥,

is a group homomorphism.

Proof Since foreach g € G, by Proposition 2.4.6, 1, is a homeomorphism, the map
f is well defined. Again, since for g, k € G, f(gk) = ¥ g = f(g) f (k) asserts that
f is a group homomorphism. Q

Definition 2.4.9 Let X be a left G-space and G (x) = {g(x) : g € G} be orbit space
of x € G. Then the action of G on X or the topological transformation group G is
said to be:

(i) transitive, if given any two x, y € X, there exists an element g € G, such that
g(x) =y, i.e., if there is one orbit produced by this action;
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(ii) free ifisotropy group G, = {g € G : g(x) = x} = {e} forevery x € X, which
means that g(x) = x forsome x € X — g =e¢;

(iii) effective or trivial, if g(x) = x for every x € X, then g = e, i.e., if the homo-
morphism f : G — homeo(X), g+ v, is a monomorphism.

Geometrically, a free action of a topological group G on a topological space X
asserts that every point g(# e¢) € G moves each point of X. Let G be a group of
homeomorphisms of X. Define a group action

0c:GxX— X, (g,x) — gx).

Every topology such as the compact open topology on Homeo(X) induces a
subspace topology on G, because G is a subset of Homeo(X). It is a natural question:
what topology of G is to be taken to make the action o continuous? A positive answer
is available, if X is alocally compact Hausdorff space and G is endowed with compact
open topology, then the action o is continuous.

Proposition 2.4.10 Let X be a G-space. If the action u of G on X is effective, then
W induces an embedding

f:G — homeo(X), g+ .
Proof 1t follows from the defining condition of f. Q

Theorem 2.4.11 gives an an independent proof of Proposition 2.4.10

Theorem 2.4.11 Let G be a topological group with the identity element e and X
be a topological space. If the action u of G on X is effective, then u induces an
embedding

¥ : G — homeo(X), g — vy,

where 1, is the homeomorphism given in Proposition 2.4.6.

Proof Let u: G x X — X be an effective action. Then for g # e, the homeomor-
phism v, is not the identity homeomorphism. Consider the homomorphism

¥ : G — homeo(X), g — V.

Since for any two distinct elements g, k € G, the images ¥ (x) # ¥ (x) for any
x € X, shows that ¥ (g9) = ¥4 # ¥ = ¥ (k). Hence, it follows that

¥ : G — homeo(X), g — Y,

is an embedding. Q
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Proposition 2.4.12 Let Xmod G be the orbit space obtained by an action of the
topological group G on the topological space X equipped with the quotient topology,
i.e., a subset U in Xmod G is defined to be open if p~'(U) is open in X, where

p:X — Xmod G, x — G(x) = orb(x)

is the natural projection map. Then p is an open map.

Proof Given an open set U in X,

P~ (p)) = JlgU : g € G)

9eG

is a union of open sets gU and hence it is an open set in X. This asserts that p(U) is
an open set in the orbit space Xmod G for every open set U in X. a

Remark 2.4.13 The above quotient maps
p:X — Xmod G,x — G(x) = orb (x)

are identified with the covering maps in the study of covering space. Moreover, the
concept of properly discontinuous action of a topological group given in Defini-
tion 2.4.14 is important in the study of covering spaces and fundamental groups (see
Basic Topology, Volume 3 of the present series of books).

Definition 2.4.14 Given a topological space X, a topological group G with its iden-
tity e is said to act on X properly discontinuously if for every point x € X, there
is anbd U such that

UNgU #0 = g=e

Example 2.4.15 The action of any finite topological group on a Hausdorff space is
properly discontinuous.

2.5 Local Compactness and its Characterization

This section studies locally compact topological groups which form an important
family of topological groups. Theorem 2.5.4 gives a characterization of locally com-
pact topological groups with the help of compact nbds of its identity element.



2.5 Local Compactness and its Characterization 51

2.5.1 Locally Compact Topological Groups

This subsection studies locally compactness property of subgroups of a topological
group. Locally compact groups are characterized in Theorem 2.5.4.

Definition 2.5.1 A topological group (X, 7) is said to be locally compact if for
each point x € X, there is an open set U € t such that x € U and U is compact.

Example 2.5.2 Euclidean space R"” (under usual addition), the matrix group
M (n, R) (under usual addition) and general linear group GL (7, R) (under usual mul-
tiplication) endowed with the Euclidean topology form important classes of locally
compact topological groups (see Corollary 2.8.16 and Proposition 2.8.23).

Proposition 2.5.3 Let G be a topological group and A be a subgroup of G

(i) If G is compact, then A is also compact;
(ii) If G is locally compact, then A is also locally compact.

Proof To prove it, we consider the underlying topological space of the topological
group G

(i) If G is compact, then A is a closed subgroup of G. Hence, A is compact, since
every closed subset of a compact space is compact;

(ii) If G is locally compact and x € A, then there exists an open nbd U of x in G
such that U is compact. Consider the open nbd V = AN U in A. Since A is
closed in G, then V C A. This shows that V'=VNA=VandalsoV C U.
Since every closed subset of a compact set is closed, it follows that V is compact.
Hence, V is an open nbd of x in A such that V' is compact. This proves the local
compactness of A.

Q

2.5.2 Characterization of Locally Compact Topological
Groups

Theorem 2.5.4 gives a characterization of locally compact topological groups with
the help of compact nbds of its identity element.

Theorem 2.5.4 Let G be a topological group with its identity element e. Then G is
locally compact iff there exists a compact nbd of e.

Proof First suppose that G is locally compact. Then there exists a nbd U of e such
that U is compact. Conversely, suppose that U is a compact nbd of e. Then by using
Exercises 53 and 54 of Sect. 2.13 , there exists a nbd W of e such that
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W2 CUand W C W2,

Because in a topological group G, for any nbd U of e, there exists a symmetric nbd
W of e such that W* C U for any positive integer n. Again, for any nbd W of e and
any subset K of G, KCKW = Wcw? (taking K = W, in particular). Hence,
W C U C U. This implies that W is a compact nbd of e. For any g € G, clearly
gW is a nbd of g. Since the right translation R, : G — G is a homeomorphism, it
follows that gW is a compact nbd of g and hence G is locally compact. a

Remark 2.5.5 More results on locally compact topological groups are given in
Exercises 3, 13 and 14 of Sect. 2.13.

2.6 Quotient Structure of a Topological Group

This section studies quotient structure of a topological group by extending the stan-
dard results for abstract groups in algebra to topological groups. This idea is used to
construct many important topological groups.

Definition 2.6.1 Let G be a topological group and A be a subset of G. The set
G/A ={gA : g € G} of all left cosets of A can be endowed with a topology t
induced by the natural projection p : G — G/A, which is the largest topology on
G /A such that

p:G— G/A, g gA

is continuous. This asserts that p is the identification map. This identification
topologyr is called the quotient topology on G/A and the identification space
(G/A, 1) is called the corresponding quotient space of G.

Definition 2.6.2 G be a topological group and N be a normal subgroup of G. The
set G/N of cosets in the abstract group G form an abstract group under usual mul-
tiplication of cosets

w:G/N x G/N — G/N, (gN,h/N) — ghN.

The set G/N also admits the quotient topological structure by Definition 2.6.1
such that the group operations in the set G/N are continuous with respect to this
topology. This makes the set G/N a topological group by Theorem 2.6.7, called
the topological quotient group or factor group of the topological group G by the
normal subgroup N.

The concept of group of components of a topological group as a particular type
of a quotient group is introduced in Definition 2.6.3, followed by its general study
in this section.
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Definition 2.6.3 Let G be a topological group with identity element e and A be
a connected component of e. Then it is a closed normal subgroup of G by Theo-
rem 2.3.15. The quotient group G/A is a topological group, called the group
of components of G. Its elements are the cosets of A in G and they are also the
components of G by Corollary 2.3.16.

Proposition 2.6.4 gives the topological structure of quotient group of a locally
connected topological group.

Proposition 2.6.4 Let G be a locally connected topological group with identity
element e and A be a component of e. The quotient group is discrete.

Proof By hypothesis, G is locally connected. Hence, there exists a connected nbd
U of e. Consider the natural projection map

p:G— G/A, g— gA.

Since U C A, the image p(U) is a pointin G/A and it is an open nbd of the identity
element of the topological group G/A. Hence, the proposition follows by using
Proposition 2.2.3. Q

Theorem 2.6.5 studies quotient spaces G/A, when A is a closed subgroup of G.

Theorem 2.6.5 Let A be a closed subgroup of a topological group G. Then the
quotient space G /A of cosets is a Hausdorff space under the quotient topology ©
induced by the natural projection

p:G—G/A, g— gA

such that the map p is open and continuous.

Proof Let V C G be an arbitrary open subset of G. Then p~'(p(V)) = VA =
(J{Va :a e A} is an open set in G, since it is a union of open sets Va. Again the
definition of quotient topology on G/A asserts that this is the largest topology on
G/ A such that p is continuous and p(V) is an open set in the quotient space G/A.
Consequently, the map p is open and continuous. To prove that quotient space G/A
is Hausdorff, take two distinct points gA, kA in G/A. Then gA # kA and hence
g~ 'k is not an element of A. This shows that the element ¢g~'k is in the open set
G — A. Hence, it follows by Proposition 2.3.25 that there exists a symmetric open
nbd N, of e with the property that (N.g~'"kN,) N A =@, since N.g~'kN, C G — A.
It shows that g~ 'k N, N N, A = ¢. This implies that kN, N gN,A = @. Consequently,
kN,ANgN,A = (. This asserts that

p(9) = gA C gN.A, p(k) =kA C kN, A.
Since gN.A and kN, A are disjoint open sets in the quotient space (G/A, t) con-

taining gA and kA, respectively, i.e., gA and kA are strongly separated in G/A, it
follows that the space (G/A, t) is Hausdorff. a
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Definition 2.6.6 Let G be a topological group and A be a normal subgroup of G.
Letp : G — G/A, g — gA be the natural projection map. Define a topology on the
algebraic group G/A as follows: a subset U is open in G/A iff p~!(U) is open in
G. This topology is called the quotient topology on G/A.

Theorem 2.6.7 Let G be a topological group with continuous group multiplication
m and A be a closed normal subgroup of G. Then the quotient space (G/A, ) is a
topological group.

Proof By hypothesis, A is closed normal subgroup of G. Then G/ A is algebraically
a group such that by Proposition 2.6.5, the quotient space (G/A, t) is Hausdorff and
the projection map

p:G— G/A, g— gA

is open and continuous. We claim that the group

(i) multiplication u : G/A x G/A — G/A, (gA, kA) — gkA is continuous and
(i) inversion map G/A — G/A, gA + g~'A is also continuous.

Proof I: Let g, k € G and U be an open nbd of the point p(gk) in the space
(G/A, 7). Since the group multiplication in the topological group G is continuous,
there exist open nbds U, and Uy in G of g, k, respectively, such that

gk € U,U, C p~ ' (U).

Since p is an open onto map, p(U,) and p(Uy) are both open nbds in (G/A, )
of the points p(g) and p(k), respectively. This asserts that the group multiplica-
tion in (G/A, t) is continuous. Similarly, the group inversion in (G/A, ) is also
continuous. This proves that (G/A, t) is a topological group.

Proof II: To prove (i), consider the commutative rectangle as shown in Fig. 2.1,
where the horizontal arrows indicate

(i) continuous group multiplications
m:GxG—G

and

Fig. 2.1 Diagram m
representing multiplications GxG Y

m and
pPXp p
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(ii) the usual multiplication u : G/A x G/A — G/A, (gA,kA) — gkA.

The two vertical arrows represent the maps p and p x p. Then p is open and
it is an identification map and hence p x p: G x G - G/A x G/A is also an
identification map. Since the map

u=pomo(pxp)':G/AxG/A— G/A

is the product of three continuous maps, it is continuous. To show that the group
multiplication
nw:G/AxG/A— GJ/A, (gA,kA) — gkA

is continuous, it is sufficient, to prove that for any open set U in X/A, its inverse
image 1~ (U)in G/A x G/Aisopen. Equivalently, it is to be proved that the inverse
image of 1 =1 (U) under the map p x p is open in the product space G x G, which
is true, since the maps p and m are both continuous, showing that m~!(p~!(U) is
openin G x G.

Similarly, (ii) follows by showing that the inversion map

v:G/A— GJ/A, gAr g 'A
is also continuous. a

Proposition 2.6.8 proves that the compactness and locally compactness properties
of a quotient topological group are induced by the corresponding properties of its
mother topological group.

Proposition 2.6.8 Letr G be a topological group.

(i) If G is compact, then its every quotient topological group is also compact.
(ii) If G is locally compact, then its every quotient topological group is also locally
compact.

Proof (i) Let G be a compact topological group and G/A be a quotient group.
Consider the natural projection map

p:G— G/A, g+ gA.

Since p is a continuous onto map by Theorem 2.6.5 and compactness is a
topological property, it follows that the topological space G/ A is also compact.

(ii) Let G be a locally compact topological group with identity element e and G/A
be a quotient group. Then there exists an open nbd U of e such that U is compact.
Consider the natural projection map

p:G— G/A, g— gA.
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Then p s a continuous onto map by Theorem 2.6.5. Hence, it follows that f(U)
is an open set and f(U) is a compact subset in the topological space G/A such
that A C f(U). By the regularity of the space G/A, there exists an open nbd
V of the point A in the topological space G/A, suchthat V C f(U). Then V is
also compact, since it is a closed subset of the compact set f(U). This proves
that the space G /A is also locally compact.

a

Proposition 2.6.9 prescribes a method for constructing a topological group locally
isomorphic to a given topological group. A generalization of this Proposition is given
in Exercise 65 of Sect. 2.13.

Proposition 2.6.9 Let G be a topological group and N be discrete normal subgroup
of G. Then the topological groups G and G/N = Q are locally isomorphic.

Proof Consider the natural homomorphism
p:G—>G/N=Q, gr— gN.

Let W be an open nbd of e in the topological space G such that no element of N
other than eg is in W. Let U be an open nbd in G such that

UU'cW and p(U)=V C Q.

Then p is an onto open and continuous map (see Chap. 1). Claim that p is a local
isomorphism. To show this, let x, y € U be two elements such that p(x) = p(y).
Then xy~' € N but xy~' € W and hence xy~! = e by the choice of W. It shows
that x = y. Consequently, it follows that f is a local isomorphism. Q

Proposition 2.6.10 Let G and H be two topological groups and f : G — H be an
open homomorphism onto H. Then

(i) ker f = K is a normal subgroup of the topological group G;
(ii) the topological groups H and G/K are isomorphic.

Proof 1t follows from abstract group theory that K = f~!(ey) is a normal subgroup
of the abstract group G.

(i) Since f is continuous, K is a closed subset of the topological space X. This
proves that K is a normal subgroup of the topological group G.

(ii) It follows from abstract group theory that the abstract groups H and G/K are
isomorphic by an isomorphism

h:G/K — H,gK — f(g).
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The quotient space G/K is a topological group by Theorem 2.6.7. Moreover,
h and A" are both continuous. Hence, it follows that % is a homeomorphism,
since 4 is an isomorphism of abstract groups.

Qa

Definition 2.6.11 Let G be a topological group and A be a closed normal subgroup
of G. Then (G/A, 7) is a topological group by Theorem 2.6.7. This group is called
the topological quotient group or factor group of G with respect to the normal
subgroup A and quotient topology.

Example 2.6.12 Z endowed with discrete topology is a normal subgroup of the real
line space R under usual addition. Then the factor group R/Z with identification
topology is a topological group called the topological quotient group of R with
respect to Z.

Proposition 2.6.13 The topological quotient group R/Z is isomorphic to the topo-
logical circle group S'.

Proof Consider the map '
v :R— S x> ¥

Then ¢ is a group homomorphism with ker ¥ is the subgroup Z of R. Moreover, it
maps open sets in R to the open sets in S' and hence it is an identification map, since
Y is onto. Since any two points x1, x, € R are identified iff x; — x, in an integer,
the map ¥ induces a map

V:R/Z— S x+Z y(x)

which is a homeomorphism such that it is also a group isomorphism by isomorphism
theorem of groups. Q

Geometrically, two points x, y € R are identified by ¢ in Proposition 2.6.13 iff
X — y is an integer.

Example 2.6.14 Let A be the subgroup of the topological group R” (under usual
addition) consisting of points having integral coordinates. Then A is a closed discrete
subgroup of R”. The quotient space R" / A is called the n-dimensional torus, denoted
by T". In particular, for n = 2, the two torus T? is represented as R?/Z? which is
the Euclidean plane R? modulo the equivalence relation

(x,y) ~ (u,v)

iff (x — u) and (y — v) are both integers. T? is homeomorphic to the product space
St x st
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2.7 Product and Direct Product of Topological Groups

This section studies the product and direct product of topological groups endowed
with product topology.

2.7.1 Product of Topological Groups

This subsection addresses the product of topological groups endowed with product
topology.

Definition 2.7.1 Let G = {G;};ca be a family of topological groups . Then their
direct product G = I1;ca G; with coordinate-wise multiplication and product topol-
ogy is a topological group called the product of the topological groups {G;}. Then
each projection map

kaG—>Gk, XZ(X],XZ,...,Xk,...,)}—)xk, Vke A

is continuous.
Theorem 2.7.2 does not assume the Hausdorff property of topological groups.

Theorem 2.7.2 Let G = {G;}iea be a family of topological groups with e; € G;
identity elements and G = I1;cao G; be their topological product group with product
topology. Then

(i) G is Hausdorff iff every G; is Hausdorff ;
(ii) G is compact iff every G; is compact;
(iii) if all G; are locally compact, but all G; excepting only a finite number of G;
are compact, then G is locally compact.

Proof G = T1;coG; be the topological product group with identity element ¢ =
(e1, ez, ...), where ¢; € G; is the identity element.

(i) Suppose that every G; space is Hausdorff and x € G is a point such that x #
e. Then for this, x = (x1, x2, ..., ). There is some k € A such that x; # ¢.
Consequently, there exists some open set Uy in Gy containing e; such that
xi ¢ Uy. Consider the open set in G

P (U) =Gy x Gy x -+ x Gy_y X Up X Gygy X ++-
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containing the point e but it does not contain the point x. Hence, G is a
Ty-space. As G is a topological group, it follows from Proposition 2.1.9 that
G is Hausdorff. Conversely, suppose that G is Hausdorff. Then for any two
distinct elements x, y € G, there exist open sets U and V such that x € U
and y € V and U NV = §. Consider the topological group Gy for any k € A
and the distinct points xi, yx € Gi. Let a = (21,22, ++» Zk—1> Xkks Zhtls - - +)
and b = (21,22, .- - Zk—15 Yk» Zk+1, - - -) be two distinct points in G. Since by
hypothesis, G is Hausdorff, there exist open sets V and W in G such thata € V
and b € W and V N W = @. This implies that p; (V) N px (W) = @. Hence, it
follows that Gy, is a Hausdorff space.

(ii) Suppose that G; is compact for every i € A. Then by Tychonoff theorem saying
that the topological product of any family of compact spaces is also compact,
it follows that the product group G is also compact. Conversely, assume that
G is compact. Since compactness is preserved under every continuous map, it
follows that p; (G) = G; is also compact, since p is continuous and onto.

(iii) Suppose that every group G; is locally compact and there are only finitely many
G; € G which fail to be compact. Without loss of generality, assume that G; is
not compact only for 1 <i < n. Hence, it follows by (ii) that the product group
I1;~,G; is compact and thus G is locally compact.

Q

2.7.2 Intersection of Subgroups of a Topological Group

This subsection generalizes to topological groups the concept of intersection of sub-
groups of abstract groups.

Proposition 2.7.3 Let G be a topological group and S be a family of subgroups of
Gand M = (g5 S.

(i) M is a subgroup of the topological group G;
(ii) Ifevery S € S is a normal subgroup of the topological group G, then M is also
a normal subgroup of G.

Proof (i) It follows from abstract group theory that M = ()g_g S is subgroup of
the abstract group G. Since every member S € S is aclosed set in the topological
space G, their intersection M is also a closed set in G. This implies that M is a
subgroup of G.

(ii) Proceed as in (i).

a
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Proposition 2.7.4 Let G be a topological group and H be a nonempty subset of G.
Then there exists a unique

(i) minimal subgroup of the topological group G that contains the set H;
(ii) minimal normal subgroup of the topological group G that contains the set H.

Proof (i) Let S be the family of all subgroups S of G that contain the set H and
M = (\gcs S be their intersection. Then M is a subgroup of the topological
group G by Proposition 2.7.3. Since M = (4.5 S, it follows that M is the
minimal subgroup containing H which is unique.

(ii) Let S be the family of all normal subgroups S of G that contain the set H
and M = (4.g S be their intersection. Then M is a normal subgroup of the
topological group G by Proposition 2.7.3. Since M = (")4.g S, it follows that
M is the minimal normal subgroup containing H which is unique.

a

Proposition 2.7.5 Let G be a topological group, H be a subgroup of G and N be a
normal subgroup of G. Then M = H N N is a normal subgroup of the topological
group H.

Proof Since H is a subgroup and N is a normal subgroup of the abstract G it follows
from abstract group theory that M = H N N is a normal subgroup of the abstract
group H. Since M is a closed subset of the topological space G, it is also closed in
the topological space H. Hence, it follows that M = H N N is a normal subgroup
of the topological group H. u

2.7.3  Product of Subgroups of a Topological Group

This subsection generalizes to topological groups the concept of product of subgroups
of an arbitrary abstract group.

Proposition 2.7.6 Let G be a topological group, H be a subgroup of G and N be a
normal subgroup of G. Suppose that HN = {hn : h € H, n € N} is a closed subset
of the topological space G.

(i) Then HN = N H is a subgroup of the topological group G;
(ii) Ifin particular, H is a normal subgroup of the topological group G, then HN
is also a normal subgroup of the topological group G,
(iii) If either of the groups H or N is compact and the topological space G satisfies
the second axiom of countability, then HN is a closed subset of the topological
group G.

Proof Since H is a subgroup of the abstract group G and N is a normal subgroup
of G, it follows from abstract group theory that H N is a subgroup of the abstract
group. Moreover, if H is also a normal subgroup of the abstract group G, then HN
is also a normal subgroup of the abstract group G.
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(i) By hypothesis, HN is a closed subset of the topological space G. Hence it
follows that HN = N H is a subgroup of the topological group G;

(ii) By hypothesis, H N is a closed subset of the topological space G. Suppose that
H is a normal subgroup of the topological group G, then it follows that H N is
also a normal subgroup of the topological group G;

(iii) Suppose H is compact and G satisfies the second axiom of countability. Let
{x,} be a sequence of points in H N such thatlim,,_, .ox, = x. Then each x,, can
be represented as x, = h,y, : h, € H,y, € N forn =1,2,.... By compact-
ness of H, it follows that we can choose from the sequence x, a subsequence
xpn, which converges to a point 2 € H. Hence, it follows from convergence of
the sequences {x,,} and {h,,} that the sequence {y,,} converges to the point
h~'x € N, since N is closed in the topological space G. This implies that
x = h(h~'x) € HN. This proves that H N is a closed subset of the topological
space G.

For the other alternative, if N is compact, the proof is similar.

Q

Corollary 2.7.7 Let G be a topological group and the topological product P =
NiN; - -+ N, of m normal subgroups of the group G be closed in G. Then P is also
a normal subgroup of G.

Proof 1t follows from the theory of abstract groups that P is a normal subgroup of
the abstract group G. Since by hypothesis, P is closed in the topological space G,
the corollary follows. Q

Remark 2.7.8 Part (iii) of the Proposition 2.7.6 asserts that the closure condition of
H N inthe part (i) of the same proposition is always satisfied by a compact topological
group G possessing the second axiom of countability property. For more result on
product of subgroups of a topological group; see Exercise 19 of Sect. 2.13.

Theorem 2.7.9 Let G be a locally compact topological group satisfying the second
axiom of countability, H be a subgroup of G and N be a normal subgroup of G.
If the product space P = HN is a closed subset of the topological space G and if
M = H N N, then the quotient groups H /M and P/ N are isomorphic as topological
groups.

Proof Consider the map

f:H—> HN/N, h+— hN.

Then f is an epimorphism of abstract groups with ker f = H N N. Then it follows
from the theory of abstract groups that the abstract groups H/ker f is isomorphic
to the abstract group Im(f) = HN/N by an isomorphism (algebraic)

f:H/kerf - HN/N, hker f + f(h).
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Hence, it follows under the given conditions that f is the required isomorphism of
topological groups from the quotient group H/H N N to the quotient group HN /N.
This completes the proof of the theorem. Q

2.7.4 Direct Product of Topological Groups

This subsection studies direct product of topological groups, which is a generalization
to topological groups of the concept of direct product of subgroups of an arbitrary
abstract group.

Definition 2.7.10 Let G be a topological group with identity element e and H, N be
two normal subgroups of the topological group G. Then G is said to be decomposed
into the direct product of its subgroups H and N if

G =HNand HNN = {e}.

Definition 2.7.11 Let H and K be two topological groups and G = H x K =
{(h,k) :h € H,k € K} Then G is an abstract group under the composition defined
by

(h, kYW, K"y = (WK, kK').

Again, G is a topological space, which is the product space of the topological spaces
H and K. The topological group G thus obtained is called the direct product of
the topological groups H and K.

2.7.5 Isomorphism Theorems

This subsection proves two isomorphism theorems which follow as a consequence
of Theorem 2.7.9.

Theorem 2.7.12 Let G be a locally compact topological group satisfying the second
axiom of countability. If G is decomposed into the direct product of its subgroups H
and N of G, then H is isomorphic to the quotient group G/N.

Proof Let G be decomposed into the direct product of its subgroups H and N. Then
G = HN and H N N = {e} by Definition 2.7.10. Hence, the theorem follows from
Theorem 2.7.9. a

Theorem 2.7.13 Let G be a locally compact topological group satisfying the second
axiom of countability and be decomposed into the direct product of its subgroups H
and N. Suppose that

(i) the topological group H' is isomorphic to the topological group H and
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(ii) the topological group N' is isomorphic to the topological group N.

If G' is the direct product of the topological groups H' and N’, then the topological
group G is also isomorphic to G'.

Proof By hypothesis, the topological group H is isomorphic to the topological group
H' and the topological group N is isomorphic to the topological group N'. Then there
exist isomorphisms of topological groups

f:H — H and g: N — N.
Define a map

VG — G, (x,y) > f(0)gx).

The map ¢ is well defined, because by hypothesis, G’ is the direct product of
groups H' and N’ and the right-hand multiplication is the usual multiplication in G.
Then v is an isomorphism of abstract groups. To show that ¥ is continuous, take
an element z = xy such that x € H and y € N. Let W, be a nbd of z in G. Then
there exist a nbd U, of x in the topological space H and another nbd Uy, of y in the
topological space N such that

u.u, CU..

IfU=U,NHandV =U,NN, then U is anbd of x in H and V is a nbd of y
in N. Suppose x’ = f~!(x) and y' = f~'(y). Then there exist a nbd U’ of x’ such
that f(U’) C U and another nbd V' of y" such that f (V') C V.If W = {(x,y) : x €
U’, y € V'}, then W isanbd of the point (x’, y’) such that ¥ (W’) C W,. Thisimplies
that v is continuous. Thus, v is algebraically an isomorphism and is topologically
continuous. This implies that ¥ is an open. Hence it follows by the given conditions
that ¥ : G’ — G is an isomorphism of topological groups. a

2.8 Classical Topological Groups of Matrices

This section studies some classical topological groups such as M(n, R), GL(n, R),
SL(n, R), O(n, R) and SO(n, R) with topology induced from the Euclidean space
R" and their complex analogues with topology induced from the Euclidean space
R>" together with quaternionic analogues of orthogonal and unitary groups. More
study on some classical topological groups of matrices from the view of Lie groups
is available in Chap. 4.

Definition 2.8.1 Let M(n, R) be the set of all square matrices of order n over the
field R. Then it is an abelian group under usual addition of matrices called the matrix
group over R.
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Definition 2.8.2 (General linear group) Let GL(n, R) be the set of all n x n non-
singular matrices over R. It forms a group under usual multiplication of matrices
called general linear group over R.

Definition 2.8.3 (Special linear group) Let SL(n, R) be defined by SL(n,R) =
{A € GL(n, R) : det A = 1}.Itis asubgroup of GL(n, R) called special linear group.

Definition 2.8.4 (Orthogonal group) Let O(n, R) be defined by O(n,R) = {A €
GL(n,R) : AA" = I} is a subgroup of GL(n, R). It is a group called orthogonal
group.

Definition 2.8.5 (Special orthogonal group)Let SO(n, R) be definedby SO(n, R) =
{A € O(n, R) : det A = 1}. It forms a group called special orthogonal group.

Complex analogues of M(n, R), GL(n, R), O(n, R) and SL(#, R) are M(n, C),
GL(n, C), U(n, C) and SL(n, C), respectively, where M(n, C) is identified with the
Euclidean space R?"".

Definition 2.8.6 Let GL(n, C) be the set of all n x n nonsingular matrices over C.
It forms a group under usual multiplication of matrices called general linear group
over C.

Definition 2.8.7 Let SL(n, C) be defined by SL(n, C) ={A € GL(n,C) : det A =
1}. It is a subgroup of GL(n, C), called special unitary or special linear group.

Definition 2.8.8 Let U(n, C) be defined by U(n, C) = {A € GL(n,C) : AA* = I}
is a subgroup of GL(n, C), called unitary group, where A* is the complex conjugate
transpose of A.

Example 2.8.9 U(1,C) = {z € C: |z] = 1} and hence U(1, C) and the circle group
S!(=Z R/Z) are isomorphic topological groups, which are abelian.

Definition 2.8.10 Let H be the division ring of Hamilton’s quaternionic numbers
q = a+ bi +cj +dk, such that a, b, c,d € R with its conjugation ¢ = a — bi —
cj —dk and gq = a® + b* + ¢* + d*> = |q|*. This defines the norm |g| of ¢ as

Ig| = [a* + b? + 2+ d*):

The set M (n, H) of all n x n matrices over H is identified with the Euclidean space
R*. Let GL(n, H) be the set of all n x n nonsingular matrices over H. It forms a
group under usual multiplication of matrices called general linear group over H. The
group Sp(n, H) defined by Sp(n, H) = {A € GL(n, H) : AA* = I} is a subgroup of
GL(n, H) called symplectic group, where A* is the quaternionic conjugate transpose
of A, conjugation is in the sense of reversal of all three imaginary components. The
quaternionic analogue of orthogonal and unitary groups is the symplectic group but
there is no analogue of special orthogonal group or special unitary group in the
symplectic case.
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Example 2.8.11 Sp(I,H)={geH:|q|l=1}={gq=a+bi+cj+dk:a,b,
c,d € R with a* +b* + c*> +d?> = 1} and hence Sp(1, H) is homeomorphic to
the 3-sphere S°. Clearly, Sp(1, H) and U(2,C) = {A € GL(2,C) : AA* = I} are
isomorphic topological groups.

2.8.1 Topological Groups of Matrices

This subsection studies GL(n, R), GL(n, C) and symplectic groups Sp(n, H) by
using topological concepts. For more study; see Sects. 2.12.7 and 2.13.

Theorem 2.8.12 The general real linear group GL(n, R) of all invertible n x n
matrices over R

(i) is a topological group;
(ii) the group GL(n, R) is neither compact nor connected.

Proof (i) Let M(n, R) be the set of all n x n matrices over R and A = (a;;) €
M(n, R) be an arbitrary matrix. If R has the Euclidean topology and R" has the
product topology, then the map

2
f:M@»n,R) - R", (a;j) — (a11,a12, ..., aip, a21,a2, .. ., am, ..., Qnl, an2, - ., nn)

identifies M(n, R) with the Euclidean space R".

A topology called the Euclidean topology is defined on M(n, R) by declaring
a subset U C M(n, R) to be open iff f(U) is open in R"™. With this topology,
M(n, R) is homeomorphic to the topological space R™. Since the space R" is
Hausdorff, noncompact and locally compact, so is the space M(n, R). For each
pair of integers i, j satisfying 1 <, j < n, there is a continuous projection map

pij :M@®,R) — R, (a; ;) — a; j,
which sends a matrix A = (g, ;) to its i j-th entry.

Consider the general real linear group GL(n, R) as a subspace of M(n, R). To
show that the usual matrix multiplication

m : GL(n, R) x GL(n, R) — GL(n, R)

is continuous with respect to above topology, let A=(q;;), B=(b;;) € GL(n, R).

Then the i j-th entry in the product m(A, B) is Z aijxby;.

k=1
Hence, the matrix multiplication m is continuous if and only if the composite

maps
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(i)
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GL(n,R) x GL(n,R) 2> GL(n, R) 2L R
are continuous. But p;;(m(A, B)) = Z a;xbyj. Since the usual multiplication
k=1
and addition functions in the real number space R are both continuous, it follows
that
m : GL(n, R) x GL(n, R) — GL(n, R)

is continuous. Consequently, G L (n, R) topologized as a subspace of the topo-
logical space M(n, R), is such that the usual matrix multiplication

GL#n,R) x GL(n,R) - GL(n,R), (A, B) — AB
is continuous. We next show that in this subspace topology, the inverse map
v:GL(n,R) - GL(n,R), Ar> A~
is continuous. Moreover, the determinant
det : M(n,R) > R, A+> detA

is continuous, since it is just a polynomial in the sense that det A is an usual
sum of usual products of real entries in A with proper signs and hence det is
a polynomial function in n? variables called det polynomial. This implies that
the determinant function restricted on its subspace G L (n, R) is also continuous.
Since detA # 0, VA € GL(n, R) the composite maps pj; o v are continuous
for every pair of integers j, k with 1 < j, k < n. This asserts that the inversion
map
v:GL(n,R) —> GL(n,R), Ar> A~!

is continuous. Consequently, G L (n, R) is a topological group.
‘We now show that the group G L (n, R) is neither compact nor connected. Clearly,
GL(n, R) is the inverse image of nonzero real numbers under the determinant
function

det : M(n,R) > R, A +> detA.

Consider the continuous surjective determinant function

det : GL(n,R) > R — {0}, A — detA.
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Since the continuous image of G L(n, R) under the determinant function is the sub-
space R — {0} of the real line space R and the subspace R — {0} is neither compact
nor connected, it follows that G L (n, R) is neither compact nor connected, because
compactness and connectedness are both topological properties. Q

Remark 2.8.13 Proposition 2.8.17 asserts that GL™ (n, R) = {A € GL(n,R) : det
A>0}and GL™(n,R) ={A € GL(n,R) : det A < 0} are the connected compo-
nents of GL(n, R).

Corollary 2.8.14 Every subgroup of the topological group G L(n, R) is also a topo-
logical group.

Corollary 2.8.15 GL(n, R) is an open subset of M (n, R).

Proof Since the determinant function
det : M(n,R) > R, A+ detA
is continuous, it follows that
GL(n,R) = M(n,R) — (det)"'{0}

is open, because, the set {0} is closed in R implies (det)~!{0} is closed in M (n, R).
a

Corollary 2.8.16 M(n, R) endowed with the Euclidean topology is Hausdorff, non-
compact and locally compact.

Proof The space M(n, R) endowed with the Euclidean topology is homeomorphic
to the space R™". Since the space R" is Hausdorff, noncompact and locally compact,
so is the space M(n, R). Q

Proposition 2.8.17 Let GL™(n,R) ={A € GL(n,R) : detA > 0} and
GL (n,R)={A e GL(n,R) :det A < 0}. They are

(i) disjoint open sets in GL(n, R);
(ii) connected components of GL(n, R);
(iii) homeomorphic.

Proof The proof follows from the continuity of the determinant function
det : GL(n,R) > R—{0}, A+>det A
a

Remark 2.8.18 For more study of these classical topological groups of matrices
over R, Cand H; see Sects. 2.12.7 and 2.13.
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2.8.2 Rotation Group SO(2,R)

This subsection studies 2-dimensional rotation group, which is the special orthog-
onal group SO(2,R) with topology induced by Euclidean metric on R*, which is
homeomorphic to the unit circle S' with the usual topology inherited from C (iden-
tified with R?).

Proposition 2.8.19 (i) SO (2, R) is a closed subset of M(2, R), i.e., in the space
R%*2, It is also compact;
(ii) SO (2, R) is homeomorphic to the unit circle St
(iii) SO (2, R) is a compact normal subgroup of the orthogonal group O (2, R).

Proof (i) A rotation of the Euclidean plane R? about the origin is a linear operator
and its matrix representation M with respect to the standard basis is an orthog-
onal matrix having its determinant 1. This asserts that a matrix M represents a
rotation of R?iff M € SO(2,R) ={M € GL(2,R) : M'M = I, detM = 1}.
Since the composition of two rotations of R? about the origin is also a rotation,
the group SO (2, R) is called the 2-dimensional rotation group . It is the
solution set in R?*? determined by the following system of equations:

For any matrix M = (x;;) € SO(2, R), therelations M'M = I, anddet M = 1
assert that
x121 + x%l =1,

X11X12 + X21x22 =0,
2 2
X +xp =1,

and
X11X22 — X12%21 = 1,

Consider the polynomial functions:

(@ fi:R*—> R, (x11, x12, X21, X2) > x3; +x3, — 1;

() fo:R* > R, (x11, X12, X21, X22) > X11X12 + X21X2;

(©) f5:R* > R, (x11, X12, X21, ¥0) > X + x5, — 15

(d fa:R* > R, (x11, x12, X21, X22) > X11X20 — X12%21 — L.

Since each f; is continuous and {0} is closed in R, it follows that each of
the solution sets X; = fl._l ({0}) is closed in R*, for i = 1,2, 3,4 and hence
SO2,R) =X, N X; N X3N Xy4is closed and bounded in the Euclidean space
R?*2, Consequently, SO (2, R) is also compact by Heine-Borel theorem. For
an alternative proof see Corollary 2.8.21.

(ii) Since by the defining properties of SO (2, R), each matrix M € S(O, R) hasiits
unit column vectors which are also orthogonal. It asserts that an arbitrary matrix

M € SO(2,R) is of the form (cose —sin®

sinf  cosf ) . Geometrically, M represents
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a rotation of R? about the origin through an angle 6. So, to prove that the
topological group SO (2, R) is isomorphic to the unit circle S', it is sufficient
to consider the map

] 1 (cosf —sinf i0
f:SO2,R)—> §, <sin9 cos@)'_)e .

f is a group isomorphism and also a homeomorphism. It asserts that the groups
SO(2,R) and S! are isomorphic as topological groups by Definition 2.1.12.
(ili) SO(2, R) is a subgroup of the orthogonal group O (2, R) having only the other
cosset K ={M € O2,R) : detM = —1} in the group O(2, R). Hence the
index [ O(2,R) : SO(2, R)] = 2 implies that SO (2, R) is algebraically a nor-
mal subgroup of the orthogonal group O(2, R). It is topologically compact,
since f defined in (ii) is a homeomorphism and S' is compact.
a

Corollary 2.8.20 The orthogonal group O (2, R) is a closed subset of M(2, R) (i.e.,
in R*?). It is also compact.

Proof Consider X, X, and X3 defined in Proposition 2.8.19, As O(2,R) = X| N
X, N X3 is also closed. Since O(2, R) is closed and bounded, it follows that it is
compact by Heine-Borel theorem. u

Corollary 2.8.21 SO (2, R) is compact in M (2, R).

Proof Since S' is compact, the corollary follows from Proposition 2.8.19 by using
the homeomorphism f defined therein. Qa

Example 2.8.22 Corollary 2.8.16 asserts that M(n, R) endowed with the Euclidean
topology is a Hausdorff, noncompact and locally compact topological group.

Proposition 2.8.23 G L(n, C) endowed with the Euclidean topology is a Hausdorff;
noncompact and locally compact topological group.

Proof Proceed as in Corollary 2.8.16 Q

2.9 Topological Rings and Topological Semirings

This section introduces the concepts of topological rings and topological semirings.
A topological ring (field) R is algebraically a ring (field) R and there is a topology ©
on R such that the ring (field) operations are continuous with respect to the topology
7, i.e., the algebraic and topological structures on R are compatible. These concepts
link algebraic structure with topological structure.

Definition 2.9.1 Given aring (R, +, ), a topology 7 on the set R is said to a ring
topology if
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(i) the additive group (R, +) equipped with the topology 7 is a topological group;
(ii) the multiplication map

m:RxR— R, (x,y)—~ xy

is continuous, where R x R is endowed with the product topology.

Definition 2.9.2 A topological space (R, 7) is said to be a topological ring, if R is
aring (algebraically) and the topology t is a ring topology on R. Equivalently, with
respect to the topology 7, the ring operations in R are continuous, i.e., the mappings

i) RxR—> R, (x,y)—~ x—yand
(ii) R x R — R, (x,y) — xy are both continuous, where R x R is endowed with
the product topology.

Example 2.9.3 Under usual addition and multiplication of real numbers, (R, +, -)
is a topological ring.

A semiring considered as a common generalization of an associative ring and a
distributive lattice plays an important role in computer science and hence structural
results of semirings from algebraic and topological view-point are important (see
Adhikari and Adhikari, 2014).

Definition 2.9.4 A topological semiring is an algebraic system (R, +, -) endowed
with a topology t on R such that

(i) (R, +) is a semigroup with continuous addition function R x R, (x,y)
X +y;
(ii) (R, -)isasemigroup with continuous multiplication function R X R, (x, y)
xy.
(iii) addition and multiplication are connected by distributive laws (both sides).

Example 2.9.5 Let R* be the set of all nonnegative integers. Then under usual
addition and multiplication the semiring (R*, +, -) is a topological semiring.

Example 2.9.6 Let (S, +, -) be an algebraic system, where S = {0, 1} and
1+40=0+1=1,141=1,04+0=0,1-0=0-1=0,1-1=1,0-0=0.

Then the semiring (S, +, -) endowed with Sierpinski topology t defined in Chap. 3
of Basic Topology, Volume 1 is a topological semiring. If {0} is the closed set, then
the open sets of Sierpinski topology t are precisely, {#, {1}, {0, 1}} and its closed
sets are precisely, {@, {0}, {0, 1}}.

Example 2.9.7 Let (X, t) be atopological space and C be the collection of all closed
subsets of (X, 7). Then C forms a bounded distributive lattice and hence C admits
a semiring structure (C, 4, -) by taking set-theoretic intersection as multiplication
and set-theoretic union as addition. Similar result is true for the collection of all open
subsets of (X, 7).
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Definition 2.9.8 Given a division ring R, a topology T on R is said to be a division
ring topology (or skew-field topology) on R if

(i) 7 is aring topology on R;
(ii) the inversion map

v:(R—={0) > (R—{0}) :x+> x!

is continuous, where (R — {0}) has the topology relative to 7.

Definition 2.9.9 A topological space (R, T) is said to be a topological division
ring if R is a division ring or skew-field (algebraically) and the topology t is a
division ring topology on R.

Definition 2.9.10 A topological space (F, 7) is said to be a topological field if F'is a
field (algebraically) such that the algebraic operations operating on F are continuous
in the topological space. This topology is also called field topology on F'.

Remark 2.9.11 A ring R is said to be a topological ring if R is a topological space
and the algebraic ring operations on R are continuous. A division ring R is said to
be a topological division ring if it is a topological ring satisfying the condition: for
any nonzero element » € R and for any nbd V of r~!, there is anbd U of r such that
U~' C V. A commutative topological division ring is said to be a topological field.

Example 2.9.12 The fields R and C are important examples of topological fields.
The division ring H of real quaternions is also an important example of topological
division ring.

Definition 2.9.13 Two topological fields (F, t) and (K, o) are said to be isomor-
phic if there exists a homeomorphism

f:(F,7)— (K,o0),

which preserves the operations of addition and multiplication.

Remark 2.9.14 Exercise 60 of Sect. 2.13 gives a deep result saying that a second
countable locally compact connected topological division ring is isomorphic to one of
the topological fields R or C or to the topological division ring H of real quaternions.

2.10 Topological Vector Space and Topological Algebra

This section introduces the concept of topological vector spaces. A topological vector
(linear) space is algebraically a vector space V and there is a topology t on V such
that the vector space operations (such as group operations and scalar multiplication)



72 2 Topological Groups and Topological Vector Spaces

are continuous with respect to the topology 7. Topological vector spaces provide
a rich supply of topological groups by Proposition 2.10.5. Most of the interesting
concepts that are studied in analysis deal with vector spaces (real or complex), instead
of single object such as a function, measure or operator. Moreover, for the study of
functional analysis, specified topological and algebraic structures provided by the
topological vector spaces are needed.

It is interesting that the topology on topological vector space is localized in the
sense that this topology can be determined by the family of open nbds of its zero
element 0. This asserts that a linear transformation is continuous if it is continuous
at 0, and hence it is so if it is uniformly continuous. Throughout the rest of this
chapter, the field F represents R or C, endowed with usual topology (i.e., Euclidean
topology). Different applications and more properties of topological vector spaces
are available in Sect. 2.12.

2.10.1 Basic Concepts of Topological Vector Spaces

This subsection begins with a study of vector spaces endowed with a topology to
introduce the concept of topological vector spaces and also studies basic concepts
related to topological vector spaces.

Definition 2.10.1 A topological vector space or linear space (over F) is alge-
braically an abstract vector space (linear space) X and topologically it is a Hausdorff
space with a topology t such that

(i) the addition
+: X xX—->X,(x,y)—~>x+Yy

and
(ii) scalar multiplication

m:FxX—>X, (g,x) > a-x =ax

are both continuous with respect to the topology 7 on X and the corresponding
product topologies on X x X and F x X.

This topology 7 is called a vector space topology and the pair (X, 7) is called
a topological vector space. The additive zero element of X is denoted by 0, called
the origin of the vector space X.

Remark 2.10.2 The continuity of addition map (x, y) + x + y in Definition 2.10.1
means that if U is anbd of x + y in X, then there exist nbds U, of x and U, of y in
X such that

U +U,CcU, where Ui +U,={a+b:acU,, beU,}
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Similarly, the continuity of scalar multiplication map (¢, x) — ax means that if
U is anbd of ax in X, then for some real number r > 0 and some nbd V of x in X,
there is some B € F = R or C such that

BV C U, whenever, | —a| <t.

Remark 2.10.3 Some authors do not include the Hausdorff axiom for defining a
topological vector space, because of Remark 2.10.24.

Definition 2.10.4 (Groups of linear operators) Let X be a topological vector space
and G be a topological group with identity e. Then G is said to act as a group of
linear operator on X, if

(i) given an g € G, there is a continuous linear operator 7, : X — X such that
T, = 1x(Identity map), and Ty, =Ty0 Ty, Vg, h € G;

(ii) themap H : G x X — X, (g, x) — T,(x) is continuous.
Proposition 2.10.5 Every topological vector space is a topological group.

Proof Let X be a topological vector space. Then by definition , it is Hausdorff and
the scalar multiplication multiplication m : F x X — X is continuous. It shows that
the function

fX—> X, x—>m(—1,x)=(-Dx=—x

is continuous for every x € X. This asserts that the function
g XxX—=>X(x,y)—>x+fQ)=x—y,

is also continuous for every pair of elements x, y € X. This proves that X is also a
topological group. Q

Example 2.10.6 (i) The Euclidean n-space R" is a topological vector space over
R with topology induced by Euclidean metric.

(ii) C" is a topological vector space over C with topology induced by the metric
obtained by the norm

llzll = lz1l + lz2l + - - + |24l

or the norm
llzIl = max{|z1], |z2l, . . ., |zal}

forz = (21,22, ...,2,) € C".
(iii) Let X be a vector space over the field R or C. Then X endowed with the trivial
(indiscrete) topology is a topological vector space.



74 2 Topological Groups and Topological Vector Spaces

(iv) On the other hand, every nontrivial vector space over the field F (R or C)
endowed with discrete topology is not a topological vector space. Suppose
to the contrary that every nontrivial vector space over the field F endowed
with discrete topology is a topological vector space. Consider the sequence
{B. = n%} in the topological field F. Since the scalar multiplication in a vector
space is continuous, it follows for any x(# 0) € X, B,x — 0 and hence for
every nbd U of O € X, there is a positive integer k such that

B.x €U, Yn=>k.

For the particular open set U = {0} under the discrete topology in X, it shows
that 8,x = 0. This asserts that x = 0, which contradicts our assumption.

(v) Let X be a normed linear space and 7 be the topology obtained by the metric
induced by the norm of X. Then (X, 7) is a topological vector space.

(vi) Given a topological space X, the linear space C (X, R) of all bounded contin-
uous real-valued functions on X with topology t on C (X, R), induced by the
metric

d:C(X,R) xCX,R) - C(X,R),(f,9) > su§|f(x) —g(x)|

forms a topological vector space, called the topological vector space of all
bounded real-valued continuous functions on the space X.
(vii) The real Hilbert space H is a topological vector space.

Definition 2.10.7 Let X and Y be two topological vector spaces over the same field
Fand 7T : X — Y be a linear transformation of vector spaces. Then T is said to be
a topological

(i) linear homomorphism if 7 is continuous and open;

(ii) linear monomorphism if 7 is an injective topological linear homomorphism;
(iii) linear epimorphism if 7 is a surjective topological linear homomorphism;
(iv) linear isomorphism if T is both an injective and surjective topological linear

homomorphism;

(v) linear automorphism if 7 is a topological linear isomorphism of X onto itself.

Definition 2.10.8 Given a topological vector space X over F (R or C), an arbitrary
point b € X and any nonzero scalar o € F, the maps

T, : X > X, x—>b+x

and
My, FxX—> X, (a,x) — ax

are respectively called atranslation operator and a multiplication operator.

Proposition 2.10.9 Given a point b € X and a nonzero scalar o € F,
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(i) the translation operator T, : X — X, x — b+ x and
(ii) the multiplication operator My, : F x X — X, x — ax

on the topological vector space X over F are both homeomorphisms of X.

Proof As X is algebraically a vector space, it follows that the maps 7;, and M,, are
both bijective with 7_;,, and M|, their respective inverses. Again, the continuity of
the vector space operations asserts that the four maps 7, My, T_, and M, are
continuous and hence each of them is a homeomorphism. Q

Corollary 2.10.10 Let X be a topological vector space over F. Then

(i) given an arbitrary point b € X, the translation map
T, : X > X, x> b+ x,

is a homeomorphism;
(ii) given an arbitrary nonzero scalar o € F, the dilation map

dy : X - X, x — ax,

is an automorphism of X. Finally, as d,, is an isomorphism from X onto itself
and hence it is an automorphism of X.

Proof 1t follows from Proposition 2.10.9. More precisely, continuity of 7} and d,
follows from Definition 2.10.1. Their bijectivity follows from vector space structure.
Hence, it follows that they are homeomorphic with inverse maps x +— x — b and
X ix, respectively.

a
Corollary 2.10.11 Let U be an open set in a topological vector space X. Then
x + U (called the translate of U) and aU are both open sets in X for each x € X
and for each nonzero o € F.

Proof 1t follows from Corollary 2.10.10. Q

Example 2.10.12 Proposition 2.10.9 asserts that the topology of a topological vector
space X is a translation invariant in the sense that all translations in X are home-
omorphisms. But a translation invariant under a topology t on an abstract vector
space can not guarantee that (X, t) is a topological vector space. For example, d be
a metric (induced by a norm) on vector space X. Then d is a translation invariant in
the sense that

dx+z,y+2) =dx,y), Vx,y,z € X.

Under the topology t,; on X induced by d the addition is continuous and translation
is a topological invariant. On the other hand, if d is taken as discrete metric on x, its
induced topology 7, is also discrete but this topology is not always compatible with
scalar multiplication (see Example 2.10.6).
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Definition 2.10.13 Let X be a topological vector space with vector topology 7. A
family B of nbds of 0 is said to be a local base at O for the topology r if each nbd
of 0 contains a member of the family B.

Remark 2.10.14 In the context of topological vector space, local base means a local
base at 0. Let X be a topological vector space with vector topology t. It follows from
Proposition 2.10.9 that the open sets in T are precisely those subsets which are unions
of translates of members of the family of 3 and hence t is completely determined
by any local base.

Definition 2.10.15 Let (X, t) be a topological vector space over F = (R or C) and
A be a topological vector subspace of X with subspace topology induced from X.
Then A is also a topological vector space. The space A is called a topological vector
subspace of X if

(i) A is topological vector space and
(ii) A is also a topological subspace of X.

Example 2.10.16 Let X be a real topological vector space and Y C X be a vector
subspace endowed with the relative topology induced from X. Then Y is a topological
vector subspace of X.

Definition 2.10.17 Let X be areal topological vector space and Y C X be nonempty.
Then Y is said to be convex if for any two vectors u, v € Y,

ru+ (1 —r)veY foreveryr € R satisfying0) <r < 1.

Proposition 2.10.18 Let X be a real topological vector space and Y C X be a
convex subset of X containing the vector 0. Then rY C sY for any two nonnegative
real numbers r, s such thatr < s.

Proof Letv € rY. Thenv = ruforsomeu € Y. Letc = r/s forsomes > r. Thenc
is areal number such that0 < ¢ < 1. Again, since the Y is convex in X by hypothesis,
cu + (1 —¢)0 € Y. This asserts that v = ru = (sc)u = s(cu) € sY. Q

Remark 2.10.19 Different types of topological vector spaces are introduced in Def-
inition 2.10.20 for our future study.

Definition 2.10.20 Let X be a topological vector space over F with topology t and
origin 0.

(i) X is said to be locally convex if every nbd U of the origin 0 contains a convex
nbd of 0;
(i) A subsetY C X is said to be bounded if given a nbd U of the origin 0 in X,
there is a positive integer n such that Y C nU;
(iii) A subset Y C X is said to be totally bounded if given a nbd U of the origin
0 in X, there is a finite set B suchthatY C B + U;
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(iv) X issaid to be locally bounded if there exists a bounded nbd U of the origin
Oin X.
(v) X is said to be locally compact if 0 has a nbd U such that its closure U is
compact.
(vi) X is said to be metrizable if its topology t coincides with the topology t,
induced by some metric d on X.
(vii) X is said to be an F-space if topology 7 coincides with the topology t,
induced by a complete invariant metric d on X.
(viii) X is said to be Fréchet if X is locally convex F-space.
(ix) X is said to be normable if there exists a norm on X such the topology t of
X coincides with the topology 7, where d is metric induced by norm on X.
(x) X is said to have Heine- Borel property if its every closed and bounded
subset is compact. Topology t coincides with the topology t;, where d is
metric induced by norm on X.
(xi) X is said to be metrizable if its topology t coincides with the topology t,
induced by some metric d on X.

Theorem 2.10.21 Let X be a locally bounded topological real vector space with
continuous scalar multiplication . Then it has a countable local base at its origin
0.

Proof As by hypothesis, X is a locally bounded topological real vector space, there
exists a bounded nbd Uj of the origin 0 in X. Given a nonzero scalar r € R, the map

U X > X, x> ulr,x)=rx
is continuous, since the scalar multiplication u is continuous. If s = r~!, then
Yo = lx =Yy 0,
asserts that i, is a homeomorphism. Again, as ¥, (0) = 0, it follows that
rUp = ¥, (Uo)
is nbd of 0 for every nonzero real number r. Consider the sequence
N ={1/nU:n e N}

of nbds of the origin 0. Let V be a nbd of the origin 0 in X. As Uy is bounded, there
is a positive integer n such that Uy C nV. It asserts that

1/nUyC1/n (V) =V.

Hence, it follows by Definition 2.10.13 that A/ forms a countable local base at its
origin 0. d
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Proposition 2.10.22 Let X be a topological vector space and U be a nbd of 0 in X.
Then there is a nbd V of 0 such that

V = —V(ie., Vis symmetric)and V +V C U.
Proof By hypothesis, X is topological vector space and U is a nbd of 0 in X. Let
f:XxX—>X,(x,y) >x+Yy

be the continuous vector addition. Since 0 4+ 0 = 0, it follows that there exist nbds
U; and U; of 0 in X such that U; + U, C U. If we take

V=UnUNU)N (=),

then V satisfies the required property. Q
Theorem 2.10.23 proves a separation property of topological vector spaces.

Theorem 2.10.23 Let X be a topological vector space with topology T and A, B be
two disjoint subsets of X such that A is compact and B is closed in X. Then there is
anbd U of 0 such that

A+U)NB+U)=20. (2.1)

Proof Since A + U is the union of translates of x + U : x € A, itis an open set that
contains A.

(i) If A = @, then the theorem is trivial.

(ii) So, we assume that A # @J. Let x € A be an arbitrary point. Then x ¢ B by
assumption that AN B = . Since B is closed, x ¢ B and the topology t is
invariant under translation, it follows that from Proposition 2.10.22 that 0 has a
symmetric nbd U, such that

x+U+U)NB+U)=90 (2.2)

By hypothesis, A is compact. Hence we can choose a finite number of points
X1, X2, ..., X, € A such that

AC (xl + le) U ()Cz + sz) u..-u (xn + Ux,,)~

Taking, U = Uy, N U, N--- N U,, it follows that

A+Uc |+ Uy +0) c o+ Uy, + UL
k=1 k=1
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Since by (2.2) , no term in {x; + U,, + U,,} intersects B + U, the theorem is
proved.

a

Remark 2.10.24 Theorem 2.10.23 proves a separation property of topological vec-
tor spaces. The term separation property is justified, because, A 4+ U being a union
of translates (x + U : x € A) of U is an open set containing A. Similarly. B 4 U is
also an open set such that these two open sets are disjoint by Theorem 2.10.23. This
asserts in particular that every pair of distinct points have distinct nbds, showing that
Hausdorff separation axiom holds in X.

Theorem 2.10.25 Let X be a topological vector space over F. Then

() foranysubsetY C X, itsclosureY = (Y + U), where U runs over the family
of all nbds of 0,
(i) for any two subsets Y and Z of X

Y+ZCY+Z;

(iii) the closure of a subspace is also a subspace in the sense that for any subspace
A of X, its closure A is also a subspace of X
(iv) the closure of a convex set is also a convex subset in the sense that for any
convex subset B of X, its closure B is also a convex subset of X;
(v) the closure of a bounded set is also bounded in the sense that for any bounded
subset C of X, its closure C is also a bounded subset of X.

Proof (i) x € Y iff (x + U)NY # @ for each nbd U of 0 in X. This holds iff
x € (Y — U) for each such nbd U of 0 in X. The proof follows, since, —U is
anbd of 0 iff U is so.

(ii) Let y € Y,z € Z and V be any nbd of y + z in X. Then there exist a nbd V,
of y and a nbd V; of z in X such that V; 4+ V, C V. Since by assumption,
y € Y,z € Z, it follows that there exist elementsa € Y N V; and b € Z N Vs.
This shows thata +b € (Y +Z) N V,sincey € Y, z € Z. Itimplies that (Y +
Z) NV # @, This asserts that y + z € Y + Z, which proves (ii).

(iii) For any two nonzero scalars, o, 8 € F, A = A and A = BA and for o =
B = 0, these relations are trivial. Consequently,

aA+BA=aA+BACaA+ BAC A since, by hypothesis, A is a subspace of X.

This proves that A is also a subspace of X.

(iv) Proceed as in (iii) to prove that convex sets in X have convex closures.

(v) Given any nbd U of 0, there is a nbd V of 0 such that V C U by Exercise 29
of Sect. 2.13. By hypothesis, C is bounded and hence C C rV for sufficiently
large r > 0. Then C C rV C rU for this choice of . This proves that C is also
bounded in X.

a
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Definition 2.10.26 Let X be a topological vector space over F. A subset A C X is
said to be balanced if

aA C A, Va € Fwith o] < 1.

Theorem 2.10.27 Let X be a topological vector space over R and U be a nbd of 0.

(@

(ii)
(iii)

If0 <t <ty <--- is an increasing sequence {t,} of positive real numbers
such that t, — oo asn — oo, then X = )7, 1,U.

If A is a compact subset of X, then A is bounded.

If {t,} is a decreasing sequence of positive real numbers such that t, — 0 as
n — oo and U is bounded, then the family

tLU:n=12..,}

forms a local base for X.

Proof (i) Given an element x € X, consider the map

(ii)

(iii)

v :R—> X, t— tx.
Since 1 is continuous, the set
{teR:txeU}CR

is open and contains 0. This shows that it also contains 1/1, for n, sufficiently,
large. This asserts that

(1/ty)x e U orx € t,U

for sufficiently, large n, which proves (i).
Let V be a balanced nbd of 0 such that V C U. Then by using (i), it follows

that
o0
AC U nvVv.
n=1

Since, by hypothesis, A is compact and V is balanced, there exists positive
integers ny, n,, . .., n, such that

ACcmVUmVU.-.-UnV =n,V.

For any s > n,, it follows that A C sV C sU, which proves (ii).

Let {z,} be a decreasing sequence of positive real numbers such that ¢, — 0 as
n — oo and U be bounded nbd of 0 in X. Then there exists some ¢ > 0 such
that
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UcCsV,¥s>t.
If n is chosen sufficiently large such that ¢, < 1, then it follows that
Uc(1/t)V.

This implies that V contains all excepting only a finite many of the sets #,U.
This proves that the family

U :n=12..,1

forms a local base for X.

2.10.2 Topological Algebra

This subsection introduces the concept of topological algebra. Example 2.10.29 pro-
vides a rich supply of topological algebras which are C(X) endowed with compact
open topology. A characterization of completely regular Hausdorff spaces X by the
closed ideals of the topological algebra C(X) is given in Exercise 35 of Sect. 2.13.
For more study of the topological algebra C(X), the paper Morris and Wulbert (1967)
is referred.

Definition 2.10.28 A topological algebra A is an algebra over R or C endowed with
a topology t such that with respect to the topology ©

(i) Ais a topological vector space and
(ii) multiplication in A is jointly continuous.

Example 2.10.29 Given a topological space X, let C(X) denote the algebra of all
continuous complex (or real)-valued functions with pointwise addition. Then C(X)
endowed with compact open topology forms a topological algebra.

2.10.3 Representation of a Topological Group

This subsection conveys the algebraic concept of representation 6 of an algebraic
group G on a vector space V in Definition 2.10.30. On the other hand, Definition
2.10.32 introduces the concept of representation of degree n of a topological group
G which is used for representation of a compact subgroups of GL(n, C) on a
finite dimensional vector space in Exercise 44 of Sect. 2.13.

Definition 2.10.30 introduces the concept of representation of an algebraic group
G on a finite dimensional vector space.



82 2 Topological Groups and Topological Vector Spaces

Definition 2.10.30 Let V be an n-dimensional vector space over F and GL(V)
be the group of all invertible linear operators T : V — V, with multiplication as
the usual composition of maps. Then every choice of a basis 5 of V, defines an
isomorphism

YR :GL(V) - GL(n, F), T — My (matrix representation of T with respect to BB).
Given a group G, a representation of G on V is a homomorphism
0:G— GL(V)

and dimension of V is defined to be the dimension of 8. The homomorphism 6 is
said to be a representation of G on the n-dimensional vector space V.

Remark 2.10.31 Matrix representation of a group G is considered as representation
0 of G over the vector space n x n matrices over F” of column vectors. The totality of
all nonsingular n x n matrices over F" matrices form a topological group GL(n, F)
under usual multiplication of matrices (see Theorem 2.8.12).

We are interested to study compact topological groups. Definition 2.10.32 intro-
duces the concept of representation of degree n of a topological group G.

Definition 2.10.32 Let G be a topological group and GL(n, F) be the topological
group of nonsingular matrices. A homomorphism

0:G— GL(n,F)

is called a representation of degree n of the topological group G.

2.10.4 Topological Quotient Vector Space

This subsection studies quotient vector topology and topological quotient vector
spaces. In this section the field F represents R or C, endowed with usual topology.

Definition 2.10.33 Let (X, t) be a topological vector space over F and A be a
topological vector subspace of X with subspace topology induced from X. Then A is
also a topological vector space. The space A is called a topological vector subspace
of X. Then X/A is said to be a topological quotient vector space if

(a) if X/A is the quotient vector space and
(b) the quotient space X/A has the topology tx,4 such that a subset U in X/A is
open iff p~!(U) is open in (X, 7), where

p:X—>X/Ax—x+A
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is the natural projection map.

This topology Tx,4 on X/A is a quotient topology called a quotient vector
topology and p is called a quotient map.

Remark 2.10.34 More precisely, the topological space (X/A, tx,4) is said to be
a topological quotient vector space or linear topological quotient space if the
usual addition and scalar multiplication:

(i
+:X/AX X/A—> X/A, x4+ A, y+A) > (x+y) +A

and
(i)
m:F xX/A— X/A, (,x +A)—>ax+ A,

are both continuous under the product topologieson X/A x X/AandF x X/A.

Unless stated otherwise, it is assumed that the quotient space X / A has the quotient
topology 7x,4 with quotient map

p:X— X/A, x— x4+ A.

Theorem 2.10.35 Let X be a topological vector space over F with topology t and
A be a topological vector subspace of X. Let (X/A, tx/4) be a topological quotient
vector space with

p:X—>X/Ax—x+A

its quotient map.

(i) p is linear, continuous, and open;
(ii) LetY be atopological vector space over ¥. Then a linear map f : X/A — Y is
continuous (open) iff the composite map f o p : X — Y is continuous (open).

Proof (i) The quotient map p : X — X/A, x — x + A is continuous by definition
of quotient topology Tx,4 on X/A and p is linear by its definition. To show that
p is open, take an arbitrary open set U in (X, ). Claim that p(U) is also open in
(X/A, tx4). Consider the set p~'(p(U)) = U + A, which is open in (X, T) since
the sum of the open set U and any set is open obtained by translation homeomor-
phisms, it follows that p is open.

(i) Let V be a subset in Y. Then f’l(V) is open in X /A iff p’l(f’l(V)) =
(f o p)~1(V) is open in X, which holds iff f o p is continuous. Since p is both
open and continuous by (i), proceeding in a similar way, it follows that f is open iff
f o pis open. Q

Remark 2.10.36 The Hausdorff property of the topological quotient vector space
X /A holds iff A is closed in X.
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2.10.5 Topological Modules

This subsection defines topological modules by extending the concept of topological
vector spaces.

Definition 2.10.37 Let R be a topological ring and M be an R-module endowed
with a topology 7. Then M is said to be a topological R-module if the mappings

O MxM-—->M, x,y)—>x—y
(i) RxM—> M, (r,x) — rx

are both continuous.
Proposition 2.10.38 Let M be a topological R-module.

(i) (M, +) is a topological group;
(ii) The multiplication of elements of R by elements of M is continuous;
(iii) Every topological ring R is also a topological R-module.

Proof 1t follows from Definition 2.10.37 a

Remark 2.10.39 A topological ring or a topological module may not be Hausdorff
according to their definitions. If the zero O of a topological manifold M is a closed
set , then M is a Hausdorff space.

2.11 Linear Transformations and Linear Functionals

This section studies continuity of linear transformations and continuous linear func-
tionals on topological vector spaces. An analogous study from the view-point of
normed linear spaces is available in Chap. 2 of Basic Topology, Volume 1 of the
present book series.

2.11.1 Continuity of Linear Transformations

This subsection conveys the concept of continuity of linear transformations on topo-
logical vector spaces. This concept is localized at a point in the sense of Defini-
tion 2.11.2.

Definition 2.11.1 Let (X, 7) and (Y, o) be two topological vector spaces. Then a
linear transformation 7 : X — Y is said to be continuous at a point x € X if for
every nbd U of T'(x) in Y, there is anbd V of x such that 7(V) C U.

The concept of continuity of a linear transformation can be localized as given in
Definition 2.11.2.
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Definition 2.11.2 Let (X, 7) and (Y, o) be two topological vector spaces with local
bases V and U at the origin O respectively. Then a linear transformation 7 : X — Y
is said to be continuous at a point p € X, if for each nbd U € U of the point T'(p),
there exists anbd V of p in V such that

T(V+p)cU+T(p)

ie.,
if and onlyif T(V) C U.

Remark 2.11.3 In view of Definition 2.11.2, to examine the continuity of a linear
transformation 7 : X — Y between topological vector spaces at a point x € X, itis
sufficient to do so at the origin 0 only. Hence, it asserts that if T is continuous at 0,
it is also continuous at every point x € X.

Definition 2.11.4 Let X and Y be two topological vector spacesand 7 : X — Y be
a linear transformation. Then 7T is said to be uniformly continuous if for each nbd V
of 0 € Y, thereisanbd U of 0 € X suchthatx —y € U implies T (x) — T(y) € V.

Proposition 2.11.5 Ler (X, t) and (Y, o) be two topological vector spaces and
T : X — Y be a continuous linear transformation. Then T is uniformly continuous.

Proof Let U be an open nbd in (¥, o) of O € Y. Then there is a nbd V in (X, )
of 0 such that for every pair of elements x, x" € X with x —x’ € V, the element
T(x)—T(x')=T(x —x')is in U. It implies that two elements become close to
each other, if their difference is near to 0, which gives a uniform concept of nearness.
It asserts that T is uniformly continuous. Q

2.11.2 Continuity of Linear Functionals

This subsection concentrates on the study of the concept of real or complex linear
functionals (which are special types of linear transformations) defined on topological
vector spaces. For more properties of linear functionals and their continuity; see
Sect. 2.12.8, Exercises 37 and 50 of Sect. 2.13.

Definition 2.11.6 Let X be a topological vector space over R. Then a function
f : X — Rissaid to be a linear functional if

fx+sy)=rf(x)+sf(y), Vx,ye X, and Vr,s € R.

Definition 2.11.7 Let X be a topological vector space over R or C. Consider R as
topological vector space over itself. Then a functional 7 : X — R is said to be a
continuous real linear functional if T is a continuous linear transformation of
vector spaces.

Similarly, a continuous complex linear functional is defined.
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Example 2.11.8 Given a point x = (x1, X2, ..., Xx,) € R" and r € R, the function
f:R" =R, x = X rx;,

is a continuous linear functional.

Definition 2.11.9 Let X be a topological vector space over R. The dual space of X,
denoted by X* is the vector space consisting of all continuous linear functionals on
X, denoted by C(X, R), where addition and scalar multiplication on X* are defined
by

(f+9&) = f(x)+9(x), and (rf)(x) =rf(x), Vf ge X", xeX, r eR.

For a topological vector space X over C, its dual space X* is defined in a similar
way and is denoted by C(X, C).

Remark 2.11.10 For the particular case, when ¥ = Rin C(X, Y), then the normed
linear space C(X, Y) = C(X, R) is the dual space X* of X. On the other hand, if X
is a topological vector space over C, then a complex linear functional on X is in X*
iff its real part is continuous and every real linear map X — R is the real part of a
unique linear functional 7 € X*.

Example 2.11.11 Given a topological vector space X over R or C, the elements of
the set C(X, R) or C(X, C) are continuous linear functionals or simply functionals
and this set of functionals is abbreviated as X*.

Example 2.11.12 Let I = [0, 1] be the subspace of the real number space R and
C(, R) be the space of all continuous functions f : I — R. Given a function g €
C(I, R), define a function

1
v :C(ILR) — R, fl—>/ ft)gdr,
0
where the integral is the Riemann integral. Then  is a linear map. Since,
1 1 1
W (Nl = I/(; f)g) dr| S/(; lf(Og®ldr < ||f||f0 lg(O1dt, ¥V f e CU,R),
it follows that 1 is bounded and continuous. Moreover
1
]l = /) lg()] dt.
(

Hence, it follows that ¥ : CA,R) - R, f — fol f(®)g(t)dt is a continuous
linear functional.
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2.12 Applications

This section conveys some interesting applications of topological vector spaces in the
areas of geometry, matrices, group theory, analysis and in some other areas. Given a
linear subspace A of a linear topological space X, itis assumed that the quotient space
X/ A has the quotient topology tx,4 withquotientmap p : X — X/A, x = x + A,
unless stated otherwise. In this section, F = R or C is endowed with usual topology.

2.12.1 Linear Isomorphism Theorem

This subsection proves linear isomorphism theorem analogous to first isomorphism
theorem of groups.

Proposition 2.12.1 Let X and Y be two topological vector spaces over F and f :
X — Y be a continuous linear map. If Y is Hausdorff and K = ker f ={x € X :
f(x) =0y € Y} is the kernel of f, then K is closed in X.

Proof By hypothesis, Y is Hausdorff and Oy € Y. This implies that {Oy} is closed in
Y. Again, since f is continuous, it follows that K = f ~1(0y) is closed in X. d

Theorem 2.12.2 gives a convenient form of a linear isomorphism theorem which
is analogous for group theory.

Theorem 2.12.2 Let X and Y be two linear spaces over ¥ and f : X — Y be a
linear map with K = ker f. Then

(i) the induced map
F:X/K—>ImfcCVY x+Kr f(x)
is continuous (open) iff f is continuous (open) and
(ii) f is continuous and open iff f is a topological isomorphism.

Proof Clearly, the natural projection map
p:X—X/K, x—x+K

is continuous and open and f op=f.

(i) Let U C Im f be open and f be continuous. Then f~!'(U) is open in X and
hence p(f~!(U)) isopenin the quotient space X / K . This shows that £~ isopen
in the quotient space X/K and hence it proves that the map f is continuous.
Next suppose that f is continuous. Since p is continuous and f o p = f, it
follows that f is continuous, since f is the composite of two continuous maps

pand f.
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(ii) Let V C Im f be a subset. Then f (V) is open in the quotient space X /K
iff p’l(f V) = (f op)” (V) is open in X and hence f is continuous iff
f o p = f iscontinuous. Itis proved in an analogous way that f is open iff f op
is open. Since, a topological isomorphism is a linear isomorphism which is also
a homeomorphism, hence the second part follows from the above discussion.

Q

2.12.2 Finite Dimensional Topological Vector Spaces

This subsection studies finite dimensional topological vector spaces over the field
F = R or C endowed with metric topology. It is well known from linear algebra that
if X is a vector space over the field F is of dimension n, with a basis {e, e, ..., €,},
then given any vector x € X, there exist unique scalars xi, X2, ..., x, in F such that

X =x1e1 + x2e2 + - + Xy
In can be expressed as a mapping
FiF = X, (x1,x2, ..., x) > xier +xe 4 -+ -+ xpen

which is (algebraically) a linear isomorphism. This asserts that if X is a finite dimen-
sional linear space over F then X is (algebraically) linear isomorphic to F 4/ X This
results leads to the results embodied in Theorem 2.12.10

Proposition 2.12.3 Let X be a topological vector space over F. Given any vector
v € X, the map
Yy :F—> X, a— av

is continuous.

Proof Let X be a topological vector space over F with continuous scalar multipli-
cation
uw:FxX—> X, (a,v) > av.

Then given v € X,
Yo :F—= X, o= av=pu(d,(a)),

where the mapping
¢ :F>FxX, a— (a,v)

is continuous. This shows that i, = u o ¢, and hence V¥, is continuous, since it the
composite of two continuous maps. Qa
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The boundedness of a topological vector space given in Definition 2.10.20 can be
reformulated in Definition 2.12.4.

Definition 2.12.4 Let X be a topological vector space over F with origin 0. A subset
A C X is said to be bounded if corresponding to every nbd U of 0 in X, there is a
real number r > 0 such that

ACtU, Yt >r.

Theorem 2.12.5 Let X be a topological vector space over F. If f is a linear func-
tional on X such that f(x) # 0 for some x € X, then the following statements are
equivalent:

(i) f is continuous;

(ii) ker f={x e X : f(x) =0} is closed in X;
(iii) ker f is not dense in X;
(iv) f is bounded in some nbd of 0 in X.

Proof By hypothesis, f : X — Ris a linear transformation such that f(x) 7~ 0 for
some x € X.

1. (i) = (ii): Let f be continuous. Then K = ker f = f~'({0}) is closed in X,
since {0} is a closed set in the scalar field F.

2. (ii) = (iii): Let ker f be closed in X. Since by hypothesis, f(x) 7~ 0 for
some x € X, it follows that ker f 7# X. It implies that ker f is not dense in X.

3. (iii) = (iv): Let ker f be not dense in X. Then the complement of ker f in
X has nonempty interior. Since every nbd of 0 contains a balanced nbd of 0, it
follows that there is a balanced nbd U of 0 such that

(x +U)Nker f =0 for some x € X. (2.3)
Then f(U) is a balanced subset of the scalar field F. This implies that either f(U)
is bounded in F or f(U) = (. The first case proves (iv) and the later case is not

possible by (2.3).

(iv) = (i): Let f be bounded in some nbd U of 0 in X. There there exists a
real number Ry > 0 such

|[f(x)| < Ry, Vx € U.
Since, foran € > 0, if V = (¢/Ry)U, then
lf(x)] <€, Vx eV,

it follows that f is continuous at the origin 0. It proves that f is continuous.
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Theorem 2.12.6 Let X be a topological vector space over C and A be a subspace of
X with dim A =n. Then every linear isomorphism f : C" — A is a homeomorphism,
where C" is endowed with the Euclidean topology.

Proof Let f : C" — A be a linear isomorphism for all n > 1. Suppose 7}, is the
statement that every linear isomorphism f : C" — Aisahomeomorphismforalln >
1. We prove the validity of the statement 7,, by inductiononn. Forn = 1, consider f :
C — A. Then by hypothesis, f : C — A is a linear isomorphism. Suppose f (1) =
v € A. Then f(a) = av. The continuity of f follows from the continuity of vector
space operations of the topological vector space A. Its inverse map f~' : A — C
exists by hypothesis and it is linear functional on A having its null space {0} a
closed set and hence f~! is continuous by Theorem 2.12.5. This proves that f is
homeomorphism and hence the statement 7}, is true for n = 1.

Next, suppose thatn > 1and 7,,_; istrue. Let {ey, ey, . . ., e, } be the standard basis
of C" and f : C" — A be a linear isomorphism. If f(e;) =v; fori =1,2,...,n,
then the map

f:C" = A (a1,02,...,0,) = v + o202 + - - - + Uy

is continuous by the continuity of vector space operations of the topological vector
space A. Clearly, {vy, va, ..., v,} forms a basis of A by the linear isomorphism of
f. This asserts that there are linear functionals fi, f>, ..., f, on A such that every
vector v € A has a unique expression of the form

v = fivr + L@+ -+ fu(V) V.

Since every f; : A — C has the null space of dimension n — 1 in A, which is a
closed setin A, by our assumption of validity of 7,,_, it follows by Theorem 2.12.5
that each f; is continuous for i = 1,2, ..., n. This shows that f is continuous. Its
inverse map

10— A v (i), L), ..., [(V)

is also continuous and hence 7, is a homeomorphism. This shows that if 7,,_; is true,
then 7, is also true and hence the theorem is proved by the principle of mathematical
induction. Q

Corollary 2.12.7 Let X be topological vector space over C and A be a subspace of
X withdimA = n. Then A is closed in X.

Proof 1t follows from Theorem 2.12.6. Q

Theorem 2.12.8 The dimension of every locally compact topological vector space
is finite.

Proof Let X be a locally compact topological vector space over R and 0 € X has a
nbd U such that its closure U is compact. Then U is bounded by Theorem 2.10.27
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and the family of sets {%U :n=1,2,...,} forms a local base for X. Since Uis
compact, there exist vy, vz, ..., v, € X such that

ﬁc(vl—i-%U)U---U(v,—i-%U).

If A be the vector subspace of X spanned by the vectors vy, vy, ..., v, € X, then
dim A <r. It follows that A is a closed subspace of X by Corollary 2.12.7. Since
aA=A, Va#0(€R) andU C A+ LU, it shows that

1 1
SUCA+U.
2V At R

Hence, it follows that
UCA+1UCA+A+ 1U—A—i— 1U
2 27 227

Proceeding in this way, we find that

g 1
Uc(a+ )

n=1

Since {%U } is a local base, it follows by Theorem 2.10.25 that
UCA=A = UCA = tUCANt=12,... = A=X

by Theorem 2.10.25 . This asserts that the dimension of X is < r. |

Corollary 2.12.9 Every locally bounded topological vector space having the Heine-
Borel property has finite dimension.

Proof By hypothesis, 0 has a bounded nbd U in X. Hence, it follows by Theo-
rem 2.10.25 that U is also bounded. It implies by Heine-Borel property that U is
compact. This shows that X is locally compact. Hence, the corollary follows from
Theorem 2.12.8. Q

Theorem 2.12.10 Let X be a finite dimensional topological vector space of dimen-
sion n. Then

(i) X is topologically isomorphic to the linear space F"*;
(ii) every linear functional f on X is continuous;
(iii) in more general, every linear map f from X to any other topological linear
space Y is continuous,

Proof Let X be topological vector space of dimension n over F with vector addition
A and scalar multiplication u. If {e1, e, . . ., €,} is a basis of X, consider the map
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fF"—> X, (x1,X2,...,X,) > X1e] + x2e2 + - - - + xp€,.

Clearly, f is (algebraically) a linear isomorphism. We claim that f is also a home-
omorphism.

f is continuous : For n = 1, the map f : F — X, x > xje; is continuous by
Proposition 2.12.3. For n > 1 consider the map

fiF' =X, (x1,%2,..., Xp) > x1eq + xpex + -+ xpen =A(fe1(X1),fe2(X2) ~~~~~~ fen (x1))

= A((f(.’1 X fez X X fey,)(-xl’-x2a '°"xn))a Vx = (xlvx2’ "'7xn) € Fn’

where
S Ok) = xpex thk=1,2,3,....

This shows that
f:.AO(fel Xfez X"'Xfen)

is continuous, because it is the composite of continuous maps.

£~ !is also continuous : Use induction on dimension n. For n = 1, consider the
map
fﬁl:X—>F,x=ael = a.

It is clearly, continuous, because, K = ker f 1 = {0} is closed in X and hence
f~!is continuous by Theorem 2.12.5. Since, f : F* — X is a linear isomorphism
such that f and f~! are both continuous. Hence, it follows that f is a homeomor-
phism. The remaining part of the theorem is left as an exercise. a

Theorem 2.12.11 (Tychonoff theorem) For any n € N, the only topology that
endows F* a Hausdorff topological vector space (TVS) is the Euclidean topology.

Proof Consider the Hausdorff topological vector space F” endowed with Euclidean
topology t. Let o be any topology on F” such that (F”, ) is a Hausdorff topological
vector space. Then by Theorem 2.12.10, the identity map

lg: (F', t) — (F",0)

is an isomorphism of topological vector spaces. Then t = o. Because, for any open
set U € o, the open set 1;' (U) = U € 7. This implies that o C 7. Similarly, t C o.
This implies that o = 7. This proves the theorem.

Q

Corollary 2.12.12 (Another form of Tychonoff theorem) There exists a unique
topology t on a finite dimensional vector space X such that (X, t) is a Hausdorff
topological vector space.
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Proof X be a finite dimensional topological vector space over F of dimension 7.
Then it follows by Theorem 2.12.11 that there exists a unique topology t on X such
that (X, t) is a Hausdorff topological vector space. Q

2.12.3 Completeness of Topological Vector Spaces

This subsection generalizes the notion of Cauchy sequence and studies completeness
of topological vector spaces.

Recall that if (X, d) is a metric space, then a sequence {x,} is a Cauchy sequence
if corresponding to every € > 0, there is an integer ng such that

d(x,,, x,) < €, whenever m > ny and n > ny.

If X is a topological vector space with topology t and if B is a local base for t,
then a Cauchy sequence is redefined.

Definition 2.12.13 A sequence {x,} in X is said to be a Cauchy sequence if corre-
sponding to every U € B, there is an integer ng such that

Xn — X, €U, Ym,n > ny.

Clearly, two local bases for t determine the same class of Cauchy sequences.

Definition 2.12.14 Let X be a topological vector space. A net {(X;,>) :i € A} in
X is said to be a Cauchy net if for every nbd U of 0, there is some k € A with
both i, j following k in the order > such that x; — x; € U. In other words, if X is
a Cauchy net, then x; — x; converges to zero. A cauchy sequence in X is sequence
which is a Cauchy net. If a subset A C X has the property that every Cauchy netin A
converges to a point in A, then A is said to be complete. A is said to be sequentially
complete if every Cauchy sequence in A converges to a point in A.

Definition 2.12.15 Let X be a topological vector space. A family F of subsets of X
is said to contain small sets if for every nbd U of 0 in X, there is a member A € F
and an element x € X such that A C x + U, where x + U is called a translate of
the open set U.

Theorem 2.12.16 (A characterization of completeness) Let X be a topological vec-
tor space and A be a subset X. Then A is complete in X iff every family F of closed
subsets of X satisfying the conditions

(i) F has the finite intersection property (FIP) and
(ii) F contains small sets,

has a nonempty intersection in the sense that
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(F#9

FeF

Proof Let X be a topological vector space and A C X. Suppose A is complete in X
and F is a family of closed subsets of X satisfying the conditions (i) and (ii).

We claim that

() F#9.

FeF

Let B be the family of those sets which are the intersection of only a finite number of
members belonging to F and B be directed by set-theoretic inclusion C . Construct
anet {(xg, C) : B € B} by choosing an element from each B € B. By hypothesis
(ii), B also contains small sets, since F contains small sets. Hence it follows that
the above net is a Cauchy net that converges to a point y € A, since, by hypothesis,
A is complete. For any member M € B, the net {(xp, C) : B € B} is in M, by set
inclusion relation and M is closed and y € B, V B € B. This asserts that

(B #9.

BeB

which implies that

() F#9.

FeF

This proves the necessity of the condition. To prove the sufficiency of the condition,
let {(x;, >) : i € A} be a Cauchy net. Construct a family B of sets containing small
sets as follows: foreveryi € A, let B; = {x; : j > i}and B = {B; : i € A}. Since by
hypothesis, {(x;, >) : i € A}isaCauchy net, the family 55 contains small sets. Again,
since, (A, >) is adirected set, the intersection of its finitely many members belonging
to BB is nonempty (# ¥). Let C be the family of closures of the sets belonging to 5.
Then C is a family of closed sets having the properties proved for B as above. Suppose
that the intersection of this family is # . Then there exists a point y such that y € B;
for every i. Hence, it follows that the net converges to y. a

Theorem 2.12.17 characterizes compactness property of subsets of topological
vector spaces X in terms of totally boundedness and completeness properties of X
together.

Theorem 2.12.17 (Hausdorff theorem on total boundedness) A subset A of a topo-
logical vector space X is compact iff A is totally bounded and complete.

Proof By hypothesis, X is a topological vector space. Let A be a totally bounded
and complete subset of X. To prove that A is compact, let C be a family of closed
subsets of A such that it has the FIP. Then C is contained in a maximal family of
this type. Without loss of generality, we assume that C is such a maximal family. We
claim that the intersection
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(€ #.

ceC

Since by hypothesis, A is complete, it is sufficient for this proof is to show that C
contains small sets and hence it is sufficient to prove that if {A; :i = 1,2, ..., n}
forms a finite covering of A by closed subsets of A, then A; € C for some i, because,
it is possible to cover A by a finite number of translates of a small open set. Since
the family C is maximal, a closed subset A;(C A) ¢ C, otherwise, its adjunction
to C contradicts FIP. This shows that there exists a subfamily .A; C C having empty
intersection with A; . This implies that there exists a finite subfamily such that | J{.A; :
i =1,2,...,n}of C withempty intersection with every A; and hence its intersection
is empty, which is a contradiction. The converse part follows immediately, because

every compact subset of a topological vector space is totally bounded and complete.
a

Remark 2.12.18 For more results on completeness property of a topological vector
space; see Exercises of Sect. 2.13

2.12.4 Torus, Lens Space, Real and Complex Projective
Spaces as Orbit Spaces

This subsection identifies some important well-known topological spaces such a
torus, real and complex projective spaces as orbit spaces obtained by actions of
topological groups. This gives interesting applications of topological group actions.

Example 2.12.19 (n-torus 7") Let R be the real line space and R x R be the
Euclidean space with product topology. Consider the translation &2 = ¢} : R —
R, x — x + 1. Again, for each integer n,

Y, :R=>R,x+—>x+n

is also a translation and hence it is a homeomorphism. Then the cyclic group < h >
generated by 4 is isomorphic to Z. The group Z is endowed with discrete topology
acts as a group of homeomorphisms. The action 1, is free and the resulting orbit
space R mod Z = R/Z is homeomorphic to the circle group S'. More precisely, in
forming the orbit space R mod Z, two points x, y € R are identified iff they differ
by an integer. Again, the exponential map

p:R— Sl x> e¥mix

is an identification map and two points on R are identified iff they differ by an integer.
This induces a homeomorphism

¥, :R/Z— S', x +Z+> p(x).
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For every ordered pair (n, m) € Z x Z, consider the action v, ,, in a similar way:
Ypm : L xZL)y x (RxR) > RxR, (m,n)(x,y) — (x+m,y—+n).

The action v, ,, sends the point (x, y) € R2. This action is free with the correspond-
ing orbit space R> mod Z? is the 2-torus 72 = S' x S'. It consists of equivalence
classes determined by the equivalence relation on R?: (x, y) ~ (s, t)iff x — s and
y — t are both integers. Similarly, the n- torus 7" = S! x S! x --- x §!(n factors)
is obtained as an orbit space.

Example 2.12.20 (Real projective space RP") Let f : 8" — S",x — —x, Vn >
1 be the antipodal map. Then f is a homeomorphism, called a central symmetry. By
definition of group action, identity element gives rise to the identity homeomorphism.
Hence, the multiplicative group G = {f, f o f = 1,4} is a group of homeomorphisms
and is generated by the antipodal map. This group contains two elements and is
isomorphic to the additive group Z,. The group Z, endowed with discrete topology
becomes a topological group and acts on S” by identifying pairs of antipodal points
and hence the orbit space S" mod Z,, called the n-dimensional real projective space
is denoted by R P”. This construction implies that the n dimensional real projective
space RP" is obtained from the n-sphere S” by identifying diametrically opposite
points x, —x € S". Again, consider the action g of the multiplicative group G =
R* = R — {0} of nonzero real numbers on the topological space X = R"*! — {0}
defined by
g:GxX— X, (r,x) — rx.

For every x € X, orb x, the orbit of x represents geometrically the set of all the
points except the point 0 on the straight line in R"*! passing through the points 0
and x. This asserts that the orbit space R"*! mod R* is homeomorphic to the real
projective space RP" under the homeomorphism given by the correspondence by
which the pair of antipodal points {x, —x} is identified with the straight line passing
through the points x and —x. The projective space is compact, since S” is compact
and p : " — RP", x — [x] = {x, —x} is a continuous surjective map.

Example 2.12.21 (Complex Projective Space CP") Let S = {7z = (z0, 21, - - -,
72) € C"T1 2 Y |z;|> = 1} be the (2n + 1)-sphere S?"*!. Consider the free action
i=0

1 2n+1 2n+1 [ [ [ [
Y St x §TH 5§ (e, ) > (€20, €21, ., €2,),0 <0 < 7.

The resulting orbit space S>**! mod S' is known as the n-dimensional complex
projective space denoted by C P" and is identified with the set of all complex straight
lines in C"*! passing through the origin 0.

Example 2.12.22 (Lens Space) Let S° ={z = (z1,22) € C* : |z1]> + |22)> = 1}
and p, g be given relatively prime integers (not necessarily prime). Define



2.12 Applications 97
18— 8 (21,22 = (@e™P, 2e7P),

Then f generates a subgroup G =< f > of the group of homeomorphisms of §*
such that G is a cyclic group of order p, which is isomorphic to the finite cyclic
group Z,,. The orbit space S* mod G obtained by the action

VG xS, (e @)

is called the lens space, denoted by L(p, g). It is also compact. In particular,
L(2, 1) is homeomorphic to R P3. In this sense, lens spaces are called generalization
of projective spaces.

Example 2.12.23 (Klein bottle) Let T be two torus obtained as a subspace of the
Euclidean space R3 by rotating the circle (x — 3)? + z2 = 1 about the z-axis. Con-
sider the homeomorphisms

h:T—>T, (x,y.2) = (x,—y, —2);

hy:T =T, (x,y.2) = (=x,—Y,2);

and
hy: T —-> T, (x,y.2) = (—x,—y, —2);

Each of these homeomorphisms is of order 2 and the group G = Z, = {14, g} act
on T in three different ways and the orbit spaces corresponding to the three actions
on T determined by the three homeomorphisms 4; : i = 1, 2, 3 are distinct.

(i) For the homeomorphism, /1, the corresponding orbit space is homeomorphic
to sphere S 2,
(i) For the homeomorphism, %, the corresponding orbit space is homeomorphic
to2torus T2 =T
(iii) For the homeomorphism, /3, the corresponding orbit space is homeomorphic
to the Klein bottle.

2.12.5 Subgroups of the Topological Group (R, +)

This subsection studies subgroups of the topological group (R, +) and characterizes
its dense topological subgroups.

The subgroups (Q, +)(of rationals) and (Z, +) (of integers) of (R, +) have some
well-known properties.

(i) The subgroup Q is dense in R but it is not cyclic;
(i) The subgroup Z is cyclic but it is not dense in R.
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Remark 2.12.24 The above properties of Q and Z motivate to establish Theorems
2.12.25 and 2.12.28, which display interesting relations between algebra and topol-
ogy. More precisely, Theorem 2.12.25 characterizes dense subgroups of the topolog-
ical group (R, +) with the help of its noncyclic property. On the other hand, Theorem
2.12.28 asserts that corresponding to each cyclic subgroup of (R, +), there exists a
dense subgroup of (R, +).

Theorem 2.12.25 Let (G, +) be a topological subgroup of the topological group
(R, +). Then G is dense in R iff G is not cyclic.

Proof Let (G, +) be adense subgroup of (R, +). Suppose that G is cyclic and hence
G =< x > forsome x € R. Then G = {nx : n € Z} shows that G can not be dense
in R. This contradicts our assumption that G is dense in R. This implies that the
subgroup (G, +) is not cyclic.

Conversely, assume that the subgroup (G, +) is not cyclic. Consider the set

K={xeG:x >0}

Since, since G is a group, this set K is a nonempty subset of R, bounded below
by 0. This shows that inf K exists and is r, say. Then r is not in K, otherwise, r is
the least positive element of G. Then G = {nr : n € Z}, because, {nr : n € Z} C G,
sincer € G and forany y € G,if y ¢ {nr : n € Z}, then there exists an n € Z such
that

nr<y<m+ Dr,

which implies that
O<y—nr<m+1)—nr=r.

This shows that the positive number y — nr € G is less than r. But it contradicts
that r is least positive element of G. This asserts that y € {nr : n € Z} and hence
G = {nr : n € Z}implies that G is the cyclic group generated by r. But it contradicts
our assumption that the group G is not cyclic. This shows thatinf K =r ¢ K. This
implies that r is a limit of K and also a limit of G. Given an open interval (a, b),
lete = b —a > 0. Since r is a limit point of G, the set (r —€/2, r +€/2) NG is
infinite. Take two distinct points g1, g» € (r — €/2, r +€/2) N G such that g; < g,
and hence
O<gp—gi<e=b—a.

Hence there exists an integer m such that

m(g> —g1) € (a,b) N G.
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This asserts that every open interval (a, b) in R intersects G and hence G is dense
in R. Q

Corollary 2.12.26 Let (K, +) be a proper closed subgroup of the topological group
(R, +4). Then (K, +) is cyclic.

Proof By hypothesis, K is proper closed subgroup of the topological group R.
Hence, the set K can not be dense in R. This proves the corollary by Theorem
2.12.25. Q

An alternative proof of Corollary 2.12.26 is given in Theorem 2.12.27.

Theorem 2.12.27 Let K be a proper closed subgroup of the topological group R.
Then the group K is cyclic.

Proof By hypothesis, K is a proper closed subgroup of the topological group R.
If K = {0}, the proof is trivial. So, assume that K # {0}. Then for the set Rt of
positive real numbers, K N R £ @, since, all the elements of K can not be negative
reals, as it is a group. Let m = inf {k € K N R™}. Then m # 0, otherwise, we have
a contradiction. Because, if m = 0, then given an € > 0 and x € R, there exists an
element k € (0, €) () K and integer n € N such that for x > 0

nk <x < m+ 1k
Hence, it follows that nk € K (by repeated addition) and
O<x—nk<m+Dk—nk=k <e.
This asserts that [x — nk| < €, which implies that K is dense in R. Proceed in a
similar way for x < 0. As K is a proper closed subgroup of R, the set K can not be
dense in R. This contradiction implies that m > 0. Then given k € K, there exists
an integer n € Z such that
nm < k| < (n+ Dm.
This implies that |k| — nm € K and
0<|k| —nm < (n+ )m —nm = m.
This implies by definition of infimum of a set that |k| — nm = 0, which shows

that k = +nm or — nm, hence it follows that K =< m > .
Q

Theorem 2.12.28 determines a vast class of subgroups of (R, +) such that each
subgroup of this class is dense in R.
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Theorem 2.12.28 Let (G, +) be a cyclic subgroup of (R, +), generated by some
irrational number x. Then the subgroup K =2+ G ={n+g:ne€Z,ge G}isa
dense subgroup of (R, +).

Proof Clearly, (K, +) is a subgroup of (R, +). No rational number is a generator
of K, because, multiples of rational numbers are rational numbers but K contains
irrational numbers. Again, no irrational number can generate K, since, a multiple of
irrational number is either O or an irrational number, but K contains nonzero rational
numbers. This asserts that the subgroup (K, +) is not cyclic and hence K is dense
in R by Theorem 2.12.25. a

Remark 2.12.29 Given any irrational number x, let G(x) =< x > denote the cyclic
subgroup of (R, +) generated by x. Then for two distinct irrational numbers x and
v, the subgroups K, = Z + G(x) and K, = Z + G(y) are two different subgroups
of (R, +).Hence, {K; =Z + G(t) : Yt > 0, and t € R — Q} determines a family
of dense subgroups of (R, +). If ¢ is any irrational number, then the set Q(¢) =
{x + yt : x, y € Q} is also a subgroup of (R, +), which contains Q and hence Q(¢)
is dense in R. But no subgroup of the family {K;} of subgroups contains Q. All of
them intersect Q at the points in the set Z, i.e., at integral points only.

2.12.6 Generators of Connected Topological Groups

This subsection studies subgroups of connected topological groups and proves that
every proper closed subgroup of the topological group (R, +) is cyclic.

Theorem 2.12.30 Let (G, 1) be a connected topological group with identity e. Then
every nbd of e forms a set of generators of G.

Proof LetU beanbdin G of the pointe and K = (U) be the subgroup of G generated
by the elements of the set U. To prove the theorem, it is sufficient to show that G = K.
Now, forevery k € K, the nbd kU is the image of the left translation L; on U, which
is a homeomorphism. This asserts that kU C K and K is an open set in G. Again,
forany x € G — K if xU N K # @, then there exists an element y € xU N K such
that y = xu for some element u € U. Hence it follows that x = yu~!. But it is
not possible, since both y and »~! are in K but x is not in K. This implies that
xUNK =@ and the nbd L,(U) = xU of x stays in G — K. Hence, G — K is an
open set in G. This shows that the given connected G is partitioned into two disjoint
nonempty open sets K and G — K. This contradiction implies that G = K.

a

Proposition 2.12.31 Let (G, t) be a topological group with its identity element e
such that it is first countable. If (G, t) is either Lindelof or it has a dense subset,
then (G, t) has a countable basis.
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Proof Let B = {B,} be a countable basis at ¢ and the subset X C G be countable.
Then the family of sets 7' = {x B, : x € X} forms a base for the topology 7. On the
other hand, if (G, 7) is Lindelof, then select a countable set C,, for every n € N such
that the family {cB, : n € N, ¢ € C} forms a base for the topology 7 of G. a

2.12.7 More Topological Applications to Matrix Algebra

This subsection gives further topological applications to the study of the set M (n, R)
of all n x n real matrices, considered as the Euclidean nz—space R”z, from the view-
point of compactness and connectedness and other properties, in addition to its study
in Chaps. 3 and 4. Complex matrices are also studied in an analogous way.

Proposition 2.12.32 The orthogonal group O (n, R) is compact but it is not con-
nected.

Proof O(n,R) is compact : To show it consider the map
f:0m,R)— O(n,R), Ar> AA".

Then f is continuous and itis such that O (n, R) = f~'(I,). This asserts that O (n, R)
isclosedin M (n, R). Forevery matrix A = (a; ;) € O(n,R) = AA' =1, —
each row vector of A has norm 1. This shows that every entry a; ; of A is such that
la;, ;| < 1 and, in particular,

atvay+o+ak=1, Vi, j=12,...,n

This asserts that O (n, R) is bounded. Consequently, O (n, R) is a closed and bounded
subset of R"" and hence it is compact by Heine-Borel Theorem.

O(n,R) is no connected : To show that O(n, R) is not connected, consider
O2,R).Let A € OR2,R). ThendetAis 1or — 1. Consider the determinant func-
tion

det : OQ2,R) — {1, —1}, A > det A.

10
=(54)
det A = —1 show that det function is a continuous surjective map. Suppose O (2, R)
is connected, then its continuous image det (O (2, R)) = {1, —1} must be connected

in R. But is not connected in R. This contradiction asserts that O(2, R) is not
connected. This proof in now extended in general case. For O (n, R), consider

For A = I, detA = 1 and for
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det : O(n,R) > {1, —1}. M +> det M.

Since for any M € O(n, R), its determinant detM = 1 or — 1, the map det is well
defined. Moreover, it is surjective, because, for identity matrix /,, € O (n, R), det I,
= 1 and for the diagonal matrix M = (g; ;) € O(n,R), with

a1 =—-1, ;o= a33=---=a,, =1, anddet M = —1.

Hence, the continuous image det (O (n, R)) = {1, —1}. = O(n, R) is not con-
nected, since {1, —1} is not connected in R. d

Corollary 2.12.33 O"(n,R) ={A € GL(n,R) :det A >0} and O~ (n,R) =
{A e GL(n,R) :det A < 0} are the connected components of O(n, R).

Proof 1t follows from the last part of Proposition 2.12.7. Q
Corollary 2.12.34 The special orthogonal group SO (n.R) is a compact normal
subgroup of O (n, R).

Proof Since SO(n, R) is a connected component of the identity element of the
topological group O(n, R), it follows from Theorem 2.3.15 that SO(n, R) is a
closed normal subgroup of O (n, R). Hence, the Corollary follows from Proposition
2.12.7 since every closed subgroup of a compact group is compact. u

Proposition 2.12.35 The special linear group SL(n, R) is not compact.

Proof Considerthediagonaln x n matrix A, having its diagonal entries { r, % 1,...,
1: r>0}. Thendet (A,) =1, Yr >0 = SL(n, R) is an unbounded set. This
shows that SL(n, R) is not compact. a

Theorem 2.12.36 The unitary group U (n, C) is compact.

Proof Consider U (n, C) identified with the Euclidean R2”2-space. Proceed as in
to show that U (n, C) is a closed subspace of the Euclidean R2”2—space. It is also
bounded, because, for any A = (g; ;) € U(n, C), the absolute value |a; ;| < 1, with

2 2 2
layil” + lag;|” + -+ layi|” = 1.

Hence, it follows that U (n, C) is a closed bounded set in the Euclidean R2".
space. This asserts that U (n, C) is compact by Heine-Borel theorem. u

2.12.8 Special Properties Linear Functionals and Linear
Transformations

This subsection studies some special properties of linear functionals and linear trans-
formations and proves some equivalent statements on continuity appearing in analysis
in the context of topological normed linear spaces.
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Theorem 2.12.37 Let X be a topological normed linear space and v : X — R be
a linear functional. Then the following statements are equivalent:

(i)  is uniformly continuous;
(ii)  is continuous;
(iii) for every € > 0, there exists an § > 0 such that

W (x)| <€, Yx € X with ||x|| < 8.
(iv) ¥ is bounded.
Proof (i) = (ii) : It follows trivially;

(ii) = (iii). Let ¢ be continuous. Since ¥ is linear, ¥ (0) = Y (x — x) =
Y (x) — ¥ (x) = 0. Then it implies (iii) by continuity of ¢ at the origin.

(iii) = (iv).Let(iii) hold but ¥ is not bounded. Then for every integern > 0,
there is an element x,, € X such that |y (x,)| > n||x,||. This shows that x,, # 0. This
implies that ||x, || > 0. Define

Yn = (n||x||)_'xn € X for everyn € N.
Then it follows that

yall = 1/n and |y (y)| = (allxID~ ¥ ()] > 1,
which contradicts the hypothesis (iii) for ¢ = 1.

(iv) == (i). Let ¥ be bounded. Then there exists a real number M > 0 such
that
¥ (x)| < M||x]|, Vx € X.

Given an € > 0, the real number § = M~ e is such that

W) =¥ =¥ = < Mllx —yll < MM~ 'e =¢, Vx,y € X,

since by hypothesis, ||x — || < 8§ = M~'e. This asserts that v is uniformly contin-
uous. Qa

Proposition 2.12.39 is proved by Hahn-Banach Theorem 2.12.38 and provides a
rich supply of functionals.

Theorem 2.12.38 (Hahn-Banach Theorem) Let X be a normed linear space and
Y be a linear subspace of X. If T is a functional on Y, then it can be extended to a
functional Ty over X with the property that || To|| = ||T]|.
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Proof Let F be the set of all extensions of T to functionals T having the same norm
on subspaces containing Y. Then F # @. If dom T represents the domain of T, then
this domain set is partially ordered by the relation: T < 7" if domT C domT' and
T(x) = T'(x) forall x € domT. Consider a chain {C; : i € A} in F and the union
of any chain of members of the family . Then this union is an upper bound for
the chain. Now use Zorn’s lemma to show that there exists a maximal extension
To Again domT = X, because, otherwise, TO can be further extended, which will
contradict the maximality of To. Q

Proposition 2.12.39 Let X be a topological normed linear space over R and xy € X
be a nonzero vector. If X* denotes the set of all continuous linear functionals (real)
defined on X, then there exists a functional Ty in X* such that Ty(xo) = ||xo|| and
I Toll = 1.

Proof LetY be the linear subspace Y = {axp : @ € R} of X generated by the vector
xo and T be the functional on Y defined by T (wxo) = «||xo||. Then T (xo) = ||x,]|
and ||T|| = 1. Now use Hahn-Banach Theorem 2.12.38 to complete the proof. Q1

Proposition 2.12.40 also provides a rich supply of functionals.

Proposition 2.12.40 Let X be a topological normed linear space over F = R or C
and Y be a closed linear subspace of X and xy € X — Y be a vector. Then there
exists a functional f such that f(y) =0Vy €Y but f(xg) #0 € F.

Proof The natural projectionmap p : X — X/Y, x — x + Y isacontinuous linear
transformation such that p(y) =0, Vy € Y and p(x¢) = xo + Y. Then by Proposi-
tion 2.12.39, there exists a functional T € (X/Y)* such that T (xo + Y) # 0. Define
a map

f:X—>F x+— (Top)x)

Then f is a linear functional satisfying the required properties. Q

Remark 2.12.41 Results givenin Theorem 2.12.42 is analogous to Theorem 2.12.37
in the context of normed linear spaces. Theorem 2.12.37 also follows from Theo-
rem 2.12.42.

Theorem 2.12.42 Let X and Y be two topological normed linear spaces and T :
X — Y be alinear transformation.Then the following statements are equivalent:

(i) T is uniformly continuous,
(ii) T is continuous;
(iii) for every € > 0, there exists an § > 0 such that

IT(x)|] <€, Vx € X with||x]| <.

(iv) T is bounded.

Proof 1t is similar to the proof of Theorem 2.12.37. Q
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2.12.9 More Applications

This subsection communicates more applications of topological groups and topolog-
ical vector spaces.

The group (Z, +) a topological group under the usual (Euclidean) topology o. On
the other hand, Proposition 2.12.43 shows that the group (Z, +) is not a topological
group under the topology 7 defined in this proposition.

Proposition 2.12.43 The group (Z, +) is not a topological group under the topology
T obtained by declaring a subset U C Z to be open if

0¢UorZ—Uis finite.

Proof Suppose Z is a topological group with this topology t. Because, every left
translation on a topological group is a homeomorphism by Proposition 2.2.9 and
hence the left translation L : Z — Z, n +— 1 + n is a homeomorphism. Since O ¢
{—1}, the open set {—1} € 7 but its homeomorphic image L;({—1}) = {0} ¢ 7. This
contradiction asserts that Z is not a topological group under the topology 7. Qa

Proposition 2.12.44 Let G be a topological group and the subsets A, B of G be
compact. Then AB = {ab : a € A, b € B} is also compact.

Proof Let G be a topological group with continuous multiplication
m:GxG— G,(x,y) — xy.

By hypothesis A and B are compact subsets of G. Then their product space A x B
is also compact by Tychonoff theorem. Since AB is the image of A x B under the
continuous multiplication m, it follows that A B is also compact. a

Theorem 2.12.45 Let G be a topological group. Then

(i) the component C, of the identity element e of G is a normal subgroup of G and
(ii) other components of G are cosets of C. in G.

Proof By hypothesis, G is a topological group and C, is the component (connected)
of identity element e of G.

(i) If m : G x G — G is the continuous multiplication of G, then the continuous
image m(C, x C,)) of the connected subset (C, x C,) of G x G is a connected
nbd of ¢ in G = m(C, x C,)) C C,. Again, for f:G — G,x > x~!,
clearly, C;!' = f(C,) = C,! is also a connected nbd of e and hence
C,;! C C,. Since every translation on G onto itself is a homeomorphism, it
follows that for any ¢ € G, the image ¢gC.g~' is also a connected nbd of
e = ¢C,g~' ¢ C, = C, is anormal subgroup of G.
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(ii) For any component C, of x € G, it follows similarly that
gC. C Cy

and
g 'c, c C..

It proves that C, = gC, and hence the component Cj; is a coset of C, in G.
a

Theorem 2.12.46 Let X be a Hausdorff space and G a compact topological group.
Suppose G acts on X. If G, be its isotropy group at x € X, and G/ G is topolozied
by quotient topology, then the map

h:G/Gy — orbx, gG, — gx

is a homeomorphism.

Proof his abijection, since it establishes one-one and onto correspondence between
the sets {gG .} of all cosets of G, in G and orb x. The map & is continuous by the
definition of the quotient topology on G/G,. To show that / is a homeomorphism,
use the topological result that any continuous bijective map from a compact space
onto a Hausdorff space is a homeomorphism. u

Corollary 2.12.47 The quotient space O(n,R)/O(n — 1, R) and the unit (n — 1)
-sphere S"~! are homeomorphic for n > 2.

Proof Consider the action
V:0m, R)x "' = "1 M+ x'.

This action is well defined, since an orthogonal matrix preserves lengths of vectors
and hence O (n, R) sends every unit vector x € R” to the unit vector in x € R". For
example, forn = 2 and x = (cos 6, sin 0) € S', the matrix

__(cos 8 —sin6
T\ sin@ cos6

> € 02, R)

sends the vectore; = (1, 0) € S' tothe vector x. Forany n > 2, the orthogonal group
O(n, R) is a compact subgroup of the general linear group Gl(n, R). The sphere
S~ consists of the unit vectors in R". The group G = O (n, R) acts transitively on
S"~1 by the above group action 1/, since there is an orthogonal matrix sending any
vector of unit length in any other vector in $"~!. It shows that the isotropy group
G, at the point x = (0,0,...,1) € S ig isomorphic to the group O(n — 1, R).
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Again, since this action is transitive the orbit space of this action is $"~!. Hence, the
quotient space O (n, R)/O(n — 1, R) ishomeomorphic to S"~! by Theorem 2.12.46.
a

Corollary 2.12.48 For the unitary group U(n, C), the quotient space U (n, C)/
U(n — 1, C) and the unit 2n — 1) -sphere S*"~' are homeomorphic for n > 2.

Proof Proceed as in Corollary 2.12.47 to define an action of the group U(n, C)
on $?*~!. This action is transitive, since there is a unitary matrix sending any
vector of unit length in any other vector in §?"~!. The isotropy G, at the point
x=1(0,0,...,1) e §2"is U — 1, C). Hence, the Corollary follows from The-
orem 2.12.46. Q

Corollary 2.12.49 For the symplectic group Sp(n, H), the quotient space Sp(n, H)
/Sp(n — 1, H) and the unit (4n — 1) -sphere S*'~! are homeomorphic for n > 2.

Proof Proceed as in Corollary 2.12.47 and finally apply Theorem 2.12.46. Q

Proposition 2.12.50 Let (X, t) and (Y, o) be two topological vector spaces over
the same topological field ¥ and f : X — Y be a linear transformation. If Y is
Hausdorff and f is continuous, then kerf ={x € X : f(x) =0y} = f~'({0y)}) is
closed in (X, 7).

Proof By hypothesis, Y is Hausdorff and hence {Oy} is closed in (Y, o). Again,
since f is continuous, it follows that kerf = f~'({Oy}) is closed in (X, 7). a

Theorem 2.12.51 characterizes continuity of linear transformation f between
topological vector spaces in terms of continuity of its associated map f defined in
this theorem.

Theorem 2.12.51 Let (X, t) and (Y, o) be two topological linear spaces over the
same topological field ¥ and f : X — Y be a linear transformation. Then f is
continuous iff the map

f:X/kerf — Imf, x +kerf — f(x)is continuous.

Proof Letp : X — kerf, x — x + kerf be the projection map. Then p is continu-
ous. Suppose f is continuous. Then f o p = f. Thisimplies that f is also continuous,
since it is the composite of two continuous maps.

Conversely, let f: X — Y be continuous and U be an open set in /mf. Then
JF7(U) is also an open set in (X, 7). Hence, it follows that f~'(U) = p(f~'(U))
is also open in (X, 7), since p is continuous. This implies that f is continuous. U

Proposition 2.12.52 For every non-identity element a of a topological group X, the
left translation map

Ly X— X, x— ax

is a homeomorphism having no fixed point.
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Proof For every non-identity element « of a topological group X, the left translation
L,:X—> X, x— ax

is a homeomorphism and is such that
Ly(x)=ax #x, Vx € X.

This asserts that L, has no fixed point. a

Corollary 2.12.53 Let X be a nontrivial topological group with the identity element
e. Then X has not the fixed-point property.

Proof For every element o # e of the topological group X, the left translation
Ly,:X—> X, x> ax

is a homeomorphism by Proposition 2.12.52. Hence, it follows that L, is a con-
tinuous map such that L, (x) = ax # x, VYx € X, which proves the Corollary. O

Corollary 2.12.54 The topological group (R, +) has no fixed- point property.

Proof 1t follows from Proposition 2.12.52. a

2.12.10 Special Properties of O (n,R), U(n, C) and
Sp(n, H)

This subsection proves some special properties of O(n, R), U (n, C) and Sp(n, H)
by using Theorem 2.12.55.

Theorem 2.12.55 Let G be a compact topological group and X be a Hausdorff
space. If G acts on X, and G, is the isotropy group at x € X with orbit space Gx,
then map

v :G/Gy — Gx : gG, — gx
is a homeomorphism.

Proof Clearly, the map v is continuous under the quotient topology on G/Gy.
It is onto, because for any y € Gx it can be expressed as y = g,x for some g, €
G and hence ¥ (9,Gy) = gyx = y. Again, for g, h € G, gx = hx, if g 'h e Gy,
then ¢gG, = hG, implies that v is injective. Consequently, v is continuous one-
one and onto map from a compact space to a Hausdorff space and hence i is a
homeomorphism. Q
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Theorem 2.12.56 For every integer n > 2, the sphere S"~! and the factor space
O(n,R)/0(n — 1, R) are homeomorphic.

Proof Consider the orthogonal (real) topological space G = O (n, R) forn > 2. It
is a compact topological group and X = S"~! C R” is a Hausdorff space. A matrix
M € O(n, R) is a transformation of the Euclidean space R” and it preserves lengths
of the vectors and hence it is a map of §"~! to itself. Again, O (n — 1, R) is regarded
as the subgroup of G = O(n, R) obtained by keeping the last coordinate fixed. Let
so = (0,0....,1). This pointis kept fixed by O (n — 1, R). This gives a map mapping
from O(n, R) into X = §"~'. More precisely, define the map

Y :0mn,R), M M(©,0....,1).

If A€ O(n—1,R), then Y (MA) = (M) asserts that the map i factors via the
left coset space O (n, R)/O(n — 1, R). The topological group O (1, R) acts on S©~1
transitively and the induced map

v*:0m,R)/Om—1,R) —» §"!

a continuous bijective map from a compact space to a Hausdorff space. Hence ¢ * is
a homeomorphism. This proves the theorem. u

Theorem 2.12.57 For every integer n > 2, the sphere S*"~' and the factor space
U, C)/Un — 1, C) are homeomorphic.

Proof Since $*"~! is the set of all unit vectors in C" and the unitary group U (n, C)
acts on S2*~! transitively, there is a unitary matrix sending any vector of length 1 to
any other vector. Now proceed as in Theorem 2.12.55 to prove the theorem. Q

Theorem 2.12.58 For every integer n > 2, the sphere S*"~' and the factor space
Sp(n, H)/Sp(n — 1, H) are homeomorphic.

Proof Since $*"~! is the set of all unit vectors in H" and the simpletic group Sp(n, H)
acts on S*'~! transitively. because, there is a unitary matrix sending any vector of
length 1 to any other vector. Now proceed as in Theorem 2.12.55 to prove the theorem.
a

2.13 Exercises

1. Prove the following topological isomorphisms (for geometrical understanding):

(i) The quotient group R/Z is topologically isomorphic to the circle group S';

(ii) the torus T = S' x S is a topological group under product topology such
that the quotient topological group (R x R)/(Z x Z) (called the group of
Gaussian integers) is topologically isomorphic to the torus group 7 = S' x
st
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[Hint: The product of two topological groups is a topological group.]
2. Using topological tools, show that

(i) every nontrivial discrete subgroup of (R, +) is infinite cyclic;

(ii) every nontrivial closed subgroup of (R, 4) with usual topology is infinite
cyclic;

(iii) every nontrivial discrete subgroup of the circle group (S', ) is finite and
cyclic;

(iv) every nontrivial subgroup of the circle group (S!, -) with usual topology is
either dense in S! or finite;

(v) every nontrivial closed subgroup of the circle group (S', -) with usual topol-
ogy is either cyclic or finite.

3. Let X be a topological space and homeo(X) be the group of homeomorphisms
under usual composition of mappings. Let homeo(X) be endowed with compact
open topology. Show that if X is Hausdorff and locally compact, then homeo(X)
is a topological group.

4. Let M, N € O(2,R) be two matrices such that det M = 1 and det N = —1.
Show that

i N2=1, (Identity matrix) and NM N -l=p-1
(ii) every discrete subgroup of O (2, R) is either cyclic or dihedral.

[Hint: Use (i) to prove (ii).]

5. A topological space X is said to be regular if for every nbd U of any point
p € X, there exists a nbd V of this point such that V' C U. Show that the topo-
logical space (underlying space) of every topological group is a regular space.

[Hint: Let G be a topological group with e its identity element and U be a nbd
of e. As ee! = e, there exist a nbd V of e such that VV~! ¢ U. The closure
V C UinG. Because, for any point p € V, its every nbd intersects V and hence
pV being also a nbd of p has the property that there exists a point y € V such
that py = x € V. Then p = xy~! € VV~! C U. This implies that V C V.]

6. Let G be a topological group with identity element e. Given anbd V, of e in G
and an integer n > 0, show that there exists a symmetric nbd U of e such that
urcv,.

7. Let G and H be two topological groups with eg and ey their respective iden-
tity elements and ¢ : G — H be a group homomorphism from the topological
group G to the topological group H.

Show that

(i) if ¥ is continuous at the point e, then i is continuous everywhere ;
(i) if ¢ is continuous at one point a € G, then ¥ is continuous everywhere;
(iii) if v is continuous iff ¢ is continuous at the point e .
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8. Let {(G4, 7,) : a € A} be a family of topological groups. If G = 1,4 G, is
endowed with product topology, show that G is a topological group under
coordinate-wise multiplication and product topology I1.,ca T, .-

9. Let X be a left G-space with orbit space Xmod G. Show that the projection
map

7:X — XmodG, x— Gx

is an open map.
10. Let G be a topological group. If A is a closed subspace of G, B and H are both
compact subsets of G, show that

(i) AB isclosedin G;
(ii) BH is compact and
(iii) moreover, if H is a normal subgroup of G, the natural projection map

p:G—>G/H,g— gH

is also closed.
11. Let G be a topological group and K be a normal subgroup of G. Show that

(i) the quotient group G/K is discrete iff K is open;
(ii) the quotient group G/K is Hausdorff iff K is closed.

12. Let G be a topological group and g € G. If A, B and C be three subsets of G
such that

(i) Aisclosedin G;
(i) B isopenin G;
(iii) C is any subset of G

show that gA, Ag and A~! are closed sets in G and gB, Bg, B~', BC and CB
are open sets in G.
13. Let H be a subgroup of a topological group G. Show that

(i) H is also Hausdorft;
(ii) if H is closed and G is compact, then H is also compact;
(iii) if H is closed and G is locally compact, then H is also locally compact.

14. Let G and H be two locally compact topological groups satisfying the second
axiom of countability. If f : G — H is an arbitrary onto homomorphism of
topological groups, show that the map f is open.

[Hint: For any open set U in the topological space G, use the local compactness
and regularity properties of the topological group to show that f(U) is an open
set in the topological space H. ]

15. Let G be atopological group and act on a topological space X. If both the spaces
G and X mod G are connected, show that X is also connected.
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16. Let G and H be two topological groups and f : G — H be an open homo-
morphism of topological groups. Show that ker f is a normal subgroup of the
topological group.

17. Let G be a locally compact topological group satisfying the second axiom of
countability, H be a subgroup of G and N be a normal subgroup of G. If
the product space P = HN is a closed subset of the topological space G and
M = H N N, show that the quotient groups H/M and P /N are isomorphic as
topological groups.

[Hint: Consider the map
f:H— HN/N, h+— hN.

Then f is an epimorphism of abstract groups. Then ker f = H N N. Then it
follows from the theory of abstract groups that the abstract groups H/ker f is
isomorphic to the abstract group Im(f) = HN /N by an isomorphism

f:H/kerf - HN/N, hker f + f(h).

Then f is a homeomorphism under the given conditions.]
18. Let G be a topological group and K be a closed normal subgroup of G. Show
that

(i) if G is connected, then G/K is also connected;
(i) if both K and G /K are connected, then G is also connected.

19. (Topological Isomorphism Theorems) A topological isomorphism ( = )
between two topological groups G and H is an isomorphism (algebraically)
and is also a homeomorphism between two topological groups, denoted by
G=H.

(i) Let G and H be two topological groups and f : G — H be a topological
group homomorphism. If f is onto, show that the quotient group G/ker f
and the group H are topologically isomorphic, denoted by

G/kerf = H.

(ii) Let G be a topological group and A, B be two closed subgroups of G such
that B is normal and A B is closed. If either A or B is compact, show that
A AB
ANB B

12

[ Hint: See Proposition 2.6.10 and Theorem 2.7.9 ]
20. Let G be a topological group satisfying the second axiom of countability. If A
and B are two compact subsets of G, show that A B also compact in G.
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21. Let G be a topological group and K be a normal subgroup of G. Show that if G
satisfies the second axiom of countability, then the quotient group also satisfies
the second axiom of countability.

22. Let G be a topological group and K be a normal subgroup of G.

(i) if G is compact, then G/K is also so;
(ii) if both K and G/K are compact, then G is also so.

23. Let G be a compact topological group act on a Hausdorff space X. Show that
the orbit space Xmod is a compact Hausdorff space

24. Let G be a topological group and K be a closed subgroup of G. If K and G/K
are both connected spaces,

(i) show that G is also a connected space;
(ii) hence show that the special orthogonal group SO(n, R) = {M € O(n,R) :
det M = 1} is connected;
(iii) further show that SO(n, R) is the component of O(n, R) containing its
identity element.

25. Let G be a topological group and K be a compact normal subgroup of G. Show
that the natural projection map

p:G—> G/K, g— gK

is closed.
26. X be a topological vector space over the field C and Y be a subspace of X.

IfdimcY = n > 0, show that

(i) every linear isomorphism f : C* — Y is a homeomorphism;
(ii) Y is a closed subspace of X.

27. Let X and Y be two topological vector spaces and 7 : X — Y be a linear trans-
formation. If T is continuous at 0 € X, show that T is continuous.

[ Hint: Continuity of T at O implies that given a nbd V of 0 in Y, there exists a
nbd U of 0 in X such that 7(U) C V. If x — y € U, then by linearity of T it
follows that 7' (x) — T'(y) € V. It shows that T maps the nbd x + U of x into
the nbd 7' (x) + V of T'(x).]

28. Let X and Y be two topological vector spaces and 7 : X — Y be a linear trans-
formation. Show that T is continuous at every point x € X iff T is continuous
at some point of X.

29. Let X be a topological vector space and 3 be a local base for X. Show that every
element of B3 contains the closure of some element of 5.

[ Hint: Use Theorem 2.10.23 by taking A = {0} .]
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30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
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Show that the topological product of an arbitrary family of topological vector
spaces is also a topological vector space.

Let X be a topological vector space and the subspace A C X be locally compact
(i.e., 0 has a nbd whose closure is compact) . Show that A is closed in X.

Let X be a topological vector space with topology t and a countable local base.
Show that there exists a metric d on X such that

(i) T = 7, (induced topology by d);
(ii) d is invariant in the sense that

dx+v,y+v)=d(x,y), VYx,y,v € X.

Let X be a topological vector space with topology t. If d and p be two invariant
metrics on X such that they induce the same topology t on X. Show that

(i) d and p have the same Cauchy sequences;
(i) d is complete iff p is also so.

Let X be a topological vector space and A be a subspace (vector) having the
subspace topology (inherited from X) of X. If A is an F-space, show that A is
a closed subspace of X.

A topological space (X, 7) is said to be completely regular if one-pointic
sets are closed in X and if for every point p € X and every closed set C not
containing the point p, there exists a continuous function f : X — [0, 1] such
that f(p) =1 and f(x) =0, Vx € C. Show that a Hausdorff space (X, 7) is
completely regular iff the closed ideals in the topological algebra C(X) are in
bijective correspondence with the closed subsets of X.

A subset S of a topological vector space X is said to be convex if S contains
the straight line segment joining every pair of points of S in the sense that

rx +tyeS, Vx,yeS, Vt,s > 0witht+s=1.

Show that for any convex subset S of X,

(i) the Int Sis ilso a convex subset of X;
(i) the closure S is also a convex subset of X.

Let X be alocally convex topological vector space over R and Y be a subspace of
X. Show that for a linear functional f : ¥ — R, there exists a linear functional

Ty € X" suchthat Ty = fonY.

Let T : X — Y be a linear transformation of normed linear spaces. Show that
T is continuous iff T is continuous at 0 € X in the sense that x, — 0 asserts
that 7' (x,) — O.

Let G be a compact topological space and X be a topological on which G acts.
If Xmod G be the corresponding orbit space, prove the following statements:
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(i) If X is a normal space, then Xmod G is also a normal space;
(i) If X is a Hausdorff space, then Xmod G is also a Hausdorff space;
(iii) If X is a regular space, then Xmod G is also a regular space;
(iv) If X is a locally compact space, then Xmod G is also a locally compact
space.

40. Show that U(1, C) = (z € C: |z| = 1} = S' = R/Z.
41. Show that the rotational group SO (3, R) is a closed subgroup of R¥*3,
42. Show that

(i) the general complex linear group G L(n, C) of all nonsingular square matri-
ces of order n over C is a topological group under usual multiplication of
matrices:

(ii) the topological group G L(n, C) is not compact;

(iii) the unitary group U (n, C) C GL(n, C) is compact.

43. For the unitary group U (n, C), show that topological spaces U (n, C)/U(n —
1, C) and $?*~! are homeomorphic Vn > 2.
44. Let X be a compact subgroup of GL(n, C). Show that

(i) for a representation 6 of the group X on a finite dimensional vector space
V, there is an X-invariant positive definite hermitian form on V;

(i) the compact subgroup X of GL(n, C) is conjugate to a subgroup of the
unitary group U (n, C).

45. Consider the special unitary group
SUn,C)={MecU@n,C):det M =1}.

Show that for all n,

(i) the group SU (n, C) is compact;
(ii) the group SU (n, C) is connected.

46. Let G be a connected topological group with identity element e and U be an
open nbd of G containing e. Show that

(o)
G = U U", where U' = U, U" =U""'U.

n=1

[Hint: U is an open set containing e implies U ™! is also an open set containing
e => V =UNU""is also an open set containing e. Moreover, V = V1.
Then | J;2, V" c U,2, U" C G. Since |, V" is an open set and G is con-
nected by hypothesis, then (-, V" = G.]

47. (Spin group SO (3, R)) Consider the 3-sphere S* identified with the set of unit
quaternions
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48.
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55.
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3 _ _ . . . 2 2 2 2 __
S"={g=t+xi+yj+zk:t,x,y,zeRandt"+x"+y " +z"=1}.

Identify R*® with the set of pure quaternions {xi + yj + zk}. For ¢ € S3, the
map
Yy(v) =gq - v-g~ ', VveR?

defines an orthogonal transformation of R? with determinant 1, which gives an
element of SO (3, R). Show that

(i) S? is a topological group;
(i) the map
¥ : 8> SOB,R), g Y,

is an epimorphism of groups with kernel {£1};

SO(3,R) is called the spin group with its generalizations SO (n, R), Vn > 3.
Consider the symplectic group

Sp(n, H)y={M e M@n, H) : M*M = I},

where M* is the quaternionic conjugate transpose of M, conjugation is in the
sense of reversal of all three imaginary components. Show that for all n > 2

(i) the group Sp(n, H) is compact;
(i) the group Sp(n, H) is connected.

Let R be the real number space with usual topology. Show that every nontrivial
closed subgroup G of R is an infinite cyclic group.

Let X be a normed linear space and x # 0 € X. Show that there exists a con-
tinuous linear functional f : X — Rsuch that ||f|| = 1 and f(x) = [|x]].
Let G be a topological group. Show that the inverse map

v:G—>G,x—>x’1

is a homeomorphism.

[ Hint: As G is atopological group, the map v is bijective and it is also continuous.
Moreover, its inverse of v onto G is also continuous.]

Let G be a topological group with identity element e. Show that the component
of e is a closed normal subgroup of G.

Let G be a topological group with identity element ¢ and U be any nbd of
e. Show that there exists a symmetric nbd W of e such that W" C U for any
positive integer n.

Let G be a topological group with identity element ¢ and W be any nbd of e.
For any subset K of G, show that W c KW and also W C WK.

Consider M (n, R) identified with the Euclidean n2-space R"". Show that



2.13 Exercises 117

(i) The topological group G L(n, R) is neither compact nor connected;
(ii) the orthogonal group O (n, R) is compact but connected.

56. For the topological group GL(n, R) endowed with the Euclidean topology, let
M* = (M")~'. Show that each of the following maps f, f>, f3 is a homeomor-
phism:

(@)
fi:GL(n,R) > GL(n,R), M +—> M~

(ii)
fr:GL(n,R) - GL(n,R), M +— M'

(iii)
f5:GLm,R) - GL(n,R), M > M*

57. Show that the symplectic group Sp(n, H) is a compact topological group.
58. Show that

(i) the special real linear group SL(n, R) is path connected;
(ii) the special complex linear group SL(n, C) is path connected;
(iii) the topological orthogonal group SO (n, R) is path connected.

59. Show that

(i) the topological group SO (n, R) (special orthogonal group) is connected;
(i) S(0, 3) is homeomorphic to the 3-dimensional real projective space R P3.

60. (Pontryagin) Show that a second countable locally compact connected topolog-
ical division ring is isomorphic either to the topological fields R or C or to the
topological division ring H of real quaternions.

61. Prove that

(i) For every topological group G, its center
CG)={xeG:VYyeG,xy=yx}

is a closed subset of G;
(ii) Let G be a topological group act on a topological X. Then

H={geG:9g-x=x, Vx e X}

is a closed normal subgroup of G;

(iii) The 2- torus is obtained as an orbit space of R x R.

(iv) The space SO (3, R) and 3-dimensional projective space RP? are homeo-
morphic.
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Let A(G) denote the automorphism of the topological group G, i.e., every
element f € A(G) if is topologically a homeomorphism and algebraically an
isomorphism of G onto itself. Show that

(i) the automorphism group A(R) of the additive group (R, +) of reals, is
isomorphic to the product group R x Z;;

(i) the automorphism group A(S") of circle group (S', -) is isomorphic to the
group Z;.

[ Hint: Consider the automorphism f : R — Rsuchthat f(¢) =¢f(1), V¢
€ Q. Then use the result that f(x) = xf (1), Vx € R. ].

Let X be a subgroup of a topological group G. Show that

(i) if G is compact and X is closed, then X is compact.
(ii) if G is locally compact and X is closed, then X is also locally compact.

Show that every topological group G is completely regular.
Let G and K be two locally connected isomorphic topological groups. Show
that there exists a topological group H such that

(i) G isisomorphic to the topological group G/N; and
(ii) K is isomorphic to the topological group G /N,

for some discrete normal subgroups N; and N, of H.

(Characterization of a connected space in terms of its orbit space) Let a
connected topological group G act on a topological space X. Show that X is
connected iff the orbit space Xmod G is connected.

Let X = R x I be the product space. Determine an action

f1ZxX—>X

such that the corresponding orbit space Xmod Z is homeomorphic to the Mobius
band.

(Irrational flow) Given any irrational number 8, define an action of the topo-
logical group R on the torus T = §' x S' defined by

f ‘RxT — T, (t, (eziﬂ)(’ezily)) — (62iﬂ(x+ﬁt), eZiT[(y-HS[))'

Show that this action is free and every orbit is a proper and dense subset in 7.
Let G be a connected topological group. Show that every discrete normal sub-
group N of G

(i) is in the center C(G) of G,
(i) is abelian.

[ Hint: Given an element gy € N, the map
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70.

71.

72.

73.

74.

¥ :G— N,g+ g9 95"

is constant.]

Let R be a topological ring and M be a topological R-module. If (M) denotes
a family of open sets M which contain the zero element 0 € M and satisfies
the property that 2 (M) is a local basis at 0 in the sense that every open set in
M, containing the 0 contains an element of the family €2(M). Show that the
family of sets F = {x + U : x € M, U € Q(M)} forms an open basis for the
topological module M, called a basis of nbds of 0 for M with the properties:

(i) for any two elements (sets) X, ¥ € Q(R), their intersection X N Y contains
a third element (set) in Q(R).
(ii) for any set U € Q(R), thereis aset V € Q(R) such that

V-VcCcU and VV CU,

where V — V consists of all elements x — y and V'V consists of all elements
xyforx,yeV.

(iii) for any set U € Q(R), any element u € U and any element r € R, there is
aset V € Q(R) such that

V4+ucCcU and Vr CU,

Hence, show that for a ring R and for any family € (R), satisfying the above
properties (i)—(iii), there exists a unique topology t such that (R, 7) is a topolog-
ical ring and the given family €2 (R) forms a basis of nbds of 0 of the topological
ring (R, 7).

Let X be a topological vector space. Prove the following statements:

(i) X is normable iff X its origin has a convex bounded nbd;
(ii) X is of finite dimension if X is locally compact;
(iii) If X is locally bounded having the Heine- Borel property, then X is of finite
dimension.

[Hint: Use Definition 2.10.20 and see Rudin (1973).]

Let X be a topological vector space and A C X be a subset such that every
sequence of points in A has a point of cluster in X. Show that the set A is totally
bounded.

(Characterization of finite dimensional topological vector spaces) Show that
a topological vector space X is of finite dimension iff there is a totally bounded
nbd of its origin.

(Completion theorem) Show that every topological vector space X can be iso-
morphically (topological) mapped onto a dense subspace of a complete topo-
logical vector space X*.
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75. A continuous onto map p : X — B is said to have a local cross section s at a
point b € B, if there exist anbd U of b in B and a continuous map s : U — X
is such that p o s = 1y (identity map on U). Let H be a closed subgroup of a
topological group G. Show that the natural projection map

p:G— G/H, g— Hg

has a local cross section at every point in G/H.

2.13.1 Multiple Choice Exercises on Topological Groups

This section gives multiple choice exercises. Identify the correct alternative (s) (there
may be more than one) from the following list of exercises:

1. Let G be a topological group with identity element e. If G, is the connected
component of e in G, then

(i) G.isclosedin G;
(ii) G, isopenin G;
(iii) G, is a closed normal subgroup of G.

2. Let G be a topological group and X be a topological subgroup of G. Then the
closure X of X is

(i) not necessarily a subgroup of G;
(ii) not necessarily a normal subgroup of G;
(iii) a normal subgroup of G if X is a normal subgroup of G.

3. Let R be the real number space with usual topology.

(i) The topological group (R, +) has no fixed- point property.
(ii) Every nontrivial closed subgroup (G, +) of the topological group (R, +) is
an infinite cyclic group.
(iii) For the cyclic subgroup (G, +) of the topological group (R, +), generated
by some irrational number, the subgroup

H={n+g:neZlZ, ge G}
is dense in (R, +).

4. Let R be the real number space with usual topology.

(i) The additive topological group (R, +) with usual topology and the multi-
plicative topological group (R, -) of positive reals with topology inherited
from the usual topology on R, are isomorphic topological groups.
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(i) Corresponding to every cyclic subgroup of the topological group (R, +),
there is a dense subgroup of (R, +).
(iii) Every dense subgroup of the topological group (R, +) is cyclic.

5. Let X be topological vector space over a topological field F = R or C.

(i) (X, +) is a topological group;
(ii) For an arbitrary element xy € X, the translation

T : X — X, x = x+ X0

is a homeomorphism;
(iii) For an nonzero element g € F, the dilation

Dy : X — X, x = apx

is a homeomorphism.

2.13.2  Multiple Choice Exercises on Topological Groups of
Matrices

Consider M (n, R) identified with the Euclidean space R" with topology induced
from the Euclidean space R™. All subsets of M (n, R) are endowed with subspace
topology induced from Euclidean topology on M (n, R). Identify the correct alter-
native (s) (there may be more than one) from the following list of exercises:

1. Let X = Gl (n, R) be the general linear topological group. Then X is

(i) open in M (n, R);
(ii) connected in M (n, R);
(iii) dense in M (n, R).

2. (i) The general linear topological group G/ (n, R) is nowhere dense;
(ii) The orthogonal group O (1, R) endowed with subspace topology is compact;
(ili) The space orthogonal group O (n, R) is connected.
3. (i) The general linear topological group Gl(n, R) is compact;
(ii) The general linear topological group Gl(n, R) is closed;
(iii) The set of all matrices X = {M € M (n, R) : trace M = 0} endowed with
subspace topology is compact;
(iv) The set of all matrices X = {M € M(n,R) : trace M = 0} endowed with
subspace topology is connected.
4. (i) The set of all matrices X = {M € M(n,R) : det M = 1} endowed with
subspace topology is compact;
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(ii) The set of all matrices X = {M € M (n,R) : trace M = 1} endowed with

subspace topology is compact;
(iii) The set of all matrices X={M € M(n,R) : M is symmetric and positive definite}
endowed with subspace topology is connected.
5. (i) The setof all matrices in M (n, R) whose eigenvalues « are such that || < 2
is compact under the subspace topology;

(ii) Thesubset{rrA: A € M(n,R)and Aisorthogonal} C R, endowed with
Euclidean topology is compact;

(iii) The set all upper triangular matrices in M (n, R) endowed with subspace
topology is connected;

(iv) Thesetall nonsingular diagonal matricesin M (n, R) endowed with subspace
topology is connected.

6. (i) The space of all nonsingular matrices in M (2, R) is dense;

(i) The set of all matrices in M (2, R) having both eigenvalues are real and

endowed with subspace topology is dense;
(iii) The set of all matrices in M (2, R) having trace 0 and endowed with subspace
topology is dense.
7. (i) ThesetX, ={M € M(n,R) : M'M = MM' = I'}endowed with subspace
topology is connected;

(ii) The set X, = {M € M(n,R) : tr(M) = 1} endowed with subspace topol-

ogy is connected,;
(iii) The set X3 ={M € M(n,R) : x'Mx > 0, Vx € R"} endowed with sub-
space topology is connected.
8. (i) The set X1 ={M € M(2,R) : both eigenvalues of M are real} and
endowed with subspace topology is open;

(ii) Theset X, = {M € M(2,R) : neither of eigenvalues of M is real} and

endowed with subspace topology is closed;
(iii) The set X3 ={M € M(2,R) : both eigenvalues of M are purely
imaginary} endowed with subspace topology is closed in M (2, R).
9. (i) Theset X; ={M € M(n,C) : M is nilpotent and n > 2} endowed with
subspace topology is closed in M (n, C);

(i) The set X, = {M € M(n,C) :n > 2 and M* = M, M?* = M} (here M*
is the transpose conjugate of M, and M represents orthogonal projections)
endowed with subspace topology is closed in M (n, C);

(iii) The topological group SL(n, C) = {M € M(n,C) : det M = 1} endowed
with subspace topology is compact.
10. (i) The special real linear topological group SL(2, R) is path connected;

(ii) The special complex linear topological group SL(4, C) is not path con-
nected;

(iii) The special orthogonal topological group SO (8, R) is path connected.
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Chapter 3 ®)
Topology and Manifolds I

The main aim of this chapter is to address a systematic and comprehensive elementary
approach to the topology related to manifolds with an emphasis on differential
topology avoiding algebraic topology, except for a few isolated cases. It also studies
the topology from a differential viewpoint. All manifolds studied in this chapter are by
defining conditions topological manifolds in the sense that every manifold M carries a
topological structure on its underlying space | M |. For example, differential manifolds
constitute an important class of topological manifolds endowed with an additional
structure which is a differential structure. Its official study starts at Sect. 3.4.

Differentiable manifolds are geometrical objects standing at the crossing of geom-
etry, topology and analysis. On the other hand, the Lie groups (studied in Chap. 4)
stand at the crossing of geometry, algebra, topology and analysis. The concept of
manifolds is one of the key notions of differential topology and modern analysis
and can be traced to the work of B. Riemann (1826-1866) on differential and multi-
valued functions. Geometers working on differential geometry discuss curves and
surfaces in ordinary space, i.e., in Euclidean plane and Euclidean space through local
concepts such as curvature. But Riemann introduced a concept, known as the Rie-
mann surface in an abstract setting in the sense that these surfaces are not defined as
subsets of Euclidean space, which led to the concept of topological manifolds. This
concept plays a key role in the study of modern research in topology. Manifolds as
a mathematical generalizations of curves and surfaces to arbitrary dimension invite
a study of their topological properties with geometric intuition needed for a deep
study of manifold theory related to differential topology.

Manifolds are locally Euclidean in the sense that every point has a neighborhood,
called a chart, homeomorphic to an open subset of a Euclidean space R”. The coordi-
nates on a chart facilitate to study manifolds through many concepts born in R” such
as differentiability, tangent spaces and differential forms. Thus, the study of manifolds
is facilitated by introducing a coordinate system in each of these Euclidean neigh-
borhoods and changes of coordinates, which are continuous real-valued functions
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of several variables. If such functions are differentiable, then the concept of differ-
entiable or smooth manifold (or C°°-manifold) is introduced.

Historically, B. Riemann (1826-1866) made an extensive work generalizing the
concept of a surface to higher dimensions. But before him, Carl Friedrich Gauss
published a paper in 1827, where he used local coordinates on a surface carrying the
concept of charts. The term “manifold” is derived from the German word “Mannig-
faltigkeit,” which Riemann first used. Henri Poincaré (1854—1912) used the concept
of locally Euclidean spaces (while defining the concept of the topological manifold)
in his monumental work when Henri Poincaré published his Analysis Situs in 1895
and its subsequent complements on homotopy and homology in the late nineteenth
century. But a rapid development of manifold theory occurred in the 1930s following
the definition of a manifold based on general topology.

A more deep study of manifolds was born through the search of the solution of
the Poincaré conjecture posed in 1894. Its equivalent statement says: is a compact
n-manifold homotopically equivalent to S” homeomorphic to $"? This conjecture
is very significant in the study of the general theory of topological manifolds and
is the most important topological problem of the twentieth century. For dimension
n > 3, the classification problems become more complicated. Since 1894, it took
more than a century till for n = 3, G. Perelman (1966-) proved this conjecture in
2003 by using the Ricci flow. For other values of 7, it was solved by others before
1994. For more specific, for 5-dimensional or its higher dimensional manifolds,
the problem was solved by Stephen Smale in 1961 and for 4-dimensional mani-
folds, the problem was solved by Michael Freedman in 1982. It is remarkable that
William Thurston formulated in 1970 a more powerful conjecture, now known as
the Thurston geometrization conjecture saying that every compact 3-manifold has
a “geometric decomposition,” in the sense that it can be cut along specific surfaces
into finitely many pieces, admitting each of them one of eight highly uniform (but
mostly non-Euclidean) geometric structures. Unfortunately, we fail to study them
here, because of the techniques used by them need far more groundwork than we
cover in this book.

A basic problem in manifold theory is the classification problem of manifolds
up to topological equivalence. More attention has been paid for the classification of
compact manifolds in the sense that they are considered homeomorphic to closed and
bounded subsets of some Euclidean space R". A complete classification of closed
surfaces (2-manifold) is known. This classification Theorem 3.23.1 says that any
compact connected surface S is either homeomorphic to a sphere or to a connected
sum of tori (with n > 1 holes) or to a connected sum of n(>1) projective planes. No
two of these three types of manifolds are homeomorphic to each other.

The basic property of a manifold which plays the key role toward various devel-
opments of manifold theory is Whitney’s Embedding Theorem 3.14.20 saying that
every manifold can be embedded in a Euclidean space as a closed subspace. This the-
orem implies that any manifold may be considered as a submanifold of a Euclidean
space. It reconciles the earlier concept of manifolds with the modern abstract con-
cept of manifolds and facilitates various development of manifold theory. The notion
of regular value coupled with Sard and Brown theorem, saying that every smooth



3.1 Different Types of Manifolds with Motivation 127

mapping has regular values, plays a key role. For simplified presentation, we take
all manifolds differentiable and explicitly embedded in Euclidean space. For such
a study, a small amount of general topology and of real variable theory is taken for
granted. Sard’s theorem is proved and it is applied to prove fundamental theorem
of algebra, the Brouwer fixed-point theorem without using the tools of algebraic
topology.

The original inspiration for writing this chapter was generated by the book “Topol-
ogy from the Differential Viewpoint” of J. Milnor, supplemented by other books such
as Adhikari (2016, 2022), Adhikari and Adhikari (2003, 2006, 2014, 2022), Apos-
tol (1957), Bredon (1993), Brickell and Clark (1970), Donaldson (1983), Guillemin
and Pollack (1974), Hirsch (1976), Lie (1880), Mandelbaum (1980), Massey (1967),
Milnor (1956, 1963), Milnor and Weaver (1969), Moise (1977), Mukherjee (2015),
Nakahara (2003), Singer and Thorpe (1967) and Wallace (1968) together with the
paper (Whitney 1935, 1936a,b,c, 1944) and some others referred in Bibliography.

3.1 Different Types of Manifolds with Motivation

A deep insight into the structures and behavior of geometric spaces facilitates to
develop the theory of manifolds intuitively by utilizing a few tools from calculus.
Based on the local geometry of Euclidean spaces built by calculus, the topological
spaces that look locally as some Euclidean spaces are developed. Such spaces are
called manifolds. Riemann introduced a concept, known as the Riemann surface
in an abstract setting in the sense that these surfaces are not defined as subsets of
Euclidean space, which led to the concept of topological manifolds. Such surfaces
provide workable techniques for how manifold theory can be applied to invade global
problems. For example, Riemann invented the global invariant such as the connec-
tivity of a surface, which is the number given by the maximum number of curves
whose union does not disconnect the surface +1 (plus one). The connectivity of a
compact space is finite. It was proved in the 1860s that compact orientable surfaces
can be topologically classified by their connectivity. Henri Poincaré made the topo-
logical analysis of 3-dimensional manifolds published in “Analysis Situs” in 1895
and constructed many basic tools of algebraic topology. He used differentiable tech-
niques at the beginning. Herman Weyl defined abstract manifolds in his book on the
Riemann surfaces published in 1912. The theory of manifolds received momentum
in 1936 through the work of H. Whitney. His embedding theorem is a basic result
in the theory of manifolds. Thereafter, the differential topology was established in
its own right as an important branch of mathematics because of its own problems
and techniques. Its influence in other areas is also enormous. For example, mani-
folds appear in algebra as the Lie groups, in relativity as space-time, in mechanics
as phase-spaces and in economics as indifference surfaces.
In topology, three types of manifolds are mainly studied:
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(i) topological manifolds (TOP),
(ii) piecewise linear manifolds (PL) and
(iii) differentiable (or smooth) manifolds (DIFF).

All manifolds M in this chapter are assumed to be paracompact to ensure that M is
a separable metric space and they have inclusions

DIFF C PLCTOP.

Remark 3.1.1 For manifolds of dimensions < 3, the three concepts DI FF, PL and
T O P of manifolds coincide [Moise, 1977]. On the other hand, DI FF = PL for
manifolds of dimensions < 7 and there exist P L-manifolds which are not DI F' F
[Mandelbaum, 1980].

3.1.1 Motivation of Manifolds

This subsection gives the motivation for the study of manifolds. We are familiar
with the geometric objects such as curves and surfaces which are considered locally
homeomorphic to R and R?, respectively. A manifold M of dimension n generalizes
such geometrical objects to higher dimensional objects in the sense that M is home-
omorphic to R" locally. This assigns to each point p € M an ordered set of n real
numbers, called the local coordinates of the point p. If M is not homeomorphic to R”
globally, several local coordinates are introduced. The transition from one coordinate
to another one is taken to be smooth. This facilitates to apply calculus.

Like continuity in general topology, smoothness plays a key role in differential
topology. An n-manifold is a Hausdorff topological space that looks locally like the
Euclidean n-space R”, but not necessarily globally. A local Euclidean structure to
the manifold by introducing the concept of a chart is utilized to use the conventional
calculus of several variables. Due to the linear structure of vector spaces, for their
applications in mathematics and in other areas, it needs generalization of metrizable
vector spaces, maintaining only the local structure of the latter. On the other hand,
every manifold can be considered as a (in general non-linear) subspace of some vector
space. Both aspects are used to approach the theory of manifolds. Since the dimension
of a manifold is a locally defined property, a manifold has a dimension. Our study
is confined to finite-dimensional manifolds (although there are infinite-dimensional
manifolds).

3.1.2 Approach to Topological Manifold

This subsection introduces the concept of a topological manifold M, which is a
Hausdorff topological space that looks locally like a Euclidean space R” in the sense
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that every point of M has a nbd homeomorphic to the Euclidean n-space R”; equiva-
lently, to an open subset of R”, i.e., every topological manifold is locally Euclidean.
In particular, the n-dimensional Euclidean space R” is a topological space as well as
an n-dimensional real vector space. This concept of a topological manifold was born
through the geometry and theory of functions in the nineteenth century. Intuitively,
it is made up of pieces of R” by gluing together with the help of homeomorphisms.
For a differentiable manifold, these homeomorphisms are differentiable. The sphere
or torus, in which every point lies on a small curved disk which can be flattened into
a disk in the Euclidean plane R?, is a very familiar example of manifolds; on the
other hand, the cone is not a manifold, because the vertex of the cone has no nbd
which looks locally like a small piece of R2.

The concept of a topological manifold is formulated in Definition3.1.3. Topo-
logical manifolds form a versatile class of topological spaces having applications
throughout mathematics and also beyond it.

Definition 3.1.2 An n-dimensional topological manifold or simply an n-manifold
M is a Hausdorff space with a countable base such that for each point x € M, there
exists a homeomorphism v, mapping some neighborhood of the point x onto an
open subset of R”. It is also called a locally Euclidean space of dimension n. In
particular, an 1-dimensional manifold is called a curve and a 2-dimensional manifold
is called a surface.

Definition 3.1.3 Let M be an n-manifold and C = {V; : i € A} be an open covering
of M such that for every i € A, there is a homeomorphism v; : V; — R” mapping
V; onto an open subset U; of R”. Each ordered pair (y;, V;) is called a local chart (or
simply a chart or a coordinate system) on V; and the family ¢ = {(v;, V;) : i € A}
is called an atlas of the manifold M.

Example 3.1.4 There are plenty examples of topological manifolds.

(i) The Euclidean n-space R” is a topological manifold of dimension n. Here, for
each x € R", y, is taken to be the identity map on R".
(ii) The n-sphere S” is a topological manifold of dimension n. Here, for the points
x,y €8",x #y, the map v, is taken to be the stereographic projection v, :
S§" — {y} = R”", which is a homeomorphism.
(iili) The n-dimensional projective space RP" (the space of all lines through the
origin0 € R"*!) is atopological manifold of dimension 7 (see Example 3.4.20).
(iv) Let M(n, R)bethesetofalln x nmatrices over R, identified with the Euclidean
R”z-space and GL(n, R) ={M € M(n,R) : detM # 0}. The set GL(n, R)
of nonsingular matrices is a topological manifold of dimension n? (see Exam-
ple3.4.20).
(v) The 2-torus S' x S' with product topology is a compact and connected mani-
fold, which is a closed topological manifold of dimension 4.

Remark 3.1.5 A topological space X is a manifold iff the connected components of
X are manifolds. The only O-dimensional connected manifold is a one-pointic space
and the only 1-dimensional connected and closed manifold is the circle.
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3.1.3 Approach to Differentiable Manifolds

A differentiable manifold is a topological manifold endowed with a differentiable
structure, which is an additional structure other than its topological structure. A
differentiable manifold defined in Sect. 3.4 is studied based on the standard differen-
tiable structure on a Euclidean space R". This approach is formally given by Hermn
Weyl (1885-1955) in 1912. Historically, H. Whitney (1907-1989) during the 1930s
and some others developed the theory of differentiable manifolds during the second
half of the nineteenth century through differential geometry and the Lie group theory.
Curves and surfaces are studied by differential geometers as subsets of Euclidean
space. Their interest is on local concepts such as curvature.

Riemann made a breakthrough by his construction of an abstract manifold, now
called, the Riemann surfaces, which are not subsets of Euclidean space. These sur-
faces are used to investigate global properties. Whitney’s embedding theorem finally
says that every n-dimensional manifold actually embeds in R?" (improving his earlier
own result of embedding in R**1) and this result unifies the original (earlier) concept
of manifolds with its modern abstract concept. Thereafter, the differential topology
was established in its own right as an important branch of mathematics because of
its own problems and techniques. In a topological manifold of dimension n, every
point admits a nbd homeomorphic to R”, and hence, in each of these Euclidean nbds,
a coordinate system can be introduced. The changes of coordinates are continuous
functions of several real variables. By using the standard differentiable structure on
a Euclidean space, such changes of coordinates may be differentiable. This leads to
the concept of differentiable manifolds (smooth or C*°-manifold).

3.1.4 The Nature of Differential Topology

Differential topology is a subfield of topology, which studies topological problems
of the theory of differentiable manifolds and differentiable functions on differen-
tiable manifolds in general, but in particular, related to diffeomorphisms (differen-
tiable homeomorphism), embeddings, etc., because the concepts of diffeomorphisms,
embeddings and bundles play important role in differential topology. The main aim
of differential topology is to study those properties of a subset of a Euclidean space
which remain invariant under diffeomorphism (instead of homeomorphism). In this
sense, the aim of differential topology is the study of those properties of differen-
tiable manifolds which are invariant under diffeomorphism. Typical problems falling
under this heading are the following: There is a natural question: what are the main
problems of study in differential topology?

1. Under what conditions two given differentiable manifolds are said to be diffeo-
morphic?

2. Under what conditions a differentiable manifold is the boundary of some differ-
entiable manifold?
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3. Under what conditions a differentiable manifold is parallelizable?

The study of such problems do not fall in the premises of differential geometry, which
usually studies additional structures such as a connection or a metric. The topology
of the differential manifold M alone is not sufficient to invade such problems. Differ-
ential topology uses powerful tools derived from the methods of algebraic topology
such as the theory of characteristic classes, where there is a shift from the manifold
M to its tangent bundle 7' (M) to obtain cohomology class in M depending on this
bundle.

Differential topology saw a sea-change through the papers of Whitney. Its use-
ful connections with algebraic topology and piecewise linear topology are found
fruitful. Many problems such as embedding, immersion and classification problems
by diffeomorphism are studied in differential topology. Manifolds carry some extra
structure such as a Riemannian metric, a dynamical system and a binary operation.
Such extra structures used as additional tools in differential topology facilitate to
study global questions such as: can any manifold be embedded in another manifold?
A few other problems naturally studied in differential topology are now mentioned.

1. Are homeomorphic manifolds necessarily diffeomorphic?

2. Which manifolds are the boundaries of compact manifolds?

3. Does every topological invariant of a manifold enjoy any special behavior?
4. Has every manifold a nontrivial action of some cyclic groups?

To have an answer to these questions and more others, the relevant theory is developed
in differential topology. The concept of regular value coupled with the theorem of
Sard and Brown saying that every smooth mapping has regular valuesplays a key
role in differential topology.

3.1.5 Approach to Piecewise Linear Manifold

A topological manifold M is said to be a piecewise linear (PL) if M admits a piece-
wise linear structure defined with the help of an atlas, such that one can pass from one
chart to another in M by piecewise linear transformations. An isomorphism between
two piecewise linear manifolds is called a piecewise linear homeomorphism. This
chapter does not study piecewise linear manifolds.

3.1.6 The Stiefel and Grassmann Manifolds

This subsection presents two important classes of manifolds which are the Stiefel and
Grassmann manifolds. A Stiefel manifold is a natural generalization of the manifold
of unit vectors tangent to spheres and a Grassmann manifold is a natural generaliza-
tion of the real projective spaces.
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Definition 3.1.6 (Stiefel manifold) Any ordered set of r (r < n) independent vec-
tors in the Euclidean n-space R” is called an r-frame. Let V,(R") be the set of
(orthogonal) r-frames in R” defined by

V,(R") = {(v1, v, ..., 0) € ("D 2 (v, vj) = &;j(Kronecker delta)},

where the Kronecker §;; is defined by

5 — I, ifi=j
v 0, otherwise.

Remark 3.1.7 Since by Definition, the Stiefel manifold V, (R") is a closed subset of

acompact space, it is also compact. Corresponding to each r-frame (vy, vz, ..., v,) €
(S"1Y", there exists an associated r-dimensional subspace (vy, v, ..., v,) with a
basis {vy, vy, ..., v,}. Each r-dimensional subspace of R" is of the form (v, v,,

., ;). The manifold V, (R") is called the Stiefel manifold of (orthogonal) r-frames
in R". It may be considered as the manifold of all orthogonal (r — 1)-frames tangent
to $"!. In particular, for r =2, V,(R") is the manifold of unit vectors tangent to
S"~land for r = 1, V;(R") is the manifold "~

Definition 3.1.8 (Grassmann manifold) The Grassmann manifold G, (R") is a natu-
ral generalization of the real projective space RP"~!. An r-dimensional (1 < r < n)
linear subspace of R" is called an r-dimensional subspace or simply r-plane of the
space R”. Let V,.(R") be the Stiefel manifold and G, (R") consist of all r-planes of
R” through the origin, with the quotient topology defined by the identification map

V,R") = G,(R"), (v, v2, ..., ) > {v1, V2, ..., V),

where the right-hand side denotes the subspace in R” spanned by the vectors {v; :
i=1,2,...r}. G,(R") is called the Grassmann manifold.

Remark 3.1.9 In particular, for » = 1 in the Grassmann manifold G,(R"), it
becomes G (R") = RP"!.So, the Grassmann manifold G, (R") is called a natural
generalization of the projective space RP"~!.

Clearly, G,(R") is a compact space. The natural inclusion G,(R") C G,(R"*!)
gives rise to the topological space

G,.(R®) = U G, (R") with the weak topology

r<n

called the infinite-dimensional Grassmann manifold.
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3.1.7 Surfaces

Surfaces are important geometrical objects in topology. The early development of
topology began with the study of surfaces made by L. Euler (1707-1783), E. Betti
(1823-1892), B. Riemann (1826-1866), H. Hopf (1894-1971), F. Klein (1849-1925)
and many others. The standard sphere S2, the torus 72, the projective plane R P>
and the Klein bottle are important examples of surfaces. In the language of manifold
theory, a surface is a 2-dimensional manifold. A complete classification of compact
surfaces initiated by A F Mabius (1790-1868) in 1861 is given in Sect. 3.23.

Example 3.1.10 The number of components of the complement of a circle in a
surface is not unique. For example, the complement of the circle in the torus may
have either one or two components depending on the location of the circle on the
torus.

Definition 3.1.11 A surface is a second countable Hausdorff space S such that
every point x € S has a nbd homeomorphic to R.

Definition 3.1.12 A compact surface S is a closed and bounded subset of R” such
that every point in S has a nbd homeomorphic to an open ball in R

Example 3.1.13 (i) The Euclidean plane R? is a noncompact surface.
(ii) Every open ball in R? is a noncompact surface.
(iii) The torus is a connected compact surface.
(iv) The sphere S? is a connected compact surface.
(v) The projective plane is a connected compact surface.
(vi) The Klein bottle is a connected compact surface.

Definition 3.1.14 A surface S is called orientable if there exists no embedding of
a Mobius strip into S. Otherwise, the surface is called nonorientable, i.e., if there
exists an embedding of a Mobius strip into S, then S is nonorientable surface.

Example 3.1.15 The Klein bottle is a nonorientable surface.

Definition 3.1.16 A planar model of a surface S is a polygon in the Euclidean
plane R? with an identification along the edges such that the resulting identification
space is S. The polygons with curved edges is permissible for the 2-sided polygon.

Remark 3.1.17 The orientation on an edge is indicated as an arrow from the first
vertex to the Second, and the edges in a planar model are identified in pairs com-
patible with orientations. Take a vertex on the polygon and travel over the polygon
representing each edge traversed as the letter a for each edge if it is traversed in the
direction of the arrow and as a~! if it is traversed opposite to the arrow.

Example 3.1.18 In planar model, the familiar surfaces are represented by the fol-
lowing standard notations:
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(i) Sphere: aa™'.

(ii) Projective plane: aa.

(iii) Connected sum of n Projective planes: a;a;aza; - - - a,a,.

(iv) Torus: aba~'b~'.

(v) Connected sum of n Tori: a;bya; ' by aybya; 'by " - - - aybya; ' b

(vi) Klein bottle: abab™!.

The concept of the surface is generalized to an n-dimensional topological (or
n-manifold) in Sect.3.1.2.

Example 3.1.19 (i) Every O-dimensional manifold is a countable discrete space.
(i) S” is an n-dimensional manifold for every n > 0.
(iii) Every surface is a 2-dimensional manifold.
(iv) A connected 1-dimensional manifold is homeomorphic to either R or S' by
Theorem3.24.1.

3.2 Calculus of Several Variables Related to Differentiable
Manifolds

This section communicates the fundamental concepts of calculus such as the con-
cept of differentiable functions with some basic concepts needed for the study of
differentiable manifolds, which are based on the usual calculus developed in the
n-dimensional Euclidean space R”. Since differentiable manifolds are studied based
on the standard differential structure on the Euclidean space R”". So, it has become
necessary to convey basic relevant results on differentiable functions in R”, which
are delighted in Sects. 3.2.3 and 3.2.4.

The space R” is a topological space (endowed with Euclidean topology) as well as
itis an n-dimensional real vector space under usual addition and scalar multiplication
of real numbers. If x = (x1, x, ..., x,) € R”, then the real numbers x;, x,, ..., x,
are called the coordinates of the point X. An open set in R” is a set which is open
in the standard metric (Euclidean) topology induced by the standard metric d on R”
defined by

1
d:R" xR" > R, (x,y) — [Ei:I(xi —yi)2]2 Tx = (XX X e X)), Y= (V1 Y2 s Vis e es y,,)eR”.

R” has a natural embedding in R"*" obtained by identifying a point (x1, x2, ...,
Xiy...,X,) € R" with the point (x, x5, ..., %;,...%,,0,0,...,0) € R"™ which
is called natural (canonical) embedding

PR R (X, X0, ooy Xy oo X0, 0,0, 0.0,0) > (X1, X2, ey Xiy ey Xp).
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3.2.1 Derivative of a Map

This subsection introduces the concept of the derivative of a smooth map in the sense
of Definition 3.2.8, which is its best linear approximation. Its more study is available
in Sect.3.3.2.

Definition 3.2.1 Let U C R” be an open set. A real-valued function f : U — Ris
said to be smooth or differentiable, if f has continuous partial derivatives of all
orders withrespect to the coordinates in R” atevery pointx = (xy, x2, ....x,) € U.A
differentiable function on U is also called C*° (U )-function or simply a C*°-function,
when no confusion arises.

Let f be a smooth map defined on an open set U in R” into R™. Given a point
x € U and a vector v € R”, the derivative of f : U — R at the point x in the
direction v, denoted by df; (v), is defined by

f(x+tv)—f(x).
t

dfe(v) =lim
Consider df, as a map
df, :R" - R", v df;(v).
Definition 3.2.2 The vector df,(v) € R™ is called the derivative of f at x in the
direction v € R". The map df, : R” — R™ is linear and hence it has a matrix rep-

resentation with respect to the standard basis. Let fi, f2, ..., f,, be m differentiable
real-valued functions on U and

f:U—=>R" y= (i), 20), .-, fu().

Jacobian matrix of f on U at x which is given by the m X n matrix

dx; dx,
spH=[-- -
0xy 9x,

of the first derivatives of the mapping f (as they exist by hypothesis) is called the
Jacobian matrix of f,denoted by J(f).If f is evaluated at a point x, then its Jacobian
matrix is written as % -

Definition 3.2.3 Let U C R” be an open set. Thenamap f : U — R™ is said to be
a C'-map if

(i) df exists at every point x € U;
@ii) df : U - L(R",R™), x — df, is continuous.
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The map f is defined to be C" for 1 < r < oo recursively, if the map
df :U - LR",R™) =R"", x > df, is C"".

On the other hand, f is said to be a C*-map, if it is a C"-map for all » > 1.

Theorem 3.2.4 Let U C R” be an open set. Then a map

f=U1fooos f):U—R"

is C" iff every f; : U — R has continuous partial derivatives of all orders s such
thats <r.

Proof Left as an exercise. Q

Definition 3.2.5 Let A be anonempty setand f : A — R” be an injective map such
that f(A) is an open subset of R". Then f is called an n-dimensional chart whose
domain is A. If py, ps, ..., p, denote the natural projection maps defined by

. n p— o 7 —
pi:R'—=>R, x= (x1,x2, ..., %, ..., X)) > x4, :i=1,2,...,n,

then for any open set U C R”, a function f : U — R”" (n > 1) is studied through
the functions f; = p; o f :i =1, 2,...,n, formulated by

fU—=>Ry=> (i), 20,0 fa().

The set of functions { f; : i = 1, 2, ..., n}is called the set of coordinates functions
in the chart f.

Example 3.2.6 Let X = M,, ,(R) be the set of all m x n real matrices. Then X can
be identified with the Euclidean mn-space R™" and hence the map

f : X — Rmna (-xij) = (xllv vy Xy X215 oo e s X255 o oo s Xl ""xmn)

is injective and its image is R™", which is an open set. This asserts that f is a chart
whose domain is the entire set X.

Remark 3.2.7 Let U C R” be an open set. Then by using the natural projection
maps p; : R" — R, a function f: U — R can be expressed as an ordered set
{f1, f>, ..., fu} of n real-valued functions, given by

U= R x> pi(fik), fox),..., fux), Vx €U,

where
. n
pi:R" >R, x= (x1,x2,...,%i,...%,) — X;

is the ith natural projection map and f; = p; o f,forevery i =1,2,....,n.
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3.2.2 Smooth Maps in R"

This subsection introduces the concept of smooth maps (functions of multivariables)
which plays a key role in the study of manifold theory.

Definition 3.2.8 Let U C R" and V C R™ be open sets. A map
f:U—->V
is said to be smooth or differentiable if all of its partial derivatives
8nf/axi1 © Xin

exist and are continuous. In general, let X C R” and Y C R” be any two subsets of
Euclidean spaces (not necessarily open). A map f : X — Y is said to be smooth if
f can be locally extended to a smooth map on open sets in the sense that for each
point x € X, there exists an open set U in R” containing the point x and exists a
smooth map F : U — R such that F equals fonU N X, i.e.,

Fx)=fx),VxeUnNX.

Remark 3.2.9 Smoothness of a map is a local property in the sense that a map
f : X — R™issmoothif it is smooth in a nbd of every point x € X. The term global
refers to the whole space X as a unified object.

Proposition 3.2.10 Let U C R" be an open set. Then the set D(U) of all differ-
entiable functions on U admits a ring structure under the usual compositions of
pointwise addition and pointwise multiplication of functions.

Proof For any two differentiable functions f, g € D(U), define
f+g:U—->Rx— f(x)+gkx)

and
fe:U—->Rxm— f(x)gk).

Then (D(U), +, -) admits a ring structure. a

Definition 3.2.11 Let U C R” be an open set and f : U — R be a differentiable
function. If the function f can be expanded into a convergent power series of positive
radius of convergence at every point x € U, then f is said to be analytic on U.

Example 3.2.12 Every polynomial f in the coordinates in R” is differentiable on
any open set U C R”, where all the derivatives of f will vanish after certain order.
On the other hand, the function f defined by f(x, y) = (1 — x> — y?)!/2 fails to be
differentiable on any open set U containing any point of the circle x> + y*> = 1, but
it is differentiable on every open set not containing any point of this circle.
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Example 3.2.13 Let f be the real-valued function defined as

I
e’ ifxe—-1<x<1,

f:R—>R, x— )
0, ifx<1, orx>1.

Then f has derivatives of all orders at all points x € R. This shows that f is a
differentiable function on the entire R, since lim ;o (1/t")e~"/" = 0.

Remark 3.2.14 If a function is given on a set, which is not necessarily open, then
we use the following definition of its differentiability.

Definition 3.2.15 Let A C R” be any nonempty set. A function f : A — Riis said
to be differentiable on A if there exists an open set U containing the set A such that
f is differentiable on U C R”".

Remark 3.2.16 Differentiability of a function at a point asserts its differentiability
on a nbd of the point.

Definition 3.2.17 A function f : R* — Rissaid to of C*°-class at a point x € R”
if every partial derivative of f exists and is continuous on some nbd of x.

Definition 3.2.18 gives a natural extension of Definition 3.2.15 for differentiability
of a function between Euclidean spaces.

Definition 3.2.18 Let A C R” be any nonempty set and fi, f2, ..., f,» be m differ-
entiable real-valued functions on A. Then the function

f1A—=>R" x> (fit), L), ..., fux)

is called a differentiable function on A into R™.

Remark 3.2.19 For n = 1, the concept of differentiable function given in Defini-
tion 3.2.18 coincides with that of given in Definition 3.2.15.

Using the projection maps p;, Definition3.2.17 is now extended.

Definition 3.2.20 A function f : R” — R” is said to be of C*°-class at a point
x = (x1, x2, ..., x,) € R"if every real-valued function

fi=piof :R"=>R

is of C*-class at x fori = 1,2, ...m, i.e., each partial derivative of functions f;
(with respect to its coordinates xy, X, . .., X,) exists and is continuous on some nbd
of x. The function f is said to be a C*°-function if it is of C*°-class at every point
x € R".



3.2 Calculus of Several Variables Related to Differentiable Manifolds 139
Example 3.2.21 The function f, defined by

e V¥ ifx >0,

f:R—=>R, x> .
0, ifx <0,

is a C*°-function.

Definition 3.2.22 Let X and Y be two subsets of two Euclidean spaces and f :
X — Y be a smooth map. Then f is said to be a diffeomorphism if it is bijective
and its inverse map f~' : ¥ — X is also smooth. If there exists a diffeomorphism
f:X — Y, then X and Y are said to be diffeomorphic and are called intrinsically
equivalent.

Proposition 3.2.23 Let X CR" and Y C X. If f : X — R™ is a smooth map on
X, then its restricted map f|Y is also a smooth map.

Proof Since by hypothesis, f : X — R™ is smooth, it follows that giveny € Y C X,
there exist

(i) an open set U such that y € U C R”, where X N U is an open nbd of y in X
and
(i) a smooth map ¥ : X — R"™ suchthat ¥ (x) = f(x), Vxe XNU.

Hence, it follows that U N Y is an open nbd of y in Y such thaty = f|Y onY N U.
a

Theorem 3.2.24 Let X C R",Y C R"and Z C R? be three arbitrary subsets. If
the maps f : X — Y and g : Y — Z are two smooth maps, then their composite
map g o f : X — Z is also smooth.

Proof Given x € X if y = f(x), then by the given conditions, there exist an open
set V suchthaty € V C R" with¢ : V — R? is a smooth function and an open set
U such thatx € U C R" with ¢y : U — V is a smooth function. Moreover,

i) v(x)=f(x),Vxe XNU and
(i) p(y) =g(y), Vye¥Ynyv.

This shows that the composite function
ooy :U—R?

is smooth and
(@o¥)(x)=(go fHx), VxeUNYV,

because f(XNY)CYNYV. Q

Corollary 3.2.25 Let A C R™ be any nonempty set and f : A — R" be a differ-
entiable function on A. If g is a differentiable function on f(A) into R?, then their
composite function
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gof:A—>R?

is also a differentiable function.
Proof 1t follows from Theorem 3.2.24. a

Corollary 3.2.26 Let X C R", Y C R"and Z C R? be three arbitrary subsets. If
themaps f : X — Yandg : Y — Z are diffeomorphisms, then their composite map
go f: X — Zis also a diffeomorphism.

Proof Apply Theorem 3.2.24 to the inverse map of g o f : X — Z to obtain a dif-
feomorphism. Q

Definition 3.2.27 Let » > 0 be an integer and U C R” be an open set in R". Then
a function f : U — R”" is said to be C” or differentiable of class C", or a C"-
function on U if it has continuous partial derivatives of all orders < r with respect

to the coordinate functions fi, fa, ..., f,. Onthe other hand, let U C R" be an open
set. Then a map f : U — R™ is differentiable if the coordinates of f(x) =y =
(1, ¥2, - -, ym) € R™ are differentiable functions of coordinates x;, x5, ..., X, on
U.

Definition 3.2.28 Let U C R” be an open setin R". A function f : U — R" is said
to be a C%-function if it is just a continuous function on U. The function f is a C*-
function if it is a C"-function for every r > 0 on U and said to be real analytic on
U, (i.e.,it is expandable in a power series in the coordinate functions at every point
x € U), then f is said to be a C*- function on U. A function of class C" is also of
class C" forallm < r < oo.

Definition 3.2.29 A function f : U — R is said to be locally C” if f is C” on an
open nbd of each point of U.

Definition 3.2.30 Let U, V be two open sets in R". Thenamap f : U — V is said
to be C"-diffeomorphism for r > 1 if

(i) f is a homeomorphism;
(i) f isa C"-map;
(iii) f~!is also a C"-map.
Remark 3.2.31 Let U, V C R” be open sets. Then amap f : U — V is a diffeo-

morphism iff f ahomeomorphism such that f is differentiable on U and f~! is also
differentiable on V.

Example 3.2.32 Every differentiable homeomorphism is not a diffeomorphism. For
example, given an odd integer n > 1, the map

fr : R=>R, x— x"

is a differentiable homeomorphism, but its inverse is not differentiable on any nbd
of the origin and hence, its inverse map is not differentiable on any nbd of the origin.
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Example 3.2.33 Every smooth bijective map is not a diffeomorphism. For example,
consider the map

f:R—>R,x— x>
is smooth and bijective but its inverse map
fT:R—>R x> x'?

is not smooth at the point x = 0.

Definition 3.2.34 Let C be the field of complex numbers and U C C" be an open set.
A complex-valued function f on U is said to be complex analytic or holomorphic
on U if at every point zg € U, it can be expanded into a convergent power series
having positive radius of convergence.

3.2.3 Jacobian Matrix and Jacobian Determinant

This subsection studies the Jacobian matrix and Jacobian determinant of a differen-
tiable function f formulated in Definition 3.2.36. They provide key tools of analysis
in the study of manifolds.

Definition 3.2.35 Let f:R" — R", x = (x1.x.....%) = (i), /o). ...
fn(x)) be a function. If

af_] . fj(xla-XZa"'a-xi+ha'~~’-xn)_fj(xlax25'~'axi5"'a-xl‘l)
— =lim h—0
ax,- h

exists, % is called the partial derivative of f; withrespecttox;,fori, j =1,2,...,n.

Definition 3.2.36 Let A C R” be any nonempty set and fi, f2, ..., fi» be m differ-
entiable real-valued functions on A and

f:A=>R" x> (filx), L(x),..., fmXx))

be a differentiable function on A intq R™. The Jacobian matrix of the differentiable

function f on A is the matrix with % in the ith row and jth column, i.e., its Jacobian
J

matrix denoted by J(f) has the form

ho..
dxy 9x,
](f) =1 ... .
0 . fu
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of the first derivatives of the mapping f (as they exist by hypothesis). If f is evaluated
at a point xo € A, then its Jacobian matrix is written as g |x,- The Jacobian matrix
of the differentiable function f having df; /0x; atits the i j-entry determines a linear
map df : R" — R with respect to the standard bases in R” and R”. For n = m, its
determinant is known as the Jacobian determinant of f.

Proposition 3.2.37 Let A C R” be any nonempty set and fi, f>, ..., fm be m dif-
ferentiable real-valued functions on A into R"

f A~ Rm’ X = (fl(x)v fz(x)9 e fm(-x))

be a differentiable function on A into R™. Then the Jacobian matrix 2L Py |XU, evaluated
at xy, determines a linear transformation

Ly:R" = R", (x1,x2,...,%) = (a1, ..., Qn,
where
af af
061=3—xl|x0 1+ +a|x0xn
Afm Afm
Oy = axl |x0-xl + -+ aXn |x0-xn
Proof Left as an exercise. Q

Proposition 3.2.38 Let U C R" be anopensetand f : U — R" be a differentiable
function. If f has a differentiable inverse, then the Jacobian determinant of f is
nonzero at every point of U.

Proof Left as an exercise. Q

Proposition 3.2.39 Let U C R" be anopen setand f : U — R”" be a differentiable
function. Then there exist real numbers § > 0 and K > 0 such that

I1f (x) = fxo)ll = K|lx — xoll, whenever ||x — xol| < 4.

Proof Left as an exercise. Q

Proposition 3.2.40 is proved by connectedness property of R™.

Proposition 3.2.40 Let f : R" — R™ be a continuously differentiable function
such that f~1(C) is compact for every compact subset C of R™. If the Jacobian
matrix (3f;/9x;) has rank m everywhere, then the map f is onto.
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Proof Under the given hypothesis, f(R™) is both open and closed in R”. As R™ is
connected and f is continuous, then its image f(R™) is also connected. Under the
given conditions, since f(R"™) # 4, it follows that f(R™) = R". Q

3.2.4 Rank of a Differentiable Map

This subsection studies the rank of a differentiable map with the help of its Jacobian
matrix.

Definition 3.2.41 Let U C R” be an open set and f : U — R™ be a map of class
C’ (r = 1). The rank of the Jacobian matrix J(f) evaluated at xo € U, abbreviated
%ho, is said to be the rank of f at the point xy. This rank of f is denoted by

af
rank 5-|x,-

Remark 3.2.42 Since the rank of a matrix < the number of rows and columns and
the rank % |x, equals the dimension of the image of R"” under the linear mapping
(Df)y,, it follows that the rank %Lm < min{n, m}. The points xy at which rank
% |x, = min{n, m} are called regular or nonsingular points and the points x at
which rank % lx, < min{n, m} are called singular points.

Remark 3.2.43 Let U C R” be an open set and f : U — R” be a map of class
C”" (r = 1). The set of regular points of f is an open set of R", because of the
continuity of partial derivatives of f. However, this set may be .

Example 3.2.44 The differentiable map f : R> — R?, (x, y) — (x, 0) has rank 1
at every point (x, y) € R?.

3.2.5 The Inverse Function and Implicit Function Theorems
on R"

Prior to the study of the topology of manifolds, this subsection recalls inverse function
theorem and the implicit function theorem of real analysis which describe the local
behavior of a smooth function (instead of continuous function) f : R* — R™.

Definition 3.2.45 Let U C R" be an open set and f : U — R” be a map. If f =
(f1, fo, ... .fn), then f is said to be C" map for 1 <r < oo, ifeach f; : U — R
fori = 1,2,...,n has continuous partial derivatives of all orders < r. It is said to
be C* if it is C" for all . On the other hand, the map f is called (real) analytic or
C¢, if in some nbd of every point of U, the map f is C*. Let U and V be two open
subsets of R”. A C” diffeomorphism f : U — V is a C" homeomorphism with its
inverse is also C".



144 3 Topology and Manifolds

Definition 3.2.46 Let U C R” be an open set and f : U — R” be a smooth map.
Then f is said to be a local diffeomorphism at a point g € U if the inverse of f is
also smooth in some neighborhood of u. Its generalization to smooth manifolds is
given in Definition 3.9.7.

Remark 3.2.47 Let V be an open subset of R” and f : V — R” be a local diffeo-
morphism at point x € V if there exists an open set U C V such that
i xeU;
(ii) f(U) C R" is an open set and
(iii) f|U : U — f(U)is a C" diffeomorphism.

Theorem 3.2.48 (Inverse Function Theorem)LetU C R" beopenand f : U — R”
be a smooth map. If the derivative df, : R" — R" is nonsingular, then f maps every
sufficiently small open set U C R" about the point x diffeomorphically onto an open
set f(U) C R".

Proof See Apostol (1957) or Dieudonné (1989). Q

Remark 3.2.49 The map f : U — V in Theorem 3.2.48 may not be one-one if the
nbd U is not sufficiently small even at the situation when every df, is nonsingular.
For example, consider the exponential map

exp:C— C

of the complex plane into itself.

Remark 3.2.50 Inverse function theorem formulated in Theorem3.2.48 has an
equivalent statement in Theorem3.2.51 in the language of local diffeomorphism.
It gives a criterion for a map to be a local diffeomorphism at a point.

Theorem 3.2.51 (Another form of Inverse Function Theorem) Let U C R”" be an
open setand f : U — R" be amap. If p € U, then f is a local diffeomorphism in
some nbd of p iff the Jacobian determinant of f is nonzero at p.

Proof See Apostol (1957). a

Theorem 3.2.52 (Implicit function theorem in surjective form) Let U C R” be an
opensetand f : U — R"™ be a C" map. If f(y) = 0 for some y € U and

dfy :R" = R", v~ df,(v)

is surjective, then there is a local diffeomorphism r of R" at the origin 0 such that

()
¥ (0) =yand

(i)

(fO w)(-xh-va "'1xn) = (-xlsx29 "'1xm)'
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Proof Without loss of generality, we assume that for f = (fi, f>,..., fu) (by a
linear change of coordinates of R™) and n > m

afi . .
—=4:i=12,....m; j=12,...,n.
ij
Define
@
g:(glag27"-vgn):U_)Rm: g1=f,(l=1,2,,m)
and
(i)

glxy, x2, ooy Xp) = Xj—p, Yi=m+1,...,n.

This asserts that g is a C" function and the rank of dg, is m. Hence, it follows by
Inverse Function Theorem 3.2.51 that g is a C” local diffeomorphism at the point
y. This asserts that g has a C” inverse ¥ in a nbd of 0 in R". This implies that
g((x)) = x for x near the point 0. This proves the theorem. a

Theorem 3.2.53 (Implicit function theorem in injective form) Let U C R" be an
open set and f : U — R™ be a C" map. If y € R" be such that 0 € f~'(y) and
the derivative dfy of f evaluated at the origin is injective. Then there is a local
diffeomorphism v of R™ at the point y such that

()
¥ (y) =0and

(i)
o fx)=((x1,x2, 000y X, 0,00y, 0)

Proof 1t follows from Theorem 3.2.52 by duality principle or see Apostol (1957). 1

3.3 Manifolds in R"

This section is a gateway to the theory of manifolds and it starts conveying the
concepts of smooth manifolds in R” and their smooth maps. Moreover, it studies
tangent spaces of manifolds in R” and derivative operations with inverse function
theorem, regular and critical values for smooth maps between manifolds in Euclidean
spaces. These ideas lead to facilitate the study of the general theory of manifolds,
whose official study starts from Sect. 3.4.
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3.3.1 Smooth Manifolds in R"

This subsection communicates the concepts of smooth manifolds based on smooth
maps in R” introduced in Sect. 3.2.2. Its generalization to arbitrary smooth manifolds
is available in Sect. 3.5.

Proposition 3.3.1 Let X, Y and Z be arbitrary subsets of Euclidean spaces.

(i) Let f : X —> Y and g : Y — Z be smooth maps. Then their composite map
gof:X—>1Z7

is also a smooth map.
(ii) The identity map 1x : X — X is a smooth map.

Proof 1t follows from Definition 3.2.8. a

Remark 3.3.2 Let X and Y be arbitrary subsets of Euclidean space R". A smooth
map f : X — Y is a diffeomorphism if f sends X homeomorphically onto Y and
f~is also a smooth map. Instead of looking at arbitrary subsets of Euclidean spaces,
we feel interested to study a particular attractive useful class of subsets of R”, which
are smooth manifolds.

Definition 3.3.3 Let M be a subset of R™.

(i) M is said to be a smooth manifold of dimension # if each point x € M has a
nbd U N M that is diffeomorphic to an open subset V of the Euclidean space
R".
(i) Every diffeomorphism f :V — U N M is called a parametrization of the
region U N M.
(iii) Its inverse diffeomorphism f~': U N M — V is called a system of coordi-
nateson U N M.

Remark 3.3.4 A subset M C R" is said to be a smooth manifold of dimension 0 if
each point x € M has anbd U N M that precisely consists of the single point x.

Example 3.3.5 (i) The unit sphere S*> = {(x,y,z) e R? : x>+ y? + 72 =1} isa
smooth manifold of dimension 2.
(i) In general, S" = {x = (x|, X2, ..., Xp, X)) ER"™ x| =1} C Rl is a
smooth manifold of dimension » for every n > 1.
(iii) Forn = 0, the manifold S° C R consists of only two points {—1, 1} of R (=R!).

Example 3.3.6 Consider the set M C R? defined by
M={(x,y) €eR*:x #0and y = sin(1/x)}.

Then M is a smooth manifold.
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3.3.2 Tangent Spaces of Manifolds in R" and Derivative
Operations

This subsection continues the study of smooth maps discussed in Sect.3.2.1 and
introduces the concept of tangent spaces of smooth manifolds in Euclidean spaces
and that of derivative d f, for a smoothmap f : M — N atapointx € M, where M
and N are smooth manifolds in Euclidean spaces and studies them. Its generalization
to arbitrary smooth manifolds is available in Sect. 3.5.

Definition 3.3.7 Let M and N be smooth manifolds in Euclidean spaces and f :
M — N be a smooth map. The derivative df, of f assigns to every pointx € M C
R" a linear subspace T, (M) C R” of dimension k, called the tangent space of M
at the point x. Then

dfx : Tx(M) - Tf(x)(N)

is a linear map. The elements v € T, (M) are called tangent vectors to the manifold
M at the point x.

Remark 3.3.8 The linear space 7, (M) formulated in Definition 3.3.7 may be intu-
itively thought of as the hyperplane through the origin and parallel to the k-
dimensional hyperplane in R” that best approximates the manifold M near the point
x € M. Before studying the general case for df,, we first consider the special case
of mappings between open sets in Euclidean spaces formulated in Definition 3.3.9.

Definition 3.3.9 Let U C R” be an arbitrary open set. The tangent space T, (U) is
defined to be the whole vector space R". Given any open set V C R™ and a smooth
map f : U — V, its derivative df, ata point x € U is defined by

dfx : Rn N Rm, I’l — hm f(x+th) _f(-x)

t—0 t

,VheR" xeU.

df.(h) is a linear function of %, because it is the linear map that corresponds to the
m x n matrix (3f;/0x;), of the first partial derivatives evaluated at the point x.

3.3.3 Basic Properties of the Derivative Operation

This subsection conveys the fundamental properties of the linear function df, :
R" — R™.

Theorem 3.3.10 LerU C R",V C R¥ and W c R™ be open sets.

(i) (Chainrule)If f : U — Vand g : V — W are smooth maps with y = f(x),
then

d(g o f)x = dgy Odfx~
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Fig. 3.1 Triangular diagram V
corresponding to f and g in
chain rule
f
g
U > W
gof
Fig. 3.2 Triangular diagram Rk

corresponding to df, and
dg, in chain rule

dfz

R o, R

In the mapping diagram, the chain rule can be expressed as follows: if the
triangle represented in Fig. 3.1 is commutative, then the corresponding triangle
in Fig. 3.2 is also commutative.
In other words, the chain rule asserts that the commutative triangular dia-
gram of smooth maps between open sets gives rise to a commutative triangular
diagram of the corresponding linear maps as shown in Fig. 3.2.

(i) IfI : U — U is the identity map on U, then

dl, :R" - R"

is the identity map on R". In general, if U and U’ are open sets in R" and
i : U <> U’ is the inclusion map, then

di, : R" = R"

is also the identity map on R".
(i) IfT : R" — RFis a linear map, then

dT, =T.

Proof 1t follows from Definition3.3.9. Q

Theorem 3.3.11 Let U C R" and V C R¥ be open sets. If f : U — V is a diffeo-
morphism, then
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i n=k;
(ii) the linear map df, : R" — R* is nonsingular.

Proof Suppose f:U — V is a diffeomorphism with y = f(x) € V for x € U.
Hence, it follows that the composite map

flof:U—-U
is the identity map. This implies by Theorem 3.3.10 that

d(f "y odfy

is the identity map on R”. Similarly,

dfcod(f™h),

is the identity map on RX. This asserts that df, is a both-sided inverse and hence
it follows from linear algebra that n = k and df, : R" — RF is nonsingular. This
proves the theorem. u

Remark 3.3.12 The converse of Theorem 3.3.11 is partially true in the sense formu-
lated in Inverse Function Theorem 3.2.48. Definition 3.3.9 of tangent space is now
extended in Definition 3.3.13 for an arbitrary manifold M C R”".

Definition 3.3.13 Let M C R” be a given smooth manifold and U C R™ be open.
Take a parametrization f : U - M C R" of a nbd f(U) of a point x € M, with
u = f~'(x).Considerthemap f : U — R" todefine the derivativedf, : R™ — R".
Then the set T, (M) = Im df,(R™) (image set of df,,) is an m-dimensional vector
space. This construction of 7, (M) is well-defined, since it does not depend on the
particular choice of parametrization f as proved in Proposition 3.3.14.

Proposition 3.3.14 The vector space T,(M) = Im df,(R™) formulated in Defini-
tion3.3.13 is independent of the choice of the parametrization f.

Proof By hypothesis, f : U — M C R" is a parametrization of a nbd f(U) of a
point x € M with u = f~!(x). To prove the proposition, take g : V — M C R”
as any other parametrization of a nbd g(V) of x in M, with v = g~ '(x). Then the
composite map g~ o f sends some nbd U’ of u diffeomorphically onto the nbd V'
of v. Consider the commutative triangle of smooth maps between open sets as shown
in commutative triangle in Fig.3.3 to give rise to a commutative triangle of linear
maps as shown in commutative triangle in Fig.3.4.

This asserts that Im (df,) = Im (dg,) and hence, the proposition is proved. U

Remark 3.3.15 Proposition 3.3.14 proves that T, (M) formulated in Definition 3.3.13
is well-defined and Proposition 3.3.16 proves that 7, (M) is an m-dimensional vector
space.
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Fig. 3.3 Triangular diagram g lof

corresponding to smooth U ! V/
maps

f 9
R”
Fig. 3.4 Triangular diagram d(g~Yof)u
corresponding to linear maps R™ — R™
dfu dgu,
R»

Proposition 3.3.16 T,(M) is an m-dimensional vector space.

Proof Consider the tangent space T, (M) formulated in Definition 3.3.13, which is
well-defined by Proposition3.3.14. Let f : U — M C R” be a parametrization of a
nbd f(U) of a point x € M, with u = f~'(x), where U is an open subset of R”.
Then

fflif—vu
is a smooth map. Take an open set W C R” containing the point x and a smooth map
H:W — R"™ such that H = f7!] WN/U)-

For Uy = f~Y(W N f(U)), the commutativity of the triangular diagram as shown in
Fig. 3.5 gives rise to the commutative triangular diagram as shown in Fig.3.6. This
implies that d f,, has rank m and the vector space T, (M) is of dimension m.

This proves that 7, (M) is an m-dimensional vector space over R. Q

Definition 3.3.17 The m-dimensional vector space T, (M) = Im df,(R™) formu-
lated in formulated in Definition 3.3.13 is called the tangent space for the smooth
manifold M C R" at the point x € M.

Remark 3.3.18 Given two smooth manifolds M and N suchthat M C R? and M C
R? and a smooth map f : M — N with f(x) = y, Proposition 3.3.19 considers the
derivative

dfx : Tx(M) — Ty:f(x)(N)» V= de(U)a
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Fig. 3.5 Commutative inclusion i m
triangular diagram involving UO R
maps f and H
f H
w
Fig. 3.6 Commutative m I, m
triangular diagram involving R R

linear maps df;,, and H,

RTL

where H is defined in Proposition3.3.16.

Proposition 3.3.19 The derivative df : T,(M) — Ty—y)(N), v dH,(v) is
well-defined.

Proof To define the derivative
dfy : T.(M) — TyN,
consider an open set W containing the point x and a smooth map
H:W — R?

such that f = H| wnyu) (existence of both W and H is guaranteed by the smooth-
ness of f).

Define
dfy : T,(M) — Ty=f)(N), v > dH,(v).
To show that df, is well-defined, we have to prove that

(i) dH.(v) e TyN, Yv e T,(M) and
(ii) df, does not depend on the particular choice of H.

To prove it, take parametrizations

g:U—> McCR? and k:V - N CR
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Fig. 3.7 Commutative

k~lofo
rectangular diagram of U 4} V
smooth mappings g and k
H
%

g k
W R?
Fig. 3.8 Commutative d(k—lofo
rectangular diagram of linear R™ ( feg)u R”
mappings dg, and dk,
dgu l dky l

for nbds g(U) of x and nbds k(V) of y. Without any loss of generality, we may
assume that g(U) C W and f sends g(U) into k(V) (by replacing U by a smaller
set if it is needed). This shows that the map

k'ofog:U—V

is well-defined and it is smooth. Consider the commutative rectangular diagram of
smooth mappings as shown in Fig.3.7.

It gives rise to the corresponding commutative rectangular diagram of linear maps
by taking derivatives as shown in Fig. 3.8, where u = g~ '(x) and v = k~!(y). Then
dH, sends T,(M) = Im dg, into TyN = Im dk,. Moreover, the induced map d f,
does not depend on the particular choice of the H, because of the commutativity of
the rectangular diagram of linear mappings as given in Fig.3.8.

This asserts that

df =dk,od(k™" o fog),o(dg) " : T(M) = Ty (N)
is a linear map.This proves that the derivative
dfc: T.(M) —> Tr)N

is a well-defined linear map. Q

Definition 3.3.20 Let M and N be two smooth manifolds such that M C R? and
N CR?and f : M — N be a smooth map with f(x) = y. Then

dfx : TX(M) - Ty:f(x)(N)

is well-defined by Proposition3.3.19 and it is called the derivative of f at the point
xeM.
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Remark 3.3.21 Theorem 3.3.22 extends the fundamental properties of the linear
function df, formulated in Theorem 3.3.10 for manifolds in Euclidean spaces.

Theorem 3.3.22 Letr M C R", N C R¥ and P C R™ be three smooth manifolds.

(i) (Chainrule)If f : M — N and g : N — P are smooth maps with y = f(x),
then

d(g o f)x = dgy Odfx-
(ii) If1 : M — M is the identity map, then
dl, : T,(M) — T,(M)

is the identity map of Ty(M).
(iii) In general. if M is a submanifold of N with natural inclusion
i: M — N, then
di, : T.(M) — T.(N)

is also natural inclusion.

Proof 1t follows from Definition 3.3.20. a

Theorem 3.3.23 Let M C R* be a smooth manifold of dimension n and N C R?
be a smooth manifold of dimension m. If f : M — N is a diffeomorphism, then

dfy : Tx(M) — T (N)

is an isomorphism of vector spaces. In particular, dim M = dim N.

Proof Proceed as in Theorem3.3.11. Q

3.3.4 Regular and Critical Values of Smooth Maps Between
Manifolds of Same Dimension

This subsection introduces the concepts of regular and critical values of smooth maps
between manifolds of the same dimension in Euclidean spaces. For the more general
case, when their dimensions are different, see Sect. 3.17.

Definition 3.3.24 Let M and N be two manifolds of same dimension in Euclidean
spaces and f : M — N be a smooth map.

(i) A point x € M is said to be a regular point of f, if the derivative

dfx : TX(M) - Tf(x)(N)
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is nonsingular. The point y € N is called the regular value of f if f~'(y) con-

tains only regular points (note that since d f, is nonsingular, by inverse function

theorem, f sends a nbd of x in M diffeomorphically onto an open set in N).

Apache/2.4.6 (Red Hat Enterprise Linux) Server at nmcheck.gnome.org Port 80
(i) A point x € M is said to be a critical point of f if the derivative

dfx : Tx(M) - Tf(x)(N)

is singular. The image f(x) is called a critical value of f.

Remark 3.3.25 Definition3.3.24 asserts that given a smooth map f : M — N,
every point y € N is either a regular value or a critical value of f.

(i) y € N is acritical value of f if f~!(y) does contain a critical point.
(i) y € N is aregular value of f if f~!(y) does not contain a critical point.
(iii) The general formulation of critical and regular values for a smooth map f :
M — N between arbitrary smooth manifolds is available in Definition3.17.1.

Proposition 3.3.26 Let M and N be two manifolds in Euclidean spaces and f :
M — N be a smooth map. If M is compact and y € N is a regular value of f, then
£~ Y(y) is a finite set (may be empty).

Proof By hypothesis, f : M — N is a smooth map, M is compact and y € N is a
regular value of f. Since f~!(y) is a closed subset of the compact set M, it follows
that the set f~!(y) is also compact. Again, since the map f is one-one in a nbd of
every point x € f~!(y), it follows that the compact set f~!(y) is discrete. Let card
f~1(y) be the number points of the set f~!(y). Then this number card f~'(y) is
locally constant as a function of y, where y runs over only regular values. Hence,
there exists anbd V C N of y such that card f~!(y) =card f~'(y'), Vy € V. To

show the existence of such a nbd V, take points x1, X, ..., x, € f~'(y) and choose
pairwise disjoint nbds Uy, Ua, ..., U, of the points x, x5, ..., X, € f’l(y) which
are mapped diffeomorphically onto the nbds Vi, V3, ..., V, in N. The existence of

our required V is proved by taking
Vv=vinV,n---NV,— f(M-U; —Uy—---=Up,).

Hence, it follows that the set f~!(y) is finite (may be empty). Q

3.4 Differentiable Manifolds

Every manifold is a topological manifold by definition, but there are many manifolds
which are equipped with an additional structure such as differential structure, called
differentiable manifolds. This additional structure makes the study of differential
manifolds interesting. This section introduces the concepts of n-dimensional C”-
manifolds and differentiable (smooth) manifolds with illustrative examples, which
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lead to differential topology. Classical analysis traditionally studies real-valued
functions, their continuity and differentiability in the Euclidean space R”. To define
a continuous function between two abstract sets, it is necessary to give these abstract
sets topological structures. Similarly, to define a differentiable function between two
abstract sets, it is necessary to give these abstract sets differentiable structures. This
generalization of a differentiable function in an abstract setting leads to the concept of
differentiable manifolds, from which many classical results of analysis, geometry
and topology are generalized.

The motivation of differentiable manifolds may be explained from the following
observation: for a finite-dimensional topological manifold, a coordinate system can
be introduced, and any one moving around such a manifold has to move from one set
of such coordinates to the other. This produces a continuous change of coordinates
described by real-valued functions of multivariables. If this change of coordinates is
differentiable, then it facilitates to introduce the concept of differentiable manifolds
(also called smooth or C*°-manifold). Differentiable manifolds are studied based
on the standard differential structure on the Euclidean space R”. So, it has become
necessary to delight the basic relevant results on differentiable functions in R”, which
are given in Sects.3.2.3 and 3.2.4.

3.4.1 Differentiable Manifolds: Introductory Concepts

This subsection introduces the concept of abstract differentiable manifolds, formally
defined by Hermn Weyl (1885-1955) in 1912 in his book on the Riemann surfaces.
The theory of manifolds earned momentum through the work of H. Whitney (1907-
1989) in the 1930s such as Whitney’s Embedding Theorem 3.14.20 saying that every
n-dimensional compact manifold can be embedded in a finite-dimensional Euclidean
space. This theorem reconciles the original concept of a manifold with its modern
abstract concept. Since then, differential topology witnesses a rapid development.
The concept of differentiable manifold is now considered as a basic object of
study in mathematics, because of its own problems and methods. There are two quite
different definitions of a differentiable manifold. The first one is traditional in the
sense that it is a topological space with a structure facilitating to define differentiable
functions on it. The second one says that it is a topological space constructed by
gluing together open subsets of some Euclidean space in an elegant way. For example,
the surface of a soccer ball can be obtained by gluing together (pasted together on
overlaps) open disks (of Euclidean plane) without doing any fold or crease.

Remark 3.4.1 Convention: From now, a manifold means a smooth manifold, unless
stated otherwise and the terms smooth manifold, differentiable manifold and C*°-
manifold are interchangeable.
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Definition 3.4.2 Let M C R™ be a nonempty set.

(i) Anordered pair (¢, U) consisting of asubset U C M together with an injective
map ¥ from U onto an open subset in R” is said to be an n-coordinate pair
on M.

(ii) Two n-coordinate pairs (¢, U) and (¢, V) on M are said to be C” related if
the maps ¥ o ¢~ and ¢ o ¥ ! are C”-maps having their domains of definition
open sets.

(iii) A collection C = {(v;, U;)} of n-coordinate pair on M is said to be a C"-atlas
on M if every member of C is C" related to every other member of C, and
Uu; =M.

(iv) A maximal collection of C” related n-coordinate pairs is called a maximal
C’-atlas on M.

Definition 3.4.3 A topological manifold M with a given C"-structure on M is said
to be a C"-manifold (or a manifold of class C"). The dimension of the space R”
from which the homeomorphisms of charts act is said to be the dimension of the
C"-manifold M. In particular, if r = 0, then M is called a topological n-manifold.

Remark 3.4.4 Definition for C*° structure on M is similar. It is formulated in Def-
inition3.4.7.

Definition 3.4.7 of smooth maps defined on an open set is now extended over arbitrary
subsets of a manifold.

Definition 3.4.5 (Smooth map) Let M, N be two manifolds in R” and X be a subset
of M. Then amap f : X — N is said to be smooth if f can be locally extended to
a smooth map in the sense that every point x € X has an open nbd U in M and a
smooth map

f:U—N: flxw = f.

Every n-coordinate pair (y, U) on a subset U C M determines a set of n coordinate
functions ; through the function ¥ such that

Yi=pioy:U—>R fori=1,2,...n,
where the projection maps p; are defined by
pi :R"—=> R, (x1,x2,...,%,) —> x4, fori=1,2,...,n.

Clearly, each v; is a C"-map. The n-tuple of maps (Y, ¥, ....Y,) is also called a
coordinate system of (i, U).

Definition 3.4.5 is reformulated in Definition 3.4.6.

Definition 3.4.6 Let M be a manifold of dimension n and N be a manifold of
dimension m. Then a continuous map
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f:M— N

is said to be C* or smooth at a point x € M if there exist charts

(i) (¥, U) about the point x € M and
(ii) (¢, V) about the point f(x) € N

such that the composite map ¢ o f o ! from the open set ¥ (¢~' (V) N U) of R”
to R” is C* at the point x.
The continuous map is said to be C* or smooth if it is C* at every pointx € M.

Definition 3.4.7 (Smooth manifold) Let M be a second countable Hausdorff space.
Then it is said to be an n-dimensional smooth manifold (or differentiable manifold
or C*°-manifold) if there exits a collection of maps C = {y}, called charts such
that

(i) for every chart ¢ € C, the map v : U — V is a homeomorphism, where U C

M and V C R" are both open;

(ii) every point x € M is in the domain of some chart;

(iii) giventwochartsy; : U; — V; CR"andy; : U; — V; CR"withU; NU; #
(4, the change of coordinates v; o 1//;1 YU NUj) — (U NU;j) is C;

(iv) the collection C of charts is maximal satisfying the conditions prescribed in
(i), (ii) and (iii) (i.e.,in the sense that if ¢ is any homeomorphism mapping
an open set in M onto an open set in R” such that for every ¢ € C, the home-
omorphisms ¢ with domain U and y with domain V satisfy the condition: for
U NV # @, if both the functions

oy Yy (UNV)—>p(UNV)and yodp~ ' :p(UNV)— y(UNV)

are C*, then ¢ € C).
A set of charts satisfying (i), (i) and (iii) is said to be an atlas.

Definition 3.4.8 Twocharts; : U; — V; CR"and¢; : U; — V; C R" onann-
manifold are said to be C” compatible (or C” overlap) as shown in Fig. 3.9 if the
coordinate changes

Yoy (U NU;) — ¥ (Ui N U,)
and
Yoy 1y (Ui NU)) — (Ui NU))

are both of C"-class for some natural number r or they are both of C*°-class or both
of C class (in the sense of real analytic). The two maps v¥; o 1//;1 and ¥ o 1/[1 are
called the transition functions between the charts U; N U;. If U; N U; = ¢, then
the two charts are automatically C*°-compatible.
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M

7

2

(2 ¥;
\ 4 \ 4
—
b ot
¥i(U; NU;) ¥ (U; NU;)

Fig. 3.9 Diagram of two overlapping charts

Remark 3.4.9 Definition 3.4.7 shows every differentiable (smooth) manifold has its
own a second countable Hausdorff topology .

Definition 3.4.10 An n-dimensional differentiable manifold M is a Hausdorff topo-
logical space having a countable open covering {U;, U,, ...} such that

DM() for each U;, there is homeomorphism ; : U; — V;, where V; is an open
disk in R”;
DM(2) if U; NU; # ¥, the homeomorphism
Vi =vjow yiUiNU) — ;Ui NU;)

is a differentiable map.
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(Ui, ¥r;) is called a local chart of M and {(U;, v,)} is a set of local charts of M.

Remark 3.4.11 The condition DM(2) asserts that v;; is an inverse of 1;; and hence
its Jacobian determinant is nonzero at every point x € ¥;(U; N U;).

Definition 3.4.12 Two charts (i, U) and (¢, V) on a manifold M are said to be
C"-compatible if any one of the following conditions are satisfied:

i Unv =g
@ii) if U NV # @, then the homeomorphism

ooy iy UNV)—= o (UNV)

is a C"-diffeomorphism.

Definition 3.4.13 A set of charts {(v;, U;)} on a manifold M is said to be a C”-atlas
if any two of its charts are C”-compatible and |, U; = M.

There is a natural question: when are two atlases considered equivalent?

Definition 3.4.14 Two C"-atlases {(;, U;)} and {(¢;, V;)} are said to be equivalent
if any two charts (v;, U;) and (¢;, V;) are C"-compatible in the sense that their union
is a C"-atlas.

Remark 3.4.15 As the relation of being equivalent of C"-atlases on a manifold M is
an equivalence relation, the set of C"-atlases on M is partitioned into disjoint classes
of equivalent atlases on M.

Definition 3.4.16 The equivalence class of C"-atlases on a manifold M is called a
C’-structure on M.

Remark 3.4.17 In view of Definition3.4.16, it is possible to restore any given C”-
structure on a manifold from any of its C"-atlases. The union of all C"-atlases on a
manifold is again a C"-atlas, called a maximal C"-atlas on the manifold.

Definition 3.4.18 For r = 1,2, ..., 0o, the C"-structures on manifolds are called
smooth or differential structures. A C°-structure on manifold is known as a topo-
logical structure and it is unique.

Example 3.4.19 A differential manifold M may have several C”-structures for r #
0. For example, for M = R!,

(i) the real line space, consider the chart (¥, U), where U = R', and ¢ = 1d :
R! — R! is the identity map. It admits on R! a C®-structure;

(ii) again for another chart (¢, R'") where ¢ R! — R!, x — x3 also admits on R!
a C*-structure.

As these two atlases are not equivalent, it follows that R! admits different C*°-
structures.
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Example 3.4.20 (i) The Euclidean n-space R” is an n-dimensional differentiable

(iii)
(iii)

@iv)

manifold. Here, the open covering C consists of only one openset V = U =
R”, the whole space, and the homeomorphism ¢ : U — V is taken as its
identity function.

Every open set U in R" has only one C”-differential structure containing the
inclusion map i : U — R".

The sphere S? = {(x, y,2) € R*: x> + y2 4 z> = 1} is a 2-dimensional dif-
ferentiable manifold. Here, C = {V}, V5, ..., Vi} consists of six open sets,
each of them is a hemisphere. For example, here take V|, = {(x, y,z) €
8% :z > 0} to be the hemisphere z > 0, take the map ¥ sending every
(x,y,2) € V; to the point (x, y, 0) and take U; as the unit open disk on the
xy-plane with center at the origin. Then

Y1 Vi = Ui, (x,y,2) = (x,.0)

is a homeomorphism.

Similarly, take V, = {(x, y,z) € S x> 0} to be the hemisphere x > 0 and
take the map v, sending every (x, y, z) € V; to the point (0, y, z). The col-
lection of these image points {(0, y, z)} forms an open set U, homeomorphic
to the open unit disk in yz-plane and hence

Y2 Vo= Us, (x,y,2) = (0, 9,2)
is a homeomorphism. Again, the map ¥ = ¥ o ¥, ! defined by
¥2(0.y.2) = (1 = y* = 2’12, 5. 0)
is a differentiable. Similarly, other maps v;; are also differentiable.
As a generalization of Example (ii), the n-sphere S” is an n-dimensional dif-

ferentiable manifold, since it is a Hausdorff topological space with a countable
open covering C = {Vy, V, ...} such that

(i) forevery V; € C, there is a homeomorphism v; : V; — U;, where U; is an

open disk in the Euclidean space R";

(ii) if V; N'V; # @, the homeomorphisms v; and /; give rise to a homeomor-

)

phism
Vi =00 (Vi V) = (VN V)

which is a differentiable map. Hence, it follows that the n-sphere is also a
differentiable manifold with dimension 7.

The real projective space RP" is an n-dimensional differentiable manifold.
The space RP" is obtained as the quotient space obtained from the n-sphere
S” by identifying diametrically its opposite points. This space is also obtained
as a quotient space R"*! — {0}/ ~, where ~ is the equivalence relation defined
by
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(vi)

(vii)

(viii)

(xi)
(x)

(X1, %2, oo o, Xp1) ™~ (V15 Y2, -+, Yug1) holds

iff y; = ax;, for some nonzero real number «. Let (v, V;) be the (n + 1)
charts of RP" formulated by

Vi={(x1,x2,...,X11) €ERP" :x; 20, i =1,2,...,n+ 1}

and

Xi  Xj Xi Xi Xi
equivalently,
¥ Vi = R", (x1,x2,..., oo xne) > (X1, X2, .00 Xiels Xidls e+ xn+1) € R,

where 1 occupies the ith place in the left-hand side. Then RP” is an n-
dimensional manifold. In particular, for n = 2, the real projective space R P2
is a surface, which is a 2-dimensional differential real manifold by Corol-
lary 3.20.3.

Let GL(n, R) denote the set of all nonsingular n x n matrices over R. This
set of matrices forms a locally Euclidean space of dimension 1. Every n x n
matrix over R can be identified with an n2-tuple of real numbers (by stretching
out its rows in a line). GL(n, R) is a real differentiable manifold of dimen-
sion n2. Similarly, the general complex linear group GL(n, C) is a complex
differentiable manifold of dimension n?.

The special real linear group SL(n,R) ={M € GL(n,R) : detM = 1} is
a real differential manifold of dimension n*> — 1. The special complex lin-
ear group SL(n,C) = {M € GL(n, C) : detM = 1} is a complex differential
manifold of dimension n% — 1.

Orthogonal group O (n, R) = {M € GL(n,R) : MM' = I} is areal differen-
tial manifold of dimension "ZT_" The unitary group U (n, C)={M € GL(n,C) :
MM* = I}, where M* is the Hermitian conjugate, is a complex differential
manifold of dimension 2.

The special complex linear group SL(n, C) = {M € GL(n,C) : detM =1}
is a complex differential manifold of dimension n? — 1.

(Figure-eight manifold Fg) It consists of all points in R? of the form
(sin2t, sint), forallt € R, i.e.,

Fg = {(x,y) eRz:xzsin2t,y=sint, Vit e R}
The injection

v :Fg — R, (sin2t, sint) — t, Vt € (0,2m)
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is onto on an open interval of R and hence it is a chart with domain Fg. It
admits a C* atlas into R and it is a differentiable manifold. Consider another
C® atlas of Fg consisting of a single chart

¢ :Fg — R, (sin2t, sint) —~ t, Vt € (—m, ).

But these two atlases i and ¢ are not equivalent, because the change of coor-
dinates

t, forallt € (0, )
¢o¢’1:R—>R, t— t—mift=m
t —2m, forallt € (m,2m)

is not even continuous.

Proposition 3.4.21 The dimension of a C°-manifold M is an invariant in the sense
that it is independent of the choice of its atlas.

Proof Let M admit atlases {(U;, ¥;)} and {(V;, ¢;)}, where y; : R" — U; and ¢; :
R"™ — V; are homeomorphisms for n # m. Then there exist open sets U;, V; such
that U; N V; # @ and the map

¢ o iy UINY) — ¢ UIN V)

is a homeomorphism. But this contradicts the Brower dimension theorem which
asserts that nonempty open sets U C R"” and V C R” are homeomorphic only when
n=m. Q

Remark 3.4.22 An atlas of C"-class on a differentiable manifold M can be con-
veniently defined as a collection of bijective mappings from subsets of M to open
subsets of R” such that all coordinate changes are C".

3.4.2 C®°-Structures on Manifolds and C°-Diffeomorphism

This subsection conveys the concept of C*°-structure on manifolds by using their
topological structures and also the concept of C*°-diffeomorphism, which are both
basic concepts in manifold theory.

Definition 3.4.23 Let M be an n-dimensional manifold with a set of local charts
{(¥i, Up)}, N be an m-dimensional manifold with a set of local charts {(¢;, V;)} and
f:M — N,x+— f(x)beamap.Let (¢, U) be achart of M and (¢, V) be a chart
of N suchthat x € U and f(x) € V. Then f is said to be differentiable if the map

¢of01//71:R"—>Rm
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is differentiable. Since the differentiability of the map f: M — N,x — f(x) in
Definition 3.4.23 does not depend on the choice of the charts of M and N, it is well-
defined.

Definition 3.4.24 Let M and N be two smooth manifolds and f: M — N be a
map. A chart (, U) for M is said to be adapted to f by a chart (¢, V) for N if
f(U) C V. The map

pofoy™ 1Y) > ¢(V)

is well-defined and it is called the local representation of f at the point x € U in the
given charts. The map f is said to differentiable (or smooth) at x if it has a local
representation at x which is differentiable (or smooth). This is well-defined, because
a local representation is a map between open sets in Euclidean spaces.

A basic problem in differential topology is classification problem of manifolds up
to diffeomorphism. The concept of diffeomorphism is introduced in Definition 3.4.25.
Two diffeomorphic manifolds are clearly homeomorphic.

Definition 3.4.25 Let M and N be two manifolds and f : M — N be ahomeomor-
phism. If ¥ and ¢ are coordinate functions such that the function

¢pofoy ':R" - R"
is invertible in the sense that there exists a differentiable function
wofoqﬁ_1 :R" > R"

such that
pofoyland Yo foop™!

are both C*°-functions. Then f is said to be a diffeomorphism and the manifolds are
said to be diffeomorphic. In particular, a homeomorphism f from an open subset of
R” to another open subset of R” is said to be a diffeomorphism if f is a C*°-function
having C* inverse.

Remark 3.4.26 Let M and N be two differentiable manifolds. A homeomorphism
f : M — N between them is said to be a diffeomorphism if both f and its inverse
f~ ! are differentiable. The manifolds M and N are said to be diffeomorphic if there
exists a diffeomorphism between them.

3.5 Tangent Spaces and Differentials of Smooth Maps

This section generalizes the concepts of tangent spaces of manifolds in R" and
derivative operations studied in Sect. 3.3.2 for arbitrary smooth manifolds. It uses the
concept of derivatives to identify the linear space which gives the best approximation
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of a manifold M at a point x € U C M, where U is open in M. This leads to
the concept of tangent space T, (M). The concept of tangent vector formulated in
Definition 3.5.7 plays a key role in the study of tangent spaces.

Definition 3.5.1 Given an n-dimensional C"-manifold M with an atlas {{y;, U;)},

(i) areal-valued function
f U ad R

is said to be a C*-function (k < r), written as f € C(U;, R), if for every v;, the
map f o wi“ is a C¥-map, mapping the image of v/; C R” into R;
(ii) on the other hand, given an open set U C M and a point x € U, a real-valued
function
f:M—R

is said to be of class C*¥(k < r) inanbd U of x, denoted by f € ck(M, x,R), if
U = domain of f and f € CK(U, R), where U as an open set in M that admits
C"-manifold structure.

Remark 3.5.2 To define a C*-function, we utilize the facts that

(i) amanifold M withan atlas {(y;, U;)}looks locally like R" through the coordinate
systems and
(i) ¥, oy, " is a C"-homeomorphism for r > k.

Definition 3.5.3 Let M be a C"-manifold with an atlas {{v,;, U;)}, and
pi R =R, x =(x1,x2,...,%,) = X

be the jth coordinate function on R". Then the jth coordinate function f; on R for
{{¥:, Up)}, defined by

fiUi—>R:fi=pjot,
is a C"-function.

Remark 3.5.4 In Definition3.5.3, f; is sometimes replaced by x; : U — R. Then
the n-tuple of functions (xy, x», ..., x,) is also sometimes taken as a coordinate
system. Let xq, x2, . .., x,, represent the coordinate functions of a coordinate system
Y aboutapointx and yy, y», ..., ¥, represent the coordinate functions of a coordinate
system ¢ about a point y. Then

" n Oyi 0
8/3x] = Elzla(yl)/axja/ay, = Ei:lga—y.
J i

Definition 3.5.5 Let M be an n-dimensional C"-manifold with a set of local charts
{(¥i, Up)}, N be an m-dimensional C"-manifold with a set of local charts {(¢;, V;)}
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and ¢ : M — N,x — f(x) be a map for some C* function f : N — R. Then
is said to be of C*-class (k < r), denoted by ¢ € CK(M, N), if

foy e CX(M,R), Y f € CK(N,R).

Remark 3.5.6 Every vector v at a point in Euclidean space defines a map mapping
each smooth function into a real number such as the directional derivative along v.
Moreover, v is determined by the values of v on smooth functions. This leads to the
concept of tangent vectors on manifolds.

Definition 3.5.7 Given ann-dimensional smooth manifold M with an atlas {U;, v;)},
a tangent vector v at a point x € U; is a map

v: (U x, R) > R, f > B 1a;3/3x(f o ¥ Dy

Proposition 3.5.8 Let M be a smooth manifold and v be a tangent vector at a point
x € M. If T,(M) denotes the set of all tangent vectors at x € M, then it forms a
vector space over R under the compositions defined by

@ W+w(f)=v()+w(f), Yo, we T (M);
() (A)(f) =Ar(w(f)), Yve TM,, Y1 eR.

Proof Let
v=2X!,0;(0/3x;) and w = X!_,b;(3/0x;)
for some n-tuples (aj, as, ...,a,) € R"and (by, by, ..., b,) € R". This implies that
v+w =23, (a;+b;)(3/0x;) and Av = E_ Aa;(3/0x;).
Then the map

Y :R" = T (M), (ai,ay,...,a,) — X_,a;(3/9x;)

is an isomorphism of vector spaces and hence T, (M) is of dimension n with {d/0dx; :
i=1,2,...,n}as abasis. a

Definition 3.5.9 Given an n-dimensional smooth manifold M, the vector space
T, (M) is called the tangent space of M at x. In other words, the vector space T, (M)
over R defined in Proposition 3.5.8 is called the tangent space to the manifold M at
the point x € M.

Definition 3.5.10 Given a smooth manifold M and a smooth curve« : R — M such
that ¢ (0) = x¢ € M, let U be an open nbd of x( in M. The directional derivative of
a smooth function f : U — R along the curve « at the point x is defined by

d
Dy (f) = Ef(a(l))|z=o~
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The operator D,, is said to be the tangent vector to « at the point xo € M. It is
considered D, = Dy if they have the same value at xo € M for all such functions f.
The set of all tangent vectors to a smooth manifold at a point xo € M forms a vector
space which is called the tangent space at x, to M, denoted by T,, M.

Definition 3.5.11 Let M be asmooth manifold and f be real-valued smooth function
on M at a point xo € M. The equivalence class of f under the equivalence relation
f~giff f(x) =g(x), Vx € U C M for some nbd U of x is called a germ of f.

Proposition 3.5.12 Let M be a smooth manifold and f, g be real-valued smooth
functions on M at a point x € M. Using the notation D in place of D, in Defini-
tion3.5.10, the tangent vectors have the following properties:

(i) D(f+g=D(f)+D(g),VfgeTlM,;
(i) Drf)=rD(f),VreR. Y f e T M,;

(i) D(fg) = f(x)D(g) + D(f)gx), V f, g € TxM.
Proof 1t follows from construction of D = D,, formulated in Definition3.5.10. Q

Definition 3.5.13 The map D € C*°(M, x, R) having the properties of Proposi-
tion3.5.12 is called a derivation. The set of all tangent vectors at a point x € M
forms an algebra, called algebra of germs of real-valued smooth functions at x on
M.

Example 3.5.14 The tangent space 7, (R") at a point x € R” is isomorphic to the
vector space R” itself. Because the map

Y :R" - T,(R"), (a1, a2, ...,a,) — X a;0/dy;

is a vector space isomorphism.

Interpretation of Definition 3.5.13. Let M be a smooth manifold and f be real-
valued smooth function on M at a point xo € M having xi, x3, ..., x, local coordi-
nates at xg. If

a(t) = (a(t), 02(t), ..., 0, () : x; (1) = x;((2)), i =1,2,...,n,
then

d d of du;
Do (f) = Ef(a(t))lt:() = EE,‘Llf(Oll(t), o (1), ..., o () li=0 = E?:ITQ%":()'

This asserts that

da;
__ 3 i S ! C—
D, = Eizlr,—axi lxo 178 = v li=0, i =1,2,...,n.

Hence, it follows that
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0

8_|x° = Dg, : Bi(t) =(0,0,...,0,1,...,0) (t stands at the ith place).
Xi

This implies that the vector space T,,(M) of tangent vectors of M at x¢ has

{E :i=1,2,...,n} as abasis. Hence, it follows immediately that

rV +sW)(f) =r(V(f) +s(W(f), YV, W € T, (M), Vs.t €R.

Example 3.5.15 Consider the manifold R”. Take a fixed point b = (b1, by, ..., by,)
€ R" and a vector v = (vy, va, ..., v,) € R". Consider the smooth curve

o, :R—>R", t+—>b+1tv= (b +tv,by +tvy,...,b, +tv,).
Let U be an open nbd of b and f : U — R be a smooth function. Then D,, is the

tangent vector and with respect to the basis {%}, the coordinates of D, are given
by

De, () d SFla@®)l T flar(®), aa(?) @) ! o7 dail
o = — o =0 = P o ,o2(l), ..., oy =0 = 1T — |t=0-
v dt t=0 i=1 1 2 t=0 i=1 ox; dt t=0
This asserts that with respect to the basis {%},
n 8 dO[,‘ .
D,, = Ei:lria_xi Tr= Ell:o =v:i=1,2,...,n,
which implies
Dy, =X 0i— =< V|, V2, ..., Uy >= V.
8)6,'

This defines an isomorphism v of vector spaces
¥ R" — T(R"),

and hence, the dimension of 7;,(R") is n.

Example 3.5.16 The vector space T, (R") is called the tangent space to R” at the
point b and every element in 7, (R") is called a tangent vector to R” at the point b.

Theorem 3.5.17 Let M and N be two smooth manifolds. Suppose that M is con-
nected and ¢ : M — N is smooth. If D¢ = 0, then ¢ is a constant map in the sense
that ¢ (x) = ng for someng € N, Yx € M.

Proof For ny € ¢(M), the set M1 = ¢! (ng) is closed in M. We claim M, is also
openin M. Let xo € M;. To show it, we find an open set U in M with the following
property:
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xo € U C M.

If V is a coordinate nbd of ny with coordinate functions (yy, yz, ..., ¥,), choose U
to be a connected coordinate nbd of the point x, with the following property:

xo€e U C o (V).

If (x1, x2, .. ., x,) is the coordinate functions in U, then for every x € U, the matrix
corresponding to D¢ (x) with respect to the basis {% :i=1,2,...,n} for the tan-
gent vector space 7, (M) and with respect to the basis {aiy :i=1,2,...,n} for the

tangent vector space Ty (N) is given by (%(y,- o ¢)). By hypothesis, D¢ = 0.
Hence, it follows that

d
(—(yiotﬁ)) =0on U,Vi,j=1,2,...,n.
an

It shows that the function y; o ¢ is constant on U for all i =1, 2, ..., n. Conse-
quently,
¢ (x) = ¢(xo) =no, Vx € Uand U C ¢~ ().

It asserts that M is an open set in M. Since by hypothesis, M is connected, it follows
that M = M, = ¢~ (no). Qa

Definition 3.5.18 Given two smooth manifolds M and N and a smooth curve « :
R — M, the differential di/ of ¥ of a smooth map ¥ : M — N ata pointx € M
is the function defined by

dy =Y, 1 Ty (M) — Tyx)(N), Dy = Dyoq.

Y, is well-defined. Because, for any smooth function £k : V. — R on a nbd V of
¥(x),

d
Vs (Do) (k) = Dyoq (k) = Ek(w(a(t)))lzzo = Do(koy) = (Yx(D)(k)) = D(k o).

dyr =, is called the differential dys of ¢ of a smooth map v : M — N.

Proposition 3.5.19 Given two smooth manifolds M and N and a smooth curve
o : R — M, the differential d of ¥ of a smooth map ¥ : M — N at a point
x € M. Then under the notations of Definition 3.5.18,

(i) V. is a linear map;
(i) for any smoothmap ¢ : N — P,

@ov)y =¢s 0V, : T,(M) = Tigoy)n)(P).
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Proof (i) Let X,Y € T,(M) be two tangent vectors at the point x € M and f :
U — R be a smooth function, where U is anbd of x in M. Then for allr, s € R

Vs (X +sY)(f) = (X +sY)(f o) =rX(f o) +sY(f o) = (rPx(X) + s (X))(f)

asserts that ¥, is a linear map.

(ii) Let f : U — Rbeasmooth functionand U beanbdof ({/)(x)in Nand¢ : N —
P be an arbitrary smooth map. Since ((¢ o ¥)(D))(f) = D(f o ¥ 0 ¢)), it
follows that

(@ oY) (D)(f) =D(f oy o)) = (@ D)(f 0 d) = (Y« 0 $:)(D)(f), VD € T (M).

This proves that
(Po) = oy

for any smooth map ¢ : N — P. Q

Corollary 3.5.20 Let M be a smooth manifold and o : R — M be a smooth curve.
Then its differential o, satisfies the relation

d D,
A | — ) = Dy,
dt *

Proof Leta : R — M with ¢ (0) = xo € M be a smooth curve. Then it follows that
for a smooth map g : U — R, where U is an open nbd of xy in M,

d d
oy <—|,=o> 8= E(g oa) = Dy(g).

dt
<d)
oy | — ) = Dq,.
dt

Interpretation of the differential in terms of local coordinates Let M, N be
two smooth manifolds, xo € M be a point and ¢ : M — N be a smooth map. If
X1, X2, ..., X, is alocal coordinate near the xg and y;, y», ..., ¥, is alocal coordinate
near the f(xo) € N, then i can be represented as

This asserts that

a

Y(x1, X2, .0 X)) = (Y1, X2, oo, X0), oo, (X, X2, oo, X)),
The linear map

Oy . TxU(M) —> TI//(X(J)(N)
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can be expressed with respect to the bases {837} and {aiy} as amatrix {m; ;} such that
: ; .

o () =5t
=) =2 mi—.
8Xj i=1"",7 ayl

This implies that

9 o
Y (E> () = Eizlei,ja_yi(yl) =my ;.

This asserts that

0

d
o, yioy) = EIW
o
3)6/

Consequently, the Jacobian matrix J () with (
the linear transformation 1.

) atits i, jth entry represents

3.6 The Topology on a Smooth Manifold Induced by Its
C*°-Structure

This section proves that every C*-structure on a differentiable manifold M induces
a topology 1) on M, which is generated by its coordinate domains as basis. This
topology 1) is called an induced topology on the smooth manifold of M. If 7 is
own topology on M formulated in Remark 3.4.9, then these two topologies may not
be the same. Example 3.6.15 shows that 1), is not Hausdorff but t is Hausdorff by
its defining condition and hence 7 # t3;. Theorem 3.6.9 provides a necessary and
sufficient condition under which a given topology T on M coincides with the t); on
M. The topology t satisfies the first axiom of countability by Proposition3.6.16.

3.6.1 The Topology Induced by C°°-Structure on a Manifold

This subsection proves that every C structure on a set M induces a topology on M.

Recall that an injection ¢ : M — R”, whose image is an open set in R", is an n-
dimensional chart. Using the projection map p; : R” — R, every such chart defines
on the domain U of i a set of coordinate functions

Yi=pioy:i=1,2,...,n

so that
VU — R, x = (Y1(x), Y2(x), ..., ¥n(x))



3.6 The Topology on a Smooth Manifold Induced by Its C*°-Structure 171

is the set of coordinates of a point x € U in the chart (U, ¥).

Definition 3.6.1 A set M endowed with a C*°-structure of dimension » is called a
differentiable manifold of dimension 7.

Definition 3.6.2 A C*-atlas of a set M is called complete if it is not contained in
any other C*°-atlas of M. The domain of a given chart of the complete atlas of M that
determines a given C*°-structure of dimension n on the set M is called a coordinate
domain of the manifold M.

Proposition 3.6.3 Let M be a differentiable manifold and (y,U) be an n-
dimensional chart. If V is a subset of U such that (V) is open in R", then the
restriction Y|V is also a chart of M.

Proof By hypothesis, ¢ : U — R”" is an injection whose range is an open set in
R" and hence |y is a chart for the set M. If (¢, W) is an arbitrary chart of the
manifold M such that W NV # @, then (/|y) o ¢~ is a restriction to an open set
of the diffeomorphism v o ¢ ~'. Hence, it follows that v/ |y is a chart of the manifold
M. This defines the C™ structure on the set M. a

Proposition 3.6.4 Let M be a manifold of dimension n. Then the family of coordinate
domains of M forms a basis for a topology on the set M.

Proof Let (¢, U) and (¢, V) be two coordinate domains such that U NV # .
Then ¢ o ¥ ~! is a diffeomorphism such that ¥ (U N V) is an open set in R”. Then
its restriction ¥ |(ynv) is a chart of M with domain U N V by Proposition 3.6.3. This
proves that a nonempty intersection of any two coordinate domains of the manifold
M is also a coordinate domain of M. Hence, it follows that the family of coordinate
domains of M forms a basis for a topology on the set M. Q

Definition 3.6.5 (Topology induced by C* structure) Let M be a set. The family
of coordinate domains of M forms a basis for a topology 1), on the set M. This
topology Ty, is called the topology of the manifold M induced by the C* structure
of M. A subset U of M is open in this topology 7 iff every point of U admits a
coordinate nbd lying in U. In particular, this induced topology on the differentiable
manifold R” coincides with the standard metric topology on R”.

Proposition 3.6.6 Let M be a differentiable manifold. Then using the topology ty,
every chart of M is a homeomorphism.

Proof Let Y be any chart of M with domain U and range V C R". We claim that
¥ is continuous and open with respect to the topology 7. Take any open subset V'
of R". Consider its inverse image U’ = ¥ ~'(V’). Since ¥ (U’) = V' N V, it follows
from Proposition 3.6.3 that ¥/ |- is also a chart of M. This implies that U’ is an open
set in 7y and hence 1 is continuous. To prove that v is open, take any basic open set
U’ C U. Consider a chart ¢ of M with domain U’. Then the change of coordinates
¢ o ¥~ ! is a diffeomorphism in R”, and its domain v (U N U’) = ¥ (U’) is open in
R”". Since any open subset of M that lies in U is a union of basic open sets, its image
under 1 is open in R”. This asserts that i is open. Q
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Proposition 3.6.7 establishes a relation between a C* structure on a set M and its
induced topology Ty on M.

Proposition 3.6.7 Let f : M — N be a differentiable map at a point x € M. Then
under the inducedtopologies tyy on M and ty on N, themap f : (M, ty) — (N, Ty)
is continuous at the point x.

Proof Let i be chartat x € M and ¢ be chart at f(x) € N. Then the representative
function g = ¢ o ! is C*™ and hence g is continuous at the point ¥ (x). On the
other hand, ¢ and ¢ are homeomorphisms under the induced topologies ), on M
and Ty on N. This proves that f is continuous at x. u

Remark 3.6.8 Every differentiable manifold M induces a topology 74 on M. If T
is the given topology on M, Example 3.6.15 says that T # ). There is a natural
problem: does there exist a situation when 7, coincides with t? Theorem 3.6.9 gives
its positive answer. Moreover, Proposition 3.6.7 implies that for every differentiable
function f : M — N, the function f : (M, t)) — (N, ty) is continuous and hence
its domains must be open subset of the manifold M.

3.6.2 A Necessary and Sufficient Condition for tyy = 1

This subsection studies the problem raised in Remark 3.6.8: under what situation (if
any) a set M endowed with some topological structure 7 and the topological structure
Ty on it induced by a C* structure coincide? If there exists a situation under which
T = 1y, then Proposition3.6.6 asserts that all the charts of the manifold M are
homomorphisms under the given topology t. This subsection solves this problem in
Theorem 3.6.9 asserting that T = t), if it is true for the charts of any one atlas of M.

Theorem 3.6.9 (Manifold Structure on a Topological Space) Let M be a set endowed
with both topological structure T and a C*°-structure. Then the topology Ty induced
by the given C*°-structure on M coincides with the given topology t iff the charts of
one atlas of M are homomorphisms under the given topology t.

Proof The necessity of the condition follows from Proposition3.6.6. To prove the
sufficiency, suppose that the charts of one atlas of M are homomorphisms under
the topology . Consider the family ¢/ of open sets in the given topology t and the
family V of open sets in the induced topology ), on M. Let A be a given atlas of
M. Take any open set V € V. Let ¢ be a chart of the atlas .4 whose domain W is
such that W NV 2 (. Then under the induced topology T, the set W N V is open,
Y is a homeomorphism and hence (W N V) is an open subset in R”. Since ¥ is a
homeomorphism under 7, the set W NV € U. Again, the set V being the union of
such sets, V e U. This shows that every open set of V is also an open set of ¢/ and
hence V C U. To show that i/ C V, take any open set U € U. Proceeding as above,
it follows that U € V and hence i/ C V. It proves thatUf = V. a
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Corollary 3.6.10 Let M be a compact topological space. It does not admit a C*°-
structure defined by a single chart.

Proof Suppose M is a compact topological space such that M admits a C*°-structure
defined by a single chart.Then M is homeomorphic to an open subset V of R".
Since V is not compact, our supposition is not tenable. This contradiction proves the
corollary. Q

Remark 3.6.11 Let M be a set endowed with both a topological structure T and a
C*°-structure. Does there exist any relation between the topology 7 and the topology
7y induced by the given C*°-structure? A positive answer is available in Theo-
rem 3.6.9 providing a necessary and sufficient condition under which the two topolo-
gies T and 1)y on M coincide. If T = 1), then Proposition 3.6.6 asserts that all the
charts of the manifold M are homeomorphic in the topology t. Theorem 3.6.9 for-
mulates this result.

Example 3.6.12 S” cannot admit a C*°-structure defined by a single chart. Since
S" is a compact topological space, it follows from Corollary 3.6.10 that S” cannot
admit a C*°-structure defined by a single chart.

3.6.3 Properties of the Induced Topology on a Differentiable
Manifold

This subsection proves some special properties of the topology ), induced by the
given C*°-structure of the manifold M such as its T} property in Proposition 3.6.13, its
first countability property in Proposition 3.6.16 and its locally connectedness property
in Proposition 3.6.19 and showed that this topology is not necessarily Hausdorff (see
Example 3.6.15). This example implies that the natural topology t and t;; on M are
different but Theorem 3.6.9 provides a sufficient condition for coincidence: ) = 7.

Proposition 3.6.13 Let M be a differentiable manifold with induced topology ty.
Then the topology Ty is Ty.

Proof Let x; and x, be two distinct points of M. Consider two possibilities:

Case I: Suppose that x; and x; both lie in the domain of some chart i of M with
range V. Then there exist two disjoint open sets V; and V; in R” such that

Y(x)eViCV and ¥(x) e Vo, C V.

Since v is continuous under the topology 7, it follows that ¥~ (V) and v ~! (V,)
are disjoint open sets in M such that

xi €y (V) €ty and xp € Y1 (Vo) € Ty
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Case II: Suppose that x| and x; do not lie in the domain of any chart v of M.
Then there exists a chart with domain U such that x; € U; but x, ¢ U; and another
chart with domain U, such that x, € U, but x; ¢ U,.

Hence, it is proved that in either case, the topology ty is T}. Moreover, Case 1
asserts that any two points lying in the domain of one chart also satisfy the T, axiom.
a

Remark 3.6.14 Proposition 3.6.13 raises the problem: is the induced topology T
on every differentiable manifold M Hausdorff? The answer is negative. In support,
consider Example 3.6.15.

Example 3.6.15 The induced topology ) may not be Hausdorff. For example,
consider the subset M of R?, which is the union of U = {(x, 0) € R?} (x-axis) and
the one-pointic set {(1,0)},i.e., M = U U {(1, 0)}. Suppose

U= U —{0,00h u{d, 0}
Consider two charts ¥ and yr; of M with domains U and U, into R:
Y:U—-> R, (x,0) > x
and
Y1 : U — R, (x,0) — x ifx #0, and (0,1) — 0.

Then the change of coordinates v/ o ¥ ~! is the identity map on the open set
R — {0}. Hence, the charts v and v; form a C*°-atlas and it endows the set M a
differentiable manifold structure. Let 73, be the induced topology on X. Let V be
any nbd of the point (0, 0) and V| be any nbd of the point (0, 1). Then V N V| # @.
Because (U NV) and v (U; N V}) are both open subsets of R that contain the
origin 0. Hence, it follows that both of them also contain some nonzero point p € R.
Then the point (p, 0) € V NV} asserts that V NV} # @. This concludes that this
induced topology 7, is not Hausdorff.

Proposition 3.6.16 Let M be a differentiable manifold with induced topology ty.
Then the topology Ty satisfies the first axiom of countability.

Proof Let M be adifferentiable manifold of dimensionn and x € M be any point and
¥ be a chart with domain U that contains the point x. Since the Euclidean topology
of R” satisfies the first axiom of countability, there exists a countable open base {V;}
at the point ¥ (x) € R”. Claim that the family {1 ~!(V;)} forms a countable open
base at x. Take an arbitrary nbd W of x. Then the set U N W open in the topology
Ty asserts the set ¥ (U N W) is a nbd of 1 (x) which contains some nbd V; € {V;}.
This implies that ¢ ~'(V;) C W. a
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Remark 3.6.17 Proposition 3.6.16 says that the topology ), induced by a differen-
tiable manifold M satisfies the first axiom of countability. It is natural question: does
this topology 7, also satisfy the second axiom of countability? Its negative answer
is available in Sect.3.6.4.

Definition 3.6.18 A topological space space X is said to be locally connected if
every point of X has a nbd base consisting of connected sets. It is said to be path
connected if any two points a, b € X can be joined by a path in X in the sense that
there exists a path o : I — X such that ¢(0) = a and «(1) = b.

Proposition 3.6.19 Let M be a differentiable manifold with induced topology ty.
Under this topology, the space M is locally connected.

Proof Letx € M be an arbitrary point and v be a chart with domain U that contains
the point x. Then ¥ (U) is an open set in R” that contains the point ¥ (x). Hence,
there exists an open ball By ,)(¢) with center ¥ (x) and radius € > 0 such that
By (€) C ¥ (U). Since this open ball is connected, it follows that Vs (Byx)) isa
connected nbd of x. This concludes that the space (M, 7)) is locally connected. U

Corollary 3.6.20 Every connected component of a differentiable manifold M is an
open set in the topology Ty;.

Proof 1t follows from Proposition 3.6.19. a

3.6.4 Topological Restriction on a Differentiable Manifold

This subsection imposes certain topological restrictions on a manifold to solve some
problems. For example, a differentiable manifold satisfying the 75-axiom is said to
be a Hausdorff manifold. This restriction is imposed, because most of the manifolds
that we study are Hausdorff manifolds. So, this restriction is incorporated in defining
a differentiable manifold.

Proposition 3.6.21 Let M be an n-dimensional differentiable manifold with induced
topology ty. Then M has a countable open base for the topology Ty if M admits a
countable atlas.

Proof Let M admit an atlas of charts i with domains Uy for k = 1,2, .... Then
each ¥ (Uy) = Vj is an open set in R”. Since R" has the Euclidean topology with a
countable basis B3, there exists a countable family of open sets {ij j=1,2,..1}
such that every open set in V; is a union of open sets V.. This implies that every
open set of M lying in the open set Uy is a union of sets (Vi;) = Uy,. Hence,
it follows that the countable family of sets {Uy, : j = 1,2, ...} forms an open base
for the topology ) of M, because every open set U in M is a union of open sets
Ui N U and every one of them is a union of the sets Uy, . a
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Corollary 3.6.22 Let M be a compact n-dimensional differentiable manifold with
induced topology ty. Then M has a countable open base for the topology Ty.

Proof Since any atlas of a compact manifold has a finite subatlas, the corollary
follows immediately from Proposition3.6.21. Q

3.7 The Rank of a Smooth Map and Constant Rank
Theorem

This section defines the concept of the rank of differentiable map and proves the
constant rank Theorem 3.7.5 with an aim to study the local structure of a differentiable
map with the help of its rank. It is used in immersion problems (see Sect.3.9).

Rank of a Differentiable Map

This subsection defines the rank of a differentiable manifold, which plays a key role
in the manifold theory.

Definition 3.7.1 Let f : M — N be a differentiable map between differentiable
manifolds M and N. Given apointx € M,lety : U — Vand¢ : W — T be local
coordinate systems about x and f(x), respectively. Then

pofoy VT

is differentiable map from the Euclidean open set V into the Euclidean open set T'.
The rank of the Jacobian matrix ¢ o f o ¢! at the point f(x) is defined to be the
rank of f at the point x. If the rank of f is the same Vx € M, then this common
value is said to be the rank of f.

Remark 3.7.2 Since Definition3.7.1 is independent of the choice of the local coor-
dinates of the points x and f(x), the rank of f is well-defined.

Example 3.7.3 The map f : R> — R?, (x,y) — (x, 0) has rank 1 everywhere.

Remark 3.7.4 Let M be a differentiable manifold of dimension m and N be a be
a differentiable manifold of dimension n. Two cases for special interest arise for a
differentiable map f : N — M.

(i) CaseI: f has a maximal rank at a point x.
(ii) Case II: f has a constant rank in a nbd of a point.
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For the Case I, there are three possibilities (not exclusive) such as
n=m,n>=m Orn=<m.

(i) For n = m, it follows that f is a local diffeomorphism at the point x( by the
inverse function theorem.

(ii) For n > m, the maximal rank of f is m and it defines a submersion at the point
Xo, formulated in Definition 3.9.3, since manifolds are locally Euclidean.

(iili) For n < m, the maximal rank of f is n and it defines an immersion at the point
xo formulated in Definition 3.9.3.

The importance of Case II is reflected through the Constant Rank Theorem 3.7.5
for manifolds.

Theorem 3.7.5 (Constant Rank Theorem) Let M and N be two differentiable man-
ifolds of dimensions m and n, respectively. If a differentiable map f : N — M has a
constant rank r in a neighborhood of a point xy € N, then there exist charts (¥, U) at
xoand (¢, V) inanbd of f(xo) € M with the property: for (x1, X2, ..., x,) € ¥ (U),

(qbofolp*l) (X1, X2, ey Xp) = (X1, X2, o« o, Xpy ..., 0,0), V(x1,x2,...,%,) € Y (U).

Proof By hypothesis, M and N are two differentiable manifolds of dimensions m
and n, respectively. Let f : N — M be a differentiable map having a constant rank
r in a neighborhood of a point xo € N, and (1}, U ) be a chart about the point xgo € N
and (43, \7) about the point f(x9) € M. Then ((;3 ofo 1/7’1) is a map between two
open subsets of R” and R”. Hence, it follows by hypothesis that (¢ o f o ¥~
has the same constant rank » as f has in a nbd of f(xg) in R™. Then there is a
diffeomorphism 6 of a nbd of ¥ (xo) and another diffeomorphism 7 of a nbd of
(¢ o f)(xo) in R” such that

(mogo foy o™ N((x1,x2, ..., %) = (X1, X2, ..., Xr,...,0,0).

Take ¥ = 6 o ¥ and ¢ = 1 o ¢. Then the normal form of f has no zeros if r = m.
Hence, it follows that

(@ofoy™)(x,x2, ..o X0) = (X1, X2, .0, %) = (X1, X2, .+, Xpy ..., 0,0).

a

3.8 Manifolds With and Without Boundary

This section conveys the concept of a topological manifold with a boundary and a
differentiable manifold without a boundary. The motivation of this concept comes
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from the observation that there are a number of geometric objects such as the n-
dimensional closed disk D" on which it is not possible to find a nbd of any point
on its boundary dD", which is homeomorphic to the space R” or its open set. Such
problems are solved by introducing the concept of manifold with boundary.

3.8.1 Topological Manifold with Boundary

This subsection introduces the concept of a topological manifold with boundary
and illustrates this concept with various examples. On the other hand, Sect.3.8.2
communicates the concept of topological manifolds without boundary.

Definition 3.8.1 An n-dimensional topological manifold with boundary is a sec-
ond countable Hausdorff space M such that every point x € M has an open nbd
homeomorphic to either R" or to R} = {x = (x1, x2, ..., x,) : x, = O}

Remark 3.8.2 Definition3.8.1 asserts that an n-dimensional topological manifold
with boundary for n > 1 is a Hausdorff space M if each point of M has a nbd
homeomorphic to the open set in the subspace x,, > 0 of R". The boundary of M is
denoted by dM.

Example 3.8.3 Let R” be the Euclidean n-space and x = (xy, x2, ..., x,) € R" be
an arbitrary point.

(i) The subspace R = {x € R" : x,, > 0} C R" is the upper-half of R” and it has
the boundary identified with the subspace

R"!={xeR":x, =0}

This asserts that R’} is an n-dimensional manifold with R* ! as its boundary,
where the boundary 0 R’} is identified with hyperplane R x {0}.
Rnfl.

(i) The subspace R” = {x € R" : x,, < 0} C R” is the lower-half of R" and it has
the boundary identified with the subspace

R"!={x eR":x, =0)}.

This shows that R” is an n-dimensional manifold with R*~! as its boundary
and hence R"~! is the common boundary of the manifolds R’ and R”Z.

(iii) Let M; ={x eR" :x} +x3 4+ - +x2>1}and M, = {x e R" : x} + xJ +
s x,zl < 1} be subspaces in R”. Then M; and M, are both n-dimensional
manifolds with §”~! as their common boundary.
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3.8.2 Topological Manifold Without Boundary

This subsection introduces the concept of topological manifolds without boundary.
On the other hand, Sect. 3.8.3 communicates the concept of differentiable manifolds
with boundary.

Definition 3.8.4 Let M be an n-manifold. Then the set of points in M having a nbd
homeomorphic to R” is called the interior of the manifold M, denoted by interor M
and its complement is called the boundary of the manifold M, denoted by d M. The
manifold M is said to a manifold without boundary if 9 M = {J. Moreover, if M is
compact and connected, then M is said to be a closed manifold.

Example 3.8.5 (i) The unit disk D"*! is an (n 4 1)-manifold with boundary unit
sphere S”.
(ii) S! x D? is a 3-manifold with boundary S s st
(iii) If M is an m-manifold with boundary d M and N is an n-manifold with boundary
ON, then M x N is an (m + n)-manifold with boundary 9(M x N) = M X
INUJX x Y.
(iv) The real projective space RP" is an n-dimensional closed differentiable mani-
fold. By Example 3.4.20, R" is an n-dimensional differentiable manifold. It is
a closed manifold, because it is compact and connected.
(v) The complex projective space CP" is a 2n-dimensional closed manifold.
Consider the open sets

Uiz{[zlaZZa"'azl‘l]GCPn:Zi#o}

and the homeomorphisms

<1 22 <i—1 i+l Zn
wi:Ui_)Cns [leZZs-n,Zn]'_) T T s e ey Ty T e ey T
i i Zi Zi Zi

having inverses

-1 .
Y, i C" = Ui, (21,22, ---520) = (21,220 -5 Ziets L Zigts -2 15 2l

This asserts that the complex projective space C” is a 2n-dimensional manifold.
It is closed, since it is compact and connected. It has no boundary.

3.8.3 Differential Manifold with Boundary

This subsection introduces the concept of differentiable manifolds with boundary.
Recall that if S = {(U;, v;)} is a set of local charts of a differentiable manifold M,
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then S is said to be a differentiable structure on M. Every subset of S which satisfies
the condition M = | J {U;}, and also the axioms DM(1) and DM(2), is called a basis
for the differential structure S of the manifold M.

Definition 3.8.6 An n-dimensional differentiable manifold with boundary is a topo-
logical space X with a subspace Y and a countable open covering C = {U,, Ua, ...}
together with homeomorphisms ¥y, ¥, ... such that

(i) each U, e C is either contained in X — Y with the property that there is a home-
omorphism v; : U; — V;, where V; is an n-disk in R”, or there is a homeomor-
phism ¢; : U; — V;, where V; is a hemisphere given by {x = (x1, x2, ..., x,) €
R": Ei"zlxiz < 1, x; > 0}, with the property that ;(U; N Y) = V; for which
x, =0;

(ii) givenU;, U; € C and homeomorphisms ¢; : U; — V;, ¢; : U; — V; described
in (i), if U; N U; # @, then the map

Yij =vioy; 1y UiNU)) — ¥ (U; NU;)
is onto and differentiable.

Example 3.8.7 Let R be the upper closed half-space
R} = {(x1,x2,...,x,) € R" 1 x,, > 0}.

Its boundary 0 R’ is defined to be the hyperplane R"! x {0} C R™.

Remark 3.8.8 Definition3.8.6 asserts that a subset X C R"” is a smooth m-
dimensional manifold with boundary if every point x € X has a nbd X N U dif-
feomorphic to an open subset R} NV of R. The boundary 0X of X consists of
precisely all points in X which correspond to points of R’ under such a diffeomor-
phism. The boundary 0X is well-defined and it is a smooth manifold of dimension
m — 1 with the interior X — 90X, which is a smooth manifold of dimension m. The
tangent space 7, (X) is an m-dimensional vector space for all points x € X ( even
the point x stays on its boundary 9X).

Example 3.8.9 Let R” be the Euclidean n-space and x = (xy, x2, ..., x,) € R" be
an arbitrary point.
(i) The set

Si={xeR": 2 x7 <1}

is an n-dimensional C*°-manifold with boundary $"~!.
(ii) The set
S, ={x eR": T x7 > 1}

is also an n-dimensional C*-manifold with boundary §"~'.
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Proposition 3.8.10 Let M be an m-manifold with boundary oM and N be an n-
manifold withm > n. If f : M — N is a smooth map and y € N is a regular value
of both f and f|3pm. then

() f~'(y) C M is a smooth manifold of dimension m — n with boundary and
(ii) its boundary 3(f~'(y)) is same as f~'(y) N IM.

Proof (i) It is sufficient to consider the special case of a map f : R} — R" with
regular value y € R”, since it is required to prove a local property. Suppose
x’ € f~1(y). If x’ is an interior point, then f~!(y) is a smooth manifold in the
nbd of the point x’. If x” is a boundary point, consider a smoothmap g : U — R”
defined on anbd of x” in R” and coinciding with the restriction f |y rr. Without
any loss of generality, we may assume that / has no critical points, because U
may be replaced by a smaller nbd (if it is necessary). This asserts that f~1(y) is
a smooth manifold of dimension m — n. This proves the first part.

(i) To prove the second part, let

pig () = R, (X1, X2, ..., Xp) > Xy

be the coordinate projection. Then 0 is a regular value of p. Because the tangent
space of g~ !(y) at a point x € p~!(0) is the same as the null space of the linear
map

dg. = df, : R" — R".

By hypothesis, the restriction of f over the boundary dR’ of R is regular at
the point x. This ensures that the null space of dg, cannot completely reside in
R~ x {0}. Hence, the set

gTMNRY = ' NU={xeg ' () : pk) >0}

is a smooth manifold by Exercise 63 of Sect. 3.27, with boundary same as p~!(0)
by Exercise 63. This proves the second part. a

3.8.4 Surfaces with Boundaries

This subsection continues the study of Sect. 3.8 by discussing in particular, surfaces
which are manifolds of dimension two. The spheres, ellipsoid, paraboloids, circular

cylinders and the hyperboloid of one or two sheets are familiar examples of surfaces
in R%.

Definition 3.8.11 A surface S is a Hausdorff space such that each point of S has a
nbd homeomorphic to either R? or the closed upper-half-space Ri. The interior of
S is precisely the set of points having a nbd homeomorphic to R?.
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Definition 3.8.12 The boundary of a surface S consists of those points x € S for
which there is a nbd V, and a homeomorphism f : R%r — V such that f(0) = x,
where Rfr is the closed upper-half-space of R?.

Remark 3.8.13 The intuitive concepts of interior and boundary of a surface agree
with their formal concepts. A point cannot stay both in interior and on the boundary
of a surface.

Example 3.8.14 (The Mobius strip or band) It is a surface with only one side
and only one boundary. The Mobius strip has the mathematical property of being
nonorientable.

3.9 Immersion, Submersion and Transversality Theorem

This section generalizes the inverse function theorem related to Euclidean spaces to
the corresponding theorem for smooth manifolds. It conveys the concept of immer-
sion of a manifold with illustrative examples. The concepts of immersions and sub-
manifolds are closely related which are used to obtain the solution of some problems.

Definition 3.9.1 Let M and N be two differentiable manifolds and f : N — M be
a differentiable map.

(i) f is said to be an immersion if, at each point of its domain, its rank coincides
with the dimension of the manifold N. If in particular, if the domain of f is the
whole space of N, then f is said to be an immersion of N into M. In other
words, if M is of dimension m and N is of dimension n, then a smooth map
f: N — M is said to be an immersion at a point p € N if m < n and rank
f=mat p.

(ii) f is said to be a submersion at p if m > n and rank f =n at p.

(iii) The map f is said to be called an immersion, or a submersion, if it is so at every
point p € N.

Example 3.9.2 The natural inclusion map

i8R}
is an immersion, since at each point of S2, the map i has rank 2 and the dimension
of §2.

Definition 3.9.1 is reformulated in Definition 3.9.3 in terms of derivative map d f;
of f: M — N.

Definition 3.9.3 Let M and N be smooth manifolds and f : M — N be a smooth
map. If
dfc: Te(M) — Ty (N)

is its derivative map at x € M, then



3.9 Immersion, Submersion and Transversality Theorem 183

(i) f is said to be an immersion at the point x € M if its derivative map df, is
a monomorphism of tangent spaces. If f is an immersion at every point, it is
simply called an immersion.

(ii) f is said to be a submersion at the point x € M if its derivative map df, is an
epimorphism of tangent spaces. If f is a submersion at every point, it is simply
called a submersion.

(iii) (M, f) is said to be a submanifold if f is an immersion and one-one.

(iv) f issaid to be an embedding if (M, f) is a submanifold and f : M — f(M)

is a homeomorphism under relative topology on f(M). If

f:M—> N
is an embedding, then f (M) is said to be an embedded submanifold of N.

In terms of dimensions of manifolds, the concepts of immersion and submersion
given in Definition 3.9.3 are reformulated in Definition 3.9.4

Definition 3.9.4 Let M be a smooth manifold of dimension n» and N be a smooth
manifold of dimension m. Then a smooth f : M — N

(i) is said to be an immersion at a point x € M if n < m and rank of f at x is n.
It is said to be an immersion if it is an immersion at every point x € M;
(ii) is said to be a submmersion at a point x € M if n > m and rank of f at x is
m. It is said to be a submersion if it is a submersion at every point x € M;
(iii) is an embedding if it is an immersion and a homeomorphism onto its image
f(M);

(iv) is a diffeomorphism if » = m and f is a surjective embedding.

Example 3.9.5 Let Sy(n, R) be the set of all symmetric matrices of order n over R
and M (n, R) be the set of all square matrices of order n over R, which is identified
with the n2-Euclidean R" (see Chap.?2). Then Sy(n, R) has a standard C*° structure
described by a global chart

¢ . Sy(ns R) — M(ns R)s (mi,j) - (m119 e, My, Moo, ..oy Moy, N33, .. ~smnn)'

Its range is the Euclidean n(n 4 1)/2-space R""*1/2_ Hence, it follows that v is an
immersion with this structure.

Remark 3.9.6 Let M, N be two smooth manifolds and ¢ : M — N be a smooth
map with its induced linear homomorphism v, : T, (M) — Ty () (N).

(i) If ¥ is an embedding or an immersion, then a tangent vector v € T, (M) is
identified with the vector ¥, (v) € Ty N.

(ii) The product manifold M x N is also a smooth manifold with charts as the
products of charts for M and N. Moreover,
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Fig. 3.10 Diagram for f
equivalent maps f and f’ M—— N
il |¢
/ !/
e ——
M ———— N

T(x.y)(M X N) ~ TX(M) X XT¢(X)(N).

If a smooth map f : M — N is an embedding (or an immersion), a tangent
vector v € T, (M) is identified with the vector dfy (v) € Tr)(N).

Definition 3.9.7 Let M and N be two smooth manifolds of the same dimension 7.
A smoothmap f : M — N is said to be a local diffeomorphism at a point x € M,
if its derivative map

dfx (T(M) — Tf(x)(N)

is an isomorphism of tangent spaces. A local diffeomorphism ata pointx € M carries
anbd of x diffeomorphically onto a nbd of f(x) € N.

Remark 3.9.8 Definition3.9.7 embodied in Inverse Function Theorem is really
remarkable and valuable. Because df; is a single linear map, which can be rep-
resented by a matrix My, , and it is nonsingular if the determinant det My, of the
matrix My, is nonzero. This says that the problem: whetheramap f : M — N sends
anbd of x in M demographically onto a nbd of f(x) in N is reduced to examining
whether the determinant det My, is nonzero.

Definition 3.9.9 Let M and N be two smooth manifolds. A smoothmap f : M — N
is said to be proper if the inverse image of every compact set in N is also compact
in X. An immersion which is both injective and proper is said to be an embedding.

Definition 3.9.10 Two smooth maps f : M — N and f' : M’ — N’ are said to be
equivalent up to diffeomorphism if there exist a diffeomorphism v : M — M’ and
a diffeomorphism ¢ : N — N’suchthat¢ o f = f’ o ¢, i.e., make the rectangle in
the diagram in Fig.3.10.

Remark 3.9.11 (i) Since a diffeomorphism f : M — N is a bijection and both f
and f~! are smooth maps, it is an equivalence relation on smooth manifolds
and hence it classifies smooth manifolds into disjoint classes such that any two
smooth manifolds are in the same class if one can be deformed into the other
smoothly. In this sense, two diffeomorphic manifolds are considered to be the
same smooth manifold. Clearly, every diffeomorphism is a homeomorphism.
There is a natural question: is every homeomorphism a diffeomorphism? Its
answer is negative, in view of the supporting examples for smooth manifolds of
dimensions > 3.
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(i) The differential structure on manifolds may not be unique. There exist manifolds
having multiple differentiable structures. It was believed before 1956 that a topo-
logical space may admit only one differentiable structure. Examples show that
the differentiable structure of a topological space may not be unique. For exam-
ple, John Willard Milnor (1931-) proved in 1956 that the 7-sphere S’ admits
28 different differentiable structures Milnor (1956). Milnor was awarded the
Fields Medal in 1962 for his work in differential topology. He was also awarded
the Abel Prize in 2011. For another example, Sir Simon Kirwan Donaldson
(1957-) proved in 1983 that R* admits an infinite number of different dif-
ferentiable structures Donaldson (1983). He was awarded the Fields Medal in
1986.

3.10 The Inverse Function, Local Immersion and Local
Submersion Theorems on Smooth Manifolds

This section proves three key theorems: The inverse function Theorem 3.10.1, local
immersion Theorem 3.10.5 and local submersion Theorem 3.10.6 on smooth mani-
folds.

Theorem 3.10.1 (Inverse function theorem on smooth manifold) Let M and N be
two smooth manifolds of the same dimension n and U C M and V C N be two
opensets. If f : U — V is a smooth map such that rank f = n, then for every point
u € U, there exists an open nbd W of u such that f|\W is a diffeomorphism onto an
opennbd f(u)inV.

Proof The theorem is true for the particular case, when M = N = R”" by Theo-
rem3.2.51. Again, by the given conditions, any local representation of f

h=¢ofoy™!
(using notation of Definition3.7.1) has rank » at the point ¥ (u). Hence, there exists
an open set W’ of ¥ (1) on which the map & is a diffeomorphism. Thus, it asserts

that the restricted map f|W = ¥~ (W’) is also a diffeomorphism, which proves the
general case. a

3.10.1 Canonical Embedding and Canonical Submersion

This subsection presents examples of canonical embedding and canonical submer-
sion and shows that an injective immersion is not necessarily an embedding.
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Example 3.10.2 Given integers m > n, the standard inclusion map
i :R" > R", x=(x1,x0,...,%,) = (x1,%2,...,%,0,...,0) = (x,0)

is an embedding, called the canonical embedding.

Example 3.10.3 Given integers m < n, the standard projection map
S:R" = R", x=(xX1,%2, ..., Xy ooy Xp) B> (X1, X2, ooy Xp)

is a submersion, called the canonical submersion.

Example 3.10.4 Every injective immersion is not necessarily an embedding. For
example, consider the map

fiR— St xS 1> (77, 27,

where % is irrational, is injective, but it is not an embedding. f is injective, because
if f(t) = f(¢'), then both a(r — t') and b(¢t — t) are integers. This is possible only
when ¢ = t'. Clearly, f is an immersion, because % # 0. Again, f is not an embed-
ding, because the image f(R) is an everywhere dense curve winding around the
2-torus S' x S! but it contradicts Proposition3.11.10 saying that if M is an n-
submanifold of an m-manifold for n < m, then M is not a dense subset of N. The
above discussion asserts that f is an injective immersion but it is not an embedding
of manifolds.

3.10.2 Local Immersion and Local Submersion Theorems

This subsection proves local immersion and local submersion theorems for smooth
manifolds. Theorem 3.10.5 proves that every immersion is locally equivalent to the
canonical embedding i formulated in Example3.10.2. On the other hand, Theo-
rem 3.10.6 proves that every immersion is locally equivalent to the canonical sub-
mersion s formulated in Example 3.10.3.

Theorem 3.10.5 (Local Immersion Theorem) If M is a smooth manifold of dimen-
sion m and N be a smooth manifold of dimension n and if f : M — N is an immer-
sion at a point a € M, then there is a local representation of f at the point a such
that it is the canonical embedding

i :R" > R", x=(x1,%0, ..., %m) = (X1, %2, ..., %,,0,...,0) = (x,0).

Proof Suppose M is an m-dimensional smooth manifold with a set of local charts
{(y;, U;)} and N is an n-dimensional smooth manifold with a set of local charts
{(¢i, Vi)}. Let (¢, U) be a chart of M and (¢, V), be a chart of N. Consider a local
representation g = ¢ o f o~ of f corresponding to a pair (1, ¢) of coordinate
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systems. We assume without loss of generality that ¥ (a) =0 and ¢(f(a)) =0
and the matrix representation of g at 0 takes the form (if necessary permuting the

coordinates in ¢)
A
J(8)o = ( B) ;

where A is an m x m nonsingular matrix . By changing the coordinates in R” by a
linear transformation
T:R" - R",

the matrix representation M (T) of T takes the form

A7l 0
M(T)Z <_BA—1 1, )7

where 1,_,, is the identity matrix and O is the null matrix. Then the matrix J(g)o
assumes the following form:

A7l 0 A\ (1,
—BA ' 1, B) \0 )
Let U be the domain of g. Define a map

k:UxR'"™ = R", (x,y) —~ gx)+ (0, y).

Then k o i = g and the Jacobian matrix J(h)g is the identity matrix 1,. Hence, it
follows by inverse function Theorem 3.10.1 that & is alocal diffeomorphism at0 € R”
and

pofoy l=g=koi.
It implies that
(k' og)o(foy ™) =i.

Hence, it follows that the local representation of f at the pointa € M corresponding
to the pair of coordinate systems (Y, k! o ¢) is i, which is the local embedding

i :R" — R".
a

Theorem 3.10.6 (Local submersion theorem) Let M be a smooth manifold of dimen-
sion m and N be a smooth manifold of dimensionn. If f : M — N is a submersion
at a point a € M, then there is a local representation of f at the point a such that it
is the canonical submersion s.
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Proof Suppose M is an m-dimensional smooth manifold with a set of local charts
{(¥;, U;)} and N is an n-dimensional smooth manifold with a set of local charts
{(¢i, Vi)}. Let (¢, U) be a chart of M and (¢, V) be a chart of N. Consider a local
representation g = ¢ o f o~ of f corresponding to a pair (1, ¢) of coordinate
systems as in proof of Theorem 3.10.5 such that ¥ (a) = 0 and ¢ (f (a)) = 0 and the
Jacobian matrix J(g) of g at O (on a linear change of coordinates in R™) is

J()0) =1, 0).
Then the map
k:U—R", x> (g(x), Xna1s -5 Xm)
has the Jacobian matrix 1,, at x = 0 and hence g = s o k implies that

(pof)olkoy) ™.

z is the canonical submersion s (as formulated in Example 3.10.3). Q

3.11 Submanifolds of Smooth Manifolds

This section studies the concept of submanifolds which is itself a manifold lying in
a manifold in such a way that the local coordinate systems of these two manifolds
are consistent. Its precise definition is now given in Definition3.11.1. The concepts
of immersions and submanifolds are closely linked and they are specially used for
the solution of some problems.

Definition 3.11.1 Let M be an n-dimensional differentiable manifold and N C M
be nonempty. Then N is said to be a submanifold of M of dimension m < n if it
satisfies the following conditions:

(i) N is an m-dimensional differentiable manifold;

(i) if for every point y € N, there is a local coordinate nbd U in N such that the
local coordinate system v : U — V, where V is an open cell in R” with the
property that (U N N) isasubsetof V and x,,41 = xp2 = =x, =0;

(iii) ¥ |wnn) is a local coordinate system for N around the point y € N.

Remark 3.11.2 Definition3.11.1 of a submanifold N of a smooth manifold M
asserts that

(i) the local coordinate xy, x5, ..., X, on N around the point y € N is set up on
M such that N satisfies the equations (local)

Xm+1 =xm+2="'=xn=0;
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(ii) the local coordinate systems on N are inherited by the local coordinate systems
on M;
(iii) M lies in a tubular type nbd in M in the sense of Definition 3.22.4.

Definition 3.11.1 is reformulated in Definition3.11.3.

Definition 3.11.3 Let M be an n-dimensional differentiable manifold and N C M
be nonempty. Then N is a submanifold of M of dimension m if it satisfies the
following conditions:

for every point y € N, there is a local coordinate nbd U in M such that the local
coordinate system ¥ : U — V, where V is an open cell in R" with the property that
¥ maps U N N onto an open subset of R” C R”, where R™ is considered as the
subspace of the first m coordinates in R”,

R" = {(x1, X2, -+« s Xy X1 - -+ » X)) € R" T Xppy1 = Xppap = -+ - = x, = 0},
Then the collection
{(NNU,¥lyunn) : (U, ) isa chartin M and N NU # @}

forms a smooth atlas of N.
Example 3.11.4 S is a submanifold of the manifold R?.
Example 3.11.5 Example 3.9.5 implies that Sy(n, R) is a submanifold of M (n, R).

Example 3.11.6 Let M and N be two differentiable manifolds. If NV is a submanifold
of M, then the natural inclusion map i : N < M is an immersion.

Example 3.11.7 (i) LetM = R"andx = (X1, X2, .- -, Xim» Xnt1> Xma2s « - -» Xn) €
R” be an arbitrary point. Then the Euclidean subspace N defined by

N={xeR": xpy1=xp2=--=x,=0,m < n}

is a submanifold of M.

(i) Let M = S be the 2-sphere in R® and N be the circle at which the sphere S?
meets the plane z = 0. Then z can be taken as one of the local coordinates on
S? at any point y € N, and the other coordinates may be taken either x or y.
This implies that the circle N is a submanifold of M = S2.

(iii) Let M = R? be the Euclidean 3-space and N = S? be the 2-sphere with the
equation x* 4+ y2 + 72 = 1 in R3. Take the coordinates x, v, z as the local coor-
dinates around any point p € R? and two of the coordinates x, y, z can be used
as local coordinates of S? around any point on S2. Then N = §? is a differen-
tiable manifold and it is a submanifold of M = R3.

Proposition 3.11.8 Let M be a smooth manifold of dimension n and N be a sub-
manifold of M of dimension m. Then for every point y € N, there exists an open nbd
U of y in N and a submersion
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f:U—->R"™:f10=NNU.

Proof To prove the proposition, we use that R” = R™ x R"™". It follows from
Definition 3.11.3 that there is a coordinate chart ¢ : U — R" about the point y in N
such that

YR x {0) =NNU.

Let p : R" — R"™™ be the standard projection onto the second factor. Then
f=poy:U—R"™

is a submersion with f~'(0) = NN U. Q

Proposition 3.11.9 Let M be a manifold of dimension n and N be a manifold of
dimension m (m < n). Then a subset X of N is a submanifold of N iff X is the image
of a smooth embedding f : M — N.

Proof First suppose that f : M — N is a smooth embedding such that X = f(M).
Using local immersion Theorem 3.10.5, it follows that for every point a € M, there
is a coordinate system y;, y2, ..., ¥, in an open nbd V of f(a) such that

XNV ={peV:yu1(p) =Ynr(p)=---=y(p) =0}

and the restrictions of the remaining coordinate functions

{ilxay i =1,2,...,m}

constitute a local chart on X at the point f(a). This asserts that X is a submanifold
of N.

Conversely, suppose that X is a submanifold of N. Then the inclusion map
i: XN

is asmooth embedding, which follows from the natural smooth structure on X derived
from the smooth structure of N. a

Proposition 3.11.10 Let M be an n-submanifold of an m-manifold N (n < m). Then
M is not a dense subset of N.

Proof Let (U, ¥) beacoordinate chartof N suchthatV = M NU # Pandy (V) C
R" x {0}. Then

W=y 'R x R"™"—{0}) #0

is an open set of N such that W C U and W NV = (. This proves that M is not
dense in N. Q
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3.12 Germs of Differentiable Functions

This section introduces the concept of germs at a point x of a differentiable manifold
M and proves the following properties of germs of differentiable functions.

(i) Proposition3.12.2 proves that corresponding to every germatx € M, there exists
a commutative algebra A, (see Proposition3.12.2).
(ii) Theorem 3.12.3 proves that corresponding to every pair of points x, y € M, there
exists an algebra isomorphism

h: A — A,.

Recall that given a point at x in a differentiable manifold M, a function f is said
to be differentiable near the point x if there is an open nbd U of x such that f is
differentiable on U. Let F(x) be the set of all differentiable functions near x € M.

Definition 3.12.1 Two functions f, g € F(x) are said to be equivalent denoted by
f ~ g if they assume the same value on a nbd of x. The equivalence class [ f] of
f is said to be the germ of f at x. The quotient set, denoted by F(x)/ ~, forms a
commutative algebra.

Proposition 3.12.2 For every differentiable manifold M, the quotient set F(x)/ ~
forms a commutative algebra denoted by A, for every x € M under the compositions

(1))
[F1+gl=1[f+gl
(ii)
[f1-[gl=1[f"gl;

(iif)
clf1=1cf1. VIf]. [g] € As.

where c is a real or complex constant.
Proof 1t follows from Definition3.12.1 of the germ [ f] € A,. ]

Theorem 3.12.3 Given a differentiable manifold M and a pair of points x,y € M,
there exists an algebra isomorphism

h: A — A,

where A, is the commutative algebra of germs at x.

Proof Let (¥, U) and (¢, V) be two local coordinate charts of the differentiable
manifold M containing the point x and the point y, respectively. Suppose that
Y(x) = ¢(y). Letw € A, be represented by f. Then o = [ f] and the function f is
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differentiable on some open set in U. Hence, the function g = f o ¥~! o ¢ defined
on a nbd of y is also differentiable near the point y, because g o ¢~ = f oy~ !is
a differentiable function on a nbd ¢ (y). Consider the map

h: A — Ay, a— B=1gl

The map & is well-defined, because itis independent of the choice of the representative
of the class. To show it, let f' € @. Then f — f’" =0 on some nbd of x. If g’ =

f oy o ¢, then
g—8 == oy lop=0

onanbd of y shows that[g] = B = [g']. Clearly, 4 is an isomorphism of commutative
algebras. Q

3.13 Product and Quotient Manifolds

This section studies the product and quotient manifolds and their corresponding
topologies induced by their differential structure.

3.13.1 Product Manifold and Its Induced Topology

This subsection studies finite product of C"-manifolds having finite dimension and
the induced topology of the product manifold. Proposition 3.13.5 relates the induced
topology of the product manifold to the product of the induced topologies of its factor
manifolds.

Proposition 3.13.1 facilitates to formulate the concept of product manifold in Def-
inition3.13.2.

Proposition 3.13.1 Let M be an n-dimensional C”"-manifold and N be an m-
dimensional C"-manifold. Then the cartesian product space of M x N isan (n + m)-
dimensional C"-manifold.

Proof Let M be an n-dimensional C”-manifold with an atlas {(v;, U;)} and N be
an m-dimensional C"-manifold with an atlas {(¢;, V;)}. Consider the function

Vi x ¢ MxN—>R' xR"~R"™".

It is an injective map such that its range v; (U;) x ¢;(V;) is an open set in R"*",
This shows that it is a chart for the product space M x N with domain U; x U;.
Again, if Y] x ¢} is another chart having domain U] x V| that interests U; x V;,
then the change of coordinates
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W X))o (Wi x )™ =W x )o@ x¢:) =@ oy ) x (¢ 0h;")

is a diffeomorphism. This asserts that a set of all such charts which is a C"-atlas
defines a C"-structure on M x N with dimension n + m. a

Definition 3.13.2 Given an m-dimensional C"-manifold M with an atlas {(¥;, U;)}
and an n-dimensional C”"-manifold N with an atlas {(¢;, V;)}, their product C"-
manifold M x N isan (n 4+ m)-manifold with atlas {((¥; x ¢;), (U; x V;)}, where
M x N is the cartesian product space of M and N.

Remark 3.13.3 Definition3.13.2 can be extended to any finite number of C”-
manifolds. The coordinate function (¥, ¢;) acts on a point (x, y) € M x N obtain-
ing the point (y;(x), ¢;(y)) € R™*" and the product M x N with {( (¥; x ),
(Ui x V;)} satisfies all the conditions of a manifold.

Example 3.13.4 (i) Let f : R — R" be a C"-map and its graph
Gy ={(x, f(x)} CR" xR"
is an n-dimensional submanifold in R"*" of C"-class. In particular, for
f:R—=> R, x+sin(l/x):x #0,

its graph G ; is a 1-dimensional manifold in R* with C"-class.

(i) The cylinder S! x R is a product of manifolds.

(iii) The torus 72 = S! x S! is a C"-manifold of dimension 2.

(iv) The n-torus T" = S' x §' x --- x §" (the product of n-circles) is a C’-
manifold of dimension n.

Proposition 3.13.5 studies topologies induced by differential structures given in
Definition3.6.5 and relates the induced topology of the product manifold to the
product of the induced topologies of its factor manifolds.

Proposition 3.13.5 The induced topology of the product manifold is the product of
the induced topologies of its factor manifolds.

Proof Let M and N be two C”-manifolds. To prove the proposition by using The-
orem3.6.9, it is sufficient to show that the charts y; and ¢; (formulated in Proposi-
tion3.13.1) are also homeomorphisms in the product topology of M x N. Since ¥;
and ¢; are both homeomorphisms in the corresponding topologies of M and N, then
their products ¥; x ¢; are also homeomorphisms. Qa

3.13.2 Quotient Manifold and Its Induced Topology

The aim of this subsection is to define the quotient manifold as a submersion and
also to study its associated topologies. Proposition3.13.11 gives a positive answer
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of the problem: whether the induced topology of a quotient manifold is the quotient
topology?

Definition 3.13.6 Let M be a manifold and ~ be an equivalence relation on M.
Then M/ ~ is the quotient set with natural projection

p:M— M/~ x— [x],

which sends every point x € M, to its equivalence class [x]. If the set M/ ~ is
endowed with the structure of differentiable manifold such that

pM— M/~ x— [x]
is a submersion, then the differential manifold M/ ~, denoted by Q (M), is called

a quotient manifold of M. In other words, the quotient space M/ ~ is a quotient
manifold of M if M/ ~ admits the structure of a smooth manifold such that

p:M— M/~ x— [x]

is a submersion.

Example 3.13.7 Let R"*Y = R®*+D _ {0} and ~ be an equivalence relation on
R"*Y be defined by

z~w<s z=tw for some r € R, =R —{0}.
Then there exists a bijection
f:R>(kn+1)/,\, — RP", Z'_)p;

between the quotient set R"HY / ~ and the real projective space RP" obtained by
sending z to the 1-dimensional plane pz1 of R"*! containing z. Hence, f definesa C>-

structure on the quotient set R{"HD / ~ and it admits a quotient manifold structure
of dimension 7.

Example 3.13.8 Let M and N be two smooth manifolds and f: M — N be a
submersion. Define an equivalence relation ~ on M by the rule

xp~x & fx) = f(y).
Define a bijection
g: M/~ — N,x+— f(x).

Then g defines a C*-structure on the quotient set M/ ~. Hence, it admits a quotient
manifold structure such that it is diffeomorphic to the manifold N.
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Example 3.13.9 The topology induced on a submanifold of a differentiable mani-
fold by its C*°-structure may not be its subspace topology. For example, consider the
Figure-eight Fs. It admits a C*°-structure (see Example 3.4.20) making it a subman-
ifold of R2. It is bounded and hence it is compact in the subspace topology induced
from natural topology on R2. On the other hand, there is another C*-atlas on Fyg
determined by a single chart which implies that Fg is not compact.

Remark 3.13.10 Example3.13.9 raises the problem: whether the induced topol-
ogy of a quotient manifold is the quotient topology? Proposition3.13.11 solves this
problem.

Proposition 3.13.11 Let M be a smooth manifold. Then the induced topology of a
quotient manifold Q (M) of M is the same as the quotient set topology.

Proof Consider the natural projection
p:M— QM)=M/~, x — [x].

Then p is continuous, open, surjective and is also differentiable. If a quotient set has
atopology t in which p is both continuous and open, then the topology 7 is the same
as the quotient set topology. This implies that the induced topology on Q (M) is the
quotient set topology. Q

There is a natural question: if a quotient space Q(M) = M/ ~ of a smooth man-
ifold M admits a quotient manifold structure, is this structure unique? Proposi-
tion3.13.12 gives its affirmative answer.

Proposition 3.13.12 [f a quotient space Q(M) = M/ ~ of a smooth manifold M
admits a quotient manifold structure, then this structure is unique.

Proof To prove the proposition, take two quotient manifold structures M and M,
on M/ ~. Now, consider their associated canonical projections

p:M— M/ ~, Mp)

and
p:M— (M/~, My).

Then they coincide and are related by p = 13/~ o p and hence 17/~ is a smooth
map, which is a diffeomorphism. This implies that the quotient manifold structures
M and M, on M/ ~ are identical. This proves the uniqueness of this structure. 4

Example 3.13.13 Let M and N be two smooth manifolds. Then every surjective
immersion ¢ : M — N determines an equivalence relation on M defined by

x~y o) =v0).
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This determines a bijective map
fiM/~ — N, [x]=pl) — ¥),
where
p:M— M/~ x— [x]

is the canonical projection. Carrying the given differential structure of N onto M/ ~,
it follows that M/ ~ admits a quotient manifold structure diffeomorphic to N.

3.14 Embedding of Compact Manifold in Euclidean Spaces
and Whitney’s Theorem

This section proves a basic theorem on embedding of a finite-dimensional com-
pact manifold as a closed subspace in a finite-dimensional Euclidean space in The-
orem 3.14.20, which is known as Whitney’s embedding theorem. This theorem
implies that any manifold may be considered as a submanifold of a Euclidean space
and it conveys one of the important properties of a manifold, which facilitates various
development of manifold theory. Historically, the concept of manifolds was intro-
duced in this way. But Whitney’s Theorem 3.14.20 reconciles this earlier concept of
manifolds with the modern abstract concept of manifolds. Here, a manifold means a
smooth manifold (it may have a boundary).

3.14.1 Smooth Partition of Unity

This subsection uses the concept of smooth partition of unity to solve the prob-
lem: under what conditions a manifold can be embedded in some finite-dimensional
Euclidean space? For its answer, see Sect. 3.14.2. It is one of the main tools of mani-
fold theory in transferring its local structure to global structure. The main reason for
restricting the topology of a smooth manifold M is to guarantee the existence of a
specialized family of real-valued functions on M, known as the partition of unity. The
concept of partition of unity subordinate to an open covering of an n-dimensional
C"-manifold is analogous to that of a topological space defined in Chap. 5 of Basic
Topology, Volume 1 of the present series of books.

Definition 3.14.1 Let M be an n-dimensional C"-manifold (or smooth manifold).
For the function f : M — R, the closure Sy of the set

Sr=1{xeM: f(x) #0)
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is called the support of f, denoted by supp f.

Definition 3.14.2 Let M be an n-dimensional smooth manifold and C = {U;};ca be
an open covering of M. Then a family of smooth functions

F={yi: M — R}ia

is said to be a smooth partition of unity subordinate to the covering C if

(i) each support set supp Sy, = Yi CU;, Vi € A;
(i) 0=vyi(x) =1, Vx € A;
(iii) the family F forms a local covering of M, i.e., every point x € M has a nbd on
which all functions v; excepting finitely many are identically zero and
(iv) X;¥;(x) =1 forevery x € M, which is well-defined by condition (iii).

Remark 3.14.3 Every smooth manifold with an open covering U = {U; : i € A}
admits a smooth partition of unity subordinate to I/ (see Theorem 3.14.15).

Remark 3.14.4 Bump function formulated in Definition3.14.5 is an important
smooth function in differential topology. For example, it is used to study smooth
homotopy and normalized homotopy (see Definition 3.19.4).

Definition 3.14.5 A smooth function 5 : R — R is said to be bump function if it
satisfies the conditions

0, forallx <0
1, forallx > 1

Bx) = {

and
0 < B(x) < 1forall x such that 0 < x < 1.

Example 3.14.6 To have abump function, consider the smooth function f : R — R
defined by

o,
exc1_ if 0<x <1

f(X)={

0, otherwise .

Clearly, f is a non-negative smooth function. It is non-vanishing for 0 < x < 1.
Then the function .
Jo f(0dt

B:R— R, x+— T
fof(t)dt

is a bump function.

Proposition 3.14.7 Let M be a smooth manifold of dimension n. If K is compact and
U is open such that K C U C M, then there is a smooth function f : M — [ 0, 00)
such that
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@ f(x) >0, Vx €K and -
(ii) the support f is contained in U, i.e., Sy C U.

Proof Define a smooth function
S R—=>R, x> ¢ — |x|),
where ¥ : R — R is a bump function given in Example 3.14.6. Then

>0, if |x] <1

FOONZ 0, it = 1.

For each k € K, we define a smooth function Fj, : M — [0, oo) such that

(i) Fy(k) > 0and
(i) supp Fr, CU

as follows: take local coordinates (xi, x3, ..., x,) about the point k such that
BV = {(x11x27"'5-xn) : |x| < r} C U
for some r > 0. Define

X1 Xn s

Fi: M — [0,00) by x > f(T)"'_f('_')’ it xeB
0, otherwise.

Then the family U = {x € M : F;(x) > O};cx forms an open covering of K. As
by hypothesis, K is compact, and U/ has a finite subcovering. Then the required
function F : M — [ 0, 00) is defined by taking the sum of the corresponding finite
number of functions Fj. Q

Proposition 3.14.8 Let U = {U,}uca and V = {Uy}pep be two open coverings of a
smooth manifold M. IfU refines V and U has a smooth partition of unity subordinate
to the covering U, then V has also so.

Proof Suppose that {1/, },ca is a smooth partition of unity subordinate to the covering
U and f : A — B be a map such that

U, C Vf(a), VacA.

Define
Fy: M — R, x = Xicr10Va(x).

Then the family {F}},cp forms a smooth partition of unity. Hence, the proposition
follows. a
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Definition 3.14.9 Let C = {U;} be an open covering of a topological space X. Then
this covering is said to be locally finite if every point of X has an open nbd which
meets only finitely many members of C. If C" = {U]} is another open covering of
the topological space X, then C' is said to be a refinement of C if every member of
C’ is in some member of C. A Hausdorff space X is paracompact if its every open
covering has an open locally finite refinement.

Theorem 3.14.10 proves the paracompactness property of a smooth manifold by
showing that every smooth manifold admits a locally finite refinement which is also
countable.

Theorem 3.14.10 Every smooth manifold is paracompact.

Proof Let M be a smooth manifold of dimension n. Then it is locally homeomorphic
to either R" or R’}, which are locally compact, because every point of either of them
has a compact nbd. Hence, every point x € M has an open nbd U such that U is
compact, because if V is an arbitrary nbd of x and W is a compact nbd of x, then

U=VNnIntWCW.

It implies that U is compact, because it is a closed subset of the compact set W.
Again, since by hypothesis, M is second countable, it has a countable basis {U;}
with the property that each U j is compact. Consider the ascending sequence of
compact subsets of M

WiCcW,C---CW;C---

such that

() M=J; W, and

(i) W; C Int Wiy, V.

Taking W, = U, and defining W; inductively, such that if m > j is the smallest
integer with the property

WjCU]UU2U~-~UUm.

Take - -
Wign=U,U---UU, =UU---UU,.

Suppose U = {U;} is an open covering of M. Take a locally finite refinement V
defined as follows: Take W_; = W, = J and for every integer j > 1, consider the
open sets

(Int Wj+2 — ijl) NU;: U el.)

Since these open sets form a covering of the compact set W; 1 — Int W;, there is a
finite subcovering V; = (V7. ..., Vi(j)/} for some integer k(j). Since the collection
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{W;11 — Int W;} of open sets forms a covering of M, it follows that )V = V; UV, U
---UV;U--. has a covering of M, which is also a refinement of the covering I/,
since every Vij C U; for some U;. It is also locally finite, since if x € W; for some
J,then Int W; is a nbd of x which meets no member of V, for r > j + 1. This
proves that M is paracompact. Q

Theorem3.14.11 proves the metrizability property of a smooth manifold. The
role of this metric in the study of locally Euclidean structure on the manifold is not
well-known.

Theorem 3.14.11 Every smooth manifold is metrizable.

Proof 1t follows from Urysohn’s metrization theorem which asserts that every sec-
ond countable normal space is topologically embeddable in the infinite-dimensional
Hilbert coordinate space, because every paracompact space is normal and every
smooth manifold is second countable. a

Proposition 3.14.12 Let M be an n-dimensional smooth manifold andU = {U;} be
a covering of M. Then U has a locally finite countable refinement by every smooth
coordinate nbds such that every one of them has a compact closure.

Proof Take U;, V; and W; as in Theorem 3.14.10 and choose the covering of each
compact set W, — Int W; properly. Then every point x of the open set

UntW; o —W;_)NYV,

has a coordinate nbd U, and a homeomorphism ¥, from U, into R" or into R’} with
the properties

i) U, CcUnt Wi —W;_)NV; and
(ii) ¥, (Uy)contains a closed nbd By, (y)(n) with the choice

K. =y '(Int By r)(n)),

where By, (v)(n)) denotes the closed ball with center ¥, (x) and radius n in R"

(orin RY). Then K, is compact and hence there is a finite number of K, which

cover Wy — Int W;. To complete the proof, proceed as in Theorem 3.14.10.
Q

Definition 3.14.13 Let M be a smooth manifold and &/ = {U;} be an open covering
of M. Then a family VV = {V;} of open sets is said to be a shrinking of the covering
of U if V; Cc U, forall i.

Lemma 3.14.14 (Shrinking lemma) Let M be a smooth manifold and U = {U; :
i =1,2,...} be a countable family of locally finite open covering of M. Then cor-
responding to U, there is another open coveringV = {V; :i = 1,2, ...} such that

V,cU, Vi>1.
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Proof Suppose that M is connected. For each positive integer m, define the open set

U,, by the rule
U, = J Ui

Construct inductively the family of open sets {V;} as follows:
Since the closed set Cy = U; — U, is contained in the open set U, it follows that
M = Cy UU,. Again, since M is paracompact by Theorem 3.14.10, it is also normal.
Now choose an open set V| with the property

cCicv CV1 c Uy,
which implies that

M=V, Ul,.
Choose the open sets Vi, V,, ..., V,,_ such that
VicU,Vi=12....m—1land M=ViUV,---UV,_1 U U,.

Then the closed sets C,, have the following property:

Con=U,—VUV,..-UV, 1 U Um+l)CUm'

It asserts that
M=ViUVoaU--- UV i UCp U Upi.

Again, choose the open set V), such that
Cp C Vi C Vi CUp.
Hence, it follows that
M=ViuWV,U---UV,_1 UV, U Uypyi.
The family {V;} of open sets forms an open covering of M. Because covering U
is locally finite, for any point x € M, there exists the greatest integer k such that
x ¢ Uy, Ym > k. Then x ¢ Uy. Finally, it follows that

xeViuW,U..-UU,,

since
M=V1UV2U-~-UV/<,1UZ/{/¢.
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This proves that )V = {V;} forms an open covering of M. Q

Theorem 3.14.15 provides a basic result in differential topology, and it is used to
covert many global problems into local forms.

Theorem 3.14.15 Every smooth manifold M with an open covering U = {U,},ea
has a smooth partition of unity subordinate to U.

Proof Suppose that the given covering U = {U,},ca is countable and locally finite
such that every member U, in U is coordinate nbd with compact closure by Propo-
sition 3.14.12. Then there is another covering V = {V,} of B such that V,cU, by
Shrinking Lemma3.14.14. Following the method described in Proposition3.14.7,
construct the smooth function f, : M — R such that

(i) f.(x)>0onV,and
(ii) support f, C U,.

Then the function X,c4 f, is well-defined and it is a positive smooth function. Hence,
the family of functions

Jfa
{%} =
ZaeA f a
gives the required smooth partition of unity subordinate to /. a

Proposition 3.14.16 Let M be a smooth manifold and { : U; — R} be a smooth
partition of unity on M. If { f; : U; — R} is a family of smooth functions, then the
function

fiM— R, x> i fi)(x) = Z (%) fi(x)

is smooth.

Proof Consider the smooth function ; f; : U; — R, x — v;(x) f; (x). Since it van-
ishes on a nbd of M — U;, it can be extended over M by using the zero function on
M — U;. This asserts that the sum function

S=vifi : M — R, x> Z;W fi))(x) = Zihi (x) fi (),
is smooth. a

Theorem 3.14.17 characterizes a smooth map with the help of partition of unity.

Theorem 3.14.17 Let U be an open set in R, and f : U — R" be a given map.
Then f is smooth iff there is an open set V in R" and a smooth map H : V — R”
such that

(i) VNRY =U and
(i) Hly = f.
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Proof First suppose that f : U — R is a smooth map. Then for each x € U, there
is an open nbd V, of x in R" and a smooth map g, : V, — R"™ such that f = g, on
UNV, IfK = ¥,y V,,then K is an open set in R” such that U C K. The manifold
K has a partition of unity {, } subordinate to the covering {V,}. Consider the map

F=3%.cuVr8 : K - R".

Then it follows by using Proposition 3.14.16 that H is a smooth map. Again, there
is another open set V; of R" such that Vi "R, = U. Then take V = K N V| and
H = F|y to prove the first part of the theorem. The converse part is trivial. Q

Proposition 3.14.18 Let M be a smooth manifold and f : M — R be a continuous
function such that f(x) > 0, Yx € M. Then there is a smooth functionh : M — R
such that

O0<h(x) < f(x), Vx e M.

In particular, if M is compact, then h taken as a constant function serves the
purpose.

Proof Consider a locally finite covering ¢/ = {U;} of M and another open covering
V ={V;} of M such that V; is compact and V; C U;, as in the proof of Theo-
rem3.14.15. Let {;} be a smooth partition of unity such that

@i v >0on V,; and
(ii) support of ; is a subset of U;.

Let §; be a positive real number such that it is smaller than inf f on the compact set
V. Define

f:M— R, x > %;6;¢;(x).

This asserts that f is smooth. Moreover, h(x) < f(x), because ¥;v; (x) = 1 and the
maximum of the corresponding §; < f(x). Since all §; > 0, it follows that 2(x) > 0.
Q

Remark 3.14.19 For more result on paracompactness of a manifold, see Exercise 20
of Sect.3.27.

3.14.2 Embedding of Compact Manifold in Euclidean Spaces

This subsection proves Whitney’s Embedding Theorem 3.14.20
(Whitney 1936a,c,b), which gives a basic property of a manifold. This theorem
plays the key role toward various developments of manifold theory and unifies the
original (earlier) concept of manifolds with the modern abstract concept making a
revolution in the theory of manifolds. This theorem is the most powerful result of
the manifold theory that opens up various beautiful developments of this theory.
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Theorem 3.14.20 (Whitney’s Embedding Theorem) Every n-dimensional compact
smooth manifold can be embedded in a finite-dimensional Euclidean space.

Proof Let M be an n-dimensional compact smooth manifold. Since M is compact,
there exists a finite open covering V = {V, V,, ..., V,;} of M such that each open
set V; can be embedded in R for some positive integer k by embedding

fi:Vi—>R: fori=1,2,...,n.

Since by hypothesis, M is Hausdorff and compact, it is also normal. Then there
is a partition of unity P = {g1, g2, ..., g,} subordinate to this covering V. Let
M; = support of g;, for 1,2,...,n, which is a closed set in M. Consider the
map

gi(). filx), ifx eV

Vi M—> R x> .
0, ifxeM-1V;,

fori =1,2,...,n, where the right-hand product is product of the vector f;(x) with
the scalar which is the real number g; (x). Each map v; is well-defined by its defining
conditions. Clearly, each v; is continuous. Construct the continuous map

H:M—>RxRx--- xR (ntimes) x R* x RE x -+ x R* (n times),
which maps

X to (gl(-x)7 gz(-x)v cec gn(-x)’ WI(x)v 1//2()6)» cet ’ﬁn(x)),

ie.,

H()C) = (gl (.X'), gz(x)’ MR gn(x)v Ipl (-x)v ‘ﬁz(x), ce I/IYL(X))’ V)C € M

Injectivity of H follows by the compactness property of M. To proveit, let H (x) =
H (y). Then by construction of H, it follows that g;(x) = g;(y) and ¥; (x) = ¥, (y)
for each i =i =1,2,...,n. Again, Xg;(x) = 1 asserts that g;(x) > 0 for some
index m say. This implies that g; (y) > 0 for the same index m and x, y € V,,,. Now,
8m(X) - fn(x) = Y (x) = Y (y) = & (¥) - fin(y). Since g, (x) = gm(y) is a posi-
tive real number, it follows that f,,(x) = f,,,(y). Finally, since the map f,, : V; — RF
is injective, it follows that x = y. This proves that

H:M—> Rf

is an embedding for some positive integer k. Q
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Proposition 3.14.21 Every compact Hausdorf{f locally Euclidean space M is home-
omorphic to a subspace of some Euclidean space.

Proof Proceed as in the proof of Theorem 3.14.20. Qa

Remark 3.14.22 Theorem 3.14.20 is a weak form of the theorem that every compact
n-manifold can be embedded in R>**!. It appears from the proof of Theorem 3.14.20
that k > 2n + 1.

Proposition 3.14.23 (Chain rule) Let M, N and P be three smooth manifolds. If
f:M — Nandh: N — P be two smooth maps and U C M is open, then

d(/’l [¢] f)x = dhf(x) Odfx, VxeU.

Proof 1t follows from Definition df, : Tx(M) — T, (N). a

An alternative form of the smooth Urysohn Lemma3.14.24 is given in Exercise
28 of Sect.3.27.

Lemma 3.14.24 (Smooth Urysohn Lemma) Let M be a smooth manifold, U be an
open set in M and A be a closed set such that A C U C M. Then there exists a
smooth function f : M — R such that

() fx)=1,Vxe A,
(ii) 0< f(x)<1VxeMand
(iii) supportof f C U.

Proof Suppose that U; = U and U, = M — A. Then {U,, U,} forms an open cov-
ering of M. If ¢, : Uy — R and ¢, : U, — R form a smooth partition of unity
subordinate to the open covering {U;, U}, then y; can be extended over M by the
zero function outside Uj. It determines a smooth function f satisfying the required
properties of f. Qa

Theorem 3.14.25 (Whitney’s weak embedding theorem) Let M be a compact
smooth n-dimensional manifold. Then there is an embedding

f: M — RX, where k = m(n + 1) for some integer m > 0.
Proof By hypothesis, M is a compact smooth manifold. Then there exists an
open finite covering of M having coordin_ate charts {(¥;,U;) :i =1,2,...,m}
and {(Y;, V;) i =1,2,...,m} such that V; C U;, Vi. Moreover, by the smooth
Urysohn Lemma 3.14.24, there exists a smooth function

)\iIM—>R

such that
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(i) ;| V; = 1in the sense that A;(x) = 1, Vx € V; and
(ii) supportA; C U; :i=1,2,...,m.

Define a map

Vit MR x s )\i(?f)iﬂi(x)» ifx e U;
0, ifxeM-—-U,.

Define another map

M — R s (Y1 (0), Y2(x), - Y (0), A (), 2a(X), - A ().

Then the Jacobian matrix J(f) has rank n at every point x € M. Moreover, f is
injective. This shows that f is an injective immersion of the compact space M to
a Hausdorff space f (M) and hence it follows that f is a homeomorphism from M
onto its image f(M). It proves that f is an embedding. Q

3.15 Vector Bundles Over Smooth Manifolds and Their
Homotopy Properties

This section is devoted to the study of vector bundles over smooth manifolds and
their homotopy properties. This theory provides a convenient language to describe
many ideas in manifolds. A vector bundle is a bundle with an additional vector space
structure on each of its fibers. H. Whitney gave the first general definition of fiber of a
bundle over a base space. The concept of a bundle is very important in topology. It is
a union of fibers parameterized by its base space and glued together by the topology
of the total space. A fiber bundle is a topological space which likewise looks locally
as a direct product of two topological spaces.

3.15.1 Vector Bundles on Smooth Manifolds

The work of H. Whitney, H. Hopf and E. Stienfel established the importance of fiber
bundles for applications of topology to geometry around 1940. Since then, this topic
has created general interest for its finest application to other fields such as general
relativity and gauge theories and has promised many more. It also makes a return
of algebraic topology to its origin and revitalized this topic from its origin in the
study of classical manifolds (see Basic Topology, Volume 3 of the present series of
books).
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This subsection introduces the concept of vector bundles over smooth manifolds
and conveys the similarity between the concepts of vector bundles and smooth man-
ifolds.

Definition 3.15.1 formulates the concept of a vector bundle over R. All the defi-
nitions of vector bundles on smooth manifolds over fields RandC and the division
ring H are similar. Let F represent either R, C or H.

Definition 3.15.1 (Vector bundle on a smooth manifold) A (real) vector bundle & =
(X, p, B) of dimension 7 is a triple consisting of a pair of smooth manifolds X and
B with a smooth surjective map

p:X—B
satisfying the following conditions:

1. (VBy) For every b € B, the inverse image X, = p~!(b) is an n-dimensional
vector space over R;
2. (VBy) For every b € B, there exists an open nbd U of b and a diffeomorphism

v :UxR"— p~(U)
such that
(i) the triangle in Fig.3.11 is commutative, where

p1:UXxR"—> U (y,v) >y

is the projection map onto the first factor;
(ii) forevery y € U, there exists a linear isomorphism

Yy iR = p '), v ¥ (y, v).

There is a natural question: does there exist any similarity between the concepts
of a vector bundle and a manifold. Remark 3.15.2 gives its answer.

Remark 3.15.2 Similarity between a vector bundle and a manifold.

(i) A vector bundle is analogous to a manifold in the sense that both of them are
built up from elementary objects by gluing together by specified maps. For

Fig. 3.11 Commutative
diagram of vector bundles U xR" —) p

over smooth manifolds \ /
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example, the elementary objects for vector bundle are trivial bundles U x R”
and the gluing maps are morphisms of the form

Yv:UxR"—>UxR", (x,y) = (x,gx)) for some g:U — GL(n, R).

(ii) On the other hand, the elementary objects for manifolds are open subsets of R"
and the gluing maps are homeomorphisms.

(iii) In more general, a vector bundle over a topological space B consists of a family
{Xp}pep of disjoint vector spaces parametrized by the space B. The union
X = Upep X» of these vector spaces is a space X and the map

p:X— B, X,—b

is continuous and it is locally trivial in the sense that X looks locally like the
product U x R”".

(iv) On the other hand, given a manifold M of dimension n and an open covering
{U; :i € A}, a vector bundle of over M is constructed by gluing together a
family of product bundles {U; x R"};ca by an action of the group of GL(n, R)
on R".

Definition 3.15.3 Let & = (X, p, M) be a vector bundle over a smooth manifold
M.

(i) The smooth manifold X is called the total space,
(ii) M is called the base space of £ and p : X — M is called its projection,
(iii) For any b € M, the inverse image X, = p~!(b) is called the fiber over b,
(iv) On the other hand, VB, in Definition 3.15.1 is called the local triviality condi-
tion and the pair (¢, U) is called a vector bundle chart and
(v) U is called a trivializing open set. The family {v;, U;)} of vector bundle charts
is called a vector bundle atlas.

Remark 3.15.4 Definition3.15.1 asserts that a vector bundle of dimension n over
a smooth manifold B is a product bundle B x R" given by gluing together a family
of product bundles {U; x R"}, where {U;} is an open covering of B and is obtained
by an action of the linear group GL(n, R) on R". The dimension of a vector bundle
& = (X, p, B, F") is actually the dimension of its fibers (instead of dimension of the
manifolds X or B). It is well-defined, because, for any fiber F, over x € B, the map

v :B—> R, x+— dimF,

is locally constant and it is constant on each component of B. If i is constant on the
entire B, then dim F, is constant for all x € B and this value is the dimension of &.

Example 3.15.5 Given any topological space B, the trivial bundle (B x F", p,
B, F") is an n-dimensional F-vector bundle.
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Example 3.15.6 G, (F") be the Grassmann manifold of 7-dimensional subspaces of
F". Define

X ={(V,y) € G,(F") x F" : p(V, y) is the orthogonal projection of y into V'}.

Then the y" = (X, p, G,(F"), F") is an n-dimensional F-vector bundle.

3.15.2 The Whitney Sum of Vector Bundles Over a Smooth
Manifold

Definition 3.15.7 Let & = (X1, p1, M) and & = (X», p2, M) be two vector bun-
dles over the same manifold M. Define the total space X; @& X, and the map
p: X1 ® X, —> M as follows:

() X1 ® Xy ={(x1,x) € X; x X5 : p1(x1) = p2(x2)} and
i) p: X1® Xy —> M, (x1,x2) = pi(x1) = pa(x2).

Then (X, & X», p, B) is vector bundle over the manifold M with fiber over b € M,
the direct sum pfl(b) ) pgl(b). The vector bundle (X; & X», p, B) is called the
Whitney sum of the vector bundles &; and &, and is denoted by &; & &;.

3.15.3 Egquivalence of Vector Bundles

This subsection studies equivalence of vector bundles and proves in Theorem 3.15.10
that a homomorphism f : § — &; between two vector bundles is a bundle equiva-
lence iff f is an isomorphism in the sense of Definition 3.15.9.

Definition 3.15.8 Leté = (X, p, M) and & = (X, p1, M) be two vector bundles
over smooth manifolds. Then a vector bundle homomorphism or a morphism or
a bundle map (f, g) : £ — & consists of a pair of smooth maps

f:X—> Xiand g : M — M,

such that

(i) the rectangular diagram in Fig. 3.12 is commutative in the sense that p; o f =
§oD;
(ii) the restriction f;, of f to each fiber p~!(b)

fo=Flp™'®) : Xp = pi(g(B) = (X140

is a linear map for each b € M, where X, denotes the fiber p~!(b) over b € B
and (X1),(y) denotes the fiber 171_1 (g(b)) over g(b) in &;;
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Fig. 3.12 Morphism of f
vector bundles over X— )(1
manifolds M| and M,
S
g
M———————- M

(iii) in particular, for M} = M, a vector bundle homomorphism over the same base
space M is a pair of maps (f, 1) : (X, p, M) — (Xy, p1, M) satisfying the
above condition, sometimes denoted by f : £ — &;.

Definition 3.15.9 Let & = (X, p, M) and & = (X1, p1, M) be two vector bundles
over the same smooth manifold M.

(i) A vector bundle homomorphism f : § — & over the same base space M is said
to be a monomorphism or an epimorphism according as each f, = f|p~!(b)
is a monomorphism or an epimorphism of linear map for each b € M.

(ii) In particular, a vector bundle homomorphism f : & — & is said to be a vector
bundle equivalence if f, = f|p~!(b) is an isomorphism and it is also a diffeo-
morphism. In this case, f, = f|x, is a linear isomorphism and its inverse is the
restriction to f~!|(x,),. The equivalence is denoted by & ~ £;.

Theorem 3.15.10 characterizes bundle equivalence over a smooth manifold in
terms of isomorphism of bundles.

Theorem 3.15.10 Let & = (X, p, M) and & = (X1, p1, M) be two vector bundles
over the same smooth manifold M. Then a homomorphism f : & — & is a bundle
equivalence iff f is an isomorphism.

Proof To prove the theorem, it is sufficient to show that a smoothmap f : X — X,
which maps every fiber isomorphically onto a fiber, is a diffeomorphism. Consider
a map
g:Xi—> X, x> f,'(x): p(x) =b.
We claim that g is a smooth map. Consider a vector bundle chart for X

v :UxR"— p~l(U)
and a vector bundle chart for X,

Y1 :UXxR" - pl_l(U)

corresponding to acommon trivializing open set U C M. Then the map v o foy
takes the form
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1//l_lofol/f:U x R" — U x R", (b, v) — (b, k(b)v)

for some k : U — T (R", R") ( set of all linear transformation 7 : R* — R"). This
implies that the map

f: p_l(U) — pfl(U) is smooth over U < k is smooth.

Again, f is an isomorphism on each fiber iff Im K C GL(n, R). Moreover, if k is
smooth, then
k' U+~ GL(#,R), b+ k(b)™!

is also smooth, because the map

h:GLn,R)— GL(n,R),Ar> A
is smooth. From the above discussion, it follows that f|,-1(U) is smooth =—
1//1_1 o foy is smooth = k is smooth == k! is smooth == !

ogoy is smooth — g|p]—l (U) is smooth. This asserts that g is smooth,
because it is true for every common trivializing open set U. a

Definition 3.15.11 A vector bundle £ is said to be trivial if it is equivalent to a
product bundle.

Example 3.15.12 Let £, = (5" x R, p, §”) be the product bundle. Then there is a
bundle equivalence

T(S") ® & ~ &ppa,

because the map

[T @& — 8" xR (x, (v, @) > (xyax +v),v € T(S"),, @ €R
is a bundle isomorphism with its inverse

g: 8" x R™! — T(8") D E, (x,v) = (x,(v—{x,v)-x, {x,v))),v € R"L

Fig. 3.13 Morphism of g
vector bundles over smooth X P —— X

manifolds
!

My ——M
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Proposition 3.15.13 The projection map
p:p (U)—>U

given in Definition 3.15.1 is a submersion.

Proof 1t follows from commutativity of triangle in Fig. 3.11 that p = p; o ¥ ! holds
locally. Since ¥ ~! is a diffeomorphism and p; is a submersion and hence p is a
submersion. Q

Proposition 3.15.14 Let & = (X, p, M) be a vector bundle over a smooth manifold
M and M, be a smooth manifold. If f : My — M is a smooth map, then there is
a vector bundle & = (X1, p1, M), uniquely determined up to equivalence, and a
bundle morphism

& f):&—§
such that for every b € My, the map
gp 1 p~ (b) > pT (f(B)
is a linear isomorphism.
Proof Under the given condition, define
Xy ={(b,x) e My x X : f(b) = p(x)

and
p1:X1—> B,(b,x)—>bandg: X; - X, (b,x) — x.

Consider the commutative diagram in Fig.3.13.
For local triviality of &;, take a vector bundle chart for &

v :UxR"— p~ I (U).
Define
Y12 fHU) xR = prl(FU)), (b, v) = (b, Y (f (D), v).
Then 1, is a vector bundle chart for & with its inverse formulated by
Ui (0. x) = (b, pro T (1)),
where b € f~'(U)and x € p~'(U) so that f(x) = p(x) and p, is the projection

map onto the second factor. This implies that g is a diffeomorphism and also an
isomorphism on every fiber. Q
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Definition 3.15.15 The bundle &; formulated in Proposition3.15.14 is called the
induced bundle, induced from the bundle £ by f and is denoted by f*¢ or by
f*(&). The induced bundle f*(&) is also called the pull-back of £ by f. The pair of
maps (g, f) formulated in the same definition is called the canonical bundle map
of the induced map f*(&).

Definition 3.15.16 Let £ = (X, p, M) be a vector bundle over a smooth manifold
M. Then & = (X, p1, M) is said to be a subbundle of £ if X, is a submanifold of
X and p; = plx,. On the other hand, if M; be a submanifold of M, the restricted
bundle of £ to M, denoted by &, , is bundle (X, p1, M), where X; = p~ (M)
and p; = plx,-

Proposition 3.15.17 Let & = (X, p, M) be a vector bundle over a smooth manifold
M.

(i) If M, be a submanifold of M and [ : My — M is the inclusion map, then the
restricted vector bundle & |y, and the induced vector bundle f*& are isomorphic.
(i) If fi: My —> Mand f> : My — M, are smooth maps, then the induced bundles

(fio f2)*(§) and f5(f{(§)) are isomorphic.
(iii) If 1, : M — M is the identity map on M, then its induced bundle (13;)*(&) is
isomorphic to &.

Proof 1t follows from the definition of induced vector bundle. Q

Proposition 3.15.18 Let & = (X, p1, My) and & = (X3, p2, M3) be two vector
bundles over smooth manifolds. Then every vector bundle morphism

& NH:&a—>&

can be expressed as a product
(&, f)=(h, fo(k,1p): g =hok,

where (k, 1p,) is a homomorphism and (h, f) is the canonical bundle map of the
induced bundle f*(&,).

Proof Let f*(&) = (X, p, M;). Consider the map
h:X —> X5, (b,x)—~>x and k: X1 —> X :x = (p1(x), gx)).

Then Im K C X, because f o p;j = p, o g. This implies that k is linear on every
fiber and g = h o k. Qa

Proposition 3.15.19 Given any smooth manifold M, let N be submanifold of M
such that N is a closed subset of M. If £ = (X, p, M is a vector bundle over M,
then every smooth section s of the restricted bundle £|N can be extended to a smooth
section of &.
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Proposition 3.15.20 Leté = (X, p, M)and&' = (X', p’, M) be two vector bundles
of same dimension over a smooth manifold M and N be a closed submanifold of M.
Then every isomorphism

Y EIN — &N
has an extension to an isomorphism
VIV~ EU

over an open nbd U of N.

3.15.4 Homotopy of Smooth Maps and Homotopy Property of
Vector Bundles

This subsection communicates the concept of smooth homotopy between smooth
maps. Its more properties are studied in Sect.3.19.1. It also studies homotopy prop-
erties of vector bundles and proves that smooth homotopic maps induce the same
vector bundle up to equivalence in Theorem 3.15.23. More results on smooth homo-
topy are given in Exercises 74 and 75 of Sect.3.27.

We now use Definition 3.15.8 of a bundle map for smooth manifolds.

Definition 3.15.21 Let f, g: M — N be two smooth maps. They are said to be
smoothly homotopic if there exists a smooth map

F:MxR— N:F(x,0= f(x) and F(x,1) =g(x), Vx € M.
This gives rise to a family of smooth maps
F,:M— N,x+— F(x,t),Vt e R.

The smooth map F' is called a smooth homotopy between smooth maps f and
g. In particular, if the map F is just continuous, the maps f and g are said to be
continuously homotopic or simply homotopic.

Remark 3.15.22 Geometrically, two smooth maps are smoothly homotopic if one
can be deformed to the other through smooth maps. For a continuously homotopy F
between two continuous maps f, g : M — N, the map F is taken as a continuous
map from M x I — N; onthe other hand, for a smooth homotopy F between smooth
maps f, g : M — N, the map F is taken as a smooth map from M x R — N. The
technical reason is that if the manifold M has a boundary, then the product space
M x 1 is not a smooth manifold. For a detailed study of homotopic maps between
topological spaces, Basic Topology, Volume 3 of the present book series is referred.
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Theorem 3.15.23 proves that smooth homotopic maps induce the same vector
bundle up to equivalence.

Theorem 3.15.23 Let f,g: M — N be two smooth homotopic maps and & be a
vector bundle over M. Then their induced vector bundles f*(&) = g*(§).

Proof By hypothesis, f,g: M — N be two smooth homotopic maps. Let F :
M x R — N be a smooth homotopy between f and g and p: M x R — M be
the projection map. Then there is an isomorphism between vector bundles F*(§)
and p* F*(&) over the closed subinterval M x {t}, because F = F; o pon M x {t},
which is closed in the product topology. Hence, by Exercise 75 of Sect.3.27, there
exists an isomorphism

Y FNE) = ptF$)

over some vertical strip M X (¢ — &, t 4+ §). This implies that the isomorphism class
of F(£) is a locally constant function of ¢ and it is constant, because the real line
space R is connected. This proves that f*(§) = g*(§). Qa

Definition 3.15.24 A smooth manifold M is said to be contractible if the identity
map 1y, : M — M is homotopic to some constant map ¢ : M — by € M.

Corollary 3.15.25 Every vector bundle over a contractible manifold is trivial.

Proof Let & = (X, p, M) be a vector bundle over a contractible manifold M and
by € M. Then the identity map 1, : M — M is homotopic to the constant map c :
M — by. Hence, it follows by Theorem 3.15.23 that f*(§) = g*(£). But the vector
bundle g*(&) is trivial, because it is a vector bundle over a point. This proves that the
vector bundle & = (X, p, M) over a contractible manifold M is trivial. |

3.16 Tangent, Normal and Cotangent Bundle of a Smooth
Manifold

This section continues the study of bundles by introducing the concepts of tangent,
normal and cotangent bundle of smooth manifolds.
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3.16.1 Tangent Bundle of a Smooth Manifold

This subsection introduces the concept of tangent bundle over a smooth manifold and
studies it. If M is an n-dimensional smooth manifold and 7, (M) be tangent space at
x € M, then

T(M) = | (T (M)}

xeM

(disjoint union) together with a projection p : 7 (M) — M forms a tangent bundle
of the manifold M. It is formalized in Definition3.16.1.

Definition 3.16.1 (The tangent bundle of a manifold) The tangent bundle of a smooth
manifold M is the bundle (7 (M), p, M), where

(i) the total space 7 (M) is the disjoint union of all tangent spaces T, (M) as x
runs over M. This is the set of all ordered pairs (x, v) such that x € M and
v e T (M);

(ii) the map

p:TM)—> M, (x,v) > x

is called the projection map of the tangent bundle.
T.(M) is called the tangent plane at x and v € T, (M) is called the tangent
vector with initial point x.

More precisely, let M be an n-dimensional smooth manifold, 7, (M) be the vector

space of all tangent vectors to M at any point x € M and 7 (M) = U {T, (M)}

xeM
(disjoint union). Then the set 7 (M) is the disjoint union set of all tangent spaces

T, (M) and there is projection map
p:TM)— M, (x,v) — x.

The subspace F, = p~!(x) = T, (M) with topology inherited from M is called
the fiber over x. If M is a smooth manifold of dimension n, then 7 (M) is a 2n-
dimensional manifold (see Theorem3.16.3). A cross section of the tagent bundle
(T (M), p, M) is a smooth map s : M — 7 (M) such that p os = 1, and hence
(pos)(x)=x,Vx e M.

Remark 3.16.2 If M is a smooth manifold of dimension 7, then 7 (M) is the set of
all tangent vectors (x, v) at all points x € M. If p assigns to every vector (x, v) its
initial point x, then T, (M) = p~'(x) = F, is the tangent plane at the point x, which
is a linear space. A cross section of the tangent bundle 7 (M) of M is a vector field
over M.

Theorem 3.16.3 gives a unique differentiable structure on the manifold 7 (M).
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Theorem 3.16.3 Let M be a smooth manifold of dimension n. Then its tangent
bundle T (M) is a smooth manifold of dimension 2n.

Proof By hypothesis, M be a smooth manifold of dimension n. Consider the pro-
jection

p:TM)—> M, (x,v) > x.
Let (¢, U) be a chart of M. Then it determines a map

Ty : p'(U) = ¢(U) x R”" CR" x R", (x, ) > (Y (x), dy (v)).

Clearly, Ty, is a bijective map with its inverse

T, :y(U) xR" - p~'(U), (@, w) — (b.dy; ' (w), whereb =y (a).
If (¥, U) and (¢, V) are two compatible charts of M, then the map

Tpo T,y (UNV) xR = ¢(UNV) xR, (@, w) = Tp(b, dy, " (w)) = ($(b), dp 0 dir, ' (w))

= (@ oy ) (a.dgpodyy " (w), whereb =y~ (a).
Her;lcel;it followsthat Ty o T, !'is ahomeomorphism and 7 (M) has a unique topology
such that

(i) each Ty, is a homeomorphism;
(ii) 7 (M) is second countable and Hausdorff and
(iii) the projection map p : 7(M) — M, (x, v) — x is smooth.

Finally, since T} o Tw’1 is a diffeomorphism , the family of charts {(p~'(U), Ty)}
forms a smooth atlas on 7 (M). Hence, it follows that 7 (M) is a smooth manifold
of dimension 2n. Q

Example 3.16.4 (Tangent bundle over S™) Let S” be the n-sphere. For every integer
n > 1, the n-sphere S” has the tangent bundle 7 (S") = (X, p, S", R"), where

(i) the total space X is given by
X ={(x,y) e R"' x R"™ :||x|| =1, and (x,y) =0};
(i) the projection p is given by
p:X— 8 (x,y)— x.

Itis an n-dimensional real vector bundle. To show its local triviality property, consider
an open covering {U;} of S", where the open set
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Fig. 3.14 Triangular -1
diagram corresponding to the p (UZ)
tangent 7 (S")
b
plu,
U, x R" 5 » U
Ui ={x= (1%, .o Xio 1 X Xig 1o o Xpg ) €RPPU ] = 1wy £0, 1<i <n4 1) C S
Define for each i
-1
Vi Ui xR" — p7(U)), (x,y) —~ (x, fi(y) — (x, fi(y)x,

where
fi iR = R (v, 3oy o dim s Y Yid s oo ) B O Y20 s Y10 O, Vi ooy V)

This implies that v; are linear maps on each fiber (having two components C*
and C~ corresponding to x; > 0 and x; < 0) such that they are isomorphisms and
also diffeomorphisms making the triangular diagram in Fig. 3.14 commutative (i.e.,
povi = pu,)

In other words, the tangent bundle 7 (S") over the n-sphere S” in the Euclidean
(n 4+ 1) — space R"*! is the subbundle (7 (S"), p, S") of the product bundle (S" x
R p, "), whose total space 7 (S") is defined by

T(S") = {(b,x) € " x R"™ ' : (b, x) =0},
and the projection map p is defined by
p:7T(S") — S, (b,x)— b.
(i) An element of the total space 7 (S") is said to be a tangent vector to S” at the
pointb € S”".
(i) The fiber p~'(b) C T(S") is a vector space of dimension 7.

(iii) A cross section of the tangent bundle 7 (¢) over S” is called a tangent vector
field (or simply vector field) over S”.
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3.16.2 Normal Bundle Over a Manifold

This subsection defines normal bundle over a manifold M by using the concept of
normal space of M at a point x € M as the orthogonal complement of its tangent
space of M at the point x.

Definition 3.16.5 Given an n-dimensional submanifold M of R”, the normal space
Ny (M) of M, at x € M, is defined by

Ne(M) ={(x,v) e M xR" : v L T,(M)}.
Its normal bundle is the vector bundle (N (M), p, M), where the total space

N = [V}

xeM
(disjoint union) and the projection
pNWM)— M, (x,v) = x.
Remark 3.16.6 Given an n-dimensional submanifold M of R™, its normal bundle

(NM(M), p, M) is a vector bundle with fiber dimension m — n. Moreover,

(i) N (M) is a manifold of dimension m;
(ii) The projection
pNWM) — M, (x,v) = x

is a submersion.

Example 3.16.7 (Normal bundle over S") The normal bundle N (S") over S" for
n > 1is the fiber bundle £ = (X, ¢, S", R!), where

X ={(x,y) e R"™™ xR"™ :||x||=1,y=rx,r eR}

andg : X — 5", (x,y) — x.
(i) The maps
V8" xR = X, (x,r) — (x,rx)

and
(i)
¢:X—> 8" le,(x,y) = (x, (x,y))

are homeomorphisms

such that ¥ is a homeomorphism with its inverse ¢. This asserts that £ = N(S") is
an 1-dimensional real trivial bundle.
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Definition 3.16.8 The normal bundle N (§) of a bundle £ over S” is the subbundle
(WNV(S™), g, S™) of the product bundle (§" x R**!, p, §") whose total space N'(S")
is defined by

N(S™) = {(b,x) € " x R""! : x = 1b for some ¢ € R}
and the projection g is defined by
g :N(S") — S§",q(b,x)=bh.

(i) An element of A/(S") is called a normal vector to S" at the point b € S".
(ii) The fiber g~'(b) C N(S") is a vector space of dimension 1. A cross section of
the normal bundle A/ (£¢) over S" is called a normal vector field on S”.

3.16.3 Cotangent Space and Cotangent Bundle of a Smooth
Manifold

This subsection communicates the concept of cotangent bundle of a smooth manifold,
which is a dual concept of tangent bundle.

Definition 3.16.9 Let M be smooth manifold of dimension n. Then the dual space
T (M)* of the vector space T, (M) at x € M is called the cotangent space of M at
x. It consists of all linear maps L : 7, (M) — R and is of dimension n. The elements
of T, (M)* are called cotangents vectors at the point x € M.

Definition 3.16.10 Let M be an n-dimensional smooth manifold. Then

(M) = [ J{T.(M)7)

xeM

(disjoint union) is called the cotangent bundle of M. It is a vector bundle over M. If
(¥, U) is a chart on U, a natural chart on 7*(M) is the map

Ve 1 TH(WU) > Y(U) x RM)* = y(U) x LR"R), a > (), ay; ') o0 € M} = L(M}.R)
and the projection map
p:T*(M) > M, T,(M)" — x.
Remark 3.16.11 If f : M — RisaC’t! mapforl <r < w,thenforeveryx € M,

the linear map 7, (f) : T,(M) — R is in (T (M))* and it is denoted by T, (f) =
Df. € (T«(M))*".
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3.16.4 Vector Fields and Flows on Smooth Manifolds

This section studies vector fields and flows on smooth manifolds. These two concepts
are closely related, because every flow on a smooth manifold M of dimension n
generates a smooth vector field obtained by assigning to a point x € M, the vector
a(x) € T, (M) tangent to the curve y : I — M and conversely, corresponding to a
smooth vector field on M, a coordinate chart in the manifold M can be split into its
n-coordinates given by the n functions X; of n variables y;, y2, ..., y, :

{Xi(yi,y2, ooy ii=1,2,...,n}

Definition 3.16.12 Let M be a smooth manifold. A (smooth) flow on M is a smooth
map

a:RxM—->M

such that

(i) 2(0,x)=x, Yx € M and
(i) a(t+s,x) =a(t,a(s,x)) Vxe M, t,s € R.

Remark 3.16.13 A flow @ on M is the same as the action of the topological group
(additive) R on the manifold on M with the condition of smoothness (in addition to
conditions (i) and (ii) of Definition3.16.12).

The next question naturally arises: what is a vector field? Let (¢, U) be a coordi-
nate chart in a smooth manifold M of dimension n with ¢ = (xy, x3, ..., x,). Then
the map

a
X:U—->TWU),p+— [—}
8xi
p
is called a smooth vector field on U. The tangent vectors {%] p} are linearly inde-
pendent at every point p € U. If X is vector field on U, then X can be represented
as

s X
X =3%"_,Xx; .
Bx,-

Denoting Xx; = X;(or a;), the functions X; are called the component of X for
i =1,2,...,n. This idea leads to define vector field on a smooth manifold in Defi-
nition 3.16.14.

Definition 3.16.14 Let M be a smooth manifold of dimension n. A vector field on
M is a smooth map X such that given local coordinates xp, x7, ..., X, near a point
pEM,
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a
X:M—>TM), p— El»"le,-(p)a—,
Xi

i.e., the value of X at p € Mis a tangent vector X, € T,,(M). The map X is said
to be a smooth vector field if every component function X;(p) of X is smooth.

Remark 3.16.15 Let C*°(M) denote the set of all real-valued smooth maps on a
smooth manifold M. Since usual addition, product of smooth maps and constant
multiples of smooth maps are also smooth, C*° (M) forms an algebra over R. Hence,
it follows from Definition 3.16.14 that a smooth vector field X on M is a smooth map

X:C®M) —> C®M), f — Xf.

such that

) Xrf+sg)=rXf+sXg, VfigeC®M).Vr,s € Rand
(i) X(fg)=[f(Xg)+ (Xf)gV/[fgeC?M).Vr,seR.

Proposition 3.16.16 Let S(M) be the set of all smooth vector fields on M. Then it
forms a module over the ring C*° (M) under the operations

) X+YVf=Xf+YfmVX,Y e S(M)and V¥ f € C°(M). and
() (fX)g=f(Xg), YXeSM)andV f,g € C*(M).

Proof 1t follows from Definition3.16.14 and Remark 3.16.15. Qa

3.17 Regular Values, Sard’s, Brown’s and Morse-Sard
Theorems

This section extends the concepts of regular and critical values defined in Sect.3.3.4
for smooth maps between smooth manifolds of same dimensions by introducing the
concept of regular values of a smooth map in the general case (for smooth manifolds
of different dimensions). It provides useful tools for the study of smooth manifolds
from the viewpoint of topology. Sard’s Theorem3.17.20 is an important theorem
which asserts that if M is a smooth manifold of dimension m and ¥ : M — R”" is
a smooth map, then the set of critical values of v is of measure zero. This section
also proves the Brown Theorem as a Corollary 3.17.25 and Sard’s theorem in general
form or Morse—Sard Theorem 3.17.27 for C"-maps.

Definition 3.17.1 Let M be a smooth manifold of dimension m, N be a smooth
manifold of dimension n and ¥ : M — N be a smooth map. Then a point x € M is
said to

(i) a critical point of v if its induced map

lﬁ* = Dwx : Tx(M) - Tf(x)(N)
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has rank less than n;
(ii) a regular point of  if its induced map

Vi = DYy : Tu (M) — Ty (N)
is onto.

The image of a critical point of v in N is called a critical value. Otherwise, a
point of N which is not a critical value is called a regular value.

Remark 3.17.2 Let M be a smooth manifold of dimension m, N be a smooth man-
ifold of dimension n and f : M — N be a smooth map. Then it follows from Defi-
nition3.17.1 of a regular value in N that a point y € N is a regular value if

(i) m > n asserts that ¥, : Tx(M) — Ty (N) isonto Yx € ¥~ (y) and
(ii) m < n asserts that y is not an element of image of .

Hence, it follows that

(i) if the Jacobian matrix J(f) at a point x € M of the smooth map f has rank
< n, then f(x) is a critical value of the map f and
(ii) ifapointy € N is aregular value of the smooth map f, it is not a critical value

of f.

(iii) By convention, a point of y € N is a regular value of f,if y ¢ f(M). Conse-
quently, if n > m, then every point x € M is a critical point of f andifn <m
and apoint y € f(M) isregular value of f, then the rank of its Jacobian matrix
J(f)isn atevery point x € f~1(y).

Example 3.17.3 Consider the map

1,0:R"—>R,x:(xl,xz,...,x,,)»—>x12+x§+~-~+xf.

Then
Y. = DYy = grad ¥ (x) = 2xq, 2x2, ..., 2x,)

asserts that every point a(# 0) € R is a regular value of . For a > 0, its inverse
image set

v 'a) ={x eR": ||x|| = a}

is a smooth manifold of dimension n — 1.

Remark 3.17.4 provides an alternative form of critical points, regular points and
regular values of a smooth map.

Remark 3.17.4 Let f : M — N be a smooth map.

(i) A pointx € M is a critical point of f if f is not a submersion at x.
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(i) The points of M other than critical points of f are regular points of f.

(iii) A pointy € N is a regular value of f if f~!(y) contains at least one critical
point.

(iv) The points of N other than regular values y € N of f (including the points of
y for which f~!(y) = ¥) are regular values of f.

Definition 3.17.5 Given A C R", define the characteristic function

1, ifxeA

ks R" >R, x — .
0, otherwise.

If the function x4 is integrable, then the number

f Ka(x)dx
A

is said to be the volume Vol (A), and it is also sometimes denoted by V (A). If in
particular, Vol (A) = 0, then A is said be a set of volume 0.

Example 3.17.6

(i) If A C R, then Vol (A) = length of A.
(i) If A C R?, then Vol (A) = area of A.
(iii) If A C R”" is an n-cube of length r > 0, then Vol (A) = volume of A = r".

Definition 3.17.7 A subset A C R” is said to have measure 0, if given an € > 0,
there is a countable family {U,} of open covering of A such that

Y, Vol(Uy,) < €.

In other words, the set A has measure zero in R” if for any € > 0, the set A can
be covered by a countable family of n-dimensional cubes such that the sum of their
volumes is less than €.

Example 3.17.8 Given a continuousmap f : [a, b] — R,its graph G s ={(x, f(x)}
C R? has measure zero.

Remark 3.17.9 A set A C R” has measure zero iff given an € > 0, there is an open
set U such that

A C U with Vol(U) < e.
The concept of measure zero given in Definition3.17.7 is extended in Defini-

tion3.17.10 to smooth manifolds through local parametrizations. It is used in Sard’s
Theorem 3.17.20, which gives in a general form of Sard’s Theorem3.17.19
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Definition 3.17.10 Let M and N be two smooth manifolds and f : M — N be
a smooth map. A subset X C N is said to have measure zero in Y, denoted by
w(X) = 0, if for every local parametrization ¢ of N, the preimage ¢~!(X) has
measure zero in Euclidean space.

Proposition 3.17.11 LetA = A; U A, U - - - be a countable union of sets of measure
zero, then A is also a set of measure zero.

Proof By hypothesis,
A=|]JA,and A, U,
n=1

£

where U, is open and Vol(U,) = 3;

for all n. This implies that

AcU=|JU,and Vol(U) < 2,1 Vol(U,) < En=126—n =€

n=I
Hence, the proposition follows from Definition3.17.7. a

Theorem 3.17.12 proves that the property of being a set of measure zero is invariant
under a smooth map. Theorem 3.17.12 was proved by Arthur B. Brown in 1935, which
was rediscovered by Dubovickil in 1953 and by Thorn in 1954.

Theorem 3.17.12 Let the set A C R" have measure zero. If f : A — R™ is an
arbitrary smooth map, then f(A) is a set of measure zero in R™.

Proof Forany pointa € A, the smooth map has a smooth extension over anbd of a in
R", which is also denoted by the same symbol f. By shrinking this nbd, it is assumed
that f is also smooth on a closed n-ball nbd B, with center at a. For the coordinate
functions uy, us, ..., u, in R”, the partial derivatives % of the components f; are
bounded on the closed ball B,, which is compact. By using the fundamental theorem
of calculus and chain rule, it follows that for some k > 0,

I1f ) = fOII < kllx = yll, Yx,y € B,
known as the Lipschitz estimate for the smooth function f.
Given an € > 0, choose a countable covering {U,} of A N B, by n-balls such that
Y,=1Vol (U, < e.
By using the Lipschitz estimate for the smooth function f, it follows that the
image f (B, NU,) C V,, where V, is an n-ball having radius not exceeding k times
of the radius of U,,. This implies that f(B, NU,) C V, is contained in some of the

balls of the family {V,,} such that its total volume does not exceed the volume

Y= Vol (V,) < k"e.
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As the total volume can be made as small as we please, it follows that (B, N A)
has measure zero. This implies that f(A) has also measure zero, since it is a union
of countably many such sets. a

Example 3.17.13 Proposition 3.17.12 fails if we replace the condition of smooth-
ness of f by its continuity condition only. For example, consider the subset
A =1=1[0, 1] c R. Then the set A has measure zero in R%. On the other hand,
there exists a continuous surjective map

fiI>T
by Space filling curve theorem saying that there exists a continuous surjective map
f:I1- I

But its graph Gy = {(x, f(x))} =1 x I is the unit square which is not a set of
measure zero in R2.

Definition 3.17.14 Let M be an n-dimensional smooth manifold and A C M. Then
the set A is said to have measure zero in M if for every coordinate charty : U — R”
of M, the set (A N U) C R" has measure zero in R”.

Proposition 3.17.15 Let M be an n-dimensional smooth manifold.

(i) If BC A C M and A has measure zero in M, then B has also measure zero in
M.

(ii) If {A,} is a countable family of subsets of M such that every A, has measure
zero in M, then their set-theoretic union set

U
n=1

has also measure zero in M.
Proof 1t follows from Definition3.17.14. a

Theorem 3.17.16 (Fubini) Let X be a compact set in R" such that every subset
X, = X N {t} x R"™Y) has measure zero in the hyperplane R"~! for each t € R.
Then the Lebesque measure ;1(X) = 0 in R".

Proof Let 1" be the n-cube. Suppose that X C I". Define a function
f:I—>R, t = uw(XNJO0, 1] xI").

Given any positive real number €, there exists by hypothesis an open set U C 1" such
that
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XN xI"Y ctxU,where Vol(U) < e.
By hypothesis, X is compact. Hence, there exists a fy > 0 such that
XNt =t t +to] xI Y C[t —to, 1 +10] x U.
Then for any s sanctifying 0 < s < #, the set
XN[0,t+sIxI" ' c(XNO0, 1] x I"YYU([t,t + 5] x U)

can be covered by an open set V with Vol (V) < f(t) + es. Hence, for all s sanc-
tifying 0 < s < 1y, it follows that

f@+s) < f@) +es.
Proceeding in a similar way, it follows from
XN[0,]1x "N c (XN [0, t—s]x I"Y)NU((t—s,5] x U)

that
f@) < f(t —s)+es, Vs satisfying 0 < s < 19.

It asserts that

|f(t+S)—f(t)

N

| <€ Vs satisfying |s| < fo.

This implies that f is differentiable at r € I with its derivative 0. Since f(0) = 0,
it also follows that f(1) = 0. Hence, the theorem follows from Definition3.17.7. 0

Theorem3.17.17 provides an alternative statement with its proof of the Fubini
Theorem3.17.16

Theorem 3.17.17 (Fubini) Let A be a closed subset of R" such that the subset
ANRI™

is a set of measure zero for each ¢ € R™, where V. = RI7" = {c} x R"™ C R" is
called the vertical slice over c. Then A is a set of measure zero.

Proof By the given condition, the closed subset A of R” can be expressed as count-
able union of compact sets. Hence, without any loss of generality, we may assume that
A is compact. We now choose an interval I = [a, b]suchthat A C Vi =I x I""! C
R". To prove the theorem, select a covering A NV, for every c €I by (n — 1)-
dimensional rectangular solids R;(c), ..., R,(c) with a total volume < ¢. Select an
interval K (c) in R such that the rectangular solids K (c) x R;(c) cover A N Vi (see
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Exercise 63). The sets K (¢)'s cover the interval [a, b]. Use Exercise 62 to replace
these sets by a finite family of subintervals K| having the total length < 2(b — a).
Every such K is contained in some interval K (c;). Hence, the solids K| x R;(c;)
cover the set A. Since they have the total volume < 2(b — a), the theorem follows
by induction on m. Q

Remark 3.17.18 It has been proved in Proposition 3.3.26 that if M and N are two
manifolds in Euclidean spaces such that M is compactandif f : M — N is asmooth
map and y € N is a regular value of f, then f~'(y) is a finite set (may be empty).
In general, the set of critical values of a smooth map M — R” is not finite but it
is small in the sense that its Lebesgue measure is zero proved in Theorem3.17.19.
This theorem, known as Sard’s theorem, was proved by A. Sard in 1942 based on
some earlier work of A. P. Mores. Accordingly, Theorem3.17.27 is also known as
the Morae—Sard Theorem.

Theorem 3.17.19 (Sard’s theorem) Let M be a smooth manifold of dimension m
and f : M — R" be a smooth map. The set of critical values of f in R" has measure
zero.

Sard’s Theorem3.17.20 gives in a general form from which Sard’s Theorem
3.17.19 follows.

Theorem 3.17.20 (Sard’s theorem in general form) Let f : M — N be a smooth
map of manifolds and A be the set of critical points of f in M. Then the set f(A)
has measure zero in N.

Remark 3.17.21 There are several proofs of Sard’s theorem. We follow here
[Milnor, 1965]. Before giving the proof of Sard’s Theorem3.17.20, we prove
Lemma3.17.22.

Lemma 3.17.22 Suppose Theorem 3.17.20 is true for every smooth map
f:U—R",

where the set U C R" is open. Then Theorem3.17.20 is also true for every smooth
map
g:U. —>R"

for each open subset U, C RI.

Proof Suppose n =dim M and m = dim N. Let the set U, C R, be open and
f+ : Uy — R™ be a smooth map and A be the set of all critical values of f. . Then
there is an open set U, C R" and a smooth map

fi U, — R", where Uy =U,NR} and fi|y, = fy.
If A" is the set of all critical points of f|, then by hypothesis, the set f(A’) has

measure zero in R™. Since f, (A) = f(A) C fi(A"), it follows that f, (A) is also
a set of measure zero in R™. a
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We are now in a position to prove Sard’s Theorem 3.17.20.

Proof Sard’s Theorem 3.17.20 is proved by inductiononn = dimM.If n = 0, the
proof is trivial. Next suppose that the theorem is true for all manifolds of dimensions
less than or equal to n — 1. To prove the theorem, it is sufficient to consider by using
the second axiom of countability to study the special situation only when

f:U—R":U CR]is open and A is the set of critical points of f in U.

By using Lemma3.17.22, we suppose that U is an open set in Int R, or in R".
B C A consists of the points of A, where the Jacobian matrix J(f) vanishes. We
claim that

(i) the set f(A) has measure zero in R™;
(ii) the set f(A — B) has measure zero in R”.

Proof of (i): Let f; : U — R be the first component of f = (fi, f>, ..., fm). If the
Jacobian matrix J (f) of f vanishes at some point x, then the Jacobian matrix J (f})
also vanishes at x. Again if C is the set of points, where the map f; vanishes,then C is
also the set of critical points of f;. Hence, f(B) C fi(C) x R"™~! This shows that if
the set f;(C)) has measure zero in R, then the set f;(C) x R™~! and, consequently,
the set f(B) have measure zero in R™ since the set R”~! has measure zero in R”.
Finally, we consider the case when m = 1. Let the set B; consist of the points of U at
which all the partial derivatives of f having order < i vanish. Consider a decreasing
sequence of closed subsets of U':

B=B D>DB,D>---DB,D---

Then the sets f(B; — B;y+1) and f(B,) have measure zero in R™ for each
i=1,2,...,n. By second axiom of countability, (B; — B;1+) can be covered by
countably many such nbds such that the set f(B; — B;+1) has measure zero in R”.
Ifb ¢ B;;i, there exists an ith order derivative of f, say 4 such that & vanishes on B;
butits Jacobian matrix J () is nonzero at b. This implies that & sends a nbd U}, of b by
the inverse function theorem diffeomorphically onto an open set V of R”. Since the
Jacobian matrix J (k) vanishes on the set B;, the set of critical points of f : U, — R
is the set U, N (B; — B;41). Since, h~! is a diffeomorphism, the composite map

g=foh':V >R,
since by hypothesis, Sard’s theorem is true for n — 1, it follows by induction that the
set

Uy xR"™HNV) = foh '({0} x R HNV)



230 3 Topology and Manifolds

has the critical set #(U, N (B; — B;11)). On the other hand, the set g = foh™!:
V — R = {0} x R""!is also the critical set of the restricted map

g =gl{0} xR HNV=Foh (0} xR"HNV) = f(U,N (B — Biy1))
which has measure zero in R™.

To prove that the set f(B,) has measure zero, it is sufficient to show that the set
f (B, N E) has measure zero for any n-cube E in U. Let [ be the length of each
n-cube E and k > 0 be an integer. Now, subdivide E into k" subcubes having length
l/k of each subcube and having diameter éﬁ .Letb € B, N E and E; be one of
the subcubes containing the point b. If b+ h € E|, by Taylor’s theorem of order
n, there is a constant L independent of k, obtained as a uniform estimate of partial
derivatives of f of order n 4 1 such that

/ n+1
|f(b+h)— fb)| < L|A|I"" < L <§ﬁ> -

This shows that f(B, N E;) is contained in an interval having length P/k"*!,
where P is a constant independent of k. This asserts that f(B, N E) is contained
in a union of intervals having total length < Pk"/k"*! = P/K. Consequently,
limp 0oB/k =0 = f(B, N E) has measure zero in R™.

Proof of (ii): It says that the set f(A — B) has measure zero in R™.
Let b ¢ B. Then there exists a first-order partial derivative of f, say S—Q such that it
will not vanish at the point b. Then by applying the inverse transformation theorem
as before, it follows that the map

h:U—>R" x> (filx),x2,...,x,)

maps a nbd U, of b diffeomorphically onto an open set V of R". This implies that
the set A; of critical points of the composite map

Y =foh:U—>R"

is the same as the set 4(V N A) and hence ¥ (A;) = f(V N A). Clearly, ¥ sends
(t, x1, x2, ..., x,) € U into the hyperplane {¢t} x R”~! ¢ R”. Consider the restricted

map Y, of ¥
Y UN{t) x R = {1} x R"L

Then a point in {t} x R"~! is a critical point of v, iff it is a critical point of v,
because the Jacobian matrix J (i) of ¥ is of the form
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1 0

* S ()

Hence, by induction hypothesis, the set of critical points of 1/, has measure zero in
{t} x R""!. Finally, using Fubini’s Theorem 3.17.17, it follows that the set of critical
values of ¢, which is the set f(V N A), has measure zero. Let B be the set of points in
A where the Jacobian matrix J (f) vanishes. Since both the sets f(B) and f(A — B)
have measure zero in R™, the theorem follows. d

Corollary 3.17.23 Let M and N be two smooth manifolds and f : M — N be a
smooth map.

(i) IfdimM < dimN, then f is not a surjection.
(i) If f is a smooth map having the set of critical points A, then the set N — f(A)
is dense in N.

Proof (i) By the given condition, it follows that the critical set of f is M. Hence,
if f is a surjection, then the set N = f (M) would have measure zero in N. But
it is not tenable.

(ii) It follows from the result that a set having measure zero cannot contain any open
set which is nonempty. Q

Corollary 3.17.24 Let M and N be two smooth manifolds and f : M — N be a
smooth map and f, : M — N be a countable family of smooth maps. Then the set
of common regular values of all the members of the family { f,,} is dense in N.

Proof Since every countable union of sets having measure zero has measure zero,
the corollary follows immediately. u

Corollary 3.17.25 (Brown) The set of regular values of a smoothmap f : M — N
is everywhere dense in N.

Proof Let M be a smooth manifold of dimension m. Since M has a countable family
of open nbds, each of them is diffeomorphic to a open subset of R”, the corollary
follows. a

Definition 3.17.26 Let X be a manifold and x € M. Then x is said to be a critical
point fora C! map M — N if the linear map

T (f) : Te(M) — Ty (N)

is not surjective. The set of critical points of f is denotedby X . The set N — f(Zy)
is the set of regular values of f.

The above discussion is summarized in a basic result formulated in Theo-
rem3.17.27.
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Theorem 3.17.27 (Sard’s theorem in general form or the Morse—Sard Theorem for
C"-Maps) Let M be a smooth manifold of dimension m, N be a smooth manifold
of dimension n and f : M — N be a C"-map, where r > max(0,m —n). If Xy
denotes the set of critical points of f in M, then

(i) f(Xy) has measure zero in N’
(i) the set N — f (X ;) of regular values of f is dense.

Remark 3.17.28 For the Morse—Sard Theorem for C* maps, see (Hirsch 1976, p
70).

Sard’s theorem has a generalization to manifolds with boundary formulated in
Theorem3.17.29.

Theorem 3.17.29 Let M be a smooth manifold with boundary OM and N be a
smooth manifold without boundary. Then for any smooth map f : M — N, almost
every point of N is a regular value of both the maps

f:M — Nandof : 0OM — N.

Proof Since the derivative of df, at a point x € M is the restriction of df, to the
subspace T, (M) C T, (M), it follows that if df is regular at a point, then f is also
regular at that point. This implies that if a point y € N is not a regular value of both
the maps

f:M— N anddf : 0M — N,

only when it is a critical value either of
f:Int M — N or of : oM — N.

Since the sets Int M and d M are both manifolds without boundary, it follows that
both sets of critical values are of measure zero. This implies that the complement of
the set of common value for the maps f and df has measure zero, because the union
of two sets of measure zero is also a set of measure zero. Q

3.18 Fundamental Theorem of Algebra

This section proves the classical fundamental theorem of algebra. There are several
proofs of this theorem. In this chapter, three different proofs are given, of which
two are given below based on the concepts of regular values of a smooth map in this
section and another proof is given in the proof of Theorem 3.26.6. For other proofs by
using the tools of algebraic topology, see Basic Topology, Volume 3 of the present
book series.



3.18 Fundamental Theorem of Algebra 233

Theorem 3.18.1 (Fundamental Theorem of Algebra) Every polynomial of degree
n > 1 with complex coefficients has a root.

Proof Let p(z) = apz" +a1z" ' + -+ + a,_1z + a, be acomplex polynomial with
ap#0and n > 1. Then p(x +1iy) =u(x,y)+iv(x,y). By using the Cauchy—
Riemann equations for the analytic function, p = u + iv, it follows that

'@ n 8u+,8v . 8u+,3v
=u ivy=—+i—=—i|—+i—]).
pix * ax ax dy ay

Then Jacobian determinant J (i, v, x, y) = u2 + ui =0iff p'(z) = 0.

Proof I: Let (0, 0, 1) be the north pole of the unit sphere S> C R? and the p. be
the stereographic projection from the north pole

e 8?2 —{(0,0,1)} - R* x {(0,0,0)} C R,

where any point x = (x1, x2, x3) € § — {(0, 0, 1)} is mapped by p, to the point
p+(x) at which the line through the north pole (0, 0, 1) and the point x intersect the
plane R? x {(0, 0, 0)}, identified with the plane of complex numbers C (which is
the x;x,-plane). The polynomial p from R? x {(0, 0, 0)} to itself corresponds to a
smooth map

FiS o SPox (pi'o pop)@). ifx#(0,0.1)
0,0,1)ifx = (0,0, 1).

f is smooth even in anbd of (0, O, 1). It has only a finite number of critical points.
Because p is not a local diffeomorphism only at the zeros of the derivative polyno-
mial p’(z). Since p’ is not identically zero, there are only finitely many zeros. The set
S of regular values of f is the truncated sphere with finitely many points removed.
Hence, the set S is connected and the locally constant number function # p~(y) (the
number of points in p~!(y)) must be constant on the set S. Since #p~'(y) fails to
be zero everywhere. This implies that it is zero nowhere. Thus, f is an onto map.
This proves that the polynomial p must have a root.

Proof II: Let p(z) = apz" + a?" '+ 4 a,_1z7+a,be acomplex polynomial
withag # Oandn > 1.Then p(x +iy) = u(x, y) + iv(x, y). By using the Cauchy—
Riemann equations for the analytic function, p = u + iv, it follows that

=uy+ivy,=—+i—=—-i|—+i—].
Pz ax ox ay ay

Then Jacobian determinant J (u, v, x, y) = u> + u% = 0iff p/(z) = 0. But there
exist only a finite number of zeros of p’ having this property. This implies that the
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number of critical points p : R> — R? is only finite. Let A C R? be this finite set of
critical values. The equation

Ip(2)| = laopz" + @iz + - + an_1z + ayl(ag # 0)

asserts that | p(z)| — oo as |z] — oo. This implies that p has a continuous extension
over the one-point compactification space of R?, which is the 2-sphere S2. (see
Basic Topology, Volume 1 of the present book series.) Clearly, the map p : C — C
is a closed map. For any point w € C, the set X = p~!(w) consists of zeros of the
polynomial p(z) — w. Then X contains at most  points. If card X = #p~!(w) = m,
the number of points in p~'(w) is then say X = {z1, 22, . .., Zm}. If w is a regular
value, then every z; has anbd U, which is mapped diffeomorphically onto anbd V; C
R? — A of w. Since R? is Hausdorff, without loss of generality, we may assume that
U/s are disjoint. There is an open connected nbd of the point w lying in the open set
vinv,Nn---NV, — f(R?—= U, UU,U---UU,)). Then p maps U, N p~'V =
V. diffeomorphically onto V. Again, p(z) € V asserts that

zep ' WMHNW,UU,U---UU,) =W, UWoU---U W,).
Hence, it follows that
P V) =WUWLU - U W,.

This implies that the cardinality card X is locally constant on the set R> — A of regular
values. Since the set R — X is connected, the integer card X # 0 is constant, other-
wise A would be the image of p. Since the image of p : R — R? is constant. But
p is not constant. This asserts that the image p contains the set (R>? — A) U A = R?,
This proves the theorem.

Proof I1I: It is given in the proof of Theorem 3.26.6. Q

3.19 Properties of Smooth Homotopy and Isotopic
Embedding

This section studies properties of smooth homotopic maps given in Definition 3.15.21
and proves Isotonic Embedding Theorem3.19.9. It also introduces the concept of
normalized homotopy and proves in Proposition3.19.6 that continuous homotopy
implies smooth homotopy.
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3.19.1 Properties of Smooth Homotopy of Smooth Maps

This subsection studies some properties of smooth homotopic maps and proves in
Proposition3.19.6 that if f,g: M — N are two smooth maps such that they are
continuously homotopic, then they are also smoothly homotopic. Recall that

Definition 3.19.1 Two smooth maps f, g : M — N are called smoothly homotopic
if there exists a smooth map

F:MxR—>N:Fx,0)=f(x) and F(x,1) = g(x), Vx € M.

If F is just a continuous map, then the smooth maps f and g are called continuously
homotopic or simply homotopic (see Definition3.15.21).

This subsection also introduces the concept of normalized homotopy in Defini-
tion 3.19.4, which is closely related to smooth homotopy.

Definition 3.19.2 Let M be a smooth manifold and N be a smooth manifold
with a metric d. Given a positive continuous function 6 : M — R, (i.e., §(x) >
0, Vx € M) and two smooth functions f, g : M — N, the function g is said to be a
s-approximaton to f if

d(f(x), gx)) <8(x), Vx e M.

Example 3.19.3 If n is sufficiently large, then every smooth map f : M — R” can
be §-approximated by an embedding g such that g is homotopic to f by a smooth
homotopy

FF:M—>R"' x— (1—1)f(x)+1tg(x)

and every homotopy F; is §-approximated to f.
Definition 3.19.4 (Normalized homotopy) Given a smooth homotopy F between

two smooth maps f, g : M — N, there exists a smooth map

f), iftr<0

F:MxR—>N,(x,t)!—> .
gx), ifr > 1

formulated by

F:MxR— N, (x,t)—~ F(x, B())
using bump function B : R — R (see Definition 3.14.5 and Example 3.14.6).
The smooth map F : M x R — N is called the normalized homotopy for the

given smooth homotopy F. The smooth maps F and F are related by a smooth
homotopy
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H:MxRxR— N, (x,s5,t) = F(x, (1 —s)t +sB(1)),

because H(x,0,1) = F(x,t)and H(x, 1,t) = F(x, B(t)) = ﬁ(x, 1).

Proposition 3.19.5 Let S(M, N) be the set of all smooth maps f : M — N. Then
the smooth homotopy relation 'H is an equivalence relation on S(M, N).

Proof The relation H on S(M, N) is clearly reflexive and symmetric. To show that
the relation S(M, N) is transitive, take any three smooth maps f, g, h € S(M, N)
such that f is smooth homotopic to g and g is smooth homotopic to h. Let F be
a normalized smooth homotopy between f and g and G be a normalized smooth
homotopy between g and &. Define

H:MxR—= N, (x,t) — Fx,30), it S 172
G(x,3t—2), ift > 1/2.

Then H is well-defined and it is a smooth map, because F' and G are smooth maps

and H(x,t) = g(x), Yt € [1/3, 2/3]. This implies that H is a normalized homotopy

between f, h € S(M, N) and hence it is proved that the relation H is also transitive.

Consequently, the relation H is an equivalence relation. u

Proposition 3.19.6 Let f, g : M — N be two smooth maps. If they are continuously
homotopic, then they are also smoothly homotopic.

Proof Letthe smoothmaps f, g : M — N be continuously homotopicand F : M x
R — M be a normalized continuous homotopy between them. If K = (—o0, 0] U
[1, 00), then F is smooth on the closed set M x K, because F|jyx(—c0,0) = f and
Flux(1,00) = . Hence, by using Exercise 27 of Sect.3.27, there exists a positive
continuous function § : M — R such that

(i) F can be §-approximated by a smooth map H : M x R — N and
(ii) F = H|pxk- Q

3.19.2 Isotopic Embedding of Smooth Manifolds

This subsection introduces the concept of isotonic maps and establishes a relation
between the concept of embedding of smooth manifolds to the concept of isotonic
maps.

Definition 3.19.7 Let M and N be two smooth and manifoldsand f, g : M — N be
two embeddings. Then they are said to be isotopic if there exists a smooth homotopy
H : M x R — N such that

H :M— N,x+— H(x,t)

is an embedding for every ¢ € R.
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Proposition 3.19.8 Let M and N be two smooth manifolds and H, : M — N be an
isotopy. If f : My — M and g : N — N, are two embeddings, then

h=goH,of: M — N,
is also is an embedding.

Proof 1t follows from Definition3.19.7. u

Theorem3.19.9 relates the two embeddings of smooth manifolds to the corre-
sponding pair of isotonic maps.

Theorem 3.19.9 Let M be a smooth manifold of dimension n and f, g : M — R™
be two embeddings. If m > 2n + 2, then f and g are isotopic.

Proof The identity map on R” is continuously homotopic to a constant map
c:R" - R", x— x9g € R",

since R is contractible to a point xy € R™. Then the given embeddings f and g are
continuously homotopic, and hence they are homotopic by a smooth homotopy

F:MxR— R".

If m > 2n + 2 is sufficiently large, then the smooth homotopy F can be deformed
to an embedding
H:MxR—R"

such that
F(x,t)=H(x,t), YVx e Mand V¢t € (—o0,0] U[1, 00).

This proves that f and g are isotopic by H. u

3.20 Riemann Surfaces

This section studies the Riemann surfaces which form an important class of man-
ifolds for the study of the theory of functions of a complex variable. A connected
1-dimensional complex manifold is also called a Riemann surface. In this subsection,
R? is regarded as the complex z-plane.

Definition 3.20.1 Let M be a 2-dimensional smooth manifold and v = {(y;, V;)}
be an atlas on M with the property that if V; N V; # ¢, then the transition diffeo-
morphisms
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Vi = Yoy (Vi N V) — yi(ViN V)

are complex-valued analytic functions of z in the domains of definition ¥; (V; N V;).
Then the ordered pair (M, v) is called a Riemann surface.

Theorem 3.20.2 The sphere S* ={w=(x,y,2) e R x> +y2+2=1}is a
Riemann surface. To show this, consider an analytic structure Vi = S2—N, V, =
S? — S, where N and S are the north and south points of S?, respectively. The local
coordinates of the point P = (x,y,z) € S? in V| and V, are of the form

x+iy x — iy
wp = wy = s
1+z

1—-z’

which are obtained by stereographic projections on the equatorial plane from N and
Sm respectively. For P € V| N V,, it follows that both w, # 0and wy # 0. Moreover,
their product wiw, = 1. This asserts that the transition diffeomorphism w; = 1/w,
is an analytic function.

Corollary 3.20.3 The real projective space RP? is surface.

Proof The proof follows from Theorem 3.20.2, since every point p € R P? has anbd
homeomorphic to an open subset of §2, which is a surface. Q

Example 3.20.4 The extended complex plane C* = C U {oo} is acomplex Riemann
surface in the sense that it looks locally like as the complex plane. Let Vy = C and
Vi = C* — {0}. Then {Vp, V;} forms an atlas of C* such that V, N V| # @. Define
two homeomorphisms
Yo : Vo = C, z+— z, which is the identity map on C
and
YU1: V> Cz 1/z.
Then (Vo N V;) = C — {0} and the homeomorphism
oWyt Yo(VoN Vi) — ¥ (VoN Vi), 2 1/z, Yz € C — {0}

is analytic.

3.21 Transversability and Transversality Theorem

This section introduces the concept of transversality and studies transverse subman-
ifolds of a smooth manifold. This is a basic concept in differential topology and



3.21 Transversability and Transversality Theorem 239

establishes a good connection between smooth manifolds and smooth maps. The
transversality of two smooth manifolds relies on the dimension of the manifold
where they are embedded. For example, the two coordinate axes are transverse in
R? but they are not transverse in R3. Transversality Theorem 3.21.13 is an impor-
tant theorem of this section deduced from Sard’s Theorem 3.17.20 showing that
transversality is a generic property.

Definition 3.21.1 Let M and N be two smooth manifolds and f : M — N be a
smooth map. If K is a submanifold of N, then the map f is said to be

(i) transversal to the submanifold K atapoeint x € f~'(K) (symbolized, f M,
K) if the tangent space T'f(,)(N) is expressible as

dfe(Te(M)) 4 Ty (K) = Ty (N)

(LHS is not necessarily the direct sum but it is the set of the sums of the vectors,
taken one from each of df, (T (M)) and T, (K)) at the point x € £~ (K) and

(ii) transversalto K (symbolized, f M, K)ifeither f~'(K) = @or f M, K holds
forall x € f~'(K).

Example 3.21.2 (i) Let f : R' (=R) — R?, 5 — (0, s) be the map and K be the
x-axis in R?. Then f M K.

(ii) On the other hand, let g : R! (=R) — R?, 5 — (s, s%) be the map and K be
the x-axis in R%. Then f M K is not true in the sense that f is not transversal
to K.

Proposition 3.21.3 Let M and N be two smooth manifolds, K be a submanifold of
N and
f:M— N

be a smooth map. The set of points of f~'(K) at which f is transversal to K is an
open set in f~1(K).
Proof 1t follows from Definition3.21.1. Q

Throughout our next study, it is assumed that f~!(K) # ¢.

Example 3.21.4 Leta, 8 : I — R? be two curves in R? which intersect at a point.
Then they are non-transverse if they are tangent to each other at that point.

Example 3.21.5 In Euclidean space R3, let M, N, K and f be defined as follows:

(i) M be the plane x = 0,
(i) N be the plane z = 0,
(iii) K be the line y = z = 0 and
@iv) f: M — N, (y,z) — y be the projection.
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Then f is transversal to K (i.e., f M K) but the tangent map
dfx = Tx(f) : Tx(M) - Tf(x)(N)

is not surjective.

Definition 3.21.6 Let M be a smooth manifold of dimension m and M, M, be two
embedded submanifolds of M of dimensions m; and m,, respectively. Then it is said
that M, intersects M, transversely (symbolized, M; M M) if

T.(M) +T,(My) =T, (M), Yx € M\ N M,

(the sum in left hand is not direct, it is the set of the sum of vectors, taken one from
each of the two subspaces T, (M) and T,(M;)). This relation is symmetric in M
and M, and hence M| M M, holds iff M, M M; holds.

Remark 3.21.7 Inthe language of linear algebra, the symbol M, ™ M, in M means
that for every point x € M| N M5, the subspaces T, (M) and T, (M) together span
the space T, (M). If m| + m, < m, then it means that M| N M, = (.

Definition 3.21.8 Let M and N be two smooth manifolds and f: M — N be a
smooth map. The differential of f at the point x € M along the curve o : I — M is
the map

df = fi : Te(M) = Ty)(N), Dy > Do,

which is well-defined and linear.

Proposition 3.21.9 Let M and N be two smooth manifolds and f : M — N be a
smooth map. Then f, : T(M) — Ty (N) is represented by a Jacobian matrix.

Proof Letx, xz, ..., x,bealocal coordinate of the pointx € M and y;, y2, ..., ¥,
be a local coordinate near the point f(x) € N. Then we can express

f, x2, ooy Xm) = (101, X0y o ooy X))y ovovs fn(X1, X2, ooy Xim)).

The linear map f, : T, (M) — T (N) is represented with respect to the bases %

and - by a matrix (a;, ;) as formulated by

ay;j
) ) 9
fil— )= E,‘:] ajj ~—
Bx,- Byj

and hence it follows that

9 ) 9
S (8_x,) ) =X, ai a_yj(yk) =ay,;.
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Fig. 3.15 Commutative f!
rectangular diagram in local R"—— R"

coordinates
(U o=t

This implies that the linear map f, is represented by the Jacobian matrix

of;
(&)
Q

Theorem 3.21.10 Let M be a smooth manifold of dimension m and N be a smooth
manifold of dimension n. If f : M — N is a smooth map and if the linear map

Je : Te(M) = Ty (N)

is a monomorphism at a particular point x = p € M, then there are charts  at p
and ¢ at f(p) suchthat the rectangular diagram as shown in Fig. 3.15 is commutative
where

fR" - R, (x1,%2, ..., %) = (X, X2, ..., %y, 0,...,0)

is the standard inclusion. ( f (M) is accordingly flat in N in these local coordinates).

Proof Let ¥ and ¢ be two arbitrary charts such that the origin in Euclidean space
corresponds to p and f(p), respectively. Consequently,

fIR"=T, R") - T, R") =R"
is a monomorphism. Change the coordinates by rotation in R” so that
Im f,=R™" CR"=R" x R"™.

Change the coordinates again by a map p : R" — R” so that the rectangular dia-
gram as shown in Fig. 3.16 is commutative, where i (x) = (x, 0). Then (p o i)(x) =
f'(x), Vx € R™ and hence p(x.y) = f'(x) + y. Under this choice, p, sends the
tangent space of R” x {0} onto R” x {0} by f, and p, sends the tangent space of
{0} x R" onto {0} x R" by the identity map. It proves that p, is an isomorphism
and hence it is a diffeomorphism in the nbd of the origin. Again by changing the
chart ¢ by p~'¢, for the new chart, the theorem also holds. The new f’ is given by
i=p'o fandi(x) = (x,0) as required. Qa
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f/

R™ R"=R™xR"™

Fig. 3.16 Commutative triangular diagram involving maps f’ and p

Corollary 3.21.11 asserts that if M is any embedded submanifold of N, then the
manifold M has the induced functional structure as subspace of N.

Corollary 3.21.11 Let M C N be an embedded submanifold. Then every smooth
real-valued function on M can be extended locally to a smooth function on a nbd in
N.

Theorem 3.21.12 Let M be a smooth manifold of dimension m and M, M, be two
embedded submanifolds of M of dimensions my, my, respectively. If My ™ M, (M,
intersects M, transversely), then

(i) M; N M, is a submanifold of M of dimension
dim (My N My) =dim (M) +dim (M) —dim (M);

(ii) My =R™ x {0} and M, = {0} x R™ (locally chosen an appropriate coordi-
nate system).

Proof By using Theorem3.21.10, take a chart at the point p € M, in which M, is
flat and choose a coordinate nbd U of p and alsoamap v : U — R”"™ withOasa
regular value such that U N M = ¢ ! (0). Similarly, take a map ¢, : U — R"™™™
with 0 as a regular value such that U N M, = v, 1(0). Define a map

Yy XY U — R"M xR x = (Y1 (x), Ya(x)).
Then (0, 0) = 0 is regular value of | x i,. Consider its induced linear map

(W1 X ¥2)s : Tp(M) — R X R v > (Y14(0), ¥24(v)).

This asserts that

ker (Y1 X Yr2)y = ker (Y1)« Nker (Y2)x = T, (M) N T,(M3).

This implies that
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dim T,(My) +dim T,(My) —dim T,(M) =m + mp —m.

Consequently, it follows that

dim (im (Y1 X Y2)y) =m — (my +my —m) =2m —my —mp =dim (R"™™' x R"™"2).

This implies that the map (1 X ;). is onto at p. Hence, it follows that 0 is a regular
value for (¥, x ¥») on U and (¥, x )~ (0) = M; N M, (locally). It proves the
part (i).

For proof of the part (ii), consider the map
fiU = RV RMFRTCRMTM x b (Y2 (x), ¢(x), ¥ (%)),

where ¢ is the projection to M; N M, under a coordinate system on U such that
M, N M, is flat in the sense of Theorem3.21.10. Hence, it follows that im (fy)
contains the middle factor of the tangent space of the above product of Euclidean
spaces and im (f;) is

im (Y2, x y,) = R"™™ x (0} x R~

This implies that f, is onto and f is a chart (with possible restriction of its domain).
This f, proves (ii). Qa

Transversality Theorem 3.21.13 is a basic result in differential topology and the
key to transversality is the family { f},} ,cp of smooth mappings.

Theorem 3.21.13 (Transversality Theorem) Let M, N, K and P be smooth man-
ifolds such that only M has boundary, and K is a submanifold of N and let
H:M x P — N be a smooth map such that both H and 0H are transverse to
K. Suppose for each p € P, the map f), is defined by

fp:M— N, x— H(x, p).

Then the family of smooth maps { f,},cp is such that for almost all points p € P,
both the maps f, and 3f, are transverse to K.

Proof LetS = H ~1(K). Then by Exercise 72, it follows that S is smooth manifold
with boundary
0S=SNoM x P).

Letg: M x P — P, (m, p) — p be the projection map. Then it follows that

(i) if p € P is aregular value of the restriction g |s, then f), is transverse to K and
(ii) if p € P is aregular value of the restriction dq | y5, then 9f), is transverse to K.

Since by Sard’s Theorem 3.17.20, almost every point p € P is a regular value of
both the restricted maps ¢ |s and dq | 35, then transversality theorem follows. Q1
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Example 3.21.14 Let M = {(z1,22,23) € C* — {0} : 23 + 25 + 23 = 0} and f be
the map

f:C—{0)—>C: (21,22, 23) > 21+ 25 + 23

Hence, it follows that O is a regular value of f and M is a 4-dimensional mani-
fold. Let My = $° = {(z1, 22, 23) € C* : |z11> + |22]* + |z3]* = 1}. Then M T M,
(M intersects M transversely) and M N M; is a 3-dimensional manifold.

3.22 Tubular Nbds and Approximations

This section studies the concept of tubular nbd introduced by Whitney (1936a; 1936c¢;
1936b). This concept makes a link between vector bundles and the topology of
manifolds. If M is a submanifold of a manifold N, then a tubular nbd of M is a
nbd of M in N that looks like the normal bundle of M in N. This idea motivates
to describe the topology of a nbd of the submanifold. This section proves that every
smoothly embedded manifold in R? has a nbd that looks like a tube in Euclidean
space R3. This idea is used to prove smooth approximation Theorem 3.22.10 saying
that every continuous map can be approximated by a smooth map.

Definition 3.22.1 Let M be a compact smooth manifold of dimension n embedded
in R™. Then the normal bundle N (M) of M in R™ is defined by

NM) ={x,v)eM xR" :v L T, (M)}

with

pNWM)— M, (x,v) — x
be projection. It is also denoted by the triple & = (N (M), p, M).
Remark 3.22.2 The notations

0:NM)—R", (x,v) —x+v

and

NM,e)={(x,v) e N(M) : ||v]| <€}

are also used in this section.

Proposition 3.22.3 Let M be a compact smooth manifold of dimension n. Then
every point x € M has a nbd U such that p~"(U) is homeomorphic to U x R"™™"
with the projection

p:p ') > U
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that corresponds to the canonical projection
UxR"™" = U.

Proof Let ¥ : V — R"™ x R" =~ R™ be a chart that makes M flat in the sense
U = V N M corresponds to the vertical slice {0} x R". Let py, p2, ..., pm—n be the
first (m — n) coordinate projections R™ — R. Then each composite map p; o ¥ :
V — Ris constant on U. Then the gradient grad (p; o V) of p; o ¢ at a point of U
provides a normal frame to U such that p~! (U) &~ U x R"~". Hence, the proposition
follows. a

Definition 3.22.4 Let M C W be a submanifold. A tubular nbd of M is a pair
(f, &) of a vector bundle & = (X, p, M) over M and an embedding f : X — W
such that

(i) flym = 1y, where M is identified with the zero section of X;
(ii) f(X) is an open nbd of M in W.

Using notations of Definition 3.22.1, one version of Tubular nbd Theorem 3.22.5
is proved.

Theorem 3.22.5 (Tubular nbd theorem) Let M be an n-dimensional compact smooth
submanifold of R™. Then there is an € > 0 such that

0:N(M,e) - R"

is a diffeomorphism onto the nbd U = {y e R" : d(M, y) < €} of M in R™ with
Euclidean distance d under the notation of Remark3.22.2.

Proof By hypothesis, M is an n-dimensional compact smooth submanifold of R™.
Let N, (M) be the normal space to T, (M) in R™. Since, for fixed x and variable v,
the map

0:NM)—R", (x,v) —x+v

is a translation, its induced map 6, is the standard inclusion on N, (M) — R"™. Again,
O, : Te(M) — T,(R™)
is the differential of the inclusion M < R™. This implies that
O, :R" =T, (R") =T, (M) x Ny(M) - R"
is the identity map on R™. This implies that for every x € M, the induced homomor-
phism 6, is a monomorphism at the point (x, v) and hence 6 is a diffeomorphism on

some nbd of the point (x, v). This proves that for every x € M and ||x|| small, the
homomorphism 6, is an isomorphism at (x, v). By hypothesis, the manifold M is
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compact. Hence, there exists a § > 0 such the homomorphism 6, is an isomorphism
at every point of N'(M, §). This implies that

0:NMWM,s — R"

is local diffeomorphism. We claim that 8 : N'(M, €) — R™ is injective for some €.
Then there exist sequences 0 < € < §.If § is not injective, then there exist sequences
(x, vr) and (yi, wy) in N'(M, €) for arbitrary € > 0 such that

(XK, vi) # (Vi wi)

but it has the properties:
@ [lvell — 0;
(i) [|well — 0;
(i) 6 (xy, vi) = 0 (ye, wi)-
Since by hypothesis, M is a metrizable and compact space, there exists a subsequence

such that
Xg; —> x and yi, —> .

Hence,
O ((xk, vi)) = 0((x,0)) = x and O((yr, w)) = 0y, 0)) =y
imply that x = y. This asserts that for large k, both the sequences are such that
(XK, ve) = (x,0) and (ye, we) = (y,0).
In other words, both the above sequences tend close to the point (x, 0). But it contra-
dicts the fact that 6 is locally one-one near the point (x, 0). This contradiction proves
that 6 is injective on some N (M, €). To show that 6 is onto, we have to prove that

ONWM,e)) C{yeR":d(M,y) <€}

and
(yeR":d(M,y) <€} COWNM,e)).

The first inclusion is obvious. For the second inclusion, take any point y € {y €
R" :d(M,y) <e€}.Thend(M, y) < €.Letx € M be apoint such thatd(y, x) < €
(minimum). Then the vector y — x is a normal vector at the point x, and it is a
vector having length < € and hence y € (N (M, €)). Consequently, it follows that
O(N (M, €)) = R™. The above discussion completes the proof of the theorem. QO
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Remark 3.22.6 Using the notation of Tubular Nbd Theorem 3.22.5, consider the
map
r=pof 0N (M,€) —> M.

Then r is a smooth retraction of the tubular nbd 8 (N (M, €)) into M. The smooth
map r is called the normal retraction of the tubular nbd onto M.

Corollary 3.22.7 Let M be a compact manifold of dimension n and & be a nonzero
continuous vector field on M that may not be smooth. Then there is a continuous
map

fM—->M

such that

(i) f has no fixed point and
(ii) f is homotopic to the identity map 1y : M — M.

Proof First embed the manifold M in some R™. Then the given nonzero continuous
vector field & is a field of tangent vectors to M. Hence, by compactness hypothesis
of M, given an € > 0, there is a constant ¢ such that the vector field c£ contains
all vectors of length < € and hence x + ¢ &, € (N (M, €)). Let r be the normal
retraction of the tubular nbd onto M formulated in Remark 3.22.6. Define

fiM—> M, x—r(x+cé&,).

If f(x) = x,thenwehavec&, € N, (M) N T, (M) = {0}, whichimplies that &, = 0.
This asserts that f has no fixed points. The last part follows by considering the
homotopy

H:MxI—> M, (x,t) —r(x+tcé&).

Q

Remark 3.22.8 A more general version of Theorem 3.22.5 can be proved for smooth
submanifolds of any smooth manifold, instead of Euclidean space in almost in the
same way using geodesics in some Riemannian structure.

Theorem 3.22.9 approximates arbitrary continuous maps f : M — R™.

Theorem 3.22.9 Let M be a smooth manifold of dimension n and C, D be two
closed subsets of M. If f : M — R™ is continuous on M and smooth on C with
induced structure, then corresponding to an € > 0, there exists amap f : M — R™
such that

(i) the map f is smooth on M — D;
(i) fx)=f(x),VxeCUD;
(i) || f(x)— f)|, <€, Yx € Mand
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(iv) f~ frelCUD.

Proof Since under the given condition M is metrizable, there exists a metric d on
M such that the topology t of M coincides with 7, the topology induced by d on
M. For any x € M, let €(x) be defined by

e€(x) = min{e,d(x, D)},

where d(x, D) denotes the distance of D from the point x. By hypothesis, f is
smooth on C. Hence, there is a function defined near any point a € C on M such
that it is smooth there and its restriction f|¢ is the same as f there. This implies that
for every point x € M — D, there exists anbd V, of x in M — D and a map

F,:V, > R"”

such that

(i) if x € C — D, then F, is a smooth local extension of f|y,nc;
(ii) if x ¢ CUD, then V, N C =@ and if y € V,, then F,(y) = f(x), which is
constant in y;
(iii) For sufficiently small V,, if y € V,, then

) — fOI < ex)/2, [[Fx(y) — fOIl < €(x)/2 and d(x, y) < €(x)/2.
Let {U;} be a local refinement of {V;} having index assignment i — x (i) and
let {A;} be a smooth partition of unity on M — D having support (A;) C U;.

Then A; = 0 on C — D unless x(i) € C — D. Define

FiM SRy S Fp»ifye M —D
f(), ify e D.

Then the map f : M — R satisfies the required properties as claimed in parts

@)— ().
For the last part, construct the homotopy
H:MxR—R" (x,1) —~ tf(x)+ (1 —1)f(x).
Q

Theorem 3.22.10 gives a sufficient condition for a map between smooth manifolds
to be a smooth approximation. For its another form, see Exercise 27 of Sect.3.27.
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Theorem 3.22.10 (Smooth Approximation Theorem) Let M be a smooth manifold
of dimension m and N be a smooth compact metric manifold with a metric d. Given
a closed subset A C M, let f : M — N be a map such that f|, is smooth. Then for
any € > 0, there is a map

f:M— N

such that

(i) the map f is smooth;

(i) d(f(x), f(x) <€, Vx €M,
(i) fla = fla and
(iv) f =~ frelA.

Proof First embed the given manifold N in R” and use continuity of the inverse
of the above embedding. Since by hypothesis, N is compact, it follows by uniform
continuity that there exists ad > 0, such that whenever ||u — v|| < §,thend(u, v) <
€. So, without any loss of generality, it is convenient to use the Euclidean metric in R?
instead of the given metric d on the manifold N. Consider a §/2-tubular nbd U of N in
R? (if necessary, take a smaller nbd) and the related normal retraction r : U — N.
By using Theorem3.22.9, approximate f by a smooth map & : M — R? so that
h(M) C U. Consider the map

f M — N,x — r(h(x)).

Then the map f : M — RP” satisfies the required properties as claimed in parts
@)—(@ii).
For the last part, construct a homotopy

H:MxR—R? (x,)>rthx)+0—-1)f(x))

under which f ~ f rel A. a

Corollary 3.22.11 Let M be a smooth manifold of dimension m and N be a compact
smooth manifold of dimension n.

(i) Any continuous map f : M — N is homotopic to a smooth map and
(ii) ifa smoothmap g : M — N is homotopic to f, then f =~ g by a smooth homo-

topy
H:- MxIcMxR— N.

Proof (i) Part (i) follows from Smooth Approximation Theorem 3.22.10.
(i) By hypothesis, the smooth maps f and g are homotopic. Then there exists a

homotopy

H: MxI— N
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between f and g. Extend the homotopy H by making it constant on the ends.
Then H is a smooth map on the subspace M x {0, 1} and hence Theorem 3.22.10
asserts that there is a smooth map F : M x R — N such that it coincides with
H on the subspace M x {0, 1}. This proves part (ii). a

Definition 3.22.12 Let M be a submanifold of N and N C R*. Then the normal
bundle N (M; N) of M in N is defined by

NM;N)={{x,v) e M x T,(N) :v L T,(M)}.
Then N'(M; N) is a manifold with the same dimension of M and the map
o N(M;N)— M, (x,v) = x

is a submersion.

Tubular nbd Theorem 3.22.5 is sufficient for most of the cases. However, Theo-
rem 3.22.13 provides another version and its proof is almost similar.

Theorem 3.22.13 (Another Version of Tubular Nbd Theorem) Let M be a subman-
ifold of N and N C R*. If N'(M; N) denotes the normal bundle of M in N, then
there exists a diffeomorphism from an open nbd of M in N'(M; N) onto an open nbd
of M in N.

Remark 3.22.14 Various applications of tubular nbds are given in Exercises of
Sect.3.27.

3.23 Complete Classification of Compact Surfaces

This section conveys the complete classification of compact surfaces initiated by
A F Mobius (1790-1868) in 1861, published later on, which gives a partial solution
of the classification problem of manifolds. A surface is a connected 2-manifold.
For example, the 2-sphere is an important example of a surface. The connected sum
S1#S, of two surfaces S; and S, is constructed by cutting a small circular hole in each
S and S, followed by gluing them together along the boundaries of the holes. The
topological type does not depend on the choice of the circular disks in surfaces S; and
S,. This idea of connected sum is utilized in the constructions based on gluing two
topological spaces described in Sects. 3.23.2, 3.23.3 and 3.23.4 and Exercise 3.27 of
Sect.3.27 for the complete classification of compact surfaces. For this section, the
book Massey (1967) is recommended.
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Fig. 3.17 Construction of
projective plane from a >
square

3.23.1 Construction of Projective Plane and Klein Bottle
Jrom a Square

Projective plane is constructed from a square as shown in Fig.3.17.
On the other hand, the Klein bottle is constructed from a square as shown in Fig. 3.18.

3.23.2 Construction of Connected Sum of Tori

This subsection presents a convenient method for construction of connected sum of
tori. Recall that the torus 7 is obtained from a square by identifying its opposite sides.
Given two tori 77 and T3, each of them is obtained from the square by identifying
opposite sides as shown in Fig.3.19. Then all the four vertices of each square are
identified to a single point of the respective torus. To obtain their connected sum
T\#T>, cut out a circular hole from each torus as shown in Fig. 3.19 with boundaries
of the holes represented by y; and y,. Then the complements of the holes in 77 and
T, are represented by pentagons as shown in Fig.3.20, since identification of the
indicated edges shows that the two end points of y; and y, are identified. It implies
that the octagon is obtained by identifying the segments y; and y, as shown in
Fig.3.23 in which the edges are identified in pairs as indicated in this figure. By this
identification, all the eight vertices of the octagon are identified to a single point as
shown in Fig. 3.24. This implies that after gluing together, the connected sum 7#7,
is obtained from this octagon by identifying all its eight vertices to a single point in
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Fig. 3.18 Construction of the Klein Bottle from a square

B1 oy an B2
“ B1 B2 “

Fig. 3.19 Two disjoint tori 77 and 7> with holes y; and y»

T\#T,. The connected sum T #7,#T3 of the three tori is obtained in this way as the
quotient space of the 12-gon as shown in Fig. 3.25. By induction on n, the connected
sum T#T># - - - #T, of n tori is obtained as the quotient space of 4n-gon obtained by
identifying in pairs as shown above (Figs.3.21 and 3.22).
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b
(€5
Ba
Fig. 3.20 Two disjoint tori with holes y; and y» cut out
a1
a2
aq (e}

Fig. 3.21 Glued together disjoint projective planes with holes y; and y»

3.23.3 Construction of Connected Sum of Projective Planes

This subsection conveys a method for construction of connected sum of projective
planes. Recall that the projective plane R P? is obtained from a circular disk as the
quotient space by identifying the diametrically opposite points on its boundary. This
boundary circle is divided into two segments by taking a pair of its diametrically
opposite points. This asserts that the real projective plane RP? is obtained from a
2-gon by identifying its opposite edges as shown in Fig.3.27. For two disjoint pro-
jective planes R P? and R P, their connected sum R P#R P; is obtained likewise
as the connected sum of two tori as a quotient space of an octagon as described in
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aq as

Fig. 3.22 Connected sum of three projective planes constructed by identification in pairs of the
sides of a hexagon

Sect.3.23.2. Repeating this process, the connected sum RP2#R P}#R P} of three
projective planes is obtained as a quotient space obtained from a hexagon by identi-
fying in pairs its sides as shown in Fig.3.22. By induction on n, the connected sum
RP#RPJ#- - - #RP? of n projective planes is obtained as the quotient space of a
2n-gon obtained by identifying in pairs as above and hence by identifying all the
vertices of the 2n-gon to one point in RPZ#R P7# - - - #R P? (Fig.3.26).

3.23.4 Construction of the Sphere as the Quotient Space of a
Polygon

This subsection constructs the sphere as the quotient space of a 2-gon by identifying
the sides in pairs as shown in Fig. 3.26.
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Fig. 3.23 Glued together the tori with holes y; and y»

o Q2

(> <D

a1 Qg

Fig. 3.24 Two disjoint projective planes RPI2 and RP22 with holes y; and y»
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a2 B2

ﬁl as

Os

6731

a3

S

aq 63

Fig. 3.25 Connected sum of three tori constructed by identifying the edges of a polygon of 12 sides

We can represent the above identifications by the symbols. The identification of

(i) the sphere is represented by the symbol: aa™!;

(ii) the connected sum of p tori is represented by the symbol: o B1a;" 710[2 has !
p p y Y 1 Pi1 2
Byl apBra, Bl
(iii) the connected sum of p projective planes is represented by the symbol: o; oty ra;
p proj p p y y
... apap.

This above discussion is summarized in more descriptive form in Sect. 3.23.5.
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g

g

Fig. 3.26 The sphere obtained as a quotient space by identifying the two edges of a 2-gon

o

Q

Fig. 3.27 The real projective plane constructed by identitying the opposite two edges of a 2-gon
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Fig. 3.28 Sphere with one handle

3.23.5 Methods of Constructions

This subsection describes the construction of

(i) a connected sum of a finite number of tori;
(ii) a connected sum of a finite number of projective planes.

(i) (Adding an handle to a sphere) Remove two disjoint disks from the 2-sphere
S? and insert a cylinder by identifying its two end circles with the boundaries
of the holes in S? as shown in Fig.3.28. This process is known as adding an
handle to the sphere S2. This process is continued m-times to obtain a sphere
with m-handles, called a connected sum of m-tori. The sphere with m-handles
is known as the orientable surface of genus m.

(ii) (Closed surface) For each integer m € N, remove m-disjoint disks from the 2-
sphere S? and replace each of them by a Mabius strip. This process is called a
connected sum of m-projective planes. The sphere containing a Mobius strip is
nonorientable. For m = 2, this process yields the Klein bottle.

We summarize the above discussion together with Exercise3.27 of Sect.3.27 in
the following basic and important classification theorem of a compact connected
surface.

Theorem 3.23.1 (Classification theorem of surfaces) Any compact connected sur-
face S is either homeomorphic to a sphere or to a connected sum of tori or to a
connected sum of projective planes.

Theorem 3.23.2 gives another form of the complete classification of compact sur-
faces.
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Theorem 3.23.2 (An alternative form of classification theorem of surfaces) Any
compact surface is homeomorphic either

(i) fo the sphere S?,

(ii) or to the sphere S with a finite number of handles glued to the sphere, called
a connected sum of tori,

(iii) or to the sphere S* with a finite number of Mobius strips glued to the sphere
obtained by a finite number of disks removed and replaced by Mobius strips,
called a connected sum of projective planes.

No two of these surfaces are homeomorphic.

Remark 3.23.3 The assumption of compactness of the surface S in Theorem 3.23.1
asserts that the surface S has a triangulation using only a finite number of triangles
and that of connectedness asserts that these triangles can be arranged in sequence
T, T, ..., T, in such a way that each triangle in this sequence can be identified
along an edge with a previous triangle so that the next triangle can be glued to the
geometric figure already constructed.

3.24 Complete Classification of Connected 1-Dimensional
Manifolds

This section provides a complete classification of compact connected 1-dimensional
smooth manifolds in Theorem 3.24.1 and that of a connected 1-dimensional smooth
manifolds in Theorem 3.24.4 up to diffeomorphism.

Theorem3.24.1 gives a classification of compact connected 1-dimensional man-
ifolds up to diffeomorphism.

Theorem 3.24.1 A compact connected 1-dimensional smooth manifold is diffeo-
morphic to either [0, 1] or st

Proof Proof I: Let X be a compact connected smooth manifold of dimension one
and ¥ : I - ¢ (I) C X be a parametrization in X, and F = {(I, ¥)} be the family
of all pairs (I, ¥). Then F can be partially ordered by the relation *“ <”

@ ¥) = (K, ¢) iff ICK and ¢ = ¢|1.
If the interval I = | J ; 1;, then every linearly ordered subset (chain) in 7

Ty, ¥) <dp,¥p) < ---

is bounded by an element (I, 1) € F, where v is the parametrization formulated
by ¥| I, = Y¥;. Hence, by the Zorn Lemma, F has a maximal parameterized curve «
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in X having parametrization ¢ : I — «. Without any loss of generality (by a change
of variable, if needed), the interval I is exactly one of the intervals

[0, 1], (O, 11, [0, 1), (O, 1).

Hence, it follows that for any sequence {¢,} in I converging to the point O (or 1), the
corresponding sequence {¢(,)} in the curve o converges to a unique point x; (or
x7). Then the closure @ = o U {x1, x»}. The map ¢ has a smooth extension

$:10,1]>a@:¢0)=x; andgp(1) =x2; p=¢ if x1, x2 € .
Consider the two possibilities: either x; = x, or x| # x;.

Case I: If x; = x, then for 6 = 27r : 0 < r < 1, define a diffeomorphism

- [ 6
f:S1 — X, (cos 0, 5in 0) — ¢ (—)
2

Since f(S') is compact and open in the connected set X and f is onto, it follows
that X is diffeomorphic to S'.

Case II: If x; # x,, then the parametrization ¢ : I — X maps I onto X and
hence it follows that the curve o = X; otherwise, every point x € X — « would
have a parameterized curve nbd N, not intersecting the curve o and o would have
a larger parameterized curve contradicting its maximality of «. This implies that o
and | J,.y_, Ny will produce a separation of X. But it contradicts the hypothesis
that X is connected. This contradiction proves that X is diffeomorphic to the closed
interval [0, 1]. Q

Theorem 3.24.2 gives a classification of connected 1-dimensional smooth mani-
folds up to diffeomorphism.

Theorem 3.24.2 Let X be connected smooth manifold of dimension 1.

(i) If X is noncompact, then X is diffeomorphic to R.
(ii) If X is compact, then X is diffeomorphic to either [0, 1] or S'.

Proof Let X be a path-connected 1-dimensional manifold. We prove the theorem in
two cases depending on additional condition: X is compact or noncompact.

Case I: X is connected but not compact. We prove in this case that X is home-
omorphic to R. Let C = {x1, x,, ...} be a countable dense set in X. By hypothesis,
as X is connected and locally path-connected, there exists a path «; in X joining the
points x; and x, in X such that C — «; # @, since «; is closed in X. Suppose that x,,,
be the first point in X outside «;. This choice is possible, since X is a 1-dimensional
connected manifold, any path « from the point x,,, toapointc € a; — {x1, x2} crosses
X1 or x, before entering in oy — {x1, x2}.
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The homeomorphism 4 : I — X, t — «(?) is now extended to a homeomor-
phism4 : R — X.

Leth, : [0, 1] — o) be ahomeomorphism, which is extended as follows. If a path
a crosses the point x;, construct a path oy C o from the point x,, to the point xi,
and a homeomorphism 7, is defined such that

hy 1 [—1,0] = oy : ho(—1) = x,,, h2(0) = x;
If the path « crosses the point x;, construct a homeomorphism
R [1,2] = ag s h5(1) = xa, B5(2) = xp,.

Hence, o1 U a gives a new path in X. Suppose x,, € C — a; U a3 is the first ele-
ment of C. By induction and using the noncompactness property of X, construct a
continuous injective map

h:R— X:CcCh®R).

Since by hypothesis, X is a 1-dimensional manifold, the map % is open. Moreover,
h(R) = X. Hence, it follows that 4 is a diffeomorphism.

Case II: Let X be a compact connected smooth manifold.
Proof I: Proceed as in Theorem 3.24.1.

Proof II: We prove in this case that X is homeomorphic to S'. Let U =
{Uy,U,,...,U,} be a finite open covering of X such that every open set U; is
homeomorphic to R. Suppose that the open covering U/ is minimal in the sense that
it is not possible to remove any U; € C covering every point of X. This shows that

U,’ﬂUj;é@ - U[ﬂUj#U,‘, Uj.

Let v; : U; — R be a homeomorphism. Since R is not compact, it follows that
U consists of two or more open sets and the connected components of every open
set U; NU; # ¥ is homeomorphic to an open interval. Let C; ; be any one of such
components anda, b € Rwith a < b such that a be the finite extreme point ¥; (C; ;)
and a be the finite extreme point of ¥;(C; ;). If ; o wj’l :R — Rsendsa to b, then
Ci; U{y~'(a)}isaconnected setin U; N U; properly containing its component C; ;,
which is not possible. This shows that for every component C; ;, the interval ¥; (C; ;)
has one infinite extreme. This asserts that there exist at most two components in
everyopensetU; N Ujand ¥; o wj_l 1 ¥i(Ci ;) — ¥;(C; ;) which sends the infinite
extremes —oo and +00 to the finite extreme points in ;(C; ;). This asserts that if
U = {Uy, U,} and the open set U; N U, has only one component, then X = U; U U,
is homeomorphic to R. But it is not possible, since by hypothesis X is compact but R
is not so. This implies that for n = 2, the open set U; N U, has two components X
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and X», say. Suppose that ¥, (X;) = (—00, a;) fori = 1,2 and ;(X») = (b;, 00)
fori =1, 2. Hence,

xi € Xi = vi(x1) < ¥i(xp), for i =1,2.

Denote the interval [; (x1), ¥; (x2)] by the upper-half of S' by S_ and the lower half
of S' by S!. Then it follows that

X =y ') Uy; L) and v ' @) Ny ' (L) = {x1, x0)

and there exists a homeomorphism f : X — S'. Finally, use induction on 7 to prove
that there exists a homeomorphism

f:X— S\

This gives the complete classification of path-connected 1-dimensional smooth
manifolds. Q

Definition 3.24.3 An interval of real numbers is a connected subset of R, which is
not a point. It may be finite or infinite; it may be open, closed or half-open.

The above discussion is summarized providing a complete classification of
smooth, connected 1-dimensional manifolds in Theorem 3.24 .4.

Theorem 3.24.4 (Complete Classification of 1-manifolds) A connected
1-dimensional smooth manifold is diffeomorphic to either some interval of real num-
bers or to the circle S'.

Corollary 3.24.5 Let 0 X be the boundary of a compact 1-dimensional manifold X
with boundary dX. Then 0 X consists of an even number of points.

Proof Since, by hypothesis, X is a compact 1-dimensional manifold X with bound-
ary, it is the disjoint union of finitely many connected components and hence the
corollary follows. Q

3.25 Action of Topological Group on Manifolds and
Transformation Group

This section studies action of topological group on manifolds and transformation
group of a manifold. The action of a topological group on a topological space defined
in Chap. 2 is redefined in Definition3.25.1. On the other hand, the action of G as a
transformation of a manifold M is defined in Definition 3.25.3.
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3.25.1 Topological Transformation Group of a Topological
Space

This subsection recalls the concept of the topological transformation group.

Definition 3.25.1 Let G be a topological group with identity element e and X be a
topological space. Then an action of G on X (from left) is a continuous map

w:GxX— X,

its image (g, x) is denoted by g(x) or gx such that

(i) g(hx) =(gh)x.Vg,he Gand Vx € X,
(ii) ex =x, Vx € X;
(iii) the map ¥ : X — X, x — gx is a homeomorphism of X for any g € G.
(iv) If a topological group G acts on a topological space by an action u, then the
pair (G.pu) is said to be a topological transformation group of X.

Example 3.25.2 Let g € O(n, R) and G, (R") be the Grassmann manifold given in
Definition3.1.8. If V € G,(R"), then g(V) is another r-plane in R”. Any r-frame
is taken into any other by some g € O(n, R), so the same is also true of r-plane.
Hence, the orthogonal group O (n, R) acts transitively on G;(R"). Since the isotropy
group of the standard R” C R" is O(r, R) x O(n — r, R), it follows that
G:(R"Y~ O0n,R)/Or,R) x O(n —r,R).
Hence, we get the following homeomorphisms:
Om,R)/O(1,R) x O(n —1,R) ~ RP" !,
U, C)/U(1,C) x U(n —1,C) ~ CP"!

and
Sp(l’l, H)/SP(I,H) X Sp(n —1,H) ~ HPnfl’

where O(n, R), U(n, C) and S, (n, H) represent the orthogonal group over R, the
unitary group over C and symplectic group over quaternions H, respectively.

3.25.2 Topological Transformation Group of a Smooth
Manifold

This subsection considers the action of a topological group on a smooth manifold.
The action of the Lie group on a smooth manifold is considered in Chap. 4.
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Definition 3.25.3 Let G be a topological group with identity element ¢ and M be a
smooth manifold. Then G is said to act on M, as a transformation group if there is
a smooth function

nw:GxM—>M,
called an action of G on M, and its image 1/ (g, x) is denoted by gx such that

(i) foranyg € G,themapvy, : M — M, x — (g, x) = gxisadiffeomorphism
of M;
(ii) g(hx) =(gh)x.Yg,he Gand Vx € M,i.e., Yg oY = VYgp;
(iii) ex =x, Vx € M, i.e., ¥, is the identity map on M.

At a point xo € M, the set
Gy, = {8 € G : gxo = x0}

is a subgroup of G, called the stabilizer group at the point x.

Definition 3.25.4 Let G be a topological group with identity element ¢ and M be a
smooth manifold. Then the action of G on M is said to be

(i) effective,if v, (x) = x, Vx € M asserts that g = e, i.e.,if eis the only element
of G with the property that ¥, (x) = x, Yx € M;
(ii) free on M, if e is the only element of G such that ¥, (x) = x for some x € M;
(iii) transitive, if for every pair of elements x, y € M, there is an element g € G
such that gx = y.

Example 3.25.5 Let Sy(n, R) be the set of all n x n real symmetric matrices and is
a smooth manifold. The general linear group G L(n, R) acts on Sy(n, R) by action

w:GL@m,R) x Sy(n,R) — Sy(n,R), (X, A) — XA'X.
Example 3.25.6 (i) Consider the action of the topological group G = SO (3, R)
on R3. Its stabilizer group G, at the point xo = (0,0, 1) € R3 is the set of
rotations about the z-axis and hence

G, ~ SO, R).

(ii) Since the orthogonal group O (3, R) acts transitively on R? with its stabilizer
group G, ~ SO(2, R) at the point xo = (0,0, 1) € R3, it follows that

SOB3,R)/SO(2,R) ~ §°.

(iii) Since the orthogonal (real) group O(n, R) acts transitively on V(R") with
isotropy group O (n — r, R) and hence it follows that

O(m,R)/O(n —r,R) ~ V,(R").
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3.25.3 Properly Discontinuous Action of a Smooth Manifold

This subsection considers a special action
0:GxM—> M,(g,x)—~ gx

of a topological group G on a smooth manifold M, known as properly discontinuous
action.

Definition 3.25.7 A topological group G with identity e is said to be discrete if all
points of G are open (equivalently, iff {e} is an open set in G).

Definition 3.25.8 Let G be a topological group and M be a smooth manifold. Then
G is said to act discontinuously (under action o) if corresponding to any point
x € M and any sequence {g,} of distinct points in G, the sequence {g,x} in M, the
sequence {g,x} does not converge to any point in M in the sense that every orbit
space orb (x) = Gx = {gx : g € G} at x is a closed discrete subset of M. On the
other hand, G is said to act properly discontinuously if

PD(i) for every point x € M, there is an open nbd U, of x with the property:
U,gNU, # @ implies g = ¢;

PD(ii) for every pair of elements x, y € X, y ¢ Gx, there are open nbds V, and
V), of x and y, respectively, such that

gVinNV,=0,VgegG,

where gV = {gv : g € G}.

Remark 3.25.9 Consider the actiono : G x M — M.

(i) The topological space M/G = M mod G, topologized by the identification
map
p: M — X modG, x — Gx,

is the orbit space obtained by the action of o of G on X.

(ii) Condition PD(i) asserts that the action o is free.

(iili) Condition PD(ii) asserts that the orbit space M /G = M mod G is a Hausdorff
space.

Example 3.25.10 Every action of a finite group on a Hausdorff space is properly
discontinuous.

Example 3.25.11 The discrete group Z" acts on manifold R” by translation

o:7"xR" = R", (n,na,..., Ny, (X1, X2, ..., Xp) = (my +x1,n2 +x2,..., ny + xp).
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This action o is smooth, because the action of a discrete topological group G on a
manifold M is smooth iff for every g € G, the map

Y6 :G— G, x — gx

is smooth.

Remark 3.25.12 Detailed construction of the following quotient spaces is available
in Chap. 3 of Basic Topology, Volume 1 of the present series of books

Example 3.25.13 (i) The cylinder can be obtained as a quotient space obtained

(ii)

(iii)

from the square I x I by identifying the point (0, ¢) to the point (1, ¢) for all
t € I. Consider the manifold M = R?. The cylinder is obtained as the quotient
manifold R?/Z = R?* mod Z obtained by the properly discontinuous action o
of the group Z on the manifold R?

o:7 x R2, (n, (x,y) — (x +n,y)).

The action o is properly discontinuous and the group Z is generated by the
single transformation

U1 :R? > R% (x,y) > (x+1,y).

The Mobius strip (Mobius band) M can be obtained as a quotient space
obtained from the square I x I by identifying the point (0, ¢) to the point (1, 1 —
t) for all ¢ € I. The identification topology on M coincides with the subspace
topology induced on M by the usual topology on R*. Then Mobius strip M is
embedded in R3. To show it as the quotient manifold R?/Z, consider the group
Z generated by the single transformation

v :R>—> R% (x,y) > (x+ 1, —y).

Since this group acts on R? properly discontinuously, it follows that the quotient
manifold R?/Z is the Mébius band M.

The Klein bottle K can be obtained as a quotient space obtained from the
square I x I by identifying the point (0, #) with the point (1, 1 — #)and the point
(z, 0) with the point (¢, 1) for all ¢ € I. The Klein bottle K is homeomorphic to
the quotient space from the topological sum of two Mobius strips by identifying
the corresponding points of the edges. It is not possible to visualize the Klein
bottle K, since K cannot be embedded in R*. Consider Z x Z as generated by
two transformations on R?:

w:R2—>R2,(x,y)—>(x+1,—y)

and
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¢:R* > R% (x,y) > (x,y+ D).

Since the action of the group Z x Z on R? is properly discontinuous, it follows
from the above discussion that the quotient manifold R?/Z x Z is the Klein
bottle K.

(iv) The 2-torus 72 (or torus) can be obtained as a quotient space obtained from
the square I x I by identifying both pairs of opposite edges via identifying the
point (0, ¢) with the point (1, ¢) and the point (s, 0) with the point (s, 1) for all
t, s € I. To show it as the quotient manifold R2 /Z. x Z, consider the action

0:(ZxZ)x (RxR), (m,n), (x,y))) — (x +m,y+n).

The action o is properly discontinuous and the transformation group Z x Z is
generated by two transformations

V. R —>R*, (x, )~ (x+1,y)
and
¢ : R2—>R2,(x,y)—> (x,y+1).

Since the group Z x Z acts on R? properly discontinuously, it follows from the
above discussion that the quotient manifold R?/Z x Z is the 2-totus T2.

3.26 Applications of Morse-Sard’s Theorem and the
Brouwer Fixed-Point Theorem

This section proves the Brower fixed-point theorem from the viewpoint of differential

topology and without using tools of algebraic topology. The same results are proved

in Basic Topology, Volume 3 of the present book series by using algebraic topology.
The usual technique of studying maps in differential topology consists of

(i) approximating by a smooth map,
(ii) finding a regular value and then
(iii) exploiting the topology of the inverse image of the regular value.

On the other hand, the technique of an extension

(i) does not use a regular value,
(i) instead, uses a submanifold to which the map is transverse.

To obtain transversality, further approximation theorems are used.
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Theorem 3.26.1 Let 0 M be the boundary of a compact manifold M with boundary.
Then there exists no retraction onto O M in the sense that there exists no smooth map

f:M — OM such that of : OM — oM

is the identity map.

Proof Let M be any compact manifold of dimension n. We prove the theorem by
the method of contradiction.

If possible, there exists a retraction f : M — dM. Since f is a smooth map, it
follows by Sard’s Theorem 3.17.19 that there exists a pointx € d M whichis aregular
value of the map f. This asserts that £ ~!(x) is a submanifold U of M with boundary
U = U N dM. The codimension of f~!(x) = U in M equals to the codimension
of {x}in dM, whichis n — 1. This shows that U is 1-dimensional. Since U is closed,
it is compact. Thus, f~'(x) = U is 1-dimensional and closed. Since, by hypothesis,
af : M — 9M is the identity map, U consists of only single point x, and hence
U = {x} contradicts Corollary 3.24.5. This proves the non-existence of any smooth
retraction f onto oM. a

Remark 3.26.2 Theorem 3.26.1 is also valid without smoothness condition of M but
it needs algebraic topology for its proof. Lemma 3.26.3 conveys an interplay between
maps and manifolds. Itis proved by using the result that every compact 1-dimensional
manifold has an even number of boundary components (see Corollary 3.24.5). This
shows that a simple topology of a 1-dimensional manifold facilitates a proof of highly
nontrivial results on maps.

Theorem 3.26.3 There is no retraction f : D'*' — S" in the sense that there exists
no continuous map f : D" — S" such that

flsn = lgu (identity map).
Proof We prove the theorem by the method of contradiction.

Proof I: If possible, let f : D"t! — §" be a continuous retraction. Consider the
continuous map

2x, if 0< [Ix|| <1/2
h:Dn+1—>D"+1, X = { )
x/lxll, if 1/2 < |Ix|l = 1.
The continuity of / follows by using pasting lemma. Again, consider the composite
map
g=foh:D" 5 g

Then g is also a retraction and it is also smooth on a closed subset C of S”. Then the
map g can be approximated by a smooth map
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¥ D" — §" such that g|C = v¥|C.
This implies that ¥ is a smooth retraction, which contradicts Theorem 3.26.1.

Proof II: If possible, f : D"t! — §" has retraction in the sense that there exists
a continuous map f : S” —: §" which is the identity map on S”. Then there exists
a new retraction r : D"*! — $§"_ which is C® on a nbd of §” in D"*! such as

F D sy [/, 12 < < 1
(), if0 < [Ix]| = 1/2.
Let g : D"*! — §” be a C™ map that approximates r and agrees with r on a nbd of

S". Then g is also a C* retraction. Consider the regular value y € S” of g (existence
of y is ensured by Sard’s theorem).

(i) g~ '(y) is a compact 1-dimensional submanifold of U C D"*! and
(i) 9U = U N S".

This shows that y is a boundary point of U and the component of U which contains
the point y is diffeomorphic to a closed interval. Hence, it has another boundary
point z € S” such that z # y. This implies that g(z) = z, which contradicts that
z € g7'(y). This contradiction proves that there is no retraction f : D"*! — §7. 0

Theorem 3.26.4 (The Brouwer Fixed-point Theorem for dimension n) Every con-
tinuous map f : D™ — D" has a fixed point.

Proof 1If possible, let f : D™ — D" have no fixed point. Then f(x) # x, Yx € D".
Then this f determines the directed line segment from f(x) to x and let g(x) be
the point where this directed line segment hits the boundary S"~! of D". Consider
g : D" — $"7! as a map, which is the identity map on S"~!. We claim that g is
continuous. For any point x lying on the line segment joining the points f(x) and
g(x),

gx)y=tx+A—-1t)f(x), vVt > 1.

This shows that g is continuous if 7 is a continuous function of x. Since ||g(x)|| =
1, Vx € D", by taking the dot product of vectors of both sides of the above formula,
we have a quadratic equation in ¢ :

Pllx — fOOIP +2tf () - [x — fFOT+ I fOIF =1 =0.

This quadratic equation asserts that it has a unique positive root expressed in terms
of continuous functions of x. Hence, the continuity of g contradicts Lemma3.26.3.
a

Theorem 3.26.5 gives another form of Theorem 3.26.4, replacing continuity of f
by its smoothness condition.
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Theorem 3.26.5 (The Brouwer Fixed-point Theorem of another form) Every smooth
map f : D™ — D" has a fixed point.

Proof Suppose that there exists a smooth map f : D™ — D" which has a fixed
point having no fixed point. Proceed as in Theorem 3.26.4, construct a retraction
g : D" — S$"~! and prove that g is smooth function of x by showing that ¢ depends

smoothly on x.
a

Theorem3.26.6 is an important theorem from which fundamental theorem of
algebra Theorem3.18.1 follows as a corollary. Two other proofs are given in the
proof of Theorem3.18.1.

Theorem 3.26.6 Let p(z) and q(z) be two complex polynomials and 18> be the
Reimann sphere, which is the one-point compactification of C by oo, i.e., §? =
C U oo. The rational function p(z)/ q(z)has a smooth extension

f:8%— 82
Then the map f is either constant or it is surjective.

Proof The key result used to prove this theorem is that z € S? is aregular point of f :
S? — S§?iff its complex derivative f'(x) # 0 and hence in this case the determinant
of the real derivative Df. : R> — RZis positive. If f is not constant, then its complex
derivative f’is not identically zero. Hence, there exists a regular point z € S% of f. It
follows from inverse function theorem that there exists an open set U ofS? about the
point z that contains only regular points such that £ (U) is open in S>. Let v € f(U)
be a regular value of f. Then f~!(v) # @. Thus, every pointin f~!(v) is of positive
type. It asserts that deg f > 0 and hence the map f is surjective. Qa

Theorem 3.26.7 (Fundamental Theorem of Algebra) Every polynomial of degree
n > 1 with complex coefficients has a root.

Proof 1t follows as a direct consequence of Theorem 3.26.6 or see proof of Theo-
rem3.18.1. a

Theorem 3.26.8 (Frobenius theorem) Every real square matrix A with non-negative
entries has a real non-negative eigenvalue.

Proof Without any loss of generality, it is assumed that the matrix A is nonsingular;
otherwise, 0 will be an eigenvalue. Let A; denote the associated linear map of R”".
Consider the map
AL 8" 771 x> Ax/|Ax|.
Let

Or={x=@nx,....50) €S :x;>0,Vi=1i2 ...,n
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denote the first quadrant. Then A; maps Q; into itself and Q; is homeomorphic to
D"~!. This asserts that there exists a continuous bijective map

f:01—>D"!
with a continuous inverse. Consequently, the map
YD D x s AL(n)/IAL ()]

is a continuous map and hence it has a fixed point by the Brouwer fixed-point The-
orem 3.26.4. If x( is this fixed point, then

AL(x0)/|AL(x0)| = x0 == AL(x0) = [|AL(x0)|]x0.

This proves that the matrix A has a positive eigenvalue. Q

3.26.1 More Applications

Proposition 3.26.9 Let By(r) denote the open ball in R" with center at 0 =
0,0, ...,0) and radius r. Then

(i) By(r) is diffeomorphic to R" and
(i) every point of an n-dimensional manifold has an open nbd diffeomorphic to R".

Proof Consider the two maps

rx
f:By(r) > R", x > ———
[r2 + 1lx P12
and
g:R"—=> By(r), y —> Ll
[+ 1y117]2

Then f and g are inverse maps of each other and they are also smooth maps. This
shows that By (r) is diffeomorphic to R”".

For the second part, for every x € X, consider alocal parametrizationy : U — X
atx and the openball B = By-1(,)(r) such that B C U (by taking its radius r > 0 suf-
ficiently small). Then y/|U is also a local parametrization at x. For a diffeomorphism
¢ : R" — B, the composite map

YBog:R" > X

is a local parametrization at x. Q
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Proposition 3.26.10 (Linear coordinates) Let V be an m-dimensional vector sub-
space of R". Then

(i) V is a manifold diffeomorphic to R™;
(ii) all linear transformations on V are smooth;
(iii) if f : R™ — V is a linear isomorphism, then its corresponding coordinate
functions (known as linear coordinates) are all linear functionals on V.

Proof Consider a linear transformation 7 : R* — R™. Since dT, =T, Vx € R",
it follows that 7" is a smooth map. Moreover, every linear map f on V is smooth,
because f has a linear extension over R”. Let / : V' — R” be a linear isomorphism
with respect to a chosen basis By of V. Then ¢ has a linear extension ¥ : R" —
R™ over R". Hence, ¥ is smooth and its inverse ¢ ~' : R™ is linear and smooth.
This proves that V is a manifold diffeomorphic to R”. To prove the last part, let
pi :R"—> R, x =(x1,x2,...,%i,...,%X,) — Xx; be the projection map and =
W1, Y2, ..., Yy ..., ¥) be the coordinate functions of Y. Then p; o ¥ = ¢, Vi =
1,2, ..., n, where each

VUit V>R, x = (X1,X2, 00y Xiy ooy X)) > X

is a linear functional. a

Proposition 3.26.11 The union of two coordinate axes in the Euclidean plane is not
a manifold.

Proof Consider M = {x = 0} U {y = 0}, the union of two coordinate axes in the
Euclidean plane R2. Ifits origin (0, 0) is deleted from M, then we have four discon-
nected components; on the other hand, if any point is deleted from R, then we have
only two disconnected components. As connectedness is a topological property, this
connectivity argument proves the proposition. Q

Proposition 3.26.12 The map

L,
e, ifx >0,

f:R=>R, x+—
0, ifx<0

is smooth.

Proof Since for all x > 0, the nth derivative f"(x) is a rational polynomial such that
limyof"(x)=0,Vn=0,1,2,...,

it follows that the map f is smooth. Qa

Proposition 3.26.13 Let f : R — R be a local diffeomorphism. Then

(i) Imf is an open interval;
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Fig. 3.29 Configuration
space of a hinged pendulum
moving in the vertical plane A

E

(i) ¥ : R — Imf, x — f(x) is a diffeomorphism.

Proof Since R is connected, it follows that Imf is an interval. Again, since by
hypothesis, f is a local diffeomorphism, it follows that f is an open map such that
f'(x) #0. Thus, f is an injective local diffeomorphism such that its image is an
open interval and hence v is a diffeomorphism, because every local homeomorphism
is open and every bijective local diffeomorphism is a diffeomorphism. u

3.26.2 Configuration Space of a Hinged Pendulum

This subsection presents an idea of a configuration space to locate the set of positions
of a moving system. It is an important example of smooth manifolds and is used in
mechanics, physics and some other applied sciences. Proposition3.26.14 gives an
interesting example of a configuration space.

Proposition 3.26.14 The configuration space of a hinged pendulum swinging in
the vertical plane is the 2-torus T?.

Proof Let the pendulum be attached at the point A, hinged at the point H and end at
the point E as shown in Fig. 3.29. Every position of the system can be described by
the direction of the rod AH together with the direction of the rod HE or by the pair
of angles 6 and ¢, which vary independently such that 0 < 0 < 27, 0 < o < 2m.
It asserts that the configuration space of this system is the product space S' x S!,
which is topologically equivalent to the 2-torus T2, Qa
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3.26.3 Solution Set of a System of Equations

This subsection studies the solution set of a system of equations from the viewpoint
of the manifold and proves by using the concept of solution set that the n-sphere S”
is an n-dimensional submanifold in R"*! of C*®-class.

Consider a given system of m equations in n variables (n > m) given by

S, xa, .., x,) =0,
fz('xl"x27 ""xﬂ) = O’

fm(-xla-XZa '-'axn) - Oa

where fi, f2, ..., fu : R" — Rare functions of C"-class, for any r > 1. The family
F =1{f1, f2,..., fm} of functions determine a C"-function

f:R" = R", x = (fix), L(x), ..., fiu(x)),

which gives the solution set of the given system of equations described in Defini-
tion3.26.15.

Definition 3.26.15 The inverse image f~'{0} = M of
iR = R", x = (fix), fLo(x), ..., fu(x)),

is called the solution set of the given system of equations determined by the family
F.

Theorem 3.26.16 is now proved by applying the concept of solution set.

Theorem 3.26.16 S" is an n-dimensional submanifold in R"*! of C*®-class.
Proof Consider the function
f:R" >R, (xl,xz,...,xn)|—>xf+x§+-~-+x3+l —1.
Then S” is the solution set of the equation
x]2+x§—|—~--+x,%+l —-1=0.

The rank of the Jacobian matrix % |x of fis1, Vx € S". Then it follows by Exercise
20 of Sect.3.27 that S” is an n-dimensional submanifold in R**! of C®-class. QO

For the study of the solution set of a given system of equations from the viewpoint
of manifold, see Exercise 20 of Sect.3.27.
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3.27 Exercises

1. Let M be an n-dimensional C"-manifold and U be an open set of M. Show that
U is also a C"-manifold.

2. Show that every connected manifold M is arcwise connected in the sense that
given any two points a, b € M there is a smooth curve « : [0, 1] =T — M such
that «(0) = a, a(l) = b.

3. Show that there is a smooth function f : R — R such that

(i) f(x)>0,Vx e (—1,1);
(i) f(x) =0, Vxsatisfing |x| > 1.

[Consider f(x) = e V/&=17e=/0HD? "y x satisfying |x| < 1; and f(x) =0,
otherwise.

4. Given smooth manifolds M, M', N, N’,let f : M — M’ and g : N - N’ be
two maps and their the product map be defined by

fxg:MxN—MxN, (x,y)—~ (f(x), g(x)).

Show that

(i) if f and g are both smooth, then f x g is also ;
(ii) if f and g are both diffeomorphisms, then f x g is also so.

5. Given smooth manifolds M, N, show that the projection maps

i) pr:MxN—> M, (x,y) > x and
i) pp MxN—>M, (x,y) >y

are both smooth maps.
6. Show that the map f : (0,27) — R?, x — (sinx, sin2x)

(i) is continuous and bijective but £~! is not continuous;
(ii) is a C*°-embedding.

7. A smooth function f : R” — R” is said be locally diffeomorphism, if every
point x € R” has a nbd U such that f|y is a diffeomorphism. Show that the
function

f:R* > R% (x,y) — (¢°cos y, e“sin y)

is locally diffeomorphism but f is not a diffeomorphism.
8. Let U C R" be an open set and f : R” — R”" be a differentiable function on U
such that f has a differentiable inverse. Show that the Jacobian determinant of
f is nonzero, Vx € U. (For its partial converse, see inverse function theorem).
9. (Inverse function theorem) Let U C R” be anopen setand f : R” — R" be a
differentiable function on U such that the Jacobian determinant of f is nonzero
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10.

11.

12.

13.

14.

15.

16.

3 Topology and Manifolds

at some point x € U. Show that there exists a nbd U, of x and a nbd U, of
f(x) such that

(i) f maps U, homeomorphically onto U s (y);
(ii) the inverse of f on Uy () is also a differentiable function onto Uy .

A Hausdorff topological space (X, 7) is said to be a paracompact-manifold if
it is paracompact and there is an integer n such that every point of X has an open
nbd homeomorphic to an open subset of the Euclidean n-space R”. Prove that

(i) every paracompact-manifold (X, t) is metrizable;
(ii) every Hausdorff topological (X, 7) is a manifold iff it is a paracompact-
manifold having only countably many components.

(Paracompactness property of manifold) Show that

(i) every second countable, locally compact Hausdorff space is paracompact;
(ii) every topological manifold with or without boundary is paracompact.

Show that the paraboloid in R? defined by x? 4+ y?> — z? = r is a manifold for
all 7 > 0 but x> + y?> — z2 = 0 is not a manifold.

[Hint: Use the connectivity property to show that (0, 0, 0) has no nbd diffeomor-
phic R%.]

Let M be a smooth manifold and A be a closed subsetof M. If f : A — Risa
smooth map in the induced structure, show that

(i) f has a locally smooth extension at each point x € A to a smooth function
on some nbd U, of x in M and
(ii) there exists a smooth function f : M — R, extending f.

Let M be a smooth manifold. Show that the diagonal
AM)={x,x)}CMxM

is a smooth manifold diffeomorphic to M.
Given smooth manifolds M and N, let f : M — N be a smoothmap and Gy =
{(x, f(x)) : x € M} C M x N be its graph. Show that

(i) G is a manifold and
(i) the map
Y:M— Gy:xr (x, f(x))
is a diffeomorphism.
Show that the subspaces R} and R} of the Euclidean space R" defined by
(@
R} = (x e R": |Ix|| < 1)

and
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17.

18.

19.

20.

(ii)
R} ={x eR":|Ix]| = 1}
are both n-dimensional C*°-manifolds with §” ! as their common boundary.

Consider the 3-sphere S concising of the set of unit quaternions

S ={g=x+iv+jz+kw:x,y,z,weRand x* +y* + 22 + w* = 1}.
Define the set

U={x+iy+jz+kwes®: x>0cs?
and the map

V:U—R x+iy+jz+kw (y,z,w).

Consider ¥ as a chart. Define for each g € $3, a chart Yy () = W(q’lu). Prove
that the set of all charts constitutes an atlas for a smooth structure of dimension
3 on the 3-sphere S°.

Let M be a smooth manifold and A, U be two subsets of M such that

i AcCUcCM;
(ii) A is compact and U is open.

Show that there is a smooth function

f M — [0,00) such that f(x) >0, Vx € A with support f C U.

Let M be a differentiable manifold of dimension m and N be a differentiable
manifold of dimension n (>m). Given a differentiable map f : M — N, show
that under suitable local coordinates (xi, X2, ..., X,;) about a point x € M and
(1, ¥2, - - -, ¥n) about the point f(x) € N, the map f can be expressed locally
as follows:

) o =x, YE=1,2,...,m;
(i) ye = fixi,x2, ..., xm), Yk=m+1,m+2,...,n, where f; are differ-
entiable functions.

Consider a system (A) of m equations in n variables (n > m)
filxr, x2, ..., x,) =0,
falxr, x2, .., x,) =0,

fm(xl’xz’ o 7xn) = 0’
where fi, f2,..., fm : R" — R are functions of C"-class for every r > 1.
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Let M be the nonempty solution set of of the above system (A) of equations and
f :R" = R™ (n > m) be a C"-function determined by the family of functions
{f1, f2, ..., fu}. If for every point x € M, the rank of Jacobian matrix %lx of
f ism, show that M = £~'(0) is an (n — m)-dimensional submanifold of class
C"inR".
[Hint: See Sect.3.26.3.]

21. Let S; and S, be two compact connected 2-manifolds and S,#S, be their con-
nected sum. Let S be the set of compact connected 2-manifolds. Show that

(i) Si#S, is also a compact connected manifold, i.e., the operation # is closed
on S;

(ii) the operation # is on S is commutative and associative with the 2-sphere as
a unit (up to homeomorphism);

(iii) the set S endowed with the operation # forms a commutative semigroup
with identity element;

(iv) any compact connected 2-manifold is homeomorphic either to the sphere S>
or the torus T = S' x S! or the real projective plane R P2 or to a connected
sum of several copies of 7 and RP?;

(v) the connected sums RP?#T and RP?#R P?#R P? are equal (up to home-
omorphism) (which asserts that while expressing a compact connected 2-
manifold as a connected sum, there is no need of combination of tori and
projective planes).

[Hint: See Sect.3.23 or Massey (1967).]

22. Let X(x,y) = —y 3/dx + x 9/dy be a vector field in the Euclidean plane R?.
Show that

(i) the action

¥R x R? - R?, (t, (x,y)) — (xcost — ysint, xsint + ycost)

is a flow generated by the vector field X satisfying the following properties:
(i) the flow through (x, y) is the circle having the center at the origin;
(i) if ¥, = ¢ (t, —), then ¥, = Youzs
(iv) one-parameter group {y, = (¢, —)} is isomorphic to SO (2, R) or to the
circle group S' = U(1, R).

23. Let M be a compact manifold of dimension n and f : R — M be a smooth
map and y € M be a regular value of f.If K = f~!(y) is compact, show that

(i) thereisanopennbd U of K lying in a tubular nbd of K with normal retraction
r:U — K and
(i) an open nbd V ~ R" of y in M such that
rx f:UxR"— KV

is a diffeomorphism.
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24.

25.

26.

27.

28.

29.

Let G be a finite group acting smoothly on a smooth manifold M. If ¢ is this
action and xp € M is a fixed point under o, show that there a nbd U of x( in
which there is a local coordinate system such that o is linear with respect to local
coordinate system.

Let X(x,y) =y 3/0x +x /3y be a vector field in the Euclidean plane R?.
Find the flow generated by the vector field X (x, y).

(Existence of Finite Partition of Unity)

(i) Let (X, ) be anormal space andC = {V}, V>, ..., V,,} be an open covering
of X. Show that there exists a partition of unity subordinate to the covering
C.

(ii) Let M be a C"-manifold of dimension n forr = 1,2, ..., 00 and C = {U,}
be an open covering of M. Show that there exists a partition of unity of
C" -class subordinate to C.

(Smooth Approximation Theorem) Let M and N be two smooth manifolds
and f, g : M — N be two smooth maps. If d isametricon N andé : M — R
is a positive-valued real function, then g is said to be a §-approximation to f, if

d(f(x),g(x)) <é(x), Vx e Mv

Let A be a closed subset of M. If h : M — N be a continuous map such that it
is smooth on A, show that there exist

(i) a positive continuous function § : M — R and
(i) a smooth map k : M — N such that k agrees with f on A and k is a §-
approximation to f.

(Alternative form of the Smooth Urysohn Lemma) Let M be a smooth man-
ifold and P, Q be two disjoint smooth closed subsets of M. Show that there is
a smooth function f : M — R
such that

0, forallx € P

FOO=01 forallx e 0

and
0< f(x)<lforallx e M.

[Hint: Use partition of unity.]
Let M be a C"-manifold for r =1,2,...,00and K C V C M, where K is
compact and V is open. Show that there exists a C"-function f such that

0, ifxeM-V,

M — [0,1], x —
f [0. 11 1, ifx e V.
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30.

31.

32.
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Let M and N be two smooth manifolds and f : M — N be a proper injective
immersion. Show that f is an embedding.

[Hint: Use the result that every injective immersion that is a homeomorphism
onto its image is an embedding.]

Let M be a smooth manifold of dimension n and f : M — R™ be an immersion
withm > 2n and o : M — R be a positive continuous function. Show that

(i) the immersion f : M — R that is injective can be a-approximated by an
injective immersion & : M — R™;

(ii) if the immersion f is injective on an open nbd U of a closed subset A C M,
then the map % can be so chosen such that

hix) = f(x),Vx eU.

(Whiteney Embedding Theorem) Let M be a compact n-dimensional smooth
manifold. Prove that

(i) there exists a smooth embedding
f: M — R™!,

(i) M can be embedded as a submanifold in the Euclidean space R?*! and also
as a closed subspace of R2**!,

[Hint: See Theorem 3.14.20.]

33.

34.

35.

Let M be an n-dimensional topological manifold. Show that the following state-
ments are equivalent.

(i) M is a paracompact space;

(i) M is a second countable space;
(iii) M is a Lindelof space;
(iv) M is a metrizable space.

Let X be a smooth manifold and {U, : a € A} be open covering of X. Then there
is a partition of unity { f;, : b € B} subordinate to this covering with the property
that the functions f;, are all smooth.

[Hint: Assume that the covering is locally finite and each member is a subset of
the domain of coordinate chart and has compact closure. Then there is a open
covering {V, : a € A} such that V, C U,, Ya € A.]

Show that

(i) the general linear group GL(n, C) is an open complex submanifold of c,
(ii) dimc GL(n, C) = n?.
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36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Let M and N be two manifolds with 0 M and d N be their boundaries. Show that

()
O(M x N)=0OM x N)yU(M x aN);

(ii) if ¢ : 9M — 0N is a homeomorphism and M Uy, N is obtained by gluing
the manifolds M and N along their boundaries by identifying x € d M with
¥(x) € N, then M Uy N is also a manifold with boundary.

Let ¥ : M — N be a local homeomorphism in the sense that ¥ is continuous
and every point of M has an open nbd V such that (V) is open in N and the
restriction Y|y : V — (V) is a homeomorphism. Show that M is a manifold
iff N is a manifold.

Let M and N be two smooth manifolds and f : M — N be a smooth map. Show
that f induces a smooth map

df :T(M) — T(N), (x,v) = (f(x),dfc(v)).

Show that the family of all n-dimensional C”-manifolds (z > 1) and their C”-
mappings form a category, whose equivalences (in the sense of category theory)
are C"-diffeomorphisms of manifolds.

Let M be an n-dimensional manifold with boundary d M. Show that dM is a
manifold of dimension (n — 1) without boundary.

Let M be a smooth manifold with boundary and f : M — R be a smooth func-
tion having regular value 0. Show that

(i) the subset S = {x € M : f(x) > 0} C M is a manifold with boundary;
(ii) its boundary 95 is given by 35 = f~'(0).

Let M be a smooth manifold and ¢ : I — C and ¢ : I — D be two parame-
terizations in M. If C N D is connected, show that C U D is a parameterized
curve.

Let M be a noncompact connected manifold with dim M = 1. Show that it is
diffeomorphic to an interval.

[Hint: See Sect.3.24.]

Let M be a manifold of dimension one and N be a subset of M diffeomorphic
to an open interval in R. Show that the M — N consists of at most two points.
Let ¢ : R" — R” be a linear map. Identifying 7, (R”) with R? by using 9/9x;
as the ith standard basis vector, prove that the induced linear transformation v,
coincides with .

Let the curve ¥/ : R — R” be an embedding. Show that the concept - (4% ) and
the classical concept of tangent vector to the curve ¥ : R — R” coincides under
the identification of the tangent space with the Euclidean space R”.

Let o : R — R? be a smooth curve and A be the set of all points r € R such
that the circle C, with center at the origin and radius r is tangent to the curve «
at some point. Show that in R the set A has an empty interior.
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48. Let X be the union of two coordinate axes in R"*!. Show that X is not a manifold.
[Hint: Any nbd of the origin in X can be decomposed into at least four connected
components but it is not true if the origin is deleted.]

49. Let M and N be two smooth manifolds suchthatdim M < dim N.If f : X - Y
is a smooth map, show that f(M) # N.

[Hint: Use Sard’s theorem.]

50. Let f : U(n, C) — S**~! be the map which assigns to every unitary matrix in

U (n, C) its first column.

(i) Show that all points of f are regular.
(i) Determine the inverse image f~'(z).

[Hint: Use the rank of the Jacobian matrix J(f) in local coordinates.]

51. Show that the Klein bottle K is a nonorientable 2-dimensional manifold.
[Hint: Proceed representing K as a square identified its opposite sides and trans-
ferring the basis consisting of the tangent vectors along the midline.]

52. Let " C R"*! be the n-sphere with its north pole N = (0,0, ..., 1). Show that
the stereographic projection

f:8"—-N-—>R"

is a diffeomorphism.
53. (i) Let S" C R"*! be the n-sphere with its north pole N = (0,0, ..., 1). Show
that the stereographic projection f : S” — N — R” is a diffeomorphism.
(ii) Let f be the stereographic projection of a sphere from its north pole onto a
tangent plane at its south pole. Show that f is a diffeomorphism at all points
of the sphere excepting its north pole.

[Hint: Use local coordinates and determine the rank of the Jacobian matrix J(f) in
local coordinates.]

54. Prove the following statements:

(i) The real projective line RP! is diffeomorphic to the circle S'.
(i) The complex projective line CP! is diffeomorphic to the sphere S2.
(iii) There exists a natural diffeomorphism between the Grassmann manifolds.

v Gk(R") - G« (R") -

55. Show that the action of a discrete topological group G on a smooth manifold M
is smooth iff for every g € G, the map

Ye:G— G, x— gx

is smooth.
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56. Let G be a topological group, M be a smooth manifold and ¢ be an action of G
on M. Prove the following statements:

(i) If the action o is properly discontinuous, then the orbit space M mod G has
the structure of a quotient manifold having the same dimension as M such
that the projection

p:M— Mmod G,x — Gx

is a submersion.
(ii) Given any transformation group G of M and a diffeomorphism f of G with
f ¢ G, the set

Sy ={fgef ':g€G}

is a transformation group of M such that if the orbit space M mod G has
the structure of a quotient manifold, then the orbit space M mod Sy has a
differentiable structure diffeomorphic to M mod G.

57. Show that

(i) The extended complex plane C* = C U {oo} is a complex manifold, called
the Riemann surface in the sense that it looks locally like the complex
plane.

(ii) The topological space C" is a complex manifold of complex dimension n
with the unique chart (V, ¢), where V.= C" and ¢ : V — V is the identity
map.

(iii) The complex projective space CP" is an n-dimensional complex manifold
with (n + 1) charts (V;, ¥;), formulated by

Vi={(1,22,-.-,2041) € CP" : z; # 0}

and

21 22 Zi—1 Zi+l In+l
Y Vi > C (21,22, ..., Zn+1)r—><*,* ..... 7,fm,7>ecn-
Zi T Zi Zi Zi

58. Show that

(i) The complex projective CP" is orientable as a real manifold of dimension
2n.
(ii) The real projective RP?" is not orientable.
(iii) The real analytic structure of CP”" is different from that of RP?",

59. Let X be the solution set of the system of equations:

filxi,x2, ..., x,) =0, fori=1,2,...,m—n
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60.
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such that the rank {df; /0x;} = m — n. Show that X" is a submanifold.
[Hint: Use the implicit function theorem.]

Let M be a smooth manifold of dimension m and N be a smooth manifold of
dimensionn and f : M — N be a smooth map. If m > nandy € N is aregular
value of f, show that

(i) the subset f~!(y) of M is a smooth manifold with dimension m — n;
(ii) using (i), the unit sphere $™ is a smooth manifold of dimension m.

[Hint: Consider

. pm+1 2 2 2
f:R =R, x =1, %, ..., Xpp) P> X{ + X5+ X

Any positive y € R is a regular value of f and the f~'(1) is the smooth manifold
S™ of dimension m.]

61.

62.

63.

64.

65.

Let M and N be smooth manifolds and f : M — N be a smooth map. Show
that

(i) the null space of
dfx : Tx(M) - Tf(x)(N)

is the same as the tangent space 7, (M') C T, (M) of the submanifold M’ =
S

(ii) df. maps the orthogonal complement of T, (M’) isomorphically onto Ty
(N).

Let Uy, Uy, ..., U, be a covering of the closed interval [a, b] in R! = R. Show
that there exists another covering Vi, V,, ..., V,, of [a, b] such that

(i) each V; is contained in some U; and
(ii) E;”zl length (V;) < 2(b — a).

Let R, W, =1; x R"~!' ¢ R” and A be a compact subset of R”. If for
some ¢ € Ry, the set A N V, is contained in an open set U of V,, show that there
exists a suitably small interval I; about the point ¢ in R such that

AﬂVI]CleU.

[Hint: If the statement is not true, there exists a sequence of points {x,, ¢,} in A
such that ¢, — c and x,, ¢ U. To obtain a contradiction, replace this sequence
by a convergent sequence.]

(Mini-Sard) Let U C R"beopenand f : U — R™ beasmooth map. Ifm > n,
show that f(U) has measure zero in R”.

LetU C R"beopenand f : U — R” be asmooth map. If C is the set of critical
points of f, show that f(C) has measure zero in R™.
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66. Show that every compact 1-dimensional manifold with boundary is diffeomor-
phic to either [0, 1] or S L

67. Let f : R* — {(0,0,0)} = R, (x,y,2) = [2 — (x* + y*)'/?]* 4 z2. Show that
1 is a regular value of f and identify the manifold M = f~!(1). Further show
that

(i) if S is the surface S = {(x, y,z) € R®: x> + y?> = 4}, then the statement
M M S (M is transverse to S) is true;
(i) if S is the surface S = {(x, v, z) € R3: x> + y? = 1}, then the statement
M M S is not true;
(iii) if P is the plane P = {(x, y,z) € R? : x = 1}, then the statement M M P
is not true.
Identify the manifolds M N S and M N P.

68. The codimension of an arbitrary submanifold M; of M in the manifold M,
denoted by codim M, is defined by the formula
codim My =dim M —dim M,.
Let f : M — N beasmoothmapand N; C N beasubmanifoldof N.If f M N,
(f is transversal to the submanifold N;), then show that

(i) the preimage f~!(N)) is a submanifold of M and
(ii) the codimension of f~!'(N;) in M = the codimension of f~!'(N}) in N.

69. Let M and X be both submanifolds of a manifold N such that they are transversal
(M ™M X). Show that

(i) M N X is also a submanifold of N;
(ii) the codim of M N X is given by

codim (M N X) =codim M + codim X.

70. Let M and N be two smooth manifolds and f : M — N be a smooth map. If f
is transverse to a submanifold K of N, where none of M, N and K has boundary,
show that

(i) f~'(K)isasubmanifold of M with codimension in M same as codimension
of K in N;

(ii) if dim M = codim K, then the submanifold f~'(K) consists of isolated
points only.

Hence, prove that the intersection Ni N N, of two transverse manifolds N; and
N, of N, where none of N, N| and N, has boundary, is a submanifold such that

codim (N1 N Ny) = codim N 4 codim N,.
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71.

72.

73.

74.

75.

76.
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Let f : X — Rbe a smooth map with a regular value at 0. Show that f~'[0, co)
is a manifold with boundary f~'(0).

Let M be a smooth manifold with boundary 0 M and f : M — N be a smooth
map and N be a manifold without boundary, K be submanifold of N without
boundary and f : M — N be a smooth map. If both f and of = f| sy are
transverse to K, show that

(i) f~'(K) is a submanifold of M with boundary
AN K)) = fTHK) NIM;

(ii) the codimension of f~!'(K) in M = the codimension of K in N.

(Transversality of a transverse map) Let f : M — N and g: N — P be
smooth maps and K be a submanifold of P such that g M, K. Show that

() f Mg '(K) & (go f) MK and
(ii) if M = N and if f is a diffeomorphism, then (g o f) M K.

Given any smooth manifold M, let N be submanifold of M such that N is a
closed subset of M. If & = (X, p, M) is a vector bundle over M, show that every
smooth section s of the restricted bundle £ | N can be extended to a smooth section
of &.

[Hint: Consider the smooth section s as a map with values in a vector space
and an open nbd U of for every point p € N and a section § of £|U such that
§ =5 on U N N. Use Smoothing theorem (see Exercise 27) and partition of
unity subordinate to an open covering of M consisting of such open nbds {U;}
in N together with the open set M — N.]

Leté = (X, p, M) and &' = (X', p’, M) be two vector bundles of same dimen-
sion over a manifold M and N be a closed submanifold of M. Show that every
isomorphism

Y EIN — &N
has an extension to an isomorphism
Vo EIU > £

over an open nbd U of N.

Show that the Lens spaces L(p, ¢) and L(p, ¢’) are diffeomorphic iff either
(i) ¢ +¢' =0 (mod p) or

(ii) g¢g’ =0 (mod p).
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Multiple Choice Exercises

Identify the correct alternative (s) (there may be more than one) from the following
list of exercises:

1. (i) The Euclidean plane R? is a manifold of dimension 2.
(ii) The standard sphere S*> C R? is a manifold of dimension 3.
(iii) The real projective space RP? is a manifold of dimension 3.
2. Let V,.(R") denote the Stiefel manifold of (orthogonal) r-frames in R” and
G,(R") denote the Grassmann manifold of r-planes of R” through the origin.
Then

i Vi(R") = 8"
(i) G;(R") = RP";
(iii) the orthogonal group O (n, R) acts transitively on G, (R").

3. Let R” be the Euclidean n-space.

(i) Let X be the circle at which the standard sphere S? in R? intersects the plane
z = 0. Then X is a submanifold of S2.
(i) The Euclidean subspace X = {x = (x1, X2, X3, X4, ¥5) € R : x4 = x5 = 0}
C R’ is a submanifold of R?.
(iii) Let X ={M e M(n,R) : M is symmetric} C M(n,R). It is not a sub-
manifold of M (n, R).

4. The following plane curves are smooth manifolds:

(i) atriangle;
(i) acircle;
(iii) two triangles with only one common vertex.

5. The following manifolds are orientable:

(i) the n-torus T";
(ii) the n-sphere S";
(iii) the real projective space RP".

6. (i) The space X of nonzero real numbers (with usual topology) is a 1-
dimensional Lie group under the usual multiplication of real numbers.

(ii) The space X of nonzero complex numbers (with usual topology) is a 1-
dimensional (real) Lie group under usual multiplication of complex num-
bers.

(ili) The orthogonal group O (2, R) is a 4-dimensional Lie group under usual
multiplication of matrices.

(iv) The real projective plane RP? is a surface.

(i) The Euclidean plane R? is a manifold of dimension 2.

(ii) The standard sphere S C R is a manifold of dimension 3.

(iii) The real projective space RP? is a manifold of dimension 3.
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7. Let V,.(R") denote the Stiefel manifold of (orthogonal) r-frames in R"” and
G,(R") denote the Grassmann manifold of r-planes of R" through the origin.
Then

i ViR") ~ S";
(i) G;(R") ~ RP";
(iii) the orthogonal group O (n, R) acts transitively on G, (R").

8. Let R” be the Euclidean n-space.

(i) Let X be the circle at which the standard sphere S? in R? intersects the plane
z = 0. Then X is a submanifold of S2.
(ii) The Euclidean subspace X = {x = (x1, X2, X3, X4, X5) € R’ : x4 = x5 = 0}
C R’ is a submanifold of R°.
(iii) Let X ={M € M(n,R) : M is symmetric} C M(n,R). It is not a sub-
manifold of M (n, R).

9. (i) The space X of nonzero real numbers (with usual topology) is a 1-
dimensional Lie group under usual multiplication of real numbers.

(ii) The space X of nonzero complex numbers (with usual topology) is a 1-
dimensional (real) Lie group under usual multiplication of complex num-
bers.

(iii) The orthogonal group O(2, R) is a 4-dimensional Lie group under usual
multiplication of matrices.

(iv) The real projective plane RP? is a surface.

References

Adhikari, M.R.: Basic Algebraic Topology and its Applications. Springer, New Delhi (2016)

Adhikari, M.R.: Basic Topology, Volume 3: Algebraic Topology and Topology of Fiber Bundles.
Springer, India (2022)

Adhikari, M.R., Adhikari, A.: Groups. Rings and Modules with Applications. Universities Press,
Hyderabad (2003)

Adhikari, M.R., Adhikari, A.: Textbook of Linear Algebra: An Introduction to Modern Algebra.
Allied Publishers, New Delhi (2006)

Adhikari,M.R., Adhikari, A.: Basic Modern Algebra with Applications. Springer, New Delhi, New
York, Heidelberg (2014)

Adhikari, A., Adhikari, M.R.: Basic Topology, Volume 1: Metric Spaces and General Topology.
Springer, India (2022)

Apostol, T.M.: Mathematical- Analysis. Addison-Wesley, Boston (1957)

Bredon, G.E.: Topology and Geometry. Springer, New York (1993)

Brickell, F., Clark, R.S.: Differentiable Manifolds. Van Nostrand Reinhold, London (1970)

Dieudonné, J.: A History of Algebraic and Differential Topology, 1900-1960. Modern Birkhéauser,
Basel (1989)

Donaldson, S.K.: Self-dual connections and the topology of smooth 4-manifolds. Bull Am Math
Soc 8(1), 81-83 (1983)

Guillemin, V., Pollack, A.: Differential Topology. Prentice-Hall, Englewook Cliffs (1974)



References 289

Hirsch, M. W.: Differential Topology. Springer, New York (1976)

Lie, S.: Theorie der Transformations gruppen. Math Ann 16, 441-528 (1880)

Mandelbaum, R.: Four-dimensional topology: An introduction. Bull Am Math Soc 2(1), 1-159
(1980)

Massey, W.S.: Algebraic Topology: An Introduction. Harcourt, Brace and World, New York (1967)

Milnor, J.: Construction of Universal bundles I, II. Ann Math 63(2), 272-284 (1956), 63(2), 430-436
(1956)

Milnor, J.: Morse Theory. Notes by M. Spivak and R. Wells. Princeton University Press, New Jersey
(1963)

Milnor, J., Weaver, D.W.: Topology from the Differentiable Viewpoit. University Press of Virginia,
Charlottesville (1969)

Moise, E.E.: Geometric Topology in Dimensions 2 and 3. Springer-Verlag, New York (1977)

Mukherjee, A.: Differential Topology. Hindustan Book Agency, New Delhi (2015)

Nakahara, M.: Geometry. Topology and Physics. Institute of Physics Publishing, Taylor and Francis,
Bristol (2003)

Singer, .M., Thorpe, J.A.: Lecture Notes on Elementary Topology and Geometry. Springer, New
York (1967)

Wallace, A.: Differential Topology. First Steps. W.A. Benjamin, New York (1968)

Whitney, H.: A Function not constant as a connected set of critical points. Duke Math J 1, 514-517
(1935)

Whitney, H.: Analytic extensions of differentiable functions defined in closed sets. Trans Am Math
Soc 36, 63-89 (1936)

Whitney, H.: Differentiable manifolds. Ann Math 37(3), 645-680 (1936)

Whitney, H.: The imbedding of manifolds in families of analytic manifolds. Ann Math 37(4),
865-878 (1936)

Whitney, H.: The self-intersections of a smooth manifold in 2n-space. Ann Math 45, 220-246
(1944)



Chapter 4 ®)
Lie Groups and Lie Algebras I

This chapter conveys the basic principles governing the theory of Lie groups. A
Lie group is a combination of three simultaneously different structures such as
abstract group structure together with topological and manifold structures which
are interrelated with each other by smooth functions. Lie groups consist of two
most important special families: a family of differentiable manifolds and a family
of topological groups. Their important examples include classical matrix groups
GL(n,R), O(n,R),U(n,C), SL(n,R), SL(n, C) and their Hermitian analogues.
Almost all important groups of geometry and analysis are Lie groups. The theory
of Lie groups studies topological groups, differentiable manifolds and Lie algebra.
It establishes a relationship between a Lie group and its associated Lie algebra,
especially, its Lie algebra of left-invariant vector fields, correspondence between
subgroups of a Lie group and subalgebras of the associated Lie algebra and also
correspondence between homomorphisms of Lie groups and homomorphisms of the
associated Lie algebras. In this way, this theory provides a key link between Lie
groups and Lie algebra. This link facilitates a study of Lie theory.

Many problems of Lie groups are solved by transferring the corresponding prob-
lems in their associated Lie algebra. For example, a connected Lie group G is abelian
iff its Lie algebra is abelian. A fundamental theorem in Lie group theory says that
there exists a one-to-one correspondence between the connected Lie subgroups of a
Lie group G and the Lie subalgebras of its Lie algebra G. Moreover, there exists a
special finite-dimensional Lie algebra associated with every Lie group. Lie groups,
named after Sophus Lie (1842-1899), arose in mathematics through the study of con-
tinuous transformations, and such groups constitute manifolds in a natural way. Lie
groups form a versatile class of differentiable manifolds with group structure compat-
ible with the smooth structure and provide many important examples of topological
groups. More precisely, a Lie group is a topological group G whose underlying space
|G| is a manifold having analytic group operations.
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Historically, S. Lie laid the foundation of the theory of continuous transforma-
tion groups and developed his theory of continuous transformations to investigate
differential equations in his landmarking paper published in Math. Ann., Vol 16,
1880 (Lie 1880), which provides important tools for the study of different areas in
contemporary mathematics and modern theoretical physics.

Hilbert’s Fifth Problem and Lie Groups

David Hilbert (1862—1943) in his address at International Congress of Mathe-
maticians, 1900 (ICM 1900) posed 23 mathematical problems, which stimulated a
monumental amount of research in the twentieth century. His fifth problem says
whether each locally Euclidean topological group admits a Lie group structure.
To solve this problem during the first half of the twentieth century, many mathemati-
cians made significant work on locally compact groups (see Chap. 2). Mathematicians
such as Gleason, Iwasawa, Montgomery, Yamabe and Zippin gave a positive answer
to this fifth problem determining the structure of almost connected locally compact
groups. The family of almost connected groups is versatile, since this family includes
every compact group and every connected locally compact groups. The second half
of the twentieth century witnessed more work on the structure and representation
theory of locally compact groups. The study of a Lie group G is based on the behav-
ior of its differentiable coordinates. On the other hand, its classical theory studies
local Lie groups.

For this chapter, the books (Adhikari 2016, 2022, Adhikari and Adhikari 2003,
2006, 2014, 2022, Baker and Andrew 2002, Bredon 1983 and Brickell and Clark
1970, Chevelly 1957, Hall Brian and Hall Amiya 2015, Hirsch 1976, Lie 1880,
Moise 1977, Nakahara 2003, Pontragin 1939, Postnikov 1986, Singer and Thorpe
1967, Sorani 1969, Warner 1983) and some others are referred to in Bibliography.

4.1 Lie Group: Introductory Concepts

This section starts with Lie groups which are continuous transformation groups. Lie
groups occupy a vast territory of topological groups carrying a differentiable structure
and play a key role in the study of topology, geometry and physics. S. Lie developed
his theory of continuous transformations with an eye to investigating differential
equations. The basic ideas of his theory appeared in his paper (Lie 1880) published
in “ Math. Ann., Vol 16, 1880”. A Lie group is a topological group possessing the
structure of a smooth manifold on which the group operations are smooth functions.
Its mathematical formulation is given in Definition 4.1.1.

Definition 4.1.1 A topological group G with identity element e is called a real Lie
group if

(i) G is areal differentiable manifold;
(ii) the group multiplication
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m:GxG— G, (x,y) — xy

and the group inversion

v:G—>G,)cr—>x_1

are both differentiable.

Definition 4.1.2 A topological group G is called a complex Lie group if
(i) G is a complex manifold;
(ii) the group multiplication

m:GxG— G.(x,y) — xy

and the group inversion

v:G—>G,x|—>x_1

are both holomorphic.

Definition 4.1.3 The dimension of a Lie group is defined to be its dimension as a
manifold. Its alternative formulation is given in Definition 4.5.13.

Example 4.1.4 Examples of Lie groups are plenty.

(i) The real line R is a Lie group under usual addition of real numbers.
(ii) RT = {x € R: x > 0} is a Lie group under usual multiplication of real num-
bers.
(iii) R? is a Lie group under pointwise addition given by

(1, y1) + (%2, y2) = (x1 +x2, Y1+ y2).
(iv) Every finite-dimensional vector space V over R is a Lie group, since the map
f:VxV->V (x,y)—>x+Yy
is linear and hence differentiable.

Similarly, the map
g:V—->V x—> —x

is smooth. In particular, the additive group R” with its standard structure as a
differentiable manifold is a Lie group.
(v) Examples of Classical Lie groups of matrices are given in Sect. 4.1.2.

Example 4.1.5 Every discrete topological group G is a Lie group of dimension 0.
Because the definition of a Lie group does not require that G is to be connected, thus,
any finite group is a 0-dimensional Lie group.
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Example 4.1.6 All topological groups are not Lie groups. There are some topolog-
ical groups which fail to be Lie groups. For example,

(i) Let V be an infinite-dimensional vector space. Then (V, +) is not a Lie group,
because it is not a finite-dimensional manifold.

(i) The additive group Q of rational numbers with topology inherited from the real
number space R is a topological group but it is not a Lie group, because it is a
countable space having no discrete topology.

(iii) The additive group of the p-adic numbers is not a Lie group, because it is not
a totally disconnected group and its underlying space is not a real manifold.

Remark 4.1.7 A Lie group is not necessarily connected in the sense that its under-
lying manifold is not connected.

Definition 4.1.8 A connected 1-dimensional complex manifold is also called a Rie-
mann surface.

Example 4.1.9 The three sphere S* is a Lie group. To show it, consider the 3-sphere
S consisting of the set of unit quaternions

S ={g=x+iv+jz+kw:x,y,z,weRand x* +y* + 22 + w? = 1}.
It is a group under usual multiplication of quaternions. Define
U={x+iy+jz+kwes:x>0cs’

and
US> R x+iy+jrtkwis (v, 7, w).

Consider 1 as achart and foreach g € §3, define a chart Yy (u) =v(q ~Iy). Then
the set of all charts constitutes an atlas for a smooth structure of dimension 3 on the
3-sphere S* and S* forms a Lie group.

Remark 4.1.10 An abstract subgroup and a submanifold H of a Lie group G, which
is a Lie group with its induced smooth structure, is called a Lie subgroup.

Definition 4.1.11 Let G be a Lie group. If H is an abstract subgroup and also a
submanifold of G, then H is said to be a Lie subgroup of G.

Remark 4.1.12 Since every Lie group G is a topological group, every Lie subgroup
of G is necessarily a closed subgroup of G. It is also a smooth submanifold. Its
detailed study is available in Sect. 4.5.

Definition 4.1.13 Let G and H be two Lie groups and f : G — H be an (abstract)
group homomorphism. Then

(i) f is said to be a Lie group homomorphism if f is smooth;
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(i) f issaidto be a Lie group isomorphism if f is a group isomorphism and f, f~!
are both smooth.

Remark 4.1.14 Let G and H be two Lie groups and f : G — H be a Lie group
homomorphism. A Lie subgroup arises as /m f is also an embedding. If H is a
closed abstract subset of a Lie group G, then H is a Lie subgroup of G (see (Chevelly
1957)). Every compact Lie group can be embedded in the Lie group GL(n, C) by
the celebrated Peter—Wyel theorem (proof is beyond the scope of the book). Exercise
50 of Sect. 4.11 says that every closed subgroup of a Lie group is an embedded Lie
subgroup of GL(n, R).

Definition 4.1.15 (Product of Lie groups) Let G and H be two Lie groups. A Lie
group structure on the set G x H is defined by taking the manifold structure and the
group structure as products. Then G x H is called the product of Lie groups G and
H.

Example 4.1.16 The torus 72 = S' x S' is a Lie group under a standard structure.

4.1.1 Topology of a Lie Group Induced by Its Differential
Structure

Chapter 3 studies the topology of a smooth manifold induced by its C*-structure.
Since a Lie group is a differential manifold, a similar study can be made for a
Lie group. However, this subsection studies some of them. Moreover, a Lie group
endowed with this induced topology is a topological group.

Theorem 4.1.17 If G is a connected Lie group and X = |G| is its underlying man-
ifold, then X admits a countable basis for its topology.

Proof Let G be a connected Lie group of dimension n with identity e and X = |G|
be its underlying manifold. Consider a coordinate nbd U of e such that U = U~!
(symmetric nbd). Take a countable subset S of U such that S is dense in U. This
choice is possible, because U is homeomorphic to an open subset of R”. Consider
the set

A=Sus!'=4a"cuU.

Then A is dense in U. Let K = (S) be the group generated by S and hence K
consists of all the finite products of points of A. This implies that K is countable.
Claim that the family {kU : k € K} of coordinate domains forms a covering of the
Lie group G. To show it, take any g € G. Then

9=9192 " gn:gi €U, i =1,2,...m,

because G is connected and G is generated by U. Since the group multiplication in
G is continuous, there exists a nbd U; of the point g; such that
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U1U2"'Um CgU

Since A is dense in U, there exists a point @; € A such that a; € U;. Then the
product

k=ayay---a, € K and k € gU.

This implies that g € kU~! = kU. This proves the theorem. (]

4.1.2 Examples of Classical Lie Groups of Matrices and
Others

This subsection gives some examples of classical Lie groups of matrices and others.

Example 4.1.18 (i) Every finite-dimensional vector space V over R is a Lie group,
since the map
f:VxV->V (x,y)—>x+y

is linear and hence differentiable. Similarly, the map
g: V>V x—> —x

is smooth.

(ii) In particular, the additive group R” with its standard structure as a differen-
tiable manifold is a Lie group.

(iii) The group R* (set of nonzero real numbers) is a 1-dimensional Lie group with
1 as its identity element under usual multiplication of real numbers.

(iv) The group C* (set of nonzero complex numbers) is a 2-dimensional Lie group
under usual multiplication of complex numbers.

(v) The special orthogonal group SO (2, R) is the group of all 2 x 2 real orthogo-
nal matrices M having determinantdet M = 1.Itis a I-dimensional Lie group,
because the group O (2, R) is homeomorphic to the unit circle x> + y?> = 1 C
R? by the homeomorphism f defined by

(x.7) > (_xy z).

cosf —sin6 o0
sinf cos6 ’

Alternatively,

f:SO0Q2,R) — S, (
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(vi)

(vii)

Moreover, if the group SO (2, R) is given the smooth structure, then f is a
diffeomorphism. Hence, it follows that the group SO (2, R) is a 1-dimensional
Lie group.

The general linear group G L (n, R) of all invertible n x n real matrices is a
Lie group. It is neither compact nor connected, because G L (n, R) is a group
under usual multiplication of matrices.

Moreover,
GL(n,R)={M e M(n,R) :detM # 0}

is an open subset, because the det function is continuous. Hence, it follows
that GL (n, R) is a manifold of dimension n?. Again, the matrix multiplication

m:Mmn,R) x M(n,R) - M(n,R)

involving products and sum of the entries is a differentiable function. Hence,
itsrestrictionto GL(n, R) x GL(n, R)isalso differentiable. Again, the inver-
sion map

v:Gn,R) > GL(n,R), M —> M~!

is differentiable, since, by Cramer’s rule, the entries of M ~! involve ratio-
nal functions in the entries of M with the determinant in the denominator.
Consequently,GL(n, R) is a Lie group. But it not compact, because it is the
inverse image of the nonzero real numbers of the determinant function

det :M(n,R) > R, M +> det M,

which is continuous, as it is a polynomial of matrix coefficient. Again, since
{0} is closed in R and det function is continuous, it follows that det~'{0} is
closed in M (n, R) and hence its complement G L(n, R) is open in M (n, R).
This implies that G L(n, R) is not compact. G L (n, R) is also not connected,
because the matrices with positive and negative determinants are both open
sets in G L(n, R) such that they produce a partition of GL(n, R).

The group G L(n, C) is the group of all nonsingular n x n-complex matrices.
It represents the set of all nonsingular linear transformations 7' : C" — C”.
The unitary group U (n, C), special linear group SL (n, C) and special unitary
group SU (n, C) defined by

SL(n,C) ={M € GL(n,C) :detM = 1},
Un,C)={MeGL(n,C): MM* =1},
where M* is the Hermitian conjugate, and

SUm,C)=U(n,C)NSL(n,C)
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are important examples of Lie groups. The Lie group SL(n, C) of dimension
2(n>~1) is not compact, since it is a closed subset of G L(n, C) but SU (n, C)
is a compact subgroup of GL(n, C).

(viii) Special linear group SL(n,R) ={M € GL(n,R) :detM = 1} is a con-
nected real Lie group of dimension n? — 1. It is not compact and is a hyper-
surface of GL(n, R).

(ix) Orthogonal group O(n,R) = {M € GL(n,R) : MM' = I}isacompactreal

Lie group of dimension ”22_ " It is not connected, because it contains matrices

having determinants 1 and — 1.
(ix) The circle with center at the origin 0 and radius 1 in the complex plane C is a
Lie group with complex multiplication.

Remark 4.1.19 The classical Lie groups GL(n, R), SL(n, R), O(n, R), SO(n, R)
are all manifolds, because for each point x of any one of these groups, there exists
an open neighborhood homeomorphic to a Euclidean space. All of them are real Lie
groups, called classical Lie groups. For example, the topological group GL(n, R) is
areal Lie group of dimension n?,SL(n, R) is a real Lie group of dimension nr—1,
O(n, R) is areal Lie group of dimension n(n — 1)/2 and SO(n, R) is areal Lie group
of dimension n(n — 1)/2. Their complex and quaternionic analogues are also Lie
groups.

Example 4.1.20 (Some other Examples of Lie groups)

(i) Every finite-dimensional vector space V over R is a Lie group, since the map
f:V xV =V, (x,y) — x + yislinear and hence differentiable. Similarly,
themap g : V — V,x — —x is smooth. In particular, the additive group R”
with its standard structure as a differentiable manifold is a Lie group. Moreover,
if dim V = n, then the automorphism group Aut (V') of all automorphisms of
V, which is a group of all nonsingular linear operators of V is isomorphic
to the group GL(n, R) is a Lie group. An analogous result holds for every
finite-dimensional vector space V over C.

(ii) The group R* (set of nonzero real numbers) is a 1-dimensional Lie group with
1 as its identity element under usual multiplication of real numbers.

(iii) The group C* (set of nonzero complex numbers) is a 2-dimensional Lie group
under usual multiplication of complex numbers.

(iv) The circle with center at the origin 0 and radius 1 in the complex plane C is a
Lie group with complex multiplication.

4.1.3 Matrix Lie Groups

This subsection considers special subgroups G of the complex linear group G L (n, C)
that are closed in the sense of Definition 4.1.22 to introduce the concept of matrix
Lie groups. All subgroups of GL(n, C) are not matrix Lie groups (see Example
4.1.24). More precisely, a subgroup G of GL(n, C) is called a matrix Lie group if
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a smoothness is endowed on G to make it a Lie group and the embedding i : G —
G L(n, C) is smooth and hence it is a homomorphism of Lie groups. This subsection
makes an approach to define a matrix Lie group by using the concept of convergence
of sequences of complex matrices.

Definition 4.1.21 Let M (n, C) be the topological space identified with C" and the
standard notion of convergence be used in C". Then a sequence {A;} of complex
matrices in M (n, C) is said to converge to a matrix A € M (n, C) if every entry of
Ay converges to the corresponding entry of A as k — oo.

Consider the closed subgroups of the linear group G L(n, C). Such subgroups are
called matrix Lie groups. They are formulated in Definition 4.1.22 in another way.

Definition 4.1.22 A matrix Lie group G is a subgroup of GL(n, C) such that if
{Ax} is any sequence of complex matrices in G, and the sequence {A;} converges to
some matrix A in M (n, C), then either A € G or A is not invertible.

Remark 4.1.23 The condition prescribed in Definition 4.1.22 on G asserts that G
is a closed subset of the group GL(n, C) (not necessarily closed in M (n, C)). This
implies that this definition is equivalent to the assertion that a matrix Lie group is
a closed subgroup of GL(n, C). So, while considering topological properties of a
matrix Lie group G, it is sufficient to consider the subspace topology of G inherited
as a subset of M (n, C) identified with the space Cc”.

Example 4.1.24 All the subgroups of GL(n, C) are not matrix Lie groups. Most
of the subgroups of GL(n, C) are matrix Lie groups but there exist subgroups of
GL(n, C) which are not closed and hence they fail to be matrix Lie groups. For
example, consider the subgroup G of GL(n, C) consisting of all n x n invertible
matrices with rational entries. This subgroup is not closed, because there exists
a sequence of invertible matrices with rational entries that converges to a matrix
in A € GL(n, C) such that A has some irrational entries. This is possible, because
every nonsingular matrix with real entries is the limit of some sequence of nonsingular
matrices with rational entries.

Example 4.1.25 Another example of a group of matrices is a non-matrix Lie group.
Given any irrational number «, define

et 0
G = {( oeim> .teR} C GLQ, O).

Then G is a subgroup of the group GL(2, C) with its closure

G = {(eige%) . 0 eR}

in the space M (2, C). The group G is called an irrational line in torus. Since
G # G, it follows that the group G is not a closed subset of the group GL (2, C) and
hence G is not a matrix group.
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Definition 4.1.26 formulates the Heisenberg group. This group has many applica-
tions. It is used to study the Heisenberg—Weyl communication relations in physics.
Some properties of the Heisenberg group are given in Exercises 34 and 35 of Sect.
4.11.

Definition 4.1.26 (Heisenberg group) Let G be the set of all 3 x 3 matrices with
real entries of the form

Ixy
A=101z
001

Then G C GL(3, R) forms a subgroup of the group G L(3, R) having the inverse
of the matrix A

1 —xxz—y
Al'=(01 -2

00 1
This group G is called the Heisenberg group.

4.2 Topological Properties of Matrix Lie Groups

This section studies some topological properties such as the compactness, connect-
edness and simple connectedness properties of matrix Lie groups. Here, every matrix
Lie group is considered as a subset of the topological space M (n, C) identified with
Euclidean space R?" endowed with standard topology.

4.2.1 Compactness Property of Matrix Lie Groups

This subsection discusses the compactness property of matrix Lie groups.

Definition 4.2.1 Let G C GL(n, C) be a matrix Lie group. Then the group G is
said to be a compact matrix Lie group if it is a compact subset of the topological
space M (n, C).

Proposition 4.2.2 characterizes the compactness of matrix Lie groups with the
help of the classical Heine—Borel theorem.

Proposition 4.2.2 Let G C GL(n, C) be a matrix Lie group. Then G is compact iff

(i) whenever the matrix Ay € G and A, — A, then the matrix A € G and
(ii) there exists a constant § > 0 such that |A; j| <8, V1 <1i,j <n.

Proof Using Definition 4.1.22, the proof of the proposition follows from the Heine—
Borel theorem which characterizes that a subset of the Euclidean space R is
compact iff it is a closed and bounded subset of R**". (]
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Example 4.2.3 (Compact matrix Lie groups) All the following matrix Lie groups G
are compact, because each of these groups G is closed in M (n, C) and each matrix
A = (A; ;) € Gissuchthat |[A; ;| <1 (since the columns of A are unit vectors).

(i) The orthogonal group G = O (n, R) is acompact subgroup of the general linear

group GL(n, R) for any n > 2.

(ii) The special orthogonal group G = SO (n, R) C GL(n, R) is compact for any
n>2.

(iii) The unitary group G = U (n, C) C GL(n, C) is compact.

(iv) The special unitary group G = SU(n,C) ={M e U(n,C) : det M =1} C
GL(n, C) is compact for any n > 2.

(v) The symplectic group

G=Spn,H)={AecMmn, H: A*A = I},

where A* is the quaternionic conjugate transpose of A and the conjugation is
in the sense of reversal of all three imaginary components, is compact for all
n>2.

Example 4.2.4 (Noncompact matrix Lie groups) The special (real) linear group
SL(n,R) ={M € GL(n,R) : detM = 1} is not compact and is a hypersurface of
GL(n,R), because SL(n, R) is unbounded except in the trivial case for n = 1. For
example, for k # 0, the matrix

k00
Av=[01/k0 | e SLG,R)
00 1

but it not bounded. In general, for any integer m > 2, the diagonal matrix D,, with
diagonal entries m, % 1,...,1 is such that its determinant |D,,| = 1 and hence
D,, € SL(3, R) but its every diagonal element is not bounded.

4.2.2 Path Connectedness and Connectedness Properties of
Matrix Lie Groups

This subsection discusses the path connectedness and connectedness properties of a
matrix Lie group. It is well known that every path-connected space is connected but
its converse is not necessarily true (see Chap. 5, Basic Topology, Volume 1 of the
present series of books). Hence, to show that a matrix Lie group is connected, it is
sufficient to show that each matrix A can be connected to the identity matrix I € G
by a continuous path « : I — G. This idea is formulated in Definition 4.2.6.

Definition 4.2.5 A matrix Lie group G is said to be a connected matrix Lie group
if its underlying manifold is connected.
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Definition 4.2.6 Let G C GL(n, C) be a matrix Lie group. Then the group G is
said to be connected if given any two matrices A, B € G, there exists a continuous
path

o:1— G:a(0)=Aand a(l) = B.

The identity component of G, denoted by G., is the set
G, ={A €G:3 a continuous path o : I - G with¢(0) = I and (1) = A}.
Example 4.2.7 All the following matrix Lie groups are path-connected, and hence

all of them are connected.

(i) The special orthogonal group SO(n,R) ={M € O(n,R) :det M =1} is
connected, and hence SO (n, R) is the component of O (n, R) containing its
identity element.

(ii) The matrix Lie group Sp(n, C) is connected for every n > 1.

(iii) The symplectic group Sp(n, H) is connected for every n > 1.

Definition 4.2.8 A connected nonabelian Lie group is said to be simple if it has no
nontrivial connected normal subgroups.

Example 4.2.9 The only connected Lie group with dimension one is the real line
space R (with the group operation being addition). The circle group S' of complex
numbers with absolute value one (with the group operation being multiplication) is
an important Lie group. The group S' is often denoted as U (1, C), the group of 1 x 1
unitary matrices.

4.2.3 Simply Connectedness Property Matrix Lie Groups

This subsection discusses the simply connectedness property of a matrix Lie group.

Definition 4.2.10 Let G C GL(n, C) be a matrix Lie group. Then the group G is
said to be simply connected

(i) if G is connected and
(ii) each loop (closed path) in G can be continuously deformed to a point in G.

Remark 4.2.11 If a matrix Lie group G is connected, then its simple connectedness
property implies that for every continuous path

a: 11— G:a(0) =a(l),
there exists a continuous function
H:IxI—> G

such that
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(i) H(s,0)=H(s, 1), Vs, t el

(i) H(O,t) =a(r), Vt e Iand

(i) H(1,nH)=H(1,0)vVt el
Itis considered that « is aloop in G and H as a family of loops. Then condition
(i) asserts that every value of the parameter s gives a loop in G, condition
(ii) implies that if s = 0, then the loop H (0, t) is the specified loop «(¢) and
condition (iii) says that if s = 1, then the loop H (1, t) is deformed to a point
in G. The concept of simply connectedness is used in the study of Lie algebra.

Example 4.2.12 Example of a simply connected matrix Lie group: The special
unitary group SU (2, C) is topologically the same as the group S*, the group of unit
quaternions, which is simply connected (see Chap. 2, Basic Topology, Volume 3 of
the present series of books). This implies that SU (2, C) is simply connected.

4.3 Lie Group Action on Differentiable Manifolds

This section studies the concept of Lie group action on differentiable manifolds and
its basic properties. It relates the concepts of translation and diffeomorphism on Lie
groups with the help of Lie group action in Sect. 4.3.1.

4.3.1 Translation and Diffeomorphism on Lie Groups

This subsection establishes relations between the concepts of translation and diffeo-
morphism on Lie groups with the help of Lie group action.

Definition 4.3.1 Let G be a Lie group and g € G be an arbitrary element. Then the
function

Ly:G— G, x+— gx

is said to be a left translation.
A right translation is defined in a similar way:

R,:G— G, x = xg.
Definition 4.3.2 Let G and H be two Lie groups. Then they are smooth manifolds,
A map

f:G—>H

is called a diffeomorphism if f is bijective and both f and f~' are smooth maps.

Proposition 4.3.3 Let G be a Lie group. For any element g € G,
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(i) the left translation L, : G — G, x +— gx is differentiable and it is also a dif-
feomorphism and

(ii) the right translation R, : G — G, x +— xg is differentiable and it is also a dif-
feomorphism.

Proof (i) Since the group operation on the Lie group G is differentiable, L, is
differentiable. Again since its inverse L,_; is also differentiable, it follows that
L, is a diffeomorphism.
(ii) can be proved following the similar argument as in (i).
O

Proposition 4.3.4 Let G be a Lie group with its identity element e. Then the function
f:G— G, x> x!

is a diffeomorphism.

Proof 1t is sufficient to show that f is differentiable, since it is bijective and is its
own inverse. First, show that it is differentiable at its identity element e, because for
any x € G, the function

f=Ri1o0ofoLli-1:G—-G

and hence by Proposition 4.3.3 the differentiability of f at the point x follows from
the differentiability of f at the point e. (]

Remark 4.3.5 Let G and H be two Lie groups. Them f : G — H is a Lie group
homomorphism iff

foLy=Lggof

4.3.2 Actions of Lie Groups

Definition 4.3.6 Let M be a differentiable manifold and G be a Lie group with
identity e. Then G is said to act as a transformation group on M (differentiably)
from the left if there is a C*°-map (differentiable or smooth map)

Y:GxM—> M, (g,x) = ¥(g,x) =gx

such that

(i) e(x) =x forallx € M,
(i) (gk)(x) = g(k(x)), forallx € M, and g,k € G.

Then M is also called a left G-manifold. The element gx is also written as g(x).
If 4 is continuous, then the action is said to be a continuous action.
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In particular, an action R x M — M of the group (R, +) on a manifold M is said
to be a flow.
A right G-manifold is defined in an analogous way.

Remark 4.3.7 There is a one-to-one correspondence between the left and right G-
manifold structures on M. So it is sufficient to study only one of them according to
the situation.

Definition 4.3.8 Let G be Lie group and M be a left G-manifold under an action:
v:GxM—> M.

(i) Two given elements x, y in M are called G-equivalent, if y = g(x)(i.e.,y =
gx) for some g € G.

(ii) The relation of being G-equivalent is an equivalence relation on M and
the corresponding quotient space Mmod G endowed with quotient topol-
ogy induced from X (i.e., the largest topology such that the projection map
p: M — Mmod G, x — G(x)issmooth, where G(x) = Gx = {gx : g € G}
is called the orbit of x, the equivalence class of x for every x € M.

(iii) Foranelementx € G, the subgroup G, of G definedby G, ={g € G : g(x) =
gx = x} is called the stabilizer or isotropy group at x of the corresponding
Lie group action .

Example 4.3.9 (Action of Lie group O (n, R) on R") Consider the action of the Lie
group O (n, R) on R”

¥ :0n,R)xR" = R" (A, x) —> Ax.

Then Orb(x) is the sphere §"~! of radius ||x||. This implies that this action provides
the orbits that divide R” into a family of disjoint spheres parameterized by the radius.
This defines an equivalence relation ~ on R”. The equivalence class [x] is the orbit
Orb(x). The orbit space R” modulo O (n, R) is the half-line space [0, 00), because
each equivalence class is parameterized by the radius.

Example 4.3.10 (Action of O(n + 1,R) on RP") Consider the action of the Lie
group O(n + 1, R) on RP" by using the usual action of O(n + 1, R) on R"*!, The
real projective space R"*! can be constructed from R"*! by an equivalence relation
~:ifx,y € Rt and g€ O(n+ 1,R), then x ~ y, (in the sense that y = rx for
some ¢ € R — {0}) and gx ~ gy (in the sense that gy = tgx for some r € R — {0}).
This implies that the action

¥v:0m+1,R) x R" - R (A, x) > Ax
induces a natural action

Ve : Om+1,R) x RP" — RP", (A, [x]) — [Ax].
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The action v, is transitive. Let p € RP" be corresponding to the point x =
(1,0,0,...,0) € R""! in the sense that p = [x], then the isotropy group at the
point p is

G, =12, x O(n,R).

Hence, it follows that
On+1)/(Zy x O(n,R)) = S"/Z, = RP".

Example 4.3.11 The action of the Lie group G (n, R) (or any one of its subgroups)
on the Euclidean n-space R” is defined under usual matrix action on a vector in the
sense that

v :Gn,R) xR" — R", (A, x) — Ax.

This implies that the Lie group GL(n, R) (or any one of its subgroups) acts on
R” from the left under the usual multiplication of matrices.

Example 4.3.12 (i) The Lie group O (n, R) acts on the sphere $"~! C R”".
(i) The Lie group U (n, C) acts on the sphere $>*~! ¢ C".
(iii) A periodic flow on a smooth manifold M is an action of SO (2, R) on M.

Proposition 4.3.13 (i) Let M be a real differentiable manifold and G be real Lie
group acting on M. Then for every element g € G, the map

Yg: M — M, x — gx

is a diffeomorphism.
(i) Let M be a complex manifold and G be a complex Lie group. Then for every
element g € G, the map
Yg: M — M, x — gx

is biholomorphic (i.e., ¥4 is a homeomorphism such that ¥, and I/fg_l are both
holomorphic).

Proof The proposition follows from the concept of Lie group action of G on M.
Because for every g € G, the map v, is differentiable and

Kﬁgolﬁ;:%:lM:lﬂ;lO%-
O

Definition 4.3.14 Let diffeo(M) be the set of all diffeomorphisms v, defined in
Proposition 4.3.13. It is called the group of all diffeomorphisms of M under the
usual composition of mappings.
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Proposition 4.3.15 Let M be a real differentiable manifold and G be a real Lie
group acting on M by an actiono : G x M — M, (g, x) +> gx. Then o induces a
group homomorphism

f: G — diffeo(M), g .

Proof Consider the map
f 1 G — diffeo(M), g — Y,.

It is well-defined by Proposition 4.3.13. Moreover for any g, k € G,

J(gk) =Yg = Vg = Vg oY = f(g) o f (k)
proves that f is a group homomorphism. (]

Proposition 4.3.16 Let M be a real differentiable manifold and G be real Lie group
acting on M from right by an actiono : M x G — M, (x, g) — xg. Then o induces
an anti-homomorphism

f 1 G — diffeo(M), g — Y,

in the sense that
flgk) = fk)o f(9), Vg,k € G,

where
Yg: M — M, x — xg.
Proof Forany g,k € G,
f(gk) =Yg = f(k) o f(g)
proves that f is an anti-homomorphism. (]

Definition 4.3.17 Let G be a Lie group with identity element e acting on a manifold
M. Then the action

V:GxM— M, (g, x) = ¥(g,x) = gx

is said to be

(i) free if for every element g # e € G, there is no fixed element in G in the
sense that
Vg, x) =x = g=ce;
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(i) transitive if for every pair of elements x, y € M, there exists an element
g € G such that

Y(g, x) =y,

(iii) effective if the identity element e is the unique element which determines the
trivial action in the sense that

¥(g, x)=x, VxeM = g=ce.

Example 4.3.18 (Free and transitive action)
(i) Let G be a Lie group. Given g € G, consider the left (right) translation

Ly:G — G,x > Ly(x) = gx (Ry(x) = xg)

of a Lie group G. Then each of them is a free and transitive action.
(ii) Consider the action of the Lie group O (n, R) on §"~!

v:0mnR) xS - "7 (A, x) > Ax.

This action is transitive.
(iii) For more transitive actions, see Exercise 36 of Section 4.11.

Example 4.3.19 (A non-transitive action) Consider the action of the Lie group
O(n,R)onR"
¥ :0mn,R)xR" - R" (A, x)— Ax,

because, for x, y € R" with ||x|| # ||y|], there exists no orthogonal matrix A €
O(n, R) such that Ax = y.

Definition 4.3.20 (Representation of a Lie group) Let G be a Lie group and V be
a vector space over F = R or C.If Hom(V,V) = GL(V) denotes the Lie group
of nonsingular linear transformations of V onto itself under usual composition of
mappings, then a linear representation of G is a group homomorphism

Y :G— GL(V)
such that if V is finite-dimensional, then the map

c:GxV >V, (g,v)—~ ¥(g) )



4.3 Lie Group Action on Differentiable Manifolds 309

is smooth and the map ¥ is ahomomorphism of Lie groups. If V is finite-dimensional,
then the degree of the representation is the dimension of V. Sometimes, V is called
a representation of G.

Remark 4.3.21 Results on the representation of compact Lie groups are available
in Exercise 33 of Section 4.11.

Proposition 4.3.22 Let a Lie group G act on a differentiable manifold M as a Lie
transformation group. If H is any Lie subgroup of G, then H also acts on M as a
Lie transformation group.

Proof Suppose that G acts on M as a Lie transformation group with an action
Yv:GxM— M, (g,x)— gx.
Leti : H — G be the natural inclusion map. Consider the map
Yg=vo(ixly):HxM—GxM,

where
(ix1ly)y:HxM—GxM,(h,x)+— (h,x).
It asserts that H also acts on M as a Lie transformation group. (]

Corollary 4.3.23 The orthogonal group O (n, R) acts on R" as a Lie transformation
group.

Proof Since Lie group G L(n, R) acts on the Euclidean n-space R" as a Lie trans-
formation group under the action

¥ :GL(n,R) xR", (A, x) — Ax,

here the vector x is considered as a column matrix. The action has exactly two orbits
which are {0} and R" — {0}. Hence, the corollary is proved by using Proposition
4.3.22. O

Definition 4.3.24 Let a Lie group G act on a differentiable manifold M as a Lie
transformation group with a group action

v:GxM— M.
Then a subset A C M is said to be invariant under G if
Y(G x A) C A.
Proposition 4.3.25 Let a Lie group G act on a differentiable manifold M as a Lie

transformation group with Lie transformation group action . If N is a regular
submanifold of M, then G also acts on N as a Lie transformation group.
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Proof Let N be a regular submanifold of M with inclusion
i:N—>M

and natural injection.

J=Ugxi):GXxN—=GxM.
By hypothesis, the action

Yv:GxM—> M,(g,x) = gx

is smooth. Consider the map

Yy =vo(lgxi):GxN—>N

where the map
(Iyxi):GXxN—->GxM

is smooth. It asserts that the map Yy = ¥ o (14 x i) is differentiable and hence G
also acts on N as a Lie transformation group. (]

Definition 4.3.26 Let G be a transformation group on M and ~ be an equivalence
relation on M. Then G is said to preserve the relation ~ if x ~ y and g € G, then

gx~gy.

Proposition 4.3.27 Let G be a Lie transformation group with an action ¥ on M
and ~ be an equivalence relation preserved by G on M. Then G acts in a natural
way on the quotient manifold M/ ~ as a Lie transformation group.

Proof By hypothesis, ¢ : G x M — M is a differentiable function. Let p : M —
M ~ be the natural projection. Then

pov:GXM—> M/~

is also a differentiable function and G x ( M/ ~) is a quotient manifold of G x M.
Clearly, p o v is an invariant of the given equivalence relation ~ on G x M, and
hence it projects to the differentiable function

Vi1 G X (M/~) — M/ ~, (g, p(x)) = p(gx).

This asserts that G acts in a natural way on the quotient manifold M/ ~ as a Lie
transformation group. O

Example 4.3.28 If G is a Lie group and H is a Lie subgroup of G, then G acts on
the quotient manifold G/H in a natural way as a Lie transformation group. Since G
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acts on itself and the subgroup H defines an equivalence relation ~ on G given by
g ~ k iff g = kh for some h € H, then the group action is defined as

v :Gx G/H — G/H, (g, kH) — (gk)H.

It asserts that G acts on the quotient manifold G/ H as a Lie transformation group.

Theorem 4.3.29 Let G be a matrix Lie group with identity component Go of G.
Then G is a closed normal subgroup of G.

Proof By hypothesis, G is a matrix Lie group with identity element as the identity
matrix / and Gy is the identity component of G containing /. Thenitis a closed subset
of G, and hence G is a matrix Lie group. To show that Gy = X is a normal subgroup
of G, take any matrix x € X. Then Xx~! = R,1 X is the diffeomorphic image of the
connected set X under the right translation R,-1, which is a diffeomorphism. This
shows that the set Xx ! is connected and it contains xx~! = I. Hence, it follows that
Xx~! ¢ X, since X is the maximal connected subset containing / in G. So, X X -1 =
X and X is a subgroup of G. Finally, for any g € G, the set gXg~' = Ry-1 o Ly(X)
contains / and is also connected, since it is the diffeomorphic image of the connected
set X. By the above argument, it follows that gX g’1 C X, which asserts that X is a
normal subgroup of G. (]

4.3.3 Discontinuous Action of Lie Group

Definition 4.3.30 Let G be a Lie group and M be a smooth manifold. Then G is
said to act properly discontinuously on M if for any point x € M, the orbit space
Gx is a closed discrete subset of M in the sense that any sequence of distinct points
{gnx} does not converge to a point in M. In other words, if G acts discontinuously
on M, then

(i) every point x € M has an open nbd U such that
guUNU =@, Vg(#e) G

and
(ii) forevery pair of points x, y € M with y ¢ Gx, there exist open nbds U of x and
an open V of y such that

guUNV =0, VYge G,wheregU ={gx :x e U} C M.
Remark 4.3.31 The condition (i) of Definition 4.3.30 asserts that the action of G

on M is free, because for any x € M and gx = x forsome g€ G = x € gUN
UV nbdUof x = gUNU # @ = x = e. On the other hand, condition (ii)
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of Definition 4.3.30 is equivalent to the assertion that given any two points x, y € M
that are not equivalent, there exist open nbds U of x and nbds V of y such that

gUNkV =@, Vg, keG, sincegUNkV =Gk 'g)UNV.

Definition 4.3.32 An action of a Lie group G on a smooth manifold M is said to be
proper if for each compact subset C C M, the set

Ge={g€G:g9gCNC # (@} is compact.
Theorem 4.3.33 gives a characterization of proper action by its inverse image of
every compact set.

Theorem 4.3.33 An action of a Lie group G on a smooth manifold M is proper iff
the map
Yv:GxM—>GxM,(g,x)+— (g, gx)

has the property that its inverse image of every compact set is also compact.

Proof First, suppose that 1 has the property that its inverse image of every compact
set is also compact. Then for any compact set C C M,

Gec={g€eG:gx €C for somex € C} 4.1
={9e€G:v¥(g,x) e CxC forsomex € M} = p(y~1(C x C)),

where p: G x M — G, (g, x) +— g is the projection on the first factor, which is

continuous. Since C x C is compact and p is continuous, it follows under the given

condition that the set G ¢ is compact. This proves that the given action is continuous.

Conversely, let G¢ be compact for any compact set C C M and K C M x M be

compact. Let
p1,p2:MXM—> M, (x,x) — x1, %

be the projection maps on the first and second factors, respectively. Then the set
A=pi(K)Up(K)C M
is compact and
YUK CY T AXA) C{(g.x) eGxM:gxeA, xeAlCGyxA.

Since ¥~ !(K) is closed in G4 x A by continuity of ¥ and it is also a closed
subset of the compact set G4 x A, it follows that the set ¥ ~!(K) is compact.  [J

Definition 4.3.34 A topological group is said to be discrete if all of its points are
open. In other words, G is discrete iff {e} is open in G.
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Example 4.3.35 The group Z" acts smoothly on the Euclidean space R” by trans-
lation

7" xR" - R", ((ny, ...,n,), (x1, ..., X)) = (1 + x1, ..., 0y + x,)

(see Exercise 3 of Sect.4.11).

Proposition 4.3.36 Let G be a Lie group and K be a closed discrete subgroup of
G. Then K acts properly discontinuously on G by left (right) translations

Ly :KxG— G, g—>kg(R,:K xG— G, g+ gk).

Proof Lete € G be the identity element. Since, by hypothesis, K is a closed discrete
subgroup of G, there exists an open nbd V of e in G such that K NV = {e}. Again,
since the map

w:GxG— G, (g, h) — gh™!
is continuous, there exists an open nbd U of e in G such that
UU'cV = onlyk=eec K has the property that U NkU # ¥,
because

UNkU # (@ — there exit uj,u; € U such that u; = ku,
— k=wu,' eUU' CV = k=e.

Hence, it satisfies condition (i) of Definition 4.3.30. For its condition (ii), consider
the projection

p:G— G/K,x+— gK,

which s continuous. By hypothesis, K is a closed subgroup of G. Hence by continuity
of u, it follows that

w ' (K)=1{(g.k) e GxG:g=kh for some he K}.

Thus 1! (K)isaclosed subsetof G x G.If Kg # Kh,then (g, h) ¢ u~(K) =
there exist open nbds W of g and S of & such that (W x §) N u~'(K) = 0. It asserts
that the nbds p(W) of K g and p(S) of Kh are disjointandhence kW NS =0, Vk €
K. O

Theorem 4.3.37 Let M be a smooth manifold of dimension n and a Lie group act
on G properly discontinuously. Then the orbit space M mod G admits the structure
of a quotient manifold having dimension n such that the projection
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p:M—> Mmod G

is a submersion.

Proof Let U be an open nbd of an arbitrary point x € M such that the canonical
surjection p : M — M mod G is ahomeomorphism. To choose U, take U such that
it satisfies condition (i) of Definition 4.3.30. Then for any pair of points x,y € U,
the relation y = gx holds iff g = e. This implies that the map p : U — p(U) =V
is injective, and hence p is a homeomorphism, since every continuous bijective open
map is a homeomorphism. Without any loss of generality, we assume that U is the
domain of a chart (¢, U) in M (by shrinking U, if it becomes necessary). We claim
that the pairs (¢, V), where V = p(U) and ¢ = ¥ o (p(U))~" form an atlas on the
orbit space M mod G. Let (¢, V) and (¢,, V) be two such pairs provided by the
charts (1, U;) and (Y2, Up) on M. Letting o; = (p(U;))~'; i = 1, 2, the transition
map is then given by
pro¢ ' =vnomoa; oy

and the map
(0%) O()ll_1 . O([(V] n Vg) — Olz(V] n V2)
is smooth. To show it, take any point g € G and consider the diffeomorphism
8g: M — M,x — gx.

Then every x € o;(V; N V,) has an open nbd on which the maps «» oal_l
agree with §,. Now, for any point x € a;(V; N V,), the point x and the point
y=a (al_l(x)) are equivalent and hence y = gx for some g € G. Then for the
opennbd W = U; N g~ 'U, of x,

W C a;(V; N V,), because, p(Uy) N p(g~'U,) = Vi N Va.
Hence,
p() eVinVyfor any ze W = ax(a;'(2)) =1,
where t € V) is the unique point such that p(¢) = p(z). On the other hand,
gz€Uyand p(gz) =p(r) eV, = gz=t = ootf1 and g,

coincide with W. This proves that o, o ozfl is smooth. Finally, we claim that the orbit
space (M mod G, t) with topology t is Hausdorff and has a countable open base
for 7. By definition, M has a countable open base B = {U;} for its topology. Since
p: M — Mmod G is open, it follows that the family of open sets {p(U;)} forms a

countable basis for t. To prove the Hausdorff property of 7, take any pair of elements
z,t € X mod G. Then there exist x, y € M such that p(x) = z and p(y) =t. By
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using condition (ii) of Definition 4.3.30, it follows that there exist open sets U; of x
and sets U, of y in M such that

guUiNU,=0,VgeG.

This shows that V| = p(U;) and V, = p(U,) are open nbds of z and ¢ in M mod G,
respectively, and are such that V; NV, = @, otherwise, we have a contradiction
because

Vinv#0 = p'(VinVy) =p ' (V)N p~'(Va) # 0.
On the other hand,
(v = gUiand p~' (Vo) = | J kU = gUiNkU, # @ for some g,k € K,
9eG keG

which contradicts condition (ii) of Definition 4.3.30. This proves that M mod G is
a manifold. Moreover, triviality condition follows and hence p is a submersion. [

Corollary 4.3.43 is similar to a classical result saying that for any closed subgroup
K of a Lie group G, the coset space G/K is a manifold.

Corollary 4.3.38 Let G be a Lie group and K be a discrete subgroup of G, then

(i) the coset space G/K is a manifold and
(i) p: G — G/K, g+ gK is a smooth map.

Proof 1t follows from Theorem 4.3.37 by using Proposition 4.3.36. (I

4.4 Lie Subgroups and Homomorphisms of Lie Groups

4.4.1 Lie Subgroups

This subsection studies Lie subgroups of Lie groups G, which are simultaneously
subgroups and submanifolds of G.

Definition 4.4.1 Let G be a Lie group. A Lie subgroup H of G is a subgroup of the
group G such that H is also a submanifold of G.

Example 4.4.2 The general linear group G L(n, R) is a Lie subgroup of GL (n, C).
Theorem 4.4.3 Every subgroup K of a Lie group G is closed in G.

Proof This is left as an exercise. (|
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Proposition 4.4.4 Let G be a Lie group and H be a subgroup of G such that H is
a regular submanifold of G. Then H is a Lie subgroup of G.

Proof By hypothesis, H is aregular submanifold of G. Consider the natural inclusion
map i : H — G and the Lie group multiplication m : G x G — G. Then the map

mo(ixi):HxH—G
is a differentiable map having its values in H. Hence, it induces a differentiable map
u:HxH—H

making H a Lie subgroup of G under this group function. (]

Remark 4.4.5 For More Properties of Subgroups of Lie Groups, see Sect.4.5.

4.4.2 Properties of Homomorphisms of Lie Groups

Let G and H be two Lie groups. Then f : G — H is a group homomorphism iff
folLy=Lygof

Definition 4.4.6 A group homomorphism f : G — GL(n,R) (or f: G — GL
(n, C)) is called a real (complex) representation of G.

Proposition 4.4.7 Let G and G’ be two Lie groups with e € G and ¢’ € G’ identity
elements. If G’ is connected and f : G — G’ is a homomorphism of Lie groups such
that

fo: T(G) — T(G)

is surjective, then f is also a surjective.

Proof 1t follows from the hypothesis that f is surjective onto some open nbd U’ of
¢’ by using the inverse function theorem. Since every image under a group homo-
morphism is a subgroup, f is surjective. (I

4.4.3 Actionof O(n+1,R) on RP"

This section considers the action of the Lie group O (n 4 1, R) on RP” by using the
usual action of O(n + 1, R) on R"*!.

The real projective space R”*! can be constructed from R"*! by an equivalence
relation ~:
forx,y € Rt and ge O(n+1,R), if x ~ y, (in the sense that y = ¢x for some
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t € R —{0}) then gx ~ gy (in the sense that gy = tgx for some t € R — {0}). This
implies that the action

¥:0m+1,R) x RP"! 5 R (A, x) > Ax
induces a natural action
Y. : Om+1,R) x RP" - R", (A, [x]) = [Ax].

The action ¥, is transitive. Let p € RP" be corresponding to the point x =
(1,0,0,...,0) € R*! in the sense that p = [x], then the isotropy group at the
point p is

G, =12, x O(n,R).

Hence, it follows that

O+ 1)/(Zr x O(n,R)) = §"/Z, = RP".

4.5 More Properties of Lie Subgroups and Connected Lie
Groups

This section studies more properties of Lie subgroups of Lie groups G, which are
simultaneously subgroups and submanifolds of G. Moreover, it studies connected
Lie groups.

Definition 4.5.1 Let G be a Lie group. A Lie subgroup H of G is a subgroup
(abstract) of the group G such that H is also a submanifold of G.

Example 4.5.2 The general linear group G L (n, R) is a Lie subgroup of GL(n, C).
Theorem 4.5.3 Every closed subgroup of a Lie group G is a Lie group.

Proof Since every Lie group is locally compact, every closed subgroup H of a Lie
group G is also locally compact and hence it follows that H is itself a Lie group. [J

Example 4.5.4 Theorem 4.5.3 is now applied to prove that each of the following
groups is a Lie group.

(i) SL(n,R) is a Lie subgroup of the Lie group GL(n, R). To show it, consider
the map
f:GL(n,R) > R, A > det A,

which is the determinant function and hence f is continuous. Clearly,
SL(n,R) = f’l(l). Since the one-pointic set {1} is closed in R, it follows
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by continuity of f that f~'(1) = SL(n, R) is closed in GL(n, R). By apply-
ing Theorem 4.4.3, it follows that SL(n, R) is a Lie subgroup of the Lie group
GL(n,R).

(ii) O(n, R) is a Lie subgroup of the Lie group GL(n, R). To show it, proceed as
in (i).

(iii) SO (n, R) is a Lie subgroup of the Lie group GL(n, R). To show it, proceed
as in (i).

Proposition 4.5.5 Leta Lie group G act on a differentiable manifold M by an action
oc:GxM,(g,x) — o(g,x) = gx.
Thenthe isotropy (or stabilizer) group G, of G atapoint xy € M isa Lie subgroup
of G.
Proof By definition,

G,={geG:0(9,x) =gx =x}.

Then G, is a subgroup (abstract) of the group G, because
() for g1, 9> € Gy, 0(g9192, x) = 0 (g1, 0(g2, X)) =0 (g1, X) = x;
(ii) e € G, sinceo (e, x) = x
(iii) for g € G, its inverse ¢~' € G, since x =o(e,x) =0(g g, x) =
a(g™!,o(g,x) =0a(g™",x).
To show that the abstract subgroup G, is a Lie group, keep x fixed and define

Yy : G—> M, g+ gx.

Then G, is the inverse image ¥ ! (x) of the point x. This implies that G, is a
closed subset of the Lie group G. This proves that G, is a Lie subgroup of the Lie
group G by Theorem 4.5.3. (]

Proposition 4.5.6 Let M be a smooth manifold of dimension n and G be a Lie group
of dimension m (> n).If ¥ : G — M is a smooth map having rank n at the identity
element e € G, and for H = ¥~ (¥ (e)), if

Y(hg) =Y (g), Yhe€ Hand Vg € G,

then H inherits a Lie subgroup structure of dimension m — n from G.

Proof Sinceforh, k € H, ¥ (hk) = ¥ (k) = ¥ (e)and ¥ (e) = Yy (hh™ ) = ¢ (h™)),
it follows that
hke H, h ' e H Vh,k € H,

hence H is a subgroup of G. Again, since H enjoys a submanifold structure of G,
the subgroup H is a Lie subgroup of G. ]
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Example 4.5.7 gives a direct application of Proposition 4.5.6.

Example 4.5.7 (i) The subgroup H = SL(n, R) of the Lie group GL(n,R) is a

(i)

Lie subgroup of GL(n, R) of dimension n> — 1 by Proposition 4.5.6 for every
integer n > 1. It needs verification of the condition that the function

Y :GLn,R) —> R, g+>det g
satisfies the condition of Proposition 4.5.6. Clearly, for H = SL(n, R),
Y (hg) = det(hg) =det hdet g=det g=1v(g), YVh € H, and Vg€ G.
For the rest of this example, let x be the standard chart on the Lie group GL(n, R)

and 1, be the identity chart on R.
Then

3
14 0% = det(x; ;) and m(ldoxp)zc,,j:i,j =1,2,...,n,
L)

where C; ; stands for the cofactor of x; ; in the matrix (x; ;). Since Cy e = 1, it
follows that rank of i ateis 1.

The subgroup H = O (n, R) of the Lie group GL(n, R) is a Lie subgroup of
G L(n, R) of dimension @ by Proposition 4.5.6 for every integer n > 1. Let
Sym (n, R) be the set of all n x n real symmetric matrices with its standard C*
structure. It needs verification of the condition that the function

¥ :GLn,R) — Sym (n,R), g+ ¢'g
satisfies the condition of Proposition 4.5.6. Clearly, for H = O (n, R),

Y (hg) = (hg)'(hg) = (¢'h")(hg) = ¥ (9), Yh,g € H.

Connected Lie Groups

This subsection studies connected Lie groups. It is proved in Proposition 4.5.9 that
every nbd of the identity element of a connected Lie group generates the group and
other related propositions.

Definition 4.5.8 A Lie G group is said to be connected if its underlying manifold
is connected.

Proposition 4.5.9 Let G be a connected Lie group with its identity element e and
U be an nbd of e. Then U generates G.
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Proof Proof I By hypothesis, U is an nbd of ¢ in G. Let U generate the subgroup
K of G. Then K is open in G and for any k € K, the set kU is an open nbd of k in
G. It is a submanifold of G, because it is an open subset of the manifold G. Then
K is a nonempty Lie subgroup of G, which is closed by Theorem 4.5.3 and hence it
follows that K = G.

Proof II For any open nbd U of e and an open set V C U with VV~!, define an
open set

oo
K = U V", with weak topology.

n=—00

Then K is a subgroup of G. It is closed because its complement is the union of
all cosets of K, which are different from K is open. Hence, it follows that K = G.
O

Proposition 4.5.10 Let G be a Lie group with identity element e, and G° be the
component containing e in G. Then G° is a connected Lie subgroup of G.

Proof By hypothesis, G is a Lie group with identity element e and G° is the com-
ponent containing e in G. Let i : G¢ < G be the natural inclusion map. Then the
usual multiplication on G,

m:GxG— G,(x,y)— xy,
is a smooth map and hence the composite map
mo(ixi):G*xG*—> G
induces a smooth map
m:G°x G° - G°

and it makes G a Lie subgroup of G. By the given conditions, it also follows that
G*¢ is connected. ]

Proposition 4.5.11 Let G be a Lie group with identity element e and G¢ be the
component containing its identity element e. Then the other components of G are
cosets of G¢ in G.

Proof Let G be a Lie group with multiplication m and inversion map v. Since G¢ is
a connected subset of G, it follows that G¢ x G¢ is also connected and

m(G*® x G°) C G°.
Again v(G°) is the inverse of G¢, because for any open subset U of G,

U'={"", Vx e G} =v),
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and v(G*) is a connected nbd of e. Consequently,
v(G°%) C G°.

This asserts that G is a subgroup of G. Again, since a translation 7 : G — G is a
diffeomorphism, it follows that x G*x ! is also a connected nbd of e forevery x € G.
This implies that G¢ is a normal subgroup of G. Finally let G* be the component of
G containing the element x € G. Then as the above argument, it follows that

xG*C G* and x~'G* C G“.
This proves that G* = xG°. U

Proposition 4.5.12 Let G and G be two connected Lie groupswithe € Gande € G
identity elements. If p : G — G is a covering of Lie groups, then ker p = H is a
discrete normal subgroup of the center C(G).

Proof By the given condition, since p is a local diffeomorphism, there exists an
open nbd U of ¢ such that
UNH ={e}.

Then
hUNH={h},Vh € H,

because hu = h' == u = h~"h’. Since ker p = H, it is a normal subgroup of G.
Moreover, it is a discrete normal subgroup of G that is contained in C(G), because
for any fixed jo € G and any h € H, the path o : I — G such that «(0) = & and
a(1) = o and the element (1) h a(r)~' € H. O

Definition 4.5.13 (Dimension of a Lie group) Given a Lie group G with identity
e, let G° denote the connected component of G which contains the identity element
of G. Then G* is a connected Lie subgroup of G by Proposition 4.5.10. Any other
connected component of G is homeomorphic to G¢. This shows that if G is a Lie
group, the (real or complex) dimension of G is well-defined. The dimension of the
manifold G¢ is called the dimension of the manifold G. Thus the dimension of a Lie
group is defined to be its dimension as a manifold.

4.6 Smooth Coverings

This section studies covering projection related to connected Lie groups and proves
the existence of a covering projection in Theorem 4.6.5 and gives a sufficient condi-
tion for being a connected subgroup of a connected Lie group.



322 4 Lie Groups and Lie Algebras

Definition 4.6.1 Given two topological spaces X, B and a continuous onto map
p: X — B, anopen set V of B is said to be evenly covered by pif p~'(V)isa
union of disjoint open sets U; in X, called sheets such that

p|U,.ZU,'—> \%

is a homeomorphism for each i. Then V is said to be an admissible open set in B.

Example 4.6.2 For the exponential map
p:R— St &7

theopenset U = S' — {1} is evenly covered by p, since p~'(U) = _J (n - % n+ %)
nez
and corresponding sheets are open intervals in R.

Definition 4.6.3 Let X, B be topological spaces and p : X — B be an onto map.
Then the triplet (X, p, B) is called a covering space if

(i) X is a path-connected topological space;
(ii) the map p : X — B is continuous;
(iii) each point b € B has an open nbd U which is evenly covered by p.

The map p is called the covering projection with X its total space and B its base
space.

Definition 4.6.3 has an analogue for connected smooth manifolds formulated in
Definition 4.6.4.

Definition 4.6.4 Let M and M be two connected smooth manifolds. A covering
p: M—>M

is said to be a smooth covering if

(i) p is a smooth onto mapping and
(ii) any connected open set U of M is evenly covered by p in the sense that the
restriction

is diffeomorphism for every component U of the set p~!(U).

Theorem 4.6.5 Let G be a connected Lie group and H be a closed subgroup of G.
If H¢ is the component of the identity e of H, then the natural projection map

p:G/H® - G/H, gH* — gH

is a smooth covering.
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Proof Letw : G — G/H, g+— gH andn°¢: G — G/HF* be the natural projection
maps. Then they are both open and continuous. Since the subgroup H¢ is open in
H, the identity element of G has a connected nbd U such that U~'U c H¢. To
prove the proposition, it is sufficient to prove for any point w(g) = gH € G/H, the
nbd U(g) = w(gU) is evenly covered by p. Take a representative h; from every
component H; of H and consider open connected sets 7¢(gUh;) in G/H*°. The sets
7¢(gU h;) have the following properties:

(i) they are disjoint;
(ii) they form together the whole set p~' (U (g));
(iii) p maps each of them homeomorphically onto U (g).

These properties assert that U (g) is evenly covered by p. Hence, it follows from
Definition 4.6.3 that p is covering projection. O

Corollary 4.6.6 Let G be a connected Lie group and H be a closed subgroup of G.
If the quotient manifold G/ H is simply connected, then H is a connected subgroup
of G.

Proof 1t follows from Theorem 4.6.5. O

Proposition 4.6.7 Suppose G is a connected Lie group with multiplicationm : G X
G — G and identity element e. Let G be a connected manifold and p : G — G be
a smooth covering. Then G has the unique Lie group structure such that p is a Lie
group homomorphism.

Proof Let G be a connected manifold and p : G — G be a smooth covering. Let
¢ € p~'(e). Consider the composite map

m=mo(pxp):GxG— G (i3 mp&),p().
Hence, it follows from the uniqueness property of the lift that m has a unique lifting
m:GxG— G:(2,8¢)re.
Similarly, the inversion map v : G — G, x — x ! has a unique lifting
1:G—>G:ém> @
Finally, it follows from the uniqueness property of the lift that any two Lie group

structures admitted by G such that p : G — G is a Lie group homomorphism are
isomorphic. (]
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4.6.1 Tangent Bundles of Lie Groups

Recall from Chap. 3 the following definition.

Definition 4.6.8 (The tangent bundle of a manifold) The tangent bundle of a smooth
manifold M is the bundle (7 (M), p, M), where

(i) the total space 7 (M) is the disjoint union of all tangent spaces 7, (M) as x runs
over M. This is the set of all ordered pairs (x, v) suchthatx € M andv € T,(M).
(ii) the map

p:TM)—> M, (x,v) > x

is called the projection map of the tangent bundle. 7, (M) is called the tangent
plane at x and v € T, (M) is called the tangent vector with initial point x.

Remark 4.6.9 Let M be a smooth manifold. Then the set of all tangent vectors to
the manifold M form a bundle, called tangent bundle 7 (M) with projection

p:TM)— M,v— x, if veT,(M).
A smooth function ¢ : M — N of smooth manifolds induces a smooth function
Vi : T(M) — T(N), v > Yy (v), if x =Y (v).

Proposition 4.6.10 Let G be a Lie group. Its tangent bundle T (G) is trivial.
Proof Consider the right translation for any g € G,

Ry: G — G, x— xg.
Then R, is a diffeomorphism with its inverse R,-i. This implies that
dR, : T.(G) — T,(G)

is a linear isomorphism of vector spaces. Let dim G = n and {v;, v2,...,v,} be a
basis of the vector space 7,(G). Define vector fields

Vi:G— T(G), g dyR,(v;), Vi=12...n.

Since the multiplication in G is smooth, it follows that V; s are smooth vector
fields foralli = 1, 2, ..., n. Consider the map

V:GxR"=T(G), (9. 11,12, ..., ) = (g, Zi 1; Vi(9)).

Then ¢ is an isomorphism of vector bundles (see Chap. 3). This proves that the
tangent bundle of any Lie group is trivial. O
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Corollary 4.6.11 Consider S3 as a Lie group of unit quaternions. Then T (S°) is
trivial.

Proof Since S? is a Lie group, the corollary follows from Proposition 4.6.10. [

4.6.2 One-Parameter Group of Transformations

This subsection studies one-parameter group of transformations by using the concept
of flow in a manifold. A vector field in a manifold generates a flow in the manifold.

Definition 4.6.12 Let G beaLie groupand f : R — G be asmooth homomorphism
of Lie groups (where R is treated as a Lie group). Then f is called a one parameter
subgroup of G. In other words, a smooth curve f : R — G is said to be a one-
parameter subgroup of a Lie group G if

F:R—>G: f(t+5)= f@)f(s), ¥t,5s € R.

Remark 4.6.13 (i) Every one-parameter subgroup of a Lie group G is amap f :
R — Gj itis not a subset of G by its definition.
(ii) Every one-parameter subgroup f : R — G of a Lie group G passes through
the identity element e of G, because f(0) = f(0+0) = f(0) f(0) = ee =e.
(iii) Every one-parameter subgroup f : R — G of a Lie group G is a differentiable
homomorphism of the additive group of real numbers into G.

Definition 4.6.14 For every v € T(M), there exists a unique x € M. Then the
assignment v — x defines a map

p:TM)—> M,v— x
called a projection map. A vector field on M is a map
ViM—>TM):poV =ly.

Then V (x) is tangent vector for every x € M. A vector field V on M is said to be
smooth if

Vi: X >R x> V&) f,VfeC®M,R).

In other words, a vector field V on M is a section of the tangent bundle 7' (M) if all such
functions V f are differentiable. Let p~'(a) be denoted by V,, € T,(M), Ya € M.
For every pointa € M, the vector fields {V, : a € M} form a Linear space of infinite
dimension, denoted by L(M). If M = G is a Lie group, then for any elementa € G,
a vector field V is said to be left-invariant if

V, = (dLy).V,, VaeG.
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Definition 4.6.15 Let f : R — G be a smooth curve on a Lie group G. Then f is
said to be an integral curve of a vector field V if the tangent vector to f at each
point is equal to the value of V at that point in the sense that

df(t)
dt

= Vf(r), vVt eR.

Example 4.6.16 Every one-parameter subgroup f : R — G of a Lie group G is an
integral curve of some left-invariant vector field.

Definition 4.6.17 A flow in a manifold M is a continuous map
v :RxM—> M,
where R acts as an additive group. Given ¢t € R, a flow in a Lie group M
YoM — M, x — (¢, x)

is a diffeomorphism such that

@ V(Y5 (x) = Y45 (x), VX € M, e, Yy 0 Y = Y.
(i) ¥ = 1y : M — M is the identity map.
(i) v, = )"

Remark 4.6.18 The one-parameter group of transformations defined above looks
locally like the group (R, +) but is not necessarily isomorphic to the group (R, +)
globally. For more properties of this group, see Exercise 12 of Sect. 4.11.

4.7 Lie Algebra

This section studies Lie algebra, which is closely related to Lie groups in the sense
that every Lie group G defines a Lie algebra, which is the tangent space 7,(G) at
its identity element e € G and conversely, corresponding to every finite-dimensional
Lie algebra over R, there exists a connected Lie group uniquely determined up to
finite coverings by Lie’s third theorem, which asserts that every finite-dimensional
Lie algebra over R is associated with a Lie group G which gives a correspondence
between Lie group and Lie algebra. This correspondence facilitates to study the
structure and classification of a Lie group in terms of its Lie algebra. For example,
a Lie group is found in physics as a group of symmetries of physical systems and
its corresponding Lie algebra appears as a tangent vector in the nbd of its identity
element, which is considered as an infinitesimal symmetry motion. In particle physics
and quantum mechanics, this approach is extensively used.

Definition 4.7.1 Let V be a vector space over the field F (where F is either R or
C). Then V is said to be a Lie algebra over F if there is a composition
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[,L1: VXV >V, (u,v) = [u,v]

such that

@) [v,v]=0,VveV,;

(ii) [u, v+ w] =[u, v]+ [u, w], [u,av]=alu,v] and [v+ w, u] =[v, u] +
[w, u], [au, v] =alu,v] Yu,v,w € V, Va € F (bilinearity);

(iii) [u, v] = —[v, u], Yv € V; (skew symmetry)

@(v) [u, [v, w]] + [v, [w, u]] + [w, [u, v]] =0V u, v, w € V (Jacobi Identity).
A Lie algebra is said to be real if F = R, and it is said to be complex if F = C.
For vectors u and v in V, the notation [u, v] is also a vector in V, called their
Lie bracket.

Example 4.7.2 (i) The vector space R? is a real Lie algebra under the usual vector
product
[ 1R xR’ - R (@, f) > o, fl = & x B.

If G = R? is a Lie algebra of the Lie group of rotations of R?, then each vector
veR? may be considered as an infinite-dimensional rotation around the axis v,
having velocity same as the magnitude of v.

(ii) M(n,R) is a real Lie algebra with [A, B]= AB — BA,VYA,B € M(n,R),
where A B denotes the usual matrix multiplication.

Definition 4.7.1 is reformulated in Definition 4.7.3.

Definition 4.7.3 (Lie algebra over a field) Let F be the field either R or C and
V be a vector space of finite dimension over F. Moreover, there is given a law of
composition

[,L1:VxV—=V, (X,Y)—> [X,Y],

called Lie bracket operation such that

(i) itis bilinear in the sense

[ai X1 +axXs, Y] =ai[Xy, Y]+ ax[Xs, Y], Vaj,ax €F, X1, X5, Y€V

and

[X,a1Y1 +a )] =aillX, 1]+ alX, V2], Vaj,a €F, X, Y, Y2 eV

(ii)
[X,X]=0, VX €V;

(i)
(X, Y], Z] +[[Y, Z], X] +[[Z, X],Y] =0, VX,Y,Z e V.
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Then the vector space V equipped with this law of composition is called a Lie
algebra over F and the composition [, ]is called the Lie bracket operation on
V.

Proposition 4.7.4 Let V be a Lie algebra over a field F. Then
[X,Y]+[Y,X]=0, VX,Y € V.
Proof Takeany X, Y, Z € V. Then
O0=[X+Y, X+Y]=[X XI+[X, Y]+ [Y,X]+[Y, Y]
asserts by using [X, X] =0, VX €V that
[X,Y]+1Y,X]=0, VX, Y e V.

O

Definition 4.7.5 (Direct sum of Lie algebras) Let V, and V, be two Lie algebras
over the same field F. Define the following law of composition in V| x V5,

[(X1, Y1), (X2, Y2)] = ([Xy1, X2], [Y1, Y2)).

With this law of composition, a Lie algebra is obtained whose underlying vector
space is the product of the underlying vector spaces of V; and V,. This Lie algebra
is called the direct sum (or product) of the Lie algebras V; and Vs, and it is written
as V1 @ Vs (or V) x V,). If Vis a Lie algebra and V,, V), are subalgebras of V), it
is said that ¥V decomposes as the Lie algebra of direct sum of V; and V), as vector
spaces denoted by

V=V eV,

if V is the direct sum of V; and V), as vector spaces and [X|, Y>] =0, VX, €
V) and Y, € V.

4.7.1 Lie Algebra of Vector Fields

This subsection proves in Theorem 4.7.7 that the set of all vector fields on a smooth
manifold forms a real Lie algebra under the Lie bracket composition and studies the
Lie algebra of vector fields.

Let M be a smooth manifold, Fy be the set of all differentiable functions f :
M — R whose domains intersect a given open subset U C M and V(M) be the real
vector space of all vector fields on M. Thus, Fy; denotes the set of all differentiable
functions f € C*°(M, R) whose domains intersect a given open subset U of M.
Recall the concept of a vector field on a smooth manifold.
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Definition 4.7.6 Let M be a smooth manifold of dimension n. A vector field on a
smooth manifold M of dimension z is a smooth map X, which assigns to every point
p € M atangent vector X, € T,(M). Given local coordinates xp, x», ..., X, near a
point p € M, the vector field is formulated by

X:M—TM), pr— X! 1X(p)—

A vector field X is said to be a smooth vector field if every component function
X;(p) of X is smooth.

Theorem 4.7.7 Let M be a real smooth manifold of dimension n and V(M) be the
set of all vector fields on M. Then V(M) forms a real Lie algebra under the Lie
bracket composition

[, 1: V(M) x V(M) = VM), (X,Y)— [X,Y] where [X,Y](f)=XY[f)—-Y(Xf),VfeC®MR).

Proof The composition [ , ] is well-defined, because [X, Y] € V(M). To prove it,
let (¢, U) be a coordinate system with coordinate functions (xi, x2, ..., x,). Then
there exist b;, ¢; in C*°(U, R) such that

0
X|y = 2/ b; ( ) Yy = 1Ci(8_)~
Xi

For X = b(%), Y = c(a%),

0 d 0 0
(X, YI(f) = ba_x,»( c Ej(f)) — Cﬁj( b B_xi(f))

— b (e () = e (b) () + be () = be ()
C T dx; ¢ 0x; ! Caxj ax; f Cax,- 0x; ! Cax,- 9x; !

9 9 9 9 .
= [ba_x,»(c) o —CE (b) 8—)@](]‘), VfeC™(M,R)

asserts that
[X, Y]= b ( ) 0 ? () 0
=b-—(¢) — —c— —
0x; 0x; ox;’

which is a vector field, since b5~ 0 (c) and c— (b) € C*°(M,R).
Jacobi identity: For any X, Y ZeVM ) let their domains intersect on an open
set U. Then for any f € Fy,
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(X, 1Y, ZII(f) = XY (Z(f) = X(ZY () = Y(Z(X(f) + Z(Y (X(f)).
Similarly, find [Y, [Z, X](f) and [Z, [X, Y](f) and add them. This asserts that
(X, 1Y, ZI+ 1Y, [Z, X]+ [Z,[X, YD(f) =0,V f € Fu
and hence
(X, [Y, ZI1+ 1Y, [Z, X1+ [Z,[X, Y] = 0.

Since [, ]is well-defined and satisfies all the conditions of a Lie algebra, it follows
that V(M) forms a real Lie algebra under this Lie bracket composition. U

Corollary 4.7.8 Let M be a smooth manifold of dimension n. If X = X' X i(%)

andY = 27:1Yi(387) are two vector fields on M in local coordinates in M, then

n aY; 0X; 0
B (oL - Y —
’] 8)Cl‘ Bxi 8Xj
is the Lie bracket [ X, Y].
Proof 1t follows from the proof of Theorem 4.7.7. ]

4.7.2 Lie Algebra of a Lie Group

A Lie group enjoys many spatial properties of manifolds, because of the existence
of its smooth multiplication structure. For example, given a Lie group G, for any
g € G, the left translation

Ly:G— G, x+— gx

is a diffeomorphism with its inverse L,-1. If e is the identity element of G, then
L,(e) = ge = g implies that the diffeomorphism L, sends the identity element e to
the element g and induces an isomorphism of vector spaces

Ly = (Ly)s : T.(G) = T,(G).

This asserts that for the study of tangent space T,(G) at any point, it is sufficient
to study the tangent space 7,(G). For example, we can identify the tangent space
T,(GL(n, R)) at any point g € T,(GL(n, R)) with the tangent space T; (G L(n, R))
at / (identity matrix) by the isomorphism

Ly : T,(GL(n,R)) - T,(GL(n,R))
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induced by the left translation L, : GL(n, R)) — GL(n,R)), A > gA.

Definition 4.7.9 Let G be a Lie group and V : G — T (G) be a vector field on G.
Then V is said to be left-invariant if it is invariant under all left translations of G:

Ly:G— G, x—gx,VgeG.

Let g« : T(G) — T (G) denote the differential dL, of L,. Then V is said to be a
left-invariant vector field of G if

V(gx) = g:(V(9), Vg, x € G.

Proposition 4.7.10 Let G be a Lie group with identity element e and V be a left-
invariant vector field on G. Then V is determined by its value at e.

Proof Let g € G be an arbitrary element. Then

Vi(g) =V(ge) =g.(V(e)), Vg€ G
shows that V is determined by its value at e. (I

Remark 4.7.11 Converse of Proposition 4.7.10 saying that for any element (vector)
v € T,(G), the correspondence

g — g«V

defines a left-invariant vector field having its value v at e, which is available in
Theorem 4.7.13.

Remark 4.7.12 Definition 4.7.3 shows that the left-invariant infinitesimal transfor-
mations of an analytic group G constitute a Lie algebra over the field R having
dimension the same as the dimension of the analytic group G.

Theorem 4.7.13 Let G be a Lie group with identity element e and LG be the vector
space of all left-invariant vector fields on G. Then it admits a Lie group structure
such that the map

Y : LG — T,(G), X — Xe

is an isomorphism of vector spaces.

Proof The map
¥ LG — T,(G), X — Xe

is well-defined, since any left-invariant vector field X on G is determined by its value
at e. It is a monomorphism of vector spaces. To show that it is surjective, take an
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arbitrary element v € T,(G). Since the function X : g — g,v gives a left-invariant
vector field having its value v at e, it follows that v is an epimorphism of vector
spaces and hence it is proved that i is an isomorphism of vector spaces. g

Theorem 4.7.14 Let G be a Lie group with identity e. Then the vector space T,(G)
admits the structure of a Lie algebra.

Proof To prove the theorem, we utilize the isomorphism
v LG — T, (G), X — Xe

of vector spaces given in Theorem 4.7.13. Consider a given basis {vi, va, ..., U,}
for the vector space T,(G). Then the corresponding collection of vector fields

{Xy, Xs,..., X, where X;: g+ g,v,i=1,2,...,n}
forms a basis for LG. Consequently,

(Xi, X)) =%;a,X;:a, eR and i, j,k=1,2,...,n.

The real numbers a;, are called structure constants of G. Using the given
basis {vy, va, ..., v,} for the vector space T,(G), the multiplication in LG € LG is
represented by

[vi, v] = Ejaijkvj :aij}( eRand i,j,k=1,2,...,n.
O

Definition 4.7.15 The vector space G = T,(G) is called the Lie algebra of the Lie
group G.

Example 4.7.16 If G =S' ={z e C:|z] =1} =R/Z, then G = R.
exp:G —> G, x> ay(e) =r.

Definition 4.7.17 Let G be a Lie group with its associated Lie algebra G = T,(G).
Consider the exponential map

exp:G — G,x — ay(e),

where o, (¢) is the one-parameter subgroup with tangent vector x at the point e.

Example 4.7.18 If G =R, then G =R and for any r € G, its associated one-
parameter subgroup «, () = tr with exponential map

exp:G— G, x+— a,(e)=r.
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Theorem 4.7.19 The Lie algebra GL(n,R) of GL(n,R) and the Lie algebra
M(n, R) of M(n, R) are isomorphic.

Proof Consider the left-invariant vector fields on the Lie group GL(n, R). Let x
be the standard chart on GL(n, R). Then the vectors ¢; ; = (3/dx;;). constitute a

basis for the vector space T, (G L(n, R)). Hence, the left-invariant vector fields X; ;
obtained by ¢; ; are represented by

Xi.j g = g*(a/axij)e = 2:k,t,s(agkx)cst)/axij)e(a/axkt)g = X gki(a/axkj)g-

It asserts that
X,'!j = Ekxkia/axkj.

This implies that
(Xij, Xl =8pjXis — 6:Xum,j-

Hence, the multiplication in the Lie algebra of GL(n, R) can be expressed in
terms of the basis {¢;;} as

[eij, emi]l = Smjeir — Siem;.

Next, consider the left-invariant vector fields on M (n, R). Let { E;;} be a basis for
the vector space M (n, R), where E;; denotes the matrix in M (n, R) having 1 in the
i jth position and zeros elsewhere. Then

[Eij7 Eml] = 5ijil - SilEmj
gives the Lie algebra structure on M (n, R). Then the map
Y :T,(GL(n,R)) > M(@n,R), ¢;; > Ej;
is a vector space isomorphism and hence it gives an isomorphism

Yy : GL(n, R) = M(n,R), v — [vx;]

of the corresponding Lie algebras. This proves that the Lie algebras GL(n, R) of
G L(n, R) and the Lie algebra M(n, R) of M (n, R) are isomorphic. O



334 4 Lie Groups and Lie Algebras

4.7.3 Homomorphism of Lie Algebras and Adjoint
Representation

For every Lie group G, the vector space G = T,(G) has a canonical structure of a Lie
algebra, and every morphism of Lie groups gives rise to a morphism of Lie algebras.

Definition 4.7.20 Let G and H be two Lie algebras. A linear map f : G — H is
said to be

(i) a Lie algebra homomorphism if it preserves the Lie bracket in the sense that

FUA, B]) =[f(A), f(B)], VA, B €G;

(ii) Ifinaddition, f is a bijection, then f is said to be a Lie algebra isomorphism;

(iii) A Lie algebra isomorphism of a Lie algebra onto itself is called a Lie algebra
automorphism;

(iv) ALiealgebrahomomorphism of a Lie algebra intoitself is called a Lie algebra
endomorphism.

Definition 4.7.21 Let G be a Lie group with corresponding Lie algebra G. For every
X € G, define a linear map

ady : G— G, Y — [X,Y].

The map ¢ : G — G, X > ady is called the Adjoint map or adjoint repre-
sentation.

Remark 4.7.22 (Properties of Adjoint maps or adjoint representations) Let G be a
Lie group and let

0:GxG— G,(g,k > gkg™" = o,(k)

act on G from the left by inner automorphism. Then its identity element is fixed by
0,: G — G,k — gkg~'. Moreover,

ad(g) =d(oy),: G —> G

is aLie algebra homomorphism. This implies that forevery g € G, ad(g) € End (G),
this gives rise to a map

ad : G — End(G), g~ ad(g),

which is a representation or an adjoint map of G into the vector space End(G) of
linear operators on G. On the other hand, given an element X € G, there is a linear
map

ady :G— G, Y~ [X,Y]
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and the assignment X — ady is the adjoint map or adjoint representation. The map
X — ady is a linear map of G into the vector space End(G) of linear operators on
G. The Jacobi identity asserts that ady is the derivation of the bracket in the sense
that

adx (Y, Z]) = ladx(Y), Z]1 + [Y, adx (Z)].
Proposition 4.7.23 Let G be a Lie algebra. Then
ad : G — End(G), g — ad(g)

is a Lie algebra homomorphism.

Proof For any elements X, Y, Z € G, it follows from the definition of ad : G —
End(G) that

adix y\(2) =[IX, Y], Z]
and
lady, ady](Z) = [X,[Y, Z]] - [Y, [X, Z]].
This implies that ad : G — End(G) satisfies the property
adix y1 = adxady — adyadyx = ladx, ady], VX,Y € G.

Hence the proposition follows. O

Summarizing the discussion in the above sections, a result is formulated in The-
orem 4.7.24.

Theorem 4.7.24 For every Lie group G, the vector space G = T,(G) has a canon-
ical structure of a Lie algebra, and every morphism of Lie groups gives rise to a
morphism of Lie algebras.

4.8 Subalgebra, Ideal, Stabilizer and Center

This section continues the study of Lie groups and associated algebras by defining
the subalgebra of a Lie algebra and associated ideals and centers and studies them.
This study is based on Theorem 4.7.14 that for every Lie group G with identity e,
the vector space G = T,(G) is the Lie algebra of the Lie group G.
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Subalgebra and Ideals of a Lie Algebra

This subsection introduces the concepts of subalgebra and ideals of a lie algebra.

Definition 4.8.1 Let G be a Lie algebra. A subspace H of the vector space G is said
to be

(i) a Lie subalgebra of G if for every pair of elements x, y € H, [x, y] € H and
(ii) an ideal of G if for any element x € G and any element y € H, [x, y] € H.In
other words, an ideal H is a subalgebra of a Lie algebra G if

[x,yle H,Vxe€G,y eH.

Proposition 4.8.2 Let G be the Lie algebra of a Lie group G.

(i) IfH isaLiesubgroup of G, thenH = T,(H) is a Lie subalgebra of T,(G) = G.
(ii) If H is a subalgebra of G, then there exists a unique connected Lie subgroup
H of G with H its Lie algebra.
(iii) If H is anormal subgroup of G, then H = T,(H) is an ideal of G and conversely,
if H is a connected Lie subgroup of G and H = T,(H) is an ideal of G, then
H is a normal subgroup of G.

Proof 1t is left as an exercise. ]

4.9 Some Special Lie Algebras

This section turns to the study of the general theory of Lie algebra instead of the study
of Lie algebra associated with a Lie group initiating the description of some special
classes of Lie algebras such as simple, solvable and nilpotent Lie algebras. One of
the basic theorems in general theory of Lie algebrais Ado theorem (see Execise41)
saying that every finite-dimensional Lie algebra (over a field F of characteristic 0)
is isomorphic to some matrix Lie algebra. This theory is vast. For its detailed study,
see Postnikov (1986).

4.9.1 Simple Lie Algebra

Definition 4.9.1 Let G be a Lie algebra. It is said to be

(i) irreducible if only ideals of G are G and {0}.
(i) simple if it is irreducible and its dimension is > 2.

Remark 4.9.2 Every 1-dimensional Lie algebra G is irreducible, because it has no
nontrivial subspaces and hence it has no nontrivial subalgebras and no nontrivial
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ideals. Since its dimension is one, it is not considered as a simple algebra. An anal-
ogy between Lie algebras and Lie groups may be drawn by considering the role of
subalgebras in Lie algebra played by Lie subgroups in Lie groups and the role of
ideals in Lie algebra played by normal Lie subgroups in Lie groups. For example, the
kernel of every Lie algebra homomorphism is an ideal of the Lie algebra, which is
analogous to the result that the kernel of every Lie group homomorphism is a normal
subgroup of the Lie group.

4.9.2 Solvable Lie Algebra

Let F be a field of characteristic 0. All algebras over F are assumed to be finite-
dimensional.

Definition 4.9.3 Let G be a Lie algebra over F. For any two subspaces A and B
of G, let [ A, B] denote the subspace generated by the elements of the form [a, b],
where a € A, b € B. Define

¢V =g, 6%=16,6], ....¢" =1Gg"".¢""l....,
and construct a descending chain of ideals:
G=6">G%>5...06">....
(i) A Lie algebra G is said to be solvable if there exists some n > 0 such that

g(n) =0.
(ii) If dim G = n, then a descending chain of subspaces

G6§=G126G:026G>---D2GD---D2G, =0
is said to be a flag if
dimG =n—i,¥Vi=0,1,2,...,n.

A flag consisting of subalgebras is said to be a flag of subalgebras.

Theorem 4.9.4 characterizes a Lie algebra over a field in terms of a flag of subal-
gebras.

Theorem 4.9.4 Let G be a Lie algebra over F. It is solvable iff it has a flag of
subalgebras
G=G1DGiDGD---DG D---DG, =0,

such that foralli = 1,2, ...,n,
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(i) every subalgebra G; is an ideal of the preceeding subalgebra G;_; and
(i) the relation

[Gi—1,Gil C G
holds.

Proof First, suppose that the Lie algebra G has the given flag of subalgebras.
Claim that G is solvable. By the given condition, since dim G; =n — i for all
i=0,1,2,...,nitfollows that

dim g,-_l =dim gi + 1.

This implies that every element of G; _; is of the form x + avy, wherex € G;, « € F
and vg € G; is a fixed element. Since

[x +avo, y + Bvol = [x, y] + alx, vol — Bly, vo] where [x, yl, alx, vol, [y, vol € G;

and G; is an ideal of G;_;, it follows that [G;_;, G;_;] C G;. Thus, if G® C G;_;,
then ' ' _
GitY =169, G C[Gi1, Gioil C Gi.

Since the inclusion relation G' < G;_; holds fori = 1, itis proved that this inclusion
relation holds for alli = 1,2, ..., n 4+ 1. This gives in particular,

g(nJrl) cG, =0
and hence it follows G+ = 0. Conversely, suppose that the given Lie algebra
G is solvable and dim G = n. Then G™ = 0 but G"~V £ 0. Consider the strictly
descending chain of ideals
G=6">6">6%>...06" =0.
Then this chain can be embedded into some flag of subalgebras
G=6006G1026: 226G D--DG,=0.

Fori =0,1,2,...,n, let k be the greatest index such that G; ¢ G*. Consider
the two cases:

CaseIIf G; # G®, then G;_; € G% and hence

[Gi—1,G1C 6%, gP1=6*"D cg.

Case IIIfG; = G®, then Gy ¢ G*~V and hence
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[Gi-1, Gl C 6%V, gP1cg® =g,.

Hence, it follows that in either case, [G;_1, G;] C G;. This proves that the above
flag is a flag of subalgebras such that every subalgebra is an ideal of the previous
one, because [G;, G;]1 C [Gi—1,Gi] C Gi. 0

4.9.3 Nilpotent Lie Algebra

This subsection continues the study of Lie algebra by defining nilpotent Lie algebra.
Let G be a Lie algebra. With the help of any ideal G®) of G, one can define ideals G¥
recursively as

G'=Gand G" =[G, G

Then G = G,
Definition 4.9.5 Let G be a Lie algebra.

(i) g is said to be nilpotent if there is an integer k£ > 1 such that Gk =o.
(i) Lie algebra G is said to be abelian if G? = 0, which means that

[X,Y]=0,VX,Y €G.

Example 4.9.6 Every abelian Lie algebra is nilpotent.
Proposition 4.9.7 Every nilpotent Lie algebra is solvable.

Proof Let G be a nilpotent Lie algebra. Since by recursion on k, the inclusion
G® < G holds, the proposition follows. O

Definition 4.9.8 G be the Lie algebra of a Lie group G.
(i) The center C(G) of the Lie algebra G is
CO={XeG:[X,Y]=0, VY € G}.
(ii) The center C(G) of the Lie group G is
CG)={xeG:xg=gx Vg e G}.

Proposition 4.9.9 G is the nilpotent Lie algebra of a Lie group G. Then the center
C(9) of G is nonzero.

Proof Suppose that G¥=! £ 0 but G = 0. Then the nonzero ideal Z = G*~! satisfies
the condition that [Z, G] = 0 and hence it follows that Z € C(G). It proves that center
C(G) of G is nonzero. O
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Theorem 4.9.10 characterizes the nilpotency of a Lie algebra of a Lie group in
terms of a flag of subalgebras.

Theorem 4.9.10 G is a Lie algebra of a Lie group G. Then G is nilpotent iff it has
a flag of subalgebras

G=G0G1D2GD>---D2G;D---DG, =0
such that
[G,Gia1lC G, YVi=1,2,...,n

and in particular, every subalgebra G; | is an ideal of G.

Proof Proceed as in the proof of Theorem 4.9.4. (]

4.10 Applications

Proposition 4.10.1 Given two connected Lie groups G and H, if f,k : G — H are
two Lie group homomorphisms such that df = dk, then f = k.

Proof By hypothesis, G and H are two connected Lie groups. Hence under mul-
tiplication defined component-wise, G x H is a Lie group with corresponding Lie
algebra G @ H under bracket operation defined component-wise. The map

f:G—>H
is a homomorphism iff its graph

Gr=1{(9,f(9):9€eGCGxH

is a Lie subgroup of G x H. Then its Lie subalgebra is the graph
Gar ={(v,df(v)) : v € G}.

Hence, the hypothesis df = dk implies that G4y = G 4. This implies by Exercise
4.11 that f = k. (]

Proposition 4.10.2 The Lie algebra of the Lie group SL(2, C) is simple.

Proof With respect to the basis

01 00 10
B={X=(oo)’y=<1o>’z=<0—1>}
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for the vector space SL(2, C), it follows that
(X, Y]|=2Z, |[Z, X]=2X, [Z,Y] = -2Y.

Let H be an ideal of SL(2,C) and H = X + BZ + yY € H be an arbitrary ele-
ment, where «, 8, y ( are not all zero). If y # 0, then the element

[X,[X,H]] = [X, 28X + yZ] = -2y X

is a nonzero multiple of X and hence it follows that X € H, since H is an ideal of
SL(2, C) by hypothesis. On the other hand, [Y, X] is a nonzero multiple of Z and
[Y, [Y, X]] is a nonzero multiple of ¥ and hence Y € 'H and Z € ‘H. This implies
that H = SL(2,C).If y = 0but 8 # 0, then [X, H] is a nonzero multiple of X and
hence by earlier argument, it follows that H = SL(2, C). For the other possibility,
when « # 0 but both 8 and y are zero, then H is a nonzero multiple of X and hence
it follows that H = SL(2, C). Considering all the cases, it is proved that the Lie
algebra SL(2, C) of the Lie group SL(2, C) is simple. O

Definition 4.10.3 A matrix Lie group T is said to be an m-torus if T is isomorphic
to the direct product of m copies of the circle group S' = U (1, C) for some positive
integer m.

Example 4.10.4 Let T be the group of n x n diagonal, unitary matrices with deter-
minant 1. Then T is isomorphic to n — 1 copies of S', because every element of T
can be expressed uniquely as

. -1
diag(z1,22, -+ Zn—1, (2122 Zn=1)" ),

where z1, 22, ..., Zys—1 are complex numbers with absolute value 1. This implies
that 7 is isomorphic to the direct product of n — 1 copies of the circle group S' =
U, coC).

Definition 4.10.5 A subgroup T of a Lie group G is a torus if T is isomorphic to
(S"y™ for some positive integer m, and T is said to be a maximal torus in G if T
is a torus and it is not properly contained in any other torus in G.

Theorem 4.10.6 Let G be a compact connected abelian Lie group of dimension n.
Then as a topological group, G is isomorphic to the n-dimensional torus T".

Proof By hypothesis, G is a compact connected abelian Lie group of dimension 7.
Let G be the Lie algebra of Lie group of G. Since G is abelian, [X, Y] =0, VX,Y €
G. This implies that the Lie algebra G is the same as the Lie algebra of R”. Using
the result that a compact connected group which is locally isomorphic to R” is
isomorphic to T”, the theorem follows. |

Definition 4.10.7 (Matrix exponential map) The map
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1
exp: M(n.C) = M(n,C), Ar> exp A =T~ A"

is called the matrix exponential map. This power series converges and defines an
analytic map.

Remark 4.10.8 (i) For arbitrary matrices A, B € M(n, R), it is not necessarily
true that

(i) But for commutating matrices A, B € M (n, R) in the sense that AB = BA,
the relation

is true.

We consider M (n, R) identified with R". So an element A € R is identified
with a matrix in M (n, R). Let tr A denote the trace of A.

Proposition 4.10.9 Forany A € M(n, R),

d

— " = Ae't = ' A.
dt

Proof Consider the power series for the exponential function e’A. Its every (i, j)-
entry is a power in ¢. Differentiating term by term, it follows that

d p_ d oo 13,3 144 2, 1o 13,4
LA S ptA+ 2 A% S A At ) A AP e 2B At
ar$ Tty t3 ta )=ATIATE S t3 +

1 1
:A(I+IA+5t2A2+§t3A3+--~) = Ae'A.
Taking the second equality from the above equalities, it shows that

d tA 2 1 2 43 1 3 44
— M= A A A P A
dar ¢ T A gAY

1 1
:(I+tA+5t2A2+§t3A3+-~-)A:e’AA.

By identifying M (n, R) with R, this also proves that for any A € R",

d

_etA =AetA :etA A
dt
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Proposition 4.10.10 For any A € M (n, R), the determinant function det has the
property

det(e?) =e' A,

Proof Casel Take A first as an upper triangular matrix of the form

Ty - %k
A= 0 T
0... Ty
Then it follows that
Ty --- % el ... *
A __ 300 N Ak — 00 | 0 (%) _ 0 e™
et = T2, (1/k)A* = 52, (1/k) —
0.1, 0 .o em

This implies that
det e* =Tl ¢" = X = ¢,

CaseIl Let A € M(n, R) be a matrix having eigenvalues A{, Ay, ..., A,. Then
there exists a nonsingular complex matrix X such that

}\'1... *
xAax =10 %
0 -+ " Ay

is an upper triangular matrix . This implies that

KN = [ 4 xAXT %(XAX—I)2 + %(XAX*)3 +oe
=1 +XAX "+ X(%(AZ)X’I + X%(A3)X’1 +..=Xex L
Hence, it follows that
det e* = det (XeAX ™) = det (eXAX?I) — " (XAXTD
(because X AX ! is an upper triangular matrix). This asserts that

det(e®) =e™ 4.
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Remark 4.10.11 Proposition 4.10.10 displays the importance of e”, because det
(e?) = " 4 # 0 and hence e is always nonsingular. This property permits to define
acurve on G L(n, R) with a given initial point and having a given initial velocity.

Example 4.10.12 Consider the curves o and 8 on GL(n, R) :

(i) @ :R— GL(n,R), 1 ¢ Sincea(0) = I and & e'4|,_g = Ae'|,_g = A,
itfollows that « is a curve on G L (n, R) with the initial point / and initial velocity
A.

(i) B: R — GL(n,R), t — Xe'4isacurve on GL(n, R) with the initial point X
and initial velocity X A.

Definition 4.10.13 (Matrix logarithm map) The map
log: M(n,C) > M(n,C), Ar>exp A= E,fio(l/k!)Ak

is called the matrix exponential map. This power series converges and defines an

analytic map. exp A is also written as e”.

Theorem 4.10.14 The matrix exponential map
log :Mn,C) > M(n,C), Ar>exp A

has the following properties:

(i) log is analytic;
(i) log (M(n,C)) C GL(n, C);
(iii) log maps an nbd of 0 € M(n, C) diffeomorphically onto an nbd of I, €
GL(n, C);
(iv) if A, B € M(n, C) commute, then

log (@A + BB) =log (¢A) log (BB), Yo, B € R.
Proof 1t follows from the definition of the matrix exponential map that

log: M(n,C) > M(n,C), Ar>exp A= E,fio(l/k!)Ak.

4.11 Exercises

1. The circle group S' is a Lie group under group multiplication.
[Hint: e?e® = %+ and (¢!%)~! = ¢~ are differentiable.]

2. Let H be a subgroup of the Lie group G = GL(n, R). If H is also a manifold
in R™, show that H is a Lie group.
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3. Let G be a discrete (Lie) group and M be a smooth manifold. Show that the
action of G on M is smooth iff for every g, the map

Yy: X — X, x> gx
is smooth. Use this result to show that the action
Y Z" xR" = R" ((ny,na,...,n), (x1,x2, ..., xp)) = (ny +x1,n0 +x2, ..., ng + xx)

is smooth.
4. Let G be a Lie group and H be a discrete subgroup of G. Show that the factor
space G/H is a manifold and the natural projection

p:G—G/H,g— gH

is smooth.
5. Let G be a Lie group and H be a discrete subgroup of G. Show that the factor
space G/H is a manifold and the natural projection

p:G—G/H,g— gH

is smooth.

6. Show thatin a Lie group G with identity element e, the component C, containing
e is a connected Lie subgroup of G.

7. Show that the topological group SL(n, R) is a Lie subgroup of GL(n, R).
[Hint: Consider the determinant function det : GL(n,R) — R, M +> det M.
It is continuous and hence det~'(1) = SL(n, R) is closed in GL(n, R), since
{1} is closed in R. This shows that SL(n, R) is a closed subgroup of GL(n, R).
Finally, use Theorem 4.5.3].

8. Let X be and a submanifold of G. A Lie subgroup H of a Lie group G is said to
be connected if its underlying manifold is connected to the set of all matrices
M € M(3, R) of the form

1xy
M=|01¢
001

Show that

(i) X is a differentiable manifold of dimension 3 under the global chart
VX >R, M (x,y,1).

(i) X forms a Lie group.
(iii) X forms a Lie subgroup of GL(3, R).
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9. Show that
(i) O(n,R) is a Lie subgroup of GL(n, R);

(i) SO(n, R) is a Lie subgroup of GL(n, R);
(iii) SL(n, R) is a Lie subgroup of GL(n, R).
[Hint: Use the result that every closed subgroup of a Lie group is a Lie subgroup].
10. Find all finite-dimensional Lie groups of transformations of the real line space
R =R.L
11. Let G be a finite-dimensional Lie group and H be a Lie subgroup of G. Show
that

(i) the coset space G/H is a manifold having
dim G/H =dim G —dim H;

(ii) the coset space G/H is a Lie group if H is a normal subgroup of G.

12. Let X (x,y) = —y 8/3x + x 3/dy be a vector field in the Euclidean plane R2.
Show that

(i) the action
V¥R xR?— R?, (1, (x,y)) — (xcost —ysint, xsint + ycos t)

is a flow generated by the vector field X satisfying the following property:
(i) the flow through (x, y) is the circle having the center at the origin.

13. Let X(x,y) =y 9/dx +x 9/dy be a vector field in the Euclidean plane R?.
Find the flow generated by the vector field X (x, y).

14. (Existence of Finite Partition of Unity Let (X, 7) be a normal space and C =
{V1, Va, ..., V,} be an open covering of X. Show that there exists a partition of
unity subordinate to the covering C.

15. Let M be a C"-manifold of dimension n forr = 1,2, ..., 00 and C = {U;} be
an open covering of M. Show that there exists a partition of unity of C"-class
subordinate to C.

16. Let H* be the multiplicative group of quaternions.

(i) Show that H* admits an open submanifold structure of R*;
(ii) Find the Lie algebra of the group H*.

[Hint: Identify the set H with R* under the bijection

fiR*>H, (x,y,z2,0) > x+yi+zj+1k
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17.

18.

19.

20.

21.

22,

23.

24.

25.

Show that

(i) M(n, C) considered as a real vector space admits the structure of a Lie
algebra under
[X,Y]=XY —-YX.

(i) This Lie algebra is isomorphic to the Lie algebra of GL(n, C).

Given a one-parameter subgroup «(¢) of a Lie group G, if « intersects with itself,
show that there exists a positive real number K such that

a(t+ K)=a(), Vt € R.

If G is a compact connected Lie group, show that every point x € G is in a
certain one-parameter subgroup of G.

Let G be a finite-dimensional commutative and connected Lie group. Show that
G is locally isomorphic to a finite-dimensional vector space.

Let G be a finite-dimensional compact, commutative and connected Lie group.
Show that G is isomorphic to the torus.

Let G be a finite-dimensional commutative and connected Lie group. Show that
G is isomorphic to the product of the torus and a vector space.

(Matrix exponential map) The map
exp: M(n,C) > M(n,C), A exp A= E,fio(l/k!)Ak

is called the matrix exponential map.
Prove the following statements:

(i) exp is analytic;
(ii) exp (M (n,C)) C GL(n, C);
(iii) exp maps an nbd of 0 € M (n, C) diffeomorphically onto an nbd of I,, €
GL(n, C);
(iv) If A, B € M(n, C) commute, then

exp (@A + BB) = exp (¢A) exp (BB), Yo, B € R.

Identify the Lie algebra of GL(n, R) with the Lie algebra M (n, R). Prove that
the subalgebra SL(n, R) corresponding to SL(n, R) arises from the matrix set
M={AeMmn,R):trac A =0}.

Prove that the Lie algebra SP(n, R) of the Lie group Sp(n, R and the Lie algebra
LA of the real 2n x 2n matrices of the form
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M
P —-M'
that both N and P are symmetric matrices.

are isomorphic, where M, N and P are real n X n matrices such

26. Let A be an associative algebra and G be a subspace of A such that XY — Y X €
G, VX, Y € G. Show that G endowed with bracket operation

[,1:GxG, (X, Y)—> XY —-YX,ie,[X,Y]=XY -YX

forms a Lie algebra. Hence, show thatif SL(n, C) = {X € M(n,C) : trace X =
0}, then SL(n, C) is a Lie algebra with bracket operation

[X,Y]= XY — YX.

27. Let G be a Lie group. Show that

(i) aLie subgroup H of G is embedded in G, iff H is closed in G;
(ii) every closed abstract subgroup H of G is a Lie subgroup of G.
[Hint: Use Theorem 4.5.3]

28. Let G be a matrix Lie group and G be its Lie algebra. If H is a Lie subalgebra
of G, show that there exists a unique connected Lie subgroup H of G with Lie
algebra H.

29. Let G be a connected Lie group with identity e. Show that

(i) if U is an nbd of e, then the nbd U generates the Lie group G.
(ii) G is abelian iff its Lie algebra G is abelian.
(iii) if G is abelian, then it is isomorphic to the product Lie group 7" x R™ for
T =R/Z.
(iv) the center C(G) of G is a closed subgroup of G with Lie algebra the center
C(G) of the Lie algebra G.
(v) the center C(G) of G is the kernel of the adjoint map

ad : G — Aut(G)

torus.
(vi) a connected Lie subgroup H of the Lie G is a normal subgroup of G, iff
its Lie algebra 7 is an ideal of G.

30. (Isomorphism theorem of Lie groups) Let G and H be two Lie groups and
f : G — H be a homomorphism of Lie groups. Prove that

(i) K = ker f is anormal Lie subgroup of G;
(ii) f determines an injective homomorphism f : G/K — H, gK — f(g),
which is an immersion of differentiable manifolds;
(iii) if im f is closed, then it is a Lie subgroup of H and f:G/K — im fis
an isomorphism of Lie groups, denoted by f : G/K = im f.
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31.

32.

33.

34.

35.

Let G and H be two Lie groups with their corresponding Lie algebras G and
‘H. If G is simply connected and v : G — H is a Lie group homomorphism
in the sense of Definition 4.7.20, show that there exists a unique Lie group
homomorphism

f:G — Hsuch that df = .

Prove the following statements:

(i) Let G and H be two connected Lie groups such that the corresponding
Lie algebras G and H are isomorphic. Then the Lie groups G and H are
isomorphic.

(ii) Given any Lie algebra A, there exists a unique simply connected Lie group
G such that its Lie algebra G is isomorphic to the Lie algebra .A.

(Representations of compact Lie groups) Let G be topological group. A con-
tinuous homomorphism

0:G—> GL@n,R) (or GL(n, C))

is called a real (or complex) representation of G. If G is any compact Lie group,
prove the following statements:

(i) every real representation of the compact Lie group G is equivalent to a
representation by orthogonal matrices;
(ii) every complex representation of the compact Lie group G is equivalent to
a representation by unitary matrices;
(iii) every representation of the compact Lie group G is semisimple.

Show that the Lie algebra G of the Heisenberg group G (formulated in Definition
4.1.26) is the space of all matrices of the form given by

1xy
M=101z],
001

where x, y, z € R. Prove that the Lie algebra H is the space of all real matrices
of the form

Oxy

M=1]100¢
000

Let G be the Heisenberg group and G be its Lie algebra. Show that the exponential
map

exp:G—>G
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36.

37.

38.

39.

40.

41.

42.

43.

44.

4 Lie Groups and Lie Algebras

is bijective.
Show that the action of the Lie group O(n, R) on the n-dimensional Euclidean
plane R”

O, R) xR", (A, x) —» Ax

is not transitive but its action on $"~! is transitive having orbit space of the point
x is the spheres of radius ||x||.

Show that every connected, compact and commutative matrix Lie group is a
torus.

Let T = (S')™ be the torus and o = (e**%, ¢27% .. ¢?™%) e T. Show that o
generates a dense subgroup of T iff the set

{17919927 -~-,9m}

is linearly independent over the field Q of rational numbers.
Let T be a torus and @ € T. Show that the subgroup H of T generated by « is
not dense in 7 iff there is a nonconstant homomorphism

v:T — Sy =1.

Prove the following statements on maximal torus.

(i) If T is a maximal torus, then its Lie algebra 7 is a maximal commutative
subalgera of a Lie algebra G of a matrix group G.

(ii) Conversely, if 7 is a maximal commutative subalgera of a Lie algebra G,
then the connected Lie subgroup T of G with Lie algebra 7, is a maximal
torus.

(Ado theorem) Show that every finite-dimensional Lie algebra (over a field F
of characteristic 0) is isomorphic to some matrix Lie algebra.

(Realizable Lie algebra) A Lie algebra G is said to be realizable if there is a
Lie group G such that its Lie algebra is G. If the center C of a Lie algebra G

C={XeG:[X,Y]=0, VX,Y € G}.

is zero, show that G is realizable.

Let M be asmooth manifoldand ¢ : U — R” be a coordinate system on M, with
coordinate functions (xy, x,, ..., X,). Show that a smooth curve « : R — U is
an integral curve of a vector field V = Xa;(d/0x;) iff

d (x;
M=a,', Vi=1,2,...,n.
dt

Show that every one-parameter subgroup of Lie group G is an integral curve of
some left-invariant vector field on G.
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45.

46.

47.

48.

49.

50.

51.

Consider the Lie groups Sp(1, H) (symplectic group) and SU (2, C) (unitary
group) formulated in Definition 4.2.3. Show that

(i) the Lie groups Sp(1, H) and SU (2, C) are isomorphic as Lie groups;
(ii) eachoftheLie groups Sp(1, H) and SU (2, C) is diffeomorphic to the sphere
S3.

Show that

(i) each of the Lie groups SO (n, R), U (n, C), SU (n, C) and Sp(n, H) is con-
nected;
(ii) there are only two connected components in the group O (n, R).

If a one-parameter subgroup « : R — G of a Lie group G intersects itself, show
that there exists a real number k > O such that

a(t+k)=a(), Vit €eR.

Given a compact, connected Lie group G, show that every point g € G, is a
point of some one-parameter subgroup of G.

Show that every connected commutative Lie group G is locally isomorphic to a
finite-dimensional vector space.

(Closed subgroup theorem) An abstract subgroup of a Lie group G whichis a
closed subset in the topology in G, is called a closed subgroup of G. Prove that
every closed subgroup of a Lie group is an embedded Lie subgroup of GL(n, R).
[Hint : See [ Warner 1983].]

Show that the Lie subgroups SL(n, R) and O (n, R) are embedded Lie subgroups
of GL(n, R).

[Hint: Use closed subgroup theorem (see Exercise 50).]

Multiple Choice Exercises

Identify the correct alternative(s) (there may be more than one) from the following
list of exercises:

1.

2.

(i) The Euclidean plane R? is a manifold of dimension 2.
(i) The standard sphere S 2 ¢ R? is a manifold of dimension 3.

(iii) The real projective space RP? is a manifold of dimension 3.

Let V. (R") denote the Stiefel manifold of (orthogonal) r-frames in R" and
G,(R") denote the Grassmann manifold of r-planes of R" through the origin.
Then

i ViR") = §".
(ii) G{(R") = RP".
(>iii) the orthogonal group O (n, R) acts transitively on G, (R").
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3. Let R” be the Euclidean n-space.

(i) Let X be the circle at which the standard sphere S in R? intersects the plane
z = 0. Then X is a submanifold of S2.
(i) The Euclidean subspace X = {x = (x;, X2, X3, X4, X5) € R% : x4 = x5 = 0}
C R’ is a submanifold of R7.
(iii) Let X ={M € M(n,R) : M is symmetric} C M(n,R). It is not a sub-
manifold of M (n, R).

4. (i) The space X of nonzero real numbers (with usual topology) is a 1-
dimensional Lie group under usual multiplication of real numbers.

(ii) The space X of nonzero complex numbers (with usual topology) is a 1-
dimensional (real) Lie group under usual multiplication of complex num-
bers.

(iii) The orthogonal group O(2, R) is a 4-dimensional Lie group under usual
multiplication of matrices.

(iv) The real projective plane RP? is a surface.

5. Let G be a Lie group and a € G be a given point.

(i) The map f; : G — G, g +> ag is a diffeomorphism.
(ii) The map f> : G — G, g+ ga is a homeomorphism but not a diffeomor-
phism.
(iii) Themap f3: G — G, g+ g~ is a diffeomorphism.
(iv) If X is a closed subgroup of the Lie group G, then X is a Lie subgroup of
G.

1
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Chapter 5 ®
Brief History of Topological Groups, s
Manifolds and Lie Groups

This chapter conveys the history of emergence of the concepts leading to the devel-
opment of topological groups, manifolds and also Lie groups as mathematical topics
with their motivations. They are specialized topological spaces having additional
structures other than topological structure which are interlinked. Historically, the
word “topology” comes from the Greek words “A6y 0¢” and “r6mro0¢” with an alter-
native name “analysis situs” aiming at the study of situations. This subject arising as
a branch of geometry plays a key role in modern mathematics, because of its study of
continuous deformations such as stretching, twisting, crumpling and bending, which
are allowed, whereas tearing or gluing are not allowed.

For additional reading the readers may refer to Adhikari (2016, 2022), Adhikari and
Adhikari (2003, 2006, 2014, 2022), Bredon (1983), Dieudonné (1989), Freedman
(1982), Milnor (1956), Poincaré (2010), Weyl (1913).

Recall a statement of M. Morse

“Any problem which is non-linear in character, which involves more than one coor-
dinate system or more than one variable or where structure is initially defined in the
large, is likely to require considerations of topology and group theory for its solution.
In the solution of such problems classical analysis will be frequently appear as an
instrument in the small, integrated over the whole problem with the aid of topology
or group theory”. M. Morse, 1965.

5.1 A Brief History of Topological Groups

This section communicates a brief history of topological groups with an emphasis
on motivation of its study and historical development. Topological algebra stud-
ies topological groups and topological vector spaces and provides many interesting

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 355
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geometrical objects of our interest. It relates algebra with geometry and analysis. The
concept of topological groups was born through an exercise to connect two branches
of mathematics such as abstract group theory and topology. This unification is an
outcome of a great influence of Lie groups and direct consequence of various types
of transformation groups. The basic concept of a topological group is that it is an
abstract group endowed with a topology such that the multiplication and inverse
operations are both continuous. This concept was accepted by mathematicians in the
early 1930s. For example, the papers of

(i) A. Harr (1885-1933) published in 1933;

(i) L. S. Pontragin (1908-1988) published in 1932;
(iii) H. Freudenthal (1905-1990) published in 1936 and
(iv) A. Weil (1906-1998) published in 1936

carry the early work of topological group theory, which witnessed the early devel-
opment of the theory of topological groups in 1930s.

5.1.1 Motivation of the Study of Topological Groups and
Topological Vector Spaces

Basic Topology, Volume 1 of the present series of the books studies the general prop-
erties of topological spaces and their continuous maps, but there are many important
topological spaces having other structures such as s', $3, GL(n,R), GL(n, C),
etc., each of them admits a natural group structure under usual multiplication having
their topological and group structures compatible in the sense that the correspond-
ing group operations are continuous. This asserts that in a topological group, the
algebraic and topological structures are united and interrelated. This phenomenon
leads to the concept of topological groups which is studied in Chap. 2. On the other
hand, a topological vector space (linear space) is a vector space endowed with a
topology such that the scalar multiplication and addition are both continuous. Topo-
logical vector spaces also provide a rich supply of topological groups. Most of the
interesting concepts that arise in the analysis are studied through vector spaces (real
or complex), instead of single object such as a function, measure or operator. The
concepts of topological groups and topological vector spaces facilitate a deep study
of topological algebra and establish a key link between topology and algebra. Lie
groups studied in Chap. 4 include a special family of topological groups.

5.1.2 Historical Development of Topological Groups and
Vector Spaces

The concept of a topological group was born through the work of Felix Klein
(1849-1925) in 1872 and Marius Sophus Lie (1842-1899) in 1873. The con-
cepts of topological groups and topological vector spaces display an interplay
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between topology and algebra, which are two basic areas of mathematics. The
subject topology studies continuity and convergence of functions as well as topo-
logical properties such as compactness, connectedness, etc., for classification of
topological spaces. On the other hand, algebra studies operations to endow dif-
ferent algebraic structures as well as functions, preserving their algebraic struc-
tures called homomorphisms to obtain interesting algebraic results. In a topolog-
ical group, the rules that govern the relationship between a topological structure
and an algebraic operation are that the (algebraic) group operations are to be
continuous, jointly or separately under the given topological structure. Topologi-
cal groups provide a rich supply of important topological spaces. The important
class of topological groups include the classical topological groups of matrices
suchas GL(n,R), GL(n, C), GL(n,H), SL(n,R), SL(n, C), O(n,R), U(n, C)and
SL (n, H).

5.2 A Brief History of Manifolds

This section communicates a brief history of topological manifolds with an empha-
sis on motivation of its study and historical development. A manifold is a special
topological space such that each point has an open nbd, i.e., near every point, it looks
like a Euclidean space. The plane, the sphere and the torus are common examples of
manifolds. They can be realized in R?, but the Klein bottle and real projective plane
are also manifolds that cannot be realized in R3.

5.2.1 Motivation of the Study of Manifolds

There are many branches of mathematics where topological spaces can be described
locally by n-tuples (x1, x2, ..., x,) € R" of real numbers. Such a space which is
locally homeomorphic to the Euclidean space R” is called a (topological) manifold
of dimension n. Manifolds as mathematical objects provide generalizations of curves
and surfaces to arbitrary dimensions invite a study of their topological properties with
geometric intuition needed for a deep study of manifold theory related to differential
topology and the topology from a differential view-point.

Manifolds are locally Euclidean in the sense that every point has a neighborhood
(nbd), called a chart, homeomorphic to an open subset of a Euclidean space R”.
The coordinates on a chart facilitate to study manifolds through many concepts
born in R" such as differentiability, tangent spaces and differential forms, etc. Thus,
the study of manifolds is facilitated by introducing a coordinate system in each
of these Euclidean neighborhoods (nbds) and changing of coordinates, which are
continuous real-valued functions of several variables. A (topological) manifold of
dimension n may be considered as being made of pieces of the Euclidean space
R" glued together by homeomorphisms. For example, the soccer ball is a manifold
of dimension 2. If in particular, these homeomorphisms are differentiable, then the
concept of differentiable or smooth manifold (or C*°-manifold) is introduced.
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Geometers working on differential geometry discuss curves and surfaces in ordi-
nary space, i.e., in Euclidean plane and Euclidean space through local concepts such
as curvature, etc. But Riemann introduced a concept, known as Riemann surface
in an abstract setting in the sense that these surfaces are not defined as subsets of
Euclidean space, which led to the concept of topological manifolds. This concept
plays a key role in the study of modern research in topology.

5.2.2 Motivation of the Study of Differentiable Manifolds

A differentiable manifold is a topological manifold endowed with a differentiable
structure, which is an additional structure other than its topological structure. A
differentiable manifolds is studied based on the standard differentiable structure on
a Euclidean space R". Motivation of the study of differential manifold comes from
the following observation: in a topological manifold of dimension n, every point
admits a nbd homeomorphic to R”, and hence in each of these Euclidean nbds, a
coordinate system can be introduced. An n-dimensional topological manifold has a
nbd homeomorphic to R"” and thereby a coordinate system is introduced in each of
such Euclidean nbds. The change of coordinate is given by continuous functions of
several real variables. By using the standard differentiable structure on a Euclidean
space, such changes of coordinates may be differentiable. This leads to the concept
of differentiable manifolds (also called smooth or C* -manifold).

5.2.3 Historical Development of Manifolds

The concept of manifolds can be traced to the work of B. Riemann (1826-1866)
on differential and multi-valued functions. Riemann introduced a concept, known
as Riemann surface, in an abstract setting. Historically, B. Riemann (1826-1866)
made an extensive work generalizing the concept of a surface to higher dimensions.
But before him, Carl Friedrich Gauss published a paper in 1827, where he used local
coordinates on a surface carrying the concept of charts. The term manifold is derived
from the German word Mannigfaltigkeit, which Riemann first used. Henri Poincaré
(1854-1912) used the concept of locally Euclidean spaces (defining the concept of
topological manifold) in his monumental work when Henri Poincaré published his
Analysis Situs, in 1895, and its subsequent complements on homotopy and homology
in the late nineteenth century.

A rapid development of manifold theory occured from 1930s following the defi-
nition of a manifold based on general topology. But its deep study was born through
the search of solution of Poincaré conjecture posed in 1904. This conjecture asks:
is a compact simply connected n-dimensional topological manifold with the same
homology groups as S” homeomorphic to $” ? Its equivalent statement says: is a
compact n-manifold homotopically equivalent to S” homeomorphic to S"? (see
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Sect. 5.4). This conjecture is very significant in the study of the general theory of
topological manifolds and is the most important topological problem of the twentieth
century. For dimension n > 3 the classification problems become more complicated.
Since 1895, it took more than century till for n = 3. G. Perelman (1966—) proved
this conjecture in 2003 by using Ricci flow. For other values of n, it was solved
by others before 1994. To be specific, for 5 -dimensional or its higher dimensional
manifolds, the problem was solved by Stephen Smale in 1961 and for 4 -dimensional
manifolds, the problem was solved by Michael Freedman in 1982. It is remarkable
that William Thurston formulated, in 1970, a more powerful conjecture, now known
as the Thurston geometrization conjecture saying that every compact 3-manifold
has a geometric decomposition, in the sense that it can be cut along specific surfaces
into finitely many pieces, admitting each of them one of eight highly uniform (but
mostly non-Euclidean) geometric structures. Unfortunately we fail to study them
here, because of the techniques used by them need far more groundwork than we
cover in this book.

Historically, the approach of study a differentiable manifold based on the standard
differentiable structure on a Euclidean space R" was formally given

(i) by Hermn Weyl (1885-1955) in 1912 and
(ii) by H Whitney (1907-1989) during 1930’s.

Remark 5.2.1 Prior to them, Dini (1845-1918), a student of E. Betti (1823-1892)
published his first paper in 1864 on differential geometry with comments on his own
thesis as suggested by Betti. The theory on implicit functions developed by Dini
is closely related to the basic work of H. Whitney on embedding of manifolds in
Euclidean space R¥. The foundation of modern theory of differentiable manifolds
was laid by the work of Dini, Hermn Weyl and H Whitney. This theory witnessed its
rapid development in the second half of the nineteenth century through differential
geometry and Lie group theory.

The most basic results embedded in the theory of differential manifolds is essen-
tially due to the work of a single man, H. Whitney (1907-1989). For example, the
basic property of a manifold which plays the key role toward various developments
of manifold is the Whitney’s Embedding Theorem saying that every manifold can
be embedded in a Euclidean space as a closed subspace (see Chap. 3). This theorem
implies that any manifold may be considered as a submanifold of a Euclidean space.
It reconciles this earlier concept of manifolds with the modern abstract concept of
manifolds and facilitates various development of manifold theory. This result broke
new ground. His concept of regular maps are now called immersions as C"- maps
such that the tangent map at every point of the manifold is injective and injective
immersions are now called embeddings. The main aim of differential topology is to
study interactions between topology and calculus as well as analysis and differential
equations. The concept of the set of critical values of a smooth map plays a key role
in differential topology. This set is not necessarily finite but A. Sard proved in 1942
based on earlier work by A. P. Morse that this set has measure zero.
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It was believed before 1956 that a topological space may admit only one differen-
tiable structure. Examples show that differentiable structure of a topological space
may not be unique. For example, John Willard Milnor (1931-) proved in 1956 that
the 7-sphere S7 admits 28 different differentiable structures [ Milnor, 1956].
Milnor was awarded the Fields Medal in 1962 for his work in differential topology.
He was also awarded the Abel Prize in 2011. Sir Simon Kirwan Donaldson (1957-)
proved in 1983 that R* admits an infinite number of different differentiable struc-
tures [Donaldson, 1983]. He was awarded a Fields Medal in 1986.

Remark 5.2.2 The work of H. Whitney, H. Hopf and E. Stienfel established the
importance of fiber bundles for applications of topology to geometry It also makes a
return of algebraic topology to its origin and revitalized this topic from its origin in
the study of classical manifolds (see Basic Topology, Volume 3 of the present series
of books).

Remark 5.2.3 Theorem 5.2.4 proves that the property of being a set of measure zero
is invariant under smooth map. Theorem 5.2.4 was proved by Arthur B. Brown in
1935, which rediscovered by Dubovickil in 1953 and by Thorn in 1954.

Theorem 5.2.4 Let the subset A C R" have measure zero. If f : A — R" is an
arbitrary smooth map, then f(A) is a set of measure zero in R™.

5.3 C(lassification of Surfaces and 1-Dimensional Manifolds

This section communicates motivation of classification of surfaces and 1-dimensional
manifolds with a brief history of their classification. These classification theorems
are simple and excellent results of geometric topology proved in Chap. 3.

Motivation of the Classification

A basic problem in topology is the classification problem of manifolds up to topologi-
cal equivalence. More attention has been paid for classification of compact manifolds
in the sense that they are considered homeomorphic to closed and bounded subsets of
some Euclidean space R". A complete classification of closed surfaces (2-manifold)
is known. This classification theorem is a beautiful example of geometric topology.
It says that any compact connected surface S is either homeomorphic to a sphere, or
to a connected sum of tori (with n > 1 holes), or to a connected sum of n(> 1) pro-
jective planes. No two of these three types of manifolds are homeomorphic to each



5.3 Classification of Surfaces and 1-Dimensional Manifolds 361

other. The classification theorem for closed surfaces is a landmark theorem in topol-
ogy. It exhibits the elegance of statement, the power of combinatorial or geometric
topology and asserts its central importance to the subject.

The proof of classification theorem of surfaces was first given by M Dehn
(1878-1952) and P Heegaard (1871-1948) in 1907.

Theorem 5.3.1 (Classification theorem of surfaces ) Any compact connected sur-
face S is either homeomorphic to a sphere, or to a connected sum of tori, or to a
connected sum of projective planes.

Theorem 5.3.2 gives another form of complete classification of compact surfaces.

Theorem 5.3.2 (An alternative form of classification theorem of surfaces ) Any
compact surface is homeomorphic either

(i) fo the sphere S?,

(ii) or to the sphere S with a finite number of handles glued to the sphere, called
a connected sum of tori,

(iii) or to the sphere S* with a finite number of Mobius strips glued to the sphere
obtained by a finite number of disks removed and replaced by Mobius strips,
called a connected sum of projective planes. No two of these surfaces are
homeomorphic.

Remark 5.3.3 The classification theorem of compact connected 1-dimensional
manifolds is formulated in Theorem 5.3.4 and in Theorem 5.3.5.

Theorem 5.3.4 (Classification theorem of 1-dimensional compact connected
manifold) Any compact connected 1-dimensional smooth manifold is diffeomorphic
to either [0, 1] or S!.

Theorem 5.3.5 (Complete Classification of 1-manifolds) Any connected 1-
dimensional smooth manifold is diffeomorphic to either some interval of real numbers
or to the circle S'.

5.4 Poincaré Conjecture on Compact Smooth
n-Dimensional Manifold

While investigating the 3-dimensional and higher dimensional manifolds in 1895, in
his “Analysis Situs”, Henri Poincaré (1854-1912) formally introduced the concepts
of homotopy, fundamental group, homology groups and Betti numbers (studied in
Basic Topology: Volume 3 of the present book series) for further development of
the theories of functions and differential equations. He posed a conjecture in 1894,
known as Poincaré’s conjecture asking that a compact smooth n-dimensional
manifold, which is homotopy equivalent to the n-sphere S” is homeomorphic to S”.
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Its equivalent statement says: is a compact n-manifold homotopically equivalent to
S"™ homeomorphic to $”? For n = 3, G. Perelman (1966—) proved this conjecture in
2003 by using Ricci flow. For other values of n, it was solved by others before 1994
as stated below

(i) Forn =4, M. Freedman (1951-) proved that the conjecture is true and wins
Fields medal for this proof,
(ii) Forn =5, C.Zeeman (1925-2016) demonstrated the conjecture in 1961,
(iili) For n = 6, J.R. Stallings (1935-2008) proved in 1961 that the conjecture is
true,
(iv) Forn > 7, S.Smale (1930-) proved that the conjecture is true and also extended
his proof for all # > 5. He wins the Fields medal in 1966 for this work.

5.5 Beginning of Differential Topology

Differential topology is the study of those properties of differentiable manifolds
which are invariant under diffeomorphism, i.e., invariant under differentiable home-
omorphism. This subject considers problems that arise from an interplay between
different strucures of a manifold such as its topological, combinatorial and differen-
tiable structures. But it does not consider the notions such as connections, geodesics,
curvature, etc., which are considered in differential geometry. This makes a dif-
ference between the sujects’ differential topology and differential geometry. Many
concepts and results now found in differential topology were used in the work of
mathematicians of the eighteenth and nineteenth centuries, but they do not constitute
a mathematical branch of their own rights in the this period. Many tools of algebraic
topology are well-suited to the study of manifolds.

5.6 A Brief History on Lie Groups

5.6.1 Motivation of the Study of Lie Groups and Lie Algebra

Lie groups, named after Sophus Lie (1842-1899), was born through his study of
continuous transformations. In a natural way, Lie groups form topological man-
ifolds and provide a rich supply of important topological groups. A Lie group
G is algebraically a group and is also a differentiable manifold satisfying certain
axioms compatible with the group structure and the manifold structure on G.
The most important Lie groups are the classical groups of matrices such as GL(n, R),
GL(n,C),GL(n,H),SL(n,R),SL(n, C), O(n,R),U(n, C)and SL(n, H).

Lie groups and Lie algebra provide a rich supply of manifolds. The topologi-
cal structure and algebraic structure of a Lie group are sometimes used to study
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the topology of manifolds. For example, the Lie group SO (2, R) is topologically
equivalent to the circle S!' and the Lie group SU (2, C) is topologically equivalent
to the 3-sphere S>. Lie theory gives a rich supply of tools to modern geometry. For
example, Felix Klein investigated various “geometries” by using specified suitable
transformation groups having certain geometric properties invariant in his Erlan-
gen program. Accordingly, Euclidean geometry corresponds to the particular choice
of the group R? of distance-preserving transformations of the Euclidean space R3.
On the other hand, projective geometry corresponds to the specific choice of the
properties invariant under the projective group. Moreover, in Lie theory, continuous
symmetries represented through an action of a Lie group on a manifold facilitates a
deep study in representation theory.

5.6.2 Historical Development of Lie Groups and Lie Algebra

Lie groups named after Sophus Lie, born through his study of continuous transfor-
mations, laid the foundation of the theory of continuous transformation groups. His
paper published in Math. Ann., Vol 16, 1880 [Lie, 1880] provides useful tools for
the deep study of different areas in contemporary mathematics and modern theoret-
ical physics. Lie groups are smooth differentiable manifolds as well as topological
spaces with specific interrelations. They are investigated by using differential cal-
culus but this technique does not work for the study of more general topological
groups. The main study is based on replacement of the global object (topological
group) by its local or linearized version, which is now called its Lie algebra. Sophus
Lie himself termed it “infinitesimal group”

Hermn Weyl inaugurated, in 1925, the global theory of Lie groups. He proved a
basic result asserting that the fundamental group of a compact Lie group is finite.
This important results is applied in the theory of integration for any compact Lie
group. Cartan’s work through publication of a series of papers on global theory of
Lie groups and homogeouos spaces during the perid 1927-1935 carries a mile-stone
in the history of Lie theory.

5.6.3 Hilbert’s Fifth Problem and Lie Group

D. Hilbert poised 23 problems at ICM 1900, of which the fifth problem made
a revolution in the deep study of Lie theory. His fifth problem asked whether each
locally Euclidean topological group admits a Lie group structure. The first half of the
twentieth century saw a positive answer of this problem through the work of Gleason,
Iwasawa, Montgomery, Yamabe and Zippin, which determined the structure of almost
connected locally compact groups. The importance of this family of groups lies in
the result that this family contains every compact group and every connected locally
compact groups.
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Lie theory provides enormous tools to modern geometry. Felix Klein studied dif-
ferent “geometries” by specifying an appropriate transformation group, which leaves
certain geometric properties invariant in his Erlangen program, says in his Erlangen
program that one can consider various “geometries” by specifying an appropriate
transformation group that leaves certain geometric properties invariant. For example,
Euclidean geometry corresponds to the choice of the group R? of distance-preserving
transformations of the Euclidean space R*. On the other hand, projective geometry
corresponds to the choice of the properties invariant under the projective group.
Moreover, in Lie theory, continuous symmetries represented through an action of a
Lie group on a manifold facilitates a deep study in representation theory.
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