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1. SMOOTH MANIFOLDS

Intuitively a differentiable manifold is a topological space which is obtained by
gluing together open subsets of some Euclidean space in a nice way; think, for
example, of the surface of a ball or a torus covered with small paper disks pasted
together on overlaps without making any crease or fold. Mathematical definition
is based on the standard differentiable structure on a Euclidean space R™. Let
ui,...,u, denote the coordinate functions, where u; : R — R is the function
mapping a point p = (p1,...,p,) onto its i-th coordinate p;. A function f from
an open subset U of R™ into R is differentiable of class C", or simply a C”
function, if it has continuous partial derivatives of all orders < r with respect to
uy,...,u,. A C° function is just a continuous function. A C* function is C”
for every r > 0.

A map ¢ : U — R™, U open in R", can be written as ¢ = (¢1,..., ¢ ), where
¢; = u;0¢ : U — R are the components of ¢. The map ¢ is C” if each ¢; is
C". A map ¢ between two open subsets of R" is called a C" diffeomorphism
if it is a homeomorphism and both ¢ and ¢~ ! are C” maps. We shall call a O
diffeomorphism simply a diffeomorphism. For example, any linear isomorphism
R™ — R" is a diffeomorphism.

We shall use the words “smooth”, “differentiable”, and the symbol “C°°” in-

terchangeably. Our standard practice in this lecture will be to work with smooth
maps.

Definition 1.1. A smooth manifold M of dimension n is a second countable
Hausdorff space together with a smooth structure on it. A smooth structure
consists of a family D> of pairs (U;, ¢;), @ is in some index set A, where U; is an
open set of M and ¢; is a homeomorphism of U; onto an open set of R™ such that

(1) the open sets U;, i € A, cover M,
(2) for every pair of indices 7,5 € A with U; NU; # () the homeomorphisms

gio¢; ' ¢;(UiNU;) — ¢i(UiNT;),

¢jod; " ¢i(UiNUy) — ¢;(U; NUj)
are smooth maps between open subsets of R™,
(3) the family D is maximal in the sense that it contains all possible pairs
(U;, ¢;) satisfying the property (2).

The restriction U; N U; # () in the condition (2) may be omitted provided we
agree to assume that the empty map on the empty set is smooth.

A pair (U, ¢) € D> with p € U is called a coordinate chart at p, U is called

a coordinate neighbourhood of p, and ¢ = (x1,...,2,), where z; = u; 0 ¢ :

U — R is the i-th component of ¢, is called a (local)coordinate system at p.
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Two charts (U;, ¢;) and (Uj, ¢;) satisfying the conditions in (2) are said to be C*°
related or compatible, and each of ¢; o (;5;1 and ¢; o (;5;1 is called a transition
map or a change of coordinates. A family of coordinate charts on M satisfying
(1) and (2) is called a smooth atlas !. A smooth structure is a smooth atlas
satisfying (3).

To understand the maximality condition (3) more clearly, consider the family
of all smooth atlases on M. Say that two atlases A and B are compatible if each
chart in A is compatible with each chart in B, or equivalently, if AU B is an atlas
on M. Tt is easy to check that this is an equivalence relation. Then the union
of all atlases in an equivalence class is a maximal atlas or a smooth structure on
M. Thus any atlas can be enlarged to a unique smooth structure by adjoining all
smoothly related charts to it.

The maximality condition allows us to restrict coordinate charts. If (U, ¢) is a
chart, U’ is an open set in U, and ¢’ = ¢|U’, then the charts (U, ¢) and (U’, ¢’) are
compatible by the transition map ¢’ o ¢~ = id, where id denotes the identity map.

Next observe that the charts (U, ¢) and (U, « o ¢), where o : R® — R" is a
diffeomorphism, are always compatible. In particular, taking a to be the translation
which sends ¢(p) to 0, we can always suppose that every point p € M admits a
coordinate chart (U, ¢) such that ¢(p) = 0. We may also suppose that ¢(U) is a
convex set, or the whole of R™.

Examples 1.2. (1) Euclidean space R™. A smooth structure is given by an atlas
consisting of only one chart (R™,id). The maximal atlas generated by this atlas
consists of all charts (U, ¢), where U is an open set of R™ and ¢ is Id on it. This
smooth structure on R™ is called the standard smooth structure.

A similar consideration shows that the complex n-space C" is a smooth complex
manifold of complex dimension n.

(2) Vector space. Any real vector space V of dimension n has a canonical
smooth structure generated by the atlas consisting of all linear isomorphisms of V'
onto R™. Note that in this atlas any change of coordinates is a linear map and so
indefinitely differentiable.

(3) Open subset of a smooth manifold. An open set V' of a smooth manifold
M is itself a smooth manifold. The smooth structure is obtained by restrictions of
coordinate charts. If A is a smooth atlas for M, then Ay = {(UNV,9|UNV) :
(U, ¢) € A} is a smooth atlas for V.

(4) Manifold of matrices. Let K denote the field R or C, and M (m,n,K) be
the space of all m x n matrices with entries in K. Taking the entries of matrices
in lexicographic (or dictionary) order we may identify M (m,n,K) with K™" in the
following way:

(aij) « (011,a127 ceey Aln, 021,022, -+ 5,020y - -+ 5 A1, AM2, - - -7amn)-

Thus M (m,n,R) is a smooth manifold of dimension mn, and, similarly M (m,n, C)
is a smooth complex manifold of real dimension 2mn.

IThe terminology is probably due to Carl Friedrich Gauss (1777-1855) who formulated in
mathematical terms the method of drawing maps of earth’s surface.
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(5) General linear group GL(n,K). If n = m, let us write the manifold
of matrices M(n,n,K) as M(n,K). Then, the set GL(n,K) of all non-singular
matrices of order n forms an open subset of M (n, K), since the determinant function
det : M(n,K) — K is continuous, being a polynomial map. Therefore GL(n,K)
is a smooth manifold.

(6) Sphere S™. This is the set of all unit vectors in R"*!
S™ = {($1,...,l‘n+1) S Rn+1 | 1'%+"'+933L+1 = 1}.

A smooth atlas is provided by two open sets Uy and U_ obtained by deleting
from S™ the north pole P = (0,...,0,1) and the south pole Q@ = (0,...,0,—1)
respectively, and the stereographic projections

¢+ U — R", and ¢_ : U_ — R"
from P and @ onto the equatorial plane z, 11 = 0. These are homeomorphisms

given by
Ty Tn
+\T1,...,Tp = geeey 5
¢ ( ! +1) (1:|:xn+1 1:Fxn+1>

and their inverses are
211 2z, 1- ||:E||2>

-1
l‘,...,:L'n = gy 9
0 w20 = (e T2 o TP
Therefore the change of coordinates ¢_ o d);l =¢ 00 ' :R*— {0} — R" — {0}
is given by the smooth map z +— z/ || z ||2.
Exercise 1.3. Show that another smooth atlas of S™ is given by the 2n + 2 co-
ordinate charts (V;*, "), (V,",9;), i =1,...,n+ 1, where V" and V,~ are the
hemispheres
Vi={reS":x >0}, V. ={xeS":z, <0}
and ¢ : V. — R™ and v; : V,© — R™ are the projections onto the hyperplane
(331, .- -7$n+1) = (5517 sy Ti—1, Lit 1, - - - ,$n+1)~

Show that these charts are C* related to the charts (Uy, ¢4) and (U—,¢_) of
Example 1.2 (6).

Example 1.4. The real projective space RP™ This space is the quotient space
of R"*1 — {0} modulo the equivalence relation:

(xos -y xn) ~ (Ax0, ..., Azp), A ER—{0}.

The equivalence classes are 1-dimensional subspaces or lines through the origin in
R Let 7 : R**! — {0} — RP™ be the canonical projection, which maps a
point x to the line containing x, and let RP™ be given the quotient topology so
that m becomes a continuous open map.

For each ¢, 0 < ¢ < n, consider open subset U; of RP™ given by
Ui = {[.’L’(),...,l'n] | xX; 7é 0},

where [zg,...,2,] = 7((zo,...,2,)). This is the set of all lines through the origin
which intersect the hyperplane z; = 1, and this is open in RP™ because

7 (U;) = R"™ — {hyperplane x; = 0}
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is open in R™"*! — {0}. Define ¢; : U; — R™ by
1

di([zo, ..., xn]) = ;(;vo, ey X1y Ty e ey X))
3

Then ¢; is a homeomorphism with inverse given by
o7 1y ) = [0, iy L, Ty T
So the change of coordinates between charts (U, ¢;) and (Uj, ¢;) is
1

—1
djo; (X1,...,%n) = (@1, @ g2y, Ty L Tig1, o0, X)),
Lj+1

assuming for convenience j < . This the family {(U;, ¢;)} is a smooth atlas for
RP™.

Exercise 1.5. Complex projective space CP". This is the set of all 1-
dimensional complex linear subspaces of C**! with the quotient topology obtained
from the natural projection 7 : C"*1 — {0} — CP™. Show that this can be given
a smooth structure analogous to above construction for RP™

Example 1.6. Product of manifolds. If M and N are smooth manifolds with
smooth structures {(U;, ¢;)} and {(V;.,¥,)} respectively, then the Cartesian product
M x N is a smooth manifold with atlas {(U; x V.., ¢; x ¥,)}. Any two such charts
are smoothly compatible, because

(65 X Ws) 0 (ds X )T = (b5 x Ws) 0 (&7 ' x 1) = (¢5 007 1) X (s 09),
which is a smooth map.

In particular, the n-torus 7" = S* x - - - x S (S! appearing n times) is a smooth
manifold.

2. SMOOTH MAP BETWEEN MANIFOLDS

Let M and N be smooth manifolds, and f : M — N a map. Let p € M, and
(U, ¢) and (V,%) be coordinate charts at p and f(p) respectively Then the map
pofod t:p(UNfHV)) — (V) is called a local representation of f at p
for the pair of coordinate systems (¢, ).

Definition 2.1. A map f : M — N is smooth, if its local representation at
every point p € M is a smooth map for some, and hence for all pairs of coordinate
systems ¢ and ¢ at p and at f(p).

Observe that this definition is independent of the choice of coordinate systems.
If f is smooth at p for a pair (¢,), then it is smooth at p for every other pair
(¢1,11). Because, the transition maps ¢ o qbfl and o wfl are smooth, and so the
composition

rofodr!=@rov o (o fog ) o(pogr!)
is smooth.

Lemma 2.2. The composition of smooth maps between manifolds is smooth.
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Proof. For suitable coordinate charts (U, ¢), (V,v), and (W,0) in M, N, and R
respectively, the map

fo(goflog ™t =(0ogoy ™ )o(pofos™t)
is smooth, being the composition of smooth maps between open subsets of Euclidean
spaces. U

Definition 2.3. A map f: M — N is called a diffeomorphism if f is a bijection
and both f and f~! are smooth maps.

For example, if (U, ¢) is a coordinate chart on M, then ¢ : U — R” is a
diffeomorphism onto its image, since its local representation for the pair of charts
(U, ¢) and (¢(U), id) is the identity map.

Smooth maps are defined on open subsets of a manifold. The definition can be
extended over arbitrary subsets of a manifold in the following way.

Definition 2.4. A map f from a subset S of a manifold M to a manifold N is
smooth if it can be locally extended to a smooth map. Explicitly, f is smooth,

if each point p € S admits an open neighbourhood U in M and a smooth map
F :U — N such that F|SNU = f.

The local extendability condition of f is equivalent to saying that all the partial
derivatives of f exist and are continuous, by Whitney’s extension theorem (Whitney,
Trans. Amer. Math. Soc. 36 (1936), 63-89).

Exercise 2.5. Show that if n < m, and R"™ is considered as the subset

{(z1,...y2m) | Tpg1 =+ =2y =0}

of the first n coordinates of R™, then the usual smooth maps on R" and those
obtained by using the above definition are the same.

A map f from a subset S of a manifold M to a subset K of a manifold N is a
diffeomorphism if it is a bijection and both f and f~! are smooth maps.

It follows that a subset S in an Euclidean space R™ is a smooth manifold of
dimension n if it is locally diffeomorphic to R™, that is, if each point of S has an
open neighbourhood in S (in the relative topology) which is diffeomorphic to an
open subset of R™. Here is an example.

Example 2.6. Space of matrices of rank k. Let My, (m,n,R) be the space of all
real m x n matrices of rank k, where 0 < k < min(m, n), with the induced topology
of M(m,n,R). Then My(m,n,R) is a smooth manifold of dimension k(m +n — k).
To see this, take an element Ey € My (m,n,R). We may assume by permuting the
rows and columns, if necessary, that Ey is of the form

[ Ao By
EO_(CO DO>’

where Ag is a non-singular k£ X k matrix. Then, we can find an € > 0 such that if
A is a k x k matrix and if each entry of A — Ay has absolute value less than €, then
A is non-singular. Let

A B .
U= {E = ( c D ) | absolute values of all entries of A — Ay < e}.



A matrix E as above has the same rank as the matrix
Iy, 0 A B\ A B
X Iy ¢ D) \ XA+C XB+D )’
where I, is the k x k identity matrix and X is any (m — k) x k matrix. Taking
X = —CA™!, we find that the rank of E is exactly k if and only if D = CA™1B.

Let V be the open set in the Euclidean space of dimension mn — (m — k)(n — k) =
k(m + n — k) consisting of matrices of the form

(&0)

where each entry of A — Ay has absolute value less than e. Then the map

A B . A B

C CA'B c 0
is a diffeomorphism of the neighbourhood U N My (m,n,R) of Ey onto V. Since
Ey is an arbitrary element of My(m,n,R), Mg(m,n,R) is a smooth manifold of
dimension k(m +n — k).
Exercise 2.7. Show that if M and N are smooth manifolds, and there is a diffeo-
morphism of M onto a subset S of N, then S is a smooth manifold.

Exercise 2.8. The graph of a map f: M — N is the set
L(f) ={(z, f(z)) e M x N | z € M}.

Show that if f is smooth, then the map F' : M — I['(f) defined by F(z) =
(z, f(x)) is a diffeomorphism. Conclude that I'(f) is a smooth manifold. In partic-
ular, the diagonal set A in M x M, which is I'(Id,;), is a smooth manifold.

3. IMMERSIONS AND SUBMERSIONS

Convention. From now on, by a manifold we shall always mean a smooth
manifold, unless it is stated explicitly otherwise. Sometimes we call a manifold M
of dimension n an m-manifold, if it be necessary to specify its dimension.

We recall from calculus the process of derivation which assigns to each differen-
tiable map and each point of its domain a linear map.

Definition 3.1. Let U C R™ be an open set, and @ € U. Then amap f: U — R™
is differentiable at a if there is a linear map L : R™ — R such that

lim 1/ (u) = J;(;t)—alL(u —all _

The linear map L is unique. For, if L' : R® — R™ is another such linear map,
then we have for v # 0

IL@) - V@Il _ L) - D)
ol I
< i L@ 00) = F@) — L@ @t t) = fla) = )] _
& Jeol & Jeol

and so L(v) = L'(v) for all v € R™.
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The linear map L is called the derivative map (or total derivative) of f at
a, and is denoted by df, : R” — R™. Its value at v € R™ is given by
fla+tv) — f(a)
. .

For future reference, we list some well-known results.

dfa(v) = lim

Proposition 3.2. The derivative map enjoys the following properties.

) If df, exists, then f is continuous at a.
(2) If f is a constant map, then df, = 0.
(3) If f is a linear map, then df, = f.
4) If f,g: U — R™ are differentiable at a, then f + g is differentiable at a,
and d(f + g)a = dfe + dgq.-
(5) If \ : U — R oand f : U — R™ are differentiable at a, then \f is

differentiable at a, and d(Af)a = Ma)df, + f(a)d,.

(6) (Chain Rule). If U ¢ R™, V C R™ are open sets, and f : U — V,
g : V — RP are differentiable maps, then their composition g o f is differ-
entiable, and, for each a € U,

d(go fla= dgf(a) o df,.

If m =1, and (aq,...,a,) is an orthonormal basis of R" with coordinate
functions uq,...,u, so that, for p € R™, w;(p) = (p,a;) is the i-th coordinate
of p, then df,(a;) is the i-th partial derivative 9f/0u;(a) of f at a. Setting
v = + -+ v,0, We have

0 0
Ualv) = 01 5-@) + -+ 1),
by the properties (2), (4), and (5).
In general, if (51,...,0m) is an orthonormal basis of R™ so that

Flw) =" fi(u)s;,
=1

where the components f; : U — R are continuous and satisfy f;(u) = (f(u), 8;),
then df, exists if and only if df;, exists, and in that case

dfa(v) =Y dfia()Bi = (Ul 21{1 (@) +--+ vngji (a)) Bi.
i=1 "

i=1

It follows that the matrix of the linear map df, with respect to the bases o; and f3;

is the Jacobian matrix
([ 9fi
1@ = (Fw).

Note that f: U — R™ is a C'-map if and only if the map df : U — L(R",R™)
sending a to df,, where L(R™ R™) denotes the vector space of linear maps from
R™ to R™, is continuous.

Let f be a smooth function from an open set V' of an n-manifold M into R. Then,
for every chart (U, ¢) on M with U NV # 0, the function fo¢=!:¢(UNV) — R
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is smooth. If ¢ = (1,...,2,), T; = u; o ¢, then the partial derivative of f with
respect to x; at p € U NV, is defined by
of .\ 9(foo ")

Let M and N be manifolds of dimension n and m respectively. If f : M — N is
a smooth map, and ¢ = (z1,...,2,) and ¥ = (y1,...,Ym) are coordinate systems
in M and N respectively, then the functions f; = y; o f of x1,...,x, are called the
components of f. The Jacobian matrix of f relative to the pair of coordinate
systems (¢, 1) is defined to be the m x n matrix

Ofi
= (‘9%) '

Note that this is nothing but the Jacobian matrix Jg of the local representation
g =1ofogp~t. Therank of f at pis defined to be the rank of J f(p). The definition
is independent of the local representation of f. This may be seen easily. Suppose
that g = 1o fopLand ¢ =1 o fo @' ' are two local representations of f at p
for the pairs of coordinate charts (U, ¢), (V,) and (U’,¢'), (V',4’) respectively.
We may suppose that U = U’ and V = V', by replacing U, U’ by U NU’ and V,
V' by VNV’ Then ¢’ = (' op~)ogo(po ¢’_1). This proves the assertion, since
$pod " and ¢’ o9p~! are diffeomorphisms.

We will now prove some theorems which will provide the keys to understanding
the local behaviour of a smooth map of maximum rank.

Theorem 3.3 (Inverse Function Theorem). Let M and N be manifolds of the
same dimension n, and f : U — V be a smooth map, where U and V are open
sets of M and N respectively. Then, if rank f =n at a point p € U, there exists an
open neighbourhood W of p in U such that flW is a diffeomorphism onto an open
neighbourhood of f(p) in V.

Proof. The theorem is just the Inverse Function Theorem of Calculus when M =
N = R"™, and its proof follows trivially from this special case. By hypothesis, any
local representation g = 1o fo¢~! of f has rank n at the point ¢(p), and therefore
there is an open neighbourhood W’ of ¢(p) on which g is a diffeomorphism. Then
the restriction of f to W = ¢~ 1(W’) is also a diffeomorphism. O

The next theorem generalizes this result, when dim M < dim N.

Definition 3.4. Let M and N be manifolds of dimension n and m respectively.
A smooth map f: M — N is called an immersion at p € M if n < m and rank
f=mnatp. It is called a submersion at p if n > m and rank f = m at p. The map
f is called an immersion, or a submersion, if it is so at each point of M.

Also, f is called an embedding if it an immersion, and a homeomorphism onto
its image f(M). If n = m, then a surjective embedding is a diffeomorphism.

Examples 3.5. (1) If n < m, the standard inclusion map i : R® — R™ given by
(1,...,2n) — (21,...,2,,0,...,0) is an embedding. It is called the canonical
embedding.



(2) If n > m, the projection map s : R” — R™ onto the first m coordinates
given by (z1,...,2,) — (x1,...,Zy) is a submersion. It is called the canonical
submersion.

The following examples show that an injective immersion may not be an embed-
ding.

Example 3.6. The map f : [0,27] — R? given by f(t) = (sin2t, —sint) is an
immersion. As t varies from 0 to 27, the image point traces the lower half of the
figure “8” in the clockwise direction, and then traces the upper half in the anti-
clockwise direction. (The Cartesian equation of the curve is 2% = 4y*(1—9?).) It is
not an embedding, because there is a crossing at the origin. The restriction f|(0, 27)
is an injective immersion, but not an embedding, as it is not a homeomorphism onto
its image (the ends are not joined). However, the restriction f|(0, ) is a embedding,
as the image is the lower half of the figure ‘8’ without the origin.

Example 3.7. Consider the map f : R — S x S! given by
f(t) — (EQﬂiat7 eZﬂ'i[jt)7

where «/( is irrational, The map is an immersion, since df /dt is never zero. It is
injective, since f(t1) = f(¢2) implies that both a(¢; —t2) and B(t; —t2) are integers,
which is not possible unless ¢; = t5. It is not hard to show that the image f(R)
is an everywhere dense curve winding around the torus S' x S!. Therefore f is
far from being an embedding, because the image of an embedding cannot be dense
(see Proposition 4.5 below).

Note that the fact that R is not compact plays an essential role in these examples.
Indeed, we have the following simple result.

Exercise 3.8. Show that if M is a compact manifold, then any injective immersion
M — N is an embedding.

Definition 3.9. Two smooth maps f : M — N and f' : M’ — N’ are called
equivalent up to diffeomorphism if there exist diffeomorphisms ¢ : M — M’ and
¥ : N — N’ such that ypo f = f' 0 ¢.

We will show in the next two theorems that any immersion is locally equivalent
to a canonical embedding, and any submersion is locally equivalent to a canonical
submersion.

Theorem 3.10 (Local Immersion Theorem). Let M and N be manifolds of
dimension n and m respectively. If f : M — N is an immersion at p € M, then
there is a local representation of f at p which is the canonical embedding i.

Proof. Let g = 1o fop™! be a local representation of f at p for a pair of coordinate
systems (¢,v). We may suppose without loss of generality that ¢(p) = 0 and
¥(f(p)) = 0, and that the matrix of g at 0 is of the form

g0 = (5 )

where A is a non-singular n x n matrix (the last condition may be realized by
permuting the coordinates in v, if necessary). By changing the coordinates in R™
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by a linear transformation R™ — R™ whose matrix is
y

AL o)
~BA™' I, )’

where I,,,_,, is the identity matrix of order m —n and O is a null matrix, the matrix
Jg(0) may be given the following form

(éifl If—)<g>:(é)

Define a map h: U x R™™" — R™ where U is the domain of g in R™, by
h(z,y) = g(x) + (0, y).

Then g = hoi, where i : R™ — R™ is the canonical embedding x — (z,0), and the
matrix Jh(0) is I,,. By the inverse function theorem, h is a local diffeomorphism
at 0 € R™, and we have

Ypofop t=g=hoi= (htop)ofop =i

Thus the local representation of f at p for the pair of coordinate systems (¢, h~1 o))
is the canonical embedding . [

The following exercise points out that locally there is no distinction between
immersion and embedding.

Exercise 3.11. Show that if f : M — N is an immersion, then each point p € M
has an open neighbourhood U such that f|U is an embedding.

Theorem 3.12 (Local Submersion Theorem). Let M and N be manifolds of
dimension n and m respectively. If f : M — N is a submersion at p € M, then
there is a local representation of f at p which is the canonical submersion s.

Proof. As before, suppose that g = ¢ o f o ¢~! be a local representation of f at p
for a pair of coordinate systems (¢, ) such that ¢(p) = 0, ¥(f(p)) = 0, and that
the Jacobian matrix of g at 0 is

Jg(0)=(In O),

after a linear change of coordinates in R™. Then, the map h : U — R" given
by h(z) = (9(x), Tm+1,- - -, Tn) has the Jacobian matrix I,, at = 0, and we have
g = soh. Therefore 1) o f o (ho¢)~! is the canonical submersion s. (I

Exercises 3.13. (a) Show that any submersion is an open map (i.e. maps an open
set onto an open set).

(b) Show that if M is compact and N is connected, then any submersion f :
M — N is surjective.

(c) Show that there is no submersion of a compact manifold into an Euclidean
space.

Proposition 3.14. Let M, N, and P be manifolds, and f : M — N be a surjective
submersion. Then a map g : N — P is smooth if and only if the composition
go f: M — P is smooth.
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Proof. If g is smooth, then g o f is smooth by composition. To prove the converse,
note that g is necessarily continuous, and, since the problem is local, we may
suppose that f is the projection (z1,...,z,) — (21,...,2) from R™ onto R™,
where n = dim M, m = dim N, and n > m. Then, by hypothesis, the map go f :
(1,...,xn) — g(x1,...,@y) is smooth. Therefore the map ¢ : (x1,...,2m) —
g(z1,...,2y) is smooth. This means that g is smooth on f(M), and hence on N,
since f is surjective. O

Exercise 3.15. Show that if f and g are as in this proposition, then g is a sub-
mersion if and only if their composition g o f is a submersion.

Exercises 3.16. (a) Show that if f : M — N is a surjective submersion, then
for each € M there exist an open neighbourhood U of f(z) in N, and a smooth
map g : U — M such that f o g is the identity map on U.

The map g is called a local section of f.

(b) Suppose that f : M — N is a smooth map such that every point of M is
in the image of a smooth local section of f. Show that f is a submersion.

Exercise 3.17. If f : M — N is amap and y € N, then f~1(y) is called the fibre
of f over y. Suppose that f is a surjective submersion. Show that if g : M — P
is a smooth map that is constant on the fibres of f, then there is a unique smooth
map h: N — P such that ho f = g.

Exercise 3.18. Show that a smooth map f: M — N is a diffeomorphism if and
only if it is bijective and a submersion.

Exercise 3.19. Let M, N, and P be manifolds, and f : M — N be an immersion.
Then show that a continuous map ¢g : P — M is smooth if and only if their
composition fog: P — N is smooth.

Exercise 3.20. Prove the implicit function theorem in the following form. If
f:U— R, U open in R, is a smooth map with f(p) = ¢ and 9f/0u,;(p) # 0 for
some 4, then there is a smooth function

u; = g(ul, ey Ug—1yUj4-1y -+ vy ’U,n)

whose graph in some open neighbourhood of p in U is the set of solutions of the
equation f(u) = q.

4. SUBMANIFOLDS

Definition 4.1. Let N be an m-manifold. Then a subset M of N is called a
submanifold of dimension n if for each point p € M there is a coordinate chart
(U, ¢) at p in N such that ¢ maps M N U homeomorphically onto an open subset
of R® C R™, where R"™ is considered as the subspace of the first n coordinates in
Rm

R ={(z1,...,2m) ER™ | Zpy1 =+ = xp, = 0}.

Then the collection

{MNU,¢|MNU) | (U,¢)is achart in Ny, M NU # 0}

is a smooth atlas of M.
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Exercise 4.2. Show that a submanifold M of a manifold N is a second countable
Hausdorff space.

Lemma 4.3. Let M and N be manifolds of dimension n and m respectively. If M
is a submanifold of N, then for each point p € M there is an open neighbourhood
U of pin N and a submersion g : U — R™™" such that g~1(0) = M NU.

Proof. By the above definition, there is a coordinate chart ¢ : U — R™ about p
in N such that if R™ = R" x R™™" then ¢} (R" x {0}) = M NU. Then g = 7o ¢,
where 7 : R™ — R™™" is the projection onto the second factor, is a submersion
with g71(0) = M NU. O

Proposition 4.4. A subset A of an m-manifold N is a submanifold if and only if
A is the image of a smooth embedding f : M — N, where M is an n-manifold
and n < m.

Proof. If A is a submanifold of N, then it follows from the natural smooth structure
on A derived from that of N that the inclusion of A in IV is a smooth embedding.
Conversely, suppose f : M — N is a smooth embedding and A = f(M). Then,
by the local immersion theorem, for each p € M there exist a coordinate system
Y1, -+, Ym in an open neighbourhood V of f(p) in N such that ANV = {q €

V0ynt1(q) = -+ = ym(q) = 0}, and the restrictions of the remaining coordinate
functions yi,...,yn to ANV form a local chart on A at f(p). Therefore A is a
submanifold of N. O

Proposition 4.5. If M is an n-dimensional submanifold of an m-manifold N
where n < m, then M is not a dense subset of N.

Proof. There is a coordinate chart (V1) of N such that U = M NV is non-empty,
and ¥ (U) C R™ x {0}. Then the non-empty open set 1~ }(R™ x (R™~" — {0})) of
N lies in V' and does not intersect U. So M cannot be dense in N. O

Exercises 4.6. Let M, N, and P, denote manifolds. Then show that

(1) if f: N — P is a smooth map, then the restriction f|M is also smooth;
moreover, if f is an immersion, then f|M is also an immersion.

(2) if M is a subset of N such that the inclusion M < N is an immersion, and
f: P — N is a smooth map with f(P) C M, then the map f: P — M obtained
by restricting the range of f may not be continuous. However, if

f:P—M
is continuous, then it is also smooth.

Definition 4.7. Let f : M — N be a smooth map. Then a point p € M is
called a critical point of f if f is not a submersion at p. Other points of M are
called regular points of f. A point ¢ € N is called a critical value of f if f~1(q)
contains at least one critical point. Other points of N (including those for which
f~1(q) is empty) are called regular values of f.

Theorem 4.8 (Preimage theorem). . Let M and N be manifolds of dimension
n and m respectively, where n > m. If q is a regqular value of a smooth map
f:M — N, then f=1(q) is a submanifold of M of dimension n —m.
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Proof. Since f is a submersion at a point p € f~!(q), we can choose local co-
ordinate systems about p and ¢ such that f(z1,...,z,) = (z1,...,2m), and ¢
corresponds to (0,...,0). Therefore, if U is the coordinate neighbourhood at p
on which the functions w1, ..., z, are defined, then f~'(q) N U is the set of points
(0,...,0,Zms1,---,%y). Thus the functions 41, - . .,x, form a coordinate system
on the relative open set f~(q) NU of f~1(q). O

We may apply the theorem in the following situation. Let m > n, and N be
an m-manifold. Let f : N — R™~" be a smooth map. Then M = f~1(0) is the
solution set of the system of equations

fil@y,.oo,zn) =0, 0oy frnen(@1, . o 2n) =0,
where f; : N — R are the components of f.
Proposition 4.9. If f, N, and M are as above and rank f = m —n at each point
of N, then M is an n-dimensional submanifold of N.

Proof. The proof follows immediately from the previous theorem. O

The converse is true locally.

Proposition 4.10. Fvery n-submanifold M of an m-manifold N is locally definable

as the set of common zeros of a set of functions fi,..., fin_n : U — R such that
afi\ _
rank =m—n,
85Ej

where U is a coordinate neighbourhood in N of a point in M with coordinates
Llyeres Loy

Proof. The proof follows immediately from the local immersion theorem. If p € M,
then there exists local coordinate system x1, ..., x,, defined on a neighbourhood U
of p in N such that M NU is given by the equations

$n+1:0,...7$m20.

5. TANGENT SPACES AND DERIVATIVE MAPS

Let U be an open set of a manifold M, and C*°(U) denote the set of all smooth
functions from U to R. Let p € M, and C°°(p) be the union of all C*°(U) as
U runs over all open neighbourhoods of p. This is an algebra over R, because if
feC=U),and g € C®(V), then f+g,fg € C®°(UNV), and A\f € C(U) for
all A € R. Two functions f and g as above are said to be equivalent (or have
the same germ at p) if f = ¢ in a neighbourhood of p. The quotient set C°°(p)
of 5”(1)) under this equivalence relation is also an algebra, called the algebra of
germs of smooth functions at p.

In fact, C™(p) is the quotient algebra C°°(p)/C5°(p), where C5°(p) is the ideal
consisting of functions which vanish in a neighbourhood of p (neighbourhood de-
pending on the function).
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Definition 5.1. A tangent vector of M at a point p € M is the geometric name
of what is called a derivation of the algebra C*°(p) on R. It is a linear functional
Xp : C(p) — R satisfying the Leibniz formula

Xp(fg) = f(p) - Xp(9) +9(p) - Xp(f), fr9€C>(p).

The formula implies that if f is a constant function, then X, f =0 for all p € M.

The set 7(M), of all tangent vectors of M at p is called the tangent space
of M at p, or the space of derivations at p. It is a vector space over R, where
the vector space operations are defined by (X, + Y,)(f) = X,(f) + Y,(f), and
(AX,)(f) = AXp(f) for X, Y, € T(M),, f € C(p), and XA € R.

The geometric picture behind the definition will be clear after we prove that the
dimension of the vector space 7(M), is n, which is also equal to the dimension of
M.

Proposition 5.2. If ¢ = (x1,...,z,) is a coordinate system in M at p, then the
operators

5] s0%0) — R i=1n,

defined by f — (0f/0x;)(p) are tangent vectors of M at p, and they form a basis
of the vector space T(M),.

Here (0f /0x;)(p) is the partial derivative as defined in §3, p. 8.

We first prove a lemma.

Lemma 5.3. ! Let a € R" and f € C*°(a). Then there exist functions gi,...,gn €
C>®(a) and a neighbourhood U of a in R™ contained in the intersection of the
domains of f,g1,...,gn such that g;(a) = (0f/0u;)(a),1 <i<n, and

f(u) = fla) + Z(u —ui(a)) - gi(u),u €U,

where u = (uq,...,uy,), u; : R® — R, is the coordinate system in R™.

g9i(u) = /01

This is C*° in a neighbourhood of a, and g;(a) = (0f/0u;)(a). Therefore
1

d
f(u) = fla) = ; o/ (tu—a) +adt

1 n 8f o
/o {; Ou; (t(u —a) +a) - (ui —wi ))}dt

= Zgl(u) (i — ui(a)).

Proof. Define

g{i (t(u — a) + a)dt.

IThe lemma is not true for C™ manifolds where r < 00, because the functions g; may not be
always C”. In this case the space of derivations at p is infinite dimensional, and the tangent space
is defined to be the space spanned by [0/0x;]p, see W.F. Newns and A.G. Walker, Tangent planes
to a differentiable manifold, J. London Math. Soc. 31 (1956), 400-407.
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O

Exercise 5.4. Show that if a € R™ and f € C*(a), then there exist functions
Aij € C*(a), and a neighbourhood U of @ on which f and \;; are defined such that
Nij(a) = (8% f/Ou;0uj)(a), and if u € U then

) = £(a)+ 30 = ) - (a) + 3 (s = i) — ) - iy

Proof of the Proposition. That the operators [0/dz;], are tangent vectors is imme-
diate from the definition. Next, for any f € C°°(p), use the lemma to write fo¢~!
in a neighbourhood of a = ¢(p) as

foo Tl (u)=fod ™ (a)+ Z(u —ui(a)) - gi(w),

where g; is a C'*° function in a neighbourhood of a with

gi(a) = (0(f o o™ 1)/Ou;)(a).

Transferring this relation to a neighbourhood of p in M, write
f@)=fp)+ Y (2 — 2i(p)) - ha(2),
i=1

where h; = gi o ¢ € C®(p) with hi(p) = gi(a) = (9f/9z:)(p). Now apply a
derivation X, € 7(M), to f using the Leibniz formula :

(recall that X,(c) = 0 for any constant function ¢). Thus in terms of the coordinate
system (z1,...,%,), X, takes the form

63 2]

Now [0/0;],(x;) = (O(ujopod™)/0u;)(a) = &;; (Kronecker delta). Therefore the
vectors {[0/0x;],} are linearly independent, as may be seen by evaluating a linear
combination of these vectors on z; in turn. (]

It follows that if U is an open neighbourhood of p, then 7(U), = 7(M),, because
the definition of 7(M), uses only C*°(p), and not the entire M. Also, the tangent
space 7(M), is isomorphic to R™, where [9/0x;], corresponds to the i-th unit
coordinate vector of R™, and therefore the tangent space 7(R™), can be identified
with the set of all pairs (p,v), where v € R™.

A smooth curve in M is a smooth map o : I — M, where I is an open
interval in R. For each ¢y € I, o gives rise to a tangent vector 7 (o) : C*°(p) — R
of M at p = o(ty) defined by

o)) = |

which is the derivative of f along o at p. The components of o(t) with respect
to a local coordinate system (z1,...,2,) at p are the real-valued functions o;(t) =

d

@l .

t=to
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x;(o(t)), and their derivatives d;(to) = (d(o;(t))/dt)(to) are the components of the
tangent vector &(ty) with respect to the basis [0/0x;],. Because, if (U, ¢) is the
coordinate chart at p for which ¢ = (21, ...,2,), ; = w00, then 0;(t) = z;(c(t)) =
u; o ¢(o(t)), and therefore, by chain rule

S = E[(fos o (on)])

ogp! U; OP oo
= S A ) oot L1222 )

We also say that &(tg) is the tangent vector or velocity vector of o at o(tg).
In the case when M = R", this vector may be viewed as a line segment from o (o)
to o(tg) +(tg). Conversely, any tangent vector to M at p is associated to a smooth
curve in this way. For, if ¢ = (x1,...,x,) is a coordinate system at p, then a vector
> vil0/0x;], € T(M), is clearly tangent at p to the curve

t ¢~ (@1 (p) + tor, ..., 2 (D) + tun).

We may therefore define a tangent vector to M at p alternatively as follows.
Consider the set of all smooth curves ¢ : I — M, where I is an open interval
containing 0, such that ¢(0) = p. Define an equivalence relation in this set by
taking two curves o and 7 to be equivalent if 6(0) = 7(0). Then a tangent vector
to M at p is an equivalence class of curves.

Exercise 5.5. Check that the relation on the set of all smooth curves as defined
above is indeed an equivalence relation.

Example 5.6. Let ( , ) denote the standard inner product in R"*!. Then the
n-sphere S™ in R"*! is given by

S = {v € R" (v, v) = 1}.
Consider a smooth curve o : I — R"*! so that o(s) € S™ for all s € I, and

o(0) = p. Then (o(s),o0(s)) = 1. Differentiating this relation with respect to s at
s =0, we get

(6(0),0(0)) 4 (¢(0),5(0)) =0, or (¢(0),c(0)) = 0.

Since ¢(0) is a vector in 7(S5™),, the above relation says that 7(S™), is the hyper-
plane in R"*! orthogonal to o(0) = p.

Definition 5.7. If f : M — N is a smooth map between manifolds, then the
derivative map or differential of f at a point p € M is a linear map df, :
7(M), — T(N)(p) defined by

dfp(Xp)(9) = Xp(go f), Xp € T(M)y, g € C=(f(p))-

Taking X, as the velocity vector ¢(0) of a smooth curve o in M at ¢(0) = p
with parameter ¢, the definition may be given in the following alternative form:

& (5(0)(9) = 5 (90 F(o(1))(0).
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We may rephrase the previous definition of the velocity vector ¢(0) as follows
d
5(0) = doo( 5

where dog : 7(I)g = R — 7(M), is the derivative map of ¢ at 0, and d/dt is the
basis of R. Because

doo () (0) = S 6(0(1))(0) = 5(0)(a).

Let (U, ¢) with ¢ = (x1,...,2,), ; = u; o ¢, be a coordinate chart at p, and
(V,9) with ¥ = (y1,...,Ym), ¥j = vj 09, be a coordinate chart at ¢ = f(p), where
u; (resp. v;) are the coordinate functions on R™ (resp. R™). Then

df([«ic}) 6) = 6o DB) = (g0 £ 00700

9]
S(gou v o foo ) (6() =
where = o fo ¢l : g(U) — (V), and g = gov=" : (V
maps. By the chain rule, the last expression is equal to

" Of . af 89

o (50 )60

— R are smooth

j=1
Therefore

3] of1 0 Ofm 0
; _ 9 AN
& <|:8$i]p> oz, ) {5y1]f(p> et W bym}f@)

Therefore the i-th column vector of the matrix of the linear map df,, with respect
to the bases [0/0x;], and [0/0y;] () of the tangent spaces 7(M), and 7(N) () is

(e 520)

Therefore the matrix of df, is the Jacobian matrix of f at p, as defined in §(1.4)
ofi
J
0w = (5w

0
Thus if we represent a tangent vector X, = >, ai(a—) by the n x 1 matrix
Li/p

A = (a;), then the tangent vector df,(X,) is represented by the m x 1 matrix
(Jf)(p) - A. In particular, for the coordinate chart (U, ¢),

d(bp(;ai(aii)p) = (a1,...,an),
If f: M — N and g : N — L are smooth maps of manifolds, then
d(go flp =dgsp) o dfy, peM.
For. if X, € 7(M), and h € C*®(g(f(p))), then
d(go f)p(Xp)(h) = Xp(hogo f) = dfp(Xp)(hog) = dgs) (dfy(Xp))(h).

In terms of local coordinates this computation exhibits the chain rule and the
multiplicative behaviour of Jacobian matrices.
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6. TANGENT BUNDLES AND VECTOR FIELDS

Definition 6.1. The tangent bundle 7(M) of M is the disjoint union of all
tangent spaces 7(M), as p runs over M.

This is the set of all ordered pairs (p,v) such that v € 7(M),. The map = :
7(M) — M, given by (p,v) — p, is called the projection map of the tangent
bundle. The following theorem shows we can pull back the differential structure on
M by m to obtain a unique differential structure on 7(M).

Theorem 6.2. If M is a manifold of dimension n, then its tangent bundle (M)
18 a manifold of dimension 2n.

Proof. Each chart (U, ¢) of M determines a map 74 : 7 (U) — ¢(U) x R™ C
R™ x R™ given by 74(p,v) = (¢(p), d¢p(v)). Clearly, 74 is a bijection with inverse
Tgl given by 7, ' (a,w) = (p,d¢, ' (w)) where p = ¢~'(a). For two compatible
charts (U, ¢) and (V,v) of M, the map 7 orgl HUNV)XR® — p(UNV) xR
is given by
Ty 07y (a,w) = Ty(pde, " (w))

= (V(p), dp o do, (w))

= (o9 '(a),dipy0dg,  (w)),
where p = ¢~!(a). Therefore 7y o del is a homeomorphism. It follows that 7(M)
has a unique topology which makes each 74 a homeomorphism. Moreover, since

Ty o7'¢_1 is a diffeomorphism, the family of charts {(7~*(U), 74) } constitute a smooth
atlas on 7(M). Thus 7(M) is a smooth manifold. O

Exercise 6.3. Complete the proof of the above theorem by showing that 7(M) is
second countable and Hausdorff. Also show that the projection 7 : 7(M) — M is
a smooth map.

Exercise 6.4. Show that a smooth map f : M — N between manifolds induces
a smooth map df : 7(M) — 7(N) which is defined by df (p,v) = (f(p), dfp(v)).

Definition 6.5. A vector field X on M is a map X : M — 7(M) such that the
value of X at p € M is a tangent vector X, € 7(M),.

For any f € C*°(U), a vector field X defines a function Xf : U — R by
(Xf)(p) = Xp(f). A vector field X is called a smooth vector field if, for every
p€ M, feC™(p) implies X f € C*(p) also.

Thus a smooth vector field X may be considered as a map

X:C®(M)— C®(M)
given by f — X f. We have

(i) X(Af 4+ pg) = AX [+ pY f,

(ii) X(fg9) = f(Xg) + (X [)g,
for f,g € C*(M), and A\, u € R.

Exercise 6.6. Show that a smooth vector field X on M is completely determined
by its action on smooth functions on M satisfying the above properties (i) and (ii).
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Exercise 6.7. Show that if f is a constant function, then X f = 0.

The set of all smooth vector fields on M is denoted by 3€(M). This is a module
over the ring C°° (M), where the module operations are given by

(X+Y)f=Xf+Y/[, and (fX)g = f(Xyg),
for X,Y € (M) and f,g € C>*(M).
If (U,¢) is a coordinate chart in M with ¢ = (x1,...,2,), then for each ¢ =
1,...,n, the assignment p — [0/0z;], is a smooth vector field 9/0xz; on U. The

tangent vectors ([0/0x;],) are linearly independent at each point p € U. Therefore,
if X is a vector field on U, then X may be written as

- 0
X = Xy —.
The functions Xx; are called the components of X.

Exercise 6.8. Show that a vector field X is smooth if and only if its components
Xa; are smooth for every coordinate system ¢.

Lemma 6.9. If X is a smooth vector field on an open neighbourhood U in M, and
p € U, then there is an open neighbourhood V' of p in U, and a smooth vector field
X on M which agrees with X on V.

Proof. Let K be a closed neighbourhood of p in U, and let V be the interior of
K. Then, by the Smooth Urysohn’s Lemma (see Lemma 1.7 (Part 2)), there is a
smooth function ¢ : M — R with support in U such that ¢ = 1 on K. Then
define a vector field X on M by

X(@) = ¢@)X(9)ifqeU
= 0ifq¢U
Clearly this is the required vector field. O

7. MANIFOLDS WITH BOUNDARY

We extend the notion of manifolds so as to include manifolds with boundary.
For example, the disk D™ = {# € R™ | ||z|]| < 1} is a manifold with boundary which
is the (n — 1)-sphere

St ={z e R" | ||z|| = 1}.

Let R and OR"} denote the subsets of R™ given by
RY = {(x1,...,2,) € R" | 2y >0}, ORY} = {(21,...,2,) € R" | 2y = 0}.

We call R the half space of R™, and R’} the boundary of R’} ( a more general
definition says that a half space in R™ is an affine hyperplane, but we will not
consider this). Note that we may identify OR} with R"~! C R™.

Lemma 7.1. Any linear isomorphism R"™ — R", which maps OR'} onto itself,
maps R’ onto itself.
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Proof. The proof is obvious. Because, we may identify OR"} x R with R™ by the
linear isomorphism a(vg,r) = vg + re1 (e = unit vector along the first coordinate
axis), so that R = a(0R} x R,). O

If U is an open subset in R”, then its boundary OU is the subset OU = U NORY,
and its interior Int(U) is the subset Int(U) = U — 9U. Thus Int(U) is open in R™,
and OU is open in R* 1.

We may define smooth maps on open subsets of R’} by means of Definition
2.4. Thus a map f : U — V, where U is open in R} and V open in R7, is
smooth if for each x € U there exist an open neighbourhood U; of z in R™, an
open neighbourhood V; of f(z) in R™, and a smooth map f; : U3y — V; such that
fAlUNU = flUNU;.

The notion of derivative of map also extends naturally. Consider a smooth map
f:U — R™, where U is open in R. Then, if z € Int(U), we already know what
is df,. If x € 9U, then, since f is smooth at x, f extends to a smooth map F' in
an open neighbourhood of z in R™. In this case, we define df, to be the derivative
map dF}, which is a linear map from R" to R™. The definition is independent of
the choice of the extension F', that is, if F’ is another local extension of f, then
dF) = dF,. To see this, note that if V and V' are the domains of F' and F’
respectively, and if {z;} is a sequence of points in V' NV’'NInt(U) converging to z,
then, since F and F” agree on VN V'NInt(U), we have dF,; = dFy , as sequences in
the vector space L(R™, R™) of linear maps from R™ to R™. This implies, as j — oo,
that dF, = dF,, because the derivative maps dF, dF': VNV’ — L(R",R™) are
continuous.

It follows that the definition of differentiability of f : U — R™ at a point
p € U may be obtained from Definition 3.1, just by supposing U is an open subset
of the half space R’} and keeping the other things the same. The derivative map
dfy : R" — R™ in the new situation will have the same properties (1)-(6) of
Proposition 3.2.

Exercises 7.2. Show that
(1) if f: U — R™ is differentiable at a € U, where U is open in R, then

fla+tv) = f(a)

dfe(v) = tli%l+ . if v e RY
_ hmwif_veﬂyi_
t—0— t

(2) if f,g: U — R™ are differentiable maps, where U is open in R”, such that
f and g agree on U NRY, then df, = dg, for a € U NRY.

Lemma 7.3. If f: U — R is differentiable, where U is open in R™, such that
f maps a € U into f(a) € ORT, then df, maps R™ into ORT.
Proof. Let v € R™. Then

dfa(v) = tlg% w'
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Therefore given an € > 0, there is a § > 0 such that if a + tv € U, then
fla+tv) — f(a)

Jaat0) = F==22 < e
for all t € (=4,9), t # 0. Write
up = df,(v) — M

t )
where ¢t is as above. Then

t(dfa(v) — u) = fla+tv) = f(a).
Let F[v] denote the first coordinate of the vector v. Then,
since —f(a) € ORT C RY, and f(a +tv) € RY, we have

t- Fildfo(v) — u] = Fi[f(a+tv) — f(a)] > 0.
Therefore, if 0 < t < 6, then
Fi[df,(v)] > Filut] > —e,

and if —§ <t < 0, then

Fildfa(v)] < Filw] < e.
Therefore —e < Fy[dfq(v)] < €, and as € — 0, we have Fi[df,(v)] = 0. Therefore
dfa(v) € ORT. O

Theorem 7.4. (Invariance of Interior and Boundary). Let f : U — V be a
diffeomorphism, where U and V are open subsets of R"}, then

(a) x ¢ OU < f(x) ¢ OV,
(b) f | Int(U), and f | OU are diffeomorphisms.

Proof. The derivative map df, : R™ — R" is an isomorphism for each a € U, by the
functorial properties of derivative (Proposition 3.2). Therefore, by the preceding
lemma, no interior point of U can be mapped onto a boundary point of V', and
conversely. Thus f induces bijections IntU — IntV and 0U — 0V. These are
actually diffeomorphisms, because the restriction of f to any subset of U is always
a smooth map.

O

Definition 7.5. A second countable Hausdorff space M is called a smooth n-
manifold with boundary if is satisfies all the conditions of a smooth manifold,
with the exception that now we allow coordinate neighbourhoods to map onto open
subsets in R} .

If ¢ : U — V C RY} is such a coordinate chart, where U is open in M and V'
is open in R}, then a point of ¢~1(dV) is called a boundary point for the chart
(U, ¢). The definition does not depend on the chart. For, if (U, ¢) and (V,)) are
two coordinate charts around xz € M with ¢(z) € OR?} and 9(x) € Int(R"}), then
the diffeomorphism v 0 ¢! will map a boundary point of R? onto an interior point
of R%t. This is not possible by the invariance of boundary as described in Theorem
7.4. The collection of all boundary points is the boundary of M, which is denoted
by OM.

Theorem 7.6. The boundary OM of an n-manifold M is a manifold of dimension
n—1, and OM has no boundary.
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Proof. We have already seen that if z is a boundary point with respect to one co-
ordinate system, then it remains a boundary point relative to any other coordinate
system. If ¢ : U — V C R is a coordinate chart in M, then ¢—(8V) = U NOM
is an open set in OM, and (U N M, )\ o ¢) is a coordinate chart for M, where
A ORY — R™ ! is a linear isomorphism. The collection of all such charts is a
smooth atlas on M. Thus the boundary OM is a manifold of dimension n—1. [

The interior of M is the set IntM = M — OM. It is a manifold of the same
dimension as M, and it has no boundary.

Exercise 7.7. Show that if f: M — N is a diffeomorphism, then f(OM) = 0N
and f(IntM) = IntN.

The notion of submanifold can also be extended.

Definition 7.8. An m-submanifold N of an n-manifold M with boundary satisfies
the same conditions as when M is without boundary, except that, for every coor-
dinate chart (U, ¢), ¢ : U — R}, ¢~ *(R7") = U NN, where R7" is the subspace of
the first m coordinates in R7}.

A map on a manifold with boundary is smooth, if it is locally extendable to a
smooth map. The concepts of rank, immersion, submersion, embedding, and dif-
feomorphism remain exactly the same as before. However, there are two kinds of
submanifolds N of M arising from two kinds of embeddings, namely, embeddings
of a manifold into a manifold without boundary, or embeddings of a manifold into
a manifold with boundary. Consider, for example, a closed interval I embedded in
R%; I may lie entirely in Int(R"} ), or I may have a boundary point in OR’. The
two cases are essentially distinct, although Proposition 4.4 holds for each of them.
For example, given two submanifolds of R} of the first kind, there exists a diffeo-
morphism of R} carrying one to the other, but there cannot exist a diffeomorphism
of R" carrying a submanifold of the first kind into one of the second kind (why?).

In general, there is no relation between N and OM, when N is a submanifold
of M. We define a special kind of submanifold N whose boundary is nicely placed
in the ambient manifold M.

Definition 7.9. An m-submanifold N of an n-manifold M is a neat submanifold
of M if N is a closed subset of M, and

(a) each point p € N has a chart (U, ¢) at p in M, where ¢ : U — R, such
that ¢~ '(R7) =U NN,

(b) each point p € ON has a chart (U, ¢) at p in M, where ¢ : U — R}, such
that ¢~1(OR™) = U N AN,

The definition implies that N meets OM in the same way as R’} meets OR’}.
Indeed, OR = R N ORY implies ON = N N OM. In particular, if 9N = 0, then
N is disjoint from 0M, and so N is a submanifold of IntM. Note that a curve with
end points in a manifold with boundary is not a neat submanifold of M unless its
end points lie in OM.

Exercise 7.10. Show that a closed subset A of an n-manifold M is a neat sub-
manifold of dimension m if and only if at each point p € A there is a chart (U, ¢) in
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M and a submersion f: U — R™ ™ such that f is also a submersion on U NOM,

and f~1(0) = U N A.

Exercise 7.11. Extend Definition 4.7 of regular value of a smooth map
fM— N

as follows. A point ¢ € N is a regular value of f if (1) f is a submersion at every

point p € f~1(q), and (2) f | OM is a submersion at every point p € f~(q) NOM.

If p € IntM, then the condition (2) does not arise, and if p € M, then condition
(1) is redundant, as it follows from the condition (2).

Show that if ¢ is a regular value of f, then f~!(q) is a neat submanifold of M.

It may be noted that the definitions of tangent vector and tangent bundle remain
the same in the context of manifold with boundary.



