CHAPTER 1

Differentiable Manifolds

In differential geometry, n-dimensional Euclidean space is replaced by a dif-
ferentiable manifold. In essence, this is a set M constructed by gluing together
pieces that are homeomorphic to R™, so that M looks locally, if not globally,
like Euclidean space. The idea is that all local concepts, such as the derivative
of a function f : R® — R at a point, can be carried over to M by means of
these identifications. A simple, yet useful example to keep in mind is that of the
two-dimensional unit sphere S$2, where for any point p € S?, the neighborhood
S2\ {—p} of p is homeomorphic to R2.

1. Basic Definitions

Recall that the vector space R™ is the set {(p1,...,pn) | p;i € R}, together
with coordinate-wise addition and scalar multiplication. The i-th projection is
the map u’ : R® — R given by u*(p1,...,pn) = pi, and the j-th standard basis
vector e; is defined by u’(e;) = d;;.

Let U be a subset of R™. Given a function f : U — R, p € U, the i-th
partial derivative of f at p is
where ¢ is the line ¢(t) = p+te; through p in direction e;. f is said to be smooth
or differentiable on U if it has continuous partial derivatives of any order on U.

A map f : U — RF is said to be smooth if all the component functions
fli=wulof:U — R of f are smooth. In this case, the Jacobian matriz of f
at p is the k x n matrix D f(p) whose (i, j)-th entry is D, f!(p). The Jacobian
will often be identified with the linear transformation R™ — RF it determines.

DEFINITION 1.1. A second countable Hausdorff topological space M is said
to be a topological n-dimensional manifold if it is locally homeomorphic to R";
i.e., if for any p € M there exists a homeomorphism = of some neighborhood
U of p with some open set in R™. (U, z) is called a chart, or coordinate system,
and z a coordinate map.

DEFINITION 1.2. A differentiable atlas on a topological n-dimensional man-
ifold M is a collection A of charts of M such that
(1) the domains of the charts cover M, and
(2) if (U,z) and (V,y) € A, then yoz~!: 2(UNV) — R" is smooth.

The map y o 2! is often referred to as the transition map from the chart
(U, z) to (V,y).
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If Ais an atlas on M, a chart (U,x) is said to be compatible with A if
{(U,z)} U A is again an atlas on M. A differentiable structure on M is a
maximal differentiable atlas A: Any chart compatible with 4 belongs to the
atlas. Alternatively—for those uncomfortable with the term “maximal”’—given
two atlases A and A’, define A ~ A’ if for any charts (U, z) € Aand (V,y) € A,
yox~ ! and z oy~ ! are differentiable. A differentiable structure is then an
equivalence class of the relation ~ defined above.

DEFINITION 1.3. A differentiable n-dimensional manifold is a topological
n-dimensional manifold together with a differentiable structure.

From now on, the term manifold will always denote a differentiable mani-
fold.

EXAMPLES AND REMARKS 1.1. (i) In order to specify a differentiable struc-
ture, it suffices to provide some atlas A: This atlas then determines a differ-
entiable structure A’ which consists of all charts (U, x) such that x o y~! and
y oz~ ! are smooth for any coordinate map y of A.

(ii) The standard differentiable structure on R™ is the one determined (as
in (i)) by the atlas consisting of the single chart (R™, 1g»), where 1gn denotes
the identity map.

(iii) Let V denote an n-dimensional real vector space. The standard dif-
ferentiable structure on V is the one induced by the atlas {(V,L)}, where
L :V — R™ is some isomorphism. Why is this structure independent of the
choice of L?

(iv) Any open subset U of a manifold M inherits a natural differentiable
structure (of the same dimension) from that of M: An atlas {(Ua,Za)}aca
of M induces an atlas {(U N Uy, Zo|unva)}aca of U. For example, the set
GL(n) C My, , = R™ of all invertible n x n real matrices is an n2-dimensional
manifold.

(v) Let r > 0. The n-sphere S of radius r is the compact topological
subspace of R™*! consisting of all points at distance r from the origin. Let
py = (0,...,0,7) and pg = (0,...,0,—r) denote the north and south poles,
respectively, and set Uy = S\ {pn},Us = S\ {ps}. Then the collection
{(Un,zn), (Us,zg)} is a differentiable atlas on the sphere, where xn and zg
are the “stereographic projections”

r
NP1,y Prt1) = m(pla'“apn)7
n
r
T5(P1s - Pny1) = m(pla"'apn)'
n

In fact, the transition map is given by

2
— — r n n
en 0wy =g ory = ople ;R {0} — R {0)
R’V‘L

and is clearly differentiable.

The sphere is thus described by two charts, and can therefore be considered
to be the simplest nontrivial example of a manifold.

(vi) Let (M, A;) be manifolds of dimension n;, ¢ = 1,2. The collection

A1 X Ag i ={(U x V,z xy) | (U,z) € A1, (V,y) € Az}
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FI1GURE 1. Stereographic projection from the north pole.

is an atlas on M; x Ms. Here, (x X y)(p,q) = (z(p),y(¢)). The induced differ-
entiable structure is called the product manifold My x Ms.

DEFINITION 1.4. A function f : M — R is said to be smooth if foz™! :
z(U) — R is smooth for any chart (U, z) of M.

DEFINITION 1.5. A partition of unity on M is a collection {¢y}aca of
smooth nonnegative functions ¢, on M such that

(1) {supp ¢a }aca is a locally finite cover of M. Recall that the support
of a function is the closure of the set on which the function is nonzero.
A collection of sets is locally finite if any point has a neighborhood
that intersects at most finitely many of the sets.

(2) >, #a = 1. (Why does this possibly infinite sum make sense?)

THEOREM 1.1. Any open cover {Uy}aca of a manifold M admits a count-
able subordinate partition of unity {¢r }ren; i.e., for any integer k, there exists
an o € A such that supp ¢ C U,.

There are several steps involved in the proof of Theorem 1.1. Given € > 0,
q € R™, B.(q) will denote the set of points at distance less than than € from gq.

THEOREM 1.2. If {U,} is an open cover of M, then there is a countable
differentiable atlas {(Vk,zr)} of M such that
(1) {V&} is a locally finite refinement of {Uq};
(2) xx(Vi) = B3(0);
(3) the collection {Wy.}, where Wy = x;,* (B1(0)), is a cover of M.

PrROOF OF THEOREM 1.2. Since M is locally compact (i.e., every point has
a neighborhood with compact closure), Hausdorff, and second countable, there
exists a countable basis {Z;} for M with Z; compact. Let A; = Z;. Given
A; compact, let j denote the smallest integer such that 4, C Z; U --- U Zj;
define A;41 = ZyU---UZ; U Z;41. Then {A;} is a sequence of compact sets
with Ay C int Ag4q, and Uy A = M. Define Ay to be the empty set. Since
M = U;>0(Ai+1 \ int 4;), we may assume that for each p € M, there exists a
chart (V,, z,) sending p to 0, such that

zp(Vp) = Bs(0), V, C U, for some o, and V), C (int A;;2)\A,;_1 for some 1.

Then {z,"(B1(0)}peca,;i\int 4, is an open cover of the compact Ay \ int A;,
and contains a finite subcover which we denote P;. If P = PpUP, U---,
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then P consists of a countable cover {Vi.} of M subordinate to {U,}. Each
Vi is the domain of a chart {(Vi,z)} with (Vi) = Bs(0), and the collection
{z;,'(B1(0))} covers M.

It remains to show that {Vj} is locally finite. Now, any p € M belongs to
some A; 41\ int A;. Then W = (int A;42) \ A;—1 is an open neighborhood of p
that intersects at most finitely many Vj: Indeed, each V} is contained in some
set (int A;42)\ Aj_1, so if V}, is to intersect W, then j cannot exceed i+2. Since
there are only finitely many Vj in each crown (int A;12) \ A;_1, the statement
follows. |

Given € > 0, denote by C¢(0) the open cube (—¢, €)™ in R™.

LEMMA 1.1. There exists a differentiable function ¢ : R™ — R satisfying
(1) ¢ =1 on C1(0), )
(2) 0< ¢ <1 onC2(0)\C1(0), and
(3) ¢ =0 on R™\ C(0).

PrROOF OF LEMMA 1.1. Let h: R — R be given by

—1/z if 0
h(x) _ e , x> .,
0, otherwise,
and define
Fx) = h(2 + 2)h(2 — x)
 h@2+2)h(2—2)+h(zr—1)+h(—z—1)
This expression makes sense because h(x — 1) + h(—z — 1) is nonnegative, and
equals 0 only when |z| < 1, in which case h(2 4+ z)h(2 — z) > 0. Furthermore,
fle)y=1if |z <1,0< f(zx) <1if 1< |z| <2, and f(xz) =0if |z| > 2. Now
let ¢(ay,...,an) =TI f(a;). O

PROOF OF THEOREM 1.1. Let {(Vi,xx)} be a differentiable atlas as in
Theorem 1.2, and ¢ the function from Lemma 1.1, where n equals the dimension
of M. For each k define a function 6 : M — R by

() = {qboxk(p), if p € Vg,

N 0, otherwise.

0, is differentiable on M, since it is differentiable on Vj, and is identically zero
on the open neighborhood M \ z;'(C2(0)) of M \ V. Any p € M belongs
to a:j_l(Bl(O)) for some j, so that 6,;(p) > 0. Since {V4} is locally finite and
supp 0 C V%, the collection {supp 6y} is a locally finite cover of M. This means
that >, 0x(p) is finite for every p € M; now set ¢p, == 0;/(>_, 0;). O

EXERCISE 1. Show that the transition maps for the atlas in Examples and
Remarks 1.1(iv) are given by

2
ayoxg! =zgoxy = ﬁnpl]}@n :R™\ {0} — R™\ {0},

and deduce that {(Un,zn),(Us,xs)} is indeed a differentiable atlas on the
sphere.
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(Notation: Given a manifold M, 15, : M — M denotes the identity map
of M.)

EXERCISE 2. Let U be an open subset of M, V a set whose closure is
contained in U. Show that there exists a smooth nonnegative ¢ : M — R that
is identically 1 on the closure of V', and the support of which is contained in U.

2. Differentiable Maps

The superscript in the symbol M™ will refer to the dimension of the mani-
fold M.

DEFINITION 2.1. Let M™, N* denote manifolds, and suppose U is open in
M. Amap f:U — N is said to be differentiable or smooth if yo foxz=! is
smooth as a map from R™ to R¥ for any coordinate maps = of M and y of N.

If A is an arbitrary subset of M, f: A — N is said to be smooth if it can
be extended to a smooth map f: U — N for some open set U containing A.

Observe that the composition of differentiable maps is differentiable. f :
M — N is said to be a diffeomorphism if it is bijective and both f and its
inverse f~! are smooth. The collection Diff(M) of all diffeomorphisms of M
with itself is clearly a group under composition.

EXAMPLES AND REMARKS 2.1. (i) For a function f : M — R, the Defini-
tion 2.1 coincides with 1.4.

(i) If (U, x) is a chart, then « : U — z(U) C R™ is a diffeomorphism.

(iil) It is known that any two differentiable manifolds of dimension no larger
than 3 which are homeomorphic are actually diffeomorphic. On the other hand,
there exist “exotic” R*’s; i.e., manifolds that are homeomorphic but not diffeo-
morphic to R* with the standard differentiable structure.

Given a subset A of M, let F(A) denote the set of all smooth functions
f:A—R. F(A) is a real algebra (and in particular, both a ring and a vector
space) under the operations

(f+9)) =f®)+9p), (f-9))=fPp), (af)p)=aflp), ack.
For example, if (U, x) is a chart, then z¢ € F(U), where 2° := u’ox, 1 <i <
dim M.

DEFINITION 2.2. Let U be an open subset of M, p € U, and set FS(U) =
{f € F(U) | f =0 in a neighborhood of p}. F)(U) is an ideal in F(U), and the
quotient algebra F, = F(U)/Fp(U) is called the algebra of germs of functions
at p.

Thus, a germ is an equivalence class of functions, with two functions being
equivalent iff they agree on a neighborhood of the point. The reason we omitted
U in the terminology for F,, = F,(U) is due to the fact that the map F(M) —
F(U) given by f — f o, where v : U — M denotes inclusion, induces an
isomorphism F,(M) = F,(U): This map is clearly injective; to see that it’s
surjective, let f € F(U), and consider an open set V whose closure is contained
in U. Let ¢ be the function from Exercise 2, and define a smooth function g on
M by setting it equal to ¢f on U and 0 outside U. Since f and g coincide on
V', the germ of g at p is mapped to the germ of f at p.
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EXERCISE 3. Consider R with the two atlases {1z} and {¢}, where ¢(t) =
t3.

(a) Show that these atlases are not compatible; i.e., they determine different
differentiable structures on R.

(b) Show that the two differentiable manifolds from (a) are diffeomorphic.

EXERCISE 4. (a) Show that f: S — R, where f(p1,...,Pn+1) = D_,; i, 18
smooth.
(b) Show that f : S} — S, where f(p) = —rp, is a diffeomorphism.

3. Tangent Vectors

A vector v in R™ acts on differentiable functions in a natural way, by as-
signing to f : R™ — R the derivative D, f(p) := Df(p) - v of f in direc-
tion v. This assignment depends of course on the point p at which the de-
rivative is evaluated; furthermore, it is linear, and satisfies the product rule
D,(fg)(p) = f(p)Dy(g)(p) + g(p)Dy(f)(p). This is essentially the motivation
behind the following;:

DEFINITION 3.1. Let p € M. A tangent vector v at pisamap v : Fp(M) —
R satisfying

(1) v(af + Bg) = av(f) + Bv(g); and
(2) v(fg) = f(p)v(g) + g(p)v(f)
for a, B € R, f,9 € Fp(M).

In the above definition, we have used the same letter to denote both a germ
and a function belonging to that germ: If U is a neighborhood of p, then a
tangent vector v at p induces a map F(U) — R given by v(f) := v([f]). The
point p is called the footpoint of v, and the set M, of all tangent vectors at p is
called the tangent space of M at p. It is a real vector space under the operations
(v +w)(f) = v(f) + w(f), (@v)(f) = av(f).

In the familiar context of Euclidean space, one can think of a tangent vector
at p as simply being a vector v whose origin has been translated to p, denoted
(p,v). Then (p,v)(f) = D, f(p). Notice that one recovers v from the way (p,v)
acts on functions: v = ((p,v)(u'),..., (p,v)(u")).

The first condition in Definition 3.1 says that a tangent vector is a linear
operator on (germs of) functions, and the second that it is a derivation.

Let x be a coordinate map around p (that is, p belongs to the domain of ),
and as usual, let ' = u’ o x. The coordinate vector fields at p are the tangent
vectors 9/9z*(p) € M, given by

D) = Dilfor ) al),  TEF(OM), 1<i<n

One often denotes the left side of (3.1) by df/dx%(p). For example, in R™, the
standard coordinate vector fields at p are 9/9u’(p), where df /Ou’(p) = D, f(p).
We will often denote them simply by D;. When n = 1, we write D instead of
0/0u, so that Df(a) = f'(a).

The coordinate vector fields actually form a basis for the tangent space at
a point. In order to show this, we need the following:

(3.1)
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LEMMA 3.1. Let U denote a star-shaped neighborhood of 0 € R™ — that is,
the line segment connecting the origin to any point of U is also contained inside
U. Given f € FU, there exist n functions ¢¥; € FU, with ¥;(0) = D; f(0), such

that
0) + Z u';.

PRrooF. For any fixed p € U, consider the line segment c(t) = ¢p, and set
¢ = foec. ¢ is a differentiable function on [0,1], and ¢'(t) = >, pi D; f(tp).
Thus,

§9) — £0) = 6(1) — 6(0) = / o= [ Dist

The claim then follows by setting ;(p fo D; f(tp) dt. O

PROPOSITION 3.1. Let (U, x) be a chart around p. Then any tangent vector
v € M, can be uniquely written as a linear combination v =Y, 2;0/0z"(p). In
fact, a; = v(a?).

Thus, M} is an n-dimensional vector space with basis {8/0x"(p) }1<i<n.

PROOF. We may assume without loss of generality that z(p) = 0, and
that x(U) is star-shaped. By Lemma 3.1, any f € FM satisfies f o x7! =

F(p) + X uthi, with ¢3(0) = 8/92"(p)(f). Thus, flu = f(p) + 32, 2" (¥ 0 2)lu,

and

v(f) = v(f(p)) + Z[v(fvi) +1i(0) + 2 (p) - vt 0 7)) = Zv(mi)aii ®)(f),

i

where we have used the result of Exercise 5 below. It remains to show that the
0/0x*(p) are linearly independent; observe that

8?“' (p)(27) = Dy(a? 0 27")(0) = Di(w’)(0) = di;.
Thus, if Y ;0/0z(p) = 0, then 0 = Y ;0/9z* (p)(2?) = a;. O

Notice that if x and y are two coordinate systems at p, then taking v =
d/0y*(p) in Proposition 3.1 yields

Zax] e ZD W 020y )(u(p)) s )

for 1 < i < n. This means that the transition matrix from the basis {9/92%(p)}
to the basis {9/0y*(p)} is the Jacobian matrix of z o y~! at y(p).

(3.2)

EXERCISE 5. Let ¢ € R. Show that if ¢ € F M denotes the constant function

¢(p) := c for all p € M, then v(c) = 0 for any tangent vector v at any point of
M.

EXERCISE 6. Write down (3.2) explicitly for the n-sphere of radius r, if
and y denote stereographic projections.



8 1. DIFFERENTIABLE MANIFOLDS

4. The Derivative

In calculus, one usually thinks of the Jacobian Df(p) of f : R® — R as
the derivative of f at p. It is therefore natural, when seeking a meaningful
generalization of this concept for a map f : M — N between manifolds M and
N, to look for a linear transformation. In view of the previous section, where
we defined vector spaces at each point of a manifold, this suggests a linear
transformation f., : M, — Ny, between the respective tangent spaces. We
would of course like f., to correspond to Df(p) when M = R™ and N = R*,
if R} is identified with the set of pairs (p,v), v € R™; i.e, we require that
Fep(0,0) = (f(p), Df(p)v) for all v € R™. Now, if ¢ : R¥ — R is differentiable,
then by the Chain rule,

fip(p,0)(9) = (f(p), Df(p)v)(¢) = Dps(pyud(f(p)) = Do (f(p)) Df(p)v
=Dy(¢o f)(p) = (p;v)(do f)
This motivates the following;:

DEFINITION 4.1. Let M and N denote differentiable manifolds of dimen-
sions n and k respectively, f : U — N a differentiable map, where U is open in
M, and p € U. The deriwative of f at p is the map f.p : M, — Ny, given by

Fop) (@) =v(60 ), dEF(N), veM,
It is clear from the definition that f., is a linear transformation.

ProPOSITION 4.1. With notation as in Definition 4.1, let x be a coordinate

map around p € U, y a coordinate map around f(p) € N. Then the matriz
of fup with respect to the bases {0/0z"(p)} and {0/0y? ((f(p))} is the Jacobian
matriz of yo fox~! at z(p).

PRrROOF.

Fogas®) = X g D0 U0 = 3 G5 000> 57

— ;Dj(ui o(yofo x_l))(x(p)) ayz(f(p))

EXAMPLES AND REMARKS 4.1. (i) It follows from Definition 4.1 that the
identity map 1, of M has as derivative at p € M the identity map 15, of M,,.

(ii) If g : N — @ is differentiable, then go f is differentiable, and (go f)., =
Gxf(p) © fp- In particular, if f: M — N is a diffeomorphism, then by (i), fp is
an isomorphism with inverse (f~1), f(p)- Furthermore, given coordinate maps
x and y of M and N respectively, the diagram

fx
My, . Ny (p)

m*pl ly*f(P)

R? woror et o

(») (yof)(p)
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commutes. Observe that z.,0/0x'(p) = 9/0u’(x(p)), since x,0/dx'(u!) =
0/0x'(u! o x) = 8/0x* (x7) = &;;.

(iii) A (smooth) curve in M is a (smooth) map ¢ : I — M, where I is an
interval of real numbers. The tangent vector to ¢ at t is ¢(t) := ¢« D(t). Thus,
given ¢ € F(M),

&(t)(¢) = euD(t)(¢) = D(t)(¢p o c) = (doc)'(t).

(iv) Let E be an n-dimensional real vector space with its canonical differ-
entiable structure, cf. Examples and Remarks 1.1(iii). For any v € E, F may
be naturally identified with its tangent space E, at v by “parallel translation”
Jv + E — FE,, defined as follows: Given w € E, let y(t) = v + tw, and set
Jyw :=%(0). If 2 : E — R™ is any isomorphism, then

Jow = #(0) = Zw(ox
o Zx axl ),

so that 7, being linear and one-to-one, is an isomorphism.

Notice that for E = R" and 2 = 1g», we obtain J,e; = 9/0u’(v). This
formalizes our heuristic description of the tangent space of R™ at v from the
previous section, since the map

=3 DO)e o) o (0)

{v} xR" = Ry,
(v, w) = Jyw

is an isomorphism that preserves the action on F(R"™).

Consider, for example, a linear transformation L : R — R*. By Proposi-
tion 4.1, the matrix of L,, with respect to the standard coordinate vector fields
bases is that of the Jacobian of L. But since L is linear,

(w/ o L)(v +te;) — (u? o L(v))

Jiny : = (w0 L)(ey),

so that the Jacobian matrix of L is just the matrix of L in the standard basis.
Thus, the following diagram

R L, Rk

Jvl leu

commutes.

(v) Let U be an open set in M, f € FU, p € U. The differential of f at p is
the element df (p) of the dual space M (i.e., df(p) : M, — R is linear) defined
by

df(p)(v) :==o(f),  ve M,
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Thus, for example, {dz?(p)} is the basis dual to {9/dz'(p)}. Notice also that
the diagram

Mpi Mp

df(p)l lf*p

T
R ’ Rf(P)

commutes:
Tiwdf (0)(v) = Tppyv(f) = v(f)Dy(p) = fapv:

DEFINITION 4.2. The tangent bundle (resp. cotangent bundle) of M is the
set TM = Upenm M, (resp. T*M = UperrM,;). The bundle projections are the
maps w : TM — M and 7 : T*M — M which map a tangent or cotangent
vector to its footpoint.

PRrOPOSITION 4.2. The differentiable structure D on M™ induces in a nat-

ural way 2n-dimensional differentiable structures on the tangent and cotangent
bundles of M.

PROOF. For each chart (U,z) of M, define a chart (7=1(U),z) of TM,
where Z : 771 (U) — R?" is given by
z(v) = (zom(v),dz (m(v))v,...,dz" (7 (v))v).

Similarly, define 7 : #=1(U) — R?" by

i(a) = (z o 7(a), (d/0x (7())), ..., a(d/0z"(7(a)))).
One checks that the collection {z=*(V) | (U,x) € D,V open in R*"} forms a
basis for a second countable Hausdorff topology on TM. A similar argument,
using z instead of &, works for T* M.
Let A= {(=~Y(U),z) | (U,z) € D}. We claim that A is an atlas for TM:

clearly, each Z : 7= }(U) — z(U) x R" is a homeomorphism. Furthermore, if
(V,y) is another chart of M, and (a,b) € 2(UNV) x R, then

goz '(a,b) = (yor'(a), D(yox"")(a)(b)).
To see this, write b =Y b;e;; then

=n (a7 @) = S b o @) g (o @)

4,3

so that

(o7 )@ b) = (yor- Zbgf; “a)ey)

= (yoa~'(a), D(yoz™")(a)(b)).
O
For example, the bundle projection w : TM — M is differentiable, since for

any pair (U, z), (r=1(U),z) of related charts, xor oz~ ! : 2(U) x R* — x(U)
is the projection onto the first factor.
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Any f: M — N induces a differentiable map f. : TM — TN, called the
derivative of f: For v € M,, set f.v := fipv. Differentiability follows from the
easily checked identity:

(o fioz ) (a,b) = (yo foaT (a),D(yo fox")(a)h).

EXERCISE 7. Show that if M is connected, then any two points of M can
be joined by a smooth curve.

EXERCISE 8. (a) Prove that 7, : R® — (R"), from Examples and Re-
marks 4.1(iv) satisfies J,w(f) = Dy f(v) = (f 0 ¢)’(0), where ¢ is any curve
with ¢(0) = v, ¢(0) = w.

(b) Show that any v € TM equals ¢(0) for some curve ¢ in M.

EXERCISE 9. For positive p, o, consider the helix ¢ : R — R3, given by
c(t) = (pcost, psint,ot). Express ¢(t) in terms of the standard basis of R‘Z’(t).

EXERCISE 10. Let M be connected, f : M — N a differentiable map. Show
that if f., = 0 for all p in M, then f is a constant map.

EXERCISE 11. Fill in the details of the argument for the cotangent bundle
in the proof of Proposition 4.2.

5. The Inverse and Implicit Function Theorems

Let U be an open set in M, f: U — N a differentiable map. The rank of f
at p € U is the rank of the linear map fi, : M), — Ny (), that is, the dimension
of the space f.(Mp). Recall the following theorem from calculus:

THEOREM 5.1 (Inverse Function Theorem). Let U be an open set in R™,
f:U — R"™ a differentiable map. If f has mazimal rank (=n) at p € U, then
there exists a neighborhood V' of p such that the restriction f:V — f(V) is a
diffeomorphism.

The inverse function theorem immediately generalizes to manifolds:

THEOREM 5.2 (Inverse Function Theorem for Manifolds). Let M and N be
manifolds of dimension n, and f: U — N a smooth map, where U is open in
M. If f has mazimal rank at p € U, then there exists a neighborhood V' of p
such that the restriction f:V — f(V) is a diffeomorphism.

PrOOF. Consider coordinate maps z at p, y at f(p), and apply Theorem
5.1 to yo fox~t. Conclude by observing that x and y are diffeomorphisms. [J

We now use the inverse function theorem to derive the Euclidean version
of one of the essential tools in differential geometry:

THEOREM 5.3 (Implicit Function Theorem). Let U be a neighborhood of 0
in R”, f:U — R¥ a smooth map with f(0) = 0. Forn <k, let 1 : R" — R¥
denote the inclusion 1(ay,...,an) = (a1,...,a,,0,...,0), and for n > k, let
7 : R" — R* denote the projection ww(ay,...,ak,...,a,) = (ai,...,ax).

(1) If n < k and f has maximal rank (= n) at 0, then there exists a
coordinate map g of RF around 0 such that go f =1 in a neighborhood
of 0 € R™.
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(2) If n > k and f has maximal rank (= k) at 0, then there exists a
coordinate map h of R™ around 0 such that foh = m in a neighborhood
of 0 € R™.

PROOF. In order to prove (1), observe that the k x n matrix (D; f(0)) has
rank n. By rearranging the component functions f* of f if necessary (which
amounts to composing f with an invertible transformation, hence a diffeomor-
phism of R¥), we may assume that the n x n submatrix (D;f%(0))1<; j<n is
invertible. Define F': U x RF~" — R* by

F(a1a~'~7an7an+17"'7ak) = f(ala"'aan)+ (07"'707an+17'~'7ak)'
Then F o1 = f, and the Jacobian matrix of F' at 0 is

(D f*(0))1<i<n 0

(D f*(0))nt1<i<k  lrr-n)’
which has nonzero determinant. Consequently, F' has a local inverse g, and
go f =goF ou.=1 This establishes (1). Similarly, in (2), we may assume that
the k x k submatrix (D; f%(0))1<; j<k is invertible. Define F : U — R" by
F(ay,...,;an) = (f(a1,...,an), @1y - an)-
Then f = mo F, and the Jacobian of F' at 0 is
(D f(0)1<i<k (D fH(0)k+1<i<n
0 Ign—& ’

which is invertible. Thus, F' has a local inverse h, and foh=mwoFoh=m. 0O

6. Submanifolds

The implicit function theorem enables us to construct new examples of
manifolds. Before doing so, however, there are certain “nice” maps, such as the
inclusion S™ < R"*!  that deserve special recognition:

A

Y Z

FIGURE 2. The lemniscate c|(g,2x)-

DEFINITION 6.1. A map f : M™ — N* is said to be an immersion if for
every p € M the linear map f, : My, — Ny(p) is one-to-one (so that n < k). If
in addition f maps M homeomorphically onto f(M) (where f(M) is endowed
with the subspace topology), then f is called an imbedding.



6. SUBMANIFOLDS 13

Notice that if M is compact, then an injective immersion is an imbed-
ding. This is not true in general: For example, the curve ¢ : R — R? which
parametrizes a lemniscate, ¢(t) = (sint,sin 2t), is an immersion; its restriction
to (0,27) is a one-to-one immersion, but not an imbedding, although C|(0,r) 18-
In fact, an immersion is always locally an imbedding;:

PROPOSITION 6.1. If f : M™ — N is an immersion, then for any p € M,
there exists a neighborhood U of p, and a coordinate map y defined on some
neighborhood V' of f(p) such that

(1) A point q belongs to f(U) NV iff y"ti(q) = --- = y*(q) = 0, i.e.,
y(fU)NV) = R" x{0}) Ny(V);
(2) flu is an imbedding.

ProOF. Consider the inclusion 2 : R® — RF, and let = be a coordinate map
around p with z(p) = 0, § a coordinate map around f(p) with (go f)(p) = 0.
Since § o f o 7! has maximal rank at 0, there exists by the implicit function
theorem a chart g of R¥ around 0, and a neighborhood W of 0 € R™ such that
gogofox~tw =1|w. Set U =2~ (W), y = gog; by restricting the domain of
g if necessary, (1) clearly holds. (2) follows from the fact that f|y = y~to0z|y
is a composition of imbeddings. O

b f
M \ - >
\ / N
U

Y

w

O }
7

0

FIGURE 3

T~
N—

REMARK 6.1. When f in Proposition 6.1 is an imbedding, then f(U) equals
f(M)NW for some open set W in N. Thus, in this case, (1) reads
FAM)NV ={geV |y (g) = =y"(q) =0}

DEFINITION 6.2. Let M, N be manifolds with M C N. M is said to be a
submanifold of N (respectively an immersed submanifold of N) if the inclusion
map ¢ : M < N is an imbedding (respectively an immersion).



14 1. DIFFERENTIABLE MANIFOLDS

By Remark 6.1, if M is an n-dimensional submanifold of N*, then for any
p in M, there exists a neighborhood V of p in N, and a chart (V,z) of N such
that

MAV={qeV|z"(q)="=2"(q) =0}

When f : M — N is a one-to-one immersion (resp. imbedding), then M is
diffeomorphic to an immersed submanifold (resp. submanifold) of N: namely
f(M), where f(M) is endowed with the differentiable structure for which f :
M — f(M) is a diffecomorphism. Clearly, ¢ : f(M) — N is a one-to-one
immersion (resp. imbedding). More generally, two immersions f; : M; — N and
f2 : M — N are said to be equivalent if there is a diffeomorphism g : M; — My
such that foog = f1. This defines an equivalence relation where each equivalence
class contains a unique immersed submanifold of N.

DEFINITION 6.3. Let f : M™ — N be differentiable. A point p € M is
said to be a regular point of f if f, has rank k at p; otherwise, p is called a
critical point. ¢ € N is said to be a reqular value of f if its preimage f~1(q)
contains no critical points (for example, if ¢ ¢ f(M)).

THEOREM 6.1. Let f : M™ — N¥ be a smooth map, withn > k. Ifq € N
is a regular value of f and if A= f~1(q) #0, then A is a topological manifold
of dimension n — k. Moreover, there exists a unique differentiable structure for
which A becomes a differentiable submanifold of M.

PROOF. Let y : V — RF be a coordinate map around ¢ with y(q) = 0;
given p € A, let x : U — R"™ be a coordinate map sending p to 0. Decompose
R" = R¥ x R" %, and denote by m;, i = 1,2, the projections of R™ onto the
two factors; finally, let 25 : R"~* — R™ be the map given by wa(ay,...,a, ) =
(0,...,0,a1,...,6,—k).

Since yo fox~! has maximal rank at 0 € R", there exists, by Theorem 5.3(2), a
chart (W, h) around 0 in R™ such that yofox~toh =m|w. Set W = ma(W).
W is open in R** and yofox ohouly = ™ 012l = 0. Thus, if
z =z tohouwly,, then 2(W) C A. We claim that 2(W) = An(z~" oh)(W), so
that z maps W homeomorphically onto a neighborhood of p in A i 1n the subspace
topology. Clearly, 2(W) C AN (z~1oh)(W), since 2(W) = (z~ ' o how)(W) =
(x_l o h)(W N (0 x R"%)). Conversely, if p € AN (27! o h)(W), then p =
(7" oh)(u) for a unique u € W, and 0 = yo f(p) = (yo fox~oh)(u) = mi(u),
so that u = (0,a) € 0x W. Then § = z(a) € z(W). It follows that the inclusion
: A — M is a topological imbedding.

Endow A with the differentiable structure induced by the charts (z(W), z71)

as p ranges over A. Then ¢ : A < M is smooth, since xoz0(z71)™! = howy. O

EXAMPLES AND REMARKS 6.1. (i) Let » > 0, and consider the map f :
Rt — R given by f(a) = |a]? — 7. Since Df(a) = 2(ay,...,an+1), f has
maximal rank 1 everywhere except at the origin. Thus, S? = f~1(0) is a
differentiable submanifold of R"*!. This differentiable structure coincides with
the one introduced in Examples and Remarks 1.1: it is straightforward to check
that the inclusion of the sphere into Euclidean space is smooth for the atlas
introduced there; i.e., that 10 27! : R® — R"*! is differentiable, if x denotes
stereographic projection.
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< w

FIGURE 4

(ii) Let f: M™ — N* be a differentiable map as in Definition 6.3. A point
of N that is not a regular value is called a critical value of f. Sard proved that if
U is an open set in R", and f : U — R¥ is differentiable, then the set of critical
values of f has measure zero; i.e., given any € > 0, there exists a sequence of
k-dimensional cubes containing the set of critical values, whose total volume is
less than e. A proof of Sard’s theorem can be found in [25]. As a consequence,
the set of regular values of a map f : M — N between manifolds is dense in N,
since its complement cannot contain an open nonempty set.

(iii) A surjective differentiable map f : M™ — N is said to be a submersion
if every point of M is a regular point of f. In this case, f has no critical values,
and each p € M belongs to the (n — k)-dimensional submanifold f~*(f(p)).

Let 2 : A — M be an imbedding. For p € A, 1., identifies the tangent space
A, with a subspace of M,,.

PROPOSITION 6.2. Let q be a regular value of f : M™ — N*, where n > k,
and suppose that A := f~(q) # 0. Then for p € A, 1.,A, = ker fip.

PROOF. Since both subspaces have common dimension n — k, it suffices to
check that 2,,A, C ker f,,. Let v € A,. For ¢ € FN, we have

(fueptap?)(9) = (f 0 1)apv(@) = v(p 0 fo1) =0,

where the last identity follows from the fact that f o1 = ¢, so that ¢po forisa
constant function. This establishes the result. 0

EXAMPLE 6.1. Given manifolds M, N with p € M, ¢ € N, define imbed-
dings 1q : M — M x N and 3, : N — M X N by 1,(p) = 73,(q) = (p,q). If my,
w9 denote the projections of M x N onto M and N, then

m oty =1y, meoy,=1y, @ OJ=p, W20l =q,

where p is identified with the constant map M — M sending every point to p,
and similarly for q. Thus,

T1x O lgxp = 11\/Ipa T2% O Jpxq = 1Nq7 T1x O Jpxq = 07 T2% O lgxp = 0.
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This implies that the map
L: Mp X Nq — (M X N)(p)q),
(U, V) = 1gupl + JpiqV

is an isomorphism with inverse (7. (p,q)» T24(p,q)): Both maps are linear, and by
the above, (wl*(pyq), 7r2*(p7q)) oL = 1p,xn,- The claim follows since both spaces
have the same dimension.

EXERCISE 12. Let U be an open set in R", f € FU. Show that F :
U — R where F(a) = (a, f(a)), is a differentiable imbedding. It follows
that F(U) is a differentiable n-submanifold of R™*!, called the graph of f.
For example, if U = R™ and f(a) = |a|?, the corresponding graph is called a
paraboloid.

EXERCISE 13. Suppose f : M — N is differentiable, and let () denote a
submanifold of N. f is said to be transverse reqular at p € f=1(Q) if f.,M, +
Qf(p) = Ny(p)- Show that if f is transverse regular at every point of F1Q) #0,
then f~1(Q) is a submanifold of M of codimension equal to the codimension
of @ in N. Theorem 6.1 is the special case when @ consists of a single point.

EXERCISE 14. For p € R""! let J, : R**! — (R"*1),, denote the canonical
isomorphism. Use Proposition 6.2 to show that if p € S}, then

w (S )p = jp(pl)a
where pt = {a € R"*! | (a,p) = 0} is the orthogonal complement of p.

EXERCISE 15. Prove that if M is compact, then f : M™ — R” cannot have
maximal rank everywhere. Show by means of an example that such an f can
nevertheless have maximal rank on a dense subset of M.

7. Vector Fields

In calculus, one defines a vector field on an open set U C R™ as a differ-
entiable map F = (f1,...,fn) : U — R™. When graphing a vector field on,
say, R2, one draws the vector F(p) with its origin at p, in order to distinguish
it from the values of F' at other points; in terms of tangent spaces, this means
that F(p) is considered to be a vector in the tangent space of R™ at p. It is now
natural to generalize this concept to manifolds as follows:

DEFINITION 7.1. Let U be an open set of the differentiable manifold M™.
A (differentiable) vector field on U is a (differentiable) map X : U — T'M such
that mo X = 1y. Here m: TM — M denotes the tangent bundle projection.

Thus, the value of X at p, which we often denote by X, is a vector in M.
Any f € FU determines a new function X f on U by setting X f(p) := X, (f).
If (U, x) is a chart, the coordinate vector fields are the vector fields 9/9x" whose
value at p € U is 9/0x'(p), cf. (3.1). Any vector field X on U can then be
written as X = >, X (29)0/0x" = 3", dz*(X)9/0z".

PRrROPOSITION 7.1. Let X : U — TM be a map such that mo X = 1y. The
following statements are equivalent:
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(1) X is a vector field on U (i.e., X, as a map, is differentiable).
(2) If (V,z) is a chart with V C U, then Xz' € FV.
(3) If fe FV, then Xf € FV.

PROOF. (1)=(2): Recall that (V, z) induces a coordinate map z on 7~ 1(V),
where Z(v) = (x o w(v),v(x!),...,v(z")). Since X is smooth, T o X|y =
(zolly, X|v(x),..., X|v(z")) also has that property. Thus, each component
function X' is differentiable on V.

(2)=(3): If each X|v (2') € FV, then X|v(f) = >, (X|va")df/0z" € FV.

(3)=(1): ZoX|y = (z, X|v(z'),..., X|v(2")) is smooth, and therefore so is
X|y. Since this is true for any chart (V,z) with V' C U, X is differentiable. 0O

ExXAMPLE 7.1. A vector field X on R™ induces a differentiable map F' =
(fY,...,f") : R — R", where f' = du’(X); conversely, any smooth map
F : U — R™ on an open subset U of R" determines a vector field X on U, with
X(p) = TpF(p).

Let XU denote the set of vector fields on U. XU is a real vector space and
a module over FU with the operations (X +Y), = X, +Y,, (¢X), = ¢(p)X,.
If f,g € FU and o, 8 € R, then X (af + 8g) = a(X f) + B8(Xg), and X(fg) =
(Xf)g+ (Xg)f.

We recall two theorems from the theory of ordinary differential equations:

THEOREM 7.1 (Existence of Solutions). Let F': U — R"™ be a differentiable
map, where U is open in R™. For any a € U, there exists a neighborhood W of
a, an interval I around 0, and a differentiable map 1 : I x W — U such that

(1) $(0,u) = u, and
(2) Dy(t,u)e; = F o)(t,u)
fortel andueW.

Theorem 7.1 may be interpreted as follows: A curve ¢: I — U is called an
integral curve of (the system of ordinary differential equations defined by) F if
¢ = F'oc, 1 < i < n; in this case, Dec = Foc, and the restriction of F to ¢ is the
“velocity field” of ¢. Thus, 7.1 asserts that integral curves t — c(t) := ¥(t, u)
exist for arbitrary initial conditions ¢(0) = w, that they depend smoothly on
the initial conditions, and that at least locally, they can be defined on a fixed
common interval. Also notice that in manifold notation, ¢ is an integral curve
of F:R" — R"iff ¢ = X oc, where X = JF, cf. the example above.

THEOREM 7.2 (Uniqueness of Solutions). Ifc, ¢ : I — U are two integral
curves of F: U — R™ with c(tg) = é(tg) for some tg € I, then ¢ = ¢.

DEFINITION 7.2. Let M be a manifold, X € XM, and I an interval. A
curve ¢ : I — M is called an integral curve of X if ¢ = X oc.

THEOREM 7.3. Let M be a manifold, X € XM. For any q € M, there
ezists a neighborhood V' of q, an interval I around 0, and a differentiable map
®: I xV — M such that

(1) @(0,p) =p, and



18 1. DIFFERENTIABLE MANIFOLDS

forallt € I, pe V. Here, 0/0t(t,p) := 1,. D(t) for the injection 1, : I — I xV
which maps t to (t,p).

Notice that

) —_ .
CD*a(t,p) =D ou,(t) = Dp(t),

where ®,(t) = ®(t,p). Theorem 7.3 asserts that for any pe V, ®, : I — M is
an integral curve of X passing through p at t = 0. ® is called a local flow of X.

PRrROOF. Let (U, x) be a chart around ¢, and set G := x(U), a := z(q), and
F = (d2"(X),...,dz" (X)) oz : G — R".

By Theorem 7.1, there exists a neighborhood W of a, an interval I around 0,
and a map ¢ : I x W — @ such that (1) and (2) of 7.1 hold. Let V := 2z~ 1(W),
and ® : I x V — M be given by ®(¢,p) = 271 o (¢, z(p)). O

An argument similar to the one above generalizes the uniqueness theo-
rem 7.2 to manifolds:

THEOREM 7.4. Ifc,¢ : I — M are two integral curves of X € XM with
c(to) = ¢(to) for some tg € I, then c = ¢.

For each p € M, let I, denote the maximal open interval around 0 on which
the (unique by 7.4) integral curve @, : I, — M of X with ®,(0) = p is defined.

THEOREM 7.5. Given any X € XM, there exists a unique open set W C
R x M and a unique differentiable map ® : W — M such that

(1) I, x{p} =W N (R x{p}) forallp e M, and
(2) B(t,p) = By(t) if (t,p) € W.

® is called the mazimal flow of X. By (2), {0} x M C W, and (1), (2) of
Theorem 7.3 are satisfied.

PROOF. (1) determines W uniquely, while (2) does the same for ®. It thus
remains to show that W is open, and that ® is differentiable.

Fix p € M, and let I denote the set of all ¢ € I, for which there exists
a neighborhood of (¢,p) contained in W on which & is differentiable. We will
establish that I is nonempty, open and closed in I, so that I = I,: I is
nonempty because 0 € I by Theorem 7.3, and is open by definition. To see that
it is closed, consider tg € I; by 7.3, there exists a local flow ® : I' x V! — M
with 0 € I’ and ®,(tp) € V’'. Let t; € I be small enough that ¢y —t; € I’
(recall that to belongs to the closure of I) and ®,(t1) € V' (by continuity of
®,). Choose an interval Iy around ¢y such that t —¢; € I’ for t € Iy. Finally,
by continuity of ® at (t1,p), there exists a neighborhood V' of p such that
q’(tl X V) C VI.

We claim that ® is defined and differentiable on Iy x V', so that tq € I:
Indeed, if t € Iy and ¢ € V, then by definition of Iy and V, t —t; € I’
and ®(t1,q) € V', so that ®'(t — t1, P(¢1, q)) is defined. The curve s — P'(s —
t1,®(t1,q)) is an integral curve of X which equals ®(t1, ¢) at t;. By uniqueness,
D(t,q) = D'(t —t1, P(t1,q)) is defined, and P is therefore differentiable at (¢, q).

O



8. THE LIE BRACKET 19

DEFINITION 7.3. Let ® : R x M — M be differentiable, and define ®; :
M — M by ®4(p) := ®(t,p). {P:}ier is called a one-parameter group of
diffeomorphisms of M if
(1) (I)O = 1]\/[, and
(2) (I)t1+t2 = (I)tl o (I)t27 tl,tQ S R.

Observe that each ®; is indeed a diffeomorphism of M with inverse ®_;. If
® is a one-parameter group of diffeomorphisms, then the vector field X defined
by X, := ¢*%|(07p) has @ as maximal flow (since integral curves are defined
for all time). Conversely, if X € XM, then the maximal flow of X induces a
one-parameter group of diffeomorphisms provided X is complete; i.e., provided
integral curves are defined for all time. The exercises at the end of the section
establish that vector fields on compact manifolds are always complete.

EXAMPLE 7.2. Consider the vector field X € XR? whose value at a =
(a1, az) is given by —as D1 |q+a1Dsa,. Fixp = (p1,p2) € R?, and let ¢ : R — R?
denote the curve

c(t) = ((cost)py — (sint)pa, (sint)p; + (cost)pa).
Then
¢(t) = (—(sint)py — (cost)p2) Diler) + ((cost)pr — (sint)p2) Dalery = X o c(2).

Thus, c is the integral curve of X with ¢(0) = p, and X is complete. The
one-parameter group of X is the rotation group

__ [cost —sint\ (p1
:(p1,p2) = (sint cost ) <p2> '
EXERCISE 16. Show explicitly that ® in Theorem 7.3 satisfies (1) and (2).

EXERCISE 17. With notation as in Theorem 7.5,

(a) Show by means of an example that there need not exist an open interval
I around 0 such that I x M Cc W. Hint: Let M =R, X; = —t2D,.

(b) Show that if such an interval exists, then it equals all of R; i.e., W =
R x M, and integral curves are defined for all time.

(c) Prove that if M is compact, then any vector field on M is complete.

EXERCISE 18. Let ¢ : [, 5) — M be an integral curve of X € XM, and
suppose that for some sequence t, — 3, ¢(t,) — p for some p € M.

(a) Show that ¢ : [a, 8] — M, where d_>|[a75) = ¢ and ¢(3) = p, is continu-
ous.

(b) Prove that if ¢ : I — M is the maximal integral curve of X with
c(B) = p, then [a, f] C I, and ¢jfq,5) = ¢.

(c) Use parts (a) and (b) to recover the result from Exercise 17 (c): Namely,
if M is compact, then every integral curve of X € XM is defined on all of R.

8. The Lie Bracket

Consider two vector fields X and Y on an open subset U of M, with flows
®, and W, respectively. It may well happen that these flows commute; i.e.,
that &, 0o ¥, = W, o &, for small s and ¢t. This is the case for example when
X and Y are coordinate vector fields, since the standard fields D; and D; in
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Euclidean space have commuting flows. In general, the Lie bracket [X,Y] of
X and Y is a new vector field that detects noncommuting flows. This concept
actually makes sense in the more general setting of an arbitrary vector space
E:
DEFINITION 8.1. A Lie bracket on a real vector space E is a map [,] :

E x E — F satisfying:

(1) [aX + BY, Z] = a[X, Z] + BIY, Z),

(2) [X,Y] = ~[¥, X], and
for all X|Y,Z € E, o,8 € R. By (1) and (2), the Lie bracket is linear in
the second component also. (3) is called the Jacobi identity. A vector space
together with a Lie bracket is called a Lie algebra.

A trivial example of a Lie algebra is R”™ with [,] = 0. This is the so-called
abelian n-dimensional Lie algebra. R? is also a Lie algebra, if one takes the Lie
bracket to be the classical cross-product of two vectors.

Let M be a differentiable manifold, p a point in an open set U of M, and
X,Y € XU. Define XY : F,U — R by setting (X,)Y)f := X,(Yf). XY is
not a tangent vector at p, because although it is linear on functions, it is not a
derivation. However, X, Y — Y, X is one:

(XpY =Y X)(fg) = X, (Y (f9)) — Yp(X(f9))
= Xp(f(Y9) +9(Y ) = Y, (f(Xg) + 9(X[))
= (Xp/)(Yp9) + f(0)Xp(Yg) + (Xpg)(Yp f) + 9(p) Xp(Y f)
— (Yo /) (Xpg) = F(p)Yn(Xg) — (Yp9)(Xpf)
—9(P)Yp(Xf)
= f(P)(XpY =Y, X)(9) + g(p)(XpY — Y, X)().
Thus, p— XY — Y, X is a vector field on U.

DEFINITION 8.2. Let X,Y € XU, where U is open in M. The Lie bracket
of X with Y is the vector field [X,Y] on U defined by [X,Y], := X,V - YV, X.

It is straightforward to check that XU with the above bracket is a Lie
algebra. One often denotes X (Y f) by XY f, so that one may write

[X,Y] = XY - YX.
Observe also that for f € FU, [fX,Y] = f[X,Y] - (Y /)X

PROPOSITION 8.1. Let (U, x) denote a chart of M™. Then [0/0z",0/027] =
0 forl1<i,j<n.
Proor. For ¢ € FU,
9] o 90 J 0
577 5251 = 95755~ 525 00

0 _ 0 _
=D; (aqubox 1>ox—Dj (8xi¢ox 1>ox

=D;i(Dj(¢pox ")) ox — Dj(Di(poa™")) oz =0.
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