18.101 Analysis II

Notes for part 2



Lecture 1. ODE’s

Let U be an open subset of R” and ¢; : U — R =1,...,n, C! functions. The ODE’s
that we will be interested in in this section are n x n systems of first order differential
equations

dl‘i

(1.1) L= gi@i(), . wat), i=1n

where the x;(t)’s are C'! functions on an open interval, I, of the real line. We will call
x(t) = x1(t),. .., z,(t) an integral curve of (1.1), and for the equation to make sense
we’ll require that this be a curve in U. We will also frequently rewrite (1.1) in the
more compact vector form

dx
1.2 —(t) = t
(12) 1) = g(a(1)
where g = (g1, ..., 9s). The questions we’ll be investigating below are:
Existence. Let ty be a point on the interval, I, and zy a point in U. Does

there exist an integral curve z(t) with prescribed initial data, z(ty) = zo?

Uniqueness. If x(t) and y(t) are integral curves and x(ty) = 2o = yo = y(to),
does z(t) = y(t) for all t € I?

Today we’ll concentrate on the uniqueness issue and take up the more complicated
existence issue in the next lecture. We’ll begin by recalling a result which we proved
earlier in the semester.

Theorem 1.1. Suppose U is convex and the derivatives of g satisfy bounds

dgi
. <C.
(1.3 | <c
Then for all x and y in U
(1.4) 9(z) — g(y)| < nClz —yl.

Proof. To prove this it suffices to prove that for all ¢

9i(z) — gi(y)| < nClz —yl.

By the mean value theorem there exists a point, ¢, on the line joining x to y such
that

9i(r) — gi(y) = Dgi(c)(x —y)
hence



|9:(x) — gi(y)| < n|Dgi(c)(z —y)]
and hence by (1.3)

19:(x) = g:(y)| < nClz =yl

O

Remark. It is easy to rewrite this inequality with sup norms replaced by
Euclidean norms. Namely

lg(z) — g(y)|| < nlg(z) — g(v)|

and |z — y| < ||z — y||. Hence by (1.4):

(1.5) lg(z) — gl < Llly — ||

where L = n?C. We will use this estimate to prove the following.

Theorem 1.2. Let x(t) and y(t) be two solutions of (1.2) and let ty be a point on
the interval I. Then for allt € I

(1.6) lz(t) =y < "l (to) — y(to)]| -

Remarks.

1. This result says in particular that if z(¢y) = y(to) then z(¢) = y(¢) and hence
proves the uniqueness assertion that we stated above.

2. Let I; be a bounded subinterval of I. Then from (1.6) one easily deduces

Theorem 1.3. For every € > 0 there exists a 6 > 0 such that if ||z(to) — y(to)|| is
less than 0, then ||xz(t) — y(t)|| is less than € on the interval, t € I.

In other words the solution, z(¢), depends continuously on the initial data,
g = I(to)
To prove Theorem 1.2 we need the following 1 — D calculus lemma.

Lemma 1.4. Let o : I — R be a C* function. Suppose
do

(1.7) =

< 2Lo(t)

on the interval I. Let tg be a fixed point on this interval. Then for allt € I

(1.8) o(t) < e2Ht=tlg (1) .



Proof. First assume that ¢ > t,. Differentiating o (t)e 2" we get
d d
%U(t)e—2Lt :d_(ze—2Lt . 2LU(t)6_2Lt

do
— (= _9L —2Lt ]
(dt a(t)) e

But the estimate (1.6) implies that the right hand is less than or equal to zero so
o(t)e 2 is decreasing, i.e.

o(tg)e 2 > g(t)e 2,
Hence
o (to)e*Lt=10) > o (t).

Suppose now that t < ty. Let I; be the interval: s € [ & —s &€ landleto; : [ = R
be the function o(s) = o(—s). Then

do do
—(5) = ——-(=s) <2Lo(—s) = 2Lo(s).

Thus with s = —tg
o1(s) < e2E=0) g (50)
for s > sg. Thus if we substitute —t for s this inequality becomes:

o(t) < eHlt=blg(ty)

for t < ty. Q.E.D.
We'll now prove Theorem 1.2.
Let
a(t) = |l=(t) — y(®)|
= (2(t) —y(t)) - (x(t) — y(1))
Then

SO
do

dt

< 2[lg(x(®)) = gy @I N=(t) = y(@)l]

< 2LJJz(t) — y(t)]| [|x(t) — y(t)]]
< 2Lo(t)

by Schwarz’s inequality and the estimate, (1.5). Now apply Lemma 1.4.



For every p € U and t € I, let z(p,t) be the unique solution of equation 1.2 with
x(p,to) = p.

By Theorem 1.3 x(p,t) is continuous in p; and, in fact, it is easy to see that it is
continuous in both p and t. To see this let’s assume |g(z)] < M on U and note that
for t and ¢; on the interval, I,

£(p, 1) — x(p,t) = / ' ga(p, 5)) ds

and hence (see (2.2) below)
|z(p, 1) — x(p,t)| < Mty — 1]

We'll conclude this section by pointing out a couple obvious but useful facts about
solutions of (1.2).

Fact 1. If z(t) is a solution of (1.2) on the interval I and a is any point on the
real line then z(t — a) is a solution of (1.2) on the interval [, = {t e R, t+a € I}.

d d
Proof.  Substitute z(t—a) for z(¢) in (1.2) and note that %(:c(t —a)) = d—f(t —a).

Fact 2. Let [ and J be open intervals on the real line and z(t), t € I, and y(t),
t € J, integral curves of (1.2). Suppose that for some to € I NJ, z(tg) = y(to). Then

(1.9) z(t)=y(t) on INJ,

and the curve

(1.10) A(t) = { gg; iélf

is an integral curve of (1.2) on the interval I U J.

Proof. Our uniqueness result implies (1.7) and since z(t) and y(t) are C! curves
which coincide on I N J the curve (1.10) is C''. Moreover since it satisfies (1.2) on I
and J it satisfies (1.2) on I U J.

Exercises.
1. a. Describe all solutions of the system of first order ODEs.
dx
) “ht) = ma(t)
d!L’Q

SE0 = =)



on the interval —oo < t < oo.

Hint: Show that x,(t) and z2(t) have to satisfy the second order ODE

d*u
11 —(t t)=0.
(1) —(0) + ult)
b. Conversely show that if () is a solution of this equation, then setting

z1(t) = u(t) and z5(t) = % we get a solution of (I).

2. Let F: R" — R be a C! function and let u(t) € C*(R) be a solution of the k'™
order ODE

d*u du dF1uy
1.11 GU gy e
(1.11) A" <u ar’ dtk—l)
Show that if one sets
z1(t) = u(?)
du
(1.12) xo(t) = p
dF 1y
wlt) = =5

These functions satisfy the k x k systems of first order ODEs

dSL’l
E = l’g(t)
(1.13) % =a(t)
dftk
= F(xy(t), ..., xzx(t)).

Conversely show that any solution of (1.13) can be converted into a solution of
(1.11) with the properties (1.12).

3. Let H(z,y) be a C? function on R? and let (z(t),y(t)) be a solution of the
Hamilton-Jacobi equations

(114 = o H (). (1)
W T H G0, (1)

Show that the function, H, is constant along the integral curves of (1.14).
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4. Describe all solutions of (1.14) for the harmonic oscillator Hamiltonian:

H(z,y) =" +y°.

5. Let H(z,y) = % + V(z) where V is in C*°(R). Show that every solution of
(1.14) gives rise to a solution of Newton’s equation

d*x dv
m—s = ———(x(t
o 7, ()
where m is mass, fl% is acceleration and V' is potential energy.

6. Show that the functions

F(z,y,2) =v+y+=z
and

G(z,y,z) = 2" +y° + 2

are integrals of the system of equations

v _
a Y
dy

(IIT) ik
@z _
di y

i.e., on any solution curve (z(t),y(t), z(t)) these functions are constant. Inter-
pret this result geometrically

Lecture 2. The Picard theorem

Our goal in this lecture will be to prove a local existence theorem for the system
of OED’s (1.1). In the course of the proof we will need the following 1-D integral
calculus result. Let x(t) € R", a <t < b, be a continuous curve. Then

/ab:):(t)dt' < /ab|:):(t)|dt.

(2.2)




Proof. Since |z(t)| = sup |z;(t)], 1 <1i <mn, it suffices to prove

/ab:ci(t) dt’ < /ab (1)) dt

and for the proof of this see §13 in Munkres.

O

Now let U be an open subset of R® and g : U — R™ a C' map. Given a point
xo € U we will let Bc(xg) be the closed rectangle: |z —xg| < €. For e sufficiently small
this rectangle is contained in U. Let M = sup{|g(z)|,z € B.(x)} and let

€
2.3 0<T < —.
(2:3) 7

We will prove
Theorem 2.1. There exists an integral curve, z(t), =T < t < T of (1.2) with
x(t) € Be(xg) and z(0) = xo.

The proof will be by a procedure known as Picard iteration. Given a C' curve
x(t), =T <t < T on the rectangle B.(zo) we will define its Picard iterate to be the
curve

(2.4) Z(t) = o +/0 g(x(s))ds.

The estimates (2.2) and (2.3) imply that

(2.5) (1) — ol < /0 lg(x(s))| ds < Mt] < e

for |t| < T so this curve is well-defined on the interval —7" < ¢ < T and is also
contained in B.(xg). Let’s now define by induction a sequence of curves xy(t), =T <
t <T, by letting xo(t) be the constant curve x(t) = xy and letting

(26) flfk(t) =Xy + /tg(xk_l(s)) dS, =T <t < T

(i.e., by letting x4 (t) be the Picard iterate of x4 (t)). We will prove below that these
curves converge to a solution curve of (1.2). To prove this we’ll need estimates for
|2k (t) — xg—1(t)]. Let

9y
Oz,

C = sup . x € Be(xg)

4,J
then by (1.4) one has the estimate
(2.7) l9(x) = g9(y)| < Llz —y|
for z and y in B.(zo) where L = nC. We will show by induction that
MLk—l ‘t|k

(2.6Kk) [21(t) = 2 ()] < —



Proof. To get the induction started observe that

x1(t) = zo + /0 g(zo) ds = xo + tg(zo)

|21(t) = 2o(t)] = |1 (t) — xo(t) < [t[M .

Let’s now prove that (2.6),_; implies (2.6),. By (2.4)

2k (t) = - (t) :/0 (9(zr-1(s)) — g(zr—2(s))) ds .
Thus by (2.7) and (2.2) one has, for ¢ > 0,
|2(t) — 21 (1)) S/O |9(zr-1(5)) — g(zr—2(s))| ds
< L/o |xp_1(8) — xp_2(8)|ds

and hence by (2.6);_1

t k-1
k-1
|xp(t) — xp_1(t)] < ML /0 (l{;—l)!ds
o MLEHE
- K

and with a change of sign the same argument works for ¢ < 0.
U

We'll next show that as k tends to infinity x(¢) converges uniformly on the inter-
val, =T <t < T. To see this, note that the series

is majorized by the series
M~ LAY M gy
— — = —e"".
L k! L
Hence the sums

k
x(t) = Zzzl(t) —x21(t) + o
i=1
converge uniformly to a continuous limit
x(t) = Lim g oo zx ()

9



as claimed. Now note that since g is a continuous function of z we can let k tend to
infinity on both sides of (2.6), and this gives is in the limit the integral identity

(2.8) z(t) = o +/0 g(x(s))ds.

Moreover since x(t) is continuous the second term on the right is the anti-derivation
of a continuous function and hence is C'. Thus z(t) is C', and we can differentiate
both sides of (2.8) to get

2.9 & = 0.

Also, by (2.8), x(0) = xg, so this proves the assertion above: that x(t) = Lim x(t)
satisfies (1.2) with initial data x(0) = z. Q.E.D.

We’ll next show that we can, with very little effort, make a number of cosmetic
improvements on this result.

Remark 1. For any a € R there exists a solution z,(t), =T +a <t <T + a of
(1.2) with z(a) = .

Proof. Replace the solution, x(t), that we’ve just constructed by z,(t) = z(t —a). As

was pointed out in Lecture 1, this is also a solution of (1.2).
U

Remark 2. If g is C* the solution of (1.2) constructed above is C**1,

Proof. (by induction on k)
We've already observed that x(t) is C* hence if g is C'! the second term on the right

hand side of (2.8) is the anti-derivative of a C'' function and hence is C?. Continue.
0

Remark 3. We have proved that if 0 < T < 47
—T <t <T of (1.2) with 2(0) = zo and x(t) € B(xo).
We claim

there exists a solution, x(t),

Theorem 2.2. For every p € B, (xg) there exists a solution
zp(t), =T/2<t<T/2
of (1.2) with x,(0) = p and z(t) € Be(zo).

Proof. In Theorem 2.1 replace xy by p and € by €/2 to conclude that there exists a
solution ,(t), —=T/2 < t < T/2 of (1.2) with x,(0) = p and z,(t) € B.2(p). Now
note that if p is in Be/s(z0) then B.jo(p) is contained in B (o).

U

10



Remark 4. We can convert Remark 3 into a slightly more global result. We
claim

Theorem 2.3. Let W be a compact subset of U. Then for some T’ > 0 there exists,
for every q € W a solution x,(t), =T <t <T of (1.2) with z,(0) = gq.

Proof. For each p € W we can, by Theorem 2.2, find a neighborhood, U, of p in U
and a 7T}, > 0 such that for every ¢ € U,, a solutlon x4(t), =T, <t < T, of (1.2)
exists Wlth z4(0) = g. By compactness we can cover W by a finite number, U,
t=1,...,N of these U,’s. Hence if we let 7" = minT},, there exists for every ¢ € W
a solutlon xy(t), =T <t <T of (1.2) with 2,(0) = q. O

We will conclude this section by making a global application of this result which
will play an important role later in this course when we study vector fields on mani-
folds and the flows they generate.

Definition 2.4. We will say that a sequence py,ps,ps,... of points in U tends to
infinity in U if for every compact subset, W, of U there exists an iy such that p; €
U—-W fori>ig.

Now let z(t) € U, 0 < t < a be an integral curve of (1.2). We will say that =(t) is
a maximal integral curve if it can’t be extended to an integral curve, z(t), 0 <t < b,
on a larger interval, b > a. We’ll prove

Theorem 2.5. Ifz(t), 0 <t < a is a mazimal integral curve of (1.2) then either
(a) a=+o0,

or

(b) There exists a sequence, t; € [0,a), i = 1,2,3,... such that t; tends to a
and x(t;) tends to infinity in U as i tends to infinity.

Proof. We'll prove: “if not (b) then (a)”. Suppose there exists a compact set W such
that z(t) is in W for all ¢ < a. Let T be a positive number for which the hypotheses
of Theorem 2.3 hold (i.e., with the property that for every ¢ € W there exists an
integral curve, z,(t), =T < t < T for which z,(0) = ¢q). Let ¢ = x(a —T/2). Then
the curve,

T
y(t) =24t —(a=T/2), a-T<t<a+s
is an integral curve with the property,
yla—T/2) = 2(a—T/2) = q

hence as we showed in Lecture 1

Z@:{ﬂmt<a

y(t), a-T<t<a+T/2

is an integral curve of v contradicting the maximality of x(t).

11



Remark 5. We will see later on that there are a lot of geometric criteria which
prevent scenario (b) from occurring and in these situations we’ll be able to conclude:
For every point, o € U, there exists a solution, z(t), of (1.2) for 0 < ¢ < oo with
z(0) = xp.

Exercises.

1. Consider the ODE
0 Lwy=at), o) er.

Construct a solution of (I) with z(0) = xo by Picard iteration. Show that
the solution you get coincides with the solution of (I) obtained by elementary
calculus techniques, i.e., by differentiating e~'z ().

2. Solve the 2 x 2 system of ODE’s

dz

(1I) d—tl = 5(t)
dz
il

with (z1(0),22(0)) = (a1,as) by Picard iteration and show that the answer
coincides with the answer you obtained by more elementary means in Lecture 1,
Exercise 1.

3*. Let A and X (t) be n X n matrices. Solve the matricial ODE

ax
dt
with X (0) = Identity, by Picard iteration.

(1) = AX (1),

4. Let z(t) € U, a < t < b be an integral curve of (1.2). We'll call z(t) a
maximal integral curve if it can’t be extended to a larger interval.

(a) Show that if x(¢) is a maximal integral curve and a > —oo then there
exists a sequence of points, s;, i = 1,2,3,..., on the interval (a,b) such
that Lim s; = a and z(s;) tends to infinity in U as i tends to infinity.

(b) Show that if z(¢) is a maximal integral curve and b < +oo then there
exists a sequence of points, t;, ¢ = 1,2,3,..., on the interval (a,b) such
that Lim ¢; = b and x(¢;) tends to infinity in U as i tends to infinity.

12



5. Show that every integral curve, z(t), t € I, of (1.2) can be extended to a
maximal integral curve of (1.2). Hint: Let J be the union of the set of open
intervals, I’ O I to which z(t) can be extended. Show that x(t) can be extended
to J.

6. Let g : U — R" be the function on the right hand side of (1.2). Show that if
g(xp) = 0 at some point xy € U the constant curve

z(t) =x9, —oo<t<oo
is the (unique) solution of (1.2) with z(0) = .

7. Suppose g : U — R" is compactly supported, i.e., suppose there exists a
compact set, W, such that for zo ¢ W, g(x9) = 0. Prove that for every zo € U
there exists an integral curve, z(t), —oo < t < +oo, with z(0) = xy. Hint:
Exercises 5 and 6.

Lecture 3. Flows

Let U be an open subset of R™ and g : U — R" a C'* function. We showed in lecture 2
that given a point, pg € U, there exists an € > 0 and a neighborhood, V' of pg in U
such that for every p € V' one has an integral curve, z(p,t), —e < t < € of the system
of equation (1.2) with z(p,0) = p. We also showed that the map, (p,t) — x(p,t) is a
continuous map of V' x (—e¢, €) into U. What we will show in this lecture is that if ¢ is
Ck+1 k> 1, then this map is a C* map of V x (—¢, ¢) into U. The idea of the proof
is to assume for the moment that this assertion is true and see what its implications
are.

The details: Fix 1 < j <n and let

ox o0x, 8xn>
>t = a5 >t = PR .
y(p,t) o, (p,1) ( p; o,
Then
d d 0
%y(p, t) = 7 @f(p, t)
0 d
@% (p,t)
0
= —g(z(p,1
)



where

(3.1) h(z,y,t Za o

This gives us, for each j, a solution (z(p,t),y(p,t)) of the (2n x 2n) first order system
of ODE’s

5:2) o .0) = 9le(p,0)

o) = el 1), (0.0
with initial data
(3.3) z(p,0)=p, y(p,0)= %(pa 0) = ¢

the e;’s being the standard basis vectors of R”. Moreover, since g is C¥*1 h is, by
(3.1), C*. Shrinking V and e if necessary, we can, as in lecture 2, solve these equations
by Picard iteration. Starting with z(p,t) = p and yo(p,t) = e; this generates a
sequence

(xT(p7t)7yT(p7t))7 T:172737”'7

and we will prove

Lemma 3.1. If at stage r — 1

0
yr—l(pa t) = 8—1'7"—1(297 t)
Pj

then at stage r,

0
yr(p,t) = %xr(p, t).
J

Proof. By Picard iteration

(34) p+ g Tr—1 p> S

A
:6]+/h$r 1p> yr 1(p> ))d
0

14



Thus

0 ¢ 0
@Ir(pv t) - ej +/0 Dg(xr—l(pa 8)%3:7“—1(297 S)) dS

t
-~ / Dy(2,-1(p,5) yrr(p, 5)) ds
0

t
=€ +/ h(zr—l(pv ‘9) >yr—1(p> S)) ds
0

=y,(p,s).
O

We showed in lecture 2 that the sequence (z,(p,t),y.(p,t)), r = 0,1, ..., converges
uniformly in V' x (—e¢, €) to a solution (z, (p,t), y(p,t)) of (3.2). Moreover, we showed
in lecture 1 that this solution is continuous in (p,t). Let’s prove that z(p,t) is C! in
(p,t) by proving

ox

(3.5) @(p, t) =y(p,1).

Since %xr(p, t) = y,(p, t) this follows from our next result:

Lemma 3.2. Let U be an open subset of R” and f, : U — R, r =0,1,... a sequence

of C* functions. Suppose that f,(p) converges uniformly to a function f(p), and that

it’s 7™ derivative, ggf, converges uniformly to a function, h;(p). Then f is C* and
J

of _
Op;

Proof. Since the convergence is uniform the functions, f and h;, are continuous.
Moreover for ¢ small

(3.6) hi(p)-

fr(p+t6j):/0 %fr(p—i_sej)ds

" Of,
= P+ se;)ds
0 ap]( ])

and since the integrand on the right converges uniformly to h; and f, converges to f

t
f(p+te;) = / h;(p+ se;) ds
0
and differentiating with respect to ¢:

%<p> — hi(p).

15



The identity (3.5) shows that the partial derivatives of z(p,t) with respect to the
p;’s are continuous in (p,t) and since

9 #(p,1) = 9(a(p.1)

the same is true for the partial with respect to t.
We'll now prove that if g is C¥*1 the solution, z(p,t), above of the systems of
ODE:

dx

(3.7) ;E@J)ZQW@JD, z(p,0) =p

depends C* on p and t. The argument is bootstrapping argument: We’ve shown that
if g is C?, x(p,t) is a C! function of p and t. This remark applies as well to the
system (3.2), with initial data (3.3). If g is C® the function h, on the second line of
(3.2) is C? by (3.1), and hence the result we’ve just proved shows that the solution,
(x(p,t),y(p,t)) of this equation is C'. However, since y(p,t) = %x(p, t), this implies
that the solution, z(p,t), of (1.2) is a C? function of (p,t). Repeating this argument
k times we obtain

Theorem 3.3. Assume g : U — R" is C*T1. Then, given a point, py € U, there
exists a neighborhood, V', of pg in U and an € > 0 such that

(a)  for every p € V, there is an integral curve, x(p,t), —e < t <€, of (1.2)
with x(p,0) = p and

(b)  the map
(p,t) €V x(=€,¢) = U, (p,t) = x(p,1)
is a C* map.
Let’s denote this map by F, i.e., set F(p,t) = z(p,t) and for each ¢t € (—¢,¢€) let
(3.8) fi:V—=U

be the map: fi(p) = F(p,t). We will call the family of maps, f;, —e <t < € the flow
generated by the system of equation (1.2) and leave for you to prove the following
two propositions.

Proposition 3.4. Let t be a point on the interval (—e, €) and let W be a neighborhood
of po in V' with the property fi(W) C V. Then for all |s| < e — ||

(3'9) fsoft:fs—l—t-

16



|

Proposition 3.5. In Proposition (8.4) let |t| be less than 5 and let W, = fi/(W).
Then

(a) Wi is an open subset of V.
(b) fi: W — W, is a C* diffeomorphism.
(c) Themap f7': W, — W is the restriction of f_, to W,.

Theorem 3.3 can be slightly strengthened. Namely let A be a compact subset of
U. Then we claim

Theorem 3.6. There exists a neighborhood of W of A in U and an € > 0 such that
(a) for every p € W there is an integral curve, x(p,t), —e < t < €, of (1.2) with
z(p,0) =p

(b) the map
(p,t) € W x (—€,¢) = U

is a C* map.

The proof of this is essentially identical with the proof of theorem (2.3). Namely
for every ¢ € A we can, by Theorem 3.3, find a neighborhood, V,, of ¢ and an ¢; > 0
such that for every p € V, there exists an integral curve z(p,t), —¢, < t < ¢, of
(1.2) with x(p,0) = p. By compactness we can cover A by a finite number, U,,,
i=1,...,N, of these U,’s and we get a proof of (a)—(b) by taking W to be the union
of the U,,’s and e the minmum of the ¢;,’s.

Exercises.

1. In the proof of Lemma 3.2 we quoted without proof the well-known theo-
rem:

Theorem. Let U be an open subset of R" and f. : U — R, r = 1,2,..., a
sequence of continuous functions. If f. converges uniformly on U the function

18 continuous.

Prove this.
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2. Prove Proposition 3.4. Hint: For p € W and ¢ = fi(p) show that the
curve,

n(s) = fsla), —(e—[t)) <s<e—[t

is an integral curve of the system (1.2) and that it coincides with the integral
curve

n2(8) = foulp),  —(e—t)) <s<e—|t.

3. Prove Proposition 3.5.

Lecture 4. Vector fields

In this lecture we’ll reformulate the theorems about ODEs that we’ve been discussing
in the last few lectures in the language of vector fields.

First a few definitions. Given p € R™ we define the tangent space to R™ at p to
be the set of pairs

(4.1 TR = {(p,v)}; vER.
The identification
(4.2) T,R" - R", (p,v) —v

makes 7,R" into a vector space. More explicitly, for v, v; and vo € R" and A € R we
define the addition and scalar multiplication operations on 7,R™ by the recipes

(pv Vl) + (pv V2) = (p> Vi +V2)
and

Ap,v) = (p,AV).

Let U be an open subset of R* and f : U — R™ a C' map. We recall that the
derivative

Df(p): R* - R™

of f at p is the linear map associated with the m x n matrix

[;jf W]

It will be useful to have a “base-pointed” version of this definition as well. Namely,
if ¢ = f(p) we will define

df, : T,R" — T,R™

18



to be the map

It’s clear from the way we've defined vector space structures on 7,R" and 7,R™ that
this map is linear.

Suppose that the image of f is contained in an open set, V', and suppose g : V —
R¥ is a C! map. Then the “base-pointed”” version of the chain rule asserts that

(4.4) dgq o dfy = d(f o g)y-

(This is just an alternative way of writing Dg(q)D f(p) = D(go f)(p).)

The basic objects of 3-dimensional vector calculus are vector fields, a vector field
being a function which attaches to each point, p, of R a base-pointed arrow, (p, V).
The n-dimensional generalization of this definition is straight-forward.

Definition 4.1. Let U be an open subset of R™. A wvector field on U is a function, v,
which assigns to each point, p, of U a vector v(p) in T,R™.

Thus a vector field is a vector-valued function, but its value at p is an element of
a vector space, T,R" that itself depends on p.
Some examples.

1. Given a fixed vector, v € R", the function
(4.5) pER™ — (p,v)
is a vector field. Vector fields of this type are constant vector fields.

2. In particular let e;,i = 1,...,n, be the standard basis vectors of R"”. If v = ¢;
we will denote the vector field (4.5) by 0/0x;. (The reason for this “derivation
notation” will be explained below.)

3. Given a vector field on U and a function, f : U — R we’ll denote by fov the
vector field

peU— f(p)u(p).

4. Given vector fields v; and vy on U, we’ll denote by v; + v, the vector field

p €U — vi(p) +valp) .

5. The vectors, (p,e;), ¢ = 1,...,n, are a basis of T,R", so if v is a vector field
on U, v(p) can be written uniquely as a linear combination of these vectors
with real numbers, g;(p), i = 1,...,n, as coefficients. In other words, using the
notation in example 2 above, v can be written uniquely as a sum

" 0
(4.6) Zkﬁﬂ

where g; : U — R is the function, p — g;(p).
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We'll say that v is a C* vector field if the g;’s are in C*(U).
A basic vector field operation is Lie differentiation. If f € CY(U) we define L, f
to be the function on U whose value at p is given by

(4.7) Df(p)v= Lyf(p)

where v(p) = (p,v), v € R" If vis the vector field (4.6) then

d
(4.8) Lof =) gim—f

(2

(motivating our “derivation notation” for v).

Exercise.
Check that if f; € CY(U), i = 1,2, then

(49) Lv(flf2) = flvaQ + flva2 .

We now turn to the main object of this lecture: formulating the ODE results of
Lectures 1-3 in the language of vector fields.

Definition 4.2. A C* curve vy : (a,b) — U is an integral curve of v if for alla <t < b

and p = (t) ]
(n50) =)

i.e.., if v is the vector field (4.6) and g : U — R™ is the function (gi,...,gn) the
condition n for v(t) to be an integral curve of v is that it satisfy the system of ODEs

dry

(4.10) ) =90(1)).

Hence the ODE results of the previous three lectures, give us the following theo-
rems about integral curves.

Theorem 4.3 (Existence). Given a point py € U and a € R, there exists an interval
I=(a—T,a+T), aneighborhood, Uy, of po in U and for every p € Uy an integral
curve, v, : I — U with y,(a) = p.

Theorem 4.4 (Uniqueness). Let~y; : I; — U, 1 = 1,2, be integral curves. Ifa € [1NI;
and y1(a) = y2(a) then v3 = v9 on Iy N Iy and the curve v : Iy U I, — U defined by

- Vl(t)> tEIl
%ﬂ_{w@,téh

s an integral curve.
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Theorem 4.5 (Smooth dependence on initial data). Let v be a C**'-vector field, on
an open subset, V., of U, I C R an open interval, a € I a point on this interval and
h:V x 1 — U amapping with the properties:

(i) h(p,a) = p.
(i1) For all p € V the curve

Vil —=U () = h(p,t)
is an integral curve of v. Then the mapping, h, is C*.

Theorem 4.6. Let I = (a,b) and forc e Rlet I, = (a—c,b—c). Then ifv: 1 — U
1s an integral curve, the reparameterized curve

(4.11) Ye: Lo = U, 7.(t) =~(t+c)
s an integral curve.

Finally we recall that a C1'-function ¢ : U — R is an integral of the system (4.10)
if for every integral curve (t), the function t — (y(t)) is constant. This is true if
and only if for all t and p = ()

0= Sol0(6) = (02, () = DA )

where (p,v) = v(p). But by (4.6) the term on the right is L,p(p).
Hence we conclude

Theorem 4.7. ¢ € CY(U) is an integral of the system (4.10) if and only if Lo = 0.

I'll devote the second half of this lecture to discussing some properties of vector
fields which we will need to extend the notion of “vector field” to manifolds. Let U
and W be open subsets of R” and R™, respectively, and let f : U — W be a C¥*!
map. If v is a C*-vector field on U and w a C*-vector field on W we will say that v
and w are “f-related” if, for all p € U and ¢ = f(p)

(4.12) dfp(vp) = Wy .

Writing

& 0
vo= ZUZ'%, UZECk(U)
i=1 ¢

and
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this equation reduces, in coordinates, to the equation

(4.13) i) = 30 G s

In particular, if m = n and f is a C**! diffeomorphism, the formula (4.13) defines a
C*-vector field on V, i.e.,
a 0

is the vector field defined by the equation

(1.14) wily) = Z (52u)er

]_
Hence we’ve proved

Theorem 4.8. If f : U — V is a C*¥T! diffeomorphism and v a C*-vector field on
U, there exists a unique C* vector field, w, on W having the property that v and w
are f-related.

We’ll denote this vector field by f.v and call it the push-forward of v by f.
I'll leave the following assertions as easy exercises.

Theorem 4.9. Let U;, 1 = 1,2, be an open subset of R™, v; a vector field on U; and
f:U — Uy a Cl-map. If vi and vy are f-related, every integral curve

v: 1 —U
of v1 gets mapped by f onto an integral curve, f o~ : 1 — Us, of vs.

Theorem 4.10. Let U;, i = 1,2,3, be an open subset of R™  v; a vector field on U;
and f; - Uy — Uiyq, @ = 1,2 a Ct-map. Suppose that, for i = 1,2, v; and v;y, are
fi-related. Then vy and vs are fy o fi-related.

In particular, if f; and f, are diffeomorphisms and v = v,

(f2)«(f1)sv = (fa 0 f1)sv.

Exercises.
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. Let U be an open subset of R, V an open subset of R™ and f : U — V a C!
map. Show that if u and v are vector fields on U and V' then they are f-related
if and only if

L.f e = f"Lyp

for every ¢ in C*(V).
(a) Let v be the vector field, > x;0/0x;, 1 <i < n, and let f : R® — R be

the projection map, (z1,...,2,) — x;. Show that v and w are f-related
where w = x10/0x;.

(b) Verify that f maps integral curves of v onto integral curves of w.

. Let v be the vector field, 2,0/0zy — 250/0z; and f : R* — R? the diffeomor-
phism, (z1,x9) — (22,71). What is f,v?

. Let v be a constant vector field, > ¢;0/0x;, 1 <i <n, and let f: R"™ — R" be
a bijective linear map. What is the vector field f,v?

. Let U be an open subset of R", v a vector field on U and v : R — U, t — ~(t),
an integral curve of v. Show that 0/0t and v are 7-related.

. Let U be an open subset of R”, v a vector field on U and ¢ : U — R a C!
function. Show that if L, = 1, v and 9/t are @-related.

Lecture 5. Global properties of vector fields

Let U be an open subset of R and v a C¥*! vector field on U. We'll say that v is
complete if, for every p € U, there exists an integral curve, v : R — U with v(0) = p,
i.e., for every p there exists an integral curve that starts at p and ewists for all time.
To see what “completeness” involves, we recall that an integral curve

v:[0,0) = U,

with v(0) = p, is called mazimal if it can’t be extended to an interval [0,0'), ' > b.

For such curves we showed that either

i. b=400
or

ii. |y(t)] = +ooast —b
or
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iii. the limit set of

{y(t), 0<t0b}

contains points on BdU.

Hence if we can exclude ii. and iii. we’ll have shown that an integral curve with
v(0) = p exists for all positive time. A simple criterion for excluding ii. and iii. is
the following.

Lemma 5.1. The scenarios 4. and . can’t happen if there ewists a proper C'-
function, ¢ : U — R with L,p = 0.

Proof. L,p = 0 implies that ¢ is constant on (t), but if ¢(p) = ¢ this implies that
the curve, (), lies on the compact subset, p~*(c), of U; hence it can’t “run off to
infinity” as in scenario ii. or “run off the boundary” as in scenario iii.

0
Applying a similar argument to the interval (—b, 0] we conclude:

Theorem 5.2. Suppose there exists a proper C'-function, ¢ : U — R with the
property L, = 0. Then v is complete.

Example.
Let U = R? and let v be the vector field
v 0
~ Yoy Yor

Then p(z,y) = 2y? + z* is a proper function with the property above.
If v is complete then for every p, one has an integral curve, v, : R — U with
7»(0) = p, so one can, as in Lecture 3, define a map

£, U—U
by setting f;(p) = v,(t). We claim that the f;’s also have the property

(5-1) Jto fa= fita-

Indeed if f,(p) = ¢, then by the reparameterization theorem, v,(¢) and 7,(t + a) are
both integral curves of v, and since ¢ = 7,(0) = v,(a) = fu(p), they have the same
initial point, so

V() = filg) = (fio fu)(p)
= Y(t+a) = firap)
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for all ¢t. Since fy is the identity it follows from (5.1) that f; o f_; is the identity, i.e.,

f—t = ft_l :
Next we will prove
Theorem 5.3. The map, f:, is a C* diffeomorphism.

Proof. Fix T'> 0 and p € U and note that since the map
0, T] = U, t— ()

is continuous its image, Ar, is a compact subset of U. Hence by Theorem 3.6 there
exists an open set W containing A7 and an € > 0 such that the map

(x,t) € W X (—€,€) — 7,(t)

is C*. Now let N be a positive integer with the property T/N < € and let ¢ = 7,(T)
and g, = 7, (—%) forr=1,...,N.

Thus fr/n(¢:) = ¢i—1, and we an inductively find open neighborhoods, U; of ¢; in
W such that fr/n(U;) C U;—;. This gives us a sequence of mappings

frv Ui — Uiy 1=N,...,1

and since T'/N < ¢ and every U; is contained in W these mappings are all C. Hence
since

fr= fryyooo frn,
N times, fr : Uy — U is C*. However, p is an arbitrary point of U so we’ve shown
that for every point, p € U, there exists a neighborhood, Uy, of p in U on which fr
is C*.
A nearly identical argument shows that f_r is C* and hence, since f_r is the
inverse of the mapping, fr, that fr is a C* difffeomorphism. Q.E.D.
U

As a corollary of Theorem 5.3 we will prove

Theorem 5.4. The mapping
FrUXxR—=U, (pt) = fip)

is CF.
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Proof. For every pg in U there exists a neighborhood, V', of pg in U and an € > 0 such
that the map
(p,t) €V X (—€,6) = U, (p,t) = fe(p)

is C*. Hence for all T the map

(p,t) €V x (—€,€) — fro fi(p)

is C*. However, fro f; = fris so the map

(p,t) € V X (—€,€) = frie(p)
is C* and hence finally that the map
(5.2) (p,t) € V X (=00,00) = fi(p)

is C* on every interval, T — e < t < T + ¢. Hence the map (5.2) is C* on all of
U x (—00,00).
U

For v not complete there is an analogous result, but it’s trickier to formulate
precisely. Roughly speaking v generates a one-parameter group of diffeomorphisms,
fi, but these diffeomorphisms are not defined on all of U nor for all values of ¢.
Moreover, the identity (5.1) only holds on the open subset of U where both sides are
well-defined. (See Lecture 3.)

Exercises.

1. Let U;, i = 1,2, be open subsets of R" and let v; be a complete vector field on
U;. Suppose f : Uy — Us is a C* map. Show that if v; and v, are f-related and
(fi)¢ : Uy — U, is the one parameter group of diffeomorphisms generated by v;

then fo (f1); = (fa)io f.

2. Let v be a complete vector field on U and f; : U — U, the one parameter group
of diffeomorphisms generated by v. Show that if o € C*(U)

d
Lyo=1|—f; .
2 (dtft (p)t:O

3. (a) Let U = R? and let v be the vector field, 2,0/0x9 — 120/0x1. Show that
the curve
teR — (rcos(t+46), rsin(t +46))

is the unique integral curve of v passing through the point, (r cos 8, rsin 6),
at t = 0.

26



(b) Let U = R™ and let v be the constant vector field: ) ¢;0/0x;. Show that

the curve
teR—a+t(er,...,cp)

is the unique integral curve of v passing through a € R™ at t = 0.
(¢) Let U =R"™ and let v be the vector field, > 2;0/0x;. Show that the curve

teR — e(ay,...,a,)

is the unique integral curve of v passing through a at ¢t = 0.

4. Let U be an open subset of R” and F': U x R — U a C* mapping. The family
of mappings
fe:U—=U, fi(x)=F(z,1)

is said to be a one-parameter group of diffeomorphisms of U if fy is the identity
map and f, o f; = fo for all s and ¢t. (Note that f_, = f;!, so each of the
fi’s is a diffeomorphism.) Show that the following are one-parameter groups of
diffeomorphisms:

(a) i R=>R, fi(z)=z+t
(b) fi:R—>R, fi(z)=c'x
(c) f; : R —=R?, fi(x,y) = (costx —sinty, sintz + costy)

5. Let A:R"™ — R"” be a linear mapping. Show that the series
t2 t3
exptA:I+tA+5A2+§A3+~-

converges and defines a one-parameter group of diffeomorphisms of R™.

6. (a) What are the generators of the one-parameter groups in exercise 47

(b) Show that the generator of the one-parameter group in exercise 5 is the

vector field 5
D atig

where [a; ;] is the defining matrix of A.

7. Let U be an open subset of R" and v a vector field on U. We will say that v is
compactly supported if the closure of the set

{peU, o) =0}

is compact. Show that if v is compactly supported it is complete.
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Lecture 6. Generalizations of the inverse function
theorem

In this lecture we will discuss two generalizations of the inverse function theorem.
We'll begin by reviewing some linear algebra. Let

A:R™—R"
be a linear mapping and [a; ;| the n x m matrix associated with A. Then
AR — R™

is the linear mapping associated with the transpose matrix [a;;]. For k& < n we define
the canonical submersions

7:R" - R*
to be the map m(z1,...,x,) = (x1,..., 7)) and the canonical immersion
L RF SR

to be the map, t(z1,...,2x) = (21,...2%,0,...0). We leave for you to check that
=1,

Proposition 6.1. If A : R* — R* is onto, there exists a bijective linear map B :
R™ — R"™ such that AB = 7.

We'll leave the proof of this as an exercise.
Hint: Show that one can choose a basis, vy, ..., v, of R” such that

Avi=¢;, 1=1,...k
is the standard basis of R¥ and
Av, =0, 1> k.
Let ey, ..., e, be the standard basis of R™ and set Be; = v;.

Proposition 6.2. If A : R¥ — R" is one-one, there exists a bijective linear map
C:R" = R" such that CA = .

Proof. The rank of [a; ;] is equal to the rank of [a;,], so if if A is one-one, there exists
a bijective linear map B : R"” — R" such that A'B = 7.
Letting C' = B! and taking transposes we get 1 = 7' = CB
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Immersions and submersions

Let U be an open subset of R” and f : U — R* a C® map. f is a submersion at
peUif
Df(p) : R* — R*

is onto. Our first main result in this lecture is a non-linear version of Proposition 1.

Theorem 6.3 (Canonical submersion theorem). If f is a submersion at p and f(p) =
0, there exists a neighborhood, Uy of p in U, a neighborhood, V', of 0 in R™ and a C*
diffeomorphism, g : (V,0) — (Uy, p) such that fog=.

Proof. Let 7, : R® — R" be the map, + — z+p. Replacing f by f o7, we can assume
p = 0. Let A be the linear map

Df(0) : R® — R*.
By assumption this map is onto, so there exists a bijective linear map
B:R"— R"
such that AB = 7. Replacing f by f o B we can assume that
Df(0)=m.
Let h: U — R™ be the map
h(zy,...,xn) = (fi(z), ..., fe(®), Tpyr, oo xn)

where the f;’s are the coordinate functions of f. I'll leave for you to check that

(6.1) Dh(0) = 1
and
(6.2) moh = f.

By (6.1) Dh(0) is bijective, so by the inverse function theorem h maps a neigh-
borhood, Uy of 0 in U diffeomorphically onto a neighborhood, V', of 0 in R™. Letting
g= ft we get from (6.2) 1= fog.

U

Our second main result is a non-linear version of Proposition 2. Let U be an open
neighborhood of 0 in R* and f : U — R™ a C*®-map.

Theorem 6.4 (Canonical immersion theorem). If f is an immersion at 0, there
exists a neighborhood, V', of f(0) in R™, a neighborhood, W, of 0 in R™ and a C*-
diffeomorphism g : V. — W such that X (W) C U and go f =1 on . *(W).
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Proof. Let p = f(0). Replacing f by 7_, o f we can assume that f(0) = 0. Since
Df(0) : R¥ — R" is injective there exists a bijective linear map, B : R® — R" such
that BDf(0) = ¢, so if we replace f by B o f we can assume that Df(0) = ¢. Let
¢ =n—k and let
h:U xR —R"
be the map
hzy,...,zn) = flxy, o 26) + (0,000 Tpgg, ooy Ty) -

I'll leave for you to check that

(6.3) Dh(0) = I
and
(6.4) hot = f.

By (6.3) Dh(0) is bijective, so by the inverse function theorem, h maps a neighbor-
hood, W, of 0 in U x R diffeomorphically onto a neighborhood, V, of 0 in R™. Let
g :V — W be the inverse map. Then by (6.4), t = go f.

0

Problem set

1. Prove Proposition 1.
2. Prove Proposition 2.

3. Let f:R?® — R? be the map
(z1, 79, 73) — (25 — 25, 25 — 13) .
At what points p € R? is f a submersion?
4. Let f:R? — R3 be the map
(z1,72) — (21,79, 22, 23) .
At what points, p € R?, is f an immersion?

5. Let U and V be open subsets of R™ and R"”, respectively, and let f : U — V
and g : V — R* be C'-maps. Prove that if f is a submersion at p € U and g a
submersion at ¢ = f(p) then g o f is a submersion at p.

6. Let f and g be as in exercise 5. Suppose that g is a submersion at q. Show that
go f is a submersion at p if and only if

T;R"™ = Image df,, + Kernel dg, ,

i.e., if and only if every vector, v € T,R" can be written as a sum, v = vy + v,
where vy is in the image of df, and dg,(v2) = 0.

30



Lecture 7. Manifolds

Let X be a subset of RV, Y a subset of R” and f : X — Y a continuous map. We
recall

Definition 7.1. f is a C* map if for every p € X, there exists a neighborhood, U,,
of pin RY and a C* map, g, : U, — R", which coincides with f on U, N X.

We also recall:

Theorem 7.2 (Munkres, §16,#3). If f: X — Y is a C*® map, there exists a neigh-
borhood, U, of X in RN and a C* map, g : U — R" such that g coincides with f on
X.

We will say that f is a diffeomorphism if it is one-one and onto and f and f~!
are both diffeomorphisms. In particular if Y is an open subset of R", X is a simple
example of what we will call a manifold. More generally,

Definition 7.3. A subset, X, of RN is an n-dimensional manifold if, for every p €
X, there exists a neighborhood, V, of p in RN, an open subset, U, in R™, and a
diffeomorphism p : U — X NV.

Thus X is an n-dimensional manifold if, locally near every point p, X “looks like”
an open subset of R™.

We’ll now describe how manifolds come up in concrete applications. Let U be an
open subset of RY and f: U — RF a C> map.

Definition 7.4. A point, a € R¥, is a regular value of f if for every point, p € f~1(a),
f is a submersion at p.

Note that for f to be a submersion at p, Df(p) : RY — R* has to be onto, and
hence k has to be less than or equal to N. Therefore this notion of “regular value” is
interesting only if N > k.

Theorem 7.5. Let N —k = n. If a is a reqular value of f, the set, X = f~(a), is
an n-dimensional manifold.

Proof. Replacing f by 7_, o f we can assume without loss of generality that a = 0.
Let p € f71(0). Since f is a submersion at p, the canonical submersion theorem tells
us that there exists a neighborhood, O, of 0 in R¥, a neighborhood, Uy, of p in U
and a diffeomorphism, g : O — U, such that

(7.1) fog=m
where 7 is the projection map

RY =RF xR" = R*, (2,9) — x.
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Hence 771(0) = {0} xR" = R" and by (7.1), g maps ON7~!(0) diffeomorphically onto
UoN f71(0). However, ON7~(0) is a neighborhood, V, of 0 in R™ and UyN f~1(0) is a
neighborhood of pin X, and, as remarked, these two neighborhoods are diffeomorphic.

U

Some examples:

1. The n-sphere. Let
f:R"™ SR

be the map,
(T1,y ooy Tpg1) = X+ an g — 1.

Then
Df(flf) = 2(,’,5'1, s '7:1:n+1)

so, if x # 0 f is a submersion at x. In particular f is a submersion at all points,
x, on the n-sphere

S = f71(0)
so the n-sphere is an n-dimensional submanifold of R"*!,

2. Graphs. Let g : R — RF be a C>* map and let

X = graph g = {(z,y) e R" xRF, y=g(x)}.

We claim that X is an n-dimensional submanifold of R"t* = R™ x R*.

Proof. Let
f:R" x RF —» R*

be the map, f(z,y) =y — g(z). Then
Df(x,y) = [=Dg(x), L]

where I, is the identity map of R¥ onto itself. This map is always of rank k.
Hence graph g = f~1(0) is an n-dimensional submanifold of R"**.

O

3. Munkres, §24, #6. Let M,, be the set of all n x n matrices and let S,, be
the set of all symmetric n x n matrices, i.e., the set

S,={AeM,, A=A"}.
The map

[ai,j] - (CL117 A12,...,A1p,A21, ..., A2n, - . )
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gives us an identification
2

n
M, =R
and the map
[ai,j] - (au, ce o Qip, A22, - - A2, A33, - - - A3p, - -
gives us an identification
~ n(n+1)
S, =ZR 2.

(Note that if A is a symmetric matrix,

(12 = Q21 , G13 = Q13 = G371, A3z = 423, etc.

so this map avoids redundancies.) Let

O(n)={AeM,, A'A=T}.

This is the set of orthogonal n xn matrices, and the exercise in Munkres requires
you to show that it’s an n(n — 1)/2-dimensional manifold.

Hint: Let f: M, — S, be the map f(A) = A'A — I. Then

O(n) = f71(0).

These examples show that lots of interesting manifolds arise as zero sets of sub-
mersions, f : U — RF. We'll conclude this lecture by showing that locally every
manifold arises this way. More explicitly let X C R" be an n-dimensional manifold,
p a point of X, U a neighborhood of 0 in R”, V' a neighborhood of p in RY and
¢ (U,0) = (VN X,p) a diffeomorphism. We will for the moment think of ¢ as a
C>® map ¢ : U — RY whose image happens to lie in X.

Lemma 7.6. The linear map

Dp(0) : R — RY

18 injective.
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Proof. o= : VN X — U is a diffeomorphism, so, shrinking V' if necessary, we can
assume that there exists a C> map ¢ : V — U which coincides with ¢~ton V N X
Since ¢ maps U onto V N X, ¥ o p = ¢! o ¢ is the identity map on U. Therefore,

D(ipo9)(0) = (DY) (p)Dp(0) = 1

by the change rule, and hence if Dp(0)v = 0, it follows from this identity that v = 0.



Lemma 6 says that ¢ is an immersion at 0, so by the canonical immersion the-
orem there exists a neighborhood, Uy, of 0 in U a neighborhood, V,, of p in V, a
neighborhood, O, of 0 in RY and a diffeomorphism

9:(Vp,p) = (0,0

such that

(72) L_l(O) = UO

and

(7.3) goyp = 1 onUp,

¢ being, as in lecture 1, the canonical immersion
(7.4) Lz, ..y xn) = (T1,...,2,,0,...0).

By (7.3) g maps ¢(Uy) diffeomorphically onto +(Uy). However, by (7.2) and (7.3)
t(Up) is the subset of O defined by the equations, x; = 0,7 =n+1,..., N. Hence if
g=(91,--.,9n) the set, (Uy) =V, N X is defined by the equations

(7.5) =0, i=n+1,...,N.

Let k=N —n, let
7:RY =R"” x R — R*

be the canonical submersion,
(21, ..., 2N) = (Tpy1,- - TN)

and let f = mo g. Since g is a diffeomorphism, f is a submersion and (7.5) can be
interpreted as saying that

(7.6) V,NX = f740).
Thus we’ve proved

Theorem 7.7. For every p € X there exists a neighborhood V), of p in RN and a
submersion, f:V, — R* with f(p) =0, such that X is defined locally near p by the
equation (7.6).

A nice way of thinking about Theorem 7.7 is in terms of the coordinates of the
mapping, f. More specifically if f = (f1,..., fx) we can think of f~1(0) as being the
set of solutions of the system of equations



and the condition that a be a regular value of f can be interpreted as saying that for
every solution, p, of this system of equations the derivatives

(78 @0y = 30 520 (),

are linearly independent, i.e., the system (7.7) is an “independent system of defining
equations” for X.

Problem set

1. Show that the set of solutions of the system of equations

it = 1

and
rTt+-tw, = 0
is an n — 2-dimensional submanifold of R™.
2. Let S ! be the n-sphere in R™ and let
X,={zesS", o+ 4x,=a}.
For what values of a is X, an (n — 2)-dimensional submanifold of S"~'?
3. Show that if X;, i = 1,2, is an n;~dimensional submanifold of RY: then
Xi x Xo CRM x R
is an (n; + ng)-dimensional submanifold of RM x Rz,
4. Show that the set
X ={(z,v) € S" ' xR", x-v=0}

is a 2n — 2-dimensional submanifold of R” x R". (Here “z-v” is the dot product,

Z LUZUZ>

5. Let g : R® — R¥ be a C* map and let X = graphg. Prove directly that X is
an n-dimensional manifold by proving that the map

v:R"— X, r— (r,9(x))

is a diffeomorphism.
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8. Tangent spaces

We recall that a subset, X, of RY is an n-dimensional manifold, if, for every p €
X, there exists an open set, U C R", a neighborhood, V, of p in RY and a C>-
diffeomorphism, ¢ : U — X NV.

Definition 8.1. We will call ¢ a parameterization of X at p.

Our goal in this lecture is to define the notion of the tangent space, T, X, to X at
p and describe some of its properties. Before giving our official definition we’ll discuss
some simple examples.

Example 1.

Let f: R — R be a C* function and let X = graphf.

[

/ X=graph f
/
X

Then in this figure above the tangent line, ¢, to X at py = (2o, yo) is defined by
the equation

y—yoza(i’f—fo)

where a = f(z¢) In other words if p is a point on £ then p = py+ Avy where vy = (1, a)
and A\ € R". We would, however, like the tangent space to X at py to be a subspace of
the tangent space to R? at py, i.e., to be the subspace of the space: T,,R? = {pg} x R?,
and this we’ll achieve by defining

Ty X = {(po, Avo), A €R}.

Example 2.
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Let S? be the unit 2-sphere in R3. The tangent plane to S? at p is usually defined
to be the plane
{po+v;veR v Lpy}.

However, this tangent plane is easily converted into a subspace of T,R? via the map,
Po + v — (po,v) and the image of this map

{(po,v);VE]Rg, v L po}

will be our definition of T,,5?.

Let’s now turn to the general definition. As above let X be an n-dimensional
submanifold of R, p a point of X, V a neighborhood of p in RY, U an open set in
R™ and

¢:(U,q) — (XNV,p)

a parameterization of X. We can think of ¢ as a C>* map
p:(Uq)— (V,p)
whose image happens to lie in X NV and we proved last time that its derivative at ¢
(8.1) (dp), : T,R™ — T,RY
is injective.

Definition 8.2. The tangent space, T,X, to X at p is the image of the linear
map (8.1). In other words, w € T,RY is in T,X if and only if w = dp,(v) for
some v € TyR™. More succinctly,

(8.2) T,X = (dpg)(T;R").
(Since dy, is injective this space is an n-dimensional vector subspace of T,RN.)

One problem with this definition is that it appears to depend on the choice of .
To get around this problem, we’ll give an alternative definition of 7, X. Last time we
showed that there exists a neighborhood, V', of p in RY (which we can without loss
of generality take to be the same as V' above) and a C* map

(83) f(‘/;p)—>(Rk,O)7 k=N-—n,

such that X NV = f71(0) and such that f is a submersion at all points of X NV,
and in particular at p. Thus

df, : T,RY — TyR*

is surjective, and hence the kernel of df, has dimension n. Our alternative definition
of T,X is

(8.4) T,X = kernel df,.

37



The spaces (8.2) and (8.4) are both n-dimensional subspaces of T,R"Y and we
claim that these spaces are the same. (Notice that the definition (8.4) of 7, X doesn’t
depend on ¢, so if we can show that these spaces are the same, the definitions (8.2)
and (8.4) will depend neither on ¢ nor on f.)

Proof. Since p(U) is contained in X NV and X NV is contained in f~1(0), fop = 0,
so by the chain rule

(85) dfpodpg=d(fop)y=0.

Hence if v € T,R" and w = dy,(v), df,(w) = 0. This shows that the space (8.2)
is contained in the space (8.4). However, these two spaces are n-dimensional so the
coincide.

U

From the proof above one can extract a slightly stronger result:

Theorem 8.3. Let W be an open subset of R® and h : (W, q) — (RY,p) a C* map.
Suppose h(W) is contained in X. Then the image of the map

dhy : T,R" — T,RY
is contained in T, X .

Proof. Let f be the map (8.3). We can assume without loss of generality that h(W)
is contained in V| and so, by assumption, h(W) C X N V. Therefore, as above,
foh =0, and hence dh,(T,R") is contained in the kernel of df,.

U

This result will enable us to define the derivative of a mapping between manifolds.
Explicitly: Let X be a submanifold of RY, Y a submanifold of R™ and g : (X, p) —
(Y, y0) a C* map. By Theorem 7.2 there exists a neighborhood, O, of X in RY and
a C>® map, g : O — R™ extending g. We will define

(8.6) (dg,) : T,X — T,,)Y

to be the restriction of the map

(8.7) (dg), : T,RY — T, R™

to T,X. There are two obvious problems with this definition:

1. Is the space
(dgp)(T,X)

contained in T}, Y7
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2. Does the definition depend on g7

To show that the answer to 1. is yes and the answer to 2. is no, let
¢ :(Uzo) = (XNV,p)

be a parameterization of X, and let h = gop. Since p(U) C X, h(U) C Y and hence
by Theorem 2
dhay (To,R™) C T, Y .

But by the chain rule

(88) dhxo = dgp o dSO:cO s

so by (8.2)

(8.9) (dgp)(T,X) S T,Y

and

(8.10) (dgp)(T,X) = (dh)s,(TsR")

Thus the answer to 1. is yes, and since h = g o ¢ = g o ¢, the answer to 2. is no.
From (8.5) and (8.6) one easily deduces

Theorem 8.4 (Chain rule for mappings between manifolds). Let Z be a submanifold
of RE and ¢ : (Y, y0) — (Z,2) a C* map. Then dib,, o dg, = d(v o g),.

Problem set

1. What is the tangent space to the quadric, 22 = 23 +--- + 22_,, at the point,
(1,0,...,0,1)?

2. Show that the tangent space to the (n — 1)-sphere, S™~!, at p, is the space of
vectors, (p,v) € T,R" satisfying p - v = 0.

3. Let f: R” — R* be a C* map and let X = graphf. What is the tangent space
to X at (a, f(a))?

4. Let o : S"' — S™~1 be the anti-podal map, o(x) = —z. What is the derivative
of o at p € ™17
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5. Let X; C RN, i = 1,2, be an n;~dimensional manifold and let p; € X;. Define
X to be the Cartesian product

X1 x X; CRM x R
and let p = (p1,p2). Describe T, X in terms of T, X; and T}, X5.

6. Let X C RY be an n-dimensional manifold and ¢; : U; — XNV, i = 1,2. From
these two parameterizations one gets an overlap diagram

XNV

AN

(8.11) w, _¥ W

where V =V, NV, W; = o; (X N V) and o = ;" 0 ;.

(a) Let p€ XNV and let ¢; = ¢; '(p). Derive from the overlap diagram (8.10)
an overlap diagram of linear maps

T,RY

(Ao, /(dw)w»qz

(8.12) T, R" CT,R"

(b) Use overlap diagrams to give another proof that 7, X is intrinsically de-
fined.

9. Vector fields on manifolds

We defined a vector field on an open subset, U, of R" to be a function v which assigns
to each point, p € U, a vector, v(p), in T,U. This definition makes perfectly good
sense for manifolds as well:

Definition 9.1. Let X be an n-dimensional manifold. A wvector field on X is a
function, v, which assigns to each point, p € X, a vector v(p) in T,X.

We’ll begin our discussion of vector fields on manifolds by describing the manifold
analogues of Theorems 4.8 and 4.10. Let X and Y be manifolds and f : X — Y a
C> map. Then for p € X and ¢ = f(p) we get, as explained in yesterday’s lecture, a
linear map, df, : T,X — T,Y. Now let v be a vector field on X and w a vector field
on Y. We will say that v and w are f-related if for all p € X

(9.1) dfp(v(p)) = w(q) .
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In particular if f is a diffeomorphism the identity (9.1) enables one to associate to
every vector field, v, on X a unique f-related vector field, w on Y, i.e. given a point,
¢, in Y one can define w at ¢ by requiring that (9.1) hold for p = f~*(g). The vector
field, w, defined by this recipe will be called the push forward of v by f and denoted
by f.v.

Now let Z be another manifold and ¢ : ¥ — Z a C* mapping. The manifold
analogue of Theorem 4.10 asserts

Theorem 9.2. Let v be a vector field on X, w a vector field on' Y and u a vector
field on Z. Suppose v and w are f-related and w and u are g-related. Then v and u
are g o f-related.

Proof. For p € X and ¢ = f(p) this follows from the chain rule

d(go f)pv(p) = (dg)qdf,(v(p)) -

(See theorem 8.4.)
U

In particular if f and g are diffeomorphisms (g o f).v = g.(fv).
To prove the analogue of Theorem 4.8 we must first of all define what we mean
by a “C* vector field” on X.

Definition 9.3. Let v be a vector field on X. We will say that v is C* at a point p
in X if there exists a neighborhood V' of p in X and a parametrization, ¢ : U — V
mapping ¢ € U onto p such that (¢~1).v is C* in a neighborhood of q.

To show that this is a legitimate definition we have to show that it is independent of
the choice of parametrization. To do so let ¢; : U; — Vi, 1 = 1,2 be a parametrization
mapping ¢; € U; onto p, and let V =V, NV, W; = ;1 (V) and ¢ = ;" 0 1. Then
by the overlap diagram (8.11) and the chain rule

a1 v = (03 1)s0

and hence Theorem 4.8 tells us that (5 '),v is C* in a neighborhood of ¢, if (p7!).v
is C* in a neighborhood of ¢;.

Remarks.

1. We will say that v is a C*® vector field on X if it satisfies the conditions of
Definition 9.3 for all £ and all p € X.

2. Henceforth we’ll assume for the most part without explicitly saying so that the
vector fields we're dealing with are C*°.

We'll next prove
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Theorem 9.4. Let X and Y be n-dimensional manifolds and f : X — Y a diffeo-
morphism. Then if v is a C* wector field on X, f.v is a C* wvector field on Y .

Proof. If ¢y : U — Vj is a parametrization of an open set in X, ¢y = f o is a
parametrization, ¢y : U — V5, of an open set Vo = f(V7) in Y and by the chain rule:

(03 )efev = (@) 0 = (91 )0
Thus if v is C* on Vi, fyv is C* on V5. O

There is an alternative way of defining the notion of C* which is sometimes useful
in practice: As above let ¢ : U — V be a parametrization of an open set V' in X and
let w = (¢1).(v|V). By definition w is a C** vector field on an open set U in R", i.e.
a vector field of the form, Y wia%i’ with w; € C*°(U). Suppose now that X sits in

an ambient Euclidean space, RY. Then we can think of ¢ as a map from U into R,
and for ¢ € U and p = ¢(q)

v(p) = (dp)qw(q) = (p,v(p)) € T,RY

where v(p) = (vi(p),...,vn(p)), and
(9:2) = (2 52) -

In other words the functions, v; : X — R, p — v;(p), are the functions, (p=1)* (

0pi

and hence are C* functions on X. In other words an alternative definition of C* for
vector fields is that the functions, v;, be C* functions on X.

A third way of formulating the notion of C* for vector fields is to note that by
Munkres §16, #3, the functions, v;, extend to C* functions, ¥v; on an open set W in
RY containing X. Hence the vector field v on X extends to a C* vector field

N
. .0
U:Z;Viaxi

on W. Thus we’ve proved

Theorem 9.5. v is a C* vector field on X if and only if there exists an open neigh-
borhood W of X in RN and a C* wector field © on W such that for all p € X,

v(p) = 0(p).

We will next discusss integral curves for vector fields on manifolds and prove the
manifold version of Theorem 4.9. Let % be the coordinate vector field on R, i.e. at

c €R let 5
(E)c =(c,1) € T.R.
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Definition 9.6. A C*> map, v : (a,b) — X is an integral curve of v if the vector

fields, % and v are y-related. In other words for a < ¢ <b and p = v(c)

(9.3) (dv)e (%)c = (p, Z—Z(C)) =v(p).

The manifold version of Theorem 4.9 asserts:

Theorem 9.7. Let Y be a manifold, f : X — Y a C® map and w a vector field
onY. Then if v and w are f-related and v : (a,b) — X is an integral curve of v,
fov:(a,b) =Y is an integral curve of w.

Proof. % and v are y-related and v and w are f-related and hence by Theorem 9.2
0

5 and w are f oy-related.

O

We will now turn to some applications of these “functorial” properties of vector
fields.

Theorem 9.8 (Existence). Given a point, py € X and a € R there exists an interval
I=(a—T,a+T), aneighborhood, Uy, of po in X and, for every p € Uy an integral
curve, v, : I — X, of v with v,(a) = p.

Theorem 9.9 (Uniqueness). Lety; : I; — X, i = 1,2 be integral curves. Ifa € I1N Iy
and v1(a) = 72(q) then v1 = o on Iy N Iy and the curve, v : Iy U Iy — X defined by

B 1(t), tel
V(1) = { o), tel

s an integral curve.

Theorem 9.10 (Smooth dependence on initial data). Let Uy be as in Theorem 9.8.
Then the map
F:UyxI—X, F(pt)=n",t)

18 C°.

Proof. Let’s call an open subset, V', of X parametrizable if there exists an open set U
in R™ and a parametrization ¢ : U — V. Since Theorems 9.8 and 9.10 are local results
it suffices to show that they are true for parametrizable open subsets of X. However,
if ¢ : U — V is the parametrization of such a subset and w = (¢~').(v|V) then, by
Theorem 9.7, Theorems 9.8 and 9.10 for V' follow from the analogous assertions for
the vector field, w, on U, i.e. from Theorems 4.5 and 4.7. As for Theorem 9.9 we
can’t immediately deduce this from the uniqueness result in Theorem 4.6, but we do
get a local uniqueness result which tells us that if 71 (¢) = 72(¢) at a point ¢y of I; N I
then v, (t) = 12(t) on a neighborhood, (—e + ¢y, € + ;) and a connectivity argument
then shows that v; and 5 have to be equal on all of I1 N I;. Thus Theorem 9.9 also
follows from the local version of this result. O
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Finally, we will leave for you to check

Theorem 9.11 (Reparametrization). Let I = (a,b) and forc € R let 1. = (a—c,b—c).
Then if v: I — X is an integral curve of v the reparametrized curve

(9.4) Yeile— X, 7e(t) =t +c)
s an integral curve of v.

We now turn to global results. (However we will give a rather cursory treatment
of these global results since for the most part the proofs are, verbatim, identical with
the proofs of the anlogous global results for vector fields on open subsets of R™.)

Definition 9.12. A sequence of points p; € X, 1 = 1,2, ..., tends to infinity in X if,
for every compact subset, W, of X there exists an ig such that p; ¢ W for i > iq.

Now let v : [0,a) — X be an integral curve of v. As in Lecture 2 we will say
that v is a maximal integral curve if it can’t be extended to an integral curve on an
interval [0,b), b > a.

We claim

Theorem 9.13. If v is a maximal integral curve than either

(a) a = +0o0

or

(b) there exists a sequence, t; € [0,a), such that t; tends to a and (t;), tends
to infinity in X as i tends to infinity.

For the proof of this assertion we refer to Lecture 2 since the proof is, verbatim,
identical to the proof of Theorem 2.5 (and we also refer to exercise 4 in Lecture 2 for
the proof of the analogous assertion for intervals (—a, 0]).

In particular, if X is compact this rules out alternative (b) so every vector field
on X is complete and one gets a map

(9.5) F: XxR—-X

by setting F(p,t) = v,(t). The following assertions about this map extend to mani-
folds, the results of Lecture 5 (and can be proved by repeating, verbatim, the proofs
of these results).

Theorem 9.14. The map, F, is C* and hence for all t so are the maps

(9.6) fi: X=X, filp) =7().
Moreover, these maps satisfy

(97) ft—i—a:ftofa

for all a € R.
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In particular, since fo(p) = 7,(0) = p, fo is the identity map and hence for a = —t,
fi o f—; is the identity map i.e. f_, = f;'. Thus as in Lecture 5 the vector field, v,
generates a “one parameter group of diffeomorphisms” of X.

Remark. Similar results are true if we replace the hypothesis, X compact, by
the hypothesis, v compactly supported.

We'll conclude this lecture by showing that the Lie differentiation operation for
vector fields that we discussed in Lecture 4 makes sense for vector fields on manifolds.
If p: X — Ris aC*> function we will define its Lie derivative, (L,p), by the recipe

(9-8) (Lop)(p) = dipp(v(p)) -

(To make sense of the right hand side we’ll delete the “c” from the base-pointed map,
dy, : T,X — TR, ¢ = ¢(p), and think of dip, as being a linear map from 7, X to R.)
Thus by (9.8) L, is a well-defined real-valued function on X. We will show that this
Lie differentiation operation has the following functorial property.

Theorem 9.15. Let Y be a manifold, f : X — Y a C® map and f*: C®(Y) —
C®(X) the pull-back operation f*1p(p) = ¥(f(p)). Then if w is a vector field on Y
which is f-related to X

Proof. For p e X and ¢ = f(p)

(Lo f*Y(p)) = d(¥o f)p(vp>
= dig o dfy(vp)
= dipy(wy)
= (Lw¥)(q) = (f " Lut))(p) -

We will leave the following as easy exercises.

1. Show that L, maps C>*(X) into C*°(X). Hint: By applying Theorem 9.15 to
parametrizable open subsets of X show that this assertion follows from analo-
gous assertion for open subsets of R™ .

2. Show that for ¢; and s € C*°(X)
(9.10) Ly(192) = Luprpa + p1Lups -

3. Show that if v is complete and f; : X — X, —0o <t < o0, is the one parameter
group of diffeomorphisms generated by V

d .
(9.11) Lyp = %ftgo‘tzo.
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Problem Set

1. Let X C R? be the paraboloid, z3 = ? 4+ x3 and let w be the vector field
0 0

W =Tl + To— +8x3—.

8:171 01'2 01'3
(a) Show that w is tangent to X and hence defines by restriction a vector field,
v, on X.

(b) What are the integral curves of v?

2. Let S? be the unit 2-sphere, 22 + 22 + 22 = 1, in R? and let w be the vector
field 5 5

W=2T=— — To—

81’2 81’1 ’

(a) Show that w is tangent to S?, and hence by restriction defines a vector
field, v, on S2.

(b) What are the integral curves of v?

3. As in problem 2 let S? be the unit 2-sphere in R?® and let w be the vector field

w—i—x x 0 +x 0 +x 4
N 81’3 3 185(71 281’2 385(73

(a) Show that w is tangent to S? and hence by restriction defines a vector
field, v, on S2.

(b) What do its integral curves look like?

4. Let S! be the unit sphere, 22 + 23 = 1, in R? and let X = S! x S! in R? with
defining equations

fi = 22+25-1=0
fo = a3+a2;-1=0.

(a) Show that the vector field

RN U
N 101’2 201’1 401’3 301’4 ’

A € R, is tangent to X and hence defines by restriction a vector field, v,
on X.
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(b) What are the integral curves of v?
(c¢) Show that L, f; = 0.

5. For the vector field, v, in problem 4, describe the one-parameter group of dif-
feomorphisms it generates.

6. Let X and v be as in problem 1 and let f : R* — X be the map, f(z1,z2) =
(z1, T9, 23 + 23). Show that if u is the vector field,

0
U=T1— + Tog—

8$1 8$2 ’
then f,u =wv.
7. Verify Theorem 9.11.

8. Let X be a submanifold of X in R" and let v and w be the vector fields on X
and U. Denoting by ¢ the inclusion map of X into U, show that v and w are
t-related if and only if w is tangent to X and its restriction to X is v.

9. Verify (9.10) and (9.11).
10* An elementary result in number theory asserts
Theorem. A number, A € R, is irrational if and only if the set
{m+An, m and n intgers}

is a dense subset of R.

Let v be the vector field in problem 4. Using the theorem above prove that if
A is irrational then for every integral curve, y(t), —oo < t < 0o, of v the set of
points on this curve is a dense subset of X.

Lecture 10. Integration on manifolds: algebraic
tools

To extend the theory of the Riemann integral from open subsets of R” to manifolds
one needs some algebraic tools, and these will be the topic of this section. We’ll begin
by reformulating a few standard facts about determinants of n x n matrices in the
language of linear mappings.!

LA good reference for these standard facts is Munkres, §2.
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Let V be an n-dimensional vector space and uq,...,u, a basis of V. Given a
linear mapping, A : V — V one gets a matrix description of A by setting

(10.1) Au; = aju;  i=1,...n.
Since A is linear, it is defined by these equalities and hence by the the n x n matrix,
A = [a;]. Moreover if A and B are linear mappings and A and B the matrices

defining them, the linear mapping, AB, is defined by the product matrix, C = AB,
where the entries of C are

(102) Cij = Z aikbkj .
k=1

We will define the determinant of the linear mapping, A, to be the determinant of
its matrix, \A. (This definition would appear, at first glance, to depend on our choice
of uy,...,u,, but we’ll show in a minute that it doesn’t.) First, however, let’s note
that from the product law for determinants of matrices: det AB = det Adet B, one
gets an analogous product law for determinants of linear mappings

(10.3) det AB = det Adet B.

Let’s now choose another basis, vi,...,v,, of V and show that the definition of det A
for linear maps is the same regardless of whether the u;’s or v;’s are used as a basis
for V. Let L : V — V be the unique linear map with the property

(10.4) Lu; = v;, i=1,...,n
and L' the inverse map

(10.5) LY = uy, i=1,...,n.
Setting B = LAL™! we get from (10.1), (10.5) and (10.4):

BVZ‘ = LAUZ =L (Z CLj,Z‘Uj)
= Z aJ-’Z-Luj = Z CL]"Z'Vj .

Thus det A is the determinant of B computed using the v;’s as a basis for V. However,
using the v;’s as a basis for V' we get from the multiplicative law

det B = det(LAL™)
= det Ldet Adet L™!

= det L(det L) ' det A
det A.

Thus det A is also the determinant of A computed using the v;’s as a basis for V.
The proof above not only shows that det A is intrinsically defined but that it is
an invariant of “isomorphisms” of vector spaces.

48



Proposition 10.1. Let W be an n-dimensional vector space and L :'V — W a
bijective linear map. Then det A = det(LAL™!).

One important property of determinant which we’ll need below is the following.
Proposition 10.2. A linear map A :V — V is onto if and only if det A # 0.

Proof. A is onto if and only if the vectors Au; in (10.1) are linearly independent and
hence if and only if the columns of A are linearly independent. However, a standard
fact about determinants says that this is case if and only if det A # 0.

]

Now let
Vi=Vx.--xV (n copies) .

Definition 10.3. A map o : V" — R is a density on V' if for all n-tuples of vectors,

Vi,..., Vi, and all linear mappings, AV —V
(10.6) o(Avy,... Av,) = |det Alo(vy, ..., vy,).
Check:

1. If o; : V" =R i¢=1,2is a density on V, o 4+ 05 is a density on V.

2. If 0 : V™ — R is a density on V and ¢ € R, co is a density on V.

Thus the set of density on V' form a vector space. We'll denote this vector space
by [V].
Claim:

|V'| is a one-dimensional vector space.

Proof. Let uw = (uy,...,u,) be a basis of V. Then for every (vy...,v,) € V" there
exists a unique linear mapping, A : V — V., with

(10.7) Au; = v; i=1,...,n.
Hence if o : V™ — R is a density on V'

o(vi,..., V) =0(Auy, ..., Auy,)
and hence
(10.8) o(vi,...,vp) =|det Alo(uq, ..., uy,)

i.e., o is completely determined by its value at u.
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Conversely, note that if we let o(us, ..., u,) be an arbitrary constant, ¢ € R, and
define o by the formula (10.8), then for any linear mapping, B, one has, by definition:

o(Bvy,...,Bv,) = o(BAu,..., BAu,)
= |det BA|o(uy, ..., uy,)

and by (10.8) and (10.3), the term on the right is | det B|o(vy,...,v,), so the map
defined by (10.8) is a density on V.
U

Exercise 1. Show that if vy,...,v, are linearly dependent, the mapping, A,
defined by (10.7) is not onto and conclude that o(vy,...,v,) = 0. Hint: Proposi-
tion 10.2.

We’ll discuss now some examples.

1. In formula 2 set o(uy,...,u,) = 1. Then the density on V defined by this
formula will be denoted by o,.

2. In particular let V' = R™ and let (ey,...,e,) = e be the standard basis of R".
Then o, € |R™| is the unique density on V' which is 1 on (eq, ..., e,).

3. More generally if p € R™ and
V=T,R"={(p,v), ve R"},

0pe € |T,R"| is the unique density on V' which is 1 on the basis of vectors:
(pa el)a SR (pa en)-

4. To describe the next example, we recall that an inner product on a vector space,
V,isamap, B:V xV — R with the properties

(10.9a) B(v,w) = B(w,V)
(10.9b) B(vi + vo,w) = B(vy,w) + B(va, w)
(10.9¢) B(cev,w) = e¢B(v,w)
(10.9d) B(v,v) > 0if v £0.
For example if V' = R™ and v and w are the vectors, (aq,...,a,) and (by,...,b,)

the usual dot product:
B(v,w) =v-w = Zaibi
i=1
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is an inner product on V. (For more about inner products see Munkres §1.)

Given an inner product let op : V* — R be the map

(10.10) o5(vi,. .. vy) = (det[b;])?
where

(10.11) bij = B(vi, v;) -

We claim

Proposition 10.4. The map, o, is a density on V.

Proof. Let A:V — V be a linear map and let

V; = AVZ' = E Ak iVk -

Then by (10.8)

(10.12) b;; = B(v;,v}) = Zakﬂ'a&jB(Vk,Vg).
ko,

Using matrix notation we can rewrite this identity in the more succinct form
(10.13) B = A'BA

where B' = [V ;] and A" is the transpose of A. Therefore, since the determinant
of an n X n matrix is equal to the determinant of its transpose:

det B = det A'BA
= det Al det Bdet A
= (det A)*det B

and

op(Avy,..., Av,) = (detB)?
= | det A|(det B):
= |detA|O'B(V1,...,Vn)

verifying that op is a density on V.
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5. In example 4 take V' to be R"™ and B the dot product.
Exercise 2. Show that o = o..

Hint: for the standard basis, eq,...,e,, of R", ¢;-¢; =1if i = j and 0 if ¢ # j.
More generally, let V' = T,R™ and let B be the inner product defined by setting

B(Vv ’UJ) =Ty
for vectors, v = (p,z) and w = (p,y) in T,R™. Show that op = 0.

6. Let W be an (n — 1)-dimensional subspace of V. Given v € V| we define ¢(v)o
to be the density on W defined by

(10.14) tyo(Viy o V1) = 0(V, Ve, o V)

Exercise 3. Check that this is a density on W.

Hint:  If v.€ W the vectors, v, vq,...,v,_1 are linearly dependent, so by
exercise 1 there is nothing to prove. Hence we can assume that v ¢ W. Let
AW — W be a linear map. Show that A can be extended to a linear map,
Af .V — V, by setting A*v = v. Check that

t(V)o(Avy, ... Av,_) = o(Av, Afvy, .. Afv,y)
| det A*|o(v)o(vy, ..., V1)

and check that det A = det A*.

7. Let V and W be n-dimensional vector spaces and A : V' — W a bijective linear
mapping. Given o € |W|, one defines A*o € |V| by the recipe

(10.15) A*o(vi,...,vy) = 0(Avy, ..., Av,).
We call A*o the pull-back of o to V by A.

Exercise 4. Check that A*o is a density on V.

Hint: If B:V — V is a linear map then

(10.16) A*o(Bvy,...,Bv,) = 0(ABvy,...,ABv,)
= o(B'Avy,...,B'Av,)

where B’ = ABA~!. Now use Proposition 10.1.
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Exercise 5.
Let u = (uq,...,u,) be a basis of V and w = (wy, ..., w,) a basis of W. Show

that if
AUZ = Z Q5 W;

Ao, = |det Alo,, .

Hint: Observe that A*o,, = co, for some constant ¢ € R. Now evaluate both
sides of this equation on the n-tuple of vectors (uq, ..., u,).

and A = [CI,Z’J]

8. In particular let U and U’ be open subsets of R and

f:(Up) — (U,q)

a diffeomorphism. Then if u; = (p,e;) and w; = (q, €;),

(9f i
dfy(ui) Z 01'
J

SO
(10.17) (dfy) 04 = |det Ofi/0x;(p)|op.e -

(This identity will play a major role in the theory of integration that we’ll
develop in lecture 12.)

Additional Exercises
Exercise 6.

Let B be an inner product on the vector space, V. Show that if vq,...,v, is an
orthogonal basis of V', i.e., B(v;,v;) =0 for i # j, then op(vi,...,v,) = |[vi| -+ |val,
where |v;|* = B(vy, v;).

Exercise 7.

Let V = R? and let B be the dot product. Show that oz (v, vs) is the area of the
parallelogram having v; and vy as adjacent edges.

Exercise 8.

Let V' = R"™ and let B be the dot product. Show that op(vy,...,vs) is the volume
of the parallelepiped P(vy,...,v,) having vy,...,v, as adjacent edges. (See Munkres
§20, page 170.)
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Exercise 9.

Let Vi, i = 1,2, be an n-dimensional vector space and W; C V; an (n — 1)-
dimensional subspace of V. Suppose that A : V; — V4 is a bijective linear mapping
mapping Wi onto Ws. Show that for v; € V, and o € |15

(10.18) t(v1)A%c = B*i(va)o
where v = Av; and B is the restriction of A to Wj.
Exercise 10.

Let V' be an n-dimensional vector space and W an (n — 1)-dimensional subspace
of V. Let v; and vy be elements of V', w an element of W and ¢ and element of |V].

(a) Show that if vi = avy

t(vi)o = |a| t(vs)o.
(b) Show that ¢(w)o = 0.
(c) Show that if vi = ave +w

(10.19) t(vi)o = |a|(ve)o.
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Exercise 11.

Let V = R" and let eq,...,e, be the standard basis vectors of R". Let W =
span{es,...,e,} and let v =Y a;v;. Show that for o € |R”|

(10.20) t(V)o(es,...,en) = larlo(er, ... en).

Exercise 12.

Let V;, © = 1,2, 3, be n-dimensional vector spaces and L; : V; — V11, 1 = 1,2,
bijective linear maps. Show that for o € |Vj3]

Lecture 11. Densities on manifolds

Let U be an open subset of R™. Given a function, ¢ € C3°(U) we denoted the Riemann
integral of ¢ over U by the expression
I
U

following the conventions in Munkres and Spivak. However, most traditional text
books in multivariable calculus denote this integral by

/gpd:ﬂ.
U

What is the meaning of the “dz” in this expression? The usual explanation is that
it’s a mnemonic device to remind one how the change of variables formula works for
integrals. Namely, if V' is an open subset in R” and f : V — U a diffeomorphism,
then for ¢ € Cg°(U)

(11.1) [otar= [ vtsn| P

where |Z—:yc| is shorthand for the expression |det(0f;/0y;)|. The topic of this last
segment of 18.101 is “integration over manifolds”, and to extend the theory of the
Riemann integral to manifolds we’ll have to take the expressions “dx” and “dy” more
seriously, that is, not just treat them as mnemonic devices. In fact the objects that
one integrates when one does integration over manifolds are manifold versions of dx
and dy, and to define these objects we’ll first have to show how expressions like dx
and ¢(z) dx can be converted from mnemonic devices to well-defined mathematical
objects.

25



Definition 11.1. Let U be an open subset of R™. A density on U is a function, o,
which assigns to each point, p, of U an element, o(p), of |T,R™|.

Some examples:

and

1. The Lebesgue density, orp,. This is the density which assigns to each p € U
the element, o, . of |T,R™|. (We'll show in the next section that the “dz” in the
paragraph above is essentially opep )

2. Given any density, o, on U and given a real-valued function, ¢ : U — R one
defined the density, o, by defining

(11.2) wo(p) = p(p)o(p) .

3. Since 0, is a basis of the one-dimensional vector space, |T,R"|, it is clear
by (11.2) that every density on U can be written as a product

0 = Q0Leb -

We'll say that o is C* if ¢ is in C*°(U) and is compactly supported if ¢ is in
Cs°(U) and we’ll denote the spaces

{vorer , @ eC(U)}

{vorer , 9 €CP(U)}
by D>(U) and Dg°(U).

4. Given densities, 0;, 1 = 1,2, on U 01 + 05 is the density whose value at p is
the sum, o1(p) + o2(p) € |T,R"|. It’s clear that if oy and o9 are both in D>(U)
or in DP(U) then so is oy + 0.

5. Let V be an open subset of R” and f : V — U a diffeomorphism. Given
o € D>®(U) one defines a density, f*o, on V' by the following recipe. For each
p € V and ¢ = f(p) the bijective linear map

df, : T,R" — T, R"
gives rise (as in example 7 in the notes for Lecture 10) to a map
(dfy)” « |TyR"| — [T,R"|
and so f*o is defined at p by
(11.3) fro=(df,)"o(q).
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For example, if 0 = o0 then by (10.17)

(dfp) oL (@) = (dfp)"0qe

B ofi
= Jaet | 2200
df;
= Jaet [ 5209 | onn 0
and hence
(11.4) ffoLe, = |det {%] OlLeb -
825']‘

More generally, if o = Yorq, with ¥ € C®(V)

fi }

(11.5) ffo=vof £

OLeb -

det {

Since the function on the right is C* this proves
Proposition 11.2. If o is in D>®(U), f*o is in D*®(V).

We will next show how to extend the results above to manifolds.
We’ll begin with the definition of density (which is exactly the same for manifolds
as for open sets in R™).

Definition 11.3. Let X be an n-dimensional submanifold of RY. A density on X is
a function which assigns to each p € X an element o(p) of |1, X|.

Examples.

Example 1. The volume density, oy, . For each p € X, T, X is by definition a vector
subspace of T,R". Moreover since

TRY = {(p,v), veRY}
one has a bijective linear map,
(11.6) T,RY — RY

mapping (p,v) to v. Since RY is equipped with a natural inner product (the “dot
product”) one can equip 7T,RY with this inner product via the identification (11.6),
and since T, X sits inside T,RY as a vector subspace, this gives us an inner product
on T, X. Let’s call this inner product B,.
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Definition 11.4. The volume density on X 1is the density defined by the formula

(11.7) Ovol () = 0B,
at each point p € X.

N.B. The term on the right is by definition an element of |7, X|, so this formula
does assign to each p € X an element of |7,X| as required. (See example 4 in the
notes for Lecture 10.)

Exercise 1. Check that for X = R", 0y = 0rep -

Example 2. Given a density, o, on X and a real-valued function, ¢ : X — R one
defines the density ¢o, as above, by

(¢o)(p) = ¢(p)o(p)

at p € X.
Example 3. Given densities, 0;, i = 1,2, one defines their sum, o, + 09, as above,
by
(01 + 02)(p) = 01(p) + 02(p) -
Example 4. Let X and Y be n-dimensional manifolds and f : X — Y a diffeomor-
phism. Given a density, o, on Y one defines as above, the pull-back density, f*c on
X by the recipe (11.3). Namely if p € X and ¢ = f(p) the derivative of f at p is a
bijective linear map
df, - T,X = T,Y
and from this map one gets a linear map
af; 1Y = [T,x],

and one defines f*o by:
(f*o)(p) = (dfy)"o(q).
Exercise 2. Check that if o is a density on Y and ¢ : ¥ — R a real valued
function

(11.8) (o) = [0 fo

i.e., the pull-back operation on densities, is consistent with the pull-back operation
on functions that we defined earlier in the course.

Exercise 3. Let Z be an n-dimensional manifold and ¢ : ¥ — Z a diffeomor-
phism. Check that if o is a density on Z

(11.9) f*(g"0) = (go f)o.

Hint: The manifold version of the chain rule for derivatives of mappings.

We will next show how to define analogues of the spaces D>(U) and Dg°(U) for
manifolds. Recall that if U is an open subset of X, a parametrization of U is a pair,
(Uo, @), where Uy is an open subset of R™ and ¢ : Uy — U is a diffeomorphism.
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Definition 11.5. Let o be a density on X. We will say that o is C* on U if
QO*O' S DOO(U0>

Claim: This definition doesn’t depend on (Up, ¢).

Proof. Let (Uf,¢') be another parametrization of U and let f : Uy — U] be the
diffeomorphism, f = (¢')"!op. Letting g = ¢*c and o} = (¢})*0 we get from (11.9)

(11.10) oo = f*oy,

and hence by Proposition 11.2, ¢ is in D>°(U)) if and only if oq is in D*(Uj).
U

Example 5. o0,,. Let (U, ) be a parameterization of U. Since X sits inside RY
we can regard ¢ as a C* map

(11.11) @: Uy — RY,
and for p € Uy and g = ¢(p) we can regard dy, as an injective linear map
(11.12) dp, : T,R" — T,RY

which maps T,R" bijectively onto the subspace, T, X, of T,RY. Let ¢1,...,on be
the coordinates of the map (11.11) and let eq, ..., e, be the standard basis vectors of
RY. Then if u; = (p, €;)

(11.13) dpy(u;) = w; = (g, Vi)
where
o 1 dpN
wag = (e )
and hence
(11.15) ((dep) op,)(ur, ... ,up) = op,(wy,... wy)

where b; j(p) is the matrix

(11.16) bij(p) =vi-v; =) 8% (p)a—%(p) :

Since o, is a basis of the one-dimensional vector space, |T,R"|,

(11.17) (dpp) o, = cope
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for some constant, ¢, and since, by definition,

Ope(tn, ... u,) =1

we see from (11.15) that this constant has to be equal to the expression on the right
hand side of (11.15) i.e.,

(11.18) (dp)iop, = (det[by;(p)]) 2oy -

Therefore since o, = 0yo1(¢) and 0, = orep (p) We get from (11.18)

=

(11.19) P ovol = (det[ty;]) 2 oren
where 1); ; is the function

Opr Oy,
11.20 = “rk
( ) Vi Z Ox; Oz,

Thus oy is C* on U.

Definition 11.6. We will say that a density, o, on X is C* if for every point, p € X
it is C*> on a neighborhood, U of p.

Notation: We will denote by D>°(X) the space of C*> densities on X and by
Dg°(X) the space of compactly supported C* densities on X.

Exercise 4. Show that

D¥(X) = {gow, ¢e€C®X)}

and

D(X) = {¢ow, ¢e€CT(X)}.

Hint: For every p € X, op, is a basis vector for the one-dimensional vector space,
T X].

Let Y be an n-dimensional manifold and f : X — Y a diffeomorphism. We will
show that Proposition 11.2 is true for manifolds.
Proposition 11.7. If 0 € D*(Y), then f*o € D>(X).

Proof. Let U be an open subset of X and ¢ : Uy — U a parameterization of U. Let
V = f(U). Then fop:Uy— V is a parameterization of V' and by (11.9)

P ffo=(fop)o.

Since o is a C*™ density on Y the right side of this identity is in D>°(U,) and hence
so is the left side.
O

60



Some additional exercises.

Exercise 5. Given a C* function f : R — R its graph

X =A{(z,f(x)), zeR}

is a submanifold of R? and
0:R* > X, x— (z, f(x))

is a diffeomorphism. Show that

I\ 2\ 2
(1121) SO*Uvol = <1 + (%) ) OTleb -

Exercise 6. Given a C* function f : R? — R its graph
X ={(z. f(z)), zeR%}
is a submanifold of R? and
iR =X, x> (z,f(2))

is a diffeomorphism. Show that

o 9F \2 af\? 2
(1122) @ Oyol = (1 + (0—xl> + (a—x2> ) OLeb -

Exercise 7*. Given a C*™ function, f : R™ — R its graph
X =A{(, f(z)), zeR"}
is a submanifold of R"*! and
(11.23) 0:R" = X, z—(z, f(z))

is a diffeomorphism. Show that

. NEIANE
(11.24) O ol = |1+ Z o OLeb -
i=1 v

Hints:

a. Let v=(c,...,¢,) € R". Show that if C': R® — R™ is the linear mapping
defined by the matrix [¢;¢;] then Cv = (3> ¢?)v and Cw =0 if w-v = 0.
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b. Conclude that the eigenvalues of C are \; = > " ¢ and Ay = --- = \, = 0.

i=1"
c. Show that the determinant of I + C is 1+ Y ¢?.

d. Use the preceding results to compute the determinant of the matrix (11.20)
where ¢ is the mapping (11.23).

Exercise 8. Let X be the unit (n — 1)-sphere in R™ and let v be the vector field,

v = Z[L’Z 0/0x; .

For p € X let V =T,R" and let W = T, X. Show that if 0y, is the volume density
on X and o, the Lebesgue density on R™ then at p these two densities are related
by

(11.25) ovol (p) = t(Vp)oLen (D) -

(For the definition of the term on the right see example 6 in the notes for Lecture 10.)

Lecture 12. Integrating densities

In this section we will show how to integrate densities over manifolds. First, however,
we will have to explain how to integrate densities over open subsets, U, of R". Recall
that if o is in D*>°(U) it can be written as a product, 0 = 1oLe,, where ¢ is in C*(U).
We will say that o is integrable over U if v is integrable over U, and will define the
integral of o over U to be the usual Riemann integral

(12.1) LU=L¢M.

The advantage of using “density” notation for this integral is that it makes the change
of variables formula more transparent. Namely if U; is an open subset of R" and
f : Uy — U a diffeomorphism, then by (11.5) f*o = ¢y0pe, Where

afi
a!lfj:|

(12.2) br=yof

det [

and hence by the change of variables formula? 1), is integrable over U; and

dx = dx .
v /wa

Thus using density notation the change of variables formula takes the much simpler
form

(12.3) L;ﬁazlf.

2See Theorem 17.2 in Munkres.
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Now let X C R be an n-dimensional manifold. Our goal below will be to define the
integral

(12.4) /W o

where W is an open subset of X and ¢ is a compactly supported C* density. We'll first
show how to define this integral when the support of ¢ is contained in a “parametriz-
able” open subset of X and then, using a partition of unity argument, define it in
general.

Definition 12.1. An open subset, U, of X is parametrizable if there exists an open
set, Uy, in R™ and a diffeomorphism, ¢y : Uy — U.

In other words “U is parametrizable” means that there exists a parameteriza-
tion, (Up, o), of U. It’s clear that if U is parametrizable every open subset of U is
parametrizable, and, in particular, if U; and U, are parametrizable, so is Uy N Us.
Moreover the definition of manifold says that every point, p € X, is contained in a
parametrizable open set.

Let o be an element of D§°(X) whose support is contained in a parametrizable
open set U. Picking a parameterization, g : Uy — U we will define the integral of o
over W by defining it to be

(12.5) /Wa:/WO e

where Wy = ¢, (W). Note that since o is compactly supported on U, @0 is a
product, ¢io = oL, with ¥ in C3°(Uy). Hence by Munkres, Theorem 15.2, 1) is
integrable over I, and hence so is p*c. We will prove

Lemma 12.2. The definition (12.5) doesn’t depend on the choice of the parameteri-
zation, (U, o).

Proof. Let (Uy, 1) be another parameterization of U and let f = ;" o @y. Since ¢,
and ¢; are diffeomorphisms of Uy and U; onto U f is a diffeomorphism of Uy onto Uy
with the property

(12.6) prof=go.
In particular if W; = ;' (W), i = 0,1 it follows from (12.6) that f maps W, diffeo-

(2

morphically onto W; and from the chain rule it follows that f*pjo = ¢jo. Hence by
(12.3)

(12.7) /goga:/ plo.
Wo W1

In other words (12.5) is unchanged if we substitute (Uy, ¢1) for (Up, ¢o).
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From the additivity of the Riemann integral for integrable functions on open
subsets of R"” we also conclude

Lemma 12.3. If o, € DF(X), i = 1,2, is supported on U

/0'1—|—0'2:/0'1—|—/0'2
w w w

and if o € D°(X) is supported on U and ¢ € R

[eo=c| o
w w

To define the integral (12.4) for arbitrary elements of D§°(X) we will resort to
the same partition of unity arguments that we used earlier in the course to define
improper integrals of functions over open subsets of R". To do so we’ll need the
following manifold version of Munkres” Theorem 16.3.

Theorem 12.4. Let
(12.8) U={U,, a€Tl}

be a covering of X be open subsets. Then there exists a family of functions, p; €
C(X),i=1,2,3,..., with the properties

(a) pi = 0.

(b) For every compact set, C' C X there exists a positive integer N such that
if i > N, supp p; N C = 0.

(¢c) >2pi=1.

(d) For every i there exists an a € T such that supp p; C U,.

Remark. Conditions (a)-(c) say that the p;’s are a partition of unity and (d) says
that this partition of unity is subordinate to the covering (12.8).

Proof. For each p € X choose an open set O, in R" containing p such that the closure
of O, N X in X is compact and such that

(12.9) 0,NX C U,

for some a. Let O be the union of the O,’s.

By the theorem in Munkres that we cited above there exists a partition of unity,
pi € C3°(0), i =1,2,..., subordinate to the covering of O by the O,’s. Let p; be the
restriction of p; to X. Since the support of p; is compact and contained in some O,,
the support of p; is compact, so p; € C§°(X) and it’s clear that the p;’s inherit from
the p;’s the properties (a)—(d).

O
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Now let the covering (12.8) be any covering of X by parametrizable open sets and
let p; € Cg°(X), i = 1,2,..., be a partition of unity subordinate to this covering.
Given o € D (X) we will define the integral of o over W by the sum

(12.10) Z/W i .

Note that since each p; is supported in some U, the individual summands in this sum
are well-defined and since the support of ¢ is compact all but finitely many of these
summands are zero by part (b) of Theorem 12.4. Hence the sum itself is well-defined.
Let’s show that this sum doesn’t depend on the choice of U and the p;’s. Let U’ be
another covering of X by parametrizable open sets and p;», J =1,2,..., a partition
of unity subordinate to U’. Then

(12.11) Z/Wp;o— - Z/M/Zp;pia
“Z(Eh)

by Lemma 12.3. Interchanging the orders of summation and resumming with respect
to the 7’s this sum becomes

> I > sipe

or

;/Wpia.

Hence
;/Wp;a:;/me,

so the two sums are the same. Q.E.D.
From (12.10) and Lemma 12.3 one easily deduces

Proposition 12.5. For o, € DP(X), i =1,2

(1212) /01+02:/ 01+/ g2
w w w

and for o € DP(X) and c € R

(12.13) /Wca:c/Wa.
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In the definition of the integral (12.4) we’ve allowed W to be an arbitrary open
subset of X but required ¢ € D>*(X) to be compactly supported. This integral is
also well-defined if we allow o to be an arbitrary element of D>°(X) but require the
closure of W in X to be compact. To see this, note that under this assumption the
sum (12.10) is still a finite sum, so the definition of the integral still makes sense, and
the double sum on the right side of (12.11) is still a finite sum so it’s still true that
the definition of the integral doesn’t depend on the choice of partitions of unity. In
particular if the closure of W in X is compact we will define the volume of W to be
the integral,

(1214) VOI(W) :/ Ovol »

W
and if X itself is compact we’ll define its volume to be the integral
(12.15) vol(X) = / oot

b'e

(For an alternative way of defining the volume of a manifold see Munkres, §22.)
We’ll conclude this discussion of integration by proving a manifold version of the
change of variables formula (12.3).

Theorem 12.6. Let X' and X be n-dimensional manifolds and f : X' — X a
diffeomorphism. If W is an open subset of X and W' = f~*(W)

(12.16) /W/f*U:/WU

for all 0 € DF(X).

Proof. By (12.10) the integrand of the integral above is a finite sum of C* densities,
each of which is supported on a parametrizable open subset, so we can assume that
o itself as this property. Let V' be a parametrizable open set containing the support
of o0 and let ¢y : U — V be a parameterization of V. Since f is a diffeomorphism
its inverse exists and is a diffeomorphism of X onto X;. Let V' = f~}V) and
o = [t oy Then ¢, : U — V' is a parameterization of V'. Moreover, f o ¢ = ¢
so if Wy = ¢y (W) we have

Wo = (¢0) " (f 1 (W) = (o)~ (W)

and by the chain rule we have

woo = (fogy)o=(gy) fro

Lo = [ eo=] wruo=[ ro
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Lecture 13. Lie derivatives of densities

In the next three lectures of this course we will prove a manifold version of one of
the fundamental theorems in multi-variable calculus: the divergence theorem. The
calculus version of this theorem says that if S C R3 is a closed surface and v a vector
field, the flux of v through S is equal to integral of the divergence of v over the
region bounded by S. To extend this theorem to manifolds we will need manifold
versions of the notion of divergence and flux. The notion of divergence is closely
related to another important manifold notion: the Lie derivative of a density by a
vector field. We’ll discuss both of these concepts below, and discuss the concept of
flux in Lecture 14.

Let X be an n-dimensional manifold and v a vector field on X. To simplify
slightly the exposition in what follows we’ll assume that v is complete, and hence
that it generates a one-parameter group of diffeomorphisms

(13.1) fi : X=X, —co<t<oo.

Let’s recall that if ¢ is a C* function on X its Lie derivative with respect to v can
be defined by the formula

(13.2) Lyp = (%ft*so) (t=0).

This formula makes sense for densities as well. Namely if o is an element of D>(X)
we can define its Lie derivative by the recipe:

(13.3) Lyo = <% ffo) (t=0) (%).

Moreover, the operations (13.2) and (13.3) are compatible: if ¢ is a C* function and
o a C* density then?

fipo = (ffo)fio,

hence

3This definition makes sense without the assumption that v be complete, however it is slightly
more complicated. In the vector field segment of this course we pointed out that for every point, p, in
X there exists a neighborhood, U, of p, an interval, —e < t < ¢, and a family of local diffeomorphisms

fi:U—-X

such that for ¢ € U the curve, v4(t) = fi(q), —€ < t < ¢, is an integral curve of v with initial point,
v4(0) = ¢. In other words, v generates a “local” one-parameter group of diffeomorphisms on U, so
the Lie derivative of o with respect to v can still be defined by the recipe (13.3) in the vicinity of p
for every p € X.

67



%ft (po) = E(ft pfio) = (%ft 90) ftU—l-ftQD(%ft U)
which for ¢ = 0 reduces to:
(13.4) Ly(p0) = (Lyp)o +pLyo .

To see what this Lie differentiation operation looks like “locally” let’s compute
(13.3) for the special case of open subsets of R™. We'll begin by proving a linear
algebra lemma which we’ll need for this computation.

Lemma 13.1. Let A(t) = [a;;(t)], —€ < t < €, be an n X n matriz whose entries,
a; ;(t), are C* functions of t. Then if A(0) is the identity matriz

d d
(13.5) %(det A)(0) = traceEA(O)
where
(13.6) traceiA(O) = z": ia- :(0)
’ dt C ar

Proof. By Theorem 2.15 in Munkres, §2

n

det A(t) = (—1)"ay;(t) det Ay (1)

i=1

where A; ;(t) is the (n — 1) x (n — 1) matrix obtained by deleting from A(t) its first
row and i column. Thus £ det A(?) is equal at ¢t = 0 to the sum of

(13.7) Z(—l)Hi%au(O) det Ay ;(0)
and
(13.8) Z(—1)1+ia17i(0)% det Ay ;(0).

However, A;(0) is the identity (n — 1) x (n — 1) matrix and for i # 1, the first
column of the matrix A;;(0) consists entirely of zeros. Thus det A; 1(0) = 1 and, for
i # 1, det A;,(0) = 0, so (13.7) is just £a;1(0). Moreover, a;1(0) = 1 and a;,;(0) = 0
for i # 1, so (13.8) is just 4£A;(0). Arguing by induction we can assume that the
theorem is true for n — 1 and hence that (13.8) is equal to

"L d
—CLM (0) .
2
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Adding to this the term (13.7), which we’ve just observed to be %a;;(0), we get the
formula (13.5).
U

Now let U be an open subset of R™ and let v be the vector field

0
(139) v = sza—xz 5

A density, 0 € D*(U) can be written as a product o, with ¢ in C*(U), so by
(13.4)

(13.10) Lyo = (Lyp)over + pLyoLen
so to compute L,o it suffices to compute L,orq,. Let

filw) = (fula, 1), ful,1))
then by (11.4):

(1311) ft*O'Lob = ‘ det J(t)‘O’LOb
where

J(t) = Bi (z, t)} .

Note that since fj is the identity map, J(0) is the identity matrix, so its determinant
is 1. Moreover, J(t) is an invertible matrix, so its determinant is non-zero. Hence
since det J(t) depends continuously on ¢ it has to be positive for all £, so we can drop
the absolute value sign from (13.11) and write (13.11) in the form

ft*ULeb = det J(t)O’LCb .

Thus P p
Lyorer, = <%ft*0'Leb) (t=0)= E(det J)(0)oLeb

and hence by the lemma:

d Of;
(13.12) LyoLey = (Z — &J; ) OLeb -

Now recall that fi(z) = 7.(f) where 7,(t) is the integral curve of v with initial point
7:(0) = z, e,

d
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and hence

Differentiating this identity with respect to z; we get
d 8f2 ov; (z

13.13

( ) dt O, Z 8:6Z
and hence, finally, by (13.12)

(13.14) LvULeb = div (U)O’Leb
where

v

(13.15) div (v) = Z &:i

is the divergence of v. Coming back to (13.10) we get for L,o the formula

(sz% + SOZ gzl) OLeb

so we can write (13.10) in the more compact form:

0
(13.16) L,o = ( . (UZ'QO)) OlLeb -

We will next show how the Lie differentiation operation behaves under global
change of variables. Let X and Y be n-dimensional manifolds and v : X — Y a
diffeomorphism. In the “theory of manifolds” segment of this course we showed that
if v is a vector field on X and w = ~,v then for p € C>*(Y")

(13.17) Ly* o =~"Lyp.
We will prove that the same identity holds for densities, i.e., for o in D*(Y)
(13.18) Lyy*o =~"Lyo.

Proof. Let f; : X — X be the one-parameter group of diffeomorphisms generated
by v. Then the one-parameter group of diffeomorphisms generated by w is the group

g = vofioy™
SO
gioy = 7vyofy and hence

Vo = five
Differentiating this identity with respect to ¢ and setting t = 0 we get (13.15).
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One application of this change of variables formula is the following result (which
we’ve implicitly been assuming to be true, but nonetheless requires a proof).

Theorem 13.2. If o is in D*(X), so is L,0.

Proof. One has to prove that L,o is C*° on parametrizable open subset of X and
hence, by (13.18), that L,o is C* when X is an open subset of R". This, however, is
obvious by the formula (13.16).

O

The statement and proof of the divergence theorem requires some further machin-
ery (which we’ll develop in the next lecture) but we can already prove an important
special case of this theorem.

Theorem 13.3. If o is in D (X)

(13.19) / Lyo=0.
X

Proof. Let f; : X — X —o00 <t < oo be the one-parameter group of diffeomorphisms
generated by v. Then by the global change of variables formula for integration which

d ] d ..
O_E/Xfta_ Xﬁftg

and at t = 0 the term on the right is [ L,o

and hence

O

We still have to show how to extend the notion of divergence to manifolds. This
we will do as follows: If v is a vector field on X then, as we observed in Lecture 11,
we can write the C* density, L,0., as the product of a C* function with o, and
we’ll call this C* function the divergence of v, i.e., we will define the divergence of v
by the identity

(13.20) Lyoyo = div (v)oye -

For R™ 0y, = 01ep, s0 for vector fields on R™ this definition coincides with the calculus
definition (13.15) of divergence.

Exercises.

1. For X = R" derive Theorem 13.3 directly from the formula (13.15).
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2. A vector field, v, on R" is divergence-free if div (v) = 0. Show that the vector
fields below are divergence free.

(a) The coordinate vector fields, 0/0z;.
(b) The vector field

0 0

(c) The vector field

0
825‘2' )

(13.22) v= (@44 a2) Y

3. Let [a; j(z)] be a skew-symmetric n x n matrix of functions, a;; € C*(R"),
ie.,

ai,j = —ajﬂ- .
Show that the vector field

0 0
(13.23) v = g <%Clm) 0.
J

is divergence-free.

4. Let v = flai + fgai be a divergence free vector field on R?. Show that v is
zq zo
of the form (13.23) with

x1 )
Q12 = —A21 = / fQ(S, ZL’Q) ds — / f1(0, t) dt.
0 0
5. Let v be a vector field on R". Show that v can be written as a sum,

v = flaixl + w where w is a divergence free vector field.

6*. Prove by induction on n that every divergence-free vector field on R”, n > 1,
is of the form (13.23).

7.

(a) Let X C R"™ be the (n — 1)-sphere. Show that the vector field

ch.i .9
Zal’j ]al’i

is tangent to X at all points, p € X and hence restricts to a vector field,
v, on X.

(b) Prove that the divergence of this vector field is zero.
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Lecture 14. Flux

Let X be an n-dimensional manifold and Z a closed, connected (n — 1)-dimensional
submanifold of X. We will say that Z is two-sided if there exists a neighborhood, U
of Z in X and a vector field, v, on U which is nowhere tangent to Z, i.e., has the

property

(14.1) v(p) ¢ T,Z for all p € Z.

We’ll say for short that a vector field with this property is a non-tangential vector
field. (Hence two-sidedness means that a non-tangential vector field exists.)

The notion of two-sidedness is a nontrivial notion. For instance the Mébius band
fails to have this property. (By staring at the figure on p. 285 of Munkres’ book you
can easily convince yourself that it’s one-sided.)

Let v; and vy be non-tangential vector fields. Then for every p € Z

(14.2) v1(p) = a(p)va(p) + w(p)

where a(p) is nowhere zero constant and w(p) is in 7,Z. We will say that v; and vy
are compatibly oriented if a(p) > 0 for all p. We'll leave the following as an exercise.

Lemma 14.1. Let v;, i = 1,2, 3, be non-tangential vector fields. Then

1. If v1 and vy are compatibly oriented, vy and vy are compatibly oriented.

1. If vy and vy are compatibly oriented, and vy and vs are compatibly oriented,
v and vy are compatibly oriented.

1. Either vy is compatibly oriented with vy or with —uv,.

In other words if v is a non-tangential vector field it determines a co-orientation
of Z and there are just two ways in which Z can be co-oriented.

Let v be a non-tangential vector field and let o be an element of D*°(X). Then
we can define a C* density on Z by defining it pointwise by the following procedure.
Forpe Zlet V =T,X and W =T,Z. Since W is an (n — 1)-dimensional subspace of
V one gets from o(p) € |V| and v(p) € T,X an element ¢(v(p))o(p) of |W| by (10.14)
and since |W/| = |T,Z| the assignment

(14.3) p€Z — (v(p))o(p)

defines a density on Z which we’ll denote by «(v)o.? Notice that if v; and vy are
non-tangential vector fields then by (14.2)

(14.4) v = avg +w

4We’ll postpone to the end of this lecture the proof that this is a C° density.
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along Z, where w is a vector field on Z itself and a € C*°(Z) a non-vanishing function.
Thus by (10.19)

(14.5) t(vy)o = la|u(vy)o
and in particular if v; and vy are compatibly oriented
(14.6) t(vy)o = at(vy)o .
Now let v be an arbitrary vector field on X. Then along Z
(14.7) v = 101 + W
where ¢ is in C*(Z) and wy is in a C* vector field on Z itself. Let
(14.8) oy = @1t(v1)07 .
Notice that by (14.4)
(14.9) UV = PaUs + Wo

along Z where vy = ayp; and wy is a vector field on Z itself. Hence if v; and vy are
compactly oriented

(14.10) p10(vy)or = pat(ve) o
by (14.6). Thus if we fix a co-orientation of Z the form (14.8) is intrinsically defined.

Exercise 1. Show that if one changes the co-orientation the form (14.8) changes
sign, i.e., 0_, = —0y.

Now suppose that ¢ is compactly supported or alternatively that Z itself is com-
pact. We define the flur of (v,0) through Z to be the integral

(14.11) Flux(v, o) = /O’V.

Remarks

1. Notice that this definition depends upon the co-orientation of Z. If we
reverse the co-orientation the flux changes sign.

2. If v itself is a non-tangential vector field and its orientation is compatible
with the co-orientation of Z then o, = t(v)o so we get for the flux of (v, o) the

simpler definition
/ t(v)o.
z
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3. If Z is compact we can take o to be oy,. For 0 = 0y the flux of (v,0)
through Z coincides with the standard definition of flux which one encounters
in text books in physics and calculus courses.

We will next show that the definition of flux is invariant under “global changes of
variables”. Let X’ be another n-dimensional manifold and f : X’ — X a diffeomor-
phism. Then Z' = f~1(Z) is an (n — 1)-dimensional submanifold of X’ and it is easy
to see that it, like 7, is two-sided. In fact if U is a neighborhood of Z in X and v, is
a vector field on U having the non-tangency property (14.1) then U’ = f~}(U) is a
neighborhood of Z’ in X’ and the vector field

v = (f)a
is a vector field on U’ with the analogous non-tangency property:
vi(p) ¢ 1,7 for allp € Z".

Hence from the co-orientation of Z associated with the vector field, vy, we get an
induced co-orientation of Z’.
Let g : Z/ — Z be the restriction of f to Z’. We claim

Lemma 14.2. For o € D*(X)

(14.12) t(vy) fo = g"(v)o.

Proof. This amounts to showing that for every p € Z" and ¢ = f(p)
(i (p)(dfp) o (q) = (dgp)"t(vi(q))o(q) -

But v1(¢) = df,(vi(p)) and dg, is the restriction of df, to T,Z’, so this follows from
the linear algebra result (10.18).
U

We’ll use this result to prove

Theorem 14.3. Let v be any vector field on X. Then if v' = (f~1),v and o' = f*o
(14.13) o, =go,.

Proof. By (14.7) v = p1v1 +w; along Z and hence along 7', v = g*p1v] + w] where
w) = (g7 1)sw; . Thus

‘71// = Q*SOM(UDUI = 9*(8010(7)1)0')

by the lemma.
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By the global change of variables formula that we proved in Lecture 12

[ = ger=[a

so as a corollary of Theorem 14.3 we get

Theorem 14.4. The fluz of (v,0) through Z is equal to the flux of (v',0’) through
7z,

We will conclude this lecture by proving a theorem about (n — 1)-dimensional
submanifolds of X which we’ll need in the next lecture. (We’ll also use this result to
verify an assertion we made earlier in this lecture but whose proof we postponed: If
v is non-tangential and o is in D*(X), «(v)o is in D*(Z).)

Let’s identify R"~! with the submanifold

(14.14) {(z1,...,2,) € R", 213 =0}

of R™ and also think of this submanifold as the boundary of the open set
(14.15) H" = {(z1,...,2,) €eR", =z, <0}.

We will prove the following general result.

Theorem 14.5. Let Z be an (n — 1)-dimensional submanifold of X. Then for every
p € Z there exists an open set, U, in X containing p and a parametrization

(14.16) YUy —U
of U with the property
(14.17) YUpNR*™H=UnNZ.

Proof. X is locally diffeomorphic at p to an open subset of R” so it suffices to prove
this assertion for submanifolds of R". However, if Z is an (n — 1)-dimensional sub-
manifold of R™ then as we showed in Lecture 7 there exists, for every p € Z a
neighborhood, U, of p in R” and a function, ¢ € C*°(U) with the property

(14.18) reUNZ < p(x)=0
and
(14.19) dp, #0.

Without loss of generality we can assume by (14.19) that

Oy

(14.20) a_xl(p) 20,
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Hence if p: U — R" is the map

(14.21) pxy, ..., x) = (p(x), 9, ..., 2)

(dp), is bijective, and hence p is locally a diffeomorphism at p. Shrinking U we can
assume that p is a diffeomorphism of U onto an open set, Uy. By (14.18) and (14.20)
p maps U N Z onto Uy NR™! hence if we take 1 to be p~!, it will have the property
(14.17).

]

Let’s now come back to the issue of proving that if ¢ is in D*(X) and v is a
non-tangential vector field, ¢(v)o is in D*°(Z). By the theorem we’ve just proved and
Lemma 14.2 it suffices to prove this for X = R” and Z = R*!. Let

u 0
14.22 = i—
(14.22) v ;a 3.
and
(14.23) 0O = YOLeb -

Then by (14.5)

0
(14.24) t(v)o = plas|e (0—931) OLeb -

However, by (10.20) the density

0
(14.25) L (8—x1) OLeb

is the Lebesgue density on R"! and since v is non-tangential, |a;| is non-vanishing
and hence is in C*°(R"™!). Thus (14.23) is in D>®°(R"™1).

Exercises.

1. Let U be a bounded open subset of R"* and f : U — R a C* function. Let
Zy be the graph of f:

{(z1,...,2,) ER", ;= f(x1,...,7n_1)} .

Compute the flux of (v, o) through Z; where v = 9/0x,, and 0 = o1, and show
that it is equal to the volume of U.

2. Let v = 2,0/0x,, and 0 = opep. Show that the flux of (v, o) through Z; is
the integral of f over U.
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3. Let Z; C R" be the unit sphere, 22 + -+ + 22 = 1, and let v be the vector

field

U:xla—xlejo"%
Show that the flux of (v, e, ) through Z; is the volume of Z;. Hint: Exercise
11.8.

4. Let Z, be the sphere

w34 +22=a, 0<a.
What is the flux of (v, opep ) through Z7
5. Prove Lemma 14.1.

6. Show that the density o, satisfies 0_, = —o, and conclude that the flux of
(v,0) through an (n — 1)-dimensional submanifold, Z, of X changes sign if one
changes the co-orientation of Z.

Lecture 15. The divergence theorem

To formulate the divergence theorem we need one final ingredient: Let D be an open
subset of X and D its closure in X.

Definition 15.1. D is a smooth domain f
(a) its boundary is an (n — 1)-dimensional submanifold of X and
(b) the boundary of D coincides with the boundary of D.
Examples.

1. The n-ball, 23 + - - -+ x2 < 1, whose boundary is the sphere, 23 + - - - + 22 = 1.
2. The n-dimensional annulus,
l<af+ - +a)<2

whose boundary consists of the spheres,

i+ ri=1land 2+ + 22 =2.
3. Let S™~! be the unit sphere, 2 + -+ + 23 = 1 and let D = R* — S"~!. Then
the boundary of D is S"~! but D is not a smooth domain since the boundary

of D is empty.

78



The simplest example of a smooth domain is the half-space (14.15). We will show
that every bounded domain looks locally like this example.

Theorem 15.2. Let D be a smooth domain and p a boundary point of D. Then there
exists a neighborhood, U, of p in X, an open set, Uy, in R™ and a diffeomorphism,
wo : Uy — U such that oq maps Uy N H™ onto U N D.

Proof. Let Z be the boundary of D. Then by Theorem 14.5 there exists a neigh-
borhood, U of p in X, an open ball, Uy in R", with center at ¢ € BdH", and a
diffeomorphism,

(28 (U0>q) - (Uap)
mapping Uy N BdH" onto U N Z. Thus for ¢~'(U N D) there are three possibilities.
. o Y (UND)=(R"— BdH") N U,.
w @ HUND)=H"NU,.
or

we " (UND)=Uy—H NUp.

However, scenario i. is excluded by the second hypothesis in Definition 15.1 and
if scenario iii occurs we can rectify the situation by composing ¢ with the map,
(X1, ..y xp) — (=21, .., ).

O

Definition 15.3. We will call an open set, U, with the properties above a D-adapted
parametrizable open set.

We will leave the following as an exercise:
Proposition 15.4. The boundary of D is two-sided.

Hint: At boundary points, p, of D there are two kinds of non-tangential vector
fields: inward-pointing vector fields and outward-pointing vector fields. In the diver-
gence theorem we will co-orient the boundary of D by giving it the outward-pointing
co-orientation.

Theorem 15.5 (Divergence Theorem). If v is a vector field on X and o a compactly
supported C*> density the flux of (v,0) through the boundary of D is equal to the
integral over D of L,o.

The key ingredient of the proof of this theorem is the following lemma.

Lemma 15.6. Let X;, 1 = 1,2, be an n-dimensional manifold and D; C X; a smooth
domain. If (X1, D1) is diffeomorphic to (X, Do) then the divergence theorem is true
for (X1, D1) if and only if it is true for (X, Ds).
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Proof. This follows from Theorem 14.4, the identity (13.18) and the global change of
variables formula for integrals of densities that we proved in Lecture 12 (see Theo-
rem 12.6).

Let’s now prove the theorem itself. By a partition of unity argument we can
assume one of the following three alternatives holds.

1. o is supported in the exterior of D.
2. o is supported in D.

3. o is supported in a D-adapted parametrizable open set of U.

In case 1 there is nothing to prove. The integral of L,o over D and the integral
of o, over the boundary are both zero. In case 2

/LUU:/LUU
D X

and since o is zero on the boundary the flux through the boundary is zero, so in this
case Theorem 15.5 follows from Theorem 13.3. Let’s prove the theorem in case 3. By
Theorem 15.2 there exists an open ball, Uy, in R” and a diffeomorphism of Uy onto U
mapping Uy NH" onto U N D, hence by Lemma 15.6 it suffices to prove the theorem
for H" and R™. Let’s do so. Let v be the vector field

9
Zaia—%

and o the density

0 = Q0Leb

with ¢ € Cg°(Up). Let v; = 0/0x,. Then

0
v — 0, yeeey Iy eb -
oy = (a19)(0, 2o Tp)L (83:1) OLeb
However, by (10.20) ¢(0/0x;)oLe, is the Lebesgue density on R"~, so
(15.1) Flux(v, o) :/ ©(0, 29, ..., x)a1(0,29,...,2,) dzxe - - - dx,, .
Rn—1

On the other hand by (13.16)

0
Lva = Z (8—26@2%0) OLeb

)
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so the right hand side of the divergence formula is the sum from 1 to n of the integrals

(15.2) / (iaigp) dz .
H» 8:172

By Fubini’s theorem we can write this integral as an iterated integral, integrating first
with respect to the variable, x;, then with respect to the other variables. For i # 1
the integration with respect to x; is over the interval, —oco < x; < o0, so we get

> 9
/_Ooa—xi(ai@)dl"i—o

since a;p is compactly supported in the variable, ;. On the other hand for ¢ = 1,
the integration is over the integral, —oo < x7 < 0 so we get

0
0
/ o (a1p) dxy = a1(0, g, ..., 2,)p(0, 21, ..., 2) ,

and integrating over the remaining variables we get (15.1).
Exercises.

1. Let B™ be the unit ball in R™ and S™~! the unit (n — 1)-sphere. Prove that
vol (S"™1) = nvol (B").
Hint: Lecture 14, exercise 3.
2. Let D be the annulus,
a<zi+--+a3<b, 0<a<b.

From the divergence theorem conclude that if v is a divergence free vector field,
the flux of (v, oLep ) through the sphere, 23 + -+ + 22 = a is equal to its flux
through the sphere, 2% + -+ - + 22 = b.

3. Let U be a bounded open subset of R*! and let X = U x R. Given a positive
C> function f : U — R let D be the open subset of X defined by

0<z, <f($1,...,.l’n_1).

For v = x,,0/0x, and 0 = oL, verify the divergence theorem by computing
the flux of (v, o) through the boundary of D and the integral of the divergence
of v over D and showing they’re equal.
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4. Let D be a bounded smooth domain in R™ and v a vector field. The classical
divergence theorem of multivariable calculus asserts that

/D div (v) = /B (o

where, at p € BdD, n, is the unit outward normal vector and (n - v)(p) is the
dot product of v(p) and n,. Deduce this version of the divergence theorem from
the divergence theorem that we proved above.

5. Let v be a vector field on R™ and for a € R" let A be the n-cube
—€e+a; <z <€e+a;, t=1...,n.

Prove that if Flux(v, A) is the sums of the fluxes of (v, ope, ) over the 2n faces
of A then for ¢ small,

Flux(v, A) = div (v)(a) vol (A) .

6. Prove Proposition 15.4.

Hint: Let U= {U;,i=1,2,...} be a covering of the boundary of D by D-adapted
parametrizable open sets. Let U be their union and p; € C°(U), i = 1,2,..., a
partition of unity subordinate to U. Show that on each U; there exists and outward-
pointing vector field, v;, and let v = " p;v;.
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