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DEAN BASKIN

1. INTRODUCTION

This is the first semester of a two-semester graduate course providing an introduction to
differential geometry.

We are mostly using Lee’s Smooth Manifolds book but will supplement with others.

Topics roughly covered include:

e Examples of manifolds and submanifolds

e Differentiable manifolds and smooth maps between them

e Tangent and cotangent vectors and bundles, differentials, vector fields, Lie brackets
e Tensors

e Distributions and the Frobenius theorem

e Differential forms and integration; de Rham cohomology

e Lie groups

e (Classical differential geometry of curves and surfaces

e Gauss—Bonnet

There are many paths to differential geometry. Common ones include algebraic geometry;,
algebraic topology, and general relativity. Another common path involves pizza (this is a
joke about Gauss’s Theorema Egregium).

2. PRELIMINARIES

2.1. Topology and topological manifolds. The main objects of study in this course are

smooth manifolds. Before we define them, we’ll first define topological manifolds. A naive

first definition is that a topological manifold is a topological space that “locally looks like

R™”.

Definition 1. A topological space is a set X equipped with a collection 7 C P(X) so that
(1) T contains the empty set and the whole space: 0, X € T;

(2) T is closed under finite intersections: if Uy, ..., U, € T, then Uy N---NU, € T.
(3) T is closed under arbitrary unions: if {U;};er C T, then U;cU; € T

Elements of 7 are called open sets. A set F' C X is closed if U = X \ F is open.
Suppose X and Y are topological spaces.

Definition 2. A function f : X — Y is continuous if for every open set V' C Y, the preimage
f~Y(V) is open.

Definition 3. A continuous function f : X — Y is a homeomorphism if it is a bijection and
its inverse is continuous.

Definition 4. A topological space X is locally Euclidean if for every point p € X there is
an open subset U C X with p € U so that U is homeomorphic to an open subset of R for

some n.
1
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First working definition of a topological manifold: A topological manifold is a locally
Euclidean topological space.

This definition seems to capture what we mean by “locally looks like R™”, so why isn’t
this our definition? Well, bad things can happen here. Here are two examples that can be
fleshed out.

e The line with two origins.
e The very long line.
e An uncountable set with the discrete topology.

One way to avoid these pitfalls is to add some conditions. Spivak uses metrizability, while
Lee uses the following definition:

Definition 5. A manifold is a topological space M that is

(1) Hausdorft, i.e., for any p,q € M, there are disjoint open neighborhoods of p and g¢;
(2) Second-countable, i.e., there is a countable base for its topology; and
(3) Locally Euclidean.

We won’t prove the following theorem. The fastest proofs I know of go through homology.

Theorem 6 (Invariance of domain). If U C R™ is open and f : U — R™ is continuous and
injective then f(U) is open.

One implication of this theorem is that the n in the definition is determined uniquely by
the point and so is determined on each connected component of M. Throughout our course,
we’ll assume it’s the same on each connected component and say n = dim M.

Aside: connectivity.

Definition 7. A topological space X is connected if, given any open sets A, B with A, B # (),
AU B = X, we must have AN B # ().

In other words, X is connected if the only sets that are both open and closed are () and
X. This splits X into connected components.

Many other things can go wrong. We'll ask that our manifolds be o-compact (i.e., a
countable union of compact sets).

2.2. Calculus. We now review some facts from multivariable calculus.

Definition 8. Suppose U C R" is open. A function f : U — R™ is differentiable at a point
a € U if there is a linear map L, : R — R™ so that

o @) = (@) = Lu(w = o)

Tr—a |CC — a,|

= 0.

We say that the linear map L, is the (total) derivative of f at a.

If f is differentiable at all points in U, one can view the total derivative of f as a function
U — Lin(R"™,R™), with the latter space being isomorphic to R™*™. This total derivative is
denoted by a variety of different notations, including f" and Df.

One immediate consequence of the definition of the derivative is the following version of
“Taylor’s theorem”:

Theorem 9. Suppose U C R"™ is open, f: U — R™ is differentiable at a € U and W is any
convex subset of U, then

f(x) = f(a) + Df(a)(x — a) + R(z),
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where

o IR@

ma |z — a

The chain rule then reads: If f : R® — R™ is differentiable at p and ¢ : R™ — R” is
differentiable at f(p), then go f : R® — R* is differentiable at p with derivative Dg o D f
(with composition in the sense of linear maps).

If f:U — R™is continuous on U, differentiable on U, and its total derivative is a
continuous function, we say that f € C1(U;R™) or that f is C*. When the codomain is R
we typically drop the codomain from the notation. Defining higher derivatives via the chain
rule is then straightforward; if f and its first k derivatives are all continuous on U then we
say fisin C*. If f and all of its derivatives are continuous, we say f is C™; if in addition f
is an analytic function, we sometimes say f is C“. General functions in this course will be
C* unless otherwise specified.

The j-th partial derivative of a function ¢ : R™ — R is given by

9,6(z) — gz( ) = Jim ¢(x + he;j) — ¢(x)

h—0 h ’

where ¢e; is the j-th standard basis vector in R".
Picking bases for R™ and R™ provides a matrix representation of the total derivative of a
map f : R®™ — R™. Indeed, a basis for R™ lets us write

fl
2
=7
fm
and then the total derivative D f has matrix

oft Oft ... Ouf!
of: Oof? ... Onf?
OLf™ Oof™ .. Opf™

Theorem 10 (Taylor’s theorem). Let U C R™ be open and a € U. Let f € C*Y(U) for
some k > 0. If V is any convex subset of U containing a then for all x € V,

f(x) = Pe(x) + Ry(x),
where Py 1s the k-th order Taylor polynomial of f at a, i.e.,

Py(z Z Z Oufla)(z —a)?,

Ioz\
and Ry 1s the remainder term given by

Rk(x):% 3 (x—a)a/O (1= )4 (0uf)(a + tz — a)) dt.

" al=k+1
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In particular, if all of the (k + 1)-st partial derivatives of f are bounded by M then for all
reW,
nk:-i-lM

(k+1)!

Proof. Let’s do it first for the one-dimensional version. Suppose U C R, g € CH(U),
W C U is an interval and a € W. The Taylor polynomial of g is given by

|x o a|k+1

|f(z) = Pi(z)] <

k
1
Pi(x) =)  —9"™(a)(x —a)",
= m!
while the remainder term is given by
1 1
Bl = [0 a b )t
: 0
We’ll prove it by induction. The statement for £ = 0 follows immediately from the funda-

mental theorem of calculus and the chain rule applied to the function ¢'(a + t(z — a)). Now
we assume it holds for some k and integrate the remainder Ry (x) by parts:

Rk(ZL‘) =

Ra( Lk _w (k+1) Hor —at + 24 11_tk+1 (k+2) o — a)) di
W(a) = (e —a) e e A RGOl e o A C R A (R (CET)

1
(k+ 1)

so that indeed f(z) = Pry1(x)+ Rgy1(2) for all z € W. The final statement in one dimension
follows by bounding the integrand by M (1 —t)* and integrating.

For the more general statement we use the mutlivariable chain rule and the one-variable
statement. (This is a homework assignment.) 0

(x —a)**' g™V (a) + Ry (),

One way to think about Taylor’s theorem for C*° functions is as a kind of divisibility
theorem: If f € C° vanishes as a point a, then f is in the C*™-span of (2! — a'), (2? —
a?),...,(z" — a"). In other words, the C°-ideal of functions vanishing at the point a is
generated by these n functions.

Two of the most important results from multivariable calculus (though you probably
did not learn them in a multivariable calculus class) are the inverse and implicit function
theorems. We'll use the inverse function theorem repeatedly when talking about charts and
the implicit function theorem will provide us with an essentially endless source of examples
of smooth manifolds.

Theorem 11 (Inverse function theorem). Suppose U C R™ is open, f € CY(U;R"™), and
A = (Df), is the total derivative of f at p for some p € U. If A is invertible (viewed as a
linear map), then there is an open ball B(p,r) C U with r > 0 so that

(a) f is one-to-one on B = B(p,r),

(b) V = f(B) is open, and

(c) g=(flp) " isC' on V.

(d) In addition, if f is C*, so is g.

Proof. We start by writing
f(x) = f(p) + A(z — p) + R(x).
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As fis C', we know that R(x) is also C'. Moreover, as we know that

mﬂﬁgl—m

z—=p |z — p| a
given any € > 0, we may find » > 0 so that
|B(x)| <elz—pl, |DR(x)| <e

for all z € B(p,r). In particular, for all =,y € B(p,r), we have

R(x) - R(y)| = / (DR)(y + t(x — ) (@ — ) dt

<elr—yl.

We now claim that by choosing € > 0 we guarantee that f is one-to-one on B = B(p,r).
Because A is invertible, there is some ¢ > 0 (one can take ¢ to be the size of the eigenvalue
of A closest to 0) so that for all z,y € R",

Az —y)| = clz—y|.
We now take € = ¢/2 and observe that for z,y € B(p,r),

7(@) = fW)] = Al — y) + R(x) - R@)|
> |A(z — y)| - [R() = Ryp)| 2 clo—y| = Slo =yl = S|z~ g,

so that f is injective on B = B(p,r). Moreover, as invertibility is an open condition and f
is C'', we can ensure (by possibly shrinking r) that f’(x) is invertible on all x € B.

Now, letting V' = f(B), we want to show that V' is open. Pick yg € V, so there is some
xo € B with f(zo) = yo. Choose t > 0 so that B(xg,t) C B, and take {(z) = |f(z) — yo| as
a function on the sphere |x — xo| = t. As f is one-to-one here and the sphere is compact, ¢

attains a positive minimum m here. Take |y; — yo| < m/3, so that

F@) — ) 2 17() — vl — o — 3] > 2.

3
Now let h(z) = |f(z) — 3 |” on B(o,t). The previous calculation implies that h(z) > 4m?/9
on the boundary of B(z,t), while h(zo) = |yo —|° < m?/9, so the minimum of h is
attained on the interior of B(xz,t). Let x; € B(zo,t) denote the point where this minimum
is attained. As x is therefore a critical point of h, we have

0= Vh(x,) = 2f/(131)T(f($1) — Y1)

We know that f’(z1) is invertible, so f(z1) = y; and thus B(yg,m/3) C V and thus V is
open.

We now show that g = (f|g)~! is C' on V. (Its derivative should be f'(g(y))~'.) Fix
y € V and for |k| small with y + k € V, we find z,x + h € B so that y = f(z) and
y+ k= f(x+h). Setting B = (f'(g(y))~"!, we have

9y + k) —g(y) = Bk| _ |z +h—2—B(fle+h)— f(x))] _ |=-B(flx+h)— flz) - f2)h)]

K| K| K|
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If we show that |k| > c|h| for some ¢ > 0 independent of h, then this quotient will go to 0
as k — 0. Indeed, by using Taylor’s theorem around p again we see that

k| = [f(x+h) = f(2)] = [Ah + R(z + h) — R(z)]
> |Ah] = |R(x + h) = R(@)| > c|b] = 5 |o + h —a| = S |Al.
We may therefore take a limit as A — 0 to see that g is differentiable at y with derivative

f'(g(y))~t. As this function is continuous, the derivative of g is also continuous.
Finally, if f is C*, then the chain rule applied to g shows that ¢ is also C*. 0

In discussing (and proving) the implicit function theorem it is helpful to think about
splitting coordinates on the product space R"™. For x € R" and y € R™, we’ll use (z,y)
for a point in R®*™. Similarly, if A : R"*” — R™ is linear, we’ll split it into (A,, 4,), where
A, R" — R™ and A, : R™ — R™ are given by

Ay(v) = A(v,0), Ay(w) = A0, w).
Theorem 12 (Implicit function theorem). Suppose f : E — R™ is C', where E C R" x R™

is open. Suppose further that f(p,q) = 0 for some (p,q) € E. Let A = f'(p,q). If A, =
(9y, f)j, is invertible, then there are open sets U C R™™™ and W C R™ so that

(a) for each x € W there is a unique y so that (z,y) € U and f(z,y) =0, and
(b) letting g(x) denote this y, then g : W — R™ is C, g(p) = ¢, f(z,9(x)) = 0, and
g(p) =—(4,)""Aa.

To get the formula for the derivative right, it is instructive to think about the (trivial)
linear version of the theorem:

Theorem 13 (Implicit function theorem, linear version). If A : R"*™ — R™ is linear and
A, is invertible, then for every v € R", there is a unique w € R™ so that A(v,w) = 0.

Proof. This is just the observation that
A(v,w) = Ayv + Ayw,
so that if this is to equal zero we must have
w = —A; LA, v.
O

Proof of implicit function theorem. For (z,y) € E, we define a new function F : E — R"t™

by F(x,y) = ( ) Note that F is C* and DF has the following matrix at (p, q):

f(x,y))

! [an 0 Ian O
As A, is invertible, F'(p, q) is also invertible, so by the inverse function we may find an open
cube U C R™™ so that F' is one-to-one on U, V = F(U) is open, and (F|y)~" is C*.
We now let W = {z € R" | (2,0) € V'}. Note that p € W because f(p,q) = 0 and that W
is open because V' is open. If € W, then (z,0) € V and so there is some y with (z,y) € U
with f(z,y) = 0.
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This y is our candidate for g(z); we must show it is unique. Indeed, if (z,y') € U also
satisfies f(x,y’) = 0, then

F(z,y) = (z, f(z,9) = (@, f(z,)) = Fz,y),
so y' =y as F' is injective on U. We now define y = g(x) for x € W to be the unique y with
(x,y) € U and f(z,y) =0, i.e., so that F(z, g(z)) = (x,0) for all y € W.
Letting G = (F|y)~!, we know that G is C' and (z, g(x)) = G(z,0), so g is also C*. We
finally calculate the derivative of g. Indeed, let ® : R™ — R"*™ be given by ®(z) = (z, g(x)),
so then as a linear map, we have

' (x)v = (v, g (x)v) for all v € R".
Now, since f(®(x)) = 0, we must have f'(®(x)) o ®'(z) =0, i.e., at (p,q) we have

0=f(p,q)(I,d(p)) = A + Ayg'(p),
and so ¢'(p) = —A, A, O

The implicit function theorem will provide us with many examples of manifolds more or
less “for free”; rather than taking the trouble of defining charts (to be discussed below), we
instead can check the rank of a map to verify that the level set must be a manifold. Indeed,
it can be viewed as giving you local homeomorphisms (as we’ll see, you get something even
better) putting a locally Euclidean structure on the level set.

Corollary 14. If f : E — R™ is C*, where E C R™ x R™ s open, f(p,q) = 0, and
A = f'(p,q) has rank m, then the level set f~1(0) is locally Euclidean in a neighborhood of

(,q)-

As a quick example, consider the sphere S" = {Z;‘;rll (z7)? = 1} € R™"!. This set is the
zero set of the function f : R**! — R given by
n+1
flat 2?2 =) (a)? — 1.
j=1
Its total derivative at a point on the sphere is given by
Dt g2, gnery = (201 227 ... 22",

which has rank one as long as at least one of the 27 is non-vanishing (as it must be to lie on
the sphere). The sphere is therefore a topological manifold.

3. SMOOTH MANIFOLDS AND MAPS BETWEEN THEM

3.1. Definitions. Returning back to the main thread, we’d like to endow topological man-
ifolds with smooth structures, i.e, with a rule for determining which functions are differen-
tiable and how to differentiate them. Here’s a naive idea for what we’d like to do. We know
that for every point in M there is a neighborhood U and a homeomorphism ¢ : U — ¢(U) C
R". We'd like to declare that f : M — R is differentiable if fo ¢! : ¢(U) — R is differ-
entiable for every such pair (¢, U). This is roughly the right idea, but there’s a significant
problem: You typically can’t differentiate homeomorphisms. (Indeed, if f : R” — R™ is a
homeomorphism it is “typically” differentiable nowhere.) If ¢» : V- — (V') is another such
homeomorphism and U NV # (),

fort=(fop o (pov ) R" >R



8 DEAN BASKIN

need not be differentiable.

Here’s our fix: we’ll restrict our homeomorphisms to the class for which ¢ o ~! is always
differentiable.

We're typically interested in the C'*° category, and I'll use “smooth” to mean this. Many
of the results, on the other hand, apply in weaker or stronger settings and I encourage you
to think about when they fail.

Notational conventions: now we’ll typically use letters like z and y for these local home-
omorphisms and we’ll call them “coordinates”. If U is an open subset of M for which
x:U — z(U) C R is a homeomorphism like this, we’ll typically refer to (x,U) as a “chart”.
(The field is full of mapmaking analogies.)

Definition 15. If U,V are open subsets of M equipped with homeoemorphisms
z:U—2z(U) CR",
y:V—=yV)CR",
we say that (x,U) and (y,U) are C*-related if the “transition functions” are smooth, i.e., if
zoy t:y(UNV)—=z(UNV),
yor t:x(UNV)—=yUNV)
are both smooth.

Definition 16. A family of C"*°-related homeomorphisms whose domains cover M is an atlas
for M. A member (x,U) of an atlas is called a chart or a coordinate system for U.

Intuitive picture: it provides a way of assigning coordinates (z'(p), z*(p), ..., z"(p)) to the
points p € U so that you can treat it like R".

If there is another homeomorphism that is C*°-compatible with all of the charts in an
atlas A, you can create a new larger atlas A’ by including it. Perhaps unsurprisingly, Zorn’s
lemma gives the following result:

Lemma 17. If A is an atlas on M, A is contained in a unique maximal atlas A’ for M.
We can then define a smooth (or C*, etc) manifold:

Definition 18. A C'* manifold (also called a smooth manifold) is a pair (M,.A), where M
is a topological manifold and A is a maximal atlas for M.

Since each atlas is contained in a unique maximal atlas, specifying the manifold requires
only specifying some atlas.
Examples

(1) (R™,U), where U is the maximal atlas containing (Id, R™).
(2) (R,V), where V is the maximal atlas containing the chart (z — 23, R). Note that
this is different from the standard structure! (Why?)
(3) S™ equipped with the stereographic projection maps P; 4 for j =1,...,n+1:
Pj,i : Uj,i — Rn,
Ujs ={v € R"™ | Jv| = L,v # +e;}

1
P i(z) =1, <i€j g F 6j)) 7
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where e; is the j-th standard basis vector in R"™ and II; denotes the projection
R™! — R™ given by dropping the j-th coordinate. (Draw a picture.)

(4) Products of manifolds have charts given by product charts.

(5) Any open subset of a manifold is again a manifold (with charts given by restriction).

Definition 19. f: M — N is smooth (or C*, etc) if for every chart (z,U) (z(U) C R") on
M and (y,V) (y(V) C R™)on N, the composition y o f o z7"|;s-1(vy) is smooth.

M N

2(U) —— y(V)

A function f : M — N is a diffeomorphism if it is a smooth homeomorphism so that 1
is also smooth.

Note that strictly speaking, we consider the smoothness of yo f o x_1|m(f71(v)); we’ll drop
the domain restriction from our notation in the future, though. That’s not to say that it
isn’t there, we will just leave it implicit.

We also note here that all local notions that are invariant under diffeomorphism can be
expressed on manifolds. A big example that we will occasionally use, sometimes without
mention, is the property of a subset A C M having measure zero.

Properties of differentiable functions:

(1) A function f : R" — R™ is differentiable in the sense of smooth manifold maps if
and only if it is differentiable in the standard sense.

(2) f: M — R” is differentiable if and only if each component f7 : M — R is differen-
tiable.

(3) f: M — N is differentiable if and only if each coordinate function y‘o f : M — R is
differentiable for coordinates on N.

(4) If (z,U) is a chart, then z : U — z(U) is a diffeomorphism.

For f : R" — R, let’s use the following notation (at least for now) for the partial derivative
at a in the j-th coordinate direction:

fla',....a?7ad + h,a? ™ a™) — f(a)

D;f(a) = lim N
Now suppose f: M — R and (z,U) is a chart on M. For p € U, we define
of of

A )= 21, = b, (for) o).

Proposition 20. If (x,U) and (y,V') are charts on M and f : M — R is differentiable,
then

Of &~ Of O

‘= OxJ Oyt

Proof. At a point p in V', we have

)= s 0y ) = D (057 0 (o) (o)),

Using the chain rule and unwinding the meanings of the expressions finishes the proof. [J
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We'll fill this space soon with some words about manifolds with boundary.

3.2. Partitions of unity. In your first homework, you constructed compactly supported
smooth functions on R that were identically one on a neighborhood of the origin. By taking
products, rescaling, and translating, given any two open cubes C; and Cy with C; € C; C Cs,
you can construct smooth functions on R™ that are identically one on C; and supported in
C5. Similarly, given any 0 < 7r; < 79, by using your one-variable function, you can use
|z — p| as an argument and construct a smooth function that is identically one on B(p,r1),
bounded between 0 and 1, and supported in B(p,rs). We'll call such functions smooth bump
functions.

Definition 21 (From Lee’s book). Suppose U = (U,)aca is an arbitrary open cover of a
topological space M. A partition of unity subordinate to U is an indexed family {1 }aca of
continuous functions v, : M — R so that

(a) 0 < tu(z) <1forall € Aand z € M,
(b) supp ., C U, for all a € A,
(c¢) The family of supports {supp ¥, }aca is locally finite, meaning that every point has a
neighborhood that intersects supp v, for only finitely many .
(d) > tha(z) = 1forall z € M.
a€A
On a smooth manifold M, a smooth partition of unity is one for which each function is
smooth.

The existence of partitions of unity is essentially why we wanted the second-countability
hypothesis in our definition of a manifold. To construct them, we first need to know that we
can fill out open covers with sets that look like coordinate balls in R".

There are various relaxations of the hypotheses of this useful lemma available, but we’ll
state it right now in the form that we’ll use.

Lemma 22 (Adapted from Lee’s Theorem 1.15). Given a smooth manifold M and an open
cover U of M, there is a countable, locally finite open refinement of U consisting of open sets
B; diffeomorphic to coordinate balls in R™. Moreover, the (closed) cover {B;} is also locally
finite.

Proof. We first observe that the collection B of all open sets in M diffeomorphic to coordinate
balls in R” is a basis® for the topology of M.

If M is compact, we can find a finite cover of M by charts with domains diffeomorphic
to coordinate balls. (Convince yourself that such charts exist, then take one for each point,
then take a finite subcover.)

We may therefore assume that M is non-compact. We let K;, j = 1,2,... be compact
sets so that K; C Int K;1; and U;K; = M. (The existence of such a family follows from
the fact that M is Hausdorff and second-countable.) For each j, let C; = K41 \ Int K; and
Vi =Int Ko \ K;—1 (where K; = 0 if j < 1), so that C; C Vj}, C; is compact, and V; is
open. For each x € C}, there is some U, € U containing z, and, since B is a basis, some
B, e Bwithx € B, CU,NYV,.

The collection of all such sets as x ranges over Cj is an open cover of C; and so has a
finite subcover. The union of all of these finite subcovers as 7 = 1,2,... is a countable open

IRecall that this means that, for any point p and open set U containing p, there is some B € B with
peBCU.
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subcover of M that refines Y. Because the subcover of C; consists of sets contained in Vj,
and V; N'V; = 0 if |[j — j'| > 2, the resulting cover is locally finite. Because the closures are
also in Vj, the cover by the closures remains locally finite. ([l

Theorem 23 (Lee, Theorem 2.23). Suppose M is a smooth manifold with or without bound-
ary and U = {Uq}aca is an open cover of M. There exists a smooth partition of unity
subordinate to U.

Proof. We'll just prove the boundary-less case now; the case with boundary is similar. (EX-
ERCISE!) By Lemma 22, ¢ has a countable, locally finite refinement {B;} consisting of
neighborhoods B; diffeomorphic to coordinate balls in R” so that {B;} is also locally finite.

For each i, we can find some slightly larger B diffeomorphic to a coordinate ball in R”
so that B; C B! as well as a coordinate map z; : B, — R" so that x;(B;) = B(0,7;) and
x;i(Bl) = B(0,r]) for some 0 < r; < r}. Let H; : R" — R denote a smooth function that is
positive in B(0, ;) and zero elsewhere, and then define

f = H;ox; on B]
‘o on M\ B;’

In the overlap B\ B;, the two definitions both yield the zero function, so f; is a well-defined
smooth function on M.

Define f: M — R by f(x) =, fi(x). As the cover B; is locally fintie, this sum has only
finitely many nonzero terms in a neighborhood of each point and therefore defines a smooth
function. Each f; is nonnegative everywhere and positive on B;, and every point of M is in
some B;, so f(z) > 0 everywhere on M. The functions ¢; = fi(z)/f(x) are thus smooth and
s0 0 < gi(r) <1and Y, g;(z) = 1. Note that each g; has support B;, which is contained in
U, for some «.

After grouping together terms and re-indexing (EXERCISE), we finish the proof. O

4. TANGENT BUNDLES

4.1. Some words about vector bundles. Suppose B is an n-dimensional manifold and
E is an (n + k)-dimensional manifold and there is a map 7 : £ — B. We want to define
the notion of a vector bundle, which is where we think of each point in a manifold B (for
“base”) as having attached a finite dimensional vector space attached to it. Even though we’ll
demand that all of these vector spaces be abstractly isomorphic (i.e., they’ll have the same
dimension) you should really think of them as distinct vector spaces since any isomorphism
you come up with will typically depend on a lot of choices.

Definition 24. We say FE is a vector bundle over B if

(1) = is surjective,

(2) 7=(p) is a k-dimensional vector space for each p € B, and

(3) for each p € B, there is chart (z,U) around p in B and a diffeomorphism ¢ :
7Y U) — z(U) x R™ that restricts to be a vector space isomorphism on each fiber,
ie., p:m1(p) = {x(p)} x R™ is a a vector space isomorphism for each p € U.
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In the above, you think of the space {x(p)} x R"™ as a vector space equipped with the
addition and scaling laws of

(x(p),v) + (x(p), w) = (x(p),v + w),
c(z(p),v) = (z(p), cv).
Definition 25. A bundle map of two vector bundles is one that preserves the fibers and is

linear on each fiber.

You can think of a bundle map as secretly being two maps. In other words, if E; is a
vector bundle over By, Fs is a vector bundle over By, and f : Fy — FE5 is a bundle map, it
induces a map fp: By — By making the following diagram commute:

El%EQ

bl
B, —5 B,

Maybe put in a discussion of orientation here in the future? (For now I'll stick a bit closer
to Lee’s treatment.)

4.2. The tangent bundle of R". Recall that if f: R" — R™ is smooth (or, indeed, C),
then

/ of’
)= 10 = (550)
is an m x n matrix and, for v € R",

f(p+ev)=f(p)+e(Df)pv+Ue).

(If f is smooth, 1(e) is in fact O(e?).)
We'd like to simultaneously keep track of the two leading terms. For an open subset
U C R", let’s say that the tangent bundle of U is given by

TU =U x R",

where we think of the first factor as encoding the position p and the second factor encoding
the vector v. TR" is equipped with a projection

TU

|7

U

where 7(p,v) = p. For each p, 77!(p) is a vector space. In other words, TU is a vector
bundle over U. We refer to the fiber {p} x R" = 7—!(p) as the tangent space of U at p, or
T,U.

If U Cc R"and V C R™ are open and f : R — R™ is smooth, we then get, for each p € U,
Df, : R" — R™; putting these together at each point yields a map

Df:TU =TV, (p,v)+ (f(p), Dfp(v)),
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so that the following diagram commutes

v 2L v
Lol

U—V

and D f is linear on the fibers of 7. In other words, if f : R® — R™ is smooth, it induces a
bundle map Df : TR™ — TR™.

One upshot of this is the following: if you change coordinates on R", you automatically
induce an isomorphism on the fibers of TR™. Indeed, if U,V C R™ are open and f :
U — V is a diffeomorphism, then (because f is smoothly invertible), Df, : T,U — T,V
must be an isomorphism. (What this will mean on manifolds: once you pick coordinates
in a neighborhood, you automatically pick a basis for the tangent space at each point in
that neighborhood and therefore also induce coordinates on the tangent bundle over that
neighborhood.)

4.3. How to think of the tangent spaces. Given a vector v € T,U, you can associate to
it a linear map C*°(U) — R given by taking the directional derivative at p in direction v.
In other words, you can associate to v € T,U the map D, |, (Lee’s notation) given by

d
Dolpf = Duf(p) = —li=of(p + tv)-

If we write v in terms of its components in {p} x R" as

then the chain rule tells us that
_ E : J
Dv|pf - = v axj <p>

In other words, we can think of the identification
= 0
V= ’U]—
; OxJ

Definition 26. Following Lee, if p € U, we define a derivation at p to be a map w :
C*®(U) — R that is linear over R that satisfies

w(fg) = f(p)w(g) + g(p)w(f)
for all f,g € C>(U).
Let D, denote the set of derivations at p.

It is trivial to check that D, is a vector space. The main result of this section is that the
identification v — D,|, of elements of T,,U with derivations at p is in fact a natural vector
space isomorphism.

Lemma 27 (Lee, Lemma 3.1). Suppose p e U C R", w € D, and f,g: U — R are smooth.
(1) If f is constant, then w(f) = 0.
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(2) If f(p) = g(p) = 0, then w(fg) = 0.

Proof. For the first part, it suffices to prove the result for f : U — R so that f = 1 and then
linearity proves it for other constants.

w(f) =w(f?) = 2f(p)w(f) = 2w(f),
so w(f) =0.
For the second part, we observe that
w(fg) = fP)w(g) + g(p)w(f) = 0.
O

Proposition 28 (Lee, Proposition 3.2). Let p € U C R™.
(1) For each vector v € T,U = {p} x R", the map D,|, : C*° — R is a derivation at p.
(2) The map v — D,|, is an isomorphism T,U — D,,.

Proof. The first part follows immediately from the product rule. For the second, we note
that the map v — D,|, is linear. Applying it to the coordinate functions 27 shows that it is
injective, as

. n o . .
Dylp(a) = Y vf o (al) =o',
k=1

To prove surjectivity, let w € D,. Let v/ = w(z’) and let v = 377 | v/e;, where ¢; €
{p} x R™ is the j-th standard basis vector. We claim that D, |, = w.
To see this, we appeal to Taylor’s theorem, which allows us to write any f € C*(U) as

fx) = fp)+ Z%f(p)(xj =)+ Y ay(a)(a' = p) (@ —p).

=1 ij=1

Applying w to each term and using the previous lemma shows that

) , "0
() =0+ 2L ute) 0= 3 o' 2L (0) = Dl

=1

U

A consequence of the previous proposition is that the derivations %, j=1,...,n form a
basis for D,

4.4. The tangent space on a manifold and the differential of a smooth map. In the
interest of (hopefully) minimizing confusion, let’s stick a bit closer to Lee’s text for now. Let
M be a smooth manifold and p € M. We way that a linear (over R) map v : C*°(M) — R
is a derivation at p if it satisfies the Leibniz rule:

v(fg) = f(p)v(g) + g(p)o(f).

The set of all such derivations at p is called the tangent space to M at p and is denoted T, M.
The following lemma is provided in exactly the same way as for D, on R".

Lemma 29. Let M be a smooth manifold, p € M, and v € T,M. Suppose f,g € C(M).

(1) If f is a constant function, then v(f) = 0.
(2) If f(p) = g(p) =0, then v(fg) = 0.
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We start by observing that derivations (tangent vectors) act locally:

Lemma 30 (Lee, Proposition 3.8). Suppose M is a smooth manifold, p € M and v € T,,M.
If f,g € C°(M) agree in a neighborhood of p then vf = vg.

Proof. Let h = f — g, so h vanishes in a neighborhood of p. We may find ¢» € C*(M) so
that ¢ = 1 in a neighborhood of p and v vanishes on the support of h. In particular, we
have that (1 —¢)h = h, so that

v(h) =v (1 —=1)h) = h(p)v(l =) + (1 =) (p)v(h) =0
because both h and 1 — v vanish at p. As v is linear, we conclude v f = vg. O
If M and N are smooth manifolds and F' : M — N is smooth, we now aim to define the

differential DF), of F' at p. This is a map T,M — TpyN, so, given v € T,M, we need to
define a derivation at F(p). We let DF,(v) denote the derivation at F'(p) that acts by

DF,(v)(f) = v (foF)

for all f € C*°(N). (This makes sense because f o F' € C°(M) and v is a derivation on M
at p.) It is a derivation because, given f,g € C*°(N), we have

DF,(v)(fg) =v((fg)o F)=v((foF)-(goF))
= [(F(p)v(go F) +g(F(p))v(f o F) = f(F(p)DF,(v)(g) + g(F(p)) DF,(v)(f).

The following proposition is straightforward.

Proposition 31 (Lee, Proposition 3.6). Let M, N, and P be smooth manifolds, F : M — N
and G : N — P be smooth, and let p € M.
(1) DF, : T,M — TpyN is linear.
(2) D(G o F)p : TpM — TG(F(p))P = DGF(p) ¢} DFp.
(3) D(Idp), = Idg,ar
(4) If F - M — N is a diffeomorphism, then DF, : T,M — Tp)N is an isomorphism
and (DF,)™" = D (F'),

p)
Proof. All are straightforward and the third and fourth follow from the first two, so let’s
prove just the second one. Suppose v € T,M and f: P — R is C*°. We have

D(Go F)y(v)(f)=v(fo(GoF))=v((foG)oF)
= DF,(v) (f o G) = DGry) (DF,(v)) (f),
as desired. O

We’ll use the following proposition to localize; for an open subset U C M, it allows us to
canonically identify tangent vectors v € T,U with those in T),M.

Proposition 32 (Lee, Proposition 3.9). Suppose M is a smooth manifold, U C M is open
andp e U. If 1 : U — M denotes the inclusion map t(p) = p, then D, : T,U — T,M is an
1somorphism.

Proof. We know it is linear, so it suffices to show that it is injective and surjective.
We first consider injectivity. Ifv € T,U satisfies Di,(v) = 0, we claim v = 0. Indeed,
suppose f € C*(U). We take x € C°(M) so that y = 1 in a neighborhood of p and
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suppy C U. Then yf and f agreee on an open neighborhood of p, so v(f) = v(xf). Now,
we may regard x f as an element of C°(M) (after extending by 0), so

0= Du,(v)(xf) =v((xf)or)=v(xf)

so v(f) =0 and thus v = 0.
For surjectivity, we let v € T,M be arbitrary and take x as in the previous paragraph.
We define w € T,,U by

wf =v(xf),

where we regard x f as a function on M. It is straightforward to check that w is a derivation.
Now, for any g € C*°(M), we have

Diy(w)(g) =w(gor) =v(x-(go1)) =v(xg) =v(g),
with the last equality holding by Lemma 30. U

If M is n-dimensional, we can consider an open set around p diffeomorphic to R™ imme-
diately conclude that the dimension of T,,M is n.

As we keep saying in class, choosing coordinates (by using a chart) near p in a manifold
M automatically selects a basis for T,M. Concretely, let (p,U) denote a chart? around
p € M. By combining the propositions above, we see that Dy, : T,M — T,,R" is an
isomorphism. As 2r|o(), - -, 50 oy form a basis for T,R" (NOTE: here we are already
using the identification above of the tangent space to R™ and the space of derivations.),
their preimages under Dy, form a basis for 7,M. For now and forever, we’ll use notation
conflating them, i.e., we’ll say that %\p denotes the preimage of %]w(l,), ie.,

0 B 0 B 0
@|p = (DSDP) ! (@’w(zﬂ) = D(SO 1)so(p) <@|w(p)) :

You should check from the definition that %M, is the derivation that sends f to the j-th
partial derivative of f in the coordinate system given by the chart.
Given a chart (z,U), we can then write a tangent vector v € T, M in terms of this basis.

Writing
n 9
_ j

what are the coefficients of v?7 We follow our nose as we did in R, and observe that, regarding

2¥ as a smooth function on U,

axj(x)_{o Ak

v) = v(a?).

What does the differential look like? Suppose F' : M — N is a smooth map and that
(p,U) is a chart around p in M and that (¢, V) is a chart around F(p) in N. We know from

so that

2For this brief discussion, we depart from our convention of using letters like = for charts.
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our work in R™ that if G is a smooth function from an open subset of R” to an open subset
of R™, then the total derivative of G at a point ¢ € R" is given by the matrix

oG! oG!
dzl " Ozm
oG™ oG™
ot T Ox™

Now, letting G = 1) o F o ¢~ !, we compute

DF, <a k|p> = DF, (D(w‘l)wp) (%W)))
= D) ypre) (DG (%W(P)))

:Dw—l)w(m»( gf;( ())azﬂw )

= OGY 0
;a_ ayj’F(p

Now that we have the differential in coordinates, what happens when we change coordi-
nates? Suppose (z,U) and (Z,U) are two charts around p. (By taking the intersection of
the charts, we can assume x and Z have the same domain.) Using the above computation,
if we write v € T,M as

n
-0
v = v] = v —1,,
S-S0 2,
we have that the components v satlsfy
ok .
oF = —’.

oxJ

7j=1

We'll finish this subsection by noting that the tangent space of a vector space at a point
is canonically isomorphic to the vector space itself. (In particular, you now know some more
tangent spaces — GL(n) is an open subset of n X n matrices, so its tangent space at every
point is the space of n x n matrices.)

Proposition 33 (Lee, Proposition 3.13). Suppose V is a finite dimensional vector space
with its standard smooth structure. For each a € V, the map v — D,|, is a canonical
1somorphism from V to T,V in the sense that for any linear transformation L : V — W the
following diagram commutes:

V —= ST,V

b

W i) TL(a)W

3This is yet another of the abuses /conveniences of notation that are extremely common: we are using 77
to denote the coordinate functions as functions on z(U) and we are using x to denote the points in z(U).
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Proof. Once we choose a basis, the same argument we gave in R” shows that v — D, |, is an
isomorphism.
If L:V — Wisalinear map and f : Tp,)W — R is smooth, we compute

DLu(Dula) () = Dula(f o L) = - ((F 0 L)(a + 1)) 1o

d
= Ef(La -+ tLU)’t:O = DLU|L(17

as desired. O

4.5. The tangent bundle on a manifold. At last we build the tangent bundle T"M on
a manifold. As a point set, we take the disjoint union of 7,M as p ranges over M. It is
equipped with the natural projection map = : TM — M given by 7(p,v) = p. Note that
our earlier discussion of open subsets of R" gives a manifold structure to TU for all U C R™
open.

Proposition 34 (Lee, Proposition 3.18). For any smooth n-manifold M, the tangent bundle
TM has a natural topology and smooth structure that make it into a smooth 2n-manifold.
With respect to this structure, the map ©: TM — M is smooth.

Proof. We aren’t going to prove this here; I encourage you to read it. I will tell you what
the maps are that give the smooth structure. Given a chart (z,U) on M, we define a chart
(&, 7 1(U) for TM. Indeed, for p € M and v € T,M, we define

2(p,v) = (2(p), (Dx)p(v)) .

(In other words, if v = Y. v/ 3% 1,, #(p,v) = (¢'(p), ..., 2" (p),v',...,v").)

There are a few things you need to check about these maps; the main one is that they are
all C"*°-related. OJ

Given a smooth map F': M — N, we then get the “global differential” DF : TM — TN
given by (p,v) — (F(p), DF,(v)). You need to check this, but it is not so bad:

Proposition 35. The differential of a smooth map is smooth and satisfies
(1) D(FoG)= DF o DG,
(3) if F is a diffeomorphism then DF : TM — TN is a diffeomorphism and (DF)™! =
D(F71).

Notation alert: Sometimes the “global differential” is called the “pushforward” and is
denoted by F,. This terminology arises because F, “pushes forward” vectors from T'M to
TN.

5. COTANGENT BUNDLES

5.1. Vector space duals. Suppose V is a finite dimensional vector space. We say w is a
covector on V' if w : V' — R is linear. The space of all covectors on V' is a vector space and
is called V*, the dual vector space to V.

The proof of the following proposition has a useful construction in it, called the dual basis.

Proposition 36. If V is an n-dimensional vector space, then V* is also n-dimensional.
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Proof. Let ey, ..., e, denote a basis for V. Let €!,...,€" : V — R be linear and satisfy

i o 1 1=
e(ej)—{o it

(Because the e; form a basis, the condition on each € uniquely defines a linear function
V' — R.) We claim the €' form a basis for V*.
To see they are linearly independent, consider when

cre' 4+ - 4 cpe” = 0.

Applying both sides to e; shows ¢; = 0, so the ¢/ are linearly independent.
To see they span the entire space, let A € V* and define ¢; = A(e;). We then have

A =cie' 4+ -+ cpe”
because both sides agree on all elements of V. O

Concretely, once you fix a basis for your vector space V', you can identify vectors in V'
with column vectors in R™. The dual of the space of column vectors in R™ is the space of
row vectors with n components (with evaluation being row-column multiplication). We warn
that this identification depends crucially on the choice of basis!

Another consequence of the proposition is that finite dimensional vector spaces are iso-
morphic to their duals but in a basis-dependent way.

Now suppose V, W are finite-dimensional vector spaces and L : V' — W is a linear trans-
formation. The map L induces a map of the dual spaces, denoted L* (and called the dual
map or the transpose or the pullback): for A € W*,

L W* = V5, (L) () = AMLo).

Observe that (Lo M)* = M* o L* and that Idj, = Idy-.

We now turn our attention to the dual of V*, called the “double dual” of V' and denoted
V**. First observe that there is a natural (i.e., choice-free) linear transformation iy : V' —
V** taking v to the map “evaluate on v” from V* to R:

iv(v)(A) = A(v).
In general, this is a pretty good map. For finite-dimensional vector spaces, it’s a great one:

Proposition 37. If V s a finite-dimensional vector space, then the map 1y @'V — V** 45
an isomorphism.

Proof. Since dim V** = dim V/, it suffices to show that iy is injective. Suppose v € V' is non-
zero, so we can extend it to a basis {e; = v, ea,...,¢e,} of V. Let €' denote the corresponding
dual basis of V*. We then have that

iv(v)(e') = €' (v) = €' (e)) = 1,
so that iy (v) # 0 and thus iy is injective. O

A word of warning: Although we can think of V* as the space of linear functionals on
V', the identification of V' with V** above also lets us identify V' with the space of linear
functionals on V*. We will go back and forth between these points of view at will. BE ON
YOUR TOES!
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5.2. The cotangent space. Given a smooth manifold M and a point p, we define the
cotangent space to M at p as the dual of the tangent space:

T:M = (T,M)" .

Aside: If you are more algebraically minded, you could instead take the cotangent bundle to
be your primary object and define it as follows. Givenp € M,let Z, = {f € C*(M) | f(p) =
0} be the ideal of smooth functions vanishing at p. Let Ig denote the squre of this idea, i.e.,
the ideal of functions of the form ) . ... fg, where f, g € Z,. The cotangent space to M at
p is then Z, /Ig; one consequence of Taylor’s theorem is that this space is n-dimensional if
M is. We could then have defined the tangent space to be the dual of this space.

Recall that given a chart (z,U) on M, we get a basis

0 0

BailP g

for T,M at each p € U. Let A'|,,...,\"|, denote the corresponding dual basis for TyM.
(These names will change soon.) Given a covector w € TyM, we can write it uniquely as

w =" wiN, where
B )
wi=w| 55 lp | -

How do they transform under a change of coordinates? Suppose ¥ is another set of
coordinates and M|, is the corresponding basis of T, » M. We know from above that

0, 0¥ 0
DukP = 2 o o
j=1
In particular,
< 0 " 0F < 0
¢ _ ¢
Xlp (@!p) =2 S Ip (@\p)
‘]:
ozt
= @(p)-
We may therefore express A’|, in terms of M |,:
n9al
}'\f’ — ai j’
P Oxd™ V"
j=1

We now take w € Ty M. Writing
n n
W= ij)‘]|p = Z@j)‘]‘m
3=1 j=1

we want to relate the coefficients w; and w;. Substituting in our expression for A in terms of
A, we get
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5.3. The differential of a function. We want to get an understanding of the dual space
of T,M. What do covectors in T;M look like? In the case of open sets in R", if we
represent a vector in T, M by its components as a column vector, then covectors in 77 M can
be represented as row vectors and the pairing between T7M and T, M is just row-column
multiplication.

What about more generally? We know that vectors in 7),M act as derivations on functions
and that T,M is a vector space. Flipping this around, given a function f € C*(M), we can
view f as giving a linear map 7,M — R by

v = v(f).

As a linear map 7, M — R is nothing but an element of 7y M, we obtain a map C*°(M) —
Ty M. We'll denote this map by f — df,.

What does dfp look like in coordinates? Suppose (x,U) is a coordinate chart around p, so
that %, e is a basis for T,M. We observe that

0 0 0
dfy (&C_K) = @(f) = a—;k(p)

In terms of the dual basis M to the

76n

we can write

8 k)
of
j

dfp - 8l’j< ))‘ |P

If we apply this reasoning to the local coordinate functions z*, we see that in fact
8x
dak = (p)N|, = Z SN,

j=1

so that in fact
N, = da.

In particular, the differential is surjective C°°(M) — Ty M and so every element of T>M is

df, for some f. Thanks to this identity, now and forever we will use dz* to denote the dual
basis to 9/0x7.

5.4. The cotangent bundle. The change of coordinates expressions we obtained in Sec-
tion 5.3 above allow us to create a vector bundle T*M over M with fibers T7M. Just
as in the case of the tangent bundle, if M is a smooth n-manifold, the cotangent bundle
T*M has a natural topology and smooth structure making it a 2n-manifold. The projection
m:T*M — M given by m(p, &) = p is smooth with respect to this structure.

The differential of a smooth function f : M — R is a “section” of the cotangent bundle,*
i.e., we can assemble df, at every point p to get a map df : M — T*M given by p — (p, df,).

Given a smooth map F': M — N and an element £ € T}(p)N , we can “pull back” £ to an
element F*¢§ € T M; for v € T, M, this is given by

(F78)(v) = E(DFp(v)) = &(FLv).
In terms of differentials, you can compute (and YOU SHOULD), that the pullback is given
by
F*(dfp)) = d(f o F),.

4A section of a vector bundle E over M is a smooth map s : M — FE so that mo s = Idy,.
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We also recall that functions “pull back”, i.e., given a smooth map F': M — N, we get a
linear map F* : C*°(N) — C*°(M) given by F*f = f o F. The pullback commutes with the
differential, so that given f € C*°(N),

F*df =d(F*f).
(EXERCISE: Check that this makes sense and is true.)

6. TENSORS

The word tensor in geometry often has two (related) meanings: on the one hand it can
refer to an element of a general tensor product of (powers of) T, M and T,y M, while on the
other, it can refer to sections of the tensor bundle. These two meanings are often conflated
(especially in undergraduate physics courses), and we’ll eventually end up conflating them,
too. Before we do that, though, we’ll try to pin down both meanings.

6.1. Tensor products of vector spaces. Suppose V and W are finite dimensional vector
spaces. Our aim is to define the tensor product of V-and W, denoted V@ W . We’ll describe it
via its universal property and then show that such an object exists. (The universal property
and the basis are how you actually work with it.) Part of the idea is that bilinear maps
V x W — X aren’t linear transformations but they shouldn’t be so far from it.

Suppose V, W and X are finite dimensional vector spaces. We say that amap T : VxW —
X is multilinear if, for all vy, ve,v € V| o, 8 € R, and wy, wy, w € W, T satisfies

T(awvy + Pug, w) = T (v, w) + BT (vg, w),
T(v, cwy 4+ Pwy) = aT (v, wy) + BT (v, ws).

(An analogous definition applies to multilinear maps Vj x --- x V. — X.)

The tensor product VW of V and W is defined by the universal property that mulitlinear
maps V x W — X factor through V ® W. More precisely, V ® W is a finite dimensional
vector space and comes with a multilinear map ¢ : V. x W — V ® W. The map ¢ has
the property that if T : V x W — X is a multilinear map, then there is a unique linear
transformation L : V @ W — X so that T' = L o ¢, i.e., making the following diagram
commute.

VW 25 VeoW

I
r =l
\l/

X

A quick practice using the universal property: V ® W is “unique up to unique isomor-
phism.” In other words, if Y7 and Y5 are two finite dimensional vector spaces equipped with
bilinear maps ¢; : V x W — Y} satisfying the universal property above, then there is a
unique isomorphism L : Y} — Y5 with @9 = Lo ;.

Why? If we take take X = Y; and T" = ¢y, then the unique map L here is given by
L = Idy,. Now taking X = Y5 and T = ¢, we get the unique linear transformation
L Y] — Y5 compatible with the two different maps. It’s an isomorphism because you can
swap the roles of Y] and Y5 to get a map going the other way whose composition must be
the identity by the uniqueness of the induced map.

Now that we know V ® W is essentially unique, we turn to the existence of such an
object. Although there are more general approaches, it is expedient for us to use the
finite-dimensionality of V' and W to our benefit. Suppose {ei,...,e,} is a basis for V
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and {f1,..., fm} is a basis for W. We let V' x W denote the (formal) span of the n x m
elements ¢; ® f;:

V xW =spang{e; ® f; |i=1,....n, j=1,...,m}.

The multilinear map ¢ : V x W — V ® W is then given by its action on basis elements:

g (Z aiewzﬁﬂf]) =Y > abile® f).
i=1 j=1 i=1 j=1
It is straightforward to check that ¢ is multilinear. Now, given a multilinear map T :
V x W — X, we define L by its action on the basis ¢; ® f; of V @ W:

L(ei &® f]) = T(ei, €j>.
To check that T factors through ¢, we then expand in bases and check that

T(w,w)=T (Z Qe Zﬁjfj) = ZZOQBJT(% f3)
i=1 j=1

i=1 j=1

_ Z&iﬂjL<90<ei7fj>)

=L (Z a;Bip(ei, fj)) = Lop(v,w).
i\j

From the construction above, given a basis e; of V' and a basis f; of W, the elements
¢(ei, f;) (from now on denoted® e;® f;) form a basis for V@W. As aresult, dim V@W = nm
if dimV =n and dimW = m.

We'll try to keep our notation consistent with Lee’s for the next bit. Let V' be a finite
dimensional vector space and k a positive integer. We define® a covariant k-tensor on V to
be an element of the k-fold tensor product V* ® --- ® V*; using the universal property of
the tensor product, we typically think of a covariant k-tensor as a multilinear map

a:Vx---xV —=R.

The number k is called the rank of «; a O-tensor is a real number (i.e., a real-valued function
depending multilinearly on no vectors). The vector space of all covariant k-tensors is denoted

Tk(v*) = V* ® P ® V* e (V*)®k

Examples: T(V*) = V*. A covariant 2-tensor is a multilinear function V' x V' — R — one
example is the dot product. If you think of the determinant as a multilinear function on n
vectors, it is a covariant n-tensor.

The space of contravariant tensors on V' of rank k is the vector space

T"V) =V -V =V

5Tn fact we will denote ¢ (v, w) = v ® w.

6For historical reasons, covariant and contravariant seem to be switched from what you might expect
if you are coming from category theory. The naming reason is that the basis of V* transforms “with the
metric”, i.e., like the components of a vector, while a basis for V* transforms “against the metric”. As we
haven’t introduced metrics at this stage, this naming convention might seem a bit bonkers.
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so that T'(V) = V and T° = R. Because V is finite dimensional, we can identify it with
linear functions on V* and so we typically think of a contravariant tensor on V' of rank £ as
a multilinear function

THV)={a:V*x - x V* = R |« is multilinear} .
The space of mized tensors of type (k,¢) on V is given by
TkO (V) = Vo g (V)2
Observe that
TOO(V) =T%V) =T°(V*) =R,
THN(V) = THV),
TOOV) = TV™).

Spivak uses the notation T (V'), which I prefer — it reminds you which components to write
“up” and which to write “down”, but we’ll stick with Lee’s notation.

Lemma 38. Let V' be a finite dimensional vector space. If {e;}} is a basis for V and
{€/ Y51 is the corresponding dual basis for V*, then

{€i1®€i2®"'®@z‘k®€j1 RN R Qe |1 Sir,jsgn}
is a basis for T®O (V).

In your homework, you will show that the vector space of linear transformations from V'
to W can be canonically identified with the vector space V* ® W. In particular, the space
of (1,1)-tensors on V can be identified with endomorphisms of V. There is a natural map
V*® V — R sometimes called the evaluation map. It for A € V* and v € V, the map is
given by A ® v — A(v). It extends linearly to a map V* ® V' — R. Under the identification
with endomorphisms of V', this map is the trace. I strongly encourage you to think this
through. (What does it look like on a basis of V* ® V' and how does this relate to what you
have previously called the trace?)

6.2. Tensors on manifolds. We use the above to describe the tensor bundles on manifolds.
Let M be a smooth manifold. The bundle of covariant k-tensors on M is defined by

M = T 7T M).
peEM
Similarly, the bundle of contravariant k-tensors on M is given by
"M =[] THT,M),
peEM
and the bundle of mized tensors of type (k, () is given by
T®OTM = T] T™(T,M).
peEM

Lemma 39. Fach of the tensor bundles defined above has a natural structure making it into
a smooth vector bundle over M; if M is dimension n, T'(k,0)TM has rank n*** over M.
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If T € T®9(T,M), in a chart (z,U) around p we can express T in terms of the basis

0 0 0 . : .
- J J J y y
{axil ® 81.2'2 ® ® 81}“" ®dm ' ®d$ ? ® ®d$£ | 1 S ZT?JS S n}

for T"A(T,M). Tt is typically written in terms of its components as

"~ ivinin O 0 9 : : :
I'= Z Thipls o O @ 95w ® do” @ dz” @ - - - ® da™.
ir,Js=1

In particular, you obtain the components by plugging in the corresponding basis vectors for

T,M and T;M:
Tz — <da:“, o dat 0 0 ) .

Jije---Je PO’ Qe

Note that by convention the “vector-like” indices for the components of T are written as
superscripts and the “covector-like” indices are written as subscripts. Also note that our
summations run over indices appearing twice: once “up” and once “down”. A common con-
vention in differential geometry is called the “Einstein summation convention” and dictates
that when an index appears up and down in a formula, there is an implicit summation over
that index.

If (z,U) and (&, U) are both coordinate systems around the point p, then the components
of T € T®H(T,,M) change as follows:

o . D )
1.0 11 1k
T —T(dx oo, dx B Bt
oxh 1 Ox'k ozt 0 ozt 0
T dx” dx"*
Ox Y ox’ ’ 0t Oxsr’ OFJe Qs
1 Tk S1 Se
n y y
oz 0" Ox™  Ox™t
N Ox™ T QxTe QFdr T Qgde” vtk

Tu,sp=1

In other words, each “up” index comes with a factor of the Jacobian matrix and each “down”
index comes with a factor of the inverse Jacobian.

7. VECTOR FIELDS

We now turn our attention to sections of the tangent bundle; these are called vector fields.

Suppose M is a smooth manifold. A wector field on M is a smooth section of the map
m:TM — M,ie., itisamap X : M — T'M, often written p — X,, so that for each p € M,
X, € T,M. In other words, it has the property that

moX =1Idy.

A smooth vector field is a vector field that is also smooth as a map M — T'M. The support
of a vector field is the closure of the set {p € M | X, # 0}. A vector field is compactly
supported if its support is compact. We denote by X' (M) the space of smooth vector fields
on M.

The following lemma is a useful exercise.
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Lemma 40 (Lee, Proposition 8.1). Suppose M is a smooth manifold and X is any (not
necessarily smooth) vector field on M. The vector field X is smooth if and only if, for all
charts (z,U) in an atlas of M, the components of X with respect to each chart are smooth
functions.

If A is a subset of M, a wvector field along A is a continuous map X : A — TM with
moX = 1Ids. A smooth vector field along A is one that is locally the restriction of a smooth
vector field. Just as with smooth functions, we can extend smooth vector fields from closed
subsets to all of M; the proof is essentially identical.

If f,g € C®°(M) and X,Y € X(M), we can create a new smooth vector field by

fX+gY, p= f(0)Xp +9(p)Y,
With this action, X'(M) is a module over the ring C*°(M).

A word of warning: Even though we can push vectors forward by a smooth map (i.e.,
given F': M — N and v € T,M, we obtain DF,(v) € Tpy)N), doing this to a vector field
does not in general give a vector field on N. The reason for this is exactly what you might
think: if F'is not surjective, we do not have an assignment for points outside of the range of
F', while if F' is not injective, we possibly have at least two different assignments of a vector
to a given point. Care must therefore be taken in general.

We can, however, describe a related notion. Suppose F' : M — N, X € X(M), and
Y € X(N). We say that X and Y are F-related if, for every p € M, DF,(X,) = Yry).

Lemma 41 (Lee, Proposition 8.16). Suppose F' : M — N is smooth, X € X(M), and
Y € X(N). Then X andY are F-related if and only if for every smooth function f on N,

X(foF)=(Yf)oF.
Proof. Let p € M and f € C*°(N). Then
X(f o F)(p) = Xp(f o ) = DE,(X,)(f),
and

(Y f)o F(p) = (YF)(F(p) = Yrp)(f),

proving the claim. 0

If f: M — N is a diffeomorphism, then for every X € X' (M), there is a unique smooth
vector field Y € X' (V) that is F-related to X; in this case we call Y the pushforward of X
and denote it F,X. In particular, we have

(FiX)q = DFp-1()(Xr-1(g))-

7.1. Solving differential equations. If X is a vector field on R", we’d like to know when
we can find integral curves tangent to it, i.e., functions 7 : (—¢,€) — R so that

T = X ()
7(0) = p.

On manifolds, it’s similar: given a vector field X on M and a point p € M, we’d like to find
v : (—€,€) = M so that
dy
— = X(7(t
= X((0).
7(0) =p.
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Here ‘C% can be understood as the derivation % pushed forward by 7, i.e., D'yt(%).

Note that by passing to charts, the problem on manifolds is essentially equivalent to the
corresponding problem on R". Given a vector field X, such a curve is called an integral
curve of X with initial condition p. The aim of this section is to show that integral curves
exist.

Lemma 42 (Contraction mapping principle). Let (Z,d) be a nonempty complete metric
space. If f: Z — Z be a contraction, i.e., there is some C < 1 so that for all x,y € Z,

d(f(x), f(y)) < Cd(z,y),

then there is a unique To, € Z so that f(To) = Too.

Proof. Note that f is continuous as it is Lipschitz. Pick some xq € Z and define, for £ > 0,
Zpy1 = f(xg). Note that for n > 1,

d(Ina xn—l—l) S Cd(«rn—lvxn) S Cmd(iUm Il)u

so that
k

d($n7 anrk) S Z d(wnJrjfl? xn+j)

j=1

<(C" 4+ CME) d(g, 27)
On

S 1— Od(x(]?‘xl)v

so that the x,, are a Cauchy sequence and thus converges to some x,. As f is continuous,
we must have f(Zo) = Too.
For uniqueness, note that if 7., is another fixed point, we have

A(Too, Too) = d(f(To0); f(Te0)) < OB, Too)-

As C' < 1, we must have d(Zu, Too) = 0, 1€, Too = Too- O

We'll use this to solve ODEs. The general set up on R" is to demand y : (—e€,¢) — R”
with
dy
— = f(¢,y(¢

y(0) = vo.

We demand that f be continuous in ¢ and Lipschitz in 3.” The strategy is to reformulate the
differential equation as an integral one. By the fundamental theorem of calculus, y satisfies
the differential equation above if and only if

y(t) = yo + /Ot f(s,y(s))ds.

We'll use the contraction mapping theorem to find a fixed point of a related integral map,
which will lead us to the desired function y.

"Recall that f being Lipschitz in y on a set U means that there is some K so that |f(y1) — f(y2)] <
K |y1 — yo| for all yy,ys € U.
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Theorem 43 (Picard iteration). Let f : (to — €,to +€) x U — R"™, where I C R is an open

interval and U C R™ is open. Suppose xy € U and take a > 0 so that By,(xg) C U. Suppose
further that

(1) there is a number L so that |f| < L on I X Ba,(xg), and
(2) there is a number K so that for all s,t € I and x,y € Bay(x0), |f(t,z) — f(s,y)] <
K|z —yl.
Then, for 0 < b < min(e,a/L,1/K), for each x € B,(x0), there is a unique v, : (to — b, to +
b) — U so that
%e(t) = f(t (1),
Ya(to) =

Proof. Fix x € B,(z0) and set
Z = {7 :(to — byto +b) = Baa(xo) | v is continuous} :
Define a metric (really a norm) on Z by

(v —ll= sup |n()—1)].
tE(to—b,t()-i-b)

Observe that M is complete with respect to this metric.
For each v € M, define S« : (to — b, to + b) — R™ by

—x+/fsv

We claim that S': M — M is a contraction.
First note that if v € M then Sv is continuous (as it is the integral of a continuous
function). We now observe that
t
[ st s
0

so that Svy(t) € Baa(xo) and thus Sy € M.
Finally, we note that if o, 5 € M, we have

[Sa =SBl = sup [Sa(t) - SA(t)]

te(to—b,to +b)

to+b
|SY(t) — zo| < |SY(t) — 2|+ |z — 20| < —i—a§/ Lds+a <bL+a < 2a,

to

= sup
(to —b,to +b)

/VﬂaM@%ﬁmﬂ@m'

/K|a B(s)| ds

As bK < 1, S is a contraction and thus has a unique fixed point ~,.

The remaining detail is to show that a fixed point of S must in fact be differentiable
and satisfy the differential equation. Because 7 and f are continuous in their arguments,
f(t,y(t)) is a continuous function of ¢t. The fundamental theorem of calculus then implies

that .
(®=x+[f@m@D%

S sup
to —b,to +b

< OK fla = 3]



MATH 622: DIFFERENTIAL GEOMETRY I 29

is a differentiable function and its derivative is

7(8) = f(t,~(1),
as desired. 0

We can use this theorem in charts to conclude that our vector fields on manifolds have
integral curves. In our special case, f(t,v) = X(v), so the ODE is autonomous. In particular,
if (¢) is a solution then so is B(t) = (¢t + to). The solution therefore gives us a flow
¢r : U — R™ where ¢y(x) = 7,(t). The proof of Picard iteration immediately gives that the
flow ¢, is continuous. A harder theorem (that we won’t bother to prove here, but we’ll use)
is the following:

Theorem 44. If f is smooth then so is v : (to — b,to +b) x U — R".

Well, ok, we’ll prove it in the notes but not in class. See Appendix B.
Rephrasing the above on manifolds:

Theorem 45. Let X € X(M) be a smooth vector field and let p € M. There is an open
set V' containing p and an € > 0 so that there is a unique collection of diffeomorphisms
¢V = &(V) C M for |t| < e satisfying

(1) ¢:(—€,€) x V — M given by ¢(t,p) = ¢(p) is C,

(2) if |s|,|t],|s +t| <e€, then ¢siy = ¢s 0 ¢, and

(3) if g €'V, then X(q) is the tangent vector at O of the curve t — ¢4(q).

Proof. Most of the properties follow from the theorems above, but we’ll describe the proof of
the semigroup property, which essentially follows from uniqueness. Suppose |s|, [t|, |s + t| <
e and ¢ € V. We know that ¢,.4(q) is given by 7,(t + s), where 7;(t) = X(7,(t)) and

Y4(0) = ¢. Similarly, ¢¢(q) = 74(t). Now ¢s(¢:(q)) = Ver(q)(5). Note that r = v,(r +t) is a
solution of the differential equation with initial value 7,(041t) = v,(¢), so we must have that

Yor(q) (1) = Yq(r + t) by uniqueness and hence ¢;1s = ¢ 0 ;. O

By using a finite number of open sets we obtain the following:

Theorem 46. If X € X (M) has compact support (e.g., if M is compact), then these diffeo-
morphisms exist for allt € R and all p € M.

We say that the ¢; are the 1-parameter family of diffeomorphisms associated to the vector
field X. We also remark that X(q) being the tangent vector of ¢ — ¢;(q) at ¢ = 0 means

that
(X1)@) = HlecolF 0 0u(a)) = Jim 1DV =0

There are at least two big consequences of the above results. The first is that you can find
charts so that the integral curves of any vanishing vector field look like one of the axes.

Theorem 47. Suppose X € X(M) is smooth and p € M. If X, # 0, then there is a chart
(z,U) around p so that X = 3% in U.

Proof. t’s enough to show the theorem for M = R™ with standard coordinates (¢!, ..., ")
and p = 0. By rotating and scaling the coordinate system we can also assume that X, = % |p-
The essential idea is that in a neighborhood of 0 there is a unique integral curve through

each (0,a?,...,a"), so we'll use the time of the flow for the first coordinate and the remaining
a’ for the others.
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Let ¢; be the family of diffeomorphisms for X and consider the map
Yla',a?, ..., a") = ¢pu(0,d?, ..., a").

We now compute

. (la) (1) = glalf o)

iy 2 [ sn 0,62, ) — 0]

= lim o [f(¢n(v(a))) = fF(U(a))] = (X f)(¥(a)
and 1), (%]O = 2o, so that ()9 = I is nonsingular and thus ¢! is a coordinate
system. -

It’s worth asking (and later we’ll answer) whether there is a similar theorem for a larger
number of vector fields.

The other big consequence is the definition of the Lie derivative. Suppose that X is a
vector field and ¢, is the corresponding 1-parameter family of diffeomorphisms. We define
the Lie derivative of a vector field Y € X (M) by

(ExY)y = lim 1 [¥, — ((6).7),

Note that ((¢5).Y"), means

(@) (Y1) = (00) (Vo).

While we'’re at it, let’s also define the Lie derivative of a 1-form.
smooth vector field X, we define

(Lxw)p = lim = [((¢hw) wp) -

We also define the Lie derivative of functions by

8 For a 1-form w and a

(Lx f)(p) = X(f)(p) = lim

Proposition 48. Suppose X,Y,Z € X(M), f € C*(M), and w,n € Q' (M).
(1) Lx(Y +Z)=LxY + LxZ,
(2) LX(OJ+77) = LXcu —I—LxT],

(3) Lx(fY) = (X[/)Y + fLxY,

(4) Lx(fw) = (Xf)w+ fLxw, and

(5) X(w(Y)) = Lx(w(Y)) = (Lxw)(Y) + w(LxY).

8We haven’t defined it in this text yet, but a 1-form is a smooth section of the cotangent bundle. In other
words, a 1-form w is a smooth map w : M — T*M so that m o w = Idy;. The space of 1-forms on M is
denoted Q! (M).
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Proof. The first two are easy. All of the remaining use the same trick. Let’s prove the last
one.

— Tim =+ g5 (w(Y))(p) — w(Y)(p)]

~ lim + ([wonm) Yen)) — Weonm) ((D0):Yp)] + [Wonimy (01):Yp) — wp(Yp)])

tim (wy, You) = (@n): (V) (¢ZW—W)p<Yp)
W(Lx(Y;b(]i))E (wa)(iil)(p)- > ( h ))

[l

We now compute in coordinates. It’s easiest to do it for 1-forms and functions first, then
deduce the formula for vector fields. Recall that in coordinates,

flay') =2 —a%;. D) 4o

J

In particular, in a coordinate system (z,U) and X =" a’ aiﬂ we have

oi(de’) = lm 5 Y

Z Mdﬂ _ dxi] .

J

The coefficient of dz? is therefore

1[0 ogn) ] . 1[0(a'og¢,) O
iﬂ%ﬁ{ D _54_}3&%{ oz on
:@“’}{%E [x opp— oqﬁo} =55

We can thus conclude that, for X = >~ a aaiy
X

Lydz = Z g:;. da? .
J

Thus if w = Y w;dz’, we have

LXw = Z [X(wz)dxz + WiLdei] y

i

from which one can derive a longer, more detailed formula.
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To compute LxY, we first find Lx ( ) We have, writing X =", a

8:(:“
9 0 0
0= Ly (dm(ﬁx )) :LX(d:z:)(a ) + dz’ (LXa -)
dai . 9 0
_y 2 L
- &de (8:5 ) + o X 0ad )
da’ 9]
= gu T (I gg)
so the 9/0x" component is —da'/dx7. In other words,
L0 00
XOxi — Ozl Ox"
Now, if Y = 3", b'5%;, we have

LyY = ZX(bi)% + ZbiLX aa

_Z (%Z 0 _biaaji
N 8xﬂ oxt ozt OxJ

17‘7

A c%’ axz‘ Ozi”

,j=1

7.2. Derivations and the Lie bracket. We can think of a smooth vector field as giving
us an operator on C*(M). If X € X(M) and f € C*(M), we define

Xfel=M), (Xf)p)=X(f)

Because the value of a derivation on f is determined by the local behavior of the function,
the same is true for X f, i.e., if U C M is open, we have

(XOlv=X(flv).

Smooth vector fields provide derivations on C'*°(M):

X(fg) = fX(9) +gX(f)

Two of the implications in the following proposition are proved by moving to coordinates;
the other implication follows from an extension argument.

Proposition 49 (Lee, Proposition 8.14). Let M be a smooth manifold and X a (not neces-
sarily smooth) vector field on M. The following are equivalent:

(a) X is smooth,
(b) For every f € C*(M), the function X f is smooth, and
(c) For every open subset U C M and every f € C*(U), X f is smooth on U.

Lemma 50 (Lee, Proposition 8.15). Let M be a smooth manifold with boundary. A map
D :C®(M) — C>®(M) is a derivation if and only if it is of the form Df = X f for some
smooth vector field X € X(M).
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Proof. Every smooth vector field yields a derivation, so we must only show the “only if” part
of the lemma. We must therefore concoct X from D; its value at p must be the derivation
at p whose action on any smooth function f is given by

Xpf = (Df)(p)-

As D is linear, this expression depends linearly on f; as D is a derivation on C*°(M), X

P
is a derivation at p and so X is a (not necessarily smooth) vector field. That it is smooth
follows from the previous lemma. U

Now we describe a way of combining two vector fields to obtain a new one. Let X,Y €
X (M). Given a smooth function f : M — R, we can apply X to f to get a smooth function
X f, to which we can then apply Y and obtain another smooth function Y X f =Y (X f). In
general, however, the operation f — Y X f does not in general satisfy the product rule and
therefore cannot be a vector field. (Why? Second derivatives.) On the other hand, we can
reverse the order of application to obtain yet another smooth function XY f. Taking their
difference yields an operator [X,Y]: C*(M) — C°°(M) called the Lie bracket of X and Y
or the commutator of X and Y:

(X, Y]|f=XYf-YXFf.
This operator is a vector field.

Lemma 51 (Lee, Lemma 8.25). The Lie bracket of any pair of smooth vector fields is a
smooth vector field.

Proof. By the previous lemma, it suffices to show that, given X, Y € X(M), [X,Y] is a
derivation on C*°(M). We'll do this in two ways; the first is coordinate-free while the second
works in a chart and emphasizes what is going on.

Let f,g € C*(M), then we have

(X, Y](fg) = X (Y (fg)) =Y (X(f9))
=X(fYg+gYf) =Y (fXg+9X[)
= (XNYg) + [(XYg) + (Xg)(Y]) + 9(XY )
- Y (Xg) = FYXg) = (Y9)(Xf) = g(YXF)
= fIX,Y]g +g[X,Y]F,
so [X,Y] is a derivation and thus a vector field.

We now fix a coordinate chart and write the vector fields in terms of a basis, i.e., X =
S X', Y =3 YIZL Here X' and Y7 are smooth functions in the chart. We then

$z7

take f,g € C°°(M) and compute

i) - | o |
—Z[ o V] )

Z]—
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By linearity it therefore suffices to consider one of the terms above: For any f € C*°(M),

i 0 ;0 _ i (vi 9 _yi 9 (xi 0
[X FIkd %} ) =X 50 (Y 8$j> ) =Y'55 (X 696") (/)

L (oviof . o Sfoxiof . Of
- (axi$+yaxiaxz‘ Y\ w o T avow

0Y7 X
(Xzay 00X 0

ozt OxJ O (%i> (F):
Applying this expression to fg then shows that it is a derivation. 0

A consequence of the second proof given above is that if X? are the components of X and
Y7 are the components of Y in a chart, then j-th component of [X, Y] in the chart is

" QY OXI
Xt - — Y —].
> (v5 v

i=1

In particular, the Lie bracket [X, Y] is also the Lie derivative LxY".
We collect a few properties of the Lie bracket:

Proposition 52. Suppose X,Y,7Z € X(M).
(a) BILINEARITY: For a,b € R,

[aX +bY, Z] = a[X, Z] + b]Y, Z],

[(X,aY +bZ] =a|X,Y] + b[X, Z].
(b) ANTISYMMETRY: [X,Y] = -V, X].
(c) JACOBI IDENTITY:

X, [V, 2]+ [V, [2, X]] + [Z,[X, Y]] = 0.
(d) For f,g € C*(M),
[fX,gY] = fglX, Y]+ (fXg)Y = (gY [)X.

Proof. The only one of the above that is not quick exercises is the Jacobi identity. For that
we compute (essentially symbolically):

XY 2]+ Y [ 2. X)) + (2, [ XY f
= XY, Z|f - Y, ZIXf+ Y2, X]f — |2, X]Y f + Z[X,Y]f — [X,Y]Zf
= XYZf—XZYf-YIZXf+2ZYXf+YZXf-YXZSf
— XY+ XZYF+ZXYf-ZYXf—XYZf+YXZf
= 0.
O

Because LxY = [X,Y], we now have the following non-obvious results about the Lie
derivative:

Corollary 53. (1) LxX =0,

(2) LxY = —LyX,
(3) Lx[Y, Z] = Y, LxZ] + [LxY, Z].
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7.3. A geometric interpretation of the Lie bracket. In what follows we specialize to
the case where XY € X(M) have compact support in order to guarantee that the flows
exist for all time.

Suppose X € X (M) generates the family ¢, of diffecomorphisms while Y generates 1.
The aim of this section is to show that [ X, Y] = 0 if and only if ¢; 01p;0¢_40p_, = Idy, for
all £, s.

The next lemma has an important consequence: if o : M — M is a diffeomorphism, then
a, X = X if and only if ¢, o @ = a0 ¢;. In particular, if ¢, is the flow generated by X and
¢, by Y, then (¢;).Y =Y if and only if ¢, 0 1hs = 15 0 ;.

Lemma 54. If o : M — N is a diffeomorphism and X € X (M) generates the family ¢,
then the vector field o, X generates oo ¢y o a™ L.

(Recall that (Oz*X)q = (DOé)afl(q)Xafl(q).)

Proof. This follows essentially immediately from the uniqueness part of Picard iteration.
Indeed, we let 1); denote the flow generated by o, X, so that ¢, satisfies

d
Wq) = (X )p(q) = (Da) a1 (@) Xa—1 (1 (q))>
Yo(q) = q.

Similarly, we now consider the flow a0 ¢; o @™t which (regarded as a map R — N) satisfies

d
%(040@004 N(q) = (Da)gy(a 1(q>dt¢t( "(q)) = (D) gy a1 (@) Xor(a1 ()
= (D) a-1((acproa—1)(q) Xa—1((acproa—1)(a))

aodyoa(q) =q.

so that the two flows satisfy the same differential equation with the same initial condition
and thus must agree. 0

Theorem 55. If XY € X (M) are compactly supported (or otherwise generate globally
defined flows), X generates ¢, and'Y generates 1, then [X,Y]| = 0 if and only if ¢, 0 s =

s 0 ¢y for allt,s.

Proof. If ¢y 0 1ps = b5 0 ¢y then (¢4),Y =Y so LxY =[X,Y] =0.
For the other direction, suppose that LxY = [X,Y] =0, so for each p € M,

— ((¢n):Y)y
h

lim =0.

h—0

Now, given p € M, we define the curve ¢ : R — T,M by

c(t) = ((1):Y), -

We claim that ¢ is constant, so that (¢;).Y =Y, which is equivalent to the desired claim.
We compute (using that the tangent space to T,M can be canonically identified with 7),M
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itself):
c’<t>=hn% ((600)-Y), = ((60).),]

= lim > [(D¢t+h)¢ Yo i) — (D) Yo ()]

(D)oo 0)Yo_on(p) — Ymm}
h

= hm(D?bt)aLz(p) [
= —(D1)s ) (LxY ) ,p) = 0.

8. INTEGRAL SUBMANIFOLDS AND THE FROBENIUS THEOREM

Now, given two vector fields X; and X5, must they look like a a7 and 5> 27 The answer
is definitely no, for an obvious reason: coordinate vector fields commute (because second
partial derivatives commute), but we needn’t have [ X, X5] = 0.

More interesting is that this condition turns out to be sufficient.

Proposition 56. If X;,7 = 1,...,k are smooth vector fields that are linearly independent
at p, then [X;, X;| = 0 for all i and j if and only if there is a neighborhood U of p and a

smooth map v : U — R™ so that 1.(X;) = 5.

Proof. The idea is to take X, transform so that X; looks locally like 8 <. then arrange X,
so that it looks “perpendicular” at p, then try to push the transversal forward with ¢, to fix
X5. Did we screw up z17 Not if the flows commute, so not if the vector fields commute.
By working in a chart, we can assume M = R"™ and p = 0. As the X; are linearly
independent, we can use a linear change of coordinates to ensure that (X;)g = % 0

Let ¢! denote the flow generated by X; and, for (¢, ..., ") sufficiently close to 0, define

Xt ") =dh (0 (- (04 (0,...,0,85F . ™))
Observe that taking partial derivatives yields

o) (XiJo=22lo i=1,....,k
Dxo 5 o) =< E .
xJ Bzi|0 Z>l€

so that x~" is a coordinate system in a neighborhood of 0.
In this coordinate system, our construction implies that X; = %. Now, since [X;, X;] =0

1

for 4,5 <k, the flows ¢! and gb{ commute, so in fact we can rewrite the formula for y to ensure
that ¢, is the outermost flow and hence in this coordinate system we have X; = %. O
8.1. Submanifolds and distributions.

Definition 57. We say that F': M — N is an immersion it DF), is injective for all p € M.
A map F': M — N is a submersion if DF, is surjective for all p € M. Amap F': M — N
is an embedding if it is an immersion and a homeomorphism onto its image.

We won’t prove this in class, but it’s useful to know:

Theorem 58 (Whitney embedding theorem). Every C* n-dimensional smooth manifold
can be smoothly embedded into R?".
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We probably won’t do this in class, but here is a weaker related theorem:

Theorem 59. Every compact smooth manifold can be embedded into RY for sufficiently
large N.

Proof. The manifold M is compact, so we can cover it by a finite number of charts (x1, Uy), . . ., (xx, Uy).
We choose U! open sets so that U/ C U; and so that the U still cover M. Find v; : M — [0, 1]
so that ¢, =1 on U] and suppv; C Uj.

Let F': M — R™%* be defined by

F(p) = (1)1 (p), Ya2(p)2(p), - - - e ()2 (p), ¥1(p), - - Yr(p) -

We claim that F'is an embedding. We first show it is an immersion.

Indeed, any p € M lies in U] for some i and so the Jacobian of F' contains as a submatrix
oz
890?

To show that F' is injective is a straightforward exercise; that it is a homeomorphism
onto its image follows because F' is an injective continuous function from a compact set to

a Hausdorff space. O

= Id,,«x,, and so has rank n.

We now return to the original problem.
Definition 60. A k-dimensional distribution A on M is a k-dimensional sub-bundle of T'M.

In other words, a k-dimensional distribution A on M is an assignment of a k-dimensional
subspace of T, M to each p € M in such a way that the subspaces fit together smoothly. One
way of thinking about this is we demand that A is a k-dimensional vector bundle over M
equipped with an embedding A < T'M commuting with the projections:

A —5TM

ok
M4 M

You can think of a one-dimensional distribution as generalizing the notion of a non-
vanishing vector field (where X is replaced by span X ). Not all one-dimensional distributions
are of this form, though (recall your construction of the Mobuis strip).

Definition 61. Given a k-dimensional distribution A C T M, an integral submanifold of A
is amap f: N — M so that f, is injective and f.(TN) C A. (By default, the dimension of
N should be the same as the dimension of A.)

8.2. The Frobenius integrability theorem, take 1. Our aim is to answer the question
of when a distribution has an integral submanifold (thereby generalizing the discussion at
the beginning of this section). Recall that a necessary condition is that it be closed under
the Lie bracket.

Theorem 62 (Frobenius theorem). If sections of A are closed under the Lie bracket, then
for each p € M there is a neighborhood U of p and a map 1 : U — R™ so that locally A is the
tangent space to the fibers of the projection R™ — R" % i.e., each fiber n=%(a) for a € R**
gives an integral submanifold.

Lemma 63. Suppose F' : M — N is an immersion. Any vector field Y on N that lies in
the tmage of DF along F' is F-related to a vector field on M.
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(Recall that for F': M — N, X € X(M) is F-related to Y € X(N) if DF,(X,) = Yr(,)
for all p € M.)

Proof. For p € M, as DF, is injective, we let X, denote the unique element of 7, M so that
DF,(X,) = Yp(p). The vector field X is smooth because F' is an immersion (i.e., because
you can choose coordinates so that y o x7!(a',...a") = (a!,...,a",0,...,0)). O

Proposition 64. Suppose X; and Y; are F-related for i = 1,2. Then X1, X3| is F-related
o [Y1, Vi),

We'll prove this proposition in a bit. First let’s prove the theorem assuming the proposi-
tion.

Proof of theorem. We can assume M = R"™ and p = 0, and Ay = span < o ..., 2 ) Let

9zl ") ak
7, : R" — R* denote the projection onto the first k factors, so that (D)o : Ag — R” is an
isomorphism and Dr;, : A — R* is also one-to-one in a neighborhood of 0.
For each ¢ in this neighborhood, we can then choose unique (X1)g, ..., (Xk), € A4 so that
0
(D71)e(X5)e = 55l

for j =1,...,k. In particular, X; and 81 are my-related and thus by the proposition,

0o 0
(0 X0 X = | 55055 =0

so [X;, X;] =0 as [X;, X;] € A, and Dy, is injective on A,.
By the proposition at the beginning of this section, X; are locally coordinate vector fields,
i.e., there is some ¢ : U — R" with the desired property. 0]

We now prove the remaining proposition.

Proof of proposition. First observe that if g : N — R is smooth and X and Y are F-related,
then

(Yg) o F) (p) = (dg) ripy(Yr(p)
= (dg9)rp)(DF,X,) = d(g o F)y(X,) = X,(g0 F).
We apply this identity repeatedly and consider (Y7, Y2]g) o F:
(Y1, Yalg) o F = (Y1(Y2g)) o F' = (Ya(Yig)) o F'
= X1 ((Yag) o F) — X5 ((Y1g) o F)
= X1 (Xa(go F)) — Xz (Xi(go F))
= [X1, Xo](g o F)) = Fi([X1, X2])(9),
as desired. 0
Note, there’s generally no global map; pursuing this direction leads to the theory of folia-

tions. (Consider a line with irrational slope on the torus.)
As an example, consider when the distribution

0 0 0 0
A= span (a_x + f(xayvz>$7 a_y + g(mayaz)a)
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on R? integrable? Let X and Y denote these two vector fields generating A. We compute
dg dg\ O of af\ o

XY= (Zy ) (L4222 ) 2

X, Y] (8x +f82> 0z (@y +g(?g 0z

dg Of dg af\ o0
(-5 -2

- \oz Oy + 9z Yoz
We won'’t consider this in full detail, but observe that if f and g are independent of z, then
the integrability condition for A agrees with the familiar vector field integrability condition

dg _of
or Oy’
9. PREAMBLE TO INTEGRATION

There are a number of loose ends that we should clear up before we introduce differen-
tial forms and integration. In particular, we should discuss orientations, manifolds with
boundary, and alternating tensor spaces.

9.1. Orientations. Suppose V is a finite dimensional vector space. If L : V — V is a
non-singular (i.e., invertible) linear transformation, it must have strictly positive or strictly
negative determinant. If the former, we say that L is “orientation-preserving,” while in the
latter case it is “orientation-reversing.”

We now consider two ordered bases for V, say B = (vy,...,v,) and B’ = (v}],...,v]) and
let L be the linear transformation satisfying Lv, = v;,. We say that the two bases B and
B’ define the same orientation of V if det L > 0 and define opposite orientations of V' if
det L < 0.

It is straightforward to check that the property of defining the same orientation defines
an equivalence relation on the set of ordered bases of V'; we say that an orientation of V' is
a choice of equivalence class of ordered bases. (Straighforward EXERCISE: There are two
equivalence classes.)

If (V= [(vy,...,v,)]) and (W, v = [(wy,...,w,)]) are two oriented n-dimensional vectors
spaces and f : V — W is a linear transformation, we say that f is orientation-preserving if

[(f(vl)> R f(vn))] =v when [(’Ul, R ,Un)] = U

The standard R"™ is equipped with a “standard orientation” [(ey,...,e,)]; for a trivial
bundle X x R" we can equip each fiber {x} x R™ with the standard orientation.

Now suppose m : E — B is a (possibly non-trivial) k-dimensional vector bundle. An
orientation p of E is a collection of orientations p, on each fiber 7=!(p) so that, for any
connected open set U C B, if t : 7 Y(U) — U x R* is a trivialization, then ¢ is either
orientation-preserving or orientation-reversing on all of the fibers over U (here U x R¥ is
equipped with the standard orientation). A vector bundle is orientable if it can be equipped
with an orientation.

As an exercise, consider the Mobius strip. It is a 1-dimensional vector bundle over S and
has no non-zero sections; it cannot be orientable because in one-dimension, an orientation
corresponds to an equivalence class of non-vanishing vector fields.

We say that a manifold is orientable if the vector bundle M — M is orientable. You
should check that this is equivalent to the existence of an atlas for M in which, in addition
to being C'*°-related, all of the transition functions can be chosen so that the determinant
of the Jacobian is positive.
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9.2. Manifolds with boundary. At this stage we probably should have a reckoning with
manifolds with boundary, but we won’t. Rather than having as local models open sets in
R", they are modeled on open sets in H" = [0, 00) x R""!. They have a distinguished subset
called the boundary: for H", this is OH" = {0} x R*~. If M is a manifold with boundary,
there is a subset called OM defined by the property that p € OM if and only if for all charts
around p, the image of p lies in the boundary 0H" of H". (Exercise: this is well-defined.)

Many of our foundational results and definitions require no changes or only slight changes
on manifolds with boundary. You are encouraged to go through and identify what changes.
(Example: what additional conditions do you need in the inverse function theorem to ensure
that a map F' : H* — H" from a neighborhood of a point in OH" to a neighborhood of a
point in H" preserves the boundary?)

The definitions of tangent spaces (and related constructions) are unchanged; one can
check that the tangent space at a point in the boundary of an n-dimensional manifold with
boundary still has dimension n. For each point p € M, there is a natural inclusion map
T,(0M) — T,M given by the derivative of the inclusion map i : OM — M. A vector is
tangent to the boundary if it is in the image of this inclusion map.

For the global existence one-parameter families of diffeomorphisms generated by a vector
field X, one also demands that X be tangent to the boundary. (In other words, over all points
p € OM, X, lies in the image of the inclusion 7,,(0M) — T,M.) This condition ensures
that the one-parameter family of diffeomorphisms preserves the boundary. If in addition
X vanishes at the boundary, then the one-parameter family of diffeomorphisms fixes the
boundary (i.e., ¢;(p) = p for all t and for all p € OM).

9.3. Alternating tensors. We now turn our attention to another piece of linear algebra.
Suppose V is an n-dimensional vector space. Recall that TR (V) = (V*)®* is the space of
(0, k)-tensors on V and can be identified with the space of multilinear maps from V x --- xV
to R. We use this identification in our definitions below.

Definition 65. A tensor T' € TO%) (V) is alternating if
T(v1,. . 05505, .., 0,) =0
whenever v; = v; for some 7 # j.

Note that if T" is alternating then it is also skew-symmetric. (Let’s just do this for bilinear
forms here.)
0="T(v1 + vg,v1 + vg)
= T(v1,v1) + T(ve,v2) + T'(v1,v2) + T (ve, v1)
= T(v1,v2) + T (ve, v7).
Note that because we are working over R, skew-symmetric forms are also alternating. If we

were working over a field of characteristic 2 (which, thankfully, we are not!), skew-symmetry
is the same as symmetry and there are skew-symmetric tensors that are not alternating.

Definition 66. For an n-dimensional vector space V, A*¥(V) consists of all alternating
T € TOR(V).

What is its dimension? For this it is helpful to construct the map Alt : TR (V) — A*¥(V).
Let S, denote the symmetric group on n letters; we define an action of S on TO*) (V): for
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T € TOM(V), and o € S, we define
(U.T) (1}1, c. ,Un) = T(Uo(l), UU(Q), .. ,’Ug(n)).

This action characterizes the alternating tensors:
Lemma 67. Suppose T € TR (V). T is alternating if and only if (0.T) = (sgno)T for all

o € Sg. (Here sgno is the sign of the permutation o — it is 1 if o can be written as a product
of an even number of transpositions and —1 if not.)

Proof. If T € A*¥(V), then T is skew-symmetric and so, writing o as the product of transpo-
sitions, we obtain 0.7 = (sgno )T
The other direction follows by considering the action of transpositions on 7. U

Definition 68. For T' € T(**)(V), define Alt(T") € TR (V) by

Alt(T) = % > sgn(o)(a.T),

’ og€ESy,

where sgn(co) is the sign of the permutation o, so it is 1 if o is an even permutation (i.e.,
o € Ay, the alternating group) and —1 if ¢ is an odd permutation.

The following proposition is straightforward:
Proposition 69. (1) If T € TOR(V), then Alt(T) € AF(V).
(2) If w € A*(V), then Alt(w) = w.
(3) If T € TOR(V), then Alt(Alt(T)) = Alt(T).
Proof. Observe that Alt(T') is skew symmetric: a transposition acting on Alt(7") yields a

factor of —1, so Alt(T) € A*(V).
If w € A¥(V), we have by the lemma above

1 1
Alt(w) = ] Z (sgno)(o.w) = 7 Z (sgno)w = w.
og€ESy, oES)
The third part follows from the first and second parts. 0J

Now consider what we will temporarily call the algebra of contravariant tensors on V:
T(V) =@ TP (V).
k=0

(Recall that 7% (1) = R.) This set comes equipped with addition and scalar multiplication,
but also enjoys a multiplication, via A ® w. We further let A*(V) = @, , A*(V) C T*(V).

Proposition 70. The kernel T of Alt is a two sided ideal in T*(V).

Proof. As Alt : TOR (V) — TOR(V) (i.e., Alt preserves the type of the tensor), it suffices

to show that for all f € TN A*(V)and g € TO)N(V), fRg,9® f €L, ie., Alt(g® f) =

Alt(f ® g) = 0. The proofs are nearly identical so we show only that Alt(f ® g) = 0.
Recall that

1
AlK(f @ 9g) (v1, .-, Vrye) = W Z sgn(a)f(vg(l), S >”a(k))9(va(k+1)v s 7”a(k+€))~

O'GSk+z
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The essential idea is to split Sk, into cosets corresponding to the subgroup fixing the last ¢
indices. Indeed, let
G={0€ Ske|ofixesk+1,....k+(}.

Observe that

Z (0.(f®9)) (v1,...,Vk10) = Z(sgna)(a.f)(vl, oo UR)G (Vi1 ooy Ukpe)-

ceG €Sk
Now, for ¢ € Skie \ G, we let
00G = {090’ | o' € G}

denote the coset of G' containing oy. For such a coset, we have

S (0.(f @ 9)) = (sen o) (ao. <Z<sgn o")(o".(f ®g>>>) — (sgnoo) (ao. (Z (sgno’)(o’.f) ®g>) .

ocogG o'eG o'eSy

We let Si1¢/G denote the set of cosets and now write

Y e(feg)= > > (o(feyg)

0ESkte 00E€Sk10/G 0€00G
= Z (sgnoo) (Uo- (Z (sgno’)(o’.f) ® g))
Uo€sk+4/G o’eSk
=kl ) (sgnoo) (o0 (Alt(f) @ ) =0
UOGS}C+£/G
with the last equality holding because f € ker Alt. O

As a consequence of the proposition, learn that A*(V') = 7*(V')/Z is an associative algebra;
in particular, it inherits a binary operation A arising from ®. This product is uniquely
defined up to a (grading-dependent) constant factor: there must be constants ¢, so that if
w € A¥(V) and n € AY(V),

wAN = cpeAlt(w @ 7).
We therefore define the wedge product by specifying these two constants. There are at least
two reasonable definitions for w € A¥(V) and n € AY(V):
(k+0)!
k!

(1) Both Lee and Spivak use the convention w A n = Alt(w ® 1), while

(2) Bourbaki uses the convention w A n = Alt(w ® 7).

If e1,...,e, is a basis for V and €!,..., € the corresponding dual basis for V*, then Lee’s
convention yields that
(61/\"'/\€n) (e1,...,e,) =1,

the volume of the unit parallelopiped. Bourbaki’s convention yields 1/n!, i.e., the volume of
the unit simplex. Even though the second convention might seem more natural, we’ll stick
with Lee’s convention; it turns out that this makes various formulas later much simpler partly
because we typically define integration over cubes/parallelopipeds rather than simplices.

Observe that the wedge product is graded symmetric, i.e., if w € A¥(V) and n € AYV),
then

nAw=(=1FwnAn.



MATH 622: DIFFERENTIAL GEOMETRY I 43

Theorem 71. Ifvy,...,v, is a basis for V and \',...,\" the corresponding dual basis for
V*, then the set

{XTANZA - ANE |1 <y <idgp <o <idp <}

is a basis for A*(V') and so

dim AR (V) = (Z)

Proof. Take a representative in 7% (V) for w € A¥(V) and write (in a mild abuse of
notation)

W= Z Wiy g AT @ @ N

1<, ig <n

As w € AR(V), Alt(w) = w, so

w= Y g ALV @ @A)

1<iy,..., i <n
Now we observe that

0 some index is repeated

sg?ﬁ#)\”(“) A=+ AN g is the permutation ordering the i,

Alt (N @ - @ A*) = {
so that the claimed elements span A*(V).

To see that they are linearly independent, we apply them to basis elements and see that
for1<iy<---<iyp<nand1<j <...j;p <n,

1 4, =y, forallr,

(N AR (e, nveg) = {

0 otherwise.

O

The above theorem tells us that if dim(V) = n, then dimA"(V) = 1. Moreover, if
L :V — V is an endomorphism, it induces a map L* : A"(V) — A"(V); as an endomorphism
of a one-dimensional vector space, it must be given by multiplication by a constant. What
is this constant? We turn to the example when V' = R"™.

Lemma 72. Let V = R" equipped with the standard basis and let L : V — V be a linear
transformation. If A is the matriz representation of L with respect to the standard basis,
then the induced map L* : A*(V') — A™(V') is given by multiplication by det A.

Proof. Let ey, ..., e, denote the standard basis on R™ and let €!,...,e" denote the cor-
responding dual basis for (R™)*. A basis for A"(R") is given by the single element w =
' A--- A €. We must therefore write L*w in terms of w; to do this it suffices to evaluate
L*w on the basis for R". In what follows we use a; to denote the j-th column of the matrix
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A and @/ to denote the i-th entry of a;.
L*w(ey,...,e,) =w(Ley,..., Ley,)

=wl(ay,...,a,)

n n
= w A1€4y .. -,y a,,€;
=1 i=1
n

— i1 12 in . A
= E allay ...arw (e, ... e;,).

As w is alternating, the only potentially non-vanishing terms in the sum are those for which
all 7, are distinct, i.e., those arising from a permutation ¢ of 1,...,n. We further use our
characterization of the action of o on alternating forms to write

L'w(ey,...,e,) = Z a‘f(l)ag@) .. .az(")w (60(1), . ,eg(n))

O'ESTL
= Z a‘{(”a;’@) al(sgno)wley, ... ep)
UESn
= Z (sgno)alMad® . a2™ = det A
O'ESTL
O
Corollary 73. If vy,...,v, is a basis for V and w € A*(V), and w; =Y, aévi, then

wlwy, ..., wy) = det(a})w(vy, ..., v,).

9.4. Differential forms and the Frobenius theorem. We now put these on bundles as
we did before to get a bundle A*(T'M). We define Q*(M), the space of differential forms of
degree k, to be the space of smooth sections of the bundle A¥(T'M). The space of differential
forms is (M) = @, QF(M). Note that Q°(M) is canoncially identified with C>(M). The
wedge product extends trivially to sections and we obtain an associative bilinear operation
QF (M) x QY(M) — QF(M) given by (w,n) — w An, where (w A1), = w, An,.

As a smooth map F': M — N induces a map of tangent spaces, it therefore induces maps
F* : A¥(TppyN) — A*(T,M) for each p € M and we get a pullback of sections F*w € QF(M)
for any w € QF(N).

Proposition 74. The wedge product is bilinear, graded symmetric, and F*(wAn) = (F*w) A
(£™n).

Proof. The only part not immediately obvious from the properties at each point is the
pullback statement. To see that they agree, we verify it at each point. Observe that F*(w ®
n) = (F*w) @ (F*n) for any w € TO*(T,M) and n € T9(T,M). We then recall that
(k+0)!

k!0

and so, as F™* distributes over the tensor product in each of the terms defining Alt,

Frlw®n)=F" Alt(w®@n) = Ab(Fr'w ® F'n) = (F*'w) A (F*n)

wAn=

Alt(w ® 1)
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We’d now like to take the differential of a k-form. In an open set U C R™ (i.e., in a
chart on M), for w € QF(U), we define dw € QF1(U) by using that we've already defined

df € QM) for f € QM) = C>*(M). Indeed, recall that for a smooth function f we can
write

Now, if we write

we define

dw:Zdwl/\d:vI,
I

where dw! € QY(U) is the differential of the smooth function wy(z).

We claim that this is independent of the coordinate system and therefore pieces together
to provide a map d : QF(M) — QFY(M). We could check this directly (by changing
coordinates, seeing how the coefficients change under the basis change, using the chain rule,
and verifying that the factors of the Jacobian all work out), but instead we’ll be sneaky.

Proposition 75. The map d : Q*(U) — Q*Y(U) defined above satisfies

(1) d(w1 +CU2) = dw1 —+ dwg,
(2) For w € Q*(U) and n € Q'(U),d(w An) = (dw) A+ (=1)*w A dn, and
(3) d(dw) = 0.

Proof. The first statement is easy. The second is also straightforward: take w = fdz! and
n = gdx” (linearity means this suffices), then

wAn=(fg)dz" Adz’,
dwAn) = gdf Ndz' ANdx? + fdg A dx’ Adx?
= g(dw A dz”) + (=1)*f dx! A dg A da’
=dw An+ (=1)"w Adn.
Finally, for the third statement, it’s again enough to check it for k-forms of the form

w = fdz!, so that

dwzdf/\dmlzzaa—f/\d:cl,
I»O[

d(dw) = O°f dz® A dz” A da!

> Ox*0xP '
In the last sum, the terms with o = 3 vanish because da® A dz’ = 0. If o # 3, each term
appears twice, but with differing signs, because dz® A do” = —dz® A dz®, and so the terms
vanish. 0

We now claim that these desired properties (and the action on functions) characterize d.

Proposition 76. Suppose d : QF(U) — Q¥Y(U) satisfies the following for all k and all
w € Q*U) and n € QYU):

(1) d(w +n) = dw + dn,
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(2) dw An) =dwAn+ (—=1)*w Adn,

Proof. The linearity of d and d imply that it suffices to show that dw = dw for w = f da’.
By the second property,

d(fdz') =d(f Anda!) = df Ada! + f Ad(dxh),
so it now suffices to show that ci(dxl ) = 0. By the second property it is enough to show that
d(dz*) = 0, but dz* = dx’ by the fourth property and so by the third property d(dz') = 0. O
Corollary 77. There is a unique d : Q¥(M) — QFFY(M) satisfying the four properties above.

Here is an invariant definition (we probably won’t prove this in class):

Theorem 78. If w € QF(M), there is a unique (k + 1)-form dw € Q*1(M) so that for all
smooth vector fields Xy, ..., X1 € X(M),

k+1
dw (X1, ... Xpp1) = ZX( Xl,...,Xj,...,XkH))

+ Z H_](A)(XZ‘,XjLXh...,XZ‘,...,Xj,...,Xk+1).

1<i<j<k+1
where the notation X'j here means that X; has been omitted from the list.
We’ll instead prove the following simpler description of d:
Proposition 79. If w € QY(M) and X,Y € X (M), then
dw(X,Y) = X(w(Y)) = Y(w(X)) — w([X,Y]).

Proof. Here is a deeply unsatisfying® proof: write w = > jwide!, X = 3 X LY =

Tt Y
>, Y 8‘21, then compute:

(%)J

o (X'Y7 - X7Y"),

Using the Leibniz rule finishes the proof. U
This lets us reformulate the Frobenius theorem:

Theorem 80 (Frobenius, take 2). Suppose A C T'M is a k-dimensional distribution. Let
T C Q*(M) denote the annihilator of A, i.e., w € T if and only if w|a = 0. The distribution
A is integrable if and only if d(Z) C T.

9A more satisfying proof takes us a bit too far afield right now.
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Proof. Tt’s enough to show this on the 1-forms that generate Z. Suppose w € 7 is a 1-form,
then

dw(X,Y) = X(w(Y)) = Y (w(X)) - w([X,Y])

by the proposition above.

For the forward direction, if A is integrable then all terms on the right vanish when X, Y
are sections of A, so dw € Z. In the other direction, one sees then that w([X,Y]) = 0 for all
w € Z. As [X,Y] is annihilated by the entire annihilator, we must in fact have [X,Y] € A,
so A is integrable. O

To conclude this section, we include how the differential interacts with the pullback.
Proposition 81. If F': M — N is smooth and w € Q¥(N), then
F*(dw) = d(F*w).

Proof. By linearity, we can assume w = gda! in a coordinate chart. We proceed by induction.
For k = 0, we have, for v € T,M

F*(dg),(v) = dg(DF,v) = (DF),(v)(g) = v(go F)
=d(go F)(v) = d(F"g)(v),

so F*(dg) = d(F*g). (We've done this computation before.)
Now assume the claim is true for (k — 1)-forms. If w = gda™ A --- A dz'*, we have

d(F'w) =d (F* (gda™ A -+ Adz™) A F*dz'™)
=d(F* (gda"™ A+ Nda™) +d(2™ o F))
=F" (d (gdaz:i1 ARRRWA dxi’“—l)) A F*dx™ +0
=F" (dg Adx™ A A dx"kfl) A F*dx'™
= F* (dg Ndz"™ A+ Ndz™) = F*(dw),
where the 0 appears because d(d(z o F')) = 0. O

10. INTEGRATION AND COHOMOLOGY

Our aim in this section is to describe how to integrate differential forms over submanifolds.
The two stars of this section are Stokes’s theorem and de Rham cohomology. For a differential
form w € QF(M) and a submanifold N C M of dimension k + 1, Stokes’s theorem relates
the following two integrals (which we’ll define):

fyo= fe

De Rham cohomology is concerned with the groups
Hfr (M) = ker(dy,) / Im(dy,—1),

where dj : QF(M) — Q¥ (M). We'll see that these two theorems are related.
Forms in the kernel of dj are called closed k-forms, while those in the image of d;_; are
called ezact k-forms.
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10.1. Integrating differential forms. We’d now like to integrate differential k-forms over
k-dimensional submanifolds. If w = fdz' A --- A dz* in R¥, we want to use that we already
know how to integrate and define

/ w = fdz' A+ Adat = fdazt. .. dx".
[0,1]% [0,1]% [0,1]

The key point of dealing with forms is that we’d like the integral to be independent of how
we parametrize the domain.

A motivating example is of line integrals; integrating a function behaves poorly when
reparametrizing the curve (as you learned in a multivariable calculus class!). Instead, we use
a 1-form w, which has a sort of directionality built in.

Definition 82. Suppose 7 : [0,1] — M is a curve and w € Q'(M). We define the integral

of w over v by
1
/w:/ Yw.
¥ 0

We claim that this integral is independent of the (orientation-preserving) parametriza-
tion of the interval [0,1]. Fix a coordinate system and write w = Y w;dz’ and ~(t) =
(Y'(t),...,7"(t)). We then have
(Ywle =Y (VDA (1) = Y _(wio)(t)— - dt.

Wy

If p:[0,1] — [0,1] is a smooth, increasing, diffecomorphism, then

dy'd
/ w—/ v op) w—Z/ w; oy op) )d,;didt
—Z/ w0 - [«
g
by the chain rule.

As an aside, the above computation indicates that the objects you could integrate over
curves should really be 1-densities, i.e., things that transform like the absolute value of the
derivative of the reparametrization. Even though this approach would allow us to avoid
issues of orientation, we avoid it here because the differential of such an object is not nearly
as nice.

More generally, we say that the standard k-cube is I* = [0, 1]* C R*.

Definition 83. A (smooth) singular k-cube in M is a (smooth) map c¢: I* — M.
Definition 84. For w € QF(M) and a singular k-cube ¢, we define

/w:/ c'w.
c Ik

Since c*w € QF(I*), which is one-dimensional, we can write c*w = fdz' A --- A dz* and
so we already know how to integrate c*w over I*.

An exercise using the change of variables formula for integrals shows that fcw is indepen-
dent of orientation-preserving reparametrization of c:
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Proposition 85. Let ¢ : [0,1]" — R™ be an invertible singular cube with det gcj >0 on
0,1]™. If w € Q*(R™) be given by w = fdz* A--- Adx™, then
[ Lo
c c(]0,1]™)
Proof. We compute:
/w—/ cw—/ f(e det—)dx/\ - A dx"
0,1]" 0,1
= fle(x)) det—‘dml/\---/\dxnz/ f.
0.1 Oz (10.11")
U

Corollary 86. Let p: [0,1]* — [0, 1]* be one-to-one, onto, smooth, and detp’ > 0. Let ¢ be
a singular k-cube in M, and w € Q¥(M). Then

/w—/
Proof. Again we compute:

/ w:/p*c*w:/ c*w:/w.
cop Ik Ik c

Here is another variation on the theme:

Proposition 87. Suppose M is an oriented n-manifold and c1, ¢ : [0, 1] — M are singular
n-cubes that can be extended to diffeomorphisms in a neighborhood of [0,1]™. Assume both
are orientation-preserving. If w € Q"(M) is supported in ¢1(]0,1]™) N e2([0, 1]™), then

J =]

Proof. The main idea is that you can write
c1=cro(c;t ocy)
on the support of w. 0

The above proposition lets us integrate n-forms on oriented manifolds: we cover M by
open sets U; each contained in ¢;([0, 1]™) and use a partition of unity. This works as long as
the support of w is compact (so that the sum is finite). Note that the answer depends on
orientation! Reversing the orientation flips the sign of the integral.

10.2. Another excursion into the world of boundaries. As our aim is Stokes’s theorem,
we need to grapple somewhat with the notion of boundaries. We start by defining a singular
chain:

Definition 88. A singular k-chain is a formal sum of singular k-cubes:

k
E a;Cq,
Jj=1
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where a; € R and ¢; is a singular k-cube. For a singular k-chain ), a;¢; and a k-form w, we

define
/ZaiCiw:;ai/Ciw:;ai/lkciw.

We can think of elements of QF as linear functionals on the space of k-chains.

We now define the “boundary operator” 0 from the space of k-chains to the space of
(k — 1)-chains by defining it on cubes and extending linearly. For a singular k-cube ¢, we
define

where ¢ o) : I*=1 — M is defined by putting « into the i-th slot of ¢, i.e.,
Cliay(ths ) =t et ).

Three quick examples:

(1) If ¢: I — M is a singular 1-cube, then dc = ¢(1) — ¢(0) (remember this is a formal
sum!).

(2) If ¢ : I — M is a singular 2-cube, then dc = ¢(1,-) — ¢(0,-) — ¢(-, 1) + ¢(-,0). You
can think of the signs as giving you orientations on each piece. In this example it

gives you a schematic picture like this:
(3) If ¢: {0} — M is a O-cube, then dc = 1 (this is sort of a convention).

Proposition 89. If ¢ is any singular k-chain on M, then 3(dc) =0 (i.e., 9> =0).

Proof. 1t suffices to check this for a singular k-cube c. We’ll start by considering the map
Idy : [0,1]% — [0, 1]* with Idg(z?, ..., 2%) = (z, ..., 2F).

Suppose 1 <i < j <k—1and «,5 € {0,1}. Because i < j, by carefully writing down
the two maps, you can see that

(Id](gi,a))(jyg) = (Id](gj+1,ﬁ))(i,oz) ’

Applying this observation now to a general singular k-cube shows that for 1 < i < j <
k—1,

(clia))G.8) = (Ci11,8))(10)»
so that

k
=> (=)™ (¢.0) (8)-
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We now split the sum into two terms: those where 7 < j and those where ¢ > j:

k k-1 k i—1
00c) = Y > (=) cia)Ga + DD D (D) 06
i=1 j=i a,/=0,1 i=1 j=1 a,/=0,1
k k-1 k i—1
DD D D G A CTR T B D D G AR CT I CE P
i=1 j=i a,3=0,1 i=1 j=1 a,8=0,1

where the second equality follows from our earlier observation. We now note that the first
sum is empty when ¢ = k and the second sum is empty when ¢ = 1, so we can reindex the
second sum using ¢ — 1 and write

k—1 k—1 k-1 4
00c) = Y > (=) ca) s + D D (DT e )
i=1 j=i a,3=0,1 i=1 j=1 a,8=0,1
k—1 k—1 k—1 k—1
=0 D (GO eaa)m + Y D D (ST ) s = 0.
i=1 j=i a,8=0,1 i=1 j=i a,8=0,1

where the second equality follows from exchanging the order of the summation in the second
term (and reindexing). O

10.2.1. Induced orientations on the boundary. Suppose M is an oriented manifold with
boundary OM. Let p € OM. We way that a vector v € T,M is “outward pointing” if
in any chart (z,U) of p to H", (Dx),(v) is “outward pointing” (i.e., it points to the outside
of H™).

If 44 is an orientation on M (i.e., an orientation of the bundle T'M), then it induces an
orientation du on M by

[U1,...,Up1] € (Op), if and only if  [w,vy,...,v5-1] €

for all outward pointing w € T),M.
As a quick warning, this is (—1)" times the standard orientation on OH" = R"~!. The
reason for this discrepancy comes from our convention for 0 on chains; ¢(n,0) has the sign

(="
10.3. Stokes’s theorem. First we prove a simpler version of Stokes’s theorem (for k-cubes):

Theorem 90. If w is a k — 1-form on M and c is a singular k-cube, then

/dw:/w.
c dc

Proof. This follows from the fundamental theorem of calculus. By the definition of our
integral in terms of the pullback, it suffices to prove it on I*. We therefore suppose w €
QF1(I*). By linearity, it suffices to consider w of the form

w:fdx1A~--A(1/£jA---Adxk,

where the “hat” notation means that dz’ is omitted from the wedge product. We then

compute:
k
W= (—1)7te /
[

k7
a=0,1 I

I(Id’fm))*w.
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By the definition of these maps, we have (using ¢ coordinates on I*~1)

—

(Idﬁ-’a))*w = f(t', ...t at Lt Dd(2t o Id](ci7a)) A ANd(zd o Id]fi,a)) A Ad(zF o Id(l o))

_Jo i # J,
f .ttt A A A dEETE G =

where the second identity follows from the observation that

t" r <1,
x" o Id?:i,a) =« r=1,

tr=t >,

so that d(x' o Id](ci’a)) = 0.
We therefore conclude that
k
/ v=33 (—1)Z+f¥/ (1, )" (fdxl Ao Az A A dxk>
or i=1 a=0,1 k=t
= (1) ft e DAt A A dtE

+ (—1) f 0 YA A A dtE

We finally observe that

of
dud

of
oxri

/ dw:/ (—1)9'_1a—f,davl/\---/\d:z"C
Tk [0,1]% oxJ

Now writing this integral as an iterated integral (with the j-th one first) and applying the
fundamental theorem of calculus yields the result. O

dw = dz’? A dzt A - /\d/x\j/\---/\d:ck:( DIt 2dat A A da,

so that

Theorem 91 (Stokes’s theorem). If M is an oriented n-manifold with boundary OM, OM
is equipped with the induced orientation, and w € "~Y(M) has compact support, then

/ w:/ dw.
oM M

Proof. Suppose first that there is an orientation-preserving ¢ : [0,1]" — M \ OM so that
suppw is a subset of the interior of ¢([0,1]"). We can then use the previous theorem to see

that
/dw—/dw—/w—o
dc

because suppw is in the interior of ¢([0,1]"). Now w =0 on dM, so [, w = 0.
Now suppose ¢ : [0, 1]" — M is a singular n-cube so that

OM N ¢([0,1]") = ¢y ([0,1]"7Y),



MATH 622: DIFFERENTIAL GEOMETRY I 53

and that suppw C ¢([0, 1]™). We then have, by our previous theorem,

/dw—/dw—/w—/ w—/
dc "C(n()) oM

Now, in general, we take an open cover O of M so that for each each O € O, O is contained
in the image of a singular k-cube c that is either

(1) disjoint from OM, or
(2) OM N ¢([0,1]") = ¢y ([0, 1]"71).

We now take a partition of unity ® subordinate to O and write

/dw_Z/ ¢ dw

ped

and there are only finitely many nonzero terms in the sum because supp w is compact. Now,

because
=d() ) =) do,

ped ED
we observe that
D dpAw=0,
HED
and so
D pdw=>"d(¢w).
D HED

As each ¢ is supported in a singular k-cube of the above form, we have

[ e

ped

SO IRy

pcd

proving the claim. U

As an application, we have the following:

Corollary 92. If M is an oriented, compact manifold without boundary, then for any w €
O"1(M), we have
/ dw = 0.
M
Proof. By Stokes’s theorem, we have

/dw:/ w:/w:(l
M oM 0
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10.4. de Rham cohomology. Suppose that M is an n-dimensional manifold. For each k,
let Z%(M) C QF(M) denote the space of closed k-forms, i.e., for w € Q¥(M), w € Z* if and
only if dw = 0. Let B¥(M) C QF(M) denote the space of exact forms, i.e., w € B¥ if there
is some 7 € Q¥ (M) so that w = dn.
Observe that B¥(M) C Z*(M) because d* = 0.
Definition 93. The k-th de Rham cohomology group of M is
Hip(M) = Z5(M)/B*(M).
A similar definition applies with compact supports, too:
Hg (M) = Z:(M)/Bg (M),
where Z¥(M) is the space of closed k-forms with compact support and B¥(M) is the space
of forms dn, where n € Q¥~1(M) has compact support.

R k=0
Proposition 94 (Poincaré Lemma). Hs(R™) = {0 k + ()’

Before we prove the proposition, we need a bit of additional discussion.

Definition 95. M is smoothly contractible to a point if there is a smooth function H :
M x [0,1] — M so that H(p,1) = p for all p € M and H(p,0) = p, for a fixed py € M. The
map H is called a (smooth) homotopy.

Now, for each t € [0,1], define ¢; : M — M x [0,1] by p — (p,t). We can write each
w € QF(M x [0,1]) as
w=w;+ dt N n,
where n € QF1(M) and w; (vy, ..., v) = 0 if some v; € ker(mys).. (Here mpr @ M x[0,1] — M
is projection onto the first factor.)
We now define an operator I : Q¥(M x [0,1]) — Q**(M) by

1
({w)p(vy, ..., v6-1) = / Nty ((L6) 501, - -5 (b)wV—1) dL.
0
Theorem 96. For any w € QF(M x [0,1]),
vw — gw = d(Iw) + I(dw).

Before we prove the theorem, note that if dw = 0, then the right hand side is d(/w), so
we have the following immediate corollary.

Corollary 97. If w € QF(M x [0,1]) is closed, then tjw — tiw € QF(M) is ezact.

Proof of theorem. Fix a coordinate chart z on M and use coordinates (z!,... 2", t) on M X
[0,1]. As I is linear it suffices to consider the two cases w = fdx! and w = fdt A da’.
If w= fdx!, we first note that Jw = 0 and then write

dw = (Z %dﬂ A dxf> + %dt A dx?.
=1

We then compute that

sy = ([ Dpdt) ! = (106:2) = Fp.0) ! = o — o
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verifying the claim.
Now suppose w = f dt A dz!, so that tjw = tjw = 0. We then have that

I(dw), =1 (— > 570 A dat A da:f) :
=1

A1), = d ( / Ny dt) da’ = —f(cjw),

again verifying the claim. 0
Corollary 98. If M is contractible then every closed k-form is exact for k > 1.

Proof. Suppose H : M x [0, 1] — M is a smooth homotopy verifying that M is contractible,
so H(p,1) = p and H(p,0) = po. Thus H oy =1Idy; and H o 1y = py (the constant map).
Suppose w € QF(M) satisfies dw = 0. We then have

w=(Houn)w=1]Hw,
while, because k > 1,
0= (Hou)'w=1gHw.
We may thus write
w= (11 —w)"(Hw)=d(IH'w) — I (dH'w) =d(IH'w) — I(H"dw) = d (I H*w) .

We are finally able to prove the Poincaré lemma:

Proof of Poincaré Lemma. Observe that R™ is contractible by the straight-line homotopy

H(z,t) = tx,
so that H*(R") = 0 for k > 0. Now for k = 0, if f € Q°(R") has df = 0, then f is constant
by the fundamental theorem of calculus. This space of constants is Hi (R"). O

Now, on S"! C R", let’s define an (n — 1)-form o’ by

(0 )p(v1,. .., vp1) = det(p, v, ..., Up_1).

In fact, o’ is the restriction to S*~! of the form
n
o= Z(—l)i_lxi de' A~ Adaxi A - Ada™
i=1
Observe that ¢'(p) > 0 on any positively ordered basis, so [, , 0’ > 0. Let 7 : R*\ 0 —
S"~! be the retraction r(p) = &, so that r 0 i = Idgs-1. (Here i : S"~1 — R"™\ 0 denotes the
inclusion map.)
Observe that r*0’ is closed but not exact:

d(r*o’) =r*(do’) =0

because do’ = 0 as dw' is an n-form but dimS"™' = n — 1. If r*¢’ = dn for some 7, then

sk Lk ;

o' = i*r*o’ = i*dn = d(i*n), but [, , 0’ >0, so ¢’ cannot be exact.

1
Lemma 99. (r*¢’), = Wap
p
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NOTE: I'm pausing this part of the notes for now since it looks like we might not get a
chance to talk about cohomology in class.

11. LIE GROUPS

Definition 100. A topological group is a topological space G that is also group for which
the maps
GxG—G, (a,b)w— ab,

G—>G a—al

are continuous.

Definition 101. A Lie group is a topological group that is also a smooth manifold on which
the above maps are also smooth.

Note it’s enough to check (x,y) + zy~! is smooth. Except in groups that are already

familiar, we’ll use e to denote the identity element.
Examples: (R™,+), S! = R/Z, products, GL(n,R), O(n), SO(n), isometries of R (home-
work exercise).

Proposition 102. If GG is a topological group, then the connected component K containing
the identity e € G is a closed normal subgroup of G. If G is a Lie group, then K is also a
Lie group and is open.

Proof. Note that b — a~'b is a homeomorphism G — G, so if K is a connected component,
soisa ' K. Now, ifa € K, we have e = a 'a € a 'K, we must have a 7' K C K because K is
the connected component containing e. As they are both connected components, a 'K = K.
This is true for all a € K, so K 'K = K, i.e., K is a subgroup.

For b € G, bKb~ ! is connected, and e € bKb~'NK, so because K is a connected component
and bKb~! is connected, bKb~! C K, i.e., K is normal. K is closed because connected
components are always closed.

If G is also a Lie group, G is locally connected and so K must also be open; K is therefore
a submanifold and thus a Lie group. O

11.1. Lie algebras. The left and right translations by a € G are the maps G — G given by
La(b) = ab,
R, (b) = ba.
Both are diffeomorphisms with inverses L,-1 and R,-1, so their derivatives
(L)« TG = TG, (Ry)«: TG — Ty G
are isomorphisms.
Definition 103. A vector field X on G is left invariant if (L,).X = X for all a € G, i.e.,
(La)«Xp = Xap
for all a,b € G.

Given any X, € T.G, there is a unique left invariant vector field X on G with value X, at
e. Indeed, let X, = (Ly).«Xe.

Proposition 104. Left invariant vector fields are smooth.
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Proof. Let X be a left invariant vector field on G. It is enough to show that X is smooth in
a neighborhood of e because L, is a diffeomorphism and X is left invariant. To do this we
take a smooth function f on G and show that X (f) is smooth.

As X, = (La)«Xe, we note that

)N(a(f) = Xe(f o La)‘

We therefore consider the function a — X.(f o L,); we claim this is a smooth function. Let
¢ : G x G — G denote the multiplication map; this is known to be smooth because G is a
Lie group.

Let (z,U) be a coordinate system around e and V' be a sufficiently small neighborhood of
e so that if a,b € V then ab™! € U. Write

.0
Z oxd’
so that ¢ = X (z'). At a, we have
c(a) = Xo(2') = (La)+(Xe) (")
= X (2" 0 L,).
The claim then follows by showing that, given a smooth function f around e, the function

a+— X.(f o L,) is smooth near e. Let ¢ : G x G — G denote group multiplication and let
i, and 1, denote two “slice maps”:

ie(b) = (b7 6), ia<b) = ((L, b)

Let Y be any smooth vector field on G with Y, = X, so that (0,Y") is smooth on G x G and
thus [(0,Y)(f o )] o i, is smooth on G. We now compute

[(0,Y)(f o)l cic(a) = (0,Y)(ae)(f © )
= 0a(fopoic) +Ye(fopoi,)
= Xe(f © La)'

O

Corollary 105. A Lie group G always has a trivial tangent bundle (and is therefore ori-
entable).

Proof. Choose a basis Xi., ..., X, for T.G and let X1, ..., X, denote the corresponding left
invariant vector fields. As they are linearly independent everywhere, we can define a map

f:TG — G x R"

by writing tangent vectors at p in terms of the X; at p:

1

n C
f((pazchjp>>: 2 e G xR"™
Jj=1 c"
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As left invariant is equivalent to L,-related to itself for all a, we know that if X and Y
are left-invariant so is [X,Y].

FOR THE REST OF OUR DISCUSSION OF LIE GROUPS, X,Y denote elements of
T.G, and X and Y denote left invariant vector fields with X, = X and Y, = Y.

Define a Lie bracket on T,G by

X,Y] = [X.V]..

Definition 106. The vector space T.G, together with the bracket [;] is called the Lie algebra
of G and typically denoted g.
Special notations: gl(n,R) is the Lie algebra of GL(n,R), o(n) for O(n), etc.
The general definition of a Lie algebra is a finite dimensional vector space together with
a bracket on it that is alternating (so [X, X] = 0) and satisfies the Jacobi identity. When
[X,Y] =0 for all XY, we call the Lie algebra commutative.
Examples: The Lie algebra of
(1) R™ is R™ with trivial bracket,
(2) St is R with trivial bracket,
(3) GL(n,R) is R" (n x n matrices) with bracket [A, B] = AB — BA.
Let’s do that last computation. Since GL(n,R) is an open subset of the n x n matrices,
its tangent space at I can be identified with the n x n matrices. Use x§ as coordinates on

R, so E’ denotes the matrix with 1 in the i-th row and j-th column and zeroes elsewhere.
We then identify a matrix M = (M}) with the vector
M; =) M!E! € T; GL(n,R).
i7j
( reading.) Let M denote the left

invariant vector field with value M; at I. For each A € GL(n,R), the (k,¢) entry of M at A
is

Ma(af) = Mi(xf o La),
where xf o L4 : GL(n,R) — R is the function mapping B to the (k, ()-entry in AB, i.e.,

(2§ o La)(B) = Y | A}Bj,

so that
9\ & (@I +hEY) — (xf o La)()
g 1 (7e © La) = iy h
: 1 . « 1\ o
= lim 7 (Z (ALY + hAL(ED)) — A’Z)
a=1

=S Ak
a=1

o kg —
=k =
0 j#/
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so that
MA(IJZ) = M[ (J}]g e} LA)
DM RITE
i=1 j=1

= MA} = (AM);.

In particular,
0
or

J

(1)) = i 1 (W) (7 + hED) — Nr(ab)(1)

_(EiM)f_{o ki

so that if Ny is another n X n matrix, we have that
Ni(M(§)) = (NM)E,

and thus [M, N]; = MN — NM, i.e., [M,N] = MN — NM in the sense of matrices (and so
automatically satisfies the Jacobi identity).

11.2. The exponential map. Let X € g and let X denote the corresponding left invariant
vector field on GG. By our work earlier on differential equations, there is a unique one-
parameter family ¢; of diffecomorphisms (that are also smooth in ¢) so that ¢, = Id and

%@t(p) = X@t(p)'
Proposition 107. The map v : R — G given by v(t) = ¢i(e) is a homomorphism.

Proof. We aim to show that (s +t) = v(s)y(t) for all s and ¢. This follows from the
observation that

d -

7 (1(0) = Xs0 = (L)X

Indeed, letting oy (t) = y(s +t) and as(t) = v(s)y(t), we see that «; satisfies the differential
equation

d
aal(t) - (Loq(t))*X7
a1(0) = 7(s).
On the other hand, we compute
d d
EOQ(t) = % (Lv(s) (’y(t)))

d
= (Lw(s))*(EV(t)) = (L)) (Lryr) )+ X
As F, 0 G, = (F o G),, we have that (Ly(s))«(Lyt)s = (La(s) © Ly())s = (Ly(s)y(t))+ and thus
oy satisfies
d
ao@(t) = (Lay(t))+X,
az(0) = 7(s).
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As the two curves satisfy the same initial value problem, the uniqueness theorem implies
that they agree, i.e., y(s +t) = v(s)7y(t). O

Corollary 108. For any Lie group G and X € g, there is a unique smooth homomorphism
¢:R— G with 2|, = X.

Assuming X # 0, the homomorphism defined above is injective; its image is called a
1-parameter subgroup of G.

We use this homomorphism to define the exponential map. Indeed, for any Lie group G,
we define the exponential map exp : g — G. Suppose X € g and let ¢ : R — G denote the
homomorphism above; we define exp(X) = ¢(1).

Theorem 109. The exponential map exp : g — G satisfies
(1) exp((ty + t2)X) = exp(t1 X ) exp(t2X),
(2) exp(—tX) = exp(tX)~",
(3) 0 is a regular point of exp : g — G, so exp is a diffeomorphism from a neighborhood
of 0 in g to a neighborhood of e in G, and
(4) if ¥ : G — H is a smooth homomorphism, then expy o, = 1 o exp.

Proof. The first two follow immediately by uniqueness. We turn our attention to the third
part.

Using the identification Tog = g, consider the curve ¢(t) = tv € TG} its tangent vector at
t = 0 is v. We then have, essentially by definition, that

d
(exp.)ol0) = 5 lmo(exp(t0)) = v,

so that (exp,)o = Idg, which is an isomorphism and so 0 is a regular point.

Now, let ¥ : G — H be a smooth homomorphism and X € g =T.G, and let ¢ : R — G
denote the smooth homomorphism with %2|,_y = X so that ¢(t) = exp(tX). Then 1o ¢ :
R — H is a smooth homomorphism with

d
aftzo(w o P) = X,
and thus expy (. X) =1 o ¢(1) = ¢ o expg X. d

Corollary 110. If ¢ : G — H is a smooth homomorphism that is also injective, then ¢ s
an 1mmersion.

Proof. If not, then there is some p € G and a non-zero X € g with (gb*)p()N(p) = 0, so then
(¢x)eX = 0 and thus

e = expy (1 (tX)) = ¢expg(1X)),
but ¢ is injective, so exp,(tX) = eq for all ¢t and thus X = 0, a contradiction. 0

Corollary 111. Every continuous homomorphism R — G is smooth.

Proof. Let ¢ : R — G be a continuous homomorphism. Because it is a homomorphism, we
can compose with translations and thus it suffices to check that it is smooth in a neighborhood
of 0.

Let U C g be a star-shaped neighborhood of 0 on which exp is one-to-one. For any
a € exp(3U), write a = exp(2X) for X € U, so that

1 1 1.\°
a = exp (ZIX—’_ZX) = exXp (ZIX) .
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In particular, each a € exp(%U) has a square root in exp(%U).
In fact, the square root is unique in this set: If a = b* for b € exp(%U ), then we write

b=exp(3Y) and then
1 1.\?
exp §X = exp §Y =exp(Y),

so that Y = & and Y/2 = X/4 as exp is injective in U.
We now pick € > 0 so that ¢(t) € exp(2U) for |¢| < e. This can be done because ¢ is
continuous and ¢(0) = e. Let X € $U be such that ¢(e) = exp(X). We now observe that

6 (5)" =000 = exp (%)

so by the uniqueness of square roots in this set we must have ¢(e/2) = exp(X/2). Similarly,
by repeating this argument and then using that ¢ is a homorphism, we obtain

me mX
o (56) =ee (G
for all k > 0 and m € Z, |m| < 2*. By continuity, we therefore have ¢(se) = exp(sX) for all
s € [—1,1]. O

Corollary 112. If G, H are Lie groups, any continuous homomorphism ¢ : G — H s
smooth.

Proof. Again it suffices to check in a neighborhood of the identity. Choose a basis X1,..., X,
for g. t — ¢(exps(tX;)) is a continuous homomorphism R — H and so there are Y; € b
with ¢(expg(tX;)) = expy(tY;). Now

VR = G, Yt ") =exp(tt X)) .. exp(t"X,)

is a smooth map with w*(%) = X, so ¢ is a local diffeomorphism. Note that

o v(th, ... ") = expy(t'V1) ... expy (V).

which is smooth by the previous corollary (and the smoothness of the multiplication map on
H). Writing ¢ = (¢ 01)) o1~ we see that ¢ is smooth. O

Corollary 113. If G and G’ are Lie groups that are isomorphic as topological groups then
they are also isomorphic as Lie groups.

The following theorem will also be useful in our discussion of subgroups.

Theorem 114. If G is a Lie group and X,Y € g, then
t2
(1) exp(tX) exp(tY) = exp <t(X +Y)+ E[X’ Y]+ O(t?’)) ,
2

(2) exp(—tX) exp(—tY) exp(tX) exp(tY) = exp (%[X, Y]+ O(tg)) , and

Here O(t3) denotes a function c(t) : R — g with the property that c(t)/t® is bounded as
t—0.
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Proof. As usual, let X and Y denote the left invariant vector fields extending X and Y.
Suppose f : G — R is smooth.
We first observe that

(X1)a) = Kof = X(f 0 L) = 4 |o-af (aexp(sX),

with a similar expression holding for Y I
Now, fixing s, let

¢(t) = f (exp(sX) exp(tY)),
so that

#(1) = 5 F (exp(sX) exp(iY )

d
= - lu=of (exp(sX) exp(tY) exp(uY'))
= (Y ) (exp(sX) exp(tY)).
Applying again to Y f yields that

¢"(t) = [V (Y )] (exp(sX) exp(tY)).
Taylor’s theorem then tells us that

8(1) = 0(0) + ¢/ (0)t + 56" (0)F* + O(F).

In particular, if f(e) =0, then
2

f (exp(sX) exp(tY)) = f(exp(sX)) + (Y f)(exp(sX)) + %(?(?f))(exp(sX)) +O0(t%).

A similar story holds for X and some smooth F', so that

C%F(exp 5X) = (XF)(expsX),

2

L Plexp sX) = [K(X f)](exp sX),

ds?
F(expsX) = F(e) + s(XF)(e) + 3;[55(55 Hle) +O(#).

Substituting in, we get, if f(e) =0,

82

f (exp(sX) exp(tY)) = s(X f)(e) + 5(5( (X/))(e) + O(s)
+ 1Y f)(e) + st(X(Y f))(e) + O(s*t)
2 ~

+ §(Y(f/ e) + O(st?) + O(t?).

We now take s = t; for small ¢ write exp(tX)exp(tY) = exp(Z(t)), where Z : (—€,€) — g is
smooth. The first few terms of its Taylor expansion are
t2
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If f is smooth and f(e) = 0, then f(exp(A(t) + O(t?))) = f(A(t)) + O(t?), so

Flexp Z(1)) = HZD)(e) + S(Zof)(e) + S(ZlZf))(e) + OF).

After taking the f to be coordinate functions, we match up the power series to get that

X+Y =2,
7227y 5 les los oo
Y 7, = XX+ =YY + XY,
2 2 2
so that Z; = X +Y and Z, = (X, Y], proving the first two results. The O

11.3. Subgroups, etc.

Definition 115. A Lie subgroup H of a Lie group G is a subgroup H C G that has a
smooth structure making the inclusion ¢ : H — G an immersion.

(Might just be immersed, not embedded — image of lines with irrational slopes are fine Lie
subgroups of S! x S but are dense.)

Definition 116. A Lie subalgebra of g is a subspace of g that is closed under the Lie bracket.

It’s not hard to show that if H C G is a Lie subgroup , then the Lie algebra of H is a Lie
subalgebra of g. A converse is also true:

Theorem 117. If G is a Lie group and by is a Lie subalgebra of the Lie algebra of G, then
there is a unique connected Lie subgroup H of G with Lie algebra b.

Proof. For each X € b, let X denote the corresponding left invariant vector field with value
X at e. At each a € G, let A, C T,G be the subspace spanned by X, for all X € h. As b
is a Lie subalgebra, A is closed under the Lie bracket and thus is an integrable distribution.
Let H be the maximal integral submanifold of A containing e.

Left-invariance implies that if b € G, (Lp)«(As) = Apa, s0 (Lyp). leaves A invariant and
thus L, only permutes the integral submanifolds. In particular, if b € H, then Ly,-.(H) = H,
so H is a subgroup. 0

Suppose now that G and H are Lie groups and ¢ : G — H is a smooth homomorphism,
so that ¢, : g — b. For any a € G, ¢ o L, = Lg(,) o ¢ because ¢ is a homomorphism. In

particular, for any X € g and Y = ¢, X, if X is the corresponding left invariant vector field
on G and Y the analogous object on H, we have

(6e)aXa = (6e)a (La)eX) = (Lo(a)=(6:X) = (Lyi@)-Y = Y(a),
so that X and Y are ¢-related and thus
¢* [Xa Y] = [¢*Xa ¢*Y]7

i.e., ¢, is a Lie algebra homomorphism.
The following theorem tells us that Lie algebra homomorphisms lift to “local homomor-
phisms”.

Theorem 118. Suppose G and H are Lie groups and ® : g — b is a Lie algebra homo-
morphism. There is a neighborhood U of e in G and a smooth map ¢ : U — H so that
¢(ab) = ¢(a)p(b) whenever a,b,ab € U and so that (¢«)e = ©. Moreover, if there are smooth
homomorphisms ¢, : G — H with ¢, = ¥, = ® and G is connected, then ¢ = ).
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Note that the theorem does not tell us that such a homomorphism exists; if G is simply
connected, one can show that ¢ extends to a global homomorphism.

Proof. Let € C g x b be
t={(X,®(X)): X €g}.

As @ is a homomorphism, ¢ is a Lie subalgebra of g x b, which is the Lie algebra of G x H,
so there is a unique connected Lie subgroup K of G x H with Lie algebra €.

Now let m : G x H — G denote the projection (a smooth homomorphism!) and let
0 = m|k, so that 0 : K — G is a smooth homomorphism.

For X € g, 0.(X,®(X)) = X, 50 0, : Ty K — T.G is an isomorphism. The inverse
function theorem gives an open neighborhood and a local inverse which must locally be a
homomorphism, so we take ¢ = w3 0 0!, and then

+(X) = (m2)«((071).X) = (m2). (X, ®(X)) = ®(X),
as desired. The uniqueness statement is built into the uniqueness of K. 0

Corollary 119. If G and H are Lie groups with isomorphic Lie algebras then G and H are
locally isomorphic.

Corollary 120. The Lie bracket of g is trivial (i.e., [X,Y] =0 for all X,Y € g) if and only
if the connected component of G containing the identity is abelian.

Proof. If G is abelian, then g — g~! is a smooth homomorphism i : G — G. The derivative
of this inversion map i, : g — g is given by 7,.X = —X. As the derivative of a Lie group
homomorphism descends to a Lie algebra homomorphism, we must have

X, Y] =i [X,Y] = [i.X,i.Y] = [~ X, -Y] = [X, Y],

so that [X,Y] = 0.

Now suppose [X,Y] =0 for all X and Y, i.e., g is isomorphic to the Lie algebra of R™ for
some n. By the previous corollary, G must therefore be locally isomorphic to R™, and thus
the connected component containing the identity must be abelian. U

The hard work at the end of the last subsection (which we didn’t/won’t do in class) helps
prove the following theorem (also omitted):

Theorem 121. If G is a Lie group and H C G is a closed subset that is also a subgroup,
then H is a Lie subgroup of G.

11.4. Structure equations. A form w on G is called left invariant if
Liw=uw
for all a € G. The following proposition is straightforward:

Proposition 122. (a) Left invariant forms are smooth.

(b) The left invariant forms are a subalgebra of the smooth forms; in particular, TXG is
isomorphic to the dual algebra g*. N

(c) If w is a left invariant 1-form and X is a left invariant vector field, then w(X) is constant.

(d) If w is a left invariant 1-form and X,Y € g, then

dw(X,Y) = —w([X,Y)).
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(e) Let X1,..., X, be a basis of g with dual basis wy,...,w, for g* (identifying with left

invariant 1-forms). There exist constants c;ji so that
Xw X Z Cl]ka

The ciji, are called structural constants for G- with respect to this basis and they satisfy
Cijk + ik = 0,

E (Cijrcrks + CikrCris + Ckircrjs> = 0.

T

The exterior derivatives of the w; are given by the Mauer—Cartan equations

dwi = Z CjkiWk VAN Wy
i<k
12. CURVES AND SURFACES

12.1. Curves in R% Throughout this section, we assume that v : [a,b] — R? (or R?) is a
smooth curve so that v is also an immersion (i.e., 7/(¢) # 0 for all ¢ € [a, b]).

Definition 123. The length of v is f 17/ (t)] dt.

Note that 7 is independent of parametrization! We say that ~ is parametrized by arc
length if |7/(s)| =1 for all s.

Proposition 124. Any such curve can be preparametrized by arc length.

Proof. Suppose ¥(s) =~y o0, so

F(s) = Lo ().

To ensure that 7 is parametrized by arc length, we want

do| _ 1
ds| |y (o(s)]
As ~' #£ 0, this differential equation can be solved. O

Now suppose 7 : [0, L] — R? is parametrized by arc length. Let t(s) = 7/(s) be the
(unit-length!) tangent vector and n(s) denote the unit vector in R? so that t(s) - n(s) = 0
and so that (¢,n) gives the standard orientation of R In terms of the components (t1,ts)
of t, this requirement implies that n = (—t3,¢1); n is of course also smooth.

Since |y/(s)| = 1, we must have

= L) = 207/(5), (90

so t'(s) = ~4"(s) is normal to t(s) = 7/(s) and thus there is a function k(s) so that t'(s) =
k(s)n(s). Observe that our explicit characterization of n(s) in terms of ¢ therefore implies
that n'(s) = —k(s)t(s).

Definition 125. k(s) is the curvature of the plane curve 7.
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As an example, you should check that the curvature of a circle of radius R is 1/R.

The following proposition follows from the homotopy lifting property enjoyed by R as the
universal cover of S'; you either have seen it in a topology class or will see it in a topology
class. Let o : R — S! be given by u(6) = (cos6,sin6).

Proposition 126. If v : [a,b] — S! s continuous, then there is a continuous function
f:la,b] = R with po f=~. If f and f are two such functions, then f — f = 27k for some
constant k € 7.

Now suppose 7 is a curve parametrized by arc length, then ¢ = +/(s) is a map [0, L] — S*.
Letting f denote the lift of ¢, we then have

7'(s) = t(s) = p(f(s)) = (cos f(s),sin f(s)),
so that
7'(s) = (=f'(s)sin f(s), f'(s) cos f(s)),
i.e., k(s) = f'(s). The total curvature of v is therefore fOL k(s)ds = f(b) — f(a).
Suppose now that 7 is a closed curve parametrized by arc length, so t : [0, L] — S' is
also a closed curve. With f as above for ¢, note that because ¢(L) = ¢(0), we must have

f(L) = f(0) + 2wk for some integer k. We say that k is the degree of ¢t and denote it degt.
We also say that it is the rotation number of .

Proposition 127. If v : [0,L] — R? is a closed curve, then the total curvature of v is
2mdegt.

Proof. This is almost by definition (as we’ve defined things in this course):

dogt = 5(f(L) ~ f(0)) = / Fs)ds = o [ty as.

Here’s an example of more stuff you can do in two dimensions:

Theorem 128. A vertex of a smooth curve in R? parametrized by arc length is one where
the curvature has a critical point, i.e., k'(s) = 0. Every simple closed curve has at least four
vertices.

Proof. 1t’s pretty easy to find at least two: look at the maximum and minimum of x(s).
Now change the coordinate stystem so that the z-axis passes through these two, dividing
the curve into an upper and lower half. We calculate:

[ wentras = [ wtsis)as
_ /OL W(s)ds = n(L) — n(0) = 0.

Taking the inner product with e, yields that
L
/ K'(s){v(s),ea) ds = 0.
0

If there are no more vertices, then £’(s) > 0 on one of the two halves and < 0 on the other
half, so that x'(s)(y(s), e2) has the same sign on both halves, a contradiction. There must
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then be at least three vertices; if there are only three then x’(s) must still have the same
sign on two “halves”; repeating the above argument in a new coordinate system yields a
contradiction so in fact there must be at least four vertices. U

12.2. Curves in R3. Now suppose 7 : [0, L] — R3 is parametrized by arc length. We define:
the unit tangent #(s) = /(s),

the curvature vector 7" (s) = t'(s),

the curvature k(s) = |7"(s)],

the unit normal n(s) = |§8\ (only when x # 0),

and the binormal b(s) = t(s) x n(s) (note 3-dimensions!)

Observe that when k # 0, (¢,n,b) is a positively oriented orthonormal basis of R3.
Now, since |b(s)| = 1, we must have (V'(s),b(s)) = 0 and thus b'(s) is in the span of #(s)
and n(s). On the other hand, we have (b,t) =0, so

(b'(s),t(s)) = —(b(s),1'(s)) = 0
so in fact b/(s) is a multiple of n(s). We define 7(s) by
b (s) = —7(s)n(s)

and call it the torsion of the curve.
Now, since (¢, n,b) is a positively oriented orthonormal basis, we have n = b x t and so

n'(s) =b'(s) x t(s) +b(s) x t'(s) = 7(t(s) x n(s)) — x(n(s) x b(s)).

We've now written down the Frenet—Serret formulas:

t' = kn,
n' = —kt + 70,
vV =—7n.

Theorem 129 (Fundamental theorem of the local theory of curves). Given smooth functions
k(s) >0, 7(s), for s € I, there is a curve v : I — R3 parametrized by arc length so that r is
its curvature and T is its torsion. Any other such curve is obtained by applying an isometry

of R3.

Proof. The proof boils down to the existence and uniqueness theorem for ODEs. Without
loss of generality, we can assume that I = (—t, o).

For existence, we start by demanding (¢,n,b)(0) = (ey, €2, €3), then view the Frenet—Serret
formulas as a system of nine first-order differential equations for the components of (¢, n,b).
This initial value problem has a unique solution and the solution is smooth; we need only
show that it arises from a curve v. We integrate ¢(s) with initial condition v(0) = 0 to find
the smooth curve y. We need to check that it is parametrized by arc length and that x and
T are its curvature and torsion. All three follow from the Frenet—Serret formulas provided
that we guarantee that (¢,n,b) remains an orthonormal basis.

To see that they remain orthogonal, we consider the six-dimensional system of ODEs for

y1 = (t,n), ya = (t,b), ys = (n,b),

21 = ‘t|27 R = ’n’27 %3 = ’b|2 :
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Note that y;(0) = 0 and z; = 1 from our initial values. Now we use the Frenet-Serret
formulas to see that

d
% =(t',n) +(t,n) =7(t.b),
s
d
TR = (L) + (1) = m(n,b) — 7(t,n),
s
dy3 o / AN
= (n',b) + (n, by = —k(t, by + 7(b,b) — T(n,n),
d
% — 2t 1) = 26(t,n),
s
d
% = 2(n',n) = —2k(t,n) + 27 (n, b)
s
d
f = 2, b) = —27(n, b).
s
In other words, they satisfy the linear system
U1 0 T 0 0 0 O (1
A -7 0 wx 0 0 O Yo
vs | 0O - 0 0 —7 71 Y3
20 12« 0 0 0 0 O]~
25 -2k 0 2r 0 0 O 29
2 0 0 -2r 0 0 0/ \z

In particular, (0,0,0,1,1,1) is in the null space of this matrix, so this is a constant solution,
i.e., (t,n,b) remains an orthonormal basis, so we have such a curve +.

Finally, for uniqueness, we use a rigid motion of R? to ensure that v(0) = 0 and (¢,n,b)(0) =
(€1, €2, e3). The uniqueness of the solution of the Frenet—Serret system with this initial con-
dition implies that this must be the v from the previous step. 0J

As an example, consider the helix

s s bs

v(s) = (acos—,asin—, —> ,

C cC C

where a® + b?> = 2. First note that

a . s a s b
v (s) = (——sin—, —cos—,—) :

c c C c C

which has unit length; v is therefore parametrized by arc length and t(s) = +/(s). One can
compute t'(s) and normalize it to see that

S S

n(s) = (— cos —, —sin—,O)

c c
and k(s) = %. Similarly,

, so that b’ = —c%n and thus 7 = C%
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12.3. Surfaces in R®. WARNING: In this section, we’ll often use e; to refer to an orthonor-
mal basis that is not the standard one on R".

Definition 130. A Riemannian manifold is a smooth manifold equipped with a (0, 2)-tensor
field g that is
(1) symmetric (for all p € M and v,w € T,M, g,(v,w) = g,(w,v)), and
(2) positive definite (for all p € M, v € T,M, g,(v,v) > 0 and g,(v,v) = 0 if and only if
v=0).

The key familiar example is R™ equipped with its inner product.

An orthonormal frame on a Riemannian manifold is a family of smooth vector fields
ei,...,e, that are a basis for 7,M at each point and are orthonormal with respect to g at
each point.

Suppose M C R3 is a smooth surface and (z,U),U C R? is a local coordinate patch. We
can always find a local orthonormal frame (ey, ez, e3) for R? on a neighborhood V' in x(U)
so that T,M = span(ey, e2) at each point. (You can see this by using Graham-Schmidt on
T,M and then taking e; = e; X es.)

Let w!, w?, w? denote the dual coframe in R3. Thinking of e; : v — R3, its differential at p,

(De;), : R® = R?,

is a linear map and we can write it as
n
(Deylv) = Y wi(w)es
j=1

It’s straightforward to check that w? is linear in v so that for each 4,7, w/ € Q'(V).
This construction gives us nine 1-forms on V' C R3; they are the connection forms of the
frame (eq, ez, e3). Now, d;; = (e;, €;), S0

0= (de;, e;) + {e;,de;) = w! +w§,
ie., w = —w}, so we really have three 1-forms.

Proposition 131 (Structure equations). Let e; be a moving frame in V C R", and W' the
dual coframe and w] the connection 1-forms. Then

n
dw' = g wF AWk
k=1
n
J_ k J
dw; = g w; A\ wy.
k=1

Proof. Let ay,...,a, denote the standard basis for R® and z* : V' — R the i-th coordinate
function. Now da* is a 1-form on V and dz*(a;) = 65, so it is the dual coframe to the standard
basis. We can now write
€ = Z 61] Qj,
J

where 7 : V — R is smooth and, viewed as a matrix (3/), € O(n). (Can ensure SO(n) if
orientation-preserving.)
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Now w'(e;) = &}, so if w' = Z c’dx’, we have
Z Z Ck,ﬂzdx (ar) Z Ckﬁjky

and thus, letting C' denote the matrix with entries cj and B the matrix with 5;1 as its entries,
we have CB = I, i.e., C' = B! = B, so that ¢} = 3].

We finally compute:
=2 wla =22 _wibia;
k

de; =Y (df)a;,

J

ie., dfl =, whpl.

Now we have

dwi:d<Zc d:zc]> ch A da?

J

= Zdﬁ? Adz? = Zw’?ﬁk A dz?
:Zwkck/\dﬂ —Zw A wP
:—Zwk/\w —Zw /\wk
Finally, for each i, j, we have
0 =d(dp!) =d (Z wfﬁg) = Bldwf + ) dBl Aot
k k k
:Zﬂi/\dwf—l—Z@wﬁ/\wk
k k.

Applying the inverse of the matrix (3) yields

J_ J k
dw; = g wi, A wy'
k

Now we recall Cartan’s lemma (from a homework set):

Lemma 132 (Cartan’s lemma). If w', ... w" are linearly independent and 01, ... 0" satisfy

iwi NG =0,
i=1

then there are al with a} = al so that

0 =3 alw.

J
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We return now to the special case of surfaces in R3. Suppose M C R? is an immersed
surface. It inherits a Riemannian metric by pullback, i.e., if p € M and v,w € T,M, and
x : U — R? is the immersion, then

(v,w)p = ((Dx)pv, (Dx)pw) ()

We take a moving orthonormal frame e, es, e5 on a neighborhood V' in R3 so that V' N
z(U) = z(U) and for all P € U, span(e,es) = Dz,(T,M). Let w',w? w?® be the dual
coframe and w] the connection 1-forms. By the structure equations, we ahve

dw' = w* Awy + W A ws,
dw? = w' Aw? + WP AW,
dw® = w' Aw? + w? Aws,
dw? = W A\ w3,
dw? = wi A wj,
dws = wy A w?.

The immersion = : U — V C R? induces the same structure equations on the pullbacks
of the 1-forms to M. In a significant abuse of notation, we’ll use the same letters to denote
them.

Note that the pullback of w? is zero because e, e3 span T, M. This observation applied to
the structure equation for dw?® yields

W AW W AW =0,
and so, by Cartan’s lemma there are h{ = h;'- satisfying
Wi = hjw! + hyw?,
wi = h3w' 4+ hiw?
Now the map e3 : U — S? C R? is well-defined if we demand that if (e, e5) orients M then
(€1, e, e3) is the standard orientaion on R3. it is called the Gauss map and can be defined

globally on M if M is oriented.
What is its derivative?

Des = wye; + wiey,
so for v € T,M with q € U, writing v = c'e; + ?es, we have
Dej(v) = — (hia' + hya®) ey — (hia' + h3a®) es.

As h is symmetric, Dej is self-adjoint (symmetric) and thus we identify its eigenvalues —\;
and —As.

Definition 133. The Gaussian curvature K of M is the product A \g, i.e.,
K(p) = det(D€3)p = )\1)\2 = h%h; — (h%)z
The mean curvature H is given by the average, i.e.,

1 A1+ Ay by + A3
H(p):—itrace(Deg)p: li 2 1—; 2,
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Returning to our structure equations, we have
dw? = w} Aws = —(hih3 — hyhy)w' Aw? = —Kw' Aw?,
W AW+ w AW = (b + h)w' Aw? = Ho' AW

Theorem 134 (Gauss’s theorema egregium). The curvature K depends only on the induced
metric on M, i.e., if x,% : M — R? are two immersions with the same induced metric, then
their Gaussian curvatures are equal.

Proof. The induced metrics agree, so we start by taking a frame e, e5 in M with respect to
the induced metric. Their pushforwards to R? can be extended to an adapted frame on R3.
Taking the dual coframe then pulling back shows that w! = &! and w? = &?. The structure
equations give that

do' =W ANwy,  dw? = w' AW,
with a similar equation with the other immersion. We can solve for w? here so in fact
w? = &2. Taking d again shows that K = K. O

The above argument points out that there ought to be an intrinsic way to define the
curvature (there is) and it suggests a relatively quick way to calculate the curvature of a
surface.

Take an open set U C M that is small enough so that you can find an orthonormal frame
e1, ez and let w!, w? be the dual coframe. You then find a 1-form 6 so that

dw' =0 A w?,  dw?= -0 AW
Once you have these three 1-forms, the curvature K is given by
df = —Kw' AW

Here w! A w? is the area element associated to the Riemannian metric.
As an example, consider the sphere of radius R in R3. One chart on the sphere is given
by
Rsin ) cos ¢
(9,9) — | Rsindsing |,
Rcosd

and you can check!® that the Riemannian metric has the form
R%*dv¥* + R*sin? 9 dy?.

3 _ 3
55 and ez =

ﬁa_ as the frame. The dual coframe is then
in ©

We can therefore take e; = %

given by
wh'=RdY, w?= Rsinddep.
We compute
dw' =0, dw?= Rcos?dI Adp = —costdp Aw?,
so if we take 6 = cos ) dp, we have
dw' =0 AwW?,  dw?=—0 AW
Finally, we write

1
df = —sin ¥ di N\ dp = —ﬁwl A w?,

10¥ou should do this!
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e, K =2.

9 RQ

Now we turn towards the Gauss—Bonnet theorem. We’'ll prove a version that is sometimes
decorated with Poincaré’s name as well.

Theorem 135 (Gauss—Bonnet metatheorem). If M is a compact, oriented surface equipped
with a Riemannian metric, then the integral of the curvature is a topological invariant.

Suppose X is a smooth vector field on M. A point p € M is a singular point of X if
X, = 0; it is an isolated singular point if there is a neighborhood V' of p in which X has
no other zeros. By shrinking the neighborhood if necessary, we can assume that such a
neighborhood is diffeomorphic to a disc in the plane.

To each isolated singular point p of X, we associate an integer called the index of X at
p. First choose a Riemannian metric on M and consider a moving orthonormal frame eq, e,

so that e; = ﬁX and e, is a unit vector orthogonal to e; and giving the orientation of M.

This determines an orthonormal frame in V '\ {p} and so also gives the forms w!, w?, and w?
in V'\ {p}. Choose now another orthonormal frame f, f2, but this time in all of V" and get
the connection forms A', \?> and \? in V. The difference

_ 2 2

is defined in V' \ {p}.
Let C' denote a simple closed cuve bounding a compact region of V' containing p in its
interior and orient C' as the boundary of this region. We now define I by

1
=— [ T
2 C
Lemma 136. The number I defined above is an integer.
Proof. At each point in V' \ {p}, we write
fi1 = ajer + ajes,
fo = ajer + ajes,

and observe that because both (eq, e2) and (fi, f2) are orthonormal frames defining the same
orientation, the matrix A = (a}) € SO(2), so we can write

4= (—fg ?) ’
where f? + ¢ = 1. Note that f is the cosine of the angle between e; and f; while g is the
sine of that angle. We then obtain that
wh = FAL— g\
wr=gA\ + fAL
Differentiating the first of these equations yields
dw' = df ANN' + FdN' —dg A N2 — gd)2.
Using the structure equations for d\* and the fact that A\ = —\?, we get
dw' =df AN + f (NP AN) —dg AN+ g (A AN
=W ANy Fdf AN —dg AN
=W AN+ (fdf +gdg) Ao + (gdf — fdg) Aw?,
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where in the last equation we’ve used that in fact
M= fol + guw?
A= —gw!' + fu?.
Since f2+g¢*> =1, fdf +gdg =0, so that
dw' =W AN+ (gdf — fdg) AW
We similarly obtain that
dw? = =W AN+ (fdg — gdf) Aw'.
In particular, in terms of f and g we see that
wy = Ay — fdg+ gdf,

e, T=w! -\ =—-w+ A\ =fdg—gdf.
We now claim that 7 is the differential of the “angle function” between e; and f;. Let
v :10,1] — V' \ {p} parametrize C' and define, for each t € [0, 1],

gp(t) = / T + ¥o,
7([02])

where g is angle between e; and f; at (0). We claim that ¢ is a smooth function so that
cos p(t) = f(y(t), sing(t) =g(y(t), ©(0) =0, dp=7".
We first note that ¢ can be written
t
p(t) = / (f(v(s)) dg(v/(s)) — g(7(s)) df (7 (s))) ds + o,
0

so that
¢'(t) = a(t)b'(t) — b(t)d'(¢),
= g(7(t)).

a(t) cos p(t) + b(t) sin p(t)

where a(t) = f(y(t)) and b(t)
We now differentiate

to yield
(d(t) + a(t)b(t)V'(t) — b(t)?d'(t)) cosp(t) + (V'(t) — a(t)®V(t) + a(t)b(t)a'(t)) sinp(t).
Now, since a* + b? = 1, we have aa’ + bb' = 0, so the coefficient of cos p(t) is
d +abt —b*d =d —a*d —b*d =d —d =0.

Similarly the coefficient of sin p(t) is zero and so a cos ¢ + bsin ¢ is constant and equal to 1,
its value at t = 0.
We then observe that

(a —cosp)? + (b —sinp)? = a* + b* + cos® p + sin® ¢ — 2a cos p — 2bsin p = 0,
so a(t) = cos p(t) and b(t) = sin p(t).
We now finally observe that
1
= o (o(1) ~ 9(0)).

As C'is a closed curve, we must have that cos (1) = cos ¢(0) and sin (1) = sin¢(0), i.e.,
©(1) = ¢(0) + 27k for some integer k and thus I is an integer. O

I
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Returning now to our setup, we claim that [ is independent of the choice of curve C.
Lemma 137. The definition of I does not depend on the choice of C'.
Proof. We first observe that A' A A\? = w! A w? and so
dr = dw? — d\? = —Kw' Nw? + KA' AN = 0.

Supopse now that C; and Cy are two smooth curves in V' \ {p} enclosing p and that Cj is
another such curve that does not intersect C; or Cy. Letting R; denote the region between
C3 and C}, by Stokes’s theorem we have

O:/dT:/T—/T,
R Cs Cj

ie, [o, 7= f02 T = f03 7, so the integer I is independent of the choice of curve. O

Lemma 138. The definition of I does not depend on the choice of the frame fi, fo. More
precisely, let S, denote the boundary of the disc of radius r around p and let e; and ey be the
frame from the definition of the index. Then the limit

1
lim—/ wi=1
r—0 271 S,

Proof. Let ry < ry and S,, be as in the statement of the lemma. Let A denote the annular
region between them. By Stokes’s theorem, we have

[ [ wi=fag=- [rri = [mnar
ST‘Q Srl A A A

As this last integrand is defined everywhere, for any sequence r; — 0, we must have that
| p w? is a Cauchy sequence and hence converges to a limit, so the limit exists. Let
T

exists and equals 1.

We must show I = I.
Now, in the above, fix 5 and let r; — 0. On the one hand, we have
1 ) 1

— wi—T=—— Kw' Aw?
2 Sry

On the other hand, as w? = \? + 7,

1 2 2
Py Wi =5- (AT +7)
2 Sry 21 Sry
1
= —— KX AN+ T
2m Jp,,
As w' Aw? = AP A A2 everywhere except p, we must have I = 1. O

Lemma 139. The index I does not depend on the choice of Riemannian metric.
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Proof. Suppose we have two Riemannian metrics on M, let us denote them (-, -)(;y for j = 0, 1.
For t € [0, 1], define another Riemannian metric by

<U, w)(t) = (1 — t)(v, w>(0) + t(v, w>(1).

It is straightforward to check that (-,-)« is also a smooth Riemannian metric on M. Let I
denote the corresponding indices. One can check that I; is a continuous function of t. As it
is an integer, it must therefore be constant, so that I; = I. 0

Theorem 140 (Gauss—Bonnet). Suppose M is two-dimensional compact oriented differ-
entiable manifold and X be a differentiable vector field on M with isolated singularities
D1, - .., Pr whose indices are Iy, ..., Iy.. Then, for any Riemannian metric on M,

k
/MK0:27T;]Z~,

where K 1s the Gaussian curvature and o the area element.

Proof. We start by defining a frame in M \ UL {p;}: let ¢, = ﬁX and ey be a unit vector
field orthogonal to e; in the orientation of M. For each i, let B; be a ball with center p;

that contains no other singular point. From Stokes’s theorem and the structure equations,

we have
/ le/\w2:—/ dw%:/ w%:Z/ wi,
M\UZ‘BFL M\UiBZ' Ul(aBl) i 0B;

where the orientation on dB; is induced by B; rather than M \ UB; (accounting for the sign
flip in Stokes’s theorem above). Now, take the limit of the above as the radii of B; go to

zero to get that
Kw' Aw? =27 I;.
/. 2

O

Note that the right side does not depend on the metric while the left side does not depend
on the vector field, so Zle I; is the same for all vector fields with isolated singularities and
Il y Ko is the same for all Riemannian metrics on M.

The number > I; is called the Euler—Poincaré characteristic of M and is also equal to the
Euler characteristic y(M) of M. Indeed, if you take a triangulation of M one can show that
in fact x(M) =V — E+ F, where V, E, and F denote the number of vertices, edges, and
faces in the triangulation.

APPENDIX A. REWRITES

Rewriting Sections 4 and 5 to further emphasize the cotangent bundle.

A.1. The cotangent bundle.
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A.1.1. Some words about vector bundles. Suppose B is an n-dimensional manifold and FE is
an (n + k)-dimensional manifold and there is a (continuous) map = : £ — B. We define
the notion of a vector bundle, which is where we think of each point in a manifold B (which
stands for “base”) as having a finite dimensional vector space attached to it. Even though
we’ll demand that all of these vector spaces be abstractly isomorphic (i.e., they’ll have the
same dimension), you should think of them as distinct vector spaces as any isomorphism you
come up with typically depends on a lot of choices.

Definition 141. We say F is a vector bundle over B if

(1) = is surjective,

(2) 771(p) is a k-dimensional vector space for each p € B, and

(3) for each p € B, there is chart (z,U) around p in B and a diffeomorphism ¢ :
7Y U) — z(U) x R™ that restricts to be a vector space isomorphism on each fiber,
ie., p:m 1 (p) = {z(p)} x R" is a a vector space isomorphism for each p € U.

In the above, you think of the space {x(p)} x R™ as a vector space equipped with the
addition and scaling laws of

(z(p), v) + (2(p), w) = (x(p), v + w),
c(z(p),v) = (z(p), cv).

Definition 142. A section of a vector bundle E over B is a (smooth, continuous, etc.
depending on category) map s : B — E so that m o s = Idg. In other words, it is a map
s: B — FE so that for each p € B, s(p) € 7 *(p).

Definition 143. A bundle map of two vector bundles is one that preserves the fibers and
is linear on each fiber.

You can think of a bundle map as secretly being two maps. In other words, if F; is a
vector bundle over By, F, is a vector bundle over By, and f : Fy, — FE5 is a bundle map, it
induces a map fp : By — By making the following diagram commute:

EIAEQ

T
Bl i) BQ

A.1.2. The cotangent space at a point in R™. For an open set U C R", we'd like to define
TxU to be the vector space {p} x (R")*, where (R")* denotes the space of row vectors (with
n entries) and the operations are given by

(0,&) +(p,m) = ,n+&), c(p,§) = (p,ck).

(In other words, the p is there only to remind you not to try to add covectors corresponding
to different points.)

Instead, we’ll take a different approach and define T;U more intrinsically and then show
it is isomorphic to the space above. For p € U, we define the ideal of smooth functions
vanishing at p:

Z,={f:U —R| f is smooth and f(p) =0}.
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We let Ig denote the square of this ideal, i.e.,

k
I, = {ijgj | i 9i eIp}.
j=1

We now define the cotangent space to U at p by
* 2
T,U =1, /Z,.
Proposition 144. [f U C R" is open, then T;U 1is an n-dimensional vector space.

The proposition follows from two lemmas, which together show that Taylor’s theorem
provides a basis for 17 M.

Lemma 145. If f € T, then there is a neighborhood of p and a constant C so that | f(x)| <
C'|lz — p| for all x in that neighborhood. In particular, if f € T2, then |f(z)] < C'lx — p|? in
a neighborhood of p.

Proof. For f € Z,, Taylor’s theorem provides that
flx) =Y 0;f(p)(x’ = p') + Ra(x).
j=1

As 27 — p? € T, the naive bounds for Taylor’s remainder formula and the first two terms
here prove the result. The result for Z? follows from the estimate for Z,. ]

The following lemma provides uniqueness of the first Taylor polynomial (though it adapts
easily to higher Taylor polynomials).

Lemma 146. IfU C R" is open, a € U and f : U — R is smooth, and if f(x) = P(x)+R(z),
where P(x) is a polynomial of degree 1 and |R(x)| < Cl|x — a|* for x near a, then P(x) is
the first-order Taylor polynomial of f at a.

Proof. Writing f(x) = Pi(x) + Ri(x) as in Taylor’s theorem, we know that R;(x) satisfies
the same bound. We now consider

|P(z) = Pi(2)] < |Ri(2)] + |R(2)] < Cla —al.

As P(z) — Py(z) is a first degree polynomial vanishing quadratically at a, we must have that
it vanishes identically, i.e., P(x) = P;(z), as claimed. O

Proof of Proposition 144. That T;U is a vector space is clear because Z, is a vector space
and Ig is a subspace. We must only show it has dimension n.

If (p',...,p") denote the coordinates of p and (z!,...,2") are the coordinate functions on
R", we claim that z* —p',... 2" — p" form a basis for T*U. That they span Z,/Z> follows
from Taylor’s theorem; their linear independence follows from the uniqueness statement in
Lemma 146. 0

From the proof of Proposition 144, we see that the coordinate functions ' —p', ... 2" —p"

provide a basis for Z, /Iﬁ. We introduce special notation for this basis; we let dz? denote the
image of 7 — p/ in T,U. Indeed, given any smooth function f, we can consider its image
df, = f — f(p) in T;U. In terms of the basis above, Taylor’s theorem tells us that

-

o J
= ox

dfy (p) da’.
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Now suppose that F' : U — V is a smooth map, where U C R™ and V' C R™ are open.
We know that smooth functions pull back to smooth functions, so if f € C*(V), we have
Fif = foF e 0=(U).

APPENDIX B. SMOOTH DEPENDENCE ON PARAMETERS

The aim of this section is to prove Theorem 44. In fact, we prove a somewhat stronger
theorem that implies Theorem 44.
Consider first the initial value problem

dy

% = f(t,y),

y(to) =a,
for f: R x R" — R", as well as a similar problem depending on parameters

dy
E - f(t7y7u)7

y(to) = a,
where € R”.

We are interested in how each of the problems above depends on parameters; in the first
problem, we are interested in the dependence on initial value a, while in the second problem
we are interested in the dependence on a as well as . Note that by taking f(¢,y,a) =
f(t,y 4+ a), we can think of the initial value problem as the problem

dy

E - f(t,y,a),

Z/(to) = 07

to a problem with fixed initial value depending on parameters. If y solves this problem, then
y + a will solve the original initial value problem. If, instead, one knows how to solve the
initial value problem, one can augment the differential equation to include dyu/dt = 0 and
1(to) = 0 to solve the problem with parameters.

We’ll focus on solving the problem with parameters. We’ll assume f is smooth in all of its
arguments. Note that our proof of Picard iteration easily adapts (the smoothness statement
follows from repeated differentiation) to show the following:

Theorem 147. Suppose | CR, 0 € U C R", and V C R* are open and that f : IXU XV —
R™ is smooth. If (to,0,10) € I X U x V then there are b > 0, and € > 0 so that for all

i € Be(po) there is a smooth function vy, : (to — b,tg +b) = R" satisfying

d
% = f(t,7u(t), 1),
"}/M(to) = O

Our aim is to prove the following theorem:

Theorem 148. Suppose I CR,0€ U C R", and V C R* are open and that f : IxU XV —
R™ is smooth. Let v,(t) denote the solution of

d
% = f(ta%(t),/i)

Yu(to) = 0.
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If (to, o, o) € I x U XV then there are b > 0 and € > 0 so that ~,(t) is smooth (as a
function of (t, ) on (to — b,tg +b) X Be(po).

We'll prove this theorem in three steps. First we’ll show that the map (¢, 1) — 7., (%)
is continuous, then show that it is differentiable and finally (and most easily) show that
it is smooth. In what follows it helps to have a short definition. For an set U C RF, we
say that a function f : U — R" is Lipschitz with Lipshitz constant L if for all x,y € U,
[f(x) = f(y)l < L]z —yl.

The following theorem provides a condition guaranteeing that the solution depends con-
tinuously on the parameter on finite time intervals.

Theorem 149. Suppose, for some b > 0 and open sets [ = (tg —b,to+b) CR, U C R" and
V C R*, we have

fiIxUxV—=>R"
is continuous. Suppose further that, for each (t,u) € I x V, f(t,-, ) is Lipschitz with

Lipschitz constant Ly and that for each (t,y) € I x U, f(t,y,-) is Lipschitz with Lipschitz
constant Ly. If y; : I — R™ (i =1,2) satisfy

dy; . ‘ '
a @ yi(t), pi),
yi(to) = 07

then for allt € I,
L -
[y1(t) — ya(t)] < —Lj lpia — pra (217000 — 1)

A useful tool here is Gronwall’s inequality:

Lemma 150 (Gronwall inequality). Suppose that X (t) is a continuous, real-valued function
on [to, T]. If there are constants C, K > 0 so that

X(t) SC’—i—K/tX(s)ds

for every t € [ty, T], then
X(t) < CeKlto)
for all t € [ty, T].

Proof. Define v(t) K(t=to) ft . Observe that

t
V(t) = e K(t—t) (X(t) — K/ X(s) ds) < CeKlt=to),
to

As v(ty) = 0, we can integrate to see that, for ¢ € [ty, T,

! C
u(t) < c/ K(s=to) g5 = = (1 — e KUty

to

< C (rto) _
/X < Z (e ),

ie.,
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so that
t
X)) =C+ K/ X(s)ds < C+ Cellt=to) _ ¢ = Celli=to),
to

O

Proof of Theorem 149. We'll consider only t > tq for simplicity; the reader should fill in the
details for ¢ < ty3. Observe that

/t (F(5,50(5). 1) — (5. a(s), ) s

2 (t) — 12(1)] =
S/t |f(3>y1(3)7,u1) _f(57y2(5>7ﬂ2)’ ds

< / (17 (5, 90(8) 12) — £, 5208 1)] + 1 (5, 925, ) — F (5, a(5), )]} s

to

< [ (Lalon(s) = )] + La s = pa) .

to

We now let X (t) = Ly |y1(s) — ya(s)| + La |1 — pal, so that
X(t) S L2 |[L1 — [1,2| + L1 /X(S) dS.
By the Gronwall inequality we conclude that X (¢) < Lo |y — po| e?1¢%). In particular,

L —
ly1(s) — ya(s)| < L_j lp — o] <6L1(t to) _ 1) ’
as claimed. .

We now turn our attention to the problem of differentiable dependence. The formal idea
is to differentiate the equation; the hard part is showing that in fact this is justified.

Theorem 151. Suppose f: I x U x V — R" satisfies the hypotheses of Theorem 149. If f
in addition is continuously differentiable with respect to y and u, then the solution y(t, u) of

dy
= f(t,y(t
o = Syt n),p),
y(to) =0,
is differentiable with respect to p, and z; = % satisfies

dzj  ~~ Of o Of
dt - — ayk (t,y(t,,u),u)z] + a/ﬂ (t>y(t>ﬂ)7ﬂ)a

Zj (to) = 0.

Proof. Our plan is to show first that the equation for z has a solution and then to use
Gronwall’s inequality to show that the difference quotients for 6% converge to z.

It is straightforward to see that the right side of the ODE for z is continuous in ¢ and z
and Lipshitz in z and so has a unique solution z(t, 1) for each p. Now define w; to be the
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difference quotient for y in the j-th direction (here e; is the j-th standard basis vector in
R™).

y(t, p+ hej) —y(t, p)
w;(t, p, h) = ]; :

We fix j for now and drop the subscripts on w and z. We want to show that w(¢, u, h) —
z(t, p) uniformly on compact sets as h — 0. Let v(¢, u, h) = w(t, p, h) — z(t, u) denote their
difference. We compute

dv  dw of & of
—_— = t,y(t t — —(t,y(t .
il a,g( y(t, ), 1) 2" (¢, ) auj(’y(””‘)’m
Because y satisfies an ODE, the first term in the above is given by
dw _ Wyt p+ hej), p+ hey) — f(&,y(E, 1), 1)
E(tnuv h) - h
_ Syt pt hey), pt hey) = f(ty(t p) gt hey) | f{Ey(E p)pt hey) = f(ty(t p), 1)
h h '

Appealing to the first-order version of Taylor’s theorem (i.e., the fundamental theorem of
calculus), we have, because f is C' in y and p,

dw " 1o
—7 (L h) = > (/0 a—jf(t, sy(t, p+ hej) + (1 = s)y(t, p), p+ hey) dS) w*(t, 1, h)
k=1

1 8f
+ i a—m(t,y(t,p),u—i—shej)ds.
The differential equation for v can therefore be written

dv - Lo
E - Z </0 a_:‘y];(ta Sy(ta [y hej) + (1 - S>y(t7 /J“)7 [y hej) dS) Uk(t7 s h)
k=1

noopl
+ ;/0 <g—yj,;(t, sy(t,pu+ he;) + (1 — s)y(t, p), p+ hej) — 3_;;@<tﬂy<t=/v‘>aﬂ)) ds 2*(t, 1)

—i—/o (gfj (t,y(t, 1), p + shej) — g/fj (t,y(t,,u)”u)) ds,
U(tohu,h) =0.

We now regard the differential equation for v as a parameter-dependent family of differential
equations depending on a parameter h. Theorem 149 implies that the right hand side of this
differential equation is Lipschitz in h; it is clearly Lipschitz in v. We may thus conclude that
v(t, 1, h) converges uniformly on compact sets in ¢ to v(t, x,0). When h = 0, the right hand
side vanishes and v(¢, i1, 0) = 0 by uniqueness, hence w; — z;, i.e., 88 L exists and is given by
Zj.

To see that in fact Ty is continuous, we appeal again to Theorem 149; the right hand
side of the differential equation satisfied by z; is Lipschitz in z and p and so z must depend
continuously on pu. O

We finally reach the conclusion of this section:

Corollary 152. If, in addition, f is C*, then the solution y(t, u) is also C°.
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Proof. Inductively apply Theorem 151 to conclude that each %ljay is continuous and so y is

smooth. O




