An Introduction to
Riemannian Geometry

We include in these notes a presentation of the basics of differential geometry
with a view to Riemannian geometry. We refer the reader to the classics on
the subject for a more comprehensive and careful treatment [2} 3}, 4 5], [7].
In addition to these texts, our exposition has benefited from the book [1]
and lecture notes by Ben Andrews.
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I(IIOXViHe7 December 2019 Last updated September, 2022

1






Contents

|An Introduction to Riemannian Geometry| 1
[s1.  Paracompactness, partitions of unity, and manifolds| )
[32.  Difterentiable manifolds| 13
[33. The tangent space and tangent maps| 19
[34.  Some difterential topology] 29
[35.  The tensor algebra of a linear space] 35
[36. The tangent bundle and its tensor algebral 47
[37.  'The Lie derivative and Lie algebras| 57
[88.  Frobenius’ theorem| 65
[589.  Difterential forms and the exterior calculus| 67
[310.  Orientability, integration, and Stokes’ Theorem| 73
[311.  Connections| 7
I312.  Geodesics and the exponential map| 89
[513.  Torsion and curvature] 93
|514.  Riemannian metrics| 99
[315. Convexity and completeness| 109
[316.  Riemannian curvature| 117
[517.  Spaces of constant sectional curvature| 125
[318.  Riemannian submanitolds| 131
[319.  First and second variations of arc-length| 137
[520.  Elementary comparison theorems| 147
[321.  The cut locus and the injectivity radius| 157

N



AN INTRODUCTION TO RIEMANNIAN GEOMETRY

[522.  Distance comparison| 161
[323. Integration on Riemannian manifolds| 165
Bibliography 169



1. PARACOMPACTNESS, PARTITIONS OF UNITY, AND
MANIFOLDS

1. Paracompactness, partitions of unity, and manifolds

Recall that a family A = {U, }acs of subsets U, C X of a topological space
X is a cover of (or covers) X if UyesUy = X.

Definition 1.1. A cover A of a topological space X is
— open if each A € A is open.

— a refinement of a cover B of X if every element of A lies in some
element of B.

— locally finite if every point of X has a neighborhood which inter-
sects only finitely many elements of A.

Example 1.2.

— The cover of a metric space by balls of radius 1/2 is a refinement of
the cover by balls of radius 1. (Neither is locally finite in general.)

— The cover of R by the sets (n—1,n+ 1) for n € N is locally finite.

— The cover of the interval (—1,1) by the sets (—1/n,1/n) forn € N
is not locally finite.

A subcover is trivially a refinement. The converse is not true, of course;
however, any finite refinement corresponds to a finite subcover by selecting
the sets of the original cover containing those of the refinement. This proves
the following reformulation of compactness.

Proposition 1.3. A topological space is compact if and only if every open
cover admits a finite open refinement.

This reformulation motivates a natural generalization of compactness,
whereby the finiteness condition in the preceding proposition is replaced by
local finiteness.

Definition 1.4. A topological space is paracompact if every open cover
admits a locally finite open refinement.

Our task now is to convince the reader that this property is both strong
enough to efficiently prove useful /intuitive theorems while at the same time
weak enough to be satisfied by a large class of interesting spaces.

Example 1.5. The following topological spaces are paracompact:

— Compact spaces.

— Discrete spaces: The open cover consisting of all singleton sets is
a locally finite open refinement of any open cover. Of course, non-
finite discrete spaces are not compact as the cover by singleton sets
has no non-trivial subcover.
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— Buclidean spaces, R™: Let A be any open cover of R™ and consider,
for each i € N, the open annulus B;y1 \ B;_1, where B; = B;(0)
is the ball of radius © about the origin. Since the closed annulus
Biy1 \ Bi_1 is compact and contains Biy1 \ Bi_1, the open cover
Ai = {UNBjy1\ Bio1 : U € A} of Bix1 \ Bi_1 admits a finite
subcover B; = {Ul N Bit1 \Ei—h RN UNi N Bjt1 \Ei—l}; say. We
claim that the collection of open sets B = U;enB; is a locally finite
refinement of A: Since the annuli Biy1\B;_1 cover R, B must also
since it is a union of covers of each of these annuli. Furthermore,
each element of B is of the form U N Biy1 \ Bi—1 C U for some
U € A; this proves that B is a refinement of A. To see that it
is locally finite, choose for each x € R™ an annular neighborhood
Biy1 \ Bi_1; by construction, this annulus intersects only finitely
many elements of B.

— Fwvery second countable locally compact Hausdorff space is paracom-
pact (cf. parts (3) = (4) and (4) = (1) of the proof of Theorem
below).

— The Sorgenfrey line Ry is paracompact and Hausdorff but neither
compact, locally compact, nor second countable.

The proof that R™ is paracompact has a useful generalization.

Definition 1.6. An exhaustion of a topological space X is a countable
family {A;}ien of subsets A; C X which covers X and satisfies A; C Ajtq.

Note that the inclusion condition is the opposite of that of a nested
sequence of subsets.

Proposition 1.7. Let X be a Hausdorff space. If X admits an exhaustion
{K;}ien by compact sets K; satisfyingﬂ K; Cint K;41 then it is paracompact.

Proof. Let X be a Hausdorff space which admits such an exhaustion { K; };en
and let A be an open cover of X. Set Ky = () and B; = int K;. Since X is
Hausdorff, compact sets are closed and hence the sets B;;1 \ K;—1 are open.
Note that the collection of these ‘annuli’ covers X. Indeed, for each x € X
there exists some ¢ € N, and hence some smallest i € N, such that € B; ;.
Then x € Bj+1\ B; C Bit1\ Ki—1. Moreover, since each annulus B, \ K;—1
lies in the compact set K;i1, the cover A; = {U N B;j11 \ K; : U € A} of
Bi—i—l\Ki admits a finite subcover, B; = {UlﬂBH_l\KZ‘, ce UNimBi+1\Ki}7
say. The open cover B = U;enB; of X is a locally finite refinement of A (cf.
the proof that R” is paracompact in Example . ([

Example 1.8.

1Such an exhaustion is sometimes called a compact exhaustion.
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— Paracompact subspaces of paracompact spaces need not be closed:
The open interval (0,1) C R is paracompact (it is homeomorphic
to R) but not closed in R.

— Subspaces of paracompact spaces need not be paracompact: Consider
the space given by equipping the minimal uncountable well-ordered
set Sq with the order topology and let Sq = Sq U {Q} be its one-
point compactification. The product Sq x Sq is compact and hence
paracopompact but the subspace Sq x Sq is not paracompact since
it is Hausdorff but not normal (see Ezercise[1.9).

— The product of two paracompact spaces need not be paracompact:
The Sorgenfrey plane Ry x Ry, Hausdorff but not normal, and hence
not paracompact.

One of the most useful aspects of paracompactness is its relation to
partitions of unity.

Definition 1.9. Let X be a topological space. A partition of unity for X
is a collection {pa}acs of continuous functions ps : X — [0, 1] which is

— locally finite: each point © € X has a neighborhood U on which
only finitely many po, are not identically zero; and
— unitary: Y c;pa(r) =1 forallz c X.
A partition of unity {patacs is subordinate to (or dominated by) an

open cover A of X if, for each a € J, there is some U, € A such that
spt pa C Uy, where spt po = {x € X : po(z) # 0} is the support of p,.

Partitions of unity are typically used to ‘glue together’ locally defined
objects to obtain global ones (important examples being the construction of
metrics and connections on differentiable manifolds, and the introduction of
a well-defined notion of integration and the proof of Stokes’ Theorem on Rie-
mannian manifolds). Another important and elegant application concerns
the embedding of manifolds in Euclidean spaces (see Theorem below).

Proposition 1.10. Let X be a topological space. Suppose that every open
cover of X admits a subordinate partition of unity. Show that X is para-
compact.

Proof. See Exercise O

Definition 1.11. A topological space X is locally Fuclidean if there is
some n € N such that every point of X has a neighborhood which is homeo-
morphic to R™.

Definition 1.12. A manifold is a locally Fuclidean, paracompact Haus-
dorff space.
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Example 1.13. The line with two origins is locally Fuclidean and paracom-
pact. It is not a manifold, however, since it is not Hausdorff.

The dimension of a manifold is defined to be the dimension n of its
Euclidean model space R™ (it is well-defined by invariance of domain). We
will often describe a manifold M of dimension n € N as an n-manifold and
use the notation ‘M™ to indicate that a given manifold M has dimension
n.

Proposition 1.14. Fvery locally Euclidean Hausdorff space is locally com-
pact and normal.

Proof. See Exercise [1.2 O

Often, manifolds are defined to be locally Euclidean, second countable
Hausdorff spaces. The following theorem implies, in particular, that the two
definitions are equivalent when the underlying space has countably many
connected components.

Theorem 1.15. Let X be a connected locally Euclidean Hausdorff space.
The following statements are equivalent:

(1) X is paracompact.

(2) X is a union of countably many compact sets.

(3) X is second countable.

(4) X admits an ezhaustion {K;}ien by compact sets K; satisfying
K; Cint K.

(5) Ewvery open cover of X admits a subordinate partition of unity.

Proof. (1) = (2): Suppose that X is paracompact. Let {Us}aes be a
cover of X by open sets U, each of which is homeomorphic to R™ and let
Yo : Uy = R™ be corresponding homeomorphisms. Consider the refinement
A = {p 1 (B (2)) : @ € J,r > 0,7 € R"} of {Uy}aey consisting of the
preimages ¢, (B, (z)) of all balls B,(z) C R™. Observe that each B € A
has compact closure. Since X is paracompact, we can find a locally finite
open refinement B of A. Note that each B € B has compact closure. We
will show that B is countable.

Let us refer to a finite ordered collection {Bj,..., By} C B as a string
(joining By and By) if N =1orif B;_1NB; # () for eachi =2,...,N. Fix
some By € B.

Claim 1.16. For every B € B there exists a string joining By and B.
8



1. PARACOMPACTNESS, PARTITIONS OF UNITY, AND
MANIFOLDS

Proof of Claim [1.16l Let v : [0,1] — X be a path satisfying v(0) € By
and (1) € B. Since ([0, 1]) is compact, it can be covered by a finite sub-
set C of B which includes the elements By and B. We shall call a string
C'={Cy,...,Cx} C C a left (respectively, right) string if Cy = By (re-
spectively, Cyp = B). Since C is finite, there are a finite number of left strings
and a finite number of right strings. Suppose that no left string contains B.
Then no right string contains By as any such string would be a left string
containing B. It follows that the union of all left strings is disjoint from the
union of all right strings, whence we conclude that ([0, 1]) is disconnected,
a contradiction. (]

Consider the function NV : B — N which assigns to each B € B the length
of the shortest string joining By and B. To prove the desired implication, it
suffices to show that the set By = N~!(k) is finite for each k € N.

Certainly, By = {By} is finite. So suppose, for some k € N, that B; is
finite for each ¢ < k. Then the union

Ky, =UE  UB; C UL, Upep, B

is compact. Since B is locally finite, each point x € K} admits a neighbor-
hood U, which only finitely many B € B intersect. The corresponding cover
of K} admits a finite subcover, so K}, is intersected by only finitely many
B € B. But Byy1 = N~ }(k+1) is a subset of the set of all B which intersect
Kj. (Removing B from a minimal (k + 1)-string connecting B to By leaves
a minimal k-string).

(2) = (3): Suppose that X is covered by a countable collection of
compact subsets, {K;};cn. Then, as each K; is covered by finitely many
open sets each of which is homeomorphic to R™, X is covered by countably
many open sets each of which is homeomorphic to R”. Since R" is second
countable, each of these open sets admits a countable basis. Combining
these bases yields a countable basis for X.

(3) = (4): Suppose that X admits a countable basis, B = {B;}} ;.
Since X is locally compact, we can arrange that each B; € B has compact
closure since discarding those that don’t still leaves a basis. The desired
exhaustion {K;};en is now constructed recursively via

K1$§1 and
Ky =BiU---UB,;,,

where iy, is the smallest integer such that K, C By U---U B;,.
(4) = (1): This implication follows from Proposition
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(1) = (5): Suppose that X is paracompact. Let {U,}aca be a cover
of X by open sets each of which is homeomorphic to R™ and choose home-
omorphisms ¢, : U, — R™. Now, since X is normal, it is regular. Recall
that this implies that every neighbourhood of every point contains a closed
neighbourhood of the point. It follows that any other open cover {W,},cc
admits a locally finite refinement {Vj}sep such that each V4 lies in some
UoNW,. We will use this fact to construct a partition of unity subordinate
to {W;ec-

Indeed, choose for each € B some o € A such that Vg C U, and set
- Jd(eal@), R\ a(Va)) itz eV
pa(z) = .
0 if reX \ Vﬂ .

Then spt pg = Vg C W, for some v € C, the sum >_pep Pp(x) is well defined
for each x € X and, by the pasting lemma, pg is continuous. The desired
partition of unity is then defined by setting

ps(z)
P (35 - s 7 -
’ E,BGB p(x)
(5) = (1): This is the content of Exercise O

Note that the equivalence (1) <= (5) survives the transition to an ar-
bitrary number of connected components, whereas the equivalences (1) <=
(i), i = 2,3, or 4, only remain true when X has a countable number of
connected components.

We finish by proving Whitney’s “easy” embedding theorem.

Theorem 1.17 (Whitney’s “easy” embedding theorem). Ewvery compact
manifold embeds in some FEuclidean space.

Proof. Let X be a compact n-manifold. Then X admits a cover by finitely
many open sets Uy, ... Uy, each of which is homeomorphic to R”. By The-
orem [[.I5] X admits a partition of unity pi,...,pn such that sptp; C U;
for each ¢ = 1,...,N. Choose homeomorphisms ; : U; — Bj(0) for each
i=1,...,N and define a map ¥ : X — RY x R™V by

F(z) = (p1(2),. ... pn(2), pr(z)1(2), ..., py(2)N ()

where we define p;(z)1;(x) = 0 if  is not in the domain U; of ;. By the
pasting lemma, F' is continuous. We claim that F'is an embedding. Since F'
is a continuous map from a compact space into a Hausdorff space, it suffices
to show that it is injective. To this end, suppose that F(z) = F(y) for some
pair of points x,y € M. Equating the first N components of F'(z) and F(y)
yields

pi(z) = pi(y) foreach i=1...,N.

10
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Since p; is non-negative and sums pointwise to unity, at least one of these
numbers, pr(x) = pr(y) say, is non-zero. Equating the final nN compo-
nents of F(z) and F(y) then implies that ¢y (z) = x(y). Since ¢ is a
homeomorphism, we conclude that x = y. ([l

Exercises.

Exercise 1.1. The Sorgenfrey line Ry is the real line equipped with the
topology generated by the right-half open, left-half closed intervals, |a,b).
Show that Ry is paracompact.

Exercise 1.2. Prove the following propositions:

(a) Ewvery paracompact Hausdorff space is normal.
(b) Ewvery closed subspace of a paracompact space is paracompact.
(¢) A locally connected topological space is paracompact if and only if

all of its connected components are paracompact.

Exercise 1.3. Let X be a topological space. Suppose that every open cover
of X admits a subordinate partition of unity. Show that X is paracompact.

Exercise 1.4. Show that a topological space is locally Euclidean if and only
if each point admits a neighbourhood which is homeomorphic to an open
subset of Euclidean space.

Exercise 1.5. Let X be a locally Fuclidean Hausdorff space. Prove the
following propositions:

(a) X is locally compact.

(b) If X is connected then X is path connected.

(¢) Given x € X choose a neighborhood U, and a homeomorphism
gz Uy — R™. The collection

B={¢;'(B.(2)):z € X,r >0,z € R"}
is a basis for X.

Exercise 1.6. Let X be a locally Euclidean Hausdorff space, let {Uqy}acs be
a cover of X by open sets U, each of which is homeomorphic to R™ and let
Yo : Uy = R™ be corresponding homeomorphisms. Consider the refinement
A = {p 1 (B (2)) : a € J,r > 0,7 € R"} of {Uy}aecs consisting of the
preimages o5 (Br(x)) of all open balls B,(z) C R™.

(a) Show that each B € A has compact closure contained in some U,.

Suppose further that X is paracompact and let B be a locally finite refinement
of A.

(b) Show that each B € B has compact closure contained in some U,.

11
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Exercise 1.7. Let X be a paracompact Hausdorff space.

(a) Show that every open cover U of X admits a locally finite open
refinement V) such that each V €V satisfies V. C U for some U € U
HiNT: Use the fact that X is reqular.

(b) Deduce using Urysohn’s Lemma that every open cover of X admits
a subordinate partition of unity.

12



2. DIFFERENTIABLE MANIFOLDS

2. Differentiable manifolds

Recall that a topological space is an m-manifold if it is paracompact, Haus-
dorff and locally homeomorphic to R™.

Definition 2.1 (Charts and atlases). Let M™ be a (topological) m-manifold.
A chart for M™ is an embedding ¢ : U — R™, where U is an open subset
of M™. An atlas for M™ is a collection {@q : Uy — R™}aecy of charts
Yo : Uy = R™ such that M™ = UgejUy. The maps @q © gogl\%(UamUB) :
0(Ua NUB) = 0a(Us NUg) are called transition maps.

We will usually describe charts ¢ : U — R™ using their component
functions ¢ = (z!,...,2™) : U — R™.

Recall that a function from an open subset U of R™ to R is smooth?]
if it admits all partial derivatives to all orders at all points of U, while a
map from an open subset of R™ to R™ is smooth if each of its component

functions is smooth.

Definition 2.2 (Differentiable structures). Let M™ be an m-manifold. An
atlas A = {pqo : Uy — R™}ocy for M™ is differentiable if each of its
transition maps is smooth.

Two differentiable atlases A and B are compatible if their union is also
a differentiable atlas (equivalently, if for every chart ¢ : U — R™ in A and
every n : V. — R™ in B the maps ¢ o n_l\n(UQV) and n o 90_1|<,0(UOV) are
smooth). Given a differentiable atlas A, the maximal atlas containing A
is the union of all atlases compatible with A.

A differentiable structure for M™ is given by equipping it with a
mazximal atlas, A say. The resulting pair (M™, A) is called a differentiable
manifold (usually simply denoted by M™).

We will also refer to differentiable manifolds as smooth manifolds.

Example 2.3. The following provide examples of differentiable manifolds.

(1) The m-dimensional Euclidean space R™ equipped with the differen-
tiable structure induced by the atlas consisting of the identity map.

(2) The m-dimensional sphere S™ = {x € R™*! : |z| = 1} equipped
with the differentiable structure induced by the atlas consisting of
stereographic projections about two antipodal pointsﬂ

21t is possible to generalize most, if not all, of the notions in these notes regarding smooth
structures to include structures carrying weaker differentiability properties, such as C* or Gk,

3Stereographic projection ¢ : S™ — R™ about a point o € S™ maps a point p € S™ \ {o}
to the point ¢(p) = ray(p) N (R™ x {0}) C R™ x {0} = R™, where ray(p) is the ray through p
emanating from o.

13
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(3) The m-dimensional sphere S™ equipped with the differentiable struc-
ture induced by the atlas consisting of the 2(m + 1) projections

W;ti{(l'l,...,xm+1) e S™:+x; >0 - R™
defined by
Wii(m1>"'7xm+1) = ($1,...,1’%,...,$m+1),

where the hat on the index indicates that this term is not present.

(4) The m-dimensional real projective space (the space of lines through
the origin)

RP™ = (R™H\ {0})/ ~, where p~q < p= \q for some \# 0,

equipped with the differentiable structure induced by the atlas con-
sisting of the (m + 1) charts

oi (@1, .., 2my1)] s 2 # 0} = R™
defined by

(@1, min)]) = <“””1 L4 ...,xm“) ,

T, ’ ’ .Ti7 T,
where the hat again indicates that this term is not present.
(5) The m-dimensional torus T™ = St x oo x St equipped with the
N———

m-times
differentiable structure induced by the product atlas.

(6) Open subsets of differentiable manifolds equipped with the restric-
tion atlas.

(7) Cartesian products of differentiable manifolds equipped with the
product atlas.

(8) The general linear group
GL(R™) = {A € n x n-matrices : det A # 0}
is a smooth manifold (it is an open subset of R™*™).

Definition 2.4 (Smooth maps, functions and curves). A function f: M —
R from a differentiable manifold M to R is differentiable if given some
chart (U, ) for M the composition fo o=t : p(U) — R is smooth.

A map f: M™ — N™ from a differentiable manifold M™ to a differen-
tiable manifold N™ is differentiable if given any charts ¢ : U — R™ for
M™ and n:V — R"™ for N the composition no fop=t:pU) — n(V) is
smooth.

A differentiable map f : M — N is a diffeomnorphism if it admits a
differentiable inverse f~' : N — M. If such a map exists, M and N are
said to be diffeomorphic.

14



2. DIFFERENTIABLE MANIFOLDS

We shall usually refer to differentiable functions and differentiable maps
as smooth functions and smooth maps, respectively.

Note that, in order to check that a function f : M™ — R is smooth,
we need not check that f o¢~! is smooth for every chart ¢ : U — R™ for
M™ (which is clearly impractical) — we are free to choose any particular
compatible atlas {¢q }ac 4 and check that foy, is smooth for each a. Indeed,
ifo:U —=R™and n:V — R™ are two charts for M with nontrivial
overlap U NV then

fonywavy = (Foe™) o (pon Hlywav) -
Since ¢ o ™Y, vy is smooth, smoothness of f o™,y follows from
smoothness of f o gpfllw(Um/). Similarly, in order to check that a map
f+ M™ — N™ smooth, it suffices to check smoothness with respect to

any compatible atlas {4 }aeca for M™ and any family of compatible charts
{ng}pep for N™ covering f(M™).

2.1. Differentiable manifolds-with-boundary. An n-manifold-with-
boundary is a paracompact Hausdorff space M™ each of whose points ad-
mits a neighborhood locally homeomorphic to either R™ or the closed half-
space R =R"N{p e R":p-e, > 0}. If a point p admits a neighborhood
homeomorphic to R™ then p is an interior point. Else, p is a boundary
point. The set of boundary points is called the boundary of M™ and de-
noted OM™. A chart for M" is a pair (U, ¢), where U is an open subset of
M"™ and ¢ : U = ¢(U) C RY is a homeomorphism. If ¢(U) does not lie in
the interior of R’} then ¢ is called a boundary chart.

Recall that a map from an arbitrary subset A C R™ to R" is deemed to
be smooth if it extends to a smooth map on an open subset of R" containing
A.

(Differentiable) Atlases, transition maps, differentiable struc-
tures, differentiable manifolds-with-boundary and differentiable maps
between them may now be defined in the obvious way.

Example 2.5. The following provide examples of differentiable manifolds-
with-boundary.

(1) All differentiable manifolds are differentiable manifolds-with-boundary
(albeit with empty boundary).

(2) The halfspace R} equipped with the atlas induced by the identity
chart is a differentiable manifold-with-boundary. Its boundary is
OR% =R"1 x {0}.

(3) The closed unit ball B™ and the compliment R™\ B" of the open unit
ball B™ can be equipped with atlases making them smooth manifolds-

with-boundary, with boundary 0B™ = S~ (see Exercise .
15
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2.2. Additional notes. When n < 3, every (topological) manifold admits
a unique (up to diffeomorphism) smooth structure. This is an “easy” theo-
rem when n = 1 but much harder when n = 2 (a theorem of Radd) or n = 3
(a theorem of Moise).

If n > 5, Euclidean space R™ admits only the standard smooth struc-
ture (a theorem of Stallings). In extreme contrast to these results, Clifford
Taubes (building on work of Mike Freedman and Simon Donaldson) showed
that there exists a continuum of smooth structures on R*!

The case of spheres is even more interesting. For example, it is known
that there are in general many “exotic” smooth structures (i.e. structures
not diffeomorphic to the standard one) on high dimensional spheres and
exactly 28 non-diffeomorphic smooth structures on the 7-sphere (by work
of Michel Kervaire and John Milnor). Moreover, it remains unknown (as of
the time of writing) whether or not there exist exotic smooth structures on
S

By work of Mike Freedman, the diffeomorphism problem is closely re-
lated to the four dimensional “smooth Poincaré conjecture”, which asserts
that the sphere with its standard differentiable structure is the only smooth
homotopy sphere. Indeed, Freedman proved that the conjecture is true, for
the four sphere, in the topological category. The smooth version just stated
remains open. The conjecture is settled in both categories in all other di-
mensions due work of Poincaré (dimension two), Stephen Smale (dimensions
five and higher) and Grisha Perelman (dimension three).

Exercises.

Exercise 2.1. Let A be a differentiable atlas for a manifold M. Show that
the mazimal atlas containing A exists and is unique.

Exercise 2.2. Prove that each of the atlases in Example does indeed
induce a differentiable structure.

Exercise 2.3. Show that the two atlases for S™ defined in Example are
compatible, and hence induce the same differentiable structure.

Exercise 2.4. Consider the atlas B = {x — 2%} for R.
(a) Show that B is a differentiable atlas.
(b) Show that B is not compatible with the standard atlas A = {x — z}.
(¢c) Find a diffeomorphism between (R, A) and (R, B).

Exercise 2.5. Show that a map F : M — N between smooth manifolds M

and N is smooth if and only if the map fo F : M — R is smooth for every
smooth f: N — R.

16
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Exercise 2.6. The complex projective space CP™ is the space of complex
lines in C"1; that is, CP™ = (C"*1\ {0})/ ~, where

r~y <= y=Ax for some A€ C\{0}.

Find a differentiable atlas which makes CP™ a 2n-dimensional differentiable
manifold.

Exercise 2.7. Show that the multiplication and inversion maps
GL(R"™) x GL(R") — GL(R")
(A,B)— A-B
and
GL(R") — GL(R")
Ars A7
respectively, are smooth.

A differentiable manifold equipped with a group structure is called a Lie
group if its multiplication and inversion maps are smooth.

Exercise 2.8. Let M™ be a manifold-with-boundary. Show that OM™ is an
(n — 1)-manifold. If M™ is smooth, show that the boundary charts induce a
smooth atlas for OM™.

Exercise 2.9. Find atlases which make B"™ and R™ \ B", respectively, dif-
ferentiable manifolds-with-boundary.

17






3. THE TANGENT SPACE AND TANGENT MAPS

3. The tangent space and tangent maps

There are three natural notions of tangency for a smooth manifold M™. The
first, and most abstract, definition views tangency through charts, using the
intuitive identification of points and vectors in R™.

Definition 3.1. Let M be a smooth manifold(-with-boundary) and p a point
of M. The tangent space (chart version) to M at p is the vector space T, M
consisting of equivalence classes [(p,u)] of pairs (¢, u) of charts p : U — R"
for M with p € U and vectors u € R™ under the equivalence relation

(SO,U) ~ (nvv) — d(nogp_l)@(p)u:’u’
equipped with the linear structure defined by

(e w)] + Al 0)] = [(n,d(n o @™ )yyu+ )], AER.

The basic idea is this: we think of a vector as being an “arrow” telling
us which direction we are “pointing” inside the manifold. This information
is encoded by viewing the direction through a chart — i.e. seeing which
way we point “downstairs” in the chart. The equivalence relation allows us
to pull this information back “upstairs” to the manifold, by removing the
ambiguity of the choice of chart through which to determine the direction.

Another way to think about it is the following: we have a local descrip-
tion for M using charts, and we know what a vector is “downstairs” in
each chart. We want to define a space of vectors T, M “upstairs” in such
a way that the derivative map dy, of the chart map ¢ makes sense as a
linear operator between the vector spaces T,M and R", and so that the
chain rule continues to hold. Now, given two distinct charts ¢ : U — R”
and n : V — R" about p, we would have for any vector u € T),M vectors
v =dppu € R" and w = dn,u € R". Now, if the chain rule is to hold, then

we would have
N . |
ds%(p)v - dnn(p)w

(since both are equal to u) and this would hold only if
d(77 o goil)go(p)v =w.
Observe that for any chart ¢ : U — R" about p we may define a map
dyp : T,M — R" by
dp[(p,u)] = u.

This map is a linear isomphism and satisfies (formally) the chain ruleﬂ

4This will agree with our more general definition of derivatives of maps between manifolds
below.
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Observe also that each chart ¢ : U — R" about a given point p gives
rise to a natural basis {e;|,}I"; for T, M defined by
6i‘p = [(‘pa el)] )
where {e;}7", is the canonical basis for R". Equivalently,
ei’p = dg@;(lp)ez )
-1 . _
where dp_ = (dpp) L.
The second definition expresses tangent vectors from the point of view

of “velocities” of motions of “point particles” through the manifold.

Definition 3.2. Let M be a smooth manifold(-with-boundary) and p a point
of M. The tangent space (path version) to M at p is the vector space P, M
consisting of equivalence classes [y] of smooth curves vy : I — M such that
0 € I and v(0) = p under the equivalence relation

v~o = (907)(0)=(p00)(0)
for some (and hence any) chart p : U — R™ with p € U, equipped with the
linear structure defined by

M+ Ao] = [s = 7" (0(p) +5[(9 07)(0) + Mg o a) (0)])], AeR
for some (and hence any) chart ¢ : U — R™ with p € U.

In this definition, we think of tangent vectors as corresponding to the
instantaneous velocities of point particles travelling along curves in the man-
ifold. This information is once again encoded by viewing the velocities
downstairs through a chart, and then pulling back upstairs via the obvious
equivalence relation.

Observe that each chart ¢ : U — R™ about a given point p gives rise to
a natural basis {&;|,}"_, for P,M defined by
Gilp = [s = ¢~ (0(p) + sei)],
where {e;}7"; is the canonical basis for R".
The final definition of tangency expresses the notion of a tangent vector

as a (directional) derivative operator on functions.

Definition 3.3. Let M be a smooth manifold(-with-boundary) and p a point
of M. The tangent space (derivation version) to M at p is the vector
space D,M of smooth derivations at p. That is, the space of R-linear maps
u: C®(M) — R satisfying the Leibniz rule

u(fg) = (uf)g(p) + f(p)(ug), f,ge€C(M),
equipped with the linear structure defined by
(u+M0)f = uf + A(vf).
20
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Observe that each chart ¢ : U — R™ about a given point p gives rise to
a natural basis {0;|,}I, for D, M defined by

Oilp=frd(fo ‘P_l)go(p)eiv
where {e;}7_, is the canonical basis for R".

Theorem 3.4. The maps o : T,M — P,M, B : P,M — D,M and ¢ :
D,M — T,M defined by

a([(p,w)]) = [s = o™ () + su)],

a4
ds1s=0

B f = (for)

and’
3(u) = [(p, (uph, ... up™))],

for some (and hence any) chart ¢ : U — R™ with p € U, are isomorphisms.
Proof. It suffices to show that the triple composition
oM — P,M ? D,M ? T,M
(03

is the identity map. This is a straightforward consequence of the definitions:

(00 poa)(l(p,u)]) = (60 B)( 8F+w “Help) + su))

([ ol ol et + 5] )
[f=d(foe ™) u])

[( ;: (¢' o 1MM'W€J]
= [(p,u)].

This completes the proof; however, since it will prove illustrative, we shall
also reach the claim through the remaining two possible triple compositions.

For the composition

PoM — DyM — T, M — P M,
e

5In order to ensure that & is well defined, we need to extend ¢ : U — R™ smoothly to M (not
necessarily as a chart) in such a way that § is independent of the extension. This can be achieved
by multiplying ¢ with a smooth cut-off function which vanishes outside of a neighborhood W € U
of p and is 1 in a neighborhood V' € W of p and then making ¢ zero outside of U. We leave it to
the reader to check that such a cut-off function exists and that ue? is independent of the resulting
extension.

21



AN INTRODUCTION TO RIEMANNIAN GEOMETRY

we have

(@odop)([h]) = (a

For the composition

DyM — T,M — P,M — Dy M,
(6

we proceed as follows:

seasi - e[ (s 53000
=1
=5 ([s = ! (@(p) + SZ(uwi)eiH)
=1

- [f - c%‘s:of op~! (so(p) + Z(uwi)ei>]
=1

= [f = Y (up)d(f o o™ )i - ei] :
=1

We claim that this is the same as u. indeed, by Taylor’s theorem (applied
to fop™),

fl@) = f(p)+ > Gila)(¥'(q) — ¥'(p))
=1

for some smooth functions G; with Gi(p) = d(f o ™ ")) - €~ Thus,
uf =" Gip)up' = ug'd(fop )y i O
i=1 i=1

From now on, we will denote the tangent space to M at p by T,M,
implicitly identifying each of the three versions using the natural isomor-
phisms.

Modulo the natural isomorphisms, {J;|,}" ; is called the coordinate
basis for T,,M corresponding to the chart ¢ : U — R™.

Note that we may identify the tangent spaces T,R" of R" with R" using
the identity chart by identifying a vector v = Y ", v'9;|, € T,R™ with the
point Y ' v'e; € R™.

22



3. THE TANGENT SPACE AND TANGENT MAPS

Recall that the classical differential df, at p € R"™ of a smooth map
f:U C R™ = R™ is the linear map from R™ — R™ given by

open
B+ 323 5|

Definition 3.5. The differential (a.k.a., the tangent map or push-
forward) at p € M™ of a smooth map f : M™ — N™ is the linear map
dfp : TyM™ — T,y N™ defined, with respect to some (and hence any) pair
of charts ¢ : U — R™ about p and n: V — R"™ about F(p), by

dfy[(p,w)] = [(n,d(n o f o™ )ppu)]-
The rank of f at p is the rank of df,, which is defined as
rank(df,) = rank (d(no f o 90_1)90(17))

for some (and hence any) pair of charts ¢ : U — R™ aboutp andn : V — R"”
about f(p). The nullity of f at p is defined as null(df,) = m — rank(df).

In terms of paths, df, is given by
dfply] = [fonl,

while, in terms of derivations, it is given by
(dfp-u)g =u(gof).

Observe that (upon identifying 7, R™ with R") the differential of a smooth
map f : R™ — R™ is just the usual differential. We also observe that (iden-

tifying T,R with R) the differentials d:c% of the component functions of any
chart ¢ = (z1,...,2") : U — R" for M satisfy

1if i=j
d}(@ly) = 5 * 0if i£j.

Definition 3.6. A smooth map f : M — N between smooth manifolds(-
with-boundary) M and N is called a local diffeomorphism/immersion/
submersion, respectively, if its linearization df, : T,M — Ty N is an iso-
morphism/monomorphism/epimorphism, respectively, for all p € M. The
map f is called an embedding if it is a diffeomorphism onto its image. An
immersion v : I — M from an interval I C R into a smooth manifold M is
called a regular curve in M.

Example 3.7. Projection mappings mpr : M X N — M are submersions.
Inclusion mappings tpr : M — M x N are embeddings.
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Definition 3.8. A subset M of a smooth n-manifold-with-boundary N is a
smooth m-submanifold(-with-boundary) if for every point p in M there
exists a neighborhood V of p in N, an open set U C R™ (RY') and a smooth
map & : U — N such that £ is a homeomorphism onto M NV and d€|, is
injective for every q € U.

Definition [3.8] characterizes a submanifold as a subset which may be
written locally as the image of an embedding. The following proposition
provides useful equivalent definitions of a submanifold. Its proof is an ap-
plication of the classical inverse function theorem, which we now recall.

Theorem 3.9 (Classical inverse function theorem). Let f be a smooth
function from an open neighbourhood of r € R™ to R™. If the derivative
dfy : R — R" at x is an isomorphism, then there exist neighbourhoods U

of x and V' of f(x) such that f|y is a diffeomorphism from U to V.

Proposition 3.10. Let M be a subset of a smooth manifold N. The fol-
lowing are equivalent:

(a) M is an m-dimensional submanifold.

(b) M is an m-dimensional manifold and admits a differentiable struc-
ture with respect to which the inclusion v : M — N is an embedding.

(c) For every p € M there exists an open set V. C N containing p,
an open set W C R" and a diffeomorphism F :V — W such that
F(MnNV)=Wn(R™x{0}).

(d) For every point p € M and every charty : W — R™ for N about p,
there exists an open set V.C W containing p, an open set U C R™,
a smooth map f : U — R™™ and a permutation o € Sy, such that

MOV ={peV: (" D).y w) = £ (1O w), .y w) |-

(e) For every p € M there exists an open subset V' of N containing p
and a submersion 7 : V. — R"™™ such that M NV = 7—1(0).

Proof. We will not prove the implications “(b) implies (a)”, “(c) implies
(a)”, “(d) implies (¢)” or “(c) implies (e)”, as these are more or less imme-
diate. It then suffices to establish that “(a) implies (b)”, “(a) implies (d)”
and “(e) implies (d)”.

We first establish that (a) implies (b). If M is an m-dimensional sub-
manifold of N, then, given p € M, we can find an open subset U of R™,
a neighbourhood V of p in N, and a smooth map £ : U — N which is a
homeomorphism onto M NV and has injective derivative. Without loss of
generality, the closure of V' is contained in the domain of a chart ¥ for N
(since otherwise we may simply intersect it with an open set whose closure

24
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lies in the domain of a chart v of our choice, and then replace U by the
preimage of the intersection). If we denote by V the image of V under
and by M the image of M under v, then the composition £ = ¢o&: U — V
is a homeomorphism of U onto M NV with injective derivative.

Set y = 1(p) and = = ¢~ Y(p). Since d€, is injective, we can choose a
bijection ¢ : {1,...,n} — {1,...,n} such that rows (1) to a(m) of d§,
are linearly independent. Thus, if we define the projection 7 : R* — R™
by 7(21,- -, 2n) = (26(1)s - - - » Z0(m) ), then d(m o é’)x is an isomorphism, and
hence the inverse function theorem provides open sets A C U about x and
B C n(V) C R™ about 7(y) and a smooth inverse 1 : B — A of 7 o £| 4.

We claim that the set A consisting of the maps
p=mo|lw: W — B, where W =¢(A)

thus defined for each p € M is a differentiable atlas for M. Indeed, since
p = &(x) € £(A), the domains certainly cover M. Moreover, each map ¢ is
the inverse of the homeomorphism £ o 7. Finally, for any pair of points p
and g in M, the corresponding transition map

Pp © ‘Pg;”WpﬂWq =TpO wp © é‘q o nq’WpﬂWq
= 7Tp © (wp ° 1/}(]_1) © (/llz)q © gq) © nq‘meWq

is smooth whenever the overlap is nontrivial. The corresponding maximal
atlas therefore provides a differentiable structure for M.

Finally, with respect to the induced topology, the inclusion ¢ : M — N
is a homeomorphism and, for any pair of charts ¢ for M and ¢ for N as
above, we have Y oro¢~! = (10 &) on, which has injective derivative. That
is, ¢ is an embedding, which establishes (b).

To see that (a) implies (d), we simply proceed as above, defining the
components of f to be the components o(m+1),...,0(n) of the map {on|p.

It remains then to prove that (e) implies (d). Given p € M, let 7 :
V. — R™™ be a submersion of a neighbourhood V of p in N such that
771({0}) = M NV. Without loss of generality, the closure of V lies in the
domain of a chart ¢ for N. Set x = ¢~ (p) and U = (V). Since d(royp~1),
is a surjective, we may find a bijection o : {1,...,n} — {1,...,n} such that
its columns o(m+1),...,0(n) are linearly independent. Define P : U — R"
by P(2) = (261,- -5 20(m), 7(2)). Then dP, is an isomorphism, and hence
the inverse function theorem provides an inverse P~! for P restricted to
some neighbourhood of z. Observe that (d) holds with f(z1,...,2z,) given
by the components o(m + 1),...,0(n) of P~ (z1,...,2m,0). O

A version of the proposition also holds in the context of manifolds-with-
boundary.
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Proposition yields a rich supply of examples of manifolds. Indeed,
by parts (a) and (b), the image of a smooth map £ : U C R"™ — R™ which

open
is a homeomorphism onto its image and has everywhere injective derivative
is a smooth m-manifold. By parts (b) and (d), the graph

graphu = {(z,u(z)): 2 € Q C R"}
open

of any smooth function u :  — R is a smooth n-manifold. By parts (b)
and (e), the zero set

zerou = {x € Q C R"™:u(z) =0}

open

of any smooth function u : 2 — R with nowhere-vanishing gradient is a
smooth n-manifold.

Example 3.11. By Proposition (e), the following level sets are sub-
manifolds of Fuclidean space.

(1) The sphere, S™ = {x € R""! : |z| = 1},

(2) The cylinder {(z,y) € R™ x R : |z| = 1};

(3) The torus T? = {(z,y) € RZx R?: |z| = |y| = 3};

(4) The special linear group SL(R™) = {L € GL(R") : det L = 1} ;
(5) The orthogonal group O(R") = {L € GL(n) : LLT =TI}.

The inverse function theorem can be generalized to smooth maps be-
tween smooth manifolds(-with-boundary) by applying the classical version
in charts.

Theorem 3.12 (Inverse function theorem). Let f : M — N be a smooth
map between smooth manifolds(-with-boundary) M and N. If df, : T,M —
TN is an isomorphism then there exist neighborhoods U of p and V' of
f(p) such that f|y is a diffeomorphism from U to V.

Proof. Let ¢ : U — R™ and n : V. — R" be charts for M and N about p
and f(p), respectively. If df, : T,M — Ty, N is an isomorphism, then so
isd(no fo go_l)go(p). So the inverse function theorem provides open subsets
A CUand B CV such that no fop |4 : A — B is a diffeomorphism.
That is, f is a diffeomorphism from ¢~1(A) to n~1(B). O

The implicit function theorems are generalized similarly.

Theorem 3.13 (Implicit function theorem (surjective version)). Let f :
M — N be a smooth map between smooth manifolds(-with-boundary) M
and N. If df(p) : TyM — Ty M is an epimorphism then there exists a
neighborhood U of p such that f=*({f(p)}) NU is a smooth submanifold of
M of dimension null(df (p)).
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Theorem 3.14 (Implicit function theorem (injective version)). Let f : M —
N be a smooth map between smooth manifolds(-with-boundary) M and N. If
df(p) : T,M — Typ)M is a monomorphism then there exists a neighborhood
U of p such that f|y is an embedding.

Exercises.

Exercise 3.1. Show that the equivalence relation in Definition[3.9 does not
depend on the choice of chart.

Exercise 3.2. Consider the differentiable manifold defined by equipping R™

with its standard differentiable structure (induced by the identity chart id :

R"™ — R™). Given p € R", T,R"™ is isomorphic to R"™ via the identification
[(id,u)] — .

Write down explicit isomorphisms P,R" — R" and D,R" — R".

Exercise 3.3. Let M™ be a smooth manifold and p a point of M™. Show

that, given any chart ¢ : U — R™ about a point p, the induced bases for T,M ,
P,M and D,M coincide under the corresponding natural isomorphisms.

Exercise 3.4. Show that the rank of a smooth map does not depend on the
choice of charts.

Exercise 3.5. Let o be a chart for a differentiable manifold. Show that ¢ ="
s a local diffeomorphism.

Exercise 3.6. Show that the projection map w : S™ — RP™ defined by
mw(x) = [z] is a local diffeomorphism.
Exercise 3.7. Let M be a differentiable manifold.
— Show that, for any y € M, the inclusion map v : M — M x M
defined by v(x) = (z,y) is an embedding.
— Show that the projection map 7 : M xM — M defined by v(x,y) = x

1S a submersion.

Exercise 3.8. Let G be a Lie group. Show that, for any x € G, left multi-
plication by x, y — L,(y) = x -y, is a local diffeomorphism.

Exercise 3.9. Let G be a Lie group. Show that the multiplication map is a
submersion from G x G to G.

Exercise 3.10. Show that the inclusion of S™ (equipped with the atlas in-
duced by stereographic projection) into R"! is an embedding.

Exercise 3.11. Prove that CP' is diffeomorphic to S?. HINT: Consider
the atlas for S? given by the two stereographic projections, and the atlas for
CP! given by the two projections [z1, 23] ++ 20/21 € C =2 R? and [z1, 29] >
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21/z2. Now define a map between the two manifolds by defining it between
corresponding charts in such a way that it agrees on overlaps.

Exercise 3.12. Consider S® C R* = C2. Define 7 : 83 — CP' = 52 to be

the restriction of the canonical projection (z1, z2) — |21, z2]. Show that m is
a submersion.

Exercise 3.13. What are the dimensions of the submanifolds SL(R™) and
O(R"™) of GL(R™)?
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4. Some differential topology

We will now briefly present some beautiful applications of differential geom-
etry to topology, following Milnor [6].

Definition 4.1. Let f : M — N be a smooth map between smooth manifolds-
with-boundary M and N. A point x € M is eritical (a.k.a. singular) if
df (x) : TeM — Ty ()N is not surjective (that is, if Rank(df (x)) < dim(N)).
Else, = is a regular point. A value y € N is regular if f~1({y}) contains
no singular points. Else, y is a critical (a.k.a. singular) value.

Note that every point y € N\ f(M) is counted as a regular point (since
f~1({y}) is empty, it cannot contain any singular point). We will denote the
set of regular values of a smooth map f by regf. By the implicit function
theorem (surjective version), the level sets f~1({y}) corresponding to a reg-
ular value y are smooth submanifolds of M of dimension dim(M ) —dim(N).

Theorem 4.2 (Regular value theorem). Let f : M — N be a smooth map
between smooth manifolds-with-boundary M and N. If y € N is a reqular
value for both f and floar then f~1({y}) is a smooth submanifold-with-
boundary of M and Of *({y}) = f~*({y}) N OM of dimension dim(M) —
dim(N).

Example 4.3. Define u : R"*! — R by u(z) = %|z|>. Then Du(z) = x.
That is, given v € T,R" = R" M Dou(x) = (v,z). It follows that all
points x € R™ 1 except for the origin are reqular and all values t > 0
are regular. So the level sets u='({t}) = {|z|*> = 2t} = S:L/Q»t are smooth

submanifolds of R"t1.

If M is compact and dim(M) = dim(N) then f~'({y}) is a compact
zero dimensional submanifold-with-boundary of M and hence a finite set
of points. In this case, we can define the function #f~! : regf — N by

#f7Hy) = 1 bl

Lemma 4.4. Let f : M — N be a smooth map from a smooth, compact
manifold M to a smooth manifold N of the same dimension. The function
#f~1 is locally constant.

Proof. Given y € regf there exist finitely many points z1,...,zx € M such
that f~'({y}) = {x1,...,2ny}. By the inverse function theorem, we can
find pairwise disjoint neighborhoods U, ...,Uy of x1,...,xy, respectively,
on which f is a diffeomorphism. Set V; = f(U;) for each i = 1,..., N. We
claim that #f~! is constant on the neighborhood

V=Win---nVy)\f(M\ (U;U---UUy))
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of y. Indeed, given z € V there exist, for each ¢ = 1,..., N, points z; € U;
such that f(z;) = z. So #f 1(2) > #f '(y). On the other hand, if w €
f~1({z}) then w € U; for some i and hence w = z;. O

Theorem 4.5 (Fundamental theorem of algebra). Every non-constant poly-
nomial over C has a zero in C.

Proof. Recall that the stereographic projection maps % : 52\ {(0,0, —1)} —
C and ¢ : 5*\ {(0,0,1)} — C are given by

_ T Y T Yy
o s) = (i) and wles) = (1257

and their inverses by
(2u, 20,1 4+ u? + v2) (2u, 20, —1 + u? + vg)

7 Yutiv) = and ¢~ ! (utiv) =

1+ u?+ v? 14 w2 4 92
A polynomial p: C — C, z +— p(2) = apz" + - - - + an, ag # 0, induces a map
f:8% = 52 via
1o X) if X #(0,0,1
. p © (p 1 ) )
fo 2 [ ere @) it X £ (0.0
(0,0,1) if X=1(0,0,1).

We claim that f is smooth (with respect to the differentiable structure on 52

induced by stereographic projection). It suffices to check that f is smooth
at (0,0, 1), and for this it suffices to check that the map

Pofop i =Fop lopopoy
is a smooth map from C\ {0} to C\ {0}. Observe (either by algebraic
manipulations or Euclidean geometry) that

N
ISR

@Of_l(z) zgoa‘l(z) = BB =

Thus,
1 z"
©o o*_lz = =
polop(z) p(z—1) Ao+ aiz+ -+ a2’

which is clearly a smooth map.

Since p is non-constant, Dp has finitely many zeroes. That is, f has only
finitely many critical points and hence only finitely many critical values,
Y1,.--,yn. It follows that regf = S\ {y1,...,yn} is connected. The
preceding lemma now implies that #f~! : regf — N is constant. Since p
is non-constant, regf is nonempty, so the constant #f~! must be positive.
We conclude that f is surjective. In particular, 0 € p(C). O

Theorem 4.6 (Weierstrass approximation theorem). The space of smooth
functions on a compact smooth manifold-with-boundary is dense in the space
of continuous functions (with respect to the uniform topology).
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Proof. We will prove the claim when M = B™. The proof for the general
case is not that much harder (but we have to work in charts). First, we
extend f to a continuous function on R” by

f(z) if € B"
fa)= 31 (5 ) sl =) it o e By B
0 if ©¢ BY.
Next define, for any ¢t > 0,
(4.1) o) = (amt) % [ ) ay.

By the bounded convergence theorem, we can differentiate through the inte-
gral; so f; is smooth for all £ > 0. Moreover, f; — f uniformly ast — 0. [

Remark 4.7. The function (z,t) — fi(x) defined by (4.1)) is the solution

to the heat equation with initial condition fo = f.

Lemma 4.8 (Hirsch). No smooth, compact manifold-with-boundary M ad-
mits a smooth retraction f: M — OM to its boundary OM.

Proof. Suppose, to the contrary, that there is a smooth retraction f : M —
OM. By Sard’s theorem (see [6, §3]), there exists some y € regf. Since
flaas is the identity map, y € regf|sn and the regular value theorem im-
plies that f~1({y}) is a smooth, compact 1-submanifold-with-boundary of
M and 9f'({y}) = f~1({y}) NOM = {y}. But this is impossible: any
compact 1-manifold-with-boundary is a finite disjoint union of circles and
compact intervals, and hence possesses an even number of boundary points,
a contradiction. O

Corollary 4.9 (Smooth Brouwer). Every smooth map f : B® — B™ has a
fixed point.

Proof. Suppose, to the contrary, that there exists a smooth map g : B" —
B™ with no fixed points. Then the map f defined by sending a point = € B"
to the intersection of dB™ with the ray from f(x) through z is a smooth
retraction of B onto 0B". ([l

Corollary 4.10 (Brouwer). Every continuous map f : B — B" has a fived
point.

Proof. Suppose, to the contrary, that there exists a continuous map g :
B™ — B™ with no fixed points. Set

po=min lg(w) — 2] > 0.
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By the Weierstrass approximation theorem, there exists a smooth function
f: B™ — B"™ such that

7
Hf_g‘|oo<§-
Set
gy =
Then
o = olloe = = gllp = (14 §) gl < Ip = e + ol < 1

It follows that g, has no fixed points, contradicting the smooth Brouwer
fixed point theorem. Indeed, if g,(z) = z for some z € B™ then

p= I%lnn lg(z) —z| < [lg(2) — 2l = ll9(2) — gu()I| < lgp — glloc < 12
a contradiction. O

The following theorem, known colloquially as the “you can’t comb a
hairy ball” theorem, is usually proved by methods of algebraic topology. The
following beautiful proof (due to Peter McGrath) is distinctly differentio-
topological.

Theorem 4.11 (Hairy ball theorem). The unit two sphere S?> C R® admits
no continuous nowhere-vanishing vector field.

In the statement of the theorem, a (continuous) vector field on S? is
taken to be a (continuous) map V : S? — R3 such that (V,, p) = 0.

The subspace L, = {v € R3 : (v,p) = 0} of R? clearly has something
to do with the tangent space 7,52 to S? at p. Indeed, we can (canonically)
identify the two spaces as follows. First note that the inclusion map ¢ :
S? — R3 induces an injective linear homomorphism diy : Tp52 — TpR3 for
each p € S2. On the other hand, we may identify TPRS with R3 via the
isomorphism

ui8i|p — ule;
where {e1, 2, e3} the standard oriented basis for R® and {01, d2|p, s, } is
the coordinate basis for Tp]R3 with respect to the identity chart. Now, if
v : I — S? is a regular curve, then |t o v|? = 1, and hence

d 1

=7 o 5\4 o* = ((t07)'(0),104(0)) .
That is, (1 ©7)'(0) € L(,oy)(0)- The map [y] € T,5% — (1 07)'(0) € L, coin-
cides with du,, after identifying TpR3 =~ R3, and is therefore an isomorphism.
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Observe also that we can equip each tangent space T,R?® to R? (and
hence also each tangent space T},S? to S?) with a canonical inner product
(,-), using the canonical identification of T, »R? and R3. That is,

3
<ui8i|p, vif)i]p>p = Zuivi .
i=1

Proof of Theorem (following Peter McGrath). Contrary to the
claim, suppose that S? admits a continuous nowhere-vanishing vector field
V. Without loss of generality, |V| = 1 (since else we may replace V with
VIV

At each point p € S?, we may equip 7,S% C T,R? with the orthonormal
basis {V}, V;)L}, where V;)l is the unit vector orthogonal to both V,, and X, =
p'0ilp such that {V},V;", X,} has the same orientation as the coordinate
basis.

For each p € S2, denote by ®,, the isometry of R3 that maps p to
the origin and whose derivative at p maps {V), V;,L, Xp} to {e1, ez, e3} after
identifying ToR3 with R3. Note that this map F, = (d®,), : T,R3 — TyR3 =
R3 maps a vector tangent to S? at p into the oriented plane e; A es, which
we identify with R? in the obvious way. We may now define the rotation
number (with respect to V) of a regular curve v : S' — 52 as the winding
number of the curve s — F,57'(s).

Given p € S? and s € (—1,1), consider the parallel at height s in the

direction p,
Cp,s = {q € S2 : <Q7p> = 5}'

We may choose a regular parametrization cp s : St — S2 of each Cp,s such
that [c, ;| = 1 and the orientation of {F¢, ¢}, cps} agrees with that of
{e1,e3}. These curves are all regularly homotopic and so have the same
rotation number, say r € Z. Now, when s = 0, the two curves ¢, and c_p 0
parametrize the same parallel but with opposite orientations. Thus, r = —r,
and hence » = 0. On the other hand, for s close to 1, the rotation number
of ¢p s is close to the rotation number of a circle in the plane because V' is
close to Vj, on ¢p 5. So r € {—1,1}, which is impossible. O
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5. THE TENSOR ALGEBRA OF A LINEAR SPACE

5. The tensor algebra of a linear space

“A comathematician is a machine for turning cotheorems
into fee.” — Paul Erdos*.

Associated with any finite dimensional real linear space V is its dual
space V* — the real linear space of real linear maps from V to R. The dual
(V*)* of V* is isomorphic to V via the obvious identiﬁcatiorﬂ

v(a) = av) forany v €V and a € V*.

Associated with any pair of (not necessarily distinct) finite dimensional
real linear spaces spaces U and V are the direct sum U & V and tensor
product U ® V.

The direct sum U @V is simply the real linear space formed by equip-
ping the set of ordered pairs (u1,v;) € U x V' with the obvious linear struc-
ture:

(u1,v1) + AMuz,v2) = (u1 + Aug, v1 + Avg)
for uy,ug € U, v1,v3 € V and A € R. If we identify U and V with U@ {0} and
{0} @V, respectively, we may write u+wv instead of (u, v) without ambiguity.
The direct sum is associative and Abelian, in the sense that (U& V)& W is
canonically isomorphic to U® (V@ W) and UV is canonically isomorphic to
V @& U. The infinite direct sunﬂ @2,V is the real linear space generated
by all finite formal linear combinations of elements v; € V;.

Given finite dimensional linear spaces U and V, the tensor product
U*®V is defined to beﬁ the linear space Hom(U, V') of linear maps from U
to V. Given a € U* and v € V, we can define a “tensor” a®v € U*® V,
called the tensor product of a and v, by

(a®@wv)(u) =a(u)v for ueU.

Since any finite dimensional linear space may be treated as the dual of its
dual, this defines the tensor product of any pair of finite dimensional linear
spaces.

Note that Hom(U, V) is isomorphic to the space Hom(U, V*; R) of bilin-
ear maps from U x V* to R via the obvious rule

T(u,9) = 9(T(u)).

60 course, any two linear spaces of the same finite dimension are isomorphic. The point
here is that we are presented with a “canonical” choice of isomorhism, which we may henceforth
employ without further mention, whereas, in general, such an isomorphism depends on making
some arbitrary choice (of basis, say).

"Note that this is not the same as equipping the infinite Cartesian product with the canonical
linear structure. Compare the box and product topologies on [ [y R.

8There are other definitions (which agree up to “canonical” isomorphism). See, for example,
[8) Chapter 2].
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Elements of a tensor product space U ® V' which can be written as the
tensor product u ® v of elements v of U and v of V are called simple.
Each element of U ® V' can be written as a linear combination of simple
elements. Indeed, if {e;}, is a basis for U and {f;}!'; is a basis for V,
then {e; ® fJ}Zn]Zl is a basis for U ® V. So U ® V is a real linear space of
dimension m X n.

The keen eyed observer will have noticed that we have just opened Pan-
dora’s box — we can generate an endless number of natural spaces from
any given real linear space V: applying the dual, direct sum and tensor
product operations yields myriad “tensor spaces” over V. These spaces are
also linear, as are the spaces of linear maps between them, and also the
tensor spaces over these new spaces, etc, etc. The number of algebraically
distinct spaces thus produced is greatly reduced by canonical isomorphisms,
however. This is formalized by the universal property.

Proposition 5.1 (The universal property). Let U, V and W be finite di-
mensional real linear spaces. Given any bilinear map U x V. — W there
exists a unique linear map U @ V. — W such that the following diagram
commutes:

UxV — W

™
UeVv
where m(u,v) =u®v.
Proof. See [8, Chapter 2] or [5, Chapter 12]. O

Modulo canonical isomorphism, the tensor product of linear spaces is
associative and commutative. Note, however, that the tensor product of
elements of these spaces is not commutative.

The tensor algebra T'(V') over a finite dimensional real linear space V'
is the algebra generated by finitely many direct sums and tensor products
of elements of V*:

k
T(V)= P RV
keNg i=0

The tensor algebra is Z-graded: it is a direct sum of homogeneous sub-
spaces

V) = Q@ V*
=0

satisfying T#(V) @ T'(V) € T*+(V). The degree of a homogeneous tensor
T € TH(V) is defined as deg(T) = k.
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The tensor algebra is also Zo-graded: if we define the (Z2-homogeneous)
subspaces H°(V) and H'(V) of direct sums of tensors of even and odd de-
gree, respectively, then

T(V)=H(V)e HY(V)
and H (V) ® H/(V) ¢ H"(V), where addition of indices is understood
modulo 2. Define a map n: T'(V) — T(V) by

n(T) = (~1)%DT

for homogeneous elements 7', extended to all elements by distributing over
direct sums. Observe that n is an involutory automorphism. Indeed, if S
and T are homogeneous tensors, then

n(SQT) = (—1)de8S)+dee(D) g — (—1)4e8(%) g (—1)deMT = y(S)@n(T).

Involutivity is clear. The even and odd subspaces are eigenspaces of 1 with
eigenvalue 1 and —1, respectively.

The mixed tensor algebra T'(V') over a finite dimensional real linear
space V is the Z x Z-graded algebra generated by finitely many direct sums
and tensor products of elements of V' and V*, modulo canonical isompor-
phisms:

V)= @ T*),

(k,l)eNo xNo

where the homogeneous tensor spaces T (V) are defined by

(Y ®V*®®V

By the universal property, we can identify T (k’l)(V) with the space

l
THED (V) = Hom V,...,V; v
(v) Ve Vi@

k-times j=1

of multilinear maps from Hle V to ®é-:1 V', where [ [ denotes the Cartesian
product.

5.1. Traces. Let V be a finite dimensional real linear space. Observe that

the homogeneous subspace T(l’l)(V) is equipped with a trace operator tr :
T (V) — R defined by

T) %Y 0(T(e) =) T},
i=1 i=1
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where {e;}1"; is some basis for V and {*}"; is the corresponding dual

basis for V* that is,
9 5 1ifi=j
(€) =0 =0 it iz,

In order to make things more manageable, we henceforth make use of the
Einstein summation convention. That is, unless otherwise stated (or
clear from context), indices which appear twice, once in an “upper” position
and once in a “lower” position, are implicitly summed over.

Note that the trace is independent of tl}g choice of basis for V. Indeed,
if {é;}}; is some other basis for V' and {¢'}}_, is the corresponding dual
basis for V*, then we can find some L = L9’ ® e; € GL(V) such that

éz‘ = L(ei) = Lgej
for each i. But then
Pler) = L (@) = (L7H] = ¥ =@ v,

where (Lil)g are the components of L~!. Note that
(LNELE = (L5 (L(ew))
= 0/ (L((L™")fex))
= 0/(L(L™ ()
= 97 (e;)

SO

When k and [ are both at least one, the homogeneous subspace T} (V)
is equipped with a family of trace operators tr(; ; : T®ED (V) = TkR=LI=1 ()
defined on each T e T®D (V) by
(tr(i’j)T)(ul, e UR—1, 191, e ,ﬁl)

= tr((u,ﬂ) 5 T (UL, -y Wity Uy Ugg 1 - e ey U1, O ,ﬂj_l,ﬁ,ﬁj+1,19l)) )
for any (k — 1)-tuple of vectors uy,...,ug—1 and any (I — 1)-tuple of cov-

ectors ¥,...,%_1. That is, we “freeze” k — 1 covariant factors and [ — 1
contravariant factors and take the trace of the resulting (1, 1)-tensor.
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5.2. Derivations. Let V be a finite dimensional real linear space. A linear
map D from the (covariant or mixed) tensor algebra T'(V') to itself is called
a derivation if it satisfies the Leibniz rule:

D(S®T)=DS®T+S®DT.

A derivation on the covariant tensor algebra is Z-graded of degree p if
D(T*(V)) € TF*P(V); Z x Z-graded derivations on the mixed tensor algebra
are defined similarly, as are and Zs- and Zo X Zo-graded derivations.

Observe that any derivation on the covariant tensor algebra is uniquely
determined by its action on V*. Indeed,
DT = D(Tj,. 9" @ - - @ 9)
— il...ikD(ﬁil R ® 191'1@)
k
:Elmikzﬁll Q@D R @O
j=1
Similarly, any derivation on the mixed tensor algebra is uniquely determined
by its actions on V and V*.

A graded derivation of degree zero on the mixed tensor algebra com-
mutes with traces if

D(trT) = tr(DT)

for any trace operator tr. Such derivations are uniquely determined by their
action on V since

0= D(I(u))
D(tr(9 @ u))
= tr(D(W®@u)))

tr(DY @ u + 9 ® Du))
= DY(u) + 9¥(Du)

and hence
D¥(u) = —9(Du)
for any v € V and any ¢ € V*.

5.3. Symmetric and skew-symmetric tensors. Let V be a finite di-
mensional linear space. Given k € N and 4,5 € {1,...,k}, denote by 7;; the
isomorphism of Hle V' which interchanges the i-th and j-th factors. A ten-
sor T € T*(V) is symmetric with respect to its i-th and j-th components
if
T (mij(v)) = T(v)
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for any v € Hle V. T is skew-symmetric with respect to its ¢ and j-th
components if

T(mij(v)) = =T(v)

for any v € Hle V. T is totally symmetric (resp. totally skew-
symmetric) if it is symmetric (resp. skew-symmetric) with respect to every
pair of components. Denote by ¥¥(V) and A*(V') the subspaces of T*(V)
consisting of its totally symmetric and skew-symmetric tensors, respectively.

The linear maps Sym : TH(V) — TH(V) and Alt : TF(V) — T*(V)
defined by

1
Sym(T)(va, -, v) = 75 > Ty, s V(i)
" oeS,

and )
AL(T)(vr, - on) = 4 > sgn(0)T (v, - - Vo))
€Sk

respectively, are projections onto ¥¥(V') and A*(V) (this is clear since they
are linear, involutive and map into the corresponding subspace). If {6*}7
is a basis for V*, then

{Sym(6" @ -~ @6")}7 ;1 and {Al(0" © -~ ©6%)}]

11,...ik=1
are bases for ©*(V) and A¥(V'), respectively. Some combinatorics then yield

<” +Z - 1) and dim(AF(V)) = (Z) ,

where n is the dimension of V. In particular, dim(A*(V)) = 0 for k > n.

dim(2F(V)) =

The tensor product of two totally symmetric (resp. totally skew-symmetric)
tensors is not necessarily totally symmetric (resp. totally skew-symmetric).
Define the symmetric product ® and skew-symmetric product A of
two homogeneous tensors a, 3 € T*(V) by

a® B =Sym(a® f)

and
alf=Alt(a® )

respectively, and extended to arbitrary tensors by distributing over addition.

Example 5.2. When o, 8 € V*, we obtain the familiar formulae

(5.1) a@ﬁz%(a@ﬁ—i—ﬁ@a)
and
(5.2) a/\BZ%(Oz@ﬁ—ﬁ@a).
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Another fact you should be familiar with is the decomposition
VERVE=*(V)a A (V),

which follows from the fact that every simple element o ® 3 can be written
as

a@pB=a@f+aNp.

Clearly, the symmetric (resp. skew-symmetric) product produces a sym-
metric (resp. skew-symmetric) tensor from a pair of symmetric (resp. skew-
symmetric) tensors. The (Z-graded) algebra of symmetric tensors is ob-
tained by equipping the subspace

»(V) = é skv)
k=0

of the tensor algebra with the symmetric product. The (Z-graded) algebra
of skew-symmetric tensors is obtained by equipping the subspace

AV) = é AR (V)
k=0

of the tensor algebra with the skew-symmetric product.

From now on, we will use the common names exterior algebra and
wedge product for A(V) and A respectively, and (exterior) k-form for
elements of A*(V).

Proposition 5.3. The wedge product is associative and anti-commutative:
aAB= (DB A

for any two homogeneous elements o € A*(V') and § € A“(V).

Proof. To prove associativity, first note that

(aAB)Ay = Alt(Alt(a ® B) ® )
= Alt((a®@ )@y — (1 - Alt)(a® ) ® )
= Alt((a® ) @) — Alt((1 — Alt)(a ® 8) ® 7).
By Exercise [5.5]
Alt((1 — Alt)(a® B) ®v) = 0.
It follows that
(@anp) Ay =Alt((a®B)®@7).
Similarly
alN(BAy)=Altla® (B®7)).
Associativity now follows from associativity of ®.
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Since A distributes over addition, it suffices to prove the claim when «
and (3 are simple. The claim follows from (5.2) when k£ = 1. Indeed, in that
case,

anB=aAB A NS
= —BAanBEA- A
=(-1)8'A---ABAQ.

Suppose, then, that the claim holds for some fixed & and any ¢. Let o =
a® A o be a simple element of degree k 4 1 (where o has degree k) and f3
any simple element (of degree ¢, say). Then

anB=a’ A" AB
= (D) A B A
_ (_1>k£+e/3/\ao Aok
= (=)D A B,

Anti-commutativity now follows by induction. O

The interior product (a.k.a. contraction) of a k-form a € A*(V) by
a vector v € V is the (k — 1)-form ¢, defined by
Ly (V1 .oy Vp—1) = (v, V1, ..., V1)

The interior product ¢, extends to A(V) by distributing over addition. Ob-
serve that ¢, is an anti-derivation. This means that it satisfies the skew-
Leibniz rule:

(A B) = aAB+ (=1)Fa B

for any k-form «, any € A and any v € V (Exercise . We say that
an anti-derivation D : A(V) — A(V) is graded if there is some k such that
D(AP(V)) € APT#(V) for each p. The number k is its degree.

By the following proposition, ¢, is the unique graded anti-derivation of
degree —1 on the exterior algebra which satisfies

Ly = a(v)

for one-forms .

Proposition 5.4. Let D; : A(V) — A(V), i = 1,2, be anti-derivations. If
Dia= Dy

for all a € A*(V), then Dy = Ds.
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Proof. Since D, — D; is an anti-derivation, it suffices to show that the
only anti-derivation which is zero on one-forms is the zero derivation. This
follows immediately from the formula

k
D@ A--na®) =" (1) A AaTEADa AT A A QR
i=0
for any anti-derivation D and one-forms o', i = 0,..., k. O

Proposition 5.5. The interior product is closed:
Lytyax =0
for everyv € V and a € A(V), and skew-symmetric,
(Lyty + tyty)ax =0

for every u,v € V and a € A(V).

Proof. Observe that
tuto(@ A B) = tutwa A B+ (=1 Lya A B+ (=D 1t A 1o f + @ A Lyt 8
and hence
(tuty + tyty) (@ A B) = (tyty + toty)a A B+ a A (tyly + Loty) -

That is, tyty + tyly 18 a derivation. The claim follows since ity + Lyly
vanishes on 1-forms and any derivation D satisfies

D A---naf)=>"a" A Ao ADA AQTT A AP

on a product of 1-forms ol,. .., oF. O

dim Ak ( )
A

where n is the dimension of V. In particular,

dim(A(V)) = Zdim(Ak(V)) =3 <Z> = on.
k=0

k=0

Moreover, A¥(V) is isomorphic to A"~*(V) and, in particular, A™(V) is 1-
dimensional. Each nonzero element 2 of A™(V') induces an isomorphism
xq : AF(V) — A"*(V), called the Hodge star map, defined on basis
elements 0 A --- A 0F by

s A A Qk) = ey - ley €2,

where {e;}"; is the basis for V dual to the basis {#"}2, for V*. This
definition extends to all of A¥(V) by linearity.

Recall that

(V) is finite dimensional:
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If V* is equipped with an inner product, then it is natural to equip it
with an oriented orthonormal basis. Since the determinant of any special
orthogonal transformation is 1, we obtain, by Exercise[5.9] a canonical choice
of n-form

sl=e Ao ne.
That is, *1 does not depend on the choice of oriented orthonormal basis
(although it will clearly change sign if the orientation is reversed).

5.4. The tensor algebra of the tangent space. Now, we have seen
that to every point p of a differentiable manifold M is associated a finite
dimensional linear space — the tangent space T, M to M at p. The space
TyM = (T,M)* dual to T, M is called the cotangent space at p. Its
elements are called cotangent vectors or covectors (at p).

A (mixed) tensor at p is any element of the (mixed) tensor algebra
of T,M. That is, any finite direct sum of finitely many tensor products
of elements of TyM (and T,M). In practice, it will suffice to consider the

homogeneous tensor spaces Ték’l)M = TW"D(T,M).

Exercises.

Exercise 5.1. Let V be a finite dimensional linear space. Show that the
map L:V — (V*)*, v— L, defined by
Ly(a) = a(v) for any € V*
is an tsomorphism.
Exercise 5.2. Let U, V and W be finite dimensional linear spaces. Write

down isomorphisms from (U@ V)& W toUd (Ve W) and from U SV to
VeU.

Exercise 5.3. Let U and V be finite dimensional linear spaces. If {e;}",
is a basis for U and {f;}], is a basis for V, show that {e; ® fj};?zl s a
basis for U @ V. Deduce that dim(U @ V) =m x n.

Exercise 5.4. Let U and V be finite dimensional linear spaces. Write down

an isomorphism from U@V to V@ U. Show (by way of a counterexample)
that, in general, u @ v # v u when U = V.

Exercise 5.5. Let V be a real linear space and p and o elements of its
tensor algebra T (V). Suppose that

Alt(pn) = 0.

Show that
Alt(la®@ p) =0=Alt(L® a).
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Exercise 5.6. Let aq,...,ay be 1-forms over a linear space V. Show that

1
ogEeSy,
Exercise 5.7. Let a be a 1-form and B a k-form over a linear space V.
Show that a A 8 is the (k + 1)-form defined by
k

Z(—l)ia(ui)ﬁ(ul, ey U1, UQy Wi Ty - - - 5 UR) -

=1

1

a/\/B(UO,,Uk):m

Exercise 5.8. Show that the interior product is a graded derivation of degree
—1.

Exercise 5.9. Let V' be a real linear space equipped with a basis {e;}! ;.
Given M € GL(V), we obtain a second basis {f;}_,, where f; = M/(e;).
Show that

fin---Afp=det(M)er A Ney.

Exercise 5.10. Let o = (z!,...,2") : U — R"™ be a coordinate chart for a
smooth manifold M. Show that the differentials d$§7 at p of the component
functions ' : U — R form a basis for Ty M which, moreover, is dual to the
corresponding coordinate basis {0yil|p}i_y for TyM in the sense that

1 if i=j

JI(9al) =& =
dx))(0yilp) = 0] = {O it
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6. The tangent bundle and its tensor algebra

We have constructed a tangent space T, M at each point p of a manifold M.
When we put all of these spaces together, we obtain the tangent bundle
TM of M:

TM:I—]pEMTpM: {(p,’U) :pGM,’U GTPM}

The tangent bundle is equipped with a natural surjection 7 : TM — M
which sends a pair (p,v) to the “base point” p. (Note that we do not equip
T M with the disjoint union topology. The topology for T'M is constructed
below).

If M has dimension n, then we can endow T'M with the structure of a
2n-dimensional manifold. Indeed, given a chart ¢ : U — V for M, we can
define a “chart” ® for TM on the set 7~ 1(U) = {(p,v) € TM :p € U} by

D(p,v) = (' (D), .-, @™ (D), v("), ..., v(p") € R*".

The first n coordinates describe the point p, and the remaining n give the
components v of the vector v with respect to the coordinate basis {9|,}7 ;.
We will often write the coordinates on M as ¢ = (z!,...,2") and the
corresponding coordinates on TM as ® = (z',... 2", &', ..., &").

We declare a subset V' C TM open if and only if ®(V N7x~1(U)) Cc R?"
is open for each chart ¢ : U — R™, where ® is the induced chart on TM. To
check that these charts give T'M the structure of a differentiable manifold,
we need to compute the transition maps. So consider two non-trivially
overlapping charts ¢ : U — V and ¥ : W — Z for M. Then the transition
map ¥ o ®~! first takes a 2n-tuple (x!,..., 2", &' ...,2") to the element
(o=t ... ,:U”),:b"@i(@)) of TM, then maps this to R?” by ¥. (We add the
superscripts (¢) or (¢) to distinguish the coordinate tangent vectors given
by the chart ¢ from those given by the chart ). The first n coordinates of
the result are then just ¥ o o~ !(z!,...,2™). To compute the remaining n

coordinates, we need to write 82.(“0) in terms of the coordinate tangent vectors
8§¢). So consider, for any f € C(M),

@bleXfow Deei

D((foy ™) o@op™"))ppei
D(f o™ )y o D o 9™ ypes
D(fo )w(m(G (p)e;)

P)D(f o™ yme;
8(111
p) 7 |pf 9

Gl
= Gl
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where G(p) = D(¢ 0 ™). Therefore,

#07)), = ' GION |, = D(¥ o 9~y

and hence

Vod (z,d) = (pop  (z), DYooy )ei).

1

This is a smooth map since ¥ o ¢~ is smooth.

The tangent bundle gives rise to a natural notion of a vector field on M.

Definition 6.1. A vector field on a manifold M is a smooth section of
the tangent bundle TM. That is, a smooth map V : M — TM such that
7(V(p)) = p. We will often conflate V(p) = (p,Vp) € TM with V,, € T,M

The space of vector fields on M (smooth sections of T'M) is denoted
[(TM). It is naturally a module over the ring C'(M) of smooth functions
when equipped with the obvious linear structure.

In order to check whether a section V' : M — T'M is smooth (and hence
defines a vector field), we can work locally. In a chart ¢ : U — R™, V can
be written as V = V?0;, which gives us n functions V!,..., V™. It is then
easy to show that V is a smooth vector field if and only if these component
functions are always smooth as functions on M. That is, the vector field is
smooth if, when viewed through a chart, it is smooth in the usual sense of
an n-tuple of smooth functions.

Over a small region of a manifold (such as a chart) the space of smooth
vector fields is in 1 to 1 correspondence with n-tuples of smooth functions.
However, when looked at over the whole manifold, things are not so simple.
Indeed, the hairy ball theorem says that there are no continuous vector fields
on the sphere S? which are everywhere non-zero. On the other hand there
are certainly non-zero functions on S? (constants, for example).

Our notion of a tangent vector as a derivation allows us to think of a
vector field in another way.

Proposition 6.2. The module T'(TM) of smooth vector fields over a man-
ifold M s isomorphic to the module of derivations on C(M). That is, the
R-linear operators V : C(M) — C(M) satisfying the Leibniz rule

V(fg)=(Vfg+f(Vg) frgeC(M).

Proof. Let V be a derivation on C(M). Given p € M, the map V), :
C(M) — R given by V,,f = (V f)(p) is a derivation at p, and hence defines
an element of T, M. The map p +— V,, from M to T'M is therefore a vector
field. The identification is clearly linear with respect to R. We need to
check smoothness. The i-th component of V}, with respect to the coordinate
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tangent basis {0;}!" ; for a chart ¢ : U — R" is given by
V, = Ve

This is, by assumption, a smooth function of p for each i (since ¢’ is a
smooth function and V maps smooth functions to smooth functions — here
one should really multiply ¢* by a smooth cut-off function to convert it to a
smooth function on the whole of M just as we did for derivations at p € M).
It follows that the vector field p — V), is smooth.

Conversely, given a smooth vector field p — V,, € T,M, the map f —
V f defined by V f(p) = V,f = V,0i|,f satisfies the two conditions in the
proposition and takes a smooth function to a smooth function. Linearity of
the identification is again clear. It is also easy to check that composition of
the two identifications is the identity map. O

6.1. The tangent bundle as a vector bundle. The tangent bundle is
also equipped with a natural vector bundle structure.

Definition 6.3. A (smooth) vector bundle over a differentiable manifold
M with fibre RF is a differentiable manifold E equipped with a smooth sur-
jection (called a bundle projection) w : E — M satisfying the following
conditions:

(i) For every p € M the fibre E, = 7 '(p) is a real linear space of
dimension k

(i) Everyp € M admits a neighbourhood U C M and a diffeomorphism

(a local trivialization) ¢ : 71 (U) — U x R* such that
(a) Ty (d(n=(p))) = p, where ny :€ U x R¥ — U is defined by

7TU(Z’ U) =z,
and
(b) ¢|g, : E, — {p} xR¥ is a linear isomorphism for everyp € M.

A (smooth) section of a vector bundle m : E — M is a (smooth) map
Vi M — E such that 71(V(p)) = p. The set of (smooth) sections of E is
denoted by T'(E).

In short, a vector bundle is a manifold which locally has the structure
of a Cartesian product of a manifold with a vector space. Of course, this
is in general not true globally. It is common to think of vector bundles as
“twisted” products of a manifold with a vector space.

Example 6.4.

(i) The cylinder S™ x R* is a trivial vector bundle over S™ with fibre
RF.
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(ii) The Mébius strip E = (R x R)/ ~, wher(ﬂ

U ift—s=0 mod 2

) ~ (t, ff tes+Z and v=
(s,u) ~ (t,v) iff s and v {—u ift—s=1 mod 2

is a non-trivial vector bundle over S* = R/Z with fibre R.

Proposition 6.5. The tangent bundle T M of a manifold M equipped with
its natural projection w : TM — M 1s a vector bundle.

Proof. The projection 7 is clearly a surjection. To see that it is smooth, we
choose a chart ¢ : U — R™ for M and a corresponding chart ® : 771 (U) —
R?" for TM and observe that
pomo® (z,3) = pon(pT(z),i'%) = p(p~(z)) =z,
which is clearly smooth. Next, we define, for any chart ¢ : U — R for M,
a local trivialization ¢ : 771(U) — U x R via
(;S(pu /U) = (p; Uiei) )

where v’ = vp’. Then condition (ii) (a) is certainly satisfied since

¢(Ep) = {p} x R".
Condition (ii) (b) is also clear. Finally, we need to check that ¢ is a diffeo-

morphism. To see this, denote by @ the chart ¢ x Id for U x R™ and observe
that

Pogo® H(z,3) = o (e (2),4'0) = Fle~ (), d'es) = (,4).
Hence @ o ¢ o ®~! is the identity map. The claim follows. ([

We now briefly collect some basic vector bundle theory.

A smooth map f : Ey — FE5 from the total space of one vector bundle
71 : E1 — M to that of another 7y : Fo — My is called a (vector bundle)
homomorphism (a.k.a. a bundle map) if

(1) there exists a smooth map g : My — My such that the diagram

B L B
m 1
M 1 — MQ
g
commutes, and

(2) f’ﬂ_l—l({p}) is a linear map from 7' ({p}) to 75 ' ({g(p)}) for each
p € M.

9The first component generates the circle S = R/Z and the second component gains a “half
twist” every time the first component is traversed.
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We say that the homomorphism f covers the map g.

A vector bundle homomorphism f : Fy — FEj is called a (vector bun-
dle) isomoprhism if f is a diffeomorphism and f ‘Wfl( ) is an isomorphism
for each p € M;. (Equivalently, there exists a vector bundle homomorphism
f~': Ey — E; which is inverse to f.)

The differential (p,v) — (f(p),dfpv) (denoted df) of a smooth map
f : M — N between manifolds M and N is a homomorphism of their
tangent bundles TM and TN (see Exercise .

A subbundle of a vector bundle 7w : E — M is a vector bundle np :
F — M equipped with a vector bundle homomorphism ¢ : F' — E covering
the identity map on M. Typically, F' is a submanifold of E and ¢ is the
inclusion map.

The dual, direct sum and tensor product constructions extend to vector
bundles “fibrewise” — the idea is to perform the operations on the fibres and
then choose the charts and trivializations accordingly. These constructions
are particularly straightforward for T'M. For example, the tensor product
TM ®TM is constructed by equipping the set

TM @ TM = UpenTyM @ T,M
with the projection 7 : TM @ TM — M defined by
m(p,T) = p,
the charts ® : TM @ TM — R3" defined by
O(p, TY07], @ 07,) = ((p), TVei @ ¢5),

where ¢ is any chart for M, and the local trivializations ¢ : 7= 1(U) —
U x R" @ R" defined™| by

o0, T707 |p @ O |p) = (0, T e; ® ;) -

The bundle T*M = (T'M)* dual to T'M is called the cotangent bundle
(see Exercise [6.6]).

A covector field on M is a smooth section ¥ : M — T*M of the
cotangent bundle T*M. A tensor field on M is a smooth section T': M —
E of any bundle F obtained from T'M and T*M by finitely many direct
sums and tensor products. We typically conflate J(p) = (p,vp) € T*M
with ¥, € T, M and similarly for T'(p) = (p,1,) € E and T}, € E,. As for
vector fields, smoothness of a tensor field is equivalent to smoothness of its
components with respect to coordinate bases vectors d,: and one forms da’.

10Note that R™ ® R™ is canonically isomorphic to R™.
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In order to define vector fields on (immersed) submanifolds which are
not necessarily tangential to the submanifold, it is useful to define the notion
of restriction and pullback bundles.

The restriction m; : Eyy — M of a vector bundle 7 : E — N to
a submanifold M C N is defined by equipping Ej; = 7~ '(M) with the
restriction 7wy of ™ to Ej; and the “obvious” smooth structure and local
trivializations.

Similarly, given a vector bundle 7 : E — N and a smooth map f: M —
N, there is a vector bundle f*7 : f*E — M (called the pullback bundle)
whose fibres are (f*E), = Ey(,). One way to construct the pullback bundle
is to equip the disjoint union

fTE=A{(p,e) e M x E: f(p) = m(e)}
with the submanifold differentiable structure, the projection f*m defined
by f*m(p,e) = p, and the local trivializations f*¢ : (f*=)"L(f~1(U)) —
f~HU) x RF defined by

i (f70(p,€)) = TRri((€))
where ¢ : 771 (U) — U x R¥ is a local trivialization for 7 : E — N and mgs
is the projection onto the linear factor.

An important example is the bundle v*(T'M) of tangent vectors to a
manifold M along a regular curve v: I — M.

Given a smooth map f : M — N, observe that any element 1) of the bun-
dle T* N induces an element of T*M by composing with the homomorphism
df : TM — TN. That is,

u +— ﬁf(p) (dfpu) .

This construction extends to covariant tensors of any degree in the obvious
way. Somewhat confusingly, both forms induced by ¥ € T'N (the element of
f*TN and the element of T*M) are called the pullback of ¥ and denoted
by f*9.

6.2. The tensor algebra of the tangent bundle. Any vector bundle E
formed from finitely many tensor products and direct sums of the bundles
TM and T*M is called a tensor bundle. In practice, it will suffice to
consider homogeneous tensor bundles, which are finite tensor products of
the bundles T'M and T* M. Cotangent factors are traditionally referred to as
covariant, while tangent factors are traditionally referred to as contravariant.
Up to a canonical isomorphism, we can always assume that the covariant
factors precede the contravariant ones.

Note that the full tensor algebra of a vector bundle is no longer well-
defined as a vector bundle (since it cannot be locally homeomorphic to any
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finite dimensional Euclidean space). On the other hand, the sections I'(F) of
a vector bundle E over a differentiable manifold M form a finite dimensional
module over the ring C'(M) of smooth functions on M. Duals, direct sums
and tensor products of modules are defined in the same way as for linear
spaces. As you might expect, there is a correspondence between the two
points of view. Indeed, a tensor field T' € I'(E* ® F') (i.e. a field of linear
maps T : E, — F,) induces a C(M)-linear map T : T'(E) — I'(F) via

T(V)(p) = Tp(V3).
Conversely, a C(M)-linear map T : T'(E) — T'(F) induces a tensor field
T eT(E*® F) via

Ty(v) = T(V)(p),

where V € I'(E) is some extension of v € T, M. We claim that the result is
independent of the choice of extension. To see this, first note that

T(V)(p) = (ST(V)(p) =T(fV)(p),

where f is a function on M which is 1 at p and whose support lies inside
the domain U of a trivialization ¢ : 7~ '(U) — U x R* of E about p. On the
other hand, if we write V locally in U as V = V'e;, then we may write fV
globally as

fV =fvie,

where Vi and é; are any smooth extensions to M of V? and e; which are
unchanged in spt f. Thus,

which implies the claim.

Since these two identifications are linear and inverse to each other, we
conclude that

T(E*® F) 2 T(E)* @ T(F).

Similar arguments show that duals and direct sums also “commute with I"”.
In particular,
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We define the (covariant) tensor algebra of M by

k
P Qram)

keNp =0
and the (mixed) tensor algebra of M by

¢

k
b QT(T* M) @ QT (T M)

(k,0)ENgxNg \ i=0 j=0

Note that, although these spaces of tensor fields may not admit bases
(since they are modules, not linear spaces), it is a consequence of the univer-
sal property that every tensor field is a linear combination of simple tensor
fields.

Trace operators may be defined as for the mixed tensor algebra over a
linear space.

6.3. Derivations. Let M be a smooth manifold. An R-linear map D from
the (covariant or mixed) tensor algebra to itself is called a derivation if it
satisfies the Leibniz rule:

D(S®T)=DS®T+S®DT.

Graded derivations are defined as for derivations on the tensor algebra of a
linear space.

Since every tensor field is a linear combinatiom of simple tensor fields,
any derivation on the covariant tensor algebra is uniquely determined by
its action on covector fields and functions and any derivation on the mixed
tensor algebra is uniquely determined by its actions on functions, vector
fields and covector fields.

A graded derivation of degree zero on the mixed tensor algebra which
commutes with traces is uniquely determined by its action on functions and
vector fields.

Exercises.

Exercise 6.1. Recall that o subset V. C T M is declared to be open if and
only if ®(V Nm=Y(U)) C R?™ is open for each chart ¢ : U — R™, where ® is
the induced chart on TM, defined by ®(x,v'0f) = (o(z),v'e;). Show that
TM is paracompact and Hausdorff.

Exercise 6.2. Show that the projection w: TM — M is a submersion.

Exercise 6.3. Let V € I'(TM) be a vector field on a smooth manifold
M. Given any chart ¢ : U — R", define the n functions V;}, oy Vit via
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V, = Vg@ﬂp. Show that V' is a smooth vector field if and only if these
component functions are always smooth as functions on M.

Exercise 6.4. Show that the set T'(TM) of smooth vector fields (when
equipped with the natural addition and scalar multiplication) forms a module
over the ring C(M) of smooth functions.

Exercise 6.5. The Lie bracket [U,V] of two vector fields U and V is the
operator defined on smooth functions f € C(M) by

f=UV]f=UVf-VUf,

where U and V' are interpreted as derivations. Show that [U,V] is a deriva-
tion (and hence defines a vector field).

Exercise 6.6. Equip the cotangent bundle
T*°M = UpenTy M = {(p,9) :p€ M,9 € T, M}

with the projection 7w : T*M — M defined by 7(p,¥) = p. Construct charts
and local trivializations which make it a vector bundle.

Exercise 6.7. Let f : M — N be a smooth map between differentiable
manifolds. Show that df : TM — TN is a vector bundle homomorphism.
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7. The Lie derivative and Lie algebras

Any vector field on a differentiable manifold M is naturally associated with
an ordinary differential equation: if V' € I'(T'M) and p € M, then a basic
problem is to find an integral curve of V through the point p; that is, a
smooth map ~ : I — M for some interval I containing 0 such that

’}/(t) = Vw(t) forall tel,
7(0) =p
By writing the integral curve equation with respect to a chart as a system

of ODE and applying the the Picard-Lindel6f theorem, we can always find a
unique solution, at least for small values of t.

(7.1)

Theorem 7.1. Given V € I'(T'M) and p € M there exists 6 > 0, a neigh-
borhood U of p in M and a unique smooth map (called a local flow of V)
U :U x (—0,0) = M which satisfies

at\:[}(q’t) = V\Il(q,t) fOT all (qat) e U x (_67 5) )

¥(g,0) =q.
For each t € (—0,9) the map Uy : U — M defined by ¥(y) = ¥(y,t) is a
local diffeomorphism (onto its image) and

VoW =W,y

whenever s, t and s+t are in (—4,0).

Remark 7.2. The vector field O; is the natural vector field on U x (—0,0)
defined by

(7.2)

Ot = | Fot+s).

The smoothness of ¥ as a function of ¢ amounts to smooth dependence
of solutions on their initial conditions, and we get the added bonus that
the maps W; are local diffeomorphisms, and they admit a group structure:
U, 0 Uy = Weyy but only for small s and ¢.

We note that, in general, the local flow does not extend to a “global
flow” on M x R, except in nice cases, e.g. when M is compact (or when V'
is compactly supported).

The flow W, of a vector field X “flows” points of M along the integral
curves of X for time ¢. Its differential provides an identification of the
tangent spaces of M along the flow. This allows us to differentiate other
vector fields: given a second vector field Y, the inverse of the isomorphism
(dV¥y)p « TyM — Ty, M brings Yy, back to T,M. This gives us a
family of vectors in the same linear space, so we can compare them by
differentiation.
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Definition 7.3. Let X and Y be vector fields on a manifold M. The Lie

derivative of Y in the direction of X is the vector field LxY defined by
d _
(ﬁXY)(p) = % t:U((d\Ijt)p 1Y‘Ift(17))7
where W : U x I — M is the local flow of X in a neighborhood U of the point

p.

Note that, by the group property of the flow, ¥_; o U, is the identity
diffeomorphism and hence, by differentiating W_; o W, we find that

(@), = A0 ).

Proposition 7.4. Given any two vector fields X,Y € T'(TM) on a manifold
M7

LxY =[X,Y],
where [-,-] denotes the Lie bracket (see Ezercise[6.5).

Proof. Fix a point p € M. Suppose first that X, # 0. We will compute
the Lie derivative by constructing a special chart about p in which the flow
of X is particularly simple. First, take any chart ¢ : U — R"™ about p. Up
to composition with an affine linear map, we can assume that ¢(p) = 0 and
Xp = Onlp- Set

Y=o ({0 w™) €pU) s w" =0}) .
This is a smooth (n—1)-dimensional submanifold of M which passes through

p and is transverse to the vector field X on some neighborhood O of p (i.e.
T,X @ RX, =T;M for all g € XN O).

Now consider the map ¥y : X x I — M given by restricting the flow
U of X to ¥ x I. With respect to the natural bases {01,...,0,-1,0;} for
T(p,O) (E X R) and {81, ey 8n,1, an = Xp} for TpM,

I,1 0
(dUs) o) = [ 0 1] :

In particular, (d¥s), 0) is non-singular and hence, by the inverse function
theorem, there is a neighborhood V' of (p,0) in ¥ x R on which Uy, is a
diffeomorphism. So the map ¢x : V — R" given by

ox(Ux(g:t) = ¢(q) + tey

is well-defined and forms a chart for M. The special feature of this chart is
that the flow of X takes the particularly simple form

py 0 Uy ogoil(ajl, conx?)=pn oW oW (gpfl(xl, .. ,a:"il,()))
=@xo \Ijxn-‘v-t(sail(x% i '71;”7170))
= (b, 2" 2 1),

o8



7. THE LIE DERIVATIVE AND LIE ALGEBRAS

In particular, 0, = X and dW¥|,0i|p = Oi|w,(p)- Thus, writing Y = Y'0;, we
see that

(A%, Wa, ) = Yi(Wi(p)) -

Since X™ =1 and X’ = 0 for i # n, we find that

(d¥y), 1Y\I/t(p) Y (Uy(p))

- dt‘t =0
= XpYZ

=[X.Y],.

o

This proves the claim in case X, # 0.

If X, =0, then ¥;(p) = p for all ¢. In particular, this implies that d¥|,
maps T, M to itself and (d¥;);* = (d¥_,),. Employing a chart ¢ : U — R"
near p, we find that

d _
LxYlp = %’t: ((d%e), Ya, )

= — U_.). Y,
dt ’t:O(d t)p P
—t)p0ilp

: d
prd YZ —‘
(r)
dqjt)pai|p

= —Yl ‘
dt

= —Yip (A8, -

gl

The components of dW¥;|,, may be computed as

(dq’t’p)g =D(p) oWy 0 ‘P71)|so(p)e
d

~ ds (90j oW;o0 90_1)<p(p)+sei .

s=0
Thus, by Clairaut’s theorem,

d

— J oW -1 .
dt t=0( t|p dt‘t ods 5= O(go oWy 007 )p(p)+se;
d | B
T ds s:O% t:o“oj o Wi 00 )p(p)+se;
d o
= 22| X7 () + se4)
= Oi|, X7 .
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Since XZZ; =0 for each ¢ = 1,...,n, it follows that
LXY |y = Y;0il, X705,
= Ypiai|pXj8j|p - X;8i|pyjaj ’p
= [Xa Y]p .
This completes the proof. [l

The next proposition shows that the Lie derivative behaves naturally
under smooth maps. But first we need a definition

Definition 7.5. Let F' : M — N be a smooth map between differentiable
manifolds M and N and let X and Y be vector fields on M. A wector field
U on N is (locally) F-related to a vector field X on M (near x € M) if
Up(y) = dFy(Xy) for all'y in M (in some neighborhood of ).

Proposition 7.6. Let F': M — N be a smooth map between manifolds M
and N and let U and V' be vector fields on M. Then, for any vector fields
U and V on N which are F-related to U and V resp.,

U, Vr(w) = dFa([U, Vi) -
Proof. Recalling the chain rule (dF(U))f = U(f o F'), we find, for any
function f € C(N),
dF([U,V))f =[U,V]|foF
=U(VfoF)-V({UfoF)
=U(dF(V)f) = V(dF(U)f)
=U(VfoF)-V({UfoF)
= dF(U)Vf—dF(V)Uf
OV VO = [0.Vf. 0
Proposition 7.7. If [X,Y] =0, then the flows of X and Y commute:
UxioVWys=Vygs0Wxy,

where Wx ; is the flow of X for time t, and similarly for Y.

Proof. Given any function f € C'(M),

82
838t<f ody 0obx; — fodx;,odyy).

Since Ux o(p) = ¥y,o(p) = p, integrating yields.
fo®y,0lx;=fodx;ody,.

The claim follows since f is arbitrary (and, given any two points p,q € M a
function f can be found with f(p) =1 and f(q) = —1). O
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Proposition 7.8. Every triple of vector fields X, Y and Z on a manifold
M satisfies the Jacobi identity

X, Y], 2] +[[Y, 2], X] + [[Z. X],Y] = 0.

Proof. See Exercise[T.2 O

Definition 7.9. A Lie algebra is a (real) linear space E equipped with a
skew-symmetric, (real) bilinear map [-,-] : E x E — E which satisfies the
Jacobi identity.

Example 7.10 (Left invariant vector fields). Let G be a Lie group. Given
g € G, denote by Ly : G — G left multiplication by g. A wvector field
X € I'(T'G) is called left invariant if (dLg), X, = Xga.

Denote by g the linear space of of left invariant vector fields on G. By
definition, for any U,V € g,

[U; Vlge = [(dLg)U, (dLg)V]e = (dLg)s[U, V]

and hence [U, V] € g. It follows that g is a Lie algebra. It is called the Lie
algebra of G.

The Lie derivative (in the direction of a vector field X) may also be
defined on tensor fields. First consider the case of covector fields. Given
p € M, we can relate the covector field to a family of covectors at p by
exploiting the derivative of the flow of X in a manner dual to the above
construction for vector fields: given a diffeomorphism ¢ : M — N, define
the pullback ¢*0 € T, M of JTy,)N by setting

¢ w(u) = I(dopu) for all ue T,M.
Thus, if ¥ is the flow of X at p, then Wiy, ) is a family of covector fields
at p. So we may differentiate it to obtain the Lie derivative
d

= — .
(EXﬂ)p T dt 0 tﬂ

This construction extends immediately to any covariant tensor field if

we define the pullback ¢*T € T;M of T € T;f(p)N (by a diffeomorphism

¢ : M — N) in the analogous manner:
(@"T) (w1, ..., ug) =T (dopur,...,depux) for all wuy,...,u, € T,M.
Equivalently,
¢'T = Tjy.ip, 00" @ - ® O™
for any basis {9¢}¥_; for TyM.
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For a general homogeneous mixed tensor T' € T (kD) py , we define T €

#(p)
T M by

7% — leu-jlgb*r&il Q- ®PI* dopej, @ --- @ dopey,

11...0%

for any bases {e;}1; for T,M and {¢9'}¥_, for T*M. The Lie derivative of
T € D(T*D M) is then

d
LxT), = —| TY.
( X )p . dt =0

Of course, this extends to a general tensor by distributing over linear com-
binations.

Proposition 7.11. Given any X € I'(T'M), the Lie derivative Lx is a
graded derivation of degree zero which commutes with traces.

Proof. Denote by ¥ the flow of X about a point p. Since
(SeT)¥ = 8% TV
we immediately obtain
Lx(SRT)=LxSRT+S®LXT.
So, since Lx is certainly R-linear, it is a derivation. It is also clear that it
is graded of degree zero. We leave the final step as an easy exercise. ([
Exercises.

Exercise 7.1. Show that
[05,04] =0
for any two coordinate vector fields 0; and 0;. Deduce that
[X,Y] = (X'0,Y7 —Y'0,X7)0;
for any two vector fields X and Y.

Exercise 7.2. . Let X, Y and Z be vector fields on a manifold M. Show
that

(X, Y], Z] +[[Y, 2], X] + [[2, X],Y] = 0.
Hint: By Proposition [7.6]
AV ([X,Y]) = [d¥,(X),dP(Y)] ,
where VU is the flow of Z.
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Exercise 7.3. Let G be a Lie group. Denote by g its Lie algebra. Show that
the map
velM—Veg

defined by
Vg = (dLg)ev
s an isomorphism.
Exercise 7.4. Let G and H be Lie groups, with respective Lie algebras g and

h. Let ¢ : G — H be a smooth group homomorphism. Prove the following
statements.

(a) The induced map ¢ : g — b is an algebra homomorphism.
(b) If ¢ is a diffeomorphism, then ¢, is an isomorphism.

(¢) If ¢ is a submersion, then ker ¢, is a Lie subalgebra of g

Exercise 7.5. Suppose that H is a Lie subgroup of G (i.e. a subgroup
which is also a submanifold). Show that b is a Lie subalgebra of g.
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8. FROBENIUS’ THEOREM

8. Frobenius’ theorem

We have seen that a vector field X on a manifold M corresponds to first
order differential equation. By Theorem [7.I} X is tangent to a unique inte-
gral curve through each point p € M. If X (p) # 0, there is a neighbourhood
U of p such that each integrable curve is an embedded, 1-dimensional sub-
manifold.

Given a set of k vector fields F1,..., E; on M and a point p € M, it is
natural to seek a map F : R¥ — M for which F(0) = p and dF(9;) = E;
for each i = 1,...,k, where {82-}?:1 denote the canonical coordinate vector
fields on R*. We attempt to construct such a map naively as follows. By
Theorem we can arrange that dF'(0x) = Fj by integrating Fj; that is,
by setting F'(tex) = Wi(x,t) for ¢ sufficiently small, where ¥; is the local
flow of E;. Next, we follow the integral curves of the vector field Ej_; from
F(tey) for time s to obtain F'(tey + sex_1); that is, we set F(tex + sex_1) =
Uy 1(Ug(z,t),s), and so on following the flows of Fy_o, ..., Es, and finally
FE. Unfortunately, that doesn’t always work.

Example 8.1. Consider the vector fields E1 = 01 and Ea(x1,22) = (1 +
x1)02 on R2. Following the recipe outlined above, we set F(0,0) = (0,0),
follow the flow of Ey to get F(0,t) = (0,t), and then follow the flow of Ey
to get F(s,t) = (s,t). This gives dF(01) = E1 but not dF(02) = E3. Note
that if we change our procedure by first integrating along the vector field Ey,
and then the vector field Eo, then we don’t get the same result: Instead, we
get F(s,t) = (s,t + st). In fact, there is an easy way to tell that this could
not have worked: If there was such a map, then we would have

[By, By] = [dF(8y), dF ()] = dF([1,]) = 0.

But in the example we have [E1, Es] = 0o # 0. The following proposition
shows that this is the only local obstruction to constructing such a map.

Proposition 8.2. Suppose that the vector fields Ex, ..., Ey, € T'(M) commute
pairwise: [E;, E;] =0 fori,j=1,...,k. Then for each p € M there ezists a
neighbourhood U of 0 in R* and a unique smooth map F : U — M satisfying
F(0) = p and (dF):(0;) = (Ei)p(z) for everyx € U and i € {1,...,k}.

Proof. We construct the map F exactly as outlined in the example above.
In other words, we set
F(.’El, . ,yk) = \1117y1 O-++0 \I’l7y1(p),

where ¥, ; is the flow of the vector field E; for time ¢. This gives immediately
that dF(01) = E; everywhere. But since, by Proposition the flows
commute, we also obtain dF(9;) = E; for each i = 2,... k. ([

More generally, we may consider subbundles of the tangent bundle.
65



AN INTRODUCTION TO RIEMANNIAN GEOMETRY

Definition 8.3. A distribution on M is a subbundle D of the tangent
bundle TM. A distribution D is involutive if [X,Y] € T'(D) whenever
X,Y € D and integrable if for each p € M there exists a submanifold
> C M such that D, = T,X.

Clearly, an integrable distribution is involutive. Frobenius’ theorem
states that the converse is true.

Theorem 8.4 (Frobenius’ Theorem, first version). A distribution is inte-
grable if and only if it is involutive.

Proof. We need only prove the sufficiency of involutivity. Let D C TM
be an involutive distribution (of dimension m < n, say). Given p € M,
we want to construct a submanifold through p tangent to the distribution.
Choose a chart ¢ : U — R™ for M about p such that D, is the subspace of
T,M generated by the first m coordinate tangent vectors. By the implicit
function theorem, passing to a smaller neighbourhood if necessary, we can
find smooth functions a} : U - R, i=1,...,m, j =m+1,...,n, such that

m n
Dy=1> c | alg+ Y. a(@djlg ] : (c',...,c™) eR™
i=1 j=m+1
for each q € U.
Define, for each i = 1,...,m,
E; =0+ dld;.
Then E;(q) € D, for each ¢ € U and

[Ei,Ejl= |0+ > afoh, 0;+ Z:ﬁm]
k=m+1 k=m+1
= Z:<@ﬁ—@ﬁm-§:mm¢—#wﬁ06k
k=m+1 f=m+1

Zj,i,j,k: 1,...,m
since, by hypothesis, [E;, E;] € I'(D). Since [E;, E;] has no component in

the direction 0, for k = 1,...,m, we conclude that C’fj = 0 for each 1, j, k.

On the other hand, [E;, E;] = CikjEk for some functions C¥
79

Proposition [8.2] now gives the existence of a map F' from a region of R™
into M with dF(0;) = E; for i = 1,...,m. In particular, dF is of full rank,
and hence locally an embedding. So passing to a smaller neighbourhood if
necessary completes the proof. O
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9. Differential forms and the exterior calculus

The exterior algebra A(M) of a differentiable manifold M is the graded
algebra of totally skew-symmetric covariant tensor fields. That is, A(M) =
AT (T*M)) equipped with the wedge product. Elements of A(M) are called
differential forms.

The subspace A!(M) is canonically isomorphic to I'(T*M). Its elements,
the covector fields, are in this context called differential one-forms.

The differential df € A'(M) of a smooth function f € C(M) is defined
by

af(V)y=Vf
for any V € I'(TM). The differential at p is the one-form df, € AY(T,M) =
Ty M defined by
Ay (Vy) = Vo = df (V) ().

Note that the differential df,, is well-defined even if f is only defined on a
neighbourhood of p. In particular, given a chart ¢ = (z!,...,2") : U — R"
for M, we can define the differentials {dz'}}" . At each p € U, {da}}}_, is
the basis dual to the coordinate basis {0;],}i ;. Indeed,

dl‘](az) = &-xj = %(:}3] o gp_l) = 5J

()

Observe that
df (V) =Vf=V0;f =dz* (V)0 f.
So
df = 8, fdz’.
The differential d can be (uniquely) extended to a closed, graded an-
tiderivation d : A(M) — A(M) of degree +1.

Proposition 9.1. There exists a unique graded antiderivation d : A(M) —
A(M) of degree +1 which is closed (i.e. dod = 0) and agrees with the
differential df when f € A°(M). This derivation is called the exterior
derivative.

Proof. We first determine (uniquely) the action of d on 1-forms w € A*(M).
Given local coordinates = : U — R™ for M™, we have w|y = w;dz’. Then
for any p € U we obtain, by asserting R-linearity, the Leibniz rule, and
closedness of d, the formula

(dw)p = [d(widz")]y
= (Qjwida? A dx)|p — (dw;)p A (ddz'),
= (Qjwidx? A dxh)l, .
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This gives the expression
dw = Z(ajwi — Qiw;)da? A dax'
1<j
in terms of the local basis {dz’ A dz’},<; for A*(M), which uniquely deter-
mines d : A*(M) — A%(M).

The Leibniz rule and R-linearity then uniquely determine dw for any
we AM): Ifw=w'A---Awk € AF(M) is a homogeneous product of
1-forms w’, then the Leibniz rule yields the formula

k
dw = Z(fl)iﬂwl Ao AW TEA AWt AT A A WR.
i=1
Since d is uniquely determined on one-forms, this uniquely determines d on

homogeneous forms. The R-linearity then uniquely determines d on every
we A(M). O

A differential form w € A(M) satisfying dw = 0 is called closed and
a differential form w € A(M) satisfying w = d¢ for some ¢ € A(M) is
called exact. Evidently, exact forms are closed. That the converse is not
necessarily true is a fundamental observation of differential topology.

Proposition 9.2. The exterior derivative commutes with pullbacks: given
a smooth map F': M — N,

d(F*w) = Frdw .
Proof. First note that, for any function f € C'(N), the chain rule yields
d(F*f)=d(foF)=df odF = F*df .
For a general homogeneous w € A(M), we compute in local coordinates
d(F*w) = d [F*(wi,..ipdz™ A+ A dz'™)]
=d (F*w;, 3 F*da"™ A A F*da'®)
= d(F*wi, i) A F*dz™ A - A F*da®™
+ F*wjy o d (d(F* ™) A - Ad(F*z™))
= (F*dwj, . 4,) N F*dz™ A -+ N F*da'*
= F*(dwi,. i, Adx™ A--- A dz'™)
=F*dw.
This completes the proof. O

Proposition 9.3 (Cartan’s formula). Given a vector field U € T'(TM), the
restriction of the Lie derivative Ly to the exterior algebra A(M) satisfies

Ly=twod+douiy.
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Proof. Since the Lie derivative satisfies the Leibniz rule with respect to
tensor products, this is also the case for wedge products:

LuwANAeo)=LywAdp+wALyd.

That is, Ly is a graded derivation of degree zero. So it suffices to prove
the stated identity on smooth functions and one forms. The claim is easily
checked for functions. For a one-fom w, Exercise yields
w(Lyw) = (Lyw)(V) = Lu(w(V)) —w(LyV)

=Uw(V)) —w(lU,V])

=dw(U,V) +V(w())

= wypdw + ty (d(w(U)))

=Ly (Lwa + dLUOJ) .

The claim follows since V' is arbitrary. O

Corollary 9.4. The Lie derivative commutes with the exterior derivative.

Proof. Since d is closed, Cartan’s formula yields

Lyod=dowod=doLy. [l

Differential forms allow an alternative formulation of Frobenius’ theo-
rem. In order to state it, we associate, to a given a distribution D on M, the
subspace Ag(D) C A(M) consisting of differential forms which vanish when
restricted to D. This subspace is closed under multiplication by smooth
functions and under wedge products.

Theorem 9.5 (Frobenius’ theorem, second version). A distribution D is
integrable if and only if Ao(D) is closed under exterior differentiation.

Proof. If D is integrable, then it is involutive. The formula for the exterior
derivative in Exercise then implies that Ag(D) is closed under exterior
differentiation.

On the other hand, if D is not integrable, then, by Frobenius’ theorem,
we can find vector fields X and Y in I'(D) and p € M such that [X,Y], ¢ D,
Then there exists a 1-form w € Ag(D) satistying w,([X,Y],) = 1. But w
satisfies
dw(X,Y) = Xw(Y) = Yw(X) —w([X,Y])
= —w(X,Y])
#0
at p. So Ag(D) is not closed under exterior differentiation. O
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Exercises.

Exercise 9.1. Let w € A(M) be a differential one-form. Show that
(9.1) AU, V) = U (V) = V(@) = w([U, V]
for any U,V e I'(TM).

Exercise 9.2. Let w € AF(M) be a differential k-form. Show that

k
dW(Uo, Ula cee Uk’) = Z(_l)ZUlw (U07 R Ui*la Ui+17 ceey Uk‘)

=0
+ > ()M (U, U]V, . Uis1, Uiga,s -
0<i<y<k
(92) ...7Uj71,Uj+17...7Uk>

for any Uy, ..., U, € T(TM).

Observe that the Hodge star map * on the orthogonal space R™ induces
a map (which we also call the Hodge star) on the exterior algebra of the
manifold R™ by setting

1|, = dxt[, A Ada™|, .
Exercise 9.3. Recall that the gradient grad f of a function f : R3 — R
and the divergence divU and curl curlU of a vector field U : R3 — R3 are

defined by
grad f, - w = Dy f, for any u € R3,

" QU

and

or3 9227 Ox'  0x® 922  Ox!
Recall also that the cross product x : R3 x R3 — R3 is defined by

,<8U2 U3 oU3  oUt oUt 8U2>
curlU =

u X v = (UgV3 — U3V, U3V] — UIV3, U]V — UQV]).

By relating each of these operations to the exterior derivative d : A(R3) —
A(R?), the wedge product A : A(R?) x A(R3) — A(R?), and the Hodge star
x : AF(R3) — A" F(R3), prove the following identities:

curlgrad f =0

div(u x v) =v-curlu—u-curlv
divcurlv =0
curl(fv) = grad f x v+ fcurlv
div(grad f x gradg) = 0.
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div(ggrad f x fgradg) = 0.
curl(curlu) = grad(div v) — div(grad v) .
Show that any solution A to the Hemholtz equation
curlcurl A = A
automatically satisfies the vector Hemholtz equation
—AA=A
and the solenoidal condition

divA =0.
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10. Orientability, integration, and Stokes’ Theorem

Definition 10.1. An atlas A for a differentiable manifold M is oriented
if, for each pair of charts ¢ : U — R™ and n:V — R™ in A satisfying U N
V #£ 0, the Jacobian determinant detd(n o ¢~') is positive. A differentiable
manifold is orientable if it admits such an atlas. An orientation on an
orientable manifold is an equivalence class of oriented atlases, where two
oriented atlases are equivalent if their union is an oriented atlas.

Example 10.2. A submanifold of dimension n in R™! is called a hyper-
surface. An orientation on a hypersurface M is equivalent to the choice of a
unit normal vector continuously over the whole of M : Given an orientation
on the hypersurface, choose the unit normal v such that for any chart ¢ in
the oriented atlas for M,

(10.1) det[01,...,0n,v] > 0.

This is continuous on M since it is continuous on overlaps of charts. Con-
versely, given v chosen continuously over all of v, we choose an atlas for M

consisting of all those charts for which (10.1) holds.

There is a useful relationship between orientability of a differentiable
manifold M™ and the space of n-forms A™(M):

Proposition 10.3. A differentiable manifold M™ is orientable if and only
if there exists an n-form w € A™(M™) which is nowhere vanishing on M™.

Proof. Suppose there exists a nowhere vanishing n-form w. Let A be the
set of charts ¢ for M for which w(0i,...,0,) > 0. Then A is an atlas for M,
since any chart for M is either in A or has its composition with a reflection
in A. We claim that A is oriented: For any pair of charts ¢ and 7 in A
(with non-trivial overlap),

By = d(n™" 0 ¢)(945)
and hence, by the linearity and skew-symmetry of w,
(10.2) w(Op1, ..., Opn) = det [d(n o ¢_1)]w(8¢1, oy Ogn).
Thus,
det [d(n o qﬁfl)} > 0.
Conversely, suppose that M admits an oriented atlas A = {¢q : Uy —
Vataer. Let {ps}ses be a partition of unity subordinate to the cover

{Ua}aer so that, for each 8 € J, there exists a(f) € I such that supppg C
Uq(py- Define

W paddge A N
BeJ
Then w is nowhere vanishing. O
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Orientations for manifolds-with-boundary are defined in the same way
as for manifolds. An orientation on a manifold-with-boundary induces a
canonical orientation on the boundary.

Proposition 10.4. Let M be a manifold-with-boundary. If int(M) is ori-
ented, then so is OM.

Proof. Let A be an oriented boundary atlas for M. Then the corresponding
atlas for OM is automatically oriented: Any pair of overlapping oriented
boundary charts for M map R} to R, and the derivative of a transition
map on the boundary must have the form

d(no o) = [d@?o ° oY) }

a

where 79 and ¢q are the restrictions of n and ¢, respectively, to the boundary
and a = (d(no ¢~ ')(ent1), ent1) > 0. The claim follows. O

In the proof of the Proposition above, we ignored the case n = 1 —
the boundary of a 1-dimensional manifold is a 0-dimensional manifold (i.e.
a collection of points). What does it mean to define an orientation on a
zero-dimensional manifold? Our original definition clearly makes no sense
in that case. However, the equivalent definition in terms of non-vanishing
n-forms does make sense: We will say that a 0-manifold N is oriented if
it is equipped with a function (i.e. a O-form) from N to Zy = {—1,1}. In
this case we also have to allow boundary charts for 1-manifolds which map
to (—o0, 0] as well as [0,00) (in higher dimensions, we can always transform
charts into any half-plane via an orientation-preserving map to map into the
upper half-plane, but not if n = 1).

Next, we shall introduce a notion of integration using differential forms.
A key point to keep in mind here is that none of our definitions depend
on us having any notion of volume, surface area or length. Nevertheless,
the structure of differential forms is exactly what is required to produce a
well-defined notion of integration.

Let M™ be a compact, oriented differentiable manifold-with-boundary.
We define the integral [, w of any w € A™(M) as follows: Let {p, : o € I}
be a partition of unity subordinate to an oriented boundary atlas for M, so
that for each « there exists an oriented chart (either a regular chart or a
boundary chart) ¢, : Uy, — R™ for M, such that suppp, C U,. Then

/W_Z/ ) V*(paw)(et, ... en)dat ... da™.
a€l 04 a

By (10.2]) and the area formula (i.e. the change of variables formula for
integrals), the integral is well-defined.
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Now we are in a position to prove the fundamental result concerning
integration of forms on manifolds. This will also give us a new geometric
interpretation of the exterior derivative.

Theorem 10.5. Let M™ be a compact oriented differentiable manifold-with-
boundary. Then, for any (n — 1)-form w € A"~1(M),

/dw:/ w
M oM

where the integral on the right-hand side is taken using the induced orienta-
tion on OM, integrating the restriction of w to OM (i.e. the pull-back of w
by the inclusion map).

In particular, if M is a compact manifold (without boundary), then the
integral of the exterior derivative of any (n — 1)-form is zero.

Proof. Let {p,}o be a partition of unity on M with each p, supported in
a chart ¢, : Uy, — R™. Then, for any (n — 1)-form w,

dw = / d oW
[y [ o)
_ Z/ (621 d(paw)] (€1, - - en)dat ... da™
~ J$a(Ua)
= Z/ d[(¢5") (paw)] (€1, ... en)da’ ... da™.
~ J$a(Ua)
Writing w locally as
w = ijdznl A ANded A AT A A da,

we obtain

d[(62) (pa)](e1s- - ven) = > ‘W.

If ¢, is an interior chart, then ¢, (Uy) C R™ is open. Since p, = 0 on
the boundary of ¢,(Uy), Fubini’s theorem and the fundamental theorem of
calculus imply that

Z/ pawj dzb ... dx" = 0.
a Ua 8.%']
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If ¢, is a boundary chart, then we instead obtain

Z/ pawj dx 1 d$n=/ / dendxl_”dmnfl
RUSERZY re-ixqopJo  Oa”

= / pawnd:ﬂl Y
R7—1x {0}

The claim follows. O

Exercises.
Exercise 10.1. Show that every one-dimensional manifold is orientable.

Exercise 10.2. Show that every connected manifold has either zero or two
orientations.

Exercise 10.3. Suppose that F : R™1 — R has non-zero derivative every-
where on M = F~1(0). Show that M is orientable.

Exercise 10.4. Use (10.2) and the area formula (i.e. the change of variables

formula for integrals) to prove that integration of n-forms is well-defined.
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11. Connections

We have seen that the differentiable structure of a manifold gives rise to a
natural notion of differentiation of smooth functions, encoded in the struc-
ture of the tangent bundle. On R" (viewed as a manifold with the differ-
entiable structure induced by the identity chart) it is possible to introduce
a notion of directional derivative of vector fields V' € I'(TR"™). However,
this is only because R" admits an additional canonical structure — namely,
R™ admits a global parallelism, which allows us to identify different tangent
spaces T,R"™. This is the family 7 : R" x R" — TR" of parallel translation
maps 7, = 7(p,-) : R™ — T, M defined by

(11.1) (p,viel-) — Tp(viei) = vi8i|p,

where {e;}!" | are the standard basis vectors for R" and, for each p € R",
{0j]p}i—, is the coordinate basis for T,R"™ with respect to the identity chart.
The directional derivative D,V of a vector field V : R® — TR"™ in the
direction of a vector v € T,R™ is then defined by

(11.2) D,V =1, [jt‘to (rwé)Vw(t))} ;

where w is any curve through p such that w’(0) = u (that is, u = [w]) and
the subtraction is with respect to the affine structure of T,R". Thus, writing
V' with respect to the local field of bases {0;}7_; as V'0;,

D,V = (D,V)04,,

where D,V is the directional derivative of the function V? in the direction
of the vector wu.

In an abstract manifold, there is no such canonical identification of tan-
gent spaces at different points and hence no canonical notion of directional
derivative of a vector fieldd] — different choices for the identification will
in general give rise to distinct directional derivatives. Instead of first intro-
ducing such a “parallelism” and using it to define a directional derivative
as in , we cut straight to the chase and introduce an abstract notion
of differentiation of vector fields directly. As it turns out, the two points of
view are equivalent.

Definition 11.1. A connection on a differentiable manifold M is a map
V :TMxT(TM) — TM, which we write as V,,V instead of V(u, V'), which
satisfies the following properties:

HNote that the Lie derivative does not induce a suitable directional derivative: since LyVp
depends on U in a neighborhood of p, the “directional derivative” £,V = Ly V|, defined via some
local extension U of u € T, M, say, depends on the extension.
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(1) uw+— V,V is a bundle map (covering the identity): w(V,V) = m(u)
and
VWH—UV = MVUV + vvv
forany Ve I'(TM), u,v € TM and p € R.
(2) V= V.,V is a derivation:
VuluV+W)=uV,V+V, WV,
ValfV) = (Wf)Vy + S0V
foranyuw e T,M, peR, VW e I(TM) and f € C(M).

(8) V is smooth: If UV € I'(TM), then VyV € I'(TM), where
(VuV)p, = Vg, V.

Given a tangent vector u € T'M, the corresponding map V,, : I'(T'M) —
™™,V — V,V, is called the covariant derivative in the direction w.
Given a vector field V € T'(TM), the map VV : TM — TM, u— V,V, is
a tensor of type (1, 1), called the covariant differential of V.

More generally, we can define a connection V : TM x I'(E) — E on any
vector bundle E over M by replacing V,W € I'(TM) with VW € I'(E)
in the above definition (in the third part of the definition, U will still be a
vector field).

We first observe that, for u € T, M, V,Y is uniquely determined by the
restriction of Y to an open neighborhood of p.

Lemma 11.2. Let M be a manifold with connection V and let X and Y
be vector fields such that X|y = Y|y for some open set U of M. Then
VuX = V.Y for every u € 7= Y(U). In particular, given any open U C M,
V.Y is well defined for any Y € T(TU) and v € 7= *(U).

Proof. To prove the first claim, it suffices to prove that V,W = 0 for any
W such that Wy = 0. The claim follows by applying this to the vector field
W =X —Y. To see that V,W =0, let f be a smooth function satisfying
f(p) =0and flypny = 1. Then fIW =W and hence

VW =V, (fW) = (uf)W, + f(p) V. W = 0.
To prove the second claim, we extend Y to a smooth vector field Y on

M and set V,Y = V.Y. This is well defined since, by the previous claim,
V.Y is independent of the extension. O

In fact, we can say more: In order to differentiate a vector field in the
direction of w’(0), we only need to know the values of Y near w(0) along w.

Lemma 11.3. Let w : I — M be a curve through w(0) = p € M and
X,Y € I'(TM) vector fields which agree on w; that is, w*X = w*Y. Then
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V.Y =V, X, where u = &'(0). In particular, V,Y is well defined for any
Y € D(w*TM).

Proof. Let ¢ : U — V be a chart about p € M. Given u = u'9;|, € T,M
and Y = Y'9; € TU we compute, using the definition of V and Lemma

VWY =u'Vy, (Y79;) = u'(9],Y7)0)], + u'Y7 (p) Vo, 05
= (W +u YT )T ) Okl

where we have defined the n3 functions F,-jk :U — R via

(11.3) L0k = V,0; .
Thus,
(11.4) VY = (VFow)(0) + w'YI )Ty (7)) Okl -

The first claim follows as in the proof of the preceding lemma. To prove
the second claim, we extend Y smoothly to a vector field Y defined on a
neighborhood U of p (by making it constant in z!,... 2"~ ! with respect
to some chart x : U — R"™ for which 2" o w = 0) and set V,Y = V.Y.
This is well defined since, by the previous claim, V,Y is independent of the
extension. ([

The functions I';;* defined by (11.3) are called the coefficients (or
Christoffel symbol) of the connection V.

We will often need to differentiate vector fields along paths or other
smooth maps. This is achieved most naturally by introducing the pullback
connection.

Definition 11.4. Let N be a manifold equipped with a connection V on
TN and let F : M — N be a smooth map of a manifold M into N. The
pullback connection 'V is the unique connection on F*T N satisfying

(11.5) EVLF*V = F*V gp)V

for any V€ T(TN), where (F*V), = V() defines the pullback of a vector
field V € I(T'N) and F*(F(p),v) = (p,v) defines the pullback of a vector
(F(p),v) € TppN.

We need to check that 'V is well defined on all sections of F*T'N (i.e. not
just the pullback sections F*V for V € I'(T'N)) and uniquely determined by
. To see this, let ¢ : U — R™ be a chart for N. Then the vector fields
F*9;|, form a basis for (F*T'N), for all p € F~1(U) and hence, imposing
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the Leibniz rule,
IV = FVL(VIF0;) = (WV7)F* 851, + VI (p) " VuF"0;

= (uV*)k|pp) + V?(P)Var, u)8

= (WVF)Ok| piy) + 'V (p)(dF)i' Vo ) O

( (P)(@F) (T o F) (p)ok,

= (qu + 4"V (p) Ffz‘jk(p)> Oklp

— —

uV'k) )| r(py + u'V7 (p

where we have defined the coefficients I'T';;*(p) = (dF,);' (T4* o F) (p) and
identified the fibres of F*T'N with the corresponding fibres of TN. The
claims follow.

We will regularly consider the pullback connection along a curve w :
I — M. In this case, we will generally write V; for “Vp,, where 0; is the
canonical tangent vector field to I:

alf =S| fls+).

Given u € TM, the covariant derivative V, extends to an operator
Vu:TM x I'(E) — E on any homogeneous tensor bundle E by setting
Vuf = uf for smooth functions f € C(M) and asserting that V,, satisfy the
Leibniz rule with respect to tensor products and commute with contractions.
That is,

Vu(S@T)=V,SRT+ S @V, T
for each u € T"M and homogeneous tensor fields S and T, and
Vutr(T) = tr(V,T)

for any homogeneous tensor field 1" and any trace tr. Indeed, given any
covector field ¢ € T'(T* M) and vector fields U,V € T'(T'M), these assertions
imply that
U@(V)) = Vu (@(V))

=Vytr (19 ® V)

=tr (Vo @V +9e VyV)

=Vyd(V)+39(VyV)
so that

Vyd(V) =U (9(V)) = 9(VoV),
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which uniquely determines the tensor V. Similarly, given any tensor field

Tel (®k T*M ® ®£TM>, vector fields U, Uy, ..., U, € T(TM) and cov-

ector fields 91, ..., 9 € T(T*M),

U (T(Ul,...,Uk,ﬁl,...,ﬁf)) = VuT(Us, ..., U9, ..., 0%

+T(VyUi,..., Uy, 9%, ..., 09
4+ T(Uy,..., VU, 9, ..., 0%
+T(Uy,..., U, Vot ..., 09

(11.6) 4+ T(UY, ..., Uy, 9L VY,

which uniquely determines the tensor VT

11.1. Parallel translation. As we alluded to in the introduction to the

previous section, a connection provides a notion of parallelism for our man-
ifold M, at least along curves.

Definition 11.5. Let M be a manifold with connection V. A vector field
X on M is parallel if

VX =0.
Given a curve w: I — M, X is parallel along w if
VtX =0.

Since V; is a linear operator on I'(w*T'M) (the vector fields along w),
the set of parallel vector fields along w is a vector space over R. Applying
results from the theory of linear ordinary differential equations to (11.4]) we
find, for each tg € I and v € T,(4,)M, a unique parallel vector field V' along
w satisfying V (tg) = v.

Proposition 11.6. Let w : I — M be a piecewise smooth curve. Given
v € T\ M, there exists a unique parallel vector field V' along w.

Proof. Let ¢ : U — R" be a chart containing p = w(0). We wish to solve

dvk INEY 7T k
0=V,V = W—i—(w)VFij ow | Opow,

where we use the shorthand

dvF
e = (V*ow) and ' = (pow).
Since the coordinate basis vectors are never zero, this is simply
dvk o
0= W + (w')ZV]I‘ijk ow
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for every Kk = 1,...,n. This is a linear system of n first order ordinary
differential equations for the n functions V!,..., V™ along I, and so (since
the coefficient functions (w’ )iFijk ow are bounded and piecewise continuous)
there exist unique solutions with given initial values V1(0),...,V"(0). We
can then extend V to all of w by solving the corresponding equation in
overlapping charts. By uniqueness of solutions, the resulting vector fields
must agree on overlaps. O

In particular, the space of parallel vector fields along w is finite dimen-
sional and has dimension equal to that of M. Thus, we can construct canon-
ical isomorphisms between the tangent spaces to M at different points of
w as follows: Given ¢ € I and v € T, )M, let V be the parallel vector
field along w satisfying V(0) = v . Then we define the linear isomorphism
Tt - Tw(O)M — Tw(t)M by

T(v) =V (t).
We refer to these isomorphisms as parallel translation along w.

As you might expect, the covariant derivative is indeed the differential
operator determined by the parallel translation operators.

Theorem 11.7. Let w : I — M be a smooth curve and V a vector field
along w. Then

ViV (0) = %L:O (7)) -

Proof. Let Ey(t),..., E,(t) be parallel vector fields along w which are point-
wise linearly independent, where n = dimM. Then there exist n functions
Vi:I - R,j=1,...,n, such that

V(t) = VI(t)E;(t).

On the one hand, ' '
ViV =V(V'E;) = 0,V'E; .
On the other hand,

%)t:o (Tt_l(v)) - %‘t:o (Vj(t)Ej}t:(ﬂ = (at‘tzovj)Ejlt:O' O

The parallel translation operators give a convenient way to identify the
tangent spaces to M at different points along a smooth curve. However,
it is important to note that the parallel translation operators depend on
the choice of curve. In particular, the parallel translation operators cannot
be extended to give canonical identifications of all the tangent spaces to
each other (indeed, if we could do this, we could construct non-vanishing
vector fields, which, as we have mentioned, is topologically impossible in
some situations). Also, it does not really make sense to think of a parallel
vector field as being “constant”, as the following example illustrates.
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Example 11.8. Consider the manifold S? equipped with the submanifold
connection defined in Ezercise [11.1. Then a vector field along a curve in
S? is parallel if and only if its rate of change (as a vector in R3) is always
normal to the surface of S2.

Consider the path ~ on S? which starts at the north pole, follows a line
of longitude to the equator, follows the equator for some distance (say, a
quarter of the way around) and then follows another line of longitude back
to the north pole. Say,

(0,sint, cost) if t€(0,%),
v(t) = < (sint, — cost,0) if te(g,m),
(—cost,0,—sint) if te€ (Wasjw)-

Note that, on each of the three segments,
Dy = —v L TWS2

and hence
Vw' =0.

We compute the vector field given by parallel translation along v of a
vector which is orthogonal to the initial velocity vector at the morth pole.

On the first segment, parallel translation keeps the vector constant as a
vector in R3 (this must be the parallel translation since it remains tangent
to S?, and has zero rate of change, so certainly the tangential component of
its rate of change is zero).

On the segment around the equator, we start with a vector tangent to the
equator. Parallel translation will give us the tangent vector to the equator of
the same length as V(%) as we move around the equator. Indeed, the vector
W(t) = V()Y (t) is parallel along v and satisfies W (5) = V(5) and hence
V(t) =W(t).

On the final segment, the situation is the same as the first segment: We
can take V to be constant as a vector in R3.

We conclude that parallel translation around the entire loop has the effect
of rotating the vector through the angle 5. Indeed, by choosing a different
angle between the two lines of longitude, we can generate arbitrary rotations

by parallel translation around the loop.

11.2. Vertical projections on the tangent bundle. There is another
way of looking at connections: Let us return to the original problem —
to define the directional derivative of a vector field. Recall that a vector
field V e I'(T'M) is a smooth map V : M — T'M satisfying V,, € T,M for
every p € M. Since this is just a smooth map between manifolds, we can
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differentiate it! Thinking of T'M purely as a manifold, this gives the deriv-
ative map (dV), : T,M — Ty, (I'M), where T(T'M) is the tangent bundle
of TM. In other words, we can think of the derivative of a vector field on
a manifold M (of dimension n) as a vector tangent to the (2n-dimensional)
manifold T'M. Each fibre T),M is a submanifold of T'M, so a tangent vector
to TM at a point £ = (p,v) € TM will have some component tangent to
the fibre T, M and some component transverse to it. In local coordinates
b, . 2™ &t ..., @™ for TM, the tangent vectors 01, ..., 0, corresponding
to the first n-coordinates represent change in position in M, which means
that motion in these directions amounts to moving across a family of fibres

in TM; the tangent vectors 31, ...,0n corresponding to the remaining n
coordinates are tangent to the fibres. Writing the vector field V' € I'(T'M)
in the coordinates for TM as V(z',...,2") = (z,..., 2", V1 ..., V"), we
compute

(dV)pu = u’@i‘vp + (uVZ)(?i!Vp .
Another way of thinking of a connection is as a projection of this onto the
subspace of T¢(T'M) tangent to the fibre, which we can naturally identify
with the fibre itself (the fibre is a vector space, so it can be canonically
identified with its tangent space at each point as in |11.1). We will denote
by Ve the subspace of T¢(T'M) spanned by the vectors 0; ERER ,5n’5. Note
that this space is independent of the choice of local coordinates:

Proposition 11.9. V¢ = ker(dm).
Proof. See exercise [[1.4] O

Given & = (p,v) € TM, we call Vg the vertical subspace of T¢(T'M). The
vertical subspace is naturally identified with 7, M by the map ¢ : V¢ — T,M
which sends vl(‘)l‘ ¢ to v’@‘p. Roughly speaking, a connection corresponds to
an extension of ¢ to the whole space T¢(TM).

Definition 11.10. A vertical projection on TM is a map 1I : § — Il¢,
which assigns to each & = (p,v) € TM a linear map Il¢ from Te(TM) to
T,M satisfying

(1) g = ¢ on Vg and

(2) 11 is consistent with the additive structure on TM: If we take &
and & to be paths in TM of the form &(t) = (p(t),vi(t)), then

I, (51) + 1, (fé) = Hg(fl) )
where £ = &1 + & = (p,v1 + v2).
Given a vertical projection II, we can produce a connection V by setting
VX = H(p,Xp) (dX|p’U) .
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for any X € I'(TM) and any v € T,M. Conversely, given a connection V,
we can produce a vertical projection II by taking

(11.7) e (w'orl + @] ) + ViX

for any £ = (p,v) € TM, where the right-hand side is the covariant de-
rivative of the vector field X () = (v’ + ti') d; along the curve () =
! (p(p) + tu'e;).

It is instructive to consider the parallel transport operators in terms of
the vertical projections: since Il maps a 2n-dimensional vector space to
an n-dimensional vector space, and is non-degenerate on the n-dimensional
vertical subspace Ve tangent to the fibre T,,M, the kernel of Il is an n-
dimensional subspace of T¢(T'M) which is complementary to the vertical
subspace. We call this the horizontal subspace H¢ of T¢(T'M). A vector
field X € T'(T'M) is parallel along a curve « if and only if VX lies in H at
every point. A vertical projection is uniquely determined by the choice of a
horizontal subspace at each point (complementary to the vertical subspace
and consistent with the linear structure).

11.3. Existence and non-uniqueness of connections. We will show
that every smooth manifold can be equipped with a connection. In fact,
there are many connections on any manifold, and no preferred or canonical
one (later, when we introduce Riemannian metrics, we will have a way of
producing a canonical connection).

Proposition 11.11. Every smooth manifold admits a connection (in fact,
many).

Proof. Choose a locally finite cover of M by coordinate charts {¢q : Uy —
V. } and a subordinate partition of unity {p, : M — R}. We will use this
partition of unity to patch together connections on each chart defined by
coordinate differentiation: On each coordinate patch U, we define, for each
u € TU,, an operator V&a)
U, via

on vector fields with support contained inside

VX = (X))o .
We then set, for any X € I'(T'M) and u € TM,

VX =3 Vi (pX).

This makes sense because the sum is actually finite at each point of M. The
result is clearly R-linear in both u and X. The Leibniz rule and smoothness
are also easily checked. O
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Note that, although connections are R-linear in both variables, they
(because of the Leibniz rule) are not “tensors”: Given u € T,M, V, X is not
R-linear in X and, indeed, depends on the values of X in a neighborhood of
p, not just at p. However, given two connections, their difference is a tensor:

Proposition 11.12. Let D and V be two connections on a manifold M.
For any p € M we define a map Ay : T,M x T'(TM) — T,M by Ap(u,-) =
D, — V. Givenu e T,M,
Au, X) = A(u,Y)

for any two vector fields X and Y satisfying X, =Y.

Thus, given p € M, the map A, : T,M x T,M — T,M defined by
Ap(u,v) = A(u, V) for any V € I(T'M) such that Vl, = v is well defined.

Moreover, A depends smoothly on p: If X andY are smooth vector fields
then p — Ap(Xp,Y)) is a smooth function.

Proof. See Exercise [I1.21 U

Exercises.

Exercise 11.1. Let M be a submanifold of RN . Define V : TM xI'(TM) —
TM by

V.V = (DV)T,
where D is the directional derivative on TRY and, for any p € M and
u € T,RY, (u)" denotes the orthogonal projection (with respect to the inner
product on RY) of u onto T,M. Show that V is a connection.

Exercise 11.2. Let D and V be two connections on a manifold M. For any
p € M we define a map A, : TyM xT'(TM) — T,M by Ay(u,-) =Dy, —V,.
Gwen v € T,M, show that
Au, X) = A(u,Y)

for any two vector fields X and Y satisfying X, =Y.

Thus, given p € M, the map A, : T,M x T,M — T,M defined by
Ap(u,v) = A(u,V) for any V € I'(T'M) such that V), = v is well defined.

Show that A depends smoothly on p: If X andY are smooth vector fields
then p — Ap(Xp,Y),) is a smooth function.

Exercise 11.3. Let M be a manifold with connection V. Suppose that
Ay TyM x T,M — T,M is bilinear for each p € M and varies smoothly
over M (in the sense that A applied to two smooth vector fields gives a
smooth vector field). Show that

DLV = VoV + A(u, V)
defines another connection on M.

86



11. CONNECTIONS

Exercise 11.4. Show that V¢ = ker(Der), where m : TM — M is the
bundle projection.

Exercise 11.5. Check that the vertical projection Il¢ defined by (11.7) is
independent of the chosen coordinates.
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12. GEODESICS AND THE EXPONENTIAL MAP

12. Geodesics and the exponential map

Parametrized straight lines v : ¢ — p + tv in Euclidean space are charac-
terized dynamically by the fact that they have no acceleration. That is,
Dy = 0. In Newtonian physics, particles accelerate proportionally to force
exerted upon them and hence straight lines are the paths taken by (non-
stationary) particles undergoing no forces. More generally, a particle moving
subject to a constraint that it lies in a submanifold M (with no other exter-
nal forces) moves as it would in free space, except that any component of its
acceleration in directions normal to the surface are automatically cancelled
out by the constraint forces. In other words, the motion of the particle is
determined by the equation

-
Viy' = (D) =0,
where T is the projection onto the tangent bundle of M.

Definition 12.1. Let M be a manifold with connection V. A geodesic is
a path v : I — M having no covariant acceleration; i.e.

Vw’ =0.

We can obtain existence and uniqueness of geodesics with given initial
data (v(0),7'(0)) = (p,v) € TM by writing the geodesic equation locally as
a second-order ODE in coordinates ¢ : U — R" containing p. Indeed,

Vi = () + ()G PTit o) Bk

This vector vanishes only if

(12.1) (V) + () (YT oy =0

for every k = 1,...,n, where (v/)* = 9,(7/)¥. Existence and uniqueness
of solutions with given initial data then follow from the theory of second-
order ODE. By uniqueness, the solutions can be extended across coordinate
transitions. We could do it this way, but it will also be useful to exhibit the
second order geodesic equation as a first order system on the manifold T'M.

First observe that, introducing a new variable v* = (7/)?, the second order
system ([12.1]) becomes the first order system
—t =
(12.2) at

av = — vivjfijk 0.
We want to identify the solutions of this system as integral curves of a
vector field on T M. Extending the coordinate chart ¢ : U — R” to a chart
® : 7~ 1(U) — R?" containing (p,v) € TM, consider the (local) vector field
(12.3) G = i'0; — i'#IT;%0y .
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Observe that G does not depend on the choice of coordinates and hence
extends uniquely to a vector field on T'M.

Let Q : I — TM be an integral curve of G. Set w =710 : I — M.

Observe that dm(, .y (0;) = 9i|p and dm(, ,)(0;) = 0. Then, abusing notation,
W' =drq(G) = Q.
It follows from that w is geodesic. Conversely, suppose that w : I — M
is geodesic and define 2 : I — T'M by
W' =Q.
Then, by (12.2)), Q is an integral curve of G.
The vector field G is called the geodesic flow.
Theorem 12.2. Given £ = (p,v) € TM there exists a unique maximal ge-

odesic v¢ : I — M satisfying (’yg(()),’yé(O)) = (p,v) and v¢ depends smoothly
on § and t. Indeed, v¢ is giwen by

Ye(t) = (w0 @)(&, 1)
and 'yé is given by

Ye(t) = (&, 1),
where ® : TM x I — TM is the mazimal flow of the geodesic flow G.

Proof. Given the preceding discussion, this follows from the existence and
uniqueness of the maximal flow of G, which follows from Theorem O

Proposition 12.3. Given § € TM, let Ic C R be the domain of e, the
mazimal geodesic satisfying (7¢(0),7(0)) = €. Show that

I¢=—I and Ig¢=121I forany r>0.
Proof. See Exercise[12.2] O

Definition 12.4. Let M be a manifold with connection V. The domain
of the exponential map T M is the subset of TM given by

TM={{cTM:1ecl},

where I¢ is the domain of the mazimal geodesic ¢ : I¢ — M satisfying
(7£(0),7¢(0)) = &.

The exponential map is the map exp : TM — M defined by

exp& =¢(1).

Given any p € M, the exponential map at p is the map exp, : TM N

T,M — M given by
exp, U = Y(p.v)(1) -

That is, exp, = exp |TmAT, M-
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The zero section of T'M is the vector field 0 € T'(T'M) defined by 0, = 0
(the zero vector in T,M).

Theorem 12.5. The domain of the exponential map is open and star-
shaped with respect to the zero section; that is, for any &€ € TM and
any r € [0,1], r§ € TM.

For everyp € M the exponential map at p is differentiable and (d epr)op
has mazximal rank (equal to the dimension of M).

The map w x exp: TM — M x M defined by

(m x exp)(§) = (m(E), exp&)

is differentiable on the zero section 0(M) C TM and d(w x exp) has mazimal
rank (equal to twice the dimension of M) on 0(M). In particular, ™ X exp
is a local diffeomorphism near (p,0) € TM for anyp € M.

Proof. That 7T M is open is immediate since the domain of the maximal
flow of G is open. That 7T M is starshaped follows from Exercise [12.2] To
prove the remaining claims, we need to calculate the derivative of m x exp.

Fix p € M and choose a coordinate chart ¢ : U — R"™ around p and
extend it to a corresponding coordinate chart ® : 7= }(U) — R?" around
T,M. Let n : U x U — R?" be the chart for M x M near (p,p) given by
© X . Since 7 x exp is continuous, the set (7 x exp) (U x U) is open. We
need to calculate the derivative of 1o (m x exp) o ®~! on ®(0(U)). Observe
that

no (m X exp) o <I>_1(x,m') =1 ((7T X exp)(gp_l(m),ﬂkiai\g,_l(x)))
= (2, p(exPy—1(2) (2" 0il p-1(a))) -
The derivative of the first factor with respect to z is the identity matrix and
is zero with respect to &. So it suffices to compute the derivative of the map
(T,2) > 0 eXPy1(y) (°05)

with respect to & at zero. But this is also of maximal rank: Identifying the
tangent space of T,M at the zero vector with T,M in the usual way, we
compute

(dexp,)o(v) = 5| exp, (1) = 7/, (0) = v.
We have proved that both exp, and 7 X exp are of maximal rank. The final
claim follows from the inverse function theorem. O

Corollary 12.6. For any p € M there exists a neighborhood U C M of p
and a neighborhood O C TM of the zero section 0|y such that, given any
pair of points ¢ and r in U, there exists a unique geodesic g : [0,1] — M
with v4-(0) = q, 7gr(1) = 7 and 7,,.(0) € O. Moreover, + 74 depends
smoothly on q and .
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Proof. Choose a neighborhood O of (p,0) in TM on which 7 x exp is a
diffeomorphism, and a neighborhood U of p in M sufficiently small that
U x U C (m x exp)(O). These neighborhoods satisfy our requirements. [

Exercises.

Exercise 12.1. Show that the vector field G, defined in local coordinates
by (12.3), does not depend on the choice of coordinates and hence extends
uniquely to a vector field on T M .

Exercise 12.2. Given { € TM, let I¢ C R be the domain of ¢, the maximal
geodesic satisfying (75(0),72(0)) = ¢. Show that

I¢=—I and Ig¢=12I forany r>0.
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13. TORSION AND CURVATURE

13. Torsion and curvature

Given two vector fields U and V, we can generate a third vector field
Tor(U, V), called the torsion of U and V, via antisymmetrization:

Tor(U, V) =VyV —VyU - [U,V].
Observe that Tor(U, V'), depends only on the values of U and V' at p.
Lemma 13.1. Let M be a manifold with connection V. The torsion oper-

ator Tor of V is bilinear over the ring C(M) of smooth functions. Equiva-
lently, there is a unique tensor Tor € T(T*M @ T*M ® T M) such that

Tor(U, V)|, = Tory(Up, V,) for all U,V € I(T'M) and pe M.

Proof. Since Tor is antisymmetric and R-bilinear, to prove bilinearity over
C(M) it suffices to show that Tor(fU,V) = f Tor(U,V) for all f € C(M).
Indeed, for any smooth function f on M,
Tor(U, fV) = Vuy(fV) = VU = [U, fV]
=UHV + fVuV = fVyU - (UNHV + fUV — fVU)
= fVuV — fVvU — f[U, V]
= fTor(U,V).

The second claim is a consequence of the identification of I'(T*M ®
T*M ® TM) with T(T*M) @ T(T*M) @ T'(T'M) described in a

Definition 13.2. A connection is symmetric (a.k.a., torsion-free) if its
torsion tensor is identically zero.
Observe that, for any symmetric connection V, covariant differentiation
of coordinate vector fields commutes:
Vi0; = V;0; .
Given two vector fields U, V € T'(TM), the curvature operator

Rm(U,V) : T(TM) — I'(TM) is the second order covariant differential
operator defined by

Rm(U, V)W = VV(VUW) - VU(VVW) - V[V,U]W-
Lemma 13.3. Let M be a manifold with connection V. The map
(U, V,W) — Rm(U, V)W

is trilinear over the ring C(M) of smooth functions. Equivalently, there is
a unique tensor Rm € T'(T*"M @ T*M @ T*M @ TM) such that

(Rm(U, V)W), = Ry (Uy, V)W, for all U,V,W € T(TM) and p € M.
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Proof. It suffices to prove that Rm(U, V)W is C'(M)-linear in each vector
field. Since it is anti-symmetric in U and V', we only have to check this for
U and W. To see this for U, observe that
Vv (VW) = Vv W = Vv (fVoW) = Vv putsvmW
= (VHVW + fVv(VuW) =V VoW — fV ;W
= [ (Vv(VuW) = VW) .

The claim follows. To prove C'(M)-linearity in W, consider

Rm(U, V)(fW) = Vv (Vu(fW)) = Vu(Vv(fW)) = Vo (fW)
=Vy (U)W + fVuW) =Vu (VHW + fVyW)
— (VU)W = VoW
=(VUf-UVHW +(Uf)VyW — (VHIVgW
+(VHVOW — (UH)VyW + f (Vv (VoW) = Vu (Vv W)
—(VUIHW = VoW
= fRm(U,V)IW.
The second claim is a consequence of the identification of I'(T*M ®
T*MQT*MQTM) with '(T*M)QT(T*M)@T'(T*M) @ T'(T'M) described
in O

Lemma 13.4 (The first Bianchi identity). For any u,v,w € T,M,

Rm(u,v)w + Rm(v,w)u + Rm(w, u)v
= Tor(u, Tor(v,w)) + Tor(v, Tor(w, u)) + Tor(w, Tor(u, v))
— V,, Tor(v, w) — V,, Tor(w, u) — V,, Tor(u,v) .

In particular, if V is symmetric then

Rm(u, v)w + Rm(v, w)u + Rm(w,u)v =0.

Proof. By the trilinearity of Rm, it suffices to prove the claim for any
coordinate vectors 0;, 0; and Jy. This simplifies the calculation since the
coordinate vector fields commute. Indeeed,
Rm(0;, 0;)0k + Rm(9;, 0k)0; + Rm(0k, 0;)0;

=V;(Vi0r) — Vi(V;0k) + Vi(V;0;) — V;(Vi0;) + Vi(Vi0;) — Vi(Vi0;)

=V; (ViOr — V0;) + Vi (Vjai — Viaj) +V; (Vkﬁj — Vj@k)

= — V;(Tor(9;,0k)) — V,;(Tor (0, ;) — Vi(Tor(d;,0;))

= — V; Tor(0;,0;) — V; Tor(0, 0;) — V}, Tor(0;, 0;)

+ Tor(0;, Tor(9;, dx)) + Tor(9;, Tor(dg, d;)) + Tor(dy, Tor(9;, d;)) .
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Alternatively, one could compute with arbitrariry vector fields and apply
the Jacobi identity. ([

Given vector fields U and V, we can extend the operator Rm(U, V) to a
homogeneous operator on the entire tensor algebra: Given a tensor field .5,
we simply set

Rm(U,V)S = Vv (VuS) = Vi (VvS) - Vi S -

By exactly the same computations as in Lemma the map U,V,S —
Rm(U,V)S is C'(M)-trilinear and hence defines a tensor.

Lemma 13.5. Let M be a manifold with connection V. Given vector fields
U and V, the curvature operator Rm(U, V') satisfies the Leibniz rule with
respect to the tensor product and commutes with contractions. Thus, the
tensor field Rm(U, V')S is determined, for any homogeneous tensor field S €

r (®k "M @ ®" TM), by the formula
Rm(U,V)S)(Uy,...,Up,at, ..., ab)

k
- ZS(Ul,...,Rm(U,V)Ui,...,Uk,al,...,o/)
=1
e .
(13.1) =) _S(U1,....U,a!,...,Rm(U, V), ... af).
j=1

Proof. We first show that, given U,V € I'(T M), Rm(U, V') distributes over
the tensor product. Using the fact that V distributes over ® we compute
locally in a coordinate basis {0;} for any homogeneous tensor fields S and
T,
Vi(V;(S®T)) =V (V;ST+S®V;T)
= Vi(VjS) QT + VjS ® V;T
+V;S® VT + S® V,’(VJ'T) .

It follows that
Rm(0;,0;)(S®T) =Rm(0;,0;)S @ T + S ® Rm(0;,0;)T .

The claim follows since both sides are tensorial.

That Rm(U, V') commutes with contractions is a simple consequence of
the fact that V commutes with contractions: Let U and V' be vector fields,
S a homogeneous tensor field and tr any contraction defined on Rm(U, V')S.
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Then
tr(Rm(U, V)S) = tr(Vy (Vi S) = Vo (VvS) = ViyuS)
= Vy tr(VyS) — Vy tr(VyS) — Vi tr S
=Vv(VutrS) = Vu(VytrS) = Viyptr S
= Rm(U,V)trS.

The remaining claim now follows as in the formula ((11.6]) since the cur-
vature operator vanishes on the smooth functions. O

Example 13.6. A useful special case of the formula (13.1)) is the curvature
formula

(Rm(u,v)a)(w) = —a(Rm(u, v)w)

for covectors aw € T*M .

13.1. The linearized geodesic equation. A fundamental tool for the
study of geodesics is the linearized geodesic equation, also known as
Jacobi’s equation of geodesic deviation.

Let w : (—tg,to) X (—€0,€0) = M be a smooth one-parameter family of
geodesics. That is, for each e € (—eg, q), the curve t — w(t, ) is a geodesic.
Since the canonical coordinate vectors d; and 0. for (—tg,tp) x (—0,€0)
commute, we have by the definition of the pullback connection (abusing
notation slightly)

V0w — V0w = Tor(O:w, Ow)
and
Ve, Vi = Rm(Ow, O-w) .

Theorem 13.7 (Jacobi (1836)). Let w : (—to,to) X (—c0,€0) — M be a
smooth one-parameter family of geodesics w(-,€). Then

0 = Vi(Vid-w) + Vi(Tor(Ow, O-w)) + Rm(dw, O-w)dhw .

Proof. By the geodesic property of the family,
0 = V(Viow) = Vi(V0w) + Rm(Ow, O-w) dpw
= V¢ (V0w + Tor(Opw, O-w)) + Rm(Ow, 0-w)Ow
= V(Vi0-w) + V¢ (Tor(dw, O-w)) + Rm(Ow, O-w) 0w . O

In particular, if J = 0.|.—ow and 7 is the geodesic t — w(t,0), then J
solves

(13.2) 0=V, VJ + Tor(y/,ViJ) + Vi Tor(y/, J) + Rm(v', J)y'.
Solutions to (13.2)) are called Jacobi fields (along 7).
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Exercises.

Exercise 13.1. The covariant differential of a homogeneous tensor field
S e FED(TM) is the tensor field VS € T*+HLD(TM) defined by

(VS)(Xo, X1,..., X, ol ..., 0d) = (Vx,9)(X1,..., X, ol ... ah).

The covariant differential of a general tensor field is defined as the sum of the
covariant differentials of its homogeneous parts. Covariant differentials can
be iterated: the second covariant differential (or covariant Hessian)
of S is the tensor field V2S = V(VS), the third covariant differential of
S is the tensor field V3S = V(V(VS)), etc. Suppose that V is torsion-free
and let X,Y and Z be vector fields and S a tensor field. Prove the following
three Ricct identities:

(R1) V2S(Y,X) - V28(X,Y) =Rm(X,Y)S,

(R2) V?S(Y,X,Z) - V*S(X,Y,Z) = Rm(X,Y)(V2S) — VRm(x.y)25
and
(R3) V*S(X,Z2,Y)-V?S(X,Y,Z) = (Vx Rm)(Y, Z)S+Rm(Y, Z)(VxS),

where the tensor field V Rm is defined (in the usual way) by commuting with
contractions:

Vx(Rm(Y, Z)S) = (VxRm)(Y,Z)S + Rm(VxY, Z)S
+Rm(Y,VxZ)S+Rm(Y, Z)(VxS).
Combine and to obtain the second Bianchi identity: Suppose

that V is torsion-free. If X, Y and Z are vector fields and S a tensor field,
then

VxRm(Y,2)S +Vy Rm(Z,X)S +VzRm(X,Y)S =0.

Exercise 13.2. Let {e;}™_; be a local field of bases for TM and let {9}, be
the field of dual bases. Denote by T';;* = 9%(V;e;) and Ci;* = 9%([es, e5]) the
corresponding connection coefficients and commutator relations, respectively.

Show that
TOI'Z'jk = Fijk — Fjik - Cl'jk
and
Rmijk £ — ejl“ikf — 6’irjk€ + Fikpl“jpf — ijpl—‘ipg — Cﬁpf‘pke .
Exercise 13.3. Let M be a manifold equipped with a connection V. Given a
local field of bases {e;}}_, for TM, define the (local) connection 1-forms
{Wik};szl by
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where {I‘ijk}?’j?k:l are the connection coefficients corresponding to {e;}? ,
i.e.,
Vz-ej = I‘,-jkek,
and {9}, is the local field of bases dual to {e;};.
(a) Show that
wi (es) = (Vit*)(e;).
Define the torsion 2-forms {Tork}zz1 by
Tor® = dv* 4+ 99 A wjk.
(b) Show that
ey Tor® = 0% (Tor(U, V),
where the tensor on the right is the torsion tensor of V.
Define the curvature 2-forms {Rmy Z}Zj:l by
Rmy, £ = dwi’ + wi? A wpg.
(¢) Show that
ey Rmy £ = Rm(U,V, ey, 19£) .
(d) Prove the “first Bianchi identity”
dTor* = wi! A Tor® — Rmy, ¢ A 9F.
(e) Assuming V is torsion-free, prove the “second Bianchi identity”

dRmy :Rmkp/\wpe—wkp/\Rmpg.
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14. Riemannian metrics

Next, we want to introduce a way of defining geometric notions such as
lengths of curves, angles between curves and areas of subsets of our manifold.
This is achieved through the introduction of a Riemannian metric — a
family of inner products on the tangent spaces.

Definition 14.1. A Riemannian metric or metric tensor on a differ-
entiable manifold M is a smooth section g € I'(T*M & T*M) such that, for
each p € M, the bilinear form g, : T,M x T,M — R is symmetric,

gp(u’ U) - gp(v, u) ’
and positive definite,

u# 0 = gp(u,u)>0.

A Riemannian manifold is a differentiable manifold equipped with a
Riemannian metric.

For each p € M, the inner product g, induces a norm |- | on 7,M in the

usual way:
lulp =/ gp(u,u).
We define the function |- | : TM — R by |(p,u)| = |ulp.

As for any tensor field, a metric can be locally described in terms of its
coefficients in a local chart: Let {dz’}]_; be the basis of covector fields dual
to the coordinate basis {0; }}1:1 of some chart. Then, at points of the chart,
g = gijd:xi ® da?, where gij = 9(0;,0;). The smoothness of g is equivalent to
the smoothness of all the coefficient functions g;; with respect to some (and
hence any) chart. More generally, given a basis {e;}8™M for T,,M, we can
write g with respect to the dual basis {9} M for TyM as g = gij 9" ® 9,
where g;; = g(ei, ej). A basis {e;}H8M for T,M (or a local field of bases for
TM) is called orthonormal if g(e;, e;) = d;;.

A Riemannian metric induces a canonical isomorphism, -*, between T'M
and T*M via the rule

W (v) = g(u,v).
The inverse of -* is denoted by -f and the two isomorphisms are sometimes
referred to as the musical isomorphisms. These isomorphisms extend in
a natural way to the homogeneous tensor bundles. For example, we can

identify a tensor 7' € T29 M with a tensor in the bundle 7Y M via the
rule

T(u,e) = T(u,a?).
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With respect to dual local bases {e;}&% M and {9/ }¢mM  the musical iso-
morphisms correspond to raising and lowering of indices using the met-
ric: denote by g% the components of the dual metric g € I'(TM ® T M)
defined by
g(a, B) = g(of, ).

Observe that g;rg" = 6. So given u € TM, the components of u* with
respect to the dual basis are given by (u’); = u; = gixu”. The (1,1) tensor
defined above is related to its (2,0) counterpart by Ty = ¢/*Tj;. These
rules extend in the obvious way to higher degree homogeneous tensors and
we will freely use them without mention from here on.

The standard inner product on Euclidean space R™ induces a Riemann-
ian metric on R™ via the natural identification of the tangent spaces T,R"
with R™. With respect to the identity chart, its components are J;;. In
fact, the manifold R™ can be made a Riemannian manifold in many ways:
For each 1 < i < j < n, let f;; be any bounded, smooth function and
set fi; = fji for each 1 < j < i < n. Then, for C sufficiently large, the
matrix corresponding to the functions g;; = Cd;; + fi; is positive definite
everywhere, and hence g;; defines a Riemannian metric.

Any differentiable manifold can be equipped with a metric (in many
ways).

Lemma 14.2. Every smooth manifold carries a Riemannian metric (in
fact, many of them).

Proof. The proof is essentially the same as the proof of existence of connec-
tions: Choose an atlas {¢q : Uy — V, C R} and a subordinate partition of
unity {po}. On each of the regions V,, in R", choose a Riemannian metric
g%. Then define, for any X,Y € I'(TM),

9(X,Y) = pag(dpa(X), dea(Y)). O

Submanifolds and, more generally, immersed submanifolds of Riemann-
ian manifolds carry a natural Riemannian metric induced by the “ambient”
Riemannian metric.

Definition 14.3. Let F': M — N be an immersion of a manifold M into
a Riemannian manifold N with Riemannian metric g. The pullback of g
is the metric h on M defined by

hP(“’v ’U) = 9F(p) (de(u)v dFP(U)) .
The pullback metric is often denoted by h = F*g.

Definition 14.4. Let (M,g) and (N, h) be Riemannian manifolds (of the
same dimension). A smooth map ® : M — N is called a local isometry
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if g = ®*h. A local isometry which is also a diffeomorphism is called an
isometry. Two Riemannian manifolds are called (locally) isometric if
there exists a (local) isometry between them.

In particular, this endows any submanifold of R” with a canonical Rie-
mannian structure. An important example is the sphere S"~! of radius
r > 0.

An important example of a Riemannian manifold which does not arise
as an isometrically embedded hypersurface{ﬂ of Euclidean space is the hy-
perbolic space.

Example 14.5. Minkowski space R™! is the linear space R™ equipped
with the bilinear form n : R*1 x R"t1 & R defined by
n(zeo + 2,90 + §) = —a"y’ + &7,

where & =1, z'e; € R™ and - denotes the usual dot product on R™.

The n-dimensional hyperbolic space H" is the submanifold of unit
future directed timelike vectors

Tr ={z e R"™ :n(z,2) = =1 and n(z,ep) <0}

in Minkowski space equipped with the pullback metric

h(u, v) = n(de(u), du(v)),
where v : H™ — R™! is the inclusion map and, for each p € R"1, T,R"+!
is identified with Rt in the usual way.

14.1. Length and distance.

In this section, we introduce the natural metric space structure on a
Riemannian manifold determined by measuring the lengths of curves.

A mapping F : M — N between manifolds is deemed C* if, given
coordinate charts ¢ and n for M and N respectively, the map 1o F o o !
is C*. If A is a subset of M, a mapping F : A — N is deemed CF if there
is an open set O of M containing A such that F : O — N is C*. A curve
w : [a,b] — M is piecewise C* if there are points a = ag < a; < --- < a; =b
such that wy, | 4, 18 C* for each i = 1,...,1. We denote by D*(M) the set
of piecewise C* curves from intervals I C R into M.

Definition 14.6. Let (M,g) be a Riemanm’an manifold and w : I — M a
piecewise C' curve. The length L(w) of w is defined as

/ ' (t)|dt .

125 hypersurface is a submanifold of codimension 1.
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Given two points p and q in M, we define the distance from p to q by

dp,q) = inf L(w),
.= _jnt L)
where DY(p,q) = {w : [a,b] - M € DY(M) : w(a) = p and w(b) = q}.
We refer to the corresponding functioﬁ d: M x M — Ry U{oo} as the
Riemannian distance function (induced by g).

Lemma 14.7. Let (M, g) be a Riemannian manifold with induced Riemann-
ian distance function d : M x M — R. If M is connected, then (M,d) is a
metric space whose induced topology agrees with that of M.

Proof. The symmetry of the distance function is immediate, as is its non-
negativity. The triangle inequality is also easily established: For any curves
wi @ [a1,b1] = M,ws : [ag,ba] — M € DY(M) with wi(b1) = wa(az), we can
define the concatenation wi#ws : [0,by — ay + ba — ag] — M € D' (M) by

wl(t+a1) if 0<t<by—a
wg(t—i—ag—(bl—al)) if by —a1 <t<by—a;+by—as.

wiFwa(t) = {

Observe that wi#ws is a curve of length L(w;) + L(ws). By the definition
of L, given points p, ¢ and r in M and any € > 0 we can choose curves w;
joining p to ¢ and we joining ¢ to r such that L(wi) < d(p,q) + €/2 and
L(w2) < d(q,r)+¢/2 and hence d(p,r) < L(wi#w2) < d(p,q) +d(q,r) + ¢
The claim follows.

Consider distinct points p # g € M. We need to show that d(p,q) > 0.
To do so, we will compare d to the Euclidean distance in charts (which
will also prove that the induced topology is the correct one). So choose a
chart ¢ : U — V around p. Then we can choose § > 0 and A > 0 such

that™] o~ (Bas(¢(p) C U, ¢ & ™ (Bs((p ))) and g(u, u) > Aldg(u)[* on
Bas(p(p)). We can now choose a curve w € D*(p, ¢) such that

0= [0 ()]t~ Y20

If we denote by « the component of w in U which contains p, then, since
&(q) ¢ Bs(é(p)), the Euclidean curve ¢ oy must have length at least §. We

13Recall that the infimum of the empty set is co.

M he third condition is possible because the left and right hand sides are homogeneous in
u: For each p € U, g(u,u)/|de(u)|? has a lower bound on the (compact) unit sphere in T, M. But
this lower bound extends to all of T, M since g(ru,ru)/|dp(ru)|? = g(u,u)/|de(u)|?. We may

then take A\ to be the minimum of these lower bounds over the compact set =1 (ng(ap(p))),

where § is chosen so that this set lies in U.
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may therefore estimate

/7 !dt—ﬁ
>\F/ydgo |dt—Q

= VA [ ltpoyiar -2

—VAL(pan) - Y20

VS

>—>O

This proves that d is a metric. But it also proves that d is comparable from
below by the Euclidean distance when viewed through charts. A similar
argument shows that it is also comparable from above. Since charts are
homeomorphisms, this proves the final claim. ([l

14.2. The Levi-Civita connection. A Riemannian metric on a manifold
M is a section of the tensor bundle 729 M. Thus, given a connection on
M, we can take the covariant derivative of g. A connection is called metric
compatible if the covariant differential of g is the zero section. Such a
tensor field is also called parallel or covariantly constant.

Definition 14.8. A connection V on a Riemannian manifold (M, g) is
called metric(-compatible) (or g-compatible) if

Vg=0.
Equivalently,
X(9(Y,2)) = g(VxY,Z) +g(Y,VxZ)

for any vector fields X, Y and Z.

Metric compatibility is a natural generalization of the product rule for
inner products on R"”.

Theorem 14.9 (T. Levi-Civita (1929)). Let (M, g) be a Riemannian man-
ifold. There exists a unique symmetric, metric connection V on M.
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Proof. Assuming the conditions, we will derive an explicit formula for V,
proving the uniqueness. So consider, for any vector fields X, Y and Z,

XgY,Z)+Yg(X,Z)— Zg(X,Y)
=g9(VxY,2)+g(Y,VxZ)+g(Vy X, Z) 4+ g(X,VyZ2)
—9(VzX,Y) - g(X,VzY)
=29(VxY,Z)+g(Y,VxZ —VzX)+ g(VyX — VxY, 2)
+9(X,VyZ —-VzY)
=29(VxY,2) +g(V,[X, Z]) + 9([Y, X], Z) + g(X, [, Z]) .
That is,
29(VxY,Z) = Xg(Y,2) + Yg(X, Z) — Zg(X,Y)
(14.1) +9(X, Y], 2) +9([2, X],Y) — g([Y, 2], X) .
The right-hand side is independent of V, so this proves uniqueness.

Existence follows by checking that the formula (14.1]) determines a sym-
metric, metric connection, which we leave as an exercise. O

The connection uniquely determined by (|14.1)) is called the Levi-Civita
connection of (M, g).

If we define, with respect to some local field of bases {e;}}, for T'M,
the connection coefficients

Lijk = 9(Viej, ex)
and the structure coefficients
Ciji = 9([ei, e5], ex) = g(Liej, ex)
then the Levi-Civita formula becomes
2035k = €igjk + €j9ik — exgij + Cije — Cjki + Chj -

In particular, with respect to a coordinate basis, the connection coefficients
are determined by derivatives of the metric components,

(14.2) 2Tk = 0igjk + 09ik — Okij »

and, with respect to an orthonormal basis, the connection coefficients are
determined by the commutation relations,

(14.3) 2Tjk = Cijk — Ciiki + Chij -

The connection is also uniquely determined by the connection one-
forms {w;’} which are determined by

wil (er) = —(Vit)(e:),

n
i,j=1"
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where {#"}7_, is the local field of bases for T*M dual to {e;}j_;. Indeed,
since 07 (e;) = 67,

witei) = — (Vib")(e))

In Euclidean space, there is a (global) coordinate chart in which
gij = 0ij
and hence
Lij =0.
For a general Riemannian manifold, no such orthonormal coordinates ex-

ist; however, it is always possible to choose coordinates so that these two
identities hold at a given point.

Observe that the Levi-Civita connection has a total of n? linearly inde-
pendent coeflicients Fijk with respect to a general local field of bases. This

n2(n4+1)
2

reduces to if the basis is a coordinate basis, since, in that case, we

have the symmetry
r% =1k

2(p—
The number reduces to w if the basis is orthonormal, since, in that

case, we have the skew-symmetry

Fz’jk + Fikj =0.

2 connection one-forms,

Similarly, with respect to a general basis, there are n
while, with respect to an orthonormal basis, this reduces to @ With

respect to an coordinate basis, we still have n? connection one-forms, but

2
their number of independent components is reduced from n? to %

Proposition 14.10 (Exponential normal coordinates). Let (M™,g) be a
smooth Riemannian manifold equipped with its Levi-Civita connection V.
Giwven p € M and an orthonormal basis {e;}I", for T,M we may define a
chart ¢ on a neighborhood U of p by

o Mzt .., 2" = exp,, z'e; .
With respect to this chart,
9ij(p) = 6i; and TyF(p)=0.

The coordinates defined by ¢ are called exponential normal coordi-
nates.
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Proof of Proposition [14.10. By Theorem there exists U C M such
that ¢ is a well-defined chart for M. Since the derivative of the exponential
map at the origin is the identity map, we find that
Ailp = dsﬂ_l\w(p)ei = (dexp,)oei = e;
and hence, in particular,
9ij(p) = 0ij -
Next, observe that, given any constants a’, i = 1,...,n, the vector a’d; is
tangent to the geodesic t — exp,(ta'e;) along . It follows that
Vaiai(ajaj) =0

at points expp(taiei). In particular, this holds at p. But then, by symmetry
of the connection, we find at p

0= Va,10,(0i + 9;) = Vi0; + V;0; + V;0; + V;0;
= V;0; +V;0;
= 2V,;0; .
This completes the proof. O

Exercises.

Exercise 14.1. Given u,v € R™! satisfying n(u,u) < 0 and n(v,v) < 0,
show that
[n(u, v)| = [ullv],
where |u| = \/—n(u,u) (and similarly for v).
Exercise 14.2. Show that (H",h) is a Riemannian manifold. Hint: Let

w : I — H" be a smooth curve and use the defining relation for H™ to
determine the form of u = w'(0). Then check that h(u,u) > 0 for u # 0.

Exercise 14.3. Consider the hyperbolic stereographic projection ® :
H" — B1(0) C R* = {0} x R® C R™! defined as follows: Given a point
z€ H" = {(t,x) e Rx R" : t = \/1+ |z|?}, where |- | is the norm in R",
let ®(z) be the point of intersection of the line from z to the point —eq with

the plane {0} x R™.
o1 (z) = 1+ |z> 2z
S\ P =2

Show that
Show that the pullback metric g induced on the unit ball by ®~1 is given
(in standard rectilinear coordinates) by
4
(1 —[xf?)
The Riemannian manifold (B1(0), g) is called the Poincaré disk.
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Exercise 14.4. Let (M, g) be a Riemannian manifold. Show that the length
of a smooth curve w : I — M is invariant under reparametrization; that is, if
r:J — I is a diffeomorphism of the intervals I and J, then L(w) = L(wor).

Exercise 14.5. Let (M, g) be a Riemannian manifold with metric compat-
tble connection V.

(a) Show that lengths and angles are preserved by parallel translation.
That s,
9 [g(E(), F(t))] =0
for any parallel vector fields E, F € T'(w*T M) along a smooth curve
w:l— M.

(b) Show that any connection for which the lengths and angles between
parallel vector fields are constant must be compatible with the met-
TiC.
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15. Convexity and completeness

15.1. The Gauss Lemma.

Let (M,g) be a Riemannian manifold of dimension n. Given p € M,
any orthonormal basis {e;}!" ; for T,M induces an isomorphism from R" to
T,M via the identification (vl,...,v™) — v’e;. This in turn induces a map
®: (&) = expy(rf) from S"1 x [0,79) into M for some rg > 0. We refer
to the pair (£,7) as geodesic polar coordinates (centered at p) of the
point exp, r§ € M.

Let 0, be the canonical vector field on T'(S™ 1 x (0,79)) = TS"®T(0,79).
Observe that

AP ¢ ) Or = (1)

where 7¢(r) = exp,(r{), and, given ¢ € TzS" !,

d® )¢ = (dexpp)reC.

Lemma 15.1 (Gauss (1825)). Let (M,g) be a Riemannian manifold with
Levi-Civita connection V. In geodesic polar coordinates,

®*9(0,,0,) =1

and
®*g(0,,() =0
for all ¢ € TS™ L.

In other words, the image under the derivative of the exponential map
of the unit radial vector in 7T, M is always a unit vector, and the image of
a vector tangent to a sphere about the origin is always orthogonal to the
image of the radial vector.

Proof of Lemma [15.1l The first identity is straightforward: for each £ €
571 the curve r — ¢ (r) = exp,(r€) is a geodesic with initial length

() =gl =1.
The claim follows since

d

. d
o (2790, 0,)] = %g(vé,vé) =29(Viyg,7e) = 0.

To prove the second claim, define a one-parameter family w : [0,79) X
(—€0,€0) — M of geodesics ¥(:,€) by w(r,e) = exp,(ré(e)), where { is a
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curve ¢ : (—gg,€0) — S™ 1 with (£(0),£(0)) = (&,¢). Then

d
—g(Orw, 0:w) = g(Orw, V,0-w)

dr
= g(0rw, V:0rw)

_ %aag(arw,arw) —0.

Thus, ¢(0,w, 0-w) is constant in r. In particular,

®*g(87’7 C) = g(arw7 a&‘w)‘(r,O) = g(arwa 85&)) ’(0,0) .

The claim follows since 0.w(0,¢) = 0 for all e. O

An important consequence of the Gauss Lemma is the fact that geodesics
of the Levi-Civita connection, restricted to sufficiently short intervals, have
smaller length than any other path between their endpoints. We say that
geodesics locally minimize distance. Moreover, if the distance between two
points is attained as the length of some curve, then this curve must be a
geodesic.

Proposition 15.2. Let (M, g) be a Riemannian manifold equipped with its
Levi-Civita connection V and let v : I — M be a geodesic. For any tg € I
there exists § > 0 such that

L(V[itg—s,t0+8)) = d(v(to — 9),v(to +9)) -

Conversely, let w : [0,1] — M be a piecewise smooth path for which
L(w) = d(w(0),w(1)). Then w = vy or, where r: [0,1] — [0,1] is monotone
and 7 s a geodesic.

Note that we cannot expect that geodesics minimize length on long in-
tervals — consider the example of the sphere S?: geodesics are great circles,
and these achieve the distance between their endpoints on intervals of length
no greater than 7, but not on longer intervals.

Proof of Proposition Let v : I — M be a (without loss of general-
ity, unit speed) geodesic. Fix tg € I and choose § > 0 sufficiently small that
[to — d,t0 + 6] C I and exp.,,_s) is a diffeomorphism on a ball in T, ;5 M
of radius r > 24 about the origin. For convenience, we denote by p the point
v(to — 0) and by ¢ the point ~y(to + 9).

Now let w : J — M be any other curve joining the points p and q. We
need to show that L(w) > L(7|ty—s,t,+5]) = 26. Suppose first that w remains
in the set exp,(B25(0)). Then we can write w in geodesic polar coordinates
based at p as w(t) = exp,(r(t)§(t)) for some function 7 : J — [0,26] (which
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maps the endpoints of J to the endpoints of [0, 26]) and some & : J — S, M.
Then, by the Gauss Lemma,

W' (0)7 = [(dexpy)re(r'€ + 7€) = (r')? + r?|(dexp, )€ |* > (')?.

In particular,

20
(15.1) L(w):/]|w’(t)|dt2/]|r’(t)dtz/o dr =20 = L(v).

This proves the first claim as long as w does not leave the set exp,(B;(0)).
But should v leave this set, the same argument applies on the portion of w
joining p to its boundary, giving L(w) > 2.

To prove the second claim, first observe that w achieves the distance be-
tween any pair of its points. Indeed, if there were some subinterval on which
this were not true, then replacing w by a shorter path on that subinterval
would also yield a shorter path from w(0) to w(1). The claim now follows by
observing that equality is attained in only if ¢ = 0 and r is monotone,
in which case w is simply a monotone reparametrization of ~. O

15.2. Convex neighborhoods.

Next, we show that the distance d(p,q) between two points p and ¢ is
achieved by a length minimizing geodesic, so long as p and ¢ are sufficiently
close. In fact, we prove slightly more (cf. Corollary [12.6]).

Proposition 15.3 (Convex neighbourhoods). Let (M, g) be a Riemannian
manifold equipped with its Levi-Civita connection V. For any p € M there
exist constants 0 < € < n such that every pair of points ¢ and r in the ball
B.(p) ={x € M : d(p,z) < €} is joined by a unique geodesic vg : [0,1] — M
of length L(vgr) = d(q,7) < 1.

Moreover, d(p,qr(t)) < max{d(p,q),d(p,r)} for allt € [0,1]. In partic-
ular, v4r([0,1]) C B:(p).

Proof. By Theorem the map (7 X exp) : TM — M x M is a diffeo-
morphism from a neighborhood of (p,0) into M x M. Thus, as in the proof
of Corollary we may choose n sufficiently small that (7 x exp) is a
diffeomorphism on the set O, = {(z,v) € TM : d(z,p) < n, |v] < n}.
Setting B:(p) = {z € M : d(z,p) < e}, now choose £ so small that
B:(p) x B:(p) C (7 x exp)(Oy). In particular, for any ¢,r € B.(p), there
exists a unique geodesic 74, of length less than 7 joining ¢ to . Moreover,
applying the Gauss Lemma as in the proof of Proposition we find that
vqr achieves the distance between its endpoints.
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It remains to prove that d(p, 4 (t)) < max{d(p,q),d(p,r)} for all t €
[0, 1]. Observe that, in exponential normal coordinates ¢ based at p,

n

d(p, ) = d(p,expy(a’e;)) = [/ (0)] = ("),

=1

where y(t) = exp(ta’e;). Thus, writing 74, (t) = exp,(z'(t)e;) and using the
geodesic equation,

P () = LS @ =2 L3 g
dg2 dt? — dt P

_ . i’kQ xkxk
_2;« )2+ )

L L2 WL I
22(( ) ir )

Now, in exponential normal coordinates, Fijk(O) = 0 and hence, for n
sufficiently small, we can arrange thaﬁ

Zxkrzjk&ﬁj < %Z(fk)z

1,7,k k

whenever 2:/&(910%“')2 < 2n. Note that, since v, is of length less than n and
since ¢ and r are within distance € < 1 of p, the entire geodesic 7, stays
within distance 2n of p. So we may estimate

d? —~ .k
() 2 Y ()7 > 0.
k=1
Thus, the function ¢ — d(p, v4-(t)) is strictly convex; in particular, its max-
imum must occur at one of the endpoints. O

15.3. The Hopf-Rinow Theorem.

A Riemannian manifold is called geodesically complete if TM =
TM. This means that the geodesic flow is defined for all ¢ € R or, in
other words, that geodesics can be extended indefinitely. The Hopf-Rinow
Theorem states that a Riemannian manifold is geodesically complete if and
only if it is complete as a metric space when equipped with the Riemannian
distance function.

15T his follows again from the homogeneity of the right and left hand sides in £ and compact-
ness of the unit sphere.
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Theorem 15.4 (H. Hopf and W. Rinow(Y| (1931)). Let (M,g) be a con-
nected Riemannian manifold equipped with its Levi-Civita connection and
its Riemannian distance function d. The following are equivalent:

(1) (M,d) is a complete metric space;
(2) (M, g) is geodesically complete ;
(3) There exists p € M for which TM NT,M = T,M.

Furthermore, each of these conditions implies

(*) For every p and q in M, there exists a length minimizing geodesic
joining p and q.

Proof. Observe that (2) immediately implies (3). We prove the following
implications: (1) = (2), (3) = (%,) and ((3) + (%)) = (1), where (xp)
is the statement of (%) but with the point p fixed and satisfying (3).

(1) = (2): Suppose that (M, d) is a complete metric space. If (2) does
not hold, then there is a point £ = (p,u) € T'M with |u| = 1 such that the
maximal interval I¢ of existence of the geodesic v(t) = exp(t£) is not all of
R. Without loss of generality, we can assume that 1" == sup Iz < oo. Observe
that

d(x(),7(8)) < L(y|y o) = It — s

for any s,t € Ic. That is, y(t) is Cauchy as t — T and hence converges to
some limit ¢ € M. Extend the curve v to T" by setting v(T") = q. We need
to show that the tangent vector has a limit as ¢t — 7.

Choose € > 0 such that the ball B.(q) is convex in the sense of Proposi-
tion [15.3] Then, for any s,t € (T —¢,T), v(s) and 7(t) lie in B.(g), and
achieves the distance between them:

A(($).7(0) = L3lg) = |t — | for all st € (t —&.T).
Since d is continuous,

d(v(s),q) = lim d(7(s),7(t)) = lim(t — s) =T — s = L(y[5,1)).-

So 7|[5’T} is a length minimizing path and hence a geodesic emanating from
q:
Vs, (T = 1) = expy (tn)

16Willi Rinow, who received his PhD in Berlin in 1932 under the direction of Heinz Hopf and
Ludwig Bieberbach, joined the Nazi party in 1937 and worked as a cryptanalyst for the Nazi war
effort. Hopf, whose father was born Jewish, was forced to file for Swiss citizenship in 1940 after his
property was confiscated by the Nazis. (By 1933, Bieberbach had become a fervent Nazi, and was
enthusiastically involved in the efforts to dismiss his Jewish colleagues and promote “Deutsche
Mathematik”, even facilitating the Gestapo arrest, and later execution, of Juliusz Schauder.)
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for some n € S;M. Local existence of solutions to the geodesic equation
now ensures that this geodesic exists for sufficiently small values of t < 0,
which extends « beyond T

Next, we prove that (3) = (%;,): Suppose that TM NT,M = T,M. Fix
q # p- We need to show that there is a length minimizing geodesic joining p
with g. Choose € > 0 such that exp,, is a diffeomorphism on a set containing
the closure of B.(0,) C T,M. If ¢ € B.(p) then we are done, so assume not.
Observe that S:(p) = {¢ € M : d(p,q) = €} is compact (it is the image of
the compact set S:(0,) = {v € T,M : |v| = ¢} under the continuous map
exp,). In particular, the function d(-, ¢) attains its minimum on this set. In
other words, there exists r = exp,(ev) such that

d(r,q) = d(S:(p),q) = inf{d(r', q) : " € S:(p)}.
We claim that

(15.2) d(p,q) = e +d(r,q).

Indeed, the inequality d(p, q) < e+d(r, q) follows from the triangle inequality
since d(p,r) = €, and the reverse inequality follows because any path from
p to g must pass through S.(p). Set v(t) = exp,tv and let J be the set of
times

J=A{te[0,dp,q)]:t+d((t),q) = d(p,q)} -
We need to show that J contains the point d(p,q) — taking t = d(p, q) will

then imply that d(y(d(p,q)),q) = 0 and hence ¢ = y(d(p, q)), which proves
our claim.

First observe that J is non-empty (by (15.2])) and closed (because the
distance function is continuous and (t) exists for all £ € R). Next, we claim
that [0,¢] C J whenever t € J. Indeed, if s < ¢, the triangle inequality and
the fact that (g 4 is a minimising path imply that

d(p,q) = t+d(v(t),9)
= s+ (t—s)+d(v(1),9)
> 5 +d(v(s),q)
> d(p,q) -

Finally, we will prove that J is open relative to [0, d(p, ¢)], which will prove
that J = [0,d(p, q)] and hence d(p, q) € J as desired.

So fix 7 € J and set © = (7). Choose 6 > 0 such that exp, is a
diffeomorphism on Bs(0). If ¢ € Bs(z) then g = exp,(d(z,q)w) for some
w € S(0;). Consider the curve

w(t) = {v(t) fort <t

(15.3) expm(—(T _ t)w) fort > 1.
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Observe that w is a curve joining p to ¢, and, by assumption,

d(p,q) =7 +d(z,q) = L(w).
Thus, w is a minimising curve and hence a geodesic. Hence, by uniqueness,
w(t) = exp,(tv) for all t € [0,d(p, q)] and we are done.

If, instead, g ¢ Bs(x) then we can choose y € Ss(x) such that d(y,q) =
d(Bs(x),q). Then, as before,

d(z,q) =6 +d(y,q)

and hence, by assumption

d(p,q) = d(p,z) +d(z,q) =7+ +d(y,q).

Let w be the unit speed curve given by following v from p to x and then
following the radial geodesic from x to y. Then L(w) = d(p, )+ 6 and hence

d(p,q) = L(w) +d(y, q) -

It follows that L(w) = d(p,y) since if there were any shorter path w’
from p to y we would have

d(p,q) < L(w') +d(y,q) < L(w) 4+ d(y,q) = d(p,q),

a contradiction. Therefore w is a geodesic and hence w(t) = 7(t). Thus,
[0,7 + 6] C J, and hence J is open, as claimed, which completes the proof
of the second implication.

Finally, we will prove that ((3)+(%p)) = (1): By (3), we may define
for each k € N the set My = exp,(Bj(0,)). This set is the image of a
compact set under a continuous map, and is therefore compact. By (%),
UgenMyr = M. Now, if {¢;}ien is a Cauchy sequence in M, then {¢;};en
is contained in Mj for some k. But since M} is compact, it follows that
{¢i }ien converges. This completes the proof of the Theorem. O
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16. Riemannian curvature

We have already been introduced to the curvature tensor of a general con-
nection. In this section, we will be interested in the additional properties of
the curvature tensor of the Levi-Civita connection on a Riemannian man-
ifold. From here on, unless otherwise stated, a Riemannian manifold will
always be equipped with its Levi-Civita connection.

As usual, we can decompose the (3,1)-tensor X,Y,Z — Rm(X,Y)Z

into components with respect to some tangent basis {ei}?i:r?M :

Rm = Rm”klﬁz & 9‘7 ® Qk e,

where {01} M g the cotangent basis dual to {e; }$HmM.

Using the metric, we can identify Rm with a tensor of degree (4,0) via
Rm(W, XY, Z) = g(Rm(W, X)Y, 7).
Or, in components,
Rmgjr; = gim Rmyjp ™

Proposition 16.1. Let (M, g) be a Riemannian manifold. The curvature
tensor Rm € T(TWO M) has the following symmetries:

(i) Rm(W, X,Y, Z) + Rm(X, W, Y, Z) =

(i) Rm(W, X, Y, Z) + Rm(X,Y, W, Z) + Rm(Y W,X,Z)=0;
(iii) Rm(W, X,Y, Z) + Rm(W, X, Z,Y) =
(iv) Rm(W, X,Y, Z) = Rm(Y, Z, W, X) .

Proof. The first identity is obvious from the definition of the curvature op-
erator and the second is just the first Bianchi identity. The third symmetry
is a consequence of the compatibility of the connection with the metric, and
the fact that the curvature operator is a derivation on the tensor algebra
which commutes with contractions (Lemma[13.5]) and vanishes on functions:

0 =Rm(W, X)(g(Y, Z)) = g(Rm(W, X)Y, Z) + g(Y, Rm(W, X)Z)
= Rm(W, X,Y, Z) + Rm(W, X, Z,Y).
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The final identity is a consequence of the previous three:
Rm(W,X,Y,Z) = —Rm(X,Y,W,Z) — Rm(Y, W, X, Z)
= Rm(X,Y, Z, W)+ Rm(Y,W, Z, X)
= —Rm(Y,Z, X, W) —-Rm(Z, X, Y, W)
—Rm(W,Z,Y,X) —Rm(Z,Y,W, X)
=2Rm(Y, Z,W, X) + Rm(Z, X, W,Y) + Rm(W, Z, X,Y)
=2Rm(Y,Z,W,X) — Rm(X, W, Z,Y)
=2Rm((Y,Z,W,X) - Rm(W, X,Y, 7).
Rearranging yields the the claim. ([

Note that if M is a one-dimensional Riemannian manifold then its cur-
vature is zero (since the curvature tensor is skew-symmetric). This reflects
the fact that any one-dimensional Riemmannian manifold can be locally
parametrised by arc length, and so is locally isometric to any other one-
dimensional manifold.

Next consider the two-dimensional case: Any component of Rm in which
the first two or the last two entries are the same must vanish, by the anti-
symmetries in these components. There is therefore only one independent
component of the curvature: If we take {e1,e2} to be an orthonormal basis
for T, M, then we define the Gaussian curvature K of M at p as K(p) =
Rm(eq,e9,€1,e2). This is independent of the choice of orthonormal basis:
Any other one {€], €}} is given by €] = cosfe; +sinfes and e, = —sinfe; +
cos Bey for some 0 and hence

Rm(e}, €}, e, e5) = Rm(cos fe; + sin fea, —sin ey + cos feq, €], €))
= cos’ARm(e, eg, €], €y) — sin? A Rm(eq, €1, €], h)
= Rm(ey, eq,€],€)) .
Using the pairwise symmetry (part (iv) of Proposition and applying
the same argument again, we conclude
Rm(e}, €5, €], €5) = Rm(er, ez, e1,€2).

Definition 16.2. Let (M, g) be a Riemannian manifold. Given p € M and

a two-dimensional subspace X, C T,M, we define the sectional curvature

K(%,) as

Rm('l)l, V2, U1, 'UQ)

K3, = )
) = P = gon. a7

where {v1,v2} is any basis for ¥,.

If v and v are linearly independent tangent vectors at some point, then
we denote by u A v the (oriented) plane spanned by u and v.
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Proposition 16.3. The curvature tensor is completely determined by the
sectional curvatures.

Proof. Working in an orthonormal basis for T,M at a point p € M, it
suffices to find an explicit expression for any component Rm;jz; in terms of
sectional curvatures.

Let {e;}; be an orthonormal basis for T,M. It will be convenient to
refer to the oriented plane generated by two distinct basis vectors e; and e;
using the notation e; A e;. We first compute the sectional curvature of the
plane %(62 + €k) A (ej + el):

K(é(ei +ep) A (ej+ el)>
1

= Rm(ei +ep,ej +er, e+ ex, e + 1)

1 1 1 1
= ZK(ei Nej)+ ZK(ei Nep) + ZK(ej Aex) + ZK(ej Aep)

1 1 1 1
+ 5 Rmyji +5 Rmgje; +5 R +5 Rmypa;

1 1
+ 5 Rmijkl +§ Rmkjil .

Replacing ep, and e; by —ep and —e; respectively yields the sectional
curvature of the plane (e; — ex) A (e; — €;), which we add to the previous
expression to obtain:

1 1
Rmijkl -I-Rmka‘l =K (2(@ + ek) A (ej + 61)) + K (2(61' — ek) VAN (6]' — 6[)>

1 1 1 1
— iK(ez /\ej) — iK(eZ /\el) — iK(ej /\ek) — §K(€k /\el).

Finally, subtract the same expression with e; and e; interchanged and
apply the Bianchi identity to obtain

3Rmyji = Rmyjp + Rmyj i — Rmyig — Rmy
1 1
=K (2(62‘ +ep) A (ej+ el)) + K (2(ei —ep) A (e — el)>

& (e n @) K (5o -a)nle-a)

1 1 1 1
—iK(ei/\el)—§K(ej/\ek)+§K(ej/\el)+§K(ei/\ek).D

Due to its symmetries, the curvature tensor of a Riemannian manifold
has only one linearly independent trace, which is called the Ricci tensor.
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We denote the Ricci tensor by Re and use the convention
Re(u,v) = 9 (Rm(u, ¢;)v) = tr(w — Rm(u, w)v)

or, in components,
RCij = Rmkij k
By Proposition [16.1] (iv), Rc is a symmetric tensor:
Re(u,v) = Re(v, u).

We can relate the corresponding quadratic form, v — Rec(v,v) to the sec-
tional curvatures: Given a unit vector v, choose an orthonormal basis for
TM with e, = v. Then

n—1 n—1
Re(v,v) = Z Rm(v,e;,v,e;) = Z K(vAe).
i=1 i=1

Thus, the Ricci quadratic form in a direction v is (n — 1) times the average
of the sectional curvatures in 2-planes containing v.

The trace of the Ricci curvature is called the scalar curvature, which
we denote by R. That is,

R = RCii = gij RCZ‘]' .
Thus, R(p) is n(n — 1) times the average of the sectional curvatures over all
2-planes in T,M.
The full algebraic structure of the curvature tensor is elucidated by con-
structing a vector space on which it acts as a bilinear form. To each point p

of M is associated the linear space A>T, M of oriented two-planes. This
space is simply the quotient of the tensor product T, M ®T,,M by the relation

URU~ —VRU.

The corresponding vector bundle A2T'M is called the two-plane bundle
of M.

We define the bilinear map A : Tp,M x T, M — AQTPM , called the wedge

product, by
uAv=[u®uv.

We can identify u A v € AQTpM with the two dimensional oriented plane
in T,M spanned by u and v (although not everything in AQTpM can be
interpreted as a plane in T,M). Thus, the construction of AQTpM allows
us to perform formal sums and scalar multiplication of oriented two-planes.
We extend the metric to A2T'M by declaring {%ei Nej:1<i<j<n}an
orthonormal basis for A2T,,M whenever {ey, ..., e,} is an orthonormal basis
for T,M. By Exercise [16.3]

9(A, B) = AV B (gi1.9;0 — gugjn) ,
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A two-plane which can be expressed in the form u A v for some vectors u
and v is called a simple two-plane (and corresponds to a subspace of T,,M).

The significance of the two-plane bundle is that the curvature tensor
defines a symmetric bilinear form on it.

Proposition 16.4. The curvature tensor defines a symmetric bilinear form
on the space of two-planes A2TpM via

Rm(A, B) = Rm(AY¢; A e, B*ep A e) = A AM Rm, 1 ,
where the sum is over all © and j with i < j and all k and | with k <.

Since the curvature operator is symmetric, it can be diagonalized. It is
important to note that the eigenvalues of the curvature operator need not be
sectional curvatures! The sectional curvatures are the values of the curvature
operator on simple two-planes, but there is no reason why the eigenvectors
of the curvature operator should be simple two-planes. In particular, it is
possible to have all the sectional curvatures positive (or negative) at a point,
while not having all of the eigenvalues of the curvature operator positive
(negative).

In the special case of three dimensions, however, every two-plane is sim-
ple, and so the eigenvalues of the curvature operator are sectional curvatures.

16.1. The Taylor expansion of the metric. Recall that in exponential
normal coordinates centered at p the metric tensor is Euclidean to first order
(at p). We will show that the curvature tensor is an obstruction to obtaining
local coordinates in which the metric tensor is Euclidean to second order at
a given point.

Theorem 16.5. Let (M, g) be a Riemannian manifold of dimension n. In
exponential normal coordinates about a point p € M, the components g;; of
g are given by

1
9ij = 0ij — 5 Rmigj 2z + O(||=[).
Proof. Fix p € M and an orthonormal basis {e;}]", for T,M and let
(x',...,2") : U — R™ be the corresponding exponential normal coordi-

nate chart. Given ¢ = exp,z'e; € U, let u be the unit vector u = z'e;/|x|
and consider a geodesic variation

W (—to,to) X (—60,60) — M
(t,€) = exp,(t£(€))

where € : (—eg,0) — S™1 C T,M has initial data £(0) = u, £'(0) = v €
T,,S"~!. In exponential normal coordinates,

O-w = (dexp,) et = t(9:£")0;
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and hence

W*g(aa 65) = tQBaflaegjgij )
where we are writing g;; for g;; o w. Differentiating both sides % times with
respect to ¢ yields

k
k _ P _ B
) (l>w*g(v5 '0:,V30:) = 0:60-€7 (k(k — 1)0; 2 gij + 2kt0f g1 + t°07 9i5)

1=0
In particular, at (¢,¢) = (0,0),

k

> (];) w*g(VE1., Vi) = k(k — 1)v' 0 2g;; .
=0

Note that, at (0,0),
O:w=0, Ow=u, Vi0;=0 and Vi0.w=v.
Differentiating Jacobi’s equation, we also have
0= V?@Ew + Vi Rm (0w, 0-w) 0w + Rm(dyw, V1 0-w) 0w
= V30.w+ Rm(u,v)u at (0,0).
Thus, setting k = 4,
12007 82 gi5 = 2w*g(V{0., 0:) + 8w g(V}0., V,0.) + 6w g(V7 0., V;0.)
= —8Rm(u,v,u,v) at (0,0).

By Proposition [14.10, g;; = d;; and 0yg;; = 0 at (0,0) and hence

. . . . 2
v'v! gij(exp,(tu)) = v'v’d;; — %Rm(u, v,u,v) + O(t3).

Setting t = |z| then yields
1
9ij(a) = 0ij — 5 Rmgjo ¥’ + O(||]|*) O

Recall that the covariant differential of a tensor T' of type (k, /) is the

tensor VT of type (k + 1,¢) defined by
vr,-)=vVyT(-).
The covariant Hessian V2T of T is the covariant differential of V7. That
is,
VAT(U,V) = Vi (VT)(V)
=Vu(VyT) - Vy,vT.

It is also common to write V%J,VT and VyVyT for V2T(U,V). So is im-
portant to keep in mind that Vi VyT # Vi (VyT)!
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Observe that, for a symmetric connection,
Rm(U, V)T = Vy(VyT) = Vy(VvT) = VT
= VV(VUT) — VU(V\/T) — VVVU—VUVT
= Vv(VUT) - Vv,u — (VU(VvT) — VvUvT)
=VyVyT —VyVyT.

In particular, for a symmetric connection, the covariant Hessian of a smooth
function f is symmetric,

VuVyvf=VyVyf.

The trace of V2 is called the Laplace-Beltrami operator, or simply
the (covariant) Laplacian. That is,

AT = tr(V?T) = g7 V,;V,T.

Lemma 16.6. Let (M™, g) be a Riemannian manifold equipped with its
Lewvi-Civita connection V. Then

(16.1) VAf =AVf —Re(grad f)

for any smooth function f € C(M), where grad f is the vector field dual to
the one-form df and u — Rec(u) € T*M is the linear map dual to Re; that
18,

Re(u)(v) = Re(u,v) .

Proof. Since V?f is symmetric,
=V (V.U,U) = V3f(U,V,U)
= v3f(Vv U’ U) - vgf(Uv U7 V) .

The claim follows by taking the trace. O

A slightly more involved argument shows that
(16.2) VAT =AVT +VR+«T+ R+«VT

for any tensor field 7', where, given tensors S and 7', we denote by S'xT" any
tensor obtained from the summing of constant multiples (depending only
on the ranks of S and T') of contractions (possibly using the metric g or its
inverse g~!) of S® T.
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Exercises.

Exercise 16.1. Show that the algebraic symmetries of Proposition|16.1] re-
duce the number of algebraically independent components Rm;ji; of the Rie-
mann tensor from n? to HQ(TIL;_I). In low dimensions, these numbers are
quite manageable: 0,1,6,20,50,....

Exercise 16.2. Let (M,g) be a two dimensional Riemannian manifold.
Given a point p € M and a basis {vi,v2} for T,M, show that the Gauss
curvature of (M, g) at p is given by
Rm(v1, v2,v1, 02
K(p) = )
g(v1,v2,v1,v2)

where
g(“? v, w, Z) = g(u’ w)g(% Z) - g(“’? v)g(w, Z) :

Exercise 16.3. Show that the inner product of two two-planes A, B €
A2T,M s given by

9(A, B) = AYB"(girgji — gugjk) ,
where the sums are over the indices 1 < j and k <.

Exercise 16.4. Show that every two-plane on an n-manifold is simple if
n=2 orn=3 but not if n > 4.
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17. Spaces of constant sectional curvature

Let (M,g) be a Riemannian manifold of dimension n > 2. We want to
compute the various curvatures of (M, g) for some specific examples. We
will first do this in the most naive way: By computing the components of
the Riemann curvature tensor with respect to some coordinate chart.

Given a tangent basis {e;}" ;, the components of the curvature tensor
are given by
Rm(e;, ej)ex = V(Viex) — Vi(Vier) = Vi, e 1€k
= V;(Tep) = Vi(ljiPep) — Cji Ve, ex
=eliPey, + Ti?Viep — eil'jiPey, — TP Viep — CifTpileq
=e;liPep + TitPTjpleq — eiljiP e, — TP Tipleq — CifTprleq
= (e;Ti? — el'ji? + T — Ty — CiT i) ep -

In particular, in a coordinate basis {0;}" ,
(17.1) Ry ! = 0;Ti! — o0l + T T, — 19T,

We say that (M, g) has constant sectional curvature if the sectional
curvature K : A>TM — R is a constant function. By Proposition the
curvature tensor is then of the form

Rm(u,v)w = K(g(u, w)v — g(v, w)u)

where K is a constant.

17.1. Euclidean space. Equip Euclidean space R" with its standard met-
ric (-, ) by declaring the coordinate basis of the identity chart orthonormal.
By Theorem the Levi-Civita connection D is given by

D,V = (uV")o;.
It then follows from (|17.1)) that R™ has constant sectional curvature K = 0.
A space with constant vanishing sectional curvature is called locally flat.

The geodesics of D are the straight lines ¢ — p + tv and hence R" is
geodesically complete.

The Jacobi equation is
ViJ=0.

With respect to a parallel orthonormal frame {E;}? ;| along v with E,, =/,
this becomes

(JY' =0.
The solutions are
Ji(t) = Ait + B;.
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17.2. The sphere. Consider the sphere S* = {z € R""! : |z| = r} of
radius r > 0 equipped with the pullback metric g = ¢* (-, ), where ¢ : S <
R™! is the inclusion map and (,-) the standard metric on R""!. Recall
that stereographic projection ® : S™ \ {e,,+1} — R* 2 R" x {0} C R*!
maps a point y € S} to the point of intersection ®(y) of the line joining y
to ep+1 with the plane R™ x {0}.

Writing y = (¢,y" 1), we find that

and
o z) = (g,4"") ,
where
22y |z|? — r?
j=—-—"" and gyt =" 1.
YT e Y EEres

Similar calculations as in Exercise yield, with respect to the coordinate
basis determined by @,

gy
9= Ut a2 fro)2

The components of the Levi-Civita connection are then given by (14.2):
(17.2) Tyb = Mo = ——2 (26,0 + 295 — 23,
. ij —49 igl — |3§‘|2 + r2 T 0jk T T 04k T 05 ) -

We can then compute, for instance,

4 ) .
0T = CEETDE (Z’kl'l(sjl + 2P 6y — a:kxléij>
2
- W (0ik0j1 + 0k0i1 — Oki0i5)
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and hence

Rmy;; b= aiijl — 8kFijl + ijpFipl — Fijpl“kp’

4 o . )
- o (0 — 2t — alald + ol )
4
T a2 (Onjdi — 0ijOn1)
4 k J v 7 p 1
+W (.’JC 5jp—|—x 5kp—$ 5kj> (l‘ 5pl+$ 5il_$(5ip>
4 { J D k D l
_W (:U djp + 27 0sp — @ 51‘3') (33 Opt + 5k‘l_x5k‘p)
4 4|x|?
= ——— (60 — 6ii0k1) — ———5— (0k;0i — ;50
|$|2+T2 ( kgl J kl) (|$‘2+7‘2)2 ( kjOil J kl)
42
= —————— (g0 — 0ii0k1) -
(1 + |@]2/r2)2 (001 30kt)

Thus,

1
(gilgjk - gz'jgkz) .

Ry = gip Rmyi; = —5

We conclude that the curvature operator of S;' is a constant multiple of the
metric,

Rm(A, B) = !

ﬁg(AaB)v

where we recall from Exercise that the metric on two-planes is defined
by

9(A, B) = A B* (gixgi1 — gagix) -

In particular, S™ has constant sectional curvature:

N Rm(A,A) 1
By (17.2)), the geodesic equation is
9 ; . ; .
(¥*)" = HE 112 ) () (’Y Ok + 7 0ik — Vk@'j)
2
= W (2(’)’/ : ’Y)(’Yk)/ - ’Yk|’Y/|2>
2
(17.4) et ((\7\2)/(7k)/ - ’Yk\’Y,\Q) ;

where - and | - | are the standard dot product and norm on R" in the coor-
dinate variables.
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We claim that the solutions are the great circleﬂ Indeed, given y €
S™ and a unit tangent vector v € T,,S", the great circle through y in the
direction v is

v(t) = cos(t/r)y + rsin(t/r)v.

Observe that
[Y|gnsr =7
and
(7(0),7'(0)) = (y,v).

So, by uniqueness of solutions, it suffices to show that each v is a solution.
The image of v under ® is
r(cos(t/r)y + rsin(t/r)v)

V) = T Cos (/g £ rsin(Ejr)on L

The situation is simplified when y is the south pole, —re, 41, for in that case
g = vt =0, and hence
rsin(t/r
a(y) = T
1+ cos(t/r)
If v = ey, say, then ¥ = 0 for £ = 2,...,n (which clearly solve (17.4)),

while
1 rsin(t/r)

~ 1+cos(t/r)’
We leave it as an exercise to check that v also solves (17.4). The general

case follows, since rotations are isometries of S™ (another exercise) and for
every y € S” and every v L y, there is a rotation of R"*! which maps the

pair (—ep11,€1) to (y,v).
By ([17.3]), the Jacobi equation becomes
ViJ+r2Jt =0,

where J* is the projection of J onto {7'}+. With respect to a parallel
orthonormal frame {E;}" ; along v with E,, =/, this becomes

(Ji)// + 7"_2e]i =0
fori=1,...,n—1, and
(J”)” =0.
The solutions are

J"(t)f At+ B if i=n
| Ajcos(t/r) + Bisin(t/r) if i <n.

17Indeed, we have already seen this in Example m by different means.
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17.3. Hyperbolic space. By similar calculations using the hyperbolic
stereographic projection, we find that the hyperbolic space H' = {z €
R™1 . b(2,2) = —r?} of radius r > 0 (equipped with its pullback metric)
has constant sectional curvature K = —r—2.
The Jacobi equation then becomes
Vij—r2Jt =0,

where J*+ is the projection of J onto {7'}+. With respect to a parallel
orthonormal frame {E;}? ; along v with E,, =+, this becomes

(Ji)// o T—QJZ' =0
fori=1,...,n—1, and
(JM"=0.
The solutions are

Ji(t) _JAt+B ifi=n
| Ajcosh(t/r) + Bysinh(t/r) if i <n.

Exercises.

Exercise 17.1. Given r > 0, set

. rsin(t/r)
T T o)
Show that ,
n o 2f(f)°
i+ T 0.

Exercise 17.2. Denote by ® : S™\ {re,+1} — R™ the stereographic projec-
tion map and consider the geodesic

~v(t) = —rcos(t/r)en+1 + rsin(t/r)e; .
(a) Show that

1 . cos(t/r)er +sin(t/r)ept1 if i =1
O |y =

1+ cos(t/r) ' e if i #£1.

(b) Show that the general solution to the system

dE* dry? k
— = _E'"—L (T
dt dt (L% o)
s given by
2EF

T 1+ cos(t/r) "
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(c) Deduce that the parallel orthonormal frame { E;(t) }i_y for T, ;)S™ —
T,Y(t)R”Jrl along v with initial conditions E;(0) = e; fori=1,...,n
s given by
cos(t/r)e; +sin(t/r)epr1 if i =1
i) = (t/r) (t/r)ent /i
e; if i1#£1.
Exercise 17.3. Two Riemannian metrics g and g on a differentiable mani-

fold M are conformally equivalent if there exists a smooth function u on
M such that

g=e"g.
Show that the scalar curvature R with respect to g is given by

eR=R—-2(n—1Au—(n—1)(n—2)|gradul?,

where R is the scalar curvature of g and n is the dimension of M.

130



18. RIEMANNIAN SUBMANIFOLDS

18. Riemannian submanifolds

Let M be an n-dimensional smooth manifold, N an (n + k)-dimensional
smooth manifold and X : M — N a smooth immersion; that is, a smooth
map whose derivative dX : TM — TN is everywhere injective. By the
implicit function theorem, X is locally a diffeomorphism onto its image:
about any point p € M"™ we can find a neighbourhood U C M™ such that
U = X(U) is a smooth n-dimensional submanifold of N and X|y : U — U
is a diffeomorphism. For an embedded submanifold M C N, we can take X
to be the inclusion map, in which case its derivative d.X, is the inclusion of
T,M into T,N for each p. In what follows, it is useful to keep this case in
mind.

Recall that the pullback bundle X*T'N is the vector bundle obtained by
equipping the set

X*TN = {(p,v) € M xTN : X(p) =m(v)}

with the submanifold differentiable structure and the the obvious projection
(p,v) — p. Define the pullback X*V of V € I'(T'N) by

XVo = (0 Vx(p))-

Pullbacks of sections V' of T'IN are sections of X*T'IN; however, in general,
not every section of X*T'N is of this form. For example, given V € T'(T'M)
the vector field dX (V') defined by

dX(V)p = (X(p),dX,(V}))

is not, in general, globally of the form X*V for some V € I'(T'N) (consider
what happens at points where X has self-intersections). On the other hand,
when X is an embedding, the map

(p,v) = v

is a bundle isomorphism from X*T'N to T'IN, and it follows that every section
is a pulled-back section in this case. Moreover, fo general immersions X,
every section of X*T'N coincides locally with a pulled-back section of T'N.

When X is an embedding, the map (p,u) — (X (p),dX,(u)) is an em-
bedding of T'M into T'N. More generally, dX induces an embedding of T'M
into X*T'N via

(p,u) = (p,dX (u)).

Abusing notation, we denote this vector subbundle of X*T'N (equipped with
the obvious projection) by dX(T'M) and conflate the embedding map with
dX.
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If N is equipped with a (pseudo-)Riemannian metric (-, -), then we define
the pullback metric X*(-,-) on X*T'N by

X*((p,u), (p,v)) = (u,v).
The normal space to M at p € M is the orthogonal compliment
NpyM = {v € Tx )N : (u,v) =0 for all u € dX,(T,M)}
of dX,(TpM) in Tx(,yN. When X is an embedding, the normal bundle
NM = | | NyM,
peEM
equipped with the obvious projection, is a vector subbundle of TN, and

TN = dX(TM)& NM .

More generally, we define the normal bundle by equipping
NM ={v € X*TN : *(u,v) =0 for all u € dX (T'M)(,)}
with the submanifold structurelﬂ and the induced projection. Then
X*TN =dX(TM)® NM .
We can also equip TM with a (pseudo-)Riemannian metric g: given
u,v € Tp,M, set
gp(u,v) = (pr(u), pr(U)>X(p) .
If N is equipped with a connection D, then the pullback connection
XD :TM x T(X*TN) — X*TN defines a connection on X*T'N via
*DuX*V = (7(u), Dax(w)V)
for any u € TM and V € T'(TN). Note that XD is well-defined since every

section of X*T'N coincides locally with a pulled-back section of T'N.
If Ve I'(TM), then we define V,,V by
dX(V,V) = (*D,X*V) " = (DaxwV) "
where V is any vector field on /N which is locally X-related to V near m(u);
that is, Vx(,) = dXp(Vp) for p in a neighbourhood of 7w(u). We can also
define a connection V+ : TM x I'(NM) — N M on the normal bundle N M
via
ViN = (*D,N)* .
It is a straightforward exercise to check that V and V- define connections

on T'M and N M, respectively. Indeed, if D is the Levi-Civita connection of
(-,-), then V is the Levi-Civita connection of g.

18That NM is a submanifold follows from the implicit function theorem (surjective version).
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Proposition 18.1. Let (N, (-,-)) be a Riemannian manifold equipped with
its Levi-Civita connection and let X : M — N be an immersion. If g and V
are the induced metric and connection, then V is the Levi-Civita connection

of g.

Proof. We need to check that V is symmetric and g-compatible. Given
vector fields U,V,W on M with U, = u, V,, = v and W), = w, choose
vector fields U, V and W on N such that dX(U) = U, dX(V) = V and
dX (W) =W on a neighbourhood of p. Then, by Proposition [7.6

dX,(VuV = V,U) = (DgV — DyU)| x ()
=[U,V]x()
= pr[Uv V]p
Similarly,
ug(V,W) =u (<‘~/, W> o X)

= dX(u){V,W)

= (Dax(w)V s Wx@)) + (Vx(p)» Dax W)

=g(V,V,w) + g(v, V,W). O

The normal (tangential) component of *D acting on tangent (normal)
vector fields induces a normal bundle valued symmetric bilinear form on
TM (a conormal bundle valued self-adjoint endomorphism of T'M).

Proposition 18.2. There are tensor-fields

Ael(T"M @ T*M @ NM) =2 Hom(I'(TM),T(TM);T(NM))
and

Wel(T"M @ TM @ N*M) =2 Hom(I'(NM),T(TM);T(TM))

such that

(1) Au,v) = (XD, [dX(V)]) ™,

(2) dX(W"(u)) = (*DuN)T,
(3) A(u,v) = A(v,u), and
(4) A”(u,v) = g(W"(u), v)

for any u,v € T,M and v € N,M, any extension V € I'(T'M) of v, and any
N € I'(NM) such that N, = v, where

A" (u,v) = — (A(u,v),v) .
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Proof. To prove the first claim, it suffices to check that the map
Ve (“Dufdx (V)"
is C'(M)-linear. Given V € I'(T'M) and f € C(M),
(DX (FV)])" = (Dulf dX(V)])*

= (ufdXy(Vy) + f *Du[dX (V)])
= f(Du [aX(V)])*

since dX (V') is tangential.

The second claim is proved similarly (see Exercise .

The third claim follows from the symmetry of D similarly as in Propo-
sition [18.1} given u,v € T,M, extensions U,V € I'(T'M), and vector fields
U,V € I'(TN) X-related to U and V, respectively, near p, Proposition
yields

Dy [dX (V)] = *Dy[dX(U)] =Dy V —Dy_ U

Ux(p) Vx(p)
=0 VIxw)
= dX,([U, V]p).
Taking the normal projection yields the claim.
To obtain the final claim, choose a vector field N € T'(T'N) which is

locally X-related to N in a neighbourhood of p. Then, since (V,N) = 0,
0=u((V,N)ox)
= dX,(u)(V.N)
- <Dpr(u)f/, 1/> + <pr(V), Dpr(u)N>

= <(Dpr(u)‘7)Lv V> + <dX;l7(V)7 (Dpr(u)N)T>
= — Aj(u,v) + g(W}(u),v). O
The tensor field A in Lemma [[8.2] is called the second fundamental

form of the immersion. The tensor field W is called the Weingarten
tensor.

Given v € TM and V € I'(TM), resolving *D,,V into tangential and
normal components yields the (first) Weingarten equation:
XD,V = dX(V,V) + Au,v) .

Playing the same game with second derivatives (the curvature) yields
the Gauss—Codazzi equations: given u,v,w,z € T,M, choose extension vec-
tor fields U, V, W, Z € I'(T M), respectively, and vector fields U,V , W, Z €
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['(TN) which are X-related to U, V, W, Z, respectively, in a neighbourhood
of p. Then

Dy(DgW) = Dy (VoW + AV, W)

where m = (DVW)T (which is X-related to Vi W in a neighbourhood
of p). Since A(V, W) is a normal vector field, we obtain

Daxuy(Dy W) = Dax(wy (TvW + AV, W)
— dX (Vu(VVWV)) + A(u, V,1)
+ WACY () + VE(A(V, ).
The tangential terms yield the Gauss equation:

(XRm(u, v)w)T =dX <RmT(u, v)w + WA () — WALw) (w)) ,
where X Rm is the pullback of the curvature operator of XD and Rm ' is the
curvature operator of V. Equivalently, using Proposition [18.2]

XRm(u, v, W, 2) = RmT(u,v,w, z) + g(A(u, z), A(v,w)) — g(A(u,w),A(U, z))

The normal terms yield the Codazzi—Mainardi equation:

(*Rm(u, v)w)L = (VyA)(u,w) — (Vy A)(v,w),
where the tensor VA is defined, as usual, by asserting the Leibniz rule:
Vi A, w) = Vi (A(V,W)) — AV, V,w) — A(v, V,IV).

Now consider a normal vector v € N,M, an extension N € I'(NM)
and a vector field N € I'(TN) with X*N = N in a neighbourhood of p.
Resolving tangential and normal components of *D, N yields the (second)
Weingarten equation:

XDyN = Vi N +dX(W”(v)).
The second derivative is
Dy(DyN) = VE(VEN) +dX (WYvN(U))
(18.1) +dX (Vu(WN (V) + AU, WN(V)).
Resolving the normal components yields the Ricci equation
(XRm(u, 1))1/)L = Rm™*(u, v)v 4+ A(v, W (1)) — A(u, W”(v)),

where Rm™ is the curvature operator of V. Equivalently,
XRm(u,v, v, u) = Rm™*(u, v, v, 1) + A*(u, W (v)) — A* (v, W" (u))

= Rm~(u, v, v, 1) + g(W" (), W(v)) — g(W¥ (v), W (u)).
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It turns out that the tangential components just produce the Codazzi equa-
tion again.

18.1. Exercises.

Exercise 18.1. Show that the map
N W) = (*D,N)T
for N e I'(NM), v € TyM is C(M)-linear.
Exercise 18.2. Prove the Codazzi identity
(YRm(u, v)v) | = (Vy W)*(u) — (Vy W)” (v)
by resolving the tangential components of , where
(Vu W)Y (0) = Vo, (WY (V) = WY (o) — WY(V,V).
Exercise 18.3. Assume that X : M™ — (N"TL (...)) admits a global unit
normal field N. Prove that
XRm(u, v, w, Ny) = (Vo A) (v, 0) — (Vo A) (u,w),
where
A(u,v) = — (A(u,v), Np)
Exercise 18.4. Use the Gauss equation to compute the curvature tensor of
(1) the sphere,
St = {z e R"™: (2,2) = 1}.
(2) the hyperbolic space,
H" = {z e R™ :p(z,z) = —1, n(z,ep) < 0}.
(3) the Clifford torus,
Clff™ = {(21,...,20) €S L CC": |z = = |z = 1},

n
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19. First and second variations of arc-length
In this section, we study the variational properties of geodesics.

Definition 19.1. Let (M, g) be a Riemannian manifold and vy : [a,b] — M
a continuous curve. A wvariation of v is a continuous map w : |a,b] X
(—e0,€0) = M such that w(t,0) = ~y(t) for allt € [a,b]. We say that w

— is piecewise CF if there are points a = ag < a1 < --- < a; = b
such that Wi, a;x(~ep,e0) CF for each i =1,...,1. We refer to
the points {a1,...,a;—1} as the singular points of w.

— is a homotopy of v or it has fized endpoints if w(a,c) = v(a)
and w(b,e) = ~(b) for all € € (—eq,0)-

— is a geodesic variation if t — w(t,e) is a geodesic for all € €
(_50750)'

Lemma 19.2 (First variation of arc-length). Let (M,g) be a Riemannian
manifold and v : [a,b] — M a C? curve parametrized by arc-length. Consider
a C? wvariation w : [a,b] X (—eg,€0) — M of v and set J = O-wl|.—o. Then

d b b
(19.1) e L(w(-,¢)) = g(J, fy’)‘a —/ g(Vt’y’,J) dt.
E le=0 a
Proof.
d

d b
w9 = dEL_O/a |9y dt
b
- / 0 (2% v.ow) ar
a |8tw|

b
o Otw
(19.2) = /a g <|8tw|’vta€w> dt

de

e=0

e=0
b b
= g <m78€w> / g (Vtm78€w> dt
|Or] o Ja |Or] o
b
=gy —/ 9(Vy/, J)dt. O

Corollary 19.3. A piecewise C? path v : [a,b] — M parametrized by arc-
length is geodesic if and only if

d
de

L(w(-,e)) =0

e=0
for every piecewise C% homotopy w.
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Proof. Let w : [a,b] x (—&g,€0) — M be a piecewise C? variation of v with
singular points a =ty < t; < --- < tx11 = b. Then, by ((19.1]),

d

19.3 —
( ) de le=0

k b
L) = Y athanli, = [ oV e,
i=1 a

where
A7 (t) = lim~/(s) — lim+/(s) .
7(8) = lim /' (s) = lim y7(s)
The right hand side vanishes when is « is a geodesic.

To prove the converse, suppose that the first variation vanishes for all
piecewise C? variations w of 4. In particular, given any any piecewise C*
vector field J along v with J(a) = J(b) = 0, set
(19.4) w(t,e) =exped(t)

for (t,e) € [a,b] X (—eg,e0) with g¢ sufficiently small that +e¢J(¢t) € TM
for all t € [a,b]. Then

k b
= d — INLZ ’
0= €:0L(w(-,6)) = ;Q(J, A _/a g(Vey, J) dt .
Let a = t; < --- < t;, = b be the discontinuities of w’ and suppose there

exists tg € [a,b] \ {t1,...,tx} such that Uy = Vi/'(tg) # 0. Extend Uy to a
parallel vector field U : (tg—d,t9+06) — M such that (to—9,to+9) C [a,b]\
{t1,...,tx}. By continuity, we can also assume that (U, Viw’) > 0 so long as
d is sufficiently small. Now pick a cut-off function ¢ € C*°((ty — d,t9 + 9))
with ¢(to) = 1 and ©[(4,—s,t0+6)\(to—5/2,t0+5/2) = 0. But then, by the
variation w? : [a,b] X (—&g,€0) — M of 7 given by

w¥(t,e) = expep(t)U(t)

has negative first variation, a contradiction. We conclude that V' = 0.
It then follows from (which must hold for any piecewise continuous
vector field J by the formula (19.4])) that 4/ is continuous and hence, by
Theorem ~ is C*°. This completes the proof. O

So geodesics are critical points of the length functional. Note, however,
that they are not always (local) minima (consider the equator on a sphere:
any small perturbation in the direction of due north decreases its length).

The stability properties of geodesics can be analysed via the second
variation of arc-length.

Lemma 19.4 (Second variation of arc-length). Let v : [a,b] — M be an
arc-length parametrized C? curve in a Riemannian manifold (M,g). For
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any C3 variation w : [a,b] X (—eo,€0) = M of v,

d? b
o2l b2 = (Tl o [ (190 = R )

—g(Vi, 7,)2 - g(vt'7/7 VeO:wle=0) | dt

where J = O:w|c—0.

Proof. We continue from ({19.2)) in the computation of the first variation:

2
5l et

b
(2 0 a
e=0
b
= / [9 <V Vt65W> +g <|gtw| Vg(VfOEw)ﬂ dt
b
= / [ <Vtaaw g < O ,Vt85w> &i Vt65w>
+

e=0

] |Opw] |Opw]2’

(ét“’ Vi(V-0w) + R(Ow, O )agwﬂ dt

e=0
b
= o(Vedlco, ), + [ [V~ ROV T )

~ 9(Vi,7)? = g(Vey, Vedwlemo) |dt . T

Setting
It =T = g(JA )
we find that
Vidt = Vid — g(Vid, )y = (Vid)*
and hence

VeI P = [V = g(Vid, 7).
Corollary 19.5. If v : [a,b] — M is an arc-length parametrised geodesic in
(M,g) and w : [a,b] x (—e,e) = M any smooth variation of v, then
d2
de?

L(52)) = o(VeBewlmo, )]

b
+/ [[VeJH? = R(, J* o, JH)]dt.
In particular, if w is a homotopy, then
d2
de?le=

b
OL(w(-,s)):/a (Ve 2 — ROy, T o, )] de
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Definition 19.6. Given a geodesic 7y : [a,b] — M, denote by Y* the linear
space of piecewise C* vector fields along v and by T’g the subspace of U € T*
satisfying U(a) = U(b) = 0. The index form of vy is the symmetric bilinear
form I:Y§ x YE — R defined by

b
10+ [ o(V0VV) - RGO )
Integrating by parts, we find, for U,V € Tg“, k >0, that

IdLV):——/%g(Vﬁ]+1ﬂvﬂUyM%V)dt

and, similarly,
b
10.V) = = [ gV + RO/ VIY))

That is, the linear operator £ : I**2(y*T M) — T*(y*T M) defined by
—LU = VU + R(y,U)y

is self-adjoint with respect to the inner product

b
W)= [ g vy
and satisfies
(U, V)= (LU,V) .
Definition 19.7. A vector field J € X' satisfying
(19.5) 0=—LJ=V2]+ R~ J)»

i the sense that
b
I0.0) = [ [o(VU.Ve) + RO Uy )] de = 0

for all U € T(l) is called a Jacobi field along ~v. The operator L is called
the Jacobi operator and equation (19.5)) is called Jacobi’s equation. We
denote by J the set of all Jacobi fields along .

Theorem 19.8. Let (M™,g) be a Riemannian manifold. Given a geodesic
v : [a,b] — M, the set J of Jacobi fields along v is an R-linear space of
dimension 2n. Indeed, given ty € [a,b] and u,v € Tyo)M there exists a
unique Jacobi field J along 7 satisfying J(tg) = u and ViJ(tg) = v. In
particular, if J(tg) # 0 then

T2+ |V J2 >0 in [a,b].

Moreover, if J(to) = 0 then either J =0 or there is a neighbourhood I of t
in [a,b] such that |J(t)| > 0 for allt € I\ {to}.
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Proof. Let {e;};_; be an orthonormal basis for T’,;,)M and let {E;(t)};-,
be the parallel vector fields along v satisfying E;(to) = e;. Then {E;(t)}7
is an orthonormal basis for 7',y M for all ¢ € [a,b] and we can write

J(t) = J(t)Ei(t).
Set
Bij(t) = R(’Vlv E;, 7/7 E])(t) :

Note that B;; is symmetric for every t. Jacobi’s equation then reads

n .

(V¥ +) Y'Biy =0

i=1
The first claim now follows from the existence and uniqueness of solutions to
linear second order ODE with prescribed initial data. The remaining claims

follow from uniqueness of solutions (in particular, the zero Jacobi field is the
unique Jacobi field along ~ satisfying J(tg) = ViJ(tg) = 0). O

Lemma 19.9. Let (M, g) be a Riemannian manifold and v : [a,b] — M a
geodesic. For every U,V € J,

g(VU V) —g(U,V, V) s constant.
In particular, for any J € J there are constants a,b € R such that
g(J,y)#) =at +b
and hence J+ = {J € J : g(J,7) = 0} is a linear subspace of J of
codimension 2.

Proof. Observe that

O (g(ViU, V) = g(U,ViV)) = g(ViU, V) — g(U, V;V)
= R(’)/a Ua 7,a V) - R(7,7 ‘/7 '7/> U)
=0.

This proves the first claim. The second follows because 4/ € J and hence,
by the first claim,

079(J.7) = 0ig(Ved, ') = 0hg(J, Vy') = 0.
It follows that J=+ is the kernel of the linear map L :J L 5 R? defined by
L(J) = (a,b),

where a and b are the constants satisfying g(J,7')(t) = at + b. This yields
the final claim. (|
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Definition 19.10. Let (M,g) be a Riemannian manifold and ~ : [a,b] —
M a geodesic. Given to,t1 € [a,b], the point ~y(t1) is conjugate to ~y(to)
along v if there exists a non identically zero Jacobi field J € J such that
J(to) = J(t1) = 0.

Note that such a Jacobi field is necessarily in J L.

Proposition 19.11. Let (M™, g) be a Riemannian manifold and v : [a,b] —
M a geodesic. Given ty € (a,b], suppose that y(ty) is not conjugate to
v(a). Then for every u € {¥'(to)}* there exists a unique J € J+ such that
J(a) =0 and J(to) = u.

Proof. Let J;- be the subspace of Jacobi fields J € J+ satisfying J(a) = 0.
That is, Jol is the kernel of the surjective linear map
Tt = Y (@)}
J = J(a).

In particular, dim jol =n — 1. The claim follows since, by assumption, the
kernel of the linear map

To = {7 (t)}+
J = J(t())

is trivial. 0

Example 19.12. Let (M",g) be a Riemannian manifold and v : [a,b] —
M a unit speed geodesic. Suppose that M has constant sectional curvature
K =k € R along ~; that s,

RO (8), 1,7 (), w) =
for all unit vectors u € {7/'(t)}* for all t € [a,b].

Then Jacobi’s equation becomes
ViJ+kJ =0.

Since ' is parallel along v we can choose a parallel orthonormal frame
{E;}, along v with E, =~'. Then, writing J = J*E},

(JY' +kJ =0.
If J e jL, we conclude that
J(t) = Cu(t)A(t) + Sk(t)B(t),

where A(t) and B(t) are parallel vector fields along v which are pointwise
orthogonal to ' and the functions C\, and S, are the solutions of the ordinary
differential equation

W'+ kg =0
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with respective initial conditions
(Cr(to), Ci(to)) = (1,0) and (Sk(to), Sk(to)) = (0,1)

for some tg € [a,b]. More explicitly,

cos v/K(t — to) if k>0
(19.6) Co(t) =41 if k=0

coshv/—k(t —tg) if k<O

and

ﬁsin\/ﬁ(t—to) if k>0
(19.7) Se(t) =<t —tg if k=0
ﬁ sinh/=k(t —ty) if k<O0.

In particular, if K < 0 then y(ty) has no conjugate points along v. On
the other hand, if k > 0, then ~(t) is conjugate to y(to) along v if and only
ift =19+ % for some integer [.

Theorem 19.13 (C. F. Jacobi (1836)). Let (M™, g) be a Riemannian man-
ifold and v : [a,b] — M a geodesic.

— If v(a) has no conjugate points along Y(a,p] then the index form is
positive definite on T(l).

— If y(a) has no conjugate points along fy\(al,), then the index form is
non-negative definite on Y§ and I(U,U) = 0 if and only if U is a
Jacobi field satisfying J(a) = J(b) = 0 (that is, U € J+ N T}).

Proof. Let {J;}!'"]' be a basis for J- (the space of orthogonal Jacobi fields
which vanish at a). Since y(a) has no conjugate points along 7(, ), the fields
{J; ?:_11 are pointwise linearly independent for every ¢ € (a,b). Thus, for
any U € T}, we can write

U(t) = U () J;(t).
We claim that
ViU = R(Y, U, U) = [(U) il + 0ig(U'V i, U)
Indeed, (since J;(a) = 0 for each i)
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for every 7 and j and hence
IV U? = R(Y, Uy, U) = (U Tl + 2(U°) U (i, Vi Ty)
+UU? (g(Vidi, Vidj) — R(Y, Jiny, J;))
= (U i + (U'U7) g(J5, Vi)
+ U0 (g(Vid;, Vid;) + g(Vidi, ;)
= (U Jil* + [g(U'V1J;,U))

Thus,

b—e
(U,U) = ii{%ﬁ (VU2 - R(Y, U+, U)) dt

b—e

= lim <Uig(VtJiaU)|Z+Z +/

U J;12dt ) .
lim (W e

+e

If U? is bounded on (a, b) for each i, then
b—e )
I(U,U) = lim/ (U J;|2dt >0
N0 Jore

with equality only if the coefficients U* are constant for each 4, in which case
U € J+NTL The claims follow. It remains to show that the coefficients
are bounded.

Set | = dim YoNJ+ and let {J1,...,J;} be a basis for To N J+. Next,
set e; = V;J;(a) for each i = 1,...,1 and extend {e;}\_, to a basis {e;}7}
for {7'(a)}*. Finally, for each j = [+ 1,...,n — 1, we let J; be the Ja-
cobi field along v with J;(a) = 0 and V,;J;(a) = e;. Since J;(a) = 0 for
each i = 1,...,1, we find that {J;(b)}I_,; and {V;J;(b)}}_; are linearly
independent. We also have

{Vedi(®)Yizy L {0} 5
and hence {V;J;(b)}\_, U {J;(b) ’]7:_[14_1 is a basis for {7/(b)}+.
Next, we use Taylor’s Theorem to write, for any U € I'(v*T'M),

V) = Ulte) + (1= 10) |, 7aoU(0) + 0l ~ o)
=Ul(to) + (t — to) ViU (to) + ot — to),

where 74, : TypyM — T4, M denotes parallel translation along ~, and
hence

(19.8) U(t) = 1y [U(to) + (t — to)VoU (to)] + oft — to)
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Given U € Y, choose {u'}?~! so that

l n—1
ViU (D) = > u'Vii(b) + Y wlJi(b).
i=1 j=I4+1

Then, applying ((19.8)), we obtain for ¢t € [a, b] close to b
U(t) = (t — b)Tbﬂgth(b) + O(b — t)

l n—1
= (t=b)7ps | Y W'V Ti(b)+ > wli(b) | +o(b—t).
i—1 j=l+1
Applying ((19.8) again then yields
l n—1
= Wit +(t—b) Y wJi(t) +od—t).
i=1 j=l+1

Taking £ — b, we conclude
l

HmU(t) = ul J;(b).

t b =
That is,
. b f =1,...,1
LmUi(t) =4 00 T
t /b 0 for i=1+1,...,n—1.
This completes the proof. O

Theorem [19.13]says that if v : [0,b] — M is a unit speed geodesic with no
points in v((0, b]) conjugate to v(0) along ~y, then « is a strict local minimum
of the distance function among curves joining v(0) and v(b) in the sense that
Oz|e=0L(w(+,€)) = 0 and 9%|.—oL(w(+,€)) > 0 for any homotopy w of 7.

Theorem 19.14 (C. F. Jacobi (1836)). Let (M,g) be a Riemannian man-
ifold and 7 : [a,b] = M a geodesic. Suppose that y(to) is conjugate to v(a)
for some ty € (a,b). Then there exists U € Yo such that I(U,U) < 0. Thus,
~v cannot minimize distance past tg.

Proof. Let J € J+ be a Jacobi field which vanishes at a and to and set

{J(t) for ¢ € [a,to]

Ult) =
0 for t € (to,b].

Then U € Y§ and I(U,U) = 0. We will perturb U to a vector field U along
v satisfying I(Uy,Uy) < 0. Indeed, set Vo = —V;J(tp) and let V be the
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corresponding parallel vector field along v. Now choose a smooth function
¢ : [a,b] — R satisfying ¢(tp) = 1 and p(a) = ¢(b) = 0 and set
Ur(t) =U(t) + dp(t)V (t) .
Then
LU, Uy) = I(U,U) + 2XI(U, ¢V) + O(\?)
=22 I(U, V) + O(\?)

b
=2\ [ [V VAV) - RO VA 0 2)] de+ O0%)
_ o) / [0V, Vi(V)) — R(Y, A 9Z)] i+ O(N?)

to
= 2Xg(ViJ, V)| — 2A/ 9(ViJ+R(Y, D)y, 0Z)dt + O(N?)

= — 2|V J(to) > + O(\?).

For A sufficiently small, this can be made negative. ([

19.1. Exercises.

Exercise 19.1. Let (M™,g) be a Riemannian manifold and ~ : [0,b] —
M a geodesic with no points in v((0,b]) conjugate to v(0) along v and let
w : [0,b] X (—€0,e0) — M be a homotopy of . Show that there is some
e1 € (0,e0) such that L(w(-,e)) > L() for all e € (—e1,e1) \ {0}.

Theorem says that any geodesic v[a,b] — M which contains an
interior point conjugate to y(a) admits small perturbations (with fixed end-
points) which decrease length, so that v does not locally minimize L amongst
curves joining its endpoints.

Note that even a geodesic which locally minimizes the length between
its endpoints may not globally minimize this length: consider the cylinder
St x R; the curves v, : t — (e, 2) for fixed z locally minimize L on intervals
of length less than 27, but do not globally minimize for intervals of length
greater than 7. These curves do minimize L within their homotopy classes,
however. On the other hand, if we close up the ends of the cylinder at
z = L, L > 10, by smoothly attaching almost spherical caps, then the
curve Yo|[q,p is homotopic to its “complement”, ¢ > yo|[0 27— (p—a) (2T +a—1),
and hence, for b—a € (m,27), does not even minimize L within its homotopy
class.
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20. Elementary comparison theorems

Our next goal is to show, using the preliminary results of the previous sec-
tion, how control on the curvature of a Riemannian manifold implies control
on other geometric and topological aspects.

Our first result shows the intuitive notion that a positively curved man-
ifold must “close up” on itself.

Theorem 20.1 (O. Bonneﬂ (1855), S. B. Myers (1941)). Let (M™,g) be a
Riemannian manifold and v : [0,b] — M a unit speed geodesic along which
Ric(¥,7") > (n— 1)k
for some k > 0. If b > ﬁ then v((0,b]) contains a point conjugate to v(0)

along .
In particular, if (M, g) is a complete Riemannian manifold of dimension
n > 2 satisfying
Ric(u,u) > (n — Vklu|®> for all uweTM

™

then M is compact and has diameter diam(M) < Z-.

VE
Proof. Let {e;}"" ; be a basis for v(0) with e, = +/(0) and let {E;}?, be
the corresponding parallel frame along . Set, for each i =1,...,n — 1,

7t

Then U; € To and
V.Ui(t) = %cos (?) E;(t)

and hence

n—1 n—1 b )
- u 2 mt . A I w2 Tt
;[(UMUZ) - ;/ﬂ |:b2 COS <b> —R(Ez77 7EZ,’y)Sln (b):| dt

b 2 o [ Tt . NI Y AL
/0 [(n—l)bQ(:os <b> — Ric(v',7") sin <b>] dt
TLt
b

:(n—l)g <7b722—ﬁ>.

Ifb > % the right hand side is non-positive. The first claim now follows
from Theorem [19.13]

19T he conclusions were proved first by Bonnet under the stronger assumption that the sec-
tional curvatures are bounded from below. The more general statement, in which only the Ricci
curvature is bounded from below, was shown by Myers.
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To prove the second claim, note that given any p,q € M there exists
(by the completeness assumption) a unit speed geodesic v : [0,b] — M such
that v(0) = p, 7(b) = ¢ and b = L(v) = d(p, q). Since 7| is a minimizing
geodesic, its index form is positive semidefinite, which implies

T
d =b< —.
(p,q) =b< NG
The second claim follows. O

Another simple consequence of Jacobi’s investigations is that negatively
curved manifolds must “open up” in the sense that they cannot have con-
jugate points.

Theorem 20.2 (J. Hadamard (1898), E. Cartan (1946)). Let (M™,g) be
a Riemannian manifold. A unit speed geodesic vy : [0,b] — M in M along
which

K <0

Then contains no point conjugate to v(0) in v((0,b]). In particular, if M
is complete with nonpositive sectional curvature, then M has no conjugate
points.

Proof. Given U € Ty,
b
I(U,U) = / [|V.U|? = R(Y,U,+,U)] dt > 0.
0
The claim now follows from Theorem [19.14] O

We note that this does not necessarily mean that all geodesic segments
are global minimizing (consider the flat torus).

The next result provides a more quantitative conclusion.

Theorem 20.3 (M. Morse (1930), I. J. Schonberg (1932)). Let (M™,g) be
a Riemannian manifold and ~y : [0,b] — M a unit speed geodesic in M along
which

K<9¢
for some 6 > 0. If y(b) is conjugate to v(0) along vy then b > %

Proof. By assumption, there exists a non-trivial Jacobi field J € 7+ N Yq
along ~. By Wirtinger’s inequality and the Cauchy—Schwarz inequality,

7.[.2 b b
b2/ yJ|2dt§/ (Vi J | dt .
0 0
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Thus,
b
/ (VP — R, 0, )] de
0
b
> [ ViR - sl ai
0
2
> (2 -5 / T2 dt .
b2 0
The claim follows. ([

The following lemma allows us to compute the derivative of the expo-
nential map in terms of Jacobi fields.

Lemma 20.4. Let (M™,g) be a Riemannian manifold of dimension n > 2.
Giwen & = (p,u) € TM and v € T,M, let J € J be the Jacobi field along
Ye(t) = exp,, tu satisfying

JO0)=0 and VJ(0)=wv.
Then, identifying Ty, (T, M) = T, M in the usual way,

(dexp,)|tu(v) = t_lJ(t)
for allt € I¢, the domain of ~e.

In particular, if (z*,...,2") : U — R™ are exponential normal coordi-
nates about p with respect to an orthonormal basis {e;}}, for TyM then

8i|expp tu = tilji(t) )
where J; € J is the Jacobi field along t — exp, tu satisfying
Proof. Let w : I¢ X (—eg,€0) — M be the geodesic variation of ¢ given by
w(t,e) = exp,(t(u +¢ev)) .
Then J(t) = 0:w(t,0) is the Jacobi field along v satisfying J(0) = w and
ViJ(0) = v (recall that the derivative of exp, at the zero vector is the
identity map). Thus,

(D expy,)(tv) = —

te)=J. O
g le=0 w(7€>

expp( (u+ev)) = s

Corollary 20.5. Let (M™,g) be a Riemannian manifold of dimension n >
2. Given § = (p,u) € TM, the null space of Dy exp, is isomorphic to the
subspace of Jacobi fields along the geodesic t — exp,tu which vanish at p
and exp, u

The Theorem of Hadamard and Cartan yields the following.
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Corollary 20.6 (J. Hadamard (1898), E. Cartan (1946)). If (M,g) is a
complete Riemannian manifold with non-positive sectional curvature, then
exp is of maximal rank on all of TM.

Corollary 20.7. Let (M",g) be a Riemannian manifold of constant sec-
tional curvature k € R. Given p € M, let {e;}}_; be an orthonormal basis
for T,M . With respect to the corresponding exponential normal coordinates

o:(zh .. ") — exp,, zFey,

9ij (p()) ij

iy G2 ind
_:na:+ H(|x!)< l‘l‘)

ST P Y Jaf?
In geodesic polar coordinates ¢ : (r,§) — exp, v based at p € M,
w*g\(r,g) =dr® dr‘(,«’g) + S,E(T)gn,l(g)

where gn_1 1s the standard metric on the unit sphere ST~ C T,M and S
is the generalized sine function defined in ((19.7)).

In particular, any two Riemannian manifolds of the same dimension
n > 2 and the same constant sectional curvature kK € R are locally isometric.

Proof. By Lemma [20.4]

Z“expp:z’“ek = kaek €XPp €i = ‘$|_1Jz(’x‘)a

zkes
||

J(0) =0 and V,J(0) = e;. Solving Jacobi’s equation, we obtain

where J; is the Jacobi field along the geodesic ¢ — exp,? satisfying

Ji(t) = (ait +b;)7'(t) + Sk(t)Ai(t) + Cu(t) Bi(t)

where A; and B; are parallel vector fields along « satisfying which are point-
wise orthogonal to 4'. The initial condition J;(0) = 0 implies b = 0 and
B = 0 and the initial condition V;J;(0) = e; implies
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Thus,

9ij (:C) = g(ai‘expp xkey’? aj ‘expp xkek)

g (4D, 20D

| " =

el S3(|z)) p aiak . 2l
— ANV S X T sl

o e (- T) (8- 5
2zl S2(|) < a:ixj>

T R\ 2P

This proves the first claim. The second claim is proved similarly, making
use also of the Gauss Lemma (Lemma [15.1]). O

The next two results (Rauch’s comparison theorems) allow us to con-
trol the lengths of Jacobi fields, and hence the “geodesic deviation” of our
Reimannian manifold. They are key tools in the proofs of the Hessian com-
parison theorem (Theorem and Toponogov’s distance comparison the-
orem (Theorem below.

Theorem 20.8 (H. E. Rauch (1951)). Let (M",g) be a Riemannian man-
ifold and v : [0,b] — M a unit speed geodesic in M along which

K <$§
for some § € R. Let J € J+ be a Jacobi field along . Then
|J|" +6]J] >0 on (0,b].
Let 1 € C*([0,b]) be the solution of
oY =0, (0)=1J|(0), ¢'(0)=1[J]'(0).
If ¢ is non-zero on (0,b) then

<|;Z‘> >0 and ‘;2‘21 on (0,0).

/
Moreover, <|wi|> reaches zero at some point tg € (0,b) if and only if R(Y', J)y' =

8J in [0,tg] and there exists a parallel unit vector field E along v for which
J(t) =¢@)E®) on [0,to].

Proof. To prove the first claim, we calculate

J
I __
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and, using the Cauchy—Schwarz inequality,

"_ I Vid 1 I

1 V|2 1

= — —R(Y,J,y,J)+ — =g (ViJ,J)?
7 T e Vel )
1

> =81+ g (VeI PLIP = 9 (V2. )°)
(20.1) > —6|J].
Next, consider

1Y
Py (¢> =

Then
F/ — ‘J’//w_ ‘J‘wl! 2 O
That is, F' is monotone non-decreasing. Since F'(0) = 0, we conclude that

F >0 in (0,b]. Indeed, if F(ty) = 0 for some tg € (0,b) then F = 0, and
hence |J| = v, in [0,9]. Set E = J/|J]| so that J = ¢ E. Then

ViJ =¢'E+ 4V, E.
We claim that V;J = ¢'F and hence V,E = 0. Indeed, since equality is
attained in (20.1)), it must hold in the Cauchy—Schwarz inequality, and hence

ViJ and J = ¢ E are linearly dependent. But V,F is orthogonal to F since
the latter is of unit length. This implies the claim. O

Theorem 20.9 (H. E. Rauch (1951)). Let (M™,g) be a Riemannian man-
ifold and ~ : [0,b] — M a unit speed geodesic in M along which

K >k
for some k € R. Suppose that v((0,b)) contains no points conjugate to v(0)
along v. Let J € J be a Jacobi field along v satisfying J(0) = 0. Then
I _ Ck
=< =B 0,b
1= o O
and hence

I\ J
(gﬂ) <0 and ’5! < |V J|(0) on (0,0).
/
Moreover, <g—‘ﬁ> reaches zero at ty € (0,b) if and only if R(Y',J)Y = kJ in
[0,to] and there exists a parallel unit vector field E along v for which
J(t)=S.(t)E(t) on [0,to].
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Proof. First note that S, > 0 on (0,b) since the Bonnet—Myers Theorem

(Theorem ) implies b < %
Fix t € (0,b). Then the index form of 7|, is positive definite on Yo.

Let J be a Jacobi field along « satisfying J(0) = 0 and let U be any piecewise
C* vector field along v which satisfies U(0) = 0 and U(t) = J(t). Then

t
L) = / [9(Ved,VoU) — R(Y, .o U)] dt
0

— /t Og(VeJ,U)dt = g(ViJ,U)(t) .
0

and similarly,

I(J,J) = g(ViJ, J)(t)

so that
0<L(J-UJ-U)=1L(J,J)—2;(J,U)+ I,(U,U)
— LU, U) — g(Vud, I)(1).
Now set
(9= 5 E)

for all s € [0, t], where F is the parallel vector field along v satisfying E(t) =
J(t).

oVl D)) < [ (VP = RG U 0] ds
K 2 2
< /0 (VU2 = k|UP?) ds
:/0 (VU — k[U?] ds
CVOR [ e e e 2
= | (2 = r2w) as = IOPF.

We conclude that

I _ Cx
— < — on (0,b).
=, o O
The remaining claims follow as in Theorem [20.8 (]

Our first consequence of the Rauch comparison theorems is an estimate
for the derivative of the exponential map, and hence the metric in exponen-
tial normal coordinates.
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Corollary 20.10. Let (M™,g) be a Riemannian manifold. Given & =
(p,u) € TM, let v¢ : I¢ — M be the geodesic satisfying v¢(0) = p and
76(0) = 0. That is,¢(t) = exp, tu. Suppose that
k< K<$§
along v¢ and that v¢ has no points conjugate to p along 7\(07,5}. Then
S&(t) < ’Dtuexpp(vﬂ < Sn(t)
t - v -t

for all v € {u}+.

Thus, in exponential normal coordinates ¢ : (x',... z") exp,, zFey,
based at p € M,

Ss(|z])
|z|

Note that the estimates in the corollary are sharp (in two different ways):
First, equality clearly holds on the spaces of constant sectional curvature
and, second, equality is attained when ¢ — 0 since Si(r)/r — 1 asr — 0
and, by Theorem all the way back in Section [12] the derivative of the
exponential map at the zero vector is the identity.

Sw(lz])

|z

dij < gij(p(z)) <

ij -

Proof of Corollary [20.10. Let J be the Jacobi field along v satisfying
J(0) =0 and V;J(0) = v. Then

J t=1J
! I )

Taking ¢ N\ 0 yields

[J]'(0) = [v].
Now combine Lemma [20.4] with Theorems [20.8 and [20.9 O

Theorem 20.11 (Hessian Comparison Theorem (local version)). Let (M™, g)
be a complete Riemannian manifold and let (r,€) : U — R4 x S™ be geodesic
polar coordinates defined near p € U C M. Then, for any q € U,

Hessr|g(u,u)  |J|
— =" (r(a),
o) "
where J is the Jacobi field along the geodesic
v:[0,r(q)] = M
t — exp, t&(q)

gradr|y ='(r(q)) and

satisfying
JO)=0 and J(r(q)) =u’.
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In particular, if the sectional curvatures of (M™,g) are bounded by
k<K <$§
for some constants Kk, § € R then

Cs(r) ot Cr(r) 1
5’5(7“) < Hessr < S, (r)g ,

where gL = g|{gradr}i'
Proof. Fix ¢ € U and let ¢, : [0,7,] — U be the unique unit speed geodesic
joining p = 7¢,(0) and g = ¢, (rq), where r4 = r(q) and §; = £(g). Consider
a geodesic variation w(t,e) = exp,t(§; +en). Then the Jacobi field J(t) =
O:-w(t,0) satisfies

J(0)=0 and J(ry) = D¢, exppn =u.
Thus, by the first variation formula (Lemma [19.2)),

d

(202)  gleradrlyu) = | r(@(rge) = g,y (1))

Since, by assumption, exp,, is a dlffeomorphlsm on exp L(U), we can arrange
that J(ry) = u for any u € T, M we like. Thus, holds for any v € T,M
and we deduce that

gradr|, = v'(ry) .
In particular,

Vgradr gradr = 0.

So assume that u € {gradr|,}*. Then, applying the second variation
formula (Corollary , we obtain
Hessr|q(u, u) + g(VE(‘)Ew](%O), gradr|y)
d2
= 422 OT(W(Tq=€))
= 9(VeOewl(r, 0) v (rq)) + g(u, Vi J(rq))
Hess r|q(u, u) 1 I
= 9(J(rq), ViJ(rq)) = =7 (rq) -
9(u,u) [ (rq) ! R
The remaining claims then follow from the Rauch Theorems [20.8] and [20.9) -
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21. The cut locus and the injectivity radius

Denote by

SM = {(p,u) € TM : |u|], =1}
the unit tangent bundle. Given £ = (p,u) € SM, consider the geodesic
Ye(t) = exp,(tu). By Lemma the point 7¢(t) is conjugate to p along ¢
if and only if rank(d exp,, [r,) < n. So the conjugate locus of p € M (the
set of points conjugate to p along geodesics emanating from p) coincides
with the image under exp,, of its critical points.

We have seen that a geodesic cannot minimize distance past its first
conjugate point; however, the possibility remains that it stops minimizing
distance at an earlier point. The set of points at which the geodesics ema-
nating from a point p € M cease minimizing distance is called the cut locus
of p.

Definition 21.1. Let (M,g) be a Riemannian manifold. Denote by SM =
{(p,u) € TM : |u| = 1} the unit tangent bundle of M. The cut distance
is the function ¢ : SM — R defined by

c(p,u) =sup{t > 0: (p,tu) € TM, d(p,exp,tu) =t}.
The tangential cut locus of a point p € M 1is the set
Cp = {c(p,u)u: c(p,u) < oo, |uf=1}NTM
The cut locus of a point p € M is the set
Cp = exp, Cp.
We also define the sets
Dp={tu:lul=1,0<t<c(pu)} and Dp=exp,D,.

In the following, we will use the following basic properties of the cut
distance and cut locii.

Lemma 21.2. Let (M, g) be a connected Riemannian manifold. Given & =
(p,u) € TM denote by v¢ : I¢ = M the mazimal geodesic through p = ~¢(0)
in the direction u = (0).
(1) v¢ minimizes distance between p and ¢(t) for all t < c(§) and for
no t > c(&).
(2) Ift < c(§), then e is the unique minimizing geodesic joining p and
Ve(t)-
Suppose now that (M, g) is complete.

4) If c(&) < 00, and ¢ (c is not conjugate to v¢(0), then there exists
3 3
at least two distinct minimizing geodesics joining p and ve(c(§)).
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(5) If e(§) < oo, then c(—i(c(§))) = c(§). Thus, q € Cp if and only if
p € Cy.

(6) If v¢ minimizes the distance between p and v¢(t) for allt > 0, then
c(€) = oo,

(7) Dy is the largest starshaped open subset of T),M on which exp, is
a diffeomorphism.

(8) D, = M\ C,.

Proof. (1) If ¢ minimizes distance between v¢(0) and v¢(tp), then it min-
imizes distance between ¢(0) and v¢(t) for all ¢t € [0,%]. (This fact, which
we have already seen, is a simple consequence of the triangle inequality).
(2) If w is a minimizing geodesic joining p and 7¢(t), then, by (1), the
concatenation we|jt c(e)) of w and Vel o(¢) has length L(w)+L(Ve|(t,ee(p)]) =
d(p.e(t)) + d(3e (), ce(p)) = d(p.ce(p)). S0 w * veye(e) is minimizing, and
hence, by Corollary a (smooth) geodesic. In particular, the tangent
vectors to w and 7 coincide at y¢(t), so we conclude that w * 7{‘[t,c(£)] = Y.

(3) Consider a strictly decreasing sequence of times t; € I¢ with t; —
ce¢(p) as j — oo. By the Hopf-Rinow Theorem (Theorem we can find
a minimizing geodesic 7, joining p and 7¢(t;). Since S, M is compact, some
subsequence of the sequence of vectors v; converges to a limit v € S, M.
If v = u, then exp, is not one-to-one in any neighbourhood of ¢(£§)u, and
hence, by the contrapositive of the inverse function theorem, (dexp,)c(¢)u
cannot have maximal rank, and hence, by Lemma Ye(c(§)) is conjugate
to p along 7¢. So, in fact, v # u, which implies the claim.

(4) This follows from (3).
(5) This follows from (1).
(6) This follows from (3) and Lemma

(7) Due to the Hopf-Rinow theorem, every point ¢ € M is reached by a
minimizing geodesic starting from p, with initial unit tangent w, say. Thus,

d(p,q) < c(p,u). 0

Proposition 21.3. Let (M,g) be a Riemannian manifold. If (M,g) is
complete then the cut distance ¢ : SM — R is continuous.

Proof. Let & = (pg,ur) be a sequence of points in SM which converge to
€ € SM as k — oo and set di, = ¢(&). We first prove upper semi-continuity.
That is,

limsup dj, < ¢(€).

k—o0
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We first deal with the case lim sup;,_, ., dy = oo. Then for every 7" > 0 there
is some element d of the sequence satisfying di > T. By completeness,

li T) = ~e(T
kggovsk( ) =(T)

and hence

It follows that ¢(§) = oo.

If, instead, lim sup;,_,., dr < oo then the sequence is bounded and hence
has a convergent subsequence d — d. Then, for any € > 0,

d(p,ve(d—¢)) = klggo d(pr, e, (di, — €)) = kli_)lrolo(dk —eg)=d—c¢.

The claim follows.

It remains to prove lower semi-continuity; i.e.
liminf d > ¢(§) .
k—o00

If liminfy_ o di = 00, we are done. Otherwise, we pass to a convergent
subsequence dp — d = liminfy_,, di. Passing to a further subsequence, we
can assume (from part (3) of Lemma [21.2) that either

(1) "¢, (dg) is conjugate to py along e, for all k or

(ii) there exists a sequence of unit vectors nx = (pg,vr) € SM with
e 7 &k and e, (di) = vy, (dg) for all k.

Recalling Lemma @ we find in the first case that Dy, exp,, has non-
trivial kernel for each k. It follows that there is no neighbourhood of
(d¢,d§) € TM on which mx exp is a diffecomorphism. By the inverse function
theorem, Dy, exp, must also have non-trivial kernel and we conclude that
Y¢(d) is conjugate to p. Jacobi’s Theorem and part (1) of Lemma
then imply that ¢(§) < d.

We are left with case (ii). If in the limit £& # 7 then we have two
distinct geodesics joining p with v¢(d). It follows that c(§) < d: If not, for
sufficiently small € > 0, the (non-smooth) curve which traverses 7, from p
to 71(d) and then 2 to v2(d + ) would be length minimizing and hence a
geodesic, a contradiction. So suppose that £ = 7. Then we are again in the

situation that m x exp cannot be a diffeomorphism on any neighbourhood
of (d¢,d¢) e TM. O

Definition 21.4. Let (M, g) be a Riemannian manifold. Given p € M, the
ingjectivity radius of p is

inj(p) = inf c(p,u).

u€Sp
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The injectivity radius of M is
M) < inf ini(p)
inj(M) = Jnf inj(p)

Observe that inj(p) is positive for all p € M and hence inj(M) is always
non-negative.

Proposition 21.5. Let (M, g) be a complete Riemannian manifold. Then
the function p — inj(p) is continuous.

Proof. The claim follows from compactness of S, M and continuity of the
cut distance. We leave the proof as an exercise. ([

Lemma 21.6 (Klingenberg’s Lemma (1959)). Let (M, g) be a complete Rie-
mannian manifold. Given p € M, suppose that q € C), satisfies

If q is not conjugate to p along a minimizing geodesic joining p to q then g
s the midpoint of a geodesic loop starting and ending at p.

In particular, if M is compact with sectional curvature satisfying

K <o

inj(M) > min{j/rg,g(é\@} :

where L(M) is the length of the shortest simple closed geodesic in M.

then

Proof. By part (3) of Lemma if ¢ is not conjugate to p then there
exist two distinct unit speed geodesics 41 and 2 joining p and ¢ and nei-
ther contain any points conjugate to p. Set L = d(p,q), let U; and Us be
neighbourhoods in S,M of 4/(0) and ~+5(0) respectively and consider the
hypersurfaces
Up = {exp, Lu:u € Uy} and Us = {exp, Lu:u € Us}.

Note that the vectors 71 (L) and v4(L) are normal to Uy and Us respectively.
If v (L) # ~4(L), then for sufficiently small £ > 0 the two hypersurfaces

Ui ={exp,(L —g)u:u e Uy} and U3 = {exp,(L —e)u:u € U}
intersect. This contradicts the assumption that ¢ is the closest point of C),
to p. This proves the first claim.

The second claim now follows from the Morse—Schéneberg Theorem,
which gives the lower bound % for the distance between conjugate points.
O

Exercise 21.1. Prove Lemma[21.2.
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22. Distance comparison

The ultimate goal of this section is to prove the Toponogov distance com-
parison theorem, which can be thought of as an integrated or nonlinear
version of Rauch’s comparison theorems for Jacobi fields. The ideas trace
back to Alexandrov, who proved the theorem for convex surfaces. Topono-
gov’s proof was technical and contained some difficulties which were later
resolved by Gromov, Klingenberg and Meyer and since then further proofs
have arisen, notably Karcher’s proof using the Hessian comparison theorem,
in the following “global” version

Theorem 22.1 (Hessian Comparison Theorem (global version)). Let (M", g)

be a complete Riemannian manifold with sectional curvatures bounded by
K>56

for § € R. Given p € M, the distance function r(x) = d(p,z) satisfies

Cs(r) o

Ss(r)”

in the sense of supports; that is, for each x € M and each € > 0 there
exists 7 > 0 and ¢ € C(B,(x)) satisfying

Hessr <

(22.1) v(y) 2r(y) ¥V y e Be(x), ¢(x)=r()
and
Hess ¢ < <§j((:; +0(1)> gt at =z

as € — 0.

Proof. Fix x € M and a unit speed length minimizing geodesic v joining
p and z. If r is smooth at xz, the claim follows from the local version. So
suppose that this is not the case. We claim that, for £ sufficiently small, the
function

re(y) = e+ d(y, ()
supports r from above at x in the sense of . Indeed,

re(z) =e+d(x,v(e)) = e+ d(z,p) — e = r(x)
and, by the triangle inequality,
r(y) = d(p,y) < d(p,v(€)) + d(y,v(€)) =€+ d(y,7(e)) = r=(y) -

We claim that r. is smooth at x for € small. Indeed, suppose that this
is not the case. Then the point y(¢) is a cut point of = and hence either
v(g) is a conjugate point of = or there are two distinct minimizing geodesics
joining 7(e) and x. The second case cannot occur since the path from z to
p is minimizing. Thus, v(¢) is a conjugate point of x. But this cannot occur
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either since v is a minimizing geodesic from p to x and geodesics cannot be
minimizing past conjugate points.

Thus,
Cs(re(z))
Hessre|; < S5 (r-(2)) gr
_ Golr(@) —¢e) o _ (Cs(r()) 1
Ss(r(z) —e) 7= ~ <55(r(x)) + (1)> Y - -

Definition 22.2. Let (M, g) be a Riemannian manifold. A geodesic junc-
ture in (M, g) is a triple (y1,72, @) consisting of unit speed, length minimiz-
ing geodesics v; : [0,b;] — M, i = 1,2 which meet at v1(0) = 72(0) and their
opening angle o = arccos g(1(0),75(0)).

A geodesic triangle in (M, g) is a triple (y1,72,73) consisting of unit
speed length minimizing geodesics ~y; : [0, b;] — R satisfying

7i(bi) = Yi+1(0)

where the indices are taken modulo 3. The points p; = vi+2(0) are called the

vertices and the geodesics y; the edges of (y1,72,73). The corresponding
angles are denoted by o; = arccos g(7;(0)).

We denote by (M?,5) the n-dimensional model space of constant sec-
tional curvature . That is, the sphere S7 of radius r = 1/y/k when k > 0,
Euclidean space R™ when x = 0 and the hyperbolic space H]' of radius

r =1/y/—k when k < 0.

Theorem 22.3 (Distance comparison theorem, Toponogov (1959)). Let
(M™, g) be a complete Riemannian manifold with sectional curvature sat-
isfying K > 6 and let (y1,72,a) be a geodesic juncture in (M™,g). Then

d(’}/l(S),’}/Q(t)) < 8(71 (8)772(15)) fO?" all (S>t) S [07 bl] X [07 b2]
for any geodesic juncture (3,74, a) in (M?,g).

Proof. Fix sg € (0,b], set pp = v1(s0) and py = 7, (so) and, for convenience,
write v = 7. Consider the squared distance functions

p(t) = fu(r(v(t))) and p(t) = f(F(3(¢))),
where r and 7 are the distance functions to pg and p, respectively and the
function f, is the antiderivative of Sy satisfying f.(0) = 0; that is,

%(1 —cosy/kr)if k>0

1
fr(r) = §r21f k=0

I

(1 —COSh\/—HT)if k<0.
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Then, by the Hessian comparison theorem,
p' = (fi(roy)drly @drly + fi(rovy)Hessr|y) (+/,7)
< Cy(ron) (dr ® dr + gl> (Y, v)
— Culro)

if r is smooth at 7(t) (else, we need to replace r by the function r. as in
Theorem we leave this technical detail as an exercise). Similarly,
ﬁ// - CH(FOW) :
It follows that
VR >0,
where ¢ = 5 — p (in the sense of supports at points of v where r is not
smooth). Noting that

$(0) =0 and ¢'(0)=0

the claim follows as in the proof of Theorem [20.9] at least when 1) is smooth.
We leave it as a (non-trivial) exercise to check that a similar argument can
be carried out when ¢ is non-smooth. ([

For completeness we mention, without proof, the following corollary.

Corollary 22.4 (Angle comparison Theorem, Toponogov (1959)). Let (M™, g)
be a complete Riemannian manifold with sectional curvature satisfying K >
d and let (vy1,72,73) be a geodesic triangle in (M™,g) (with corresponding
angles «; ) and (71, 72,73) any geodesic triangle in M (with corresponding
angles &;) satisfying L(~;) = L(%;) for each i. Then

Q2> O
for each i.

Proof. This follows from a Riemannian analogue of the Cosine Rule. See,
for example, Peterson (2006). O
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23. Integration on Riemannian manifolds

Let € and €5 be domains in Euclidean space R™ and ¢ : )1 — 9 a C!
diffeomorphism. Given any f € L'(£), the change of variables law for the
Lebesgue measure asserts that

| tewldecnplav = [ jav,
Ql QQ
where V is the Lebesgue measure.

Now let (M™, g) be a Riemannian manifold and ¢ : U — R™ a chart for
M. For eaxh p € U consider the matrix ¢¥(x) with components

97(p)ij = 9i5(p) = gp(aﬂpv aﬂp) .

where 97 are the coordinate basis vectors corresponding to the chart ¢; that
is, for any f € C*°(M),

8z’pf = Dgo(p)(f o (p_l)(ei) :

If ¢ : V — R™ is a second chart with non-trivial intersection U NV # 0,
then

8;p|p = Dw(p)(@ ° ¢_1)(a;‘p|p) = Gp(aﬂp)
and hence
g¥ = GT¢*G
from which we conclude

v/ det g¥ = det Gy/det g¥ .

Thus, for any domain 2 C U, the integral
/ fdu#/ (f\/detg?)op tav
Q ()

is well-defined. We can then extend this definition to arbitrary domains 2 C
M by introducing a partition of unity. Indeed, choose an atlas {p, : Uy —
R™,a € A} and a subordinate partition of unity {p, : Uy — [0,1] : a € A}

and set
/Qfdﬂi Z/ )(fpa\/detg%)ow&ld‘/-

acA

We refer to p as the Riemannian measure of (M, g). It is clear that
a function f : M — R is p-measurable if and only if f o ¢~! is Lebesgue
measurable for any chart ¢. We denote the set of y-measurable functions
by L'(M).

On an oriented Riemannian manifold (M", g), we can use integration of
differential forms to define a notion of integration for functions by picking
out a special nowhere zero n-form, o € Q"(M), and defining the value of
the integral of a function f as the value of the integral of the n-form fo.
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Definition 23.1. Let (M™,g) be an oriented Riemannian manifold. The
Riemannian volume form o € Q" (M) is the n-form defined locally in
any chart ¢ : U — R" by

o = sign(p)\/det g¢ dzt A - A da"™,

where sign(y) is equal to 1 if dz'* A --- A dz™ is positively oriented and —1
otherwise.

Then the corresponding integral of any function f € L'(M) is well-

defined and
/fa—/fdu.

We can now use Stokes’ theorem to generalize the divergence theorem
from multivariable calculus. Recall that the divergence div X of a vector
field X is defined by

div X = tr(VX).

We will need the following lemma:

Lemma 23.2. Let (M, g) be an oriented Riemannian manifold with volume
form o and X € I'(T'M) a vector field. Then

Lxo = (divX)o.

Let (M, g) be an oriented Riemannian manifold with boundary with volume
form o and X € I'(T'M) a vector field. Then

L)(U‘aM =g(X,N)T,

where T is the induced volume form on OM and N is the inward pointing
unit normal field.

Proof. We will make use of the following identity for the Lie derivative of
a differential form:

Exercise 23.1. Given a differentiable manifold M, let w € QF(M) be a
k-form and X € I'(T'M) a vector field on M. Then

Lxw=dixw+ txdw

Hint: Check that the right hand side is a derivation on the exterior algebra
which distributes over the wedge product and agrees with the Lie derivative
on 0- and 1-forms.

In particular, since o is an n-form,
Lxo=dixo
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Locally, we compute

EXU:d<LX\/detg$dx1 /\-~/\das”>
=d Z —1)Y7 X\ /det gt dat A Adad A A da”

n

= Z 171 d(X7\/det g*) Ada* A+ Adad A+ Adz”

n

- Za 8detg)/\dx1/\-~/\d:):”

xrJ
J=1

n

Vdet g%)
\/det g= ; oxd ?

This proves the first claim by Exercise [23.2

To prove the second, observe that
c=wl A AW

with respect to a local orthonormal basis {w;}?; for Q*(M). At boundary
points, we can arrange that w! is dual to the inward normal vector N. Then,
at boundary points,

c=wAT
and hence
1xo = g(X,N)T —w AuxT.
The second claim follows. O

Theorem 23.3 (Divergence Theorem). Let (M, g) be an oriented Riemann-
ian manifold with boundary. Then

/diVXdu:/ g(X,N)dv,
M oM

where N is the inward pointing normal to OM and dv the induced Riemann-
1an measure.

Proof. Using Lemma and Cartan’s formula

Lxw =dixw + txdw
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for the Lie derivative of a k-form w, we compute

/diVXd,u:/(divX)a:/ Lxo
M M M
= / (dixo + 1xdo)
M

:/ dixo

M

=/ 5<%
oM

:LMg(X,N)T:/E)Mg(X,N)dy. O

23.1. Exercises.

Exercise 23.2. Show that the divergence operator may be expressed as

1 Z O(X7\/det g%)
V/det g* = oxI

divX =tr(VX) =

within the chart x : U — R"™.
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