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Preface

This is a set of lecture notes for the course Math 240C given during the Spring
of 2011. The notes will evolve as the course progresses.

The starred sections are less central to the course, and may be omitted by
some readers.
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Chapter 1

Riemannian geometry

1.1 Review of tangent and cotangent spaces

We will assume some familiarity with the theory of smooth manifolds, as pre-
sented, for example, in [3] or in [12].

Suppose that M is a smooth manifold and p € M, and that F(p) denotes
the space of pairs (U, f), where U is an open subset of M containing p and
f : U — Ris a smooth function. If ¢ = (a!,...,2") : U — R" is a smooth
coordinate system on M with p € U, and (U, f) € F(p), we define

0

Oz (f)=Di(fod ") (o(p) ER,

p

where D; denotes differentiation with respect to the i-th component. We thereby
obtain an R-linear map

0
ozt

: F(p) — R,

p

called a directional derivative operator, which satisfies the Leibniz rule,

0 0 0
pys p(fg) = (W . (f)) 9(p) + f(p) (axi , (g)) ;
and in addition depends only on the “germ” of f at p,
f =g on some neighborhood of = 0 (f)= 0 (9)
=9 & P oz |, Oy v 9

The set of all linear combinations

> o )

=1




of these basis vectors comprises the tangent space to M at p and is denoted by

T,M. Thus for any given smooth coordinate system (x',...,2") on M, we have

a corresponding basis
< : )
1
ox » »
for the tangent space T, M.
The notation we have adopted makes it easy to see how the components (a*)
of a tangent vector transform under change of coordinates. If ¢ = (y*,...,y")

is a second smooth coordinate system on M, the new basis vectors are related
to the old by the chain rule,

0

,...,%

8337 Ozl

axa - where G (p) = Dila? 0w ((p)):

The disjoint union of all of the tangent spaces forms the tangent bundle
T™M = | {T,M :p € M},

which has a projection 7 : TM — M defined by 7(T,M) = p. If ¢ = (z!,...,2")
is a coordinate system on U C M, we can define a corresponding coordinate
system

é=(a',..., 2" 3" .. .,&d") on 7 NU)cCTM

by letting

=a'. (1.1)

"9 ) Y LA
a — =z'(p), z’ o —
j; oxI » Jz::l oxI »

For the various choices of charts (U, ¢), the corresponding charts (7~ 1(U), ¢)
form an atlas making T'M into a smooth manifold of dimension 2n, as you saw
in Math 240A.

The cotangent space to M at p is simply the dual space T,; M to T),M. Thus
an element of T M is simply a linear functional

a:T,M — R.
Corresponding to the basis

0

of T, M is the dual basis

(da:1|p, cel, dx”|p) , defined by dz'[, <aa




The elements of T;; M, called cotangent vectors, are just the linear combinations
of these basis vectors .

Z a;dz'|,

i=1

Once again, under change of coordinates the basis elements transform by the
chain rule,
, " Oyt .
dy'ly = Y 55 ()],
Jj=1

An important example of cotangent vector is the differential of a function at
apoint. If p € U and f: U — R is a smooth function, then the differential of
[ at pis the element df|, € T M defined by df|,(v) = v(f). If (z',...,2") is a

smooth coordinate system defined on U, then

oo = 9L )i,
i=1

Just as we did for tangent spaces, we can take the disjoint union of all of
the cotangent spaces forms the cotangent bundle

T*M = | J{T; M : p e M},

which has a projection 7 : TM — M defined by m(T, M) = p. If ¢ = (z*,...,2")
is a coordinate system on U C M, we can define a corresponding coordinate
system

o= (z...,2" p1,...,pn) on 7w HU)CTM
by letting

(-0
x Zc#@

=1

n
= 2'(p), Di Zajdxj|p = a;.
p j=1

(It is customary to use (pi,...,pn) to denote momentum coordinates on the
cotangent space.) For the various choices of charts (U, ¢) on M, the corre-
sponding charts (7~ (U), ¢) on T*M form an atlas making 7*M into a smooth
manifold of dimension 2n.

We can generalize this construction and consider tensor products of tangent
and cotangent spaces. For example, the tensor product of the cotangent space
with itself, denoted by ®2T;M , is the linear space of bilinear maps

g:T,M xT,M — R.
If $ = (zt,...,2™) : U — R™ is a smooth coordinate system on M with p € U,
we can define
da'|, ® da’ |, : T,M x T,M — R
) = 61,07
P

9
oxk

0

by dﬂﬂp ® dxj‘p < v a1
v Ox!




Then , i
{dxz‘p®d$j|p:1§i§n’1§j§n}

is a basis for @*Ty M, and a typical element of ®*T* M can be written as

n

> gij(p)da], @ da’|,,

ij=1

where the g;;(p)’s are elements of R.

1.2 Riemannian metrics

Definition. Let M be a smooth manifold. A Riemannian metric on M is a
function which assigns to each p € M a (positive-definite) inner product (-,-),
on T,M which “varies smoothly” with p € M. A Riemannian manifold is a
pair (M, (-,)) consisting of a smooth manifold M together with a Riemannian
metric (-,-) on M.

Of course, we have to explain what we mean by “vary smoothly.” This is most
easily done in terms of local coordinates. If ¢ = (z!,...,2") : U — R" is a
smooth coordinate system on M, then for each choice of p € U, we can write

()= Z gij(p)dz'|, ® dz’|,.

7,j=1

We thus obtain functions g;; : U — R, and we say that (-, ->p varies smoothly
with p if the functions g;; are smooth. We call the functions g;; the compo-
nents of the Riemannian metric with respect to the coordinate system ¢ =
(b, ... 2m).

Note that the functions g;; satisfy the symmetry condition g;; = g;; and the
condition that the matrix (g;;) be positive definite. We will sometimes write

(,9)v = Z gijdr' @ dx?.
i,j=1
If ¥ = (y',...,y") is a second smooth coordinate system on V C M, with
(o)lv =" hydy' @ dy’,
i,j=1
it follows from the chain rule that, on U NV,

- Oy* oyt
9= 2 M

k.l=1




We will sometimes adopt the Einstein summation convention and leave out the
summation sign:

We remark in passing that this is how a “covariant tensor field of rank two”
transforms under change of coordinates.

Using a Riemannian metric, one can “lower the index” of a tangent vector
at p, producing a corresponding cotangent vector and vice versa. Indeed, if
v € T, M, we can construct a corresponding cotangent vector «, by the formula

ay(w) = (v, w)p.
In terms of components,

"0
if v:Za’ W’ , then «, = ng ad,’E
=1 P

1,5=1

Similarly, given a cotangent vector a € T; M we “raise the index” to obtain a
corresponding tangent vector v, € T, M. In terms of components,

)
p

if a—Zaldxh,, then vafzg j(’)l
x

,j=1

where (¢ (p)) is the matrix inverse to (¢;;(p)). Thus a Riemannian metric
transforms the differential df|, of a function to a tangent vector

)

0
grad(f Z g” 856J () oz’ »

3,7=1

called the gradient of f at p. Needless to say, in elementary several variable
calculus this raising and lowering of indices is done all the time using the usual
Euclidean dot product as Riemannian metric.

Example 1. The simplest example of a Riemannian manifold is n-dimensional

Fuclidean space E™, which is simply R™ together with its standard rectangular

cartesian coordinate system (z!,...,2"), and the Euclidean metric

(,Vp=de' @da' 4 - + da" @ da".
In this case, the components of the metric are simply
1, ifi=j
ij =0i; =14 ’
Jig = % {0, if i # 4.
We will often think of the Euclidean metric as being defined by the dot product,

n n ia n 9 n iy
<Z >—<;a Bxip>. ZbJ@p :;ab.

i=1 j=1

n
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Example 2. Suppose that M is an n-dimensional smooth manifold and that
F: M — RY is a smooth imbedding. We can give RY the Euclidean metric
defined in the preceding example. For each choice of p € M, we can then define
an inner product (-,-), on T,M by

(v, w)p = Fup(v) - Fup(w), for v,w € T,M.

Here F,, is the differential of F' at p defined in terms of a smooth coordinate
system ¢ = (z!,...,2™) by the explicit formula

0
F. —
P (81" »

Clearly, (v, w), is symmetric, and it is positive definite because F' is an immer-

sion. Moreover,
0 0
p> (83: p> Ox7 »

= Di(Fo¢ " )(é(p) - Dj(Fod ") (e(p)),

s0 gi;(p) depends smoothly on p. Thus the imbedding F' induces a Riemannian
metric (-,-) on M, and we write

<.’ > = F*<.’ '>E-

It is an interesting fact that this construction includes all Riemannian manifolds.

) = Di(Fo¢")(6(p) € RY.

0

, —
J
» ox

Definition. Let (M,{(-,-)) be a Riemannian manifold, and suppose that E¥
denotes RN with the Euclidean metric. An imbedding F': M — E¥ is said to
be isometric if {-,-) = F*(-,")g.

The local problem of finding an isometric imbedding is equivalent to solving the
nonlinear system of partial differential equations

oF 0F
8.%1‘ 8CCJ' = 9

where the g;;’s are known functions and the E"-valued function F' is unknown.
Unfortunately, this system does not belong to one of the standard types (ellip-
tice, parabolic, hyperbolic) that are studied in PDE theory.

Nash’s Imbedding Theorem. If (M, (-,-)) is any smooth Riemannian mani-
fold, there exists an isometric imbedding F : M — EY into Euclidean space of
some dimension N.

This was regarded as a landmark theorem when it first appeared [18]. The
proof is difficult, involves subtle techniques from the theory of nonlinear partial
differential equations, and is beyond the scope of this course.



A special case of Example 2 consists of two-dimensional smooth manifolds
which are imbedded in E3. These are usually called smooth surfaces in E3
and are studied extensively in undergraduate courses in “curves and surfaces.”
This subject was extensively developed during the nineteenth century and was
summarized in 1887-96 in a monumental four-volume work, Le¢ons sur la théorie
générale des surfaces et les applications géométriques du calcul infinitésimal, by
Jean Gaston Darboux. Indeed, the theory of smooth surfaces in E? still provides
much geometric intuition regarding Riemannian geometry of higher dimensions.

What kind of geometry does a Riemannian metric provide a smooth manifold
M? Well, to begin with, we can use a Riemannian metric to define the lengths
of tangent vectors. If v € T, M, we define the length of v by the formula

[o]] =/ (v, 0)p-

Second, we can use the Riemannian metric to define angles between vectors:
The angle 6 between two nonzero vectors v,w € T,M is the unique 6 € [0, 7]
such that

(v, w)y = [[o][Jw]] cos .

Third, one can use the Riemannian metric to define lengths of curves. Suppose
that v : [a,b] — M is a smooth curve with velocity vector

" dxt 0
’y/(t) = dt % (S T"/(t)Ma for ¢ S [Cl, b}
i=1

7(t)

Then the length of 7 is given by the integral

b
Liy) = / SO )yt

We can also write this in local coordinates as

b n i dud
L(v) :/ Z gij(W(t))%%dt

4,j=1

Note that if F': M — E¥ is an isometric imbedding, then L(y) = L(F o7).
Thus the lengths of a curve on a smooth surface in E? is just the length of the
corresponding curve in E3. Since any Riemannian manifold can be isometrically
imbedded in some EV, one might be tempted to try to study the Riemannian
geometry of M via the Euclidean geometry of the ambient Euclidean space.
However, this is not necessarily an efficient approach, since sometimes the iso-
metric imbedding is quite difficult to construct.

Example 3. Suppose that H? = {(z,y) € R? : y > 0}, with Riemannian metric

1
Y2

() (dr ® dx + dy ® dy).



A celebrated theorem of David Hilbert states that (HZ, (-,-)) has no isometric
imbedding in E? and although isometric imbeddings in Euclidean spaces of
higher dimension can be constructed, none of them is easy to describe. The
Riemannian manifold (H?,(-,-)) is called the Poincaré upper half-plane, and
figures prominently in the theory of Riemann surfaces. It is the foundation
for the non-Euclidean geometry discovered by Bolyai and Lobachevsky in the
nineteenth century.

1.3 Geodesics

Our first goal is to generalize concepts from Euclidean geometry to Riemannian
geometry. One of principal concepts in Euclidean geometry is the notion of
straight line. What is the analog of this concept in Riemannian geometry? One
candidate would be the curve between two points in a Riemannian manifold
which has shortest length (if such a curve exists).

1.3.1 Smooth paths

Suppose that p and ¢ are points in the Riemannian manifold (M, (-,-)). If a and
b are real numbers with a < b, we let

Q) (M;p, q) = { smooth paths 7 : [a,b] — M : v(a) = p,7(b) = ¢}

We can define two functions L, J : Q5 (M;p,q) — R by

b b
L) = [ O Oneds I =5 [ 60 Ond

Although our geometric goal is to understand the length L, it is often convenient
to study this by means of the closely related action J. Notice that L is invariant
under reparametrization of -, so once we find a single curve which minimizes
L we have an infinite-dimensional family. This, together with the fact that the
formula for L contains a troublesome radical in the integrand, make J far easier
to work with than L.

It is convenient to regard J as a smooth function on the “infinite-dimensional”
manifold Q, 5 (M;p, q). At first, we use the notion of infinite-dimensional man-
ifold somewhat informally, in more advanced courses on global analysis it is
important to make the notion precise.

Proposition 1. [L(7)]? < 2(b — a)J(y). Moreover, equality holds if and only
if (' (t)7'(t)) is constant if and only if v has constant speed.



Proof: We use the Cauchy-Schwarz inequality:
b 2
mel/\Mwmw@mﬁ

b b
svﬁuﬁwmmﬂwamwum

Equality holds if and only if the functions (y'(t),7'(¢)) and 1 are linearly de-
pendent, that is, if and only if v has constant speed.

Proposition 2. Suppose that M has dimension at least two. An element
v € Qap(M;p,q) minimizes J if and only if it minimizes L and has constant
speed.

Sketch of proof: One direction is easy. Suppose that v has constant speed and
minimizes L. Then, if A € Q, 4(M;p, q),

2(b—a)J(y) = [L()]* < L] <200 —a)J(N),

and hence J(v) < J(A).

We will only sketch the proof of the other direction for now; later a complete
proof will be available. Suppose that v minimizes J, but does not minimize L,
so there is A € € such that L(A) < L(y). Approximate A by an immersion Ay
such that L(\1) < L(v); this is possible by a special case of an approximation
theorem due to Whitney (see [10], page 27). Since the derivative \] is never
zero, the function s(t) defined by

st = [ o)

is invertible and \; can be reparametrized by arc length. It follows that we can
find an element of A : [a,b] — M which is a reparametrization of \; of constant
speed. But then

2(b - a)J(A2) = [L(A)]* = [L(AW)]? < [LOP* < 2(b - a) I (),

a contradiction since y was supposed to minimize J. Hence v must in fact
minimize L. By a similar argument, one shows that if v minimizes J, it must
have constant speed.

The preceding propositions motivate use of the function J : Q4 4 (M;p,q) — R
instead of L. We want to develop enough of the calculus on the “infinite-
dimensional manifold” €, 4 (M;p,q) to enable us to find the critical points of
J. This is exactly the idea that Marston Morse used in his celebrated “calculus
of variations in the large,” a subject presented beautifully in Milnor’s classical
book [15].



To start with, we need the notion of a smooth curve
a:(—ee€) = Qqp(M;p,q) such that &(0) =1,

where « is a given element of Q. (In fact, we would like to define smooth charts
on the path space Q,(M;p,q), but for now a simpler approach will suffice.)
We will say that a variation of v is a map

a:(—€6€) = Q) (M;p,q)
such that a(0) = v and if
a:(—€€) x [a,b] = M is defined by «(s,t) = a(s)(t),
then « is smooth.
Definition. An element v € Qy, 5j(M;p, q) is a critical point for J if
d

T (J(a(s))) =0, for every variation & of 7. (1.3)
s s=0

Definition. An element v € Qp, 3;(M;p, q) is called a geodesic if it is a critical
point for J.

Thus the geodesics are the candidates for curves of shortest length from p to
q, that is candidates for the generalization of the notion of straight line from
Euclidean to Riemannian geometry.

We would like to be able to determine the geodesics in Riemannian manifolds.
It is easiest to do this for the case of a Riemannian manifold (M, (-,-)) that
has been provided with an isometric imbedding in E¥. Thus we imagine that
M C EV and thus each tangent space T, M can be regarded as a linear subspace
of RY. Moreover,

(w,w)p, =v-w, for v,weT,MC EY,
where the dot on the right is the dot product in EV. If
a:(—€€) = Qap(M;p,q)
is a variation of an element v € Q[a’b] (M;p,q), with corresponding map

a:(—€€) x[a,b] = M CEV,

then
d A d |1 [°da Oa
ds (J(a(s))) - = s [2/“ a(svt). 5 (s,t)dt] .
b 6204 o b 82a e
- o 858t(s’t)a(3’t)dt B = Y Bsat(o’t)a(o’t)dt’

10



where « is regarded as an EV-valued function. If we integrate by parts, and use
the fact that

Ja oo
E(O,b) =0= E(Qa),
we find that
d , . _ b da o b y
HUae| == [Fon FRenu=— [V .y ow o

where V(t) = (0a/0s)(0,t) is called the variation field of the variation field a.
Note that V(¢) can be an arbitrary smooth EV-valued function such that

V(a)=0, V(b)=0, V() e€TyyM, foralltcla,b],
that is, V' can be an arbitrary element of the “tangent space”
T,Q = { smooth maps V : [a,b] — EV
such that V(a) = 0=V (b),V(t) € Ty4)M for t € [a,b] }.
We can define a linear map dJ(7) : 7,22 — R by
b
WI)WV) == [ VO W)= 5 al)]
a s=0

for any variation & with variation field V. We think of dJ(v) as the differential
of J at 7.

If dJ(v)(V) = 0forall V € T,Q, then 7" (t) must be perpendicular to T M
for all ¢ € [a,b]. In other words, v : [a,b] — M is a geodesic if and only if

(v'@®)" =0, forallte[a,b], (1.5)

where (v”(t))" denotes the orthogonal projection of v”(t) into TyyM. To see
this rigorously, we choose a smooth function 7 : [a,b] — R such that

n(a)=0=n(), n>0 on (a,b),

and set .
V(t) =n)(v"(®)
which is clearly an element of T.,Q2. Then dJ(y)(V) = 0 implies that

[ e oa= [ oo a=o

Since the integrand is nonnegative it must vanish identically, and (1.5) must
indeed hold.

We have thus obtained a simple equation (1.5) which characterizes geodesics
in a submanifold M of EN. The geodesic equation is a generalization of the

11



simplest second-order linear ordinary differential equation, the equation of a
particle moving with zero acceleration in Euclidean space, which asks for a
vector-valued function

v:(a,b) — EN  such that  ~"(t) =0.

Its solutions are the constant speed straight lines. The simplest way to make
this differential equation nonlinear is to consider an imbedded submanifold M
of EV with the induced Riemannian metric, and ask for a function

v:(a,b) — M CEY  suchthat  (¥(t)" =0.

In simple terms, we are asking for the curves which are as straight as possible
subject to the constraint that they lie within M.

Example. Suppose that
M=8"={(z' ... ,z") ek (a2 +. ... + (2”2 =1}

Let e; and es be two unit-length vectors in S™ which are perpendicular to each
other and define the unit-speed great circle v : [a,b] — S™ by

~(t) = (cost)e; + (sint)e,.
Then a direct calculation shows that
~"(t) = —(cost)e; — (sint)es = —v(t).

Hence (v(t))" = 0 and 7 is a geodesic on S”. We will see later that all unit
speed geodesics on S™ are obtained in this manner.

1.3.2 Piecewise smooth paths

For technical reasons, it is often convenient to consider the more general space
of piecewise smooth paths,

Q[mb](M;p, q) = { piecewise smooth paths 7 : [a,b] — M : y(a) = p,v(b) = ¢}.

an excellent exposition of which is given in Milnor [15], §11. By piecewise
smooth, we mean -y is continuous and there exist tg < t; < --- < ty with tg = a
and ty = b such that 7|[t;—1,%;] is smooth for 1 < ¢ < N. In this case, a
variation of 7y is a map

a: (—6, 6) - Q[a,b] (Mapv Q)
such that @(0) = v and if

a:(—€€) x [a,b] > M is defined by «af(s,t) = a(s)(t),

12



then there exist tg < t; < --- <ty with tg = a and ty = b such that
O[|(*€, 6) X [ti—lati]
is smooth for 1 <7 < N. As before, we find that

b 92 O«
-0 - " 8sat (O7t) : E(O’t)dta

a
ds

(J(a(s)))

but now the integration by parts is more complicated because +'(¢) is not con-
tinuous at t1,...,tx_1. If we let

Y'(ti—) = lim ~'(t), +'(ti4) = lim ~'(t),

ot t—t;+

a short calculation shows that (1.6) yields the first variation formula

d _
= ()

= [V 0= 3 Vi) 6 ), (16)

s=0
whenever & is any variation of v with variation field V. If

AIV) = (@) =0

s=0

for all variation fields V' in the tangent space

T2 = { piecewise smooth maps V : [a,b] — EV
such that V(a) = 0=V (b),V(t) € Tyy)M for t € [a,b] },

it follows that 7/ (t;+) = +/(t;—) for every i and (y"(t))' = 0. Thus critical
points on the more general space of piecewise smooth paths are also smooth
geodesics.

Exercise I. Due Friday, April 8. Suppose that M? is the right circular
cylinder defined by the equation 22 4+ y? = 1 in E3. Show that for each choice
of real numbers a and b the curve

cos(at)
7:R— M? CE* defined by 7,(t) = | sin(at)
bt

is a geodesic.

1.4 Hamilton’s principle*

Of course, we would like a formula for geodesics that does not depend upon
the existence of an isometric imbedding. To derive such a formula, it is conve-
nient to regard the action J in a more general context, namely that of classical
mechanics.

13



Definition. A simple mechanical system is a triple (M, (-,-), ¢), where (M, (-, -))
is a Riemannian manifold and ¢ : M — R is a smooth function.

We call M the configuration space of the simple mechanical system. If v :
[a,b] — M represents the motion of the system,

1

2(7'(t),'y'(t)> = (kinetic energy at time t),

@(y(t)) = (potential energy at time t).

Example 1: the Kepler problem. If a planet of mass m is moving around
a star of mass My with My >> m, the star assumed to be stationary, we might
take

M = ]RS - {(05070)}7
() =m(de @ dz + dy @ dy + dz @ dz),

—GmM,
P(x,y,2) = 4

/xQ—l—yQ—i—zQ-

Here G is the gravitational constant. Sir Isaac Newton derived Kepler’s three
laws from this simple mechanical system, using his second law:

(1.7)

(Force) = (mass)(acceleration), where (Force) = —grad(¢). (1.8)

The central symmetry of the problem suggests that we should use spherical co-
ordinates. But that raises the question: How do we express Newton’s second law
in terms of general curvilinear coordinates? Needless to say, this system of equa-
tions can be solved exactly, thereby deriving Kepler’s three laws of planetary
motion. This was one of the major successes of Sir Isaac Newton’s Philosophiae
naturalis principia mathematica which appeared in 1687.

Example 2: the gravitational field of an oblate ellipsoid. The sun
actually rotates once every 25 days, and some stars actually rotate much more
rapidly. Thus the gravitational potential of a rapidly rotating star should differ
somewhat from the simple formula given in Example 1. For the more general
situation, we let M = R3 — D where D is a closed compact domain with smooth
boundary containing the origin,

() =m(de @ do + dy ® dy + dz ® dz),

and ¢ : M — R is the “Newtonian gravitational potential” determined as
follows: We imagine first that the mass (say py were all concentrated at the
point (o, Yo, 20) € D. Then just as in Example 1, we can set

—Gmpg

qS(:c,y, Z) = \/(l‘ — 580)2 + (y — y0)2 + (Z - Z0)2 ’
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More generally, if p(z,y, z) represents mass density at (z,y,z) € D, the con-
tribution to the potential ¢(z,y,z) from a small coordinate cube located at
(z,7, z), with sides of length dz, dy, dz is given by

_Gmp(j7 Zj, 2)
VE =22+ (y—9)?+ (- 2)?
Summing over all the infinitesimal contributions to the potential, we finally
obtain the desired formula for potential:

oz, y, 2 /// T xGm;)( ’;; 1 = 2)2djdgdz. (1.9)

Remarkably, if the mass distribution is spherically symmetric one gets exactly
the same function as in (1.7) with My being the integral of p over D. But in the
case of an oblate ellipsoid, the potential is different. One can do the integration
numerically and determine the numerical solutions to Newton’s equations in
this case, using software such as Mathematica, and one finds that the orbits are
no longer exactly closed, but the perihelion of the planet precesses instead.

More generally, still, one could consider a nebula in space within the region
D represented by a dust with mass density p(z,y,2). It turns out that the
“Newtonian gravitationl potential” ¢(z,y, z) defined by (1.9) is the solution to
Poisson’s equation

dzdydz.

»Po o P9

—+ —+ — =4nG 1.10

922 + By + 9.2 TGmp ( )
which goes to zero like 1/r as one approaches infinity, a fact which could be
proven using the divergence theorem.

Example 3: the rigid body. To construct an interesting example in which
the configuration space M is not Euclidean space, we take M = SO(3), the
group of real orthogonal 3 x 3 matrices of determinant one, regarded as the
space of “configurations” of a rigid body B in R3 which has its center of mass
located at the origin. We want to describe the motion of the rigid body as a
path v : [a,b] — M. If p is a point in the rigid body with coordinates (z!, 22, 23)
at time ¢ = 0, we suppose that the coordinates of this point at time ¢ will be

x aii(t) aia(t) ay3(t)
y(t) | 2% |, where v(#t) = | a21(t) aga(t) ags(t) | € SO(3),
23 azi(t) as2(t) ass(t)

and v(0) = I, the identity matrix. Then the velocity v(¢) of the particle p at

time ¢ will be ) ‘
z! Yo af (b

ot) =) | | = [ Ti abi(t)a |
w3 > d (D)

3
a Cl .ij
E z kj

i,7,k=1

and hence
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Suppose now that p(z!, 2%, #3) is the density of matter at (z!, 2%, #®) within the
rigid body. Then the total kinetic energy within the rigid body at time ¢ will
be given by the expression

1 o
K= 3 Z </B p(ml,xQ,J;g)x’xjdxldedx?’) ay; (t)ay; (t).

.3,k

We can rewrite this as

1 oo
K= 3 Z Cijag; (t)ay; (1), where ¢ = / p(xt, 2%, )2 e dat da da®,
i,k B

and define a Riemannian metric (-,-) on M = SO(3) by

((8).7'(8) = Y cijaii(t)aiy (¢). (1.11)

i,5,k

Then once again (1/2)('(t),~'(t)) represents the kinetic energy, this time of the
rigid body B when its motion is represented by the curve 7 : (a,b) — M. We
remark that the constants

Iij = Trace(cij)éij — Cij

are called the moments of inertia of the rigid body.

A smooth function ¢ : SO(3) — R can represent the potential energy for
the rigid body. In classical mechanics books, the motion of a top is described
by means of a simple mechanical system which has configuration space SO(3)
with a suitable left-invariant metric and potential ¢. Applied to the rotating
earth, the same equations explain the precession of the equinoxes, according to
which the axis of the earth traverses a circle in the celestial sphere once every
26,000 years. This means that astrologers will have to relearn their craft every
few thousand years, because the sun will traverse a different path through the
constellations, forcing a recalibration of astrological signs.

We want a formulation of Newton’s second law (1.8) which helps to solve prob-
lems such as those we have just mentioned. In Lagrangian mechanics, the equa-
tions of motion for a simple mechanical system are derived from a variational
principle. The key step is to define the Lagrangian to be the kinetic energy
minus the potential energy. More precisely, for a simple mechanical system
(M, (-,-),¢), we define the Lagrangian as a function on the tangent bundle of
M

)

L:TM —R by L(v)= %<v,v> — ¢(m(v)),

where m : TM — M is the usual projection. We can then define the action
J Qo (M;p,q) — R by

b
J(y) = / £ (1) dt.
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As before, we say that v € Q is a critical point for J if (1.3) holds. We can then
give the Lagrangian formulation of Newton’s law as follows:

Hamilton’s principle. If v represents the motion of a simple mechanical
system, then -y is a critical point for J.

Thus the problem of finding curves in a Riemannian manifold from p to g of
shortest length is put into the broader context of finding the trajectories for
simple mechanical systems. Although we will focus on the geodesic problem, the
earliest workers in the theory of geodesics must have been partially motivated
by the fact that we were simply studying simple mechanical systems in which
the potential function is zero.

We will soon see that if v € Q4 (M;p,q) is a critical point for J and
[e,d] C [a,b], then the restriction of v to [¢,d] is also a critical point for J,
this time on the space Q. 4(M;r,s), where r = v(c) and s = y(d). Thus we
can assume that v([a,b]) C U, where (U,z?,...,2") is a coordinate system on
M, and we can express L in terms of the coordinates (x!,... 2" &' ... 2") on

~1(U) described by (1.1). If

y(t) = (2 (t),...,2™(t)), and ~'(t) = (z'(t),...,z"(t), 2" (t),...,E"(t)),

then
LY () = E(xl(t), . ,x”(t),a}l(t), e ().

Euler-Lagrange Theorem. A point v € Q,4(M;p,q) is a critical point for
the action J < its coordinate functions satisfy the Euler-Lagrange equations

oL d (oL

Proof: We prove only the implication =, and leave the other half (which is quite
a bit easier) as an exercise. We make the assumption that v([a,d]) C U, where
U is the domain of local coordinates as described above.

For 1 <i < n, let ¥ : [a,b] — R be a smooth function such that 1¢(a) =
0 = 9%(b), and define a variation

a:(—e€)x[a,b] = U by a(s,t)=(z'(t) + s (t),..., 2" (t) + s¢"(t)).
Let ¢ (t) = (d/dt)(¥")(t). Then
/ £ ) UL,y () + U (L), ),

so it follows from the chain rule that

/ [W (0.8 (00 (0) + 5 (a0, ()0 1)
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Since 1 (a) = 0 = (),

‘S d (L OLN i b
- [ L () e [ S (v [T v
and hence
d K
%@ / {ax”” ‘(W)“’]

Thus if v is a critical point for J, we must have

- [ 2 [ (5)] e

for every choice of smooth functions ¥ (¢). In particular, if 5 : [a,b] — R is a
smooth function such that

77(‘1) =0= n(b)a n>0 on (aab)a

and we set

a0.50) - 5 (SR 0.8w)]

/abn(@ [g‘f a (gﬁﬂ it = 0.

Since the integrand is nonnegative, it must vanish identically and hence (1.12)
must hold.

then

For a simple mechanical system, the Euler-Lagrange equations yield a derivation
of Newton’s second law of motion. Indeed, if

= z": gijdx'dz?

ij=1
then in the standard coordinates (z*,..., 2", &%, ..., "),
1 n
LOE) =5 Y giylatea)i'd! = o(at,..a")
i=1
Hence .
% = 1 agﬂkij ., 09
oxt 2 oxt oxt’
7,k=1
oL < d (oL “~ 9gi; =
- — J sk
9 ;g””“ Cdt (83’:1') J;l ok T +;9w$ ;



where #/ = d?z7 /dt?>. Thus the Euler-Lagrange equations become

agz 89 k . 8¢
J ] j k = J J N
ZW e 3 Hpat o5y kit 20

7,k= 1 7,k=1

or

891] 89113 8gjk ik 8¢
ZW T3 Z (5xk o0 0w )T T o

We multiply through by the matrix (¢%) which is inverse to (g;;) to obtain

it +j%=:1 Z 9 8:5“ (1.13)

where
1 99k | Ogki  0gij
Tl =— . - — =L, 1.14
Y2 ;g ( Ozt * Oxd  Oxk (1.14)
The expressions F are called the Christoffel symbols. Note that if (z*,...,2")

are rectangular cartesmn coordinates in Euclidean space, the Christoffel symbols
vanish.
We can interpret the two sides of (1.13) as follows:

i+ Z I‘l i/ i* = (acceleration)!,
J,k=1
Z l’ (force per unit mass)’.

Hence equation (1.13) is just the statement of Newton’s second law, force equals
mass times acceleration, for simple mechanical systems.

In the case where ¢ = 0, we obtain differential equations for the geodesics
on M,

i+ Z I, il ik (1.15)

7,k=1

where the F;k’s are the Christoffel symbols.

1.5 The Levi-Civita connection

In modern differential geometry, the Christoffel symbols Ffj are regarded as the
components of a connection. We now describe how that goes.

You may recall from Math 240A that a smooth vector field on the manifold
M is a smooth map

X:M —TM suchthat 7oX =idjy,
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where m: TM — M is the usual projection, or equivalently a smooth map
X :M —TM such that X(p) e T,M.

The restriction of a vector field to the domain U of a smooth coordinate system
(x',...,2") can be written as

"9 )
X\U:Zf’%, where f':U — R.
=1

If we evaluate at a given point p € U this specializes to

0

- -
3xp

X(p) = Zf"(p)

A vector field X can be regarded as a first-order differential operator. Thus, if
g : M — R is a smooth function, we can operate on g by X, thereby obtaining
a new smooth function Xg: M — R by (Xg)(p) = X(p)(9).

We let X(M) denote the space of all smooth vector fields on M. It can
be regarded as a real vector space or as an F(M)-module, where F(M) is
the space of all smooth real-valued functions on M, where the multiplication
F(M) x X(M) — X(M) is defined by (£X)(p) = £(p)X (p).

Definition. A connection on the tangent bundle T'M is an operator
V:XM)x X(M) — X(M)
that satisfies the following axioms (where we write VxY for V(X,Y)):
VixtgvZ = fVxZ+gVyZ, (1.16)
Vz(fX +9Y)=(Zf)X + fVzX +(Z9)Y + gV Y, (1.17)
for f,ge F(M) and X,Y,Z € X(M).

Note that (1.17) is the usual “Leibniz rule” for differentiation. We often call
VxY the covariant derivative of Y in the direction of X.

Lemma 1. Any connection V is local; that is, if U is an open subset of M,
XU=0 = (VxY)|[U=0 and (VyX)|U =0,

for any Y € X(M).

Proof: Let p be a point of U and choose a smooth function f : M — R such
that f =0 on a neighborhood of p and f =1 outside U. Then

XIU=0= fX=X.
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Hence

(VxY)(p) = VixY(p) = f(p)(VxY)(p) = 0,
(Vy X)(p) = Vy (fX)(p) = f(p)(Vy X)(p) + (Y /)() X (p) = 0.

Since p was an arbitrary point of U, we conclude that (VxY)|U = 0 and
(VyX)‘U =0.

This lemma implies that if U is an arbitrary open subset of M a connection V
on TM will restrict to a unique well-defined connection V on TU.

Thus we can restrict to the domain U of a local coordinate system (z*, ..., z")
and define the components Ffj : U — R of the connection by

n

vﬁ/awl ﬂ Z ij 3331@

Then if X and Y are smooth vector fields on U, say
X == li. Y == J —
i:Zl ! oxt’ ; 9 i

we can use the connection axioms and the components of the connection to
calculate VxY:

VxY = Z Zf? - Zrkfﬂ 6(;. (1.18)

=1 | j=1 7,k=1

Lemma 2. (VxY)(p) depends only on X (p) and on the values of Y along some
curve tangent to X (p).

Proof: This follows immediately from (1.18).

Because of the previous lemma, we can V, X € T, M, whenever v € T, M and
X is a vector field defined along some curve tangent to v at p, by setting

VX = (Vi X)(p),

for any choice of extensions V of v and X of X. In particular, if 7 : [a,b] —
M is a smooth curve, we can define the vector field V4" along . Recall
that we define the Lie bracket of two vector fields X and Y by [X,Y](f) =
XY (f)—-Y(X(f)). If X and Y are smooth vector fields on the domain U of

: 1
local corrdinates (z',...,z"), say

N A
X:;fax“ Y_;gj@’
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then

ozt 0z9 g OxI Ozt

1,j=1 1,j=1

Zflaga LLOf 0

Fundamental Theorem of Riemannian Geometry. If (M, (-,-)) is a Rie-
mannian manifold, there is a unique connection on T'M such that

1. V is symmetric, that is, VxY — Vy X = [X,Y], for X,Y € X(M),

2. V is metric, that is, X (Y, Z) = (VxY, Z)+(Y,Vx Z), for X, Y, Z € X(M).
This connection is called the Levi- Civita connection of the Riemannian manifold
(Ma <'v >)

To prove the theorem we express the two conditions in terms of local coordinates
(x',...,2") defined on an open subset U of M. In terms of the components of
V, defined by the formula

va/ax‘ﬁ Z ij 833’“’ (119)
the first condition becomes

Fk _Fk

i

9 9 ]_
ort x|

since [

Thus the I‘k 's are symmetric in the lower pair of indices. If we write

n
= Z gijdx' @ da?,

i,j=1

then the second condition yields

dgi; 0 /9 9\ _ o 0 d d
ak ~ oaF <az ax> = <V8/ax’“axw ax> * <azw%/aﬁaza—>
n a 8 8 n 8 n n
_ Y9 v U N T T
- <;F’“ dxl’ 8xj> * <axi’grka 3xl> ;%Fm + ggu%-

In fact, the second condition is equivalent to

0
g” Z 91 i + Z gLl (1.20)

We can permute the indices in (1.20), obtaining

g - -
k=S gl + Y 9T (1.21)
=1 =1
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and

Gk . =
Dz = Z gliFék + ngll‘é-i. (1.22)
=1 =1

Subtracting (1.20) from the sum of (1.21) and (1.22), and using the symmetry
of Féj in the lower indices, yields

39jk Ogri agij - 1
- - — =2 T
ozt + oxd  Oz* ;glk *

Thus if we let (g7) denote the matrix inverse to g;;), we find that

r=g >t (G Gt (1.23)

2 drt  Oxd Oz
k=1
which is exactly the formula (1.14) we obtained before by means of Hamilton’s
principle.

This proves uniqueness of the connection which is both symmetric and met-
ric. For existence, we define the connection locally by (1.19), where the Féj’s are
defined by (1.23) and check that the resulting connection is both symmetric and
metric. (Note that by uniqueness, the locally defined connections fit together
on overlaps.)

In the special case where the Riemannian manifolds is Euclidean space EV
the Levi-Civita connection is easy to describe. In this case, we have global
rectangular cartesian coordinates (z',...,z") on EV and any vector field Y on

EXN can be written as
N9 :
Y = ;ﬁ@7 where f':EN = R.
k

In this case, the Levi-Civita connection V¥ has components I'Y; = 0, and there-
fore the operator V¥ satisfies the formula

0

N
viy = Z(Xfi)@.

=1

It is easy to check that this connection which is symmetric and metric for the
Euclidean metric.

If M is an imbedded submanifold of EV with the induced metric, then one
can define a connection V : X(M) x X(M) — X (M) by

(VxY)(p) = (VXY ()",

where (-) T is the orthogonal projection into the tangent space. (Use Lemma 5.2
to justify this formula.) It is a straightforward exercise to show that V is
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symmetric and metric for the induced connection, and hence V is the Levi-
Civita connection for M. Note that if 7 : [a,b] — M is a smooth curve, then

(Vy) () = (")),

so a smooth curve in M C E¥ is a geodesic if and only if V..« = 0. If we want
to develop the subject independent of Nash’s imbedding theorem, we can make
the

Definition. If (M, (-,-)) is a Riemannian manifold, a smooth path ~ : [a,b] —
M is a geodesic if it satisfies the equation V4" = 0, where V is the Levi-Civita
connection.

In terms of local coordinates, if

n

_ Z d(a:i o) 0
o dt  Ozt’

i=1

then a straightforward calculation yields

- deO'y d(z? Ofy Yd(zFor)| 0
= F —. 1.24
V'Y Y ; ]kzl dt ort ( )

This reduces to the equation (1.15) we obtained before from Hamilton’s princi-
ple. Note that
d
2057 =70 =2V ) =0,
so geodesics automatically have constant speed.
More generally, if v : [a,b] — M is a smooth curve, we call V.7 the accel-

eration of v. Thus if (M, (-,-),#) is a simple mechanical system, its equations
of motion can be written as

V' = —grad(¢), (1.25)
where in terms of local coordinates (x!,...,2™) on U C M,
grad(¢) = > ¢7"(OV /92")(9/0a7).

Note that these equations of motion can be written as follows:

{dw !

dt J 1.26)
di' _ n I gk no 10 (1.
G = _Zj,kzlrjkxjx =219 lafw

In terms of the local coordinates (z!,..., 2" 4%, ..., ") on 7~ 1(U) C T M, this

system of differential equations correspond to the vector field

n

S ~ia z iJ

i=1 \jk=1
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It follows from the fundamental existence and uniqueness theorem from the
theory of ordinary differential equations ([3], Chapter IV, §4) that given an
element v € T, M, there is a unique solution to this system, defined for ¢ € (—¢, ¢€)
for some € > 0, which satisfies the initial conditions

In the special case where ¢ = 0, we can restate this as:

Existence and Uniqueness Theorem for Geodesics. Given p € M and
v € T,M, there is a unique geodesic 7y : (—e¢,€) — M for some € > 0 such that

7(0) = p and 7(0) = v.

Simplest Example. In the case of Euclidean space E™ with the standard
Euclidean metric, g;; = d;;, the Christoffel symbols vanish, I‘é-k = 0, and the
equations for geodesics become

2t

dit?

The solutions are ) ) _
' =a't + b,

the straight lines parametrized with constant speed.

Exercise II. Due Friday, April 15. Consider the upper half-plane H? =
{(z,y) € R? : y > 0}, with Riemannian metric

1
() = ?(d:c ® dx + dy @ dy),

the so-called Poincaré upper half plane.
a. Calculate the Christoffel symbols Ffj.
b. Write down the equations for the geodesics, obtaining two equations

P _ a’y _
a2 0 42

c. Show that the vertical half-lines x = ¢ are the images of geodesics and find
their constant speed parametrizations.

1.6 First variation of J: intrinsic version

Now that we have the notion of connection available, it might be helpful to
review the argument that the function

1 b
J Qo (M;p,q),— R defined by J(y) = 5/ (' (t), /' (t))dt,
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has geodesics as its critical points, and recast the argument in a form that is
independent of choice of isometric imbedding.

In fact, the argument we gave before goes through with only one minor
change, namely given a variation

a:(—ee) — Q with corresponding « : (—e,€) X [a,b] — M,

we must make sense of the partial derivatives

da o0
gs’ ot 7

since we can no longer regard « as a vector valued function.
But these is a simple remedy. We look at the first partial derivatives as maps

da Oa
g, E : (_6,6) X [a,b] — TM
such that 7o (i;i) =a, TO <?')(Z> =«

In terms of local coordinates, these maps are defined by

i=1

a(s,t) 7

i=1

a(s,t)

We define higher order derivatives via the Levi-Civita connection. Thus for
example, in terms of local coordinates, we set

da " 92(xF o @) L d(z'oa)d(ztoa)| O
Vo/os (&) - k; osor T 2 Thea) =5 ot | 9a*

?
(03

ij=1
thereby obtaining a map

Vaos (8(]> : (—€,€) x [a,b] = TM such that 7o Vy,s, (8a> =a.

ot ot
Oa 1oJe"
Voot (81&) ) Voot <8s> )

and so forth. In short, we replace higher order derivatives by covariant deriva-
tives using the Levi-Civita connection for the Riemmannian metric.
The properties of the Levi-Civita connection imply that

Oa Oa
Vayas <8t) = Voot (85)
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and

0 [0a daN _ /o da) da\  [oa o Oa
ot \os ot/ \ "\ 9s ) ot ds’ O\ o ) /-

With these preparations out of the way, we can now proceed as before and
let

a: (767 6) - Q[a,b] (M,p, q)
be a smooth path with @(0) =~ and

Jda
% 0.0 =v)

where V is an element of the tangent space

T, = { smooth maps V : [a,b] — T M
such that m oV (t) = ~v(¢t) for ¢ € [a,b], and V(a) =0=V(b) }.

Then just as before,

d%(J(a(s))) - d% [; /ab<fz?(s,t),%f(s,t)dt>] B
_ /ab <Va/as (88?) (O,t),%cz(o,t)>dt
:/ab Voo ‘1‘;‘ 0,8, 20,0 ) at
—/b {8 8O‘<(o ) 6<O;?0)t)><§;(0 t)>V da
— ). Lot \os ot a9s 8/8tat(0’t)>]dt'
Since %(Ovb)zoz%(o,a)’
we obtain
t 4 (s(@(s) =] V() (T O,

We call this the first variation of J in the direction of V', and write

b
dJ(v)(V) = —/ (V(1), (Vy)(®))dt. (1.27)

A critical point for J is a point v € Q4 4)(M;p,q) at which dJ(vy) = 0, and
the above argument shows that the critical points for J are exactly the geodesics
for the Riemannian manifold (M, (-, -)).

Of course, we could modify the above derivation to determine the first vari-
ation of the action

1

b b
10 =3 [ Gox @ - [ st
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for a simple mechanical system (M, (-,-), ¢) such as those considered in §7?7. We
would find after a short calculation that

b b
AI()(V) = / (V (), (T4 ) (1))t — / 46 (V) ((t)dt
b
—— [ 0.0 - mad @) (o) .

Just as in §1.4, the critical points are solutions to Newton’s equation (1.25).

1.7 Lorentz manifolds

The notion of Riemmannian manifold has a generalization which is extremely
useful in Einstein’s theory of relativity, both special and general, as described
for example is the standard texts [17] or [22].

Definition. Let M be a smooth manifold. A pseudo-Riemannian metric on M
is a function which assigns to each p € M a nondegenerate symmetric bilinear
map

(-, -)p T,M xTy,M — R

which which varies smoothly with p € M. As before , varying smoothly with
p € M means that if ¢ = (z!,...,2™) : U — R" is a smooth coordinate system
on M, then for p € U,

<'1 '>p = Z gm(p)ddfl|p ® dxj|pa

ij=1

where the functions g;; : U — R are smooth. The conditions that (-,-) be
symmetric and nondegenerate are expressed in terms of the matrix (g;;) by
saying that (g;;) is a symmetric matrix and has nonzero determinant.

It follows from linear algebra that for any choice of p € M, local coordinates
(x',...,2™) can be chosen so that

a0 = (" 0 ),

where I, and I;xq are p x p and ¢ X ¢ identity matrices with p 4+ ¢ = n. The
pair (p, q) is called the signature of the pseudo-Riemannian metric.

Note that a pseudo-Riemannian metric of signature (0,n) is just a Rieman-
nian metric. A pseudo-Riemannian metric of signature (1,n — 1) is called a
Lorentz metric.

A pseudo-Riemannian manifold is a pair (M, (-,-)) where M is a smooth
manifold and (-,-) is a pseudo-Riemannian metric on M. Similarly, a Lorentz
manifold is a pair (M, (-, -)) where M is a smooth manifold and (-, -) is a Lorentz
metric on M.
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Example. Let R"! be given coordinates (t,z!,...,2"), with ¢ being regarded
as time and (2%, ..., 2") being regarded as Euclidean coordinates in space, and
consider the Lorentz metric

() =—ctdt@dt+ Y dz' ®da’, (1.28)

i=1

where the constant c is regarded as the speed of light. When endowed with this
metric, R**! is called Minkowski space-time and is denoted by L"t!. Four-
dimensional Minkowski space-time is the arena for special relativity.

The arena for general relativity is a more general four-dimensional Lorentz man-
ifold (M, {(-,-)), also called space-time. In the case of general relativity, the
components g;; of the metric are regarded as potentials for the gravitational
forces.

In either case, points of space-time can be thought of as events that happen
at a given place in space and at a given time. The trajectory of a moving particle
can be regarded as curve of events, called its world line.

If p is an event in a Lorentz manifold (M, (-,-)), the tangent space T,M
inherits a Lorentz inner product

()t TyM x T,M — R.
We say that an element v € T, M is
1. timelike if (v,v) <0,
2. spacelike if (v,v) > 0, and
3. lightlike if (v,v) = 0.

A parametrized curve 7 : [a,b] — M into a Lorentz manifold (M, (-,-)) is
said to be timelike if 4/ (u) is timelike for all u € [a,b]. If a parametrized curve
v : [a,b] — M represents the world line of a massive object, it is timelike and
the integral

b
L) =3 [ Vo e (1.29)

is the elapsed time measured by a clock moving along the world line . We call
L() the proper time of ~.

The Twin Paradox. The fact that elapsed time is measured by the integral
(1.29) has counterintuitive consequences. Suppose that v : [a,b] — L% is a
timelike curve in four-dimensional Minkowski space-time, parametrized so that
(1) = (82t (1), 2°(1), 2° (1))
Then
0 > dat 0 AN
") = — i /(¢ ")) = — 2

V) =5 +> o s (V.1 0+; o)

i=1
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and hence

3

b S\ 2 b 3 i\ 2
1 dx? 1 dx?t
L(’y):/ : sz(dt) dt:/ 162§<dt> dt.  (1.30)
a a =1

i=1

Thus if a clock is at rest with respect to the coordinates, that is dz’/dt = 0, it
will measure the time interval b — a, while if it is in motion it will measure a
somewhat shorter time interval. This failure of clocks to synchronize is what is
called the twin paradox.

Equation (1.30 ) states that in Minkowski space-time, straight lines maximize
L among all timelike world lines from an event p to an event g. When given an
affine parametrization such curves have zero acceleration.

In general relativity, Minkowki spce-time is replaced by a more general
Lorentz manifold. The world line of a massive body, not subject to any forces
other than gravity, will also maximize L, and if it is appropriately parametrized,
it will have zero acceleration in terms of the Lorentz metric (-, -). Just as in the
Riemannian case, it is easier to describe the critical point behavior of the closely
related action

b
TRy p.0) — R, defined by J() = 3 [ 6/ 0.7/ 0)ar.
a
The critical points of J for a Lorentz manifold (M, (-, -)) are called its geodesics.
How does one determine the geodesics in a Lorentz manifold? Fortunately,
the fundamental theorem of Riemannian geometry generalizes immediately to
pseudo-Riemannian metrics;

Fundamental Theorem of pseudo-Riemannian Geometry. If (-,-) is a
pesudo-Riemannian metric on a smooth manifold M, there is a unique connec-
tion on T'M such that

1. V is symmetric, that is, VxY — Vy X = [X, Y], for X,Y € X(M),
2. V is metric, that is, X (Y, Z) = (VxY, Z)+(Y,Vx Z), for X, Y, Z € X(M).

The proof is identical to the proof we gave before. Moreover, just as before,
we can define the Christoffel symbols for local coordinates, and they are given
by exactly the same formula (1.23). Finally, by the first variation formula, one
shows that a smooth parametrized curve « : [a,b] — M is a geodesic if and only
if it satisfies the equation V. = 0.

We can now summarize the main ideas of general relativity, that are treated
in much more detail in [17] or [22]. General relativity is a theory of the gravi-
tational force, and there are two main components:

1. The matter and energy in space-time tells space-time how to curve in ac-
cordance with the Einstein field equations. These Einstein field equations
are described in terms of the curvature of the Lorentz manifold and de-
termine the Lorentz metric. (We will describe curvature in the following
sections.)
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2. Timelike geodesics are exactly the world lines of massive objects which
are subjected to no forces other than gravity, while lightlike geodesics are
the trajectories of light rays.

Riemannian geometry, generalized to the case of Lorentz metrics, was exactly
the tool that Einstein needed to develop his theory.

1.8 The Riemann-Christoffel curvature tensor

Let (M, (-, -)) be a Riemannian manifold (or more generally a pseudo-Riemannian
manifold) with Levi-Civita connection V. If X' (M) denotes the space of smooth
vector fields on M, we define

R:X(M)x X(M)x X(M) — X(M)
by
R(X,Y)Z =VxVyZ —VyVxZ =V xy1Z.
We call R the Riemann-Christoffel curvature tensor of (M, (-,-)).

Proposition 1. The operator R is multilinear over functions, that is,

R(fX,Y)Z =R(X,fY)Z = R(X,Y)fZ = fR(X,Y)Z.

Proof: We prove only the equality R(X,Y)fZ = fR(X,Y)Z, leaving the others
as easy exercises:

R(X,Y)fZ=VxVy(fZ) - VyVx(fZ) - Vixy|(f2)
=Vx((YN)Z+fVyZ)-Vy(Xf)Z+ fVxZ) - [X,Y(f)Z - [Vixy)(2)
=XY(HZ+ (Y )VxZ+(Xf)VyZ+ fVxVyvZ

~YX(/)Z - (Xf)VyZ - (Y[)VxZ — fVyVyZ
- [X.YI(H)Z - fVixy)(2)
=f(VxVyZ—-VyVxZ — V[Xy]Z) = fR(X,Y)Z.

Since the connection V can be localized by Lemma 1 of §5, so can the curvature;
that is, if U is an open subset of M, (R(X,Y)Z)|U depends only X|U, Y|U and
Z|U. Thus Proposition 1 allows us to consider the curvature tensor as defining
a multilinear map

R, : T,M x T,M x T — pM — T, M.

Moreover, the curvature tensor can be determined in local coordinates from its
component functions Rﬁjk : U — R, defined by the equations

9 0N 0 ., 0
R (mm) g~ 2 Mgt
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Proposition 2. The components Réjk of the Riemann-Christoffel curvature
tensor are determined from the Christoffel symbols Fé . by the equations

1o} 0 " m " m
Riij = o (Fé‘k) T 9 (Th) + E I, ik~ E Flmj ik (1.31)
m=1

m=1

The proof is a straightforward computation.

From the Riemann-Christoffel tensor one can in turn construct other local in-
variants of Riemannian geometry. For example, the Ricci curvature of a pseudo-
Riemannian manifold (M, (-,-)) is the bilinear form

Ricy : T,M x T,M — R defined by Ricy(z,y) = (Trace of v — R, (v, z)y).
Of course, the Ricci curvature also determines a bilinear map
Ric: X(M) x X(M) — F(M).
In terms of coordinates we can write
Ric = Z Rijdxi ® d$j7 where Rij = Z Rfkj'
i,j=1 k=1
Finally, the scalar curvature of (M, (,-)) is the function
s: M —R definedby s= > g¢“Ry,
i,j=1

where (g7) = (g;;)*. It is easily verified that s is independent of choice of local
coordinates.

The simplest example of course is Euclidean space EV. In this case, the metric
coefficients g;; are constant, and hence it follows from (1.23) that the Christoffel
symbols I‘fj = 0. Thus it follows from Proposition 8.2 that the curvature tensor
R is identically zero. Recall that in this case, the Levi-Civita connection V¥ on
EN is given by the simple formula

Y0 N
VX (Zfl W) => X(f5
i=1 =1

Similarly, Minkowski space-time L."*!, which consists of the manifold R"”*!
with coordinates (¢, z',...,2") and Lorentz metric

() =—cdt@dt+ ) da’ @ da’

=1

has vanishing Christoffel symbols I‘fj = 0 and hence vanishing curvature.
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The next class of examples are the submanifolds of EY (or submanifolds
of Minkowski space-time) with the induced Riemannian metric. It is often
relatively easy to calculate the curvature of these submanifolds by means of the
so-called Gauss equation, as we now explain. Thus suppose that ¢ : M — EY is
an imbedding and agree to identify p € M with «(p) € EY and v € T,M with
its image ¢.(v) € T,EN. If p € M and v € T,EN, we let

v=0v' +vt, where v' € T,M and vJ‘J_TpM.

Thus ()T is the orthogonal projection into the tangent space and (-)* is the
orthogonal projection into the normal space, the orthogonal complement to the
tangent space. We have already noted we can define the Levi-Civita connection
V:iX(M)x X(M)— X(M) by the formula

(VxY)(p) = (VY ()"

If we let X+(M) denote the space of vector fields in EV which are defined at
points of M and are perpendicular to M, then we can define

a: X(M)x X(M)— XxH(M) by ofX,Y)=(VEY ()"
We call « the second fundamental form of M in EV.
Proposition 3. The second fundamental form satisfies the identities:

a(fX,Y)=a(X, fY) = fa(X)Y), aX,Y)=aY,X).

Indeed,
a(va Y) - (V?XY)J_ - f(VEV(Y)J_ - fOé(X, Y)a

a(X, fY) = (VE)(fY)" = (XF)Y + fVEY)" = fa(X,Y),

so « is bilinear over functions. It therefore suffices to establish «(X,Y) =
a(Y, X) in the case where [X,Y] = 0, but in this case

a(X,Y) —a(Y,X) = (VEY - VEX)* =0.
There is some special terminology that is used in the case where 7 : (a,b) —

M C EV is a unit speed curve. In this case, we say that the acceleration
7"(t) € Ty)EN is the curvature of ~, while

(' ()" = (V7)(t) = (geodesic curvature of v at t),

(')t = a(y/(t),7(t) = (normal curvature of v at t).

Thus if € T, M is a unit length vector, a(x, ) can be interpreted as the normal
curvature of some curve tangent to x at p.
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Gauss Theorem. The curvature tensor R of a submanifold M C EV is given
by the Gauss equation

(R(X,Y)W,Z) = a(X, Z) - a(Y, W) — (X, W) - (Y, Z), (1.32)

where X, Y, Z and W are elements of X (M), and the dot on the right denotes
the Euclidean metric in the ambient space EY.

Proof: Since Euclidean space has zero curvature,
VEVEW = VEVEW — Vi )W =0, (1.33)
and hence if the dot denotes the Euclidean dot product,
0=(VYVEW)-Z = (VYVRW) - Z -V W - Z
= X(VyW-2) = VyW -VYZ - Y(VRW - Z) + VEW - V§Z - Vi)W - Z

= X(VyW,Z) — (VyW,VxZ) — a(Y, W) (X, Z)
—Y(VXW,Z) = (VxW,Vy Z) — a(X,W) - a(Y, Z) — (Vixx}W, Z).

Thus we find that
0= (VxVyW,2Z) —a(Y, W) - a(X,W)
—(VyVxW, Z) + a(X, W) - a(Y,W) = (Vix W, Z).
This yields
(VxVyW —VyVxW -Vixy)\W,Z) = a(Y,W)-a(X, W) —a(X,W)-a(Y, W),
which is exactly (1.32).
Example 1. We can consider the sphere of radius a about the origin in E*+!:
S"(a) = {(z*,..., 2" ) e " (@) - 4 (2" )2 = a?).
If v: (—€,€) — S™(a) C E"*! is a unit speed great circle, say
~v(t) = acos((1/a)t)er + asin((1/a)t)es,

where (ej,e;) are orthonormal vectors located at the origin in E"*! then a
direct calculation shows that
1
7"(t) = = N((1)),

where N(p) is the outward pointing unit normal to S"(a) at the point p € S™(a).

In particular,
(Vo)) = (") " =0,

S0 v is a geodesic, and in accordance with the Existence and Uniqueness The-
orem for Geodesics from §1.5, we see that the geodesics in S™(a) are just the
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constant speed great circles. Moreover, the second fundamental form of S"(a)
in E"*! satisfies

1
alz,z) = —aN(p)7 for all unit length xz € T,S™(a).

If « does not have unit length, then

T €T 1 1
(B ) =i = ete) ==

By polarization, we obtain

-1
alz,y) = 7<x,y>N(p), for all z,y € T,S™(a).

Thus substitution into the Gauss equation yields

(R = (THe N ) (TN

Thus we finally obtain a formula for the curvature of S"(a):
1
(R(z, y)w, z) = ?“l’, 2) (Y, w) — (@, w){y, 2)).

Definition. If (My, (-, }1) and (Ms, (-, )2) are pseudo-Riemannian manifolds,
a diffeomorphism ¢ : My — M5 is said to be an isometry if

((¢)p(v), (¢4)p(w))2 = (v,w)1, for all v,w € T,M; and all p € M;. (1.34)
Of course, we can rewrite (1.34) as ¢*(-,-)a = (-, )1, where

¢ (v, w)2 = ((6:)p(v), (Pu)p(w))2,  for v,w € T, M.

Note that the isometries from a pseudo-Riemannian manifold to itself form a
group under composition.

Thus, for example, the orthogonal group O(n + 1) acts as a group of isometries
on S™(a), a group of dimension (1/2)n(n + 1).

Just like we considered hypersurfaces in E*T!, we can calculate the curvature
of “spacelike hypersurfaces” in Minkowski space-time L"*!. In this case, the
Christoffel symbols T'}; are zero, so the Levi-Civita connection V¥ of L™ is
defined by

N
( +Zf1> f°) Z(J”)ax,
i=1
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Suppose that M is an n-dimensional manifold and ¢ : M — L"*! is an
imbedding. We say that «(M) is a spacelike hypersurface if the standard Lorentz
metric on L1 induces a positive-definite Riemannian metric on M. For sim-
plicity, let us set the speed of light ¢ = 1 so that the Lorentz metric on L™ is
simply

(\p=—dt®@dt+» da' @da'.
i=1
Just as in the case where the ambient space is Euclidean space, we find that
the Levi-Civita connection V : X(M) x X(M) — X (M) on TM is given by the
formula

(VxY)(p) = (VXY ()",

where (-) T is the orthogonal projection into the tangent space. If we let X'+ (M)
denote the vector field in LY which are defined at points of M and are perpen-
dicular to M, we can define the second fundamental form of M in L**! by

a:X(M)x X(M) — XH(M) by a(X,Y)=(VEY ()"

where (-)1 is the orthogonal projection to the orthogonal complement to the
tangent space. Moreover, the curvature of the spacelike hypersurface is given
by the Gauss equation

(R(X,YIW, Z) = (a(X, Z),a(Y, W), — (a(X,W),a(Y, Z))s,  (135)
where X, Y, Z and W are elements of X (M).

Example 2. We can now construct a second important example of an n-
dimensional Riemannian manifold for which we can easily calculate geodesics
and curvature. Namely, we can set

H"(a) = {(t, 2" ..., 2") e L"™ 2 — (2")2 — ... — (2")? = a?, t > 0},

the set of future-pointed timelike vectors v situated at the origin in L"*! such
that v - v = —a?, where the dot now denotes the Lorentz metric on L"*1. Of
course, H"(a) is nothing other than the upper sheet of a hyperboloid of two
sheets. Clearly H"(a) is an imbedded submanifold of L"*! and we claim that
the induced metric on H"(a) is positive-definite.

To prove this, we could consider (z,...,z") as global coordinates on H"(a),
so that

t = \/az + (x1)2 4+ 4 (an)2.
Then n s
. Do xtda?

V@ @ e (@)

and the induced metric on H"(a) is

S ataldrt @ da?

()= a2+ (@ )2+ (27

5 +de' @dat + -+ dz™ @ dz™.
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Thus

5 Soatad
) a2+(x1)2+,,,+(xn)2’

and from this expression we immediately see that the induced metric on H™(a)
is indeed positive-definite.

Just as S™(a) is invariant under a large group of isometries, so is H"(a).
Indeed, we can set

gij =

-1 0 0
0 0 1

and define a Lie subgroup O(1,n) of the general linear group by
O(1,n)={AcGL(n+1,R): ATI, ,A=1,,}.

Elements of O(1,n) are called Lorentz transformations, and it is easily checked
that they act as isometries on L™*!. The index two subgroup

O"(1,n) = {A € O(1,n) : (v future-pointing) = (Av future-pointing)}

preserves the upper sheet H™(a) of the hyperboloid of two sheets, and hence
acts as isometries on H"(a). Of course, just like O(n + 1), the group O*(1,n)
of orthochronous Lorentz transformations has dimension (1/2)n(n + 1).

Suppose that p € H"(a), that ey is a future-pointing unit length timelike
vector such that p = aeg and II is a two-dimensional plane that passes through
the origin and contains ey. Using elementary linear algebra, II must also contain
a unit length spacelike vector e; such that (eg,e1)r, = 0. (In fact, after an
orthochronous Lorentz transformation, we can arrange that ey points along the
t-axis in L"*!. Then the smooth curve

v :(—€€) — L"  defined by () = acosh(t/a)ey + asinh(t/a)e;
lies in H™(a) because
a®(cosh(t/a))? — a®(sinh(t/a))? = a.
Note that ~ is spacelike and direct calculation shows that

(+/'(),7' (1)) = —(sinh(t/a))® + (cosh(t/a))* = 1.

Moreover,
" 1 . 1
~'(t) = E(cosh(t/a)eo + sinh(t/a)e;) = gN(fy(t)),
where N(p) is the unit normal to H"(a) at p. Thus

(Vo)) = (' (#)" =0,
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so v is a geodesic and

a(y'(1),7'(t) = (V' (#)* = éN(v(t))-

Since we can construct a unit speed geodesic v in M as above with v(0) = p
for any p € H"(a) and 7/(0) = e; for any unit length e; € T,H"(a), we have
constructed all the unit-speed geodesics in H"(a).

Thus just as in the case of the sphere, we can use the Gauss equation (1.35)
to determine the curvature of H"(a). Thus the second fundamental form of
H"(a) in L"*! satisfies

1
alz,z) = faN(p), for all unit length x € T,H"(a),

where N(p) is the future-pointing unit normal to M. If z does not have unit
length, then

T 1 1
« (Hl"”’ ||x|> =-N(pp) = alz,z)= E<x7$>N(p).

a

By polarization, we obtain
1
a(z,y) = g<z,y>N(p), for all z,y € T,N"(a).

Thus substitution into the Gauss equation yields

O N o ) B CURER )

a
Lo uNG) ) - (2N G)
0 T,w p 0 Y,z p))-
Since N(p) is timelike and hence (N(p),N(p)), = —1, we finally obtain a for-
mula for the curvature of S™(a):

(R, ), 2) = 3 ({2, 2) gy w) — {0, 2).

The Riemannian manifold H"(a) is called hyperbolic space, and its geome-
try is called hyperbolic geometry. We have constructed a model for hyperbolic
geometry, the upper sheet of the hyperboloid of two sheets in L"*!, and have
seen that the geodesics in this model are just the intersections with two-planes
passing through the origin in L"+!.

When M is either S"(a) and H"(a), there is an isometry ¢ which takes any
point p of M to any other point ¢ and any orthonormal basis of T,M to any
orthonormal basis of T, M. This allows us to construct non-Euclidean geometries
for S™(a) and H"(a) which are quite similar to Euclidean geometry. In the case
of H"(a) all the postulates of Euclidean geometry are satisfied except for the
parallel postulate.
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1.9 Curvature symmetries; sectional curvature

The Riemann-Christoffel curvature tensor is the basic local invariant of a pseudo-
Riemannian manifold. If M has dimension n, one would expect R to have n*

independent components Rﬁjk, but the number of independent components is

cut down considerably because of the curvature symmetries. Indeed, the fol-
lowing proposition shows that a two-dimensional Riemannian manifold has only
one independent curvature component, a three-dimensional manifold only six,
a four-dimensional manifold only twenty:

Proposition 1. The curvature tensor R of a pseudo-Riemannian manifold
(M, {-,-)) satisfies the identities:

1. R(X,Y) = ~R(Y,X),
2. RX,Y)YZ+R(Y,Z) X+ R(Z,X)Y =0,
3. (R(X,YYW,Z) = —(R(X,Y)Z W), and
4. (R(X,Y)W,Z) = —(R(W, 2)X,Y).
Remark 1. If we assumed the Nash imbedding theorem (in the Riemannian

case), we could derive these identities immediately from the Gauss equation
(1.32).

Remark 2. We can write the above curvature symmetries in terms of the
components Rijk of the curvature tensor. Actually, it is easier to express these
symmetries if we “lower the index” and write

n

Ry = ZglpRZij' (1.36)

p=1

In terms of these components, the curvature symmetries are

Rikij = —Rukji, Rikij + Rijki + Risjr = 0,
Ririj = —Riiij, Rk = Rijik-

In view of the last symmetry the lowering of the index into the third position
in (1.36) is consistent with regarding the R;ji1’s as the components of the map

R:T,M x T,M x T,M xT,M —R by R(X,Y,Z,W)=(R(X,Y)W,Z).

Proof of proposition: Note first that since R is a tensor, we can assume without
loss of generality that all brackets of X, Y, Z and W are zero. Then

R(X,Y) =VxVy —-VyVyx = —(Vyvx — vay) = —R(Y,X),
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establishing the first identity. Next,

R(X,Y)Z + R(Y,Z)X + R(Z. X)Y = VxVyZ — VyVxZ
+VyVzX —VzVy X +VzVxY —VxVzY
VA (VyZ = ViY) 4 Vy (VX — VxZ) + Vi (VxY — Vy X) =0,

the last equality holding because V is symmetric. For the third identity, we
calculate

(R(X,Y)Z,Z) = (VxVyZ,2) — (NyVxZ, Z)
= X(VyZ,2) — (NyZ,VxZ) —Y(VxZ,Z) + (VxZ,Vy Z)

1 1 1
= 5 XY(2,2) - 5YX(2,2) = S[X,Y(Z.2) = 0.

Hence the symmetric part of the bilinear form
(W, 2) — (R(X, Y)W, Z)

is zero, from which the third identity follows. Finally, it follows from the first
and second identities that

(R(X, Y)W, Z) = —(R(Y, X)W, Z) = (R(X, W)Y, Z) + (R(W,Y)X, Z),
and from the third and second that

(RX, Y)W, Z) = —(R(X,Y)Z,W)=(R(Y,Z)X, W)+ (R(Z,X)Y,W).
Adding the last two expressions yields

2(R(X, Y)W, Z) = (R(X, W)Y, Z)
F(RW,Y)X, Z) + (R(Y, Z)X, W) + (R(Z, X)Y,W). (1.37)
Exchanging the pair (X,Y) with (W, Z) yields
2RW,2)X,Y) = (R(W,X)Z,Y)
Y (R(X, Z)W,Y) + (R(Z,Y)W, X) + (R(Y,W)Z,X). (1.38)

Each term on the right of (1.37) equals one of the terms on the right of (1.38),
so
(R(X,Y)W.Z) = (R(W, Z)X.Y),

finishing the proof of the proposition.

Using the first and third of the symmetries we can define a linear map called
the curvature operator,

R:AN*T,M — A*T,M by (R(zAy),zAw)=(R(z,y)w,z).
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It follows from the fourth symmetry that R is symmetric,
(R(z A ),z Aw) = (R(2 Aw),z Ay),

so all the eigenvalues of R are real and A?T, M has an orthonormal basis con-
sisting of eigenvectors.

Proposition 2. Let
R,S:T,M x T,M x T,M x T,M — R

be two quadrilinear functions which satisfy the curvature symmetries. If

R(z,y,z,y) = S(z,y,x,y), forallz,yecT,M,

then R=S.

Proof: Let T = R — S. Then T satisfies the curvature symmetries and
T(z,y,z,y) =0, forallz,yeT,M.

Hence

0=T(z,y+ 2,2,y +2)

=T(z,y,z,y) + T(z,y,z,2) + T(x,z,z,y) + T(z, 2, z, 2)
=2T(x,y,x, 2),

so T'(z,y,x,z) = 0. Similarly,
0=T(+ 2,9,z + z,w) =T(z,y, z,w) + T(z,y,z,w),
0=Tx+w,y,z,z+w)=T(z,y,z,w) +T(w,y, z,).
Finally,
0=2T(z,y,z,w) +T(z,y,z,w) + T(w,y, z,x)
=2T(z,y,z,w) — T(y,z,x,w) — T(z,z,y,w) = 3T(x,y, z,w).
SoT =0and R=S.

This proposition shows that the curvature is completely determined by the sec-
tional curvatures, defined as follows:

Definition. Suppose that o is a two-dimensional subspace of T, M such that
the restriction of (-,-) to o is nondegenerate. Then the sectional curvature of o

is
(R(z,y)y,x)
(@, 2)(y,y) — (&, )%’
whenever (x,y) is a basis for 0. The curvature symmetries imply that K (o) is
independent of the choice of basis.

K(o) =
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Recall our key three examples, the so-called spaces of constant curvature:

If M =E", then K(o) = 0 for all two-planes ¢ C T, M.
If M =S"(a), then K (o) = 1/a? for all two-planes o C T}, M.
If M = H"(a), then K (o) = —1/a? for all two-planes o C T, M.

Along with the projective space P (a), which is obtained from S™(a) by identify-
ing antipodal points, these are the most symmetric Riemannian manifolds possi-
ble; it can be shown that they are the only n-dimensional Riemannian manifolds
which have an isometry group of maximal possible dimension (1/2)n(n + 1).

1.10 Gaussian curvature of surfaces

We now make contact with the theory of surfaces in E3 as described in un-
dergraduate texts such as [19]. If (M, (-,-)) is a two-dimensional Riemannian
manifold, then there is only one two-plane at each point p, namely T, M. In
this case, we can define a smooth function K : M — R by

K(p) = K(T,M) = (sectional curvature of T),M).

The function K is called the Gaussian curvature of M, and is easily checked to
also equal s/2, where s is the scalar curvature of M. As we saw in the previ-
ous section, the Gaussian curvature of a two-dimensional Riemannian manifold
(M, (-,-)) determines the entire Riemann-Christoffel curvature tensor.

An important special case is that of a two-dimensional smooth surface M?
imbedded in E3, with M? given the induced Riemannian metric. We say that
M is orientable if it is possible to choose a smooth unit normal N to M,

N: M? - §%*(1) CE3 with N(p) perpendicular to T}, M.

Such a choice of unit normal is said to determine an orientation of M?2.

If N, M is the orthogonal complement to T, M in Euclidean space, then the
second fundamental form « : T,M x T,M — N,M determines a symmetric
bilinear form h : T,M x T,M — R by the formula

h(x,y) :Oé((ﬂ,y) N(p)a for xvyETpMa

and this R-valued symmetric bilinear is also often called the second fundamental
form of the surface M. Note that if we reverse orientation, h changes sign.

Recall that if (z!,22) is a smooth coordinate system on M, we can define
the components of the induced Riemannian metric on M? by the formulae

gij< o 9 > for i,j =1,2.

Ozt dxd

If F: M? — E? is the imbedding than the components of the induced Rieman-
nian metric (also called the first fundamental form) are given by the formula

0 0 oF OF
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Similarly, we can define the components of the second fundamental form by

These components can be found by the explicit formula

0 0’F
.. = E .\ — . — .
g = (Va/amt axj> N= 0zt0xI
If we let P P
X=50 V=

then it follows from the definition of Gaussian curvature and the Gauss equation
that

(R(X, Y)Y, X)
(X, X)(YY) — (X,Y)?
C a(X,X) - a(Y,Y) - a(X,Y) - a(X,Y)
- X, X){¥,Y) - (X,Y)?

K =

)

hii hi2
hi1has — h? h h
L D)
911922 — 919 gi1  gi12
g21  g22

In his General investigations regarding curved surfaces of 1827, Karl Friedrich
Gauss defined the Gaussian curvature by (1.39). His Theorema Egregium stated
that the Gaussian curvature depends only on the Riemannian metric (g;;). From
our viewpoint, this follows from the fact that the Riemann-Christoffel curvature
is determined by the Levi-Civita connection, which in turn is determined by the
Riemannian metric.

One says that the intrinsic geometry of a surface M? C E? is the geometry
of its first fundamental form, that is, its Riemannian metric. Everything that
can be defined in terms of the Riemannian metric, such as the geodesics, also
belongs to the intrinsic geometry of the surface. The second fundamental form
a = hN determines more—it determines also the extrinisic geometry of the
surface. Thus, for example, a short calculation shows that the plane

Fy :R* = E3 defined by Fy(u,v) = (u,0,v)

and the cylinder over the catenary

Fy:R? - E* defined by Fyp(u,v) = (1og (u +Vu? + 1) , \/u2 + 1,11)
both induce the same Riemannian metric

(,) =du®du+ dv® dv,
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so they have the same intrinsic geometry, yet their second fundamental forms
are different, so they have different extrinsic geometry.

If v : (—€,€) — S has unit speed, then «(y/(0),7/(0)) is simply the normal
curvature of v at ¢ = 0. Thus the normal curvatures of curves passing through
p at time 0 are just the values of the function

k:TyM — R, defined by k(v) = a(v,v),
where TZ’)M is the unit circle in the tangent space:
oM ={veT,M:v-v=1}

It is a well known fact from real analysis that a continuous function on a cir-
cle must achieve its maximum and minimum values. These values are called
the principal curvatures and are denoted by k1(p) and ka(p). The values of
the principal curvatures can be found via the method of Lagrange multipliers
from second-year calculus: one seeks the maximum and minimum values of the
function

2 2
k(v) = Z hijv'v?  subject to the constraint (v, v) = Z gijv'v? = 1.
=1 ij=1

One thus finds that the principal curvatures are just the roots of the equation
for A:
hi1 — Agi1 hi2 — Agi2

=0.
hiz — Aga1  hoz — Agaa

One easily verifies that the Gaussian curvature is just the product of the prin-
cipal curvatures, K = k1Ko, but we can also construct an important extrinsic
quantity,

1
(the mean curvature) = H = 5(/11 + K2).

Surfaces which locally minimize area can be shown to have mean curvature zero.
Such surfaces are called minimal surfaces and a vast literature is devoted to their
study.

Example 1. Let us consider the catenoid, the submanifold of R? defined by

the equation
r = /22 + y? = cosh z,

where (r,0,z) are cylindrical coordinates. This is obtained by rotating the
catenary around the z-axis in (z,y, z)-space. As parametrization, we can take
M? =R x S! and

cosh u cos v

F:RxS'—E®* by F(u,v)= [ coshusinv
u

44



Figure 1.1: The catenoid is the unique complete minimal surface of revolution
in E3.

Here u is the coordinate on R and v is the coordinate on S which is just the
quotient group R/Z , where Z is the cyclic group generated by 27. Then

OF sinh u cosv —coshusinwv
— = | sinhusinv and — = | coshucosv |,
ou 1 ov 0

and hence the coefficients of the first fundamental form in this case are
g1 =1+ sinh? u = cosh? u, ¢g12=0 and gos = cosh? u.
The induced Riemannian metric (or first fundamental form) in this case is
(-,-) = cosh? u(du ® du + dv ® dv).

To find a unit normal, we calculate

OF OF i sinhwcosv —coshusinv — cosh u cosv
M X i j sinhwsinv coshucosv | = | —coshusinv |,
U v .
k 1 0 cosh u sinh u

and then a unit normal to the surface can be given by the formula

oF | OF | [ cosv
N=_du’ dv_ _ —sinv

oF 8—F| coshu | .

ou ov sinh
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To calculate the second fundamental form, we need the second order partial
derivatives,

92F cosh u cos v 92F —sinh usinv
—— = | coshusinv |, = | sinhwucosv |,
Ou? Oudv
0 0
and
92F — cosh u cosv
502 = |~ coshusinv
v
0
These give the coefficients of the second fundamental form
0*F 0*F
hi1=—= -N=-1 hig=hoyy=——— -N=0
=55 ) 12 2= 55, )
and o2
F
h22 — W . N — 1

From these components we can easily calculate the Gaussian curvature of the

catenoid
-1

(coshu)t’
Moreover, one can check that the catenoid has mean curvature zero, so it is a

minimal surface. In fact, it is not difficult to show that the catenoid is the only
complete minimal surface of revolution in E3.

Example 2. Another important example is the pseudosphere, the submanifold
of R3 parametrized by x : M? — R3 where M? = (0,00) x S! and

e “cosv

F:(0,00) x S' = E* by F(u,v)= e “sinwv ,
V1 =ewdw

where u is the coordinate in (0,00) and v is the coordinate on S' once again.
This surface is obtained by rotating a curve called the tractrix around the z-axis
in (z,y, z)-space. Then

—u s
—e % cosv —e "sinwv
oF s oF Zu

= | —e ¥sinv and =1 e “cosv

ou m ov 0

and hence the coefficients of the first fundamental form in this case are

)

gii1=1, ¢gio=0 and go =ex*x—2u.
To find a unit normal, we once again calculate

OF OF i —e Ycosv —e ¥sinv —e %1 — e 2ucosw
M X i j —eYsinv e Ycosv |=| —e%/1—e2usinv |,
k V1—e2u 0 —e2u
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Figure 1.2: The pseudosphere is a surface of revolution in E3? with K = —1.

and then the unit normal to the surface is given by

OF o OF —V1—e2Ucoswv
Nz—g;i g}’, = | —V1—e2usinv

ou < dv e 2u

To calculate the second fundamental form, we need the second order partial
derivatives,

P2F e "“cosv 92F e “sinwv
w5 = e “sinv —— = | —e %cosv |,
ou e_u(l _ 6_2u)_1/2 Oudv 0
and
2p —e “cosv
(3—2 = | —e “sinv
v 0
These give the coefficients of the second fundamental form
0*F e " 0*F
i1 =2~ N= - Mo =Hhos = —— N =0
=5 =Tk 12 2= 55 )

and

’F
h22:8 ~N=e_“\/1—e*2“.

v
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From these components we see that the Gaussian curvature of the pseudosphere
is K =—1.

Exercise III. Due Friday, April 22. Consider the torus 72 = S! x S! with
imbedding

(2 + cosu) cosv
F:T*—=S by F(u,v)=| (2+cosu)sinv |,
sinu

where u and v are the angular coordinates on the two S* factors, with u+27 = u,
v+ 21 =0.
a. Calculate the components g;; of the induced Riemannian metric on M2

b. Calculate a continuously varying unit normal N and the components h;; of
the second fundamental form of M?2.

c. Determine the Gaussian curvature K.

1.11 Matrix Lie groups

In addition to the spaces of constant curvature, there is another class of mani-
folds for which the geodesics and curvature can be computed with relative ease,
the compact Lie groups with biinvariant Riemannian metrics. Before discussing
these examples, we give a brief review of Lie groups and Lie algebras. For a
more detailed discussion, one could refer to Chapter 20 of [12].
Suppose that G is a Lie group and ¢ € G. We can define the left translation

by o,

L, :G—G by Lys(1)=o0T,
a map which is clearly a diffeomorphism. Similarly, we can define right transla-
tion

R,:G—G by R,(r)=ro.
A vector field X on G is said to be left invariant if (Ly).(X) = X for all o € G,
where

(Lo)«(X)(f) = X(foLo)o L.

A straightforward calculation shows that if X and Y are left invariant vector
fields on G, then so is their bracket [X,Y]. Thus the space

g={XeX(G): (Ly)«(X)=Xforallc e G}
is closed under Lie bracket, and the real bilinear map
[]:exg—g
is skew-symmetric (that is, [X,Y] = —[Y, X]), and satisfies the Jacobi identity

XY, Z]| + [V, [Z, X]] + [Z, [X, Y]] = 0.
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Thus g is a Lie algebra and we call it the Lie algebra of G. If e is the identity
of the Lie group, restriction to T.G yields an isomorphism « : g — T.G. The
inverse 3 : T.G — g is defined by 8(v)(0) = (Ly)«(v).

The most important examples of Lie groups are the general linear group

GL(n,R) = { n x n matrices A with real entries : det A # 0},

and its subgroups, which are called matriz Lie groups. For 1 <i,j < n, we can
define coordinates

x; :GL(n,R) - R Dby x;((a;)) = a;‘-.
Of course, these are just the rectangular cartesian coordinates on an ambient

Euclidean space in which GL(n,R) sits as an open subset. If X = (z}) €
GL(n,R), left translation by X is a linear map, so is its own differential. Thus

n
= E xiaka
n K9 oat
j

i,5,k=1

Lx). b —
(Lx) Z i

1,j=1 J
If we allow X to vary over GL(n,R) we obtain a left invariant vector field

n

, 0
Xa= ), aﬁ'xfﬁ
i,j,k=1 Lj

which is defined on GL(n,R). It is the unique left invariant vector field on
GL(n,R) which satisfies the condition

Xal)=>_dj 52|

’L.
,j=1 Jlr

where T is the identity matrix, the identity of the Lie group GL(n,R). Every
left invariant vector field on GL(n,R) is obtained in this way, for some choice
of n X n matrix A = (a;) A direct calculation yields

[XA, XB] = X[A,B]a where [A,B] = AB — BA7 (140)

which gives an alternate proof that left invariant vector fields are closed under
Lie brackets in this case. Thus the Lie algebra of GL(n,R) is isomorphic to

gl(n,R) 2 T;G = { n x n matrices A with real entries },

with the usual bracket of matrices as Lie bracket.

For a general Lie group G, if X € g, the integral curve 6x for X such that
0x(0) = e satisfies the identity Ox (s +t) = Ox(s) - Ox (t) for sufficiently small s
and t. Indeed,

t—0Ox(s+t) and ¢— 0x(s)-O0x(t)
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are two integral curves for X which agree when ¢t = 0, and hence must agree
for all ¢. From this one can easily argue that 0x (¢) is defined for all ¢ € R, and
thus fx provides a Lie group homomorphism

Hle—>G.

We call 0x the one-parameter group which corresponds to X € g. Since the
vector field X is left invariant, the curve

t— Ly (0x(t) = 00x(t) = Roy1)(0)

is the integral curve for X which passes through o at ¢ = 0, and therefore the
one-parameter group {¢; : t € R} of diffeomorphisms on G which corresponds
to X € g is given by

ot = Roy 1) for t € R.

In the case where G = GL(n,R) the one-parameter groups are easy to
describe. In this case, if A € gl(n,R), we claim that the corresponding one-
parameter group is

1 1
OA(t):etA:I—l—tA+at2A2+at3A3+....

Indeed, it is easy to prove directly that the power series converges for all t € R,
and termwise differentiation shows that it defines a smooth map. The usual
proof that efts = ele® extends to a proof that e(+5)A = etAesA g0 ¢t et is
a one-parameter group. Finally, since

%(em) = At = e A the curve t— e

is tangent to A at the identity.

If G is a Lie subgroup of GL(n,R), then its left invariant vector fields are
defined by taking elements of TyG C TyGL(n,R) and spreading them out over
G by left translations of G. Thus the left invariant vector fields on G are just
the restrictions of the elements of gl(n,R) which are tangent to G.

We can use the one-parameter groups to determine which elements of gl(n, R)
are tangent to G at I. Consider, for example, the orthogonal group,

O(n) = {A € GL(n,R): ATA=1T},

where ()T denotes transpose, and its identity component, the special orthogonal
group,

SO(n) ={A€0(n):det A=1}.
In either case, the corresponding Lie algebra is
o(n) ={Acgl(nR):e €O(n) forallt €R }.
Differentiating the equation

(etA)TetA =1 yields (etA)TATetA + (etA)TAetA =0,
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and evaluating at ¢t = 0 yields a formula for the Lie algebra of the orthogonal

group,
o(n) ={Acgl(n,R): AT + A =0},

the Lie algebra of skew-symmetric matrices.
The complex general linear group,

GL(n,C) = { n x n matrices A with complex entries : det A # 0},
is also frequently encountered, and its Lie algebra is
gl(n,C) 2 T.G = { n x n matrices A with complex entries },

with the usual bracket of matrices as Lie bracket. It can be regarded as a Lie
subgroup of GL(2n,R). The unitary group is

Un)={AcGL(n,C): ATA=1T},
and its Lie algebra is
u(n) = {A € gl(n,C) : AT + A =0},
the Lie algebra of skew-Hermitian matrices, while the special unitary group
SUMn)={Ae€U(n):detA=1}

has Lie algebra
su(n) = {A € u(n) : Trace(A) = 0}.

We can also develop a general linear group based upon the quaternions. The
space H of quaternions can be regarded as the space of complex 2 x 2 matrices

of the form
_f t+iz x+ay
Q= (—x—i—z’y t—iz) ’ (1.41)

where (t,2,y,2) € R* and i = v/—1. As a real vector space, H is generated by
the four matrices

10y . (0 1\ . (0 i (i 0
o8 () () 6D

the matrix product restricting to the cross product on the subspace spanned by
i, j and k. Thus, for example, ij = k in agreement with the cross product. The
conjugate of a quaternion @ defined by (1.41) is

~ [(t—iz —x—1y
Q_<m—iy t—i—iz)’

QTQ = +2>+y* + ) =(Q,Q)I,

and
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where ( , ) denotes the Euclidean dot product on H.
We can now define

GL(n,H) = { n x n matrices A with quaternion entries : det A # 0};

the representation (1.41) showing how this can be regarded as a Lie subgroup
of GL(2n,C). Finally, we can define the compact symplectic group

Sp(n) = {A € GL(n,F) : ATA =TI},

where the bar is now defined to be quaternion conjugation of each quaternion
entry of A. Note that Sp(n) is a compact Lie subgroup of U(2n), and its Lie
algebra is

sp(n) = {A € gl(n,C) : AT + A =0},

where once again conjugation of A is understood to be quaternion conjugation
of each matrix entry.

Lie Group-Lie algebra correspondence: If G and H are Lie groups and
h: G — H is a Lie group homomorphism, we can define a map

he:g—b by h(X)=0[(h)e(X(e))],

and one can check that this is yields a Lie algebra homomorphism. This gives
rise to a “covariant functor” from the category of Lie groups and Lie group ho-
momorphisms to the category of Lie algebras and Lie algebra homomorphisms.
A somewhat deeper theorem shows that for any Lie algebra g there is a unique
simply connected Lie group G with Lie algebra g. (For example, there is a
unique simply connected Lie group corresponding to o(n), and this turns out
to be a double cover of SO(n) called Spin(n).) This correspondence between
Lie groups and Lie algebras often reduces problems regarding Lie groups to Lie
algebras, which are much simpler objects that can be studied via techniques of
linear algebra.

A Lie algebra is said to be simple if it is nonabelian and has no nontrivial
ideals. A compact Lie group is said to be simple if its Lie algebra is simple.
The compact simply connected Lie groups were classified by Wilhelm Killing
and Elie Cartan in the late nineteenth century. In addition to Spin(n), SU(n)
and Sp(n), there are exactly five exceptional Lie groups. The classification of
these groups is one of the primary goals of a basic course in Lie group theory.

1.12 Lie groups with biinvariant metrics

It is easiest to compute curvature and geodesics in Riemannian manifolds which
have a large group of isometries, such as the space forms that we described
before in §1.8. Compact Lie groups also have Riemannian metrics which have
large isometry groups. Indeed, the Riemannian metric (1.11) used in classical
mechanics for determining the motion of a rigid body is a left-invariant metric
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on SO(3) , that is the diffeomorphism L, : SO(3) — SO(3) is an isometry for
each o € SO(3), as one checks by an easy calculation. Even more symmetric
are the biinvariant metrics which we study in this section.

Definition. Suppose that G is a Lie group. A pseudo-Riemannian metric on G
is bitnvariant if the diffeomorphisms L, and R, are isometries for every o € G.

Proposition. Every compact Lie group has a biinvariant Riemannian metric.

Proof: We first note that it is easy to construct left-invariant Riemannian met-
rics on any Lie group. Such a metric is defined by a symmetric bilinear form on
the Lie algebra,
(n)rgxg—R

If n = dim G, we can use a basis of left invariant one-forms (9!,...,0") for G to
construct a nonzero left invariant n-form © = ' A --- A ™. This nowhere zero
n-form defines an orientation for G, so if G is compact we can define the Haar
integral of any smooth function f: G — R by

_Jgf®
- Je®

We can then average a given left invariant metric over right translations defining

(Haar integral of f) = /Gf(a)da

() gxg—R by (X,Y)) :/G<R;;X,R;;Y>da.

The resulting averaged metric ((-,-)) is the sought-after biinvariant metric.

Example 1. We can define a Riemannian metric on GL(n,R) by

()= Zn: da’ @ da. (1.42)

,j=1

This is just the Euclidean metric that GL(n,R) inherits as an open subset of

E"*. Although this metric on GL(n,R) is not biinvariant, we claim that the
metric it induces on the subgroup O(n) is biinvariant.

To prove this, it suffices to show that the metric (1.42) is invariant under L 4
and Ra, when A € O(n). If A= (a}) € O(n) and B = (b}) € GL(n,R), then

n

(w0 La)(B) = 25(AB) = Y aj,(A)ak(B) = > ajak(B),
k=1 k=1

so that .
Ly(ah) =aloLa= Za}cxf
k=1
It follows that N
Lﬁl(dxé-) = Z a};d:c?,
k=1
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and hence

n

Ly() = Y Li(da) ® Ly (dat)
ij=1

n n
= E a};dx? ® afdxé = g (aiaf)dx? ® dxé».
6.4,k d=1 6.4,k =1

Since ATA =1, Y1 | alai = §;, and hence

Ly(n) = Y dpdal @ dal
jk,l=1

—~
~

By a quite similar computation, one shows that
Riy(-,-) = (), for A€ O(n).

Hence the Riemannian metric defined by (1.42) is indeed invariant under right
and left translations by elements of the compact group O(n). Thus (1.42) in-
duces a biinvariant Riemannian metric on O(n), as claimed. Note that if we
identify T;O(n) with the Lie algebra o(n) of skew-symmetric matrices, this Rie-
mannian metric is given by

(X,Y) = Trace(XTY), for X,Y €o(n).

Example 2. The unitary group U(n) is an imbedded subgroup of GL(2n,R)
which lies inside O(2n), and hence if (-,-) g is the Euclidean metric induced on
GL(2n,R),

La(e = (e = Ral,)p, for AeU(n).
Thus the Euclidean metric on GL(2n,R) induces a biinvariant Riemannian met-

ric on U(n). If we identify T7U(n) with the Lie algebra u(n) of skew-Hermitian
matrices, one can check that this Riemannian metric is given by

(X,Y) = 2Re (Trace(X"Y)), for X,Y €u(n). (1.43)

Example 3. The compact symplectic group Sp(n) is an imbedded subgroup of
GL(4n,C) which lies inside O(4n), and hence if (-,-)g is the Euclidean metric
induced on GL(4n,R),

Ly(,Yg=(,)g =Ry )g, for Ae Sp(n).

Thus the Euclidean metric on GL(4n,R) induces a biinvariant Riemannian met-
ric on Sp(n).

Proposition. Suppose that G is a Lie group with a biinvariant pseudo-Riemannian
metric (-,-). Then
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1. geodesics passing through the identity e € G are just the one-parameter
subgroups of G,

2. the Levi-Civita connection on T'G is defined by
1
Sl

VxY = 5 X,Y], for X,Y eg,

3. the curvature tensor is given by

(R(X, Y)W, Z) = i([x, Y], (2, W), for X,Y,Z,W €g.  (1.44)

Before proving this, we need to some facts about the Lie bracket that are proven
in [12]. Recall that if X is a vector field on a smooth manifold M with one-
parameter group of local diffeomorphisms {¢; : ¢t € R} and Y is a second smooth
vector field on M, then the Lie bracket [X,Y] is determined by the formula

X)) = & (60.0))| (1.45)
t=0

Definition. A vector field X on a pseudo-Riemannian manifold (M, (-, -)) is said
to be Killing if its one-parameter group of local diffeomorphisms {¢; : t € R}
consists of isometries.

The formula (1.45) for the Lie bracket has the following consequence needed in
the proof of the theorem:

Lemma. If X is a Killing field, then

(VyX,Z)+ (Y,VzX)=0, forY,Ze X(M).

Proof: Note first that if X is fixed
(VyX,Z)(p) and (Y,VzX)(p)

depend only on Y (p) and Z(p). Thus we can assume without loss of general-
ity that (Y, Z) is constant. Then, since X is Killing, ((¢:)«(Y), (¢¢)«(2))) is

constant, and
z)+ (¥, G (@.2)| )
=0 Tdr T t=0

=—([X,Y),2) - (Y, [X, Z)).

d
0= ( 4 (6-()

On the other hand, since V is the Levi-Civita connection,

0=X(Y,Z) = (VxY,Z) + (Y, Vx2).
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Adding the last two equations yields the statement of the lemma.

Application. If X is a Killing field on the pseudo-Riemannian manifold (M, (-, -))
and v : (a,b) — M is a geodesic, then since (Vy X,Y) =0,

d
£<7/7X> = 7/<'}/,X> = <VW’VI>X> + <7/7V7’X> =0,

where we think of 4 as a vector field defined along . Thus (7', X} is constant
along the geodesic. This often gives very useful constraints on the qualitative
behavior of geodesic flow.

We now turn to the proof of the Proposition: First note that since the metric
(+,-) is left invariant,

X, Yeg = (X,Y) isconstant.

Since the metric is right invariant, each Ry, () is an isometry, and hence X is a
Killing field. Thus

(VyX,Z)+ (VzX,Y)=0, for X,Y,Z €g.

In particular,
1
(VxX,V)=—(Vy X, X) = —§Y<X,X> =0.

Thus Vx X =0 for X € g and the integral curves of X must be geodesics.
Next note that

0=Vxiv(X+Y)=VxX+VxY +VyX+VyY =VxY +VyX.
Averaging the equations
VxY +VyX =0, VxY - VyX = [X,Y]

yields the second assertion of the proposition.
Finally, if X,Y, Z € g, use of the Jacobi identity yields

R(X,Y)Z =VxVyZ —VyVxZ —Vxy|Z
1

1
= X, Z] - v (X, 2) -

On the other hand, if X,Y, Z € g,

1 1

0= 2X(Y,Z) = 2VxY, Z) +2(Y,Vx Z) = ([X,Y], Z) + (Y. [X, Z)).
Thus we conclude that

(ROX, Y)W, 2) = ~ 1 ([X, Y], W], 2) = L{[X,V].[Z,W]),
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finishing the proof of the third assertion.

Remark. If G is a Lie group with a biinvariant pseudo-Riemannian metric, the
map

v:G — G defined by v(o)=o0""1,

is an isometry. Indeed, it is immediate that (v.). = —id is an isometry, and the
identity
v=Rs10voL,

shows that (vi), is an isometry for each ¢ € G. Thus v is an isometry of
G which reverses geodesics through the identity e. More generally, the map
I, =L,-10vo L, is an isometry which reverses geodesics through o

Definition. A Riemannian symmetric space is a Riemannian manifold (M, (-, -))
such that for each p € M there is an isometry I, : M — M which fixes p and
reverses geodesics through p.

Examples include not just the Lie groups with biinvariant Riemannian metrics
and the spaces of constant curvature, but also complex projective space with
the metric described in the next section.

1.13 Projective spaces; Grassmann manifolds

We have jsut seen that if G is a compact Lie group with a biinvariant Rieman-
nian metric (-, -), it is easy to compute the geodesics in G and the curvature of
G. The Riemannian symmetric spaces defined at the end of the previous section
provide a more general class of Riemannian manifolds fin which one can easily
calculate geodesics and curvature. In 1926-27, Elie Cartan completely classified
the Riemannian symmetric spaces (the classification is presented in [9]), and
these provide a treasure box of examples on which one can test possible conjec-
tures. We give only the briefest introduction to this theory, and consider a few
symmetric spaces that can be realized as submanifolds M C G with the metric
induced from a biinvariant Riemannian metric on G. An important case is the
complex projective space with its “Fubini-Study” metric, a space which plays a
central role in algebraic geometry.

We assume as known the basic theory of homogeneous spaces, as described
in Chapter 9 of [12]. If G is a Lie group and H is a compact subgroup, the
homogeneous space of left cosets G/H is a smooth manifold and the projection
7w : G — G/H is a smooth submersion. Moreover, the map G x G/H — G/H,
defined by (¢, 7H) — o7H, is smooth.

Suppose therefore that G is a compact Lie group with a biinvariant Rieman-
nian metric, that s : G — G is a group homomorphism such that s = id, and
that

H={oceG:s(0) =0},
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a compact Lie subgroup of G. In this case, the group homomorphism s induces
a Lie algebra homomorphism s, : g — g such that s? = id. We let

h={Xeg:5.X)=X}, p={Xeg:s.(X)=-X}

Then g = h @ p is a direct sum decomposition, and the fact that s, is a Lie
algebra homomorphism implies that

(5,01 Ch, [b,p] Cp, [p,p]CH.

Finally, note that b is the Lie algebra of H and hence is isomorphic to the
tangent space to H at the identity e, while p is isomorphic to the tangent space
to G/H at eH.

Under these conditions we can define a map

F:G/H—G by F(ocH)=os(c""). (1.46)

Note that if b € H then F(oh) = chs(h~to™!) = gs(c™1), so F is a well-defined
map on the homogeneous space G/H.

Lemma. The map F defined by (1.46) is an imbedding. Moreover, the geodesics
for the induced Riemannian metric

(em=F"(.)a (1.47)

on G/H are just the left translates of one-parameter subgroups of G which are
tangent to F'(G/H) at some point of F(G/H).

Since G/H is compact, we need only show that F is a one-to-one immersion.
But
os(c N =71s(r7") & r17lo=s(r"to) & 1 locH,

so F' is one-to-one. To see that F' is an immersion, one first checks that
Xep = s(e™e™)=s(e™)s(e™®) = trsle )

is a one-parameter group and checking the derivative at ¢ = 0 shows that
s(e7t) = e!X and hence F(e!X H) = e*'X. Thus

(F*)eH : TeH(G/H) gp I TeGgg
is injective. Moreover,
F(oe'*H) = 0e'™s(e7™)s(07!) = Ly 0 Ry—1(e*X), for X €p, (1.48)

and since L, and R,-: are diffeomorphisms, this quickly implies that (Fy),q is
injective for each cH € G/H, so F is indeed an immersion.
Thus F(G/H) can be thought of as an imbedded submanifold of G. The
curves
v(t) = F(oe!*H) for 0 € G and X € p (1.49)
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are images under isometries of one-parameter subgroups of G by (1.48), and
hence geodesics in G which lie within G/H. For simplicity of notation, we now
identify G/H with F(G/H). If V& and V&/H are the Levi-Civita connections
on G and G/H respectively, and (-)' is the projection from TG to T(G/H),
then each curve (1.49) satisfies

-
G/H
Vit ® = (V@) =0,

and hence is also a geodesic within G/H, verifying the last statement of the
Lemma.

The submanifolds H C G and G/H intersect transversely at e € G. We will
see later that these submanifolds are in fact generated by the one-parameter
subgroups fx emanating from e within G. When X ranges over p, the one-
parameter subgroups fx cover H, while when X ranges over p these one-
parameter subgroups cover G/H.

Finally, note that the Lie group G acts as a group of isometries on G/H.
Moreover, the isometry s of G takes G/H to itself, and restricts to

Se : G/H — G/H defined by s.y(cH) = s(o)H,

an isometry which reverses geodesics through the point e. Using the transitive
group G of isometries one gets an isometry reversing geodesics through any point
oH in G/H, demonstrating that G/H is indeed a Riemannian symmetric space.

Example 1. Suppose G = O(n) and s is conjugation with the element

_ _Ipo 0 _
I, q = ( 0 Iqu) , Wwhere p+q=n.
Thus

s(A) = IpqAly 4, for A€ O(n),

and it is easily verified that s preserves the biinvariant metric and is a group
homomorphism. In this case H = O(p) x O(q), and the quotient O(n)/O(p) x
O(q) is the Grassmann manifold of real p-planes in n-space. The special case
O(n)/O(1) x O(n — 1) of one-dimensional subspaces of R™ is also known as real
projective space RP™1,

Example 2. Suppose G = U(n) and s is conjugation with the element

_ _Ipxp 0 _
Izuq( 0 Tyxa)’ where p—+q=n.

In this case H = U(p) x U(q) and the quotient U(n)/U(p) x U(q) is the Grass-
mann manifold of complex p-planes in n-space. The special case U(n)/U(1) x
U(n —1) of complex one-dimensional subspaces of C" is also known as complex
projective space CP" 1.
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Example 3. Finally, suppose G = Sp(n) and s is conjugation with the element

_ _Ipxp 0 _
Ip’q( 0 Tyxa)’ where p—+q=n.

In this case H = Sp(p) x Sp(q) and the quotient Sp(n)/Sp(p) x Sp(q) is the
Grassmann manifold of quaternionic p-planes in m-space. The special case
Sp(n)/Sp(1) x Sp(n — 1) of complex one-dimensional subspaces of H" is also
known as quaternionic projective space HP" 1.

Curvature Theorem. Suppose that G is a compact Lie group with a biinvari-
ant Riemannian metric, s : G — G a Lie automorphism such that s> = id and
that H =0 € G : s(0) = o}. Then the curvature of the Riemannian metric on
G/H defined by (1.47) is given by

(ROX, Y)W, Z) = (X,YLIZW]), for X,Y,Z,W € T.y(G/H) = p. (1.50)
Indeed, this curvature formula follows from the Gauss equation for a subman-
ifold M of a Riemannian manifold (N, (:,-)), when M is given the induced
submanifold metric. To prove this extended Gauss equation, one follows the
discussion already given in §1.8, except that we replace the ambient Euclidean

space EV with a general Riemannian manifold (N, (-, -)).
Thusif pe M C N and v € T,N, we let

v=v' +vt, where v' €T,M and v*L1T,M,

()T and (-)* being the orthogonal projection into the tangent space and normal
space. The Levi-Civita connection V™ on M is then defined by the formula

(VXY)(p) = (VY ()",
where V¥V is the Levi-Civita connection on N. If we let X*(M) denote the

vector fields in N which are defined at points of M and are perpendicular to
M, then we can define the second fundamental form

a:X(M)x X(M)— X+ (M) by oX,Y)=(VYV(p)*.
As before, it satisfied the identities:
a(fX,)Y)=a(X, fY) = fa(X,Y), oX,Y)=aY,X).

If v : (a,b) — M C E¥ is a unit speed curve, we call (VQH’) the geodesic
curvature of v in N, while

(Vf/\i'y')T = nyv,['y’ = (geodesic curvature of v in M),

(Vﬂﬂ’y')J— = a(v,7") = (normal curvature of 7).
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With these preparations, we can now state:

Extended Gauss Theorem. The curvature tensor R of a submanifold M of
a Riemannian manifold N with the induced Riemannian metric is given by the
Gauss equation

(RM(X, Y)W, Z) = (RY(X,Y)W, Z)
+ (a(X,Z),a,WV)) — (X, W), (Y, Z)), (1.51)
where X, Y, Z and W are elements of X'(M).

The proof of the extended Gauss equation (1.51) is just like that of the previous
Gauss equation, except that we replace the equation (1.33) with

VEVEW — WWVEW =V )W = (RN (X, Y)W, Z),
and then follow exactly the same steps as before.

Proof of the Curvature Theorem: We simply note that since geodesics in G/H
are also geodesics in the ambient manifold G, the second fundamental form «
vanishes, so (1.50) follows immediately from (1.51).

Exercise IV. Due Wednesday, May 4. We consider the special case of the
above construction in which G = U(n) and s is conjugation with

1 0
L= ;
bt ( 0 f(n—l)x(n—l))

so that the fixed point set of the automorphism s is H = U(1) x U(n — 1) and
G/H =Cp"1.

a. Recall that the Lie algebra u(n) divides into a direct sum u(n) = h@p, where
h={X€g:s.(X)=X}, p={Xeg:s(X)=-X}
and b is just the Lie algebra of U(1) x U(n — 1). Consider two elements

0 —& - —& 0 =M - =7
x=|% O 0 e oy 00
&n 0 0 N 0 0

of p, and determine their Lie bracket [X,Y] € b.
SOLUTION: To simplify notation, we write

X:(g _gT> and Y:<2 _gT>, (1.52)

where ¢ and 7 are column vectors in C*~!. Then ordinary matrix multiplication

shows that
(=& 0 _(-7"¢ 0o
XY_( 0 et ) YX = 0 et )
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so that

_ (- +0T¢ 0
X.¥l= ( 0 —&n" + n£T> '

b. Use the formula for curvature of G/H to show that the sectional curvatures
K (o) for CP"~! satisfy the inequalities o> < K (o) < 4a? for some a? > 0.

SOLUTION: As inner product on T7U(n), we use
1 _
(A,B) = §Re (Trace(ATB)) , for A,Be€un).

This differs by a constant faQCtor from the Riemannian metric induced by the
natural imbedding into E*™" but with the rescaled metric

(X,Y) =Re(¢"7),
when X and Y are given by (1.52). To simplify the calculations, assume that
(X, X)={(,;Y)=1, and (X,Y)=0.

Then -
P =nP=1 and ¢'p=-n"¢eV-1IRCC;

in other words, £7'7 is purely imaginary. Then

(X, Y], [X,Y])
1 —nTE+ T 0 ~Eh e 0
= 5Trace ( 0 —ieT 577T> < 0 —&n" + ﬁfT>
1 (4T 0 )
2Trace( 0 (—7eT + EnT)(—&nT + 7eT)

=2 [tm(77)|* + |20 + |Tm(e )|

= [¢*Inf* + 3 [Im(£"7)

The last expression ranges between 1 and 4, and it follows from the Cauchy-
Schwarz inequality that it achieves its maximum when 7 = . Thus if o is the
two-plane spanned by X and Y,

| 2

K(0) = by gy = (S e

lies in the interval [1,4], achieving both extreme values when n — 1 > 2.

Remark. Once one has complex projective space CP"~! with its Fubini-Study
metric (the unique Riemannian metric up to scale factor which is invariant un-
der the action of U(n)) one can construct a host of new examples of Riemannian
manifolds, namely the complex analytic submanifolds of CP"~!. A famous the-
orem of Chow states these are algebraic varieties without singularities, that is,
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each such submanifold can be represented as the zero locus of a finite number of
homogeneous polynomials with complex coefficients. This brings us into contact
with two major subjects within contemporary mathematics, Kéhler geometry
and algebraic geometry over the complex field, both of which are treated in the
beautiful text by Griffiths and Harris [6].
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Chapter 2

Normal coordinates

2.1 Definition of normal coordinates

Our next goal is to develop a system of local coordinates centered at a given
point p in a Riemannian manifold which are as Fuclidean as possible. Such
coordinates can also be constructed for pseudo-Riemannian manifolds, and their
construction is based upon the following series of propositions.

Proposition 1. Suppose that (M, (-,-)) is a pseudo-Riemannian manifold and
p € M. Then there is an open neighborhood V' of 0 in T, M such that ifv € T, M
the unique geodesic 7y, in M which satisfies the initial conditions 7,(0) = p and
v, (0) = v is defined on the interval [0, 1].

Proof: According to ODE theory applied to the second-order system of differ-
ential equations

A2t Zn: - dad dxF

dt? ot de

Jk=1
there is a neighborhood W of 0 in T, M and an € > 0 such that the geodesic
Y is defined on [0,¢] for all w € W. Let V = eW. Then if v € V, v = ew
for some w € W, and since 7, (t) = v (€t), 7o is defined on [0,1], proving the
proposition.

Definition. The exponential map

exp, : V — M is defined by exp,(v) = v,(1).

Remark. Note that if G is a compact subgroup of GL(n,R) with a biinvariant
Riemannian metric (-, -) as constructed in §1.12,

exp;A =e!) for A e TiG =g Cgl(n,R).
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Similarly, if G is a compact subgroup of GL(n,R) with a biinvariant Riemannian
metric, s : G — G is a group homomorphism such that s? = id, and that

H={ceG:s(o0)=0},

we can divide the Lie algebra g of G into a direct sum g = h @ p, where b is the
Lie algebra of H and p = T,y (G/H). In this case, the imbedding

F:G/H -G, F(oH)=os(c™")
realizes G/H as a submanifold of G, and
exp,gA=e?, for Acp=T.u(G/H).
These facts explain the origin of the term “exponential map.”

Note that if v € V, ¢t + exp,(tv) is a geodesic (because exp,(tv) = 74 (1) =
Yu(t)), and hence exp,, takes straight line segments through the origin in 7, M
to geodesic segments through p in M.

Proposition 2. There is an open neighborhood U of 0 in T, M which exp,
maps diffeomorphically onto an open neighborhood U of p in M.

Proof: By the inverse function theorem, it will suffice to show that
(expy)e)o : To(Ty M) — T, M

is an isomorphism. We identify Ty(T,M) with T,M. If v € T, M, define
A R—=T,M by A\ (t)=tv.

Then A, (0) = v and

((expp)s)o(v) = ((exp,)+)o(X,(0)) = (exp,,) o Ay)'(0)

= ¥ (exp ()

t=0
so ((exp,)+)o is indeed an isomorphism.

It will sometimes be useful to have a stronger version of the above proposition,
proven by the same method, but making use of the map

exp : (neighborhood of 0-section in TM) — M x M,

defined by
exp(v) = (p,exp,(v)), forveT,M.

Proposition 3. Given a point pg € M there is an open neighborhood W of
the zero vector 0 of T, M within T M which exp maps diffeomorphically onto
an open neighborhood W of (pg, po) in M x M.
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Proof: If 0 denotes the zero vector in T}, M, it suffices to show that
(exp,)o : To(TM) — T(py po) (M x M)

is an isomorphism. Since both vector spaces have the same dimension it suffices
to show that (exp,)o is an epimorphism. Let

m M x M — M, o Mx M — M

denote the projections on the first and second factors, respectively. Then 7; o
exp : TM — M is the bundle projection TM — M and hence ((7; 0 exp).)o is
an epimorphism. On the other hand, the composition

TpoM CTM Z2 M x M ™2 M

is just exp,, and hence ((7m2 0 exp).)o is an epimorphism by the previous propo-
sition. Hence (exp,)o is indeed an epimorphism as claimed.

Corollary 4. Suppose that (M, (-,-)) is a Riemannian manifold and py € M.
Then there is an open neighborhood U of py and an € > 0 such that exp, maps

{veT,M: (v,v) < €}
diffeomorphically onto an open subset of M for all p € U.

If (M,(-,-)) is a Riemannian manifold and p € M. If we choose a basis
(e1,...,ey,) for T, M, orthonormal with respect to the inner product (),
we can define “flat” coordinates (z',...,4") on T, M by

iv)=ad" & ov= Zaiei.
i+1
If U is an open neighborhood of p € M such that exp,, maps an open neighbor-
hood U of 0 € T,M diffeomorphically onto U, we can define coordinates

(z',...,2"): U - R" by xioexpp:i‘i,.

which we call Riemannian normal coordinates centered at p, or sometimes sim-
ply normal coordinates.

If (M,(-,-)) is a Lorentz manifold as described in §1.7, which we study
in units for which the speed of light is one, we can choose linear coordinates
(#°,2%,...4") on T,M so that the Lorentz metric on T, M is represented by

() =—di’ @ di’ + di' @ di' + -+ di" @ di" = n;;di’ @ di?,

i,j=0
where
-1 0 0
0 1 --- 0
(m)=1" . ... | (2.1)
0 O 1



These coordinates on T, M then project to coordinates (z°,z',...2") defined
on an open neighborhood U = exp,, (V') of p € M which we call Lorentz normal
coordinates.

More generally, we could define normal coordinates for a pseudo-Riemannian
manifold (M, (-,-)) of arbitrary signature.

Let us focus first on the Riemannian case, and suppose that in terms of
Riemannian normal coordinates centered at p, we have

(-,-) = Z gijda’ @ da?.
ij=1

It is interesting to determine the Taylor series expansion of the g;;’s about p.

Of course, we have g;;(p) = d;;. To evaluate the first order derivatives, we

note that whenever a', ..., a™ are constants, the curve v defined by

z'oy(t) = a't

is a geodesic in M by definition of the exponential map. Thus the functions
' = z' oy must satisfy the geodesic equation

i+ Y Thii =0,
i,j=1

Substitution into this equation yields

Z Ffj(p)aiaj =0.

ij=1
Since this holds for all choices of the constants (a',...,a") we conclude that
Ffj (p) = 0. It then follows from (1.20) that
9gij

=0.

5k )

Later we will see that the Taylor series for the Riemannian metric in normal
coordinates centered at p is given by

1 n
gij = 0ij — 3 Z R,-kjl(p)xkxl + (higher order terms).
k=1

This formula gives a very explicit formula for how much a Riemannian metric
differs from the Euclidean metric near a given point p. Note that when we look
at a neighborhood of p under higher and higher magnification, it looks more
and more like flat Euclidean space, the curvature measuring the deviation from
flatness.

There is a similar Taylor series for Lorentz manifolds,

1 n
Gij = Mij — 3 Z Rikjl(p)xkxl + (higher order terms),
k=1
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where the 7;;’s are the components of the flat Lorentz metric in Minkowski space-
time defined by (2.1). In this case, when we look at a neighborhood of an event p
in a curved space-time under higher and higher magnification, it looks more and
more like flat Minkowski space-time in what is called an “inertial frame.” These
inertial frames represent coordinate systems in which gravitational forces vanish
up to second order. Thus a “freely falling” space station in outer space is in an
innertial frame and for experiments inside the space station the gravitational
force represented by the Christoffel symbols vanishes. The curvature tensor
represents tidal forces that act over large distances. They would become evident
to an observer falling into the singularity in the middle of a black hole, the tidal
forces pulling an arm in one direction, a leg in another, until all classical forms
of matter are destroyed.

Before establishing these Taylor series expansions, we will need the so-called
Gauss lemma.

2.2 The Gauss Lemma

Riemannian case. Suppose that (x!,...,2") are normal coordinates centered
at a point p in a Riemannian manifold (M, (-, -)), and defined on an open neigh-
borhood U of p. We can then define a radial function

r:U—=R by r=+/(z})2+ -+ (z")2,
and a radial vector field S on U — {p} by

ozt 9
5227@.

For 1 <4,j < n, let E;; be the rotation vector field on U defined by
0 .0

Ey=a'—— —al .
J oxI or?

Lemma 1. [E;;,S] = 0.

Proof: This can be verified by direct calculation. For a more conceptual ar-
gument, one can note that the one-parameter group of local diffeomorphisms
{¢¢ : t € R} on U induced by E;; consists of rotations in terms of the normal
coordinates, so (¢+).(S) = S, so

[Eij, S] = — %((%)*(S)) =0.

t=0

Lemma 2. If V is the Levi-Civita connection on M, then VgS = 0.

Proof: If (a4,...,a™) are real numbers such that > (a?)? = 1, then the curve v
defined by

' (y(t)) = a't
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is an integral curve for S. On the other hand,

(t) = exp ( a't 5 )

and hence -y is a geodesic. We conclude that all integral curves for S are geodesics
and hence VgS = 0.

Lemma 3. (S,S5) =1.
Proof: If 7 is as in the preceding lemma,

&0, (1) = 2T (1,7 (1)) =,

s0 7/(t) must have constant length. But

so we conclude that (S,S) = 1.
Gauss Lemma 1. (S, E;;) = 0.

Proof: We calculate the derivative of (S, E;;) in the radial direction:

S(S, Eij) = (VsS, Eij) + (S, Vs Eij) = (5, Vs Eij)
1
=(S,Vg,S) = §Eij<S7 S)=0.
Thus (S, E;;) is constant along the geodesic rays emanating from p. let || X|| =
V(X, X). Then as (x!,...,2") — (0,...0),
(S, Eiz)| < ISI[I[Eizll = [ Esll — O
If follows that the constant (S, E;;) must be zero.
Before proving the next lemma, we observe that
S(r) =1, E;;(r)=0.

These fact can be verified by direct computation.

Gauss Lemma II. dr = (S, -); in other words, dr(X) = (S, X), whenever X is
a smooth vector field on U — {p}.

Proof: It clearly suffices to prove this when either X = S or X = F;;. In the
first case,

dr(S)=85(r)=1=(S,9),
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while in the second,

dr(Eij) = Eij(r) = 0= (S, Eyj).

Lorentz case: Suppose now that (M, (-, -)) is a Lorentz manifold with Lorentz
normal coordinates (2%, z', ... 2") defined on an open neighborhood U = exp, (V')

of pe M. We let
U-=exp, {vev:(v,v) <0}), Up=exp,({vev: (v,v)>0}),

the images of the timelike and spacelike vectors in V' respectively.
In this case, we can define two functions

HUD SR by = @R @ == @,
r:Uy — R by 'r‘:\/(;(;1)24_...4_(3371)2_(370)2.

We now have two radial vector fields 7" on U_ and S on Uy defined by
SRS R )
© ot 0x0 —t oz’ 7 00 P r Ozt

For 1 <i,j < n, let E;; be the rotation vector field on U defined by (2.2) and
for 1 < i < n, define the infinitesimal Lorentz transformation Ey; by
0 0

— et 0
EOi —LEZ@ +x o

We can then carry out exactly the same steps for proving the Gauss Lemma:
Lemma 1. [E;;,T| = [E;;,S] =0 and [Ey;, T] = [Ep;, S] = 0.

Lemma 2. If V is the Levi-Civita connection on M, then V7T = VgS = 0.
Lemma 3. (T,T) = —1 and (S,S) = 1.

Gauss Lemma III. For Lorentz manifolds,

(T,E;j) =0=(T,Ey;) and (S,E;;)=0=(S,Ey).
The proofs are straightforward modifications of the Riemannian case.
2.3 Curvature in normal coordinates

The following theorem explains how the curvature of a Riemannian manifold
(M, {-,-)) measures deviation from the Euclidean metric.
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Taylor Series Theorem. The Taylor series for the Riemannian metric (g;;)
in terms of normal coordinates centered at a point p € M is given by

1 n
gij = 0ij — 3 Z Rikjl(p)xk:rl + (higher order terms).
k=1

The Taylor series for a Lorentz metric (g;;) in terms of normal coordinates
centered at an event p € M is given by

1 n
gij = Mij — 3 Z Rikjl(p)xkxl + (higher order terms).
k=1

To prove this, we make use of “constant extensions” of vectors in T, M, relative
to the normal coordinates (x!,...,z™). Suppose that w € T,M and

2 0
w = Z a' | .
i=1 Oz P
Then the constant extension of w is the vector field

W:Z;a Bt

Since there is a genuine constant vector field in 7, M which is exp,-related to
W, W depends only on w, not on the choice of normal coordinates.
We define a quadrilinear map

G:T,M xTyM xT,M xT,M — R

as follows:
G(:L', Y, z, w) = XY<Za W>(p)a

where X, Y, Z and W and the constant extensions of x, y, z and w. Thus the
components of G will be the second order derivatives of the metric tensor.

Lemma. The quadralinear form G satisfies the following symmetries:

1. G(z,y,z,w) = G(y,x, z,w),

2. G(z,y,z,w) = G(z,y,w, z),

3. G(z,x,x,z) =0,

4. G(z,z,x,y) =0,

5. Gx,y,z,w) = G(z,w,x,y), and

6. G(z,y,z,w) + G(z, z,w,y) + G(z,w,y,z) = 0.
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Proof: The second of these identities is immediate and the first follows from
equality of mixed partials. The other identities require more work.
For the identity G(w,w,w,w) = 0, we let W = > a*(9/dz"); then the curve
v : (—€,6) — M defined by
' (y(t)) = a't
is an integral curve for W such that y(0) = p. It is also a constant speed geodesic

and hence
WW(W,W)(p) = 0.

We next check that G(w, w, w, z) = 0, focusing first on the Riemannian case.
It clearly suffices to prove this when z is unit length and perpendicular to a unit
length w. We can choose our normal coordinates so that

0 7 0

W= Rl

We consider the curve v in M defined by
zloy(t) =t, zioy(t) =0, fori>1.

Along v we have W = S and Z = (1/x!)E12, so it follows from Gauss Lemma
I that (W, Z) = 0 along ~, and hence

WW (W, Z)(p) = 0. (2.3)

The Lorentz case is similar: We choose 7 to be spacelike or timelike, so that
~v"= 8 or v =T along v, and to achieve (2.3) we need to apply Gauss Lemma
IIT with two types of infinitesimal Lorentz transformations, F;; and Ey;.

It follows from the first four symmetries that whenever u,v € T, M and
teR,

0=G(u+tv,u+tv,u+tv,u — tv)
= t3(something) + t*[G(v, v, u, u) — G(u,u,v,v)] + t(something),

where we have used symmetries 1 and 2 to eliminate some terms in the sum.
Since this identity must hold for all ¢, the coefficient of 2 must be zero, so

G(u,u,v,v) = G(v,v,u,u),

which yields the fifth symmetry.
To obtain the final identity, we let

V1, V2,V3,V4 € TpM and t1,to,t3,t4 € R,

and note that

G (Z t;v;, thvj, Z teVk, Z tl’l}l> = 0.
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The coefficient of t1tot3t4 must vanish, and hence

Z G (Vo(1)5 Vo (2) Vo (3) Vo(a)) = 0.
o€Sy

This, together with the earlier symmetries, yields the last symmetry.

0
Giji =G <k ) ) .
oz |, »
Lemma. Ri;(p) = gir,jt(P) — gijun(p)-
Proof: Since the Christoffel symbols I‘fj vanish at p, it follows that

0 s 10 [Oay o O
e 00 = 5o | ),

Now we let

9
Ozt p’

9
oz’ p’

9
oxJ

oxk + oxJ ozl

9 _ 10 [0gi | Ogus  Ogik
Oz (i) (p) = 2 0z7 [833’“ i Ort  Ox! ] (),

and hence we conclude from Proposition 2 from §1.8 that

L[ &g g | Pgu gl
Rigue(p) = Furig (p) = 5 [fmiajxk ~ oo T owiod axa‘axk} (»)

1
= 5 [gjl,ik + Gik,j1 — Gjk,il — gil,jk] (p) = gik,jl(p) - gil,jk(p)7

where the comma denotes differentiation and we have used the fifth symmetry

of G.

From the last lemma and the sixth symmetry, we now conclude that

Riiji(p) + Riji(p) = i,k () — 9ij,i6(P) + Gik,15(0) — 9ijun(p) = —39ij,11(D)-
We therefore conclude that

829”- - 1
Oxkox! (p) = 3

[Rikji(p) + Risji (p)]-
Substitution into the Taylor expansion

1 n 6291‘]‘
2 o Oz ox!

gij = 0ij + (p)z*z! + (higher order terms)

or
n

dgi
=i+ = Z axkg@;cl z¥2! 4 (higher order terms)

now yields the Taylor Series Theorem.
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Exercise V. Due Wednesday, May 11. Suppose that (M, (-,-)) is a two-
dimensional Riemannian manifold.

a. Show that if (2!, 2%) are Riemannian normal coordinates centered at p € M,
then

1
() = (dax")? 4 (dz?)? — gK(p)(gcldgc2 — x2dx*)? + (higher order terms), (2.4)

where K (p) is the Gaussian curvature of M at p.
b. We can introduce geodesic polar coordinates,

z! = rcosb, z? =rsinf.

Show that the formula (2.4) can be rewritten as

4
() =dredr+ {rz — T?)K(p)} df ® df + (higher order terms).

c. If r > 0, let C, be the geodesic circle defined by the radial geodesic polar
coordinate equal to . In the plane, the length of this circle would be given by
L(C,) = 2xr. Show that in the curved surface, on the other hand, we have

Thus in a surface with positive Gaussian curvature, the length of the geodesic
circle grows more slowly than in the Euclidean plane, while when the Gaussian
curvature is negative, the length of the geodesic circle grows more rapidly.

SOLUTION TO PART c: In the curved surface, we have

27 27
L(Cr):/ @d(%:/O r/1= (1/3)K (p)r? + (h.o.t) df

0
_ /0 " (1= (/6K ) + (hot)) df

= 2mr — gK(p)r?’ + (hot),

where (h.o.t) stands for higher order terms.Hence

. 2mr—L(C,) 7
lg% 73 - gK(p)7
or after rearrangement,
3 2mr — L(C,
K(p) == lim 7”"7()

T r—0 73
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2.4 Tensor analysis

Perhaps it is time to describe the classical component notation for tensor fields
which is used alot by physicists. Indeed, we will describe the tensor notation as
used by Einstein in his earliest expositions of general relativity [5]. We begin by
describing the tensor bundles, then tensor fields and their covariant derivatives
and differentials.

Recall that T;; M is the vector space of linear maps « : T, M — R. We define
the k-fold tensor product ®kT;M to be the vector space of R-multilinear maps

E
¢ TyM xT,Mx---xT,M — R.
Thus ®1T;‘M is just the space of linear functionals on 7}, M which is T;; M itself,
while by convention ®OT;M =R.
We can define a product on it as follows. If ¢ € ®kT;‘M and Y € ®ZT;M,
we define ¢ ® ¢ € @*HT*M by
(@) (v1,. .., v641) = G(v1, - VE)V(Vk41, - - - s Vi)

This multiplication is called the tensor product and is bilinear,

(ap+P) RV =0ap @Y +629%, ¢ (ah+1¢)=ap QY+ dR P,

as well as associative,

(PRYP)Qw=0¢& (Y Qw).

Hence we can write ¢ ® ¥ ® w with no danger of confusion. The tensor product
makes the direct sum

DTy M =) Ty M
i=0
into a graded algebra over R, called the tensor algebra of Ty M.

Proposition. If (z!,...,2") are smooth coordinates defined on an open neigh-
borhood of p € M, then

{dmi1|p®~--®dzi’“|p 1<iy <n,...,1<ip<n}
is a basis for ®kT;‘M. Thus ®kT;M has dimension n*.
Sketch of proof: For linear independence, suppose that
Z Qiyoriy dT™ |y @ -+ - @ da' |, = 0.
Then
0

Oxik p)
: 0

Lo (
p) P\ 9pir

; ; 0
O:Zail“'ikdle‘p®"'®d$lk|p (5351’1 e e
p

Y
= Za’il"‘ikdx 1‘? (3{Ej1

) = Ay
p

()



To show that the elements span, suppose that ¢ € ®kT;‘M7 and show that

)

We now let @ T*M = (J{&*T; M}, a disjoint union. Just as in the case of
the tangent and cotangent bundles, ®*T*M has a smooth manifold structure,
together with a projection 7 : @*T*M — M such that W(@kT;M) =p. We
can describe the coordinates for the smooth structure on @*T*M as follows: If
(x',...,2™) are smooth coordinates on an open set U C M, the corresponding
smooth coordinates on 7=1(U) are are the pullbacks of (x!,...,2") to 7= 1(U),
together with the additional coordinates p;,...;, : 7 1(U) — R defined by

¢= Zail---ikdxi1|p - ® dxik|pv
0

where Zail...ik =¢ <8xi1

0

7...771.)‘:
» ox

S E S J1 . Jk — .
Piy iy ah"']kdx |P Q- ®dr |p = gy iy
J1seendk

We can regard @*T* M as the total space of a vector bundle of rank n* over M,
as described in Chapter 5 of [12].
If U is an open subset of M, a covariant tensor field of rank k on U is a
smooth map
T:U— @"TyM suchthat moT =idy.

Informally, we can say that a covariant tensor field of rank k£ on U is a function
T which assigns to each point p € U an element T'(p) € ®kT; M in such a way
that T'(p) varies smoothly with p.

Let I'(®@*T* M) denote the real vector space of covariant tensor fields of rank
k on M, T(®@FT*M|U) the space of covariant tensor fields of rank k on U. If
(U, (2%, ...,2™)) is a smooth coordinate system on M, we can define

dz" ® - ® dz'* € T(@"T*M|U)
by (dl‘il R dxi")(p) = dxt ‘p ® - @ dxt* ‘p.

Then any element 7' € T'(®*T*M|U) can be written uniquely as a sum

T = Z Til...ikdl‘h@'-'@d.’lﬁik,
B yeenslk

where each T}, ...;, : U — R is a smooth function, called a component of T'. If
SeT(@T*M|U) and T e T(@'T*M|U),
then we can define the tensor product

S®T e (" T*M|U) by (S®T)(p)=S(p)®T(p).
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In terms of components with respect to local coordinates,
(S® T)ir-'ikjl'“jl = SilmiijL--jL'

Note that if f € T(®°T*M) = F(M) and T € T(®*T*M), then the tensor
product reduces to the usual product f @ T = fT.

An important example of a covariant tensor field of rank four is the Riemann-
Christoffel curvature tensor R of a pseudo-Riemannian manifold, which in terms

of local coordinates (U, (x!,...,2™)) can be written

R = Z Rijkldxi ® dr? @ dz* @ dat.
2,5,k,1
More generally, we can define the tensor product (2"T,M) ® (®°T; M) to

be the vector space of R-multilinear maps

T S

¢ |TiM < -xTM | @ | T,M x - xT,M | — R.

In this case, any element of (®"T,M) ® (®°T,; M) can be written uniquely as a
sum

Q1
J1vds it
p

® - ® ®dal |, ® -+ @ dal*|,,.

9
oxir

p

By generalizing the preceding construction in the obvious way we can construct
a smooth manifold structure on

T7°M = (&' TM) ® (&°T*M) = | {(&"T,M) @ (°T;M) : p € M},

making this into the total space of a vector bundle of rank n"*¢ over M. If
U is an open subset of M, a tensor field which has contravariant rank r and
covariant rank s over U is a smooth map

T:U—T"°M suchthat woT =idy.

We let T'(®*T™*M) denote the real vector space of tensor fields of contravariant
rank r and covariant rank s on M.

In terms of local coordinates (U, (z!,...,2m)), a tensor field T € T'(T™*M)
can be written as

9 , ‘
3 e - J e Js
T= ZTJJ, Js@xu ® Oxir ®dz"t @ @ da’s,
where the functions T;lllj : U — R are called the components of T. Under
change of coordinates to (U, (El, ...,Z™)), one finds that
T = ZTkl 0 ... ®del
3xk1 Oxkr ’
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where ) )
N i1eeein 8fk1 o 3:77]“ ozt o oxs
Jueds Qi Oxir 9zh Oxls
In classical tensor analysis, one thinks of a tensor field as being defined by the
collection of component functions T;;Z;, one collection for each local coordi-
nate system, subject to the requirement that under change of coordinates the
components transform according to (2.5). Although this notation uses lots of
indices, it turns out to be relatively efficient when doing computations in terms
of local coordinates.
Given a tensor field T' of contravariant rank r and covariant rank s, with
components T’ ;IIZJT, one can form a new tensor of contravariant rank r — 1 and
covariant rank s — 1 which has components

(2.5)

liyels

n
igeerly 11420y
Sj2»"'js - ZTij27"'js )
i=1
We say that S is obtained from T" by contraction on the first contravariant and
first covariant indices. Using a pseudo-Riemannian metric

n
()= Z gijdr' @ dr?  with inverse matrix (g") = (gi;) "
ij=1

we can raise and lower indices by the formulae

i1 i1 _ Jrkriiiy B1 i1 _ ) i1 tpr—1k
T = 2T e T = 2k T
For example, we can raise the first index of the Riemann-Christoffel curvature
tensor obtaining R';;; and then contract on the first and third indices to obtain
the component form of the Ricci tensor

n

Ry=> Ry,

i=1

Raising an index of the Ricci tensor and contracting once again then yields the
scalar curvature s. Note that when we have pseudo-Riemannian metric present,
lowering indices allows us to reduce all tensor fields to covariant tensor fields;
this is sometimes advantageous because covariant tensor fields pull back under
smooth maps from one manifold to another, while arbitrary tensor fields do not
have that useful property.

Covariant derivatives: Suppose that X is a smooth vector field on M. Given
a vector field Y on M, the Levi-Civita connection defines a new vector field
VxY. If AeT(T*M) is a covariant tensor field of rank one, which is the same
thing as a one-form on M we can take its covariant derivative Vx(A) € T(T*M)
by forcing the “Leibniz rule”:

X(A(Y)) = VxA(Y) + A(VxY) or VyA(Y)=X(A(Y)) — A(VyY).
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We can then inductively define the covariant derivative of any covariant ten-
sor field by enforcing the “Leibniz rule”: thus if S € T(@*T*M) and T €
[(®!'T*M), then we require

Vx(S®T)=VxS®T+S®VxT.

One of the defining properties of the Levi-Civita connection then implies that
for every vector field X on M,

V() =0. (2.6)

Using this fact, one can show that the covariant derivative Vx extends to ar-
bitrary tensor fields of contravariant rank r and covariant rank s in such a way
that it commutes with the raising and lowering of indices.

Covariant differentials: If Y is a vector field on M, the covariant differential
of Y is the tensor field
V.Y e (T"'M).

In terms of local coordinates (U, (z!,...,z™)), we can write
Y = iyii and then V.Y = En: Y.i.idxj,
= o ij=1 Y 0z
where ‘ .
Yi=da'(VojpuY) == gﬁ; + er;lkY’f.
=1

One can conveniently define the divergence of a vector field Y by taking the
contraction of the covariant differential,

div(Y) = En: Yi.
i=1

Similarly, if w is a covariant tensor field on M of rank one, that is a differential
one-form, the covariant differential of w is the tensor field

V.w e (4T*M).

n terms of local coordinates (U, (z,...,2")), we can write

w = Zwidxi and then V.w = Z wi;jdxi ® da?,
i=1

inj=1
where
0 Ow? -
k
Wiij = Vo oaiW (W = =og 2 ek
k=1
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It is an easy exercise to show that
(dw)ij = wisj — wji,

the Christoffel symbols magically vanishing when one skew-symmetrizes. (Or-
dinary derivatives are sufficient for defining exterior derivatives!)

More generally, one can take covariant differentials of tensor products, Thus
if Y is a vector field on M and w is a differential one-form on M, then

VY®w)=VYQuw+Y®Vuw,

and if Y and w have components Y* and w; as in the preceding paragraphs, the
formulae with Christoffel symbols are

i 0 7 - % - i
=1 =1

More generally still, the covariant differential of a tensor field

T € T(T™*M) is the tensor field V.T € I'(T"™**'M).

If in terms of local coordinates (U, (x!,...,2™)), the tensor field is expressed as

9 , ,
T= Z g1, Jsa i1 '®%®d$] ® - ®dz’,

then

i 0 3] , , .
V'T:ZTJ;» Js,kale ®"'®%®d$]l®'“®daﬂ ® dz”,

where
8T“ l
R _ ]s i1 lzg -4 7 21 747‘ 1
T} = +ZF Tty + +quz

1 z
_Zrhk l327 Jb "'_ZF jsk J11, Je—1l® (2.7)

As a special case of this notation, (2.6) takes the simple form
Gijsk = 0. (2.8)

The covariant differential commutes with contractions and satisfies the Leib-
niz rule for tensor products, for example,

(Si5Tht)sr = SijirTir + SijThiyr

The fact (2.8) that the covariant differential of the metric is zero implies that
covariant differential commutes with raising and lowering of indices.
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Comma goes to semicolon: The tensor analysis operations we have just
described are supplemented by a simple rule for transforming equations formu-
lated within special relativity into the curved space-time of general relativity.
This rule is called by Misner, Thorne and Wheeler [17], the “comma goes to
semicolon” rule. One starts with a system of equations which might describe
the way matter behaves within Newtonian physics, for example, one could take
Maxwell’s equations from electricity and magnetism. One them in special rela-
tivistic form with partial derivatives denoted by commas. Then to express the
equations in appropriate form consistent with general relativity, one replaces the
ordinary derivatives (commas) by covariant derivatives (semicolons). This idea
is treated in much more detail in courses on general relativity, so some readers
may want to skim the following more detailed example of this procedure.

Digression on fluid mechanics: As an example of the comma goes to semi-
colon procedure, one might consider a perfect fluid, a fluid in three-space which
is described by a vector field V = (V! V2 V3) representing the velocity of
the fluid and a scalar function p which represents the density of the fluid. In
Newtonian physics the motion of the fluid is described by the so-called Euler
equations

I =D, V' OV
afj;@(”v)*o’ o TV o = a2

j=1
where p is an additional function called the pressure, which is usually related to
the density p by an “equation of state.” For simplicity, let us take the pressure to
be identically zero, which gives a rather boring fluid in which the fluid particles
just travel along straight lines, but this simple model of a fluid is often used in
cosmological models.

One then seeks to find a relativistic version of the fluid equations, which is
invariant under Lorentz transformations in Minkowski space-time L*, which we
recall is just R* with the Lorentz metric

5 -1 0 0 O
; ; 0O 1 0 0

LN = P J Y —
() ‘Z_O nijde’ ® da’,  where (1;5) 0 0 1 0
o 0 0 0 1

In special relativity, we need to describe the fluid by density function p and
a four-component vector field V = (V°, V1 V2 V3) on Minkowski space-time
tangent to the world-lines of the fluid particles and satisfying the condition that

3
> ViV = -1, (2.10)

4,5=0

One finds that equations which reduce to the Euler equations with zero pressure
when fluid velocities are small compared to the speed of light (which make
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(VY V2 V3) very small compared to V9 = 1) are

3 ..
o y .y
i 0, where T% =pV'V7. (2.11)

J=0

If we agree to let a comma denote partial differentiation, we can write this as

3
ST, —0.
j=0

The comma-goes-to-semicolon rule now says that the equations for a perfect
fluid with zero pressure in a curved space-time (with the metric representing
the gravitational field) are just

3
Z Tij;j =0,
7=0

where now the semicolon signifies taking a covariant differential rather than
simply differentiating components. Of course, the semicolon equation reduces to
the former in the special case of Lorentz space-time, in which all the Christoffel
symbols vanish. If we substitute from (2.11), the equations become

3 3

3
STV VI ST Vi(pVI); =0 which yield Y (pV7); =0
j=0

Jj=0 Jj=0

upon multiplication with V; and summing over ¢. This approximates the equa-
tion of continuity when velocities are small, which is the first of the Euler equa-
tions. Once we know it holds, it follows that

3
> ViV =0,
=0

which one can verify is just the condition that the flow lines of the fluid be
geodesics.

More generally, when pressure is nonzero, the Euler equations (2.9) are the
low velocity limit of the special relativistic equations

3
> 1Y =0, where TV = (p+p)V'V/+py”
=0

and (n") just denotes the inverse to the matrix (1;;) and the components V*
once again satisfy (2.10), as fully explained in §5.10 of [17]. According to the
comma goes to semicolon rule the versions of the Euler equations compatible
with general relativity is just

3
Y 1Y, =0, where TY = (p+p)V'V/ +pg”
j=0
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and (g") is the matrix inverse to (g;;)-

Semicolon goes to comma: Normal coordinates allow us to stand this rule
on its head. Suppose that we want to verify a tensor equation which involves
covariant derivatives. Since we only need to verify this equation at a point,
we can choose the coordinates we work in to be normal coordinates. But then
the Christoffel symbols vanish, and we can replace the covariant differential
by ordinary derivatives of components. The following exercise illustrates this
principle.

Exercise VI. Due Wednesday, May 25. a. Use normal coordinates to prove
the Bianchi identity

(VxR) (Y, Z)W + (VyR) (Z, X)W + (VzR) (X,Y)W = 0. (2.12)

Since (2.12) is a tensor equation, it suffices to prove this at any given point
p € M. But we can choose normal coordinates at p and let X, Y, Z and W be
coordinate fields for the normal coordinates. And then

VzW(p) =VxW(p) =VyW(p) =0,

making the identity easy to prove. This illustrates the power of using normal
coordinates in calculations.

b. Show that the identity (2.12) can be written in component form as

Rijrs;k + Rjkrs;i + Rkirs;j =0.

c. One can construct a new curvature tensor G;j, called the Einstein curvature,
from the Ricci and scalar curvatures by setting

1
Gij = Rij — 55 9ij-
Show that B
G =0, (2.13)

Remark. The fact that the Einstein tensor has zero divergence was the clue
that led Einstein to his field equations, G*7 = 87T*%, where T" is the stress-
energy tensor, which is given by (2.11) for a perfect dust.

SOLUTION: a. Note first that since [X,Y] = [X,Z] = [Z,X] =0,

Vx (R(Y, Z)W)+Vy (R(Z, X)W)+Vz (R(X,Y)W) = Vx(VyVz-VzVy)W
+ Vy(VZVX — Vsz)W + Vz(VXVY — VyVX)W
=R(X,Y)(VzX)+ R(Y,Z)(VxW)+ R(Z, X)(VyW).

Then using the fact that

V2W(p) = wa(p) = VyW(p) =0 (2.14)
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we see that
Vx (R(Y,Z)W) (p) + Vy (R(Z, X)W) (p) + Vz (R(X,Y)W) (p) = 0.

Now using the Leibniz rule, we see that at the point p

0=Vx (R(Y,Z2)W)+Vy (R(Z,X)W)+ Vz (R(X,Y)W)
= (VxR) (Y, Z)W + (VyR) (Z, X)W + (V2R) (X, Y)W
+ R(Y, Z)(VxW) + R(Z, X)(VyW) + R(X,Y)(VZW).

thus it follows once again from (2.15) that
(VxR) (Y, Z)W(p) + (Vy R) (Z, X)W (p) + (VzR) (X, Y)W (p) = 0.
Since p was an arbitrary point, we have verified the tensor equation

(VxR) (Y, Z)W + (VyR) (Z, X)W + (VzR) (X,Y)W = 0.

b. From here, it is more convenient to use index notation. In index notation,
the last equation reads

Reijn + Rijpsi + Ry = 0.
Lowering the index then yields

Rrsij;k + Rrsjk;i + Rrski;j =0 or Rijrs;k + Rjkrs;i + Rkirs;j =0.

c. Finally, we write
Z girgstijrs;k + Z g"gstjkrs;i + ZgirgstkiTsij =0,

which simplifies to

. . : 1
S:k — Zgkar;i - ZgJSRks;j =0 or (Rzk;qj - 25;k> = Oa

equivalent to G*;; = 0, which is the same as (2.13).

2.5 Riemannian manifolds as metric spaces

We can use the Riemannian normal coordinates constructed in the previous
sections to establish the following important result. Before stating it, we note
that a smooth curve A : [0,1] — M is called regular if X' (t) is never zero; it is
easy to prove that regular curve can always be reparametrized to have nonzero
constant speed.

Local Minimization Theorem. Suppose that (M™,(-,-)) is a Riemannian
manifold and that V is an open ball of radius € > 0 centered at 0 € T, M which
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exp,, maps diffeomorphically onto an open neighborhood U of p in M. Suppose
that v € V and that v : [0,1] — M is the geodesic defined by ~(t) = exp,(tv).
Let ¢ = exp,(v). If A : [0,1] — M is any smooth curve with A\(0) = p and
A1) = g, then

1. L(\) > L(v), and if equality holds and X is regular, then X is a reparametriza-
tion of 7.

2. J(X) = J(7), with equality holding only if A = .

To prove the first of these assertions, we use normal coordinates (x!,..., ™)
defined on U. Note that L(vy) = r(¢). Suppose that A : [0,1] — M is any
smooth curve with A(0) = p and A(1) = q.

Case I. Suppose that A does not leave U. Then it follows from Gauss Lemma
II that

L = [ V@ N@ = [ Xl [ e, RO
0 0 0
1
> [ dr @)= (ro () = (o N)(0) = L)

Moreover, equality holds only if X'(¢) is a nonnegative multiple of R(A(t)) which
holds only if A is a reparametrization of ~.

Case II. Suppose that A leaves U at some first time tg € (0,1). Then

L) = / VO, Nt > / "IN @ > / (1), RO®)dt

> / " ar(N(£)dt = (ro N)(to) — (ro A)(0) = ¢ > L(7).
0

The second assertion is proven in a similar fashion.

If (M, (-,-)) is a Riemannian manifold, we can define a distance function
d:MxM-—R
by setting

d(p,q) = inf{ L(y) such that v : [0,1] — M is a smooth path
with 4(0) = p and v(1) = ¢ }.
Then the previous theorem shos that d(p,¢) = 0 implies that p = ¢q. Hence
1. d(p,q) > 0, with equality holding if and only if p = ¢,

2. d(p,q) = d(g, p), and
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3. d(p,r) < d(p,q) +d(g,7).

Thus (M, d) is a metric space. It is relatively straightforward to show that the
metric topology on M agrees with the usual topology of M. In particular, the
distance function

d:MxM-—R

is continuous.

Definition. If p and ¢ are points in a Riemannian manifold M, a minimal
geodesic from p to g is a geodesic v : [a,b] — M such that

v(a) =p, ~(b)=¢q and L(vy)=d(p,q).

An open set U C M is said to be geodesically convex if whenever p and ¢ are
elements of U, there is a unique minimal geodesic from p to ¢ and moreover,
that minimal geodesic lies entirely within U.

Geodesic Convexity Theorem. Suppose that (M™,{(-,-)) is a Riemannian
manifold. Then M has an open cover by geodesically convex open sets.

A proof could be constructed based upon the preceding arguments, but we omit
the details. (One proof is outlined in Problem 6.4 from [13].)

2.6 Completeness

We return now to a variational problem that we considered earlier. Given
two points p and ¢ in a Riemannian manifold M, does there exist a minimal
geodesic from p to g7 For this variational problem to have a solution we need
an hypothesis on the Riemannian metric.

Definition. A pseudo-Riemannian manifold (M, (-, -) is said to be geodesically
complete if geodesics in M can be extended indefinitely without running off
the manifold. Equivalently, (M, (-, ) is geodesically complete if exp,, is globally
defined for all p € M.

Examples: The spaces of constant curvature E™, S™(a) and H"(a) are all
geodesically complete, as are the compact Lie groups with biinvariant metrics
and the Grassmann manifolds. On the other hand, nonempty proper open
subsets of any of these spaces are not geodesically complete.

Minimal Geodesic Theorem I. Suppose that (M™, (-,-)) is a connected and
geodesically complete Riemannian manifold. Then any two points p and q of M
can be connected by a minimal geodesic.

The idea behind the proof is extremely simple. Given p € M, the geodesic
completeness assumption implies that exp,, is globally defined. Let a = d(p, q),
then we should have ¢ = exp,,(av), where v is a unit length vector in 7}, M which
“points in the direction” of q.
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More precisely, let B, be a closed ball of radius € centered at 0 in T,M, and
suppose that B is contained in a an open set which is mapped diffeomorphically
by exp,, onto an open neighborhood of p in M. Let S. be the boundary of B,

and let S be the image of S under exp,. Since S is a compact subset of M there
is a point m € S of minimal distance from ¢q. We can write m = exp,,(ev) for
some unit length v € T, M. Finally, we define

v:[0,a] = M by A(t) = exp,(tv).

Then 7 is a candidate for the minimal geodesic from p to gq.
To finish the proof, we need to show that v(a) = ¢. It will suffice to show
that

d(y(t).q) =a—1t, (2.15)
for all ¢ € [0,a]. Note that d(y(t),q) > a —t, because if d(y(t),q) < a — t, then
d(p,q) < d(p,7(t)) +d(y(t),q) <t +(a—1) =a.

Moreover, if (2.15) holds for ¢y € [0, a], it also holds for all ¢ € [0, o], because if
t € [0,10], then

d(v(t), q) < d((t),7(to)) + d(v(to),q) < (to =) + (a —to) =a — L.

We let
to = sup{t € [0,a] : d(¥(t),q) = a — t},

and note that d(y(to),q) = a — to by continuity. We will show that:
1. tg > ¢, and
2. 0 < tg < a leads to a contradiction.

To establish the first of these assertions, we note that by the Local Mini-
mization Theorem from §2.5,

d(p,q) = inf{d(p,r) + d(r,q) : r € S} = e+ inf{d(r,q) : r € S} = e+ d(m,q),

and hence a = € + d(m, q) = e + d(v(e), q).
To prove the second assertion, we construct a sphere S about y(tp) as we
did for p, and let m be the point on S of minimal distance from q. Then

d(v(to), ¢) = inf{d(7(to),7) + d(r,q) : v € S} = e +d(m, q),

and hence
a—to=e+d(m,q), so a—(to+e)=d(m,q).

Note that d(p,m) > to + € because otherwise

d(p,q) < d(p,m) +d(m,q) <to+e+a—(to+¢€) = a,
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so the broken geodesic from p to y(tg) to m has length to + € = d(p, m). If the
broken geodesic had a corner it could be shortened by rounding off the corner,
a fact which follows from the first variation formula (1.6) for piecewise smooth
paths. Hence m must lie on the image of v, so v(to + €) = m, contradicting the
maximality of tg.

It follows that ¢ty = a, d(v(a),q) = 0 and ~y(a) = g, finishing the proof of the
theorem.

Basic idea used in the preceding proof: If you have a regular piecewise
smooth curve (that is, 7'(¢) is never zero and at corners, the left and right-
hand limits of +/(¢) exist and are nonzero), then the curve can be shortened by
“rounding corners.” Needless to say, this is a useful technique.

For a Riemannian manifold, we also have a notion of completeness in terms of
metric spaces. Fortunately, the two notions of completeness coincide:

Hopf-Rinow Theorem. Suppose that (M",(-,-)) is a connected Riemannian
manifold. Then (M,d) is complete as a metric space if and only if (M, {-,-)) is
geodesically complete.

To prove this theorem, suppose first that (M™, (-,-)) is geodesically complete.
Let p be a fixed point in M and (¢;) a Cauchy sequence in (M,d). We need
to show that (¢;) converges to a point ¢ € M. We can assume without loss
of generality that d(¢;,q;) < € for some ¢ > 0, and let K = d(p,¢q1), so that
d(p,q;) < K + ¢ for all 4. It follows from the Minimal Geodesic Theorem that
qi = exp,(v;) for some v; € T, M, and |lv;|| < K + e. Completeness of R™ with
its usual Euclidean metric implies that (v;) has a convergent subsequence, which
converges to some point v € T, M. Then ¢ = exp,(v) is a limit of the Cauchy
sequence (g;), and (M, d) is indeed a complete metric space.

To prove the converse, we suppose that (M,d) is a complete metric space,
but (M™,(-,-)) is not geodesically complete. Then there is some unit speed
geodesic v : [0,b) — M which extends to no interval [0,b4 ) for 6 > 0. Let (¢;)
be a sequence from [0, b) such that t; — b. If p; = y(¢;), then d(p;, p;) < |[t;i—t;],
so the sequence (p;) is a Cauchy sequence within the metric space (M, d). Let
po be the limit of (p;). Then by Corollary 4 from §2.1, we see that there is some
fixed e > 0 such that exp,, (v) is defined for all |v| < € when i is sufficiently large.
This implies v can be extended a distance € beyond p; when i is sufficiently large,
yielding a contradiction.

2.7 Smooth closed geodesics

If we are willing to strengthen completeness to compactness, we can give an-
other proof of the Minimal Geodesic Theorem, which is quite intuitive and
illustrates techniques that are commonly used for calculus of variations prob-
lems. Moreover, this approach is easily modified to give a proof that a compact
Riemannian manifold which is not simply connected must possess a nonconstant
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smooth closed geodesic. Of course, this can be thought of as a special case of
periodic motion within classical mechanics.
Simplifying notation a little, we let

Q(M;p,q) = { smooth maps ~: [0,1] — M such that v(0) = p and v(1) = ¢ }
and let  Q(M;p,q)* ={y € UM;p,q) : J(v) <a}.

Assuming that M is compact, we can conclude from Proposition 3 of §2.1
that there is a 6 > 0 such that any p and ¢ in M with d(p, ¢) < 0 are connected
by a unique minimal geodesic

Ypg 0 10,1] = M with  L(v,,4) = d(p, ).

Moreover, if § > 0 is sufficiently small, the ball of radius § about any point is
geodesically convex and v, , depends smoothly on p and ¢q. If y: [b,b+¢] — M
is a smooth path and

2

1
€e<5 then J(y)<a = L(v) < V2ae <.

as we see from (1.2).
Choose N € N such that 1/N < ¢, and if v € Q(M;p, q)?, let p; = v(i/N),
for 0 <i < N. Then ~ is approximated by the map 4 : [0,1] — M such that

o (i—1)+t i—1 i
V(t)_7pi1Pi< N ’ fOI le N 7N .

Thus 7 lies in the space of “broken geodesics,”
BGN(M;p,q) = { maps v : [0,1] — M such that

1
v [ZN, ]i]} is a constant speed geodesic },
and Q(M;p,q)* is approximated by

BGn(M;p,q)" ={y € BGn(M;p,q) : J(7) < a}.

Suppose that v is an element of BGy(M;p, q)®. Then if

) 2
pi ="y (;{) , then d(pi—1,pi) <1/ ﬁa < V2ae < 9,

so 7 is completely determined by
(p07p17"'apia"'7pN)7 where Po =D, PN = (.
Thus we have an injection

N-1
j:BGN(M;p,q)* > M x M x---x M,
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We also have a map r : Q(M;p,q)* — BGn(M;p,q)® defined as follows: If
v € Q(M;p,q)?, let r(y) be the broken geodesic from

= t = —1 t t = 71 t
o) o --- to - 0 q.
P =Do b1 =7 N PN-1 =7 N q

We can regard r(v) as the closest approximation to 7 in the space of broken
geodesics.

Minimal Geodesic Theorem II. Suppose that (M™, {(-,-)) is a compact con-
nected Riemannian manifold. Then any two points p and ¢ of M can be con-
nected by a minimal geodesic.

To prove this, let

p=inf{J(y):v € QM;p,q)}.
Choose a > p, so that Q(M;p,q)® is nonempty, and let (;) be a sequence in
Q(M;p,q)* such that J(v;) — p. Let 4; = r(v;), the corresponding broken
geodesic from

1 N -1
p=pojtopyy =74 ) to - topw-n;=7—Fx ) 0

and note that J(3;) < J(v;).

Since M is compact, we can choose a subsequence (ji) such that (p;;, ) con-
verges to some point p; € M for each i. Hence a subsequence of (7;) converges
to an element 4 € BG n(M;p,q)*. Moreover,

J(75) < limj_ooJ(75) < limjoeJ(v5) = p.

The curve 4 must be of constant speed, because otherwise we could decrease J
be reparametrizing 4. Hence 4 must also minimize length L on BGy(M;p, q)°.

Finally, 4 cannot have any corners, because if it did, we could decrease
length by rounding corners. (This follows from the first variation formula for
piecewise smooth curves given in §1.3.2.) We conclude that 4 : [0,1] — M is a
smooth geodesic with L(¥) = d(p, q), that is, ¥ is a minimal geodesic from p to
q, finishing the proof of the theorem.

Remark. Note that BGy(M;p,q)® can be regarded as a finite-dimensional
manifold which approximates the infinite-dimensional space Q(M;p,q)®. This
is a powerful idea which Marston Morse used in his critical point theory for
geodesics. (See [15] for a thorough working out of this approach.)

Although the preceding theorem is weaker than the one presented in the previous
section, the technique of proof can be extended to other contexts. We say that
two smooth curves

y:S' =M and v :S'—= M
are freely homotopic if there is a continuous path

':[0,1] x S — M such that T(0,t) =~ (t) and T(1,t) = a(t).
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We say that a connected manifold M is simply connected if any smooth path
v : 81 — M is freely homotopic to a constant path. Thus M is simply connected
if and only if its fundamental group, as defined in [8], is zero.

As before, we can approximate the space Map(S!, M) of smooth maps 7 :
S — M by a finite-dimensional space, where S' is regarded as the interval
[0,1] with the points 0 and 1 identified. This time the finite-dimensional space
is the space of “broken geodesics,”

BGx(S*, M) = { maps 7 : [0,1] — M such that

v F—Nl’ ;7] is a constant speed geodesic and (0) = (1) }.
Just as before, when a is sufficiently small, then

Map(S?, M)® = {7 € Map($", M) : J(7) < a}
is approximated by

BGN(S', M)* = {y € BGNn(S*, M) : J(v) < a}.
Moreover, if p; = v(i/N), then v is completely determined by
(p1,P2, - D1 PN).

Thus we have an injection

N
j:BGN(SY, M)* = M x M x ---x M,

ily) = (7 (;,) yoresY <NA_,1> ,7(1)> :

We also have a map r : Map(S', M)* — BGy(St, M)® defined as follows: If
v € Map(St, M)?, let r(vy) be the broken geodesic from

1 N -1
~(0) toplfy(N> to --- to pN—1’Y(N) to py = v(1).

Closed Geodesic Theorem. Suppose that (M™,{-,-)) is a compact connected
Riemannian manifold which is not simply connected. Then there is a noncon-
stant smooth closed geodesic in M which minimizes length among all noncon-
stant smooth closed curves in M™.

The proof is virtually identical to that for the Minimal Geodesic Theorem II
except for a minor change in notation. We note that since M is not simply
connected, the space

F = {y € Map(S*, M) : ~ is not freely homotopic to a constant }
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is nonempty, and we let

p=inf{J(y) : v € F}.

Choose a > p, so that F* = {y € F : J(v) < a} is nonempty, and let (v,) be a
sequence in F* such that J(vy;) — p. Let 4; = r(v;), the corresponding broken
geodesic and from

1 N -1
pnj =7(0) to p1j =~ v ) oo pw-n; =75 ) torN; =7(1),

and note that J(3;) < J(v;).

Since M is compact, we can choose a subsequence (ji) such that (p;;, ) con-
verges to some point p; € M for each i. Hence a subsequence of (7;) converges
to an element 4 € BG (S, M)®. Moreover,

J(75) S limj oo J(55) < limj oo J(75) = p-

The curve 4 must be of constant speed, because otherwise we could decrease J
be reparametrizing 7. Hence § must also minimize length L on BG (S, M)®.

Finally, 4 cannot have any corners, because if it did, we could decrease
length by rounding corners. (This follows again from the first variation formula
for piecewise smooth curves given in §1.3.2.) We conclude that 7 : S — M is a
smooth geodesic which is not constant since it cannot even be freely homotopic
to a constant.

Remarks. It was proven by Fet and Liusternik that any compact connected
Riemannian manifold has at least one smooth closed geodesic. As in the proof
of the preceding theorem, one needs a constraint to pull against and such con-
straints are provided by the standard topological invariants of the free loop
space Map(S!, M), namely

me(Map(St, M)) and H*(Map(S*, M);7Z).

A nonconstant geodesic vy : S' — M is said to be prime if it is not of the form
v om, where m: S — S! is a covering of degree k > 2. Wilhelm Klingenberg
raised the question: Is it true that any compact simply connected Rieman-
nian manifold has infinitely many prime smooth closed geodesics? Gromoll and
Meyer [7] made a significant advance on this question by showing that if M
had only finitely many prime geodesics, then the ranks of H*(Map(S*, M);R)
must be bounded. Unfortunately, it is quite difficult to calculate the integer
cohomology ring of Map(S*t, M) using the usual techniques of algebraic topol-
ogy. However, Quillen and Sullivan were able to simplify the calculations of
rational or real cohomology sufficiently (via Sullivan’s theory of minimal mod-
els) to enable Vigué and Sullivan to show that if M has only finitely many
prime geodesics, then the real cohomology algebra H*(Map(S!, M); R) must be
generated as an algebra by a single element.
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Nevertheless, the basic question raised by Klingenberg still appears to be
open for compact simply connected Riemannian manifolds such as S™, when
n> 3.

The partial solution of this question by Gromoll, Meyer and others repre-
sents an impressive application of algebraic topology to a problem very much
at the center of geometry and mechanics. One need only recall that proving
existence of periodic solutions to problems in celestial mechanics was one of the
prime motivations for Henri Poincaré’s research which led to the development
of qualitative methods for solving differential equations.
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Chapter 3

Curvature and topology

3.1 Overview

Curvature is the most important local invariant of a Riemannian or pseudo-
Riemannian manifold (M, (-,-)). It measures the deviation from flatness in
the coordinates (normal coordinates) which are as flat as possible near a given
point p. It is natural to ask what is the relationship between the curvature of a
pseudo-Riemannian manifold and its topology.

There are many ways of looking at the curvature. Recall from §1.9 that we
can organize the curvature into a curvature operator

R : A*T,M — A*T,M defined by (R(zAy),zAw) = (R(z,y)w,z),

and one of the curvature symmetries states that this curvature operator is sym-
metric,
Rz ANy)yzAw) =(x Ay, R(z Aw)) .

Hence by theorems from linear algebra, AQTpM has a basis consisting of eigen-
vectors for R and all of the eigenvalues of R are real.

Definition. We say that (M, (-,-)) has positive curvature operators if for every
p € M, the eigenvalues of R are > 0 and that it has nonpositive curvature
operators if for every p € M, the eigenvalues of R are < 0.

One of the first theorems relating curvature to topology was a theorem first
proven by von Mangoldt and Hadamard in the classical theory of surfaces and
then extended to Riemannian manifolds of arbitrary dimension by Elie Cartan
in 1928. Recall from §2.7 that a connected manifold M is simply connected if
any smooth path v : S' — M is freely homotopic to a constant path. The
Hadamard-Cartan Theorem implies that a simply connected complete Rieman-
nian manifold with nonpositive curvature operators must be diffeomorphic to
Euclidean space.

The Hadamard-Cartan theorem contrasts with a 2008 theorem of Béhm and
Wilking [1] which states that compact simply connected Riemannian manifolds

94



with positive curvature operators are diffeomorphic to spheres. The reason
the Hadamard-Cartan theorem was proven so much earlier is that it used only
the theory of geodesics, while the Bohm-Wilking result used the Ricci flow
of Hamilton that was developed to settle the Poincaré conjecture for three-
manifolds.

Actually, however, the Hadamard-Cartan Theorem is somewhat stronger
than what we stated. This is because it is sectional curvatures which govern
the behavior of geodesics. Positive sectional curvatures cause geodesics ema-
nating from a point p € M to converge, while nonpositive sectional curvatures
cause them to diverge, and it is the latter fact which underlies the proof of
the Hadamard-Cartan Theorem. Thus nonpositive curvature operators can be
replaced by a weaker hypothesis in the Hadamarad-Cartan Theorem: ffor every
peEM,

(R(xz ANy),zAy) <0, for all decomposable z Ay € A>T M,

the assumption that (M, (-,-)) has nonpositive sectional curvatures.

Asserting that a manifold has positive sectional curvatures is weaker than
saying that it has positive curvature operators. Indeed, the complex and quater-
nionic projective spaces have positive sectional curvatures and are not homeo-
morphic to spheres. However, one can use convergence properties of geodesics to
prove key theorems regarding Ricci curvature. One of the oldest of these is the
theorem of Myers (1941) which asserts that a complete Riemannian manifold
whose Ricci curvature satisfies the condition

-1
Ric(v,v) > %(v,w, for allv e TM, (3.1)

where a is a nonzero real number, must be compact and its distance function
must satisfy the condition d(p,q) < ma, for all p,q € M. Like the Hadamard-
Cartan Theorem the argument is based upon the influence of curvature on
geodesics, this time the fact that positive curvature causes geodesics to focus.
It has an analog in Lorentz geometry that led to the celebrated singularity
theorems of Hawking and Penrose (see [17] for a discussion of these theorems).

Although Myers’ Theorem puts a major restriction on the topology of com-
pact manifolds of positive Ricci curvature, it is known that any manifold of
dimension at least three has a complete Riemannian metric with negative Ricci
curvature and finite volume [14]. Thus there are no significant topological re-
strictions on manifolds of negative Ricci or scalar curvature. The question of
which compact manifolds admit metrics of positive scalar curvature, on the other
hand, has generated numerous important theorems, many using techniques from
the theory of linear elliptic equations on Riemannian manifolds, as well as spin
geometry [11]. Whether a compact manifold of dimension four has a metric of
positive scalar curvature often depends on invariants which go beyond the usual
topological invariants of algebraic topology. Indeed, existence of positive scalar
curvature metrics on compact four-manifolds is related to the more refined in-
variants of Donaldson and Seiberg and Witten, which depend upon the smooth
structure of the manifold, not just its topological type.

95



We next build up the machinery needed to prove the theorems of Hadamard-
Cartan and Myers, the basic theorems relating curvature to topology. Along
the way we will prove uniqueness of the standard simply connected Riemannian
manifolds of constant sectional curvature.

3.2 Parallel transport along curves

Let (M, {-,-)) be a pseudo-Riemannian manifold with Levi-Civita connection
V. Suppose that v : [a,b] — M is a smooth curve. A smooth vector field in M
along v is a smooth function

X :[a,b] = TM such that X(t) € TyyM for all t € [a,b].
We can define the covariant derivative of such a vector field along -,
VX [a,b] — TM, so that (VFY/X)(t) € T’y(t)M'

If (x',...,2") are local coordinates in terms of which

x=Yrnl . ym= 1y

i=1 ~(t) i=1

i

(1)

then a short calculation shows that

voxt=3 | T+ 3 e wmw| 2

i=1 3. k=1

(3.2)

v(t)
We would write this last equation in tensor notation as

n d j
Zf’:jM =0 along~.
j=1

dt
Definition. We say that a vector field X along v is parallel if V., X = 0.

Proposition. If vy : [a,b] — M is a smooth curve, to € [a,b] and v € T\ M,
then there is a unique vector field X along -~y which is parallel along ~ and takes
the value v at ty:

VX =0 and X(tg) =v. (3.3)

Proof: Suppose that in terms of local coordinates,

v:;a E

7(to)
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Then it follows from (3.2) that (3.3) is equivalent to the linear initial value
problem

df' |~ i d@on) ; ;
el e, N 1 — % —at
gt +j§k:1 12— ff=0, f'(to)=a

Tt follows from the theory of linear ordinary differential equations (which is must
simpler than the general theory of differential equations) that this initial value
problem has a unique solution defined on the interval [a, b].

If v : [a,b] — M is a smooth path we can define a vector space isomorphism
Tt Tw(a)M — Tw(b)M by T,Y(U) = )((b)7

where X is the unique vector field along ~ which is parallel and satisfies the
initial condition X (a) = v. Similarly, we can define such an isomorphism 7, if
7y is only piecewise smooth. We call 7., the parallel transport along .

Note that if X and Y are parallel along ~y, then since the Levi-Civita con-
nection V is metric, (X,Y) is constant along ~; indeed,

Y(X,Y) = (Vo X,Y) 4 (X,V,Y) =0.

It follows that 7, is an isometry from T’ )M to T ) M.

Parallel transport depends very much on the path . For example, we could
imagine parallel transport on the unit two-sphere S? C E? along the following
piecewise smooth geodesic triangle v: We start at the north pole n € S? and
follow the prime meridian to the equator, then follow the equator through 6
radians of longitude, and finally follow a meridian of constant longitude back
up to the north pole. The resulting isometry from 7,S? to itself is then just a
rotation through the angle 6.

3.3 Geodesics and curvature

We now consider the differential equation that is generated when we have a
“deformation through geodesics.”

Suppose that 7 : [a,b] — M is a smooth curve and that « : (—¢, €) x [a, b] —
M is a smooth map such that «(0,t) = v(t). We can consider the map «a as
defining a family of smooth curves

a(s) : [a,b) — M, for s € (—e,€), such that @&(0)=~,

if we set a(s)(t) = a(s,t). A smooth vector field in M along « is a smooth
function

X : (—e€€) X [a,b] = TM
such that X(s,t) € Ty, M for all (s,t) € (—¢,¢€) x [a,b].

We can take the covariant derivatives Vj,5,X and Vg,5, X of such a vector
field along « just as we did for vector fields along curves. (In fact, we already
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carried out this construction in a special case in §1.6.) If (z,...,2") are local
coordinates in terms of which

n

X(s,t) = Zfi(s,t)aii

=1 afs,t)

. 0 _ Oa B " 9(zt o a) 0
and we write %(s,t) = &(S’t) = Z B (s,t) e

)

a(s,t)

i=1

then a short calculation yields

L Y i - Azl o )
(VoronX)(50) =S | 2 4 S i om0 pi) (g 1y O
i=1 s Gk=1 5 Oz a(st)

In tensor notation we would write this as
n )
o d(xd o)
t.—————~ =0 along a.
j; I 7 g

Of course, a similar local coordinate formula can be given for V9, X.
Important examples of vector fields along « include

oo o
9s ot’

k
ij

0 0
Voyas (8?) = Voot (£> .

Just as in §1.8, the covariant derivatives do not commute, and this failure is
described by the curvature: Thus if X is a smooth vector field along «,

9a 90
0s’ Ot

and it follows quickly from the symmetry I’
formulae that

= T'%; and the local coordinate

Vosas° Voot X — Voot 0VagasX =R (

We say that « a deformation of v and call

e’

the corresponding deformation field.

Proposition 1. If « is a deformation such that each a(s) is a geodesic, then
the deformation field X must satisfy Jacobi’s equation:

V.,V X+ R(X,¥)Y =0. (3.4)
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Proof: Since a(s) is a geodesic for every s,

e dav
Voot (875) =0 and hence Vy,9:Vy ot (875) =0.

By the definition of curvature (see §1.8)

0 Ja Oa\ 0
VasotVayos <£> +R (&0;’ 8?) afzé =0

Oa Jda Oa\ Oa
or Va/atVa/at ((38) + R (857 6‘t> En =0

Evaluation at s = 0 now yields (3.4), finishing the proof.

Remark. The Jacobi equation can be regarded as the linearization of the
geodesic equation near a given geodesic 7.

Definition. A vector field X along a geodesic v which satisfies the Jacobi
equation (3.4) is called a Jacobi field.

Suppose that v is a unit speed geodesic and that (E,...E,) are parallel or-
thonormal vector fields along v such that E; = «'. We can then define the
component functions of the curvature with respect to (E1,...E,) by

R(Ey, E)E; = > R, E;.

i=1

where our convention is that the upper index 7 gets lowered to the first position.
If X =5 f*E;, then the Jacobi equation becomes

Cf N pi
dt2 + Zlel'f - O. (3.5)
j=1

This second order linear system of ordinary differential equations will possess a
2n-dimensional vector space of solutions along . The Jacobi fields which vanish
at a given point will form a linear subspace of dimension n.

Example. Suppose that (M, (-,-)) is a complete Riemannian manifold of con-
stant sectional curvature k, in other words,

K(o) =k, whenever o C T,M is a two-dimensional subspace, p € M.
Then the Riemann-Christoffel curvature tensor is given by
R(X, Y)W =k[(Y, W)X — (X,W)Y].
In this case, X will be a Jacobi field if and only if

VyVyX =—-R(X, 7)Y =k[(X, %) — (v, 7")X].
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Equivalently, if we assume that v : [0,b] — M is unit speed and write X =
3 fE;, where (E1, ..., E,) is a parallel orthonormal frame along  such that
Ey =4/, then R';; =0 for all j, and for 2 <i < n,

R k, for j =1,
U o, for j #i.

Thus writing out (3.5) for the constant curvature case yields

2 rl
ddt); =0,
CI _  kfi for2<i<
o = —kf', for2<i<n.

The solutions are
i) = a' +b't,
and for 2 <1i¢ < n,

a* cos(Vkt) + b sin(v/kt), for k > 0,
i) =< a' 4+ bit, for k =0, (3.6)
a’ cosh(v/—kt) + b' sinh(v/—kt), for k <0,

Here a',b',...,a™, b" are constants of integration to be that are determined by
the initial conditions.

Definition. Suppose that v : [a,b] — M is a geodesic in a pseudo-Riemannian
manifold (M, (-,-)) with y(a) = p and v(b) = ¢q. We say that p and ¢ are
conjugate along «y if p # ¢ and there is a nonzero Jacobi field X along v such
that X (a) = 0= X(b).

For example, antipodal points on the sphere S™(1) of radius one are conjugate
along the great circle geodesics which join them, while E™ and H"(1) do not
have any conjugate points.

Suppose that p is a point in a geodesically complete pseudo-Riemannian
manifold (M, (-,-)) and v € T, M. We can then define a geodesic v, : [0,1] — M
by 7, (t) = exp,(tv). We say that v belongs to the conjugate locus in T,M if
~,(0) and 7,(1) are conjugate along -, .

Proposition 2. A vector v € T, M belongs to the conjugate locus if and only
if (exp,,)« is singular at v, that is, there is a nonzero vector w € T, (T, M) such
that (exp,,) .« (w) = 0.

Proof: We use the following construction: If w € T, (T, M), we define
i (€,€) X [0,1] = M by (s, t) = exp,(t(v + sw)).

We set P
%%
w = —Qa_ ) b
Xu(t) = —52(0.1)
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a Jacobi field along 7, which vanishes at v,(0). As w ranges throughout T, M,
Xy rnges throughout the n-dimensional space of Jacobi fields along ~, which
vanish at 7,(0).

< If (exp,)«v(w) = 0 where w # 0, then X, is a nonzero Jacobi field along 1,
which vanishes at v, (0) and 7,(1), so v belongs to the conjugate locus.

=-: If v belongs to the conjugate locus, there is a nonzero Jacobi field along -,
which vanishes at 7, (0) and v, (1), and this vector field must be of the form X,
for some nonzero w € T, (T, M). But then (exp,,).,(w) = X,y(1) = 0, and hence
(exp,, )« is singular at v.

Example. Let us consider the n-sphere S™ of constant curvature one. If p is
the north pole in S™, it follows from (3.6) that the conjugate locus in T,S™ is a
family of concentric spheres of radius km, where k € N.

3.4 The Hadamard-Cartan Theorem

We now turn to the proof of the Hadamard-Cartan Theorem, which states that
the exponential map at any point is a smooth covering, in accordance with the
following definition: A smooth map 7 : M — M is a smooth covering if T is
onto, and each ¢ € M possesses an open neighborhood U such that 7#=1(U) is a
disjoint union of open sets each of which is mapped diffeomorphically by 7 onto
U. Such an open set U C M is said to be evenly covered.

Hadamard-Cartan Theorem I. Let (M, {(-,-)) be a complete connected Rie-
mannian manifold with nonpositive sectional curvatures. Then the exponential
map

exp, : TyM — M

is a smooth covering.

It is a theorem from basic topology as we will see in §3.5 (or see Chapter 1 of
[8]) that a smooth covering of a simply connected space must be a diffeomor-
phism. Thus the Hadamard-Cartan Theorem will imply that a simply connected
complete Riemannian manifold with nonpositive sectional curvatures must be
diffeomorphic to Euclidean space.

Suppose that (M, (-,-)) is a complete Riemannian manifold. A point p € M
is said to be a pole if the conjugate locus in T,M is empty. For example, it
follows from the explicit formulae we derived for Jacobi fields that any point
in Euclidean space E™ or hyperbolic space H" is a pole. The first step in
establishing the Hadamard-Cartan Theorem consists of proving the following
assertion:

Lemma 1. If (M, (,-)) is a complete connected Riemannian manifold whose
curvature R satisfies the condition

(R(z,y)y,z) <0, forallxz,yeTy;M andall g€ M,
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then any point p € M is a pole.

Proof: Suppose that p € M, v € T,M and (t) = exp,(tv). We need to show
that p = v(0) and ¢ = (1) are not conjugate along ~.

Suppose, on the contrary, that X is a nonzero Jacobi field along + which
vanishes at v(0) and v(1). Thus

V’Y'V’Y'X + R(Xa 7/)7/ =0, <V’Y/V’Y/X3X> = 7<R(X7 7/)717X> > 0.
Hence

1
/ (V. Vo X, X)dt > 0,
0

and integrating by parts yields

1
d
/0 Lﬁ<vw,x,x>_<vyx,vyx> dt >0,

and since the first term integrates to zero, we obtain
1

/ —(V, X,V X)dt > 0.
0

It follows that V.. X = 0 and hence X is identically zero, a contradiction.

Thus to finish the proof of the Hadamard-Cartan Theorem, we need only prove
the

Pole Theorem. If (M,(-,-)) is a complete connected Riemannian manifold
and p € M is a pole, then exp, : T,M — M is a smooth covering.

To prove this, we need to show that 7 is onto and each p € M has an open
neighborhood U such that 7—!(U) is the disjoint union of open sets, each of
which is mapped diffeomorphically by 7 onto U.

Since exp,, is nonsingular at every v € T, M, we can define a Riemannian
metric ((-,-)) on T, M by

({z,y)) = ((exp,)(2), (expp)«(y)),  for all z,y € T, (T, M).

Locally, exp,, is an isometry from (7,,M, ((-,-))) to (M, (-,-)) and it takes lines
through the origin in T), M to geodesics through p € M. Hence lines through the
origin must be geodesics in the Riemannian manifold (T,M, ({-,-))). It therefore
follows from the Hopf-Rinow Theorem from §2.6 that (T, M, ((-,-))) is complete.
Thus the theorem will follow from the following lemma:

Lemma 2. If 7 : M — M is a local isometry of connected Riemannian mani-
folds with M complete, then 7 is a smooth covering.

Proof of lemma: Let ¢ € M. We need to show that ¢ lies in an open set U C M
which is evenly covered, i.e. that 7=1(U) is a disjoint union of open sets each
of which is mapped diffeomorphically onto U.
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There exists € > 0 such that exp, maps the open ball of radius 2¢ in T, M
diffeomorphically onto {r € M : d(q,r) < 2¢}. Let {do : @ € A} be the set of
points in M which are mapped by 7 to ¢, and let

U={reM:d(rq) < e}, Uy ={F € M:d(F,da) < €}.
Choose a point G, € 7~ 1(q), and let
B.={veT,M:|v|<e, B.={0e&TzyM:|d|<e}

Since 7 takes geodesics to geodesics, we have a commutative diagram

B. ——— B,

exp,_ l exp, l

ﬁaL,U

Note that exp;, is globally defined and maps onto U, because M is complete,
and 7, and exp, are diffeomorphisms. It follows that = must map U, diffeo-
morphically onto U.

IfreU,NU 3, we would have geodesics 4, and g of length < € from ¢,
and ¢ to 7. These would project to geodesics v, and g of length < e from ¢
to r = w(7). By uniqueness of geodesics in normal coordinate charts, we would
have v, = 7g. Since 7 is a local isometry, ¥, and g would satisfy the same
initial conditions at 7. Thus 7, = 93, 50 o = ¢ and a = 3. We have shown
that U, NUs # 0 only if o = 3.

Suppose now that # € 7= (U), with r = 7(#) € U. Then there is a unit-
speed geodesic vy from 7 to g of length < e. There is a unit-speed geodesic ¥ in
M starting from 7 whose initial conditions project to those of 7. Then moy =~
and hence 7 proceeds from 7 to g, in time < € for some o € A. Thus 7 € U,
for some o € A, and

7N U) = U{UO‘ ta € A}

Thus every point in M lies in an open set which is evenly covered. One
easily checks that 7w(M) is both open and closed in M. Since M is connected,
7 is surjective and the lemma is proven. This in turn proves the Pole Theorem

and the Hadamard-Cartan Theorem.

In the next section, we will describe the properties of the fundamental group
of a smooth manifold and its relationship to smooth coverings. Using those
properties, one can restate the Hadamard-Cartan Theorem as:

Hadamard-Cartan Theorem II. Let (M, {(-,-)) be a complete simply con-
nected Riemannian manifold with nonpositive sectional curvatures. Then the
exponential map

exp, : T,M — M

is a diffeomorphism.
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3.5 The fundamental group*

For the benefit of readers who may not have taken the basic sequence in algebraic
topology, this section gives a brief treatment of the notion of fundamental group.
If you have not seen the fundamental group before, focus first on the definitions
of fundamental group, simply connected and universal covers, take the main
theorems on faith, and gradually return to the proofs after you see how these
concepts are used. A more detailed treatement of the fundamental group can
be found in Chapter 1 of [8], which is available on the internet.

3.5.1 Definition of the fundamental group*

Suppose that X is a metrizable topological space and that zg and z; are points
of X. We let

P(X;x0,21) = { continuous paths v : [0,1] — X : v(0) = zo, (1) = 21 }.

If v, A € P(X,xo,x1) we say that v and A are homotopic relative to the endpoints
{0,1} and write y ~ X if there is a continuous map « : [0, 1] x [0, 1] — X such
that

a(z,0) =z, as,1)=x1, a0,t)=~(t), «a(l,t)=A{).

We let 71 (X, o, x1) denote the quotient space of P(X, xg,x1) by the equivalence
relation defined by ~, and if v € P(X, zg,x1), we let [y] € m1(X;x0, 1) denote
the corresponding equivalence class. If d is a metric defining the topology on
X, we define a metric on P(X;xzg,21) by

d(y, A) = sup{d(v(), A(t)) - ¢ € [0, 1]},

then P(X;xo,x1) becomes a metric space itself and it has a resulting topology.
In this case, m1 (X, zg, z1) can be regarded as the collection of path components
of P(X;xo,21).
Suppose that v € P(X;x0,z1) and A € P(X;z1,22), and define v - X €
P(X;zg,22) by
(- A)(E) = {;\y(2t), for ¢ € [0,1/2],
(2t — 1), forte[1/2,1].

Finally, if [7] € mi(X;20,21) and [A] € m(X;21,22), we claim that we can
define a product [y][\] = [y - A] € m1(X;z0,22). We need to show that this
product

(X5 2o, 1) X (X 21, 22) — 71 (X 2o, 22)

is well-defined; in other words, if v ~ 4 and A ~ :\, then

YA
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We show that v ~ 4 implies that v- A ~ 4 - A. If « is the homotopy from -~
to 7, we define

a(s,2t), forte[0,1/2],
:[0,1] x [0,1] = X D s.t) =
g: 10,1 [0.1] y Alsd) {/\(Qt—l), for ¢ € [1/2, 1].
This gives the required homotopy from - A to - A. The fact that A ~ A implies
that v - A >~ ~ - X is quite similar.
The case where xy = x is particularly important. We denote 7 (X, 2, z¢)
by 7m1(X, x0), and call it the fundamental group of X at xg.

Theorem. The multiplication operation defined above makes 71(X, xg) into a
group.

To prove this we must first show that m; (X, zo) has an identity. We let € be the
constant path, £(t) = zo for all ¢ € [0, 1], and claim that

[y-el=Dhl=le-~], forall [y] € m (X, o).

We prove the first equality, the other being similar; to do this, we need to
construct a homotopy from 7 - € to v. We simply define « : [0,1] x [0,1] — X
by

a(s.t) = {7 (2). fort<@/2)s+1),
, o, for t > (1/2)(3+1)_

Then a(0,t) = (v -¢)(t) and «(1,t) = v(¢).
To prove associativity of multiplication, we need to show that if v, A and g
are elements of P(X,xg), the

(VA p=y (A ).
To do this, we define a : [0,1] x [0,1] — X by

7(;&1)’ fort§(1/4)(s+1),
a(s,t) =q A4t —s—1), for (1/4)(s+1) <t <(1/4)(s+2),
u(%) for ¢ > (1/4)(s + 2).

Then «(0,t) = (y-A) - u while a(1,¢) = - (A ), so multiplication is indeed
associative.

Finally, given v € P(X, z¢), we define y~1(¢) = v(1—t). To prove that [y~!]
is the inverse to [y], we must show that

vy t~e and y 'y ~e.
For the first of these, we define a homotopy « : [0,1] x [0,1] — X by

~¥(2t), for t < (1/2)(1 — s),
a(s,t) =< y(1—s), for (1/2)(1—35) <t < (1/2)(1+s),
~v(2—2t), fort>(1/2)(1+s).
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Then (0,t) = (v -~y 1)(¢) while a(s, 1) = 2. The homotopy for v~ -y ~ ¢ is
constructed in a similar fashion.

A continuous map F : X — Y with F(z() = yo induces a map
Fy: P(X,z0) = P(Y,y0) by Fy(y)=Fon,
and it is easily checked that
Yy~XA = Foyx~Fol,
so that Fy induces a set-theoretic map
Fy:m (X, @0) — m1(Y, 9o0).

Moreover, it is immediate that Fy is in fact a group homomorphism. We thus
obtain a covariant function from the catergory of pointed metrizable topological
spaces (X, zg) and continuous maps F' : (X, z¢) — (Y, yo) preserving base points
to the category of groups and group homomorphisms.

Remark. If X is pathwise connected, the fundamental groups based at different
points are isomorphic. This is proven by techniques similar to those utilized in
the proof of the preceding theorem. Indeed, if v € P(X,zo, 1), we can define
amap h, : P(X,z9) — P(X,z1) by

~v(1—3t), fortel0,1/3],
hy(X) = ¢ A3t —1), forte[1/3,2/3],
~v(3t —2), forte[2/3,1].

By arguments similar to those used in the proof of the preceding theorem, one
checks that this yields a well-defined group homomorphism

hiy s (X, 20) — m(X,21) by hy([A]) = [y Al

Finally, if y=! € P(X,z1,70) is defined by y=!(¢) = v(1 — t), one checks that
hiy-1y is an inverse to hy).

Definition. We say that a metrizable topological space X is simply connected
if it is pathwise connected and 71 (X, xo) = 0. (The above remark shows that
this condition does not depend on the choice of base point xg.

3.5.2 Homotopy lifting*

To calculate the fundamental groups of spaces, one often uses the notion of
covering space. A continuous map 7 : X — X is a covering if it is onto and
every * € X lies in an open neighborhood U such that 7=(U) is a disjoint
union of open sets each of which is mapped homeomorphically by 7 onto U.
Such an open set is said to be evenly covered. Coverings have two important
useful properties:
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Homotopy Lifting Theorem. Suppose that 7 : X — X is a covering. If
7:00,1] - X,  «a:[0,1] x[0,1] - X

are continuous maps such that 7(5)((t) = «(0,t), then there exists a continuous
map )

a:[0,1] x[0,1] — X
such that &(0,t) = 4(t) and w0 & = «.

In words, the homotopy « can be lifted to & taking values in X.

To prove this, we let & be an open cover of [01,] x [0,1] C R? consisting of open
sets of the form (a,b) X (¢, d) where a,b, ¢, d are rational and

a((a,b) x (¢,d)N[0,1] x [0,1])

lies in an evenly covered open subset of M. Since [0,1] x [0, 1] is compact, a
finite subcollection

{(alv by X (Cla dl)v ceey (akv bk) X (Ckv dk)}

of U covers [0,1] x [0,1]. Choose a positive integer m so that may, ..., mdy are
all integers and let n = 2m. For 1 <4,j < n, let

]
n 'n n n
Then «(D;;) is contained in an evenly covered open subset U;; of X.

The idea now is to define & inductively on D11, D1a, ...,D1n, D21, ..., Doy,
vy Dp1y ooy Do,

When we get to the (4, j)-stage, & is already defined on a connected part of
the bounary of D;; and the image lies in some l~]” which is mapped homeomor-
phically onto an evenly covered open subset U;; of X. We are forced to define

6&|Dij = (W‘Uij)_l (e} H‘Oéij.

This gives the unique extension of & to D;; and an induction on ¢ and j then
finishes the proof of the Unique Path Lifting Theorem.

Remark. In the Homotopy Lifting Theorem, we could consider the case of
a degenerate path 7(t) = p and a degenerate homotopy «(s,t) = A(s). In
this case, the Homotopy Lifting Theorem gives rise to a existence of a path A
covering a given path A in X. The following theorem shows that this lifted path
is unique:

Unique Path Lifting Theorem. Suppose that 7 : X — X is a covering. If
v, A :[0,1] — X are two continuous maps such that v(0) = A\(0) and moy = wol,
then v = .

107



To prove this, we let J = {t € [0,1] : y(t) = A(t)}. We claim that J is both
open and closed. Indeed, if ¢ € J, y(t) = A(t) and (t) = A(t) lies in some open
set U which is mapped homeomorphically onto an open set U in X. Clearly
t Cy Y U)NA"Y(U) C J. Hence J is open.
On the other hand, if ¢ € J, there exist open sets U1 and U2 such that
v(t) € Uy and A(t) € Us, where the two sets U, and U, are disjoint open sets
mapped homemorphically by 7 onto an open subset U of X. Thus

te~y YU N A Ts) € [0,1] — J,
and J is closed.
Example. Suppose that
T:R—=S'={ze€C:|z|=1} by n(t) =", (3.7)

One checks that 7 is a smooth covering. We can use the previous theorems to
calculate the fundamental group m;(S?,1).

Indeed, suppose that v € P(S',1). Then the Unique Path Lifting Theorem
implies that there is a unique 4 : [0,1] — R such that ¥(0) = 0 and mo ¥ =
v. Since (1) = 1, there exists an element k£ € Z such that (1) = k. If
v =~ X € P(S%1) by means of a homotopy « : [0,1] x [0,1] — S!, we can use
the Homotopy Lifting Theorem to construct & : [0,1] x [0,1] — R such that
a(0,t) = 4(t) and 7 o @ = a. Unique path lifting implies that a(s,0) = 0,
a(s,1) =k. and a(1,t) = )\( ). Thus 7(1) = A(1), and we obtain a well-defined
map

h:m(S' 1) — Z such that h([y]) = F(1).

It is easily checked that h is a homomorphism and since h([e?>™*]) = k for k € Z,
we see that h is surjection. Finally, if A([y]) = 0, then (1) = 0 and hence 7 is
homotopic to a constant, and ~y itself must be homotopic to a constant. Thus
we conclude that 7 (S?,1) = Z.

Degree of maps from S! to S': Suppose that F': S' — S! is a continuous
map. Then 7 : S' — S! determines a homomorphism of fundamental groups

Y 7T1(Sl) — 7r1(51),

and since m;(S') = Z, this group homomorphism must be multiplication by
some integer n € Z. We set deg(y) = n and call it the degree of ~.
Regarding S! as

St ={(z,y) e R*: 2? +y* =1}.

we note that the differential form xdy — ydz is closed but not exact. However,
if 7 is the covering (3.7), then 7*(ydx — xdy) = df for some globallly defined
real-valued function # on R. If v : S — St is smooth, then ~ lifts to a smooth
map 7 : ST — R and

deg(7) = %/d&z ;ﬂ[y(mdy—ydx).
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By very similar arguments, one could calculate the fundamental groups of many
other spaces. For example, if T = E"/Z", the usual n-torus, then

n

——
Wl(TnaxO) :Z@EBZa

while if RP™ is the real projective space obtained by identifying antipodal points
on S™(1), then m (RP™, xg) = Zs.

Finally, the Homotopy Lifting Theorem allows us to finish the argument that
a complete simply connected Riemannian manifold which has nonpositive sec-
tional curvatures must be diffeomorphic to R™:

Covering Theorem. Suppose that 7 : M — M is a smooth covering, were
M and M are pathwise connected. If M is simply connected, then 7 is a
diffeomorphism.

To prove this we need only show that 7 is one-to-one. Suppose that p and ¢ are
points in M such that 7(p) = 7(§). Since M is pathwise connected, there is a
continuous path 7 : [0,1] — M such that (1) = p and (1) = §. Let y =m0 7.
If p = n(p) = 7(q), then v € P(M,p). Since M is simply connected there is a
continuous map « : [0,1] x [0,1] — M such that

a(s,0) =p=a(s,1), «a0,t)=~(), «ol,t)=np.

By the Homotopy Lifting Theorem, there is a continuous map & : [0, 1] x [0, 1] —
M such that
a(0,t) = (1), Tod=q.

The Unique Path Lifting Theorem implies that
a(s,0) =a(0,0) =5(0)=p and a(s,1)=a0,1)=5(1) =q.

On the other hand, the Unique Path Lifting Theorem also implies that &(1,t)
is constant. Hence p = ¢ and 7 is indeed one-to-one, exactly what we wanted
to prove.

3.5.3 Universal covers*

The final fact often needed regarding the fundamental group and covering spaces
is the existence of a universal cover.

Universal Cover Theorem. If M is a connected smooth manifold, there
exists a simply connected smooth manifold M together with a smooth covering
7+ M — M. Moreover, if M; is another simply connected smooth manifold
with with smooth covering 71 : M, — M, there exists a smooth diffeomorphism
T:M%Ml such that m =m0 T.

We sketch the argument. A complete proof can be found in [8].

109



We start with a point py € M and let

M={(p,[7]) :pe M,[y] € 7 (M;po,p)}.

We can then define 7 : M — M by 7(p, [v]) = p. We need to define a metrizable
topology on M, check that 7 is a covering and show that M is simply connected.
Then M inherits a unique smooth manifold structure such that 7 is a local
diffeomorphism.

Here is the idea for constructing the topology: Suppose that p = (p,[y]) € M
and let U be a contractible neighborhood of p within M. We then let

U(py[’y]) ={(q,[\)) € M : g € U,[\] = [y - a], where « lies entirely within U }.

Then 7 maps 0(P,M) homeomorphically onto U. From this one concludes that
7 is a covering. R ~
To show that M is simply connected, we suppose that A : [0,1] — M is a

continuous path with B ~
A0) = A1) = (po, [e]),

where ¢ is the constant path at pg. Then A = o \ is a closed curve from Ppo to
po. For t € [0, 1], we define

At 1 [0,1] = M by  Ai(s) = A(st),

and define . 3 .
A:[0,1] = M by A(t) = (A(#), [Ae])-

Then A(0) = (po, [¢]) and o A = X. By the Unique Path Lifting Theorem,
A=A But

M) =M1) = (po,[N) = (po,e]) = [N =]

Thus A is homotopic to a constant in M and by the Homotopy Lifting Theorem,
\is homotopic to a constant in M.

If M, is another simply connected smooth manifold with with smooth cov-
ering m : My — M, we choose p; € M; such that m1(p1) = po. We then
define ~ R

T:M— M by T(p[])=71),

where 7 : [0,1] — M, is the unique lift of v such that 5(0) = p;. It is then
relatively straightforward to check that T is a diffeomorphism such that = =
71 © T.

Definition. If M is a connected smooth manifold and 7 : M — M is a smooth
covering with M simply connected, we say that w : M — M (or sometime M
itself) is the universal cover of M.

Note that the above construction of the universal cover shows that the elements
of the fundamental group of M correspond in a one-to-one fashion with the
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elements of m=%(pg). One can also show that there is a one-to-one correspon-
dence between elements of the fundamental group of M and the group of deck
transformations of the universal cover 7 : M — M, where a deck transformation
is a diffeomorphism

T:M — M suchthat 7woT = .

3.6 Uniqueness of simply connected space forms

The Hadamard-Cartan Theorem has an important consequence regarding space
forms, that is, complete Riemannian manifolds whose sectional curvatures are
constant:

Space Form Theorem. Let k be a given real number. If (M,(-,-)) and
(M, (-,-)) are complete simply connected Riemannian manifolds of constant cur-

vature k, then (M, {(-,-)) and (M, {-,-)) are isometric.

The proof divides into two cases, the case where k < 0 and the case where
k > 0. It is actually the first case to which the Hadamard-Cartan Theorem
directly applies.

Case 1. Suppose that k < 0. In this case, the idea for the proof is really simple.
Let pe M and p € M. Then

exp, : T,M — M and exp;: TI;M — M

are both diffeomorphisms by the Hadamard-Cartan Theorem. Let F : T, pM —
T3M be a linear isometry and let

F = exp; oﬁ‘oexp;1 .

Clearly F' is a diffeomorphism, and it suffices to show that F' is an isometry
from M onto M.
Suppose that ¢ € M, v € T,M. Let ¢ be the corresponding point in M and
let © be the corresponding vector in T;M. Tt suffices to show that ||v|| = ||].
Since M is complete, there is a geodesic v : [0,1] — M; such that v(0) = p
and (1) = ¢. The geodesic v is the image under exp,, of a line segment in T, M.
The commutativity of the diagram

T,.M _r TI;M
exppl exp,

shows that F will take 7y to a geodesic 4 from p to §. Moreover, F' takes Jacobi
fields along v to Jacobi fields along 4. Let V be the unique Jacobi field along
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~ which vanishes at p and is equal to v at ¢. Then V= F.V is the Jacobi field
along 4 which vanishes at p and is equal to ¥ at ¢. Since F is an isometry,

the length of V.,V (0) = the length of V5,V (0).

It follows from the explicit formula (3.6) for Jacobi fields that the lengths of V'
and V are equal at corresponding points, and hence ||v|| = ||0]|. This completes
the proof when k£ < 0.

Case II. Suppose now that k > 0 and let a = 1/v/k. Tt suffices to show that if
(M, (-,-)) is an n-dimensional complete simply connected Riemannian manifold
of constant curvature k, then it is globally isometric to (S"(a), (-, -)), where (-, )
is the standard metric on S"(a). This case is a little more involved than the
previous one, because S™(a) is not diffeomorphic to its tangent space.

Lemma 1. Suppose that p € S*(a), p € M and F : T,S™(a) — T5M is a linear
isometry. If q is the antipodal point to p in S™(a), then there is a unique smooth
map

F:S"(a) —{q} — M such that (F,),=F.

The proof is similar to the construction given for Case I. Note first that exp,
maps

{veT,S"(a): v/{v,v) < m} diffeomorphically onto S"(a)— {q}.

Since we need (Fy), = F and F must take geodesics to geodesics, we are forced
to define F': S"(a) — {q} — M by

F = exp; oF o expgl,

just as in the previous case, establishing uniqueness. The argument given in
Case I then shows that F' is indeed an isometric mapping:

(Fr(v), Fu(w)) = (v,w), for v,w € T,;S"(a),
establishing existence.

Returning to the proof of the theorem, we choose a point p € M and apply
Lemma 1 to obtain an isometric map F : S"(a) — {¢} — M, where g is the
antipodal point to p. Let r be a point in S”(a) —{p, ¢}. Then (F.), : T,.S"(a) —
M is a linear isometry. We obtain Lemma 1 once again to obtain an isometric
map F:sn (a)—{s} — M, where s is the antipodal point to r. By uniqueness,
F = F on overlaps. Hence F extends to a map F : S™(a) — M. In particular,

F takes the antipodal point ¢ to p to a single point of M.
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Clearly, F' is an immersion and a local isometry. Since F maps M onto M
by commutativity of the diagram

T,8"(a) —F— T30

exppl expﬁl

S'(a) —— M,
we see that M is compact. Thus the rest of the proof will follow from:

Lemma 2. Suppose that M and M are compact smooth n-dimensional smooth
manifolds and F' : M — M is an immersion. Then F' is a smooth covering map.

The proof is a straightforward exercise in the theory of covering spaces, and
much simpler than the proof of Lemma 2 in §3.4 because any point in M can
have only finitely many preimages.

In the application to our theorem, M is simply connected, so F is a diffeo-
morphism. Thus we obtain the required diffeomorphism from (S™(a), (-,-)) to

(M7 <'7 >)

3.7 Non simply connected space forms

There are many space forms which are not simply connected. Since these are
covered by the simply connected space forms E", S"(a) and H"(a), they provide
many examples of smooth coverings, the theory of which is described in §3.5.
In the case of E", we can take a basis (v1,...,v,) for R™ and consider the
free abelian subgroup Z™ of R™ which is generated by the elements of the basis;
thus
Z" = {myvy + - mpop : M1,... My € Z}.

As usual, we let E™ denote R™ with the flat Euclidean metric. Then the quotient
group T = E™/Z™ inherits a flat Riemannian metric; the resulting Riemannian
manifold is called a flat n-torus. Note that w1 (T") = Z".

In the positive curvature case, we can take identify antipodal points in S"(1)
obtaining the n-dimensional real projective space RP™(1). The obvious projec-
tion 7 : S"(1) — RP™(1) is an important example of a smooth covering. Since
the antipodal map is an isometry, there is a unique Riemannian metric (-, -) on
RP"(1) such that 7*(-, -) is the metric of constant curvature one on S"(1). Thus
RP™(1) has a metric of constant curvature one and 1 (RP"(1)) & Z,.

There are many other Riemannian manifolds which have metrics of constant
curvature one. To construct further examples with constant positive curvature
in the case where n = 3, we make use of Hamilton’s quaternions.

A quatenion @) can be regarded as a 2 X 2 matrix with complex entries,



The set H of quaternions can be regarded as a four-dimensional real vector space
with basis

10 0 1 0 i i 0
O A G B N G B ()

Thus if

[tttz Tty . _
Q= (—x+iy ¢ zz) ,  wecan write Q=1tI+zE, +yE, +z2E.,
for unique choice of (¢, z,y, z) € E*. The determinant of the quaternion,
detQ = (t +i2)(t —iz) — (—x +iy)(x +iy) = t* + 2* + y* + 22,

can be taken to be the Euclidean length of the quaternion.
Matrix multiplication makes H — {0} into a noncommutative Lie group. If

a=(% 1) wen @t =gs (5 ), (33)

where |Q[? = |a|? + |b]* = det Q. The determinant map
det : H — {0} — R = (positive real numbers)

is a group homomorphism when the group operation on R¥ is ordinary multi-
plication, and we can identify S3(1) with the group of unit-length quaternions

{QeH:detQ=1}={tI] +zE, + yE, + 2E, : * + 2* + y* + 2* = 1}.

Since S3(1) is the kernel of the determinant map, it is a Lie subgroup of H— {0}.
It follows directly from (3.8) that

SP(1) = SU2) ={AcGL(2,C: A~ = AT det A =1},

which is just the special unitary group.

If AeS*(1) and Q € H, then det(AQ) = det(Q) = det(QA) so the induced
metric on S?(1) is a biinvariant metric.

Moreover, if A € S3(1), we can define a linear isometry

m(A):H—-H by 7(4)(Q)=AQA™".

Since m(A) preserves the t-axis, it can induces a map from the (z, y, z)-hyperplane
to itself, and can be regarded as an element of

SO(3)={B € GL(3,R): BTB =T and det B = 1}.
Moreover, the map 7 : S*(1) — SO(3) is a group homomorphism, and it is

an easy exercise to check that the kernel of 7 is {£I}. It follows that SO(3)
is in fact diffeomorphic to RP3, and we can consider the group of unit-length
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quaternions as the universal cover of SO(3). Note in particular, that SO(3) is
not simply connected, and in fact m1(SO(3)) = Zs.

The group SO(3) has many interesting finite subgroups. For example, the
group of symmetries of a polygon of n sides is a group of order 2n called the
dihedral group and denoted by D,,. It is generated by a rotation through an
angle 27 /n in the plane and be a reflection, which can be regarded as a rotation
in an ambient E3. Thus the dihedral group can be regarded as a subgroup of
SO(3).

One also has groups of rotations of the five platonic solids, the tetrahedron,
the cube, the octahedron, the dodecahedron and the icosahedron. The group of
rotations of the tetrahedron T is just the alternating group on four letters and
has order 12. The group of rotations O of the octahedron is isomorphic to the
group of rotations of the cube and has order 24. Finally, the group of rotations
I of the icosahedron is isomorphic to the group of rotations of the dodecahdron
and has order 60. It is proven in §2.6 of Wolf [23] that the only finite subgroups
of SO(3) are cyclic and those isomorphic to D,,, T, O and I.

One can take the preimage of these groups under the projection 7 : §3(1) —
SO(3) obtaining the binary dihedral groups D2, the binary tetrahedral group
T*, the binary octahedral group O* and the binary icosahedral group I*. Thus
one gets many examples of finite subgroups G C S3(1). For each of these, one
can construct the universal cover

7:S*(1) — S3¥(1)/G,

left translations by elements of G being the deck transformations. Since these
left translations are isometries, the quotient space S?*(1)/G inherits a Rieman-
nian metric of constant curvature, the quotient space now having fundamental
group G.

We can produce yet more examples by constructing finite subgroups of SO(4)
which act on S3(1) without fixed points. For constructing such examples, it is
helpful to know that SU(2) x SU(2) is a double cover of SO(4). Indeed, if
(AL, A_) € SU(2) x SU(2), we can define

T(Ay,A):-H—H by 7w(A;,A)(Q)=A, QA"

This provides a surjective Lie group homomorphism 7 : SU(2)x SU(2) — SO(4)
with kernel {(I,I),(—I,—1I)}. Once again, we find that m1(SO(4)) = Z,.

Finally, one can show that any compact oriented connected surface of genus
g > 2 possesses a Riemannian metric of constant negative curvature. In higher
dimensions, there is an immense variety of nonsimply connected manifolds of
constant negative curvature; such manifolds are called hypberbolic manifolds,
and they possess a rich theory (see [21]).

3.8 Second variation of action

Curvature also affects the topology of M indirectly, through its effect on the
stability of geodesics. We recall from §1.3 that geodesics are critical points of
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the action function J : Q(M;p, q) — R, where
Q(M;p, q) = { smooth paths v : [0,1] — M : 4(0) = p, (1) = q},
and the action J is defined by

1
0 =5 [ O Ot
Recall that a variation of v is a map
a: (=€) = QM;p,q)
such that @(0) = v and the map
a:(—€€) X [a,b] = M defined by «a(s,t) = a(s)(t),

is smooth. Our next goal is to calculate the second derivative of J(a(s)) at
s =0 when @(0) is a geodesic, which gives a test for stability because at a local
minimum the second derivative must be nonnegative. This second derivative is
called the second variation of J at . We will see that the sectional curvature
of M plays a crucial role in the formula for second variation.

The first step in deriving the second variation formula is to differentiate
under the integral sign which yields

2 [1 [ /o« Oa
i [2/0 <8t(5’t)’8t(s’t)>dt]
1 (1 8% /o O
= {2/0 832<6t(5’t)’6t(8’t)>dt] Y
! foJe} foJe} Ja da
- (s (8) s (8 (eama (B (50}
! da Oa Oa da
-1 (5) va (5)) = (vava (5)- (5))]
Using the curvature tensor, we can interchange the order of differentiation to
obtain
! Oa foJel
b (5) w4 (5))
Oa Jda da Ja Oa da
ve (5)(5)) - (50 5) (50) ()

d? _
5 (@)

s=0

s=0

Yo

s=0

d? _
5 (@)

+(v

Now comes an integration by parts, using the formula

252 (2) (%)

Yo

s=0
(3.9)



Note that

' da\ (O«
falve(5) ()
because a(s,0) and a(s, 1) are both constant. Hence (3.9) becomes
d? _ ! da da
i | = [[(% (50) 74 (5))
Ja O Oa Oa Oa Oa
(15 5) (5) (5)) (72 (5) 7 ()]

Finally, we evaluate at s = 0 and use the fact that @(0) = « is a geodesic to
obtain

s=0

d2

1
@] = [ (TX V0 X) - (RO X)),
0

s=0
where X is the variation field defined by X (t) = (9a/0s)(0,t).

If v € Q(M;p,q), we define the “tangent space” to the “infinite-dimensional
manifold” Q(M;p,q) at the point v to be

T,Q(M;p,q) = { smooth vector fields X along v : X(0) =0= X(1)}.
Definition. If v € Q(M;p,q) is a geodesic, the index form of J at ~ is the
symmetric bilinear form

I:T,Q(M;p,q) x T,Q(M;p,q) — R

defined by
IXY) = [ (VX V¥) = (RO YN (310)

for X,Y € T,Q(M;p, q).

By the polarization identity, the index form at a geodesic v is the unique real-
valued symmetric bilinear form I on T,Q(M;p, ¢) such that
d2

[(X,X) = =5 (J(a(s)))

s=0

whenever @ : (—e, e) — Q(M;p, q) is a smooth variation of v with variation field
X.
We can integrate by parts in (3.10) to obtain

I(X,Y) = — /0 VT X 4 R(X o) Y )l = /O L)Y,

117



where L is the Jacobi operator, defined by
L(X)=-V,V,X —R(X,7).

Thus I(X,Y) =0 for all Y € T,Q(M;p, q) if and only if X is a Jacobi field in
T,QM;p, q).

Note that the second variation argument we have given shows that if v is
a minimizing geodesic from p to ¢, the index form I at v must be positive
semi-definite.

3.9 Myers’ Theorem

Recall that the Ricci curvature of a Riemannian manifold (M, (-,-)) is the bi-
linear form

Ric: T,M x T,M — R defined by Ric(z,y) = (Trace of v — R(v, x)y).

Myers’ Theorem (1941). If (M, (-,-)) is a complete connected n-dimensional
Riemannian manifold such that

n—1
5—(v,v), forallveTM, (3.11)

Ri >
ic(v,v) > -

where a is a nonzero real number, then M is compact and d(p,q) < ma, for all
p,q € M. Moreover, the fundamental group of M is finite.

Proof of Myers’ Theorem: It suffices to show that d(p,q) < ma, for all p,q €
M, because closed bounded subsets of a complete Riemannian manifold are
compact.

Suppose that p and ¢ are points of M with d(p,q) > ma. Let v:[0,1] — M
be a minimal geodesic with v(0) = p and (1) = ¢. Let (Fi,...,FE,) be a
parallel orthonormal frame along v with v = d(p, ¢)E1. Finally, let

Xi(t) =sin(wt)E;(t), forte[0,1] and 2 <i<mn.
Then for each 7, 2 < i < n,
V. X; = mcos(rt) E;, V.V X; = —m?sin(rt) E;,

and hence
(Vo Vo Xi, X;) = -2 sin?(7t).

On the other hand,
(R(X:,7' ), Xi) = sin®(nt)d(p, q)*(R(E;, E1) Ev, E;),
SO

(Vo Vo Xi+ R(Xi, '), X;) = sin®(wt)[d(p, q)*(R(E;, E1)Ey, E;) — 7°].
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Hence

n n 1
ZI(Xsz) = —Z/ (V«/ny/Xz‘ —|—R(XZ7’)/)’}/,XZ>dt
i=2 i=2 70

dt

:/O sin®(7t) [(n — D)7 —d(p,q)*> (R(E;, E1)E;, E;)

_ /0 sin?(mt) [(n — 1)7% — d(p, q)*Ric(Ey, Ey)] dt.

Since Ric(E1, E1) > (n —1)/a?, we conclude that

3 n? a(p,0)?
;I(XZ—,XZ-K/ sin®(rrt) {(n—1)7r2—(n—1) paf ]dt,

1

0

the expression in brackets being negative because d(p, ¢) > wa. This contradicts

the assumption that - is a minimal geodesic, by the second variation argument
given in the preceding section.

To show that the fundamental group of M is finite, we let M be the universal
cover of M, and give M the Riemannian metric 7* (+,+), where 7 : M — M is the
covering map. The Ricci curvature of M satisfies the same inequality (3.11) as
the Ricci curvature of M; moreover M is complete. Thus by the above argument
M must also be compact. Hence if p € M, 7~ 1(p) is a finite set of points. But
by the arguments presented in §3.5.3, the number of points in 7=!(p) is the
order of the fundamental group of M. Thus the fundamental group of M must
be finite.

For example, one can apply Myers’ Theorem to show that S* x 2 cannot admit
a Riemannian metric of positive Ricci curvature, because 7y (St x 2%, x¢) = Z,
and is therefore not finite. A famous open question posed by Hopf asks whether
S? x 8? admits a Riemannian metric with positive sectional curvatures.

Another important application is to Lie groups with biinvariant Riemannian
metrics. If G is a Lie group with Lie algebra g, then the center of the Lie algebra
is

3={Xe€g:[X,Y]=0foralY € g}

Recall that any compact Lie group possesses a biinvariant Riemannian metric.
This fact has a partial converse:

Corollary. Suppose that G is a Lie group which has a biinvariant Riemannian
metric. If the Lie algebra of G has trivial center, then G is compact.

Proof: We use the explicit formula for curvature of biinvariant Riemannian
metrics presented in §1.12. If F; is a unit-length element of g, we can extend

E; to an orthonormal basis (Fy, ..., F,) for g, and conclude that
) n n 1
Ric(Ey, By) = ;<R(E1,Ei)EivE1> = z_; 7\[B1, Bi], By, Ei]) > 0.
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As Fj ranges over the unit sphere in g, the continuous function £y — Ric(E;, Ey)
must assume its minimum value. Hence Ric(E7, E1) is bounded below, and it
follows from Myers’ Theorem that G is compact.

3.10 Synge’s Theorem

Recall from §2.7, smooth closed geodesics can be regarded as critical points for
the action function J : Map(S', M) — R, where Map(S*, M) is the space of
smooth closed curves and

0 =5 [ 0O Ot

Here S? is regarded as being obtained from [0, 1] by identifying endpoints of the
interval. It is interesting to consider conditions under which such critical points
are stable.

In this case a variation of a point v € Map(S?t, M) is a map

a: (—e €) — Map(S*, M)
such that a(0) = v and the map
a:(—e€)x 8" — M defined by af(s,t) = a(s)(t),

is smooth. We can calculate the second derivative of J(&(s)) at s = 0 when @(0)
is a smooth closed geodesic, just as we did in §3.8, and in fact the derivation is
a little simpler because we do not have to worry about contributions from the
boundary of [0, 1]. Thus we obtain the analogous result

d2

VG| = | U X VX) — (RO X))

where now the variation field X is an element of
T,Map(S*, M) = { smooth vector fields X along v : S — M },
and by polarization we have an index form
I:T,Map(S*, M) x T,Map(S*, M) — R

1
defined by I(X,Y) = / (V0 X,V V) — (ROX, A Y] dt,
0

which must be positive semi-definite if the smooth closed geodesic is stable.
The fact that the sectional curvature appears in the second variation formula
(3.12) implies that there is a relationship between sectional curvatures and the
stability of geodesics. This fact can be exploited to yield relationships between
curvature and topology, as the following theorem demonstrates.
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Synge’s Theorem (1936). Suppose that (M, {-,-)) is a compact Rieman-
nian manifold with positive sectional curvatures. If M is even-dimensional and
orientable then M is simply connected.

To prove this theorem, we use the Closed Geodesic Theorem from §2.7. Indeed,
the nonconstant geodesic yconstructed in the proof is stable, and hence if &(s)
is any variation of -,

d2

1
F @] = [ [TV, X) - (RO X)) de 2 0
0

s=0

To construct an explicit variation that decreases action, we p = ~(0) and
make use of the parallel transport around ~:

Ty TyM — T, M.

If M is orientable, we know that this is an orientation-preserving isometry of
T,M. We can set

1 /
€1 = vy (O)a
L(v)
and extend to a positively oriented orthonormal frame (eq,...,e,) for T, M.

From the canonical form theorem for special orthogonal transformations, if M
is even-dimensional, say of dimension 2m, we can choose the orthonormal basis
so that 7, is represented by the matrix

cosfl; sinf;
—sinf#; cosb;
cosfy  sinfy
—sinfy cosfy . . (3.13)

cosB,, sinb,,
—siné,, cosb,,

Since 7y(e1) = e1, we can arrange that §; = 0 in the first block. But then it
follows that 7,(e2) = es, so there is a unit-length vector ey perpendicular to
e1 which is preserved by parallel transport around v. We let X be the smooth
vector field along v obtained by parallel transport of es around . Then since
M has positive sectional curvatures,

(X, X) = /O = (R(X,~')y, X)) dt < 0.

Thus if & : (—€,€) — Map(S!, M) is a deformation of v with deformation field
X

) d2
=0, gz UEE)| <o

d _
|

This contradicts the stability of the minimal geodesic «y, finishing the proof of
the theorem.
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Remark. It follows from Synge’s Theorem, that the only even-dimensional
complete Riemannian manifolds of constant curvature one are the spheres S>™(1)
and the projective spaces RP?™(1) of constant curvature one, the latter being
nonorientable.

Exercise VII. Do not hand in. Show that an odd-dimensional compact
manifold with positive sectional curvatures is automatically orientable by an
argument similar to that provided for Synge’s Theorem. You can follow the
outline:

a. Sketch how you would modify the proof of the Closed Geodesic Theorem from
§2.7 to show that if M were not orientable, one could construct a smallest smooth
closed geodesic v among curves around which parallel transport is orientation-
reversing.

b. Show that in this case, the orthogonal matrix representing the parallel trans-
port must have determinant —1, and its standard form is like (3.13) except for
an additional 1 x 1 block containing —1.

c. As before, since the tangent vector to v gets transported to itself, there is an
additional unit vector e, perpendicular to v which is transported to itself, and
this implies that there is a nonzero parallel vector field X perpendicular to +.
Use the second variation formula to show that one can deform in the direction of
X to obtain an orientation-reversing curve which is shorter, thereby obtaining
a contradiction just as before.
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Chapter 4

Cartan’s method of moving
frames

Differential geometry can be formulated in many related notations. For example,
there is the invariant notation for a connection V as well the Christoffel symbols
used in the classical tensor of §2.4 developed by Ricci and Levi-Civita. But there
are also the connection forms utilized by Elie Joseph Cartan (1869-1951) who
dominated differential geometry during the first half of the twentieth century.

Cartan’s approach to differential geometry emphasized the usefulness of dif-
ferential forms, as opposed to more general tensor fields. Differential forms have
the following advantages:

1. Differential forms pull back under smooth maps, while arbitrary tensor
fields do not.

2. The exterior derivative is defined in terms of ordinary derivatives, not
covariant derivatives, and in particular, the exterior derivative does not
depend upon a choice of Riemannian metric.

Indeed, Cartan argued that complicated equations in index notation, such as
(2.7 led to a “debauchery of indices” which often hid the simple underlying
geometric concepts.

An additional advantage to differential forms and the exterior derivative is
that they lead directly to de Rham cohomology, named after Cartan’s student
Georges de Rham, who showed that the de Rham cohomology of a smooth
manifold was a topological invariant in 1931. It is de Rham cohomology which
is the form of cohomology most useful for application in physics; for example,
Maxwell’s equations from electricity and magnetism are expressed most simply
in terms of differential forms, as described in §4.5 of [17]. Bott and Tu [2] give
a treatment of algebraic topology from the differential form point of view.

Cartan liked to use differential forms in connection with the theory of moving
frames, which can be thought of as an extension of the Frenet trihedral used
in studying curves in Euclidean space. His ideas ultimately led to the simplest
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proofs of the Gauss-Bonnet theorem for surfaces, as well as its extensions in
higher dimensions.

4.1 An easy method for calculating curvature

Suppose that (M, (-,-)) is an n-dimensional Riemannian manifold, U an open
subset of M. By a moving orthonormal frame on U, we mean an ordered n-tuple
(F1,...,E,) of vector fields on U such that for each p € U, (E1(p),. .., En(p))
is an orthonormal basis for T, M, for each p € M. Suppose that M is oriented.
Then we say that a moving orthonormal frame (E1, ..., E,) is positively oriented
if (E1(p),...,En(p)) is a positively basis for T,M, for each p € M.

Given a moving orthonormal frame on U, we can construct a correspond-
ing moving orthonormal coframe (01,...,60,) by requiring that each 6; be the
smooth one-form on U such that

1, ifi=j,
0i(E;) = 6ij = PN (4.1)
0, ifi#j.
We can then write the restriction of the Riemannian metric to U as
(NT =00
i=1
Indeed, if
v = ZaiEi(p) and w = ZbiEi(p%
i=1 i=1
then
(v,w) =" a't (Ei(p), Ej(p)) = > _a'b' = 0; @ 0;(v,w).
i,j=1 i=1 i=1
Conversely, if we can write the Riemannian metric (-, -) in the form
(U =020,
i=1
where 61, ...0, are smooth one-forms on U, then (6,...,6,) is a moving or-

thonormal coframe on U, and one can use (4.1) to define a moving orthonormal
frame (Fy,...,E,) on U.

Corresponding to a given orthonormal frame (F4,...,E,), we can define
connection one-forms w;; for 1 <14,j < n by

VxEj =Y wi(X)E; or wi;(X)=(E;,VxE}), (4.2)
=1
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as well as curvature two-forms €;; by

i=1

Since (E;, E;) = 5; and the Levi-Civita connection preserves the metric,
0= X<E,L', Ej> = <VXE¢, Ej> + <E,L', VXEj> = wji(X) + wij(X),

and hence the matrix w = (w;;) of connection one-forms is skew-symmetric. It
follows from the curvature symmetries that the matrix Q = (£;;) of curvature
two-forms is also skew-symmetric.

Theorem. If (M,(-,-)) is a Riemannian manifold and (E1,..., E,) is a mov-
ing orthonormal coframe defined on an open subset U of M, with dual coframe
(01,...,0,), then the connection and curvature forms satisfy the structure equa-

tions of Cartan: .
dﬁi - — Zwij A Gj, (44)

j=1
dwij = —Zwik N Wi +Qi]‘. (45)
j=1

Moreover, the w;;’s are the unique collection of one-forms which satisfy (4.4)
together with the skew-symmetry condition

wij +wj; = 0. (46)

The proof of the two structure equations is based upon the familiar formula for
the exterior derivative of a one-form:

dO(X,Y) = X(0(Y)) — Y(0(X)) — 0([X,Y]). (4.7)

Indeed, to establish (4.4), we need to verify that

d0;(Bx, ) = = (wij A 0;)(Ey, Ey).
j=1
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and a straightforward calculation shows that
0i(Bx, E1) + Y _(wij A6;)(Ex, Ey)
Jj=1

= Ex(0:(Ev) — Ei(0:(Ey)) — 0i([Ex, E1]) + ) (wis A 0;)(Ex, Er)

—0:([Ex, B1)) + Y wij (Ex)0;(E) — Y wij (E)0;(Ey)
= wi(Ex) — wir(Ey) — 0:([Ey, E1])
= (Ei, Vg, E — Vi, By — [Ey, Ei]) =0,

where we have used the fact that the Levi-Civita connection is symmetric in the
last line of the calculation. Similarly,

dwi;j(Ey, Ey) + Z(wir A wyi)(Ey, Ey)

r=1

= Ek(wij(El)) - El(wij(Ek)) — wij([Ex, Ei])

+ wa Ek wr] El szr El wr](Ek)

r=1 r=1

= By (wij(EY)) — Ei(wij(Ey)) — wz‘j([Ek,Ez])

n

- Zwm Ek wrj El + Zwm El er(Ek)-

r=1 =
But
Ey(wij(E1)) = Ew(Ei, Vi Ej) = (VE,Ei, Vi Ej) +(Ei,VE,VE Ej)
= Zwri(Ek)wTj(El) + <Ew kaszEj>7
r=1

while

Ej(wi;(Ey)) = Zwri(El)wrj(Ek) + (i, VE, Vg, Ej).

r=1

Hence

dwij(Ex, Er) + > (wir A wrj)(Ex, Br)

r=1
= (Ei,VE, Vi Ej) — (E,VEVE.Ej) — (Ei,Vig, 5)Ej)
= (Ei, R(Ey, 1) Ej),
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and the second structure equation is established.

Finally, to prove the uniqueness of the w;;’s, we suppose that we have two
matrices of one-forms w = (w;;) and @ = (@;;) which satisfy the first structure
equation (4.4) and the skew-symmetry condition (4.6). Then the one-forms
¢ij = wij — w;; must satisfy

> G A0 =0, ij+ i =0.
j=1

We can write
n

bij = Z fijk0; N Ok,

Jik=1

where each f;;i is a smooth real-valued function on U. Note that
n
Z¢ij N0 =0 = fijk= firj,
j=1

while
bij+ ¢ =0 = fijk =—fjin
Hence
fijk = = fjik = —fiki = frji = fris = —fig = — fijk-
Thus the functions f;;; must vanish, and uniqueness is established.

The Cartan structure equations often provide a relatively painless procedure for
calculating curvature:

Example. Suppose that we let
H" = {(z,..., 2" y) €eR" : y > 0},
and give it the Riemannian metric

1
()= o (At @de o b de @ da™ T dy @ dy).

In this case, we can set

1 1 1
0, = —dz', ..., Op_1=—dz"t, 6, =—dy, (4.8)
Y Y Y
thereby obtaining an orthonormal coframe (6, ..., 0™) on H".

Differentiating (4.8) yields
L
d91 = deit /\dy = 91 /\97“
Y

1
b,y = —da" "' Ady = 0,1 N0, db, =0.
y
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In other words, if 1 <a <n—1,
df, =0, N0,, while db, =0.

The previous theorem says that there is a unique collection of one-forms w;;
which satisfy the first structure equation and the skew-symmetry condition.
We can solve for these connection forms, obtaining

wap =0, forl<a,b<n-1, Wan = —04, forl<a<n-—1.

From the explicit form of the w;;’s, it is now quite easy to show that the curva-
ture two-forms are given by

Qij:—ﬁi/\ﬁj7 for 1 <i,5 <n.
It now follows from (4.3) that
Qi;(X,Y) = (B, RX,Y)E;) = —0" N 07(X,Y)
= _[<EZ7X><Eij> - <EJ7X><E27Y>]7

so that
(RIX, Y)W, Z) = —[(X, Z)(Y, W) — (X, W)Y, Z)].

In other words the Riemannian manifold (H", (-,-)) has constant sectional cur-
vatures.

4.2 The curvature of a surface

The preceding theory simplifies considerably when applied to two-dimensional
Riemannian manifolds, and yields a particularly efficient method of calculating
Gaussian curvature of surfaces (compare §1.10).

Indeed, if (M, (-,-)) is an oriented two-dimensional Riemannian manifold, U
an open subset of M, then a moving orthonormal frame (Fj, E3) is uniquely
determined up to a rotation: If (Ey, Es) and (El, EQ) are two positively-oriented
moving orthonormal frames on a contractible open subset U C M, then

~ ~ cosa —sina
(El EQ) - (E1 Ez) (sina cos « ) ’

for some smooth function a : U — R. It is no surprise that the correspond-
ing moving orthonormal coframes (61, 602) and (61, 63) are related by a similar

formula: .
P cosa —sina
(91 92) - (61 02) <sina cos o ) ’

It follows that the volume form is invariant under change of positively oriented
moving orthonormal frame:

NN
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We claim that the corresponding skew-symmetric matrix of connection forms
o — 0 w12
o —Ww12 O ’

W12 = (2)12 — da.

transforms by the rule

To see this, recall that wqs is defined by the formula
VxEy = wi2(X)Eq,
and hence
Vx(—sin aF; + cosaFy = w12(X)(cos aEy + sin aEQ),
which expands to yield
— cos ada(X)El + sin OédOL(X)EQ —sinaVxE; + cosaV x Fs
= wi2(X)(cos By + sin o).
Taking the inner product with Ey yields
—cos ada(X) + cosa(Ey, Vx Ey) = wia(X) cosa,
and dividing by cos « yields the desired formula
—do + W12 = wya.
The skew-symmetric matrix of curvature forms
"= (. W)
is now determined by the Cartan’s second structure equation
Q2 = dwyz = divrz = o

Note that the curvature form £2;5 is independent of the choice of positively
oriented moving orthonormal frame. Indeed, it follows from (4.3) that

O12(E1, Es) = (E1, R(E1, E2)Es) = K,
where K is the Gaussian curvature of (M, (-,-)), and hence
Qo = K61 N 6s.
This formula makes it easy to calculate the curvature of a surface using differ-

ential forms.
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Definition. Suppose that (M, (-,-)) is an oriented two-dimensional Rieman-
nian manifold. A positively-oriented coordinate system (U, (z,y)) is said to be

isothermal if on U
() = e”‘(dx@da:ery@)dy), (4.9)

where A : U — R is a smooth function.
Here is a deep theorem whose proof lies beyond the scope of the course:

Theorem. Any oriented two-dimensional Riemannian manifold (M, (-,-)) has
an atlas consisting of isothermal coordinate systems.

A proof (using regularity theory of elliptic operators) can be found on page 378
of [20]. Assuming the theorem, we can ask: What is the relationship between
positively oriented isothermal coordinate systems?

Suppose that (x!,2?) and (u',u?) are two positively oriented coordinate
systems on U with

(=Y gyde @ded = 3 Giydu' © dud,

ij=1 ij=1

where
2) ~ 2
gij = € 0ij, gij = €1y
Then since the g;;’s transform as the components of a covariant tensor of rank
two,
n
ou® oul

Gij = gkl%@
=1

e 0\ _ (out/oxt Ou?/Ozt [e* 0 out/0xt  Oul/ox?
0 e2) " \oul/oz? ou?/0x2) \ 0 e* ) \ou?/0zt Ou?/0x?

o0 out/oxt  Oul/oz?
—_ gT (€ —
=J < 0 62“) J, where J= <8u2/8x1 ou?/0a2) "

or

Hence
JTJ=e**"2]  or BTB=1, where B=e¢e'J

Since both coordinates are positively oriented, B € SO(2), and hence if U is
contractible, we can write
B (C?Sa —sina) 7
sina  cosa
for some function o : U — R. Thus we see that

J:<a b), where a=d and b= —c.
c d
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This implies that

Oout B ou? Oout B ou?

ozl 922’ ox2  Oxl’
These are just the Cauchy-Riemann equations, which express the fact that the
complex-valued function w = u' +iu? is a holomorphic function of z = x' +iz?.

Thus isothermal coordinates make an oriented two-dimensional Riemannian

manifold (M, (-, -)) into a one-dimensional complex manifold, in accordance with
the following definition:

Definition. An n-dimensional complex manifold is a second-countable Haus-
dorff space M, together with a collection A = {(Uy, ¢o) : @ € A} of “charts,”
where each U, is an open subset of M and each ¢, is a homeomorphism from
U, onto an open subset of C™, such that ¢, o (bgl is holomorphic where defined,
for all a, 3 € A. A one-dimensional complex manifold is also called a Riemann
surface.

We say that A is the atlas of holomorphic charts. If (M,.A) and (N, B) are
two complex manifolds, we say that a map F' : M — N is holomorphic if
Y5 0 F o ¢! is holomorphic where defined, for all charts (U,,¢,) € A and
(Vs,13) € B. Two complex manifolds M and N are holomorphically equivalent
if there is a holomorphic map F : M — N which has a holomorphic inverse
G:N— M.

In particular, we can speak of holomorphically equivalent Riemann surfaces.
Two Riemannian metrics (-,-); and (-, -)2 on an oriented surface M are said to
be conformally equivalent if there is a smooth function A : M — R such that

()1 = 62A<.,.>2,

This defines an equivalence relation, and given the existence of isothermal co-
ordinates, it is clear that conformal equivalence classes of Riemannian metrics
are in one-to-one correspondence with Riemann surface structures on a given
oriented surface M.

Exercise VIII. (Do not hand in.) a. Suppose that (M, (-,-)) is an ori-
ented two-dimensional Riemannian manifold with isothermal coordinate system
(U, (z,y)) so that the Riemannian is given by (4.9). Use the method of moving
frames to show that the Gaussian curvature of M is given by the formula

1 [/0%°X 9%\
K=——(224+272).
e2x \ 0z2 | 9y?
Hint: To start with, let 6; = e*dz and 6, = e*dy. Then calculate wis and Q5.
b. Consider the Poincaré disk, the open disk D = {(z,y) € R?} with the

Poincaré metric
4

S R )

(dz ® dz + dy ® dy).
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Show that the Gaussian curvature of (D, (-,-)) is given by K = —1.

c. Show that reflections through lines passing through the origin are isome-
tries and hence that lines passing through the origin in D are geodesics for the
Poincaré metric. Show that the boundary of D is infinitely far away along any
of these lines, and hence the geodesics through the origin can be extended in-
definitely. Conclude from the Hopf-Rinow theorem that (D, (-, -)) is a complete
Riemannian manifold, hence isometric to the model of the hyperbolic plane we
constructed in §1.8.

4.3 The Gauss-Bonnet formula for surfaces

We now sketch the proof of the Gauss-Bonnet formula for surfaces in a version
that suggests how it might be extended to n-dimensional oriented Riemannian
manifolds. (See [19] for a more leisurely treatment.)

We start with an oriented two-dimensional Riemannian manifold (M, (-,-))
without boundary and a smooth vector field X : M — T'M with finitely many
zeros at the points p1, pa, ..., pr of M. Let V.= M — {p1,...,pr} and define
a unit length vector field Y : V — TM by Y = X/|| X]|.

The covariant differential DY = V.Y of Y is the endomorphism of T'M
defined by v — V,Y. We will find it convenient to regard V.Y as a one-form
with values in T'M:

DY =V.Y € QYTM).

If (E1, E») is a positively oriented orthonormal moving frame defined on an
open subset U C M, we can write

Y=fiEi+ faEs on UNYV,

and
VY = (df1 + wiafo) Er + (dfz — wizf1) Es.

We let J denote counterclockwise rotation through 90 degrees in the tangent
bundle, so that
JE1:E2, JEQZ_Ela

and
JY = _fQEl + flEg on UnNV.

Then
= (JY,DY) = fi(dfs —wiafi) — fa(dfi +wiafo) = fidfs — fadfi — w12

is a globally defined one-form on V.= M — {p1, ..., px} which depends upon X,
and since d(fidfs — fadf1) =0,

dip = —Qi9 = —K601 A by, (4.10)
where 61 A 05 is the area form on M. The idea behind the proof of the Gauss-
Bonnet formula is to apply Stokes’s Theorem to (4.10).
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Let € be a small positive number. For each zero p; of X, we let Ce(p;) =
{q € M : d(p;,q) = €}, a circle which inherits an orientation by regarding it as
the boundary of
De(pi) ={q € M :d(pi,q) < €}

Definition. The rotation index of X about p; is

1
X, p;) = — li ,
w(X,ps) 5 Lim cf<pi)¢

if this limit exists.

Lemma. If (M, (-,-)) is a two-dimensional compact oriented Riemannian man-
ifold and X is a vector field on M with finitely many isolated zeros, then at
each zero p; the rotation index w(X,p;) exists and depends only on X, not on
the choice of Riemannian metric on M.

To prove this, we make use of the notion of the degree deg(F') of a continuous
map F from S to itself, as described in §3.5.2. Recall that such a map F :
S1 — S determines a homomorphism of fundamental groups

Fy 7r1(Sl) — 771(51)7

and since m;(S') = Z, this group homomorphism must be multiplication by
some integer n € Z. We set deg(F) = n.
Note that for € > 0 sufficiently small, we can define a map

Fo:Ce(pi) = 8" ={(z,y) eR*: 2 +y* =1} by Felq) = (f1(a), f2(q)).
Then

1

deg(F,) = o

/ F’ (zdy — ydx)
C. (p'i)

1 1 .
:?/ fidfs — fadfi = — lim .
™ Ce(pi)

271‘ e—0 C. (Pz)

Thus w(X, p;) does indeed exist and is an integer.

To see that this integer is independent of the choice of Riemannian metric,
note that any two Riemannian metrics (-, )¢ and (-,-); can be connected by a
smooth one-parameter family

l— <'7 '>t = (1 - t)<'v '>0 + t<'7 '>1'

We can let w;(X,p;) be the degree of X at p; with respect to (-,-);. Then
w (X, p;) is a continuously varying integer and must therefore be constant.

It follows from transversality theory (as presented for example in Hirsch [10])
that any compact oriented surface possesses a vector field which has finitely
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many nondegenerate zeros. If X is any such vector field, we can apply Stokes’s
Theorem to W = M — Ule D.(pi):

k

/WKﬁl/\Qg:/W—dw:Z

i=1

[ (4.11)
Ce(pi)

the extra minus sign coming from the fact that the orientation C.(p;) inherits
from W is opposite to the orientation it receives as boundary of D.(p;). In the
limit as € — 0, we obtain

k
/ K6y Ay =27 > w(X,p;). (4.12)
i i=1

Since the left-hand side of (4.12) does not depend on the vector field while
the right-hand side does not depend on the metric, neither side can depend on
either the vector field or the metric, so both sides must equal an integer-valued
topological invariant of compact oriented smooth surfaces x (M), which is called
the Euler characteristic of M. Thus we obtain two theorems:

Poincaré Index Theorem. Suppose that M be a two-dimensional compact
oriented smooth manifold and that X is a vector field on M with finitely many
isolated zeros at the points p1, pa, ..., px- Then

k

> w(X,pi) = x(M).

=1

Gauss-Bonnet Theorem. Let (M, (-,-)) be a two-dimensional compact ori-
ented Riemannian manifold with Gaussian curvature K and area form 61 A 05.
Then

1
— K01 N0y = x(M).
3= | K0 A6 = x(a)

Recall that a compact connected oriented surface is diffeomorphic to a sphere
with h handles Mj,. We can imbed Mj, into E? in such a way that the standard
height function has exactly one nondegenerate maximum and one nodegenerate
minimum, and 2h nondegenerate saddle points. The gradient X of the height
function is then a vector field with nondegenerate zeros at the critical points
of the height function. The maximum and minimum are zeros with rotation
index one while each saddle point is a zero with rotation index —1. Thus
x(Mp) =2 —2h.

The previous theorems can be extended to manifolds with boundary. In this
case we consider a vector field X which has finitely many zeros at the points p1,
P2, ..., Pk in the interior of M, is perpendicular to M along OM and points
outward along OM. As before, welet V.= M —{p1,...,pi}, defineY : V — TM
by Y = X/||X|| and set ¢ = (JY, DY). Then just as before

dyp = —Qig = —K0; A 0s.
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But this time, when we apply Stokes’s Theorem to W = M — Ule D.(p;) we

obtain )
/K91A92:/ —dzb:—/ w+Z/ 0.
w w oM i—1 Y Ce(pi)

Thus when we let ¢ — 0, we obtain

k
/M KOy A6y + /a My = ZW;W(X,pi). (4.13)

Along OM, one can show that
(JY,DY) = k4ds,

where k4 is known as the geodesic curvature. Note that £, = 0 when OM con-
sists of geodesics. As before, the left-hand side of (4.13) does not depend on the
vector field while the right-hand side does not depend on the metric, so neither
side can depend on either the vector field or the metric. The two sides must
therefore equal a topological invariant which we call the Euler characteristic of
M once again, thereby obtaining two theorems:

Poincaré Index Theorem for Surfaces with Boundary. Suppose that M
be a two-dimensional compact oriented smooth manifold with boundary OM
and that X is a vector field on M with finitely many isolated zeros at the points
P1, P2, - - -, Pr in the interior of M which is perpendicular to OM and points out
along OM. Then

S w(X.pi) = x(M).

=1

Gauss-Bonnet Theorem for Surfaces with Boundary. Let M be a
compact oriented smooth surface in with boundary OM. Then

/KdA+/ kgds = 2mx (M),
M oS

where f is the number of faces, e is the number of edges and v is the number of
vertices in 7 .

The celebrated uniformization theorem for Riemann surfaces shows that any
Riemann surface has a complete Riemannian metric in its conformal equivalence
class that has constant Gaussian curvature. For compact oriented surfaces, see
that

1. the sphere has a Riemannian metric of constant curvature K =1,
2. the torus 72 has a metric of constant curvature K = 0,

3. and we will show in the next section that a sphere with h handles, where
h > 2, has a Riemannian metric with constant curvature K = —1.
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Of course, one could not expect such simple results for Riemannian mani-
folds of dimension > 3, but as a first step, one might try to construct analogs
of the Gauss-Bonnet formula for Riemannian manifolds of higher dimensions.
Such an analog was discovered by Allendoerfer, Weil and Chern and is now
called the generalized Gauss-Bonnet Theorem. This formula expresses the Eu-
ler characteristic of a compact oriented n-dimensional manifold as an integral
of a curvature polynomial. It turns out that there are also several other topo-
logical invariants that can be expressed as integrals of curvature polynomials.
This leads to an important topic within topology, the theory of characteristic
classes, as developed by Chern, Pontrjagin and others [16].

4.4 Application to hyperbolic geometry*

The hyperbolic plane (also called the Poincaré upper half plane) is the open set
H? = {(z,y) € R? : y > 0} together with the “Riemannian metric”

1 de\*  [dy\?
) Y Y

The geometry of the “Riemannian manifold” (H?, g) has many striking similar-
lities to the geometry of the ordinary Euclidean plane. In fact, the geometry
of this Riemannian manifold is exactly the non-Euclidean geometry, which had
been studied by Bolyai and Lobachevsky towards the beginning of the nine-
teenth century. It would be nice indeed if this non-Euclidean geometry could be
realized as the geometry on some surface in R3, but this is not the case because
of a famous theorem of David Hilbert (1901): The hyperbolic plane H? cannot
be realized on a surface in R3. In fact, a part of the hyperbolic plane can be
realized as the geometry of the pseudo-sphere, but according to Hilbert’s Theo-
rem, the entire hyperbolic plane cannot be realized as the geometry of a smooth
surface in R?. Thus abstract Riemannian geometry is absolutely essential for
putting non-Euclidean geometry into its proper context as an important special
case of the differential geometry of surfaces.

To study the Riemannian geometry of the hyperbolic plane in more detail,
we can utilize the Darboux-Cartan method of moving frames to calculate the
curvature of this metric. We did this before and found that the Gaussian cur-
vature is given by the formula K = —1. In particular the Gaussian curvature
of the hyperbolic plane is the same at every point, just like in the case of the
sphere. (Of course, there is nothing special about the constant —1; any other
negative constant could be achieved by rescaling the metric.)

Another quite useful fact is that angles measured via the hyperbolic met-
ric are exactly the same as those measured via the standard Euclidean metric
dz? + dy?. Indeed, the form of the metric shows that the coordinates (z,y) are
isothermal.

Amazingly, the geodesics in the hyperbolic plane are very simple. Indeed,
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the straight line z = c is the fixed point set of the reflection

o (3)~ ()

which is easily seen to be an isometry of the metric:

1 1
— [d(2¢ — z)? + dy?] = E[dIZ + dy?].

Thus if v is the geodesic with initial conditions v(0) = (¢, 1), v'(0) = (0,1)
then ¢ o v is also a geodesic with the same initial conditions. By uniqueness
of geodesics satisfying given initial conditions, ¢ o v = v and v must lie in the
vertical line x = c. It therefore follows that each vertical line z = ¢ is a geodesic.
We can therefore ask if we can find a function a : R — [0,00) such that the
curve

Y(t) = (0, a(t))
is a unit-speed geodesic.
To solve this problem, note that
o'(t)? o'(t)

R0

We conclude that the z-axis is infinitely far away in terms of the Poincaré metric.
Other geodesics can be found by rewriting the metric in polar coordinates

2
ds* = ;[dr2 +72d6?) = ! dr + db*
r2sin’ 0 sin® 6 r

The map ¢ which sends r +— 1/r and leaves 6 alone is also an isometry:

7,2

[(d(1/r))? + (1/r)*d0?] = [dr® + r*d6°).

sin? 6 r2sin” 6
From this representation, it is easily seen that the map which sends r — R2/r
and leaves 6 alone is an isometry which fixes the semicircle

% +y? = R?, y >0,

so this semicircle is also a geodesic. Since translation to the right or to the left
are isometries of the hyperbolic metric, we see that all circles centered on the
x-axis intersect the hyperbolic plane in geodesics. (Of course, we have not found
their constant speed parametrizations.)

Thus semicircles perpendicular to the z-axis and vertical rays are geodesics.
Since there is one of these passing through any point and in any direction, we
have described all the geodesics on the hyperbolic plane.

There is another property which the hyperbolic plane shares with Euclidean
space and the sphere but with no other surfaces. That is, the hyperbolic plane
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has a large group of isometries, namely enough isometries to rotate through an
arbitrary angle about any point and translate any point to any other point.

To study isometries in general, it is useful to utilize complex notation z =
x + iy. (This is beneficial because the coordinates are isothermal.) Then H? is
simply the set of complex numbers with positive imaginary part.

Theorem. The map

b
2o (2) = ij:d (4.14)

is an isometry whenever a, b, ¢ and d are real numbers such that ad — bc > 0.

Proof: Note that the transformation (4.14) is unchanged if we make the replace-
ments
ar—Aa, br—Ab, cr— Ae, dr— M,

where A > 0. So we can assume without loss of generality that ad —bc = 1. We
can then factor the map

., _az+b
into a composition of four transformations
1
n=z4+—-, zm=cz, z23=——, z’:z;;—i—g. (4.15)
c 22 c
To see this, note that
(e +d) -
29 = c(cz 23 =———"—
2 3 3 C(CZ + d)a
,  alecz+d) 1 acz+ad—1 az+b
7= — = =

~clez+d)  c(cz+d) clecz+d)  cz+d

The first and fourth transformations from (4.15) are translations of the hy-
perbolic plane which are easily seen to be isometries. It is straightforward to
check (using polar coordinates) that the other two are also isometries. Since the
composition of isometries is an isometry, ¢ itself is an isometry.

We will call the transformations
az+b

= — = 1
@(2) ot d ad — be ,

the linear fractional transformations and denote the space of linear fractional
transformations by PSL(2,R). The reflection R : H?> — H? in the line z =
0 is also an isometry, but it cannot be written as a special linear fractional
transformation. It can be proven that any isometry of H? can be written as a
special linear fractional transformation, or as the composition R o ¢, where ¢ is
a linear fractional transformation.

Suppose that ¢ is a linear fractional transformation of H2. If we set ¢ = 0,

we see that b B
_az _a b,
P(z) = P —dz—i—d a“z + ab,
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since d = 1/a. This is a radial expansion or contraction about the origin,
followed by a translation. Thus we can move any point in H? to any other point
by means of an isometry. This gives a rigorous proof that the hyperbolic plane
is homogeneous; that is, it has the same geometric properties at every point!

Moreover, we can do an arbitrary rotation about a point. Suppose, for
example, that we want to fix the point ¢ = (0,1). We impose this condition on
the linear fractional transformation

az+b
H(z) =w = m7
and do a short calculation
 + b
i:a?+ = —c+id=ai+b = a=d, b=—c
ci+d

Since
ad—bc=1=a>+0* =1,

we can reexpress the linear fractional transformation in terms of sines and

cosines: )
cosfz +sin 6

#(2) =w =

This isometry fixes the point ¢ but there are clearly not the identity for
arbitrary values of 6. An orientation-preserving isometry which fixes a point
must act as a rotation on the tangent space at that point. This can be proven
in general, but there is also a direct way to see it in our very specific context.

Simply note that

—sinfz + cosf’

o — adz(cz +d) —cdz(az+b) ~  dz
w= (cz + d)? (x4

If we evaluate at our chosen point, we see that if everything is evaluated at the
point %,
dz dz dz

= = — _ 2i0
dw = (Cl+d)2 - (_ Sinei"‘COS@)? - (671.‘9)2 = e“"dz.

Writing this out in terms of real and imaginary parts by setting
dw = du + idv, dz = dx + idy,

we see that the linear fractional transformation rotates the tangent space through
an angle of 26.

Since H? has the same geometric properties at every point, we see that we
can realize rotations about any point by means of isometries.

Thus we have a group of hyperbolic motions which just as rich as the group
of Euclidean motions in the plane. We can therefore try to develop the geometry
of hyperbolic space in exactly the same way as Euclidean geometry of the plane.
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In Euclidean geometry, any line can be extended indefinitely. In hyperbolic
geometry the geodesic from the point ¢ = (0,1) straight down to the z-axis has
infinite length as we have seen above. Since any geodesic ray can be taken to
any other geodesic ray by means of an isometry, we see that any geodesic ray
from a point in the hyperbolic plane to the z-axis must have infinite length. In
other words, geodesics can be extended indefinitely in the hyperbolic plane.

In Euclidean geometry there is a unique straight line between any two points.
Here is the hyperbolic analogue:

Proposition. In hyperbolic geometry, there is a unique geodesic connecting
any two points.

Proof: Existence is easy. Just take a circle perpendicular to the z-axis (or
vertical line) which connects the two points.

If two geodesics intersect in more than one point, they would form a geodesic
biangle, which is shown to be impossible by the Gauss-Bonnet Theorem:

Exercise IX. (Do not hand in.) a. Construct a geodesic biangle in S? with
its standard metric using two geodesics from the north to the south poles, and
use the Gauss-Bonnet Theorem to show that area of the geodesic biangle is 2,
where « is the angle between the geodesics.

b. Use the Gauss-Bonnet theorem to show that there is no geodesic biangle in
the hyperbolic plane.

Proposition. In hyperbolic geometry, any isosceles triangle, with angles «, 8
and [3 once again, can be constructed, so long as o + 203 < .

Proof: Starting from the point 4, construct two downward pointing geodesics
which approach the z-axis and are on opposite sides of the y-axis. We can
arrange that each of these geodesics makes an angle of «/2 with the y-axis.
Move the same distance d along each geodesic until we reach the points p and
q. Connect p and ¢ by a geodesic, thereby forming a geodesic triangle.

The interior angles at p and ¢ must be equal because the triangle is invariant
under the reflection R in the y-axis. When d — 0, the Gauss-Bonnet formula
shows that the sum of the interior angles of the geodesic approaches w. On
the other hand, as the vertices of the triangle approach the = axis, the interior
angles 3 at p and ¢ approach zero.

By the intermediate value theorem from analysis, 8 can assume any value
such that

1
0<pB< 5(#—204),
and the Proposition is proven.

Once we have this Proposition, we can piece together eight congruent isosceles
geodesic triangles with angles
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to form a geodesic octagon. All the sides have the same length so we can
identify them in pairs. This prescription identifies all of the vertices on the
geodesic octagon. Since the angles at the vertices add up to 27, a neighborhood
of the identified point can be made diffeomorphic to an open subset of R2.

We need to do some cut and paste geometry to see what kind of surface
results. The answer is a sphere with two handles, the compact oriented surface
of genus two. Actually, it is easiest to see this by working in reverse, and
cutting the sphere with two handles along four circles which emanate from a
given point. From this we can see that the sphere with two handles can be cut
into an octagon.

This then leads to the following remarkable fact:

Theorem. A sphere with two handles can be given an abstract Riemannian
metric with Gaussian curvature K = —1.

Indeed, a similar construction enables give a metric of constant curvature one
on a sphere with g handles, where g is any integer such that g > 2.

Exercise X. (Do not hand in.) Show that any geodesic triangle in the
Poincaré upper half plane must have area < 7.

Exercise XI. (Do not hand in.) We now return to consider the Rieman-
nian manifold (H", (-,-)) described at the end of §4.1. We claim that it is also
homogeneous, that is, given any two point p,q € H", there is an isometry

¢ (an <'7 >) - (Hna <'7 >)
such that ¢(p) = ¢. Indeed, we have shown this above in the case where n = 2.

a. Show that (H", (-,-)) is also homogeneous.

b. Use this fact to show that (H",(-,-)) is complete. (Hint: If the exponential
map exp,, at p is defined on a ball of radius € > 0 then so is ¢ o exp,,, which can
be taken to be the exponential map at ¢. Thus no matter how far any geodesic
has been extended, it can be extended for a distance at least ¢ > 0 for a fixed
choice of €, and this implies that geodesics can be extended indefinitely.

Remark. Thus it follows from the uniqueness of simply connected complete
space forms, that (H", (-,-)) is isometric to the model of hyperbolic space we
constructed in §1.8.
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Chapter 5

Appendix: General
relativity™

We give a quick introduction to the key ideas of general relativity, to illustrate
how the notions of curvature are used. All of this is treated in much more detail
in [17] and [22]. We will see that the Bianchi identity was crucial in enabling
Einstein to find the right form of the field equations for general relativity.

The key ideas of classical Newtonian mechanics are easily described. One
imagines mass density p(x!, 22, 23) spread throughout Euclidean space E? with
Euclidean coordinates (z!, 22, 2%). One then solves for the Newtonian potential
d(xt, 22, 23) = m®(zt, 2%, 23) in the Poisson equation (1.10), which we can
rewrite in terms of potential per unit mass ® as

0?® %P %P
PEDE + e + FESE = 4nGp(xt, 22 23), (5.1)

where G is the Newtonian gravitational constant. Then one uses Hamilton’s
principle as described in §1.4) to derive the orbits of a planet which is subject to
the a gravitational force which is minus the gradient of the Newtonian potential,
which is just
d?(z?) 0d
Tz T T Mg

with m being the mass of the planet.

Finstein’s idea was that gravitational forces should be manifested by a
Lorentz metric on four-dimensional space time. Thus one might start with
with the flat Lorentz metric (1.28) of special relativity,

(,) = =Pdt @ dt + dz' @ dz' + d2® @ dz® + da® @ da®,

a flat Lorentz metric on R*, and modify it slightly. The simplest such modifi-
cation would be

() = = (2 +2®)dt @ dt + dz' ® dz' + d2* ® d2? + d2® ® da®, (5.2)
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where @ is the solution to the Poisson equation (5.1). If we required that the
path

7i@h) — B 0= () -

8 8 8

be a critical point of the action integral

b 2 1\ 2 2\ 2 3\ 2
c 1 dx dx dx
Ji = —-—— - = — — — dt,
=[50+ 5 (%) + (%) + (5))
then in accordance with Hamilton’s principle, we would recover the equations of
motion for Newtonian mechanics, since the integrand differs by a constant from

the Lagrangian we obtained before. But this action Jy(7) closely approximates
the action integral

o= [0 () =3 (52 (22) + (22) )] o

given by the Lorentz metric (5.2), for paths
¥ilab) =R, A(r) =

and one might expect that J would give corrections to Newtonian mechanics
that bring it into closer accord with special relativity. Indeed, in 1911, Einstein
used essentially this metric to argue that light would bend when passing close
to a massive object, but the deflection he predicted turned out to be off by a
factor of two.

The problem is that our construction of the Lorentz metric was too ad hoc,
we have not constructed a tensor equation which constructs the metric in a way
consistent with local equivalence principles.

Nevertheless, we might imagine proceeding with the provisional metric (5.2)
and see what form the Poisson equation takes. To this end, we calculate the
Christoffel symbols for the Lorentz metric (5.2) with index conventions 1 <
i,J,k < 3. The result is that for the metric which should approximate classical
Newtonian mechanics, all the Christoffel symbols vanish except for

. 0% 1 0d

= -0 - - =
00 g7 0 vi 2 +2® Oz’

leading in turn to the geodesic equations

ot _ 00 (dt\’
dr?2 ~—  Oxt ’
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which gives a close approximation to the orbits in Newtonian theory. We can
use (1.31) to calculate the Ricci curvature, and find that

3 3 3
, o .
Roo =) Rjjo=) D (Tdo) = > Thol'st =
i=0 =1 m=1

Thus one might be led to conjecture that the relativistic version of Poisson’s
equation should be

w

2P 2
- ro . rm.
1)2 Z m0™ 00
8(17 ) m=1

j=1

Roo = 47Gp,

when p is the density for a dust which is not moving with respect to the coor-
dinate system (¢, 2!, 22, 23).

But of course, we need a field equation for the metric which does not depend
upon choice of local coordinates. What the above argument suggests is that the
appropriate equation should involve the Ricci tensor. Moreover, it should in-
volve the stress energy tensor T' described in §2.4 and given by (2.11), satisfying
the Euler equations for a perfect fluid:

(Throughout this chapter, we will use the index conventions 0 < u,v,o,7 < 3
and 1 <4,j,k <3.)

We have provided some of the motivation leading to Einstein’s choice of field
equations. Indeed, here is how Einstein expressed himself in [5], pages 83-84:

If there is an analogue of Poisson’s equation in the general theory of
relativity, then this equation must be a tensor equation for the tensor
guv of the gravitational potential; the energy tensor of matter must
appear on the right-hand side of this equation. On the left-hand side
of the equation there must be a differential tensor in the g,,. We
have to find this differential tensor. It is completely determined by
the following three conditions:

1. It may contain no differential coefficients of the g, higher than
the second.
2. It must be linear in these second differential coefficients.

3. Its divergence must vanish identically.

From Einstein’s criteria, we see that the Ricci tensor 12, would be a candi-
date for the left-hand side of the field equation, except for the fact that it does

not have zero divergence. However, it follows from Exercise VI (see (2.13) that
1
G", =0, where G, =R, — 55 s

where s is the scalar curvature of the Lorentz metric. Thus the field equations
which Einstein adopted were

1
R, — 38 G = KT, (5.3)
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where  is a constant and T),,, is the stress-energy tensor of matter within space-

time. We can of course solve (5.3) for R,,,, the result being

1
R, =k <TW — 2gWT> , where T = g""T),. (5.4)

Later we will see that the constant should be kK = 87G.

We might now try to find approximate solutions to the field equations by
linearizing them near the known solution for the flat space-time which contains
no matter. For simplicity, we choose units so that the speed of light ¢ is one, so
that the metric coefficients for this flat space-time are

-1 0 0 0

o 100
(Wu)— O 0 1 O
0 0 0 1

Then the coefficients of the unknown metric should be of the form
Guv = N + hyw,  where  |h,,| << 1.

and in carrying out calculations with the linearization, we ignore all products
of any derivatives of h,, with other derivatives of h,,. This simplifies the
calculation of the Ricci curvature immensely because we can ignore the products
in the Christoffel symbols when calculating curvature. Indeed, it follows directly
from (1.31) and the expressions for the Christoffel symbols that

0 0
Rp,l/ = ZRZUV = Z %(qu) - Z %(FZU)

1 oT 1 oT
5 Z 77 (h/LO',I/T + hl/a,;n— - ha-r“uu) - 5 Z 77 h/tv,(ﬂ'v (55)

where the commas denote differentiation.

The equations (5.5) appear complicated, but they can be simplified im-
mensely by a “gauge transformation,” that is by a change of coordinates of the
form

%= 3% = 2%+ £%, where [£%] << 1.

Indeed, let g, denote the components of the metric with respect to the new
coordinates % and write

Guv = Myw + Ay, where  |hy,,| << 1.
Then

017 0x7 ~ o o T T 7
Nuv + h;uz =G9uv = @@gm’ = Z(6M +£ ,u)(éu + € ,z/)(na‘r + ho"l’)

=N + & &+ le + (negligible terms),
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so in the linear approximation we can write

h,ul/ = ﬁpu + f,u,u + fu,pm
Lemma. We can choose &, so that
_ 1.
ZnUT (hua,r - 2ho"r,u> =0. (56)

To prove this, note that

Zﬁ” (huo,r - ;ho‘nu) = an— (i"lwﬂ' - ;BUTM) + Zna‘rgmu,or

Thus we need only solve the equation

1
U gp« = an—gmu,m’ = (huo,r - 2ha‘r,u> ,

where [J denotes the usual wave operator. We can solve this equation thereby
achieving (5.6).

Thus after a gauge transformation, we can assume that

ST (huw —~ ;hgw> =0.

Substitution into (5.5) eliminates the first three terms on the right-hand side,
leaving the equation

1 1[0 o 9? 0?

——0Ohw=2|55— — — Py
2 210tz O(xhH)?  0(x?)?2  O(x?)?

Once again [J denotes the wave operator. In the case where the stress-energy is

zero, the Einstein field equations become

R, = (5.7)

O hyy =0,

which is just the equation for gravitational waves propagating through Minkowski
space-time.

In the time independent case, (5.7) reduces to

1 1[ 02 0? 9?
Ry, =—=Ahy, = —= Ry 5.8
= TR = 7o 5 T e T e (58)

If we imagine that matter with density p is at rest with respect to the

coordinates (¢, 2!, 22, 23), then with respect to these coordinates

p 0 0 0
, 000 0 3
(TM):(THV): 00 0 0} SO T:ZUM T;w:_p
00 0 0
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and
p/2 0 0 0
0

1 Lo ez 0
0 0 0 p/2

Thus in the time-independent case it follows from (5.4) and (5.7) that
Ahy, = —kp.

For this to agree with Poisson’s equation, we have to take x = 871G, where G
is Newton’s constant of gravitation. We can then conclude that the solution
to the linearized equations for a field of dust particles which are at rest with
respect to the coordinates (¢, 2!, 22, 23) will be

3
() =—(1+2®@)dt @ dt + (1 — 2®) <Z da' @ dxi> :

where @ is the Newtonian potential. If we had not used coordinates in which
the speed of light is one, the result would have been

3
() = —(c® +2®)dt ® dt + <1 - i‘f) (Z dr' ® dy’) .
=1

In the case of a gravitational field produced by a spherically summetric star,
® = —(GM)/r outside the star, where M is the mass of the star and r is the

radial coordinate. In this case,
3
2GM 2GM , ,
_ 2 i i
== (2 (1422 (Yartoar).

In contrast to (5.2) this metric does give the right result for deflection of light
passing close to the star.

FEinstein first published his field equations in 1915 and the bending of light
by the sun was observed by Sir Arthur Eddington in the solar eclipse of May 29,
1919. This observation made Einstein famous. At present, it is commonplace to
observe the effects of the bending of light by a “gravitational lens” in pictures
of distant galaxies taken by space telescopes such as the Hubble and Herschel
telescopes. This provides compelling experimental evidence that Einstein’s field
equations are indeed correct.
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