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LECTURE 1 (APRIL 25)

Rough goals of this course: Study Riemannian manifolds (M, g)

e Connect Riemannian metric g and induced path-metric d: complete-
ness, shortest paths
e Interpretation of (analytic) curvature on (geometric) properties: Ja-
cobi fields, divergence of geodesics
e Geometric consequences of curvature bounds: volume growth, area
growth
e Topological consequences of curvature bounds: compactness, di-
ameter bounds (positive) versus asphericity, non-Abelian behaviour
(negative)
e Purely geometric interpretation of curvature: comparison geometry
Before we can start in earnest, we need two things: a quick review of differ-
entiable manifolds, and a set of examples we will recur to regularly.

Quick review of manifolds. This does not replace a course or book, and
is just intended to refresh your memory; or point you towards topics you
should review. Also, this will set up notation.

We will assume familiarity with the following analytic things:

Review 0.1. e Manifolds M. They are assumed smooth unless speci-
fied, and are usually assumed to be connected, and without boundary.
e The tangent bundle p : TM — M, its fibers T,M (the tangent
spaces), and differentials of smooth maps df. A section of the tan-

gent bundle is a vector field. Vector fields differentiate functions:

X[ = df(X)
The Lie bracket of vector fields [X,Y] is defined by:
[X,Y]f = XYf—YXf

One useful thing to remember is: df[X,Y] = [df X, dfY].
e A connection (or covariant derivative) is a way to differentiate vec-
tor fields
V:I'(TM)T'(TM) —T'(T'M),

which is C°°—linear in the first variable, and satisfies the Leibniz rule
i the second. This is not uniquely determined, but a choice.
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o Ifv:[0,1] — M is a path, then a vector field along 7 is a section
of Y*T'M, in other words: X : [0,1] — T M smooth so that X (t) €
TyyM. Connections induce derivatives % acting on such things.

They have a Leibniz rule, and

Vv
X 0(t) = VypX.

e The tensor bundles T®"M @ (T*M)®*. A section of this bundle is
an object that “eats” s vector fields and outputs a section of T®" M.
Connections extend to such bundles, and satisfy “all possible product
rules” (pairing a vector and a covector is a product)

e Most important for us: A Riemannian metric is a section g € T'((T*M)%?)
which is symmetric and positive definite at each point.

o Such a metric uniquely determines a Levi-Civita connection:

VxY —VyX =[X,Y] torsion-free or symmetric
Xg(Y,Z)=9(VxY,Z)+g(Y,VxZ) compatible with g.
e The Levi-Clivita connection is determined by the Koszul identity:
29(Vy X, Z) = Xg(Y, Z2)+Y 9(Z,X)~Zg(X,Y)—g([X, Z],Y)—g([Y, Z], X)—g([X, Y], 2)

1. A ZOO OF EXAMPLES

Here, we will collect some recurring examples that we will use to explore
concepts hands-on. Also, we recall some constructions that one can use to
build more examples.

Example 1.1. Euclidean space R™ with the Riemannian metric g given by
the standard scalar product of R™ at each point. Here, we are identifying
each tangent space T,R™ = R™ (this is possible since the tangent bundle of
R™ is trivial).

Here, the Levi-Civita connection is simply the usual deriviative, where we
identify I'(TR™) with smooth maps R" — R".

Example 1.2. The sphere:
S ={p=(20,..., ) € R"™ []p[| = 1}

Here, the metric is the restriction of the usual metric of R”.
Recall that for any p € S™ we have TI,]R”Jrl = Rp @ T,S™, where the sum is
orthogonal with respect to the flat metric.

More generally, if f : N — (M, g) is a submanifold (or image of an immer-
sion), then N inherits a metric from M:

hp(v> w) = 3Gf(p) (dpf(v)v dpf(w))

(Convince yourself that this is indeed a metric on N). The Levi-Civita
connection for (N, h) can be computed from the Levi-Civita connection V
of (M,g). In the case of the sphere, this takes the following explicit form:
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let I, : R" — pt be the orthogonal projection of R to the orthogonal
complement p of p. Then

VxY =1IL,(D,Y (X)).

Here, we identify vector fields on S™ with maps X : S® — R"*! so that
X(p) L p for all p e S™.

Example 1.3. Hyperbolic space.
H" = {(x1,...,2,) € R",2,, > 0}

with the metric .
9(z1,..yn) = del R Qdzx".
n
Here, the metric makes points closer the “higher up” they are. We’ll appre-

ciate this example later.

It might be useful to figure out how the Levi-Civita connection looks in this
example, at least for n = 2. The easiest way is to use the Koszul identity, for
the vector fields by, by given by the standard basis of R? in all combinations
for X,Y, Z.

Example 1.4. The torus:
T =58t x... xSt
with the metric coming from the embedding 7" C C".

There is a second construction of a metric on 7. We already have a metric
on S (the one-dimensional sphere). In general, if (M, g),(N,g) are Rie-
mannian manifolds, then M x N inherits a metric. Namely,

(v,w) = g(dmy(v),dm(w)) + h(dma(v), dra(w)).

Check that this is a metric. How do we compute Levi-Civita connection?
Hint: The tangent bundle of M X N is TM & TN, so vector fields can be
written as the direct sum of vector fields on M and N.

Convince yourself that the product metric on S! x - -+ x St is (up to scaling)
the same as the metric defined above. We also get other examples like this,
e.g. 5% x S? etc.

There is a third way to obtain the torus, using group actions. Recall that
an action of a group G on a manifold M is a homomorphism

p: G — Diff(M).

An action is called free if p(g)p = p for any p € M implies g = e. An action
is called proper if for any compact set K the set {g € G|gK N K # 0} is
finite.

The quotient M /G as a set consists of the equivalence classes defined by the
relation x ~ y < y = gx for some g.

Recall
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Theorem 1.5. Suppose G acts on M properly and freely. Then there is
a unique smooth structure on M/G so that the canonical projection map
M — M/G is a local diffeomorphism.

LECTURE 2 (APRIL 29)

We begin by recalling a slight strenghtening of the quotient theorem from
last time. Namely, by properness of the action (and the fact that we act on
a manifold), for any point p € M there is a neighbourhood U of p so that

guUNU =10,

for all g # 1. For the quotient map ¢ : M — M /G this has the consequence
that

¢ ' (aU)) =[] 9U.
geG
and
glv : U — q(U)
is a diffeomorphism. Furthermore, for any group element g one has
dly =dalvog.

We use this to give a third way to describe the torus. Namely, the group
G = Z"™ acts on the space M = R™ by translations. The action is by
isometries (with respect to the usual flat metric g on R™) and proper.

As a consequence N = M /G is a manifold. I claim that there is a unique
metric h so that

h(dgq(v), dg(w)) = g(v, w)

for all v,w € T, M. This property is important, and it has a name:

Definition 1.6. A smooth map f : (M,g) — (N, h) between Riemannian
manifolds is called a local isometry, if

hy) (dpf(v),dpf(w)) = gp(v,w),

for all p € M and all v,w € T,M. It is called an isometry, if it is in addition
a diffeomorphism.

Note that local isometries are automatically local diffeomorphisms (why?).
So, I claim that in the example above, there is a unique metric h on M/G
so that the quotient map ¢ is a local isometry. We will prove this here for
the general case of a quotient as in the quotient theorem from last time.

Lemma 1.7. Suppose that G acts on (M, g) properly, freely, and by isome-
tries. Then there is a unique metric h on N = M/G which makes the
quotient map q : M — N a local isometry.
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Proof. Let p € M be any point, and let U be a neighbourhood of p so that
gU NU = for all nonidentity g. Put

hy(v,w) = qul(x)(qul(x)q_lv, dq‘{]l(x)q_lw).

Observe that this defines a metric on ¢(U), so that ¢y : U — ¢q(U) is a local
diffeomorphism, and h is uniquely determined by that latter property. Also
note that h is smooth (as the right hand side depends smoothly on x).

Next, we want to show that the choice of U does not matter. Namely,
if V' is another neighbourhood of p, then so is U NV, and so clearly the
corresponding metrics h, are the same. Finally, we need to check that the
choice of p does not matter. In light of what we proved, it suffices to see
that replacing U by gU for some g does not change the metric. This follows
from the fact that G acts by isometries, the chain rule, and q|y = gl og™?
(see above). O

We call the metric guaranteed by the lemma the quotient metric.

Geometric quotients are one of the most useful ways to get interesting Rie-
mannian manifolds. For example:

Example 1.8.

RP™ = S"/{£Id}
Real projective space. We’ll call the quotient metric the round metric on
RP™.

Observe that to do this, we couldn’t consider the description R**1\ {0} /R*
of real projective space, since the action of R* on R"*1\ {0} is neither proper,
nor by isometries.

Sometimes, one can even take quotients for actions that are not as nice
as properly discontinuous ones. The stereotypical example here is complex
projective space

CP™ =C"\ {0}/C*.
This inherits a (real!) smooth structure with the same argument that we
used last semester for real projective spaces. In order to define a metric, we
have to be a bit more careful.
Cn*+! carries a flat metric which comes from the identification C* 1 = R27+2,
In complex coordinates this takes the form

g(v,v) = Z lzil%, v=1(21,...,%n41)

where we identified T,C""! = C"*1. From this description it is clear that

the group G of unit norm complex numbers acts on C"! by isometries.

Now, consider the unit sphere § C C"*! with respect to this metric. This

inherits a (round) metric, and G acts on S by isometries. The quotient is
CpP"=5/G.

Observe that G acts freely, but not properly discontinuous on S'!



6

However, we can still induce a metric. To see this we need to understand
the quotient map
p:S—CP"
a bit better. First note that it is smooth. Next, for any z € S, observe that
T.C""' =Rz © T,

since 1,5 = zL. Consider the orbit Gz C S. The tangent vector to this
orbit is Riz, and we can thus further decompose

T.C"H =Rz ®Riz d H,

where we define H, to be the orthogonal complement of Cz. H C TS is a
subbundle.

Let us consider at the explicit point z = (1,0,...,0) how p : C**! — CP"
acts with respect to this decomposition. We can use the chart

o([z0: -+ 2zn]) = (21/20y -, 2n/20)
near p(z). From this description it is immediate that dp, : Hy — Tp(,)CP"
is an isomorphism.
But, the decomposition of T,C"*!, as well as the projection map p are equi-
variant under the action of U(n+1), and that unitary group acts transitively
on S. Hence, we have that for all x € S, the differential

dpy : Hy — T3 CP"

is an isomorphism (p is a submersion).
We can use this to define a metric h on CP". Namely, given v, w € Tj,,)CP",
let 0,w € H, be the unique vectors so that dp,v = v, dp,w = w. Put

Ip(x) (Ua w) = hw(’l), ’U))

This is independent of the choice of x. Namely, if p(z) = p(y), then y = gz
for g € G. But then dgd,dgw € H, are the unique vectors mapping to v, w
under dyp, and we are done since G acts by isometries.

Finally, this g is smooth. To prove this, note that p has local sections:
for every ¢ € CP", there is an open neighbourhood U and a smooth map
s: U — S so that ps = id. By symmetry, it again suffices to show this for

g=1[1:0:...:0], and there the section is simply
(1,21,...,2n)
s(11:z1:...:2,]) = .
Wzl = a0

Next, note that the orthogonal projection 7,,S — H,, defines a smooth bun-
dle map 7 : T'S — H. Then, we have

he (v, W) = gy(o) (Tds(v), mdzs(w))

which shows smoothness. This metric turns p into a Riemannian submer-
S10M.

Complex projective spaces are geometrically somewhat different to real pro-
jective spaces, but we will see this later.
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In addition to products, immersions, quotients, there is one last tool to build
manifolds, but we will get to that later.

LECTURE 3 (MAy 2)

1.1. Parallel Transport. In a tiny bit more detail (since it happened at
the end of last course) and to warm up how to argue with the analytic things
we will recall in detail: Parallel transport.

Suppose that v : [a,b] — M is a path. Unless otherwise specified, all of our
paths will be smooth, meaning for us that + can be extended to a smooth
map (a —€,b+ €) — M, and additionally 7/(¢) # 0 for all ¢. One advantage
of this is: locally, any vector field along + is the restriction of a (local) vector
field of the manifold.

A piecewise smooth path is a continuous map = : [a,b] — M so that there is
a partition a = tg < --- < t,, = b where 7‘[ti,ti+1] is smooth for all i.

A vector field X (t) along a smooth path ~y is called parallel, if %X =0.
Lemma 1.9. Given any (piecewise) smooth path ~y, and any tangent vector
vo € Ty0)M, there is a unique parallel vector field X (t) along v with X (0) =
Q.-

Proof. First we prove the case where v([0,1]) C U, and ¢ : U — V is a

chart. Then, let b; = Bg—; be local sections which are a basis at each point
in U. Locally, we can write

X(t) = Z F)bi(v(t)).
The condition %X = 0 becomes
0= FObG0) + F OV

Rewriting this, this leads to a linear system of ordinary differential equations
in the f?. Hence, it has a unique solution given the initial value X (0) = vg.
This proves the special case.

For a general «, cover the image with finitely many neighbourhoods, and
use the uniqueness/existence from the special case. O

The terminal value X (1) of the output of the lemma is called the parallel
transport of vy along .
We usually interpret parallel transport as a map

P T’y(O)M — Tw(l)Ma

and observe that it is linear (uniqueness of the solutions above and linearity
of the conditions). By the same argument, we have that

P = Pliew) o PYlad
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for all ¢ € [a,b]. As a consequence, we can define parallel transport along
piecewise smooth paths as the composition of the parallel transport along
smooth subpaths.
We can use parallel transport to characterise when a connection is compat-
ible with a metric.

Lemma 1.10. A connection V is compatible with g along ~y:
\Y \Y
X(t),Y#t) =g =X,V X, =Y
sX@.Y(0) =g (3 x7) 0 (X 3¥)

if and only if for any X,Y parallel along any v we have that g(X,Y) is
constant.

Proof. One direction is clear. For the other, choose an orthonormal basis,
extend as parallel vector fields, and then compute. O

In fact, the condition from the lemma is equivalent to compatibility of the
connection. Prove this yourself (e.g. in the problem sessions).

Let’s discuss parallel transport in some of our standard examples.

e In Euclidean space, it really is just a parallel shift.

e For the torus (or properly discontinuous quotients in general), one
can always use the following method. Suppose that v : [a,b] — T
is a curve. Consider p : R® — T, and choose a point x € R" so
that p(x) = v(a). There is then a unique curve 7 : [a,b] — R"
so that py = 7, and 7(a) = =z (this follows, since locally, p is a
diffeomorphism).

Similarly, if v € Ty ,)T' is given, let

V= dxpfl(v)
We claim that

- Ygamma

PY(0) = dymnayp (P (D))

However, this is clear since a parallel field gets sent to a parallel field
by df.
In this concrete example, this shows that parallel transport along

any closed loop is trivial.

e Cones. In the problem session you’ll see an example of nontrivial
parallel transport along closed paths, using the same trick.

e Spheres will be handled in the problem session, using cones. Also,
concretely by picture now.

The uniqueness of the Levi-Civita connection has the following consequence:
suppose

f:(M,g) = (N, h)
is an isometry. Then
df VY = Vi dfy.
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Crucial thing here is: (df 'Z)h(X,Y)(p) = Zh(X,Y)(f(p)) (the hardest
part is to interpret everything correctly).

LECTURE 4 (MAY 6)

We’ve seen that parallel transport on the torus is trivial along closed loops.
For future reference, here we will describe this again, in more detail, and for
general quotients. Our setup is as follows.

Let (M,g) be a Riemannian metric, and let G be a group acting on M
properly, freely, and by isometries. Denote by N = M/G, by ¢ : M — N
the quotient map, and by h the quotient metric. Suppose that 7 : [a,b] — M
is a path, and denote by v = go 7. As an aside: actually any path in N is
of this form. The following is a standard result from covering space theory
(which you could easily prove by hand in our setup!)

Lemma 1.11. Suppose that 7 : [a,b] — N is a (piecewise) smooth path,
and let T € g 1(y(a)). Then there is a unique (piecewise) smooth path
5 :la,b] = M so that ¥(a) =z and vy = qo7.

Now, we claim that
P(d5ayq(v)) = dﬁ(b)quﬂ(v»

To prove this, suppose that Xisa parallel vector field along v with X (a) =v.
Define a vector field along X by

X(t) = dyq(X(2)).
We then have, using the fact that ¢ is a local isometry:

\Y > V =
%X =V, X = dqvq*,y/q*X =dqVz X = dq%X =0.

Hence, X computes parallel transport, and we have
PY(dg(v)) = X(b) = dg(X (b)) = dg(P7(v)).

Now, we consider the case where 7 is a closed loop (i.e. 7y(a) = ~(b)). Note
that in general the path 7 does not need to be closed then — this is already
visible in the torus example from last time.

However, since y(a) = ~y(b), there is a group element g € G so that 75(b)
g7(a). Let U be an open neighbourhood of 7(a) = x so that /U NU =
for all ¢’ # 1. Then we have

[

dlv =dqlgu o g
and thus
dyq = dgmq odzg
Using what we proved above, we see that

P(daq(v) = dgaq(P7(v)) = daq 0 dag ™" 0 P (v).
From this expression we can see that the parallel transport on N has two
independent ingredients: the parallel transport of M, and the group action
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G. As a result, even if the parallel transport on M is very easy (e.g. trivial,
as for R™), the parallel transport on N might be more complicated. You
will explore this further in the problem sessions.

1.2. Length metric from a Riemannian metric.

Review 1.12. e (Gliven a Riemannian metric, we have length:

1
I(y) = /0 a7 )7 D)t

e Given length, we have a path-metric:

d(p,q) = inf{l(v),v joins p,q}

Lemma 1.13. The path-metric d is a metric, and it determines the same
topology as the manifold topology.

Proof. For metric, the only nontrivial claim is that the distance between any
two distinct point is not zero. To see this, let p,q be any distinct points,
let ¢ : U — V be a chart around p and let B C V be a closed ball so that
q ¢ ¢~ (B). Denote by r the radius of B.

Then, there are constants ¢, C' so that

cgu(v; ) < [ldpu(v)|| < Cgu(v,v).

This follows since any two metrics on R™ are equivalent, g is smooth, and
B is compact.
Now, if v is any path joining p to ¢, let ¢y denote the largest number so that
7([0,t0]) € ¢ 1(B). Then

1) 2 1Vo,t0) = %r
Hence, d(p,q) > 0.

In the same way we can show that every metric ball contains an open set
(for the manifold topology), and every open set contains a metric ball. [

We can think of d as a function
d: M x M — R,

but this function is not smooth. The square of d is, however.

In our examples, we could compute lengths now, but we defer a detailed
discussion until we have more tools.

1.3. Geodesics, Local Analytic Properties. We now start to study one
of the two central tools in Riemannian geometry: geodesics.

Definition 1.14. A curve 7 is called a geodesic if

Y’y':O

along 7.
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Motivation is: velocity vector is parallel along the curve, i.e. direction does
not change.

e In Euclidean space, straight lines are geodesics.
e On spheres, great circles are geodesics.
e On the tori 7", the images of straight lines are geodesics.

Geodesics are automatically parametrised proportional to arclength:

d 1112 ‘ / /
—\YIF=29(=,7 )=
dt” H (dt ’ 0,

hence there is a number ¢ so that I(v[j) = ct for all ¢.

Rescaling the speed of parametrisation does not change being a geodesic, so
we will often assume that they are parametrised by arclength (¢ = 1 above).
We next want to study a) if and how many geodesics always exist, and
b) what properties they have. For a), it is useful to study the geodesic
equation in local coordinates on the tangent bundle. Recall that T'M has
local coordinates coming from the charts of M: if ¢ : U — V is a chart of
M, then

U xR", (ul,...,u",vl,...,v")Hg V'

8xi(1

ul,...um)
gives a chart of T M.
Let now v be a curve in M. Write
V() = (e (t),...,c"(t),
and then 5
/ %)
V() =) ¢t) 55
Z ox? o(t)
We have v 5 v 9
PV -l
dz‘,’y ZC (*) ox’ @ (t) dt Ozt o(t)
We have v 9 5 5
k
YY1 v, | = t -
dt 8.%' C(t) v (t) 8$Z C(t) A ¢ ( )vﬁ 8332

Recall the definition of the Chm’stoﬁel symbol&

ak% Z ]“896]

Collecting terms, we see that the geodesm equation on U is

)+ Fmemr], =0

Rewriting in the coordinates of T'M this is equivalent to the first-order
system

@ (t) =y’ (1), ==Y vy,
on TU = U x R™. The right hand s1des of these equat1ons define a smooth
vector field V' on TU, called the geodesic field. Curves o with o/(t) =
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V(a(t)) are called trajectories of a the vector field V. From the discussion
above, the trajectories of the geodesic field are exactly the curves of the form
(v(t),+'(t)) where v is geodesic.

Smooth vector fields also define a flow, and the flow on T'M defined by the
geodesic field is called geodesic flow. The study of the geodesic flow is a very
interesting problem in dynamics. We will not discuss this much.

Trajectories for vector fields always exist (locally), are unique, and depend
smoothly on their initial conditions. We summarise the consequence for the
geodesic field in the following theorem.

LECTURE 5 (MAy 9)

The discussion of parallel transports on general quotients we did at the start
of this lecture has been added to the write-up of a previous lecture.

GEODESICS, LOCAL ANALYTIC PROPERTIES

Trajectories for vector fields always exist (locally), are unique, and depend
smoothly on their initial conditions. We summarise the consequence for the
geodesic field in the following theorem.

Theorem 1.15. Let (M,g) be a Riemannian manifold, and let p be any
point in M. Then there is an open neighbourhood U of (p,0) € TM, a
number § > 0, and a smooth map

1/} : (_57 5) X Uv

so that t — 1(t,q,v) is the unique trajectory of the geodesic field with initial
condition (0, q,v) = (g, v).

Suppose now that v : (—=0,0) — M is a geodesic with v(0) = p,~'(0) = v.
Consider the curve

p(t) =(at), p:(=d/a,0/a)— M.
This is again a geodesic, and p(0) = p,p’(0) = av. By the uniqueness of
trajectories this also implies
7/}(1) q, CLU) = 1/}((% q, U)

where defined.

Hence, in Theorem [1.15| we may assume § = 2 at the cost of decreasing the
size of U. Assuming this, ¥ (1, ¢, v) is defined for all (¢,v) € U. Denote by
p:TM — M the standard projection. We define the exponential map

If ¢ is any point in M, we will often also write exp, : B5(0) — M, exp,(v) =
exp(q,v). From above, exp is smooth.

Geometrically, exp,(v) is the point at time 1 of a geodesic starting in g with
initial velocity v.
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Lemma 1.16. For any q, we have
do exp, = id.

In particular, there is a small neighbourhood V' of 0, so that exp, : V —
exp, (V') is a diffeomorphism.

Proof. We have

d d
0 equ(U) dt o equ( U) dt —o TIZ)( 4, U) dt —o "IIZ)( ) 4, U) v
This shows the first claim. The second claim follows from the first by the
inverse function theorem. O

Next, consider the map
f:TU = M x M, (q,v) — (p(q),expy(v))

and compute its derivative at a point (¢,0). Keeping ¢ fixed and changing
v this is the computation from above, and the derivative is (0,id). Since

f(d,0)=(d.q)
the derivative with respect to the the first coordinate is (id,id). Hence, f

also has invertible derivative at (¢,0) and is a local diffeomorphism. This
implies

Corollary 1.17. For any point p € M there is a neighbourhood U so that
between any two points q,q € U there is a unique geodesic contained in U.
In particular, U is in the image of the exponential map exp, for any q € U.

Proof. By the computation above, we can find a neighbourhood V of (p, 0) so
that f restricts to a local diffeomorphism on it. Since geodesics are exactly
the images of the exponential map, the claim follows. ([l

2. GEODESICS, FIRST GEOMETRIC PROPERTIES
Maybe the most useful basic tool about geodesics is the following.

Lemma 2.1 (Gauss lemma). Let p € M be a point, and let v € T,M. For
any w € T, T,M = T,M we have

g(dy epr(U)a dy epr(w)) =g(v,w)

Before we prove this, one word of warning: it is important that the v in the
argument of dexp and the v we started with are the same!

LECTURE 6 (MAy 13)
We want to prove the Gauss lemma.

Lemma 2.2 (Gauss lemma). Let p € M be a point, and let v € T,M. For
any w € T,T,M = T,M we have

g(dy expp('l)), dy epr<w)) = g(v,w)
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Recall from last semester the following symmetry for covariant derivatives.
Let f: (a,b) x (¢,d) — M be a smooth map. Then the partial derivative 2—5
is a vector field along the curve v — f(u,v). Similarly, % is a vector field
along u — f(u,v). We then have

Vaf Vof
dvdu  dudv
Proof of the Gauss lemma. First consider the case where w = v. Then by
definition of the exponential map d, exp,(v) = v, and so the claim follows.
Next consider the case where w L v (this will prove the lemma by linearity).
Choose a curve c: (—e,€) = T,M with ¢/(0) = w, and ||¢(s)|| constant. Up
to replacing v by dv for a small § we may assume that f(s,t) = exp,(tc(s))
is defined for all t € (—2,2),s € (—¢,¢€).
Compute
d ,o0f Of vVof of
o5 o) =N aas o) T s dorn
By definition, ¢t — f(s,t) are geodesics, and therefore gt Z{ = 0. Also using
the symmetry result stated before the proof began, we can continue
vV of of 1d ,0f Of
=9Csor o) = 245" o o)
Since t — f(s,t) are geodesics and are therefore parametrised with constant
speed, we have g(%, %) = g(c(s),c(s)). Since ¢ has constant norm, we thus

get that dtg(af 8f) =0.

af Vof

ds’ Ot
Thus, g( fs, 88{) is constant in ¢. But
0
o —dexpltn), I = dexpelt)).
Evaluating at t =1,s = 0 and t = 0, s = 0 yields the result. O

Now, as a (first) application of the Gauss lemma we prove local length
minimisation for geodesics. The following terminology is (sometimes) useful.

e A normal neighbourhood of a point p € M is a neighbourhood V =
exp, U where exp, is a diffeomorphism on U. Every point has one
of these. Subsets containing p are again normal neighbourhoods.

e A totally normal neighbourhood is a set U which is a normal neigh-
bourhood of all of its points. Every point has one of these. Subsets
are again totally normal neighbourhoods.

e A geodesic (or normal) ball is such a neighbourhood where U is a
(Euclidean) ball. Every point has one of these.

e A geodesic (or normal) sphere is the image of rS™ C T,M under
exp,, if exp,, is a diffeomorphism on U D rS".

e A radial geodesic in a geodesic ball is the image under exp,, of a line
segment starting in the origin. The Gauss lemma states that radial
geodesics are orthogonal to geodesic spheres in any geodesic ball.



15

Lemma 2.3. Suppose U is a normal neighbourhood of p, and B C U a
geodesic ball with center p € U. Let (a small enough) v € T,M be given
and consider the radial geodesic y(t) = exp,(tv). If ¢ : [0,1] — M is any
piecewise smooth path with ¢(0) = p,c(1) = (1), then

() <)
with equality if and only if ¢([0,1]) = ~([0, 1]).

Proof. Let B = exp, B(0). First assume that im(c) C exp, B¢(0). We can
then write

c(t) = expy(r(t)v(t))
where v : [0,1] — T, M has constant norm 1, and r : [0,1] — R. Define as
before

f(s,t) = expy(sv(t)).
and then have c(t) = f(r(t),t), and therefore

Cof, D
¢t =)+ %

Since ||v(¢t)|| = 1, v/(t) L v(t), and thus by the Gauss lemma we have

of of
(as 8t)

Thus, using that ||Z B L g = 1, we have

0.

g(d(1),d (1) = ('(1))* + II%Hﬁ

Hence, we get

1 1
/0 V@), eyt > /0 Y (bt = (1) = 1(3).

Also, if v(t) is not constant, the inequality above is strict, and so + is the
only curve realising length.

Finally, if ¢ is a curve which is not contained in exp, B, then arguing as
above it follows that I(c) > (7). O

So: geodesics locally minimise distance. A converse is the following:

Lemma 2.4. Suppose that ¢ : [0,1] — M is a length minimiser (i.e. I(c) =
d(¢(0),¢(1))). Then c is a geodesic, in particular smooth.

Proof. First observe that c¢ is actually length-minimising between any two
of its points (otherwise there would be a global shortcut as well). Now
parametrise ¢ by arclength. Given any point ¢(ty), find €, d, so that at each
c(t), |t — to] < e, the exponential map is a diffeomorphism on the J—ball.
Applying Lemma we see that c|j 45 is geodesic for all [t —to| < 6. In
particular, around %y there is an open interval on which c is geodesic. ([l

Finally, we want to begin to discuss convexity. The technical tool is the
following
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Lemma 2.5. Let p € M be given. Then there is a number € > 0 so that
B = exp, Bc(0) is a geodesic ball with the following property. Suppose r < e,
and v is a geodesic which is tangent to the geodesic sphere S = exp,, 0B, (0)
at ¢ =~(t). Then (t —6,t 4 6) Nexp, B,(0) = 0 for small 5.

A tool: the unit tangent bundle 7' M. Observe that this has compact fibers.

Proof. Let U be a totally normal neighbourhood of p. We may assume that
the map

VT X (—p, p) = M,
where (g, v, t) is the time-t point on the geodesic starting in (g, v), is defined
and smooth, and has image completely in U. Hence, we can define

u(g, v,t) = exp, (v(q, v, 1)),

and
F(u,v,t) = |lu(g,v,t)|* = d(p,7(q,v,1))*.
We have 9 5
u
aF(U,U,t) - 2<§au>

0? 9%u ou

—F =2(=—— 2| = ||?

Sl (W v,t) =25 o u) + 2] o |

Choose 7 so that exp, B,(0) is a geodesic ball. Suppose that v is as in the
lemma, and ¢ = (g, v,0). The Gauss lemma then states that
ou

(u(g,v,0), 5-(g,v,0)) =0

Hence, (g,v,0) is a critial point of F. We want to show that (if 7 is small
enough), it is a strict minimum.

At ¢ = p, we have %275(;9, v,0) = 2|[v||? = 2, and so by smoothness there is

a neighbourhood V' of p so that %Tf(q,v, 0) > 0 for all (¢,v) € T'V.
Choosing € small enough that exp,, B.(0) C V' then has the desired property.

O

LECTURE 7 (MAY 16)

More terminology:
e A set S C M is called strongly conver, if for any two points p,q € S
there is a unique shortest geodesic joining p to ¢, and its interior is
contained in S. Think of: Euclidean balls.

Lemma 2.6. For any p € M there is an 0 > 0 so that the geodesic ball
B = exp,, Bs(0) is strongly conver.

Proof. Let € be so that it satisfies as in the previous lemma, and put
d = €/2. Then, suppose qi,q2 are two points on exp, 0B;s, and let v be
a shortest geodesic between them. It is unique and is completely con-
tained in exp, B(0). Suppose that the interior v would not be contained in
exp, B5(0). Then there would be a time # so that (o) is tangent to the
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geodesic sphere exp, dB;.(0), 7 > ¢, and v C exp, B(0). This violates the
previous lemma. O

Hyperbolic Geodesics and Isometries (I). As an application, we now
compute the geodesics of H? (in a tricky computation-avoiding way). Here, it
is useful to think of H? C C as the complex numbers with positive imaginary
part, and use complex notation.

The first step is to find a single geodesic.

Lemma 2.7. The geodesic joining i to i, A > 1 in H? is the vertical (Eu-
clidean) straight line.

Proof. Let a : [0,1] — H2, a(t) = (x(t),y(t)) be any path joining i to .
We then have

t)

2( t)dt > il dt = In(N).

0= [ sVEO T Ew [ =y
Furthermore, the 1nequahty is strict if y(¢) # 0 for any t € (0,1). Since the
straight line has hyperbolic length In(\), it is therefore the length minimiser,
and thus a geodesic. O

Next, we use the fact that we can guess isometries.

Lemma 2.8. Suppose a,b,c,d € R satisfy ad —bc = 1. Then the map

f‘z»—>az+b
' cz+d

defines an isometry of H2.

Proof. First we check that f preserves the upper half plane. Namely,

az+b  (az+0b)(cZ+d) aczZ+bcZ+ adz + bd
cz+d  |ez+d]2 llcz + d||?

Hence, this has imaginary part
—bclmz + adlmz

lzvdpp "
Next, we compute the (complex) derivative.
f,(z):a(cz+d)—(az+b)c:acz+ad—acz—bc: 1
(cz +d)? (cz+d)? (cz +d)?

Hence, the (real) total derivative is a rotation, followed by a scaling by

m. As this is exactly how the imaginary part of f(z) is scaled compared

to z, f is an isometry. O

In other words, we get a map
p : SLy(R) — Isom(H?).
We have the following
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Lemma 2.9. The image of p acts transitively on TYH?, the unit tangent
bundle.

Proof. Using isometries of the form z +— Az,t +— z+r for A,r € R it is easy
to see that it acts transitively on H?. Hence, it suffices to show transitivity
on unit tangent vectors at a single point. We do this using

cos(f)z + sin(f
fo(z) = — ) )
—sin(0)z + cos(#)
and observe that it fixes 7. Further, its derivative at i is

1
i
Joli) = (—sin(6)i + cos(6))?

so it acts as a rotation by £26. O

The core to identify geodesics is the following result in “classical” (Md&bius)
geometry.

Lemma 2.10. Isometries p(f) preserve the set of vertical half-lines and
half-circles orthogonal to the real line.

Proof. First we show that circles and lines are sent to circles or lines. Recall
that SLa(R) is generated by matrices of the form

6606

For the first two types the claim is clear, since the corresponding isometries
are Euclidean translations or similarities. For the last type, which corre-
sponds to the involution
1 z
T e
we need a different argument. Note that a circle or line is exactly the set of
points satisfying
€(z,z) — 2(x,a) +t =0,
for some ¢, € R,a € C, where (,) is the usual scalar product on C = R2.
The case of lines is when € = 0. Now, the image of a circle or line under f
is therefore the set of points satisfying

z z Z
e(— ,— ) —2(— ,ay +1t =0,
1[I =11 12>
The scalar product is real linear, and has (zZ,a) = (z,a), and thus this
equation is equivalent to

z _
€<W’ Z> - 2<Z7 —CL> + tHZH2 = O’

But

z
<77 Z) =1,
Bl

so this has the form again.
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It remains to show that p(f) preserves the angle with the real axis. Now,
circles or lines orthogonal to R are exactly those circles or lines invariant
under complex conjugation. Since p(f) is a linear fractional map with real
coefficients, it preserves this property. O

As a consequence, we get

Corollary 2.11. The geodesics of H? are exactly the vertical half-lines, and
the Fuclidean half-circles meeting R orthogonally.

Proof. A geodesic is determined by its initial point and its initial velocity.
Since p acts transitively on T'H?, the geodesics are therefore exactly the
images of the imaginary half-line under elements in the image of p. By the
lemma these are of the desired form. U

Corollary 2.12. Between any two points of H? there is a unique geodesic,
and it is globally length-minimising.

Corollary 2.13. The image of p is the full group of orientation-preserving
isometries. In particular, isometries of H? act in a well-defined way on

OsoH? = R U {0}

Proof. Suppose F' is any orientation-preserving isometry. Then, there is
some A so that p(A)F fixes i and acts trivially on T;H?. Further, p(A)F is
an isometry, and so it preserves geodesics parametrised by arclength; hence
it is the identity on H?. O

LECTURE 8 (MAY 20)

Next, we want to understand how the isometries of H? act on H?. To do so,
we recall the following from linear algebra.

Lemma 2.14. Every nonidentity matriz in SLa(R) is conjugate to exactly
one matrix of the following types

o )60 1) (5 )
where X\ # 0,0 € [0,27).

Proof. Consider a real matrix A with determinant 1. If A has an eigenvalue
not equal to 1, then it is diagonalisable, hence conjugate to the first type. If
A has an eigenvalue 1, but not the identity, it is conjugate to the second type.
If A has no real eigenvalue, it has a pair of complex conjugate eigenvalues
of norm 1, and thus we are in the third case. [l

We call the isometries corresponding to the different types hyperbolic, para-
bolic and elliptic. The special form of the isometries immediately yields

Lemma 2.15. Suppose ¢ € Isom™ (H?).
i) If f is elliptic, it has a fived point in H2.
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i) If f is hyperbolic, it fizes no point in H?, and leaves a single geodesic
in H? (setwise) invariant.
i) If f is parabolic, it fives no point in H? and no geodesic in H?2.

The geodesic left invariant by a hyperbolic element is called its axis. Since
Isom™ (H?) acts transitively on T1H?, it also acts transitively on the set of
geodesics. Hence, every geodesic is the axis of some hyperbolic element.
Namely,

Apgy™h) = v A(9)
Our goal is now to construct an interesting manifold as the quotient of H?2.

To do so, we need to understand how hyperbolic isometries act a bit better.
We need the following simple observations

e If A C H? is an infinite geodesic, then H? — A has two connected
components, each of which we call a halfspace. They are convex.

e If A is a geodesic, a € A a point, then there is a unique geodesic B
so that AN B = {a}, and A, B meet orthogonally.

Lemma 2.16 (North-South-dynamics). Let ¢ be a hyperbolic isometry of
H? with axis A. Let a € A be a point, and let B be the unique geodesic
meeting A in a orthogonally. Let U_ be the halfspace defined by A which

does not contain ¢p(A), and let U, be the halfspace defined by ¢(A) which
does not contain A. Then

G(H* —U_) C Uy, ¢~ (H> = Uy) CU-.

Proof. By conjugating ¢, it suffices to show this for ¢(z) = Az. Then
A, ¢(A) are half-circles meeting the imaginary axis orthogonally at height
a, Aa. Then

U ={zcH |z <a}, Uy={zecH|z| > \a}.
Then, the claim is clear. ([

Now, to construct our manifold, let A, B be two geodesics meeting orthog-
onally, and let «, 8 be hyperbolic isometries with these axes. By replacing
«, 3 by large enough powers, we may assume that the sets U, U¢, Ué, Uf
are all disjoint. In fact, we may assume that the 1-neighbourhoods are still
disjoint.
Now consider the group G = {(«, 3) generated by these two isometries.
Lemma 2.17. For any p € H?, there is some g € G so that
gpeHz—(Uf‘UUj’fUUéuUf)

Proof. Denote by C the region H? — (U*UU% U U u Uf), and let p by any
point in H2. Suppose p ¢ C. Choose a geodesic segment v joining p to a
point in OC, without intersecting C' in the interior. Suppose e.g. that v ends
on OU?. Consider «a(p), and the path a(vy). The geodesic a(v) now ends on
oU¢, and a terminal segment of «(y) is now contained inside C. So, either
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a(p) € C, or we can take a subsegment of () of length < I(y) — 1 joining
a(p) to OC. By induction, we are done. O

Lemma 2.18. The group G = (a, B) acts on H? properly and freely.

Proof. Tt suffices to show that any point p € H?, there is an open neighbour-
hood so that
gUNU = 0Vg # 1.

By the previous lemma, it also suffices to show this for a point in C. In
fact, by slightly moving the orthogonal, we may assume p € int(C). We can
choose a neighbourhood V' C C of p.

Now, consider any nontrivial element g € G. After obvious cancellations,
we may assume that it has the form

9=9n-""91,

where each ¢; = o, 8%, and no two consecutive ones are direct inverses of
each other. For each i, put U; = U¢ if g; = o and U; = Uﬁ if g; = p*. We
have inductively

g1+ ge(V) C Us.
Namely, ¢1(V) c Uy as V C C. If g --- ¢1(V) C Uy, assume e.g. that Uy =
U (ie. gr = a). Then, we have gy # a~!, and therefore g4 1Uy C Upy1.
Hence, g, -+ g1(V) C Uy, and U,, N C = (), which proves the lemma. O

What is the quotient H?/G? Topologically, it is a torus minus a disk. Try
to prove this.

LECTURE 9 (MAy 23)

Global geodesics. We have seen that geodesics always exist locally, and
realise length locally. Next, we want to discuss global existence results.

Theorem 2.19 (Hopf-Rinow). Let M be a Riemannian manifold, and let
p € M be a point. Then the following are equivalent:

i) exp, is defined on all of T, M.

ii) Closed and bounded sets in M are compact.

iit) (M,d) is complete as a metric space.

iv) Any geodesic is defined on all of R.
If any (hence all) of these hold, there are length realising geodesics between
any two points in M.

Proof. The first step is that i) implies the existence of length realisers. Sup-
pose d(p, q) = r, and let B = exp,, Bs(0) be a geodesic ball around p. Denote
by S the boundary of B. Let xy be a point on S where d(q,-) : S — R at-
tains a minimum. Let v be a unit vector such that zp = exp, v, and let
v(t) = exp,(tv). We want to prove that

d(y(t),q) =r—t
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This equation is true for t = 0. Let A be the set of all those times where it
holds. Observe that [0,s] C A if s € A. Namely, suppose t < s. Then

d((t), q) < d(1(),7(8) + d(3(s),q) < s — t 47— s =1 L.

d(y(t),q) > d(v(s),q) —d(v(s),7(t)) =1 —s—(t—s)=r—t.

Further, we have
r=d(p,q) =6+d(S,q) =6+ d(zo,q)

and thus [0, 0] C A.

Also, as the condition defining it is closed, so is the set A. Hence, we only
need to show that A is open in order to to show that v(r) = ¢ and ~ is
length minimising.

To this end, let sy < r be a time in A. Take B(v(s9) be a geodesic ball
around 7(sg), and let S be its boundary. Let z be a point on S minimising
d(Qa )

This point satisfies

d(v(s0),q) = e +d(z,q)

We claim that = (s +¢€). Namely, let p be a radial geodesic in Be(v(sg))
ending in x. We have that

d(p,x) > d(p,q) — d(g,z) =r — (d(7(s0),q) —€) = s0 + €

and 7|[O,so] * p is a path of that length. Hence, it is length minimising,
therefore smooth. This implies that p has the same direction as v at the
point where they join, and therefore v(sp + €¢) = p(e) as claimed. Then also

d(/Y(SO + E)a q) = d(CE, Q) = d(V(SO)a Q) —€=T—8) €,
and thus so + € € A.

Now assume i). Take K a closed and bounded set. By the global existence
of geodesics (which we have proved), K C exp,(B,(0)). Hence, K is a closed

subset of the compact set exp,, B;(0), hence compact. Thus ii) holds.

Assume ii). Cauchy sequences are bounded, hence have bounded closure.
Any point in the closure is an accumulation point of the sequence, hence a
limit by Cauchy. Thus iii) holds.

Assume iii). Suppose v : [0,s) — M is a geodesic which cannot be extended
to s. Choose s; — s from below. Then ~v(s;) is a Cauchy sequence, and
hence has a limit p. Choose a totally normal neighbourhood U of p. For
large indices, v(s;),v(s;) are contained in U, and thus 7|, ] is the unique
geodesic in U joining these points. Since exp, is a diffeomorphism around
0, v Nexp, B is a radial geodesic, and therefore it extends.

Finally, clearly iii) implies i). O
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CURVATURE

First, we need to recall (correct) the analytic definition of curvature from
last semester. Namely, we have

R(X,Y)Z =VyVxZ-VxVyZ+ V[X,y}Z
This is a tensor R € TM @ (T*M)®3. Often we also use the tensor
R(X,Y,Z, W) =g(R(X,Y)Z,W)
which is in (T*M)®*. These have symmetries, which we showed last time.
(1) RIX,Y)Z+ R(YY,Z2)X + R(Z,X)Y =0.
(2) R(X,Y)Z=—-R(Y,X)Z.
(3) R(X,Y,Z,W)=R(Z, W, X,Y).
Recall the definition of sectional curvature
R(z,y,z,y)
9(z, 2)g(y,y) — 9(z,y)*
where z,y € T,M. We proved that K(x,y) depends only on the vector
subspace V' = span(z,y), and we often write it as K (V).
Recall also that sectional curvature determines Riemannian curvature.
Finally, recall that curvature measures failure of symmetry of second co-

variant derivatives. One useful lemma is the following: if f : U — M is a
smooth map, U C R?, and V is a vector field along f, then

VvV VV _ _[(df Of
V-~ RQMaJV

dtds — dsdt
(obvious for a “coordinate slice”, true in general: do Carmo, Chapter 4,
Section 5, Lemma 4.1)
Note that local isometries preserve curvatures, in the sense that they pre-
serve Levi-Civita connections. Sectional curvature is preserved as a number.

K(l‘,y) -

LECTURE 10 (MAY 27)

We now want to join the analytic curvature (tensor) to geometric data —
geodesics. In order to do this, we will begin by considering families of
geodesics.

Namely, consider a family of paths f(s,t), so that for any s the assigment
t — f(s,t) is a geodesic (e.g. in the proof of the Gauss lemma we used
F(t, ) = exp, to(s))

The first partial derivative in the t—direction is then not very interesting (in
t the curve is geodesic, with constant derivative). The other partial

of
0s

measures the “spreading” of the geodesics in the family. We will see that
this is directly related to curvature.
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First, we derive a differential equation which these partials satisfy.

0
J(s) = 8—::

(t0)

which is a vector field along the geodesic v(¢t) = f(t,0). Since geodesics have
parallel velocity field, we have

,_ VYV _ VvV R(af af>af

T dsdt ot dtds ot ot

ds’ Ot
With symmetry of R and covariant/usual partials this yields

O_VV8f+R<8f E?f)(?f

"~ dtdtds at’ s ) ot

Hence, the vector field J along v satisfies the Jacobi equation

v2
—5(0) + RO/(0), 7)) (1) = 0.
Definition 2.20. Let v be a geodesic. A vector field J is called a Jacobi
field if it satisfies the Jacobi equation above.
Lemma 2.21. Given a geodesic v : [a,b] — M and v,w € T, )M there is
a unique Jacobi field J along ~v with
\Y%
J(0) = —J(0) = w.
O)=v. —J0) =w

Proof. Choose parallel orthonormal fields b; : [a,b] — T'M along . We can
write any vector field along v uniquely as

J(t) =Y F()bit)
By parallelity, we have

V2
@J(t) = Z 1 ()bi(t).

By linearity of R and the fact that the b; are orthonormal, we have

R(Y'(t), J(t))Y'(t) = Z R(Y'(8), J(£), 7 (2), bi(t))bi(t) = Z FIORO (1), b5(8),7 (1), bi()bi(t)-

Hence, the Jacobi equation is equivalent to the system of equations
FiO) + > PR (1),b;(1),7/ (), bi(1)) = 0.
J
This is a linear system of ODEs. Hence, given initial conditions there exist
a unique solution as claimed. [l

As a consequence of the uniqueness, we see that our first examples are all
the Jacobi fields with initial value 0:
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Corollary 2.22. Let y(t) = exp,tv be a geodesic, and let J be a Jacobi
field along v with J(0) = 0.
Let w = %J(O), and let v(s) be a curve with v(0) = v,v'(0) = w. Then,

3}
J(t) = 55 Pp tv(s).

Proof. We have already shown that I(t) = % exp, tv(s) is a Jacobi field.
Hence, by the uniqueness, it suffices to show that it has the correct initial
conditions. 1(0) = J(0) = 0 is clear. Furthermore,

\Y \Y \Y \Y
%I(t) = ﬁdw exp,,(tw) = ﬁtdtv exp,(w) = (d exp,(w) + t£dw exp,(w)
hence, Y1(0) = w. O

As a consequence, we should remember that Jacobi fields compute the de-
rivative of exp. In the setup of the previous corollary, we have

J(t) = (;93 exp,, tv(s) = dy, exp,, tw

and hence, assuming that the geodesic is defined up to time 1,
dyexp,w = J(1).

This is sometimes a useful way to compute this derivative (geometrically).
This also immediately implies: if we have a totally geodesic, isometric em-
bedding ¢ : M — N, then ¢ maps Jacobi fields to Jacobi fields.

Another consequence is: Jacobi fields that start orthogonally to the geodesic
direction stay orthogonal to the geodesic direction. This also follows from a
direct computation:

(LAY =), (JA) = (=R, IV, 7).

Some examples

Example 2.23 (Curvature of spheres, geometrically). We start with S2.
Take a geodesic (great circle) v, and let X be a parallel vector field along
orthogonal to /. Then,

R(Y'(8), X ()Y (1) = K (T S*) X (t).

Observe that O(3) acts transitively and by isometries on $%, and so K (T,;)S?) =
K is constant. Jacobi fields along ~ starting orthogonally have the form
J(t) = f(t)X(t). Further, by parallelity of X we have

v2 n
T = (X (1)
and
R(Y, Ty = FO)KX(t).

Hence, J being a Jacobi field exactly means f”(t) = —K f(t).
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Now, let us specify to a specific geodesic and field. Take the geodesic

cos(t)
2(t) = ( sin(t)
0

In this case, the field X (t) = (0,0, 1) is easy to guess. To get a Jacobi field,
we next just guess a family of geodesics

cos(t)

f(s,t) = [ sin(t) cos(s)
sin(t) sin(s)

which satisfies f(0,t) = y(t) and t — f(s,t) is a geodesic. Hence,
0
J(t) = Zf 0 = sin(t) X (t)
N sin(t)

Hence, f(t) = sin(t), and K = —1.

If we consider the sphere S™ with the round metric, then the group G =
O(n + 1) acts transitively on two-dimensional subspaces in T'S™, and there-
fore sectional curvature is again constant. Further, there is an totally ge-
odesic, isometrically embedded S?, and so the curvature is also constant
+1.

Example 2.24 (Curvature of hyperbolic space, geometrically). We try
something similar. One geodesic is easy

v(t) = eli.
Next, we need a parallel, orthogonal vector field. This is
X(t)=é

Why does this work? Because it is a constant (hyperbolic) length, constantly
oriented vector field along ~.

The first part of the discussion of the round sphere above extends verbatim.
Hence, Jacobi fields are of the form J(t) = f(t)X(¢), and f"(t) = =K f(t),
where K is the (constant) curvature of H2.

Finally, we need a family of geodesics. We can use the maps fy from before

cos(s)eli + sin(s)
— sin(s)eti + cos(s)

¢(S) t) = b
and compute

Jit) == =1-cli(—i)e! =1—€? = (et —e")X(t)

Thus, f(t) = et —e!, and thus K = —1.
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LECTURE 11 (JUNE 3)

For details on this class, compare 3.2 and 3.6 of the script available at http:
//people.mpim-bonn.mpg.de/hwbllmnn/archiv/energyfuni501. pdf

LECTURE 12 (JUNE 6)

Last time, we learned about variation formulas for length and energy. Namely,
we have:

Lemma 2.25. Let F be a 1-parameter variation of a curve c, piecewise
smooth with breakpoints t; and variation field V. Then we have

b
E'(0) = —/ g(", V)t +g(¢, Vo = >~ g(AC(t:), V(t:))
a
Observe for example that this implies: minimal geodesics joining points to
submanifolds meet them orthogonally.
Lemma 2.26. Let F' be a 2—parameter variation of a geodesic vy, with vari-
ation fields V,W. Then we have
b
\Y
0,0sF(0,0) = / gV W' — g(R(+/, V)Y, W)dt + g(c (t), %@F(O,t))\g
a

For a 1-parameter variation this is:

b
B'(0) = [ gV, V') = g(R/ V)Y V)t + g 0 3V

Observe three things. One: for proper variations this only depends on V, W.
Two:

d
9V V) = g(V V") + g(V!, V)

and thus, for a proper variation, we can also write
b
E'(0) =~ [ g(v"+ ROV Ve
a

Three: the curvature term for a 1-parameter variation is a sectional curva-
ture.

This allows us to use these to great effect if we have curvature bounds. To
see how, recall that the Ricci curvature is the average

Ricy(w Zg (z,2)x, 2).
where z1,..., 2z, is an orthonormal ba51s of T,M. Note that if w has norm
1, and we extend w to an orthonormal basis w, 29, ..., z,, then
Rlcp p— Z K(w, z;)

is the avarage of sectional curvatures of planes through w.


http://people.mpim-bonn.mpg.de/hwbllmnn/archiv/energyfun1501.pdf
http://people.mpim-bonn.mpg.de/hwbllmnn/archiv/energyfun1501.pdf
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Theorem 2.27 (Bonnet-Myers). Suppose M is a complete Riemannian
manifold, and suppose that

. 1
Ricy(v) > 2

for some r > 0 and all points p, all unit vectors v. Then M is compact, and
diam(M) < 7r

Proof. We need to show that any length-minimising geodesic has length
< mr. So, suppose this is not the case, and let v : [0,]] — M be a
length-minising geodesic, parametrised by arclength, so that { > #r. Take

e1,...,en_1 parallel orthonormal vector fields along 7, orthogonal to 7. Put
en ="
Now, define

Vj(t) = sin(rt/L)e; (1)
These define proper variations of v. Compute the derivatives:

7.(.2

7r .
Vi(t) = 7 cos(mt/l)e;(t), Vj'(t) = - sin(7t/1)e;(t)
Let Ej; be the energy of the variation defined by V;. We have E%(0) = 0,
and (using the second form of the variation formula)

l 7T2
EY(0) = /O T sin(t/1)? + sin(xt /12K (en, €5)

- /Ol sin(mt/1)? (7;22 - K(emea‘)) :

If at this stage K > %2 > ’;—22, then we would know that E' can be decreased
by the variation V}, violating the fact that v is length-minimising. In our
case, we just sum over all j to get

l 71.2
S EN0) = /0 sin(rt /)2 ((n - 1% — (- 1)Ric7(t)(en(t))> ,
J

to see that some E7(0) < 0 and we are done as above. O

Corollary 2.28. Complete manifolds with Ricci or sectional curvature bounded
away from 0 from below are compact.

Corollary 2.29. Compact manifolds with positive Ricci or sectional curva-
tures have finite fundamental groups.

Proof. There is a positive lower bound ¢ > 0 for Ricci by compactness of M.
Consider the universal cover M. It satisfies the same lower curvature bound
d, so by the previous corollary M is also compact. Since the deck group acts
discretely on M this is only possible if the deck group is finite. O



29

Theorem 2.30 (Weinstein-Synge). Let f be an isometry of a compact ori-
ented Riemannian manifold M. Suppose that M has positive sectional curva-
ture. If the dimension n on M is even, assume that f preserves orientation,
and that f reverses orientation otherwise.

Then f has a fixed point.

Proof. Suppose not. Then d(f(p),p) > 0 for all p, and by compactness
there is a point p where this quantity is minimal. By completeness, there is
a minimising geodesic v : [0,{] — M joining p to f(p).

Step 1: 7/(1) = df+'(0).
Take p’ = ~(t) for some ¢ > 0. By the triangle inequality,

dip’, f(p') < d@, f(p)) +d(f(p), f())

On the other hand, the path i, * f7[0,q is a path of that length joining P
to f(p'), and therefore length-minimising. In particular, it is smooth, which
implies the claim.

Step 2: Consider the map A = PJ((lg)df obtained as the composition of the

differential of f with parallel transport back along 7. Then A fixes ~/ (0).
Namely,

A/ (0)) = Bl (1) = +/(0)
by the previous step and the fact that ' is parallel along ~.

Step 3: The restriction A of A to the orthogonal complement of 7/(0) fixes
a vector.
Namely, we have

det A = det A = det df.

We have detdf = 1 if n is even, and det df = —1 if n is odd. Let m =n —1.
A is an orthogonal matrix of a m-dimensional vector space. If n is even, m
is odd, and det A = 1. Hence, the characteristic polynomial of A has a real
root. All real roots are £1 by orthogonality of A. Since det A > 0 there
needs to be a positive real root.

If n is odd, m is even, and det A = —1. Hence, there needs to be a real root
since pairs of complex conjugate roots multiply to positive numbers. If all
roots would be negative, their product would be positive since m is even.

Step 4: Choose e1(0) a unit vector invariant by A, and extend to a parallel
vector field ey. It stays orthogonal to «'.

Now, build the variation h(s,t) = exp,)(se1(t)). The variational field of
this is e, and for any fixed ¢ these are geodesics in s. Hence, we have

b b
B'0) = [ oV V)RV Vo), Y= [ K6 V) <o

Step 5: Thus, there is a path c¢s in the variation of stricly smaller length.
Take (3 the geodesic starting in p with direction e1(0). The geodesic f starts
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in f(p) with direction e; (1), since Pdf(e1(0)) = e1(0). Hence, ¢s connects
B(s) to fB(s). In particular,

d(B(s), f(B(s))) <1,

violating minimality of ~. (|

LECTURE 13 (JUNE 13)

Corollary 2.31 (Synge). Suppose M is compact with positive sectional cur-
vature.

e Ifn is even and M is orientable, then M is simply connected.
e Ifn is odd, then M 1is orientable.

Proof. For the first part, consider the universal cover. It now has positive
curvature, even dimension, and the deck group acts by orientation preserving
isometries. Hence, any deck group element has a fixed point. Since this is
only possible for the identity, the claim follows.

For the second part, suppose not. Then there is a nontrivial orientation
cover, for which the nontrivial deck group element satisfies the theorem
again. Hence, it would fix a point, which is impossible. ([

Another way to say this is: nonorientable compact manifolds of odd dimen-
sion cannot carry metrics of positive curvature.

Conjugate points. We now continue with a discussion of the interaction
of Jacobi fields with the exponential map. First, a definition

Definition 2.32. Let v : [0,a] — M be a geodesic. We say that ¢ = ~(t)
is conjugate to p along ~ if there is a nonzero Jacobi field J along ~ with
J(0)=0=J(t).

We say that the conjugate point has multiplicity k, if there are k such linearly
independent fields.

Observe that the space of Jacobi fields which vanish at «(0) has dimension
n (as they are determined by their initial values and derivatives). The field
t7/(t) is one of them, and never vanishes. Hence, the multiplicity is at most
n — 1. This is actually achieved for the sphere S™.

Lemma 2.33. Let v : [0,l]] = M be a geodesic starting in p = v(0). Then
q = (t) is conjugate to p along ~y if and only if v = t+'(0) is a critical point
of exp,. The multiplicity of q is the dimension of the kernel of d, exp,,.

Proof. Recall that Jacobi fields compute the derivative of the exponential
map, in the sense that

J(t) = duy exp(tw)

are exactly the Jacobi fields with J(0) = 0,J'(0) = w. This shows the
lemma. g
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Definition 2.34. Given a point p € M, the conjugate locus C(p) is the set
of all points ¢ = y(t) where v is a geodesic starting in p, and so that ¢ is the
first conjugate point along ~.

On the sphere, the conjugate locus of any point is the antipodal point. This
is also the point after which geodesics stop being minimising. Is this always
the case? In general, no. To see this, first note the following;:

Lemma 2.35. Suppose M is a complete Riemannian manifold with K < 0.
Then, C(p) =0 for allp € M.

Proof. Consider a nonzero Jacobi field J with J(0) = 0. Consider f(t) =
g(J(t), J(t) and compute

F1(t) =2g(J(t), J'(¢)),

F1() = 29(J'(8), J' (1)) +2g(J (), J" (1)) = 2| T ()|I*—29(R(Y'(t), (1) )Y (1), T (1)) > O
Thus, f is strictly increasing, hence positive except at t = 0. As a conse-
quence, f has no zero except at ¢ = 0. This shows the lemma. O

So, on a flat torus, there are no conjugate points, but geodesics stop being
minimising anyway. We will understand the precise relation later. Also note

Corollary 2.36. On a complete manifold with K <0, the exponential map
s a local diffeomorphism.

In fact, one can show that the exponential map is a covering map, and
therefore any simply connected, nonpositively curved, complete Riemannian
manifold is diffeomorphic to R™. This is called the Hadamard theorem. We
don’t prove this here, as we don’t have covering space theory. If you are
interested, compare e.g. Chapter 7, Section 3 of do Carmo.

To really understand what conjugate points mean, we use the following
fundamental object. Let 7 : [0,]] — M be a geodesic. Let V be the space of
piecewise differentiable vector fields along v which vanish at 0, {.

Definition 2.37. We define a symmetric bilinear form
!
1V.W) = [ g W) = g(RG V) Wi,
0

and let the index form be the associated quadratic form (I(V) = I(V,V)).

Recall that for a bilinear form B the null space is the space of all vectors
V so that B(V,W) = 0 for all W. The nullity is the dimension of the null
space. A form is degenerate if the null space is nontrivial. The index of the
form is the maximal dimension of a subspace on which the quadratic form
is negative definite (this is sometimes done differently in linear algebra).

The following gives a first indication why we might care about this form.

Namely, we have
HVW=—me+MMW¥WW—ZMVW)V
b O b b dt j

- ()W ()
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where ¢; are the points outside which V' is differentiable. This follows by con-
sidering the derivative % gV W) =g(V", W)+ g(V', W) on every interval
where V, W are differentiable.

Lemma 2.38. An element V €V is in the null space of I if and only if V
is a Jacobi field.

Proof. One direction is clear. For the other, take V' in the null space, and
let ¢; be the times between which V' is differentiable. If W; is a vector field
supported in [¢;,t;+1] then we have

l
0=I1V,W;) = / gV" + R(Y,V)y, W)
0

Since this is supposed to be true for all such W;, we conclude that
VP+R(, V) =0

at all times where V' is differentiable. As a consequence we see that for any
W we have

0= 1V, 1) = = (5 (1) =~ (), W(ty)

In particular, by choosing W with W (t;) = %(t;) - %(t;) we see that V' is

differentiable, and thus a Jacobi field. [l

As a consequence, the nullity of I is the multiplicity of the conjugate point.
Next, we need to study what happens with I in the absence of conjugate
points. For this we need the notation I; for the index form on the restriction
of the geodesic to [0, ¢].

Lemma 2.39 (Index Lemma). Suppose v : [0,1] — M is a geodesic without
conjugate points. Let J be a Jacobi field orthogonal to v and let V be piece-
wise differentiable which is also orthogonal to v'. Suppose J(0) =V (0) =0
and J(tg) = V(ty). Then

ItO(J7 J) < Ito (V> V)
with equality if and only if J =V
Proof. Let Jy,...,Jn—1 be a basis for the Jacobi fields starting with 0 and

being orthogonal to 7/. Write J = >_ «;J;. Since we assume that there are
no conjugate points, the J;(t) are a basis at all v(¢). Hence, we can write

V()= fi(t)Ti(t),
for all ¢t € (0,1].

Step 1: First, a techincal point. We need to show that the f; are actu-
ally piecewise differentiable and continuous on [0,!]. To this end, write the
Ji(t) = tA;(t) for a smooth A; with A;(0) = J/(0) (this is possible since
Ji(0) = 0). The A; are linearly independent for all ¢, and so we can write
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V(t) = > gi(t)A;(t) with piecewise differentiable g; starting at 0. Write
gi(t) = th;(t), with piecewise differentiable h;. Then

= " thi(t)Ai(t) = > hi(t)Ji(t)

hence f; = h; for t # 0.
Step 2: Where f; is differentiable, we have:

9O BT HT) =90 fidi, > £iT5)

To prove this, consider

h(t) = 9(Ji, ;) = 9(Ji, Jj)

(2] Vi

and differentiate:

W(t) = g(Ji", J) + 9(Ji, J5) — 9(J, Jj) — (i, Tf)

1Yy R g

and this is zero by the Jacobi identity and symmetry of R. Since h(0) = 0,
the function h is identically zero, showing Step 2.

Step 3: Where f; is differentiable, we have:

d
gV V') = g(RO VI V) = 1 D FLRIP + 2o (Y fidin ) fT)).

To see this, note first that

V() =Y [T+ Y fild},
- fid!

by the Jacobi identity. Then the claim follows by expanding and using Step
3.

Step 4:

I(V,V) = /OHZfzJHdt‘FQZfzto (t0), 3 £;(t0) T3 (10)).

and, writing J = >, agJi,

Lig(J,J) = gD cidi(to), Y @ Jj(to))

Now, as J(tp) = V(to), this means

and

L, (V,V) =1, (J, J) + / 1Y £ i)t
0

This shows that I;,(V, V) > I (J,J) with equality only if > f/J; = 0. As
the J; are linearly independent, this implies f; = 0, and thus V = J. U
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LECTURE 15 (JUNE 24)

The Rauch comparison theorem. First, an application of the index
lemma from last time. Throughout we will have two Riemannian manifolds
of the same dimension m, which we denote by (M, g) and (M,g).

Further, we have two geodesics parametrised by arclength, denoted by

v :[0,1] = M,

4:[0,7] — M,

Lemma 2.40. Suppose J, J are Jacobi fields along ~v,%. Assume that

i) J(0) =0=J(0),
i) J'(0) is normal to v'(0), J'(0) is normal to 4'(0).

iii) g(J(1), J(1)) = §(J (1), J (1)),

i) v has no conjugate points on [0,1], and

v)
max{K (V),V C Ty M, (t) € V} < min{K(V),V C T,y M,7'(t) € V'}.
Then
I(J,J) < I(J,J).
The inequality is strict if the curvature condition is strict.

Proof. Choose orthonormal parallel frames e;, é; so that ei(t) = v/(t),é1 =
4'(t) and

ea(l) = JW)/NT D, é2(1) = JO)/ 1T D]

which is well-defined by iv). Write the Jacobi fields in these bases as

J(t) = filtei(t), J(t)=>_ filt)ei(t).
Now define a vector field

X =Y filt)e(t)
and observe

e X(0) =0, as J(0) = 0. ) )

o XEZ% = J(1),as fi(l) = 0unless i = 2, and fo(l) = ||J()]| = ||J()| =
fa(1).

e X(t) is orthogonal to 7/(t), as f1(t) = 0 for all ¢.

Hence, X and J satisfy the conditions of the index lemma. Thus

I(J,)) < I(X, X)
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On the other hand, we simply compute

l
1(X,X) = Ag@iXU—ﬂM%XW%Dﬁ

! A A A~ A
< /OZ( ’)2('5)—(Z(fi)2(t))K(”(t)7J(t))dt

O

Theorem 2.41 (Rauch comparison theorem). Suppose J, J are Jacobi fields
along v,%. Assume

i) J(0) = 0= J(0),
@) 7' = [l (0)]],

iii) g(v'(0), J'(0)) = §(5'(0), J'(0)),

iv) v has no conjugate points on [0,1], and
v)
max{K(V),V C Ty M,¥ (t) € V} < min{K(V),V C T,y M,~(t) € V'}.
Then J has no conjugate points on [0,1] and in fact
7@ < 1@l

for all t € 0,1]. The inequality is strict for t > 0 if the curvature condition
18 strict.

Proof. Write J = J! 4+ J" as a sum of normal and tangential components.
Then J*(t) = aty/(t). As the analogous is true for .J, the tangential com-
ponents grow exactly alike, and it suffices to show the theorem for normal
Jacobi fields.

In that case, define

Note that

u'(t) = 29(J'(t), J(t),  u"(t) =29(J' (), J'(t)) + 29(J" (1), J (1))

In particular, u(0) = «/(0) = 0 and «”(0) # 0. Analogous formulas hold for
for 4.
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For ¢t > 0 the function u(t)/u(t) is well-defined as v has no conjugate points.
For t = 0, we can apply L’Hospital (twice), to see that 4(t)/u(t) extends to

t = 0 continously and
at) _ a"(0) _

im = =
t=0u(t)  u”(0)
Thus, to prove the theorem, it suffices to show that @ /u is weakly increasing
on (0,1), which is implies by (4/u)’ > 0. In other words, we want to show

' (t)u(t) — a(t)u'(t) > 0.
Let a € (0,1) be any number so that @(a) > 0. Define
gt = 2 gy = 2
17 (a)]] 17 (a)]]
These fields satisfy the condition of the previous lemma, and so we get
I(J,, J,) < I(J,J).

Recall that we can rewrite the index form as

l
I(X,X) = — / (X" + R(Y, X )7, X)dt + g(X, X)[b.
0

Hence, for Jacobi fields starting with value 0, we have
I(Ja, Ja) = g(J(;(a), Jo(a))
which in our case yields
9(J5(a), Ja(a)) < §(Ji(a), Ja(a)).

Compute

u'(a) _ 29(J'(a),J(a)) /

= =29(Ja(a), Ja(a))

u(a)  g(J(a),J(a))

and analogously for J yields

and in turn ||J(a)| < ||J(a)].

Finally, suppose that there would be a point a < [ with 4(a) = 0. By
taking a limit to the left and arguing as above we would conclude J(a) = 0,
contradicting that « has no conjugate points. Hence, the estimate || J|| < ||J||
holds on [0,!], and 7' has no conjugate points. O

Often it is useful to rewrite the Rauch comparison theorem in terms of
geodesic variations and the exponential map. Namely, suppose that w €
T,M is a vector. The function

f(s,t) = exp, (t(7'(0) + sw))
is a geodesic variation and hence its variation vector field

0
T = 2L (6) = duyoy 5, (1)
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is the unique Jacobi field with J(0) = 0, J/(0) = w.
Corollary 2.42 (Rauch comparison, exponential form). Suppose that
i) v has no conjugate points on [0,1], and
ii)
max{K(V),V C TynM,¥(t) € V} < min{K(V),V C T,y M,~(t) € V'}.
Then, if w € T o)M and w € T&(O)M are such that

g9(w,7'(0) = g(w,%'(0)), [lwll = [[&]
we have
ey (0 expp(w) | < [[des 0y ().
The inequality is strict if the curvature condition is strict.

LECTURE 16 (JUNE 27)

At this point, two applications. One on the location of conjugate points
under positive curvature pinching.

Lemma 2.43. Let L, H be numbers, and suppose that M is a Riemannian
manifold whose sectional curvatures satisfy

0<L<KC<H.

Let v be any geodesic in M. Denote by d the distance between two consecutive
conjugate points (i.e. there is a Jacobi field J along vy so that J(a) =0 =
J(a+d), and J(t) #0,a <t <a+d). Then

T <d< =

VH = ~ VL
Proof. Consider the sphere (5™, r2g;ounq) With the round metric of diameter
r. Under rescaling the metric tensor by r2, curvatures scale by 1/r2.
First, the lower bound. A sphere N of diameter \/ﬂ—ﬁ has constant curvature
H by the comment above. Take any geodesic p on N, and note that it
doesn’t have conjugate points before ﬁ Also, M is less positively curved
than this sphere by assumption, so we can apply the Rauch comparison
theorem for a suitable Jacobi field on the sphere.
The upper bound is essentially the same: assuming that d > % compare
M with a sphere of the that diameter to contradict that Jacobi fields on the
sphere are zero at the antipodal points. O

The other important application of Rauch concerns the length of curves.

Lemma 2.44 (Length Comparison). Suppose that M, M are two Riemann-
ian manifolds. Suppose that K>K (for all points, all tangent planes). Let
p € M,p € M be any two points, and I : T,M — Tf,M be any (linear)
isometry. Choose a radius r so that exp, is a diffeomorphism on B,(0) and
that exp; is a local diffeomorphism on B, (0).
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Now suppose c : [0,1) — exp,(B(0)) is any differentiable curve, and put
¢é(t) =expyolo expzjl(c(s))
Then l(c) > 1(¢).

Proof. Write
c(s) = exp, e(s)
and define
f(s,t) = exp, te(s).
Observe that for any fixed s the curves ¢ — f(s,t) are geodesics, and so
Js(t) = 2 f is a Jacobi field along f(s,t). Further J,(0) = 0, and J,(1) =

S

d(s). Finally,

\Y% \%
J;(t) = %(dte(s) €XPp te’(s)) = dte(s) €XPy 6’(3) + t@(dte(s) €XPy 6/(3))

and thus Jg(0) = doexp, €'(s) = €'(s).
Now consider

g(s,t) = expyti(e(s)).
This again has t — g¢(s,t) geodesics, so js(t) = %g is a Jacobi field, and
Js(0) = 0, Js(1) = &(s), JL(0) = Ie(s). Since I is an isometry, we can
therefore apply Rauch’s theorem to conclude that ||¢/(s)|| < ||¢/(s)|| for all
s. ]

We will now study what upper curvature bounds mean metrically. By a
geodesic triangle we mean a triangle formed by distance realising geodesics.

Lemma 2.45 (Comparison Hinges). Suppose M is a Riemannian manifold,
K < k, and T is a geodesic triangle with sides a,b,c and angles a, 3,7.
Assume that T is contained in a geodesic ball around the vertex where a,b
meet.

Consider a comparison hinge in a model space N of constant curvature K,
with sides a,b and angle v. Then the geodesic closing the hinge in N has
length < c.

Proof. We want to apply the length comparison lemma. Let p be the point
where the sides a, b meet. Choose an isometry [ : T,M — T;N and let v, w
be the directions of the sides a, b leaving p. Consider now the side ¢, and
write it as
c(t) = expy(e(t))

where ¢(0), ¢(1) correspond to the points on the radial geodesics a,b. This
uniquely possible by the assumption on the triangle.

Now consider é(t) = exp,/e(t). By the length comparison lemma, we have
¢ > 1(¢). Finally, the geodesic closing the hinge in the model space joins the

same points, so it is again shorter.
O
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LECTURE 17 (JuLy 1)

Corollary 2.46 (Comparison Triangle Angles). Suppose M is a Riemann-
ian manifold, K < k, and T is a geodesic triangle with sides a,b,c and
angles o, 8,7y. Assume that T is contained in a geodesic ball around the
verter where a,b meet.

Consider a comparison triangle A in a model space N of constant curvature
K, with sides a,b,c. Then the angles in A are bigger than the angles in T.

Proof. Consider a comparion hinge. Its closing edge is too short, by the
previous lemma. Since in the model geometries, for geodesic triangles the
length of the opposite side is monotonic in the angle (e.g. by the law of
cosines), this shows the claim. O

Lemma 2.47 (Comparison Triangle Across). Suppose M is a Riemannian
manifold, K < k, and T is a geodesic triangle with sides a,b,c and angles
a, B,v. Assume that T is contained in a geodesic ball around the vertex p
where a,b meet. If kK > 0 also assume that the diameter of T is at most ﬁ
Consider a comparison triangle A in a model space N of constant curvature
K, with sides a,b,c. Now, consider a minimising geodesic d joining p to a
point ¢ on c. Consider a minimising geodesic d in the model space joining
the corresponding vertex to a point with the same distance along ¢’. Then

I(d) < U(d)

Proof. Cut the triangle in two along the geodesic d, and consider comparison
triangles for the two pieces. Arrange them in the model space so they share
the side d’. Then the angle of the union at the endpoint of d’ is > 7. Pulling
tight so the angle becomes = 7 increases the length of d’ (in the positive
curvature case, this is where we use the diameter bound). U

Lemma 2.48 (Comparison Triangle Secants). Suppose M is a Riemannian
manifold, K < k, and T is a geodesic triangle with sides a,b,c and angles
a, B,y. Assume that T is contained in a geodesic ball around the vertex p
where a,b meet. If k > 0 also assume that the diameter of T is at most ZWW
Consider a comparison triangle A in a model space N of constant curvature
Kk, with sides a,b,c. Now, consider a minimising geodesic S joining points
on, say a and b, and consider a minimising geodesic s’ in the model space
joining the corresponding points with the same distances along a’,b’'. Then

I(s) < I(s")
Proof. This follows from a comparison figure. O

In fact, the converse is also true. One way to see this is the following:
Suppose 79,71 are two distinct geodesics emanating from p with directions
v,w. Define

L(e) = d(vo(€), 71(e€))-
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Lemma 2.49. One has

1 g(R(v,w)v,w) 5 4
L(e) = ¢|jv —w| — =€+ O(e").
6 Jv—wl
Assuming this for the moment, we can consider orthogonal geodesics and see
that if K > k, the geodesic closing a hinge is longer than in the comparison
situation. K.g. it is easy to see that hinge closing is faster than linear in
negative curvature and slower than linear in positive curvature.

Definition 2.50. A geodesic metric space is called locally CAT(k) if every
point has a convex neighbourhood U with the property that every triangle
in U is thinner than its comparison triangles in N,.

Together these prove

Theorem 2.51. A Riemannian manifold is locally CAT(k) if and only if
its sectional curvatures are bounded from above by k.

This is somewhat remarkable: a purely analytic condition is completely
equivalent to a purely metric one. Also, the CAT condition applies to much
more general spaces than Riemannian manifolds, and leads into the field of
metric geometry.

To show the theorem, we will instead prove a global comparison result for
triangles under lower curvature bounds later (Toponogov’s theorem)

LECTURE 18 (JuLy 4)

Isometric immersions, briefly. In this section, we are always concerned
with the following situation. We have two Riemannian manifolds M, N and
an isometric immersion f : M — N. We want to (eventually) relate the
curvatures of M and N. First, observe that for every point p € M, the map
f is a local diffeomorphism (inverse function theorem), and as curvature is
a local property we can actually assume that f is an isometric embedding.
Then, we can (via df) identify T,M with d, f(T,M) C Ty M, and we will
do so without mention. We can then write things like:

T,N = T,M & (T,N)*
Given a tangent vector v, we can write it as
v =10 +o"
in the decomposition (tangent and normal component). We have already
seen that the Levi-Civita connection of M satisfies
vy = (v v

for X', Y’ any extensions of X,Y to open neighbourhoods. The normal
component

B(X,Y)= (VYY) =VXY - V¥Yy
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will also be important. This is a vector field on M normal to M, and it also
does not depend on the choices of X', Y’. To see this, first observe that for
a different X” we have

(V%Y’)" - (V%//YI)TL — V%_X//Y' — 0

where for the first equality we used that the tangential part is independent,
and for the second one we used that for all points on M, the difference
X' — X" =0. Also

(VEYH — (VY =VRY —Y" =0

for the same reason. In fact, B is a C°°-bilinear symmetric form. The
linearity follows from the Leibniz rules of the connections, and the symmetry
from the symmetry of the two Levi-Civity connections as well as [X')Y'] =
[X,Y] on M. Just as for connections, the C*°-bilinearity implies that we
can interpret

B:T,M x T,M — (T,M)*

Given a normal vector n € (T, M)*, we then define the second fundamental
form

Associated we have the shape operator (or Weingarten map) S, defined by

The shape operator can be computed in the following way: let N be a (local)
extension of 77 to a normal vector field. Then

Sy(X) = (VEN)'
This follows since
where the last equality follows since g(Y’, N) = 0 along M.

Theorem 2.52 (Theorema Egregium (modern form), Gaufiformula).

KM(z,y) = KN (x,y) = g(B(x, ), B(y,y)) — 9(B(z,y), B(z,y)).

For a proof, compare Theorem 2.5 in Chapter 6 of do Carmo, or wait for
the general Gaulequation below.

In the sequel, we will be mostly interested in hypersurfaces, i.e. the case
where M has codimension 1 in N. Further, we will be dealing with the
case that M, N are oriented, in which case there is a global normal unit
vector field 1, which is unique up to sign. In this circumstance we will drop
the explicit mention of i for the shape operator etc. In this case, we can
choose a orthonormal basis x; diagonalising S (with eigenvalues );), and the
Gaufiformula takes the form

KM(LEi,CCj) — KN(l’i,Q?j) = )\1)\]
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There are three more fundamental equations for immersions. All require the
notion of normal connection and normal curvature. The first is

Vxn = (VXn)" = Vin - S,(X),

which is a connection on the normal bundle of M. Now, define the normal
curvature
RH(X,Y)n = VyVin — Vi Vyn + Vix ym.

Lemma 2.53 (Gaufl equation).
G(RN(X,Y)Z,T) = g(RM (X, Y)Z,T)—g(B(Y,T), B(X, 2))+9(B(X,T), B(Y, Z)).
Lemma 2.54 (Ricci equation).

g(RN(X,Y)n,Q) = g(RH(X,Y)n.€) = g([Sy, S]] X, Y).

Proofs of these are Proposition 3.1 of Chapter 6 of do Carmo. In the case
of a hypersurface, the Ricci equation is empty. The final equation (and the
one we really want) uses

B(X,Y,n) = g(B(X,Y),n)
and is

Lemma 2.55 (Codazzi equation).
9(R¥(X,Y)Zn) = (V¥ B)(X, Z,n) — (VX B)(Y, Z,n)

where we differentiate the tensor B with the induced connection.

LECTURE 19 (JuLy 8)

2.1. Shape operators of local distance functions. The first thing we
need to understand are local distance functions. Let U C M be a (convex)
open subset, and p € U a point. We define

r(q) = dy(p,q), ru(q) = du(p,q).

These are not everywhere differentiable, but for example on B — p they are
(where B is a geodesic ball). Recall that the gradient of a function f is the
vector field gradf with

Xf=g(gradf, X).
At points where r is differentiable, we have ||gradr| = 1. Namely, we have

| X7 <1

for all X by the triangle inequality, and moving along a geodesic joining to
p the value 1 can be realised.

In fact, if f is any function with ||gradf|| = 1, then the gradient flow lines
of f are unit speed geodesics. This follows from

9(Vgraasgradf, X) = g(Vxgradf, gradf) = 1/2X g(grad f, gradf) = 0

where the first equality is the fact that the Hessian is selfadjoint (see problem
set).
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As a consequence, the level sets of f are equidistant: the distance from any
point on f~!(a) to f~1(a +¢€) is e.

Next, observe that for a (local) distance function, the vector field N = grad f
is a unit normal vector field on all level sets. The shape operator of these
submanifolds is therefore

S(X) = Vxgradf = Hessf(X),

which is tangent to the level sets (We don’t need to take the tangential part
here). We define the (covariant) derivative of the shape operator in the
normal direction as

S'(X) = VNSX — S(VnX)

for X tangent to the levels of f. One can check that S’(X) is well-defined,
and again tangent to the level sets.
Now suppose that My = f~1(0) is a fixed level (the normalisation to 0 is
not relevant), and that M; = f~1(¢) is another level. Then, for small ¢, the
function

Ey(p) = exp,(tN(p))
defines a diffeomorphism from My to M;. We want to compute the derivative
of this function.
To this end, consider a curve p(t) in My with initial velocity v and the
geodesic

t = E(p(0))

and the geodesic variation
V(S, t) = Et Op(S).
Let J be the Jacobi field defined by this variation:

70 = oV = 5L exp ) (N (p(s))

Its initial conditions are
ov ,
J(0) = 5V = dEo(p'(0)) = v.

J'(0) = V,N = Sv
Now, for any s, the geodesics ~,(t) = V(s,t) are flow lines of gradf. There-
fore, we have % expy(s) (EN (p(s))) = 74(t) = N oV, and computing as above
we get J'(t) = SJ(t) for all ¢t.
We covariantly differentiate this (see above) to obtain

J'(t) = S"J(t) + ST (t) = S J(t) + S%J(t)

Recall that .J is a Jacobi field, and we therefore also have

J"+ R(N,J)N =0

to get
—R(N,J)N = 8'J + S%J
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Now, observe that the initial direction v = J(0) of J was arbitrary, and so
this actually leads to the Ricatti equation:
S' =Ry — S?
where Ry(X) = R(X, N)N. We summarise this in the following statement

Proposition 2.56. Suppose that f is differentiable and that gradf is a unit
vector field where defined. Then the shape operator on any level set is

S(X) = Hessf(X),
and it is defined by the equation
J'(t) = SJ(t)

for Jacobi fields defined by geodesics joining levels.
Further, it satisfies the Ricatti equation

S"= Ry — S?
for Ry = R(N,J)N, N = grad(f).
2.2. Jacobi fields in the model spaces, unified formulas. Let’s study

this in model spaces explicitly. As before, N;' is the dimension n model
space of constant curvature . Jacobi fields have the form

J=fY
where Y is parallel, and f satisfies
"+ kf=0.
Now, for the model spaces we have the solutions

Example 2.57.
1
sny(t) = —= sin kit
NG
sy (t) = cos /Kt

These solve with initial conditions 0,1 and 1, 0.

Example 2.58.
sno(t) =t
cso(t) =1

These solve with initial conditions 0,1 and 1, 0.

Example 2.59.
1
sn,(t) = sinh v/ —kt
V—FK
csk(t) = coshv/—kt

These solve with initial conditions 0,1 and 1, 0.
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All of them have
sny (1) = csp(t), cs,(t) = —rsn,(t)
With these, a basis for Jacobi fields in N, orthogonal to the geodesic is
sy (8)Y (1), s (£)Y (£)
for Y a orthogonal parallel field.

LECTURE 20 (JuLy 11)

Given that we already know that S is determined by SJ = J’ for Jacobi
fields corresponding to variations of geodesics connecting levels, we can use
these to compute the shape operator for distance spheres like this: consider
a distance sphere centered at p, and a geodesic starting in p (which then
hits the distance sphere orthogonally). The Jacobi field

J(r) =sn,(t)Y (t)

corresponds to a variation of geodesics starting in p, which thus also consists
of geodesics connecting levels orthogonally, and is of the form considered
before. We have

J'(r) = csp ()Y (t) = ct(t)J(r)
for
sy (t)
sn(t)
Hence, the shape operator S, is simply multiplication by ct,(t) (in other
words, all principal curvatures are cty(t)).

Also observe that
sl (t)snu(t) — cse(t)sny(t)  —rsnZ(t) —cs(t) 9
() = snZ(t) N sn2(t) = —r = cte(b).

cte(t) =

2.3. The Ricatti comparison argument. Why is any of this useful for
us? Suppose that Y is a parallel unit vector field along v tangent to the
levels of f on an arbitrary manifold M. Then

g(SY,Y) =g((SY),Y) 4+ g(SY,Y') = g(S'Y + SY'.Y) = g(S'Y,Y)
=g(RyY — S?Y,Y) = —K(N,Y) — |SY?
Under a lower curvature bound K > x we thus get
g(SY,Y) < —k — g(SY,Y)?

which we call a Ricatti inequality. Why is this useful? Here’s a basic calculus
lemma
Lemma 2.60. Suppose that g, G are two differentiable functions so that
g <—r—-g°
G >—k—G?
Then,
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i) If g(ro) > G(ro) then g(r) > G(r) for all r < ry.
i) If g(ro) < G(ro) then g(r) < G(r) for all t > rg.

Proof. Simply compute

Lllg— @)l = (¢ ~ @)D 4 (g + @)l 0D g 1 6)

— /(g — &) + (9 - O g+ O] <0,
U

So: under curvature bounds, we will be able to conclude growth bounds for
the Hessians of distance spheres. This allows us comparisons to the functions
appearing in the model spaces:

Lemma 2.61. Suppose k is arbitrary, and a < 7/\/k if K > 0. Suppose
g:(0,a) — R is differentiable and ¢’ < —k — g*> . Then

g(r) < cty(r)
for all r.

Proof. Suppose not, and g(rog) > cte(ro — €). Put G(r) = ct(r — €), and
observe that

G =ctl(r—e)=—-r—cti(r—e =—r—-G?

and so G satisfies the Ricatti equation. Hence we can apply the com-
parison argument and conclude g(r) > G(r) on (e,rg). But, then g(e) =
lim, ¢ g(r) > lim,_, G(r) = oo which is absurd. O

Here’s how we can use this. Consider a normal geodesic segment ¢ with
starting point p, which does not have any conjugate points. Then, in a
small neighbourhood of ¢ we have a local distance function

f(q) = du(p, q).

Denote by 7;(g) the principal curvatures of the distance sphere q € f=1(r).
Now, apply the Lemma to ¢ — g(SY (¢),Y (t)) for any Y parallel ending in
the i—th eigenvector to obtain

7i(q) < cty(r)

Now, recall that the shape operator is simply the Hessian of the distance
to a point (restricted to the orthogonal complement of the gradient) in this
setup. The Hessian is the covariant derivative of the gradient, and thus
(as the gradient lines are geodesic) the final eigenvalue of the Hessian is 0
(independent of the manifold).

To make things easier later, we therefore define a rescaled distance function
using

md,(r) = /0?“ sny(t)dt.
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This is )
(1= cse(r)

for k # 0 and 1/2r% otherwise. In both cases we have
¢Sy + kmd = 1.

Now consider the modified distance function md, o f, where f is a distance
function as before. We have the chain rule

grad(po f) = (o' o f)grad(f),

and as a consequence the chain rule
Hess(po f)v = (o' o f)Hessf(v) + (" o f){gradf, v)gradf
Using this on md, o f we see that
Hess(md,; o f)v = (sny o f)Hessf(v) + (csx o f)(gradf,v)gradf
Hence, in the manifold M the Hessian of md, o f has the eigenvalues

sng(f(q))7i(q) and  cse(f(q))
We thus have the operator inequality

Hess(md, o f) < (cs, o f)Id.

for any point ¢ until the first conjugate point. In the model space we have
equality.

Suppose we use g = f+n for a constant 7 instead. This has the same Hessian,
so Hessg has eigenvalues sn,(g(q))7i(q), csx(g(q)) by the same argument as
before. We also get

(Snn © g)Ti(Q) < (Snn o g)Ctn(r) = (Snn © g)CtH(g - 77)
which we can compute to be equal to

sn (1)
sy (g — 1)
We thus have for small 7 with 0 < g — n < 7/4/k the operator inequality

=C8x 00+

Hess(md,, 0 g) < <cs,€ og+ SIIH(W) Id.
sy (g — 1)

2.4. The Toponogov theorem.
Theorem 2.62. Suppose that M is a complete Riemannian manifold with
K > k. Let ¢ be a geodesic connecting py to p1, and let ¢; be minimising

geodesics from q to p;. Suppose we have l(c) < l(c1) + l(c2) and (if Kk > 0)
le| < 7/\/k. Let ¢,¢; be the sides of a comparison triangle in N,. Then

d(g,e(t)) < d(g,¢(t))

Intuitively: the triangle in M is “fatter” than the one in N.
Before we prove the theorem, note a few variants:
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Bemerkung 2.63. With similar arguments as in the case of lower curvature
bounds, the conclusion of Topogonov’s theorem can be used to show that
secants in M are longer than in the comparison triangle (if we assume that
¢ s also minimising). We skip this, but details can be found in Meyer,
“Topogonov’s theorem and applications”.

Bemerkung 2.64. Using monotonicity of angles and closing sides in the
model spaces, we could also use Topogonov to show that the angles in M are
larger than in the comparison triangle.

Bemerkung 2.65. There is a version for hinges: if we compare hinges with
the same side lengths and angle, then the closing side is longer in the model
space.

LECTURE 21 (JuLy 15)

Proof of Toponogov’s theorem. Step 1: Assume that diam(M) < 7/\/k
or that x <0, and that [(c) + (c1) + l(c2) < 27/\/k.
In this case, note that we have
l(c) < m/VEK

(in the positive curvature case), since [(c) < l(¢1) + l(c2). Choose an € > 0
so that diamM < 7/\/k — 2¢, l(c) < w/\/k — 2e.
If ¢ € ¢, then I(c) > I(c1) + I(c2) since ¢, co are minimising, and therefore
l(¢) =l(c1) + l(c2). Hence, we have equality in the claim.
Otherwise, consider the distance function r from ¢ in M and 7 from § in
N,.. Define

h(t) = md, o7 o c(t)

h(t) = md, o7 o &(t)
and we define

A(t) = h(t) — h(t).

We aim to show that A cannot have a negative minimum. We want to use
the Hessian estimate for this, but the problem is that A is in general not
smooth.
To get around that, we do the following. Suppose that v is a minimising
geodesic joining g to c(tp). For a (small) number 7 € (0,1(7y)), and a neigh-
bourhood U of v(n,1(7y)) (not containing ~(n)) so that any two points in U
are joined by a unique geodesic in U, we define the “superdistance function”

ry(z) =n+du(y(n), ) = r(z).
The advantage is that r, is smooth on U. Hence r;, o ¢ is smooth in a
neighbourhood of ¢y, and we define

hy(t) = md, o7y o c(t)

Observe that
hy(to) = h(to),hy > h
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and where h,, is smooth we have
hy = (Hess(md, o ry)c, ¢)
and we can estimate using the operator inequality from above to get

sn(n)
sny(ryoc—n)

Observe further, that for n < 1y (some small constant), we have

hggcsﬁornoc+

5§rnoc(t)—n§%—2e
where § = §(n9) is some constant. Remembering cs,, + kmd,, = 1, we get
sty (1)
sn(ryoc—n)

sn(n)
sn(ry 0 c—n)

hy 4 Khy < csgorpoc+ + kmdy, o ry o ¢(t)

=1+ <1+ Ksng(n)

where K = K(¢g) is some constant. Observing B+ kh = 1, we thus get for
the difference A\, = h,, — h:
Ay + KAy < Ksng(n)
Also
Ap(to) = A(to), Ay > A

Case A: x < 0 Suppose A has a negative minimum —px at tg. Then A, has
a local negative minimum —pu at ¢y as well.
In this case, we have

Ap(to) < —k(to) + Ksng(n) = kp + Ksng(n).
Since ku < 0 this is impossible for small 7.
Case B: x = 0 In this case, we define
- t(l(c) =t
R(t) = M) + "y

If A\ has a negative minimum —2u somewhere in (0,1(c)), then X has a
negative minimum < —p somewhere in (0,1(c)). Now put

Rolt) = t) + J“E())‘”

and observe that
Ap > X A (to) = A(to).
Thus, Xn also has a negative local minimum at ty3. But we have

! 2u
Ay < Ksng(n) — TGE

which again yields a contradiction for small 7.
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Case C: k > 0 In this case, we define
oc(t) = sng(t + €) —sng(e/2).
We have I(c) < 7/+/k—2¢e and therefore o is positive on the interval [0, I(c)],

increasing at the beginning and decreasing at the end. Hence, the function

iz

O¢

has a negative minimum in (0,[(c)), say at to. As before, look at

. A

by =22
which has

An > A, A (to) = Alto).

Thus, as before, 5‘?7 has a negative minimum —pug at tg.
We differentiate to get

. AN oe — Aol
0= X, (to) = 77072”(?50),

from which we get

2
€

< 1
)\”(to) = 0_—(0'6)\;7/ — O'g)\n)(t[)).

1 1
(gehy + s (t + €)AT) = — (A + KAy)oe + KAgsng(e/2))

==
UE UE

1 Ksny(n) — Hﬂosnn(f/Q)aeéo)z

= oot

which, again, is < 0 for small 7.

Step 2: Assume that x > 0, and that [(c) +(c1) + l(c2) < 27/\/k.
First observe that diam(M) < 7/4/k by Bonnet-Myers (from the curvature
bound). Now, choose k; with k; — & from below. By Step 1, we can perform
comparisons with spheres N, and get the desired comparsion. Now, the
claim follows from continuity.

Step 2: Assume that x > 0 and that I(c) + [(c1) + I(c2) > 27//k.
Choose § so that I(c) + I(c1) + I(ca) = 2n/v/5. We have § < &, and so we
can perform comparison with Ns. There, the comparison triangle is now a
great circle, and the antipode —q is on ¢. Thus,

©/V§ = d(—g,7) < d(g, c(to))
for some tg. But then
d(gq, c(ty)) < diamM < 7/v/k < 7/

which is a contradiction. O
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LECTURE 22 (JuLy 18)
Sphere diameter theorem.

Theorem 2.66. Suppose that M™ is complete, K > 6 > 0 and diamM >
7/2v/8. Then M is homeomorphic to S™.

The idea of the proof is simple: we find the two “poles” and then construct
a vector field corresponding to a flow from north to south pole. This flow
will then yield the desired homeomorphism.

In order to carry out this strategy, we need to study distance functions and
vector fields a bit more.

Definition 2.67. Let A C M be closed. Then define d4 to be the distance
to the set A: d4(q) = infd(a,q).

We say that ¢ € M is critical for da (or A) if for any v € T, M there is a
distance minimising geodesic ¢ from ¢ to A with g(v, ¢’ (0)) > 0. Otherwise,
say q is a reqular point.

A way to rephrase this is: ¢ is regular if the velocities ¢/(0) of all minimisers
are contained in an open halfspace g(¢/(0),v) < 0.
Some examples:

Example 2.68. (1) A= {p} in R?. Then there are no critical points.

(2) A= {p} in S2. Then the antipode is the only critical point.

(3) A the equator in S?. Then the critical points are the two poles of
maximal distance.

(4) A a point on the flat cylinder of diameter one. Then g is critical for
p if it is opposite. This shows in particular that even if there are two
minimisers a point need not be critical.

(5) A the center of the square torus. Then the critical points are the
origin and the middle points of the sides.

Lemma 2.69. Let M be complete and A C M be closed. Then for any
reqular point q for A there is an open neighbourhood U of q and a unit
vector field X on U so that

9(X(r),c(0)) <0
for any r € U and any minimising geodesic ¢ from r to A.

Proof. Take v as above, a tangent vector in 7; M which has negative scalar
product with minimisers at A. Extend v to a local unit vector field X.
Suppose that there would be ¢; — ¢ and ¢; minimisers from ¢; to A with

9(ct(0), X (g;)) > 0. Then, as ¢; converge to a minimiser from g to A we get

7

a contradiction. This shows that X has the desired property in a neighbour-
hood. O

We call a vector field like in the lemma gradient-like.

Lemma 2.70. Let M be complete and A C M be closed. Then
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a) The set of regular points is open.
b) There is a gradient-like vector field defined on the set of reqular points.

Proof. Part a) is an immediate consequence of the previous lemma. Part b)
follows by taking a sum of the local gradient-like vector fields with a partition
of unity. Observe that the defining angle property is stable under convex
combinations. Hence, the (norm 1 rescaling) has the desired property. [

Lemma 2.71. Let M be complete, A C M be closed, U open, and X
gradient-like on U for A. Let ® be the flow for X and ¥ the flow for —X.
Then:

a) dy is strictly decreasing along integral curves of —X (the flow U strictly
decreases dy ).
b) For any compact C C U there is a constant L so that

da®(q,to+7) < da®P(q,to) — 7L
as long as ®(q,to+0) € C forall0 <o <.
¢) For any compact C C U there is a constant L so that
daV(q,to+71) > da®(q,to) + 7L
as long as ®(q,to+0) € C forall0 <o <.

Proof. 1t is clear that b) and c) are equivalent, and that a) is implied by b).
To show b), observe that there is a constant L so that

9(=X(q),¢(0)) >2L >0

for all ¢ € C and all minimising geodesics ¢ from ¢ to A. Namely, otherwise,
as above, we can take a limit of mimimisers and contradict the defining
property of X (here, we use that C' is compact, and so the limiting point is
in U).
Now define
h(t) = dad(q,1)

Suppose g and ty are given, and choose some p € A with

h(to) = da®(q,t0) = d(p, q).

Choose ¢ a minimising geodesic from ®(q,tg) to p. For a (small) n define
R(t) = n +d(c(l(c) —n), ®(q,1)),
and observe that h(t) is differentiable close to to. Further, we have
h(to) = h(to), h(t) > h(t)
and we can compute
E/(to) = g(graddc(l(c)—n)v ) = g(_cl(o)v —X®(q,t0)) < —2L
and thus we have

h(to —7) < h(ty — 1) < h(to) — LT = h(ty) — Lt
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for small 7. Since we can do this approximation for all ¢y, the desired claim
follows. O

In particular, we have

Corollary 2.72. A local mazimum point of da is critical for A.

LECTURE 23 (JuLy 19)

We can now prove the diameter sphere theorem. By rescaling, we may
assume K > 1 and diamM > 7/2. Now, as M is compact (by the curvature
assumption) we can choose two points p, ¢ maximising distance. We then
know by the corollary that q is critical for p.

Lemma 2.73. q is the unique point mazximising distance to p.

Proof. Suppose q1, g2 are two such points, and let ¢1, co be minimising geodesics
from ¢; to p and ¢ from ¢; to go. By criticality of p for g1, we may choose ¢y
so that

ay = Z(c)(0),c(0)) < /2.
Put
Iy =1(c1) =l(c2) = diamM > 7/2,
and
I =1(c) <diamM =13

Hence, we can apply Toponogov, and consider the comparison triangle on
S™ with sidelengths [(c1),[(c2),1(c) and angle @;. We then have

ap <ap < 71'/2.
Apply the law of cosines in the sphere to get
0 <sin(ly) sin(l) cos(a@1) = cos(l1) — cos(l1) cos(l) = (1 — cos(l)) cosly <0

(since cos(c) = cos(a) cos(b) + sin(a) sin(b) cos ). Therefore, | = 0, hence
q1 = G- U

In fact,

Lemma 2.74. Suppose gz is any point g2 # q,q2 # p and let ¢ be a minimal
geodesic from q to qo. Then for any minimal geodesic co from qo to p. Then

9(c'(1),2(0)) >0,
in other words: qo is reqular for p.

Proof. Let c; be a minimal geodesic from ¢; = ¢ to p. Since ¢ is the unique
distance maximiser to p, we have

l = l(C) < l(Cl) =1.

Similarly,
lo < 1y.
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Consider the geodesic triangle ¢, ¢1, co with angle ag = Z(c¢4(0), —¢/(1)) and
consider the comparison triangle with angle @s. Then we have
g(c2(0), —c (1)) = cos as < cos ia.
Using the spherical law of cosines again we see
cosly — coslcosly

COS Qig = - - <0
sinsin s

Since cosly > cosly and cosly < 0 we have cosas < 0 which shows the
claim. O

Now, let € > 0 be small enough so that the e-ball around p, ¢ are geodesic.
Then

X1 = grad(dy|pp,e)—p)
is local gradient-like (for p), and by the lemma so is

X5 = grad(dp|B(

Hence, we can find a gradient-like vector field X on M — {p, ¢} which agrees
with X1, X9 on B(p,€/2) — p, B(q,€/2) —q.

The flow for X changes distance by a fixed Lipschitz constant on M \
B, (€/2) U By(€e/2) by a previous lemma. This implies that all flow lines
of X have finite length, and additionally extend continuously into p,q at
their endpoints.

Define

q,E)fq)'

pu(t) = U(exp(e/2v),t — €/2)
for v € T, M unit and let [, be the length of the flowline. Define

F(tvv) = Spv(tli)

for v unit and ¢t € (0,1). This extends by F(0,v) = p, F(1,v) = q to a
continous map sending the unit ball in T,,M to M, and its boundary to q.
Hence, F' induces a homeomorphism between the quotient space (which is
S™) to M. O
Next, we will show a rigidity for the round sphere. To prove it, we need a
geometric way to detect the sphere. This is done in the following way:
Suppose M, M are two Riemannian manifolds of the same dimensions and
points p, p. Choose an isometry

I: TpM — T]T)M
and suppose that V' C M is a normal neighbourhood of p so that exp; is
defined on I o exp, (V). Define
J =expzolo eXp;1

on V. Given any ¢ € V, by normality of V' there is a unique geodesic vy
joining p to q. Let P, parallel transport along v and P, parallel transport
along the geodesic with initial data p, I7/(0). Define

di(v) = P,olo Pt_l
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Lemma 2.75. Suppose that for all g, as above, and all x,y,u,v € T,M
we have

R(.T, Yy, u, ’U) = R((btxa ¢ty7 ¢tu7 (Z%’U)
Then f is a local isometry and dof = 1.

Proof. Take ¢,y : [0,{] — V as above. Let v € T,M be given, and let
J be a Jacobi field with J(0) = 0,J(l) = v. Take an orthonormal basis
el,...,en of T,M with e, = +/(0), and parallel transport along . Write
J(t) = > yi(t)ei(t) and compute

y;/ + Z R(ena €i,€n, ej)yi =0
Put
J(t) = ¢u(J(t)), €(t) = dulej(t))
Observe that the €;(t) are parallel, and therefore

J' = Dyl (t)Eit) = =D Rlen, €, en, € yiei(t) = = Y R(@n, e, en, €)yici(t)

and thus J is a Jacobi field. Since parallel transport is an isometry, || J(1)|| =
[TD]-

Next, observe that J(t) = ¢;(J(t)) implies that J (0) = IJ/(0). Thus, we
have

J(l) = dl'y/((]) epr(lJI(O))

J(1) = dis (o) expp(I7'(0))
which implies
J(1) = dg f(J(1))

Thus, dyf is norm preserving, hence an isometry. This shows that f is a
local isometry as claimed. ([

In fact, there is a global version of this:

Theorem 2.76 (Cartan-Ambrose-Hicks). Assume in addition to above that
M, M are simply connected, and that the curvature condition holds along all
piecewise geodesics.

Then the map which sends an endpoint of the broken geodesic to the endpoint
of the corresponding broken geodesic is an isometry.

The proof uses a refinement of the previous argument (to broken geodesics)
and also some topology (covering space theory), and so we don’t give the
proof. Compare Cheeger-Ebin, Theorem 1.42, for a full proof.

A simple corollary is:

Corollary 2.77. Suppose M 1is simply connected and has constant curvature
k. Then M is isometric to Ny.
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Proof. This follows from the observation that if M is a manifold with con-
stant curvature k, then

R(X,Y,W,Z) = k(9(X,W)g(Y, Z) — g(Y,W)g(X, Z)).

Namely, two tensors with the symmetry of the Riemann curvature tensors
and the same section curvatures are equal (we proved this last semester).

Now, if M is constant curvature, then by the above and the fact that parallel
transport is an isometry, the curvature condition of Cartan-Ambrose-Hicks
is satisfied. O
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