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Kapitel 1

Some History (as motivation)

e GauB studies in 1827: inner geometry of surfaces in R?

Consider a map 2: U C R? — R3, which is supposed to be smooth and to have rank = 2. This means
that the tangent vectors dx/0u and 9z /0v should be linear independent. U be an open subset. (Think
of a unit ball/disk.)

RZ

ox
vA B 5
P
S =x(U)cR?
X1 X2
u
Ov _ (Owy Owz Oy = Ov (O, Ovy Org (1.1)
ou \Ou'Ou’du)’ ow \ovw’ ow’ ov)’ '
The length of a curve on S shall be computed:
A
v
t €la,b]
1= (u(r), (1))
»
u
If we consider the curve c(t) := x(u(t),v(t)) C S C R3, the length is defined by:
/ d
c
L(c) := — . :
(¢) / ‘ T dt (1.2)

With
de Oz 0u  Ox v

E—%&“F%Ea (1.3)

one obtains:
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ch_,_ ;o /O Ox NS ox Ox\ ,, Ox Oz ne
T :c—<c,c>—<8u,8ju>(u) —|—2<8u,av>uv +<8U’8v>(v) =

= E(u,v)(u)? 4 2F (u, v)u'v' + G(u,v)(v')?%. (1.4)

To compute the length of the curve, one needs the functions E(u,v), F(u,v), and G(u,v):

b
L(c) = / VEW)? + 2Fu'v' + G(v')2dt. (1.5)

This was the discovery made by Gaufl. This can also be formulated in a different manner by introducing
the first Fundamental-Form, which is a family of symmetric 2 x 2 matrices (for every u and v)

(1.6)

of scalar products, which is positive definite. You do not need anything about the surface and that was
the starting point for Riemann. He formulated a research program that is nowadays called the inner
geometry of a surface. This project was formulated on the concept of Gauf3-curvature.

Ox
E(u, V)

tangent plane

Ox

Ew (u,v)

Parallel-translate any unit vector to the sphere. Hence, every point p € S is mapped on a unit vector
N(p) on the sphere:

S+ S?(unit sphere in R?), (1.7)
with S% = {a € R?|||a| = 1}. Define

o IN(A)
K(p)'ﬂ}ﬁ& R (1.8)

where N(A) is the corresponding area on the two-sphere S2. We are coming to some examples:

— Consider a plane:

N(S) = {point}



The area of a point on the two-sphere is just zero: |N(A)| = 0. Hence, the plane has constant Gauf3
curvature K(p) =0V p.

— Cylinder:

Hence, the map is a just a line on the two-sphere: N(s) = equator. Again, |[N(A)| = 0 and hence
K = 0. With this information about the surface one cannot distinguish, if it is a plane or a cylinder.

— Spheres of radius R:

N(A)

Hence, the Gaul map is just the full S%: N(S%) = S2. Since the image of A is also contracted one
obtains for R — oo: K(S%) — 0. For R+ 0 one obtains K (S%) — oo and for R =1 it follows that
K =1 (since N(4) = A).

The Gauf§ curvature measures in some sense the deviation of the surface from a plane. A cylinder can
be mapped isometrically (without distortion) on a plane. Gauf’ discovery, which was the motivation for
Riemann’s programm, was the following: K is a quantity of the inner geometry of the surface, meaning
that is can be computed by the scalar products of the tangent vectors spanning the tangent plane,
hence the functions F(u,v), F(u,v), and G(u,v) and their derivatives (which is the definition for ,,inner
geometry“) (,,theorema egregium®).

Riemann 1854:

Generalize “surfaces”! The generalization is to forget about the two dimensions and about the embedding.
This leads to the concept of smooth manifolds. Also generalize the first Fundamental-Form, which is called
the Riemannian metric, which means that one has a family of scalar products on tangent spaces at each
points.

Poincaré ~ 1900:

Introduce topological concepts in particular to control the connection between local and global properties.
Weyl ~ 1910: Introduction of the modern concept of a manifold.

Einstein ~ 1915: Use Riemannian geometry as mathematical foundation of general relativity. The universe
is modeled as a Riemannian manifold with field equations of the following type: G = KT, whereas G
involves curvature and T is a mass/energy distribution.
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Kapitel 2

What is a manifold?

2.1 Differentiable manifolds

The basic idea is that a manifold is a space that locally looks like R™. First, we will repeat some concepts of
linear algebra and analysis. Consider a n-dimensional Euclidian space (R", (,)), where the scalar product is

given by

n

(a,b) => aibi, a=(a1,...,an), b=(by,...,by) ER". (2.1)
i=1
Define a norm by ||la|| = v/{a,a) and the distance by d(a,b) = ||a — b||. The angle between two vectors a and b
is given by
(a,b)
cos(a) = ————. (2.2)
llall - 1ol

Hence, (R™,d) is a metric space. A function f: (U C R") — R (for an open subset U) is smooth (or C*), if
for every p € U all mixed partial derivatives exist and are continuous. The C*°-functions u*: R® — R (i = 1,
.., n) with u*(p = (p1,...,pn)) = p; are called coordinate functions. A map ¢: (U C R") — R" (of an
open subset U) is smooth, if all real-valued functions u‘ o ¢ are smooth for i =1, ..., n.
Let M be a topological space, which is Hausdorff (for example a metric space) and has a countable basis.
(The Hausdorff condition is a separation condition. It means that if one chooses different points p and ¢ on
a space, there exist disjunct sets around these points.) A coordinate system (or chart) at p on M is a
homeomorphism ¢: (U C M) — o(U) C R" (with p € U, whereas U is open). Homeomorphism means a
mapping that is continuous and bijective such that its inverse is also continuous.
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If we write ¢(p) = (21 (p),...,2"(p)) for all p € U, then the functions x*: u’oyp are called coordinate functions
of ¢. n is called the dimension of M. Charts are compatible in the following sense: If ¢: U — R™ and :
V + R™ are two charts on M with UNV # (), then we have coordinate changes 1op~1: o(UUV) — ¢ (UNV)
and pop L p(UNV) = pUNV).

M
@ v

o) _ Yo

. poy!

Hence, manifolds are modeled locally by charts.
Be M a topological space, for example M is a set equipped with a system 7 of subsets (called the open
subsets of M), such that the following holds:

1) M,0eT

2) Finite intersections and units of arbitrary elements of 7 belong to 7. (The family of subsets if closed
under ...)

7T is called topology on M. This definition is very general and we impose additional properties: In addition
M is supposed to be connected (it is not split into open subsets), Hausdorff and is should have a countable
basis. A n-dimensional differentiable atlas on M is an collection A C 7 of n-dimensional charts such that
the following two conditions are satisfied:

A1) Every point of M lies in at least one chart (in other words, M is “locally Euclidian” and covered by
charts).

A2) All possible coordinate changes are smooth (C°).

A chart ¢ of M is compatible with an atlas A, if AU {¢} is still a differentiable atlas for M. A is called
maximal (or differentiable structure for M), if every charge compatible with A already belongs to A. A
differentiable atlas A uniquely determines a maximal atlas A*.

Definition

A n-dimensional, differentiable manifold is a topological space, which is connected, Hausdorff, countable
basis and is equipped with a maximal atlas.

2.2 Examples

2.2.1 The n-dimensional real space

R™ is Hausdorff, because it is a metric space and two different points can be separated by two open balls.
Furthermore, it has a countable basis, which consists of open balls with rational radius and rational center.
We can start with an atlas A = {id}, id: R” — R™. A* is the maximal atlas. This is the standard smooth
structure on R™. Remark: For n # 4 the standard differentiable structure is the only one on R™. But for R*
there exist different structures (the four dimensional Euclidian space is very special).

10
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2.2.2 The unit sphere

We want to consider S™ := {p € R*"*1|||p|| = 1}.
A v

S .
NI

They are subsets of R™*!. Since R™*! has a topology, the subspace S™ also has a topology, the so-called subset
topology induced from R™*!. This means that U C S™ is open if and only if by definition there exists and open
subset V in R"*! such that U = S™ N V. It is an exercise to show that it is connected, Hausdorff and that is
has a countable basis. (Use the fact: Subspaces of Hausdorff spaces with countable basis are also Hausdorff
and have a countable basis.) Furthermore the sphere is a compact manifold.

Let us construct an atlas for S”: Fori =1, ..., n+1 let U;“ (respectively U;”) be the open hemi-spheres

U ={p=(p1,....Put1) € S"|p; > 0}, U; ={peS"|p; <0}. (2:3)

INlustration for n = 2:

projection [ " |!__

Us

One needs six hemispheres in this construction to cover the whole S2. (Ugr and U; miss, for example, the
equator.) The charts are given by: apli: Uii — R”™, which is the orthogonal projection in the direction of the
i-th coordinate axis.

@f(p) = (u'(p), ..., u" " (), v (p), ..., u" T (D)) = (P1, -+ s Die 1, Dit1s s Pril) - (2.4)

This is a homeomorphism, because the map is continuous and has an inverse. We still have to show that
coordinate changes are smooth. Consider n = 2:

+y—1 +
(u!u?) 2 (ol T = @ = (@) £ (@, 1= (@) = (@), (25)
Since (u')?+ (u?)? < 1 this map is smooth, since the square root is differentiable for (u!)?+ (u?)? < 1. Take the

maximal atlas: S™ is an n-dimensional smooth manifold. Remark: There exist exotic differentiable structures
on spheres, for example 28 on S7.

2.2.3 Projective space

a) n-dimensional real projective space:

We consider the set X := R"*!1\ {0}. On X define an equivalence relation: # ~ y < there exists
t € R\ {0}, y = tz (linear dependence).

A

11
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The equivalence class [z] of x € X is the straight line through z and y in R**1\ {0}. P"R := X/ ~ (alter-
native definition P"R = set of one-dimensional vector subspaces of R"*1) is called the one-dimensional
real projective space. Claim: P"R (equipped with quotient topology) is an n-dimensional differen-
tiable manifold.

Quotient topology: Be Y a topological space with equivalence relation ~. This gives rise to the set

Y =

Y/ ~ (which is the set of equivalence classes). How can one make this abstract set into a topological

space? To define a topology on Y use the projection map 7: Y — Y, y — [y]. Define a quotient topology
such that this map becomes a continuous map. Quotient topology: U C Y =Y/ ~ is open by definition
if and only if 7=1(U) is open in Y. We want to prove the claim:

1)

Countable basis: By lemma 1 (handouts) it suffices to show that m: X +— X/ ~= P"R is an open
map, for example 7(U) is open for U open. To show that, consider the maps «y: X — X, x — tx
(t € R).

a,(x) =tx

|

For t # 0, a; is a homeomorphism with (a;)~! = ay/. Assume that U C X is open, then
7 (7(U)) = Upzoow(U). Since ay(U) is a homeomorphism, this is open. Hence (by definition of
quotient topology) m(U) is open.

P"R is Hausdorff: By lemma 2 (handouts) it suffices to show that R := {(z,y) € X x X|z ~ y} is
a closed subset (this means that the complement is open). To see that we consider the function f:
X xX R,

Flay) = f(@ ™), ) =) () — 2Ty (2.6)
i#£]
f is continuous and f(x,y) = 0, if and only if 'y’ = 27y for all 4, j and i # j. This is equivalent

to xt/y* = 29 /y’ =: t, hence x = ty. This implies that R = f~1({0}), which is closed since {0} is
closed.

What remains, is to construct an atlas. The charts are defined as follows. Set U; := {x € X|2® # 0} (for

i=1,...,n+1)and U; := 7(U;) C P"R. Further set ¢;: U; — R,

2.7)

ey

1’1 .%'2 xi—l .’L'H_l x”+1>
s ..

pi([z]) = (xi’a:i’. % i i

A [x]

A

One has to check the following properties:

— ; is independent of the choice of the representative of [z].

— ; is injective: From ;([z]) = ¢;([y]) it follows that y//y" = 27 /2" & 3/ = (y'/2')27 and hence

y=te, ) = o]

@i U; — R™ is onto: For a = (ay,...,a,) € R" set @ := (a1,...,a;_1,1,a;,a,) € R*1. Hence,
©([a]) = a. As a result of that, ¢; is bijective and continuous. Since
gai_l(zl, 2N =w(2 2T L 2, (2.8)

we see that ¢; ' is also continuous

12



2.2. EXAMPLES

— Coordinate changes @; o apj_l are C™ (exercise).

b) In a similar way define the complex projective space P"C := C"*1\ {0}/ ~. C is a two-dimensional
real manifold (topologically R?). Hence, P"C is a 2n-dimensional manifold.

2.2.4 Construction of new manifolds

Let us continue with some indications how to construct new manifolds out of given ones. Let M be an n-
dimensional differentiable manifold with complete atlas A. For an open subset O C M set A’ := {(U’, o")|U’ :=
Un 07 90/ = @'U’v (U7 SO) € A}

X

.

Then A’ is an atlas for O and O is an n-dimensional smooth manifold (called an open submanifold of M).

Example

Let M := R" . Take the subset GL(n,R) := {A € R"*"|det(A) # 0}, which is an open subset of R". (Since
the complement if a sequence of matrices with det(A4) = 0, hence {A € R"*"|det(A) = 0}, which is closed.
Remark: If f: X — Y and g: X — Y are continuous maps, then {x € X|f(z) = g(x)} is closed. This follows
from definition of continuity. The general linear group GL(n,R) is a n?-dimensional smooth manifold, which
is not connected.

2.2.5 Construction of product manifolds

We have just considered, how manifolds can be constructed from subsets of manifolds. However, one can also
build higher sets from manifolds. Let M be an m-dimensional smooth manifold and N be an n-dimensional
smooth manifold. Then, M x N with product topology and charts ¢ x ¢: U XV — p(U) x (V) C R™ xR" =
R™*T7 (where (U, ) and (V, 1)), respectively, are charts of M and N, respectively) is an (m + n)-dimensional
smooth manifold.

Examples

e R¥ =R x ... x R (with k factors)
o T":= S x...x 8 (with n factors of S* = {x € R?|||z|| = 1}) is the n-dimensional torus.

T*=0xQO=1{(a,b) e R* xR*|a € S*,be S'}. (2.9)

The torus is a compact space, since S* is bounded and closed.

13
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2.2.6 Lie groups and examples for manifolds
A Lie group is a group G, which is also a smooth manifold such that the map G x G — G, (g192) — glgz_1

is differentiable (see later).

Examples
e GL(n,R) is a Lie group. GL(1,R) = R* = R\ {0} is not connected.

e (Z,+) (discrete group) is a 0-dimensional manifold.

__J(cos@ —sind o al s . . .
e SO(2) := {(sin& cos f ) HO € [0, 2#)} ~ S" is a one-dimensional Lie group.

This is a compact Lie group, since S! is compact (whereas GL(1,R) is a non-compact Lie group).

o SU(2) := {(O‘ﬂ g)

Write a = 21 +ize and 8 = x3+izy (@ = o1 —izy, B = x3—izy) and hence aa+383 = ri+ad+r3+ai=1.
The appearing matrices are € C2 ~ R*. Topologically, this set of matrices is the three-dimensional smooth
manifold S3.

a,ﬁEC,aa+ﬁﬁ:1}

e SL(n,R) = {A € GL(n,R)|det(A) = 1}. (From det(AB) = det(A) - det(B) and det(A~!) = (det A)~1 it
follows that SL(n,R) is a subgroup. Anyway, it is closed, since a continuous function of the set is equal
to one.) The special linear group is a Lie group of dim = n? — 1.

Fact: A closed subgroup of a Lie group is again a Lie group (see summer semester 2010). For example, this
is the case for SO(n) := {4 € GL(n,R)|AAT = E}. (A, B € SO(n) implies (AB)(AB)T = ABBTA = F and
furthermore A=*(A~1)T = E, hence it is a subgroup.)

Some remarks

1) Example of a “space” which is not a manifold:

2) If instead of smooth coordinate transformations ¢ o ¢~! is just a homeomorphism, M is called a
topological manifold. If alle coordinate transformations are real analytic C°°°, then M is called
analytic manifold.

3) If the charts are of the form ¢: U — C™ (or ¢: U — B, where B is a Banachspace), then M is called a
complex manifold (respectively a Banach-manifold).

4) The property “locally Euclidian” (every neighborhood of a point looks like a piece of R™) does not imply
that the space is Hausdorff. An example for that is the “double line”:

Y = {(s,t) eR*|t =41 ort=—1}, (2.10)

equipped with the subspace topology induced from R2. Set X := Y/ ~, where (z,t) ~ (s’,t') by definition
ifand only if s = s’ and t =/, if s <0 and s = ¢, if s > 0 equipped with quotient topology 7: Y +— X,

(s,) = [(s,2)]-

14



2.3. DIFFERENTIABLE MAPS

(s: 1) 1

A equivalent points Y

( Dl
\ 1
open neighborhood

( )
\ )

-
g

0

The points p = [(0,1)] and ¢ = [(0, —1)] cannot be separated, hence X is not Hausdorff. But X is locally
homeomorphic to R.

2.3 Differentiable maps

A map F: M — N (with m dimensional manifold M and n-dimensional manifold N) between smooth manifolds
is called differentiable (or smooth) at p € M, if for one (and hence every (*)) chart ¢: U — U’ C R™ (with
UcCM)atpand ¢: V- V' CR"” (with V C N) at F(p) with F(U) C V the representation of F' in local
coordinates ¢ o Foyp™L: U+ V' is O,

_ VH
YoFogp'!

-

\

yoFoy!

F: M — N is differentiable or smooth, if I’ is differentiable at every p € M. A set of smooth maps is
denoted by C*>°(M, N). To (*): The “test of smoothness” with respect to one chart suffices: If ¢ and ¢ are
other charts at p and F'(p) respectively, then we have:

boFog t T o lop)oFo(plop)ogt=@oyp NooFop Ho(pog™).  (211)

Both @oq/ﬁl and po@ ! are both coordinate transformations and in C'°. If the map v o Fop ™! is differentiable,
sois 1) o F o 31, because one just composes them with differentiable maps.

2.3.1 Special cases

e n=1:f: M +— Ris a differentiable function.

15



KAPITEL 2. WHAT IS A MANIFOLD?

e m=1:c: R— N is a differentiable curve.

Notation: C*°(M,R) =: C°°(M) are all smooth functions on M. Actually, C°°(M) is an R-algebra: (fog)(p) =
f(p) - g(p). A differentiable map F: M +— N is a diffeomorphism, if f is bijective and F~! is also C*°. In
particular, a diffeomorphism is a homeomorphism.

Remarks

e Examples for diffeomorphisms are the identity, charts, and coordinate transformations. (Why?)
e The set of diffeomorphisms M O F' is an infinite-dimensional group Diff(M) under composition of maps.

e Warning: A differentiable homeomorphism is not always a diffeomorphism! Example: M = (R, id) with
the map F: R+ R, x + 2%, The inverse map F~': R — R, x — & is continuous, but not C™ at 0.
2.4 Tangent vectors

Repetition: For p € R™ consider the tangent space T,R"™ = {p} x R™ at p.

A

For f € C*(R"), v € T,R™ set

(00 f)(p) = lim L@ = ()

in: p (2.12)

This is called the directional derivative of f at p in direction v. It measures, how the function f defined on R
changes on the line through p in the direction of v. For v = e; = (0,...,0,1,0,...,0) the i-th standard basis
vector we have the partial derivative 9., = 9/9u’.

A

€2

Moreover, for f, g € C*°(R™) with a, § € R one has
8U(af + /Bg) = aavf + ﬂavgv (213)
hence the partial derivative is a linear operator. Furthermore, the product rule holds:

9u(fg) = f(p)ug + 0uf9(p) - (2.14)

Let M be a n-dimensional differentiable manifold and p € M. A tangent vector of M at p is a map v:
C>(M) — R such that for all f and g € C*°(M) and «, 8 € R one has:

T1) v(ef + Bg) = av(f) + fu(g) (R-linearity)
T2) v(fg) = v(f)g(p) + f(p)u(g) (Leibniz rule)

16



2.4. TANGENT VECTORS

Denote by T), M the set of all tangent vectors of M at p. Then T, M is an R-vectorspace: (v+w)(f) := v(f)+w(f)
and (av)(f) := awv(f). This is called the tangent space of M.

T,M
T,M

S

Rn

Special tangent vectors are constructed as follows: Consider a chart (U, ¢) of M at p. With a2’ := u’ o ¢ we
can write ¢ = (z!,...,2") (u*: R" = R, (ay,...,a,) — a;). For a test function f € C*°(M) andi=1,2, ...,
n we set

of fop™)
. = 2.1
5 P) gui PD), (2.15)
which is the i-th partial derivative in local coordinates. A direct computation shows that
0 0 of
| C®°(M R, — === 2.1
| FCTON =R gl ()= 5), (216)

is a tangent vector at p.

Lemma 1 (“tangent vectors are local objects”)

Let v € T, M.

1) If f, g € O (M) are equal on a neighborhood of p, then v(f) = v(g).
2) If h € C*°(M) is constant in a neighborhood of p, then v(h) = 0.

In order to prove this lemma one needs the existence of bump functions, which means g € C°° (M) such that
(let U(p) be a neighborhood of p)

i) support g := {q € M|g(q) # 0} C U(p) (fixed neighborhood of p)
i) 0<g<lonM

ili) g =1 in a neighborhood V'(p) C U(p)

17



KAPITEL 2. WHAT IS A MANIFOLD?

0 (V(p) ) .M>
U(p)

Now to the construction of such a bump function: For any ¢ > 0 pick a smooth function h.: R — R, whose
graph has the following form:

A
1

f —
0 € 2e

Let p € M and ¢: U — R™ a chart at p such that ¢(p) = 0 (if ¢(p) = a # 0 then compose with translation
p:=T_,0).

Then there is ¢ > 0 such that B 5:(0) = {b € R"|[|b]|> < v/3e} C ¢(U). Take the radius square function

iU R, g o () = Y @(0)? = le@ll? (with ¢(@) = (@1(q).-..,2"(q))). Then g := h. o7 has
the required properties. (We take the radius square, because that is a smoooth function, whereas the radius
function is not because of the square root.)

Proof of Lemma 1

1) v is linear, hence it suffices to show: If f = 0 in a neighborhood of p then v(f) = 0. (From f = g it follows
f—g=0and v(f) =v(g) is equivalent to v(f —g) = 0.) To that end we consider a bump function g on
U.

A

bump function

We have f-g = 0 on M. We have v(0) = v(0 + 0) = v(0) 4+ v(0), which implies v(0) = 0. Hence,
T2
0=0(0) =v(f-g) = v(f)-9(p) + f(p) - v(g) = v(f).
2) By (1) we can assume that h = const. = ¢ on M. But then v(h) = v(c- 1) o cv(1). Tt remains to show

that v(1) =0. As v(1) =v(1-1) o v(1)-14+1-v(1) =2v(1) and therefore we have again v(1) =0. O

Remark

Lemma 1 shows that tangent vectors are local objects: If U is a neighborhood of p then T,U = T,M (U is an
open submanifold.)

18



2.4. TANGENT VECTORS

Theorem 1 (Basis for T),M)

Let M be an n-dimensional smooth manifold, p € M. If ¢ = (x',...,2") is a chart at p. Then the tangent
vectors 0/0x|, (i =1, ..., n) form a basis of T,M and for any v € T,M one has v = >, v(2°)9/dz"|,. In
particular dim 7, M = dim M.

Lemma 2

Let U be an open neighborhood of 0 € R™. If U is starlike with respect to 0 (which means for v € U the
segment ray Ou C U) and g € C*°(U) then we can write

O)—i—Zujgj(u), g; €C®WU), u=(u',...,u"). (2.17)

Proof

We want to use the Taylor-integral formula

1 1 " 1 5
_ g
/&g (tu)dt = uj/a— (tu)dt = Zu]g] O (2.18)
0 =1 %
Proof of Theorem 1
a) 0/0z%|, € T,M (computation!) for i =1, ..., n. For the coordinate functions z* := u* o ¢ holds
0 def O 1 0
- e =0k - 2.19
| @) G 00D = G o)) = (219)

b) linear independence:
Assume Y. | \;0/0z"|, =0 (A\; € R). Then for k =1, ..., n we have

- d
0=0(z")=>"X o

i=1

(a¥) 2 A (2.20)

c) {0/0x%,]i =1,...,n} generate T, M.

We can assume ¢(p) = 0 (*). Let v € T,M = T,U (where p(U) is starlike with respect to 0) and set
ay = v(z¥) € R. Let

n
0
wi=v— Z i 55 (2.21)
1=1 p
Then we get vor every k that
w(z®) = v(z") —Zn:az 2| (k) = o(at) — ax = 0. (2.22)
i=1 9z,
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KAPITEL 2. WHAT IS A MANIFOLD?

We want to show w = 0, hence w(f) = 0 for all f € C°(U). So pick an f € C>°(U). We have g := fop™t €
C*(¢(U)) and Lemma 2 can be applied to g.

_ . T1,T2
w(f) =w(foyp  op)=wlgop) Zw | g(0 Zuﬂow op)| =
o _xj
=0+ [w(@?)(g; 0 @)(p) + 27 (P)w(g; 0 )] =0, (2.23)
j=1
whereas the first term is zero by Eq. (2.22) and 27 (p) = 0 because of (*). O

2.5 Differentials (or tangent maps) of smooth maps

Let F: M — N be a smooth map between smooth manifolds. The local representation of such a map in the
neighborhood of points is given by n o F o p™!; it is C°.

L) TS

The goal /wish is to approximate F' at each point p € M by a linear map. Let p € M. The differential or
tangent map of of F' in p is the linear map defined as follows:

dF, : T,M — Tpp N, (dF,(v))(f) :=v(fo F)V f € C*(N). (2.24)
R
foF [f

OO
—
We need to show that dF,(v) € Tp(,)N.

T1) For a, € R and f, g € C°(N):

dF,(v)(af + Bg) =v((af + Bg) o F) =v(af o F + fgo F) T1 for v
=av(foF)+pu(goF) = adF,(f)+ BdFy(g) - (2.25)

T2) Show:

Fo0)(f-9) =v((f-9) o F) "LV o(fo F)(go F)(p) + (fo F)(p) - v(go F) =
— dF,(£)9(F(p)) + F(F(p)) + dFp(g). (2.26)

Remarks
o If F=1d: M — M, p+— Id(p) = p we have d(Id),(v) = v for all v € T,M and p € M.

e Another notation in books for dFj, ist Fi|,.

Lemma 2 (computation of dF})

Let F: M™ — N™ be a differentiable map. If £ = (x!,...,2™) is a chart at p € M and n = (y',...,y") is a
chart at F'(p) € N then we have for 1 < j < m:

dF, (aa] ) :Za(y(;;;m(p) o1 (2.27)
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2.5. DIFFERENTIALS (OR TANGENT MAPS) OF SMOOTH MAPS

Proof
We set

0
p

By theorem 1 (“basis-theorem”) we can write

w= Zw(yl) e . (2.29)
j=1 Y lF@)
By definition of the tangent vectors
i 0 s_ 9 i _8(yioF) _8(yi0F0571)
w(y') = (de <axj ,,)) W)= 5.7 p(y oF)=—7 ()= 50 (&(p)- (2.30)

The n X m-matrix
A(yto F)
(&cj(p)) ; (2.31)

is called Jacobian matrix of F' at p with respect to £ and 7.

Lemma 3 (chain rule)

If F: M — N and G: N — L are differentiable maps, then one has at every p € M that

d(Go F), =dGpp) odF,. (2.32)

Proof
Pick v € T,M and g € C°°(L). Then a tangent vector of L (applied to the test function g) is given by
fd;fgfnitio? |
d(G o F)p(v)(g) > =" v(go Go F) = dFy(v)(g0 G) = dGp(,) (dF,(v))(9) - (2.33)
Remarks

o If F: M — N is a diffeomorphism we get

d(F o F7 ") gy = d(idn) p(py = id|Tre)n - (2.34)

e By lemma 3 one obtains:

dF, 0dFg ., dF,: T,M = TN, (2.35)

is a vectorspace isomorphism. In particular
dim(M) = dim(T, M) = dim(Tp,)N) = dim(N) . (2.36)

Theorem 2 (inverse function theorem for manifolds)

If F: M — N is a differentiable map such that for some p € M, dF,: T,M ~ Tp) N is a vectorspace-
isomorphism, then there exists a neighborhood V of p in M such that Fl|y: V +— F(V) is a diffeomorphism
(V.C M and F(V) C N).

Proof

Choose charts ¢ at p and n at F(p). Then

d(noFop ™)y =dnpp) 0 dF,odp ) TopR™ = Tyrp)R", (2.37)

is a vectorspace-isomorphism (in part m = n), since dnp(,) and dgo;(lp) are vectorspace-isomorphisms (since 7
is a diffeomorphism ¢).
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KAPITEL 2. WHAT IS A MANIFOLD?

By Analysis II o F o p~! is a diffeomorphism from a neighborhood of ¢(p) to one of n(F(p)). Since ¢ and n

are (as charts) local diffeomorphisms, F' is a local diffeomorphism.

Notation

A differentiable map F: M +— N such that dF), is a linear isomorphism for all p € M is called a local
diffeomorphism. (A diffeomorphism is a local diffeomorphism, which is bijective.)

2.6 Tangent vectors of curves

A smooth curve in a differentiable manifold M is a differentiable map ¢: I — M (where I C R is an open
interval). We set u := u! (first coordinate function). Note that we use the chart ¢ = id|g i.e. 2! =ul o =

u' = u. In any point t € I we have

d
du

0

= —| eI =TR. 2.38
‘ ou ¢ t ( )

t

We define the tangent vector of the curve ¢ in ¢(t) € M as follows:

d
'(t) :=d —
¢(®) Ct<du

> e T.wMVtel, (2.39)
t

where d¢; is the differential of the smooth map c.

2.6.1 Properties

Tangent vectors operate on test functions f € C*(M):

d

ut)](f)i

1) W) = [dct (d d(f o)

du

(foc)= (t)

t

2) In particular, if ¢ is a smooth curve with ¢(0) = p, then v := ¢/(0) € T, M. With this we can write:

o) =COf) = T(ToaO) = S| (Foar). (2.40)

t=0

This is a useful formula! Remark: We see later: For any v € T, M there is a curve ¢ such that ¢(0) = p
and ¢/(0) = v.
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2.7. SPECIAL SMOOTH MAPS AND SUBMANIFOLDS

3) If ¢: I — M is a smooth curve in M and F: M — N a differentiable map, then Foc: I — N is a smooth
curve in N and we have

dF,) (d(t) = (Foc)(t). (2.41)
This follows from the definition:
chain rule d
= d(F
) woon (G

4) If (¢,U) is a chart at p € M and c¢;(t) := ¢ (¢(p) +te;) for i =1, ..., n and t € (—¢,€) be the “i-th
coordinate line” at p with respect to .

d

ch(t) (Cl(t)) = ch(t) <dct (du

> definition 1o o /(4. (2.42)

U
e,,A
4
oy G
\W—F teq
M
»
€]

Then we have

. di=1,...,n. (2.43)

Hence, partial derivatives can be interpreted as tangent vectors to these special curves. To prove this
pick a test function f € C*°(M). Then

~—

GO)) L T 0e)0) = T 0w (p(p) + ter))(0) I o Pzl drteie
o1
=2 )y = 2| . (2.44)

p

2.7 Special smooth maps and submanifolds

A C*®-map F: M™ +— N" is called immersion if dF,: T,M +— Tp N is injective for all p € M and
submersion if dF), is surjective (onto) for all p € M.
Prototypes of such maps are the following:

1) Fo: R™ —R" (n >m), (z},...,2™) — (2!,...,2™,0,...,0) is an immersion.
R* D R"™
R™ R™
Fo

One can show that if F': M™ +— N™ is an immersion and p € M there exist charts (U, ¢) and (V,n) at p
and F(p) such that no F o p™! = Fyl,) (“locally every immersion looks like Fy”).

2) Go: R™ = R™ (n <m), (zt,..., 2" 2" .. 2™)— (21,... 2") is a submersion.

Rm

Golx) R
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KAPITEL 2. WHAT IS A MANIFOLD?

Fact: “Locally, any submersion looks like Gj.”

If F: M — N is an injective immersion, then one can define a topology and differentiable structure on the
image F(M) C N such that F(M) is diffeomorphic to M.

e U C F(M) is open in F(M), if F~Y(U) is open in M.
e o is a chart of F(M) if and only if ¢ o F' is a chart of M.

In general, the topology on F'(M) defined as above is NOT the subspace topology. F (M) C N endowed with
the above structures is called immersed submanifold of N.

If F: M — N is an injective immersion and if (M) C N endowed with the subspace topology is homeomorphic
to M then F(M) is called embedded submanifold (and F is called an embedding of M into N). A topological
subspace M of a differentiable manifold M is a regular m-dimensional submanifold if for all p € M there
is a chart (U, ) of N™ (n > m) at p such that o(U N M) = p(U) N (R™ x {0}).

Nr[
M
®
RV!
o\
\_/ Rm

Using this properties one can endow M with a differentiable structure such that the inclusion i: M <— N is an
embedding (exercise). For more information on submanifolds see Boothby.

Examples

1) The curve ¢: R — R2 ¢ (t3,¢%) is C°° but not an immersion.

A
R2

c(R)

»

The differential of the map (the tangent vector) is not injective at every point.

d(t) = (3t%,2t) = /(0) = deg (i) =0. (2.45)

Hence dcy is not injective. ¢ is injective, the only problem from being an injective immersion is the origin.
At every point except zero one can find a chart such that the curve is a regular submanifold of R?.

2) The curve c: R — R2, ¢+ (3 — 4t,1%2 — 4)

¢ is not injective since ¢(—2) = ¢(2) = (0,0). But it is an immersion since the differential is injective.
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2.7. SPECIAL SMOOTH MAPS AND SUBMANIFOLDS

A
R2

Q) 2—(R)

-2 0 2 '(-2)

c(R) C R? with subspace topology is not homeomorphic to R. To see this consider the sequence

_J —241/n for n even
Tn = { 2+1/n  fornodd ~’ (2.46)

does not converge in R but ¢(z,,) converges in R?.

3) Let us consider curves on the torus T2 — Rz/ ~ with (z1,51) ~ (22,92) & @1 = 3 + 27k and
y1 = yo + 2l with k, | € Z.

A
dr +
2 >
A A
: - -
=2 0 2 Vg
o L
//
/
\

There exists a map 72 751 xStcCxC

h([(z, y)]) = (exp(iz), exp(iy)) , (2.47)

which is a homeomorphism. Now consider the curve c: R — h(T?), t — (exp(it),exp(iat) with a € R.
Define the projection map:

7 R T2 (z,y) — [(2,9)] . (2.48)

To construct a curve on T2 define a curve in R? and project it on T2 by the projection map 7. Hence,
consider ¢ R +— R2, ¢+ (¢, at).
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KAPITEL 2. WHAT IS A MANIFOLD?

A

c(R)

Set ¢ := homoc: R — S x S' C C2. ¢ is a differentiable map of rank 1 (i.e. a smooth curve with ¢/(t) # 0
v t).

A

81 homeomorphic

6

Y

Vi¥/g

curve on torus

2

0 »
2 4n 6m 8«

There are now two cases:

— « € 27Q, whereas ¢(R) is a closed curve (actually the embedding of a circle).

— a ¢ 2mQ leads to c(R) that is close (i.e. ¢(R) = T?). This can be seen with a theorem of Kronecker
(see Arnold: ordinary differential equations). ¢ is injective and an immersion, hence ¢(R) is an
immsersed submanifold but not an embedding, because ¢(R) with subspace topology is not
homeomorphic to R.

One can find a sequence that converges in the subspace topology but not on R.

Remark (A theorem of Whitney 1936)

Every n-dimensional smooth manifold M can be embedded into some RY.

Sketch of proof for compact manifolds (for example P™R)

We need a tool from differential topology: partitions of unity. Let M be a topological space. A covering
(Ua)aea of M (i.e. M =J,c 4 Ua) is locally finite, if every point of M has a neighborhood which intersects
only finitely many of the U,. A refinement of a covering (U, )aca is a covering (Vz)gep such that every V3
is contained in some U,. M is paracompact if M is Hausdorff and if every open covering has a locally finite
refinement. Fact: M is paracompact if and only if M is locally compact with countable basis. In particular, a
manifold is paracompact, since it has a countable basis. Furthermore it is locally compact, since it is locally
Euclidian.
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2.8. TANGENT BUNDLE AND VECTOR FIELDS

Theorem 3 (partition of unity)

Let M be a differentiable manifold (hance paracompact) and let (Uy)aca = A be an atlas for M. There exists
a locally finite reﬁneLnent (Vi)ker of A and C*°-function fr: M — R such that firstly fr > 0on Vj and f, =0
on the complement VZ.

Ji

(This is some kind of bump function.) Secondly, it holds that

<Z fk) (p) =1, (2.49)

kel

for all p € M. This sum is always finite since the covering is locally finite. (For the proof see the German book
Gromoll-Klingenberg-Mayer on page 275 or the English book Gallot-Hulin-Lafontaine in chapter 1.H.)

Let (Us, pi)1<i<i be an atlas for M with a finite number of charts. Consider a partition of the unity (f;)1<i<;.
For 1 <i <1 set

_ | fi(p)pi(p) eR" for pel;
w(p) _{ 0 otherwise ) (2.50)

Then t; € C*. The map ¢: M — R"*, 6(p) := (¢1(p), ¥2(p), - - -, ¥i(p), f1(p); - -, fi(p)) is an immersion (can
be seen by just computing the differential and showing that this is nonzero), injective (hence a bijection onto
@(M)) (proof as an exercise). As M is compact, ¢: M +— ¢(M) is a homeomorphism and hence an embedding
(since the subspace topology is the same as that of M).

2.8 Tangent bundle and vector fields

Theorem 4

Be M a differentiable manifold and dim(M) = n. The tangent bundle of M

TM = | T,M = {(p.v)lp € M,v € T,M}, (2.51)
peM

is a 2n-dimensional smooth manifold.

Proof

Let (Ua, ¥a)aca be an atlas of M. If o, = (zl,22,...,27) there is a basis {9/9z%|,|i = 1,...,n} of T,M.
For all p € U, if v € T,M then

v="Y v(z}) 5 (2.52)
i=1 Talp
For each o € A we get a bijection h,: V, := UpEUa T,M =: TU,, (which is a map from V,, to R*").
ha((p,0)) = (24(0), -, 25 (p),v(xy), . - 0(2F)) - (2.53)

The claim is that (Va,ha)aca is an atlas for TM. Sketch of proof for this fact: As (J,c4 Ua = M we have
Uaea Vo = TM. Define a (basis of) topology in such a way that h, are homeomorphisms. This implies that
TM is Hausdorff and has a countable basis. Now to the coordinate changes: Let (p,v) € TU, N TUg and

@a(p) = (2! (p),...,2"(p)) and @s(p) := (¥ (), ..., y"(P))-
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KAPITEL 2. WHAT IS A MANIFOLD?

hey h
Furthermore
v= i a; i = i b; i ai =v(x), b =v(y"). (2.54)
, oxt , oyt| ’
i=1 p i=1 p
By exercise (2.2) we have
0 (890’“) 0
| => e (2.55)
9y |, - dyt ) oxk|,
with the Jacobian
ozk
- | =d 5. 2.56
(a;,z) (ppoes’) (2.56)

In particular for b = (by,...,b,) and a = (a1,...,a,) it holds that b = d(¢g 0 ¢;!) - a. This yields the formula
(hg o hg')(x,a) = (y,b) = (v 0 o) (), d(ps 0 3 )(a)). (2.57)

Since (¢p o0 pat) € C° and d(pg o ') € C*, hgohy' is smooth.

Remark

The tangent bundle is a special case of a vector-bundle (E, B, F, ), whereas F is the so-called totale space
(manifold), B the base space (manifold), F the fibre (vectorspace) and

1)  is the smooth (onto) projection map m: E — B, with 7~ 1(p) ~ F.

2) B=U,; Ui, 7Y (U;) ~ U; x F (“locally trivial”, i.e. a product)

P Ui

Examples

1) E=R™ xR¥, B=R"™, 7: (p,q) =p, 7 (p) = R*

2) E=TM, B=M, n(p,v) =p
A vectorfield is a smooth map V: M — TM such that 7 o V = idy i.e. V(p) € T,M. Equivalently,
V is smooth if all f € C®(M). Vfis a C®°(M) where (Vf)(p) := V(p)(f) for all p € M. If we define

(V+W)(p)=V(p)+W(p)Vw,ve VM and (fV)(p) := f(p)V(p) with f € C°(M). (Denote the set of all
smooth vectorfields on M by VM.) The set of all vectorfields VM becomes a C'* (M )-modul.
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2.8. TANGENT BUNDLE AND VECTOR FIELDS

2.8.1 Local representation of vectorfields

Let ¢ = (x!,...,2™) be a coordinate system for U C M. Then

6. U —TU, p— a. ,
oz’ 89611)

(2.58)

fori =1, ..., nis a vectorfield on U. Then we get from the basis theorem (theorem 1): On U every V € VM
can be written in the form

V= Z V(xi)aii . (2.59)

2.8.2 Vector fields as “differential operators”

One can treat vector fields as (geometric) vectors, but also as operators. The advantage from the treatment of
operators is that in this formalism the multiplication of vector fields becomes possible.
A derivation of C*°(M) is a map 2: C*°(M) +— C°°(M) such that the following properties hold:

1) 2 is R-linear: Z(af + bg) = aZ(f) + bZ(g) with a, b € R and f, g € C>(M)
2) Leibniz rule: 2(f - g) = (2f) -9+ f - (Zyg)

These are the crucial properties for differentiation. The goal is to show that the vectorfields on M correspond to
derivations of C*°(M). The definition of tangent vectors shows that a vector field is a derivation: for X € VM
it holds that (X f)(p) = X(p)(f) with X(p) € T,M. Vice versa: Let 2 be a derivation and set for p € M:
vp(f) = (2f)(p). From the above two conditions we get that v, € T,M and V: M — TM, p — v, is a
vectorfield on M. Moreover as (V f)(p)(= vp(f)) = (Z2f)(p) one has Vif = 2f ¥V f € C>*°(M). Hence, V is
smooth. The advantage of this identification is that one can “multiply” vector fields: for V', M € VM define
(V-M)(f) == V(W(f)) (just by iteration). This definition makes sense since V: C°M — C*M, f — V(f).
The “problem” is that the product V - W is in general not a vector field. R-linearity is satisfied, but not the
Leibniz rule:

V-W)(f-9) =VIW(f-9) =V(IWSg+ f(Wg)) =
= (VWHg+WHVg) +(VHWg) + f(VWg). (2.60)

The trick to get rid of the blue terms which destroy the property of being a derivation is to consider the
so-called Lie bracket (commutator) which is defined by

VW)=V -W-W-V. (2.61)
It holds that
-W-V)(f-9)=-WVfg—(VHHWg) —(W[)(Vg)— fWVg), (2.62)

and therefore the object [V, W] is again a vector field.
There is a general algebraic structure where such a commutator occurs:

Definition

The R-Lie algebra is an R-vector space L with a composition (Lie bracket) [e,o]: L x L +— L such that [e, e]
is

1) bilinear

[ax + by, z] = alx, 2] + bly, 2], [z,ay + bz] = a[z,y] + blx, 2], (2.63)
2) the skew-symmetry holds [z, y] = —[y, «]
3) and the Jacobi-identity (cyclic permutation):

[z, 9], 2] + [ly, 2], 2] + [[2, 2], y] = 0. (2.64)
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Remark

If G is a Lie group then Ti4G is a Lie algebra. (One can see a lot of structure of the nonlinear object in the
corresponding linear object.)

G
Example
The identity element of the Lie group
SO(3) = {A € R¥*>3|ATA=E}, (2.65)
is given by
TESO(3) = {A € R*P|AT = —A}. (2.66)

Matrices € TgSO(3) form a Lie algebra with the Lie bracket [4, B] := AB — BA for A, B € TgSO(3) (matrix
multiplication).

Lemma 4

(VM, [e,e]) is a R-Lie algebra. Proof: Exercise!

2.9 Vector fields and ordinary differential equations

Let V € VM be a vector field on M. An integral curve of V is a differentiable curve a: I +— M, t — «a(t) such
that o/(t) = V(a(t)) (*) for all t € I.

We would like to interpret (*) in local coordinates: Let ¢ = (x!,..., 2™) around «(t). Then we have
" d(z'oa(t)) O
/ — S —
o (t) = Z n B . (2.67)
i=1 a(t)
and
V(ia(t)) = i\/(axz oa(t)) 8. (2.68)
P ' | 1)
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2.9. VECTOR FIELDS AND ORDINARY DIFFERENTIAL EQUATIONS

A

= (x'(a()), ..., x"(a(t)))

»
Because of (x) we have o/(t) = V(«(t)) and therefore we can compare to identify the coeflicients

d(x? o )

e V(z'oa), (2.69)

forv =1, ..., n. This is a system of first order differential equations. From existence and uniqueness of solutions
of such systems (e.g. Kénigsberger Volume II, 4.2) with the given initial conditions (e.g. z'(a(0)), i =1, ...
n) (which is equivalent to ((z! o @)(0),..., (z! 0 @)(0)) = ¢(a(0)) = ¢(p)) we get:

Theorem 4

Let V. € VM and p € M then there exists an interval I = I(p) C R around 0 and a unique integral curve «:
I— M of V with a(0) = p.

Corollary

For any v € T,M there is a smooth curve o with «(0) = p and o/(0) = v. Proof: Extend v locally to a vector
field ans use theorem 4.
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Kapitel 3
Riemannian metrics

We want to introduce the basic structure to study geometry on Riemannian manifolds. Let M be a smooth
manifold; in every point there exists a tangent space.

A Riemannian metric g on M is a mapping which associates to each p € M a scalar product g,: T, M x

T,M — R (this is a bilinear symmetric form that is positive definite) such that g, “varies smoothly with p”.

More precisely: If p: U — R", ¢ — ¢(q) = (z'(q),...,7"(q)) are local coordinates at p (chart). Then the
0

functions g;;: U — R,
i = —_— . 31
9i3(q) == gp ( 5 q) (3.1)

are C*. In other words, the positive definite symmetric matrices of g, (with respect to the natural basis
{8/0z%qli = 1,...,n}) for g € U, (gi;(q)) € R™™"™ with ¢ € U, has C* entries. Other Notations: Instead
of g, one writes also (e, ®), (respectively, intead of g we write (e, e)). A Riemannian manifold is a smooth
manifold together with a Riemannian metric (M, g).

0

, —
J
p ox

Remark

e A Riemannian metric is not a metric in the sense of metric spaces (distance functions). It is just called
metric for historical reasons, but it can be use to construct a distance function.

e A pseudo-Riemannian metric is a smooth map p — g, with g, a nondegenerate symmetric bilinear form
e.g. Lorentz metrics diag(1,...,1, —1), which is used in special/general relativity theory.

A smooth map ¢: (M, (e,e)) — (N, ((e,e))) is a Riemannian isometry if ¢ is a diffeomorphism and d¢,:
(T, M, (o, 0),) — (Typ) N((®,®))g(p)) is a linear isometry for all p € M, i.e.

<<d¢p(u)vd¢p(v)>>¢(p) = (u,v>p, (3.2)

for all u, v € T,M. (This means that the differential does not change the length of a vector. From ¢ being
a diffeomorphism it follows that d¢,: T,M ~— Ty, )N is a vectorspace isomorphism by the chain rule.) A
smooth map ¢: M — N is a local isometry if every point p € M has a neighbourhood W such that ¢|w:
W +— ¢(W) C N is a Riemannian isometry. If ¢: M — (N, {(e,0))) (with manifold M and Riemannian
manifold (N, ((e,e)))) is an immersion one can “pull back” the Riemannian metric on N to one on M such
that ¢ becomes a local isometry, namely (e, o) := ¢*((e,®)) by definition (u,v), := ((d¢,(u),dd,(v))) s for
allpe M.
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KAPITEL 3. RIEMANNIAN METRICS

o

—_— N dg,w

Is (e, ), positive definite? Yes, it is!
0= (u,u)p = [[ul} = [dép(w)||* = dgp(u) =0=u =0, (3.3)

since ¢ is an immersion.

Examples

1) Classical geometries:

— Euclidian geometry: (R™, standard scalar product)
— Spherical geometry:

Embed S™ in R™*!. Instead of lines take great circles and draw triangles. Think of the tangent
vectors as sitting in T,R" ™ = {p} x R"™ ~ R (u,v) € T,5" C T,R"* with the pullback
metric (u,v) = u - v.

— Hyperbolic geometry

— Projective geometry

2) (R™, (e, o)) with the standard scalar product (e, e) is a Riemannian manifold.

3) 5" ={z e R™![||lz]| = 1}

Since this is a subset there exists and immersion, namely the standard inclusion map S™ — R™. S™ with
the pullback metric from R™*! is a Riemannian metric.

4) Hyperbolic space: H" = {(z!,...,2") € R*|2" > 0}

A

Xn
cR”

Xlseves Xp—1

Riemannian metric: Use {id|y»} a an atlas:

sote)i={ /DT (3.4
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4) Riemannian products: Produce new Riemannian manifolds from given ones! Consider the Riemannian

manfolds (M, (e,e)(D) (My, (e, )2, Then

Tip,q) (My x Ma) =Ty My & Ty M = (v1,02). (3.5)

T, M, (o, 0)7 |1,

T,,M‘,»<-, o))

Vi

T - M1 X MQ — Mi; d7Ti|(p7q)(’U) = V;, (36)
for ¢ = 1, 2. Define the Riemannian product metric as

u=(u1,u2), v = (v1,02) € Tp)(M" x M?), (u,0) () = <u1,v1>1(,1) + (uz,v2>((12) . (3.7)
Note “Pythagoras”

01174y = (loallg0)? + (llv2l1$7)? (3.8)
and

((u1,0), (0,v2)) .y =0,  (u1,0) € T,MY | (0,v9) € T,MP, (3.9)

ie. T,MM 1T,M®. The product metric is constructed in such a way that these two manifolds are
orthogonal.

4a) R x R = R? with standard Riemannian metrics

4b) Flat torus T2 = St x St with M; = S' = {z € R?|||z|| = 1} € R?

Endow each factor with the Riemannian metric induced from R?. Let 9/9s' (respectively 9/0s%)
denote the unit tangent vector fields on S*.

Hence, Riemannian geometry is a vast generalization of “classical geometry”.

Then
TipyT? = Tipq)(S' x ST) =R 21 or 2 (3.10)
P.q P.q Dsl ) 052 . ’
0 0 0 .
U= a 95l + as 92 € T(p’q)TQ7 dm;(u) = ai@, 1=1,2. (3.11)
P q

By calculate the product metric in the basis

0 0
(819620}

and obtain
) ’ ) ’
i ( 0)‘ . ( ,o>
Ost » Oslt »

91(p,q) = + =1. (3.13)
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KAPITEL 3. RIEMANNIAN METRICS

Moreover g12(p,q) = g21(p,q) = 0, and goa(p, q) = 1. This implies
1 0
(9i5(p, ) = (0 1) ; (3.14)

which is the same metric as for the standard Riemannian metric on R2. The reason for this is that 72 and R?
are locally isometric Riemannian manifolds, but not globally isometric ones. (Otherwise 72 and R? would be
diffeomorphic, in particular homemorphic. But this is a contradiction since 72 is compact but R? not.) The
rotation torus is a different realization. Its Riemannian metric from is the pullback metric from the immersion
in R3. They are topologically the same but not as Riemannian manifolds. 72 = S x S! is the flat torus defined
by the product structure of two circles.

3.1 The length of smooth curves

What are Riemannian metrics good for? The basic reason is the concept of curvature.
Let ¢: I — (M, (e, 8)) be a smooth curve. The tangent vector field of ¢ is

_de

d(t) = P

(t) = dC|t (aat) S Tc(t)MVt el. (315)

a smooth vector field along c.

The length of ¢: [a,b] — (M, (e,e)) (with respect to the given Riemannian metric) is defined as
T d b b
¢ de
<dt’ dt> dt = / ¢/ ()] e(ey dt = /,/gc(t)(c’(t),c’(t))dt, (3.16)
c(t)
a a
which is the same formula as in R™.
3.1.1 Properties of the definition for the length

1) L(c) is independent of parameterization (i.e. a property of the image set ¢(I) C M).

2) More precisely: Let s = s(t): I = [a,b] — J = [s(a),s(b)], t — s(t) be a diffeomorphism. With the
transformation formula for integrals one obtains:

b b
L(t) (C) = / ’ dt chaifrllle / ‘ H

2) If ¢: (M, (e,0)) — (N, {(e,0))) is a Riemannian isometry and c¢: I — M a smooth curve of length [, then
¢ o ¢ is also a smooth curve of length I: L(¢(c)) =1 = L(c).

de(s(1))

ds
ds ||| de

de
dit

s(b)
de
dt = / HdSH dSZL(S)(C). (3.17)
s(a)

1

Use [[dpeny (D)l g(eryy = 1€ )l ee)-
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3.2. EXISTENCE OF RIEMANNIAN MANIFOLDS

3) Every curve with ¢/(¢) # 0 for all t € I can be parameterized by arc-length. Namely we set

o

dr. (3.18)

%
dr o(r)

c(t)

In particular one then has (with the chain rule):

Note: Parameterization by arc-length is equivalent to saying that c is a local isometry of [0, L(c)] — I,
i.e. one-dimensional Riemannian manifolds are locally isometric.

de
ds

de
dt

dt
ds

=1. (3.19)

3.2 Existence of Riemannian manifolds

Theorem 1

One every n-dimensional smooth manifold there exists a Riemannian metric.

Proof

The proof has to main steps:

1) Local construction for each chart of an atlas M:

Consider ¢,: Uy — R, ¢ — (2L(q),...,2"(¢)). A Riemannian metric on U, is given by n(n + 1)/2

C*°-functions. Locally a Riemannian metric looks like
a@ . g
: : : , (3.20)

9P .. g

and it is a positive definite, symmetric matrix for all ¢ € U,. One way to produce such a family of
matrices on U, is by the pullback construction. One possibility is to pick the standard scalar product
on o (Uy) C R™: (e, ) (ie. if {i1,...,e,} is the standard basis of R” then (e;,e;) = d;;). Then set for
all u, v € TyM, q € Uy: ga(u,v) = {(dpa|qu, dpalqv).

— )zei7 i1=1,...,n, (3.21)
q

37



KAPITEL 3. RIEMANNIAN METRICS

this definition is equivalent to

o 0 0
gz(j )(q) = ga <

, —
q Oxh

ox?,

> = <€7;, 6j> = 5ij . (322)

q

Example: For n = 2 we need locally

(gu(q) glz(q)) ' (3.23)

g21(q)  g22(q)
This matrix is positive definite if it obeys the Hurwitz criteria: gi1(¢) > 0 and g11(¢)g22(q) — g12(q)? > 0.

2) Global construction:

Paste together the “local metrics” using a partition of unity. Let A = {U,}qca be the given atlas for
M and (Vj)rer a locally finite refinement and C*°-functions fi: M +— R such that firstly f > 0 on Vy,
S =0on M\ Vy and secondly (3., fr)(p) = Lforallp e M (M = U,eca Ua = Uper Vi)- For each
k € I pick some a € A such that Vi, C U, and set g := go|v, (we restrict the metric to a subset).

(Uq» 8a)

O

For p € M and u, v € T,M we set:

(w,0)p =Y fe(P)gr(p)(u, ). (3.24)

W

e

<]

We have to show that (e, e), is a scalar product for each p:

- <U7U>IJ = <Uau>11 v
— bilinearity v*
— (u,u)p >0, since fy > 0, and ge(u,u) >0

— (u,u), = 0 is equivalent to

D ) gk(p) (1) = 0 = fi(p)gr(p)(u,u), (3.25)
k

for all k. From the property (2) of f; we have that there is a kg € I such that fy,(p) > 0. Hence
Jko (U, 1) = 0 and u = 0.
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Kapitel 4

Affine connections and parallel
translation

4.1 Motivation

In R™ one can “compare” different tangent spaces by translation. The tangent space is given by T,R" =
{z} € R" for x € R™ and consider additionally T,R™ = {y} x R™. (One can then compare tangent vectors.)

TJ?—?
(z,y) € T,R" =% (y,v) € T,R". (4.1)

Can one construct a tool that allows us to compare these different tangent spaces?

A

n
R TV Rn
Voo

Y

T.R"

N

X

»

The consequence is that TR" = R" x R" = [ J,p» T:R™ is a global product. This is not true for general
manifolds: TM is not a product globally, it is only a product locally. For (U, ¢) a chart then TU = U, x R",
since we have local basefields (9/dz!,...,0/0z™).

0

- -
amq

veT,U, =v= Zv(xl) (4.2)

i

Vectors are parallel if they have the same component with respect to the base field. There is no way to compare
tangent space with another tangent space at r, because we do not have the base fields there. (On R™ we have
the globally defined base fields {eq, ..., e, }.) The affine connection is tool to compare points that are arbitrarily
far away.
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KAPITEL 4. AFFINE CONNECTIONS AND PARALLEL TRANSLATION

If

b

P

0 0
v:;aiﬁq, v'zzi:al-@

then v is parallel to v’.

4.1.1 The affine connection

An affine connection (or covariant derivative) D on a differentiable manifold M is a map D: VM x VM —
VM, (X,Y)— DxY such that for all X, Y, Z € VM and f, g € C>°(M) one has the following properties:

1) linearity in the first argument: Dyx44vZ = fDxZ + gDy Z
2) additivity in the second argument: Dx (Y + Z) = DxY + Dx Z
3) Dx(fY) = fDxY + (X[f)Y

The goal now is to introduce the notion of parallel-translation (along a curve).

Example

A simple nontrivial example is M = R™ with the vector field Y = >""" | v'9/0z"(= (v1',...,v™)). (This vector

field is defined globally on R™ with the base fields v'.)

DxY = ;X(v e

Note: If Y = const. = (a,...,a") then DxY = 0.

4.1.2 Local description of an affine connection

Pick some chart (U, ¢) which leads to local base fields X; := 8/9z" fori =1, ..., n.

If
X:iviXi, Y:Zn:wjxj,
i=1 j=1

then

(4.4)

DxY =Dy ix, En:wjxj = En:vlii (i ijj> = i v'wi Dx, X + En: ' X (w) X . (4.6)
j=1 i=1 k=1

ij=1
We write Dy, X, (which is € VM) in the form
Dy, X;=:» T, Xy,
k=1

with I’Z-jk € C*(U). Hence

i,5=1

(4.7)



4.1. MOTIVATION

This formula shows that (DxY)(p) is determined by the values v'(p), w’(p), and X,(w*). In particular one
needs to know the vector field Y in direction of X. The consequence of this observation is that one can define
the “derivative” along a curve in the direction of that curve. More precisely: If Y is a vector field along a curve
C,ie Y(c(t)) =3, wh () Xp(c(t)), where Xi(c(t)) is the tangent vector at the point c(t). Then we define the
covariant derivative along the tangent vector of the curve as

n

DY = ¢ Y @B (1), (e(t) + ik () § X (4.9)
k=1

i,j=1

Here we use that the tangent vector ¢ of ¢ is given by
P Z a X, (4.10)
i=1
whereas the basis theorem said (with (¢ o ¢)(t) = (z1(t),...,2"(t)))

a' = é(x') = é(u' o ) = dc (6) (u' 0 ) = de (;) (u' o @) = %(uiwoc) —

ot
= (1) = L) =i (4.11)

Example

Define in R? the two vector fields X = (v!,v?) and Y = (w!, w?) with v%, w/ € C°°(R?). The derivative of ¥
in the direction of X is given by (X (w'), X (w?)), whereas X is the directional derivative. In R?, if Y is a field
of “parallel” vectors then Y is constant. Then these directional derivatives vanish.

On a general manifold a vector field Y along a curve ¢: I — M is parallel (with respect to D) if and only
if D;Y =0.

Theorem 2

Let M be a differentiable manifold with an affine connection D. Let ¢: I +— M be a smooth curve and
vo € Ty(ty)M. Then there exists a unique parallel vector field V' along ¢ such that V'(c(to)) = vo.

We say that V(t) := V(c(t)) is the parallel translate of vy along c¢. The map denoted by c||f : Te) M —
TetyM, vo = V (t) is called parallel translation along c.
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3y

Proof

Be V =>"_  wX;.
1.) Let t; € T such that ¢([to,?1]) is contained in a chart domain (U, ¢). In this chart the equation

DV =>4 @t (1), (c(t) + ik (t) ¢ Xp =0, (4.12)
k=1 | i,j=1
is equivalent to
= dxt dwF
0= D, P — + — | 4.13
igZ:1 EET * dt (4.13)
for k =1, ..., n. For given initial conditions w(tg) = (w!(to),...,w™(tp)) this system of linear differential
equations has a unique solution w(t) = (w'(t),...,w™(t)) defined on [to,t1]. w(ty) is equivalent to vy and

w(t) is equivalent to v(t), t € [to, t1].
2) Extension to all of ¢:

Let ty € I be arbitrary. Since ¢([to, t2]) is a compact subset of M it can be covered by finitely many
charts. In every chart there is a unique solution/parallel field by step (1). From transitivity is follows
that there is a unique parallel field v on c[tg, t1].

(This topology argument would not work if the differential equation was a nonlinear equation. Then a
unique solution is only defined in an e-subset. These e-subsets may get smaller and smaller with the
result than one could never reach t¢5.)

4.2 The Levi-Civita connection

So far we have considered manifolds M equipped with Riemannian metrics g;; and affine connections Fijk.

An affine connection D on a Riemannian manifold (M, (e,)) is called compatible with (e, e) if for every
differentiable curve ¢ and every pair of parallel vector fields v1, vo along c: I +— M one has (vi(t),va(t))cn) =
const.

va(tr)

c(t2)

Hence parallel translation along c is a linear isometry c||§f Te(tyM — Ty M for t1, to € 1.
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4.2. THE LEVI-CIVITA CONNECTION

4.2.1 Equivalent formulations of “compatible”
Theorem 2

Let (M, (e, ®)) be a Riemannian manifold and D an affine connection.

1) D is compatible with (e, e) if and only if for arbitrary vector fields V, W along an arbitrary curve ¢
one has for all t € 1

CVW) = (DY, W)+ (V, D). (4.14)

2) D is compatible with (e, e) if and only if for all X, Y, Z € VM one has

| X(Y,Z) = (DxY, Z) + (Y,DxZ) | (4.15)

Proof
1) Tt is clear that from (4.14) follows compatibility (just choose V, W parallel).

(o)

If D is compatible we choose an orthonormal basis { P1 (o), . . ., Pn(to)} of T¢(4,) M. By assumption parallel
translation is a linear isometry between each of the two tangent spaces. This yields an orthonormal basis
for all t € I: {Py(t),..., P,(t)}. We then can write

V() =D uiPi(t), W(t) =) w(t)P;(t), (4.16)
i=1 =1

whereas v;(t) and w;(t) are C*°-functions. Hence
n n
DC'V = Z C(’Ul)Pl(t) + Z UiD(';Pi . (417)
i=1 i=1

Since the P; are parallel translated fields it holds that D.P; = 0 and the second sum vanishes. Furthermore
¢(v;) = 0; = dv; /dt. The computation of the left-hand side of (4.14) yields

d d n n n ]
a(V, W) = % <; UiPi’]Z:;ijj> % <Z vzwl> = ; V;w; + Vi) (4.18)

whereas the computation of the right-hand side leads to
(DeV, W) + (V, DW) <Zv Z,ij > <Zv ,,ij > = (biw; +viti;) . (4.19)
i=1 i=1
We realize that both sides are equal.

2) (4.14) follows from (4.15). Just specialize: Take x = ¢. We have still to show the inverse direction. Pick
p € M and a curve ¢ with ¢(0) = p and ¢(0) = X (p).

43
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X(p) = ¢(0)
X

p=c0)

Then

) d *
X(p)Y.2) = )Y, 2) = =| (Y (e). 2ty 2 (DxnY Z)yp+ (V. Dxn )y (4.20)
t=0
Since p is arbitrary (4.15) holds. O

Question: Is there a connection compatible with a given metric? To answer this question definitely we need
one more definition: An affine connection D is called symmetric if DxY — Dy X = [X,Y] = XY - Y X for
all X, Y € VM.

Remark
In local coordinates (U, ) we have for a symmetric connection and base fields 8/9z° = X; (i =1, ..., n):
n n n
Dx,X;—Dx,X;=>» T.'X = > T, x=> (0" -1, (4.21)

k=1 k=1 k=1
The right-hand side leads to

o 0 o 0
X Xl = g ~wiow (422)

because locally this is the ordinary derivative

9 9 . 0 (fop ) P (foyl) (4.23)

@axi(f)_ dzioxt  Oxidxi

whenever fop~! € C2. This is alright with our assumption fo @™t € C*. So we have Fijk = I‘jik for all 4, j,
and k.

Theorem 3

On every Riemannian manifold (M, (e, e)) there is a unique affine connection D such that
1) D is symmetric and
2) D is compatible with (e, e).

This unique connection is called the Levi-Civita connection of (M, (e, e)).

Proof

Let us assume that D exists. What are its properties then? Trick: D is compatible by using (4.15) (take
cyclic permutation):

X(Y,Z) = (DxY,Z)+ (Y,Dx Z), (4.24a)
Y(Z,X) = (DyZ,X) + (Z, Dy X, (4.24b)
Z(X,Y) = (D;X,Y)+ (X,D,Y). (4.24c)

By using the symmetry of D this leads to
X(Y,Z)+Y(Z,X) - Z(X,Y) = (X, Z2],Y) + ([}, 2], X) + ([X, Y], Z) + 2(Z, Dy X) . (4.25)
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Hence we get the Kozul-formula:
(2, Dy X) = L {X{Y, 2) + Y{Z,X) ~ ZX,Y) — (X, 2,Y) — [V, 2, X) {[X.], 2)} . (4.26)

(4.26) shows that D is uniquely determined by (e, e): If D, D are two connections with the properties (1), (2)
then by (4.26) we have (Z, Dy X) = (Z, Dy X) for all X, Y, Z € VM. This is equivalent to (Z, Dy X — Dy X) =
0 and hence Dy X —Dy X = 0 for all X, Y (since (e, 8) is non-degenerate). This leads to D = D. The existence
is clear by using (4.26) as a definition and checking that D satisfies the axioms (AC 1), (AC 2), and (AC 3).
O

4.2.2 The local form of the Levi-Civita connection

Given a chart (U, ) we have base fields X; := 9/9z° (i =1, ..., n) on U. Let g;; :== (X;, X;) and Dx, X; =:
Sy Filel with the Christoffel-symbols Fijl. The Kozul-formula is equivalent to the following equation:

n n 1
(Xi, Dx, X;) = > T (X, Xi) =D Tyl = 5 12X (X0, Xi) + XX, Xi) — Xi(Xi, X)) =
=1 =1

_ 1 f9gir  9gjx _ Ogij
2 | 0z7 ~ Ozt OxF |7

(4.27)

whereas the commutators [e, e] of the base fields vanish, since the test functions are assumed to be C°°. The
matrix (g;;) has the inverse (g;;)~* = (¢*) and hence we obtain by multiplying with g™*:

1 9gik | Ogjr  0gij
r.m==: mhk : L 4.2
K 2 kZ:lg { O + drt Oz (4.28)

This again shows that the Christoffel symbols (Levi-Civita connection) is completely determined by the Rie-
mannian metric. Furthermore one realizes the symmetry in (i, j).

Remarks

The same result holds for pseudo-Riemannian manifolds. (One just has to claim non-degeneracy of the bilinear
form (Z, X).) This is important in special/general relativity, where one has pseudo-Riemannian manifolds.
Let us consider one example, namely (R", standard scalar product) i.e. g;; = d;; and hence T, jk = 0. This is
Euclidian geometry. So the T', jk measures how the geometry of a (pseudo-)Riemannian manifold differs from
Euclidian geometry.
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Kapitel 5

(Geodesic lines

Be (M, (e,0)) a Riemannian manifold with Levi-Civita connection D. The goal is to find/define an analogue
of a “straight line” in M. There are two characteristics for a straight line in R"™:

1) Tt is the shortest connection between two points (measuring of lengths).
2) ¢ =0, which is a differential equation.

Hence, straight lines can be described by two different concepts: length (variational problem) and a differential
equation.

In Euclidian space it holds that Fijk = 0. The fact that the tangent vector field is parallel just means D.¢ =
é=0.

5.1 Definition of geodesic lines

Definition

A geodesic line in (M, (e, e)) is a differentiable curve v: I +— M such that Ds)¥(t) = 0 for all £ € I i.e. the
tangent vector field 4(t) = d/dt(y(t)) = dy(9/0t) is parallel along ~.

Remark

This generalizes the concept of a straight line in Euclidian geometry: D4 = 4.

04
Some consequences of this definition are:
1) |17l = const. =: k
Proof:
.19 .. d, . . .. . .
1917 = {3, 4) = (0 = (Dsh,3) + {3, Dy1) = 0, (5.1)

since D5y = 0. In other words, geodesics have constant speed.
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2) A geodesic is parameterized proportional to arc-length:

:/||q'/||dt:k:(t—t0), t>to. (5.2)

to
If k =1, 7 is called normal. In this case v: I — y(I) C M is a local isometry.

3) Note that “being a geodesic” depends on the parameterization and not on the image ~(I).

Consider as an example v;: R — R? (for i = 1, 2) of the form v;(¢) := (¢,0), 1(t) = (1,0) and
y2(t) = (t3,0), 42(t) = (3t%,0). The second curve has no constant speed, hence it cannot be a geodesic,
although the images of both curves is the same, namely R.

5.2 Differential equations for geodesics

Let v: I — M be a geodesic in (M, (e, ) and v(to) € (U, ¢) (chart at y(to)) with poy(t) = (z1(t),...,2"(t)) =:

<

.

y(#) = x(1)
We then have
50 = > #0260, (53
i=1
The general formula for parallel fields (section 3.2) yields
Ds4 = i ik 4 zn: r,tital % =0. (5.4)
x

k=1 ij=1

Locally Dsy¥ = 0 is equivalent to a system of second order ordinary differential equations

n

i)=Y T @w)it i), k=1,...

4,j=1

3

(5.5)

The right-hand side describes deviation from Euclidian geometry depending on Fijk. To solve (5.5) introduce
a new parameterization by #* =: y* and hence

Z D 'y (5.6)

,j=1

In order to study (5.5) we consider the tangent bundle of M: TM = {(q,v)|q € M,v € T,M}. If (U, ) is a
chart on M then any vector v € T,M, g € U can be written as v = > ", y*0/dx" (theorem 1 in (1.3)). One
can thus take (z!,...,2", y!,... ") as local coordinates on TU. Now for any differentiable curve t +— c(t)
in M we have a curve t — (c(t),¢(t) = d/dt(c(t))) in the tangent bundle TM. Locally this is given by
t (z(t),...,2"(t),2(¢),...,3"(t)). In particular if  is a geodesic and @ o~(t) = (z1(¢),...,2"(t)) then the
curve t — (z1(t),...,2"(t), 1 (t),...,2"(t)) satisfies the system (5.6).

We now use the followmg result about differential equations (see for example Boothby, chapter 4):
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Proposition 1

If X is a C*° vector field on an open set V' in a smooth manifold N and p € V' then there exists an open set
Vo CV,peVy, anumber § =d(p) > 0 and a C* map ¢: (—6,0) x Vy — V such that the curve ¢t — ¢(t,q) is
the unique integral curve of X with ¢(0,q) = ¢ for all ¢ € V.

)
N
Vo
\%

The map ¢;: Vo — V, ¢:(q) := ¢(t,q) is called flow of X on V.

Lemma 1

There exists a unique vector field G on TM whose integral curves are of the form ¢ — (y(t),%(t)), where ~ is

a geodesic in M.
/ (1), Y1)
%

We want to proof uniqueness (assuming existence): Let (U, ¢) be a chart of M. Then the integral curves of G
on the tangent bundle TU are given by ¢ — (y(t),7(t)), whereas =y is a geodesic. From uniqueness of integral
curves (& solution of differential equations) for given initial conditions G is unique:

G, 4(1) = S(3(8),4(8) = G (1), 4 (1)) (5.7)

Proof

T at
Existence: We define G locally by
THOEEA GRS VSTIR (5.8)
ij=1
Then uniqueness shows that G is well defined globally on T'M. O

The vector field G € V(T M) is called geodesic field on T M. Its flow is called geodesic flow.
Now apply proposition 1 to G € V(T'M) at the point (p,0) € TM and get:

Theorem 1

For each point p € M there exists an open set O in TU (where (U, ¢) is a chart of M at p) with (p,0) € O, a
number 6 = §(p) > 0 and a C*°-map ¢: (—9,d) X O — TU such that ¢t — ¢(t,q,v) is the unique integral curve
of G with initial conditions ¢(0, q,v) = (¢, v) for each (¢,v) € O.

Question: What does that mean for geodesics in M? We can write O as O = {(¢,v) € TU|q € V,v € T,M
with ||[v|| < €1}, where V' C U is an open neighborhood of p.

\ Ll ™
\ e
VT

™

P M
U

Let m: TM — M, (p,v) — p be the canonical projection. We set v := 7 o ¢. Then we reformulate theorem 1.
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Theorem 2

Given p € M there is an open set V. C M, p € V. There are numbers § = d(p) > 0 and 1 = &1(p) > 0
and C*°-map v = mo ¢: (—9,0) x O — M, with O = {(¢q,v)|q € V,v € T;M, ||v|| < 1} such that the curve
t — v(t,q,v) is the unique geodesic on M with v(0,q,v) = ¢ and 4(0,¢,v) = v (for each ¢ € V and v € T,M
with [Jv]l, < €).

5.3 The exponential map

We want to get rid of the dependence on §.

Lemma 2
Let a > 0, a € R. If the geodesic (¢, q,v) is defined on the interval (=4, ) then the geodesic (¢, ¢, av) is
defined on (—d/a,d/a) and ~(t, q,av) = v(at, g, v).
Proof
Consider the curve h: (=d0/a,é/a) — M, t — ~(at,q,v). Then h(0) = ¢(= 7(0,q,v)). Furthermore h(t) =
(d/dt)h(t) = ai(at, q,v) and h(0) = av = a*¥(0, ¢,v). From the geodesic equation it follows that

Djh = Dysa = a*Ds% =0, (5.9)

hence h is a geodesic. From uniqueness of geodesics with given initial condition we have

Vat,qv) = h(t) = ~(tq ). 0 (5.10)
definition uniqueness
By theorem 2 (¢, q,v) is defined for ¢ € V(= V(p)). It holds that [t| < 6(= d(p)) and v € T, M, ||v||4 < e1(=
€1(p)). Lemma 2 implies that v(t, ¢, d/2v) is defined for |¢| < 2. We set € := §-£1/2(= (p)). Then the geodesic
~(t,q,v) is defined for all ¢ € V, v € T, M, ||v||q < € and || < 2.

All this proves:

Theorem 3

For every point p € (M, (e, ®)) there exists a neighborhood V of p, ¢ = e(p) > 0 and a C*®-map 7: (—2,2) x
{(q,v)|q € Vv € T, M, ||v|| < e} — M such that for fixed (¢,v), t — 7(t, ¢, v) is the unique geodesic in M with
initial conditions (0, ¢,v) = ¢ and (0, ¢,v) = v.

whole bunch of

tangent vectors
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5.3. THE EXPONENTIAL MAP

Let p € M and O C TM open as in theorem 3. The exponential map (on O) is exp: O(C TM) — M:

exp(q,v) :=(1,q,v) =~ (Lq, lU”v) =7 (v||7q7 z”> ~ (5.11)

o]l

This geodesic is parameterized by arc-length.

Remark
1) exp is C™ since v is C* by theorem 2.

2) Often used is the restriction of exp: exp, := exp(p,e): B-(0) C T,M + M (where B.(0) = {v €
T,M]|||v|| < €} (open ball of radius ¢)).

Note: exp,, is smooth and expp(O) =p(=~(1,p,0) = p).

Theorem 4

For every point p € (M, (e,e)) there exists » = r(p) > 0 such that the map exp,: B.(0) C T,M
exp,(B-(0)) € M with B,(0) = {v € T,M||lv[|, < r} is a diffeomorphism onto an open neighborhood of

p.
@ B.(0)

T,M
[0

Proof

We us the inverse function theorem for manifolds (theorem 2 in 1.4).
dexp, [0+ To(Br(0)) (= TpM) = Texp (0)M =T, M . (5.12)

Let v € T,M. To compute this differential pick a curve ¢ = tv with ¢/(0) = v and ¢(0) = 0. Then

d d d d
dexp, o(v) = T . (exp,, oc)(t) = T Oexpp(tv) =9 07(1,p,tv) =9 Ov(t,p,v) =, (5.13)
ie. dexp, lo = id7, s hence is a vector space isomorphism. From this follows the claim. O

A neighborhood U of p is a geodesic normal neighborhood of p if exp,|v: V +— U = exp,(V) is a
diffeomorphism. The set B,.(p) = exp,(B,(0)) is a geodesic ball at p of radius r. The chart exp,': U =
exp, (V) = V C R" is called geodesic normal coordinates.
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T,M ~R"

B,(0) M

% CXPp ‘ geodesic segment

exp, !

B.(p) := exp,,(B,(0))

Examples
1) M = (R", canonical metric): The geodesics are straight lines: ¢ — at + b with a, b € R™. If we identify
Tp,R™ ~ R" then exp,: R" — R™ is just the identity for all p.

2) M = (S™, canonical metric), where S™ is the unit sphere in R"*! and the canonical metric is the indu-
ced metric from R™!. Geodesics are great circles i.e. intersections of S™ with two-dimensional vector
subspaces.

no geodesic

great circle

The exponential map maps the straight line in 7, M to a great circle on the manifold M:

9B:(0)

T,M

Hence exp,, | B-(0) (open ball) is a diffeomorphism.

exp, (0B (0)) = {—p}  exp,(0B2x(0)) = {p}. (5.14)
3) The name “exponential map” comes from Lie theory. We consider as an example
G =U(n) = {4 € GL(n,C)|"AA = E},. (5.15)

Hence U(1) = {z € C|zZ = |2|> = 1}. The Lie algebra of the group is the tangent space of the unit
element of the group.

c irA
T,U(1) =: Lie algebra of U(1) = iR
Sl
»
R
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exp: T1U(1) — U(1), it — exp(it), (5.16)

which is a homeomorphism. One can learn a lot about the group by studying the linearization T7U(1).
The translation between Lie algebra and Lie group is done by the exponential map. Let us look at
another Lie group, namely G = O(n) = {A € GL(n,R)|'AA = E} with the unit matrix E. The Lie
algebra TgO(n) of G is the set of skew-symmetric matrices. B € TpO(n) can be realized as the tangent
vector of a curve B = AY(0), tA(s)A(s) = E, A(0) = E. By differentiation of *A(s)A(s) = E one obtains
tA'(s)A(s)+'A(s)A'(s) = 0 and for s = 0 it follows that BE+FEB = 0, hence B = —B. For B € TgO(n)
set

C(s) := exp(sB) = e*P := E 4 (sB) + %(SB)Q +..., (5.17)

with the native exponential series. Exercise: C(s) exists (series converges) by using !B = —B and show
that C(s) € O(n). Fact: All this Lie-exponential maps are Riemannian exponential maps. The metrics are
certain Riemannian metrics on the groups. Consider G = (R, -), whereas () is standard multiplication.
The tangent space is given by T1R~¢ = (R, +). G is a nonlinear object and T1R~ is a linear one.

| u .

0 1 X

~

The Riemannian metric has to be compatible with the group operation. Define a length which depends
on where the vector u € T,R~q is: |lull, := 27 !u| (left-invariant metric). This defines a Riemannian
metric on the space of positive real numbers. Be v a unit speed geodesic (which exists by the general
theory) with y(0) = 1 and [|¥(0)]]s = 1. We write (y(t),4(t)) =: (a(t),b(t)). The necessary condltlon is
L = [|5(t)lly) = a(t)~'|b(t)|. This implies a(t) = |b(t)] > 0 and hence ~(t) = #(t) so v(t) = e'. The
definition of the exponential map delivers the long-known property e: (R, +) — (Rsq, ), e*T¥ = e"” -eY.

5.4 Minimality properties of geodesics

In Euclidian geometry (R™,canonical metric) straight lines are shortest connections. This cannot be true in
general Riemannian manifolds. For example take a cylinder, which is locally isometric to the real space.

| shortest connelction
! .
/ geodesic

We will show that this property holds on a general Riemannian manifold if the points are close to each other.
The goal will be to show that geodesics are “locally” shortest connections. For this we will need a technical
tool, namely the concept of vector fields along surfaces. Let A be an open, connected subset of R? with
piecewise smooth boundary (and interior angles < ), e.g. a rectangle.

A

angle

RZ

»

A parameterized surface is a differentiable map f: A — M, (u,v) — f(u,v), where M is a smooth manifolds
and A € R?. A vector field along f is a differentiable map V: A — T'M such that V(u,v) € T¢(y,,)M. In
particular the parameter lines u — f(u,vg), v — f(ug,v) define vector fields along f:

af 0 af 0
(uw)) ) 81)( ) df|(u v) (8

%(ua U) = dfl(u,v) <8u

> S Tf(uﬂ,)M. (518)
(u,v)
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—

ou

Define the covariant derivative of a vector field V along f (with respect to some affine connection D) by

D D
%V(u,uo) = D%{L(HWO)V(umO), %V(umv) = D%(HM)

)V (uo,v) (5.19)
where one of the two is the covariant derivative of a vector field along a curve.

Lemma 3

Let M be a differentiable manifold and D a symmetric affine connection on M. Then one has for a parame-
terized surface f: A — M:

D (0f\ D (0f
v (8u) ~ Ou <3v> ' (5.20)
Proof

In localized coordinates (U, ¢) in a neighborhood of a point in f(A) C M we have

¢o f(u,v) = (z'(u,v),...,2"(u,v)), (5.21)
and hence
D (0f\ D |~028 9 | =~ 0%t 0 "L 9zt O 5}
o ()= { auaxz} =2 fuoude T 22 w00 Vi o (5:22)
The symmetry of D implies
0 0
D5 =P g (5.23)

which shows the claim.

5.4.1 The Gaufl lemma

Theorem 5

Let (M, (e, ®)) be a Riemannian manifold. Let p € M and v € T, M such that ¢ := exp,v is defined. For
w € Ty (Tp,M) ~ T,M holds

(dexp, |vv,dexp, [yw)y = (v, w), . (5.24)

In particular, if v L w this implies dexp, v L dexp,w.
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0 d exp, v
W d(exp,)ly 0
v R
dexp,w
y Pp
T,M = Ty(T,M) T,M

/7

Proof

Decompose w = wr + wy, where wr is a component of w in direction of v and wy is a component normal to
v, hence

wr = <w,v>v7 WN =W — Wy . (5.25)
l[oll /- ll]l
The differential is a linear map between the vector spaces T, (T, M) ~ T,M and Texpp oM =T,M, and for this
reason we can treat the two cases separately:
dexp, |v(w) = dexp, [v(wr) + dexp, |[v(wn) - (5.26)
e Case 1: w = wr

We have by using exp,,(tv) = v(t,p, v):

d d d
dexp, |v(v) = —| exp,(v+tv) = —| exp, (1 +t)v) = —| v((1+¢),p,v) =
P dt |, P dt |, P dt |,
=% y(t,v(1,p,v),5(1,p,v)) = 4(1,p,v). (5.27)
0
v, p,v)
¥y, p,v)
v v v 1
despy ) = desp, b {wrs ) i) = (o o) e o) =
v 1
=(wp,— ) —%(1,p,v). 5.28
(e fop) om0 (5:28)

From this we obtain

v
<dexpp lvv,dexp, \va>q = <wT, ||w||>
q

(%(1,p,v),5(1,p,v)), =

ol
< v > L (0,0, = fwr,v) (5.29)
=(wp,—— ) ——{v,v), = (wr,v),, .
[vllq pHU”p ! ?

since geodesics have constant speed.
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e Case 2: w=wn L v

By assumption we have ¢ = exp,v. This implies that there is a ¢ > 0 such that exp, is defined for

u = tv(s), where v(s) is a curve in T, M with v(0) = v, ||v(s)|| = const. and v/(0) = w L v.
{0<t<1, —e<s<e}:=A. (5.30)
T,M

V'(0) =
0 v(s)

concentric circles (¢ = const.)

Consider the parameterized surface f: A — M, f(t,s) := exp,(tv(s)). Note: f(t,so) is a geodesic V so
and f(1,0) = gq.

of

put t=1 8f put s=0
0s

chain ruledexp, [y (v'(0)) = dexp,, |v(w), ==

dexp, |v(v). (5.31)

(1,0

It remains to show that

< of of > =0. (5.32)
1.0/,

Os (1,0) "ot
, (5.33)
(t,s) >f(t,s)

is independent of ¢. By compatibility of the Levi-Civita connection of the manifold this can be written

as
O (3,90 (DO 01, (3 DOR\_(DOF 0N L0 (01 O) o (s
At \ds ot/  \otds’ ot 9s’ Ot ot/ \Osot’ ot/ 28s\ot ot/ '

since the differential vector df /0t along a geodesic is constant.

We first show that

<6f of
Os (t’s)’ ot

Hence we have for arbitrary ¢

<af of > <af of > et =0 <8f af > (5.35)
88 (170) 3t (1)0) 65 (t 0) 8t (t 0) f(t,O) 63 (0,0) at (070) f(070):p
p

But

0

a—i = (dexp,)|uw(s)tv'(5)],_y = dexp, [ (tw) (5.36)

(£,0)

and hence

of _

Bs o 711hr)r(1)de:)<pp [tv(tw) = dexp, [00 = 0. (5.37)
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of
as

(#,0)

of
s

(1,0)

5.4.2 The geometric interpretation of the Gauss lemma

T,M

B.(0)

If B.(p) = exp,(B:(0)) is a normal geodesic ball with center p and radius ¢ then its boundary S.(p) :=
0B.(p) = exp,(0B:(0)) is a “hypersurface” in M orthogonal to all geodesics issuing from p. S:(p) is called
geodesic sphere with center p and radius ¢.

A segment 7|[qp) of a geodesic y: I — M (with [a,b] C I) is called minimizing if L(v|q,)) < L(c), where L
is the length and c is an arbitrary curve in M joining ~y(a) to v(b).

Theorem 6 (geodesics are locally minimizing)

Let p € M, U a normal geodesic neighborhood of p and B C U a normal geodesic ball with center p. Let ~:
[0,1] — B be a geodesic segment with v(0) = p. If ¢: [08,1] — M is an arbitrary piecewise differentiable curve
with ¢(0) = ~(0) and ¢(1) = (1) then L(vy) < L(c) and if L(y) = L(c) then ([0, 1]) = ¢([0, 1]).

Proof

'. T,M
exp, : w
- av

B.(p)
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e Case 1: ¢([0,1]) c B

B.(p) C

(D)
p =v(0)

exp,, is a diffeomorphism from B.(0) C T;, M to B. Using Euclidian polar coordinates at 0 in 7;, M we can
write c(t) = exp,(r(t)v(t)), t € [0,1] with v(t) being a curve in T),M with [[v(¢)|| = 1 and r: [0,1] — R
positive and piecewise smooth. Then f(r,t) := exp,(rv(t)), 7 > 0, t € [0,1] is a parameterized surface
which contains the curve c¢. Up to finitely many points (c is only piecewise smooth) we have

de _of , . 0f
T o ()+a (5.38)

Then by the Gaufl lemma (and its proof) it follows that

<3f,3f> _ 0. (5.39)

ot’ or
Hence
dell* 10 |* e N1 Z g o |22 9 p
de)™ _|0f o _ 97 7 5.40
151 = 5] e |5 =+ ] = (5.40)
since ||0f/0r| = ||v(t)| (by using polar coordinates). Because of the fact that polar coordinates are not

smooth at the origin, the lower integration limit is chosen as ¢:

1 1
@)
dt > /|r'|dt > /r' dt =r(1) —r(e). (5.41)
g g

As r(g) — 0 (for € — 0) we get L(c) > r(1) = L(v).
Equality: If L(c) = L(~) then we have equality in (1) und (2) i.e.

of

H H 0&0= Fri dexp,(rv') & r'(t) =0 & v'(t) = 0 & v(t) = const. = v(1). (5.42)
This means the v(t) is constant and that there is a fixed direction.
(2): (@B = f(t) >0, (5.43)

i.e. r(t) is monotone so C' is a monotone reparameterization of v and in particular ¢([0, 1]) = ([0, 1]).

e Case 2: C([0,1]) ¢ B = B.(p)

Let € be the radius of B and ¢; € [0,1] the fint parameter value for which ¢(t1) € dB. Then L(c) >
case 1
L(cljo,t) = €= L(7). O

Question: Does the converse hold? Answer: Yes! To show this we need a refinement of theorem 4.
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Theorem 7 (totally normal neighborhoods)

For every point p € M there is a neighborhood W' of p and 6 = d(p) > 0 such that for all ¢ € W exp,:
Bs(0) € TyM + exp,(Bs(0)) D W, in other words W is a normal geodesic neighborhoods for each of its
points. (W is called totally normal.)

Proof

Let € = ¢(p) > 0, V a neighborhood of p and O = {(¢,w)|¢ € V,w € T,M,|w| < e} a neighborhood of
(p,0) € TM as in Theorem 3. Trick: Define a differentiable map F: O — M x M, F(q,w) = (q,exp,w).
Further let (U, ) be a chart at p such that V' C U. For F(p,0) = (p,p) € M x M we then have the chart
(U x U, ¢ x ). With respect to this chart the Jacobi-matrix of dF'|(, ¢ is given by

(g %) , (5.44)

with E being the (n x n) unit matrix. (Exercise: Use d exp,, [o = id.) We conclude that F is a local diffeomor-

phism of an open neighborhood O C O of (p,0) in TM onto a neighborhood W = F((j) of (p,p) € M x M
(inverse function theorem for manifolds).

)

T,M
/ / ™
)

B.(0
X0 )

N
ln

D

/ﬁ\

We can again choose O as O = {(¢,v)|g € V,v € TyM, ||v|| < 6 = 6(p)} where V is a neighborhood of p. We

further choose a neighborhood W of p € M such that W x W C W = F(O) (exists by definition of product
topology). For W and § as above we have the assertions of the theorem: Let ¢ € W and Bs(0) C T, M. Then
{g} x W C {q} x exp, B;5(0) by definition of F'. In particular, W C exp, Bs(0). O

M

Remark

From the theorem and the minimality property of geodesics we have: For any two points ¢1, g2 € W (= total
normal) there is a unique minimizing geodesic of length < § which connects ¢; to ¢s.
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=

One can reach point the point ¢ by some geodesic line and since this is minimizing, every point can play the
role of the center of a geodesic ball.

Corollary

Let 7: [a,b] — M be a piecewise smooth curve in M parameterized by arc-length. If L(vy) < L(c) for any
piecewise smooth curve ¢ joining y(a) to v(b) then v is a geodesic.

Proof

Let t € [a,b] and W a totally normal neighborhood of ~(t).

w
v(b)

y(a)

Then there is a closed interval I = [t1,t3] C [a,b] such that ¢t € I, v(I) C W. ~|; is piecewise smooth and
minimizing. By theorem 6/7 we have L(v|;) = length of the radial geodesic segment in W joining ~(¢1) to
~(t2). Since «y is parameterized by arc-length we conclude by theorem 6 (equality case) that |7 is a geodesic

segment in a neighborhood of ¢. As t is arbitrary the claim follows. O
Application

Riemannian isometries map geodesics to geodesics. Consider a map ¢: (M, (e, )) — (N, ({e, ®)}) with Levi-
Civita connections DM and D¥, respectively. From DM = 0 it follows that ( ¢>ov) (¢po7y) = 0 (see exercises).
Proof

Be ¢: M +— N an isometry and ~ a geodesic in M. This implies L(¢o~) = L(v). Hence if « is minimizing then
¢ o~y is also minimizing. By the corollary the assertion follows. ]
Consider geodesics on the uni sphere S™ = {z € R""!{||z|| = 1} in R"™! equipped with the induced Riemannian
metric from R™*!. The geodesics are great circles and parameterized by arc-length.

Proof

Let ¢ be a great circle i.e. the image of ¢ is Im(c) = o N S™, where ¢ is a two-dimensional vector subspace of
R"™*! (plane) through 0.
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Pick p € Im(c) and ¢ € Im(c) in a normal neighborhood of p. Let v be the unique geodesic between p and
q. The reflection R of R"*! which fixes ¢ pointwise induces an isometry R of Sm. (Reflections: Decompose
R™ in U @ UT (UT is the orthogonal component) and define R(u + uT) = u — uT, whereas R is an involution:
R? =id.) One can assume o = [e1, ep] i.e. R: R s R (zy,... 201) — (21,72, =23, ..., —Tpi1). O i8
the fix-point set of the isometry: o = Fix(R) := {y € R""'|R(y) = y}. Then 7 := R o~ is also a geodesic
(segment) of S™ (by “application”) between p and ¢. (Note: R fixes p and ¢.) But by the choice of p, ¢ (in a
normal neighborhood) there is a unique geodesic segment between p and ¢. This implies that 7 = Ro vy =".

~

Hence Im(y) C Fix(R) = 0 N.S™ = Im(c). O

Example

Geodesics in R™ are straight lines parameterized by arc-length.

Rz

Consider for example R? and pick two points. Claim that a straight connecting these two points is a geodesic.
A reflection with respect to this straight line is an isometry and the image of the straight line under this

reflection is again the same straight line. Hence, is must be a geodesic. In higher dimension use a sequence of
reflections.
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Kapitel 6

Curvature

6.1 Some history

e In 1827 Gaufl wrote a paper about surfaces (i.e. two-dimensional submanifolds) of R?. He defined the
(GauB-)curvature using the embedding S C R3. The curvature is defined of some measure of changes of
these normal vectors.

A

z= f(u,v)

o T

The most important result was the theorema egregium: K is a concect of the inner geometry of the
surface, i.e. depends only on the induced Riemannian metric. (The curvature can be defined as soon as
one knows the Riemannian metric. The embedding in some ambiant space is not necessary to define the
curvature.)

e Betraud-Puiseux (1848): formula for the length of a geodesic circle

L(Sr(p)) = 27R {1 - K(p)R—2 + O(RQ)} : (6.1)

AN

The interesting thing is that the Gaufl curvature appears in this approximation of the length of the circle.
Hence

K(p) = lim M.

R—0 gRS

(6.2)

The Gaufl curvature compares the length of the Euclidian and the geodesic circle, i.e. the Gauf curvature
measures the deviation of L(Sg(p)) from the Euclidian circle of radius R.
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e 1854: Riemann defines the general notion of curvature for arbitrary Riemannian manifolds (M, g). His
idea was that the curvature measures the deviation of geometry of (M, g) from Euclidian geometry.

For more see Spivak volume II.

6.2 The Riemann curvature tensor

Let (M, (e,e)) be a Riemannian manifold with Levi-Civita connection D. Then the Riemann curvature
tensor of M with respect to D is the map R: VM x VM x VM — VM, (X,Y,Z) — R(X,Y)Z is defined as
follows:

R(X,Y)Z := DyDxZ — DxDyZ + Dix v Z. (6.3)

(In literature one sometimes finds a definition, which is the negative one of the above.)

Example
Consider (R",can) and Z = (2%,...,2") € VR™. The Levi-Civita connection is the directional derivative:
DxY = (X2 X2%,...,X2"), DyDxZ=(YXz,YXz,...,YX2"). (6.4)

From the definition of the Lie bracket [X,Y] = XY — Y X one obtains R(X,Y)Z =0V X, Y, Z € VR". This
is the first indication that this map measures the deviation from Euclidian geometry, if it is nonzero for some
manifold different from R™.

Remark

With respect to basefields 9/9z° induced by some chart (U, ¢) with ¢(p) = (z'(p),...,2"(p)) one has

o 0
[ 2 W} | (6.5)
for all 4, j; hence the base fields commute (applied to functions € C*°). As a result of that
g 0 0 0] 0
R (ax ax> ok = Dot Dot g ~ P Dot o (6.6)

The curvature tensor measures the commutativity of the second covariant derivatives of vector fields.

6.2.1 Tensor fields

We set VoM = C°(M), V,M = VM x ... x VM (with r factors). Note that V, M is a C*°M-module. A
tensorfield on M of type (s,r) is an r-linear map T: V.M — VM over the ring of C*°M i.e.

T(Vl,...,Vi,l,fV—i—gI/V, ‘/;+1,...,VT) = fT(Vl,...,‘/;;,1,‘/,‘/;;+1,...7VT)
+gT(V1;~--,%—1,WW+1,---,%)~ (67>

That is a tensor field on the manifold of the type (s,r). There is a more general way of defining tensor fields
by taking the dual spaces, which leads to the notion of covariant and contravariant tensor fields (multilinear
algebra).

Theorem 1

The Riemann curvature tensor is a (1,3) tensorfield on M.

Proof

Compute! Tllustration: We show that R(X,Y)fZ = fR(X,Y)Z for all f € C°M and X, Y, Z € VM. By
definition

DyDx(fZ)=Dy(fDxZ +(Xf)Z)=(Yf)DxZ + fDyDxZ + (YX[)Z + (Xf)DyZ. (6.8)
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Hence

DyDX(fZ) — DXDy(fZ) = f(DyDXZ — DnyZ) + (YXf — XYf)Z =
= f(DyDxZ —DxDyZ) - [X,Y]fZ, (6.9)

and moreover
DixvfZ = fDxvZ + (X, Y]|f)Z, (6.10)
which yields

R(X,Y)fZ = f(DyDx — DxDy)Z — ([X,Y]|f)Z + fDixv)Z + ([X,Y]f)Z =
= f(DyDx — DxDy)Z + fDixy1Z = fR(X,Y)Z, (6.11)

etc. O
(One just needs the properties of the affine connection here. There is no metric involved.)

6.2.2 Symmetries of the Riemann curvature tensor
Theorem 2

Let (M, (e, o)) be a Riemannian manifold with Levi-Civita connection D and curvature tensor R. Then for all
X, Y, Z, T € VM holds

1) First Bianchi identity: R(X,Y)Z + R(Y,Z)X + R(Z,X)Y = 0 (cyclic permutation)
2) Skew symmetry: R(X,Y)Z = —R(Y, X)Z
3) (R(X,Y)Z,T) = —(R(X,Y)T,Z)
4) (R(X,Y)Z,T) =(R(Z,T)X,Y)
(The information encoded in the Riemann curvature tensor can be reduced because of these symmetries.)
Proof
1) This reduces to the proof of the Jacobi identity of the Lie bracket:
(X, Y], 2]+ Y, 2], X] + [[Z,X],Y] = 0. (6.12)
Exercise!
2) This directly follows from the definition of R.
3) ,=“: This is equivalent to (R(X, Y)W, W) =0V X, Y, W. (,<“ Set W =Z+T.) But
(R(X, Y)W, W) = (Dy DxW — DxDyW + Dix y)W, W) (6.13)
and
(Dy DxW, W) =Y(DxW, W) — (DxW, Dy W), (6.14)

which follows from compatibility (theorem 2 in section 3.3). Moreover
(Dpx W, ) = S LY W) (615)
which again is a result of compatibility. Hence
(RX, Y)W, W) =Y (DxW,W) — (DxW,DyW) — X (;Y(VV, W>>
+ (DY W, DX W) + 3 (XYW, W) =
_ %[Y,XKW,W) +%[X7Y]<W, W) =0. (6.16)
4) The proof of this is similar to (3).
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6.3 The curvature tensor in local coordinates
Consider a chart (U, ¢) with base fields X; := 9/dz® (i = 1, ..., n). Since by definition R(X,Y)Z is again a

vector field, it can be written as a linear combination of base fields with some coefficients:

R(X;, X;) Xy, —ZR
=1

gr X, Rylec™U. (6.17)

This defines components of R in local coordinates (compare to the analoges g;; and T', jk). For arbitrary vector
fields X, Y, Z € VM we have

X:Zn:uiXi, Y:Xn:qﬂ'xj, Z:Zn:kak, (6.18)
i=1 j=1 k=1

and by theorem 1

RX,Y)Z=R|> u'X;) v'X; Zw’ka = ZZZR utviwR X (6.19)
%

j i=1 j=1 k=1

The Einstein summation convention which neglects the sums (the summation is done over indices that appear
twice) simplifies these local expressions a lot. However, we will not use it here, since we will not do too much
computations with the local expressions.

Remark (tensor property of R)

The above formula shows that (R(X,Y)Z)(p) € T,M depends only on the values of X, Y, Z at p. (in contrast
e.g. to DxY') which is not a tensor field.

6.3.1 Formula for the local expression of the Riemann curvature tensor

With the vanishing Lie bracket one obtains

R(X,, X;)Xi, = Dx,(Dx,Xx) — Dx,(Dx, X3) + Dix, x,Xx =

m

- Z Lip™) Xm + FikmDXij] - Z(z = j) =
m

m
:Z[ L X + T, erJm 1 =Y (i ). (6.20)
Hence
a n n
l_ 1 m m
Rijp =z 5T + 2:1Fik . 8 T zzlr i (6.21)
Furthermore
<R(XZ7XJ)X]€7 Xs> = Rijkl<XlaXs> = Rijklgls = Rijksv (622)

which is a (0,4)-tensor field, that follows from the contraction of the indices I and s (Ricci calculus). The
symmetries of the Riemann curvature tensor can be written in the local form as follows:

1) Rijis + Rjkis + Ryijs = 0

)
2) Rijks = —Rjiks
3) Rijks = —Rijsk
4) Rjjks = Risij
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6.4 The sectional curvature

The Riemann curvature tensor induces additional tools for measuring the deviation of a manifold from Euclidian
space. One of these is the so-called sectional curvature (Schnitt-Kriimmung).

Remark

Locally, R, j kl has n* components, but not all of these are independent of each other because of the symmetries.
For n = 2 one has i, j, k, | € {1,2}. Here, symmetries imply that only Rj212 # 0. Gau}’s calculations and
the local formulas for R show that Ri212(p) = K (p) is the Gaul curvature of the two-dimensional manifold at
point p.

Be dim(M) = n. The idea of Riemann was the following:

Consider two-dimensional subspaces ¢ C T,M and its exponential images in M (which are two-dimensional
submanifolds). The sectional curvature (of o at p) is the Gaufl curvature of exp,(c) C M at p. For more on
history see Spivak Vol II.

We want to introduce some notation (linear algebra). Let (V (e, e)) be a Euclidian vector space. For z, y € V
set |z Ayl = /][2]?ly||2 — (z,y)2. (This is well-defined since ||z[|||y/|?> — (z,y)> > 0 by the Cauchy-Schwarz
unequality). Geometrically, this is the area of the parallelogram spanned by z and y.

=

The Gram matrix is given by

(,z) (z,9)\ _
(<y7w> <y,y>)_G(x’y)’ (6.23)

and hence |z A y| = \/det(G(z,y)). For x, y being orthonormal follows |z A y| = 1.

Lemma 1
Let (M, (e, ®)) be a Riemannian manifold, p € M and o C T, M a two-dimensional subspace spanned by z,
y € T, M. Then (here we use the tensor property of R)

K(z,y) = W (6.24)

is independent of the choice of the basis {z,y} of o.

Proof

This can be done by direct computation with choosing another basis T = ax 4 by, y = cx 4+ dy. This leads to
K(z,y) = K(z,y), which can be done as an exercise! O
Consequence

By lemma the following definition makes sense: For p € M, o C T,M, the two-dimensional subspace, we set
K(o,p) :== K(z,y) for any basis {x,y} of 0. K(o,p) € R is called the sectional curvature of o in p.
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Remarks

1) One can show that the set of curvature data {K(o,p)loc C T,M} completely determines the curvature
tensor R at p € M (see do Carmo, chapter 4, section 3.3).

2) The sectional curvature generalizes the Gaufl curvature (they coincide for n = 2).

Examples
1) For (R™,can) all sectional curvatures are zero since R = 0.

2) The sectional curvature for (S™, can) is constant. (This is the reflection of the high symmetry of the
sphere.) For showing this we use Lemma 2: Let ¢: (M, (o, 0)) — (N, ((o, ®))) be a Riemannian isometry.
For o C T,M (two-dimensional subspace) d¢,(c) C Ty, N is a two-dimensional subspace, since ¢ is a
diffeomorphism. Furthermore KM (o,p) = K~ (d¢,(c), ¢(p)) i.e. the sectional curvatures are invariant
under isometries.

For the proof of this lemma, we need certain transformation properties. For the Levi-Civita connection
it holds that DY y dpY = dp(DYY) (see exercise 1, sheet 7). Moreover [dgpX,d¢Y]" = d¢[X, Y] and
of course ({(d¢pX,d¢Y)) = (X,Y). This leads to

RN (d¢X,d¢Y)doZ = dp(RM(X,Y)Z), (6.25)

which implies the lemma. O

Claim: (S™, can) has constant sectional curvature.

[

Be 0 := [v,u] C T,;S™ and 7 := [v,4] C Ty S™ (the span). Without loss of generality we choose {v,u}
and {v,u} as orthonormal.

M in general

The sphere is a homogeneous space, on which isometries that map two-dimensional tangent spaces in
different points; these are rotations. We set e; := x, es := u, and e3 := v. We can complete this to an

orthonormal basis of R"™1: {e1,eq,€3,...,¢e,41}. With respect to this basis we have
251 771 f171
Y= = fl s u= = f2 R U= == f3 . (626)
Yn+1 ﬂn—i—l 5n+1

Complete this to be an orthonormal basis {f1, f2,..., fn+1}. Then the matrix A := (f1|fe|...|fnt+1) iS
orthogonal, A € O(n + 1) and by construction A, = f; for i = 1, ..., n + 1. Since ¢: R"* O, v — Av
is an isometry of (R"*1 can), ¢ leaves S™ invariant and induces and isometry of (S™,can). Since ¢ is
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linear this implies d¢ = ¢ and also d¢(o) = dé(span(u,v) = span(ey, e2)) = span(fi, fo) = 7. Hence
¢(z) = ¢(e1) = f1 = y. By lemma 2 the claim follows: K(o,z) = K(7,y). Remark: Later we show
K=1.

3) n-dimensional hyperbolic space:

Consider H"R = {z = (2!,...,2™) € R"|2"™ > 0} (the upper half space). With respect to the chart
(H"R,id) we define a Riemannian metric (the so-called hyperbolic metric)

1/(z™)?* 0
0 0 .
(9i5) = : S - (6.27)
0 1/(z™)?
The sectional curvature of (H™, R,with the above metric) is K = —1 (exercise). The idea is the calculate

Fijk. From this it follows R, jkl and the sectional curvature.

Remarks

1) For arbitrary n there are manifolds with K =0, 1, —1.

2) Intermediate values for K can be obtained by conformal change of the metric. Be (M, ¢g) a Riemannian
manifold with A € C®M and A(p) > 0. This delivers a way to construct new Riemannian metrics
by g := Ag (g(p)(X,Y) = Ap)g(p)(X,Y)). For constant A > 0 this is just a rescaling and we have

K = A'K, whereas K is the sectional curvature of g and K is the sectional curvature of g. To see this
look at local coordinates: Fijk = Fijk. This leads to Rijkl = Rijkl and hence

}—? _ g(é(xv y)xa y) _ AflK ) (628)

gz, z)g(y,y) — g(x,y)?

Stretching the metric by A means stretching the length of vectors by A2: ||z]|2 = \||z||? with g(z,z) =
Ag(z,x). Be ST the n-dimensional unit sphere and S} the n-dimensional sphere of radius R. With
R:= VK (K = R?) S} has curvature 1/R?. Hence K > 0 for (S",1/Kcan), K = 0 for (R",can), and
—|K| =K <0 for (H"R,1/|K|can).

Theorem

A complete, simply connected, connected Riemannian manifold with constant sectional curvature K is isometric

to (R™,can) if K =0, (ST, /Kcan) if K > 0, and (J"R,1/|K|can) if K < 0.

Proof

For the proof see do Carmo, Section 8.4.

“Complete” means that every geodesic in M is defined on R (see also chapter 7). “Simply connected” means
that every loop in M is homotopic to a point, i.e. there is a continuous deformation of the loop to a point.
(The sphere is simply connected which can be shown by stereographic projection.)

6.4.1 The theorem of Killing-Hopf

This holds for all Riemannian manifolds of constant curvature.

Theorem

Be (M™,g) a Riemannian manifold of Dimension > 2, K € R. M™ is complete and connected of constant
sectional curvature K, if and only if M™ is isometric to the orbit space R"/T" with T' C Isom(R", can) = E(n)
(Euclidian transformation group, translations and rotations).

Proof

For the proof see Wolf: “Spaces of constant curvature”.
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Example

1) Consider R? and the discrete subgroup Z*. Z? is the group of translations in the two-dimensional plane
with integer numbers (defines a grid on the plane). Then R?/Z? ~ T2 whereas T? is the flat torus.

2) Consider S™/T" with I C Isom(S™, can) = O(n + 1) (orthogonal group, group of all rotations) if K > 0.

3) Consider H"R/T with I' C Isom(H"R,can) ~ O(1,n) = {A € GL(n + 1,R)|ATdiag(—1,1,...,1)A =
(-1,1,...,1)} if K < 0.

I’ acts without fixes points and with discrete orbits. Studying spaces with constant curvature reduces to
studying the subgroups of I'; hence a problem of Riemannian geometry/topology is transferred to an algebraic
problem.

6.5 The Ricci curvature

Definition

Let R be the Riemann curvature tensor of a Riemannian manifold (M, (e, e)) and X, Y, Z € VM. Then for
every point p € M Y (p) — R(X(p),Y (p))Z(p) is an endomorphism of T,,M. Also for X, Z fixed R(X,e)Z is
a (1,1) tensor field. For an arbitrary (1,1) tensor field A, A(p): T,M — T,M is an endomorphism. We define
the trace of A by

n

(Tr(A)p =) == Y (Ap)es, ey (6.29)

i=1

where {e;}7_, is an orthonormal basis of T, M (“contraction”).
The Ricci tensor of the manifold M is the (0,2) tensor field Ricci(X, Z) := Tr(Y — R(X,Y)Z).

Comment

Recall from linear algebra: Be ¢ an endomorphism with matrix M = (m;;) of an Euclidian vector space. Then
Tr(¢) := Tr(M) = 31", my; is independent of the chosen basis. In particular for an orthonormal basis {e;};
one has m;; = (¢e;, ;). For any point p € M and an orthonormal basis {e;} of T, M one has

n

Riccip (v, w) = Z(R(v,ei)w, €i)p, (6.30)

i=1

with v, w € T, M. In particular the Ricci tensor is symmetric. The Ricci curvature of M in direction v € T, M
with v #£ 0 is

o= () =2 (= () wre), - () 621

whereas {e;} is an orthonormal basis. This basis can be chosen such that v/||v|| =: e;. The sectional curvature
is calculated in a plane that is spanned by e; and es; this calculation is also done in other planes. One then
performs the mean of all sectional curvatures. Because of that one often writes a prefactor 1/(n — 2) in front
of the above definition.

€2
€3

€l

The Ricci curvature is a simpler object than the Riemann curvature tensor, but it contains less information
than the latter.
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Remark

K is a function going from the Grassmann bundle of all two-dimensional subspaces of all tangent spaces to R,
whereas the Ricci curvature r is a function from the tangent bundle to R. Furthermore one can introduce the
scalar curvature s, which is a function from the manifold M to R.

The scalar curvature of M is the C*-function s: M — R

n

s(p) = Z r(ej), (6.32)

Jj=1

for {e;} being an orthonormal basis of T, M. Hence

n n

s(p) = Z (R(ej,ei)ej,ei)p = Z K([ei,e;],p), (6.33)

ij=1 1,5=1

where we use K([X,X],p) := 0. In each point p € M this is the trace of the symmetric bilinear form Ricci,
with respect to (e, e), (in particular independent of the chosen orthonormal basis).

Some remarks

1) Theorem (do Carmo, Section 4.3): A Riemannian manifold (M, (e, e)) has constant sectional curvature
K(o,p) = Ko for all p € M and for all o C T,M if and only if (R(X,Y)W,Z) = Ko((X,W)(Y,Z) —
Y, W)(X, Z)).

2) A Riemannian manifold (M, g) is an Einstein space if Ricci,(X,Y) = Agp(X,Y) for all X, Y € VM,
where A € C*°M. Examples are manifolds of constant curvature. It suffices to show that Ricci(x,x) =
Ag(z, x) for ||z(p)|| = 1 for all p. But

Riccip(z,2) = Y (R(z, )7, €i)p = ZK(@, eil,p)gp(x, ) = (n — 1) Kogy(z, ) . (6.34)

%

The Einstein tensor of a (Pseudo-)Riemannian manifold (for which the metric is not necessarily posi-
tive definite) is G := Ricci — (s/2)g, whereas s is the scalar curvature. G is a (0,2)-tensor. The Ein-
stein field equations modeling gravitation are given by G = 87T, where G is the Einstein tensor for a
four-dimensional Pseudo-Riemannian manifold with signature (-,4,+,+). T is the energy-stress tensor
encoding the mass distribution. The constant 87 can be found by comparing the Einstein equation to
the Newtonian limit. In local coordinates it holds that

. .0 0
R” = Ricci <8$7{7 83;]) . (635)

and the Einstein equations are then:

S

(Rij - 2%) = 8T}, . (6.36)

Hence, mass describes the curvature of space-time and vise versa.

6.6 Jacobi fields

Jacobi fields locally describe a relation between curvature and geodesics. In a space with K = 0 (for example
the Euclidian plane) geodesics are given by straight lines. The distance between two straight lines that enclose a
certain angle between them grows linearly. However, in a space with K = 1 (for example S? with the canonical
metric) the distance between geodesics is sublinear and they tend to meet again. In a space with K = —1 (for
example H?R with corresponding hyperbolic metric) the geodesics diverge exponentially.
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Y1(0)

v2(0)

K=1 K=0 K=-1

For example, in H2R the geodesics were calculated to be straight lines perpendicular to the z-axis and half-

circles. (This was an exercise on one of the last sheets.) The above mentioned behavior is visible in this
example.

Val

We now want to generalize this concept.

6.6.1 Jacobi equation

Consider a Riemannian manifod (M, (e, e)) and p € M. We pick some v € T),M such that exp,v is defined.
Then consider the parameterized surface f(t,s) := exp,tv(s) for 0 < ¢ <1 and |s| < &, where v(s) is a curve
in T,, M such that v(0) = v and |jv(s)| = 1.

r,m v(s)

N

w exp,,

7

f(1,0) =exp,v

Be w the tangent vector to the curve v(s): w := v’(0) L v. From the proof of the Gaul lemma (chapter 4,
theorem 5) we know that

0
d epr |v(w) = %(170) € Texpp(v)M- (637)

|d exp,, |,(w)|| measures “how quickly” the geodesic rays t — f(t,s) diverge.
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We consider the vector field

d exp,, |, (tw) = %(t,()) ) (6.38)

along the geodesic (t) := f(t,0) = exp, tv for 0 <t < 1. As 7 is a geodesic we have for all ¢, s:

Z(t,s) =0, (6.39)

with the tangent vector field df(t, s)/0t along the geodesic and the covariant derivative D/0t.

Lemma

Let f: ACR?+— M, (u,v) — f(u,v) be a parameterized surface and V (u,v) a vector field along f. Then we

have

D D DD of of

doon’  aude’ R(au av) (6.40)
Proof

This ia a local statement. It suffices to prove it in a chart (U, ¢) with associated local base fields X; := 9/dz"
fori=1,...,n. Hence V=3 "  v'X; with v* = v"(u,v) is defined on the parameterized surface. Now we can
calculate the covariant derivative in direction of Jf/du:

D D [& o def ; "L v’ " .D

An analogue expression holds for the covariant derivative along 0f/0v:

D

Yy 42

e (6.42)
Furthermore

D (D "L 9% ovt D " .D D

—(Zv)=Y —X, + =X, — = 43

du (8vv) 2 Judv < 3 du +Z 0 2:: udu (6.43)
Thus

D (D D = . D D

D (8uv) ou <8U > N ZU (81} ou Xi = &L&)Xi) ' (6.44)

1=1

A computation of (D/dv)(D/0u)X; yields the following. We have 8f/0u = Y. (827 /0u)X; for o f(u,v) =
(2 (u,v),...,2"(u,v)) and df /v = >__, (82" /Ov) Xy,. Then

D, def
5. Xi = Do X, = Z (6.45)
and
X, (Dx. X;) =
avau Zaa Dx, +Z Dys (Dx; Xi)
249 0x? Oxk
= X ——D Dx. X;). 6.46
;&)&L I Jrjk:l Oou Ov X (Dx; Xi) ( )

As a result of that

D D D D " 9zI 9k " 9xd Ok
ou dudw ) T = -5 (Dx, Dx,;X; — Dx,Dx, X;) = — ——R(X;, X)X, (6.47
(8v8u 8u8v>( ) =t ou 81;( Xk X x; Dx, Xi) — ou oo (X5, Xk) ( )
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since the term Dix; x,)X; vanishes for local base fields X; and Xj. Using (6.44) leads us to

D (D D (D "L 0z OxF
7 (aﬂ) ~ (aV) = D vy gy B XX =

jk=1
" O N = . af of
=R (; %Xj,k; (%Xk) (;v Xi> =R (au’ 811) V. (6.48)
Now apply lemma 1 to a special parameterized surface f(t,s) = exp,(tv(s)). From (D/0t)(0f/0t) = 0 and

lemma 1 we get

Dof an‘c‘f‘i}mzﬁ/am DOf\ , p(0f 0\ Of _
83 ot Ot Ot \ 9s Ot ot ds ) ot

lemma 3,

chapter 4 D D 8f 8f 6f 8f
Set J(t) := (0f/0s)(t,0) and ~(t) :== f(¢,0). Then we obtain the Jacobi equation
DD
an(t} + R(¥' (), J(t)y' (t) = 0. (6.50)

One can also make a more general definition: Let 4: [0,a] — M be a geodesic. A vector field J(v(t)) = J(t)
along ~ is called Jacobi field it J satisfies the Jacobi equation for all ¢ € [0, a].

A Jacobi field is completely determined by the initial values J(0) and J'(0) := (DJ)(0). To see this we
consider orthonormal parallel fields along v, Ey(t), ..., E,(¢).

Then we can write
n
= fi(Ei(t), (6.51)
i=1
with f; € C*°[0, a] and we obtain

J'(t) = IO E(t). (6.52)

HM:
=
~
=
N

n
R(Y,J)y = Z(R(v L)Y Ej) Z aij () fi(t) By (t) . (6.53)
With that, the Jacobian equation is equivalent to
! t)+zalj(t)fl(t):07 j:17 "'7”7 (6-54)
i=1

and this is a linear system of second order differential equations. For given initial conditions (f;(0), f;(0))
for j =1, ..., n (& (J(0),J'(0))) because of J(0) = Z?:I f;(0)E;(0) and J'(0) = Z _1f'( )E;(=). There
is a unique solution f;(t) for j = 1, ..., n which is equivalent to a unique Jacobi ﬁeld J(t) deﬁned on [0, al.
The conclusion is that the set of Jacobi fields along a given geodesic v is a 2n-dimensional vector space. In
particular there are 2n linearly independent Jacobi fields along a geodesic (n = dim M).
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Remark

The tangent field of a geodesic Jy(t) := +/(t) is a Jacobi field. This follows from (D/dt)y" = 0 (which holds
because v is a geodesic) and from R(v',J)y = R(v',7')y = 0, which holds because of the antisymmetry
of the Riemann curvature tensor with respect to the first two arguments. Therefore, we make the Ansatz
Ja(t) := a(t)y'(t). Hence

22 _B A7 B / _2 PIN T
590020 = 5 (av (t)+a3t7> =5 @) =a"", (6.55)
and

R, Jo(t))Y =alt)R(Y,7 )y =0, (6.56)

because of the multilinearity of the Riemann curvature tensor. As a result of that, Jo is a Jacobi field if and
only if a”(t) = 0 and hance a(t) = a+bt with a, b € R. The conclusion is that Jy(t) := ~/(t) and Ja(t) := t7/(t)
span a two-dimensional subspace of the vector space Jac(7). It suffices to understand the (2n — 2)-dimensional
subspace of Jac(y) of all Jacobi fields orthogonal to +'.

Examples

We consider Jacobi fields for manifolds of constant sectional curvature. Let (M, (e, e)) be a Riemannian
manifolds with constant sectional curvature Ky. Let 7: [0, a] — M be a normal geodesic (i.e. 7y is parameterized
by arc-length). Further let J(¢) be a Jacobi field along + such that J(¢) L ~/(¢) for all .

Y ()
J(1) %

According to a remark in section 5.2 one has the following formula for an arbitrary vector field X along ~:
(R(Y, J)Y, X) = Ko (', /' )(J, X) = (7, X)(J,7")) = Ko(J, X). (6.57)

Since v is a normal geodesic, (y',~") = 1. Furthermore we consider a orthogonal Jacobian field, hence (.J,7") = 0.
Since X is arbitrary, we find R(v/, J)y" = KyJ. So the Jacobi equation just reduces to

D
" Kol =0, o= '
I KoJ =0, o (6.58)

This is the differential equation describing a harmonic oscillator. Let E(t) be a parallel field along v with
|E(t) ||y = 1 for all t and (y/(t), £(t)) = 0. Then the solutions of (6.58) with initial conditions J(0) = 0 and
J'(0) = E(0) are given by:

Sin(t KO)E .
SV By if Ko >0
VK
J(t) = tbg(t) if Kog=0 . (6.59)

Sth(tV=Ko) py i Ky <0
7K0

Proof

Just compute!
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: T
K = 1 K = O
K=-1
Remark
Using £ = Ey, ..., E,_; linearly independent parallel fields along ~ (orthogonal to +') yields and (n — 1)
dimensional subspace of Jac(y). We constructed a Jacobi field along a geodesic v(t) = expp(tv) using a

parameterized surface f(t,s) = exp,(tv(s)) with [Jv(s)| = 1 = [jv]| and t € [0,1], [s| < e. Then J(t) =
0f/0s(t,0) is a Jacobi field with

J(0) = 5 . (exp, - - Ov(s)) = o Op =0. (6.60)

We now show that every Jacobi field along a geodesic (with J(0) = 0) is obtained in this way.

Theorem 1

Let 7: [0, a] — M be a normal geodesic and J a Jacobi field along v with J(0) = 0. Let J/'(0) = (D/0tJ)(0) =: w
and 7/(0) =: v ([lv]| = 1). Consider w as an element of T, (Ty)M) and let v(s) be a curve in Ty M with
v(0) = av and v'(0) = aw and define the parameterized surface f(t,s) := exp,(t/av(s)) with 0 < t/a < 1,
|s| < e and p = v(0). The claims are as follows:

a) J(t) = 0f/ds(t,0) is a Jacobi field along ~.
b) J(t) = J(t) ¥Vt € [0,a].
Proof

a) The fact that J is a Jacobi field follows from the construction of a parameterized surface and from the
fact that for ¢ := ¢/a holds D/dt = aD/0k.

b) To show that J = J it suffices to show that J(0) = J(0) and J'(0) = 7/(0). Now by definition J(0) =
0f/9s(0,0) = 0. Furthermore

v(0)=av

—/ D 8f chain rule D t v (0)=aw D linearity
70 =5 (Pa0) e 2 ddesm, lyao (200) } 75" 2 {d e, ofru}
D dt D D
=5 {td exp,, |tv(w)} = ad exp,, o (w) + ta(d exp,, lto(w)) = exp,, o (w) + t@t (d exp, o (w)) .
(6.61)
Evaluation at ¢t = 0 yields
T(0) = d exp, |o(w) = id|z, s (w) = w = J'(0). O (6.62)

Remark

1) The calculation in the proof gives the following formula for a Jacobi field J along a normal geodesic
v: [0,a] — M with J(0) = 0:

J(t) = d expy |1y o) (t'(0)) (6.63)

with ¢ € [0, a]. Jacobi fields describe the linearization of the exponential map. This is an explanation
why the Jacobi equation is a linear differential equation.
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tw

.

1% tv

2) Analogous constructions/results also hold for Jacobi fields with initial condition J(0) # 0. The
simplest example is R? with the canonical metric.

6.7 Jacobi fields and sectional curvature

Theorem 2

Let p € M, v: [0,a] — M be a normal geodesic with v(0) = p, 7/(0) = v and w € T,(T,M) ~ T,M with
|wll, = 1. Further let J(t) := d exp, |t (tw) for 0 <t < a be a Jacobi field along . Then the Taylor series of
[J(®)]l41)]I* at t = 0 is given by

1
17O = #* = S (R(v, w)v, w)pt" +2(#"), (6.64)
with the notation (t¥)/t* +— 0 for ¢ — 0.

Proof
We have J(0) =0, J'(0) = w since J"(0) = (—R(v/, J)7')(0) = 0. We compute the terms in the Taylor series:

LTI = () = £(0) + F/0) + 5y /O)F + 5 /O + L FOO + ... (6.65)

0) [|7(0)[]* = {J,.7)(0) =0
1) (L,1)'(0) = 2(J", J)(0) = 0

This is short-hand notation for

(J, ) = %(J(t), J()ty = ¥ (T (@) T () t) = (Dyry I (), () (0) (T () Doy T (£)) 42y - (6.66)

We will use this notation in our further computations in this proof.
2) (J,0)"(0) =2((J", J") +2(J", J))(0) = 2[[J"(0)[|* = 2[w]* = 2
3) (J, 1Y (0) =4(J", J)(0) 4+ 2(J", J)(0) +2(J", J')(0) = 0 since J”(0) =0

4) (L, 1)D(0) = 40", J') +4(J", J") + 2(T W J) + 20", J') +2(J", J') + 2{J", J"))(0) = 8(J", J")(0),
whereas 6(J",.J")(0) = (J®),.J)(0) = 0.

From the Jacobi equation follows

D
J" = —ﬁR(W’,J)W'. (6.67)

For w € VM arbitrary we have

D, . (6.68)

Sl

D d
(GO I0 ) = SRE I w) = (RO D), 7=
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By the symmetry of the Riemann curvature tensor R we obtain:

(RO 0 J) = (B T0y = ( GRGwi )+ (RO, ) = (R Y ) (669

For t = 0 we have (again with the symmetry of R)

(—J"(0), w(0)) = <;R('y/, J)y’,w> (0) = (R(+, w)y', J') symmetry (R(+,J")¥ (0),w(0)). (6.70)

As w is arbitrary we get J"'(0) = —(R(v/, J')7')(0). Inserting this in (4) we find

(4, )W (0) = =8(R('(0), J(0))7(0), J'(0))+ (o) = —8(R(v,w)v,w)y, (6.71)
and this leads to
fP0),,_ 1 4
7 = 3<R(U,w)v,w>pt , (6.72)
which completes the proof. ([l
Corollary

If v is normal (i.e. ||v|| = 1) and (w,v) = 0 then

a) (R(v,w)v,w), is the sectional curvature of the plane o = [v, w], hence

IO = ~ SK (o)t +f). (6.73)

b) 1) =t~ £ K (o) +2(#)

Proof
a) This is clear by definition and theorem 2.

b) That follows from comparing coefficients of the corresponding Taylor series. From

f(t) =a+ bt 4 ct? + dt* + (1), (6.74)
it follows

f2t) = (a+bt+..)2% =a®+ 2abt + (2ac+ V)t + ..., (6.75)
in particular in our situation we have a =0,b=1,¢=0 and d = —K/6. (]

Remark

In the flat space one has a linear growth of Jacobi fields. For positive sign of the sectional curvature the growth
will be a little bit smaller than proportional to ¢t and for negative sign it will be a little bit larger.

6.7.1 Application to geodesic circles

Consider p € M and v, w € T,M with |[v|| = ||w|| =1 and v L w. Inside the Euclidian plane spanned by the
vectors v and w one can define polar coordinates:

A

w

v exp,,
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We define
f(r,0) :=exp,(r(vcosd +wsin b)), (6.76)

for sufficient small . For r = r( fixed define C,(p) := {f(r0,0)|0 € [0,27]}. Cy,(p) is a geodesic circle in M
with center p and radius rg. We want to compute the length of C,.:

L(Cr)zﬂggu )

The observation is that for every fixed 6 the vector field (0f/90)(r) is the value of the Jacobi field Jy(r) along
the geodesic 7y (r) := exp,,(rv(f)). Hence (now that r is fixed, o = [v, w]):

27

L€ = [ 19alla0 2 [ (1= Cxor +10%) a0 =
0 0

= (r - éK(a,p)r?) + z(r3)> = 277 (1 - éK(U,p)TQ + z(ﬁ)) : (6.78)

This implies the formula of Betrand-Puiseux. The length of a geodesic circle is less than in the Euclidian
situation if the sectional curvature if greater than zero and it is more if the sectional curvature is smaller than
zero.

K(o,p) = }LI»% %(2777“ - L(C)), (6.79)

hence the sectional curvature is a measure for deviation of the geometry on a manifold from Euclidian geometry.
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Kapitel 7

Riemannian manifolds considered as
metric spaces

7.1 Riemannian metric and distance function

So far we have considered local concepts as geodesics, the exponential map, and curvature. The setting was
that we had some manifold (a global object) and to pick an arbitrary point and look what the properties are
in the neighborhood of this point. Now we also want to consider the global geometry of a manifold. This can
be done by including topological assumptions. A (simple) global question is: Given two points p, ¢ € M is
there a continuous curve or a piecewise geodesic curve or a geodesic between the two points? This holds locally
(normal geodesic neighborhood).

Lemma

If a smooth manifold (locally Euclidian suffices) is connected, then M is also path-connected. This means that
for any two points p, ¢ € M there exists a continuous curve ¢: [0,1] — M with ¢(0) = p, ¢(1) = ¢. (Recall:
A topological space X is connected if X cannot be decomposed into two disjoint, nonempty, open subsets.
Equivalently () and X are the only subsets which are open and closed.)

Proof
Let p € M. Set A := {q € M|3 a continuous curve between p and ¢}. The properties of A are:
1) A # 0, since p € A. To see this define a curve that joins p with itself: Take c: [0,1] — A, ¢(t) := p.

2) A is open: For ¢ € A take r € B.(q) (normal neighborhood of ¢). Then for any r € B.(q), r € A.

3) Aisclosed (& M\ Aisopen). If g€ M\ A, r € B(q) as before, then r € M \ A (otherwise ¢ € A).

(1), (2), and (3) imply (by definition of connectedness) A = M. O

Remark

Path connected implies connected, but the inverse is not true, in general.

Example

Let X := ({0} x [~1,1]) U {(z,sin(1/x)) € R%|z > 0} endowed with the subspace topology. This space is
connected but not path connected.
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)

+1

£ = sin (1)
X

B /AN

For the proof see: Sihger-Thorpe: “Elementary Topology and Geometry” on page 53.

From now on we want to assume that every manifold M is connected. An immediate consequence of that is:
Let M be a connected Riemannian manifold. Then any two points p, ¢ € M can be connected by a piecewise
geodesic (in particular by a piecewise smooth path).

Proof

Since M is path-connected we can choose a continuous curve c: [0,1] — M with ¢(0) = p and ¢(1) = ¢. If the
image ¢([0,1]) C M is compact in M, which hence can be covered by finitely many (normal) neighborhoods
Ui (k=1, ..., m), then pick geodesic segments in each neighborhood to replace c. O

c

Note that in general there is no smooth geodesic segment between two points in a Riemannian manifold.

Remark

Example

Consider R?\ {0} equipped with the canonical metric.

S
~
~+
<

Definition

Let (M, o, o) be a Riemannian manifold which is connected. We define d: M XM +— R>, d(p,q) := inf{L(cp ¢)|cpq
is piecewise smooth curve joining p to ¢} (which is not the minimum in general, see previous example R?\ {0}!).

Theorem 1 (length-metric)

(M, d) is a metric space, i.e. for all points p, ¢, r holds:

1) d(p,q) = d(q,p) > 0
2) d(p,q) < d(p,7) +d(q,r)

3) dp,q) =0 p=gq
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Proof

1) For ¢: [0,1] — M with ¢(0) = p, ¢(1) = g set € [0,1] — M, ¢(¢t) := ¢(1 —t). This leads to ¢(0) = ¢(1) = ¢
and ¢(1) = ¢(0) = p, whereas L(c) = L(c). This implies d(g,p) = d(p, q).

2) The set Q)  of curves between p and ¢ which pass through r is a subset of the set Q, , of all curves

P,
joining p to q. This implies
= inf < inf < inf i = . .
d(p, q) (af L) < B Lie) < inf L(c) + af L(c) =d(p,r) +d(r,q) (7.1)
3) — “©” Bep=gq. For ¢(t) = p (constant path) we have L(c) = 0, which means d(p,p) = 0.

— “=” Suppose p # q. Pick a normal neighborhood B.(p) of p such that ¢ ¢ B.(p).

V.

B:(p)

Then if ¢ is an arbitrary curve joining p to ¢ we have L(c¢) > ¢ (theorem 6, chapter 4). This implies
d(p,q) > € > 0. This is a contradiction! a
(This construction also works in more general contexts (length spaces).)

Definition

The diameter of a Riemannian manifold is defined as diam(M) := sup d(p, q) < oo for p, g € M.

Corollary

1) The topology of the metric space (M, d) is equivalent to the topology given by the definition of M as a
manifold (i.e. U is open in M < U is open in (M, d)).

2) For any py € M the function d,,: M — R>q, dp, (p) := d(po, p) is continuous (this is true for every metric
space).

3) If M is compact then diam(M) < oo.

Proof

1) By theorem 6/chapter 4 there exist (open) normal balls B.(p) of sufficient small radius e, which are
identical to metric balls of radius r (with respect to d):

B! (p) = {qg € M|d(p,q) < £} = B(p) = exp,(B:(0)), (7.2)
where B.(0) = {v € T,M|||v| < €}.

2) |dp, () — dpy (P)| = 1d(po, q) — d(po,p)| < d(p,q) (which follows from the triangle inequality)
3) Fix some py € M. Then d(p,q) < d(p,po) + d(po,q) < 2supdy,,(r) < D < oo, re M

The finiteness follows from the fact that every continuous function on a compact set has a maximum.

7.2 Theorem of Hopf-Rinow

Definition

A Riemannian manifold (M, (e, e)) is geodesically complete if for all p € M, exp,, is defined on T),M i.e. for
all p € M every geodesic v, (t) with 7, (0) = p, v, (0) = v is defined on all of R.
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Theorem 2 (Hopf-Rinow 1931)

Let (M, (e, 0,)) a connected Riemannian manifold and p € M. Then the following assertions are equivalent:
1) exp, is defined on T, M
2) Every closed subset of M with bounded diameter is compact.

3) The metric space (M,d) is complete i.e. every Cauchy sequence converges. (A sequence (pn)nen is a
Cauchy sequence if for every d > 0 there exists an N = N(§) such that f(zy, ) < J for all n, m > N.)

4) (M, (e, e)) is geodesically complete.
Moreover any of the equivalent assertions (1) to (4) implies:

5) For every point p € M there exists (at least) one geodesic v which joins p to ¢ such that L(vy) = d(p, q)
i.e. 7y realizes a shortest path between p and gq.
Example

For R? \ {0} and two points p, ¢ lying on the x-axis the infimum is the distance between the two points, but
there exists no geodesic joining the two points.

Proof
e (1) = (2): Let A C M be closed with diam(A) < ¢ < co. Pick some point ¢y € A. Then we have for any
q € A:
d(p,q) < d(p,qo) + d(qo.q) < d(p,q) +c=:R. (7.3)

This implies

A C{qe Mld(p,q) < 2R} =: Bar(p) = exp,(B2r(0)), (7.4)

with exp,(B2r(0)) = {v € T,M||v||, < 2R}, whereas this is compact. Hence, Bag(p) is compact and
hance A is compact, since it is a closed subset of a compact set.

e (2) = (3): Let (pn)nen be a Cauchy sequence. Then (p,)nen is bounded. Hence by (2) (pn)nen is
contained in a compact subset of M. Thus, (p,)nen has a convergent subsequence. As (pp)nen is a
Cauchy sequence, (py)nen converges also.

e (3) = (4): Let v: I — M be a normal geodesic. We show: I is open and closed and not @) in R (hence,
as R is connected, I = R). The fact that I is open and not @ follows from the (local) existence and
uniqueness theorem for geodesics (theorem 3 in section 4.4). We have: If y(to) is defined then (¢t + t)
is also defined for sufficiently small ¢. Hence, I is open. To prove that I is closed, we define (¢,,)nen as a
(monotone decreasing) sequence in I which converges: t, := limy,, oo t,. For the limit it has to hold that
t. € I. We have (for m > a)

d('}/(tn)v’y“m)) S L(’Y|[tn,tm]) = ‘tn - tm| ) (75)

since the geodesic is normal (parameterized by arc-length). Since (t,)nen converges, it is Cauchy and
hence (y(tn))nen is also Cauchy. By (3) ((tn))nen converges, so p, := limp, o ¥(t,). Let W(p.) be a
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total normal neighborhood of p, in M. Then by theorem 7 in section 4.5 there exists some § > 0 such that
every normal geodesic starting in W (p,) is defined on (-4, ). Now we choose n (> Ny = Ny(d)) large
enough that |t,, —t.| < 6/2 and ~y(t,) C W(p.). Then the geodesic v is defined for all ¢ with |t —t.| < J,
hence in particular for t,. Hence t, € I.

e (4) = (1): Geodesically complete means that the exponential map is defined for all p. (1) said that the
exponential map is defined for a certain p, hence this is clear.

o (1)=(5):

— Step (1): We define a candidate for a geodesic joining the two points p and ¢. Let r := d(p, ¢) and
for 0 < 0 << r let Bs(p) be a normal geodesic ball with center p and radius § with geodesic sphere
S := S5(p) = 0Bs(p) as its compact boundary. Let g be a point on S where the continuous function
dq|s assumes its minimum (we use that S is compact).

o4

X0

dy(x) = d(q,x)

Then there exists a v € T, M with |lv|| = 1 such that 2o = exp,(dv). Define y(s) := exp,(sv) for
s € R (use (1)).
— Step (2) (v is the minimal connection from p to q):

We will show that ¢ = v(r), hence d(p,y(r)) = 0. (From this follows that d(~(0),v(r)) = r = d(p, q),
0 7 is minimal.) The idea is to consider the following interval: A := {s € [0,7],d(7(s),q) = r — s}.
It remains to show that A = [0,7]. A is closed since d(g,®) = d, is continuous. So A # (), since
s =0¢€ A. Let so := max{t € [0,7]|t € A}. In order to show this we assume so < r (which will lead
to a contradiction).

p

Consider a normal ball By (y(so)) at v(sg) with ¢’ being sufficiently small so that ¢ ¢ Bs (v(so0))-
Let xj, be a point on S’ = 0Bs/ (v(s0)), where dg assumes a minimum. The claim is that z{ lies at
the intersection of the geodesic and the ball, hence z(; = v(sg + ") (+). Proof of this claim: First,
we have

* d(7(30)7 C]) =0+ minzes'd(% Q) =4+ d(l‘6, q)

* By assumption, equation () and definition of sy we have d(y(sp),q) = 7 — so. So we get

r—so =20 +d(zp,q) (++).

Using the triangle inequality for d we obtain

1) d(p,ap) = d(p, ) — dlg,zp) = v = (r =50~ ') = 50 + &
2) Also for the piecewise smooth curve ¢ d(p,x) < d(p,7(s0)) + d(v(s0),x) = so + &’

4
*o0
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(1) and (2) yields d(p, z{,) = so+0’. We conclude that ¢ is minimizing and hence a geodesic. (Hence,
there is no corner at y(sg).) Thus z( = y(so + ¢'). From (+) and (4++) be obtain

r—(s0+0) "L d@h,q) Y dlv(so + ), q), (7.6)

i.e. (%) holds for sg + &’ > sg, which is a contradiction to the definition of sg. Hence sg =r € A. O

Corollary 1

A compact, connected manifold is complete.

Proof

(M, d) is a complete metric space (in a compact space every Cauchy sequence converges!).

Corollary 2

Let M be a connected and complete Riemannian manifold. If M is not compact then there is a geodesic ray
~: [0, 00) — M, which is minimizing for all ¢: d((0),~(¢)) =t for all t > 0.

Proof

Idea: There exists a sequence (pn)nen With d(p, p,) — oo, since the manifold is not compact. One can find
a sequence of unit vectors v, € T, M and there exists a convergent subsequence with unit vector v. Set

7(t) = exp, (t0).

7.3 Cut-locus (“Schnittort”) of a complete Riemannian manifold

p=v@

Lemma 2
Let M be a connected, complete Riemannian manifold and +: [a,b] — M a normal geodesic.
1) If there is no geodesic between 7(a) and ~y(b), which is shorter than ~, then ~ is minimizing.

2) If there is a geodesic ¢ # v between y(a) and «(b) with L(c) = L(7y), then v is not minimizing on [a, b+¢]
for any € > 0.

3) If ~ is minimizing on I, then also J C I.
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Proof

1) According to Hopf-Rinow there exists a minimizing geodesic ¢, between y(a) and ~y(b) we then have
d(v(a),v(b)) = L(cx) < L(7). Then by assumption we have L(y) = L(c.) = d(y(a),7y(b)). This shows
that v is minimizing.

2) Let W = Bs(y(b)) be a totally normal neighborhood of ~(b).

c a(b - 0)
S
—5
We set
| c(t) for te]a,b]
o) ={ 0 T ey 1)

a connects y(a) to v(b + §). Since W is totally normal there is a unique minimal geodesic between
a(b—0) and a(b+ §). Since ¢ # v there is a corner at y(b) and hence « is not a geodesic. We conclude
that the minimal geodesic segment between a(b—9) and «(b+9) is strictly shorter than the corresponding
part of a. We thus have constructed a curve ¢, from ~(a) to v(b+d), which is strictly than o, 5145 By
construction L(7v|(qp4e]) = L(aljap4s)) > L(cs). Hence, v is not the shortest connection between ~(a)
and (b + 9).

3) This is clear (use negation).

Some definitions

Be M a complete Riemannian manifold, p € M, v € T,M and [jv|| = 1. Let ~,(t) := exp,(tv) be the unique
normal geodesic with 7, (0) = p and 7, (0) = v. We set I := {t € [0, 00)|d(7,(0),v»(t)) = ¢t} i.e. 7, is minimizing
between v(0) and ~, (¢).

()
v
y0)=p
I, is closed (because d(7,(0),e) is continuous). Hence either I, = [0,00), i.e. v, is a geodesic ray, or

I, = [0, s(v)] is a closed interval. In the latter case v,(s(v)) is called cut point of p along ~.

Remarks

1) One can show: The map s: {v € T,M|||v|| = 1} — R U {oco} (whereas {v € T,M||lv|| = 1} is the unit
tangent sphere at p, which is compact), v — s(v) is continuous.

2) If M is compact then s(v) < oo for all v. (M cannot contain rays!)

Given p € M the set

0= Qo e Bl <o () (78)

is an open neighborhood of 0 € T, M with boundary 0U, = {s(v)v € T,M||v|| = 1}. The cut locus of p € M
(“Schnittort”) is the set Cut(p) := exp,,(U,) = exp,{s(v)vjv € T, M, |jv| € 1}.

<
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Examples
1) For(R? can) or (H?, can), geodesics are always minimizing. Hence Cut(p) = () for all p.

2) For (S™,can) geodesics are great circles and are minimizing as long as dp(e) < 7, in other words for all
peS", U, ={w e T,M||w|| <7}, exp,(Up) = S™ \ {—p}. Hence S™ = exp(U,) & Cut(p).

3) Cylinder:

7 ¥ c R?

AT .
S B A )
7 N
( | ;

Theorem 3

Let M be a complete connected Riemannian manifold. For every point p € M one has a disjoint union
M = exp,(Up) & Cut(p).

Proof

For any g € M there is a minimizing geodesic 7, between ¢ and p such that ¢ = 7, (tg) with ||v]| =1, tg < s(v)
(by Hopf-Rinow). In particular tgv € U, = U, UdU, and hence (as ¢ is arbitrary) M C exp,(U,) = exp,(U,)U
exp,,(0U,) = exp,,(U,)UCut(p). There remains to show Cut(p)Nexp,(Up) = . Assume: ¢ € exp,(U,)NCut(p).
Then we have on the one hand g € exp,,(Up) i.e. there exists a minimal geodesic y(t) with v(0) = p and v(r) = ¢
with d(p, q) = r. As U, is open, ~y is minimizing also on [0, 7 + €] for ¢ sufficiently small. On the other hand,
q € Cut(p) i.e. ¢ is a cut point for some geodesic starting at p. This implies that there is a minimizing geodesic
¢ with ¢(0) = p and ¢(r) = ¢(d(p, q)) = ¢ which is not minimizing after r (in particular ¢ # 7).

Cc

p Y

But L(cljo,r) = L(7[[0,/]) = d(p,q) hence by Lemma 2 (2) applied to v we conclude that + is not minimizing
after r and this is a contradiction. Hence exp,(U,) N Cut(p) = 0. O

7.3.1 Further properties of the cut locus

1) Cut(p) has no inner points. (For a two-dimensional manifold the cut locus is some piece of a graph.)

Proof: Assume that there is ¢ € Cut(p) along 7.

Cut<p>
1)

Then there exists ¢’ € yU Cut(p) “before” g. Then by definition of Cut(p) there is a minimizing geodesic
c between ¢’ and p. There are two possibilities:

p

a) Case 1: ¢ = «. By definition of Cut(p) 7 is not minimizing after ¢’, which is a contradiction.

b) Case 2: ¢ # 7. By lemma 2 (2) v is not minimizing after ¢/, which also is a contradiction.

Hence there are not interior points. (Il
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2) exp, |Up, is injective (i.e. for any ¢ € exp,(U,) there is a unique geodesic from p to q).
Proof: Let exp,v1 = ¢ = exp, v2. If v1 # vy there are two minimizing geodesics 7, # v, between p
and ¢ i.e. (by definition of Cut(p)) ¢ € Cut(p), which is a contradiction. Hence v = vs. O

Remark: One can show that exp, lu, is an embedding U, < M.

7.4 An application of the decomposition theorem: the volume of
Riemannian manifolds

Consider first a domain G C M (G open, connected, relatively compact) which is completely contained in
some chart (U, ¢) with ¢(p) = (z'(p), ..., 2" (p)) as coordinates.

o(U)

We define
vol(G) = / \/det(gij@*l(x)))dml...dx": /dvol7 (7.9)
(@)

where d vol is the volume element and

gij<p>=<£i ° > (7.10)

» oxI
Remarks
1) In linear algebra the volume of a parallel-epiped spanned by a1, .. ., a, € R™ is given by V' = y/det(a;, a;).

AN

as

a

aj

2) Using the substitution rule for integrals (in R™) one shows that vol(G) is independent of the chosen chart
(with G CU C M).

To define the volume of a compact domain G which is not contained in a chart one chooses a covering of G
by finitely many charts (U;, ¢;)i=1,....m Wwith associated partition of unity (f;)i=1,..m and sets

vo(G) := fidvol;. (7.11)
> |

»i(GNU;)
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Then one shows that vol(G) does not depend on the choices of charts and the partition. (For the proof of this
we refer to the books.)

Remark

For (R™, can) one can take ¢ = id and hence d vol = dz?...d2" (Lebesgue measure) which is equal to t" =1 dt de
with respect to polar coordinates (¢,u) with ¢ € Rsy and do being the volume element on the unit sphere
Sn=1 C R" (see analysis).

We know the following:

[ M = epr(Up) H Cut(p)

e Cut(p) has no interior points. Hence, it does not contribute to the volume: vol(M) = vol(exp,(Up)).

Cut(p) has measure zero. One has to use the fact that the map s: {v € T,M||jv|| = 1} ~ S, v — s(v)
is continuous. Hence we have a continuous copy of the sphere S”~! in the tangent space.

s(v)

U,

T,M ~R"

Hence, 0U, is locally a graph of a continuous function and thus by Fubini in polar coordinates

5(v)
volgn (AU,) = / / t"tdt| dv=0. (7.12)
Sn—1 S(’U)

The countable union of zero sets is again a zero set and as a result of that, this also holds globally.
Furthermore, the map exp,: T, M +— M is C* and, in particular, Lipschitz on compact subsets. Hence
volps (Cut(p)) = vol(exp,(9U,)) = 0, since Lipschitz maps f: X + Y have the general property that
voly (f(A)) < (lipy)"volx (A) (with the Lipschitz constant lip).

® exp, lu, is a diffeomorphism onto its image.

Hence we can use exp,': exp,(Up) — R™ (~ T,M) as a chart. We next compute the volume element with
respect to this chart using Jacobi fields: Let c¢(t) = exp,tu be a normal geodesic and {u,ez,...,e,} an
orthonormal basis of T, M. Further let Y;(t), ¢ = 2, ..., n be the unique Jacobi fields along ¢ with Y;(0) =0
and Y;(0) = (DY;)(0) = e;. From section (7.1) we have (d exp,)w(u) = ¢'(t) and d exp,, |t (te;) = Yi(t).
Now compute the corresponding tangent vectors by choosing curves in tangent space that correspond to the
coordinates:

0 0

O = C/(t) ) ;
ot o(t) oxt

c(t)

1
=l expy(tut sei) = d exp, lu(er) = 7il0), (7.13)

s=0
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since the differential of the exponential map is a linear map. Now we want to compute the metric. Since c(t)
is a normal geodesic

onle) = (g gp) =101 =1, (7.14)

From Y;(t) L ¢/(t) we obtain
0 0
gik(c(t)) = < k> =0. (7.15)
ot” ox* [ )
Last, but not least
o 0 1 1
wolc0) = (g i) = (FH0AB0) (7.16)
e(t) c(t)
for 2 < i, j <n. So and therefore
1
\/det(gsi(c(t))) = s det((Y3, Yj)ey) =: J(n, 1), (7.17)
whereas g;;(c(t)) is an (n x n)-matrix and (Y;(t),Y;(t))c) is an (n — 1) x (n — 1)-matrix. Hence we obtain
dvol = y/det(g;;) dz' ...da" = J(n,t)dz’ ... dz" = J(n,t)t" " dtdu, (7.18)

whereas (t,u) are polar coordinates and du is the volume element of S"~! in R™.

[
tu

e
J

This leads us to

s(u)

vol(M) = vol(exp,(Up)) = J(n, t)t" " dtdu. (7.19)
S

In order to really compute this one needs the cut value s(u) and one also needs the Jacobi fields, which is,
in general, difficult. Hence, one often can only obtain estimates for the volume; an exact calculation is only
possible in simple cases, as for example spaces of constant curvature (see section 7.2).

7.4.1 Some simple examples: the volume of spaces of constant curvature

1) (R™,can):

Yi(r) = tEi(1)

0

Here, c(t) = exp,,(tu) = tu. It holds that E;(t) are parallel to e; along c(t). As a result of that J(n,t) = 1.
2) (8™, can):
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E;(t) parallel to e; along c(¢)

We know that Y;(t) = sin(¢) E;(t). With s(u) = 7 we obtain:

Snfl

n . n—1 n
t

vol(S™) = / / (Smt( )) " Ldt| du = vol(S™ ) / (sin(t))" "t dt, (7.20)

0 0

which is a recursive formula for the calculation of S™. Especially

2(2m)™ antl

1(5%") = (52 =2 7.21
S = G T e —g) e T =2 (7:21)

The observation is that vol(S™) + 0 for n — oco: A sphere of very high dimension has an extremely small
volume.

T,M =R

3) (H",can):

Since the geodesics diverge exponentially and never meet again, s(u) = oo (as in (R™, can)). The calcu-
lation can be done analogously to the sphere. We just have to use

J(n,t)z(SiHh(t))n_l vol(H™) = oo. (7.22)

t

Since H™ is not compact, its volume is infinite. However, we can do a restriction to compact sets of H".
For balls of radius R around p, Br(p) := {q € H"|d(p,q) < R}, we obtain

R
vol(Bgr(p / / (sinh(t))"~* dt du = vol(S" 1) / (sinh(t))"~*dt. (7.23)
Sn—1 0 0
For R > 1 one has
1 1
sinh(R) = i(eR —e ) x §eR, (7.24)
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and hence
vol(BE" (p)) ~ Cre™ VI 4 ¢y (7.25)

so the volume of such a ball in the hyperbolic planes grows exponentially with R. This is a phenomenon
that appears in Riemannian manifolds that are noncompact. Compare to the volume of balls in (R™, can),
where the volume just grows polynomially: vol(B%n (p)) = C3R™. It is common to characterize manifolds
just by the volume growth.

For more information one can have a look into the book by M. Berger: “Panorama of Riemannian Geometry”,
in which one can find a lot of history and developments on the field of Riemannian geometry.
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Kapitel 8
Outlook: symmetric spaces

Riemannian manifolds can be classified in a hierarchy. There is the big set of general Riemannian manifolds.
One subclass are the homogeneous Riemannian manifolds, which include the spaces of constant curvature.
From the point of view of Riemannian geometry, these are the simplest ones, if they are additionally simply
connected (this means that every loop is contractible to one point); they are R™, S™, and H". The so-called
symmetric spaces are a generalization of spaces of constant curvature.

Historically, one tried to compute g;; in local coordinates by using a Taylor series, which involves (partial)
derivatives of any order of components of the curvature tensor R;jj;. In the case of constant curvature, these
components vanish, and one obtains simpler formulas. What can be said about metrics with DR = 0?7 This
question was motivated by such local computations. The conjecture was that R has to be constant. However, it
turned out later that there is actually a very big class of such manifolds: the symmetric spaces. The geometric
definition of a symmetric space S is as follows: A connected Riemannian manifold (.5, (e, e)) is called symmetric
“if there are a lot of symmetries”, or more precisely if for all p € S there exists and isometry .S, such that

1) Sp(p) =D
2) dS,l, = —idr, p

From the rigidity of isometries it follows that from (1), (2) S, is uniquely determined, namely geodesic
reflection.

ds ,|,(u) = —u

R™ S™ and H" are symmetric. This is clear in Euclidian space. Rotations in the abient space gives that also
spheres are symmetric spaces.

However, there are a lot more symmetric spaces than just these. One important property of a symmetric space
is that it is complete. Idea of a proof: By flipping it follows that one can define the geodesic everywhere and
hence the manifold is complete.
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flipping
Yo + €)
Y1)
Y(to — €)

¥(0)

S is homogeneous: Given p, ¢ € S there is an isometry ¢ which maps p to ¢: ¢ € Iso(S) with ¢(p) = ¢. Idea of a
proof: Use that S is complete. By Hopf-Rinow there exists a minimizing geodesic v between two points p, ¢ with
~(0) = p and v(r) = p. Set m—~y(r/2). Flip in m by using the reflection in m. As S,,(p) = S (7(0)) = ~v(r) = ¢.

,
r 2

P el
p flipping

There exists a set X that is homogeneous for group action. It holds X ~ G/Gx (bijection), whereas Gx = {g €
G|g -z = x} (with the subgroup Gx which is the stabilizer of this point). As soon as one has a homogeneous
space one has an algebraic description of the space. This allows one to do computations if one understands
the corresponding group. One can describe a symmetric space as a Lie group modulo a compact subgroup:
S = Iso(S)/Sub(p). For instance, in the case of a sphere S™ = SO(n + 1)/SO(n). There are a lot of other
ones, namely H? = SL(2,R)/SO(2), SL(n,R)/SO(n). Hence one will learn more about such Lie groups. The
Lie groups SL(n, e) are important in number theory, whereas SU(n) are important in physics.
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