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In this tirgul we will develop the classical proof of Gauss’s Theorema Egregium,
which states that the curvature of a surface

f:M—R?

is determined by the metric g induced from f. This means that the curvature
can be determined using only measurements inside the surface.

A common poetic description of this idea is to imagine a civilization living
on a two dimensional surface, unable to sense the third dimension. For example,
these people have no concept of the normal vector to the surface, which is the
data we used in order to define the curvature. It is thus surprising that they
can measure the curvature nonetheless.

In contrast, consider the analogous situation for curves in R3. A civilization
living on a 1-dimensional curve and (could only measure distances inside the
curve) would have no way to measure the curvature. The concept becomes
meaningless without the embedding.

If t he curve is a closed curve then the only meaningful number that they
can measure is the total length of their world. This statement can be made
precise further on in the course - two riemannian structures on S' are isometric
if and only if the total length is equal.

Now recall that the curvature can be expressed using the Weingarten map
L :T,M — T, which is defined by

where n(p) is a continuous choice of normal vector and — X (n) means the deriva-
tive of n in the direction given by X € T,M. The curvature K (p) at p can then
be expressed as

K(p) = det(L)

We want to show directly from this expression that K(p) depends only on g.
Choose local coordinates u',u? in some neighborhood of p € U C M and write
g in these coordinates:

g= Zgi,jduldUQ

4,3



Now the vectors

= %(P)»Xz = i(p)

form a basis for T, M and by definition

9(Xi, X;5) = 9i;(p)

2

X1

Let us assume for simplicity that u!,u? are chosen in such a way that X, X
form an orthonormal basis at p (if they are not we can do a linear change of
coordinates to make them so). Note that %, % might not be orthonormal at
other points in U.

Now since X1, X are orthonormal the matrix representing T in the basis

)(17 X2 is
(g(L(Xl),Xl) Q(L(Xz),X1)>
g(L(X1),X2) g(L(X2), X2)

and
K(p) = g(L(X1), X1)9(L(X2), X2) — g(L(X1), X2)g(L(X2), X1)

The form X, Y — ¢(L(X),Y) is known as the second fundamental form.
It is sometimes custom to denote

0 0
l:g<L<au1>’aul>

0 0
mg@(aw)w)

0 0
"—9<L(aw)’au2>

which are called the coefficients of the second fundamental form in the coordi-
nates u®, u2.

Now since g(n, X;) = 0 is constant it follows from Leibnitz formula that
on 0X; \ def
0060, %) = (g %) = (. Gt ) # 0.0

where <, > is the standard scalar product in R?. This is also called the second
fundamental form (evaluated on the vectors X1, X2). Note that X, ; = X;; so
we can write

K(p) =< n,X1,1 > n,ng > — < n,X172 >2
Now since X1, X2, n are an orthonormal basis for R? it follows that
Xi’j =< Xiﬁj,Xi > X+ < Xi’j,Xj > Xj+ < XZ"]‘,TL >n

Let us denote
e =< Xij, Xi >



Note that from Leibnitz formula
Xi(gjx) = Xi(< Xj, Xg >) = 204 .1

so all the terms of the form a; ; are determined by the metric coefficients.

Substituting in the expression above one gets:

K(p)=(X11—a111X1 —a1,12X2, Xoo—a221X1 —a222X0) —

|X1,2 - a1,2,1X1 - G1,2,2X2|2
< Xy11,X22 > — < Xy2,X;2 >+ terms depending on a; ;
Hence it remains to show that < X; 1, X220 > — < Xj9,X;2 > depends
only on the metric coefficients. For that we use the Leibnitz formula one more
time:
Xo(ar1,2) — Xi(ar,2,2) = (X2(X1,1), X2) — (X1,1, X22) —
(X1(X1,2), X2) + (X1,2, X1,2)

and since partial derivatives commute in R3 we see that X1(X1,2) = Xo(X11)

SO
Xo(a1,1,2) — Xi(a1,2,2) =< X11, X090 > — < X129, X12 >

and so K (p) depends only on the coefficients of the metric (and their deriva-
tives). This means that the metric is indeed intrinsic, as god intended.
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1 The Real Projective Space

The real projective space is an n-dimensional manifold which is a good example
because it is constructed without using any concrete embedding in some ambient
RY.

In order to define a smooth manifold (notation: smooth = differentiable in
Do Carmo’s book) we need to specify the set of points and an atlas {Uy, Z4}.
For the real projective space RP™ the set of points is the set of lines in R™+!
which contain the origin, i.e. a point L € RP™ is a subset of R**! of the form

L={\|)AeR)}

for some 0 # v € R"™!. Note that there exists a natural map 7 : R" ™1 \{0} —
RP"™ which sends 0 # v € R"*! to the line {\v|\ € R}. This map is surjective
but not injective: for each 0 # v € R"*! and 0 # X € R we have 7(A\v) = 7(v).

We will now put a smooth structure on RP™ in which the map 7 will be
smooth. Let f; : R® — R"1\ {0} be the map

fi(a:l, ,xn) = (.131, vy Ly 1,3%_;,.1, ,.I‘n)

Then we can compose 7 and get a map ¢; = wo f; : R — RP™. We claim
that the set {(R™, ¢)} is a smooth atlas (but not maximal). First of all we need
to show that the ¢;’s are injective. Suppose that (z1,...,2n), (y1,-.., yn) € R”
satisfy
(bi(xla ceey .fL'n) = ¢i(y17 weey yn)

Then the following lines in R"*! are equal

M@y, 1y oy )X € R = I\ (1, ey 1, ey )| A € RPTLY
This means that there exists a A € R**! such that

(W1, Ly ey ) = M1, oon 1 ooy )

by considering the i’th coordinate we see that A must be 1, which means that

(x:l? "'7xn) = (yl’ ""yn)



Now we want to show that
Ni¢;(R™) = RP"

Let L € RP". Then there exists a 0 # v € R"™! such that w(v) = L. Write
v = (21,...,&,). Since v # 0 there exists an i such that xz; # 0. Then we can
divide v by x; and get a vector

T Tn
u=— ., 1., —
Xg Xg

which means that

SO
Le ﬂi(ﬁi(Rn) =RP"

It is left to show that the transition maps are smooth. Let ¢ > j € {1,...,n+

1} and consider
Wij = ¢:i(R") N ¢;(R")

Note that
QS;l(Wi’j) = {(151, ,ZL’n) S R"|xj 7é 0}

&5 (Wig) = {(y1, -, yn) € R"[gi1 # 0}
are both open. It is left to compute the map
¢ o g 7 (Wiy) — o5 (Wiy)
and show that it is smooth. Let (x1,...,x,) € ¢; *(W; ;). Then

(;Sj_l((bi(xl, vy Tp)) = gbj_l(w(xl, iy T 1, L, Xy e ) =

1 T Ti1 1 Tjq1 i1 1 x; Ty
(bj ™ PR T AN RS AL
Lj Lj Lj Lj  Xjxj Lj

(301 Tj_1 Tjt1 i1 1 x; CCn)

ceey 5 PIEEEY) —, —

) ) ) LA
i Zj Zj Tj Tj Xj Zj

Clearly (;5]71 o ¢; is smooth and its inverse ¢; Lo ¢; is smooth as well. This
means that {(R", ¢;)} is a smooth atlas. Now we can complete it to a maximal
atlas and get a smooth structure on RP™.

Note that for each i, if we restrict 7 to 771(¢;(R™)) then

€ Ti—1 Ti41 Cvn)

O (@1, ooy Tpgn)) = (

) ) PR ]
Ly Li Ty Ly

which is a smooth map. Hence 7 is smooth.



2  Orientability

Definition 2.1. Let M be a smooth manifold with atlas A. An orientable
on M is a sub-atlas {(Us, ¢o)} C S which covers M such that all transition
functions within it have differentials with positive determinant. We say that M
is orientable if is has an orientation.

Two orientations {(Uq, o)}, {(Ug, ¢3)} are called equivalent if their union
is an orientation.

It is not hard to show that if M is orientable and connected then it has
exactly two orientations up to equivalence.
Examples:

1. The sphere S™ C R™*! has an atlas composed of two maps {(R"™, ¢1), (R", ¢2)}
such that the image of ¢; is S™ — {(0,....,0,1)} and the image of ¢o is
s —{(0,...,0,-1)}.

The intersection of these two charts is connected, and so the differential
between them is either always positive or always negative. If it is always
negative reverse the chart by composing a self diffeomorphism R” — R™
of negative differential (like (x1,...,2,) — (—=21,...,2y,)). Then the two
charts will have a positive differential transition function so they will form
an orientation. Hence S™ is orientable.

2. The real projective space RP™ is orientable iff n is odd. The reason for
that is the following. Consider the embedding

f:8" — R

and compose on it the map 7 : R**1 — RP". We obtain a map p =
mo f: 8" — R™"! which is surjective but not injective. In fact every
L € RP™"! has exactly two pre-images, which are the two points of norm
1in L.

Now consider the map o : S — S™ defined by (21, ..., 2pn) = — (21, ..., Ty).
The clearly p o 0 = p. Further more o is a diffeomorphism so it sends an
orientation {(Uy, ¢4)} to an orientation {(Uy,0 o ¢o)}. Since there are
exactly two orientations up two equivalence we see that o either preserves
them both or switches between them. It is an exercise to show that when
n is odd then o preserves each orientation and when n is even it switches
them.

The map p is actually very nice: for each L € RP""! there exists a
neighborhood L € V such that

g (V)=UUa(U)
with U No(U) = 0 and such that p induces diffeomorphisms

U=V,elU) =V



Now if o preserves the orientation (i.e. n is odd) then we can use p to
induce an orientation on RP™ by choosing an orientation {(U,,¢,)} on
S™ which is fine enough so that p induces diffeomorphisms

ba(Us) - P(¢a(Ua))

We claim that in that case {(U,,p o ¢o)} is an orientation of RP™. For
suppose that p(¢a (Ua)) mp(¢ﬁ(Uﬁ)) #0. If Pa(Ua) m(bﬁ(Uﬂ) # () then the
transition function has positive differential. If ¢ (Uy) N ¢p(Ug) = O then
¢a(Uqs) No(édp(Us)) # 0. But o preserves orientation so the transition
function is has again positive differential.

Now suppose that o reverses orientation (i.e. n is even). Then we claim
that RP™ is not orientable. The argument is similar but the other way
around: suppose RP™ was orientable and choose an atlas {(V,,, )} for
it which is fine enough so that

p_l(%(Va)) =W,U U(Wa)

such that W, No(W,) = 0 and such that p induces diffeomorphisms
Wa = ta(Va),0(Wa) = ta(Va)

Then it is a similar check to verify that {(Va,q o ¥q), (Va,0 0 qo1,))}
would constitute an orientation for S™ where ¢ : V,, — W,, is the inverse
diffeomorphism to p. But then ¢ would preserve this orientation and this
is a contradiction.

We finish this tirgul with a theorem which says that this situation is actually
quite general:

Theorem 2.2. Let M be a smooth manifold of dimension n. Then there exists
an orientable smooth manifold M, a map M -2 M and a self diffeomorphism
o: M — M such that cop = p and for each x € M there exists a neighborhood
V' such that

p (V) =UUa(U)

with U No(U) =0 and p induces a diffeomorphism U — V,o(U) — V.

Proof. Let V be an n-dimensional vector space over R. We call two basis By, Bs
equivalent if the basis transition matrix has positive determinant. This is an
equivalence relation on the set of basis of V. The equivalence classes of this
relations are called orientations for V. It is clear that there are exactly two
orientations for every V. If O is an orientation then we denote by O the other
orientation. N

Let us now construct M. The points of M would be pairs (z,0) where
x € M and O is an orientation for T, M. Let {(Ua, ¢o)} be a maximal atlas
for M. Since U, C R" we can identify the tangent space T;,U, with R™ for all



v € Uy. R™ has an orientation given by the standard basis ey, ..., e, so we get
an orientation O, for T,,U,. Now consider the two maps ¢, : U, — M given
by

ba(v) = (¢a(v), $a(Oa))

Then the set {(Ua, o)} is an atlas for M. It is a simple exercise to show that
this atlas is actually an orientation, so M is orientable.

The map p is defined by p(z, O) = z and the map o is defined by o(z,0) =
(x,0). Tt is again a simple exercise to show that they satisfy the conditions in
the theorem. O
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0.1 SL,(R) and O,(R)

Let M, (R) denote the space of n X n matrices. This space can of course be
identified with R"” and we can give it the standard smooth structure using the
atlas {R"" =5 M, (R)}.

In class you've learned that if we have a smooth map f : RV — RF and
if z € R¥ is a regular value then M = f~1(x) C RY admits a natural smooth
structure under which the inclusion M — R¥ is an embedding.

The tangent space T, M then embeds in T,RY = RY and can be identified
with the kernel of the differential df,, : RY — R*. We will now explore the two
examples SL, (R),SO(R) C M, (R).

Let subset SL,(R) C M, (R) is defined by the equation det(A) = 1. Hence
our f = det : M,(R) — R and we are taking the pre-image of 1 € R. Let us
show that 1 is a regular value for f. For that we need to compute the differential.

Let A, B € M,(R) and think of B as a vector in Tq4M,(R) = M, (R). We
will compute df4(B) in the case f(A) = 1 and show that it is surjective. This
would imply that 1 # x € R is a regular value (in fact all non-zero values are
regular).

Consider the linear curve y(t) = A + Bt € M,,(R). The tangent vector to -y

at time 0 is J
W g
dt |,_
Hence the tangent vector to f(y(t)) at ¢ = 0 is by definition df4(B). Let us

compute it:
d [ f((®#) = f(v(0))
R
. [det(A+tB)—1 . [det(I +tA~'B) -1
o [F1] [0
tlg% |:t7LPAlBt<t_ )—1:| :’I‘[‘(A_IB)

Where P4-15 is the characteristic polynomial of A=!'B. This means that

dfa(B) = Tr(A™'B)



This is a linear into a 1-dimensional space so in order to show that it is surjective
we just need to produce one B such that Tr(A~!B) # 0. But this is easy - just
take B = A.

This proves that 1 is a regular value and so SL,, (R) admits a smooth structure
making it into a smooth sub-manifold of M, (R) od dimension n? — 1. If A €
SL,(R) then T4SL,(R) C T4 M,(R) can be identified with the kernel of df4.
In particular

T4SL,(R) = {AC|Tr(C) = 0}

The case of O, (R) is similar. Let Sym, (R) denote the space of symmetric
n x n matrices. This is a vector space of dimension (n—2|— ) so it can be given
a 1-map smooth atlas

(n + 1)
R\ 2 =, Sym,, (R)

Our map now will be g : M,,(R) — Sym,,(R) defined by
9(Q) =QTQ
We want to show that I € Sym,(R) is a regular value so we will take an

Q € M,(R) such that g(Q) = I and compute the differential dgg. As before let
B € ToM,(R) = M,(R) and ~(t) = Q + tB. We want to compute

d o [9(v(®) —g(v(0)]
590(®) T lim { 7 ] =
i [©F tB>T<tQ +1tB) - I} ~tim [I + QB+ BTfﬁ BB 1 ] — Q"B+BQ

Hence our differential is
dgo(B) = Q"B+ BTQ € TpSym,,(R) = Sym,,(R)

This is a map from M, (R) to Sym,,(R) and we need to show that it surjective.
Let C € Sym,,(R) be a matrix. Then

" (QC> _QTQC , C7Q7Q _

2 2 2

and so dgg is surjective.
This proves that [ is a regular value for g and so O, (R) admits a smooth
structure making it into a smooth sub-manifold of M,,(R) of dimension

(1)



If Q € SO, (R) then TS0, (R) C T M, (R) can be identified with the kernel
of dgg. In particular

ToSOn(R) = {QD|D" = —D}
Note that each @ € O, (R) satisfies
det(Q)? = det(QTQ) = det(I) = 1

so det(Q) = +1. It is easy that both signs can be obtained, so O, (R) has
two connected components. It is clear that each connected component inherits
a smooth structure from O, (R). In particular the connected component with
det = 1 is denoted by SO, (R).

Let us note a nice fact which occurs in dimension n = 3. Note that if
Q@ € SO3(R) and if we denote by Z,y, z the columns of @ then Z, 7,z form an
orthogonal basis (this is in all dimensions) and satisfy

ITXYP=2
Yxz=71T
IXT =7

Now it is a direct computation to verify that if

0 —c b
D=1]| c 0 -—a
-b a 0

Is a general anti-symmetric matrix then the columns of QD are v X T, v Xy, v X 2
for

v=aZ +by+cz
This proves question 4 in exercise 1, namely for any smooth path ®(s) € SO3(R)
there exists a function v(s) € R3 such that for every vector ug € R3 the curve
u(s) = ®(s)ug € R? satisfies
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1 The Tangent Bundle

Let M be a smooth manifold of dimension n. In this section we will discuss
how to construct an atlas on the tangent bundle T'M giving it the structure of
a smooth manifold of dimension 2n.

As a set, the tangent bundle is defined to be

TM = {(p,0)lv € T, M)

We now wish to put an (oriented) atlas on TM. Let {(Uy, ¢o)} be an atlas for
M. Since U, C R™ we can identify for all x € U, the tangent space T, U, with
R"™ in a canonical way (the vector in T, U, which corresponds to v € R"™ is the
equivalence class of the path z + tv at ¢ = 0). This means that we can consider
the differential (d¢q ), as map from R" to Ty (,)M. Consider the map

bo : Uy x R" —s TM

defined by

ba(z,v) = (¢(2), (dpa)z(v))

We claim that {(Us xR™, ¢4)} is an oriented atlas for TM (U, x R™ is considered
as an open subset of R” x R® = R2". Hence this will be a 2n-dimensional
structure).

First we need to verify that all the maps are injective. This clear because
0o 1s injective and each (d¢y ), is an isomorphism and so injective. A similar
argument shows that the images of 504 cover M: each p € M is in the image
of some U, and since (ddy ), is an isomorphism it is surjective so all tangent
vectors to x are covered.

We now want to show that the transition functions are smooth and with
positive differential. Define

Wa,ﬁ = ¢;1(¢u(Ua) N ¢5(Uﬁ))

and

Wa,ﬁ = (Ab:l(ga(Ua X Rn) N (Eﬁ(Uﬁ X Rn))



Now suppose that the image of aa intersects the image of 55. Then clearly
from the definition (and the fact that each (d¢, ), is an isomorphism) we get

Sa(Ua x R") N ¢3(Us x R") = Too(Ua) N Thg(Us) =

T(¢a(Ua) N 3(Us))

and so

Wa5 = 0a ' ($a(Ua xR")NGs(UsxR™)) = ¢ (0 (Ua)Nps(Up)) XR™ = Wy g x R"
Further more from the definition of qga we see that
551 o 5(1 : Waﬁ — Wg,a

is just
(05" © Pardds" 0dda) : Wap X R" — W0 x R
The first coordinate is a smooth function because we started with a smooth
atlas for M. The second coordinate depends smoothly ont the first coordinate
(because it is a differential of a smooth function) and is linear in the second
coordinate, i.e. it is smooth. This means that we have a smooth atlas for T'M.
We claim that this atlas is oriented, i.e. that these transition functions have
a positive differential. This is because the differential of a linear map is it self.
Further more, since in the map d)gl 0 ¢, the last n coordinates depend only on
the last n coordinates, its differential at any point takes the form

d¢51 o dodq 0
* d" o dpa

whose determinant is
det(dg;" o dpe)? >0
Hence T'M is an orientable manifold of dimension 2n.
There exists a natural map pys : TM — M which sends (z,v) to z. Note
that for any « if we look at the maps ¢, and ¢, the map pys looks like a simple

projection on the first n coordinates. Hence pps is a smooth function between
these manifolds.

2 The Lie Bracket

Recall that we associate to a tangent vector v € T, M and a smooth function
f € C=(U) (for some neighborhood U of z) a real number v(f) which is the
derivative of f at = in direction v. We have also seen in class that all maps from
dy : C*(U) — R satisfy the local Leibnitz rule at x:

do(fg) = f(x)d2(g) + d(f)g(2)

can be realized as d,(f) = v(f) for some v € T, M.



Having defined the tangent bundle T'M as a smooth manifold we can nat-
urally define now what is a vector field: it is a smooth map X : M — TM
such that pp; o X = Id. Now given a vector field X and a smooth function
f € C™(M) we can create a new function X (f) by setting

X(N)p) = Xp(f)

It is not hard to show that (check it in every map as in the previous section)
that X (f) is also a smooth map. We also get a global Leibnitz rule

X(fg)=X(f)g+ fX(g)

Similarly to the case of a single tangent vector, it is quite straight forward to
show that every map C'°° — (C'°° which satisfies the global Leibnitz rule is of
the form f — X(f) for some smooth vector field X (since clearly it satisfies
the local Leibnitz rule at every point we get a tangent vector X, € T,M at
every p. It is then not hard to check in coordinates that the resulting map
X : M — TM is smooth).
Now suppose we have two vector fields X, Y. Consider the map Z : C>*°(M) —
C*° (M) defined by
Z(f) = X(Y(f)) - Y(X())

We will show that this map satisfies the global Leibnitz rule:
X(Y(f9)) —Y(X(f9)) = X(Y(f)g+ fY(9)) = Y(X(f)g+ fX(9)) =
XY ()g+Y (/)X (9)+X(N)Y (9)+fX(Y(9) =Y (X(f)g=X ()Y (9)-Y(f)X(9)—fY(X(9)) =
(XY () =Y(X()Dg+ fIXT() =YX =2Z(f)g+ [Z(g)
Hence there exist a vector field, which we will denote by [X,Y], such that
[(X,YI(f) = Z(f)

This vector field is called the Lie Bracket of X and Y. Comment: Note that
we can’t take the Lie bracket of two tangent vectors, only of two vector fields.
Let us calculate the Lie bracket in coordinates. For this it is enough to

calculate the Lie bracket of two vector fields on R™ with coordinates u!, ..., u™.
Let
X=X
N - " Out
0
2V

be two vector fields on R"™, where each X;,Y; is a function from R™ to R. Then
if f:R™ — R is a smooth function then

_ of



— " Ou
and
X () =YX = 5 Kigr Vg | - XY [Xi95 | =

4,J

ov, 080X, 01
ZXZ out Oud Yi out Oud

2

which means that

-y

J

Y; 0X; 0
Z (Xzaui L ou? )] Aui

K3
The Lie Bracket satisfies these three basic properties
1. [-, =] is R-bilinear.

2.
(X, Y] = —[Y, X]

3. Jacobi’s identity:

[Xﬂ [szH + [K [ZvX]] + [Z7 [va]] =0

The first two properties are obvious. The third one can be proved by a direct
calculation. Consider 3 vectors fields X7, X2, X3. Denote for shortage

{i,4,k} = Xi(X;(Xe(£)))
Then
(X3, [Xo, Xs]]f = X3 ([Xa, X5]f)—[X2, X3 (X1 (f)) = X1 (Xa2(X5(f)) = X1 (X3(X2(f))) = X2(X5 (X3 (/) + X (A
which means that
(X1, [Xo, Xs]]f = ({1,2,3} = {2,3,1}) + ({3,2,1} — {1,3,2})

[XQv [X37X1]]f = ({2737 1} - {3, 172}) + ({17372} - {27 173})
[X3a [XI,X2]]f = ({37 1’ 2} - {17 273}) + ({Qv 1’ 3} - {35 2’ 1})

and so the sum of these three terms vanishes.
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1 Flows and Local Behavior at Critical Points

Let M be a smooth compact manifold and X a vector field defined on all of M.
We now that in that case the flow ®; : M — M is defined for all ¢ € R with
&y = Id. Now let p € M be a point such that X,, = 0. In that case the constant
curve v(t) = p is an integral curve of X which means that

Pi(p) =p

for all t. We say that p is a fixed point of the flow. We wish to describe the
local behavior of the flow around p. For example, a natural question to ask is
about stability: suppose we pick a point which is very close to p, would is flow
towards p (lim;—c ®+(p’) = p), stay in some neighborhood of p, or maybe flow
away (at least in the nearby time)?

In order to answer this question, let us start by making the following as-
sumption: there exists a chart around p with coordinates z!, ..., 2" such that X
in these coordinates is linear, i.e. there exists constants a; ; € R such that

X(xl, enx) = iz:: aiij]%

In particular

' (t)
Let A = [a; ;]. Now if y(t) = : is in an integral curve of this linear
" (t)
vector field then it satisfies the linear ODE
' (t) ' (t)
— : =A- :
" (t) " (t)

From the classical theory of linear ODE’s we know that in order to analyze
this situation we need first find the eigenvalues and eigenvectors of A. Assume



for simplicity that A is non-singular and diagonalizable over C. Let A1, ..., \x be
the real eigenvalues of A and ay &1, ..., .. = 0,1, the non-real eigenvalues (note
that k + 2r = n). Similarly let vy, ..., v be the corresponding real eigenvectors
and uy &£ twy, ..., u, £ 2w, the corresponding non-real eigenvectors.

From the classical theory we know that if  is an integral curve of X in the
coordinate chart such that

k r
7(0) =" Awi+ Y [Bju; + Cjw;] =
i=1 j=1

k r
1 . . . .
> " Aiv; + 3 > " [(Bj —iCy)(uj + iw;) + (B; +iCy) (u; — iw;)]
i=1 j=1

with Ai,Bj, Cj € R then

k r
1 ) )
SOED 6“141'”#5 ) [e(a”ﬁ”)t(Bj —iCy)(u; + iw;) + el =By +iCy) (u; —iwj)} =
) =1

k r
YoM Ay et [cos(B;t)(Bju; + Cjw;) + sin(B;1) (Ciuj — Bjuw;))

i=1 j=1

This formula allows us to analyze what happens if we move away from p =
(0,...,0) in some direction which is an eigenvector of A. If we move a bit in
the direction of v; (respectively u;), then we would flow back to p if A; < 0
(respectively «; < 0) and away form p if A; > 0 (respectively a; > 0).

If at least one of the \;, a;’s is > 0 then in most directions (all the directions
which have a non-zero coefficient in the corresponding eigenvector) the point
will flow away from p. We then say that the fixed point is unstable. If all the
Ai,;’s are < 0 then in every direction we go we will flow back to p. In that
case we say that the fixed point is stable.

If o; = 0 (this is possible without making A singular, as apposed to A; = 0)
then if we move away from p in a direction spanned by u;, w; then we would
enter a periodic orbit with period of time %—7; If we move away in a direction
which is a span of uq,ws, ..., u,, w, then we would enter a bounded orbit (i.e.
stay in the proximity of p) but without an orbit (unless the (;’s are linearly
dependent over Q).

Now suppose that X wasn’t linear but a general vector field

0

satisfying f;(0,...,0) = 0. Then we could approximate the f;’s (in the standard
Taylor expansion way) by the linear maps
Ofi

— OxJ
j

xJ

fi



and do the same analysis only with the matrix A = {%} This would give

us at least a good approximation of the dynamics in a small neighborhood of
(0, ...,0), and will answer the basic stability questions.

Now return to the case of a general vector field X on a manifold M such that
X, = 0. We can put coordinates near p and analyze the matrix A given above
to understand the local behavior around p in terms of stability, periodic orbits
etc. But what if we now change the coordinate system? we would get a different
matrix, although clearly the dynamical behavior is (at least qualitatively) not
coordinate dependent.

To explain this phenomenon we shall show that the matrix A is coordinate
independent up to conjugation (i.e., if we change to a different coordinate system
A would change by conjugation). This is because A represents a map T,M —
T, M defined internally by X at every point p where X, = 0.

To see this map think of X as a smooth map X : M — TM. Recall
that we have two familiar maps connecting M and T'M. One is the projection
7w : TM — M which takes (p,v) to p and the other is the zero-section z :
M — TM which sends p to (p,0).

Clearly from the definition 7 o z = I'd which means that

dm(p,0) 0 dzp = Id

in particular this implies that dz, is injective, dm(, o is surjective and that we
have a direct sum decomposition

T(p,O)TM = ker(dﬂ'(no)) @ Im (dzp)

This direct sum decomposition induces a projection p from T\, oyT'M to ker(dm o)
which in turn can be naturally identified with the tangent space to the sub-
manifold 771 (p) at (p,0). Since 7~ (p) = T, M is a vector space we can identify
its tangent space at every point with T,,M itself.

Now since X, = 0 we get a differential

dXy, : TyM — T, 00 TM
composing this with the projection p we get a well defined map
podXy,: T,M — T,M

It can be shown that if we work in local coordinates where
0
X = E —
- / ox?

then this linear transformation is represented by the matrix A = [gi : } Hence

this matrix is intrinsic up to conjugation, and in particular all its eigenvalues
(and their dynamical consequences) are well defined invariants of X.



Differential Geometry - Tirgul 6

Yonatan Harpaz

June 6, 2009

1 Some calculations of Geodesics

1.1 The Sphere

Let us solve question 2 from HW 5:

1. Let M be a surface and ¥V C R? an affine plane such that M is locally
(around some intersection point p € M NV) symmetric with respect to
reflection by V. By maybe replacing M by some open subset of it we can
assume WLOG that M it self is symmetric with respect to V.

Note that V' will never be tangent to M (because then since M is sym-
metric to reflection it will not look locally like R? at around that point).
Hence by the implicit function theorem the intersection id a curve v. We
want to show that - is a geodesic.

From the existence and uniqueness theorem for geodesics we know that
there exists a unique geodesic 7, such that

79(0) =~(0)
74(0) =+(0)

Let o : R3 — R3 denote the reflection by V. Then ¢ induces an isometry
form M to itself and so o(y4(t)) is also a geodesic. But

(0(79(1) = do(vg(t)) = do(v'(r)) = +'(t)

because o(y(t)) = v(t). Hence 74(t) and o(7,(t)) are two geodesics which
agree on the initial point and initial velocity. From uniqueness we get that

7 (79(t)) = 79 (t)

which means that ~,(t) is contained in V. Since it is also contained in M
and since the intersection of V' and M is a curve we see that v, (¢) = (¢).
Hence v(t) is a geodesic.



2. The great circles on the sphere are intersections of the sphere with a plane
which contains the center of the sphere. Clearly the sphere is symmetric
to reflection by such a plane which means by section 1 that great circles
are geodesics.

3. Let v(t) be a geodesic on S? with T'(t),n(t) the tangent and normal re-
spectively. Let V' be the plane spanned by T(0),n(0) and consider the
intersection of v(0) + V with S2.

Since v(0) + V would contain the center of the sphere we see that this
intersection is actually a great circle, hence defining a curve v;; which is
a geodesic. We can choose the direction and speed of vys so that v,(0) =
T(0). Then from uniqueness of geodesics we get that v(t) = yar(%).

2  The Poincare Upper Half Plane

Recall the Poincare upper half place R? = {(z,y) € R?|y > 0} with the metric

2 2
= % (i.e. in the z,y coordinates g1,1 = go.2 = % and g12 = g21 = 0). As

in the last tirgul we will use the notation <Z>, where a, b are smooth functions

from Ri to R, to denote the vector field

X:angb2

We saw in the previous tirgul that the Levi-Civita connection on RZ is given by

v (i) = () o )
"(a) =5 (% 5)

We want find all the geodesics on Ri. Let us first find all the geodesics ()
which whose tangent +/(¢) is parallel to the y-axis. The geodesic equation is

VW/ (t) "}// (t) = 0

where

which explicitly gives

V') + T ()Y () =0
Since v/(0) has only a a% component we see that I'(7/(0)) is a multiple of the
identity matrix. Hence 7//(0) is also parallel to the y-axis. This hints to us that
we should look for a solution which is contained in a line parallel to the y-axis.
Let v(0) = (z0,yo) and look for a solution of the form ~(t) = (o, c(t)). Then
the geodesic equation becomes




Note that all the functions of the form c(t) = Ae? solve this equation. From
our initial conditions we get that if 4/(0) = aa% then

v(t) = (w0, yoe™)

How will find all the other geodesics? For this we will use Mobius transfor-
mations. Identify R? with C in the usual way and think of the upper half plane
as complex numbers with positive imaginary part. A Mobius transformation

is a map of the form
az+b

pl2)=
where a,b,c,d € C and ab — c¢d # 0. Note that p (—%) is apparently ill defined

because the denominator vanishes. The standard way to fix this (see any basic
course on complex functions) is to add a point to C, called oo, and put a topology

onC=Cn {oo} which makes it homeomorphic to S2. It is easy to show that
then p becomes a continuous map C — C which is actually homeomorphism.

Its inverse is d b
1 o Z —
)= — a

Now suppose that a,b,c,d € R. Then p(RN {oo}) = RN {oc} and since p is a
homeomorphism it maps X = C \(RN{oo}) to itself (homeomorphically). But
X has two connected components - the upper and lower half planes. It is an
easy exercise to show that the condition ad — be > 0 (this expression is called
the determinant of p) is equivalent to the fact that p maps the upper half
plane to itself.

Now to top all that, we shall now show that p preserves the metric g. Let
us write the differential of p in the z,y coordinates (i.e. we use the vector fields
%, 6% as a basis for each tangent space). Since p is a holomorphic, we know
that if we identify the tangent spaces of each point of the upper half plane with
C in the canonical way, then dp : T.RY — T,(,)R3 would be multiplication by
the complex number p/(z). Such map are always a composite of a rotation by
arg(p’(z)) and expansion by |p'(2)].
dzz-l;dyz

Since the metric is we see that in order to preserve the metric the

expansion part |p’(z)| has to be equal to

— az+b az+b
Im (p(Z)) _ p(Z) — p(Z) — cz+d ~ cz+d _
Im (2) z—Z z—Z

(
(Z+d)(az+b) — (cz+d)(az+ D) ad — bc

lez + d|?2(z — 2) ez +dJ?
and indeed:
10(2)] = ad—bc | ad—bc
pREN= (cz+d)?| ez +d|?




Now this means that real Mobius maps with positive determinant are self
isometries of the upper half plane. Hence they must take geodesics to geodesics.
Now we claim that for each z1, 29 € Ri there exists a mobius map sending z;
to zo. The proof is simple: since z; is not real we get that z; and 1 are linearly
independent over R. Hence there exists a,b € R such that

az1+b= 2z

with @ > 0 (becomes both z1, zo have positive imaginary part). Hence this is a
real Mobius map with positive determinant.

Now we claim that for every v € T;,R%,u € T.,R% such that g(v,v) =
g(u,u) there exists a real positive Mobius map p such that

p(z1) = 22
dp(v) =u

Since we already know that we can move z; to 29, it is enough to show this under
the assumption that z; = 29, and in fact we can even assume that z; = 2o = i.
Now the Mobius maps of the form

cos(a)z + sin(«)

plz) = —sin(a)z + cos(a)
satisfy
p(i) =1
det(p) =1>0
and
1

= cos(2a) + isin(2a)

/
plz) = (—sin(a@)i + cos(a))?
which means that p’(z) rotates T;R2 in an angle of 2c. Since we can do this
for every o we can send every vector in Ti]Rf_ to any other vector of the same
length.

Now from uniqueness of geodesics we know that they are determined by an
initial point and an initial velocity. Hence from the above considerations we get
that every geodesic is an image under some real positive p of the line vertical
line = 0. From complex functions we know that the image of a line is either
a line or a circle, and that a holomorphic map preserves angles (in the usual
sense) on C. Hence we get that the image of the straight line z = 0,y > 0 is
either another straight line of the form x = b,y > 0 or half a circle which is
orthogonal to the line y = 0.
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1 The Curvature Tensor and Parallel transport

In this tirgul we will see how the curvature tensor is connected to parallel trans-
port. Let p,q € M be two points and v a smooth path from p to g. Let
P, : T,M — T,M be the parallel transport map. The curvature tensor mea-
sures in some sense how much P, will change if we change v smoothly to another
curve 7' (without moving the end points).

The prototypical case here is the case ¢ = p. Suppose I have a path which
can be smoothly deformed (without moving the end points) to the constant
path from p to p. How different will P, be from the identity, or in other words,
what will P, be?

In this tirgul we shall prove a theorem for 2 dimensional manifolds (there is
an analogous general statement but it intails some technical difficulties which
we don’t wish to enter).

Theorem 1.1. Let M be a 2-dimensional Riemannian manifold with Levi-
Clivita connection V and

Rx,y(Z) =VyVxZ -VxVyZ+ V[X_’y]Z

the associated curvature tensor.
Consider R? with coordinates u',u? and D C R? the open unit disc. Let v
be a smooth closed curve in M and F : D — M such that

Flap =~

(with respect to the counter clockwise direction).
We will write gfi for dF (%), Let X, Y be some orthonormal frame defined

on an open set containing F(D) such that the determinant

det(dF) = |25 25| >0

= | out

where the determinant is taken with respect to the orthonormal basis given by
X, Y.

Then the parallel transport P, along v is a rotation by angle o (counter
clockwise in the orientation given by X,Y ) where

a= /Dg(Ri ﬂ(X),Y) du* du? :/ k(F(ut,u?)) det(dF)du' du?

dul’ou? D



Before we come to the proof we give a short lemma:

Lemma 1.2. Let Xy, Xs be an orthonormal frame defined on some open set
U C M. Then for every vector field Z on U, then expression g (VzX;, X;) is
anti-symmetric with respect to i,j. In particular

VzX1=9(VzX1,X2) X
VzXs = —g(VzX1,X2) Xy

Proof. Since g (X;, X;) is a constant function (its either constantly 0 or con-
stantly 1) we get that

0=2(9(X, X)) =9(VzXi, Xj) +9(Xs,VzXj)

which means that
9 (VzXi, Xj) = —g(Xi,Vz X))

this means in particular that VzX; is a multiple of X5, and so
VzX1=9(VzX1,X2) X

Similarly
VzXo =g (VzX2, X1) Xo = —g(VzX1,X2) X,

We now come to the proof of theorem 1.1:

Proof. From question 1 in assigned problems 3 we know that parallel transport
preserves the Riemannian inner product and orientation (here we have an ori-
entation defined locally around the image of F' by the basis X,Y’). Hence the
prarallel transport must be a rotation by some angle. Note that this angle is
determined by looking at the image of a single vector.

Let V(t) be the parallel transport of the vector X, along 7. Note that
V(t) is always of norm 1 and so we can write

V(t) = cos(a(t)) X (t) + sin(a(t))Y (¢)

for some function « : [0,1] — R.
Then the parallel transport along v results in a rotation by «(1), so this is
the quantity we wish to compute. From the definition of parallel transport we

get

DV
0 == W - vfy/(t)V(t) -

cos(a(t)) VX +sin(a(t)) VY — o/ (t) sin(a(t)) X + o' (t) cos(a(t))Y

Now using lemma 1 we can write this as

9 (Vi X,Y) (sin(a(t))X — cos(a(t)Y) = o/ (t) (— sin(a(t)) X + cos(a(t))Y)



which means that
O/(t) = —g (le(t)X, Y)

Hence we need to compute the integral

Write

We will do it by using Stocks’s theorem from advanced infi (or from electromag-
netism to the Physicists among you):

dFy  dF;

1
Oé(l) = _A g(v’Y'(t)X7 Y)dt = _/Y [Fldul + FQdUQ] = /D |:dU,2 — d’LL1:| dutdu®

From (%) we know that

g (VLFXNLFY) —g (VLFX,VLFY) -0

dul du? du?2 dul

hence we get

oF OF
because [W? W] =0.

If you are not familiar with the equality

g<RaF 5 (X),Y):H(F(ul,UQ))det(dF)

Recall that in the last tirgul we saw that the Levi-Civita connection on a surface
in M C R3 with the induced Riemannian metric is given by

VzX =VzX —g(L(Z),X)n

where L is the Weingarten map. Hence in particular if Y is any vector field on
M then o o

<R¢ 0 (X),Y>:<Va vaFvaaFvaFX,Y>:<v%vmxfﬁg

du? dul dul ou?




Now since V has no curvature we get that

and so the above term equals

(70132 2) - (1 (25) 2) )
(1(35) ) (1(35) 1) (0 (35) )0 o (35) 9

which is the determinant of the matrix representing L as a map from the basis
oF OF t, the basis X,Y. Hence

oul’ du?

Q

g (3%7%0{), Y) = K(F(u',u?)) det(dF)
since det(dF') can be viewed as the determinant of the base change matrix from
the basis X,Y to the basis function 2&, 2£

oul’ du?-”

Corollary 1.3. In the above situation, if the curvature tensor vanishes then
P, = Id whenever v can be smoothly deformed to a constant curve without
moving the end points. In fact - for those of you who took algebraic topology -
it means that if the curvature tensor vanishes then for any v, P, depends only
on the (end-points preserving) homotopy type of .

Examples:

1. Consider the unit sphere S? C R3. We know that its curvature s is
constantly 1. Further more every path in S? can be smoothly deformed to
the constant path, and so we see that the parallel transport along a curve
simply equals the spherical area bounded by the curve. In particular
parallel transport along a geodesic should give the identity, because the
area of a hemisphere is 27.

Now consider a latitude of hight zy. Then it is an easy (and some what
surprising) geometric exercise to see that the area in the cape above the
latitude is exactly 27(1 — zp). Hence the total angle we get by doing
parallel transport is 27(1 — z9) = —2m29( mod 2w). This is consistent
with an exercise in assigned problems 3.

2. Consider a curve which is the boundary of the domain
D = {(z,y)la* +y* <7,y > yo}
this is a piece-wise smooth curve composed of the circular piece

{(z,y)|2* +y* =1,y > yo}



and the linear piece
{(xay)h/ = yOaxz +y2 < T}

Let X = y%, Y = ya% be a global orthonormal frame.

The circular piece is a geodesic, so we know that the parallel transport
along it (measured in the orthonormal frame X,Y") will be a rotation by
the angle between +/(¢) at its beginning and +/(t) at its end (measured in
the same orthonormal basis). In particular here this angle is 26y where
0 <8y < 7/2 is the angle satisfying cos(6y) = yo.

Also from question 8 in assigned problems 3 we know that the parallel
transport along the curve y(t) = (¢,y0) from t = —\/r2 —y2 to t =

[n2 02
\/r? — y3 results in a rotation by an angle of 72270‘% = —2tan(fp).
Hence the total angle obtained by doing parallel transport along ~ is

290 — 2tan 00

Let us see that this agrees with our theorem. Now in the next tirgul we
will show that the curvature of the Poincare upper half plane is constantly
—1. Hence the integral in the theorem becomes

"o /2 _ 2
—Area(D) = —/ #dy
Yo

Substituting variables by
y = rcos(f)

dy = —rsin(0)de

we get
% 95in% ¢ o
- ———df =-2 ——— 4209 = 26y — 2tané
/0 cos2 6 /0 cos? 6 + 2% 0 anvo
Applications

. Geodesic Triangles:

A geodesic triangle on Riemannian manifold is a triangle all of whose ver-
tices are geodesics. Now it is simple to see that if we do parallel transport
along a geodesic triangle with angles a1, as, ag we get total rotation

o= Z(ai —7) = Zai — m(mod 27)

Hence we get from the theorem as a corollary a famous theorem of Gauss:



Corollary 2.1. Let T be a geodesic triangle on a surface M C R3 with
angles a1, as, 3. Then

a1 + ag + as :7T+/ kdet(g)
T

In particular the usual triangles we know from Euclidean geometry whose
angles sum up to w are explained by the fact that the curvature is 0. On a
sphere, for example, the curvature is always 1 which means that the sum
of degrees is always greater than w. In the upper half plane the curvature
s always —1 which means that the sum of degrees is always smaller then
.
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1 Completions from the last tirgul

1.1 The Curvature of the Poincare Upper Half plane
Recall the Poincare upper half plane R? = {(z,y)|ly > 0} with the metric

M. We claim that it has constant curvature —1. To see this recall that

the Levi-Civita connection is given by
VxZ=VxZ+T(X)Z

where V is the standard connection on R? (i.e. just derivation of the coefficients)

and 1/b a
rz)=-, (% })

0 0 a

Now in order to compute the curvature let us pick an orthonormal basis

where

Now we calculate

and

1 0
sasix-vi () (0)-

Combined together we get a

1
9(VaVaeX-VyVoX,y)=-—
9y oz dx dy y



Since
1
y Y Y2

we get that the curvature is constantly —1.

1.2 Hyperbolic structures on compact surfaces

Consider the surface ¥ with ”two handles” (draw on board). We would like to
put a Riemannian structure on ¥ which has constant curvature —1. In order to
do this we will cut ¥ along 4 circles which meet at a unique point in the way
showed on the board. We will obtain an open polygon P with 8 edges.

In order to put a riemannian metric on ¥ we will put a Riemannian metric
on this open polygon. We will then need to show that this metric extends to
a metric o ¥. The Riemannian metric we will put P will be induced by an
embedding P — Ri in the Poincare upper half plane as a regular geodesic
8-gon (i.e. a polygon with 8 edges which are geodesics of equal length and equal
angles between them).

Note that in Euclidean space, the some of angles in an 8-gon is 67. From a
similar argument to what we did for geodesic triangles, the sum of angles in a
geodesic 8-gon P in a general Riemannian surface is

(%) 67T+/P/<;det(g)

Now in order for P to glue back on ¥ (see drawing on board) we need the some
of angles to be 2m. Hence we need the integral of the curvature to be —4n.
This is why, for example, we can’t put a metric on ¥ with constant positive
curvature.

We shall now want to convince the reader of the existence of regular polygons
in Ri whose some of angles is 2r. We will do this heuristically as follows: since
regular polygons posses a rotational symmetry we will wish to work with a
model for Ri which has a more obvious rotational symmetry. Recall from the
course complex functions that the mobius map

zZ—1
zZ41

p(z) =

maps the upper half plane diffeomorphically to the unit disc D. Hence we can
use it to induce a Riemannian structure on D making p into an isometry (clearly
there is a unique such Riemannian metric. In fact, one can think of (Ri, @) as a
chart on D, making z, y coordinates on D with the Poincare metric coefficients).

Now recall that the Mobius maps with real coefficients were isometries of
R? and we saw that for each p,q € RZ and v € T,R?2 ,u € T,R% of the same
norm there exists a Mobius mao p such that p(p) = ¢ and dp(v) = u. From
uniqueness geodesics we get that we can map any geodesic to any other geodesic
using a mobius map, and similarly any geodesic segment to any other geodesic
segment of the same length.



Note also that for any geodesic we have an orientation reversing isometry
preserving that geodesic but switching both its sides (for the vertical geodesic
x = 0 it is the map o(z,y) = (—x,y) and for any geodesic we can conjugate o
with a real Mobius map sending that geodesic to x = 0). Hence we can send
any geodesic segment to any other geodesic segment of the same length such
that a certain ”side” of our geodesic segment is mapped to any of the two sides
of the other segment. Since D is isometric to Ri it also posses these properties.

Now recall that every Mobius map preserves generalized circles and angles
(in the usual sense on C). Hence every circular arc in D that meets 9D in right
angles is mapped by p~! to either a vertical line or a half circle that meet the
real line in right angles. This means that every such an arc in D is a geodesic.

From all this we obtain that for each 0 < r < 1 the sequence of points

o
pn:rcis( 7;271) eD

form (in that order) the vertices of a unique regular geodesic 8-gon. It is clear
that the sum of angles of this 8-gon tends to 0 when » — 1, and tends to 67 as
r approaches 0 (this can be seen from formula (x) as the area clearly approaches
0). Hence there exists an r such that this regular 8-gon has a sum of angles of
exactly 27. This is the polygon we will use.

In order to show that we can extend the metric to ¥ let p be a point on one
of circles we have removed (but not the point that is common to all the circles).
There are exactly two points g1, g2 on the boundary of P mapping to p and they
sit on different edges E1, Fs. Let U C X be a small neighborhood of p. Then
U is partitioned by the removed circles into two halves. The closure of the first
half forms a neighborhood U; of ¢; in P and the second a neighborhood Us of
g2 (see drawing).

Since all the edges are of the same length there exists an isometry 7 of D
(with respect to the poincare metric) which maps E; to Es such that the P-
inward direction is mapped to the P-outward direction. Hence in particular
Us U 7(Uy) forms an open neighborhood in D (!) of ¢o. Hence we can use this
to extend our Rimannian metric consistently to all of U. A similar argument
(only a bit more involved) can be made for the point common to all the circles.
We will of course have to use the fact that the sum of angles is exactly 2.

1.3 Convex Neighborhoods and Applications

Let M be a riemannian manifold. We recall the definition of a strongly convex
neighborhood:

Definition 1.1. A subset U C M is called a strongly convex neighborhood
if it is open and

1. For every p,q € U there exists a unique minimizing geodesic v connecting
D q.

2. The interior of this minimizing geodesic is contained in U.



Definition 1.2. A set U C M is called totally normal if there exists a § > 0
such that for every p € U, the exponential map exp restricted to the ball
Bs C T,M is a diffeomorphism on its image exp(Bs) and exp(Bs) contains
U.

We shall now show some applications of the following theorem:

Theorem 1.3. FEvery point p € M has a neighborhood which is a strongly
convex and totally normal.

Applications

Definition 1.4. A topological space X is called contractible if there exists a
continuous map f : I x X — X such that f(1,2) = z and f(0,z) = z¢ does
not depend on .

As a first application we shall prove question 4 in assigned problems 4 - we
shall show that every Riemannian manifold has a cover M = |JU; such that
any finite intersection of the U;’s is contractible.

By theorem 1.2 we can cover M by strongly convex totally normal open sets.
We shall show that this covering satisfies the required property. This will follow
from the following two lemmas:

Lemma 1.5. A finite intersection of strongly convex totally normal neighbor-
hoods is strongly convex and totally normal.

Proof. The property of being totally normal is inherited by open subsets so its
no problem. As for strongly convex, we shall prove it for the intersection of two
strongly convex neighborhoods and the rest will follow by induction. Let Uy, Uy
be two strongly convex sets. Let

p,q € U1NU; CU; NU,

then since U is strongly convex there exists a unique minimizing geodesic from
p to q. Since both Uy, Us are strongly convex the interior of this geodesic must
lie in both U;, Us. Hence it lies in their intersection and we are done. O

Lemma 1.6. Any non-empty strongly convex totally normal neighborhood is
contractible.

Proof. Let U be a non-empty strongly convex totally normal neighborhood and
take a p € U. Let § > 0 be such that the exponential map exp is a diffeo-
morphism when restricted to Bs C T,M and such that U C exp(Bs). Then
V = exp 1(U) is open in Bs and exp induces by restriction a diffeomorphism
from V to U.

Now let ¢ € U be any point. Since U C exp(Bs) there exists a unique
minimizing geodesic from p to ¢, and it is given by the image under exp of
the linear segment in Bs from 0 to exp~!(q). Since U is strongly convex and
p,q € U we get that this geodesic must lie inside U. Hence the linear segment
from 0 to exp~!(gq) lies in V.



This means that for every ¢ € [0, 1], the set
tV ={tvlv e V}

is contained in V. Hence V is contractible by the function H : I x V — V
given by (¢,v) + tv. Since U is diffeomorphic to V' it is contractible as well. O
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1 The Energy Functional and Curvature

Let M be a Riemannian manifold with Riemannian metric g. For p,q € M let
C(p, q) be the space of smooth maps 7 : [0,1] — M such that v(0) = p,y(1) =
gq. Define the energy functional to be the map E : C(p,q) — R given by

B(y) = / o' (£).+/ (£))dt

This notation comes of course from physics (where this expression will actually
be called the action of the curve, and not the energy). A word of mathematical
caution is in order here: the energy functional does depend on the specific
parametrization of . Hence we will always work with parameterized curves.

We first wish to explain the connection between the energy functional and
geodesics. The idea is that geodesics from p to ¢ are precisely the critical points
of E in C(p,q).

A critical point of a function into R is a point where the differential vanishes.
The space C(p, q) is not a manifold, so apriori we don’t know how to define this
differential.

What we will do is we will consider small ”smooth” paths F : (—¢,¢) —
C(p,q) such that F(0) = v is a fixed path. Then E o F will be a function
from R to R and we can ask if its derivative vanishes. If C(p,q) was a regular
manifold then this vanishing (for all small paths) would have been equivalent
to the vanishing of the differential.

How will we define what it means for a function F' : (—¢,e) — C(p, ¢) to be
smooth? Note that any such function defines a function F: (—g,e) x [0,1] —
M. We say that F' is smooth if the corresponding F is smooth. Such an F
satisfying F'(0) = + is called a variation of v. Note that since F is a map into
C(p,q) then F(s,0) =p and F(s,1) = ¢ for all s € (—¢,¢).

Let us assume for simplicity that F is an embedding when restricted to

(—¢g,¢) x (0,1) and consider
~ (0
rear(2)



~ (0

as vector fields on the image U = F ((—&,¢) x (0,1)), on which we use t, s as
coordinates (this assumption is not necessary but it will simplify the analysis
for us). Note that in this formalism T is not well defined at the limit points p
and ¢ (but is bounded there), and S converges to 0 there (because F(s,0) and

F(s,1) are constant). This means in particular that for every bounded vector
field V on U we have

Lo
/0 at? (S(s,t),V(s,t))dt =0

which implies that (here and below we drop the explicit depends on s,t for
convenience of writing):

1 1
(%) /Og(VTS,V)dt:—/O g (S, VrV)dt

Now to the calculation. We want to differentiate the function

1
B(F(s) = [ 9(T(s0). (s, 0)de
0
with respect to s. This gives:

o 1 1
Wt = [ @ ryie=2 [ g(vsr.m)dn =

1 1
2/ g (V7S T)dt = —2/ g (S, V7T) dt
0 0

where we have use the symmetry of V and the () principle. Setting s = 0 and
denoting V' (t) = S(0,t) we get

O(EoF)

1
Os - _2/0 g (V(t), V() dt

s=0

Then vector field V (¢) is called the variational field of F. It is reasonable to
consider the vector field V' (¢) as the tangent vector to F' in C(p, ¢) and to think
of the space of vector fields along « vanishing at the end points as the tangent
space to C(p, q). This perception is strengthened by the fact that for every such
vector field V'(t) there exists a smooth variation F': (—¢,¢) x [0,1] — M such
that

dF (i) (0,1) = V(¢)

The reason is quite simple: since the image of 7y is a compact set there exists an
€ > 0 such that exp.,, is well defined on a ball of radius e[V(¢)| for all ¢ € [0, 1].
We can then define

F(s,1) = exp, ) (sV (1))



and we get

#(2)-vo

d(EoF)

We then conclude that = 0 for all variations F' if and only if

| 8 (@ Ve 0) e =o

for all vector fields V' (¢) along « vanishing at the end points. This is easily seen
to be equivalent to the fact that V.. y7'(t) = 0 which is just the condition for
7 to be a geodesic.

So now we know that the critical points of E are the geodesics. What about
geodesic which are length minimizing?

Recall the Swartz inequality

INZE ¢ [ fw [ o
(t)

Substituting in f(¢) = |7/(¢)| and g(¢

= 1 one gets

[ < | [ wopa=vER)

which means that the length of a curve is bounded from above by the square
root of the energy (note that this is true even though the energy depends on
the parametrization and the length doesn’t, as long as we parameterizing our
curve along a unit time interval).

Now if |7/(t)] is constant, for example if v is a geodesic, then clearly the
length equals \/E(7y). Now suppose that v is a length minimizing geodesic.
Then any other curve from p to ¢ has a longer length and so a bigger energy.
Hence in that case 7 is also a minima of F.

If 7y is a critical point of E, them the property of being a local minima of £
can be determined from the second derivative of E in various deformations, in
particular, all deformations must have positive second derivative.

Let us now calculate the second derivative of E along a deformation of a
geodesic 7.

2 EoF 1 1 1
FEoF) _ 72/ 9 (8, VT dt = 72/ 9(VsS, VrT) dH/ 9 (S, VsVrT)dt
882 0 88 0 0

Since v is a geodesic the first term vanishes at s = 0. Let us then calculate only

the second term. Note that 7" and S are coordinate vector field and so don’t
have Lie brackets. Hence

1 1 1
—2/ g(S,VsVrT)dt = —2/ 9 (S, Ry.sT) dt—2/ g(S,VpVsT)dt =
0 0 0



1 1
72/ g(S,RTvsT)dt+2/ g(VpS,VeT)dt =
0 0
1 1
() <2 [ g(S.ResT)dt+2 [ g(VrS.VrS)dt =
0 0

1 1
—2/ g (S, Rp sT)dt — 2/ g (S, VrVpS)dt
0 0
Hence we get

0*(EoF)

1
57 = —2/0 g(S,Rp sT +VrVrS)dt

Note that this expression at s = 0 depends only on V(t) = S(0,¢) and can be
written as

2(EoF 1
% — 9 /0 9 (V) Ry (6) + Vo Vo V(8)) dt

Tt is also referred to as second order variation of the energy along V().
Now from line (*x) see that if the sectional curvature is always negative then
the second variation is always positive, resulting in the fact that every geodesic
is a local minima of the energy. In fact, it can be show that in negatively curved
manifold every geodesic is length minimizing.
When V(t) satisfies

Ry vy? (8) + V) Var V() = 0

we call it a Jacobi field. Jacobi fields correspond to deformations which (up to
second order approximation) don’t change the length of the curve. In particular
it can be shown that every Jacobi field is a variational field of a variation F' for
which F(s) is a geodesic for every s € (—¢,¢).

Let us now use this formula in order to prove a very nice theorem relating
the curvature of a Riemannian manifold to its ”size”:

Theorem 1.1. Let M be a complete Riemannian manifold for which the sec-
tional curvature is bounded below by some constant k > 0. Then M is compact
and its diameter (mazimal distance between points) is bounded by ﬁ

Proof. Since M is complete every two points p,q € M can be joined by a length

minimizing geodesic . Let [ be the length of + and assume that [ > %
Suppose that v is parameterized on [0, 1] and so |y/(¢)| = for all ¢.
Let E(t) be a parallel field of unit length along v which is orthogonal to ~/(t)

(this is possible since v is a geodesic and so 7/(t) is parallel). Define

V(t) = sin(nt) E(t)



Put T(t) = I’Z{ /((f))‘. We then calculate the second order variation of the energy
along V(t):

1
—2/ g(V(t), Rty viyY ) + Vo iy V)V (1)) dt =
0

1 1
-2 / 1 sin®(mt)g(E(t), Ry, pyT(t))dt + 2 / w2 sin’(nt)g(B(t), E(t))dt
0 0
Since |T'(t)| = |E(t)| = 1 and E(¢) is orthogonal to T'(t) we see that

g(E), Rre),ewT(t))

is the sectional curvature of the hyperplane spanned by T'(¢), E(¢), and so is
bounded below by k. Further more g(E(t), E(t)) = 1 and so the above term is
bounded from above by

1 1
—2/ I?rsin® (it )dt + 2/ m?sin®(nt)dt = PPk + 712 < -2 + 712 =0
0 0

Hence v cannot be a local minima for the energy, in contrast to the fact that it
is a length minimizing geodesic. Hence the distance between every two points
is at most ﬁ Now since M is complete the exponential maps are defined on
all tangent vectors, and so we see that M is the image of exp, when restricted

to a ball of radius % Hence M is compact and we are done. O
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