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Abriss

In dieser Arbeit werden semi-Riemannsche und Lorentzsche Mannigfaltigkeiten
versehen mit Metriken niedriger Regularitidt betrachtet und es wird gezeigt,
dass Standard Resultate aus der Differentialgeometrie weiterhin ihre Giiltigkeit
behalten, wenn die Regularitéit der Metrik auf C*! reduziert wird.

Das Streben nach geringer Regularitit von Seiten der Physik und Analysis,
andererseits die Notwendigkeit von héherer Regularitdt, um die Giiltigkeit von
Standard Resultaten aufrecht zu erhalten, ist weit verbreitet. C1'! Regularitit
kann als die optimale Regularitdt angesehen werden, um das gewiinschte Ziel zu
erreichen.

Unter anderem wird auch gezeigt, dass die lokale Maximierung der Linge von
kausalen Geodéten schon fiir C*! Metriken giiltig ist.

Mithilfe der Picard Lindelof Approximation wird die starke Differenzierbarkeit der
Exponential Abbildung gezeigt. AuBlerdem wird bewiesen, dass auf einer glatten
Mannigfaltigkeit die Exponential Abbildung eines Lipschitz Zusammenhanges
einen lokalen bi-Lipschitz Homeomorphismus ist. Der Beweis beruht auf einer
Version des Satzes iiber inverse Funktionen. Anschlieflend wird die Existenz von
konvexen normalen Umgebungen bewiesen.

Schlussendlich wird eine Version des Gauss-Lemmas prasentiert, in welcher die
Differenzierbarkeit der Exponential Abbildung nicht benotigt wird.

Abstract

In this thesis we consider semi-Riemannian and Lorentzian manifolds with
metrics in low regularity and prove that many standard results of differential
geometry remain valid if the regularity of the metric is reduced to C''!. This
search for low regularity from physics and analysis versus the need for higher
regularity in order for the standard results from geometry to hold is widely noted.
Ch1 differentiability conditions are the best choice to preserve most results in
geometry.

In particular, we show that the local Lorentzian length maximization property
of causal geodesics in the class of absolutely continuous causal curves already
holds for C!'! spacetime metrics.

Using a Picard-Lindeldf analysis, we can prove the strong differentiability of
the exponential map at the origin. Furthermore, we establish that over a C*°-
manifold the exponential map of any Lipschitz connection constitutes a local bi-
Lipschitz homeomorphism. The proof rests on a version of the inverse function
theorem. We refine the pointed version of the theorem by establishing and
proving the existence of convex normal neighborhoods.

Finally, we also state a formulation of Gauss’ Lemma, which does not require
the differentiability of the exponential map.
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Notation

The following notations are the most frequently used throughout this thesis:

M C°°— manifold
D, q points
Tt local chart

(z#,v*)  chart on tangent bundle 7 induced by the chart z*

m tangent bundle

TU,TM tangent fields

@ @

H# connection

Yo (t) geodesic, starting from 7(v) with velocity v

Q set of those v for which geodesics exists at least for t € [0, 1],

star—shaped
Q, QU (p), star—shaped
Il 1 Euclidean norm on R™
B(p,r) open ball of radius r centred at p

B(p,r) closed ball with radius r centred at p

crk n-times continuously differentiable and Hoélder with o = k
\Y% Levi-Civita connection

V.W vector spaces

XY vector fields

VxY covariant derivative of Y in direction X

I interval

UU neighborhoods

v tangent vector

P(r,q) position vector of g with respect to r



Preface

In this thesis we focus on both semi-Riemannian and Lorentzian manifolds
endowed with a metric of low regularity. The goal is to show that many standard
results of geometry remain valid if the regularity of the metric is reduced to C':!.
General relativity is governed by field equations and the regularity is essential
in the context of solving the initial value problem. From the physical point
of view non-smooth solutions are of interest, because one would like to study
systems where different regions of space-time have different matter contents for
example. On matching these regions the matter variables become discontinuous.
This forces the differentiability of the metric to be lower than C2. For example
choosing a metric of regularity C'' would correspond to finite jumps of the
matter variables. In most of the literature in general relativity [3], [5], [7], [8],
[10], [11], [19], [20], [21], [22] it is assumed that the differentiability of the metric
is at least C2, because a C? metric allows one to retain many of the standard
properties of smooth metrics. The search for low regularity from physics and
analysis versus the need for higher regularity in order for the standard results
from geometry to hold is widely noted [16].

Ch! regularity of the metric turned out to be the threshold of classical theory.
For instance, an example of Hartman and Wintner shows that for connections
of regularity C**~! with 1 < A < 2 the relation between minimizing curves
and geodesics turns out to differ from the smooth situation if the regularity of
the metric drops below C1!. Tt is possible to develop some of the elements of
geometry in low regularity.

With this background we start this thesis with an introduction to semi-Riemannian
geometry. We then state some standard results that use a smooth metric, which
we will generalize to results using a C'! metric. In preparation to proving
that the exponential map of any Lipschitz connection is a local bi-Lipschitz
homeomorphism, we first show that exp : TM — M x M is a diffeomorphism
from a neighborhood of the zero section T My of T'M to a neighborhood of the
diagonal in M x M. We prove the Gauss Lemma considering a smooth metric.
Later on we generalize this statement for Lipschitz connections and C*! metrics.
We continue with an introduction to Lorentzian Geometry. In particular, we
prove that the local Lorentzian length maximization property of causal geodesics
in the class of absolutely continuous causal curves holds already for C*! space-
time metrics. Indeed, we consider a future directed causal AC-curve o and
show that exp~!(o(s)) is future directed causal for every s > 0 and that in
case that exp,!(o(3)) is lightlike, o restricted to the interval [0, 3] is a future
directed lightlike geodesic segment up to parametrizations. We also prove that

the Lorentz length of o is smaller than that of the unique future directed causal



geodesic connecting its endpoints, unless its image is the same as that of that
geodesic.

The fourth chapter is an introduction to the topic, where we go through some
necessary computations and definitions, which will be needed later on. For
example we carry out a Picard-Lindel6f analysis in order to prove the strong
differentiability of the exponential map at the origin. Moreover, we prove the
existence and uniqueness of geodesics.

We finish this thesis with the three main theorems, which are a generalization of
the standard results, mentioned in the beginning, for C"' metric. The first one
we already mentioned. We establish that the exponential map of any Lipschitz
connection is a local bi-Lipschitz homeomorphism. The proof rests on a version
of the inverse function theorem, namely Leach’s theorem. Then we refine the
pointed case by proving the existence of convex normal neighborhoods, indeed
the second main theorem states that the exponential map provides a bi-Lipschitz
homeomorphism between an open star-shaped subset of the tangent bundle T'C'
and C' x C, where C' is a strictly convex normal neighborhood of p.

This thesis includes also a short subsection about position vectors on convex
neighborhoods in preparation to the Gauss Lemma, the third main theorem.
Under this differentiability condition the exponential map is just Lipschitz. Thus,
the Gauss Lemma is not expected to hold and we show that it still holds true
in a formulation which does not require the differentiability of the exponential
map.

We assume all manifolds to be of class C* and just lower the regularity of the

metric in the chapters 3-5.



1 Introduction to semi-Riemannian Geometry

In this chapter we want to transfer the setting of elementary differential geometry
to abstract manifolds.

In the differential geometry of hypersurfaces in R™ all properties of the surface
depend on the scalar product. It is induced on the tangent spaces by the standard
scalar product of the Euclidean space. The scalar product is usually chosen to
be positive definite.

The semi-Riemannian Geometry uses a more general concept of nondegenerate
bilinear forms, which are not necessarily positive definite.

A bilinear form b : V x V — R on a finite dimensional vector space V is called
nondegenerate if b(v, w) = 0 for all w € V implies v = 0.

The index 7 of a symmetric bilinear form on a finite dimensional vector space is

given by
r:=max{dim W : W C V with b|y negative definite}.

Clearly, 0 < r < dim V holds. If r = O then all g, are inner products on the
tangent space at p, meaning that g is a Riemannian metric.

For further informations, we refer to [15].

1.1 Semi-Riemannian metrics

In order to reach our goal of this chapter we have to endow every tangent space
with a scalar product, which varies smoothly on the manifold.

Let M be a C*°—manifold. A semi-Riemannian metric g on M smoothly assigns
a bilinear form g¢(p) = g, : T,M x T,M — R to each point p in M, which is
symmetric nondegenerate and such that the index r, of g, is the same for all p.
The pair (M, g) is called a semi-Riemannian manifold, where g is the metric on
M.

For further informations, we refer to [15].

1.2 Levi-Civita connection

In order to construct a directional derivative of a vector field on semi-Riemannian
manifolds we will use as a model the covariant derivative of hypersufaces of R™.
Note that this construction is using the structure of the ambient Euclidean space,
which is not available anymore on general semi-Riemannian manifolds. Thus we
have to generalise the covariant derivative and define it as an operation mapping

a pair of vector fields to another vector field with the following properties.



Let us consider a smooth manifold M. Then a connection is a map

V:X(M)xX(M) — X(M)
(X,Y) — Vx

such that the following hold:
(V1) VxY is C°(M)— linear in X
(V2) VxY is R—linear in Y

(V3) for all smooth functions f on M the Leibniz rule holds:
Vx Y =X(f)Y + fVxY,

where VxY is called the covariant derivative of Y in direction X with respect
to the connection V.

Let us take a closer look at the maps

X — VxY and (1.1)
Y — VxY. (1.2)

Note that tensor fields are C*°(M)—multilinear maps taking one forms and vector
fields to smooth functions, indeed A : Q' (M) x X(M) — C°°(M). This map is
C*°(M)—multilinear.

Taking Y fixed, the map (1.1) can be identified with the one above and hence is
a tensor field. Because of the R—linearity in Y of VxY, this cannot be said for
the map (1.2) for fixed X.

Now it remains to show that on any semi-Riemannian manifold there exists a

unique connection which is compatible with the metric [15]. To this end, consider

Theorem 1.1. [15, Theorem 1.3.4]
Consider a semi-Riemannian manifold (M, g). Then there is a unique connection
V on M such that for all X,Y,Z € X(M) the properties (V1),(V2),(V3), as

well as
(V4) the torsion free condition: [X,Y] =VxY — Vy X and
(V5) the metric property: Z(X,Y) =(VzX,Y)+ (X,VzY)

hold.
The Levi-Civita connection ¥V of (M, g) is uniquely determined by the Koszul-

formula
2VxY, Z) = X(Y, 2)+Y (2, X) - Z(X,Y)—(X, [V, Z])+(Y, [Z, X])+(Z, [ X, Y]).



Proof. Let F(X,Y, Z) be the right-hand side of the Koszul-formula and let V
be a connection with additional properties (V4), (V5). Then applying (V5) to
the first three terms and (V4) to the last three gives

F(X,KZ) = <VXK Z> + <K VXZ) + <VYZ,X> +(Z, VYX> — <VZX7Y>
—(X,VzY) — (X, VyZ)+ (X, VzY)+ (Y, VX)) — (Y, VxZ)
+(Z,VxY)—({Z,VyX) =2(VxY, Z).

Recall that the theorem about musical isomorphisms states that on a semi-
Riemannian manifold M, any X € X(M) defines a one form X’ € Q'(M)
by X*(Y) := (X,Y) for all Y € X(M) and that the mapping X + X’ is a
C>°(M)—linear isomorphism from X(M) to Q'(M). So we conclude that by the
injectivity of the map

X(M) — QY(M),

VxY is uniquely determined.

In order to prove existence we consider for fixed X,Y € X(M) the mapping
Z — F(X,Y,Z). This mapping is C°°(M)—linear, because of the following
property of the Lie bracket

[fX,9Y] = (fX)(9Y) — (¢Y)(fX)
X(9)Y + fgXY — fgY X —gY ()X
X(9)Y + f9[X,Y] - gY (f)X,

where f,g € C*°(M). Indeed,

F(X,Y, f2) = X(F{Y, 2)) + Y (f(Z, X)) = fZ((X,Y)) = (X, [V, fZ])

+ (Y [f2, X)) + [(Z,[X,Y]) = X(/)Y, 2) + XY, 2) + Y (f)(Z, X)

+ Y2, X)) - fZ2(X,Y)) = (X, Y (/)2 + [IV, Z]) + (Y, f2, X] = X (/) Z)
+ 12, [X,Y]) = fF(X,Y, Z) + X(/)Y, Z) + Y (F){Z, X) =Y (F)(X, Z)

- X(NY, 2) = FF(X,Y, Z)

Hence the mapping is a one-form on M and again by the theorem about musical
isomorphism for all Z € X(M) there is a uniquely defined vector field VxY such
that 2(VxY,Z) = F(X,Y,Z) . By definition VxY fulfils the Koszul-formula
and thus it remains to show that the properties (V1) — (V5) hold.

Let us start with the first property:



We have that F(X, + X»,Y, Z) = F(X1,Y, Z) + F(X,Y, Z), indeed

FX14+X2,Y,2)= (X1 + X2)((Y,Z2)) +Y({Z, X1 + X2)) — Z({X1 + X2,Y))
— (X1 4+ Xo, [V, Z]) + (Y, [Z, X1 + Xo]) +(Z, [ X1 + X2, Y]) = Xa((Y, Z))

+ Xo((Y, 2)) + Y ((Z, X1)) + Y ((Z, X3)) — Z((X1,Y)) = Z((X3,Y))

— (X1, [Y, Z]) = (Xo, [V, Z)) + (Y, [Z, Xa]) + (V. [Z, X]) + (Z, [ X1, Y])
+(Z,[Xo,Y)) = F(X1,Y,Z) + F(X,,Y, 2)

Thus we can conclude that Vx, +x,Y = Vx, Y + Vx,Y. For f € C>*(M) given,
we get using a similar computation for F(fX,Y, Z) as for F(X,Y, fZ)

2VyxY — [VxY,Z) = F(fX,Y,Z) — fF(X,Y,Z)
= [E(X,Y,Z) + Y (J)Z,X) = Z(I)X.Y) + (Y. Z()X) — (Z,Y ())X) = 0.

Since Y — F(X,Y, Z) is R—linear the property (V2) follows. In order to prove

(V3) we proceed as follows:

AV IY.Z) = F(X. fY.Z) = X(F)(Y.Z) - Z([)(X,Y) + Z(f)(X.Y)
+ X(PZ.Y) + JF(X,Y.Z) = 2(X(f)Y + [VxY, Z).

Apply again the theorem of musical isomorphisms and the claim follows. The

next property is again a straightforward computation, indeed

2AVxY —VyX,Z) = F(X,Y,Z) - F(Y, X, Z)
= (VxY, Z)+ (Y, VxZ) + (Vy Z,X) + (Z,Vy X) — (V2X,Y) — (X, VY)

(X, Vv Z) + (X, Vz2Y) + (Y, VzX) = (Y,VxZ) +(Z,VxY) - (Z,Vy X)
— (WX, 2) + (X, VyZ) + (VxZ,Y) +(Z,VxY) = (V2Y, X) — (Y, VzX)
(Y, VxZ) + (Y, VzX) +(X,VzY) = (X,Vy Z) + (Z,Vy X) = (Z,VxY)

= 2AVxY, Z) +2(Vy X, Z) = 2VxY + Vy X, Z) = 2([X, Y], 2).

Apply the theorem about musical isomorphisms and the claim follows. In order

to prove the last property we proceed similarly as above:

2((VzX,Y) + (X,V,Y)) = F(Z,X,Y)+ F(Z,Y,X)
=2AVZX,Y) +2(V2Y, X) = 2Z(X,Y) + 2Z(Y, X) = 2Z ((X,Y)) .

For further information, we refer to [12] and [15].



2 Preliminary statements for C*-metrics

Before we turn to the next chapter, where we concentrate on low regularity of
the metric and prove that some standard results of geometry remain valid under
C1 differentiability conditions, we present some preliminary statements, where
we consider metrics of class C*°.

Let M be a C°°-manifold and g a C* semi-Riemannian metric. Consider
v € T,M C TM. There exists a neighborhood A of v in TM and an interval
I containing 0 such that (w, s) — 7, (s) is well-defined and smooth map from
N x I to M, where v,(s) is a geodesic. We know that ~,, is a solution of a
second order ordinary differential equation, namely the geodesic equation. The
solution depends smoothly on ¢,+,,(0) = p and 7,,(0) = w. Rewriting this in
a first order ordinary differential equation, one can prove that there exists a
unique solution to our problem and thus prove that the map from N x I to M

is smooth [13], [15]. Hence, geodesics are flow lines of a vector field, indeed:

Theorem 2.1. [13, Theorem 2.3.11], [15, Theorem 2.1.12]

Consider a C*-manifold M and a C*° semi-Riemannian metric g. There exists
a uniquely defined vector field X € X(TM) with the following properties: The
projection w : TM — M establishes a one-to-one correspondence between maxi-
mal integral curves of X and maximal geodesics of M. This vector field is called
the geodesic field.

Proof. Consider v € TM. Then s — ~,(s) is a smooth curve in TM. Denote by
X, = X (v) the initial velocity of this curve, that is
d

o= s s:o(%(s)) € Ty (0)=o(TM).

So X € X(TM), because (v, s) — 7,(s) is well-defined and smooth.

We want to prove that if v is a geodesic in M, then 4’ is an integral curve
of X. Let a(s) = +/(s). Define w := +/(t) and B(s) := ~,,(s) for arbitrarily
chosen s,t. We have that v,,(0) = v(t) and ~,,(0) = w = +/(t), meaning that
two geodesics and their derivatives coincide at one point and thus they coincide
everywhere. In other words (s 4+ t) = 7,(s). Then differentiating by s gives
a(t +s) = ~.,(s) = B(s). Hence, in T(TM) we have o/(t + s) = §'(s). In
particular,

o/ (t) = B'(0) = Xo = Xa(r)s

meaning that « is an integral curve of X.
Now it remains to show that if « is an integral curve of X, then mo« is a geodesic
in M. Indeed, consider a: I — TM and t € I. We have that a(t) € TM and

thus, as already shown in the first part of this proof, s — ~/

w(t)(8) is an integral



curve of X. At s =0, 7, and s — a(t + s) both have the same value af(t).
Thus, they coincide on the whole domain where they are defined. For all s we

have

a(t +8) = Vo (s) = Tt + 5)) = Yaq)(s)-

Setting ¢t = 0 we obtain that w o« is a geodesic in M. Altogether, from woy' =
and

(o) = (moa)'(t) = dis S:Oﬂ'(oz(tJrs)) = dis S:O’ya(t)(s) = ’y;(t) (0)=at) =«

we conclude that o — 7 o « is inverse to v — ~/. Therefore, X is uniquely
defined [13], [15]. O

For any p € M we define
D, :={v € T,M : ~, is defined at least on [0, 1]}.

The exponential map exp : D, — M of M at p is given by exp,(v) := 7,(1). D,
is the maximal domain of the pointed exponential map. The geodesic s — v, (ts)
has initial velocity vy, (0) = tv and thus we get v,:(s) = 7, (ts) for all s,t for
which at least one side of the equation is defined. Hence, for the exponential

map we conclude exp,,(tv) = v, (1) = 7, (t) [13].

Theorem 2.2. [18, Theorem 2.8.14], [15, Theorem 2.1.14]

Consider a C°-manifold M, p € M and a C>* semi-Riemannian metric g. For
every p there exists a neighborhood U of 0 in ToM and U of p in M such that
exp,, : U — U is a diffeomorphism.

Proof. By ODE theory [1], we have that (w,s) — 7,(s) is smooth in N x I,
where A is an open neighborhood of TM and I is an interval around 0. Without

loss of generality, we choose I = (—a, a). Define
N, = N OT,M

open in T, M and
v
N, = {E PV EJ\/IZ},

where o’ > % When two geodesics and their derivatives coincide at one point,
they coincide everywhere. So we can conclude that (w, s) — 7, (s) is defined on
N, x J, where [0,1] C J. Indeed, for w € N}, set w = % with v € NJ. Then



meaning that 2 € I = (—a, a) and this holds whenever s € ' - I D [0,1]. Thus,
exp,, : Np = M, w +— 7,,(1) is smooth.

Let us now show that
To(exp,,) : To(TyM) — T,M

is a linear isomorphism. In order to prove this let v € Ty(T,M). T, M is a vector
space and so we can identify To(T, M) with T, M. Setting p(t) := tv, then

-)

d
v = p(0) = Top (dt

and we have exp,,(tv) = 7, (t). Thus,

To(exp,)(v) = To(exp, ) (¢ (0)) = To(exp,, op) (ci L-o) =Tolw) (ccilt ’t—0>
=7,(0) =v.

The inverse function theorem states that there exist neighborhoods of p and
exp,(p) such that exp, : U — U is a diffeomorphism and the claim follows
[13]. O

Consider now again U and U as in the previous theorem. If U is star-shaped,
then U is called a normal neighborhood of p [13]. Then U is also star-shaped in

the following sense:

Proposition 2.3. [13, Proposition 2.3.15]

Consider a C*°-manifold M and let g be a C*° semi-Riemannian metric. Let U
be a normal neighborhood of p € M. Then there exists for every g € U a unique
geodesic o : [0,1] = U from p to q in U. We have o’/ (0) = exp;l(q) eU and o

is called a radial geodesic.

Proof. We proved that exp,, : U — U is a diffeomorphism. Let ¢ € U and
v 1= exp, 1(q) € U. By assumption, U is star-shaped at 0 and so we have that
p(t) :=tv € U for 0 <t < 1. So the geodesic exp, op joining p and ¢ lies
completely in U. We have

o'(0) = Ty exp,(p'(0)) = Ty exp,(v) = v = exp, ' (q).

Let 7 : [0,1] — U be an arbitrary geodesic in U from p to ¢ and w := 7/(0). Then
the geodesics t +— exp,,(tw) and 7 passing through p have the same initial velocity

and thus they are equal. We want to prove that w € U. By contradiction, we

10



assume that w is not in U. Define
t:=sup{t €[0,1]: tw € U}.

Clearly, then fw € AU. Furthermore, 7([0,1]) is compact in U and so also
(exp, |) 1 (7([0,1])) is compact in U. Thus it has a positive distance to U
and hence also to fw. By definition of the supremum there exists ty < t close
enough to # such that tow € U but tgw ¢ (exp,, [7) ' (7([0,1])). But then we get
exp,,(tow) ¢ 7([0, 1]) and this is a contraction to 7 coinciding with ¢ — exp,,(tw).
Hence w € U.

If we replace w by @ = sw for s € [0, 1] one can show that not only w € U, but
the whole segment {tw : t € [0,1]} € U.

Moreover, from

exp,(w) = 7(1) = ¢ = exp,(v)

and the fact that exp, |7 is injective, we conclude that w = v and thus 7 = ¢
[13]. O

For further informations, we refer to [13] and [15].

2.1 Gauss Lemma for a metric of class C*®

In the last chapter we will prove the Gauss Lemma. There we will consider a
C! metric giving rise to a Lipschitz connection and a normal neighborhood of
p. The exponential map will be just Lipschitz. In preparation to this we will

first prove this statement for a smooth metric.

Theorem 2.4. [18, Theorem 2.8.25], [15, Theorem 2.1.21]

Let M be a C*°-manifold, p € M and g a C* semi-Riemannian metric. Consider
x € TyM with x # 0 such that x € Qy,, the domain of the pointed exponential
map. Let vy, wy € Typ(TpM) and v, be radial. Then

(T epr)(vz)7 (T epr)(ww)> = (Vg, Wg)-

Proof. We have that v, is radial, meaning that it is a scalar multiple of z and

hence we can suppose v, = x. Define

f(t,s) = exp,(t(vy + swy)).

This map is continuous and maps [0, 1] x {0} into the domain of exp,, in T, M.

We proved that the domain of exp,, is open, hence there exists €, > 0 such that
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f is defined on
D:={(t,s): =0 <t<1l+0d—-€e<s<e}
and so f is a smooth map from D to M. Now we have

ft(170) = Tuz epr(Ux) and
£.(1,0) = 7o, exp, (w2)

and it suffices to show that (f:(1,0), fs(1,0)) = (vy, w,). The curves ¢t — f(t,s)
are geodesics and have initial speed v,, + sw,. Clearly, f;» = 0 and hence (ft, f;)

is constant and equal to (v, + sw,, v, + sw,), since
f:(0,8) =Tp expp(vx + SWy) = Vg + SWy.

By smoothness, we have that f;; = f;s and so we conclude

O o ) = Aot )4 Ao ) = (o £ = 3 oo £

10
= 5%@@ + SWy, Vg + SWe) = (Vg Wy) + ${Wy, Wy ),

and this implies
8 p—
<8t<f57 ft)) (t, 0) - <Uw7ww>

for all . So f(0,s) = exp,(0) = p for all s and fs(0,0) = 0 which gives
(fs, f+)(0,0) = 0. Integrating the last equation gives (fs, f:)(¢,0) = ¢(v, w) and
setting t = 1 we get

(f(1,0), fs(1,0)) = (v2, wa).

[13], [15] O

For further information, we refer to [13] and [15].

2.2 Main theorem 1 for a metric of class C*®

Let m: TM — M be the base point map and
E:TM —-MxM
given by E(v) = (m(v),expy(,) v). The maximal domain of E is given by

D:={veTM :~, exists at least on [0, 1]}.

12



Moreover, D, = DNT,M and exp = mp 0o F.

In the last chapter we will also prove that the exponential map is strongly
differentiable over the zero section and provides a bi-Lipschitz homeomorphism
between an open star-shaped neighborhood of the zero section and an open

neighborhood of the diagonal [13]. In preparation to this we first prove

Theorem 2.5. [13, Theorem 2.4.6]

Let M be a C*°-manifold M and let g be a C*° semi-Riemannian metric. The
map E is a diffeomorphism from a meighborhood of the zero section T My of T M
to a meighborhood of the diagonal Apy in M x M.

Before we start with the proof of this theorem, let us prove the following

proposition.

Proposition 2.6. [13, Proposition 2.4.3]
Let M be a C*®-manifold and let g be a C*° semi-Riemannian metric. The
domain D of E is open in TM and the domain D, of the pointed exponential
map is open and star-shaped at 0 in T, M.

Proof. Consider the geodesic field X € X(T'M). We proved that the integral
curves of X are the derivatives of the geodesics. The flow ¢ of X is then given
by

Pr(v) = 7, (t).
The maximal domain D of 1) is open by ODE theory [1] in R x TM. We have

that D is also the maximal domain of the map

mo: (t,v) — Y (t).
Consider

&:TM —TM xR,

v (v,1).

This map is smooth and

D={veTM:3y1)}={veTM: (v1) €D} =d1D)

is open. So D, = DNT,M is open in T, M. Finally, for v € D, we have that ,
is defined on [0, 1]. We know that if two geodesics and their derivatives coincide
in one point a € I, I some interval, then they coincide everywhere. Thus, we
have that 7;,(1) = 7,(t) and so tv € D, for t € [0,1]. Therefore we conclude
that D, is star-shaped at 0 in T,M [13]. O
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Proof. First we are going to prove that every z € T'My has a neighborhood
where E is a diffeomorphism. We have E(x) = (m(z),exp,(0)) = (p,p). By the
inverse function theorem and the fact that dim7TM = dim(M x M), it only

remains to show that
T.E:T,(TM) — TE(I)(M x M)

is injective and therefore bijective for all x € T'My. So let z = 0, € T My, v €
T.(TM) and T, E(v) = 0. The goal is to prove that v = 0. By the base point

map

m:TM — M and
m M xM— M,

we have 7 o E = 7 and thus T,7(v) = Tgym(T:E£(v)) = 0, meaning that
v € ker(T,m). Because T,(T,M) = ker(T,m) we conclude that v € T,(T,M).
Notice that by the inverse function theorem, 71 |¢pyx s is a diffeomorphism and

thus we can identify {p} x M with M and we get E|r,n = exp,,. Hence
0=T,E(v) =T.(E|r,m)(v) = To, (expp)(v) =,

by theorem 2.2.
Let us now cover T'Mj by neighborhoods as above, which additionally have the

form
Wi = (Tp:) (1 (Us) x Ba,(0)),

where U; is compact, a; > 0 for charts (¢;,U;) and {U; : i € N} is locally finite.
Using Partition of unity, we choose a smooth function f : M — R* such that

{1, max Ty o (Tyy) I} f(g) < min aj,
{i:qeU;}

max ,
{(4,7):q€U;NU; } p'eU;NU;

i

for all ¢ € M and where || - || is the operator norm. Let

Wi := T, (¥(Us) X Buing, £(0)) € Wi and

€N

Then W is a neighborhood of TMy in TM. It remains only to show that E|w
is injective and our claim follows.

For this, let wy,ws € W and E(wy) = E(ws). Then 7(wy) = w(wg) = p. Let i,
be such that wy € Wi,wg S Wj. Then p € U; N U;.

14



Because of wy € W; we have that
[Tt (w1)| < ai.

Furthermore, using ||T,v;(w2)| < f(p)

1 Tyhi(w2) |l < Tyt o (Tyoy) ~HNTptos (wo)l| < ai,

by construction. So we conclude that w; and ws are in W; and because of the

injectivity of E|w, we have w; = wsy [13]. O

Now let us turn to convex sets. Convex sets are sets that are normal neigh-
borhoods of each of its points.
Every point p in a semi-Riemannian manifold M possesses a basis of neighbor-
hoods, which consists of convex sets. For § small enough, we know that E is a
diffeomorphism of an open neighborhood W of 0, € TM to V(8) x V(4), where
V is an normal neighborhood and V(¢) := {¢ € V : N(q) < 6} diffeomorphic
via normal coordinates to open balls in R™. V(9) is a normal neighborhood of
each of its points, indeed consider ¢ € V(d) and set W, = W NT,M. Then
E(W,) = {q} x V(9). So

Elw, : Wy = {q} x V(9)

is a diffeomorphism and thus exp, |w, onto V(). Let us now show that W, is
star-shaped.
For q # G € V(9), set v := E~'(q,q) = exp, ' (§) € W,. Then

c:[0,1] - M

given by o(t) = 7,(t) is a geodesic from ¢ to §. If we prove that o lies in V(q),
then we get from the proof of proposition 2.3 that tv € W, for all ¢ € [0, 1]. Since
any v € W, is of the form F~'(g,q), we are done.

By contradiction, we assume that o leaves V(0). Clearly, then there is a ¢ € (0,1)
with N(o(t)) > 6. But N(q), N(§) < 6 and thus there is ¢ty € (0,1) such that
t — N o o takes the maximum in ty. By the geodesic equation, we then find for

c'=x'oo

d%(N o o) doi\?  d*(o?) .2\ dod dot
e :2Z<<dt) M D LT S g b

%
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So

d*(N o o)

dt2 (to) = 2B(O’l(t0),dl(t0)) > 0,

since ¢’ # 0. This is a contraction to N o o(tg) maximal [13], [15].

For further information, we refer to [13] and [15].

Now we are ready to deal with the problems encountered when attempting to
lower the regularity of the metric. We will see that some elements of geometry
can be developed in low regularity.

Let us start with an introduction to Lorentzian geometry. Then we are going to
state an important theorem, where we prove that the local Lorentzian length
maximization property of causal geodesics in the class of absolutely continuous

causal curves holds already for C1'! spacetime metrics.
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3 Lorentzian Geometry

A symmetric non-degenerate (0,2) tensor field, meaning a covariant tensor field
of rank 2, of constant index on a smooth manifold M is a metric tensor g. It
smoothly assigns a non-degenerate symmetric bilinear form g, on the tangent
space T, M to each point p € M. The index of g, is constant for all p.

A smooth manifold M endowed with such a metric tensor g such that the index
of M is 1 is called a Lorentzian manifold. The tangent space to such a manifold
is linearly isometric to Minkowski space R}'. A Lorentzian vector space is defined
as a scalar product space with index 1 and dimension bigger or equal 2.

In the Relativity theory three space dimensions and one time dimension are
merged into a four-dimensional Lorentzian manifold. We will take time to be the
zero-th dimension. For instance, an orthonormal basis for a Lorentzian vector
space will be denoted by eg,eq,...,e,_1, where eg is the timelike vector [20],
[24].

3.1 The causal character

Lorentzian geometry starts with the study of the causal character of vectors. We

will call a tangent vector v to M

spacelike if (v,v) > 0 or v =0,
lightlike or null if (v,v) =0 and v # 0 and

timelike if (v, v) < 0.

The null cone at p is the set of all null vectors in 7}, M. For example, the lightlike
vectors in a Minkowski space are null vectors. The subspace R, that is generated
by v has the same causal character as v itself. For instance, the zero subspace is

spacelike, like the zero vector.

timelike

spagelike

lightcone/nullcone
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We have that if v is a timelike vector in a Lorentzian vector space, then the

1

subspace v is spacelike. More generally, something similar holds also for a

subspace W. We call W

(1) spacelike, if g|w is positive definite, that is W is an inner product space.
(2) timelike, if g|w is nondegenerate of index 1.

(3) lightlike, if g|wis degenerate.

This will be called the causal character of W. Since (W)~ = W, timelike and
spacelike can be reversed, indeed if W is timelike then W= is spacelike and W is
lightlike if and only if W is. The easiest case is if W is spacelike. For instance,
then all of its subspaces are also spacelike and the Cauchy-Schwarz inequality
holds. Another property of the causal character of tangent vectors is that it is
preserved by local isometries [20], [24].

Let us now consider some criteria for a subspace to be timelike.

Lemma 3.1. [20, Lemma 27, Chapter 5]

Consider a subspace W of dimension > 2 in a Lorentzian vector space. Then

(1) W is timelike, thus it is itself a Lorentzian vector space.
—

(2) There are two linearly independent null vectors contained in W.
—

(3) There is a timelike vector contained in W.

Proof. In order to show (1) = (2), consider a orthonormal basis ey, ..., e, for
W and let e; be the timelike vector. Then e; + es are two linearly independent

null vectors, indeed
<61 + €9, €1 + €2> = <€1,€1> + <:|:62,:|:€2> =0.

If w and v are independent null vectors, then g(u, v) # 0, meaning that g(u,v) <0
respectively g(u,v) > 0 and thus one of the vectors u 4 v has to be timelike. This
proves the implication (2) = (3). So for the last implication let v be timelike in
W. Then W is a subset of v, which is spacelike. So W is also spacelike as a
subset. Obviously, W = (W=)1 is then timelike [20]. O
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Lemma 3.2. [20, Lemma 28, Chapter 5]

Again consider a subspace W of a Lorentzian vector space. Then

(1) W is lightlike, so degenerate.
—

(2) There is a null vector, but not a timelike vector contained in W.
<~

(3) For a one-dimensional subspace L and the null cone A of V we have

WNA=L-0.

Proof. Let us start with the implication (1) = (2). W contains a null vector,
since it is lightlike and above we proved that there cannot be a timelike vector
contained in W.

Assume now that W contains a null vector. Then the intersection W N A is
clearly non-empty. If there were two independent null vectors, again by the
previous lemma, then a timelike vector must be contained in W. Obviously, for
the last implication we have that W cannot be spacelike and also not timelike,

by the previous lemma and so W must be lightlike [20]. O

Let us now consider a submanifold P of a Lorentzian manifold M. Assume
that for every p € P the subspace 1), P has the same causal character in 7, M.
Then this causal character is ascribed to P. Hence semi-Riemannian submanifolds
are not lightlike. An example for a lightlike submanifold is the nullcone in RY.
The causal character of submanifolds is preserved by local isometries [20].

For further information, we refer to [20] and [24].

3.2 Timecones
Denote the set of all timelike vectors in a Lorentzian vector space V by 7. Let
u € T, then the timecone of V' containing w is the set

Clu)={veT: (uv) <0}
T is the disjoint union of C'(u) and the opposite timecone C(—u) = —C(u), since
ut is spacelike [20].

Lemma 3.3. [20, Lemma 29, Chapter 5]
Two timelike vectors v, w in a Lorentzian vector space are in the same timecone
if and only if {(v,w) < 0.

Proof. Assume v € C(u) and w is timelike. We want to show that w € C(u) if

and only if (v, w) < 0. We have C(ﬁ) = C(u), thus we can assume that v is a
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timelike unit vector. We can write v as au + v and w as bu 4+ w with ©,w € ut.
These are timelike vectors, so we have |a| > |7] and |b| > |w|. We have that
(u,u) = —1 and (w,u) = (T,u) = 0, thus

(v, wy = {au + T, bu + W) = (au, bu) + {au, W) + (U, bu) + (v, W) = —ab+ (V,W).

Furthermore, |(v,w)| < [v||w| < |ab| holds, by the Cauchy-Schwarz inequality.
So sgn(v, w) = sgn(—ab). Since v is contained in C'(u), we have that a is positive

and thus (v, w) is equal to —sgn(b). Thus,
(v,w)y <0<=b>0< (u,w) <0< we Clu).

20] O

Many properties of inner product spaces have analogues in the Lorentzian

case. For instance, by the Schwarz inequality, that the definition of the angle

between v and w is the unique number 0 < # < 7 such that cosf = |<5|7lifv>l' Also
the triangle inequality runs backwards, that is |v| + |w| < |v + w|.

There exist two timecones in each Lorentzian tangent space T, M and we cannot
distinguish one from the other in an intrinsic way. Choosing one of them means to
time-orient 7}, M. But can every tangent space be time-oriented in a continuous
way? Consider a function 7 on M assigning to each point p a timecone 7, in the
tangent space of M at p. If for each p there exists a smooth vector field V' on
some neighborhood U of p such that V, € 7, for each g € U, then 7 is smooth
and called a time-orientation of M. A manifold, that admits a time-orientation is
called time-orientable. Choosing a specific time-orientation on a manifold means
to time-orient it. An example is the Minkowski space R}'. Also all Lorentzian
spheres ST are time-orientable. A Lorentzian manifold is time-orientable if and
only if there is a timelike vector field. A vector in a Lorentzian vector space that
is either null or timelike is called causal. So for a timelike vector v the set C(v)
is the causal cone that contains v. The velocity vectors of a causal curve in a
Lorentzian manifold are all nonspacelike [20)].

For further information, we refer to [20].

3.3 Local Lorentzian Geometry

Let us now compare two results, one from Riemannian geometry and the other
from Lorentzian geometry. The local geometry of Riemannian geodesics is
dominated by the fact that if we consider a normal neighborhood of a point ¢ in
a Riemannian manifold containing p then the radial geodesic segment mapping

from [0, 1] to the normal neighborhood is the unique shortest curve from ¢ to p in
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this neighborhood. We have an analogue in a Lorentzian manifold. Considering
a timelike curve in a normal neighborhood from ¢ to p, then the radial geodesic
segment from ¢ to p is the unique longest timelike curve from ¢ to p in this
neighborhood. We can refine the result by omitting the normal neighborhood
and comparing the geodesic segment with timelike curves. This result implies
that any timelike geodesic segment in the Minkowski space is the unique longest
timelike curve that joins its endpoints. Observe here that in Minkowski space
the entire manifold is a normal neighborhood of each point.

We want to point out one more analogue. For this, consider the Riemannian
product manifold S! x R. It can be viewed as the cylinder 2% + y? = 1 in R.
The map ¢ given by (u,v) — (cosu,sinu,v), that wraps the plane around the
cylinder, is locally an isometry. Hence all the geodesics of the cylinder have the
form

~(t) = (cos(at + b),sin(at + b), ct + d).

In analogue to this, consider the Lorentzian surface S; x R. It can also be viewed
as a cylinder in R, that has the same connection, hence the same geodesics.
Null cones on this cylinder are intersections of null geodesics in the Riemannian
case, for instance (£ coss,sin s, s + ¢) [20].

For further information, we refer to [20].

3.4 Causality relations

Which points in a Lorentzian manifold can be joined by causal curves, in other
words which events can influence or can be influenced by a given event? In the
study of causality a useful aid is a Lorentzian analogue of Riemannian distance.
Thus, let us turn to causality relations. On a Lorentzian manifold M they are
defined as follows. Let p,q € M, then

(1) The existence of a future-pointing timelike curve in M from p to ¢
is denoted by p < q.
(2) The existence of a future-pointing causal curve in M from p to ¢

is denoted by p < q.

Obviously, (1) implies (2). These relations are transitive and for p < ¢ there
exist infinitely many r such that p < r < ¢. This holds also for the second
property.

Furthermore, let us define the chronological respectively causal future. For this,
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consider a subset A of M. Then
IT(A)={q€ M : there exists p € A with p < ¢}

is the chronological future of A. The causal future of A is given by
JT(A) = {q € M : there exists p € A with p < ¢}.

We have AU I (A) € JT(A). For a single point the chronological future is
given by I'™(p) = {¢ : p < q} and analogously for the causal future. The past
definitions follow from the future ones by reversing time-orientation. Observe

that the chronological past of A is given by
I=(A) ={q € M : there exists p € A with ¢ < p}.

Let us give an example. In the Minkowski space R} the chronological future of a
point p is the future timecone of p, indeed {q : pg is timelike future-pointing}.
The causal future here is p together with {q : pg is causal future-pointing}. We
can conclude that I (p) is open and its closure is J T (p) and J*(p) is the union
of the future nullcone I*(p) at p and p itself.
Another example is the Lorentzian cylinder S} x R. It has trivial causality. For
a single point we have I (p) = J*(p), thus it is the entire manifold.
A subset A C M is called causally convex in B C M with A C B if every
C! causal curve, that is contained in B and joining two points of A, must be
contained in A. An open subset B is called strongly causal if every point p in
B admits arbitrarily small open neighborhoods that are causally convex in B.
Furthermore, an open subset S of M is causally simple if it is strongly causal
and

J&csSxS

is closed in the product topology. A causally simple subset S is called globally
hyperbolic if

J&(p) N Jg (p)

is compact for every p,q € S.

Two points x,y € M are called chronologically related

y € I;(a:), (z,y) € I;r or

r<Ls Yy
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in a set S C M, if there exists a future directed C' timelike curve from z to y

contained in S. Two points are causally related

y € J& (), (z,y) € JS or

xSSya

if there exists a future directed C! causal curve from z to y contained in S or
r=yelS Ifx<gyforz#y we write z <g y and if S = M then we write
simply <, < and <.

3.5 Lorentzian length of a causal AC-curve

A curve o : [a,b] — M is absolutely continuous if its components in one and
hence every local chart are locally absolutely continuous. Such a curve is called
an AC-curve. Let us introduce a complete Riemannian metric on M and denote
by p the corresponding distance. Then, equivalently, o is absolutely continuous if
it satisfies locally the usual definition of absolute continuity between (topological)
metric spaces. This definition does not depend on the metric chosen, since every
pair of Riemannian metrics over a compact set are Lipschitz equivalent and M
is locally compact. We can define analogously the concept of Lipschitz curve.
An AC-curve

o:la,b] = M,
t— o(t)

is future directed causal if ¢ is future directed causal almost everywhere. We
do not need to define a notion of absolutely continuous timelike curve, because
they are assumed to be piecewise C?.

The Lorentzian length of a causal AC-curve is given by

b
zwpi/\ﬁﬂ4¢¢mt

The integrand belongs to L!([a,b]) and thus the Lorentzian length of a causal

AC-curve is finite. In coordinates we have

ot € L'([a,b]) and \/|5|* € L ([a,b]).

A Lorentzian distance between p and ¢ with p < ¢ can also be defined as the
supremum of the Lorentzian lengths of the causal AC-curves, that connects p to
q [20], [18].
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Theorem 3.4. [18, Theorem 6]

Consider a C> manifold M endowed with a C*' metric g and a normal neigh-
borhood N of p € M. Let o :[0,1] = N be any future directed causal AC-curve
starting from p. Then exp;l(a(s)) is future directed causal for every s > 0 and
in case that exp;1(0(§)) is lightlike then oo 5 s equal to the future directed
lightlike geodesic segment up to parametrizations. The Lorentz length of o is
smaller than that of the unique future directed casual geodesic, that connects its
endpoints, unless its image is the same as that of that geodesic. In the last case
the affine parameter of the geodesic is absolutely continuous and increasing with

S.

Proof. Assume that for some 3, D2(3) < 0, where D2 is defined as

D2(q) := gp(exp, *(q), exp, ' (q))

and C! in ¢. The Lorentzian length of the geodesic that connects p and ¢ is

given by
DE(q) = (-D(q))?.

Indeed, consider a geodesic 7, with v = exp,*(¢) and notice that ¢ — (v, (t),~,(t))

is constant, then

1
Length(’y):/o (7o (0), v (D)t = (75(0),74(0)) = (~Dj(a)*.

In the region, where D2 < 0, DL is C'!, since D2 is. D*(o(s)) is a composition
of a locally Lipschitz function and an absolutely continuous function and thus it

is absolutely continuous. We have that D2(3) < 0. By continuity, this holds also
P

/—gp(P,P)’

in an interval [, s], provided s is sufficiently close to 5. Set P =

note

2 Do (s) = o(P(p, o (5)), (5)

and P(p,o(s)) is the position vector of o(s) with respect to p.
This will be proved in the proof of Gauss’ Lemma in the last chapter. Then
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observe

> l[o] >0, (3.1)

where in the last inequality we used the reverse Cauchy-Schwarz inequality:

Consider vy, vs to be causal and future directed, then

—9gp(v1,v2) > \/—gp(vlvvl)\/—gp@z?vz)

Equality holds if and only if v; and vy are proportional.
(3.1) shows that if o once enters a region of the chronological future of p, denoted
by Dg < 0, then it remains there.

Consider now a small future directed timelike geodesic
n:[—¢0 - N

given by n(0) = p, contained in a convex normal neighborhood of p with C' C N.
We have that o(s) € C for sufficiently small s. Concatenating n with o, we get a
curve, that connects 7(—¢) to o(s) and starts with a timelike geodesic. Hence it
enters the chronological future of n(—¢) and thus, by the argument above, there
is a future directed timelike geodesic v(¢), that connects 1(—¢) with o(s). Let
€ — 0 and use the continuity of the exponential map at o(s), then we can infer
the existence of a geodesic that connects p and o(s). This must be future directed
causal, by the continuity of g(v,v) at T, (5 M. Indeed, v(t) = expo(s)(—tw(e))7
where w(¢) := exp;(lS)(n(—e)), for € — 0 we have w(® — w := exp;(ls)(p) and
€ = vin C', where v(t) = exp,(5)(—tw). All w'® are timelike and so w is
causal and also v is causal. Since s is arbitrary we know that in a maximal
closed interval [0,b] C [0,1] with b > 0, we have D2(o(s)) < 0.

Now we want to prove that if D2(c(a)) = 0 for a € (0,b], then o]jg 4 is a lightlike
geodesic up to parametrizations and so Dg = 0 over [0, a].

Note that D2 is Lipschitz and thus D2(o(s)) is absolutely continuous

a g 2 ol(s a
Diota) = [ END s =2 [ g0 (P o6)). 5.

0

By the reverse Cauchy-Schwarz inequality, since ¢’ is future directed causal
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almost everywhere, we have

gP(p,o(s))(P(pa 0(8))70,(8)) <0,

on the region D7 < 0 for almost every s. Thus we have D2(o(a)) = 0 only if o is
proportional to P for almost every s in [0, a]. Introduce now a Euclidean scalar
product on T,M and associated spherical normal coordinates (r,01,...,0,)
over N. Since this chart is C' related to those of M we have that o is still
absolutely continuous in this chart. The angle coordinates cannot change over
o, since ¢’ is proportional to 0, almost everywhere. Otherwise one would get
that ¢’ is not radial in a set of non-vanishing measure, since 0;(c(s)) is the
integral of its own derivative. This is a contradiction. We obtain that o]jg ) is
an integral curve of P and thus a lightlike geodesic issued from p.

Now let a be the maximal value of s, for which we have D2(o(s)) = 0. So it
remains only to show that b = 1. Notice that b is the maximal value of s for
which Dg(a(s)) < 0. By contradiction, suppose b # 1, meaning b < 1. Then
a = b, because otherwise Df,(o(b)) < 0 and once o enters the chronological future
of p it remains there. But this means that the same inequality would also hold in
(b,1]. This is a contradiction to b < 1, because we have max,¢o,1) Da(o(s)) < 0
and clearly this implies s = 1.

Let p’ = o(b) and consider a convex neighborhood C” containing p with C” C N.
With the same argument as above we see that for any sufficiently small d,p’ is

connected to (b + d) by a future directed causal geodesic
n:[0,1] — C".

This geodesic cannot be the prolongation of the lightlike geodesic ooy for
which we would get D2(o(b+ ad)) < 0 with a € [0,1], because this would be
a contradiction to the maximality of b. Notice that n(0) = o(a) = o(b). So
9(P(p, n(0)),7/(0)) < 0, where P(p,(0)) = exp;(1(0)) = exp, *((5)) and by
continuity, the scalar product

9p(P(p,n(t)),n'(t)) <0

for t > 0 and ¢ sufficiently small.

Observe that D? is Lipschitz and thus D2(n(t)) is absolutely continuous. For

sufficiently small ¢ we then have
dD}(n(t))

D2(n(t)) = D2(o (b)) + / z

=2 [, (Pl ()i <.

Since the concatenation of olj ) with 7 is a causal AC-curve and since Dg gets
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negative on it at some point and it remains so, we have at the endpoint
2 _ P2
Dy (a(b+0)) = D,(n(1)) <0.

Since 0 was chosen arbitrary we get a contradiction to the maximality of b and
sob=1.
In the case that o is a lightlike geodesic up to parametrization, its Lorentzian

length clearly vanishes and
L
Dy(e(1)) = I(o)

holds. Assume now that o is not a lightlike geodesic up to parametrizations.
Then a < 1 and its Lorentzian length is given by o, 1;. Consider 5 € [a, 1] such
that D2(o(3)) < 0. By (3.1) we have

Letting § — a we get

proving that ¢ has a Lorentzian length not larger than that of the geodesic that
connects its endpoints.

By contradiction, we suppose that they have the same Lorentzian length and
that o is not a causal geodesic up to parametrizations. Then a < 1, because

otherwise the geodesic would be lightlike. From (3.1) for § > a we obtain
Dﬁ("(l)) > D;f(ff(g) +Uos1)) = Uop,g) + Uos,yy) = o).
Thus, we actually have the equality
Dy (0(1)) = Dy (0(3) + (o7s,1)

and this implies that
9p(P(p,0(s)),0'(s)) =0

for almost every s € [§,1]. Hence, we obtain, since § is arbitrarily, that o’
is proportional to P for almost every s € [a,1]. Let us now again introduce
spherical normal coordinates. Then arguing as above shows that the image of
0|[a,1] is an integral curve of P and hence the prolongation of ol 4 if a # 0.
Thus it is the image of a geodesic.

Now suppose that the image of o coincides with that of a causal geodesic . The

composition r(s) is absolutely continuous, since the coordinates of the spherical
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normal chart are Lipschitz functions. So, by definition r is an affine parameter
over 7. The map r(s) is increasing for if r(s2) < r(s1) for s1 < s2. So we would
have 7" < 0 and thus also in a subset of measure different from zero on [s1, s2].
This again would imply that

d d .,

—o = (—=—n)r

ds (dr ")
is not future directed causal in a set of measure different from zero. This is a

contradiction to the definition of future directed causal AC-curve and thus our

claim follows and the theorem is proved [18]. O

For further information, we refer to [18] and [20].

We now continue with an introduction, where we go through some Picard Lindelof
analysis in order to to prove the strong differentiability of the exponential map
later on. By the Hartman and Wintner example, we will see that the relation
between minimizing curves and geodesics turns out to differ from the smooth
situation. Furthermore, we state a formulation of the inverse function theorem,
namely Leach’s theorem. This will be helpful in the proof of the main theorems
1 and 2.
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4 Introduction to the topic

First consider a second order ordinary differential equation:

dx#

— M 4.1
=, (4.1)
dv*
= = H'(x,v), (4.2)

where x* is the coordinate chart in a neighborhood U of p in M, H* is locally
Lipschitz and positive homogeneous of second degree in v, that is for every s > 0
we have

H"(z,5v) = s*H"(x,v).

Let us go through a Picard-Lindel6f analysis, which will be needed later on in

order to prove the strong differentiability of the exponential map.

4.1 Picard-Lindel6f analysis

To this end assume without loss of generality that z#(p) = 0. Furthermore,
consider the closed ball B(p,r) = {q: ||¢ — p|| < r} and choose r such that the
ball is a subset of U. The local coordinate system on the tangent bundle will
be denoted by {z*,i*} and the image x*(U) of the coordinate chart is an open
subset of R™. Let the Lipschitz condition hold in B(p,r) x {v : |jv|| < 1}.

Now applying the fundamental theorem of calculus on the system above we
can rewrite it in integral form with the initial condition (zg, %) at time t = 0

plugged in
t
$“(t, Zo, x'o) = l‘g + / i“(ﬂ Zo, fo)dh (43)
0
t
(L, o, d0) = +/ H(@(t, w0, o), & (1, o, o) L. (4.4)
0

We suppose that the initial condition satisfies max{||xol|, ||Zo||} < &, where ¢ is
a constant which is positive with § < = (1 — 6_%> <3.

M
We will use Picard iteration starting from k = —1 to construct approximating
solutions, meaning that we recursively define zj;; in terms of z;. So for k = —1

we define x_1(t) = xg and _1(t) = 0. They are well defined and continuously

differentiable. Inductively so are the functions

t
zh (t) = xf +/0 @ (t)dt, (4.5)

(8 = it /0 H (1), (1)) d. (4.6)
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We are going to show that on [0, 1], (zx, 2k )(t) € 7~ 1(B(p,r)) for every t € [0, 1]
and each k£ > —1. Indeed, using the fact that the length of a continuously
differentiable curve on R™ is greater than the distance between its endpoints and

letting M = sup Sup|jy)=1 [[H (2, v)||, we derive using the homogeneity of

z€B(p,r)
H*" that
t
[e+1(E)]| < [loll +/O [l (2)]|dt, (4.7)
t
[Ex41 (B < ([0l +/O M||a ()] dt. (4.8)

From the second inequality we get the following estimate by induction:

. [0l
L1 < — s
[&x+1(E)]l L — @0 Mt

By plugging this into the first equation it gives us in turn
i O] < laoll — 77 In(1 [l M) < 6~ - In(1 — M)
Tht1 = ||%o M n Zo = M n s

where in the last inequality we used that max{||zol|, ||Zo]|} < . Additionally,
applying the estimate of §, namely § < 5, we get for every k > 0 that

lzx(@®)|| < r and

0
- o0
O] —_—
and thus they belong to 7= (B(p,)). For any t1,t € [0,1] and any vy := @;(¢1),
vy 1= &;(t2) we have that 35 > max{|[|v]], [|v2]|}-

For further information, we refer to [18].

4.2 Existence and Uniqueness of geodesics

The non-stationary solutions to the equations (4.1) and (4.2) will be called
geodesics. We will use the computations in subsection 4.1 to prove the existence
of geodesics.

First, choose ¢ sufficiently small such that

5
% <
T—onr = tand
86 4o
D=—" (14 /1+2%) <1
2(15M)<+ +52)—

30



This positive constant fulfils the equation

[ LB

D o P

By the telescopic sum we have: x, — rg = Zzzl T — Tg_1. Moreover, we have
shown that ﬁ > max{||v1]|, [|v2]]} and we know that the inequalities (4.7)
and (4.8) hold. Thus we can subtract two elements and rewrite the Lipschitz

condition in a better form

||33k(t)—x'k71(t)||§/0 | H (zr-1(t),2r-1(t)) — H(zp—2(t), Z—2(t))[[dt  (4.9)

t 2
S/O {{1—(551\4} OZHfEk1(t)_$k2(t)|+1_ﬂg]w”fbk1(t)—$k2(t)}dt’

where we used that H is homogeneous of second degree in v and Lipschitz, that
is [|[H (z2,v2) — H(z1,v1)|| < a|lze — 21]| + Bl|lva — v1]]. Indeed, for V = ﬁ
we have the easy computation
2 V2 U1
|H (2, 02) = Hwy, )| = V2| H (s, =) —H (21, 77) |

(%] v
< V2 {allas — a1 + 512 - 211}

< aV3||zy — x| + BV |jvg — v1 .
Furthermore, observe that
t
ek (t) — a(0)] < / bk (t) — i (8) . (4.10)
0

By induction we obtain an estimate for this expression. We will proceed in

parallel and construct the following bounds

k

() — 2 ()] < %(I:!) for k>0 (4.11)
k

lin(t) — dp1(8)]] < % fork > 1. (4.12)

Let us start with the first estimate. Note that we can rewrite xo(t) as

t
x0+/ iy (t)dt
0

and recall that x_1(t) = zp and #_1(t) = 0 hold. Then for k¥ = 0 we get

lzo(t) — z_1(t)|| = ||lzo — zo|| = 0 and this is in any case smaller or equal to
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1 (DY)°
D 0

. Using this and the estimate in (4.9) we get (4.12) for k = 1:

Jire) — aolol < [ |53z alloot) = a0l + 2570 soa o)l

A ! (Dt)!
< | Z+Bdt=| Ddt=tD=
_/OD+ dt /0 dt =t T

where we set A = (ﬁ)%z and B = 1f§M. Now we again switch to (4.11) and

show by using (4.10) the induction hypothesis for k + 1.

t t k k+1
. . (Dt) 1 (Dt)

— < — < = —— 7

legs1(t) — zx(©)| /0 |Zp — @r—1]/dt /0 x dt D (it 11

For (4.12) we obtain:

s (t) — an(t)]) < / Allei(t) = wioa (Ol + Bllar(t) — drs (8)dt

L1 (Dt (Dt)* A (Dt)F  (Dt)k+?
=)D R T dtg/o <D+B> o= G

Using this we define a sequence of continuous functions

converging uniformly to x#(t) and @*(t) over [0,1]. Notice that H*(x,) is
continuous over B(p,7) x {v : ||v|| < =557}, which is compact. For this reason
it is also uniformly continuous. Using uniform convergence we can take the limit
in the equations (4.5) and (4.6), which solve (4.3) and (4.4) [18].

In order to prove uniqueness let Y be another solution of the equations (4.1)

and (4.2) on [0,1]. To simplify the following, we introduce a new notation.

- (21 ()

Let for now

- Xo(1) )
X(t) = — F(t, X(1)).
0= (e, o) = X0
Let M := maxy .5, ) x,eF (0) |F'(t, X (¢))||. Furthermore, we always can

choose [ X]| := | X1 + | X!
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Then, by (4.5), we have

Y(t) =X + /0 t F(s,Y(s))ds.

By induction we get

1 (Dt)*
D k! -

IX® (@)~ Y (0] < M
Indeed, for k = 0 we have
¢
X0 - YOl < [ PG Y(s)lds < M-t
0
where we used that || F(s,Y (s))]] < M. We have

1F(t, X (1) — F(&, Y @)

= [1X2(t) = Ya(O)[| + [[H* (X1 (1), Xa(t)) — H*(YV1(2), Y2 (1))
< [1X2(t) = Ya(®)|| + e X2 (t) = Vi (@) + Bl X2 () — Ya(t)]|
< ol X1 () =il + (1 + B)[| X2 (t) — Ya(2)]

< (a+ 1+ 8)(1X2(®) = Y@l + 1 X2(t) = Ya())[]) = DIIX(#) = Y (D),

where we used that H* is Lipschitz. Assuming that the induction hypothesis

holds for some k and using the computation above, we can prove it for k — k+1:

X0 =Y O < [ 1F(5, X0 5) = Fls Y (5) s

1 (Dt)k-i-l
D(k+1)"

k
(DS') ds = M

t t
g/ D\|X<k>(s)—y(s)||dsg/ DEMm
0 o D7k

By the induction hypothesis, we have for all ¢

k
1X(t) =Y ()] = lim [X® —vy]| < Jim M L (DY)
—00

im My =0

This means that X =Y and thus we have uniqueness [14].

Notice that uniqueness need not to hold if the metric is of lower regularity than
C1. We will show this by the following example:

Consider M := (—1,1) x R and the metric g = dz? + (1 — |2|*)dy?, where
1 < XA < 2. The regularity of the metric is C"*~!. In order to state our
geodesic equations let us look at the non-vanishing Christoffel symbols, given by
I¥ = 390,91 + 0igi; + Oigij)- So let i, j, k,1 € {1,2} and notice that for all

r#8, grs = 0= g"% where ¢"* is the inverse of g,s. Then we obtain
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Case 1: k=1,i=5=2
1 1 B
L3y = 5911(32912 + 02912 — O1922) = 3 1- Nz} tsgnz),
Case 2: k=2,i=2,7=1
1

1
I 5922(31922 + 02921 + 02921) = 2(1 — |z (= Az} L sgn x).

By symmetry of the Christoffel symbols we have I'3; = I'4,. Thus, we get our

geodesic equations

A
(z— equation) Z+ §\x|)‘*1 sgnz(y)? =0,
A A-1
(y— equation) j — 57@\1 — Tfﬁ\(x)x =0.
The y—equation is equivalent to ((1 — |z|*)y)’ = 0, meaning
(1= |aP)y = C (4.13)

where C' is a constant. So let us distinguish between the case where C' = 0 and
C # 0. In the first case we clearly get = 0 and thus y is constant. Then the
x—equation gives & = 0, meaning z is linear in ¢, indeed z(t) = at + b. In the
second case we conclude ¢ # 0 and thus that y is strictly monotonous along any
geodesic. Since the metric is C', g (¥,) is constant, where v is a geodesic. We

always can choose the constant to be 1 and parametrize by arclength

gijdvza':] =1

2+ (1— o)) = 1

02
x+71—\x|/\ )
and finally get
1
C2 2
r=4+(1—-— 4.14
o=+ (1- ) ()

where C € [—1,1]. The metric g is smooth for z # 0 and doesn’t depend on y,
so we only have to consider the initial value (zg,yo) = (0,0). Let us now again

distinguish between two cases:

Case1: C?=1
Case 2: C? < 1.
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The Case C? > 1 would imply a negative value under the square root and thus
it will not be considered. In the first case we get £ = 0. This is the only solution
for (4.14), because otherwise the radicand would be negative. In the second
case the right-hand side of equation (4.14) is C' and hence there exists a unique
solution with initial condition x(0) = 0. Assume z is this unique solution of

equation (4.14), then by equation (4.13) we get

C

YT

and by integrating we conclude

t C
u(t) :/o @R

Summarising, at (0,0) we have for every direction a unique geodesic, meaning
that the initial value problem is uniquely solvable, by symmetry.

Now we want to determined the shape of the geodesic. In order to do this, we
introduce a new variable via C' = 4+/1 — ¢ for € € [0,1]. Since z(0) = 0 and
7(0) = C, where C > 0, we conclude by symmetry and noticing that the metric
norm is 1 at x(0) = 0 that the initial velocity is (#(0),9(0)) = (£v/€,v/1 —€).
Then we get

1—c¢€

. _ > 41
&=+ <1 - x|A> for |z < /e (4.15)
V1—e

YT

(4.16)

Let now 7+, be the unique geodesic with initial velocity (++/€, v/1 — €). We know
that equation (4.15) only makes sense for |z| < {/e. So we are interested what

happens at || = {/e. Hence, consider

dy _ VT=c (,  1-e¢\7*_ 1—e
de  1—|z]* 1— |z|* V@ =aM)(e—a)

Integrating gives

AC )\E
/fdy </fdx. (4.17)
0 dl‘ 0 \/671')\

Substituting z = ¢ — 2 gives

(4.17) = (4.18)

l/e dz
Ao Vale—2)'m3
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and again substituting w = z — § gives

o

(4.18) = %/7 dw — (4.19)

-5 (Vw+3)(5 —w)™>

Set a:=1— 1 € (0, 3) and continue

(4.19) :% V_ (\/ﬁgd)w(; 7 +/Of (% _w)“] , (4.20)

Notice here that (§ —w)® > (§)a and /w+ § > /5, thus we get

e = ey

and for o < 1 this integral is finite, meaning that +. reaches x = {/e¢ in finite
time.

So now let sp,y1 be such that v.(so) = (/¢,y1). Then differentiating gives
v (s0) = (0, \/%:) It is obvious that the tangent is vertical at the point sg. So
since the metric is independent of y, we can reflect 7. at y = y; and get the
geodesic y_. that starts at (0,2y;). In the end the point (0,0) is connected to

(0,2y;1) by three geodesics, namely 7., v—. and = 0. Then

Ve g dz
y1=y1(6):/0 2o m/ VI =z (e = Jz[*)

Now we claim that y;(€) — 0 for € — 0 and prove this as follows. Denote by s

the arclength along the geodesic v.. Then for € < % we get

1_
T <V2<o.
1—c¢ \/1—6

Then we conclude that y(s) < 2s, since we starting at (0,0) and hence also
y1 = y(s0) < 2s¢. So it suffices to show that so(e) — 0 as e — 0. We have by
equation (4.15)

s0(e) 50() g Ve .
so(e)z/o 1dt:/0 d_:/o (1-(1—-e(1—aMH"2dx (4.21)

T

and this converges to 0 for A < 2.
Summarising, we have that the boundary value problem for geodesics is not
uniquely solvable in any neighborhood of any point on x = 0. Any two points

on z = 0 are connected by infinitely many geodesics.
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Let us now check if these geodesics are minimizing. By Hilbert [4], for sufficiently
small y; there exists a minimizing curve 7 from (0,0) to (0,2y;) and v is a
geodesic. So now we claim that v is not a segment of x = 0. In order to prove
this we proceed as follows.

Since the metric restricted to x = 0 is the identity, we get for the length
LoV (x = 0) = 2y;. By definition we also have L2% (7,) = 2so. Thus it suffices to

show that sg(e) < y1(e) for e small, because z = 0 is not minimizing. Consider,

S0 S0
. / gt = (1— e)%/ (1— o) dt. (4.22)
0 0
Substituting x = x(t) and equation (4.15) gives

1

/e
(4.22) = (1 —e)%/ (1—2™) 2 (e — 2 2da.
0
Setting s := (e — 2)2e2 gives
1 —i41 1 ! 2\ — 1 2\—1+4+1
§Ay1:e T (1—e)2 [ (1—€(1—8%)72(1—s%)"""xds.
0

Set %)\e%’ﬂ;l(e) = a(e) and %)\e%*ieo(e) = b(e) and conclude by equation
(4.21)

lim a(e) = lim b(e) =: a.
e—0 e—0

Now extend a and b to e = 0. Then we get a(0) = b(0) and for A > 2

1 1
a'(0) = —1)\/ (1—t3)%dt > —1/ (1—2)%dt = b (0),
4 0 2 0

thus a(e) > b(e) and hence also y;(€) > sg(e) for small e.

So we proved that the geodesic x = 0 is not minimizing between any two points.
The geodesics v+, are minimizing between their endpoints and thus we conclude
that even locally minimizing curves are not unique. Furthermore, there is no
minimizing curve with initial direction ((1)) because otherwise by Hilbert [4] it
would have to be a geodesic [9], [23].

For further information, we refer to [4], [9], [13], [14], [18] and [23].
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4.3 The exponential map

T,M

exp,,

Let us define ~,(t) to be the unique geodesic for the connection H*. This
geodesic has velocity v and starts from 7(v). The exponential map is then given
by

exp: Q — Mx M

v— (m(v), 7 (1)),
and the pointed exponential map at p € M is given by

exp, : {) — M

v — Yy (1),
where 7, (1) = ma(expv). The homogeneity of H* on velocities implies
Yso(t) = Yo (st),
and so we can conclude that  and 2, are star—shaped [18].

4.3.1 Locally Lipschitzness

We now would like to show that this exponential map and the pointed version
are locally Lipschitz, thus let us go through some definitions about Lipschitz

continuity.
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Let O be an open subset of R™. A function f: O — R" is called Lipschitz if

1f(p) = fDIl < Klp—al

for some K > 0 and every p,q € O. If this inequality is valid for every compact
subset of O and K is dependent of the compact subset, then we call f locally
Lipschitz. In the case that f depends on another variable z and the Lipschitz
constant does not depend on z then f is uniformly Lipschitz in z. Locally
uniformly Lipschitz means that if we choose any compact set in the domain of
z then the Lipschitz constant can be chosen such that it only depends on the
compact set in place of z. So this means, for example, if we take a Lipschitz
function depending on two variables then it is Lipschitz in one variable, uniformly
in the other. A bi—Lipschitz homeomorphism f is defined as a homeomorphism,
for which f itself and the inverse function f~! are locally Lipschitz. In this work
we will take f to be defined on the open subset O C R™ and f(O) as an open
subset of R™ [18].

By Picard-Lindelof the ordinary differential equation @ = f(x) with f Lipschitz
has unique solutions. By the Lipschitz dependence on the initial conditions we

will conclude that the exponential map is locally Lipschitz. Indeed, we have

Theorem 4.1. [18, Theorem 1]
Let H* be a Lipschitz connection on a C*°— manifold M, W C [0,00) x TM the

mazimal domain of

W W — TM

(t,v) — 7, (1),

the geodesic flow map. In order for the right hand side to make sense, this map
is defined for those (t,v) € Rx TM for which the geodesic 7, exists up to time t.
Then W is open in [0,00) x TM such that [0,1] x Q is a subset of W and W
star-shaped. Equivalently, Q is an open subset in T M and star-shaped.
Furthermore, the map 1 is locally Lipschitz and 1 (-,v) € CY' and there exists a
star-shaped subset Q of Q0 such that the Lebesque measure of \ Q is zero and
such that ¥ (t,-) is differentiable at v for every v € Q and every t € [0,1] and the
Jacobian Ox1(-,v) s locally Lipschitz in t, locally uniformly in v € Q. For any v
in Q the following holds:
01029 = 02019

for almost every t € [0,1]. These mixed differentials are exist, coincide and
are locally bounded. We can restrict ¢ to some m— dimensional submanifold
N of TM, which is Lipschitz and the statement above continues to hold. The
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differential O then refers to the variables of the Lipschitz chart on N and 0yt
exists almost everywhere in the sense of the m—dimensional Lebesque measure

of N.

Before we prove this theorem, we will first state the definition of Gateaux
differentiability and then go through two important statements.
Indeed, consider two Banach spaces X and Y. A function f: X — Y is called
Gateaux differentiable at some point x if there exists a bounded linear operator
G, € B(X,Y) such that for all v € X

1f(z +tv) — f(z) = tGao = o(|t]),

where G, is the Gateaux derivative of f at x [2]. Now we can prove the following

statement.

Proposition 4.2. [18, Proposition 2/
Any Lipschitz function f: O — R with O C R" that is Gdteauz differentiable
at p is differentiable at p.

Proof. We will prove this by contradiction. So let G be the Gateaux differential
at p and assume G is not the differential of f at p, meaning there exists ¢ > 0
and a sequence v,, € R" with v, # 0 and v,, — 0 such that

[f(p+vn) = F(p) = G(oa)]| > €l[on- (4.23)

We set e, = m The unit-sphere S"~1 of R™ is compact and so there exists
a converging subsequence of e, and thus we can assume that e,, — e, where
lle]l = 1. Pick now a scalar a, and a vector b, so as to decompose v, in a
component a,e which is parallel and a component b,, that is perpendicular to
the unit vector e:

Vp = ape + by,.

Plugging this into the equation (4.23) we get

1£(p+vn) = f(p) = G(ua)|| <[ f(p+vn) — fp+ ane)|l
+1f(p + ane) — f(p) — G(ane)|| + |G (ane) — G(v,)]|
= K||bn | + o(an) + |G][]|bn I,

where the last equality follows from the locally Lipschitz condition of f and
K is the Lipschitz constant and ||G|| is the operator norm of G. We have

an

e, = HZ—H = o€ + Hf}—u In order for e,, — e to hold, we conclude that
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oo 1 and 220 — 0. So we get

llonl llonll

I1f(p+vn) — f(p) — G(v,)]] < o(an) o(an) an

[[on| =]l an flon]]

)

which converges clearly to 0 and is a contraction to equation (4.23) for n large
enough [18]. O

Theorem 4.3. [18, Theorem 15]

Consider a continuous function

f:la,b] xRF — R
(2,y) — f(z,y).

Let f be locally Lipschitz in y, uniformly in x. Then for almost every y the
differential do f exists at (u,y) for almost every u € [a,b], it is integrable in [a, b]

and for every x € [a,b] we have:

<d2 /aw f(u,y)du) = /j da f(u,y)du.

Proof. Before we start, let us recall the statement of Rademacher’s theorem, that
is if we consider an open subset of a Euclidean space and a Lipschitz continuous
function, then this function is differentiable almost everywhere.

So let 7 € R™, then there exists a relatively compact neighborhood O = [],(a;, b;)
of 7, where (a;,b;) are open intervals. The function f(z,-) restricted to O is
locally Lipschitz in y with constant K, uniformly in = as assumed. So now we can
apply Rademacher’s theorem and obtain that the function f(x,-) is differentiable
almost everywhere for any z € [a, b], meaning that f is differentiable everywhere
except on a set of Lebesgue measure zero. Now let O\ E(z) be this set of Lebesgue
measure zero and so the subset E(z) is such that f(x,-)|o is differentiable. In
other words, y — f(z,y) is locally Lipschitz and thus differentiable almost
everywhere and the differential ds f(x,y) exists for all y € E(z).

Consider the characteristic function

1, (z,y) €A

0, else

xﬂaw:{

of A=U,cpniz} x E(x) Cla,b] x O, where O = Hfﬁ(ai, b;). Integrating this
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we get

b b
/ / xA(z,y)dydr = / / XE() (y)dydx
a O a 0]

b b
— / ME(z))dx = / MO)dx
= (b—a)\0) < o0,

where A denotes the Lebesgue measure. By Fubini, we conclude that
b
| [ xatedsdy = (o - 030,
O Ja

Indeed, we know that f; xa(z,y)dxr < b— a because x < 1. Then

b
(b—a)— / xa(z,y)dx >0

and almost everywhere equal to 0. Hence

/o [(b —a)— /ab XA(Z‘,y)dg;] dy =0

holds almost everywhere. Thus, f{f xa(z,y)dr = b — a for almost every y.
Summarising, for almost every y € O we have ya(z,y) = 1 for almost every
x € [a,b], meaning y € E(x), so for almost every y € O the differential ds f exists
at (x,y) for almost every z € [a, b].

Every differentiable function is also Gateaux differentiable, so we obtain that
for almost every y € O and for every v € R* the partial derivative d,f(z,v)
exists for almost every « € [a,b]. Knowing that f is locally Lipschitz and
letting €, — 0 we get O, f(z,y) = lim, 0 %(f(x,y + ve,) — f(z,y)) and
[limn e o= (f (2,5 +ven) = f(2,y))] < K|Jv]|. Hence [|0, f(z, y)|| < K||v]|. Then
applying the dominated convergence theorem we conclude that 9, f(z,y) is

integrable and

0. [ " f(ury)du = / " 00 ().

The right-hand side is the Gateaux differential at y of ff f(u,y)du applied to
v. This function is also Lipschitz in y. Thus, we conclude by the previous
proposition that f; f(u,y)du is differentiable and that the Gateaux differential
coincides with its differential [18]. O

Now we are ready to prove theorem 4.1:

Proof. The first step will be to prove that the geodesic flow map over T'M is
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locally Lipschitz and that W and ) are open sets which fulfil the conditions of
the theorem.

Recall that every geodesic segment can be covered by finitely many coordinate
patches. If we prove that we have locally Lipschitz dependence on the initial
condition we can then conclude that the geodesic flow over T'M is locally Lipschitz.
Furthermore, we will show that W and  are open and that they fulfil the claim
of the theorem.

For the locally Lipschitz dependence on the initial condition to be proven we
will use Picard-Lindel6f approximation.

Consider two solutions z#(t) and &*(t) of the geodesic equation with initial
conditions (zf,#4) and (&5, z4) are given. Assume that they both belong to
max{||zol|, [|£o]|} < d. As above by induction we can define the functions x4 (t)
and % (t) and write them in the same form as the equations (4.5) and (4.6).
Moreover, we will look at the chart-trivialized tangent bundle as the direct sum
of R” @ R™ with the norm ||(x, )| := max{||z||, ||%]|}. Proceeding similarly as

above we now show the following estimates by induction

k j
Jon(®) ~ (O] < max{Dlleo — ol Ido —dnll 5 S 58 (29
j=0
k j
(1) — (1)1 < max{Dlfao — ol [0 — 0} S P (a25)

!
— !

<

So again we proceed in parallel and first consider (4.24) for k = 0, that is

O .
1 Dt)?
J20(t) ~ o8 = llzo ~ ol < Dllzo ~ w5 | 32 27
: J-
7=0
For (4.25) and k = 0 we get
0 .
. . o o (Dt)]
() = o) = 120 — ol < llio — ol | 35
=0 7
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Assuming this holds true for some k, we show (4.24) for k — k + 1

[2k41(8) = Yo (DI < llzo — yoll +/ &1 (s) = gr(s)llds

k
<||$o*y0||+/ léo — ol
7=0
k
Ds j+1
||:co—yo||+on—yoll Z
— G+ 1!
7=0 s=0
o (Dt)? (Dt
< wax{Dlan ~ ol d0 — ol (1+ D1+ B4 o4 2T
k+1 1
o Dt)’
:max{Don—yoH,Hfo—3/0”}5 Z ( jl)
j=0 7

and for (4.25)

[ &k1(t) = Grrr (DI < 120 — Joll + /0 Allzk(s) = yr(s)| + Bllar(s) — gr(s)llds

A t [ (Ds)
< o ~ ol + max{ Dl ~ sl [0 ~ il (5 + 2) [ |32
0 \j=o

4!
k (Dt)i+1
= llto — doll + max{Dllzo — yol, Io — doll} |
= U+
(D)t
< max{Dz0 — yoll. |30 — doll} [ 1+ Z
= (G+1)!
k+1 :
. . Dt)?
— max{ Dllzo — voll o — g0} [ 3¢ y

o

Jj=

So our claim follows. Notice that Z?:o (Djt!)J < eP* and so even more holds,
namely

. T
2k (t) = yr ()| < max{D||zo — yol|, |20 — yoll}ﬁem
() = g()]l < max{Dllzo - yoll, <o — goll}e"*

Furthermore, we have D < 1 and can infer

Dt

1, &(t)) — (%,

18

£)(8)] < o o) = (0, 50)| -

which shows the Lipschitz dependence on the initial conditions
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The inequality

YOI < NI, &)(#) = (@, 2) )] + | (z, ) (t) — (&, 2) (D)

1

Iz, 2)(t') - (2,

holds for ¢, in some Interval [a, b] since the dependence of (z,)(t) on ¢ is C1+
since by (4.1) and (4.2) the dependence of (z,)(t) on t is C1'L. Altogether, we
obtain local Lipschitz dependence on (¢, xq, Zo).

Now let us prove that W from theorem 4.1 is open in [0,00) x T'M such that
[0,1] x Q is a subset of W and star-shaped.

W is the maximal domain of the geodesic flow map ), thus we can define
W= {(t,v) : t* <t <t} }, where t” and t% denote the minimal respectively
the maximal value of t. So for v € TM, let I, := (¥ 1) and

I, ={t € R : ¢ is defined and smooth in a neighborhood of [0, ¢] x {v} for t >0
and respectively of [t,0] x {v} for t < 0}.

Then obviously I/, C I,, 0 € I, and I}, is an open interval. We now want to show
that I, = I/. By contradiction, assume I is a proper subset of I,,. Without
loss of generality, we suppose to = inf{¢t > 0:¢ € I, \ I} > 0. Thus ¢, is not
contained in I, since I/ is open. We know that the geodesic flow map is defined
and smooth on a neighborhood U of (0,4, (v)) € R x TM. Choose some § with
0 < 0 < tg and a neighborhood V of v in TM such that (—4,29) x ¢y,—s5(V) C U
and such that g — v, _5(q) is smooth on V. Then the map

(8, w) = D5 (1o —-5(w)) = Yspi-5(w),

where the equality follows from the property of the flow map, is smooth on the
neighborhood (—4,248) x V of [0,4] x {v}, so ¢ is smooth on the neighborhood
(to —20,to+0) x V of [to — I, to] x {v}. Moreover to — & € I, so v is smooth on a
neighborhood of [0,ty — 6] x {v}. Summarizing, ¢ is smooth on a neighborhood
of ([0,t9 — 8] U [to — d, to]) x {v} = [0,t0] x {v}. But according to the definition of
I, this means that ¢t € I}, which is a contradiction and thus we have I, = I/,. So
our claim follows. W is also the maximal domain of 7 o ¢. This map is given by
(t,v) = 7, (t). Let ¢ : TM — TM x R be the smooth map given by v +— (v,1)
and Q={veTM:3y,(1)} ={veTM: (v,1) € W} =¢ (W) is also open.
So Q, is open and if v € §,,, then =, is defined on [0, 1]. We know 74, (1) = 7, (t)
and thus tv € Q, for ¢t € [0,1]. Hence Q, is star-shaped. Furthermore, for
(t,v) € W we can conclude from 7, (1) = 7,(¢t) that [0,¢{] x v C W holds
whenever [0,1] X {tv} C W. Let us show that for A € [0,1] and w € Q, - w € Q.
For w € Q we have (1,w) € W and so we conclude that [0,1] x {w} C W and
thus (\,w) € W. This is equivalent to (1, \w) € W and this holds whenever
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A w € Q. Hence the first part of theorem 4.1 follows.

Now we want to show that the geodesic flow map is differentiable at v and the
differential is locally Lipschitz in ¢, uniformly in v € €.

We again consider the equations (4.3) and (4.4). We proved above that the
dependence (x,2)(t,zo,20) is Lipschitz and so we can replace x by ¢, y by
(20, o) and apply theorem 4.3. Thus, for almost every (zp,4o) in the domain

Mr

max{||zo||, [|Zol|} < & satisfying § < 77(1 — e~ "2 ) < % the differential

d(fﬂo,io)($7 '73) = d(zo,:bo)(xm jfo) (4.26)

t
+ / d(zo,i0) (" (U, 20, Z0), H" (2 (u, 20, L0), (U, 20, Z0))du
0

exists, where for almost every (zg, ¢p), almost every u in some interval and every
t € [0,1] the differential d(,, ;) (2" (t, o, 2o, H" (x(t, 20, T0), #(t, 20, T0))(u) is
integrable.
Clearly, since the functions @ (t, zo, #o) and H*(z(t, zo, &o), 2(t, T, @o) are lo-
cally Lipschitz the differential is bounded. Hence, d(4,,4,)(2, %) depends on
(t, g, o) and is Lipschitz in ¢, uniformly in (zg,Zg)-
The next step is to show that for any v € Q and for almost every t € [0, 1] the
following mixed differentials exist and are equal to each other. We can again
apply Rademacher’s theorem and differentiate (4.26) with (zo, o) € Q, where
Q\ Q) has Lebesgue measure zero and ) is star-shaped by the homogeneity of
H*" on velocities. So we get for almost every ¢

d

%d(zoyio) (CL‘, .%') = d(onio)(‘fbH(t? Lo, 560), H“(l‘(t, Zo, ¢0)> i(ta Zo, 1'0))

d, .
= d(%@o)%(‘xv ).

For the last argument of the theorem to hold, consider z to be a local coordinate
on the submanifold N. Then proceeding again as above, introducing the Lipschitz
dependence (g, Zo)(z), securing that (x, )(t, z) is locally Lipschitz and noticing
0,1 to exist almost everywhere in the Lebesgue measure of N then the whole
argument holds and the theorem follows [12], [18]. O

For further information, we refer to [2], [12] and [18].

4.3.2 Lipschitzness of the inverse

Our next goal is to show that the exponential map admits a Lipschitz inverse.
To reach this we will use an improved version of the inverse function theorem.
So let start with a brief introduction to strong differentials.

Assume a Banach space E and let f: O — F be a function that maps an open
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set O C F to a Banach space F. Then the strong differential of f at p € O is a
bounded linear transformation L mapping F to a Banach space F' such that for

every € > 0 there exists 6 > 0 such that if [¢1 — p| < § and |g2 — p| < 0, then

|f(q1) = fla2) = L(g1 — ¢2)| < €|lqn — g2

It is easy to see that for ¢o = p we have Fréchet differentiability. For the reason
that we are only considering the finite dimensional case, strong differentiation
and the strong differential are independent of the norm.

The strong differentiation has the following properties:

1. Assuming f to be strongly differentiable at p, then f fulfils a Lipschitz
condition in a neighborhood of p. This does not mean that every Lipschitz
function is strongly differentiable almost everywhere, even in the case of

functions on the real line.

2. The converse is only valid if we add the condition that the differential is
continuous at p, indeed if f is differentiable in a neighborhood of p and

the differential is continuous at p then it is strongly differentiable at p.

3. Let f be strongly differentiable on a subset A of the Banach space E. Then
the strong differential is continuous on A with respect to the induced topol-
ogy. These last two conditions show that a function is once continuously
differentiable on an open set only in case it is strongly differentiable on it

and vice versa.

4. Let f: Uy x Uy — V be a continuous function on a product of Banach
spaces and assume that f admits strong partial differentials at p when
keeping the other variable constant. Then it is strongly differentiable at p.

The total differential is expressed as usual in terms of partial differentials.
5. Strong differentiability is invariant under composition.
6. If mixed partial strong derivatives exist, then they coincide.

7. Assuming f : R — R to have positive strong differential at p, then f is
continuous and increasing in a neighborhood of p [18].

Many key theorems in analysis, which include a C!-condition on a neighborhood
of p can be proved using this weaker condition. In addition to this, we are now

going to state Leach’s inversion theorem [18].

Theorem 4.4 (Leach’s theorem). [18, Theorem 2]
Let f be a function mapping an open subset O of R™ to R™ such that f has strong

47



differential L : R — R"™ at p € O. In the case that L is invertible there is an
open neighborhood Ny of p and another open neighborhood No of f(p) such that
there exists a function g : Ny — R™ with f(N1) = Na,g(N2) = Ny and f|n, is
the inverse of g and vice versa. The latter two functions are both Lipschitz and

g has strong differential L= at f(p). Furthermore, the following holds:
f is (strongly) differentiable at q € N1 < g is (strongly) differentiable at f(q).

In this case the differentials are invertible.
The Lipschitz condition in this theorem follows from the first property above.

Proof. Without loss of generality, let p = 0 and f(0) = 0. Then note that for
any y in Na, define sequences {z,} and {y,} by zo = 0 and

Yn = f(@n), Tons1 = Tn + L7y — yn), n=0,1,2,.... (4.27)

Let us define g(y) to be the limit of {x,} for all y such that the limit exists and
set g(y) = 0 otherwise.

Now we have to prove convergence of {z,} for y near 0. For this, consider € > 0
such that €[ L[| < 3, where L™ is the inverse of L, and choose § > 0 such
that f has strong differential at the origin of N;. By induction, we show that

lzn|| < ¢ and
—1 n5
lznt1 = zall < (el L771)" 5,
if |y < S$|IL7Y| for n = 0,1,2,.... Indeed, let us start with n = 0. For

lyll < gHL_1||, we conclude that
lz1 = 2ol < 1™ lly = wol
by equation (4.27). By induction hypothesis, we have for some n:

119
lzn = zn—1] < (e L7715

2
So, by the telescopic sum
n—1 5
[@all < Z(EHL*III)’”i <9,
m=0

since (e[ L71||) < . Using (4.27) and the relation L~'LL~! = L=! for n > 1

1
5
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we get:

Tp+1 — Tp = Lil(y - yn) = Lil(y - yn—l) - Lil(yn—l - yn)
= L7'LL Ny = yn1) = L7 (Yn—1 — yn)
= L_l[L(xn - xn—l) - f(xn—l) + f(xn)]

On the left side we see that the part in brackets coincides with the one in the
definition of the strong differential of f by replacing ¢, by x, and g by z,_1.

Therefore, we have that
—1 —1 -1 nfl(; n —1 n(s
lznt1 = zall < AL lellzn = zn—oll < AL le(ellL70N™"5) = € IL72"5,

since z,, and x,_; fall within § of 0. Thus, we get the asserted bound on

|#ns1 — 2 and if [jy]| < §||L 7|, the sequence {z,,} then converges uniformly

to g(y).
Now we want to prove the fact that

We can derive them easily for all y such that ||y|| < $||L7!|. Indeed, take n — oo
in (4.27) and notice that by the continuity of f we have f(z,) — f(g(y)). We
have g(y) = g(y)+ L ' (y— f(g(y))) and this implies our first claim L~!fg = L~}
for [lyll < 2L
The next few steps involves estimating ¢; — g2 for some choice of ¢, g2 nearer
than 6 to 0 in Ny.

First let us prove a Lipschitz condition on ¢. If § and ¢ are nearer than g||L*1 I

to 0 in Na, g() and g(g) are nearer than 6 to 0 in N;. By the definition of the

strong differential we conclude:

1f(g(@) = f(9(5) — L(g(@) — 9@l < ellg(@) — g(@)]-

Inserting L~! on both sides, leads to

L™ (@) = L7 (f(9(9) = L7 Lg(@) — 9@ < ell L™ 1l9(7) — 9(@)]I-

We already proved that L='fg = L= and L='Lg = g hold. Using this the left

side simplifies to:

IL= @ = 9) = (9(5) — 9@l < el L7 l9(@) — 9@)]|-
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Applying the triangle inequality on this relation, we obtain

L™ = o)l = l9(@) — 9@l = el L7 lllg(@) — 9(@)]I-

Since L5 —y) < 1L~ H17 = ll,

lg(@) = 9@l = ell L= lg(@) — 9@l = A = el L~ Dllg (@) — 9(@)
<ILHG =l < 127 g - gl

and 1 — €||L71|| > 0, we obtain the Lipschitz condition

17—yl

l9(9) — 9|l < ||L71||ma (4.28)

which is valid if § and § are nearer than 2||L~1|| to 0.

So we proved the Lipschitz condition for g. Now we want to prove the differentia-
bility of g at any y in N such that |ly| < Z||L~!|, provided f is differentiable
at g(y) with differential L;.

For § and § near to y and within 3|[L~![| of 0, g(7) and g(§) are near to g(y)
and within 0 to 0 and near to g(y). For any ¢; > 0, differentiability of f at g(y)

implies the relation on f valid for 4,9 near y:
1£9(@) — f(9(9)) — L1(g(5) — 9@l < exllg(@) — 9@)].
Applying L1 on the left side gives:
L5 = 9) = 1+ L7H(L1 = L)(9(F) — 9@l < e L7 lg (@) — 9(@)]-

In order to simplify the left side of the inequality, we apply L™ fg = L~'. We
write L7'Ly = L™'L + L~Y(L; — L). Since L™'Lg = id we conclude:

I —9) — (1 + L7 Ly = D)(9(@) — 9@l < el L7 g(@) — 9(@)]-
We know that the relation

1f(q1) = fg2) = L{ar — @2)|| < llgr — gz

implies for any € and ¢ a Lipschitz condition and thus continuity of f in the
sphere {|l¢ — p|| < 0}. If f has a Fréchet differential L; at a point p; of that
sphere and 7 > 0, then for go nearer than ¢ to 0 and

|f(p1) — f(q2) — Li(q — q2)| < nlp1 — g2
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we get

|(L1 — L)(p1 — q2)| = |f(p1) — f(q2) — L(p1 — q2) — (f(p1) — f(g2))]
< (e+n)lp1 — g2l

We conclude ||[L1 — L|| < e+ n for all n > 0 and thus obviously we have
I -] <e
Then ||[L=Y(Ly — L)|| < €||L71|| < 4. Hence, by an easy computation,
1+ L YL, - L)

has a bounded inverse and its norm is smaller or equal to m Apply
now —(1+ L=Y(Ly — L))~! to the left side above and change the order of the

terms, then

lg(y") = 9(y") = 1+ L7H(Ls = D)L = ")l

la(y") = 9(y")Il

SEIHL_IH 1—6||L_1||

(4.29)
If § and 7 are near to y, we replace the right side in (4.28) by ;|| L~} ||2%
Then g is differentiable at y with differential [1 + L~'(L; — L)]~'L~1, since the
coefficient of ||§ — || approaches 0 as ¢; — 0. This reduces to L™! at y = 0,
because L = L; at y = 0.

Finally, let us prove

For if y is near to 0 we have that both y and f(L~!(y)) are within ||L~|| of 0.
In the proofs of the first two equations we replace q; and ¢z by 7 and 4 in the
definition of the strong differential. Here we will write g(f(L~1(y))) and L~1(y)
instead of ¢; and ¢o. Indeed, look at the relation with L~ f applied on the left

side:

L= (F (@ ) = LTHALTH W) = L L(g(F (L™ (W) = L™ )]
< ellL7H g (FL™H W) = L7 )]l

We have L= fg = L=! and this cancels the first two terms on the left side of
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the inequality. Using L™ 'Lg = g and L~™'LL~! = L™, we can simplify to

lg(F L™ ) = L7 W) < el LMl (FL™ ) — L w)ll,

which is a contradiction unless g(f(L~(y))) = L~!(y), since €||[L71|| < 1.

So now it remains to show uniqueness of g. Assuming § has similar properties,
then it coincides with g at y in a neighborhood of 0. Consider y so near to 0
that ¢ and g satisfy the first two proven equalities and such that ||g(y)|| and
lg(y)|| are nearer than ¢ to 0 in N;. This time we apply the definition of the
strong differential on ¢g(y) and §(y) and obtain the relation:

1L (f9@)) = L7 (f(G(w) — L Lig(y) — dw)|l < ellL™llg(y) — a(w)l

Again we have, using L= (f(g(y))) = L=*(y) = L7 (f(§(y))), that the first two

terms on the left side cancel and that the expression simplifies to

lg(y) = gl < el L7 llg(y) — 3w,
by using L™*Lg = g and L™'Lg = §. So g(y) = g(y) [17]. O

We recall the notion of Clarke’s [6] generalized differential for locally Lipschitz
functions in order to make clear the connection between the inversion theorem
above and Clarke’s theorem [6, Theorem 1], [18].

Consider a locally Lipschitz function f : O — R"™, where O C R*. Then the
generalized Jacobian df(p) at p is the convex hull of all matrices M of the form
M =lim,,_,, df (p;), where p; converges to p, f is differentiable at p; for each i

and df is the usual Jacobian [18]. Furthermore, consider

Proposition 4.5. [18, Proposition 1]
Let f: O — R™ with O C R¥ be strongly differentiable at p, then O f(p) = {df (p)}.

Proof. Take any € > 0 and § > 0 such that if |¢g; — p| < é and |g2 — p| < 6, then

1f(q1) = fa2) — L(q1 — q2)|| < ellgr — q2||-

Consider the sequence J; = df (p;) and let J be the limit for p; — p. We assume
for each i that |[p; — p|| < $ and let e be any normalized unit vector. We can

find some 0 < §; < g for each ¢ such that for every ¢; with ||g; — p;|| < 0; we have

1 f(q:) = f(pi) — df (pi)(@i — i)l < ellgi — pill-
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Set g; = p; + 0;e and consider

Sill(L — Ji)ell = (L — Ji) (g — pi)
<|If(gi) = f(pi) = Jilgi — p)ll + || (@) — f(pi) — L(qi — pi)||
< 2¢€l|lgi — pi|| = 2€0;.

Here we can cancel d; and if we take the limit ¢ — oo and use that € and e were
arbitrary then we conclude that J = df (p) and thus 0f(p) = {df (p)} [18]. O

By Clarke’s theorem [6, Theorem 1], we have that if K = n and Jdf admits
only invertible elements then f is a local bi- Lipschitz homeomorphism. But
Leach [17], [18, Theorem 2] states something more, namely if f is strongly
differentiable at p then the inverse is strongly differentiable at f(p). By means of
this we will deduce the Lipschitzness of the inverse of the exponential map in the
next chapter. We also refine the pointed version of the first main theorem. After
this we state the definition of a position vector on convex neighborhoods which
leads us to the Gauss Lemma. In particular, we present a version of the Gauss
Lemma which does not require the differentiability of the exponential map.

For further informations, we refer to [6], [17] and [18].
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5 Main Theorems

In this chapter we are going to state the three main theorems of this thesis.

5.1 Strong differentiability of the exponential map

First we are going to prove the strong differentiability of the exponential map.
This will be helpful to show the Lipschitzness of the inverse of a function which

is strongly differentiable at some point p. Indeed, consider

Theorem 5.1 (Main Theorem 1). [18, Theorem 3]

Let M be a C>*°— manifold endowed with a locally Lipschitz connection. Then
we can conclude the following for the (pointed) exponential map.

The set § is open in the topology of T M, the exponential map exp : Q@ — M x M
1s locally Lipschitz. The exponential map is strongly differentiable over the zero
section TMy := {0, : p € M} and provides a bi-Lipschitz homeomorphism
between an open star—shaped meighborhood of the zero section and an open
neighborhood of the diagonal Ay := {(p,p) : p € M} of M x M.

The set Q, is open in the topology of T,M for every p € M. The pointed
exponential map exp, maps from §, to M, where §y, is a subset of T,M, is
locally Lipschitz and strongly differentiable at the origin and provides a local
bi-Lipschitz homeomorphism from a star—shaped open subset of Q, onto an open

neighborhood of p.

Proof. As already mentioned in the previous chapter, we will use Picard-Lindelof
in order to prove the strong differentiability of the exponential map. So again
starting as in the proof of theorem 5.1, let us consider geodesics z# and #* and
the corresponding initial conditions (zf, 24), (74,44 ). Again use Picard-Lindeldf
in order to define the functions zf (¢) and % (t). We get the following two

inequalities, where in the first one we add (z¢ — yo)¢ on both sides

lzr41(t) = yrs1(t) — (o — o) — (Lo — vo)t|| < /0 |25 (t) — 9 (t) — (zo — o)l dt,

t
[&k41(8) = Grta(t) = (Fo = o)l < / Allzge = yrll + Bllax — gxlldt.
0
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We are going to prove that

lzx(t) — yr(t) — (o — yo) — (Lo — o)t
Dty 1

< max{Dllzo — yoll o — doll} DZ St ey
7=0
li(8) = g1 (t) — (o — o)
k J
< max{Dllzo - yoll, 0 — gol} | 3 L - (52)

Jj=0

hold by induction. So, let us start with equation (5.1) and k = 1:
21 () = y1(t) = (zo — yo) — (0 — o)l = 0

> &)

j=0

< max{D|lzo — yoll, |0 — voll}

U\H

J!

where x1(t) = xo + t&o and y1(t) = yo + tyo. For (5.2) and k =1 we have:

t
i (t) = 41 () — (G0 — go)]| < / Allzo — yoll + Blldo — ol

) 0 .
Ds)J Ds)?
< max{D||zo — yoll, [|[Z0 — yOH}/ ( j') + BZ ( ; : ds
— !

. . A !
= max(Dlleo - ol o ~ inl} (7 + B) | s
0

= max{D|[zo — yol|, [0 — Jol[} Dt.

Assuming this holds true for some k, we now show (5.2) for k — k + 1

k41 () = Grta (8) — (0 — o)l < /O Allzx(s) = yr(s)ll + Blldr(s) — g (s)llds

A ¢ k Ds)J
< max{Dllso ~ ol o ol (5 + B) [ |3 O ) as
o \j=o I
" (Dt)i+
e
max{Dl|zo — yol|, %o — Joll} D Z G+1)!
ket
. . Dt)J
= wax{Dlao — ol 0 — o} { 3 L -1
j=0 ’



Then for equation (5.1) we get for k — k +1

zk+1(t) = Yrt1(t) — (2o — yo) — (Zo — Ho)t[| < / 2k(s) — Jr(s) — (F0 — Jo)llds

¢ k
< [ max{Dlso — ol o~ dnl} | Y- 57
0 s
k
]_ ]+1
_ Dl — T
max{D|lzo — yol|, [|Zo yOH}D JZ::O G+ 1)
1 k+1
= max{D|zo — yol, |0 — yOH}B Z
7=0
—max{D|zo — yoll, [|#0 — Jol }
k1 ;
15 ey 1
- Dllzo — N _
max{D|zo — yoll, [|[Zo — Joll} D JZ::O i D

So our claim follows and because of Zf: ( ],) < eP* even more holds, namely

llzx(t) — yr(t) — (o — yo) — (Lo — Ho)t||
Dt
< max{Dlan ~ sl éo — ol (G = 5~ ).
12k(t) — 9x(t) — (F0 — o)
< max{D||zo — yol|, |#0 — Fol} (¢”* = 1) .

Letting k& — oo we obtain

z(t) — y(t) — (zo — vo) — (F0 — Jo)t||

Dt
< max{Dlan - sl léo — ol (G = 5~ ).
J#(8) ~ 361) ~ (o o)

< max{D||zo — yol|, |20 — 0|} (e”* = 1).

Let us now express the exponential map in coordinates, indeed, consider the
function f: X — X on X = R2" given by f(z0,%0) = (0, 2(1)). Furthermore,
let the linear map L : X — X be given by

I
= (17,
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where I is the n x n identity matrix and look at the trivial inequality
20 = yo — (w0 — yo)l| < max{Dl|zo — yol|, 0 — G0l }(e”* =1 = Dt). (5.3)
Notice that for t = 1 we have
L<$o—yo): I o (xo—yo):< To — Yo )
To — Yo I 1) \%o—1% zo —yo + (20 — %0)/
Thus, we can rewrite the left side of the equations (5.1) and (5.3) as follows
( Lo — Yo )_( Lo — Yo ):< To — Yo )_L(Z‘O—yo)
z(1) —y(1) zo — Yo + (&0 — o) z(1) —y(1) To — Yo

and recalling here that D < 1 and by definition ||(z, &)|| = max{||z|], ||Zo||} we

conclude max{||zo — yoll, |£0 — ¥oll} < ||(z0,Z0) — (Yo, Yo)||. Then we get

D _
|.f (@0, @0)—f (Yo, Yo)—L((x0, o) — (0, 90))|| < [(z0,Z0)— (Yo, Yo)l (e D L 1)

for every (g, %) and (yo,9o) such that ||(zo,d0)| < § and ||(yo,90)| < J. We
know that D is a function of § and satisfies lims_,o D(6) = 0, thus we see
from the equation above that f is strongly differentiable at (0,0) with strong
differential L. The exponential map is differentiable at any point in the image
of p — 0p, since M = {0, : p € M} C TM, meaning that any point p € M
corresponds to zero tangent coordinates for some chart compatible with the atlas.
Observe that if a function f(z,y) is strongly differentiable, then keeping z fixed,
we obtain that f(z,-) is strongly differentiable. Moreover, the composition of
strongly differentiable functions is strong differentiable. So we can conclude that
the pointed exponential map, which is given by exp,, := m2(f(0,-)) is strongly
differentiable at the origin, where 7o is the projection (a,b) +— b. The strong
differential L is invertible and so the pointed exponential map establishes a local

bi-Lipschitz homeomorphism and the theorem is proved. [18] O

In order to refine the pointed case we will go through some definitions and
then state our next theorem.
Let N be an open neighborhood of p € M. N is called normal if there exists an
open star-shaped subset N, C (2, such that exp, : N, — N is a bi-Lipschitz
homeomorphism. We will call C' convex normal if it fulfils the conditions above
for each of its points, where C' C M is an open set. C is called strictly convex
normal if C' is convex normal and any two points of C' are connected by a unique
geodesic, which is contained in C' [18].

Now we are ready to prove the following theorem:
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Theorem 5.2 (Main Theorem 2). [18, Theorem 4]

Let again M be a C*°— manifold endowed with a locally Lipschitz connection
and O an open neighborhood of p in M. Then in O there exists a strictly convex
normal neighborhood C' of p such that the exponential map provides a bi-Lipschitz
homeomorphism between an open star—shaped subset of the tangent bundle T'C
and C' x C.

Furthermore, let B(p,d) be an open ball defined through the Fuclidean norm
induced by the coordinates for any sufficiently small 6. Then C can be chosen such

that it is equal to B(p,d) for every chart x* which is defined in a neighborhood
of p.

kM /,
)/ Ay ={(p,p) :p€ M}
cl’
.- cxC
e e > exp
/, .-~ C M
TM
e
( M={(p,0)eTM :pe M}

Proof. In the proof of the previous theorem we proved the strong differentia-
bility of the exponential map, so we already know that there exists an open
neighborhood O of (p,p) with O C M x M that is bi-Lipschitz homeomorphic
to an open neighborhood U of the zero section 0, € T'M.

Let now ¢ be sufficiently small such that C' = B(p, d) for some chart z* which
is defined in a neighborhood of p. We start this proof by showing that the ball

B(p, ) is strictly convex normal for sufficiently small §.
Choosing § as above and sufficiently small such that B(p,d)? C O we have

Ny := (exp~ " B(p,6)*)nm " (q) = [exp™ " ({g} x B(p, 6))In7 ' (q) = exp, ' B(p, )
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for g € B(p,9).

The exponential map is continuous and 7~ (q) = T, M, so the first equality shows
that N, is open in the topology of T, M. The existence of such a neighborhood
is a consequence of Leach’s theorem. Hence for each ¢ € B(p,d) the open set N,
is chosen such that exp, : Ny — B(p,9) is a bi- Lipschitz homeomorphism. It
suffices to show that B(p, d) is strictly convex and thus N, is star- shaped.
Consider now ¢ € B(p,d), § # q and v := equ_l(qN) € N,. Let z: [0,1] — M,
t — 7,(t) be the geodesic from ¢ to ¢. If x lies completely in B(p,d), then
Yw(t) € Ng. But v, (t) = exp,(tv) € N, for all ¢ € [0,1], and thus tv € N,
meaning that N, is star-shaped. So it suffices to show that z stays in B(p,d). By
contradiction, assume that x does not lie completely in B(p, §). Then there must
be ¢t € (0,1) such that xz(t) > 6. But ||lg|| < § and ||| < §, thus the function
t — x(t) must take a maximum at ¢g € (0, 1).

Any geodesic x(t) is C*! and so is ||z||?(t). Furthermore, remember that by
definition a geodesic is regular, meaning & # 0. Thus we can differentiate twice
and get

2z

=2 <||9'c||2 + xfw) =2(||&||* + zH (z, ). (5.4)

|||
dt?

Defining a continuous function z defined on 7=*(B(p,)) by
2(z,v) = |oll* + 2H (z,v),

restricting it to the unit tangent bundle B(p,d) x S"~! and recalling that

M = SuprE(p,r) SUpP||y||=1 ||H($7 ’U)H we get

2(x,e)=1+xH(x,e) >1—06M > 0. (5.5)

Using this we then have that (5.4) is equal to

2|2 (1 +2H (@, ) ) =22 (2, o ) 1]
] ]

and this is positive because of (5.5).

This is a contradiction to our assumption and thus we have that x stays in
B(p, ).

So we have that ||z]|?(t) obtains its maximum at the boundary of its interval
of definition, which are the endpoints of the geodesic segment. We deal with
a strict inequality, so if its endpoints are at the boundary of the ball then its
interior points are in B(p, ), meaning that the ball B(p,§) is strictly convex

normal. From B(p,d)? C O, we can infer that the exponential map establishes a
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bi- Lipschitz homeomorphism between an open subset of TC' and B(p,d)?. Thus
the theorem is proved [18]. O

For further information, we refer to [18].

5.2 Position vector on convex neighborhoods

Before we state Gauss’ Lemma, we first define a position vector and take a closer
look at its behaviour on a convex neighborhood. For this purpose, consider C' to
be a convex normal set and let p,q € C. The unique geodesic connecting them
is given by z : [0,1] — C, x(0) = p, z(1) = ¢q. Then the vector #(1), denoted by
P(p,q), is called position vector [18].

Theorem 5.3. [18, Theorem 17]

As already proved, for ever e < 0 and sufficiently small § we have that C = B(p, §)
satisfies the conditions of theorem 6.2. The coordinate system {x*} in the
neighborhood U of p induces an affine structure that allows us to compare

tangent vectors at different points of U. Furthermore we have that for every

ql:qQaQL(]éaq el

I[P(q1,a5) — (a5 — @1)] — [P(q1, 42) — (q2 — qu)]|| < emax{llg; — q1|, las — ¢2|},

]
1P(q,q2) — P(q,q1) — (g2 — q1)|| < €ellgz — aul, (5.6)
1P(q1,92) — (a2 — q1)|| < ellgz — anl, (5.7)
P(q1,q2)|| < e (5.8)

If the coordinate chart is chosen such that the Christoffel symbols I‘gﬂ (p) vanish
at p, then & can be chosen such that the following holds

1P(q1,42) + Pg2, q1)| < €llg — a1 ||*.

This theorem will be proved by the next two statements.
Now consider the geodesic z(t) with initial conditions satisfying the condition
max{||zoll, |Zol|} = ||(z0, Z0)|| < & as before. Keep x¢ fixed. First we show that
the map @ ~ (1) is injective. Recall that &(1) = P(xo, (1)) = P(x0o,exp,, <o)

[18]. Then we have:

Lemma 5.4. [18, Lemma 3]
For fized xo, the map &g — (1) is strongly differentiable at the origin, where
the strong differential is the n X n identity matriz I. Furthermore, the map

(zo,%0) = (x0,2(1)) is strongly differentiable whenever &g = 0 and the strong
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differential is the matriz

o)

So we have for sufficiently small & that both maps are injective and bi-Lipschitz

with inverse strongly differentiable whenever &(1) = 0.

Proof. Consider the exponential map of the vectors &, ¢y with base point x¢ = yq-

By equation (5.2) for t = 1 we get
(1) = §(1) = (d0 — Go)l| < ll&o — goll(e” = 1).

We know lims_,g D(§) = 0 and thus we conclude that the map & — #(1) is
strongly differentiable at the origin with strong differential the identity matrix.
For the second part of the theorem we look at the following two inequalities:

The trivial inequality

lzo = 50 = (z0 = yo)ll < llwo — yoll(e” — 1),

and the inequality from above

12(1) = 5(1) — (&0 — go) | < ll#0 — 5ol (e” = 1).

<G5l
Zo — Yo

(o, &(1)) = (y0,5(1)) = (x0,0) = (Yo, 90)l < ll(zo, o) — (yo, %0)ll(e” — 1)

Thus, we can rewrite them as follows

Gty “5) - Gom )

and thus we get

e —1).

for every (zg,Zo) and (yo, Jo) such that ||(zo,Zo)|| < ¢ and ||(yo, ¥o)|| < J. Since
lims_,g D(6) = 0 we can conclude that the map (zq,Zo) — (2o, 2(1)) is strongly
differentiable at (0,0) with strong differential the identity matrix.

Again by Leach’s inverse function theorem we conclude that for sufficiently small
0 both maps are injective and bi-Lipschitz with inverse strongly differentiable
whenever #(1) = 0 [18]. O

Furthermore, we obtain:

Proposition 5.5. [18, Proposition 3]
Consider p € M, {z"} a chart in a neighborhood U of p. Denote the position

vector of q with respect to r by P(r,q). There exists an open convex neighborhood
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C containing p such that for every qs,q1 € C' the map

(q1,92) = P(q1,92) — (92 — q1),

interpreted with the affine structure induced by {z*}, is strongly differentiable

on the diagonal q1 = qo. The strong differential is zero.

Proof. In order to prove this, let C' be a convex neighborhood of p such that the
exponential map establishes a bi-Lipschitz homeomorphism between an open
subset of TC and C x C. Furthermore, let z* : C — R™ be C%! coordinates on
C such that z#(p) = 0.

As already proved, the exponential map is strongly differentiable on the zero

section of T'C' with strong differential L = 1) By Leach’s inverse function

1 is strongly differentiable on the diagonal of

I 0
C x C with strong differential L=! = I) . In other words, the map written

theorem, we conclude that exp™

in coordinates (¢1,¢g2) — (g1, exp;l1 q2) = (q1, P(q1, q2)) is strongly differentiable
on the diagonal with strong differential L=!.

The strong differential of the map (q1,¢2) — (q1,¢2 — q1) is also L™1, where
we use the affine structure induced by the coordinate chart in order for the
difference to make sense. So clearly then the strong differential of the map
(q1,92) = (q1, P(q1,G2) — (g2 — q1)) vanishes on the diagonal of C' x C' and this
implies that the strong differential of the map (q1,¢2) — P(q1,42) — (g2 — q1)
vanishes on the diagonal of C'x C'. In particular, this map is strongly differentiable
at (p,p) and so for every € > 0 the constant § > 0 and hence the convex

neighborhood C' = B(p,d) can be chosen such that for every ¢, q2,q},¢5 € C

1[P(q1,45) — (g5 — 1) — [P(a1, q2) — (a2 — @0)]|| < emax{[lq] — a1, g5 — @[}

And hence for every q1, qa,q € C, by replacing ¢; by ¢, ¢5 by ¢2, g2 by ¢1 and ¢;
by ¢ we get
1P(q,q2) — P(g,q1) — (g2 — q1)|| < ellgz — au-

By setting ¢ = ¢; we conclude

1P(q1,q2) — (2 — @) || < €llgz — |-

By the triangle inequality we conclude that ||P(q1,42)| < (1 + €)]lg2 — q1]|- The
diameter of C' can be chosen sufficiently small such that ||P(q1, g2)| < e.
Consider the geodesic = : [0,1] — C given by z(0) = ¢{,z(1) = ¢ and let

62



g2 = ¢4 = z(t) with ¢ € [0,1]. Then equation (5.6) gives:

1P(x(0),z(t)) — P(e(1), z(t)) — (z(1) — 2(0))]| < ellz(1) = z(0)[].

Observe that P(p,q) = *yéxp,l(q)(l). This implies P(z(0), z(t)) =~/ ol (@ (t))( ).
- ex 0
We have that exp, ) (t#(0)) = z(t) and therefore exp;(lo) (x(t)) = t&(0). This
again implies that 'Yexp*(l)(r(f))@) = exp,(g)(st#(0)) = x(st). So we can conclude
oL (et

that
Vgt aton (D) = Plal0),2(t) = ta(0).

Also, P(z(1),z(t)) = 'yexp;é)(x(t))(l). We have exp,;)(—t#(1)) = 2(1 —t) and
therefore we conclude by writing 1—¢ instead of ¢ that exp,,;)(—(1—t)#(1)) = ().
Thus, exp;(ll)(:c(t)) = —(1—=t)&(1).
Then, *yexp;(11>(x(t))(s) = expy1)(—s(1 —t)#(1)) = z(1 — s(1 — t)). Differentiating
by s gives

Wéxp;(ln(w(t))(l) = P(z(1),z(t)) = 2(1)(=(1 = 1)).

Hence for ¢ € [0,1]

[&(t) = (2(1) = 2(0))|| < el|z(1) = =(0)]]-

For t = 1 we have P(z(0),z(1)) = ¢(1) and P(x(1),2(0)) = —2(0) for t = 0. Set
r(t) = ©(t) — (x(1) — z(0)). Let us assume that the coordinate system is chosen
such that for every normalized vector e and C sufficiently small such that on C'
the following hold:

[H|| := sup sup [|H(z,e)|| <e.
2€C || =1

This is always possible by a coordinate transformation and using that H* is

homogeneous of second order. Then we conclude

1P(x(0), (1)) + P(x(1), z(0)[| = [[#(1) — 2(0)]

—u/ Ha(o) (o < [ WAoo 2N i) s < [ o) Pas
<o [ Wras+ / (1)~ 0) s+ 2(1) 0] [ r(s)is]
©)1*

< e(1+e)|lz(1) -

A redefinition of € gives the last inequality of theorem 5.3 [18]. O

For further information, we refer to [18].
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5.3 Gauss Lemma

So now let us go back to Gauss’ Lemma. In order to prove it we will need the

following theorem.

Theorem 5.6. [18, Theorem 16]

Consider a Lipschitz function f defined on an open subset O of R™ and let
J 1 O —= R™ be a continuous function. If the differential of f exists and is equal
to J almost everywhere then f is C' and the differential is J.

Proof. This theorem is easy to prove for n = 1. Indeed, let us look at

@)= 1@ - [ T

where a € O. Obviously, this function is Lipschitz, hence absolutely continuous
and so it has a derivative, which vanishes almost everywhere. Thus it is constant.

If we set a = x, we see that the constant is zero, hence we have

and this implies that f is C' and the derivative is J.

For n > 1 we will proceed as follows. Without loss of generality, we assume
O = R"™. The goal is to show that at every x € O, 9, f = J(v), where v € R™.
This would imply that f is Gateaux differentiable at each point with Gateaux
differential J and by proposition 4.2 our claim would follow.

For almost every hyperplane that is perpendicular to v, the function f is almost
everywhere differentiable at the points that belongs to the hyperplane, by the
theorems of Fubini and Rademacher.

We introduce coordinates {y°,...,y"} in which such a hyperplane has equation

¥’ =0and v= Oyo and thus is perpendicular to v. Consider

g(ylv"'ayn) = f(ovylv"‘vyn)a

the Lipschitz restriction of f to the hyperplane. So by the choice of the hyperplane
y? and v = 9,0, this holds in our case and the differential of the function f is .J.
Let (t,y) € R™ and U be an open neighborhood of (¢,y). Now consider a line
parallel to the y°-axis, determined by its intersection with y° = 0. Then by
Fubini’s theorem, for almost every such line the function f is almost everywhere
differentiable with differential J, where almost everywhere differentiable means
that it is differentiable in the Lebesgue (n — 1)-dimensional measure of this
hyperplane. Hence there exists some (t',y’) € U passing through one such

parallel line.
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By assumption, we have that the function J(¢, y) is continuous and thus uniformly

continuous over compact subsets. Thus,

F(t,y) = gy) + / J(t s co)dt

is continuous in (¢,y) and C! in ¢.

Consider now the function f — F above such a line is Lipschitz and differentiable
almost everywhere and the derivative is zero. Hence it is a constant. But we
have f — F = 0 at y° = 0 and so the constant vanishes and f(t',y') = F(t',y').
U was chosen arbitrary and both functions are continuous, so we conclude
f(t,y) = F(t,y), meaning f = F. Furthermore, 0, f = 0,F = 0,0 F = J(ep) and
thus our claim follows [18]. O

Lemma 5.7. [18, Gauss’ Lemma under sufficient differentiability conditions,
Section 1.3]

Consider a CY' metric g giving rise to a Lipschitz connection. Let p € M, N
a normal neighborhood of p and v, € exp;1 N with x # 0. Furthermore, let
wy € T,M. Then

gexpp(x) (TJC expp (Uw)v Tx epr(wx)) = gp(vg;, ng)

Under this differentiability hypothesis the exponential map is just Lipschitz,
meaning the Gauss Lemma is not expected to hold. So we show that the Lemma
holds in a formulation that does not require the differentiability of the exponential

map. Thus, let us prove

Theorem 5.8 (Main Theorem 3). [18, Theorem 5]

Consider a C*-manifold M and a C**-metric g : TM \ {0} — T*M @y T*M.
Let N be a normal neighborhood of p in M and remember that L : TM — R
with L(p,v) = 3g,(v,v) for v#0. Then

D2(q) := 2L(p,exp, ' (q)) = gp(exp, *(q), exp, ' (¢)) (5.9)

is CY! in q. Moreover,

T,Dj = 294(P(p,q), "), (5.10)

where the position vector of q with respect to p is given by P(p,q) = 7,(1).
This last equation represents a geodesic connecting p and q, which is orthogonal
to any level set Di = constant. Hence the level sets of Di are orthogonal
to the geodesics issued from p. Furthermore, the (—t)-time flow map of the

position vector is a bi-Lipschitz homeomorphism from (D)~ (s) to its image on
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(D2)~"(se?") fort,s > 0. So Gauss’ Lemma holds almost everywhere, indeed

whenever exp,, : explj1 N — N is differentiable.

Before we prove this theorem, let us add some remarks. Df, can be negative
in the case that the metric is not positive definite. In equation (5.9) we can see
that Df, stems from the inverse of the exponential map. Thus, one would expect
that Df) is Lipschitz, but we can check that the differential is almost everywhere
as in (5.10) and that it can be extended everywhere, by the Lipschitzness of Df,
and continuity of the position vector [18].

Finally, let us prove theorem 5.8.

Proof. First, we are going to prove equation (5.10). Obviously, Dg stems from
the inverse of the exponential map and since exp, 1 is Lipschitz, so is Dg. By
theorem 4.1, the function 2gp(, oy (P(p, q),-) is Lipschitz in ¢, where the position
vector is given by Wéxpglq(l). By theorem 5.6, it suffices to show that the
differential of Dg exists and that equation (5.10) holds almost everywhere on N.
We know that the exponential map is differentiable almost everywhere over the
star-shaped open set exp~! N C T,,M. Hence, by Fubini, it is almost everywhere
differentiable on almost every radial line passing through the origin, where almost
everywhere is meant in the sense of the (n — 1)- dimensional Lebesgue measure
of a Euclidean sphere contained in exp~! V. So we now need to take ¢ on the
exponential image of one of these geodesics.

Indeed, let w € T,M. Consider a C*! geodesic segment
o:l-a,al > N
with 0(0) = ¢,0'(0) = w and let

) :[0,1] — N,
t— (1)

be the unique geodesic with 2(5)(0) = p, 2(5)(1) = o (s). Let v(s) = exp, ! o(s),
where v : [—a,a] — T, M is Lipschitz, since exp, ! is Lipschitz. Especially,

S={ueTy,M:u=tu(s),t€[0,1],s € [—a,al}
is a Lipschitz submanifold of T,,M and thus again by theorem 4.1
z(t,s) =2 (t) = exp, (tv(s))

is Lipschitz in (¢, s).
The map t — z(*)(t) is a geodesic and for an arbitrarily geodesic a we have
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that (a/,’) is constant because 4 (a/,a/) = 2(a”, ') = 0, due to have o’/ = 0.

Therefore, the quantity

L(z® (1), 27 (1) = (27 (1), 21 (1))

is independent of ¢ and we can choose ¢t = 0 and so it is equal to L(p,v(s)). The
Lipschitz function v(s) is differentiable almost everywhere. So now let s be such
that v’(s) exists and recall that by theorem 4.1 we have for almost every s, for
every t € [0, 1], z(¢,-) is differentiable at s and dxx(t, s) is locally Lipschitz in ¢,
locally uniformly with respect to those s where it is defined. Furthermore, for
any such s we have that for almost every ¢ € [0,1], d1022(¢, s), 9201 2(t, s) are

locally bounded and coincide. Then for ¢ arbitrarily

1 1d d
580/(5)1)]% = 5%D;2)(O—(S)) = £L(p,’0($))
) oL 9zt OL

= — =rya— ds Oz
aSL(x(t7S)7xt(t7S)) Ts o + ds Oxl’

O ( ,OLN (0 0L 0L\ [0z 0w\ 0L
=— (= )-2 = —— |+ | =L - —.
ot \"° ozl *\otozl  Oxm Os ot ) oxt

By theorem 4.1, we have that mixed derivatives coincide and thus for almost

every t the last term vanishes. The second term of the right-hand side vanishes
because z(*)(t) is a geodesic. Thus, it solves the Euler-Lagrange equation for
the Lagrangian L. By the definition of D2(¢) in (5.9) we have L(p,v) = $g(v,v)
and this implies %L = g(v,-). Using this and integrating in ¢ over the [0, 1] we

obtain, taking into account that the left-hand side does not depend on t:
1 ) ' ) Yda
gaol(s)Dp = /O' 580/(3)Dp = /0 %g(xt,xs)dt
= g(ze(1,5),0'(s)) — g(@¢(0, 5),25(0, 5)) = 9(vy() (1), 07 (s)), (5.11)
where we used that z4(1,s) = 0 exp, v(s) = ds0(s) = o'(s) and
4(1,8) = Ofs=1xp,(tv(s)) = Otlt=17u(s) (1) = Y5y (1)

and that (0, s) = p, hence (0, s) = 0. Evaluating the previous expression at

s =0 gives

Osls=0Dy (0(5)) = Ty0)Dp(0”(0)) = 9(v0(1),0"(0)) = g(P(p, ), w),

where in the last equality we used that v(0) = exp, *(¢) = exp, ' (¢(0)) and thus
this proves equation (5.10).
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Consider an integral curve

a:[0,a) > N,
t— at)

of P(p,-) and differentiate Dg along it

%?(t)) - 2%9(exp;1(a(t))7eXp;l(a(t))) =29(P(p,a(t)), &(t))

=29(P(p,a(t)), P(p,a(t))) = 29(7;(;,;1(&(15))(1)"Y(Cxp;l(a(t))(l))

= 29(7£xp;1(a(t))(0)7 PYéxp;l(a(t))(O)) = QQ(GXP;I(O‘(t))v engl(a(t))) = 2D§(a(t))a

where we used P(p, a(t)) = yéxp,l(a(t))(l) and (5.10). Obviously, we obtain

Dy(a(t)) = Dy(a(0)) exp(2t).

Since exp™! N is star-shaped the —t-time flow maps (D2)~!(s) to (D2)~!(se™?")
for ¢t > 0. Since P is Lipschitz, by the mentioned result, the flow map is
Lipschitz. Furthermore, since it is injective and invertible it is actually a bi-
Lipschitz homeomorphism between (D2)~'(s) and its image on (D2)~!(se™?"),
by Leach’s theorem. In order to prove the last part of the theorem, we suppose
that exp,, is differentiable at v € T, M \ {0}. Observe that 7, (1) = T exp,,(vz)
and let w, € T, M. Define v(s) := v, + sw, and o(s) := exp, (v, + sw), such
that o'(s) = T, exp,(w,). We have

D2(o(s)) = 2L(p,exp;, *(0(s))) = 2L(p,v + sw),

by the choice of o(s). Thus again by the fact that a%L = g(v,-) we obtain

1dD%(0(s))

B ds :gp(vm»wm)7

s=0

while by the computations from the first part of the proof we have

1dD2(o(s))
2 ds

o = Yexp, (@) (T exp, (va), Ti exp,(wy)).

So these two expressions coincide and the theorem is proved [18]. O

For further informations, we refer to [18].
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