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Introduction

Subject of the thesis

In this thesis we study the existence of fractional Brownian fields indexed by metric
spaces, focusing on the case of Riemannian manifolds. Our starting point is that
an H-fractional Brownian field indexed by a metric space exists if and only if the
distance to the power 2H is a kernel of negative type. We use elementary tools
provided by the Riemannian framework to investigate the property of negative
type for the power of the geodesic distance.

Motivation

The motivation to study fractional Brownian fields comes from the fact they gen-
eralise the fractional Brownian motion. The fractional Brownian motion is a col-
lection of random variables indexed by the real line with features that make it a
successful model in an important number of applied contexts such as Geography
of coasts, Finance, Geology, Hydrology, Imagery, Signal Analysis, Telecommunica-
tions... A fractional Brownian field is a a collection of random variables indexed by
a metric space, and a generalisation of the fractional Brownian motion. As such,
fractional Brownian fields inherits important properties:

e The fractional Brownian motion is a Gaussian process, which means every
linear combination of its marginals is a Gaussian random variable. The same
is true for fractional Brownian field. Gaussian random variables play a central
role in Probability and Statistics, because they appear as invariant in many
situations (one can think of Gaussian variable as the solutions of the heat
equation and as the limit law in the central limit theorem, for example), and
also because they are in many ways easier to use than other distributions
with a density.

e Stationarity of increments of the fractional Brownian motion (B/?);cr
means that the statistical properties of the increment Bg — Bg depends only
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on the elapsed time ¢ty — t;. Formally, for every real number s the random
process
H H
(Btz-i-s - Bt1+5)t2eR

have the same finite-dimensional distributions that the random process

H H

(BtQ - Bt1 )tgeR :

This property persists for the fractional Brownian motion, for which the
statistical properties of Bﬁtz) — Bﬁtl) are the same for every isometry g of
the index metric space.

e Auto-similarity of the trajectories for the fractional Brownian motion
means that for every positive Athe statistical properties of the process (Bﬁ )
are similar to those of B;. In this case a scaling occurs and

(B3 ex

have the same finite-dimensional distribution that

teR

()‘HBg{)tER-

In a general metric space there is no counterpart for the homothety map
t — At of the real line. However in a Riemannian manifold it is possible to
define analogues of this map in a small enough neighbourhood of every point,
and the property stays locally true for fractional Brownian fields indexed by
Riemannian manifolds (we refer to the article [12] of Istas for an explicit
statement).

Those three properties play a significant part in the success of the fractional Brow-
nian motion. In particular auto-similarity appears in numerous natural phenomena
which exhibit fractal regularity. Fractional Brownian motion indexed by Euclidean
spaces have been studied in applications for geology and image analysis, but frac-
tional Brownian fields indexed by general metric spaces allow to consider problems
in which data is naturally indexed by spaces as different from each other as the
sphere and a graph, for instance.

Let us mention that taking H = 1/2 gives the special case of Lévy Brownian
fields, which generalise the Brownian motion.

Context: The existence problem

For a positive H and a metric space (F,d), H-fractional Brownian fields indexed
by (E,d) do not always exist. Moreover there is no general method to check if they



do. Since they are Gaussian random fields, they exist if and only if their covariance
function is a kernel of positive type. In the case of fractional Brownian fields, this
is equivalent to the fact that d?/ is a kernel of negative type.

In the case H = 1/2 this question goes back to Lévy which defines and show
existence of Brownian fields indexed by the Euclidean space in [16]. In [3] Chentsov
uses Gaussian white noise indexed by the sets of affine hyperplanes to give an
explicit construction of Euclidean Lévy Brownian fields. Lévy adapts the method to
construct the Lévy Brownian field indexed by the sphere S? in [15]. In [23] Morozova
and Chentsov discuss the generalisation of this construction to simply connected
surfaces of nonpositive curvature (Cartan-Hadamard surfaces), which we detail in
Chapter 2. When the space is very regular harmonic analysis is available and gives
a characterisation of negative type kernels through Lévy-Kinchine formula (see [7]):
Gangolli [8] and Molchan |21, 22], 20] investigate the existence of the Lévy Brownian
fields indexed by symmetric spaces and in particular show existence in the cases
of the spheres S? and the hyperbolic spaces H? and nonexistence in the case of
the real and complex projective spaces. In the case of normed vector spaces let
us mention the work of Lifshits [I8] who generalises Chentsov representation, and
Bretagnolle, Dacunha Castelle, Krivine [I] who relate the negative type property
to isometric embedding in Hilbert spaces. See also Faraut and Harzallah [7] for the
same point of view on geodesic distances on Riemannian manifolds.

Existence of H-fractional Brownian fields indexed by Euclidean spaces has been
well known for some time (see for example Mandelbrot’s work in [19]). In 2011 Istas
defines the H-fractional Brownian fields indexed by metric spaces, together with
the fractional index of a metric space (see [12]). He surveys and completes in his
article the existing results, and gives new ones.

Results of the thesis

Recall that an H-fractional Brownian field indexed by a metric space (E, d) exists if

and only if the kernel d?¥ is of negative type, that is for every points P,,--- , P, € M
and real coefficients ¢, --- , ¢, € R such that Z?:l c; =0,
Z CZ'deQH(Pi, P]) S 0. (].)
ij=1

Every result we give is based on this criterion, and is about existence of fractional
Brownian fields indexed by a Riemannian manifold M endowed with its geodesic
distance djy.

Perturbation of critical configurations In Chapter [3| we consider H-
critical configurations, that is to say points P;,--- , P, and coefficients ¢y, - , ¢,



such that " , ¢; = 0 and

n

> e d™ (P, Py) = 0. (2)
ij=1
The idea is to find a criterion to allow for a small perturbation of (P, --- , P,) and
(c1,+ -+ ,cp) such that becomes positive, in which case an H-fractional Brownian

field cannot exist (see (I))). We find that the existence of a curve orthogonal at
some P, to every minimal geodesic from F;, to the others points P, is sufficient to
have such a perturbation. We deduce that in order to have existence of a fractional
Brownian field the minimal geodesics between points Py, --- , P, of every critical
configurations must span the whole tangent space with their speeds at every P;.
This necessary condition is given in Theorem [3.1]

e Lévy Brownian field indexed by manifolds with closed minimal
geodesics On a circle every pair of antipodal points give an 1/2-critical
configuration of four points. This stays true on a minimal closed geodesic
of a Riemannian manifold. For the Lévy Brownian field (corresponding to
H = 1/2) to exist Theorem [3.1] gives a necessary condition on the minimal
geodesics between every such four points. By taking pairs of antipodal points
as close to each other as needed we see that the same condition must hold
for two antipodal points, which is a stronger result given in Theorem [3.2] We
apply this criterion to show there exists no Lévy Brownian field indexed by
a manifold with a loop of minimal length among loops which are not in the
constant homotopy class (Theorem . In particular we show that there
exists no Lévy Brownian field indexed by a nonsimply connected compact
Riemannian manifold (Theorem [3.4). Let us notice that this result does
not depend on the choice of Riemannian metric we make, but only on the
topology of the underlying differentiable manifold.

e Nondegeneracy of fractional Brownian fields indexed by the hyper-
bolic space We use the existence of an H-fractional Brownian field X#
indexed by the d-dimensional real hyperbolic space H? for every 0 < H < 1/2
and every d € N* to show that there exists no critical configurations for those
fields (otherwise Theorem would apply and give nonexistence). This is
equivalent to say there exists no points P, - - , P, and coefficients ¢, - , ¢,
such that > " |, ¢; = 0 and that the linear combination

Z ¢ Xp =0 as. (3)
i=1

In the case of a fractional Brownian field with an origin O € H¢ such that
X = 0 almost surely we are able to remove the condition Y . ¢ = 0,



which shows that the field is nondegenerate, that is every finite dimensional
Gaussian vector (X7, , XF ) admits a density with respect to the n-
dimensional Lebesgue measure. The same argument applies to H-fractional
Brownian fields indexed by R? for every 0 < H < 1. In this case the result
was already known but the previous proof we are aware of is significantly
longer (see for example [4]).

Nonexistence of fractional Brownian fields indexed by cylinders We
show in Chapter 4| that for every positive H there exists no H-fractional Brow-
nian motion indexed by the cylinder. We do so by exhibiting points (P/}) and

coefficients (¢;) for every 1 <1i < n such that ) ., ¢; is always zero and

lim 37 cie, (Pl Pfl) = +oo. (4)

ij=1

which prevents for n large enough. We start by investigating a collection of
points on the circle, which we afterwards duplicate on two horizontal circles of
the cylinder. Finally we consider the same collection of points on a number of

circles depending on n. The behaviour of nhi& Z? i1 cic;d*H (Pffl, Pﬁl) when n goes

to infinity is governed by the asymptotic regime of the distance z, between two
consecutive circles, which should be chosen carefully in order to obtain the desired
divergence towards infinity. This adequate regime depends on H. Furthermore
z, tends towards zero when n goes to infinity, which means that all the points
we consider converge towards points on the circle at height z = 0 when n goes
to infinity. This allows the result to stay true for any cylinder S*x]0,¢[. Let us
notice that this example exhibits an obstruction to the existence of fractional
Brownian motion which depends only on global features of the index space: indeed
the cylinder and the Euclidean plane share the same local flat metric, but as one
enjoys H-fractional Brownian fields for every 0 < H < 1, the other admits none.
As far as we know the only other examples of spaces with fractional exponent 0

1/q
are R? endowed with the norms (Zle \xi]q> for d > 3,9 > 2 (see Koldobskii

[14]) and the quaternionic hyperbolic space endowed with its geodesic distance
(see Faraut [7]).

e Generalisation to Riemannian products We show that the result holds
for any Riemannian product M x N as long as there exists a minimal closed
geodesic in the Riemannian manifold M (see Theorem [4.2)).

e A weak version of the result for surfaces close to the cylinder On
the set S'x]0, e[ we investigate the case of distances d’ which converge to the



classical product distance on the cylinder when z €]0, ¢[ tends towards zero.
The idea is to consider the same points (Pﬁz) and to obtain again for
the other distance. The range of H for which the technique works depends
on some rate 0 of uniform convergence of d’ towards the product distance:
Theorem gives a bound of the fractional index which depends on ¢. In
Theorem .4l we look at the case of a Riemannian manifold of dimension 2
in some chart S'x]0, e[. We give examples among surfaces of revolution with
increasing generating function, in particular in a case where the generating
function which is flat at zero we recover nonexistence of every H-fractional

Brownian motion for H positive.

e Gromov-Hausdorff discontinuity of the fractional index We notice
that the fractional index of cylinders S' x [0, ] is zero, while the fractional
index of the circle S' x {0} is 1. We check that the metric space S' x [0, €]
Gromov-Hausdorff converge towards S' x {0} when e tends towards zero,
hence the fractional index is not continuous regarding Gromov-Hausdorff
topology on the set of isometry classes of compact metric spaces (see Theorem

)

Organisation of the thesis

Let us briefly describe the contents of the different chapters.

In Chapter (1| we provide the general definitions on random fields and Rie-
mannian geometry we need, in an attempt to make this document as self-contained
as possible. We also attempt to clarify the possible definition for complex-valued
fractional Brownian motions.

In Chapter [2| we give some details on a argument by Morozova and Chentsov
which proves the existence of the Lévy Brownian field indexed by simply connected
surfaces with nonpositive curvature (Cartan-Hadamard surfaces).

In Chapter [3| we give a necessary condition for the existence of fractional
Brownian fields indexed by Riemannian manifolds (Theorem . We investigate
this necessary condition for Riemannian manifolds with closed geodesics (Theorem
, from which we derive nonexistence of Lévy Brownian field indexed by man-
ifolds with a loop of minimal length among loops which are not in the constant
homotopy class (Theorem . In particular we show that there exists no Lévy
Brownian field indexed by nonsimply connected compact manifolds (Theorem (3.4)).
Furthermore we derive from Theorem the nondegeneracy of fractional Brown-



ian fields indexed by the hyperbolic spaces (Theorem .

In Chapter [ we show that for every H there exists no H-fractional Brownian
motion indexed by the cylinder (Theorem . We generalise this result to the Rie-
mannian product of the circle with any manifold (Theorem . We investigate the
case of metric spaces for which the distance is asymptotically close to the cylinder
distance (Theorem and [£.4). From Theorem we derive the discontinuity
of the fractional index of a metric space with respect to the Gromov-Hausdorff
convergence (Theorem [4.5).
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Notations

N the set of nonnegative integers

N* the set of positive integers

R the set of real numbers

R* the set of nonzero real numbers

C the set of complex numbers

Re(z) the real part of the complex number z

Im(z) the imaginary part of the complex number z

a.s.  almost surely

E(X) the expectation of the random variable X

N (v, M) a Gaussian random vector with mean vector v and covariance matrix M
T

U the transpose of the column vector u € R"”

14 the indicator function of the set A
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Chapter 1

Generalities

We give in this chapter some general definitions and results we need. All the
material we cover here is standard, with the exception of Section and Section
where we discuss the definition of complex-valued fractional fields.

1.1 Kernels of positive and negative type

Let us start with some definitions about kernels.
In all that follows, S is a set and K is a kernel on S, that is to say a map

K:SxS—=R
which is symmetric: for every x,y € .9,
K(z,y) = K(y,x).
Definition 1.1 (Kernel of positive type). A kernel K on S is of positive type if
for every xq,--- ,x, € S and A, A\, € R,
ij=1

Definition 1.2 (Kernel of negative type). A kernel K on S is of negative type if

o for every x € S, K(z,z) =0 and

n
e for every x1,--- ,x, € S and ¢, -+, ¢, € R such that Zci:O,
i=1

Z CZ'CjK<.TZ',ij) S 0.

i.j=1

13



14 CHAPTER 1. GENERALITIES

Remark 1.1. Some authors prefer to call kernels of positive type positive definite
kernels, or monnegative definite kernels. In a same way kernels of negative type
are also called negative definite kernels, or kernels conditionally of negative type.
Several definitions can be found, in particular a continuity assumption is sometimes
added, and most of the time those definitions are given for complex-valued kernels.

Theorem 1.1. Let K and R be kernels on S and O € S such that for every x € S
K(z,z) =0, and for every x,y € S,

Then R is of positive type if and only if K s of negative type.

Proof. e It is clear that R of positive type implies K of negative type. Indeed
for every 1, -+ ,x, € S and ¢y, -+, ¢, € R such that

n

ZCZ‘:O,

i=1

we have
Z CiCjK(O7.TZ'> = (Z Cj) ZCzK(nyz> =0.
ij=1 j=1 i=1
Hence . .
Z cic; K(x;,xj) = — Z cic; R(zq, ;).
i,j=1 i,j=1
e Conversely, for every xy,--- ,x, € S and Ay, -+, A\, € R, set z,,,.1 = O, and
n n+1
Ani1 = — Z A;. It is clear that Z A; = 0. Furthermore
i=1 i=1
n+1 n n n
ij=1 ij=1 i=1 j=1

+y (=Y /\Z-> N K(O,2;) + X2, K(O,0)
e ( ——

i=1 ~

== NN (K(0,2:) + K(0,z)) — K(;, 7))

1,j=1

ij=1
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1.2 Random fields

1.2.1 General random fields

We give in this section some definitions about random fields and Kolmogorov
existence theorem.

All the random variables we consider are measurable functions from a single
probability space (€2, A,P) with values in a measurable space. We consider only
random fields with values in R or C, which we will denote by K. When we do
not precise it a random variable is implicitly with values in K endowed with its
Borelian o-algebra B.

Definition 1.3 (Random field). A random field indexed by a set S is a collection

of random variables (X;), g -

Definition 1.4 (Product o-algebra). The product o-algebra P on K® is the o-
algebra generated by all the cylinder sets, which are the

Cay o Ay aroan = {f € K such that V1 < i < n, f(z;) € Ai} , (1.1)
for every n € N*, Ay,--- A, € Band z1--- ,x, € S.

We now give an alternative definition of a random field, easily checked to be
equivalent to the first one.

Definition 1.5 (Random field, alternative definition). A random field indexed by
S is a random variable with values in (Ks, 73).

Definition 1.6 (Image probability). Given a random variable
f:(QAP) — (A

we denote by f.(IP) the distribution of f, that is to say the image probability of P
by f on (£, A’), defined by:

VB e A, f.(B):=P(f(B)).

Definition 1.7 (Distribution of a random field). The distribution px of a random
field X : (Q,A,P) — (K* P) is (as usual for a random variable) the image
probability X,(P) on (K*,P).

Definition 1.8 (Equality in distribution). We say that two random fields X and
Y indexed by S are equal in distribution if yux = py. In this case we write

d
(Xp)pes < (Yp)pes-
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Definition 1.9 (Finite dimensional distributions). Given a finite subset K = {x, - - -

of S we call a finite dimensional distribution of a random field X the distribution
of the random vector (X, -, Xz,)-

The following result follows from the fact that the set of all cylinders of the
form (1.1]) is a m-system:

Proposition 1.1. The distribution px of X s entirely characterised by all its
finite dimensional distributions.

For all J C K C S let us denote by 7 the natural projection from KX to K’.

Definition 1.10 (Consistency). Let us denote by Fin(.S) the set of all finite subsets
of S. A collection (ug) Kerin(s) ©f distributions on KX is said to be consistent if

V.JCKeFin(S), py =75, (ux). (1.2)

We now give Kolmogorov extension theorem for the random fields we consider.
A more general version of this result is proved in [27].

Theorem 1.2 (Kolmogorov existence theorem). For a given consistent collection
of distributions (NK)KeFin(S) on KX, there exists a random field X indexed by S
which finite dimensional distributions are the .

Remark 1.2. The product o-algebra P is rather small: in particular when S is
endowed with a topology, in general the set of continuous functions C°(S,K) from
S to K is not in P. This means we cannot check if a random field is almost surely
with continuous sample paths by checking that ux(C°(S,K)) = 1. One overcomes
this problem by checking that there exists a modification of the random field with
continuous sample paths (see [I3] for a discussion when S = R). Let us stress out
that we do not deal with such considerations here, which means we never consider
the question of the existence of a continuous modification when we talk about
existence of random fields.

1.2.2 Gaussian real-valued random fields

Definition 1.11 (Gaussian random variable). A real-valued random variable X
with mean p and variance o2 is a Gaussian random variable if the distribution of

X admits the density

Fx(z) = U;%e—%ﬁ (1.3)

with respect to the Lebesgue measure.

T}
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Definition 1.12 (Gaussian random field). A Gaussian random field indexed by
a set S is a random field (X;), ¢ such that for all n € N, z,---,z, € S and

AL, , A, € R, the random variable Z Ai Xz, is a Gaussian random variable.
i=1

Remark 1.3. Taking S = {1,--- ,n} we get the definition of Gaussian vector.

Proposition 1.2. For a Gaussian random field (X,),.q the mean
mx :x — E(X,) (1.4)
and covariance functions
Rx : (z,y) = E[X; —mx(2)][Xy —mx(y)] (1.5)

characterise the distribution of X.

Proof. From Proposition we know that the distribution of X is characterised
by its finite dimensional distributions. Now the joint distribution of the vector
(Xz,, -+ X,,) is entirely determined by its characteristic function

vz (A An) EEXp( Z)\ sz> : (1.6)

It is well known that the characteristic function of a Gaussian vector
(Xay, - Xg,) depends only on its mean (mx(21),---,mx(z,)) and covariance
(Rx(xi,2j))1<ij<n), specifically:

Oay ez (A1, 0+, An) = Exp < Z)\ mx(x;) — = Z Aid; Rx( xl,wj)> . (L.7)
1] 1
which proves the Proposition. O

Lemma 1.1. Given a real-valued matric R = (R;;)1<ij<n and (m;)i<i<n, there
exists a Gaussian vector (Xy,--- , X,,) such that

Vi € {1, ,n}, E(XZ) = m;

and
VZ,] € {1, e ,n}, E(X,L — ml)(Xj — mj) = Ri,j

if and only if the matrix R is symmetric and positive semi-definite, namely:

Yu € R", u' Mu > 0.
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Remark 1.4. Let us notice that the matrix R is symmetric and positive semi-
definite if and only if (u,v) — u"Mwv is a kernel of positive type on R" (see

Definition .

Proof. o If such a Gaussian vector (X, ---,X,) exists, for every
AL, -, A, € R we have

E (2": (X — mi)) = Xn: Aidj B(XG — my) (X; — my)

== i )\i)\jRi,j 2 0,

ij=1
which proves R is positive semi-definite.

e Reciprocally, if R is positive semi-definite, it is well known that there exists
a square root of R, symmetric matrix with real coefficients

RY? = (7] )1<ij<n

0]
such that
RY?RY? = R. (1.8)
We now consider (G, - - - , G,,) independent standard Gaussian random vari-

ables and set

Vie {1l n}, Xi=mi+ Y 1l Gh

k=1

It remains to check that

k=1 k=1
= Z rz/',kr;',k = Ri;,
k=1

using R'/? symmetric and (T.§)). ]

Proposition 1.3. Givenm : S — R and R : S xS — R, there exists a real-valued
Gaussian random field indexed by S with mean m and covariance R if and only if
R is a kernel of positive type on S.
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Proof. Let us check that Theorem applies. Since R is a kernel of positive
type on S, for any xy,--- ,x, € S the matrix (R(x;,%;)1<ij<n) Is symmetric and
positive semi-definite. Using Lemma we get a Gaussian vector (X,,,---,X,,)
which covariance and expectation agree with R and m. It is easy to check that
this Gaussian vector induce a probability distribution on R{=1#n},

Proceeding like this we get a collection of probability distributions

(MK)KeFm(S)-

Because every finite dimensional distributions arises from the same covariance R,
the consistency assumption of Theorem is verified. There exists a random
field X with finite dimensional distributions (px) KeFin(s)- 1t is clear that X have
mean m , covariance R, and is a Gaussian field. Indeed those three properties
involve only a finite number of random variables X,, at a time, thus they depend
only on the finite dimensional distributions of X. m

1.2.3 Gaussian complex-valued random fields

We give here some material about Gaussian complex-valued random fields, in
order to prepare for Section where we discuss the definition of complex-
valued fractional Brownian fields. All the definitions and properties we give are
elementary, however let us notice that the definition of isotropic Gaussian random
field is new as far as we know.

Definition 1.13 (Complex Gaussian random variable). A random variable with
complex values G is Gaussian if (Re(G),Im(G)) is a real-valued Gaussian vector.

Definition 1.14 (Isotropic variable). A complex Gausian random variable G is
isotropic if Re(G) and Im(G) are independent with same variance. Equivalently:

VoeR, (G-ENYG-EG. (1.9)

Remark 1.5. From ([1.9)) it is clear that the isotropy of a Gaussian random variable
does not depend on its expectation. Without loss of generality we will often check
isotropy for centred random variables only.

Definition 1.15 (Gaussian (isotropic) complex-valued random fields). A Gaussian
(isotropic) complex-valued random field indexed by a set S is a complex-valued
random field (X,), ¢ such that for every n € N, 1,--- 2, € S and puy,--- , piy, €

n
C, Z w; X, is a Gaussian (isotropic) complex-valued random variable.
i=1
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Remark 1.6. It is easy to check that those definitions are equivalents if we replace
the complex p; by real numbers.

Remark 1.7. If we consider the disjoint union S;USs of two copies of S, (X,)zes
and (Y3)zes,0s, such that Y, := Re(X,) if z € S; and Y, = Im(X,) if z € Sy,
(X2)zes is a Gaussian complex-valued field if and only if (Y),ecs,0s, is @ Gaussian
real-valued field.

Remark 1.8. Unlike in the real-valued case, the mean and the covariance func-
tion (z,y) — E(X,X,) of a Gaussian complex-valued field are not sufficient to
characterise its distribution. Consider a Gaussian real-valued vector

(A,B,C) @N(Oaj?))

Let us set
X =A+1B,
A
X' = +C+z‘B,
V2
B+C
X"=A+i +
V2
Since

E[Im(X) Im(X")] # E[Im(X) Im(X"))],

it is clear that the random vectors (X, X’) and (X, X”) have distinct distributions,

despite the fact that
_ S 1
EXX)=EXX") =1+ —.
(XX') = E(XX") 7

Proposition 1.4. For a complex-valued Gaussian field (X,),.q the three functions

mx :x— E(X,), (1.10)
Bx : (z,y) = E[X, —m(2)][X, —m(y)], (1.11)
Sx (2, y) = E[X, —m(2)][X, —m(y)] (1.12)

characterise the distribution of X.

Proof. Tt is clear that the distribution of X determines my, Rx, Sx. Determining
the distribution of X is equivalent to determining the distribution of the real-valued
Gaussian field Y that we define in Remark [[.7l Let us write

X, =mx(x) + A, +iB,.
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From Proposition determining mx (z), E(A.A,), E(B,4,), and E(B,B,) is
sufficient to characterise the distribution of Y. The following relations finish the
proof:

E<AxAy) = 1/2 Re [RX<I> y) + SX(x7 y)] )
E(B:Ay) = 1/2Im [Rx(z,y) + Sx(x,y)],
E(B,B,) =1/2Re[Rx(z,y) — Sx(z,v)]. O

Furthermore we have

Proposition 1.5. Let (X;).es be a Gaussian complez-valued random field. The
real-valued fields (Re(X;)),cq and (Im(X,)), g are mutually independent if and
only if Sx and Rx are real-valued.

Proof. Since mutual independence does not depend on mean values we check the
result for a centred field only. As before we write

X, = A, +1B,.

We have
Im Sx(z,y) = E(B,A,) — E(A,B,),
Im Rx(z,y) = E(B,A,) + E(A,B,).

If A, and B, are mutually independent it is clear that Sx and Ry are real-valued.
Furthermore

E(A,By) =1/2(Im Sx(z,y) — Im Rx(x,y))

Since A and B are Gaussian fields they are mutually independent if and only if
E (A,B,) =0 for every x and y, hence the converse claim is true. O

Proposition 1.6. A Gaussian complez-valued field (X, )zes is isotropic if and
only if the function Ryx s identically zero. Equivalently,

V0 € R, (¢’[X, —mx(x)]), ¢ 2 (X, —mx()), . (1.13)
Proof. Following Remark we check the result for a centred field only.
e Let us write X, = A, + iB, and assume
Rx(z,y) = E(X,X,) =0,
that is to say

E(A,A,) — E(B,B,) + i [E(B,A,) + E(A,B,)] = 0.
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This is equivalent to

E(A,A,)) =E(B,B,) (1.14)

and
E(B,A,) = —E(A,B,). (1.15)
We now check that for all A\y,--- ;A\, € R and x4y, ---x, € S the Gaussian

random variable

i=1 i=1 i=1

is isotropic. Following Definition We start by checking independence:

— i N E(As,Bo) + > ANE(ALBy) + > A E(Ay,By,) = 0.

i=1 i<j i>j
Indeed using ([1.15]) we have

A E(A,,By)

i=1 j=1

and
E(Asz%) - E(‘AZJ Bmz)7

thus the two last terms cancel each other. On the other side using ((1.14)) we
obtain the desired equality for the variances:

E(i)\i/lx) ZZ)\)\ E(A,, A, (ZAB > :
i=1 i=1 j=1
which finishes to prove that the field is isotropic.
Reciprocally if X is isotropic, in particular for every x,y € S,

X+ X, =A,+A,+i(B, + By)
is an isotropic random variable, hence

E(A, + A,)? = E(B, + B,)?
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and

E(A, + A,) (B, + B,) = 0.

Expanding the two equations and using the isotropy of the random variables
X, et X, we obtain
E(A,A,) = E(B,B,)

and

E(BxAy) = _E<ArBy);
therefore E(X,X,) = 0.
e Let us now consider a field X such that
V0 € R, (€°X,)ues 2 (X)wes -
In particular for every 0 € R, and z,y € S,
E(e?X,e?X,) = E(X.X,).
This is equivalent to
e E(X,X,) = E(X,X,),
hence E(X,X,) = 0, which proves that X is isotropic.
e Reciprocally if we consider X an isotropic field, for every 8 € R we have
E(c”X, €7X,) = || E(X,X,) = E(X.X,)

and

E(e?X, ¢?X,) = 2 E(X,X,) = 0 =E(X,X,).

Using Proposition it is clear that the field (ewa)Ie s has same distribu-
tion as X. [

Remark 1.9. The real and imaginary part of a centred isotropic field have the same
distribution. Indeed if we write X, = A + ¢B we have

Re]E(Xer) = E<A1Ay> - E(BmBy>

which is identically zero from Proposition|1.6] This implies that the two real-valued
Gaussian fields A and B have the same covariance and the same mean value, hence
they have the same distribution (see Proposition [L.2)).
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Remark 1.10. Let us remark that the isotropy of a field is a stronger property than
the isotropy of all the random variables X,, = € F, as (1.13)) is stronger than

(d)

Ve e S, VeR, X, = X,. (1.16)

Proposition 1.7. If a Gaussian random field X, = A, + 1B, is such that A @ g
and A and B are mutually independent, then X is isotropic.

Proof. We use Proposition [1.6] and
E(X.X,) = E(A4,4,) - E(B,B,) +i( E(B,A,) + E(4,B,)). O

Remark 1.11. The converse of Proposition [I.7]is not true. Indeed given a centred
real-valued random vector (Ay,---, A,, By, -+, B,) with covariance matrix

(v 1)

where I and ¥ are n x n real matrices such that I' is symmetric, it is clear that the
complex Gaussian vector X = (A; +iB;)1<j<, have real and imaginary part equal
in distribution. Furthermore (A;)1<j<, and (B;)i<j<, are independent if and only
if ¥ = 0, while one can check that X is isotropic if and only if ¥ is an antisymmetric
matrix.

1.3 Fractional Brownian fields indexed by metric
spaces

1.3.1 Definition

Definition 1.16 (Fractional Brownian field). Let H be a positive real number. We
call an H -fractional Brownian field indexed by a metric space (E, d) any Gaussian
random field (X7') . such that:

vz € E, E(X]) =0, (1.17)

and
Va,y € B, E[(XF — XM)?] = [d(z, y))*" . (1.18)

Remark 1.12. If there exists an H-fractional Brownian field X indexed by (E, d),
for every centred Gaussian random variable G such that X% + G is a Gaussian
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field, X# + G is an H-fractional Brownian field. In particular if G ~ N(0,1) is
independent from X

E(X!+G) (X[ +G) =EX[X]") + Var(G).

In this case the two H —fractional Brownian fields X and X + G are not equal
in distribution. The following definition overcomes this problem.

Definition 1.17. Let (E,d) be a metric space and O € FE. We call an
H-fractional Brownian field indexed by (FE,d) with origin in O any
H-fractional Brownian field (X = )l,E  such that XY =0 almost surely.

Proposition 1.8. If X is an H-fractional Brownian fields with origin in O € E,
for every x,;y € E we have

1
E(XIX[) = 5 ((0,2) + (0, y) — (). (1.19)
Remark 1.13. In particular two H-fractional Brownian fields with origin in O are
equal in distribution (see Proposition [1.2).

Proof. We simply expand
H H\2 HY\2 H\2 H~y H
From Xo =0 a.s. and (L.18) it is clear that E(X[)? = [d(O, z)]*" and E(X]")* =

[d(O,y)]*!. Using again ((1.18) on the left-hand side of our equality we obtain the
result. [

Proposition 1.9. Given a metric space (E,d) and a positive H, the following
assertions are equivalent:

1. There exists an H-fractional Brownian field indezed by (E,d).

2. For every O € FE, there exists an H-fractional Brownian field with origin

m O.

3. For every O € I, the kernel

Ru(e,y) = 5 (@1(0.0) + #1(0,) - (2.

on E is of positive type.

4. The kernel d* on E is of negative type.
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Proof. o [] & [ from the existence of X H-fractional Brownian field we
construct for every O € F the field X := X — X} which is an H-fractional
Brownian field with origin in O.

e 2 < [is a direct application of Proposition [I.3
° <:>is a direct application of Schoenberg’s Theorem (see Theorem|L.1)). O

Definition 1.18. An isometry of (F,d) is a map g : E — E such that for every
x,y € F,
d(g(r),9(y)) = d(z,y).

Proposition 1.10 (Stationary increments). For every Fractional Brownian field
XU every isometry g of (E,d), and everyy € E,

(X2 — XK

(@)
o) — X)) e = (X =X

Y ):CEE'

Proof. From Proposition [1.2] we only need to check that the two fields have same
covariance. For every z, 2’ € E we have

E (Xotw) = X)) (Xgtary = Xgi)
= B (X Xolan) = B (X0 Xsln) — B (Xgi) Xgen) + B (Xg) Xg0y)
= £ (@70, 9(x)) + (0, o)) — " (g(), o(x')))
+ 5 (0, g(x) — (0, o(y) + " (9(2), 9(1)
+ 5 (<P(0,9()) — (0, 9()) + " (9(y), (")
+ % (

d*" (0, g(y)) + d*™ (0, 9(y)) — d** (g(y). 9(v)))
(9(), g(=")) + d*(g(x), 9()) + " (9(y), g

S
N
o

() = " (g(y), 9(y)-
Using ¢ isometry we have
—d(w, ) + & (2, y) + &M (y,2") — & (y,y),
which is exactly what we obtain if we compute directly
EXI-x)(XI-X]). O

Remark 1.14. If we take ' = R and g a translation we recover the classical property
of stationary increments of the (real-indexed) fractional Brownian motion.
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1.3.2 Complex-valued fractional Brownian field

Imitating Definition we give a definition for a fractional Brownian fields with
complex values:

Definition 1.19 (Complex-valued fractional Brownian fields). Given a positive
H and a metric space (E,d), a random field X indexed by E is a complez-valued
H-fractional Brownian field if

vz € E, E(X]) =0, (1.20)

and
Va,y € B, E [\Xf - XyHﬂ = [d(z,y)]2" . (1.21)

Definition 1.20. Let (E, d) be a metric space and O € E. We call an H-fractional
Brownian field indexed by (E, d) with origin in O any complex-valued H-fractional
Brownian field (X*) _ such that X& = 0 almost surely.

In [11] Istas gives Definition for a complex-valued fractional Brownian
field. However in contrast with the real-valued case we will see that this definition
is not enough to have uniqueness of the distribution of the random field.

Proposition 1.11. Let A and B be two real-valued H-fractional Brownian fields
indexed by the same metric space (E,d). For every 0 € [0, 2x],

XH = cos(h)A, + isin(0) B, (1.22)
15 a complex-valued H-fractional Brownian field.

Proof. Tt is clear that X is a centred field. For two complex-valued random values
X, = A, +1iB; and Xy = Ay + iBy we have

E ’Xl - XQ’Z = E(Al - A2)2 + E(Bl - Bg)z.
Using this and
E(A, — A,)?* =E(B, — B,)* = d*(z,y),
we check (1.21)):
E|XT - X1|” = cos? () E(A, — A,)? + sin(8) E(B, — B,)?
= d*(z,y). O

From Proposition it seems clear that we could end up with complex-
valued fractional Brownian fields with different distributions if we consider different
coupling of two real-valued fractional Brownian fields A and B and set X = A+iB.

In the next proposition we investigate the case where X is a linear coupling of two
independent real-valued fractional Brownian fields.
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Proposition 1.12. 1. Let A and B be two mutually independent real-valued
H-fractional Brownian fields indezed by (F,d).
For every 0, ¢, € [0, 27|,

XM = cos(#) (cos(p) A, + sin(p)B,)+isin() (cos(v) A, + sin(y) B,) (1.23)
is a complex-valued H -fractional Brownian field.
2. Furthermore if A and B are equal in distribution, let us write
R(z,y) == E(A,A,) = E(B,B,).

We have
E(XJXI) = R(z,y), (1.24)

and

E (XZX[) = (cos(20) + isin(26) cos(p — 1)) R(z,y). (1.25)

In particular each pair (0, |o—1|) € [0, 7[x[0, w[ yields a different distribution
of random field.

Proof. 1. Let us check that the real part Z, := cos(¢)A, + sin(p) B, of X is
a fractional Brownian field. It is clear that Z, is centred. Let us compute

E(Z, — Z,)* = E(cos(p) A, + sin(p) B, — cos(p) A, — sin(p)B,)*.

Since A and B are mutually independent a lot of terms are null and we
obtain

cos?(p) (EA2 +EA2 —2E A, A,) +sin’(p) (EB2 +EB? - 2E B, B,)
= cos’(p) E(A4, — A,)* + sin®(¢) E(B, — B,)*.

Because A and B are H-fractional Brownian fields we obtain d* (z, y) and Z
is an H-fractional Brownian field. The same argument carry on for the imag-
inary part of X. From Proposition we deduce that X is a complex-
valued H-fractional Brownian field.

2. Using
E(A,A,) = E(B,B,) = R(z,y)



1.3. FRACTIONAL BROWNIAN FIELDS 29

we obtain
E(X;X]T)
= cos?(0) [ cos*(p) E A, Ay + sin’(p) E A, A,
+ sin’(0) [ cos® (V) E A, Ay + sin®(¢) E A, A, ]
+ z( cos(0) sin(0) [ cos(p) cos(v) E A, Ay + sin(p) sin(v) E B, B,
— cos(8) sin(0) [ cos(p) cos(¢) E A, A, + sin(y) sin(¢) E BxByD
= R(z,y)
and
E(X;'X,")
= cos’(0) [ cos®(p) E A, A, + sin’(p) E A, 4, ]
— sin*(0) [ cos®(v) E A, A, + sin®*(¢) E A, 4, ]
+2i ( cos(6) sin(6) [ cos(i) cos(¢) E A, A, + sin(p) sin(¢) E B, B, | )
= (cos(26) + isin(26) cos(p — ) R(z, y).

It is now easy to check that for every different pair

(87 |90 - ¢|) S [O7W[X[0= ﬂ-[

we obtain a different function E(XX/7), hence a different distribution for
the field X" (see Proposition [1.4)). O

Proposition 1.13. 1. The field X" defined by (1.23)) is isotropic if and only
iof its real and imaginary parts are mutually independent and equal in distri-
bution.

2. Furthermore if A and B are equal in distribution, X is isotropic if and only
if 0 € {m/4,3n/4,5m/4,Tw/4} and |p — | € {w/2,3n/2}. In this case we

have ,
x# @ Aa T iBs (1.26)

V2
Proof. 1. Without further assumptions a direct computation shows that
E (XfX_JI) is real-valued. Let us now assume that X* is isotropic. From
Propositionwe know that E(X XyH ) is identically zero. We apply Propo-
sition to deduce that the real and imaginary parts of X are mutually
independent. Since X is isotropic and centred they are equal in distribution

(see Remark [L.9)).

The converse claim is just Proposition [1.7]
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2. We apply Proposition to check for which values of 8, ¢, and ¥ the field

X*H is isotropic. From Proposition we know that
E (XIX]") = (cos(20) + isin(20) cos(p — 1)) R(z, y).
The function E(X[X") is identically zero if and only if
0 € {m/4,3r /4,57 /4, Tm/4}

and
o — o € {n/2,3m/2}.

Proposition (1.4 implies that every such isotropic field have same distribution.

Taking § = w/4,p =0, and ¢ = /2 we obtain
i @ As +iBs

‘ V2

]

Remark 1.15. If we consider general linear combinations Xf = aA, + bB, with

a,b € R instead of (1.22)) in Proposition or

Xf = a/le + blBac +1 (ale + bQBa:)

with aq, by, as,bs € R instead of (1.23]) in Proposition we end-up with “non-

standard” complex-valued fractional Brownian field, that is to say

E|XT - X" =C & (z,y)

for some positive constant C, in which case X/ V(' is a standard H-fractional
Brownian field.

Remark 1.16. 1. An example of isotropic complex-valued H-fractional Brown-

ian field with origin in O is given by
xX \/é Y
where A and B are two mutually independent real-valued H-fractional Brow-

nian fields with origin in O € E. This is equivalent to say that X is centred
and for every x,y € F,

(1.27)

B(X.X,) = 2 (#1(0.2) + #(0.9) —d(wp)).  (129)

and
E(Xme) = 0. (1.29)
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2. In [I1] Istas considers the circle S' parametrised by angle z € [0, 2x[, the
Fourier decomposition

dei (2,0) = > fue™, (1.30)
nez
and notice that
Pz, y) =) fale™TV 1), (1.31)
nez*

He shows that the Fourier coefficients f, are negative for every
H <1/2 and defines

= dpea(e™ - 1), (1.32)

nez*

where ¢€,, are mutually independent standard complex-valued Gaussian ran-
dom variables (that is to say Ele,|* =1 and E&? = 0) and

VI

d, = 5

(1.33)

Using E|e,|? = 1 and (1.31)) he checks that

E(Bp(z)Bru(y))
= 3 e - 1) 1)
= Z d2 ey 1) — (ei"”” —-1)— (e‘my — 1)}

it nez* nez*
= & (B1(0,2) + B (0,9) — &' (z,)

Furthermore since E&2 = 0 we have

E(Bp(z)Bnu(y)) = 0.

From Proposition it is clear that the distribution of By is the same as
the distribution of the field we consider in ((1.27)).

3. Let us also give as example the field

i _ A+ A,
T \/§ Y
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where A is a real-valued H-fractional Brownian field with origin in O € F.
Equivalently, X is centred and for every z,y € F,

BXX,) = 5 (P10.2) + #7(0.9) — ™ (wy)), (130)
and .
BE(X,X,) = %(dQH(O, )+ d?H(0,y) — d*H (x, y)). (1.35)

1.3.3 Fractional index of a metric space

Theorem 1.3. For every metric space (E,d), there exists fr € [0, +00] such that
the kernel d*™ is of negative type if and only if

0 < 2H < Bg. (1.36)

Definition 1.21 (Fractional index). We call Sg the fractional index of the metric
space (F,d).

From Proposition [1.9] and Proposition it is clear that:

Proposition 1.14. There exists a real-valued H -fractional Brownian field indexed
by a metric space (E,d) if and only if 0 < 2H < Bg. In this case there erists a
complez-valued H -fractional Brownian field indexed by (E,d).

Remark 1.17. From the definition it is clear that two isometric metric spaces have
equal fractional indexes. Furthermore if (F,d) and (E',d') are two homothetic
metric spaces, that is to say there exists a bijective map

H:E—FE
and A > 0 such that for every s,t € F,
&' (H(s), H(E)) = Md(s, 1),
then S = fr. Indeed
n 1 n )
> aNd () = i D NN (d (H(E), 7)™
i,j=1 i,j=1

hence it is clear that d?/ and d"? are kernels of negative type for the same values

of H.
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1.4 Riemannian geometry

This section aims at producing a consensus on the Riemannian geometry that we
will use. In Section we briefly evoke some definitions and give the general
hypotheses on every Riemannian manifold we consider in this document. In [1.4.2]
we give precise definitions about geodesics to avoid confusion and state all the
classical results we need, along with the first variation formula in Section [I.4.3]
Section [L.4.5] states elementary facts on Riemannian products, which will be useful
in Chapter [l We do not pretend to write anything new here, and everything we
recall briefly is directly taken from [9] which we refer to for missing definitions,
additional details, and proofs. We invite the geometer reader to skip this section.

1.4.1 Riemannian manifolds

We call Riemannian manifold a differentiable manifold which tangent space T, M
at any point p is endowed with a scalar product ( , >p depending smoothly on p
(See [9] for a definition). The family of scalar products ( , ), is called a Riemannian
metric on M. We will often drop the p to prefer the notation ( , ),,, and denote
by || ||ar the family of norms defined by

o] |ar == (v, v)}2. (1.37)

Following [9] we consider only C*°, connected, and countable at infinity manifolds
in this whole document.

We recall the definition of the length L(c) of any piecewise continuously differ-
entiable curve ¢ : [a,b] — M:

b
L(c) ::/ || (@) dt. (1.38)

Given two points p,q in M, consider the set C(p, q) of all piecewise continuously
differentiable maps ¢ from some segment [a, b] to M such that c¢(a) = p and ¢(b) =
q. The geodesic distance from p to ¢ is given by

dy(p,q) := inf L(c). (1.39)
c€C(p.q)
The Riemannian manifold M endowed with the geodesic distance dj; is a metric
space.

Remark 1.18. Let us mention that the equality of the Riemannian metrics on
subsets of two manifolds does not imply that the geodesic distances coincides on
those subsets. Formally, if M and N are two Riemannian manifolds with subsets
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Uy € M and Uy C N, and a C'*°-diffeomorphism ® : U,; — Uy which preserves
the Riemannian metric (namely, the pushforward of ( ,), by ® coincides with
(, )vonUy), (Um,dmu,,) and (Uy,dyju,) are not necessarily isometric metric
spaces. This comes from the simple fact that a curve from two points of Uy can take
values in N \ Uy where the two Riemannian metrics do not coincide. In the case
where Uy, = M and Uy = N this problem is avoided: if ® is a C'"*°-diffeomorphism
that preserves the Riemannian metric, it is an isometry of metric spaces between

(M,dy) and (N, dy) (see [9]).

With the notable exception of cylinders of the form S! x [0, £] in Section all
the manifolds we consider are without boundary. Riemannian manifolds without
boundary enjoy the nice properties of local existence, uniqueness and regularity of
geodesics we describe in the next subsection, and which we will use extensively.

1.4.2 Geodesics

Definition 1.22 (Curve). We call (parametrised) curve with values in M a con-
tinuous map from some interval I C R to M, and reparametrisation of ¢ a curve
¢ defined on some interval J such that there exists ¢ : J — I a continuous diffeo-
morphism,

Vt e J, ¢(t) = c(e(t)).

Remark 1.19. We often make an abuse of notation and write ¢ for the set of all
points {c(t),t € I} C M. This allows us to consider curves without specifying a
parametrisation.

It is convenient to consider TM := {(p,v) | v € T,M} the tangent bundle as-
sociated to the manifold M.

Definition 1.23 (Vector field along a curve). Given a curve ¢ : I — R we call
vector field along the curve t — ¢(t) a continuous map

X:I—=TM
t— (c(t),v(t)).

Given a differentiable vector field X along a curve ¢, it is possible to define %X
a vector field along c¢ that is the derivative of X along ¢, in some canonical sense
associated to the Riemannian metric of M (See [9] for a definition).

Proposition 1.15 (Parallel transport). Given a C' curve ¢ : [a,b] — M and
v € TyayM, there exists a unique vector field X along c such that %X =0 and
X(a) = v. The vector X(t) is called the parallel transport of v from c(a) to c(t)
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along c. Moreover for every t € |a, b

Tc(a)M — Tc(t)M
t— X(t)

1S a linear isometry.

Definition 1.24 (Geodesic). A differentiable curve ¢ : I — M is a geodesic if for
every t € I we have

D,

—c

dt
Remark 1.20. In some sense (|1.40)) states the fact that ¢/(t) “does not vary” along
the geodesic. In the case of a surface embedded in R3, (1.40) implies that the
acceleration vector dzgt) is normal to the surface at ¢(t), which means there is no
variation of the tangential component of ¢/(t): the curve t — c¢(t) travels “in a
straight way” in the surface.

Remark 1.21. If we write (|1.40) in a chart we obtain an ordinary differential equa-
tion on which Cauchy-Lipschitz theory applies. This has many consequences. In
particular a geodesic ¢ — ¢(t) is

() =0. (1.40)

e entirely determined by its value and speed at t = 0,
e (> with respect to (¢,c(0),c(0)).

Remark 1.22. Properties of the derivative of a vector field along a curve allow us
to write

D 1d 1d
0= (=)t =—— (), (1)), = =—|IC®3
(Fe0e0) =55 €0 = 51O
which proves that a geodesic curve has constant speed, that is to say it is parametrised
proportionally to arc-length.

Definition 1.25 (Minimal geodesic). Given p,q € M, let us denote by C(p, ¢) the
set of piecewise continuously differentiable curves ¢ defined on some segment |a, b]
and with values in M such that ¢(a) = p, ¢(b) = q.

A curve g € C(p, q) is a minimal geodesic between p and q if g is parametrised
proportionally to arc-length and

L(g) = min{L(c), c € C(p,q)}.

Given any real interval I, we say that a curve g : I — M is a minimal geodesic
if it is a minimal geodesic between ¢(t) and ¢(t') for every ¢, € I.
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Remark 1.23. We will often use the notation P(@) when there is no ambiguity on
which minimal geodesic between P and () we refer to.

Remark 1.24. Let us insist on the abuse of notation we already mentioned in
Remark . We will sometime say that a curve ¢ C M is a geodesic (resp.
minimal geodesic) without specifying the parametrisation: we mean that there
exists a parametrisation of ¢ which is a geodesic (resp. minimal geodesic). Notice
that in this case every proportional to arc-length parametrisation of v is a geodesic
(resp. minimal geodesic).

Proposition 1.16. 1. Every minimal geodesic is a geodesic.

2. For every geodesic g : I — M and every t € I there exists € > 0 such that
Cl[t—e,t+¢] 15 a minimal geodesic.

Definition 1.26 (Energy). For every piecewise continuously differentiable curve
¢: [a,b] = M we define the energy of ¢

Eu(e) = 5 / ()2t

Proposition 1.17. Given p,q € M and T > 0 let us denote by C*(p,q) the set
of piecewise continuously differentiable curves ¢ : [a,b] — M such thatb—a =T,
c(a) = p, and c(b) = q.

A curve g € CT(p,q) is a minimal geodesic if and only if

Ey(g) =min {Ey(c), c€CT(p.q)}.

Remark 1.25. Tt is necessary to consider a fixed T' and CT(p, ¢) here. Indeed given
a curve ¢ : [0,7] — M and a positive A, the reparametrisation

cx: [0, NT] — M

defined by ¢y (t) = ¢(t/A) is such that Ey(cy) = Ey(c)/A.

Remark 1.26. If ¢ : [a,b] — M is a piecewise continuously differentiable curve,
Cauchy-Schwarz inequality in L*([a,b]) with f = ||¢/(t)||ar and g = 1 gives
b 2 b
107 = ([ @llar) < @-a) [ @Ik =20 - 0B

We get
(1.41)
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and

L(c)?

Pl =50 —a)

(1.42)

if and only if ¢ is parametrised proportionally to arc-length.

In Chapter |3| we use the fact that small enough balls are geodesically convex:

Proposition 1.18. For any m € M, there exists € > 0 such that any ball B (for
the geodesic distance) with centre m and radius R < € is geodesically convez, that
is to say for any two points p,q € B there exists a unique minimal geodesic

9(p,q) 0,1] = M

with g(0) = p and g(1) = q, and this geodesic is contained in B. Furthermore
Gip.g)(t) is C> with respect to p,q,t.

Remark 1.27. An important consequence is that two curves ¢y and ¢; which take
values in a sufficiently small ball are homotopic, that is to say we can find a
continuous map

[0,1] x [0,1] = M
(s,t) — fi(s)

such that fy = ¢y and f; = ¢;, with ¢y and ¢; reparametrisations of ¢y and ¢;. In
this case setting fi(s) = g(co(s),e1(s)) (t) is sufficient.

Given a curve 7 : [0,7] — M such that v(0) = y(T) and t; < ty € [0,T], we
again make an abuse of notation and denote by vy \ 7|y, ] the curve

Y\ Vit : b2, T+ 1] = M
L i<, (1.43)
v(t —T) elsewise.

Definition 1.27 (Minimal closed geodesic). A curve v:[0,7] — M is a minimal
closed geodesic if v(0) = «(T') and for every t; <ty € [0,T7], Vjjt,,1o) Is @ minimal
geodesic or 7 \ Vi, 4,) is @ minimal geodesic.

Let us recall the expression of the geodesic distance on the circle S; identified
to [0, 27[:
dgl(61,92> :mln(|91 —92|,27T— |¢91 —92|) (144)

The following proposition is elementary and explains why we are interested in
minimal closed geodesics in Chapter 3]
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Proposition 1.19. Let v:[0,7] — M be a minimal closed geodesic. For every 6,
and 6y in [0, 27| we have

(1 (22)(32) -2 s

Definition 1.28 (Exponential map). Given p € M and v € T,M we know there
exists at most one geodesic g : [0,1] — M such that g(0) = p and ¢’(0) = v (see
Remark |1.21). When g exists we set Exp,(v) := g(1). Exp is called the exponential

map.

Remark 1.28. In general the set of all (p,v) such that Exp,(v) is defined is only a
subset of the tangent bundle TM := {(p,v) | v € T,M}.

Remark 1.29. It is possible to show that (p,v) + Exp,(v) is a C*° map (see again

Remark [1.21]).

In Chapter [3| we assume most of the time that Riemannian manifolds are
complete. We recall the definition of completeness and state the classical results
we need.

Definition 1.29 (Completeness). A Riemannian manifold is said to be complete
if every geodesic can be extended to a geodesic defined on all R.

Proposition 1.20. The following assertions are equivalent:

1. The Riemannian manifold M is complete.
2. The metric space (M, dy) is complete.

3. The exponential map is defined on the whole tangent bundle.

Proposition 1.21. If M s complete, for every p and q in M there exists a minimal
geodesic between p and q.

1.4.3 First Variation of arc-length
We recall here the first variation formula, which we use in Chapter [3]

Definition 1.30 (Variation). A wvariation of a C* curve ¢ : [a,b] — M is a C*
map V : [a,b]x] —e,e[— M such that V(s,0) = ¢(s).

Let us denote by
T(Svt)V : RQ — TV(s,t)M

the differential map of V' at (s,t) € [a,b]x] — ¢,¢[ (see [9] for a definition). Let ¥
be the vector field along ¢ given for every s € [a, b] by

Y(s) = (Tis0)V) (0, 1).



1.4. RIEMANNIAN GEOMETRY 39

Proposition 1.22 (First variation formula). For any variation
(s,t) = V(s,t) = ci(s)

of a C* curve ¢ parametrised by arc-length, the function t — L(c,;) is differentiable
att =0 and

d
EL(Ct)

1.4.4 Curvature

Curvature of Riemannian manifolds is a rich notion we will barely use. In general
one can consider the curvature tensor of a Riemannian manifold from which it is
possible to derive several notions of curvature. Let us precise what we mean when
we refer to curvature in Chapter [2| Sectional curvature of a Riemannian manifold
is a quantity K (P,S) which depends on a point P € M and on S a linear subspace
of dimension 2 of the tangent space at P (we refer to [9] for a definition). We say
a manifold have nonpositive curvature if K(P,S) is nonpositive for every P and
S.

In the case of surfaces let us mention that the sectional curvature depends only
on the point P and coincides with the notion of Gaussian curvature K(P). We
refer to [6] for details on Gaussian curvature and a proof of the following result:

Theorem 1.4 (Gauss-Bonnet). Let S be a surface and ABC' a triangle which
edges are geodesics, and such that the interior I of ABC' is simply connected. We
have

A

A+B+C:w+/K(P)dP,
I
where fl, B, C' denote the interior angles at the vertices A, B, C and dP is the area

element on S.

1.4.5 Riemannian products

We recall in this section a few facts about Riemannian products.
Given two differential manifolds M and N, the Cartesian product M x N has
a natural structure of differential manifold. Furthermore for every (p,q) in M x N,

Ty (M x N) = T,M x T,N.

For every u € T, (M x N) we will write u = (uar, un).
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Definition 1.31 (Riemannian product). Let M, N be two Riemannian manifolds.
For every u,v € T, o)(M x N) we define the product metric

(u, V) mx N = (uar, vm)m + (un, UN) N- (1.45)

The Riemannian manifold (M x N, (, )uxn) is called the Riemannian product of
M and N.

Remark 1.30. From now on when we write M x N for two Riemannian manifolds
we always refer to the Riemannian product of M by N, unless otherwise specified.

Proposition 1.23. 1. Given T > 0, a curve

g:10,T] - M x N
t = (m(t),n(t))

is a geodesic in M x N if and only if m : [0, T| — M is a minimal geodesic
in M and n :[0,T) — N is a minimal geodesic in N.

2. v(plaql)a (anQQ) € M x Nv

darsen (1, 01), (2 8)) = (s (pr, p2)? + dv(ar, 12)?) .

Proof. 1. Let us fix T > 0 and consider any piecewise differentiable curve

c:[0,T] - M x N
t = (eam(t), en(t)).

We have the following relations between energies

EMXN(C) = EM(CM) + EN(CN). (146)
Indeed ([1.45)) and Definition of the energy yields

1

Eysn(c) = 5/0 (d(t),d () mxndt

1

— 5/0 (ch(t),cﬁw(t)>Mdt+%/o (e (1), (1)) ndt.

Among curves from [0,7] to M x N, M, or N, the minimal geodesics between
two points are the curves that minimise the energy (see Proposition |1.17]).
From ([1.46)) we deduce directly point 1. of the proposition.
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Let us consider a minimal geodesic
m xn:t— (m(t),n(t)),

with m : [0,7] — M a minimal geodesic between p; and p, in M and
n:[0,7] — N a minimal geodesic between ¢; and ¢y in N. Since m, n and

m X n are geodesics they have constant speed and Cauchy-Schwarz equality
case (see Remark |1.26]) allows use to write

Ey(m) = L(;n) )
EN(n) = L(;) )
Earn(m x 1) = L(m2>< n)

We deduce L
L(m x n) = (L(m)> + L(n)?)"

and we use the fact that m,n, m x n are minimal geodesics to conclude. [J

)
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Chapter 2

Existence of Lévy Brownian field
indexed by Cartan-Hadamard
surfaces

2.1 Introduction

While in Chapter [3] and Chapter 4| we give nonexistence results for fractional
Brownian fields, in [23] Morozova and Chentsov give an argument to prove the
existence of the Lévy Brownian field (corresponding to H = 1/2) indexed by any
simply connected surface of nonpositive curvature (Cartan-Hadamard surfaces).
In this chapter we give some details about this proof. Let us stress out that we do
not claim any new result or method here: we simply give a more detailed version
of Morozova and Chentsov’s discussion.

2.2 Lévy-Chentsov construction for Gaussian fields

In this section we recall a general construction of Gaussian random fields from inte-
gration of Gaussian white noise. We refer to [17] for details and classical examples
of this method.

Definition 2.1 (Gaussian white noise). Let (£, %, u) be a measure space and
Py ={A e P, n(A) <oo}. A Gaussian white noise with control measure p is a
real-valued centred random field (W(A))ac», with covariance

EW(A)W(B)) = u(AN B). (2.1)

Since the construction of the Gaussian fields we give here relies on a Gaussian
white noise, we detail the following result.

43
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Proposition 2.1 (Existence of Gaussian white noises). For every measure space

(&€, P, ) there exists a Gaussian white noise with control measure .

Proof. Let us prove that the covariance (2.1)) is a kernel of negative type on Z.
For every A\y,--- A\, € Rand Ay, -+, A, € H, we have

n n n 2
by=1 i,j=1 i=1
The existence of the Gaussian white noise is insured (see Proposition [1.3)). O

The following Proposition is a simple consequence from the definition of a
Gaussian white noise.

Proposition 2.2. Let E be a set, (£, P, 1) a measure space and W a Gaussian
white noise with control measure p. For every map

b F— &,

the formula

Xp =W (P(P))
defines a centred Gaussian random field (Xp)peg such that
E(XpXq) = n(2(P)N2(Q)).

Remark 2.1. Let us notice that

E(XpXg) = u(®(P) N 2(Q))
= 2 (M(@(P) + n(@(Q)) ~ w(@(P)A2(@))),

where ®(P)AP(Q) := (P(P) \ (Q)) U (P(P) \ ¢(Q)) is the symmetric differ-
ence of the two sets ®(P) and ®(Q).

Remark 2.2. It is possible to define the integral | fdW of any function
fe L& P, ), starting with

/i A, dW = i AW(A
i=1 =1

and using the density of step functions Y » N1, in L*(E, £, u). Doing this
one ends up with an Hilbert space of Gaussian random variables {W(f)} which
is isometric to L*(€, 2, u). In most situations L*(E, P, i) is separable and one
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can consider an orthogonal basis (f,,)nen of L*(Q2, A, P), a sequence (e,)y of i.i.d.
standard Gaussian random variables, and set

[ W= 38 fud oz
=0

Integration of L? functions with respect to a Gaussian white noise allows for con-
struction of random fields indexed by a set S by considering (fp)s in some L?
space and setting Xp := [ fpd/V. We mention this construction which is used
to construct fractional fields (see for example [26]), however Proposition is a
simpler case which is sufficient in the case of Cartan-Hadamard surfaces. We again
refer to [L7] for details, proofs and examples of such constructions.

In [3] Chentsov uses a Gaussian white noise to construct a Lévy Brownian
field indexed by the Euclidean spaces RY. In this case and with the notations of
Proposition £ is the set of all hyperplanes (affine spaces of dimension d—1) and
®(P) the set of hyperplanes intersecting the segment O P, where O is an arbitrary
origin. The measure p is the kinematic measure on the set of hyperplanes (see
[24]). The idea of Chentsov and Morozova is to generalise the case d = 2 to a
Cartan-Hadamard surface. In this case £ is the manifold of oriented geodesics of
S, and p is the Liouville measure, which we briefly introduce in the next section.

Remark 2.3. As far as we know Lévy is the first author to use this kind of con-
struction to show that there exists a Lévy Brownian field indexed by the sphere
S? in [15]. Let us mention that Takenaka generalised the method Chentsov uses in
the Euclidean case to construct in a unified way Lévy Brownian fields indexed by
the spheres S¢, the Euclidean spaces R?, and the hyperbolic spaces H¢ in [25], as
well as stable fractional fields indexed by Euclidean spaces in [26].

2.3 Liouville measure on the manifold of geodesics

In all that follows S is a complete Riemannian manifold of dimension 2.

Duality between the unitary cotangent and tangent bundles Let us de-
note by SS the unitary tangent bundle of S: SS contains the elements (x,v) of
the tangent bundle T'S such that ||v||s = 1. Denote by T*S the cotangent bundle
of St (x,p) € T*S if and only if z € S and p € (T,5)* is a linear form on T,,S. We
endow each (7,.5)* with the dual norm

Iplls == max |[p(u)]|s, (2.2)

[lulls=1

and denote by S*S the set of (x,p) € TS such that ||p[|§ = 1. S*S is the unitary
cotangent bundle of S.
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Let us chose some local coordinates (z1,2z5) in S. At each point z € S we

dz1 Dz
and (p1, p2) the coordinates of p € (7,,5)* in the canonical basis (dzy, dxs). Define
the map

denote by (v, vs) the coordinates of v € T,S in the canonical basis ( o 0 >,

L:5S =85S

2
Ollvlls
81)1'

(z,v) —

dx;,
- v
=1

The definition of £ does not depend on the choice of coordinates (xy, z3): indeed
L(z,v) acts on TS as the differential of the norm || ||s at point v.

The manifold of oriented geodesics Let us now associate to any curve

c: 1 — S
t— c(t)

such that for every t € I, ||d(t)||s = 1 the curve

L(c): 1 —S*S
t— L(c(t),d(t)) .

Since S is complete every geodesic can be extended to geodesics defined on R. In
what follows we consider only geodesics defined on R and parametrised with speed
equal to 1. Furthermore we look at those geodesics up to re-parametrisation by
translation. We will call an oriented geodesic the resulting object (notice that there
are two oriented geodesics for every geodesic curve ¢ C S we consider in Remark
1.24).

Since a geodesic is entirely determined by its position and speed at some point,
it is clear that for every point (z,p) of S*S there exists only one oriented geodesic
g such that £(g) passes through (z,p). Given (z,p) and (2/,p’) we write (x,p) ~
(«',p') if and only if there exists an oriented geodesic g such that £(g) goes through
(z,p) and (2’, p). It is easy to check that ~ is an equivalence relation. We denote by
G the quotient S*S /~. We admit that G has a canonical structure of differentiable
manifold and that dim(G) = 2 (this follows from the fact that the £(g) are the
leaves of a codimension 1 foliation of S*S, see [24]).

The Liouville measure On S*S let us consider the 2-form dG given by

The following Lemma is proven in [24].
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Lemma 2.1. 1. dG does not depend on the choice of coordinates (z1,x2).

2. If we consider R a smooth domain in R?* and a C™ map
O:R—¢G,

choose for every x € R a parametrisation with unitary speed t — g.(t) of
the geodesic O(x) such that the map (x,t) — g.(t) is C™ and set for every
teR

O,:R— 5SS
7 = L(g:(1));

/ e
O(R)

From this Lemma we see that the integration of dG on S*S' is invariant by the
geodesic flow, which allows to define without ambiguity the integration of dG on
G. Since dim(G) = 2 and dG is a 2-form, integration of |dG| provides a measure
ta on the o-algebra B(G) of Borelian sets of G, which is the Liouville measure pug
(see for example [5] for details on integration of differential forms).

the quantity

does not depend ont € R

2.4 Construction on Cartan-Hadamard surfaces

Let us now consider S a Cartan-Hadamard surface: that is to say a complete and
simply connected Riemannian manifold of dimension 2 with nonpositive curvature.
Given any curve with values in S, let us denote by ¢ the set of all oriented geodesics
intersecting c.

The following properties will be useful:

Lemma 2.2. 1. For every P,Q € S there exists a unique (up to re-parametrisation)
minimal geodesic PQ) from P to Q).

2. (Pasch’s theorem) Every geodesic line intersecting a geodesic triangle ABC
without passing through its vertices intersects exactly two of its edges. In
particular for every distinct point A, B, C' we have

AB = AC A BC.

3. For every geodesic g : a,b] :— S we have

ne(g) = 4L(g).
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Proof. 1. We admit this classical property of Cartan-Hadamard manifolds. See
[9] for a proof.

2. Let us consider a geodesic g(t) taking values outside the triangle ABC' for
any t < 0 and such that g(0) belongs to the edge AB of the triangle. Let
us remark that it is impossible that g(t) take values inside the triangle for
every t > 0 : the interior of ABC is a compact set, hence we would obtain a
converging sequence ¢(t,), which is impossible since for every ¢, ||¢'(¢)||s = 1.
By the same argument we see that the geodesic g necessary intersects the
triangle an even or infinite number of times. Let us finish the proof by showing
that the geodesic g cannot intersect an edge more that once. If this happens,
we have t; < ty such that g(¢;) and g(ts) belongs to a geodesic segment.
Taking any time ¢35 €]t1, t3| we obtain a geodesic triangle g(t1)g(t3)g(t2) with
an angle m at g(t3): hence the sum of the angles of the triangle is strictly more
than 7, in contradiction of Gauss-Bonnet theorem in nonpositive curvature
(see Theorem [1.4)).

3. Let us consider a geodesic g. Without loss of generality we set
g:[0,L] — S

and assume ¢ is parametrised by arc-length. Let us denote by ¢*¥ € G the
oriented geodesic passing through g(s) with an angle . Let us remark that
a geodesic ¢*¥ intersects g at only one point (otherwise we get a geodesic
triangle with the sum of its angles strictly greater that 7 which is impossible,
see point 2 of the proof). This implies that we can identify g with [0, L] x
[0, 27

We choose normal coordinates (z1,22) in the neighbourhood of g such that
x1 coincides with the arc-length parameter s on g, and parametrise g% such
that ¢*%(0) = g(s)). In the coordinates (1, e, p1,p2) on S*S we have

L((9*%)'(0)) = (5,0, cos(p), sin(p)).

From Lemma we know that pc(g) can be computed by integrating |dG|
at any time ¢ of the geodesics ¢*¥(t). In particular at ¢t = 0 if we set

9(0) :=={L((g*%)'(0)), (s, ) € [0, L] x [0, 27]}
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we obtain

net@) = [ G
9(0)
:/ |dp1/\d$1+dp2/\dl‘2|
g

[L b3

d(s, »)
We compute the Jacobian determinants

a(phl’l)
(s, p)

8(171,561)
(s, p)

} dsdy

= sin(y)

and
a<p27 5172)

(s, 0) !

to obtain

L 27
patw) = [ [ sin(e)ldsdp =1z O
0 0

Theorem 2.1. There exists a Lévy Brownian field indexed by S.
Proof. Let us choose an arbitrary origin O € S. Define

d:5—~¢g
P+— OP.

®(P) is the set of all the oriented geodesics intersecting the minimal geodesic OP.
Consider W a Gaussian white noise with control measure pi the Liouville measure
on G. From Proposition and Remark we know that

Xp =W (®(P))

is a centred Gaussian random field (Xp)pep with covariance function

E(XpXq) = 5 (#e(®(P)) + 16(2(Q)) — no(®(P)AD(Q) )

= 2 (16(0P) + 16(0Q) - 1s(OPADQ) ).
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From Lemma 2.2] we obtain

E(XpXq) = 5 (16(OP) + 16(08) - 1(PQ)
- %<4L(OP) +AL0Q) — 4L(PQ)>

— <2d5(0, P) +2ds(0, Q) — 2ds(P, Q>)-

This shows that 1(Xp)pes is a Lévy Brownian field indexed by S with origin in
0. O

Remark 2.4. Let us remark that we do not need to consider 2-dimensional mani-
folds in order to define the manifold of oriented geodesics and the Liouville mea-
sure. Furthermore, Cartan-Hadamard manifolds of any dimension enjoy property
1 from Lemma[2.2] In a general Cartan-Hadamard manifolds it is not clear how to
define the analogous of affine hyperplanes. In the case of constant curvature, let
us recall that this construction is possible and was carried on by Takenaka in [25].
However Faraut and Harzallah showed in [7] that there exists no Lévy Brownian
field indexed by the quaternionic hyperbolic space, which is a Cartan-Hadamard
manifold. Hence it is clear that the construction cannot be generalised to any
Cartan-Hadamard manifold.



Chapter 3

Perturbation of critical
configurations

3.1 Introduction

In this chapter we give a necessary condition for the existence of fractional Brow-
nian fields indexed by Riemannian manifolds (Theorem [3.1)). We investigate this
necessary condition for Riemannian manifolds with closed geodesics (Theorem|3.2),
from which we derive nonexistence of Lévy Brownian field indexed by manifolds
with a loop of minimal length among loops which are not in the constant homotopy
class (Theorem . In particular we show that there exists no Lévy Brownian field
indexed by nonsimply connected compact manifolds (Theorem [3.4). Furthermore
we derive from Theorem the nondegeneracy of fractional Brownian fields in-
dexed by the hyperbolic spaces (Theorem [3.5)).

3.2 Main result

We start by giving some definitions that will prove itselves handy. The first two
are directly connected to the property that d*# is of negative type.

Definition 3.1 (Configurations). Given a metric space (E,d), we call a configu-
ration and write ((Py,---, P,), (c1,- -+, P,)) any finite collection of distinct points
(Py,---,P,) € E™ with (c1,--- ,¢,) € (R*)" such that

n

ZCZ‘:O.

=1

o1
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Definition 3.2 (Critical configurations). Given H > 0, we say that a configuration

is H-critical if .

> d®™ (P, Py) = 0.

ij=1

Remark 3.1. Let us observe that if there exists an H-fractional Brownian field X
indexed by (£, d) we have

S (P, ) = Var (Z cixfﬁf) ~

ij=1 i=1
In this case the configuration ((Py,---,P,),(c1, -+ ,¢n)) is H-critical if and
only if

Z cng = 0 almost surely.

i=1
Definition 3.3 (Space of shortest directions). Given a Riemannian manifold M,
P e M and S C M, we define the space of shortest directions from P to S

g0)]3QesS, g:[0,1]] = M }

Tpos = span{ minimal geodesic from P to @)

where span(V') denotes the linear span of a set of vectors V: the space of shortest
directions Tp_, 5 is a vector subspace of the tangent space Tp(M).

Let us state the main result of the chapter:

Theorem 3.1. Let (M, dy) be a complete Riemannian manifold and H in ]0,1[. If
there exists an H-fractional Brownian field indexed by M, then for every H-critical
configuration ((Py,--- , Py), (c1,-+ ,¢n)),

Vie {1, ,n}, dimTpi%{pj,#i} = dim M. (G)
Let us prove Theorem [3.1], starting with two lemmas.

Lemma 3.1. Let M be a complete Riemannian manifold, T >0, A, B € M, and
gm = [0,T] = M a sequence of minimal geodesics in M such that (g,,(0)), and
(gm(T))m converge in M.

There exists a minimal geodesic

g:10,T) - M

with g(0) = lirJr: gm(0) and g(T') = lirJrrl gm(T), and a subsequence gy(m) Of Gm
m—+00 m—+o00

such that gym) converges uniformly towards g. Furthermore g;(m) also converges
towards g' uniformly.
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Proof. 1f we take m is large enough the distance between g,,(0) and A := lirf 9m (0)
m—r—+0Q

is short enough so there is a unique geodesic (up to reparametrisation) between
those points (see Proposition . By parallel transport along it we identify
the tangent space T}, () to T4. Because g, : [0,7] — M is a minimal geodesic,
t+— |]g.,(t)||ar is constant. We deduce that

drr (9m (0, gm(T))
T

197 (0)ar =

is bounded in m. Recall that parallel transport along a curve is a linear isometry
(see Proposition [I.15]). The sequence (g}, (0)),,cn, viewed as taking values in Ty is
bounded and we extract gfp(m)(O) converging to v € Ty.

Since M is complete the exponential map is defined on the whole tangent
bundle. For every t in [0, 7] we set

g(t) := Exp(tv).
A
As a linear isometry the parallel transport is C*°, and so is Exp (see Remark ,
hence

ggo(m)(t) = Exp (tgclp(m)(o)) — g(t),

Gp(m) (0) m—reo

as well as
Gt — /(1)

Because all arguments in the exponential belong to a compact set by Heine-Cantor
theorem those convergences are uniform in ¢. As a consequence

L(gp(my) — L(g)-

m—ro0

However

L(gm) = drr(9m(0), gm(T)) — dum(A, B)

m— 00

hence ¢ is a minimal geodesic. O

Lemma 3.2. Let Py, --- , P, be distinct points in a complete Riemannian manifold
M and c be a C* curve such that ¢(0) = P,. There exists a sequence of positive &,
converging towards zero such that for alli € {1,--- ,n— 1}, there exists a minimal

geodesic
gi - [0,dm (P, P)] — M

with g;(0) = P; and g;(da (P, Pn)) = P,

dui (P, cem)) = du(Py, Po) +('(0), gi(dar(Bi, Pa))) py em + O (e5,) -
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Proof. Let us set T' = dy(Py, P,) and choose a decreasing sequence &, > 0 con-
verging towards zero. Because M is complete there exists a sequence of minimal
geodesics g1, ¢ [0,T] = M between Py and c(e,,) (see Proposition [1.21)). Using
Lemma we can assume that g¢;,, converges uniformly towards g; a minimal
geodesic between P; and ¢(0) = P,. Lemma also gives the convergence of
(g’lm(O))m hence it is possible to find a C* map

U ] — 80,80[ — Tle
such that v(en) = ¢/, (0) for every m > 0. We now set

V. [O,T]X] — 80,80[—> M

(s,€) — Egp(v(E)S),

If we denote by L(e) the length of the curve s — V (s, ¢), Proposition gives

d 9 =TT o D
—L(e = [( =V(s,e ,’s>} —/<—Vs,5‘ ,—’s>ds.
26|~ [(veal ,00) | = [(Gves)] , Zee).
Because ¢, is a geodesic
D
%gll(s) = 07
hence the integral term is zero. Furthermore
. %V(S’g)’(no) = /(0) since V is C* and
V(T,em) = c¢(ey) with lim &, = 0.
m—0o0
o 2V(s 5)’ = 0 because V(0,¢e) = P
oe 7 oo b
We obtain
d s=T
/ / /
— = |{ = = T
el = [(Freal ae) | - codm,

hence we have
L(e) = L(0) +(c(0),91(T)) e + O (7).

Because s — V(s,em) = g1.m(s) and s — V(s,0) = g¢1(s) are minimal geodesics
we get
dyr(Pycem)) = dar(Pr, Po) +(c(0), 91(T)) y 6m + O (e7,) -

From the sequence ¢, we can extract €,(,) using Lemma again and iterate
the argument to get the result for every dy (FP;, c(en)). ]
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To prove Theorem we will assume the existence of an H-critical configu-
ration such that does not hold and show that there exists no H-fractional
Brownian field indexed by M.

Proof of Theorem[3.1. Let us consider H in |0,1[ and assume the existence of
an H-critical configuration, that is to say distinct points Py,---, P, € M and
c1,++ , ¢, € R* such that

n

S

i=1

and .
> cicydif (P, Py) = 0.
ij=1
Furthermore we suppose that the points Py, --- , P, do not verify the geometrical

condition , therefore
di € {1, ce ,n}, dimTpi%{pj’jiz‘} < dim M.

Without loss of generality we assume ¢ = n and consider a geodesic g, parametrised
by arc-length with ¢, (0) = P, and ¢/, (0) € (Tpn_>{pj7j7én})L. Using Lemma E we
obtain a sequence of positive &, converging towards zero and geodesics (g;)1<i<n—1
such that for every ¢ in {1,--- ,n— 1},

(P, g1(em)) = dur (P P) +(91.(0), 6i(dar (i, P))) g €m + O (25)
Since ¢/ (0) € (Tp,ﬁ{pj734;,,571})l we get forevery 1 <i<n—1

(91.(0), gi(dri(Pi, Po))) pr = 0,

Hence
dM(Pi,gL(gm)) - dM(Piu Pn) + 0 (6$n) ) (3‘1)

from which

Using H < 1 we obtain

B (P gu(em)) = B (P, Pa) +0 (7). (3:2)
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Let us also notice that for m large enough, ¢, is small enough so that g, is a
minimal geodesic between g, (&,,,) and P, (see Proposition |1.16|), hence

dif (P, g1(em)) = &3, (3.3)
We now set
Poii = g1 (en) (3.4
and consider the configuration ((Pi,--- , P, Poy1), (¢, -+ ,¢lyq)), with
(chy €1, ChyCoy) = (€157 - Cne1,Cn /2, ¢, /2) s0 that in particular
n+1

Zc —ZCZ—O

Let us compute

n+1
> cddif (P, Fy)
3,j=1
_chc]dQH P, P;) +22 —dH (P, P,) +2Zcz "2 (P;, Poyy)
2,7=1 =1

Cp )\ 2

Recalling (3.4)) we use (3.2)) and (3.3]) to obtain

n—1
chc]d”f P, P)) +2Z 23 (P, P, +2Z L (BE(P, Py + o (€27))

i,7=1
2 2H
2(3)
+ 5 Em,

= Z cicidil (P, P)) —I—ancz el 2’2"‘5,2,?

7,7=1

By hypothesis
> cicidi (P, Py) =0,

ij=1
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hence it is clear that
n+1 C2
> A BIPR) = B e o (22)
ij=1
is positive for m large enough. We conclude that d*# is not of negative type and
therefore there exists no H-fractional Brownian field indexed by (M, dyy). ]

Remark 3.2. To prove Theorem we have exhibited a configuration
((Pr,-++, Pug1), (¢}, - -+ ,¢,4q)) such that

n+1
Z c;c;-dzH(Pi, P;) > 0.

=1

To obtain it from the critical configuration ((Py,---,P,),(c1, - ,¢,)) we only
added P,;, as close as wanted to P, and the coefficients ¢; remained the same,
except for P, which “loses half of its coefficient to P, ", that is to say

AN o
= Chiq = Cnf2.

We can look at this new configuration as an infinitesimal perturbation of the critical
configuration. Condition from Theorem is necessary to avoid that those
perturbations of a critical configuration prevent the fractional Brownian motion to
exist. Let us observe that while the perturbation happens in a neighbourhood of
(Py,- -+, P,) it is impossible to decide whether Py, --- | P, € M verify without
considering the whole manifold (M, d), because condition deals with minimal

geodesics (see Remark [1.18)).

3.3 Manifolds with a minimal closed geodesic

Let (M, dys) be a Riemannian manifold with a minimal closed geodesic .

Definition 3.4 (Antipodal point). For any P on v, we call the antipodal point of
P on v, denoted by P*, the unique point of + such that

dy(P, P*) = L(7)/2.

Many 1/2-critical configurations on vy Consider now distinct points Py, -+ , Py €
~ such that

Py =P/ (3.5)
and

P, =P;. (3.6)
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Py, —1

P1a+1
P37+1

P, —1

Figure 3.1: An 1/2-critical configuration on the circle

Because 7y is a minimal closed geodesic we know that d,; restricted to -y is the
distance on S' up to a multiplication by L(v)/27 (see Proposition [1.19)). Setting

co=c3=1, and ¢y = ¢, = —1, (3.7)
it is easy to check that
4
> cicidu (P, Py) = 0. (3.8)
ij=1

Observe that ¢; + ¢y + ¢35 + ¢4 = 0, so that ((Py, Py, Ps, Py), (c1,¢2,¢3,¢3)) i a
1/2-critical configuration.

We already know that if there exists a Lévy Brownian field (i.e. a 1/2-fractional
Brownian field) indexed by M, every distinct points P, - - - , Py € 7y verifying
and must verify condition from Theorem

Furthermore it is possible to consider Py, P, P3, Py as required with
dy (Py, P2) as small as wanted. Because P;, Py and P, Py are respectively antipo-
dal, dy (P2, Py) = dp(Py, Ps) is also as small as wanted. This allows us to give the
following result.

Theorem 3.2. Let (M,dy;) be a complete Riemannian manifold such that there
exists a Lévy Brownian field indexed by (M,dy). Then for every minimal closed
geodesic v and every P € v,

Proof. Let us assume there exists P € v such that dimTp_,(p-; < dim M. We
take Py = P, P, = P}, and choose for every n €]0, 7| a point P3(n) € 7 such that
dy (Py, P3s(n)) =n > 0. Finally we define Py(n) = (P3(n))* (see Figure [3.2] above).
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Figure 3.2: Disposition of the four points on y

Please notice that we will sometimes write P; with i taking values in {1,2,3,4}:
what we mean is P;(n) if i € {1,3}, and P, if i € {2,4}.
Let g, be a geodesic parametrised by arc-length with g, (0) = Py and ¢/, (0) €

1
(Troir) -
Using Lemma |3.2| we get a sequence of positive ¢, with lime,, = 0 such that
for each i € {1,2,3} there exists

g;‘7 : [OvdM(R7 P4)] — M
a minimal geodesic with ¢! (0) = P;, g (dpy(P;, Py)) = g1 (0) = P, and such that
drr(Py, g1(em)) = dar(Py, Py) + (91.(0), (97) (dar (P, Pa))) gy e+ Oy (e3) - (3.9)

Let us remark that the above expression is not uniform in m. Indeed the se-
quence (&,,) depends on 7, as much as the sequence m — O, (,,). This is not a
problem as we fix 1 before we pass to the limit in m at the end of the proof.

We now distinguish three cases:

e i=1: Let us consider the following reparametrisations of the g:
g{ - 0,1] = M
t = g} (tdar (Pr(n), Pa)).-

Applying Lemma [3.1] we get a sequence of 7, > 0 converging towards zero
such that g{" converges to ¢; minimal geodesic between 1ir+n Pi(n,) = P
n——+0o0
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and Py when n goes to infinity. We also have
lim (") (1) = (1) hence
n—oo

G &
dM(Pl(Un), P4) oo dpr( P, Py)

(g7) (dar (Pr(nn), Py)) =

We obtain

lim <gl(0), (") (dnr (Pi(na), Pr)) >M - <92$(>§%3)>M -

n—o0

because g, is a minimal geodesic from P, to Py hence §i(1) € Tp_,1p+3.

o i=2: (¢ (0), (93) (dar(P2, Py))),, = 0 because

(93)" (dar (Po, P1)) € Tposipey.-

e i=3: We again consider reparametrisations gi" : [0,1] — M of the gJ* and
apply Lemma to obtain the convergence of gi" towards a minimising
geodesic g3 between Ps(n,) and Pj,. For n large enough, dy(Ps(n,), Py) =
N, is small enough so that there exists a unique minimal geodesic between
P3(n,) and Py (up to reparametrisations). This proves that gs is included in
v when n is large enough hence g4(1) € Tp_,(p+}. Proceeding with the same
computations we did for ¢ = 1 we obtain

Tim (g (0). (63")' (dar (Ps(.). P1))),, = 0.

In the end for every ¢ in {1,2,3} we have

lim (g’ (0), (9")" (dat(Pi, P))),, = 0. (3.10)

n—oo

We now follow exactly the proof of Theorem Setting Ps = ¢, (¢,) and
(s ) = (c1,c2,¢3,4/2,¢4/2). Recall from (3.7) and (3.8)) that (c1,--- ,cq) =
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(1,—1,1,—1) so that Z cicjd(P;, P;) = 0. We obtain

i,7=1

5

> ddidu(P, Py)

ijl

—Zczcde P, P;) +2Zcz dy (P, Py)

i,7=1
+22c1 [dM P Py) + (g (0), (") (das(Piy P2))),, €m + Oy, (efn)]
+2(5>28m

= Z cicsdar (P By) ea Y e ((91(0), (g7") (dar (s Pa))) s €m + On, (230)

zg 1 i=1

J

~~

r2(3)e
e <__ch<gL ) (dar (P, Py) >M)+Onn( m) -

Using (|3 if we fix n large enough we have

% = 2_ci{91L(0), (g") (du(Pi, P1))),, > 0.

In this case for m large enough

chdM P, P;) > 0.

3,7=1
We conclude that dj; is not of negative type and therefore there exists no Lévy
Brownian field indexed by (M, dy). O

Ezxample 3.1. Let us apply Theorem to the ellipsoid of revolution £ which a
parametrisation is given by
X :[0,27] x [-7/2,7/2] — R?
cos(y) cos(0)
(0,0) = | cos(p)sin(0) |,
asin(p)



62 CHAPTER 3. PERTURBATION OF CRITICAL CONFIGURATIONS

with a > 1.
We compute

—cos(p) siné

aa—)g = | cos(p)cos(d) |,

0

— sin(p) cos(0)

%5: ~sin(z)sin(6) | .

¥ a cos(p)

and deduce the coefficients of the first fundamental form of £ :

X 90X )
Eg — <W7 %>R3 = COS (90)7
o0X 0X
Fe = <W %>R3 -0

_/oX oX\ ., 9 o
Ge _<8g0’ 9 >R3 = sin“(p) + a” cos*(yp).

We get the expression of the Riemannian metric
(, Ve = cos?(¢)dh* + (sin?(p)a + cos®(p))dp?.

Let now consider the loop t — ~(t) = (¢,0) in the coordinates (0, ) of &.
Consider P = (6p,0) and ) = (fg,0) in the image of v and

gt g(t) = (0(t), (1))
a minimal geodesic from P to ) in £. We have

dg(p,Q):/O [0082(90(t))9/(t)2+(Sinz(so(t))+a2COS2(SO(t)))90/(t)2]l/zdt
z%[w§w®Wﬁf+¢@2mﬁ

= LS2 (g) 2 dgz (P, Q)

Notice that if there exists ¢ such that ¢'(t) # 0, the first inequality is strict.
For () = P* antipodal to P on ~ this would yield

de(P, P*) = 7 > ds2 (P, P*) = 7.

Since this is clearly impossible, for Q = P*, ¢ is identically zero and the geodesic
g stays at every time included in «. This shows that

From Theorem we deduce that there exists no Lévy Brownian field indexed by
E.
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Remark 3.3. This example has been previously dealt with by Chentsov and Mo-
rozova in [23], as a consequence of the following necessary condition for the Lévy
Brownian field to exist when the index space is a manifold with minimal closed
geodesics.

Theorem (Chentsov-Morozova). Let M be a Riemannian manifold such that there
exists a Lévy Brownian field indexed by (M,dy). Then for all minimal closed
geodesic v and Q) € M the quantity

does not depend on P € 7.

The proof by Chentsov and Morozova is based on the remark that for any Lévy
Brownian field Xp indexed by S*,

VPeS', Xp+ Xp- =2 1XQdQ,
S

where d(@ denotes the uniform measure on S'. In particular this random variable
does not depend on P. This directly implies that

VP, P eS', Xp+ Xp. — Xp — Xpr, = 0 almost surely.

Equivalently ((P, P*,Q,Q*),(1,—1,1,—1)) is a 1/2-critical configuration (see Re-
mark , which is our starting point to prove Theorem |3.2]

This seems to suggest that there is a connexion between Theorem and
the condition by Chentsov and Morozova, though rigorously we are unable to
say anything more about it. However using Theorem we show there exists no
Lévy Brownian field in cases where it seems uneasy to check whether Morozova
and Chentsov’s condition is verified or not (See Example , Theorem , and
Theorem [3.4] below).

Example 3.2. Let us denote by B(0,1) C R? the closed ball of center 0 and radius
1, and C a great circle of the unit sphere S%. Let S C R3 be a surface such that
SN B(0,1) = C. Let us show that there exists no Lévy Brownian field indexed by
S.

We consider
II:R?> -5 R3

X1
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Figure 3.3: A surface S verifying our hypothesis

Lemma 3.3. For every curve c with values in S C R3,
L(e) > L(Moc),
with equality if and only if ¢ takes values in C'.

Proof. For every X = (z,y,z) € R? we have

(2,9,2)
I(X) = (22 + 32 + 22)1/2°

The map IT is differentiable on R3\ {0}. For every X € R*\ {0} we compute the
Jacobian matrix

2

1— _r= Ty Tz
. XP KPP
_ yx _ Yy Yz
Dlx=mxp| wr - me
zx 2y _z
BSE xrE 1P
We have .
Dlly = —— (Is—n"n),
X ( )
with
S N
n=V|X[=m | ¥
X

z
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Let us notice that Is —n'n is the matrix of the orthogonal projection on the plane

of normal vector n. In particular for every U € R?,
I(L; = n"n)U|| < [|U]],
hence for every X such that || X|| > 1 and U € R?,
DI U < [|U]],

with equality if and only if || X|| = 1 and U is tangent to the unit sphere S%.
As a consequence for a curve ¢ : [a,b] — 5, for every t € [a,b], ||c(t)|| > 1 and
we obtain

Litoe) = [“teey®ld = [ IDge @l < [ ¢ = L(o). O

Let us now consider P and () two points on the great circle C'. Let ¢ be a
minimal geodesic from P to ) in S. From Lemma [3.3| we have

L(c) > L(IToc).

Since ITo ¢ is a curve with values in S? we know that L(IToc) > ds2(P, Q). On the
other the shorter arc of the great circle C joining P to P* is a curve with values in
S and length dg2 (P, @), which gives dg2(P, Q) > L(c) since ¢ is a minimal geodesic.
We obtain

ds2(P,Q) > L(c) > L(ITo ¢) > ds2(P, Q),

which means L(c) = L(Il o ¢). The equality case of Lemma states that c is
included in the great circle C'. We have shown that every minimal geodesic from
P to @ is included in C', which shows that C' is a closed minimal geodesic of S,
together with

for every P € C.
From Theorem [3.2] we know that there exists no Lévy Brownian field indexed
by S.

Ezample 3.3 (rotation-invariant manifolds with a shortest parallel). Let us consider
a complete Riemannian manifold N and consider M = S! x N endowed with the
Riemannian metric

G =70 ) + 0w,
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where f: N — R7 is a C° function with a global minimum at 2, € N. We take
two points P, @ on the parallel v = S' x {20} and a curve g : [0,7] — M with
g9(0) = P, g(T) = Q. We write g(t) = (0(t), 2(t)) and compute the energy of g :

En(g) = = / (1), ¢/ () et

2 Jo
2 [ 1000000+ 0.
> / F(z0) (0/(1), 0/(1) s .

From here it is clear that minimal geodesics between P and () are included in 7y (see
Proposition [1.17)). This shows that any proportional to arc-length parametrisation
of v is a minimal closed geodesic together with

for every P € . We apply Theorem [3.2] to get the nonexistence of Lévy Brownian
fields indexed by M.

Let us now recall some classical facts about free homotopy of loops.
Definition 3.5 (loops). We call a loop any curve
v:[0,T] = M
with v(0) = ~(T).

Definition 3.6 (Free homotopy of loops). We say that two loops 71, 79 are freely
homotopic if there exists reparametrisations 71,7, : [0,1] — M and a homotopy
of loops from 7; to 7, that is to say a continuous map

F100,1] % [0,1] — M
(s:t) — fi(s)

such that fo = 41 and f; = 42 and for every t € [0,1], f; : [0,1] — M is a loop.
In this case we write v ~ 7».

Remark 3.4. The homotopy is said to be free in contrast to homotopy of loops
with a fixed base point, which we do not discuss here.

We admit the following classical result about ~, which proof is found in [10].

Proposition 3.1. ~ is an equivalence relation.
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In the following we denote by Z(M) the set of all piecewise continuously
differentiable loops with values in M. Notice that L(7) is properly defined for
v € Z(M). We denote by 6,(M) = Z(M)/~ the set of all free homotopy classes
of piecewise continuously differentiable loops in M. Furthermore we denote by
C' € % (M) the class of piecewise continuously differentiable loops freely homotopic
to any constant loop (recall that all the manifolds we consider are connected hence
all the constant loops are freely homotopic).

Lemma 3.4. Let M be a Riemannian manifold, and v a loop of minimal length
in Z(M)\ C. Then for all P,Q € ~, all the minimal geodesics from P to @ are
included in .

Proof. 1. Let us assume that v is of minimal length in Z (M) \ C and show
that every proportional to arc-length parametrisation of v is a geodesic.
Suppose that it is not the case. Clearly, there exists a proportional to arc-
length parametrisation of v and ¢; < to with ¢, — ¢; as small as wanted such
that vy, t,) i not a geodesic. Now we can take o — t; small enough so that
there exists a unique minimal geodesic y(t1)v(t2) : [0, 1] — M between ~y(t)
and (f2) (see Proposition [L.18)). It is clear that 7(t)y(f2) is shorter than
Vit1,t2) (Otherwise v, ¢,] is a minimal geodesic, which is impossible since it
is not a geodesic). Hence the concatenation of v(t1)y(t2) with v\ v, 1] (see
for a parametrisation) is a loop 4 with shorter length than ~. Now
we can take t, — t; small enough to have 7y, 1,] and v(t1)y(t2) taking values
in a common geodesically convex ball. Therefore y(t;)v(t2) is homotopic to
Viitr,t2] (see Remark , and finally v and 4 are homotopic. In the end
7€ Z(M)\ C is shorter than 7. We have reached a contradiction.

2. Now let us assume there exist P, ) € v and a minimal geodesic g between
P and @, not included in v. Without loss of generality let us assume

~v:[0,1] = M

with
7(0) =~(1) =Q,~(tp) = P,

and

g:[0,1] - M
with

9(0) =P, g(1)=@Q

We define

’yl:[O,tp] — M ’ygi[tp,l] — M
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the two halves of v connecting P to Q. Let us consider I; = 7 - g (the
concatenation of y; and g), and I, = ‘7 72, where ‘g 1 ¢ g(1—1t). Because
g is a minimal geodesic between P and () we have

L(g) < L(v1) and L(g) < L(v2),

hence

L(h) < L(y) and L(L) < L(). (3.11)

Now [y is not C* at P: indeed ¢'(0) cannot be equal to 7/(tp), otherwise we
would have

g(t) = Exp (7/(tp)t) =

{ y(tp+t)iftp+t,<1
p

v(tp +t — 1) elsewise.

(Recall a geodesic is completely determined by some initial conditions on
position and speed, see Remark . This is impossible since we assumed
g is not included in . Since [; is not C'° it cannot be a geodesic, hence [y
is not of minimal length in . Z(M) \ C (see part 1 of the proof). Because of
, it is then clear that [; belongs to C'. The same is true for l5. We will
now show that v € C to get a contradiction.

F
Let us consider 71,72, g, ¢ reparametrisations of v, ys, g, ? over [0,1/2]. It
is clear that [ := 3 - g and I, := § -7, are reparametrisations over [0, 1] of
[y and Iy. In particular [;,ls € C' are homotopic to the constant loop Q).

Let us consider (s,t) — [}(s) and (s,t) — [?(s) two free homotopies of loops
such that

l(l) = ilv l% = @
and ) B
l(2) - 127 l% - Q7
Let us now give an explicit free homotopy from v to Q. For every 0 < t < 1/2

let us consider

G [0,1/2] — M G00,1/2] - M
s > g(st) s > g(t— st).

and define -
B g A 0St<1)2,
t l%t—l ) lgt—l? 1/2 <t<1L

It is clear that for every ¢ € [0, 1],

v 1 [0,2] = M
)
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is a loop. We reparametrise y; over [0, 1] by setting 4:(s) = 7(s/2) to obtain
a free homotopy of loops such that v, = @ and 7, is a reparametrisation
of 4. In the end 7 is freely homotopic to @Q, which proves v € C: we have
reached a contradiction. O

Theorem 3.3. Let M be a Riemannian manifold of dimension at least 2 such that
there exists vy of minimal length in £ (M)\ C. There exists no Lévy Brownian field
indexed by M.

Proof. From Lemma [3.4 we know that for every P, @) € ~ all the minimal geodesics
from P to @) are included in ~. In particular every proportional to arc-length
parametrisation of 7 is a closed minimal geodesic such that

VP € ~, dimTp%{p*} =1.

Since dim(M) > 2, Theorem shows that there exists no Lévy Brownian
field indexed by M. O]

For a compact manifold Cartan’s theorem gives the existence of a closed min-
imal geodesic in every free homotopy class. We adapt its proof to obtain the
following lemma.

Lemma 3.5. Let M be a compact, nonsimply connected Riemannian manifold.
There ezists a loop v of minimal length in £ (M) \ C.

Proof. Let us consider
d:=inf{L(l),l € Z(M)\ C}.

Since M is not simply connected £ (M) \ C is not empty, hence d > 0 and there
exists a sequence (I,)n>0 of £ (M) \ C such that

L(l,) — d. (3.12)

n—oo

Let us reparametrise [, over [0, 1] and proportionally to arc-length in order to have
Vi, <ty € [0, 1],

A (ln(t2), Ln(t)) < / @) et < sup(L(L)) (E2 — 1),

t1

which shows that the set {l,} is equicontinuous. Because M is compact, for all ¢ €
[0,1], {l.(t),n € N} is relatively compact. By Arzela-Ascoli theorem we conclude
that {l,} is relatively compact in the uniform topology, hence we can extract a
subsequence of [, which converges uniformly to [, a continuous loop in M. To
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obtain a piecewise continuously differentiable curve, we consider a partition of
[0, 1]
O=ty<t1 <---<tp=1

with successive times #y,tx41 close enough to each other so that every log, t4,1]
takes value in a geodesically convex ball of M (see Proposition [1.18). We now
consider the closed curve v given by the concatenation of all the minimal geodesics

Let us notice that for n large enough 1, 1, ,] takes values in the same geodesi-
cally convex ball as y|j.4,, 1] = loo(tk)loo(trt1), hence Ly, ¢, 1) and Y, 1,0 are

homotopic (see again Remark . In the end [,, is homotopic to v, which shows
that v € Z(M) \ C, hence L(vy) > d. We will now show that L(vy) = d to finish
the proof.

Let us assume that L(y) > d. We write

L(y) = L(y) —d +d — L(l,) + L(L,.).

We now use (3.12) to write d — L(l,) > —e for n large enough. We obtain:
L(y) > L(v) —d —e+ L(ly)
m—1 m—1
L(y)—d—e¢
— L(%[tk7tk+1]> (T + L(ln|[tk,tk+1})) )

k=0 k=0

which ensures there exists k such that
L(y)—d—¢
LVt trsn) > —————— + Llnjit.t041))- (3.13)

m

Now let us recall that
b(te) — 7(t),

Un(ths1) e Y(trt1),
hence for n large enough

% > dar(la(t), (1)) + das (n(tr1), Y (Brs)).

Together with (3.13) we obtain

L(Witestrsn)) > dar(ln(tr), v(te)) + dar (b (tga), Y (Err1)) + Lllnjggtiga))

which contradicts the fact that = y(tg)Y(tg+1) is a minimal geodesic.

]

trotrt1]
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Theorem 3.4. Let M be a compact, nonsimply connected Riemannian manifold
of dimension at least 2. There exists no Lévy Brownian field indexed by M.

Proof. Lemma [3.5| gives the existence of v of minimal length in £ (M) \ C. Since
M is compact it is complete as a metric space, hence a complete Riemannian
manifold (see Proposition [1.20]), and Theorem applies. O

Ezample 3.4 (closed surfaces). In dimension 2 due to the classification of closed (i.e.
compact without boundary) surfaces a closed surface admitting a Lévy Brownian
field is homeomorphic to the sphere S2.

Remark 3.5. Let us notice that the ellipsoid from Example is homeomorphic to
S? but does not admit a Lévy Brownian field. The spheres S™ are the only compact
manifolds on which we know a Lévy Brownian field exists.

3.4 Nondegeneracy of fractional Brownian fields
indexed by hyperbolic spaces

Let us recall some elementary facts on the hyperbolic spaces. We again refer to [9]
for proofs and details.

Poincaré ball model There are many ways to present the hyperbolic space
H<. We briefly introduce the Poincaré disk model.
Let us consider B, the open ball of radius 1 in RY. We endow By with the
Riemannian metric
d
4 Z dx?
i=1

(-5)

One can check that we obtain a complete Riemannian manifold of curvature —1,
which we call the hyperbolic space of dimension d and denote by H<. It is well
known that the geodesics of H? are given by the arcs of the circles which intersect
orthogonally the sphere S*~! of radius 1 (By circles and sphere we mean: the usual
circles and sphere from Euclidean geometry in R?).

Furthermore if we consider the unique circle of R passing through P,Q €
By x {0} which is orthogonal to S* x {0}, we notice it is included in R? x {0} at
all time and orthogonal to S9~!. This shows that the minimal geodesics between
points of By are the same in H¢ and H%"!, thus the inclusion By x {0} C Bgy1

<7>d:
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extends to an isometric immersion
7 :H? — H*!
that is to say
VP,Q € HY, dyu(P, Q) = dygens (Z(P), Z(Q)). (3.14)

Finally let us recall that for all d > 1 there exists an H-fractional Brownian
field indexed by H¢ if and only if 0 < H < 1/2 (see [11]).

The following result is not surprising but should be quite tedious to prove with
computations, if possible. Here we give a geometric proof of this fact.

Theorem 3.5. 1. For every 0 < H < 1/2 there are no H-critical configura-
tions in H<.

2. Let0 < H < 1/2 and X" be an H-fractional Brownian field indexed by the d-
dimensional hyperbolic space H?, such that there exists O € H¢ and XY =0
a.s.. For all distinct Py,--- , P, € H? the Gaussian vector (Py,--- ,P,) is
nondegenerate.

Proof. 1. Let us assume there exists an H-critical configuration
(Py,--+, Py, (c1, -+ ,cp)) of HY. Using ([3.14)) it is clear that

> cicdii (P, Py) =0

i,j=1
=Y cicj [dygan (Z(P), Z(P))*" =0,
i,j=1

which means (Z(Py),--- ,Z(P,), (¢, ,¢,)) is an H-critical configuration
of HI+1,

However we have seen that all the geodesics in H%*! between the points of
Z(H?) are included in Z(H?), therefore it is clear that

Vie {1, <. ,n}, dimTI(pi)%{I(pj)J#i} < dimI(Hd) < dim HY*.

Condition of Theorem is not verified although there exists an H-

fractional Lévy Brownian field indexed by H*!. We have reached a contra-

diction.

2. Let us consider distinct Py, ---, P, € H* and ¢y, - - - , ¢, € R* without further
assumptions. Define ¢, 1 = — Y i ¢;. Using X§ = 0 almost surely we can
write

n n

Z CZXg = Z CZXg + Cn+1Xg

i=1 i=1



3.4. NONDEGENERACY OF HYPERBOLIC FIELDS 73

which is not equal to zero almost surely using point 1. of the theorem. We

have shown that the Gaussian vector (P, --- , P,) is nondegenerate.
O

Remark 3.6. 1t is possible to follow the same argument to provide a short proof
for the same facts about R?, which were already known (see for example [4]).
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Chapter 4

Nonexistence of fractional fields
indexed by cylinders

4.1 Introduction

In this chapter we show that for every H there exists no H-fractional Brownian
motion indexed by the cylinder (Theorem . We generalise this result to the Rie-
mannian product of the circle with any manifold (Theorem . We investigate the
case of metric spaces for which the distance is asymptotically close to the cylinder
distance (Theorem and [4.4)). From Theorem we derive the discontinuity
of the fractional index of a metric space with respect to the Gromov-Hausdorff
convergence (Theorem [4.5)).

Throughout this chapter we often use the term configuration, referring to Def-

inition B.11

4.2 Main statement

In this section we consider the cylinder S' x R endowed with its Riemannian
product metric
< R >Sl><]R = d92 + dZQ. (41)

From point 2. of Proposition we know the expression of the geodesic distance

dst (01, 21), (02, 22)) = (ds1 (61, 02) + |21 — 22) "7, (4.2)
where dg1 is the geodesic distance on S*, given by
dgl (91, 62) = m1n(|€1 — 92|, 2 — "91 — 02|) (43)

75
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Remark 4.1. From point 1. of Proposition |1.23| we know that the geodesics in the
cylinder are given by arcs of helices. In particular all the geodesics of the cylinder
between points of S'x]0, e[ stay at all time in S'x]0,e[. As a consequence, the
restriction of dgi g to S'x]0, e[ and the geodesic distance associated to the metric

([4.1) on S'x]0, £[ coincide.

Theorem 4.1. For everye > 0 and H > 0, there exists no H-fractional Brownian
field indezed by the cylinder S'x]0,¢[. In other terms,

Bstx10,e[ = 0.

Let us give an outline of the proof of the theorem. To prove the result we
exhibit for every 0 < H < 1/2 a sequence of configurations

((Plflm e 7Pnh,rn)7 (Cla o 7cn))n€N

such that

n
. 2H H pHy _
lim E Cicdelx]O,a[(Pi,n7 P]n) = 400,
ij=

which shows that dé{{x]o,s[ is not a kernel of negative type. Hence there exists no
H-fractional Brownian field indexed by S'x0, g[ for every H €]0,1/2[. To conclude
for every H > 0 we recall that if d*7 is not a kernel of negative type then d*" is
not a kernel of negative type for every H > H (see Theorem [1.3)).

We carry the proof with a cylinder of radius % in order to get parallel circles
of perimeter 1 and lighten the computations. Such a cylinder is homothetic to a
cylinder of radius 1 and therefore has the same fractional index (see Remark [1.17).

In Section [4.2.1] we work on a sequence of configurations with points in one
circle. Section deals with the same sequence duplicated on two parallel cir-
cles of the cylinder. We finish the proof in Section by considering the same

sequence of configurations on a diverging number of parallel circles of the cylinder.

4.2.1 A configuration on the circle

Let us consider a circle S of perimeter 1, parametrised by arc length s € [0, 1[. In
this chart we have an explicit formula for the geodesic distance,

ds(s,s’) = min(|]s — §'|,1 — |s — §']).

For every N € N and 1 <7 < 4N we define

7
Pi = Sa
N=ON ©



4.2. MAIN STATEMENT 7

and the coefficients

Notice that for every N we have

AN
i=1
so that ((Pyn, - Pinn), (c1,- -+ ,can)) is a configuration of 4N points in S.

We now deal with the asymptotic behaviour of

AN
Ay = Z Cz'deéH(Pi,MPj,N)- (44)

ij=1
Lemma 4.1. For every H €]0,1/2],

N172H o
NS AT Z [(2p)*" —2(2p + 1)* + (2p 4 2)*"] .
p=0

Proof. We write P; instead of P; y when there is no ambiguity. The terms dg(P;, P;)
appearing in the sum Ay are of the form & for k € {1,--- ,2N}. Each one appears
8N times except the term for £k = 2N. This last terms only appears 4N times
corresponding to pairs of antipodal points.

Moreover ¢;c; depends only on dg(F;, P;), therefore

=1 p:O —

Cn ~1 % 2H_2 op 11\ 2" op 12\ 2
2 |\1v AN AN
AN'—2H 23 2H 2H 2H

= —pi [(2p)*" —2(2p + 1)*H + (2p + 2)*7]
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Because

1
2p)*H —22p+ D + (2p+2)* =0 (zﬁ)

and H < 1/2, the series above converge and we get the result. O

Remark 4.2. For H < 1/2 the sum of the series appearing in (4.1]) is nonpositive

by concavity of x — 22, hence A}im An = —00. Because g = Bg1 = 1, it is clear
—00

that no choice of configuration on the circle will give a positive result. It is then
necessary to consider points at different heights on the cylinder in order to obtain
our result. We start by duplicating our configuration on two circles.

4.2.2 Duplicating the circle configuration

We now turn to the cylinder S x R, considering again a circle S of perimeter 1
parametrised by arc length. In the entire proof of Theorem 4.1| we denote by d the
geodesic distance dgxr. Given two points (s1, 21), (82, 22) € S x R we have

d((s1,21), (52, 22)) = (ds(s1,82)° + |21 — 32\2)1/2-

Let us now consider a sequence of positive numbers (zx)nen, and for every
N e N,

P (45.0) if1<i<4N,
BN (& ay) IFAN 41 <0 <8N.

We set for every 1 < i <8N
C; = (—1)i,

and notice again that
8N

VNEN, Y ¢ =0,
i=1
so that ((Pyn,- - Psnn), (c1,--+ ,csn)) is a configuration of 8V points in S x R.

This time we deal with the asymptotic behaviour of

8N
CN = Z CZ‘deQH(PZ',N, Pj,N)- (45)

1,5=1

We write again P; instead of P, y when there is no ambiguity. Let us split
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AN 8N
Cy =Y _(-D)WP, )"+ Y (~)™[dP, P
i,5=1 i,j=4N+1
+Z Z V(P PP + Z Z 1)+ [d(P, PP,
i=1 j=4N+1 i=4N+1 j=1

We now write
CN = 2AN + QBN(ZN),

with Ay as in (4.4]) and

—3 S (46)

i=1 j=AN+1

Since we know from Lemma how Ay behaves it remains to work on By under
proper assumptions on the regime zy. Because Ay is non positive, we aim to get
a positive contribution from By. Asymptotic order of By is also crucial in order
to outweigh Ay, which we have proven to have asymptotic order N'*=2#_ From our
investigations it seems that

e if z converges too quickly to zero By tends to behave like Ay. In particular
setting

20
NEN

yields
BN ~ C(Z)NliZH,

N—o0
with C(zp) continuous in zy. Since setting zy = 0 gives By = Ay, it is
clear that C(z) is non positive for small values of zy, which is problematic
because we aim at considering cylinders of the form Sx]0, e[ with ¢ as small
as desired.

e Choosing zy with slower regimes yields positive contribution from By at the
expense of a less important asymptotic order. In particular setting

zy =29 > 0

yields

which is negligeable in front of |Ay|.
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We now give a class of regimes for zy under which By(zy) converges to a
positive constant independent of zy, with uniform speed in zy. We will later
take advantage of this fact to consider an infinite number of circles and recover a
dominant asymptotic order for By(zn).

Lemma 4.2. Let us denote by Z,5 the set of all sequences of positive numbers
(2N) n>o Such that

ZN]Vg — 0 (Hl)
N—oo
and
2yN® — oo, (H2)
N—o0

For every 0 < H < 1/2 and a, @ such that 0 < a < @ < 1 we have

H
lim sup Bn(zn) — ——| = 0.

CAH-1
N—o0 (ZN)NZOEZQ,E 2 4

Notations We introduce some notations we use in the whole proof of Lemma
4.2l Let us write

aN = _1?((15/];) g )

o:x (22 4+ 1)

. 2p+1

xp - 4N1—04N7 (4'7)
_ 1

hf - 4N1—(1N7

QZZOKN(Z—I—QH)—Z—FZ. )

Because we aim for a result with uniformity in zy, from now on we denote by

e a(N,zy) = Ou(b(N, zy)) the existence of C' > O and Ny such that for every
2y € Zom and N > Ny, |a(N, zy)| < C|b(N, zn)|.

e In a similar way, a(N, zy) = 0,(b(V, zx)) means that Ve > 0, INy, Vzy €
Zyam la(N, zn)| < e|b(N, zn)].

To prove Lemma [£.2] we proceed through Lemma [4.4] Lemma 4.5, and Lemma
to a Taylor-like expansion of By (zy) on the powers N%. Observe that for every
[ we have N%+1 = o (Nel) . Indeed

N1 _ new—1 _ 1 1 N_E

= = — X
N NN znIN@ N
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converges towards zero when N goes to infinity (use (H2) and @ < 1).
Let us now give Lemma [£.3] which we will use to estimate the asymptotic order
of some remainders in the expansion.

Lemma 4.3. With the notations from (4.7), for every H < 1/2, every integer
q>2 and
Yp = Tp + ho, v,

where 6, N is any double-indexed sequence with values in [—1,1],

Z|gp(q (Nl O“N).

Proof. Along the proof we use the positive constants C1,--- ,Cs. We claim that
they exist and are independent of N and the choice of zy € Z, 5, though some
may depend in ¢ and H without altering the result. Let us notice that

SO(q) (t) ~ Cy tQH—q’

t—o00

which yields
QD(Q) (t) <, 12H—q

We obtain
N-1 [N1=eN | N-1
D) < > e+ Ca Yo ()
p=0 p=0 p=|N17oN |+1
and
2H
2H—q __  2H—q hép,N ! 2H—q
(yp) =, 1+ . < Cy
p
because

1+h5p,N (14 dp N
Ty 2p+1

is bounded and away from 0 as long as p > 0.

Finally
N-1 2H—q
o 2p+1
Z PTG (LN Dl e Y (i)
p=[N17ON |41
1 N-1
l1—a 2H—
< ON'N 4 Oy >, P
p=|N'"ON |41
- 1 Can\2H—q+1
-« 11—« q
< C4yN N+C@-W(N v)

=0, (N'""™™v). O
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Lemma 4.4. Under the assumptions (H1)), (H2)) and with the notations (4.7)) we
have for every M > 2

M
By(zv) = Y _buBly + Oy (N1)

n=2
with
N-1 1
Bl = N3 e ) (4.8)
p:
and g
= 1 —1)"). 4.
b= (4 (<1)7) (19)

Proof. We start by reordering the terms in By(zy) in a similar way as we did for
Ay in the proof of Lemma [4.1}

H 1 H

2 H
2p+2 42
AN N

2N—-1 B k 2
By(zn) = AN 23! +8NZ <4N> + 2%

N-1 r 2 B 2 H
2p 9 2p+1 9
=4N — -2

_|_

N—1 r 2 H 2 H 2 1 H
N 2p 1 ) 2+ 1 1 2p + 2 1
- - AN ) T Nzen | T AN T Nzen | T AN * Noon
p= J
N-1 H 9 H 50 1H
4N 2p+1-1 2p+1 2p+1+1
NQaNH ‘ ( < Nl an > +1] —2 [<4N1aN> +1] + ( 4N1—O¢N > +1 )
p= J
N-1
= AN'2NEN o (2, — h) = 20 () + ¢ (2 + B)],
p=0

Taylor expansions of ¢ up to an arbitrary order M give the following approxima-
tion of By (zn):

M (n) (n)
1—2anH n ¥ (xp) n¥ (xp)
AN'—2on > [(—h) e
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i

Cwm

RM+1 — N1—2aNH m [SD(M—&—I)(pr) + (_1)(M+1)¢(M+1)(yp72)] ,

p

I
o

where

Yp,1 EJp — Py x|
and

Yp2 €Ty, xp + A .

Using Lemma [4.3| with vy, = y,; and again with y, = y, 2 shows that
Ryr1 = Oy (N%+1) . O

Lemma 4.5. Under the assumptions (H1)), (H2)) and with the notations (4.7)), for
everyn >3 and M >n :

M—n M—n
B}, = Z d,. N0n+k (n+k-1) ) + Z a Bxﬁk +0, (N9M+1) 40, (1), (4.10)
k=0 k=1

while for every M > 2 :

M=2 M—2
BJ2V = i _|_Z de92+k90(2+k_1)(0)+Z a, B]2V+k_|_0u (N9M+1)+Ou (1), (4.11)
k=0 k=1
. 1
S S 4.13
Proof. Let us write
No1y N=1 g,
B = 33 o) = 3 3 [
p=0 p=0 " T

Proceeding to a Taylor expansion up to the order M — n of ¢™(t) for any ¢ €
(@, Zpi1], we write, calling R}, ; the remainder from the Taylor expansion:

o (N [ S =)
By =N (3 / FEUEDS pr ()| ) + R
— Tp k=1 °
M—n 1 N—-1 1
— On (n—1) IN (n+k)
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For every p and t € [x,, 2,41], there exists y,(f) in |z,, x,+1[ and continuous in ¢
such that

. N-1 Tp+1 t — )M7n+1 (M+1)
=N" —_ t))dt | .
" DN e 0)

We have
N—-1 J?p+1 t _ :C M 7’1+1
RY < N max (M+D) (y) / —dt
] < — telry.api] i ) —n+1)
N-1
— NOn Z |@(M+1)(y]/0)| O, (N(OéN*l)(an+2))
p=0
for some y, € argmax ™V (y,(t))|
t€[zp,xp+1]
Using Lemma again we obtain
|Ripyy| = Oy (N®1). (4.15)
Coming back to (4.14)),
e for n = 2 it is easy to see that
N@nw(n—l)(xN) = NQQQOI(‘IN) = 4H—1 —+ Ou (Z]QV) + Oy (1) .
Using (H1|) we obtain
e H
NP >(1;N) e + 0,(1) (4.16)
e while for n > 3

NP D (@) = 0, (1).

(4.17)
In both cases, expanding ga(”_l

) up to the order M —n and using Lemma again
to deal with the remainder we get

M—n

. N9n+k n _
— N1 (50) = Z — oD (0) + 0, (N0t
k=0 '

(4.18)
It remains in (4.14) the term

p=0
M—n

§ : n+k

k(1. L 1\I N
— 2 k+1

M—n 1 1 N-1 1
0 . . (n+k)
N ( kz %k (k+ 1)1 NO-onk 4 (xp)>

(4.19)
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Putting together all the pieces of (4.14]) from (4.15), (4.18)), (4.19), and (4.16]) or
(4.17) whether n =2 or n > 3, we get the result. O

Lemma 4.6. Under the assumptions (H1)), (H2)) and with the notations (4.7)), for
every M’ > 2 we have

M'—1
H ,
Bu(e) = gy + 2 CraNPi g (0) + 0w (N1) + 0w (1),
with
[1/2] 1—2n’
Z > bow Aiow di, (4.20)
=1 k=0

where Ag := 1 and for every p 2 1,

p

A, ;:Z Z Ay Ay (4.21)

g=1 mq,- ,mg>0
mi+-+mg=p

Proof. Using (#.10) and (4.11)) from Lemma [4.5] we get
BN(ZN) =
o M2
b <4H - + Z d N92+k (2+k-1) + Z a. B2+k>
3o (zmk 0 S

k=0

+ Ou (N0M+1) + 04 (1) ,

gathering terms and using by = % we obtain

BN(ZN)

T+ Zb <Z d NO k=1 (0) Z U B"+m)

k=0
+ou (N9M+1) +ou(1).

We now recursively apply to obtain an explicit expansion of By(zy): all
the asymptotic terms of the form O, (N?+1) and o, (1) gather because we only
use a finite number of times. Apart from we only obtain terms of the
form CN%p!'=1(0). Furthermore :

_H
2.4H—1
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1. if the term was obtained without using (4.10)), C' = b,d; for some n and k
such that n + k =1,

2. if the term was obtained after using (4.10)) g times, C' = b,ap, - - - G, di With
n+my 4+ +mg+ k=1

Hence the total constant before N%p!=1(0) equals

I l-n
Cl = Z Z by, Alfnfk d.

n=2 k=0

Let us notice that b, = 0 for odd n and ¢~ (0) = 0 for even I. We therefore write
n=2n',1=2I"4+1and M' = [M/2] and obtain the result. O

Proof of Lemma[{.9. We will now show that all the coefficients Cy41 in Lemma
[4.6] are vanishing. Let us write

11/2]
Cl = Z b2n’Zl—2n’
=1

with

Zr = i Arfkdk
k=0

for every » > 1. We are going to prove that Z, = 0 when r is odd, which implies
that C; = 0 when [ is odd. We do so by finding a formal power series associated
to (Z,),>1 and showing that it converges to an even function.

r—

r—1 1 r—k
Zy = Z Ar—kdk + AOdr = Z Z Z Amy **Amg | - dk + dra
=0 |\ ¢=1 1

k=0 k= my, ,mg>0
mi+--+mg=r—~k

then we can write the formal expansion

00 0o 00 q 0o 00
Z Z.7" = (Z < anz”>> . (Z dkzk> + Zd,,z’”.
r=1 q=1 =1 k=0 r=1

It is easy to see that all series on the right side of the equality converges for z
small enough and to compute explicitly

> z

ZZrzT: +1
—z/4 _ pz/4

e 2 (e~#/* —e#/4)
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which is an even function of z.
Since all the coefficients in the expansion given in Lemma [4.6] are equal to 0
we get that

VYM GN, BN<ZN) = + O, (NBM) +0u(1)

2. 4H-1
Let us now write

Ou (NQM) _ Ou (NaN(M—1—2H)—M+2) _ Ou (Z]2VH+1—MN—M+2) )

From (H2|) we have

Zyt = ou(NP),

therefore if we choose M large enough we have
0, (NQM) — o, (NE(M72H71)7M+2) — 04(1).

Finally
H
By(zy) = 5 41

and Lemma |4.2|is proven. O

+ 04 (1)

4.2.3 Proof of the result

Proof of Theorem[{.1. In the cylinder S x R we now consider a number of parallel
circles depending on N. Each circle bear again the same configuration of points.
Precisely, we choose

0<fB<y<1

and take | N”| circles at the heights

k
m,/<;e{1,...,uvﬁj}.

We put on the k-th of these circles 4N points (PF)}Y, of coordinates
i kY
(W’ Wl:l |
We associate to those points the usual coefficients
= (~1)

and consider
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| N?| circles

Figure 4.1: The configuration on the cylinder

IN?] 4N
Qv =YY cc; d(PF,P))
kl=11,j=1
INB| 4N [N?] 4N
=3 aed™(PEPH+ Y Y ced(PFL P
k=1 i,j=1 kl=1,k#l ij=1
[NA]
=|N°JAx+ > By (Zﬁ“vl>
k=1, k£
with
ki |k —1]
N N7

Let us observe that all the 25/’ verify

Lok IV
Ny =N = N7

and recall that 0 < 8 <~ < 1, hence we can apply Lemma , since all z]li,’l verify
(H1)) together with (H2|) as long as we choose o, @ such that

I<a<vy<l1
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and
O<y—f<a<l,

which is always possible.
In the end we get that

B B| _
Qn =[N Ay + Sk (Uzv =) <2.Zf—1 +0(1)> '

Recall from Lemma [4.1] that

N1-2H o
¥ e T O 0 =200+ 1+ (2p 2],

p=0

therefore if we choose g > 1 — 2H we obtain

H 25
Qn Mol N fened +00 as we wanted. (4.22)

Let us remark that for every positive € the points P; 5 belongs to Sx]|0, [ for N
large enough: Theorem is proven. O

4.3 Extension of the result to Riemannian prod-
ucts

Theorem 4.2. For every Riemannian manifolds M and N such that M contains
a minimal closed geodesic, the Riemannian product M x N has fractional index

Buxn = 0.
Proof. Let us consider
v:[0,27] - M
a closed minimal geodesic and
g:[0,T] = N

any minimal geodesic in N, which we choose to parametrise by arc-length. Since
7 is a minimal closed geodesic v([0, 27]) is isometric to the circle of radius %;’) In
the same way, g minimal geodesic implies that ¢(]0, 77[) is isometric to |0, T[. From

Proposition we deduce that

([0, 27]) x ¢(]0,T[) € M x N
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is isometric to the cylinder of radius @ and height 7. Since this cylinder is

homothetic to

Slx}O,ﬂ{,

L(v)

Theorem [4.1| shows that its fractional index is null (see Remark|1.17)) and the proof
is complete. O

Example 4.1. The d-dimensional flat torus T¢ := S* x - - x S! has fractional index
—_———

d times

0.
Example 4.2. S™ x R has fractional index 0.

4.4 Perturbation of the product distance

In the following section we look at S'x]0, e[ endowed with a distance which con-
verges to dsiyg as z is close to 0. We give in Theorem a bound on the fractional
index of such spaces, which depends on some rate of convergence towards the cylin-
der distance. In Section we consider some surfaces of revolution as examples.

Theorem 4.3. Let us consider a distance d' on S'x]0,¢[ and denote by E' the
resulting metric space. We define for very h €0, [

A(h):= sup  sup |d'[(61,21), (02, 22)] — d[(61,21), (62, 22)]] -

z1,22<h 61,02€S!

where d denotes the classical distance on the cylinder. We call

Spr = sup {5 >0, A(h) = O (h5)} .

h—0t

If 0 is finite we obtain that the fractional index of E' Br verifies

3
r <
/BE — §E/+17
and if 0g = 400,
B = 0.

Remark 4.3. If there is no 6 > 0 such that A(h) = O(h®), the theorem states

h—0t

nothing.
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Remark 4.4. The result is uninteresting if 0 < dg < 2 since it is then clear that

<1< .
B < = S +1

Indeed S* x {0} C E’ is isometric to S, which has fractional index 1 (see Istas

[12]).
Proof. Let us assume there exists 6 > 0 such that

A(h) = O (R

( )h—>0+ ( )

which is true whether dg is finite or +o00. With the above remark the theorem
is obvious for 0 < 0 < 2. From now on we assume that g > 2. We consider
0 < 0p and

- >H> :

2 200 +1)
We now apply the exact scheme of the proof of Theorem with the new distance
d'. Let us recall that the proof of Theorem [4.1|lies on the existence of § and 7 such
that

(4.23)

1-2H<p<y<l (4.24)

Our assumption (4.23) allows us to choose § and ~ such that besides (4.24]) we
have
B —7) <2H -3, (4.25)

which will be useful later. With the notations of Section [£.2.3] we consider

IN?] N .
Q=D > e [d(PL P)] (4.26)
k,lzl i,j:l
IN?] N )
=35 cje; [d(PE, P + d'(PE, Pl — d(PF, P’
k,lzl ’i,j:l
IN?] N .

- Z Z cjc; |d <Pz‘k>]3;)}2H 1+ d(jp.k P : - 427
it g

kl=11i,j=1

8
As the maximum altitude of all points considered is vaj , using (4.25]) we obtain
for every 1, 7, k,

|d'(PF, Py —d(PF, P < A(NP7) = O (N°U7) = o (N?F73) | (4.28)
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moreover

1
d(PF, P;

AR (4.29)

d/(sza le) - d(sza le)

so that a(PF, PJZ) tends towards 0 as N goes to infinity for every
i, 7,k 1.
Taylor expansions yields
INP] N
Qv =Qn+O0( > > cje2Hd (P}, P) (d (P!, P)) —d(PF, P}))
k=1 1,j=1
We compute
IN°| N
Qy —Qu|=0( > > HE"'(PF P A(NT)
kl=11i,j=1

1\ 281
-0 (LN5J2(4N>2 (+) ) AN,
using (4.29) again and (4.28)) we obtain

Qy — Qu| = O (N*PF27241) o (N273) = o (N?P) . (4.30)
Now given ([4.24) and because H < 1/2 we still have (see (4.22))
H 25
QN N:oo 4_H N ’
hence
Q/ — E N2'8+0(N26)
N N—oo 4H

is positive for N large enough, which implies that (d’ )2H is not of negative type

and therefore B < 2H. Since this is true for every § < d¢ and every H > ﬁ,
the theorem is proven.

We now turn to the case of some Riemannian surfaces in a given chart.

Theorem 4.4. Let I be an open real interval such that there exists e > 0, ]0,e[C I
and consider the case where E' is St x I endowed with the Riemannian metric

() =+ f(0,2)d0" + (1 + f2(0, 2))dz",

with f1 and fo C™ functions with values in | — 1, 4+00].



4.4. PERTURBATION OF THE PRODUCT DISTANCE 93
Let us assume that the Riemannian manifold E' is complete, and that

Yo minimal geodesic in
sup  sup{ max |db|, |dz| |, , < 00
P,QES! x0,e] v Vd, E" between P and Q)

(4.31)
For every h € I we define

max(z(t)) such that t — (0(t), z(t)) is a
zt(h):= sup inf ¢ ,
P,Qe Sx]0,h] minimal geodesic in E' between P and Q

z7(h):=  sup

min(z(t)) such that t — (0(t),2(t)) is a
sup t ;
P,Qe S1x]0,h]

minimal geodesic in E' between P and Q)

Fi(h) = sup max /| f1(0, 2)|, 01 :=sup {5 >0,F(h) = O (h‘s)} :

z€]2= (h),2+(h)[ PES! h—0+

Fy(h) = sup max /| f2(60, 2)|, 09 := sup {(5 >0,Fy(h) = O (h‘s)} :
z€lz=(h),2+ (h)| OES! h—0+

If min(6y, 92) is finite we have

3
min (01, 09) + 1’

Br <

and if 61 = 9 = +00,
Be = 0.

Proof. Let us consider Py = (01, 21) and P, = (64, 25) in S'x]0,¢[. Let us denote
by 74 a minimal geodesic between P; and P, in E’, and by 74 a minimal geodesic
between the same points in the cylinder endowed with its classical distance d. We

also set
C= sup sup max /]d9|,/\dz\,/ |d0\,/ |dz| ¢ .
P1,Poe ST x]0,e[ VYo Yd Yd Yo Ya

Let us notice that C' is finite from hypothesis (4.31]). Indeed the curves ~, are
minimal geodesics between points in S§'x]0, e[, hence [ |dz| < ¢ and [ |dz| < .
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We now assume that 2, 2o < h and compute

¢y = [ (i) < [ (i)

Ya!

_ / (1 1200, 2))6 + (1 + £:(0, 2))d=*)

Yd

1/2

1/2
< / ((1 + max | f 0 74])d0? + (1 + max | fy o ”yd\)dz2> ,
Vd

using twice (a + b)Y? < a2 + b'/% for a,b > 0 :

< [ (@8 + a2) s max 05l [d6] + max|fr 00 [ Ja

Yd Td d
< d(Py, Py) + C (max | fy 0 ya"/* + max | f 0 74| '/%)

from which we deduce
d'(Pr, P5) < d(Pr, Py) + C(Fi(h) + Fa(h)). (4.32)
In a similar way and with

(0, z) := —min(f;(0,2), 0) :

d(Pr, Py) = / ((1+ (6, 2))d0? + (1 + f2(9,z))dz2)” i

Ya!

> [ (- 5@+ (1= 1y 0,20a)

Ya
using (a — b)/? > a*? — b2 fora > b >0

2 /(d@2+d2’2)1/2— maX’fl O’}/d/|1/2 |d0| —maX‘fQO’}/d/P/z |dZ|
~y

d/ Va! Va!

> / (d92 + dz2)1/2 - C (maX|f1 07:1|1/2 + max | fo 0%/1|1/2) )
Yd

hence

d(Pr, Py) > d(Py, Py) + C(EFy(h) + Ey(h)). (4.33)
Finally for every Py = (01, z1) and Py = (02, 25) with 21, 2o < h we have

|d(Py, Po) — d'(Pr, Po)| < C(Fi(h) + F(h)),

hence
A(h) < C(Fi(h) + Fa(h)).
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This implies that §g (defined in Theorem is such that
5E’ Z min(51, 52),
and we apply Theorem [£.3] to conclude. O

Remark 4.5. Assumption (4.31]) is for example verified if E’ a metric space of finite
diameter and f; and f; are bounded below by m > —1. Indeed for every P, in
S'x]0, e[ and 74 a minimal geodesic from P to @ in E’ we have

/ (14 £1(6,2))d6> + (1 + f2(0,2))d=?)"* = d(P,Q),

Ya’

hence

/ ((1+ f1(0,2))d6%) " < d(P,Q),

Ya!

from which we deduce

AP.Q)
/ S ST A6,

The same argument gives

d(P,Q)
/W 9= < SF T Re )

Remark 4.6. Let S be a complete, orientable Riemannian manifold of dimension
2, with

~v:10,27] — S

a minimal closed geodesic. Without loss of generality (see Remark we assume
that the minimal geodesic has length L(y) = 27 and is parametrised by arc-length.
If we choose a C* vector field v along 7 such that for every 6, |[v(f)||s = 1 and
(v(0),7'(0))s = 0, and define

d:S'xR—> S

0, 2) — Ez;%)(zv(ﬁ)),

it is possible to check that there exists € > 0 such that the restriction of ® to
S'x] — g, ¢l is a C* diffeomorphism onto its image

V. = &(S'x] —¢,¢[).
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Furthermore V. is a neighbourhood of . For every p € V. we get the coordinates
(6,2) = @7 !(p), and one can check that the inner product of S is given by

< , >S = (1 -+ f1(9,z)) d92 + de,

where f; is a C'* function with values in | — 1, +o0o[ such that f;(6,0) = 0 for every
0.

However it is not possible to apply Theorem without global assumptions
on S (which is not surprising, see Remark [1.18). In this case we need that all
the minimal geodesics between points close enough to v take values in V., in
order to have z*(h) and z~(h) properly defined. Furthermore if we don’t have

lim 2% (h) = lim 2z~ (h) = 0, we don’t have
h—0 h—0

h—0 h—0

hence §; = 9 = —oo0 and Theorem claims nothing. In the next section we con-
sider revolution surfaces with increasing generating function and apply Theorem

E4

4.4.1 Some surfaces of revolution as examples

In all that follow, we consider a differentiable function r : R — R} and we call
the surface of revolution with generating function r the surface I' of R? admitting
the parametrisation

r(2) cos(d)
X:(0,2) = | r(2)sin(d) |. (4.34)

Lemma 4.7. Let ' be a surface of revolution with generating function r.
If r is increasing, for every geodesic

g:[0,T] =T
t = (0(t), 2(t))

and for every t € [0,T],
2(t) < max(z(0), 2(7)).

In particular for every h > 0,

2t (h) = h.
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Proof. We will use Clairaut’s relation (see [6]) which states that along a given
geodesic of a surface of revolution

r(2(t)) cos(p(t)) = const. | (4.35)

where ¢(t) € [0,7/2] is the acute, nonoriented angle that makes the geodesic
with the parallel that intersects it at ¢ = 0.

Since any geodesic is differentiable, so is t + z(t). Let us assume that z(t) has
a global maximum in ¢, €0, 7| and that there exists t; €]0, 7 such that 2'(¢;) # 0.
Since z(tp) is a maximum we have z/(ty) = 0, which is equivalent to ¢(ty) = 0.
Because 2/(t1) # 0, ¢(t1) €]0,7/2]. We have

cos(p(t1)) < cos(p(ty)) = 1.

Using r increasing and z(t;) < z(tp) maximum, we obtain

r(z(tr)) cos(p(tr)) < r(z(t)) cos(io(to)),

which contradicts Clairaut’s relation (4.35)).

In the end, either 2/(t) = 0 for every ¢ €]0,T'[, which means z(t) = const. and
the result is clear, either the global maximum of z over [0, 7] (which exists since
z is continuous) is reached in ¢ = 0 or t = T'. We have proven for every geodesic
t— (0(t), z(t)) that

Vit € [0,T], 2(t) < max(z(0),z(T)).

Given the definition of z* (see Theorem it is clear that z*(h) = h for every
h. The lemma is proven. O

Let us consider a surface of revolution I, admitting the parametrisation (4.34)),
with 7 an increasing, differentiable function such that r(0) = 1 Notice this last
assumption is without loss of generality since fractional index is the same up to

homothety (see Remark [1.17]).
We compute

—r(z)sin(6)

0X

00 r(z) %05(9) )
'(2) cos(0)

0X D

0. (2) im(@) ;

and deduce the coefficients of the first fundamental form of T :
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(2N et
Gr <(9z’8z>R3 =)+

We get the expression of the Riemannian metric

() =r%(2)d0” + (1 +1/(2)%)dz>.

Let us now fix a positive € and apply Theorem to B’ = S'x]0, e[ endowed
with the inner product (, )r. It is clear that E’ is isometric to the Riemannian
manifold T, := X (S'x]0, ¢[) endowed with { , )r.

Remark 4.7. Since r is increasing, from Lemma we have zT(h) = h. As a
consequence, every geodesic in I' between points of X (S' x [0, ¢]) stays in X (S x

[0, ¢]), hence the geodesic distances dr and dr_ coincide on I'.. This allows to extend
the conclusions of Theorem from Sr. to fr.

Let us now check assumption (4.31]), using Remark It is clear that the
Riemannian manifold I, = X (S'x]0, ¢[) endowed with ( , )r is a metric space of
finite diameter. We have

f1(0,2) = r*(2) — 1,
f2(0,2) = 1'(2)*.
Since r(0) = 1 and r increasing we have f1(0,2) > 0 > —1 and clearly f»(0,z) >
0 > —1. From Remark [4.5] assumption ([4.31) is verified.
Recall that 2*(h) = h from Lemma[d.7} and clearly 2~ (h) = 0. Since f; and f»
do not depend on 6 we get
Fi(h) = (r*(n) — 1)'/2,

Fy(h) = max "' (2)].

Example 4.3. Taking
r(z) =142
with a > 1 we end up with
Fy(h) = ((1+h")? —1)"?
= (1+2h% 4 o(h®) — 1)/
= V20?4 o(h*?),
Fy(h) = ah® .
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Applying Theorem [4.4] we get
fr < min(a — i a/2)+1
If a < 4 the result is too weak to be interesting (see remark [4.4)). For a > 4,
fr < &

“a/2+1

As expected we observe that Or decreases towards 0 as a increases.

Example 4.4. Consider now

r(z)=1+4¢e =,
This time we get
Fl(h) = 2e 27127
-
We obtain d; = d = 400 so that Theorem [4.4] gives
pr = 0.

We exhibited a surface which is close enough to a cylinder (without being a Rie-
mannian product) to show fr = 0 with our technique.

4.5 Gromov-Hausdorff discontinuity of E — (g

We recall that it is possible to endow the seiﬂ M of all isometry classes of compact
metric spaces with the Gromow-Hausdorff distance dgpy.

Given two closed sets A, B in a metric space (F,dg), the Hausdorff distance
between A and B is

dy (A, B) := max{sup dg(z, B),supdg(y, A)}. (4.36)

€A yeB
We now give the definition of the Gromov-Hausdorff distance between two
isometry classes of compact metric spaces E and F,

dgn(E, F) := inf dy (i( E), § (F)), (4.37)

where E and F are any two representatives of £ and F, ¢ and j run through all
isometrics embeddings of £ and F' into any ambient metric space (X, d), and dy
denotes the Hausdorff distance on closed sets of (X, d).

It is known that (M, dgy) is a metric space (see [2]).

'One can show that M is a set by checking its cardinal is inferior to card(R) (see [2]).
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Theorem 4.5. The map

<A4,dgH)—$[Of+Oq
ZE'—%,BE

is not continuous at E = St.

Proof. For the reasons we mentioned in Section we do not deal with Rieman-
nian manifolds with boundary in this document. Let us make an exception and
consider S* x [0, ¢] endowed with the Riemannian product metric (4.1]), which is
nothing more than S' x [0, ¢] endowed with the restriction of dgi,g. (All that we
say about S'x]0, [ in Remark [4.1{is true for S! x [0, ¢].)

It is clear that the isometry class of S' x [0, €] converges towards the isometry
class of S! regarding the Gromov-Hausdorff distance. Indeed if we denote by C. =
i(S' x [0,¢]) the canonical embedding of S' x [0,¢] in (S! x R, d),

dg% (Sl’Sl X [076]) < d'H (C()? CE)
— max (sup d(z, Co), sup d(y, 09)
yeCe y€Co

= max(e,0) = e.

Recall that fg1 = 1. From Theorem [4.1 we know that for every € > 0, fgixjo,] = 0.
The discontinuity at £ = S! is proven. O]
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Sur ’existence de champs browniens fractionnaires indexés par des variétés
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Résumé : cette these porte sur 'existence de champs browniens fractionnaires indexés par
des variétés riemanniennes. Ces objets héritent des propriétés qui font le succes du mouvement
brownien fractionnaire classique (H-autosimilarité des trajectoires ajustable, accroissements
stationnaires), mais autorisent a considérer des applications ou les données sont portées par
un espace qui peut par exemple étre courbé ou troué. L’existence de ces champs n’est assurée
que lorsque la quantité 2H est inférieure a l'indice fractionnaire de la variété, qui n’est connu
que dans un petit nombre d’exemples. Dans un premier temps nous donnons une condition
nécessaire pour 'existence de champ brownien fractionnaire. Dans le cas du champ brownien
(correspondant a H = 1/2) indexé par des variétés qui ont des géodésiques fermées minimales,
cette condition s’avere tres contraignante : nous donnons des résultats de non-existence dans
ce cadre, et montrons notamment qu’il n’existe pas de champ brownien indexé par une variété
compacte non simplement connexe. La condition nécessaire donne également une preuve courte
d’un fait attendu qui est la non-dégénérescence du champ brownien indexé par les espaces
hyperboliques réels. Dans un second temps nous montrons que l'indice fractionnaire du cy-
lindre est nul, ce qui constitue un exemple totalement dégénéré. Nous en déduisons que l'indice
fractionnaire d'un espace métrique n’est pas continu par rapport a la convergence de Gromov-
Hausdorff. Nous généralisons ce résultat sur le cylindre a un produit cartésien qui possede une
géodésique fermée minimale, et donnons une majoration de l'indice fractionnaire de surfaces
asymptotiquement proches du cylindre au voisinage d’une géodésique fermée minimale.

Mots-clés : champ aléatoire, mouvement brownien, fractionnaire, exposant de Hurst, auto-
similarité, variété riemannienne.

Abstract: the aim of the thesis is the study of the existence of fractional Brownian fields in-
dexed by Riemannian manifolds. Those fields inherit key properties of the classical fractional
Brownian motion (sample paths with self-similarity of adjustable parameter H, stationary in-
crements), while allowing to consider applications with data indexed by a space which can be
for example curved or with a hole. The existence of those fields is only insured when the quan-
tity 2H is inferior or equal to the fractional index of the manifold, which is known only in a few
cases. In a first part we give a necessary condition for the fractional Brownian field to exist. In
the case of the Brownian field (corresponding to H = 1/2) indexed by a manifold with minimal
closed geodesics this condition happens to be very restrictive. We give several nonexistence
results in this situation. In particular we show that there exists no Brownian field indexed by a
nonsimply connected compact manifold. Our necessary condition also gives a short proof of an
expected result: we prove the nondegeneracy of fractional Brownian fields indexed by the real
hyperbolic spaces. In a second part we show that the fractional index of the cylinder is null,
which gives a totally degenerate case. We deduce from this result that the fractional index of
a metric space is noncontinuous with respect to the Gromov-Hausdorff convergence. We gen-
eralise this result about the cylinder to a Cartesian product with a closed minimal geodesic.
Furthermore we give a bound of the fractional index of surfaces asymptotically close to the
cylinder in the neighbourhood of a closed minimal geodesic.

Keywords: random field, Brownian motion, fractional, Hurst exponent, autosimilarity, Rie-
mannian manifold.



