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Abstract. We recall necessary notions about the geometry and harmonic analysis on a hyperbolic
space and provide lecture notes about homogeneous random functions parameterized by this space.
The general principles are illustrated by construction of numerous examples analogous to Euclidean
case. We also give a brief survey of the fields parameterized by Euclidean spheres. At the end we give
a list of important open questions in hyperbolic case.

Résumé. Cet article rassemble diverses notions utiles pour 1’étude des champs stationnaires sur
I'espace hyperbolique. Tout d’abord les outils classiques de la géométrie de ces espaces, puis les
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rappelés. Ces concepts sont illustrés par la construction de nombreux exemples obtenus par analogie
avec les espaces euclidiens. Une rapide étude des champs paramétrés par les spheres euclidiennes
compléte cet exposé. A la fin on évoque quelques questions importantes toujours ouvertes dans le cas
hyperbolique.
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1. INTRODUCTION

In this article we would like to give a self-contained introduction to spectral theory of stationary fields
parameterized by hyperbolic spaces. This aim might look surprising for at least two reasons : first, the analytic
theory of such fields is a classical part of harmonic analysis on symmetric spaces and complete references for
this are [8,12]; second, hyperbolic spaces are not familiar to many probabilists.

Let us give probabilistic motivations for this study.

Fractional fields parameterized by finite-dimensional Euclidean spaces are today very often used in the mod-
elling of images. See for instance [20] or [2,9,13]. Besides a lot of various applications, those fields can be used to
obtain “textures” on flat spaces, but it is obvious even for non-specialist that “textures” exist on curved spaces.
The most popular model for fractional fields is certainly the fractional Brownian field, and, maybe, even before
the fractional Brownian fields, the Lévy Brownian field (which will be rigorously defined in Section 8. These
fields have stationary increments, which means that their distributions are invariant in a certain sense with
respect to the action of the group of translations on the Euclidean space. Hence from the beginning it is quite
obvious that among all manifolds that could parameterize the fields modelling “textures” on curved spaces,
those on which a group of isometries is acting will be nicer than the others. A deeper reason is the fact that
harmonic analysis is a classical topic on symmetric spaces (i.e. heuristically Riemannian manifolds on which
isometries are acting nicely, see [16] for reference on this subject) and will provide us with a spectral analysis of
these fields. However real symmetric spaces include Euclidean spaces, Euclidean spheres, and hyperbolic spaces,
so why should we focus on hyperbolic spaces, when we want to extend the theory of stationary fields to curved
space? Basically because the hyperbolic space is much more similar to the Euclidean space than the sphere for
topological reason : it is not compact. This fundamental fact has a consequence for spectrum of the Laplacian
which is continuous in Euclidean and hyperbolic case but discrete for the sphere.

See [1] for a reference on the geometry of hyperbolic spaces.

The case of stationary fields on Euclidean sphere will be addressed in Section 12 and turns out to be simpler
than the hyperbolic case.

Working on this topic for probabilists and statisticians, no acquainted with geometry is not an easy job : there
are a lot of notations to learn. Hence, although it would be natural to extend this study to general symmetric
spaces, we chose to restrict ourselves to hyperbolic space and Euclidean sphere, to give a short introduction
to useful tools we need in hyperbolic and spherical geometry. On the other side, analysts might think that
harmonic analysis on symmetric space is an old subject and there is nothing new in this probabilistic treatment.
They might be true, but we were surprised to discover that it was not easy at all to associate probabilistic fields
to analytical objects like their covariance or the variance of their increments. As far as we know, the new part
of this article is the integral representation of various canonical stationary fields. We hope that the comparison
between the Euclidean case and the hyperbolic case would be of some interest an will help the reader to better
understand stationary fields on curved spaces.

Just to begin with, here is one surprising fact about fractional Brownian fields on hyperbolic spaces and
on the sphere: they just do exist not over the whole classical range of Hurst exponent 0 < H < 1 as in the
Euclidean case, but only when 0 < H < 1/2. See e.g. [20] on the range of admissible H and more generally
for simulations or applications in statistic. From the point of view of applications, it is a disturbing fact since
H is related not only to spectral properties of fractional fields but also to the regularity of the sample paths.
More precisely, on Euclidean space, H-fractional Brownian fields have H-Hélder sample paths and the Holder
exponent is linked to the smoothness of “textures”. Therefore there exists a gap for “textures” on sphere and



TITLE WILL BE SET BY THE PUBLISHER 3

hyperbolic spaces, they miss a canonical fractional model with stationary increments. At the beginning of this
work, we hoped that integral representations of fractional Brownian field, or Lévy Brownian field, i.e. H =1/2
could be the starting point to define a canonical extension of fractional Brownian field to the case H > 1/2.
Unfortunately, by now we only have very partial answers for integral representations of fractional Brownian
field and leave many open questions.

In Section 2 we provide the reader with a reminder of the Euclidean case for sake of comparison.

Section 3 is devoted to the introduction of the disk model of the hyperbolic space in dimension n = 2. We
recall the metric, the group of isometries, horocycles and the Laplace-Beltrami operator in this case. Actually
we are mainly interested in the eigenfunctions of the Laplace-Beltrami operator which will be the basic tools
for the Fourier transform on hyperbolic space. Radial eigenfunctions are called spherical functions.

In the following Section 4 the hyperboloid model for the hyperbolic space is introduced for all n € N and
related to the disk model when n = 2. These two sections are elementary but we believe that they will be useful
for probabilists.

A very important difference between hyperbolic and Euclidean space is the fact that in the first case there
exist a lower part of the spectrum and a upper part of the spectrum. While the upper spectrum looks familiar
to probabilists, because it is related to the Fourier transform on hyperbolic space, the lower spectrum has no
counterpart in the Euclidean case and we provide series and integral representation of the fields corresponding
to the lower spectrum in Section 5.

Sections 6 and 7 use a classical technique to generate stationary fields that goes back to Chentsov [7]. Let
us consider a class C of geometric objects stable with respect to the action of isometries. If one knows how the
isometry is acting on the class C and possesses a measure on C invariant under the action of the isometries,
one can construct a white noise on C and a family of stationary fields on the underlying space associated to
convolutions of L? functions with this white noise. For instance, for the class of geodesics of the hyperbolic plane,
the stationary fields thus constructed include the Lévy Brownian field. Unfortunately, we do not know how to
deduce the spectral decomposition for homogeneous field based on geodesics. However one can also consider
the class of horocycles, and we get the spectral decomposition for homogeneous field based on horocycles in
Section 6. It is a striking fact that this decomposition uses only the upper spectrum of Laplacian.

In Section 8 we compile all we know about the spectrum of fractional Brownian field. Although the description
is partial, this part yields an explicit formula for the classical Fourier transform of the upper spectrum of Lévy
Brownian field.

In the Euclidean case Ornstein-Uhlenbeck fields are classical stationary fields. We investigate in Section 9
the differences between Ornstein-Uhlenbeck fields on hyperbolic space and on Euclidean space.

Beside fractional Brownian fields, there exists another canonical field with stationary increments in the
Euclidean space for which the variance of the increment is the square of the Euclidean norm. It is a degenerate
field because it can be generated by a primitive white noise of rank n, where n is the dimension of the Euclidean
space. In the hyperbolic case there also exists a quadratic form in a generalized sense due to Gangolli [12], which
is the variance of the increments of a stationary field on the hyperbolic space. In Section 10 we study properties
of this field, which is generated by an infinite-dimensional white noise, and hence is no more degenerate.

The spectral properties of the white noise on hyperbolic space itself are studied in Section 11.

Section 12 is devoted to a short review of the stationary fields on Euclidean spheres.

Open questions are raised in Section 13.

2. A SUMMARY FOR THE EUCLIDEAN CASE

Let us recall definitions of stationary fields and fields with stationary increments on Euclidean space. Proofs of
these elementary facts can be found in the general reference [25] for Gaussian fields parameterized by Euclidean
spaces.

Definition 2.1. A centered Gaussian field (X (t))iern is stationary if there exists a function K such that the
covariance R(t, s) def EX; X, = K(t — s). The function K is called the auto-covariance function of the field X.
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This definition will be generalized to fields parameterized by a space on which a group is operating in
Definition 5.1. Definition 2.1 is a particular instance of Definition 5.1, when the group of translations is acting
on R".

Next, it is easy to prove that if K is the auto-covariance function of stationary centered Gaussian field X
then it is a non-negative definite function in the following sense.

Definition 2.2. A real valued function f on R™ is called non-negative definite if for everyd > 1, A1, ..., g € C,
t1,...,tg € R”

d
SONNFti—t) = 0.

i,j=1

This definition will be generalized in Subsection 5.1.

Moreover, if K is a non-negative definite function then there exists a stationary centered Gaussian field X
such that K is the auto-covariance function of the field X.

One can show that distributions of stationary centered Gaussian field X satisfy

d
(X(t+0))ern 2 (X (t))ern , VSR (1)
This formula simply means that the distribution of the field is invariant under the action of the translations.
We also recall a spectral characterization of non-negative definite functions called Bochner’s theorem (see [33]
for a proof).

Theorem 2.1. Bochner’s theorem.
Among the continuous real valued functions on R™, the non-negative definite functions are those functions
that are the Fourier transforms of finite measures.

Definition 2.3. If X is a stationary centered Gaussian field such that the auto-covariance function K is a
continuous, by Bochner theorem 2.1, there exists a unique finite measure  on R™ such that

K= [ etutas). 2)

The measure 1 is called the spectral measure of the field X. If u admits a density with respect to the Lebesgue
measure d§, this density is called the spectral density of X.

Spectral representation of Gaussian stationary field.
Let X;, t € R™ be a centered stationary Gaussian field with auto-covariance

K(h) = EXt+hXt .
Assume that K is a continuous function and that the corresponding spectral measure pu(d§) = f(£)d€. Notice

that K(h) = K(—h), and by Bochner’s theorem K(h) = [g, €™ f(£)d¢, so f(§) = f(—€) is a non negative
function in L!(R™). Let us consider the field defined by

Vo= [ Vet W (de) (3)

Rn

where W(d{“) is an appropriate complex white noise controlled by Lebesgue measure (we refer to [25] for the
definition and basic properties of the white noise).
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Clearly, Y is a centered Gaussian field with auto-covariance function

EY,Y, = F(&)e )8 ag
]Rn

K(t—s).

Hence, Y and X have the same distribution and (3) is called the spectral representation of X.

Let us consider an important sub-class of stationary fields. Namely, let us make an additional assumption
that the distribution of a stationary field X is rotation-invariant. It means that the measure p in (2) must be
spherically invariant. Hence, (2) writes as

K(t) = / / ¢ 4o (d)),
0o Jsnr

where do is the unique rotation-invariant unit measure on the sphere S"~! and v is a finite measure on (0, 00).
Definition 2.4. The functions

oa(t) := / ) et g, t e R",
are called spherical functions on R™. ’

With this definition the previous relation writes simply as

K(t) = /O RO

It means that any rotation invariant covariance of a stationary field is just a mixture of spherical functions.
This also explains the importance of the latter notion.

Let us mention few properties of spherical functions. It is almost obvious that their values are real and that
@ (t) is actually determined by ||¢||. There is a useful self-similarity property

¢)\(Ct) :(ﬁc)\(t% t ER”,C>O. (4)
and even more important relation to Laplace operator. Namely, an easy calculation yields

Aa(t) = —\2pa(1).
Hence, ¢, are spherically invariant eigenfunctions of Laplace operator that have negative eigenvalues. This fact
will help us to identify the spherical functions when we will move from R"™ to other manifolds.

Let us now consider fields with stationary increments.

Definition 2.5. A field (X (t))icrn such that

(X(t+6) = X (s +8))err 2 (X(1) — X(5))rer ()

for every s, t, and § in R™ is called a field with stationary increments.

There exists also a spectral representation of the covariance of fields with stationary increments, which is
similar to Bochner’s theorem. Let us assume that X is a centered Gaussian field with stationary increments.
Moreover, if Xo = 0 a.s. and the covariance is continuous, then there exists a sigma-finite measure p on R™
satisfying

. min(L, [|€]*)u(d§) < +o0
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and a symmetric non-negative definite matrix ¥ such that
Rit,s) = / (€€ — 1) (e~ — 1)pu(dg) + £.5. (6)

(See a discussion concerning this result in [40] and the references therein.) On can also deduce from this result
an integral representation for Gaussian fields with stationary increments.

Let us consider a centered Gaussian field X with stationary increments such that Xy = 0 a.s. Let us assume
that its covariance function is continuous, and that the spectral measure p(d¢) = f(€)d€. As in the stationary
case, f is called the spectral density of X. Then

Xt(i)/ (€€ — 1)\/F(€) W (d€) + t.N (7)

where W(df ) is the white noise controlled by Lebesgue measure and where N is a centered Gaussian random

vector with covariance ¥ independent of W. Note that Jan (€€ —1)\/f(€) W(dg) and N are independent for
all ¢.

Again, let us consider a sub-class of rotation invariant fields with stationary increments. In this case the
spectral measure p in (6) is spherically invariant and ¥ is the unit matrix up to a positive constant. Therefore,
(6) writes as

Rit,s) / [ =1~ Do dv() + ats,
S'n 1

where ¢ > 0 and v is a measure on (0, 00) satisfying
/ min(1, \2)p(d\) < +oo. (8)
0
Actually, all properties of X are defined by the structure function

/ / 3 12 do w(dA) + a |t
S’nl

/ (1= éa()(dN) +a ]2 (9)

0

R(t,t)

Notice that the quadratic term is directly related to the behavior of spherical functions with small parameter
A. Namely, by expanding the exponential function we readily obtain

1— ot t)|?
L1 P
A—0 A2 2n
Two important examples could be mentioned at this stage. First, let X7,..., X,, be a sequence of i.i.d. standard

normal random variables. Let a finite rank field with stationary increments (X (¢))icgrn, be defined by

=> 4;X;.
j=1

Then R(t,t) = Zj Lt = ||t]|* which clearly corresponds to the quadratic term in the expression for the
structure function. Notice that in our future investigation the similar generalized quadratic terms will appear
and they will be still related to the behavior of the spherical function of small parameter. However, the

corresponding random fields will not be so degenerate as X.
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Second, the formula
R(t,t) = [[t*7,  0<H <1,

defines a family of rotationally invariant Gaussian fields with stationary increments W called H-fractional
Lévy Brownian fields. The classical case H = 1/2 was considered by P.Lévy [22]. By using property (4), it is
easy to see that the spectral measures

CH,nd/\

v (d\) = \2HAT 0< )< oo,

with appropriate choice of constants cp, , correspond to WH. Notice that vy satisfies the integrability
condition (8) exactly when H € (0,1).

3. DISK MODEL OF HYPERBOLIC SPACE

3.1. The space and its transformations

In this section we only consider the real hyperbolic space of dimension 2. The disk model (or Poincaré model)
for this space is a unit disk D = {z € C,|z|] < 1} on the complex plane. The space can be endowed with a
Riemannian structure, from which we only need, so far, the distance [17], p.30,

1 |1—§122‘+|22—21|
d(z1, =1 . 10
(zl 22) 92 Og|1—212’2‘—|22—21| ( )
In particular,
1
d(0,2) := = log + |Z|, z € D. (11)
1|z
Conversely, if d(0,z) = r, then
el —e T
= —— = tanh(r). 12
ol = S = tanh(r) (12
Consider a group of isometries indexed by the matrix group
_ o BN 2 g2
svan={(§ 2 ):laP 1P =1}
Every g € SU(1,1) acts on D as
az+
= = 13
o) = S (13)

and we identify the matrix g with this mapping. One can show that g is an isometry with respect to the distance
d.

Consider some important subgroups of SU(1,1).

Example 1. Subgroup of rotations

50(2):{p: ( e;¢ 6% ),OSQSSZW}.

Of course, p(z) = e*?z is a simple rotation. It is obvious that SO(2) = {g : g(0) = 0}. Moreover, if
91(0) = ¢2(0), then there exists a rotation p € SO(2) such that g1 = g2p. In other words, D can be identified
with the quotient space SU(1,1)/S0(2) and thus considered as a symmetric space. It is worthwhile to mention
that more generally all symmetric spaces are isomorphic to the group G of their isometries quotioned by the
subgroup of isometries that fix a particular point, denoted by K. In the case of D, K = SO(2).
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Example 2. Translation subgroup

A= o () ) i),

Since a; is a real matrix, it maps the diameter (—1,+1) onto itself. An easy calculation shows the translation
property
d(0,a:2) = d(0, z) + t, z € (—1,41), (14)
where we let
~ d(0 0< 1
d(()7 Z) = ( 72)7 —_ z < )
—d(0,z), —-1<z<0.

Example 3. Orthogonal shift subgroup

N:{nu:<1_!—w — ),—oo<u<oo}.
i 1—u

Note that any g € SU(1,1) also acts on the boundary B = {z € C, |z| = 1} of D. Indeed, we have g(1) = %T"’g,
hence |g(1)| = 1. Next, remark that any element of B writes as p(1) for some rotation p € SU(1,1). Finally,
we have g(p(1)) = (9p)(1) € B.

Any point in D can be achieved from 0 by using a unique combination of shifts z = n,a.(0). Therefore, one
can consider (u,t) as coordinates of z called Iwasawa coordinates , see Figure 1.

One can establish commutation rule [17], p.36, n,a; = @i e-2¢.

Actually there are other coordinates on D, and we fix some notation :

e Euclidean coordinates z = z + 1y,
e polar Euclidean coordinates z = pe with 6 € [0, 27),
e polar hyperbolic coordinates z = tanh(r)e?,

where r = d(z,0) as deduced from (12).

3.2. Invariant measure

There exists an infinite measure which is invariant with respect to all g € SU(1,1). It is unique up to a
constant that we denote by the same ¢ in the following formula. In Euclidean coordinates this measure writes
as
clz|

— 2 2\—2 —

d|z|df .
By (12), we can write in polar hyperbolic coordinates

dz = ¢ sinh(2r)drde.

It follows easily that the measure of the ball of radius 7 (in hyperbolic distance) is V(1) = ¢ cosh?(r). On the
other hand, in Iwasawa coordinates [17],p.37

dz = ce 2 dudt.

3.3. Laplace—Beltrami operator

One may wonder why we chose the distance d in (10) on D. Actually D is a Riemannian manifold and d is
very natural from this point of view, as a Riemann distance.

On any Riemannian manifold there exists a Laplace—Beltrami operator, which is of particular interest for
spectral studies. For Euclidean space, Laplace-Beltrami operator is just the classical Laplace operator. Let us
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recall that Laplace—Beltrami operator on hyperbolic plane [17],p.38, acts on smooth functions in polar hyperbolic
coordinates f = f(r,0) on D as

4 d?

d? d
Af = — 2 coth(2r)— _—
f dr? S+ Zeoth@r)nf + sinh?(2r) d6?

dr !

where 7 denotes hyperbolic distance from 0. In particular, for spherically invariant functions, f = f(r),

d? d

3.4. Horocycles and the outer product

We now introduce an outer product (z,b) for z € D, b € B. In some respects it is similar to the scalar product
in Euclidean space.

Let us be more precise and recall that B denotes the boundary of the disk ID. Any Euclidean circle touching
B and belonging to D except for this touching point is called horocycle. We will denote H the two-dimensional
space of all horocycles.

D

FiGure 1. Horocycle

For any b € B and z € D consider the unique horocycle h that contains both b and z. Denote the outer
product

(25) = +dz:st(0, h), ?f 0 ?s f)ut'side of h, (16)
—dist(0,h), if 0 is inside of h,
where
dist(0, h) = inf d(0
15t(0, h) = inf d(0, )
More explicitly, [17],p.34,
(2,5) = - log = |2 (17)
U Tt R P ¥ P

All horocycles are the sets of the form {z € D, (z,b) = ¢} thus providing a counterpart to hyperplanes in
Euclidean space.
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We start with some elementary properties of this outer product.

Proposition 3.1. We have the following.

e For allb € B it is true that (0,b) =

e For any rotation p we have (p(z), p(b)) = (2,b). In particular, { — z, —b) = (z,b). However, in general
we have { — z,b) # —(z,b) and (z,—b) # —(z,b). The corresponding equalities are only true when z
belongs to the diameter (—b,+D).

e There is a "magic formula”,

(9(2), 9(b)) = (2,b) + (9(0), g(b)). (18)
e We have
(9(0), g(b)) = —(g7"(0),b). (19)
e Using (19), we can write the derivative of the boundary action [17], p.45, as
difi(bb) _ 297 008) — ~29(0).9(6)) (20)

Proof of (18): Let b = 1. Represent g = pnya:. Then

(9(2),9(b)) = (pnuas(z), pruai(b)) = (nuar(z), nuat(b)>
= (nuai(2),1) = (ai(2),1) = (2,1) +

Putting here z = 0 we have (g(0), g(b)) = ¢ and (18) holds. For general b € B, we represent it as a result of
rotation b = p(1) and obtain

(9(2),9(b)) = {gpp~'(2),9p(1))
= (p7'(2),1) + (gp(0), gp(1)) = (2,b) + (g(0), g(b)).

Proof of (19) : putting z = g~1(0) in (18) we get

0= (0,9(b)) = (99~ (0),9(b)) = (g7"(0),b) + (g(0), g(b)). O

Let now h be a horocycle containing b € B. Since the value r = (z,b) is the same for all z € h, we can identify
the horocycle h with the pair (r,b). Hence,

H={(rb),reR,be B}. (21)

Tt is instructive to see that any g € SU(1,1) transforms horocycles in horocycles. Indeed, let b = 1. Then,
for any rotation p € SU(1,1) we have p(r,1) = (r, p(b)), for any translation a; we have a.(r,1) = (r +1¢,1), and
for any orthogonal shift n, we have n,(r,1) = (r, 1).

Since any g € SU(1,1) can be represented ! as g = pn,a;, we get g(1) = p(1),

(9(0),9(1)) = (pruar(0), p(1)) = ( nuas(0),1) = (a:(0),1) =1,
hence

g(r,1) = Pﬂuat(T 1) =p(r+1t,1) = (r+t,p(1))
= (r+(9(0),9(1)), ())

IMore precisely, find u, t such that g—1(0) = nya¢(0), then there is a rotation p such that g=! = nyarp™!, hence g = pa_in_o.
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More generally, we have

g(r,b) = (r+(g(0),9(0)),9(b)),  VreR,beB. (22)
This formula explains the action of SU(1,1) on H. It is now easy to establish the existence of the unique (up
to a constant) invariant measure of H which is

dh = e*"drdb, (23)

where db is the Haar measure on B.

We will need the following important result for the white noise representation of the random fields. The next
formula is the counterpart in hyperbolic geometry of the classical functional equations for exponential functions
in Euclidean geometry : et€eisé = ¢i(t+s)¢,

Lemma 3.2. Let g1,92 € SU(1,1) and A € R. Then

/e(i)‘+1)<91(0)7b> e(iA+1)(g2(0),b) dbz/ e(iA+1)<g;191(0)7b> db. (24)
B B

Proof: Make the variable change b = goy so that, according to (20),

dy = exp{2(g2(0), b) }db.

We see that the left hand side of the identity to be proved equals

/ e(PAF(91(0)0) o—(IA1)(2(0).0) gy — / A (91(0).0)=(92(00.6)) gy,
B B

Notice that by (18)

(91(0),0) = (92(0),b) = (g1(0),92(y)) — (92(0), 92(v))
= {9205 '91(0), 92(y)) — (g2(0), g2()) = (95 '91(0), ),

as required. [J
Notice that
Q2= _ 1 |2[?
|z — b]?

is nothing but the classical Poisson kernel. Recall that for any harmonic function F' (i.e. AF = 0) on D one has

(25)

F(z) = / 20 F(b)db.
B
In particular, by letting F' = 1, we get
/ e2Vdh =1,  VzeD. (26)
B

One can also get the same formula by using Lemma 3.2 with A = 0 and ¢1(0) = ¢2(0) = z.

3.5. Spherical functions

For any A € R we define spherical functions (see [17], p.38)

oa(2) =/ e(AFDE0) g, (27)
B
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Obviously, ¢ (0) =1 and, we see that p,(+) is rotation-invariant by rotation invariance of (-,-), cf. Proposition
3.1. Tt follows from (26) that |@x(2)| < 1. We shall see later that ¢, (-) is non-negative definite on D.
Notice that ¢x(2) = ¢_x(2). Indeed, let g2(0) = 2,91 = id in (24). We see that

p_a(z) = /e(iA+1)<g2(0)yb> db:/ e(IA+1) (g1 (0).0) 73,
B 1 B
= oa(g5(0)).

Next, since go is an isometry, we have d(g; *(0),0) = d(0, g2(0)). Tt follows that there exists a rotation p such
that pgy *(0) = g2(0). By rotation invariance of ¢y, we obtain ¢ (g5 *(0)) = @x(pgs 1 (0)) = ©a(g2(0)) = @a(2),
which concludes the computations.
Since obviously ¢_» = @x, we can also conclude that the values of ) actually are real.
The importance of these functions comes from the fact that they are eigenfunctions of Laplace-Beltrami
operator defined in (15). Namely,
Apy = —(14 A)p,. (28)

3.6. Fourier transform

At this point, we have introduced all we need to recall from [17] , p.33 the Fourier transform on the hyperbolic
disk, which is an isometry f +— f

L*(D) — L2 (R « g, Manh(rA/2) )y db)
™
given (when the involved integrals are well defined) by
Foub) = [ ) e (29)
D
and its inverse 1
fz) = — / / FOLb)eATDEE X tanh(7)/2) db dA. (30)
47 RJB

For any radial function f the Fourier transform f(X,b) is also radial (does not depend on the argument b).
Hence,

oy = Fob = [ Fona
B
= (=ix+1)(z,b) — (—ix+1)(z,b)
/B/Df(z)e dzdb /Df(z)/Be dbdz
= [ ferea@i = [ fEene
D D
Inversion formula (30) yields
-1 OB DED ) tan
fz) = 47T/B/]Rf(>\,b)e +() \ tanh(r)/2) dAdb
- ﬁ /R F(A) A tanh(7)/2) /B A1) g\
1 _
= E/Rf(/\) A tanh(mw\/2) @ (2)dA

= % /O h F) X tanh(mA/2) @ (2)dA. (31)
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The strange tanh expression comes from the asymptotic behavior of spherical functions via Harish-Chandra
function (see (64) below).

4. HYPERBOLOID MODEL

4.1. Main objects

In this section we consider the real n-dimensional hyperbolic space represented as a connected component of
a hyperboloid in R"*!. For n = 2, we show the connection with the disk model considered in Section 3.
Consider the part of hyperboloid £,, C R**! defined as

En: {77:(7—7771;“-77771) ER”+1,T>O7T2—ZUJZ:1}.

We will consider the point 0 = (1,0,...,0) as the center of L,,.
We will also need a kind of boundary

B= {B: (Lbr,...,b,) € R™HLY 02 = 1} = {b=(1,b),beS"1}.

Notice that B does not belong to £,,. For any z,y € R"t! we set

n+1
[z, y] == 2151 — Y _ 205
j=2

This bilinear form will be used in three different contexts:

e for z,y € £, as an inner product, to define the hyperbolic distance;
e for z € L,y € B as an outer product;
o for z,y € B.

The distance dy(-,-) on L, is defined by the formula

coshdy (n, 1) := [, 0] = 77" = >_mym; - (32)
Notice that [n,7n] = 1, hence d,,(n,n) = 0. Furthermore,

1/2 1/2

)z = (S| (S| zer - VR

J J
hence (32) is well defined. We have, in particular,
coshd,, (n,0) = 7 (33)

and
Zn? =72 — 1 = cosh®d,(n,0) — 1 = sinh?d,, (5, 0).
J
Finally, recall what is invariant measure in £,,. According to [17], p. 153, the surface measure A(r) of the
sphere of radius r is given by
A(r) = ¢ (sinh 7)™ L. (34)

Hence the radial representation of invariant measure is

dn = c(sinh )" tdrdo.
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4.2. Spherical functions on £,

For any b € B = S"~! we write b = (1,b) € B and define the family of spherical functions indexed by s € C,
as

ws(n)Z/B[nﬁ]‘sdb, 1€ L. (35)

Recall that
[n,b] =7 — Z n;b; = coshr — sinhr cos 9, (36)
J

where r = d,,(n,0) and 6 the angle between vectors n and b.
The related Laplace-Beltrami operator (restricted to the class of spherically symmetric functions) can be
defined as [11], p.200,

d? A(r) d
Af=— —
/ dr2f+ A(r) drf
where A is defined in (34). Since ‘:/((:)) = (n — 1) coth(r), we get
2 d
Afzﬁf—i-(n—l)coth(r)%f. (37)
All spherical functions are eigenfunctions of Laplace-Beltrami operator with eigenvalues —A; = —s(n — 1 — s)

but we are only interested in those corresponding to the negative eigenvalues (i.e. positive A’s). This leads to
two connected families:

e Upper spectrum: s = "T’l +vi,v € R. The corresponding \’s are Ay = % +22 and v, —v provide the
same spherical function. Therefore, it is sufficient to keep v > 0. From the point of view of operators
in Hilbert spaces, the Laplace Beltrami operator is a non-positive symmetric operator on L?(L,,). Since
these spherical functions are in the L?(L,,), they are eigenfunctions of the Laplace-Beltrami operator in
this sense. )

e Lower spectrum: 0 < s <n — 1. The corresponding \’s are A\; = s(n — 1 —s) € [0, %) and again

it is sufficient to keep the half-interval [0, 251] in view of the repetitions.

Notice that s = "T_l belongs to both spectra.

For n = 2, we have the upper spectrum (3 + vi, v > 0), and the lower spectrum (0, 3].

We can give the following more explicit representation for spherical functions. Clearly, ws(n) depends only
on the value of 3~ n?. More precisely, let r = d,,(n,0). Recall that coshr = [5,0] = 7 and > n = sinh?r.

By letting 6 denote the angle between (11,...,n,) and (b1, ...,b,), we get [11],p.207,

ws(n) = / (r— anbj)_sdb = / (coshr — sinh7 - cos @)™ ° db (38)
B 7 B
= C, / (coshr — sinh 7 - cos§) ™~ *sin™ 2 0d#, (39)
0
where
I
. (n/2) (40)

~ V/al(n—1)/2)°

We will also need a limiting function

Q(n) = lim s '[1 — wy(n)] = C’n/ log (coshr — sinh 7 - cos §) sin™ 2 d# (41)
0

s—0
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called generalized quadratic form. The function @) thus emerges at the point s = 0 in the spectrum. Notice that
wo(n) =1 and

AQ(n) = lim 570 — Aw,(n)] = lim s 's(n — 1 — s)ws(n) = (n — Dwo(n) =n —1 (42)

s—0 s—0

For small dimensions one can calculate some of these integrals, e.g. for n =2 and r = d,,(n,0),

Q(n) = 2log cosh(r/2) (43)
and for n = 3 (the most convenient for calculation)

Q(n) =r cothr — 1, (44)

sinh((s — 1)r)

s = 77—~ o7 - 45
ws(1) (s—1) sinhr (45)
Remark: One can find explicit but more complicated formulas for @ in arbitrary dimension in [28]. The
expressions are different for odd and even dimensions.

Remark: When applying the limiting procedure analogous to (41) to Euclidean spherical functions from

Section 2, we obtain for any t € R™

A 1 [1¢]1?
—hms 1-— t.o)ldo = 1 |
Q) =ou0) =5 [ (o= 1]
which justifies the name of generalized quadratic form for Q. Both @ and @ play the role of degenerate term
in respective spectral representations for the fields with stationary increments, see (9) above and (87) below.
The quadratic form @ also appears as a degenerate term in the Lévy-Khinchin formula for infinite-divisible
distributions in R™ where it corresponds to Gaussian distribution. We have no similar role for ¢ in hyperbolic
case.
Notice that all wg(:) are bounded functions (they are actually non-negative definite) while @) has a linear
growth in r, as r — co. We will consider the asymptotic behavior more carefully later.
Now we just mention one useful non-asymptotic inequality. Namely [11], p.210

ws(m) >1-=Q(n)s>1—rs, VneLl,sec (O,ngl} . (46)

Proof: by (35),

~db = / e~ 1oeln bl gp
B

(1 — slog[n,b]) db=1—-Q(n)s.

IV
m\m\

On the other hand, it is clear from (41) that

Q(n) <logcosh(r) <r,

and we are done.
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4.3. Relation between the disk and hyperboloid models

4.3.1. Isometry of Riemannian manifolds

When n = 2, we have introduced two models for the hyperbolic plane. We now describe the correspondence
between those models. Towards this aim, we recall some elementary facts on Riemannian manifolds, from which
we get a complete dictionary. We refer the reader to [16] to fill the gaps in this brief presentation.

In our case a manifold is a surface embedded in some R™. For instance £y is the surface in R? defined by
Lo ={(r,m,m2) € R3, 1 =1712—n} —n3}. For every point = (7,71,72) € L2, one can equip the tangent space
at point 7 denoted by T, Lo with a scalar product inherited from the Euclidean scalar product in R3. Since
Lo =F~1(1) for F(1,m,m2) =72 —n? —n3, V = (0,v1,v2) € T,,L5 if and only if dF(n)(V) = 0 i.e.

76 = 1 + n2ve = (7, V)R2, (47)

where we denote by 7 = (91,m2), by v = (vi,v2), and by (-,-)gz the Euclidean scalar product on R2. If
V, V! = (0',v1,v) € T,,L2 we set by definition

1
(v, V’)Tn£2 = 1(90' + v1v] + vauh), (48)
which can be rewritten as )
1 N, v)r2 (17, V" )2
(‘/7 V/)T,,llz — Z <(’U,’U’) _ (n)]RT(;?)R) . (49)

in view of (47). We call £5 equipped with this family of scalar products a Riemannian manifold. We can also
consider D as a Riemannian manifold embedded in R2. First, it is an open set in C which is identified with R2.
Next, the tangent space T, at point z, which is identified with R2, is equipped (see [17], p.29) with the scalar
product

(’U,l s UQ)R2
(1—12?)%
Now we introduce a one to one map Z between Lo and D by associating n with Z(n) = z = z1 + iz2 where

(u1,u2)r.p = (50)

zj = L (51)

BRVAEE R R

for j =1, 2. The inverse of Z is then given by

1+ |22 22;
T 1 _ |Z|2 ) 77] 1 _ |Z|2 I’ ( )
for 7 =1, 2. Then the inner product transposed to D is
1 2 1 712Y _ 4 / /
[2, 2] = [n, 0] = 77" — (mmy + nama) = Atz H =T =4z 2 + 222)) (53)

(=121 = [2'])

We will now prove that Z is a Riemannian isometry. Namely, we check the equality of the corresponding
Riemann structures. We fix n € L5 and Z(n) = z € D and verify that the scalar product in the tangent space
T, L2 is mapped to the scalar product of 7.ID, by the differential of Z.

Thus we have to define and compute this differential.

Let u be a tangent vector at point z € D. Let z5 = z+ du for § small enough and (75, 7s5) be the corresponding
point in Lo. By definition,

_ 1z

T5 — 71 _ |Z5‘2.
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It is easy to see that d‘z"‘ = 2z, where we have identified v € T,ID with the complex number u = u; + ius.
Hence,
g @ _ 4zu
Cods (- [=2)?

Next, ns = 13#;# By differentiating this, we get

dns  4(z,u)ge 2u 2u
=T 25 WR g P

do W= 4 e =0t T
The relation u — (0,v) given by the formula above defines the differential dZ—!. The differential is easily
invertible: we get

2u (ﬁ7v)]R2
Yy —fr=p— DR
1— 2| vmEEY T
hence,
1— |z 7l
" 2IZI <U B (77>:)R2 Z) 7 (54)

and we denote the map thus defined dZ,. We can now check that if Z(n) =z, V,V' € T,,L,
(dZy(V), dZy (V")) r.p = (V; V)1, 25 (55)
If ‘/1 = (917’1)1), V2 = (92,’1)2) and Uy = d(I)(,?Vl, Uy = d(I)n‘/Q

o (ulaUQ)RZ
b w)ne = Ty

1 _ _
_ 2 (v1 _ (17, v1)r2 2,09 — (7, v2)r2 z)
4 T T R2

because of (54). Hence,

B 1 (e 1)

(ur,u2)r.p = T+1 T T+1

(77, v1)r2 (77, v2 )R> [27 ~ lI7lIRe D

UlaUZ R2 — 2 7_+1 (T+1)2

(v
i T
i
i

’Ul,’Ug

~ (Mv)re (7 vo)re [ 27 721
T2 T+1 (7+1)2

(77, v1 )2 (77, V2 )2 )

T2

Ul7 UZ
= (Vi,Va)1,c,
and we see that the two scalar products coincide.

4.3.2. Isometry of metric spaces

We will now check that Z is an isometry between the metric spaces (L2, 3d2), where ds is defined in (32) for
n =2, and (ID,d), where d is defined in (10). Actually it is a straightforward consequence of the facts that 1d
is the geodesic distance associated with the Riemannian structure (48) of L2 and d is the associated geodesic
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distance with the Riemannian structure (50). We briefly recall what is a geodesic distance on a Riemannian
manifold. If v : (=1,1) = M is a C* curve on a Riemannian manifold, the length of v is defined by :

ro)= [ 11 (5®: ) g
- Tyt

Then the geodesic distance between two points m,m’ € M is the minimum of the length of curves such that
v(=1) = m, v(1) = m’. Hence it is obvious that a Riemannian isometry is also an isometry for the associated
geodesic distance. See [17], p.60, for further results. It is classical that the geodesic distance on D is given
by (10) (see [17], p.30) and one can check that 3ds is the geodesic distance on Ls.

Since the just given proof is implicit, some further example would be instructive. In particular, for z’ = 0
and any z € D, we derive from (53)

N

1+ |2

0] =
B0 =T

which is to be successfully compared to (11)

T[1+]e  1—ef] _ 142
2 (1—|z|  14z]] 1—|z2"

cosh(2d(z,0)) =

We see that da(n,0) = 2d(z,0).

4.3.3. Relation between Laplace operators

Once a Riemannian structure is defined on a manifold, there is general construction of Laplace—Beltrami
operator (see [17], p.31). Hence, the existence of a simple correspondence between Laplace—Beltrami operator
on Lo and on D is not a surprise. Although it is quite obvious, there is factor two in the correspondence, which
we try to make explicit in the following paragraph.

Since the distance in D is twice shorter than the one in Lo, the radial derivative % is twice bigger in D.
Therefore Helgason’s Laplace—Beltrami operator in (15) is 4 times bigger that its Lo analogue in (37) when
n=2.

Let us explain this more precisely. For n € Lo we have a corresponding z € D. For any function f: Lo, - R
we can define fp : D — R by letting fp(z) = f(n). Fix for a while 7 and z. Let ’ and 2’ be the corresponding
points approaching to 7, resp. z along radial geodesic lines from the side opposite to zero. Then the radial
derivatives are

de T~ ()
ar = =g da(n',m)
dp _ iy 2GE) = f(2)
%fD(Z) a zl’linz d(Z/, Z) '
Since f(n') — f(n) = fo(2') — fD(z) and da(n',n) = 2d(%/, z), we have EfD(z) = 22%]‘(17). By iterating this

2
argument, we have % fol(z) = 442 7% f(n). Now comparing Laplace-Beltrami operators in (15) and (37) is
straightforward:

d]%) dp
Apfo(z) = —5folz)+ QCoth(Qd(z,()))%f(z)
= 45—}2 (n) + 4 coth(da(n,0))

= 4A,f(n).

de
Ef(n)
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4.3.4. Relation between spherical functions

Write Helgason expression (27) as

S0)\(2) _ / e(i)\-‘rl)(z,b)db
B

— / [€_2<Z7b>]_(i)\+1)/2db
B

Iz — b2 —(iA+1)/2
= /B[lw] b

We express now the fraction as a function of r = d(z,0) and of § — the angle between z and b, as we did for
Faraut spherical functions. Recall that |z| = tanhr, see (12) Hence, 1 — |z|> = cosh™2r. On the other hand,

|z — b2 = |22+ 1 — 2|z| cos @ = tanh®r 4+ 1 — 2 tanh r cos 6.
We get

— b2
|12||2 cosh?r [tamh2 r+1—2tanhr cos 9]
— |z

= sinh?r + cosh?r — 2coshrsinhr cos @
= cosh(2r) — sinh(2r) cos ¢

= [0l (56)

The latter equality follows from (36) by using 2r = 2d(z,0) = da(n,0). We conclude that Helgason spherical
functions reproduce Faraut’s spherical functions from wupper spectrum. Namely, if z € D and 1 € L5 are chosen

as above, so that da(n,0) = 2d(z,0), then

oa(z) = w1/2+i)\/2(77)' (57)
4.4. Asymptotic behavior of spherical functions
We consider the behavior of functions (39) and (41) at zero and infinity giving special attention to the case

n = 2. Note that Cy = %11)/2) = 71 and we get from (39) and (41) for n = 2

ws(n) =71 / (coshr — sinh7 - cos @)™ ° db,
0

Q(n) =71 / log (coshr — sinhr - cos ) d6.
0

4.4.1. Behavior at infinity
The study of the asymptotic behavior of spherical functions is again a classical topic in harmonic analysis.
Since it uses tools familiar to probabilists, we briefly recall results.

n—1

Proposition 4.1. For any 0 < s < 5=, it is true that

ws(n) = C(s,n)e™*" <1 +0(e™) + 0(6727“(”;175))) , r — 00, (58)

with -
C(s,n) = C,2° / (1—cosf) *sin" 26 db. (59)
0
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n—1

For s = 5

which is the boundary between upper and lower spectrum we have

_ (n=D)r
2

ws(n) =C(z2,n) e (r4+0(1)), r — 00. (60)

For the upper spectrum we have the same uniform bound, since
want ()] < was (), (61)

which can be used along with (60).

Proof.
Since for fixed 6

coshr — sinhr - cos 0 = % (1 —cosf+e " (1+cosh)),

ws () Cne™™2° /0 (1 —cos+e (14 cosb)) “Tsin" 20 do

cne*”25/ (1 —cosf) *sin""26 df (1 +0(e™ ) + O(e*%("?*s))) .
0
Note that the integral converges exactly for s < ”T_l We have thus (58).

By using (40) and a formula from [8], p.361,

P2 — 9T

/ (1 —cosf) *sin" 26 df =2"2~¢
0

'n—1-s)
we obtain .
rZyre=—= — _
C(s,n)=2""2 (31" 5)7 0<s< ——
Val(n—1-5s)
In particular case n = 2,
(% —5s) 1
C(8,2) = ——2—"— 0< —. 62
(2= =Erts. 0<s<g (62)
We come to critical case s = 251, Just split the integral in two parts (0,e~")] and (e~", 7] and obtain (60).

To obtain (61), it is enough to write

e ial < [ 8= [ 8T b v @, O

In Theorem 4.5 of [16] the following asymptotic behavior is proved for n = 2 in terms of the disk model:

or(2) ~ e e Te(N), r=d(z,0) = oo, if R(EN) >0, (63)
where P(ir/2)
i
= . 64
‘N = AT 1) 2) (64)
is Harish-Chandra function. Notice that standard formulas |T'(iy)|? = Jemnoeyy and [D(1/2 + iy)|? = e

yield )
o [ 2cosh(mA/2) |7  wAtanh(w)/2)
eI = |:7T/\ Sinh(ﬂ'>\/2):| N 2
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which somehow explains the tanh in Fourier transform.

By applying (63) to A = (2s — 1)i, and moving to hyperboloid model, we see that (63) yields exactly the
same asymptotics as (58) with the constant (62).

Now we move to the behavior of the generalized quadratic form at infinity.

Proposition 4.2. Let us define g, by the formula

a(n) = Q) —r+ énv (65)

where C,, = log2 — C,, foﬂ log (1 — cos 6) sin™ 2 6 df.
Then, as r = d,(n,0) — oo,
O(e ") n=2,
gn(n) =0 (re?") n=3, (66)
O(e™2) n>3.

Proof. One can write
Q) = r—log2+0C, / log (14 €72 — (1 — e ") cos6) sin" 2 0 df
0

= r—log2+ C’n/ log (1 — cos 6) sin™ 26 df
0
™ —2r 1
+Cn/ log (1 + e(—i—COSQ)) sin""26df
0 1—cosé
= r— C~vn + qn(n)

To see (66), for n = 2 and n = 3 the easiest way is to look at explicit formulas (43) and (44). For n > 3 we
simply use the elementary bound

1 — cosf = 2sin®(6/2) > 2 (Z//g)

2 992
TR
and have

s 2 us
qn(n) < e_QTCn/ T cost "2 dh < e‘zTan2/ "t dh ;= ce ?". |
o 1-— 0

Remark: For n =2, we find in the tables of integrals

T /2 /2
/ log (1 — cos 6) d9:/ log (1 —Cosé))dﬂ—i—/ log (1 4 cos ) df = —mlog2
0 0 0

Hence,
Q(n) =r—2log2+ O (e™"), T — 00

in accordance with (43).

4.4.2. Behavior at zero

When r — 0, we have
2
coshr —sinhr - cosf =1+ % —rcosf + O(r?).
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Hence,
log(coshr — sinhr - cosf) = g —rcosf — @ +0(r®)
= —rcosf+ r siQnZ o +0(r?).
By integrating we get
r?sin? @

Qn) = Cn/o7T (—rcos@—i—

T M n0
_ OM«?/ b+ 0(r")
0

5 ) sin""20df + O(r?)

B Ch, 9 3 (n—1)r?
= 30, r* 4+ O(r )—7271

+0(r?), r — 0.
Similarly
ws(n) —1= Cn/ (exp{—s log(coshr —sinhr - cos@)} — 1) do
0

= *CnS/ log(coshr —sinh 7 - cos 9) sin™"20 do
0

2 T
+ Cn% / log?(coshr — sinh 7 - cos §) sin" =2 0 df + O (1)
0
. 1 2 2,.2 a
_ st Dr® + 0, / cos® Osin""* 0 df + O(r®)
2n 2 0

= o + > <1Cn+2>+0(7")

= —((n _21738_82) 2+ 0(r?), r — 0.

For example, n = 3 yields wy(n) =1 — % r2 + O(r3), in accordance with (45).
Remark: For more detailed and general information about the behavior of spherical functions see [35].

5. HOMOGENEOUS FIELDS

In this section we consider the following framework. Let G be a group acting transitively on a space T with
a marked point 0. Let Gy = {p € G : po = o}. Then we can identify T with G/Go.

We say that the action of G is rotationally transitive if there is a G-invariant metrics d(-,) on T and for any
t1,t2 € T such that d(t1,0) = d(te, 0) there exists p € Gy such that pt; = ts.

5.1. Stationary fields

Definition 5.1. We say that a complex-valued Gaussian random field {X;,t € T} is a stationary field if
Vi1, ta € T, g € G it is true that EX;, = EXy, and cov(Xg,, Xgt,) = cov(Xy,, Xy,). In the following we assume
that EX; =0 for allt € T.
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One can extend the definition 2.2 of non-negative definite functions to the framework of this section.

Definition 5.2. A real valued function f on T is called non-negative definite if for everyd > 1, A1, ..., g € C,
t1,...,tq €T

d
SN F(tit) = 0.
ij=1
Similarly one can define non-negative definite functions on G.

Definition 5.3. A real valued function f on G is called non-negative definite if F : G x G — C defined by
F(g1,92) = f(g5 "g1) is non-negative definite on G as in the sense of Definition 5.2.

Covariance function of X is defined as K : T — C by K(t) = cov(X¢, X,). We can also define its version
K :G— Chby K(g9) = K(go). Then K is a non-negative definite function, since

2

Zciéj R(gj_lgi) =E ZCngj > 0.
%] J

Notice also that K is Go-bi-invariant since for any g € G, p € Gy

K(gp) = K(gpo) = K(go) = K(g),

K(pg) = K(pgo) = COU(ngoaXpo) = CO'U(Xngo) = K(g)
We always have the symmetry

K(g™Y) = cov(Xg-14,X,) = cov(X,, Xgo) = cov(Xgo, Xo) = K(g).

Moreover, if the action of G is rotationally transitive, we have d(g~'o, 0) = d(o0, go), hence there exists p € Gg
such that g~'o = pgo and, by Go-invariance,

K(g~") =K(g).

By comparing this with general symmetry, we conclude that in this case covariance is always real.
Rather strangely, the covariance function K depends on the choice of the marked point. Indeed, if we take
any g’ € G and pass from o to o’ := ¢g’o0, we get for any g € G,

K'(g) = cov(Xgor,Xo) = cov(Xgg0,Xg0)
= cou(X(g)-1g90, Xo) = K((9") "' 99).

We see that K/ = K if G is a commutative group (in particular, for the classical setting of translations in
Euclidean space).

In the sequel, we apply this to the case G = SU(1, 1), Gy subgroup of rotations, G/Gy = D.

Bochner theorems enable to select the ”basic” covariances and represent arbitrary covariance function as
a mixture of the primary ones. For the case T = L,, G being the group of linear transformations of R"*1
preserving the quadratic form [-,-] (and actually for a much more general case) the following Godement’s
theorem accomplishes this task by using the spherical functions as the primary ones [11],p.182, [14]. Recall that
the set of non-negatively definite spherical functions is {ws, s € S}, where

n—1 n—1
= ] > .
5= (025 ) o {252 v ol
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Theorem 5.1. Let K : L, — C be a covariance function of a stochastically continuous stationary field. Then
there exists a unique finite measure v on S such that

K = [wlnplds), e, (67)
Conversely, any function of type (67) is a covariance function of a stationary field.

The measure v is called spectral measure for any field with covariance K.
Remark: When we compare Bochner Theorem for hyperbolic space and (2) on Euclidean space, there is a
minor difference. In (2), the spectral measure is an arbitrary measure on R™, but if we let G be the group of all

isometries on R™, and not only translations, then stationary Gaussian fields in the sense of Definition 5.1 are
d
stationary as in Definition 2.1 and isotropic because (X ,¢)iern @ (X¢)tern for every rotation p. Hence starting

from (2) and using a polar decomposition of u, which is rotationally invariant as v(ds) x o(d€), where o(d§) is
the Lebesgue surface measure on the sphere S*!, we get

r(t) = / e u(de)
+oo
- / wa()(ds).
0

where w,([[t]]) = [gu-1 €*do (). Note that in the Euclidean case w, are Bessel functions.

5.2. Stationary fields related to upper spectrum

The basic examples of stationary fields are those with degenerated spectral measure concentrated in one
point. It means that the covariance of such field coincides with one of spherical functions. We start with n = 2
and upper spectrum of hyperbolic space D as suggested by F. Baudoin.

Let W be a white noise defined on the boundary circle B. Fix A € R and define a field {X?2, z € D} by

X2 ::/ A0 17 ().
B

Let us first prove that X* is stationary. Indeed, take any hy, ho,g € SU(1,1), set z; = hy1(0), 20 = ho(0) and
write, by using Lemma 3.2

gz1’ " gz2

cov(XA XN ) = /e(ik+l)<gh1(0),b>mdb
B
_ /e(M+1><<gh2>*lgh1<o>,b> db
B

_ /e(m+1)<h;1h1(o),b> db
B

= cov(X2,X2).

z1?

By specifying here zo = 0 we find the covariance function

KM2) = con(XD, X2) = / COAMDED) gy — ) (). (68)
B
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Moreover, we can mix the above fields as we wish. Take a finite measure v on R, take a white noise W on
R™ x B controlled by the measure v(d\)db and construct a process

oo
XV = / / eATDEL) 7 (dbd ). (69)
0 B

It is clear that X" is a stationary field with covariance

KY(z) = cov(XY, X}) = /000 ox(z)v(dA). (70)

We will see a construction of X¥, when v admits a density in Section 6.2. Now we move to arbitrary n where
we use hyperboloid model. The analytic background of this part (and the next one) follows [8], p.359-362.
Take s € (0,n—1]U (”Tfl +iR). Recall that this set parameterizes the spectrum of Laplace-Beltrami operator
and the points s and n — 1 — s correspond to the same spherical function ws. Recall that the corresponding
covariance is defined as follows: if 7o = gn1, then K,(n1,72) = ws(g0). Define Poisson kernel

Ps(n75)= [77,5]‘87 nEﬁn,BEB. (71)

According to [8], the covariance associated to spherical function wy given in (35) admits the following represen-
tation

Kelmom) = [ P 5P, B)db = [ (0,57l 80, (72)
B B
For the upper spectrum, we have s = (n—1+4\)/2,n—1—s=(n—1—1i)\)/2 and we get
Ky(m,m) = /_[171,5]_("‘1“”/2[772,3]_(("_1_“)/2)015-
B

/ [7717B]—(n—l-‘ri)\)/Q[nQ,B]—((n—1+i)\)/2)d6
B

We have thus an integral representation

X0 i= [ B0 W ),

B

Recall that for n = 2 this expression reduces to (68) due to (56).

5.3. Stationary fields related to the lower spectrum

5.3.1. Covariance representation

Now we pass to the basic fields related to the spherical functions of lower spectrum. Take s € (0,n — 1].
Recall that this interval parameterizes the lower spectrum and the points s and n — 1 — s correspond to the
same spherical function w,. Recall that the corresponding covariance is defined as follows: if ne = gn;, then

Ky(n,m2) = ws(g(0)).
We use Poisson kernel (71). There is a formula in [8] that links Ps; and P,_1_4: for 0 < s < "T_l ,

Py(m,b) ZW_I(SJL)/Pnf1fs(771,61)[131,6]_sd51 =7_1(8,71)[[77175]_(n_1_8)[51,B]_Sd51~
B B

Here

n—1—s F(n/Q)F(L‘l - S)
2sm) =2 ﬁf(n—Ql—s)
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By combining this formula with (72) we get

Kol = o) [ b bl by ) by, (73)
Since by definition
[b1,bo] = Zbl (ba); *Hbl—b2||
we get =
Kelmom) = 23(s.m) ™ [ [ B0 Bl 1y Bl |l (74)

5.3.2. Series representation

From (74) we can deduce a series representation for X, at least for n = 2. Let
21 ) )
s = / e im0t — 1|72 q, 0<s<1/2
0
Consider a bilinear form
2 27 ) . )
Is(f1, f2) = / fr(€) fa(e?2)[| €7 — €%2|| 72 dfy dby
0o Jo
For f; = €™ f, = €¥™29 we have

27
IS (f17 f2) — / eimlel—imQGQ ‘ |€il91 _ ei62 ‘ |—23d01d02
0

2m
ei(ml —m2)61 / e—img (02—61) | |ei91 o ei@g | |_2sd92d91
0

21
/
2
/
2T
= / ei(m1—ma)01 U, <d0) = 27Tam,s]-{m1:m2}-
0
Hence, for all trigonometric polynomials f; =", Frme™mO fo = Yo fome™? we have
Is(flv fZ) =27 Z am,sflmflm .
meZ
The latter formula remains true for all sufficiently smooth functions f1, f2. By taking 71,72 € L2 and considering
for j = 1,2 the smooth functions f; = [n;,¢”]~1=*) we obtain from (73
K(U17772)*7T’)’5 2 Zamsflmem .
mEZ
One can easily obtain a field with such covariance by letting
X, — /2 (s,2)"1/2 Z a1/2 1) Em,
mEZ

where &, are non-correlated variables and
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5.3.3. Integral representation

In this subsection, we give an integral representation of a process X*® with covariance (74).
Following [23], Section 4.4, we introduce a stereographic projection, which is the inverse of the following map

P:R"' S CR?

by
1= z]?

IR

- 217]‘
IR

~1
Let s € (0, 251). Then 2 — -2 € (1,2) and ¢ := 2 (2 — 2 ) € (1,2). Define the stereographic projection of

55 1<j<n-1, Sn

The Jacobian of P is

n—1 n—1
functions
P, LY(S" 1) — LIR™ )
by
[PyF) (z) = Jp(2)"/1F(P(x)).
Then ||P,F||; = ||F||4 but, most importantly, as shown in [23], Section 4.5,

/ / Fl(bl)FQ(bQ)Hbl — b2||728db1db2 = / / [PqFl] (1’1) [Png] (IIZQ)HiEl - $2||725d$1d$2 .
sn—1 Jgn—1 Rn—-1 JRn—1

It is important that the distance on the sphere is the Euclidean one. Apply the identity to F;(b) = [n;, ]~ (1),
7 =1,2. We obtain

Ky(mi,me) = (27(57”))71/ / T (1)1, P )] T (w2) 9 [, P (2)) |y s ||y dry
Rn—1 Rn—1
(75)
Next, let a = "T_l +se ("T_l, n — 1) and write the classical identity

|21 — 2|72 = [Ja — o "1 72 = Z/ |l — 21| — 22|~ de,
Rn—1

where
N(2t - ) T(2gt 4 52
D(s)D(2L — 5)2r
(Note that the integral on the right hand side converges exactly for a € (251, n — 1)), plug it in the formula for
K, and apply Fubini theorem (all functions are positive). * We get

Z =Z(s,n) =

n—1

)

Kelmom) = [ gy @) o) do

2 By taking Fourier transforms and using formulas from Lieb and Loss || - ||~8 = C";%’S [|-[|#~(=1 we get the equation for

the constants: 5
Cn—1—2s -z C(n—l)/2—s.

2
€2s C(nfl)/2+s
where cg = % It follows
en-1-25¢0, 1)/aqs _ D(25E = s)T(%FE + 5)°

n—1

7 =
C25C 1y /2 s P(s)D (25 — £)2772
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where
my(x) = (2y(s,n)) /222 / e =] e () P )] day. (76)

Although it is not obvious from this expression, whether m,,(-) € L2(R"™1), we know that

/ m%(a:)dx = K,(n,n) < o0
Rr—1

Therefore, we obtain a white noise integral representation of our stationary field with covariance K, as
presented in (74),

X*(n) = /R (@)W (da). (77)

We are extremely grateful to A.I. Nazarov for idea to use stereographic projection in this context.
Remark: We refer to Chapter 6 of [25] for a general concept of model of a random function which is behind
the representation (77).

5.3.4. Integral representation for hyperbolic plane

Let us be more specific for dimension n = 2. First recall the model of the Poincaré half plane and consider the
map P : <+ , ={CeC, 3(¢) >0} onto D. One can define a Riemannian
metric on P such that P is isometric to D, and hence is another model for the hyperbolic space in dimension
n = 2. Moreover the boundary oF = {¢C € C, 3(¢) = 0} of P is mapped by the inverse of the stereographic
projection, still denoted by P, on the boundary of I, which is S!.

Please note that in this case the isometry group of P is related to SL(2,R). See chapter 6 in [1] for more
details. Many problems of hyperbolic geometry can be recast in terms of representations of SL(n,R). See the
chapter by Takahashi in [8].

Let us now translate the previous formula, with the new notations. Recall (56)

|z — b
1—|z2

[n,0] =

If ¢ € P is such that P(¢) =Z(n) = z € D and t € R such that P(t) = b, then

(=1 2
[ ’] _ |C+i t+l|

L&
_ et
SC(L+¢2)

(78)

In dimension n = 2, we have g = 1—; and the Jacobian can be rewritten as Jp(t) =
(75), for (1, (2 € P,

_ 2 G —t1]? . 2 e |Co — to]? ! —os _dt1dty
Ks(Cl,C2)—AXR(1+t%) (w) <1+t2) (C\‘;@(1+t2)> [t1 — ta] 27(s,2)

275 /ml'(1 —
:I\‘/(g_(s)S)(OC )1 s ch //|C1_t1|25 1)|< —ty |25 1)|t1—t2| 26dt1dt2 (79)

T t2 Then we obtain from

In this case we can write the kernel in (76), for ( € P, x € R

—s mT(1 — 5)\ /2
mito) = (EREEESD) T 2y [ et g 0
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Actually there are many integral representations of X. We will just mention the one with respect to the white
noise in the Fourier domain W (du), because it is slightly more explicit. Let us first define W (du) by

/ Flu)W (du) = / F@)W(dz), Yf € L2(R) such thatf(—u) = F(u),

where
fw = [ e fayaa, (s1)
]R'n.
in any dimension n. Then
X0) = | el (du).

where

-

BEEVALS -5 1/2 — _
e = (TRpts ) 280 PO (- 0P 1308 (62

Indeed, m¢ is defined in (80) by a convolution, which corresponds to a product in (82).
By using

B |*/(W+S)(u) _ [(1/4 — s/2)mt/4+s/2 | |S_1/2 _ r/4—s/2)x® |U|S_1/2
L(1/4 4 s/2)mt/4=s/2 [(1/4+s/2) '
and plugging in
pHsene 7 — 7(e.9) — DU/2=)D(1/4+ 5/2)°
= 2(52) = T/ s/22E
we obtain
T — 5\ V2 —5/2)m? o= _
ac) = (FREUE) T gy BREZS I e i — o7+ 80 w
7T2S —s 1/2 — 1
= (o) 0N R~ 0 () (w) (53

Next, one can express the Fourier transform ((R¢ — )2 + S(¢)2)*™" (u) via modified Bessel functions of the
second kind K. First,

— —

(RC—1)2+3(0)2)" (w) = e 7™ FSO> (2 + 1) (ICu).

The expression for the remaining Fourier transform easily follows from the classical representation of the Mod-
ified Bessel function of the second kind K. See 8.432 1., p. 907 of [15].

D +1/2)(2z) [ costdt
Ky(z) = NG /0 (t2 + 22)v+1

which is clearly equivalent to

(4 1)) = el K, (2l

By letting v = 1/2 — s , we get

(1)) = s alul) Kol



30 TITLE WILL BE SET BY THE PUBLISHER
Hence we get from (83)
me(u)

2s _ 1/2 )
= (TorrY) 0 et 2V (rful) Ko (20

22—57.[.2 1/2 . 5
(F(s)I‘(l—s)) (SQ)ze 2K (273 u)).

5.4. Fields with stationary increments

Let us come back to general results and use notations of the beginning of Section 5. We say that a complex
valued random field {X;,t € T} is a process with stationary increments in a wide sense starting at o if X, =0,
EX;=0forallteT and Vt1,to € T, g € G

cov(Xge, — Xgos Xgt, — Xgo) = cov(Xy,, Xy,). (84)

In particular, we have
Engtl - X_l]t2 |2 = IE|‘Xt1 — Xy, |2' (85)
The structure function of X is defined as © : T' — RT by

D(t) = E| X,

or D :G — Rt as D(g) = D(go).

Structure functions have a special property: they are of negative type. Recall that a function ¢ : T x T — R
is of negative types if Vi1, to € T, ¢(t1,t2) = ¢d(to, t1); ¢(t1,t1) = 0; Vi1, ..., t, €T, Veq, ..., ¢, € R such that
Z?:l Ci = 07

n
Z CiCj (]5(1%, tj) S 0.
i=1

Moreover, a function ¥ : G — R is said to be of negative type if ¢(g1,g2) := w(gglgl) is of negative type with
the previous definition.
The function D has negative type since by (85)

E|Xg1o - X920|2 = IE|X£710 B Xgl(gflgz)o‘

= IEI|Xg;1920|2 =D(g; *g2).

P=EX, - X,

1 920

The function D is also Go-bi-invariant, since for any g € G, p € Go

D(gp) = D(gpo) = D(go) = D(g),

55(pg) = Elxpgo - Xvo|2 = IE|)(go - )(o|2 = 35(9)
If the action of G is rotationally transitive, then D (t) only depends on d(t, 0), since if d(t1, 0) = d(t2, 0), pt1 = ta,

D(t2) = E| Xy, | = B[ X1, — Xpol* = E|Xy, — Xo[* =D(ta).

Recall now that any stationary field {Y;,t € T} generates a field with stationary increments X; := Y; — Y,
since

cov(Xgt, — Xgo, Xgt, — Xgo) = cov(Yyt, — Y0, Yo, — Yyo)
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= cov(Yy, —Y,, Y, —Y,) = cov(Xy,, Xi,)-
If K(-), the covariance of Y, is real, we get for the structure function of X,
D(t) = B|Y, — Y, > = 2[K(0) — K(1)]. (36)

The structure function of X is bounded, thus any field with stationary increments and unbounded structure
function can not be generated in this way.

Lévy-Khinchin-kind theorems enable to select the ”basic” structure functions and represent arbitrary struc-
ture function as a mixture of the primary ones. For the case T' = L,,, G being the group of linear transformations
of R™"*! preserving the quadratic form [-,-] (and actually for a much more general case) the following Faraut-
Harzallah theorem accomplishes this task by using the spherical functions and the generalized quadratic form
@ defined in (41) as the primary ones [11], p.184, p.208.

Theorem 5.2. Let © : L, — RT be a structure function of a stochastically continuous field with stationary
increments. Then there exists a unique measure v on the spectral set S and ¢ > 0 such that

o) = cQ) + [[1 -l ne L (87)
and
/(|s| A1) v(ds) < oo. (88)
s
Conversely, any function of type (87) is a structure function of a field with stationary increments.

The measure v is called spectral measure for any field with structure function .

The second term in (87) corresponds to a mixture of fields arising from the stationary fields related to the
covariances ws.

We will now show that in asymptotic setting, as 1 goes to infinity, the Q-term, with its linear growth, is
always dominating. We state this as a proposition.

Proposition 5.3. Let v be a measure on S satisfying assumption (88). Then

fm / (1 — ws(n)](ds) = 0. (89)
r=d,, (n,0)—oc0 S
Proof. Since the measure v is finite on {s € S : |s| > (n — 1)/2}, it is clear that
r_l/ [1—ws(n)v(ds) <r 'v{seS:|s|>(n—1)/2} = 0.
s> (n—1)/2

Consider the remaining part. By using (46), for any k£ > 0 and r > % we have

(n—1)/2 k/r (n—1)/2
/0 [1—ws(n)rv(ds) < /0 rsv(ds) + /k/r 1v(ds)

k/r (n-1)/2
r sv(ds) +/ —v(ds)
~/0 k/r k/’l”

k/r r (n—1)/2
T/ sv(ds) + f/ sv(ds).
0 k Jo

IN

IN

It follows that
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and we are done by letting k£ — oco. [J

We finish this section by describing some transformations of the structure functions, see [11], p.179. Define
Bernstein function as

F(u) =cu+ /000(1 —e ") u(ds)

where ¢ > 0 and p is a measure on (0, 00) such that [(sA1)u(ds) < occ.
The main examples of Bernstein functions are

! o Csuy ds
F(u):u“:m/o (I1—e )31+a

for 0 < a <1 and
oo —sd
F(u) = log(1 + u) :/ (1—es)s 2
0 S

The main property of Bernstein functions is the following: If F is such a function and D(-) is the structure
function of a field with stationary increments, then there exists a field with stationary increments and structure
function F(D(-)).

6. HOMOGENEOUS FIELDS BASED ON HOROCYCLES

Assume now that G acts on a space T and let Gy be a subgroup of G. Assume that there is a G-invariant
measure A on T. Take a white noise W on T controlled by A and any f € L?(T, A) which is Go-invariant, that
is f(pt) = f(t) for all t € T, p € Gy. Define a field {X7, 2 € G/Gy} by letting for g € z € G/Gy

xf = /T g™ W (de). (90)

This is correct, since g¢1,g2 € z implies g1 = gop for some p € Gy, hence gl_1 = /)_192_1 and f(gl_lt) =

flp~rgz't) = flgz ).
Moreover, X/ is a stationary process. Indeed, for any g; € 21,92 € 22 and g € G, the invariance of A yields

coo(XI. X1.) = / £((991) ) F((992) " )A(dt)
T
/T Flor o~ D) o3 g~ HA(dt)

/T £(o7 1) (g3 Lu) A du)
= cov(X/ Xi).

AR

6.1. Definitions and basic example

We will now specify the general framework of (90) to the particular case of the group G = SU(1,1) acting
on the horocycle space H parameterized according to (21). Recall that the action is described in (22) and the
invariant measure is given in (23). Take any function f € L?(R,e? dr) and identify it with the function on
H, f(r,b) = f(r). This function will be rotation invariant, since the action of any rotation p on H preserves
the first coordinate: p(r,b) = (r,p(b)). According to the general theory, we can construct a stationary field
{X7, 2 € D} by taking a stationary white noise W controlled by invariant measure dh and letting

X1 = /H Flg~ )W (dh). (91)
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Let z = g(0). Since by (19) we have (g71(0),g71(b)) = —(g(0),b) = —(2,b), it is true that

7b>
.ﬁ:/Jv+WWW¢%wmwm=/f&%amwwu (92)
H H

Therefore, the corresponding covariance is

cov(X!, x]) = / / f(r—{z,0)) f(r)e* drdb. (93)

One of the most interesting examples is stationary Chentsov horocycle process V, associated with the function
f(r) = 1,<0. We have

min{0,(z,b)} 1
cov(Vz,Vb):// e* drdb = 3 /exp{?min{O,(z,b)}}db. (94)
B J—oc0 B

It is not very difficult to calculate the covariance explicitly. Indeed, take a real z € [0,1). By using (26) and
(25) we get

/Bexp{Q min{O,(z,b)}}db:/

(2,b)<0

= 1+/<27b>>0(1 — exp{2(z,b)})db =1 +/ (1 —exp{2(z,b)}) db

cosb>z

1—22 2 p 1—2?
1 1—-— | db=1+ — 1——)d
+/(§osb>2 < |Z - b|2) * 27-(-/0v ( |z—e"§0|2> v

B (1—22) /ﬂ dy
o |

1+ = - |27
T ™ z — ei¥|

exp{Q(z,b)}db+/ 1db
(z,b)>0

where § = arccos z. Next,

B de B B dy
_/0 |z — et ]2 _/0 (z — cosp)? +sin’
B B do B B de
N _/0 (224+1) —2zcosp /0 (1 — 2)2cos(p/2) + (1 + 2)2sin?(¢/2)

A dtan(p/2) _ tan(5/2) dt
2/0 (=22 + (L+ 22 tan2(0)2) 2/0 1—27+ (14222

2 1 t 2
2 aretan [ L2 8a0(5/2)
1—22 1—z
Since tan(8/2) = 1+z, we have arctan /112 = — g and we obtain
/B do 2 1+2 2 T B T—p
- = arctan = —— ") = .
o |lz—e®2  1-—22 11—z 1-22 \2 2 1—22

We end up with a strikingly simple formula

142
+7T T 1—22

2

™ m

cov(V, Vo) = 1 [ B (1-2% 77—3] B arccosz '
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For arbitrary z € D we have
arccos | z|

cov(V,, Vo) = (95)

The Chentsov horocycle field with stationary increments Wy (z) := V, — V; has a particularly clear geometric
meaning. Indeed, let z € D. Then by the definition,

Wae) = [ [ (Lo = 1rco) W(dh) = W(AZ) = W(AD),
B J—-x
where the sets AT = {(r,0): 0 <r < (z,b)}, A7 ={(r,b): (2,b) <r <0} C H are disjoint and A, := ATUA
is exactly the set of horocycles separating the points 0 and z. This is of course an exact equivalent to Chentsov’s

construction of Lévy’s Brownian field in R™, [6], with horocycles instead of hyperplanes.
Finally, note that the structure function of Wy is fairly simple: it follows from (95) that

2
D(2) = E|Wy|? = E|V, — Vo|? = 2(E|Vp|* — cov(Vz, Vp)) = =(1 — arccos |z|).
™

This is a bounded function. Thus Wy is not a Lévy Brownian field on D, which is defined in Section 8.

6.2. Spectral representation

We will now give a spectral representation of arbitrary stationary field based on horocycles. Take a function
f € L*(R,e?"dr) as above and consider the associated classical Fourier transform of f(r)e”

F(\) = \/% /_OO f(r)e e dr.

By Plancherel formula,
/OO fr—=(z,)f(r)e*dr = e /00 e" =0 (i — (2,b)) f(r)e"dr
el#?) / h F(\)e? =0 P(\)dA
— olmb) /Oo IFOV)? M0 dy,
Hence,
cov(X!, x]) = /Be<z’b> /Oo |IF(\) 2 €2 dxdb

/ h |[F(\)? / eIV D) ghd )\
B

—00

/ T IFO)Pea(z)dn

— 00

We see that v(d\) = 2|F()\)|?d)\ is the spectral measure for the field X7. Any absolutely continuous spectral
measure can be obtained in this way. Yet the singular spectral measures are unavailable.
In the particular case of Chentsov horocycle field we have

1 0 4 1
F\) = — MM g = ——— (1 44N\~ L
®) m/_m 7o i)
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Hence the spectral measure

v(d\) = l(1 + A%t
s

is just Cauchy measure, exactly as for the classical Ornstein-Uhlenbeck process.

7. HOMOGENEOUS FIELDS BASED ON GEODESICS

7.1. Basic geometry of geodesic lines

We consider the two-dimensional hyperbolic space D. Let G denote the set of all geodesic lines in ID. Recall
that any ¢ € G is the intersection of I with an Euclidean circle crossing the boundary B orthogonally. As a
limiting case, any diameter of I also is a geodesic line.

There exist different ways to parameterize the two-dimensional set G. Let £ = SND € G where S is an
Euclidean circle generating ¢. Let r denote the radius of S and R denote the Euclidean distance between 0 and
the center of S. Finally, let {b;,b2} = SN B. We can always write

by = WHe) = =) (96)

where ¢ = ¢(¢) € [0,27) determines the ”direction” of the geodesic ¢ and ¢ = ¢(¢) € [0,7/2] determines its
”Euclidean size”.
It is easy to see that the following relations are true:

1
r=tanp, R=+vr?2+1= (97)

cos

The Euclidean distance between 0 and / is

R—r= —tanp = ——— = tan(w/4 — ¢/2). (98)

cos cos

One can parameterize G either with pairs (b1, bs) or (¢, ). We will mainly prefer the last option.

7.2. Separation condition

It will be important for us in the sequel to know which geodesic lines separate two given points. Let
z = (z,y) € D be fixed. Let us find out which geodesics separate z from 0. To begin with, consider a geodesic
line ¢ with ¢» = 0. It means that ¢ is a part of the circle of radius r centered at the point (R,0). The equation
of the circle is 4% + (x — R)? = r2, hence the separation condition is y? + (x — R)? < r? which is equivalent to

|z|> + R? — 2zR < r?.
By using (97) this reduces to
2z

2> +1 - < 0. (99)

For general geodesic line (with arbitrary 1), « should be replaced with respective coordinate of z, that is with
xcosp + ysiny. We arrive at separation condition

2 2y si
x cos Y + 2y siny <0

2> +1 -
CoS

(100)
In particular, for real z = x we have y = 0 and separation condition becomes

2z
cosp < o cos . (101)
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7.3. Invariant measure

Obviously, the group of isometries SU(1,1) acts on G. It is therefore important to find an invariant measure
of this action. We refer to [34] for other methods to find invariant measures for n = 2 and generalization for
n > 3. In view of rotation invariance, the invariant measure A should have the form

A(dl) = p(p) dedy

and we just need to find the density p(-). The direct calculation is tedious but the following trick helps. For
u € (0,1) let G,, denote the set of geodesic lines crossing the Euclidean ball of radius u centered at 0. Then by
(98)

Gu = {t=(p,¢): tan(m/4 — ¢/2) < u}
{l: 7/4— /2 < arctanu}
= {{:7/2>¢>m/2—2arctanu} .

By integral geometry reasons A(G,) should be proportional to the length of the boundary of ball calculated
with the Riemann metrics of D. By [17], p.29, this length is equal to

2w
2
/ (1—u?)? (u2 sin? ¢ + u? cos? @)1/2 do = 7ru2 .
0 1—-u
We obtain the equation
/2
cu
ple)dp=—> .
//2 2 arctan u 1—wu?
Now easy calculation yields p(¢) = 5> > Indeed,
/2 d 2 arctan u d
/ - ;’0 = / <2,0 = tan(2 arctan u)
m/2—2arctanu SHL 0 Cos= @
sin(2arctanu)  2sin(arctanu) cos(arctan u)

cos(2arctanu)  cos?(arctanu) — sin®(arctan u)

2tan(arctanu)  2u

1 —tan®(arctanu) 1 —wu?’

as required. We have obtained
ded
Ade) = 9290 (102)
sin“
It is instructive to calculate the measure of geodesics separating given points. Take a real z = z € D and set
8= 2+1 According to (101), calculate

2w
cdedy
/1cosap<ﬁ cosd)A d‘g / / Coscp<ﬁ cosy T . o9

sin®
/2 dQD /2
= / / dy = 2c/ cot(arccos(f cost)) dy
arccos(3 cos 1)) Sll’l (2] 0
/2
_ 9 Bcosw d1/)—20/ B cos ay
0 1 — 32cos? \/ — B2) + B2sin ¢

Bds ds

1
2c =2c ,
o (1= B?) + B2s2 o VaZ + 52
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where ) ) ) o
2:1—5 _ 1 _1:(33 +1) _1:(1—33)

52 382 422 422

a

hence a = % and, by using (11),

1/a dv
Jy oo oo a0 =20 [

1 1 1++va2+1
= 2clog ( +14/ =+ 1> = 2clog <W>
a a

a2
= 2clog (Hl/ﬁ> = 2clog (ﬁ—’_l)
a Ba
1
= 2clog 1 tr_ 4c d(0, 2). (103)

We see that the measure of separating set is proportional to the distance between the separated points. By
transitivity of the action this conclusion remains true for any pair of points in .

7.4. Action of isometries

Any isometry ¢ acts in a natural way on G since the image of a geodesic line is again a geodesic line. We
need a parametric interpretation for this action. We start with fixing an isometry g and a geodesic line ¢ with
endpoints by, by as stated in (96). Then g(¢) is a geodesic line with endpoints

by = g(by) == €' VFD), by = g(by) = €107, (104)
By using differentiation formula (20) we see that the Jacobian of the map (b1, b2) — (g(b1), g(b2)) is

J(b1,b2) = exp {—2(g(0), g(b1)) — 2(g(0), g(b2))} -

By using the expression of invariant measure (102) we have

L J(bbe) [t = —— exp {2(g(0), g(b1)) + 2(g(0), 9(b2))}
sin“¢  sin“ sim- @
We rewrite this as
sin? ¢ = sin 3 exp {2(9(0), g(b1)) + 2(g(0), g(b2))} - (105)

7.5. Stationary fields based on geodesics lines

According to general rule (90), we can define a stationary field by

X! o= flg oW (de). (106)
9(0) G
Since f must be rotation invariant, we have

F0) = f(e,¥) = flp) :== F(sin® ¢)

Giving a noise a coordinate form, our field becomes

2n pm/2
XE, = / / F(sin® polg, ¢, )W (dgd))
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where ©o(g, p,) is the p-coordinate of the geodesic line g~ (¢). It follows from (105) that

sin® @0 (g, ¢, 1) = sin® ¢ exp {2(g(0),b1) + 2(g(0),b2)} .

Hence, for z = g(0),

2m w/2
= A /o F (sin2 @ exp{2(z,b1) + 2(z,ba)}) W (depde).

Recall that the control measure for the white noise is given by (102). Therefore, the field is well defined iff

/2 .y v)|2dv
/0 |F (sin gp)'smcp 00 & v3/21—vl/2<oo

Finally, for covariance we get

2m
———— ded
cov (X, X§) = 02/ / F (sin® ¢ exp {2(z,b1) + 2(2,b2)}) F(sin® ¢) sii;i .
0

A nice example is given by F(v) = v® when 3 > 1/4. Then

2 /2
cov (Xf,X{) = 02/0 /0 sin*?~2 ¢ exp {28(z,b1) + 28(z,b2)} depdy .

8. LEVY BROWNIAN FIELD AND FRACTIONAL BROWNIAN FIELDS

8.1. General definitions

Let (T, d) be a metric space with a marked point o. A centered real Gaussian field {Wy,t € T'} is called Lévy
Brownian field if

cov(Wy,, W) =
which is equivalent to W, = 0 and

(d(tl, 0) + d(tg, 0) — d(tl, t2))

N =

E(Wy, — Wy,)? = d(ty, t2).
We refer to [4] and [24] for more information about Lévy Brownian fields on normed spaces.
More generally, given H > 0, a centered real Gaussian field {W} ¢ € T} is called H -fractional Lévy Brownian
field if

cov(WH WY =~ (d(t1, 0)*" + d(t2, 0)*7 — d(ty,t2)*)

N | =

which is equivalent to W = 0 and
EWH —WH)? = d(t1,t2)*".

The existence of such fields is a hard problem depending on the properties of 7. In general, by using Bernstein
function F(u) = u®, a < 1, we can only say that the existence of W implies the existence of W " for all
0<H <H.

For example, it is known that for 7= R" the fractional Lévy Brownian field exists whenever 0 < H < 1.
For further discussions and examples on this topic see [18], [19]

In the following, we consider the hyperbolic case T = L,, and d = d,, being invariant metrics, as defined in
(32). Lévy Brownian field for hyperbolic case was considered in [37], [28], [29], [30]. Moreover, it is easily seen
that in this case W should be a field with stationary increments and structure function

D(n) = EW,'* = d(n, 0)*".
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As we see from (65) and Proposition 5.3 no structure function can increase faster than d(n,0). Therefore, WH
does not exist on hyperbolic space when H > 1/2. Conversely, Faraut [11], p.205, proves that Lévy Brownian
field does exist. Therefore, fractional Lévy Brownian field exists iff 0 < H < 1/2.

Recall Chentsov representation for Lévy Brownian field. Consider again the set of all geodesic lines G
equipped with invariant measure A from (102) and let W be a white noise controlled by A, as considered in
(106). For z1,29 € D, let G,, ., C G be the set of all geodesic lines separating z; from zz. We know from (103)
that A(G,, »,) = 4c d(z1,22). Consider a random field

X, = (4¢)7V2W(G.), zeD.

Then
E|X21 - X22|2 = (40)_1A(g21,0Ag2270) = (46)_1A(g21,22) = d(zlv 22)‘
Hence, X is a Lévy Brownian field.

A similar construction is available in higher dimensions n > 2. One only has to replace separating geodesic
lines with appropriate surfaces of codimension one. The details are given in [32], along with a discussion
of problems arising when one tries to extend the Chentsov construction to complex hyperbolic spaces or to
projective spaces.

In Euclidean case, Chentsov construction also works via separating points by straight lines (or hyperplanes,
if n > 2). Moreover, Takenaka [38] gave a similar construction for fractional Lévy Brownian field on R™ by
using separating hyperspheres. We do not know how to extend his construction to the sphere or to hyperbolic
space.

8.2. Spectral properties

Let us now consider the spectral decompositions. For Lévy Brownian field write

re=d(0,1) = cQn) + /S 10— w(mv(ds). 1€ Lo (107)

By using (65) and Proposition 5.3 we see that

=c imM im r~! —w v(ds) =c
1=l + lim [ =)o) = e

r—oo T r—00

Hence, the @-term is really present. Consider now the remainder,
) == Q) = [ [1 —wulmlvids) (108)

We know from (65) that I(n) = Cy, — ¢n(1). We show now that v is a finite measure. Take any positive & < n-l
and set S. = [g, 251]. Since wy(n) is decreasing to zero uniformly on s € S. when r = d,(n,0) — 0o and also
qn(n) tends to zero, we have

Cp > lim 1 —ws(n)]v(ds) = v(S;).

rT—00 S
€

It follows that

-1 ) _
v(0, = 51_13(1) v(S:) < Cp < 0.

Therefore, we can split the integral in (108). Since lim, fsg ws(n)v(ds) = 0, and since oy bounded implies
lim, o0 [y ws(n)v(ds) =0, we have lim,_, [ ws(n)v(ds) = 0. Then

u(8) — /S wu()ds) = Co — qu(),
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and lim, oo ¢n(n) = 0 implies
/Sws(n)V(dS) = qn(n)'

Let us now show that this indicates the absence of the lower spectrum, at least for n < 5. Denote S; = {s =
"T_l + @A} the upper spectrum. Since wg are non-negative for real s, for any € < "?_1 we can write, using (61)

A

[ ntnntds) < anln)+ [ follu(ds) < ann) + (S max (o)
/2 Si 5€5i

< guln) + (S was ().

For n < 5 we have, by using (60) and (66)

4n(n) + V(S wara ()] = O (re=" 77,

while by (58)
13
/ ws(n)v(ds) = vig/2,e] - e ="
e/2
Since e < 251, we conclude that v[e/2,¢] = 0. Since ¢ < 251 was chosen arbitrary, it follows that v(0, 251) = 0.

For n > 5, the same reasoning shows that there is no spectral mass in a neighborhood of zero, namely
v(0,2) =0.

For H-fractional Lévy Brownian field, H < 1/2, write

7ﬂﬂ=dmme=ch»5£u—w4mww@7 ne L. (109)

Again, by using (65) and Proposition 5.3 we see that

0= lim ﬂ =c¢ lim Q) + lim 7"_1/[1 —ws(n)]v(ds) = c.
s

r—oo T r—oo T r—00

Hence, the Q-term is absent. Unlike the case H = % the spectral measure should be infinite, hence it charges
any neighborhood of 0.In Section 9 we will give a representation of the spectrum in H-fractional case, as a
mixture of the known spectra. In particular we show that v[e, "7*1) ~e T as e — 0.

A form of the spectral representation for Lévy Brownian field, H = 1/2,was found by G.M. Molchan in [28].
The upper spectrum has a density while the lower spectrum is concentrated on even integer points of the interval
2, "T_l) Again we see that in any dimension there is a neighborhood of zero, namely, [0, 2), which is not charged
by the spectral measure and there is no lower spectrum at all for n < 5.

In our notation, Molchan’s formula for the spectral density is

n—
2

_ e
~2n3/21(n)2)

Lo (gt 4 /)P
A iA)| A sinh(7wA 4 .
- ] AR

"

Some further simplifications are available for odd n > 3. By standard properties of I'-function, one arrives to a
rational function as a spectral density

n—3

Py = 2%%25(172/2) ﬁ l(n_zzj_BYHQ] Jljo [(”_ij_l)Z“Q/‘*

=0

-1
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The density is decreasing as A2 at infinity. In the simplest case, n = 3,

472

p(A) = m .

For the weights of the lower spectrum, [28] contains only some hints. Using these ideas one can prove that the
spectral weight wy,, at even integer point m € [2, 251) is (according to [31])

n—1-2m T(1-1%) I(ntl) re 1

(n—1—m)m D(1+257) (2 —my p(lom) T(1+ %)

(n_]__m)m (n;Ll) ’ (110)

z(z—1)-(z—n+1) )

where as usual ( ) = —

8.3. Spectral density of the Lévy Brownian field on hyperbolic plane

We restrict us to the case n = 2 and accept in this subsection Helgason’s notation. Let us prove the following
result.

Theorem 8.1. The spectral decomposition of the Brownian field on the hyperbolic plane is

r=3Q0+ [Tl el (1)

where the spectral density p is given by

d2(N) A tanh(wA/2)
V2r(A2 +1)

p(A)

where (52 is the classical Fourier transform of the function

/2 94in20 — 1

de.
0 \/ cosh? u — sin® 6

P2(u) =

Proof.
Since we know that there is no lower spectrum, we can write Lévy—Khinchin formula as

r =

QU%+AmMMU—¢m@MA

N =

where Q(r) = 2logcoshr is the generalized quadratic form and p(-) denotes the unknown spectral density.
Recall that the variables » > 0 and z € D are related by r = d(z,0). Apply the Helgason’s version of Laplace—
Beltrami operator (15) to both sides. Clearly, Ar = 2coth(2r) and we know that AQ = 4. Indeed, in Faraut
interpretation, AQ = n — 1 = 1 but we remember that Helgason’s operator is four times larger. Anyway, it is
easy to check this directly. We obtain the equation

2(coth(2r) — 1) = /000(/\2 + Dp(N)pa(2)dA.
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Notice that the left hand side is decreasing as e~#" at infinity, hence it belongs to L?(ID) and we can apply
Fourier transform defined in (29) in its radial version.
Letting f(z) = 2(coth(2r) — 1), we can compare the inversion formula (31)

1 [
£ =52 [ FO) A tanh(er/2) g (2)dA
T Jo
with equation above and see that

A2+ 1)p(\) = %f“(/\) A tanh(m)/2),

m
hence _
f(A) A tanh(wA/2
p(3) = T tanh(n/2)
27(A2 4+ 1)
One can think of using series representation
de~ 2 1 =
=2(coth(2r) — 1) = 5 =de " ——F =4 )
) = 2eoth(2r) = 1) = gy = e =4 e

for getting the Fourier transform but we proceed differently, as suggested by Helgason, p.40-41. Namely, do the
following. Write

f(2) = fi(r) = fo(tanhr) = F(cosh?r),
then calculate integrals

o= [ Fu+ sy
set ¢o(u) = ¢(cosh? u) and finally apply classical Fourier transform,

ﬂMafﬂm@ww=%E@m,

with the definition (81) we chose for the Fourier transform.

With our specific function we have fi(r) = ﬁ. Since T = tanhr = 222:7;%, we get e?” = %, hence

2 2

o = (R w1 = O
Next, for ¢ = cosh®r, we have T2 = % =1- %. Hence T = /(¢ —1)/q and F(q) = fo(T) =

Va/lg—1) =2+ +/(¢—1)/q.

Furthermore,
> 2 > Vu+y? Vu+y?—1
o(u) = Flu+y*)dy =2 72—2—72 dy
oo 0 Vu+yr—1 Vu+y
= 2 lim (Il(U)—2U+IQ(U)),
U—oo
where
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with a> = u > u — 1 = b2, Let a = arctan(U/b) = arctan(U/(u — 1)) and ¢ = Boa® — L According to

a Vu
formulas 3.169 and 8.111-8.112 in [15], we have
Va?+U?
L(U)=al|F(a,q) — Fla,q)] + U — ,
b2 /a2 + U2

IL(U)=—F —aF U —
2( ) a (OZ, Q) a (aa Q) + m
where F' and E are incomplete elliptic integrals of the first and of the second kind, respectively.
By summing up,

L(U) = 2U + B(U) = (a-+ ) Flaq) ~ 2aB(a,q) +2U (g - 1) :

By taking a limit, note that the last term vanishes, and we obtain
_ B2
o) = 2|(@+ DIFE/20) - 2B/

= 2 -(a + %)F(q) —2a E(Q)]

- 2](2va- 2% - 2va B(0)|
_ 4 (F(lu) —E(\}EO - % F( 7).
where
F(q) = /Oﬂ/2 w_iim
and

w/2
E(q) = / \/1 — ¢2sin®0de
0

are complete elliptic integrals of the first and second kind, respectively.
We get a slightly clearer representation with

1 1 ™2 4/u(l — (1 —sin? 0 /u)
wi () = [ S
sin’ @

—— df.
0 Vu—sin?6

/2
= 4

Hence
/2 9sin%6 — 1

— df,
0 Vu—sin?6

)2 2526 — 1
bo(u) = 2 / s 9.
0 cosh? u — sin” 6

¢(u) =2
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Recall that

B $2(N\) A tanh(mA/2)

and we are done. [J

9. ORNSTEIN-UHLENBECK FIELDS

We start with R! and R™ analogies. A centered Gaussian one-parametric stationary process is called QU
process if its covariance is EU(t)U(0) = e~ . Similarly (one version of) a-fractional OU fields is defined
by EU(t)U(0) = e~ ", Here 0 < o < 2. In Euclidean case time scaling is not a problem, so we set for a
while @ = 1. The spectral measure for OU field is the Cauchy distribution v(du) = %. Analogously, for
fractional OU field the spectral measure is the symmetric a-stable distribution.

Next, consider OU stationary random field U(t),t € R™, which we require to be OU field along any real line.
It follows that the covariance should be EU(t)U(0) = e~@/!!ll. The corresponding spectral measure on R? is the
symmetric multivariate Cauchy distribution (for which e~%/*ll is a characteristic function). There are two ways
to define multivariate Cauchy distribution. One is to look at its Lévy-Khinchin formula. By scaling,

/ / (e _ 1) Pdrdf = c||t||P7Y, 1<p<3.
S JOo

Hence, p = 2 provides a Lévy-Khinchin measure r~2drdf for Cauchy distribution.

Another way to define Cauchy distribution goes through the connection of the density of a spherically
symmetric distribution and the density of its one dimensional projection, see [39]. Indeed, let v(dz) = p(||z||?)dx
and let f be its marginal density. Then

c j;;f(\/g), n=2m+1;
p(s) =

© zf(z)dz
e [ HRE], n=2m.

We know that marginal distribution is Cauchy. Hence f(s) = —%5 and we easily obtain p(s) = c¢(1 +s)~(*+1/2,

hence,

1+5

v(dz) = ¢ (1 + ||z]|?)~ Y72 dg.
For further information about multivariate Cauchy distribution and some generalizations, we refer to [21]

Chapter 42 and to [10].
We also obtain the spherical spectral measure:

e} n—1
—lIel — i(t,z) _ i(t,z) r
e = /n e v(de) = ¢ /S/O e TETICEEE drdf
= ¢ /0 wr(t)—(l R dr.

Similarly, fractional OU random fields on R" are defined by covariance EU(t)U(0) = e~*/*II". The cor-
responding spectral measure is the symmetric a-stable measure whose Lévy-Khinchin measure is given by
r~(@+dr d@ and there is no formula for its Lebesgue density. For o = 2 the spectral measure is standard
Gaussian.

Remark: a) The presented way is by far not the unique possibility to generalize the notion of OU process
to fractional and/or to multivariate case. Even if time is one-dimensional, one can obtain another reasonable
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fractional extension of OU process by applying Lamperti transformation to the univariate fractional Brownian
process W that is considering U(t) = e #*WH (e'). The covariance of U is then

DT 1 2H
EU)U(0) = = <6Ht Lo HE _ et/2 eft/2‘ > .

2

b) There is also a considerable literature about the extensions of OU process taking values in manifolds other
than R™, see e.g. [36], focused on properties of OU as a diffusion. In spite of many common keywords, the latter
approach apparently is completely disjoint with our constructions.

¢) OU processes on the line have important Markov property. The corresponding Markov concepts for random
fields are too numerous and subtle to be discussed here. We refer to [26], [22], [27], [30] for related information
about LBM and OU fields.

We now pass to fractional OU fields on hyperbolic space £,,. As before, this should be a stationary random
field with covariance EU(n)U(0) = exp{—ad,,(n,0)*} (in classical case, &« = 1). In other words, U would be a
one-parametric fractional OU field along every geodesic line. Recall that parameter a formally is now important,
because we do not have appropriate time scaling in £,,.

Recall that a function ®© is negatively defined if and only if e™** is non-negatively define for all a > 0.
Knowing that Lévy’s fractional Brownian field exists for H < 1/2, we conclude that fractional OU is well
defined for all 0 < a < 1,a > 0 and that it does not exist for o« > 1 at least for all a that are small enough. We
do not know whether fractional OU does not exist for all @ > 0 in this case.

In the case of existence, it would be interesting to find the spherical spectral measure

a®

o

e " :/Oows(r)ua,a(ds). (112)
0

When a < 1, for any a > 0 the spectrum definitely is non-void in any neighborhood of zero, since covariance is
decreasing slower than e™*" for any particular s.

When a = 1, the spectrum does not approach 0 and its lower bound depends on parameter a. Indeed,
decreasing as e” %", a < n — 1/2, prevents from the presence of spectrum in [0,a), cf. (58). On the other hand,
if a is large enough, a > (n — 1)/2, the covariance is in L? and hence only upper spectrum is present. Molchan
in [30], Theorem 2, provides more detailed picture. In our notation, he gives a formula for the spectral density
of OU-field with parameter a,

al'(24L) n—1

IT(a/2 — 27 +iX/2)|2
= 20 p3/2T (n)2) (= :

ID(a/2+ 252 +iN/2))*

9a(N) +4X\)|2\ sinh(7\)

Notice that the g, vanishes at zero except for the values a = %’1 — 27, j € N where I'-function explodes in the
nominator. We will see now that these values have also a special meaning for the lower spectrum.

Remark: We can not see what the complicated density g, has in common with Cauchy distribution from
Euclidean case.

As for the lower spectrum, it is worthwhile to describe the evolution of the spectral measure of OU field when
the parameter a decreases from infinity to zero, as suggested by Theorem 2 in [30].

For OU field with covariance a~! exp{—a 7} the spectral weight is situated at the point a +m € (0, %’1),
where m is even integer, and the atom size is ( [31])

o _ mn—1-2m-2a T(m+a) T(A-%+a) T(*H) T(3)
™ 4e(n—1-m—2a) P(1+a)m! T(1+ 22 +a) T(2HE-2) T(52)
I'l+a) TI(n—1-m-—a) .F(%—a).

Frl+%+a) T(n—1-m-2a) TI(3%)

w.
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Therefore, the qualitative evolution picture is as follows. Let denote v = ”;1 the crossing point of upper
and lower spectra.

Once a > v, only the upper spectrum is present.

When a = v an atom is born at v.

When a decreases from v to v — 2, the atom floats through positions a.

When a = v — 2 the second atom is born at v.

When a decreases from v — 2 to v — 4, the first (resp. second) atom floats through positions a (resp. a + 2).

And so on: every time a crosses a point ¥ — m, with an even m € N, a new atom is born at v and starts
floating with unit speed towards zero.

Finally, when a = 0 is achieved, we arrive to the spectrum of Lévy Brownian field. At this point the first
atom arrives to 0 and this results in the appearance of a quadratic component. Other atoms will be situated in
the even points of the open interval (0,v): namely, the atom born at a = v — m will find its final place at m.
This is in accordance with positions of atoms for LBF.

Of course, when comparing with LBF weights (110), we obtain lim,_,o w%, = wy,, as a J. 0.

On the other hand, notice that the baby atom (when it is just born) is very small: recall that the m’-th atom
appears at a = v — m, so that

lim (n—1-2m—2a)= lim (n—1-2(m+a))=n—1-2v=0.

a—vrv—m a—vrv—m

Since n — 1 — 2m — 2a is the first factor in the definition of wg,, we have

lim w? =0.
a—vV—m m

From the spectral measure of OU-fields associated to the covariance e~*" one can deduce the spectral measure
of a field with stationary increments and with structure functions 2(1 — e~%*), as in (86). This enables us to
obtain the spectral measure of many other fields. Indeed, let

Flu) = [ 1= e )u(da)

be a Bernstein function. Then the spectral measure of a field with stationary increments and with structure
function F writes as

vp(ds) = ;/000 Vo (ds) p(da)

where v, is the spectral measure of the OU-field just described above:

Vo (ds) = go(N)dA+a Z W Omta -
mtag(nii) /2

For example, for H-fractional Lévy field we obtain

> H da
Vi (ds) :/0 vlds) p g 0<H <12

Note that this spectral measure is absolutely continuous, both in upper and lower parts.
When m = 0 and a — 0, the atom w§ located at the point @ — 0 has the asymptotics wg ~ I'(a) ~ a~ 1.
Therefore, the asymptotics of the spectral density at zero (lower spectrum) is W
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10. QUADRATIC FIELD

10.1. Non-degeneracy of quadratic field

Quadratic field on hyperbolic space is a field with stationary increments {X,,n € £, } such that E|X,|* =
Q(n) where generalized quadratic form @ is defined in (41) and plays a fundamental role in Lévy-Khinchin
decomposition (87).

Notice that the Euclidean analogue of Q is a simple quadratic form Qr(z) = ||z||?>. Therefore, Euclidean
quadratic field is just X () = >.7 ¢;&,t € R™, with non-correlated r.v. &. This is a finite-rank field and its
kernel is finite-dimensional.

In spite of this analogy, the quadratic field on hyperbolic space is not as degenerate. Just take n = 2 and
consider the behavior of X along a fixed geodesic line. This restriction produces a 1-parametric process with
stationary increments (still denote it X') such that, according to (43),

E|X,.]?> = Q(n) = 2log cosh(r/2), r=d(n,0) > 0.

We are interested in the derivative X’ of X. Recall that for any differentiable process Y with stationary
increments the derivative is a stationary process with covariance

1

L ..
EY{Yy = lim ¢ E(Yirs — Y)Y = 3 lim o ? [EfYess]? + E[Y,—s]” — 2E|Y;[*] = §ﬁ‘t E|Y,[*.

In our case, EX] X} = £ Q"(r) = icoshfz(g). We are even able to find the spectral measure of X’. Namely,
according to Formula 3.982 in [15],

* cosar am
—_——dr= ————— a >0, Re3 >0,
/0 cosh? Br 232 sinh(am/2p) A

hence the spectral density for X’ is

fla)= 5 / T a
a) = — r = .
21 ) 4cosh?(r/2) 2sinh(am)

We see that X’ is an infinitely differentiable (since the spectral measure has all moments) and infinite-rank
process. Hence, the same is true for X itself.

10.2. Helix representation

In this subsection we prove that a helix given in [11] provides a covariance structure of quadratic process.
Our starting point will be a stationary field X with the covariance (73) associated to the spherical function ws.
Define a field with stationary increments Y;(n) = s~/2(X,(n) — X(0). Then Cov(Ys(m1),Ys(n2)) equals to

s y(s,n) ! // ([771751]_("_1_5) - 1) ([772752]_(n_1_8) — 1) [b1, b2]~5dbydbs.
BJB

In particular,

= s71q(s,n) ! / (I = 1) (b)) = 1) by, o] dbrdbs.
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Notice also that

[ / (“7’51]7(”7175) - 1) ([nﬁz]*("”*s) - 1) dbydbs
BJB
/B ([77,51]*(717173) _ 1) db, /B ([77’52]7(717175) _ 1) db,

= (@amims() = 1) = (@) = 12 = O(s?), s 0.

We see that
— Tim el _
Q) = Tim s~ (1~ wi(n) = lim JEYi(n)]*
— s @y [ (b 1) (bl 1) (B~ 1) dbadbs
s—0 BJB
= —@0m) ™ [ [ (Inb)7 0 = 1) (fnbaf= 0~ 1)l by, Bl dbrd
BJB
Therefore, the helix of functions (FT7 :B — R)n L. given by

Fy(B) = (29(0,m)) /2 (In, b=~ 1)

considered in the Hilbert space with scalar product

(fl; f2 / / f1 bl log([bl, bg])dbldbg

has the same Hilbert structure as a quadratic process.

10.3. Integral representation

Again we use that a quadratic field X? () can be obtained as the limit of (25)~'/2(X,(n) — X,(0) as s — 0.
By using the white noise representation for X, given in (77) we obtain

Qp) = m®(z T
XO() = [ mQa)wido),

where

L ZEmN (R ) w1y )
lim (2s) 1/2( ) = lim(2s)” 1/2 ( o _25)2 = Tn/2) F(nzl)Qn—s>

1/2

nt
o F(nfl 1/2
B <<n/2>2n+1w—1) s (sTls

_ I'(n—1)
— \I'(n/2) 2n+17r*—1
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and
1 = 1 — ﬂ_s 1/q —(TL—l—S) _
() = | nl| e () (I, P () 1) day
= [ =l p) (in Pl 0~ 1) o,
Rn—1
Therefore,

For n = 2, we obtain

m(@) =272 [ =il E (o) (0Pl = 1) da.

When we use the Poincaré half plane we get for the integral representation with respect to the Fourier white
noise for ( € P

-

P2w) = @) (SO 12+ ()7~ (1+8)1) (u).

7T(2|u|)—1/2 (6—27r(i§RCu+§¥(:|u\) . e—zn\m) )

One can remark that the quadratic field is not generated by finite dimensional white noise in contrast with
the Euclidean case.

11. WHITE NOISE

In this section, we let n = 2. Since the white noise is a generalized process, it is defined on test functions.
Following the analogy with Euclidean case, it is natural to define a white noise on D as a field W[f], f €
L?(D,dz), with covariance

Cov(WIfi], WIfa]) = / A1)z

By using Fourier transform, we can also write this as

b Atanh(mwA/2)dA .

Cov(W[f1], WIf2]) = /OOO/Bfl(/\’b)fz()"b) 27

Let us discuss the spectral measure of white noise. For any stationary field X, on D with a spectral measure
v supported on the upper spectrum (see (69)) let X[f] = [, f(2)X(z)dz. We have

COU(X[fl]aX[f2D:/D/Dfl(zl)fQ(z2)COU(Xz1ang)dzle2-

By spectral representation

OOU(X217X22):/ K/\(Zl’zg)y(d)\):/ /6(1+i)\)<21,b>+(17i)\)<z2,b>dbV(d)\)
0 o JB
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where K, is the covariance from (68). It follows that

//f1 ) f2(z / /6(1“)‘ 2180+ (1N (z28) gy 1 (d))
/ //f1(zl)e L) (210 /sz(ZQ)e(l’”) 228 Ao db 1(dN)
/ /f1 (A, D) f2(A, b)db v(d).

In the case of white noise, by comparing this with the formula above we conclude that

Cov(X[f1], X[f2])

Atanh(mA/2)dA

s

vw(dA) =

12. EUCLIDEAN SPHERE

In this section we provide a brief survey of the same problems considered on the unit Euclidean sphere
S = S” c R"*! instead of hyperbolic space. Compactness of S simplifies the problems considerably.

12.1. S as a symmetric space

We can consider S as a symmetric space equal to the factor of all rotations SO(n + 1) of S factorized by the
set of rotations SO(n) preserving one given point (which is equivalent to all rotations of S*~1). In the following
we let 0 = (1,0,...,0) be a fixed point.

The space S is a Riemann manifold with the distance d(-,-) € [0, x] given by

cosd(n,n') = (n,n" )rn+1.

The invariant measure is the surface measure of the sphere. We normalize it so that the total mass would be
one.

The geodesic lines are large circles. Thus the shortest way between two points goes along a large circle.
There are infinitely many such ways. In particular, if the points are opposite poles, then there are infinitely
many shortest ways (meridians) connecting the points.

The volume of an r-ball in S™ is

r 27.(.71/2 T
V(r)=|S""! / sin” 1 0do = / sin” ! 0d6.
=", /) Jo

Hence, the surface measure A of the r-ball on the sphere is defined by

d 27Tn/2 )
= av("') = W S1n .

The Laplace—Beltrami operator on S can be defined as [11], p.200,

2 A d, & d
2 +A(T)%f f+(n71)cotr%f.

Af =
The spherical functions are [11], p.203.

ws(n)z/s (Ot — i, =012, (113)
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where S"™1 = {b € S:by =0}. In coordinate form

I'(n/2) /7r .  n—2
W = —r cost — isinrcos 0]° sin" = 0df = P, s(cosr). 114
)= o=y | | | (cos) (114)

Here (and elsewhere in this section) » = d(n,0) and P, , are ultra-spherical polynomials (Gegenbauer polyno-
mials).
2 < 3
Examples: P, o(u) =1, P,1(u) =u, Ppo = (n+1)+717 P,3= MTUM
The spherical functions satisfy (see [11], p.203)

Aws = —s(s +n — 1)ws.

12.2. Lévy-Khinchin formulas

The non-negative type functions (covariance functions of spherically invariant stationary fields) have the form
K(z) = K(d(z,0)),

K(r)= Z vsws(r) = Z vs Py, s(cost),
s=0 5=0

. . . o0
with spectrum (v;) satisfying v; > 0, 37 v < 0.
Moreover, the functions of negative type (structure functions of the spherically invariant fields with stationary
increments, have the form ®(z) = D(r),

o0 oo

K(r) =Y vl —ws(@) =Y vs(1 — Pos(cosr)),

s=0 s=0

with the same assumptions on (v;).

We see that every field with stationary increments on the sphere is generated by a stationary process. There is
no generalized quadratic form and there is no possibility for infinite spectral measure since there is no spectrum
in the neighborhood of zero.

12.3. Examples of stationary fields on Euclidean sphere

Example 1. Let (§;)o<;j<n be centered ii.d. with unit variance. Let X (n) = Z?:o n;&; for n € S™. Then
cov(X(n), X)) = (n,n" )rn+1 = cosd(n,n’). We see that the degenerated field X corresponds to the spherical
function wy, ;.

Example 2. Let (&;,5,)0<;ji.j.<n be centered ii.d. with unit variance. Let X (n) = Z;Ll ja=0 M1 Mj2&j1jo for
n € S™. Then

2

cov(X(n), X)) = > mpmpmnfy = | D_mim | = (0,0)gner = cos® d(n, 7).
J1,J2 J

Similarly, k-linear forms with independent coefficients generate fields with covariance cos® d(n, ').
Example 3. Let X be a field from the previous example. We center it by subtracting its integral:

ri= [ Xdn = (n+ D Y6
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Let Xo(n) = X(n) — I. The covariance of the new field is
cov(Xo(n), Xo(n')) = cov(X (n), X (n)) = cov(X (n), I) — cov(X (n), I) + cov(I, I).

Clearly,

n

COU(X(T}) I) TL + 1 COU anlnjzfjljza Z§]J ’I’L+ 1) ZT}? = (7’L—|- 1)717

=0
and by the same reason, cov(X (r'),I) = (n +1)~%L Next,

coo(l,I)=(n+1)" Z Z cov(&jyj15Ejaga) = (N + 1)~

Jj1=0j2=0
It follows that n
coo(Xo(n), Xo(1)) = cos® d(n. ) — (n+1)7" = Py p(cosd(. ).

We see that the field X corresponds to the second non-trivial spherical function (up to a constant).
We briefly sketch here the next step. Take the third order field from the previous example,

n

X(n) = Z M52 M2 M S s

J1,52,33=0

It is easy to see that fs X (n)dn = 0, thus the centering will be more involved. Namely, we center X so that it
becomes orthogonal in L2(S) not only to constants but also to all linear functions. To this aim, let

Xo(n) = Z fs uldu m

ZZ (&iji + &y + flg]) - Z&u HSZZ?) .

1=0 j#£l 1=0

Here we used that

/X(u)uldu = Z 5]1]2]3/uj1uj2uj3uldu

S J1,J2,33=0

= Z(ﬁjjz + &ty +§m)/u§u?dU+§zu/u?du
S

7l S

= > (& + &g+ &5j) ( + &

— n+1)(n+3) (n+1)(n+3)

An easy direct calculation shows that

3cosd(n,n')  n

cov(Xo(n), Xo(n')) = cos® d(n,n') — m—— =3

P, 3(cosd(n,n')).

Again we see that the field Xy corresponds to a non-trivial spherical function (up to a constant).

It is very likely that the fields corresponding to other spherical functions can be obtained from the fields of
Example 2 by similar centering (projection operation). This procedure is strikingly similar to the normalization
procedure for U-statistics. We stress that all basic stationary fields on S are finite-rank fields.
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Example 4. (Lévy’s Brownian field on the sphere). For n € Slet A, = {b € S: (b,n)gn+ > 0}. Take a
white noise W on S and consider the field X (n) = W (A4,,). Then cov(X (n), X(1)) = |A,NA,|. Let us calculate
this measure. Clearly, it only depends on the distance r = d(n,n’) (hence, X is a stationary process). Let for
simplicity n = (1,0, ...,0), n’ = (cosr,sinr,0,...,0). Then

Ay Ay ={ueS:uy=pcosyp,u; =psin),0 < p < 1,r —m/2 < <7/2}.
By rotation symmetry of S,
Ay Al = 7/2— (r = 7/2) =7 — v = = — d(n, ).

It follows that

E(X(n) - X(0))* = EX(0)* ~EX(n)X(0) = 7 — (= d(n,n)) = d(n,7).

N | =

We sce that the field with stationary increments 2~/2(X () — X (0)) is a Lévy’s Brownian field.

12.4. Illustration: n =1

The theory for S! is particularly simple because it reduces to the well known case of periodic stationary
processes. We identify S! with [0,27) . Covariance function of any complex 27-periodical stationary process
writes as

K(6) = Z vee's?,
SEZ
with summable and positive spectral weights (v,), which can be calculated as

1 2

_ —1is0
Vs = oo ; K(0)e™*"d6,

once K is given For real fields v; = v_4 and we have

K(9) = Z Vs cos(sb),

s>0

Here the functions w,(6) = cos(s6) are the spherical functions corresponding to eigenvalues —s? = —s(s+n—1)
and 7y = vg; Vs = 2v (for s > 0).
All stationary processes admit a simple integral representation. Let f € L2[0,27). We set

2

X(n) = ; f(0+n)W(do),

where W is a white noise controlled by Lebesgue measure. Let us calculate the covariance Kx by using Fourier
expansion

f(e) — Z fseiSQ.
SEZ
Since

f(o + 77) _ Zfseisn eisG,

SEZ
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we obtain by Parseval equality

2m
Kx(m,m) = FO+n1)f(0+mn2)do
0
= 27TZfseiS’71 W = 2772 |f5|2eis(”1_”2).
SEL SEZL

We see that v, = 27| f,|2, hence any spectrum can be obtained within this family of fields.
The fields with stationary increments are all generated by stationary fields. They admit an integral repre-
sentation

Y(n) = X(n) — X(0) = / " (F 0+ ) — £(0)) W (D). (115)

As usual, Dy () = 2(Kx(0) — Kx(n)). Notice that adding a constant to X does not change Y. Hence the
spectrum of X at zero is irrelevant for Y.

Consider now a particular case of fractional Brownian process W, 0 < H < 1, and find the respective
stationary field Xy with covariance Ky and spectrum (v, p)sez. We have

Kl = Kn0) = 220 — g, o) — A0 _ e, (o) — 2indlnl e o}
For s # 0, by integrating we find
Lo 4 1" ,
VeH = T ; min{|n|, |27 — n|}>H e 1dy = /. |25 e~ 514y
= —% ; 1?7 cos(sn)dn.

One can easily show that if s # 0 is even and 1/2 < H < 1, then vy g < 0, see [18], p.257 (this is based on
convexity of the function n — n?# for H > 1/2). This fact simply means that H-fractional Brownian process
on S! does not exist in this range. It follows that it does not exist on any S™ since the latter contains S!.

On the other hand, we can easily construct Brownian field (with H = 1/2) by letting f(n) = 7/ 19 (n)
in (115). By Bernstein argument it follows that fractional Brownian process exists for all H < 1/2. We have
no more explicit representation for it.

For more information about random fields on compact symmetric spaces other than the sphere, we refer to [3].

13. OPEN PROBLEMS

In this section we point some open questions.

e Find a closed (explicit) expression of the (upper and lower) spectrum of the fractional Lévy motion
WH 0 < H<1/2.

e Although we know that H-fractional Lévy Brownian field does not exist when H > 1/2, find for these H
some natural (e.g. appearing in some limit theorems) fields with stationary increments X on hyperbolic
space such that E| X (z) — X(0)|? ~ d(z,0)" as z — 0.

e Find the class of the stationary fields generated by the action of the group SU(1, 1) on the space of the
geodesics (may be every field can be obtained in this way?). Find the spectra of such fields.

e Give a white noise representation Wf = W(A,) for H-fractional Lévy Brownian fields, H < 1/2, on
the hyperbolic space and on the sphere as done by Takenaka [38] in Euclidean case (cf. Section 8.1).
The only construction we are aware of was proposed recently by Estrade and Istas. It handles the case
of one-dimensional sphere.
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e Check whether fractional Ornstein—Uhlenbeck field with covariance K(n,n') = exp{—ad(n,n')*} exists
for some a > 0, o > 1.
e Investigate the algebraic properties of spectral representations. For example:
— find the spectrum of the stationary field corresponding to the covariance function K (z) = ws, (r)ws, (1),
where 0 < s1, 89 < 0o with s1, s9 € [0, "T_l] U {%‘1 +iA, A€ R}
— Let (X,,z € D) be a field with stationary increments starting at 0 with the structure function
D(z) = E|X,|%. Then D(-) is a function of negative type. Let F': Rt — R be a Bernstein function.
Then F(D(-)) is a function of negative type, too. Construct a field with stationary increments
(Y., z € D) such that F(D(z)) = E|Y,|?. Given the spectrum of X find that of Y.
Let us briefly explain the relation between the two problems. Imagine we know the spectral
measures {vs, s, } corresponding to covariances {ws, - ws, }. For any covariances K and K and
the corresponding spectral measures p1, p2 introduce a ”convolution” measure

p1 ® po 1=//Vsl,szﬂl(dsl)uz(d82)-

The covariance corresponding to py ® po is

///wsg(77)1/51,52(d83)ul(dsl)u2(dsz) = //wsl(77)%2(77)#1(d81)u2(d52)

= Ki(n)Ka(n).

By iterating this argument we see that if u corresponds to K(-), then u®" = p@pu®--- @ pu (m
times) corresponds to K (-)™. Moreover, the spectral measure

— 7"
expg{vu} Z H
m=0

clearly corresponds to covariance exp(yK ()} and to the structure function

Dy(n) = 2(exp(vK(0)) —exp(vK(n)))
= 2exp(7K(0)) (1 — exp(—y(K(0) — K(n))))
= 2exp(vK(0)) (1 — exp(—vDk(n)/2),

where D (-) = 2(K(0) — K(+)) is the structure function related to K.
Finally, take a Bernstein function

F(u) = /000 (1 - 677“/2) v(dry)

and observe that

F(®k(n))

\%Nc\

—VQK(”])/Q) v(dy)

5 exp K(0))D,(n)v(dy)

exp(—7K(0)) / (1 — wa()) expg (v12) (ds)(d)

(1 —ws(n {/OO exp(—7K(0)) expg (yu)v(dy)| (ds)



96

TITLE WILL BE SET BY THE PUBLISHER
which gives the spectral representation for F(Dk).
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