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Abstract

We show in this article that there exists no H-fractional Brownian field indexed by
the cylinder $* x]0, e[ endowed with its product distance d for any £ > 0 and H > 0.
This is equivalent to say that d*? is not a negative definite kernel, which also leaves
us without a proof that many classical stationary kernels, such that the Gaussian
and exponential kernels, are positive definite kernels — or valid covariances - on the
cylinder.

We generalise this result from the cylinder to any Riemannian Cartesian product
with a minimal closed geodesic. We also investigate the case of the cylinder endowed
with a distance asymptotically close to the product distance in the neighbourhood of a
circle.

As a consequence of our result, we show that the set of H such that d*7 is
negative definite behaves in a discontinuous way with respect to the Gromov-Hausdorff
convergence on compact metric spaces.

These results extend our comprehension of kernel construction on metric spaces,
and in particular call for alternatives to classical kernels to allow for Gaussian mod-
elling and kernel method learning on cylinders.
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1 Introduction

The study of fractional random processes has been a very active topic since the
article of Mandelbrot and Van Ness on fractional Brownian motion [18], from which
they have proven to be major random models in a variety of applications. In order to
model geological phenomena Mandelbrot considered in [17] fractional Brownian motion
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Nonexistence of fractional Brownian fields indexed by cylinders

indexed by the Euclidean spaces. In [11], Istas stresses out the need for fractional
random fields indexed by nonflat spaces and defines the H-fractional Brownian field
indexed by any metric space. It is a natural generalisation of the classical fractional
Brownian motion from which it inherits key properties such as stationary increments
with respect to the isometry group of the index space, long range memory, and often
local H-self-similarity.

Alas, it does not always exist. Moreover, it is in general not easy to check if it does,
as one needs to prove the positive definiteness of the corresponding covariance kernel,
which depends on the distance d of the index metric space. This question has been of
interest earlier in some special cases: Lévy proved the existence of the Brownian field
(corresponding to H = 1/2) indexed by the Euclidean spaces and the spheres [14, 13]. He
used direct geometrical constructions, generalised later by Chentsov and Morozova [20],
Lifshits [16] and Takenaka [22]. Others authors have tackled this question with harmonic
analysis: Molchan extensively studied the existence of the Brownian field indexed by
symmetric spaces [19]. The works by Gangolli [8] on Lévy-Schoenberg kernels and
by Faraut and Harzallah [5] on Hilbertian distances are also strongly connected to
the question. Authors on fractional Brownian fields indexed by Riemannian manifolds
includes Istas [9, 10, 11], Cohen and Lifshits [3], who considered hyperbolic spaces and
spheres.

The existence of the H-fractional Brownian field indexed by a metric space (F,d) is
equivalent to the negative definite property of the kernel d?”, where d is the distance
on the index space (FE,d). Istas [11] noticed that there exists a fractional index Sg > 0
depending on (E, d) such that d*/ is a negative definite kernel if and only if 2H < fg. It
is clear from Faraut and Harzallah [5] that any Hilbert space and thus Euclidean spaces
enjoy fractional indexes equal to 2, and Istas showed that this is the maximum value of Sg
for a Riemannian manifold ([11]). However the spheres and the real hyperbolic spaces
have fractional index 1 (see Istas [11]). As B < 2 for any Riemannian manifold with
at least one point of positive curvature (Istas [11]) and 8g < 1 for any ellipsoid which
is not a sphere (Chentsov and Morozova [20]), existence of fractional Brownian fields
seems to be a rather fragile property. Results on fractional index related to curvature
and topology are given in [6] and [23].

Furthermore the negative definiteness of on a metric space also gives the positive
definiteness of the kernels of the form F(d?/), where F is a completely monotone
function (see for instance [1]). This method gives the existence of stationary Gaussian
random fields indexed by the metric space. The associated kernels include the Gaussian
and exponential kernels, and are crucial to allow for “kernel method” machine learning
of nonlinear data (see for example [21]).

We show in this paper that the cylinder $!x]0, e[ endowed with its canonical Rieman-
nian product metric has fractional index 0. In other terms, for every positive H and ¢,
dg{{x]o,a[ is not a negative definite kernel, hence there exist no H-fractional Brownian
field indexed by the cylinder (see Theorem 3.2).

We then generalise this result to the product of two Riemannian manifolds M x N
endowed with the Riemannian product distance, as long as it contains a minimal closed
geodesic (see Theorem 4.1).

It is remarkable that the cylinder exhibits an obstruction to the negative definiteness
of d*# which relies entirely on its global structure: indeed the cylinder and the Euclidean
plane share the same local flat metric, but as one enjoys a negative definite kernel
d?" for every H < 1, the other admits none. To the knowledge of the author the only
other known examples of spaces with fractional index 0 are a class of non Euclidean
normed vectorial spaces (see [12]) and the quaternionic hyperbolic space endowed with
its geodesic distance (Faraut [5]).

d2H
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However this global characteristic of the result contrasts with a local aspect. The
result is given for a cylinder as short as wanted: the fractional index of $! x]0, [ is zero
for every positive €. We use this “locallity around the circle” to investigate the case
of metric spaces with a distance asymptotically close to the cylinder distance in the
neighbourhood of a circle (see Section 5) and obtain upper bounds for the fractional
index in this setting. In particular we look into the case of surfaces of revolution and
give an example with zero fractional index (see Theorem 5.7), which indicates that our
argument does not depend on the product structure.

This local feature of our result brings out a discontinuous behaviour of the fractional
index, since $! x [0,¢] has fractional index 0 when ¢ is positive and 1 when ¢ = 0.
We show in particular that the fractional index is not continuous with respect to the
Gromov-Hausdorff convergence of compact metric spaces (see Section 6).

The proof on the cylinder (Theorem 3.2) is done through a direct method by exhibiting
for every H < 1/2 a collection of points (P/7,);<, and of coefficients (c;) such that - ¢; = 0
and

n
lim > eic;d®™ (P, Pl = 400, (1.1)
i,j=1

which by definition prevents the kernel d*# to be negative definite. We start by in-
vestigating a collection of points on the circle, which we afterwards duplicate on two
horizontal circles of the cylinder. Finally we consider the same collection of points on
a number of circles depending on n. The behaviour of lim Sor iy cic (P P
when n — oo is governed by the asymptotic regime of the distance z, between two
consecutive circles, which should be chosen carefully in order to obtain the desired
divergence towards infinity. This adequate regime depends on H. In particular every
point converges towards the circle at height zero so that the proof works for every ¢, but
at a rate slow enough so that the quantity we consider in (1.1) does not asymptotically
behave as if the points were on a circle. Our other results all rely on Theorem 3.2.

Outline of the article In Section 2 we recall some generalities and detail our
motivations. In Section 3 we give the main statement and its proof. In Section 4 we
extend our result to Riemannian products. In Section 5 we consider distances close to
the product distance on the cylinder. In Section 6 we deduce that the fractional index is
discontinuous with respect to the Gromov-Hausdorff convergence.

2 Generalities

In this article we consider metric spaces (F,d) and study the negative definiteness
property for the functions d?# (z,y), where H is a positive parameter.

The metric spaces we consider are cylinders (Section 3) or are close to cylinders in
various ways (product spaces with a minimal closed geodesic in Section 4, spaces which
are asymptotically close to a cylinder in Section 5).

In practice, we are looking for the fractional index i of the metric space, which is
defined as the supremum of the parameters H such that d?” is negative definite. This
index is of particular interest because the function d?¥ is negative definite if and only if

2H < fp. 2.1)

This problematic is motivated by existence problems for fractional Brownian fields and
stationary random fields indexed by (E, d), which depend on the negative definiteness
of ¢ . This property also gives the positive definiteness of kernels that are crucial for
machine learning of nonlinear data.

In this section we recall some generalities and give details about these motivations.
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Positive and negative definite kernels Given a set S, we say that a symmetric
function f : S x S — R is a positive definite kernel if for every z1,--- ,x, € S and every
AL, A €R,

4,J=1

Positive definite kernels are the covariances of random fields indexed by S. In
particular, there exists a centred Gaussian random field indexed by S with covariance f
if and only if f is a positive definite kernel (see for instance [15]). Furthermore they are
a key ingredient to machine learning of nonlinear data, as the positive definiteness of f
is equivalent to the existence of an Hilbert space H and a map ® : S — H (the “feature
map”) such that

f(@,y) = (@(x), ®(y))n, (2.3)

which guaranties that f can play the role of a scalar product to allow for every linear
machine learning method (see [21]).

Positive definite kernels are closely related to negative definite kernels (see for
example [1]): a symmetric function f is said to be a negative definite kernel if for every
z1, -+ ,z, € S and every ci, - ,c, € Rsuchthat >\, ¢; =0,

n

> cicif(mi,z;) < 0. (2.4)

1,j=1

Fractional Brownian fields Given a metric space (E,d) and H > 0, we recall that an
H-fractional Brownian field indexed by F is a centred, real-valued, Gaussian random
field (X, )er such that

Va,y € E, B(X, — X,)* = [d(z,y)]"" . (2.5)

This definition does not yield uniqueness (in law) of the field. Indeed for N a centred
Gaussian random variable, if (X;) is an H-fractional Brownian field indexed by E then so
is (N + X;). It is classical to define for any point O € E the H-fractional Brownian field
with origin in O by requiring also that X be equal to 0 almost surely. If it exists one can
check that the covariance is then

E(X.X,) = £ (P7(0,2) + ™(0,9) ~ " (x,9)) 2.6

hence the uniqueness of the law of the field. Moreover the existence of the fractional
Brownian field with origin in O is equivalent to the positive definiteness of (2.6). A
theorem of Schoenberg (see for example [11]) proves that it is the case if and only if d>#
is a negative definite kernel. Notice that this property does not depend on the origin O,
and that any Gaussian field verifying (2.5) is obtained by addition of a normal random
variable to an H-fractional with origin in an arbitrary O € E: the negative definiteness of
d*H is equivalent to the existence of every H-fractional Brownian field indexed by (E, d).

Remark 2.1. In [11] Istas define an a-stable H-fractional field indexed by a metric space.
Unlike in the Gaussian case, positive definiteness of the covariance is not sufficient to
guaranty the existence of this field, but it is still necessary that d>7* be negative definite.
Studying the negative definiteness of the powers of d is also a first step for fractional
non Gaussian modelling.
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Stationary kernels Furthermore when 4?7

monotone function F : Rt — R,

is negative definite, for every completely

(z,y) — F (dZH(x,y)) (2.7)

is a positive definite kernel (see for instance [1]). Let us recall that a function F' is
completely monotone if and only (—1)"F()(t) > 0 for every t € R* and n € IN. Since
the kernels in (2.7) depend only on the distance, they are the covariances of stationary
Gaussian random fields. These are first-choice random models for functions over FE,
whose random behaviour is homogeneous with respect to the geometry of (E, d).

Positive definite kernels that are functions of a distance are also of crucial importance
in kernel machine learning, since by replacing a scalar product in learning methods
a kernel plays the role of a “proximity measure”. Examples of completely monotone
functions include ¢ — e~ for every positive ). In particular, when they are positive
definite e=*4(=¥) and e=*?’ (@) generalise the exponential and the Gaussian kernel
families.

Fractional index It is a striking fact that for every metric space (F, d) there exists Sg
in [0, +oc] such that for every positive H, d*/! is negative definite if and only if (see Istas

[11])

9H < Bp. (2.8)

The number (g is called the fractional index of (F,d) and is in general not easy to
compute. Let us stress out some general facts which follow directly from the definition
of B, and that we will use later.

Remark 2.2. Given a metric space (E,d) and F C E, if we consider F' as a metric space
endowed with the restriction d| of the distance d to F', we have 8r > (.

Remark 2.3. For a positive A\, multiplying the distance on F by A does not change the
fractional index Sg.

General assumptions on Riemannian manifolds Most of the time we will consider
as index space a Riemannian manifold M endowed with the geodesic distance d,,
associated to its Riemannian metric (, )»s. Following [7] we consider only C*°, connected,
and countable at infinity manifolds in this whole document. Furthermore we assume the
manifolds to be connected and without boundary, with the notable exception of $! x [0, €]
in the proof of Theorem 6.1.

Remark 2.4. Given a Riemannian manifold M and a submanifold N of M, it is possible
to consider the restriction d,; |y of the geodesic distance dy; to N. On the other hand,
one can consider the Riemannian manifold N endowed with the restriction (, )/ n of
the inner product of M to N, which gives a geodesic distance dy. In general those two
distances are not equal, because the minimal geodesics in M from points of N take
values in the whole of M. In particular it is not possible to deduce the value of 5, from
local aspects of M only, in spite of Remark 2.2.

Minimal closed geodesics Let us recall that a minimal closed geodesic v in a Rie-
mannian manifold M is a closed curve with values in M such that for every points P,
on 7 there exists a minimal geodesic joining P to @ that is included in . In this case
the two distances d,;|, and d, are equal, and v is isometric to a circle of length L(v). In
particular for a Riemannian manifold with a minimal closed geodesic, 5y; < 851 = 1 (see
Remarks 2.2 and 2.3).
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3 Main result

In this section we consider the cylinder $! x R endowed with its Riemannian product
metric
() Jsixr = d6” +d2*. (3.1)

The expression of the associated geodesic distance is

ds1xr((01,21), (02, 22)) = (dg1 (61,02)% + |21 — 22|2)1/2 ; (3.2)
where dg: is the geodesic distance on $', given by
dSl (91,92) Zmil’l(wl —(92|,27T— |91 —92‘). (33)

Remark 3.1. In the cylinder the geodesics are given by arcs of helices. In particular
all the geodesics in $! x R between points of $!x]0, ¢[ stay at all time in $!x]0,¢[. As a
consequence, the restriction of dg: g to $!x]0, e[ and the geodesic distance associated
to the metric (3.1) on $!x]0, £ coincide.

Theorem 3.2 (Main result). For every e > 0 and H > 0, dg{fx]o - s not negative definite,
hence there exists no H-fractional Brownian field indexed by the cylinder $' x]0, ¢[. In
other terms,

Bs1x10,e] = 0.

3.1 Proof of the main result

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

((Plf,lnv T 7P711L,In)7 (Cla T 7Cn))n€]N

such that )" ; ¢; = 0 and

. H H H
i > cicidill o (P Pl = +oo,

4,J=1

which shows that dgflx]o,s[ is not a negative definite kernel. Hence there exists no H-
fractional Brownian field indexed by $!x]0, [ for every 0 < H < 1/2. To conclude for
every H > 0 we recall that if ¢2¥ is not negative definite then d2#’ is not negative definite
for every H' > H (see (2.8)).

We carry the proof with a cylinder of radius % in order to get parallel circles of
perimeter 1 and lighten the computations. Doing so only multiplies the distance dg: «r
by a positive constant, therefore the fractional index remains the same (see Remark 2.3).

In Section 3.1.1 we work on a sequence of configurations with points on one circle.
Section 3.1.2 deals with the same sequence duplicated on two parallel circles of the
cylinder. We finish the proof in Section 3.1.3 by considering the same sequence of
configurations on a diverging number of parallel circles of the cylinder.

3.1.1 A configuration on the circle

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

ds(s,s’) =min(|s — §'|,1 —|s — §'|).
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Forevery N € N and 1 <i < 4N we define

)
Pi === S,
NN €
and the coefficients ‘
C; = (71)1.

Notice that for every N we have
4N
> =0,
i=1

so that ((Pi,n,--- Pan,n), (c1,- -+ ,can)) is @ configuration of 4N points in S.
We now deal with the asymptotic behaviour of

4N
AN = Z CZ‘deQSH(Pi7N,Pj7N).

i,j=1
Lemma 3.3 (Asymptotic of the circle term). For every H €]0,1/2],

N1—2H & - - -

AN o~ e ) (@) =220+ 1) + (20 + 227
N—ooco 4 ‘
o

(3.4)

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

to pairs of antipodal points.
Moreover c;c; depends only on ds(P;, P;), therefore

k=1
. N—-1 2l 2H_N71 2p+1 2H +4N l 2H
4 4N 2
p=1 p=0
N-1 2H N-1 2H N-2 2H
2p 2p+1 2p + 2
=4N — -2 AN
(S =S () () )
p=1 p=0 p=0
:4NN—1 2l 2H_2 2p+1 2H+ 2p+2 2H
4N 4N 4N
p=0
N—-1
= (4N)t—2H [(2p)* —2(2p + 1)* + (2p + 2)?7].
p=0

Because
1

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

O

Remark 3.4. For H < 1/2 the sum of the series appearing in (3.3) is nonpositive by
concavity of z — 22, hence lim Ay = —oo. Because g = 851 = 1, it is clear that no

N—o0
choice of configuration on the circle will give a positive result. It is then necessary to
consider points at different heights on the cylinder in order to obtain our result. We start

by duplicating our configuration on two circles.
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3.1.2 Duplicating the circle configuration

We now turn to the cylinder S xR, considering again a circle S of perimeter 1 parametrised
by arc length. In the entire proof of Theorem 3.2 we denote by d the geodesic distance
dsxr. Given two points (s1,21), (s2,22) € S x R we have

1/2
A((s1,21), (52,22)) = (ds(s1,52)% + |21 — %)%
Let us now consider a sequence of positive numbers (zy)nen, and for every N € IN,
Py e (75,0) if1<i<4N,
N (15.28) if4N +1<i<8N.
We set for every 1 <i < 8N

C; = (—1)i,
and notice again that
SN
YNEN, > ¢ =0,
1=1
so that ((P1,n, - Psn,n), (c1,- -+ ,csn)) is a configuration of 8N points in S x R.

This time we deal with the asymptotic behaviour of

CN = Z CZC] Pl N,Pj N) (35)

7,7=1

We write again P; instead of P; y when there is no ambiguity. Let us split

4N 8N
Cn = > (D)™MaE, PP+ > (~1)™[d(P, PP
i,=1 4,j=4N+1
4N
+> Z 1) [P, Py)] Z Z I[P, P2
i=1 j=4N+1 1=4N+1 j=1

We now write
Cny =2AN + 2BN(ZN),

with Ay as in (3.4) and

Z Z )Hd(P, )P, (3.6)

i=1 j=4AN+1

Since we know from Lemma 3.3 how Ay behaves it remains to work on By under proper
assumptions on the regime zy. Because Ay is non positive, we aim to get a positive
contribution from By . Asymptotic order of By is also crucial in order to dominate Ay,
which we have proven to have asymptotic order N'=2#, From our investigations it seems
that

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

20
ZN:N

yields
By .~ C(z)N'—2H,

—00

with C(zg) continuous in zy. Since setting zy = 0 gives By = Ay, it is clear that
C(20) is non positive for small values of 2, which is problematic because we aim at
considering cylinders of the form Sx]0, e[ with ¢ as small as desired.
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* Choosing zy with slower regimes yields positive contribution from By at the
expense of a less important asymptotic order. In particular setting

2N =20 >0

yields

which is negligeable in front of |Ay|.

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

Lemma 3.5 (Asymptotic of the two circles cross term). Let us denote by Z, 5 the set of
all sequences of positive numbers (zy) 5, such that

anNeE — 0 (H1)
N—oo
and
2anNY — 0. (H2)
N—c0

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

H
lim sup By (zn) — = 0.

AH-1
N— oo (ZN)NZUeZg,E 2.4

Notations We introduce some notations we use in the whole proof of Lemma 3.5.

Let us write ()
— In(z
aN = ln(NJ)V ’

prae (22 +1)H]

_ _2p+1

:L'p — ANI-an> (37)
— 1

h = yr—=x

Ql:aN(17172H>*l+2.
Because we aim for a result with uniformity in zy, from now on we denote by
* a(N,zy) = Ou(b(N, zy)) the existence of C > O and N such that for every zy €
Zg’a and N Z N(), (J,(]\/v7 ZN)l S C’|b(]\/v7 ZN)‘

* In a similar way, a(N, zy) = 0,(b(N, zx)) means that Ve > 0, INy, Vany € 243,
|a(N, zn)| < e]b(N, zn)|-

To prove Lemma 3.5 we proceed through Lemma 3.7, Lemma 3.8, and Lemma 3.9 to
a Taylor-like expansion of By (zy) on the powers N%. Observe that for every [ we have
N+ =0 (N%) . Indeed

NOi+ 1 1 N®
—_— == — X —
N NN znN@ N
converges towards zero when N goes to infinity (use (H2) and @ < 1).
Let us now give Lemma 3.6 which we will use to estimate the asymptotic order of
some remainders in the expansion.

O[Nfl —
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Lemma 3.6 (Controlling some remainders). With the notations from (3.7), for every
H < 1/2, every integer q > 2 and

yp = xp + héva,

where 0, y is any double-indexed sequence with values in [—1,1],

Proof. Along the proof we use the positive constants C1, - - -

0u (V7).

Z |¢(Q)

,Cs. We claim that they exist

and are independent of N and the choice of zy € Z, w, though some may depend in ¢
and H without altering the result. We have

from which we obtain

N-—1
> 1@ ()| <
p=0

and

(Yp

because

() = o),

t—o0

[NTToN N-1
Yo e+ O Y W)
p=0 p=|N'=oN|+1

hopn \ 21

(1+22)- (82
Ty 2p+1

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

Finally

Z |90(q)

)| < (INT7oN | 4 1)l

N-1 2H—q
2p+1
Noo + C1C2 Z <4N1_M>
p=|N'=N]+1
N-1

1
e’ § 2H—
S CSN N + CY4 (leaN)2H7q p q.

p=LN'=oN |41

Since H < 1/2 we have 2H — ¢ < —1 and we can bound by

C3N1=% 4 C5

1

2H—q+1
W( ) !

leozN

=0, (N'""*¥). O

Lemma 3.7 (A first decomposition of the cross term). Under the assumptions (H1), (H2)
and with the notations (3.7) we have for every M > 2

with

and

EJP 24 (2019), paper 75.

M
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p=0
by = 8 1 nH" 3.9
w= o (L (1)), (3.9)
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Proof. We start by reordering the terms in By (zy) in a similar way as we did for Ay in
the proof of Lemma 3.3:

Bn(zn) = 4N 23] +8N2§:1 l( >2+z;{,

H 1 H

N-1 9p \ 2 9+ 112 H 9+ 2\ 2 H
=4N ) [(4}{7) +22 -2 <ZN > +2%| + <ZN > + 2%
p=0
_ H H
74NN ! 2 2+ Ll (et 2+ L] (22 2+ 1
o = 4N NZ2an 4N NZ2an 4N NZ2an
N-1 2 H 2 H 2 H
AN W+1—1 2+ 1 2+ 1+1
= N2anH ZO ( AN1-on > +1] -2 [<4N1—aN> +1 < AN1-an +1
=
N—1

= AN'2NIN o (2, — h) = 20 (xp) + @ (2 + b)),

Taylor expansions of ¢ up to an arbitrary order M give the following approximation
of BN (ZN) :

1-2 HN ' & xp) (p(”)(xp)
(6% n
ozt 3 5 ey B g
p=0 n=2
N—-1 M
Nl QOLNH Z Z 2 Nl aN ( )(xp)
p=0 n=2

= Zb NO= Z 2N1 2 (") (z,), with the remainder

N—1
_ Cum
Rarsr i= N1-2anH Z NO—an 5D [‘P(MH)(l/pJ) + (—1)(M+1)¢(M+1)(yp72)} ,
p=0
where
Yp,1 €lzp — hy |
and

Yp,2 €)Tp, Tp + h[ .
Using Lemma 3.6 with y, = ¥, 1 and again with y, = ¥, 2 shows that

Rarg1 = Oy (NOM+1) O

Lemma 3.8 (Recurring formulas for subterms). Under the assumptions (H1), (H2) and
with the notations (3.7), foreveryn >3 and M > n :

M—n M—n
Bl = > dpNO 0 0) 4 Y " ag BRF 40, (N41) + 0, (1), (3.10)
k=0 k=1

while for every M > 2 :

M—-2 M—-2
H
B]2V yr + Z deewc (24k— 1) (0) + Z a, Bj2v+k+0u (N‘9M+1) Yo, (1), (3.11)
k=0 k=1
EJP 24 (2019), paper 75. http://www.imstat.org/ejp/
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. 1
= 7# (3.13)
TR ) '

Proof. Let us write
Tp+1

Bjy = N Zle e (@) = N Z/ P! (x

Proceeding to a Taylor expansion up to the order M — n of ¢(™)(t) for any ¢ € [Zp, Tpt1),
we write, calling R}, , the remainder from the Taylor expansion:

Tpi1 M—n
B}, = N» (Z/ [ n) (n+k)( )] dt) Ry
k=1
M—n N—-1
1 1
_ 0, (n— 1) (n+k)
=N ({ } Z 2k ( k+ 1)! " NO—ank 2N17QN90 (xp)>
k=1 p=0

+ Ry, . (3.14)

For every p and ¢ € [z, x,11], there exists y,(¢) in |z,, 2,+1[ and continuous in ¢ such that

-1 Tp41 M—n+1
P t —x
Rrpr =N < / ”)@(M“)(yp(t))dt> :

_ |
=~ n + 1).
We have
7 Tpt1 (t — )M—n—H
Ripa] < N Z e e o] [
prTp+1 Zp .

— NO» Z ‘w(MH)(y;) 0, (N(QN—1)(M—n+2))
p=0

for some y, € argmax cp(M“)(yp(t))‘
t€[Tp,Tpi1]
Using Lemma 3.6 again we obtain
|Riyp| = Oy (NOM+1). (3.15)

Coming back to (3.14),

e forn = 2 it is easy to see that

. H
On 1)(a:N):N(’2 "(xn) = e + O, (212\,)—&—0“(1).

Using (H1) we obtain

e H
N‘Q”‘sa( 1)(xN) — 17T + 0u(1) (3.16)
e while forn > 3
N =D () =0, (1). (3.17)
EJP 24 (2019), paper 75. http://www.imstat.org/ejp/
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(n—1)

In both cases, expanding ¢ up to the order M — n and using Lemma 3.6 again to

deal with the remainder we get

M—n
NVn+k
— N (o) = T e TE=D(0) + 0, (NP+1) | (3.18)
k=0 ’

It remains in (3.14) the term

M-n 1 1 N-1 1
|- : (n+)
M ( Z 2k(k + 1)1 NO-an)k < oN1—an ¥ (xp)>
- =

M—n
e B (3.19)
— k: +1)!
Putting together all the pieces of (3.14) from (3.15), (3.18), (3.19), and (3.16) or (3.17)
whether n = 2 or n > 3, we get the result. O

Lemma 3.9 (A Taylor-like expansion of the cross term). Under the assumptions (H1),
(H2) and with the notations (3.7), for every M’ > 2 we have

M -1
H Oyr g, 2 -
BN(ZN) 5 AH-1 + l,zl Cop g1 NP2 +1¢p ( )+Ou (N M +1> + o, (1)’
with
/2] 1—2n’
Cri= Y D baw Argw—i di, (3.20)
n’=1 k=0

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

P

A, ::Z Z Ay *** Qg - (3.21)

q=1 my,---,my>0
mi+--+mg=p

Proof. Using (3.10) and (3.11) from Lemma 3.8 we get

I M—2 M—2
Bn(zn) = b2<4H S+ Y AN () + Y " ay, B?\ﬁk)
k=0 k=1
M M—n M—n
+) by (Z dp NO TR0 0) + 3™ g Byk) + 0, (N+1) 40, (1),
n=3 k=0 k=1
gathering terms and using b, = % we obtain
H M M-n M—n
By (o) = 5 + 2 bn (Z dp NPk o HE=D(0) + 3 ay, BTm)
n=2 k=0 m=1

+ Oy (N51) + 0, (1).

We now recursively apply (3.10) to obtain an explicit expansion of By (zy): all the
asymptotic terms of the form O, (N9M+1) and o,, (1) gather because we only use (3.10) a
finite number of times. Apart from we only obtain terms of the form CN?%x!=1(0).
Furthermore:

H
S4H-T/

1. if the term was obtained without using (3.10), C' = b, d;, for some n and & such that
n+k=1,

EJP 24 (2019), paper 75. http://www.imstat.org/ejp/
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2. if the term was obtained after using (3.10) ¢ times, C = byam, - - apm, dp With
n+mi+---+mg+k=1L

Hence the total constant before N%¢!'~1(0) equals
Il l—n
Cr= Z an Aj_n_i dy.
n=2 k=0

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

Proof of Lemma 3.5. We will now show that all the coefficients Cy;/ ;1 in Lemma 3.9 are
vanishing. Let us write

L1/2]
C’l = Z an/ Zl—2n'
=1

with

Z, = i Arfkrdk:
k=0

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

r—1 r=1 [ r—k
Z, = ZAr—kdk+A0dT = Z Z Z Amy " Amy 'dk+dr7
k=0 k=0 | ¢g=1 mi,-- ,mg>0

mi+-+mg=r—~k

then we can write the formal expansion

oo o0 oo q oo o0
ZZT,ZT = (Z <Z anz”>> . <Z dkzk> + Zdrzr.
r=1 g=1 \n=1 k=0 r=1

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

oo . .
;ZTZ o 2 (efz/4 _ ez/4) +1

which is an even function of z.
Since all the coefficients in the expansion given in Lemma 3.9 are equal to 0 we get

that
7l

+ Oy (N?) + 0, (1).
Let us now write
0, (N") =0, (NaN(M—l—QH)—M+2) = 0, (2HF1-MN-M+2)

From (H2) we have
z]f,l = 0,(N%),

EJP 24 (2019), paper 75. http://www.imstat.org/ejp/
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therefore if we choose M large enough we have
O (N*) = o, (NOWI=2H-D=042) — o, (1),

Finally
H

and Lemma 3.5 is proven. O

3.1.3 Final steps of the proof

Proof of Theorem 3.2. In the cylinder S x R we now consider a number of parallel circles
depending on N. Each circle bears again the same configuration of points. Precisely, we
choose

0<B<vyxl1

and take | N?| circles at the heights

k
ek ke{l,---,|N?]}.

We put on the k-th of these circles 4N points (PF)#Y] of coordinates

i B\
(v w).,

We associate to those points the usual coefficients

of = (-1
and consider
[N?] 4N
Qv=7) Y cc (PP
kl=14,j=1
[N?] an IN°] 4N
=Y D e d®™ (P PH+ Y Y ad® (P P))
k=1 i,j=1 ki=1,k#l i,j=1
N7
= IVJan+ Y B ().
k,i=1,k#l
with
SRl |k =1
N NY

l

Let us observe that all the zfv verify

1 ki _ [N
N SN S TN

and recall that 0 < 8 < v < 1, hence we can apply Lemma 3.5, since all zjk\;l verify (H1)
together with (H2) as long as we choose a, @ such that

O<a<vy<l1
and

O<y—p<ax<l,

EJP 24 (2019), paper 75. http://www.imstat.org/ejp/
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which is always possible.
In the end we get that

Qn =|NP°|An +

[N (IN?] — 1) (2 H )

9 4H-1 +o(1)

Recall from Lemma 3.3 that

Nl—2H o0 - - .
AN 0 mz;) [(2p)27 —2(2p + 1)*7 + (2p + 2)?7] ,
p:

therefore if we choose 8 > 1 — 2H we obtain

H
Qn ~ —-N? — 400 aswe wanted. (3.22)
N—oo 4H N—oo

Let us remark that for every positive ¢ the points P, y belongs to Sx]0,¢[ for N large
enough: Theorem 3.2 is proven. O

4 Extension of the result to Riemannian products

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

Tipq)(M x N) = T,M x T,N. (4.1)

For every u € T(;, 4 (M x N) we will write u = (ups,un). The Riemannian product of
two Riemannian manifolds M and N is the manifold M x N endowed with the product
Riemannian metric, given for every u,v € T, 4)(M x N) by

(u, V) mrxn = (unm,vavr)m + (Un, UN)N- (4.2)

The geodesics in the Riemannian product M x N are exactly the curves g(t) = (m(t), n(t))
with m and n geodesics in M and N. The same is true for minimal geodesics. As a
consequence we have the following equality between the geodesics distances:

darsn (01, q1), (92, 42)) = Vdar(p1,2)2 + dn (g1, g2)2. (4.3)

Theorem 4.1 (Generalisation to Riemannian products). For every Riemannian manifolds
M and N such that M contains a minimal closed geodesic, the Riemannian product
M x N has fractional index

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

any minimal geodesic in N, which we choose to parametrise by arc-length. Since ~v is a
minimal closed geodesic ([0, 27]) is isometric to the circle of radius # In the same
way, g minimal geodesic implies that g(]0, T) is isometric to ]0, 7. From (4.3) we deduce
that

7([0,27]) x 910, T) € M x N

is isometric to the cylinder of radius L) and height T'. The fractional exponent of this

27
cylinder is the same as /8$1><] [ (see Remark 2.3), which is null from Theorem 3.2.

27T
0.2

From Remark 2.2 we deduce that 35;«n is also null. O
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Example 4.2. For every d > 2 the d-dimensional flat torus T := §' x ... x $! has
—_——

) ) d times
fractional index 0.

Example 4.3. For every n > 1, $” x R has fractional index 0.

5 Perturbation of the product distance

In the following section we look at $!x]0, ¢[ endowed with a distance which is not
the product distance, but which converges to dgs1 xR as z €]0,¢][ is close to 0. We give in
Theorem 5.1 a bound on the fractional index in this case, which depends on some rate of
convergence towards the cylinder distance. In Section 5.1 we consider some surfaces of
revolution as examples.

Theorem 5.1 (Perturbation of the product distance). Let us consider a distance d’ on
$!x]0,¢[ and denote by E' the resulting metric space. We define for very h €]0, ¢|

A(h) ;== sup sup |d'[(01,21), (02, 22)] — d[(01, 21), (02, 22)]] - (5.1)
z1,22<h 01,05€81

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

Sp = sup {5 >0, A(h) = o(hé)}.

h—0t

If 6, > 0 we obtain that the fractional index of E’ B/ verifies

! <
BE = 5E/+]-,
and if 6 = +00,

Br = 0.

Remark 5.2. Under the assumption that dz is positive or equal to +oo, the distance d’
converges in some sense towards the cylinder distance when ¢ goes to zero. Vaguely
speaking, the border of £’ when ¢ goes to zero is a circle $', and from this we can prove
that

BE/ S ﬂsl. (52)

Since Bg1 = 1 (see Istas [11]), our result is clearly uninteresting for gz < 2. We now
prove (5.2):

On the circle $!, parametrised by arclength 6 € [0, 2|, consider P, = 0, P, = 7/2,
P; =7, Py = 3w /4, together with ¢; = ¢3 = 1 and ¢o = ¢4 = —1. We have

4

3 e (P, Py) = 4x — 8 (g)w = 4n?H (1 — gL-2H) (5.3)
ij=1

which is negative as long as H < 1/2. Under the assumption that dg is positive or equal

to 400, A(h) (defined in (5.1)) tends to zero when h goes to zero: In particular for every

H < 1/2, if we consider € > 0 small enough and Pf = (P,,¢), fori € {1,--- ,4} we will

have all the d'(Pf, P5) close enough to the d(F;,; ) so that

4
> eic;d?(PEPE) <. (5.4)
i,j=1

d/2H

This proves for every H < 1/2 that is not positive definite, hence that Sz < 1.
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Proof. In view of the previous remark we may assume that 5 > 2. Let us assume there
exists § > 0 such that

A(h) = O(R°
( )h—>0+ ( )
which is true whether ¢ is finite or +o0o. We consider § < §g and

1 3

We now apply the exact scheme of the proof of Theorem 3.2, with the new distance d’.
Let us recall that the proof of Theorem 3.2 lies on the existence of S and v such that

1-2H<B<y<1 (5.6)
Our assumption (5.5) allows us to choose 3 and v such that besides (5.6) we have
0(f—~) <2H -3, (5.7)

which will be useful later. With the notations of Section 3.1.3 we consider

IN?] N
Qv:i= > Y ¢ [d/(PﬁP})]QH (5.8)
kd=14,j=1
IN°] N
= Z CjCj [d(Pikvpj)+d/(Pik7PJ;)_d(PikaP];)
kl=1i,j=1
IN°] N

=33 e [a(pr P!

ki=14,j=1

]QH

2H
d'(PF, le) —d(PF, P]l)

1+ -
d(szpj)

(5.9)

B
As the maximum altitude of all points considered is waj , using (5.7) we obtain for every
7;’ .j7 k" l

|d'(P¥, Pl) —d(PF, PH| < A(N*7) =0 <N6(5‘7)> = o (N2H-3), (5.10)
moreover 1
(P, P)) > = (5.11)

k pl k pl
d' (P, Pj) — d(P}, Pj)
d(PF. P}
Taylor expansions yields

so that tends towards 0 as IV goes to infinity for every i, j, k, [.

IN?| N
Qv =0Qn+0| > Y cje2Hd""Y(PF Py (d' (PF, P}) —d (P}, F)))
kil=1i,j=1
We compute
IN?|] N
@ —Qnl=0 | X 30 HEPE P A (NP)
kl=1i,j=1

~0 <LN’3J2(4N)2 (}V)H> A (NP,
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using (5.11) again and (5.10) we obtain
|Qy — Qn| = O (N?PF22HH1) o (N2H=3) = o (N?F) (5.12)
Now given (5.6) and because H < 1/2 we still have (see (3.22))
H

~ —_ .N?8
QN N—o0 4H ’
hence
/ _ H NQB N2,@
QN N:>oo 47H . + 0( )

is positive for N large enough, which implies that (¢')*” is not negative definite and

therefore fp/ < 2H. Since this is true for every § < dg: and every H > ﬁ, the

theorem is proven. O

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

Theorem 5.3 (Perturbation of the product metric). Let I be an open real interval such
that there exists € > 0, |0,¢[C I and consider the case where E’' is $! x I endowed with
the Riemannian metric

< ) >/ = (1 + fl(ea Z))d92 + (1 + f2(6’ Z))dZQa

with f; and f, C*° functions with values in ] — 1, +o0].
Let us assume that the Riemannian manifold E' is complete, and that

Y4 minimal geodesic in
sup  sup < max / |db|, |dz| |, , < oo (5.13)
P,QES! x]0,¢] Yar yar FE’ between P and @)

For every h € I we define

2T (h) = sup  inf {
10,h]

max(z(t)) such thatt — (6(t), z(t)) is a }
t : (5.14)
P,Qe S'x

minimal geodesic in E' between P and Q

z7(h) = sup }sup {

mfin(z(t)) such thatt — (0(t),z(¢)) is a
P,Qe $1x]0,h 7

minimal geodesic in E' between P and )

Fi(h) = sup max /| f1(0, z)|, 01 := sup {(5 >0,Fi(h) = +O (h‘;)} ’

z€]z (h),z+ (h)[ O€S! h—0

Fs(h) := sup max +/|f2(0, z)], d2 :

z€]z (h),z+ ()| 0€S

—0

sup {6 > O,Fg(h)h: +O (h‘;)} .
If min(dy, 02) is finite we have

3

D i —
6E - min(él,ég)—&—l’

and if 51 = § = 400,
Br = 0.

Proof. Let us consider P; = (61,21) and P, = (69, 22) in $! x]0, ¢[. Let us denote by v, a
minimal geodesic between P; and P in E’, and by v, a minimal geodesic between the
same points in the cylinder endowed with its classical distance d. We also set

C= sup sup max |dd|, |dz|,/ \d9|,/ |dz| 7.
Py, Poe 81 x]0,e] YdrVar Yd Yd Ya! Ya!
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Let us notice that C' is finite from hypothesis (5.13). Indeed the curves v, are minimal
geodesics between points in $'x]0, e[, hence [ |dz| < e and [ |df| < 7. We now assume
that 21, z0 < h and compute

d'(Py, Py) =/ ((7&»7&)')”2 §/7(<7&,vé>/)1/2

Ya’

= [ (% £0,2)d0* + (1 + 1200, 2900:2)
‘/Yd( )

1/2
< / ((1 + max | f1 0 v4])d0? + (1 + max | fy o *yd\)dz2> ,
Yd
using twice (a + b)/2 < /% + b'/2 for a,b > 0 :

§/ (d92+d22)1/2+max|f1 O’7d|1/2/ |d0|+max|f20fyd|1/2/ |dz|
Yd

Yd Yd

< d(Py, Py) + C (max |y 0 4l + max| f 0 7]'/2)
from which we deduce
d' (P, Py) < d(Py, Py) + C(Fi(h) + Fx(h)). (5.15)
In a similar way and with

fi(0,2) .= —min(f;(6,2), 0) :

4(P,, Py) :/ (0 + 110, 2)a8% + 1 +f2(97z))d22>1/2

Ya’

> [ (@ o.mnar+ - gy 0.20a2)

a’

using (a — b)/? > a2 — b2 fora >b>0:

= / (6 + d=?)"? —max |fi 07|/ [ 6] — max|fs O’Vd'|1/2/ |dz|
ol ot

d’ Ya’ d’
> [ (@0 +d)"" = (x| ol 2+ sl 2ol ).
Yd
hence
d/(Pl,Pg) > d(Py, Py) — C(Fi(h) + Fa(h)). (5.16)
Finally for every P; = (01, 21) and Py = (62, 23) with 21, 20 < h we have
|d(Py, Py) — d'(P1, P2)| < C (Fi(h) 4 Fa(h)),

hence
A(h) < C (Fi(h) + Fay(h)).

This implies that §z/ (defined in Theorem 5.1) is such that
5E'/ Z min(él, 52),
and we apply Theorem 5.1 to conclude. O

Remark 5.4. Assumption (5.13) is for example verified if £’ is a metric space of finite
diameter and f; and f, are bounded below by m > —1. Indeed for every P, Q in $! x]0, [
and 74 a minimal geodesic from P to Q in E’ we have

/2

/ (1 + £1(0,2))d0? + (1 + f2(0, 2))dz*) '~ = d(P,Q),
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hence

1/2

[ (a+ne.a) <ar.Q),

(P, Q)
/w = inf(1 + f1(0,2))"/?

from which we deduce

The same argument gives

(P, Q)
/w = inf(1 + f2(0,2))"/>"

Remark 5.5. Let S be a complete, orientable Riemannian manifold of dimension 2, with
v:[0,27] — S

a minimal closed geodesic. Without loss of generality (see Remark 2.3) we assume that
the minimal geodesic has length L(y) = 27 and is parametrised by arc-length. If we
choose a C* vector field v along 7 such that for every 6, ||v(0)||s = 1 and (v(0),7'(9))s =
0, and define

P:$'xR— S
(072) = Eo:pv(g)(zv(G)),

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

V. = ®($'x] —¢g,¢).

Furthermore V. is a neighbourhood of . For every p € V. we get the coordinates
(0,2) = ®~1(p), and one can check that the inner product of S is given by

(,)s =1+ f1(0,2))do> + d=?,

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

However it is not possible to apply Theorem 5.3 without global assumptions on S.
Indeed imposing some conditions on the inner product in a neighbourhood of ~ is not
enough to control the geodesic distance, as minimal geodesics between points close to v
may take values in the whole of S (see Remark 2.4).

In this case we need that all the minimal geodesics between points close enough to ~
take values in V., in order to have 2% (h) and 2~ (h) properly defined. Furthermore if we
don’t have lim 27 (h) = lim 2~ (h) = 0, we don’t have

h—0 h—0
h—0 h—0

hence §; = §o = —oco and Theorem 5.3 claims nothing. In the next section we consider
surfaces of revolution with increasing generating function and apply Theorem 5.3.

5.1 Some surfaces of revolution as examples

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

r(2) cos()
Xr:(0,z) = | r(z)sin(@) | . (5.17)
z
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Lemma 5.6 (Control of geodesics). Let I be a surface of revolution with generating
function r. If r is increasing, for every geodesic

g:[0,T] =T
e (0(1),2(1))
and for every t € 0,17,
z(t) < max(z(0), z(T)).

In particular for every h > 0,

with 2zt defined as in (5.14).

Proof. We will use Clairaut’s relation (see [4]) which states that along a given geodesic
of a surface of revolution

r(z(t)) cos(e(t)) = const. , (5.18)

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

Since any geodesic is differentiable, so is ¢ — z(¢). Let us assume that z(¢) has a
global maximum in ¢y €]0, T[ and that there exists ¢; €]0,7[ such that 2’(¢1) # 0. Since
z(to) is a maximum we have 2'(t;) = 0, which is equivalent to ¢(¢y) = 0. Because
Z'(t1) # 0, ¢(t1) €]0,7/2]. We have

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

Using r increasing and z(¢1) < z(tp) maximum, we obtain

r(z(t1)) cos(ip(t1)) < r(z(to)) cos(p(to)),

which contradicts Clairaut’s relation (5.18).

In the end, either 2/(¢) = 0 for every ¢ €]0, 7|, which means z(¢) = const. and the result
is clear, either the global maximum of z over [0, 7] (which exists since z is continuous) is
reached in ¢ = 0 or t = T'. We have proven for every geodesic ¢ — (6(t), z(t)) that

Yt € [0,T], z(t) < max(z(0), z(T)).

Given the definition of z1 (see Theorem 5.3) it is clear that z*(h) = h for every h. The
lemma is proven. O

Theorem 5.7 (Surfaces of revolution). Let I be a surface of revolution with C* gen-
erating function r such that r is increasing. If there exists p > 4 and ¢ € R such
that

_ — P P
r(z) — r(0) Revicins o(zP) (5.19)
then 6
<
fr=i03
If for every p € IN
_ — P
r(z) —r(0) =00 (zP), (5.20)
then
Bfr =0
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Proof. Let us assume that r(0) = 1. This assumption is done without loss of generality,
as we may consider an homothety of a general surface of revolution I" to have r(0) = 1,
without changing the fractional index (see again Remark 2.3).

We compute

—r(2) sin(6)
0Xr
— = r(2) cos() ,
06 0
r'(2) cos(0)
0Xr , )
P r'(2)sin(0) |,

and deduce the coefficients of the first fundamental form of I":

dXr OXr )
E = _—— =
r < 86 o8 >]R3 r(2),
_JoXr 0Xr\
FF_< 90 0z >R3_0’

D N
GF_< 9z " 0- >R3_T(Z) L

We get the expression of the Riemannian metric

(, ) =7r2(2)d6* + (1 +1'(2)?) dz*. (5.21)

Let us now fix a positive ¢ and apply Theorem 5.3 to E’ = $!x]0,¢[ endowed with
the inner product ( , )r. It is clear that E’ is isometric to the Riemannian manifold
I, := Xp ($'x]0,¢[) endowed with (, )r.

Let us now check assumption (5.13), using Remark 5.4. It is clear that the Riemannian
manifold I'. = Xr ($'x]0,¢[) endowed with (, )r is a metric space of finite diameter. We
have

f1(0,2) =r%(2) — 1,
f2(0,2) =1 (2)2.

Since r(0) = 1 and r increasing we have f1(6,z) > 0 > —1 and clearly f2(,z) > 0> —1.
From Remark 5.4, assumption (5.13) is verified.
Recall that z*(h) = h from Lemma 5.6, and clearly 2~ (k) = 0. Since f; and f» do not
depend on 0 we get
Fi(h) = (r*(h) = )2,

Fy(h) = "(2)].
»(h) = maxc ()

Now under assumption (5.19), it is clear that we have
Fi(h) = (2¢)/2hP/2 4 o (hW) :

hence
51 >p/2. (5.22)

Since 7’ is continuous, there exists 2(h) € [0, h] such that

Fy(h) = max. 1'()] = I (2(h)]
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From (5.19) we get

hence
5y >p—1. (5.23)

Since p > 4 from (5.22) and (5.23) we have min(dy, d2) > p/2, and applying Theorem
5.3 we get

3 6
< - = 5.24
BFE_p/Q—i—l p+2 (5.24)
Under assumption (5.20) instead of (5.19), the same reasoning gives
I'. =0. (5.25)

Now since from Lemma 5.6 we have 21 (h) = h, every geodesic in " between points
of . = Xr (8! x [0,¢]) stays in I, hence the geodesic distances dr and dr, coincide on
I'.. This allows to extend the conclusions (5.24) and (5.25) from Sr, to Or (see Remark
2.2). O

Remark 5.8. Notice that the assumption p > 4 is not essential. However for lower
values of p the same reasoning gives a bound of gr greater than 1, and we already know
that fr < Bs1 = 1 since the parallel at height z = 0 in I is isometric to a circle (see
Remark 2.2).

Example 5.9. As we can see the bound obtained in Theorem 5.7 is the smaller as the
order of the contact between the surface I' and the cylinder is great. In particular if we
consider the generating function r(z) = 1+ e~ * whose all derivatives at z = 0 are zero,
we obtain

Br =0, (5.26)

which indicates that our argument does not depend on the product structure of the index
space.

6 Gromov-Hausdorff discontinuity of F — [

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

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

dy (A, B) := max{sup dg(x, B),sup dg(y, A)}. (6.1)
z€A yeB
We now give the definition of the Gromov-Hausdorff distance between two isometry
classes of compact metric spaces E and F,

dgu(E, F) := inf dy (i(E), j(F)), (6.2)
where F and F are any two representatives of £ and F, i and j run through all isometrics
embeddings of F and F into any ambient metric space (X,d), and dy denotes the

Hausdorff distance on closed sets of (X, d).
It is known that (M, dgy ) is a metric space (see [2]).
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Theorem 6.1 (Gromov-Hausdorff discontinuity of the fractional index). The map

(M, dgy) — R*
E— BE

is not continuous at E = $!.

Proof. Let us consider $! x [0, ] endowed with the Riemannian product metric (3.1),
which is nothing more than $! x [0, ¢] endowed with the restriction of dg1 . (All that we
say about $! x]0,¢[ in Remark 3.1 is true for $! x [0, ¢].)

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

dgH (Sl,Sl X [O,E]) < dq.[ (C(),OE)

= max (Sup d(x,Co), sup d(y, CJ)

yel. y€Co

= max(e,0) = €.

Recall that g1 = 1. From Theorem 3.2 we know that for every € > 0, Bs10,.) = 0. The
discontinuity at £ = $! is proven. O
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