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Summary

In this thesis, we consider relative fractal drums and their corresponding Lapidus fractal
zeta functions, as well as a generalization of this notions to the case of unbounded sets at
infinity. Relative fractal drums themselves are a generalization of the notion of a bounded
subset in an Euclidean space. Here, we continue the ongoing research into their properties
and the higher-dimensional theory of their fractal zeta functions and complex dimensions
which started as a collaboration between M. L. Lapidus and D. Zubrini¢ in 2009 with the
later addition of the author of this thesis.

The theory of complex dimensions is already well developed for fractal strings; that is,
for fractal subsets of the real line. The complex dimensions of a relative fractal drum are
defined as poles of a meromorphic continuation of its corresponding distance or tube zeta
function. Complex dimensions of a relative fractal drum generalize, in a way, the notion
its box (or Minkowski) dimension. More precisely, under some mild conditions, the value
of the box dimension of a relative fractal drum is a pole of its corresponding fractal zeta
function with maximal real part. Moreover, the residue computed at this pole is closely
related to its Minkowsk: content.

Here we derive important results which further justify the notion of ‘complex dimen-
sions’ and connect it to fractal properties of a given relative fractal drum. More precisely,
we establish fractal tube formulas for a class of relative fractal drums which express their
relative tube function; that is, the Lebesgue measure of their relative d-neighborhood for
small values of d, as a sum over the residues of their fractal zeta function. These formulas
are given with or without an error term and hold pointwise or distributionally depending
on the growth properties of the corresponding fractal zeta function. The importance of
these formulas is that they show how the complex dimensions are related to the asymp-
totic development of the relative tube function of a given relative fractal drum. As an
application we derive a Minkowski: measurability criterion for a large class of relative frac-
tal drums. Furthermore, we also show that the complex dimensions of a relative fractal
drum are, as expected, invariant to the dimension of the ambient space.

We introduce a further generalization of the theory of complex dimensions to the con-
text of unbounded sets at infinity which can be used as a new approach of applying fractal
analysis to unbounded subsets in Euclidean spaces. This is done for unbounded sets of

finite Lebesgue measure by introducing the notions of Minkowski content at infinity and
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Minkowski (or box) dimension at infinity which describe their fractal properties. Further-
more, we proceed by introducing an appropriate Lapidus (or distance) zeta function at
infinity and show that it is well connected with the fractal properties of unbounded sets.
We proceed by constructing interesting examples of quasiperiodic sets at infinity with
arbitrary number (even infinite) of quasiperiods that exhibit complex fractal behavior.
We also address the natural question which arises when dealing with unbounded sets
and their fractal properties; that is, establish results about the fractal properties of their
images under the one-point compactification and under the geometric inversion. Fur-
thermore, we also investigate fractal properties of unbounded sets of infinite Lebesgue
measure by introducing notions of the parametric ¢-shell Minkowski content at infinity
and the corresponding parametric ¢-shell Minkowski (or boz) dimension at infinity and
we establish results connecting these notions with the distance zeta function at infinity.
Finally we demonstrate how fractal analysis of unbounded sets via the geometric
inversion may be applied to investigate bifurcations of dynamical systems occurring at

infinity.

Keywords: fractal set, relative fractal drum, fractal zeta functions, distance zeta func-
tion, tube zeta function, shell zeta function, geometric zeta function of a fractal string,
Minkowski content, Minkowski measurability, upper box (or Minkowski) dimension, com-
plex dimensions of a fractal set, holomorphic and meromorphic functions, abscissa of
convergence, quasiperiodic function, quasiperiodic set, order of quasiperiodicity, Mellin

transform, fractal tube formula, Hopf bifurcation, polynomial vector field



Sazetak

U ovoj disertaciji bavimo se relativnim fraktalnim bubnjevima i njihovim fraktal-
nim zeta funkcijama Lapidusovog tipa, kao i generalizacijama ovih pojmova za slucaj
neomedenih skupova u beskonac¢nosti. Relativni fraktalni bubnjevi su sami po sebi gener-
alizacija pojma omedenog skupa u Euklidskom prostoru. Ovdje nastavljamo istrazivanje
njihovih svojstava i visedimenzionalne teorije njihovih fraktalnih zeta funkcija te pripada-
juc¢ih kompleksnih dimenzija koje je zapoceto suradnjom M. L. Lapidusa i D. Zubrini¢a
2009. godine a kojoj se autor disertacije pridruzio nesto kasnije.

Teorija kompleksnih dimenzija ve¢ je vrlo dobro razvijena za slucaj fraktalnih struna,
odnosno, fraktalnih podskupova realnog pravca. Kompleksne dimenzije relativnog frak-
talnog bubnja definirane su kao polovi meromorfnog prosirenja pripadajuée razdaljinske ili
cijevne zeta funkcije. Na odredeni nacin kompleksne dimenzije relativnog fraktalnog bub-
nja generaliziraju pojam njegove boz dimenzije (ili dimenzije Minkowskog). Preciznije, uz
neke blage uvjete, vrijednost box dimenzije relativnog fraktalnog bubnja jest pol njegove
pripadajuée fraktalne zeta funkcije s maksimalnom vrijednoséu realnog dijela. Stovige,
reziduum u tom polu usko je povezan sa sadrZajem Minkowskog danog relativnog frak-
talnog bubnja.

U ovoj radnji izvodimo vazne rezultate koji donose daljnje opravdanje pojma ‘komplek-
snih dimenzija’ i povezuju ga s fraktalnim svojstvima danog relativnog fraktalnog bubnja.
Preciznije, kao rezultat dobivamo fraktalne cijevne formule za klasu relativnih fraktalnih
bubnjeva koje izrazavaju njihovu relativnu cijevnu funkciju, odnosno, Lebesgueovu mjeru
njihove relativne d-okoline za male vrijednosti §, kao sumu po reziduumima njihove frak-
talne zeta funkcije. Te formule su dane s greskom ili bez greske i vrijede po tockama ili
distribucijski ovisno svojstvima rasta pripadajuce fraktalne zeta funkcije. Vaznost ovih
formula je u tome Sto pokazuju kako su kompleksne dimenzije povezane s asimptotikom
relativne cijevne funkcije danog relativnog fraktalnog bubnja. Kao primjenu izvodimo kri-
terij za Minkowskivljevu izmjerivost velike klase relativnih fraktalnih bubnjeva. Nadalje,
oCekivano, pokazujemo da su kompleksne dimenzije danog relativnog fraktalnog bubnja
invarijantne u odnosu na dimenziju ambijentnog prostora.

U nastavku radnje uvodimo generalizaciju teorije kompleksnih dimenzija u kontek-
stu neomedenih skupova u beskonacnosti koja moze posluziti kao novi pristup prim-

jeni fraktalne analize na neomedene skupove u Euklidskim prostorima. U slucaju
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neomedenih skupova konacne Lebesgueove mjere, generalizaciju provodimo uvodenjem po-
jmova sadrzaja Minkowskog u beskonacnostii box dimenzije u beskonacnosti (ili dimenzije
Minkowskog u beskonacnosti) koji opisuju njihova fraktalna svojstva. Nadalje, uvodimo
i pripadajuc¢u Lapidusovu (ili razdaljinsku) zeta funkciju u beskonacnosti te pokazujemo
da je dobro povezana s fraktalnim svojstvima neomedenih skupova. Nastavljamo s kon-
strukcijom zanimljivih primjera kvaziperiodickih skupova u beskonacnosti s proizvoljnim
brojem (moguce i beskona¢nim) kvaziperioda koji posjeduju slozena fraktalna svojstva.
Takoder se bavimo i prirodnim pitanjem koje se postavlja prilikom istrazivanja
neomedenih skupova i njihovih fraktalnih svojstava, u vidu pronalazenja rezultata koji
ih povezuju s fraktalnim svojstvima njihovih slika po jednotoc¢kovnoj kompaktifikaciji i
po geometrijskoj inverziji. Nadalje, takoder istrazujemo i fraktalna svojstva neomedenih
skupova beskonac¢ne Lebesgueove mjere uvodenjem pojmova parametarskog ¢-omotackog
sadrzaja Minkowskog u beskonacnosti i pripadajuce parametarske ¢-omotacke dimenzije
Minkowskog u beskonacnosti (ili p-omotacke box dimenzije u beskonacnosti) te izvodimo
rezultate koji povezuju ove pojmove s razdaljinskom zeta funkcijom u beskonac¢nosti.
Naposljetku, demonstriramo kako se fraktalna analiza neomedenih skupova preko ge-
ometrijske inverzije moze primijeniti u istrazivanju bifurkacija dinamickih sustava koje se

dogadaju u beskonac¢nosti.

Kljuc¢ne rijeci: fraktalni skup, relativni fraktalni bubanj, fraktalna zeta funkcija,
razdaljinska zeta funkcija, cijevna zeta funkcija, omotacka zeta funkcija, geometrijska
zeta funkcija fraktalne strune, sadrzaj Minkowskog, Minkowskivljeva izmjerivost, gornja
box (ili Minkowskivljeva) dimenzija, kompleksne dimenzije fraktalnog skupa, holomorfne i
meromorfne funkcije, abscisa konvergencije, kvaziperidicka funkcija, kvaziperiodicki skup,
red kvaziperiodi¢nosti, Mellinova transformacija, fraktalna cijevna formula, Hopfova bi-

furkacija, polinomijalno vektorsko polje
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Chapter 1

Introduction

1.1 Motivation and Goals

In this dissertation we will provide a potentially useful extension of the theory of
fractal zeta functions of bounded subsets and, more generally, of relative fractal drums
in Buclidean spaces which was developed in [LapRaZul]. The theory of [LapRaZul] is
in itself a significant extension of the theory of fractal zeta functions for fractal strings
which has been developed by M. L. Lapidus and his collaborators in the last two decades.
Fractal strings can be viewed as objects that are generated by certain fractal sets on the
real line. More precisely, for A C R of zero Lebesgue measure, a fractal string is defined
as the sequence of the finite lengths of the complementary intervals of the set A; see [Lap—
vFr1-3| and the relevant references therein. In this thesis, when referring to a fractal set,
we actually mean any nonempty bounded subset A of the N-dimensional Euclidean space
RY, with N > 1. The attribute ‘fractal’ actually means that the basic tool, when studying
the set A, is the notion of fractal dimension. As it turns out, the one' that best suits
this theory is the (upper) box dimension (also called the Minkowski dimension, Bouligand
dimension, limit capacity, etc.). Furthermore, the value of the Minkowski content of a
bounded subset A of RY is also referred to as a ‘fractal property’ and can be used as one
of the equivalent ways to define the box dimension. More precisely, for a bounded subset

A of RN and 0 < r < N we denote its r-dimensional Minkowski content by

14|
"(A) =1 1.1.1
M'(A) = lim SN (1.1.1)
whenever this limit exists as a value in [0,00]. Here, | - | denotes the N-dimensional
Lebesgue measure in RY and
As = {x e RY : d(x, A) < 6} (1.1.2)

!There are several different notions of fractal dimension, e.g., Hausdorff dimension, packing dimension,
etc. (see [Fall]).



2 1. INTRODUCTION

is the d-neighborhood (or the d-parallel set) of A with d(xz, A) := inf{|z —a| : a € A}
being the Euclidean distance from = to A. The set A is said to be Minkowski measurable
(of dimension r) if M"(A) exists and satisfies 0 < M"(A) < oco. We point out here
that there is no difference if we work with the closed d-parallel set of A, that is, with
As = {x € RY : d(z, A) < &} instead of As. This is a consequence of a nontrivial result
that for every bounded subset A of RY we have that |A;] = |As|, which was proved by
Stacho in [Stal.?

It has been of considerable interest in the past to determine whether a set A is
Minkowski measurable. One of the motivations is Mandelbrot’s suggestion in [Man2]
to use the Minkowski content as a characteristic for the texture of sets (see [Manl, §X]).
Mandelbrot called the quantity 1/M"(A) the lacunarity of the set A and made an ob-
servation that for subsets of RY small lacunarity corresponds to spatial homogeneity of
the set, i.e., the set has small, uniformly distributed holes. On the other hand, large
lacunarity corresponds to clustering of the set and large holes between different clusters.
More on this can be found in |BedFi, Fr, Lap—vFrl] and in [Lap—vFr3, §12.1.3|.

Particular attention to the notion of Minkowski content arose in connection to the
(modified) Weyl-Berry conjecture® (see the formulation in [Lapl]) which was proved for
subsets of R in 1993 by M. L. Lapidus and C. Pomerance |[LapPo2|. This conjecture
relates the spectral asymptotics of the Laplacian on a bounded open set and the Minkowski
content of its boundary. A crucial part of this result was the characterization of Minkowski
measurability of bounded subsets of R obtained in [LapPo2].* In particular, this led to
an important reformulation of the Riemann hypothesis in terms of an inverse spectral
problem for fractal strings; see [LapMa)].

In the dimension one, the Minkowski content of a set A is completely determined by
the fractal string which it generates. Furthermore, the particular geometric arrangement
of the complementary intervals is irrelevant, which is in sharp contrast to the case of
the Hausdorff measure. Fractal strings themselves have become an independent object of
study and exhibit numerous applications to, for example, spectral geometry and number
theory; see |Lap—vFr1-3| and the references therein. Furthermore, they made possible
the introduction and development of a rigorous theory of complex dimensions. For this
theory in a variety of situations see, for example [Lap6|, [ElLapMRo|, [HeLap]|, [Lapl-
5], |[Lap7-10|, [LapLéRo|, |LapMa|, [LapPel-3|, [LapPeWil-2|, [LapPol-3|, [HerLap],
[LapRo|, [LapLu| and the relevant references therein.

The theory of complex dimensions has been generalized to higher-dimensions in the

2Equivalently, for the boundary of As we have |0A4;s| = 0. Note that, there exists a subset U of RY
such that |0U| > 0. Furthermore, since every unbounded set A C RY can be partitioned into a countable
union of bounded subsets, |0A4s| = 0 also holds in this case.

3For the original Weyl-Berry conjecture and its physical applications see Berry’s papers [Berrl-2|.
Furthermore, early mathematical work on this conjecture and its applications can be found in [BroCar,
F1Va,Lap1,Lap3, LapPo2, LapPo3]. For a more extensive list of later work see [Lap—vFr3, §12.5].

1A new proof of this is given in [Fal2| and more recently in [RatWi2].
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research monograph [LapRaZul] and in [LapRaZu2f8]; that is, to the case of arbitrary
compact subsets in Euclidean spaces of any dimension. The fractal zeta function on
which this generalization is based was introduced in 2009 by M. L. Lapidus and its defi-
nition was inspired by a work of D. Zubrini¢ on singular sets of some spaces of functions
(see [Zu1—3, Zu5]). For another higher-dimensional generalization of the theory of complex
dimensions see [LapRoZu], where the notion of boz-counting zeta function is introduced.

More specifically, for a given bounded subset A C RY we define its distance zeta

function as

Cals: 6) = /A d(z, A= dz. (1.1.3)

for Re s sufficiently large and a fixed § > 0. It turns out that the dependence of (4 on
0 is inessential since in the theory of complex dimensions we are, generally, interested
in the poles of a meromorphic extension of (4(s;d). Since for d;,0o > 0 the difference
Cals;61) — Ca(s;dy) is an entire function (see [LapRaZul]), we conclude that changing
the & does not affect the poles of a (possible) meromorphic extension of the distance zeta
function in any way. We also point out that, without loss of generality, we could assume
that A is an arbitrary compact subset of RV, since replacing A with A does not change
the distance zeta function. Indeed, we have that A; = (4), and d(z, A) = d(z, A).

One generalization of the notion of Minkowski content and box dimension can be made
for objects that we call relative fractal drums. A relative fractal drum is an ordered pair
of subsets (A4, Q) of RY such that 2 is Lebesgue measurable and of finite N-dimensional
Lebesgue measure.” Furthermore, for a relative fractal drum (A4, Q) in RY and r € R we

denote its r-dimensional relative Minkowski content by

M(A,Q) = lim 204

1.14
50+ ON-T ( )

whenever this limit exists as a value in [0, o0]. Now, by using this notion, we can define the
relative box dimension of (A,) in a standard way, with values in [—oo, N]. The novelty
here is that we now let r € R, which is not a coincidence, since there exist relative fractal
drums with negative box dimension as was demonstrated in [LapRaZul]. Furthermore,

for a relative fractal drum (A4, Q) in RY, one defines its relative distance zeta function as

Cals, Q) = /Qd(x, AN dg, (1.1.5)

for Res sufficiently large. This, in turn, allows one to develop a theory of complex
dimensions of relative fractal drums in a much the same manner as it is done for bounded
subsets in RY. For a short exposition of this theory and its main results see Chapter 2
and [LapRaZul, LapRaZu4f5] for details.

®There is also another mild technical condition on the pair (4,) but we will leave out the details
until Section 2.1.
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In Chapter 3 we incorporate the most recent results (announced in [LapRaZu?] and
fully exposed in [LapRaZu8]) concerning the problem of obtaining fractal tube formulas,
for a class of relative fractal drums in terms of sums over the residues of their relative
distance or tube zeta functions. By a fractal tube formula of the relative fractal drum
(A, Q) we mean an exact or asymptotic expansion of the relative tube function ¢ — |A;NQ|
when ¢t — 0%. These formulas will hold pointwise or distributionally, depending on
the growth properties of the corresponding relative zeta function. These results extend
the corresponding ones obtained in [Lap—vFrl1-3| for fractal strings. We refer to [Lap—
vFr3, §13.1] for many additional references on tube formulas in various settings, including,
[DeKOU, Gra, HuLaWe, Schn, Zih, LapPe3, LapPeWil, LapPeWi2|.

In the rest of the thesis we will mainly be concerned in extending the theory of complex
dimensions (with appropriate definitions) to the case of unbounded subsets of RY. There
are two different (but, in a way, related) approaches to this problem. One of them was
explored in the paper [RaZuZup], where for an unbounded subset A C RY the fractal
properties of its image ®(A) under the geometric inversion ®(z) := x/|z]* in RY were
applied in investigating bifurcations of some polynomial vector fields in R2. There it was
also shown that this approach is equivalent to studying the fractal properties of the image
of (A) on the Riemann sphere S* under the stereographic projection ¥: R? — S%. The
contents of [RaZuZup] is incorporated into Chapter 5 of this dissertation. We point out
that Section 5.2 is expanded, in comparison to the original paper, with results concerning
the stereographic projection in R and put into the context of some of the results of the
previous chapters of the thesis. Furthermore, Section 5.3 contains completely new results
and relates the two different approaches in analyzing fractal properties of unbounded sets.

The second approach, covered in Chapter 4, deals with the notion of a “fractal set at
infinity”. More precisely, D. Zubrini¢ suggested to try to analyze an unbounded Lebesgue
measurable set ( of finite N-dimensional Lebesgue measure by means of its tube function
at infinity which is defined as

t— |B(0)°N Q| (1.1.6)

where B;(0)¢ denotes the complement of the open ball in RY of radius ¢ with center at the
origin. Also, a suggestion by D. Zubrini¢ was to define a Lapidus (distance) zeta function
of Q0 at infinity by replacing the integrand in (1.1.5) by some suitably chosen power of |z|.
As it turned out, the right way to define the Lapidus zeta function of €2 at infinity was

Co(5,9) = /Q N da. (1.1.7)

for Re s sufficiently large. Furthermore, as will be shown in Chapter 4, this definition is

perfectly in accordance with the (also new) notion of the r-dimensional Minkowski content
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of Q1 at infinity defined by

M"(00,Q) ;= lim —|Bt(0) nay

Jim =S (1.1.8)

for r € R whenever it exists and also with the notion of box dimension of Q0 at infinity
which it induces. Using these definitions, we will extend the theory of [LapRaZul] to the
case of unbounded Lebesgue measurable subsets € of RY.

The notation of (1.1.8) suggests that a fractal set © at infinity may be understood
as a special case of a relative fractal drum (A, ) where the set A has degenerated to a
point at infinity. This is indeed the case and the fractal properties of this relative fractal
drum will be closely related to the fractal properties of its ‘inverted relative fractal drum’;
that is, of ({0}, ®(2)). Hence, therein lies the relation with the first approach to fractal
analysis of unbounded sets mentioned above and exposed in Chapter 5. In light of this,
it will be no surprise that the box dimensions of unbounded sets at infinity will always
be nonpositive® or, more precisely, less than or equal to —N.

The examples of relative fractal drums of type (oo, (2) presented in this thesis will
provide some interesting insights into the notion of ‘fractality’ or rather, ‘relative frac-
tality’.” Namely, although the ‘fractal set’ A has degenerated to a point at infinity (and
thus, one would not expect it to be fractal in any way; that is, to have nontrivial fractal
properties), we will show that the set Q will be the source of fractality in this case. This
will be fully demonstrated in Section 4.6 by constructing quasiperiodic sets at infinity and
even a set € that is mazimally hyperfractal at infinity.® The idea of this construction can
also be applied to the case of ordinary relative fractal drums of form ({0}, ) in order to
demonstrate the existence of such a complicated objects even though the set A consists
only of a single point and thus, again, the source of fractality of ({0}, €2) in this case is the
set . To demonstrate this, one could also apply the geometric inversion to quasiperiodic
sets () at infinity constructed in Section 4.6 to get a quasiperiodic relative fractal drum
({0}, ®(Q2)), although in this approach there are some loose ends that still need to be
proved.

By looking at Equation (1.1.7); that is, at the definition of the distance zeta function
at infinity, one can see that for it to make sense, it is not necessary for the set € to
have finite Lebesgue measure, but rather, to be just Lebesgue measurable. This turned
out to be nicely related to a new notion of a parametric Minkowski content introduced
in Section 4.7. As he was unable to find a similar notion in the literature, the author

suggests to call it the r-dimensional ¢-shell Minkowski content at infinity, where, ¢ > 1

6The box dimension of a relative fractal drum of type ({0}, () is at most equal to 0 since the set A
here consists of a single point.

"For a discussion of the notion of fractality see [Lap-vFr3| and the relevant references therein.

8The notion of a (maximally) hyperfractal set was introduced in [LapRaZul| in terms of the corre-
sponding fractal zeta function associated to that set. In a way, such sets exhibit the most complicated
geometrical nature.
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is a parameter and r € R. For a Lebesgue measurable subset Q € RY we define it as

M(00,Q) := lim [B:(0)7 1 Buu(0) 1 €Y (1.1.9)

t— 400 tN+r

whenever this limit exists. The idea to introduce this notion originally came into exis-
tence as a side effect of studying the connection between fractal properties of the relative
fractal drum (oo, (2) and the fractal properties of its image on the N-dimensional Rie-
mann sphere under the stereographic projection W. Furthermore, the notion of ¢-shell
box dimension of €2 at infinity, which the ¢-shell Minkowski content at infinity induces,
generalizes the already introduced definition of box dimension at infinity for sets of finite
Lebesgue measure. Moreover, the sets of infinite Lebesgue measure will have their ¢-shell
box dimension (if it exists) always in the interval [N, 0] which fills out the ‘dimensional
gap’ left over by the sets of finite Lebesgue measure.’

We point out that one can also define an analog of the ¢-shell Minkowski content for
relative fractal drums and study its properties. In particular, it would be interesting to
fully relate this notion to the notion of surface Minkowski content studied in [RatWil|
and [RatWi2|. Some preliminary results about this problem (in the case of fractal sets at
infinity) can be found in Section 4.8 but we leave out the rest for future work.

The motivation to study the fractal properties of unbounded sets comes from a variety
of sources. In particular, the notion of "unbounded" or "divergent" oscillations appears
in problems in oscillation theory (see, e.g. [Dzu, Karpl), automotive industry (see, e.g.,
[SBOPQD]), civil engineering (see, e.g, [Pou]) and mathematical applications in biology
(see, e.g., [May]). Unbounded (divergent) oscillations are oscillations the amplitude of
which increases with time. For instance, the oscillations of an airplane that has positive
static stability but negative dynamic stability is an example of divergent oscillations that
appears in aerodynamics (see, e.g. [Dol|).

Furthermore, unbounded domains themselves are also interesting in the theory of
elliptic partial differential equations. More precisely, the question of solvability of the
Dirichlet problem for quasilinear equations in unbounded domains is addressed in [Mazl|
and [Maz2, Section 15.8.1|. Also, unbounded domains can be found in other aspects of the
theory of partial differential equations; see, for instance [An,Hur,Lan,Rab| and [VoGoLat].
Research dealing with unbounded domains of infinite volume can be found in [GeWe|, and
connected with that is the research dealing with cusp-shaped domains (see, e.g., [ExBal—
2|), which also appear in examples in this thesis. Furthermore, the new notion of the ¢-
shell Minkowski content could possibly have a connection to certain comparison principles
for the p-Laplacian (see, e.g., [Ag,MarMizPin,PolSha| and the relevant references therein).

Fractal properties of unbounded domains, studied here, could therefore have a future

9Recall that the sets of finite Lebesgue measure always have (if it exists) their box dimension at infinity
less than or equal to — V.
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impact and lead to a new approach to these problems.

1.2 The Thesis Overview

This section contains a brief overview of the thesis with the emphasis on the main
results. The rest of the introductory chapter contains Section 1.3 where basic definitions
and notation that will be used in the rest of the thesis is introduced. In Sections 1.4
and 1.5 we recall the well-known notions of Dirichlet-type integrals and almost periodic
functions and distributions, respectively. The main results about these notions, which
will be needed later, are listed and references to the literature are given.

Chapter 2 represents a brief overview of the main definitions and results from
[LapRaZul] in order to give the reader an idea about the theory of complex dimensions
of relative fractal drums and their fractal zeta functions. Most of the theory of Section
2.1 will be needed in Chapter 3. Furthermore, it also serves to put into perspective the
generalization of the theory of complex dimensions and fractal zeta functions to the case
of ‘fractal sets at infinity’ given in Chapter 4.

Chapter 3 represents the first main contribution of this thesis to the higher dimensional
theory of complex dimensions and fractal zeta functions. In this chapter we derive ‘fractal
tube formulas’ for a class of relative fractal drums. More precisely, for a relative fractal
drum (A, Q) we derive formulas that express the relative tube function ¢ — |A4; N Q)|
as an appropriate sum over the residues of its corresponding fractal zeta function. In
a way, these formulas justify the term ‘complex dimension’ since we show that these
complex dimensions are closely connected to the oscillatory nature of the geometry of
the given relative fractal drum. This is analogous to the situation encountered in the
one-dimensional case of fractal strings which is extensively studied in [Lap-vFr1-3]. (We
draw the attention of the reader to |Lap—vFr3, Chapter 5 and 8| for the corresponding
one-dimensional analog.)

The main result of Section 3.2 is Theorem 3.14, which provides a pointwise fractal
tube formula with and without an error term depending on the growth properties of
the corresponding relative tube zeta function. In order to weaken the growth conditions
imposed in Theorem 3.14, we use the distributional approach in Section 3.3 and derive a
fractal tube formula that holds distributionally (on an appropriate space of test functions).
Thus, the main results of Section 3.3 are Theorem 3.20 which is the distributional analog
of Theorem 3.14 and Theorem 3.22 which provides an estimate on the corresponding
distributional error term.

In Section 3.4 we “translate” the results of Sections 3.2 and 3.3 in terms of the much
more operable relative distance zeta function. In order to do so, we introduce a new type
of fractal zeta function called the relative shell zeta function in Definition 3.23. The shell

zeta function firstly appeared in Section 4.9 in order to deal with ‘fractal sets at infinity’
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of infinite Lebesgue measure but proved very useful in Section 3.4. Namely, it enabled us
to obtain the results with analogous growth conditions imposed on the relative distance
zeta function as it was done in Sections 3.2 and 3.3 for the relative tube zeta function. We
point out that this was not possible to do directly from the functional equation connecting
the relative tube and distance zeta functions (Theorem 2.5). Furthermore, we derive the
main properties of the relative shell zeta function as well as functional equations that
connect it to the relative tube and distance zeta functions; see Theorems 3.24, 3.25 and
3.27. Finally, the main results of Section 3.4 are the pointwise and distributional tube
formulas of Theorems 3.37 and 3.40, respectively.

In Section 3.5 we derive a criterion for Minkowski measurability of a large class of
relative fractal drums in terms of their fractal zeta functions. The sufficiency part (The-
orem 3.42) is a consequence of the Wiener—Pitt Tauberian theorem. In short, it states
that an RFD is Minkowski measurable if the only pole of its corresponding fractal zeta
function contained in the critical line is real and simple; that is, the pole is then equal to
its relative box dimension. Moreover, Theorem 3.42 gives then a nice connection between
the Minkowski content of the given RFD and the residue of the corresponding fractal
zeta function computed at this pole. On the other hand, if, in addition, there are other
poles on the critical line, the Wiener-Pitt Tauberian theorem gives an upper bound on
the upper Minkowski content of the RED under consideration (see Theorem 3.44).

In order to prove the other direction of the Minkowski measurability characterization
we introduce a new fractal zeta function in Definition 3.46 which we call the Mellin zeta
function. Its basic properties are expressed in Theorems 3.47, 3.49 and 3.50. This new
zeta function is needed in order to extend the distributional tube formula of Theorem
3.40 to a larger space of test function which allows one to use the Uniqueness theorem for
almost periodic distributions in the proof of Theorem 3.56. Finally, combining Theorem
3.42 and 3.56, the Minkowski measurability criterion is obtained in Theorem 3.58.

In Section 3.6 we give several interesting examples and applications of the theory
developed so far. Notable is the example of an RFD based on the Cantor’s function graph
(Example 3.69). As it is well-known, the box dimension of the Cantor’s function graph
is trivial; that is, equal to one and the graph is rectifiable. One the other hand, one
intuitively would still like to call this graph fractal for obvious reasons and Example 3.69
gives a sort of a justification for that. Namely, it shows that its relative zeta function
has nonreal poles located to the left of the critical line {Res = 1} and having real part
equal exactly to the box dimension of the middle-third Cantor set; that is, to logs 2. From
the theory developed in Chapter 3 we then deduce that these poles generate lower order
oscillations of the relative tube function of the RFD associated to the graph of the Cantor
function.

Alongside other examples of Section 3.6 we also analyze fractal nests (Example 3.70)

and unbounded geometric chirps (Example 3.75) which are not self-similar. The example
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of a fractal nest depending on a real parameter exhibits an interesting phenomena of two
simple complex dimensions (i.e., simple poles of the associated fractal zeta function) that
“merge” for a particular value of the parameter and form a single complex dimension of
second order (i.e., a pole of second order). This second order complex dimension generates
then logarithmic terms in the asymptotic expansion of the associated relative tube zeta
function. A general result about a class of RFDs that have a single complex dimension
of higher order located on the critical line is given in Theorems 3.73 and 3.74. In short,
such an RFD is then Minkowski degenerate with Minkowski content equal to +oo but
it is h-Minkowski measurable where h is an appropriate gauge function. More precisely,
h(t) = (logt=1)™! for t € (0,1) and m is the order of the associated complex dimension
having maximal real part. Furthermore, an explicit formula for the h-Minkowski content
is also given.

Towards the end of Section 3.6 we show how some already established results about
complex dimensions of self-similar sprays (see |[LapPe3, DeKOU]) can be recovered from
the results of Chapter 3. Finally, Example 3.76 provides an explicit construction of a
relative fractal drum of R that possesses an infinite set of poles of arbitrary order or even
essential singularities located on the critical line in arithmetic progression. The example
is based on an “iterated Cantor spray” but it is clear that a similar iterated construction
can be applied to any RFD of RY.

In Section 3.7 we show that the complex dimensions of RFDs are preserved by embed-
ding them into higher-dimensional spaces. This represents a generalization of [Res1| where
the independence of the normalized Minkowski content on the dimension of the ambient
space was established. Theorem 3.84 establishes a connection between the relative tube
zeta function of the original RFD and the relative tube zeta function of its embedding in
higher-dimensional spaces. As a consequence of the results about embeddings of RFDs we
are able to extend the Minkowski measurability criterion of Theorem 3.58 to the special
case when the box dimension of the RFD is equal to the dimension of the ambient space.
This result is stated in Theorem 3.86. Another application of the results of Section 3.7 is
in the fact that one can use them to determine the possible complex dimensions of special
cases of higher-dimensional relative fractal drums without explicitly computing their dis-
tance (or tube) zeta function. This application is nicely demonstrated in Example 3.91
where the (possible) complex dimensions of the Cantor dust are determined.

Chapter 4 represents the second main contribution of this thesis to the higher-
dimensional theory of complex dimensions and fractal zeta functions. In Section 4.1
we introduce the notions of Minkowski content and box dimension of unbounded sets, of
finite Lebesgue measure, at infinity, derive the basic properties of these notions and give
a number of examples.

In Section 4.2 we introduce the Lapidus (or distance) zeta function at infinity and

derive its basic properties as well as results that connect it to the notions introduced in
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Section 4.1. Theorem 4.21 establishes a connection between the distance zeta function
of an unbounded set €2 at infinity and the distance zeta function of a relative fractal
drum which arises as the image of the set € under the geometric inversion in RY. The
main result of Section 4.2 is Theorem 4.24 which establishes the half-plane of absolute
convergence of the distance zeta function at infinity and is an analog of Theorem 2.6.

In Section 4.3 we introduce the tube zeta function at infinity and derive a functional
equation which connects it to the distance zeta function at infinity; see Theorem 4.31.
This result enables us to establish the analogs of Theorems 2.8 and 2.9 given in Theorems
4.32 and 4.33, respectively. Finally, we apply these results to establish Theorem 4.34
which connects the notion of Minkowski measurability of an unbounded set 2 at infinity
and the Minkowski measurability of the relative fractal drum which arises as the image
of the set  under the geometric inversion in R¥.

Section 4.4 is dedicated to establishing sufficient conditions on unbounded sets of finite
Lebesgue measure that will ensure that their fractal zeta functions at infinity have a mero-
morphic extension to a neighborhood of their critical line. Two results are given: Theorem
4.36 for a Minkowski measurable case and Theorem 4.49 for a Minkowski nonmeasurable
case. Both of the theorems are analogs of the corresponding ones for relative fractal drums
(see [LapRaZul]). Furthermore, a sufficient condition for Minkowski measurability at in-
finity is given in Theorem 4.38 by means of the Wiener—Pitt Tauberian theorem as well
as a corresponding upper bound on the upper Minkowski content at infinity in Theorem
4.40.

In Section 4.5 we derive some useful properties of fractal zeta functions at infinity.
One of them is the scaling property given in Proposition 4.51. The other property is
a result given in Theorem 4.55 which enables us to replace the norm appearing in the
integrand of the distance zeta function at infinity with a another norm while preserving
the complex dimension up to an open right half-plane that is strictly larger than the half-
plane of absolute convergence. The norms have to be equivalent in a stronger Holder-type
form than the usual norm equivalence (see Definition 4.54). This result proved to be very
useful in calculating the distance zeta function at infinity for various unbounded sets and
determining their complex dimensions. An analogous result can be also derived for the
case of relative fractal drums.

In Section 4.6 we provide a construction of quasiperiodic sets at infinity based on a
two parameter unbounded set introduced in Definition 4.59. The construction provides
quasiperiodic sets at infinity with finite or infinite number of quasiperiods. Moreover, the
case of infinite number of quasiperiods gives also an example of a mazximally hyperfractal
set at infinity; that is, an unbounded set such that its fractal zeta functions at infinity
have the critical line as their natural boundary (see Theorem 4.64).

Furthermore, we distinguish cases of algebraically and transcendentally quasiperiodic

sets at infinity and show that both families are infinite for any number (including infinite)
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of quasiperiods; see Theorems 4.75 and 4.81. The transcendental case is a consequence of
the well-known Baker’s theorem from number theory (recalled in Theorem 4.72) and the
algebraical case is a consequence of Besicovitch’s theorem about the rational independence
of roots of prime numbers (recalled in Theorem 4.73).

In Section 4.7 we explore the connection between the fractal properties of unbounded
sets at infinity and their images on the Riemann sphere; that is, we explore the effect
of the one-point compactification of R™ on the fractal properties of unbounded sets. We
introduce the notions of spherical Minkowski content and spherical box dimension and
provide a general result in Theorem 4.84 that connects them to the notions of Minkowski
content at infinity and box dimension at infinity, respectively. Inspired by the fact that the
spherical Minkowski content is well defined even for unbounded sets of infinite Lebesgue
measure we introduce a new notion of a parametric Minkowski content in Definition 4.86
which we call the ¢-shell Minkowski content and which depends on a real parameter ¢ > 1.
A corresponding notion of a parametric (upper and lower) ¢-shell box dimension is also
introduced in Definition 4.92 and various properties of these notions are given in the rest
of Section 4.7. We point out that analogous notions of parametric Minkowski content and
parametric box dimension can be introduced for relative fractal drums (see Definition 4.96
and Proposition 4.98).

In Section 4.8 we introduce new notions of surface Minkowski content at infinity and
surface box dimension at infinity for an unbounded Lebesgue measurable set and establish
a preliminary connection between these notions and the notions of its ¢-shell Minkowski
content at infinity and its ¢-shell box dimension at infinity (see Theorem 4.108).

In Section 4.9 we show that the distance zeta function at infinity retains good prop-
erties even for unbounded sets of infinite Lebesgue measure. Of course, in case of sets of
infinite Lebesgue measure, we use the notion of the ¢-shell Minkowski content at infinity
instead of the usual Minkowski content at infinity since it is not defined. The main results
of this section are the holomorphicity Theorem 4.117 which generalizes Theorem 4.24 and
Theorems 4.121 and 4.122. We also introduce here the shell zeta function at infinity in
Definition 4.118 to replace the tube zeta function at infinity which is not defined for sets
of infinite Lebesgue measure and derive its basic properties in Theorems 4.119, 4.123 and
4.124.

Chapter 5 is basically the incorporation of the research paper [RaZuZup] into the
broader context of the thesis. In Section 5.2 we analyze the effect of the geometric
inversion on the fractal properties of sets at infinity. The section contains a new result
not appearing in the paper given in Theorem 5.5 which connects the upper and lower
Minkowski contents of a set near the origin with its upper and lower spherical Minkowski
contents. In the rest of the section we analyze the basic properties of the box dimension
of unbounded sets defined via the geometric inversion.

Section 5.3 is also a new addition not appearing in the original paper. Here, we give in
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Theorem 5.19 a connection between the two approaches to fractal analysis of unbounded
sets; that is, between the approach via the geometric inversion of Chapter 5 and the
approach via ‘fractality at infinity’ of Chapter 4. In Section 5.4 we examine the effect of
the Poincaré compactification on the fractal properties of a focus type spiral.

In Section 5.5 it is shown that every polynomial vector field P on R can be geometri-
cally inverted; that is, there exist a polynomial vector field () such that its phase portrait
is equal to the geometric inversion of the phase portrait of P (see Lemma 5.23).

In Section 5.6 we analyze several examples of vector fields having a weak focus at
infinity, including the example of the classical Hopf bifurcation (see Theorem 5.34), while
in Section 5.7 we analyze the Hopf-Takens bifurcation at infinity (see Theorems 5.35 and
5.36).

Finally, in Appendix A we provide a list of open problems scattered throughout the

thesis and indicate possible directions for further research.

1.3 Basic Definitions and Notation

Let us recall the definitions of Minkowski content and box dimension. By || we
denote the N-dimensional Lebesgue measure of an open subset Q of RY. Let A be a
nonempty bounded subset of R, A; the é-neighborhood of A in the Euclidean metric
and r € R. The upper r-dimensional Minkowski content of A is defined by

M’ (A) = lim sup 4| (1.3.1)

6—0t oN=T?

and we define analogously the lower r-dimensional Minkowski content of A, denoted by
M"(A). The upper bozx (or Minkowski) dimension of A is defined by

dimpA = inf{r € R : M (A) =0}; (1.3.2)
it is easy to see that we also have
dimpA = sup{r e R : M (A) = oo}. (1.3.3)

The lower box (or Minkowski) dimension of A, denoted by dimzA, is defined analogously,
using M"(A) instead of M’ (A) in (1.3.2) (and in (1.3.3)). If both dimensions dimpA
and dimpA are equal, the common value is denoted by dimp A, and is called the box
dimension of A (also known as Minkowski-Bouligand dimension, or limit capacity).

If there exists a D € R such that 0 < MP(A4) < /\_/lD(A) < oo, we say that A is
Minkowski nondegenerate, and Minkowski degenerate otherwise. Note that if A is non-

degenerate, it is easy to see that such a D is necessarily nonnegative and it then follows
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from (1.3.2)—(1.3.3) and their counterpart for M"(A) that dimpg A exists and is equal
to D. Furthermore, if MP(A) = MD(A), the common value is denoted by MP(A), and
called the Minkowski content of A. If moreover MP(A) € (0,00), then A is said to be
Minkowski measurable.!* For more information about these notions and their generaliza-
tions see [Fall], [ZuZupl|, [PaZuZup2| and [MaResZup].

In the sequel we will use the following notation. If f,¢g: R — (0, 00) are two functions
such that f(t) — 0 and g(t) — 0 as t — ¢ (tp can be oo as well), we write f(t) ~ g(t) as
t — to if limy_yy, % = 1. We write f(t) < g(t) and say that f and g are comparable as
t — to if there exist positive constants ¢; and ¢y such that ¢;g(t) < f(t) < cag(t) for all ¢
in a neighborhood of 5. A function f: V — RY, V C R¥ is said to be bi-Lipschitzian if
|f(a) — f(b)] <|a—b| for all a,b € V.

1.4 Dirichlet-type Integrals

The results and proofs of this subsection are reproduced and adapted from [LapRaZul]
as they will be needed in the later sections. We recall that the abscissa of convergence
D(¢,) € [—00,+00] of the Dirichlet integral (or rather, of the Dirichlet-type integral)

Co(s) == /;OO o(x)® dx, (1.4.1)

where ¢ is a suitable bounded and positive function on (0, +00), is defined by

D(C,) = inf {a €ER: /O+Oo o(z)*de < +oo} . (1.4.2)

It is then well-known that {Res > D((,)}'" is the largest open right half-plane on which
the Dirichlet integral converges absolutely. Hence, in this half-plane (,, is holomorphic; see,
e.g., |Pos|. Furthermore, we will call this half-plane the half-plane of absolute convergence
of the Dirichlet-type integral (, and denote it as II(¢,). On the other hand, if ¢ is
unbounded from above, and bounded from below by a positive constant, then we must
replace the exponent s by —s, and a by —« in order to define the abscissa of convergence
D(¢,) and get a right half-plane of convergence {Res > D((,)}. We will call the set
{Res = D((,)} the critical line of the Dirichlet-type integral (.

It is easy to extend this definition (and statement) to the case of Dirichlet-type inte-

10Minkowski measurability is easily seen to be equivalent to |A;| ~ CtV=P as t — 0%, where C €
(0, +00); then, we must have MP(A) = C. The notation ~ is explained just below.

"Here, and in the remainder of this dissertation, we will slightly abuse notation in order to save space
in the sense that {Res > D((,)} := {s € C : Res > D((,)}. Similar abuses for denoting right or left
half-planes will also be made as well as for denoting vertical lines of type {s € C : Res = D}.
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grals, or as we will call them in short, DTIs

Cols) = / o(2)* dpu(z), (1.4.3)

where (E, u) is a measurable space, ¢ is a suitable positive (or more generally, under a
suitable assumption, nonnegative, see Remark 1.4) measurable function on E which is
|11]-essentially bounded, and p is a positive or a complex measure on E.'? Recall that if u
is positive, then || = p. Furthermore, if i is a complex measure, then the total variation

measure |u| is defined as
l(B) = sup ) |n(E;) (1.4.4)

where the supremum is taken over all partitions {E;};c; of E into measurable subsets
E;. (Here, I is finite or countably infinite.) In particular, |u| is a positive and bounded
measure; see e.g. |[Coh|. Moreover, if p is absolutely continuous with respect to the

Lebesgue measure; that is, if
(E) = / @) de (1.4.5)
E

for some Lebesgue integrable function f and all measurable sets F, then we have

1(E) = /E /()] de. (1.4.6)

In this, more general setting, one defines the abscissa of (absolute) convergence of ¢, as

D((,) = inf {a eER: /;oo e(x)*d|p|(r) < +oo} : (1.4.7)

The statement about the convergence of the Dirichlet-type integral is a consequence

of the following general result.

Theorem 1.1 (see, e.g., [LapRaZul]). Let 1 be a positive or complexr measure on a
measure space E, with total variation measure denoted by ||, and let ¢ : E— (0, 400)

be a measurable function.'> Then:

(a) If ¢ is essentially bounded (that is, if there exists C' > 0 such that ¢(t) < C for
\p|-a.e. t € E), and if there exists 0 € R such that [, p(t)7 d|u|(t) < oo, then

F(s) = /E (1) du(t) (1.4.8)

2When ¢(z) = 0, we let p(x)* := 0. (This is quite reasonable, at least for Res > 0.)
13See Remark 1.4 (and the text following it) for the case where ¢ > 0 p-almost everywhere.
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is holomorphic on the right half-plane {Res > o}, and

F(s) = [ ot logptt) du(t) (1.4.9)
in that regiomn;

(b) if there exists C > 0 such that ¢(t) > C for |ul-a.e. t € E, and if there exists
o € R such that [, p(t)~7 d|u|(t) < oo, then

G(s) = [E ()~ du(?) (1.4.10)

is holomorphic on {Res > o}, and

G'(s) = = [ oty *loge(t) dutt) (1.4.11)

i that region;

(¢) if there exist positive constants Cy and Cy such that Cy < ¢(t) < Cy for |u|-a.e.
t € E and there exists 0 € R such that [, ¢(t)7 d|u|(t) < oo, then (1.4.8) and (1.4.10)

are entire functions.

The above result follows from a more general and well-known result (see, e.g., [Carl,
pp. 295-296| or [CarMi, pp. 152-153]), dealing with the holomorphicity of integrals de-

pending on a parameter, of the form

H(s) = /E F(s,1) du(t). (1.4.12)

We will state it here in a form that appears to be little known and is more convenient

than the results of this type that are usually given in textbooks on complex analysis.

Theorem 1.2 (Cited from [Mattn|). Let (E,&, ) be a measurable space where u is a
positive or complex measure. Furthermore, let U C C be open and let f: U x E — C be

a function that satisfies the following assumptions:
(D1) f(-,x) is p-measurable for every s € U,
(D2) f(s, -) is holomorphic for |ul-a.e. x € E,

(D3) [, 1f(-,2)|d|u|(z) is locally bounded, that is, for so € U there exists & > 0 such
that

sup /E|f(s,x)| d|p|(z) < oo. (1.4.13)

seU,|s—sp|<d
Then
F(s) = /E £(5,2) du(z) (1.4.14)



16 1. INTRODUCTION

18 holomorphic on U and can be differentiated under the integral, i.e.,

F(”)(s):/E%f(s,x)du(a:) (1.4.15)

Remark 1.3. The convenience in the above theorem is in the fact that condition (D3)
is usually easier to check than the standard condition given in literature, that for any
sg € U there exists § > 0 such that

/E seU,\Ssli20|<6 |f(s,2)| d|p|(z) < oo. (1.4.16)
Furthermore, under hypothesis (D1) and (D2) the conditions (D3) and (1.4.16) are, in
fact, equivalent. Also, condition (D3) can be weakened, again in the sense of greater
convenience in checking it. Namely it is enough that the function [, [f(-,z)|d|p|(z) is
locally integrable with respect to the Lebesgue measure on U. The proofs of all of these
statements can be found in [Mattn|. Although the results there are stated and proved
in the case of a positive measure p, it is clear that they extend to the case of a complex

measure by means of the Hahn—-Jordan decomposition of its real and imaginary parts.

Note that conditions (D1) and (D2), appearing in Theorem 1.2, imply that the
complex-valued function f(s,z) satisfies the well-known Carathéodory conditions, that
is, f(s,x) is continuous with respect to s € V for |u|-a.e. € F, and p-measurable with
respect to x € F for all s € V.

Proof of Theorem 1.1. Note that in our case, f(s,t) := ¢(t)® and U := {Res > ¢} and
it is clear that f satisfies conditions (D1) and (D2) of Theorem 1.2. Furthermore, note
that for any s € C such that Res > o,

[E o(t)*] dlpal(t) = /E (07 (1) < [lo]Re> /E () dlul ().

The right-hand side above is obviously locally bounded on the set U. More precisely,
for a compact set K C U we have that maxcr ||¢||2°*77 < oo and, by hypothesis,
[ e(t)? d|p|(t) < oo. Since the condition (D3) of Theorem 1.2 is satisfied we have proved
case (a). Case (b) follows from (a) applied to ¢(t)~!. Finally, case (c) follows analogously

as case (a) the only difference being that this time we have
g0(t>Res < max{clResfa’ Cg{esfa}gp(t)a

for every s € C and |ul|-a.e. t, which yields that

/ o(t)°] dljal(t) < max{CRes~, s} / )7 dlpe (1)
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and the right-hand side is locally bounded on C. Finally, for the claim about the function
G(s) defined by (1.4.10), we apply the same reasoning as above to the function p(¢)~!. O

Remark 1.4. Theorem 1.1 extends without any difficulties if p(t) > 0 for p-ae. t € E
and |u| ({t € E:p(t) =0}) =0.

For a DTI (, it makes sense to introduce the following definitions (as it was done
in [LapRaZul]).

Definition 1.5. Let ¢, be a DTI. We define its abscissa of holomorphic convergence by
Do (Cp) := inf{a : ¢, is holomorphic on {Res > a}}, (1.4.17)

and the half-plane of holomorphic convergence 7€((,) = {Res > Dyoi((,)} as the largest
open half-plane on which ¢, is holomorphic, or more precisely, to which (, possesses a
(necessarily unique) analytic continuation. Furthermore, we define its abscissa of mero-

morphic convergence by
Der(¢y) := inf{a : (, is meromorphic on {Res > a}}. (1.4.18)

Associated with ¢, is also the half-plane of meromorphic convergence Mer((,) = {Res >
Dmer(Cp) }; that is, the largest open right-half plane to which ¢, possesses a (necessarily

unique) meromorphic continuation.

It is clear that for every DTT (, we have

Diner(Co) < Dhoi(Gp) < D(Gy) (1.4.19)

or, equivalently,

I1(¢p) € H(Cp) € Mer((y). (1.4.20)

Furthermore, these inequalities are sharp. For this result and other properties, as well as
generalizations of DTIs see [LapRaZul, Appendix A].

The following lemma is a simple consequence of the principle of analytic continuation.
We state it here as it will be often used for proving the forthcoming results. Furthermore,
we point out that from now on, we will refer to the set of poles of a meromorphic function

as a multiset of poles whenever we count their multiplicities (or orders).

Lemma 1.6 (Cited from [LapRaZul|). Assume that (1(s) is a Dirichlet-type integral with
abscissa of convergence equal to D((y), such that it possesses a meromorphic extension
to {Res > a1}, where a; € [—00,D((1)). Assume that (3(s) is a function holomorphic
on the right half-plane {Re s > as} such that a; < as < D((1). Then, Cpert(S) := Ci(s) +
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(2(8) possesses a unique meromorphic extension (at least) to the half-plane {Res > ay}.

Furthermore, the multisets of poles of Coert(s) and (i(s) coincide in this half-plane.

Proof. The function (;(s) is meromorphic in {Res > ay}, while (3(s) is holomorphic in
this same half-plane. Hence, their sum, (yert(s), is meromorphic in this half-plane. As it
is well-known, the uniqueness of the meromorphic extension of (,e(s) follows from the
principle of analytic continuation since any two meromorphic extensions must coincide
on {Res > D((1)}. The poles of (i(s) in the half-plane {Res > D((2)}, as well as
their corresponding multiplicities (or orders), do not change after adding the holomorphic
function (s(s). O

1.5 Almost periodic functions and distributions

In this section we recall the notions of almost periodic functions and distributions and
state some basic results about them. We will need these results in order to obtain a lemma
which will be crucial for proving one direction of the Minkowski measurability criterion
of Section 3.5; that is, Theorem 3.56. There are several (not all mutually equivalent)
definitions of almost periodic functions introduced by Bohr [Boh|, Stepanov [Ste|, Weyl
[We| and Besicovitch [Besl|. Here, we will use an equivalent definition given by Bochner
in [Boc| of Bohr almost periodic functions since it was a basis for introducing almost
periodic distributions.

Almost periodic distributions were introduced by Schwartz in [Schw| as a generaliza-
tion of Bochner almost periodic functions. Further investigations of distributions of this
type were made, among others, by |[Ron|, [FavRas|, [BouKha|, [Kha|. The following ex-
position of notions and results about almost periodicity follows mainly the survey given
in [Kha, Chapter 2].

Let us denote with Cy(R) the space of bounded and continuous complex valued func-
tions defined on R endowed with the || - ||« norm of uniform convergence. Note that the
space (Cy(R), || - |loo) is a Banach algebra. H. Bohr introduced in 1923 almost periodic
functions in order to generalize the idea of a periodic function. Indeed, observe that if f
is a T-periodic function; that is, f(z +nT) — f(z) = 0 for all z € R and n € Z, then the
discrete set of periods {nT : n € Z} has the following property:

(Va € R) (Ing € Z) (noT € [, + TY). (1.5.1)

Definition 1.7. A set £ C R is said to be relatively dense in R if there exists a positive

number [ such that, any interval of length [ contains at least one number of E.

Definition 1.8. Let ¢ be a positive real number. A real number 7 is called an e-almost
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period of f if
sup |f(x +7) — f(z)| <e. (1.5.2)

zeR

We denote by E{e, f} the set of e-almost periods of f, i.e.,

Ele, f} = {TEstup|f(a:+T)—f(:c)| <5}. (1.5.3)
zeR

Definition 1.9 (H. Bohr). A continuous complex valued function f defined on R is said

to be almost periodic if for any € > 0 the set E{e, f} of its e-almost periods is relatively

dense in R.

We note that the set E{e, f} is not discrete in general. In the following proposition

we list some of the elementary properties of almost periodic functions.

Proposition 1.10. (a) Any almost periodic function is bounded on R.
(b) Any almost periodic function is uniformly continuous on R.

(¢) Any continuous periodic function is an almost periodic function.

Note that there exist almost periodic functions which are not periodic, for instance, it
can be shown that the quasiperiodic functions introduced in Definition 4.79 below are a

subset of almost periodic functions (see [Vin]).

Theorem 1.11. The set Cy,(R) of almost periodic functions is a closed subalgebra of
Cy(R).

Theorem 1.12. If the derivative ' of an almost periodic function f is uniformly contin-

uwous on R, then it is almost periodic.

Theorem 1.13 (Bohl-Bohr). If a primitive of an almost periodic function is bounded,

then it is almost periodic.

It can be shown that for a periodic function f, the set

H(f)={fn: fu(x) = f(x+h),h e R} (1.5.4)

is a compact subset of (Cy(R), || - ||). Bochner gave the following definition of almost

periodicity by replacing the condition of compactness of H(f) with relative compactness.

Definition 1.14 (S. Bochner). A continuous complex valued function f defined on R
is said to be almost periodic if for any sequence of real numbers (h,),>; there exists a

subsequence (hy, )>1 such that the sequence of functions ( fhn, )k>1 is uniformly convergent
on R.
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It turns out that almost periodic functions are exactly the functions which can be

approximated by trigonometric polynomials; that is, by functions of the form

P(z) = cheﬂ’\’““":, where ¢, € C and A\, € R. (1.5.5)
k=1

Here, and else in this thesis, we use the notation 1 for the imaginary unit; that is, 1 := /—1.

Hence, we have the third definition of almost periodicity.

Definition 1.15 (Polynomial approximation). A continuous complex valued function f
defined on R is said to be almost periodic if there exists a sequence of trigonometric

polynomials P; such that ||f — Pj|lc — 0, as j — oo.

Theorem 1.16. All of the three definitions of almost periodicity given above are mutually

equivalent.

There exist several proofs of the the above fundamental theorem, see [Bes3| or [Cor].
The fact that almost periodic functions may be approximated by trigonometric polyno-
mials suggests that we can associate a Fourier series to these type of functions and this

is indeed the case.

Definition 1.17. We define the mean value of a function f as
M(f):= lim — [ f(x)dz. (1.5.6)

Theorem 1.18. The mean value exists for any almost periodic function.

Theorem 1.19. The mean value M: Cop(R) — C is a continuous linear functional.
Furthermore, let f € Cyy(R), then:

(i) M(P) = M(P).

(i) If f >0, then M(f) > 0.

(i) M(f) =limg oy = [* f(2)dz for all a € R.

The simplest examples of almost periodic function are the periodic functions, such as
e for A € R. Note that

. 1 [T
iz _ 1: - i\z —
M) = TETOO T/o " dx = 6y, (1.5.7)
where 0 denotes the Kronecker delta. Furthermore, if f is almost periodic, then so is
e 2 f(z) for any A € R, and, consequently, its mean value exists. Let us denote it with
ar(N); that is,

ag(A) = M (e ™ f(z)). (1.5.8)
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Theorem 1.20. For any almost periodic function, the set {as(A) : X € R and af(\) # 0}

18 at most countable.

Definition 1.21. The numbers A\, # 0, n € N and for which af(\,) # 0 are called
the Fourier exponents of f. Furthermore, the numbers as()\,) for n € N, are called the

Fourier coefficients of f. The formal series

f@) ~ > ap(An)et” (1.5.9)

is called the Fourier series associated with f.

Theorem 1.22 (Parseval’s equality). Let f be an almost periodic function such that
f(z) ~ 57 ap(N\,)e*®. Then the following equality holds:

D lasa)l? = M) (1.5.10)
n=1
Theorem 1.23. If the mean value of a nonnegative almost periodic function f is zero,
then f = 0.
A consequence of the above two theorems is the following uniqueness result.

Theorem 1.24 (Uniqueness Theorem for almost periodic functions). If two almost peri-

odic functions have the same Fourier series, then they are identical.

Note that in the hypothesis of the uniqueness theorem above there is no assumption

on the convergence of the Fourier series associated to f.

Theorem 1.25. If the Fourier series of an almost periodic function f converges uni-

formly, then the function f coincides with it.

Lemma 1.26. A nonconstant almost periodic function does not have a limit at +oo.

Proof. Choose a,b € R such that f(a) # (b) and fix € > 0 such that |f(a) — f(b)] > 3e.
Since the set E{e, f} is relatively dense in R we can choose a number [(¢) such that for

every integer n there exists 7,, € [n,n + [(g)] such that
\[fla+7,) — fla)] <e and |f(b+7,)— f(b)] <e.
But now we have
[flat ) = fO+7) > [If(@) = FO] = |f(a+7) = fla) + F(b) = f(b+ )] > e

On the other hand, a + 7,, — *o0 and b+ 7, = £00 as n — £oo from which it follows

that the limit lim, .+, f(x) does not exist. O



22 1. INTRODUCTION

The idea to generalize the above notions to distributions is originally due to L.
Schwartz (see [Schw]), and it is based on Bochner’s topological definition of almost peri-
odic functions.

For p € [1,400] we let
Dir(R) := {p € C®°(R) : o) € LP(R), Vj € Np}. (1.5.11)

The space Dr»(R) equipped with the topology defined by the countable family of semi-

norms

[Plkp =D 161, (1.5.12)

J<k
for k € Ny, is a differential Fréchet subalgebra of C>°(R). We call the topological dual of

D1 (R), the space of bounded distributions and denote it with D} (R).
For h € R and a distribution 7 € D'(R) we define its h-translate denoted by 7,7 as

(T, ) = (T, 7-np), ¢ € D(R), (1.5.13)

where 7_pp(x) := ¢(x + h). We have the following fundamental theorem about almost

periodic distributions (see [Schw| or the exposition in [Ché, Chapter 4]).

Theorem 1.27. For any T € D'(R), the following statements are equivalent:

(i) The set {m,T : h € R} is relatively compact in D (R).

(17) T % o € Cop(R) for all ¢ in D(R).

(1i1) T is a finite sum of distributional derivatives of almost periodic functions; that
is, there exist fj € Cop(R), j < k such that T =} ., fj(j).

Here, for a distribution 7 € D'(R) and a test function ¢ € D(R), we define
(Tx@)(t) =(T,mp) and @(z):=p(-2). (1.5.14)

Definition 1.28 (Almost periodic distribution). A distribution 7 € D}« (R) is said to
be almost periodic if it satisfies any (hence, all) of the conditions of the above theorem.

We denote the space of almost periodic distributions by Bj (R).

Proposition 1.29. Any almost periodic function f € C,,(R) generates a unique almost

periodic distribution 7; defined by

(Tr, @) ::/Rf(x)go(:c)da: for ¢ € D1 (R). (1.5.15)

Similarly as in the case of almost periodic functions, we can define a mean value for

almost periodic distributions.
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Definition 1.30. Let ¢ € Dy:(R) be such that [, ¢(z)dz # 0 and T € D}« (R). Then,
the p-mean of T is defined by

o . M(T )
MA(T) := —wa(x)dw.

Proposition 1.31. If T € B, (R), then M*#(T) does not depend on the choice of ¢ and,
hence, we denote it by M (T).

(1.5.16)

It can be shown that for A € R and 7 € B},(R) we have that e "7 e B (R).

Consequently, the mean of e *7T exists and we define
ar(\) == M(e T, (1.5.17)
Definition 1.32. For 7 € B (R) we define its spectra as
Ar:={XeR:ar(N) #0}. (1.5.18)

Proposition 1.33. For 7 € B, (R) the set A is at most countable.

Theorem 1.34 (Approximation theorem for almost periodic distributions). Let T €
D) (R). Then, T is almost periodic if and only if there exists a sequence of trigonometric
polynomials (P,),>1 such that lim,, o P, = T in D}« (R).

Definition 1.35. For 7 € D). (R) we define its Fourier series as the following formal

series:

f@)~ ) ar(A)e?. (1.5.19)

AEAT

We call the numbers ar(\) the Fourier coefficients of T.

Similarly as in the case of almost periodic functions, we have the following uniqueness

theorem.

Theorem 1.36 (Uniqueness Theorem for almost periodic distributions). If two almost

periodic distributions have the same Fourier series, then they are identical.

The theorem follows from the corresponding one for almost periodic functions (Theo-
rem 1.24) and Equation (1.5.16).

Let us now introduce the notion of the distributional order of growth (see |EsKa,
PiStVi] and also [Lap—vFr3|). For a test function ¢ € D(0,00) and a > 0 we denote

Palt) == %so (t) : (1.5.20)

a

Note that f0+°o Yo (t)dt = 0+°° ©(t) dt for every a > 0. Furthermore, the support of

vq becomes ‘more narrow’ and ‘closer’ to zero, while the amplitude tends to infinity in
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absolute value when ¢ — 0". On the other hand, when a — 400, then the support of
vq becomes ‘wider’” and ‘escapes’ to infinity while the amplitude tends to zero in absolute

value.

Definition 1.37. Let R be a distribution in D’(0, §). We will say that R is of asymptotic
order at most t* (respectively, less than t*) as ¢t — 0T if applied to a test function ¢, we
have that!?

(R,pa) = O(a®) (respectively, (R,p.) =o(a®)), asa— 0. (1.5.21)

We will denote this with R(t) = O(t*) (respectively, R(t) = o(t*)) as a — 0.

Remark 1.38. We point out that if f is a continuous function such that f(t) = O(t*) or
f(t) = o(t*) when t — 0% for some «, then f also satisfies the same asymptotics in the

distributional sense of Definition 1.37. Namely, by taking ¢ € D(0,4) we have

“+o0o “+oo

(f,¢a) = i f()pa(t) dt = ; flaT)p(T) dr. (1.5.22)

If f = O(t®) then, since ¢ has compact support, we can take a sufficiently small so that
in the above integral |f(a7)| < Ca®7® for some positive constant C. In other words, for

a sufficiently small we have

400
[(fspa)| < CCLO‘/ T%(7)dT = K, a®, (1.5.23)
0

where the constant K, depends only on the test function ¢. One shows analogously the
case when f(t) = o(t*) when t — 0". The same comment can be also made about the
asymptotics when ¢ — 400. On the other hand, distributional asymptotics does not in

general imply the usual one; see [PiStVi].

The following two lemmas will be needed for deriving a Minkowski measurability

criterion in Section 3.5; more precisely, in the proof of Theorem 3.56.

Lemma 1.39. Let R € D'(0,+00) such that R(t) = o(t*) as t — 0 for some o € R
and let B € R. Then, t'R(t) = o(t*¥) as t — 0F. Similarly, if R(t) = O(t%), then
tPR(t) = O(t*?) ast — 0F.

Proof. Let ¢ € D(0,+00) and a > 0. Then, we have
(t"R(t), pa(t)) = (R(1). t°a" p(a™'t)) = a’(R(t), Yu(t)), (1.5.24)

where 1(t) := t?p(t). Let now € > 0, choose a sufficiently small so that [(R(t),¢,(t))] <

14In this formula, the implicit constant depends on the test function ¢.
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ea® and use (1.5.24) to derive the conclusion. The other part of the lemma is proven

analogously. O]

Lemma 1.40. Let T € D'(0,00) be a distribution such that
T=3 at, (1.5.25)
n=1

where a, € C and N, € R for alln > 1. If T = o(1) as t — 0T, then a, = 0 for all
n € N.

Proof. A change of variables yields that

(1 ) = / " ) i = / " e (e da. (1.5.26)
0 —c0
for every ¢ € D(0, c0).

We note that =: D(0, 00) — D(R) defined by {Zp}(z) := e "p(e™*) is an isomorphism
of differential Fréchet algebras. Indeed, it is clearly a bijection with the inverse given by
{=71}(t) = t "p(logt™"). Let now ¢, — 0 in D(0,00). Then there exists a compact
K C (0,00) such that supp ¢, C K for all n > 1. Since 0 ¢ K we have that log K~! :=
{logt™' : t € K} is a compact subset of R and supp {Z¢, } C log K~!. Furthermore,

[{Zen}Hloo = sup [le “pn(e™)[| < [[@nlloe max e =0, as n— oo. (1.5.27)
z€R z€log K1

Furthermore, for ¢ € D(0,00) we have

j j I/ , k
{50 = gl = X (1) (1 e pte)
. h=0 . (1.5.28)
3 (1) = 1S (1) E )

Since ¢, — 0 in D(0,00) implies that ||g0,(1j)||C>o — 0 for every j > 0, we conclude from

(1.5.27) and (1.5.28) that {E¢,} — 0 in D(R); that is, = is continuous.
On the other hand, let now ¢; — 0 in D(R) and H C R compact such that supp 1; C
H. Then, e # := {e7® : 2z € H} is a compact subset of (0,00) and supp {='¢;} C e #

for every n > 1. Furthermore, for every j € N we have that

[t {="on}(B)lloo = sup [[t77 " ¢ (log )|
110 | (1.5.29)
< Y |0 max t771 50, as n— oo.
tee—H
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Similarly as before, for ¢» € D(R) we now have that

( "W(logt™)) = Z(i)Fly—“‘”’“*%qp(logt‘l)

k=0

&
=3 (D)o Z() SE W) ).

k=0

U

We now conclude, similarly as for =, that =~! is also continuous.
The isomorphism = now induces an isomorphism of the duals D'(0,00) and D’'(R)
defined by

(E{T}, ) = (T {=7 ")), (1.5.30)
for 7 € D’'(0,00). Let now T be given by (1.5.25). Then, by (1.5.26) and the fact that =

is an isomorphism we have that
E{T}=> ane™, (1.5.31)
n=1

as a distribution on D(R). Moreover, Z{T } * ¢ is an almost periodic function for any
Y € D(R). To see this, consider that

00 +oo
E{TY o)1) = E{Thnd) =S an / Mt — ) da

0o +oo
> (o [ e Pnmar) e
n=1 -

and the above sum converges uniformly on R. By Theorem 1.25 we conclude that Z{7 }xv

is almost periodic. This, in turn, implies that Z(7) is an almost periodic distribution by
Theorem 1.27(i7) and a,, for n > 1, are its Fourier coefficients by (1.5.16). From the
asymptotics of 7, we have that for a > 0

(T, 0a) = (E{T}, E{pa)}) = Z@n/ e lemm (g 1em) du
n=1 —0o0

0 400
= Z an/ e Z{p}(x —loga™) dx (15.32)
n=1

—00

= (E{T}*={p}(loga™) =0, as a— 07

But since Z{7} * =Z{¢} is an almost periodic function, the above is possible only if
={T} *=Z{®} =0 by Lemma 1.26. This, in turn, implies that all the Fourier coefficients
of Z{T} *={¢} are zero. Finally, by choosing ¢ such that [, Z{¢}(z) dz # 0 we conclude
that all the Fourier coefficients of ={7} are equal to zero; that is, a,, = 0 for alln > 1. O



Chapter 2

Lapidus Zeta Functions of Relative

Fractal Drums

In this chapter, we introduce the notion of relative fractal drums. They represent a
simple and natural extension of two fundamental objects of fractal analysis, simultane-
ously: that of bounded sets in R (i.e., of fractals) and that of bounded fractal strings
(introduced by M. L. Lapidus and C. Pomerance in the early 1990s). Furthermore, there
is a natural way to define their associated Minkowski contents and relative distance zeta
functions. We stress a new phenomenon exhibited by relative fractal drums: namely, their
box dimensions can be negative as well (and even equal to —oo). This can be viewed as a
property of their ‘flatness’, since it is related to the loss of the cone property (see Propo-
sition 2.17). The content of this chapter is reproduced from [LapRaZul] and provides an
overview of the main results about the notions mentioned above.

In short, a relative fractal drum consists of an ordered pair (A, 2), where A is an arbi-
trary (possibly unbounded) subset of RY and 2 is an open subset of RY of finite volume
with another mild technical condition. (See Definition 2.1.) This notion generalizes the
the notion of a bounded (fractal) and the additional flexibility it provides enables us to
account for a broader range of situations and phenomena, including the case of unbounded

geometric chirps.

2.1 Relative Minkowski Content, Box Dimension, and

Zeta Functions

In this subsection, we introduce the notion of a relative zeta function, associated to an
appropriate ordered pair (A, Q) of two suitable subsets of R, which may be unbounded.
The relative distance zeta function (see (2.1.1)), is a natural generalization of the standard
distance zeta function for bounded subsets of RY defined in [LapRaZul].

In order to exclude dealing with trivial cases and shorten the statements of the results,

27
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we will always assume throughout this thesis that all the sets A and ) are nonempty.
First of all, for a subset A of RY, we denote its &-neighborhood (or §-parallel set) by
As == {z € RN : d(z,A) < §}. Here, d(x,A) := inf{|z —y| : y € A} is the Euclidean

distance between the point x and the set A.

Definition 2.1 (Cited from [LapRaZul]). Let Q be Lebesgue measurable subset of RV,
not necessarily bounded, but of finite N-dimensional Lebesgue measure (or “volume”).
Furthermore, let A C R¥, also possibly unbounded, be such that € is contained in As
for some § > 0. The distance zeta function C4(-,2) of A relative to 2 (or the relative

distance zeta function) is defined by the following Lebesgue integral:

Cals, Q) = /Qd(a:, AN dz., (2.1.1)

for all s € C with Re s sufficiently large. The ordered pair (A4, (), appearing in Defini-
tion 2.1 is called a relative fractal drum or RFD in short. In light of this, we will also use

the phrase zeta functions of relative fractal drums instead of relative zeta functions.

Remark 2.2. If we replace the domain of integration €2 in (2.1.1) with As; N §2 for some
0 > 0; that is, if we let

Cal(s,§2;0) ::/ d(x, AN dz, (2.1.2)

AsNQ2

then difference C4(s, Q) — Ca(s,Q;0) is an entire function (see [LapRaZul|). Therefore,
we can alternatively define the relative distance function of (A, Q) by (2.1.2), since in the
theory of complex dimensions we are mostly interested in poles of meromorphic extensions
of (various) fractal zeta functions. Then, in light of the principle of analytic continuation,
the dependence of (4(-,€2;0) on 0 is inessential.

The condition that Q C A for some 0 > 0 is of technical nature and ensures that
x +— d(x, A) is bounded for z € . If ) does not satisfy this condition we can still use
the alternative definition by Equality (2.1.2).!

Remark 2.3. We point out that the notion of a relative fractal drum generalizes the
notion of a bounded subset. Indeed, to apply any of the results about RFDs to a bounded
subset A of RY one only has to identify it with a relative fractal drum (A, A;) for some
0> 0.

An entirely analogous comment can be made about the tube zeta function of a relative

fractal drum which we now introduce.

Since then Q\ As and A are a positive distance apart, this replacement will not affect the relative
box dimension of (4, ) introduced just below.
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Definition 2.4 (Cited from [LapRaZul]). Let (A, Q) be an RFD in RY and fix § > 0. We
define the tube zeta function 5,4( -, Q) of A relative to ) (or the relative tube zeta function)
by

5
Ca(s,€;0) ::/ =V A, N Q| dt, (2.1.3)
0
for all s € C with Re s sufficiently large and the integral is taken in the Lebesgue sense.

The distance and tube zeta functions of relative fractal drums are a special case of
Dirichlet-type integrals (or, in short, DTIs; see Subsection 1.4), and as such, have well
defined abscissa of (absolute) convergence. Furthermore, the relative distance and tube
zeta functions are connected by a functional equation which is stated in the following

theorem.

Theorem 2.5 (Cited from [LapRaZul|). Let (A,Q) be a relative fractal drum in RN,
Then,
Cals,Q:0) = 8N As N Q| + (N — 5)Cals, 2 0), (2.1.4)

is valid on any open connected set U containing {Res > dimg(A,Q)} to which any of

these two zeta functions has a meromorphic continuation.

This result is very useful since the distance zeta function is much more practical to
calculate in concrete examples as opposed to the tube zeta function. On the other hand,
the tube zeta function has an important theoretical value and many results in [LapRaZul]
are proven in terms of the tube zeta function and then rewritten in terms of the distance
zeta function.

We now proceed by introducing the notions of Minkowski content and box dimension
of a relative fractal drum and relating them to its distance (and tube) zeta functions. For
any real number r, we define the upper r-dimensional Minkowski content of A relative to

Q (or the upper relative Minkowski content, or the upper Minkowski content of the relative
fractal drum (A, )) by

_ AN Q
M (A, Q) = Timsup A (2.1.5)
t—0t tN=r
and then we proceed in the usual way:
dimp(A,Q) =inf{r e R: M"(4,Q)=0
5(A, ) = inf{ (4,9) =0} 216

=sup{r € R: M"(4,0Q) = +oc}.

We call it the relative upper box dimension (or relative Minkowski dimension) of A with
respect to Q (or else the relative upper box dimension of (A,(2)). Note that dimp(A, Q) €
[—o0, N], and the values can indeed be negative, even equal to —oo; see [LapRaZul]. Also
note that for these definitions to make sense it is sufficient that |As N Q| < oo for some
6> 0.
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The value M" (A, Q) of the lower r-dimensional Minkowski content of (A, ), is defined
as in (2.1.5), except for a lower instead of an upper limit. Analogously as in (2.1.6), we

define the relative lower box (or Minkowski) dimension of (A, <Q):

dimj(A, Q) = inf{r € R : M"(4,Q) =0}

(2.1.7)
=sup{r e R: M"(A,Q) = +o0}.

Furthermore, in the case when dimg(A, Q) = dimp(4,Q), we denote by dimp(A, ) this
common value and call it the relative box (or Minkowski) dimension. If 0 < MP(A,Q) <
MP (A, Q) < oo, we say that the relative fractal drum (A, Q) is Minkowski nondegenerate.
It then follows that dimp (A, 2) exists and is equal to D.

If MP(A,Q) = MP(A,Q), we denote this common value by MP(A4,€) and call it the
relative Minkowski content of (A, Q). If MP(A,Q) exists and is different from 0 and oo
(in which case dimp(A, ) exists and then necessarily D = dimp(A4, 2)), we say that the
relative fractal drum (A, Q) is Minkowski measurable. Various examples and properties
of relative box dimensions can be found in |[Lapl-3|, [LapPol-3|, [HeLap|, [Lap—vFrl-
3], [Zu4], [LaPe2-3|, [LapPeWil-2] and [LapRaZul-7].

In the following three theorems we recall some basic results about zeta functions of

relative fractal drums.

Theorem 2.6 (Cited from [LapRaZul]). Let (A,Q) be a relative fractal drum in RN .
Then the following properties hold:

(a) The relative distance zeta function Ca(s,$2) is holomorphic in the half-plane
{Res > dimp(A,Q)}. More precisely,

(b) If the relative box (or Minkowski) dimension D = dimpg(A,Q) ezists, D < N, and
MP(A Q) >0, then (a(s,Q) — +00 as s € R converges to D from the right.

Remark 2.7. For a general relative fractal drum (4, Q) in RY the right half-plane {Re s >
dimp(A,Q)} is not necessarily the maximal open right half-plane to which its relative
distance zeta function has an analytic continuation. For instance, for the segment I :=
[0,1] C R, understood as a relative fractal drum (7, Is), we clearly have D((;(-,1s)) =
dimp(I, Is) = dimp I = 1. Furthermore, a simple calculation yields that its distance zeta
function has a meromorphic continuation (;(s) = 26°/s to the whole complex plane and,
in particular, it is holomorphic on {Res > 0}.? This situation cannot happen if (A, Q)
satisfies the hypotheses of part (b) of Theorem 2.6.

2We would like to thank E. P. J. Pearse for this example.
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On the other hand, one can easily calculate the tube zeta function of (1, I5) and get
that C;(s, I5) = 26°/s + 6 /(s — 1), i.e., it is meromorphic on C and {Res > 1} is the
maximal right half-plane on which it is holomorphic. This is in accordance with (2.1.4),
since it implies that a (possible) simple pole at s = N of the relative tube zeta function
will never be a pole of the relative distance zeta function since the factor (N — s) cancels
it. This is also the reason why when working with meromorphic extensions of the relative
distance zeta function one must always additionally assume that dimp(A4,Q) < N as
opposed to the situation with the relative tube zeta function.

It would be interesting to determine general conditions under which the maximal half-
plane of holomorphicity coincides with the half-plane of absolute convergence, or at least,
find such an example of an RFD (A4, Q) in RY for which dimpg(A,Q) < N and this two
half-planes are not equal.

Furthermore, if dimp(A,Q) < N, in light of the functional equation (2.1.4), Theo-
rem 2.6 is also valid if we interchange the relative distance zeta function with the relative
tube zeta function in its statement. Moreover, it can be shown directly; that is, without
the use of the functional equation, that in case of the tube zeta function, Theorem 2.6 is

also valid in the special case when dimp(4,Q) = N.

Theorem 2.8 (Cited from |[LapRaZul|). Assume that (A,Q) is a nondegenerate RFD
in RN, that is, 0 < MP(A,Q) < MP(A,Q) < oo (in particular, dimp(A, Q) = D), and
D < N. If Ca(s,Q) can be extended meromorphically to a neighborhood of s = D, then D

is necessarily a simple pole of Ca(s,2), and
(N = D)MP(A,Q) < res(Ca(+.Q), D) < (N = D)MP (A, Q). (2.1.9)
Furthermore, if (A, Q) is Minkowski measurable, then
res(Ca(-,9Q),D) = (N — D)MP(A,Q). (2.1.10)

The above theorem can also be reformulated in terms of the relative tube zeta function

and in that case we can remove the condition dimpg(A4,Q2) < N.

Theorem 2.9 (Cited from |[LapRaZul|). Assume that (A,Q) is a nondegenerate RFD
in RY (so that D := dimp(A, Q) exists), and that for some § > 0 there exists a mero-
morphic extension of ZA( +,§;0) to a neighborhood of D. Then, D is a simple pole, and
res(Ca( -, ), D) is independent of 8. Furthermore, we have

MP(A,Q) < res(Ca(-,9Q),D) < MP(A, Q). (2.1.11)
In particular, if (A, Q) is Minkowski measurable, then

res(Ca( -, ), D) = MP(A, Q). (2.1.12)
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Theorem 2.10 (Scaling property, cited from [LapRaZul, Chapter 4]). Let Ca(s, Q) be
the relative distance zeta function of (A,Q). Then, for any positive real number \, we

have that D(Ca( -, A2 00)) = D(Ca(-,Q;6)) = dimp(A, Q) and
Onal(s, A AS) = A5Ca(s, Q;6), (2.1.13)

for Res > dimp(A, Q) and any A > 0.

Furthermore, assume that (a( -, ;) admits a meromorphic continuation to some open
connected neighborhood U of the open half-plane {Res > dimg(A,Q)}. Then, so is the
case for (a( -, N2 A)) and the identity (2.1.13) continues to hold for every s € U which
is not a pole of (-, 0) (and hence, of (\a( -, AQ2;Ad) as well).

Moreover, if we assume, for simplicity,® that w is a simple pole of {a(+,€;8) (and
hence also, of (xa( -, AQ2; Ad)), then the following identity holds:

res(Qral -, AQ),w) = Ares(Cal -, Q2),w). (2.1.14)

Remark 2.11. An entirely analogous theorem to the one above is also valid for the relative
tube zeta function of (A, 2) Furthermore, note that by taking in the above theorem § > 0
such that Q@ C As we have that (ya(s, AQ) = A°Ca(s, Q).

We shall also state the following simple scaling property of the tube functions and
Minkowski contents of relative fractal drums. We note that Relation (2.1.16) below yields

a partial extension of [Zu4, Proposition 4.4.].

Lemma 2.12 (Cited from [LapRaZul]). Let (A,Q) be a relative fractal drum in RN,
Then for any fized X > 0, and for all t > 0, we have

(AA) NAQL = A4 N Q),  [(ANA), N AQ = AN[4,,,N Q. (2.1.15)
Furthermore, for any real parameter r € R, we have

M AANY) = XM (4,9Q), M'(AAN) = X M'(4,Q). (2.1.16)

2.2 Cone Property of Relative Fractal Drums

In this section we introduce the cone property of a relative fractal drum (A, Q) at a
point, in order to ensure that the abscissa of convergence of the associated relative zeta
function ((4,0) be nonnegative. We also construct a simple class of relative fractal drums

for which the relative box dimension is negative; see Proposition 2.18.

3If s is a multiple pole, then an analogous statement can be made about the principal parts (instead
of the residues) of the zeta functions involved, as the reader can easily verify.
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Definition 2.13 (Cited from [LapRaZul]). Let B,(a) be a given ball in RN of radius 7.
Let OB be the boundary of the ball, which is an (/N — 1)-dimensional sphere, and assume
that G is a closed connected subset contained in a hemisphere of 9B.* We assume that G
is open with respect to the relative topology of 0B. The cone K = K,(a, G) with vertex at

a, and of radius 7, is defined as the interior of the convex hull of the union of {a} and G.

Definition 2.14 (Cited from |[LapRaZul]). Let (A, Q) be a relative fractal drum in RY.
We say that a relative fractal drum (A, Q) has the cone property at a point a € ANQ if

there exists 7 > 0 such that € contains a cone K, (a, G) with vertex at a (and of radius r).

Remark 2.15 (Cited from [LapRaZul]). If a € AN Q (hence, a is an inner point of ),
then the cone property of the relative fractal drum (A,€) is obviously satisfied at this

point. So, the cone property is actually interesting only on the boundary of €2, that is, at
a€ ANoAQ.

It is not difficult to construct a domain 2 such that its boundary 02 (more precisely,
the relative fractal drum (92, 2)) does not satisfy the cone property at any of its points.
For example, it suffices to consider a bounded domain €2 in the plane the boundary 0f2 of
which is locally representable as the graph of the Weierstrass function. Furthermore, we
note that the relative fractal drum (A, ) described in Example 2.16 just below does not
satisfy the cone property.

Example 2.16 (Cited from [LapRaZul|). Given o > 0, let (A4, €,) be the relative fractal
drum in R? defined by A = {(0,0)} and Q, = {(z,y) e R* : 0 < y < 2%, z € (0,1)}.
If 0 < a < 1, then the cone property of (A,€Q) is fulfilled at a = (0,0), while it is not
satisfied (at a = (0,0)) for a« > 1. Using these domains, we can construct a one-parameter

family of relative fractal drums with negative box dimension; see Proposition 2.18 below.

Proposition 2.17 (Cited from |[LapRaZul]). Let (A,Q) be a relative fractal drum in
R,

(a) If the sets A and Q are a positive distance apart (i.e., if d(A,Q) > 0), then
D(Ca(-,9)) = —oo; that is, C4(-, ) is an entire function. Furthermore, dimpg(A4, Q) =

—0Q.

(b) Assume that there exists at least one point a € ANQ a Wthh the relative fractal
drum (A, Q) satisfies the cone property. Then D(Ca(-,2)) >0

The following proposition (building on Example 2.16 above) shows that the box di-

mension of a relative fractal drum can be negative.

4Intuitively, G is a disk-like subset (‘calotte’) of a hemisphere contained in the sphere dB.
®The cone condition can be replaced by a much weaker condition; see [LapRaZul] for details.
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dimp(A,Q) < 0

y=x

A
Figure 2.1: A relative fractal drum (A, ) with negative box dimension dimp(A,Q)=1—a <0
(here a > 1), due to the ‘flatness’ of the open set £ at A; see Proposition 2.18.

Proposition 2.18 (Cited from [LapRaZul]). Let A = {(0,0)} and
Q={(z,y) eR*:0<y <2 x€(0,1)} (2.2.1)

where a > 1; see Figure 2.1. Then the relative fractal drum (A,(2) has a negative
box dimension. More specifically, dimp(A, ) exists, the relative fractal drum (A, Q) is

Minkowski measurable and

dimp(4,Q) = D(Ca(+, Q) =1 —a <0,
1
14+ a’

Dier(Ca(+,9Q)) < 3(1 —a).

MITYA Q) = (2.2.2)

Furthermore, s = 1 — « is a simple pole of (a( -, ).

Example 2.19. Let (A, Q) be the relative fractal drum in R? defined by A = {(0,0)} and
Q={(z,y) eR?: 0 <y < 2? xe€(0,1)}. This relative fractal drum does not satisfy the
cone property.® According to Proposition 2.18, its relative box dimension is equal to —1.
We will show directly that the relative distance zeta function (4(s,$2) is well defined at

s = 0, and equal to Catalan’s constant. First, using polar coordinates, for s > 0 we have

Cals, Q) = /d((x y), A ?drdy —/ dx/ 22 + )2 dy
1/ cosp 1 w/4 1—t
/ do / dr— 2+ / L-tan'y
tan ¢/ cos ¢ S Jo cos®
The function under the integral sign is dominated by a constant (independent of s), so we

conclude from the Lebesgue dominated convergence theorem that the integral in the last

expression above converges to zero. We can now apply ’'Hospital’s rule and differentiation

6Note that since AN Q = {(0,0)}, it suffices to check that (A, ) does not have the cone property at
a = (0,0), which is the case since 2 > 1; see Remark 2.15 and Example 2.16.
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Figure 2.2: A relative fractal drum (A, ) with infinite flatness, described in Remark 2.21. In
other words, 2 has infinite flatness near A.

under the integral sign in order to compute the limit at s = 0:

™9 /1 —tan®
i a0 =ty [T (Lt
o0+ Cals, ) om0+ o OJs\ cos®y 7
ATt ¥ 1
= lim [( angp) log(cot ) + M(tans e—1)| dp
s—=0t Jg COS ¢ cos®
& =
= log(cot ) dyp = —_
/0 nzg (2n+1)2

The next-to-last equality again follows from an application of Lebesgue’s dominated con-
vergence theorem, while the last sum is Catalan’s constant which is approximately equal
to 0.915.

The following result provides an example of a nontrivial relative fractal drum (A, Q)
such that dimpg(A, Q) = —oo. Tt suffices to construct a domain  in R? which is flat in a

neighborhood of one of its boundary points.

Proposition 2.20 (Cited from [LapRaZul]). Let A = {(0,0)} and
O ={(z,y) eR*:0<y<e V" 0<z<1}. (2.2.3)
Then dimp(A, ) exists and

dimp (A, ) = D(Ca( -, ) = —o. (2.2.4)

Remark 2.21. [t is easy to see that Proposition 2.20 can be significantly generalized.
For example, it suffices to assume that A is a point on the boundary of 2 such that 2
has the flatness property of A relative to ). This can even be formulated in terms of
subsets A. We can imagine a bounded open set 2 C R? with a Lipschitz boundary 052,
except on a subset A C 0€), which may be a line segment, near which €2 is flat. A simple
construction of such a set is 2 = Q' x (0, 1), where €' is given as in Corollary 2.20, and
A = (0,0)} x (0,1); see Equation (2.2.3). Note that this domain is not Lipschitz near

the points of A, and not even Holderian; see Figure 2.2. The flatness of a relative fractal
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drum (A, ) can be defined by
ﬂ(A, Q) = (mB(A7 Q))_ )

where (r)” := max{0, —r} is the negative part of a real number r. We say that the flatness
of (A,Q) is nontrivial if i(A,Q) > 0, that is, if dimp(A,Q) < 0. In the example just
mentioned above, we have a relative fractal drum (A, ) with infinite flatness, i.e., with

fI(A, Q) = 4+o00. Intuitively, it can be viewed as an ‘ax’ with an ‘infinitely sharp’ blade.



Chapter 3

Fractal Tube Formulas for Relative

Fractal Drums

3.1 Introduction

The core of this chapter is in the fact that the tube zeta function equal to the Mellin
transform of a modification of the tube function t — |A; N Q|. More precisely, one has
that

Cals, 2 6) = /;OO 7 (X004, N Q) dt =: {Mf}(s), (3.1.1)

where x (o5 denotes the characteristic function of the set (0,0) and {9 f} the Mellin
transform of the function f. (Here, f(t) = x (0.5 (0)t |4 N QJ.)

We continue by stating a few definitions that are already introduced in [Lap—vFr3] in
the setting of generalized fractal strings and adapt them to the setting of relative fractal

drums in RV,

Definition 3.1. The screen S is a graph of a bounded, real-valued Lipschitz continuous

function S(7), with the horizontal and vertical axes interchanged:
S :={S(r) +1ir : 7 € R}. (3.1.2)
The Lipschitz constant will be denoted by ||5||Lip, i-€.,
[S(z) =S| < [|Slliple =yl forall z,y, € R.
Furthermore, with the screen the following finite quantities will be associated:

inf S :=inf S(r) and supS :=supS(7).

TER TER

From now on for an RFD (4, Q) in RY we will denote its upper relative box dimension

37



38 3. FRACTAL TUBE FORMULAS FOR RELATIVE FRACTAL DRUMS

by D := dimp(4,Q) < N. We will assume, additionally, that the screen S lies always to
the left of the critical line {Res = D}, i.e., that sup S < D. Furthermore the window W
is defined as the part of the complex plane to the right of S; that is,

W:={seC:Res> S(Ims)}. (3.1.3)

We will say that the relative fractal drum (A, ) is admissible if its relative tube (or dis-
tance) zeta function can be meromorphically extended to an open connected neighborhood
of some window W.

The next definition adapts [Lap—vFr3, Definition 5.2| to the case of relative fractal

drums in RY (and, in particular, to the case of bounded subsets of RY):

Definition 3.2 (Languidity adapted from |[Lap—vFr3|). An admissible relative fractal
drum (A, Q) in RY is said to be languid if for some ¢ > 0 its tube zeta function EA( -+, €;0)
satisfies the following growth conditions: There exist real constants x and C' > 0 and a
two-sided sequence (7},)nez of real numbers such that T, < 0 < T, for n > 1 and

lim 7, = +o00, lim 7T_,=—o0 (3.1.4)

n—oo n—oo

satisfying the following two hypotheses!

L1 For all n € Z and all o € (S(T,,), ¢),
Calo + 1T, 2:0)| < C(|T] + 1)", (3.1.5)

where ¢ > dimp(A, ) is some constant.?

L2 For all 7 € R, |7| > 1,
Ca(S(r) + 17,9 8)| < C|7". (3.1.6)

Note that hypothesis L1 is a polynomial growth condition along horizontal segments
(necessarily not passing through any singularities of E 4(+,€;6)), while hypothesis L2 is a
polynomial growth condition along the vertical direction of the screen. These hypotheses
will be needed to establish the pointwise and distributional tube formulas with error term.

In order to obtain the pointwise and distributional tube formulas without an error
term, we will need a stronger notion of languidity and hence we introduce the next defi-

nition.

'Here we do not need the assumption that lim, .. T}, /|T-n| = 1 as opposed to the definition
in [Lap—vFr3].

2This is a slight modification of the original definition of languidity from [Lap-vFr3] where ¢ was
replaced by +oo.
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Definition 3.3 (Strong languidity adapted from |Lap—vFr3]). We say that a relative frac-
tal drum (A, Q) in RY is strongly languid if for some § > 0 its tube zeta function satisfies
condition L1 with S(T},) = —o0 in (3.1.5), i.e., for every ¢ < ¢ and, additionally, there
exists a sequence of screens S,,(7): 7 — Sy, (7) +17 for m > 1, 7 € R with sup S,, = —o0

as m — oo and with a uniform Lipschitz bound sup,,>; ||Sn||Lip < 00, such that

L2’ there exist constants B, C' > 0 such that for all 7 € R and m > 1,
CA(Son(7) + 17, ;. 8)| < CBISOI(|7| + 1)%. (3.1.7)

It is obvious that hypothesis L2’ implies hypothesis L2, so that a strongly languid
relative fractal drum is languid. We also note that if a relative fractal drum is languid
for some «, then it is also languid for any x; > k. We will also use the notions of languid
and strongly languid relative tube zeta function in the obvious sense.

Recall from (3.1.1) that the tube zeta function of a relative fractal drum (A, 2) with
a fixed § > 0 satisfies

Calis,:0) = {MF}(s). (3.18)
where f(t) = x(0,6)(t)t" |4, N Q| is locally of bounded variation since t — |A; N Q| is non-
decreasing. Furthermore, observe that f is piecewise continuous on (0, +00) and we have
from Theorem 2.6 and Remark 2.7 that the tube zeta function E 4(+,Q) is holomorphic on
the half-plane {Res > dimp(A,)}. This ensures that we can recover the relative tube

function from the relative tube zeta function by the Mellin inversion:

1 c+ioco .
Koo Mang = o [ G 050 ds (319)

where ¢ > dimp(A, ) is arbitrary, which leads to the following theorem.

Theorem 3.4. Let (A, Q) be a relative fractal drum in RY and fiz 6 > 0. Then for every
t € (0,6) and c > dimp(A, Q) we have

1 c+ioco .
’At ﬂQ‘ = ﬂ/ tNisCA(S,Q;d) ds. (3110)
™ c—ioco

This fact follows directly from the Mellin inversion theorem which we state here for

completeness (see, e.g. [Ti2, Theorem 28|).

Theorem 3.5 (Mellin inversion theorem). Let y“~'f(y) belong to L'(0,00) where
f:(0,00) = R and c is a real number. Furthermore, let f(y) be of bounded variation

i a neighborhood of the point y =t. Let

{Mf}(s) := /0+°° () dt (s =c+ir). (3.1.11)
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Then .
1 c+i100

Yer o)+ fe—0) = —,/ 1= [/} (s) ds. (3.1.12)

2 27T]l — 00
Conversely, let {OMf} c+1iu) belong to L*(—o0,0), and let it be of bounded variation
i a neighborhood of the point w = 7. Let

ctioco

() = QLM (M F)(s) ds. (3.1.13)

c—ioco

Then

%({ﬂﬁf}(c—l—ﬁ(T—l—O)) ) (e i - 0))) :/O Tty dn (3.0.14)

Let us now introduce the notion of complex dimensions of a relative fractal drum.

Definition 3.6 (Complex dimensions of a relative fractal drum [LapRaZul]). Let (A, Q)
be a relative fractal drum in RY. Assume that the relative tube zeta function C4( -, ;)
has a meromorphic extension to a connected neighborhood U of the critical line {Re s =
dimp(A,Q)}. Then, the set of visible complex dimensions of (A, Q) (with respect to U) is
the set of poles of Z 4(+,€;0) that are contained in U and we denote it with

PCa(-,%0),U) :={w e U:wisa pole of (a(-,%0)}. (3.1.15)

If U = C, we say that P(Ca(-,€%46),C) is the set of complex dimensions of (A,Q) and
denote it by P(Ca(-,;0)).
Furthermore, we call the set of poles located on the critical line {Re s = dimp(4,Q)}

the set of principal complex dimensions of (A, Q) and denote it by
dimpe(A4, Q) := {w € P(Ca(-,2:0),U) : Rew = dimp(A,Q)} (3.1.16)

Remark 3.7. In light of the functional equation (2.1.4) and the relevant discussion about
it, the above definition can also be made in terms of the relative distance zeta function;
that is, we always have P(EA( ,€;0),U) = P(Cal-,Q;0),U) whenever one of the above
zeta functions has a meromorphic extension to the domain U containing the critical line
{Res = dimp(A4,Q)} and if N ¢ P(Ca(-,9:0),U).3 Furthermore, according to Re-
mark 2.2, the set of (visible) complex dimensions 73(5 4(+,€;6),U) of a relative fractal
drum (A, 2) does not depend on 4.

For deriving the relative tube formula in terms of the complex dimensions of the

relative fractal drum (A, 2) we will need the k-th primitive function of the relative tube

3In that case, the other one also has a meromorphic continuation to U.
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function and, hence, we let
V(t) = VU@ = 14,nQ (3.1.17)

and

t
VIE(t) = / VEU(rydr, for ke N. (3.1.18)
0

Furthermore, for any s € C we recall that the Pochammer symbol is defined by
(s)o:=1, (s)k:=s(s+1)---(s+k—1) (3.1.19)

for any nonnegative integer k.

Proposition 3.8. Let (A, Q) be a relative fractal drum in RY and § > 0 fized. Then for
€ (0,0), c € (dimp(A4,Q),N +1) and k € Ny we have

1 c+100 tN s+k .
k() = — X SE——— Q; . 1.2
V() m/c ATl ) ds (3.1.20)

—ico

Proof. For t € (0,6) we calculate

c+ioco
vl /V =5~ // (s,€;0)dsdr
7l .

c+ioco
—2— / N=s¢ (s, 6) dr ds
T Je—ioo
1 c+ioco tN s+1
i ) Nosprn0ds

since N —c+ 1 > 0. The change of the order of integration is justified by combining
Lebesgue’s dominated convergence theorem and the Fubini—Tonelli theorem. Iterating

this calculation & — 1 more times we prove the statement of the proposition. O

We will adapt the following definition of the truncated screen and window from [Lap—
vFr3| where it was stated for languid generalized fractal strings and can be used in the
same form in the case of relative fractal drums in RY. Note that here the definition of
the truncated window is lightly modified in contrast to [Lap—vFr3, |, and hence, we will

use a slightly different notation.

Definition 3.9 (The truncated screen and window). Given an integer n > 1 and a
(strongly) languid relative fractal drum in RY, the truncated screen S|, is the part of the
screen S restricted to the interval [T, T,], and the truncated window W), is the window

W intersected with the horizontal strip between 7", and T,,, i.e.,

W =Wn{seC:T,<Ims<T,}. (3.1.21)
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We then call P(Ca(-,Q), W},) the set of truncated visible complex dimensions, i.e., it
is the set of visible complex dimensions of (A, {2) with imaginary part between 7T, and
T,.

3.2 Pointwise Tube Formula

In this section we will derive the relative pointwise tube formula of a relative fractal
drum (4, Q) in RY in terms of its complex dimensions. The technique used is very similar
to the one developed in [Lap—vFr3| in the case of the geometric zeta functions of fractal
strings for finding the pointwise and distributional explicit formulas and follows basically
the same steps but in the new context of relative fractal drums. Furthermore, we stress
that from now on the phrase “let (A, 2) be a languid (or strongly languid) relative fractal
drum” implicitly means that (A, ) is admissible for some window W and for some § > 0
the relative tube zeta function Ca(s,2;8) of (A, Q) satisfies the languidity conditions of
Definition 3.2 (or Definition 3.3, respectively). First, let us derive a ‘truncated pointwise

formula’ from which the general theorem will follow.

Lemma 3.10 (Truncated pointwise formula). Let k& > 0 be an integer and (A,Q) a
languid relative fractal drum in RY . Furthermore, fix a constant ¢ € (dimp(A, Q), N +1).
Then for allt € (0,0) and n > 1 we have

1 c+iTh tN—s+k

[, = — L Ci(s,Q:6)d
o fovir (N—s+1)k<A(S ) ds

tN_S+k

= ~Z res (mgA<Sa ; 5)aw) (3.2.1)
WGP(CA( ' 79)7W|7L)

1 tN—s+k -
to= | o Cals,Q50) ds + E(t).

2mi Js,, (N—s+1)
Moreover, assuming that hypothesis L1 s fulfilled, we have the following remainder esti-

mate
|E, (1) < VK, max{T" |T_,|"*}(c — inf S) max{t—¢, ¢t~ ™5} (3.2.2)

where K, is a constant depending only on k.

Finally, for each point s = S(7)+17 where T € R such that || > 1 and for allt € (0,0)
the integrand over the truncated screen appearing in (3.2.1) is bounded in absolute value
by:

CtNTF max {¢— s o ¢~ Sy 7|k, (3.2.3)
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bm
S(T,) +iT, Ty c+iT,

0 dimp(A, Q) N+1

S(T-,) + iT\ T, c+ilT,

Figure 3.1: The truncated window W),, and the contour I' which we use to estimate the integral
I, in Lemma 3.10.

Re

when hypothesis L2 holds, and by
CKtN—Hc maX{B‘ infS|’ B\supS\} HlaX{t_SupS, t—infS}‘7_|n—k7 (324)

when hypothesis L2’ holds with the constant C,, depending only on k.

Proof. Let D := dimpg(A,Q) and for the sake of brevity we will write ((s) instead of
Z 4(s,9Q;9) throughout the proof. Now, we replace the integral over the segment [c +
i7", c+1T,] with the integral over the contour I' consisting of this segment, the truncated
screen S|, and the two horizontal segments joining S(7%,) + iT%, and ¢ + iT%, (see

Figure 3.1). In other words, we have:

1 c+iTh ths+k .
I, = — _— d
27l /CHT” (N—s+1)k<(s) §

1 tN—S-HC .
L Fed
271 j{ (N—s—l—l)kC(s) °
1 tN_s+k

+ 7 S, mC(3> ds + En(t),

where

Ea(t) 1/F T sy ds

~2mi Jr,or, (N—s+1)y

Furthermore, the integrand appearing above is meromorphic on the bounded domain
having I' as its boundary and its poles are exactly the poles of the relative tube zeta

function since ¢ € (dimp(4,Q), N + 1) ensures that there are no zeroes of (N —s+1);
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inside of I'. Consequently, from the residue theorem we get

tN78+k

e 3 (o)

WGP(EA( . 79)7W|n)
1 tN—S-‘rk

+ o . —(N—S—l—l)kC(S) ds + E,(t).

To get the bound on E, (), firstly we observe that for s = o +17T,, we have |(N —s+1);| >
T* and we estimate the integrals over the upper segment 'y and the lower segment I'y,
under the hypothesis L1:

therk .
/FU —(N—s—l—l)kC(S) ds| =

<tNTRO(T, + )T R / t7do
S(Tn)

< tNFRKL TR (e — S(T),)) max{t—¢, ¢~ 5T},

c tNJrkfafﬂTn .
- o+17,)do
/mn) STy AR

where K, is a constant such that C'(|7,| + 1) < K,|T,|" for all n € Z. Furthermore,
since inf S < S(t) we have

/ therkc(S) ds
Ty

< tN—HcKHTH—k —inf t=¢ 2f—infS 9.
Nostl) | = » (¢ —inf S) max{t~¢, } (3.2.5)

A similar calculation for the integral over the lower line segment yields

/ tN_S+kC(8) ds
Ty

< NPT 5 R (e — inf S) max{t¢, ¢t~ 3.2.6
e | € T P e ink §) ma b (320)

and putting (3.2.5) and (3.2.6) together we get (3.2.2).4
To estimate the integrand over the truncated screen S), we observe that for s =
S(7) + i with |7] > 1 we have

tN—S-‘rk’

< Cths(T)‘f’k rk—k
‘(N—s+1)k = 7

C(s)

(3.2.7)
S CtN+k maX{t_SUPS, t—inf5}|7_|n—k

under hypothesis L2 and similarly under hypothesis L2’. (Cj is a constant chosen so that
C(|7| + 1)* < Cx|7|* holds for |7| > 1.) This completes the proof of the lemma. O

We can now state and prove the announced theorem.

4The constant K, in (3.2.2) is actually equal to the present K, divided by .
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Theorem 3.11. Let (A, Q) be a relative fractal drum in RN that is languid for some
Kk and let k > Kk + 1 be a nonnegative integer. Then for every t € (0,0) the following

pointwise formula is valid

tN—s—Hc -
V() = Z res (mCA(S, Q; 5),w) + RM(1). (3.2.8)

weP(Cal-,Q),W)

Here, fort € (0,6) the error term R is given by the absolutely convergent integral

[k‘] 1 tN—s-l-k -
R™(t) = Q_M/SmCA(S,Qﬁ) ds. (3.2.9)

Furthermore, fort € (0,d) we have

C tN—l—k maX{t_SupS t—infS}
RHM@) < =1 +9u ’
RE0)] < (14 1S up)

+ (3.2.10)

where C' is the constant appearing in L1 and L2 and C' is some suitable positive constant.
These constants depend only on the relative fractal drum (A, Q) and the screen, but not
on k.

In particular, we have the following pointwise error estimate
RM(t) = O(N=swSHRy g5t — 0F, (3.2.11)

Moreover, if S(17) < sup S, i.e., if the screen lies strictly left of the vertical line {Res =
sup S}, then we have
RM(t) = o(tN 5w SFk) g5t — 0t (3.2.12)

Remark 3.12. The sum appearing in (3.2.8) in the above theorem is to be understood
as the limit
. fN=st+k
nh_)rglo ~Z res (mCA(s,Q;d),w> ,
weP(Cal,2),Wn)

where W), is the truncated window given by Definition 3.9. Furthermore, the existence
of this limit follows from the proof of the theorem but we do not know the nature of its
convergence.

Furthermore, the sum over the set 73(5 A(+,Q), W) in Theorem 3.11 does not depend
on 0 since changing the parameter § has no effect on the residues appearing in (3.2.8)
(see Remark 2.2). In other words, when applying Theorem 3.11, one has to determine
that (A, ) is languid for some § > 0, but when calculating the sum one can take any
0 > 0; that is, the most convenient one in the particular example one is interested in. The
same comment also applies in all other theorems below in which a sum over the complex

dimensions appears.
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Proof. Let ¢ € (dimp(A,Q), N + 1) be the constant from the languidity condition L1 of
Definition 3.2. We will prove the theorem by using Lemma 3.10 to get (3.2.1) and letting
n — oo. We note that E,(t) tends to zero for k > k at the rate of some negative power of
min{T,,,|T_,|}. Furthermore, for k > -1, the error term RI¥I(#) is absolutely convergent.
Indeed, note that, since S(7) is Lipschitz continuous, it is differentiable almost everywhere

and, consequently, the derivative of 7+ S(7)+17 is bounded with (1+||.S||rip) for almost

+o0 1
/ R dr = ————

for k > k 4 1, the estimate of the error term now follows from (3.2.3). Here C’ is the

all 7 € R. Moreover, since

constant which amounts to the integral over the part of the screen for which |7| < 1.

In the case when the screen stays to the left of the line {Re s = sup S} we can obtain the
better estimate (3.2.12) by using a well-known method; see, e.g. [In, pp. 33-34]. Namely,
for any given € > 0 we have to show that (3.2.9) is bounded with etV ="s"P5** For a T > 0
we can split the integral (3.2.9) into the following two parts. The first one, is the integral
over the part of the screen for which | Im S| > T" and the second one is the integral over the
part of the screen for which |Im S| < T. Since the first integral is absolutely convergent,
we can choose T sufficiently large so that it is bounded with %5tN —sup Stk For the second
integral we observe that the maximum of S(7) for 7 € [T, T is strictly less than sup S,
i.e., we can choose a > 0 such that S(7) < sup S — « for 7 € [T, T]. This implies that
the integral over the part of the screen for which |Im S| < T is of order Ot —swpS+k+a)
as t — 0%.% Hence, for sufficiently small ¢ it is bounded with %EtN —sup Stk and this proves
that RIF(t) = o(tNV 7P 5+k) as ¢t — 0. O

In the case of a strongly languid relative fractal drum we get a pointwise formula

without an error term.

Theorem 3.13. Let (A, Q) be a relative fractal drum in RN that is strongly languid for
some Kk and let k > k be a nonnegative integer. Then for every t € (0, min{1,5, B=}) the

pointwise formula is given by

tN—S-‘rk

V() = Z res (mZA(S, € 5),w) . (3.2.13)

UJGP(EA( . 7Q) 7(C)

Here B is the constant appearing in L2’ and k is the exponent occurring in the statement
of hypotheses L1 and L2’.

Proof. For a fixed integer n > 1 we apply Lemma 3.10 with the screen S,, given by
hypothesis L2’. We first let m — oo while keeping n fixed. Since the screens S,, have

5One proves the estimate (3.2.11) in an analogous way by the same method.

6Note that since the screen S avoids the poles of the relative tube zeta function, we have that Z A(s,8;9)
is bounded for s in the part of the screen S for which [Im S| < T
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a uniform Lipschitz bound, if we take ¢ < min{1, B~'}, then the sequence of integrals
over the truncated screens (Sm)|n converges to 0 as m — oo. Indeed, let us take mg large
enough so that sup S,, < 0 for every m > mg.” Furthermore, the integral over (S,,)}, is

equal to

1 tN—s+k . Q51 d
I, = —— (s 3.2.14
: 5 /(S . (N—S—i—l)kCA(S ) ds ( )

and, similarly as in the proof of Lemma 3.10, we have that the integrand is bounded in

absolute value by
C.| sup Smlﬂ*k max {B\ inf(Sm)|n|7 BlSHP(Sm)|n|} tNJrlSup(Sm)\nHk’ (3.2.15)
where C); is a suitable constant depending only on x. Here, we denote

inf(Sp)n = inf  Sp(7) and sup(Sp)n = sup  Sp(7). (3.2.16)
TG[T—n,Tn] Te[TfnyTn]
We now let L := sup,,,>, ||Sm|| be the uniform Lipschitz bound for the sequence of screens
Sm. Then, the derivative of 7 +— S,,,(7) + 17 is bounded for almost every 7 € [T_,,T,]
with (14 L). Now we have two cases; firstly, if B < 1, we then have that

S onTsup(G e TP,

and, since ¢t < 1, we have that I,,,, — 0 as m — oo. Secondly, if B > 1 we observe that

from the Lipschitz condition on S, we have
|inf(Sm)|n| < |Sup(sm)|n| + L(T, — T-p),

from which we get

C.(1+ L)BETn=T-n)

o | sup(Sm)n |t N+k
27| Sup( Sy, )| F* (T = T (B)! Sl VR,

|]n,m| S

so that I, ,, — 0 as m — oo since Bt < 1.
We now let E,, ,,(t) be the error function appearing in (3.2.1) for the truncated screen
(Sm)jn and we will complete the proof by showing that its iterated limit converges to zero

pointwise. For ¢ € (dimp(A, ), N 4+ 1) and since (0 < ¢t < 1) we have, analogously as in

“This is possible, since sup S,, — —oc as m — oo.
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the proof of Lemma 3.10, that

/ tN_S+kC(S) ds
Tu,, (N—S—Fl)k

< tNTRe(T, + 1)“Tn—’“/ t=7do
oo (3.2.17)

< tN-‘rkK Tli—k tic .

B T log(1/t)
Here, I'y,, is the segment connecting S,,(7,) +17,, and ¢+17,,. A similar reasoning for the
corresponding integral over the lower segment gives us the following bound on |E,, ,, ()|

independent of m:

tN*C+k‘

—K,{ Tnfk T,n Kk—k )
gy ST T

| Enm(1)] <
Finally, this implies that for k£ > & the iterated limit of E,, ,,(¢) tends to 0 when m — oo

and n — oo, i.e., we have
lim ( lim E,,,(t)) =0,

n—oo m—0oo

which concludes the proof of the theorem. O

Theorems 3.11 and 3.13 are of most interest in the case when k£ = 0, i.e., when we get
a pointwise formula for the volume of the relative t-neighborhood |A; N 2| in terms of the

complex dimensions of (A4, €2). We will state this case as a separate theorem.

Theorem 3.14. Under the same hypothesis as in Theorem 3.11 with k < —1 (respectively,
Theorem 3.13 with k < 0), we have the following pointwise formula for the relative tube
function of the relative fractal drum (A, Q) in RY :

Ane= Y res(tN_sZA(s,Q),w)+R[O](t), (3.2.18)
WG’P(EA( . 7Q)7W)

where RIN(t) is the error term given by formula (3.2.9) with k = 0. Furthermore, we have

the following error estimate:

RO = OtV =S ast — 07, (3.2.19)
Moreover, if S(T) < sup S for every T € R, we then have

RO(t) = o(tN=5w5) g5t — 0F. (3.2.20)

(Respectively, if (A, Q) is strongly languid, then R(t) =0 and W = C).
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3.3 Distributional Tube Formula

In this section our goal is to get the distributional analogs of Theorem 3.11 and 3.13
in order to derive the distributional formula for V¥ (¢) for any integer k¥ € Z. This will
provide us with information (in the distributional sense) about the tube function of a
relative fractal drum (A, 2) no matter for which coefficient x the relative fractal drum
(A, Q) is languid. (See Definition 3.2.) More precisely, let § > 0 and D(0, ) := C°(0, )
be the space of infinitely differentiable (complex valued) test functions with compact
support. In fact, we will start with a larger space of test function for which the formulas
obtained here will be valid. Namely, let K(0,d) be the set of test functions ¢ in the class
C>(0,9), such that for all m € Z and ¢ € N we have t™p@(t) — 0, as t — 0% and
(t —6)"D(t) — 0 as t — d~. Note that D(0,0) C K(0,0).

Definition 3.15. Let (A4,Q) be a relative fractal drum in RY and k € Z an integer.
We define the distribution V¥ on C(0,0) to be the |k|-th distributional derivative of
V(t) = AN in case k < 0 and the k-th primitive function (considered as a distribution
on K(0,0)) of V(¢) if k > 0. For k = 0 this is the distribution generated by V'(t). More
precisely, for a function ¢ € K(0,0) we have

+oo
(W ) — / VIH($)p(t) dt,  for k>0, (3.3.1)
0

and

(VH o) = (=1) /%o V()™ () dt, for k < 0. (3.3.2)

Here, and from now on, for convenience, we always extended the function ¢ € K(0, ) to

the interval [§, +-00) by letting ¢ 100) = 0.

We will also need the extended definition of the Pochammer symbol (s); defined
with (3.1.19) for the case when k € Z:

(5) [(s+ k)

STOR (3.3.3)

with I' being the gamma function.

Suppose now that ¢ € K(0,0) is a test function. The decay conditions on ¢ imply
that t°p(t) is integrable on (0,0) for every s € C and that its Mellin transform {9y}
is an entire function (see |Ti2, Theorem 31]). Furthermore, let g(s) be a meromorphic

function. Then the residue res(g(s),w) vanishes unless w is a pole of g. Moreover, for
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k € Z, N € N and by choosing a suitable contour I' around w, we have

/0+°° o(t) res(tN "+ g(s), w) dt = /OJ“’O (p(t)ijgthJrkg(S) ds dt

2m1
1 +o0 N N
=g Fg(s)/ tN TR p(t) dt ds
0

= res ({Mp}(N—s+k+1) g(s),w).

The change of the order of integration is justified by the Fubini-Tonelli theorem since the

last integral above is absolutely convergent. In short, for ¢ € K(0, ) we have
(res(tV " g(s),w), @) = res ({Me} (N —s+14k) g(s),w), (3.3.4)

where ¢(s) is a meromorphic function on a neighborhood of w € C, k € Z and N € N.

Now we can state the distributional analog of Theorem 3.11.

Theorem 3.16. Let (A,Q) be a relative fractal drum in RY that is languid for some k
and & > 0. Then, for every k € Z the distribution V¥ is given by

0 T s ¥
VE(t) = Z res (mCA(s,Q;é),w) + R™M(t). (3.3.5)

weP(Cal-,Q),W)

That is, the action of VI¥I(t) on a test function ¢ € K(0,0) is given by

<V[k]7(p> _ Z ros <{9ﬁ90}(N_3+1+k) Cals, 6),w)
)W)

N—s+1
wE’P(ZA(',Q ( s+ )k (336)
+ <R[k], g0>.
Here, the distribution R¥\(t) is the error term given by
1 [ {Me}(N —s+1+k) Ca(s, 2 6)
(k] _ ] d
(R, ©) %LL N _st1), s. (3.3.7)

Proof. We start the proof by fixing £ € Ny such that £ > x + 1 and a constant ¢ €
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(dimp (A, Q), N +1).% Then, for every test function ¢ € K(0,6), we have

(VI o) = / V@) (t) dt

c+ico 400 tN s+k o __
dtd
271'11 c—ioo / +1)kc (8) i
et {mtso}<N—s+1+k> Gls)
- 271 c—ioco (N_S+1)k

Here, the change of the order of integration in the second equality is justified by the
Fubini-Tonelli theorem since the first integral above is absolutely convergent.® One can
now approximate the last integral above in the same way as in Lemma 3.10; that is, by

the following expression:

{M}(N —s+1+k) Ca(s)
Z )res ( (N—s+1); )

WGP(EA( ° 79)7‘/V\n
1 {ME}H(N —s+14k) Cals)

— d

omi Jg, (N—s+1)s °
1 (M} (N —s+14k) Cals)
27T11 FLUFU (N_8+1)k

Furthermore, by (3.3.4) the above is equal to

= (o) )

UJE’P(EA( : 7Q)7W|n)

1 [ {ME}(N —s+14k) Ca(s)
2mi Jg,, (N—s+1)

+ /W E,(t)p(t) dt.

ds

Now, by letting n — oo the integral of the error function E,(t)p(t) tends to zero by the
same argument as in Theorem 3.11 and also by the same argument, the integral over the

truncated screen converges. Thus, we have

VY= Y res({w}<N—s+1+k>ZA<s>’w>
Q),W)

- (N—S+1)k
weP(Cal-,

+(RH, o).

(3.3.8)

8Note, that by fixing ¢ € (dimp(A, ), N + 1) we have ensured that no poles of (N — s+ 1), will be
contained in the window W. Indeed, since (N —s+1), ' = (N —s+1)/T(N—s+1+k) we can see that
the set of its poles is a subset of {N +mn:n € N}.

Tt is easy to see that |VIF(t)] < |A|t* for t € (0,400) and k > 0.
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and the expression on the right defines a distribution on XC(0,6) (since V¥ is locally
integrable).
In the case when k < k + 1 we choose an integer ¢ such that k + ¢ > max{x +1,—1}
and note that
<V[k],g0> - (_1)<1<V[1€+q]7 ¢(Q)>_ (3.3.9)

To finish the proof we use the above equality together with (3.3.8) applied to the level

k + q and the well-known fact about the Mellin transform, namely,

(_

(me}(s) =

;)q {Sﬁgo(q)}(s +q). (3.3.10)

]

Remark 3.17. Note that in Theorem 3.16 we have proved that the sum over the complex
dimensions appearing in (3.3.5) defines a distribution in X’'(0, ) and hence in D’(0,0).
This, in turn, implies that both terms on the right-hand side of (3.3.5) are, on their own,
distributions in K'(0,d). Namely, this is a consequence of the well-known fact about the
convergence of distributions (see, for example [H6, Theorem 2.1.8, p. 39]). More precisely,

let (7,)n>1 be a sequence of distributions such that

(T, ) = 1im (T, )

n—oo

exists for every test function ¢ € D(0,6). Then, it is known that 7 is a distribution
in D’(0,9). This result applied to the appropriate sequence of partial sums over the set
P(Ca(-,Q), W) implies that the sum over the visible complex dimensions in (3.3.5) is
indeed a distribution in D’(0, ) and hence, each term taken separately on the right-hand
side of (3.3.5) defines a distribution in D’(0, §).

An entirely analogous comment applies to Theorem 3.18 below with test functions in
D(0,dp).

In the next theorem we will obtain a distributional analog of the pointwise relative
tube formula without the error term. This will be an asymptotic distributional formula,
i.e., it will be valid for test functions in K(0,¢) that are supported on the left of B!
where B > 0 is the constant appearing in hypothesis L2’.

Theorem 3.18. Let (A, Q) be a relative fractal drum in RN that is strongly languid for
some k. Furthermore, let 6y := min{1,5, B~'}. Then, for every k € Z and for a test
function in ¢ € D(0,68) the distribution V¥ € D'(0,8,) is given by

VHE@) = > res (ﬁ&(s, 9;5),w> . (3.3.11)

WEP(ZA( : »Q)»(C)
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That is, the action of V¥l on a test function ¢ € D(0, ) is given by

V1), 0) = (3.3.12)

o {M}H(N —s+1+k) Cals, Q;0) .
Z )’C)r ( (N—S‘I—l)k ’ >

WEP(EA( 02
Proof. We will prove the theorem by applying Theorem 3.16 to the sequence of screens
Sm and showing that the corresponding error term tends to zero as m — co. By choosing

q € N such that k£ + ¢ > £+ 1 and m € N such that sup S,, < 0 we have from (3.3.5) the

next distributional equality

Yl (1) = > res ((tl\f—&&(s), W)

_ N-—s+1
weP(Ca(-,Q),Wm) Jia

+ RIE+(t),

(3.3.13)

We now take a test function ¢ € D(0,dp), and since it has compact support, there exists
v € (0,1) such that its support is contained in (0, vB~!]. Using this fact, we can estimate

its Mellin transform in the following way for s € C such that Res < 0:
+o0
[{M}H(N —s+1+k+q)| < (VBl)ReS/ N o (1)] dt. (3.3.14)
0
Using this, hypothesis L2’ and the fact that

|(N =Sy (7) =17+ Dprg| > (VI 4 72)FF9,

we estimate the distributional error RE+4.10
R+ o\ < / MOV (N —s+1+k Cals)l d
: - L+ 7))
< K(1+ ||Sm||ui / ByB H)EmI_A 2LV 45
( H ||LP) . ( ) (m)k+q

O s
< s [ i
- oo (3 /1 + T2)k+a

with K being a suitable positive constant. The last inequality follows since the sequence
of screens (Sp,)m>1 has a uniform Lipschitz bound. Furthermore, the last integral in
the above calculation is convergent since k + ¢ > x + 1. Now, by letting m — oo, we
get <R¥§+q],cp> — 0 since |supS,,| — oo, and we conclude that R 5 0. Finally,
from (3.3.13) we get the statement of the theorem for the distribution V¥4 and to get

the statement for V¥ we use the same argument as in the proof of Theorem 3.16. m

Remark 3.19. From the proof of Theorem 3.18 one can see that the distributional

OWe denote | ds| := |s'(7)| d.
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formula (3.3.12) is actually valid for a larger class of test functions. More precisely,
for ¢ € K(0,dp) that have support in (0, »B~!] for some v € (0, 1).

We state the most interesting special cases when k£ = 0 of the distributional relative

tube formula (with and without an error term) as a separate theorem.

Theorem 3.20 (Distributional relative tube formula). Under the same hypothesis as in
Theorem 3.16 (respectively, Theorem 3.18), we have the following distributional equality
for the relative tube function t — |A; N Q| of the relative fractal drum (A,§) in RN

A, NQ| = Z res (tN_SgA(s, Q; 5),w) + RO, (3.3.15)
wEP(Ca(-,2),W)

where RON(t) is the distribution given by formula (3.3.7) with k = 0. (Respectively, if
(A, Q) is strongly languid, then RI(t) =0 and W = C).

Remark 3.21. Note that when the expression on the right of (3.3.15) defines a locally

integrable function, we have an equality a.e. between the tube function and this expression.

Now we would like to give a distributional estimate of the error term appearing in
Theorem 3.16 in the same sense as was done in [Lap—vFr3] in the case of the distributional
explicit formula for the generalized fractal string (see Definition 1.37 and the discussion
around it). Recall that for a test function ¢ and a > 0 we denote ¢,(t) := Lo (L) and

that for the Mellin transform of ¢, we have

{Mpa}(s) = a*H{Mp}(s). (3.3.16)

Theorem 3.22. For a fized integer k assume that the hypotheses of Theorem 3.16 are
satisfied. Then the distribution R¥ (1) given by (3.3.7) is of asymptotic order at most

tN=sw S+ gt — 0F, i.e,
RIE () = OV 5HR)  gs ¢t — 0F (3.3.17)

in the sense of Definition 1.37.
Moreover, if S(1) < sup S for all T € R (that is, if the screen lies strictly to the left of
the line Res = sup S), then RIF\(t) is of asymptotic order less than tN—S®S+k e

RE(t) = o(tN 5P SHR)  gs t — 07, (3.3.18)

Proof. We have that for a test function ¢ the integral <R[H,gp> converges absolutely.
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Furthermore, for a € (0,1) and by using (3.3.16) we have

k Mpa (N —s+1+k)| ~
(R < o [ LIt
:/aN—Res—&-k’{mSO}(N—S—'—l—i—k)‘
S

(N —s+1)]
N—sup S+k

[Ca(s)] | dsf
< const - a

which proves the first part of the theorem.
For the second part of the theorem we use a similar argument as in the proof of the
estimate (3.2.12) of Theorem 3.11. O

3.4 Tube Formulas in Terms of the Relative Distance

Zeta Function

In this section we will translate the results from the previous sections in terms of
the relative distance zeta functions. This is extremely useful in applications since the
relative distance zeta function of an RFD can be calculated without knowing its relative
tube function. Of course, the results will follow from the functional equation (2.1.4) which
connects these two zeta functions. More precisely, to derive the analogous results in terms
of the distance zeta function we will introduce a new fractal zeta function which satisfies

a more direct functional equation than (2.1.4). For A C R¥ let us denote by
As = As\ Ap (3.4.1)

Stacho proved in [Sta] that for any bounded set A C RY and ¢ > 0 we have that |0A;| =0
and since any unbounded set may be partitioned into a countable union of bounded subsets

this is also true for unbounded subsets of RY. Consequently, for any relative fractal drum
(A, Q) in RY we have

|Ais N Q= 4N Q| — |4, N Q| = |4; N Q| — |4, N Q) (3.4.2)

Let Ca(-,;6) be the tube zeta function of the relative fractal drum (A, Q) in RY and

assume that Res > N, then we have

0
CA(S,Q;(S):/ N A, N Q| dt
0

0
:/ VA5 N Q| — A s N Q) dt (3.4.3)
0

0" NA;NQ ’
= w_/ tsiN71|At’5ﬂQ|dt.
s—N 0
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Definition 3.23. Let (A,Q) be an RFD in RY and fix § > 0. We define the shell zeta
function 5,4( -, Q) of A relative to Q) (or the relative shell zeta function) by

v

5
Cals,;0) := —/ 5 NHA s N Q| dt, (3.4.4)
0

for all s € C with Re s sufficiently large and the integral is taken in the Lebesgue sense.
In light of (3.4.3) the following theorem is almost immediate.

Theorem 3.24. Let (A, Q) be an RFD in RN and fir 6 > 0. Then the shell zeta function
Ca(-,9:0) of (A, Q) is holomorphic on the open right half-plane {Res > N} and

d 0
gg}\(s, Q;6) = —/ " NHA s N Qlogt dt, (3.4.5)
0

for all s with Res > N.
Furthermore, for Res > N, EA( -, €2, 9) satisfies the following functional equations

. s—N o
Ca(s,;0) = % + Ca(s,$2;0); (3.4.6)
Cals,958) = (N = 5)Cals, 2 6); (3.4.7)

Proof. To prove the holomorphicity of 5 4(+,€;0) one observes that for ¢ > N we have
5 5
[Ca(0,82;0)] < |AsN Q|/ 7Nl dt < o0,
0

and uses Theorem 1.1 which also gives the formula (3.4.5) for the derivative. Formula
(3.4.6) is a rewriting of (3.4.3) and by combining it with the functional equation (2.1.4),

that connects the relative distance and tube zeta functions, we derive (3.4.7). O

The principle of analytic continuations and equations (3.4.6) (or (3.4.7)) now imme-

diately yield the following properties of the relative shell zeta function.

Theorem 3.25. Let (A, Q) be a relative fractal drum in RN and fix § > 0. Then the
following properties hold:

(a) The relative shell zeta function 5A(s, 2;6) is meromorphic in the half-plane {Re s >
dimp(A, Q)} with a single simple pole at s = N. Furthermore,

res(Ca( -, 0),N) = —|45s N QY (3.4.8)

(b) If the relative box (or Minkowski) dimension D = dimg(A,Q) ezists, D < N, and
MP(A,Q) >0, then Ca(s, Q) — +o0 as s € R converges to D from the right.
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Proof. By the principle of analytic continuation we conclude that the functional equalities
(3.4.6) and (3.4.7) continue to hold on any open connected domain U C C to which any
of the three relative zeta functions has a holomorphic continuation. In light of this, part
(a) follows from the counterpart of Theorem 2.6 for the relative tube zeta function and
(3.4.6) while part (b) follows from Theorem 2.6 and (3.4.7). O

The following corollary is an immediate consequence of the above theorem.

Corollary 3.26. Let (A,Q) be an RFD in RY and fix 81,05 > 0 such that 8, < 65. Then,
the difference 5,4(3, 0;0,) — 514(3, Q;92) is meromorphic on C with a single simple pole at
s = N of residue |As, 5, N Q.

Furthermore, in light of Theorem 2.9 and (3.4.6) one has the following result.

Theorem 3.27. Assume that (A,Q) is a nondegenerate RED in RY, that is, 0 <
MP(A,Q) < MP(A4,Q) < oo (in particular, dimp(A, Q) = D), and D < N. If C4(s,Q)
can be extended meromorphically to a neighborhood of s = D, then D is necessarily a

simple pole of C4(s,9Q), and
MP(A,Q) <res(Ca(-,Q),D) < MP(A,Q). (3.4.9)
Furthermore, if (A, Q) is Minkowski measurable, then
res(Ca(-,Q), D) = MP(A4,Q). (3.4.10)

The most useful fact about the relative shell zeta function is that the residues of its
meromorphic extension at any poles contained in the open half-plane {Re s < N} have a

simple connection to the residues of the relative tube or distance zeta functions.

Lemma 3.28. Assume that (A, Q) is an RFD in RN such that its tube or distance or shell
zeta function is meromorphic on some open connected domain U C {Res < N}. Then
the multisets of poles located in U of all of the three zeta functions coincide. Moreover, if

w € U 1is a stimple pole of one of the three zeta functions, then

res(Ca(-,9),w)
N —w )

res(Ca( -, Q),w) = res(Ca( -, Q),w) = (3.4.11)

Although the shell zeta function seems rather artificial in the present context of relative
fractal drums it will prove quite useful as a “translation tool” for deriving the tube formulas
in terms of the much more operable distance zeta function. On the other hand, the shell
zeta function will arise naturally in Chapter 4 when dealing with fractal sets at infinity
of infinite Lebesgue measure. It was used there to generalize the theory of complex

dimensions to the special case of unbounded sets at infinity of infinite Lebesgue measure.
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Similarly as in the case of the relative tube zeta function of (A, (2) we observe that
Cals, Q) = {Mf(s) where f(s) = —t N x(0,5) (t)|Ars N Q. Note that f is continuous and
of bounded variation on (0,00) so that we can apply the Mellin inversion theorem and
conclude that etiso

1 v
|As N Q| = 5= tN75CA(s, 82 6) ds, (3.4.12)

where ¢ > N is arbitrary and ¢ € (0,9). In light of (3.4.2) the following theorem is an

immediate consequence.

Theorem 3.29. Let (A,Q) be a relative fractal drum in RN and fix § > 0. Then for
every t € (0,6) and ¢ > N we have

1 c+1i0o o
AN Q=140 Q + o / tN=5CA(s, €2 6) ds. (3.4.13)

—ioo

It is now clear that if the shell zeta function of (A, Q) satisfies the languidity conditions
of Definition 3.2, with the constant ¢ > N in the condition L1, or the strong languidity
conditions of Definition 3.3, that we can rewrite the results of Sections 3.2 and 3.3 verbatim
in terms of the shell zeta function. Note that for this to work, it was crucial that in
the truncated pointwise formula of Lemma 3.10 we had the freedom to choose any ¢ €
(dimp(A,Q), N + 1). The additional pole of the shell zeta function at s = N will cancel
out the term |As N Q| in (3.4.13) above. More precisely, in the analog of the pointwise

formula of Theorem 3.11 for the relative shell zeta function we get

tN—S-HC

V(K (t) = Z res (m@;(s, Q; 5),&))

tk
+ |45 N Q|m + R (¢).

Furthermore, by singling out the residue at s = N from the above sum and using Lemma

3.28 and Theorem 3.25(a) we can rewrite the above equation as

tN_S+k

VR = Y res (m@(s,ﬁﬁ),w) + RM(t). (3.4.15)

weP(Ca(-,2),W)

Let us now define the analogs of the languidity conditions of a relative fractal drum

in terms of its relative distance zeta function.

Definition 3.30 ((Strongly) d-languid). We will say that a relative fractal drum (A4, §2)
in RY is d-languid if it is languid in the sense of Definition 3.2 but with the relative tube
zeta function Z (-, Q) replaced by the relative distance zeta function (4(-,€2) and with

a constant ¢ > N appearing in L1.
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Analogously, we will say that a relative fractal drum (A, Q) in RY is strongly d-languid.
(See Definition 3.3.)

The following lemma is an immediate consequence of the functional equation (3.4.7).

Lemma 3.31. Let (A, Q) be a relative fractal drum in RN with dimp(A4,Q) < N such
that it is d-languid for some exponent kg € R. Then the shell zeta function EA( -, Q) of
(A, Q) satisfies the languidity conditions of Definition 3.2 with the exponent k = kg — 1.
Furthermore, if (A,Q) is strongly d-languid with the corresponding constant B > 0
and for some exponent kg € R, then the shell zeta function EA( -, Q) of (A, Q) satisfies the
strong languidity conditions of Definition 3.3 with the exponent k = kg — 1 and with the

same constant B.

Theorem 3.32. Let (A,Q) be a relative fractal drum in RY that is d-languid for some
0 > 0 and with the exponent kg € R. Furthermore, assume also that di_mB(A, Q) < N
and let k > kq be a nonnegative integer. Then, for every t € (0,4) the following pointwise
formula is valid

tN—s—‘rk

VIE(t) = Z res (mCA(s, Q; 5),w> + RM(¢). (3.4.16)

weP(Ca(-,Q2),W)

Here, fort € (0,6) the error term R is given by the absolutely convergent integral

k] 1 tN—s-i-k‘
RE(t) = %/Smg(s,ﬁ, d) ds. (3.4.17)

Furthermore, fort € (0,d) we have

C tNJrk t supS'7 tfinfS'
R0 < E 14 |§y) et by

! 4.1
or k— Ky < (3.4.18)

where C' is the constant appearing in L1 and L2 and C' is some suitable positive constant.
These constants depend only on the relative fractal drum (A, ) and the screen, but not
on k.

In particular, we have the following pointwise error estimate
RM (1) = O(N—swSHk) g5t — 0t (3.4.19)

Moreover, if S(T7) < sup S, i.e., if the screen lies strictly left of the vertical line {Res =
sup S}, then we have
RE(t) = o(¢tN—swSth) g5t — 07, (3.4.20)

Proof. In light of Lemma 3.31 we have that the shell zeta function of (A, €2) also satis-

fies the appropriate languidity conditions with x = k4 — 1. The Theorem now follows
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analogously as in the case of the relative tube zeta function (see Theorem 3.11 and the
discussion after Theorem 3.29). [

Remark 3.33. In the above theorem we have the additional assumption that dimz (4, Q)<
N in order to avoid the situation when s = N is a pole of (4(s, ). We will assume this

also for all other theorems involving the relative distance zeta function.

Theorem 3.34. Let (A,Q) be a strongly d-languid relative fractal drum in RY for some
0 >0, kg € R and let kK > kg — 1 be a nonnegative integer. Furthermore, assume,
additionally that dimg(A,Q) < N. Then, for every t € (0, min{1,, B~'}) the pointwise

tube formula is given by

tN—S-i-k‘

VI () = Z res (mg‘A(s,Q),w) . (3.4.21)

weP(Ca(-,92),C)

Here, B is the constant appearing in L2’ and k4 is the exponent occurring in the statement
of hypotheses L1 and L2’.

Proof. In light of Lemma 3.31 and the functional equation (3.4.7) the theorem follows
analogously as Theorem 3.32 with the tube zeta function Z:A( -, €2; §) replaced by the shell
zeta function Ca( -, € 6). O

In some cases we will have a relative fractal drum (A, Q) that is ‘almost’ strongly d-
languid but not exactly. More precisely, (A, Q) will satisfy all of the conditions of strong
d-languidity except the condition that L1 is satisfied for all ¢ < ¢. For example, let A
be the middle-third Cantor set constructed in [0, 1] and let = [0, 1]. Then, the relative

distance zeta function C4( -, Q) is meromorphic on all of C and given by (see [LapRaZul]):

2
Q)= ———. 3.4.22
As one can easily check, it almost satisfies the strong languidity conditions with k; = —1

where the sequence of screens S, can be taken as the sequence of vertical lines {Re s =
—m} for m € N. The problem here is the factor 27° which tends exponentially to 400
as Res — —oo so that L1 cannot be fulfilled for all ¢ < ¢. In order to get a pointwise
formula in this and similar cases we can multiply (4(s, 2) by 2° and the resulting function
will be strongly d-languid. On the other hand, by the scaling property of the relative
distance zeta function (see Theorem 2.10), we have that 2° (4(s, Q) = (aa(s,2Q2). Hence

we state the following corollary dealing with this problem.

Corollary 3.35. Let (A,Q) be a relative fractal drum in RY such that dimp(A,Q) < N.
Furthermore, assume that there ezists a A > 0 such that (AA, A\Q) is a strongly d-languid

relative fractal drum for some 6 > 0, kg € R and let k > kg — 1 be a nonnegative integer.
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Then, for every t € (0, \"' min{1,8, B™'}) the pointwise formula is given by

4y — res —tN—S‘*‘k als w . 4.
SRSV (gl w) (3.4.23)

WGP(CA( . 79):

Here, B s the constant appearing in L2’ (for the function s +— (\a(s,\Q;0) =

NCa(s,Q;0A7Y)) and kg is the exponent occurring in the statement of hypotheses L1
and L2’.

Proof. Let us denote by V/\[k] (7) the k-th primitive of the function
T [(AA), N AQ|.

Since, from Lemma 2.12 we have that V)EO] (1) = ANVII(7/)) we deduce that

T T T/A
vi(r) = / V() dt = AN / VO(t/0) dt = AV / VOE) de,  (3.4.24)
0 0 0
or, in other words, V)El](T) = ANVF1YIU(7/)) and hence, by induction,
Vi(r) = ANV I (7)), (3.4.25)

for all £ > 0. We now apply Theorem 3.34 to the relative fractal drum (AA, A\Q2) and get

that
TNfs+k

VH () = res <— s, \Q, 6 ,w), 3.4.26

A ( ) Z (N—S>k+1<)\A( ) ( )
wEP(Cral(-,22),C)

valid pointwise for ¢ € (0, min{1,d, B~'}). Combining now (3.4.25) with (3.4.26) and the

scaling property of the relative distance zeta function, yields

7_N—s—l-k )\s

Cals, 9,627, w> . (3.4.27)
weP(Ca(-,$2),C)

Afok

Finally, multiplying the above by and introducing a new variable ¢t = 7/ finalizes

the proof of the corollary. m

Remark 3.36. We point out that an analogous corollary can be stated in terms of the

relative tube zeta function and the exact pointwise tube formula of Theorem 3.13.

The most interesting situation is, of course, when we can apply Theorems 3.32 and

3.34 at the level £ = 0 and we state now these corollaries as a separate theorem.

Theorem 3.37. Under the same hypothesis as in Theorem 3.32 with rkq < 0 (respectively,
Theorem 3.34 or Corollary 3.35 with kg < 1), we have the following pointwise formula
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for the relative tube function of the RFD (A, Q) in RN :

tN_S

A, N Q| = Z res (N_SCA(S, Q),w) + RO, (3.4.28)

weP(Ca(-,2),W)

where R(t) is the error term given by formula (3.4.17) with k = 0. Furthermore, we

have the following error estimate:

ROty = O(N="S)  ast — 07, (3.4.29)
Moreover, if S(1) < sup S for every T € R, we then have

RO(t) = o(tN =599y st — 07, (3.4.30)

(Respectively, if (A, Q) is strongly languid, then R(t) =0 and W = C).

Let us now state the distributional analogs of the above results in terms of the relative
distance zeta function. The proofs are completely analogous to the ones from Section
3.3 for the case of the relative tube zeta function. Again, we use the relative shell zeta
function and the same technique of scaling as in the proof of Corollary 3.32 above to state

the results under the hypothesis of (strong) d-languidity.

Theorem 3.38. Let (A, Q) be a d-languid relative fractal drum in RY for some § > 0
and kq € R. Furthermore, assume also that dimpg(A,Q) < N. Then, for every k € Z the

distribution V¥ is given by

k() = res —thch (s w Kl (¢). 4.
VIE(t) > . ((N_S)ng (s,9), )+R (t) (3.4.31)

weP(Ca(-,Q),

That is, the action of VIFI(t) on a test function ¢ € K(0,8) is given by

(VM ) = S s <{9JT<P}(N(—A}9:L;>1-+7:) Ca(s,Q) | w)

wEP(Cal -, Q)W) (3.4.32)
+ <7€[k], ©).
Here, the distribution RI¥\(t) is the error term given by
1 Mp}(N—s+1+k 0;0
<RW,¢>:__/{ PN —s+14k) Cals, %0) ;0 (3.4.33)
21 Jg (N —5)ks1

Furthermore, the distribution R (t) is of asymptotic order at most N =SW®5tk g5t — 0F,
1.6,
RE(t) = ON—sw®Sth) g5t — 0F (3.4.34)
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i the sense of Definition 1.37.
Moreover, if S(1) <sup S for all T € R (that is, if the screen lies strictly to the left of

tN—sup S+k
)

the line Res = sup S), then RI¥\(t) is of asymptotic order less than i.e.,

RE(t) = o(tN 5P 5HRY g5t — 07, (3.4.35)

In the case of a (possibly scaled) strongly d-languid relative fractal drum, as before,

we have a distributional formula without an error term.

Theorem 3.39. Let (A,Q) be a relative fractal drum in RN and assume also that
dimp(A,Q) < N. Furthermore, assume that there evists a A > 0 such that (AA, \Q)
is strongly d-languid for some § > 0, kg € R and let &y := A\"'min{1,5, B~'}.11 Then,
for every k € Z and for a test function in o € D(0,0y) the distribution V¥ € D'(0,6y) is

given by
tN_S+k

V() = Z res (mCA(S, Q),w) . (3.4.36)

weP(Ca(-,2),0)

That is, the action of V¥ on a test function ¢ € D(0, ) is given by

{Me}(N —s+1+k) Ca(s, Q)
2 < (N=5)n ’”) |

weP(Ca(-,2),C)

(3.4.37)

We will finalize this section by stating the most interesting special case when k = 0 of

the above results as a separate theorem.

Theorem 3.40. Under the same hypothesis as in Theorem 3.38 (respectively, Theo-
rem 3.39), we have the following distributional equality for the relative tube function
t = |A; N Q| of the relative fractal drum (A,Q) in RN :

ths

A, NQ| = > res,(N_SgA(s,Q),w)+R[°](t), (3.4.38)

WEP(CA( : 7Q)7W)

where RO(t) is given by (3.4.33) for k = 0 and RU(t) = O(N="5) as t s 0T or,
if S(1) < supS for all T € R, then RIO(t) = otV "9 as t — 0F. (Respectively, if
(AA, \Q) is strongly d-languid for some A > 0, then R (t) =0 and W = C).

3.5 A Criterion for Minkowski Measurability

In this section we will show that a sufficient condition for Minkowski measurability of
a relative fractal drum (A, Q) can be given in terms of its relative tube (or distance) zeta

function. This will be a consequence of a well-known Tauberian theorem due to Wiener

"Here, B is the constant appearing in condition L2’ for the function ()4 (s, AQ;6).
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and Pitt which generalizes the famous Ikehara’s Tauberian theorem. Its proof can be
found in [Kor, Chapter III, Lemma 9.1 and Proposition 4.3] or in [Pitt, Section 6.1| and
in [Dia] where a different proof using a technique of Bochner is given. We state it here

for the sake of completeness.

Theorem 3.41 (Wiener—Pitt, cited from [Kor|). Let 0: R — R be such that o(t) vanishes

fort <0, is nonnegative for t > 0 and such that the Laplace transform

F(s) :={Lo}(s) := /0 Ooe*Sta(t) dt (3.5.1)

exists for s € C such that Res > 0. Furthermore, suppose that for some constants A > 0

and A > 0 the function
A
G(s)=F(s)——, s=ux+1y, (3.5.2)
s
converges to a boundary function G(iy) in L'(=X,\) when z — 0T. Then for every

number h > 2w /\ we have that

1 u+h

op(u) = E/ o(t)ydt < CA+o(1) as u— 400, (3.5.3)
for some positive constant C' < 3. Moreover, if X can be taken arbitrarily large, then for
every h > 0,

op(u) = A as u— +oo. (3.5.4)
By using the above theorem let us prove the announced result.

Theorem 3.42 (Sufficient condition for Minkowski measurability). Let (A, Q) be a rela-
tive fractal drum in RN and let D := dimp(A, Q). Furthermore, suppose that the relative
tube zeta function ZA( -, Q) of (A, Q) can be meromorphically extended to a neighborhood
U of the critical line {Res = D}. Let D be its only pole in U and assume that it is simple.
Then D := dimp(A, Q) exists, D = D and (A, Q) is Minkowski measurable with

MP(A,Q) =res(Cal-,Q), D). (3.5.5)

Furthermore, if we additionally assume that D < N then the theorem is also valid if

we replace the relative tube zeta function 5,4( -, Q) with the relative distance zeta function

Ca(+,9Q) of (A,Q) and in that case we have

res(Ca( ), D)

D _
MP(4,0) = =228

(3.5.6)

Proof. Without loss of generality, for the tube zeta function EA( -,€;0) we may choose
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9 = 1 and change the variable of integration by u = 1/t:

~ . 1 —
Ca(s+D,Q) = / TP A, N Q| de
0

+00 _
_ / WD AL A Q) du (3.5.7)
1

+0oo
= / e " W=D A N Qdv = {Lo}(s).
0

where we have made another change of variables in the second last equality, namely,
v = logu and o(v) := e*™=P)|A,, NQ|. The definition of the relative tube zeta function
of (A, Q) implies that its residue at s = D must be real and positive. Furthermore, since
s = D is the only pole of ZA( -,) in U, we conclude that

G(s) = Ca(s + D, ) — a2, D)

(3.5.8)

S

is holomorphic on the neighborhood Ug := {s € C : s+ D € U} of the vertical line
{Res = 0}. In other words, we can apply Theorem 3.41 (for arbitrarily large A > 0 in

the notation of that theorem) and conclude that

1 u+h . .

on(u) = ﬁ/ o(v)dv > res(Ca(-, Q). D) as 1w — +oo, (3.5.9)
for every h > 0. In particular, since v — |A.-» N Q] is nonincreasing we consider now the
following two cases.

Case (a). We assume that D < N and have

1 u+h o A —u Q u+h _
E/ eU(NiD)‘Ae*U NQ|dv < le—hm’/ o?(N=D) 4,

A nQf D) g
~ euN-D) (N—D)h

By taking the lower limit of both sides as u — 400 we get

h(N=D) _ q

res(Ca(+, ), D) < MD(AQ)W-

(3.5.10)

Since this is true for every h > 0, by letting h — 0% we get that

res(Ca(-,9), D) < MP(A, Q). (3.5.11)
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On the other hand, we have

u+h - u+h _
l/ e”(N’D)\A N Qldv > —’Ae_(wh) ne / e'N=D) qy
h J, ¢ - h "

_ ’Ae*(quh) N Q‘ 1— e_h(N—E) (3512)

e~(Wth)(N=D) (N — D)h

and, similarly as before, by taking the upper limit of both sides as u — +o00 we get

1 — e—h(N—E)

resCa(-,9).7) 2 MP(4, 0) (3.5.13)
Since this is true for every h > 0, we let h — 0% and conclude that
res(Ca(+,9), D) > MP(A,9). (3.5.14)

This, together with (3.5.11), implies that (A,Q) is D-Minkowski measurable which, a
fortiori, implies that D = dimp(A,Q) = D. Furthermore we have that res(Ca( -, €2), D) =
MP(A Q).

Case (b). We will now assume that D = N, so that in this case we have

’Aef(u+h) ﬁ Q| < l

|Ae-u N Q|
e—(uth)(N-N) — L

u+h
/u |Ae-» N Q| dv < (V)

and by taking the lower and upper limits above as u — 400 yields
MN(A,Q) < res(Ca(+,Q),N) < MY(A,Q). (3.5.15)

Finally, if D < N then, in light of the functional equation (2.1.4), i.e., the relation
between the residues at s = D of the two zeta functions which follows from it, namely,
res(Ca(-,Q),D) = (N — D)res(Ca(-,Q), D), the part of the theorem dealing with the

distance zeta function follows immediately. m

Remark 3.43. In light of Theorem 3.41 the assumptions of Theorem 3.42 can be weak-
ened. More precisely, it suffices to assume that
reS(EA( B Q)ab)

Cals, ) = —= = (3.5.16)

converges to a boundary function G(Im s) as Res — D" such that

/_A G(7)] dr < 0o (3.5.17)

A

for every A > 0.
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In the case when, besides D, there are other singularities on the critical line {Re s = D}
of the relative fractal drum (A, (2), we can use Theorem 3.41 to derive a bound for the
upper D-dimensional Minkowski content of (A,2) in terms of the residue of its relative

tube (or distance) zeta function at s = D.

Theorem 3.44 (Bound for the upper Minkowski content). Let (A, Q) be a relative fractal
drum in RN and let D := dimp(A,Q). Furthermore, assume that the relative tube zeta
function EA( -, Q) of (A,Q) can be meromorphically extended to a neighborhood U of the
critical line {Res = D} and that D is its simple pole. Assume also that {Res = D}

contains another pole of ZA( -, Q) different from D. Furthermore, let
Aag) =inf {|D —w| : w € dimpe(A,Q)\ {D}} (3.5.18)

Then, if D < N we have the following bound for the upper D-dimensional Minkowski
content of (A,Q) :

o (1 — e*QW(N*E)/’\(A,m)

MP(4,Q) < res(Ca(-,Q), D) (3.5.19)

and in the case when D = N we have
MY (A,Q) < Cres(Ca(-,Q), N), (3.5.20)

where C is a positive constant such that C < 3. Furthermore, if D < N we have that the
residue of the relative distance zeta function of (A, Q) satisfies the following:

CAa0)
o <1 - e—27r(N—5)/>\(A9>>

MP(A,Q) < res(Ca( -, ), D). (3.5.21)

Proof. We use the same reasoning as in the proof of Theorem 3.42 with the only difference
being in the fact that now we can only use the weaker statement (3.5.3) of Theorem 3.41
since we have another pole on the critical line {Re s = D}. More precisely, if D < N and
A < Aa,0), then for every h > 27 /A by using (3.5.12) and (3.5.3) we have that

1— e—h(N—ﬁ)

Cres(Ca(+,9Q),D) > MP(A, Q)W.

(3.5.22)
Since the right-hand side above is decreasing in h we get the best estimate for h = 27/\.
Moreover, since this is true for every A < Aan we get (3.5.19) by letting A — /\(_A,Q)'
Furthermore, (3.5.22) is also valid if D = N but without the factor that depends on h by a
similar argument as in case (b) of the proof of Theorem 3.42. Finally, the statement about

the relative distance zeta function follows by the same argument as in Theorem 3.42. [J
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Remark 3.45. Much as in the case of Theorem 3.42 (see Remark 3.43) the hypotheses
of Theorem 3.44 can be weakened but we state it here in this form since this is the most
common case we encounter in our examples of RFDs. For instance, to bound the upper
D-dimensional Minkowski content of (A, () it is sufficient that the relative tube zeta
function can be holomorphically continued to a pointed disc B,(D). In that case (3.5.19)
is valid with A4 ) replaced with the radius r. Of course, the bigger the radius of the
disc, the better the bound. All one actually needs is the L!-convergence of the relative
tube or distance zeta function of (A, ) to a boundary function defined on a symmetric

vertical interval (D — ri, D + ri) as Res — D¥, similarly as in Remark 3.43.

In order to prove a criterion for Minkowski measurability, we will need to extend the
distributional tube formulas derived in the previous sections to a larger space of test
functions. It will suffice to extend them to KC(0, +00). We now observe that in Definition
2.1 we have assumed that an RFD (A, ) has the property that there exists a § > 0 such
that €2 C As. Also, we have commented in Remark 2.2 that if this is not fulfilled, we can
always replace 2 by Q := AsNQ and operate with the new RFD (A, ?2) Furthermore, this
property implies that A; N = Q for § sufficiently large and, consequently, |As N Q| = |Q|
in light of which we can actually redefine the tube zeta function in a way which will
be more suitable. More precisely, let D := dimp(A,Q) < N and recall the functional

equation (2.1.4) written in the integral form:
5
/ d(z, A Ndr =6"NA;NQ + (N — s)/ 5N A, N Q| dt, (3.5.23)
AsNQ 0

valid for Re s > D. Furthermore, by taking s in the vertical strip {Re s > D}N{Res < N}
and letting § — 400 we get the following equality

+oo
/ d(x, A Ndr = (N — s)/ 5N A, N Q| dt. (3.5.24)
Q 0
As we can see, on the right-hand side we have the Mellin transform of the function
t=N|A; N Q] and this integral is absolutely convergent inside the vertical strip {Res >

D}n{Res < N}. Indeed, we have that

+o0 1 +eo
/ tle\AmQ\dt:/ tle\AmQ\dtJr/ AN Qldt, (3.5.25)
0 0 !

and the integral over (0, 1) is equal to ZA(S, Q; 1), i.e., is absolutely convergent on Re s > D,
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while for the integral over (1, +o00) we have

+00 too
/ N A, N Q| dt‘ < / tRes=N=114, N Q| dt
1 1

Q (3.5.26)

+oo
<10 tRes—N—l dt = — ="t
<| |/1 N —Res

We conclude from Theorem 1.2 that the integral on the right-hand side of (3.5.24)
defines a holomorphic function on the vertical strip {D < Res < N} and that the whole
right-hand side of (3.5.24) coincides with the relative distance zeta function (a(s,€?).

Definition 3.46. Let (A,€) be an RFD in RY such that dimp(A,) < N. We define
the Mellin zeta function (3'(-,Q) of (4,9) by

+o0
(s, Q) ::/ 5N A, N Q| dt, (3.5.27)
0

for all s € C with Res € (dimp(A, ), N) and the integral is taken in the Lebesgue sense.
We have proved the following theorem.

Theorem 3.47. Let (A, Q) be an RED in RN such that dimp(A,Q) < N. Then the Mellin
zeta function CT( -, Q) is holomorphic on the open vertical strip {dimp(A4,Q) < Res < N}
and
d oo
&Cﬁlﬁ(s, Q) = / N A, N Qlogt dt, (3.5.28)
0

for all s with {dimp(A,Q) < Res < N} and this is the largest vertical strip on which the
integral (3.5.27) absolutely converges.

Furthermore, for s € C such that dimp(A,Q) < Res < N and a fized 6 > 0 such that
Q C A, (-, Q) satisfies the following functional equations

(s, Q) = Cals, 0 0) + %; (3.5.29)
(s, Q) = Cals,$59), (3.5.30)

N-—s '’
Remark 3.48. We point out that similar functional equations to (3.5.29) and (3.5.30)
are also satisfied for § > 0 such that Q € As but one has to add to the right-hand side a

suitable function f meromorphic on C with a single simple pole at s = N.

Proof of Theorem 3.47. We have already proved the first part of the theorem. The op-
timality of the vertical strip follows directly from (3.5.24). Namely, the lower bound
dimp(4, Q) is a consequence of the first integral on the right-hand side of (3.5.24) since
it is equal to E 4(s,€; 1) and the upper bound is a consequence of the second integral on

the right-hand side of (3.5.24), since it is clearly divergent for real s > N.
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The functional equation (3.5.30) is already proven, while (3.5.29) can be proven di-
rectly by splitting the integral defining ¢¥*( -, ) over the intervals (0,d) and (8, +oc) or

from the functional equation connecting the relative tube and distance zeta functions. [

As a consequence of the functional equations (3.5.30), (3.5.29) and the principle of
analytic continuation we have the following theorems which follow from the corresponding

ones for the relative distance and tube zeta functions.

Theorem 3.49. Let (A, Q) be a relative fractal drum in RN such that dimp(A,Q) < N.
Then the following properties hold:

(a) The Mellin zeta function C3'(-,Q) is meromorphic in the half-plane {Res >
dimp(A, Q)} with a single simple pole at s = N. Furthermore,

res(¢ (-, ), N) = —|Q| (3.5.31)

(b) If the relative box (or Minkowski) dimension D := dimpg(A,Q) exists, and
MP(A, Q) >0, then (3'(s,Q) — +0oo as s € R converges to D from the right.

Proof. By the principle of analytic continuation we conclude that the functional equalities
(3.5.29) and (3.5.30) continue to hold on any open connected domain U C C to which
any of the three relative zeta functions has a holomorphic continuation. In light of this
part (a) follows from the counterpart of Theorem 2.6 for the relative tube zeta function

and (3.5.29) while part (b) follows from Theorem 2.6 and (3.5.30). O
Furthermore, in light of Theorem 2.9 and (3.5.29) one has the following result.

Theorem 3.50. Assume that (A,Q) is a nondegenerate RFD in RY, that is, 0 <
MP(A,Q) < MP(A,Q) < oo (in particular, dimp(A,Q) = D), and D < N. If (F(-, Q)
can be extended meromorphically to a neighborhood of s = D, then D is necessarily a
simple pole of ¢F(-,9Q), and

MP(A,Q) <res(CV(-,9Q),D) < MP(A,Q). (3.5.32)
Furthermore, if (A, Q) is Minkowski measurable, then
res(¢F (-, ), D) = MP(A,Q). (3.5.33)

Lemma 3.51. Assume that (A,Q) is an RFD in RY with dimp(A, Q) < N such that its
tube or distance or Mellin zeta function is meromorphic on some open connected domain
U C {Res < N}. Then the multisets of poles located in U of all of the three zeta functions
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coincide. Moreover, if w € U is a pole of any of these three zeta functions, then

res(Cal -, ), )

res(CH (-, Q),w) :res(gA(-,Q),w) = N —w

(3.5.34)

We can now use the Mellin inversion theorem to derive the following inversion formula

for the Mellin zeta function.

Theorem 3.52. Let (A,Q) be an RFD in RY such that dimp(A, Q) < N. Then, for any
c € (dimp(A,Q), N) and t > 0 the following formula is valid pointwise:

1 c+ioo »
1A, N Q| = %/C_m N5 (5, Q) ds. (3.5.35)
Proof. The conclusion follows directly from Theorem 3.5, the fact that ¢t=V|A4; N Q] is

continuous and of bounded variation on (0,00) and t*"¥=1 A4, N Q] is in L'(0, 00) for all
c € (dimp(A,Q),N). O

Note that in the above theorem it is crucial that we choose ¢ € (dimp(A,Q), N)
for the hypothesis of the Mellin inversion theorem to be satisfied. In other words, the
theorem will not work in the case when dimp(A,Q) = N since then we cannot define the
Mellin zeta function. Note that this is in contrast with the situation from sections 3.2
and 3.3 where we have worked with the relative tube zeta function. One can now impose
languidity conditions on the Mellin zeta function and rewrite sections 3.2 and 3.3 in terms
of it since the fact that we have to choose ¢ € (dimp(A, ), N) is of no hindrance. Indeed,
we had originally the freedom to choose any ¢ € (dimp(A4,2), N + 1) in Proposition 3.8.
Furthermore, this will ensure that although s = N is always a pole of the Mellin zeta
function it will never be a part of the sum over the residues of (3'( -, ) since it is always
to the right of the vertical line over which we integrate.

Moreover, one can also derive the corresponding results about the distance zeta func-
tion directly from the Mellin zeta function and without the use of the shell zeta function.
However, one has to be careful and always choose ¢ sufficiently large such that 2 C Ay in
order for (3.5.30) to be fulfilled. One other thing that is not clear is whether the restriction
of choosing ¢ large enough for 2 C As to hold could increase the ‘languidity exponent’
Kq of Ca(s,€). This is not the case in all of the examples we will consider but a general

result has yet to be obtained.

Proposition 3.53. Let (A,Q) be a relative fractal drum in RY. If the relative tube zeta
function ZA(-,Q; ) satisfies the languidity conditions L1 and L2 for some § > 0 and
k, € R then so does ZA( -+, 01) for kK = max{k, —1}.

Proof. Without loss of generality, we may assume that § < d;. Then, the conclusion
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follows from the fact that EA( - Q6) = EA( +,€;0) 4+ f(s) where f is holomorphic and

s—N (SSN

o
sl [ e anoa s o0
d

[]

Proposition 3.54. Let (A,Q) be a relative fractal drum in RY. If the relative distance
zeta function Ca(-,$2;0) satisfies the languidity conditions L1 and L2 for some 6 > 0 and
kq € R then so does Ca(+,82;01) for (kq), = max{kg,0}.

Proof. Similarly as above we assume that § < d; and have (a( -, ;1) = Ca(-,Q2;9)+g(s)
with
ool < | A, AV di < |0 max{sherN ghesN}.
(A51 \A52) Q

]

We will not restate all of the theorems of Sections 3.2 and 3.3 in terms of the Mellin
zeta function but only the distributional tube formula with error term since it will be
needed for establishing a Minkowski measurability criterion. Recall that the motivation
for introducing the Mellin zeta function in the first place was to obtain a distributional
tube formula valid on a larger space of test functions. More precisely, on the space
K(0, +00); that is, the space of test functions ¢ in the class C°°(0,6), such that for all
m € Z and ¢ € N we have t™p@(t) — 0, as t — 0% and t — +oo. Also note that
D(0, +00) C K(0, +00).

Theorem 3.55. Let (A,Q) be a relative fractal drum in RN with dimp(A,Q) < N.
Furthermore, assume that C3'(-,Q) satisfies the languidity conditions for some r € R.

Then, the distribution VI on K(0, +00) is given by

V(1) = > res (Vs Q) w) + RE(). (3.5.36)

weP(CR(+.2),W)

That is, the action of VI%(t) on a test function ¢ € K(0,+00) is given by

<V[O],S0> = (CZ(:Q) . res ({imga}(N s+1) (1 (s,9), ) + <R[O] > (3.5.37)
wEP ?43? 582),

Here, the distribution RI%(t) is the error term given by

1

(RO o) = /{imgo}(N s+1) ¢ (s, Q) ds. (3.5.38)

Furthermore, the distribution RI(t) is of asymptotic order at most tN=5"°5 a5t — 0%,
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i.€.,
RO = OtV —"9) ast — 0t (3.5.39)

in the sense of Definition 1.37.
Moreover, if S(1) < sup S for all T € R (that is, if the screen lies strictly to the left of
the line Res = sup S), then RINt) is of asymptotic order less than tN="5 j.e.,

ROt) = o(tN P9 ast — 0F. (3.5.40)

Having now expanded the space of test functions for which the distributional tube
formula is valid we can now derive a necessary condition for Minkowski measurability of

a languid relative fractal drum.

Theorem 3.56 (Necessary condition for Minkowski measurability). Let (A, ) be a rela-
tive fractal drum in RN such that D = dimp(A, Q) exists, D < N and (A, Q) is Minkowski
measurable. Furthermore, assume also that its Mellin zeta function C3(-,Q) is languid
for some screen S passing between the critical line {Re s = D} and all the complex dimen-
sions of (A, Q) with real part strictly less than D. Then D is the only pole of (% (-,Q)

located on the critical line {Res = D} and it is simple.

Proof. Since (A, Q) is languid, the hypothesis of Theorem 3.50 is satisfied and, therefore,
s = D is a simple pole of (F*(-,Q). Furthermore, we have that M = MP(A Q) =
res(CX (-, ), D). It remains to show that this is the only pole located on the critical line.
Firstly, directly from the definition of the Mellin zeta function we have that [¢3'(s, Q)| <
(T(Res, ) for all s € {D < Res < N}. From this we conclude that if £ is another pole
of (T(-,Q) with Re& = D then it is also simple.

We reason by contradiction; that is, let us assume that there exist other simple poles
&= D + iy, of (F(-,Q) for v, € R, n € N and let a, := res(¢F'(-,9Q),&,).12 Then, by
Theorem 3.55 we have that

AN Q) = MNP 4 NP a7 4 o(tV ), as t - 0F (3.5.41)

n=1

in the distributional sense since the screen is strictly to the left of the critical line {Re s =
D}.
On the other hand, since (A, ) is Minkowski measurable, we know that its relative

tube function satisfies

14, NQ = MNP L o(t"P), as t—0" (3.5.42)

12 A meromorphic function on an open domain can only have a countable number of poles. This follows
from the fact that any compact subset K C C may contain only finitely many poles (since otherwise
there would be a limit point of poles in K) and any open domain is contained in a countable union of
compact sets.
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in the usual sense. Combining (3.5.41) with (3.5.42) together with Lemma 1.39 yields
that

D aptTm=o0(1), as t—0" (3.5.43)

n=1
in the distributional sense. Since D(0,00) C K(0,00), we may now use Lemma 1.40 to
conclude that this can only be true if a,, = 0 for all n € N; that is, if there are no other

poles on the critical line except s = D. O]

Remark 3.57. The above theorem can also be stated in terms of the relative tube and
distance zeta functions of (A, Q). This follows from the fact that the functional equations
(3.5.29) and (3.5.30) that connect the relative tube zeta function, the relative distance
zeta function and the Mellin zeta function of (A, 2) together with Propositions 3.53 and
3.54 imply that if the languidity conditions L1 and L2 are satisfied by the tube or distance
zeta functions, then they are also satisfied by the Mellin zeta function with a possibly

different exponent but we can still apply Theorem 3.55.

Finally, combining Theorems 3.42 and 3.56 we can state the announced Minkowski

measurability criterion.

Theorem 3.58 (Minkowski measurability criterion). Let (A, Q) be a relative fractal drum
in RY such that D := dimp(A, Q) exists and D < N. Furthermore, assume that (A, Q)
is d-languid for a screen passing between the critical line {Res = D} and all the complex

dimensions of (A, Q) with real part strictly less than D. Then the following is equivalent:
(a) (A, Q) is Minkowski measurable.

(b) D is the only pole of the relative distance zeta function (a(-,€2) located on the

critical line {Res = D} and it is simple.

Remark 3.59. The above criterion is also valid if in (b) we replace (4(-,2) with the
relative tube zeta function C4( -, Q), the Mellin zeta function ¢3%( -, ) or the relative shell
zeta function C4(-,€). In this case, it is enough to assume that the chosen fractal zeta

function satisfies the languidity conditions.

Remark 3.60. Although we cannot apply directly Theorem 3.58 in the case when
dimp(A,Q2) = N, we will show that this problem can be solved by appropriately em-
bedding the relative fractal drum (A, Q) into RV 1. See Section 3.7 for more details.

3.6 Examples and Applications

In this section we will demonstrate the theory developed so far on a few examples.
We will begin with the trivial example of the unit interval in R which demonstrates the
case when we cannot use the distance zeta function to recover the tube formula since
D=N=1.
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Example 3.61. Let I = [0, 1] be the unit interval in R. Then the meromorphic continu-

ations to C of its distance and tube zeta functions are given by

250

255 5371
+

S s—1’

Ci(s) and  (;(s) = (3.6.1)

respectively. As we have already alluded in Remark 2.7, the distance zeta function fails to
give information about the Minkowski content in this case since the pole at s = 1 is being
canceled by means of the functional equation (2.1.4). On the other hand, it is clear that
QN} is strongly languid if we choose § > 1 for kK = —1 and a sequence of screens consisting of
vertical lines {Re s = —m}, where m € N. From Theorem 3.14 we recover the pointwise
tube formula:

1| = tY"Ores(Cr,0) 4 tN T res(Cr, 1) = 2t + 1, (3.6.2)

valid for all £ € (0,6) and since § > 1 may be taken arbitrary large the formula is actually
valid for all ¢ > 0 (which is also obvious).

It is noteworthy to observe that (as opposed to the case when dimp(A,) < N) in
this and similar cases (when the RFD (A,) in RY has upper box dimension equal to
N) it is not true that C4(s, N;9) = |As N QY| as one could wrongly deduce by substituting
s = N in (2.2) and evaluating the integral. This can be explained by the fact that we
are integrating the indeterminate form 0° over a set of positive Lebesgue measure. More
precisely, if there exists a meromorphic continuation of the relative tube zeta function to

a neighborhood of s = N, one generally has, from the functional equation (2.1.4), that
CA(N,Q:8) = |As N Q| — res(Ca( -, % 6), N), (3.6.3)

observing that res(Ca( -, ; §),N) =0 if Cal -, §) is holomorphic at s = N.!3 Addition-
ally if we assume that dimp(A,Q) = N and (A, ) is Minkowski measurable, then by
Theorem 2.9 we get that

CA(N,Q;0) = |[4; N Q| — MV (A, Q) = 4N Q| — [ANQ]. (3.6.4)

Let us look at the example of the (N — 1)-dimensional sphere in RY for which the

tube zeta function has been explicitly calculated in [LapRaZul].

Example 3.62. Let Bx(0) be the ball of RY centered at the origin with radius R > 1,
and let A := 0Bg(0) be its boundary, i.e., the (N — 1)-dimensional sphere of radius R.

13This is exactly what happens in the case when dimp(A,Q) < N.
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Then, for a fixed ¢ € (0, R), its tube zeta function is meromorphic on C and given by
N N v N 55— N-+k
= E 1—(-1 - _ 3.6.5

Here, wy is the N-dimensional Lebesgue measure (or volume) of the unit ball of RY.15 Tt

then follows that dimp A exists and
dimp A= D((4) =N —1 (3.6.6)

and moreover, the set of complex dimensions of A (i.e., the set of poles of Z A Or, equiva-

lently, of (4), is given by (with |z] denoting the integer part of x € R)

vy s ().

For an odd N, the last number (on the right) in this set is equal to 0, while for an even

(3.6.7)

N, it is equal to 1. Furthermore, the residue of the tube zeta function ZA at any of its
poles N — k € P(gA) is equal to

res(Ca, N — k) = 2wy <JZ) RN, (3.6.8)

Since (M) = (V). we can write this result in an even more ‘symmetric’ form:
k N—k/»

res(Ca, m) = 2wy (Z) R™, forall meP(a). (3.6.9)

Clearly, in light of (3.6.6) and (3.6.7), we have dimps A = { N —1} and according to (3.6.8)
or (3.6.9), we have
res(Ca, N — 1) = 2Nwy RV, (3.6.10)

Observe that, by choosing 6 = 1 we have that E 4 is strongly languid with x = —1.
Namely, we may take the sequence of screens S,, as the sequence of vertical lines {Re s =

—m}. Then, from Theorem 3.14 (strongly languid case) and equations (3.6.7) and (3.6.8)

Here, the numbers (]}\! ) stand for the usual binomial coefficients.
BHence, wy = 7V/2/(N/2)!, where z! := T'(z + 1) and with T' denoting the classic gamma function; so
that z! is is the usual factorial function when z € N.
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we can recover the well-known tube formula of A, i.e., for ¢ < 1 we have:

|Ay| = Z V= res(Ca, w)

weP(Ca)
|45 ]
= 2wWN ( ‘N )t2j+1RN—(2j+1)
= \2+1 (3.6.11)
N
N k\tk pN—k
v ()= b

Example 3.63 (The standard ternary Cantor set). Let C' be the standard ternary Cantor
set in [0, 1] and fix § > 1/6. Then, from [LapRaZul| we have that the ‘absolute’ distance

zeta function of C' is given by

2 n 26°
255(35—2) s

Cc(s, C(;) = (3.6.12)
where the part 26°/s amounts to the integral over the ‘outer’ neighborhood of the two
endpoints 0 and 1. Consequently the relative distance zeta function of (C,[0,1]) is then
given by
2
0,1]) = ———. 3.6.13
CC(S7[ ? ]) 288(35_2) ( )

Furthermore, the sets of complex dimensions of C' and (C, [0, 1]) coincide:

211
PlGe) = Ple(-[0.1) = (0} u (logs 2+ 22z, (3.6.14)
It is clear that (AC,\[0,1]) is strongly d-languid for k; = —1, any A > 2 and a
sequence of screens consisting of vertical lines {Res = —m} with the constant B, =

2/A.1% Theorem 3.37 enables us to recover the exact pointwise formula for the ‘inner’
t-neighborhood of C valid for ¢ € (0, min{1/X,1/2}) = (0,1/2):

tl_s

|C, N[0, 1]| = Z res (1_8§C(s, 0, 1]),w)
weP(Ce(+5[0,1]))

o0

(3.6.15)

t1—10g3 2 2—wkt—pki1

— o
log 3 = (1 — wg)wg

where wy, := logs 2 + pki and p := 27/ log 3. Of course, the above formula coincides with
the one obtained by direct computation (see [Lap—vFr3, Subsection 1.1.2]). Note that the

‘absolute’ tube function |Cy| has the same expression as above but without the term —2¢

16We can fix here § > 1 without loss of generality.
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which is in accordance with (3.6.12).

The above example demonstrates how the theory of this chapter generalizes the cor-
responding one for fractal strings developed in [Lap—vFr3]. More generally, the following
result from [LapRaZul] gives a general connection between the geometric zeta function

of a nontrivial fractal string £ = (I;);>1'" and the distance zeta function of the set

Ap={ap =) 1 k>1}. (3.6.16)

Jj=k

Recall that the geometric zeta function of £ is defined by

Cels) =Y 1*, (3.6.17)

k=1
for s € C such that Re s is sufficiently large.

Proposition 3.64. Let £ = (lj);>1 be a nontrivial fractal string and | := (¢(1) its total
length. Then, for 6 > 1;/2 we have the following functional equation for the distance zeta
function of the relative fractal drum (Ag,[0,1]):

Cc(s)

T s lg

Ca(5,[0,1];6) (3.6.18)

valid on any connected open set U C C to which any of the two zeta functions possesses
a meromorphic continuation.'®

Furthermore, if (¢ is languid for some rp € R, then Ca.(-;9) is d-languid for kg =
ke — 1, with any § > 11/2.

Moreover, if (¢ is strongly languid, then so is Caa, (s, [0, Al]; 0X) for any A > 2 and any

5> 1,/2.

Proof. For the proof of the functional equation (3.6.18) see [LapRaZul] and the statements
about the languidity follow directly from the definition. m

Let us now apply Proposition 3.64 in order to recover the formula of the tubular volume

of the boundary of a well-known fractal string studied in |[Lap—vFr3, Subsection 2.3.2].

Example 3.65 (The Fibonacci string). Let Fib be the Fibonacci string (with total length
4) where the sequence of lengths is given by l; := 277 and each length has multiplicity

F,+1 where F}, is the n-th Fibonacci number defined by the following recursive formula:

"Here, (I;)j>1 denotes the nonincreasing sequence of lengths of L.

181f we do not require that § > [1/2, then we have that Ca,(s;d) = 2175571 (s) + v(s), where v is
holomorphic on {Re s > 0}. On the other hand, for applying the theory we may restrict ourselves to the
case when 0 > 11/2.
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bonacci number defined by the following recursive formula:
Fn+1 = Fn + Fn—l; and F(] = O, F1 =1. (3619)

Then for the geometric zeta function we have

1
Crin(s) = T 9= 15’ (3.6.20)
and, from Proposition 3.64 we get that
1 9s+1
Cap (5,0,4]51) = T R ey Sy T (3.6.21)
One can easily check that the set of complex dimensions of Ay, is given by
P(Capy) = < -D+ %ﬁ + ple> U{0} U (D + piZ), (3.6.22)

where D = log, ¢ with ¢ = (1 +1/5)/2 is the golden mean and p = 27/log2. Similarly
as in Example 3.63 one checks that we may apply Theorem 3.37 with any A > 1/2 and a
corresponding By = 1/(2\) to recover the pointwise tube formula valid for all ¢ € (0, 2):

|(Arib)e N [0,4]] = Z res (f _SSCAFib(S; 1/2),w)
)

weP(Capy,
_ 21—D¢t1—D e (Qt)—pkﬁ o
Vblog2 4~ (1— D —pki)(D + pki)
21+D(¢ _ 1) t1+D 0 (2t)—pﬁ/2—pkﬂ

V5log?2 — (1+D—pi/2 - pki)(~D + pi/2 + pki)

Of course, the above formula coincides with the formula derived in [Lap—vFr3, Subsec-
tion 2.3.2].

Example 3.66 (The a-string). For a given a > 0 the a-string £ can be realized as the
open set {2 C R obtained by removing the points j=% for j € N from the interval (0, 1);
that is,

o= G+15), (3.6.23)

so that the sequence of lengths of L is given by

L=i"—(G+1)7% j=12,.... (3.6.24)
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Its geometric zeta function is then given by

[e.e]

Zzs G-+

7j=1

and from Proposition 3.64 its distance zeta function for 6 > (1 —27%)/2 is then given by

Ca, (5,10, 1];0) = gf == o 15 ; +1)79)". (3.6.25)
Furthermore, the properties of the geometric zeta function (. of the a-string are well-
known (see |Lap—vFr3, Theorem 6.21]). Namely, it has a meromorphic continuation to
the whole of C and its poles are located at D := 5 and at (a subset of) {—-25 : m € N}.
Furthermore, all of its poles are simple and res(( £, D) = DaP . Moreover, for any screen
S not passing through a pole, the function (. satisfies L1 and L2 with x = %— (a+1)inf S
if infS<0andx= % if inf S > 0. From these facts and Equation (3.6.25) we conclude
that the set Az is d-languid with kg = —5 — (a4 1)inf S if inf S < 0 and with kg = —5
if inf S > 0. For M € NU {0} we can now choose the screen Sy, to be some vertical

M+1 M42
1+a and — 1+a

Theorem 3.40 we now obtain the following asymptotic distributional formula for the tube
function ¢t — |(Az), N[0, 1]| when ¢t — 07:

line between — and let Wy, be the corresponding window. Applying

tl s
(AN (0,1 = Y res ( —Cac(5:9), ) + O(ttsupSa) (3.6.26)
weP(Cap W)
or, more precisely, since we know that all the poles are simple and that (-(0) = —1/2

(see |[Lap—vFr3, p. 205|), we have that

res(Ca,, D) = 2" P D ' res((c, D) = 2" Pa”,
reS(CAga O) = 2([:(0) = _17

and, consequently,

_ M m
2! DaDtlfD o Z res (Cg, —mD) (2t)HHmP

1-D — (14+mD)mD (3.6.27)
+ O(tH(MH)D), as t— 0%,

|(Ag): 0 [0, 1] =

where the sum is interpreted as 0 if M = 0. In particular, dimg A, = D and the a-string
is Minkowski measurable with MP(A.) = 21"PaP /(1 — D). We point out that (3.6.27)

9Tn [Lap—vFr3, Theorem 6.21] it is stated that res((z, D) = a” which is a misprint. Namely, in the
proof of that theorem the source of the misprint is the fact that the residue of {((a+1)s) at s =1/(a+1)
is equal to 1/(a 4+ 1) and not to 1. Here, ¢ is the Riemann zeta function.
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coincides with the ‘inner’ tube formula of the a-string (see [Lap—vFr3, Subsection 8.1.2]).%°
Furthermore, by choosing a screen to the right of —D/2 we conclude that (3.6.27) is valid

pointwise since then x4 < 0 (see Theorem 3.40).

Example 3.67 (The Sierpiriski gasket). Let A be the Sierpiriski gasket in R?, constructed
in the usual way inside the unit triangle. Furthermore, we assume without loss of gener-
ality that 0 > 1/4+/3, so that the set Ay is connected. Then the distance zeta function
(4 of the Sierpinski gasket is equal to

6(\/5)1_52_5 58 55—1
Qmr—
oD@ —3 Tt

Cals:9) = - (3.6.28)

which is meromorphic on the whole complex plane (see [LapRaZul]). In particular, the

set of complex dimensions of the Sierpinski gasket is given by

2m
= 1 1 17 | . 6.2
P(c) = 0.1} (log,3 4+ iz (3.6.20)
By letting wy := log, 3 + pki and p := 27/ log 2 we have that

o 6(VB) e
res(Ca, wk) = 4«x (log 2)wy (wy — 1)’

res(Ca,0) = 3v3+ 21, and  res(Ca, 1)=0.

Similarly as in the above examples one can check that (ya(-;0\) is strongly languid with
kg = —1 for § > 1/2v/3 and any A > 2v/3 so that we can apply Theorem 3.37 to get the

pointwise tube formula:

2—s
A= % e (3—alsiaw)
)

weP(Ca

s ()

log2 2 — wg)(w, — Dwy 2

=—00

valid for all t € (0,1/2v/3). Note that this formula coincides with the one obtained
in [LapPe3| and, more recently, in [DeKOU].

Example 3.68. Let A be the three-dimensional analog of the Sierpinski carpet. More
precisely, we construct A by dividing the closed unit cube of R? into 27 congruent cubes
and remove the open middle cube, then we iterate this step with each of the 26 remaining

smaller closed cubes; and so on, ad infinitum. By choosing 6 > 1/6, we have that Aj

20More precisely, the two expressions coincide after we take into account the misprint mentioned in
footnote 19 and add the term 2(.(0) which seems to be forgotten in [Lap—vFr3].
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Figure 3.2: Left: the mutually congruent pyramids into which we subdivide the cube A; from
Example 3.68. Eight of them that correspond to one face of A; are shown. Right: the third step
in the construction of the Cantor function graph relative fractal drum (A, Q) from Example 3.69.
One can see the sets Ay, Ar and Ay for £ =1,2,3.

is simply connected and let us calculate its distance zeta function. Note that (4(s;d) =
Ca(s,I) + Ca(s, As \ I) where I denotes the closed unit cube in R®. Let us denote with
A; the open unit cube of side 1/3 removed in the first step of the construction so that we

have the following:

Ca(s, 1) = Ca(s, A1) + Ca(s, I\ Ay) = Con, (s, A1) + 26 (3-14(s,371).

The first equality is obvious and the second equality follows from the self-similarity of A.
More precisely, it follows since the relative fractal drum (A, I\ A;) consists of 26 copies
of (A, I) scaled down by 371. Hence, by the scaling property of the relative distance zeta

function (see Theorem 4.5.4), we have that

CA(S,]) = C@AI(S,Al) + 26 . 3_SCA(S,]),

which yields
— g@Al (87 Al)
1—26-3-5

The zeta function (ya,(-, A1) can be easily calculated by dividing the cube A; into 48

Ca(s, 1) (3.6.30)

mutually congruent pyramids (see Figure 3.2, left) and integrating in local Cartesian

coordinates over each pyramid:

( y ) 1/6 T Yy 5 48 - 6~ ( )
Can, (s, :48/ dx/ dy/ 277 dz = . 3.6.31
' 0 0 0 s(s —1)(s—2)

On the other hand, the zeta function (4(s, As \ I) corresponding to the ‘outside’ of the

unit cube is easy to calculate once we subdivide the parts that correspond to the faces,

edges and vertices of the unit cube and use local Cartesian, cylindrical and spherical
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coordinates in R3, respectively:

1 1 5 /2 5 1
Cals, As\ 1) —6/ dx/ dy/ zS3dz+12/ d(,p/ rszdr/ dz
0 0 0 0 0 0
w/2 w/2 )
+8/ sin@d@/ dgo/ rs~hdr
0 0 0

6552 n 6wds1  Axss
s —2 s—1 s

From the above calculation and from (3.6.30) together with (3.6.31) we deduce that (4 is

meromorphic on C and given for all s € C by

48 - 275 N 47 s N 6mos! N 6652
(s —1)(s—2)(3° — 26) s s—1  s—2

5) =

Cals,0) = ~

In particular, the complex dimensions of A are given by
P(Ca,C) = {0,1,2} U (logy 26 + piZ),

where p := 27/log 3. Furthermore, it is easy to determine that res((a,0) = 4w — 24/25,
res(Ca, 1) = 6m + 24/23, res(C4,2) = 96/17 and, by letting wy := log; 26 + pki, (for all

kelZ),
24

13 - 29wy (wy — 1) (wy — 2) log 3°
One easily checks that the hypotheses of Theorem 3.37 are satisfied for § > 1/2 and

any A > 2, and thus we obtain the following exact pointwise tube formula, valid for all
t e (0,1/2):

res(Ca, wy) =

o0

24 t3—10g3 26
13log3 = (3 —wi)(wk — 1)(wk — 2)wy

6 12 dr 8
6——)t+(3n+—|t*+(—— =)t
+( 17) +<”+23) +(3 25)

In particular, we conclude that dimg A = log; 26 and, by Theorem 3.58, that the three-

2—wkt—pkﬂ

Al =

dimensional Sierpinski carpet is not Minkowski measurable which is expected. We point
out also that the part 6t + 37t? + 47t3/3 from the above equation is exactly equal to
|I;| — ||, where I is the closed unit cube of R3.

Example 3.69 (The Cantor function RFD). In this example, we will compute the dis-
tance zeta function of (A,€)) where A is the graph of the Cantor function and € is the
union of triangles Ay that lie above and the triangles ﬁk that lie below each of the straight
parts of the graph denoted by Ag. (At each step of the construction there are 2~! mu-
tually congruent triangles A, and ﬁk) Each of these triangles is isosceles, has for one
of its sides a straight part of the Cantor function graph and has a right angle at the left
end of A, in case of Ay or at the right end of A, in case of Ay (see Figure 3.2, right).
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For obvious geometrical reasons and by using the scaling property of the relative distance

zeta function, we then have the following:
CA(Sv Q) = Z 2kCAk (Sa Ak)
k=1

=) 25y, (5,37 A)) (3.6.32)
k=1

28 20y, (s, A

k=1

Here, (A1, Ay) is the relative fractal drum described above with two perpendicular sides

of length equal to 1. It is straightforward to compute its relative distance zeta function.

1 T
Cay (8, A1) :/o d:zc/0 y P dy = S<Sl_ ) (3.6.33)

This gives us the zeta function of (A, ) which is clearly meromorphic on C:

2
Cals, ) = TR T— (3.6.34)
and one has that -
PG ) = (0.1} U (logs 24 2 z). (3.635)

From Theorem 3.42 we conclude that dimg(A,Q2) = 1 and it is Minkowski measurable.

Moreover, one also has from Theorem 3.42 that

res(Ca(-, ), 1)
21

MHA, Q) = =2, (3.6.36)
which coincides with the length of the Cantor function graph.

We do not know if (3.6.35) coincides with the complex dimensions of the ‘full” graph
of the Cantor function, but we do expect that this is the case since (A, Q) is a ‘relative
fractal subdrum’ of (A, A;/3). Moreover, it is obvious that for the distance zeta function

of the Cantor function graph one has

<A<57A1/3) :CA(S,Q> +CA(S,A1/3\Q). (3637)

In order to prove that (3.6.35) is a subset of the complex dimensions of the ‘full” Cantor
function graph it remains to show that (4(s, A1/3 \ ) has a meromorphic continuation
to some domain containing (3.6.35) and that there is no pole-pole cancellation in the
right-hand side of (3.6.37). One checks easily that A\*Ca(s,€2;1/3) is strongly d-languid

for any A > 1 with k4 = —2 and we can apply Theorem 3.37 to recover the pointwise
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tube formula valid for all ¢ € (0, 1):

2—s
AnQ= ) res (;_ Cals,9), >
)

weP(Ca(-,Q

| (3.6.38)

tfpkn )

=2t 4+ ——— g t
* log3 = (2 —wk)(wp — Dwy T

where wy, := logs 2 + pki and p := 27/ log 3.

Figure 3.3: Left: the fractal nest generated by the a-string with @ = —1/2. Right: the unbounded
geometric (—1/2,1)-chirp. (The axes are not in scale.)

Example 3.70 (Fractal nests). We let £ = ([;);>1 be a bounded fractal string and as
before let Az = {ay : k € N} C R with a; := >, l; for each & > 1. Furthermore,
consider now A, as a subset of the x;-axis in R? and let A be a planar set obtained by
rotating A, around the origin, i.e., a union of concentric circles of radii a; (see Figure
3.3, left). For ¢ > 1;/2 the distance zeta function of A is given by

223

S 2m0*  2ma 65!
al _8_1Zl Haj + aja) + +

S s—1 "7

(3.6.39)

(see [LapRaZul, Chapter 3]). The last two terms in the above formula correspond to the
annulus a; < r < a;+9 and we will neglect them; that is, we will consider only the relative
distance zeta function Ca( -, ) with Q := B,,(0).?' Furthermore, since a;1 = a; — [; we

have

22_S7T - s—1
Cals,Q) = 1sz (2a; — 1;)
k=1

S J—
_ 23%%@ s 270w ils (3.6.40)
s —1 ¢4 J ] s—1
]:
23*87.‘. 2275
=200 - 2T,

21'Here, B, (z) denotes the open ball of radius r with center at .
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where we have denoted the first of the two sums after the second equality as (; and (.
is the geometric zeta function of the fractal string £. Let us now consider a special case
of the fractal nest above; that is, the relative fractal drum (A,, Q) corresponding to the

a-string with a > 0. In this case we have that

(e}

3—s 2—s
Ca(s, Q) = 2 — 71T St - 2T (o). (3.6.41)

S s—1

J=1

Since the geometric zeta function has been already analyzed in Example 3.66, we will now
do the same for the zeta function ¢; by an analogous technique as in [Lap—vFr3, Theorem
6.21].

Theorem 3.71. Let a > 0, b € R, and let L be the a-string with lengths l; given by
(3.6.24). Then (rp(s) = Z;‘;ljblj has a meromorphic continuation to all of C. The
poles of (¢ are located at L and in (a subset of) {2 :m € No} \ {0} and they are all

a+1 a+1
. . . C
simple.?® The residue of (. at C = 25 is equal to 2.

Furthermore, for any screen S, equal to a vertical line {Res = o} with 0 € R and
not passing through a pole, (ryp satisfies the languidity conditions L1 and L2 with k =

stb—(a+Doifo <2ty andk=351+b0—(a+1)o) if o €[5, E1].

Moreover, we have that (c,(0) = ((—b) for all b € R\ {1}, where ¢ is the Riemann

zeta function.

Proof. We begin by computing the first term of an asymptotic expansion of ;
j+1
lLi=j"=(U+1)"= a/ v e = aj "+ H(j), (3.6.42)
J

where H(j) = afjjﬂ(x*“*l — 7% 1)dz. We introduce now a new variable t = z/j — 1
and let

1/
hj:=a 'j*t H(j) = j/ (A+¢)* " —1)de (3.6.43)
0

Note that h; = O(1/j), as j — +00. By choosing now an integer M/ > 0 we have

3 =" (ai~ " (1 + hy))°

M
= @'t (§ <Z) ne+ 0 <—(|S|jM+)1 )) as j — oo,

n=0
where we have set

n n!

<3) bzt e e (3.6.45)

22Here, and from now on, we let Ny := NU {0}.
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We thus obtain the following
M s 00
s n :b—s(a+1
Coon(s) = Za <n> Zohjj (@D 4 f(s), (3.6.46)
n= 7=

where f(s) is defined and holomorphic on the open half-plane {Re s > %} Furthermore,

the first term, i.e., for n = 0, in the above sum is equal to a®*¢((a + 1)s — b) where ( is the

Riemann zeta function and thus has a single simple pole at s = C := %2.23 To compute
the residue of a*C((a + 1)s — b) at s = {2 we use the fact that the principal part of the

Riemann zeta function at s = 1 is equal to 1/(s — 1) and consequently,

1+b

i (s — C)a'C((a+ s —b) = iy o' o = 20
lim(s = C)a’c(la+1)s =b) = Iy ooy 9 = oot

(3.6.47)

A well-known result about the growth of the Riemann zeta function along vertical

lines (see, e.g., [Edw, Section 9.2]) implies that the first term in (3. 646) grows as

(t| 4+ 1)2=o@+D) on vertical lines {Res = o} with o < Lo as ([t + 1)z (1+0=(a+1)o)
b1

for o € [a_+1’ a_+1} and is bounded by a constant if o > b“.

It remains now to analyze the functions

o0

> hpghrleths, (3.6.48)
j=1
for n > 1. The asymptotic expansion (1+¢)=¢" = "M (To=1)gm L O(M+1) as t — 0F
together with (3.6.43) yields

1/]'% —a—1 O( Ml)
h:j/ ( ) -
J ; — m

We proceed by taking the n-th power of the above expansion to get an asymptotic ex-
pansion for A} and substitute this into (3.6.48). This enables us to express each of the
functions in (3.6.48) as a sum of constant multiples of ((m+ (a+1)s—0b) forn < m < M

and a remainder term of order O(j~1). Since {(m + (a + 1)s — b) has a simple pole at

s = #T’lm and in view of (3.6.46), we conclude that (. 4(s) has a meromorphic contin-
uation to {Res > M=} with simple poles at s = 2= for m = 0,1,2,..., M. Some

of these poles may Vanlsh depending on the choice of parameters a and b. Moreover, 0
is never a pole of (., since by looking at (3.6.46) we can see that it gets canceled by

the factor (;) for m > 1. Furthermore, since M is arbitrary, we conclude that (., has a

2See, e.g., |Ti3] or [Edw] for the properties of the Riemann zeta function.
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meromorphic continuation to all of C. Finally, for m > 1 the growth of {((m+ (a+1)s—b)
is superseded by the growth of the first term a°(((a + 1)s — b) and thus we have proved
the statement about the languidity of (.

The last statement of the theorem follows by the principle of analytic continuation
since we have directly from the definition that (. ,(0) = ((—b) for all b € {Res > 1}. O

To complete the example of the fractal nest and for the example of the unbounded

geometric chirp below, we will need a simple consequence of the above theorem.

Corollary 3.72. Leta > 0,b € R, 7 € R and let L be the a-string with lengths l; given by
(3.6.24). Then (rp-(s) = 3272, 3°1;77 has a meromorphic continuation to all of C. The

poles of Crp.» are located at % + 7 and in (a subset of) points Z:;:’f +7:mée N}t \ {7}
bl

. . o (b+1)/(a+1)
and they are all simple. The residue of Cepr at g

Furthermore, for any screen S, equal to a vertical line {Res = o} with 0 € R and

~+ 7 is equal to

not passing through a pole, Crp satisfies the languidity conditions L1 and L2 with k =
stb—(a+Doifo <o +7andk=3(14+b—(a+1)o) ifo €[5 +7, 85 +7].
Moreover, we have that Crp-(7) = ((—b) for allb € R\ {1}.

Proof. Since (zp-(s) = (cp(s — 7), this an immediate consequence of Theorem 3.71. [

Let us now go back to Example 3.70 where the distance zeta function of (A4,,€) is
given by (3.6.41); that is,

237571. 227371_
s—1 Cea1(5) = s—1

Ca,(5,) = Ce(s). (3.6.50)

It is meromorphic on C and by Corollary 3.72 and Example 3.70, for the complex dimen-
sions of (A,,€2) we have that

2 1 m
P(CAa(?Q))g {17m7a+1}u{_a+1

2

‘m € N} . (3.6.51)

Furthermore, we are certain that is always a complex dimension of (A,, {2) since it is

a+1
never canceled. Namely, by letting D := %, we have for a # 1 that
22-Pp
res (CAa< s Q)a D) - D—_lﬂ-aD- (3652)

We now conclude by Theorem 3.42 that dimg(A,,Q2) = D if a € (0,1) and

22D Dr D
@-D)D-1)" "

MP(A,, Q) = (3.6.53)

Furthermore, if @ > 1, we have that dimpg(A,, 2) = 1 and for the residue that

res(Ca, (+,Q),1) =47, —a1(1) — 27 (1) = 4n((a) — 27 (3.6.54)
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Moreover, we have that
MY (A, Q) = 4nl(a) — 21 (3.6.55)

and it is nonzero since ((a) > 1 for a > 1. In the special case when a = 1, we have that
s = 1 is a pole of second order of (4, (s,) and since it is a simple pole of (11, by
looking at (3.6.50) we deduce that

res(Ca, (+,9Q),1) = 4nCs —11[1]o — 2, (3.6.56)

where (¢ 1 1[w]m indicates the m-th coefficient, (for m € Z), in the Laurent expansion
of (£ 11 around s = w. We conclude that in this case, by Theorem 2.8, (A;,2) must
be Minkowski degenerate with dimp(A4;,) = 1.2 We may also compute the coefficient
corresponding to (s — 1)72 in the Laurent expansion of (4, (-,2) around s = 1 by using
Corollary 3.72:

Car (-, Q)12 =4mres((e—11,1) = 2m. (3.6.57)

Assume now that a # 1. For M € NU {0}, as before, we choose the screen Sy to be

M1 M2
17, and —575

Applying Theorem 3.40 we now obtain the following asymptotic distributional formula
for the tube function V' (t) := |(A4); N Q| when ¢ — 07:

some vertical line between — and let W), be the corresponding window.

22_DD7T
V(e = Dyg2=D 4 (4 —2m)t
( ) (2 — D)(D — 1)a + ( WC(G) 7T)
res (CAa( : 7Q>7 aJlrl) t27a771q
P
a+1
o m_\ 2+
L, Q), =) et
+ Z res (CAa( 9 )7 a+]_) * + O(t2+ szfll)7 as t — O+7
1 2 + aTl

where the sum is interpreted as 0 if M = 1. By choosing a vertical line {Res = o} for
o> —m as a screen we get a pointwise formula with an error term since then we have
that kg < 0 by Corollary 3.72.

Let us look now into the special case when a = 1 and choose a screen such that
o € (—3/4,—1/2) so that we get a pointwise tube formula with an error term:

V() = res ( E (5., 1) T Zres <gA1( Q). 1) £
2—s 3 2
2

1
+ Zres (CAl( -, Q), —5) t3 4 Ot* ) ast— 0%,

(3.6.58)

241t can be shown directly that M'(A;,Q) exists in this case and is equal to +oo, see [LapRaZul,
Chapter 3.
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We expand the function t27%/(2 — s) into a Taylor series around s = 1 which is given by

o0 n (1)K (log 1)
:tZ(s—D"Z( 1}1!(71@?; r (3.6.59)

Now, from (3.6.56) and (3.6.57) we conclude that

t27s
res (2 — SCAl(S, 0), 1) = 27t log 1+ At (Ce—11[1]o — 1), (3.6.60)
so that
V(t) =2ntlogt ' +4dnt(e_11[1o— 1) +o(t) ast— 0T, (3.6.61)

The above tube formula is in accordance with the fact that (A;,2) is Minkowski de-
generate but it is also clear that one can choose the function h(t) := logt™, ¢ € (0,1)
for an appropriate gauge function. More precisely, one then has that the gauge relative
Minkowski content of (Ay, Q) is well defined and

AN Q| _

M AL, Q,h) = lim (

2. 6.62
ot th(t) " (3.6.62)

The relative gauge Minkowski content was introduced in [Zu4|, motivated by [HeLap].
See also [LapRaZul] for more on this topic.
In fact, from the pointwise tube formula (Theorem 3.13) we can deduce the following

general result.

Theorem 3.73. Let (A,Q) be a relative fractal drum in RY such that it is languid with
Kk < —1 or such that (AA, XQ) is strongly languid for some X\ > 0 with k < 0 for a screen
passing between the critical line {Res = dimp(A, Q)} and all the complex dimensions of
(A, Q) with real part strictly less than D := dimpg(A, Q). Furthermore, suppose also that
D is the only pole of its relative tube zeta function with real part equal to D and of order
m > 2. Then dimp(A, Q) ezists and is equal to D := D. Furthermore, MP (A, Q) ewists
and is equal to +00; that is (A, Q), is Minkowski degenerate.

Moreover, an appropriate gauge function for (A, ) is h(t) := (logt=1)™! fort € (0,1)

and we have that

EA( "Q)[D]—m'

MP(A,Q,h) = D)

(3.6.63)

Proof. By Theorem 3.13 and since the screen S is to the right of all the other complex
dimensions of (A, 2) and to the left of the critical line, we have a pointwise tube formula

for |A; N Q| with (or without) an error term that is of strictly higher asymptotic order as
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t — 0% than the term corresponding to the residue at s = D; that is, we have

14, N Q| = res(t¥°Cu(s,Q), D) + ON5), ast — 0%, (3.6.64)

tN_s

We now take the Taylor expansion of around s = D:

pxm (logt™Hn
AR %(s — D). (3.6.65)
n=0 :

multiply it by the Laurent expansion of Z‘ 4(5,9Q) around s = D and extract the residue of
this product to deduce that

res(tN"°C(s,Q), D) = tN_DmZ_ (1og+1)n&( Q) [D]_, 1. (3.6.66)
n=0 ’

In light of this and (3.6.64) we conclude that dimp(A, Q) exists and is equal to D. Fur-
thermore, the statements about the Minkowski content and the gauge Minkowski content
also follow now from (3.6.64). O

It would be interesting to try to expand the above result and obtain a kind of a gauge
Minkowski measurability criterion in the likes of Theorem 3.58. See [LapRaZul, Chapter
4] for a partial converse of the above theorem in the case when the relative tube function

satisfies the following asymptotics:
A, N Q| =t""Plogt ™)™ I M+ O(1*) as t—0F, (3.6.67)

where m > 2 and a > 0. Like always, we can reformulate the above theorem in terms of

the distance zeta function.

Theorem 3.74. Let (A, Q) be a relative fractal drum in RN such that dimp(A,Q) < N
and that it is d-languid with k < 0 or is such that (AA, AQ) is strongly d-languid for some
A > 0 with k < 1 for a screen passing between the critical line {Res = dimp(A, Q)} and
all the complex dimensions of (A, Q) with real part strictly less than D := dimp(A, Q).
Furthermore, suppose also that D is the only pole of its relative tube zeta function with
real part equal to D and of order m > 2. Then, dimg(A,Q) exists and is equal to
D := D. Furthermore, MP (A, Q) exists and is equal to 4+o0; that is (A, ), is Minkowski
degenerate.

Moreover, an appropriate gauge function for (A,Q) is h(t) := (logt=H)™=1 fort € (0,1)

and we have that
Ca(+,Q)[D] -m

MP (A, Q,h) = TSy

(3.6.68)
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Proof. By Theorem 3.37 we have an asymptotic pointwise tube formula

N-—s

t
\AtﬁQ\:res<N

Ca(s, ), ) + O TS ast — 0T, (3.6.69)

1

Furthermore, we expand (N — s)~! into a Taylor series around s = D:

1 = (=1)*(s — D)"

L - (3.6.70)
N —s “—= nl(N - D)™
and multiply it by (3.6.65) to get a Taylor expansion of t¥=%/(N — s):
ths e — n (_1>n7k(10gt71)k
N—s ;(S -D) kz; k!(n — k)!((N — D)n—k+1 (3.6.71)

We now multiply the above with the Laurent expansion of ((s,2) around s = D and

extract the residue of this product to get

N 5 “k(log t=1)*¢a (-, Q)[D] -
res (N— Ca(s,9), ) ="~ Dnz 3 k;' n—k;).(N—E)”—’f“ L

We complete the proof now by reasoning analogously as in the proof of Theorem 3.73. [

Example 3.75 (Unbounded geometric chirps). In this example we will examine a type
of unbounded geometric chirp. A standard geometric (o, 3)-chirp with positive pa-
rameters « and [ is a simple geometric approximation of the graph of the function
f(x) = a*sin(rz="P).

By choosing parameters —1 < a < 0 <  we get an example of an unbounded
chirp function f which we approximate by the unbounded geometric («, #)-chirp. More
precisely, let A, 5 be the union of vertical segments with abscissae z = j~'/# and of length
j=/% for j € N. Furthermore, define Q as a union of the rectangles R; for j € N where
R; has a base of length j=%/# — (j + 1)~/ and height j=%/%; see Figure 3.3, right. The
relative distance zeta function of (A, Q) is computed in [LapRaZul, Chapter 4] and is

given by
22 s o s_1
—« B —1 . -1/
Ca,,(5,Q) = D) Z / /B _ (j+1) /)
, j=1 (3.6.72)
2 —S

= mct,—a/ﬁ,l<3)7

where L is the 37 1-string. By Corollary 3.72 we conclude that ¢ A, 5(8,42) has a meromor-

phic continuation to all of C and

1+«
1+

P(Cans(+,9)) C {1, 2 — } U{D,,:m e N}, (3.6.73)
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where D,, := 2— F2tmB By letting D := 2 — 2 we have that D > 1 and, consequently,

145 1+8
dimp(A, s, ?) = D with
res(Ca, ,(s,9), D) 92-D Bies
MO (Ao, ) = >-D T 2-D)D-1)1
2=D)D-1)1+8 (3.6.74)
(28)*° P
2-D)(D—-1)(1+p)
Furthermore, for the residue at s = 1 we have
a
I'GS(CA&,[} (87 Q)) 1) = 2(&—04//3,1(1) = 2C<E) . (3675)

Similarly as in previous examples, for M € NU {0}, we choose the screen Sy, to be some
% and 2 — % and let W), be the corresponding
window. From Theorem 3.40 we obtain the following asymptotic distributional formula

for the tube function V (t) := |(Aaz): N €:

vertical line between 2 —

V() = (28t)*~P > Prres(Ca, ,(+,Q), D1)
- @=D)(D-1)(1+p) 2— Dy
M 42D
o 2P res(Ca, 4 (-, ), D) (3.6.76)
2t <_> a, 0.
+2t¢ )+ Z: S
+ Ot Puy as t— 0T,
Note that the second noninteger complex dimension Dy = 1 — ﬁ is also greater than
1. Finally, by choosing as a screen a vertical line to the right of —216“:; we actually get a

pointwise formula above since then k4 < 0.

We conclude this section by briefly demonstrating how the results of this chapter
may also be applied to recover the tube formulas for self-similar sprays generated by an
arbitrary open set G C RM. A self-similar spray is defined as a collection (Gj)ren of
pairwise disjoint open sets G, C RY with G := G such that G}, is a scaled copy of G by
some factor A\, > 0. The sequence (A)gen is called the associated scaling sequence of the
spray and is obtained from a “ratio list” {ry,7s,...,7,;} with 0 < r; < 1, by building all
possible words of multiples of the ratios 7;.

Let us assume now that (A, () is the relative fractal drum defined as A := 9(UG)
and Q := UG}, with dimp(9G, G) < N. Then, since (4,Q) = (0G, G) U, (r;A,1;Q), it

is clear that its relative distance zeta function satisfies the following functional equation:
Ca(s,92) = Coc(s, G) + Grya(s, m12) + - -+ 4+ (ya(s,7,0), (3.6.77)

where (r;A,r;) denotes the relative fractal drum (A, Q) scaled by the factor r;. Fur-

thermore, by using the scaling property of the relative distance zeta function (Theorem
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4.5.4) the above equation becomes

Ca(s, ) = Coa(s,G) +riCals, Q) + -+ -+ r5Ca(s, ), (3.6.78)
which yields that (.0)
Goc(s, G
Q)= " .6.
Ca(s, ) 57 (3.6.79)

It is now enough to assume that the relative distance zeta function (ye(s,G) of the
generating relative fractal drum (0G, G) satisfies suitable languidity conditions to obtain

a pointwise or distributional formula for the ‘inner’ volume of UGYy:

Vs G
1A, NQ| = Y res Goals J) w | +R@®), (3.6.80)
weDUP(Coa(-,G),W) (N - S) (1 B Z:j=1 Tj)

where © denotes the set of solutions of ijl r; = 1 and R is the pointwise or distributional
error term.

Assume now that the generator GG is monophase; that is, the volume of its ‘inner’
t-neighborhood is given by a polynomial Zi]\i_ol kit 7% for t < g. Here g is the inradius of

G, i.e., the supremum of the radii of all the balls that are contained in GG. Since then
N-1
(0G) NG| =D kit
i=0

for t < g, we can then explicitly calculate its relative tube function

N-1 N-1

~ g ) 45—t
Coc (s, G g) = / A ARl ) S (3.6.81)

s—1
0 i=0 i=0

and it is obviously meromorphic on C and, moreover, after appropriate scaling, strongly
languid with k = —1 for a sequence of vertical lines. We conclude that the tube formula
(3.6.80) is valid pointwise and without an error term in this case for ¢ sufficiently small;

that is, we recover a well-known result obtained in [LapPe3|, and more recently via a
different technique in [DeKOU]:

5—1

N-1 g
SR —
A4nQ= Y res |tV iz P
weDU{1,2,...,N—1} (1 - Zj:l TJS)

yw | - (3.6.82)

A completely analogous reasoning can be made for the case of pluriphase generators G for
which the ‘inner’ tubular tubular volume is given as a piecewise polynomial. In a future
work we plan to investigate for which classes of generators the tube formula (3.6.80) can

be applied pointwise or distributionally.
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The next example shows how one can effectively construct fractal sets (even fractal
strings) which can have poles of any order on the critical line and even essential singular-

ities.

Example 3.76. We will provide an example of a relative fractal drum of R such that
its distance zeta function has an infinite set of poles of order m in arithmetic progression
located on the critical axis. The construction is based on an ‘iterated’” Cantor set. Let
C' be the standard middle-third Cantor set contained in [0,1] and 2 := [0,1]. Let Q\ C
be our generator for the fractal spray defined with scaling ratios r, = ro = 1/3. We
will denote this fractal spray by (Cy, ). Then, by the scaling property of the relative

distance zeta function, we have

Ccz(sv QQ) = CC(Sv Q) + 2<3_102<Sv 37192) = CC(Sa Q) +2-37° Ccz(sv 92)7

or, in other words,?

3° 2-3°

el ) = 5y lele ) = 5o

It is clear that (¢, (-, §22) is meromorphic on C and

27
P(Coy(- D)) = {0} U (logz 2 + ——Z ). (3.6.83)
log 3
Furthermore, the poles wy := logs;2 + % for £ € N are all of second order. We

conclude that dimp(Cy, ) = logz2. Actually, by Theorem 3.74 it follows that D :=
dimp(Cy, Q) = log; 2, and MP = +00. We conjecture that for h(t) :=logt™!, we have

Q) [D] 2
(1-D)

Note that it in order to prove the above conjecture one needs to analyze in more detail

0 < MP((Cy, ), 1) < 2

((Cy, ), h) < +o0. (3.6.84)

the pointwise tube formula of (Cs, 2y) given by Theorem 3.37. We leave that for future
work; see Problem A.2.

We can now repeat the above process inductively, that is, define the relative fractal
drum (C,,2,) as a fractal spray generated by (C,,_1,,_1) and the same scaling ratios
ry =19 = 1/3 for n > 2. Similarly as before, we have

2. 3(n71)s

Con (8, 80) = 253 — )"

The poles at wy are of order n, D := dimp(Cy, ) = logy 2, and for the gauge function

25(¢ is given by (3.6.13).
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h,(t) := (logt=")"~1 we conjecture that

Con(5 ) [D]-y _ b
< MP((C, 2 - < ns Sln ), A ) < to00. 6.
0 < MP((Co0)uh) < LI < TR () ) < o0 (3059
Finally, we can now use the relative fractal drums (C,, §2,) to construct an RFD that
will have essential singularities on the critical axis. We let (C1, ) := (C, ), we scale
down every RFD (C,,,€2,) by the factor 37" /n! and we define (A, (2) as a disjoint union
of the resulting RFDs, that is

o0

3"
—(Ch, )
n!
n=1
Then we have
Q) = Gnmyrc.(s (n Z i =, (8, )
n=1 n=1

[e.e]

2 1
" X W

n=1

By the Weierstrass M-test, C4(s, ) is holomorphic on {Res > 0} \ (log32 + 1?:;32)

More precisely, it has essential singularities at logs 2 4 1§§3Z-

The above construction can be generalized verbatim for any fractal string £ or self-
similar fractal spray in R"™. This suggests that the definition of complex dimensions

should be updated to also include essential singularities of the fractal zeta functions.

3.7 Embeddings in Higher Dimensions

In this section we will obtain potentially useful results concerning relative fractal drums
and bounded subsets of RY embedded into higher dimensional spaces. We will apply these

results to obtain the complex dimensions of the Cantor dust.

Proposition 3.77. Let A C RN be a bounded set with dimgA = D. Then for the tube
zeta functions of A and A x {0} C R¥*! the following equality holds

~ /2 ¢ s; 0 sin
Cax{op(s;0) = 2/ % dr (3.7.1)

0 sin T

for all s € {Res > D}.

Proof. First of all, it is well-known?® that dimg(Ax{0}) = dimpA from which we conclude
that the tube zeta functions of A and A x {0} are both holomorphic on the right half-plane

26See |Resl].
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{Res > D}. Furthermore, we will use the fact, (see [Resl, Proposition 6]) that for ¢t > 0

we have

t
(A x {0} lner =2 | 1Azl du (3.7.2)
0

where |- |y denotes the N-dimensional Lebesgue measure. After changing the variable of

integration by u = t cos v this yields

/2
|(A X {O})t|N+1 = Qt/ |Atsinv|N sinv dv. (373)
0

Finally, we have the following for the tube zeta function of A x {0}:

~ 5
Canioy(5:6) = / N2 (A % {0 dt

1) /2
2/ tSNldt/ | At sin o] v sin v dv
0 0
w/2 )
2/ sinvdv/ 5N Ay i o | v dt
0 0

w/2 dsinw
2/ sinNH_Svdv/ T NTHAL |y dT
0 0

w/2 = . .
:2/ Ca(s;dsinv) do
0

sin®* N1y

where we have used the Fubini-Tonelli theorem and another change of variable of inte-

gration, namely, 7 = tsin v. m

Theorem 3.78. Let A C RY be a bounded set with dimpA = D. Then, for s € C with
Res > D we have the following equality between the tube zeta function of A and the tube
zeta function of Ay = A x {0} -+ x {0} C RN+M .

(V)" T (852 + 1)

[ (AHs 4 ) Ca(s:6) + E(s30), (3.7.4)

ZAM (S; 6) =

where E(s) is meromorphic on C. The poles of E(s;6) are located at sp := N + 2 4 2k
for k € NU{0} and all of them are simple. Moreover, we have that

(=D (v
KIT (5 — k)

res(E(-;6), s) = Calsi; ). (3.7.5)

Proof. We will prove the theorem in the case when M = 1. The general case follows

then immediately by induction. From Proposition 3.77 we have that for Res > dimgA
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formula (3.7.1) holds which, in turn, can be written as

= ~ /2 dr
x{0}(5;0) = 2Ca(s; 0 N
CA {0} (5 ) <A (5 ) /0 SIHS_N_I

T

w/2 d 0
—2/ %/ TN A v dr (3.7.6)
o 8 vJs

m sinv

:ZA(s;a)-B(N;S +1,%) + E(s;0)

where B denotes the beta function and

E(s:0) := —2 W/QL ' sTN=11A |y d 3.7.7
(s;0) := ——N T T | A |y dT. (3.7.7)
0 5 v Js

mn sinv

By using the functional equation which links the beta function with the gamma function,?”

we get that (3.7.4) (with M = 1) holds for all s € C such that Res > dimpA.
By looking at E(s;d) we see that the integrand is holomorphic for every v € (0, 7/2)

since the integral f;siMTS_N_1|AT|N dr is equal to Ca(s;8) — Ca(s;dsinv) which is an

entire function. Furthermore, if we assume that Res < N 4+ 1, then since 7+ 7Res=V-1
is decreasing we have the following estimate
/2 1)
|E(s;0)| < 2/ sinN“ReSvdv/ pRes=N=hA |y dr
0 dsinv
w/2 )
< 2|A5\N/ sinNHReSvdv/ rRes=N=1qr
0 dsinv
w/2 )
S 25Res—N—1|A5|N/ SiDN+1—ResU SinRes—N—l,U/ dr (378)
0 dsinv

w/2
= 25R83_N]A5|N/ (1 —sinv)dv
0
77
— ogRes=N| A5y (5 . 1) .

From this we conclude that for sy € {Res < N+ 1} the condition (D3) of Theorem 1.2 is
satisfied which implies, by Theorem 1.2, that E(s;¢) is holomorphic on {Res < N + 1}.

On the other hand, we know that both of the tube zeta functions are holomorphic on
{Res > dimpA} D {Res > N}. The fact that E(s;§) is meromorphic on C, as well as
the statement about its poles, follows now from equation (3.7.4) (with M = 1) and the
fact that the gamma function is always nonzero.?® More precisely, the locations of the
poles of E(s;0) must coincide with the locations of the poles of I'((N — s)/2 4 1) since
the left-hand side of (3.7.4) is holomorphic on {Res > dimpA} and because C4(sy,) > 0

(since it is defined as an integral of a positive function).

*"Namely, B(z,y) = [(z)I(y)/T'(z + y).
281n fact, 1/T'(s) is an entire function with zeros at the nonpositive integers.
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Finally, by multiplying (3.7.4) with (s — si), taking the limit as s — s, and using the
fact that the residue of the gamma function at —k is equal to (—1)%/k! we derive (3.7.5).
[

Theorem 3.78 has as an important consequence the fact that the notion of complex

dimensions does not depend on the dimension of the ambient space.

Theorem 3.79. Let A C RY be a bounded set and Ay be its embedding in RN*TM . Then
the tube zeta function EA of A has a meromorphic extension to a neighborhood of the
critical line {Res = dimgA} if and only if this is true for the tube zeta function Z"AM of

Ay, Furthermore the multisets®® of their poles contained in U coincide.

Proof. This is a direct consequence of Theorem 3.78 and the principle of analytic contin-
uation. More precisely, identity (3.7.4) is valid for s € C such that Res > dimgA and
the function E(s;d) is meromorphic on C. Furthermore, the poles of E(s;d) according
to Theorem 3.78 are contained in {Res > N + 2} which implies that it is holomorphic
on {Res < N + 2}. Identity (3.7.4) then remains valid if any of the two zeta functions
involved has a meromorphic continuation to some neighborhood of the critical line and

this completes the proof. O

Corollary 3.80. Let A C R”" be a bounded set such that its tube zeta function has a
meromorphic continuation to a neighborhood U of the critical line Res = dimgA and
suppose that s = D is its simple pole. Let Ay, € R¥*M be the embedding of A in RN*+M
as in Theorem 3.78. Then

res(Ca,,, D) = voTr <¥ i 1) res(Ca, D) (3.7.9)
T <N+J\2/[—D 1 1)

We point out here that the above Corollary is, of course, in accord with the dimensional
invariance of the normalized Minkowski content, as it is stated in [Resl|. More precisely,
if we have that in the above Corollary D is the only pole of the tube zeta function of
A on the critical line {Res = D}, then, according to Theorem 3.42, A and A x {0} are
D-Minkowski measurable with D := D and

MP(4) MP(A % {0})

- . 3.7.10
7 T(MR 1) po (MR ) 37.10)

The above observations can also be made in the context of relative fractal drums.
More precisely, let (A, Q) be a relative fractal drum in RY and let (A x {0}, Q x [—1,1])
be its embedding in RV*!. We want to link the relative tube zeta functions of these two
RFDs and the following lemma will be needed for that.

29In this multiset the multiplicity of each pole is equal to its order.
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Lemma 3.81. Let (A, Q) be a relative fractal drum in RY and 0 < § < 1. Then we have

[(Ax {0})s N (Qx [-1,1])],, = 2/0 |A sz N Q| du. (3.7.11)

Proof. We proceed analogously as in [Resl, Proposition 6]. Namely, if we let (z,y) €
RY x R = RV*! and define

Vi={(z,y) : dvii((z,9), Ax{0}) <} n{(z,y) : € Q [yl <1} (3.7.12)

where dy denotes the Euclidean distance in RY. It is obvious that the following equality
holds: dyy1((z,y), Ax{0}) = \/dn(z, A)%2 + y2. This implies that for a fixed y € [—4, §]*°

we have

Vyi={z e RY : dyui((z,y), Ax {0}) <6}

(3.7.13)
= {:c sdy(z, A) < £/62 — yz}.
Finally, Fubini’s theorem implies that
’(A x {0})s N (2 x [—1,1])’N+1 = / dx dy
1%
5
= / dy/ dx
-4 Vyn{zeRN : zeQ}
5
which completes the proof. O

The above lemma will give an RFD analog of Proposition 3.77 but first we will show
that the upper and lower relative box dimension is independent of the ambient space

dimension.

Proposition 3.82. Let (A,Q) be an RFD in RY and let
(A, Q)ar i= (Apr, Q x [=1,1]M) (3.7.14)
its embedding in R¥*™. Then we have that
dimp(A4, Q) = dimp(A4, Q) (3.7.15)

and
dimg(A, Q) = dimg(A, Q) (3.7.16)

Proof. We will prove the proposition in the case when M = 1 from which the general

301f |y| > 4, then the corresponding set V,, is empty.
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result follows by induction. It is evident that for 6 < 1 we have
(A x {0})s N (€2 x [-1,1]) € (A x {0})s N (€ x [0, 6])
- (Ag N Q) X [—(5, (5]

so that
[(Ax {0})s N (2 x [—1, 1])|N+1 < 20|As N Q|- (3.7.17)

This, in turn implies that for r € R we have

(A > {0})s O (2 x [~ )iy _ 2145 N QY
ON+1—-r — SN— :

(3.7.18)

Furthermore, by taking the upper and lower limit above as 6 — 07 we get the following

inequalities involving the r-dimensional Minkowski contents:
M(A Q) <2M(A4,Q) and M"(A,Q), < 2M"(A,Q) (3.7.19)
which implies that
dimp(A,Q); < dimp(A4,Q) and dimg(A,Q); < dimg(A, Q) (3.7.20)

On the other hand, by geometrical reasons, we have that

(As2 N Q) X —57\/5, %g C (A x{0})sN (2 x [-1,1])
so that
5V3| Az N Qv < (A x {0})s N (2 x [=1,1])] s, - (3.7.21)

Similarly as before, this implies that for » € R we have

VBlAs 00l _ (A% {0D)s 0 (2 % [-1, 1]y

7.22
2Nfr(5/2)Nfr - ON+1-r (3 7 )
and by taking the upper and lower limit as § — 07 we get
\/§MT(A7 Q) Fwil \/g'A—/lr(Av Q) r

Finally, this completes the proof as it implies the reverse inequalities for the relative box
dimensions in (3.7.20). O

We can now state the results for embedded RFDs and their relative zeta functions.
Due to Lemma 3.81 and Proposition 3.82 the proofs follow the same steps as in the

corresponding results about bounded subsets of RY and for this reason we will omit
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them.

Proposition 3.83. Let (A, () be a RFD in RY with dimp(4,Q) = D and fix 6§ € (0,1).
Then for the relative tube zeta functions of (4, Q2) and (A,Q); = (A x {0},Q x [-1,1])
the following equality holds

~ /2~ . :
Caxqoy(s, 1 x [=1,1];6) = 2/ CA(iS’ﬁ}V&_SlmT) dr (3.7.24)

0 sin T

for all s € {Res > D}.

Theorem 3.84. Let (A,Q) be an RED in RN with dimp(A,Q) = D and fizr § € (0,1).
Then, for s € C with Res > D we have the following equality between the tube zeta
function of (A,Q) and the tube zeta function of the relative fractal drum (A,Q)y =
(Apr, Q x [=1,1]M) in RNFTM .

(Vo' T (Y32 + 1)

Cans (5,2 x [-1,1]M;6) =
CAJVI(‘S? X[ ) ] ] ) F<N+]2\J_S+1)

Cals,2:0) + E(s; ), (3.7.25)

where E(s;0) is meromorphic on C. The poles of E(s;0) are located at s, := N + 2 + 2k
for k € NU{0} and all of them are simple. Moreover, we have that

_ _ (vt s .
res(E(-;0),s) = R (T — ) Ca(sk, §2;6). (3.7.26)

We immediately obtain the following result about the invariance of the complex dimen-
sions of a relative fractal drum on the dimension of the ambient space which complements
Theorem 3.79.

Theorem 3.85. Let (A, Q) be an RFD in RY and (A, Q) be its embedding in RN M.
Then the tube zeta function EA( Q) of (A,Q) has a meromorphic extension to a neigh-
borhood of the critical line {Res = dimp(A, Q)} if and only if this is true for the tube
zeta function Ca,, (-, x [=1,11M) of (A, Q). Furthermore the multisets of their poles

contained in U coincide.

One of the important consequences of Theorem 3.84 is that we can now extend the

Minkowski measurability criterion given in Theorem 3.58 of Section 3.5 to the case when

Theorem 3.86 (Minkowski measurability criterion, special case). Let (A, ) be a relative
fractal drum in RY such that D := dimp(A, Q) exists and D = N. Furthermore, assume
that (A,Q) is languid for a screen passing between the critical line {Res = N} and all
the complex dimensions of (A, Q) with real part strictly less than N. Then the following

1S equivalent:
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(a) (A, Q) is Minkowski measurable.

(b) N is the only pole of the relative tube zeta function ZA( -, Q) located on the critical
line {Res = N} and it is simple.

Proof. First of all, the fact that (b) implies (a) is a consequence of Theorem 3.42 since
there are no restrictions of the type dimp(A,2) < N in the hypothesis of that theorem.
Actually, it follows directly from the definition of the relative Minkowski content that
dimp(A, Q) = N implies that MY (4, Q) exists and MY (A, Q) = [AN Q).

To prove that (a) implies (b) we embed (4, 2) into RV as (A x {0},Q x [-4,d]) and
conclude by Theorem 3.84 that their relative tube zeta functions are connected by the
functional equation (3.7.25) (for M = 1); that is,

\/_F(NS

(= +1)

ZAx{o}(S,Q X [=9,4];0) = >§A(s ;0) 4+ E(s;0). (3.7.27)

Here, 6 > 0 is chosen such that E 4(s,€Q;0) satisfies the languidity hypothesis of the
theorem. The error function E(-;0) is holomorphic on {Res < N + 1} and bounded
by 2685 N|A; N Q| (5 — 1) (see the proof of Theorem 3.78 and Equation (3.7.8)). In
other words, F(-;9) is languid (with the languidity exponent equal to 0). Furthermore,
for a,b € C such that Re(b — a) > 0 we have the following asymptotic expansion:

['(z+a) abz ”B(“ bH()F(b—a—i—n)l

— 1.2
e Th—a) = as |z| = +oo, (3.7.28)

in the sector |arg z| < m.! Substituting z = =% 4+ 1, a = 0 and b = 1/2 we obtain that

(2+1) Lo~ (20)V2(=1)"B?(0)
— e — 2)72 3.7.29
T (N+21—s+1) (N —s+ ; 2n(n )2 PG as |s| = o0, ( )
for all s € C\ [N + 2,+00).*? In particular,
F N—s 4 1
(5 ) O(|s|7*?), as |s| = 4o, (3.7.30)

D(M= 1)

for all s € C\[N+2,400) from which we conclude that the product of this ratio of gamma
functions with the relative tube zeta function Z (-, €;0) is languid with the exponent not
greater than x — 1/2 where k is the languidity exponent of Z 4(+,€;6). This, together
with the languidity of E(-;d) and Equation (3.7.27) implies that EAX{O}( -+, Q x [=9,6];9)

31Here, BY)(z) is the generalized Bernoulli polynomial (see, e.g., [SriTod| for the exact definition and
an explicit formula). See also [Tem, Subsection 3.6.2] for this result on asymptotics of the ratio of gamma
functions.

32We have used here the identities I'(1/2) = /7 and I'(1/2 + n) = (42"73,
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is languid with the same choice of the double sequence (7},)ncz)\ {0y and the screen S as
for Ca(+,€;6) and with the languidity exponent not greater than max{r — 1/2,0}.

On the other hand, if (A, ) is Minkowski measurable then this is also true for the
embedded RFD (A x {0},Q x [-4,6]). In light of Lemma 3.81, this fact follows in a
completely analogous way as in the case of bounded subsets of RY which was proven
in [Resl]. We conclude now the proof by invoking Theorem 3.56; that is, its analog in

terms of the relative tube zeta function (see Remark 3.57). O

Remark 3.87. In the above discussion about embedding RFDs in higher-dimensional
spaces we can also make similar observations if embed (A,€2) as a ‘one-sided” RFD (A x
{0}, x [0, 1]) which can be more useful when decomposing a relative fractal drum into a
union of relative fractal subdrums in order to compute its distance (or tube) zeta function.

This follows immediately since by symmetry

Cargoy (5,2 x [=1,1]) = 2 Caregoy (5,2 x [0, 1]). (3.7.31)

One only has to be careful when using the above formulas to take into account the factor
2. Furthermore, we can also embed (A4, 2) as (Ax {0}, 2 x [—a, a]) or (Ax{0},Q2x[0,q])

for some a > 0 but in that case the corresponding formulas will be valid for ¢ € (0, ).

We can now use the functional equation (2.1.4) which connects the tube and distance
zeta functions to translate the above results in terms of the (relative) distance zeta func-
tion. We will make another approach which gives a little bit more information on the error
function. Namely, recall the Mellin zeta function of a relative fractal drum introduced in
Section 3.5:

+00
(s, Q) = / N A N Qldt (3.7.32)
0

and recall that the above Lebesgue integral is absolutely convergent for s € C such that
Res € (dimp(A,Q),N). Moreover, the relative distance and Mellin zeta functions of
(A, Q) are connected by

Cal5,9) = (N — $)C(5,2), (3.7.33)

on every open connected domain U to which any of the two zeta functions has a holo-
morphic continuation. Note that in (3.7.33) there is no parameter ¢ since the equation is
valid only for ¢ such that Q C Ajy; that is, when (4(s,Q;0) = [, d(z, A)* N dz.

We will now embed the relative fractal drum (A, Q) of RY into RV ! as (Ax {0}, QxR).
Of course, this is not technically a relative fractal drum in R¥*?! since there does not exist
a d > 0 such that @ x R C (A x {0})s. On the other hand, observe that now Lemma 3.81
is valid for every 0 > 0; that is,

1
(A x {0})s N (X R, = 2/ A s N Oy du. (3.7.34)
0
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Proposition 3.88. Let (A,Q) be a relative fractal drum in RY such that dimp(A, Q) < N.
Then the integral

F(s) = /;Oo NP (Ax {0}, N (2 xR dt (3.7.35)

>‘N+1

is holomorphic inside the vertical strip {dimp(A,Q) < Res < N}.
Proof. We split the integral into two parts: F(s) = fol + f1+°°. The first part
1 1
/O (A A{0N) N QX R)| ., d = /0 V(A {0, N (2 x [=L 1)),
defines a holomorphic function on the right half-plane {Res > dimp(A, Q)} according to

Proposition 3.82. For the second part we observe that

[(Ax {0}):N(Q xR < 2t|1Q|w,

) ’ N+1
and, consequently,

2|1Qn
N —Res’

+oo +o0
/ tS*N*2|(AX {O})tm(Q XR)‘N+1dt‘ §2|Q‘N/ tReS*Nfldt:
1 1

for all s € C such that Res < N which, according to Theorem 1.2, implies that the
integral over (1, 00) defines a holomorphic function on the left half-plane {Re s < N} and

thus, we complete the proof of the proposition. n

In light of the above proposition we will still use the notation ¢%", {0}( -, Q x R) for the
integral (3.7.35) although (A x {0}, x R) is not technically a relative fractal drum.

Theorem 3.89. Let (A, Q) be a relative fractal drum in RN such that D := dimp(A, Q) <
N. Then, the following functional equation is valid
oL N—s

Caxqoy (5,2 x [—a,a]) = %Q‘(s, Q) + E(s;a). (3.7.36)

I (55=)

E(s;a) is meromorphic on C and
+o0
E(s;a) == (s—N—l)/ V21 (A x {0}), N2 x (R\ [~a,a])|nysrdt,  (3.7.37)

with a set of simple poles contained in {N + 2k : k € Ny}.

Proof. In a completely analogous way as in Theorem 3.78 we obtain that

VAT (5 4 1)
e==am)

Caxgoy (5,2 x R; ) = Cals, 0 8) + E(s;6), (3.7.38)
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valid now for all § > 0 (see (3.7.34) and the discussion preceding it). Furthermore, the
error function E(-;6) is holomorphic on {Res < N + 1} and

1E(s,0)] < 208N |A; 1 Q| (g - 1) (3.7.39)

for all s such that Res < N + 1. See the proof of Theorem 3.78 and (3.7.8) to derive
the above estimate. The estimate (3.7.39) now implies that the sequence of holomorphic
functions E(-;n) — 0 as n — +oo uniformly on compact subsets of {Res < N} since
|A, N Q| = |Q| for n sufficiently large. Furthermore, we also have that Ca(-,n) —
CR(-, Q) and Caxqoy(s, Q2 x R;n) — Cheqoy (2 x R) as m — +o00, uniformly on compact
subsets of {D < Res < N}. This implies that by taking the limit in (3.7.36) as § — +o0

we get the following functional equality of holomorphic functions

Val (552 + 1)

r (N+21—s 4 1)

(s, Q), (3.7.40)

gglﬁx{o}(sa Q x R) =

valid in the vertical strip {D < Res < N}.3® Furthermore, according to (3.7.33), we have

2 F N—s
Cheqoy (5, QX R) = r Eﬁ_l_( i 1>) Cals,Q), (3.7.41)
2

from which we conclude that the right-hand side is meromorphic on {Res > D} with
simple poles located at the simple poles of T'((V — s)/2); that is, at s = N + 2k
for £ € Ny. From this we conclude that by the principle of analytic continuation, this
is also true for the left-hand side of (3.7.41) and, moreover, the left-hand side has a
meromorphic continuation to any open connected domain U to which the right hand side
can be meromorphically continued. To conclude the proof of the theorem we now observe

that for any a > 0, since
(Ax{0}): N (2 xR)| = [(Ax{0}); N (2% [—a,a])| + [(Ax {0}); N (2% (R\ [~a,a]))|
the right-hand side of (3.7.41) can be split into two parts:

oy (5, @ X R) = 0y (5,Q x [—a, a])

+/ TN (A (0] N (@ x (R [~a,a]))| d

_ Caxqop(s, 2 X [=a,a])  E(s;a)
N+1-s N+1-s

and combine this with (3.7.41) to obtain (3.7.36). From the theory, we know that

33We can get this equality even more directly by Lebesgue’s dominated convergence theorem applied
to a counterpart of (3.7.24).
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Cax{oy (s, 2 x [—a, a]) is holomorphic on {Re s > D} and it we can show by a similar argu-
ment as in Proposition 3.88 that F(s;a) defines a holomorphic function on {Res < N}.
This, together with the functional equation (3.7.36) now ensures that E(s;a) is meromor-
phic on all of C with poles contained in {N + 2k : k € Ny}. O

Since in the following example, we actually want to embed (4,2) into R¥*! as (A x
{0}, x [0,a]) for some a > 0, by looking at the proof of the above theorem and using

symmetry we can obtain the following result dealing with this kind of embeddings.

Theorem 3.90. Let (A, Q) be a relative fractal drum in RN such that D := dimp(A, Q) <

N. Then, the following functional equation is valid

VAT (%)
o (Ri=)

Caxqor(s, Q2 x [0,a]) = Cals, Q)+ E(s;a). (3.7.42)

E(s;a) is meromorphic on C and
+oo
E(s;a) == (s—N—l)/ V21 (A x {0}), N Q2 x (R\ [0, a])|ns1dt, (3.7.43)

with a set of simple poles contained in {N + 2k : k € Ny}.

Example 3.91. In this example we will consider the relative fractal drum consisting
of the Cantor dust contained in [0,1]> and compute its distance zeta function. More
precisely, let A := C(1/3) x C1/3) be the Cantor dust and 2 := [0, 1]2. We will not get an
explicit formula in a closed form but we will use Theorem 3.78 in order to deduce that the
distance zeta function of the Cantor dust has a meromorphic continuation to the whole
of C. More interestingly, we will also show that the set of complex dimensions of the
Cantor dust is equal to a subset of the union of a periodic set contained in the critical
line Re s = logs 4 and the set of complex dimensions of the Cantor set (which is a periodic
set contained in the critical line {Res = logs2}). This is interesting because it shows
that the distance (or tube) zeta function in this case also detects the ‘lower dimensional’
fractal nature of the Cantor dust.

Constructing (A, 2) can be made by beginning with the unit square and removing the
open middle-third ‘cross’ and then iterating this procedure ad infinitum. This procedure
implies that we can subdivide the Cantor dust into a countable union of RFDs which are
scaled down versions of two base RFDs. The first one is defined with €, := [0,1/3]? and
Aj being the union of the four vertices of €2;. Furthermore, the second one is defined with
Q9 :=1[0,1/3] x [0,1/6] and Ay being the Cantor set contained in [0,1/3] x {0}.

At the n-th level of the iteration we have exactly 4"~! RFDs of the type (a, A1, a,$)
and 8 - 4"~! RFDs of the type (a,As,a,$)s) where a, := 37". This, together with the
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scaling property of the relative distance zeta function yields

Cal5, ) =D 4" G, (5,0,0) + 8D 4" Cn, (5, anS2)
n=1 n=1
= (Cay(5, ) + 8Ca,(5,2)) Y4137 (3.7.44)
n=1
= o (a5, ) 8, (5, 2).

Furthermore, for the relative distance zeta function of (Ay, ;) we have
s—2
Ca,(8,91) —8/ dx/ :v2+y dy

1/6(:os<p

8I(s
/ Cpdp = 6()
0 Ss

655

where (s fo s7* pdyp and it is easy to see that it is entire by using Theorem 1.2.34

In other Words7 we have

o) = 5 (B2 4 cants. ). (3.7.46)

Furthermore, let (¢ (s, [0,1]) be the relative zeta function of the Cantor middle-third set
constructed inside [0, 1]; see Example 3.63. From Theorem 3.90 and the scaling property

of the relative distance zeta function (Theorem 2.10), we now have that

g?) 105,370, 1]) + E(s;671)

Az 5,8
. r(Féi) JF (3.7.47)
T (%) e ) T EE67)

where F(s;671) is meromorphic on all of C with simple poles contained in {2k+1 : k € Ny}
so that

Cals, ) = 388_ y ([éf) + ; Efg 683(f_ 5+ E(s;6—1)> . (3.7.48)

Formula (3.7.48) implies that the set of all complex dimensions P(Ca( -, €?2)) of the ‘relative’

34n fact, I(s) = 27 'By /2 (1/2, (1 — 5)/2) where B, (a,b) = [ t*~1(1 — )~ dt is the incomplete beta
/ 0

function.
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Cantor dust is a subset of

211 211

log; 4 Z) U |(logs2+ —7Z | U{0}. 3.7.49

(1o 1+ 2z ) (1ogs 2+ 2z ) U o) (3.7.49)
Of course, we do know that logs4 € P(Ca(-,€2)), but we can only conjecture that the
other poles on the critical line {Re s = log; 4} are in P({a( -, <) since it may happen that
we have a zero - pole cancellation in (3.7.48). On the other hand, since it is known that the
Cantor dust is not Minkowski measurable (see [FaZe]), we can deduce from Theorem 3.42

%fgﬂg of Ca(-,) for some

that there must exist at least two other poles sy, = logs4 £
k € N. From (3.7.48) we cannot even claim that 0 € P(Ca(-,€?) for certain, but we do see
that all of the principal complex dimensions of the Cantor set are elements of P(Ca( -, ),

ie., logg2 + 257 C P(Cal -, Q).

The above example can be easily generalized to the case of Cartesian products of
generalized Cantor sets in which case we would get that the complex dimensions of the
product contain the complex dimensions of the each of the factors. In light of this and
other similar examples it would be interesting to obtain some results about zero-free re-
gions of fractal zeta functions. We leave this as a possible direction of further investigation
(see Problem A.1).






Chapter 4

Lapidus Zeta Functions of Unbounded
Sets at Infinity

In this chapter we are interested in relative fractal drums (A,€2) in which the set A
has degenerated to infinity. From now on, we will denote this new kind of relative fractal
drums with (oo, €2). In this case it is clear that the fractal properties of such a relative
fractal drum will depend only on the set 2. We will extend the notions of Minkowski
content and box dimension for such relative fractal drums and define a new class of
Lapidus zeta functions associated to them. Furthermore, it will be shown that this new
class of Lapidus zeta functions has analogous properties as in the case of ordinary relative

fractal drums studied in [LapRaZul] and recalled in Chapter 2.

4.1 Minkowski Content and Box Dimension of Unbo-

unded Sets at Infinity

Let © be a Lebesgue measurable subset of the N-dimensional Euclidean space RY of
finite Lebesgue measure, i.e., |2| < co. Firstly, we will introduce a new notation for the

sake of brevity, namely,
tQ = Bt(O)C N Q, (411)

where ¢ > 0. We introduce the tube function of Q at infinity by t — [,Q| for ¢ > 0
and we will be interested in the asymptotic properties of this function when ¢ — +oo.
Furthermore, for any real number r we define the upper r-dimensional Minkowski content
of Q at infinity

ny

tNJrr’

M’ (00, Q) := limsup

t—-+o0

(4.1.2)

and, analogously, we define the lower r-dimensional Minkowski content of ) at infinity,

M (00, Q) := lim inf 2

t—foo tN+T

(4.1.3)

111
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It is easy to see that the above definition implies the existence of a unique D € R such
that M’ (00,Q) = +o0 for 7 < D and M (00,Q) = 0 for r > D and similarly for the
lower Minkowski content (see Figure 4.1). The value D is called the upper box dimension
of Q0 at infinity and we denote it with dimp(co, ). Similarly as in the case of ordinary

relative fractal drums, we have
dimp (00, Q) :=sup{r € R : M (00,Q) = +oo} =inf{r € R : M (c0,Q) =0}. (4.1.4)

Analogously we define the lower box dimension of Q) at infinity denoted with dim (o0, 2)

by using the lower Minkowski content of ) at infinity and have
dimg (00, Q) :=sup{r e R : M"(0c0,) = o0} =inf{r e R : M"(00,Q) =0}. (4.1.5)

Of course, if the upper and lower box dimensions coincide, we define the boz dimension
of Q at infinity and denote it with dimpg(oo, §2).

In the case when the upper and lower limits in (4.1.2) and (4.1.3) coincide we define the
r-dimensional Minkowski content of Q at infinity and denote it with M" (o0, Q). Clearly,
in this case we have

Q
M"(0,) = lim )

t—+oo tN+T

(4.1.6)

Definition 4.1. Let Q be a Lebesgue measurable subset of RY of finite Lebesgue measure.

We say that it is Minkowski nondegenerate at infinity if there exists D € R such that
0 < MP(00,9) < M”(c0,Q) < +00.! (4.1.7)

We say that Q is Minkowski measurable at infinity if in (4.1.7) equality holds. We will
also say that Q is Minkowski degenerate if (4.1.7) is not satisfied. (See Figure 4.1.)

Proposition 4.2. Let Q) be a Lebesque measurable subset of RY of finite Lebesque measure.
Then dim (00, Q) < dimp(co, Q) < —N, i.e., the upper and lower box dimensions of §)

at infinity are always negative, and moreover, less than or equal to —N .

Proof. From the definitions (4.1.2) and (4.1.4) and the fact that |Q2] < oo we have that
Q] = 0 as t — +o00. From this it is clear that if N +7 > 0 then M’ (00, Q) = 0. O

Remark 4.3. Intuitively the conclusion of Proposition 4.2 is expected, as 2 to have
finite Lebesgue measure implies that it must have a certain flatness property relative to
infinity. (Compare with the notion of flatness introduced in [LapRaZul] and recalled in
Section 2.2.) Furthermore, if dimp(co, Q) = —N, then it follows from the definition that
./\_/th

o0

(©) = 0 and, consequently, {2 must be Minkowski degenerate at infinity.

IThis implies that D = dimpg (o0, ).
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M (50,9) = M "(00,9Q) = +00
forr< D

M (0,Q) = mr(oo, Q) =
forr > D
dimp(oco, Q) —N 0 r

I
¢
I
I
I
¢ MP(x0,9)
|
¢

D:

Figure 4.1: The graphs of the functions r — M7 (00, Q) and r — M" (o0, Q), assuming that Q is
Minkowski nondegenerate and nonmeasurable at infinity, that is, D := dimp(co, ) exists and

0 < M"(00,90) < M"(c0,) < oo.

The next two results about the monotonicity are simple consequences of the definitions

involved.

Lemma 4.4. Let Q; C Qy C RY be two Lebesque measurable sets and |Qs] < co. Then

for any real number r we have that

M (00,) < M (00, Q) (4.1.8)
and also

M" (00, 2;) < M" (00, Q) (4.1.9)
Proof. This is a consequence of the fact that for every ¢ > 0 we have ;] < [+£2]. O

Corollary 4.5. Let Q; C Q, C RY be two Lebesgue measurable sets with |2, < oo.
Then
dimp (00, Q) < dimp(c0, Q) and dimp(co, Q) < dimp(oo, ).

Let us now take a look at a few examples.

Definition 4.6. Let o > 0 and > 1 be fixed and define

aj:==3% lj:=3" and b;:=a;+1; (4.1.10)

We define .
Qa,B) = J I CR, (4.1.11)

j=1

that is, as a union of countably many intervals I; := (a;, b;).
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Proposition 4.7. For the set Q(«, 8) defined by (4.1.11) we have that

_1-(at+p) Mg(g(a,ﬁ)):L (4.1.12)

D := dimp(oc0, Q(a, f)) - g

Proof. Firstly, we observe that for j large enough the intervals I; become disjoint, i.e.,
7P < (j+1)2—j% As we see, Q(a, 3) is a union of intervals that “escape” to infinity and
Q(a, B)] < 3272, 7P < o0. Let us compute the box dimension and Minkowski content of
Q(a, ) at infinity. For ¢ > 0 let jy be such that for every j > jo it holds that a; > t, that
is, jo = [t/*]. Now we fix ¢ large enough so that the intervals I; are disjoint for j > jo.

From this, we have
QU B) =577+ xa(t) (b, — t), (4.1.13)

J>Jo
with yq being the characteristic function of 2. This implies the following estimate
D i<l B <Y i+ (4.1.14)
J>jo J>jo

Furthermore, using the integral criterion

for estimating the sum, we have

1
51

1
51

o+ 1)"? < |:Q(a, B)| < Go+ D" P+ (Go+ 1) + 45"

Finally, by using the fact that t'/® — 1 < j, + 1 < /% + 1, we conclude that

1 1
gt 077 < 1, B)
which implies that M" (oo, Q(a, #)) is different from 0 and +oco if and only if r + 1 =

(1-75)/a, ie.,

1

< —(to — D) B L o(te —2)P
_6—1< )74 2( )

1-— 1
D s= dima(o0, e 8)) = =S and MP(o0, e 8) = -
o _
In particular, 2 is Minkowski measurable at infinity. O

Remark 4.8. As we can see, the Minkowski content in the above case depends only on
the parameter (3, i.e., the rate at which Q(«, ) “escapes” to infinity is not relevant for it.
Furthermore, by changing the values of parameters a and (3, we can obtain any prescribed
value in (—oo, —1) for dimp (oo, Q(a, 5)). Moreover, we have that dimg(oo, Q(a, 5)) —
—o0 and MP (00, Q(a, B)) — 0 as 8 — +oo0.
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Proposition 4.9. For a > 1 let Q := {(z,y) e R?* : 2 > 1, 0 <y < 27*}. Then we
have that

D :=dimp(00,Q) = ~1—a and MP(c0,Q) = — (4.1.15)
Proof. Let t > 1 and let x(t) be such that
x(t)? +z(t) > =t (4.1.16)

Then we have

+o00o +00
/ % < Q] < / r%dx
t z(t)

-«
Lo ()
l—a 7 1—a \ t
Furthermore, from (4.1.16) we have that

x(t)

-~ = (1+z() N3 51, as ¢ — +oo,

which implies that

and we conclude that (4.1.15) holds. O
Remark 4.10. Note that dimpg(oco, ) — —oo and MP (00, Q) — 0 as a — +cc.

Next we will prove a useful lemma which states that the box dimension and Minkowski
measurability are independent on the choice of the norm on R in a sense that we can
replace the ball B;(0) in the definition of the Minkowski content at infinity with a ball
in any other norm on RY. More precisely, let || - || be another norm on RY.2 First, we
denote by K;(0) the open ball of radius t around 0 in the new norm. Next, we define the

associated Minkowski content

. _ | K, (0)° N Q|
Q) :=1 —_—
A (o0 ) = limsup T
and analogously, N (co, Q) and N (o0, Q).
Lemma 4.11. Let Q C RY with || < oo and assume that two norms, |- | and || ||, are
given on RY | i.e., there are a,b > 0 such that a|-| < |- || < b -|. Then, for any r € R
we have
a~ NI M (00, Q) < N (00, Q) < b~V M (00, Q), (4.1.17)
and
a” NI M" (00, Q) < N7 (00, Q) < b~V M (00, Q). (4.1.18)

20f course, it is equivalent to the Euclidean norm.
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Proof. From a|z| < ||z|| < b|z| we have that B;/,(0) C K;(0) C By/(0) for any ¢ > 0 and,
consequently,
a~(N+7) |Bt/a(0)c na < [K:(0)° N QY < p=(N+7) |Bt/b(0)c nqQ| _

(L)N-‘r’l’ — tN—i—r — (E)N+T
a b

Taking the upper limit as t — +oo, we obtain the first statement of the lemma. The

second one is obtained by taking the lower limit instead of the upper. m

Corollary 4.12. Let Q be an arbitrary Lebesque measurable subset of RY with finite
N -dimensional Lebesque measure. Then

(a) The upper and lower box dimensions of Q0 at infinity do not depend on the choice
of the norm on RY in which we measure the neighborhood of infinity.

(b) The Minkowski nondegeneracy of Q0 is independent of the choice of the norm on

RY in which we measure the neighborhood of infinity.

A similar result holds also in the standard setting where we have a relative fractal drum
(A, Q) with || < co. More precisely, in order to calculate dimp(A, ) and dimpg(A, Q)
we can measure the d-neighborhood of A in any metric on RV that is equivalent to the
Euclidean one.

There are special cases when we even get the same values for the Minkowski contents
for different norms on RY. One of these cases is addressed in the next lemma which will
prove to be useful in some of the future calculations. It can easily be generalized to the

N-dimensional case but we will need it only in the case of R2.

Lemma 4.13. Let Q C R? with |Q| < oo such that Q is a subset of a horizontal (vertical)
strip of finite width. Let K;(0) be an open ball in the |- |-norm of radius t > 0 with center

at the origin and r a real number. Then, we have that
M (00,Q) =N (00,Q)  and M (c0,Q) = N"(c0, Q). (4.1.19)

Proof. Without loss of generality we will assume that the set (2 is contained in the
horizontal half-strip {(z,y) : « > 0, 0 < y < d}. Then, for ¢t > d we have that
| K¢ N Q| < Q] < |KfN Q| and consequently for r € R

A&
V=R K N0 10 _ K70
tN+r (M)Nw — tN+r — N+

Taking the upper and lower limits as t — +o0o completes the proof. ]

In the next example we will show that the value dimp (o0, {2) = —c0 can be achieved.
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Example 4.14. Let Q := {(z,y) € R* : z > 1, 0 < y < e *} and let us calculate the

box dimension of 2 at infinity using the | - |o-ball in R?.
+oo
|K:(0)°N Q| = / e "dr=e".
¢

Consequently, we have that
|K(0)°NQ et

t2+r - t2+r

—0

when t — 400 for every r € R and therefore dimp (oo, 2) = —o0.

Remark 4.15. From now on, we will always implicitly assume that dimp(co, ) > —oo
when dealing with relative fractal drums of the type (oo, 2) (unless stated otherwise). We
will do this, because most of the results that will be stated in the rest of this dissertation
fail or require a slightly different proof in the special case when dimp (oo, ) = —oco. We

leave this special case for the interested reader or future work (see Problem A.4).

As we have shown in Proposition 4.2, the upper box dimension of any subset of the
plane of finite Lebesgue measure does not exceed —2. The next proposition will show
that the value —2 can be achieved and it can be easily adapted for constructing a subset
Q of RV with finite Lebesgue measure such that dimg(oco, Q) = —N.

Proposition 4.16. There exists a Lebesque measurable subset Q C R? with || < oo such
that
dimp(oo,Q) = -2  and M *(00,Q) = 0. (4.1.20)

Proof. Let oy, := 1+ 1/k for k > 1 and we define

~ 2—k
Qo ={(r,y) eER? 1 2>1,0<y< Tx_a’“}.

We will “stack” the sets () on top of each other. In order to do so, we define €2, to be an
Si-translated image of O along the y-axis where
koo

Sk = —Q

=1 7

and define €2 := Uj>1€;. We observe that () is contained in the horizontal strip of finite
height
{(z.y) eR* : 1/2<y < S},

where S := limy_.o, Sp = log 2. Furthermore, we have that

~ 9~k [toeo 1
Qk:Qk = — .Z‘_I_Edl’:—'/{?:2_k
k
1
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so that [Q] = Y77, 27% = 1. Using the same calculation as in Proposition 4.9 yields that

1
Dy := dimp (00, Q) = =1 -y = =2 — % and M () =275,
Finally, by using Corollary 4.5 we have that —2 > dimpg(c0, Q) > Dy for every k£ > 1

which implies (4.1.20). O

Remark 4.17. Note that rotating the set {2 from the above proposition by 7/2 in the
positive direction around the origin we get a set that can be identified with an epigraph

of a Lebesgue integrable function.

Let us state another result which relates the tube functions at infinity ¢ — |B;(0)°N €|
and t — |K;(0)°N|. This result will be needed when constructing quasiperiodic sets at
infinity in Section 4.6 below. Recall that the volume of the N-dimensional unit ball is

given by
/2
WN (= —~——— 4.1.21
VEEE ) 2
where I' denotes the Gamma function. Furthermore, the volume of the N-dimensional

ball of radius R is then given by
|Br(0)| = wyRY. (4.1.22)

On the other hand, note that the surface area; that is, the (N — 1)-dimensional Hausdorff
measure (denoted by H¥ 1), of the (N — 1)-dimensional sphere Sg(0) of radius R is then
given by

HYN"Y(SR(0)) = %133(0)] = NwyRN !, (4.1.23)

Lemma 4.18. Let Q C RY with |Q| < oo be such that it is contained in a cylinder

3+ a3+ +a <C (4.1.24)
for some constant C' > 0 where x = (1, ...,xy). Then
1B,(0)°N Q| = |K,(00°NQ+0(t™") as t— +oo. (4.1.25)

Proof. We note that for ¢ sufficiently large the difference |B;(0)°N Q| — |K(0)°N Q| is less
than the volume of the N-dimensional cylinder of height h := ¢t — /12 — C? with base of

radius C'. In other words, we have that

WN—ICN+1

B,(0)NQ — K, 0°NQ| < hwy_ON 1= —2——  —
|1B4(0) | — | K,(0) || < hwy- e

o).
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4.2 Holomorphicity of Lapidus Zeta Functions at Infin-
ity
Let Q C RY be a measurable set with || < co. We define the Lapidus zeta function
of Q at infinity by

Co(5,9) = /Q [~ da, (4.2.1)

for a fixed T' > 0 and s in C with Re s sufficiently large. We will also call this zeta function
the distance zeta function of Q0 at infinity and use the two notions interchangeably. From
now on, our main goal will be to show that this new zeta function has analogous properties
as the distance zeta function for relative fractal drums. First of all, the dependence of the
distance zeta function at infinity on T > 0 is inessential in the sense that for 0 < T7 < T,

the difference
Coo (8,1 T1) — Coo((s, 2 T5) = / 2[5V da,

Bry 1,(0)NQ
with
B,y(0) :={z e R : a < |z]| < b}, (4.2.2)

is an entire function of s. Indeed, this follows from Theorem 1.1(¢) with E := Bp, 1,(0)N€Q,
o(z) := |z| and du(z) := |2/~ dz.® Therefore, from now on, we will emphasize the
dependence of the Lapidus zeta function of  at infinity on 7" and write (. (s,2;T) only
when it is explicitly needed. Also note that if 2 is bounded, then for T sufficiently large,
we have that (o(s,Q;T) = 0.

The definition of the Lapidus zeta function of 2 at infinity is, as we will demonstrate
immediately, closely related to the distance zeta function of a certain relative fractal drum.
This relative fractal drum is actually the image of (0o, {2) under the geometric inversion
in RV i.e., it is equal to (0, ®(Q2))3, where

x
O(x) = W (4.2.3)
and 0 is the origin. To derive the mentioned relation we will need to compute the Jaco-
bian of the geometric inversion and use the change of variables formula for the Lebesgue
integral. To compute the Jacobian we will use the well-known Matrix determinant lemma

(see, e.g., [Har]) which we state here for the sake of exposition.

Lemma 4.19 (Matrix determinant lemma). Let A be an invertible matriz and u, v

3Note that Ty < p(x) < T; for v € E.

4We will see in a moment that this will be in accord with the fact that dimp(co,2) = —oo for a
bounded Lebesgue measurable set (2.

SWe should actually write ({0}, ®(2)) here, but we will always abuse notation in this way for a relative
fractal drum (A, Q) when the set A consists of a single point.
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column vectors. Then we have that
det(A +u®v)=(1+v A u)det A, (4.2.4)

where
u®v:=uv’ (4.2.5)

and T denotes the transpose operator.

Lemma 4.20. Let ®(x) := xz/|z|*> be the geometric inversion on RY. Then for the
Jacobian of ® we have:
det 22 || 2N (4.2.6)
et — = —|z|7*". 2.
Ox

Proof. With x = (z1,...,2x) and d;; the Kronecker delta we have that

— | = =15 1 (4.2.7)

Or ), Oz |a] |z
and consequently

0P 1
where x := [z1,...,2y]" and I is the identity matrix. Now we can apply the matrix
determinant lemma with A := |z|I, u := —2x and v := x from which we get

o 1 (11271 2
1 —2. T 2N 1
= W(l = 2]z 7 x"x) |z = T
O

The next theorem will show that, from the point of view of the distance zeta function,
there is no difference between the unbounded relative fractal drum (oo, 2) and the relative

fractal drum (0, ®(2)) obtained from it by geometric inversion.

Theorem 4.21. Let ) be a Lebesque measurable subset of RN of finite measure, O the
origin and fixr T > 0. Then we have’

Coo(8, 4, T) = Co(s,P(Q); 1/T). (4.2.9)

Proof. Defining y = ®~'(x) and using Lemma 4.20 this is a consequence of the change of

6Here, and in the remainder of this thesis, we will abuse notation and write (o(s, ®(£2);1/T) instead
of Cfoy (s, ©(2); -).
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variables formula once we observe the fact that |y| = 1/|z|:

Cool5, 2 T) / N dy
Br(0) ch

/ y[* NV y 72N dy
&(Br(0)°Ne)

/ "N dy = Croy(s, 2(); 1/T).
Byi,7(0

O

This result suggests that we can analyze fractal properties of  C R¥ at infinity by
analyzing the fractal properties of the ‘inverted’ relative fractal drum (0, ®(2)). A similar
approach (in the context of unbounded subsets of RY) was made in [RaZuZup| and will
be exposed in Chapter 5. Of course, in that approach, we can use results of [LapRaZul]
about relative fractal drums and relative distance (and tube) zeta functions. On the other
hand, we stress that in that case we are dealing with the usual relative box dimension
of the inverted relative fractal drum, i.e., with dimpg(0,®(€2)) which is defined via the
r-dimensional relative Minkowski content, namely, M"(0, ®(2)). However, it is not im-
mediately evident what are the relations between the “classical” relative box dimension
and Minkowski content of the inverted relative fractal drum with the notions of box di-
mension and Minkowski content at infinity introduced in Section 4.1. Among others, we
will try to answer this question in the remainder of this dissertation.

To prove the holomorphicity theorem, we will need the following proposition which

complements [Zu3, Lemma 3|.

Proposition 4.22. Let Q@ C RN be a Lebesque measurable set with |Q] < oo, T > 0
and let u: (T, +00) — [0,+00) be a strictly monotone C' function. Then the following
equality holds

/Q u(|z]) de = u(T)|79| +/T N [ (t) dt. (4.2.10)

Proof. We will use a well-known fact (see, e.g., [Mat, Theorem 1.15]) that for a non-

negative Borel function f on a separable metric space X the following identity holds

/f dm—/ Hrx e X : f(x) > t}|dt. (4.2.11)

We let f(z) :=u(|z|), X := rQ and consider separately the cases of strictly decreasing
and strictly increasing function w.

(a) Let u be strictly decreasing and u(+00) := lim,_, ;o u(7). For the set appearing
on the right-hand side of (4.2.11) we have

A) = {w e u(jz]) >t} = {z €79 : |2| < u'(t)}.
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For 0 < t < u(+400) it is true that u(|x|) > t for any z € RY because u(+00) = min, o u(7)
and we have A(t) = 7. Furthermore, if u(+00) <t < u(T), it is clear that

A(t) = (1) \ (Bu-1(9(0)° N Q) = Bry-1(0) N €2,

Finally, for ¢ > u(7T) we have that A(t) = ) because u(T) = max,>qu(r) and using
(4.2.11) we get

u(+00) w(T)
/ u(]:c|)dx:/ \TQ|dt+/ Bru10(0) N Q| dt
70 0 u(400)
u(T)
— u(4o0) QY + / B(0)° N Q| di

u(+00)

u(T)
_/ |Bus(0)° M0 dt
u(+00)

+o0
— u(T)} 9 + / IBL(0)° N Qul(s) ds,

where we have introduced the new variable s = u~'(¢) in the last equality.
(b) We now let u be a strictly increasing function and denote u(+00) := lim,_, ;o u(7) =

sup, > u(7) € (0, 4+00]. In this case we have
Aty ={z e rQ :u(lz]) >t} ={z € rQ : |z| > u (1)}

For 0 <t < w(T) we have that u(|z|) > t for any x € RY because u(T) = min,>qu(T)
and we have A(t) = 7. Furthermore, if u(T) < t < u(400) it is clear that A(t) =
By-11(0)°N €, and for ¢ > u(+00) the set A(t) is an empty set. Altogether, we have

u(T) u(400)
/ u<|xy>dx:/ ]TQ\dtJr/ |Buor(0)° N Q]
TQ 0 u

(T)
+o00
()l + [ B0 Nl (s)ds
T
where, again, we have introduced the new variable s = u~'(¢) in the last equality. This
concludes the proof of the proposition. m

The following proposition is analogous to the one from [LapRaZul] dealing with rela-

tive fractal drums.

Proposition 4.23. Let Q C RY be a measurable set with |Q)| < oo, T > 0. Then for
every o € (dimp(0o, ), +00), the following identity holds:

+o0
/ 2|7 N de =T 7V|7Q| — (6 + N) / t=oN=1,Q| dt. (4.2.12)
7 T
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Furthermore, the above integrals are finite for such o.

Proof. The proposition is a direct consequence of Proposition 4.22 with u(t) := t=oV
when 0 # —N and for ¢ = —N the equation (4.2.12) is trivially fulfilled. Let us fix
o1 € (dimp(c0,€),0). Then for T large enough we have that for a constant M > 0 we
have

Q] < MY

for every t > T. From this we get that
+0o0 “+oo “+oo
/ 7o NTLQ dE < M/ tmo Nt N qp = M/ t717 71 dt < 400
T T T

because o0y —0 — 1 < —1. O

Now we can state and prove the holomorphicity theorem for the Lapidus zeta function

at infinity, but firstly we will introduce a new notation for the sake of brevity, namely,
ap§2 = B, p(0) N2 (4.2.13)

Theorem 4.24. Let Q) be any Lebesque measurable subset of RN of finite N -dimensional
Lebesgue measure. Assume that T is a fized positive number. Then the following conclu-
stons hold.

(a) The abscissa of convergence of the Lapidus zeta function at infinity

(oo(s, Q) :/ |z| N dz (4.2.14)
7
15 equal to the upper box dimension of 1 at infinity, i.e.,
D(Co(+,9)) = dimp (o0, Q). (4.2.15)

Consequently, (ool -,82) is holomorphic on the half-plane {Res > dimp(co,Q)} and for

every complex number s in that half-plane we have that
C(s,9Q) = —/ 12|~V log | 2| da. (4.2.16)
0

(b) If D = dimp(0o,Q) exists and MP (00, Q) > 0, then (sx(s,Q) — 400 for s € R as
s — DT.

Proof. (a) If we let D := dimp (oo, (2), then from the definitions of the upper Minkowski

content and of the upper box dimension at infinity we have that limsup,_, tlfv—ﬂ, =0

for every o > D. Now, let us fix o; such that D < oy < ¢ and take T > 1 large enough,
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such that for a constant M > 0 it holds that
Q] < Mt ™ for every t>T.

Furthermore, we estimate (. (o, €2) in the following way

COO(U,Q):/ yx\—U—Ndxzz/ 2|77 N dx
78 k=1"YT

k k18

< 3 max {(T%) 7N, (TF) 7Y gy €

k=1

< max {17 T—O'—N} Z(Tk)—U—NM(Tk)O'l-‘rN

k=1

= Mmax {1,777V} Z(T”l_a)k < 00.
k=1
The last inequality follows from the fact that 7' > 1 and oy — 0 < 0. We let now E := 72,
o(z) = |z| and du(z) := |z|7N da and note that ¢(z) > T > 1 for x € E. Part (a)
follows now from Theorem 1.1(b).
To conclude the proof that D is the abscissa of convergence of (.(-,Q) we take

s € (=00, D) and use Proposition 4.23:

—+00
Ir ;:/ 2| N de =T V20| — (3+N)/ Nl dt
. T (4.2.17)

> T V0.

Now, we fix ¢ such that s < 0 < D. From M_ () = 400 we conclude that there exists

a sequence (ty)r>1 such that

= ti\”" — 400 when t, — +o0.

It is clear that the function 7" — I is nonincreasing and we have
Ip > I, > 65N, Q =t N0 = Cptf ™ — +oc. (4.2.18)

Therefore, I = +oo for every s < D which proves that D((.(-,Q)) = D.

(b) Let us assume now that D = dimpg(oo,) exists, and MP”(c0,Q) > 0. From
Proposition 4.2 we have that D < —N. On the other hand, the condition /\_/lD(oo, Q) >0
and Remark 4.3 imply that D # —N. Consequently, we may assume that D < —N.
Furthermore, M”(00,Q) > 0 implies that there exists a constant C' > 0 such that for a
sufficiently large T' we have that |,Q| > CtN¥*P for every t > T. Hence, for D < s < —N
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we have the following:

+oo
(oo(8,92) = / || N de = TV |Q| — (s + N)/ t= N dt
T T
+o00o
> (s +N) / - N1,0) d
T . (4.2.19)
T
D—s
=—(s+N)C — +00,
5 —
when s — D7, and this proves part (b). O
Remark 4.25. In the special case when dimp(co, Q) = —N we have from the definition

of the upper Minkowski content at infinity that

M (00, 2) =0 and  Cu(-N.Q) = |19,

This shows that the condition M® (00, Q) > 0 from part (b) of Theorem 4.24 cannot be

omitted in the general case.

Remark 4.26. Similarly as in the case of standard relative fractal drums (see [LapRaZul]),
it is easy to see that Theorem 4.24 is still true if we replace the norm appearing in the

definition of the distance zeta function at infinity with any other norm on R¥.

Let us now revisit Propositions 4.7 and 4.9 from the previous section and compute the

corresponding distance zeta functions at infinity.

Proposition 4.27. Let Q2 := Q(«, B) be the set from Definition 4.6. Then, for T := aj;,

large enough so that v€2 is a countable union of disjoint intervals we have that

e}

1 -—as et -—B\—s
Gals, 5T) = - 3G = (G 57 ) (4.2.20)
Jj=jo
Furthermore, we have that
1—
DGl -, T)) = L P (o0, 0)

«

and s = 0 is a removable singularity of (o (-, T).

Proof. For the distance zeta function of €2 at infinity we have:

00 bj
Cools, ;T :/ 5 e = / e
= >

T j=jo ¥ %
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from which follows (4.2.20) after integrating. By setting o := Re s and using the mean

value theorem for integrals, we estimate

00 bj 00
1o (s, 2;T)| < Z/ vty = Z cj_‘f_l(bj — aj)

J=jo ¥ % Jj=jo

for some ¢; € (a;,b;) so that ¢; < j* as j — 400 which, in turn, implies that

Do by —ay) = YT
Jj=Jjo Jj=Jjo

—1’(z+ﬁ ) from which we conclude

The right-hand side is convergent if and only if o >
by using (4.1.12) that D(((-,%;T)) = % = dimp(oc0, §2), which is in accord with
Theorem 4.24.

]

Proposition 4.28. Let Q := {(z,y) e R* : x > 1, 0 <y < 7%} for a > 1. Then for

the distance zeta function of Q0 at infinity calculated using the | - |oo norm on R? we have

1

(8,15 o) = ———
Cools i |

It is meromorphic on C with a single simple pole at s = —1 — «. In particular,

dimp (oo, ) = -1 — a.
Proof. Let us compute the distance zeta function of € at infinity:

+o0o ¢ 1
(s, 1] o) = / (2, )| dady = / da / ety - —
19 1 0 S+

a+1
The last equation holds if and only if Res > —1 — «. From this and (4.1.15), we conclude
that D(((+,9);] - |o) = —1 — a = dimpg(oco,2) which is, of course, in accord with
Theorem 4.24. Moreover, the distance zeta function (o (-, ;| - ) of € at infinity can
be meromorphically extended to the whole complex plane with a single simple pole at
s=D.
O

Revisiting Proposition 4.16 will show that the conditions of Theorem 4.24 cannot be

relaxed.

Proposition 4.29. Let Q be as in Proposition 4.16, i.e., a union of sets  for k > 1
(contained in the horizontal strip {1/2 <y <log2}) that are vertically translated images

of the sets
—k

~ 2
Q= {(z,y) eR? : x> 1, O<y<7x7°‘k}
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with o = 1+ 1/k. Then for the corresponding Lapidus zeta function at infinity calculated

via the | - |s-norm on R? we have

Coo (5, % |+ o) :kz:;ks+2+ Ty (4.2.21)
Furthermore, we also have that
D(Coo (% |+ 00)) = Dimer(Coo (5] - o)) = dimp (00, Q) = =2 (4.2.22)
and
Coo(—2,2 | |0o) = 92| = 1. (4.2.23)

Moreover, (oo, | |s) s holomorphic on the set
C\({—2YU{-2—1/k : k>1}) (4.2.24)

and s = —2 is an accumulation point of its simple poles. Finally, for the residues of

Cool(*, %] |oo) we have that

res (goo (] |), —2— E) - (4.2.25)

for every k > 1.

Proof. Let us calculate the distance zeta function at infinity using the |- |, norm on RY.

For T'=1 > log 2 we have that |(z,y)|s = x for (z,y) € 1Q and consequently
Gl 0151 o) = [ )l dedy_z ()l dady

= ; /Qk 2 dady = ; /ﬁk x5 2 dady

X ptoo 2z % * 9k ptoo .
= / dac/ 2 dy = — 3R dr
1 0

The last equation above is valid if and only if Res > —2 — 1/k for every k > 1. Fur-
thermore, by using the Weierstrass M-test we have that the last sum appearing above
defines a holomorphic function on C\ ({—2} U {-2 — 1/k : k > 1}), which implies
that D((o(,82; ] |)) = —2. On the other hand, by direct computation we have that

Coo(—2,9| - |oo) = || = 1, but the zeta function cannot be even meromorphically ex-
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tended to a neighborhood of s = —2. This follows from the fact that for Res > —2 we
have that

Gels, ] o) = 32 = (s),
k=1
where the functions zj, are meromorphic on C with simple poles at s, = —2 — 1/k.

Furthermore, the above sum converges uniformly on compact subsets of C\ {s; : k£ > 1},

i.e., it defines a holomorphic function on that set, but it has an accumulation of simple

poles at s = —2, and by the principle of analytic continuation, the same is true for
Coo(+, 2|+ |oo)- In other words, D((oo( 2] |oo)) = Dmer(Coo(+, ;] |00)) = —2 and this,
in turn, is equal to dimpg (oo, 2) according to (4.1.20). O

Remark 4.30. Although Proposition 4.29 is stated in terms of the distance zeta function
calculated via the |- |-norm, Proposition 4.58 below will guarantee that the difference
Coo(, 2]+ oo) — Coo( -, 2) is holomorphic at least on the half-plane {Res > —4}. From
this we conclude that (4.2.22) is also true for (o(-, ), (o(—2,2) = 1, and ((-,?) is

holomorphic (at least) on the set
{Res > —4}\ ({-2}u{-2—-1/k : k> 1})

with s = —2 being an accumulation point of its simple poles. We also have that the
residues of (o (-, <) satisfy (4.2.25) for every k > 1.

4.3 Residues of Lapidus Zeta Functions at Infinity

In this section we will derive results which relate the the upper and lower Minkowski
content of (0o, €2) with the residue of the distance and tube zeta functions at infinity at
s = dimpg (00, §2).

Let © be a Lebesgue measurable subset of RY and [©2| < co. Similarly as in the case
of standard relative fractal drums and inspired by Corollary 4.23 we define the tube zeta
function of Q0 at infinity and denote it with Zoo( Q)

—+00

Cols, 0 T) = / =N, d, (4.3.1)

T

where T" > 0 is fixed. The next theorem will establish a connection between the tube zeta
function and the Lapidus zeta function at infinity, from which the analyticity of the tube

zeta function will follow.

Theorem 4.31. Let Q C RY with |Q| < oo and let T > 0 be fived. Then for every s € C
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such that Re s > dimp(co, Q) it holds that
+oo
/ | >N de =T V|29 — (s + N)/ 5N, dt, (4.3.2)
T8 T

or, in short,
Coo(5, 0T =T NpQ| — (s + N)goo(s, O; 7). (4.3.3)

Proof. Firstly, from Corollary 4.23 we have that (4.3.2) is valid for a real number s
such that s > dimp(oco,2). To show that the equality holds in the half-plane {Res >
dimp (0o, Q)} it suffices to prove that both sides of Equation (4.31) are holomorphic
functions on that domain.” The left-hand side of (4.31) is holomorphic on the set {Re s >
dimp (oo, Q)} according to Theorem 4.24. Let us show that the same is valid for the
right-hand side of (4.31), i.e., that it is valid for ZOO(S,Q;T). This is a Dirichlet type
integral with o(t) = t=* and du(t) = t V1,0 dt, and according to Theorem 1.1 it is
sufficient to show that the integral on the right hand side of (4.31) is convergent for
Res > dimp(co, Q).

For D := dimp(c0,Q) and s € C such that Res > D, let us choose £ > 0 sufficiently
small such that Res > D + ¢. Since /\_/IODO+E(Q) = 0, there exists a constant Cp > 0 such
that |,Q| < CptN*+P+ for every t € (T, +00). Now we have the following estimate:

= +oo +o00 B
|COO<S7 Q7T)| S / t_ReS_N_lth| dt S CT/ t ReS_N—ltN-‘rD-‘re dt
T T
oo TB—Q—E—Res (434)
= CT/ tD+E*Resfl dt _ OT _ < 4o0.
T Res— (D +¢)
This completes the proof of the theorem. u

Theorem 4.32. Let Q C RY be such that |Q| < oo and dimp(co,Q) = D < —N,
0 < MP(0,0) < ./\_/lD(oo,Q) < 00. If (o(+,Q) has a meromorphic continuation to a
neighborhood of s = D, then D is a simple pole and it holds that

(N + D)MP(00,9) < res(Coo( -, Q), D) < —(N + D)M" (00, ). (4.3.5)
Moreover, if Q) is Minkowski measurable at infinity, then we have
res((oo( -, Q), D) = —(N + D)MP (00, Q). (4.3.6)

Proof. Firstly, using the fact that M” (0o, Q) > 0 we can apply part (c) of Theorem 4.24
to get that (o(s,Q2) = 400 as R 3 s — D*. In fact, by looking at the proof of part (¢) of

Theorem 4.24 we can see that s = D is a singularity of (,.(-,(2) that is at least a simple

"The equality follows from the fact that two holomorphic functions that coincide on a set that has an
accumulation point in their common domain coincide then on the whole common domain.
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pole. It remains to show that the order of this pole is not greater than one. Let us define

By
tN+D"

Cr :=sup
t>T

From ./\_/lD(OO, ) < 400 we have that Cr < 400 for T large enough. Now, for s € R such
that D < s < —N by using Theorem 4.31 we have

+o00
Coo(5, ) =T V00| — (s +N)/ t=5 N, de
T

+o0
ST NOrTY P — (s + N) / NN At
T
o (4.3.7)
= COrpTP™ — Cp(s + N) / tPstat
T
TD—S TD—s
=CrTP~ - C N = —(N + D)C :
r r(s + )S—D (N+D) "s—D

This implies that 0 < (.(s,Q) < Cy(s — D)~ where C; > 0 is a constant independent of
s and T" and from this we conclude that s = D is a pole of at most order one, i.e., it is a
simple pole. To compute the residue at s = D we observe that its value is independent
of T' because the difference (o (s, 2;T) — (o(s,2;T1) is an entire function. Furthermore,
from (4.3.7) we have

(s = D)(oo(5,9) < —(N + D)CrTP~

and taking limits on both sides as s — DT yields
res(Coo( T Q)a D) < _(N + D)CT

Finally, by taking the limit as T — +oo we get res((s(+,2), D) < —(N + D)MD(OO, Q).
The proof of the inequality involving the lower Minkowski content is completely analogous

and this completes the proof. O]

The next theorem is a consequence and analog of Theorem 4.32 concerning the tube
zeta function of ) at infinity, its residue at s = dimp(00,(2) and the upper and lower

Minkowski contents of ) at infinity.

Theorem 4.33. Let Q C RY be such that | < oo, dimg(c0,Q) = D < —N and
0 < MP(0,0) < ./\_/lD(oo,Q) < 00. If (ol -, Q) has a meromorphic continuation to a
neighborhood of s = D, then D is a simple pole and it holds that

MP(00,9) < tes(Cas(+,Q), D) < M” (00, 9). (4.3.8)
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Moreover, if Q) is Minkowski measurable at infinity, then we have
res(Coo (-, Q), D) = MP (00, Q). (4.3.9)

Proof. Using the fact that (,o(s,Q) = T75N|:Q| — (s + N)(o(s,9Q) for every s € C such
that Res > D (proved in Theorem 4.31) and Theorem 4.32, we immediately have
res(Gaol -, 2), D) = lim (s = D) | T~V = (s + M) (5,9)]
5—

ie.,

res(Coo( -, ), D) = —(N + D) res(Coo( -, ), D).
]

In light of Theorem 4.21 we deduce the following conclusion in the case when (oo, )
is Minkowski measurable at infinity and its zeta function has a meromorphic continuation
to a neighborhood of D = dimp(oc0, §2).

Theorem 4.34. Let Q@ C RY be such that |Q)] < co and dimp(co,Q) = D < —N such
that it is Minkowski measurable at infinity and assume that ((-,€2) has a meromorphic
continuation to a neighborhood of s = D. Furthermore, assume also that the inverted
relative fractal drum (0, ®(Q)) is Minkowski measurable. Then, we have:

N+ D

MP(0,0(Q)) = N DMD(oo, Q). (4.3.10)

Proof. Since, for a fixed T' > 1 from Theorem 4.21 we have the equality
Coo(8, 4 T) = Co(s,P(Q2);1/T), (4.3.11)

it is obvious that the relative distance zeta function of (0, ®(€2)) satisfies the analog of

Theorem 4.32 for relative fractal drums (see Theorem 2.9) and we have that
dimp(0,®(Q2)) = D((e(-,P())) = D(Coo(+,Q)) = dimp(c0, ) = D.

Furthermore, D is a simple pole and its residue is independent of T" which together with
Theorem 4.32 yields

(N = D)MP(0,2(2)) = res(Go( -, D(2)), D)

(4.3.12)
= res(Coo(+,Q), D) = —(N + D)MP (0, Q)

]

Remark 4.35. In the above theorem we have to assume that the inverted relative fractal

drum (0, ®(2)) is also Minkowski measurable, since in general, the equation (4.3.11)
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only implies that D((o(-,¥(2))) = D((x(+,€?)) from which we can only conclude that

4.4 Meromorphic Extensions of Lapidus Zeta Functions

at Infinity and Complex Dimensions

In this section we will give sufficient conditions on the Lebesgue measurable set ) C RY
of finite Lebesgue measure which will ensure that the Lapidus zeta function of €2 at infinity
has a meromorphic continuation to a neighborhood of its critical line. Firstly, we will state
and prove the theorems in terms of the tube zeta function at infinity and then, by using
the functional equation between the Lapidus and the tube zeta function at infinity (see
Theorem 4.31), we will get the statements in terms of the Lapidus zeta function at infinity.
We will also define the complex dimensions of {2 at infinity much in the same way as it
was done in Definition 3.6 for relative fractal drums.

Furthermore, we will give a sufficient condition for a relative fractal drum (oo, §2) to be

Minkowski measurable at infinity in terms of its distance or tube zeta function at infinity.

Theorem 4.36. Let Q0 C RY be a Lebesgue measurable set of finite Lebesque measure
such that there exist « >0, M € (0,+00) and D < —N satisfying

Q) ="M+ OEF)  ast — +oo. (4.4.1)

Then, dimg(co, Q) erxists and dimp (oo, ) = D. Furthermore, € is Minkowski measurable
at infinity with Minkowski content MP (00, Q) = M. Moreover, the tube zeta function
EOO( -, ) has for abscissa of convergence D(EOO( -+, Q) = dimp (oo, ) = D and possesses
a unique meromorphic continuation (still denoted by Coo( -, Q)) to (at least) the open half-
plane {Res > D — a}; that is,

Dmer(EOO( ) <D —a
The only pole of Zoo( -, Q) in this half-plane is s = D; it is simple, and

res(Coo( -, ), D) = M.
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Proof. For a fixed T' > 0 we have

. +oo “+o0o
Co(5,9) = / = NL,0) df = / N NP 4 O %)) di
T

T

—+o00 —+oo
ZM/ tD—S—ldtJr/ tO(tP~ ") dt
T

T
MTD—S —+00
=—+ / tSOP~ ) dt
8 - D J T
Gi(s) Ca(s)

provided Res > D. The function (; is meromorphic in the entire complex plane and
D((1) = D. Furthermore, for the function (; we have that

+00
1Ca(s)] < K/ tPResme=l 41 < oo
T

for Res > D —«a and K a positive constant. Therefore, D((3) < D —a < D = D((;) and
the claim of the theorem now follows from Lemma 1.6 with a; = —o0 in the notation of
that lemma. O

Remark 4.37. We point out that, in general, if there exists a holomorphic extension of
EOO( -, ) to an open domain U C C which is symmetric with respect to the real axis, then
any isolated singularities of EOO( -,9Q) in U come in complex conjugate pairs. Namely, it
is clear that for real s, the values of Zoo(s, Q) are also real. Furthermore, by using the
principle of reflection (see, e.g., |Til, p. 155]), we deduce that for all complex numbers
s such that Res > dimp (00, 2), we have (oo(s, ) = (o5, Q). Naturally, this identity
remains valid upon holomorphic continuation (in whichever domain U C C the tube zeta
function zoo( -, ) can holomorphically extended). An analogous comment can be made
about the distance zeta function at infinity and all of the other fractal zeta functions

appearing in this thesis.

We would like to show that Minkowski measurability of {2 at infinity can be character-
ized by its tube (or distance) zeta function at infinity similarly as it was done in Chapter 3
for relative fractal drums. One direction of this result will be again a consequence of the
Wiener—Pitt Tauberian theorem (see Theorem 3.41). The other direction is partially re-
solved by Theorem 4.36, where we have the additional assumption on the asymptotics
of the tube formula of the set {2. For the general case we will need to express the tube
formula of €2 in terms of its tube or distance zeta function at infinity. This will be done
in a future work by using the inverse Mellin transform applied to the tube zeta function
of 2 at infinity, i.e., by the technique of Chapter 3.

We can now state and prove the announced sufficient condition for Minkowski mea-

surability at infinity.
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Theorem 4.38 (Sufficient condition for Minkowski measurability at infinity). Let Q be
a subset of RN of finite Lebesque measure such that and let dimp(co,) = D < —N.
Furthermore, assume that the relative tube zeta function (ool -, Q) of (00, €2) can be mero-
morphically extended to a neighborhood U of the critical line {Res = D}. Let D be its
only pole in U and assume that it is simple. Then D := dimp(0co,Q) exists, D = D and

(00, Q) is Minkowski measurable with
MP(50,9Q) = res(Co( -, ), D). (4.4.2)

Furthermore, the theorem is also valid if we replace the relative tube zeta function with

the relative distance zeta function (o(-,$2) of (00,Q) and in that case we have

res(Coo( -, ), D)

MP (00, ) = “(N+D)

(4.4.3)

Proof. We start with the tube zeta function Cxo( -, T) (choosing T = 1 without loss of

generality) and change the variable of integration by v = logt.

~ P +OO
(o(s+D,Q) = / t—s PN Q| de
1

_ /+oo e—sve—v(D-i-N) |er| du (444)
0
= {La}(s).

where o (v) := e (PN

€| Furthermore, from the definition of the tube zeta function
of  at infinity it is clear that its residue at s = D is real and positive. Since s = D is

the only pole of Zoo( -,) in U, we conclude that

res(goo( -, Q), D)

S

G(s) == Cuo(s + D, Q) — (4.4.5)
is holomorphic on the neighborhood U of the critical line {Re s > 0} so that we can apply
Theorem 3.41 in its stronger form; that is, for arbitrary large A > 0 (in the notation of
Theorem 3.41 so that (3.5.4) is valid) and conclude that

on(u) = %/UM o(v)dv — res(Co(+,Q), D) as u — 400, (4.4.6)
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for every h > 0. In particular, since v — |»{2| is nonincreasing, we have that

1 u+h - | uQ| u+h _
%/ efv(DJrN)‘er'dv < CT/ e*U(D‘i’N) dv

0 (DN 1 (4.4.7)
~ euUD+N) —(D+ N)h
and by taking the lower limit of both sides as u — 400 we get
- . 5 q e~ h(D+N) _ 1
res(Coo(+,9), D) < M7 (00,Q) ——=———. 4.4.8
(G 9).D) < MP(o0, ) (4.48)
Since this is true for every h > 0, by letting h — 0% we get that
res(Coo (-, Q), D) < MP (0, Q). (4.4.9)
On the other hand, we have
u+h o N u+h o
%/ e—v(D+N)|er|dU > |e +}:Q| / e—v(D+N) dv
“ " (4.4.10)

lwsnQ)] 1 — eMDPHN)

@ @+N) (D + N)h

and, similarly as before, by taking the upper limit of both sides as u — +o00 we get

_ . — 5 1 — eh(D+N)
o(,Q),D)>M Q) 4.4.11
res(Cel - 2), D) 2 MP(o0, )~ o (14.11)
Finally, since this is true for every h > 0, we let h — 0™ and conclude that
res(Coo( -, 9), D) > MP(00,9). (4.4.12)

From this, together with (4.4.9), we have that Q is D-Minkowski measurable at infinity
and, a fortiori, that dimp(co, ) = D = D. Furthermore, res(goo( +,Q), D) = MP(x,Q).
The part of the theorem dealing with the distance zeta function at infinity follows now
from Theorem 4.31 and the relation res(Coo( -, Q), D) = —(N + D) res(Co( -, Q), D). O

Remark 4.39. The analog of Remark 3.43 is also valid in the context of fractal sets at
infinity; that is, the assumptions of Theorem 4.38 can be weakened. More precisely, it

suffices to assume that ~ B
res(Co(+, ), D)

s—D

Coo(5.Q) — (4.4.13)
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converges to a boundary function G(Ims) as Res — D such that

//\ |G(7)]dT < 00 (4.4.14)
-

for every A > 0.

Similarly as in the case of relative fractal drums in Section 3.5; the case when, besides
D, there are other singularities on the critical line {Re s = D} of the relative fractal drum
(00,9), Theorem 3.41 can be used to derive an upper bound for the upper D-Minkowski

content of (00, (2). This is stated precisely in the next theorem.

Theorem 4.40 (Bound for the upper Minkowski content at infinity). Let Q be a subset
of RN of finite Lebesque measure and let D := dimp(oco, Q) < —N. Furthermore, assume
that the relative tube zeta function EOO( Q) of (00,Q) can be meromorphically extended
to a neighborhood U of the critical line {Re s = D} and that D is its simple pole. Assume
also that {Res = D} contains another pole of Cso(-,Y) different from D. Furthermore,
let

Aoo,) i=inf {|D — w| : w € dimpe(00,Q)\ {D}} (4.4.15)

Then, we have the following bound for the upper D-dimensional Minkowski content of
(00,92) : _
—(N -+ D)C)\(OQQ)

o <1 - e27T(N+E)/A(OO’Q)>

MP(0,Q) < res(Coo( -, Q), D), (4.4.16)

where C' is a positive constant such that C' < 3. Furthermore, we have that the residue of

the relative distance zeta function of (00, )) satisfies the following:

—5 C Ao
M7 (00,Q) < ( Ql
o <1 _ e27r(N+D)/>\(OO’Q)>

res(Coo( -, ), D). (4.4.17)

Proof. We use the same reasoning as in the proof of Theorem 4.38 with the only difference
being in the fact that now we can only use the weaker statement (3.5.3) of Theorem 3.41
since we have another pole on the critical line {Re s = D}. More precisely, if A < (00,5
then for every h > 27/ by using (4.4.10) and (3.5.3) we have

1 — eh(N+E)

Cres(al-, ). D) > MUA. Q) =

(4.4.18)
where C' is a positive constant such that C' < 3. Since the right-hand side above is
decreasing in h, we get the best estimate for h = 27 /X. Moreover, since this is true for
every A < A(so,0), We get (4.4.16) by letting A — Aoy Finally, the statement about the

relative distance zeta function follows by the same argument as in Theorem 4.38. O
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We note that a completely analogous comment can be made about weakening the
hypothesis of Theorem 4.40 as it was made in Remark 3.45 for the case of relative fractal
drums.

Let us introduce the notion of complex dimensions at infinity which is already intro-
duced for the case of bounded sets and relative fractal drums in [LapRaZul] and recalled
in Chapter 3.

Definition 4.41 (The screen and the window). For a Lebesgue measurable subset €2 of

RY such that || < oo, we define the window as the closed subset
W ={seC:Res>S(Ims)} (4.4.19)

associated to the function S : R — (—oc, dimp(0o, Q)] which is assumed to be Lipschitz
continuous. The screen S is then defined as the graph of S(¢), with the horizontal and
vertical axes interchanged:

S:={S(t)+1it : t € R}. (4.4.20)

We will denote the Lipschitz constant by ||S||Lip, 1€,
1S(x) = S(W)| < I19|uiplz —y|,  for all z,y, € R.

Furthermore, if we additionally assume that S(t) is bounded from below, the following

two finite quantities will be associated with the screen S:

inf S:=inf S(t) and supS :=supS(t). (4.4.21)
teR teR
Note that the window W contains the critical line {Re s = D(((-,2))}; and, in fact,
it also contains the closed half-plane {Res > D((w(-,2))}.

Similarly as in [Lap—vFr3, Sections 1.2.1 and 5.1|, we will introduce the next definition.

Definition 4.42 (Admissible set at infinity). We will call the set € of finite N-dimensional
Lebesgue measure admissible if 2 has the property that (.. (-, 2) can be meromorphically
extended to an open and connected neighborhood G C C of the window W associated
to some screen S. In other words, €2 is such that its distance zeta function at infinity

can be extended meromorphically to an open domain G containing the closed half-plane
{Res > D(C4)}.8

There exist nonadmissible sets at infinity. One example is the set €2 constructed in

Theorem 4.64 below. Furthermore, as Theorems 4.38 and 4.40 indicate, of great interest

8As it is usual, we will still denote by (s ( -, 2) the meromorphic continuation of (. (-, 2) to G, which
is necessarily unique due to the principle of analytic continuation. Furthermore, as in [Lap—vFr3], we will
assume that the screen does not contain any poles of (. (-, 2).
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are the poles of ((-,) of an admissible set €2 that are located on the critical line
{Res = D(Coo( -, 92))}-

Definition 4.43. Let Q C R" be of finite N-dimensional Lebesgue measure and admissi-
ble. We define the set of principal complex dimensions of ) at infinity as the set of poles
w of ((+, ) with real part equal to D(((-,2)) and denote it with

dimpe(00, Q) :={w € {Res = D((oo(-,9))} : wis a pole of ((-,Q)}. (4.4.22)

Furthermore, we will also denote this set by P.((so( -, )).

Remark 4.44. We point out that if € is admissible, we have that dimp(co,Q) €
dimpc(00,Q2) but we do not know if an admissible Q2 has equal upper and lower box
dimensions at infinity (see Problem A.5). On the other hand, Theorem 4.38 implies that
this is the case if dimpc (00, Q) = {dimp(co,Q)}; that is, if the only pole of (s (-, )

located at the critical line is w = dimpg (oo, Q).

Definition 4.45. Let 2 C R be of finite N-dimensional Lebesgue measure and ad-
missible for some window W. We define the set of visible complex dimensions of (0o, 2)
through the window W as the set of poles of the distance zeta function (. (-,€2) that are
contained in W and denote it by

P(loo(,Q2), W) :={we W :wisapole of (x(-,2)} (4.4.23)

which we will abbreviate to P((x( -, 2)) when there is no ambiguity concerning the choice
of the window W (or when W = C).

Furthermore, if (-, {2) possesses a meromorphic continuation to the whole of C, we
will call the set P((wo( -, ), C) the set of (all) complex dimensions of (o0, ().

Remark 4.46. Note that, while the set P(((-,2), W) obviously depends on the choice
of the window W, this is not the case with the set dimpc (00, ) since, by definition, W
contains the critical line {Re s = D((x(+,2))}. Moreover, we have that dimps (00, Q2) C
P(Cool -, ), W) for every window W.

We will also use the notation P(((-,€2),U) in the case when the set U is not neces-
sarily a window but only a subset of C; that is, when we want to denote only the poles
of ((+,)) that are contained in U.

Remark 4.47. In light of the functional equation between the distance and tube zeta
functions of €2 at infinity stated in Theorem 4.31, it is clear that the Definitions 4.43
and 4.45 can be stated with the distance zeta function ((-,€2) at infinity interchanged

with the tube zeta function Eoo( -, ) at infinity. Moreover, we have that

dimpe (00, Q) = PelGool -, Q) = PelCoo( -, Q) (4.4.24)
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and

P(COO(7Q)7W) :,P(gOO(>Q)7W) (4425)

We will now state a version of Theorem 4.36 dealing with a relative fractal drum (oo, §2)
that is not Minkowski measurable, but its tube function satisfies a log-periodic asymptotic
formula. The theorem will demonstrate how the relative tube zeta function of (oo, (2)
detects its ‘inner geometric oscillations’ in terms of the principal complex dimensions of
(00,9). Let us first introduce some new notation and state a lemma which will be needed
for the proof of the theorem. For a periodic function G: R — R with minimal period
T > 0, we define

Go(T) = X, (T)G(7) (4.4.26)

where y 4 is the characteristic function of a set A. Furthermore we denote the Fourier
transform of G with {FG} or G, i.e.,

N +o0 .
{FG}(s) = G(s) := / e 2™TG(7) dr. (4.4.27)

The following lemma together with its proof is cited from [LapRaZul].

Lemma 4.48. Let P > 0, F' : (P,+00) — R a continuous function, and assume that
G : R — R is a T-periodic function, for some T > 0. If F(t) = G(logt) + o(1) as

t — 400, then G is continuous.

Proof. Since G is periodic, it is enough to show that G is continuous on (0, 4+00). Let us
assume that this is not the case, i.e., let suppose that GG is not continuous at some 75 > 0.
Then, by periodicity, for every k > 1, we have that GG is not continuous at 7, = kT + 7.
Furthermore, recall that the oscillation of G at a point x € R is given by

osc G := lim ( sup G — inf G) )
x 20" \ (z—¢,z+e) (z—e,z+e)
By letting ¢, = €™, we have that osc;, G(logt) = osc,, G = ¢ > 0, where ¢ does not depend
on k. (Here and in the sequel, we choose k sufficiently large so that 5, € (P, +00).) Since
tr — +00 as k — oo, we may take k large enough and fixed, such that |o(1)| < ¢/2 for
t = t, where o(1) is the function of ¢ given in the statement of the lemma. (In particular,
o(1) = 0 as t — 400.) Therefore,”

otscF = otsc(G(log t)+o(1))
k k
1 1
> osc(G(logt) —osclo(l)] > c— zc==c> 0.
th th 2 2

9We use the fact that sup(f + g) > sup f —sup(—g) = sup f +inf g and inf(f + g) < inf f —inf(—g) =
inf f + sup g for every pair of functions f,g: R — R.
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On the other hand, since F' is continuous on (P, +00), we must have osc;, F' = 0, which

is a contradiction. Hence, G must be continuous everywhere. [

Theorem 4.49. Let Q be a Lebesque measurable subset of RN such that there exist D <
—N, a > 0, and let G: R — (0,+00) be a nonconstant periodic function with period
T > 0, satisfying

1 = VTP (G(logt) + O(t™))  ast — +oo. (4.4.28)

Then G is continuous, dimp (oo, Q) ezists and dimp(co,Q2) = D. Furthermore,  is
Minkowski nondegenerate at infinity with upper and lower Minkowski contents at infinity

respectively given by
MP(c0,Q) =minG, M (c0,Q) = maxG. (4.4.29)

(Hence, the range of Gl is equal to the compact interval [MP (o0, Q), M” (00, Q)].)
Moreover, the tube zeta function ool -, Q) has for abscissa of convergence D(Coo( -, Q)) =

D and possesses a unique meromorphic extension (still denoted by Coo( -, Q) to (at least)
the half-plane {Re s > D — a}; that is,

Dmer(Zoo( : ,Q)> S D — (.

In addition, the set of all the poles of EOO( -, Q) located in this half-plane is given by

PQ(ZOO(-,Q)):{ D+?nk G0< );éo keZ} (4.4.30)

they are all simple, and the residue at each sy € Pa(goo( -, 0), k €Z, is given by

res(Ca( -, Q) 51) = %éo (;) | (4.4.31)

If s, € PQ(ZOO( -+, Q)), then s_y € Pa(goo( -, Q) by the reality principle and

| res(Coo( -, Q), 51)| < %/0 G(r)dr,  lim res(Coo( -, ), s1) = 0. (4.4.32)

k—+o0

Moreover, the set of poles Po(Cool -, Q) contains so = D, and

res(Coo( -, Q2), D) = /0 G(r)dr. (4.4.33)
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In particular, € is not Minkowski measurable at infinity and
MP(00,9) < res(Co(+,Q), D) < M (00, 9) < . (4.4.34)

If, in addition, G € C"™(R) (i.e., G is m times continuously differentiable on R) for

some integer m > 1, and G has an extremum ty such that
G'(ty) = G"(ty) = ... = G™(ty) = 0, (4.4.35)
then there exists Cp, > 0 such that for all k € Z and sj, € Pua(Coo( -, Q) we have
I res(Coo( -, ), s6)| < Conl k|~ (4.4.36)

Proof. The fact that G is continuous follows from Lemma 4.48 by applying it to F(t) :=
|:Q[tV TP which is defined and continuous for ¢ > 0. We have that

_ +o0 +oo
(ool(s,92) = / N dE = / NN (G logt) + O(t)) dt
P P

+00 +oo
:/ tP=571G (log t) dt+/ tSOP~ ) de

-~

Gi(s) eals)

for some fixed P > 0. As in the proof of Theorem 4.49 we have that D((s) = D — o and
it suffices to prove that (; can be meromorphically extended to the whole complex plane.

This will be shown by finding a closed form for ;. Since G is T-periodic, we have that

+o0
Gi(s) = / tP= 7 G (logt + T) dt.

P

Let us introduce a new variable v such that logu = logt + T, i.e., u = et and we have

+oo
Gi(s) = / e TW=s=0yD=s1G(log u)e ! du

Tp

+o0
= ¢ 1(P=9) / uP 571 G(log u) du

Tp

+o0 P
_ o~ T(D=5) (/ uP=*1G(log u) du _|_/ uP 7 G (log u) du)

P el P

P
= ¢ 109 (Cl(s) + / uP G (log u) du)

rp
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which gives us a closed form for (;:

o~ T(D=s) eTpP 5
e -1 J/p

eT(st) log P+T
= —/ e 7=DIG(7) dr,
1

eT(s—D) —1 og P

where in the last equality we have introduced a new variable 7 such that 7 = logt. The
integral I(s) is obviously an entire function since P # 0, +00.!% From this we conclude
that ¢; is meromorphic on C and the set of its poles is equal to the set of solutions s of
exp(T(s — D)) = 1 for which I(sy) # 0. If I(s;) = 0 then sy is a removable singularity of
i

- i 5T reeny 1) 1
lim Gi(s) = lm e p—— 5! (sk)

where I’ denotes the derivative of I. Furthermore, since exp (7'(sy — D)) = 1 we have
that exp (—7(sx — D)) = exp (—2wik7/T) and

log P+T ik
I(s) = e 7 "G(r)dr
loa P (4.4.37)

_/T —277:ﬁkTG< )d —G k
—Oe T7T)dT = G T s

where we have used the fact that both 7 — G(7) and 7 +— exp(—271k7/T") are T-periodic.

This proves that the description of the poles of the tube zeta function of €2 at infinity that
are contained in {Res > D — a} is given by (4.4.30). Moreover, we observe that this set

contains D since

(D) = I(so) = /0 CGrydr >0, (4.4.38)

Indeed, we have that the range of G|z is equal to the interval [M” (0o, Q), MD(OO, Q)]
and since G is nonconstant, we deduce from (4.4.28) that 0 < M (00, Q) < ./\_/lD(oo, Q) <
oo. From this we conclude that D((;) = D > D — a = D((3) and from Lemma 1.6
(with a; = —oo in the notation of that lemma) we conclude that (.(-,€2) possesses
a (unique) meromorphic extension to (at least) the half-plane {Res > D — a}, i.e.,
Diner(Coo(+,Q)) < D — av.

Let us now compute the residues of EOO( -, Q) at s =D+ @ for an arbitrary k € Z,

10Gee Theorem 1.1.
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using (4.4.37) and L’Hospital’s rule:

res(Cool -, Q), si) = res(C1, si)

_ 4.4.39)
_ 5 S~ Sk T(s-D) _Lla(k (
= slirgc eT(st) 1 € [(S) = TG() T .

Substituting & = 0 in the above expression we get (4.4.33) which, in turn, implies the
inequalities in (4.4.34).

Furthermore, as it is well-known, since Gy € L'(R), we have |ég(7’)| < |Gollpr )y =
|Gy and limy o Go(t) = 0 (by the Riemann Lebesgue lemma; see, e.g., [Ru] or
[MiZu, p. 101]), so that (4.4.32) follows immediately from (4.4.39).

If the function G is of class C™, this does not imply that G; is of the same class.

However, we can define G; : R — R by

Cr(r) = G(1) = MP(00,9Q) if 7 €0,T], (4.4.40)
0 if 7 ¢ [0, T]. -

Since the value of M (00, Q) is in the range of G, we may assume without loss of generality
that to = 0 is a minimum of G; namely, G(0) = G(T) = MP”(00,Q). If that is not the
case, we can translate the graph of G in the horizontal direction in order to achieve this.
Furthermore, M” (00, Q) is equal to the minimal value of G; hence, G1(0) = G (T) = 0.
This implies that G; is continuous on R, and moreover, from (4.4.35), we have that G,
has the same regularity as G; that is, G; € C™(R). A direct computation shows that for
each t € R,

. R 1 — e—27r1'1t-T
G1(t) = Go(t) — MP (00, Q) , (4.4.41)
2mit
from which it follows that
~ 1 . k 1 4 k
res((oo( : ,Q),Sk) = TGO <T> = TGI (T) . (4.4.4.2)

Since Gy € C™(R), by a standard result from Fourier analysis (see e.g. [MiZu, p. 103|)
we know that there exists a constant C,, > 0 such that |Gy (t)] < Cp,t™™ for all ¢t € R,
which proves (4.4.36). We observe that the same conclusion can be achieved by defining

Gi(7) = G(r) — M” (00, 9). O

4.5 Properties of Fractal Zeta Functions at Infinity

In this section we will prove some useful properties of the distance and tube zeta
functions at infinity. We will start the section with a useful lemma from which we will

derive the scaling property of fractal zeta functions at infinity. Recall that for a parameter
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A > 0 and a subset  of RY we define
AQ:={\x : ze€Q}. (4.5.1)

Lemma 4.50. Let Q be a Lebesque measurable subset of RY of finite Lebesque measure.

For any A > 0 and t > 0 we have:
|B:(0)° N AQ)| = AN | ByA(0)° N Q| (4.5.2)

and
M (00, A0) = A"M' (00,9Q), M"(00,AQ) = A" M"(c0,9), (4.5.3)

for every real number r.

Proof. We have that A\(B;/(0)°N§2) = B;(0)°N AL from which the first part of the lemma

follows directly. For the second part, we observe that

—r , |B(0)° N AQ . AT By (0)° N QY J—
M (00, \Q2) = limsup ————— = limsu ="M (00,2
(00, A) = limsup =57 S T (00, 41)
and similarly for the lower limit which concludes the proof of the lemma. m

The next result is a scaling property of the distance zeta function at infinity which

will prove useful in examples, and in the construction of quasiperiodic sets at infinity.

Proposition 4.51 (Scaling property of the distance zeta function at infinity). Let €2 be a
Lebesque measurable subset of RN with finite Lebesque measure, T > 0 and X\ > 0. Then
we have D(Coo( -, 2AQ)) = D((o(+,9Q)) = dimp(c0, Q) and

G5, AQAT) = A5G (5, % T) (4.5.4)

for all s € C with Res > dimp(co, ). Furthermore, if w is a simple pole of a mero-
morphic extension of ((-,Q) to some open connected neighborhood of the critical line
{Re s = dimp (oo, )}, then

res(Coo(+, AQ),w) = A7 res(Coo( -, ), w). (4.5.5)

Proof. From Lemma 4.50 we know that dimpg(co, AQ) = dimp (oo, 2). We will prove the

scaling formula (4.5.4) by introducing a new variable y = x/\ and using the change of
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variables formula for the Lebesgue integral. Noting that dz = A" dy, we have

Coo (8, N AT = / |lz| =N dz
B/\T(O)ﬂ/\ﬂ
_ / |~V AN dy (4.5.6)
Br(0)NQ

—x [y = A )
Br(0)nQ

for s € C such that Res > dimp(0o, Q).

Note that by the principle of analytic continuation, if one of the two zeta functions
in (4.5.4) has a meromorphic extension to some open connected neighborhood U of the
critical line, then so does the other and (4.5.4) is still valid for s € U. Furthermore, if
that is the case and w € U is a simple pole of (. (-,2), then we have that

A8 —w)Coo (5,0 T) = (5 — w)(oo(s, A2 AT

holds on a pointed neighborhood of w. Finally, since the value of the residue of the
distance zeta function at infinity does not depend on T we get (4.5.5) by letting s — w,
s # w. O

We will now prove a result which will be very useful for almost all examples that
we will look at. Namely, as before, for a set Q in RY with finite Lebesgue measure it
will be easier to calculate (as we have already done several times) a closed form for the
corresponding distance zeta function at infinity by using the infinity norm in R instead
of the usual Euclidean norm. From Theorem 4.31 we know that these two zeta functions
have the same abscissa of convergence. Theorem 4.58 below will give us a stronger result
for a special case of (00,2), but let us first state a complex version of the mean value

theorem which we will be using in our proof.

Theorem 4.52 (Complex mean value Theorem [EvJa, Theorem 2.2|). Let f be a holo-
morphic function defined on an open convex subset Us of C. Furthermore let a and b be
two distinct points in Uy. Then there exist s1, o € (a,b) such that'!

f(b)—f(a))

Re(f'(s1)) = Re ( — (4.5.7)

and

Im(f'(s2)) = Im (M) . (4.5.8)

—a

We also state here a simple and useful corollary of the above theorem.

"Here, (a,b) denotes the open interval in C in the usual sense; that is, all the complex numbers that
lie on the straight line between a and b with the endpoints excluded.
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Corollary 4.53. Let f be a holomorphic function defined on an open convex subset Uy

of C. Furthermore let a and b be two distinct points in Uy.
[F() = f(a)] < V2[b—aq mmax £ (s)]- (4.5.9)

Proof. From Theorem 4.52, we have that there are s, sy € (a,b) such that'?

2

= | Re(f'(s1))|* + [Tm(f'(s2))[?
<1 ()P + £ (s2)?

< 2 max | f'(s)|*.
s€la,b]

‘f(b)—f(a)
b—a

Taking the square root of both sides and multiplying by |b — a| completes the proof of the

corollary. n

Definition 4.54. Let || - ||; and || - || be two (necessarily equivalent) norms on RY and
let © C RY. We will say that || - ||; and || - ||o are equivalent of order o € R for (0o, ) if

[zlly = [zl + O (=l[¥), as [[z]i = +o0, z €. (4.5.10)

In this case we will write

. ~ s 4511
Il 5 11 (45.11)

This equivalence is well defined since the two norms are equivalent in the standard
sense. More precisely, since there exist m, M > 0 such that m| - ||y < || |la < M]|| - || we
have that O (||z||{) = O (]|z]|$) for every @ € R when ||z||; — +o0 or ||z]s — +00. From

this, one gets symmetry and transitivity easily.

Theorem 4.55. Let Q be a Lebesgue measurable subset of RN with finite Lebesque measure
and assume D := dimp(oco,Q) < —N. Furthermore, assume that || - || is a norm in RN

such that for some o € (—o0, 1) we have

x| Az 4.5.12
ol &, Il (45.12)

Then, the difference
Coo(++€2) = Coo(+, 3 ([ - 1) (4.5.13)

is holomorphic on (at least) the half-plane

{Res> (D —(1—a))}. (4.5.14)

12Here, we also use the obvious inequalities | Re s|,|Im s| < |s| for s € C.
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Proof. We observe that for every s € C the function f,(2) := 277" is holomorphic on
C\ {0} and define F(s,z) := fs(|z]) — fs(|l=]|). Then, from Corollary 4.53 applied to fs,
we conclude that there exists a function 7: C x (2 \ {0}) — (0, +00) such that

[F(s.a)] = [l =% = [ll| V] < V2[s + Nlr(s,2)” "o = |lzfl].  (4.5.15)

Let m and M be the positive constants such that m|z| < ||z < M|z| for x € RY and

denote
Cy, = min{l,m}, Cjy :=max{l, M}. (4.5.16)
Furthermore, since
lz| <r(s,x) < |z or |z| <r(s,z)< |zl (4.5.17)
we have that
Clz| <r(s,z) < Cpylzl, (4.5.18)
which implies that
7,<S’x)7Rest71 < ‘:L,|7Rest71 l'IlaX{C;LRes*Nil, CJ\*/IRestfl}. (4519>
Furthermore, by taking 7' > 1 sufficiently large, we can assume that ||z| — ||z||| < c|z|*

which together with (4.5.19) and (4.5.15) yields
|F(s,7)| < ev/2|s + N|max{C Res—N-1 (- Res=N-1y|,|~Res-N-Lta, (4.5.20)
Suppose now that K is a compact subset in {Res > D — (1 — a)}, and let
Ck = max {C\/§|s + N|max{C,, """t e V1) (4.5.21)
and define the function gx as follows:
() = Cpel|~(min{Res:s€K}—a+1)-N (4.5.22)

so that we have |F(s,z) x| < gx(z) for z € Q. We observe that gk is in L'(7Q), since
if s € K, then Res > D — (1 — a) so that

min{Res : s€e K} —a+1>D—(1-a)—a+1=D,
which, in turn, implies that

/ gr(x)dr = Ck ((min{Res : s € K} —a+1;Q) < cc.
70
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Finally, we conclude that F'(s,x) satisfies the hypotheses of Theorem 1.2 (see also
Remark 1.3) and therefore

/QF(s,x)dmsz(',Q)—Coo(',Q;H )

is holomorphic on {Res > D — (1 — )} which completes the proof of the theorem. [

Corollary 4.56. Let Q be a measurable subset in RN with |Q| < oo such that
dimp(00,) = D exists. Furthermore, assume that the distance zeta function of Q0 at

mfinity can be meromorphically extended to an open connected neighborhood U of the
closed half-plane {Res > D}. Let ||.|| be another norm in RN such that |x| ( %Q) |||

)

for some o € (—00,1). Then Coo( -, % |- ||) can be meromorphically extended to (at least)
V:=UnN{Res > D — (1 —«)}. Furthermore, the sets of poles in V of the two zeta
functions, together with their multiplicities, coincide. Moreover, the principal parts of the
Laurent expansion around each pole in V also coincide. In particular, if w is a simple

pole in V', then
res(Coo( -, Q) w) = res(Coo( -, X || - ), w)- (4.5.23)

Proof. Since, by hypothesis, Zoo( -, ) is meromorphicon V.=UN{Res > D — (1 — a)}
the corollary follows directly from Theorem 4.55 which states that the difference of these

two distance zeta functions is holomorphic on V. O

Remark 4.57. It is clear that the above corollary is still valid if we interchange the roles

of the two distance zeta functions.

An important special case of the above theorem, which we will be using in almost all

examples considered, is when the set Q C R¥ is contained in a cylinder of finite radius.

Proposition 4.58. Let Q C RN with |Q] < oo be such that it is contained in a cylinder

3+ s+ +ay <O (4.5.24)
for some constant C > 0 where x = (x4, ...,xx). Furthermore, let D := dimp(oo,2) and
T >0. Then

Coo(5, 4 T) —/ 2|5V da (4.5.25)
0

is holomorphic on (at least) the half-plane {Res > D — 2}.

Furthermore, if any of the two distance zeta functions possesses a meromorphic ex-
tension to some open connected neighborhood U of the critical line {Res = D}, then the
other one possesses a meromorphic extension to (at least) V := U N{Res > D — 2}.

Moreover, their multisets of poles in U N {Res > D — 2} coincide.
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Proof. We observe that for T' > 0 sufficiently large we have

N 2
Zi:Qxi <C']x|_1,

< x € .
|| + [ | g

2] = [loo =[] = fan| =

)

In other words || ( Z}Q) ||z|| and the conclusion now follows by applying Theorem 4.55. [

4.6 Quasiperiodic Sets at Infinity

In this section we will construct quasiperiodic subsets of R? with prescribed box di-
mension at infinity. We will start by defining a two parameter set Q%Y in Definition 4.59
which will be our building block for the construction of a mazimally hyperfractal set at
infinity; that is, according to the terminology of [LapRaZul], a set {2 with its distance zeta
function at infinity having the critical line {Re s = dimp(oco,2)} as a natural boundary.
This construction will also give examples of algebraically and transcendentally quasiperi-
odic sets at infinity by using some classical results from transcendental number theory.

One of the open problems in [LapRaZul] was the question of existence of algebraically
quasiperiodic bounded sets and relative fractal drums. The results of this section give
a positive answer in the case of relative fractal drums of type (oo, (). Furthermore, a
similar construction can be performed in the context of standard relative fractal drums.
More precisely, one can take the inverted relative fractal drum (0, ®(€2)) where Q is the
quasiperiodic set at infinity constructed here. The distance zeta functions of (0o, 2) and
(0,®(Q2)) are essentially the same by Theorem 4.21. On the other hand, one should check
directly the condition of quasiperiodicity of the relative fractal drum (0, ®(2)) since we
do not have a direct way of doing it via the geometric inversion. The reason for this is
in the fact that we would need an asymptotic formula which relates the tube function
t — |B(0)° N Q| of Q at infinity and the relative tube function ¢ — |By/(0) N ®(Q)|
as t — +oo. We do not know if such formula can be derived in the general case (see
Problem A.6), but we still conjecture that (0, ®(€2)) will be a quasiperiodic relative fractal
drum with the same quasiperiods as (oo, §2).

Another idea to construct an algebraically quasiperiodic relative fractal drum (A, ) is
to use the geometric inversion in one coordinate; that is, ®(x,y) := (1/z,y) and apply it
to the quasiperiodic relative fractal drum (oo, 2) constructed here. We leave this, as well

as other properties of the ‘partial geometric inversion’ for future work (see Problem A.11).

Definition 4.59. For a € (0,1/2) and b € (1 +log; , 2, +00) we define a two parameter
unbounded set denoted by QY. We start with the countable family of sets

Q(a,b) — {(x,y) c RQ > a—m, 0< Yy < x_b}, m > 1.

m

Now, we will construct the set QLY by “stacking” the translated images of the sets QL)
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- ]
—
e
0.05
0 20 40 60 80 100 120

Figure 4.2: An example of the two parameter set Q(a’b) from Definition 4.59. Here, a = 1/4 and

b = 2. Note that the axes are not in the same scale and only the first four steps of the set Q(l/ 42)

are shown; that is, for m = 1,2, 3, 4.

along the y-axis on top of each other. More precisely, for each m > 1 we take 27! copies
of Q% and arrange all of these sets by vertical translations so that they are pairwise
disjoint and lie in the strip {0 <y < S}. Here, S is the sum of widths of all of these sets,

ie '3

1 a’
S = 2m (a7 ™) .
Z =T

Moreover, without loss of generality, we can arrange them in an “increasing fashion”, i.e.,

stacking them from bottom to top as m increases (see Figure 4.2). Finally, we define 0L b)

as the disjoint union of all of these sets.

Remark 4.60. The condition b > 1+ log,,, 2 ensures that QLY

ab’_z2m 1‘Qab’_22ml/+oom—bdx
m=1
:b_z gm=1(g—my1=b _ b—l S (20 (4.6.1)

9]
m:l
a’

UE 2ab—1)'

has finite Lebesgue

measure: '

Proposition 4.61. The distance zeta function of the two parameter unbounded set Qi

calculated via the | - |s-norm on R? is given by

1 1
s+ b + 1 a—(s+b+1) _ 2

Coo(5, 2873 |+ |oo) = (4.6.2)

8For b > 1+ log, /, 2 > log, /, 2 we have that 2a” < 1 and the sum is convergent.
MFor b>1+ log; /o 2 we have that 2a~! < 1 and the last sum in (4.6.1) is convergent.
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It is meromorphic on C where the set of complex dimensions of Qe gt infinity visible

through W := {Re s > log, ,, —b — 3} is given by
=+ 13U (log,,2— (b+ 1)+ — 7, (4.6.3)
gl/a log<1/a)ﬂ . .0.

Furthermore, we also have that

dimp (oo, Q) =log,, 2 — (b+ 1). (4.6.4)

[e.e]

Proof. Let us choose T' =1 and calculate:

o

- Q(a’b)'l' oo :/ -2 _ 2m1/ —s5—2
Gols QL L] o) = [ o)l dedy = 3 =7 dady

(a,b)
m=1 Qm

e 400 P
= Z Qm_l/ dx/ 52 dy
m=1 a=m 0

s+b+1
[for Res > —(b+1)] = s+b+1 mgz:l
1 1

[for Res >logy),2— (b+1)] = TThrl A e g
From this we see that D((( -, 5;;”)) |+ |oo)) = logy,,2 — (b + 1) and the zeta function

has a (unique) meromorphic extension to all of C defined by

1 1

(a). . — .
Coo(s7ﬂoo a| |OO) s+b+1 g (stbl) 9"

Furthermore, we have that

dimpg (oo, Q@) = logy/,2 = (b+1).

[e.9]

Since (oo,Qc(,‘é’b)) is contained in a strip of finite width, we can apply Proposition 4.58
to conclude that the difference Co( -, 27| - |00) = Coo( -, Q%) is holomorphic on the
half-plane {Res > log;/,2 — (b + 1) — 2} = {Res > log;/,2 — b — 3} from which we
conclude that the complex dimensions of (oo, Qg‘é’b)) visible through the window W =

{Res > log;,, 2 — b — 3} are given by

{—(b+1)}U{10g1/a2—(b+1)+% ; keZ}.



152 4. LAPIDUS ZETA FUNCTIONS OF UNBOUNDED SETS AT INFINITY

Remark 4.62. As we can see, the oscillatory period of QY g equal to p(a) =
27 /log(1/a). Note that p(a) — 0 as a — 07.

Example 4.63. We will compute the box dimension of Q) at infinity directly. For the
calculation we will measure the neighborhoods of infinity in the |- |, norm. As Qg (@)
is contained in a horizontal strip of finite width, according to Lemma 4.13, this will not

affect the value of the Minkowski content of Q%" at infinity. Now, for ¢t > 1/a we have

UOgl /a tJ

+o00 0 +o00
|K,(0)° N Q@b Z 2"_1/ vl dr + Z 2”_1/ vl dx
t a

n>|logy /, t] o

UOgl/a tJ

= b_% Z on— 1+ Z 2n—1(ab—1)n

n> I.lOgl/a tJ

- 1
— — + b(2Ug1/atJ_1)_|_—2

. 9llogy/qt]  (b=1)[logy /4 tJ} _

Using the fact that |log;, t] = log;,,t — {log;,,t} and 2l081/at — #1981/a2 we then have
that

HL—b+logy ), 2 1 ql—? {logy s, t} 41-b
K0)NQab) =2~ |9-{logiat} . — )
’ t( ) oo ‘ + al_b _ 2 2

b—1 b—1

From this we deduce that for D :=log;,,2 — (b + 1) we have

t logl/a 2

K0 0989 =7 (Glloge) -

) as t — 400 (4.6.5)

with G being the T-periodic function

G(r) = 2o} (1 + (“l_b){m}> : (4.6.6)

b—1 al=t —2
where T :=log(1/a). Furthermore, this result implies that
dimp (00, Q@) = logy/,2 — (b+1).

Note that dimp (oo, 2%") — —occ0 as b — +o0 and dimp(co, QL") = —(b+ 1) < —2 as
a — 07 but can be made as close to —2 as desirable. Moreover, Q%Y is not Minkowski

measurable at infinity but it is Minkowski nondegenerate with

1 a7t —1
b—1 al=t—2

D

M (00, Q) = max G = G(0) =

(4.6.7)
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and
MP (00, Q%) = min G = G(Tmin), (4.6.8)

where T, is the unique point of the global minimum of the function G on the interval

[0, 1] which can be explicitly computed:

o log(1 + (b — 1) logya) — log(2 — a'~?)
e (b—1)loga '

In the next theorem we will construct a maximal hyperfractal set €2 at infinity, that
is a set whose zeta function at infinity has its abscissa of convergence as a natural barrier
and cannot be meromorphically extended to any neighborhood of it. More precisely, we
will now construct a set with a prescribed box dimension D < —2 at infinity such that
every point on the abscissa of convergence {Res = D} is a nonremovable singularity of
its zeta function at infinity. In accordance with the definitions introduced in [LapRaZul]

in the case of relative fractal drums, will call such sets maximally hyperfractal at infinity.

Theorem 4.64. For D < —2 there exists a set Q C R? of finite Lebesque measure such

that it is mazimally hyperfractal with dimg(oco, Q) = D and Minkowski nondegenerate at

infinity.

Proof. Let us fix D < —2 and choose a nonincreasing sequence (a,),>1 such that 0 <
a, < 1/2 for every n € N and a,, — 0% as n — 4o00. Furthermore, we define the sequence
bn :=logy /4, 2 — D — 1 and observe that for D < —2 the condition b, > 1+ log, , 2 is
fulfilled. For the two parameter unbounded set Q) we have that dim (00, Q(()%"’b")) =
D. The next step is to scale every one of this sets with a suitable parameter, namely we

define the sets €, for every n € N as follows:

1

Q, Qansbn),
n
Finally we construct the sets €2, by translating each set Qn vertically for the amount [,

which is equal to the sum of the heights of each Oy for k < n, i.e., l; := 0 and

for n > 1 and define the set €2 to be the disjoint union of the sets €2,,. Now we observe
that the scaling factor in the definition of the sets Q ensures that the set ) has finite
Lebesgue measure and that it lies in a horizontal strip of finite width.

Similarly as before, this ensures us that calculating the tube formula of €2 using the

| - |so-norm on R? will not affect the values of the upper and lower Minkowski contents of
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Q) at infinity. For ¢ > 1 we have that
‘Kt ﬂQ’ Z‘Kt an‘ = Z|Kt<0)cm2fn9(o(én,bn)‘

S R0 e

& $2+D . t—logl/anQ
— Z 27D7L (Gn (10g(2 t)) - 2n10g1/an2<bn . 1))

n=1

where we have used (4.5.2) with N = 2 and G,, is the log(1/a,)-periodic function defined
by (4.6.6) with a and b replaced by a,, and b, respectively. In other words, we have:

c 24D . 12 logl/an
|K,(00°NQ| =t G (logt) — 2 G DD ) (4.6.9)
where .
G(r) =) 2"°G, (1 +nlog?2). (4.6.10)
n=1

The convergence of the sum for every ¢ > 1in (4.6.9) follows from the facts that log, , 2 €
(0,1), =D >2and b, —1>—-D—2>0foralln €N, ie.,

- £ 1081/ 2 1 - 1
Z (b, — 1)2n("PHog1/a,2) = D 42 Z < (27D Flog1/an 2)n =

n=1

Furthermore, the series defining the function G is also convergent for 7 > 0. To see this,
we observe that from (4.6.7) we have:
1 al b —1

—D
Gn(r) < QUanbn)y = n <1
(1) < M (™) by —lal b —2 >

for all n € N. The last inequality above can be easily shown from the conditions on a,,

and b,. Furthermore, from this we conclude that

8

= ZZ”DGn (T +nlog2) <

n=1 n=1

In particular,
oo

/\_/lD(oo,Q) < Zﬁ < 0.

n=1

On the other hand, for the lower Minkowski content of €2 at infinity we can use the fact
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that € D Q; and therefore
MP(00,0) > MP(00,9;) = MP (00,2710 = 2P MP (00, Q1)) > 0,

The last equality above is a consequence of Lemma 4.50 with » = D, while the conclusion
of positivity follows from (4.6.8).

Let us now show that for the distance zeta function of €2 at infinity the critical line
{Re s = D} is a natural boundary. Using the scaling property of the distance zeta function

at infinity from Proposition 4.51 we have that

o0

Cool5:2) Zcoo 5,270 1) = 37 2 (s, QL 27)

n=1

and it is holomorphic on {Res > D}. Furthermore, according to Proposition 4.61, for
every n € N the zeta function Coo(s Q(“”’b”); 2": |+ |oo) is meromorphic on C and has simple
poles at D + log(zf/ﬂ Z. Since Q) is contained in a strip of finite height, according to
Proposition 4.58, we have that (. (s,€2;2") is meromorphic at least on {Res > D — 2}
and its poles in that half-plain coincide with that of ((s, Qlenbn). on, | * |oo)- From this
we conclude that the set of poles of (. (s,€2) is dense in the critical line {Res = D} since
log(1/a,) — +o00 as n — +oo. This, in turn, implies that every point of the critical line

is a nonremovable singularity of (. (s, 2), i.e., 2 is maximally hyperfractal at infinity. O

We recall here that the field of algebraic numbers (often denoted by Q in the literature)
can be viewed (up to isomorphism) as the algebraic closure of Q (the field of rational
numbers) and is obtained by adjoining to @Q the roots of the polynomial equations with

coefficients in Q (or, equivalently, in Z). Note that, as a result, it is a countable set.

Definition 4.65. A finite set of real numbers is said to be rationally (resp., algebraically)
linearly independent or simply, rationally (resp., algebraically) independent, if it is linearly

independent over the field of rational (resp., algebraic) real numbers.

In order to define quasiperiodic sets at infinity, it will be convenient to introduce the

following definition of quasiperiodic functions.!®

Definition 4.66 (Cited from [LapRaZul]). A function G = G(7): R — R is said to be

n-quasiperiodic (or quasiperiodic, of order of quasiperiodicity equal to n) if it is of the form

G(T) = H(T7"'7T>’ (4.6.11)

5There is a wide variety of different definitions of quasiperiodic and almost periodic functions (and sets)
in the existing literature on dynamical systems, mathematical physics and harmonic analysis. See, for
example, [WaMLI]|, [Sen|, [Boh], [Kat], [Lap—vFr3|, [Lap6, Appendix F|, along with the relevant references
therein. Definition 4.66 is the most suitable for our purposes in is adapted from the one in [Vin].
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where for some n > 2, H: R"” — R is a function which is nonconstant and T-periodic in
its k-th component, for each k£ = 1,...,n, and the corresponding periods Ti,...,T, are
rationally independent; that is linearly independent over the field of rational numbers.
The values T} are called the quasiperiods of G.

In addition, we say that a function G = G(7) is

(a) transcendentally n-quasiperiodic if the periods Ti,...,T, are algebraically inde-
pendent;'6
(b) algebraically n-quasiperiodic if the corresponding periods 717, ..., T, are rationally

independent and algebraically dependent.!”

One can clearly see from Definition 4.66 that every quasiperiodic function is either
transcendentally quasiperiodic or algebraically quasiperiodic. More precisely, the set F,,
of quasiperiodic functions is equal to the disjoint union of the set F;,, of transcendentally

quasiperiodic functions and the set F,,, of algebraically quasiperiodic functions:
Fap = Figp U Fagp-

Example 4.67. Let \;,v; € Rfori =1,2. f G(7) = MG (74+11)+A2Ga(T+14), where the
functions G; are nonconstant and T;-periodic for ¢ = 1,2, such that 77 /T is an irrational
algebraic number, then G is algebraically 2-quasiperiodic. In this case and in the notation
of Definition 4.66, we have H (7, 72) = G1(11) + Ga(ma). If T1 /T is transcendental, then

G is transcendentally 2-quasiperiodic (in the sense of Definition 4.66).

We now define quasiperiodic sets at infinity which complements the analogous defini-

tion of quasiperiodic bounded sets from [LapRaZul].

Definition 4.68. Assume 2 C R is of finite Lebesgue measure and such that it has the

following tube formula at infinity:
Q] =tV (G(logt) + 0(1)) as ¢ — +oo, (4.6.12)

such that G is nonnegative, 0 < liminf._,  G(7) < limsup,_, . G(7) < +o0 and D €
(—o0, —N] is a given constant.!®

We say that €2 is an n-quasiperiodic set (of order of quasiperiodicity equal to n) at
infinity if the corresponding function G = G(71) is n-quasiperiodic.

In addition, the set €2 is said to be

161f the periods are algebraically independent, then all of the quotients 7;/Tj, for i # j, are transcen-
dental (and hence, irrational) numbers.

"More precisely, we assume here that the set of quasiperiods {T1,...,T,} is algebraically dependent; in
other words, there exist algebraic numbers A1, ..., A,, not all of them zero, such that \yT1+-- -+, T,, = 0.

8Note that it then follows that dimpg(oco,) exists and is equal to D. Moreover, MP(c0,Q) =
liminf,_, ;o G(7) and MP (00, Q) = limsup, _, , ,, G(7).
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(a) transcendentally n-quasiperiodic at infinity if the corresponding function G is tran-
scendentally n-quasiperiodic;
(b) algebraically n-quasiperiodic at infinity if the corresponding function G is alge-

braically n-quasiperiodic.

In light of Definition 4.68 and the comment following Definition 4.66, one can see
that each n-quasiperiodic set at infinity is either transcendentally n-quasiperiodic at in-
finity or n-algebraically quasiperiodic at infinity. In other words, the family Z;5(n) of
n-quasiperiodic sets at infinity is equal to the disjoint union of the family Zps (n) of
transcendentally n-quasiperiodic sets at infinity and the family 7 (n) of algebraically
n-quasiperiodic sets at infinity:

Dy (n) = Dy

tgp

(n) U Z:2 (n).

agp

Note that the family (Zg5(n))n>2 is disjoint, as well as the family (25,

tqp(n))nzg and the

family (22 (n))n>2. Denoting

agp
75 =] 25mn), 205,=] 250, 25, =] 250, (4.6.13)
n>2 n>2 n>2
we have
.@;;’ = .@toq% U .@;’;’p.

Theorem 4.64, or, more precisely, the construction in its proof will show that the families
Div(2) and 55 (2) are infinite. We first mention a classical result from transcendental
number theory.

Theorem 4.69 (Gel’fond—Schneider, [Gel|). Let m be a positive algebraic number, and

let x be an wrrational algebraic number. Then m” is transcendental.

From the above theorem it is easy to derive the fact that the number log, 3 is tran-
scendental (see [LapRaZul, Example 3.1.8 of Section 3.1.2]) where & > 3 is an integer
that is not a power of 3. More generally, we mention that log « is transcendental for all
algebraic numbers a # 0,1 which is a result going back to F. von Lindemann and K.

Weierstrass; see [Ba, p. 4].
Theorem 4.70. The families Z5;,(2) and g, (2) are infinite.

agp
Proof. We note that in the construction of the set €2 in the proof of Theorem 4.64 if we
only take two sets Q) and Q%) ingtead of infinitely many, we can construct an alge-
braically or a transcendentally 2-quasiperiodic unbounded set at infinity with prescribed
box dimension at infinity equal to D < —2. We point out here that the set (2 constructed

from sets Q") and Q2% has the following tube formula at infinity

KN Q| = t*P(G(logt) + Ot '81/a12)) as ¢ — +oo, (4.6.14)
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where
G(1) = 2PG1 (1 +log 2) + 22PGy(1 + 21log 2) (4.6.15)

is a 2-quasiperiodic function with

Gilr) = o~ wti7an } - (a;fbi){m}

bz‘ -1 al_bi -2

(2

(4.6.16)

for i = 1,2. As we can see the set {2 is then 2-quasiperiodic at infinity but in the sense of
the ‘cube’ tube function at infinity ¢ — |K;(0)°NQ|. To get a ‘proper’ 2-quasiperiodic set
at infinity one should mimic this construction in a radial way, i.e., use an analog of sets
Q) that are “arranged” around radial rays emanating from the origin. We will not get
into the details of this construction, but on the other hand, we can use Lemma 4.18 to
deduce that if we choose D € (—3,—2) we do get “proper” 2-quasiperiodic sets at infinity
even in the present construction. More precisely, since €2 is contained in a strip of finite
height, by Lemma 4.18 we have that

|tQ| = |Kt(0)c M Q| + O(t_l)
= t*"P(G(logt) + Ot~ 81/ ?) + O(t27P71))

(G
= t**P(G(logt) + o(1))
as t — +oo; that is, ) is 2-quasiperiodic at infinity.

Now, for the algebraical case it suffices to choose a; € (0,1/2) and define, for instance,
as = aﬁ where m > 2 is an integer that is not a perfect square. Then we have that
by = logy),, 2— D — 1 and by = log, ,, 2 — D — 1. Furthermore for the periods we have

that
Ty =log(1/a;) and Ty =log(1/as) = v/mlog(1l/ay),

i.e., TQ/Tl = \/ﬁ
On the other hand, if we choose, for instance, a; = 1/3 and as = 1/k where k > 3 is

an integer that is not a power of 3, we have that

Ty  log3
T, logk

- 1ng. 3
which is a transcendental number, a fact that follows from the Gel’fond—Schneider theorem

recalled in Theorem 4.69. OJ

Remark 4.71. As a consequence of (4.6.3) of Proposition 4.61, we have that the complex
dimensions at infinity of the set €2 from Theorem 4.70 visible through W := {Re s > D—2}

are given by

{D —logy,,, 2:i=1,2}U(D+p(a)iZ) U (D + p(as)iZ) (4.6.17)
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where p(a;) = 27/ log(1/a;) for i = 1,2 are the oscillatory quasiperiods of €.

We can extend Theorem 4.70 to the case of Z¢5 (n) and Z5; (n) but for the transcen-
dental case we will need a nontrivial extension of the Gel’fond—-Schneider theorem which

is due to Baker and we state it here.

Theorem 4.72 (Baker, |[Ba, Theorem 2.1]). Let n € N with n > 2. If my,...,m, are
positive algebraic numbers such that logmy, ... logm, are linearly independent over the
rationals, then

1,logmy, ..., logm,

are linearly independent over the field of all algebraic numbers (or algebraically indepen-

dent, in short).'?

Furthermore, for the algebraical case we will need a result about the rational indepen-
dence of roots of prime numbers. This result follows from a more general result due to

Besicovitch which we also state here.

Theorem 4.73 (Besicovitch [Bes2|). Let

a1 = bip1, as = bapa, ..., ar = bppy, (4.6.18)
where p1, pa, . .., pr are different primes and by, b, . .., by are positive integers not divisible
by any of these primes. Then, if x1,xs,...,x) are positive real roots of the equations

" —a; =0, 2" —ay=0,..., 2™ —a, =0, (4.6.19)
and P(x1,xa,...,xk) i a polynomial with rational coefficients of degree less than or equal

to nqw — 1 with respect to x1, less than or equal to no — 1 with respect to x5, etc., then

P(z1,x9,...,x%) can vanish only if all its coefficients are equal to zero.
A special case of the above theorem is the following corollary.

Corollary 4.74 (Besicovitch [Bes2|). Let ny,...,n, € N\ {1} and py,...,p, different

prime numbers. A polynomial P(p}/ "o p,i/ ") with rational coefficients not all equal

/n1 1/ng
.

to zero, cannot vanish. In other words, the numbers p} ..,p, " are rationally inde-

pendent.

Theorem 4.75. The families D5y, (n) and D, (n) are infinite for every integer n > 2.

Proof. The proof is analogous to the proof of Theorem 4.70 the difference being in the
fact that we take n sets ngf’bi), for i = 1,...,n instead of only two. In that way we

construct a set €2 with n quasiperiods at infinity which will be ‘proper’ n-quasiperiodic

9Tn particular, the numbers logm, .. .,logm,, are transcendental, as well as their pairwise quotients.
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if we additionally restrict ourselves to D € (—3,—2). (See the discussion in the proof of
Theorem 4.70.) For the algebraically n-quasiperiodic case we may choose a; € (0,1/2) and
VPi
1

define a;;1 := aY"" where p; is the i-th prime number for i > 1. Then for the quasiperiods

of 2 we have that
— _ vPbiy _
Ty =log(1/a;) and Tiy =log(l/ay™) = Ti\/pi

for ¢+ > 1. It is obvious that the quasiperiods T7i,...,T),, are algebraically dependent.
On the other hand, they are rationally independent. Namely suppose that there are
Ay ooy Ay € Q such that

MTL+ XTo+ ...+ AT, =0.

This is equivalent to

which is possible only if Ay = --- = )\, = 0 according to Corollary 4.74. This proves that
the set 2 indeed is algebraically n-quasiperiodic at infinity.

Let us now construct a transcendentally n-quasiperiodic set at infinity. We choose
now a; := 1/p;y1 with p; being the i-th prime number for ¢ > 1. Note that now
T, = log(1/a;) = logp;+1 and these numbers are rationally independent. Indeed, if
we assume the contrary; that is, that there exist rational numbers A, ..., A\, such that
Yor i Ailogpiyr = 0, then this implies that []}_, pg\il = 1 which is in contradiction with
the Fundamental theorem of algebra. Now, Baker’s theorem (recalled in Theorem 4.72)
implies that the numbers T}, ..., T, are also algebraically independent; that is, the set 2

is transcendentally n-quasiperiodic. O

Remark 4.76. Similarly as in Remark 4.71, the set {2 constructed in Theorem 4.75 will
have the following set of complex dimensions visible through W = {Res > D — 2}:

n

U ({D —logyq, 2} U (D + pla;)iZ)) (4.6.20)

i=1

where p(a;) = 27/log(1/a;) for i = 1,...,n are the oscillatory quasiperiods of Q at
infinity.

Remark 4.77. It is clear that one can construct somewhat more general examples of
n-quasiperiodic sets at infinity (by using Theorem 4.73 for the algebraical case and The-
orem 4.72 for the transcendental case) than the ones from the proof of Theorem 4.75 by

choosing other admissible values for the parameters a;.

Let us conclude this section by defining the notion of co-quasiperiodic sets at infinity

and showing that the maximally hyperfractal set €2 at infinity from Theorem 4.64 gives an
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example of such a set. Moreover, by carefully choosing the parameters a; we can construct

an infinite number of algebraically and transcendentally oo-quasiperiodic sets at infinity.

Definition 4.78. A sequence (7});>; of real numbers is said to be rationally (resp.,
algebraically) linearly independent, if any of its finite subsets is rationally (resp., alge-

braically) independent.

In the following two definitions, Definition 4.79 and Definition 4.80, we will refine and
extend the definition of an n-quasiperiodic function and set (Definition 4.66 and Definition

4.68, respectively).
Definition 4.79 (Cited from [LapRaZul]). A function G : R — R is said to be oco-

quasiperiodic, if it is of the form

where H : R — R* H = H(7,7s,...) is a function which is Tj-periodic in its j-th
component, for each j € N, with 7; > 0 as minimal periods, and such that the set of

periods
{T;:j>1} (4.6.21)

is rationally independent. We say that the order of quasiperiodicity of the function G is
equal to infinity (or that the function G is co-quasiperiodic).

In addition, we say that G is

(a) transcendentally quasiperiodic of infinite order (or transcendentally co-quasipe-
riodic) if the periods in (4.6.21) are algebraically independent;

(b) algebraically quasiperiodic of infinite order (or algebraically oo-quasiperiodic) of
infinite order if the periods in (4.6.21) are rationally independent and algebraically de-

pendent.?!

Definition 4.80. Let 2 be a measurable subset of RY with |Q| < oo such that (oo, (2)

has the following tube formula at infinity:
Q| = t"TP(G(logt) + 0(1)) as t — +oo, (4.6.22)
where D < —N, and G is nonnegative such that

0 < liminf G(7) < limsup G(1) < 00.??

T—+00 T—+00

20R§° stands here for the usual Banach space of bounded sequences (7;);>1 of real numbers, endowed
with the norm [[(7;);>1|lec = sup;>q |75/

21We say that a sequence (7;);>1 of real numbers is algebraically dependent of infinite order if there
exists a finite subset J of N such that (7;);c; is algebraically dependent. Recall that a finite set of
real numbers {T7,...,Tx} is said to be algebraically dependent if there exist k algebraic real numbers
A1, ..., Ak, not all of them equal to zero, such that \{77 + - -+ + AT = 0.

2Note that it then follows that dimpg(oo,) exists and is equal to D. Moreover, MP(c0,Q) =
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We say that the set Q is quasiperiodic at infinity and of infinite order of quasiperiod-
icity (or, in short, co-quasiperiodic) if the function G = G(7) is oo-quasiperiodic; see
Definition 4.79.

In addition, €2 is said to be

(a) transcendentally co-quasiperiodic at infinity if the corresponding function G is
transcendentally oo-quasiperiodic;
(b) algebraically oo-quasiperiodic at infinity if the corresponding function G is alge-

braically oo-quasiperiodic.

In much the same way as before, if we denote with Z;°(00) the family of all oo-
quasiperiodic sets at infinity, then it is clear that this family is a disjoint union of Zg; (co)
and .@f{z)(oo); that is, the algebraically oco-quasiperiodic subfamily and the transcenden-

tally oo-quasiperiodic subfamily, respectively.

Theorem 4.81. The families 25 (c0) and Z5°

oo o (00) are infinite.

Proof. For a fixed D < —2 a member of each subfamily is the maximal hyperfractal
at infinity constructed in Theorem 4.64 for a specifically chosen sequence of parameters
a;. More precisely, to get a ‘proper’ oo-quasiperiodic set at infinity, we have to choose
D € (—3,—2). (See the discussion in the proof of Theorem 4.70.) We proceed analogously
as in the proof of Theorem 4.75; that is, let (p;);>1 be the increasing sequence of all prime
numbers. For the algebraically co-quasiperiodic set at infinity we may choose a; € (0,1/2)
and define a;;; = ai/pj for i > 1. Again, Corollary 4.74 assures that the sequence of
quasiperiods T; = log(1/a;), @ > 1 is rationally independent.

On the other hand, for the transcendentally oo-quasiperiodic set at infinity we may
choose a; := 1/p;41 for i > 1 and, again, Baker’s theorem (Theorem 4.72) assures that

the the sequence of quasiperiods T; = log(1/a;), i > 1 is algebraically independent. ]

4.7 One-point Compactification and the ¢-shell Min-

kowski Content

In this section we are interested in the natural question which arises when dealing
with unbounded sets in RY and their fractal dimensions. Namely, we would like to study
the connection between the fractal properties of unbounded sets in RY studied so far
and the fractal properties of their images under the the stereographic projection ¥ to
the N-dimensional Riemann sphere SV C R¥*!. In other words, how does the one-point
compactification of RY affect the fractal properties of unbounded sets? This question is

also closely related with the connection between the fractal properties of unbounded sets

liminf,_, 4 G(7) and MP (00, Q) = limsup,_, , ., G(7).
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and the fractal properties of their images under the geometric inversion ®(z) := z/|z|* on
RY with |- | being the Euclidean norm. Moreover, if we choose the Riemann sphere SV to
be the unit sphere in RN ™! with RY considered as the equatorial hyper-plane {yy1 = 0},
then the composition Wo®oW~! is an isometry of SV which is in fact equal to the reflection
of the upper half-sphere to the lower half-sphere over the equatorial hyper-plane.

Let

N+1

SV = {(yr,yynar) 2 Y _yi =1}
=1

be the unit sphere in RN*! and identify the equatorial hyper-plane {yy,1 = 0} with RY.
Then the stereographic projection U: RY — SV is defined by

(4.7.1)

2 2 21
U(zy,...,zoN) = ( 7 oy [ ) .

|2 4+17 "z + 17 |22+ 1

It maps a point x = (z1,...,2x) € RV to the point y = (y1...,yns1) € S at which
the line that passes through the north pole N := (0,...,0,1) and the point (z,0) €
RY x {0} € RN intersects the unit sphere in R¥*!. Furthermore, we also extend ¥ to

RY U {o0} with ¥(c0) := N, the north pole. The inverse mapping is then given by

_ Y1 YN
Uy, yngl) = (1_—““,,1_—““) . (4.7.2)

It is easy to see that ¥ € CY(RY , RN*1) and its differential is injective on RY, i.e.,
U(RY) =SV \ {N} is an immersed submanifold of R+,

This gives us a way to calculate the distance on SV and the Lebesgue measure, that
is the N-dimensional volume of subsets of SV. More precisely, the Euclidean metric
generated by the standard scalar product on R¥*!, when restricted to vectors tangent to
S¥, gives a means for calculating the dot product of these tangent vectors. This is called
the induced metric on SV and (with S\ {IN} being an immersed submanifold of RV*! via
V) it can be calculated using the pushforward of vectors in R along ¥. More precisely, let
T,RY be the tangent space at x € RY and TRY = {T, : = € RY} be the tangent bundle
of RY.2 Similarly, let 7,S" be the tangent space at y € SN and TS™ = {T,SV : y € SV}
the tangent bundle of SV. Furthermore, the differential DU (z): T,RY — Ty,)S" is a
linear map and the metric tensor of the induced metric on SV in the standard basis of RY
is then equal to (DW)”DW. This metric tensor can be then used to calculate the length
of curves on SV and the N-dimensional volume of subsets of SV. More precisely, if we
take 2 C RY and want to calculate the N-dimensional volume of its image ¥(Q2) C SV,

we have that

]\IJ(Q)]S:/Q\/det((D\IJ)TD\If) dz; - - - doy. (4.7.3)

ZWe can identify T,RY with {z} x RY and TRY with RY x RV,
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(See, e.g., [Mich] or [DoPo| for more details about this subject.)

We will call |[¥(Q)|s the spherical N-dimensional volume of 2 and note that for every
Lebesgue measurable  C R¥ its spherical volume is finite. Now, we can analogously
as in the case of subsets of RY of finite volume define the notions of spherical (upper,
lower) Minkowski content and spherical (upper, lower) box dimension. Of course, in the

definitions, we will use the spherical 5-neighborhood for subsets of SV:
A&S = {y e sV . dg(y,A) < 5}, (474)

where A C SV, § > 0 and ds is the induced metric on SV.

Definition 4.82. The upper and lower spherical Minkowski contents for A C SV are

defined in the usual way:

= : A
M(A) = h§n igp k;]i—’is, (4.7.5)
ME(A) = liminf [Assls (4.7.6)

_ 50+ ON-T

and so are the upper and lower box dimensions of a set A C SV:

dimgA := sup{r € R : (A) = +oo} = inf{r € R : Mg(A) = 0}; (4.7.7)

Mg
dimgA :=sup{r e R : Mg(A) = +oo} =inf{r e R : Mg(A4) =0}. (4.7.8)

Analogously we define these notions in the case of relative fractal drums (A, 2) with A
and © being subsets of S with the only difference being in replacing |Ass|s by [Ass N Qs
in Definition 4.82 above. In order to obtain results which will connect these new notions
of spherical Minkowski contents and spherical box dimensions with the old ones we will

need the following proposition.

Proposition 4.83. Let Q C RY be a Lebesque measurable set. Then, for the spherical

N -dimensional volume of 2 we have:

\Q(QNS::/QZT;%EFdexy..de. (4.7.9)

Proof. From Equation (4.7.3) we see that we have to calculate \/det ((DW¥)”DW). The
differential DV is represented by the (/N +1) x N matrix [(8‘1’?)17.] and for i < N we have

Ox;

dz; A+l (A+1)2
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with ¢;; being the Kronecker delta and A := |z|%. Furthermore, we also have

6’\I/N+1 . 4ZL’j
or;  (A+1)2

Now, we have

N+1
. WX ow, 0v,
((D\Ij) qu)lj - axl 837]
k=1
. i 25k@ _ 4£L‘kZL‘Z 25@ . 4ZL‘]€ZE]' i 161'ZJZJ
= \A+T A+ \A+D (A1) (A+1)4
1 & 16z,
—W Z [((A + 1)0ki — 2x32:) (A + 1)drs — 2xp7;)] + N
4
(A ) Z A +1)? OkiOk; + 4aix; xj — 20k(A + 1) (208 + xjdkl)}
16.7}2]3]
(A+1)4

and, by summing the terms in brackets separately, we get

N
((D\I/) D\If Zakz(;kj 16:[ $]4 Z Ty — Z{L’kék]
Z%(Skz 163: :E]
+ 1)
_ 451] n 16x2$]A B 8$Zx] 8wz n 16z,
(A+1)2 (A+D* (A+1)3 (A+1)2 (A+1)
_ Ay
(A +1)2

and we see that the matrix (DW)"DV is diagonal. Calculating the square root of its

determinant completes the proof of the proposition. O

Theorem 4.84. Let Q C RY be a Lebesque measurable set of finite measure and N the
north pole of SN. Then, for every ¢ > 1 and r < —N we have

)M’"(oo, Q) < Mg (N, T(Q)) < 2"M' (0, Q) (4.7.10)

and

Ms(N, ¥ (Q)) < 2"M" (00, ). (4.7.11)
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Furthermore, if r < —N, then for

IN \ ¥
o= ()

we get the optimal left hand side inequality in (4.7.10):

N+r
N -

( NQJ_V r) o 2" M (00, Q) < My(N, T(Q)) (4.7.12)

N+r
N —r

To prove the theorem we will need the following lemma.

Lemma 4.85. Let A CSY and N € SV be the north pole. Then, for every 6 € (0,7) we
have
\Ij_l({N}CS,S N A) = Bcotg(o)c N \D_I(A)

Proof. Firstly, with ¥ being a bijection we have U™ ({N}5sNA) = U1 ({N}s5)NT(A).

Secondly, by using elementary trigonometry we get that U'({N};s) = B_sms (0)¢ =

1—cosd

Beot s (0)¢, which proves the lemma. O

Proof of Theorem 4.84. By Proposition 4.83 and Lemma 4.85 we have for § € (0, 7) that

2N
|{N}57SQ‘IJ(Q)|S I/ —dl’l dﬁ?N
by (L 2P)
2N
<— dry - dey
(1 + cot? g)N B_ 5(0)°nQ
2
2N
=7 Bt 5(0)°N QY.
(1 + cot? g)N "2

Next, we introduce a new variable ¢ := cot(d/2) and observe that § — 07 if and only if

t — +00. Furthermore, for » € R from the above inequality we have

{NJss NP Q)]s _ 2N [ Beoy 2 (0)° N €Y
o T (14cot2) 0N
_ 2 | B:(0)° N €
(14 2)N 2N-"(arccot t)N =7
. Y 1 |B:(0)° N Q

(1+2)N (tarccott)N-r  N+r

Now, since t arccot t — 1 when ¢ — +o0o we prove the right-hand side inequalities (4.7.10)
and (4.7.11) by taking the upper and lower limit as 6 — 0%.
To prove the left-hand side inequality (4.7.10) we fix ¢ > 1 and similarly as before we
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have
2N

N(;,SF\I\I/Q S:/ —dZL’dl‘N
INJae MU= [, o T P

2N
> / —————dxy - day
B 5(0)enNB (0)NQ (1+ [z[AHN

cot § écot &
9N
= (1+ ¢2cot? $)N Lcotg(O)CmB¢cotg(0)ﬂQ don-e doy
9N
ZWWM%(O) nay,
where we have again introduced the variable ¢ := cot(d/2). This implies that for r < —N
we have
{NJss DU Q)ls o 27 [Bia(0)N Q|
GV (14 ¢2t2)N (arccot t)N=r
. N 1 | Brst(0) N QY

=2
(1 + @?t2)N (tarccot t)N-r tN+r

Let us now introduce a new notation:

—r _ | Bt 4t(0) N Q2
Q) :=1 —_— 4.7.13
M (00, 2) E}lf&p N ( )
and by taking the upper limit as 6 — 0" we get
Mg(N, ¥(Q)) > My(00, Q). (4.7.14)

2N

To complete the proof all we need to show is that
My (00,9) > (1 — ") M’ (00,9)

is satisfied and this will be a statement of Proposition 4.87 below.
The last part of the theorem is easily proved by analyzing the real function ¢ —
d2N (1 — o™ ') on the interval (1, 00). O

Before stating the aforementioned proposition let us first define new notions inspired
by the proof of Theorem 4.84.

Definition 4.86. Let QO C RY be a Lebesgue measurable set,?* ¢ > 1 and r € R. We
define the upper ¢-shell Minkowski content of €2 at infinity as

| Bt,4(0) N QY

./\_/l;(oo,Q) := lim sup Nt

t——+00

(4.7.15)

24Note that here we do not require that € has finite Lebesgue measure.
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and analogously the lower ¢-shell Minkowski content of ) at infinity as

B QO
/\_/l;(oo,Q) := lim inf —l 1ot (0) N9

t——400 tN+r

(4.7.16)

If for some r € R the upper and lower limits above coincide, we call this value the r-
dimensional ¢-shell Minkowski content of ) at infinity and denote it with Mg(oo, Q).
Furthermore, we will call the function ¢ — | B 4(0) N Q| the ¢-shell function of €.

Proposition 4.87. Let Q C RY be a Lebesque measurable set with |Q| < oo. Then, for
every ¢ > 1 and r < —N we have

JE— - 1 N
Mj(00,9) < M(00,9) < 7— s My(00, ) (4.7.17)
and )
1 — pN+r M (00, Q) < M'(00,02). (4.7.18)

Proof. The left-hand side of inequality (4.7.17) is a simple consequence of the fact that
| Bt.t(0) N Q] < [¢€2]. To prove the rest of the proposition, we observe that

[e.9]

[B(0)°N Q| = Z | Bgne,gn1:(0) N QY

n=0

which, in turn, implies that for » < —N we have

|Bt ﬂQ| qu N+7«)|B¢"t¢”+1t< )ﬂQ|
tN—f—r ¢nt)N+r

We now apply Fatou’s lemma?® and the fact that ¢V < 1 to get

. [Bi(0)* N _ §~ n(vn) | Byrt,gnt14(0) N Q2
lim sup — e S Z 10) ) lim sup (Gr )N

t——+o0 t—-+o0

n T) 1 i
Z¢ (N+) OO Q) WM (OO,Q)

Finally, by the same reasoning applied to the lower limit we get (4.7.18) and this concludes
the proof of the proposition. n

Since ¢ — M (oo, 2) and ¢ M, (00, Q) are nondecreasing functions with values in

[0, +00], the next corollary follows immediately from the above proposition.

Z5More precisely, first we choose an arbitrary sequence of positive numbers (¢ )r>1 such that ¢, — 400
and apply Fatou’s lemma on the counting measure in this case. From that we get the conclusion in the
general case when ¢ — +oo.
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Corollary 4.88. Let Q C RN be a Lebesque measurable set with |Q| < oco. Then, for
r < —N we have that

qﬁEIJIrloo My(00,Q) = M (00, Q) (4.7.19)
and
lim M (00, 2) < M"(00,Q) (4.7.20)
Pp—+o0

Remark 4.89. In light of the above corollary, a valid question is to interpret the meaning
of limy_,1+ Mg(o0,€2) and limy_,;+ /Vl;(oo,Q). Moreover, if M"(00,{2) < oo we have
from Proposition 4.87 that limg_,;+ M (o0,§2) = 0. One would expect that these limits
are somehow related to the notion of the surface Minkowski content that was investigated
by Winter and Rataj in [RatWil| and [RatWi2|. More on this subject will be said in
Section 4.8 below.

From Theorem 4.84 we have the next two corollaries which establish a connection
between the box dimensions of a set at infinity and the box dimension of its image on the

Riemann sphere.

Corollary 4.90. Let Q C RY be a Lebesque measurable set of finite measure. Then it
holds that
dimg(N, ¥(Q)) = dimp(0o, Q)

and

dimg (N, ¥(©2)) < dimp(c0, £2).
Furthermore, the upper Minkowski content of (N, ¥ (2)) is in (0,00) if and only if the
upper Minkowski content of Q at infinity is in (0, 00).

Remark 4.91. We do not know if the inequalities in Theorem 4.84 and Corollary 4.90
are sharp (see Problem A.7).

Let us now go back for a moment to the notion of ¢-shell Minkowski content at infinity

and introduce a new definition.

Definition 4.92. Let 2 C RY be a Lebesgue measurable set and let ¢ > 1. Now, we can
define the upper and lower ¢-shell box dimension of Q at infinity:

dimf (00, Q) == sup{r € R : M(c0, Q) = +o0} (4.7.21)
= inf{r e R : M(o0,9) = 0}; B
dim@ (00, 2) := sup{r € R : Mj(o0,Q) = 400} (4.7.22)

= inf{r e R : Mj(c0,Q) = 0}.
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As we can see, this gives us a way to analyze fractal properties of unbounded sets
at infinity that do not have to be of finite Lebesgue measure. From Proposition 4.87 we
immediately have the next result concerning the case of sets §2 of finite Lebesgue measure

and the new definition of the ¢-shell Minkowski dimensions.

Corollary 4.93. Let Q C RY be of finite Lebesgue measure such that dimp(oco, Q) < —N.
Then for every ¢ > 1 we have that

dlm%(oo Q) = dimp(oco, )

and

Furthermore, if D := dim%(oo, Q) exists, then dimp(oo, ) exists and in that case we have
D = dimp (00, Q) = dim% (oo, Q).

Moreover, if ) is ¢-shell Minkowski measurable at infinity, then it is Minkowski measurable

at infinity and in that case we have

1

-M 5 (00,9).

The analog of Corollary 4.93 for the general case when we do not require €2 to be of
finite Lebesgue measure still holds. This is the statement of the next proposition that
will show that this new notion of the upper ¢-shell box dimension at infinity is essentially
independent of the choice of ¢ > 1. This is not true for its lower counterpart as we will

see in the example provided after the proposition.

Proposition 4.94. Let Q C RY be a Lebesque measurable set and ¢, o € R such that
1 < ¢1 < ¢g. Then, forr € R\ {—N} we have:

(N+r)(llogy, ¢2]+1)

1o,

M, (00,2) < My, (00,9) < e M, (00,9) (4.7.23)
1
and
1_ ¢(N+r L10g¢1 2]
1

In the case when r = —N we have:

—_N - N N

My, (00,92) <M, (00,Q) < ([logy, o +1) M, (00,Q) (4.7.25)
and

[log, 62 M (00,2) < MY (00,9). (47.26)
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Moreover, for the ¢-shell Minkowski box dimensions at infinity we have:

dlmz (00,Q) = dlmz (00, 2) (4.7.27)
and
dim% (00, Q) < dim%? (0o, Q). (4.7.28)

Furthermore, if D := dim% (co, Q) exists, then dim$?(co, Q) exists as well and in that
case we have
D = dim (00, Q) = dim%? (00, Q).

Moreover, if € is ¢1-shell Minkowski measurable at infinity, then it is ¢o-shell Minkowski

measurable at infinity.

Proof. Firstly, we observe that the left-hand part of (4.7.23) is a simple consequence of
the fact that | By 4,:(0) N Q| < |By 4,:(0) N €|. Secondly, it is easy to see that

1— (b(lN—i-r [logy, ¢2]

1 — N-‘r?" > 1

is fulfilled regardless of the sign of N 4+ r # 0. Consequently, this factor gives us a
better estimate in (4.7.24) than using the same argument as for (4.7.23). Now, we let
k := |log,, ¢2] and observe that

k—1 k
Z |B¢5Lt,¢f“t(0) NQ[ < [Bigye(0) N Q| < Z ’qu;lt,qs’f“t(o) naQy.
n=0 n=0

Furthermore, from this we get that

Z¢n(N+r ¢nt ¢n+1 ( ) N Ql < ’Bt ¢2t ﬂ Q| Z¢n(N+r ¢nt ¢n+1 ( ) N Q‘

¢”t)N+r - tN+7" ¢nt)N+7"
Finally, taking the upper and lower limits when ¢ — 400 gives us
k 1— (N+T)(UOE¢1 ¢a]+1) M q v
—r —r n - _ 00, - _
My, (00,9) < My, (00, 8) Z¢1(N+ ) = 1-¢7 " ¢>1( ), T#
n=0 (llogg, d2] + 1)./\/l¢)1 (00,Q0), r=-N
and
(N+r) Llog¢l 9]
= % " (00,Q), r#—N
—2’2<0079) > MT (OO Q) Qb n(N+r) — 1— ¢iv+"" —¢>1< ; )7 7£
n=0 |log, ¢2] M (00,Q), r=—N.
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Figure 4.3: A plot of the function ¢ — | B 4:(0) N Q| from Example 4.95. Here, the parameter ¢
is equal to 1/2. Note that the axes are not in the same scale.

Example 4.95. Let us fix a number ¢ > 0 and define 2 C R as a disjoint union of

intervals:
oo

1
. 2n+1 o2n+1
Sl—||<2 2 +§%).

n=0
Note that [Q = >°>7 272" = 47/(47 — 1). We take ¢ = 2 and observe that for the
sequence t, := 22" where n > 0 we have that |B;, 2, (0) N Q| = 0. This implies that
M3 (00,Q) = 0 for every r € R, and, consequently, dim%(cc0,) = —oo. On the other
hand, if we take ¢ = 4, we have for n € NU {0} that

(

i 1
4

47n9 4 3(t — 22 H1),

[2271 22n+1]
|Bt,4t(0) ﬁ Q| — [
€l

22n+1 22n+1 +4 (n+1)g— 1]

4—"nq =+ 4—(n+1)q + 22n+1 - t,

4-(ntDa

22n+1+4 (n+1)g—1 22n+1 4= nq]

92n+1 4 4—na 22(n+1)]

\

As we can see, the 4-shell function is constant on the intervals of the first and fourth type
above, and linear on the intervals of the second and third type. In other words, it is a

kind of a step function with ‘tents’ between every two steps (see Figure 4.3):

( 2q{log2 t}t—q’ 22n 22n+1]

gu(1-{loga thp=a 4 3(¢ — 22n+1)

€[

[22n+1 92n+1 +4- (n+1)g— 1]
|Bt74t(0)ﬂQ| -

€[

S

9—q{log, t}(2q + qu)tfq 492l t,
2a(~1-{logz t})4—q_

92n+1 4= (n+1)g—1 22n+1 +4- nq]

22n+1 +4 (n+1)g—1 22(n+1)]
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From this we have

| 24(1 4+ 3. 47471)
a < |Biar(0) N Q| < t‘l

which, in turn, implies that dimp(co,2) = —1 — ¢ and
1< M (00, Q) <M, M(00,Q) 291434707,

This demonstrates that the conclusions of Proposition 4.94 concerning the lower ¢-shell
Minkowski content and ¢-shell box dimension at infinity cannot be improved in general?®

since we have

0= M; ' "(00,0) < My "(00,9)

and

—00 = dim% (o0, 2) < di_mZ(oo,Q) = dimp(00, Q) = -1 —q.

Similarly as before, for ¢ > 1 we can define the analogous notions of ¢-shell Minkowski
contents and box dimensions in the standard case of relative fractal drums. Furthermore,
analogs of Proposition 4.87 and Corollary 4.93 are valid and as they are proved essentially
in the same way as before, we will state them here without proof. Firstly, for A C R,

0 <a<band ¢ > 1 we introduce the following notation:

Agpi={r € RY : a <d(z,A) < b}. (4.7.29)
Similarly, for A C S we define

Aups = {r €SN 1 a < ds(z, A) < b}. (4.7.30)

Definition 4.96. Let (A,Q) be a relative fractal drum in RY, » € R and ¢ > 1. We
define the upper and lower ¢-shell Minkowski content of the relative fractal drum (A, ()

as

. As /s N Q
M (A, Q) = limsup “ij—é_l (4.7.31)
6—0t 0
and 4 0
M (A, Q) := lim inf “Z;jv—é_l (4.7.32)

Furthermore, we define the (upper, lower) ¢-shell dimension of the relative fractal drum

(A, Q) in the usual way:

EZ(A, Q) :=sup{reR: M;(A, Q) = o0}

— (4.7.33)
=inf{r e R : My(A,Q)=0};

26 A similar example can be constructed in RY by using the shells of appropriate radii of the N-
dimensional ball centered at the origin.
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dim% (A, Q) :=sup{r e R : MG(A, Q) = +o0}

(4.7.34)
=inf{r e R : My(A,Q) =0}

As usual, if for some D € R the upper and lower limits above coincide, we denote by
MPE(A,Q) the ¢-shell Minkowski content of the relative fractal drum (A,Q). In this
case, D is equal to the ¢-shell dimension of the relative fractal drum (A, 2) denoted by
dim$ (A, Q).

Remark 4.97. We can also introduce analogous definitions in the context of relative
fractal drums on the Riemann sphere S™. Namely, for a relative fractal drum (A, Q) in S
we replace the appropriate elements of Definition 4.96 with their spherical counterparts;
that is, we replace |As/ss5 N Q| by |As/sss N Qs. We will denote the corresponding
notions with MQS(A, ) and dimg (A, Q). Of course, the upper and lower counterparts
are denoted, as usual, with an overline and an underline, respectively.

Furthermore, it is straightforward to extend notions like (relative) Minkowski degen-
eracy and (relative) Minkowski measurability in the ¢-shell sense, both, in RY and on the

Riemann sphere SV.

Proposition 4.98. Let (A,Q) be a relative fractal drum in RY. Then, for every ¢ > 1
and r < N we have

and .
T—o~ MG(A, Q) < M7(A, Q). (4.7.36)

Corollary 4.99. Let (A, Q) be a relative fractal drum in RN such that dimp(A,Q) < N.
Then for every ¢ > 1 we have that

and

Furthermore, if D := dim% (A, Q) ezists, then dimp(A, Q) exists and in that case we have
D = dimp(A, Q) = dim% (4, Q).

Moreover, if (A, Q) is ¢-shell Minkowski measurable, then it is Minkowski measurable and

i that case we have

MP (A, Q) = MEP(4,9).

1
1— ¢7‘—N
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After this digression, let us go back to the case of sets at infinity. The next example
will show that for every Lebesgue measurable set Q C RY and for every ¢ > 1 we have
that dim? (co, Q) < cﬁnﬁ;(oo, ) < 0. Furthermore, we will see that analyzing the fractal
properties of () at infinity in the ¢-shell sense is closely related to analyzing the fractal
properties of the relative fractal drum (N, U(Q2)) in the ¢-shell sense on the Riemann
sphere SV¥. Moreover, the fact that ﬁg(oo, 2) < 0 is in accord with the fact that the
one-point set {N} has spherical upper ¢-shell box dimension relative to any subset of S

maximally equal to 0.

Example 4.100. Let = RY and ¢ > 1. Then we have that dim%(oo,RN) = 0. This

follows from
N

72 (N — 1)tV

| Bigt(0) NRY| = | Byt (0)] — [ B,(0)] = T (g T 1)

Moreover, we have that
2 (¢ — 1)
eSS

As a consequence of the above example we immediately get the following proposition.

MY (00, RY) = (4.7.37)

Proposition 4.101. Let Q be a Lebesgue measurable subset of RY and ¢ > 1. Then the

upper and lower ¢-shell box dimensions of ) at infinity are always nonpositive, i.e.,
dim? (00, Q) < (an(oo, Q) <o.

In the next proposition we will establish a connection between the ¢-shell Minkowski
contents of (00,€)) and the ¢-shell Minkowski content of its image (IN,W(2)) on the

Riemann sphere SV.

Proposition 4.102. Let Q C RY be a Lebesgue measurable set. Then forr € R, ¢ > 1

and for every € > 0 we have the following inequalities:

27"

ey M (00,9Q) < M5 (N, U(Q)) < 2"M,,., (00, Q); (4.7.38)
2" r T r r
¢2—NM¢(OO, Q) <M (N, ¥(Q2)) < 2"Mg, (00,Q). (4.7.39)
Proof. Similarly as in the proof of Theorem 4.84 we have
2N
{N}g-150)s N T(Q)]s = = _da; - day.

B s g ona 1+ |z
2¢

cot %,
From this we get the following estimates:

2N

N}ig-1 NV Qs < ——=
|{ }(¢ (5,5),5 ( )|S — (1 +C0t2 g)N

‘Bcotg,cot%(o) N Q’ (4740)



176 4. LAPIDUS ZETA FUNCTIONS OF UNBOUNDED SETS AT INFINITY

and oN

N nw >
|{ } -14,6),S ( )|S_ (1—|—C0t22£¢)N

|Bc0tg7cot%(0> N Q| (4741)

Let us now fix € > 0. Then, for such ¢ there exists . > 0 such that for every § € (0, d.)

we have
¢ t5< t 0 <(p+e¢) t6
cot — < cot — cot —
2¢ 2
This can be easily seen, for instance, from the following series expansion of the cotangent
function:”

1 ZOO 1
COt.T:;‘i‘QiE m, [IZ’¢7TZ
k=1

Furthermore, by applying this to inequalities (4.7.40) and (4.7.41) we get

2N
[{N} 1665 NP (Q)]s < mwwt 5 (6e)eot £(0) N Y (4.7.42)
and oN
’{N} —14,6) SH\D<Q)‘S 2 ’Bcotg,dmotg(o) mQl (4743)

(1 + cot? g5)N

Now, we introduce a new variable ¢t := cot(d/2) and observe that 6 — 07 if and only if

t — +o00. Next, for r € R we get that

[N} 1505 VU Dls . 2¥  [Bigren(0) N €
GN=r ~ (14 ¢2)N 2N=r(arccot t)N-r
27N (arceot )N | By 460 (0 )ﬂQ|
o (142N tN+r

Taking the upper limit when § — 0" we have
Ms (N, T(Q)) <27 M, (00, Q).

Analogously we get the right-hand side inequality in (4.7.39).
To get the other reversed inequalities in (4.7.38) and (4.7.39) we observe that
from (4.7.43) we have

{N} o165 N T(Q)]s - oN | Bt 6t (0) N 9
N—r — N 9N—r N—r
0 (1 + cot? < arccot t)) 2N (arccot t)
27N T (arccot £)N | By g (0) N QY

N N+r
(1 + cot? < arccot t)) t

2"The function represented by the series is actually meromorphic on C and coincides with the complex
cotangent. This result is due to Euler and its proof can be seen, for instance, in [Car].
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and taking the upper limit when § — 0" yields

- 2N —»
The proof is completed by making the same observations in the case of the lower limit
when § — 0. O

In case of the upper Minkowski contents, i.e., in inequalities (4.7.38) above, we can
get rid of the e. This is a consequence of Proposition 4.94 and is stated in the following

corollary.

Corollary 4.103. Let Q C RY be a Lebesque measurable set. Then forr € R and ¢ > 1

we have the following inequalities for the upper Minkowski contents:
27’
P2

Proof. We fix € > 0 and use (4.7.38) together with Proposition 4.94 to get

My(00,9Q) < Mg (N, W(Q)) < 27(1 + ¢V )M (00, Q). (4.7.44)

11— ¢(N+r)(Llog¢(¢+6)J+1) .

2 =g M (00,Q) > M, s (N, T(Q))

in case when r £ —N. Furthermore, in the case when r = —N we get
_ ——N — N
2 N(Uqus(Qﬁ +e)| + DM, (00,9) > My (N, ¥(Q)).

Finally, by letting ¢ — 0" in both cases we prove the corollary. m

Remark 4.104. We do not know at this moment if the analog of Corollary 4.103 is valid
for the lower Minkowski contents due to not having the analog of inequalities that are
involved in the proof (see Problem A.8).

Furthermore, one could let ¢ — 07 in (4.7.38) (or (4.7.39)) and the limit on the right-
hand side exists since the corresponding function is nondecreasing but it could possibly
be strictly greater than the upper (or lower) r-dimensional ¢-shell Minkowski content of
(2 at infinity.

4.8 Surface Minkowski Content at Infinity

In this section we will take a closer look into the connection between the notion of the
¢-shell Minkowski content at infinity and a new notion of surface Minkowski content at
infinity introduced just below. Inspired by Remark 4.89 we now introduce the following

definition.
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Definition 4.105. Let Q be a Lebesgue measurable subset of RY, and denote with HV~!
the (N — 1)-dimensional Hausdorff measure. Then, for r € R, we define the r-dimensional
upper surface Minkowski content of €) at infinity as

HY-1(S,(0) N Q)

tN—l-i—r

S (00, Q) := limsup

t—+o00

(4.8.1)

where S;(0) denotes the (N — 1)-dimensional sphere of radius ¢ with center at 0. Anal-
ogously, we define the r-dimensional lower surface Minkowski content of Q0 at infinity

as

: CHY S0 Q)
S"(00,0) = lginﬁgof Py (4.8.2)
Furthermore, if for some r € R the upper and lower limits above coincide we call this

value the r-dimensional surface Minkowski content of ) at infinity and denote it with

S (00, Q).

Proposition 4.106. Let Q2 be a Lebesque measurable subset of RN . Then, for a.e. t >0

we have that

S IB.0) Q] = HY(5,(0) N ). (48.3)

Furthermore, if |Q < oo then we have that
d c N—-1
E‘Bt(o) NQ =—H""(5(0) N Q). (4.8.4)

Proof. We will use [Zu2, Proposition 2.10]. In short, this result states that for a closed
subset A of RY with Lebesgue measure equal to zero and a Lebesgue measurable?® subset
Q of RN we have that

%|At NQl = HY"10A,NQ) (4.8.5)

for a.e. t > 0. This proves (4.8.3) if we let A := {0}. Furthermore, since for 2 of finite
Lebesgue measure we have that |B;(0)°N Q| = |Q — |B:(0) N €|, (4.8.3) implies (4.8.4) in
this case. O

Proposition 4.107. Let Q be a Lebesque measurable subset of RY. Then, we have

lim | Bt,6(0) N QY

_ N-1
Jim A = LY (S(0) N ) (4.8.6)

for a.e. t > 0.

Proof. We observe that | By 4:(0) N Q| = | B (0) N2 — | B(0) N Q2| and by letting h = log ¢

we have

B Q B Q| —|B Q
B N9] L Ban(0) 00— [Bi(0) N 9]

p—17 log ¢ h—0+ h

(4.8.7)

28The original assumption in [ZuQ, Proposition 2.10| was that € is open, but by looking at the proof,
it is clear that it is enough to assume that € is Lebesgue measurable.
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Furthermore, if we define
f(1) :==|Ber (0) N QY, (4.8.8)

we can rewrite (4.8.7) as

iy | Bee0)0 Q) f(logt 4 h) — f(logt)

= f'(logt). 4.8.9
=1+ log ¢ h—0+ h f(logt) (48.9)

On the other hand, by the chain rule and from (4.8.3), we have that
f'(r) = e HY (S (0) N Q) (4.8.10)

for a.e. 7 € R. Finally, combining this with (4.8.9) we prove the theorem. O]

Now, for a relative fractal drum (oo, §2), if we could justify the interchange of the order
of taking the limit as ¢ — 17 and the upper limit as ¢ — +o00 we would get that
. HN-1(S,(0) N Q) M, (00,Q)

S (00,0) = li = lim —2>—"" 4.8.11
S (00,9) im sup N1 e (4.8.11)

and an analogous equality for the lower surface Minkowski content of (0o, €2). Of course,
the interchange above is not justified and the conditions when it can be made need to
be investigated in future work (see Problem A.9). Also, note that, a priori, the limit
limg 1+ /\_/l;(oo, Q) /log ¢ does not have to even exist.

We will get an interesting result concerning the distance zeta function of (2 at infinity
in the case when (00, ) is ¢-shell Minkowski measurable for every ¢ € (0,6), where § is
some positive constant and the limit lim,_,,+ M (00, Q2)/log ¢ exists. We will not even
need the assumption that || < oo as it will turn out that the new notions of ¢-shell
Minkowski dimensions and contents are well connected with the distance zeta function
of (00,€?) even in the case when [Q2] = co. (See Corollary 4.122 below.) We point out
that for the definition of the distance zeta function of €2 at infinity to make sense it is not
actually needed that |€2] < oo, but more on this will be presented in Section 4.9 below.

For now, we can state the following theorem which is a consequence of the Moore—

Osgood theorem about the interchange of two limits. (See, e.g., |[KaMil.)

Theorem 4.108. Let Q be a Lebesque measurable subset of RN such that D = dim (oo, Q)

exists for some ¢ > 1. Furthermore, assume that the following limits exist

o Br(0) 09

f) = A N Dlog g (4.8.12)
_ i 1Brn(0) N QY

g(t) == Jm =D og (4.8.13)
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Then, if (4.8.12) exists uniformly in ¢, or, on the other hand, if (4.8.13) ewists uni-

formly in t, we have the following equality:

D Q
SP(00,Q) = lim M

4.8.14
p—1+  log ( )

It is clear that the notions of upper and lower surface Minkowski contents of {2 at
infinity introduced in Definition 4.105 are also well defined when |Q2] = oo as it is the
case with the ¢-shell Minkowski content at infinity. Furthermore, we can also introduce
the notion of the upper and lower surface Minkowski (or box) dimension of (0o, ) in the

standard way.

Definition 4.109. Let Q C RY be a Lebesgue measurable set. We define the upper and

lower surface box dimension of (c0,€) at infinity:

dims (00, Q) :=sup{r € R : S (c0,Q) = +o0}

° (4.8.15)
=inf{r e R : & (00,Q) =0};

dimg (00, 2) :=sup{r e R : §"(00,Q2) = 00}

(4.8.16)
=inf{r e R : §"(c0,?) = 0}.

Let us now revisit Example 4.100 where we have obtained the ¢-shell Minkowski

content of (oo, RY).

Example 4.110. Recall that MY(co,RY) = 72 (N —1)/T (¥ +1) and note that in

this example we have

NP4

MY (00, RN N
fi Moo RT) I (4.8.17)
o—1+  log ¢ ' (§+1)

On the other hand, for the 0-dimensional surface Minkowski content of (oo, RY) we have

. HNU(S,(0) N
0 Ny _ t —
S°(00,RY) = t£+moo NI =T T+ 1) (4.8.18)

so that in the conclusion of Theorem 4.108 holds which is not surprising due to the simple
nature of the relative fractal drum (0o, RY). One can also easily check that the hypothesis

of Theorem 4.108 are satisfied in this example.

We would like to point out here that one would like to establish analogous relations
between the relative Minkowski content and the corresponding relative surface Minkowski
content as was done in [RatWi2| for the nonrelative case. One of the problems that arises

is in the fact that for a relative fractal drum (A, ) in RY its relative tube function t

2 Here, uniformly in ¢) means that for every ¢ > 0 there is a T' > 0 such that for all 1) € (1,¢) and
t > T we have ‘f(w)—‘ﬁsfgi(?gg”g" <e.
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|A; N Q| need not be a Kneser function of order N. This is demonstrated in Example 4.111
below. Let us recall that a function f: (0,00) — (0,00) is called a Kneser function of
order r > 1, if for all 0 < a < b < oo and ¢ > 1 we have

f(ob) = f(da) < ¢"(f(b) — f(a)). (4.8.19)

This property played a crucial part of proving that a bounded subset A of RY is Minkowski
nondegenerate if and only if it is surface Minkowski nondegenerate in [RatWi2]. More
precisely, the fact that for a bounded subset A C R¥ its tube function ¢ — |A,| is a
Kneser function of order N (see [Kne]). We also point out that the same problem arises
in the context of relative fractal drums of type (oo, 2). (See Problem A.10.)

We conclude this section with an example that shows that there exists a relative fractal
drum (A, Q) in R? such that its relative tube function ¢ — |A;NQ| is not a Kneser function

of order 2.

Example 4.111. Let (4, Q) be a relative fractal drum in R? such that A := {(0,0)} and

Q is the the closed quarter-disc By(0,0) N {y > 0} N {z > 0} intersected with B (0, 1)°.

We can calculate its relative tube function for + < 2 by using polar coordinates in R%:

t arcsin(r/2)
]AtﬂQ|—/7"dr/ dp
0 0

t

= / rarcsin = dr (4.8.20)
0 2
t? ot ot

= E—l arcsm§+1\/4—t2.

From this we can see that V(t) := |A; N Q| is not a Kneser function of order 2 since for
azl,b:\/ﬁandqﬁ:\/ﬁwehave

™

V(gh) ~ Vi(ga) = V(2) - V(VE) = " L < 1.070s,

which is greater than

SV (D) — V(a) =20V(vV2) — V(1) =1+ % — Y2 % 0.65755,

so that (4.8.19) is not satisfied.

Note that from (4.8.20) we have that lim; g+ % = % and, consequently,
1
dimp(A,Q) = -1 and M Y(A,Q) = G (4.8.21)

There should be no problem to generalize the above example to RY by mimicking

the above construction but we will not get into the details. Also, one can think of a
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similar example constructed at infinity; that is a relative fractal drum (oo, €2) such that

its relative tube function at infinity is not a Kneser function of order V.

4.9 Lapidus Zeta Functions at Infinity and the ¢-shell
Minkowski Content

In this section we will show that the results about the Lapidus zeta functions of
subsets of finite Lebesgue measure at infinity studied so far can be generalized to the case
of subsets that do not have finite Lebesgue measure. The generalization will be made by
using the notions of the ¢-shell Minkowski contents and box dimensions at infinity. To

this end we will need the following result which complements Proposition 4.22.

Proposition 4.112. Let Q C RY be a Lebesgue measurable set, T > 0 and u: (T, +0o0) —
[0, +00) a strictly decreasing C' function such that u(t) — 0 as t — +oo. Then, the
following equality holds

/Qu(m)dx:/T T Bra(0) 1 QY[ (1) dt. (4.9.1)

Proof. Much as in Proposition 4.22, we will use (4.2.11) which we recall here:

/Xf(x) dr = /OOO fre X : fla) >t} dt, (49.2)

where f is a nonnegative Borel function on a separable metric space X. Again, we let
f(z) == u(]z|) and X := 7. By assumption u is strictly decreasing and u(+o0) :=
lim, . u(7) = 0. For the set appearing on the right side of (4.9.2) we have

At) = {r €20+ ullal) > 1} = € 9 : o] <u (1)},
For 0 = u(400) <t < u(T) it is clear that
At) = () \ (Buo(0) 1) = Bry 1y (0) N2
Furthermore, for t > u(7T") we have that A(t) = 0) because u(T") = max,>ou(7) and using

(4.9.2) we get

u(T)
/ u(|a:|)dx:/ Brow1(0) N Q) dt
7 u

(+00)

_ / |Brs(0) N1 Qe (s) ds

“+o00

+oo
:/ By, (0) N Q[ (s)] ds,

T
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where we have introduced the new variable s = u~1(¢) in the second to last equality and

this concludes the proof of the proposition. O

Proposition 4.113. Let Q be a Lebesque measurable subset of RN with |Q] = co. Then
for every ¢ > 1 we have:

—N < dim’ (00, Q) < 0.
Proof. We reason by contradiction, i.e., we assume that there exists ¢ > 0 such that
di_m(g(oo, ) < —N. Then we fix 0 € (di_mz(oo, ), —N) and take T large enough such
that there exists a constant M > 0 and

1Byt (0) N QY < M7+

for every t > T. Now we have

0o 0o o MTo+N
’TQ| = Z |B¢>”T,¢”+1T| < MZ((b T) N — m < 00,
n=0 n=0

since 0 + N < 0 which contradicts || = oc. O

The statement of the above proposition is optimal, i.e., there are sets of infinite volume
with upper ¢-shell box dimension equal to —N. This illustrates the next example in R?

and can be easily adapted in the case of RY.

Example 4.114. Let Q := {(z,y) € R* : x > 1, 0 <y < 7'} Then, for any ¢ > 1 and
t > 1 we have

ot 1
| Ki,(0) N Qf = / n dt = log(¢t) — logt = log ¢.
t

From this we see that dim%(co, Q) = —2 and ./\/lf(oo, Q) = log ¢.

Furthermore, we also have that

M;?(00,Q)

. 1 o2
Jim, e 1=8%(c0,Q), (4.9.3)

since it is clear that in this case, the hypotheses of Theorem 4.108 are satisfied. We can

check this also by direct computation, since

H'(S:(0)N Q) = %\/ 1 + t? arcsin 2 (4.9.4)

t2

which yields

S%(00,Q) = lim HI(5.0)n 9 = 1. (4.9.5)

ttoo  f2-1-2
Example 4.115. Let €2 be a horizontal strip of finite height, i.e., let h > 0 and

Q:={(z,y) eR*: 0<y<h}.
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Then, for any ¢ > 1 and t > h it is clear that we have

2h(\/§?t2 — h? — 1) < | B (0) N Q| < 2h(¢t — V2 — h2),

which implies that dim%(co, Q) = —1 and M;l(oo, Q) =2h(¢ —1).
Furthermore, we have that
M3 (00,Q)

lim ————— =2h 4.9.6
Parct! log ¢ ’ ( )

and, since H'(S;(0) N Q) = V1 + t2arcsin(h/t), we also have that the above coincides

with the (—1)-dimensional surface Minkowski content of (oo, ():

S 1(00,Q) = lim H(5(0) 0 ©)

oo {211

— 2h (4.9.7)

so that in this case these two quantities coincide.

Moreover, if we consider a modified Q := {(z,y) € R? : # > 1/2,0 < y < 1/2} then
this is exactly the image of the relative fractal drum (A, (2) from Example 4.111 under
the geometric inversion; that is, (0o, Q) = (®(A4), ®()). Note that,

dim% (00, ) = dimp(4,Q) = —1 (4.9.8)
and, moreover, since M~!(A,€) = 1/6 we also have that*

M; (00, 9) _ L= (N - D)M™(4,9). (4.9.9)

1
¢g{1+ log ¢

This will be in accordance with a general result of Theorem 4.122.
The following proposition complements Proposition 4.23.

Proposition 4.116. Let Q C RN be a measurable set with |2 = oo, T > 0 and ¢ > 1.
Then for every o € ((Eldé(oo, ), +00), the following identity holds:

+o0o
/ lz| "N dz = (o + N)/ t=7 N B, (0) N Q| dt. (4.9.10)
7 T

Furthermore, the above integrals are finite for such o.

Proof. First we observe that the condition |2] = oo implies that CWHZ(OO,Q) > —N
From this we have that for o € (cﬁfg(oo, ), 4+00) the function wu(t) := =7 satisfies

the conditions of Proposition 4.112 and from that we get (4.9.10). Let us now fix oy €

80Here, N = 2 and D = —1 = dim% (o0, Q) = dimp(4, Q).
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(dlmf-),( ,§),0). Then for T large enough we have that for a constant M > 0 we have
|Bioe N Q| < Mt HN
for every t > T, which, in turn, implies that
| By gnirp N Q| < MTON gniortN), (4.9.11)

for every n € N. Let us now denote

“+00
Ir = / £7-N=1B,,(0) N Q dt

T

and calculate

o0 ¢"+1T
Iy = Z / £7N-1 B (0) N Q) dt
T
LT
< Z / 7N By i (0) N Q) dt
onT
¢n+lT n
_ Z / NS By e (0) 1.9 dt.
T k=0
Then, by using (4.9.11), we have
0 n n+lp
Ip < MTON Y N " gkt / N hdt
n=0 k=0 onT
— MTO N i U tDHN) — 1 (¢nT) 7N — (¢ T) N
TN — 1 o+ N

_ M1 U( — 0 ") O ) (o1 4 n(—o—N)
o o1+N __ Z ¢ o 1)¢
(0 + N)( gz5 1t —

K

< KZ¢(H+1)(O’1+N)+’H(—O’—N) — K¢a1+N Z(¢O’1—O’)n < 400,

n=0

since 01 —o < 0 and ¢ > 1. O

Now we can state and prove the holomorphicity theorem for the Lapidus zeta functions
at infinity that extends Theorem 4.24 and also holds in the case of Lebesgue measurable

sets of infinite measure.

Theorem 4.117. Let Q) be any Lebesque measurable subset of RY. Assume that T is a

fixed positive number and ¢ > 1. Then the following conclusions hold.
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(a) The distance zeta function at infinity
(oo(5,9) = / lz| N dz (4.9.12)
pare)

is holomorphic on the half-plane {Res > di_m(g(oo,Q)} and for every complexr number s
i that half-plane

O (5,9Q) = — / o[~V log |z| d (4.9.13)
)

(b) The half-plane from (a) is optimal 3!

(¢) If D = dim (00, Q) exists and Mf(oo, Q) > 0, then ((s,2) — +o0 for s € R and

s — DT,

Proof. Firstly we note that if |2] < oo, then in light of the fact that in this case the
upper box dimension of {2 at infinity coincides with its upper ¢-shell box dimension at
infinity (see Corollary 4.93) the statements (a) and (b) of the theorem follow immediately
from Theorem 4.24. Additionally, if di_m(g(oo, 2) < —N, then part (c) also follows from
Theorem 4.24 by using the fact that M (00, Q) < (1 — ¢"TP)MP (00, ) (see Proposi-
tion 4.87), so that M% (00, Q) > 0 implies that M" (oo, 2) > 0.

It remains to prove the theorem in the case when || = oco. First, we fix ¢ > 1
and observe that in light of Proposition 4.113 and Proposition 4.101 we have that
dim% (00, Q) € [~ N, 0].

(a) If we let D := d?n%(oo,(l), then from the definitions of the upper ¢-shell
Minkowski content and of the upper ¢-shell box dimension at infinity we have that
lim sup;_, , o w = 0 for every o > D. Now, let us fix 0y such that D < oy < ¢ and
take T" > 1 large enough, such that for a constant M > 0 it holds that

B o:(0) N Q| < MY for every t > T,
| Bt.o y
which implies that
| By gnerp(0) NQ < MT N @8N for every n € N.

Furthermore, since 0 > D > —N we have that —o — N < 0 and we estimate ((o,€2) in

310Optimal in the sense that the integral appearing in (4.2.14) is divergent for s € (—oo, (Fn%(oo, 2)).
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the following way

o) = [ pal o= | o] do
78 n=0"B

nr,gn+ir8

S T_U_N Z ¢n(_g_N) |B¢nT7d)n+lT ﬁ Q|

n=0
< T—o—N Z ¢n(—0’—N)MTO’1+N¢n(O’1+N)
n=0

o0

= MT7 73 (67 7)" < oo,

n=0

The last inequality follows from the fact that ¢ > 1 and o1 — ¢ < 0. Similarly as in the
proof of Theorem 4.24, we let now E := 7Q, ¢o(z) := |z| and du(x) := |z|~ dz and note
that ¢(z) > T > 1 for x € E. Part (a) follows now from Theorem 1.1(b).

To prove part (b) of the theorem we denote D := di_m%(oo,Q) € [=N,0]. In case

/ 2|~ dx > T_S_N/ dz = +o0.
TQ TQ

It remains to prove the case when s € (—N, D). By using Proposition 4.116, we have

s < —N we have

+oo
Irim [ el V= (s N) [N Bro(o) ) ar
0

T
¢*T
> (s+ N) / £=-N1| By, (0) 1 Q) dt
¢T (4.9.14)
$*T
> (8 + N)’BT#)T(O) N Q‘ tisiN*l dt
T

= ¢ V(1= ¢ M) TN |Brgr(0) N Q.

Now, we fix o such that s < 0 < D. From M;(OO,Q) = 400 we conclude that there

exists a sequence (tx)r>1 such that

_ |Bt61,(0) N QY
- tN—‘rO’
k

Ch - — +00 when {t, — +o0.

It is clear that the function T — I is nonincreasing and we have

]T > ‘[tk > ¢_S_N(1 - ¢_S_N)tI:S_N|Btka¢tk (0) N Q’
= ¢ N(1 - qs_s—N)th]kVJ“’ (4.9.15)
— ¢—5—N<1 - ¢_5_N)thz_s 5 +o0.

Therefore, I7 = +oo for every s < D which proves part (b).
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For part (¢) we assume that D = dim®(co, ) exists, D € [~ N, 0] and Mf(oo, Q) > 0.
This implies that there exists a constant C' > 0 such that for a sufficiently large T we
have that |B;4(0) N Q| > CtN*P for every t > T. Now, for —N < D < s we have the

following:

“+oo

Coo(5,92) = / |x|_s_N dz = (s+ N)/ t_S_N_1|BT,t(O) N Q| dt
7 T

“+o00
> (s+ N) / £==N=1| B, (0) N Q| dt
¢T
“+00
> (s + N) / £=N=11B, ,,(0) N Q] dt (4.9.16)
¢T
—+o00
Z C(S + N)/ t_S_N_1(¢_1t)N+D dt
T
D—s

T
=CO(s+N)p VP
(s+ N)o T

when s — D7, and this proves part (¢) in the case when D € (—N,0]. For the special

case when D = —N < s we proceed in a slightly different manner:
+00
(o(s,92) = / lz|P* dx = (s — D)/ tP=571 By (0) N Q| dt
T T

+oo
Z (8 o D) /T tD_S_l|BT,¢UOg¢‘(t/T)JT(0) N Q| dt

o log (¢/7) -1
> (s— D) / 1S Bypgenr(0) N9 dt
T k=0
+o0
> C(s - D) / 1251 log, (t/T) dt
T
+oo
ZC’(s—D)/ t" > (logyt —log, T — 1) dt =: I.
T

The last integral appearing above (denoted by I) can be explicitly calculated:

+00 +oo
I C(s— D) (tP~*logt th=s (s — D) (log, T+ 1)tP~*

pu— —_— — S JE—

log ¢ D—s (D — s)? D—s

TP—s TP=%log, T TP *(log, T + 1
(s — D)%log ¢ s—D s—D

C TDfs

= - TP
logp s — D =+,
when s — D™, which concludes the proof of the theorem. n

Inspired by Proposition 4.116, let us introduce a new zeta function of Lebesgue mea-

surable sets at infinity.
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Definition 4.118. Let 2 be a Lebesgue measurable subset of RY and T > 0 a fixed

positive number. We define the shell zeta function of Q0 at infinity as

+oo
Coo(5, ;T := —/ t=5 N B,y (0) N Q| dt. (4.9.17)
T
The next theorem will generalize Theorem 4.31 for the case when we do not require

that 2 is of finite Lebesgue measure.

Theorem 4.119. Let ) be a Lebesque measurable subset of RN, T > 0 be fized and ¢ > 1.
Then for every s € C we have

+oo
/ |z dz = (s + N) / t= N By (0) N Q| dt, (4.9.18)
TQ

T

for all s € C such that Res > max{—N, di_m%(oo, )} or, in short,
Coo(5, 2 T) = — (54 N)Coo(s, % T), (4.9.19)

on the open right half-plane 11 := {Re s > max{—N, di_md];(oo, M}}.

In particular, the shell zeta function Qu“oo( -, T) is holomorphic on 11 and the func-
tional equality (4.9.19) is valid on any open connected neighborhood of 1 to which any of
the two zeta functions in (4.9.19) has an analytic continuation.

Furthermore, for all s € II we have that

d . +o0

S5, T) = /T £--N1| By, (0) 1 O log £ . (4.9.20)
Proof. First, we will show that in the case when || < oo, this is actually a rewriting of
Theorem 4.31. Namely, || < oo implies that ﬁ%(oo, Q) = dimp(oco, Q) < —N for every
¢ > 1 (see Proposition 4.2). Furthermore, for Res > —N we note that —Res — N < 0

and from Theorem 4.31, we have

—+o00
/ || N de =TV |pQ| — (s + N) / 5N ,Q  dt
75 T

+o0
=T N7Q| — (s + N)/ V(9] = | Br(0) N Q) dt
T
+o00 +oo
=T VQ = [2Qt N +(s+N) / t=" """ Bry(0) N Q| dt
T T

“+o00
— (s+N) / £--N1| By, (0) N Q) dt.
T

Again, from Theorem 4.31 we have that the left-hand side above is holomorphic on
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Res > —N. On the other hand, we have that

|Q|T7Rest
Res+ N

+00 +0oo
/ £=+-N1 By, (0) N Q]dt’ <0 / g Rea=N-1 gy _
T

T

and Theorem 1.2 implies that the above integral defines a holomorphic function on {Re s >
—N}.

It remains to prove the theorem in the case when |2| = co and, in light of Proposi-
tion 4.113, we then have that di_m%(oo, ) > —N for every ¢ > 1.

From Proposition 4.116 we have that (4.9.18) is valid for R 3 ¢ > mg(oo, ) and
both integrals are finite. (See Theorem 4.117 for the left-hand side integral.) Furthermore,
to show that the equality holds in the half-plane {Res > d'Tnz(oo, )}, it suffices to
prove that both sides of Equation (4.9.18) are holomorphic functions on that domain.3?
We already have that the left-hand side of (4.9.18) is holomorphic on the set {Res >
di_m(g(oo, )} according to Theorem 4.117. Furthermore, the right-hand side of (4.9.18) is
a Dirichlet type integral with p(t) = ¢=* and du(t) = t V=1 Br,(0)NQ| dt, and according
to Theorem 1.1 it is sufficient to show that the integral on the right hand side of (4.9.18)
is convergent for Res > ﬁg(oo, Q).

For D := d'Tng(oo, Q1) and s € C such that Res > D, let us choose ¢ > 0 sufficiently
small such that Res > D +¢. Since ./\_/ngre(oo,Q) = 0, there exists a constant Cp > 0
such that |By 4 (0) N Q| < CptN+P+e for every t € [T, +oc). Now we have the following
estimate exactly in the same way as in the proof of the second part of Proposition 4.116
(by letting ¢ = Re s and 0; = D +¢ in the notation of that proof, and K being a positive

constant):

+o00o
(s, T < / RSNl B (0) MO di
’ (4.9.21)

S K¢01+N Z(¢B+E—Res)n < +00.
n=0

This, together with the principle of analytic continuation, completes the proof of the
theorem. (The derivative formula follows by differentiating under the integral sign; see
Theorem 1.1.) O

Corollary 4.120. Let Q be a Lebesque measurable subset of RN such that |Q)] < oo and
T > 0 be fized. Additionally, assume that dimp (oo, ) < —N. Then, s = —N is a simple
pole of 500( 0 T) and

res(Coo (-, 0 T), —N) = — |79 (4.9.22)

Proof. According to Theorem 4.24 we have that (,(-,$;7T) is holomorphic on the right
half-plane {Res > dimp(co,Q)}. Furthermore, Theorem 4.119; that is, (4.9.19) implies

32The equality follows from the fact that two holomorphic functions that coincide on a set that has an
accumulation point in their common domain coincide then on the whole common domain.
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then that 500( -,€; T) is meromorphic in that half plane and

res(Cos (-, T), —N) = lim (s 4+ N)Coo(s, % T)

s—>—N

s—>—N
]

Now we can state a theorem that expands Theorem 4.32 to the case of unbounded

sets of infinite Lebesgue measure.

Theorem 4.121. Let 2 be a Lebesgue measurable set and ¢ > 1 such that dim%(oo, Q) =
D > —oo exists. Furthermore, let 0 < ./\_/lg(oo,Q) < /\_/ls(oo,Q) < 00. If (ol +,9)
has a meromorphic continuation to a neighborhood of s = D, then D s a simple pole.

Furthermore in the case when D € [—N,0] we have that

1 D 1 —bp
¢N+D 10g¢M¢ (OO, Q) S reS(Coo( : 79)7 D) S 10g¢M¢ (OO, Q) (4923)
and in the case when D € (—oo, —N) we have that
N+ D N+D _—_p
5 ¢N+D/\_/l¢j?(oo, ) < res(Geol+, Q). D) € —7Zrp My (00, Q). (4.9.24)

Proof. Firstly, by looking at the proof of part (¢) of Theorem 4.117 we can conclude that
s = D is a singularity of (. (-,{2) which is at least a simple pole. It remains to prove
that the order of this pole is not larger than one and we proceed in a similar way as in
the proof of Theorem 4.32. We define

| By4:(0) N Q|

Cr :=sup N+D

t>T

and conclude from /\_/lf(oo, ) < 400 that we have Cr < 400 for T' large enough. Let us
first assume that —N < D < 0 and take s € R such that s > D. From Theorem 4.119

we then have

+o00

(oo(5,2:T) = (s + N) /T t=5 NN B, (0) N Q| dt

o0 ¢n+1T
=(s+N)Y_ / t=N=Y By, (0) N Q| dt
n=0 onT
¢n+1T

<s+NY / N By e (0) A1 Q) d.
n=0"®

nT
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Furthermore, from the definition of C7 we have

¢n+1T

Coo(s Q T S—|—N Z/ t°" N- 1Z’B¢kT¢k+lT< )ﬂQ‘dt

onT
n+lT

S (S+N TN+DZZ¢]€ N+D)/ t_S_N_l dt

n=0 k=0 onT
¢ (n+1)(N+D) (¢nT) . (¢n+1T)_S_N
pN+D 1 s+ N

= (s + N)CpTN*P Z
n=0

B CTTD—S(l o ¢—8—N) o
- ¢N+D -1

(¢(n+1)(N+D) . 1)¢n(7st)

n=0

which can be further bounded by neglecting the —1 from the braces above to get

CrTP=5(1 — ¢ V) Z¢n+1 (N+D)+n(—s—N)
GN+D _ 1

_ OrTP (11— N)¢N+D i¢n(Ds)

¢N+D -1

B OTTD_S(¢N+D _ ¢D—s)
(@M=D) (1 - gP)

(oo (5, T) <

n=0

From this we conclude that |[(s (s, Q)] < C(1—¢P~%)~! where C' > 0 is a positive constant
independent of s and 1" which implies that s = D is a pole of order at most one, i.e., a
simple pole. By the same reasoning as in the proof of Theorem 4.32 we conclude that the
residue at s = D of ((+,;T) is independent of T" and for s > D we have that

C TD—S N+D _ 1D—s - D
(5= D)l ) < S0 20 ) 22

Furthermore, by letting s — Dt we get

Cr
. < .
res(COO( 79)7D) — 10g¢
Finally, by taking the limit as T — +o00 we get
1 —b
res((oo(+,Q), D) < M (00,Q).

~ log ¢

For the inequality involving the lower ¢-shell Minkowski content at infinity, we define

f |Bt¢>t( ) N Q|

t>T tN+D

Kr =

and conclude from Mf (00, 2) > 0 that we have K7 > 0 for T' large enough. Furthermore,
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we take s > D and proceed in a similar manner as before:

¢n+1T

Coo(5, 1 T) = (s + N) Z/ t= N7 By, (0) N Q| dt
onT

gntiT
2 (0 )Y [ B0 et
¢

nT

(s+ N) Z / Nl Z |B¢kT7¢k+1T(0) N Q| dt.

T k=0
Similarly as before, from the definition of K1 we get:

oo n—1 ontiT

Coo(s Q; T) (S + N KTTN+D Z Z ¢k (N+D) / tfstfl dt
n=0 k=0 onT
(bn (N+D) (¢nT) _ (¢n+1T)_S_N

= (s+N)Ky TN+DZ ¢N+D Y

K TD s(1 _ s—NY
_ 0T ¢N—ED _Qi )Z(¢nN+D )¢n —s— N
n=0

Interchanging summation and subtraction above yields

KeTP=(1— ¢ ) [ & 1
Coo(syﬂ;T) > T ¢N£D _¢1 <Z ¢n(D s) _ 5 N>
| KqTP (=g Y) KT
(VP 1)1 gP)  (¢NP 1)

This implies that

KrTP~*(1— ¢ N) s—D  KgTP(s — D)
(5 = D)Coo(5,9) > — oND _ 1— oD T<¢N+D_1) ;

and by letting s — DT we have

K
e ) 2

Finally, we let T — +o00 to get

1
res(Coo( -, €2), D) > m/\_/tg(ooﬁ)-

Let us now treat the special case when D = —N. We take s € R such that s > D
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and, similarly as before, we have

o Llogy(t/7)]

(s D s+ N) [T ST B 0] de
T n=0

o [log (¢/7)]

< Cr(s+ N) / D S
n=0

T
—+00

— Cr(s+ N) / £V (log, (t/T)) + 1)t

T

N) [T
< M/ t* N logtdt
log ¢ T

_ O NiogT 4 slog T+ 1)
T 5+ N)logg ol TS '

From this, we conclude that

Cr
res(<oo( ) Q)a _N) < @7

and, by letting T" — 400 we get the desired inequality. For the other inequality we have

the following estimates:

. [log.,(¢/T) |1
(o(5,82) = (s + N) / NN By N Q] dt
T n=0
. [log.,(t/T) |1
> Kr(s+ N) / D D ek
T n=0
+oo
> Kp(s + N) /T £75N 1 (log, (¢/T) — 1) dt
K N 400 o0
> M/ t=5 N logtdt — Kr(s+ N)(1 +log¢T)/ t— Ny
log ¢ T T
Krl " NlogT + slog T+ 1) — Kp(1 + log, TYT~>
= (0] S 10, — (0] .
5+ N)loge' = 8 5 T B¢

Finally, as before, we first multiply both sides by (s + N), let s — —N* and then let
T — +o0.

It remains to prove the theorem in the case when D € (—oo, —N). The argumentation
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will be similar as before but we will assume that D < s < —N and use (4.9.18) to get
+oo
Coo(5,Q) S TN |pQ| — (s + N)/ t=5 N B(0)° N Q| dt
T

+oo 0
S _(8 + N) / tis*N?l Z |B¢nt7¢n+1t<0) ﬂ Q| dt
T

n=0
+oo OO

< —Cr(s+ N) / NN TR gn(NED) gy

T n=0

- 1— ¢N+D
o _CT(S + N) TP
T 1—¢NtD 5D’

Exactly as before, we multiply both sides by (s — D), let s — D% and, after that, let
T — +o00. To get the other inequality, and conclude the proof, we proceed in a similar

manner by using the lower ¢-shell Minkowski content of €2 at infinity. O]

Theorem 4.122. Let Q be a Lebesque measurable set and ¢ > 1 such that dim$ (oo, Q) =
D > —oo exists. Furthermore, let 0 < MPZ(00,Q) < oo and assume that (x(-,Q)

has a meromorphic continuation to a neighborhood of s = D. Then, in the case when

D € [N, 0] we have that

1 D 1 b
m/\% (00,9) < res(Coo(+,Q), D) < s ME(00,Q) (4.9.25)
and in the case when D € (—oo, —N) we have that
N+D
res(Ceo( -, €2), D) = _WMQ?(OO’Q)' (4.9.26)

Moreover, if Q is 1-shell Minkowski measurable at infinity for every ¥ € (1,¢), we
have that M (0.9)
. T () 0,
reS(COO( )Q)a D) - wlinllJr 10g¢ . (4927)

Proof. Everything is evident from Theorem 4.121 with additional assumptions on the
set  that are stated in the corollary. Note also that (4.9.23) implies that the limit
limy_,1+ MJ(00,0Q)/log 4 exists. It remains only to see that (4.9.27) holds even in the
case when D € (—oo,—N), but this is a simple consequence of L’Hospital’s rule and
Equation (4.9.26):

M (00,9) 1T =Nt res(Co(+,9), D)

lim
wg{l+ log 9 wgﬂ —(N + D) log 1

—(N + D)yN+DP-1
= res((oo( -, ), D) JE{& (—(]jf—%- )Jgp)?ﬂl

=res(((-,), D).
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]

We can also express Theorems 4.121 and 4.122 in terms of the shell zeta function at

infinity by means of Theorem 4.119 and the functional equation (4.9.19).

Theorem 4.123. Let 2 be a Lebesgue measurable set and ¢ > 1 such that dim%(oo, Q) =
. —D .

D > —oo ezists. Furthermore, let 0 < M2 (00,Q) < M, (00,Q) < co. If ((+,Q)

has a meromorphic continuation to a neighborhood of s = D, then D is a simple pole.

Furthermore in the case when D € [—N, 0] we have that

N+ D D ¢ N+D_»p
mM¢ (00,92) < —res(Co(+,€2), D) < log & M, (00, €2) (4.9.28)
and in the case when D € (—oo,—N) we have that
1 D ¢ 1 —D
w/\_/% (00,€2) < res(Coo( -, €2), D) < m/\@s (00, €2). (4.9.29)

Proof. The conclusion of the theorem follows directly from Theorem 4.121 and the func-

tional equation 4.9.19 since we then have that
res(Coo (-, ), D) = —(N + D) res(Coo( -, Q). D).

]

Theorem 4.124. Let () be a Lebesgue measurable set and ¢ > 1 such that dim%(oo7 Q) =
D > —oc exists. Furthermore, let 0 < MJ(00,Q) < oo and assume that (oo, Q)

has a meromorphic continuation to a neighborhood of s = D. Then, in the case when
D € [N, 0] we have that

N+ D N+D

M5 (00,Q) < —res((u(+,Q), D) < D (50,0 4.9.
¢N+D lOg¢M¢ (OO; ) > reS(goo( ) )a ) > 10g¢ M¢ (OO, ) ( 9 30)
and in the case when D € (—oo,—N) we have that
3 1
res(Co (-, Q), D) = me(oo,Q). (4.9.31)

Moreover, if Q is 1-shell Minkowski measurable at infinity for every v € (1,¢), we

have that P 0
T ACIUN (4.9.32)

res(Gool( -, 80, D) = = i e o

Recall the two parameter set Q% from Definition 4.59 where we had a € (0,1/2) and

b € (1+log, /, 2, +00). Furthermore, if we now allow b € (log; , 2, 1 +log; ,, 2] the set Ot

will be of infinite Lebesgue measure (see Remark 4.60) but it will be contained in a strip
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{0 <y < S} of finite width S = 1:“—;1[, By going through the proof of Proposition 4.61
one can see that the condition on Q" being of finite Lebesgue measure is not needed

and thus we have the following result.

Proposition 4.125. Let Qé’é’b) be the two parameter set from Definition 4.59 of infinite
Lebesgue measure; that is, with a € (0,1/2) and b € (log;;, 2,1 + log; , 2]. Then, its

distance zeta function at infinity calculated via the | - |-norm on R? is given by

1 1
@b). |, _) = .
Coo(5: 0575 | |w) = -2y oy — g (4.9.33)

It is meromorphic on C where the set of complex dimensions of QY at infinity visible
through W := {Res > log, , —b — 3} is given by*

{(—=(b+1)}U (logl/a 2—(b+1)+ b;ﬁﬁz) . (4.9.34)

Furthermore, we also have that for any ¢ > 1,

dim (00, Q%) = log, ,, 2 — (b+ 1). (4.9.35)
Proof. We have already commented the first part of the proposition. Furthermore, by
analyzing Definition 4.54 and Theorem 4.55 one can see that there is no need to assume
there that the set € has finite Lebesgue measure and thus we conclude that (4.9.34) holds
in the same way as in Proposition 4.61. Finally, (4.9.35) follows from the fact that the
upper ¢-shell box dimension does not depend on the choice of ¢ (see Proposition 4.94)
and from Theorem 4.117(b). O

33We define the complex dimensions of sets at infinity with infinite Lebesgue measure in a completely
the same way as for sets of finite Lebesgue measure.






Chapter 5

Fractal Properties of Hopf Bifurcation
at Infinity

5.1 Introduction

One of the applications of fractal geometry can be seen in dynamics where the com-
plexity of invariant sets and measures can be analyzed by using fractal dimensions. An
illustrative example of this can be seen in [PiaHaPo| where the Hausdorff dimension of a
particular case of the Hénon attractor is estimated and compared to its box dimension.
It is clear that in many cases, the dynamics appearing in various problems in physics,
engineering, chemistry, medicine, etc. can be better understood by using tools of fractal
geometry.

For instance, the box dimension was used in [ZuZupl] to analyze spiral trajectories
of some planar vector fields. Among else, the Hopf bifurcation was studied, which is a
well-known bifurcation of 1-parameter families of vector fields. More precisely, the Hopf
bifurcation gives birth to a limit cycle, that is, an isolated periodic orbit, from a singular
point when the parameter passes through some critical value. Its generalization is the
Hopf-Takens bifurcation in which multiple limit cycles are born from a singular point.
In particular, it was shown that the box dimension of spiral trajectories can detect the
moment at which the bifurcation occurs. Namely, it becomes nontrivial, that is, greater
than 1 near singular points or nonhyperbolic (multiple) limit cycles, precisely at the
moment at which the corresponding dynamical system undergoes the bifurcation. Even
more interesting is the fact that the box dimension of these spiral trajectories can only take
values in a discrete set and, moreover, it depends on the multiplicity of the corresponding
singular point or limit cycle. This property could be useful in finding the multiplicity
of limit cycles and singular points which relates it to the famous 16'" Hilbert problem
of finding an upper uniform bound for the number of limit cycles in dependence on the

degree of the polynomial vector field.

199
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Generalization of these results to spiral trajectories of some vector fields in R? can be
found in [ZuZupQ]. Further studies using the asymptotic behavior of the analytic Poincaré
map associated to the spiral trajectories near singular points and periodic orbits can be
seen in [ZuZup3|.

The multiplicity of the Poincaré map is related to the notion of cyclicity, that is the
number of limit cycles that can be born after a small perturbation of the system. Fur-
thermore, the Poincaré map of a planar vector field generates a 1-dimensional discrete dy-
namical system. In [EleZuZup] it was shown that the box dimension of the 1-dimensional
trajectory is related to this discrete dynamical system. There the box dimension of the
corresponding orbit is studied for the classical saddle-node and period doubling bifur-
cations. Using these results, classical theorems about these bifurcations were extended.
Further extensions to 2-dimensional discrete dynamical systems and applications to con-
tinuous dynamical systems were obtained in [Horl].

It is known that limit cycles can also be generated from a polycycle, which is an ordered
collection of singular points (vertices) and bi-asymptotic trajectories (edges) connecting
them in a specified order. Remark that an isolated singular point is a special case of a
polycycle. The next simplest case is a saddle-loop, that is a polycycle with only one vertex
and one edge. The Poincaré map near a saddle loop, although it is not analytic, shows
its cyclicity (see [Rou|, [ZhaWa]). In [MaResZup| this was investigated from the point of
view of fractal geometry. The classical box dimension was not fine enough to distinguish
between all the cases which could appear, so a generalization called the critical Minkowski
order has been introduced.

As limit cycles can also be born from a point or a polycycle at infinity, it makes sense
to generalize the previous results to this case. It is also interesting to study the problem
of Hopf-Takens bifurcation of polynomial vector fields at infinity from the fractal point of
view. Related problems have been studied in [CaLliTo|, [BloRou| and |Gin].

In this chapter we deal with vector fields possessing spiral trajectories tending to
infinity. The provided visualizations clearly show that in the case of a weak focus at
infinity such trajectories exhibit an almost “planar” nature. We measure this phenomenon
using the box dimension of trajectories. Since the trajectories tending to infinity are
unbounded, we have adapted the definition of box dimension to this case, since the usual
box dimension is defined for bounded sets only. We do this using the geometric inversion,

see Definition 5.7 below.
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5.2 The Geometric Inversion and Fractal Properties of
Sets at Infinity

Up to now we were concerned with relative fractal drums of the type (oo, 2) where
is an unbounded Lebesgue measurable subset of RY. In this section we will be concerned
with a different situation. Namely, if A is an unbounded subset of RY we cannot define
its upper and lower box dimensions in a direct way since |As| = oo for every 6 > 0. It
can be done for relative fractal drums (A4, Q) if there exists § > 0 such that |A; N 2| < 0o
but in the general case we can use the geometric inversion ® and analyze the image of
A (or (A,Q)) under it (under the hypothesis that 0 ¢ A). This approach has been done
in [RaZuZup] where unbounded trajectories of polynomial dynamical systems in R? have
been studied and it is presented in this chapter. In the present section we will refine
and generalize some of the results from [RaZuZup] concerning the geometric inversion of

unbounded sets and its effect on their fractal properties.

Remark 5.1. Lemma 4.20 is, of course, in accord with the fact that the composition
Uo®o U™ is an isometry of the Riemann sphere SV which, in turn, preserves the
spherical volume of subsets of SV. Indeed, for A C SV and using y = ®!(x) as a change

of variables in RY we have:

AS:/ —de/ . A—— Y
e = ) TP ™ Jagnn A Y

N
_ LW(A) (HQ'W dy = U o ® oW (A)s.

From the next results, we will see that analyzing the fractal properties of an unbounded
set via the geometric inversion essentially corresponds to analyzing the fractal properties
of its image on the Riemann sphere via the stereographic projection. This will be a
consequence of the fact that the stereographic projection restricted to a ball of radius
R < 1 around the origin is a bi-Lipschitz mapping. The first step is to derive a formula

which expresses the spherical distance of two points in terms of their Euclidean distance.

Lemma 5.2. Let z,y € RY, then we have:

d(z,y) .
V14321 + Jy?

Proof. On S¥ there is another metric that is equivalent to ds, namely, the chordal metric

ds(¥(x),¥(y)) = 2arcsin (5.2.1)

which measures the distance between two points of SV as the Euclidean distance between
these two points in RV*!. In other words, the chordal distance between two points of SV

is equal to the length of the chord having them as endpoints. Furthermore, denoting the
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chordal metric on SV with p, we have for z,y € RV that

_ 2d(z, y)
VIF PV

Let us prove the above equation for completeness. Since the stereographic projection is

p(¥ (), ¥(y)) (5.2.2)

realized in RV*+! as projecting from the equatorial hyper-plane to the unit sphere it is clear
that if we identify z € RY with (z,0) € R¥*! we have that p(¥(z), U(y)) = |¥(z)—¥(y)|
and d(x,y) = | — y| where | - | is the Euclidean norm in R¥*1. Let us denote the origin
with 0 and the orthogonal projection of W (z) to the yy,i-axis with U(z)y,q. Firstly, for
z € RY from the similarity of triangles ANOz and ANWY(z)x, ;¥ (x) we have that

IN—zf  [N-W(z)] [N—U(z)

1 L= W@l 11—

and, since [N — x| = /1 + |z|?, we have that

_2IN—z| 2

N -U(z)| = =
B R T e

which implies that
IN — U(2)||N —z| =2.

Secondly, from this we have for z,y € RY that [N — ¥(z)||N — z| = |N — ¥(y)||N — y|
which implies that the triangles ANzy and ANWY(y)¥(z) are similar and that infers

2|z —y|

T TPV

Finally, ds(W(x),¥(y)) is the length of the unit circle arc having chord length equal to
W(z) = Uyl ie.,

W(z) = U(y)|

[W(z) = ¥(y)|
2

which completes the proof of the lemma. m

ds(V(z),¥(y)) = 2arcsin

We will now use the result of Lemma 5.2 in order to show that the stereographic
projection ¥ is a bi-Lipschitz mapping on every ball of radius R < 1 centered at the
origin.

Lemma 5.3. Fiz R € (0,1). Then the stereographic projection V: (Bg(0),d) — (SV,ds)

is a bi-Lipschitz mapping. More precisely, for x,y € Br(0) we have:

2 2

md(%y) < ds(V(z), ¥(y)) < ﬁd(x,y). (5.2.3)
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Proof. We have that arcsint > ¢ for t € (0, 1) which together with (5.2.1) for 2,y € Bg(0)

yields
d(z,y) S 2d(z,y)
VI[P~ 1+ R

On the other hand, for 0 <t < R < 1 we have that arcsint < t/v/1 — R? which leads to

ds(V(x),¥(y)) = 2arcsin

d(x,y)
V12214 [yl
< 2d(z,y) o 2d(z,y)
T VIR 2P /1 4 [y T V- R?

ds(V(z), ¥(y)) = 2arcsin

and this completes the proof of the lemma.! O

If A C RYNBg(0) for some R < 1, the above result gives a way to make the following

bounds on the volumes of the corresponding d-neighborhood of the set A and of its image
U(A).

Lemma 5.4. Let A be a subset of RN such that A C Bg(0) for some R < 1. Then for
every 0 > 0, such that As C Bgr(0) we have that

O+ B 4y sl (5.2.4)

1
— < <
SIP(A) 2 els < 45| < =05 o

1+ R2

Proof. Using the equivalence of the metrics d and dy from Lemma 5.3 we have that

‘I’(A) 255 C \II(A(;) C ‘I’(A) 2__5S

1+R2 7 1_R2

and this infers

\‘I’(A) 25,

1+R27

2N
< | — __qr<|u4 .
S_/As (1 + [z 7 < WA) Zasls

Finally, using the fact that

N al v
— A < —  dx < 2%|A
T+ )~ 5’—/,45 T+ gy =214

we conclude the proof. O

We can now easily derive the main theorem of this section which gives the relations
between the upper and lower Minkowski contents of sets A C RY such that A C B;(0)

IThe fact that z,y € Br(0) ensures that the argument of the arcsin function in the above expression
is less than 1. This follows from the fact that this expression represents half of the length of the chord
that connects W(x) and ¥(y). As both of these points are contained in the southern hemisphere of S¥
the length of the chord connecting them is at most 2.
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and the upper and lower spherical Minkowski contents of their images on the Riemann
sphere SV.

Theorem 5.5. Let A C RN N Bg(0) for some R <1 and r € R. Then we have

o (4 Rr)Y
(/1 - R2)N-r

Mg (T(A)) (5.2.5)

and

1 (1+ RN .
< m)mﬂs@@‘m- (5.2.6)

In particular, we have dimg(V(A)) = dimpA and dimg(V(A)) = dimgA. Moreover if
D := dimgA = dimg(W(A)) exists, then A is Minkowski nondegenerate if and only if
W(A) is spherically Minkowski nondegenerate.

Proof. This is a simple consequence of the previous lemma. Namely, for » € R we have

ilﬁf(A) 2 ssls _ 1Al (1+R2)N‘@(A)ﬁ55}8

1+R2
2N 5N—7" - (SN—T - 2N 6N—r
and taking the upper and lower limit as § — 0% completes the proof. O

We point out that the above theorem can also be derived from Lemma 5.3 and a more
general theorem concerning the Minkowski content and bi-Lipschitz mappings that can
be found in [ZuZupQ, Theorem 1].

Suppose now that A C RY is an unbounded set such that A C (B;(0))°. Then ¥(A)
is a subset of the northern hemisphere of S™. On the other hand, CI@ is a subset of the
unit ball in RY and is bi-Lipschitz equivalent to its image under ¥; that is, to ¥ o ®(A)
Furthermore, this set is an isometric image of W(A) under the reflection over the equatorial
hyperplane. Having all of this in mind, Theorem 5.5 shows that ®(A) and W(A) have
very closely related fractal properties. In particular, their corresponding upper and lower
box dimensions coincide and the property of Minkowski nondegeneracy is preserved.

In light of the discussion above it makes sense to define the upper and lower box
dimensions of unbounded sets as the usual upper and lower box dimensions of their

images under the geometric inversion.

Remark 5.6. The condition that A C (B;(0))¢ is actually only technical and can be
relaxed into assuming only that 0 ¢ A in the following sense. Namely, if this is the case,
we then have that there exists A > 0 such that the scaled set A\A satisfies NA C (Bl—(()))C
and we can apply the above reasoning to this set. Since the fractal properties of A behave

in a good way under scaling we can analyze the scaled set AA and from that conclude
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about the fractal properties of A. More precisely the box dimensions of ®(A) are preserved

by scaling and the corresponding Minkowski contents are scaled by a factor of A=7.
Hence, in light of the above remark, we can introduce the following definition.

Definition 5.7. Let A be an unbounded set in R, which is away from the origin, that
is, d(A,{0}) = inf{|a| : @ € A} > 0. Then clearly ®(A) is bounded, and we define the

upper box dimension of A by
TmpA = dimp®(A).

Analogously we define the lower box dimension. If both the upper and the lower box
dimensions of A coincide, we call it just the box dimension of A, and denote it by dimpg A.
First of all, let us show that this definition of the box dimension of an unbounded set

A does not depend on the choice of the origin.

Proposition 5.8. Assume that A is a given subset of RV, and 0 ¢ A. Assume that
also w ¢ A. Let ® be the geometric inversion with respect to the origin, and = the
geometric reflection with respect to the point w € RY, that is, =(x) = ﬁ Then

f=Z20®:®(A) — Z(A) is a bi-Lipschitz mapping. In particular, see [Fall], we have

dimp®(A) = dimpZ(A), and similarly for the lower box dimension.

Proof. Let us first show that f is Lipschitzian. Denoting the Jacobian matrix f'(x) := %

oz’
it suffices to show that

sup ||f'(x)]| < oo. (5.2.7)
zeP(A)
The matrix norm || - || can be taken as any operator norm, for instance, the co-norm.

First, by Lemma 4.20; that is, by Equation (4.2.8), we have that

Y

where I is the identity matrix and z is understood as a column vector.? Now, denoting

a = ®(x) we have:

f@) =V (0(x)) - ()
_Ja—wPl—2(a—w)®(a—w) ]a\_2f—2#®#

la —wl* |a|~
P (e amw ([, ,aa)
la —w|? la —w| ~ |a —w) la| " |al

Therefore, since ||v ® v||oc < V/N for any unit vector v, we have that || f'(x)|| < c

la—w|2’

2As before, z @z ==z 2"
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la
la

where C' is a positive constant and a = ®(z). Since w ¢ A and 5‘2 — 1 as a — oo, the

expression |a|fz|2 is bounded by a constant independent of a. This proves (5.2.7).
On the other hand, f™! = (P o ®)"' =P 1o ¥~ = P o V¥, and we can show in the

similar way that f~!is Lipschitzian. Hence, f is bi-Lipschitzian. O]

We can also define the upper and lower r-dimensional Minkowski contents of A as the
corresponding upper and lower Minkowski contents of ®(A) for r € R. We say that A is
Minkowski nondegenerate (Minkowski measurable) if ®(A) is nondegenerate (Minkowski

measurable).

Remark 5.9. If we wish, we can easily get rid of the condition 0 ¢ A. Indeed, if A is
any set in RY, we can proceed as follows. Define A; = AN B;(0) and Ay = A\ A, and
define

dimpA = max{dimgA;, dimp®(A,)}.

It is easy to see that the upper box dimension so defined for unbounded sets satisfies
the property of monotonicity (indeed, if A C B then ®(A) C ®(B), hence dimp A =
dimp ®(A) < dimp ®(B) = dimp B), and the property of finite stability. See [Fall].

Figure 5.1: The unbounded spiral f(¢) = @4 projected to the Riemann sphere.

Another basic property, as expected, is that the box dimension is preserved for un-

bounded sets with positive distance from the origin that are bi-Lipschitz equivalent.

Theorem 5.10. Let Vi, be two neighborhoods of oo in RN such that 0 ¢ V and 0 ¢ V.
Let f : Vi — Vy be a bi-Lipschitz map, where 0 ¢ Vi and 0 ¢ V. If A C Vi is unbounded,
then dimgA = dimpf(A), and analogously, dimpyA = dim f(A).
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Theorem 5.10 follows immediately from the following proposition, the proof of which

we postpone.

Proposition 5.11. Let Vi be two neighborhoods of oo in RN such that 0 ¢ Vi and
0 ¢ Vy. The mapping f : Vi — Va is bi-Lipschitzian if and only if the mapping g :
O(Vy) — ©(Va) defined by

g(x) = (Po fod)(x) (5.2.8)

18 bi-Lipschitzian.

Proof of Theorem 5.10. We have that ®(A) C ®(V), and using Proposition 5.11 we ob-
tain that ®(A) is a bi-Lipschitz equivalent to g(®(A)), with g defined by (5.2.8). Hence,

dimpA = dimp®(A) = dimpg(B(A))
— dimp(® o f 0 2)(A)
— dmp®(f(A)) = dimpf(A).

The last equality follows from the bi-Lipschitz invariance of the upper box dimension for

bounded sets. Analogously, we get the equality of the lower box dimensions. m
To prove Proposition 5.11, we start with the following two lemmas.
Lemma 5.12. For any a,b € RY \ {0} we have

[0(a) ~ a(0) = T,

where | - | is the Euclidean norm.

Proof. Multiplying (5.2.9) by |a|[b|] we see that the claim is equivalent with |aglb| —
bola| | = |a—b|, where ag = a/|a| and by = b/|b| are unit vectors. Furthermore, taking the
scalar product in RY, denoted by (-|-), we have | aglb| — bo|al ‘2 = (aolb| — bolal | aolb| —
bolal) = |al* + |b]* — 2ab = (a — b]a — b) = |a — b|?, and the claim follows. O

Lemma 5.13. Let f : Vi — V, be a bi-Lipschitz map, where 0 ¢ V| and 0 ¢ V. Then

there exist two positive constants Cy and Cy such that for all a € V7,

o V@l _
a

Proof. To prove the upper bound in (5.2.9), let us fix any b € V. For any a € V; we have
F(@)] = )] < [f(a) — F(B)] < Cla—b] < C(ja| + b, and therefore

/(@) o 170 o i
] SCQ+H>+W$§CO+ﬂmm)+mu@‘@’ (5:29)
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where d(0, V1) is the distance from V; to the origin.
To prove the lower bound in (5.2.9), let D be the closed shell centered at the origin,
of inner radius d(0,V;) and the outer radius |b| + 1, where b € V] is fixed again. Let

A=ViND. Then
F@)] _ infucalf(a)] _ d(0. V)

- -0 5.2.10
aed Ja] = |+l = |p[+1 (5.2.10)
Now take any a € V; \ A. Using |a| > [b] + 1 we have:
et I ] el L ) R . B S
la] = g la| — bl +1 || +1
Also,
£ (a)| |f(a)| L 1
> = > > 0.
_ = |f(a)] — L£(B)]
[f(a) = FO T @+ IO 1+ Fah — 1+ 3525
Therefore,

f)] _ 1fla)  [fla) = fO) |a—Db]

lal  [fl@) = ) Ja—1b| lal
is bounded below by a positive constant. This together with (5.2.10) proves the lower
bound in (5.2.9). O

(5.2.11)

Now we proceed to the proof of the proposition.

Proof of Proposition 5.11. Assume that f is bi-Lipschitzian, i.e. |f(a) — f(b)| < |a — b|
for all a,b € Vi. Let = ®(a) and y = ®(b) be any two elements from ®(V;). Using

Lemma 5.12 we have

V@@D—f@@»bﬂﬂ@—®@ﬂ—%ﬁﬁL%x—MW@M@@M

Therefore,

/(@) — F(@(Y))| | @ ()| [ (y)]
[F(@(2))[ [f(2(y))] [F( @) (@)

Applying Lemma 5.12 on the left-hand side, and Lemma 5.13 on the right-hand side, we

= |z

obtain
[2(f(2(x))) — (f(@(¥)] = |z —yl,

Le. |g(x) = g(y)| < |z —y| for all z,y € ©(V1).

The proof of the converse implication is similar, and therefore we omit it. m

Example 5.14. If T is a smooth curve (typically, an unbounded spiral) in R converging
to infinity, which does not pass through the origin. Assume that D = dimpgI is well
defined. Then its D-dimensional Minkowski content is defined as MP(T") = MP(®(T"))
provided the right-hand side exists. Note that the right-hand side is well defined, since

the set ®(I') is bounded. Furthermore, if we remove from I' a portion of finite length,
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then the remaining part ', has the same D-dimensional Minkowski content as I'. This is

due to the excision lemma, see [Zu4, Lemma 5.6].

Example 5.15. Let a be a given positive real number, and A = {k* : k € N}. It is
well-known that the box dimension of ®(A) = {k~* : k € N} is equal to 1/(1 + «), see

e.g. |[Lap—vFr3]. Therefore, X

1+a

dimB A=

The above example is a special case of the following result dealing with monotone
strings £ = (I;) of infinite length, i.e. sequences of positive real numbers such that
> ;=1lj = oo and (l;) is nonincreasing. We do not require that I; — 0 as j — ooc.
This string is associated with an unbounded sequence of real numbers A = (a;) defined
by ap = Z?Zl l;. Conversely, it is clear that a nondecreasing, unbounded sequence of
real numbers A = (ay,) defines the string £ = (I;);, where [; = aj41 — a;, and the string
L = (l;) is monotone if we require that [; is nonincreasing. Note that here the set

®(A) = {a, ' : k € N} is bounded, so that the classical box dimension makes sense. If we

denote
e =a;' —agly, L= () (5.2.12)
then N
dimp®(A) = dimpL' := inf {y >0: Z,uj < oo} : (5.2.13)
=1

See [Lap—vFr3|, where the right-hand side of (5.2.13) is taken as the definition of the
upper box dimension of a general bounded, monotone string £’ = (), denoted by D in
this reference. Note that since Z;}il p1j < oo, then dimp®(A) < 1. The following simple
lemma provides a sufficient condition for a string associated with the geometric inverse of

an unbounded set to be monotone.

Lemma 5.16. Let A = (a) be an unbounded, monotonically nondecreasing sequence of
positive numbers. The string L' = (ux), defined by (5.2.12), is monotone if and only if

for each k > 1,
Ag+1 | Qg+l

4 I S g (5.2.14)
Ak k42
Furthermore,
dimpA = dimpL’.
Proof. 1t is easy to check that ugi1 < py is equivalent with (5.2.14). O

Example 5.17. For a;, = k“, where « is a fixed positive number, the condition (5.2.14)

is fulfilled, since

bist | b
S = (LR (L (R D)) > (L AT (L k) > 2,
b bryo
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where the last inequality follows from the elementary inequality ¢t +¢~! > 2 for ¢t > 1.
Therefore the conclusion of Example 5.15 is a special case of Lemma 5.16, since for a-
strings £/ = (k™% — (k + 1)7%)4>1 we have dimpL’ = 1/(1 + ), see [Lap-vFr3].

5.3 Inverted Relative Fractal Drums

By using the geometric inversion and its connection with the one-point compactifica-
tion presented in the previous section one can also consider relative fractal drums (A4, 2)
that are unbounded, even if there does not exist a 6 > 0 such that |As N 2| < co. In that
case we can work with the inverted relative fractal drum (®(A), ®(2)) which is, in light of
the above theorem, related to analyzing the ‘compactified’ (A, 2); that is, its image under
the stereographic projection. It is clear that the analog of Theorem 5.5, is also valid for

relative fractal drums and we state it here for the sake of completeness.

Theorem 5.18. Let (A, Q) be a relative fractal drum in RN such that A C Bg(0) for
some R <1 and r € R. Then we have

Ms(V(A), ¥()) 1+R)N

2r(1+ R2)N-7 < M'(A,Q) < 2T(\/1_7R2)N7TMS(\II(A)’\I}(Q)) (5.3.1)
and
M) 2 M (A, Q) < A+ RH” ME(W(A), T(Q)). (5.3.2)

Qr(m)N—r =S

In particular, we have dimg(V(A), ¥(Q)) = dimp(A,Q) and dims(¥(A),¥(Q)) =
dimp(A, Q). Moreover if D := dimp(A, Q) = dimg(V(A), ¥(QQ)) exists, then (A,Q) is
Minkowski nondegenerate if and only if (V(A), W(Q)) is spherically Minkowski nondegen-

erate.

Now, if we additionally assume that the unbounded relative fractal drum (A, ) is such
that A C (B1(0))¢, we have that the inverted RED (®(A), ®(Q)) satisfies the conditions
of Theorem 5.18. In light of Remark 5.6 this condition can also be relaxed if needed.

Furthermore, it is natural to ask what happens in the case of RFDs (A, Q) for which
exists a 6 > 0 such that |45 N | < co. More precisely, what are the relations between the
upper and lower relative box dimensions of (A,2) and that of (®(A), ®(2)). Although
one would expect that we have an equality at least for the upper relative box dimension,
we have not yet been able to prove this and leave it for future work. The same question
could be asked for the relations between the upper and lower Minkowski contents of (A, §2)
and that of (®(A), P(Q2)), as well as for their corresponding relative distance (and tube)

zeta functions (see Problem A.12).
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In the special case of relative fractal drums (oo, €2), where Q is a Lebesgue measurable
subset of RY we already know that the distance zeta functions of (A, Q) and the inverted
fractal drum (0, ®(€2)) are essentially the same (see Theorem 4.21) which automatically
implies that their respective complex dimensions also coincide. Furthermore, we have a

connection between their corresponding Minkowski contents given in Theorem 4.34.

Theorem 5.19. Let Q be a Lebesque measurable subset of RY with finite Lebesque mea-

sure. Then the following relations are valid for every ¢ > 1 andr < —N :

%Mr(oo,ﬂ) < M7(0,9()) < M (00,Q) (5.3.3)

and

MT(0,3(Q)) < M7 (0, Q). (5.3.4)

Furthermore, if r < —N, then for

IN \ ¥
¢:(N—r>

we get the optimal left hand side inequality in (4.7.10):

N+r

A (55) T M < M0.0@) (5:35)

Proof. The theorem is a consequence of Theorems 4.84 and 5.18 combined with the fact
that U=! o ® o ¥ is an isometry of SV. More precisely, let S be the south pole of the
Riemann sphere S”. Then the relative fractal drums (N, ¥(Q)) and (S, ¥ o ®(2)) are
isometric images of each other. Let 0 < R < 1 and combine the right-hand side of (5.3.1)
(Theorem 5.18) with the right-hand side of (4.7.10) (Theorem 4.84) to get that

P 0.0(0) < NN HO) < 2F (0.0). (530

Since this is true for every R € (0,1), by letting R — 07 we get the right-hand side
of (5.3.3). The same argument, applied to the lower contents yields (5.3.4). Similarly, to
get the left-hand side of (5.3.3) we combine the left-hand side of (5.3.1) from Theorem 5.18
and the left hand side of (4.7.10) from Theorem 4.84 to get

T(%ﬁmqﬂ%@, Q) < Mg(N,¥(Q)) < 2"(1+ RN M (0, d()). (5.3.7)

Again, we let R — 07 to get the left-hand side of (5.3.3). Finally, the claim about the
optimal choice of ¢ is a direct consequence of the analogous claim in Theorem 4.84.
m



212 5. FRACTAL PROPERTIES OF HOPF BIFURCATION AT INFINITY

5.4 The Poincaré Compactification

In the theory of dynamical systems the Poincaré compactification is usually more
useful than the one-point compactification so that in the fractal analysis approach to the
problems in dynamics it is a valid question what can be said about the relation of fractal
properties of sets and their projections to the Poincaré sphere. Note that in case of the
Poincaré compactification we no longer have a point at infinity, but rather an ‘(N — 1)-
dimensional sphere at infinity’. In the special case of S% this is equal to the equator of
the unit sphere in R?, i.e., the unit circle that lies in the zy-plane.

Let S¥ be the Poincaré sphere in RV*! of radius 1, i.e.

N+1
SE={(,-- - une1) = >yl =1} (5.4.1)
=1

We shall project onto S¥ from the hyperplane placed tangentially at the north pole N.
More precisely, let Up: RY x {1} = RY — S¥ be the Poincaré projection.

The following discussion concerning a focus type spiral will show that the fractal
properties of a set are not preserved under the Poincaré compactification. We will show
how the box dimension of a focus type spiral is affected by a composition of geometric

inversion and projection onto the Poincaré sphere. (See Problem A.13.)

Proposition 5.20. Let I'; ... r = f(¢) be a spiral of focus type given in polar coordinates
in R? such that

fle) = If'@l=e " (@) <Me®

as ¢ — 00, for some positive constants « and M. Let I'y := Wp o &(I'y) be a spiral in
S%.3 Then
24+«

) 4.2
1+« (5 )

dimB Fg =

Proof. In cylindrical coordinates in R? the above described map of the spiral I'; is given

by
1 f(»)
(f(@), ) = ( TR 1+f(go)2>'

We will use [ZuZup2, Theorem 5(b)]. In our case we have r = 1 — F(y), where

1

Vi+ (@)
and Z = V1 —12=g(|1 —r|), for g(t) = V2t — t%

3In other words, firstly we geometrically invert I'1, and then project it onto S%.

Flp) =1~
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Now we have to check the conditions from [ZuZup2, Theorem 5(b)]:

1 1
t ~ t1/2\/§, / t ~ _t71/27 " t ~ — t73/2
ot 70~ 7 )~ =

We can see that g meets the conditions for 5 = 1/2. Now we check the conditions on F":
1 — 4k
F(p) ~ 5f(9)" = 7%

f(@)lf ()] a1,

P = LALL < o
|F//<g0)| < W (|fl|2_|_f|fl/| +f3|f”| +2f2|f/|2) < C(p72a

for ¢ sufficiently large. So we can see that F' meets the conditions of the [ZuZupQ, Theorem

5(b)] for ap = 2a and = 1/2 and we have the conclusion

2+ @mf 2+«
1+afB 14+a

dimB FQ =

]

Remark 5.21. For a > 1 the box dimension of the spiral I'; is one. This shows that by
projecting a spiral of trivial box dimension to the Poincaré sphere we can get a spiral of

nontrivial box dimension.

Figure 5.2: The unbounded spiral f(¢) = ¢/* projected to the Poincaré sphere of radius 1.

Remark 5.22. As the Poincaré sphere is usually represented by projecting it orthogonally

on the zry-plane, this will further affect the box dimension of a spiral defined in Proposition
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5.20. After projecting it, we will have a limit cycle type spiral I's...r =1 — F () in the

plane and its box dimension will be reduced to

2+ 2«
14 2a°

dimB Fg =

For a focus type spiral I'; of nontrivial box dimension i.e. for @ € (0,1) we have the

next relations between box dimensions:

1
dimB FQ =1+ 5 dlmB Fl;

2
dimply= — —
B = S imp Iy

4
di I's=—ouou—.
B s 4—d1mBF1

It remains to see if any general results can be obtained concerning the effect of the

Poincaré projection on fractal properties of unbounded sets.

5.5 The Inverted Polynomial Vector Field

We start with a polynomial system
&= P(x) (5.5.1)

defined on RY. Applying the change of variables u = ®(z) = z/|z|?, after a short

computation, we arrive at the following system:

i = |u)?P(u) — 2u(u - P(u)), (5.5.2)

P(u) =P (ﬁ) .

Since the geometric inversion is clearly involutive, we have that z = u/|u|?. Although the

defined on RY \ {0}, where

right-hand side of (5.5.2) is not necessarily a polynomial field in dependence of uy, . .., u,,
where u = (uy,...,u,), we can easily transform it into one in a way that preserves its
phase portrait. Namely, observe that the largest exponent of |u|~2 appearing within the

component functions of ]S(u) is equal to k = deg P := max; deg P;. Hence, we have that
i = |uf?* (|u|2ﬁ(u) — 2u(u - ﬁ(u))> , (5.5.3)

is a polynomial vector field.
If we denote the phase portrait of (5.5.1) by P = {I'; : i € I} (the family of trajectories
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I';), it will be convenient to define ®(P) by
O(P)={®(Iy) : i e I} (5.5.4)

It is clear that ®(P) is the phase portrait of (5.5.2) on RV\{0}. All this can be summarized

in the following lemma.

Figure 5.3: The bounded spiral 7 = ¢~/4 (left) and the unbounded spiral r = ¢'/* (right) both
have the same box dimension equal to 8/5. The nucleus of the bounded spiral is at the origin
whereas the nucleus of the unbounded spiral is at infinity.

Lemma 5.23. Let P be a given polynomial vector field in RY, and let P be the phase
portrait of (5.5.1). Then there exists an explicit polynomial vector field in RY, given by
(5.5.3), such that its phase portrait is equal to ®(P).

In particular, if {C; : i € I} is the collection of all limit cycles of a polynomial vector
field, then there exists a polynomial vector field in RY such that {®(C;) : i € I} is the

collection of all limit cycles of the new vector field.

As we can see, if C' is a limit cycle of a polynomial system, then its geometric inverse
®(C) is also a limit cycle of a polynomial system. The following definition is also inspired
by Lemma 5.23.

Definition 5.24. We say that the point at infinity is a weak focus of a dynamical system

in RY if the origin is a weak focus of the system obtained by its geometric inversion.
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Example 5.25. Let I" be a spiral defined in polar coordinates by r = ¢=¢, where ¢ >
o > 0, and « is a given positive constant. Then ®(I") is an unbounded spiral defined by
r = ¢, where p > g > 0. We have

2
dimp ¢(I') = max ¢ 1
pol0) = max {1, =},
see |Tri, p. 121]. Note that the nucleus of the spiral I" is concentrated near the origin, so
that the nucleus of ®(T") is concentrated at infinity. For a strict definition of the nucleus
see |Tri]. Intuitively, it is the part where the e-neighborhood of the spiral selfintersects,

see Figure 5.3.
Example 5.26. Let a and § be two given positive constants. Let A be defined as the

union of two spirals I'; and I'y, defined in polar coordinates as follows: I'y...r = =@
when ¢ > 1 (bounded spiral tending to the origin), while I's...7 = ¢” when ¢ > 1

(unbounded spiral, away from the origin). It is easy to see, using finite stability of the

2
di A= 1 .
e ““X{ ’1+Hﬁnﬁnﬂ}}

Starting from @ = P(z), see (5.5.1), using geometric inversion we arrive at @ = P*(u)

box dimension, that

where

P*(u) = |u?P(u) — 2u(u - P(u)). (5.5.5)

It is clear that P** = P for each vector field P, since the geometric inversion with respect

to the origin is involutive. It is easy to see that
T CHRY A\ {0} RY) = CHRY\ {0}, RY)

is a linear operator with real coefficients: for any A, € R and F,G € CY(RY \ {0}, RY)
we have (A\F + puG)* = AF* + uG*.

Remark 5.27. If in (5.5.1) P(x) is a rational function (that is, the component functions
are rational functions of z;, j = 1,...,n), then from (5.5.5) we see that P*(u) is also
a rational function. The phase portrait of the system (5.5.1) is the same (outside the
origin) as for the polynomial system corresponding to d(x)P(z), where d(x) is the common

denominator of all P;(z). Analogously for the system (5.5.2).
The following lemma deals with a special class of right-hand sides P(z) of (5.5.1) for

which P*(u) can be easily computed.

Lemma 5.28. Let us consider the system (5.5.1) with P(z) = Rz — vxg(|z|), = € RY,
where 7 is a real constant and g : (0,00) — R a continuous function, and R is an N x N

real antisymmetric matriz: R = —R. Then

P*(u) = Ru+ yug(lul ™).
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Proof. The matrix R is antisymmetric if and only if Rx-x = 0 for all . The claim follows

from (5.5.5) and Pu = |u|"2(Ru — yug(|u|™)) after a short computation. O

Example 5.29. In particular, if P(z) = Rz, where R is a real antisymmetric matrix, then
P*(u) = Ru, that is, P = P*. If P(x) = cx, where ¢ is a real constant, then P*(u) = —cu.

A typical example of a real matrix R satisfying the condition Rz -z = 0 for all z € RY

is any diagonal block matrix containing either matrices of the form

0 -1
s

on the diagonal (here A\; € R), or zeros.
We shall also often need the following technical lemma, dealing with planar systems

of weak focus type near the origin:

&= —y+p(z,y)

5.9.6
y= x+ Q(xv y) ( )

A typical situation is when p and ¢ are analytic functions with McLaurin series containing
quadratic or higher order terms only. It is an extension of Lemma 5.28 in the case of
N = 2.

Lemma 5.30. The system obtained from (5.5.6) by geometric inversion is equal to

U=—v+ (v —u)p—2uwwq
( ) (5.5.7)
U= u+ (u*—v*)q§—2uvp,

where p p=p (u2+v2’ m) and q 4=4 (u2+v27 m)

The corresponding general result concerning the box dimension of spiral trajectories
of (5.5.7) can be seen in Theorem 5.33.

5.6 Weak Focus at Infinity

In this section we apply fractal analysis to several examples of polynomial systems

having weak foci at infinity.

5.6.1 Weakly Damped Oscillator

Let us consider a weakly damped oscillator

i+ Cy*(y)’ +y=0,
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where « is an even and 8 an odd positive integer, and C' is any positive constant. It is

well-known that it is globally stable. It is equivalent to the following planar system:

x':—y—C’xﬁya
Y= =

All nontrivial trajectories I', corresponding to ¢ > 0, are spirals converging clockwise
to the origin, and the origin is the weak focus. Using Lemma 5.30 we conclude that the

corresponding system obtained by geometric inversion is

U=—-v+ C’—(u2 7)ah

uPtipetl

(u? + v2)ath’

(5.6.1)
v= u-+2C

All trajectories corresponding to ¢ > 0, starting outside the origin, are of the form ®(I") for
some I' as above. The spirals ®(I") are converging clockwise to infinity, and the infinity is
the weak focus. The system (5.6.1) becomes polynomial after multiplying the right-hand
sides by (u? + v?)*+4:

i = —v(u? + 03 + CuPu(u? —v?)

6.2
b= w(u®+ ) 4 20uP Tt (56.2)

Theorem 5.31. Any nontrivial trajectory I of the system (5.6.2), corresponding tot > 0,

18 a spiral converging to infinity, and

1
di r=2(1- .
1mpg ( a+ﬁ)

Furthermore, the spirals are Minkowski nondegenerate.

This follows immediately from [PaZuZupl, Theorem 7.

5.6.2 Liénard Systems

Let us consider the following Liénard system:

N N

: 2 2i41

r=—-y+ E A" + E agi1 2"
i—1 i=k

y= =
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Here we assume that agyy1 # 0, which means that this is the first nontrivial coefficient on

the right-hand side having an odd index. The system obtained by geometric inversion is

i = —v+ (V? — u?)plu) (5.6.3)
V= UuU-— QUUﬁ(U)a

where
w2 21

N
A2 755, + a9 1
Z "(u? + v? § : i+ 2201

=1
Multiplying the right-hand sides of (5.6.3) by (u? + v?)", the system becomes polyno-
mial, retaining the same phase portrait outside the origin. An immediate consequence

of [ZuZup3, Theorem 6] is the following result.

Theorem 5.32. If in (5.6.3) we have as+1 # 0, then for any initial point (ug, ve) # (0,0)
we have that the corresponding trajectory I' = ['(ug, vg) starting from that point is a spiral

tending to infinity, and

: 1
dlmBF—2<1—2k+1).

Furthermore, I' 1s Minkowski nondegenerate.

As we see, unbounded spiral trajectories (in fact, semitrajectories, i.e. starting from

initial point) of Liénard systems can achieve box dimensions with values from the following

4k 48 12 16 20
Dy = keNy = - - — —, — cop
0 {2k+1 GN} {3 57911 }

For analytic systems, these are the only values of box dimensions that unbounded spiral

set only:

trajectories can achieve, see [ZuZup3|.
A more general result can be stated in terms of the Poincaré map at infinity. We deal

with the system (5.5.6) such that p(z,y) and ¢(z,y) are analytic functions of the form

y) = Zpk(m,y), (x,y) qu x,y) (5.6.4)

where p; and ¢ are homogeneous polynomials of k-th degree. The Lyapunov coefficient
of a system at infinity is defined as the Lyapunov coefficient at the origin of the system
obtained by geometric inversion. The Lyapunov coefficient (also known as the Lyapunov
number) near the weak focus is defined as the coefficient of the leading term of the Taylor
expansion of the displacement function (see, e.g., [Per, Section 3.4, Theorem 3]). The

following result follows immediately from [ZuZupS, Theorem 6.

Theorem 5.33. Let I' be an unbounded spiral trajectory, away from the origin, associated

to the system (5.5.7). Assume that p(x,y) and q(x,y) are analytic functions as in (5.6.4).
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If Vo1 is the first nonzero Lyapunov coefficient of (5.5.7) at infinity, then

1
dimpl=2(1— .
B ( 2k+1)

Furthermore, I' 1s Minkowski nondegenerate.

5.6.3 The Classical Hopf Bifurcation

The classical Hopf bifurcation is defined by the following system for k = 1:

i=-y—ax((@*+y>)"+a)

(5.6.5)
j= z—y (@ +y") +a),

where a is the bifurcation parameter. The corresponding spiral trajectories I' are con-
verging clockwise to the origin. Using Lemma 5.28 (here R is the symplectic 2 x 2 matrix
and g(r) = r** + a) we have that the related system obtained from (5.6.5) by geometric
inversion is
u=—-v+u((w+v)"+a
(( ) ) (5.6.6)
b= u+v((W+v)"+a),
and the corresponding spirals are converging clockwise to infinity, which is a weak focus.

The corresponding polynomial system

2, 2\k 2 | 2\k
u=—v(u +v°)" +u(l+alu”+v
(0 %) (1 oo +02)) .
b= u(u®+0*) +v(1+a(u®+0°)"),
has the same phase portrait as (5.6.6) outside the origin.
In polar coordinates (r, ) system (5.6.5) has the form
= —r(r* +a
( ) (5.6.8)
o =1

1/k

For a < 0 the limit cycle is born at the origin, r = (—a)'/"*, while system (5.6.6) in polar

coordinates (p, ) has the form
p=plp™™ +a)

L (5.6.9)

In this case, for a < 0 the limit cycle is born at infinity. Here r = (—a)™'/* and r — oo

as @ — 0_. The system (5.6.9) is clearly the same as the one obtained from (5.6.5) by
introducing the coordinates (p, ) defined via x = COZ“D, y = SinT@. The following result

shows that the box dimension ‘recognizes’ the Hopf bifurcation.
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Theorem 5.34. Let a = 0 in the bifurcation problem (5.6.6) or (5.6.7). Then any

unbounded spiral trajectory I', away from the origin, has its box dimension equal to

4k

dimpD = — 0
MBS = or

and is Minkowski measurable. For all the other values of a the box dimension is trivial,

1.e. equal to 1.

This is an immediate consequence of [ZuZupl, Theorem 7.

5.7 The Hopf—Takens Bifurcation at Infinity

Using geometric inversion and results from [ZuZupl], we shall study fractal properties
of the Hopf-Takens bifurcation occurring at infinity. For a standard generic Hopf-Takens

bifurcation we have the following normal form:

0 0
o._f_, Y il
X1 .—( y@x—'—may)

0 0
j:((x2+y2)l+al_1(x2+y2)l—1_I_..._|_a0> (x£+y8_y)’

where (ag,...,a;_1) € R is fixed. In the sequel we will consider Xfrl) only, since the

@

case X’ is treated similarly. Furthermore, in the case of Xﬁ), the normal form in polar

coordinates is given by

-1
F=r|rd+ g ajTQJ
Jj=0

(5.7.1)
o =1.
Geometric inversion with p := 1/r yields a new system of differential equations
-1
- —21 ~2j
o (s T
< =0 (5.7.2)

¢ =1

Now it is easy to see that the following analogous versions of [ZuZupl, Theorems 9
and 10| are valid.

Theorem 5.35 (The focus case). Let I' be a part of a trajectory of (5.7.2) near infinity.
(a) Assume that ag # 0. Then the spiral T is of exponential type, that is, comparable
with p = e~%%, and hence dimg ' = 1.
(b) Let k be fivzed, 1 <k <l ,ap=---=ar_1 =0, ax #0. Then I" is comparable with
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1/2k} and

the spiral p = ¢
4k

2k + 1

dimB I'=

Theorem 5.36 (The limit cycle case). Let the system (5.7.2) have a limit cycle p = a
of multiplicity m, 1 < m < [. By I'y and 'y we denote the parts of two trajectories of
(5.7.2) near the limit cycle from outside and inside respectively. Then the trajectories I'y
and I'y are comparable with

(a) exponential spirals p = ade™P% of limit cycle type when m = 1, for some constants
B # 0 (depending only on the coefficients a;, 0 <i <1 —1),

—1/(m—1)

(b) power spirals p=a =+ ¢ when m > 1.

In both cases we have .

dimBFi:2——, 221,2
m

Remark 5.37. In Theorem 5.36 the parts of trajectories we are observing are contained
in an open annulus containing the limit cycle which is a bounded set that does not contain
the origin. As geometric inversion @ is bi-Lipschitzian on such sets, Theorem 5.36 is a

direct consequence of Theorem 10 from [ZuZupl].

Remark 5.38. From Theorem 5.36 we know that for (5.7.2) each spiral trajectory of

Let us have a look at the inversion of a standard Hopf bifurcation in polar coordinates,
i.e. system (5.7.2) for | = 1:

limit cycle type has box dimension from the set

1
D1:{2——:mEN}:{1,
m

See [ZuZupS, p. 958].

[\ RNV
W] ot
1 =
o] ©

9

. -2
= — —|—a

p=—pp 0) (5.73)

=1

Viewing aq as a bifurcation parameter, we have the following three possibilities.

(1) For ag < 0 the trajectories of (5.7.3) are given by

plp) = —alo\/—ao +agCe2w¢ O >0, peRorC <0, o< %.

We can see that we have a strong focus at infinity and the circle p = (—ao)~"/? is the
limit cycle for trajectories from inside and outside near the circle. The corresponding
spirals near infinity are comparable with p = =% while the spirals near the circle are
comparable with p = (—ag)~"/? £ =%, All these spiral trajectories are of exponential

type and hence of box dimension equal to 1. See Figure 5.4, left.
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(2) For ag = 0 the trajectories of (5.7.3) are given by

plp) =v—-20+C, CeR, p<

and infinity is a weak focus with dimgpI" = 4/3 where by I" we denote a part of the

ol

trajectory near infinity. See Figure 5.4, middle.

(3) For ag > 0 the trajectories of (5.7.3) are given by

1 log(aoC
p(gp) = —\/—ao + agce—QaOSC” C > 07 SO S M

Qo 2@0
Infinity is a strong focus and all the trajectories near infinity are comparable with the
spiral p = e~ of exponential type, and hence have box dimension equal to 1. See Figure
5.4, right.

Let us now consider the case [ = 2 in (5.7.2):

p=—plp™ +ao+aip?)

o (5.7.4)

Let us fix the value a; = —2 and consider ag as a bifurcation parameter. Since it is clearer
to see what is happening, the phase portraits will be drawn on the Poincaré disc.

(a) When qy < 0, all box dimensions are equal to 1 because all the trajectories are of
exponential type, see Figure 5.6, left.

(b) For ay = 0 we have a weak focus at infinity and any part of a trajectory I' near
infinity has box dimension equal to D = 4/3 (power case), whereas the part near the
limit cycle 7 = 1/4/2 has box dimension equal to 1 (exponential case), see Figure 5.6,
middle. Actually, because the process of projecting onto the Poincaré disc affects the box

dimension (see Remark 5.22), the trajectories on the figure near the equator have box

Figure 5.4: Trajectories of the system (5.7.3). Left: ag = —1/25 with a limit cycle born from
infinity; Middle: ap = 0 with a weak focus at infinity; Right: a9 = 1/25 with an exponential
spiral at infinity.
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Figure 5.5: Trajectories of the system (5.7.3) drawn on the Poincaré disc. For ag = 0 (middle)
the box dimension around the equator would be 1+%% = 5/3 but after projecting the half sphere
3

onto the disc the box dimension is reduced to 3_25 73

dimension equal to ﬁ = g

(¢) For ag € (0,1) we have two limit cycles of multiplicity one, and all box dimensions
are equal to 1 (exponential case), see Figure 5.6, right.

(d) For ap = 1 we have a limit cycle r = 1 of multiplicity two, and all trajectories near
the limit cycle (either inside or outside) have box dimension equal to 3/2 (power case),
see Figure 5.7, left. On the other hand, trajectories near the equator have box dimension
equal to one (exponential case).

(e) For ay > 1 box dimensions of all trajectories are equal to one (exponential case),

see Figure 5.7, right.
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Figure 5.6: Trajectories of the system (5.7.4) drawn on the Poincaré disc with the fixed parameter
a1 = —2. Left: for ag < 0 there is one limit cycle. Middle: for ag = 0 in addition to the limit
cycle, a weak focus forms at infinity and any corresponding unbounded spiral trajectory has a
nontrivial box dimension. Right: for ag € (0,1), from the weak focus at infinity another limit
cycle is born.

Figure 5.7: Trajectories of the system (5.7.4) drawn on the Poincaré disc with the fixed parameter
a1 = —2. Left: for ag = 1 the two limit cycles merge and form a single limit cycle of multiplicity
2. This is detected by the nontriviality of the box dimension of any spiral trajectory near this
limit cycle. Right: for ag > 1 the single limit cycle of multiplicity 2 disappears.






Chapter 6
Conclusion and Perspectives

This thesis is a continuation of work on the theory of complex dimensions, fractal zeta
functions, fractal geometry and fractal analysis of differential equations and dynamical
systems. The theory of fractal strings, their geometric zeta functions and the complex
dimensions which these zeta functions generate has been a topic of extensive research in
the last few decades and has, in its own, a wide variety of applications. The foundations
for generalizing this theory to higher dimensions are laid in the research monograph
[LapRaZul] which is close to completion and will also contain a part of the material from
this thesis. (See [LapRaZu5| for a survey of some of the material from [LapRaZul].)

The fractal tube formulas obtained in Chapter 3 and the Minkowski measurability
criterion given as their application are important results that generalize the corresponding
ones for the case of one-dimensional fractal strings obtained in |[Lap—vFrl-3| and give
a justification of the notion of complex dimensions as a new tool to measure fractal
properties of subsets of Euclidean spaces and, more generally, of relative fractal drums.
Although it seems that a fairly large class of sets satisfy the languidity conditions of
Chapter 3 and, hence, the theory may be applied to them, it remains to investigate this
in detail and obtain some general results.

Furthermore, the results given here about embedded relative fractal drums give a
strategy of computing complex dimensions of a class of higher-dimensional fractal sets
by decomposing them into their lower-dimensional ‘relative fractal subdrums’ like it was
shown in the example of the Cantor dust. Since it is not, in general, easy to compute the
distance zeta function of a given relative fractal drum and, hence, its complex dimensions,
we propose further investigation into other types of embeddings of relative fractal drums
in higher dimensions and their fractal zeta functions. For instance, one could consider
relative fractal drums (052, 2) where the boundary 0f is a subset of a piecewise smooth
curve but also has lower-dimensional fractal properties. This situation appears, for in-
stance in the well-known fractal sets such as the von Koch snowflake and the Menger
sponge. Furthermore, also concerning the computation of fractal zeta functions, it would

be of interest to obtain zero-free regions for these zeta functions as well as general results
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about stability of complex dimensions under perturbations of the integrand appearing in
the definition of the distance zeta function.

The theory developed in Chapter 4 generalizes the idea of complex dimensions and
fractal zeta functions to the case of unbounded sets at infinity. This gives means of
applying fractal analysis to unbounded regions of finite or infinite Lebesgue measure in
Euclidean spaces and the examples provided demonstrate that such regions can have a
very complex fractal structure at infinity exhibiting quasiperiodicity and even maximal
hyperfractality. Since unbounded regions are of interest in the theory of partial differential
equations we propose to study if our approach of fractal analysis can be applied to any
problems in this area of research.

Our effort to apply fractal analysis to unbounded sets of infinite Lebesgue measure
led to the introduction of new notions, at least to our knowledge, of parametric ¢-shell
Minkowski content and the corresponding parametric ¢-shell Minkowski (or box) dimen-
sion. Although introduced in the context of unbounded sets at infinity these notions are
also well defined for bounded subsets and relative fractal drums. Preliminary results ob-
tained in this thesis show that these new notions are connected with notions of the (usual)
Minkowski content and the surface Minkowski content studied by Rataj and Winter in
[RatWil—2|. We suggest to study this connection in detail in a future work and obtain
general results as well as to investigate possible applications.

Chapter 5 demonstrates how fractal analysis of unbounded sets may be applied to
investigate dynamical systems and their bifurcations at infinity. Fractal analysis of dy-
namical systems and differential equations has been an ongoing investigation for the past
decade by our research group resulting in the publication of a number of articles (see,
e.g., [Horl-2, MaResZup, PaZuZupl-2, Res2-3, V1, ZuZupl-3, ZupZu]). We propose to
continue this research by applying the new theory developed in this thesis and in the
research monograph [LapRaZul].



Appendix A

Open Problems

In this appendix we will list some of the open problems that have emerged during the
writing of this thesis. We also mention some possible further research directions connected

with these problems.

Problem A.1. Obtain results about zero-free regions for various types of fractal zeta

functions investigated in this thesis and throughout [LapRaZul].

Preliminary investigation by the author of this thesis into the above problem suggests
that for a relative fractal drum (A, ) of RY the relative zeta function Ca(-,€2;1) has a
strictly positive real part and a strictly negative imaginary part on the half-plane {Re s >
N}. Furthermore, this actually implies that the function f(s) := C4(s+N, ;1) belongs to
the class of positive real functions introduced by O. Brune in [Bru]. Further investigation

into this problematic is required.

Problem A.2. Generalize the results of Section 3.5 to the case of gauge functions cor-
responding to RFDs having poles of higher orders on the critical line; that is, obtain, if

possible, a gauge Minkowski measurability criterion in the spirit of Theorem 3.58.

Problem A.3. Construct a Lebesgue measurable set 2 C RY of finite Lebesgue measure
such that dimp (oo, ) < dimp(co, Q).

Problem A.4. Construct a Lebesgue measurable set 2 C RY of finite Lebesgue measure
such that —oo = dimp(co, Q) < dimpg (oo, ). Furthermore, check which of the results of
this dissertation are valid for relative fractal drums of type (oo, Q) such that dimp(co, Q) =

—0Q.

Problem A.5. Let  be a Lebesgue measurable subset of RY with |Q| < co. Furthermore,

assume that (2 is admissible (see Definition 4.42). Prove or disprove that dimp (oo, 2) =
(FIIB(OO, Q)

Problem A.6. For a Lebesgue measurable subset Q of RY with |[Q] < oo find an asymp-
totic formula which relates the tube functions ¢ — [B,(0)° N Q| and ¢ — [B;,.(0) N ®(Q)|

as t — +o0o where ®(z) := z/|z|* is the geometric inversion in R¥.
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Problem A.7. Determine if the inequalities in Theorem 4.84 and Corollary 4.90 are
sharp.

Problem A.8. Determine if the inequalities in Proposition 4.102 and Corollary 4.103 are
sharp.

Problem A.9. Determine under which general conditions is the conclusion of Theo-
rem 4.108 valid. More generally, determine under which general conditions are the fol-

lowing equalities valid:

Problem A.10. Generalize the results about the surface Minkowski content from [RatWil|
and [RatWi2| to the case of relative fractal drums and unbounded sets at infinity. (See

the discussion after Example 4.110 of Section 4.8.)

Problem A.11. For a relative fractal drum (oo, ) where Q is a Lebesgue measurable
subset of RY with finite Lebesgue measure, study the effect of the partial geometric
inversion in RY on the fractal properties of 2. More precisely, for £ < N, let ®;, be the

partial geometric inversion in the first k-coordinates:
(x1,...,2N)
ko 2
die1 T

What are the relations between the fractal properties of (0o0,2) and (Py(00), Pr(£2))?
Note that @, is not a bijection of the one-point compactification of RY (as opposed to
®). For instance, ®;(z,y) = (1/z,y) and ®1(o0) = {(z,y) : = = 0}.

(I)k(.’El,...,.CEN) = (AOl)

Problem A.12. Let (A4,Q) be a relative fractal drum in RY such that Q is Lebesgue
measurable, unbounded and of finite Lebesgue measure. Study the relations between the
fractal properties of (A, ) and the inverted relative fractal drum (®(A), ®(£2)) where ® is
the geometric inversion in RY. Find connections (if any exist) between the corresponding

distance and tube zeta functions.

Problem A.13. Study the effect of the Poincaré compactification on the fractal proper-

ties of unbounded sets.
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