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Fractal tube formulas for compact sets
and relative fractal drums:
oscillations, complex dimensions and fractality

Michel L. Lapidus!, Goran Radunovi¢? and Darko Zubrini¢2

Abstract. We establish pointwise and distributional fractal tube formulas for a large
class of relative fractal drums in Euclidean spaces of arbitrary dimensions. A relative
fractal drum (or RFD, in short) is an ordered pair (A4, 2) of subsets of the Euclidean
space (under some mild assumptions) which generalizes the notion of a (compact) subset
and that of a fractal string. By a fractal tube formula for an RFD (4, 2), we mean an
explicit expression for the volume of the 7-neighborhood of A intersected by 2 as a sum of
residues of a suitable meromorphic function (here, a fractal zeta function) over the complex
dimensions of the RFD (A4, 2). The complex dimensions of an RFD are defined as the
poles of its meromorphically continued fractal zeta function (namely, the distance or the
tube zeta function), which generalizes the well-known geometric zeta function for fractal
strings. These fractal tube formulas generalize in a significant way to higher dimensions
the corresponding ones previously obtained for fractal strings by the first author and van
Frankenhuijsen and later on, by the first author, Pearse and Winter in the case of fractal
sprays. They are illustrated by several interesting examples which demonstrate the various
phenomena that may occur in the present general situation. These examples include fractal
strings, the Sierpinski gasket and the 3-dimensional carpet, fractal nests and geometric
chirps, as well as self-similar fractal sprays. We also propose a new definition of fractality
according to which a bounded set (or RFD) is considered to be fractal if it possesses at least
one nonreal complex dimension or if its fractal zeta function possesses a natural boundary.
This definition, which extends to RFDs and arbitrary bounded subsets of R?V the previous
one introduced in the context of fractal strings, is illustrated by the Cantor graph (or devil’s
staircase) RFD, which is shown to be “subcritically fractal.”
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1. Introduction

In this paper our main goal is to obtain fractal tube formulas for a class of
relative fractal drums in Euclidean spaces of arbitrary dimension. The fractal tube
formulas are interesting since, roughly speaking, they describe the “fractality” of
the set (or relative fractal drum) in a more detailed way than, for instance, the mere
Minkowski (or box) dimension which, by definition, only corresponds to a part
of the leading term of these tube formulas. The main results of this paper are the
obtained expressions of the fractal tube formulas for relative fractal drums in terms
of sums of the residues of the fractal zeta functions, i.e., the distance and tube zeta
functions associated to these relative fractal drums. Furthermore, the sum in these
expressions will be taken over the set of poles of the fractal zeta function at hand,
also called the set of complex dimensions of a given relative fractal drum. In
short, we will show that (after a suitable meromorphic continuation), the relative
distance (or tube) zeta function encodes the information about the inner geometry
of a relative fractal drum into the distribution of its poles as well as into the values
of the corresponding residues.

The notion of a relative fractal drum which is defined, roughly, as an ordered
pair (4, Q) of subsets of RV (see Definition 2.1), was introduced in [LapRaZu4]
(see also [LapRaZul]) in order to generalize the notion of a bounded subset as
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well as of a fractal string. It enables us to study a wide range of fractal phenom-
ena; for instance, the corresponding relative Minkowski (or box) dimension (see
equation (2.12)) can attain negative values, including —oo. In particular, we stress
that the results of this paper can be applied to bounded subsets of RY, with N > 1
arbitrary. In fact, the theory developed in this paper, which gives an explicit con-
nection between complex dimensions and fractal tube formulas, very significantly
generalizes the analogous theory already developed for fractal strings (i.e., when
N = 1) by the first author and M. van Frankenhuijsen (see [Lap-vFr3, Chapter §]
and also [Lap-vFrl-2]). It also broadly extends the later work of the first author
and E. Pearse [LapPel-2] and that of those two authors and S. Winter [LapPeWil]
on fractal tube formulas for fractal sprays (higher-dimensional generalizations of
fractal strings, in the sense of [LapPo3]).

By a fractal tube formula of the relative fractal drum (4, 2), we mean an
exact or asymptotic expansion of the relative tube function ¢ +— |A; N Q|y as
t — 0%, where A, is the t-neighborhood of A (i.e., the set of points of RY within
a distance less than ¢ from A) and | - |y denotes the N-dimensional Lebesgue
measure (or volume). The formulas obtained in this paper will hold pointwise or
distributionally (in the sense of Schwartz), depending on the growth properties
of the corresponding relative fractal zeta function. More specifically, the fractal
tube formulas which we will establish will be written as sums of residues of the
appropriate fractal zeta function evaluated at each (visible) complex dimension,
and will either be exact or else, involve an error term; see equation (1.1) below.

Furthermore, the relative distance and tube zeta functions which will ap-
pear in the fractal tube formulas obtained here are also introduced and exten-
sively studied in [LapRaZul-7] and generalize the theory of complex dimensions
and geometric zeta functions for fractal strings studied by the first author and
M. van Frankenhuijsen in [Lap-vFrl-3], as well as in a significant number of re-
search papers by numerous experts in fractal geometry and other areas; see the
extensive list of relevant references provided in [Lap-vFrl-3] and [LapRaZul],
including [DemDenKoU, DemKoOU, DubSep, ElLapMacRo, EsLil-2, Fal2,
Fr, Gat, HamLap, HeLap, HerLapl-3, KeKom, Kom, KomPeWi, LalLapl-2,
Lapl-8, LapLéRo, LapLd’, LapLu’-vFrl-2, LapMal-2, LapPel-3, LapPeWil-2,
LapPol-3, LapRaZuZ—& LapRo, LapRoZu, LéMen, MorSep, MorSepVi, Ral-2,
RatWi, Tepl-2, Zul.

Moreover, we expect to use the results of this paper in order to establish a
connection with earlier tube formulas and their potential interpretation in terms
of curvatures or curvature measures in Federer’s sense (see [Fedl]) associated
with integer dimensions. Namely, in [Fedl], H. Federer has unified into a single
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framework (that of the “sets of positive reach”) the Steiner tube formula for com-
pact convex sets in RY and its generalization by Weyl [Wey] for smooth compact
submanifolds of Euclidean spaces (described in [BergGos], and in the even more
general setting of Riemannian manifolds, in [Gra]). See also the book [Schn2]
and the articles [Schnl, Zil-3], along with [HuLaWe] for a generalization to the
case of compact sets in RY and [Wi, WiZi, Z44-5, KeKom] for the case of certain
self-similar sets and their self-conformal and random generalizations.

As was already mentioned, the first fractal tube formulas were obtained in
the books [Lap-vFrl-3] in the case of fractal strings via fractal zeta functions
(called geometric zeta functions); see, in particular, [Lap-vFr3, Chapter 8]. Fur-
thermore, these fractal tube formulas were generalized to a class of (higher-
dimensional) fractal sprays in [LapPel-2] and then in [LapPeWil-2], via tubu-
lar zeta functions for fractal sprays and self-similar tilings which are significantly
different from the fractal zeta functions considered in this paper (see [Lap-vFr3,
Section 13.1] for a survey of these results). Directly inspired by the just men-
tioned earlier work on fractal tube formulas, further developments were obtained
in [DemDenKoU, DemKoOU, DenKOU]. Finally, we point out that our general
fractal tube formulas for relative fractal drums obtained here can be used to re-
cover the previously obtained results for fractal strings and self-similar sprays, as
we show in Subsections 6.2 and 6.6, respectively.

For further results concerning tube formulas and their various generaliza-
tions in a variety of settings, as well as related topics, we mention, in particu-
lar, [Bla, CheeMiiSchrl-2, Ful-2, KIRot, Kow, LapL#’, LapLd’-vFr2, LapPe3,
LapRaZu7—8, Mil, Mink, MitZu, Ol1-2, Sta, Stein], along with the many relevant
references therein.

By analogy with the case of fractal strings, the complex dimensions of a
relative fractal drum are defined as the poles, or more generally, singularities
of its corresponding distance or tube zeta function. Under mild hypotheses, the
Minkowski (or box) dimension of a given relative fractal drum (RFD) will be
its unique real complex dimension with maximal real part. It follows directly
from the definitions that in the case of a Minkowski measurable bounded subset A
of RV, its Minkowski dimension appears as the co-exponent of the (monotonic)
leading term in the asymptotic expansion of its tube function ¢ +— |A;|y as
t—0t.

We will show here that for a given relative fractal drum (A4, ) and under
appropriate assumptions, the other (visible) complex dimensions will also appear
as (complex) co-exponents, either in the leading term or in the higher order terms,
in the asymptotic expansion of the tube function 7 +— |4, N Q|xy ast — 0F.
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Consequently, if @ is a nonreal complex dimension of a given relative fractal
drum (4, Q) of R¥, then the corresponding term ¢V~ appearing in the fractal
tube formula of the RFD will generate oscillations of order 1V "Re® o which we
refer to as being the inner geometric oscillations of (A, Q) (of order t¥ R¢®) In
other words, the amplitude (resp., frequency) of the associated “geometric wave”
is determined by the real (resp., imaginary) part of the complex dimension w.

In particular, for a given relative fractal drum (A, 2), under suitable growth
hypotheses on the fractal zeta function of the RFD and the assumption that all
of the (visible) complex dimensions (i.e., the poles of its distance zeta function
denoted by {4 q, see Definition 2.1) are simple, the fractal tube formula takes the
following form:

[N—w
4,NQy =) N_wres(;A,Q,w)JrR/[;{]Q(z). (1.1)
weP(q.02,W)

Here, P(¢4.0, W) denotes the set of visible complex dimensions through the
window W ; that is, the poles of {4 o which are contained in the window W C
C (see Definitions 2.15 and 2.10). Furthermore, R/[lo,]Q (¢) is an error term that
corresponds to the terms of orders higher than those appearing in the sum in
equation (1.1). Roughly speaking, its estimate is directly connected to the “size”
of the window W i.e., to how far to the left of the critical line (see Definition 2.10)
the distance zeta function {4 o can be meromorphically extended. The fractal tube
formula (1.1) should be understood pointwise or distributionally, depending on the
growth properties of {4.q. Moreover, if {4.q can be meromorphically extended to
all of C, then, under appropriate assumptions, the error term RAO,]Q (t) disappears;
i.e., it is identically equal to zero and therefore, the corresponding fractal tube
formula is said to be exact.

In order to illustrate the results of this paper, we now give a sketch of two
examples of (fractal) sets and their associated fractal tube formulas.

Let A be the Sierpiniski gasket in R?, constructed inside an equilateral triangle
of side length equal to 1. Then, its distance zeta function {4 is meromorphic on all
of C and given by

6(v/3)'75275  2x¢ 3

als) = L Ty T
s(s —1)(25 =3) s s—1

for all s € C. (See Example 6.9 for details and note that in (1.2) above, we have

chosen § = 1, without loss of generality.) Clearly, it then follows that the set of
complex dimensions of A is given by

1.2)

P(La) := P(ta. C) = {0,1} U (1og2 34 1§gziz)’ (1.3)
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and that all of the complex dimensions are simple (i.e., are simple poles of {4).
The distance zeta function of A is shown to satisfy the appropriate conditions and
we can therefore deduce the exact fractal tube formula of A from equation (1.1).
More specifically, we obtain that

A =)

weP(§a)

400 - —ik
63 44/3)7 @kt TINP 343
:z2—10g23_2 > (2( v3) +( f+n)t2,
k=—00

2—w

res(84, w)

10g — a)k)(a)k — 1)a)k 2
valid pointwise for all 1 € (0,1/2+/3) and where we have let p := Togs and
wr = log, 3 + ikp for every k € Z. Of course, the above formula coincides

with the one obtained earlier in [LapPe3] and [LapPeWil].

Next, we discuss the example of the fractal nest (4,, ) in R? generated by the
a-string, which is given in full detail in Example 6.13. Here, a > 0 is a parameter,
A, is a union of concentric circles centered at the origin of radii j = for every
integer j > 1 and Q is the unit ball in R?; see Figure 3 in that example. In
Subsection 6.5, we show that the distance zeta function {4, o of the associated
RFD has a meromorphic continuation to all of C and that the set of complex
dimensions of (4,, 2) satisfies the inclusion

PC,0) = Pane O € {1, % ﬁ} u{- amﬁ:m eNj.  (14)
We do not have an equality above since some of the complex dimensions above
may vanish, due to zero-pole cancellations. Furthermore, if a # 1, all of the above
(potential) complex dimensions are simple and if @ = 1, the complex dimension
@ = 1 has multiplicity 2. On the other hand, we do know that 1 and D := %
are never canceled; that is, they always belong to P({4,,@). In Subsection 6.5,
we also show that the distance zeta function satisfies growth conditions which
are good enough so as to enable us to obtain the following pointwise fractal tube
formula with error term for (A4,, 2), provided a # 1:

N—-w
|(Aa)t N Q| = Z — I'CS(;A,Q,CL)) + O(t2—0')
w€P(a.2,W)
2-D r—1
t
=55 res(fa,0. D) + T res(Caq. 1) + O(>7°) (1.5)
22—D D

=G ¢ +@nt@-2mi+ 06*),
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ast — 0T. Here, W := {Res > o} with o € (—1/2(a + 1), 0) arbitrary and ¢ is
the Riemann zeta function. Observe that if a € (0, 1), then D > 1 and the leading
power of ¢ in (1.5) above is 2— D. In other words, dimg (4,, ) = D and (4,4, 2)
is Minkowski measurable with Minkowski content (see equation (2.11) and the
text surrounding it)

-D
22-Dpg D—1

D _
WA = 5o -0

On the other hand, if @ > 1, then D < 1 and the leading power of ¢ in (1.5)
above is 2 — 1 = 1. Therefore, we conclude that dimp(A4,, 2) = 1 and (4,4, Q) is
Minkowski measurable with Minkowski content

M (4, Q) = (4nt(a) —27).

Finally, when a = 1, the two distinct complex dimensions D and 1 “merge”
into a single complex dimension of order 2. In this case, we also obtain the
corresponding pointwise fractal tube formula with error term but we have to use
the more general fractal tube formula which is valid in the presence of complex
dimensions of higher order; i.e., poles of the associated distance fractal zeta
function of higher multiplicities. In that case, formula (1.1) must be replaced
by the following more general formula:

N—s

t
|[A; N QI = Zres(

N ZA,Q(S),a)) + RLO]Q(Z). (1.6)
_S H
w€P(a.0,W)

By choosing a window W := {Res > o}, with o € (—3/4, —1/2), we now obtain
the following pointwise fractal tube formula with error term for (4;, 2):

(N-=s )
— —0
(Ane N Q| = Y res (—Laa(®).0) + 0>™)
0eP(84,2,W)
2—s

1.7

t
= res (5—Ca0(0). 1) +
2—s
2 5
+§res (é‘Al,Q,— 2

In order to calculate the residue at 1, we expand the function t275/(2 — s) into a
Taylor series around s = 1 and we multiply this with the Laurent expansion of
{4,,0 around s = 1, which then yields

t2—s
res (2 — SZAI’Q(S), 1) = 2xtlogt™! + const-t; (1.8)
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so that (still pointwise)
|(A1); N Q| = 2mtlogt™! + constt +o(t) ast— 0. (1.9)

We point out that the above tube formula is in agreement with dimp (A4, 2) = 1
and the fact that (A4, Q) is Minkowski degenerate, i.e., M (41, Q) = +oo.

In general, and under suitable assumptions, a complex dimension w of an RFD
(A, Q) which is of order m > 1 will generate terms of the type V= (logz~1)k—1,
for k = 1,2,...,m, in the corresponding fractal tube formula. We note that
RFDs having (even) principal complex dimensions of arbitrary orders exist and
are relatively easy to construct, as was done in [LapRaZu4, Section 4.4] and
also in [LapRaZul, Subsection 4.2.2]. Furthermore, also in the just mentioned
references, RFDs with principal complex dimensions of infinite order (i.e., with
principal complex dimensions that are essential singularities of the associated
fractal zeta function) have been constructed; see [LapRaZu4, Section 4.4] and
[LapRaZul, Subsection 4.2.2]. We stress that the theory of the present paper can
also be applied if we allow complex dimensions of infinite order. Indeed, all of the
statements and proofs of the relevant theorems are also valid almost verbatim! if
we allow complex dimensions to be also essential singularities (alongside poles)
of the associated fractal zeta functions.

In our forthcoming paper [LapRaZu8], we will apply the results of this paper
in order to obtain a Minkowski measurability criterion for relative fractal drums
formulated in terms of the nonexistence of nonreal complex dimensions with
maximal real part; this criterion generalizes the corresponding Minkowski mea-
surability criterion for fractal strings obtained in [Lap-vFrl-3]. (See [Lap-vFr3,
Section 8.3]) More precisely, under appropriate hypotheses, we will show in
[LapRaZu8] that the relative fractal drum is Minkowski measurable if and only
if the only complex dimension with maximal real part is the Minkowski dimen-
sion itself, and it is simple. The distributional fractal tube formulas obtained in
the present paper, alongside a Tauberian theorem due to Wiener and Pitt, will play
a crucial role in establishing the aforementioned criterion.

We point out that in this paper, we work with four kinds of fractal zeta functions
for relative fractal drums, including, the already mentioned distance and tube zeta
functions (see Definitions 2.1 and 2.4, respectively). These latter two zeta func-
tions are connected by a relatively simple functional equation (see equation (2.6)),
which implies that for a given relative fractal drum (A4, Q) in RY, they generate the
same complex dimensions, provided the upper Minkowski dimension of (A4, 2) is

! One needs to appropriately replace, for instance, the phrase “meromorphic extension” by
“meromorphic extension with possible isolated essential singularities,” etc.
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strictly less than N. Of these two fractal zeta functions, the tube zeta function
has a more theoretical value, whereas the distance zeta function is more practical
since it is often easier to compute in concrete examples. In light of this, we first
obtain the fractal tube formulas expressed in terms of the tube zeta function and
then translate them in terms of the distance zeta function by introducing a new (in-
termediate) fractal zeta function, called the shell zeta function (see Definition 5.1).
The reason for introducing this new fractal zeta function is of a technical nature
since the shell zeta function satisfies an even more direct functional equation con-
necting it with the distance zeta function; see equation (5.7).

Finally, the last zeta function we introduce in this work is the relative Mellin
zeta function, in Subsection 5.4. The reason for introducing this zeta function is
also of a technical nature since it will be crucial in order to extend our distribu-
tional tube formulas to a larger class of test functions. This greater generality will
be needed in our aforementioned forthcoming paper [LapRaZu8], where we use,
in particular, our distributional tube formula to derive a Minkowski measurability
criterion for RFDs.

The results of this paper justify in a natural way the notion of complex di-
mensions and enable us to propose a new definition of fractality which (roughly)
states that a relative fractal drum (or a bounded subset) of RY is considered to be
“fractal” if it possesses a nonreal complex dimension. This definition of fractality
was already given in [Lap-vFrl-3] (see, e.g., [Lap-vFr3, Sections 12.1 and 12.2])
but we now have to our disposal a general theory of fractal zeta functions and
of associated fractal tube formulas valid in any dimension N (with N > 1) for
any bounded subset (and relative fractal drum) of RY. We will demonstrate how
this proposed definition “recognizes” the fractality of a number of subsets which
would not be fractal in the classical sense but which everyone “feels” that they
should nevertheless be considered fractal, just by looking at them. For instance,
this is the case with the relative fractal drum generated by the “devil’s staircase,”
i.e., the Cantor function graph (see Example 6.11), as well as with the examples of
the 1/2-square and the 1/3-square fractals (see Examples 6.19 and 6.20).

Finally, we refer the interested reader to our monograph [LapRaZul] for a
complete and detailed exposition of the higher-dimensional theory of complex
dimensions and fractal zeta functions.

In closing this introduction, it may be helpful to the readers to point out
the relationship between the results of our present work and the classic Steiner
tube formula [Stein], as generalized in various ways by many authors (including
Minkowski [Mink], Weyl [Wey] and later, Federer [Fedl-2]) and as stated in the
original case of compact convex sets in [Schn2, Theorem 4.2.1].2

2 Our exposition of this material closely follows part of [Lap-vFr3, Subsection 13.1.3]; see
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Let A be a compact convex subset of RY (N > 1) and let BX denote the k-
dimensional unit ball of R* (for any integer k > 0), with k-dimensional volume
(or Lebesgue measure) denoted by | B¥|;. (For k = 0, we let |B°|y := 1.) Note
that for ¢+ > 0, the ¢-neighborhood (or ¢-parallel body) of A can be written as
A; = A+1tBN . Thenits volume Vj4(¢) := |A,|y can be expressed as a polynomial
of degree < N (exactly N if |A|xy > 0, e.g., if A has nonempty interior) in the

variable 7:
N

Va(t) = 3 () BV |yt ¥ E, (1.10)
k=0
where fork = 0,1,..., N, ux(A) denotes the k-th intrinsic volume of A.

Up to some suitable normalizing and multiplicative constant (depending on k),
foreachk € {0, 1,..., N}, the k-th intrinsic volume p; (A) coincides with the k-th
total curvature of A or the so-called (N —k)-th Quermassintegral of A. Moreover,
still for k € {0,1,..., N}, ux(A) can be interpreted either combinatorially and al-
gebraically in terms of appropriate valuations (see [KIRot]) or (in a closely related
context) within the framework of integral geometry, as the average measure of or-
thogonal projections to (N — k)-dimensional subspaces of Euclidean space RV ;
see, e.g., [Schn2] and [KIRot, Chapter 7]. (This latter interpretation was already
implicit in Steiner’s original work [Stein] and that of his immediate successors,
where N = 2 or 3.)

To make a long and beautiful story short, let us simply mention here that (up
to a suitable normalizing multiplicative constant) o corresponds to the Euler
characteristic,? |1 to the so-called mean width, (ty—1 the surface area, and uy

the N-dimensional volume of A (i.e., un(A) = |An| = |A|, in our notation).
Finally, let us point out that the intrinsic volumes uj have the following
algebraic and geometric properties (for every k = 0,1,..., N):

(i) each ug is homogeneous of degree k, i.e., for all A > 0,

e (AA) = A (), (1.11)

and

(ii) each uy is rigid motion invariant; more specifically, for any (affine) isometry
R of RY, we have that

i (R(A)) = i (A). (1.12)

also [LapPel-3] and [LapPeWil].
3 In the present case of compact convex sets, (o is always identically equal to one. However,

in the more general setting of sets of positive reach or of finite unions of such sets, it is Z-valued;
see, e.g., [Schn2, Section 3.4] and [Fedl, Za2].
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Remarkably, for any (visible) complex dimension w of a bounded subset A of
RY (or, more generally, of an RFD (4, ) of RY), the corresponding coefficient
of our fractal tube formula (assuming that we are in the case of simple poles), that
is, essentially, the residue of the fractal zeta function at s = w (see equation (1.1)
above), satisfies entirely analogous homogeneous and geometric invariance prop-
erties (with k replaced by w in equations (1.11) and (1.12)).# Furthermore, of
course, the resulting fractal tube formula is no longer a polynomial of degree N
in the variable ¢ but involves a typically infinite sum ranging over all of the un-
derlying visible complex dimensions of A (or of the RFD (A4, 2)). Moreover, as
we shall see in many examples, the coefficients of the fractal tube formula that
correspond to the set of (visible) complex dimensions can frequently be naturally
decomposed as a set of integer dimensions (say, o = k € {0,1,..., N}) and of
scaling dimensions (say, ® € Dg).> (See, especially, the discussion of the Sier-
piniski gasket and of the 3-carpet in Section 6.3, along with that of self-similar
sprays in Section 6.6; such a situation already arose in the very special but impor-
tant case of fractal sprays studied in [LapPel-2] and [LapPeWil-2].)

We leave to a later work a further and much more detailed exploration of the
possible geometric, algebraic and combinatorial interpretations of our fractal tube
formulas (as well as potential local versions thereof), in the spirit of the above
discussion and particularly, the work of Stein [Stein], Minkowski [Mink] (see
also [Schn2]), Weyl [Wey] (see also [BergGos] and [Gra]), Federer ([Fed2] and,
especially in [Fedl], his work on local tube formulas and curvature measures),
Klain and Rota [KIRot], and many other authors; see, e.g., the books [Bla, Schn2,
Gra, Lap-vFrl-3], along with the articles [Ful-2, HuLaWe, KeKom, Kom, Kow,
LapPel-3, LapPeWil-2, Mil, Ol1-2, RatWi, Schnl, Sta, Wi, WiZa, Zil-5], and
the many relevant references therein.

The rest of this paper is organized as follows. In Section 2, we provide some
basic definitions (concerning the Minkowski dimension and the distance zeta
functions of RFDs) and technical preliminaries about the Mellin transform. In
Section 3, we establish the pointwise fractal tube formula, with or without error
term, and expressed in terms of the relative tube zeta function. In Section 4, we
then use this pointwise tube formula in order to derive the distributional fractal

4 The analog of equation (1.12) follows easily from the definitions, while the counterpart of
equation (1.11) follows from the scaling property of the fractal zeta function and hence of its
residues (see [LapRaZu3, Section 2.2] or [LapRaZul, Theorem 4.1.38]).

5 Of course, if D g happens to be empty (which is certainly the case if 4 is a compact convex
set), then V4 (¢) reduces to a polynomial expression of degree < N in ¢ and the corresponding
tube formula is Steiner-like, much as in equation (1.10) above.
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tube formula, with or without error term and still expressed in terms of the tube
zeta function. In Section 5, we establish the pointwise and distributional fractal
tube formulas, with or without error term, but now formulated via the (relative)
distance zeta function. In the process, we introduce the notion of shell zeta
function (as well as that of Mellin zeta function) which enables us, in particular,
to use the results of Sections 3 and 4 formulated via the tube zeta function.
Finally, in Section 6, we illustrate our results by obtaining fractal tube formulas
in a variety of concrete examples, including fractal strings (Subsection 6.2),
the Sierpinski gasket and the 3-dimensional carpet (Subsection 6.3), the Cantor
graph RFD (Subsection 6.4), fractal nests and (unbounded) geometric chirps
(Subsection 6.5), as well as fractal sprays, and more specifically, self-similar
sprays (Subsection 6.6).

2. Preliminaries

We begin this section by stating some definitions and results from [LapRaZu2-5]
(see also the research monograph [LapRaZul]) which will be needed here, such as
the definition of a relative fractal drum in R¥ and its associated relative distance
and tube zeta functions. In order to exclude dealing with trivial cases and shorten
the statements of the results, we will always assume throughout this paper that all
the sets A and 2 are nonempty.
First of all, given a subset 4 of RY, we denote its 8-neighborhood (or §-parallel
set) by
As = {x e RV:d(x, A) < §). (2.1)

Here, d(x, A) := inf{|x — y|: y € A} is the Euclidean distance between the point
x and the set A € RV

Definition 2.1 ([LapRaZul, 4]). Let  be a Lebesgue measurable subset of RV,
not necessarily bounded, but of finite N -dimensional Lebesgue measure (or “vol-
ume”). Furthermore, let A € R, also possibly unbounded, be such that & is
contained in As for some § > 0. The distance zeta function {40 of A relative
to Q2 (or the relative distance zeta function) is defined by the following Lebesgue
integral:

tan(s) = [ d(x, A Ndx, (2.2)
Q

for all s € C with Re s sufficiently large. The ordered pair (A, 2), appearing in
Definition 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.
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Remark 2.2. If we replace the domain of integration 2 in equation (2.2) with
As N Q for some fixed § > 0, that is, if we let

taq(s:8) = / d(x, A Ndx, (2.3)
AsNQ

then the difference {4.o(s) — 4.0 (s; 8) is an entire function (see [LapRaZul-5]).
Therefore, we can alternatively define the relative distance function of (4, Q)
by (2.3), since in the theory of complex dimensions, we are mostly interested
in the poles (or, more generally, in the singularities) of meromorphic extensions
of (various) fractal zeta functions. Then, in light of the principle of analytic
continuation, the dependence of {4.q(-;6) on § is inessential from the point of
view of the complex dimensions (defined in Definition 2.15 just below).

The condition that 2 C Ag for some § > 0 is of a technical nature and ensures
that the function x — d(x, A) is bounded for x € Q. If Q does not satisfy this
condition, we can still use the alternative definition given by Equation (2.3).6

Remark 2.3. As was already stated in the introduction, the notion of a relative
fractal drum generalizes the notion of a bounded subset of RY. Namely, in order
to apply the results of this paper to an arbitrary bounded subset 4 of R", one
chooses any bounded open set 2 containing As for some § > 0 (for instance, A
itself) and applies the theory to the RFD (A4, 2).

Analogous comments also hold for the relative tube zeta function, which we
now introduce.

Definition 2.4 ([LapRaZul, ZE]). Let (4, Q) be an RFD in RY and fix § > 0. We
define the tube zeta function {4.q(s; 8) of A relative to 2 (or the relative tube zeta
function by
]
Laq(s;8) = /tS‘N‘1|A, N Qdt, (2.4)
0
for all s € C with Res sufficiently large, where the integral is taken in the

Lebesgue sense and [A; N Q2| := |A; N |y denotes the N-dimensional volume
of 4, N Q C RV,

6 Since then, 2 \ A5 and A are a positive distance apart, this replacement will not affect the
relative box dimension of (A4, 2) introduced just below or any other fractal properties of (A4, 2)
that will be introduced later on.
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The distance and tube zeta functions of relative fractal drums are a special
case of Dirichlet-type integrals (or, in short, DTIs), and as such, have a well-
defined abscissa of (absolute) convergence. The abscissa of convergence of a
DTI¢: E — C, where E C C is a domain, is defined as the infimum of all the real
numbers « for which the integral {(«) is absolutely convergent and we denote? it
by D(¢).

In short, a DTI is given by

CE g (s) = / o) du(), 2.5)

E

for all s € C with Res sufficiently large, where E is a locally compact and
metrizable topological space (e.g., £ (= Q, E := As N Q or E := [0,4d], in
equations (2.2), (2.3), or (2.4), respectively), v is a (positive or complex) local
measure with total variation measure denoted by |v|, and ¢: E — R satisfies¢ > 0
|v|]-a.e. on E and is tamed (i.e., there exists C < oo suchthaty < C |v|-a.e.on E).

A general result about a DTI ¢ is the fact that it is a holomorphic function
in the open half-plane to the right of its abscissa of convergence; that is, on the
half-plane of (absolute) convergence® T1({) := {Res > D({)}. In the sequel,
the vertical line {Res = D({)} is often referred to as the critical line (for ).
Furthermore, the relative distance and tube zeta functions are connected by the
functional equation

La(s:8) = 8N A5 N QI+ (N —5)laa(s: ). (2.6)

which is valid on any open connected subset U of C to which any of these two zeta
functions has a meromorphic continuation (see [LapRaZu4] or [LapRaZul]). This
result is very useful since in many concrete examples, the distance zeta function
is much easier to calculate than the tube zeta function. On the other hand, the tube
zeta function has an important theoretical value and many results in [LapRaZul—5]
are proven in terms of the tube zeta function and then reformulated in terms of the
distance zeta function. This will also be the case in the present paper.

7 For a precise definition of a DTI, as well as for the results mentioned here concerning them
(and their generalizations), we refer the interested reader to [LapRaZu2, Appendix A] and for
more details, to [LapRaZul, Appendix A].

8 Here and thereafter, subsets of C of the type {s € C:Res < «}, {s € C:Res > a} and
{s € C:Res = «a} are denoted by {Res < a}, {Res > «} and {Res = «a}, respectively.
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A key technical observation underlying some of the methods used in this paper
is that the tube zeta function coincides with the Mellin transform of a modified
tube function ¢ — |A4; N Q|. More specifically, as we will see in a moment, one
has that for all s € C with Re s sufficiently large,

+o00

Foa(s:8) = / 7 oy 1N A0 N Q). 2.7)
0

where y(o,5) denotes the characteristic function of the set (0, ). Recall that the
Mellin transform of a function f: R — R is defined by

+o00

(ML) := / 57 f(r) dt, (2.8)

0

where s is a complex number with large enough real part. Then, by letting

f3(0) = x5Ot N4, N QY (2.9)

we have that
La(s:8) = (M f3)(s), (2.10)

for all s € C with Res sufficiently large. This will enable us (in Theorem 2.19
below) to recover the tube function ¢t — |A; N Q| from the relative tube zeta
function g: 4,0 by using the Mellin inversion theorem (recalled in Theorem 2.18).
More interestingly, the functional equation (2.6) will then enable us to use the
distance zeta function {4, q instead of the tube zeta function EA,Q for operating
this recovery.

Remark 2.5. The important special case of a bounded set A C R¥ is obtained
by considering the RFD (4, 4s) (i.e., by letting Q = Ajs, for some § > 0) in
equation (2.2) and equation (2.4) in order to obtain the distance zeta function {4
and the tube zeta function ¢4 of A, respectively. (See [LapRaZu2] and [LapRaZul,
Chapters 2 and 3].) We note that the notion of distance zeta function {4 was first
introduced by the first author in 2009.

An entirely analogous comment could be made for the (upper, lower) Min-
kowski dimension and (upper, lower) Minkowski content of a bounded subset A
of RV. Namely, in the discussion just below, it would suffice, for example, to
consider the RFD (4, As) in equation (2.11) or equation (2.12) in order to recover
M*"(A) or dimg A, respectively.
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We now proceed by introducing the notions of Minkowski content and Min-
kowski (or box) dimension of a relative fractal drum (RFD) and relating them
to the distance and tube zeta functions of this RFD. For any real number r, we
define the upper r-dimensional Minkowski content of A relative to Q2 (or the upper
relative Minkowski content, or the upper Minkowski content of the relative fractal
drum (A, Q)) by

AN Q
M* (A, Q) := limsup % (2.11)
t—0t A
and we then proceed in the usual way in order to define dimp (4, Q):
dimp (4, Q) = inf{r e R:M*"(4,Q) =0
B(4.€) { (A,2) =0} 2.12)

= sup{r € R:M*" (A4, Q) = +oo}.

We call it the relative upper box dimension (or relative Minkowski dimension) of
A with respect to @ (or else the relative upper box dimension of (A, 2)). Note
that dimp (4, Q) € [—o0o, N]. We stress that the values of dimp (4, Q) can indeed
be negative, even equal to —oo; see [LapRaZu4] or [LapRaZul, Chapter 4].° Also
note that for these definitions to make sense, it suffices that |45 N Q2| < oo for
some § > 0.

The value M, (A4, 2) of the lower r-dimensional Minkowski content of (A, ),
is defined as in (2.11), except for a lower instead of an upper limit. Analogously
as in (2.12), we then define the relative lower box (or Minkowski) dimension of
(A, ) by using the lower r-dimensional Minkowski content of (A, 2) instead of
the upper. Furthermore, in the case when dimgz (4, Q) = dimp (4, ), we denote
by dimpg (A, ) this common value and call it the relative box (or Minkowski)
dimension. Moreover, if 0 < MP2(4,Q) < M*P(4,Q) < oo, we say that the
relative fractal drum (A, Q) is Minkowski nondegenerate. It then follows that
dimg (A4, 2) exists and is equal to D.

Finally, if M2(4,Q) = M*P(4,Q), we denote this common value by
MP (A, Q) and call it the relative Minkowski content of (A, ). If MP (A, Q) exists
and is different from 0 and oo (in which case dimp (A, 2) exists and then necessar-
ily D = dimp (4, )), we say that the relative fractal drum (A4, Q) is Minkowski
measurable. Many examples and properties of the relative box dimension can be
found in [Lapl-3, LapPol-3, HeLap, Lap-vFrl-3, Zu, LapPel-2, LapPeWil-2], in
various special cases, and in [LapRaZul-7] in the present general setting of RFDs.

9 However, in the important special case of a bounded set A C R¥ discussed in Remark 2.5,
we always have that dimp A € [0, N]; in particular, dimgA > 0.
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In the following three theorems, we recall some basic results about zeta func-
tions of relative fractal drums. (See [LapRaZul-2] for the special case of bounded
subsets of RV .)

Theorem 2.6 ([LapRaZul, 4]). Let (A, Q) be a relative fractal drum in RN . Then
the following properties hold:

(a) The relative distance zeta function {4.q is holomorphic in the half-plane
{Res > dimg(4, Q)}. More precisely,

D(%a,0) = dimp(4, Q). (2.13)

(b) If the relative box (or Minkowski) dimension D := dimpg(A, Q) exists,
D < N and MP(A,Q) > 0, then L4.0(s) — +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 {Res > dimp (A4, )} is not necessarily the maximal open right half-plane
to which its relative distance zeta function can be holomorphically continued. For
instance, this is the case with the line segment / := [0, 1] C R, understood as a
relative fractal drum (7, I5); see Subsection 6.1.'° However, this situation cannot
occur if (A4, Q) satisfies the hypotheses of part (b) of Theorem 2.6.

Furthermore, if dimg(A4, Q) < N, in light of the functional equation (2.6),
Theorem 2.6 is also valid if we replace the relative distance zeta function by the
relative tube zeta function in its statement. Moreover, it can be shown directly
(i.e., without the use of the functional equation) that in the case of the tube zeta
function, Theorem 2.6 is also valid in the special case when dimp (4,2)= N.

Theorem 2.8 ([LapRaZul, 4]). Assume that (A, Q) is a nondegenerate RFD in
RN, that is, 0 < MP (A4, Q) <M*P (A, Q) < oo (in particular, dimp (A, Q) = D),
and D < N. Ifty.o = Caq(-,8) has a meromorphic extension to a connected
open neighborhood of s = D, then D is necessarily a simple pole of {4.q, the
residue res(Cq,q, D) is independent of § and

(N = DYMP (4, Q) <res(tyq. D) < (N — D)M*P(4,Q). (2.14)
Furthermore, if (A, Q) is Minkowski measurable, then

res(lq.0. D) = (N — D)MP (4, Q). (2.15)

10 We would like to thank E. P. J. Pearse for this example.
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The above theorem can be reformulated in terms of the relative tube zeta
function and in that case, we can remove the condition dimg (4, 2) < N.

Theorem 2.9 ([LapRaZul 4]). 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
meromorphic extension of é‘ 4,0 = é‘ A, Q( ;8) to a connected open neighborhood
of D. Then, D is a simple pole of §A,Q and res(ﬁA,Q, D) is independent of §.
Furthermore, we have

MP (4, Q) <res(tyq. D) < M*P(4,Q). (2.16)
In particular, if (A, Q) is Minkowski measurable, then

res(Ca.0. D) = MP(4,Q). (2.17)

We continue by stating some of the definitions that were already introduced
in [Lap-vFrl-3] in the setting of generalized fractal strings and adapt them to the
present context of relative fractal drums in RY. (See, e. g., [Lap-vFr3, Chapter 5].)

Definition 2.10. The screen S is the graph of a bounded, real-valued Lipschitz
continuous function S(t), with the horizontal and vertical axes interchanged:

S:={S(r) +ir:t € R}. (2.18)
The Lipschitz constant of S is denoted by ||S|Lip; so that
1S(x) = SO = [ISlliplx — y[,  forallx,y, e R.
Furthermore, the following quantities are associated to the screen:

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

As before, given an RFD (4, Q) in RY, we denote its upper relative box

dimension by D := dimp(4,Q); recall that D < N. We always assume,
additionally, that D > —oo and the screen S lies always to the left of the critical
line {Res = D}, ie., that supS < D. Also, in the sequel, we assume that

inf S > —oo (see, however, Remark 2.11 below); hence, we have that
— oo <inf§ <supS < D. (2.19)

Moreover, the window W is defined as the part of the complex plane to the
right of S; that is,
={s € C:Res > S(Imys)}. (2.20)
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We say that the relative fractal drum (A4, Q) is admissible if its relative tube (or
distance) zeta function can be meromorphically extended (necessarily uniquely)
to an open connected neighborhood of some window W, defined as above.

Remark 2.11. Occasionally, in the strongly languid case, in the sense of Defini-
tion 2.13 or Definition 5.9 below (and hence, in particular, when the fractal zeta
function involved is meromorphic on all of C), it is convenient to implicitly move
the screen S to —infinity (i.e., to let S = —o0) and thus to choose W := C.

The next definition adapts [Lap-vFr3, Definition 5.2] to the case of relative
fractal drums in R" (and, in particular, to the case of bounded subsets of RV).

Definition 2.12 (languidity; adapted from [Lap-vFr3]). An admissible relative
fractal drum (4, ) in R¥ is said to be languid if for some fixed § > 0, its tube
zeta function {4 o (- ; 6) satisfies the following growth conditions.

There exists a real constant ¥ and a two-sided sequence (7;),cz of real num-
bers suchthat 7_,, <0 < T, foralln > 1 and

lim 7, = +o00, lim T_, = —o0 (2.21)
n—>oo n—>o00

satisfying the following two hypotheses, L1 and L.2.!!

L1 For a fixed real constant ¢ > dimp (4, Q), there exists a positive constant
C > Osuchthat'?2foralln € Z and all 0 € (S(T,), ¢),

Era(o +iTp:8)| < C(\Tu| + 1)~ (2.22)
L2 Forallt e R, |7] > 1,
Caa(S(t) +ir:8)| < C|7|¥, (2.23)

where C is a positive constant which can be chosen to be the same one as in
condition L1.

T Here, unlike in the definition given in [Lap-vFr3], we do not need to assume that
lim,— oo Ty /| T—n| = 1.

12 This is a slight modification of the original definition of languidity from [Lap-vFr3], where
¢ was replaced by +o00; compare with [Lap-vFr3, Definition 5.2, pp.146-147]. Furthermore, it
is clear that if condition L1 is satisfied for some ¢ > dimg (4, ), then it is also satisfied for any
¢1 such that dimg (4, Q) < ¢; <c.
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Note that hypothesis L1 is a polynomial growth condition along horizontal
segments (necessarily not passing through any singularities of EA,Q(' ;6)), while
hypothesis L.2 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
error terms (that is, exact tube formulas), we will need a stronger notion of
languidity. Accordingly, we introduce the following definition, which adapts
to our current more general situation the definition of strong laguidity given in
[Lap-vFr3, Definition 5.3].

Definition 2.13 (strong languidity; adapted from [Lap-vFr3]). We say that an ad-
missible relative fractal drum (A4, Q) in RY is strongly languid if (i) for some
8 > 0, its tube zeta function satisfies condition L1 with S(7,) = —oo (that is,
with S(7},) replaced by —o0) in (2.22), i.e., estimate (2.22) holds for every o < c;
and, additionally, (ii) there exists a sequence of screens S,,: t + Sy, (t) + it for
m > 1,7t € R with supS,, - —oo as m — oo and with a uniform Lipschitz
bound, sup,,~. [|Sm||Lip < 0o, such that the following condition holds:

L2’ There exist constants B, C > O such that forallt € Randm > 1,

4.2 (Sm(7) + it;8)| < CBIS"@I(|z] + 1)~ (2.24)

One immediately sees that hypothesis L2’ implies hypothesis L2; so that a
strongly languid relative fractal drum is also languid. We also note that if a
relative fractal drum is languid for some « € R, then it is also languid for any
k1 > k. Observe that for §A Q = é‘A o (or, equivalently, the RFD (A4, )) to be
strongly languid, 4, must admit a meromorphic continuation to all of C; see also
Remark 2.11 above.

We will also use the notion of languid (or else, strongly languid) relative tube
zeta function, in the obvious sense.

As we shall see, most of the geometrically interesting examples of RFDs (and,
in particular, of bounded sets) in R considered here are either languid (relative
to a suitable screen), in the sense of Definition 2.12 above (or of its counterpart
for the distance zeta function, in Definition 5.9 below) or else, strongly languid,
in the sense of Definition 2.13 just above (or, again, in the sense of Definition 5.9).
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Proposition 2.14. Let (A, Q) be a relative fractal drum in RN. If the relative
tube zeta function EA,Q(' ;8) satisfies the languidity conditions L1 and L2 for
some § > 0 and k € R, then so does EA,Q(';Sl) for any §; > 0 and with
kg, := max{k, 0}.

Furthermore, the analogous statement is also true in the case when E 4.0(;98)
is strongly languid, under the additional assumption that § > 1 and §; > 1.

1

Proof. Without loss of generality, we may assume that § < §;. Then the conclu-
sion follows from the fact that {4 q(-;81) = Ca,(-;8) + f(s), where f is entire
and

81 5llies—N _ 8Res—N
Res—N—1 12| , Res #N,
|f(s)|§/z |4, NQ|dr < Res — N
8 |2|(log 61 — logd), Res = N.
(2.25)

Since, clearly, the upper bound on | f(s)| does not depend on Im s, we conclude
that f satisfies the languidity conditions L1 and L2 with the languidity exponent

kr = 0 and for any given window W. This observation implies that then,
la,0(-;81) is languid for k5, := max{x,0} and with the same window as for
a3 9).

The additional assumption for strong languidity is needed since L.1 must then
be satisfied for all 0 € (—o0, ¢), in the notation of Definition 2.12, and for this to
be achieved we need that §; > § > 1 in (2.25) since otherwise, we do not have an
upper bound on | f(s)| when Re s — —oo. |

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

Definition 2.15 (complex dimensions of an RFD [LapRaZul, 4]). Let (A, Q2) be a
relative fractal drum in RY. Assume that the relative tube zeta function EA’Q (-:;6)
has a meromorphic extension to a connected neighborhood U of the critical line
{Res = dimp (A4, Q)}. Then, the set of visible complex dimensions of (A, Q) (with
respect to U) is the set of poles of EA’Q(' ; 6) that belong to U and we denote it by

Pua(-:8).U) :={w e U:wis apole of £4.q(-;8)}. (2.26)

If U := C, we say that T(EA’Q (-;6), C)is the set of complex dimensions of (A, )
and denote it by dim¢(4, 2).

Furthermore, we call the set of poles located on the critical line {Res =
dimp (A4, Q)) the set of principal complex dimensions of (A, ) and denote it by

dimpc(A, Q) := {® € P(laq(-:8).U):Rew = dimp (4, Q2)}. (2.27)
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Remark 2.16. In light of the functional equation (2.6) and the relevant discussion
concerning it, the above definition can also be made in terms of the relative dis-
tance zeta function; that is, we always have ‘P(ZA’Q(' ;0),U) = P(luq(-:6),U)
whenever one of the above zeta functions has a meromorphic extension to the
domain U containing the critical line {Res = dimp(4,Q)} and if'3 N ¢
:P(EA,Q( -;8), U). Furthermore, according to Remark 2.2, the set of (visible) com-
plex dimensions ?(EA,Q (+;8), U)of arelative fractal drum (A, €2) does not depend
on§.

In order to obtain the relative tube formula expressed in terms of the complex
dimensions of the relative fractal drum (A4, 2), we will need to work (for each
k € IN) with the k-th primitive (or k-th anti-derivative) function, V¥ = vkl(1),
of the relative tube function V' = V/(¢) vanishing along with its first (k — 1)
derivatives at t = 0. Therefore, we let

V(t) = Vaa() = VI90) =14, n Q| (2.28)
and
t
Vmay:@g@y:/iﬁﬁkﬂdu for each k € IN. (2.29)
0

(Here and thereafter, we let N := {1, 2, 3, ...} and Ny := INU{0}.) In the case of a
bounded subset A € RY, we use the analogous notation V'l (z) = VA[k] (¢) for the
k-th primitive function of the tube function V(¢) = V4(¢) := |A;|, where k € IN.
Furthermore, we recall that for any s € C, the Pochammer symbol is defined by

o=1, e:=sE+1)(s+k—1), (2.30)

for any nonnegative integer k and, more generally, for the purpose of Section 4,

for every k € Z by

_Ts+k)

(”“__775_’ (2.31)

where I" denotes the gamma function.

Remark 2.17. One may legitimately wonder why we work with the k-th primi-
tive, for any k > O rather than simply for k = 0. There are several reasons for
that, one of them being that the larger k, the weaker our assumptions in the state-
ment of our pointwise tube formulas. Furthermore, in proving the distributional
tube formulas, we will essentially use our corresponding pointwise tube formula

13 In that case, the other zeta function also has a meromorphic continuation to U.
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at level k, with k sufficiently large, and then distributionally differentiate the re-
sulting formula in order to obtain a distributional formula valid at any level / € Z
(rather than for / € INy), the case when / = —1 being the most fundamental one in
that distributional situation.!“ (See, e.g, the proof of Theorem 4.3 in Section 4.1.)
When N = 1 (i.e., in the case of fractal strings), this same method was already
used in [Lap-vFrl-3] in order to deduce the distributional explicit formula from
its pointwise counterpart; see Remark 5.20 along with the first proof of Theo-
rem 5.18 in [Lap-vFr3]. There will, however, be several technical differences in
the execution of the method, which we will not necessarily point out.

Before stating the main relationship connecting V%1 = V/H‘S]z and the tube
zeta function EA’Q of the RFD (4, 2), valid for any integer k > 0, we begin by
considering the key special case when k = 0 (so that V% = V = V). In
order to proceed, we need to briefly provide some basic information about the
Mellin transform and its inverse transform. Recall that the Mellin transform of
a function f:R — R is defined by equation (2.8). Furthermore, the Mellin
inversion theorem, which we recall here for the sake of completeness, together
with equation (2.7) yields an integral expression for the tube function of a given
relative fractal drum.

Theorem 2.18 (Mellin’s inversion theorem, cited from [Titl, Theorem 28]). Let
f:(0,400) — R be such that for a given y > 0, f(t) is of bounded variation
in a neighborhood of the point t = y. Furthermore, assume thatt — t<~! f(t)
belongs to L'(0, +00), where ¢ is a real number, and define

400

{MfY(s) := /ts_lf(t) d? (2.32)
0
for all s € C such that Res = c. Then, for the above value of y, the following
inversion formula holds:
| ! c+ioco
S0+ - = [HPmae . e
c—ioo
where f(y + 0) and f(y — 0) denote, respectively, the right and left limits of f
at y. Here, on the right-hand side of (2.33), the contour integral is taken over the
vertical line {Res = c}.

14This is analogous to the way periodic distributions are shown to have a distributionally
convergent Fourier series (under rather weak hypotheses), by integrating sufficiently many times
and then using the classic pointwise result about the uniform convergence of Fourier series; see
[Schw, Section VII, I, esp., p. 226].
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We can now state the announced integral formula connecting the relative tube
function of the RFD (4, ©2) and the tube zeta function {4, := {4.Q(-; ).

Theorem 2.19. Let (A, Q) be a relative fractal drum in RN and fix § > 0. Then,
for any fixed ¢ > dimp (A, Q) and for everyt € (0,8), we have

! c+ioco
|4, N Q| = —_/zN—SEA,Q(s;S) ds. (2.34)
2mi

c—ioco

Proof. Let f(1) := .6 ()t N|A; N Q| and observe that 1 — |4, N Q] is
nondecreasing, and hence, is locally of bounded variation on (0, +00). Since the
product of two functions of locally bounded variation is also a function of locally
bounded variation, we conclude that f is also locally of bounded variation on
(0, +00). Furthermore, we deduce from Theorem 2.6 and from the functional
equation (2.6) (see also the end of Remark 2.7) that the integral defining the
tube zeta function EA’Q in equation (2.7) is absolutely convergent (and hence,
convergent) for all s € C such that Res > dimp (A,Q2) or, in other words,
t — tReS=1 £(1) belongs to L'(0, +o00) for such s. Consequently, the Mellin
transform {91 f}(s) of f is well defined by equation (2.32) and coincides with
EA,Q(s; §) for ¢ = Res > dimp (A4, Q); that is, equation (2.7) holds for all s € C
such that Re s > dimp (A4, ), as was claimed above. Therefore, by Theorem 2.18,
we can recover the relative tube function from the relative tube zeta function and
for positive y # §, we have

c+ioco

_ 1 —s%
ton0 M08l = o [ has s @39)

c—ioco

where ¢ > ﬁB(A,Q) is arbitrary; that is, equation (2.34) is valid for all
t € (0,6), as desired. O

One of our main goals in this paper will be to express formula (2.34) in a more
useful and applicable way. More specifically, we will express the right-hand side
of (2.34) in terms of the relative distance zeta function and as a sum (interpreted
in a suitable way) of residues over the complex dimensions of the given relative
fractal drum. The resulting identity will be called a “fractal tube formula” (as
in [Lap-vFr3]) or simply, a tube formula.

A priori, one would naively expect that equation (2.32) and hence also, equa-
tion (2.33), only holds for ¢ > N. (Indeed, since f(¢) = O for all # > § and
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|4, N Q| < ||, we easily see that ¢ > ¢! f(¢) belongs to L!(0, +-o00) for
¢ > N.) The stronger conclusion obtained in Theorem 2.19 requires the afore-
mentioned results obtained in [LapRaZul-2] and [LapRaZu4].

The following result is really a corollary of Theorem 2.19 but given its impor-
tance for the rest of this section, we state it as a separate proposition.

Proposition 2.20. Let (A, Q) be a relative fractal drum in RN and let § > 0 be
fixed. Then for everyt € (0,6) and k € Ny, we have

1 el (N=s+k

[k] z .
=5 o 2.
O =5 | o e s ds (2.36)

c—ioo
where ¢ € (dimp(A4, Q), N + 1) is arbitrary.

Proof. By Theorem 2.19, we have the following equalities, valid (pointwise) for
allz € (0,6):

t t c+ioco

1 -
VE}Z(Z) :/VA,Q(T) dr = 271/ /rN—S;A,Q(s;S) dsdr
0 0 c—ioco
1C+iOOtN—s+1 i
=— [ ———lua(s:8) ds,
e _s+1§A,sz(S ) ds
c—ioo

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 k — 1 times, we prove the statement of the
proposition. O

We adapt the following definition of the truncated screen and window from
Section 5.3 of [Lap-vFr3], where it was stated for languid generalized fractal
strings and can now be used in the same form in the case of relative fractal drums
in RV.

Definition 2.21 (truncated screen and window). Given an integer n > 1 and a
languid relative fractal drum in RY, the truncated screen Sy, 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 7y; i.e.,

W, =Wn{seC: T, <Ims <T,}. (2.37)
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We then call T(EA’Q, W,,,) the set of truncated visible complex dimensions, i.e.,
it is the set of visible complex dimensions of (A4, 2) relative to the window W and
with imaginary parts between 7, and 7,,. Note that since by assumption, tllere
are no poles of {4 o along the screen S, we could replace W, by its interior W,
in the aforementioned notation:

PCaq. W) = PCaq. Wi). (2.38)

3. Pointwise fractal tube formula

In this section, our main goal is to obtain fractal tube formulas via the tube
zeta function which are valid pointwise. Furthermore, depending on the growth
properties of the corresponding tube zeta function, these fractal tube formulas will
be either exact or else approximate with a pointwise error term.

3.1. Pointwise tube formula with error term. From now on, the phrase “let
(A, ©2) be a languid (or strongly languid) relative fractal drum” will implicitly
mean that (A4, ) is admissible for some window W and for some § > 0, the
relative tube zeta function 2 4.0(s;8) of (4, Q) satisfies the languidity conditions of
Definition 2.12 (or Definition 2.13, respectively). We will first obtain a “truncated
pointwise tube formula” (Lemma 3.1), from which the main result (Theorem 3.2)
will follow. (Note that Lemma 3.1 is the counterpart, now valid for any N > 1, of
[Lap-vFr3, Lemma 5.9].) Recall from the end of Section 2 that for each integer
n > 1, the truncated screen S, and associated truncated window W, were defined
in Definition 2.21.

Lemma 3.1 (truncated pointwise tube formula). Let k > 0 be an integer and
(A, Q) a languid RFD in RN for a fixed § > 0. Furthermore, fix a constant
¢ € (dimp(A, Q). N + 1). Then, for all t € (0,8) and all integers n > 1, we
have

iT
1 ctin N—s+k

T 2] (N—s+ i
c+HiT—,

Lan(s;6) ds

n

tN—s+k

- ————lia(s9), .
Yores (=, aeide) (3.1
0P (4.2, W)

1 [N—S-l—k

27i ) (N —s+ 1)k

|n

+ Can(s:8) ds + En(2).
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Moreover, assuming that hypothesis L1 is fulfilled, we have the following pointwise
remainder estimate, valid for all t € (0, §):

|E, ()] < VR K max{T** |T_,|**}(c —inf §) max{r—¢, =S}, (3.2)

where K, is a positive constant depending only'> on k.

Finally, for each point s = S(t) + it, where t© € R is such that |t| > 1, and
forallt € (0,8), the integrand over the truncated screen S, appearing in (3.1) is
bounded in absolute value by

CZN+kInaX{l_SupS,Z_infS}|‘L'|K_k, (3.3)

when hypothesis L2 holds, and by
CKtN+k max{BlinfSl, BlsupSl} maX{l_SupS, t—infS}|_[|IC—k’ (34)
when hypothesis 12" holds, with the constant Cy depending only'® on k.

Proof. Welet D := dimp (A, Q) and for the sake of brevity, write EA’Q (s) instead
of EA’Q(S; 8) throughout the proof. Next, we replace the integral over the segment
[c +iT_,, ¢ +iT},] with the integral over the contour I" consisting of this segment,
the truncated screen S|, and the two horizontal segments joining S(7+,) + iT+x,
and ¢ + iT1, (see Figure 1). In other words, we have

c+iTy,

1 tN—s+k 5

SR (L d
2ni/(N—s+1)k§A’Q(s) s
c+HiT—,

tN—s+k 5
2mf]§(N s 1), oAl ds

tN—s+k y
—_— d E, (1),
+2m N st 1)k§A,Q(S) s+ En(1)

|n

where
1 tN—s+k 5
E,(t _ ds.
=51 | oy e ds
'y Uy

!> More precisely, K, depends only on « and the constant C occurring in hypothesis L1.

16 Here, the constant C, actually depends only on « and on the constant C appearing in
hypothesis L1.
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/ Im .
S(Ty) + Ty ly ¢ +iln

0/  dimp(4,Q) N+ 1 Re

S(T—p) + iT_n\ T, c+iT_,

Figure 1. The truncated window W), and the contour I which we use to estimate the integral
I, in the proof of Lemma 3.1.

Furthermore, note that 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 ¢ € (dimg(4, Q), N + 1) ensures that there are
no zeros of (N — s + 1) inside of I'. Consequently, we deduce from the residue
theorem that

tN—s+k 1 tN—s+kZ-AQ( )

- s
I, = , [ AeY o B ).

Zres((N_ e Ca(s) a)) + omi) N s+ s+ En(1t)
0eP(Ca.2:Win)

To obtain the upper bound on | E, (¢)|, we first observe that for s = ¢ + iT, we
have |(N —s+ 1)g| > T,f‘ and then, under hypothesis .1, we estimate the integrals
over the upper segment I'yy and the lower segment I'z, as follows:

ZN —s+k
‘/ e ds| =

3 -
ST e laq(o +iT,) do

‘ ‘ (N +k—o—iT,

(N +1—(o+iTy))k
S(Tn)

C
<tNtke(r, + 1)"Tn‘k/t“’ do
S(Ty)
< tNFTRK, T7* (¢ — S(T,)) max{r=¢, ST},

where K, is a positive constant such that C(|T;,| + 1)* < K,|T,|* for all n € Z.
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Furthermore, since inf S < S(t) for all T € R, we have

NS () ds| vk .
’ < (Ntkg T *(c —inf S (¢, Sy (35
‘/ (N_S + l)k —_ n ((’ ln )maX{ } ( )

Analogously, we bound the integral over the lower line segment by
INFRK T |7 (¢ — inf §) max{t ¢, =105}, (3.6)

Therefore, putting (3.5) and (3.6) together, we obtain the upper bound (3.2).17
To estimate the integrand over the truncated screen S, we observe that for
s = S(t) + it with |7| > 1, we have
ZN —s+k

B o < CtN—S(r)-i—k k—k
NV —s 1 42| = i (3.7)

< CZN+k maX{t—supS’ t—infS}|_E|/c—k’

under hypothesis L2 and similarly, under hypothesis L2’, which completes the
proof of the lemma. |

Next, we state and prove the main result of this subsection.

Theorem 3.2 (pointwise fractal tube formula with error term, via EA,Q). Let
(A, Q) be a relative fractal drum in RN which is languid for some fixed § > 0 and
some fixed exponent k € R. Furthermore, let k > k + 1 be a nonnegative integer.
Then, the following pointwise fractal tube formula with error term, expressed in
terms of the tube zeta function §A Q= §A a(-;98), is valid for every t € (0,6):
N—s+k
V/EkS])(t) = Zres ((1\/[7;4,9@), a)) + 1"2'/[1",]9(0. (3.8)

+ Dk
weP@a.0,W)

Here, for every t € (0,8), the ( pointwise) error term E,[f]sz is given by the
absolutely convergent (and hence, convergent) integral

R (1) = / T o) ds (3.9)
A T o ] (N —s + D) 4° ' '
S

Furthermore, we have the following pointwise error estimate, valid for all t €
(0,0):

CA + [SLip)

plk] N+k —supS ,—inf S
R Nl <t 7 SPR
[RERO] = 1" max{ G r—

+ c/), (3.10)

17 The constant K, in (3.2) is actually equal to the present constant K, divided by 7.
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where C is the positive constant appearing in L1 and L2 and C' is some suitable
positive constant. These constants depend only on the relative fractal drum (A, 2)
and the screen, but not on the value of the nonnegative integer k.

In particular, we have the following pointwise error estimate:

I?gi]g(t) = 0N SHRy a5t — 0. (3.11)

Moreover, if S(t) < sup S for all T € R (i.e., if the screen S lies strictly to the left
of the vertical line {Re s = sup S}), then we have the following stronger pointwise
estimate:

RYL() = o(eN™PS+hy a5t — 07, (3.12)

Before proving Theorem 3.2, we make the following two comments (in parts
(a) and (b) of Remark 3.3), which will help the reader to understand the statement
of the theorem. Furthermore, we also point out that comments similar to those
in Remark 3.3 also apply to all other theorems stated below, in which a (typically
infinite) sum over the (visible) complex dimensions appears, either in reference
to a pointwise or distributional fractal tube formula. Of course, in the case of
the distributional fractal tube formula the (potentially infinite) sum has to be
interpreted as a distributional (rather than pointwise) limit of the partial sums.

Remark 3.3. (@) The (potentially infinite) sum appearing in (3.8) in the above
theorem (Theorem 3.2) should be interpreted as the limit

tN—s-i—k

nll)nolo Zres (mEA,Q(S),W), (313)
w€P(a.2,Win)

where W, is the truncated window (see Definition 2.21); that is, as the pointwise
limit of the partial sums over the (visible) truncated complex dimensions, i.e., the
poles of EA,Q located in W),,. More specifically, the existence of this limit follows
from the proof of the theorem in which we show that the series in (3.8) converges
pointwise and conditionally. On the other hand, we point out that Theorem 3.2
does not give any information about the possible absolute convergence of the series
in (3.8). This situation is similar to the one which occurs in [Lap-vFr3, Chapters 5
and 8] and, in fact, also in Riemann’s original explicit formula for the counting
function of the prime numbers (see, e.g., [Edw]).

(b) The sum over the set CP(EA,Q, W) in equation (3.8) of Theorem 3.2 is
independent of the parameter § since changing § has no effect on the residues
appearing in (3.8). This follows directly from the fact that the principal parts of a
meromorphic extension of the relative tube zeta function around any of its poles do
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not depend on § (see [LapRaZul—4]). In other words, when applying Theorem 3.2,
one has to determine that (A4, 2) is languid for some § > 0, but when calculating
the sum, one can take any § > 0; that is, in practice, the most convenient one.

Proof of Theorem 3.2. Without loss of generality, let ¢ € (dimp (A4, ), N +1) be
the constant from the languidity condition L1 of Definition 2.12. We will prove
the theorem by using Lemma 3.1 in order to obtain (3.1) for all » > 1 and then,
by letting n — co. We note that E,(¢) tends to zero for k > « at the rate of some
negative power of min{7,, |T_,|}. Furthermore, for k > « + 1, the error term
E/[lk,]ﬂ () is absolutely convergent. Indeed, note that, since the function 7 > S(7)
is Lipschitz continuous, it is differentiable almost everywhere and, consequently,
the derivative of the map v +— S(z) + it is bounded by (1 + [|S||ip) for almost
all € R. Moreover, since

+oo

/r"_k de=(k—x—1)""

1
for k > « + 1, the upper bound (3.10) on the error term ﬁgk,]sz (t) now follows

from (3.3). The positive constant C’ in (3.10) is the constant which corresponds
to the integral over the part of the screen for which || < 1;i.e.,

1 ~
C/ P — |§A’Q(S)| |ds|
21 ) |(N —s+ Dl
SN{|Im S|<1}

In the case when the screen stays strictly to the left of the line {Res = sup S},
we can obtain the better estimate (3.12) by using a well-known method; see,
e.g., [In, pp.33-34]. Namely, for any given ¢ > 0, we have to show that (3.9)
is bounded by £tV P S+* For a given T > 0, we can split the integral (3.9) into
two parts; namely, the integral over the part of the screen for which [Im S| > T
and 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 by 1V 5P S+k For the second integral, we observe that the maximum
of S(t) for t € [T, T] is strictly less than sup S; i.e., we can choose o > 0 such
that S(r) < sup S — « for all T € [T, T]. This implies that the integral over the
part of the screen for which!8 | Im S| < T is of order O (¢t NS S+k+e) a5+ — 07,
Hence, for all sufficiently small 7 > 0 it is bounded by 17V =sPS+k This proves
that ﬁgf]g (1) = o(tVN75PS+k) a5t — 07, as desired, and therefore completes the
proof of the theorem. |

18 Observe that since the screen S avoids the poles of the relative tube zeta function, we have
that £4 o (s) is bounded for all s € C in the part of the screen S for which [ImS| < T.
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3.2. Exact pointwise tube formula. In this subsection, we show that in the case
of a strongly languid relative fractal drum, we are able to obtain an exact pointwise
tube formula; that is, a pointwise formula without an error term. This is the main
content of the following theorem.

Theorem 3.4 (exact pointwise fractal tube formula via EA,Q). Let (A,Q2) be a
relative fractal drum in RN which is strongly languid for some fixed § > 0 and
some fixed exponent k € R. Furthermore, let k > k be a nonnegative integer.
Then, the following exact pointwise fractal tube formula, expressed in terms of
the tube zeta function EA’Q = EA’Q( -:8), holds for all t € (0, min{1,8, B~1}):

N s+k
v @) = Zres( ey ;A,Q(s),w). (3.14)

0eP(4.0.C)

Here, B is the positive constant appearing in hypothesis L2’.

Proof. We begin by fixing an integer n > 1 and applying Lemma 3.1 with the
screen S,, given by hypothesis L2’. Next, we proceed by letting m — oo while
keeping n fixed. The fact that the screens S,, have a uniform Lipschitz bound
implies that if we take 1 < min{1, B~'}, then the sequence of integrals over the
truncated screens (S,,|,)m=>1 converges to 0 as m — oo. (Here and throughout
this proof, the truncated screen S,,|,, denotes the n-th restriction of the screen S,
in the notation of Definition 2.21.) Indeed, to see this, let us take m( large enough
so that sup S, < O for every m > my. This is possible since sup S, — —oo as
m — oo by hypothesis L.2” of Definition 2.13.

Furthermore, note that for every m > 1 and n > 1, the integral over the
truncated screen S,,|, is given by

tN —s+k
2711/ (N —s+ 1) {a.0(s) ds (3.15)

mln

and, similarly as in the proof of Lemma 3.1, we have that the integrand is bounded
in absolute value by

C, max{Blinme‘nl, BISUPSm\nI}tNJrISUPSm\nIJrk’ (3.16)
where C; is a suitable constant depending only on «. Here, we use the notation

inf Spyp :=  inf  S(r) and  sup Sy, = sup  Sp(7). (3.17)
€[T=n.Tn] €[, Tn]
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We now let L := sup,,- ||Sn|| be the uniform Lipschitz bound for the sequence
of screens S,,. Then, the derivative of 7 Sm(t) + it is bounded for almost
every t € [T—,, T,] by (1 + L).

We must next consider the following two cases: firstly, if B < 1, we then have

that
C,(1 + L)B!9 Sminl

2
and, since ¢t < 1, we have that I, ,, — 0 as m — oo. Secondly, if B > 1, we
deduce from the Lipschitz condition on §,, that we have

[ Inm| < (Ty — T_p)t N +I59P Sminl+k

SUp Spjn —inf Spyp < L(T,, — T—y):

i.e.,
|inme|n| = | sup Sm|n| + L(Tn - T—n)’

from which we deduce the estimate

Ce(1 4 L)BLTn=T-n)

(Tn _ T_n)(BZ)lsupSm‘”llN+k.
2

[Inm| <

Therefore, 1, » — 0 as m — oo since Bt < 1.

We now let E, ,(¢) be the error function appearing in (3.1) for the truncated
screen S, |, and we finalize the proof by showing that its iterated limit converges
to zero pointwise. Namely, for ¢ € (dimp(4,2), N + 1) andsince 0 < < 1, we
have, much as in the proof of Lemma 3.1, that

c
<iNtrer, + l)KTn_k/t_" do
~%0 (3.18)

‘ /tN_H_kEA,Q(S) ds
(N -5+ l)k
TUp

- tN—c+k KK Tr:c—k

logt—1

Here, I'y,, is the segment connecting S, (7,) + iT, and ¢ + iT,. A similar
reasoning for the corresponding integral over the lower segment gives us the
following upper bound on |E, ,,(¢)|, independent of m:

l‘N —c+k
| Enm ()] < ——— K, max{T,\ ™, |T_,[**}.

wlogt—
Finally, this inequality, which is valid for all m > 1 and all n > 1, implies that
for a fixed k > «, the iterated limit of E, ,,(¢) tends to 0 when m — oo and then
n — oo; i.e., we have lim,— oo (limy—00 En,m(¢)) = 0. This concludes the proof
of the theorem. O
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Of course, Theorems 3.2 and 3.4 are of most interest in the case when k =0,
i.e., when we obtain a pointwise formula for the volume of the relative 7-neigh-
borhood |4; N €| in terms of the complex dimensions of (A4, £2). In that case, the
sum over the (visible) complex dimensions of (A4, ) takes the simpler form

D res(tN 4 0(s). ) (3.19)
weP@a.0,W)
or
> res(tN T4 0(s). @) (3.20)
weP(4.0,0)

in equation (3.8) of Theorem 3.2 or in equation (3.14) of Theorem 3.4, respec-
tively. Observe that in the important special case considered in Remarks 3.5
and 3.6 below when all of the (visible) complex dimensions of the RFD are simple,
then equation (3.19) becomes

> res(Caq. o)tV (3.21)

weP@a.0,W)

(much as in the equation (1.1), where {4 q is used instead of EA’Q), while equa-
tion (3.20) naturally becomes

> res(Caq. o)tV (3.22)
weP(4,0,0)

An analogous comment applies to all the fractal tube formulas obtained in Sec-
tions 4 and 5 below (see, especially, Theorems 4.3, 4.5, 5.11, and 5.13). In the
case of the distance zeta function {4 .o (instead of EA,Q), this is so provided
dimp (4, Q) < N; furthermore, in that case, ¥ ~* (resp., 1Y =) should be replaced
by ’Ii,v—__; (resp., ’;VVT_Z))) in the counterpart for {4,q of equations (3.19) and (3.20)
(resp., equations (3.21) and (3.22)).

Remark 3.5. We point out that in the applications, the common situation is when
all of the visible complex dimensions are simple. More specifically, if we assume
that all of the poles of EA,Q visible through the window W (i.e., lying in W) are
simple, then in the statement of Theorem 3.2 (when k = 0 in the statement of that
theorem), the sum over the visible complex dimensions appearing in equation (3.8)
reduces to the following expression:

Zasz—w, (3.23)

weP(4.0,W)

where for each w € ?(EA,Q, W), we have ¢, := res(EA,g, ).
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Remark 3.6. We also note that, in light of Theorem 3.2 and Theorem 3.4, the
counterpart of Remark 3.5 holds for any level k (satisfying the assumptions of
the relevant result). For example, provided that all of the complex dimensions
visible through W are simple, the exact pointwise fractal tube formula (3.14) of
Theorem 3.4 becomes (for all ¢ € (0, min{1,8, B~!}))

tN—a)+k

TS (3.24)

V/E"]Q (t) = Z res({a,a(s), ®)

weP(4.0,0)

and similarly for the pointwise fractal tube formula with error term given in (3.8)
of Theorem 3.2.

Note that in light of (2.30) and for each k € Ny, we have (with the obvious
convention if k = 0)

N—=s+1)rg=(N-s5s+DN—-5+2)---(N—s5+k) (3.25)

and hence, the zeros of the polynomial function s — (N —s + 1) are simple and
occur precisely ats = N +1,N +2,..., N + k. (Clearly, since (N —s 4+ 1)p =
1, equation (3.25) does not have any zeros if k = 0.) Consequently, since
ﬁB(A, Q) < N and k is nonnegative (i.e., k € INg) in the present case of
pointwise tube formulas, the complex number (N — w + 1) is never equal to
zero for w € T(EA’Q) = ?(EA,Q,C) (or else for w € T(EA’Q, W), in the case
of a pointwise tube formula with error term). Moreover, if we work with a
distributional tube formula (as will be case in Section 4 and part of Section 5,
for example), the level k is allowed to be negative (i.e., k € Z). However, in the
case of a negative integer k, the function s — (N — s + 1)z does not have any
zeros, but only simple poles located preciselyats = N +1+k, N+2+k,...,N;
so that its reciprocal has simple zeros precisely at those same points. Therefore,
we note that in the distributional case, it may happen that @ is a zero of s
(N —s+ 1),:1, which in that case will cancel out the term corresponding to ¢V =®
in equation (3.24).

Remark 3.7. As was alluded to above, the obvious counterpart of Remark 3.5
and Remark 3.6 holds for all of the fractal tube formulas considered in this paper,
whether they are pointwise or distributional formulas, with or without error term,
as well as expressed in terms of either {4, or EA’Q or (with the notation of
Subsection 5.1) EA,Q. In the case of {4, and EA’Q, one must assume, in addition,
that D := dimp(4, Q) < N.
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4. Distributional fractal tube formula

In this section, our goal is to weaken the languidity conditions imposed on the
tube zeta function and still obtain a fractal tube formula expressed in terms of
¢ 4,0 More precisely, if we want to relax the condition on the languidity exponent
k, we will still obtain a fractal tube formula but only in the sense of Schwartz
distributions. In other words, we will establish the distributional analogs of
Theorems 3.2 and 3.4 in order to derive a distributional fractal tube formula
for VA[]fS]) (t), valid for any integer k € Z and still expressed in terms of the
(visible) poles of the tube zeta function EA,Q. This will provide us with asymptotic
information (in the sense of Schwartz distributions or generalized functions) about
the tube function of a relative fractal drum (A, ©2), independently of for which
exponent ¥ € R the relative fractal drum (A4, 2) is languid. (See Definition 2.12.)
More precisely, let § > 0 and define D(0,§) := C°(0, ) to be the space of
infinitely differentiable (complex-valued) test functions with compact support
contained in (0, §). Actually, let us introduce a larger space of test functions for
which the formulas obtained here will be valid. Namely, let (0, §) be the set of
test functions ¢ in the class C *°(0, §), such that for all m € Z and ¢ € IN, we have
"e@ () — 0, ast — 0 and also that (t — §)"¢@ (t) — 0 ast — §~, where
@@ denotes the g-th derivative of ¢.

Note that D(0, §) < K(0, §). Hence, we have the following (reverse) inclusion
between the corresponding spaces of distributions (i.e., the dual spaces):

%'(0,8) € D'(0, §). 4.1)

General information about the theory of distributions (or generalized func-
tions) can be found in [Schw, Bre, Foll, Ho, JohLap, JohLapNi, ReeSiml].

Definition 4.1. Let (4, Q) be a relative fractal drum in RY and let k € Z be an
arbitrary integer. We define the distribution VI = Vgi]ﬂ on X(0, §) to be the |k|-th
distributional derivative of V(¢) = |A; N ] in case k < 0 and the k-th primitive
(or k-th anti-derivative) function (considered as a regular distribution in X'(0, §))
of V(t)if k > 0. For k = 0, this is the (regular) distribution generated by the
locally integrable function V(¢). (Note that the local integrability of V = V()
on (0, +o0) follows from its continuity.) More specifically, for any test function
¢ € X(0,6), we have

+o00
(VA g) :=/V[k](z)go(z) dr, fork >0, 4.2)
0
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and
+o0

(VK] ) = (=1)l¥] / V()P (t) dt, fork <O. (4.3)
0

Here and thereafter, for convenience, we always extend the test function ¢ €
X (0, 6) to the interval [§, +00) by letting @[5, +o0) = 0.

Let now ¢ € X(0,45) be a test function. The decay conditions on ¢ imply
that #5¢(¢) is integrable on (0, §) for every s € C and that its Mellin transform
{Me}(s) is an entire function. This follows directly from a general result about
the holomorphicity of an integral depending analytically on a parameter (see,
e.g., [Titl, Theorem 31] or [LapRaZul, Theorem 2.1.46]).

Furthermore, let g(s) be a meromorphic function. The residue res(g(s), ®)
vanishes unless w is a pole of g. Moreover, for all k € Z, N € IN and by choosing
a suitable closed contour I' around w, we have

+o0 +oo
s 1 s
/go(t)res(tN tha(s), w) dt = /w(z)ﬁfﬁﬂv tho(s)ds de
0 0 T
| +o0
== g(s)/zN—”k(p(z) dr ds
T 0

=res({Me}(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 every ¢ €
X(0, 8), we have

(res(tN_s+kg(s), ), @) =res({Me}(N —s + 1 + k)g(s), w), 4.4)

where g(s) is a meromorphic function on a connected open neighborhood of
® € Cand where k € Zand N € IN.

Remark 4.2. We refer to our earlier Remark 2.17 for an explanation of the
usefulness (both conceptually and technically) of working with any k € IN U {0},
in the pointwise case, and any k € Z, in the present distributional case.

As was already alluded to in that remark, particular attention should be paid
to the case when k = —1. Indeed, observe that for k = —1, the distribution
vl = \71[4_,512] can be viewed as a (positive) measure on (0, +00); indeed, it is
the distributional derivative of the nondecreasing and locally integrable function
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t = V(t) = Vaq() on (0,4+00). By analogy with the special case of fractal
strings discussed in [Lap-vFr3, Subsection 6.3.1], we call it the geometric density
of (volume) states of the RFD (A4, 2). (Compare with [Lap-vFr3] and the relevant
references therein about the mathematical and theoretical physics literature on
spectral theory, semiclassical approximation and quantum mechanics.) From a
fundamental point of view, this measure V[ = \71[4_’;2] is the most important
“distributional tube function” and the corresponding fractal tube formulas the
most useful distributional tube formulas.

We leave it as a simple exercise for the reader to write explicitly the correspond-
ing distributional tube formula at level k = —1 as a mere corollary of Theorem 4.3
(in Section 4.1) and Theorem 4.5 (in Section 4.2) below, as well as of other dis-
tributional tube formulas obtained in this paper, and to also compare their general
form with the corresponding results in [Lap-vFr3, Subsection 6.3.1] obtained for
the geometry and spectra of fractal strings (i.e., when N = 1).

4.1. Distributional tube formula with error term. After having introduced the
necessary preliminaries just above, we are now able to state the distributional
analog of Theorem 3.2; that is, the distributional tube formula with an error term.

Theorem 4.3 (distributional fractal tube formula with error term, via EA’Q). Let
(A, Q) be a relative fractal drum in RN which is languid for some k € R and
8 > 0. Then, for every k € Z, the distribution Vgi]ﬂ in X' (0, 8) (and hence, also in
D'(0,8)) is given by the following distributional fractal tube formula, with error
term and expressed in terms of the tube zeta function Z’ 4,Q (= Z’ 4.0(-;68):

N—s+k 5 ~ k]
ViR = Yres (e o) + Ripo. @)
weP(E4.0.W)

That is, the action of V/Elk]g on an arbitrary test function ¢ € X(0,8) is given by

Vg‘ Zres ({im(p}(N(]; S__L_ :_T)]Z)EA Q(S) ) + (5356’19, @). (4.6)

a)efP(ZA,Q,W)

Here, the (distributional) error term ﬁgc]ﬂ is given by the distribution in X'(0, §)
defined for all test functions ¢ € X(0,8) by

- L {Me}(N —s+ 1+ k)aal)
a0 _27ris (N —s + 1)x

ds. 4.7)

(The corresponding distributional error estimate for iﬂdﬂ will be given in Theo-
rem 4.8 of Subsection 4.3 below.)
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Proof. We begin the proof by fixing £ € INg such that k > « + 1 and a constant
¢ € (dimp(A,L), N + 1). Note that by fixing ¢ € (dimp(4,Q), N + 1), we
have ensured that none of the poles of (N — s + 1),:1 is located in the window
W. Indeed, according to the discussion provided in Remark 3.6, the set of poles
of (N —s + 1),:1 is a subset of {N + n:n € IN}. Then, for every test function
¢ € X(0, §), we have successively:

+oo

Vi = [ Ve ar

0
c+ioco+o00

1 VR o (s)

=i | [e0 s e (438)
c—ioco 0

1 TV s 414 BEa®)

27 (N —s+ g

c—ioco

ds.

Here, the change of the order of integration in the second equality of (4.8) is
justified by the Fubini—Tonelli theorem since the first integral above is absolutely
convergent. (It is easy to see that |[VIKI(r)| < |A4,|t*, for all 1 € (0, +00) and
k > 0.) One can now approximate the last integral in (4.8) above in the same way
as in Lemma 3.1; that is, we approximate it by the following expression:

3 res ({HN —s L4 k)EA,ms))

4 (N —5 + l)k
0€P(a.2,Wn)

L[ {Me}(N —s + 1+ k)ag(s)

d
27 (N —s 1 D s 4.9)
Sin i
s / My (N —s + 1+ K)laals)
2 (N —s+ Dr ‘
'y Uy

Furthermore, in light of (4.4), the latter expression is equal to
tN—s+k 5
Yo (g fanre)v)
w€P(a.2.Win) .
L[N —s+ 1+ 0)laals)
2 (N —s+ g (4.10)

+ [ Enp0) ar,
0
where the error term E, (¢) is given as in Lemma 3.1 and its proof.
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Next, by letting n — oo, we deduce by the same argument as in Theorem 3.2
that the integral f0+°° E,(t)e(t) df tends to zero and, similarly, we show that the
above integral over the truncated screen S),, converges absolutely. Thus, we deduce
that

Y s (AW st 1 K)iag(s)

[k]
(v
4,9 (N —s + g

)+ @G e) @1
wG?(ZA,Q,W)

where 321[4 o is given by its action on test functions as shown in equation (4.7).

Moreover, observe that the express10n on the right-hand side of (4.11) defines
a distribution in X’(0, §) (since V/{ o is locally integrable). This concludes the
proof of the theorem in the case when k > max{—1, x + 1}.

In the case when k < « + 1 and k € Z, we choose an integer g such that
k + g > max{k + 1,—1} and note that by the definition of the distributional
derivative (or alternatively, in light of equations (4.2) and (4.3) defining Vz[f,]ﬂ)’
we have that

(Vih. ¢) = (=D VLD @), (4.12)

Finally, in order to complete the proof, we use identity (4.12) together with (4.11)
applied at level k + ¢, along with the following well-known (and easy to verify)
fact about the Mellin transform (see equation (2.32) defining {91 f }(s)):

(=D?

{Mp}(s) = W{wws +4), (4.13)

q
for all s € C and g € Z. We therefore deduce that (4.6) holds, with (ﬂ% A0 , )
given by (4.7), as required. This concludes the proof of the theorem. O

Remark 4.4. Note the above proof of Theorem 4.3 establishes the fact that the sum
over the (visible) complex dimensions appearing in (4.5) defines a distribution
in X'(0,8) (since it is a difference of two distributions in X’(0, §)) and hence,
according to the inclusion (4.1), also in D’(0, §). In turn, this fact implies that both
terms on the right-hand side of (4.5) are, on their own, distributions in X'(0, §).
Namely, this is a consequence of a well-known fact about the convergence of
distributions, which itself follows from a suitable generalization of the Hahn—
Banach theorem to locally convex topological spaces (see, for example, [HO,
Theorem 2.1.8, p. 39]):

An entirely analogous comment applies to Theorem 4.5 below, with the space
of test functions now coinciding with D(0, §p) and thus the associated space of
distributions being equal to D’(0, &o).
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4.2. Exact distributional tube formula. The main result of this subsection is
a distributional analog of the pointwise tube formula without error term stated in
Theorem 3.4 of Subsection 3.2; see Theorem 4.5 just below. The resulting fractal
tube formula will be an asymptotic distributional formula meaning that 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 L.2’.

Theorem 4.5 (exact distributional tube formula via f 4,2). Let (A, Q) be a relative
fractal drum in RN which is strongly languid for some k € R and § > 0.
Furthermore, let 8¢ := min{1,8, B~'}. Then, for every k € 7, the distribution
Vgi]ﬂ in D'(0,8¢) is given by the following exact distributional tube formula in
D'(0, 89), expressed in terms of the tube zeta function EA,Q = EA’Q(' :6):

N—s+k »
VL) = 3 res ((N’—H)kg,g(s),w). 4.14)

weP(4,0,0)

That is, the action of ng,]g on an arbitrary test function ¢ € D(0, 8¢) is given by

WL ) = Tores (AN —s + 14 0000) )y,

Via#) (N —s + g
weP(t4,0,C)

Proof. The theorem is proved by applying Theorem 4.3 to the sequence of screens
S:» (occurring in hypothesis L2” of strong languidity, see equation (2.24)) and
then showing that the corresponding error term tends to zero as m — co. More
specifically, by choosing ¢ € IN such that k + ¢ > « + 1 and m € IN such that
sup Sy, < 0, we deduce from (4.5) the following distributional identity, viewed as
an equality in D’(0, §o):

(50 (st lk-ta]
A% 1) = _ ) R 1). 4.16
O =Y res (G taal)e) + B0, @16)
®€P(§a,2,Wm)

Next, we fix a test function ¢ € D(0,5p). Since by definition, ¢ has compact

support, there exists v € (0, 1) such that the support of ¢ is contained in (0, vB~!].

Using this fact, we estimate the Mellin transform of ¢ in the following way, for all
s € C such thatRes < 0:

+o0
HM@MN —s + 1+ k 4+ ¢)| < (vB~')~Res / tN+E+a141)] de. 4.17)
0
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By using the above estimate (4.17), hypothesis L.2’, along with the obvious fact
that [(N =Sy (t)—it+ 44| = (V1 + 72 )k+4 we now estimate the distributional

error term 9~1,[,I§+Q] as follows (we let | ds| := |s'(7)| d7):
(@ g) < [ UMW =5 + 14k + )l 2O ay]
g (N =5+ Diql
T (1+ o))"
~ T
< K1+ |Spllui /BuB—l ISm__________ 4.18
( || ||LP)_ ( ) (m)k+q ( )

+o00 K
< KU|SUPSm| / (1 + |77|) T,
(V1 4 12)kta

with K being a suitable positive constant. The last inequality follows since,
according to hypothesis L2’, the sequence of screens (S;;)m>1 has a uniform
Lipschitz bound; see the definition of strong languidity given in Definition 2.13.
Furthermore, the last integral in the above calculation is convergent since k + g >
Kk + 1.

Next, by letting m — oo, we deduce that ( , ) — 0 since |sup Sy, | = o0,
and thus we conclude that ﬂ,’f L gasm — 00, in D’(0, 8¢). Finally, in light
of (4.16), we obtain the statement of the theorem for the distribution VH‘,:-;‘I] in
D’(0, 8p). Finally, in order to complete the proof of the theorem, i.e., to obtain
the statement for Vgi]ﬂ itself, we use the exact same argument as in the proof of
Theorem 4.3 in Subsection 4.1 above. O

—00

fﬁﬁﬂ]

Of course, the most interesting special case of the distributional fractal tube
formula (with and without an error term) is the case when & = 0 and hence,
\71[40,]9 (t) = |A, N Q| for all # > 0 (and as a regular distribution in D’(0, y)).

4.3. Estimate for the distributional error term. In this subsection, our goal is
to give an asymptotic estimate for the distributional error term appearing in The-
orem 4.3, interpreted in the sense of [Lap-vFr3, Subsection 5.2.4]. In order to do
so, we now introduce the notion of the distributional order of growth (see [EstKa,
JaffMey, PiStVi] and also, independently, [Lap-vFrl-2] and [Lap-vFr3, Defini-
tion 5.29)).

For a test function ¢ € D(0, +00) and a > 0, we let

@alt) = 2<p(£) (4.19)

Observe that [, ¢,(t) dr = [;"* ¢(r) dt, for every a > 0.
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Definition 4.6. Let R be a distribution in D’(0, §) and let « € R. We say that R
is of asymptotic order at most t* (resp., less than t*) as t — 07 if applied to an
arbitrary test function ¢, in D(0, §), we have that!®

(R, 0q) = 0(a*) (resp., (R, @) = 0(a%)), asa — 0. (4.20)
We then write
R(t) = O(t*) (resp., R(t) = o(t¥)), asa — 0.

Remark 4.7. Note that it is easy to see that if f" is a continuous function such that
pointwise, f() = O(t%) or f(t) = o(t%) ast — 0%, for some o € R, then f
also satisfies the same asymptotics, in the distributional sense of Definition 4.6.
On the other hand, we note that clearly, a distributional asymptotic estimate (in
the case of regular distributions), does not in general imply the usual pointwise
one; see, e.g., [PiStVi] where an explicit counterexample is given.

Finally, also observe that for a test function ¢ € D(0, §) and a > 0, the Mellin
transform of ¢, satisfies the following (see equation (2.32) defining {91 f }(s)):

{Mea}(s) = a® M} (s), 4.21)

for all s € C.

We now state the main result of this subsection, dealing with the order of
growth of the distributional error term appearing in Theorem 4.3. It is the analog
in our present context of [Lap-vFr3, Theorem 5.30].

Theorem 4.8 (estimate for the distributional error term). Assume that the hypothe-
ses of Theorem 4.3 are satisfied, for a fixed k € Z. Then, the distribution R{Eﬁ]g (1)

(NS SHE g0t 5 0t e,

given by (4.7) is of asymptotic order at most
RYGL() = 0N =®SThy a5y — 07, (4.22)

in the sense of Definition 4.6.

Moreover, if S(t) < sup S for all T € R (that is, if the screen S lies strictly to
the left of the vertical line {Res = sup S}), then i&k]g (t) is of asymptotic order
less than tN—swS+tk. ;o

Q) = oY 05 ast - 0%, (4.23)

also in the sense of Definition 4.6.

19]n this formula, the implicit constant may depend on the test function ¢.
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Proof. For a test function ¢, the integral defining (5%1[4"7]9, @) in equation (4.7)

converges absolutely. Furthermore, for any a € (0, 1), and by using (4.21), we
obtain the following estimate:

~ 1 {Mpa}(N —s + 1+ k)| -
REL o) < — d
(Rio: all < 5- N =5 ¥ Dx 1La,2(s)] | ds|
S
1 [ NeRestk HM@Y(N =5 + 1+ 0)[ [La,2(5)]
=—|a | ds.
27 [((N —s + 1)g]

N

The last integral above is bounded by Ca ¥ ~supS+k

and this proves the first part of the theorem.
In order to establish the second part of the theorem, we use an argument similar
to the one used in the proof of estimate (3.12) of Theorem 3.2. O

, where C is a positive constant

5. Tube formulas via the relative distance zeta function

In this section, our main goal is to reformulate the results from the previous
sections in terms of the relative distance zeta function (4. := {4,o(-;§). This is
extremely useful in the applications since the relative distance zeta function {4 o
of an RFD (4, ©2), can be calculated without knowing its relative tube function
t — |A; N Q| (which, of course, is not the case for the tube zeta function EA,Q).
Naturally, the results will follow, in particular, from the functional equation (2.6)
which connects these two fractal zeta functions, {4 o and EA’Q. More precisely,
in order to derive the analogous results in terms of the distance zeta function, we
will introduce a new fractal zeta function, called the relative shell zeta function,
which satisfies a more direct functional equation, compared to (2.6).
For A C RN andt,§ > 0 with t < §, we let

Ars = As \ 4. (5.1)

Note that A, s can be thought of as the (¢, §)-shell associated with A. It was proved
in [Sta] that for any bounded set A C RY and every t > 0, we have that |04;| = 0,
where 94, denotes the boundary of 4, in RY and (as usual) |04, | denotes its N-
dimensional volume. Since any unbounded set in R"Y may be partitioned into a
countable union of bounded subsets, this also holds for unbounded subsets of RV .
Consequently, for any relative fractal drum (A4, Q) in RY, we have (for 0 < ¢ < §)

A5 N Q| =145 N Q= [4, N Q| = |45 N Q| —[4, N Q. (5.2)
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5.1. The relative shell zeta function. Let EA’Q (-; &) be the tube zeta function of
the relative fractal drum (4, Q) in RY and assume that Res > N, then we have

5
Laa(s;8) = /IS_N_1|A, NQ|dt

0
8

= /zS—N—lqu NQ— 45N de (5.3)
0

8
8N A; N Q
& 409 '-/zS—N—1|A,,5mQ|dz.
s—N

0

Definition 5.1. Let (4, Q) be an RFD in RN and fix § > 0. We define the shell zeta
Sfunction EA’Q = EA’Q(' :8) of A relative to Q (or the relative shell zeta function
of (4, 2)) by
8
EA,Q(S;(S) = —/ZS_N_1|AI’5 N Q| drz, 5.4
0

forall s € C with Re s sufficiently large. Here, the integral is taken in the Lebesgue
sense and A, s is defined by equation (5.1).

In light of (5.3), we can now easily obtain the following theorem.

Theorem 5.2. Let (A, Q) be an RFD in RN and fix § > 0. Then the shell
zeta function {4.0(-;0) of (A, Q) is holomorphic on the open right half-plane
{Res > N} and

)

%EA,Q(s;S) = —/zS—N—1|A,,5 N Q|logt dr, (5.5)
0
forall s € C such that Res > N.
Furthermore, forall s € CsuchthatRes > N, EA’Q(' ; ) satisfies the following
functional equations, connecting it to the tube and distance zeta functions of
(A, Q), respectively:

S NAs N Q-

Caq(s:8) = T laed) (5.6)

and )
Caa(s;8) = (N —s5)Caa(s;6). (5.7)
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Proof. To prove the holomorphicity of EA,Q (-;8), one observes that for every real
number o > N, we have

)
Eaa(0:8)] < |45 N m/:v—N—l dr < oo,
0

and uses a well-known theorem about differentiation of an integral depending
analytically on a parameter (see, e.g., [Mattn] or [Titl, Theorem 31]) which also
gives the formula (5.5) for the derivative. Formula (5.6) is a rewriting of (5.3) and
by combining it with the functional equation (2.6), which connects the relative
distance and tube zeta functions, we obtain (5.7). O

In light of Theorem 2.6, the principle of analytic continuation combined with
equation (5.6) (or (5.7)) now immediately yields the following properties of the
relative shell zeta function.

Theorem 5.3. Let (A, Q) be a relative fractal drum in RN such that we have
dimp (A, Q) < N and fix § > 0. Then the following properties hold:

(a) The relative shell zeta function Z‘ 4,9 (8; 8) is meromorphic in the open half-
plane {Res > dimp (A, Q)}, with a single simple pole at s = N. Furthermore,

res(Ca,(+:8), N) = —|45 N Q. (5.8)

(b) If the relative box (or Minkowski) dimension D := dimpg(A4, Q) exists,
D < N and MP(A,Q) > 0, then ta.q(s) = +ooass € R converges to D from
the right.

Proof. We deduce from the principle of analytic continuation that the functional
equations (5.6) and (5.7) continue to hold on any open connected set U such that
U 2 {Res > N} and to which any of the three relative zeta functions, EA’Q,
EA,Q or {4.q, has a holomorphic continuation. In light of this, part (a) follows
from the counterpart of Theorem 2.6 for the relative tube zeta function (see also
equation (2.4) and the last paragraph of Remark 2.7) and (5.6), while part ()
follows from Theorem 2.6 and (5.7). O

The following corollary is an immediate consequence of the above theorem, or
more precisely, of the functional equation (5.6) and the fact that for a given RFD
(A, Q) in RN and any fixed 81,8, > 0, the difference Z4 o (s;81) — Ca.a(s;82) is
an entire function. (See [LapRaZu4] or [LapRaZu]].)
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Corollary 5.4. Let (A, Q) be an RFD in RYN such that dimp(A, Q) < N and
Jix 81,82 > O such that §, < 8. Then, the difference {4.0(s;81) — Ca.Q(s;82) is
meromorphic on all of C with a single simple pole ats = N of residue |As, 5, N2|.

The next corollary follows at once from the first part of the proof of Theo-
rem 5.3.

Corollary 5.5. Let (A, Q) be an RFD in RN. The functional equations (5.6)
and (5.7) continue to hold on any connected open neighborhood U < C of the
critical line {Re s = dimp (A, Q)} to which any of the three relative zeta functions
g: A, f 4,0 or {4, can be meromorphically continued. More specifically, if either
EA,Q, EA’Q or La.q has a (necessarily unique) meromorphic continuation on the
domain U C C, then so do the other two fractal zeta functions and the functional
equations (5.6) and (5.7) continue to hold for all s € U between the resulting
meromorphic extensions ofEA,Q, EA,Q and {4.0.

Moreover, in light of Theorem 2.9 and the functional equation (5.6), we have
the following result.

Theorem 5.6. Assume that (A, Q) is a Minkowski nondegenerate RFD in RV,
that is, 0 < MP(4,Q) < M*P(4,Q) < oo (in particular, dimp(A, Q) = D),
and D < N. If E 4.0(s) can be meromorphically extended to a connected open
neighborhood of s = D, then D is necessarily a simple pole of E 4,0(s) and

MP(4,Q) <res(lue. D) = M*P (4, Q). (5.9)
Furthermore, if (A, Q) is Minkowski measurable, then

res(C4.0. D) = MP (4, Q). (5.10)

The most useful fact about the relative shell zeta function is that the residues
of its meromorphic extension at any of its (simple) poles belonging to the open
left half-plane {Re s < N} have a simple connection to the residues of the relative
tube or distance zeta functions. (See also Corollary 5.5 just above.)

Lemma 5.7. Assume that (A, Q) is an RFD in RN such that its tube or distance or
shell zeta function is meromorphic on some connected open neighborhood U < C
of the critical line {Res = dimg(A, Q)}. Then, the multisets of poles located in
U \ {N} of each of the three zeta functions, EA’Q, EA,Q and {4, coincide:

Plag, U\N{NY) = Paq. U\ IN}Y) = Plag U\ {N)). (5.11)
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Moreover, if o € U \ {N} is a simple pole of one of the three fractal zeta
Sunctions 4.0, La.q or La.q, then it is also a simple pole of the other two fractal
zeta functions and we have

resae. )

N - (5.12)

res({a.0.0) = res(Cag. ) =
The shell zeta function, fA,Q, may seem rather artificial and unnecessary in
the present context of relative fractal drums, but it will prove to be quite useful
as a “translation tool” for deriving the tube formulas (originally obtained via the
tube zeta function, EA,Q, in Sections 3 and 4) in terms of the much more practical
distance zeta function, {4 . We note that the shell zeta function originally arose
naturally in [Ral], where it was used, in particular, to generalize the theory of
complex dimensions developed in [LapRaZul-8] to the special case of unbounded
sets at infinity having infinite Lebesgue measure. (See also [Ra2] for a study of
the fractal properties of unbounded sets of finite Lebesgue measure at infinity.)

5.2. Pointwise tube formula via the distance zeta function. Analogously as
in the case of the relative tube zeta function of (4, 2), we observe that g: 40(s) =
{M f1(s), where f(s) = —t_N)((O,g)(l‘)|A,,5 N 2|. We also note that f is
continuous and of bounded variation on (0, +00); so that we can apply the Mellin
inversion theorem (Theorem 2.18), much as in the proof of Theorem 2.19, and

conclude that
c+ioo

1 v
A 0@l = =5 [ 1V Euatsi8) ds. (5.13)
2mi
c—ioo
where ¢ > N is arbitrary and ¢ € (0, §). In light of (5.2), the following theorem is
an immediate consequence of the identity (5.13).

Theorem 5.8. Let (A, Q) be a relative fractal drum in RN and fix § > 0. Then,
foreveryt € (0,68) and any real number ¢ > N, we have

! c+ioco

14, N Q| = |A5OQ|+ﬂ/ZN_sZ‘A,Q(s;8)ds. (5.14)
T
c—ioo

It is now clear that if the shell zeta function of (A4, 2) satisfies the languidity
conditions of Definition 2.12, with the constant ¢ > N in the condition L1, or
the strong languidity conditions of Definition 2.13, we can rewrite the results of
Sections 3 and 4 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 3.1, we had
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the freedom to choose any ¢ € (dimp (A4, ), N + 1). Furthermore, observe that
the additional pole of the shell zeta function at s = N will cancel out the term
|As N 2] in (5.14) above. More specifically, in the analog for the relative shell zeta
function of the pointwise formula stated in Theorem 3.2, we obtain the following
pointwise fractal tube formula with error term, expressed in terms of the shell zeta
function EA,Q = EA’Q(' :6):
K] (N—s+k ik

VI @) = res (ﬁg a(s), a)) + |45 N Ql(T + R¥L (1), (5.15)

wePa,2,W)

valid pointwise for all # € (0, §). Here, just as in the statement of Theorem 3.2,
the shell zeta function EA,Q) of the RFD (4, ) is assumed to be languid for
some fixed § > 0 and some fixed constant k € IR, as well as with the constant
¢ satisfying ¢ > N. Furthermore, the nonnegative integer k is assumed to be such
that k > k + 1 and for every ¢ € (0,§), the error term R/[lk,]ﬂ is given (much as

in (3.9)) by the absolutely convergent (and hence, convergent) integral

[k] tN —s+k y
o) = %/ T ta,a(s;8) ds. (5.16)

Moreover, it satisfies the exact analog of the pointwise error estimate (3.10), valid
pointwise for all ¢ € (0, §). Hence, it satisfies (for gA’Q instead of for EA,Q) the
error estimate (3.11) and, in the special case when the screen S lies strictly to the
left of the vertical line {Res = sup S}, it satisfies the exact analog (for EA,Q) of
the stronger error estimate (3.12).

In addition, by singling out the residue at s = N from the above sum and using
Lemma 5.7 and Theorem 5.3(a), along with the functional equation (5.7), we can
rewrite the above equation (in (5.15)) as follows:

N—s+k
Q(t) = Zres ((1\[7

w€eP(a.0,W)

e (ag(s:8).0) + RIL (). (5.17)

where the pointwise error term RIElk]Q is now given by the absolutely convergent
(and hence, convergent) integral

R¥ ) = 1 ﬂ; (s:8) ds (5.18)
AT 2w ) (N = )k AR ' '

We next introduce the analogs of the languidity conditions for a relative fractal
drum, now formulated in terms of its relative distance zeta function. We call them
d-languidity conditions in order to stress that they are related to the distance zeta
function.
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Definition 5.9 (d-languidity and strong d-languidity). We say that a relative
fractal drum (A4, Q) in RY is d-languid (resp., strongly d -languid) if it is languid
in the sense of Definition 2.12 (resp., Definition 2.13), but with the relative tube
zeta function EA’Q = EA’Q( -;8) replaced by the relative distance zeta function
ta.9 = Ca.0(-; ) and with the constant ¢ appearing in L1 satisfying ¢ > N.

The following lemma is an immediate consequence of the functional equa-
tion (5.7). It is crucial in the sense that it allows us to deduce the languidity expo-
nent k of the shell zeta function directly from the d-languidity exponent «; of the
distance zeta function. This cannot be done for the tube zeta function, due to the
presence of the term §*~V| A5 N Q| in the functional equation (2.6); this is in fact
the technical reason for introducing the shell zeta function in the first place.

Lemma 5.10. Let (A, Q) be a relative fractal drum in RN such that dimp (A, Q) <
N and which is d-languid for some value § > 0 and with some exponent kg € R.
Then the shell zeta function EA’Q of (A, Q) satisfies the languidity conditions of
Definition 2.12 for the same value of § and with the exponent k := kg — 1.
Furthermore, if (A, ) is strongly d-languid with the corresponding constant
B > 0 and for some exponent kg € R and some § > 0, then the shell zeta function
E 4.0 of (A, ) satisfies the strong languidity conditions of Definition 2.13 with the
exponent k 1= kg — 1 and with the same constant B as well as the same value of §.

We are now able to state the main theorem of this section, which is the analog
for {4, of Theorem 3.2 stated in terms of {4.q.

Theorem 5.11 (pointwise fractal tube formula with error term, via {4.q). Let
(A, Q) be a relative fractal drum in RN which is d-languid for some § > 0
and with exponent kg € R. Furthermore, assume that dimg(A,Q) < N and
let k > k4 be a nonnegative integer. Then, the following pointwise fractal tube
Sformula, expressed in terms of the distance zeta function {40 = Ca,Q(-;0), is
valid for every t € (0, 6):

K] [N—s—l—k ]
0 = Yres (——tao@).0) + RiLO). (.19
’ (N = 5)k+1 :
w€P(§(A,RQ),W)
(k]

Here, for everyt € (0. §), the error term Ry, is given by the absolutely convergent
(and hence, convergent) integral

1 [N—S-l—k

W o~ _ L
Ria®) = 3= | (=g e ds (5.20)
S
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Furthermore, for every t € (0,8), we have

C( + |SLip)

(k] N+k —supS ,—inf S
R Nl <t t7SPR
RG] = N max( e

+C). 62D
where C is the constant appearing in L1 and 1.2 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:

Rz[f,]sz(t) = 0N SHRy a5t — 0. (5.22)

Moreover, if S(t) < sup S (i.e., if the screen S lies strictly left of the vertical
line {Res = sup S}), then we have the following stronger pointwise error estimate:

RYL(@0) = 0N+ a5y — o (5.23)

Proof. Inlight of Lemma 5.10, we have that g: 4,0, the shell zeta function of (4, 2),
also satisfies the appropriate languidity conditions with k¥ := x; — 1 and for the
same value of §. The theorem now follows much as in the case of the relative tube
zeta function EA,Q; see the proof of Theorem 3.2 and the discussion following
Theorem 5.8. O

Remark 5.12. In Theorem 5.11, as well as in all of the following theorems below
involving the relative distance zeta function, the additional assumption according
to which dimp (4, Q) < N is made in order to avoid the situation where s = N is
a pole of Z4.q.

The next result is the counterpart for {4 o of Theorem 3.4, which is stated in
terms of {4.q.

Theorem 5.13 (exact pointwise fractal tube formula via {4.q). Let (A, Q) be a
relative fractal drum in RN which is strongly d-languid for some § > 0 and with
exponent kg € R. Furthermore, let k > k; — 1 be a nonnegative integer and
assume that dimp (A, Q) < N. Then, the following exact pointwise fractal tube
Sformula, expressed in terms of the distance zeta function {4.q ‘= Ca.0(-; ), holds
for everyt € (0,min{1,8, B~1}):

tN—s+k

Vj’}%(z) = Zres (WEA,Q(S),w). (5.24)
0EP(t..C) ket

Here, B is the constant appearing in 12" and k4 is the exponent occurring in the
statement of hypotheses L1 and L.2'.
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Proof. In light of Lemma 5.10 and the functional equation (5.7), the proof of the
theorem parallels that of Theorem 5.11 and of Theorem 3.4, except (in the latter
case) for the tube zeta function EA,Q(- ; 6) now being replaced by the shell zeta
function EA,Q(- :6). O

A situation that occurs frequently in the applications is when a relative fractal
drum (A, 2) is “almost” strongly d -languid. More precisely, (A4, 2) will satisfy all
of the conditions of strong d -languidity, except the condition that L1 is satisfied for
all o < c. For example, let A be the middle-third Cantor set constructed in [0, 1]
and let @ = (0, 1). Then, the relative distance zeta function {4, g is meromorphic
on all of C and given for all s € C by (see [LapRaZu2, Example 3.4] or [LapRaZul,
Example 2.1.81]):

1—s

laa(s) = g (5.25)

(3 -2)
As one can easily check, it almost satisfies the strong languidity conditions with
kg = —1, where the sequence of screens S,, can be taken as the sequence of
vertical lines {Res = —m} for m € IN. The problem here arises from the factor
27% which tends exponentially fast to +oco as Res — —oo, so that condition L1
cannot be fulfilled for all 0 < c¢. In order to remedy this problem and obtain a
pointwise formula in this and similar situations, we can multiply {4 o(s) by 2°
and then, the resulting function will be strongly d-languid. On the other hand,
by the scaling property of the relative distance zeta function (see [LapRaZu3,
Section 2.2] or [LapRaZul, Theorem 4.1.38]), we have that 2504 .o (s) = {24.20(s),
where (24,2%Q) is the scaled version of the RFD (4, Q). (For a subset 4 of RY
and any A > 0, we define A4 := {Ax:x € A}.) In light of the above discussion, we
can now state the following corollary dealing with this situation and which will
be used repeatedly (most often implicitly) in Section 6.

Corollary 5.14 (exact pointwise fractal tube formula via {4 q; scaled version). Let
(A, Q) be a relative fractal drum in RN such that dimp (A, Q) < N. Furthermore,
assume that there exists a scaling factor A > 0 such that (AA, AQ2) is a strongly
d-languid RFD in RN, for some § > 0 and with exponent k; € R. Moreover, let
k > kg — 1 be a nonnegative integer. Then, the following exact pointwise fractal
tube formula, expressed in terms of the distance zeta function {4.q, holds for every
t € (0,A " min{1,8, B~1}):

N—s+k

O = s (e

— S)k+1
weP(4.0.C) Vet

é'A,Q(S),w)- (5.26)
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Here, B is the constant appearing in L2 ( for the function s +— {3410(s;0) =
A5Ca.a(s;8A7Y)) and k4 is the exponent occurring in the statement of hypothe-
ses L1 and 1.2,

Proof. Let us denote by VA[k] (7) the k-th primitive of the function
T+ |(A4) N AL|.

It is easy to show that
VI (2) = ANy O(e/2)

(see also [LapRaZul, Lemma 4.6.10]). Using this scaling property, we then see
that

T T /A
v =/V{°](z)dz =AN/VA[?S]-Z(I/A)dt = AN+ / Vi%(6) dE, (5.27)
0 0 0

or, in other words, VA[I](‘E) = AN+1 V/Es]z (z/1). Hence, by induction, we deduce
that

Vi@ = AWy /), (5.28)

for all nonnegative integers k.
We apply Theorem 5.13 to the relative fractal drum (A4, A2) and obtain the fol-
lowing exact fractal tube formula, valid pointwise for all z € (0, min{1,§, B~'}):

.L.N—s+k
V@ = res (o tuaa(si9).0). (5.29)
(N —$)k+1
w€P(ra.20,0)

Next, combining (5.28) with (5.29) and the scaling property of the relative dis-
tance zeta function (namely, ; 4 20 (s) = A°C4.0(s); see [LapRaZu4, Section 2.3]
or [LapRaZul, Theorem 4.1.38]), we deduce that

N—s+kks

T _
WYL /3y =3 res (W;A,g(s; 52 1),a)). (5.30)
0eP(Ea,0,0) ki

Finally, we complete the proof of the corollary by multiplying the above identity
by A"k and introducing a new variable ¢ := 7/A. |
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Remark 5.15. 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 Theo-
rem 3.4.

The most interesting situation is, of course, the case when we can apply
Theorems 5.11 and 5.13 or Corollary 5.14 at the level k = 0. We now state
the corresponding corollaries of these two theorems as a separate (and single)
theorem.

Theorem 5.16 (pointwise fractal tube formula via {4 q; level k = 0). (i) Under
the same hypotheses as in Theorem 5.11, with k := 0, and using the same notation
as in that theorem, with kg < 0, the following pointwise fractal tube formula with
error term, expressed in terms of the distance zeta function (4,0 = l4.0(-;0),
holds for all t € (0,8):

N-—s

t
N —s

|[A; N Q| = Zres(

weP(Eq,0,W)

a,0(s), a)) + R/[;)’]Q (1), (5.31)

where RLO,]Q (¢) is the error term given by formula (5.20) with k := 0. Furthermore,
we have the following pointwise error estimate:

RLO’]Q(I) = 0N ="S) ast — 0t (5.32)

Moreover, if S(t) < sup S for every v € R (i.e., if the screen S lies strictly to
the left of the vertical line {Res = sup S}), we then have the following stronger
pointwise error estimate:

R/[R]Q(l) = otV TSy st — 07, (5.33)

(i1) Finally, under the same hypotheses as in Theorem 5.13 or Corollary 5.14,
with k = 0 and kg < 1, and if, in addition (AA, AQQ) is strongly d-languid
for some A > 0, then the fractal tube formula (5.31) holds pointwise for all
t € (0.A""'min{1,8, B~"})), with R{’,(t) = 0 and W := C; so that (5.31)
becomes an exact fractal tube formula in this case.

The exact analog of Remark 3.5, and Remark 3.6 holds in the present situation,
except for the relative tube zeta function g: 4, replaced by the relative distance zeta
function {4,q of the RFD (4, ). We state the most interesting case in a separate
theorem which is of course, the corollary of Theorem 5.16 corresponding to the
level k = 0.
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Theorem 5.17 (pointwise fractal tube formula via {4,q; level k = 0 and the case
of simple poles). Assume that the hypotheses of Theorem 5.16 hold. Suppose, in
addition, that all of the visible complex dimensions of the RFD (A, 2) are simple
(i.e., all of the poles of C4.q or, equivalently, since D := dimp(A, Q) < N here,
of E '4,Q, belonging to the window W are simple). Then, the pointwise fractal tube
SJormula (5.31), expressed in terms of {4.q, takes the following simpler form, valid
forallt € (0,6):

4N ="

we€P(a.0,W)

N—-w
— res(Ga.0(s). @) + R{G(). (5.34)

where the ( pointwise) error term RL]Q is the same as in Theorem 5.11 at level

k = 0 and hence, satisfies the same ( pointwise) error estimates [(5.32) or (5.33),
depending on the hypotheses) as in Theorem 5.16. In particular, in the strongly
languid case (i.e., if (AA, AQQ) is strongly languid for some A > 0), we have
RLO,]Q = 0and W := C, so that (5.34) then becomes an exact pointwise fractal
tube formula, valid for all t € (0, A~ min{1,§, B~1}).

5.3. Distributional tube formula via the distance zeta function. In this sub-
section, we state the distributional analogs of the results from Section 5.2 above,
still expressed in terms of the relative distance zeta function. The proofs are com-
pletely analogous to the ones from Section 4 for the case of the relative tube zeta
function. Again, we use the relative shell zeta function and the same scaling tech-
nique as in the proof of Corollary 5.14 (and Theorem 5.13) above in order to obtain
the desired results under the hypotheses of d -languidity or of strong d -languidity.

Theorem 5.18 (distributional fractal tube formula with error term, via {4.0).
Let (A, Q) be a d-languid relative fractal drum in RN for some § > 0 and
kq € R. Furthermore, assume that dimp (A,R2) < N. Then, for every k € Z, the
distribution Vz[f,]sz in X' (0, 8) (and hence, also in D’ (0, 8)) is given by the following
distributional fractal tube formula, with error term and expressed in terms of the
distance zeta function (4,0 := Cao(-:90):

l‘N —s+k
VL) = Zres((N . ;A a(s), a)) + Ry (0). (5.35)

we€P(4.2,W)

That is, the action of VK]Q (t) on an arbitrary test function ¢ € X (0, 8) is given by

Zres {Me}(N — s + 1+ k)a,a(s)

(N — $)k+1 a)) + (911[4]‘,]52, @). (5.36)

A sz @)
weP(Eq.0,W)
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Here, the distribution 931[4](,]9 in X'(0, 8) is the distributional error term given for
all ¢ € K(0,6) by

L [ {Me}(N —s + 1+ k)s,0(5)
R =—/ 27 ds. 5.37
( 4,0 @) 27 (N — )es S ( )
S

it [k] ; ; N—sup S+k

Furthermore, the distribution Ry (t) is of asymptotic order at most t

ast — 0% ie,

RYL(0) = 0N~ SHRy g5 — oF (5.38)

in the sense of Definition 4.6.

Moreover, if S(t) < sup S for all t € R (that is, if the screen lies strictly to
the left of the line Res = sup S), then R{Elk]g (t) is of asymptotic order less than
tN—supS-i—k. ie. ,

R,[f,]sz(t) = o(tN TSRy st — 0t (5.39)

In the case of a (possibly scaled) strongly d-languid relative fractal drum, as
before, we obtain a distributional formula without an error term, as stated in the
next theorem.

Theorem 5.19 (exact distributional fractal tube formula via {4,q). Let (A, ) bea
relative fractal drum in RN and assume also that dimp (A, Q) < N. Furthermore,
assume that there exists A > 0 such that (AA, AQ2) is strongly d -languid for some
8§ >0, kg € R, and let*® 8y := A"' min{1,8, B~'}. Then, for every k € Z, the
distribution \71[4](,]9 in D'(0, 8) is given in terms of {a.q := Ca.(-;8) by

N—s+k

VL (1) = 3 res (Ué—

— e l).0) (5.40)
w€P(a,2,0) ke

That is, the action of Vg‘]ﬂ on an arbitrary test function ¢ € D(0, &) is given by

Mp}(N —5 + 1+ k)laals) w)

k] _
(Vaa ). 9) = Zres( (N = $)k+1

w€P(§4.2,0)

(5.41)

We conclude this section by stating as a separate (and single) theorem the most
interesting special case of Theorems 5.18 and 5.19, when k = 0.

20 Here, B is the constant appearing in condition L2’ for the function &) 4 (s, A2; ).
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Theorem 5.20 (distributional fractal tube formula via {4 q; level k = 0). Under
the same hypotheses as in Theorem 5.18, with k := 0, we have the following
distributional equality in X'(0,8) for the relative tube function t + |A; N Q|
of the relative fractal drum (A, Q) in RV:

N—s

t
N —s

|[A; N Q| = Zres(

0eP(4.2,W)

{a2(0).0) + R 0), (5.42)

where RLY (1) is given by (5.37) for k = 0 and R, (1) = 0N =Sy ast — 0F
or, if S(t) < sup S forall t € R, then JQER]Q(I) =o(N™PS) g5t — 0T,

Moreover, under the same hypotheses as in Theorem 5.19, with k := 0, and if
(AA, AQ) is strongly d -languid for some A > 0, then the analog of (5.42) holds in
D'(0, 8), where 8y := A~ min{1, 8, B~} and with RE]Q(Z) =0and W := C; so
that we obtain an exact distributional fractal tube formula in this case.

Finally, if, in addition, each visible complex dimension of (A, Q2) is simple (i.e.,
if each pole of 4.0 or, equivalently, of E 4., located in W is simple), then the sum
over the complex dimensions in (5.42) (or in its analog with W := C, for the exact
tube formula) becomes

N—-o

2

w€P(a.02,W)

res(84,0(5), w). (5.43)

5.4. The relative Mellin zeta function. In this subsection, we introduce a new
fractal zeta function, called the relative Mellin zeta function. Our motivation for
doing so is to use this new zeta function in order to obtain a distributional tube
formula which is valid on a larger space of test functions. This extension will be
required in order to obtain a Minkowski measurability criterion in [LapRaZu8]
(see also [LapRaZul]) but will not be needed elsewhere in the present paper.
Nevertheless, we include it here since it is a natural extension of the present theory
of fractal tube formulas and essentially follows from the same ideas already used
in previous sections.

We want to extend our distributional tube formulas to the space?! K(0, +o00).
Recall that in Definition 2.1, we have assumed that an RFD (A4, ©2) has the property
that there exists § > 0 such that Q@ C Ags. Therefore, for an RFD (4, Q) we
observe that Ag N Q@ = Q for all § sufficiently large; for such values of §, we
have that |45 N Q] = |2|, which enables us to redefine the tube zeta function in

21 Here, X (0, +o0) is defined exactly as K (0,68) just before Definition 4.1, except for §
replaced by +oo, and in this case, we require that for every ¢ € K (0, +00), t" 9@ (t) — 0
as t — 400, where ¢(? denotes the g-th derivative of ¢.
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the following way. Namely, assume that D := dimp (A4, Q) < N and recall the
functional equation (2.6), written in the following integral form:

8
/ dix, A N dx =8"N4sn Q|+ (N —s)/ts_N_1|A, NQldr, (5.44)
AsNQ 0
initially valid for all s € C such that Res > D. Now, we may take the complex

number s to be in the vertical strip {Res > D} N {Res < N} and let § — +o0 to
obtain the following equality:

+o00
/d(x,A)S_N dx = (N—s)/zs—N—1|A, NnQldr. (5.45)
Q 0

Observe that on the right-hand side of (5.45), we have the Mellin transform of the
function =V |4, N Q| and this integral is absolutely convergent inside the vertical
strip {Res > D} N {Res < N}. Indeed, to see this, we note that

+o00
/zS—N—1|A,msz| dt
0

(5.46)
1 +o00

=/zS—N—1|A, N Q| dz+/zS—N—1|A, NQ|dr,
0 1

where the integral over (0, 1) is equal to EA(S, ;1) and hence, is absolutely
convergent on {Res > D}, while for the integral over (1, +00), we have

+00
< /zR“‘N‘1|A, NQlde

400
‘/zs—N—wA, NnQlds
1 1

IA

+o00
|Q|/tRes—N—l dt (547)
1

_ el
N —Res’

The classic theorem about the holomorphicity of an integral depending ana-
lytically on a complex parameter (see [LapRaZul, Theorem 2.1.46] or [Mattn])
implies that the integral on the right-hand side of (5.45) defines a holomorphic
function on the vertical strip { D < Res < N} and upon analytic continuation, that
the entire right-hand side of (5.45) coincides (within that strip) with the relative
distance zeta function {4, (s); i.e., the identity (5.45) holds as an equality between
holomorphic functions defined on the open vertical strip {D < Res < N}.
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Moreover, upon further meromorphic continuation (and since, by Theorem 2.6,
C4. is holomorphic in the open right half-plane {Re s > D}), we also deduce that
if {4, can be meromorphically continued to a given connected open neighbor-
hood U of the critical line {Res = D}, then (with the terminology and notation
of Definition 5.21 just below), so can the Mellin zeta function é‘ﬁ’fg. Hence, we
deduce that the following functional equation holds (between meromorphic func-
tions):

tan(s) = (N —)q(s), (5.48)
foralls e U.

Definition 5.21. Let (A4, Q) be an RFD in RV such that dimp (4, Q) < N. We
define the Mellin zeta function {3, of (A, Q) by

400
f,?fg(s) = /ZS_N_1|A, Nl de, (5.49)
0

for all s € C with Res € (dimp(4,Q), N), where the integral is taken in the
Lebesgue sense.

In the discussion preceding Definition 5.21, we have already proven a part of
the following theorem.

Theorem 5.22. Let (A, ) be an RFD in RN such that dimg(A4,Q) < N.
Then, the Mellin zeta function é‘fffg is holomorphic on the open vertical strip
{dimp(A4, Q) <Res < N} and
+oo
%zg}?}g(s) = /zs_N_1|A, NQ|logr dt, (5.50)
0
forall s in{dimp (A4, Q) < Res < N}. Furthermore, {dimg(A4, Q) < Res < N} is
the largest vertical strip (of the form {o& < Res < B}, with —oo <o < f < 400)
on which the integral on the right-hand side of (5.49) is absolutely convergent
(i.e., is a convergent Lebesgue integral).
Moreover, for all s € C such that dimg(A4, Q) < Res < N and for any fixed
8 > 0 such that Q C Ag, é‘?}Q satisfies the following functional equations:

- s—N Q
Cia(s) = laals:8) + % (5.51)
and o 6)
(P (s) = 2422 (5.52)

N —s
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Proof. We have already proven the first part of the theorem. The optimality of
the vertical strip follows directly from (5.46) (or, more precisely, from (5.48)).
Namely, the lower bound dimp (4, Q) is a consequence of the presence of the
first integral on the right-hand side of (5.46) since the latter integral is equal to
Z4(s, Q:1). Furthermore, the upper bound N is a consequence of the presence of
the second integral on the right-hand side of (5.46), since that integral is divergent
for any real number s such that s > N. To see this, let § > 1 be such that Q C A
and make the following observation:

+o00 +o00
/tS‘N‘1|A, NQlde z/zs‘N‘1|A, NnQlde

! 8 (5.53)

+o00
= |Q|/zS—N—1 dt = +oo.
8

The functional equation (5.52) is already proven, while (5.51) can be proven
directly by splitting the integral defining Q&Z over the intervals (0, §) and (8, +00)
or by using the functional equation (2.6) connecting the tube and distance zeta
functions. |

As a consequence of the functional equations (5.52) and (5.51) and the princi-
ple of analytic continuation, we immediately obtain the following two theorems,
which follow from the corresponding ones for the relative distance and tube zeta
functions (see [LapRaZu4, Theorem 2.1 and Section 2.4] or [LapRaZul, Theo-
rems 2.1.11 and 2.2.11], as well as Theorems 2.8 and 2.9).

Theorem 5.23. Let (A, Q) be a relative fractal drum in RN such that we have
dimp (A, Q) < N. Then the following properties hold.

(a) The Mellin zeta function é‘zjfg is meromorphic in the open half-plane
{Res > dimg (A4, Q)} with a single, simple pole at s = N. Furthermore,

res({3q. N) = —|Q|. (5.54)

(b) If the relative box (or Minkowski) dimension D := dimp (A, Q) exists, and
MP(A4,Q) > 0, then 533}9 (s) > 4+ooas s € R converges to D from the right.

Proof. By the principle of analytic continuation, we conclude that the functional
equalities (5.51) and (5.52) continue to hold on any connected open neighbor-
hood U C C of the vertical strip {dimp(4, Q) < Res < N} to which any of the
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three relative zeta functions has a holomorphic continuation. (See also the text
surrounding equation (5.48).) As a result, part (a) follows from the counterpart
of Theorem 2.6 for the relative tube zeta function (see also [LapRaZul, Theo-
rem 2.2.11]) and (5.51), while part (b) follows from Theorem 2.6 and (5.52). O

Furthermore, in light of Theorem 2.9 and (5.51), one obtains the following
analogous result.

Theorem 5.24. Assume that (A, Q) is a Minkowski nondegenerate RFD in RV,
that is, 0 < MP(4,Q) < M*P(A4,Q) < oo (in particular, D := dimp(4, Q)
exists), and D < N. If g‘?}Q can be extended meromorphically to a connected
open neighborhood of s = D, then D is necessarily a simple pole of Qf’fg and

M2 (A, Q) <res(tiq. D) < M*P(4, Q). (5.55)
Furthermore, if (A, Q) is Minkowski measurable, then
res({3 . D) = MP (4, Q). (5.56)

Lemma 5.25. Assume that (A, Q) is an RFD in RN with dimp (A4, Q) < N and
such that its tube or distance or Mellin zeta function is meromorphic on some
connected open neighborhood U of the vertical strip?? {dimp (A4, Q) < Res < N}.
Then, all of the above fractal zeta functions are meromorphic on U and the
multisets of poles located in U \ {N} of each of these three zeta functions, ¢ 4,9
ta.q and §3"}Q, coincide:

Pag. U\INY = Plag. U\ {N}) = PTG . U \{NY). (5.57)

Moreover, if o € U \ {N} is a simple pole of any of these three zeta functions,
then?3
res({4,0, )

N —o (5.58)

res({1%. ») = res({a,0.w) =

We may now use the Mellin inversion theorem (Theorem 2.18) to derive the
following inversion formula for the Mellin zeta function.

22 Recall from Theorem 2.6 and its counterpart for the relative tube zeta function that {4 o =
Ca. and ¢4 o = {4, are holomorphic on the open right-half plane {Re s > dimp (4, Q)).

23 Clearly, in the case when @ € U \ {N} is a multiple pole, an analogous relation

holds between the principal parts at w of EA'Q(S), é‘j{’fg (s) and the meromorphic function

¢4.2(s)/(N —s). Also, @ has the same multiplicity for either of £4 ¢, £4.c2 OF ‘o
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Theorem 5.26. Let (A, Q) be an RFD in RN such that dimp (A, Q) < N. Then,
for any ¢ € (dimp(A, Q), N) and t > 0, the following formula is valid pointwise:

! c+ioo
4= o~ / NG (s) ds. (5.59)

c—ioo

Proof. The conclusion follows directly from Theorem 2.18, along with the fact that
the function ¢ — ¢~ |4, N Q| is continuous and of locally bounded variation on
(0, +o0)andt > 1N =114,nQ|isin L1 (0, +00) forevery ¢ € (dimg(4, Q), N).
(See also the proof of Theorem 2.19 since the reasoning here is analogous.) O

One can now impose languidity conditions on the Mellin zeta function é‘?ﬂ and
rewrite the results of Sections 3 and 4 in terms of g‘ﬁ’}g since the fact that we have
to choose ¢ € (dimp (4, ), N) in the above theorem is not a hindrance. Indeed,
recall that originally, we had the freedom to choose any ¢ € (dimp (4, ), N + 1)
in Proposition 2.20. Furthermore, choosing ¢ € (dimp (4, ), N) also ensures
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 g‘ﬂ’fﬂ in the fractal tube formulas since it is
always located strictly to the right of the vertical line {Res = ¢} over which we
integrate in (5.59).

One could now also potentially derive the corresponding results about the
fractal tube formulas in terms of the distance zeta function {4,q directly from
the Mellin zeta function Cfffg and without the use of the shell zeta function EA’Q.
However, one then has to be careful and always choose § sufficiently large so that
Q C A in order for (5.52) to be satisfied. Another issue that is not fully resolved
in this potential alternative approach is whether the restriction of having to choose
§ large enough for the inclusion 2 € Aj to hold could increase the “languidity
exponent” kg of {4 . This is not the case in all of the examples we will consider,
but a general result along these lines has yet to be obtained.

Proposition 5.27. Let (A, Q) be a relative fractal drum in RN . If the relative
distance zeta function {4,0(-;08) satisfies the languidity conditions L1 and L2
for some § > 0 and kg € R, then so does {4.q(-;681) for any §; > 0 and for
(ka)s, := max{kg,0}.

Furthermore, the analogous statement is also true in the case when {4.q(-;6)
is strongly d-languid, under the additional assumption that § > 1 and §; > 1.
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Proof. Without loss of generality, we may assume that § < §;. Then, the conclu-
sion follows from the fact that for a given a window W, we have (4(s, 2;81) =
Caa(s;8) + g(s) for all s € W, where g is defined for all s € C and is an entire
function. (This fact follows directly from the classical theorem about the holomor-
phicity of an integral depending on a parameter; see [LapRaZul, Theorem 2.1.46]
or [Mattn].) Furthermore, for all s € C, we have the following upper bound on

lg(s)I:
lg(s)] < [ d(x, HRS™N dx < |Q| max{sRes—N gRes=Ny (5.60)
(45, \45)NQ

As we can see, the upper bound on |g(s)| does not depend on Im s and therefore, we
conclude that g satisfies the languidity conditions L1 and L.2 with the languidity

exponent kg := 0 and for any given window W. This observation implies that
then, {4,0(-;61) is languid for (kz)s, := max{k4, 0} and for the same window as
for {4,(;6).

The additional assumption about the strong d-languidity is needed since L1
must then be satisfied for all ¢ € (—o0,c), in the notation of Definition 2.12.
Furthermore, for this condition to be achieved, we need that §; > § > 1 in (5.60)
since otherwise, we cannot obtain an upper bound on |g(s)| when Res — —oo.

O

We refrain from restating all of the theorems of Sections 3 and 4 in terms
of the Mellin zeta function and leave this task for the interested reader. We
will restate only the distributional fractal tube formula with error term, which
will be explicitly needed in [LapRaZu8] (see also [LapRaZul]) for establishing
a Minkowski measurability criterion for a large class of RFDs in terms of the
location of the principal complex dimensions. Recall that our original motivation
for introducing the Mellin zeta function was to obtain a distributional fractal tube
formula valid on a larger space of test functions, more precisely, on the space
XK (0, +00); that is, the space of test functions ¢ in the class C°°(0, +00), such
that for all m € Z and ¢ € N, we have 199 (1) — 0, as t — 0 and r — +o0.
We point out that the key difference from working with the tube or distance zeta
function which enables us to obtain the distributional tube formula in this greater
generality is in Theorem 5.26. More precisely, the integral representation of the
tube function ¢ +— |A; N Q| in Theorem 5.26 is now valid for all # > 0, while
in Theorem 2.19 we obtained an integral representation valid only for ¢ € (0, §).
Hence, the integral representation given in Theorem 5.26, valid for all > 0,
enables us to work with test functions K (0, +o00) when deriving the distributional
tube formulas in terms of the Mellin zeta function.
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Also note that D(0, +00) € K (0, +00), and hence, we have the following (re-
verse) relation between the corresponding spaces of distributions (or dual spaces):

K'(0, +00) € D'(0, +00). (5.61)

Theorem 5.28 (distributional fractal tube formula with error term, via {?}Q; level
k = 0). Let (A, Q) be a relative fractal drum in RN such that dimp (A, Q) < N.
Furthermore, assume that §3’}Q satisfies the languidity conditions for some k € R
and § > 0. Then, the regular distribution VH)’]Q (t) := |4, N Q] in K'(0, +00) is
given by the following distributional identity in X'(0, +00):

V(1) =Y res(rV 175 (). ) + RYH (1) (5.62)
wePE W)

That is, the action of VER]Q on an arbitrary test function ¢ € X (0, +00) is given by

(Vo 0) = D res({M}(N —s + DT (9). @) + (RyG).0).  (5.63)
weP(TG W)

Here, the distributional error term ﬂ%ff}[? Vis the distribution in X’ (0, +00) given
Jorall ¢ € X(0, +00) by

1
(RS 0) = o / {MEH(N — s + DTG (s) ds. (5.64)
S

Furthermore, the distribution ﬂ%?ftg) ] (¢) is of asymptotic order at most tVNSPS gs

t > 0% ie.,
RyWN0) = 0N TSy ast — 0, (5.65)

in the sense of Definition 4.6.

Moreover, if S(t) < sup S for all T € R (that is, if the screen S lies strictly to
the left of the vertical line {Res = sup S}), then Rf?sgo] (t) is of asymptotic order
less than tN =SS je.,

RyW0) = otV S) ast — 07, (5.66)

again in the sense of Definition 4.6.

6. Examples and applications

In this final section, we illustrate the theory of fractal tube formulas developed
in Sections 3-5 by means of several examples of bounded (fractal) sets and rela-
tive fractal drums. These examples include the line segment, the recovery of the
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known tube formulas (from [Lap-vFr3]) for fractal strings (Subsection 6.2), the
Sierpinski gasket and the 3-dimensional Sierpifiski carpet, along with the inho-
mogeneous higher-dimensional N-gasket RFDs, with N > 3 (Subsection 6.3), a
suitable version of the Cantor graph (the “devil’s staircase”) and an associated
discussion of “fractality” expressed in terms of the presence of nonreal com-
plex dimensions (Subsection 6.4), fractal nests and (unbounded) geometric chirps
(Subsection 6.5), as well as, finally, the recovery and significant extensions of
the known fractal tube formulas (from [LapPe2-3, LapPeWil-2]) for self-similar
sprays (Subsection 6.6).

6.1. The line segment, convex sets, and smooth submanifolds. Let us first
consider the trivial example of the unit interval in R, which illustrates the case
when we cannot use the distance zeta function in order to recover the tube formula,
since D = N = 1.

Example 6.1. Let / = [0, 1] be the unit interval in R. Then the meromorphic
continuations to C of its distance and tube zeta functions are respectively given by
28° - 285 §571
lr(s) =— and ¢r(s) = — + T for all s € C. 6.1)
s

N s —

As we can see, the distance zeta function fails to provide information about the
Minkowski content in this case, because the pole at s = 1 is canceled by means
of the functional equation (2.6). This also demonstrates why when working with
meromorphic extensions of the relative distance zeta function, one must always
assume additionally that dimp (A, Q) < N, as opposed to the situation with the
relative tube zeta function. Furthermore, it is clear that ¢; is strongly languid if
we choose § > 1 for k := —1 and a sequence of screens consisting of the vertical
lines {Re s = —m}, where m € IN. We then recover from Theorem 3.4 (with k = 0
in the notation of that theorem) the following exact pointwise tube formula:

11| = N Ores(¢7,0) + 1NV res(¢r, 1) = 2t + 1, (6.2)

initially valid for all + € (0,§). Actually, since § > 1 may be taken arbitrary
large, the exact tube formula (6.2) is valid for all # > 0. Note that, of course, it is
immediate to check directly that the tube formula (6.2) holds for all ¢ > 0.

We next explain how to calculate the tube and distance zeta functions, as well
as the complex dimensions, of compact convex sets (or, more generally, of sets of
positive reach) and smooth compact submanifolds of Euclidean space RY, based
on key results of Federer [Fedl] unifying and extending Steiner’s tube formula for
convex sets [Stein] and Weyl’s tube formula for compact submanifolds of R,
see [Wey] (see also [BergGos] and [Schn2, Chapter 4] for an exposition).
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Recall that a closed subset A of RY is said to be of positive reach if there
exists § > 0 such that every point x € As has a unique metric projection onto 4;
see [Fedl]. The reach of A, denoted by reach(A), is then defined as the supremum
of all such positive §. Clearly, every closed convex subset of RY is of infinite
(and hence, positive) reach. Furthermore, if, for instance, 4 C R? is an arc of a
circle of radius r, then the reach of A4 is equal to r. Moreover, compact smooth
submanifolds of Euclidean space R¥ are also examples of sets of positive reach.

In the present context, for a compact set A C R of positive reach, it is easy to
deduce from the tube formula obtained in [Fedl] an explicit expression?* for Z4.

Theorem 6.2. Let A be a (nonempty) compact set of positive reach in RN . Then,
forany § > 0 such that 0 < § < reach(A), we have that

- _ N 8s—k
Ca(s) 1= Ca(s:8) = D ex— 6.3)
k=0
where |A;| = lecv=o cxtN 7K for all t € (0,8) and the coefficients ¢y are the

(normalized) Federer curvatures. (From the functional equation (2.6), one then
deduces at once a corresponding explicit expression for £4(s) := C4(s; 8).)
Hence, dimp A exists and

D := D(¢4) = D(L4) = dimp A = max{k € {0,1,...,N}:ck #0}  (6.4)

and?s

P = P(4) = P(La) S{0.1,.... N}, (6.5)

In fact,
P=1{ke€{0,1,...,N}:cp # 0} C {ko,..., D}, (6.6)
where ko := min{k € {0,1,..., D}:cx # 0}. Furthermore, each of the complex

dimensions of A is simple.

Finally, if A is such that its affine hull is all of RN (which is the case when
the interior of A is nonempty and, in particular, if A is a convex body), then
D = N, while if A is a (smooth) compact d-dimensional submanifold of RN
(with0<d <N), then D = d.

For example, for the 2-torus 4 C R3, we have N = 3, D = 2 (since the Euler
characteristic of A is equal to zero), and?® ¢, # 0, ¢; = 0, and hence, ¢y = 0,
ko = 2 and P = {2}, as can also be easily checked via a direct computation.

24 Relative versions of Theorem 6.2 are also possible, but we will not consider them here.
25 More precisely, the second equality in equation (6.5) holds only if D < N.

26 Note that ¢, is just proportional to the the area of the 2-torus, with the proportionality
constant being a standard positive constant.
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6.2. Tube formulas for fractal strings. In the present subsection, we apply
our general theory of fractal tube formulas for relative fractal drums (and, in
particular, for bounded sets) in RV to the one-dimensional case (i.e., N = 1)
in order to recover the known (pointwise and distributional) fractal tube formulas
for fractal strings obtained in [Lap-vFr3]. We begin by discussing the prototypical
example of the Cantor string (viewed as an RFD), in Example 6.3, and further
illustrate our results by means of the well-known example of the a-string (in
Example 6.8). Along the way, we discuss the case of general fractal strings as
well as the associated fractal tube formulas.

Example 6.3 (standard ternary Cantor set and string). Let C be the standard
ternary Cantor set in [0, 1] and fix § > 1/6. Then, it is not difficult to show that
the “absolute” distance zeta function of C is meromorphic in all of C and given

by
21—s K}

28
= ————+ —, forall i
Ee.cs(9) RET) +—. forallseC, (6.7)

where the term 26° /s corresponds to the integral over the “outer” neighborhood
of the two endpoints 0 and 1 (see [LapRaZu2, Example 3.4] or [LapRaZul,
Example 2.1.18] ). Consequently, the relative distance zeta function of (C, (0, 1))
is also meromorphic on all of C and given by
21—s

é‘C,(O,l)(S) = m, forall s € C. (68)
Furthermore, the sets of complex dimensions of the Cantor set C and of the Cantor
string (C, (0, 1)), viewed as an RFD, coincide:

2
iz ). 6.9
log 3l ) ©9)

In (6.9), each of the complex dimensions is simple. Furthermore, the Minkowski
dimension of the Cantor string D := dimp(C, (0, 1)) exists and D = log, 2, the
Minkowski dimension of the Cantor set, which also exists. Furthermore, p := 13%
is the oscillatory period of the Cantor set (or string), viewed as a lattice self-similar
set (or string); see [Lap-vFr3, Chapter 2, esp., Subsection 2.3.1 and Section 2.4].

It is clear that (AC, A(0, 1)) is strongly d-languid for k; := —1, any A > 2 and
a sequence of screens consisting of the vertical lines {Res = —m} for m € N,
along with the constant B, := 2/A in the strong languidity condition L.2".27 The-
orem 5.16 (or, really, Theorem 5.17 since all of the complex dimensions of the
RFD are simple) then enables us to recover the following exact pointwise fractal

P(c) = Plcon) = 10} U (logy 2 +

27 Without loss of generality, we can fix § > 1 here.
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formula for the inner ¢-neighborhood of C, valid for all # € (0, min{1/A,1/2}) =
(0,1/2):

|C: N (0, 1) = Zres(

weP(c.0.1))

e o). )

_ Z 1" res({c,0,1). )

l—w

weP(c.0.1))
Z (2t)1 @k
210g3 (1 — a)k)a)k

@) P & enie
~ 2log3 = (L= oo

= t'"PG(logy(2t)™1) — 21,
where wy 1= D +ikp foreach k € Z, D := dimp(C, (0, 1)) = log, 2 (as above),
and p = 10g3 denote, respectively, the relative Minkowski dimension and the
“oscillatory period” of the Cantor string RFD (C, (0, 1)) in R (or, equivalently,
of the Cantor string Lcg). Furthermore, G is the positive, nonconstant 1-periodic
function, which is bounded away from zero and infinity and given by the following
Fourier series expansion:

(6.10)

2—D eZJrikx 6
G(x) := . 11
x) é or(1—ap)log3 ©.11)

In (6.10), the second equality follows from the fact that all of the complex dimen-
sions of {c (o,1) are simple (see also Theorem 5.17 above), while the third equality
is obtained by computing the residues of {c (o,1) at each s := wy (for k € Z) and
at s = 0; in particular, we have that

—wg

wi log3’

res({c,0,1), Wk) = for all k € Z. (6.12)

Of course, the above exact pointwise fractal tube formula (6.10) coincides with
the one obtained by a direct computation for the Cantor string (see [Lap-vFr3, Sub-
section 1.1.2]) or from the general theory of fractal tube formulas for fractal strings
(see [Lap-vFr3, Chapter 8, esp., Sections 8.1 and 8.2]) and, in particular, for self-
similar strings (see, especially, [Lap-vFr3, Subsection 8.4.1, Example 8.2.2]).28
Note that the “absolute” tube function |C;| has the same expression as in (6.10)
above but now without the term —2¢, which is in accordance with (6.7).

28 Caution: in [Lap-vFrl, Section 8.4], the Cantor string is defined slightly differently, and
hence, C is replaced by 37! C.
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Finally, observe that, in agreement with the lattice case of the general theory
of self-similar strings developed in [Lap-vFr3, Chapters 2-3, and Section 8.4],
we can rewrite the pointwise fractal tube formula (6.10) as follows (with D :=
dimp C = log, 3):

=Dy o) = 7PC, N (0, 1)] = Glog;21) ™) + o(1),  (6.13)

where G is given by (6.11). Therefore, since G is periodic and nonconstant,
it is clear that t_(l_D)Vc,(o,l)(t) cannot have a limit as + — 0. It follows
that the Cantor string RFD (C, (0, 1)) (or, equivalently, the Cantor string Lcs)
is not Minkowski measurable but (since G is also bounded away from zero and
infinity) is Minkowski nondegenerate. (This was first proved in [LapPol-2] via a
direct computation, leading to the precise values of M, and M*, and reproved in
[Lap-vFr3, Subsection 8.4.2] by using either the pointwise fractal tube formulas or
a self-similar fractal string Minkowski measurability criterion; which is expanded
to the case of RN with N arbitrary in [LapRaZu8].

The above example demonstrates how the theory developed in this paper
generalizes (to arbitrary dimensions N > 1) the corresponding one for fractal
strings developed in [Lap-vFr3, Chapter 8].2° More generally, the following result
gives a general connection between the geometric zeta function of a nontrivial
bounded fractal string £ = ({;);>1 and the (relative) distance zeta function of the
bounded subset of R given by

Ag = {ak =Y 4 k> 1} (6.14)

jzk

or, more specifically, of the RFD (A, (0, £)).

Proposition 6.4. Let L = ({;);>1 be a nontrivial bounded fractal string and
let £ := ¢p(1) = Z;”;l L; denote its total length. Then, for every § > {1/2, we
have the following functional equation for the distance zeta function of the relative
fractal drum (A, (0, £)):

21750 (s)
o

Cac.00(s:8) = (6.15)

2% One should slightly qualify this statement, however, because the higher-dimensional coun-
terpart of the theory of fractal tube formulas for self-similar strings developed in [Lap-vFr3, Sec-
tion 8.4] is not developed in this paper in the general case of self-similar RFDs (and, for example,
of self-similar sets satisfying the open set condition), except in the special case of self-similar
sprays discussed in Subsection 6.6 below.
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valid on any connected open neighborhood U C C of the critical line {Res =
dimp(Ag, (0,€))} to which any of the two fractal zeta functions 4 c,0,0 and ¢
possesses a meromorphic continuation.3°

Furthermore, if { ¢ is languid for some k¢ € R, then {4 . (0,0)(+;8) is d-languid
Jorkg :=kg — 1, withany § > £,/2.

Moreover, if . is strongly languid, then 5o is {34, (0,16)(s; SA) for any A > 2
and any § > £1/2.

Proof. The functional equation (6.15) is derived in [LapRaZu2, Example 2.9 and
Theorem 2.10] (see also [LapRaZul, Example 2.1.57]) and can be easily obtained
directly from the appropriate definitions. Furthermore, the statements about the
languidity follow directly from the definition. |

Remark 6.5. There is nothing special about the bounded set A C R associated
with £. In fact, in the statement of Proposition 6.4, we could replace A with 0€2,
where the bounded open set Q2 C R is an arbitrary geometric realization of the
fractal string £. Similarly, in recovering the fractal tube formulas for fractal strings
obtained in [Lap-vFr3, Chapter 8], one can use {3q.o = {iq.q(-;d) instead of
Ca,,0,0) = Cap.,0,0(-;8). This is precisely what we will do in the subsequent
discussion.

Let 022 be the boundary of €2, where the bounded open set Q@ C R is
any geometric realization of the bounded (nontrivial) fractal string £ such that
dimp (022,) < 1. That is, we can write 2 as a disjoint union of bounded open
intervals /; (i.e., the connected components of €2) such that /; has length ¢;,
for each j > 1. It is unimportant in which order the intervals /; are arranged.
Then, under suitable hypotheses (namely, we assume that either {3 o or (¢ has
a meromorphic continuation to a connected open neighborhood of the critical
line {Res = dimp (92, 2)}), we have (much as in (6.15) above) the following
key functional equation connecting the distance zeta function {yq q of the RFD
(02, §2) and the geometric zeta function { of the fractal string™' L := (£;)32;:

21750 (s)
o

$aq.a(s) = (6.16)

30 If we do not require that § > £,/2, then we have that {4, (s;8) = 217557 1¢ . (s) + v(s),
where v is holomorphic on {Res > 0}. On the other hand, for applying the theory, we may
restrict ourselves to the case when § > £, /2.

31 We note that the functional equation (6.16) is valid, without any hypothesis on the bounded
fractal string £ (or on its distance and geometric zeta functions), for all s € C with Res
sufficiently large (namely, for Re s > D, where D := dimg (R, Q) = D(¢sa.) = D(L)).
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valid for all s € U. (Of course, it then follows that each of the two fractal zeta
functions {3q o and {¢ has a unique meromorphic continuation to all of U.)

Consequently, by choosing U := W to be the interior of a suitable window W
(with an associated screen S), we deduce from the results of Section 5 (especially,
Subsections 5.2 and 5.3) that the tube function

Ve(t) = [{x € Q:d(x,09) < t}]1 = Vaa.a(f) (6.17)

can be expressed via the following fractal tube formula (with or without error
term and pointwise or distributionally, depending on the assumptions),32 for every
>4 / 2:

Ve(t) = Vag,a(t)

= Zres ( ) gg o)

weP(rq.0,W) (618)

= res ( a( ).0) + Ri o (0).

0eP(ra.0,W)

where, in the languid case, we have the error estimate Rzm o) = Ot 1—sup §)
ast — 0% or R([,Os]z o) = o('™"S) as 1 — 0% (also depending on the
hypotheses),33 or else, Ré‘g o) = 0and W := C in the strongly languid case.
Here, P({3q.. W) denotes the set of visible complex dimensions of (02, 2),
visible through a given window W (with an associated screen S), and in light of
the counterpart for the RFD (92, Q) of equation (6.15) along with Remark 6.5,
we have that

P(lag.0. W\{0}) = P(e, W\ {0}), (6.19)

where the equality holds between multisets. Furthermore, if 0 € W and if { (0) is
defined and not equal to zero (i.e., if { (0) # 0), then, 0 € P({hq.o. W) and it has
multiplicity one. On the other hand, if 0 € P({., W) and is a pole of multiplicity
m for some m € IN, then, 0 € P({3q,q. W) and it has multiplicity m + 1. In other
words, we have the following equality between multisets:

P(lae,0. W) = P, W) U{0}oew,c. (0)£0- (6.20)

32 Namely, the hypotheses of Theorem 5.16 (i.e., of Theorem 5.11 at level k& = 0), for the
pointwise tube formula, or else, the hypotheses of Theorem 5.20 (i.e., of Theorem 5.18 at level
k = 0), for the distributional tube formula.

33 More specifically, in order to obtain the better error estimate, we also have to assume that
the screen is strictly to the left of the vertical line {Re s = sup S}.
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where {0}oew,¢,. (0)=0 is equal to {0} if 0 € W and {.(0) # 0, and to the empty
set otherwise.

If, in addition, each of the visible complex dimensions of (0€2, 2) (i.e., each
pole of {30 .o in W) is simple, then (in light of (6.16)) the fractal tube for-
mula (6.18) takes the following simpler form:

Ve(t) = Vag,e(t)

1-w
= Z af(l) > res({c(s), w) + {2t8(0) }oew +Ragg(t) 6.21)

weP (s, W)

where the (pointwise or distributional) error term Rgg o (1) is estimated as above

(in the languid case) or else, Rzm o) = 0and W := C (in the strongly languid
case). Here, provided ¢ (0) is well defined, the term {2¢{;(0)}oew is equal to
zero if 0 ¢ W and to 2¢{;(0) if 0 € W. If, however, 0 is a simple, visible pole
of { ., then we should replace {21 (0)}oew on the right-hand side of (6.21) with
the term

2¢(1 — log(21)) res(¢ ., 0) + 2¢¢4[0]o, (6.22)

where (;[0]p stands for the constant term in the Laurent series expansion of
{; around s = 0. This is in agreement with [Lap-vFr3, Corollary 8.3] (resp.,
[Lap-vFr3, Corollary 8.10]) in the case of a distributional (resp., pointwise) fractal
tube formula.

Note that in light of (6.19), formula (6.18) can be rewritten as follows, in terms
of the set P({;, W) of all visible poles of { (see also Remark 6.6 below):

Ve(t) = Vag,o(t)

= ZI‘CS(

weP(le,W)

—£0(9).0) + 205 Ooewoee ) + R (0.

(6.23)
which is in agreement with [Lap-vFr3, Theorem 8.1] (resp., [Lap-vFr3, Theo-
rem 8.7]) in the case of a distributional (resp., pointwise) fractal tube formula.

—)

Naturally, P(¢;, W) is viewed as a multiset; that is, on the right-hand side
of (6.19) or (6.20), each visible “scaling complex dimension” @ € P({;, W)
(i.e., each visible pole of the geometric zeta function {;) occurs according to
its multiplicity. An entirely analogous comment can be made about the multiset
P(Caq.o. W) and the associated visible complex dimensions w € P({3q.q, W).
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Remark 6.6. In [Lap-vFr3], the elements of P({;, W) are called the (visible)
complex dimensions of £. In the present paper, the relationship with the actual
(visible) complex dimension of the RFD (92, 2) (i.e., the visible poles of {3 o)
is given by (6.19) and the text surrounding it. Much as in [LapPe2-3, LapPeWil-2]
and [Lap-vFr3, Section 13.1], we propose to refer to the elements of P((.;, W)
(i.e., to the visible poles of the geometric zeta function ) as the visible scaling
complex dimensions of the fractal string £. Similarly, ¢, will also be occasionally
referred to as the scaling zeta function of £ (or rather, of the associated RFD
(02, ©2)) and denoted by (.

Remark 6.7. We leave it as an easy exercise for the interested reader to use the
counterpart for the RFD (92, ) of the functional equation (6.15) in Proposi-
tion 6.4 in order to express the languidity, as well as the strong languidity con-
ditions, in terms of the geometric zeta function ¢, instead of the distance zeta
function {yq q. Furthermore, the reader can easily check that the results of Ex-
ample 6.3 concerning the Cantor string £ := {1,3,3.5.4.4.1....} (see, espe-
cially, equation (6.10)) are compatible with both (6.21) and (6.23). Indeed, in light
of (6.8) and (6.15), we have (for all s € C)

1
35 -2’

from which it follows that {cs(0) = —1 and (with W := C) the term {2¢¢; (0) }oew
in both (6.21) and (6.23) becomes —2¢, in agreement with (6.10).

Ces(s) =

(6.24)

Example 6.8 (the a-string). For a given a > 0, the a-string £, can be realized
as the bounded open set 2, C R obtained by removing the points j = for j € N
from the interval (0, 1); that is,

00
Q= JWG+D™ 7™, (6.25)
j=1
so that the sequence of lengths of £, is defined by
L= -G+ forj=1.2,..., (6.26)
and 092, = {j7%:j = 1} U {0} = A, U {0}. Hence, its geometric zeta function

is given (for all s € C such that Res > dimp £,) by

Cea@) =D 6= (G- +D™
Jj=1

Jj=1
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and it then follows from Proposition 6.4 that for § > (1 —27¢)/2, its distance zeta
function is given by

Cea(s) 1

2s—1s 2s—1s

CAca 0,1)(5:8) = DG =G+ DY, (6.27)
j=1

where the second equality holds for all s € C such that Res > dimp £, while
the first equality holds for all s € C (since, as will be recalled just below, ¢, and
hence also {4, (0,1), admits a meromorphic extension to all of C).

Furthermore, the properties of the geometric zeta function ¢, of the a-string
are well-known (see [Lap-vFr3, Theorem 6.21]). Namely, {,, has a meromorphic
continuation to the whole of C and its poles in C are located at

D :=dimp £, =dimp Az, = L (6.28)
a+1
and at (a subset of) {— 75 :m € IN}. Furthermore, all of its poles are simple and3
res(¢z,, D) = DaP®. Moreover, for any screen S not passing through a pole, the
function ¢, satisfies L1 and L2 with « := % —(a + 1)inf §, if inf S < 0 and
1

k := 5 ifinf § > 0. From these facts and equation (6.27), we conclude that the set

Ay, is d-languid with k4 := —% — (a4 1)inf S if inf § < 0 and with k4 := —%
if inf § > 0. For M € IN U {0}, we can now choose the screen Sjs to be some

vertical line between — 21 and — 22 and let Wy be the corresponding window.

1+a
Applying Theorem 5.20, we now obtain the following asymptotic distributional

formula for the tube function 7 +— |(Az,); N (0, 1)| when s — 07

tl—s
(A ) N O] = Y res (T—bue, (5:8).0) + OGP, (6.29)
we"P(ZALasWM)

More specifically, since we know that all the poles are simple and (¢, (0) = —1/2
(see [Lap-vFr3, p. 205]), we have that

res({a,,. D) =2""P D7 res((e,. D) = 2""Pa”, (6.30a)
res(¢a,,,0) = 2L, (0) = —1. (6.30b)

Consequently, and in agreement with the discussion following Proposition 6.4 in
the special case of simple complex dimensions (see, especially, equation (6.21)

341n [Lap-vFr3, Theorem 6.21], itis stated that res({ ¢, , D) = @, which is a misprint. More
specifically, in the proof of that theorem, the source of the misprint is the fact that the residue of
¢((a+ 1)s)ats = 1/(a + 1) isequal to 1/(a + 1) and not to 1. Here, ¢ is the Riemann zeta
function.
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above), we have that
[(Ag,)e N (0, 1)
21—DaD

 1-D

M D
1-D _, _ Z res({¢,, —mD)(2t)' ™" + 0@ MDDy

t
(1+mD)mD

m=1
ast — 07,

(6.31)
where the sum is interpreted as being equal to 0 if M = 0. In particular, since by
choosing a screen to the right of —D/2, we conclude that (6.31) is actually valid
pointwise because in that case k; < 0 (see Theorem 5.16), the above (pointwise)
tube formula for such a screen then implies that dimp Az, = D (as was stated
above), and that the a-string is Minkowski measurable with Minkowski content
given by
21—DaD

1-D°
as was first established in [Lapl, Example 5.1] and later reproved in [LapPol-2]
via a general Minkowski measurability criterion for fractal strings (expressed in
terms of the asymptotic behavior of (£;)72,, here, i ~a =YD as j — o0) and
then, in [Lap-vFrl-3] (via the the theory of complex dimensions of fractal strings).
We point out that (6.31) coincides with the “inner” tube formula of the a-string
(see [Lap-vFr3, Subsection 8.1.2]).35

MP(Ag,) = (6.32)

6.3. The Sierpinski gasket and 3-carpet. In this subsection, we provide an ex-
act, pointwise fractal tube formula for the Sierpiriski gasket (Example 6.9) and
for a three-dimensional analog of the Sierpinski carpet (Example 6.10). Naturally,
although the required computation involved is somewhat more complicated, one
could similarly derive from our general results in Section 5 (and by using, in par-
ticular, the results of [LapRaZu4, Example 4.1.4] or [LapRaZul] concerning the
inhomogeneous Sierpinski N -gasket RFD) exact, pointwise fractal tube formulas
for the N-dimensional analogs of the Sierpifiski gasket and carpet, with N > 2
arbitrary. We leave it to the interested reader to carry out the corresponding de-
tailed computations and to imagine other (two- or higher-dimensional) examples
of self-similar fractal sets or self-similar RFDs which can be dealt with explicitly
within the present general theory of (higher-dimensional) fractal tube formulas.3¢

35 More precisely, the two expressions coincide after we have taken into account the misprint
mentioned in footnote 34 and add the term 2¢; (0) which seems to be forgotten in [Lap-vFr3].

36 The authors have recently obtained an explicit fractal tube formula for the Koch drum (or
the Koch RFD). This important example should be discussed in a later work and its conclusions
compared with those of [LapPel] (as discussed in [Lap-vFr3, Subsection 12.2.1]).
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The example of the 3-carpet discussed in detail in Example 6.10 below should give
a good idea as to how to proceed in other, related situations, including especially
for the higher-dimensional inhomogeneous N -gasket RFDs (with N > 4).

Example 6.9 (the Sierpiniski gasket). Let A be the Sierpifiski gasket in R2,
constructed in the usual way inside the unit triangle. Furthermore, we assume
without loss of generality that § > 1/4+/3, so that A5 be simply connected. Then,
the distance zeta function {4 of the Sierpifiski gasket is meromorphic on the whole
complex plane and is given by

6(\/§)l—s2—s 85 8s—1

— 4+ 27— +3
s(s—l)(25—3)+ ns+ s—1

§a(s;8) = ) (6.33)

forall s € C (see [LapRaZul, Proposition 3.2.3] or [LapRaZu4, Example 3.27]).
In particular, the set of complex dimensions of the Sierpiniski gasket is given by

2
D) 1= P, €©) = (0.1} U (logy 3 + -5i%). (6.34)

with each complex dimension being simple.
By letting wy := log, 3 + ikp (for each k € Z) and p := 27/ log2, we have

that A
6(1/3)1 %
— forallk € Z .
res(8a, wi) 4ot (log Do (ar — 1) orallk € Z, (6.35)
res({4,0) = 3+/3 + 27, and res({y, 1) = 0. (6.36)

Similarly as in Example 6.3, one can check that {3 4(-;8A) is strongly languid
with k; := —1 for every § > 1/2+/3 and any A > 2+/3; so that we can apply
Theorem 5.16 (or, more specifically, its corollary given in Theorem 5.17 at level
k = 0 and in the case of simple poles) in order to obtain the following exact
pointwise fractal tube formula:

|A¢| = Zres(

weP(§a)

400 — —ik
63 44/3)" @k TIkP 343
:z2—10g23_2 > (2( v3) +( f+n)t2,
k=—o00

log —wr)(wr — Doy 2

2—s

t
2—s

§A(s;8),a))

valid for all 7 € (0, 1/2+/3). Note that this formula coincides with the one obtained
in [LapPe3] and [LapPeWil] and, more recently, via a different (but related)
technique in [DenKOU].
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Figure 2. Left: The mutually congruent pyramids into which we subdivide the cube A4
from Example 6.10. Eight of them, corresponding to one face of A, are shown here.
Right: The third step in the construction of the Cantor graph relative fractal drum (4, 2)
from Example 6.11. One can see, in particular, the sets By, Ak and ﬁk fork =1,2,3.

Example 6.10 (The 3-carpet). Let A be the three-dimensional analog of the
Sierpinski carpet. More specifically, 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 § > 1/6, we have that As is simply connected. Let us now
calculate the distance zeta function {4 of the three-dimensional carpet A. Note
that

Ca(s:8) = Ca,r(s) + Ca,a5\1(5),

where I denotes the closed unit cube in R3. Let us denote by B; the open unit
cube of side 1/3 removed in the first step of the construction; so that we have the
following equalities:

EA,I(S) = ;A,Bl (S) + é-A,I\Bl (S) = faBl,Bl (S) + 2653_114,3_11(5‘)’ (637)

for all s € C with Res sufficiently large. The first equality is obvious, while the
second equality in (6.37) follows from the self-similarity of A. More precisely, it
follows since the relative fractal drum (A, / \ B;) consists of 26 copies of (A4, 1)
scaled down by 37!, Hence, by the scaling property of the relative distance zeta
function (see [LapRaZul, Theorem 4.1.38] or [LapRaZu3, Section 2.2]), we have
that

Ca,1(s) = Camy By (8) +26-37°C4,1(s),
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which yields

st = LmLm )

for all s € C with Re s sufficiently large. The distance zeta function {3, p, can
be easily calculated by dividing the cube B; into 48 mutually congruent pyramids
(see Figure 2, left) and then integrating in local Cartesian coordinates (x, y) € R?
over each resulting pyramid:

(6.38)

oor 4867
—48 | 4 d B4 =—" 6.39
tomo, o) = 48 [ ax [dy [2 e s Sl (639)
0 0 0

valid for all s € C such that Re s > 2. On the other hand, the distance zeta function
a,45\1(s) corresponding to the “outside” of the unit cube 7 is easy to calculate
once we have subdivided the parts that correspond to the faces, edges and vertices
of the unit cube and used local Cartesian, cylindrical and spherical coordinates in
R3, respectively:

1 1 8 /2 § 1
Ca,a5\1(5) =6/ dx/ dy/zs_3 dz—|—12/ dgo/rs_2 dr/ dz
0 0 0 0 0 0
/2 /2 § (640)
+8/sin9 d@/ dgo/rs_l dr
0 0 0
68572 68l 4nsS
= + +—
s—2 s—1 s

again valid for all s € C such that Res > 2. From the above calculation and
from (6.38) together with (6.39), we deduce that {4 can be meromorphically
continued to all of C and is then given by

48 .25 4785 6msSTt 68572
= Ca(s:6) = 41
W)=l = Ty 29 T s s=1 5=z @4

for every s € C.
It follows that the set of complex dimensions of the 3-carpet A is given by

P(L4) := P(La, C) = {0,1,2} U (log, 26 + piZ), (6.42)

where D := log;26 (= D({4)) is the Minkowski (or box) dimension of the 3-
carpet A and p := 27/ log 3 is the oscillatory period of A (viewed as a lattice self-
similar set). In (6.42), each of the complex dimensions is simple. Furthermore, a
routine computation shows that

24 24 96
res(ly,0) = 4 — 75 res(Cq,1) = 6 + 73 res({y,2) = G (6.43)
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and, by letting wy := log; 26 + ikp (for all k € Z),

24

. 6.44
13- 2%k wp (wx — 1) (wg —2) log3 ( )

res($a. or) =

One also easily checks that the hypotheses of Theorem 5.16 (or, really, The-
orem 5.17 since all of the complex dimensions in (6.42) are simple) are satisfied
for every § > 1/2 and any scaling factor A > 2, and thus we obtain the following
exact pointwise tube formula, valid for all # € (0, 1/2):

2443~ log3 26 too 9~k —ikp
131log3 el 3 — wi)(wr — (v —2)wy

+ (6— %)z + (37r + g)ﬂ + (4?” — %)ﬁ.

In particular, from the above formula we conclude that D := dimp A = log,; 26
(as was noted before) and that the three-dimensional Sierpinski carpet is not
Minkowski measurable, which is expected (see [Lap3]). We also point out that
the part 61 + 37¢2 + 47¢3/3 from the above Equation (6.45) is exactly equal to
|I;| — |1|, where I is the closed unit cube of R3.

Finally, we note that clearly, the first term in the right-hand side of (6.45) can
be rewritten in the following form (still with D := dimp A):

|4:] =

(6.45)

(26)3"PG(log,(21)7Y), (6.46)

where G is a positive, nonconstant 1-periodic function which is bounded away
from zero and infinity. Therefore, also as expected (see [Lap3]), the 3-carpet is
Minkowski nondegenerate: 0 < M, (4) < M*(4) < oo.

Of course, exactly the same comment as above about the Minkowski nonmea-
surability and the Minkowski nondegeneracy could have been made about the Sier-
piriski gasket discussed in Example 6.9.

We caution the reader, however, that the situation concerning the N-dimen-
sional Sierpiriski N -gasket studied in [LapRaZu4, Example 4.1.4] or [LapRaZul,
Example 4.2.24] is more complicated in higher dimensions. For instance, for
N = 3, this RFD is Minkowski degenerate (specifically, M = +o00) but
(because its distance zeta function has a double pole at s = D = 2) it is
h-Minkowski measurable with respect to the gauge function h(¢) := logt~!.
(See also [LapRaZu5], in addition to [LapRaZul, 4].) Furthermore, and some-
what surprisingly, when N > 4, the Sierpitiski N-gasket RFD is Minkowski mea-
surable and subcritically Minkowski nonmeasurable (while nondegenerate); see
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[LapRaZul, Remark 5.5.26(c)]. This follows from the fact that when N > 4,
the dimension of the boundary of the generator of the N-gasket RFD (viewed as
a self-similar fractal spray) is strictly larger that the similarity dimension of the
RFD.

6.4. A relative fractal drum generated by the Cantor function. The example
dicussed in this subsection, namely, a version of the Cantor graph (or “devil’s
staircase,” in the terminology of [Man]) plays an important role in showing why
the notion of complex dimensions gives a lot more information than the mere
(Minkowski or Hausdorff) fractal dimension, as will be explained below in relation
to the elusive notion of “fractality.”

Example 6.11 (the Cantor function RFD). In this example, we compute the
distance zeta function of the RFD (4, Q) in R?, where A is the graph of the Cantor
function and € is the union of triangles A that lie above and the triangles Ay
that lie below each of the horizontal parts of the graph denoted by By. (At each
step of the construction there are 2~ mutually congruent triangles Ag and Ay.)
Each of these triangles is isosceles, has for one of its sides a horizontal part of the
Cantor function graph, and has a right angle at the left end of By, in the case of
Ay, or at the right end of By, in the case of ﬁk. (See Figure 2, right.)

For obvious geometric reasons and by using the scaling property of the rel-
ative distance zeta function of the resulting RFD (4, Q) (see [LapRaZul, Theo-
rem 4.1.38] or [LapRaZu3, Section 2.2]), we then have the following identity:

Ca(s) =Y 2%Cp n.(5)

k=1

o0

Z 2k§3—k31,3—kA1 (s)
P (6.47)

= {By,0,(5) Z 3ks
k=1

_ 288i,0,(8)
33 -2
valid for all s € C with Res sufficiently large. Here, (B, A1) 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 X
— s—2 _ 1
CBia(8) = / dx/y =51 (6.48)

0 0
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valid, initially, for all s € C such that Res > 1 and, upon meromorphic continua-
tion, for all s € C. This fact, combined with (the last equality of) equation (6.47),
gives us the distance zeta function of (A4, 2), which is clearly meromorphic on all
of C:
2

laq(s) = m foralls € C. (6.49)
We therefore deduce that the set of complex dimensions of the RFD (A4, 2) is
given by

2
P(ag) = Plag, C) = {0,1}U (1og3 24 10;3%), (6.50)

with each complex dimension being simple.

We will see in a moment that dimg (A4, 2) = 1 and that the RFD (4, Q) is
Minkowski measurable. Moreover, we will also see that the (one-dimensional)
Minkowski content of (A4, €2) is given by

resGae D) _, (6.51)
21 ’ '

M(4,Q) =
which coincides with the length of the Cantor graph (i.e., the graph of the Cantor
function, also called the devil’s staircase in [Man]).

In the sequel, we associate the RFD (4, 4;/3) in R? to the classic Cantor
graph. We do not know if (6.50) coincides with the set of complex dimensions
of the “full’ graph of the Cantor function (i.e., the original devil’s staircase), or
equivalently, the RFD (A4, A;,3), but we expect that this is indeed the case since
(A, ) is a “relative fractal subdrum” of (A4, A;,3). Moreover, it is obvious that
for the distance zeta function of the RFD (A, A;,3) associated with the graph of
the Cantor function, one has

Ca,4,,5(8) = Ca,(s) + 84,4, ,5\2(5). (6.52)

In order to prove that P((4,q), given by (6.50), is a subset of the complex di-
mensions of the “full” Cantor graph, it would therefore remain to show that
4,4, ,5\2(s) has a meromorphic continuation to some connected open neigbor-
hood U of the critical line {Res = 1} such that U contains the set of complex
dimensions of (4, 2), as given by (6.50), and that there are no pole-pole cancel-
lation in the right-hand side of (6.52).
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One easily checks that A4 q(s; 1/3) is strongly d-languid for any A > 1, with
kg := —2, and thus we can apply Theorem 5.16 in order to obtain the following
exact pointwise fractal tube formula for the RFD (A4, 2), valid for all ¢ € (0, 1):

Vao(t) :=14; N Q|

= Zres( é'A a(s), w)
0eP($4,Q)
= Z reS(EA Q, ) (6.53)
weP(Ey, Q)
12— logs 2 too —ikp
=2+ —— + 12

10g3 Koo (2 — a)k)(a)k — 1)a)k
= 2127 Der 4 127Des Gep(logy 1Y) + 12,
where w; = log;2 + ikp (for each k € Z), Dcp = dimp(4,Q) =
Dcs =log; 2 and p := 27/ log 3.

In the last line of (6.53), G¢r is a nonconstant 1-periodic function on R, which
is bounded away from zero and infinity. It is given by the following absolutely
convergent (and hence, convergent) Fourier series:

2mkx

10g3 Z ‘(2= o) (o — Doy’

Gcr(x) == for all x € R. (6.54)

Note that in order to obtain the third equality in (6.53), and hence also the above
expression for G¢ep given in (6.54), we have used the fact that (in light of (6.49)

and (6.50))
1

res(8a,0(s), wx) = log?a(a)k——l)a)k’ (6.55)
forall k € Z.

It is interesting that it follows from (6.53) and (6.54) that even though this
version of the Cantor graph, described by the RFD (4, ©2), is Minkowski measur-
able and hence does not have any oscillations of leading order, it has oscillations
of lower order, corresponding to the complex dimensions of the Cantor set (or
string) of the form Dcs + ikp, with k € Z (see Example 6.3, especially, equa-
tion (6.9)); that is, it has subcritical oscillations, of order 2— Dcs &~ 1.3691, where
Dcs := log, 2 is the Minkowski dimension of the Cantor set (or string). In fact,
in light of the pointwise fractal tube formula (6.53) and since the RFD (A4, 2) has
Minkowski content Mcp := M(A4, Q) = 2 (see equation (6.51) above), as well as
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Minkowski dimension D¢ := dimp (A4, 2) = 1, we have that

0< lirninft_(2_DCS)|J\/[cpt2_DCF —Vao()|
t—0T

< limsup t~C=PS) | Mepr2Pcr — vy o(1)] (6.56)
t—0t
< OQ.

Hence, we see that even though the leading term (as t — 0%) in the fractal
tube formula (6.53) is of order 2 — Dcrp = 1, determined by the Minkowski
dimension Dcr = 1 of (4, ), as should be case, and is monotonic (and therefore,
nonoscillatory), the asymptotic second term, h(t) := t>~PcsG(logyt~"), is of
order 2 — Dcs, determined by the Minkowski dimension Dcs = log,; 2 of the
Cantor set (or string), and is oscillatory (in fact, multiplicatively periodic, or “log-
periodic,” to use the physicists’ terminology).

Remark 6.12 (critical vs subcritical fractals). The above example motivates us to
propose to call a geometric object “fractal” if it has at least one nonreal complex
dimension (or if its fractal zeta function has a natural boundary along a suitable
screen, in which case it is said to be “hyperfractal”). (See [Lap-vFr3, Sections 12.1
and 12.2], along with [Lap-vFr3, Subsection 13.4.3], as adapted and extended
to our general higher-dimensional theory of complex dimensions in [LapRaZu4,
Definition 2.38] and [LapRaZul, Definition 4.6.23 and Remark 4.6.24 of Subsec-
tion 4.6.3].) Accordingly, the present version of the Cantor graph (i.e., the RFD
(A, Q) from Example 6.11 just above) is “fractal” in this sense.

In addition, following [Lap-vFrl-3] (see, especially, [Lap-vFr3, Section 3.7]),
given d € R (with d < N), we say that a geometric object is fractal in dimension
d if37 it has at least one nonreal (visible) complex dimension of real part d.
(Automatically, it will have at least one pair of nonreal complex conjugate complex
dimensions of real part d.) If the object in question is an RFD (4, ©2) (and, in
particular, a bounded set A) in RY, with upper (relative) Minkowski dimension
dimp (A, Q) (or, in particular dimp A) denoted by D, then we can distinguish
between the following two different and interesting cases.38

37 We allow here the number d to be nonpositive, since it enables us to deal with a broader
class of potential fractals.

38 We assume here implicitly that the fractal zeta function of (A4, ) under consideration
has a meromorphic extension to a connected open neighborhood of the critical line {Res =
dimg (4, Q)}, say, to the interior of a window W with associated screen S such that sup S <
D := dimp(4, ©2). We also assume that D € R; i.e. (since D < N), D # —oo.
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(i) CriTicaL casg. The RFD (A4, Q) is fractal in dimension d := D,
in which case (A4, ) is said to be critically fractal. Indeed, under suitable
hypotheses, it then follows from the fractal tube formulas of Sections 3-5 that
it has at least one nonreal complex dimension on the critical line {Res = D},
thereby giving rise to geometric oscillations of leading order.

(ii) SuBcrITICAL cAsE. The RFD (4, Q) is not fractal in dimension D
(i.e., it does not have any nonreal principal complex dimension), but it is fractal
in some dimension d < D. The RFD (4, Q) is then said to be subcritically
fractal. (Sometimes, we will also say that (A, Q) is “strictly subcritically fractal”
in order to emphasize the fact that d < D, and we will say that (A4, Q) is “possibly
subcritically fractal” in order to indicate that d < D instead of d < D.)

[Other cases are possible, such as (A, 2) being hyperfractal (in the sense
of [LapRaZul-4]), even in case (i) or (ii), or else (4, ) being nonfractal; that
is, neither having a nonreal (visible) complex dimension nor being hyperfractal.
However, we are not concerned with these situations in the present context.]

Given an RFD (4, Q), we define ¢ € R U {—o0}, the subcriticality index of
(A, 2), via the following formula:

o = a4, = sup{d € R: (A4, Q) is fractal in dimension d }. (6.57)

By convention, we let a4, = —oo if (A4, ) is not fractal for any d € R. (Clearly,
we always have ¢y o < D < N.)

We note that even if (A4, Q) is subcritically fractal, it could happen that a4, =
D := dimp (A, Q). This is the case, for instance, if (4, Q) := (92, ) is a generic,
nonlattice self-similar string, in the sense of [Lap-vFr3, Subsection 3.2.1].3° Then,
as was conjectured in [Lap-vFr3, Subsection 3.7.1] (as well as, more specifically,
in reference [Lap-vF6] of [Lap-vFr3]) and later proved in [MorSepVi], the set
of dimensions of fractality of (A, ) (i.e., the set of real numbers d such that
(A, Q) is fractal in dimension d) is dense in some compact interval of the form
[Dy, D], with D, € R and D, < D. As a result, in light of (6.57), it follows
that g o = D. However, (4, Q) is not critically fractal (because according to
[Lap-vFr3, Theorem 2.16], a (generic) nonlattice string does not have any nonreal
complex dimensions of real part D), even though it is subcritically fractal in
dimension d < D for a dense (and countable) set of real numbers d in [Ds, D].

39 Recall from [Lap-vFr3, Chapters 2-3] that a self-similar string with distinct scaling ratios
P1s---,pn in (0, 1) is said to be lattice (resp., nonlattice) if the rank of the group generated
by p1,...,pn (viewed as a multiplicative subgroup of (0, +00)) is equal to 1 (resp., > 1), and
generic nonlattice if the rank is equal to n, the maximal possible rank.
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We now return to the RFD considered in Example 6.11 (that is, the version of
the Cantor graph denoted by (A4, 2)), and we refer to Remark 6.12 just above for
the appropriate terminology and definitions. As we have seen, (4, 2) is fractal.
More specifically, it is not critically fractal (because its only complex dimension
of real part Dcp (= D = dimp (A4, Q)) = 1 is 1 itself, the Minkowski dimension
of the Cantor graph, and it is simple) but it is (strictly) subcritically fractal.
In fact, it is subcritically fractal in a single dimension, namely, in dimension
d = Dcs = log, 2, the Minkowski dimension of the Cantor set. Consequently, in
light of (6.57), the subcriticality index of (A4, ) is givenby o4, = Dcs = log; 2,
and it is attained.

We expect the same result to hold for the devil’s staircase itself (i.e., the
“full” graph of the Cantor function), represented by the RFD (A, A;,3) and of
which (4, ) is a “relative fractal subdrum,” as above. Clearly, in light of (6.52)
and (6.50), we have the following inclusions (between multisets):

2
PEaais) € P(Ca0) VP m0) € 10.13U{Des + o 5iz). 6.58)

Also, we know for a fact that dimp (A4, A;/3) exists and
D(8a,4,,5) = dimp(A4, Ayy3) =1, (6.59)

so that

dimpc (4, A1/3) = Pc(Ca,4,,5) = {1}. (6.60)

(Thus, we also have that {1} < P({4,4,,5) in (6.58).) Note that (6.59) (and
hence, (6.60)) follows from the rectifiability of the devil’s staircase, combined
with a well-known result in [Fed2] and with part (b) of Theorem 2.6.

As was mentioned earlier in the discussion of Example 6.11 (and was predicted
in [Lap-vFr3, Subsections 12.1.2 and 12.3.2], based on an “approximate tube
formula™), we expect that P(4,4,,5) = P(la,2), as given by (6.50), and hence,
that we actually have equalities instead of inclusions in (6.58), even equalities
between multisets. If so, then the “full” Cantor graph (A4, A;,3) is fractal, not
critically fractal, but (strictly) subcritically fractal in the single dimension d :=
DCS = 10g3 2.

Clearly, both (4, 2) and (A, A;,3) should be fractal for a proper definition of
fractality. This would completely resolve the following apparent paradox: the RFD
(A, Ay/3)is not “fractal” according to Mandelbrot’s original definition of fractality
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given in [Man],*° even though everyone feels and expects it to be “fractal” simply
after having glanced at the “full” Cantor graph (4, A;/3) (the “devil’s staircase”
in the sense of [Man]). The same is true for the “partial” Cantor graph (A4, 2), for
which we can now rigorously prove that it is “fractal” (in the sense of the theory of
complex dimensions) even though it is only (strictly) subcritically fractal, which
may explain, in hindsight, why some practitioners refer to it as a “borderline
fractal.”

We conclude this discussion by quoting (as in [Lap-vFr3, p. 335]) Mandelbrot
[Man, p. 82] writing about the devil’s staircase (the “full” Cantor graph, depicted
in [Man, Plate 83, p. 83]):

One would love to call the present curve a fractal, but to achieve
this goal we would have to define fractals less stringently, on the
basis of notions other than D [the Hausdorff dimension] alone.

Thanks to the higher-dimensional theory of complex dimensions of fractals
and associated fractal tube formulas developed in this paper and in [LapRaZul-8],
building on the corresponding theory for fractal strings developed in [Lap-vFrl-3],
we are now tentatively close to having resolved this apparent paradox. Further-
more, if we use the “partial” Cantor graph (A4, 2) as a suitable substitute for the
“full” Cantor graph, viewed as the RFD (A4, 4,,3), the corresponding paradox is
indeed completely resolved here. We invite the interested reader to extend the con-
clusions of the present example (i.e., Example 6.11) from (A4, Q) to (4, Ay/3), and
thereby, to fully prove the conjectures and statements made in [Lap-vFr3, Subsec-
tion 12.1.2] as well as here about the devil’s staircase itself.

6.5. Fractal nests and unbounded geometric chirps. In this subsection, we
apply our general fractal tube formulas to several families of fractal nests (Ex-
ample 6.13) and of (unbounded) geometric chirps (Example 6.16). Both of these
families are examples of “fractal” sets which are not self-similar or, more gener-
ally, “self-alike” in any sense.

40 Indeed, Mandelbrot’s definition, given in [Man, p. 15], can be stated as follows. A geometric
object is “fractal” if its Hausdorff dimension is strictly greater than (i.e., is not equal to) its
topological dimension. However, note that the Hausdorff, Minkowski and topological dimensions
coincide and are equal to 1 in the case of (either the “full” or the “partial”) Cantor graph. If, in
addition, we replaced “Hausdorff dimension” by (relative, upper) “Minkowski dimension” in the
above definition and we interpreted the topological dimension in the obvious way, we would also
reach the analogous conclusion for both (4, A1,3) and (A4, 2), which therefore would still not
be fractal according to this modified Mandelbrot definition.
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Example 6.13 (fractal nests). We let L = ({;);>1 be a bounded fractal string
and, as before, let Ay = {ax:k € N} C R, with a; := ijk {; for each k > 1.
Furthermore, consider now A, as a subset of the x;-axis in R? and let 4 be the
planar set obtained by rotating A ; around the origin; i.e., A is a union of concentric
circles of radii a; and center at the origin which we call the fractal nest of center
type generated by the fracctal string £; see Figure 3. For § > £;/2, the distance
zeta function of A is given by
2—s e s s—1
() = TS0 g ) + oy 2T

Jj=1

: 6.61
= (6.61)

see [LapRaZul, Example 3.5.1]. The last two terms in the above formula corre-
spond to the annulus a; < r < a; + § and we will neglect them; that is, we
will consider only the relative distance zeta function {4.q, with*! Q := B, (0).
Furthermore, since a;+; = a; — {; for each j > 1, we have

la(s) = 45)

. . (6.62)
_ 2% 2275y
61( )~

Ca (),

where we have denoted by ¢; the first of the two sums appearing after the first
equality and where { is the geometric zeta function of the fractal string £.

Let us next consider a special case of the fractal nest above; that is, the relative
fractal drum (A,, 2) corresponding to the a-string £ := £,, with a > 0; so that
j:=j"%—(j+1)“forall j > 1andhence,a; = j¢ for every j > 1. In this
case, we have that

— o0 22S

Z gl

Caa.2(5) =

[ e(). (6.63)

Since the geometric zeta function {; = {, has already been analyzed in Exam-
ple 6.8 (based on the results of [Lap-vFr3, Subsection 6.5.1]), we will now do the
same for the zeta function ¢; by means of a technique analogous to the one used
in the proof of [Lap-vFr3, Theorem 6.21]. Here, {;(s) is initially defined by the
following Dirichlet series (still with £; := j 7% — (j + 1)7¢, for all j > 1):

L) =) j (6.64)
=1

41 Here, B, (x) denotes the open ball of radius r with center at x.
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X2

X1

Figure 3. The fractal nest of center type in the plane R? generated by the fractal string
L = ({;);>1. Note that for every k > 1 we have {; = ax —ax41, where ay := ijk L.
Furthermore, we have A, := {ax:k > 1}.

for all s € C with Re s sufficiently large. Hence, we have {;(s) = (s —q4(s — 1),
in the notation of the next theorem, and ¢1(s) = {z,—4,1(s), in the notation of
Corollary 6.15 following it.

Theorem 6.14. Leta > 0, b € R, and let L = L, be the a-string with lengths
Lj given by (6.26); i.e., £; = j=* —(j + 1)™® for all j > 1. Then, the Dirichlet
series {p p(s) = Zf‘;l jbﬁ}‘. (defined initially for all s € C with Re s sufficiently
large) has a meromorphic continuation to all of C. The poles of { ;, are located

at
b+1

C:=D(cp) = e

(6.65)

and in (a subset of ) {Z:_"f :m € lNo} \ {0}, and they are all simple.*? In particular,

we have the following inclusions:*

42 Here, as usual, we let No: = IN U {0}.

43 For “generic” values of a and b, the second inclusion in (6.66) should be an equality while



Fractal tube Formulas for compact sets and relative fractal drums 89

b+1 b+1 b—m
— V' C = c{— .
(o) S 20w = 20en O < {7 U ({Z 7 im < Nof \{0)),
(6.66)
Furthermore, the residue of {;p at C = 21} is equal to %; so that 2% is

always a (necessarily simple) pole of ¢ p.
Moreover, for any screen S, chosen to be a vertical line {Res = o}, with
o € R\ P(gp) the zeta function (. p satisfies the languidity conditions L1
and L2, withk = 3 +b—(a+ 1)o ifo < 2randk = (1 + b — (a + Do) if
b b+1
o €[z atil
Finally, we have that {; ,(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
==+ = a/x_”_1 dx =aj ™' + H()), (6.67)
J
where j > 1 and
j+1

H(j)=a | x™* 1 -9 ) dx.
/

We next introduce a new variable ¢ := x/j — 1 and let

1
hj=a" jTVH()) = j/((l +0™ T~ 1) dr. (6.68)
0

Note that #; = O(1/j) as j — oo. By now choosing an integer M > 0, we have

JP6 = @i T (U + b))

M M+1 6.69
s +b—s(a s n s|+1 . ( )
=a°jb (+1)(Z(n)hj+0((||jM74)-1)) as j — oo,

n=0

where we have let

_ 1 n
(:l) = % foralls € Cand n € No. (6.70)

for “most” values of those parameters, P(¢; ») should at least contain an infinite subset of

{er’q‘ :m € No}. However, this informal comment will not be needed in the sequel and the

underlying conjecture has not been proved.
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(Clearly, (;) is a natural generalization of the usual binomial coefficient to an
arbitrary value of the parameter s € C.) We thus obtain the following identity:

M

ten() = Yo (1) o 4 £, 6.71)
j=0

n=0

where f(s) is defined and holomorphic on the open half-plane {Res > Z_TAI’}

Furthermore, the first term (i.e., the term corresponding to n = 0 in the above

sum) is equal to a*{((a + 1)s — b), where { is the Riemann zeta function, and thus
b+1

has a single, simple pole** ats = C := D({z,5) = 537 In order to compute the
residue of a®¢((a + 1)s —b) ats = Z—jr'}, we use the fact that the principal part of
the Riemann zeta function at s = 1 is equal to 1/(s — 1) and consequently,
lim (5 = C)a*{ (@ + Ds —b) = lim o’ s=C _as (6.72)
s—>C (a+D)s—b—1 a+1 '

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 (6.71) grows along
b

the vertical lines {Res = o}, with & € R, as (Jt| + 1)2+0—0@+D jf 5 < P

as (|f| + 1)2G+1-@+D0) for 5 ¢ [-2;. 241], and is bounded from above by a

b+1

constant (possibly depending on o) if o > 7.

It now remains to analyze the functions

o
Zh;?jb_(a—H)S, (673)

Jj=1

for eachn > 1.
Let us fix M € Ny, for now. Then, the asymptotic expansion (1 4 )74~ ! =
M (U 4 0(eM Yy ast — 07, together with (6.68), yields

m

iy |
h‘,-:j/Z(_a_ )mdt-l-O(j M=1y
o m=1 (6.74)
lM a
Z——Z( )j_m+0(jM1) as j — 4oo
a — +1

44 See, e.g., [Tit2] or [Edw] for the relevant properties of the Riemann zeta function. Recall,
in particular, that { has a meromorphic continuation to all of C with a single, simple poleats = 1
(with residue 1) and that it is initially defined by the Dirichlet series ¢ (s) = Z?’;l j 3 for all
s € CwithRes > 1.



Fractal tube Formulas for compact sets and relative fractal drums 91

We proceed by taking the n-th power of the above expansion to obtain an asymp-
totic expansion for /7 and substitute this into (6.73). This enables us to express
each of the functions in (6.73) as a sum of constant multiples of ¢ (m+(a+1)s—b),
for n < m < M, and of a remainder term of order O(;~™~1). Since
¢(m + (a + 1)s — b) has a simple pole at s = 2E1=7 and in view of (6.71), we
conclude that ¢ (s) has a meromorphic continuation to the open right half-plane
{Res > 2H=M3 with simple poles at s = 2H1=" for m = 0,1,2,..., M. To
be more specific, some of these potential poles of . ; may not actually be poles
(due to cancellations), depending on the choice of the parameters a and b. (See,
however, the unproven assertion in footnote 43.) Furthermore, 0 is never a pole of
¢ .b, since by looking at (6.71) we can see that it is canceled by the factor (;;) for
m > 1. Moreover, since M is arbitrary, we conclude that ¢ ; has a meromorphic
continuation to all of C. Next, note that for each integer m > 1, the growth of
C(m+ (a + 1)s — b) is dominated by the growth of the first term a*¢((a + 1)s — b)
and therefore, we have proved the statement about the languidity of { p.

Finally, the last statement of the theorem follows from an application of the
principle of analytic continuation since we deduce directly from the definition of

Lep that Ze p(0) = £(~b) forall b € {Res < —1}. O

In order to complete the present discussion of the example of the fractal nests,
as well as in preparation for the example of the unbounded geometric chirps
(Example 6.16 below), we will need the following simple consequence of the above
theorem.

Corollary 6.15. Leta > 0, b € R, © € R and let L := L, be the a-string with
lengths £; given by (6.26). Then, the Dirichlet series s p o (s) := Z;‘;l jbﬁ}?_’
(initially defined for all s € C with Res sufficiently large) has a meromorphic
continuation to all of C. The poles of { . p . are located at

b+1

D(pp,) = — 6.75
(Ce.b,7) a+1+f (6.75)
and in (a subset of ) { 21’;‘ +1:m € Ny } \{t}, and they are all simple. In particular,
we have the following inclusions:*
b+1
{m + ‘C} C Plepe) i=Pcpe C)

(6.76)

- {Z—:::i —I—r} U ({Z;nf +:m e]No}\{r}).

45 A comment entirely analogous to the one made in footnote 43 on page 89 holds relative
to “generic” (or else “most”) values of the parameters a, b and t. (Recall that £L = £, so that
Cs p.r dependsona, b and t.)
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. . b+1)/@+1)
Furthermore, the residue of (. p . at Z% + 1 is equal to ”T; so that
D(rpe) = 21} + t is always a (necessarily simple) pole of { p <.

Moreover, for any screen Sy chosen to be a vertical line {Res = o}, with
o € R\ P p,1) the zeta function { p . satisfies the languidity conditions L1
and L2, withk = 3 +b—(a+ o ifo < L5 +randk = 3(1+b—(a + 1)o)
’fae[a-bﬂ +T’2%+T]'

Finally, we have that { p (t) = {(=b) forall b € R\ {—1}.

Proof. Since { p.(s) = {; p(s — 7), this an immediate consequence of Theo-
rem 6.14. O

Let us now return to Example 6.13, where the distance zeta function of (4,, )
is given by (6.63); see also (6.64) and the brief discussion following it. We there-
fore deduce from Corollary 6.15 and the discussion of {; = {, in Example 6.13,
combined with an application of the principle of analytic continuation, that {4, o
is meromorphic on all of C and is given for all s € C by

23—s7.[ 22_SJT

{o,—a,1(8) —

Caq,0(5) = o(s). (6.77)

s—1 s—1

Moreover, the set of complex dimensions of (A4,, 2) satisfies the inclusion

?(EAu,sz):zw(CAa,g,@)g{1,i ! }U{—an_;lzmelN}. (6.78)

a+1 a+1

Provided a # 1, all of the above (potential) complex dimension are simple and
if a = 1 the complex dimension w = 1 has multiplicity 2. Furthermore, we
are certain that HLH is always a complex dimension of (A,, 2) since it is never
canceled, as a pole. Namely, by letting D := %, we have for all positive a # 1
that 2D gy
D—1
res(Ca,.0. D) = —— a7
We will see shortly that it will then follow from the fractal tube formula for (A4,, 2)
that if a € (0,1), dimp(A4,4,R2) = D(4, @) = D and (A, 2) is Minkowski
measurable with Minkowski content given by

(6.79)

22Ppr 5

D _
M e ) = 55—

(6.80)

Furthermore, it will also follow that if ¢ > 1, we have that dimp (44, 2) = 1
and the corresponding residue is given by

1e8(8a,,0. 1) = 4w8s,—a1(1) = 278c(1) = 4nl(a) — 27 (6.81)
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Therefore, still for a > 1, the RFD (A4, ) is Minkowski measurable with
Minkowski content given by

MY (A4, Q) = 4né(a) — 2n; (6.82)

note that M!(4,, Q) is positive since {(a) > 1 for a > 1; so that 27 <
M (A4, Q) < oo.

In the critical case when a = 1, we have that s = 1 is a pole of second order
(i.e., of multiplicity two) of {4, o(s) and since it is a simple pole of (¢ —1,1, we
deduce from (6.77) that

res(8a,,. 1) = 4mls —1,1[1]o — 27, (6.83)

where for each m € Z, {; _1,1[w]m indicates the m-th coefficient in the Laurent
series expansion of {; _;,; around s = . We conclude that in this case (i.e.,
when a = 1), by Theorem 2.8 (and part (») of Theorem 2.6), the RFD (4, Q)
must be Minkowski degenerate4® with dimp(A41,2) = D({a,.@) = 1. We can
also compute the coefficient corresponding to (s — 1)~2 in the Laurent expansion
of {4,,@ around s = 1, by using Corollary 6.15:

Car.@ll]-2 = 4mres(lg,—1,1. 1) = 2m. (6.84)

Assume now that @ # 1. For M € IN U {0}, as before, we choose the
screen Sjs to be some vertical line between —@ and — M +2 , and let Wy, be
the corresponding window. After having applied Theorem 5 20 we then obtain
the following asymptotic distributional formula for the tube function V(z) :=

|(44); N 2|, ast — 0T

—_1

22 Dpxn res (Saq,@. —5)t° " @
V(t) = D—IIZ—D 4 ] ¢ as a+1
(0 —(2_D)(D_l)a + (@) —2m1 + —
a+1
res ’_L [2+ar-|y£1
Z Cao2—air) + 0@ st - o7,
m=1 2_i_a—l—l
(6.85)

where the sum is interpreted as being equal to 0 if M = 1. By choosing as a
screen a vertical line {Res = o}, with ¢ > —2(++1), we obtain a pointwise
fractal tube formula with a pointwise error term of order O(t?77); indeed, in
light of Corollary 6.15, we have that x; < 0 and hence, we can apply part (i) of
Theorem 5.16. This pointwise formula is still given by (6.85) but now interpreted

46 Actually, it can also be shown directly that M (A1, Q) exists in this case and is equal to
+o00.
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pointwise and valid for all ¢ > 0. It is actually initially valid for all ¢ € (0, §)
but since § > £;/2 may be taken arbitrary large, we conclude that it is valid
for all t+ > 0. Of course, we actually do not know much about the above
error term when ¢ is not close to zero, which is unimportant since we are not
interested in the value of V() = [(A44); N 2| for large ¢. (Note also that clearly,
[(Az)r N Q2| = || = |B1(0)| = & for ¢ sufficiently large.) From the obtained
pointwise formula, it now follows (as was claimed) that for a # 1, (44, Q) is
Minkowski measurable with dimp(A4,,2) = max{l, D} and with Minkowski
content given by (6.80) ifa < 1 or (6.82) if a > 1.

Let us next consider the critical case when @ = 1. Choose a screen given by
the vertical line {Res = o}, with o € (—3/4, —1/2); we then obtain the following
pointwise fractal tube formula with error term:

2—s

V(t) = res (2t - SCAl,Q(S), 1) + %res (é‘Al’Q, %)t%

5 I\ s (6.86)
+ zres ({AI,Q,—E)ﬂ +0(t* %) ast—0".

We expand the function 1275 /(2 — s) into a Taylor series around s = 1, as folows:

Z2—s o n (—1)n_k(10gt_l)k
=t -1 . 6.87
il DB K —k)! (6.87)
n=0 k=0
We then deduce from (6.83) and (6.84) that
t2—s
res (;—Lan0(). 1) = 2rtlogt ™ +4mi(Cenalllo—D: - (6:89)
so that (still pointwise)
V(t) =2ntlogt™ +dnt(le—1.1[1]o—1) +o(t) ast — 0T, (6.89)

The above tube formula is in agreement with the fact that (4, 2) is Minkowski
degenerate but it is also clear that one can choose the function i(t) := logt™!,
for all € (0, 1), as an appropriate gauge function (see [LapRaZu4, Section 2.5],
[LapRaZu8], or [LapRaZul, Subsection 6.1.1] for an introduction to gauge func-
tions; see also [HeLap]). More precisely, one then has that M!(4;, 2, h), the
gauge relative Minkowski content of (A1, 2), is well defined and

(A1), N Q|

MY(A41,Q,h) = lim = 2. (6.90)

ot th(r)

In particular, the RFD (4, 2) is h1-Minkowski measurable.



Fractal tube Formulas for compact sets and relative fractal drums 95
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Figure 4. The unbounded (e, 8)-geometric chirp from Example 6.16, which approximates
the function x +— x%sin(zx~#) for x € (0,1). Here, « = —1/2 and B = 1. In the
corresponding RFD (4, Q2), the set A is defined as the union of the vertical segments while
the set €2 is defined as the union of the (open) rectangles.

Example 6.16 (unbounded geometric chirps). In this example, we consider and
study a type of unbounded geometric chirp depicted in Figure 4. A standard
geometric («, B)-chirp, with positive parameters « and f, is a simple geometric
approximation of the graph of the function f(x) = x®sin(zx~#), for all x €
(0,1). (See [LapRaZul, Example 4.4.1 and Proposition 4.4.2].)

By choosing parameters —1 < o < 0 < f, we obtain an example of an
unbounded chirp function f which we approximate by the unbounded geometric
(o, B)-chirp. More specifically, let A, g be the union of vertical segments with
abscissae x = j /8 and of lengths j~%/#, for every j € IN. Furthermore,
define €2 as a union of the open rectangles R; for j € IN, where R; has a base of
length j =18 — (j 4+ 1)~'/# and height j~%/# . The relative distance zeta function
of (A, Q) can be easily computed by the interested reader (see also [LapRaZul,
Example 4.4.1]) and is given by

2—s

Cag p.02(5) = Ce—a/pa(s),

22— 2 —a/B—1/B _ —1/B\s—1 _
(S_I)J;J (J G+DTT =

(6.91)
where £ is the B~ !-string. In light of Corollary 6.15, we conclude that ¢4, 5.2(5)
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has a meromorphic continuation to all of C and

1+
C _ .
P(Ca, p0) C {1,2 1+ﬂ} U {Dm.m c 1N}, (6.92)
where D, :=2 — % LetD :=2— }i—g Also, by the same corollary and

from (6.91) we have that both 1 and D are simple poles of {4, , . Furthermore,
we have that D > 1 and, consequently, from the tube formula (6.95) just below,
it follows that dimp(Aq,g,$2) = D and that the RFD (4, g, 2) is Minkowski
measurable with Minkowski content given by

2D g (28>~
D _ —
W es D= G D b-D1+8 - =D -Da+p
Moreover, the residue at s = 1 is given by
1esCay .00 ) = 2o () = 2 (). (6.94)

It follows that s = 1 is indeed a simple pole of {4, , o(s).

Similarly as in Example 6.13, for M € IN U {0}, we choose the screen Sps
to be a vertical line {Res = o}, for some real number o lying strictly between
2 — m‘ﬁrﬂ and 2 — %ﬂ, and let W), be the corresponding win-
dow. From Theorem 5.20, we then obtain the following asymptotic distributional
formula for the tube function V(¢) := [(Aq,g): N L|:

2B1)2~P 1>~ Prres(ty, 4.0. D a
Q2—-—D)D —1)(1+pB) 2—D; 6.95)
M _2-D .
t " res(;Aa!B,Q’ Dm) 2—-D +
-I-Z 2D, 4+ 0@~ "M+1) ast—0".
m=2
Note that the second noninteger complex dimension, namely, D1 = 1 — ﬁ, is

also greater than 1. Finally, by choosing as a screen a vertical line to the right of

%, we actually obtain a pointwise formula still given by (6.95) above; indeed,

we then have «; < 0, so that we can apply part (i) of Theorem 5.16.

6.6. Tube formulas for self-similar sprays. We conclude this paper by explain-
ing how the results obtained here may also be applied to recover and significantly
extend, as well as place within a general conceptual framework, the tube formu-
las for self-similar sprays generated by an arbitrary open set G C RY of finite
N-dimensional Lebesgue measure. (See, especially, [LapPe2-3] extended to a
significantly more general setting in [LapPeWil], along with the exposition of
those results given in [Lap-vFr3, Section 13.1]; see also [DenKOU] for another,
but related, proof of some of those results.)
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Recall that a self-similar spray (with a single generator G, assumed bounded
and open) is defined as a collection (Gg)xen of pairwise disjoint (bounded) open
sets G C RV, with Go := G and such that for each k € IN, Gy is a scaled copy
of G by some factor A, > 0. (We let Ao := 1.) The associated scaling sequence
(Ak)ken is obtained from a ratio list {ry,r,...,rs}, with 0 < r; < 1 for each
j =1,...,J and such that Z},=1 r]N < 1, by considering all possible words built
out of the scaling ratios r;. Here, J > 2 and the scaling ratios ry,...,r; are
repeated according to their multiplicities

Let us next assume that (4, ) is the self-similar spray considered as a rela-
tive fractal drum and defined as 4 := 3(|_|;—, Gx) and Q := | |2, G, with
dimpg (dG, G) < N. Then, by [LapRaZu4, Theorem 3.36] or [LapRaZul, Theo-
rem 4.2.17], we have the following key formula, called a factorization formula, for
its associated distance zeta function {4 o, expressed in terms of the distance zeta
function of the boundary of the generator (relative to the generator), {3¢6,¢, and
the scaling ratios {r;}/_,:

a6,6(s)
e
==

(See also Remark 6.17 below.) It now suffices to assume that the relative dis-
tance zeta function {yg ¢ of the generating relative fractal drum (dG, G) satisfies
suitable languidity conditions in order to apply (at level k = 0) the fractal tube
formulas of Sections 3—5 and to obtain a pointwise or distributional formula, with
or without error term, for the “inner” volume*7 of |_|{2, Gg:

lan(s) = (6.96)

Vao(r) := 4, N Q|

N—s
= res ( 66,6 () )a)) + Ry (1),

7
wE@NW)UP(Ls6.6, W) (N =9)(1 —2j=17j

(6.97)

where © denotes the set of solutions in C of Z}"=1 r]? = 1, the complexified Moran
equation, and R4, := RLO]Q is a pointwise or distributional error term (or else
Ry(t) = 0and W := C, in the case of an exact tube formula, provided {3,

is strongly d-languid), depending on the d-languidity growth conditions satisfied
by y6.6-

47 Here and throughout the rest of this subsection, we use the notation V4 ¢, consistent with
the statement of a pointwise tube formula. In the case of the distributional tube formulas, we
should use instead the notation V4 ;. (And analogously for the error term R4 o (#) in (6.97),
which should then be denoted by R4 . (¢), in the distributional case.) For notational simplicity,
however, we will not do so in this discussion.



98 M. L. Lapidus, G. Radunovi¢, and D. Zubrini¢

In the d-languid (but not necessarily strongly d-languid) case, R4, = RAO,]Q
satisfies the following (pointwise or distributional) error estimate (at level k = 0):

Raq(t) = OV ™PS) asr— 07, (6.98)
where S is the screen associated to the window W.

Remark 6.17. Observe that we can rewrite equation (6.96) as follows:

Ca,0(s) = Cs(s) - $a6,6(5), (6.99)

where the geometric zeta function {s of the associated self-similar string (with
scaling ratios {r; }le and a single gap length, equal to one, in the terminology of
[Lap-vFr3, Chapters 2 and 3]) is meromorphic in all of C and given for all s € C
by

1
1— Z/!:l r}

In general, given a connected open set U C C, {4, is meromorphic in U if
and only if {yg ¢ is; furthermore, in that case, the factorization formula (6.99)
(or (6.96)) then holds for all s € U. We note that in the sequel and follow-
ing [LapPe2-3] and [LapPeWil-2], we will often refer to {g as the scaling zeta
function of the self-similar spray (A4, £2) and to its poles in C (composing the mul-
tiset ©) as the scaling complex dimensions of (A, 2). We will also sometimes
write D instead of D, so that g := D; hence, similarly, O "W =D N W,
the set of visible scaling complex dimensions of (A, 2), denotes the set of poles
of {g visible through the window W. (See equation (6.97) above.)

Typically, we will work with generators such that {3 ¢ is strongly d-languid
and consequently, since {s (as given by (6.100)) is strongly d-languid (after a
possible scaling by an appropriate scaling factor A¢ > 0; see Corollary 5.14
and the discussion preceding it), {4, will be strongly d-languid (also after a
possible scaling by the same scaling factor As) and given by the factorization
formula (6.99) (or (6.96)), for all s € C. As a result, unless we need to work with
a “truncated tube formula” (corresponding to a fractal tube formula with error term
associated with a suitable screen S), we will be able to obtain an exact fractal tube
formula, as we will now see.

{e(s) = (6.100)

Assume next that the generator G is monophase (in the sense of [LapPe2-3]
and [LapPeWil-2]); that is, the volume of its “inner” ¢-neighborhood is given by
a polynomial Zf\’:_ol kitV =i forall + € R suchthat 0 < 7 < g. Here, g is the
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inradius of G, i.e., the supremum of the radii of all the balls which are contained
in G. Since then,

Vac.o(t) :=1(0G), NG| = Y itV (6.101)

for 0 <t < g, we can explicitly calculate the relative tube zeta function of G, as
follows:

g N-1 N_IK'gS_i
¢ g) = [ NI AN dr = ! . 6.102
boatio = [ 3w > 55 (6.102)
) - -

It is obviously meromorphic on all of C and still given by (6.102) for all s € C.

Using the functional equation which connects the relative tube and distance
zeta functions (see equation (2.6)), we now obtain the following explicit expres-
sion for the relative distance zeta function of the generator G:

36,6(5) := 8y6,6(s: 8) = gs_N|(3G)g N G| + (N =), G(S‘g)

6.103
=g N|G|+(N—S)Z kg (N—s)ZKlg (109

where we have let ky := —|G]|.

Consequently, by substituting (6.103) into (6.97), we recover (and significantly
extend as well as place within the broader framework of the theory of fractal tube
formulas via fractal zeta functions) a well-known result obtained in [LapPe3] and
more generally in [LapPeWil], as well as more recently via a different (but related)
technique in [DenKOU]:

Nes o kit
Vao@) =14, NQ| = Z res (l s Y ’s , )
weDU{0,1,...N—1} (1- >j= lr/)

This is an exact pointwise fractal tube formula. Indeed, after an appropriate scal-
ing by a factor Ag > 0, {36, is shown to be strongly d-languid with (k)G := 0
for a suitable infinite sequence of vertical lines {Res = o, }, m > 1 with o, € R
and o, — —00 as m — oo. Also, it is easy to check (after an appropriate scal-
ing by a factor Ag > 0) that {s(s) = (1 — ZJ!=1 r;‘ ~1 is strongly d-languid,
with (kz)e = 0 (see [Lap-vFr3, equation (6.36), p.195]). Hence (after a suit-

able scaling by A := 14, depending on both Ag and Ag), we deduce from

(6.104)
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the factorization formula (6.96) (or, equivalently, (6.99)) that {4 q is strongly
d-languid, with exponent (k4)4, := 0 for this same sequence of vertical lines
{Res = a;,}, m > 1. We can therefore conclude from Theorem 5.16 that the tube
formula (6.104) is valid pointwise and without an error term in this case, for all
positive ¢ sufficiently small.48

If needed, one can also obtain a corresponding “truncated” pointwise fractal
tube formula (with error term), relative to a suitable screen.

A completely analogous reasoning can be used for the case of pluriphase gen-
erators G for which the “inner” tubular volume is given as a piecewise polynomial.
(See [LapPe3] or [LapPeWil] for the corresponding precise definition.) In a future
work, we plan to investigate for which classes of generators the tube formula (6.97)
can be applied pointwise or distributionally. It is clearly a very large class, cor-
responding to essentially all of the self-similar sprays (and hence, also all of the
self-similar tilings, in the sense of [Pe, LapPe2-3, LapPeWil-2, PeWi]) of inter-
est, including (in light of the results of [KoRati]) those with generators that are
convex polyhedra (or polytopes), under mild assumptions.

Remark 6.18. We point out that in [LapPeWil], which (prior to the present
work and that in [LapRaZul-5]) was the paper containing the most elaborate
results concerning the fractal tube formulas for self-similar sprays (and other
fractal sprays), a lot of effort was required to obtain analogous (but less general)
fractal tube formulas, with or without error term. Furthermore, the “tubular zeta
functions” used in [LapPe2-3] and, in the more general context of [LapPeWil],
were introduced in an ad hoc manner. Here, by contrast, both the fractal tube
formulas and the fractal zeta functions (in the present situation, the distance zeta
functions) occurring in the corresponding formulas follow naturally from the
general theory developed in [LapRaZul-6], and in particular, in the present paperr.

We close this comment by mentioning that the interested reader can find
in [LapPe2-3, LapPeWil-2], as well as in the exposition given in [Lap-vFr3,
Subsection 13.1.4], a number of concrete examples illustrating the fractal tube
formulas for self-similar sprays (or tilings). These examples include the Cantor
tiling, the Koch tiling, the Sierpiniski gasket and carpet tilings, along with the
pentagasket tiling (see, e.g., [Lap-vFr3, Example 13.33]), which is an interesting
and natural example of a self-similar spray with multiple generators. In all of these
examples, the underlying generators of the fractal sprays (or tilings) are convex
polygons and therefore, satisfy the required assumptions.

48 For an exact interval within which the fractal tube formula is valid, one has to explicitly
calculate the scaling factors A and A g, which we leave as an exercise for the interested reader.
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The next three examples illustrate interesting phenomena that may occur in the
inhomogeneous self-similar setting, in the sense of [Fral] (see also [BarDem, Fra2,
BakFraMa, OISni]). We obtain here their corresponding fractal tube formulas and
illustrate the interesting situations which may arise, in particular, for self-similar
sprays (or tilings), or, more generally, for self-similar RFDs. These examples en-
able us, in particular, to illustrate our proposed definition of (critical and subcrit-
ical) fractality (see Remark 6.12). Accordingly, the sets and RFDs considered in
these examples are indeed fractal, in that sense, and their fractality reflects their
intrinsic geometric oscillations, as is made evident by the corresponding fractal
tube formulas.

N
N
N
N
N
N
N
Gy .
N
N
N
G:
N
N

O
G a

Figure 5. Left: The 1/2-square fractal A from Example 6.19. We start with a unit square
[0, 1]? and in the first step remove the open squares G1 and G». In the next step, we repeat
this with the remaining squares [1/2, 1]*> and [0, 1/2]?; we then continue this process ad
infinitum and, by definition, A C R? is the compact set which remains behind. The first 6
iterations are depicted. Here, G := G| U G is the single generator of the corresponding
self-similar spray or RFD (4, Q), where Q = (0, 1)%. Right: The 1/3-square fractal A
from Example 6.20. We start with a unit square [0, l]2 and, in the first step, remove the
open polygon G. In the next step, we repeat this with the remaining squares [1/3, 1] and
[0, 1/3]%; we then continue this process ad infinitum and, by definition, A C R? is the
compact set which remains behind. The first 4 iterations are depicted. Here, G is the single
generator of the corresponding self-similar spray or RFD (4, Q), where Q := (0, 1)2.

Example 6.19 (Fractal tube formula for the 1/2-square fractal). Let us consider
the 1/2-square fractal A from [LapRaZu4, Example 3.38] and depicted in Figure 5,
left. Its distance zeta function was obtained in [LapRaZu4], where it was shown
to be meromorphic on all of C and given by

2~ 4 o
U= T T s (6.105)
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for every s € C. In (6.105), without loss of generality, we have chosen § := 1.
Furthermore, as was discussed in [LapRaZu4], it follows at once from (6.105) that

D(a) =1, P(a) := P4, C) = {0} U (1 + piZ) (6.106)
and
dimpc A := Pc(a) = 1 + piZ, (6.107)
2n

where the oscillatory period p of 4 is given by p := 3 3 and all of the complex
dimensions in P({4) are simple, except for wy = 1 which is a double pole of (4.

One easily sees that A4 is strongly d-languid for k; := —1, any A > 2 and a
sequence of screens consisting of the vertical lines {Res = —m}, m € NN, along
with the constant B := 2/A in the strong languidity condition L2’. Therefore,
we can use Theorem 5.16 in order to recover the following exact pointwise fractal
tube formula, valid for all # € (0, min{1/A,1/2}) = (0,1/2):

t2—s

Va() = |4 :e}Z@r)es (G—=u6.)

wer

Y _ (6.108)
{2 12 w
= res (2 — SCA(S), 1) + Z oy res(8a, w).
weP(C\{1}
We now let wy := 1 + ipk for each k € Z and note that
4—ipk
res(84,0) =1+ 2x and res(q, wp) = ——, (6.109)
4a)k(a)k — 1)

for every k € 7\ {0}.

In order to compute the residue at wp = 1 in (6.108), we reason analogously
as in Example 6.13 (see equation (6.87) and the text surrounding it) to conclude
that

12 — - (=D F(log 1 =¥ Eal1]-n
res s),1)=t¢
(2—S§A() ) n;)k; kl(n —k)! 6.110)

= 1(Ca[l]-1 — Call]—2 + Ca[l]—2log ™).

(Recall that for ¢ € Z, {4[1], denotes the g-th coeflicient in the Laurent expansion
of ¢4 around s = 1.) The coeflicients {4[1]—» and {4[1]—; are not difficult to
compute and are given by

1 29log2 -2
1]l = — d 1oy = ———,
Call]l—2 and  {4[1]-1 Slog2

A11
4log?2 © )
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which, combined with (6.110), yields

t2—s

29log2 —4
res (2 Ca(s), 1) = tlogt_1 + Lt
-5

1
4log?2 8log?2

(6.112)

Finally, we obtain the following exact fractal tube formula for the 1/2-square
fractal A, valid for all z € (0, 1/2):

1 29log2—4
Va(t) := |A;| = tloge 4 2=~
) 4] 4log?2 08 + 8log?2
(41)7IPk 1427 ,
+1 E t (6.113)
keZ\{0} 4a)k(a)k — 1)(2—a)k) 2
1 14 2n
= tlogt™' + tG(log,(41)7" 12,
Tlog2 ogt™ +1G(log,(41)™") + 7

where G is a nonconstant 1-periodic function on R, which is bounded away from
zero and infinity. It is given by the following absolutely convergent (and hence,
convergent) Fourier series:

29log2 —4 1 2mikx
- =i t1 > a : . forall x € R. (6.114)
— w,

G : 8log2 + 4 kezi0) w) (o — Do

To conclude our discussion of this example, we note that it is now clear from
the fractal tube formula (6.113) for the 1/2-square fractal that dimp 4 = 1
and that A is Minkowski degenerate with M!(A4) = +oc0. On the other hand,
A is h-Minkowski measurable with h(t) := logt~! (for all t € (0,1)) and
with h-Minkowski content given by M!(A4,h) = (4log2)~!. Finally, although
D := dimp A = 1 (which is also the topological dimension of A) and hence, A
would not be considered fractal in the classical sense, we also see from (6.113)
that the nonreal complex dimensions of A with real part equal to D give rise to
(intrinsic) geometric oscillations of order 127D (or simply, 2 — D) in its fractal
tube formula. More specifically, according to our proposed definition of fractality
given in Remark 6.12, A is critically fractal in dimension d := D = dimp A = 1.

Example 6.20 (fractal tube formula for the 1/3-square fractal). Let us now con-
sider the 1/3-square fractal A from [LapRaZu4, Example 3.39] and depicted in
Figure 5, right. Its distance zeta function was obtained in [LapRaZu4], where it
was shown to be meromorphic on all of C and given by

2 6 4 b4
EA(S): —S(3S—2)<m+Z(S)) +S—+T, (6.115)
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for all s € C. Here, the entire function Z is given by

/2
Z(s) := /(cosw +sing)™* do
0

and, without loss of generality, we have chosen § := 1. Furthermore, as was
discussed in [LapRaZu4], it follows at once from (6.115) that D(Z4) = 1 and

P(La) = P(la, C) S {0} U (logs 2 + piZ) U {1}, (6.116)

where the oscillatory period p of A is given by p := 15% and all of the complex
dimensions in P({4) are simple. In equation (6.116), we only have an inclusion
since, at least in principle, some of the complex dimensions with real part log; 2
may be canceled by the zeros of 6/(s — 1) + Z(s). However, it can be checked
numerically that there exist nonreal complex dimensions with real part log; 2 in

P(¢4). Furthermore, observe that we have

2~Res/2=17 if Res < 0,
1Z(s)| < (6.117)

/2 if Res > 0,
from which we conclude that that A A is strongly d-languid for k; := —1, any A >
V2 anda sequence of screens consisting of the vertical lines {Res = —m}, m € IN,

along with the constant By := +/2/A in the strong languidity condition L2’.
Therefore, we can use Theorem 5.16 to recover the following exact pointwise
fractal tube formula, valid for all # € (0, min{1/A,1/+/2}) = (0, 1/+/2):

Va(t) := |A;]

= Y res
®€P(Ea)
[2—s

=) S resta.w)

weP(8q)

Z2—s
2—s

AONY

12+7T[2

= 16¢
+ 2

12— logs 2 +oo (3t)—ipk ( 6

z
log3 2 o 2—wr) + Zop) +

a)k—l

12
= 161 + 127832 G(log,(31)™!) + ;”th.

(6.118)
Here, we have used the fact that

res(Cq,1) =16, res({4,0) =12+ 7 (6.119)
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and
3—ipk

(log 3)wx (a)k —1
where we have let wx := log;2 + ipk for each k € Z. It can be checked
numerically that res(4, wx) # 0 (at least) for k = —1,0, 1 and we conjecture®
that this is also true for all k € Z. However, the fact that res({4, wr) # 0 for
k = —1,0,1 suffices to deduce that the function G in the last line of (6.118)
is a nonconstant 1-periodic function on R, which is bounded away from zero
and infinity and is given by the following absolutely convergent (and hence,
convergent) Fourier series:

res(4. ) = + Z(wk)), (6.120)

1 too e27rikx 6

G(X) = 10g3 kZ (2 — a)k)a)k (a)k —1

=—00

+ Z(a)k)), forall x € R. (6.121)

In conclusion, we observe that it is clear from the fractal tube formula (6.118)
that dimg A = 1 and A is Minkowski measurable, with Minkowski content
given by M!(4) = 16. Moreover, since the set A is rectifiable, we have that
H'(A) = M!(A)/2 = 8, which can, of course, also be computed directly. On the
other hand, although D := dimg A = 1 (which also coincides with the topological
dimension of A) and thus A would not be considered fractal in the classical sense,
we also see from (6.118) that the nonreal complex dimensions of A with real part
equal to log, 2 give rise to (intrinsic) geometric oscillations of order #271°232 (or
simply, 2—log; 2) in its fractal tube formula. Therefore, according to our proposed
definition of fractality given in Remark 6.12, the 1/3-square fractal A is fractal;
more precisely, it is strictly subcritically fractal in dimension d := log; 2.

Example 6.21 (fractal tube formula for the self-similar fractal nest). Let us now
consider the self-similar fractal nest A from [LapRaZu4, Example 3.40], which
is defined as a union of concentric circles in R? centered at the origin and of
radius a* for k € Ny, with a € (0, 1) being a real parameter. Its distance zeta
function was obtained in [LapRaZu4, Example 4.25], where it was shown to be
meromorphic on all of C and given by

22571 4+ a)(1 —a)s™! 27 2

= —, 6.122

¢als) (s—=D(1 —a% +s—1 + s ( )

for all s € C, where without loss of generality, we have chosen § := 1. Recall
from [LapRaZu4, Example 4.25] that we have D({4) = 1 and

P(a) = P(a, C) = piZ U {1}, (6.123)

49 We caution the reader that we do not have a rigorous proof of this last statement.
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where the oscillatory period p of A4 is given by p := logzcjz.[—l and all of the complex
dimensions in P({4) are simple.

It is now easy to check that AA4 is strongly d-languid with x; := —1, any
A >2ifa e (0,1/2]orany A > 2(1 —a)/a if a € (1/2,1) and (in both cases)
for a sequence of screens consisting of vertical lines {Res = —m}, m € N,
in the strong languidity condition L2’. Again, we can use Theorem 5.16 in
order to obtain the following exact pointwise fractal tube formula, valid for all
t € (0,min{1/2,a/2(1 —a)}):

2—s
Va(r) = |4 = Y res (;_S;A(s),w)

weP(8q)

= Z res(¢A<s> )
wEP(ZA)
4 4 (1 2Pk
gt Y
1—a (loga=1H)(1 — a) (a)k - 12— wy)
4r 5 2t
- e (e ()
(6.124)
Here, we have used the fact that
4 47(1
res(a 1) = - res(tq.0) = 27 4 —FUA+ A (6.125)
1—a (loga)(1 —a)
and
4 (1 4+ a) 2 \—ipk
, = ) 6.126
res(@a- k) = os e T (op = 1)(1 —) (6.126)
where we have let w; := ipk for each k € Z. Furthermore, the function G

appearing in the last line of (6.124) is a nonconstant 1-periodic function on R,
which is bounded away from zero and infinity and is given by the following
absolutely convergent (and hence, convergent) Fourier series:

+oo 3
Gx) = 7 4 —UHa) 3 e prallxcR.
(loga=)(I—a) 4= 2—wp)(@x — 1)
(6.127)
It clearly follows from the fractal tube formula (6.124) that dimgp A = 1 and
A is Minkowski measurable with Minkowski content given by M!(4) = 14T”a'

Furthermore, since the set A4 is rectifiable, we have that H'(4) = M!'(4)/2 =
27 /(1 —a), which, of course, can also be easily checked via a direct computation.
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Finally, we conclude this example by observing that although D :=dimp A =1
(which is also the topological dimension of A) and A would not be considered
fractal in the classical sense, we also see from (6.124) that the nonreal complex
dimensions of A with real part equal to O give rise to (intrinsic) geometric oscilla-
tions of order ¢2 (or simply 2) in its fractal tube formula. Consequently, according
to our proposed definition of fractality given in Remark 6.12, the self-similar frac-
tal nest A is indeed fractal; more precisely, it is strictly subcritically fractal in
dimension d := 0.

We close this section by mentioning that one could provide many further
examples illustrating our tube formulas, as applied to self-similar sprays or, more
generally, fractal sprays. These examples would include the Koch curve tiling,
the Sierpinski gasket tiling, the pentagasket tiling and the Menger sponge tiling
depicted, respectively, in Figures 6.1-6.5 of [LapPeWil]. We refer to [LapPe2-3]
for the corresponding exact (pointwise) fractal tube formulas. We point out that
the pentagasket tiling is of special interest because it is a natural example of a
self-similar spray with multiple generators.>°

Other interesting examples include the Cantor carpet, the U-shaped modifica-
tion of the Sierpifiski carpet (which has a generator which is itself “fractal”), the
binary trees, and the Apollonian packings depicted, respectively, in Figures 6.6,
6.9, 6.11, and 6.12 of [LapPeWil] and whose associated fractal tube formulas are
provided or discussed in Subsections 6.1-6.4 of [LapPeWil].

We also mention that the authors have recently obtained an explicit fractal tube
formula for the Koch drum (or the Koch snowflake RFD), by using the general
theory developed in this paper. This important example (which is not a fractal
spray) should be discussed in a later work, as well as compared with the earlier
tube formula obtained by the first author and E. Pearse in [LapPel], as described
in [Lap-vFr3, Subsection 12.2.1].

Finally, we point out that our methods apply naturally to fractal sprays which
are not necessarily self-similar (such as the last three examples mentioned just
above). Moreover, as was alluded to in the introduction of this paper, our general
(pointwise or distributional) fractal tube formulas can be extended (under suitable
hypotheses) to include the case where the associated fractal zeta function have
nonremovable singularities which are not poles. Some examples of such situations
are provided in [LapRaZul, 4] but we plan to develop the corresponding systematic
theory in a later work.

50 Of course, in the case of fractal sprays with multiple (say Q) generators, it suffices to apply
the results of the present subsection to each of the corresponding Q fractal sprays with a single
generator, and then to add-up the resulting Q fractal tube formulas.
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