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TUBE FORMULAS AND COMPLEX DIMENSIONS OF
SELF-SIMILAR TILINGS

MICHEL L. LAPIDUS AND ERIN P. J. PEARSE

ABSTRACT. We use the self-similar tilings constructed in [32] to define a gen-
erating function for the geometry of a self-similar set in Euclidean space. This
geometric zeta function encodes scaling and curvature properties related to
the complement of the fractal set, and the associated system of mappings.
This allows one to obtain the complex dimensions of the self-similar tiling as
the poles of the geometric zeta function and hence develop a tube formula for
self-similar tilings in R%. The resulting power series in ¢ is a fractal extension
of Steiner’s classical tube formula for convex bodies K C R%. Our sum has
coefficients related to the curvatures of the tiling, and contains terms for each
integer i« = 0,1,...,d — 1, just as Steiner’s does. However, our formula also
contains a term for each complex dimension. This provides further justifica-
tion for the term “complex dimension”. It also extends several aspects of the
theory of fractal strings to higher dimensions and sheds new light on the tube
formula for fractals strings obtained in [30].

1. INTRODUCTION

In [32], the second author has shown that a self-similar tiling 7 is canonically
associated with any self-similar system, i.e., any finite collection ® = {®;} of con-
tractive similarity transformations. Such a tiling 7 is essentially a decomposition
of the complement of the unique self-similar set associated with ®, and is reviewed
in greater detail in §2. The main result of this paper is a tube formula for 7', where
by a tube formula for A C R%, we mean an explicit expression for the d-dimensional
volume of the inner e-neighbourhood of A4, i.e.,

(1.1) Va(e) = volg{x € A : dist(z,04) < e}.

At the heart of this paper is the geometric zeta function (7(s) of a self-similar
tiling 7. It will take some work before we are able to describe this meromorphic
distribution-valued function precisely in §7. The function {7 is a generating func-
tion for the geometry of a self-similar tiling: it encodes the density of geometric
states of a tiling, including curvature and scaling properties. The poles of (7 are
the complex dimensions D7 of the tiling, and we obtain a tube formula for 7" given
as a sum over D7 of the residues of (7, taken at the complex dimensions.

The first ingredient of {7 is a scaling zeta function (s(s) which encodes the
scaling properties of the tiling and is discussed in §4.2. This comparatively simple
zeta function is the Mellin transform of a discrete scaling measure ns which encodes
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the combinatorics of the scaling ratios of a self-similar tiling. More precisely, if one
considers a composition of similarity mappings ®;, each with scaling ratio r;, then

Dy = Puyws..w, = Py, 0...0Py, 0Py,

has scaling ratio 7, = T4, Tw, - - - Tw,. Lhe measure 71, is a sum of Dirac masses,
where each mass is located at a reciprocal scaling ratio r;!. The total mass of
any point in the support of 7 corresponds to the multiplicity with which such
a scaling ratio can occur. The scaling zeta function (s is formally identical to
the zeta functions studied in [30]. The function (s also allows us to define the
complex dimensions of a self-similar set in R? (as the poles of ¢;), and we find these
dimensions to have the same structure as in the 1-dimensional case. The definition
and properties of the scaling measure 7, and zeta function (; is the subject of §4.1.

The next ingredient of {7 is a generator tube formula vg. In [32], it is shown
that certain tiles G1,...,G¢ of T are generators in the sense that any tile R,, of 7
is the image of some Gy under some composition of the mappings ®;, i.e.,

R,eT = R,=%,(G,,

for some G, and some w = wiws . .. Wy,. In §5, we discuss the role of the generators
and introduce the function g which gives the inner tube formula for a generator in
the sense of Def. 1.1. Moreover, appropriately parameterizing ¢ yields the inner
tube formula for a scaled generator. Therefore, by integrating v against 7, one
obtains the total contribution of G, (and its images under the maps ®,,) to the
final tube formula V. This is elaborated upon in §5.3.

At last, the geometric zeta function of the tiling (7 is assembled from the scaling
zeta function, the tiling, and the terms appearing in v¢. In some precise sense, (7
is a generating function for the geometry of the self-similar tiling. Using (7, and
following the distributional techniques and explicit formulas of [30], we are able to
obtain an explicit distributional tube formula for self-similar tilings.

Theorem 1.1. The d-dimensional volume of the inner tubular neighbourhood of T
is given by the following distributional explicit formula:

(1.2) Vr(e) = Z res (C7 (g, 8);w) .

wEDT

This tube formula extends previous results in two ways. On one hand, it provides
a fractal analogue of the classical Steiner formula of convex geometry. Steiner’s
formula for the exterior e-neighbourhood of a compact convex set is a polynomial
in € with coefficients given by curvature measures. This is discussed further in
§8.4. On the other hand, the tube formula (1.2) also provides a natural higher-
dimensional analogue of the tube formula for fractal strings obtained in [30] and
recalled in (6.17). The present work can be considered as a further step towards
a higher-dimensional theory of fractal strings, especially in the self-similar case,
following upon [27], §10.2 and §10.3, and our earlier paper [21]. This is discussed
further in §8.3 and in Rem. 9.1.

The primary object of study in [30] is a fractal string, a countable collection
L = {L,}>2, of disjoint open intervals which form a bounded open subset of R.
Due to the trivial geometry of such intervals, this reduces to studying the lengths
of these intervals £ = {¢,,}22,, and the sequence L is also referred to as a fractal
string. The tube formula for a fractal string £ (and in particular, for a self-similar
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tiling in R) is defined to be V() := Vi.(¢) and is shown to be essentially given by
a sum of the form

(1.3) Ve(e) = Z Coe' ™Y

wE’DgU{O}

in [30], Thm. 8.1. Here, the sum is taken over the set of complex dimensions
D, = {poles of (¢}, and ¢, is defined in terms of the residue at s = w of (. (s), the
geometric zeta function of £. The definition V() := V() is justified because, as
is shown in [25], V, depends exclusively on L.

In §1.4 of [30] (following [26]), a fractal spray is defined to be given by a nonempty
bounded open set B C R? (called the basic shape or generator), scaled by a fractal
string . That is, a fractal spray is a bounded open subset of R? which is the
disjoint union of open sets 2, for n =1,2,..., where 0, is congruent to ¢, B (the
homothetic of 2 by ¢,,) for each ¢,,. Thus, a fractal string is a fractal spray on the
basic shape B = (0, 1), the unit interval. In the context of the current paper, a
self-similar tiling is a union of fractal sprays on the basic shapes G1,...,Gg, each
scaled by a fixed self-similar string. In fact, we first prove Thm. 1.1 for the more
general case of fractal sprays, and then refine it to obtain the formula for self-similar
tilings.

The rest of this paper is organized as follows. §2 contains a quick overview
of the background material concerning self-similar tilings. §3 discusses how the
notion of inradius describes the different scales of the tiling. §4 defines the scaling
and geometric measures, the scaling zeta function, and complex dimensions of a
self-similar tiling. §5 develops the tube formula for the generators of a self-similar
tiling, and establishes the general form of V7 (e) in terms of this. §6 reviews the
explicit formulas for fractal strings which will be used in the proof of the main
results. §7 defines the geometric zeta function of the tiling, and states and proves
the tube formula for fractal sprays (a generalization of a tiling) given in Thm. 7.5,
from which the tube formula for self-similar tilings follows readily, and §9 discusses
several examples illustrating the theory. Appendix A verifies the validity of the
definition of the geometric zeta function (7. Appendix B verifies the distributional
error term and its estimate, from Thm. 7.5.

Remark 1.2 (A note on the references). The primary references for this paper
are [32] and the research monograph “Fractal Geometry, Complex Dimensions
and Zeta Functions: Geometry and spectra of fractal strings” by Lapidus and
van Frankenhuijsen [30]. This volume is essentially a revised and much expanded
version of [27], by the same authors. The present paper cites [30] almost exclusively,
so we provide the following partial correspondence between chapters for the aid of
the reader:

[27][Ch.2 | Ch.3 | Ch. 4| Ch.6 | Ch. 10 |

[30] | Ch.2-3 | Ch. 4| Ch.5 | Ch. 8 | Ch. 12 |

Remark 1.3. Throughout, we reserve the symbol i = /—1 for the imaginary num-
ber.

1.1. Acknowledgements. The authors wish to thank Martina Zahle for several
helpful discussions on geometric measure theory and for bringing the reference [13]
to our attention. Additionally, the authors would like to thank Steffen Winter for
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many helpful discussions and suggestions, and for finding mistakes in an earlier
version of this paper.

2. THE SELF-SIMILAR TILING

This section provides an overview of the necessary background material concern-
ing self-similar tilings. Further details may be found in [32].

Definition 2.1. A self-similar system is a family {®;}7_, (with J > 2) of contrac-
tion similitudes

Q;(z) =rjAjz+a;, j=1,...,J
For j = 1,...,J, we have 0 < r; < 1,a; € R% and A; € O(d), the orthogonal
group of rigid rotations in d-dimensional Euclidean space R?. The number r; is the
scaling ratio of ®;. For convenience, assume that

(2.1) 1>ri2reo>---2r5>0.

It is well known that there is a unique nonempty compact subset F C R? satis-
fying the fixed-point equation

J
(2.2) F=®(F):=|]o;(F).
j=1

This (self-similar) set F' is called the attractor of ®. We abuse notation and let ®
denote both an operator on compacta (as in (2.2)) and the family {®,}. Different
self-similar systems may give rise to the same self-similar set; therefore we emphasize
the self-similar system and its corresponding dynamics.

It is shown in [32] that for a self-similar system satisfying the tileset condition
(see Def. 2.2), there exists a natural decomposition of C'\ F which is produced
by the system ®. The construction of this tiling is illustrated for a well-known
example, the Koch curve, in Fig. 1. It may help the reader to look at this example
before diving into the next paragraph and the thicket of definitions therein. Further
examples are depicted in §9.

Let C' := [F] be the convex hull of F'; and let T := relint C be the relative interior
of C. Iterates of the hull C' under ® are denoted

(2.3) Cr=d*(C)= | @u(C),
weWy

where w = w; ... wy, is a word in Wy, = {1,2,...,J}¥ and ®,, := @, 0...00,,,0D,, .
For future reference, let W := J;—,; Wi be the set of all finite words w over the
alphabet {1,2,...,.J}.

Definition 2.2. The system satisfies the tileset condition iff T ¢ ®(C) and
(2.4) int ®;(C) Nint @,(C) = @, j#L.

This is a restriction on the overlap of the images of the mappings and implies
(but is not equivalent to) the open set condition. For any system satisfying the
tileset condition,

(2.5) T =T\Cy
is well defined and nonempty, and hence so is T}, := ®*(T}). As an open set, T is
a disjoint union of connected open sets:

(2.6) ' =G, UGyU--- UG, GpﬂGq:®7p7éq.
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Co=C co

FIGURE 1. Construction of the Koch tiling . This example is discussed
further in §9. The tiling K has the single generator 177 = G, an equilateral

triangle.

Definition 2.3. The generators of the tiling are the connected components of 17,
i.e., the disjoint open sets {G,} in (2.6).

The number @ of generators depends on the system ®, not just on F'. In general,
the number of connected components of an open subset of R? may be countable;
however, in this paper we assume ) < oo.

Definition 2.4. The self-similar tiling of ® is
(2.7) T ={Rn}or: ={P®w(Gy) i weW,g=1,...,Q}.

In (2.7), the sequence {R,} is an enumeration of the sets {®,,(G4)}, and ®,, is
as in (2.3). We say 7 is a tiling of C'\ F because the tiles R,, have disjoint interiors
and F does not intersect the interior of any R,, (see Fig. 3):

C = Un R., FC Un OR,, and R,, N Ry, = OR,, NOR,,.
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3. THE INRADIUS

As alluded to in (1.1), we are interested in that portion of a set which lies within
¢ of its boundary.

Definition 3.1. Given € > 0, the inner e-neighbourhood of a set A C R?, d > 1, is
(3.1) Ac :={x € A: dist(x,0A) < e},

where 0A is the boundary of A. We are primarily interested in the d-dimensional
Lebesgue measure of A., denoted Vy4(e) := volg(Ae).

It is clear that if A is a bounded set, A C A, for sufficiently large €. Alternatively,
it is apparent that for a fixed € > 0, any sufficiently small set will be entirely
contained within its e-neighbourhood. The notion of inradius allows us to see
when this phenomenon occurs.

Definition 3.2. The inradius p of a set A is
(3.2) p = p(A) :=sup{e > 0: 3z with B(z,e) C A}.

Note that the supremum is taken over £ > 0, because Ag = A. The inradii p,, =
p(R,;,) replace the lengths ¢, = 2p(L,,) of the 1-dimensional theory; furthermore,
the inradius is characterized by the following theorem.*

Theorem 3.3. In R?, the inradius is the furthest distance from a point of A to
0A, or the radius of the largest ball contained in A, i.e.,

(3.3) p(A) =sup{e >0: V(A;) < V(A4)}.

Proof. Continuity of the distance and volume functionals gives V(As) < V(A) if
and only if there is a set U of positive d-dimensional measure contained in the
interior of A which is further than § from any point of JA. For any =z € U,
B(z,6) C A. Conversely, for ¢ strictly less than the right-hand side of (3.3), the
same reasons imply the existence of the set U of positive measure. ([l

Remark 3.4. The proof of Thm. 3.3 shows that the inradius may also be defined
by p(A) = sup{d(z,0A) : x € A}.

The utility of the inradius in the present paper arises primarily from the equality
(3.3) and the fact that the inradius behaves well under the action of the self-similar
system:

(3.4) pn = p(Rn) = p(Pu(Gy)) =71" ... 75 g4,

where 7; is the scaling ratio of ®;, and the exponent e; € N indicates the multiplicity
of the letter j in the finite word w € W.

Definition 3.5. For ¢ = 1,...,Q, the ¢*" generating inradius is the inradius of the
¢*™® generator of the tiling 7 and denoted

(3.5) 9q = p(Gq).

While this result is probably folklore in some circles, we were unable to find it in the literature
and so have provided a proof.
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Throughout the remainder of this paper,? we assume that 7 is a self-similar tiling
associated with a given self-similar system (and having inradii g,), as described in
§2-83 and in further detail in [32]. For convenience, we may take the generators in
nonincreasing order, i.e., index the generators so that

(3.6) g1>92>->gq >0.

4. MEASURES AND ZETA FUNCTIONS

In this section and the rest of the paper, any zeta function is understood to be
the meromorphic extension of its defining expression.

4.1. The geometric zeta function of a fractal string. In [30],% a fractal string
is defined to be a bounded open subset of R, that is, a countable collection of
disjoint open intervals, L = (J;-, L,, with lengths £ = {£,,}52,. The geometric
zeta function of such an object is

(4.1) Cels) =6,

and can be used to study the geometry of £ and of its (presumably fractal) boundary
OL := OL. Observe that (,(s) is the Mellin transform of the measure

(4.2) ne =Y 0,
n=1
where J, denotes the Dirac mass (or Dirac measure) at x. Thus,
o
(1.3 Celo) = [ o dneo).
0

4.2. The scaling zeta function of a self-similar tiling. We now extend the
ideas of §4.1 to higher dimensions. In 1 dimension, the length of an interval is just
twice its inradius, and the distinction between the scale of a set and its volume is
blurred. For the higher-dimensional case the scaling zeta function (; is separate
from the geometric zeta function of the tiling (7; the tiling zeta function (7 encodes
the density of geometric states of ® and acts as a generating function for the
geometry of the entire tiling. The scaling zeta function encodes only scaling data.
In [30], both of these roles are essentially played by (.. Discussion of (7 is postponed
to Def. 7.2, as it takes some work to give a precise description.

Definition 4.1. The scaling measure encodes the scaling factors of ® as a sum of
Dirac masses:

(4.4) na(x) =Y by, (@),
weW

Definition 4.2. The scaling zeta function is defined by the Mellin transform of
the scaling measure 7;:

(45) A AR ED SR S S

weW k=0 weWy

2Except for the discussion surrounding Thm. 7.5, wherein 7 is taken to be a fractal spray. See
the introduction to §7.
3See also [25-2,20,18-3,27-3,10], along with [17], Exm. 5.1 and App. C.



8 MICHEL L. LAPIDUS AND ERIN P. J. PEARSE

The scaling zeta function ¢; encodes the combinatorics of the scaling ratios r; of ®
and is thus a generating function for the scaling properties of ®.

Theorem 4.3. The scaling zeta function of a self-similar system is

1
(4.6) G(s) = m

This remains valid for the meromorphic extension of (s to all of C.

This theorem is the higher-dimensional counterpart of [30], Thm. 2.4, and can,
in fact, be viewed as a corollary of it; see §4.3. Indeed, it is proved in precisely the
same way.

Definition 4.4. We can now define the scaling (complex) dimensions of a tiling 7
as the poles of the scaling zeta function:

(4.7 D, := {w € C: (s(s) has a pole at w}.

4.3. Comparison with [30]. Although the measures and zeta function introduced
in Def. 4.1 and Def. 4.2 above correspond to fractal subsets of R?, it is crucial to
note that they are also formally identical to the objects n and ¢, studied in [30].
To be precise, the scaling measure is a self-similar string of the sort studied in
Chap. 2-3 of [30], and a generalized fractal string of the kind introduced in Chap. 4
of [30]. In that context, (, is just the geometric zeta function of a self-similar
string with scaling ratios {Tj}le and a single gap*, which has been normalized
so as to have ¢; = 1, where /; is the first length in the string. Consequently, all
of the explicit formulas developed in [30] are applicable to the measures and zeta
functions described in the present paper. This is key to the proof of Thm. 7.5.
Let D be the unique real number satisfying Z'jjzl rJD = 1. One can check (as
in [30], §5.1) that for some real constant ¢ > D,

1 c+ioco 7 e’} .
48 @ =g [ e ds ad G = [ e
TL Je—ioo 0

Additionally, the Structure Theorem for complex dimensions [30], Thm. 3.6,
holds for the set of scaling complex dimensions of Def. 4.4. By (4.6), D, consists of

the set of complex solutions of the complexified Moran equation Z;-Izl r; =1 which
is studied in detail in Chap. 2-3 of [30]. In particular, the complex dimensions lie
in a horizontally bounded strip of the form C' < Res < D, where D is as just above
and C < D is some other (finite, possibly negative) constant. The positive number
D is called the similarity dimension of ® (or of its attractor F') and coincides with
the abscissa of convergence of ¢, [30], Thm. 1.10.> Furthermore, the following

dichotomy prevails:

e Lattice case. When the logarithms of the scaling ratios r; are each an integer
power of some common positive real number, the complex dimensions lie
periodically on finitely many vertical lines, including the line Res = D. In
this case, there are infinitely many complex dimensions with real part D

4In this paper, we use the term “generator” in place of “gap”.

5If the self-similar system defining F satisfies the ‘open set condition’ (see [14], as described
in [2] or [15]), as is the case when the tileset condition is satisfied, then D coincides with the
Hausdorff and Minkowski dimensions of F'.
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e Nonlattice case. Otherwise, the complex dimensions are quasiperiodically
distributed and s = D is the only complex dimension with real part D.
However, there exists an infinite sequence of complex dimensions approach-
ing the line Res = D from the left. In this case, the set {Res : s € D}
appears to be dense in [D;, D].

It has been proven in [30] that for d = 1, the attractor of @ fails to be Minkowski
measurable if and only if ¢;, has nonreal complex dimensions with real part D, and
in [30], Conj. 12.18, this is conjectured to hold also in higher dimensions. See also
Remark 8.7.

5. THE GENERATORS

The inner tube formula for the tiling will consist of the sum of the inner tube
formulas for each tile, and each of these can be expressed as a rescaled version of
the tube formula for a generator. That is, if R = ®,,(G) for some w € W, then the
inradius of such a tile is

p=pR) =p(®y(G)) =rvg=ri"...79g,

and invariance of Lebesgue measure under rigid motions gives

(5.1) VR(E) = V<I>W(G)(5) = erg(&‘).
Thus, it behooves us to find an expression for
(5.2) V6 (z,€) = Vi1 a)c(€),

where %G is a homothetic image of G, scaled by some factor % > 0. Then v¢(1,¢)
gives the inner tube formula for G, and vg(x,¢) is the volume of a tile which is
similar to G but which has been scaled by 1/x. The motivation for defining v¢ in
terms of 1/x (rather than x) appears in (5.21).

For the moment, the following definition is left intentionally vague; motivation
for the definition (and its name) can be found in §8.4.

Definition 5.1. A generator G is said to be Steiner-like iff its inner tube formula
admits an expansion of the form

¥
L

(5.3) Va(e) = ri(G,e)et,

%

I
=)

for € < g, where each k;(G,¢) is some reasonably nice (e.g., bounded and locally
integrable) function for € € [0,00). In particular, we require that

(i) each k;(G,¢e) is homogeneous of degree 4, so that for A > 0,
(5.4) ki (AG, \e) = ki(G,e) N, and

(ii) each k;(G,¢) is rigid motion invariant, so that
(5.5) ki (T(G),e) = ki(G, ),

for any (affine) isometry T of R
(iii) for each k;(G,¢),i=0,1,...,d — 1, the limit lim,_ g+ k;(G, ¢) exists in R.
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5.1. The tube formula for a diphase generator. In this paper, we treat only
the special case of a Steiner-like generator G where the coefficient functions k;(G, €)
are piecewise constant functions of €, in which case G is called pluriphase as in
Def. 5.4. In the special case when each k;(G,e) takes on only two values, G is
called diphase as in Def. 5.2. We will treat the general case in the forthcoming
collaboration with Steffen Winter [24].

Definition 5.2. A Steiner-like generator G is said to be a diphase generator, or to
have a diphase tube formula, iff

d—1
(5.6) Va(e) =va(le) =Y ri(G)e'™",  fore<g,
=0

for some k,(G) € R, i=0,1,...,d—1.
Not every polyhedral G is diphase; the more general pluriphase case is discussed

in §5.2. In general, the computation of y(z, ) may be nontrivial. We define k4(G)
to be the negative of the d-dimensional Lebesgue measure of G:

(5.7) ka(G) = —Aa(G).

Theorem 5.3. If G is diphase, then for any tile congruent to the homothetic image
%G, the inner tube formula is given by

16(@6) = {Z?:& ki(@)aet e < gl

(5:8) —ka(G)z~, e>g/x.

Proof. So far, we have only defined Vg(¢) for € < g. To extend it to all of RT, note
that Viz(e) is just the Lebesgue measure of G for € > g. Therefore, define

ki(G;e) == ki(G)X[0,9)(€), 1=0,1,...,d—1

Hd(G;E) = _Hd(G)X[g,oo)(g)a
where £;(G) is as in (5.6), x4 is the usual characteristic function of the set A, and
pq is Lebesgue measure on R?. Now we have

d
(5.9) Va(e) =va(l,e) = Z ki (G e)ed™, for e > 0.
i=0

Next, we would like to adapt this formula so as to obtain a tube formula valid for

a tile of any size. Note that V,g(re) = r?Vg(e), as both expressions are measuring
congruent regions in R%. Hence for € < g, one has

Qu
|
—

Zr%i(G; £)(re)t = rWg(e) = Vog(re) = ri(rG;re)(re)d,
j= i=0
and thus for € < g/z, one has
d—1
vo(z,6) = Vig(e) = Z (%) ki (G xe)e Z/@ (G;xe)z et
i=0

Since x;(G;xe) = Ki(G)X[0,9) (7€) = Ki(G)X[0,g9/2)(€) for 1 =0,1,...,d—1, it is
clear that (5.2) may be expressed as

d 4 d—1 —i d—i <
(5.10) vo(w,e) = ri(2G;e)e’ = {ZZ—O ri(G@ee™, e < g/,
=0

_Hd(G)mida €= g/x7
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where the constants k;(G) are as defined in (5.6) fori =0,1,...,d—1, and in (5.7)
for i = d. [l

The function yg(z,e) gives the volume of the e-neighbourhood of a tile which
is congruent to a generator scaled by 1/x. The value € = g/x corresponds to the
value of € at which the inner e-neighbourhood of the tile becomes equal to the tile
itself. Thus, ¢ is continuous (but generally not differentiable) at ¢ = g/x.

As was mentioned before, not every G is diphase; the more complicated plu-
riphase case is discussed in §5.2. In fact, even if G is polyhedral or convex, it still
may not be diphase; see Example 5.7 for an example of the latter. We expect
that all convex generators are pluriphase, but this has not yet been proved. For
situations even more general, it is an interior version of Federer’s notion of reach
(see [4]) that is required. For such cases, the inner tube formula will be obtained
in [22] via the more general methods of [13] and others.

5.2. The tube formula for pluriphase generators. The most general genera-
tors that we consider in this paper are those whose inner tube formula is given by
a piecewise polynomial function of € (see [22] for investigation of the more general
case). In this case, each generator has a sequence of values of ¢ which gives a par-
tition {eg := 0,e1,€2,...,en := g}, of the interval [0, g], with &,,,_1 < &,, for each
m. Then one has the following definition:

Definition 5.4. A Steiner-like generator G is said to be a pluriphase generator, or

to have a pluriphase tube formula, iff one can write Vg for each fixed m=1,..., M
as
d
(5.11) Va(e) =va(l,e) = Z KIM(G)edY, Em—1 < € < Em,
i=0

for some real coefficients " (G). Then fori =0, ...d—1, define a piecewise constant
function on RT = [0, 00) by
M
(5.12) Ri(Gi8) = Y KGN e, ().
m=1
Similarly, let kq(G) := —pqa(G) and define
M

(5~13) ﬁd(G;s) = Z K?(G)X[Ey‘n—l7€m)(6) - ’fd(G)X[g,oo)(E)'

m=1

The double negatives for the d*" term are regrettable but necessary, as will
become clear from the proof of Thm. 7.5 and the examples in §9. The next theorem
is proved just like Thm. 5.3.

Theorem 5.5. If G is pluriphase, then for any tile congruent to the homothetic
image %G, the inner tube formula is given by

Do Smm A7 (G)a et e < g/,
—ka(G)x™1, e>g/x.

d
(5.14) ve(z,€) = ZHT(%G; e)ed i = {
=0

As before, the function vg(z,e) gives the volume of the e-neighbourhood of
a tile which is similar to G but has been scaled by a factor of 1/x, and ~g is
continuous (but generally not differentiable) at ¢ = % For the present, we take
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|- S
’ []

FIGURE 2. A pluriphase generator.

Def. 5.4 as a working definition and note that it is applicable to a wide range of
examples, including all of those in §9. In particular, Example 5.7 is pluriphase but
not diphase. We will investigate the implications of this definition further in the
later paper [22]. To compare with the diphase case, note that if g = 0 and &1 = g,
then (5.10) may be rewritten as

(5.15) vo(z,e) = , Z HT(G)X[Em—l m)(e)x_ied_i, for e < g/x.

x T

Definition 5.6. If the generator G is pluriphase and defined on a partition of
M subintervals {0 = eg,e1,...,enm = p(G)}, then its curvature matriz K is the
(M 4+ 1) x (d+ 1) matrix with entries

R R
Ky KT ... Kg_1 Ky
(5.16) ke=[R"G)]=| 1+ :
KM M M gM
0 0o ... 0 Kd

It is worth noting that the continuity of Vi(¢) at € = 0 mandates that ) = 0
(recall that this is the coefficient of the constant term). Thus, if the generator G is
diphase as in Def. 5.2, then with an abuse of notation, the curvature matrix may
be written

(517) K = [lﬁl(G)] = [ Ko, K1, ..., Kd—1, Kd ]

Example 5.7 (A pluriphase generator). Consider a fractal spray on a generator G
consisting of a 2 X 2 square with one corner replaced by a circular arc, as depicted
in Fig. 2. This generator has inradius ¢ = p(G) = 1 and is pluriphase, but not
diphase. Indeed, the relevant partition is

(5.18) {0 =¢p,61 =1/2,e5 =1},
and the tube formula for G is
B+X)e—(5+7%)e?, e<e<e
(5.19) Ya(l,e) = ¢ Tt + 82 — 4e?, g1 <e<
TFT_64 + 4, g9 < e.
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5.3. Tilings with one generator. Suppose we have a tiling 7 with just one
generator G. Then the inner tube formula of 7 is given by

(5.20) Vr(e) =Y Vg, ()= Y Va,(e)+ Y Vr,(e),

n=1 pn>e pn<e
much as in [26], Eqn. (3.2). Recall that p,, is the inradius of the tile R,,. For
R, = ®,,(Gy), invariance under rigid motions allows us to use the equality (5.1) to
rewrite the sums in (5.20) as integrals with respect to n,:

Vre)= > Ve.()+ Y. Vr.(e)
pn'<1/e prl>1/e

g/e
(5.21) :/0 Vii/zal(e) dns(a:)—f—,ud(G)/ x4 dn,(z)

g/e

-/ T (@) dne(z)
0

(522) = <77577G>7

where ¢ is a ‘test function’ giving the volume of a tile which is similar to G, but
which has been scaled by a factor of 1/x; see (5.2). Although v¢ is not smooth,
it fits the criteria given in Thm. 6.5 and is thus amenable to the distributional
techniques developed in [30], §5.4.

5.4. Tilings with multiple generators. Upon replacing G by G4, we use the
notation Vg, v4, Kqi, €tc., to refer to the corresponding quantity for the ¢*® generator.
For example, yg(z,¢) is replaced by v,(z,e) = vg,(7,¢), the volume of the e-
neighbourhood of a tile which is similar to G4 but which has been scaled by x.

The contribution to V7 (e) resulting from one generator G, and its successive
images is Vg (e) := (1s,74), so the case of multiple generators can be reduced to a
sum of single-generator tilings via the formula

Q Q
(5.23) Vr(e) = Z Vg(e) = Z<775>7q>-

qg=1 q=1
Henceforth, we will always assume there is only a single generator, as this simpli-
fying assumption will clarify the exposition. For a concrete example of how this is
done, see the example of the pentagasket in §9.4

6. DISTRIBUTIONAL EXPLICIT FORMULAS FOR FRACTAL STRINGS

These four definitions and the three theorems that follow them are excerpted
from §5.3 of [30]. The technical details described here are used in the proof of
Thm. 7.5, especially in Appendix A and Appendix B. The reader can easily skim
or skip this section on a first reading.

Definition 6.1. A generalized fractal string is defined to be a local positive Borel
measure on (0,00) and is denoted by 1. Here, local means locally bounded with
support bounded away from 0. The associated scaling zeta function is defined

(6.1) Cn(s) == /000 x~ % dn.
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It is clear that the scaling measure 7 introduced in Def. 4.1 is a generalized
fractal string, as discussed in §4.3.

Definition 6.2. Let f: R — R be a bounded Lipschitz continuous function. Then
the screen is S = {f(t) +1it : ¢ € R}, the graph of a function with the axes
interchanged. We let

(6.2) inf S :=inf; f(¢t) = inf{Res: s € S}, and
(6.3) sup S := sup, f(t) = sup{Res: s € S}.

The screen is thus a vertical contour in C. The region to the right of the screen is
the set W, called the window:

(6.4) W:={z€C: Rez> f(Im=z)}.

The poles of ¢, which lie in the window are called the visible scaling dimensions
and the set of them is denoted

(6.5) Dy(W) = {w € W+ lim [,(s)] = oo},

Definition 6.3. The generalized fractal string n (as in Def. 6.1) is said to be languid
if its associated zeta function ¢, satisfies certain growth conditions relative to the
screen.® Specifically, let {7}, },ez be a sequence in R such that T_,, < 0 < T}, for
n > 1, and

T,
(6.6) lim T, = oo, lim T_, = —oo, and lim ﬁ — 1.
n—oe n—oo n—oo |T_,,

For 7 to be languid, there must exist real constants w,c > 0 and a sequence {71}
as described in (6.6), such that

L1 Foralln € Z and all o > f(T},),

(6.7) [Co(o +iTn)| < e (ITw] +1)7, and
L2 ForallteR,|t| >1,
(6.8) |G (f () +18)] < c-[¢]7.

In this case, 7 is said to be languid of order w .
Definition 6.4. The generalized fractal string 7 is said to be strongly languid if it
satisfies L1 and the condition L2’ which is clearly stronger than L2:
L2’ There exists a sequence of screens Sy, (t) = fi(t) + it for m > 1, t € R, with
sup S, — —oo as m — oo, and with a uniform Lipschitz bound. Additionally,
there must exist constants a,c > 0 such that
(6.9) Gy (f(B) + it)] < c - al/m Ol (Jt + 1),
for allt € R and m > 1.

Taking [30], Thm. 5.26 and Thm. 5.30 at level ¥ = 0 gives the following dis-
tributional explicit formula for the action of a fractal string n on a test function

¥ € C*(0,00). Note that 1) may not have compact support; only the decay prop-
erties (6.10)—(6.11) are required.

SWe take (n to be meromorphically continued to an open neighbourhood of W, as in Def. 77.
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Theorem 6.5 (Extended distributional explicit formula). Let n be a generalized
fractal string which is languid of order w. Let ¢ € C°°(0,00) with n'* derivative
satisfying, for some 6 >0, and every n € {0,1,..., N = [w] + 2},

(6.10) Y™ (z) =0 (z7"P7%)  asx— o0, and
(6.11) P () =Y aPam T+ O (a7 s a0t

Then we have the following distributional explicit formula for n:

(612) ()= 3 res (G(s)ds)w) + D alllGy(a) + (R,Y),

weD,y, aeW\D,

where the error term R(x) is the distribution given by

(613) (o) = ok [ Co(s)i(s) ds

and estimated by

(6.14) R(z) =0 (:vs“ps_l) ,  as T — 0.
Here, 1Z is the Mellin transform of the function 1, defined by

(6.15) P(s) = /OOO 7 () da.

Note: the sum in (6.11) is over finitely many complex exponents o with Re a >
—o;+ 0. This condition is described by saying that ¢ has an asymptotic expansion
of order —o; + § at 0.

Taking [30], Thm. 5.27, at level k = 0 gives the following distributional explicit
formula for the action of a fractal string n on a test function . Note that in
addition to requiring ¢ € C°°(0,00), we now also require that ¢ is a finite linear
combination of terms z~?e~%* in a neighbourhood of the interval (0, A], where A
is the same constant as in Def 6.4.

Theorem 6.6 (Extended distributional formula, without error term). Let n be a
strongly languid generalized fractal string. Let ¢ € N be such that ¢ > max{l,w},
where w is as in Def. 6.3. Further, let ¢ be a test function that is q times con-
tinuously differentiable on (0,00). Assume that the j™ derivative ¥\9)(x) satisfies
(6.10) and (6.11), and that there exists a 6 > 0 such that

(6.16) Y (z) = Zag{)x’“e’caz, forz e (0,A+6),0<j<q.

Then formula (6.12) holds with R = 0.

Theorem 6.7 (Tube formula for fractal strings [30], Thm. 8.1). Let n = 1, be a
languid fractal string with geometric zeta function (. The volume of the (one-sided)
tubular neighbourhood of radius € of the boundary of n is given by the following
distributional explicit formula for test functions ¢ € C°(0,00), the space of C'™°
functions with compact support contained in (0,00):

(6.17) Vy(e) = Z res (W;w) +{2¢¢,(0)} + R(e).
w)

weDy ( N S)
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Here the term in braces is only included if 0 € W\ D,, (W), and R(¢) is the error
term, given by

_ 1 [ G(s)2e)t
(6.18) R(e) = 51 /S s(1—s) ds
and estimated by
(6.19) R(e) = O(et—suP9), ase— 0%,

The meaning of (6.14) and (6.19), the order of the distributional error term, is
given in Def. B.6 of Appendix B.

When 7 = 7). is an ordinary fractal string £, as in (4.2) above, then V; (¢) = Vi (¢)
as in Def. 3.1, if L is the bounded open set defining £. Furthermore, when 7, is a
self-similar fractal string, the results of Thm. 6.7 may be strengthened as described
in §8.2. In particular, one may take W = C and R = 0.

7. THE TUuBE FORMULA FOR FRACTAL SPRAYS

In this section, we present the main result of the paper, a higher-dimensional
analogue of Thm. 6.7. While the proof is similar in spirit, it is significantly more
involved, especially if Appendices A and B are taken into account. This result
provides new insight, particularly with regard to the geometric interpretation of
the terms of the formula; see Remark 9.6. Also, it introduces the proper concep-
tual framework and confirms that fractal sprays are clearly the higher-dimensional
counterpart of fractal strings. In a similar vein, we will see from Theorem 8.4
(the tube formula for self-similar tilings) that the self-similar tilings are the natural
higher-dimensional analogue of self-similar fractal strings.

Although our primary goal in this paper is to obtain a tube formula for self-
similar tilings, we state our main result for the more general class of fractal sprays,
as we expect it to be useful in the study of other fractal structures and tilings to be
investigated in forthcoming work. The important special case of self-similar tilings
is stated in Thm. 8.4 of §8.2.

7.1. Statement of the tube formula. We will prove the tube formula first for
the more general case of fractal sprays, and then refine this result to obtain the
formula for self-similar tilings. The following definition first appeared in [26].

Definition 7.1. Let B C R? be a nonempty bounded open set, which we will call
the basic shape or generator. Then a fractal spray is a bounded open subset of
R? which is the disjoint union of open sets €2,, for n = 1,2,..., where each Q,, is
congruent to £, B, the homothetic of B by ¢,,. Here, £ = {{,} is a fractal string.

More generally, as in [30], a fractal spray is given by a nonempty bounded open
set scaled by a fractal string 7.

Thus, any fractal string can be thought of as a fractal spray on the basic shape
B = (0,1), the unit interval. In the context of the current paper, a self-similar
tiling is a union of fractal sprays on the basic shapes Gi,...,Gg, each scaled by
a fixed self-similar string. A general fractal spray may have multiple generators,
as long as they are all scaled by the same generalized fractal string 1. However,
for the remainder of this paper we consider only a single generator G. Indeed, as
mentioned in §5.4, the multiple-generator case can readily be reduced to the case
of a single generator.
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Definition 7.2. The geometric zeta function of a fractal spray with a diphase
generator is

s5—1

d
(7.1) Cr (e, 8) :=e775¢,(s) Z g_ S
=0

S

More generally, the geometric zeta function of a fractal spray with a pluriphase
generator is

M s—i __ ~8—1
(7.2) Cr (e, 8) =43¢, (s) Z > Mn;ﬂ.

d
i=0 m=1 $—1
Here, k; = k;i(G) or kK" = k"(G) as defined in Def. 5.2 or Def. 5.4, respectively.

The geometric zeta function of a self-similar tiling or tiling zeta function is
similarly defined, except that ¢, is replaced by (s, the scaling zeta function of a
self-similar tiling described in Def. 4.2. It turns out that (7 is a meromorphic
distribution-valued function for each fixed s € W, where W C C is the window
defined in Def. 6.2. This verification is given in Def. A.5 and Thm. A.7 of Ap-
pendix A. Considered as a distribution, the action of {7 (s,-) on a test function
P € C°(0,00) is given by

(7.3) (Crle,s),6(e)) = / " e sy(e) de.

Here, C2°(0, 00) is the space of smooth functions with compact support contained
in (0,00). At first glance, it may appear strange that something as concretely
geometric as a tube formula is given distributionally. However, the flexibility of the
distributional framework allows the proof to proceed; see Rem. 5.20 of [30].

Remark 7.3. The presentation of the geometric zeta function in (7.1) differs from
that given in [30], wherein the “geometric zeta function” is actually closer to what
we call the scaling zeta function here. The general tube formula [30], Thm. 8.1,
does involve the one-dimensional case of {7, but it is not explicitly named as such.
For several reasons, it behooves one to think of (7 as the geometric zeta function
most naturally associated with the spray (or tiling), especially as pertains to the
tube formula:

(i) The function (7 arises naturally in the expression of the tube formula
for the tiling, as will be seen in Thm. 7.5 and Thm. 8.4.

(ii) It is the poles of {7 (e, s) that naturally index the sum appearing in Vr,
and the residues of (7 that give the actual volume.

(iii) Using (7 leads to the natural unification of expressions which previously
appeared unrelated; compare (8.5) to (8.7) in Cor. 8.8.

Thus, the function {7 encodes all the geometric information of 7 as pertains to its
tube formula. In Rem. 8.12 we discuss how the unification mentioned in (ii) leads
to a geometric interpretation of the term {2¢¢,(0)} that appears in (6.17).
Definition 7.4. The set of visible complex dimensions of a fractal spray is

(7.4) Dy (W) :=D,(W)ud{0,1,...,d -1},

where D, (W) is as in §7.1. Thus, D7 (W) consists of the visible scaling dimensions
and the “integral dimensions” of the spray. Furthermore, the poles of {7 are all
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contained in D7 (W). Note that D, (W) and D7 (W) are discrete subsets of W C C,
and hence are at most countable.

Theorem 7.5 (Tube formula for fractal sprays). Let n be a fractal spray on the
diphase generator G, with generating inradius g = p(G) > 0. Assume that ¢, is
languid on a screen S which avoids the dimensions in Dy (W). Then for test func-
tions in C2°(0,00), the d-dimensional volume of the inner tubular neighbourhood of
the spray is given by the following distributional explicit formula:

(75) VrEe) = Y res(Cr(e 8)iw) + R(e),
weDT (W)

where the sum ranges over the set (7.4) of integral and visible complex dimensions
dimensions of the spray. Here, the error term R(e) is given by

1
(7.6) RE) = g [ Grlecs)ds
and estimated by
(7.7) R(e) = O(ed5uPS), ase — 0T,

As a distributional formula, (8.4) is valid when applied to test functions ¢ €
C2°(0,00). The order of the distributional error term as in (7.7) is defined in
Def. B.6. There is a version of this theorem in which the error term vanishes
identically; it is presented in Cor. 8.2. Also, the special case of self-similar tilings
is presented in Thm. 8.4. The following proof relies heavily on the material in §6;
the reader may wish to review this material before proceeding.

7.2. Proof of the tube formula. The proof of Theorem 7.5 is given only for a
spray with a Steiner-like generator which is diphase; the more general pluriphase
case is presented as a corollary, as the proof follows in the same fashion. The
reader may now wish to review §6 before proceeding, as the proof uses these explicit
formulas and distributional techniques from [30],

Proof of Thm. 7.5. Recall that we view Vir () as a distribution,” so we understand
Vr(e) = (ns,7¢) by computing its action on a test function ¢:

18 Vr©8) = erah )= [ ( I m(ac,e)dw)) b(e)de

0

(7.9) _ [ / " o, (e) de ds ()
0 0

(710) = <7757 <7Ga /(/)>> *

Now, writing x; = £;(G), we use (5.8) to compute

(e ¥) = /O (e, )b(e) de
o d
:/ Zni(%G;g)ed_iz/)(e)de
0 =0

"Indeed, Vi (¢) is clearly continuous and bounded (by the total volume of the spray), hence it
defines a locally integrable function on (0, c0).
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d—1 fo%e) o]
= Z/ KiX[0,9/2) (€)' () de */ KdX[g/x.00) (€)2~(e) de
i=0 70 0

o0

d—1 Cralr
= Z /{ix’l/ e (e) de — Iid$7d/ P(e)de
i=0 0 g/

d
(711) =) i),
=0

where, for > 0, we have introduced

Kz~ Og/x ed=ip(e)de, 0<i<d—1,
R W

rix ™" [T ap(e) de, i =d,

in the last line. Caution: ¢; is a function of x, whereas v is a function of €. Putting
(7.11) into (7.10), we obtain

(7.12)

d

d
713 Ve = <775,Zsoi> =3 .
1=0

i=0
To apply Thm. 6.5, we must first check that the functions ¢; satisfy the hypotheses
(6.10)—(6.11). Recall that ¢ € C°(0, 00).
For i < d, (6.10) is satisfied because for large z, the corresponding integral in
(7.12) is taken over a set outside the (compact) support of ¥. This gives p;(x) =0
for sufficiently large x, and it is clear that, a fortiori, the n*" derivative of p; satisfies

(7.14) <p1(-n) () =O0(z™ " P9 for z — oo, ¥n > 0.

To see that (6.11) is satisfied, note that ¢ vanishes for x sufficiently large and
thus we have

pi(T) = Hifﬂfi/ e~ p(e)de  for z ~ 0,
0
Le., pi(z) = a;z~" for all small enough x > 0, where a; is the constant
(715) a; 1= Hi/ Eidiil/}(é‘) de = Hﬂf/;(d -1+ 1) = 11161+ l'ZQOz(.T)
0 r—

Here {/; is the Mellin transform of 1, as in (6.15).

Thus, the expansion (6.11) for the test function ¢; consists of only one term,
and for each n =0,1,..., N8
(7.16) P (@) = L 0w~ = O(@™") for z — 0F, ¥n > 0.
A key point is that since ¢ is smooth, (7.14) and (7.16) will hold for each n =
0,1,..., N, as required by Thm. 6.5. Since the expansion of ¢; has only one term,
the only « in the sum is @ = i. Thus a; is the constant corresponding to a, in
(6.11).

Applying Thm. 6.5 in the case when i < d, (6.12) becomes

(erpi) = Y res(Gy()@i(s);w) + {aily () biewnp,

weDy(W)

8Recall that 7 is languid of order w and that N = [w] + 2 in the hypotheses of Thm. 6.5.
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(7.17) +ﬁémwmw

where the term in braces is to be included iff ¢ € W\ D,,. Here and henceforth, ¢;
denotes the Mellin transform of ¢; given by

(7.18) @i(s) = /000 5, (2) da.

The case when ¢ = d is similar (or antisimilar). The compact support of ¢ again
gives
0
(7.19) wa(x) = /-idxfd/ Y(e)de, for x — oo,

oo

so that for some positive constant ¢, and for all sufficiently large , we have kq4(z) =
cx~%. Hence

(7.20) cpg”)(x) =O(z™""%) for z — oo, Vn >0,

and (6.10) is satisfied. For very small z, the integral in the definition of k4(x) is
taken over an interval outside the support of v, and hence k4(z) = 0 for = = 0.
Then clearly (6.11) is satisfied:

(7.21) @fin) (r)=0 forx — 0", ¥n>0.
An immediate consequence of (7.21) is that for ¢ = d in (7.15), the constant term
is
(7.22) ag = lin%) zlp4(x) =0,
Tr—
and compared with (7.17) we have one term less in
(12)  (epd = 3 res(Gs)F)w) + g [ GFa(s)ds,
weD, (W) s
As in (7.18), denote the Mellin transform of the function 9 by 1; and compute

oo 0o } g/z )
pi(s) = / 57 i (x) do = K',i/ a:s_l_l/ e~ (e) de dx:
0 0

0

= K; /OOO (/09/6 A dx) e (e) de

Ki % emiims_d—i
= - g e e Y (e) de
Ss—1 Jo
(7.24) =gt ),
By a similar calculation,
(7.25) Bals) = "~ = d(d — s +1).

Note that for 0 < i < d —1, (7.24) is valid for Res > 4, and for ¢ = d, (7.25) is
valid for Re s < 4. Thus both are valid in the strip d — 1 < Re s < d, and hence by
analytic (meromorphic) continuation, they are valid everywhere in C. Indeed, by
Cor. A4, {/; is entire.
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We return to the evaluation of (7.13), applying Thm. 6.5 to find the action of 7
on the test function ¢;, for i = 0...,d. Substituting (7.24) and (7.25) into (7.17)
gives

(7.26) (Ns, i) = Z res (Cn(s)gs__zfzi O(d— s+ 1);w>

weD, (W) §
+ {aiCn(i)}iEW\Dn + <Rlaw>7

where R; is defined by
(7.27) (R = 5o /S Gy ($)3i(s) ds.

Substituting (7.26) into (7.13), we obtain

d sfi,{f
Ve =3 ¥ s (G- s+ i)

i=0 weD, (W)

d d
(7.28) + Z{aicm}iewwn + Z<Ri(s>, W(e)).

Recall from (7.22) that the d*® term is aq = 0, so the top term of the second sum
vanishes. Note that at each such ¢ we have a residue

S$—1

res <C77(S)g ;’Ziz’/?(d—s+ 1);@) = K igcn(s)gs—ii(d—s+1)

S

— iGy(i)P(d— i+ 1)
(7.29) = ;G (i)

Since the terms of the second sum of (7.28) are only included for
i € W\ D,(W), we can use (7.4) and (7.29) to put combine the two sums of
(7.28) without losing or duplicating terms:

s—1
Rj

d
(V(e), )= Y res (J(d— s+ 1)G(s) > 2
1=0

s—1
weDT (W)

;w> + (R(e), ¥(e))
where R(¢) := Z?:o R;(). This may also be written as the distribution

d S—1,..
(7.30) Vie) = Z res (5‘15{,,(5) Z gs_ﬁz;w> + R(e).

, i
wED,, (W) i=0

This completes the proof of (8.4). All that remains is the verification of the
expression (7.6) for the error term, and error estimate (7.7). Due to their technical
and specialized nature, we leave the proofs of (7.6) and (7.7) to Appendix B. O

8. EXTENSIONS AND CONSEQUENCES: THE TUBE FORMULA FOR SELF-SIMILAR
TILINGS

8.1. Generalizations and special cases. We extend Thm. 7.5 to deal with plu-
riphase generators. Recall from (5.14) that a pluriphase generator tube formula is
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given by

M
> 7RG X e —riem) (O = Ka(G)Xfers100) (2)

m=1

M=

(8.1) va(z,€) =

<
— g

and the geometric zeta function of the corresponding fractal spray is

d M s—i __ ~5—1
(8.2) Crle,s) =) 3 Y Em = emmt) m

i=0 m=1 st
Theorem 8.1 (Pluriphase tube formula for fractal sprays). Let n be a fractal spray
on the pluriphase generator G, where va is defined with respect to the partition
{0 =¢ep,€1,...,em—1,6m = 00}. Assume that ¢, is languid on a screen S which
avoids the dimensions in Dr(W). Then just as in Thm. 7.5, the d-dimensional
volume of the inner tubular neighbourhood of the spray is given by

(8.3) Vr(e)= > res((r(es);w) +R(e),

weDT (W)
where the error term R(g) is as in Thm. 7.5.

Proof. The proof is essentially analogous to that of Thm. 7.5. (]

Again, recall from §5.4 that this may easily be extended to multiple generators
simply be taking the corresponding finite sum.

The next corollary indicates that when (, is strongly languid, one may take
W = C in the previous theorem and the error term will vanish identically.

Corollary 8.2 (Tube formula for strongly languid fractal sprays). Let the hypothe-
ses of Thm. 8.1 be satisfied, and additionally assume that ¢, is strongly languid.
Then

(8.4) Vr(e) = Z res ((7 (e, s);w) .

wEDT

Proof. This is immediate upon combining Thm. 6.6 (the extended distributional
formula without error term) with the proof of Thm. 8.1. One finds that R; = 0
and thus R =0 in (7.30). O

Remark 8.3 (Reality principle). The nonreal complex dimensions appear in complex
conjugate pairs and produce terms with coefficients which are also complex conju-
gates, in the general tube formula for fractal sprays. This ensures that formulas
(8.4) and (8.5) are real-valued.

8.2. The self-similar case. Self-similar strings automatically satisfy the more
stringent hypothesis of being strongly languid, as in Def. 6.4. This automatically
entails that Cor. 8.2 holds,” so the window may be taken to be all of C and the error
term vanishes identically, i.e., R(e) = 0. Hence Thm. 7.5 may be strengthened for
self-similar tilings as follows.

9This is essentially because Thm. 6.5 and Thm. 6.7 hold without error term. This is discussed
further in [30], Thm. 5.27, and the end of [30], Thm. 8.1. A general discussion of the strongly
languid case may be found in [30], Def. 5.3, and an argument showing that all self-similar strings
are strongly languid is given in §6.4 of [30].
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Theorem 8.4 (Tube formula for self-similar tilings).

Let T = {®,G}, be a self-similar tiling with pluriphase generator G and geometric
zeta function (7. Then the d-dimensional volume of the inner tubular neighbourhood
of T is given by the following distributional explicit formula:

(8.5) Vr(e) = ) res((rle s)iw),

wEDT

where Dy = D7 (C) = D;(C) U {0,1,...,d—1}.

Proof. Note that in this (self-similar) case, one has (,(s) = (s(s) and D,(C) =
Ds(C), with nn = n, as in (4.4). The proof follows [30], §6.4. According to Thm. 4.3,
the scaling zeta function of a self-similar tiling has the form

1
Cs( ): :
’ 1*23‘]:17’;

Let r; be the smallest scaling ratio. Then from

—lo]
|G (s)] < (1> as 0 = Re(s) —» —oo,
Ty

we deduce that (7 is strongly languid and therefore apply Cor. 8.2. This argument
follows from the analogous ideas regarding self-similar strings, which may be found
in Ch. 8 of [30]. |

Remark 8.5. Thm. 8.4 provides a higher-dimensional counterpart of the tube for-
mula obtained for self-similar strings in §8.4 of [30]. It should be noted that Thm. 8.4
applies to a slightly smaller class of test functions than Thm. 7.5. Indeed, the sup-
port of the test functions must be bounded away from 0 by pq(C)g/rs, where
C = [F] is the hull of the attractor (as in §2), g is the smallest generating inradius
(asin (3.6)), and r; is the smallest scaling ratio of ® (as in (2.1)). This technicality
is discussed further in [30], Def. 5.3 and Thm. 5.27, §6.4, and Thm. 8.1.

Corollary 8.6 (Measurability and the lattice/nonlattice dichotomy). A self-similar
tiling is Minkowski measurable if and only if it is nonlattice.

Proof. We define a self-similar tiling 7 to be Minkowski measurable iff
(8.6) 0 < lim Vy(e)e D) < oo,
e—0t

i.e., if the limit in (8.6) exists and takes a value in (0,00). A tiling has infinitely
many complex dimensions with real part D iff it is lattice type, as mentioned in
§4.3. Furthermore, all the poles with real part D are simple in that case. A glance
at (8.8) then shows that Vir(g)e~(?~P) is a sum containing infinitely many purely
oscillatory terms c,e'"P, n € Z, where p is some fixed period. Thus, the limit (8.6)
cannot exist; see also §8.4.2 of [30]. Conversely, the tiling is nonlattice iff D is the
only complex dimension with real part D. In this case, D is simple and no term
in the sum Vi (g)e~(4=P) is purely oscillatory; thus the tiling 7 is measurable. See
also §8.4.4 of [30]. O

Remark 8.7. In §8.3-8.4 of [30], it is shown that a self-similar fractal string (i.e.,
a 1-dimensional self-similar tiling) is Minkowski measurable if and only if it is
nonlattice. Gatzouras showed in [8] that nonlattice self-similar subsets of R? are
Minkowski measurable, thereby extending to higher dimensions a result in [19], [3]
and partially proving the geometric part of [19], Conj. 3, p. 163. The previous
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result gives a complete characterization of self-similar tilings in R? as nonlattice if
and only if they are Minkowski measurable. With the exception of Rem. 9.2, each
of the examples discussed in §9 is lattice and hence not Minkowski measurable.
Our results, however, apply to nonlattice tilings as well. A more detailed proof
of Cor. 8.6 is possible via truncation, by using the screen and window technique
of [30], Thm. 5.31 and Thm. 8.36.

The following corollary of Thm. 8.4 will be used in §9.

Corollary 8.8. If, in addition to the hypotheses of Thm. 8.4, G is diphase and
Cr(s) has only simple poles, then

d d—1
(8.7) Vr(e) = Z Zres (Cs(s);w) Ed_“’%m + Z riCe ()"
wED; i=0 i=0
It is not an error that the first sum extends to d in (8.7), while the second
stops at d — 1; see (7.22). Note that in Cor. 8.8, D, does not contain any integer
1=0,1,...,d — 1, because this would imply that {7 has a pole of multiplicity at
least 2 at such an integer. In general, at most one integer can possibly be a pole of
(s; see §4.3.

Remark 8.9. For self-similar tilings satisfying the hypotheses of Cor. 8.8, it is clear
that the general form of the tube formula is

(8.8) Vr(e)= > coe®?,
wEDT

where for each fixed w € D,
d

(8.9) Cw = res (C(8);w) Z J

w—1
i=0

Note that when w =4 € {0,1,...,d — 1}, one has ¢, = ¢; = (5(i)5;.

w—1

K.

Remark 8.10. The oscillatory nature of the geometry of 7 is apparent in (8.8). In
particular, the existence of the limit in (8.6) can be determined by examining (8.8)
and Dr.

8.3. Recovering the tube formula for fractal strings.

Remark 8.11. In the literature regarding the 1-dimensional case [28,30,5], the terms
“gaps” and “multiple gaps” have been used where we have used “generators”.

In this section, we discuss the 1-dimensional tube formula of Thm. 6.7 which
is true for general (i.e., not necessarily self-similar) fractal strings and which can
be recovered from Thm. 7.5. Suppose £ = {£,}2; is a languid fractal string
with associated measure n = >~ | §; /t,> @s in (4.2), and geometric zeta function
Gy = Yoo 05, as in (4.1). Considering the string now as a tiling, write £ as
L = {L,}>2, to emphasize the fact that we are thinking of it as a spray instead of as
a string. If we take the spray L to have as its single generator the interval G = (0, 2),
then L has inradii p,, = %En = Ty, scaling measure s = > 01/, = o1 02970,
and geometric zeta function

L) = 37 = Z (2) =@ ao.

wew
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The generator is clearly diphase with kg =2 and k1 = —2:
2, e<g/a,

8.10 T,€) =

(5.10) 16(2,¢) {Qg/x’ o

One obtains the geometric zeta function of the (1-dimensional) tiling L as
1

BI) G = ao Y S = e a (2 ).

— s s—1
=0

Recall that we chose G so that g = 1. Then

Gols)(22)'°
Crlers) = s(1—s)
from Thm. 7.5 we exactly recover the tube formula V() = V(e) (and its error
term) as given by Thm. 6.7.

Remark 8.12. In addition to recovering a previously known formula, we also gain a
geometric interpretation of the terms appearing in the 1-dimensional tube formula
(6.17), in view of the previous computation. In particular, one sees that the linear
term {2¢;(0)} has a geometric interpretation in terms of the inner Steiner formula
for an interval, and can be dissected as

(8.12) 26¢;(0) = ko(G)e ¢, (0) = (=2)ps(G)e? ¢y (),

where ¢ = 0 and d = 1. Note that uo(G) = —1 is the Euler characteristic of an
open interval. This should be discussed further in [22].

8.4. The Steiner Formula. In order to explain the connections between this
paper and results from convex geometry, we give a brief encapsulation of Steiner’s
classical result. Here, we denote the Minkowski sum of two sets in R? by

A+B={zecR’:z=a+bforac Abc B}.

Theorem 8.13. If B¢ is the d-dimensional unit ball and A C R? is convez, then
the d-dimensional volume of A+ eB® is given by

(8.13) volg(A +eB?) = Z“Z Y volgs (B Hed=,

where p; s the renormalized z—dzmenszonal intrinsic volume.

Up to some normalizing constant, the i-dimensional intrinsic volume is the same
thing as the i*" total curvature or (d—1)" Quermassintegral. This valuation y; can
be defined via integral geometry as the average measure of orthogonal projections
to (d — i)-dimensional subspaces; see Chap. 7 of [16]. For now, we note that (up to
a constant), there is a correspondence

o ~ Euler characteristic, tag—1 ~ surface area,
w1~ mean width, g ~ volume.

‘We have chosen the term “Steiner-like” for Def. 5.1 because the intrinsic volumes
satisfy the following properties

(i) each p; is homogeneous of degree 4, so that for x > 0,

(8.14) pi (xA) = pi(A) z', and
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(ii) each p;(A) is rigid motion invariant, so that
(8.15) pi (T(A)) = pi(A),
for any (affine) isometry T of R9.

Caution: the description of x;(G) given in the conditions of Def. 5.1 is intended to
emphasize the resemblance between x;(G) and p;. However, k;(G) may be signed
(even when G is convex and ¢ = d — 1,d) and is more complicated in general. In
contrast, the curvature measures ©; are always positive for convex sets.

Note that (8.13) gives the volume of the set of points which are within e of A,
including the points of A. If we denote the exterior e-neighbourhood *° of A by

At =z d(z,A) < e,z ¢ A},

then it is immediately clear that omitting the d*® term gives
d—1

(8.16) volg(AL™) =3 Cy(A)e™
i=0

with C;(A) = p;(A)voly;(B%%). The intrinsic volumes y; can be localized and
understood as the curvature measures described in [4] and Ch. 4 of [37]. In this
case, for a Borel set 8 C R%, one has

d—1
(8.17) volg{z € AZ" : p(x, A) € B} = Ci(A, B)e"™

i=0
where p(z, A) is the metric projection of = to A, that is, the closest point of A
to z. In fact, the curvature measures are obtained axiomatically in [37] as the
coefficients of the tube formula, and it is this approach that we hope to emulate
in our current work. In other words, we believe that x; may also be understood
as a (total) curvature, in a suitable sense, and we expect that x; can be localized
as a curvature measure. A more rigorous formulation of these ideas is currently
underway in [23].

In [4], Federer unified the tube formulas of Steiner (for convex bodies, as de-
scribed in Ch. 4 of [37]) and of Weyl (for smooth submanifolds, as described in [9]
and [40]) and extended these results to sets of positive reach.'® It is worth noting
that Weyl’s tube formula for smooth submanifolds of R¢ is expressed as a poly-
nomial in & with coefficients defined in terms of curvatures (in the classical sense)
that are intrinsic to the submanifold [40]. See §6.6-6.9 of [1] and the book [9].
Federer’s tube formula has since been extended in various directions by a num-
ber of researchers in integral geometry and geometric measure theory, including
[36,37], [41,42], [6,7], [38], and most recently (and most generally) in [13]. The
books [9] and [37] contain extensive endnotes with further information and many
other references.

10The primary reason we have worked with the inner e-neighbourhood instead of the exterior
is that it is more intrinsic to the set; it makes the computation independent of the embedding of
7 into R?. At least, this should be the case, provided the ‘curvature’ terms k; of Def. 5.2 are
also intrinsic. As a practical bonus, working with the inner e-neighbourhood allows us to avoid
potential issues with the intersections of the e-neighbourhoods of different components.

1A set A has positive reach iff there is some § > 0 such that any point z within § of A
has a unique metric projection to A, i.e., that there is a unique point A minimizing dist(z, A).
Equivalently, every point g on the boundary of A lies on a sphere of radius  which intersects 0 A
only at q.
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To emphasize the present analogy, consider that Steiner’s formula (8.16) may be
rewritten

(8.18) volg(A&)y = Y et
i€{0,1,...,d—1}

and our result (8.5) may be rewritten

(8.19) Vr(e) = > et

weD,U{0,1,...,d—1}

The obvious similarities between the tube formulas is striking. Our tube formula
is a fractal power series in e, rather than just a polynomial in ¢ (as in Steiner’s
formula). Moreover, our series is summed not just over the ‘integral dimensions’
{0,1,...,d — 1}, but also over the countable set D of complex dimensions. The
coefficients ¢,, of the tube formula are expressed in terms of the ‘curvatures’ and
the inradii of the generators of the tiling.

Remark 8.14. The two formulas (8.18) and (8.19) initially appear to be measuring
very different things, but this is misleading. If one considers the example of the
Sierpinski tiling (discussed in §9.3) then it is immediately apparent that the exte-
rior e-neighbourhood of the Sierpinski gasket is, in fact, equal to the union of the
inner e-neighbourhood of the tiling and the exterior e-neighbourhood of the largest
triangle. With Cj as in Figure 4,

(8.20) vola (SGE™") = Visg () + vola(Cp).

However, things do not always work out so neatly, as the example of the Koch
tiling shows; see §9.2. In the forthcoming paper [34], precise conditions are given
for equality to hold as in (8.20). This allows one to compute explicit tube formulas
for a large family of self-similar sets.

Remark 8.15 (Comparison of Vz with the Steiner formula). In the trivial situation
when the spray consists only of finitely many scaled copies of a diphase generator
(so the scaling measure 7 is supported on a finite set), the geometric zeta function
will have no poles in C. Therefore, the tube formula becomes a sum over only the
numbers 0, 1,...,d—1 (recall from (7.22) that ag = 0, so the d'" summand vanishes),
for which the residues simplify greatly as in (7.29). In this case, ¢, (i) = pi+- - +ply,
so each residue from (7.29) becomes a finite sum
Coli)rile) = pimie®™" + -+ plyrie™™
= Ki(Pu, Q)Y 4 - Ki(ruy Gt

where N is the number of scaled copies of the generator G, and r,,, is the corre-
sponding scaling factor. Thus, for each n =1,..., N, we obtain a diphase formula
for the scaled basic shape r,,, G. The pluriphase case is analogous.

9. TuBE FORMULA EXAMPLES

Although Remark 9.2 discusses how one may construct nonlattice examples, the
other examples chosen in this section are lattice self-similar tilings, in the sense
of §4.3. Also, all examples in this section have diphase generators in the sense of
Def. 5.2, as is verified in each case.
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Moreover, the scaling zeta function (s of each example has only simple poles, with
a single line of complex dimensions distributed periodically on the line Res = D.
Thus, the tube formula may be substantially simplified via Cor. 8.8.

9.1. The Cantor tiling. The Cantor tiling C (called the Cantor string in [30],
§1.1.2 and §2.3.1) is constructed via the self-similar system

3
The associated self-similar set F' is the classical ternary Cantor set, so d = 1 and
we have one scaling ratio r = %, and one generator G = (%, %) with generating
inradius g = %. The corresponding self-similar string has inradii p, = gr* with
multiplicity 2%, so the scaling zeta function is

1
1 N
(91) Gs) = 15
and the scaling complex dimensions are
(9.2) Ds;={D+1inp:n€Z} for D =logs2, p= 13§3'

We note that (;(0) = —1 and apply (8.11) from the previous section to recover
the following tube formula for C (as obtained in [30], §1.1.2):

B 1 (26)17D7imp
(9.3) Ve(e) = 2log 3 7;2 (D +inp)(1 — D —inp)

Alternatively, this may be written as a series in (g) as

04 Vel =3 (] 1 )T
' CE_310g3 D+inp D—-1+inp/ \yg ©

nez

with g = %, D =log;2, and p = 27/log3. It is this form of the tube formula
which is closer in appearance to the following examples.

9.2. The Koch tiling. The standard Koch tiling K (see Fig. 3, along with Fig. 1
of §2) is constructed via the self-similar system

(9.5) Qy(z): =€z and Py(2):=(1-&(EF-1)+1,

with £ = 1 + ﬁﬁ and z € C. The attractor of {®1, Py} is the classical von Koch

curve. Thus K has one scaling ratio r = |¢| = 1/4/3, and one generator G: an
equilateral triangle of side length % and generating inradius g = g. This tiling
has inradii p, = gr* with multiplicity 2%, so the scaling zeta function is

1
(9.6) Cs(s) = 1= 372

and the scaling complex dimensions are

(9.7) D, ={D+inp:necZ} for D =logs 4, p = {2F

Tog3"

By inspection, a tile with inradius 1/2 will have tube formula

3%/2(—e? +2x), e<l/z
9.8 o) =  ES U
(9-8) va(z,€) {33/21,2’ e>1/x.
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FIGURE 3. The Koch tiling K.

For fixed z, (9.8) is clearly continuous at e = 0%. Thus we have

1
GO =1ggen ™

ko= —3%2 k1 =2-3%2 ky = —3%/2,

Now applying (8.7), the tube formula for the Koch tiling K is

V}C(E):33/292 Z res (12,135/2;w> <_%+%—ﬁ) <§)Q—w

w€Dy
L 2-0 ) 2-1
+ 2¢,(0) res (—1;0) (%) + 5¢s(1) res (371 ; 1) (%)
_ g _ 1 n 9 B 1 c 2—D—inp
- 10g3 - D+inp D—1+inp D—2+inp g
ne

(99) + 33/252 + ﬁé‘,
where D =logs 4, g = ‘1/—85 and p = % as before.

Remark 9.1. In [21], a tube formula was obtained for the e-neighbourhood of the
Koch curve itself (rather than of the tiling associated with it) and the possible
complex dimensions of this curve were inferred to be

Dix={D+inp:ine€Z}U{0+inp:n € Z},

where D = logs4 and p = lfgg. The line of poles above D was expected'?, and

agrees precisely with the results of this paper. The meaning of the line of poles
above 0 is still unclear. A zeta function for the Koch curve was not defined prior
to the present paper; all previous reasoning was by analogy with (6.17).

Remark 9.2 (Nonlattice Koch tilings). By replacing & = % + ﬁﬁ in (9.5) with
any other complex number satisfying |£|? + |1 — £]? < 1, one obtains a family of
examples of nonlattice self-similar tilings. The tube formula computations parallel
the lattice case almost identically. The lattice Koch tilings correspond exactly to
those ¢ € B(4,1) (the ball of radius % centered at 1 € C) for which log, |¢| and
log, |1 — £| are both positive integers, for some fixed 0 < r < 1. Further discussion
(and illustrations) of nonlattice Koch tilings may be found in [32].
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Co ¢ Cz% C3§
AVAAV4

FIGURE 4. The Sierpinski gasket tiling.
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9.3. The Sierpinski gasket tiling. The Sierpinski gasket tiling SG (see Fig. 4)
is constructed via the system

Dy(2) =1z, Po(2)i=32+3, P3(2):=32+ %ﬁ,
which has one common scaling ratio r =1 / 2, and one generator G: an equilateral
triangle of side length s and inradius g = f Thus SG has inradii p, = gr* with

multiplicity 3¥, so the scaling zeta function is

1
(9.10) G(s) = 1-3.9-s
and the scaling complex dimensions are
(9.11) Ds={D+inp:ne€Z} for D =log,3, p= 10g2'

Aside from (s(s), the tube formula calculation for SG is identical to that for the
previous example K:

1 2—D—inp
_ €
Vsgl(e) = 1610g2 Z ( D+nnp + o= 1+1mp - D—2+1’mp) (g)
nez
3/2
(9.12) + 35— — 3e.

Remark 9.3. Suppose that for a tiling 7, the boundary of the hull intersects the
boundary of a generator in at most a finite set: |0C N 0G| < co. In this case, the
tube formula for the tiling is almost the (exterior) tube formula for the attractor.
This is the case for the Sierpinski gasket, and also for the Sierpinksi carpet (in
which case the intersection is empty). In fact, the exterior e-neighbourhood of the
Sierpinski gasket curve is obtained by adding the Steiner’s formula for C:

(9.13) vola((SG).) = Visg () + 3¢ + me?.

9.4. The Pentagasket tiling. The Pentagasket tiling P (see Fig. 5) is constructed
via the self-similar system defined by the five maps

@j(x):?’}‘/g;z:—%—pj, ji=1,...,5,

with common scaling ratio r» = ¢~2, where ¢ = (1 ++/5)/2 is the golden ratio, and
the points f_’; = ¢; form the vertices of a regular pentagon of side length 1. The
Pentagasket P is an example of multiple generators G,: G, is a regular pentagon

and Ga,...,Gg are congruent isosceles triangles, as seen in T; of Fig. 5. To make

L2This set of complex dimensions was predicted in [27], §10.3.
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Co ¢ G

0\
C | ——; / T 1 T 2

0 ¢—6¢—4 ¢—2 ¢,—1 1
FIGURE 6. The pentagasket and the golden ratio ¢.

the notation more meaningful, we use the subscripts p,t to indicate a pentagon or
3

3 TO/R-
and the generating inradius for the triangles is g; = % tan £. Thus, P has inradii

Pk = gqu, for ¢ = p, t, with multiplicity 5*, so the scaling zeta function is

triangle, respectively. The generating inradius for the pentagon is g, = %2 tan

1
14 R
(914 Gs) = T
and the scaling complex dimensions are
(9.15) Ds={D+inp:n€Z} for D =log,,,. 5, p= 10;%.

We omit the exercise of finding volumes for the pentagonal and triangular genera-
tors; the tube formula for a tile of inradius 1/z is

(z.6) Fqo(€)20 + kg (e)a! = o (€% +2ex), < 1/z,
z,€) =
K Kq2(e)z® = ag2?, e>1/a,

where o, := 5cot 57 and a; := (cot F)/ (1 — tan® T). Since Ga,...,Gg are con-
gruent, we will apply Cor. 8.8 to a triangle G; and multiply by 5 before adding to
it to the result of applying Cor. 8.8 to the pentagon G,. For the pentagon and the
triangle, we have kg = —ag, k1 = 20y, and Ky = —ay.

The geometric zeta function of P is

6 s
Qqg —s
Grles) =g s (A )

q=1
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and the tube formula for P is

a 2—D—inp
— P 2 ( 1 2 _ 1 £
V’P(E) - IOg r—1 ng ( D+inp + D—1+4inp D—2+1'1np> (gp>
nez
5at o f 1 n 9 _ 1 - 2—D—inp
1 -1 9t D+inp D—1+inp D—2+inp gt
ogr
nez
¢ 2 10«
(9.16) + [("Tj’ + Bar) g2 (Zapgeti0apgerie %9‘1*;_5%9“)%} ,

. _ 2
with 7 = ¢72, a;, = 5ot %77, a; = (cot T)/ (lftan2 %), 9p = %tanf’—ow, g =

%gtan%, D =log; ;.5 and p =

27
logr—1°

Remark 9.4. Much as in the case of fractal strings where d = 1 (see [30], §8.4.2), it
follows from Thm. 8.4 that for a lattice self-similar tiling 7, each line of simple com-
plex dimensions §+ inp gives rise to a function which consists of a multiplicatively
periodic function times €9~#. Here, 3 is some real constant and p = 27/logr~! is
the oscillatory period of 7. Consequently, the tube formula for each lattice tiling

in this section has the form
(9.17) Vr(e) = h(log,-1(e71)) 7P + P(e),

where h is an additively periodic function of period 1 and P is a polynomial in
e. For instance, the periodic function appearing in the tube formula (9.9) for the
Koch tiling IC of Example 9.2 has the following Fourier expansion:

_ g inp [ _ 1 2 o 1 2minu
(918) h(u) ~ log3 Zg ( D+inp + D—1+inp D—2—Hm,p) € ’
nez

where ¢ = V/3/18, D = logs4, r = 1//3, and p = 47/log3. We note that
multiplicatively periodic terms appear frequently in the mathematics and physics
literature. See, for example, the relevant references given in §1.5, §2.7, §6.6, and
§12.5 of [30).

9.5. Some remarks on the results in this paper.

Remark 9.5. The monograph [30] proposes a new definition of a fractal as “an
object with nonreal complex dimensions that have a positive real part”. With
respect to this definition, the present work confirms the fractal nature of all the
examples discussed in §9, and more generally, of all self-similar tilings considered
in this paper.

Remark 9.6. Our results for tilings shed new light on the (1-dimensional) tube
formula for fractal strings (1.3). The origin of the previously mysterious linear
term {2e(.(0)} (see (6.17))) is now seen to come from a diphase formula for the
unit interval, akin to (5.2). This is discussed further in §8.3. In fact, all terms
coming from the third sum of the extended distributional formula of Thm. 6.5 are
now understood to be related to a pluriphase formula. This reveals a geometric
interpretation and allows the two sums to be naturally combined, as seen in (7.29)
and (8.12).
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Remark 9.7. Many classical fractal curves are attractors of more than one self-
similar system. For example, the Koch curve discussed in §9.2 is also the attractor
of a system of 4 mappings, each with scaling ratio r = % In this particular example,
changes in the scaling zeta function produce a different set of complex dimensions.
In fact, we obtain a subset of the original complex dimensions: {logs4 + inp : n €
Z,p = 4w/log3}. This has a natural geometric interpretation which is to be
discussed in later work. In particular, it would be desirable to determine precisely
which characteristics remain invariant between different tilings which are so related.

Remark 9.8. The tube formula for a self-similar tiling may differ from the tube
formula for the corresponding self-similar set, as discussed at the end of Rem. 8.14.
Despite this, it gives us valuable information about self-similar geometries (and
their associated dynamical systems). Indeed, we can define the complex dimensions
of a given self-similar set in R? to be those of the self-similar tiling canonically
associated to it (as in [32]). This is motivated by focusing on the dynamics of
the self-similar system, rather than looking directly at the set. For an example, see
§9.2, especially Rem. 9.1. Even so, the inner e-neighbourhood of certain self-similar
tilings is exactly equal to the outer e-neighbourhood of the attractor, less the outer
e-neighbourhood of the convex hull of the attractor, as discussed in Rem. 8.14.
The Sierpinski gasket and carpet are both examples of this phenomenon. For
such fractals, our results immediately give additional information, e.g., Minkowski
nonmeasurability. Furthermore, we are able to obtain the exact e-neighbourhood
for a large class of self-similar fractal sets; see Rem 9.3.

APPENDIX A. THE DEFINITION AND PROPERTIES OF (7

In this appendix, we confirm some basic properties of the geometric zeta function
of a tiling (7. However, we first require some facts about Mellin transformation.
If p € D = C(0,00), it is elementary to check that for every s € C, the Mellin
transform ¢(s) is given by the well-defined integral (6.15) and satisfies |¢(s)| <
1h|(Re s) < 0o. We will need additional estimates in what follows. We also use the
forthcoming fact that J(s) is an entire function.

Lemma A.1. Suppose that S C C is horizontally bounded, so inf S := infg Res
and sup S := supgRes are finite. Let K be a compact interval containing the
support of 9 € C(0,00). Then there is a constant cx > 0 depending only on K
such that

(A1) sup [¥(s)] < cxc ¥ oo-
ses

In particular, zZ(s) is always uniformly bounded on any screen S as in Def. 6.2.

Proof. Let K be a compact interval containing the support of ¥. Since

sup S—1
(A2) @1 = gResmt < {O0 L w2
2™ o< <1,
one can define a bound
bg = sup max{zSWPS~1 ginfS—1y

rzeK
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Note that by is finite because the function x +— max{zs"P =1 zfS=11 i continu-

ous on the compact set K, and hence is bounded. Then we use (A.2) to bound zﬂ/;
as follows:

19(s)] < / Tl () de

(A.3) - /KxRES*1|¢|(x) dz = [|(Re s)
< bi|[¥]|o - voli (K). O

Remark A.2. The exact counterpart of Lemma A.1 holds if {Z;(s) is replaced by a

translate ¥(s — sg), for any sg € C. Therefore, under the same assumptions as in
Lemma A.1, we have

(A.4) sup (s = 50)| < cx,soll¥ o
se

where cg 5, = bx s, - voly (K), and
(A.5) bi s, := sup max{gs'PS—Reso—L pinfS=Reso=11 - o
zeK

In particular, for any compact interval K containing the support of 1, and for each
fixed integer k > 0,

(A.6) sug Y(s—d+k+1)| <crpllt oo
sE

where cg . is a finite and positive constant.

Lemma A.3. Let (X,u) be a measure space. Define an integral transform by
F(s) = [y f(z,s)du(x) where

|f(z,9)] < G(x), forp-a.e. xv€X,

for some G € LY(X,pu), and for all s in some neighbourhood of sy € C. If the
function s — f(x,s) is holomorphic for p-a.e. x € X, then F(s) is well-defined
and holomorphic at sg.

The proof is a well-known application of Lebesgue’s Dominated Convergence
Theorem. We use Lemma A.3 to obtain the following corollary, which is used to
prove Thm. 7.5 and Thm. A.7.

Corollary A.4. For ¢ € C°(0,00), 1(s) is entire.

Proof. Fix sg € C. If s is in a compact neighbourhood of s, then Re s is bounded,
say by a € R. Then for almost every = > 0,

(A.7) |z° (@) | < 27 H[Blloxes
where . is the characteristic function of the compact support of ¢. Upon appli-
cation of Lemma A.3, one deduces that ¢ is holomorphic at sg. ([l

Caution: note that this does not combine with Lemma A.1 to imply that 1; is
constant; indeed, Liouville’s Theorem does not apply because s is restricted to S
in these two propositions.
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Definition A.5. For T'(g, s) to be a weakly meromorphic distribution-valued func-
tion on W, there must exist (i) a discrete set Pr C C, and (ii) for each w € Pr,
an integer n, < oo, such that ¥(s) = (T'(e,s), ¥ (g)) is a meromorphic function of
s € W, and each pole w of VU lies in Pp and has multiplicity at most n,,.

To say that the distribution-valued function T': W — D' given by s — T'(e, s) is
(strongly) meromorphic means that, as a D’-valued function, it is truly a meromor-
phic function, in the sense of the proof of Lemma A.6. Recall that we are working
with the space of distributions ID’, defined as the dual of the space of test functions
D = C2(0, 00).

Lemma A.6. If T is a weakly meromorphic distribution-valued function, then it
is a (strongly) meromorphic distribution-valued function.

Proof. For w ¢ Pr, note that as s — w,
(A.8) T(e,s) —T(e,w)
s—w
converges to a distribution (call it 7”(¢,w)) in D', by the Uniform Boundedness
Principle for a topological vector space such as D; see [35], Thm. 2.5 and Thm. 2.8.
Hence, the D'-valued function T is holomorphic at w.
For w € Pr, apply the same argument to

(A.9) lim —— (i)nw_l((s — ) T(e,5))

s—w (ny, — 1)!
which must therefore define a distribution, i.e., exist as an element of ID'. Thus

T is truly a meromorphic function with values in I, and with poles contained in
Pr. O

Theorem A.7. Under the hypothesis of Thm. 7.5 or Thm. 8.4, the geometric zeta
function of a fractal spray or tiling
d

(A.10) Crle,s) =4y (5) S 2

s—1
i=0

s—1

Ki

is a distribution-valued (strongly) meromorphic function on W, with poles contained
m DT.

Proof. Let Pr = Dy and note that

d s—i ele]
(Cr(e, ), ()3 T / chsuh(e) de

=0

sfi

d
(A.11) =(,(s)y —S+IZ

By Cor. A.4, this is a finite sum of meromorphic functlons and hence meromor-
phic on W, for any test function 1. Applying Lemma A.6, one sees that (7 is a
meromorphic function with values in . (I

Remark A.8. Note that for each 1 € D, the poles of the C-valued function
(A.12) s (G (e, 8),9(e))

are contained in Dy . Further, if m,, is the multiplicity of w € D as a pole of ¢, (s),
then the multiplicity of w as a pole of (A.12) is bounded by m,, + 1.
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Corollary A.9. The residue of (7 at a pole w € Dt is a well-defined distribution.

Proof. This follows immediately from the second part of the proof of Lemma A.6,
with Pr = Dr. O

Corollary A.10. The sum of residues appearing in Thm. 7.5 and Thm. 8.4 is
distributionally convergent, and is thus a well-defined distribution.

Proof. In view of the proof of Thm. A.7, this comes by applying the Uniform
Boundedness Principle to an appropriate sequence of partial sums, in a manner
similar to the proof of Lemma A.6. Again, see [30], Rem. 5.21. |

APPENDIX B. THE ERROR TERM AND ITS ESTIMATE

In this appendix, we give the promised proof of the expression for the error term
and its estimate, as stated in Thm. 7.5. First, we require a definition.

Definition B.1 (Primitives of distributions). Let T;, be a distribution defined by
a measure as (T, ) := [, ¢ dn. Then the k™ primitive (or k™ antiderivative)
of T, is defined by (Ty[,k]ﬂm = (—1)k<Tn,w[k]), where ¢*] is the k™ primitive of
1 € C°(0,00) that vanishes at oo together with all its derivatives. For k > 1, for
example,

. < (g
(B.1) @ = [ [ @ i),
o Jy (k—1)!
Theorem B.2. The Mellin transform of the k™ primitive of a test function is
given by Ykl (s) = 1])(5 + k)& (s), where & is the meromorphic function
k—1 (k_.l)(fl)j
B.2 = —1

Proof. By direct computation,

wlkl(s / - 1/ &) ) dude
k—l / /00’“ 1( ) a1 (—e)i et p(z) da de

1

= (]k—l / / aF 170571y (1) da de

j:O
_k . Ng /N 1)J k—1—3 ‘ s+j—1
—]Zo (k /0 x 1/1(:5)/0 5 de dx
- (kEI)(*l)j etk

(B.3) :j_on—UM/o 2Ly (@) da
= P(s+ k)éi(s).

Again, the formula (B.2) for & is valid for Res > k by (B.3), but then extends to
being valid for s € C by meromorphic continuation. O
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Corollary B.3. We also have ’m(s)‘ < ‘1;(5 + k)&k(s)].
Remark B.4. For s € C,t =Ims, and ¢ > 0, we also have

(B.4) €k (s)] < ﬁ

We are now in a position to provide the proofs previously promised.

Theorem B.5. As stated in (7.6) of Thm. 7.5, the error term is given by

1
(B.5) R(e) = %/SCT(E,S) ds,
and is a well-defined distribution.

Proof. Applying (6.15) to (7.27) for i = 0,...,d gives'3
(B.6) (R, ), :i/ ﬁgﬁ(s)/ﬁi /00 7% (e) de ds.

Yo2m Jgs—1 0
To see that this gives a well-defined distribution R, we apply the descent method,
as described in [30], Rem. 5.20. The first step is to show that (R[], ¢) is a well-
defined distribution for sufficiently large k; specifically, for any integer k£ > w, where

w is the order of languidity, as in Def. 6.3. Note that we can break the integral
along the screen S into two pieces and work with each separately:

@7 (rRE) —CU [ Ecom [ e deds
i 0

271 Ims|>1 5 — 1

(B.8) + (1" / g Cs(8) R4 /OO e?=5yFl(e) de ds.
| 0

271 Ims|<1 S — 1

Here and throughout the rest of this appendix, it is understood that such integrals
(as in (B.7)-(B.8)) are for s € S. Since the screen avoids the integers 0,...,d by
assumption, the quantity |s—i| is bounded away from 0. Since the screen avoids the
poles of (s by hypothesis, (s(s) is continuous on the compact set {s € S : |Im s| <
1}. Therefore, it is clear that (B.8) is a well-defined integral. We focus now on
(B.7):

Ki 9! % s K]
/ Ca(s) / el () de ds

2mi Ims|>1 S —1
s—1 CS(S)

K
et
2m Ims>1

§cl/oo |t\M*1o’{/;(57d+k+1)‘ en(s —d+1)| dt
1

-‘m(s—d—l-l)‘ ds

S—1

o0
— C
<o [ el enlle - o dn
1

o0
M—-1-k
(5.9 = Clole [ 1M,
1
13In the proof of Thm. 7.5, the quantity (B.6) was denoted by (R;, 1), so that R could easily

be written (formally) as a function in (7.30). Since we work with test functions, this quantity is
instead denoted by (R, ); throughout this proof.
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which is clearly convergent for k > M. The second inequality in (B.9) comes by
condition L2 of Def. 6.3. Also, recall (from the remark just after the statement
of Lemma A.l) that for s € S, the real part of s is given by some function r
which is Lipschitz, and hence is almost everywhere differentiable and has bounded
derivatives on the support of . The third comes by inequality (A.5) of Rem. A.2,
along with Rem. B.4. This establishes the validity of (R[* v); and thus shows that
RI¥ defines a linear functional on D.

To check that the action of R is continuous on D, let 1, — 0 in I, so that
there is a compact set K which contains the support of every ¥, and ||¢y|lcc — 0.
Then
B10)  [(R¥,v)

n—oo

<O uls —d+Ek+1)| < exltnllo ——20,

by following (B.9) and then applying Lemma A.1, along with its extensions as
stated in Rem. A.2. Thus, RI¥ is a well-defined distribution. If we differentiate
it distributionally k£ times, we obtain R. This shows that R is a well-defined
distribution and concludes the proof. ([l

Before finally checking the error estimate, we define what is meant by the ex-
pression T'(z) = O(x®) as  — oo, when T is a distribution.

Definition B.6. When R(z) = O(xz*) as x — oo (as in (6.14)), we say as in [30],
§5.4.2, that R is of asymptotic order at most x® as x — oo. To understand this
expression, first define

(B.11) ba() = 39 (%),

for @ > 0 and for any test function . Then “R(z) = O(z*) as x — o0” means
that

(R, 1q) = O(a®), as a — 0o,
for every test function 1. The implied constant may depend on . Similarly,
“R(z) = O(z*) as x — 01" (as in (6.19) and (7.7)) is defined to mean that

(R,1q) = O(a®), asa— 0T,
for every test function .

Theorem B.7 (Error estimate). As stated in Thm. 7.5, the error term R(g) in
(B.5) is estimated by

(B.12) R(e) = O(e45r9), ase — 0F.

Proof. As in the proof of Thm. B.5, we use the descent method and begin by
splitting the integral into two pieces. Since (RIFl 1b,) = (—1)F(R, (14) ), we work
with

@13 (Rw)®) = [ L) [T deas

gi 2T Jigms>15 — ¢

(B.14) + /I gsjz.Cs(s) /OOO e (1) ) (e) de ds.

271 J|tmsj<15 — %

The k" primitive of v, is given by

[e's) (’LL _ Z_:)]c—l N o] (au _ 6)19—1

B15)  wMe = [ @ a= [
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By following the same calculations as in Thm. B.2, one observes that
0 gd=s [ (qy — g)k—1

dud

/0 s—i/s/a oy Vwdude

o0 au k—1 (k]—l)(_l)] o det
:/o /0 S—iz (k —1)! (au)F =195 My (u) de du

=0

1 k—1 (kgl)(,l)j
< o)

0

< |sCi Z|€k(d —Res+ 1) /Oo(au)kflfj(au)decs+j+1|¢(u)| du
- 0

(B.16) :ad—Rer'S%'gk(d—ReH1)|N¢|(d—Res+k).

Using (B.4) for & and (A.3) for m (see Rem. A.2), we bound (B.13) by

| et [ et e
0 0

<

i - 9° ()] cw
(B.17) — almResth . 2202 e[ o ds
27 |Im s|>1 ‘5 - 7" |t|k
(B.18) < ad—supS—i—k (C/ ‘t|M_1_k dt) ,
1

for any 0 < a < 1, as in (B.9). Since the integral in (B.18) clearly converges for
k > M, we have established the estimate for RI¥l, along the part of the integral
where |Ims| > 1. Recall that all our contour integrals are taken along the screen
S. The proof for (B.13), where |Im s| > 1, readily follows from the corresponding
argument in the proof of Thm. B.5. Thus we have established that

(B.19) ‘(R[k] (), wa(5)>‘ < ad=suStke, o forall 0 < a < 1.

In (B.19)—(B.21), the constants c; may depend on the test function .
By iterating the following calculation:

|(RIE1(e), gale))] = [(RMGe), (2o (2)))

(B.20) <atew SRl ),
one sees that
(B.21) (R(€),%a(e))| < a®5"P 3¢y, forall 0 <a < 1.

By Def. B.6, this implies that R(¢) = O(e475"P5) as e — 07. O

M4Note that ck—1 does not correspond to ci when k is replaced by k — 1; rather, c;_1 depends
on the support of ¢’. The notation is just used to indicate the analogous roles the constants cg

play.
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