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Abstract. This paper studies the property of thickness for a class of self-similar sets that
satisfy a non overlapping condition introduced by Strichartz. We show that in a suitable sense
thickness is a generic property.

1. Introduction

Over the last thirty or more years, a subject of interest in the discrete geometry
of unbounded sets has been the solution of “point configuation problems”. By this we
mean the very general problem of determining when a given combinatorial geometric
invariant, defined in terms of simplices whose endpoints belong to F, must assume
infinitely many distinct values. The most studied example is, of course, the distance
of 1-simplices between pairs of distinct points. Less frequently studied invariants
are the angle between two vectors (see [AS, IMP]) or volume of an n-simplex (see
[BMP, GIM]).

A natural approach to address the problem is to introduce a large parameter x
that plays the role of the radius of a ball B(xz) with center the origin in R™. One then
restricts attention to the finite set of k-simplices whose endpoints belong to FNB(z),
and tries to estimate from below the number of distinct invariant values formed by
such simplices as * — oco. Typically the idea is to use the dimension of F to help
detect when the number of distinct invariant values grows without bound as z — oco.

Implicit here is a choice for what one means by dimension. To a large extent this
depends upon the method used to address the problem in the first place (also see [BT]
where several possible definitions are introduced and compared). Approaches that are
rooted in harmonic analysis and geometric measure theory work with the Hausdorff
dimension. Since this is most commonly defined for bounded and nondiscrete sets,
it is first necessary to find a suitable way of connecting the intersections F N B(z) to
such sets. This is done in [IRU] by normalizing and thickening F to obtain a family
of bounded sets that depend upon x.

Under suitable conditions, the Hausdorff dimension of such sets is shown not
to depend upon z. The challenge then becomes one of applying Fourier analytical
techniques to show that some lower bound on this common Hausdorff dimension
forces the number of distinct invariants of simplices, determined by the points in
F N B(x), to grow as x — 0o. So far, this has required that an additional condition
called “s-adaptability” be satisfied.
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A more recent, and rather different, approach to such problems is presented in
|[EL-1, EL-2, EL-3]. This showed how zeta function methods (in one or more complex
variables) can be used to study point configuration problems. The foundation of this
work was given in [EL-1|, whose principal goal was the proof of basic analytical
properties of “fractal” zeta functions, determined by a discrete self-similar subset
F C R™ that satisfied a discrete analogue of Moran’s “finite overlap property” [M].
We were inspired to do this by a careful study of the pioneering work in [LF| that
studied “fractal strings” where n = 1 (see also [LRZ| for an interesting generalization
that overlaps with [IRU]). In this setting, the appropriate notion of dimension would
seem to be the upper Minkowski dimension. This is due to the simple observation
that the boundary of analyticity of the associated zeta function equals the upper
Minkowski dimension of F (see Definition 2 in §2).

One of the metric invariants we studied in |[EL-2, EL-3] was the volume of n-
simplices. Our approach required assuming a condition we called “thickness” (see
Definition 4 §2 below). This property is analytic in nature, and is the subject of the
article.

In [EL-2] a condition we needed to impose in order to use zeta function methods
was the algebraic condition of “compatibility” of the self-similar set. This requires
that the underlying similarities pairwise commute. In the more recent [EL-3|, we were
able to eliminate compatibility as a hypothesis, thereby extending the zeta function
method to a much larger class of self-similar sets.

We will, however, impose the condition of compatibility in this article since the
proof of our main result, Theorem 1, seems to be significantly more difficult when F
is not compatible.

A feature that motivates studying thickness is that a point configuration problem
for volumes can be solved in a reasonably general (and translation invariant) way
when F C Z™ (n > 2) as follows.

Define for any vector m = (my, ..., m, ;) € F*"!, the volume

|2, (m)| = |det(m; —m,,q,...,m, —m, )|,

of the n-simplex

Yo(m) = (m; —myyq, ..., my —my, ) = {mezi ZW =landn >0 W}>
¢ ¢

and set
(1) Volr(x) == #{|Z,(m)[; m € (F N B(x))""}.

Then we have:

Theorem. [EL-2, Theorem 4| Assume F C Z" is thick, satisfies Moran’s finite
overlap property, and has an upper Minkowski dimension er such that ex > n — 1.
Then for all sufficiently small € > 0:

1— n—1__

(2) Volr(z) >. [#(FNB(x))] " asz— +oo.

In other words, if er is larger than the threshold value n — 1, then the number
of distinct volumes of n-simplices 3, (m) (m € (F N B(z))"*!) must grow without
bound as z — oo.
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One class of examples of thick sets to which this Theorem applies are the Pascal
triangles modulo any prime p

Pas(p) = {(m1,m2) € Ng; my > mg and (ml

) # 0 (mod p)}
A basic result of [E| used zeta function methods to prove that the upper Minkowski
dimension of these self-similar sets is as follows:

6Pas(]u) = ln(p(p + 1)/2)/1I1p > 1.

Two other examples of thick self-similar sets in R™(n > 2) were also presented in
lop.cit.]. These included the “Pascal pyramid mod p”, defined analogously to Pas(p),
where a multinomial coefficient replaces a binomial coefficient prior to reduction mod
p, and self-similar sets symmetric under the group of permutations of {1,...,n}.

These results suggest that thickness justifies further study. To this end we hope to
convince the reader of this by showing that thick sets are, in a suitably asymptotic
sense, generic. This is the content of our main result Theorem 1 (see §3.2). In
addition, we believe it useful to point out an intriguing analogy between thick self-
similar sets and Salem sets. This is explained in a Concluding remark.

Before beginning to read this article, the reader should appreciate that Theo-
rem 1 is a purely theoretic result. Its purpose is to show only that thickness occurs
reasonably frequently in a sense made precise by the statement of the theorem. The
reader should not expect to find anything herein that helps show that a particular
self-similar set is, or is not, thick. That is a question of a very different nature, for
which quite different, and often ad hoc, techniques would typically be needed. The
three examples mentioned above illustrate this point. What Theorem 1 does say is
that it is not unreasonable to try and show that a particular self-similar set is thick
since this property is “asymptotically generic”.

To state the defining property of thickness (see §2), we first introduce a “de-
terminant zeta function” (get(F,s) (see (7)). This is represented in some prod-
uct of half planes as a convergent Dirichlet series on C", summed over the points
(my,...,m,) € F* and with coefficients equal to det*(my,...,m,). It is a non
trivial result that this series admits a meromorphic extension to all of C". Among
the set of possible poles, there is one evident candidate Dz (see (5)) that sits both
on the diagonal in R"™ and on the boundary of an a priori domain of absolute conver-
gence of the series. Of special interest about this point is that its coordinate depends
explicitly upon the upper Minkowski dimension of F.

We then say (see Definition 4) that F is “thick” if two properties hold. The first
is that this particular candidate pole is an actual pole of the meromorphic extension
of Cget(F,s). The second, which does not follow from the first, is that the iterated
residue at this pole does not vanish. Proving thickness therefore requires showing
this non vanishing property.

In general this is not easy since the iterated residue equals an infinite series
(see (9), (10), (13)). To prove that the series is not zero, we have to control the
absolute values of its terms with good precision. This is what the discussion in §3, 4
accomplishes.

To this end, our first idea is to introduce a global “configuation space” (see (16))
M,, of pairs (D, F), where D is a finite “data set” (see (14)) which specifies the
similarities that determine the points of a self-similar set F of upper Minkowski
dimension .

ma
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Our second idea is to introduce both an appropriate space of bounded parameter
vectors (see Definition 5) and a pair of unbounded parameters (denoted (¢, A) in
Definition 6) in terms of which we control the norms of the elements of any data set
D. This is done in §3.1.

Our third idea is essential. We can detect an explicit candidate for a single “main
term” of the iterated residue (see (26)) by allowing the pair (¢, A) to grow without
bound. This is what we mean by “asymptotic”. The intuition here is that we can
always isolate a single candidate main term for the iterated residue of (get(F, s) at
D~ whenever (D, F) belongs to a suitable neighborhood of M, at infinity.

For our purposes here, this candidate main term equals an algebraic function in
the elements of D. As a result, its non vanishing specifies a generic condition in the
space of data sets D (see Remark 1 in §3.2 for a complete description of the generic
condition we impose upon the elements of a data set D).

Combining these two ideas is what we mean when we say that thickness is an
“asymptotically generic” property.

As noted above, Theorem 1 should not be understood as giving an effective recipe
for finding thick self-similar sets. It does indicate, however, that if one does look for
thick sets, it should not be too difficult to find them. A useful problem for further
work, it seems to us, would be to find more intrinsic characterizations of thickness
for particular classes of self-similar sets, connecting it to underlying symmetries, as
in [EL-2]. This should also help identify additional examples of thick self-similar sets
that occur naturally in combinatorial geometry or number theory. We suspect such
examples will have interesting features.

2. Definition of thickness and other preliminaries

We first recall in Definition 3 the basic notion of what we mean by a non over-
lapping compatible self-similar subset of R" (see [EL-2|).

We fix throughout a Euclidean space (FE,q), where dimg £ = n, and ¢ the
standard Euclidean norm ||-|| = ¢*/? whose bilinear form B(x,y) = (z,y) is the usual
scalar product.

Definition 1. Let T; (i € I) be a set of pairwise commuting orthogonal linear
transformations of (F,q), and f; = ¢;T; + b; (i € I) a related set of similarities of E.
We then say that the f; are compatible. The constants ¢; are the “scale factors” of
the similarities.

Definition 2. Let F be an unbounded discrete subset of E. Define the upper
Minkowski dimension of F by

__ In(#(FN B(0,R)))
e = lim In R

where B(0, R) := {m € E: |m| < R}.
In this case the zeta function of F is a series summed over F' := F — {0}

(3) C(F,s):=) |m|~

meF’

€ [0, <],

that converges absolutely in the halfplane o(:= Rs) > ez, and ez is its abscissa of
convergence.

Definition 3. An unbounded discrete subset F C FE is said to be a non over-
lapping compatible self-similar set if these two properties are satisfied:
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(1) 0 <er < o0.
(2) There exists a finite set f = {f;}/_, of compatible affine similarities with each
scale factor ¢; > 1 such that!

(4) F=U_ A(F) and HF)NF(F)=0 iti i
Remark. We define
(5) D]: = 6]:—|—2; D]: = (D]:,...,D]:) € R".

Notations. We fix an orthonormal basis B = {gy,...g,} of Ec, the complexifi-
cation of I, with respect to which each 77 is diagonalizable, and each element m € F
is written as a linear combination m = ) ;m;g;. 1t follows that

3N = (Mg Any) € (SY)" such that T7(gr) = Mg Yh=1,....n
and Vj=1,...,7.
We denote by ey, ..., e, the standard unit basis for E.
We set Ng = N U {0}, and for any a = (g, ..., a,) € N, m = (mq,...,m,) €
C", we define the weight |a =}, a;, and set m* := [, m;’. We also define the (a
priori formal) series (see Lemma 1)

m<~ .
(6) (r(s, @) := Z Tl (s =0 +iT).
meF’

We denote the sign of a permutation w € S,, by sgnw. We define (formally) the

determinant zeta function associated to F as a function of s = (sy, ..., s,) as follows:
det*(my, ..., m,)
(7) Caer(F>8) = — T
o 2 [P [ o

myi,....m,F’
The basic analytical properties of (4, We need are as follows.
Proposition 1. The determinant zeta function {4 (F,s) of F converges abso-

lutely in the domain (;_,{c; = R(s;) > Dr} and has a meromorphic extension with
moderate growth? to C™.

Idea of Proof. It follows from Hadamard’s inequality (i.e. |det(m,...,m,)| <
|lmy ... |jm,|) that ¢4 (F,s) converges absolutely on the set | J;_, {o; > Dr}. Ap-
plying the formula
(8) Caet(F,8) = Z sgn(wiws) HCF(Suewl(i) + €ws(i))-

w1,w2ESn i=1

and using the method of analytic continuation from [EL-1] to construct the mero-
morphic extension of any (#(s, ) finishes the proof. O

The only properties about the meromorphic extension of (4e(F,s) that we will
need for this article are as follows. Their proofs can be found in [EL-2, Section 2.

Lemma 1. Assume F is non overlapping and compatible, and let ¢ = (avy, . . .,
a,) € N§ have weight |a| = 2.
(1) Ifer+|al is a pole of (x(s, e), then it is simple and A = 1 forall j = 1,...,7.

IThe notation F = G means that (F\ G) U (G \ F) is a finite set.

2A meromorphic function F(s) with polar locus P has moderate growth on a domain D ¢ C™ if
there exists a,b > 0 such that ¥§ > 0 and Vs € {d(s,P N D) > 6}, F(o +iT) <5 1 + |7|2lolH+?
(see [EL-1)).
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(2) The residue B(F, ) := lim (s — (er + |a|))(;(s, o) is given by

s—er+|al
T -1 r

9) B(F,a) = (Z e lnc]) Zc_eFA a,u;)
j=1

whereVyj =1,...,r

(10) w = T (b;) and A, uy) ::Z( (m+u)* __ m? )

2 \ T+ w71~ ][+l

(3) The following bound holds:

(m + u;) m< |yl
T+ e < D e

Definition 4. The set F is thick if the point Dz (see (5)) is a pole of {4 (F, S),
and the iterated residue

(11)

R8881=DF o 'ReSSn=D}‘ (Cdet) 7& 0.

Defining
V(Fv D]:) = sllLHDl}_ s snli)HDlj: <1:[(sz - DF)Cdet(Fa Sty sn))
it follows that
(12) F is thick iff V(F;Dx) # 0.
From Lemma 1 we also see that
(13) V(F;Dg) = Z sgn(wyws) HB(]—"; €1 (i) + €uwn(i))
(w1,w2)ESK(F) i=1

where
Sa(F) = {(wr,ws) € 82: AT = 1 vj w4},

J

3. A procedure to construct thick F and
statements of Lemma 2 and Theorem 1

Let F be a compatible non overlapping self-similar subset of R™ and satisfying
the following (entirely for convenience) condition

0¢&F.
Using notations from §1, we should think of the set

D= {r,cl,...,cr,bl,...,br,Tl,...,TT:
(14)
{f; = ¢;T; + b,}} is a compatible family of similarities}

as basic data for the set of all such F.
A fixed point of a similarity f = ¢T + b (when ¢ > 1) is evidently equal to
P = (Id—cT)~*(b). Strichartz [St] has shown that the points of a non-overlapping
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F with similarities {f;}] are determined by a subset of the fixed points as follows:

JK c {1,...,r} such that
(15) F=Ll || Afno ot} |{P ke K}

kKEK t>1 (j1,....5¢)€{1,...,r}t
Fiy (PR)#Py
(where P, = (Id —c;T;.) " (by,) and | | denotes that the union is disjoint).
Combining D with the parametrization (15), we now form a configuration space
for the set of non-overlapping compatible self similar sets with fixed upper Minkowski
dimension p by setting:

M, = {D x F:
(16) F=L] || {foofiB} {P ke K}

kEK t21 (j1,-d¢)€{1,..,m}t
T (P)# Py,

fj = chj + bj when cj,bj,Tj S D,
and F has upper Minkowski dimension ,u}.

We then say that any such D resp. F is a data set resp. self similar set component
of M,,, and subsequently will always use the notation p in place of er, as in §1,2, in
the rest of the article.

Given a self-similar component F of 9, a basic observation is that Lemma 1
implies an expression for the iterated residue of the determinant zeta function at the
particular point D, = (u+2, ..., u+2) (see Definition 4) as an infinite sum over the
points appearing in the Strichartz parametrization of F. To show that such a sum
is non zero does not seem to be an easy task in general. However, by thinking of the
problem in an asymptotic manner, we are able to identify an ezpected main term for
the iterated residue at D,,.

As a result, we will look for thick self-similar sets (with a fixed upper Minkowski
dimension ) near the ‘boundary of infinity” of 9M,, which we can approach by
allowing some of the defining data set elements to grow without bound. We can then
detect a thick set by showing that this expected main term is not zero.

3.1. Parameters (bounded and unbounded) for elements of 9t,,. Intu-
itively, we can approach the boundary of 91, at infinity in many different ways. We
do so by first identifying a few parameters, in terms of which elements of any com-
ponent data set D can be expressed, and then making the parameters grow without
bound and independently of one another. To make our work as simple as possible,
the number of such parameters should be as small as possible. In this subsection we
define the two unbounded parameters that we will need, as well as the remaining set
of bounded parameters.

One of the unbounded parameters can be easily specified without any additional
discussion. We define a common scale ¢ and positive ratios §;, in terms of which the
different scale factors c¢; € D are defined, by setting

(17) cj=pjc foreach j=1,...,r

We will think of ¢ as an unbounded parameter.
Recalling that K C {1,...,r} indexes the fixed points of those similarities that
determine the Strichartz parametrization (15) of a self similar component of 9, a
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helpful technical condition concerning the fy (k € K), is the following
K-distinct property:

18 ~

(18) the vectors |bg| := 8, (|bikl, - - -, [buk]), k € K, are distinct.

Note. We will always assume throughout the rest of the article that the K-
distinct property is satisfied for any self similar component of an element of 91,,.
QK = inf {
(15 M\ 2|5

} and
i=1

pr = 1inf{1,Q} are both positive.

Remark. (18) implies that the two quantities
bik  |biw

The set of bounded parameters can be conveniently organized into vectors as
follows.

Definition 5. An “admissible vector” consists of five parameters:
(20) Q:= ((G1 x Ga), 1,9, N, (£,0,0))
where
e G; CR"— {0} and G5 C (0,00) are compact sets;
e D<o < L . inf{[luf - u € G} -inf G5 and
2y/n sup{|jul|: u e Gy}

sup{||ul|: u € G}
>1+4+2 . .
a2 1+2vn mf{ful:ue G}
e NcN;

ec>0,0€(0,%),and § € (0,1—6).

The second preliminary definition is that of a (¢, A) permissible element (D, F) €
m,.

Definition 6. Let (D, F) € M, where D = {r,c1,...,c,,by,.... b, T, ..., T,},
and K indexes the fixed points in the Strichartz parametrization of F. We say that
(D, F) is “(c, A) permissible” for an admissible vector Q, as in (20), if the following
five conditions are satisfied:

1. Each b; € Gy;
2. A> s and ¢ > C(A,Qg, Q) where

up Gia;

C(AQk, Q) = maX{Aﬁ, ,01_{1/6, re, Q_ﬁ, (2pK)_1} and
v = max{pud, u+ 20 — 1};

3. There is a partition {1,...,r} \ K = S(Q) U L(Q) such that
ke K iff B,eGy jelL(Q) iff B; > A; and
j€S(Q) iff B;elc? ai;

4. #K < N;

5. There exist n > 0 and 6’ > 0 such that

(23) ¢ > C(A Qk, Q) implies #5(Q) < nct=k,

Remark. Part 4 implies that # K is uniformly bounded in ¢. This is not obvious
since for any fixed pu, if ¢ is allowed to grow without bound, then r» must also. To see

(21)

(22)
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this, it suffices to recall from [EL-1] that

(24) Z it =

So, in principle, this could also force #K to increase without bound. Thus, requiring
#K to be bounded uniformly in ¢ > C(A, Qk, Q) is an implicit constraint in Theo-
rem 1. This can also be thought of as a restriction upon how we choose to approach
the boundary of 9, at infinity.

The reason for imposing this property is explained in Remark 1 (see §3.2). O

When given both an admissible Q and (¢, A) permissible (D, F), it will also be
useful to specify the following shorthand notation Og.

Notation. An expression f(c) = Og(g(c)) means that there exist a constant
Bg, depending solely upon (some of) the components of Q, such that

(25) |f(c)] < Bg-lg(c)| forallc>C(A Qk, Q).

3.2. Statements of Lemma 2 and Theorem 1. As above, we start with a
pair (D, F) € 9M,,, and define (see (13), (17)):

w1<z>+ew2u)
(26) U= ), sen(ww) H<Zﬁ’f byl +2 )

(w1,w2)ESR(F) i=1 keK
Our main result gives the following criteria for F to be thick.

Theorem 1. Let Q = ((G1 x Ga),a1,a9, N, (£,6,0)) be an admissible vector
(20). Then F is thick if:

2. For some A > ay there exists (see (21))
C*"=C"(A Vg, Qk, Q) > C(A,Qk, Q)
such that (D, F) is (¢, A)-permissible whenever ¢ > C*.

It is also interesting to note the following variant of Theorem 1 for planar self-
similar sets.

Corollary 1. If n = 2 and the similarities T; (j = 1,...,r) are simultaneously
diagonalizable over R, then F is thick if, in addition to property 2 above, the following
replaces the hypothesis Vg # 0:

The two vectors (byx)rex and (bey)rex are linearly independent.

The key lemma we need, and from which Theorem 1 is an easy consequence, is
the following.

Lemma 2. Let (D, F) € M, be (c, A) permissible for an admissible vector Q.
Then, for any a € Ny satisfying |a| = 2 and Ay =1 (Vj = 1,...,7), it follows that

(see (25))
(S s = 2 (s o oo (2 252 ).

keK

Remark 1. Since Uy equals a generalized algebraic expression in the by, £
(k € K), the two conditions that depend solely upon K (see (19))

\IIK%O and Qg >0
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just mean that (b, Br)rex should be a “generic” vector in the sense that it lies outside
a generalized hypersurface in the compact set G¥* x G of bounded dimension.
In this sense of generic, Theorem 1 tells us that thickness of F is an “asymptoti-
cally generic” property (in ¢, A). Precisely, this means:
If (D, F) € M, is (c, A) permissible for an admissible Q, and the bounded vector
(bg, Bk )r is generic, then:

F is thick whenever A > ay and ¢ > C*(A, Vg, Qk, Q).

As noted in the Remark following Definition 6, the assumption that #K is
bounded is explicitly a property of the admissible vector Q. The reason for this
condition can now be seen. It simply means that Ux is a generalized rational func-
tion in a bounded number of variables. Thus, the generic set is the complement of
the zero locus of such a function that is defined on a Euclidean space of bounded
dimension.

Were this hypothesis on #K not imposed it would require only that we delete
the component N from Q, and interpret the generic set as lying inside the inverse
limit

(s # 0}

Although this set lies in an infinite dimensional space, we can think of it as being a
generic set in the sense that it lies outside a generalized proalgebraic subset whose
projection to any finite dimensional subspace is generic in the usual sense of the term.

The reader should therefore not interpret the boundedness hypothesis of #K as
a significant constraint upon the generality of our principal result. Its purpose is to
simplify our discussion by eliminating the need to specify what is meant by a generic
subset of a space of infinite dimension.

4. Proofs of Lemma 2 and Theorem 1

Proof of Lemma 2. For any J = (j1,...,7:) € {1,...,r}!, and k € K we set (see
(10))
m(k; J) == f;, 00 f;,(Pr),
(il ) +u)®  mk )

=(mk: ). @) = Ll ) 1w 1772 Tl D[P

(28)

and define, similarly,
(Pe +uy)>  pp
1P+ w2 [ Pl
Combining the right side of (9) with (15) and Part 3 of Definition 6, it follows that

(29) Ale, ;) = AD(a, 1) + AP (a, ;) + AP (o, 1) + AW (e, 1))

Ej(Pk, a) =

where

A (e, 1)) =) Ei(B, ),
keK

A(2 (o, u)) ZZ Z =;(m(k; J), o),

keK teN J=(j1 -4t )E{L,...,r}E
15, (P#p, and jer(o)
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(o, uy) ZZ Z Zj(m(k; J), o),

keK teN  J=(j1,....5¢)€{1,...,r}t
15, (Po#p, and jies(o)

(o, uy) : ZZ Z =;(m(k; J), o).

keK teN  J=(j1,....5¢)€{1,...,m}t
£ (Pr)#P, A GieK

Remark 2. The first issue we must address is how to sharpen the estimate (11)

when the role of m is played by m(k; J). This depends upon whether j; belongs to
S(Q), L(Q) or K.

Step 1. We prove that
(30) ||m(k; J)|| <g ¢ 'Bj, -+ B;, uniformly in ¢t > 1, and J such that j;, € L(Q).

Remark. This statement means that there exist positive constants k1 = k1(Q),
Ko = Ko(Q) and C7 = C1(Q) such that ¢ > C} implies

k1 < |m(k; )|/ By, - B, < kg for all t>1
and
J = (j1,...,Jt) such that j, € L(Q).
It will be clear from Steps 4-7 why we need such uniformity.
To avoid having to repeat certain phrases, we use the convention that ¢ refers to

any index at least 1. Whenever the exponent of ¢ equals ¢ — 2, it is implicitly assumed
that the expression containing ¢*=2 is set equal to 0 if t = 1.

Proof of (30). First we note that
m(k; J) = le . 'CjtT' o0 T (P +¢j - T o---0Tj,(by)
+ Z ¢ e Ty 000 Ty, (by, )
= le .. 'CjtT' 0---0 jt(Id — cka)_l(bk) +cj-oocj, Tj0--0 Tjtil(bjt)

+ Z TR -0 Ty, (bjh+1>7

with the convention that the sum over h reduces to b;, if ¢ = 2, and is empty if ¢t = 1,
in which case, the middle term reduces to b;;,.
Denoting the coordinates of each by, in the basis {g, ..., g,} for Ec by (b1 g, ..., bnk),
the fact that each I — ¢;T} is non singular evidently implies that the coordinates for
P, = (I — ¢ T;,) ' (by,) in the same basis are

P, = i bnt :
1 —cphig 1 —cprng
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As a result, setting m(k; J) = (my(k; J), ..., mu(k; J)) to denote the coordinates
of each m(k; J) in this basis, it then follows that for each i =1,... n
bi k

mi(k; J) = ¢, G AL Ao TG G Ay A i,
— CpAik

+ § :le ' th i,j1 " )\ivjhbivjfrrl

bis bik L
= Cjy G iy Aigs <)\, o - )"kck) +OQ( - = £ +Zch' ‘th)
2 k

Zv]tcjt

= C lgj] M 13‘7 2]] .. ] ( Z"jt Z‘,k

t—2
31)  +0q (Ct—2 B ﬁ2 Bi. Y g, .5jh)
k h=1

= Ct_lﬁj ' ﬁj 1,1 " 2] < bi,jt - bi’k )
t
! ! ' zjtﬁjt zkﬁk

Bji - B
O t—2MJ1 Mot )
- Q( 6k * ﬁjl ﬁjt Z 6]h+1 ’ 5]15 1)

_ Ct_lﬁ' c BN < bi,jt _ bi,k )
- J Jt\,J 7’]
' ' ! z'jtﬁjt Ai kB

+OQ(Ct_2ﬁj1”'ﬁjt+ﬁj1' ﬁ]tzchet h 1)

where we have used the property that each 3; > ¢ in the last line. Thus, for each 4
m(k; J)
bi ji, bi

:Ct_lﬂ'l‘ 5,511" Zt( )—I-O t2+65.1...5.t )
J J J J )‘i,jtﬁjt zkﬁk ( J ])

Assume now that j, € L(Q). Since (D, F) is (¢, A)-permissible and A > ay it
follows from (22) and the fact that each |); ;| = 1 that

b; i 1| ‘bz | [bell — v/nllby.|l
33 1> 1 gt AL
( ) < ; i jtﬁjt i kﬁk ; jt Bk /Bjt

where the notation “1 3¢ [0” (resp. “1 < g [J—see below) means that the quantity
O is bounded above (resp. below) by a constant ¢;(Q).
Setting
(34) M' = inf{|[u]|: ue G}, M =sup{||ul]: ue G}
the lower bounds A > ag > 1+ 2y/nfy - M/M' imply

bl Valbl M JEM M (M’ i)

5k ﬁjﬁ B 5k 5)& 5k ﬁjt
M (M

> — < \/_5k> > >>Ql

Combining this with (32) completes the proof of (30). 0

(32)
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Step 2. We prove that px ¢® > 1 implies

Ct_l(ﬁ]j e 5]}571) >>Q ||m(k’ J)H

(35) _ (14—
>0 By Biis) pre (14 0g (¢7777%))

uniformly in ¢, J such that j, € K\ {k}. If j; € K\ {k}, it follows from (32), the
hypothesis px ¢® > 1, and the fact that each |); ;| = 1 that

By By) o lm(ks J)|| = —=d (B, -+ B,) px + O (7385, B;,)

n

v

<=5

nCt_l(ﬁjl - B,) prc (14 Og (7P ph))

(35) now follows, whenever ¢ > 2, by combining this with the facts that j, € K and

0+ 60 < 1. If, however, t = 1, then the Og term is not present and the lower bound
is understood to equal pg.

Step 3. We prove that
(36) |m(k; J)|| g ¢"7'B;, - -+ Bj,_, uniformly in ¢, J such that j; € S(Q).
Proof of (36). The equation (31) implies that

bi,jt bi,k
)\i,jtﬁjt Al,kﬁk

(37) mi(k; J) =B Bi A, - 'Ai,jt( ) + Ri(k; J)

where

Bi B, 2
Ri(k; J) = Og (ct‘Q—” 7 +Zc"ﬁﬁ---@h)-
Br h=1

The condition j; € S(Q) implies (by (22)) that 8;, € [¢™?, ;). Combining this with
the inequality 8; > ¢ (for each j) then implies

C
Rl(lf7 J) <9 Ct_zﬁ]d o 'Bjt + le o 'Bjt Z ﬁ
h=1 7Ih+1 Jt

t—2
(38) Lo & 7By Bj 4 Biy - By, Y ()
h=1

Lo 7B, B+ TR - By,
<<Q Ct_2+3€ﬁj1 e /Bjtfl'

It now follows from (37) and (38) that there exists a constant I'g such that for each
ik, J

B

6k ) o FQ Ct_2+3€ﬁj1 . 5%71'

e J)| > 1 B (|bz-,jt| o]



848 Driss Essouabri and Ben Lichtin

Using, in addition, (34) and the (¢, A)-permissibility of (D, F) (i.e., Definition 6,
Parts 1, 3), we conclude (after an elementary argument left to the reader)

lm(k; I =Y Ima(k; J)|

=1
_ B't —
> B (||bjt!|1 — [[bg1 - 5—1 —Tod ™8, - B,

_ ﬂ't —
> 18, By (Hbjtu Vi il - 2 ) —ro e,

> 1B B (M’ - |||;k||
k

—2+4-360
) - FQ Ct + le U Bjtfl
/

M, _
> 7 ¢ 15]'1 o '5]}571 - PQ ¢ 2+395j1 o '5]}571 :
Thus, there exist constants k] > 0 and C' = C'(Q) such that ¢ > C” implies
(39) |m(k; J)|| > |lm(k; J)||y > K48, -+ - Bj,, uniformly in ¢, J.
To prove the inequality in the other direction, we note

_ B't
lm(k; J)|| <V =By By, <||bjt|| + [[brll 7"

B
H;kll) + 00 (72998, .- B ).
k

Thus, there exist constants x5 > 0 and C” = C”(Q) such that ¢ > C” implies
(40) m(k; J)|| < khe" ™18, - -+ Bj,_, uniformly int,J (j; € S(Q)).
Combining (39) and (40) finishes the proof of (36).

Remark. Putting Steps 1-3 together, and using the a priori bound (that follows
from (10)),

) + OQ (Ct_2+365j1 o '5]}571)

< B B, (M/ +R

1
|u;|l = Og (—) forall j e {1,...,r},

CPj

we can then bound |lu,||/|lm(k; J)|| as follows:

—t1-0) if j,€S(Q)UL(Q),

; kJ)|| <
oy I/l (: )| Q{C_(t_l)(l_m_lpf_(l Y

where the implied constant only depends upon the element 6 of Q and is uniformly
bounded when 6 € (0,1/3) (an easily verified property, left to the reader). Since the
exponent of ¢ is strictly negative in either of the two cases (in particular, 6 < 1 — 0
implies this if j; € K) it follows that

(41) |lu;|l/|lm(k; J)|| < 1/2 in all cases whenever ¢ > maX{Q_ﬁ, (2,0K)_1}.
Step 4. Estimate for A® (a,u;). We show
(42) AP (e, uy) <g

Proof. By (41), we are justified in using the Mean Value Theorem, applied to the
function ¢(x) = x*/[|x||**? and point x = m(k, J) when restricted to any compact
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convex subregion not containing the origin. Thus, (30) implies that

1
(m(k; J) +u;)* m(k; J)* [yl B;

— <K —_— K
lm(k; J) +w[[«2  [mks; D)2 52 me; D)t T2 (16, - B, )it
1

(43) <o Bi(B;, -+ - B;, et DD+

uniformly in ¢, J such that j, € L(Q). It follows that

1
(2) .
A (e uy) <<QZ Z 5 (Bj, - - Bj, )P+ ct=D D+

teN {(.717 7.7t).]t€L

T

> 1 1\
< Z ﬁjc(t—l)(u-i-l)—i-l (Z u+1) :
t=1

h=1 "h
Since each 3, > ¢%, we see that (24) implies
(Z %)t < <Z ;_i)t _ o
h=1 "h h=1""h
Thus, a simple check verifies
ct 1 =140

ﬁ_j'cl—9—1<<g

Step 5. Estimate for A® (a,u;). We show

<<Q Cu—l+2€ )

N |
44)  AD(auy) <o 5 > T <o
t=1

(45) A (o, ;) <g 1.
Proof. As in Step 4, the estimate of Step 3 implies
(46) (m(ku J) _'_uj)a . m(k7']>a <o 1

|m(k; J) + uj||u+2 |lm(k; J)||#+2 B (ﬁjl .. .5jt71>,u+1 (=) (u+1)+1

uniformly in ¢,J = (ji,...,J:) such that j, € S(Q). Proceeding as in Step 4, it
follows that

1
(3) .
A (o, 1)) g Z Z Bi(Bj, -+ Bj,_, JHF =Dt D+

tEN {(j1,,4t):t€S(Q)}

r 1 t—1
<<QZB (t— 1(u+1 <; u+1>
At-1) Q)) clf+mi=1)

(#S(
<e Z Bjc (t 1 u+1 )+1 (Zﬁh ) <e ; Bict=D(ut1)+1
(#5 i 1 #5(9)

c(1=0)t < cf;

<o
t=1

Since (22) also implies #S5(Q) - " < 3 ycs(0) B¢ " it follows that

#5( Zﬁzu<a1 Zﬁhu_al Eap

eS(Q
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Thus, for each j =1,...,7,

alf et
Bi

Remark. In particular, the estimate from Part 5 of Definition 6 is not needed

for this bound, unlike that for (64) below, since the exponent for ¢ in (45) is already
strictly less than pu.

Step 6. Estimate of A (a, u;). We prove

AW (0, u;) <o <1,

(47) §<1—6 implies for all j AW (a,u;) <g pEl
K

uniformly in ¢ satisfying ¢ > max {p[_{l/é, Q_ﬁ, (2,0K)_1}.
As in steps 4-5, (35), (41), and the Mean Value Theorem imply that for ¢ >
—1/6 5—1i5 —17.
max{pp ", 2777, (2px) '}
(m(k; J) +u;)* m(k; J)* [

Im(k J) + w2 Jmk D2 <2 m(k; )

1

(48) < P
2 (=B, -+ By ) pr )T

1

e Bi(Bj, -+ By )t e (t=1)(p+1)+1 p;;(—l—l‘

Proceeding as in Step 4, it follows that

1
AW (a, 1)) <g E E
’ _ 141
tEN {(j1,...,jt):je € K\{k}} 6j(/8j1 T 5]'1571)“4_1 ct=D+1)+1 Pr

T

1 \¢“!
<o Z C(t D(p+1)+1 puKJrl (Z u+1)

h=1
At=1) =1 cl0+w) (¢=1)
<<Qzﬁ =D (p+1)+1 N+1<Zﬁh ) <<Qzﬁ c(t=1)( u+1+1puK+1
< .
5) p/H-l ; C(1 o)t 5j puK-i-l 01_9 p/;(—i—l

This completes the proof of (47).

Step 7. Estimate for AV (a,u;). For given k € K, the estimates we need for
each Z;( Py, o) depend upon whether j =k, j € L(Q), j € K\ {k}, or j € S(Q). So
it is convenient to split the discussion into four cases.

For each such case it is useful to have an explicit expression for the coordinates
of P, + u; (in the basis {g;};) in powers of ¢! (at least to first order). Setting
u; = (u1,...,up;) it follows that if j # k, then

bi bi,j
1- Cﬁk)\i,k Cﬁj)\i,j

(49) PiJ{; + ui,j = = 5],k(z) . C_l + 09(6_2),

where

bi,j bi,k

5. u(i) = _ .
() NiiBi NikBk
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Case 1. (j = k) Here the expression is simple. For each i = 1,...,n, it is clear
that
bik bik ( bik ) 9 _
Pig+up = ’ + — = : 24 Og(c™).
’ ’ 1 —cBrXin  cBrlik ﬁ@\ik o)

Using the relation A = 1, we then verify (details left to the reader):

(P +u,)* [ 9, bR 2 2pu—1
||Pk; +uk||u+2 - k ||bk||/’l‘+2 C M+OQ(C H )

Furthermore, since

bi k _bi k -1 —2
P = ’ = — ¢+ 0g(c™),
P cPrir  Brlig olc™)

it is clear that
by

~ 1
[Pefr2 =2 €
Thus,
(50) Ek(Pr, ) = (ﬁk s ||u+2) A 4 O + ).

Case 2. (j € L(Q)) Using (49) we have
Ty (;4(1) - ¢ + Og(c7%))™

=i (P, o) = -
51 | (0;6(1) - et + Og(c2), ..., 65k(n) - = + Og(c2)) ||
( ) — H" ([Bkli\z k] ! _'_OQ( _2>)az
H(B_kl;—ll’i.c—l—l—OQ( ),...,ﬁ_kli—"k’il.C—l_l_OQ(C_Q))H;HQ'

Setting 8(j, k) = (J;(1),...,8;x(n)), we note that part 1 of Definition 6, (22), (34),
and the fact that j € L(Q) then tell us

— |b bi ; b b.
1> ||6<j,k>y|>>zlﬁ,:l B LYY Bz Y]
i=1

Bi = Dk B;
M JaM _ M (M' fm) M (M’ fﬁk) .
~ b Bj, Br Bj, B A 206
A routine calculation, left to the reader, now implies
6(j, k)™ b (Br, Ar)® ] 1
52 Py, — 4+ Og(c'™),
6 SR = | - i ¢ +0ale

where

by By k) == B+ (brs/ A - -+ b/ Ak -
Case 3. (j € S(Q)) An elementary check shows that for each i

b; j b; _ _
|Pi,k+um-| > <|B—’]‘ — ‘ﬁ—’:|) et —|—OQ(C 2).
J
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Thus, using again (22), (34), and the norm || - ||; from Step 3, we find:

1 (bl ||bk||1) 1 -
Py +uj|| > —||P.+u - — ¢+ Oglc
1P+l 2 e wlh z o (L - B o)
L (b, ||bk||) . 2
> — —\/ﬁ & +OQ(C )
7 (5
L (M kuH 2 M -
> — 0 > . 0] .
> o= (vl oy ooy 2 2t 0ot
It follows that
1P+ ]| >0 ¢
We deduce that for j € S(Q):
_ (P + u,)® po | 1
Ei(Py, ) = - < +
N e e [ e [ R W EA A
1
Lg '+ —— Ko .
[Pl

Case 4. (j € K\ {k}) Using notation from Case 2, it follows from (19) that

k| bl
54 1>0 [|6(4, > > E —
(54) e 90 M) Z: 5 uﬁj kﬁk‘ | BB

uniformly in j € K \ {k}. As with (52), the expression (51) for =;( P, ) gives

0(7, k)= bl (B, Ap)™ IR
55 Efea) = {nacf >|)|u+2‘||bz?(ﬁk'ka§|>|u+2}0”()g(C“ k)

= FPK,

Thus, the hypothesis px ¢® > 1 then implies

(7, k b (B, Ai)® -
66 SRe = | i) 00,

Step 8. Finishing the proof of Lemma 2. We assume that ¢ > C(A, Vg, Q), as
defined in (21). Combining (29) with Steps 4-6 (i.e., (42), (45), (47)), and the global

constraint (24), we have

Tc-_”lnc ¢ "Ala, vy
(e a.e = st

= Z (A(l a, ;) + AP (e, 1)) + A¥(a,u;) + AV (a, uj))
(57)

o Z a u]) + OQ ( Z c; C‘u_1+29 —+ clu_l"'e + C_I—H)P[_(H_l])

7j=1

= Z Cj_p’A(l)(a’ uj) + OQ (CM—1+29 + C_1+9 p;{u_l) .
j=1
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By definition,

ZC{“A(l)(a, u;) = Z (P, ) + Z Z & M2 (P

2, ¢ E(Pa +Z >, G5B,
keK jeS(Q) k€K jeK\{k}

Now, Case 1 of Step 7 implies (see (50))

o b¢ _
ch”:k(Pk, Z C [( WTMH) A 09(02” 14 c“)}

keK keK

ba
= <ﬁ’f s ||u+2) ¢+ Og(c"™).

keK
Case 2 of Step 7 (see (52)) implies

P ITET

(59)

keK jeL(Q
—ICEZKJGLZ {[Hd jv )H”H a ||b,’;IZﬁk,}\k)||u+2}cﬂ+OQ(CH 1)}

To bound the sum over j € L(Q), we use the (¢, A)-admissibility of (D, F) and
the Mean-Value Theorem, applied to the function p(x) = x/||x||*2, when restricted

to any compact convex subregion not containing the origin. For our purposes, since
0(j,k) =y; — bj(Bk, M) where

(61) y; = Bj_l ' (bl,j/)\l,jv R bn,]/)\n,j)v

we will need to choose x to equal —bj (S, Ax) for some k € K.

Since ||bi(Bk, Ax)|| > 1 (i.e. uniformly in k), it is clear that there exists 0 <
k1 < Kk so that ||y;|| < k1 implies the line segment connecting y; — by (B, Ax) to
—b} (B, Ax) will not pass through the origin for all k. Indeed, it suffices to choose
k1 = 5 - ming{||b;(Bk, Ax)||}. By construction, it follows that x1 depends only upon
Q.

We now note that any y; defined in (61) satisfies this needed property since the
definition of (¢, A)-permissibility implies A > «a5. This insures that AM'/M By, > 2.
Thus, for any y;, it follows that

M _ MB M'_ Mpy

lysll<— 5 < o PR (B A <— b5, (Brs Akl = iy (for each k € K).
AM! By, AM
Since |a| = 2 implies that ¢ is an even function, we now conclude
* * y
©) (= bilF ) +5) — b A) Ko [ e < [l

uniformly in k£ and j € L(Q). Thus,

2 Z HHd (4, /~f]§|)|(:+2 - ||bzz(éilj7>\2§|)|i+z]}0“ <o Z > ¢

keK jeL(Q kEK]EL(Q

T

(63) <o j(Zc_”) = %.

7=1
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Case 3 of Step 7 (see (53)), combined with Part 5 of Definition 6, implies

Z G'Ey(Proa) = 0o Y B7*) = Og (#5(Q)¢! )—og(ﬁls_(i).cu).

jES JjES(Q)

Case 4 of Step 7 (see (55)) implies that

e PR BB A T,
2, 2 'SR =) 3 ¢ {[namnw ||bz<ﬁk,Ak>||u+2}

keK jeK\{k} keK jeK\{k}

(65) +Og (L p?) }

Applying (54) we conclude
1 1 —p-2
YooY GrER )—OQ(%‘Fl“'C s )
(66) heR jeRNR) 16(7, k)||»
= Og (14 p" + 1 p'?).
Combining together (57)—(64) and (66), we see that

; by,
<Z " 1ncj> B(F.a)=>" (ﬁk b, ||“+2) * + Og (1 R0 | 10
i=1

keK

#S(Q) 1
(67) + T+ +( 0x +Z) CM).

Moreover, the fact that px ¢® > 1 implies

68) (;cj_“lncj>8(]—", ) = Z(ﬁk be’TMz)CquOQ( (#(f(g)ﬁ%) Cu)

keK

where v < p is defined in (21). This implies the estimate asserted in (27) and finishes
the proof. O

Proof of Theorem 1. Given an admissible vector Q and (¢, A)-permissible (D, F),
Lemma 2 gives the following explicit identity (see (13))

(69) (Z ;" Iney)"V(F, DM>
j=1
n gbzwmﬁewz(i)
= "
(70) Z sgn(wiws) H kEK TR c

(w1,w2)ESK(F) i=1
2
woo([5+555] )]
(71) =Wy - C“+OQ<|: Q} c"“),

where the proof of Lemma 2 has shown that the implicit constant in the Og bound
is bounded above by an expression of the form

o(Q) + ¢1(Q)c 7,
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with v = v(9,0) > 0, and ¢g, ¢ bounded uniformly over all possible (§,0) of any
admissible Q.

As explained at the end of §3.2 in Remark 1, it follows that F will be thick once
we know that Wy # 0 and ¢ and A are sufficiently large, which follows from the
second condition in the statement of Theorem 1. This completes the proof of the
theorem. O

Proof of Corollary 1. To conclude, by using Theorem 1, it suffices to prove that

w1<1>+ewz<1) w1<2>+ewz<2>
oy REV= 3 st (X ) (S e

(w1,w2) €S2 (F) keK ke K
# 0.
where Sy(F) = {(w1,ws) € S7 | A;wl(i)JreWQ(i) forall j =1,...,r and each i = 1,2}.
Claim. For allj = 1, e, T (>\1J'>2 = ()\2’]‘)2 =1 and )\1’]‘)\2,]' = #+1.

Proof. We know that (r(2e1;s) + (#(2e2;s) = (#(s — 2) has a pole at s = p+ 2.
It follows that at least one of the two zeta function (£(2e;;s) or (#(2ey;s) also has
a pole at s = 4+ 2. As a result, Lemma 1 Part 1 implies

A,;=1 or M, ,=1 (foreach j).
Moreover, we also know that A1\, = det(T}) = £1 for each j. Thus, A7 ; = A3, =1
and Aj1Aj2 = £1 (for each j). This ends the proof of the Claim. O
Now we distinguish two cases:

First case. We assume that A\; jA;; = 1 for each j. It is then clear that in this
case we have So(F) = {(id,id); (id, 7); (7,id); (7, 7) } where 7 = (12) exchanges 1 and
2. It follows from (72) that

2
(b1k) (Do) b1,1b2 i
(Z % T W) <Zﬁ * Iy W) (Z g llbkil““)

keK keK keK

Cauchy-Schwarz Inequality and the linear independence of the two vectors (b1 )rex
and (bg)rex of R#X imply then that R(F) > 0. This completes the proof of the
corollary in this case.

Second case. We assume that there exists j = 1,...,r such that Ay ;Ao ; # 1. It
is clear in this case that we have Sy(F) = {(id,id); (7, 7)} where 7 = (12). It follows

from (72) that
(b (b
(Z 5/& ’|b1’Tp+2) <Z 5/& ||b2’/|kp+2>

keK keK

This completes the proof of Corollary 1. U

Concluding remark. It seems to us quite intriguing that our solution to a
discrete Falconer type problem for volumes turns out to be a natural analogue to the
solution recently found for compact Salem sets in [GIM].

We think that this analogy between Salem sets and thick sets merits additional
study. Whereas the Salem property implies a maximal rate of decay for the Fourier
transform of a Frostman measure supported on the set, thickness implies that the
polar locus of a certain “determinant zeta function” is, along the diagonal, as far from
the origin as possible. Such extremal analytic behavior often leads to interesting
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geometric phenomena exhibited by the sets. More precisely, the Fourier dimension of
a compact set £ C R", denoted by dimp E, is defined [M]| as the supremum of § > 0
such that for some probability measure dy supported on E, |du(z)| <5 |z|77/? as
|z| — co. We always have dimp F' < dimy E. However, several examples (see [M])
show that Hausdorff dimension and Fourier dimension do not agree in general. A set
F is said to be a Salem set if its Fourier dimension (which measures an arithmetic
property of F) agrees with its Hausdorff dimension (which measures a metric property
of E). In the discrete setting, we associate to any discrete self-similar set F a natural
measure v defined for any subset A of F" by

V(A) = Z det(my, ..., m,)? € 10,00].

[ [ o, ]2

(m17~~~7mn)€A

This measure is characterized by its characteristic function defined by

Vy(ur, ... up) == y<<1i[13(ey)) N ]-""),

where B(r) denotes the ball of radius r. The multivariate Laplace® transform of this
characteristic function is defined formally by

[o¢] [o¢]
Lu(s1,...,8n) :/ / e St e Vo (U, ., Uy) duyg . duy,.
0 0

This transform is related to our multivariate determinantal zeta function (see (7))
by the formula

1

Lo(sy,...,8,) = ﬁg’det(?; s1+2,...,8,+2)
1.--Sp
. 1 Z det2(m1, Cey mn)
S1...5p |y [[s1+2 .. ||my, [[s» T2

mj,....m,F’

In the one variable setting, the abscissa of convergence, which is also the largest
real pole of the zeta function, is called the zeta-dimension or Laplace dimension. In
the multivariate setting, the vertices of maximal weight on the boundary of the real
part of the domain of convergence, may be considered as the Laplace dimensions if
they are indeed poles. The defining property of thickness (see Definition 4) means
that there is a Laplace dimension at the point (u, ..., u), where p is the the upper
Minkowski dimension of F.
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