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Abstract. We derive upper and lower bounds for the Assouad and lower dimensions
of self-affine measures in R? generated by diagonal matrices and satisfying suitable
separation conditions. The upper and lower bounds always coincide for d = 2, 3, yielding
precise explicit formulae for those dimensions. Moreover, there are easy-to-check condi-
tions guaranteeing that the bounds coincide for d > 4. An interesting consequence of our
results is that there can be a ‘dimension gap’ for such self-affine constructions, even in the
plane. That is, we show that for some self-affine carpets of ‘Barariski type’ the Assouad
dimension of all associated self-affine measures strictly exceeds the Assouad dimension of
the carpet by some fixed § > 0 depending only on the carpet. We also provide examples
of self-affine carpets of ‘Baranski type’ where there is no dimension gap and in fact the
Assouad dimension of the carpet is equal to the Assouad dimension of a carefully chosen
self-affine measure.

Key words: Assouad dimension, lower dimension, self-affine carpet, self-affine sponge,
dimension gap
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1. Introduction: dimensions of self-affine measures

Let v be a compactly supported Borel probability measure in R¢. The Assouad and lower
dimensions of v quantify the extremal local fluctuations of the measure by considering
the relative measure of concentric balls. In particular, a measure is doubling if and only
if it has finite Assouad dimension; see, for example, [11, Lemma 4.1.1]. Write supp(v) to
denote the support of v and | F'| to denote the diameter of a non-empty set F. The Assouad
dimension of v is defined by

dimp v = inf {s > 0 : there exists C > 0 such that, for all x € supp(v)

and forall 0 <r < R < |supp(v)|, % < C<5> }
v(B(x,r r

Check f
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The Assouad dimension of self-affine measures on sponges 2975
and, provided [supp(v)| > 0, the lower dimension of v is

dimp, v = sup {s > 0 : there exists C > 0 such that, for all x € supp(v)

and forall 0 <r < R < |supp(v)|, % > C<5> }
v(B(x,r r

If |supp(v)| = 0, then dimy, v = 0. The Assouad and lower dimensions of measures were
introduced by Kédenmiki, Lehrbdck and Vuorinen [15], where they were originally referred
to as the upper and lower regularity dimensions, respectively. We are interested in the
Assouad and lower dimensions of self-affine measures.

Given a finite index set Z = {1, ..., N}, an affine iterated function system (IFS) on
R4 is a finite family F = {f;};c7 of affine contracting maps f;(x) = A;x + ;. The IFS
determines a unique, non-empty compact set F, called the attractor, which satisfies the
relation

F= fi(F).
iel
Given a probability vector p = (p(i));ez Wwith strictly positive entries, the self-affine
measure vp fully supported on F is the unique Borel probability measure

Vp = Z p(i) vpo fi_l.
i€l
The measure vp has an equivalent characterization as the pushforward of the Bernoulli
measure generated by p under the natural projection from the symbolic space to the
attractor. More precisely, given p, the Bernoulli measure on the symbolic space ¥ = Z
is the product measure pup = p. The natural projection 77 : ¥ — F is given by
a(d) =nw@iz.. . ig...) = lim f;; 0), (1.1)
k—00
where fii,. iy = fiy o fiyo---0 fi,. Thenvp = up o x L
Computing (or estimating) the dimensions of self-affine measures is a hard problem
in general. Moreover, many self-affine measures fail to be doubling (and so have infinite
Assouad dimension) and so some conditions are needed in order to obtain sensible results.
The specific self-affine measures we are able to handle are those supported on ‘Barariski
type sponges’. That is, the A; are diagonal matrices and we assume a separation condition
(the very strong separation of principal projections condition; see Definition 2.1) which,
roughly speaking, says that all relevant projections of the measure satisfy the more familiar
strong separation condition. For such measures we derive upper and lower bounds for the
Assouad and lower dimensions; see Theorem 2.5. Moreover, the upper and lower bounds
agree when d = 2, 3 (see Lemma 3.2) and also in many other cases in higher dimensions.
It remains an interesting open problem whether our bounds are sharp in full generality; see
Question 2.6. One of the main technical challenges in considering ‘Baranski type sponges’
instead of, for example, those of Bedford-McMullen or Lalley—Gatzouras type is that we
have to control the ratio of the measure of approximate cubes with ‘different orderings’.
As such we develop a number of technical tools which may have further application,
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for example the subdivision argument used in proving Proposition 5.4. An interesting
consequence of our results is that there can be a ‘dimension gap’ for such self-affine
constructions, even in the plane; see Corollary 2.7 and Proposition 4.1.

2. Main results: dimension bounds and dimension gaps

2.1. Our model and assumptions. We call a self-affine set F' a (self-affine) sponge if
the linear part A; of each f; is a diagonal matrix with entries ()\fl), e, )\Ed)). When
d = 2 sponges are more commonly referred to as self-affine carpets, and when d = 1
they are self-similar sets. The original model for the self-affine carpet was introduced
independently by Bedford [3] and McMullen [20] and later generalized by Lalley and
Gatzouras [18], Baranski [1] and many others. The dimension theory of self-affine carpets
is well developed, although several interesting questions remain such as whether self-affine
carpets necessarily support an invariant measure of maximal Hausdorff dimension; see
[22]. A recent breakthrough established that this was false for sponges with d = 3 [6], that
is, the existence of a ‘dimension gap’ was established for certain examples. This dimension
gap result resolved a long-standing open problem in dynamical systems.

Generally, much less is known about sponges in dimensions d > 3. The objective
of this paper is to contribute to this line of research. A number of results concern
the higher-dimensional Bedford—-McMullen sponges; see Example 2.4 for the formal
definition. Their Hausdorff and box dimensions were determined by Kenyon and Peres
[16], while their Assouad and lower dimensions were calculated by Fraser and Howroyd
[12]. Olsen [21] studied multifractal properties of self-affine measures supported by these
sponges, and Fraser and Howroyd [13] derived a formula for the Assouad dimension of
such measures. The lower and Assouad dimensions of Lalley—Gatzouras sponges (see
Example 2.3) are also known [5, 14].

Without loss of generality we assume that f; ([0, l]d) C [0, 11¢ and that there is no
i # j such that f;(x) = f;(x) for every x € [0, 11¢. To avoid unwanted complications
with notation, we also assume that

x}") €(0,1) foreveryieZand1 <n <d.

We make one further simplification by assuming that all pairs of coordinates are distin-
guishable, that is,

foranym #n € {1,...,d} thereexistsi € Z such that )»l(") £ xl?'”). 2.1

Otherwise, the sponge is not ‘genuinely self-affine’ in all coordinates. The case when
not all pairs of coordinates are distinguishable can be handled by ‘gluing’ together
non-distinguishable coordinates, as was done by Howroyd [14], but we omit further
discussion of such examples.

The orthogonal projections of F onto the principal n-dimensional subspaces play a
vital role in our arguments. Let S; be the symmetric group on the set {1, ..., d}. For a
permutation o = (o1, . . ., 04) € Sy of the coordinates, let E_ denote the n-dimensional
subspace spanned by the coordinate axes indexed by o7, . . ., 0. Notice that E; = E
as long as {01, ...,0,}and {w1, . . ., w,} are the same sets. The permutation appears in
the notation rather than just the set of indices because the ordering of coordinates will
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play a role in how the subspace is ‘built up’ from its lower-dimensional subspaces. Let
I¢ : [0, 119 — EZ be the orthogonal projection onto E¢. For n = d, I1g is simply the
identity map. We say that f; and f; overlap exactly on E;] if

% (fi(x)) = NI (fj(x)) forevery x € [0, 119.

Observe that if f; and f; overlap exactly on E; then they also overlap exactly on Ej, for
all 1 < m < n but may not overlap exactly on any E;] " for some other o’ € Sy.

Recall that ¥ = ZV is the space of all one-sided infinite words i =i, i7,....In a
slight abuse of notation, we also write i =iy,...,i; € T* for a finite-length word or
ilk =i, ..., i for the truncation of i € X. For r > 0, the r-stopping of i € Xin the nth
coordinate (forn =1, ..., d) is the unique integer L;(r, n) for which

Li(r,n) Li(r,n)—1
[T »"<r< [] ™ (2.2)
=1 =1

We distinguish between two different kinds of orderings. We say that i € ¥ determines
a o-ordered cylinder at scale r if o4 = o4(i, r) is the largest index that satisfies

Li(r,o4) Li(r,o4)
Li(r,04) = min Li(r,n) and )\(0‘1) mm )\("),
i(r, 0a) nell,d) i(r.n) H nell., 1_[
and then
Li(r,0q) Li(r.0q) Li(r,0q)

1_[ )\(Ud) l_[ —}\(Ud 1) l_[ )\(‘71)’ (2.3)

where, to make the ordering unique, we use the convention that

Li(r,o4) Li(r,oq)
if l_[ )\(U") 1_[ )\(U” V' theno, > o,_1.
(=1

It is a strictly o-ordered cylinder if all inequalities in (2.3) are strict. This corresponds
to the ordering of the length of the sides of the cylinder set fjr;¢,q,) ([0, 11%) with
o4 corresponding to the shortest side and o} the longest. Moreover, we say that i € ¥
determines a o -ordered cube at scale r if

Li(r,o0q) < Li(r,04-1) < --- < Li(r, 01). 2.4

Here the ordering is made unique with the following rule: if coordinates k < m satisfy
Li(r, k) = Lij(r, m), then k precedes m in o if and only if ]_[L k) )\(k) ]_[L irk) }\(m).
This corresponds to the ordering of the sides of a symbolic approximate cube to be formally
introduced in §5. Note that the ordering of i as a cylinder or as a cube at a scale r need not
be the same. Of importance are the different orderings that are ‘witnessed’ by ani € X at
some scale r:

= {0 € §; : there existi € ¥ and r > 0 such that

i determines a o -ordered cube at scale r} 2.5)
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and

B:= {0 € S; : there existi € X and r > 0 such that

i determines a strictly o -ordered cylinder at scale r}. (2.6)

Clearly B C A because if o € B is witnessed by j at scale r, then by defining i:=
JILj(r, 04), that is, repeating the word j|L;j(r, o) infinitely often, there is r’ small enough
such that (2.4) holds. We give a more detailed account of the relationship between A and
BB in §3, where we show that A = B for d = 2 and 3, but also present a four-dimensional
example for which B C A. A simple example to determine .4 and B is when the sponge F
satisfies the coordinate ordering condition, that is, there exists a permutation o € Sz such
that

0< )\f"d) < )\l(”d—‘) < - < )\50‘) <1 foreveryi €T. 2.7)

In this case, L, (i, 04) < L,(i,04-1) < --- < L,(i,01) foreveryi € ¥ and r > 0, hence
A = B = {0} and only the projections I1J F play a role in the study of F.

For each permutation o € A we defineindexsetsZ7 2 77 | 2 --- 2 I7 withZ] :=7
as follows. Initially set ZJ = Z7_| = - - - = Z{ and then repeat the following procedure for
all pairs i < j (i, j € 7). Starting from n = d — 1 and decreasing n, check whether f; and
fj overlap exactly on E;, . If they do not overlap exactly for any n, then move onto the next
pair (i, j), otherwise, take the largest n’ for which f; and f; overlap exactly and remove j
from I"f,, I:l’,_l, ..., 17 and then move onto the next pair (i, j). The sets ZJ_,, ..., Z7
are what remain after repeating this procedure for all pairs i < j. In a further abuse of
notation, we denote by I17 : Z — Z7 the ‘projection’ of j € 7 onto Z7, that is,

I7j =i if f; and f; overlap exactly on E andi € 7.

Defining 29 := (Z9)N, we also let T1% : & — X¢ by acting coordinatewise, that is,
71 = I}iy, I35 iz, . . . . For completeness, let T17 be the identity map on X.

Definition 2.1. A self-affine sponge F C [0, 1]¢ satisfies the separation of principal
projections condition (SPPC) if foreveryo € A, 1 <n <dandi, j €7,

either f; and f; overlap exactly on E} or ITj, (f; ((0, DY) N Iy (f; (0, DY =9d. (2.8)

The sponge satisfies the very strong SPPC if (0, l)d can be replaced with [0, l]d .

If (2.8) is only assumed for n = d, the rather weaker condition is known as the
rectangular open set condition; see, for example, [9]. The following are the natural
generalizations of Bararski [1], Lalley—Gatzouras [18] and Bedford-McMullen [3, 20]
carpets to higher dimensions.

Example 2.2. A Barariski sponge F C [0, 11¢ satisfies that for all 0 € Sy and i, j € Z,
either f; and f; overlap exactly on ES or T17 (£;((0, 1)%)) N T1S (£;((0, 1)%)) = @.

In other words, the IFSs generated on the coordinate axes by indices Z7 satisfy the open
set condition. This clearly implies the SPPC.
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Example 2.3. A Lalley—Gatzouras sponge F C [0, 11¢ satisfies the SPPC and the coordi-
nate ordering condition (2.7) for some o € S .

Example 2.4. A Bedford—-McMullen sponge F C [0, 1]¢ is a Baranski sponge which
satisfies the coordinate ordering condition (hence, is also a Lalley—Gatzouras sponge) and

W= = = foralll <n <

Observe that a carpet on the plane satisfies the SPPC if and only if it is either Baraniski
(when #A = 2) or Lalley—Gatzouras (when #.4 = 1). Therefore, this definition combines
these two classes in a natural way. Moreover, for dimensions d > 3 it is a wider class of
sponges than simply the union of the Barariski and Lalley—Gatzouras class. For d = 3, we
give a complete characterization of the new classes that emerge in §4.2.

The very strong SPPC is a natural extension of the very strong separation condition
first introduced by King [17] to study the fine multifractal spectrum of self-affine
measures on Bedford-McMullen carpets. It was later adapted to higher-dimensional
Bedford—-McMullen sponges by Olsen [21]. It is also assumed by Fraser and Howroyd [12,
13] when calculating the Assouad dimension of self-affine measures on these sponges. In
fact, in this case the very strong separation condition is a necessary assumption. Without it
one can construct a carpet which does not carry any doubling self-affine measure; see [12,
§4.2] for an example.

2.2. Main result. In order to state our main result we need to introduce additional
probability vectors derived from p = (p(i));ez by ‘projecting’ it onto subsets Z7 C 7.
Foro e Aand1 <n <d-—11let

py == (] (D))iez; where pJ(i):i= > p(j).
JET:NG j=i

Observe that due to the SPPC, p{ (i) can also be calculated by

po(i) = Z po1(j) where I7/ | = {j € IJ,, 1 115 j = i}. 2.9)
jezﬁl
This gives rise to the conditional measure Pfl;i] = (P:;il ( j))j eIoi along the fibre i € Igfl
for 1 < n < d by setting
» Py (J)
P () = =
-t Po_(0)

where if n = 1 we define I1§7 = @, Z§ = {#} and pg (¥) = 1. This is a natural extension
of the conditional probabilities introduced by Olsen [21] for Bedford—-McMullen sponges.
Form > n and i € I, we slightly simplify notation by writing

. a,l'I57 i X
Py (T7i) = P, """ (TT70). (2.10)
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A specific choice of p has particular importance. For i € Z7 (0 < n < d — 1), define
s7 (i) to be the unique number which satisfies the equation

Z (.}\';(Tn+l))sg(i) =1.

. o}
jEI”_H

This is the similarity dimension of the IFS given by the ‘fibre above’ i. The SPPC implies
that 57 (i) € [0, 1]. We define the o-ordered coordinatewise natural measure as

d
0" = (¢° iz where g% (i) := [ [Onffa) 1 Thia?, .11
n=1
For Bedford—-McMullen sponges, Fraser and Howroyd [12] used the terminology ‘coordi-
nate uniform measure’ since in that case the natural measure along a fibre simplifies to the
uniform measure. This measure has the special property that

n
qr(z’ (i) = Z q°(j) = l_[ ()\g_‘i%l‘))SZ—ﬂnfn—ﬂ)'

JeL:Mg j=i m=1

We are now ready to state our main result.

THEOREM 2.5. Let vp be a self-affine measure fully supported on a self-affine sponge
satisfying the very strong SPPC. Then

max E(p, o) < dimy vp < max E(p, o)
oeBB oeA

and
min S(p, o) < dimp vp < min S(p, o),
occA oeB

where

d . .
— 10 PU 1 10 PU 1
S(p, 0’) = max L_l() and ﬁ(p, O') = min L_l()

=iy Jog WM = ieIy Jog WM

In particular, for the o -ordered coordinatewise natural measure,

d—1 d—1
S(q°.0) =5+ max sgG) and S(q°.0) =s§B)+ min 577 ().

n=1 n=1 "

Symbolic arguments used in our proof are collected in §5, while the theorem itself
is proved in §6. The result generalizes the formula in [13, Theorem 2.6] for dimp vy in
the case of Bedford-McMullen sponges. A sufficient condition for the lower and upper
bounds to coincide is if A = B. This occurs when F is a Lalley—Gatzouras sponge in
any dimension; moreover, we prove in §3 that A = B for all F satisfying the SPPC
in dimensions d =2 and 3. However, A = BB is not a necessary condition. We give
an example in four dimensions for which the lower and upper bounds coincide even
though B C A; see Proposition 3.4. Finding a potential example for max,cg S(p, o) <
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max,c 4 S(p, o) seems to be a more delicate matter and is a natural direction for further
research.

Question 2.6. Ts it true that max,cg S(p, 0) = max,c 4 S(p, o) even if B C A? If not,
then what is the correct value of dimp vp?

2.3. A dimension gap: examples and non-examples. Very often it is the case that one of
the bounds to determine some dimension of a set is obtained by calculating the respective
dimension of measures supported by the set. For example, for the Assouad dimension
Luukkainen and Saksman [19] and for the lower dimension Bylund and Gudayol [4] proved
thatif F € RY is closed, then

dimp F = inf{dimp v : supp(v) = F}
and
dimy, F = sup{dimg, v : supp(v) = F}.

The well-known mass distribution principle and Frostman’s lemma combine to provide a
similar result for the Hausdorff dimension; see, for example, [7]. There is also a relatively
new notion of box or ‘Minkowski’ dimension for measures and again there is a similar
result; see [8, Theorem 2.1]. Therefore, it is interesting to see whether the dimension of a
set is still attained by restricting to a certain class of measures (e.g., dynamically invariant
measures) or if there is a strictly positive ‘dimension gap’.

Self-affine measures supported on carpets and sponges have been used to showcase
both kinds of behaviour. Here we just give a few highlights and direct the interested
reader to the book [11, Ch. 8.5] for a more in-depth discussion. The Hausdorff dimension
of a Lalley—Gatzouras carpet is attained by a self-affine measure [18]; however, this is
not the case in higher dimensions by the counterexample of Das and Simmons [6]. The
box dimension of a Bedford-McMullen carpet is attained by a self-affine measure if and
only if the carpet has uniform fibres; see [2]. The Assouad and lower dimensions of a
Lalley—Gatzouras sponge are simultaneously realized by the same self-affine measure,
namely the coordinatewise natural measure [14].

Going beyond the Lalley—Gatzouras class, one might expect that if 4 = B then one
of the coordinatewise natural measures could still realize the Assouad dimension and
potentially another the lower dimension. An interesting corollary of Theorem 2.5 is that
this is not the case in general. A strictly positive dimension gap can occur on the plane,
noting that dima F and dimp, ' were calculated by Fraser [10] using covering arguments.

COROLLARY 2.7. There exists a Bararniski carpet F such that
inf dimp vp > dima F + 6F (2.12)
p

for some 6F > 0 depending only on F. Moreover, there also exists a Barariski carpet E
such that dimy E = dimp Vg(1.2)-

These families of examples are presented in §4.1. Finding conditions under which there
is a dimension gap also seems a delicate issue.
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Question 2.8. Is it possible to give simple necessary and/or sufficient conditions for
general self-affine carpets satisfying the very strong SPPC for there to be a dimension
gap in the sense of (2.12)?

An unfortunate consequence of Corollary 2.7 is that in general the class of self-affine
measures is insufficient to use in order to determine dimp F'.

Question 2.9. What class P of measures should be used on the plane to ensure
inf,cp dimp v = dimps F? For example, can P be taken to be the set of invariant
measures?

3. Comparing orderings of cubes and cylinders
In this section we establish some further relationships between A and B; recall (2.5) and
(2.6). We say that coordinate x dominates coordinate y, denoted y < x, if

)\fy) <WY foreveryi e T. (3.1

Since any two coordinates x # y are distinguishable (2.1), there actually exists an i for
which the inequality is strict. A consequence of (3.1) is that Lij(r, y) < Li(r, x) for all
i€ X and r > 0; therefore, x must precede y in any o € A. As a result, if there is a
chain of coordinates x, < x,—1 < - - - < x1, then #4 < d! /n!. Moreover, if y < x, then
the orthogonal projection onto the (x, y)-plane must be a Lalley—Gatzouras carpet with
coordinate x the dominant, while if neither dominates the other, then the projection is a
Bararnski carpet. In general, we say F is a genuine Baranski sponge if there do not exist
coordinates x, y with x < y. An example with two maps is if )\id) < )\(ld_l) <. < )\il)
and )\gl) < )\52) <-oe< )\(zd).

We start with a useful equivalent characterization of B by a condition on the maps of
the IFS. Let Pz denote the set of all probability vectors on Z. For a coordinate x and
p € Pz, we define the Lyapunov exponent to be x.(p) := — Y ;.7 p(i) log )\;x). Observe
that if y < x, then x,(p) < x,(p) for every p € Pz. The following lemma shows that
to determine B it is enough to see how Pz gets partitioned by the different orderings of
Lyapunov exponents.

LEMMA 3.1. An ordering o € B if and only if there exists p € Pz such that xs, (p) <
X(Tz(p) <---< Xad(l))

Proof. By introducing the empirical probability vector tiK = (tiK (i)); ez With coordinate
K (: 1 . .
5 (1) ::E#{lgkgK:zk:l}

fori € ¥, K € Nandi € Z, we can express for any coordinate n,

K
. K .
l_[ )"1(;) — H(xl(n))K 5 () — exp [K Z tiK(l) IOg )\I(Zl):| — exp[—K . Xn(th)]

=1 ieT ieT
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By definition, if o € B then there existi € X and r > 0 such that

Li(r.oq) Li(r.0q) Li(r.oq)

l_[ )\(Ud)< l_[ )\(Ud 1) - < l_[ )\(01)_

This clearly implies Xo, () < Xop (P) < - - - < Xog () With p = 7).

Conversely, if xo;(P) < X0, (P) < -+ - < Xo,(P) then there also exists q € Pz
arbitrarily close to p with the property that each element has the form ¢ (i) = a;/K
for some a;, K € N and still x4, (q) < X0,(qQ) < -+ < X5,(q). Then any i € X such that
th =qandr = ]_[f:1 )\S;”’) shows that o € B. O

Consider the set Q := {p € Pz : there exist x # y such that x,(p) = x,(p)}. This is
the union of lower-dimensional slices of Pz. Since all pairs of coordinates are distinguish-
able (2.1), forevery q € Q with x4, (q) < X0, (@) < - - < X0, (q) there exists p € Pz \ Q
with x5, (P) < X6, (P) < - -+ < Xo,(P). Therefore, dropping the word ‘strictly’ from the
definition of B in (2.6) gives the same set of orderings.

The relationship B C A always holds. It is interesting to see whether the inclusion is
strict or not.

LEMMA 3.2. Ifd =2 or 3, then A = B for every sponge F satisfying the SPPC.

Proof. For d =2 the claim is automatic. For d = 3, choose o € A. Then there exist
ie ¥ and r > 0 such that Li(r, 03) < Lj(r, 02) < Lj(r, o1). We claim that the cylinder
SilLir,o0) ([0, l]d) is o-ordered. Indeed, the way we have made the o-ordering unique
implies that

Li(r,02) Li(r,02) Li(r,02)
(03) (02) (o1)
1_[ xiz S 1_[ xie S 1_[ xiz ’
=1 =1 =1

which is equivalent t0 x4, (P) < Xo, (P) < Xo; (p) With p = L i(r92) If the cylinder is not
strictly o -ordered, then based on the discussion before Lernma 3.2 one can construct a
strictly o -ordered cylinder from a small perturbation of p. O

However, in four dimensions the inclusion B C A can be strict. Our example relies on
the following lemma.

LEMMA 3.3. Assume the sponge F satisfying the SPPC is the attractor of an IF'S consisting
of two maps f1, f» ordered (2, 1,3, 4) and (1, 2, 4, 3), respectively. Then

2) 4 (1 1 2
1og WP My 10g(n VAP

(1,2,3,4) e B<— (2,1,4,3) ¢ B+— < .
1og WP ) 10g0n P )

(3.2)

Proof. Projection of F onto the (1, 2)-plane or the (3, 4)-plane is a Baranski carpet
while coordinates 3 and 4 are dominated by coordinates 1 and 2. Therefore, B C
{2,1,3,4),(1,2,4,3),(2,1,4,3), (1, 2,3, 4)}.

Lemma 3.1 implies that (1,2, 3,4) € B if and only if there exists p = (p, 1 — p)
such that x1(p) < x2(p) < x3(p) < x4(p). Notice that x2(p) < x3(p) for any p because
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coordinate 2 dominates coordinate 3. From the other two inequalities x1(p) < x2(p) and
x3(P) < xa(p), we can express p to obtain

log(WSP /2.8) e log(W3" /2$?)
log((15" 1)/ 0572y log((05 1)/ (52

(3.3)

Straightforward algebraic manipulations show that this is a non-empty interval if and only
if the condition on the right-hand side of (3.2) holds.

Similarly, (2, 1, 4, 3) € B if and only if there exists p = (p, 1 — p) such that x,(p) <
x1(P) < x4(p) < x3(p)- This gives the same condition for p as in (3.3) with the inequality
signs reversed, which is equivalent to the reversed inequality in (3.2). O

PROPOSITION 3.4. There exists a sponge in four dimensions satisfying the very strong
SPPC for which B C A. Nonetheless, maxycp S(p, 0) = maxgeq S(p, o).

Proof. The example consists of just two maps. Map fi is (2, 1, 3, 4)-ordered with
PP A ) = 02, 0.4,0.08, 0.02),
and f> is (1, 2, 4, 3)-ordered with
S 20, 08Y) = 0.6, 0.3,0.1,0.2).

The translations can clearly be chosen so that the very strong SPPC holds. Moreover,
AC{(2,1,3,4),(1,2,4,3), (2, 1,4,3), (1,2, 3, 4)} for the same reason as in the proof
of Lemma 3.3.

Our first claim is that (1, 2, 3, 4) € A. Some calculations show that choosing r = 5 x
1072 andi = 11112222222 . .. yields

Li(r,4) =3 < Lj(r,3) =4 < Lj(r,2) = 10 < Lj(r, 1) = 11.

It is also easy to check that the parameters do not satisfy the condition on the right-hand
side of (3.2); hence, (1,2, 3,4) ¢ B by Lemma 3.3. A simple application of Theorem 2.5
shows that max,cg S(p, 0) = maxyeq S(p, o). O

4. Examples

4.1. Planar Barariski carpets with different behaviour. The Assouad dimension of
planar Baranski carpets F was determined by Fraser [10]. Using our Theorem 2.5, we
can check whether dima F' = dimp vp for some self-affine measure vy or if there is a
dimension gap in the sense of (2.12). Surprisingly, both behaviours are witnessed by simple
families of examples. Recall that in the Lalley—Gatzouras class dima F is always achieved
by the (only) coordinatewise natural measure.

Our first example shows a positive dimension gap. Let F be a Baranski carpet which is
not in the Lalley—Gatzouras class that satisfies the very strong SPPC with its first-level
cylinders arranged in a way that there is no exact overlap when projecting to either
coordinate axis; see the left-hand side of Figure | for an example. In particular, this
contains all genuine Baranski carpets defined by two maps. Let a; = XEI) and b; = )\52),
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FIGURE 1. Defining maps for a Barariski carpet with strictly positive dimension gap (left), and where the Assouad
dimension of F is attained for correctly chosen parameters (right).

and define s and ¢ to be the unique solutions to the equations

dai=1 and Y b =1

iel ieT
Without loss of generality we assume that ¢ < s. The very strong SPPC implies that s < 1.
The formula from [10] shows that dim;, FF =t < s = dimp F.

PROPOSITION 4.1. For a Barariski carpet F described above there is a strictly positive
dimension gap, that is, there exists ¢ > 0 such that

inf dimp vp > dimp F + §F.
P
Proof. The condition that there is no exact overlap when projecting to either coordinate

axis implies that p{ (i) = p(i) and so P/ (i) =1 foralli € Z ={l,..., N}. Applying
Theorem 2.5, we immediately obtain

I i) 1 j
dim vp = max { og p(i) log p(i) i I}.

loga; °~ log b;
Since F is not in the Lalley—Gatzouras class and s > 7, there exists £ € Z such that

by > a;.Fix0 < & < by — a; and first consider any p that satisfies p(i) < a; + ¢ for every
i € Z. Then

log p(¢) _ log(aj + )
= >
log by log by

V

dimA Vp =2

by the choice of €.

Now assume that p is such that there exists j € Z satisfying p(j) > aj'. + ¢. Since
Y ier @l =1, the pigeonhole principle implies that there exists k € Z such that 0 <
p(k) < a; —¢e/(N — 1). Using this particular index,

log p(k) S log(a; —¢/(N — 1)) log((1 —&-a;* /(N —1)))
=z =5+ > s
log ay. log ay. log ay

V

dima vp >
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Therefore, choosing

) log(azf +¢) log((1 —¢ - akﬂ/(N —1)))
§F := min -,
log by log ai

completes the proof. O

Proposition 4.1 shows that if a genuine Baranski carpet whose Assouad dimension
is realized by a self-affine measure exists, then its defining IFS must have at least
three maps. Our second example shows that such a carpet does exist using only three
maps. Giving a complete characterization for Baranski carpets with three maps seems
possible but perhaps tedious. However, it is straightforward to give an easy-to-check
sufficient condition (valid for all Barariski carpets) ensuring that the Assouad dimension
of the carpet is attained by a Bernoulli measure. Comparing the formula from [10] with
Theorem 2.5 shows that dimy F = max,c 4 S(q°, o). Therefore, if o satisfies S(q°, o) >
max{S(q®”, ®), S(q°, )}, then dimy F = dimp Vo .

To demonstrate this, consider the Bararski carpet whose first-level cylinders are
depicted with the three shaded rectangles on the right-hand side of Figure 1. To ensure the
attractor is a genuine Barariski carpet, assume a; < b1 and a; > min{b,, b3}. Define r, s, ¢
as follows: b + b} = 1, af + a5 = 1 and b + b} + b} = 1. We assume max{s, 1} < 1 so
that the maps can be arranged in a way that satisfies the very strong SPPC. It follows from
the formulas in [10] that dima F = max{s + r, t}.

PROPOSITION 4.2. Consider a Baranski carpet as on the right-hand side of Figure 1.
Assume s +r > t. If ay > max{by, b3} and b]1+r/s < ay < by, then dimy F = dimp vgo
foro = (1, 2).

Proof. Leto = (1,2) and w = (2, 1). The vector ¢° is
g() =aj, q@2)=a5-by, qQB)=a5-Dbj.
A simple calculation gives E(q", o) =5 +r =dimp F, because we assume s +r > t.
Hence, it is enough to check when g(q", w) < s + r. Another calculation yields
_ log P (i) log P (i)
S, @) = max -5+ max =y
i€ log A\, €1y log \,"”
log a; log a» log a»

=max{s~ —i—r}—i—O.

logbl’s.logb2+r’s.logb3

The last two terms are at most s + r if and only if ay > max{b,, b3} and the first term is at
most s + r if and only if b}+r/ * < ay, completing the proof. O

4.2. Characterization of SPPC in dimension 3. Recall from Lemma 3.2 that A =B
in d = 3 and the notation y < x from (3.1). If no coordinate dominates any other, then
(recall) F is a genuine Barafiski sponge and projection to any of the three principal planes
is a Baranski carpet. For genuine Baraniski sponges with d = 3, it is not necessarily
true that B = S3. For example, take an IFS consisting of two maps with }\(13) < )\52) <

)\51) and )\;1) < )\52) < )\f). Depending on these parameters, only one of the orderings

https://doi.org/10.1017/etds.2022.64 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2022.64

The Assouad dimension of self-affine measures on sponges 2987

(1,3,2) and (2, 3, 1) is an element of B because there is no p € Pz that simultaneously
satisfies x1(p) < x3(p) < x2(p) and x2(p) < x3(p) < x1(p)- BY analogous reasoning,
either (2,1,3) e Bor (3, 1,2) € B.

Assuming that y < x, we have A C {(x, y, 2), (x, 2, ¥), (2, x, y)}. Hence, projection
onto the (y, z)-plane never plays a role. If #.4 = 1, then F is a Lalley—Gatzouras sponge.
There are potentially three possibilities for #.4 = 2:

1) A={(x,y,2),(x,z )}, that is, max{y, z} < x. In this case, the projections onto
both the (x, y)- and (x, z)-planes are Lalley—Gatzouras carpets with x being the
dominant side.

2) A={(x,zy),(z, x,y)}, that is, y < min{x, z}. In this case, projection onto the
(x, z)-plane is a Barariski carpet and y < min{x, z} implies that projection onto
either the (x, y)- or (y, z)-plane can be arbitrary.

The third option is not possible due to the following proposition.

PROPOSITION 4.3. Let F be a three-dimensional sponge that satisfies the SPPC, y < x
and (x, v, 7), (z, x,y) € A. Then also (x, z,y) € A.

Proof. All maps of the IFS defining F' cannot be ordered the same way; therefore, without
loss of generality we assume that

)\EZ) < )\iy) < )\YC) and )\;y) < )\y) < )\EZ) 4.1

corresponding to ordering (x, y, z) and (z, x, y), respectively. We also assume that f; and
/> do not overlap exactly on either the (x, y)- or (x, z)-plane.

According to Lemma 3.1 it is enough to show that there exists p € Pz such that
Xx(P) < xz(p) < xy(p). Consider p= (p, 1 — p,0,...,0) noting that the calculations
that follow can also be adapted to small enough perturbations of p. Straightforward
algebraic manipulations yield

@ < x:(p) = p>A and x:(p) < xy(p) &< p < B,

where
log(15” /35) log(x5” /157)
= 0o m, ad B:i= DNENNCNONS
log(()\z MO/ OGTNT) 10g((>\2 MDA

Additional manipulations show A < B if and only if
log (L2 /1) _ log0? 2
log(L”/A5)  log(hS” /)

which is always true because of (4.1). This completes the proof. O

5. Symbolic arguments

In this section we work on the symbolic space ¥ = Z of all one-sided infinite words
i=iy,i2,...with the Bernoulli measure up = pN. Recall the notation from §2. Through-
out the section a o-order always refers to a cube as defined in (2.4). We define symbolic
cubes whose images under the natural projection (1.1) well-approximate Euclidean balls
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on the sponge F. Let X7 := {i € ¥ :iis o-ordered at scale r}. We define the o-ordered
symbolic r-approximate cube containing i € X to be

Bi(r) :={je X |II;j ATI7i| > Li(r, 0,) forevery 1 <n < d}, (5.1)

where i A j denotes the longest common prefix of i and j. This is the natural extension of
the notion of approximate squares used extensively in the study of planar carpets. Due to
(2.2), the image (Bj(r)) is contained within a hypercuboid of [0, l]d aligned with the
coordinate axes with side lengths at most r. Observe that if i € X7, then for all j € B;(r)
also j € 7. Thus, we identify the o-ordering of Bj(r) with the o-ordering of i at scale 7.
Ifi € X7, then the surjectivity of the maps I implies that Bj(r) can be identified with a
sequence of symbols of length L;(r, o1) of the form

d
(G iLiram)41s - - - DG iLron)emy € X (ZHHEoEionn),

n=1

where we set Li(r, o441) := 0.

The following lemmas collect important properties about the (1 measure of a symbolic
r-approximate cube. The first is the extension of [21, equation (6.2)]. We use the
convention that any empty product is equal to 1.

LEMMA 5.1. The up measure of a o -ordered symbolic r-approximate cube is equal to

Li(r,on) d Li(r.on)

up<B<r>>—]"[ [T ragio=]] H 7 (TG ).
n=1

n=1 {=Li(r,0p41)+1

Proof. From definition (5.1) of Bj(r) it follows that an approximate cube is the disjoint
union of level-L;(r, o1) cylinder sets:

{1 - s JLitrop] - Ty je = T} ig for £ = Li(r, 0, 41)
+1,...,Li(r,on) and 1 < n < d}.
For each such cylinder, up([ji,- - -, jLron]) = L (r ) p(j¢). Summing and using
multiplicativity, we obtain
Li(r,on) Li(r,on)
1p(Bi(r) = H I1 > ph= H [T pragio.
n=1 €=Li(r,op4+1)+1 jel:N j=M3i, n=1 {=Li(r,op4+1)+1

The last equality in the assertion follows from definition (2.10) of P7_, (IT5i,). ]

Remark 5.2. Assume Bj(r) is o-ordered and Li(r,o0,) = Li(r,om_1)=---=
Li(r, oim—y) for some 1 <k <m <d. Then the formula for 1, (Bj(r)) can also be

calculated using the ordering (o1, . .., Om—k—1, ®, Om+1, - - - » 04), Where the first block
is empty if k = m — 1, the last block is empty if m = d and w is any permutation of
Oms Om—1s- -+ Om—k-
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Motivated by the definition of dimp v, the goal is to bound the ratio up(Bi(R))/
up(Bi(r)) for approximate cubes with different orderings. The first step is to consider
when Bj(R) and Bj(r) have the same ordering.

Let Amin := min, ; )\g") and fix o € A. For 1 < n < d, we introduce

_ log P (i log P? (i
k;, := arg max g—(l(), k7 := arg min g—(l()) (5.2)
ieTg  log; on) iezg  log .,
and
log P, (k, log P (kS
50 = g P’ (k,) s . 0g (k) (5.3)

log)\g") Lo log)\,({g”)

With this notation S(p, o) = Zd_ 59 and S(p,o) = Zn | 87, If there are multiple

n
choices for either k: or k; , then choose one arbitrarily.

LEMMA 5.3. Fix 0 € A and assume that both Bi(R) and B;i(r) are o-ordered, where
0< R <1 and r < hpinR. Then there exists a constant C > 1 depending only on the

sponge F such that
S(p.o) . S(p.o)
c! (5) < M < C(E) )
r up(Bi(r)) r

Proof. 1Tt follows from Lemma 5.1 that

d Li(r.on
1p(Bi(R) 1—[ i—[ ) 1
wBiy) 4 L R g
d Li(r,on) (on)
) \log P7_ (TT5ig)/—log N gi
ST T g

n=1 €=Li(Roy)+1

The requirement that r < hpip R ensures that Lij(R, o,,) < Li(r, 0;,) for all n. We bound
each exponent individually to obtain

d Li(r,on)

o0\ _ e BR) T ey VT
(T ) <t () e

n=1 > {¢=L;ij(R,04)+1 {=L;i(R,0n)+1
From definition (2.2) of Lj(r, n) it follows that there exists C > 1 such that

Li(r,n)

-1 r @) r
i< I wWsc (5.5)
£=Li(Rn)+1
which together with (5.4) concludes the proof. O

Now we extend Lemma 5.3 so that Bj(R) and Bj(r) can have different orderings. This
step, which represents one of the key technical challenges in the paper, is not necessary if
F is a Lalley—Gatzouras sponge.
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PROPOSITION 5.4. Assume 0 < R <1 and r < \minR. Then there exists a constant
C > 1 depending only on the sponge F such that

- <£>miﬂaeA S(p.o) _ 1p(Bi(R)) _ C(R>m'dxaeA S(p.o)
= up(Bi(r) '

r r

5.1. Proof of Proposition 5.4. Let oj(r) denote the ordering of Bij(r) and assume
0i(R) # o0i(r). Trying to estimate the ratio up(B;(R))/up(Bi(r)) directly using Lemma
5.1 did not lead us to a proof. Instead, the rough idea is to divide the interval [r, R] of
scales into a uniformly bounded number of subintervals so that the ordering at roughly the
two endpoints of a subinterval is the same. Then we repeatedly apply Lemma 5.3 to each
subinterval. The next lemma allows us to make a subdivision.

LEMMA 5.5. Fix ¢ > 0 such that 1 — ¢ > max,; )\E"). There exists a constant C; =
Ci1(F,p, &) <oosuchthat foralli e ¥ and (0 < R < 1,

ip(Bi(R))
pp(Bi((1 —&)R))

Proof. First assume that 0j(R) = 0i((1 — €)R) = o and consider the symbolic represen-
tation of Bj(R) and B;j((1 — ¢)R). They could be different at indices

Li(R,o,)+1,...,Li(R,0,)+d —n+1 foreachl <n <d,

but necessarily agree at all other indices due to the choice of . Where they agree, the
corresponding terms simply cancel out in pp(Bj(R))/p(Bi((1 — €)R)). Hence, there are
at most 1 +2 + - --+d < d? different indices of interest. An index where they differ
corresponds in up(B;i(R))/up(Bi((1 — ¢)R)) to a ratio p/q, where p > g (p is a sum
containing g by (2.9)) and both p, ¢ are uniformly bounded away from O (simply because
p and g are sums of different terms of p which all are strictly positive to begin with).
Therefore, there exists a uniform upper bound C for p/q. As a result,

wBR)
Hp(Bi((1=&)R)

bl

completing the proof in this case by setting C; = C a?

We claim that even if gj(R) # oi((1 — €)R), there still exists an ordering w such that
the value of up(Bj(R)) is the same when calculating it with oj(R) or w, and likewise the
value of pp(B;i((1 — &) R)) is the same when calculating it with 0 ((1 — €) R) or w. Hence,
we may apply the previous argument to .

To see the claim, first observe that the ordering oj(R) = o can be partitioned into 1 <
K < d blocks along indices d > n1 > ny > -+ - > ng = 1 so that

Li(R’ Gd) == Li(Ra Unl) < Li(Ran1+1) == Li(R7 an)
<o < LiRyong i +1) =+ - = Li(R, ).

The assumption on ¢ implies that Li((1 — €)R, n) — Li(R, n) € {0, 1} for all coordinates 7.
Therefore, we can partition the block Xy :={oy,,...,0,, ,4+1} into Yy U Z,, where

https://doi.org/10.1017/etds.2022.64 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2022.64

The Assouad dimension of self-affine measures on sponges 2991

Ye={neXe:Li((l—e)R,n) =Li(R,n)} and Zy={ne Xy¢:Li((1—-¢)R,n) =
Li(R, n) + 1}. We fix an (arbitrary) ordering of all Y, Z, and define

w:=UZk,Yx,Zxk-1,Yk—-1,...,2Z2, V2,71, Y1).

By Remark 5.2, up(Bj(R)) can be calculated by another ordering that only permutes
elements within any of the blocks Xy. The ordering w clearly satisfies this. It remains
to argue that w also works for oj((1 — €)R).

If neY, and m € Z, (for some 1 < ¢ < K) then by definition Lj((1 —¢)R,n) <
Li((1 —&)R, m). Moreover, If n € Z, and m € Ypy1 (for some 1 <€ < K — 1) then
we also have Lij((1 — ¢)R, n) < Lij((1 — ¢)R, m). These imply that oj((1 — &) R) can be
obtained from w by only permuting elements within a block Y, or Z,. This exactly means
that 1y (Bi((1 — €)R)) can be calculated using w. O]

‘We next define the scales where we subdivide [r, R]. Let
Ry :=inf{r’ > r : 6i(r") = 0i(R)}

and terminate if oj((1 — £)R|) = oj(r), otherwise, for k > 2 until o;((1 — &)Ry) = 0i(r)
define

Ry :==inf{r’ > r : 0(r") = 0i((1 — &) Ri—1)}

concluding with Rjys, where & =¢(r) >0 is chosen so small that 1—¢ >
max{r/ Ry, max,; )\E")}. It follows from the construction that oj((1 — ) Ry) is always
different from the previous orderings, hence M < d!.

We are ready to conclude the proof. We suppress multiplicative constants ¢ depending
only on F by writing X <Y if X < ¢Y. Using first Lemma 5.5 and then Lemma 5.3, we

get the upper bound
wp(Bi(R)) _ pp(Bi(R)) ﬁ pp(Bi((1 — &)Ri-1))  pp(Bi((1 — &)Rup))
mp(Bi(r) ™ pp(Bi(R1)) ) wp(Bi(Ry)) pp(Bi(r))
< (£>S(P»0i(R|)) 11\_4[ ((1 _S)Rk_l>S(PsUi(Rk))<(1 _8)RM>S(P»‘7i(”))
Ry iy Ry r
maXye E( ,0)
< (£> A S(p ‘
r

The lower bound is very similar. Lemma 5.5 is not necessary because p(Bj(R)) =
p(Bi((1 — €)R)) holds for any R > 0 and one uses min,c 4 S(P, o) instead in the last
step. The proof of Proposition 5.4 is complete.

6. Proof of Theorem 2.5

6.1. Transferring symbolic estimates to geometric estimates. The very strong SPPC
implies that there exists 8y > 0 depending only on the sponge F' such that for every o € A,
1 <n<dandi, j eZforwhich f; and f; do not overlap exactly on E;],

dist(T15 (£; ([0, 11%)), TS (£ ([0, 119))) = .
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The next lemma allows us to replace a Euclidean ball B(x, r) with the image of an
approximate cube of roughly the same diameter under the natural projection 7 ; recall (1.1).
It is an adaptation of [21, Proposition 6.2.1]. The short proof is included for completeness.

LEMMA 6.1. Assume the sponge F satisfies the SPPC. For alli € ¥ andr > 0,
7 (Bi(r)) € B(x(i), vd - r).
Moreover, if F satisfies the very strong SPPC, then

B (@), 80 -r) N F S 7(Bi(r)).

Proof. By definition (5.1), the image 7 (Bj(r)) is contained inside a cuboid of side length
Hﬁ‘z(lr’") )\ff) < r in each coordinate n. In the worst case, 7 (i) is a corner of this cuboid
which is then certainly contained in B (7 (i), Jd - r).

We show that j ¢ Bj(r) implies 7 (j) ¢ B(mw (i), 8o - r) under the very strong SPPC.
Assume Bj(r) is o-ordered. Since j ¢ Bj(r), there exist a largest n’ € {1, ..., d} and
a smallest ¢ € {Li(r,oy51)+1,...,Li(r,o,)} such that 17, jor # I7,ip. For this
particular choice, the very strong SPPC implies that

dist(T1Z, (f;,, (10, 1)), 1% (£, (10, 11%))) > do.

Since the projection I, can only decrease distance and T17, j, = I19,i¢ for all £ < £', we
can bound

dist(rr (i), 7 (j)) = dist(IT}, ( (D)), T17 (7 (§)))

>
> dist(TNG (fy iy (00, 1)), IS (fi gy (10, 119)))

-1
2 50 . l_[ ')\l(jn/)
=1
2.2
(>) 8o -7,
completing the proof. O

The very strong SPPC also implies that the natural projection 7 is injective and that
wp(Bi(r)) = vp(mw(Bj(r))) for any approximate cube Bj(r). This, together with Lemma
6.1, implies that foranyie€ Y and0 <r < R < 1,

pp(Bi(R/Nd) _ vp(B(x(@). R)) _ pp(Bi(R/80))
p(Bi(r/80)) ~ vp(B(r(), 7))  pp(Bi(r//d))

Hence, it is enough to consider the ratio pp(B;i(R))/ ip(Bi(r)).

The upper bound for dimp vp and the lower bound for dimg, v, now directly follow
from Proposition 5.4. The lower bound for dima vp requires more work and we give
the argument in the next subsection. The argument for the upper bound for dimy v is
analogous and we omit the details.
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6.2. Lower bound for Assouad dimension. Recall the notation from (5.2) and (5.3).
Using Lemma 6.1, in order to bound dima vy from below, it suffices to prove the following
proposition.

PROPOSITION 6.2. For all o € B, there exists a sequence of triples (R, r,i) € (0, 1) x
(0, 1) x X with R/r — o0 such that

. Sp.0)
up(Bi(R)) C(g) P
up(Bi(r)

for some constant ¢ > 0 uniformly for all triples in the sequence.

r

Proof. Fix o € B. By definition of B, there exist j € ¥ and p > 0 such that j determines a
strictly o-ordered cylinder at scale p; see (2.3). By passing to a finite iterate of the original
IFS if necessary, we may assume that Lj(p, o4) = 1. Therefore, there exists j € 7 with

(04) (0d-1) (o1)
}\j <)\j <--~<)\j .

We use this j together with %Z (n=1,...,d) (see (5.2)) to build the i € ¥ from the
statement of the proposition. We now construct the sequence of triples (R, r,i). This
is done by first choosing a decreasing sequence of R tending to 0 with the first term
sufficiently small. For a particular R the associated r and i are built as follows. First, for

a,bef{l,...,d}and v € Z, write
log 2@
6% (v) = g—fb) > 0. 6.1)
log Ny
Observe that
05" (j) < 1 (6.2)
foralln =2,...,d. Choose r to satisfy
RIFHI=000 7 G0/ Xlg 0 )
max C— o <7 < AminR. (6.3)
ven=2,..d )\1+00;'* DN/ b= 0oy )

min

Choosing r in the range (6.3) is possible for sufficiently small R since the bound on the
leftis o(R) as R — 0 due to (6.2). Moreover, this allows the choice to be made while also

ensuring R/r — oo. Leti =iy, iz, ... € X be such that
ig = EZ
for¢ = Liy(R,0,) + 1, ..., Li(r, o,) and all other entries are j. Note that the upper bound

from (6.3) immediately guarantees
Li(R, o) < Li(r, op)

foralln =1, ..., d.Inorder to show that i is indeed well defined, we claim that the lower
bound from (6.3) guarantees

Li(r, 0n) < Li(R, 0,—1) 6.4)
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forn=2,...,d+ 1, where we adopt the convention that L;j(r, o44+1) = 0. This takes
more work. Proceeding by (backwards) induction, let n € {2, ..., d} and assume that
(6.4) holds for n +1,...,d + 1. The goal is to establish (6.4) for n. By definition of
Li(R, op—1) (see (2.2)),

Li(R.on-1)
AminR < 1_[ )\Esn_l) <R,
=1
and therefore (6.4) will hold provided
Li(r.on)
A= ] 2™ >k
=1

By the inductive hypothesis and construction of i,

n
A = 1_[ ()\5'0,171))Li(R,crg)—Li(r,aHl) (‘}\.;?HI))Li(r’aé)_Li(R’Uk)’
t=d ¢

where we have changed the use of the index ¢ slightly. Invoking (6.1) and using (2.2),

n
A= H()\@))ef,’;lzfl (j)(Li(R,Gz)fLi(r,UgH))(.}\(iz))gag—l ) Latr-o—Li(Rroe)
J %0
t=d
[TEG o0 oy )9;1"‘@?)

"o Ot () n 1
_ on)\Li(R,0¢)—Li(r,o¢+1) =
- < l_[(xj ) ) l_[ (I—ILi(Rm) )\(O'n—l)

t=d t=d 1=y it

Li(R.0n) gor=l(jy n 01 (&)
l—l o\ " l—[ Amin’ ¢ )
=1 {=d

. Yy b, (&)
n—1,. r
2 (Mmin R)QO” ) (xmin E)

> R

by (6.3), which proves (6.4). With the sequence now in place, the result follows easily. For
all triples (R, r, i) in the sequence, Lemma 5.1 gives

d
Mp(Bi(R)) . l—[ l—[ 1
. - Do (i N
pp(Bi(r) ¢=Li(Ro)+1 Py_1Ge)
d Li(r,on)
= l_[ l_[ (X,(Z"))_Sg (by construction of i)
n=1 {=L;i(R,04)+1

d Li(r,on) ~ (on)  —5°
“T1 (fiserion)
- Li(R,0n) + (o)

Hf:l )\'ig
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d 57
‘}\minR "
-1 (=)

n=1
_ S(p.o)
_gan (BY
— “min r
as required. O

6.3.

Final claim for o-ordered coordinatewise natural measures. The claim for the

o-ordered coordinatewise natural measure q° follows from the simple observation that

( Ill) ‘O‘ HG [
o (M0 = g (Ig10) _ H2=1()‘1'(17§;i)vm_|( m-1!) _ ()\(on))s" J(II9_ D)
-1 n = — = — = p= — = o n— n— .
" ar M) T2 gy T

Hence,

log 07, (i)
08 Y1) sg_ (Mg _ji) foreveryi € Z7 and 1 < n < d,
(on) n n n
log \;

completing the proof of the claim.
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