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Abstract

We study L?-spectra of planar self-affine measures generated by diagonal matri-
ces. We introduce a new technique for constructing and understanding examples
based on combinatorial estimates for the exponential growth of certain split
binomial sums. Using this approach we disprove a theorem of Falconer and
Miao from 2007 and a conjecture of Miao from 2008 concerning a closed form
expression for the generalised dimensions of generic self-affine measures. We
also answer a question of Fraser from 2016 in the negative by proving that a
certain natural closed form expression does not generally give the L?-spectrum.
As a further application we provide examples of self-affine measures whose
Li-spectra exhibit new types of phase transitions. Finally, we provide new non-
trivial closed form bounds for the L7-spectra, which in certain cases yield sharp
results.
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1. Introduction and summary of results

The L9-spectrum is an important concept in multifractal analysis and quantifies global fluctua-
tions in a given measure. In the setting of self-affine measures, the L?-spectrum is notoriously
difficult to compute, and is only known in some specific cases, see for example [4, 5] and in
some settings a generic formula is known [1, 2, 6]. Even in some cases where a formula is
known, it is not given by a closed form expression which makes explicit calculations (and the-
oretical manipulation) difficult. Some attention has been paid to the provision of closed form
expressions in [3, 5, 8] and these works provide the main motivation for this one.

First we consider the setting of Fraser [5] and Feng—Wang [4], where the self-affine mea-
sures are generated by diagonal systems. Fraser [5, theorem 2.10] provided closed form expres-
sions for the L?-spectra in many cases, but often required some extra assumptions on the
defining system. He asked if these technical assumptions could be removed and if his for-
mula held in general [5, question 2.14]. We answer this question in the negative by providing
an explicit family of counterexamples, see theorem 3.8. Despite the fact that the predicted
closed form expression does not hold, we are able to provide new, non-trivial, closed form
bounds for the L?-spectra, see theorem 3.11. We also provide examples of self-affine mea-
sures whose L?-spectra exhibit new types of phase transitions, see theorem 3.9. Specifically,
we construct examples where the L-spectrum is differentiable at g = 1 but not analytic in any
neighbourhood of ¢ = 1.

Secondly, we consider the setting of Falconer—Miao [3] and Miao [8] where the self-affine
measures are generated by upper triangular matrices. The paper [3] was mainly concerned
with dimensions of self-affine sets, but towards the end it states a closed form expression for
the generalised g-dimensions (these are a normalised version of the L7-spectra) in a natural
generic setting [3, theorem 4.1]. The proof of this result was just sketched and when the result
appeared later in Miao’s thesis [8, theorem 3.11] the full proof was only given for 0 < g < 1
and the formula only conjectured to hold for g > 1. We show that this formula and conjecture
of Miao are false for ¢ > 1 in general by providing an explicit family of counterexamples, see
theorem 4.4. We are able to provide new, non-trivial, closed form bounds for the generalised
g-dimensions, see theorem 4.5 and also give new conditions which guarantee that the conjec-
tured formula does hold, see corollary 4.6.

A key technical tool is the following growth result for split binomial sums: if one considers
the binomial expansion of (1 + x)*, where x > 1 is fixed, and splits the sum in half, then the
ratio of the two halves grows exponentially in &, see theorem 2.1.

2. Preliminaries and split binomial sums

For background on iterated function systems (IFS) see [9]. We recall some basic concepts.
Suppose we have an IFS {S,};cr consisting of contracting affine transformations of R" where
7 is some finite index set. Then it follows from Hutchinson’s theorem (see for instance
[9, theorem 9.1]) that there exists a unique non-empty, compact set F satisfying

F={ s,
i€l
6332



Nonlinearity 34 (2021) 6331 J M Fraser et al

which we call the self-affine set associated to {S,};cz. We shall be interested in measures sup-
ported on such sets, and a natural class can be constructed as follows. Suppose we have a
self-affine set F given by the IFS {S;};c7 acting on R”, and a probability vector {p; };c7 with
each p; € (0, 1). Then there exists a unique Borel probability measure y on R” satisfying

p=> ppos,
i€T

which we call the self-affine measure associated to {S;};cz and {p;}icz.
We close this section with a technical result which states that a certain split binomial sum
ratio grows exponentially. This result will be used to provide counterexamples later in the

paper.
Theorem 2.1. Letx > 1, then
N
(i ()X 14
lim W = > 1,
k—o0 Zi:O (i)'xl 2\/)_6

where the limit is taken along odd integers k.

Proof. Fix x > I and let k > 1 be odd. Since (*) < (
k
(WZ ) z k+1zl o( ) 1.Hence

ok [k/2] k [k/2] k
-7 < [k/2] < k/2) — ok lk/2]
k+1\<wu>x \§:<> 23() !

i=0 i=

Uc/Zj) forall i =0,...,k we have

It follows that on the one hand

gwww_y(> - ()

[k/2] o [k/2]
Sy (5) Yy (5)
(1 + x) L a + x)
ZWZJ () 7 kylki2]
and on the other hand
k k i i
S ()X _ Y (DA A+of kDAt
k/2] [k P k/2] (k i - k/2] (k i k- |k/2
ZZL:/OJ (i)x ZZL:/OJ (i)x ZZL:/OJ (i)x Dk x [k/2]
Since ;j—‘ > 1 by the arithmetic-geometric mean inequality the result follows easily. ([

3. Diagonal systems and the L-spectrum
We now turn to the first class of IFS we shall study and introduce the L7-spectrum of the
associated self-affine measure. We begin by introducing the necessary background from [5, 7].

Definition 3.1 (L9-spectrum). If ;. is a Borel probability measure on R" with support
denoted by supp(y) then for ¢ > 0 the upper and lower L?-spectrum of 1 are defined to be

108 JGuppny PBOH )1 dpux)
—log é
6333
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and

log fsuvp(u) pu(B(x, )" dpu(x)
—log o

7,(q) = lim;

respectively (where 7,(1) and T #(1) are interpreted as being 0). If these two values coincide
we define the L7-spectrum of y, denoted 7,(g), to be the common value.

This quantity is of special interest in multifractal analysis due to its relationship with the fine
multifractal spectrum. In particular if the multifractal formalism holds then the fine multifractal
spectrum of y is given by the Legendre transform of 7, (for details see [11]).

Definition 3.2 (diagonal system). We say a self-affine IFS is a diagonal system if it is
an IFS consisting of affine transformations of R?> whose linear part is a contracting diagonal
matrix.

Note that necessarily the maps that make up diagonal systems are of the form S;(x,y) =
Ti(x,y) + t;, where T; is a contracting linear map which can be written in matrix form as

=5 2)()

with ¢;,d; € (0,1) and #; € R? is a translation vector.
We shall also assume that our IFS satisfies the following separation condition.

Definition 3.3 (rectangular open set condition). We say an IFS acting on R? satis-
fies the rectangular open set condition (ROSC) if there exists a non-empty open rectangle
R = (a,b) x (c,d) C R? such that {S;(R)}cz are pairwise disjoint subsets of R.

In order to calculate the L7-spectrum 7,(g) of such measures, Fraser introduced what he
termed a g-modified singular value function. To introduce this we begin by defining the pro-
jection maps 7y, 5 : R? — Rby 71(x,y) = x and 75(x, y) = y. It may be shown that the projec-
tions of the measure y1, namely 71 (1) = g o 7, ' and ma(i1) = p o 7, ', are a pair of self-similar
measures. It follows from a result of Peres and Solomyak [12] that the L?-spectra of both of
these projected measures, which we denote by 71(q) == 7, (¢) and 12(q) := Tr,(,1)(q), exist for
q=0.

Let 7 = Uk>1Ik denote the set of all finite sequences with entries in Z. For
i=(,...,ix) €L"letS; = S;, 08, 0---08; andlet p() = p; pi, - - . pj,- Also write oy (i) >
ap(i) for the singular values of the linear part of S; and write c(i) = ¢ ¢, ...c;, and
d@i) = d;,d;, .. .d;,. In particular, for all i = (iy,...,i) € 7%, oy(i) = max{c(@),d(@)} and
az (i) = min{c(@@),d@)}.

Now define 7; : R? — R by

o if el) > dG)
e {m if ¢i) < dGi)

and subsequently define 7;(¢g) by 7;(q) := T,,)(¢). Note that by definition 7;(g) is simply the
L?-spectrum of the projection of ys, onto the longest side of the rectangle S;([0, 1]?). Fur-
thermore as 7; is always equal to 7 or 5, it follows that 7;(g) is always equal to either 7,(g)
or 72(q).

For s € R and g > 0, define the g-modified singular value function, >4 : 7* — (0, c0) by

VM) = pi)an ()@

6334
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and for each k € N define the value ¥} by
W=D ). 3.
eIk

It now follows from lemma 2.2 in [5] and standard properties of sub-multiplicative sequences
that we may define a function P : R x [0, co) — [0, co) by

P(s,q) = lim(T")"/%.

It follows from lemma 2.3 in [5] that we may define another function, v : [0, c0) — R, by
P(~v(q),q) = 1. We shall refer to this function as a moment scaling function. The importance
of this function is the following theorem from [5].

Theorem 3.4 [5, theorem 2.6]. Suppose that 1 is generated by a diagonal system and
satisfies the ROSC. Then
7u(q) = 7(q)-

This tells us that finding a closed form expression for 7,(g) is equivalent to finding a closed
form expression for y(q).

Note that we may approximate -y(g) numerically by functions 7y,(g), where for each k € N
we define (¢q) : [0, 00) — R by

\I,Zk(q),q — 1.

In order to find a closed form expression Fraser defined functions v4, 5 : [0, o0) — R by
Zp;fciﬂ (q)d:_m(q)fﬁ @ _ 1
i€T

and

Z p;l difz(q) C?B(‘])*Tz(q) -1
i€T

The following lemma tells us some useful information about the relationship between v,, vz
and 7 1,72.

Lemma 3.5 [5, lemma 2.9]. Let u be generated by a diagonal system and g > 0. Then
either

max{y4(¢), v8(q)} < 11(q) + 12(q)

or

min{4(¢), 18(q)} = T1(q) + 2(q).

This lemma is particularly helpful as it allows us to state Fraser’s main result on closed form
expressions from [5].

Theorem 3.6 [5, theorem 2.10). Let 1 be generated by a diagonal system and q = 0.
If max{v,(q),v3(@)} < 71(q) + T2(q) then

v(q) = max{ya(q), va(q)}-
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Ifmin{v,(9), v5(q@)} = 71(q) + T2(q), then
11(q) + 72(q) < y(q) < min{v4(q), v5(¢)}

and if either
Zp;]cjl (‘I)d?’A(q)_Tl (@) log(cl‘/di) 2 0
i€l

or
Zp?d;rz(f])c;)’B(q)—Tz(q) IOg(d,'/C,') 2 0
i€T

then 7(q) = min{v,(¢), 75(¢)}.

The fact that we only have an inequality involving y(g) when min{~,(¢), v5(¢)} = T1(q) +
72(q), combined with the observation that the above conditions (the sums involving logarithms)
do not look especially natural, led Fraser to ask the following question.

Question 3.7 [5, question 2.14].

If min{~,(¢), v5(q)} = T1(9) + 72(q) and neither
Zp‘.]c.T‘ @ ial@-71@) log(c;/dy) = 0
i€

nor
Zp{dez(q)c’)’B(q)—Tz(q) IOg(d,'/C,') 2 0
i€T

are satisfied, is it still true that

Y(q) = min{~(q), v8(q)}?

By presenting a family of counterexamples we shall answer this question in the negative. In
particular we provide a family of diagonal systems consisting of two maps equipped with the
Bernoulli-(1/2, 1/2) measure such that

7(q) < min{va(q),78(q)}
forallg > 1.

3.1. A family of counterexamples

We now give examples answering question 3.7 in the negative. We require a family of measures
such that the two conditions in theorem 3.6 fail. At the same time we also need to ensure
that they are simple enough to allow us to estimate ;7 in (3.1) effectively. We prove the
following result, which states that, for a certain explicit family of self-affine measures generated
by diagonal systems, 7,(¢) is not equal to either 7y, (¢q) or vz(g) for all g > 1. Theorem 2.1 will
be of key importance in establishing this result.

Theorem 3.8. Let c,d be such that ¢ > d > 0 and ¢ + d < 1. Let pu be the self-affine mea-
sure defined by the probability vector (1/2,1/2) and the diagonal system consisting of the two
maps, Si and S,, where

=3 2)) e sto=(§ 1))+ (179
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Then, for g > 1,

Y(q) < min{4(¢),78(q)}

More precisely, for g > 1, v4,(q) = v5(q) < 0 and, writing s to denote this common value,

2d/o)?
2 log ((d/c‘)s-‘rl )

e (3.2)

g <s—
Proof. Let g > 1. We begin by noting that due to the relative simplicity of the maps we
are working with it is straightforward to show that 7,(q) = 72(q) = v4(q) = v5(q). We shall
denote this common value by s, and also note that s < 0.
Let k be odd. We may write U} as

U = 3 Han (P (i

iezk

= 27,0’

iezk

(3.3)

using the fact that p = 1/2 and s = 7, (q) = 75(g). Since the maps S and S, commute, we can
write each S; (i € Z¥) as §; = S’ o S" " where i € [0, k] is the number of times S; was used in
the composition of S;. For such maps, since ¢ > d,

a (i) = Cmax{i,kfi} % dmin{i,kfi}
and we can re-express (3.3) as
W = X + Y,

where

and
o lk
vi= > <i>2kq(dkici)s.
i=[k/2]

We now consider the ratio X/ /(1 — X}'). By our binomial result (theorem 2.1) and the definition
of s = 74(q),

i ( ) ) = (279 @ 4 z,qqu))k =1Fk=1
i=0
and therefore
X¢ Sl (k) 274 (A’
T=XE T Sl (2 (ia)”
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We may rearrange (and cancel a factor 27%¢%) to give

X G (@)

=X Zf:(k/ﬂ (]f) ((d/c)s)i.

We note that as ¢ > d and as s < 0 we have (d/c)* > 1. Thus by theorem 2.1,

x{ N\ 2d/ey”
1-x7) T @er+i

=0€(0,1)

as k — oo. Thus we also have (X}) K, § as k — oco. By following similar reasoning we can
deduce the same result for YZ . In particular,

VS (D2 S (4) @)
R S e SR () @)

3.4)

which equals

SE () (w@ery’
o (§) (fer)’

(3.5)

(this follows from relabelling the summation by j = k — i and using the fact that ( kfj) =

(l;)) Note that (3.5) gives exactly the same as the expression we found for X} /(1 — X})

1/k

carlier, and so we must also have (Y/) " — § as k — oo. Therefore

T sq\1/k _ . q q\1/k _
P(s,q) = lim (%) = lim (X{ +¥{) 7" =6 <1
and by definition of P(¢, ¢) and (g)

P(v(q),q) = 1> 6 = P(s,q).

Since P(t,q) is decreasing in ty(q) < s = v4(q) = vp(q), which is enough to show that
v(g) < min{~,(q),v5(q)}. We can upgrade this result to get the stated quantitative upper
bound (3.2) by considering the function P(t, g) more closely. For k > 1 and i € Z*, /(i) >
(cd)** and therefore, for e = s — v(q) > 0,

1/k 1/k

§=P(s,q) = kgg Zz—kqal(i)’)’(ll)-‘rs > klirfo (c d)sk/Zzz—kq a1 ()'@
icTk icTk

= (cd)*P(7(q), q) = (cd)”*
and therefore

2 log §
log(cd)

s=y(g)=¢e>
which proves the theorem. U
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3.2. New examples of phase transitions

Here we record a simple consequence of theorem 3.8 relating to phase transitions. We say that
the L9-spectrum 7,(q) exhibits a first order phase transition at a point t € R if the derivative of
7, is discontinuous at 7. Likewise we say 7,(g) exhibits an nth order phase transition att € R
if its derivatives up to the (n — 1)th order are continuous at ¢ but the nth order derivative is
discontinuous at this point.

The differentiability of the L7-spectrum is important and has many interesting conse-
quences. Key among these is the fact that if 7;(1) exists then its absolute value gives the
Hausdorff dimension of the measure in question, see [10]. We can use theorem 3.8 to provide
examples of behaviour relating to higher order phase transitions at ¢ = 1. We are unaware of
any other method for constructing such examples.

Theorem 3.9. There exists a planar self-affine measure 11 defined by an IFS satisfying the
ROSC such that 7, the L?-spectrum of |, is differentiable at ¢ = 1 but not analytic in any
neighbourhood of ¢ = 1.

Proof. Consider the planar self-affine measures considered in theorem 3.8. As the functions
T1, Ty are the L7-spectra of the measures 7, mo4 and these measures are self-similar and
satisfy the open set condition, it follows that they are real analytic on (0, 00), see [9, chapter
17], (in particular, they are differentiable at ¢ = 1). We can therefore apply theorem 2.12 in [5]
and conclude that the function 7y(q) is differentiable at ¢ = 1, so that 7, = = is differentiable
atg = 1.

Observe that the function v, = -5 is also real analytic on (0, c0), since it inherits analyticity
from 7, 7, via the analytic implicit function theorem. We know that v(q) = v,(q) = 5(g) for
q € [0, 1] but v(g) < v4(q) = vp(q) for g > 1, see theorem 3.8. It follows that 7, = ~ cannot
be analytic on any neighbourhood of g = 1. (]

Question 3.10. How many derivatives does 7, = v have at ¢ = 1 for the measures p
considered in theorem 3.8?

3.3. New closed form lower bounds

We now know that y(g) is not in general given by either the maximum or minimum of 7,(g)
and y5(q). However, by developing a quantitative version of the argument in [5] used to prove
theorem 3.6 we are able to provide new closed form lower bounds for (g) for all planar
diagonal systems. Given x € R we write x™ to denote the maximum of x and 0.

Theorem 3.11.  Let i be a self-affine measure generated by a diagonal system and let g > 0.

Then

v(q) = max{La(q),Ls(q)},
where
4,.71@ A @D1D (oo /dy)\
ierPiCi 4 og(c;/d;)
La(q) = 1a(q) — ((WA(CI) —71(q) — TZ(‘I)}ZZ;I Pl @ ga@=n@) log(c/') )
IS I’ 1 i
and

T b - +
ZieIp:_idiz(f])c?B(q) 2(9) log(d,-/c,-)
Ziezpf]d?'2(‘1)6?8(4)*72(q) log(d,)

|2

Lz(q) = vp(q) — ((73(61) - 11(q) — 12(q))
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In particular,

Ziezp;}cn(q)dlm(q)fn(q) log(c,-/d,-)

1

ZieI piq @ d;‘/A @-71@) 14 a(ci)

L

and

Ziezplqdlfz(q)clf/s(q)—fz(q) log(di/c,-)
ZieIp?dz—2(q)ci,B(q)7T2(q) log(d,)

are both strictly less than 1, which ensures that this result provides a strictly better bound than
Y(q) = T1(q) + T2(q) in the case when ~v(q) < min{y,(q), v5(q)}.

Proof. We prove that v(q) > La(g). The inequality v(q) > Lg(q) follows by an analogous
argument which we omit. Let {6; } ,c7 denote an arbitrary probability vector, and foreachk € N,
define a number n(k) € N by

n(k) = [0k
€T
Note that k — |Z| < n(k) < k. We consider the n(k)th iteration of Z and define
Te={=Groeoovu) €ET"® i #{m: j, = i} = |0k foreach i € T},
noting that
n(k)!
HieI Iﬂikj I
We also define numbers ¢, d and p (for which we suppress the dependence on k) by

c = chikj , d = Hdwikj, p= HP_WikJ .

i€l i€l i€l

|kl =

First assume that Hiezc?" > Hiezdf" . In particular this assumption implies that ¢ > d for k
sufficiently large. Indeed

k
c= l—Iciw"kJ > (Hcf’)

icT ieT
and
k ~1
d=[]a"™ < (def) (Hd,-)
i€Z i€Z i€Z
and therefore ¢ > d for all

—log (Hieldi) .
log ((Hiechi) / (HiEId?i))

Therefore, for all sufficiently large k,i € J; and s € R,

k>

(@) = pleh @ gs—1@ (3.6)
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By definition of ¢, d and p we may write this as
Y@ = H (p 1(q)ds n(q))L J_
icT

We now introduce a form of Stirling’s approximation which states that for n € N sufficiently
large

nlogn—n<logn! <nlogn—n+logn.

Using this as well as (3.6) we find that for k sufficiently large

log (034,) > log Zz/;”(i)
icJy

— log <|-7k|H (pfer@a; T“’”)“”“)

i€

(log n(k)! — Z log|6:k]! + Z |6:k| log ( 9@ g T](q))>

i€l i€

> <n(k) log n(k) — n(k) — >_ |0:k| log|0:k| + > 0k

i€Z i€
" toglbik] + 3" [6ik] og (pf ' a: (q))> |
i€T i€Z

where the last line follows from the above version of Stirling’s formula. Continuing to bound
and introducing an exponent of 1/n(k) we get

o Um 1
log (W)™ > — (n(k) log n(k) — > k] log k — Y |6k log ¢;

}’l(k) icT icT

_ Z log|6ik| + Z |0k | log (p?ci” (q)d;'—n(q))>

i€l €T

> % (n(k) log n(k) — n(k)log k — Z log| 0:k|
i€

q Tl(‘]) s—T71(q)
pl 1 dl
+ > |6ik] log (*»

i€l

-z
>log(k k| |) leogﬁk

i€l

q Tl(‘]) s—T71(q)
: pl l dl

i€l
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where the last line uses the fact that k — |Z| < n(k). Taking the limit as k — oo the right-hand

side tends to
1(q)ds T1(q)
ZG log<p” 7 )

i€l

If this is non-negative then
s 5.\ 1/n(k)
P(s,q) = lim (W,6)) 7 > 1

and therefore v(g) >
Second, assume that [Tier ¢? < TT,czd”. In this case, a completely analogous argument

proves that if
qd-rg(q) s—72(q)
20 10g (pl i 9 C; ) 2 0

i€l

then P(s,q) > 1 and so v(q) > s

Finally, if [],.; ¢/ = [],.; d" then we cannot guarantee that ¢ > d or d > c for all k suf-
ficiently large. We can however conclude that we must have either ¢ > d or d > ¢ (or both)
for infinitely many k, so by choosing an appropriate subsequence we can reduce to one of the
above two cases. Since we do not know which case we are in (¢ > d or d > c) we must require
that both of the above summation conditions hold. Putting the above three cases together we
have therefore shown that

v(q) = sup {s : there exists a probability vector {6;};cz such thateither

P 1(11)d‘ 71(q)
W [[el > []d!" and > "6, 1og >0
i€l i€l i€l !
pqd‘fz(q) s—12(q)
or(Z)Hc <Hd andZG log | =+ 9’ >0
i€l i€l el i
pq Tl(q)dS T1(9)
or 3) [[e/" =[] andboth > 6; log | = G 9' >0
icT ieT ieT /
q Tz(q) s—72(q)
pid:
and 0; lo pidii G >0,.

In the above we have the freedom to choose a probability vector {6, };cz. A natural choice here,
suggested by considering Lagrange multipliers, is to take

{0}ier = {P: ll((l)d’)A(‘]) Tl(’l)}A
i€l

(note that this is indeed a probability vector by definition of vy, ). We now let s = v,(g) — ¢ for
€ > 0. We want to see how small we can make ¢ (ideally we want € = 0) such that the two
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conditions hold simultaneously. The first holds trivially, since

1(q)d”m(q)— —-71(q)
Zpl ll(‘])d"{A(‘]) T1(q) log <pz i )

]
i€l P, i

1(q)d’m(q) 71(9)

— ZP?C;I(Q)d;/A(‘I)*TI(q) log(dl—s) 2 0
i€T
For the second to hold, we require

o Do pdaQ(q) Ya(@)—e—72(q)
(@) al@—Ti(q i4i G
ZP; ¢ d; log 9 71@D 1a@-T1(q) > 0.
P pi¢; i

Rearranging this, we see that this is equivalent to requiring

ZzeIp: ll(q)d“/A(f]) 71(q) log(c,/d)

(@)—71(q)
Z,ezl’? lﬂ(q)dm 9)-71(q log(c,-)

Z (7a(q) — 11(g) — 12(q)) (3.7)

We note that when Fraser’s original condition from theorem 2.10 in [5] holds, namely if

sz ll(q)d’m(q) 71(9) IOg(C /d)
i€

then right-hand side of (3.7) is negative so we may take ¢ = 0. Otherwise we use the bound
for £ given in (3.7). Putting these two cases together therefore gives us that

+

Zzel’pz l1(q)dm(q) T1(q) log(c,/d )
'Y(q) = ’VA(Q) - ((’VA(q) - 7'1(6]) - TZ(Q)) ZleIplq ;rl(‘l)d:!A(‘l) 71(q) IOg(C,')
Finally we note that

Zzezpz l1(q)dm(q) T1(q) log(c,/d) ZzeIpl l1(q)d:m(q) 71(q) log(d;)

S _ P TOGADTD o) =1- S T DD (o0 ) <l
so our lower bound is indeed an improvement on
(@) = 11(g) + 12(q)
in the case when v(g) < min{v,(¢), v5(q)}. O

3.4. An example

Here we present an example of a diagonal system satisfying the assumptions of theorem 3.8
where we take ¢ = 3/4 and d = 1/4, which is displayed in figure 2. We know from theorem
3.8 that 7,(g) = y(g) is not given by the maximum or minimum of 7,(¢) and yz(q) for g > 1.
It is therefore natural to seek bounds for the L7-spectrum.

Let ¢ > 1. Focussing on upper bounds, theorem 3.6 implies that, for ¢ > 1, vy,(q) =
vs(q) = T1(q) = T2(q) = s < 0, where s is the solution of

279 +2749d =1,
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-20- 71(q) +72(q)

Figure 1. Graph of our new upper and lower bounds for the L?-spectrum (solid lines),
labelled by the theorem they come from. For reference we also show graphs of the pre-
viously known upper bound min{~,(¢),v5(¢)} (long dash) and the previously known
lower bound 7(g) + 72(g) (short dash), as well as the lower bound 1 — ¢, which is
specific to this setting (dots).

1 1A
08 0.8
06 0.6
04 044
02 024
0 0 ; ; )

0 02 04 06 08 1 0 02 0‘,4 06 08 1

Figure 2. Left: images of the unit square under the two maps used above. Right: the
associated self-affine set.
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and

@jcr+1
log(cd)

2 log (2<d/c>»"/2)
Vg < s — —— L

Concerning lower bounds, theorem 3.11 implies that

v(g) = max{LA(q),LB(q)} _ (2 B ¢’ log(d) + d* 10g(c)> |

¢ log(c) + d* log(d)

We also note a couple of trivial lower bounds. Since y(0) = 1 (the box dimension of the support
of p), v(1) = 0, and +y is necessarily convex, it follows that 1 — g is a lower bound for 7,,(¢).
We also know that 71(g) + 72(q) is a lower bound for 7,,(¢), see a remark following [5, question
2.14]. Figure 1 shows a plot of these bounds for g € [1,20]. We see that our new lower bound,
max{Ls(q), Lp(q)} is a strict improvement on the lower bound of 1 — g outside of the range
(1.7,9.3).

4. Generalised g-dimensions in the generic setting

In [3] Falconer and Miao considered self-affine sets and measures generated by IFSs consisting
of upper-triangular matrices. This paper was mainly concerned with dimensions of self-affine
sets, but towards the end of the paper they stated a closed form expression for the generalised
q-dimensions in the measure setting (here, generalised g-dimensions simply refer to the L9-
spectrum normalised by 1 — ¢). We show that in fact their formula does not always hold when
g > 1. We begin by recalling some definitions and notation from [3].

Definition 4.1. Suppose T is an n x n contracting matrix. Then for 0 < s < n the singular
value function ¢°(T) is defined to be

s s—m1
(1) = ... oy, ",

where oy > ap > - - - > « are the singular values of 7" and where m is the unique integer such
that m — 1 < s < m. For s > n we define ¢°(T) to be

¢X(T) = (041042 ‘e an)s/n.

For a finite Borel measure ;o on R" and ¢ € R, g # 1, Falconer and Miao discuss the gen-
eralised g-dimensions of u, denoted D,(u). This is simply defined to be the L?-spectra of
normalised by 1 — ¢, that is

7u(q)
Dy(p) =

q(M) 1—g
provided the appropriate limits exist. In order to calculate the generalised g-dimensions of
self-affine measures j associated with contracting upper triangular matrices 7'y, ..., Ty and
probabilities p, . .., py Falconer and Miao studied the quantity d,(Ty, ..., Ty, p) defined, for
each ¢ > 0 (¢ # 1) to be the unique ¢ satisfying

1/k
i ! .l—(]{{ =
lim | ST L.

iczk
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This approach was introduced in [1] where it was shown that for ¢ € (1,2) the generalised ¢-
dimensions of a self-affine measure is generically given by d,(T'i, . . ., Ty, () in an appropriate
sense. See [2] where further results along these lines were obtained for almost self-affine mea-
sures. It is therefore of great interest to provide closed form expressions for d (T, ..., Ty, )
or at least to be able to estimate it effectively. We state the result using our notation and only in
the planar case, although it is possible to apply our methods to the higher dimensional setting.

LetTy,..., Ty denote a collection of contracting non-singular 2 x 2 upper triangular matri-
ces and let ¢;, d; denote the diagonal entries of the ith matrix. Define a function Py : [0, 2] X
[0, D) U (1, 00) — [0, c0) by

N N
max {Zp?cﬁ(lq), p?df(lfq) , 0<r<1
i—1

i=1

Pz, CI) = N N
max {Zp? (2" ed) ™) 0 pl (2 (i) ) ”} . 1<i<2
i=1 i=1

and, for each ¢ € [0, 1) U (1, 00), let up(g) be defined by Py(uo(q), g) = 1, provided a solution
exists and otherwise simply let uy(g) = 2.

Theorem 4.2 [3, theorem 4.1). Let 11 be a planar self-affine measure generated by an IFS
of upper triangular matrices as above. Then for g € [0, 1)

d[](T17 ] TN? N) = uo(q)'

In the paper [3], this result was suggested to hold for all ¢ > 0 (¢ # 1). The result appeared
again in Miao’s PhD thesis [8, theorem 3.11] in which he noted that, in fact, he could only
establish the result for ¢ € [0, 1). Miao conjectured that the result should still hold for g > 1,
see discussion leading up to [8, theorem 3.11]. Our main result in this section, which is essen-
tially an analogue of theorem 3.8 adapted to this situation, proves that theorem 4.2, does not
hold for ¢ > 1 in general.

We note that the approach in [3, 8] does provide a lower bound for d (T3, ..., Ty, ;) for
g > 1, thatis, forallg > 1,

d(](Tl, ety TN, ,u) 2 MO(CI)

4.1. A family of counterexamples relating to generalised q-dimensions

Before considering the range ¢ > 1 we note that a better lower bound than u((q) is available
simply by changing the maximum to a minimum in the definition of Py, which is natural for
q > 1. We define P : [0, 2] x [0, 1) U (1, 00) — [0, 00) by P;(t, ¢) = Po(t,q) for g € [0, 1) and
forg > 1by

N N
min {ZP?C?”),ZP?G’?(”)} , 0<r<1
i=1 i=1

Pyt q) = N N
min {Z P (e ey ™) S (@ (ed) ) ”} . 1<
i=1 i=1

Let u(gq) be defined by P(u(g),q) = 1, provided a solution exists and otherwise simply let
u(q) = 2. Note that u(q) = uo(q) forg € [0, 1) and u(q) > uy(q) for g > 1 with strict inequality
a possibility. This inequality comes from the fact that the functions that we are taking the
maximum or minimum of are increasing in t for ¢ > 1. We expect that when conjecturing a
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closed form expression for d (T, ..., Ty, p) for g > 1, Miao [8] was thinking of u(q) rather
than uy(q).

Lemma 4.3. Forallq > 0(q # 1) we have
d(](Tl, ety TN, ,u) 2 u(CI)

Proof. It suffices to only consider the range ¢ > 1 since for ¢ < 1 this result is covered
by [3, 8]. Write a(i) > an(i) for the singular values of the matrix 7;. Firstly suppose that
0 < u(g) < 1 and therefore

1— . 1—
quu(q)(Ti) qp;i _ Zal(l)u(q)( q)p;I.
icTk icTk

By definition of (i) we have a; (i) = max{c;, d;} and since u(q)(1 — g) < 0 it follows that
ay ()H0-9 min{cﬁ’(q)(lfq), d,f’(q)(lfq)}. Therefore

> T)

icTk
. 1- 1-
< min Zc?((l)( f])pl{{, Zd’fl((l)( ‘])p:I — PS(u(q)’ q) — 1’
icTk icTk
where we have used the fact that ¢; and d; are multiplicative in i. Therefore, for r = u(q),
1/k

: trrNl—q . q
lim | > a @) | <1

icTk
and since the expression on the left is increasing in ¢t (since g > 1)
d(](Tl, ety TN, ,u) 2 u(CI)

If 1 < u(g) < 2, then the proof follows similarly noting
6T~ = (@ar@" @)
< min { (¢ (™)™, (e )}

We leave the details to the reader. |

Despite this simple improvement on the lower bound, we prove that d(Ty, ..., Ty, 1) is
still not generally equal to u(q) forg > 1.

Theorem 4.4. Let c,d be such thatc > d > 0 and ¢ + d < 1. Let p be the self-affine mea-
sure defined by the probability vector (1/2, 1 /2) and the diagonal system consisting of the two
maps, Ty and T,, defined by

=3 2)) =4 1))+ ()

For g > 1 let u(q) be defined by P;(u(q), q) = 1, that is, u(q) is the unique solution of
MU=y =q o pua)d-ay—q _ 1
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Then, forall g > 1,
dy (T, Ty, 1) > u(q).

More precisely, for all g > 1,

2(c/dy“Da—D/2

(c/dy"@(q—1 41
(g — 1) log(cd)
Proof. We adapt the proof of theorem 3.8. Let g > 1, k be odd, and consider the following
sum

dq(Th T23 M) 2 M(C]) +

S g g = o -02-t,

iczk icTk

noting that u(g) < u(0) < 1. As before we see that for i € Z* if T, appears i times in the
composition of 7; and T, appears k — i times, then, since ¢ > d,

i) = Cmax{i,kfi} % dmin{i,kfi}

and so the above is equal to

i i .

i=0 i=[k/2]

We again define X} and ¥/ to be the left and right terms of this expression. Continuing with
exactly the same approach as in the proof of theorem 3.8 and applying theorem 2.1, where in
this case x = (c/d)“?@~D > 1, we find that

1/k
: u(q) (T N1—q a0 _ 1 q q\ 1/k
Jm %d) I _kgg(xk+yk)
US

2(c/d)y @/
= Cjayaangy o<t

Recall that since 1 — g < 0, it follows in this setting that
1/k

: te. lfq{]
lim | 70T

icTk
is a strictly increasing function of ¢ and therefore
dq(Th T23 M) > M(C])

as required. We can upgrade this result to get the stated quantitative lower bound by considering
the definition of d,(T'y, T, ) more closely. Fork > 1 andi € Z¥, we have o (i) > (cd)*/? and
therefore, for e = d (T1,T>, ) — u(g) > 0,
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1/k 1/k
1 u(q) (1 —q .4 — 1 N\u(@(1—q)n—kq
0= lim | Y ¢ p; lim | “on @) @102
icTk icTk
1/k
> (cd)s(f]—l)/z ,}Lﬁ Za1(i)dq(Tl’TZ’”)(l_q)Z_kq
icTk
— (cd)s(f]—l)/z
and therefore
2 log §
dy(Ty, Tz, 1) — u(g) = T
! (61 — D) log(cd)
which proves the theorem. ([

4.2. New closed form bounds for generalised dimensions

Despite the fact that d (T, ..., Ty, ) is not given by the value predicted by Falconer—Miao
[3, 8] ¢ > 1, we can still find upper bounds in the case when our matrices are diagonal by
following the approach of section 3.3. To simplify notation and aid readability, we only pursue
such bounds in the planar case but higher dimensional analogues could be proved similarly.
For convenience here we let Z denote the set {1,...,N}. We also let #1, 15, 51, 52 be defined by
the following equations:

N

g n(-q) _ q gr(1—q) __
Zpl 11 Zpidi - 1’

i=1

N N

1—q I—q
2 :P? (c?fsl(cidi)n—l) =1, 2 :P? (dlgfsz(cidi)sz—l) -1,
i=1 i=1

and, as in the previous section, define u(q) by Py(u(g), g) = 1. We may assume that u(g) < 2, as
otherwise there is nothing to prove, and we note that u(g) is always equal to one of ¢, 1, 51, 5.
Once again we write xT for the maximum of x € R and 0.

Theorem 4.5. Let ;1 be a self-affine measure generated by a diagonal system in R* and
assume that g > 1.

(a) If 1 < u(q) <2 then
dq(Tl, ey TN, /,l,) g mll’l{ U1 (q), Uz(q)},

where

0 qd(n D=a) 4 d:
Ui =51 + ((2—s1)z'd”’ : ostei/d)

I—g j(s1—D(1—q)
Ztezp? ¢ thSl o log(ci)

and

; +
ZieIpzdliq (s2=1)(1—9) log(d,-/c,-)
Z qdl q 552 D(1—q) log(d,)

iezPi 4;

Ux(q) = 52 + ((2 —52)
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Here

Sierpiel d " log(ci/dy)
Ziezl’?ciliqd:('sl_l)(l_q) log(c;)

and

Sierpld! e log(di/e;)
Siezpld; e VD Jog(d))

are strictly less than 1, which we emphasise as it ensures that this is a strictly better bound
thand,(Ty, ..., Ty, 1) < 2.

) 1. If0 < ul(q) < 1 then

dq(Tl, ey TN, /J,) g min{Vl (q), Vz(q)},

where

+
S iegplel log(cz-/di)>

Vi) =t + [ 1
= (1 S ierple! " log(dy)

and

. {]d{Z(l_‘]) 1 d ) +
Vz(l]) =h+\|0h Z'GIPI L e )Og( l/cl)
dierpid? % log(ci)

provided min{V1(q), Va(q)} < 1.
2. If0 < u(g) < 1 and min{V,(q), Va(q)} > 1, then

dy(Ty, ..., T, p) < min{Wi(q), Wa(q)},

where

Wi(g) = 1 + max {A(¢), C(¢)}*
and

Wa(g) = 1 + max {B(¢), D(¢)}*
and where

S el Nog(d;/ i)
Sierple T log(dy)
S ierpld? ! log(ci/dy)
Sierpld? ™ log(cy)
Szl log(ei/di)
Szl log(er)

D iczP! 1{2(1_(1) log(d;/c:)
Ziezp?d?(lfq) log(dy)
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Proof. The proof follows the strategy of the proof of theorem 3.11 and so we suppress some
common details. Let {6;};cz denote an arbitrary probability vector and, for each k € N, define
n(k) € N by

n(k) =y [0k
i€z
Recall that k — |Z| < n(k) < k. We again consider the n(k)th iteration of Z and define
Te=4=Grseoovu) €TV #{m: j, =i} = |0ik] foreach i € T}
noting, again, that
n(k)!
Hiez L9 ikj I
We also define numbers c, d and p by

c= chikj , d= Hdwikj, p= pr ik] )

i€T i€T i€l

Tkl =

(a) Firstly we shall consider the case when 1 < u(g) < 2, so in this case u(q) is given by either
s1 and s;, which are defined above. Also assume that Hlech’ > HzEIdl . We know from
the proof of theorem 3.11 that this condition implies that ¢ > d for & sufficiently large. We
then have that for alli € 7, and s > 0 that

() ~1p! = (cd™ ") " p? = plc!—9ge— D0~
which by definition of p, ¢ and d we may write as
o [0ik]
o ('~ pf = T (pfel 2t 0)
i€l

Using exactly the same reasoning as in the proof of theorem 3.11 (simply replacing
Pl g 1@ by plel=1qS DDy we may show that

1/n(k)
o k— 7] 3
§ AN q
icnk) i€l
q01-4 (s—D(1—¢q)
pic; d;
9 1 i ™
+ E og ( ) )
i€Z

which converges to

—q 4(s—1)(1—q)
Ze 10g (pz i de )

i€
as k — oo. If this is greater than or equal to 0 then we get that
1/k
: scral—q 9 >
lim (Y o @mpl| >1

icTk
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and therefore

d(](Tl,"'aTNau) g N

This follows because when g > 1 the above limit is a strictly increasing function of s (as
opposed to when 0 < g < 1, when it is a strictly decreasing function of s). As before we
can use a very similar argument when H,-dc?" < Hiezdf". Combining these cases we find

that
dy(Ty, ..., Ty, p) < inf {s : there exists a probability vector {6;};cz such thateither
pq qd(s D(1—9)
1 1 viti %% ¢ >
M [[el > [ and D ;i log J 0
i€Z i€Z i€Z
pqdl qc(v D(1—q)
2 1 [ Bt B 2
or (2) Hc < Hd and ZG og 0 0
i€ i€ i€
6 P qd(Y DHl-¢q)
3 d;" and both » 6; 1 Cat ot B R Y
or()Hc H and bo Z og b
i€Z i€Z i€Z
g g1—q (s—D(1—q)
pid; c;
and O;log| +—+—*+—1>0>.

Once again, we have the freedom to choose a probability vector. Natural choices here

- q( 2 A P o1\
would be to take either { p (ci (c;idp)*! ) D ( A (e ) ,
ieI i€Z

which by definition of s; and s, are indeed probability vectors. Recall that u(g) is given
by either s; or s,. Choose

{6; }zeI—{ (2 ey~ 1) q} {plq clage D= q)}

We also replace s in the above by s; + ¢, where ¢ > 0is small enoughsothat 1 < s +¢ <
2 (note this clearly does not affect any of the above calculations). We want to investigate
how small we can choose €. We again require two conditions to hold, the first of which
holds trivially since

o e pleligeire=bi=0
q 1—q 4(s1— —-q i
Zpici d; log il g =D

i€ i Ci

_ ij_fcil—qdl(sl—na—q) log (d;’“‘")) >0.
i€l

i€l e’

For the second condition to hold, we require

) qdl—q (s1+571)(1 Q)
—q 3s1— -q
ZP, ¢ 'd; log 7. qdm nig | =0
icT pl i l
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which, rearranging, is equivalent to

ZzeIpz ; qd(‘l DH(l-¢q) IOg(C /d)

€22 —ys1) r
1 dierpic 14d D Jog(cy)

This implies that

d[](T17 e aTN’ N)

Sierpfe; d " log(ei/dy)
<+ <(2 —s1) S plel 400D oo (cr) = Ui(9).

iezPi Ci

Note if the right-hand side of the above lower bound for ¢ is negative then we take ¢ = 0,
which is why the * appears. Finally note that

Zlelpt C; th(Sl i log(cl/d) -1 ZzeIpl l th(Sl D=4 log(d) 1
S e Ao D | - 10 o 0D o0, <
lEIpl i Og(C ) ZlEIpl i Og(C,)

so our upper bound is an improvement on

d(](Tl,"'aTNau) g 2

The other upper bound d, (T, ..., Ty, 1) < Ua(g) is proved similarly and relies on the
other natural choice of {6;}.

(b) We shall now assume that 0 < u(g) < 1, so here u(q) is given by either ¢, or t,, defined
above. Considering again the n(k)th iteration of Z and first supposing that Hiech" >

[1,czd”, then for alli € J; and s € [0, 1]
ST p] = Pl

We use exactly the same reasoning as above and find that in this case

dy(Ty, ..., Ty, p) < inf

{s € [0, 1] : there exists a probability vector {6;},cz such thateither

-0
(D Hc >Hd andZ@ log (p? ’. ’1> >0

l

i€Z i€Z i€Z
P dS(l Q)
or (2) Hc < Hd() and 20 log| ~~—~—12>0
i€Z i€Z i€Z
pq s(1—q)
or 3) [[e/" =[] and both > 6; log | :9 >0
ieT ieT ieT i
s(1—q)
pld
d) 01 L | >0;.

Note the complication here that we require s < 1 because we assume the singular value
function takes the form . This is what leads to the awkward extra case in the u(g) < 1
setting.
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Again, there are two natural choices for probability vector {6;}, the first of which is

{0i}icr = {p?c?“*q)} )
ieT

We replace s by #; + ¢ in the above, where € > 0. Once again we would like to see how
small it is possible to take . We must consider two cases: when € can be taken suffi-
ciently small so that #; + ¢ < 1 and when 1 < #; + ¢ < 2 (this will affect which form of
the singular value function we can use).

1. Firstly suppose we can take ¢ sufficiently small so that #; + ¢ < 1. We require two
conditions to hold, the first of which is trivial since

q (n+e)1-9)

- Pi¢; — =(1—
S ) = S 20

i€l iCi i€l
For the second condition to hold, we require
qd(n +e)l—q)
q 11(1-q) bid;
Zpi Ci log I
ieZ Pi€i
which is equivalent to

S iezplel! ™ log(ei/dy)

ezt = .
Sierpl e log(dy)

This implies that

+
iegplci!? log(ei/dy)
Yierple " logldy )

2. Now suppose that we cannot take ¢ sufficiently small so that #; 4+ ¢ < 1, so that we
instead have to consider what happens when 1 < #; + € < 2. In this case we will still
be using the same choice of probability vector but we will be using the form of the
singular value function in the range [1, 2], that is o ai’l, and we refer to the general
upper bound in the case 1 < u(g) < 2 given above.

dy(Ty, ..., Ty, ) <t + <l1

As usual we require two conditions to hold simultaneously, but this time neither condition
is trivial. We require

q 1—q 4(t;+e—1)(1—q)
g 1(1-q) pici d;
ZP:‘ Ci log < q.11(1-q) >0

ieT bi¢;

which is equivalent to € > A(q), where

Sz ple ™ log(di/c:)
Sier Pl Tog(dy)

Alg) =1 —1)

We also require

qd}—chy+aflxlfq)
qucfl(lfq) log pid; i >0
[} g 1(1—q)
ieZ Pi€i
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which is equivalent to € > C(g), where

Sz ple ™ log(e;/dy)
S e Pl Tog(en)

Thus we may conclude in this instance that

Clg) =

dy(Ty, ..., Ty, ) < 11 + max {A(q), C(q)}* = Wi(q).
The other upper bound, W>(g), can be derived similarly. |

As a corollary to the above, we present simple conditions that ensure dy (T, ..., Ty, ) =
u(q), that is, for the theorem of Falconer—Miao to hold when g > 1.

Corollary 4.6. Consider the diagonal system of theorem 4.5 and q > 1. First suppose that
1 <u(q) <2 Ifu(q) = s and
> ple; % Tog(er/dy) > 0,
€T
thendy(Ty, ..., Ty, p) = u(q) = s1. If u(q) = s, and
> opld e log(dife) > 0,
€T
thendy(Ty, ..., Ty, 1) = u(q) = 5. Secondly, suppose that 0 < u(q) < 1. If u(q) = t, and
ZP?C?(H]) log(ci/di) = 0,
€T
thendy(Ty, ..., Ty, p) = u(q) = t1. Ifu(q) = 1, and
> pld " log(di/c) > 0,
€T

thend,(Ty, ..., Ty, ) = u(q) = t.
In particular, if c; > d; foralli € T orc; < d;foralli € Z, thend (T, ..., Ty, 1) = u(g).

Proof. This follows from theorem 4.5, noting in each instance that if one of these conditions
holds then we may choose € = 0. |

4.3. An example

Here we present an example of a diagonal system with three maps to which corollary 4.6 can
be applied. We take p; = 4/5, p, = 1/10, p; = 1/10 as our probability vector and define three
maps by choosing ¢; =2/5,¢, =3/10,¢3 = 3/10and d; = 3/10,d, =2/5,d; = 3/10. For
q € [0,5], we have 0 < u(g) < 1 and

> ple ™ log(ci/dy) > 0
i€l

which means the first condition from corollary 4.6 is satisfied. Therefore d, (T, T2, T3, p) =
u(q) = t; for g € [0, 5] by corollary 4.6, see figure 3.
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Figure 3. Left: plotof d (T, T2, T3, 1) = u(q). Previously this formula was only known
for 0 < g < 1, see [3, 8]. Middle: plot of the first condition from corollary 4.6, which
is satisfied for the whole range of ¢g. Right: plot of the second condition from corollary
4.6, which is not satisfied.
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Figure 4. Three self-affine measures generated by the set of matrices and probabilities
given above. The translations have been chosen randomly in each case and almost surely
the generalised g-dimensions in each case are given by u(q) = d (T, T, T3, ) above
forl < g <2.

Observe that the value at ¢ = 0 gives the affinity dimension of the support of our measure,
which in this case is 1. Also recall that, by Falconer’s result [1, theorem 6.2], the generalised g-
dimensions of y are givenby d, (T, T, T3, j1) for 1 < g < 2 almost surely uponif randomising
the translation vectors, provided the norms of the matrices are strictly less than 1/2. This is
displayed in figure 4.
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