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Absolute continuity in families of parametrised
non-homogeneous self-similar measures

Antti Kdenmiki and Tuomas Orponen

Abstract. Let p be a planar self-similar measure with similarity dimension exceeding 1, satis-
fying a mild separation condition, and such that the fixed points of the associated similitudes do
not share a common line. Then, we prove that the orthogonal projections 7.4 (i) are absolutely
continuous for all e € S \ E, where the exceptional set E has zero Hausdorff dimension. The
result is obtained from a more general framework which applies to certain parametrised famil-
ies of self-similar measures on the real line. Our results extend the previous work of Shmerkin
and Solomyak from 2016, where it was assumed that the similitudes associated with p have a
common contraction ratio.

1. Introduction

This paper studies the absolute continuity of parametrised non-homogeneous self-
similar measures on R. It is closely related to the works of Shmerkin [8], Shmerkin
and Solomyak [9], and Saglietti, Shmerkin, and Solomyak [7].

1.1. Statement of the main result

We start by formulating the main result; we explain its connection to previous work in
the next subsection, and, after that, we finish the introduction by stating and proving
the application for projections of self-similar measures.

Definition 1.1 (Setting of the main result). Let U C R be an open interval and m > 2.
We associate with each u € U a list of contractive similitudes on R of the form

v, = (wu,l’ cees 1/fu,m) = (A]X + tl(u)’ co AmXx + Zm(u))’ (1.2)

where
Alseo A €(0,1) and #(u),...,ta(w) eR, uel.
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So, the translations are allowed to depend on u € U, but their number is constant, m.
We make the following assumptions.

(Al) The map u — ¢; (u) is real-analytic, and the family {¥, }, ey satisfies trans-
versality of order K for some K € N; see Definition 1.3.

(A2) There exist three sequences i, j, k € {1,...,m}Y such that none of the maps
u = Yy,.5(0), u = V¥;,,(0), and u — Yy, (0) is a convex combination of the
other two. Here u — v, ;(0), for example, refers to the map

wi lim Y, .(0) == lim Y, 00 Y (0),  iln = (i1,....in).
n—>oo n—>oo

(A3) For some probability vector p = (p1,..., pm) € (0, 1)™ with p; +--- +
Pm = 1, the similarity dimension is

YL pjlog pj
Z;’n=1 pjlogl,; ’

where A = (A1, ..., An) satisfies s(A, p) > 1.

s(A,p) ==

Here is the definition of transversality mentioned in (A1).

Definition 1.3 (Transversality of order K). Let {¥, },cv be a parametrised family of
similitudes as in (1.2), let K € {0, 1,2, ...}, and assume that the map u — ¢;(u) is K
times continuously differentiable forall 1 < j < m. Foru € U, write

Aij(0) = Yui(0) — Y3 (©0),  ije{l.....m}" neN,

The family {W,, },cv satisfies transversality of order K if there exist a constant ¢ > 0
and a sequence of natural numbers (7;);en such that n; — oo, and

x AR =, ueU ijel{l,....my, i#j, jeN. (14)
kefo,...k} M

Here Ai(f;) is the k-th derivative of Ajj.

This notion of transversality is a variant of the one used by Hochman in [3, Defin-
ition 5.6]. The notion above is weak enough to be applied in Proposition 1.7, yet
strong enough to imply the zero-dimensionality of the exceptional set E appearing in
[3, Theorem 1.7]. We verify this fact in Proposition 4.4 and Appendix A.

Now we can state our main result.

Theorem 1.5. Let uy, u € U, be the self-similar measure associated with a pair
(W, p) satisfying the assumptions in Definition 1.1. Then, there exists a set E C U
of Hausdorff dimension 0 such that 1, < £ forallu e U \ E.
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Here &£! denotes the Lebesgue measure on R. The definition of a self-similar
measure can be found in Section 2.2.

1.2. Comparison to previous work

Theorem 1.5 above is modelled after [9, Theorem A] of Shmerkin and Solomyak.
‘We now discuss the main differences between the two theorems, and also draw con-
nections to other related results. First, [9, Theorem A] allows for both the contrac-
tion parameters A; = A;(u) and the translation vectors #; = ;(u) (as in (1.2)) to
depend on u. However, it is assumed in [9, Theorem A] that A;(u) = A;(u) for
all 1 <i,j < m. In other words, the lists of similitudes are equicontractive, but the
contraction ratio may vary with u. The equicontractivity assumption is convenient,
because w, then looks like a “generalised Bernoulli convolution”, and a technique
pioneered by Shmerkin in [8] (in the context of classical Bernoulli convolutions) is
available to study the absolute continuity of wu,. A crucial feature of (classical and
generalised) Bernoulli convolutions in the proofs of [8,9] is the property that they can
be expressed as infinite convolutions of (scaled copies) of a single atomic measure.

In the non-homogeneous setting of Theorem 1.5, the measures (., no longer have
an infinite convolution structure, and hence the method of [8, 9] is not directly applic-
able. A way around this problem was found in [2]: Galicer, Saglietti, Shmerkin, and
Yavicoli (see [2, Lemma 6.6]) discovered a way to express non-homogeneous self-
similar measures as averages over measures with an infinite convolution structure.
This naturally comes at a price: the infinite convolutions are no longer self-similar
measures. The components of the infinite convolution are no longer rescaled copies
of a single measure, but are, rather, drawn at random from a finite pool of (atomic)
measures.

It turns out that the lack of strict self-similarity is not an insurmountable problem.
In [7], Saglietti, Shmerkin and Solomyak used the decomposition from [2] to study
the absolute continuity of parametrised self-similar measures, where the translation
vectors f1, . . ., t;, are fixed, but the contractions A1, ..., A, vary freely in an open set.
The initial motivation for our study was to understand if the technique in [7] could be
adapted to give new information on the projections of planar self-similar measures —
beyond the homogeneous case covered by [9, Theorem A]. The answer is affirmative.
In fact, we improve the method by showing that the exceptional set has Hausdorff
dimension zero, as opposed to Lebesgue measure zero as in [7, Theorem 1.1]. The
reader should, thus, view Theorem 1.5 not only as a non-homogeneous variant of
[9, Theorem A], but also as an adaptation of [7, Theorem 1.1] to the case where the
translation parameters vary.
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1.3. Application to projections of planar self-similar measures

We now describe the main application of Theorem 1.5 to projections of planar self-
similar measures. Let U = (0, 27),

\IJ: (wlw'me) = (klx"i‘tla---’/\mx‘i‘tm), A’] € (07 1)7 t] €R27

be a list of contractive homotheties on R2, and let 1 be the self-similar measure
associated with W and some probability vector p € (0, 1) such that

s(A,p) > 1. (1.6)

Let m,: R2 — R, u € (0,27), be the orthogonal projection ,, (x) = x - (cosu, sinu),
and note that the measures 7,44 are again self-similar: they are the self-similar meas-
ures associated with the probability vector p, and the lists of similitudes

W, = (Ax +mu(t1), ..., Amx + oy (tm)), u € (0,2m).

Note that the contraction ratios Ay, ..., A, are independent of u, so (W, p) satisfies
the condition (A3) by (1.6). To verify that the family of similitudes {W¥, },er also
meets the assumptions (A1) and (A2), we need to impose the following two hypo-
theses on W:

(P1) limsup,_, ., logA,/n > —oo, where
Ay = Ay (W) = min{| A1 j € {1,....,m}", i#j},

and Aij = ¥;(0) — ¥;(0).
(P2) The fixed points of the similitudes in W do not lie on a common line.

We make some remarks on the sharpness of these assumptions after the proof
of the following proposition. In case the self-similar measure is generated by maps
having no rotations, the proposition is new in the non-homogeneous case, and also
relaxes the separation assumption compared to [9, Theorem B(i)] in the homogeneous
case. If the maps have dense rotations, then the reader is referred to the works of
Shmerkin and Solomyak [9, Theorem B(ii)] and Rapaport [6].

Proposition 1.7. If the pair (¥, p) satisfies (1.6) and conditions (P1)—(P2), then the
Sfamily {V, }yeu satisfies (A1)— (A3). In particular, the self-similar measure | associ-
ated with the pair (¥, p) satisfies gt < £ forallu € U \ E, where dimy E = 0.

Proof. 1t is easy to check (and very well known) that the projections m,, satisty the
following transversality condition for some absolute constant § > 0:

max{|my, (x)|, |0y my ()|} > §|x], u € (0,2m), x € R2, (1.8)
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Now, we claim that {W,, },,ep satisfies transversality of order 1, according to Defini-
tion 1.3. By (P1), there exists ¢ > 0 and a sequence (n;);en of natural numbers such
that

|Ai] = ™, Ljel{l,....m"™ i#]j.
Note that

Yux(0) = mu(Yi(0),  kelijh uel,

so Ajj(u) = my(Ajj) foru € U. It follows from (1.8) and (P1) that

max{|Ai; ()], [A{;()|} = max{|m, (Aij)l. [dumu (Aig)]} = 8]Aj| = 8™

forall j € N and distincti,j € {1,...,m}" . By adjusting ¢ slightly, this implies (1.4)
with K = 1, and hence assumption (A1) is satisfied.

As noted above, (A3) follows immediately from (1.6). After verifying (A2), the
final claim follows directly from Theorem 1.5. Thus it remains to check assump-
tion (A2). Since the fixed points of the similitudes in ¥ do not share a common line,
there exist three sequences i, j, k € {1,...,m}N such that v;(0), ¥;(0), and Y (0) do
not lie on a common line either. Then, using the relations ¥, ;(0) = 7, (¥i(0)) and so
on, it is easy to check that none of the three functions

u— %,i(O), U= Wu,j(o)’ and u 1ﬂu,k(o)

can be expressed as a convex combination of the other two. This gives (A2), and the
proof is complete. u

We close the section with a few remarks on the assumptions (P1)—(P2)
and (A1)-(A2).

Remark 1.9. We do not know if assumption (P1) is necessary: maybe it is pos-
sible to bundle (1.6) and (P1) to the single assumption that dimy @ > 1.Then, of
course, (P2) would become redundant and our result would strictly generalise what
Marstrand’s projection theorem results in this setting. In the present circumstances,
however, assumption (P2) is necessary. To see this, we apply a result of Simon and
Vag6 [10] concerning the projections of the standard Sierpinski carpet S, namely the
self-similar set on R? generated by the homotheties
8

e =3+31 .
where the translation vectors #; range in the set {0, 1, 2} x {0, 1,2} \ {(1, 1)}. It is
shown in [10, Theorem 14] that if v is the self-similar measure on S determined by

1
VZZg"/fiﬁVv

i=1
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then there exists a dense Gg-set of directions u € (0, 27) such that v & £'. We
note that m,4v is again a self-similar measure on R, associated with the family of
similitudes

u (1) s
=)

x
{Wu,i (x) = 3t
i=1
Further, it follows from the argument of [3, Theorem 1.6] that for every u € (0, 27)\Q,
there exist ¢ > 0 (in fact, one can take ¢ = 1/30) and a sequence of natural numbers

(nj)jen such that
[Vui(0) = Y (O = ™, Ljed{l,....8" i#]. (1.10)

In particular, we may find u € (0, 27r) such that (1.10) holds, and 7,3 & £. Finally,
if o 1= 7,4, for this choice of u € (0,27), is viewed as a measure on R x {0} C R?,
then both (1.6) and (P1) are satisfied, yet all the projections of w are evidently also
singular. Of course, (P2) fails in this case, so Proposition 1.7 is not contradicted.

Remark 1.11. In the homogeneous analogue for our main theorem, namely [9, The-
orem A], the assumptions (A1) and (A2) are elegantly bundled into a single hypo-
thesis, which reads as follows: for any distincti,j € {1,... ,m}N, the map u — Aj;j(u)
is not identically zero. We prefer to avoid making this assumption, as it would limit
the scope of the previous application; it would force us to assume that W (in Propos-
ition 1.7) satisfies the strong separation condition. Now (P1) is satisfied under — for
example — the open set condition.

2. A model of random measures

As we explained in Section 1.2, a major hurdle in proving our main theorem is the fact
that non-homogeneous self-similar measures do not have an “infinite convolution”
structure. However, by the results in [2], a non-homogeneous self-similar measure
can, nonetheless, be expressed as an average of certain “statistically self-similar” ran-
dom measures with an infinite convolution structure. We will need all the details of
this decomposition, and they will now be thoroughly explained for the reader’s con-
venience.

2.1. An abstract random model

Let
T €

T be a finite index set; we will often refer to elements © € T as types. To every
7', we assign a list of equicontractive similitudes on R¢

W(t) = (Yf,..., w;(r)) = AD)x +11(1), ..., AT) + ti(r) (7)), 2.1
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Figure 1. The transition from 7{’ to 74 in (2.3).

where #; (1) € R4, A(t) € (0, 1), and m(r) > 1. We emphasise that the contraction
ratios A(t) € (0, 1) are allowed to depend on 7, but they are constant within each
individual family W (7). Also, repetitions are allowed: a single similitude may appear
with multiple different indices in W(t). We also allow m(7) = 1 for one or more
TeT.

To each t € T, we assign the following discrete measure:

m(1) m(t)

1 1
1 =15 ; o = o >y 2.2)

Jj=1

Finally, to every type t € 7 we assign some probability g(t) € (0, 1) such that

Zq(r) =1.

€T

Next, we let Q := TN, and we let P be the usual product probability (Bernoulli)
measure on 2 determined by the probabilities g (7). With each w = (w1, w2,...) € Q,
we then associate the following infinite convolution:

n—1
i o= [T13en) | it @3
n>1 n>1 =1 #

Here ryv, r > 0 stands for the push-forward of v € M(R?) under the dilation x > rx
and M(X) = {u: p is a non-trivial Radon measure on X with compact support}. To
get an idea of what is happening here, consider the following. If all the families W(z)
were the same, W(7r) = W and, in particular, A(t) = A, then (2.3) would simply give
the usual self-similar measure generated by W. To get an intuition of the general case,
we refer to Figure 1. Now, the triple (2, {n®}peq, IP) is a probability space of “stat-

istically self-similar” measures.
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2.2. Disintegration of self-similar measures

The random measures introduced above are mostly a tool in this paper; eventually, we
are interested in deterministic self-similar measures. We now explain the connection,
but the reader may wish to take a look at Proposition 2.8 to see where we are heading.
Let

m>2, A.....Am€(0,1), and t1,....tn € R?.

Let W be the corresponding list of homotheties
VUi= (Y1, .0, Um) = (Ax + 11,000 AmX + tm). 2.4)

Toeach j € {1,...,m} we further assign a probability p; € (0, 1) suchthat)_ p; = 1.
Then, there exists a unique probability measure 1 on R¢ satisfying the relation

m
w=>pj- Vs
j=1
Writing p = (p1, ..., Pm), we call u the self-similar measure associated with the

pair (I, p). Now, we relate the measure u to the random measures discussed in the
previous section. Fix an integer N > 1 and write

T:=TY :={(N1,...,Np) eNJ": Ny +--- + Ny = N}. (2.5)

The elements of 7 should be understood as the fypes from the previous section,
and N > 1 should be understood as a free parameter whose role will be clarified
much later. We next define the probabilities g(z), T € 7, and eventually the lists
W(7), T € 7. Recall that m € N was the cardinality of the family W. We say that an
N-sequence (n1,...,nx) € {1,...,m}" has type

‘L’(nl,...,l’lN) = (Nl,...,Nm) eT
if k appears in the sequence N times for all 1 < k < m. The formula above defines
a map r:{l,...,m}N — T
Example 2.6. [f m =3 and N = 4, then 7(1,2,1,2) = (2,2,0).

Recalling the probabilities pq, ..., p, from above, we define the probabilities for
each type in 7 as follows:

N
q(Nl,--wNm):: Z pnl"'pn/vZm(va--wNm)P1l"'prIr\1,m'
n1,...nN)e{l,...mN
t(ny,eee,nN)=(N1,eee; Niyp)
.7
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Here m(7) is the number of N -sequences with type t. We used the fact that the value

of the product p,, --- pn, only depends on the type of the sequence (n1,...,nn).
Clearly,

D q() =1

teT

Finally, it is time to define the lists W(t) for € 7. Recall that N > 1 is a fixed
parameter. For a type © € 7, we define the list

U(r) =¥V (1) := (Yn, 0 0Ypy:t(ny,....,nN) =1).
Note that a single similitude may appear several times in this list, so in general

V(t) #{Yn, 0 Yny:T(1,...,nN) = T},

unless one interprets the right-hand side as a multiset. It is nevertheless convenient to
write “p € W(7)”; this simply means that ¢ appears at least once in the sequence W(7).
A key point of the definition of W(7) is that all the similitudes in W(7) now have
the same contraction ratio. More precisely, if t = (Ny,..., Ny) € T and ¢ € ¥(7),
then
M) = AN AN =y (0).

Thus, the lists W(7), T € 7, indeed have the form (2.1). With this in mind, the general
framework from the previous section is applicable, and it yields the discrete measures
n(t) as in (2.2), the infinite convolutions n®, w € Q = 7N asin (2.3), and the meas-
ure P derived from the probabilities ¢(z), T € T . Further, the self-similar measure
is related to the measures n® via the following disintegration formula.

Proposition 2.8. With the notation above, we have
n= / n® dP(w).
Q

Proof. Although the proof can be found in [7, Lemma 6.2] or [2, (55)], we give the
details for the convenience of the reader. Let T be the left shift on 2 defined by
T(w1,w2,...) = (w2, ws,...). By (2.3), (2.2), and the fact that IP is the product prob-
ability measure on Q2 determined by the probabilities ¢(t), T € T, defined in (2.7),
we have

f 1 dP (@) = [ H@1) * A@1)zn@ dP ()
Q Q
m(w1)

1 T(w)
=/Qm(wl) ; 81, twn) * A(@1)snT@ dP (o)
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1 m(w1) "
w1 T(w
= I E : dP
/Qm(a)l) = 1//]11 n (a))

m(t)

—Zq(r)[ ()Z%w 4P (o)

4(x) "X v
= Z (tr) Zlf//ﬂi/ n* dP (o)

— Z pnl pnN (Wnl OOWnN)ﬁ/and[P’(a))

The proof is finished by the uniqueness of the self-similar measure; recall (2.4). m

3. Fourier dimension estimates

In this section, we will work with the following hypotheses.

Definition 3.1. Let 7 be a (finite) collection of types as in Section 2.1, and let U C R
be an open interval. To each u € U and t € T, assign a family of similitudes of the
form

W (1) = (¥ P ) = AOX + 1T ). . ADX + iy (Tw)), (3.2)

where
m(r) > 1, A(r) €(0,1), and t(z,u),....lye(r,u) €R.

Note that since 7 is finite, we automatically have the inequalities min{A(t): 7€ T} >0
and max{A(7):7 € T} < 1. We will assume that for fixed 7 € T and 1 < j < m(7)
the map

U t(t,u), uelU

is real-analytic, and we assume that sup |¢; (7, u)| < oo, where the sup runs over r € 7,
1 <j<m(r),andu € U.

For the remainder of this section, we fix a collection of types 7, an open interval
U C R, and families of similitudes Wy, (7), (u,7) € U x T, as in (3.2), satisfying the
assumptions of Definition 3.1. We also fix probabilities ¢(t) € (0, 1), T € T, such that
Y ce7 q(7) = 1. Given these parameters, we follow the construction in Section 2.1 to
generate the probability space (€2, P) which is independent of u and also the measures

n(t), teT, and 7, weQ.
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We recall the following explicit formula for the measures 1,,(7):

m(t)

Z 5,]. (t,u)-

J=1

Nu(t) = m(z)

We are interested in the Fourier transforms of the measures 7. Recall that if v €
M(R?), then

dimg v := sup{s € [0,d]: 3 C > 0 such that |D(£)| < C|&|7*/? for all £ € R¥ \ {0}}.
Here is the main result of this section.

Proposition 3.3. Assume that there exist T € T and three indices 1 < iy <ip <iz <
m(t) such that u «— t;;(t,u) — t;, (r, u) is not identically zero, and
l,'z(‘L', u) — 1 (‘L’, u)
tis(t,u) — 1, (T, u)’
is non-constant. Then, there exists a set G C Q with P(G) = 1 such that if o € G,
then

uelU (3.4)

dimg{u € U:dimg 7y, = 0} = 0. (3.5)

Notice that as the maps u > ¢; (7, u) are real-analytic by assumption, the denom-
inator in (3.4) can vanish at most in a finite number of points for 7 € 7 fixed. To get
started, we compute an explicit expression for the Fourier transform ﬁf Recall that
forallr > 0,

Fv(E) = 0(r§).  ve MRY), EeRY. (3.6)
For brevity, we write
n
Aol =[] Mw). n=o. 3.7)
j=1
where w|, := (w1, ..., wy) is the initial segment of @ of length n. In particular,

recalling (2.3),
77;) = *I[A(wln—l)ﬁnu(wn)]-
n>

Then, by (3.6),
10©) = [] @) A @la-)€)

n>1
1 m(wn)
n>1 n j=1

Now that we have the formula (3.8) at hand, we record a continuity property for EMB
which will be needed to verify the measurabilty of sets defined via dimg 75,
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Lemma 3.9. For ¢ € R fixed, the map (w,u) — 03 (S) is continuous.

Proof. The statement concerns the product topology on €2 x U, therefore, conver-
gence (w’,u’) — (w,u) means that for any N € N and § > 0, the following holds
for j € N sufficiently large:

o |y =ow|ly and |u/ —u| <3§. (3.10)

Fix ¢ > 0. We now claim that the difference |r]Z)j’ &) — ﬁ(f )| can be made smaller
than ¢ by first choosing N in (3.10) large enough, depending on ¢, £, and then & small
enough, depending on ¢, N. To see this, write first

m (§) = 1‘[F<w &) x [ Flog.up, &) =Ty (@ 0/ §) - Ty (07 0/ §),

n=N+1

where F(...) is an abbreviation for the function appearing in (3.8). Similarly,
ne(¢) = <y (w,u, &) Isn(w, u, £). Then, introducing a cross-term, one may
estimate

0 ©) — 1 ®)] = [May @ 0 O |Ton @ 1) 6 — Ty (,1.8)|
+ Moy (@ u, )| [Ty (@ u? &) — <y (0,4, §)|
< |Han(@’ . w/,§) - Tay(@,u,§)| (3.11)
+ Oy (@, u/ &) — Doy (0, u.§)|, (3.12)

noting that all partial products are bounded by 1, and using v’/ |y = | upon arrival
at (3.12). Since £ € R is fixed, the term IT> v (w, u, §) will converge to 1 as N — oo
at a rate independent of w and u, and the same is true for IT- y(w/, u’, £). To see
this, first estimate the individual factors in the product I1s y (@, u, &) forn > N.

1 m(wn)

|F(wn, u,£)— 1] < > lexp(=27i A@ln—1)tj (@n. )E) — 1
j=1

m(wy)

< 2nl§'upltbup|$|,
using that x — €'~ is 1-Lipschitz, and recalling from Definition 3.1 that

Agp :=SUp{A(1):T € T} <1 and ty :=sup{lt(r.u)]:t €T, uec U} <oo.

This implies that the factors of sy (w, u, §) converge to 1 rapidly enough to also
ensure 1> 5 (w,u, &) — 1 as N — oo, uniformly in (w, u). So, (3.11) can be made
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less than ¢ by choosing N large, in a manner depending only on ¢, §. After this, to
handle (3.12), one recalls that

N N
(3.12) = |[[ F@n. v/ . &) = [] F(@n.u.8)|.
n=1 n=1

Since each individual function u +— F(w,, u, £) is continuous, 1 < n < N, the dif-
ference above can be made less than ¢ by requiring that § in (3.10) is small enough,
depending only on g, N. This completes the proof. ]

Corollary 3.13. The set {(w,u) € 2 x U:dimg n? = O} is Borel.
Proof. The set in question can be expressed as
o0 —_~
N U {@.w:1n%@)] > 16175,
e>0i=1 =i

where the unions and intersections run over rational numbers, and the individual sets
{(w,u): [n% ()| > |£|~°)} are open by the previous lemma. ]

We now return to the proof of Proposition 3.3. We single out the type 79 € 7 such
that (3.4) holds, and assume without loss of generality that u > #3(79, 1) — 1 (70, 1)
is not identically zero and

t2(to, u) — t1(70, u)
t3(7o. u) — t1(70, u)

is non-constant on U. We note that the event

Go := {weQ:liminlel <i<noi =5} >p) (3.14)

n—oo n

has probability P(Gg) = 1 by the law of large numbers for any choice of
0 < p < q(70).

We write p = ¢(79)/2. In the sequel, we will only consider points w € Gy. We will
not quite prove (3.5) for w € Gy, but the eventual full probability set appearing in
Proposition 3.3 will be contained in Gy.

We start by noting that

m(wn)
Z exp(—27i M(@]n—1)tj (wp, w)§)| < 1 3

j=4

1
m(wy)

~ m(wn)’
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With this in mind, and writing
fi(w) :=ta2(to,u) — t1(v0,u) and fo(u) := ts3(to,u) — t1(v0,u), u €U,

we may rather crudely estimate as follows for all # > 1 such that w, = 7¢:

m(wn)

Z exp(—27i M(@|n—1)tj (wn, u)§)

j=1

1
m(wp)

=

1+ exp(=27i A(@]—1) f1(0)§) + exp(=2mi A(@]a-1) fo(0)E)|

* (1 B m(fo,,))

So, if we write {,, 4 (1, £) for the term on the middle line, that is,

’

gw,u(n, E) = ‘1 + eXp(—ZJTi/\(CU|n—1)f1 (M)i:) + exp(—ZJTil(a)|,,_1)f2(u)§)

then, recalling (3.8), we have now shown that

@ < Zw,u(nvé) 3
72()| < 1:[1 [Ta)) +(1- m(w,,))]' (3.15)

The indices w, with w, 7# 19 will be irrelevant for the estimate, but there are plenty of
indices w, = 79 by the assumption w € G¢. Note that trivially ¢, , (n,§) < 3, and the
right-hand side of (3.15) gives useful information about precisely those indices n > 1
with w, = 7 for which ¢, ,(n, &) < 3.

To achieve a useful estimate for ¢, , (7, r), we note that

|1 + exp(—2mix) + exp(—27iy)| = 3

if and only if || x|| = 0 = ||y||, where ||x]|| € [0, 1/2] stands for the distance of x € R
to the nearest integer. Furthermore, by compactness (or a more quantitative argument
if desired), for any p > O there exists o > 0 such that

max{[[x[l. [y} = p = |1 +exp(—27ix) + exp(—27iy)| <3 —a.
Recalling the definition of {, 4 (7, ), it follows that
max{||A(@[n—1) f1E, [A(@]a—1) LWEN} = p = Lou@,£) <3 —a. (3.16)

So, now the remaining task is to show that the quantity on the left-hand side of (3.16)
is greater than p quite often, if p > 0 is taken sufficiently small. To formulate a more
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rigorous statement, a few additional pieces of notation are beneficial. First, we will
write

j+k j+k
() ;= Ax)"'. OW):=]]60(). and A(W):= ] Aw).
i=j i=j
whenever € 7, and W = (w;, ..., ;1) is a finite word over 7. The collection of

all finite words over 7~ will be denoted by 7 *. The notation above agrees with (3.7).
We also define
A@) :=1=:0(9),

where @ is the empty word. It is unpleasant that the numbers A(®|,—1) fj (u)é from
(3.16) decrease as n increases, so we wish to reindex them in increasing order. Second,
we are only interested in those n > 1 for which w, = 79, and we want to reshape our
notation to reflect this. So, for v € Gy, write

(1)=W1W2"', (317)

where each W), has the form W, = W, to with W, € (T \ {z0})* (we allow W, = 0
here). We will generally use the letter m to index the words W,,.
Now, we fix w € G¢ and a large integer M > 1, and we define

O i= OM®) = (1) (Wag—mt1 -+ Wir). 1<m<M. (3.18)
Then ©®1 = 0(19)0 (W) and Oy, < Oy forl <m < M — 1.

Remark 3.19. Let M > 1 be a large integer, and let € Gy. Let 1 < n(l) <n(2) <
-+« <n(M + 1) be the first M + 1 indices with w(n(m)) = q. Let

§

= T @han) € [1,0(War+1))-

£ € [0(wln)). O(@lnp+1y)) and v :

Then, if 1 <m < M, and the numbers ®,, are defined as in (3.18), we have

AWy - Wy) fi(u)
AWp—m+1-+- W)

So, ©, fj(u)v is far from an integer

Om fi(u)v = 0(10) = Mo |nM—m)-1) f; (W)E. (3.20)
forallv € [1,0(War41)) and for most 1 <m < M,
if and only if A(@|n(my—1) fj (u)€ is far from an integer
forall & € [0(@|n)), O(@|nm+1))) and for most 1 <m < M.

Recalling (3.16), we need exactly the latter kind of information to treat the product
(3.15), while the next lemma will give information of the former kind.
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Lemma 3.21. There is a set G C Gg with P(G) = 1 such that the following holds
for all
w=WW,---€G (asin (3.17)),

M >1,¢c>0,and§ € (0,1). If p > 0 is sufficiently small, depending on §, g, Omax
and 10g Oyax / 108 Opnin, Where

Omin :=1inf{0(7):T € T} > 1 and Onax :=sup{f(r):t € T} < 00,
then the set

Eps Mo, = {z—; |zi| € [c,2c]and T v € [1, Q(WM_H)) such that
1
M‘{l <m < M:max{||®nmz1v|, |Omz2v|} < p}’ > 1 —8}

can be covered by <, exp(H -log(1/8) - M) intervals of length <. AM , where

max”

Amax = 071 and H > 1 depends on Opin, Opax and (2, P). Here ©,, = @SnM’w) as

min’
in (3.18).

The notation a <, b above means that there exists a constant C > 1 depending
only on the parameter p such that 0 < a < Cb. The proof of the lemma is an “Erd6s—
Kahanes”-type argument, and is very similar to [7, Proposition 5.4] — so similar, in
fact, that we can use many estimates from [7, Proposition 5.4] verbatim. The best way
to describe the difference between Lemma 3.21 and [7, Proposition 5.4] is perhaps to
say that Lemma 3.21 is a combination of [7, Proposition 5.4] and [9, Lemma 3.2]. The
argument originates back to the works of Erdds [1] and Kahane [4]. If the reader is
not familiar with the general scheme of the proof, then we recommend [5, Proposition
6.1] for a neat version of the argument in a simpler setting.

Before proving the lemma, we use it to prove Proposition 3.3.

Proof of Proposition 3.3. We claim that the set G appearing in the statement of Lem-
ma 3.21 also works here. In other words, if w € G, then

dimg{u € U:dimgn? = 0} = 0. (3.22)

Assume that (3.22) fails, define a Borel set B := {u € U:dimg 7% = 0}, and let
0 € M(B) be an e-Frostman measure for some ¢ > 0 (i.e., o([a, b]) < (b — a)® for
all @ < b). One can show that B is Borel as in Corollary 3.13. We will reach a con-
tradiction by showing that o(B) = 0. To do so, it suffices to show that 6 (BN 1) =0
for all intervals I C R such that

_ fi(u) _ (T, u) —ti(t,u)
f2(u) [3(7.', u) —h (‘Cs M)

u > C(u):
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is Cr-bilipschitz on /. Indeed, by analyticity, there is only a discrete set of values
u € U where either t3(t,u) — t;(z,u) = 0 or ' (u) = 0. We now fix such an interval /.
Then, we also fix § € (0,1) and M > 1. We assume without loss of generality that
there exists ¢ = ¢y > 0 such that

¢ < inf min{| AGO]. | £} < supmax(| AGoL. LSl <2 (323)

The maps f1, f» are real-analytic and non-constant by assumption, so / can, up to a
countable set, be further partitioned into intervals where (3.23) holds. Thus, it suffices
to show that o (B N I') = 0 for all such intervals /.

Next, we find p > 0 so small that the conclusion of Lemma 3.21 holds
for £ = E, sm,w,c. As the lemma says, the set £ N {(/) can be covered by
Sw.e exp(H -log(1/8) - 8M) intervals of length <. AM  where ¢ = ¢ is the con-
stant appearing in (3.23). Since ¢ is Cy-bilipschitz on I, the same conclusion (up to a
change of constants) is true for the following set:

EMﬁx:{uEIEHvG[LHU%w+Q)mmhmm
1
(1 = m = Mimax{0, £ 0001 N0 @V I} < p}| = 18},
From the e-Frostman property of o, we infer that

0(Ems) Swep.c; exp(H -log(1/8) - M) - 1M (3.24)

max

Taking § > 0 sufficiently small, depending on &, H, and A,x, we see from (3.24) that

Y 0(Ems) < oo,

M=>1

and consequently E :=lim SUPAf 00 E m,s has vanishing o measure by the Borel-
Cantelli lemma. To complete the proof, it remains to show that

BNnICE.
Picku € I \ E. We wish to show that u ¢ B, or in other words,
dimg 75, > 0.

Pick any M > 1 so large that u ¢ EM,;;, and, as in Remark 3.19 above, let 1 <
n(l) <n@2) <--- <n(M + 1) be an enumeration of the first M + 1 indices for
which w(n(m)) = 7. Recall from (3.20) the relationship

§

®mfj(u)(9(w|n(M))

) = AM@lpM=m)—1) fi (W)§,
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valid for j € {1,2},1 <m < M, and § € [0(®|,()), O(@|nar+1)))- Since

§

= T@hnon) € [1,0(Wpr+1))

for any such choice of &, the assumption u ¢ E M5 states that
{1 = m < Mimax{1A@lom-1) fi OE ] IA@lnn-1) L@EN = pf|
= [{1 = m = M:max{|©p /i V. 1O 2@V} = p}| = M
forall £ € [0(w|nar)), O(w|nar+1)))- Recalling (3.16) and then (3.15), we infer that

o

m(7o)

M
\n::(snf(l— ) £ € [0@han). 0@harsn). (329

where @ = a(p) > 0. But since pn(M) < M <n(M) for M > 1 sufficiently large
(recall the parameter g from (3.14) and that w € G C Gy), and also

M
0" M < 9(wluary) < O(@lnarsry) < OFMFD,

the estimate in (3.25) yields dimg % > 0. The proof is complete. ]

It remains to establish Lemma 3.21.

Proof of Lemma 3.21. Fixw = WiWp---€ Go, M > 1,¢ > 0,6, p € (0,1). Assume
that
21/22 e E = Ep,S,M,a),c

with |z1], |z2] € [¢, 2¢], so by definition there exists v € [1, 8(Wys41)) such that
({1 <m < M:max{||Omz1]], |Omzav]|]} < p}‘ > (1—8§M. (3.26)
We only consider the case z1, z2 € [¢, 2c]. Now, for 1 < m < M, we write
Omziv=:K,, + &, and Ozov =: L,, + 6, (3.27)

where K;,, L, € N, and &, 6,, € [—1/2, 1/2). To emphasise the obvious, all the
numbers K, L, &m and 6, depend on the parameters M, z;, v, w, u even if we
suppress this from the notation — whenever the reader sees K, say, we ask them to
think of KM:21:22:V:@% e note that

min{Kps, Ly} = Op min{zy, zp}v > A Wi-Warl > o) —M (3.28)



Absolute continuity of self-similar measures 187

by the definition of ®j7. Now, we discuss the rest of the proof in a heuristic manner.
By (3.28), we have

21 _ Omziv _ Ky +em B(K—M CAM

= = , C=C;,>1. 3.29
) Oupzov Ly +6pm Ly max) ‘= ( )

To cover the ratios z1/z,, we will use the balls above, and hence we need to estimate
the number of possible ratios Kz /Ly for all admissible choices of z1, z5, v, @. This
number will be, in fact, estimated by finding an upper bound on the number of possible
sequences

(Km)M_, and  (Ln)M_,. (3.30)

We will use the fact that these sequences arise from the (real) sequences (®,,z; v)j-‘il
satisfying (3.26). This will imply the following useful property on both sequences
in (3.30). If p > 0 is picked sufficiently small in (3.26), then for most indices 1 <m <
M — 2 (depending on § > 0 in (3.26)), the number K, 4, (resp. Ly,+2) is determ-
ined by K, and K, (resp. L,, and Ly, +1). And even for those values of m for
which this fails, there are < 1 options for K47 and L,,+,. These properties will be
established in Lemma 3.44 below. So, at the end of the day, estimating the number
of sequences (3.30) boils down to the following combinatorial question. How many
sequences (1) ,Anl=1 of natural numbers are there such that

» for most indices m the number 7,4, is determined by (7,,, 7115 +1), and
» for the remaining indices there are < 1 choices for 71,,45.

Note that this problem no longer contains any reference to u, v, w. The answer turns
out to be so small that the proof can be concluded.

We turn to the details, and the first main task is to quantify the dependence of
K42 on Ky, Ky 1. This estimate is verbatim the same as the one obtained in the
proof of [7, Proposition 5.4], but we repeat the details for the reader’s convenience.
We start by observing that

®m+1 _ Q(WM—mWM)
®m Q(WM—m+1 te WM)

= O0Wy—m), l<m<M-1  (331)

by (3.18). On the other hand, as a direct computation based on (3.27) shows, the ratio
Om+1/ O is quite close to K41/ Ky as the difference of the two quantities is

Omr1  Kmti1 _ Em41 (®m+1) Em
O K,, K,

—_—, 3.32
o, X, (3.32)

as a direct computation based on (3.27) shows. In the sequel we will write

0 :=0(t) > 1.
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We also define (1) > 0, T € T such that 8(z) = 88 (in particular, B(z9) = 1), and

we write
Jj+k

BW) =" Bw)). W = (0),...,0j4x) € T
i=J
Then (3.31) can be rewritten as

Omet _ pbWu-m) | <m<M—1. (3.33)
O ==

Next, combining (3.32) and (3.33), we obtain

IB(WM—m)
‘gﬂ(WMfm) _ KmH‘ <0 [em] + |5'"+1|, l<m<M-1. (334

Kp |~ Kom

Noting that B(Wa—m)~! < B(t9)~! = 1 since Wy;_,, ends in 19, we may infer
from (3.34) further that

K, K
< ’Qﬂ(WM—m) — K1 ‘ < 0ﬂ(WM_m)|8m| + lem+1]
= K, |- K, :
(3.35)

using also the inequality [x* — y¥| < |x — y|, valid for x,y > 1l and 0 < s < 1. Sim-
ilarly, we have

(3.36)

‘0 (Km+2)/3(WM—(m+l))_l - OBV M—nt1) gy 1| + |Emaal

Km+1 Kt

Using trivial estimates, it follows from (3.34) that

Kmtr _ ppwar—m)

K 2K

BWrtr—m)
4 +1 < 29B8Wa1—m) < (zgmax)ﬂ(WM—m) (3.37)

and we have a similar estimate for K, >/ Km+1, with the only difference of replacing
m by m + 1. Note that

KBWag—om
BWat—ms1) < 1+ BWag—mary) < OPPm—ams)/toef < kP Fai—omin),

where k € N is such that e'/* < 6. and consequently, by (3.37),

BOWp1—n+ 1)1 BWM —int 1)1

Koo\ B a—imzry ( Kmt1\ —Bm—m
War ( ) M—(m+1) ’( ) M—m
B(Wy (m+1))max{ Kot X,

< O 7D (2 P Prt D)7 = (COEEN P Pra—r) (3.38)
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Thus, using the inequality |x* — y*| < s max{x*~!, y*~1}|x — y| valid for x,y > 0
and s > 1, we get (note that s = B(Wp—(m+1)) = 1 since Was_(n41) ends in 1)

BWar—n+1)
'Km+2 (Km-H) BWM —m)
Km—H Km
BWp—un+1)) BWp—un+1))
‘(Km+2)ﬁ(WM(n1+l)) (Km+1) BOVpr—m)
Km-‘rl Km
% B;WM—<m+1))—1 % f\‘3(WBM—(m+1)>—1
Wrt—m+1)) Wt —m)

m+2 m+1
< B(Wr—m+1) max{( ) :

m+1 Km

. ‘(Km+2)ﬂ(WM—(m+l))_l ~ (Km+1 )ﬂ(WM—m)_l‘

Km+1 K
<(COFHVYBWrr—nt1) Qﬂ(WM_(’”+1))|8m+1|+|€m+2|+9ﬂ(WM_’”)|8m|+|8m+1|
—_ max Km+1 Km

by applying (3.37), (3.38), (3.35), and (3.36). Finally, this yields

BWar—(m+1))

Km+1) BWar—m)

K

‘Km-i—Z - Km+1(
< (an]i;;(z)ﬂmax(le—m|+|WM—(m+l)|) -max{|em|, |Ems1]. |Emaal},

l<m<M-2. (3.39)

Here |W| denotes the length of the word W € 7*, C > 1 is an absolute constant, and

1og Omax
log Bpmin

Bmax = sup{f(r):t € T} < . (3.40)

As far as the argument above is concerned, there is no difference between the numbers
K,, and L,, (recall (3.27)). Hence also

BWp —n+1))
L1 ) BV pr—m)

Lm

< (Cellfl;(z)ﬁmax(lefmH"WM—(m-‘,-l)l) - max{|8|. |5

Lm+2 - Lm+1 (

m+1]s [8m+2l}s
<m<M-2. (341)

For1 <m < M — 2, we write
By = (COFF2)Boas(Wat—m | FIWat—on+ 0D and = 2B)~L. (3.42)
Then, it is immediate from (3.39) and (3.41) that whenever 1 <m < M — 2 and

max{|8ml, [0m+1l. [Om+2ls [€ml, lem+1ls [em+2l} < om, (3.43)
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we have

¥ BW B(W —(m +)1> I B‘;"(AV/IV—(m+)1>> .

m+1 M—m m+1 M—m

max | K42 — Km+1 A\ Lm+2— Lm+1 <z
K, L, 2

Since K42 and L.y, are integers, this implies that the pair (K42, Lm42) is
uniquely determined by the pairs (K, L) and (K41, Lm+1). This proves (b) of
the following lemma, which is a modification of [7, Lemma 5.5] to the case of two
sequences.

Lemma 344. Letl <m < M —2.

(@) Given (K, L), (Km+1, Lint1), there are at most (2B, + 1)? possible
choices for the pair (Kmy2, Lm42). Further, there are Sc g, B choices for
the quadruple (K1, L1, K, L3), where

By = (Qmax)|WMfl Wy War+11

(b) If (3.43) holds, then the pair (Ky+2, Lm+2) is uniquely determined by the
pairs (K, Ly) and (K41, Lin+1).

The first statement in (a) follows from the estimates (3.39) and (3.41). We justify
the second statement in (a). The number of possible choices for K;, j € {1,2} is the
cardinality of natural numbers, K; satisfying the equation ®;z;v = K; + ¢; with
parameters ©;, z; and v € [1, 8(War41)). By definition,

O1 = 0(10)0(Wy) oo Bo and  Op = 0(70)0(Wy—1Wy) Soo B

Since |z;| € [c, 2¢] by assumption, we see that |K1| <c¢,r, Bo and |K2| <¢.r, Bo.
In other words, the number of possible values of K; and K5 is bounded from above
by <¢,zo Bo. A similar estimate holds for the number of possible values for L1 and L.

Heuristic digression. Before giving the final details, we make a little heuristic
digression. Assume for a moment (completely unrealistically) that (3.43) holds for
all 1 <m < M — 2. Then, by Lemma 3.44 (b), the pair (K, +2, Lm+2) would always
be uniquely determined by (K, Ly;) and (Ky+1, Lm+1)- This would imply that the
total number of sequences (K, L m)f,le is equal to the number of initial quadruples
(K1, L1, K3, L)), thatis, Sc Bg. So, how large is Bg actually? Recall that w € Gy
(asin (3.14)), so

11m1nf—|{1 <i<nw= r0}| > 0. (3.45)

n—>00

In particular, the gap |[Wyr+1| = n(M + 1) — n(M) between two consecutive indices
n(j) with w(n(j)) = 1o becomes arbitrarily short relative to n(M), as M — oo. It
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follows that for any 6 > 0, we have
(Wi Wi Wag 1| < 8IWh -+ W]

for M >, 1,and hence By = (6, )!"M—1Wh Wat+1] < exp(C 8| Wy --- Wiy |). Since
|Wi .- W] is comparable to M for M >, 1 by (3.45), this would complete the proof
under the assumption that (3.43) holds forall 1 <m < M —2.

The remaining details. We shall now continue the rigorous proof of Lemma 3.21.
Recall from (3.26) that z;, z; € [-2¢, —c] U [c,2c] and v € [1, 8(Was41)) are such
that

{1 =m = M:max{[|Opz1v]], [|Omz2v]]} < p}| = (1 =8)M,

and note that this can be re-written as
{1 <m < M:max{|e,|, |0m|} = p}| < M.
Consequently,

{1 <m <M —2:max{|em|, em+1], |em+2l, [8m|, Om+1], 18m+2[} = p}| < 36M.
(3.46)

The property in (3.46) may look similar to the useful condition (3.43), except that

there is now a fixed number p instead of p,,. Fortunately, it turns out that if p > 0 is

taken small enough, depending on §, |7|, Omax. then actually p < p,, for most choices

of m, and (3.46) does provide useful information.

Let N := |W;--- Wy, and pick M > 1 (depending on w) so large that

K=l|{1<n<N:a)n=ro}|>5o. (3.47)
N NV T T -

This is possible by (3.45). Since N = ), _,. -as |Wiml|, we infer from Chebyshev’s

inequality and (3.47) that o

2 @SN M
{ISmSM1|Wm|2—} <—=<—= (3.48)
06 2 2

Then set
p = l(cema )_4:8max/(@8)
2 X ’

where Bnax < 10g Onax/ 10g Omin is familiar from (3.40). Now is also a good time to
recall the number p,,, | <m < M — 2 from (3.40). We next claim that

{l<m=<=M—2:p>pn}| <M. (3.49)

To see this, re-write the inequality p > p,, as

(C@max)_“'ﬂmax/(p(g) > (Cgmax)_ﬂmax(lwm—m [+ Wat —m—11) .
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This is equivalent to
|WM—m| + |WM—m—1| = 4/(608)7

which implies max{|Wys—m|, |War—m-11} = 2/(96). By (3.48), this is only possible
for at most M indices m € {1,..., M — 2}, as claimed.
Now, note that if max{|em|, |em+1],|€m+2]. [0m|, [6m+1]s|6m+2]} = om, then either

max{|em|, [em+1l, [em+2ls [8ml. 8m+1ls [Smt2l} = o o0 p = pm.

Thus, combining (3.46) and (3.49), we find that the index set

I:=1IMz 20
=1 =<m =M —2:max{|eml, |em+1l, lem+2ls [Omls Sm+1]s [Sm+2]} = pom}

has cardinality
|I]| <45M. (3.50)

Now, it is time to set aside the parameters w, v for a moment. Let us just con-
sider the following combinatorial question. Fix an index set § C {1,..., M — 2} and
consider all possible sequences of pairs of natural numbers (k,, lm)f,‘le with the
properties that

(i)  there are Ag € N choices for the initial quadruple (k1, (1, k2, [2),

(ii)  for (km, ln) and (kp+1, Im+1) fixed, the pair (ky42, [m+2) can be chosen
in at most A,, € N different ways, and

(iii)) form e {l,..., M —2}\ &, the pair (k;,+2, ln+2) is uniquely determined
by the pairs (kp,, I,) and (kpy+1, Ln+1)-

How many sequences (ky, lm)n]‘f=1 are there satisfying (i)—(iii)? The answer is: at

AO-HAm

meg

most

sequences.

Returning to the main line of the proof, we recall from Lemma 3.44, combined
with (3.50), that the sequence (K, Lm)f:z’l=1 satisfies the conditions (i)—(iii) with con-
stants Ao e,z Bg and A,, = (2B, + 1)?, and with index set § = IMzi,z0m0 =1
Thus, there are at most

Sero By = Bywy =By [[@Bn+ 1) (3.51)

mel

sequences (K, L,,,)n]‘;’=1 corresponding to this 7.
The proof so far has only used the assumption @ € Gy, but the rest of the argument
only works for w in a slightly smaller set G C €2 (which still has full probability). This
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is because of the quantity on the right-hand side of (3.51), which depends on w; recall
the definitions of By and B, from Lemma 3.44 and (3.42). The quantity would be too
large if the lengths of the words W1y, ..., W41 were very unevenly distributed. At
the end of the proof of [7, Proposition 5.4] (see also [7, Lemma 5.2]), the following
estimate is obtained, which holds for all w € Gy in a set of full probability (this set is
finally the set G), and for all M > 1 sufficiently large (depending on w):
o™, 2 (Waral + Waronoa]) = C -log(1/48)-8M, (352)
|Tl<4sm  mel
where C > 1 is a constant depending on (€2, P). In particular, for these sequences
o € Gy, and recalling from (3.50) that | I| < 46M, one obtains the following estimate
from the definition of the numbers By, B, and (3.52):

By < exp(H -log(1/8) - SM). (3.53)

Here H > 1 is a constant depending only on 6y, Oimax, and (P, £2), as desired. In fact,
the contribution from the lonely factor B(‘)‘ could be handled in a more elementary way,
as explained in the heuristic digression earlier, and only requires w € Gy.

Now we have argued that the number of sequences (K, Lm)f;f=1 arising from
the fixed index set Ias z, z,,0,0 iS bounded by a constant times the right-hand side
of (3.53). To wrap up, we use Stirling’s formula to observe that the number of subsets
of {0, ..., M — 2} of cardinality at most 46 M is bounded from above by exp(CSM).
So, the previous estimate for the number of sequences only changes by a constant
factor if we take all relevant index sets into account!

Recalling (3.29) and the discussion following (3.29), the proof of Lemma 3.21 is
now complete. |

4. Proof of the main result

This section contains the proof of Theorem 1.5. The argument is very similar to that
in [7, Section 6]. However, from a technical perspective, many steps in the proof in [7]
seem to require slight adjustment in our setting. Such adjustments would be difficult
to explain properly without repeating virtually all of the details from [7] — even where
no adjustments are necessary.

Here are the assumptions of the main theorem once more.

Definition 4.1. Let U C R be an open interval and m > 2. We assign to eachu € U
a list of contractive similitudes on R of the form

Uy i= (Yuas oo Yum) = Aax + 1), ..., Amx + 1y (u)), 4.2)



A. Kdenmiéki and T. Orponen 194

where
Ay A €(0,1) and #H(u),...,t,(u) eR, uel.
We make the following assumptions:

(A1) The map u + t;(u) is real-analytic, and the family {W, },cy satisfies trans-
versality of order K for some K € N, recall Definition 1.3.

(A2) There exist three sequences i, j, k € {1,...,m}Y such that none of the maps
u = Yy i(0), u = ¥j,,(0), and u — Y, (0) is a convex combination of the
other two.

(A3) For some probability vector p = (p1,..., pm) € (0, 1) with p; +--- +
Pm = 1, the similarity dimension is

Z;‘n=1 pjlog pj
Y pilogh;’

where A = (A1, ..., Am), satisfies s(A, p) > 1.

s(A,p) ==

Here is the main result again.

Theorem 4.3. Let py, u € U, be the self-similar measure associated with a pair
(W, p) satisfying the assumptions in Definition 4.1. Then, there exists a set E C U
of Hausdorff dimension 0 such that j,, < £ forallu € U \ E.

We start by recording the following consequence of assumption (Al).
Proposition 4.4. Assume (Al), and define the numbers
An(w) = min{[Yi(0) — Yug(O):ij € {1,....m}", i # j}.
Then, there exists a set E C U with dimyg E = 0 such that

log A1) _

lim sup 00, ueU\E.

n—>oo

The statement above is superficially the same as [3, Theorem 5.9], but recall that
we are using a definition of transversality somewhat different from Hochman’s. We
postpone the proof to the appendix, see Proposition A.3.

Now we start the proof of Theorem 4.3 by fixing a number N > 1. We recall the
types T = T defined in (2.5). Then, for every u € U, we follow the procedure of
Sections 2.1-2.2 to write

o= [ 1 4P @) “5)
Q

where

n—1
ﬁziiﬂmwﬁwwm

j=1
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and
m(t)

1
Mu(T) = (@) > 8y

j=1

We recall that the maps in

V(@) = Wyt Vi) = A@x + (T, u), .o, AD)X + () (T, u)),
uel, teT

were obtained (via the procedure described in Section 2.2) as N -fold compositions of
the maps in W,, in (4.2), and they all have a common contraction ratio A(t), depending
onlyont € 7.

Next, as in [7], we fix another integer parameter s > 1. Then, forw € Q andu € U
fixed, we split the infinite convolution defining 1% as n% =

w w
nsmall,u * nbig,u’ where

r]:)mall,u = (s divides 7 [ l_[ A(a)] ):| Nu (a)n)) (46)

and

nblg,u (s does not divide n [1—[ (wJ nu (a)n))

The plan will be to show that, for generic choices of w, u, the measure ngomall,u
has positive Fourier dimension, whereas 7, , has Hausdorff dimension one (if N
and s were chosen large enough). These observations are eventually combined in
Section 4.3 to complete the proof of Theorem 4.3. If the reader is not familiar with
the argument in [7], then it might be a good idea to start with reading (the short)
Section 4.3 to see where we are heading.

4.1. Fourier decay for »®

small,u

We infer the following corollary from Proposition 3.3.
Corollary 4.7. Assume the same notation as in the previous section. Assume that
there exist 19 € T and three indices 1 < i} < iy < iz < m(tg) such that the map
U > t;, (7o, u) — t;, (to, u) is not identically zero, and
ti, (To, u) — ti, (To, u)
tiy(to, u) — ti, (T, u)’

uel, (4.8)

is non-constant. Then, there exists a set G C Q with P(G) = 1 such that if o € G,
then
dimg{u € U:dimg g, = 0} = 0.
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Here?;(t,u), 1 < j <m(7), are the translation vectors of the similitudes in Wy, (7).
For Proposition 3.3 to be applicable, we first need to realise 7, ,, as a typical meas-
ure arising from a random model as in Section 2.1. Here we mostly follow the proof
of [7, Lemma 6.4].

Proof of Corollary 4.77. We first define a new set of types 7’ := T*. For any choice
of T/ := (w1, ...,ws) € T’, we define the contraction ratio

AT = Mwy) -+ Awy). 4.9
We also define the probabilities
q'(7') == q(w1) - q(wy). = (w1,...,05) €T,
where ¢ (7) > 0 are the probabilities associated with the initial types 7 € 7. Clearly,
Z g =1
TeT’

We let P’ be the product probability measure on the space Q' := (7)Y induced by
the probabilities ¢’(z"). Then, we define the similitudes

Wy, (7)) = AT )x + (s, u), ..., A(T)X + ty(y) (@5, 1)} 4.10)

for v’ = (w1,...,ws) € T’. Now that these types and similitudes have been defined,
the formulae in Section 2.1 give rise to the measures

m(ws)

Nu(@1,...,05) = —— > (w5, 1) = (@), (01,...,05) €T,
m(ws) i=1

and finally,

n—1

w0 = x (T2 ] mp. (.11)

Jj=1

where a)]’,a);l € 7' for j,n > 1.

Next, we “embed” the random measures 7} ., ,, inside the family of random meas-
ures defined in (4.11). To this end, if ® = (w1, w2, ...) € @, we define the sequence
F(w) € Q' by the obvious formula

F(w) = (01....,05), (Ws+1, ..., 025),...). (4.12)
Then, it follows from the definitions (4.6) and (4.9)—(4.11) that

F(w) _ o
Ny - nsmall,u’ (ORS Q’
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where the left-hand side refers to the measure defined in (4.11). Further, we note that
FyP = PP/, where P is the probability on 2 = 7N induced by the probabilities ¢ (7).
Hence, the conclusion of Corollary 4.7 will follow once we manage to produce a set
G’ C Q' of full P’-probability such that

dimg{u € U:dimgn? =0} =0, o' €G'.

Here we finally use Proposition 3.3. All we need to find is a type T/ € 7’ and three
indices 1 < iy < i <i3 < m(t’) such that the map u — ¢/ (t',u) — 1/ (', u) is not
identically zero and

1, (@' u) — ¢ (7' u)

(@ u) =t (7 u)’

ueUl, (4.13)

is non-constant. (We also note that the assumption sup{|¢;(z’,u)|:u € U, v € T,
1 <j <m(z")} < oo from Definition 3.1 can be arranged by splitting U to countably
many intervals, since the maps u — ¢; (7', u) € (0, 1) are continuous each, and 7 is
finite.)

Returning to (4.13), we recall from (4.10) that the translation vectors associated

with the type (w1, ...,ws) € T’ coincide with the translation vectors of the type
ws € T . Thus, we can — for example — take t’ := (o, 79, ..., 7o) € T*, where 1o € T
is the type appearing in (4.8). The proof of Corollary 4.7 is complete. |

In order to use Corollary 4.7 in the proof of Theorem 4.3, we need to secure its
main hypothesis. This is the content of the next lemma.

Lemma 4.14. Under the assumptions (A1)—(A2), there are arbitrarily large values of
N > 1 such that the following holds. There exist a type ty € TN and three values 1 <
i1 < iy <i3z <m(tn) such that the map u — t;,(ty,u) —t;, (T, u) is not identically
zero, and
liy (v, u) — iy (T u)
tis(tn, u) — i, (tn, u)’

uel,

is non-constant.

Proof. Leti,j, k € {I,...,m}N be the sequences specified in (A2). In other words,
none of the maps u — v, ;(0), u = V¥, §(0), and u — ¥, x(0) can be expressed as a
convex combination of the other two. In particular,

Yui(0) # ¥ j(0) and  ¥i(0) # Y (0).
Thus, by analyticity, u — ¥, k(0) — ¥,.i(0) has a discrete set of zeroes on U, and

Y, (0) — ¥,i(0)
%,k(O) - 1ﬂu,i(o)

U C(u) =
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is well defined and analytic in the complement of those points. Moreover, ¢ is non-
constant, because if { = C for some C € [0, 1], one can solve

1;”u,j(o) =C- 1:014,k(0) +(1-C)- 1)”u,i(o),

violating the choice of i, j, k. The cases C < 0 and C > 1 are also ruled out by similar
calculations. For example, if { = C € (—1, 0), then one can solve

1 —-C
Vuil0) = =5 Vi) + 75 - Yux(0)

instead, again violating the choice of i, j, k. We now pick u, u, € U such that
C(uy), ¢ (uy) are finite and distinct.
Then, we note that for any u € U, in particular, u € {u1, u5}, it holds that

sup{|Yui(0) — Yu,w(O):w € {1,....m}*, Wl =i[n} — 0, (4.15)
asn — oo, where {1,....m}* = J,en{l,...,m}". The same holds with i replaced
by j or k. Applying (4.15) at the points u1, u, € U, we infer that there exists M € N
such that the following holds. Ifi’, j/, k" € {1, ..., m}* are any finite sequences with

i/|M = ilM = io, J/|M =J|M =2j0, and k/|M = k|M = ko,
then u — Yy, 1 (0) — ¥, (0) is not identically zero, and the map

Vg (0 = Yus (0)
WM,k/ (0) - 1/fu,i’ (0) ’

is non-constant (it suffices to check that the map takes different values at #; and u5).

uel, (4.16)

We apply this to sequences i', j', K’ of the form
i := (iojoko)™. J := (jokoio)", and K := (Koiojo)",

which have common length 3M N, and more importantly common type in 73M¥
say 7, recalling the definition (2.5). Then the numbers ¥, i (0), ¥,y (0), and v, i (0)
coincide with certain translation vectors f;, (7, u), t;, (7, u), and f;;(7, u), with
1 <i; < iy < i3 <m(t). Thus, the non-constancy of the map in (4.16) is equival-
ent to the claim of the lemma. ]

Combining the previous lemma with Corollary 4.7 finally gives the following con-
sequence, which can be applied — eventually — in the proof of Theorem 4.3.

Corollary 4.17. Under the assumptions (A1)—(A2), and if N > 1 is chosen as in
Lemma 4.14, there exists a set G C Q with P(G) = 1 such that if v € G, then

dimg{u € U:dimg g, = 0} = 0.
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4.2. Dimension of n‘l;’ig u

In this section, we study the dimension of the measures 73, ,,, again following [7]
closely. Here is the goal.

Proposition 4.18. If the parameters N,s > 1 are chosen large enough, then there
exists a set E C U of Hausdorff dimension zero such that for allu € U \ E

dimg 1., =1 forPae o € Q.

In fact, the set E coincides with the set from Proposition 4.4.

The first task is, again, to realise 7;;, ,, as a typical measure arising from a random
model, as in Section 2.1. The details are the same as in the proof of [7, Lemma 6.5],
but we record most of them here for completeness. As in the previous section, we
define 77 := (7)%, and we also define

M) == Mo Mes) and q(7') = (1) - g (wy) (4.19)

for v’ = (wy,...,ws) € T, as before. We also let P’ be the product probability meas-
ure on Q" = (7)Y induced by the numbers ¢(z’). Defining the translation vectors
for the similitudes in W, (z’) is a little trickier in this case. Here is how to do it. For
v = (w1, ...,w5) € T' fixed, we first let

s—1
I(Z) = {L.....m(an)}.
=1

Then, for any i = (i1,...,is—1) € I(z'), we define the translation vector
s—1 [-1
a0 = Y| [T A @),
I=1 j=1
where t;, (w7, u), i; € {1, ..., m(w;)}, is the i;-th translation vector of the family

W, (w;). Then, we set
Wy, (7)) := {A(t)x + t;(z", u):i € I(z))}. (4.20)

As in the previous section, we define the map F: Q2 — Q’ by the formula (4.12). Then,
one can check, see [7, (61)], that

775(60) = 7/)Lbuig,u’ w €,

where the left-hand side now refers to the measures generated by the model with the
types and similitudes introduced in this section. Since F3IP = P’, we can now proceed
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to study the IP-almost sure dimension of the measures 73, ,,, @ € €2, by studying the
PP’-almost sure dimension of the measures 72, ' € Q'

Before doing this, however, we record an observation that requires staring at the
precise structure of Wy, (7).

Remark 4.21. Let n > 1, and let (w7, ..., w}) € (7)N. For each wj, 1 <j <n,
pick two similitudes

. .
wu,Jv_,wWM,jw_,- € “Iju(w;)v Vi, W; € I(a)]/)’

and consider their n-fold compositions
o] o/, ] !,
Juy = 1;”u,lv] 0.0y, and fyw= u,lwl o0y,

For reasons to become apparent a little later, we are interested in relating the quant-
ity | fu.v(0) — fu,w(0)| to the numbers A, (1) defined in Proposition 4.4. This would
be completely straightforward if f,, y, fu,w Were obtained as certain compositions of
mappings in Wy, but this is not quite the case.

To understand the problem better, consider first 7/ = (wy, ..., ws) € T/, pick
i=(i1,...,i5—1) € I('), and note that the map

X = AMwy) -+ Mws—1)x + (', u) (4.22)

is, in fact, the composition
] W5—1
wu,il ©--0 wu,is_l ’

where w;) Jz, is the i;-th similitude in W, (w;). Unfortunately, the contraction ratio of
the map in (4.22) differs by a factor of A(wy) from the contraction ratio of the map
x> AT)x + (', u) € U, (7).

Despite this issue, the difference f, v — f,,.w can be expressed as the difference of
compositions in W,,. We explain this in the case n = 1, that is, when

Fuw(©) = fum(0) = YL (0) —yI,(0),  ije I(),

for some v/ = (w1,...,ws) € T'. We write i = (i1,...,is—1) andj = (j1,..., js—1),
where 1 < i;, j; < m(wy), and we let ¥,;* be any similitude in W, (w;). Then,

v v _ w1 ws—1 . w] Ws—1 .
wu,i o w%j - (‘//uail oo wua‘is—l © us) - (wu,jl o e ‘//u:jx—l © us)’

where both the maps on the right-hand side are (Ns)-fold compositions of maps
in W,,. For general n > 1, the difference f, y — fu,w can always be expressed as the dif-
ference of (Nns)-fold of compositions of maps in ¥,,, by repeating the above idea n
times and hence, adding altogether » “dummy” maps instead of one; for more details,
see the proof of Lemma 6.5 (and the equation (62)) in [7].
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In particular, we have

| fuw(0) = fuw(0)| = Anns(u), vwe | [ (), v#w, (4.23)
j=1

by the above observations.

To study the P’-almost sure dimension of the measures 7%, @’ € Q’, we need
to import more technology from [7]. First, it follows from [7, Theorem 1.2] that the
measures nﬁ/ are exact-dimensional P’-almost surely. For u € U, there exists a con-
stant o, € [0, 1] such that

log n®' (B
3 iy 8% Bx.r) _

u
r—0 logr

for P’-almost all w’ € €', and for ni,”/—almost every x € R. In particular,
dimy 12" =

for P’-almost every o’ € Q’. Another concept we need to recall from [7, Section
1.3] is the similarity dimension of a random model. Given a collection of types 7,
equipped with contraction ratios A(z”) € (0, 1) and probabilities ¢(z”) € (0, 1), the
similarity dimension of the family of random measures 77“’” generated by this data
(through the procedure described in Section 2.1) is the number

. —1
S Voreqr) 1= ( [ logu(wa’))dP”(w”)) [ 108 a0,

m(wy)
Here P is the product probability measure on " := (7)Y induced by the probabil-
ities ¢(z”), T/ € 7. In fact, we have no use for the explicit expression above (which
can be found in [7, Section 1.3]), but we need the concept — twice.

First, it follows from [7, Lemma 6.2 (v)] that if § > 0, and the parameter N > 1
is chosen large enough, depending only on § and the probability vectors p, then

s{n2twea) = (1=8)s(A,p), uel. (4.24)

Here s()_t, p) and {n%}weq were introduced around the statement of Theorem 4.3. We
note, as is clear from the proof of [7, Lemma 6.2 (v)], that the choice of N in (4.24)
depends only on § > 0, and the fixed probability vector p. In particular, recalling our
main assumption 1 < s()_k, p) =: 1 + &, we may choose N > 1 so large that also

sEnweq) > 1 +¢/2, uel, (4.25)

where & > 0 does not depend on the choice of u € U.
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Now we have fixed N > 1, and next we fix s > 1. On the very last page of [7], the
following relationship between the similarity dimensions of {7®}yeq and {7? }ocor
is established:

s(n? Yoreq) = (1 - l)s({n;"}weg), uel.
S

Here {n;’/}w/egx is the random model discussed in this section, recall (4.19)-(4.20).
So, by taking s > 1 large enough, depending on ¢ > 0 alone, we can ensure that

s Yorear) = 1+6/3,  uel. (4.26)

We summarise the previous conclusions for a fixed u € U:
* To show that

dimg ng, ,, =1 forPae. o € 2,

it suffices to prove that
dimg® =1 forP ae o € Q.

e The map o’ + dimy 7}5)/ has P’-almost surely constant value .
* The similarity dimension of the model {7];’/}@/69/ exceeds one.

So, to wrap up the proof of Proposition 4.18, it remains to argue that
@y = min{s({1” }oreq). 1} =1, ueU\E, (4.27)

where dimy £ = 0. This will follow from a combination of [7, Theorem 1.3] and
[3, Theorem 1.8].
For o’ = (v}, 5, ...) € Q" and a fixed n > 1, define the index set

@) =[] I)).
j=1

Here I(®}) is the index set used in (4.20) to define the similitudes Wy (w}), w; € T".
Now, given u € U, and a word v = (vq,...,V,) € I, ('), consider the map f, v,
obtained as the n-fold composition

]

Suv = Yk 00yt (4.28)

where 1//;0@] (x) = )L(a)j’-)x + 1y, (w]’., u) € v, (w}), as defined in (4.20). Then, we
define the quantity

min{| fun(0) = fum(O:u W € Tp(@). v#£ W) if |T)(@)] = 2.

A,(u, ") =
@) {0, it 1) ()] = 1.
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Now, (4.26) and [7, Theorem 1.3] show that

/. 10g An(uv ')

ay < 1 :>]P’{a)/€§2
n

< —M} — 1 forall M > 0. 4.29)

So, to prove (4.27), it suffices to show that the right-hand side of (4.29) can occur
only for u in a zero-dimensional set. This is an easy consequence of Proposition 4.4
and (4.23). Indeed, (4.23) shows that A, (1, ®") > Anns(u) whenever | 1), (o) > 2.

Evidently, for P’-almost every o’ € Q' we have | I/ (w’)| > 2 for all n > 1 suffi-
ciently large, depending on «’. It follows that P/(G},) — 1 as n — oo, where

G, ={o' € Q"I ()] = 2}.

Recall the exceptional E from Proposition 4.4: if u € U \ E, it follows that there
exists M > 0, and a sequence (1;),en of natural numbers, depending on u, such that

log Ann,s ()
n; -

M, j € N.

Consequently,

/
P’{w’ c Q- w >

log An,s () _
n; i -

_M}ZIP’{a)’EG,;j: ,
J

- }
R Y Pl
=P'(G,,) —> 1.

We conclude that the right-hand side of (4.29) does not hold, and hence o, = 1 for
allu € U \ E. The proof of Proposition 4.18 is complete.

4.3. Concluding the proof of the main theorem

We now conclude the proof of Theorem 4.3 (also known as Theorem 1.5). We start
by making a counter-assumption that

dimg E > ¢ > 0,

where E := {u € U: uy & £'}. We record that E is a Gg-set. Indeed, following
[5, Proposition 8.1] we first consider

Eg := {u € U:3open V,, C R such that pu,,(Vy,) > 1 — B and £ (V) < ,3}.

Since s — by as u’ — u by the continuity of the function u +— ¢; (u), the sets Eg
are open. We have thus shown the claim since £ = (7). £ and, by [5, Proposition
3.1], self-similar measures are of pure type. We may now use Frostman’s lemma to
pick 0 € M(FE) such that 6 (B(x,r)) < r®forall x € Rand r > 0.
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Now, recall the decomposition of (1, to the measures 7% from (4.5) and the sub-
sequent decomposition of the measures 7;; to the pieces 0, , and i, ,,. From
Corollary 4.17 and Fubini’s theorem we infer that for o-almost every u € U,

dimg 751, > 0 (4.30)
for P-almost every w € 2. The use of Fubini’s theorem is legitimate, because the set
{(w’ u) e QxU: dlmF 7/’(sl)mall,u = O}

is Borel by same the argument we used in Corollary 3.13. Also, from Proposition 4.18,
we deduce that for o-almost every u € U,

dimy gy, = 1 (4.31)

for P-almost every w € Q (here Fubini’s theorem was not used, so we do not to
need check that {(w, u): dimyg Moigu = 1} is Borel). It follows that for o-almost every
u € U, the conclusions (4.30)—(4.31) hold simultaneously for P-almost every o € 2.
But whenever (4.30)—(4.31) both hold, [8, Lemma 2.1 (2)] implies that

w _ ) 1
nu - nbig,u * nsmall,u < :ﬁ .

In particular, for o-almost all ¥ € U, we have n) < £! for P-almost all w € 2, and
then 11, < £! by the decomposition (4.5). So, we have now argued that 1, < £ for
o-almost every u € U, which contradicts the choice of o. The proof of Theorem 4.3
is complete. ]

A. Order K transversality and the size of exceptions
Recall that we used a notion of order K transversality somewhat different from Hoch-
man’s convention in [3, Definition 5.6]. We recall our definition.

Definition A.1 (Transversality of order K). Let U C R be an open interval, and let
{Wy }uev be a parametrised family of similitudes of the form

Wy, = Wty Yum) = Aiwx + 1), ..., A ()X + tm(u)).

Note that we allow also the contraction parameters A;(u) to depend on u € U. Let
K €N, and assume that the maps u — A; («) and u > ¢; (1) are K times continuously
differentiable for all 1 < j <m.Foru € U, write

Aij) = Y 5(0) — ¥y (0),  i,je{l,...,m}", neN.
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The family {W, },ev satisfies transversality of order K if there exists a constant ¢ > 0
and a sequence of natural numbers (7;);en such that n; — oo, and

(k) n; . . nios ss
max |A ()| = ¢, uelU i,jell,.... m}" i , J €N.
cemax K}I i )] = jed ) FJ.J

Here Ai(’];) is the k-th derivative of A;j.

Recall from Proposition 4.4 that we need to show that the following set has Haus-
dorff dimension zero:

log A
E:={ueu: lim —2o00 n) _ —oo}, (A2)
n—oo n
where A, (1) := min{|A;;(w)|:i,j € {1,...,m}", i # j}. This follows from trans-

versality of order K, as in Definition A.1.

Proposition A.3. Assume that {V, },eN is a parametrised family of similitudes sat-
isfying transversality of some finite order K € N, as in Definition A.1. Then, the set
E in (A.2) has Hausdorff dimension zero.

Proof. We follow the proof of [3, Theorem 5.9], which seems to work fine with our
definition of transversality. Without change in notation, we replace U by a compact
subinterval; it clearly suffices to show that the part of E in any such subinterval has
Hausdorff dimension zero. In particular, then we have

C :=Cy:= max sup max ||Ai(lf)||Loo(U) < 00,
0<k<K p>1ije{l,..,myn = "

noting that the contraction parameters A;(u) are uniformly bounded away from 1

on U. We observe that E C ()., E¢, where
E.=J ) U ftwet:ayml<evy= ] EY.
NeN j>Njje{1,...m}"" NeN

i#]

and (n;);en is the sequence from the definition of transversality. So, it suffices to
argue that di_mBEgN — 0 uniformly in N € N as ¢ — 0, where dimy denotes the
lower box dimension, an upper bound for Hausdorff dimension. Fix N € N, pick
0 < & < ¢, and then choose j > N so large that "/ < ¢/ /2K By [3, Lemma 5.8],
the sets

EX:={ueU:|Ajju)| <&V}, Ljef{l.....my, i#],
can be covered, each, by <¢ ¢2" intervals of length at most

2(e" /c"-/')l/zK =Tn;.
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Given that there are only m?"/ options for the pair i,j € {1,...,m}", this implies

that
i m\2n;
N(EsNarn_,')fN( U AEg’J»rnj) SC (?) ’
i,je{1,...,m}"/
i

where N(A, r) is the least number of intervals of length r > 0 needed to cover a
bounded set A C R. It follows that
log N(EY . ry}) O(C) + 2n; log(m/c)

dimy EN < liminf < liminf '
dmg £ = im 1 —logry, ~ B (nj/2K)log(c/e) —log2

The right-hand side evidently tends to 0 as ¢ — 0, with rate of convergence independ-
ent of N € N, as claimed. The proof is complete. |
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