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1 Introduction
1.1 Background

A Kakeya set (also called a Besicovitch set) in R4+ s a set that contains a unit line
segment in every direction. The study of such sets spans approximately a hundred
years. The first major analytical result in this area, due to Besicovitch [5], shows that
there exist Kakeya sets with Lebesgue measure zero. Over the past forty-plus years,
dating back at least to the work of Fefferman [10], the study of Kakeya sets has been a
simultaneously fruitful and vexing endeavor. On one hand its applications have been
found in many deep and diverse corners of analysis, PDEs, additive combinatorics and
number theory. On the other hand, certain fundamental questions concerning the size
and dimensionality of such sets have eluded complete resolution.

In order to obtain quantitative estimates for analytical purposes, it is often con-
venient to work with the §-neighborhood of a Kakeya set, rather than the set itself.
Here § is an arbitrarily small positive constant. The §-neighborhood of a Kakeya set
is therefore an object that consists of many thin §-tubes. A §-tube is by definition
a cylinder of unit axial length and spherical cross-section of radius §. The defining
property of a zero measure Kakeya set dictates that the volume of its §-neighborhood
goes to zero as § — 0, while the sum total of the sizes of these tubes is roughly a
positive absolute constant. Indeed, a common construction of thin Kakeya sets in the
plane (see for example [23, Chap. 10]) relies on the following fact: given any € > 0,
there exists an integer N > 1 and a collection of distinct 2N _tubes, i.e., a family of
1x2°N rectangles, {P; : 1 <t < 2N} in R? such that

U

t

< €, and Z|E|=1. (1.1)
t

Here | - | denotes Lebesgue measure (in this case two-dimensional), and P, denotes
the “reach” of the tube P;, namely the tube obtained by translating P; by two units in
the positive direction along its axis. While it is not known that every Kakeya set in two
or higher dimensions shares a similar feature, the ones that do have found repeated
applications in analysis. Fundamental results have relied on the existence of such sets,
for example the lack of differentiation for integral averages over parallelepipeds of
arbitrary orientation, and the counterexample of the ball multiplier [23, Chap. 10].
The property described above continues to be the motivation for the Kakeya-type sets
that we will study in the present paper.

Definition 1.1 For d > 1, we define a set of directions 2 to be a compact subset
of R4+!. We say that a tube in R?*! has orientation w € € or a tube is oriented in
direction w if its axis is parallel to w. We say that Q2 admits Kakeya-type sets if one
can find a constant Co > 1 such that for any N > 1, there exists §y > 0,5y — 0 as
N — o0 and a collection of §y-tubes {P[(N)} C R+ with orientations in € with the
following property:
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E%(C
if Ey:=|JP". E}(Co):=])CoP™, then lim IENCl _ (1.2)
t

p N—oo |Epn]|

Here | - | denotes (d + 1)-dimensional Lebesgue measure, and Cy PI(N) denotes the

tube with the same centre, orientation and cross-sectional radius as P,(N), but C times
its length. We will refer to {E : N > 1} as sets of Kakeya-type.

Specifically in this paper, we will be concerned with certain subsets of a curve, either
on the sphere S¢, or equivalently on a hyperplane at unit distance from the origin, that
admit Kakeya-type sets.

Kakeya and Kakeya-type sets of zero measure have intrinsic structural properties
that continually prove useful in an analytical setting. The most important of these prop-
erties is arguably the so-called stickiness property, originally observed by Wolff [25].
Roughly speaking, if a Kakeya-type set is a collection of many overlapping line seg-
ments, then stickiness dictates that the map which sends a direction to the line segment
in the set with that direction is almost Lipschitz, with respect to suitably defined met-
rics. Another way of expressing this is that if the origins of two overlapping é-tubes
are positioned close together, then the angle between these thickened line segments
must be small, resulting in the intersection taking place far away from the respective
bases. This idea, which has been formalized in several different ways in the literature
[13-15,25], will play a central role in our results, as we will discuss in Sect. 6.

Geometric and analytic properties of Kakeya and Kakeya-type sets are often stud-
ied using a suitably chosen maximal operator. Conversely, certain blow-up behavior
for such operators typically follow from the existence of such sets. We introduce
two such well-studied operators for which the existence of Kakeya-type sets implies
unboundedness.

Given a set of directions €2, consider the directional maximal operator Dg defined

by
h

1
Dgq f(x) := sup sup — | f(x + wt)|dt, (1.3)
weQh>0 2h Jp

where f : R4t! — C is a function that is locally integrable along lines. Also, for

any locally integrable function f on R?*!, consider the Kakeya—Nikodym maximal
operator Mg, defined by

1
Mg f(x) := sup sup W/P Lf)idy, (1.4)

we P>x
Plo

where the inner supremum is taken over all cylindrical tubes P containing the point
x, oriented in the direction w. The tubes are taken to be of arbitrary length / and have
circular cross-section of arbitrary radius r, with » < [. If Q is a set with nonempty
interior, then due to the existence of Kakeya sets with (d + 1)-dimensional Lebesgue
measure zero [5], Do and Mg are both unbounded as operators on L” (Rd+1) for all
1 < p < oo. More generally, if 2 admits Kakeya-type sets, then these operators are
unbounded on L? (R¥*1) forall 1 < p < oo (see Sect. 1.2 below).
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The complementary case when 2 has empty interior has been studied exten-
sively in the literature. It is easy to see that the operators in (1.3) and (1.4) exhibit
a kind of monotonicity: if @ C Q, then Do f(x) < Dg f(x) and Mg f(x) <
Mgy f (x), for any suitable function f. Since these operators are unbounded when
Q' = the unit sphere S?, treatment of the positive direction—identifying “small”
sets of directions €2 for which these operators are bounded on some L”—has garnered
much attention [1,2,6,20-22]. These types of results rely on classical techniques in
LP-theory, such as square function estimates, Littlewood-Paley theory and almost-
orthogonality principles.

For a general dimension d > 1, Nagel et al. [20] showed that D, is bounded on all
LP(RITH, 1 < p <oo,when Q = {(v{", ..., v/""):i > 1} . HereO <aj <--- <
aq+1 are fixed constants, and {v; : i > 1} is a sequence obeying 0 < v; 1 < Av; for
some lacunary constant 0 < A < 1. Carbery [6] showed that Dgq is bounded on all
LP(R4), 1 < p < o0, in the special case when €2 is the set given by the (d + 1)-
fold Cartesian product of a geometric sequence, namely = {(#F1, ... rkat1) -
ki,...,kqr1 € Z*) for some 0 < r < 1. Very recently, Parcet and Rogers [21]
generalized an almost-orthogonality result of Alfonseca [1] to extend the boundedness
of Dgonall L? (Rd+1), 1 < p < oo, forsets €2 that are lacunary of finite order, defined
in a suitable sense. Building upon previous work of Alfonseca, Soria, and Vargas [2],
Sjogren and Sjolin [22] and Nagel et al. [20], the recent result of Parcet and Rogers
[21] recovers those of its predecessors.

Aside from this set of positive results with increasingly weak hypotheses, there has
also been much development in the negative direction, pioneered by Bateman, Katz and
Vargas [3,4,7,8,12,24]. Of special significance to this article is the work of Bateman
and Katz [4], where the authors establish that D¢ is unbounded in L”(Rz) for all
1 <p<ooif2=/{(cosh,sinh) : & e Cy/3}, where Cy3 is the Cantor middle-third
set. A crowning success of the methodology of [4] combined with the aforementioned
work in the positive direction (in particular [1]) is a result by Bateman [3] that gives
a complete characterization of the L”-boundedness of Dg and Mg in the plane,
while also describing all direction sets €2 that admit planar sets of Kakeya-type. The
distinctive feature of this latter body of work [3,4] dealing with the negative point of
view is the construction of counterexamples using a random mechanism that exploits
the property of stickiness. We too adopt this approach to construct Kakeya-type sets
inRIH g >2 consisting of tubes whose orientations lie along certain subsets of a
curve on the hyperplane {1} x R%.

1.2 Results

As mentioned above, Bateman and Katz [4] establish the unboundedness of D¢ and
Mg on LP(R?), forall p € [1, 00), when Q = {(cos @, sin6) : 6 € C1/3} by construct-
ing suitable Kakeya-type sets in the plane. In this paper, we extend their construction
to the general (d + 1)-dimensional setting. To this end, we first describe what we mean
by a Cantor set of directions in (d + 1) dimensions.

Fix some integer M > 3. Construct an arbitrary Cantor-type subset of [0, 1) as
follows.
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e Partition [0, 1] into M subintervals of the form [a, b], all of equal length M -1
Among these M subintervals, choose any two that are not adjacent (i.e., do not
share a common endpoint); define Cz[v][] to be the union of these chosen subintervals,
called first stage basic intervals.

e Partition each first stage basic interval into M further (second stage) subintervals
of the form [a, b], all of equal length M ~2. Choose two non-adjacent second stage
subintervals from each first stage basic one, and define Cj[l,zl] to be the union of the
four chosen second stage (basic) intervals.

e Repeat this procedure ad infinitum, obtaining a nested, non-increasing sequence
of sets. Denote the limiting set by Cy:

oo
cu = () Chy.

k=1

We call Cyy a generalized Cantor-type set (with base M).

While conventional uniform Cantor sets, such as the Cantor middle-third set, are
special cases of generalized Cantor-type sets, the latter may not in general look like the
former. In particular, sets of the form Cjy; need not be self-similar, although the actual
sequential selection criterion leading up to their definition will be largely irrelevant
for the content of this article. It is well-known (see [9, Chap. 4]) that such sets have
Hausdorff dimension at most log 2/ log M. By choosing M large enough, we can thus
construct generalized Cantor-type sets of arbitrarily small dimension.

In this paper, we prove the following.

Theorem 1.2 Let Cyy C [0, 1] be a generalized Cantor-type set described above. Let
y 1 [0, 11— {1} x [—1, 11¢ be an injective map that satisfies a bi-Lipschitz condition

Vx,y, clx =yl < |ly@) =yl = Clx —yl, (1.5

for some absolute constants 0 < ¢ <1 < C < 00. Set Q = {y(t) : t € Cp}. Then

(a) the set 2 admits Kakeya-type sets,
(b) the operators Dg and Mg are unbounded on LP(Rd'H)for all 1 < p < o0.

The condition in Theorem 1.2 that y satisfies a bi-Lipschitz condition can be
weakened, but it will help in establishing some relevant geometry. Throughout this
exposition, it is instructive to envision y as a smooth curve on the plane x| = 1, and
we recommend the reader does this to aid in visualization. Our underlying direction
set of interest 2 = y (Cyy) is essentially a Cantor-type subset of this curve.

The main focus of this article, for reasons explained below, is on (a), not on (b).
Indeed, the implication (a) == (b) is well-known in the literature; let f = 1g,,
where E is as in (1.2), and let P,(N) = P; be one of the tubes that constitute E . If
x € CoPy, then

Mgq f(x) >

Sdy.
[CoPt| Jeyp,
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The integrand is pointwise bounded from below by 1p,; thus,

| Py 1

Mq f(x) > 1p,(y)dy

ICoP| Jeyn, ~ |CoPil Co
A similar conclusion holds for Dg, f (x). Thus there exists a constant ¢y = ¢o(Co) >
0 such that
min[DQf(x), Mng(x)] > ¢o forx € E}(Co). (1.6)

This shows that

. |EX (Co)l
min[|[Dallp—p. [|Mallp—p]| = co (ﬁ

1
)p, which — o0if 1 < p < o0.

On the other hand, the condition (a) of Theorem 1.2 is not a priori strictly necessary
in order to establish part (b) of the theorem. Suppose that {Gy : N > 1} and {Gy :
N > 1} are two collections of sets with |Gy|/|Gy| — 00, enjoying the additional
property that for any point x € G v, there exists a finite line segment originating at x
and pointing in a direction of €2, which spends at least a fixed positive proportion of
its length in G . By an easy adaptation of the argument in (1.6), the sequence of test
functions fy = 1, would then prove the claimed unboundedness of Dg. Kakeya-
type sets, if they exist, furnish one such family of test functions with Gy = En and
Gy = E},.

In [21], Parcet and Rogers construct, for certain examples of direction sets, families
of sets G that supply a different class of test functions sufficient to prove unbound-
edness of the associated directional maximal operators. The direction sets considered
in [21] are different from those under examination here, and we are currently unaware
if Theorem 1.2 (b) could be proved using a similar construction. A set as constructed
in [21] is typically a Cartesian product of a planar Kakeya-type set with a cube, and
as such not of Kakeya-type according to Definition 1.1. In particular, it consists of
rectangular parallelepipeds with possibly different sidelengths, with these sides not
necessarily pointing in a direction from the underlying direction set €2, although there
are line segments with orientations from €2 contained within them. Further, in contrast
with Definition 1.1, G ~ nheed not be obtained by translating Gy along its longest side.
Our main goal is to prove Theorem 1.2 (a), which in turn would imply Theorem 1.2 (b)
via the argument above. This requires us to understand several technical differences
between the two-dimensional and higher-dimensional settings.

The reason for considering Kakeya-type sets in this paper is twofold. First, they
appear as natural generalizations of a classical feature of planar Kakeya set con-
structions, as explained in (1.1). Studying higher-dimensional extensions of this
phenomenon is of interest in its own right, and this article provides a concrete illus-
tration of a sparse set of directions that gives rise to a similar phenomenon. Perhaps
more importantly, we use the special direction sets in this paper as a device for intro-
ducing certain machinery whose scope reaches beyond these examples. In [16], we
prove Theorem 1.2 for a much more general class of direction sets that include but
could be far sparser than the Cantor-like sets described in this paper. In addition to the
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framework introduced in [4], the methods developed in the present article, specifically
the investigation of root configurations and slope probabilities in Sects. 7 and 8 are
central to the analysis in [16]. While the consideration of general direction sets in [16]
necessarily involves substantial technical adjustments, many of the main ideas of that
analysis can be conveyed in the simpler setting of the Cantor example that we treat
here. As such, we recommend that the reader approach the current paper as a natural
first step in the process of understanding properties of direction sets that give rise to
unbounded directional and Kakeya—Nikodym maximal operators on L? (R4+1).

2 Overview of the Proof of Theorem 1.2
2.1 Steps of the Proof and Layout

The basic structure of the proof is modeled on [4], with some important distinctions
that we point out below. Our goal is to construct a family of tubes rooted on the
hyperplane {0} x [0, 1)¢, the union of which will eventually give rise to the Kakeya-
type set. The slopes of the constituent tubes will be assigned from €2 via a random
mechanism involving stickiness akin to the one developed by Bateman and Katz [4].
The description of this random mechanism is in Sect. 6, with the required geometric
and probabilistic background collected en route in Sects. 3, 4 and 5. The essential
elements of the construction, barring the details of the slope assignment, have been
laid out in Sect. 2.2 below. The main estimates leading to the proof of Theorem 1.2 are
(2.5) and (2.6) in Proposition 2.1 in this section. Of these the first, a precise version of
which is available in Proposition 6.4, provides a lower bound of ay = /log N/N on
the size of the part of the tubes lying near the root hyperplane. The second inequality,
also quantified in Proposition 6.4, yields an upper bound of by = 1/N for the portion
away from it. The disparity in the relative sizes of these two parts is the desired
conclusion of Theorem 1.2

The language of trees was a key element in the random construction of [3,4].
We continue to adopt this language, introducing the relevant definitions in Sect. 4 and
providing some detail on the connection between the geometry of 2 and a tree encoding
it. Specifically, the notion of Bernoulli percolation on trees plays an important role in
the proof of (2.6) with by = 1/N, as it did in the two-dimensional setting. The higher-
dimensional structure of 2 does however result in minor changes to the argument, and
the general percolation-theoretic facts necessary for handling (2.6) have been compiled
in Sect. 5. Other probabilistic estimates specific to the random mechanism of Sect.
6 and central to the derivation of (2.5) are separately treated in Sect. 7. The proof is
completed in Sects. 8 and 9.

Of the two estimates (2.5) and (2.6) necessary for the Kakeya-type construction, the
first is the most significant contribution of this paper. A deterministic analogue of (2.5)
was used in [3,4], where a similar lower bound for the size of the Kakeya-type set was
obtained for every slope assignment o in a certain measure space. The counting argu-
ment that led to this bound fails to produce the necessary estimate in higher dimensions
and is replaced here by a probabilistic statement that suffices for our purposes. More
precisely, the issue is the following. A large lower bound on a union of tubes follows
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if they do not have significant pairwise overlap among themselves; i.e., if the total size
of pairwise intersections is small. In dimension two, a good upper bound on the size of
this intersection was available uniformly in every sticky slope assignment. Although
the argument that provided this bound is not transferable to general dimensions, it
is still possible to obtain the desired bound with large probability. A probabilistic
statement similar to but not as strong as (2.5) can be derived relatively easily via an
estimate on the first moment of the total size of random pairwise intersections. Unfor-
tunately, this is still not sharp enough to yield the disparity in the sizes of the tubes
and their translated counterparts necessary to claim the existence of a Kakeya-type
set. To strengthen the bound, we need a second moment estimate on the pairwise
intersections. Both moment estimates share some common features; for instance,

— Euclidean distance relations between roots and slopes of two intersecting tubes,
— interplay of the above with the relative positions of the roots and slopes within the
respective trees that they live in, which affects the slope assignments.

However, the technicalities are far greater for the second moment compared to the
first. In particular, for the second moment we are naturally led to consider not just pairs,
but triples and quadruples of tubes, and need to evaluate the probability of obtaining
pairwise intersections among these. Not surprisingly, this probability depends on the
structure of the root tuple within its ambient tree. It is the classification of these
root configurations, computation of the relevant probabilities and their subsequent
application to the estimation of expected intersections that we wish to highlight as the
main contributions of this article.

2.2 Construction of a Kakeya-Type Set

We now choose some integer M > 3 and a generalized Cantor-type set Cyy C [0, 1)
as described in Sect. 1.2, and fix these items for the remainder of the article. We also
fix an injective map y : [0, 1] — {1} x [—1, 1]¢ satisfying the bi-Lipschitz condition
in (1.5). These objects then define a fixed set of directions Q = {y(t) : t € Cy}
(1} x [—1, 1]¢.

Next, we define the thin tube-like objects that will comprise our Kakeya-type set. Fix
an arbitrarily large integer N > 1, typically much bigger than M. Let {Q; : t € Ty},
parametrized by the index set Ty, be the collection of disjoint d-dimensional cubes
of sidelength M~V generated by the lattice M~NZ¢ in the set {0} x [0, 1)¢. More
specifically, each Q; is of the form

1
{0}><H[A;’N,J’+ ) @1

for some j = (ji, ..., ja) € {0,1,..., MN —1}?, so that #(Ty) = MN9.

For technical reasons, we also define Q, to be the «4-dilation of Q, about its center
point, where k; is a small, positive, dimension-dependent constant. The reason for
this technicality, as well as possible values of k4, will soon emerge in the sequel, but
for concreteness choosing kg = d~¢ will suffice.
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Recall that the Nth iterate Cj[‘fl\’] of the Cantor construction is the union of 2 disjoint
intervals each of length M~ . We choose a representative element of Cj; from each
of these intervals, calling the resulting finite collection D%,V]. Clearly dist(x, D%[V]) <
M~V for every x € Cy. Set

Qyi=y (DE{)’]) , 2.2)

so that dist(w, Qy) < CcM~N for any w € Q, with C as in (1.5).
For any t € Ty and any w € Qy, we define

Prwi={r+sw:reQ, 0<s=<10C}, 2.3)

where Cy is a large constant to be determined shortly [for instance, Cy = d4c1 will
work, with ¢ as in (1.5)]. Thus the set P; o is a czlinder oriented along w. Its (vertical)
cross-section in the plane x; = 0 is the cube Q;. We say that P; ,, is rooted at Q;.
While P, ,, is not strictly speaking a tube as defined in the introduction, the distinction
is negligible, since P; ,, contains and is contained in constant multiples of §-tubes with
8 = kg - M~V . By a slight abuse of terminology but no loss of generality, we will
henceforth refer to P, ,, as a tube.

If a slope assignment o: Ty — Qu has been specified, we set P, = Py o).
Thus {P; 5:t € Ty} is a family of tubes rooted at the elements of an M ~N_fine grid in
{0} x [0, 1)¢, with essentially uniform length in 7 that is bounded above and below by
fixed absolute constants. Two such tubes are illustrated in Fig. 1. For the remainder,
we set

Kn(@):= ] Pro- (2.4)

IETN

For a certain choice of slope assignment o, this collection of tubes will be shown
to generate a Kakeya-type set in the sense of Definition 1.1. This particular slope

Fig. 1 Two typical tubes Py, &
and Py, ¢ rooted, respectively at
t1 and 1 in the

{x1 = 0}-coordinate plane

t @:“

. P/D
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assignment will not be explicitly described, but rather inferred from the contents of
the following proposition.

Proposition 2.1 For any N > 1, let £ be a finite collection of slope assignments
from the lattice Ty to the direction set Q. Every o € Xy generates a set K (o) as
defined in (2.4). Denote the power set of X by P(Zy).

Suppose that (X, P(XN), Pr) is a discrete probability space equipped with the
probability measure Pr, for which the random sets K y (o) obey the following estimates:

; 2.5

1w

Pr(io : 1Kn(@) 010,11 x R = ay}) =
and
Es|Kn(o) N [Co, Co+ 11 x RY| < by, (2.6)

where Co > 1 is a fixed constant, and {an}, {bn} are deterministic sequences satisfy-
ing

an
— —> 00, as N — oo.

by
Then Q2 admits Kakeya-type sets.

Proof Fix any integer N > 1. Applying Markov’s Inequality to (2.6), we see that

Pr ({0 : [Kn(@) N[Co, Co + 11 x RY| = dby))

- E,|Kn(0)N[Co, Co + 1] x RY| - 1
- 4by -4’
S0,

Pr({o : IKn(@) NICo, Co+ 11 x RY| < 4by)) =

AW

2.7)

Combining this estimate with (2.5), we find that

Pr ({o:|KN(a)ﬂ[(), xR =ay} ({o:1Kn (o) N[Co, Co + l]de|§4bN})
= Pr({IKn(@) N0, 1] x RY) = ax})
+Pr ({IKn(@) N [Co. Co + 11 x RY| < dby}) 1
303 1

=173 2

We may therefore choose a particular 0 € Xy for which the size estimates on
Ky (o) given by (2.5) and (2.7) hold simultaneously. Set

En:=Kn(0) N[Co, Co+11xRY, sothat E}(2Co+ 1) 2 Ky(o) N[0, 1]xRY.
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Then E is a union of §-tubes oriented along directions in Qy C 2 for which

IELQ2Co+ D) ay
TZm—)OO, aSN—)OO,

by hypothesis. This shows that 2 admits Kakeya-type sets, per condition (1.2). O

The conclusion of Proposition 2.1 proves part (a) of our Theorem 1.2. The implica-
tion (a) = (b) has already been discussed in Sect. 1.2. The remainder of this paper
is devoted to establishing a proper randomization over slope assignments X that
will then allow us to verify the hypotheses of Proposition 2.1 for suitable sequences
{an} and {by}. We return to a more concrete formulation of the required estimates in
Proposition 6.4.

3 Geometric Facts

In this section, we will take the opportunity to establish some geometric facts about
two intersecting tubes in Euclidean space. These facts will be used in several instances
within the proof of Theorem 1.2. Nonetheless they are really general observations that
are not limited to our specific arrangement or description of tubes (Fig. 2).

Lemma 3.1 For vi,v2 € Qn and t1,t2 € Ty, t1 # t2, let Py, v, and P, o, be the
tubes defined as in (2.3). If there exists p = (p1, ..., pa+1) € Pt v, N\ Pr.v,, then the
inequality

|cen(Qp,) — cen(Qy) + pi1(v2 — v1)| < 2kqVdM ™V, 3.1

holds, where cen(Q) denotes the centre of the cube Q.

Proof The proof is described in the diagram below. If p € Py, v, N Py, v, , then there
exist x1 € Qy, X2 € Oy, such that p = x1 + prv; = x2 + prvp, ie., p1(v2 —vy) =

Fig. 2 A simple triangle is
defined by two rooted tubes,
Pt;.vy and Py, 4, and any point
p in their intersection

X2
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x1 —x7. The inequality (3.1) follows since |x; —cen(Q, )| < Kd\/c_iM_N fori =1, 2.
O

The inequality in (3.1) provides a valuable tool whenever an intersection takes
place. For the reader who would like to look ahead, the Lemma 3.1 will be used along
with Corollary 3.2 to establish Lemma 8.5. The following Corollary 3.3 will be needed
for the proofs of Lemmas 8.6 and 8.10.

Corollary 3.2 Under the hypotheses of Lemma 3.1 and for kg > 0 suitably small,
P12 — vl = kgM ™. (3.2)

Proof Since t; # to, we must have [cen(Qy,) —cen(Qy)| > M ~N _Thus an intersec-
tion is possible only if

pilva — vi| > [cen(Qr,) —cen(Qr)| —2kgVdM N > (1 — 2k Vd)M ™ = kgM ™,

where the first inequality follows from (3.1) and the last inequality holds for an appro-
priate selection of k. O

Corollary 3.3 Ift; € Ty, vi,v2 € Qy and a cube Q C RA+! of sidelength cCiMN
with sides parallel to the coordinate axes are given, then there exists at most Co =
C>(Cy) choices of to € Ty such that Py, v, N Pry,vy N O # B.

Proof As p = (p1, ..., pa+1) ranges in Q, p; ranges over an interval / of length
CiMN.If p e Priv; NPy, N Q, the inequality (3.1) and the fact diam(2) <
diam({1} x [—1, 1]9) = 2+/d implies

|cen(Q,) — cen(Qy,)+cen(I)(v2 — v)| <|(p1 — cen(l))(v2 — v)| + 2ucq/dM =N
< 2Vd(Cy + k)M ™V,

restricting cen((Q;,) to lie in a cube of sidelength 2Vd (Ci + kg)M N centred at
cen(Qy,) — cen()(v2 — v1). Such a cube contains at most C» sub-cubes of the form
(2.1), and the result follows. O

While the above formulation of Corollary 3.3 is more convenient for later use, we
point out that the intersection of tubes is not the important feature here. In fact, given
v € Qu and a cube Q one can show that there exist at most C choices of ¢ € 7Ty such
that P, , N Q # @. For purposes of our application, Q will always be Py, ,, intersected
with a slab of thickness O(M ") transverse to it.

A recurring theme in the proof of Theorem 1.2 is the identification of a criterion
that ensures that a specified point lies in the Kakeya-type set K (o) defined in (2.4).
With this in mind, we introduce for any p = (p1, p2, ..., pd+1) € [0, 10Co] x RY a
set

Poss(p) := {Qt :t € Ty, there exists v € Qpu such that p € P,,v}. (3.3)
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Fig. 3 a depicts the cone generated by a second stage Cantor construction, £2,, on the set of directions
given by the curve {(1, ¢, t2):0 <t < C}inthe {1} x R? plane. In b, a point p = (p1, p2, p3) has been
fixed and the cone of directions has been projected backward from p onto the coordinate plane, p — p1 2.
The resulting Poss(p) set is thus given by all cubes Q;,t € T y such that Q; intersects a subset of the curve
{0, p2 = p1t, p3 — p11?) : 0 <1 < C})

This set captures all the possible M =N _cubes of the form (2.1) in {0} x [0, l)d such
that a tube rooted at one of these cubes has the potential to contain p, provided it is
given the correct orientation. Note that Poss(p) is independent of any slope assignment
o. Depending on the location of p, Poss(p) could be empty. This would be the case
if p lies outside a large enough compact subset of [0, 10Cy] x R?, for example. Even
if Poss(p) is not empty, an arbitrary slope assignment o may not endow any Q; in
Poss(p) with the correct orientation.

In the next lemma, we list a few easy properties of Poss(p) that will be helpful later,
particularly during the proof of Lemma 9.3. Lemma 3.4 establishes the main intuition
behind the Poss(p) set, as we give a more geometric description of Poss(p) in terms
of an affine copy of the direction set €2, . This is illustrated in Fig. 3 for a particular
choice of directions Q.

Lemma 3.4 (a) For any slope assignment o,
{Qi:1€TN. p € Pro} S Poss(p).
(b) Forany p € [0, 10Cp] x R4,

Poss(p) = {0:: 0: N (p — p1N) # 0} (3.4)
C{Q;:1 €Ty, QN (p—piQ) # ). (3.5)

Note that the set in (3.4) could be empty, but the one in (3.5) is not.

Proof If p € P; 5, then p € P; ;) with o (¢) equal to some v € 2. Thus P; ,, contains
p and hence Q; € Poss(p), proving part (a). For part (b), we observe that p € P; ,
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for some v € Qpu if and only if p — p1v € ét, ie., é, N(p — p1Qy) # 0. This
proves the relation (3.4). The containment in (3.5) is obvious. O

We will also need a bound on the cardinality of Poss(p) within a given cube, and
on the cardinality of possible slopes that give rise to indistinguishable tubes passing
through a given point. We now prescribe these. Lemmas 3.5 and 3.6 are not technically
needed for the remainder, but can be viewed as steps toward establishing Lemma 3.7
which will prove critical throughout Sect. 9. Not surprisingly, the Cantor-like con-
struction of €2 plays a role in all these estimates.

Lemma 3.5 Given Cgy, C; > 0, there exists Co = Cr(Co, C1, M,d) > 0 with the
following property. Let p = (p1, ..., pat1) € (0, 10Co] x R?, and Q be any cube in
{0} x [0, D4 with sidelength in (Mt M_Hl)for somel < N — 1. Then

#{Q/ 1 €Ty, QN Q #0, dist(Qr, p— p1Qy) < Ci1M N} < C2V5. (3.6)

Proof Let j € Zbetheindex suchthat M~/ < p; < M~/*! By scaling, the left hand
side of (3.6) is comparable to (i.e., bounded above and below by constant multiples
of) the number of pflM —N_separated points lying in

Q0 ={xep/'Q: disttx, p;'p—Qn) < Cip;' MV}

But pl_lp — Qn = (1,¢) — Qp is an image of Qy following an inversion and
translation. This implies that there is a subset 2/, of Qy, depending on p and pl_l (0]
and with diameter O (M7 ~*), such that Q' is contained in a O (M7 ~")-neighborhood
of —Q, + (1, ¢). The number of M J=N _separated points in Q’ is comparable to that
in Q.

Suppose first that j < £. If ' C Cj[tf[V] is defined by the requirement Q) =
y(C"), then (1.5) implies that diam(C") = O(M/~*). Thus C’ is contained in at most
O(1) intervals of length M/~¢ chosen at step £ — j in the Cantor-type construction.
Each chosen interval at the kth stage gives rise to two chosen subintervals at the next
stage, with their centres being separated by at least M ~*~!. So the number of M/ ~N-
separated points in C’, and hence y (C') is 0 QN =N=E=1y = 02N ~*) as claimed.
The case j > ¢ is even simpler, since the number of M/~" -separated points in C’ is
trivially bounded by 2V =/ < 2N—¢, O

Lemma 3.6 Fixt € Ty and p = (p1, ..., pa+1) € [M~¢, M~ x RY, for some
0 < € < N. Let Q be a cube centred at p of sidelength CyM~" . Then

#lveQy: 0NP, #9} < 25
Proof 1f both P;, and P,y have nonempty intersection with Q, then there exist

q = (qlL...,qu),q/ = (q], - ..,q;lH) € Q such that both ¢ — gjv and ¢' — g[v’
land in Q;. Thus,
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pilv =V <(g—pi1v) — (@ — pv)+1g — 4’|
<@g —qiv) — (¢ — g1V + lg1 — pillvl + gy — p1llv'| + 1g — 4]
< (kgv/d + 10C,Vd)yM™V.

In other words, [v — v'| < (10C; + kg)v/dM*~VN. Recalling that v = y (&) and
v = y(a’) for some «, &’ € Dj[‘flv], combining the last inequality with (1.5) implies
that |« — /| < CoM*~N . Thus there is a collection of at most O (1) chosen intervals
at step N — £ of the Cantor-type construction which « (and hence ') can belong to.
Since each interval gives rise to two chosen intervals at the next stage, the number of
possible o and hence v is 02Y. O

A slight modification of the proof above yields a stronger conclusion, stated below,
when p is far away from the root hyperplane. We will return to this result several times
in the sequel (see for example Lemma 6.3 for a version of it in the language of trees),
and make explicit use of it in Sect. 9, specifically in the proofs of Lemmas 9.1 and 9.2.

Lemma 3.7 There exists a constant Co > 1 with the following properties.

(a) For any p € [Cp, Co + 1] X R? and t € Ty, there exists at most one v € Uy
such that p € P; y. In other words, for every Q; in Poss(p), there is exactly one
S-tube rooted at t that contains p.

(b) For any p as in (a), and Q;, Qy € Poss(p), let v = y(a), v/ = y(a’) be the
two unique slopes in Qy guaranteed by (a) such that p € P, NPy . If k is
the largest integer such that Q; and Q are both contained in the same cube
Q C {0} x [0, ¥ of sidelength M~ whose corners lie in M—*7¢, then o and
o’ belong to the same kth stage basic interval in the Cantor construction.

Proof (a) Suppose v, v’ € Qy are such that p € Py, N Py . Then p — prv and
p — p1v/ both lie in Qy, so that pi|v — v'| < kg+/dM V. Since p; > Cy and
(1.5) holds, we find that

Ka~N'd

o — o] < kad oy MV,
cCo
where the last inequality holds if Cy is chosen large enough. Let us recall from
the description of the Cantor-like construction in Sect. 1.2 that any two basic rth
stage intervals are non-adjacent, and hence any two points in Cys lying in distinct
basic rth stage intervals are separated by at least M ~". Therefore the inequality
above implies that both & and o’ belong to the same basic Nth stage interval in
Cl[év]. But D%IV] contains exactly one element from each such interval. So a = o’
and hence v = v'. L

() If p € Py N Pyry, then pilv — v'| < diam(Q, U Q) < diam(Q) = ~/dM~*.
Applying (1.5) again combined with p; > Cy, we find that |o —&’| < %M‘k <
M~*_ for Cy chosen large enough. By the same property of the Cantor construction
as used in (a), we obtain that & and o’ lie in the same kth stage basic interval in

CI[(;]. o
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4 Rooted, Labelled Trees
4.1 The Terminology of Trees

An undirected graph G := (V, £) is a pair, where V is a set of vertices and &£ is a
symmetric, nonreflexive subset of VV x V), called the edge set. By symmetric, here we
mean that the pair (u, v) € £ is unordered; i.e., the pair (u, v) is identical to the pair
(v, u). By nonreflexive, we mean £ does not contain the pair (v, v) for any v € V.

A path in a graph is a sequence of vertices such that each successive pair of vertices
is a distinct edge in the graph. A finite path (with at least one edge) whose first and last
vertices are the same is called a cycle. A graph is connected if for each pair of vertices
v # u, there is a path in G containing v and u. We define a free to be a connected
undirected graph with no cycles.

All our trees will be of a specific structure. A rooted, labelled tree T is one whose
vertex set is a nonempty collection of finite sequences of nonnegative integers such
that if (i1, ..., i,) € 7, then

(i) forany k,0 < k < n, (i1,...,ix) € 7, where k = 0 corresponds to the empty
sequence, and
(ii) forevery j € {0, 1,...,i,}, we have (i1, ...,i,—1,j) € 7.

Wesay that (i1, ..., i,—1)isthe parent of (i1, ..., i,—1, j)andthat (i1, ..., i,—1, J)
is the (j + 1)th child of (i, ..., i,—1). If u and v are two sequences in 7 such that u
is a child of v, or a child’s child of v, or a child’s child’s child of v, etc., then we say
that u is a descendant of v (or that v is an ancestor of u), and we write u C v (see the
remark below). If u = (iy,...,in) € T,v={j1,..., jn) € T, m < n, and neither u
nor v is a descendant of the other, then the youngest common ancestor of u and v is
the vertex in 7 defined by

D, v) = D(v, u) := [m, it £ (4.1)

(i1, ..., 1k) if k=max{l:i; = ji}.

One can similarly define the youngest common ancestor for any finite collection of
vertices.

Remark At first glance, using the notation # C v to denote when u is a descendant
of v may seem counterintuitive, since u is a descendant of v precisely when v is a
subsequence of u. However, we will soon be identifying vertices of rooted labelled trees
with certain nested families of cubes in R¢. Consequently, as will become apparent
in the next two subsections, u will be a descendant of v precisely when the cube
associated with u is contained within the cube associated with v.

We designate the empty sequence ¢ as the root of the tree 7. The sequence
(i1, ..., 1in) should be thought of as the vertex in 7 that is the (i, + 1)tk child of
the (i,—1 + 1)th child,. .., of the (i1 4+ 1)th child of the root. All unordered pairs of
the form ({(i1,...,in—1), (i1, ..., in—1, in)) describe the edges of the tree 7. We say
that the edge originates at the vertex (i1, ..., i,—1) and that it terminates at the vertex
(i1, ...,in—1,1n). Note that every vertex in the tree that is not the root is uniquely
identified by the edge terminating at that vertex. Consequently, given an edge e € &,
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we define v(e) to be the vertex in V at which e terminates. The vertex (i1, ..., i,) € T
also prescribes a unique path, or ray, from the root to this vertex:

B — (i1) = (i1, 02) > -+~ — (i1,02,...,1p).

We let 97 denote the collection of all rays in 7 of maximal (possibly infinite)
length. For a fixed vertex v = (iy,...,i,) € 7, we also define the subtree (of T)
generated by the vertex v to be the maximal subtree of 7 with v as the root, i.e., it is
the subtree

{1, .-y im, J1, vy Jk) € T:k > 0}.

The height of the tree is taken to be the supremum of the lengths of all the sequences
in the tree. Further, we define the height h(-), or level, of a vertex (i1, ..., i,) in the
tree to be n, the length of its identifying sequence. All vertices of height n are said to
be members of the nth generation of the root, or interchangeably, of the tree. More
explicitly, a member vertex of the nth generation has exactly n edges joining it to the
root. The height of the root is always taken to be zero.

If 7 is a tree and n € Z1, we write the truncation of T to its first n levels as
Tp = {{i1,...,ik) € 7:0 < k < n}. This subtree is a tree of height at most n. A tree
is called locally finite if its truncation to every level is finite, i.e., consists of finitely
many vertices. All of our trees will have this property. In the remainder of this article,
when we speak of a tree we will always mean a locally finite, rooted labelled tree,
unless otherwise specified.

Roughly speaking, two trees are isomorphic if they have the same collection of
rays. To make this precise we define a special kind of map between trees that will turn
out to be very important for us later.

Definition 4.1 Let 77 and 75 be two trees with equal (possibly infinite) heights. Let
o : 7y — Tp; wecall o sticky if

e forallv € 71, h(v) = h(o (v)), and
e u C vimplies o(u) C o(v) forall u, v € 7j.

We often say that o is sticky if it preserves heights and lineages.

A one-to-one and onto sticky map between two trees, whose inverse is then auto-
matically sticky, is an isomorphism and the two trees are said to be isomorphic; we will
write 77 = 7. Two isomorphic trees can be treated as essentially identical objects.

4.2 Encoding Bounded Subsets of the Unit Interval by Trees

The language of rooted labelled trees is especially convenient for representing bounded
sets in Euclidean spaces. This connection is well-studied in the literature. We refer the
interested reader to [19] for more information.

We start with [0, 1) C R. Fix any positive integer M > 2. We define an M-adic
rational as a number of the form i / M k forsomei € Z,k € ZT, and an M-adic interval
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as [i - M~*, (i + 1) - M~*). For any nonnegative integer i and positive integer k such
that i < M¥, there exists a unique representation

=i M MR i My, 4.2)

where the integers i1, .. ., iy take values in Zy; := {0, 1, ..., M — 1}. These integers
should be thought of as the “digits” of i with respect to its base M expansion. An easy
consequence of (4.2) is that there is a one-to-one and onto correspondence between
M -adic rationals in [0, 1) of the formi /M k and finite integer sequences (if, ..., ix) of
length k with i; € Zy for each j. Naturally then, we define the tree of infinite height

TA0,1); M) ={(i1,...,ik) 1k =0, ij € Zy}. 4.3)

The tree thus defined depends of course on the base M; however, if M is fixed, as
it will be once we fix the direction set 2 = y(Cyr) (see Sect. 1.2), we will omit its
usage in our notation, denoting the tree 7 ([0, 1); M) by 7 ([0, 1)) instead.

Identifying the root of the tree defined in (4.3) with the interval [0, 1) and the
vertex (iq, ..., ix) with the interval [i - M %, (i + 1) - M—%), where i and (i1, ..., i)
are related by (4.2), we observe that the vertices of 7 ([0, 1); M) at height k yield a
partition of [0, 1) into M -adic subintervals of length M —k_This tree has a self-similar
structure: every vertex of 7 ([0, 1); M) has M children and the subtree generated by
any vertex as the root is isomorphic to 7 ([0, 1); M). In the sequel, we will refer to
such a tree as a full M-adic tree.

Any x € [0, 1) can be realized as the intersection of a nested sequence of M-adic
intervals, namely

) = () k),
k=0

where I (x) = [ix(x) - M~*, (ix(x) + 1) - M~%). The point x should be visualized as
the destination of the infinite ray
B — (i1(x) = (i1(x), i2(x)) = -+ = {1(x), 2(x), ..., k(X)) = -+
in 7 ([0, 1); M). Conversely, every infinite ray
0 — (i) = (i1, i2) = (i1, 02, 03) -+~

identifies a unique x € [0, 1) given by the convergent sum
= S
te Z} Mi
]:

Thus the tree 7 ([0, 1); M) can be identified with the interval [0, 1) exactly. Any
subset E C [0, 1) is then given by a subtree 7 (E; M) of 7 ([0, 1); M) consisting of
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e : o

Fig. 4 A pictorial depiction of the isomorphism between a standard middle-thirds Cantor set and its
representation as a full binary subtree of the full base M = 3 tree

all infinite rays that identify some x € E. As before, we will drop the notation for the
base M in 7 (E; M) once this base has been fixed.

Any truncation of T (E; M), say up to height k, will be denoted by 7 (E; M) and
should be visualized as a covering of E by M-adic intervals of length M~*. More
precisely, (i1, ...,ix) € Te(E; M) ifandonly if EN[i - M™%, (i +1)- M~%) £ @,
where i and (i1, ..., ir) are related by (4.2).

We now state and prove a key structural result about our sets of interest, the gener-
alized Cantor sets Cy.

Proposition 4.2 Fix any integer M > 3. Define Cpy as in Sect. 1.2. Then
T(Cwm: M) =7([0, 1); 2).

That is, the M-adic tree representation of Cyy is isomorphic to the full binary tree,
illustrated in Fig. 4.

Proof Denote T = T (Cpr; M) and 7' = T ([0, 1); 2). We must construct a bijective
sticky map v : 7 — 7. First, define ¥ (vo) = v(,, where vy is the root of 7" and v,
is the root of 7.

Now, for any k > 1, consider the vertex (i1, i2, ..., k) € 7. We know that ij €
Zy for all j. Furthermore, for any fixed j, this vertex corresponds to a kth level
subinterval of Cz[t]/;]~ Every such k-th level interval is replaced by exactly two arbitrary

(k + 1)-th level subintervals in the construction of CI[SH]. Therefore, there exists

Ny = Ni1({(i1, ..., ix)), N2 := No({i1,...,ik)) € Zpy, with N1 < N, such that
(i1, .-, ik, ig+1) € 7T if and only if i1 = N; or Np. Consequently, we define

V(i1 i, .. i) = by ) €T 4.4)
where

; O ifijp = N, e 0G))s
j+1 = e . .
1 ifij = Na((in, ..., 05)).
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The mapping v is injective by construction and surjectivity follows from the binary
selection of subintervals at each stage in the construction of Cjs. Moreover, v is sticky
by (4.4). O

The following corollary is an easy consequence of the above and left to the reader.

Corollary 4.3 Recall the definition of D%,V] from Sect. 2.2. Then
Tn DY M) = Ty (0, 1); 2
N( M > ) N([ ’ )» )

Proposition 4.2 and Corollary 4.3 guarantee that the tree encoding our set of direc-
tions will retain a certain binary structure. This fact will prove vital to establishing
Theorem 1.2.

4.3 Encoding Higher-Dimensional Bounded Subsets of Euclidean Space by
Trees

The approach to encoding a bounded subset of Euclidean space by a tree extends readily
to higher dimensions. For any i = (ji, ..., jq) € Z9 such thati- M™% € [0, 1)¢, we
can apply (4.2) to each component of i to obtain

1 11 i2 1%
VAR Ve VIS
withi; € Z‘,{,I for all j. As before, we identify i with (i, ..., i).
Let¢: Z4, — {0, 1, ..., M9 —1} be an enumeration of Z4,. Define the full M?-adic
tree
T(0, D M, ¢) = {<¢(i1), L G0) k=0, 0 € Z‘,{,,} . 4.5)

The collection of kth generation vertices of this tree may be thought of as the d-fold
Cartesian product of the kth generation vertices of 7 ([0, 1); M). For our purposes, it
will suffice to fix ¢ to be the lexicographic ordering, and so we will omit the notation
for ¢ in (4.5), writing simply, and with a slight abuse of notation,

70, l)d;M):{(il,...,ik):kzo, iAieZ‘,@}. (4.6)

As before, we will refer to the tree in (4.6) by the notation 7 ([0, D4) once the base
M has been fixed.

By a direct generalization of our one-dimensional results, each vertex (i, .. ., ix)
of 7 ([0, 1)¢; M) at height k represents the unique M-adic cube in [0, 1)? of sidelength
M, containing i - M —k_ of the form

Jioit1 Ja Jja+1
e ) e T )
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As in the one-dimensional setting, any x € [0, 1)4 can be realized as the intersection
of a nested sequence of M-adic cubes. Thus, we view the tree in (4.6) as an encoding
of the set [0, l)d with respect to base M. As before, any subset £ C [0, 1)d then
corresponds to a subtree of 7 ([0, D4 M).

The connection between sets and trees encoding them leads to the following easy
observations that we record for future use in Lemma 9.3.

Lemma 4.4 Let Qp be the set defined in (2.2).

(a) Given Q, there is a constant C1 > 0 (depending only on d and C, ¢ from (1.5))
suchthatforany 1 < k < N, the number of kth generationverticesin Ty (Q2y; M)

is < C12%,
(b) For any compact set K C RY*L there exists a constant C (K) > 0 with the
following property. For any x = (x1,--- ,Xq+1) € K, and 1 < k < N, the

number of kth generation vertices in Ty (E(x); M) is < C(K)2%, where E(x) :=
(x — x192n) N {0} x [0, D).

Proof There are exactly 2¥ basic intervals of level k that comprise C}\l;]. Under y,
each such basic interval maps into a set of diameter at most CM ¥, Since Qy =
)/(D%IV]) - y(CI[(,;]), the number of kth generation vertices in 7y (Q2y; M), which is
also the number of kth level M-adic cubes needed to cover 2y, is at most C2¥. This
proves (a).

Let Q be any kth generation M-adic cube such that Q N Qx # @. Then on one
hand, (x —x1 Q)N (x —x12x) # @; on the other hand, the number of kth level M-adic
cubes covering (x — x1 Q) is < C(K), and part (b) follows. O

Notation We end this section with a notational update. In light of the discussion
above and for simplicity, we will henceforth identify a vertex u = (i1, i2, ..., i) €
T ([0, 1)?) with the corresponding cube {0} x u lying on the root hyperplane {0} x
[0, 1)?. In this parlance, a vertex t € Ty ([0, D) of height N is the same as aroot cube
Q; (or é ¢) defined in (2.1), and the notation ¢t C u stands both for set containment as
well as tree ancestry.

5 Electrical Circuits and Percolation on Trees
5.1 The Percolation Process Associated to a Tree

The proof of Theorem 1.2 will require consideration of a special probabilistic process
on certain trees called a (bond) percolation. Imagine a liquid that is poured on top
of some porous material. How will the liquid flow—or percolate—through the holes
of the material? How likely is it that the liquid will flow from hole to hole in at
least one uninterrupted path all the way to the bottom? The first question forms the
intuition behind a formal percolation process, whereas the second question turns out
to be of critical importance to the proof of Theorem 1.2; this idea plays a key role in
establishing the planar analogue of that theorem in Bateman and Katz [4], and again
in the more general framework of [3].
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Although it is possible to speak of percolation processes in far more general terms
(see [11]), we will only be concerned with a percolation process on a tree. Accordingly,
given some tree 7 with vertex set V and edge set £, we define an edge-dependent
Bernoulli (bond) percolation process to be any collection of random variables {X, :
e € &}, where X, is Bernoulli(p,) with p, < 1. The parameter p, is called the
survival probability of the edge e. We will always be concerned with a particular type
of percolation on our trees: we define a standard Bernoulli(p) percolation to be one
where the random variables {X, : ¢ € £} are mutually independent and identically
distributed Bernoulli(p) random variables, for some p < 1. In fact, for our purposes,
it will suffice to consider only standard Bernoulli(%) percolations.

Rather than imagining a tree with a percolation process as the behaviour of a liquid
acted upon by gravity in a porous material, it will be useful to think of the percolation
process as acting more directly on the mathematical object of the tree itself. Given
some percolation process on a tree 7, we will think of the event {X, = 0} as the
event that we remove the edge e from the edge set £, and the event {X, = 1} as the
event that we retain this edge; denote the random set of retained edges by £*. Notice
that with this interpretation, after percolation there is no guarantee that £*, the subset
of edges that remain after percolation, defines a subtree of 7. In fact, it can be quite
likely that the subgraph that remains after percolation is a union of many disconnected
subgraphs of 7.

Foragivenedgee € £, wethink of p = Pr(X, = 1) as the probability that we retain
this edge after percolation. The probability that at least one uninterrupted path remains
from the root of the tree to its bottommost level is given by the survival probability
of the corresponding percolation process. More explicitly, given a percolation on a
tree 7, the survival probability after percolation is the probability that the random
variables associated to all edges of at least one ray in 7 take the value 1, i.e.,

Pr (survival after percolation on 7) := Pr( U ﬂ {X, = l}). 5.1

RedT ecENR

Estimation of this probability will prove to be a valuable tool in the proof of Theo-
rem 1.2. This estimation will require reimagining a tree as an electrical network.

5.2 Trees as Electrical Networks

Formally, an electrical network is a particular kind of weighted graph. The weights
of the edges are called conductances and their reciprocals are called resistances. In
his seminal works on the subject, Lyons visualizes percolation on a tree as a certain
electrical network. In [17], he lays the groundwork for this correspondence. While
his results hold in great generality, we describe his results in the context of standard
Bernoulli percolation on a locally finite, rooted labelled tree only. We briefly review
the concepts relevant to our application here.

A percolation process on the truncation of any given tree 7 is naturally associated
to a particular electrical network. To see this, we truncate the tree 7 at height N and
place the positive node of a battery at the root of 7. Then, for every ray in 97y, there
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is a unique terminating vertex; we connect each of these vertices to the negative node
of the battery. A resistor is placed on every edge e of 7y with resistance R, defined

by
1 1
= M » (5.2)
¢ Pe Acv(e’)Zv(e)

Notice that the resistance for the edge e is essentially the reciprocal of the probability
that a path remains from the root of the tree to the vertex v(e) after percolation. For
standard Bernoulli(%) percolation, we have

R, =2"@=1, (5.3)

One fact that will prove useful for us later is that connecting any two vertices at a
given height by an ideal conductor (i.e., one with zero resistance) only decreases the
overall resistance of the circuit. This will allow us to more easily estimate the total
resistance of a generic tree.

Proposition 5.1 Let Ty be a truncated tree of height N with corresponding electri-
cal network generated by a standard Bernoulli(%) percolation process. Suppose at
height k < N we connect two vertices by a conductor with zero resistance. Then the
resulting electrical network has a total resistance no greater than that of the original
network.

Proof Let u and v be the two vertices at height k that we will connect with an ideal
conductor. Let R denote the resistance between u and D (u, v), the youngest common
ancestor of u and v; let R, denote the resistance between v and D (u, v). Let R3 denote
the total resistance of the subtree of 7y generated by the root u and let R4 denote the
total resistance of the subtree of 7y generated by the root v. These four connections
define a subnetwork of our tree, depicted in Fig. 5a. The connection of u and v by
an ideal conductor, as pictured in Fig. 5b, can only change the total resistance of this
subnetwork, as that action leaves all other connections unaltered. It therefore suffices

D(u, v) D(u,v)
Ry Ry
o U~V
+
- Rg R4
(b)

Fig. 5 a The original subnetwork with the resistors Ry, R3 and R, R4 in series; b the new subnetwork
obtained by connecting vertices # and v by an ideal conductor
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to prove that the total resistance of the subnetwork comprised of the resistors Ry, R,
R3 and R4 can only decrease if # and v are joined by an ideal conductor.

In the original subnetwork, the resistors Ry and R3 are in series, as are the resistors
R, and Ry4. These pairs of resistors are also in parallel with each other. Thus, we
calculate the total resistance of this subnetwork, Roriginal:

Rosgt = (o 4 )
original = R, + R; Ry + Ry

_ (Ri+ R3)(Ry + Ry4) (5.4)
Ri+Ry+R3+ Ry '

After connecting vertices u# and v by an ideal conductor, the structure of our subnet-
work is inverted as follows. The resistors Ry and R; are in parallel, as are the resistors
R3 and R4, and these pairs of resistors are also in series with each other. Therefore,
we calculate the new total resistance of this subnetwork, Rpew, as

R (L] —1+ L1 -
flew = R Ry R3 Ry

_ RiRy(R3 + R4) + R3R4(R1 + Rp)
(R1 + R2)(R3 + Ry4)

(5.5)

We claim that (5.4) is greater than or equal to (5.5). To see this, simply cross-
multiply these expressions. After cancellation of common terms, our claim reduces
to

RIR] + R3R3 > 2R RyR3Ry.

But this is trivially satisfied since (@ — b)*> > 0 for any real numbers a and b. O

5.3 Estimating the Survival Probability After Percolation

We now present Lyons’ pivotal result linking the total resistance of an electrical net-
work and the survival probability under the associated percolation process.

Theorem 5.2 (Lyons, Theorem 2.1 of [18]) Let T be a tree with mutually associated
percolation process and electrical network, and let R(T) denote the total resistance
of this network. If the percolation is Bernoulli, then

1
— <Pr(7) £ ———,
Tk == TR
where Pr(T) denotes the survival probability after percolation on T.

We will not require the full strength of this theorem. A reasonable upper bound
on the survival probability coupled with the result of Proposition 5.1 will suffice for
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our applications. For completeness, we state and prove a sufficient simpler version of
Theorem 5.2 as essentially formulated by Bateman and Katz [4].

Proposition 5.3 Let M > 2 and let T be a subtree of a full M-adic tree. Let R(T)
and Pr(7T) be as in Theorem 5.2. Then under Bernoulli percolation, we have

Proof We will only focus on the case when R(7) > 1, since otherwise (5.6) holds
trivially. We prove this by induction on the height of the tree N. When N = 0, then
(5.6) is trivially satisfied. Now suppose that up to height N — 1, we have

2

Suppose 7 is of height N. We can view the tree 7 as its root together with at most
M edges connecting the root to the subtrees 71, ..., 7y of height N — 1 generated
by the terminating vertices of these edges. If there are k < M edges originating from
the root, then we take M — k of these subtrees to be empty. Note that by the induction
hypothesis, (5.6) holds for each 7;. To simplify notation, we denote

Pr(7j) = Pj and R(T;) = R;,

taking P; = 0 and R; = oo if 7 is empty.
Using independence and recasting Pr(7") as one minus the probability of not sur-
viving after percolation on 7°, we have the formula:

M

Pr(T):l—H(l—%Pk>.

k=1

Note that the function F(x1,...,xy) =1—0 —x1/2)(1 —x2/2)--- (1 —xp1/2)
is monotone increasing in each variable on [0, 21M . Now define

_ 2
a 1+Rj.

Q;:
Since resistances are nonnegative, we know that Q; < 2 for all j. Therefore,

Pr(7)=F(Py,..., Py)
<FQ1,...,0m)

M
> Ok
k=1

Here, the first inequality follows by monotonicity and the induction hypothesis.
Plugging in the definition of Qy, we find that

=

N =
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Moo
Pr(7) < .
r( )_§1+Rk

But since each resistor R; is in parallel, we know that
M

1 - 1
R(T) & 1+R

Combining this formula with the previous inequality and recalling that R(7") > 1,
we have

Pr(T) < 1 - 2
"= %D S THRD

as required. O

6 The Random Mechanism and the Property of Stickiness

As discussed in the introduction of this paper, the construction of a Kakeya-type
set with orientations given by 2 will require a certain random mechanism. We now
describe this mechanism in detail.

In order to assign a slope o (-) to the tubes P, := Py q() given by (2.3), we
want to define a collection of random variables {X;,, . i.y: (i1, ..., ix) € 7 ([0, D9,
one on each edge of the tree used to identify the roots of these tubes. The tree
T1([0, 1)?) consists of all first generation edges of 7 ([0, D9). It has exactly M4
many edges and we place (independently) a Bernoulli(%) random variable on each
edge: X0y, X1y, - -+, X<Md_1). Now, the tree 7> ([0, 1)") consists of all first and sec-
ond generation edges of 7([0, 1)?). It has M? + M?? many edges and we place
(independently) a new Bernoulli(%) random variable on each of the M>¢ second gen-
eration edges. We label these X ;, ;,) where 0 < i1,iy < M?. We proceed in this
way, eventually assigning an ordered collection of independent Bernoulli(%) random
variables to the tree Ty ([0, 1)%):

XN = {Xiyoiny 01,0 i) € Ty(0, DY, 1=k = N,
where X;, ., is assigned to the unique edge identifying (i1, 72, ..., ix), namely the
edge joining (i1, i2,...,1k—1) to (i1, i, ..., ix). Each realization of Xy is a finite

ordered collection of cardinality M4 + M>¢ + ... + MN? with entries either 0 or 1.

We will now establish that every realization of the random variable Xy defines a
sticky map between the truncated position tree 7y ([0, 1)¢) and the truncated binary
tree 7y ([0, 1); 2), as defined in Definition 4.1. Fix a particular realization Xy = x =
{X(i,....ipy}. Define a map 7y : Ty ([0, 1)9) — Ty ([0, 1); 2), where

(i1, 02, ooy ik) = (X(i0)s X(inin)s - - s Xliginsoonin)) - (6.1)
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We then have the following key proposition.

Proposition 6.1 The map tx just defined is sticky for every realization x of Xy. Con-
versely, any sticky map © between Ty ([0, DY) and Ty ([0, 1); 2) can be written as
T = 1 for some realization X of Xy.

Proof Recalling Definition 4.1, we need to verify that 74 preserves heights and lin-
eages. By (6.1), any finite sequence v = (i1, ip, ..., ig) in 7 ([0, l)d) is mapped to
a sequence of the same length in 7 ([0, 1); 2). Therefore h(v) = h(zx(v)) for every
v e T([0, D).

Next suppose u D v. Then u = (i1, ..., ipw)), with A(u) < k. So again by (6.1),

() = (X(p), - X<i1,...,ih(u))) O (X e Xy iha) e X)) = (D).

Thus, 74 preserves lineages, establishing the first claim in Proposition 6.1.
For the second, fix a sticky map 7 : 7y ([0, 1)¢) — Tx([0, 1); 2). Define Xy o=
T({i1)), X(iy,ip) := 72 0 T({i1, i2)), and in general

Xiiy,oip) =k ot({i1, i, ..., 1k)), k=1,

where 1 denotes the projection map whose image is the kth coordinate of the input
sequence. The collection x = {x(;, ;,,... i)} 1S the unique realization of Xy that verifies
the second claim. O

6.1 Slope Assignment Algorithm

Recall from Sects. 1.2 and 2.2 that Q := y(Cy) and Qpy := y(D%,V]), where Cyy is
the generalized Cantor-type set and D%}’] a finitary version of it. In order to exploit
the binary structure of the trees 7 (Cpr) := 7 (Cpr; M) and T(D%IV]) = T(D%IV]; M)
advanced in Proposition 4.2 and Corollary 4.3, we need to map traditional binary
sequences onto the subsequences of {0, ..., M — 1}* defined by Cys or D%,V].

Proposition 6.2 Every sticky map t as in (6.1) that maps Ty ([0, ) M) to
Ty ([0, 1); 2) induces a natural mapping o = o from Ty ([0, 1)‘1) into Q. The
maps o obey a uniform Lipschitz-type condition: for any t,t' € Ty ([0, D)), t # ¢,

|0 (1) — 07 (1)| < CM~HPEOTEN), 6.2)

where C is as in (1.5).

Remark While the choice of D%,V] for a given C%v] is not unique, the mapping

. . . . . . =[N
T > o is unique given a specific choice. Moreover, if D%IV] and DEVI] are two
selections of finitary direction sets at scale M ", then the corresponding maps o, and
o ; must obey

|0 (v) =T (V)| < CM™") forevery v € Ty ([0, D), (6.3)
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where C is asin (1.5). Thus given 7, the slope in €2 that is assigned by o to an M-adic
cube in {0} x [0, 1)? of sidelength M~V is unique up to an error of O(M V). As a
consequence P; ,, and P; 7 are comparable, in the sense that each is contained in a
O (M ~N)-thickening of the other.

Proof There are two links that allow passage of T to o. The first of these is the
isomorphism v constructed in Proposition 4.2 that maps 7 (Cps; M) onto 7 ([0, 1); 2).
Under this isomorphism, the pre-image of any k-long sequence of 0’s and 1’s is a vertex
w of height k in 7 (Cys; M), in other words one of the 2% chosen M-adic intervals of
length M~ that constitute C,[(,;]. The second link is amapping @ : Ty (Cpr; M) — D%]v]
that sends every vertex w to a point in Cjy N w, where, per our notational agreement
at the end of Sect. 4, we have also let w denote the particular M-adic interval that
it identifies. While the choice of the image point, i.e., D%IV] is not unique, any two
candidates ®, ® satisfy

[P (w) — P(w)| < diam(w) = M) for every w € Ty (Cr; M). (6.4)

We are now ready to describe the assignment t — o = o;. Given a sticky map
7 : Ty ([0, D4 M) — Tn([0, 1); 2) such that

T, 02, -0 1) =Xy - s Xiigsin,ig))»

the transformed random variable

-1
Yiinizenin) =Y 0 ®o ¥ ((Xiiyy, Xii)s - - - » X(ivsinonit)
associates a random direction in Qy = y(D%IV]) to the sequence t = (i1, ..., i)

identified with a unique vertex t € 7y ([0, 1)d). Thus, defining
c=yodoy lor (6.5)

gives the appropriate (random) mapping claimed by the proposition. The weak Lip-
schitz condition (6.2) is verified as follows,

lo: () — o ()| = |y ooy o) —yo@oy or(t)|
<Clooyor(t)— Doy ot(t)|
< CM~PE ot ).y ot (1))
— CMDE®).T@)
Here the first inequality follows from (1.5), the second from the definition of ®.
The third step uses the fact that ¥ is an isomorphism, so that A(D(z(¢), T(¢'))) =

/’l(D(l//‘_l o 1(1), 1/;‘1 o 7(#'))). Finally, any non-uniqueness in the definition of o
comes from ®, hence (6.3) follows from (6.4) and (1.5). O
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The stickiness of the maps tx is built into their definition (6.1). The reader may be
interested in observing that there is a naturally sticky map already introduced in this
article, which should be viewed as the inspiration for the construction of t and o-.
We refer to the geometric content of Lemma 3.7, which in the language of trees has a
particularly succinct reformulation. We record this below.

Lemma 6.3 For Cg obeying the requirement of Lemma 3.7 and p € [Co, Co+1]xRY,
let Poss(p) be as in (3.3). Let © and v be the maps used in Proposition 6.2. Then the
map t — B(t) which maps every t € Poss(p) to the unique B(t) € [0, 1) such that

P €Prowy where v(t)=yo®oy ! oB(1), (6.6)

extends as a well-defined sticky map from Ty (Poss(p); M) to Ty ([0, 1); 2).

Proof By Lemma 3.7(a), there exists for every ¢ € Poss(p) a unique v(¢) € Qy such
that p € P (). Let us therefore define for 1 <k < N,

B (), ... . m (1)) = (10 B(1), ..., 7 0 B(1)) (6.7)

where B(¢) is as in (6.6) and as always 3 denotes the projection to the kth coordinate
of an input sequence. More precisely, 7y () represents the unique kth level M-adic
cube that contains ¢. Similarly 7z (8(¢)) is the kth component of the N-long binary
sequence that identifies B(). The function g defined in (6.7) maps 7y (Poss(p); M)
to 7y ([0, 1); 2), and agrees with 8 as in (6.6) if k = N.

To check that the map is consistently defined, we pick 1 # ¢’ in Poss(p) with
u = D(t,t") and aim to show that B(m (), ..., () = B (t)), ..., mk(t")) for
all k such that k < h(u). But by definition (6.6), v(¢) and v(¢") have the property that
P € Pr vy NPy v(r)- Hence Lemma 3.7(b) asserts that e (¢) = y‘l (v(#)) and a(t) =
y ~I(v(¢)) share the same basic interval at step h(u) of the Cantor construction. Thus
B(t) = od ' oa(r) and B(t') = ¥ o P! o a(r') have a common ancestor in
Tn ([0, 1); 2) at height h(u), and hence 7 (B(r)) = mx(B(t)) for all k < h(u), as
claimed. Preservation of heights and lineages is a consequence of the definition (6.7),
and stickiness follows. O

6.2 Construction of Kakeya-Type Sets Revisited

As 7 ranges over all sticky maps x: 7n ([0, l)d) — TN ([0, 1);2) with x € Xy, we
now have for every vertex t € Ty([O0, 1)?) with () = N a random sticky slope
assignment o (¢) € Qu defined as above. For all such ¢, this generates a randomly
oriented tube P; , given by (2.3) rooted at the M-adic cube Q; identified by ¢, with
sidelength k7 - M~V in the x| = 0 plane. We may rewrite the collection of such tubes
from (2.4) as

Ky@)= |J P (6.8)

teTy ([0,1)9)
h(t)=N
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On average, a random collection of tubes with the above described sticky slope
assignment will comprise a Kakeya-type set, as per (1.2). Specifically, we will show
in the next section that the following proposition holds. In view of Proposition 2.1,
this will suffice to prove Theorem 1.2.

Proposition 6.4 Suppose (X, P(Xn), Pr) is the probability space of sticky maps
described above, equipped with the uniform probability measure. For every o € Xy,
there exists a set K (o) as defined in (6.8), with tubes oriented in directions from
Qn = y(D%IV]). Then these random sets obey the hypotheses of Proposition 2.1 with

JIog N c
?vg and bN=WM, (6.9)

aN =Cym

where cy and C)y are fixed positive constants depending only on M and d. The content
of Proposition 2.1 allows us to conclude that Q2 admits Kakeya-type sets.

7 Slope Probabilities and Root Configurations

Having established the randomization method for assigning slopes to tubes, we are
now in a position to apply this toward the estimation of probabilities of certain events
that will be of interest in the next section. Roughly speaking, we wish to compute
conditional probabilities that one or more cubes on the root hyperplane are assigned
prescribed slopes, provided similar information is available for other cubes.

Lemma 7.1 Let us fix vy, v2 € Qp, so that vi = y (1) and v2 = y(«2) for unique
ar, a0 € DIV We also fix 11,1 € Tn([0, D), k(1) = h(t) = N, 1| # 12. Let
us denote by u € Ty ([0, D) and a € Ty (D%IV]) the youngest common ancestors of
(t1, 1) and (a1, ap) respectively, i.e., u = D(t1, 1), « = D(oy, a2). Then

—(N—h(u)) i
Pr(o(t) = v|o(t) =vi) = [2 i hw) < h(@), (7.1

0 otherwise.

Proof Keeping in mind the slope assignment as described in (6.5), and the stickiness
of the map 7 as given in Proposition 6.1, the proof can be summarized as in Fig. 6.
Since #1 and , must map to vy = y («1) and vo = y («p) under o = o7, the sticky map
¥ ~! o 7 must map #; and 7, to the Nth stage basic intervals in the Cantor construction
containing o1 and « respectively. Since sticky maps preserve heights and lineages,
we must have h(«a) > h(u). Assuming this, we simply count the number of distinct
edges on the ray defining #; that are not common with #;. The map t generating o = o,
is defined by a binary choice on every edge in 7y ([0, 1)¢), and the rays given by 7,
and t, agree on their first 4 (u) edges, so we have exactly N — h(u) binary choices to
make. This is precisely (7.1).
More explicitly, if 1 = (i1, i2,...,iy) and to = (j1, ..., jN), then

(i1s e s in@) = (1o oo s Jh))- (7.2)
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Doy lor

A\

D(ty,ts)

. D(ar,a9)

Y e
t1 - to aq IR0 2}
® ‘®
Fig. 6 Diagram of the sticky assignment between the two rays defining ¢, 1, € 7y ([0, 1)?) and the two
rays defining their assigned slopes a1, ap € D%IV]. The bold edges defining t; are fixed to map to the
corresponding bold edges at the same height defining o1 . This leaves a binary choice to be made at each of
the dotted edges along the path between D(t1, tp) and tp. We see that 7, is assigned the slope vy under o if
and only if these dotted edges are assigned via ® o l/f_1 o 7 to the dotted edges on the ray defining oy

The event of interest may therefore be recast as

{o(2) = valo(t) = v1}

[tGr i) = v 0™ @t viw) =¥ 0 07 )

.....

where 7 denotes the kth component of the input sequence. At the second step above
we have used (6.1) and Proposition 6.2, and the third step uses (7.2). The last event
then amounts to the agreement of two (N — h(u))-long binary sequences, with an
independent, 1/2 chance of agreement at each sequential component. The probability
of such an event is 2~V =) 45 claimed. m]

The same idea can be iterated to compute more general probabilities. To exclude
configurations that are not compatible with stickiness, let us agree to call a collection

{(t,ar) 11 € A, h(t) = h(e) = N} € T ([0, D?) x DI (71.3)

of point-slope combinations sticky-admissible if there exists a sticky map 7 such that
¥ ~! o 7 maps t to «, for every t € A. Notice that existence of a sticky T imposes
certain consistency requirements on a sticky-admissible collection (7.3); for example
h(D(oy, o)) > h(D(t, 1)), and more generally h(D(a; : t € A')) > h(D(A")) for
any finite subset A’ C A.

For sticky-admissible configurations, we summarize the main conditional proba-
bility of interest, leaving the proof to the interested reader.

Lemma 7.2 Let A and B be finite disjoint collections of vertices in Ty ([0, 1)?) of
height N. Then for any choice of slopes {v; = y(a;) : t € AU B} C Qy such
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that the collection {(t, «;) : t € A U B} is sticky-admissible, the following equation
holds:

1 k(A,B)
Pr(o(t) = v forallt € B | o(t) = v, forallt € A) = (5) ’

where k(A, B) is the number of distinct edges in the tree identifying B that are not
common with the tree identifying A. If {(t, «;) : t € AU B} is not sticky-admissible,
then the probability is zero.

7.1 Four Point Root Configurations

For the remainder of this section, we focus on some special events of the form dealt
with in Lemma 7.2 that will be critical to the proof of (2.5). In all these cases of interest
we will have #(A), #(B) < 2. As is reasonable to expect, the configuration of the root
cubes within the tree 7y ([0, 1)?) plays a role in determining k(A, B). While there
is a large number of possible configurations, we isolate certain structures that will
turn out to be generic enough for our purposes. Loosely speaking, the classification of
configurations with A = {1, 1]}, B = {1, 15} is based on certain algorithms used to
compute k(A, B). For type 1 configurations (defined below), k(A, B) will depend on
u = D(11, 1) and u’ = D(t{, t}); for type 2 configurations, u and u’ will be the same
and we will need an additional vertex u; = D(tq, ti), after a possible permutation, to
compute k(A, B).

Definition 7.3 Let I = {(t1, 2); (t], t3)} be an ordered tuple of four distinct points in
Tn ([0, 1)?) of height N such that

h(u) <h@') whereu = D(t1, 1), u' = D(11, 1). (7.4)

We say that [ is in type 1 configuration if exactly one of the following conditions
is satisfied:

(a) eitheru Nu’ = @, or
(b) u' Cu,or
() u=u' = D(, t}) foralli,j=1,2

If Isatisfying (7.4) is not of type 1, we call it of type 2. An ordered tuple I not satisfying
the inequality in (7.4) is said to be of type j = 1,2if I' = {(¢], #}); (11, 12)} is of the
same type.

The different structural possibilities are listed in Fig. 7.

The advantage of a type 1 configuration is that, in addition to being overwhelmingly
popular, it allows (up to permutations) an easy computation of the quantity k(A, B)
described in Lemma 7.2 if #(A) = #(B) = 2, AU B = {11,1], 12, t;} and #(A N
{n,nh =#BN{y, n}h =1
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Type 1 Configurations
(a) (b) (©

ty ta t) 1
(d)

tr )t
(f)

ul

ty t1 t) 1 ty ty 1 ty th ]t

Fig. 7 All possible four point configurations of type 1, up to permutations

Lemma 7.4 Let T = {(t1, 1); (1], t})} obeying (7.4) be in type I configuration. Let
v = y(a;), v, = y(a), i = 1,2, be (not necessarily distinct) points in Qy. Then
there exist two permutations {i1, i2} and {j1, j2} of {1, 2} such that

1 )ZN—h(u)—h(u’)

Pr(o(tiy) = viy, 0(1)) = V), |0 (i) = viy, 0(1) = ))) = (5

provided the collection {(t;, ®;), (ti’, oz;); i = 1,2} is sticky-admissible. If the admis-
sibility requirement is not met, then the probability is zero.

Proof The proof is best illustrated by referring to the above diagram, Fig. 7. Iff uNu’ =
(4, then any two permutations will satisfy the conclusion of the lemma, Fig. 7a. In
particular, choosing i1 = j; = 1,ip = j» = 2, we see that the number of edges in
B = {1, t;} not shared by A = {r1,1{}is k(A, B) = (N — h(u)) + (N — h(u')) =
2N —h(u)—h(u'). The same argument appliesif u = u’ = D(z;, t}) foralli, j = 1,2,
Fig. 7b.

We turn to the remaining case where u’ C u. Here there are several possiblities
for the relative positions of t1, . Suppose first that there is no vertex w on the ray
joining u and u’ with h(u) < h(w) < h(u’) such that w is an ancestor of 7| or t,.
This means that the rays of 1, t; and u’ follow disjoint paths starting from u, so any
choice of permutation suffices, Fig. 7c. Suppose next that there is a vertex w on the ray
joining u and u’ with h(u) < h(w) < h(u”) such that w is an ancestor of exactly one
of t1, 1, but no descendant of w on this path is an ancestor of either #; or #,, Fig. 7d.
In this case, we choose #;, to be the unique element of {f{, 2} whose ancestor is w.
Note that the ray for #;, must have split off from u in this case. Any permutation of
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Type 2 Configurations
(a) (b)

ty th ty ) ty oty th

Fig. 8 All possible four point configurations of type 2, up to permutations

{r], 5} will then give rise to the desired estimate. If neither of the previous two cases
hold, then exactly one of {t1, 2}, say #;,, is a descendant of u’. If u’ = D(t;,, t/’.) for
both j = 1,2, then again any permutation of {z{, #;} works, Fig. 7e. Thus the only
remaining scenario is where there exists exactly one element in {ti, té}, call it t}l, such
that h(D(t;,, t}l)) > h(u'). In this case, we choose A = {t;,, t;l} and B = {1;,, t}z},
Fig. 7f. All cases now result in k(A, B) = 2N — h(u) — h(u’), completing the proof.

O

Lemma 7.5 Let I = {(11, 12); (1], t5)} obeying (7.4) be in type 2 configuration. Then
there exist permutations {i1, i2} and {j1, jo} of {1, 2} for which we have the relations

uy Cu, up Cuwithh(u) < h(uy) < h(uz), where
uy = D(t;y, 1}), uz = D(tiy, 1},),

and for which the following equality holds:

1 2N—h(u)—h(uy)
Pr(o(ti) = vij, o (1) = V), | 0(tiy) = viy, 0(t},) =) = (z)
for any choice of slopes vy, v}, v2,v5 € Qu for which {(t;, &), (1], &}); i = 1,2} is
sticky-admissible.

Proof Since T is of type 2, we know that u = u’, and hence all pairwise youngest
common ancestors of {t1, 1{, 12, #;} must lie within u, but that there exist i, j € {1, 2}
such that 2(D(t;, t.;')) > h(u).Letusset (i2, j2) to be a tuple for which 2(D(#;,, 1}2)) is
maximal. The height inequalities and containment relations are now obvious, and Fig. 8
shows that k(A, B) = (N — h(u)) + (N — h(uy)) if A = {t;,, t}z} and B = {t;,, t}] )

O

7.2 Three Point Root Configurations

The arguments in the previous section simplify considerably when there are three root
cubes instead of four. Since the proofs here are essentially identical to those presented
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Type 1 Type 2
u
u=n1u
o
U2
t1 tlz to t1  to t/2 t to t/2

Fig. 9 Structural possibilities for three point root configurations

in Lemmas 7.4 and 7.5, we simply record the necessary facts with the accompanying
diagram of Fig. 9, leaving their verification to the interested reader.

Definition 7.6 LetI = {(11,); (11, t;)} be an ordered tuple of three distinct points in
Tn ([0, 1)?) of height N such that h(u) < h(u'), where u = D(11, 12), u’ = D(1, 7).
We say that [ is in type 1 configuration if exactly one of the following two conditions
holds:

(@) u' Cu,or
(®) u=u"=D(n,1)).

Else I is of type 2, in which case one necessarily has u = u" and u = D(12, 15) obeys
up C u. If h(u) > h(u'), then the type I is the same as that of I = {(11, }); (11, 1)}

Lemma 7.7 Let I = {(11, 12); (11, 15)} be any three-point configuration with h(u) <
h(u") in the notation of Definition 7.6, and let vy = y (1), vz = y(a2) V) = y(ah)
be slopes in Q. Then

2N —h(u)—h(u’
N=hw=ha) if Iisof typel,

Pr(o(h)=vs, o(th) = vh|o(t) =v)) = [ " Lis of type2
i is of type2,

)Zth(u)fh(uz)

(

provided the point-slope combination {(t1, a1), (t2, a2), (1}, &)} is sticky-admissible.

—~
Nf— Nf—
~—

8 Proposition 6.4: Proof of the Lower Bound (2.5)

If a collection of many thin tubes is to have a large volume, then it is sensible to expect
that the intersection of most pairs of tubes should be small. The following measure-
theoretic lemma of Bateman and Katz [4] quantifies this phenomenon generally.

Lemma 8.1 [4, Proposition 2, p. 75] Suppose (X, A, n) is a measure space and
A, ..., A, € Aare sets with (A ;) = o for every j. If

ZZM(Ai NAj) <L,

i=1 j=1I
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{(Un)=

We defer the proof of this fact to Refs. [3] or [4]. Using it, we reduce the derivation of
inequality (2.5) with the ay specified in (6.9) via the following lemma. Throughout this
subsection, all probability statements are understood to take place on the probability
space (Xy, B(Xy), Pr) identified in Proposition 6.4.

then

Proposition 8.2 Fix integers N and R with N > M and N — % logyy N < R <
N — 10. Define P}  p to be the portion of P, contained in the vertical slab

[MR=N MRFI=N] 5 RL. Then

o | D NP or NPk | S NMTNTR, @8.1)
1#0

where the implicit constant depends only on M and d.

If one can show that with large probability and for all R specified in Proposition
8.2, the quantity Zrl £0r | ok P2 o R| is bounded above by the right hand side of
(8.1), then Lemma 8.1 would imply (2.5) with ay = +/Tog N/N. Unfortunately, (8.1)
only shows this on average for every R, and hence is too weak a statement to permit
such a conclusion. However, with some additional work we are able to upgrade the
statement in Proposition 8.2 to a second moment estimate, given below. While still
not as strong as the statement mentioned above, this suffices for our purposes with a
smaller choice of ay.

Proposition 8.3 Under the same hypotheses as Proposition 8.2, there exists a constant
Cum.a > 0 such that

2
Eo | [ 2 1Pk N Pkl | | = Chra(Nm=2V2R) 0 82)
t1#n

Corollary 8.4 Proposition 8.3 implies (2.5) with ay as in (6.9).

Proof Fix a small constant ¢; > 0 such that 2¢; < %. Then the range of R satisfied
by the inequalities ¢; log N < N — R < 2c¢log N obeys the hypothesis of Proposi-
tion 8.2. This choice is not strictly necessary but simplifies the following calculation
somewhat. By Chebyshev’s inequality, (8.2) implies that there exists a large constant
Cum.qa > 0 such that for every R in this range,
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Pr({o: D 1Pr ok N Prol = 2CuaN Viog NM—2N 2k
n#nh
2
I:(Zl];étz l(TRnP;(O’R‘) ]

(2Cu.aN /Tog NM~2N+2R)?
1

< .

~ 4logN

Therefore,

N—R= c|10gN
_ cllogN
~ 4logN

2cy logN
" ' t1 o,R Pt2 oR| = Cym,aN+/log NM N +K
1 #lz
1
=1

In other words, for a class of o with probability at least %,

z P} o ROV P k| < CaraNy/log NM 2N 2R
1#n

forevery N — R € [c1 log N, 2c1 log N]. For such o and the chosen range of R, we

apply Lemma 8.1 with A, = m p = MM for which a = CdMR_NM_Nd, and

Z| 1¢7Rﬁ t26R| z Z | 1chm tzch

t,h n=tn H#n

<an+ Cy gNy/logNM~2N+2R

< NJlogNM—2N+2R —. [
The last step above uses the specified range of R. Lemma 8.1 now yields that

(MR—N)Z N 1

‘UPI*O'R‘ Z
O L N{/log N

for every N — R € [c1log N, 2¢ilog N]. Since {U; P, p : R > 0} is a disjoint
collection, we obtain

N—cylogN

1
Kv@) N[0 xR = > ||| 2 log N =a.
R=N-2cjlogN t N log N
which is the desired conclusion (2.5). O
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8.1 Proof of Proposition 8.2

Thus, we are charged with proving Proposition 8.3. We will prove Proposition 8.2 first,
since it involves many of the same ideas as in the proof of the main proposition, but in
a simpler setting. We will need to take advantage of several geometric facts, counting
arguments and probability estimates prepared in Sects. 3 and 7 that will be described
shortly. For now, we prescribe the main issues in establishing the bound in (8.1).

Proof Given N and R as in the statement of the proposition, we decompose the slab
[MR=N pMEHI=N] 5« R? into thinner slices Zy, where

, k k+1 d R R+1

Setting P ok 1= P, o N Zj, we observe that P* o.R is an essentially disjoint union

of {P; 5 k}. Since P o.R is transverse to Zy, we arrive at the estimate
Z | t1,0,R 20'R| Z Z ‘PI|,U,kat2,lT,k|
t1#t MR <k<MR+1 11510
SMTEON NS T (k) (8.3)

MR <k<MR+1 11#0

S M@ > D> T,

MR <k<MR+1 yeTy (0,1)%) (t1,12)€S,
h(u)<N

8.4)

where T;,1, (k) is a random variable that equals one if Py, 5 x N Pr, o,k 7 ¥, and is zero
otherwise. At the last step in the above string of inequalities, we have further stratified
the sum in (¢, f2) in terms of their youngest common ancestor u = D(t{, t) in the
tree 7y ([0, 1)d), with the index set S, of the innermost sum being defined by

Sy = {(11 ). h € Ty([0, DY), h(t) = h(t) = N, D(t1. 1) = M}
We will prove below in Lemma 8.8 that

Z Tmz(k)] < MR-N py=dh+Nd _ prR—dh@)+Nd—1) (8.5)
(IIJZ)ESu

Plugging this expected count into the last step of (8.4) and simplifying, we obtain

[Z| ]GRm leR|:|< Z MR_2N Z M—dh(u)

n#n MR <k<MR+1—1 ueTy ([0,1)%)
h(u)<N

MR <k<MR+1-1
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which is the estimate claimed by Proposition 8.2. At the penultimate step, we have
used the fact that there are M¢" vertices u in Ty ([0, 1)) of height r, resulting in

ZM—dh(LI) — Z M—derr — N (86)
0<r<N

8.2 Proof of Proposition 8.3

Proof To establish (8.2), we take a similar route, with some extra care in summing
over the (now more numerous) indices. Squaring the expression in (8.3), we obtain

2

D P ok N Phgrl | = MTEDN ST Y T (0T )

e kk'e[MR, MRH)tl#tz
1)
1 2

<67+ 63+ By,

where the index i in G; corresponds to the number of distinct points in the tuple
{(t1, n0); (1], t5)}. More precisely, for i = 2,3, 4,

S; ;= M2a+DN Z Z T () Ty (K)),  where (8.7)
k,k’ HEJ,‘

tj. 1 € Ty((0, ), h(tj) = h(t)) = NVj =12,

- [HZ (. 2); (1, 1)) I ;é b, t] # 1, #({ll,tl,l2,t2}) =i

The main contribution to the left hand side of (8.2) will be from E, (S4), and we
will discuss its estimation in detail. The other terms, whose treatment will be briefly
sketched, will turn out to be of smaller size.

We decompose J4 = J41 U J42, where Jy4; is the collection of 4-tuples of distinct
points {(t1, 12); (¢}, t3)} that are in configuration of type j = 1,2, as explained in
Definition 7.3. This results in a corresponding decomposition G4 = G41 4+ G4o. For
&41, we further stratify the sum in terms of u = D(f, ;) and u’ = D(t{, té), where
we may assume without loss of generality that & («) < h(u’). Thus,

o(©a) =D D Eo(Gu u'ik,k)) where (8.8)

kK wu' €Ty ([0,1)9)
h(u)<h(u')<N

S, u's k k') = MT2EEON X" T ()T (K, and
LeTyy (u,u’)
Ja(u,u’) :={1 € T4 :u= D(t1, ), u’ = D(t], 1)}.
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In Lemma 8.9 below, we will show that

Bo [Sa1(u, u's k, k)] < M™2AFTDN pg2R=dhGo+h@))+2N@=1)
— MRR—AN—d(h)+hW)) (8.9)

Inserting this back into (8.8), we now follow the same summation steps that led to
(8.1) from (8.5). Specifically, applying (8.6) twice, we obtain

Eo (S41) < M2R74N ZZMfd(h(u)Jrh(u’))
kk" wu!
k,k’

which is the right hand side of (8.2).

Next we turn to G4,. Motivated by the configuration type, and after permutations
of {t1, } and of {t{, té} if necessary (so that the conclusion of Lemma 7.5 holds),
we stratify this sum in terms of u = u’ = D(11, 1) = D(t],15), u1 = D(t1,1]),
upy = D(12, t}), writing

Gy = Z Z Gur(u, ur, uz; k, k'), where

Kk wuy ,uzeTy (10,1)%)
uy,ua<u

Saru, uy, ug; k, Ky := MT2EEON R (0 Ty (K, and
Tedap (u,uy,uy)

u = D(t1,12) = D(t]13),

up = D(t1,1}), us = D(t2, 1)

] (8.10)

Jao(u, uy, up) == []1 € Jap

for given u1, up C u with h(u) < h(u1) < h(uo). For such u, uy, ur, we will prove
in Lemma 8.10 below that

Eo (Gunu, uy, uzs k, k') S M~ 72dhw), (8.11)

Accepting this estimate for the time being, we complete the estimation of E, (S42)
as follows,

Eq(Ga) S D, D, M2

k,k u,uy,u2

5 M—2N ZZ Z M—Zdh(uz) Z 1

kk' U uxlu ui<u
h(ui)<h(uz)

< M—zsz Z M —2dh) I:Md(h(ug)—h(u))] (8.12)

kk' u uxlu

5 M—ZNZZM—dh(u) z M—dh(uz)

kku urSu
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SJ NM—ZN ZZM—Zdh(u) (813)
k.k'u
< NM2R-2N, (8.14)

For the range N — R < %log u N assured by Proposition 8.3, the last quantity
above is smaller than (N M?R—2N)2 The string of inequalities displayed above involve
repeated applications of the fact used to prove (8.6), namely that there are M4/ —4"
cubes of sidelength M~/ contained in u. Thus the estimates

h(uz)
z 1< Z Md(j—h(u)) < Md(h(uz)—h(u))’
uCu j=h(u)

h(uy)<h(uz)
Z M —dh(u2) < Z MY ppdG—=hw) < NMidh(u), and

usu N>j>h(u)
N N
ZM—Zdh(u) — ZMde—Zdj — ZM—dj <1
u j=0 j=0

were used in (8.12) (8.13) and (8.14) respectively, completing the estimation of E(S4).
Arguments similar to and in fact simpler than those above lead to the following
estimates for E(G&3) and E(G3), where G3 and &5 are as defined in (8.7):

E(63) = E(631) + E(G32)
< NMBR3N 4 pp3R=3N < N p3R=3N - and (8.15)
E(&y) < NM3R-@+HIN, (8.16)

Here without loss of generality and after a permutation if necessary, we have
assumed that I = {(t,1); (11, 1))} € T3, with h(D(t1, 1)) < h(D(11,1;)). The
subsum G3; then corresponds to tuples I that are in type i configuration in the sense of
Definition 7.6. There is only one possible configuration of pairs in J. The derivation of
the expectation estimates (8.15) and (8.16) closely follow the estimation of &4, with
appropriate adjustments in the probability counts; for instance, (8.15) uses Lemma
7.7 and (8.16) uses Lemma 7.1. To avoid repetition, we leave the details of (8.15)
and (8.16) to the reader, noting that the right hand term in each case is dominated by
(N M2R=2N)2 by our conditions on R. O

8.3 Expected Intersection Counts
It remains to establish (8.5), (8.9) and (8.11). The necessary steps for this are laid out

in the following sequence of lemmas. Unless otherwise stated, we will be using the
notation introduced in the proofs of Propositions 8.2 and 8.3.
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] kM—N—h(u)

|

=

£
T T
CTT T

[T [T [T [T
L] L L] L L]

Fig. 10 A diagram of A, when d = 2, M = 3. Here the largest square is u. The thatched area depicts
Ay The finest squares are the root cubes contained in Ay

Lemma 8.5 Fix Zy. Let us define A, = A, (k) to be the (deterministic) collection of
all t; € Ty([0, DY), k(1)) = N that are contained in the cube u and whose distance
from the boundary of some child of u is < kM~N="W (Fig. 10).

For t| € A,, let B, = By, (k) denote the (also deterministic) collection of t; €
Tn ([0, DY) with h(ty) = N and D(t1, 1) = u such that the distance between the
centres of t and ty is < kM ~N=h0,

(a) Then for any slope assignment o, the random variable T, (k) = O unlesst; € Ay,
and ty € B;,. In other words,

Z Ty, (k) = Z Z Tyy1, (k), so that

(11,1)€S, ey, tzeB,l
Eo | D Tyn)|= D Eo| D Tin) |. (8.17)
(11,1)€S, neA, neBy,

(b) The description of A, yields the following bound on its cardinality:

k - — —
#(Ay) S (W)M‘WV hw) < pgR=dh@+d=DN
Proof We observe that T, (k) = 1 if and only if there exists a point p =
(P1,---» Pa+1) € Zx and vy, vy € Qy such that p € Py, y, NPy, 0y, and o (1)) = vy,

o () = v. By Lemma 3.1, this implies that
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jcen(ty) — cen(t2) + p1(o (1) — 0(12))] < 2kqv/dM ™, (8.18)
where cen(#;) denotes the centre of the cube ¢;. For p € Z, (8.18) yields
lcen(11) — cen(t2)| < pilo (1) — o (12)| + 2kgVdM ™ < pilo(t) — o (1)
< (E D)ot o1 £ (b Juorse s

MN M
< kM NThw (8.19)

The second inequality in the steps above follows from Corollary 3.2, the third from
the definition of Z; and the fourth from the property (6.2) of the slope assignment.
Here 7 is the unique sticky map that generates o, as specified in Proposition 6.2. Since
T preserves heights and lineages, h(D(t (1), t(t2))) = h(D(t1, t2)) = h(u), and the
last step follows.

The inequality in (8.19) implies that 7;,;, (k) = O unless t, € B;,. Further, 11, 1, lie
in distinct children of u, so #; must satisfy

k
dist(ry, 0u’) < WM’M”) for some child u’ of u,

to allow for the existence of some 7, obeying (8.19). This means #; € A, proving (a).
For (b) we observe that u has M¢ children. The Lebesgue measure of the set

U {x e u': dist(x, au') < kM~N"hW y/ is a child of u} (8.20)

u

is therefore < (M4)kM—N—h@ p=(@d=Dh@) The cardinality of A, is comparable to
the number of M~V -separated points in the set (8.20), and (b) follows. m]

Our next task is to make further reductions to the expression on the right hand
side of (8.17) that will enable us to invoke the probability estimates from Sect. 7. To
this end, let us fix Zg, t; € A, k), vi = y(a;) € Qu, and define a collection of
point-slope pairs

n e In(0, DY) N By, vy = y(x2) € U,
Eu(tr,vi5k) := 1 (12, v2) | h(ta) = h(aa) = N, u = D(11, 12),

Pt],vl N Ptz,vz N Zk ;é Qv ]’l(D(Ol], 012)) 2 h(”)
(8.21)
Thus &, (1, v1; k) is non-random as well. The significance of this collection is clarified
in the next lemma.

Lemllla 8.6 For (1, v2) € &,(t1, v1; k) described as in (8.21), define a random vari-
able T 1y, (t1, v1; k) as follows:

= 1 ifo(n) =v;,
T iy (11, V13 k) := foltr) = v (8.22)
0  otherwise.
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(a) The random variables Ty, (k) and thvz (t1, v1; k) are related as follows: given
o(t) = vy,

Tty (k) = sup{T 10, (t1, V15 k) : (12, v2) € Eu(t1, v15 k) }. (8.23)

In particular under the same conditional hypothesis o (t|) = vi, one obtains the
bound
Ty (k) < > Thutvih), (8.24)
szQN
(2, v2)€&u(t1,v1;k)

which in turn implies

B | X Tn@loe=v|= 3 Prow =wlom) =w).
neBy, (t2,v2) €&, (11,v13k)
(8.25)
(b) The cardinality of £,(ty, vy; k) is < 2N~h),

Proof We already know from Lemma 8.5 that 7}, (k) = O unless t» € B;,. Further, if
o (t1) = vy isknown, thenitis clear that 73, (k) = 1if and only if there exists vy € Qy
such that Py, N Ph.vy N Zx # @ and o (2) = vy. But this means that the sticky
map 7 that generates o must map #, to the N-long binary sequence that identifies «».
Stickiness dictates that h(D (a1, op)) = h(D(t(t1), (1)) = h(D(t1, 1)) = h(u),
explaining the constraints that define £, (¢, v; k). Rephrasing the discussion above,
given o (t;) = vy, the event T;,,,(k) = 1 holds if and only if there exists v, € Qn
such that (2, va) € &,(t1, v1; k) and o (f) = v7. This is the identity claimed in (8.23)
of part (a). The bound in (8.24) follows easily from (8.23) since the supremum is
dominated by the sum. The final estimate (8.25) in part (a) follows by taking conditional
expectation of both sides of (8.24), and observing that E, (sz (t1,v1; k))o(h) =
v) =Pr(o () = v2]o (1) = vy).

We turn to (b). If v € Qp is fixed, then it follows from Corollary 3.3 (taking Q in
that corollary to be the cube of sidelength O (M ~") containing Pi vy N Zy) that there
exist at most a constant number of choices of r, such that (7, v2) € &,(1, v1; k). But
by Corollary 4.3 the number of points a € D%IV] (and hence slopes v2 € Q) that
obey h(D(ay, a2)) > h(u) is no more than N—h@w) proving the claim. O

The same argument above applied twice yields the following conclusion, the veri-
fication of which is left to the reader.

Corollary 8.7 Givent; € A,(k), t; € Ay (k'), v1,v| € Qn, define £,(t1, vy; k) and
Ew (1], v1: k') as in (8.21) and the random variables T v, (t1, 015 k), T,évé (11, v}: k')
as in (8.22). Then given o (t;) = vy and o (t}) = v},

k
D T Ty (K) < D Ty (11, 015 )T g (11, 013 K,
neBy
l‘éEBri
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k
where the notation »_ represents the sum over all indices {(t2, v2); (té, vé)} €

Eutr, vrs k) x Eu (1], vis k).

We are now ready to establish the key estimates in the proofs of Propositions 8.2
and 8.3.

Lemma 8.8 The estimate in (8.5) holds.

Proof We combine the steps outlined in Lemmas 8.5, 8.6 and 7.1. By Lemma 8.5(a),

Eo | D Tyn)|= D Eo| D Tynk)

(11,12)€Sy feAy nheB;,

ST EnEs | D Tin@® o) =vi | (8.26)

neA, neB,

Applying (8.25) from Lemma 8.6 followed by Lemma 7.1, we find that the inner
expectation above obeys the bound

Eo | > Thn®|o@) = | < > Pr(o(t) = wlo(t) =v))
neB; (12,v:2)€&, (11,v15k)
< #(Eu(t1, v1; k) x 27N
Lemma 7.1
< 2N—h(u) X2—N+h(u) < 1
[ — ~

Lemma 8.6(b)

uniformly in v;. Inserting this back into (8.26), we arrive at

Eo | D Tunk) | S#(A,

(1 JZ)ESu

which according to Lemma 8.5(b) is the bound claimed in (8.5). O
Lemma 8.9 The estimate in (8.9) holds.

Proof The proof of (8.9) shares many similarities with that of Lemma 8.8, except that
there are now two copies of each of the objects appearing in the proof of (8.5) and the
probability estimate comes from Lemma 7.4 instead of Lemma 7.1. We outline the
main steps below.

In view of Lemma 7.4 and after a permutation of (¢, #2) and of (t{, té) if necessary,
we may assume that for every I = {(t1, n2); (], 13)} € Ja1(u, u’),

. (8.27)

1 2N—h(u)—hu')
)

Pr(o (1) = v2, o(t5) =vhlo() =vi, o(f]) =v}) = (—

Birkhauser



668 J Fourier Anal Appl (2016) 22:623-674

Now,

Es (641(14, u's k, k’))

IA

—2(d+1)N
M7HEDNE > Ty, () Ty (k)
1€T41 (u,u’)

=MDV N By yEe | D Tan (0T (K)o () = vi, 0 (1) = v}
neA, k) tzeB,I
tieAu/(k/) téEB,i

A

M—Z(d+1)N( k’;/ Md(ZN—h(u)—h(u/))) < MYRR—AN=d(h()+h()
M?2N ~ ’

#(11,1]) from Lemma 8.5

since according to Corollary 8.7

Eo | 2, Tau®Ty®)

(tz,té)EByl XBti

o(t)) = v, 0(t]) = v]

IA

*
Eo [Z szvz (21, v1; k)Tlévé (tiv Ui; k')

o) = v, o)) = v

> Pr(o(tr) = v, o (th) =y | o(t1) = v1,0(t) = v})

(2N—h(u)) X (2N—h(u')) X (2—2N+h(u)+h(u’))
—— —— —_—
#E vk #(E, (WK 827 viaLemma 7.4

A

N

N

. . 12
1, uniformly in vy, v].

The proof is therefore complete. O
Lemma 8.10 The estimate in (8.11) holds.

Proof The proof of (8.11) is similar to (8.9), and in certain respects simpler. But the
configuration type dictates that we set up a different class £* of point-slope tuples that
will play arole analogous to &, (71, vy; k) in the preceding lemmas. Recall the structure
of a type 2 configuration from Fig. 8 and the definition of J4>(u, u1, u») from (8.10).
Given root cubes 77, té, and u, ui, uy € Ty([0, l)d) with the property that

ur Cu, up Cu, uy=D(tr,ty), h(u) <h(uy) <huz) <N = h(tz) = h(1)),

and slopes v» = y(a2), vé = y(aé) € Qu, we define £* (depending on all these
objects) to be the following collection of root-slope tuples:
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I={(11,12); (1], 15)} € Taa(u, uy, u2),

v) = y(a1), v] = y(a}) for some oy, ] € D%,V],
Ptl,vl n Ptz,vz NZk # 9, Pz{,v] N Pté,vé NZpy # 0,
{(ti, i), (t], ) i = 1,2} is sticky-admissible .

EF = 1 {(t1, v); (11, v}

(8.28)

The relevance of £* is this: if o(r) = v, and o(té) = vé are given, then
Tl‘ll‘z(k)Ttité(k/) = 0 unless there exist vy, v] € Qy with {(f1, v1); (], v))} € &*
and o (1)) = vy, o (t]) = vj.

We first set about obtaining a bound on the size of £* that we will need momentarily.
Stickiness dictates that 2(D (1, «2)) > h(u), and that o1 is an Nth level descendant
of «, the ancestor of « at height A («). Thus the number of possible «; (and hence
vp) is < 2N—hG) by Corollary 4.3. Again by stickiness, h(D (a1, «})) > h(uy), so
for a given a, the number of o (hence v/) is no more than the number of possible
descendants of a*, the ancestor of /] at height /(). This number is thus < oN=h(up)
Once vy, v} have been fixed (recall that v2, v}, 15, 75 are already fixed), it follows from
Corollary 3.3 that the number of 71, ¢ obeying the intersection conditions in (8.28) is
< 1. Combining these, we arrive at the following bound on the cardinality of £*:

#(g*) < (2N—/’l(u)) (2N—h(u|)) — 22N—h(u)—h(u|). (829)

We use this bound on the size of £* to estimate a conditional expectation, essentially
the same way as in the previous two lemmas.

Eo | D Tun@Tyyk)]o (i) = va, 0(55) = v)
1.1
TeT4n (u,uy,u2)

= D Pr(o(t) = vi,0(t]) = vilo (1) = v2. 0 (t5) = v))
5*

S #(EY) (— <1, (8.30)

AN—h(u)—h(ur)
2)

where the last step follows by combining Lemma 7.5 with (8.29). As a result, we
obtain

Eo (Sua(u, uy, uz; k, k)

_ M—2(d+l)N]Ea|: > Tlllz(k)Tzl’té(k/)j|

TeTan (u,uy,uz)

IA

MO N R B D LT (k)]0 () = v, 0(5) = v)
1,15Cup 1.1
TeTo (u,uy,u2)
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A

M—Z(d+1)N Z 1

10,1 Cuy

A

M2d+DN (M—dh(uz)+Nd)2

where the estimate from (8.30) has been inserted in the third step above. The final
expression is the bound claimed in (8.11). m]

9 Proposition 6.4: Proof of the Upper Bound (2.6)

Using the theory developed in Sect. 5, we can establish inequality (2.6) with by =
Cy /N as in Proposition 6.4 with relative ease. For x € Rt we write x = (x1,X%),
where X = (x2, ..., x4+1). Since the Kakeya-type set defined by (6.8) is contained in
the parallelepiped [Co, Cog + 1] x [—2Cy, 20014, we may write

Co+1
Es |Kn(o) N[Cp, Co + 1] x Rd‘ =E, ( / IKN(U)()C],f)d)_cdxl)
Co [—2Co,2Co 4
Co+1
N / Eo (1ky(o)(x1, X)) d¥dx)
Co [—2C0,2Co 14
Co+1
- / Pr(x) dxdxy, 9.1
Co [—2Cp,2Co1¢

where Pr(x) denotes the probability that the point (x1, X) is contained in the set K y (o).
To establish inequality (2.6) then, it suffices to show that this probability is bounded
by a constant multiple of 1/N, the constant being uniform in x € [Co, Co + 1] x R4,

Let us recall the definition of Poss(x) from (3.3). We would like to define a certain
percolation process on the tree 7 (Poss(x)) whose probability of survival can majorize
Pr(x). By Lemma 3.7(a), there corresponds to every t € Poss(x) exactlyone v(t) € Qu
such that P; ,(;) contains x. Let us also recall that v(t) = y(a(z)) for some a(t) €
DI, By Corollary 4.3, a(r) is uniquely identified by B(r) := ¥ (a()), which is a
deterministic sequence of length N with entries 0 or 1. Here 1 is the tree isomorphism
described in Lemma 4.2.

Given a slope assignment o = o, generated by a sticky map 7 : 7y ([0, 1)¢) —

Ty ([0, 1); 2) as defined in Proposition 6.2 and a vertex t = (i1,...,iNy) €

Ty (Poss(x)) with h(f) = N, we assign a value of 0 or 1 to each edge of the ray

identifying ¢ as follows. Let e be the edge identified by the vertex (i1, iz, ..., ik). Set
L if m(z(0) = me(B(1)),

Y, = . 9.2

‘ [0 if 7 (1 (1)) # T (B(1)). ©-2

To clarify the notation above, recall that both 7(¢) and B(¢) are N-long binary
sequences, and 7 denotes the kth component of the input. Though the definition of
Y, suggests a potential conflict for different choices of 7, our next lemma confirms that
this is not the case.
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Lemma 9.1 The description in (9.2) is consistent in t, i.e., it assigns a uniquely
defined binary random variable Y, to each edge of Ty (Poss(x)). The collection {Y,}
is independent and identically distributed as Bernoulli(%) random variables.

Proof Let t,t" € Ty(Poss(x)), h(t) = h(t') = N.Setu = D(z,t’), the youngest
common ancestor of ¢ and ¢’. In order to verify consistency, we need to ascertain
that for every edge e in 7y (Poss(x)) leading up to u and for every sticky map t, the
prescription (9.2) yields the same value of Y, whether we use ¢ or t'. Rephrasing this,
it suffices to establish that

m(t(1) = m(r(e)) and  m(B(1) = me(B(t))) forall0 <k <h(u). (9.3)

Both equalities are consequences of the height and lineage-preserving property of
sticky maps, by virtue of which

h(D(t,1")) < min[A(D(z (1), T(1"))), (DB (), B1)].

Of these, stickiness of t has been proven in Proposition 6.1. The unambiguous defin-
ition and stickiness of 8 has been verified in Lemma 6.3.

For the remainder, we recall from Sect. 6 (see the discussion preceding Proposition
6.1)thatfort = (i1, i2, ..., in), the projection i (T (1)) = Xy;y,....iz) 18 aBernoulli(%)
random variable, so Pr(Y, = 1) = % Further the random variables Y, associated with
distinct edges e in 7y (Poss(x)) are determined by distinct Bernoulli random variables
of the form X ;, . ;). The stated independence of the latter collection implies the same
for the former. O

Thus the collection Yy = {Y,}.cg defines a Bernoulli percolation on 7y (Poss(x)),
where £ is the edge set of 7y (Poss(x)). As described in Sect. 5.1, the event {Y, = 0}
corresponds to the removal of the edge e from &, and the event {Y, = 1} corresponds
to retaining this edge.

Lemma 9.2 Let Pr(x) = Pr{t : x € Kny(0¢)} be asin (9.1), and {Y,.} as in (9.2).
(a) Forany x € [Co, Co + 1] x R4, the event {t : x € Kn(0;)} is contained in
{tr : 3 afull-length ray in Ty (Poss(x)) that survives percolation via {Y,}}.

9.4)
(b) As a result,

Pr(x) < Pr(survival after percolation on Ty (Poss(x))).
Proof 1t is clear that x € Ky (o7) if and only if there exists t € Poss(x) such that
o (t) = v(t), where v(¢) is the unique slope in Qy prescribed by Lemma 3.7(a) for

which x € P; (). In other words, we have

{t:x € Kn(op)} = Jlo@) = v(r) : t € Poss(x)}

= UJ{r(@t) = B@) : t € Poss(x)}, ©-3)
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where the last step follows from the preceding one by unraveling the string of bijective
mappings y 1 & 1and Y (described in Proposition 6.2) that leads from o (¢) to 7(¢),
and which incidentally also generates 8(¢) = (j1, ..., jn) € 7 ([0, 1); 2) from v(¢).
Since ¢ is identified by some sequence (i1, i2, . . ., iy), we have its associated random
binary sequence

(1) = (Xt Xiivia)s - Xiinsinnin)) € In ([0, 1)52).

Using this, we can rewrite (9.5) as follows:

U e =v0)}

tePoss(x)

= U {(X Gy, Xtivia)s s Xivsinoniny) = U J2o -0 JN)}

tePoss(x)

N
U NXrio =i

tePoss(x) k=1

N Xiein — s =0}

I
-

R<(ity..., in)edT e<>{iy,..., iryeENR
= U ﬂ (Y, = 1}. 9.6)
RedT eecENR

In the above steps we have set 7 := 7y (Poss(x)) for brevity and let £ be the edge
set of 7. The last step uses (9.2), and the final event is the same as the one in (9.4).
Using (9.6), we have

Pr(x) §Pr( U N = 1}). 9.7)

RedT eecENR

This last expression is obviously equivalent to the right hand side of (5.1), verifying
the second part of the lemma. O

Our next task is therefore to estimate the survival probability of 7 (Poss(x)) under
Bernoulli(%) percolation. For this purpose and in view of the discussion in Sect. 5.3,
we should visualize 7y (Poss(x)) as an electrical circuit, the resistance of an edge
terminating at a vertex of height k being 2=, per equation (5.2). Let us denote by
R(Poss(x)) the resistance of the entire circuit. In light of the theorem of Lyons, restated
in the form of Proposition 5.3, it suffices to establish the following lemma.

Lemma 9.3 With the resistance of Poss(x) defined as above, we have

R(Poss(x)) 2 N. 9.8)
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E +‘_

1% Vi Vs Vn-1

R, —MWW—
Ry —MWW—

Vn

Fig. 11 A diagram of the circuit E for a typical Poss(x). Each resistor at height k£ from the root Vjy has
resistance ~2% . The total resistance between Vi—1 and Vj is denoted by Ry

Proof We begin by constructing a different electrical network from the one naturally
associated to our tree Poss(x). For every k > 1, we connect all vertices at height k£ by
an ideal conductor to make one node Vi, as in Fig. 11. Call this new circuit E.

The resistance of E cannot be greater than the resistance of the original circuit, by
Proposition 5.1. Now fix k, 1 < k < N, and let R; denote the resistance between
Vi—1 and Vj. The number of edges between Vi_1 and Vj is equal to the number Ny of
kth generation vertices in 7 (Poss(x)). Recalling the containment (3.5) from Lemma
3.4, we find that Ny is bounded above by N, the number of kth level vertices in
Ty ({0} x [O, l)d N (x —x12y)). By Lemma 4.4(b), Ni < 2%, where the implicit

~

constant is uniform in x € [Cp, Co + 1] x [=2Cy, 2Cp]¢. Thus,

and this holds for any 1 < k < N. Since the resistors {Rk},’(\’:l are in series,
R(Poss(x)) > R(E) = lecv:l Ry 2 N, establishing inequality (9.8). O

Combining Lemmas 9.2 and 9.3 with Proposition 5.3 gives us the desired bound of <
1/N on (9.1). This completes the proof of inequality (2.6), and so too Proposition 6.4.
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