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Introduction

In 1917, the Japanese mathematician Soichi Kakeya asked for the least area of a plane region
inside which a unit segment, called a needle, can be continuously rotated through a half turn,
returning to its initial position with its two ends interchanged.

While working on a question concerning Riemann integration, Besicovitch constructed a
compact subset of the plane which contains a unit segment in every direction and has Lebesgue
measure zero. Sets with this property are now referred to as Kakeya sets, or Besicovitch sets.
His construction, later simplified by Oskar Perron and known as the Perron tree, consists in
iteratively bisecting a triangle and sliding the resulting subtriangles over one another, so as to
preserve the set of directions of the segments contained in it while reducing its area.
Connecting the subtriangles of a Perron tree by corridors of small area also provides an answer
to Kakeya’s original question: as shown in [Fal85], it is possible to rotate a needle within sets
of arbitrarily small area. Hence the infimum is zero, even though it is not achieved, because any
planar set in which a segment can be continuously turned must have positive measure [Tao08].
As Kakeya sets can have Lebesgue measure zero, Lebesgue measure is no longer the appropriate
notion of size, and is naturally replaced by the Hausdorff and Minkowski notions of dimension.
The Kakeya conjecture states that every Kakeya set in R™ has Hausdorff dimension n, while a
weaker version uses the lower Minkowski dimension in its place. Both versions were settled
in the plane by Davies [Dav71], and recently proved in R?® by Wang and Zahl [WZ25]. In
dimension n > 4 only partial lower bounds are available.

Beyond their geometric interest, Kakeya sets are important for the role they play in harmonic
analysis. Fefferman was the first to exploit the Besicovitch construction in this setting, showing
that the characteristic function of the unit ball of R™, n > 2, is a Fourier multiplier on LP only
for p = 2 [Fef71]. The mechanism behind this and a number of other conjectures is that the
object one is trying to estimate can be decomposed into elementary pieces concentrated on
thin tubes; since the curvature of the problem makes these tubes point in different directions,
they can be arranged in a Kakeya-type configuration. Stein’s restriction conjecture is one such
example, as a Kakeya set of Hausdorff dimension less than n would produce a counterexample
to it. For this argument we refer the reader to [Mat15].

This thesis focuses on the connection between geometry and analysis provided by the Kakeya
mazimal function, the operator that takes the supremum of the averages of a function over the
thin tubes pointing in a given direction. The best one can hope for is a bound whose constant
grows, as the width tends to zero, more slowly than any negative power of it: this is known as
the Kakeya mazimal conjecture. Bounds of this type yield lower bounds for the dimension of
Kakeya sets; in particular, the Kakeya maximal conjecture implies the Kakeya conjecture. Our
aim is to discuss the Kakeya problem from an analytic point of view and to give a complete
proof of the Kakeya maximal conjecture in the plane.

In Chapter 1 we construct Besicovitch sets of measure zero, we discuss the needle problem, we
recall the definitions of the Hausdorff and Minkowski dimensions and we state the two versions
of the conjecture.

In Chapter 2 we introduce the Kakeya maximal function, we show that LP estimates give lower
bounds for the Hausdorff dimension of Kakeya sets and we prove Cérdoba’s L? estimate, which
settles the planar case.






Chapter 1

Kakeya sets

We first introduce the main object of study of this thesis. We call Kakeya set (or, equivalently,
Besicovitch set) a compact subset of R that contains a line segment of length 1 (also called a
needle) in every possible direction. To be more formal, we will adopt the following definition.

Definition 1.1. We say that a compact set K C R" is a Kakeya set if, for every direction
w € S™1, there exists a position a € R™ such that the line segment

b = {a—l—tw:—%gtg%}

satisfies £, , C K.

In order to build some intuition let us look at three simple planar Kakeya sets: a disc of
diameter 1, an equilateral triangle of height 1 and a deltoid!. The last one has an interesting
property: as the needle rotates inside the deltoid, its endpoints slide along the curve and the
segment stays tangent to it at an interior point, as one can see in Figure 1.1.

1

(a) Area: 7 =0.785... (b) Area: 75 = 0577 (c) Area: T =0.392...

Figure 1.1: Examples of planar Kakeya sets.

Observation 1.2. The definition only asks the set to contain a segment in each direction; it
does not require the segment to be moved continuously (i.e., translated and rotated). In each
example in Figure 1.1, however, this stronger continuous motion is also possible. Sets with this
additional property will be studied in Section 1.2.

The example we shall dwell on the most is the triangle. It allows the needle to perform a full
rotation: the segment is first rotated about a vertex, sweeping out the angle at that vertex,
and then translated so that the procedure can be repeated at the next vertex. Besides being
the convex Kakeya set of least area, as proved by Julius Pal in [PAl21], the triangle is, when

! One possible characterization of this particular deltoid is as the region bounded by the curve traced by a point
on a circle rolling inside a circle of three times its radius.



Chapter 1. Kakeya sets

we focus on a single vertex, the simplest shape in which the segment can be rotated through
a prescribed angle; for this reason it will serve as the basic building block for constructing
different sets, with rather different properties.

If we compare the areas of the three Kakeya sets in Figure 1.1, we see they get successively
smaller. In particular, the deltoid even has half the area of the disc. This means that, intuitively,
inside the deltoid the segments are packed much more tightly.

This suggests the first natural question one may ask about such sets: what is the minimal
Lebesgue measure of a Kakeya set? In other words, in a terminology that will prove useful in
later chapters, how tightly can the needles be packed together?

1.1 Besicovitch’s construction

Following the heuristic at the end of the previous section, that needles can be packed in more
or less efficient ways, Besicovitch found a way to construct planar Kakeya sets of arbitrarily
small area. In the literature, procedures where objects are repacked to reduce some notion of
measure are referred to as the Besicovitch compression phenomenon.

Theorem 1.3. For every ¢ > 0 there exists a Kakeya set K C R? with £?(K) < e.

To construct such a set we shall use a procedure based on iteratively bisecting a triangle and
sliding the two halves onto one another. At each step the resulting figure preserves every
direction in which the original triangle contains a unit segment, while its area decreases, since
parts of the triangle are made to overlap. We follow the presentation given in [Fox21]. The
main idea for the construction is the following geometric argument.

Lemma 1.4. Let T be a triangle that has a base, on line L, of length 2b and a height of h. Let
T1 and Ty be triangles that result from cutting T along the median that goes to the middle of
the side of T that lies on line L. Fix o € (%, 1) and slide Ty along L over Ty by a distance of
2b(1 — a). The resulting figure S has (1 — a)(3a — 1) L?(T) less area than T.

T S
3
'k
T, | T |
| Lo
; L
b b -
2b(1 — @)
Figure 1.2

Proof. Using simple angle chasing and length measurements, we notice that S is formed by
a triangle T, similar to T" scaled by a factor «, together with two additional triangles which
can be cut and rearranged to form two triangles similar to T" scaled by a factor (1 — «) (see
Figure 1.2). We can therefore compute the area of S as

L2(S) = LT + 2(1 — a)2.2%(T)

10



1.1. Besicovitch’s construction

and hence
LT — Z2*(S) = (1 — a)(3a — 1).24(T). O

From this lemma we can prove the following theorem.

Theorem 1.5. Let T be a triangle with base on a line L and apex v ¢ L. For k € N, we can
divide the base of T into 2F equal segments, which serve as the bases of 2F triangles Ty, ..., Tyx
sharing the common apex v. Then, for any € > 0, there exist o € (%, 1) and k such that these
2F triangles can be slid along L so that the resulting figure S has area less than . Moreover,
S still contains a unit segment in every direction subtended by T at v, provided that every
segment joining v to the base of T has length at least 1, and, if T C U for some open set U, we
can also ensure that S C U.

(a) (b)

S=1

Figure 1.3

Proof. For clarity, we follow Figure 1.3 to build up the final set; there we have set £ = 3 and
o= 3. For the proof a € (1/2,1) and k € N are to be determined later.

(a) Divide the base of T into 2¥ equal segments, obtaining the 2* triangles T1, ..., Ty: as in
the statement.

(b) We first work with consecutive pairs among these triangles. For 1 < i < 2871 we slide
Ts; towards T;_1 along L as in Lemma 1.4 to produce a figure Til. By the same lemma,
Ti1 contains a triangle 7T il which is similar to Tb;_1 U T5; with similarity ratio a, and we
have the following reduction in area:

D%Q(Tgi_l U TQZ‘) — 2 (Tll) = (1 — a)(Sa — 1) XQ(TQi_l U Tgi) .

11



Chapter 1. Kakeya sets

()

We can now repeat the procedure carried out in (b), this time starting from the figures
it produced: we slide Ty; ; and Ty; towards each other until they overlap, and we call
T? the resulting figure, for 1 < i < 2¥72. Observe that the triangles T} 91 and T, 21,
contained respectively in 73, ; and T4;, have their facing sides parallel and of the same
length. Hence, when we apply Lemma 1.4 to superimpose T); ; and T}, these two smaller
triangles get superimposed as well, and their union contains a triangle T2 which is similar
to T} 2i-1 U T! 2; With ratio «, while their overlap accounts for the area we save. This
is what allows us to bound from below the area we save in passing from the two figures
T). ; and T). to the single figure T?:

L2 (Ty; U Ty) — L2(T7) > (1 - a)(3a — 1) £ (Tal,Qi—l U Tal,Qi)
= (1 — Oé)(?)()é — 1) o? £? (T4l;3 U T4Z;2 UTy1 U T4i),

the last equality being a consequence of the fact that T QZ 1 and T, 22 are similar, with
ratio «, to Ty;—3 U Ty 9 and to Ty;_1 U Ty; respectively. Notice that in this eetlmate we
are taking into account only the area saved by the overlapping of the triangles T} ., and
we are discarding any further overlapping that may occur.

Ot’L7

Iterating this construction k times in total, we are left with a single figure, which We
denote by S :=TF. At the j-th step, for 1 < j < k, we superimpose the 2877 pairs T2z 1,
Tzi ! and we obtain the figures Tij7 1 < i < 2F7; here it is understood that T0 T0 =1T;,
so that for j = 1 we recover exactly the situation of (b). Each one of these superposmons
gives the following lower bound for the corresponding reduction in area:

‘32(73;11 U T2jz'71) - 32(sz) > (1-a)Ba—1) ‘22(TJ 1 UTh, 1)

21— a,21
2 2
:(1—04)(3&—1)04292”2@&42 UT)

= (1 -a)(3a —1)a?i~D 22 (T(i_l)ng U UTh).

When T2, and T2,

The reduction is caused by the overlap of T: 21 , and T .2i

a2z

overlap the superposition creates inside T] the trlangle T, J . The intermediate equalities

come from applying the similarity of ratio a;, between T and Tl 2i-1 YT, é 2% — 1 times.

Summing over the 2577 pairs involved, we can now compute the reduction in area produced at
a generic j-th step:

2k—J
S (L2 uTd) - 2AT)) > (1- @) Ba—1)a?UD (T U--- U Ty
=1

= (1—a)Ba—1)a?0=0 2%(1).

Explicitly, these are the following k inequalities:

12

21{:71

Y (LHToima UTy) = ZA(T})) > (1 - a)(3a — 1) Z%(T),
=1
21@'72

S (LT, UTY) - 22(TD) = (1 - a)(3a — 1) o> £%(T),

i=1

LHTFuTE Y - 22(TF) > (1 - a) (3 — 1) 2D 22(T).



1.1. Besicovitch’s construction

Summing them for j from 1 to k, we obtain a lower bound for the overall reduction in area:

2k—1 k 2k ) )
;fQ(T%—lUTm) L2 (1Y) Zzl Z}( T uTy) —fz(TiJ))
i= j=1 i=

>(1-a)Ba—1)(14a®+ - +a2*1) 2%(1),

where the first inequality holds since the middle terms cancel, the sum being telescopic up to
the bound .£2 (T3, UTY,) < L*(TY,_,) + L*(T3;), which points in the right direction for the
inequality.

2k 1

Equivalently, since Tf = S and Y7, Z%(To;—1 UTy;) = £%(T), we have

L8) < LXT) - (1-a)Ba—1)(1+a +-- -+ a** D) 2%(T)
(1—a)(Ba—1)(1 —a?k)
1—a?2

o — — o2k
:<1_(3 111510[ )>$2(T).

= 2%T) - 2(T)

We now show that, with a suitable choice of « and k, the measure of S can be made as small
as we like. Let € > 0, set ¢/ := f/%(T) and writing « =1 — 6 with 0 < § < % we have

1_3&—1 - 1_2—35 26
1+a 2—-6  2—0 550t

so we may fix 6 € (0,1), and hence v = 1 — 4, such that

3a—1 i/

< .
1+« 2

With o now fixed we have 0 < a < 1, so &®* — 0 as k — oo, and we may choose k € N large
enough that
3a—1 4 €
< —.
1+a ° 2

Adding the two estimates,

22(5) < (1 C Ba-1( - a%)) Y

14+«
3a0 — 1 3a—1
_ (71— 2k 2(p
K 1+a>+1+aa]g()

< (52+52) LAT) = & LAUT) =

This shows that, by choosing o and k appropriately, we can make #?(S) arbitrarily small.
As for the directions, each T; is only translated, never rotated, so in its final position it still
subtends at its apex the same set of directions as it did inside T’; since these sets together
cover all the directions subtended by 7', the figure S contains a unit segment in every direction
subtended by T'.

Suppose U C R? with T C U. Since T is compact, U is closed, and the two sets are disjoint,

dist(T,U°) :=inf{||lz —y|| : 2 €T, ycU°} >0,

13



Chapter 1. Kakeya sets

so we may fix n with 0 < n < dist(T,U®). Observe first that if the base length of T is b,
then, fixing 77 and locating the other subtriangles relative to 77, no subtriangle is moved by a
distance of more than b during the construction. Therefore if we split the triangle into smaller
subtriangles with base length no more than 7 and do the process mentioned earlier on each
group we end up with a figure S that has arbitrarily small area and none of the subtriangles has
been moved by more than 7. Since every point of S lies at distance less than n < dist(T, U)
from T, no point of S can belong to U¢. Thus S C U, as required. O

Observation 1.6. Another way to see what the open-set part of the statement says is the
following: for every € > 0 and every & > 0 there exists a figure S with .#?(S) < ¢ and S C T,
where Ts := {p € R? : dist(p,T) < §} denotes the J-neighbourhood of T. We could make S
stick out of T by as little as we please.

This theorem shows that Kakeya sets of arbitrarily small measure exist: although the triangle
has been cut several times, none of the directions associated with its apex is lost. The entire
family of directions that emanates from that vertex will be preserved, whereas the measure
of the new figure created can be made arbitrarily small. By rotating the construction and
taking finitely many copies of it (if we start the construction with an equilateral triangle we
will need 3 copies), one obtains a set which contains a unit segment in every direction. This
proves Theorem 1.3.

Applying a limiting argument to the Besicovitch construction in combination with Observa-
tion 1.6 proves a stronger version of the theorem.

Theorem 1.7 (Besicovitch). There exists a Kakeya set K C R? with £?*(K) = 0.

Proof. Let T be, for simplicity, an equilateral triangle of height 1 whose base lies on the z-axis.
We choose a bounded open set U such that Ty C U and £2(U;) < 2.£?(Ty). By Theorem 1.5
we know that we can divide T3 into subtriangles and slide them to form a new figure 75 C U;
that also satisfies .Z2(Ty) < 272.

We can then repeat the process, applying Theorem 1.5 to each of the subtriangles making up
Ty: we find a bounded open set Us such that Ty C Uy C Uy and £2%(Us) < 2.22(T»), and we
find a figure T3 C Us such that .#?(T3) < 273, and such that it preserves all the directions of
the initial triangle 7T7.

Continuing the process we get a sequence of figures {T;}°, with £*(T;) < 27 for i > 2, and
a sequence of bounded open sets {U;}52, with

T, CU; CU; and  LXU;) <2.2%T;) <27
for alli € N*, i > 2. Let

K= (U,

e

1

(2

Then .£?(K1) has to be equal to 0, since K1 C U; for every i, and therefore
LK) < 2*U;) <27 forallie Nt, i>2.

We know that every T; contains a unit segment in each direction forming an angle between
7 and 2% with the positive xz-axis (this is true for the initial equilateral triangle 77, and the
construction of Theorem 1.5 preserves it), and hence so does U;, since T; C U;. What remains

to prove is that K7 has all these directions as well.

Let p be a direction forming an angle in {%, %’T} with the z-axis. For each i € NT there exists

a unit segment ; C U; in the direction p. Consider x; € ;, the endpoint of 7; closest to the

14



1.1. Besicovitch’s construction

x-axis (well defined, since p is not horizontal). Since the sequence {U;} is decreasing, every ~;
is contained in U7, which is compact; hence, up to passing to a subsequence, we can assume
that {z;} converges to a point x. Now we consider the unit segment 7 in the direction p whose
nearest point to the x-axis is x. Since all the 7; are unit segments in the same direction p, we
must have that v; converges to v in the Hausdorff distance?.

Since {U;}2, is decreasing, we have v; C U; for all 4,5 € Nt with ¢ > j, and because U is
closed, v C U; for every j. Hence v C Kj.

Therefore K is a set of measure 0 which contains a unit line segment in every direction between
7 and %” To obtain all the directions we just have to add 2 copies of K7, namely K5 and K3,

that are rotated counterclockwise by /3 and 27 /3 respectively. Then
K =K UKyUKj3

is a finite union of null sets, so .#?(K) = 0, and it contains a unit line segment in every
direction. Figure 1.4 represents an intermediate step of the construction. ]

Figure 1.4

The set obtained in this way is usually referred to as the Perron tree, named after Oskar Perron,
the German mathematician who refined the construction found by Besicovitch.

Corollary 1.8. Given a Kakeya set K C R? with £*(K) = 0, the product K x [0,1]""2 is a
Kakeya set in R™ which is Z"-null. Hence Besicovitch’s theorem also implies that for every
n > 2 there exists a Kakeya set K,, C R™ with £"(K,) = 0.

Proof. The set K x [0, 1]"~2 has measure zero, since .£" (K x[0,1]"2) = Z%(K)- £ 2([0,1]"2) =
0. Let w = (,w"”) € "1, so that |'|,|w”| < 1, and let b := (3,...,3) be the centre of
the cube. Since K is a Kakeya set there is a € R? with b for),a © K (if W' = 0, take any
a € K), and as || <1 the segment {a + tw’ : [t| < 3} is contained in it; likewise |w!| < 1
gives b+ tw” € [0,1]"72 for [¢| < §. Hence £, (44 € K x [0,1]"72. O

=

2 Given two non-empty compact sets E, F C R", their Hausdor(f distance is

du(E,F) = max{ sup dist(p, F'), sup dist(q, F) }

peEE qeF

15



Chapter 1. Kakeya sets

Observation 1.9. It is worth pointing out that Besicovitch was led to these sets by a question
in Riemann integration.

Question. Let f: R? — R be a Riemann integrable function defined on the plane. Does there
always exist a pair of orthogonal coordinate axes such that, for every y € R, the integral

+oo

F) = [ fey)ds
— 0o

exists as a Riemann integral, and such that the resulting function F' of y is Riemann integrable

as well?

We will show that it is possible to construct a counterexample based on the existence of a
compact set K C R? with .#2(K) = 0 containing a unit segment in every direction. Set

D := {peR* : dist(p,(0,0)) € Q}, [ = XK XD = XKnD:

so that f is the characteristic function of the set of points of K lying at rational distance from
the origin. We can apply Lebesgue’s criterion: f is bounded, compactly supported, and its
set of discontinuity points is contained in K, which has planar Lebesgue measure zero; so it is
Riemann integrable on the plane.

Now we have to show that no choice of orthogonal axes works. We fix any orthogonal system
we like. For every line r C R? we know that both N D and r \ D are dense in 7. Since K is a
Kakeya set, we know that it contains a unit segment £ parallel to the first axis, say at a height
7. On that segment we have f = xp, so x — f(z,7) takes both the values 0 and 1 on every
subinterval of ¢, and so the integral

Fo) = [ i

will not exist in the Riemann sense.

1.2 Kakeya needle problem

Closely related to the notion of a Kakeya set is that of a classical Kakeya set. The question
originally posed by the Japanese mathematician Soichi Kakeya concerned sets of this kind. For
the proofs that follow we need some formalism, so we give a precise definition of these sets.

Definition 1.10. We say that a compact set K C R? is a classical Kakeya set if a unit line
segment can be continuously rotated inside K through every direction. This means that there
exist continuous functions

6:0,1] — R, a:[0,1] — R?,

giving at each time s the direction w(s) := (cosd(s),sinf(s)) € S! and the midpoint a(s) of
the segment, such that the line segment

satisfies £,,(s),q(s) € K for every s € [0, 1], and every direction w € St is of the form + w(s) for
some s € [0, 1].

NO|—=

lote).ats) = {als) +tw(s) « —F<t<

16



1.2. Kakeya needle problem

Observation 1.11. For clarity, and since our interest lies in the planar case, we have stated
Definition 1.10 in R2. The notion can be extended to R” in the following manner. One
seeks continuous maps w : [0,1] — S"~! and a : [0,1] — R™ which satisfy the condition that
Ci(s),a(s) C K for each value of s € [0, 1], and such that every direction of S*~1 appears as w(s)
for some s, at least up to a sign.

The Kakeya needle problem asks for the minimal area of such a set. After requiring the
continuous rotation of the needle, the family of admissible sets becomes smaller than in the
Kakeya set Definition 1.1, so one might expect the answer to be larger. Following the argument
in [Tao08], we first show that in the plane a classical Kakeya set must have positive area; in
particular, it cannot have measure zero as in Theorem 1.7.

Theorem 1.12. Let E C R? be a measurable set within which a unit line segment can be
continuously rotated (through a nonzero angle). Then E has strictly positive Lebesque measure.

—-0.4 0.4

0.001

[ N
8

Figure 1.5

Proof. To say that a unit line segment can be continuously rotated inside E' means that there
exists a continuous map s > £,(s) q(s), defined for s € [0, 1], sending each time to a unit line
segment £,(5) 4(s) © £. Each such segment is parameterised as

where z,y,6 : [0,1] — R are continuous functions. Here a(s) = (x(s),y(s)) is the midpoint of
the segment at time s, and 6(s) is the angle it makes with the horizontal axis.

On a compact set, every continuous function is uniformly continuous. In particular, there exists
€ > 0 such that

Coo(s), a(s) = {(1:(5) +tcosB(s), y(s) +tsinf(s)) : —3 <t <

D=

[2(s) = a(s)], [y(s) — ()], 16(s) — 0(s")] < 0.001 (1)
whenever s, s’ € [0,1] satisfy |s — s’| < e. Fix such an e.
Observe that 6(s) cannot be a constant function of s, since we ask the needle to rotate even a
little. We conclude that there must exist sg,s; € [0, 1] with |sg — s1| < e and 0(sp) # 0(s1).
Without loss of generality, we may assume that so < s; and that

z(s0) = y(s0) = 0(so) = 0,

after a translation and rotation of the plane (which do not affect the measure of F).

17



Chapter 1. Kakeya sets

Now let ¢ be any real number with —0.4 < ¢ < 0.4. From (1) we see that, for any s with
so < s < s1, the segment £,y q(s) intersects the vertical line x = ¢ in some point (¢, yc(s)),
which must therefore lie in E. Indeed, since |0(s)| < 0.001 and |x(s)| < 0.001, the segment
Cus(s), a(s) is nearly horizontal and its z-coordinate ranges over an interval containing [—0.4,0.4],
so the intersection with the line z = ¢ exists and is unique. Moreover, y.(s) is a continuous
function of s. Thus, by the intermediate value theorem, the vertical segment from (¢, y.(so)) to
(c,yc(s1)) lies entirely in E. Moreover y.(sg) # yc(s1) for all but at most one value of ¢: since
0(s0) # 0(s1), the two lines supporting (s, a(so) @A Lyy(s,), a(s;) are not parallel, and hence
meet in a single point.

Taking the union over all ¢ between —0.4 and +0.4, we conclude that E contains the non-
degenerate two-dimensional region bounded by these two non-parallel lines within the strip
|z| < 0.4, and hence has strictly positive area. O

50)

Observation 1.13. Theorem 1.12 is only valid for dimension 2, since it cannot be generalised
to higher dimensions. In R™ with n > 3 a unit segment (or even a full line) can be continuously
rotated inside a set of measure zero, as proved in [Jar+11].

So being able to continuously rotate a line segment inside a set in the plane forces the set to
have positive area. However, there exist classical Kakeya sets of arbitrarily small area. To
prove this fact, we follow [Fal85]. We need the following lemma.

Lemma 1.14. Let L; and Ly be two parallel lines in R? and let € > 0 be given. Then there
exists a set A containing Ly and Lo such that a unit-length segment v C L1 can be moved
continuously onto Ly without leaving A and such that £*(A) < e.

Ly

Lo

T2

Figure 1.6

Proof. Choose x; € L; and z9 € Lo so that |z; — x9| > 1, and let I" be the segment joining x;
to xo. Let 6 € (0,7/2) be the angle that I" makes with the two lines, which is the same at both
ends since Ly and Lo are parallel. Let S be the sector of radius 1 and angle € with centre at
x1, lying between I and L1, and let So be the sector of radius 1 and angle # with centre at o,
lying between I" and Lo. Define

A=L1UL,UT"U S USs.

We can move + in the following way: we move it along L; until one of its ends reaches x1, we
rotate it about z; within S7 until it lies on I', we move it along I" until the other end arrives at
9, we rotate it about xo within Ss until it lies on Lo, and finally we move it freely along Ls.
Each of the steps in this movement is continuous and remains within A.

Since L1, Ly and I' are Lebesgue null sets, the measure of A is determined solely by the area
swept out by each rotation of a unit segment, which is a sector of area %9; hence Z?(A) = 6.
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1.2. Kakeya needle problem

Since 0 — 0 as the distance between x1 and x2 tends to infinity, choosing x; and xo far enough
apart gives .Z2(A) < e. O

We combine this lemma with the Besicovitch construction described in the proof of Theorem 1.5
to construct a classical Kakeya set of arbitrarily small measure.

Observation 1.15. We have defined Kakeya set as a compact set, so in the construction below
we do not use the whole lines L and Lo of Lemma 1.14; we will replace each L; by a closed
subsegment.

Theorem 1.16. For every € > 0 there exists a classical Kakeya set K with £?*(K) < ¢.

Proof. For this proof we combine the construction of Theorem 1.5 with Lemma 1.14.
Let T be an equilateral triangle of height 1 with base on the x-axis, and fix k € N. Following
Theorem 1.5, we may split T' into subtriangles 17, ..., T, and slide them along the z-axis, so

as to obtain a figure S with
€

12’

in which all the directions of T" are preserved. Notice that, because T is of height 1, any line
segment connecting the apex of T; to its base will have length at least 1; thus, within each
triangle T;, we can rotate the unit segment around the apex by the full angle that it spans.
What remains to be done is to find the continuous movement from one subtriangle to another.
The property which we will be using, together with Lemma 1.14, is that any two adjacent
subtriangles T; and T; 1 have a pair of parallel sides, due to the way they were constructed.
Within 7', they have a common side and the translation preserves that parallelism. (We will
use the same name 7; for the subtriangles as they are moved into place.)

Z%9) <

Ti11

Ly Lo

Figure 1.7
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Chapter 1. Kakeya sets

Thus, we now know, by Lemma 1.14, that for every 1 < i < 2¥ — 1 there exists a set A; with

€
LA < —————

(4:) 12 (2k — 1)
inside which a unit segment can be moved with a continuous motion from 7; to 7541, so that
the A; adjoin the subtriangles to one another. Moreover, by Observation 1.15 we can choose
the sets A; to be compact.
We set

2k 1
K = SU(U Ai>7
=1

and subadditivity gives us

9 € € €
K 44— ==
"g(l)<12+12 6

Inside K a unit segment can now be moved continuously through all the directions of T: the
two extreme positions are the two non-horizontal sides of the original triangle, so the segment
is rotated by § with respect to its starting position.

To obtain a full rotation we add K> and K3, the copies of K rotated by § and %’r respectively,
and we adjoin them by means of sets A}, A5, A; with

2 € :
ZLE(A)) < it j=1,2,3.
These are again given by Lemma 1.14: the final position of the segment in K7 is parallel to its
initial position in K5, and the same holds for the pairs Ko, K3 and K3, K;.
Hence

K = KjUKyUK3UAjU AL U A
has . -

LK) <3-—43-— =

Following the segment through K, K and K3, it rotates by % in each of them, hence by 7
in total, and it comes back to its initial position with the two endpoints interchanged. In
particular the segment has passed through every direction with a continuous motion, and K is
a classical Kakeya set with .Z?(K) < ¢. O

1.3 Hausdorff and Minkowski dimension

To rigorously expand the study of these sets, in an attempt to provide a classification of sets
of Lebesgue measure zero, we need to introduce a more general concept of measure. Unlike
the standard Lebesgue measure, which is restricted to integer dimensions, this generalised
measure allows us to compute the size of sets with fractional dimensions. We present the main
definitions below; for a complete overview of the topic, we refer the reader to [Fal03].

Definition 1.17 (Hausdorff measure). Let E CR", 0 < s < 00, and 0 < < oo. We define

5 (F) := inf {iws <diam(Ui)>S B C Ej Ui, diam(U;) < 5} , (2)

=1 2 =1

where
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1.3. Hausdorfl and Minkowski dimension

and for s € N7 it is the dimensional constant corresponding to the volume of the s-dimensional
unit ball, and

“+oo
[(z) := / et dt, Re(z) > 0,
0

is Euler’s Gamma function, one extension of the factorial function, satisfying I'(n 4+ 1) = n! for
every n € N. We now obtain the s-dimensional Hausdorff measure on R™ for a set F as

H°(F) = lim 5 (E) = sup 75 (E). (3)

We can use this measure to define the dimension of a set in terms of the critical value s at
which the measure changes from infinity to zero.

Definition 1.18 (Hausdorff dimension). The Hausdorff dimension of £ C R is defined as
dimy(E) :=inf{s > 0: #°(E) = 0}. (4)
Proposition 1.19. For every E C R",
dimy(F) =sup{s > 0: °(F) = oo},
with the convention sup () := 0.
Lemma 1.20. Let E CR" and 0 < s < t. If #°(E) < oo, then ' (E) = 0.

Proof. Let 0 < 6 <1 and let {U;} be a cover of E with diam(U;) < 4. So we have
. AN . A\t—s . A\ S t—s : A\ S
o (dlam(Uz)> _ W <d1am(Ul)> o, <d1am(Uz)> < wi (5) o, <d1am(UZ)> ’

2 Ws 2 2 ws \ 2 2

and taking the infimum over all such covers gives

wr (6 wt (0

aw < (0 mm < 2 (D wem)

ws \2 ws \ 2
Ast—s>0and #*%(F) < oo, letting § — 0 yields S#*(E) = 0. O

Proof of Proposition 1.19. Set A :={s > 0: °(FE) =0} and B := {s > 0 : #°(E) = oo},
we have to show inf A = sup B (with sup @ := 0).

Let s € Bandt € A. If we had t < s, then ¢ < s (the case t = s being impossible) and
HHE) =0 < o0, so Lemma 1.20 would give 5#%(E) = 0, contradicting s € B. Hence s < t for
all such s,t, and therefore sup B < inf A.

Suppose sup B < inf A and pick ¢,s with supB < t < s < inf A. Since t ¢ B we have
HE) < 00, so Lemma 1.20 gives 2#%(E) = 0, i.e. s € A: this contradicts s < inf A. O

Furthermore, for E C R™ and § > 0, we define the d-neighbourhood of E as
Es:={x e R":d(z,FE) < 0}, (5)

and another possible generalisation of dimension, often used, is the following.
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Chapter 1. Kakeya sets

Definition 1.21 (Minkowski dimension). The lower Minkowski dimension of a bounded set
E C R" is defined as

. . log L (E5)
dim(F) :=n — limsup ———, 6
di v, (F) sup 2 (6)
and the upper Minkowski dimension of E as
S— 1 "(E
dimag (F) ::n_ligélfoglijgéw' (7)

If the two values coincide, their common value is called the Minkowski dimension of E and is
denoted by dim(E).

An equivalent formulation of this definition of dimension, as we will prove in Theorem 1.24,
can be given in terms of covers by cubes.

Definition 1.22 (Minkowski dimension via box-counting). Let E C R™ be any non-empty
bounded set, for 6 > 0, let N5(E) be the smallest number of cubes of side-length § which can
cover E. The Minkowski dimension of E' is defined as

dimpy(F) := lim log Ns(F)
50 log(%)

provided the limit exists. If it does not, the lower and upper Minkowski dimensions are defined
by taking the limit inferior and the limit superior, respectively:

dim p(E) = lim inf 8 N(E), (8)
-0 log(3)

_ log Ns(E
dim(E) = limsup °8 51( ) 9)
§—0 log(g)

We begin by listing some equivalent ways of defining Ns(FE) which will be useful below.

Proposition 1.23. Let E C R"™ be a non-empty bounded set. For § > 0, let N5(E) denote any
of the following quantities:

(i) the smallest number of closed balls of radius § that cover E;

(ii) the smallest number of cubes of side § that cover E;

(7ii) the number of §-mesh cubes that intersect E;

(iv) the smallest number of sets of diameter at most § that cover E;
(v) the largest number of disjoint balls of radius § with centres in E.

Then the values of
dimy(E) = timint EYE) oy G (B) = limsup 28N E)

5—0 —logé 5—0 —logd

do not depend on which of (i)—(v) is chosen.

22



1.3. Hausdorfl and Minkowski dimension

4%, @~ o
4 b4 <
~ \\ﬂ v I ~
N PXals
) v
5
7
S
s B 5
) ¢
v
3% = ==
< |n ?!ﬁ' o~ -
- RS M
o S
)
- - ~
7/ I‘
{
| “,

(iif) = (iv) )
Figure 1.8

Proof. Write N éi), oo, N év) for the five quantities. Since F is non-empty and bounded, all of
them are finite and each has a value of at least 1.

We start by stating a comparison principle. Suppose that N5 and Nj are two of the five
quantities and that there are constants C, A > 0, independent of §, such that

Nys < C Nj

for all small 6 > 0. Taking logarithms and dividing by — log(A\d) = —logd — log A > 0,

log Nys < log N 1 log C

—log(Ad) — —10g5.1+11‘;§:5\ —logd —log A\’

As 6 — 0 the last summand tends to 0 and the correction factor tends to 1, while § — A is a
bijection of a neighbourhood of 0 onto another one, so taking lim inf and lim sup yields

log N, log N} N, log N}
lim inf 08 %0 < lim inf 08 ¥ , lim sup d < limsup 8%
5—0 —logd 6—0 —logod s—0 —logé s—0 —logd

We may therefore compare the five quantities, allowing for a fixed multiplicative constant and
a fixed rescaling of §, as we now do.

(a) N, éﬁ) <N (giv): a set of diameter at most 0 fits inside a cube of side 0.

(b) N\(/i% 52 S N (gﬁ): a cube of side ¢ lies within the closed ball of radius y/n §/2 centred at its

centre.

(c) NQ(;V) <N éi): a closed ball of radius § has diameter 20.

(d) N, éﬁ) <N éiﬁ): the d-mesh cubes which intersect E are cubes of side ¢ and together they
cover E.
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Chapter 1. Kakeya sets

e) NI <2"N (). an interval of length § can meet at most two mesh intervals of the same
1 1
length; consequently, a cube of side  meets at most 2" mesh cubes.

(f) NQ(? < Név): let B(x1,9),...,B(xm,0) be disjoint with z; € E and m = N(S(V) maximal.
For z € E, the ball B(x,d) must meet some B(z;,0). In other words, |z — z;| < 24, so
the closed balls B(z;,2) cover E.

(2) N(gv) < N(gi/)Q: with x; as above, disjointness gives |z; — x;| > 26 for i # j, so a ball of
radius ¢/2, having diameter § < 2§, contains at most one z;. Since the x; are in E, any
cover of F by balls of radius §/2 has at least m elements.

The estimates (a)—(c) form a cycle involving (i), (ii) and (iv), and therefore these three quantities
have the same lower and upper limits; (d)—(e) connect (iii) to (ii), while (f)—(g) connect (v) to
(i). Thus all five lower limits coincide, and so do all five upper limits. O

The proposition gives us the opportunity to choose, arbitrarily, whichever definition is most
convenient to adopt in a particular application; the list could also be extended further.

Theorem 1.24. Let E C R" be a non-empty bounded set. Then the quantities defined in (6)
and (8) coincide, and so do those defined in (7) and (9). That is,

n— limsup 8L Es) _ o g log Ne(B). (10)
550 log § =0 log(1/e)
1 "(E log N.(E
n,hmmfw :hmsupogi‘f()' (11)
50 log § c—0  log(1/e)

In particular, dimpa(E) is well defined in the sense of one definition if and only if it is in the
sense of the other, and the two values agree.

Proof. If E can be covered by Ns(E) cubes of side-length § < 1 then Es can be covered by the
concentric cubes of side-length 34. Hence

ZL"(E5) < Ns(E) (30)".

Taking logarithms,
log £"(E5) - log 3" 4+ nlogd + log Ns(E)

—logd — —logé ’
% log 2" (Ej)
.. 0og 1) .

with a similar inequality for the upper limits. On the other hand if there are Ns(E) disjoint
balls of radius ¢ with centres in F, then by adding their volumes,

Ns(E) ¢, 0" < L"(Es).
Taking logarithms and letting § — 0 gives the opposite inequality to (12). O

The idea behind both definitions of dimension is essentially the same. A set should be s-
dimensional if it needs about §~° pieces of size § in order to be covered. This agrees with
the examples we already know: covering a point only requires one piece, corresponding to
80; covering a unit segment requires roughly 6! intervals of length §; a unit square requires
roughly 72 squares of side length §; a unit cube requires roughly 62 cubes of side length 6,
and so on.

In particular there is a relationship between the Hausdorff and the Minkowski dimension which
is always true.
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1.3. Hausdorfl and Minkowski dimension

Theorem 1.25. Let E C R" be bounded. Then
dim - (F) < dimy(E) < dimpy(E).

Proof. As E is bounded, it can be covered by Nj(E) sets of diameter at most d, then from
definition (2),
A5 (E) Ssm Ns(E) 67,

where <, means inequality up to multiplicative constants cg,. Now let s < dim(E),
then J#°(F) = +oo and hence 1 < J°(E) provided ¢ < 1 is sufficiently small, and so

log Ns(E) + slogd > —log(cs ). Then s < liminfs .o (lofﬁ‘sg(f) + liglggg) = dim (F, the last

term vanishing. Taking the supremum over s < dim y(E), and since lim inf < lim sup,

dimy E < dim  F < dimyF (13)
for every £ C R"™ bounded. O

One of the main differences between these two notions of dimension is the freedom allowed in
covering the set. In the Hausdorff case we may use countably many sets of different diameters,
subject only to the constraint that none of these diameters exceed J; in the Minkowski case
all the cubes are forced to have the same side-length ¢, and only finitely many of them are
involved.

In the Hausdorff case the covering sets may adapt to the local structure of E: small sets
where F is sparse, larger ones where it is dense. The Minkowski dimension, on the other
hand, remains at a fixed scale always. This can also be observed in the first definition of the
Minkowski dimension where the 2" (Ejs) approach is employed. In this approach, we measure
the size of the set after we have increased its size by § so as not to distinguish points closer
than §. Although Hausdorff and box dimensions are equal for many ‘reasonably regular’ sets,
there are plenty of examples where this inequality is strict. We make this difference explicit
through one such example.

For the proof of the example we will use the following proposition.

Proposition 1.26. Let E C R™ be bounded and let E denote the closure of E. Then
@ME:@MF and dimpyE = dimyE.

Proof. Let By,..., By be a finite collection of closed balls of radius §. If the closed set Ule B;
contains E then that closed set J¥_, B; also contains E. This means that the smallest number
of closed balls of radius ¢ that cover F is exactly the same as the smallest number of closed
balls of radius ¢ needed to cover the larger set £. The result follows. O

Example. QN [0, 1]: it has Hausdorff dimension 0, since it is a countable union of points, but
Minkowski dimension 1, since its closure is [0, 1].

One might object that the gap above is caused only by the failure of Q N[0, 1] to be closed,
since by Proposition 1.26 the box dimension is blind to the passage to the closure, while the
Hausdorff dimension is not. The following compact example shows that this is not the case.

Example. The compact set E := {0} U{l/k : k € Nt} C R has dimp(E) = 0 and

dimp (E) = 3.
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Chapter 1. Kakeya sets

Proof. E is a countable union of points, so it has Hausdorff dimension 0. Now, for the Minkowski
part, let 0 < d < % and let k be the integer satisfying ﬁ >0 > k(k+1 If |U| <0, then U

can cover at most one of the points {1, 3 Frees %} since ﬁ — % = (k—l)k > §. So at least k sets
of diameter § are needed to cover E, so Ns(F) > k giving

log Ns(E) < log k
—logé = logk(k+1)

As 5 — 0 s0 k — oo this gives dim v E > 1. On the other hand, if > § > 0, take k such that
(= 1)k >0 > (k+1) Then k + 1 intervals of length 0 can cover {0, k], leaving k — 1 points of
E which can be covered by another k — 1 intervals. So Ns(FE) < 2k giving

log Ns(E) < log(2k)

—logd — logk(k—1)
which results in )

1.4 Kakeya set conjecture

Theorem 1.7 has settled the question raised at the beginning of the chapter: a Kakeya set can
have Lebesgue measure zero, so the needles can be packed together as tightly as one pleases.
We can restate this fact in terms of §-neighbourhoods.

Lemma 1.27. Let K C R" be compact. Then

lim .£"(Ks) = £"(K).
6—0

In particular, if K is a Kakeya set with £™(K) =0, then £"(Ks) — 0 as 6 — 0.

Proof. The family {Kjs}s-0 is decreasing as 6 — 0 and, K being closed, the intersection of all
of them is K, that is 5. Ks = K. Since K is bounded we have Z"(K;) < 0o, so the claim
follows from the fact that the Lebesgue measure is continuous from above. O

Besicovitch’s theorem says exactly that there are Kakeya sets such that the d-neighbourhood
of the set has a volume that approaches zero as § — 0. What the theorem does not explain is
how quickly it goes to zero. It is this speed that the concepts of dimension discussed earlier
measure. Our goal is to prove that even though Kakeya sets with zero measure do exist, they
are still big, in another way: they have full dimension. Heuristically, if F is covered by Ns(E)
cubes of side §, then FEjs is essentially the union of those cubes slightly enlarged, so that

gn(E(;) >~n (5”N5(E)

We use the notation A S, ., B to mean that A < CB for some constant C' < oo depending
only on the parameters pl, ...,pk, and A ~, . B to mean that both A <, ., B and
B <p,...p. A hold. If E has dimension d, then N5(E) = §—4+o(1) and therefore

gn(Eé) — 6n7d+o(1) )

And hence, the exponent governs the decay of the volume of the neighbourhood, and it
coincides with the codimension of E. If a set is of full dimension n, then its volume satisfies
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1.4. Kakeya set conjecture

L™ (Es) = 6°1) | which means that the volume tends to zero slower than any positive power of
0. Thus, saying that F has full dimension means that F can have Lebesgue measure zero and
yet its d-neighbourhoods lose their n-dimensional volume so slowly that no positive power of
0 can bound their decay. The following proposition offers one of the ways to formalize this
heuristic idea.

Proposition 1.28. Let E C R™ be bounded and non-empty. Then dim ,(E) = n if and only
if, for every € > 0, one can find constants cc > 0 and 0. € (0,1) such that

ZL"(Es) > ¢ 6° for all 0 < 0 < 6. (14)
Proof. We write
_ log 2" (Es)
L(9) = “logs 0<d<1,

in order that dim ,(E) = n — limsup;_,o L(d) by (6). The quantity L(9) is well defined since
E is non-empty and therefore the set Es contains a ball of radius d, so that £"(Es) > w,6"
and is thus positive; furthermore, since F is bounded there exists a constant Cr < oo such
that £"(Es) < Cp for all § < 1.

We note that lim sups_,q L(d) > 0, that is to say that dim 4(£) < n. For indeed, log £"(Es) <

log Cg and so L(6) > l‘igg%E, and the right-hand side tends to 0 as ¢ tends to 0. It follows that

dim\(E)=n <= limsupL(d) <0.
6—0

Suppose (14) holds and let € be a positive number. When we take the logarithm of the inequality
L (Es) > ¢.6° and divide it by log ¢, which is negative, we get

log c.

L) < +e for 0 < § < 6.

log 6

The first term tends to 0 as ¢ tends to 0, so limsups_,q L(d) < €. Since € > 0 is arbitrarily
chosen, it follows that limsup;s_,q L(d) < 0 and therefore dim y,(F) = n.

With regard to the converse, suppose that dim ,,(E) = n, that is to say that lim sups_,, L(d) <0,
and let € be any positive number. By the definition of limsup there exists d. € (0,1) such
that L(J) < e for every 0 satisfying 0 < § < d.. Multiplying by log d, which is negative, gives
log £™(Es) > elogd, that is to say that

L (E5) > 6° for all 0 < d < 4,
which is (14) with ¢, = 1. O
We can now state the two conjectures, both of which are open for n > 4.

Conjecture 1.29 (Weak Kakeya conjecture). Fvery Kakeya set in R™ has lower Minkowski
dimension n.

Conjecture 1.30 (Strong Kakeya conjecture). Every Kakeya set in R™ has Hausdorff dimen-
Ston n.

Theorem 1.25 shows that dim_(F) < dim y((E) < dimp(E) for every bounded set. So if we
know that the Hausdorff dimension of a Kakeya set is n it means the Minkowski dimension
must also be n. Conjecture 1.30 is therefore, at least a priori, the harder of the two. The
freedom on the sizes of the covers is what makes the Hausdorff dimension difficult to bound
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Chapter 1. Kakeya sets

from below. It is this stronger statement that one usually means when speaking of the Kakeya
conjecture.

Conjecture 1.29 and Conjecture 1.30 are trivially true for n = 1 (a Kakeya set has to contain
a unit segment). They were proved in the plane by Davies [Dav71], and have recently been
proved in R? by Wang and Zahl [WZ25], in both the Hausdorff and the Minkowski form. For
n > 4 both conjectures remain open, although lower bounds are available; for example, Wolff
[Wol95] proved that every Kakeya set K C R" satisfies dim y(K) > 242

In the following chapter we shall focus on the case n = 2, for which we give a complete proof of
Conjecture 1.30.
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Chapter 2

Kakeya maximal function

Our presentation in this chapter follows [Mat15] and [Kro10]. The central idea for the rest of
the thesis is to estimate the size of the neighbourhood of our set through bounds on operator
norms that are meant to approximate the set. This approximation is carried out by thickening
our needles, placing on them a function f which for convenience will be Llloc, and trying to
estimate the norms as the tubes shrink to unit segments. These bounds will give us back the
rate at which the neighbourhood of the set can decay, and therefore the dimension of the set.
We now introduce the geometric notion of a J-tube, which is fundamental for the definitions
that follow. To simplify the notation, during this chapter, we will use |-| for the Lebesgue
measure.

Definition 2.1. For a € R”, e € S""! and § > 0, we define the tube TS (a) by

< 5},

e

To(a):={z €R" : |w=a) e <3, |(x—a)™

where 2t¢ := x — (2 - ¢) e is the orthogonal projection of 2 onto the hyperplane et through
the origin. Thus Tg (a) is essentially the d-neighbourhood of the unit line segment (., of
Definition 1.1, that is, of the needle in the direction e centred at a.

Figure 2.1

Observe that the volume of such a tube is
T (a)] = wp—1 6" 1,

where w,_1 denotes the Lebesgue measure of the unit ball in R”~!. In particular the volume of
the tube depends neither on a nor on e. Using this geometric object we can define an operator
measuring the maximal average of a function over thin tubes pointing in a given direction.



Chapter 2. Kakeya maximal function

Definition 2.2. The Kakeya mazimal function with width ¢ of f € Ll _(R") is the function
Ksf :S*~! — [0, 00] given by

Ksf(e):= sup !

wein [T2(a)] Jrs(a |f(2)] da.

The following proposition follows directly from the definition above and establishes the basic
boundedness properties of the Kakeya maximal operator.

Proposition 2.3. For all0 <6 <1 and f € Li,.(R™) we have:

LK fllpoosn1) < 1l oo (mmy;

If1lL1 gn

— Wn—

Proof. (1) Fix e € S"! and a € R™. Since |f(z)| < ||f||po(rn for almost every € R", the
average of | f| over any tube is bounded by the same quantity:

1
[T2(a)] Jz5(@

If we take the supremum over a € R", then Ksf(e) < || f|| o (rn) holds for every e € S"~1.

1
@I < g [ lwgao d = 1l oy

(2) Once more fix e € S* ! and a € R™. In this instance we merely extend the domain of
integration from the tube to the whole space:

1 | ()| da < / @
|T2(a)| JT3(a \T5 )| R
Taking the supremum over a we obtain
HfHLl R7) _
Ksf(e) < o —5a1  Vees” h O

2.1 Kakeya maximal conjecture

In the study of such operators it is natural to look for inequalities and the fewer constants are
involved, the better. In this case the optimal should be

I1Ks fllLan—1y < C Nl fll o wny, (15)

where C' does not depend on d, p < co and f € LP(R™). We would like (15) to hold for any
0<d<1andany felLP.

To see that (15) cannot hold, we use Corollary 1.8. Let K C R" be a Kakeya set with
ZL"(K) =0 and, for § > 0, let

Ks:={z e R" : dist(z,K) < ¢}

be its 6-neighbourhood. We define f5 := xx;. On one hand by part 1 of Proposition 2.3, we
know that

|Ksfs(e)| < IKsfsllLoo(sn-1y < I fsllpoo(mmy = 1.

Moreover, K contains a unit segment in every direction, so for each e € S*~! there is a € R"
with T?(a) C Ks; hence the average of fs over that tube equals 1, and therefore Ksf5(e) = 1
for every e € S*~!. Hence we have

1
HKéf(SHLq(Sn—l) = |Sn_1’q > 0.
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On the other hand
1
1 fsllLr@ny = |Ks|? =0 as 0—=0 for every p < oo.

Estimates of the form (15) are too strong to hold.

One possible way to weaken the inequality is to let the constant depend on the parameters
involved and to allow a factor depending on §, such as

1Cs fllLesn-1y < Clp,n,€) 0 fll e r, (16)

foralle > 0,0 < d <1 and f € LP(R™). However, this is too strong to hold for any p < n.
To show this we simply choose fs := xp(0,5) Where B(0, ) is the n-dimensional ball of radius
§ centred at the origin. If § < £, then B(0,6) C T2(0) for every e € S*~!, and no tube can
contain more of B(0,d) than this one; hence the supremum defining the maximal function is
attained at a = 0 and

)] Jrso PN = T8 T Gy

e

Ksfs(e) =

= ¢y 0,

Wn
wn—1"

with ¢, = Since this value does not depend on e, we obtain

1
s sl o1y = cn 8 |S" 7|7
On the other hand,

1

1,
1 fsllLr@rny = |B(0,0)|? = wh 7.
Therefore, for (16) to hold, the exponents of § must satisfy 1 > % — g, since otherwise the

n—p

left-hand side would dominate as 6 — 0. In the case where p < n, this fails for every e < o

and therefore no estimate of the type (16) can hold in that range.

The example above says nothing about the case p > n. These estimates become weaker as p
increases, so that the case p = n already contains all the cases p > n. Indeed, assume (16)
holds with p = n and let p > n. Let s := £ > 1, by Holder’s inequality we have

1

1 1 s
< S
|@@|mdﬂ—Qﬁm»@@m>’

and taking the supremum over a € R™ we obtain the pointwise bound

Ksfe) < (Ks|f]*(e))
Setting g := |f|n, we have g € L"(R™) with ||g|[#. = ||f]/%,, and since £ = n,

s —

||K5f||ip(8n—1) S /Snfl (IC(Sg)n da' S C(n,g)” 6_En||g||7£n(R") = C(n,g)n 6_€n||f||§p(Rn)’

1
s

VeeS¥ 1.

that is Y
IKs fllLesn—1y < C(n,e)? 0 7 || fll own)-

As e > 0 is arbitrary and % < 1, this is exactly (16) for the exponent p, with an even smaller
loss in 4.

So the best we can hope for an inequality like (16) to hold is imposing p = n, that is the
following conjecture.
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Chapter 2. Kakeya maximal function

Conjecture 2.4 (Kakeya maximal conjecture).

1Ks | n(sn-1) < Cn,€) 675 fllLn(my, (17)
foralle >0,0<d <1 and f € L™(R").

Observation 2.5. In studying an inequality like (17) it will suffice to assume that f is
nonnegative. If (17) holds for nonnegative f € L™, then it holds for all functions in L™.

Proof. || fll, = || |f] ||p for any f € LP(R™) and using Definition 2.2 we see that

1Ks fll g1y = [ sI £ gy
< C(na 8) 5_€H ’f‘ HL”(R") = C(TL,&) 6_€||f”L"(R")

If (17) holds for f > 0, then it holds for all f € L". O

2.2 Separated tubes and localisation

We now introduce some definitions and lemmas in order to obtain bounds related to the
conjecture. The idea is to understand how different tubes intersect each other and to extract
useful information from this. We can work with a simplified form of the Kakeya operator, one
where we restrict the domain of the maximal function; we would also like to work with finitely
many tubes. Since tubes whose directions are only slightly different overlap in an essentially
redundant way, we restrict our attention to tubes whose directions are sufficiently separated.

Definition 2.6. We say that a set Q = {e1,...,e,} C S" ! is a d-separated subset of S*~! if
lej — ex| > 0 for j # k. It is maximal if in addition for every e € S*~! there is some k for which
le —er| < . We say that {T1,...,T,,} are d-separated -tubes if T}, = Tgk(ak), 1 <k <m,for
some 6-separated subset {eq,...,e,} C S"! and some ay,...,a, € R™.

Observation 2.7. For any J-separated set {e1,...,e,} C S*7L, the inequality m <, 617"
holds. Suppose, for the sake of contradiction, that this bound does not hold. Then, for every
k € N, there exist 6 € (0,1] and a Jg-separated set {e¥,... ek } with my > k6.~ ". Define

» Cmy,

CF .= B(ekF,81,/2) NS"~L. These sets are pairwise disjoint and |CF| >, 67"~ ', and therefore

KA
mi
ISP > NUICH Zn mw oyt > kTR =k,
=1

which leads to a contradiction, since k is arbitrary. By a similar argument, it follows that
m =~, 6" for a maximal J-separated set.

We could also restrict the domain of the maximal function Ks(f), initially defined on S*~!, to

the set C := {e €St i le—eyl < %} of all directions that lie within 1—10 of the vertical e,,.

Any spherical cap of fixed size, not depending on §, would serve equally well.

Lemma 2.8. Let 1 <p<oo,0<d<1and A>0.If

IKs fllLeey < AlflLeny — for all f € LP(R"),
then there is a constant N = N(n) such that

IKs fllon-1y < NYPA| fllpo@ny  for all f € LP(R™).
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2.2. Separated tubes and localisation

Proof. Select a maximal %—separated subset 2 C S*™! containing the vertical direction e,,,
as defined in Definition 2.6. The maximality of {2 guarantees that the caps C;, each of radius
1—10 and centred at points of €, cover S*~!. Since the sphere has finite measure, the number
of such caps is a constant N depending only on n. Let C; = C denote the cap centred at e,,
which corresponds to the cap C in the hypothesis. Since K5 f > 0, we have

st 5oy = [, (st (@) dote)
= [ (sS (@) dote)

“ N
<y /C,(’Caf@))pda(e) =3Ik v,
i=1"Ci i=1

This inequality can be obtained from subadditivity, since the caps may overlap; it is therefore
enough to prove the estimate

||’C5f||Lp(ci) < Al fllpr e (18)

for each index 7. Any cap can be rotated in such a way that its centre comes to rest at e,, and
thus the problem becomes one where ¢ = 1, which is exactly the hypothesis in question. To see
this in detail, assume (18) holds for ¢ = 1 and let U be the rotation carrying the centre of C; to
en- Then, by the rotation invariance of the surface measure o, we obtain

ity = ([ 0csr@? aot@) = ([ sty we)”. a9

Now write fy(z) := f(U 'z). Using the identity U (T}, (a)) = T¢(Ua), together with the
change of variables y = Ux, we find

1
IC(sf(U_le) = sup ———
acR"™ |Tg—1e(a)| Tg—le(“)

[fu(y)ldy = Ks fu(e).

|f ()] d

= sup —————
ackr T2 (Ua)| J12(Ua)

Substituting this into (19) yields

HICtSfHLp(ci) - HIC5fUHLp(c1) < Allfullpegny = Al fllLen),

where in the last equality we are using the invariance of Lebesgue measure under rotations. [

In certain cases this restriction simplifies geometric arguments, removing the need to consider
interactions between antipodal directions. It also allows us to use the approximations sin 6 ~ 6
and cosf ~ 1 — 72 when 6 is a small angle between two directions. We will use the same
notation ICsf to denote the restricted maximal function.

Another useful observation is that the Kakeya maximal function is essentially constant on
spherical caps of radius §. That is:

Lemma 2.9. Let f € L (R") and e, e’ € S"~ ! satisfy |e —€'| <6, then

Ksf(e) < C(n) Ksf(€). (20)
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Proof. Fix a € R" and let = € Te‘s(a). Denote by b the orthogonal projection of x onto the axis

e g of T9(a), and by V' the orthogonal projection of b onto the line passing through a in the

direction €’ (see Figure 2.2). If § denotes the angle in the interval [0, 7] between e and €', then
sinf = 2sin§cos§ <2sinfd =le—¢'| <4,

and since |a — b| < 3 we obtain

|b—V|=l]a—b|sinf <

RS

The point x lies at distance at most § from b, so the triangle inequality gives
/ / 3
e =V <|x—0b+ b0 < 55.

Moreover, |a — V| = |a — b|[cos§| < 3, so that b’ is in £e ,. Since  was arbitrary we conclude
that
Tea(a) CN, N = {:EE]R” : dist(a:,ﬁexja) < %5}7

That is, the tube in the direction e is contained within a fixed dilation of the tube in the
direction €’ with the same centre. This set can be covered by a number C(n), depending only
on n, of tubes Tg, (yr) with y, € R™. Recalling that all the tubes considered have the same
volume, w,_10" !, we finally obtain

! 1
5@ oo @192 < ey [N
C(n) 1
<D |f(2)| dz < C(n) Ksf (),

k=1 ‘Tg’(yk)‘ Tf/(yk)

and (20) follows by taking the supremum over a on the left-hand side. O

Figure 2.2
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2.3. From maximal estimates to Hausdorff dimension

2.3 From maximal estimates to Hausdorff dimension

Our aim in this section is to show that LP estimates for the Kakeya maximal function force
lower bounds on the dimension of Kakeya sets. Suppose that, for some exponent 1 < p < oo
and some 3 > 0,

HIC(;fHLp(an) Snp.B 5_'BHfHLP(Rn) forall 0 < d < 1 and f € LP(R"). (21)
For the Minkowski dimension the conclusion is almost immediate.

Theorem 2.10. Let 1 <p < oo and > 0. If (21) holds for all 0 < § < 1 and all f € LP(R™),
then every Kakeya set K C R"™ satisfies

@MK > n— Bp.

Proof. Let K C R™ be a Kakeya set and let K5 denote its §-neighbourhood. Since K contains
a unit segment in every direction, Ks contains a tube T (a.) for every e € S*™1, so testing (21)
on the characteristic function f := xx, gives, exactly as in Section 2.1, that Ksf(e) = 1 for
every e € S*~!. Consequently

Loy 8" = K5 o sn-1) Snps 8P IS o ny = 8P 1551,

that is, |Ks| Znp3 §°P. Hence for every s < n — p we have 6 "|Ks| > Znpf §5—(n=Bp) _y ~o
as 0 — 0, and therefore
dimy K > n— Bp. O

Passing to the Hausdorff dimension is more delicate. A covering of K may now consist of
balls of wildly different radii, whereas (21) only sees one scale ¢ at a time. The usual solution,
and the one we are going to use, is to divide the covering into subfamilies made up of balls
which have essentially the same radius, and then to apply the maximal estimate at the scale
corresponding to each of these subfamilies.

The following characterisation of Hausdorff dimension will be the one used.

Lemma 2.11. Let A C R" and let o be a positive number. The Hausdorff dimension of A is
at least « if there exists a positive constant ¢ such that

ero-‘ >c for every countable cover A C UB(xj,rj) with r; <1 (22)
j J
holds.
Proof. Given any cover of A by sets E; of small diameter, each E; may be replaced by a ball
B(zj,7;) centred at a point z; € E; with radius r; := diam £;. When the diameter is zero, a

ball of radius p; is selected so that the sum of the p} taken over the degenerate indices is at
most ¢/2; applying (22) to the resulting cover consisting of balls and omitting the degenerate

contribution, we get
Z (diam F;)* > Z re
J

C
=>0
2 )

I\D\o

and thus the sum of the diameters raised to the power o cannot be made arbitrarily small. [J

The symbol o will stand for the surface measure on S*~!. We are now ready to prove the main
result of this section.
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Theorem 2.12. Let 1 < p < oo and 8 > 0 be such that n — Bp > 0. If
15 f | o1y < C(n,p, ) 5|1 f | Lo gany (23)
holds for all0 < § < 1 and all f € LP(R™), then every Kakeya set K C R™ satisfies
dim_ K > n — Bp.

Proof. Let K C R™ be a Kakeya set and fix a such that 0 < a < n — p. According to (22) it
is enough to find a constant ¢ = ¢(n, p, 8, @) > 0 for which

Z ri>c (24)
J

is satisfied for every covering K C UJ; B;, B; = B(xj,rj), by balls of radius r; < 1; the theorem
is then obtained by letting o  n — Sp. Hence we fix such a covering.

We decompose the sphere according to the size of the balls that cover the corresponding needles.
For each integer £ > 1 we group the balls by setting

Je=1{j + 27F <rj < 217K

this is valid since each rj < 1. If any of the Ji is infinite, the sum of the r§' is already infinite,
since »_; 1§ > #Jp 27 ko — o0, and therefore (24) becomes trivial, so we may assume that each
Jy is ﬁnlte The fact that K is a Kakeya set means that, for each direction e € S*~!, there is a
unit segment I, C K parallel to e, and we let a. denote its midpoint. We define

sk:—{eeSnl ( UB)—2k2}

JEJk

the set of directions e for which the one-dimensional Hausdorff measure of the intersection of
1. with the union of the balls indexed by J, is at least 2k2
We claim that

=1 %% (25)

E>1

Suppose not and choose a direction e € S*~1\ |, Sk . Then, when we sum over k, we obtain

S (o U B) <Y m - <1,

=1 2k2 12

jE€Jg k>1
On the other hand, I. C K C U; B; = Uy Uje,, Bj and by subadditivity it follows that
L= 1) <3 2 (L0 | By).
k>1 j€Jk

This is a contradiction, and therefore (25) is established.
The decomposition just obtained is useful because on each Sj the maximal function admits a
lower bound at the corresponding scale. Let us denote by 6, := 27%, and let

= U B(wj.ry),  Fo= U Blz;,2r),  fu=xp-
jeJk J€Jk
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It then follows that f € LP(R") and || fx|}, = |Fk|- We assert that the estimate

T2 (ae) N Fy| 2 T (a)| (26)

vz

holds for every direction e € S.
We start by observing that

B(y,d) C Fy, for every y € M. (27)

To see this, suppose that y € B(zj,r;) with j € J; and let z € B(y, 6). Since r; > 27k = ¢,
the triangle inequality implies that

|j — 2] < g —yl + [y — 2] <7j+ 0 < 215,

so z € B(xj,2r;) C F.
Let us parametrize I as I = {a. +te : [t| < 5}, and let

A={te(-1,1) : ac+tee My}

Then we know that .Z1(A) = 1 (1. N My,) >
tube that lies above A, that is, the set

2I<:2 for e € S;. Now consider the part of the

G::{ae—i—te—i—w cte A wlLe, \w|<%’“}

Any point z = a, + te + w in G satisfies (z — a.) - e =t with |t| < § and (z — a.)* = w with
|w| < 0k, so G C T*(ae). Also, |z — (ae +te)| < 0x/2 with a + te € I, N My, so that G C F},

by means of (27). We then apply Fubini’s theorem to obtain

|T‘S’c (ae) |

n-1  £1(A
’G| = gl(A) wn—l(%) - ﬁwn_l(sg—l

gn—1 — 2nk2

thus proving (26). As a result, for each e € S;, we have the lower bound

1 79" (ae) N Fy| _ kn
K e) > 7/ T ey R "
(5kf]€( ) |T66k(ag)} Tfk(ae)|fk| |Te5k(a€)| ]{;2 ( )

with K, := 27™. It remains to turn this pointwise bound into an estimate for the size of Sy, and
then to sum over k. Since the function Ks, fj is lower semicontinuous, it is Borel measurable,
and therefore the superlevel set {e : Ks, fr(€) > K,k 2} is measurable and includes Sj, by
(28). We can thus obtain an estimate of the outer measure o*(Sk) by applying Chebyshev’s
inequality with the hypothesis (23) for 6 = J, thus arriving at

7" (5) S K [ (K5, £1() dor)
<K CP S || il gy = KPP CP 257 | F .
But 2r; < 227% for j € Ji, hence we have |Fy| < #J wy, 22=k)n — A 4 7, 27k which gives

U*(Sk) S,n,p,ﬁ k2p Qkﬁp szn #Jk
_ (kzp 2k[a—(n—ﬁp>1)2—ka # Tk Snppa 27K H T
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This last inequality is valid since o — (n — 8p) < 0 and hence k22kle—(=8p)] 5 0 as k — oo
and it can be bounded by a constant that depends only on n, p, 8 and «.
We are now in a position to conclude

S =3 Y = Y #A 2 Zupsa D 07 (SK)
J

k>1jedy k>1 k>1

>o(US)=18"" zn 1,

E>1
with a constant that does not depend on the cover, as required. O

Corollary 2.13. The Kakeya mazimal conjecture 2.4 implies the Kakeya conjecture 1.30:
every Kakeya set in R™ has Hausdorff dimension n.

Proof. Assume (17) and fix 0 < £ < 1 so that n —en > 0. Applying Theorem 2.12 with p =n
and 8 = ¢ gives that the Hausdorff dimension of every Kakeya set K is at least n—en. Letting ¢
decrease to zero we obtain dim_» K > n, and the reverse inequality is trivial since K C R™. [

2.4 Kakeya maximal conjecture in the plane

We now give a proof of the Kakeya conjecture 1.30 in R?. By Corollary 2.13 it suffices to
establish the Kakeya maximal conjecture 2.4 in R2.

Clearly, by Holder,

1 ] < | £l 2 r2) _ 1 £l 2 (r2)

To(a)| Jr3@) "~ (T8 (a)[V? (wrd)!/?

holds.
We will prove the following stronger estimate.

Theorem 2.14 (Cérdoba). For all 0 < § < % and f € L?(R?), we have the estimate

IKs fllzzsty S /log s [1f]r2re)-

This result provides not only a quantitative upper bound for the norm of the maximal operator
but in fact the optimal one, and resolves the Kakeya conjecture in two dimensions. The proof,
however, gives little insight into the higher-dimensional cases, since it depends strongly on the
L? structure.

The following geometric lemma is the main tool of this chapter, as it is used repeatedly to
understand how different tubes intersect. Although Cérdoba’s estimate is stated in terms of
L?, we formulate and prove the lemma in R™.

Lemma 2.15 (Coérdoba). For any pair of directions eyx,e; € S"! and any pair of points
a,b € R™, we have the estimates

o

diam (T2 (a) N T2 (b)) <, ,
( ek( ) el( )) ~ min{|€k—€l|,|€k+€l’}

(29)

and
671

min{|e; — e, ek —l—el|}'

T2 (a) VT2 ()] <n (30)
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Consistent with our intuition, observe that when the tubes are very close to each other in
both space and direction (|ex — €| ~ J), their intersection is close to a full tube, |T§k (a) N
Tfl(b)] <, 0"~1. However, in the opposite situation, when the tubes are close to each other

in space but orthogonal in direction (|ey — €| ~ 1), their intersection will be a d-box in R,
T2 (a) NT2 (b)] S 0™

Observation 2.16. The minimum appearing in Lemma 2.15 is there because a tube depends
on its direction only up to sign, 7%, (a) = T?(a), and the relevant quantity is the smaller of the
two angles determined by ey, and e;, that is d(eg, ¢;) = min{|ex, — €|, |ex + €| }. This formulation
was adopted so that the lemma would remain valid for all directions on S*~!. Had the analysis
been limited to the directions contained in the cap C, as allowed by Lemma 2.8, the minimum
would not have been needed: for ey, e; € C we have |e, —¢;| < %, hence ey - ¢, > 0 and therefore

d(ey, e1) = lex — el

Proof. We may assume that Te‘sk (a) N Tg(b) # (), otherwise there is nothing to prove, and
that e; # =e;, since in that case the right-hand sides of (29) and (30) are infinite. By
Observation 2.16, replacing e; by —e; if necessary, we may assume ey, - ¢; > 0; then min{|e; —
el lex + €|} = |ex — €| and the angle 6 € (0, 5) between e, and e; satisfies |e, — ;] = 2sin g.
It is also convenient to introduce two pieces of notation: for A > 1 we let

AT (a) == {x ER" : |[(x—a)-e| <3, [(x—a)t| < /\6}
be the dilation of T?(a) by the factor A with respect to its own centre a. Furthermore, given a
direction e; € S, we write

gt =2 — (v-¢j)ej

for the orthogonal projection of z onto the hyperplane ejL through the origin.
The first thing to observe is that the two centres play no role, and that we may as well work
with concentric tubes centred at the origin. Indeed, pick a point x € Te‘sk (@)N T(fl (b). For every

y € Tgk (a) the triangle inequality gives
(y—x)-ex| <|(y—a) ex|+|(x—a) ex] <1
since x € Tfk (a). Similarly, since w + w=* is linear,
=2y <lly—a) |+ (@ — )| < 2,

so that y € QTei (z). Applying the same argument to Tfl(b) gives Tfl (b) C 2ng (x), and it
follows that
T2 (a) N T2 (b) C 272 (x) N2T2 () = 2(T2 (z) N T2 (x)),

the last equality holding because both dilations are carried out with respect to the same
point z. The diameter is unchanged under translations and, since diam(2F) = 2 diam(E) and
|2E| = 2"|E|, it is sufficient to prove (29) and (30) in the case a = b = 0: the reduction costs a
factor 2 in the first estimate and a factor 2" in the second one.

Before estimating the diameter we observe the relationship between 6 and |e; — ¢;|. Since
lex — ey =2 sing and 6 < 7, it follows that cosg > % and therefore
o _ lex — el

2= 5

sin § = 2sin g cos% > V2 sin (31)
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Let now x € Tgk 0)n Tfl (0). Being in the first tube, z lies on a unit segment parallel to ey
whose midpoint is at distance at most ¢ from the origin; more precisely, setting

ty == - eg, mg = xj_kv
we have the parametrisation
r = my, + tpex, Itk] < 3, |mg| <6,
and in the same way, being in the second tube,
T =my + te, | <3, lmy| < 6.

If t, = 0 or t; = 0 then = my, or x = my, so that |z| < ¢ and the bound below is immediate.
We may therefore assume ti,t; # 0; note that in this case my # my, since mg = my; would give
trer = t1e;, which is impossible because e; and e; are linearly independent. Consider then the
triangle with vertices myg, m; and z, and denote by « its angle at = and by  its angle at m;.
The sides xmy, and xm; are parallel to e and e; respectively, whence a € {6, 7 — 0} and in
either case sin a = sin > 0; in particular the triangle is non-degenerate. The law of sines gives

|z — myg] _ |y — my]
sin 8 sin a
and therefore, using sin 5 < 1, |my — my| < 26 and (31),
i 20 2v/26
\tk|:|x—mk\:SI_nB|mk—ml\§ — < V2 .
sin 0 sinf ~ lex — ¢

Consequently, recalling that |e — ¢ < 2,

2\/§5< )

lex — el ™ ler — el

|z < fmgf + [tk <5+

The point x was arbitrary, so (32) holds at every point of the intersection and

0
diam (T2 (0) NT2(0)) < sup 2z S :
2€T3_(0)NTF (0) lex — e
which, after the reduction made at the beginning, proves (29).
EaL
2R 7
| P
| L
T t <
) : mi \/kf z
R R - L _ 77777/g177 7777777777777777777 > €L
AV ;
S e
Figure 2.3
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The estimate on the measure is now a consequence of the one just obtained. Let R := |e,§—6@l\

be the bound provided by (32), where C' is the absolute constant implicit there. Every
x € Tfk(O) ng (0) satisfies |x*| < §, because  belongs to Te‘sk(O), and |z -eg| < |z| < R; hence

Tfk(o) ﬂTfl(O) C {CL’ eER™ : |x-ex| <R, !ka| < 5},

that is, the intersection is contained in a cylinder of radius ¢ and length 2R, whose axis points
in the direction e;. Such a cylinder has measure 2R w,_16"!, and therefore

1) on
noT i ——
e — el lex — e

n—1

T2, (0) N TZ(0)] < 2Rwy 16" ' S

which gives (30) and concludes the proof. O

The following proposition reduces the problem of obtaining the required estimate to one
concerning families of §-separated tubes: once suitably normalised sums of the characteristic
functions of these tubes are controlled in the L norm, the desired L? bound for Ks follows.
The geometric content of the problem is thereby completely transferred to the way the tubes
overlap, which is precisely what Lemma 2.15 is able to quantify.

Proposition 2.17. Let 1 < p < oo, p/ = p%l be the dual exponent of p, 0 < 6 < 1 and
0 < M < oo. Suppose that

m
>t XT3 (ay) <M (33)
k=1 LP' (R™)
whenever {ey,...,em} C S" is a maximal §-separated set, ay,...,a, € R™ are arbitrary
points and ti,...,t,, are positive numbers such that
m !
S <L (34)
k=1
Then
1K fllpsn-1) Snp M [ fllLewny — Vf € LP(RY). (35)
Proof. Let {e1,...,en} C S™! be a maximal §-separated set as in Definition 2.6. By max-

imality the family of caps {S"~! N B(eg,d)} covers S"~1, and if e € S*"' N B(eg,d) then
Ksf(e) < C(n)Ksf(ex) by Lemma 2.9. Hence

3

p p
IKs 11 p(gn—1y < ) Sn_lmB(m)(zcgf(e)) do(e)

cy | s (8T (@0) ()

B
Il

A
NE

B
Il
—

C(n)P (Ksf(ex)) o(S™™1 N B(ex, d))

M

B
Il
—

n n=1\p
Sn,p Z(’Céf(ek) o7 ) :
k=1
By the duality of 2 and ¢, for any a;, >0, k=1,...,m,
m

(Z aﬁ) = max{i arby, @ bp >0 and kf:lbi/ = 1}.

k=1 k=1

B =
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Chapter 2. Kakeya maximal function

This way,

m et m
s fllosn—1) Snp > Ko fler) 6 7 bp=6""">" Ksf(ex)tr,
k=1 k=1

1—-n /
where we have chosen t := § # b, so that 6”71 37", #/ = 1 and the normalisation (34) is
satisfied. Let € > 0 be small. By Definition 2.2 there are points a; € R™ such that

Ksf(er) — |f(x)| dz,

| ak! ax)

hence, writing g5 := € "1 1" tk,

15 f Il oqsn—1y Snp 8" 1D (s f(er) — )tk + €5
k=1

- 1
<Nyt 7/ d
<O D ] g o TN B s
Nwztk/ (2)] dz + &5

(ak)

= [ (3 teva o) @) e+ 5
R™ =1
| £l ey + €5

m
D kXT3 (ay)
k=1 LP' (R™)

< M (| fllze@ny + €5,

where we use Holder in the second to last inequality. By taking ¢ — 0 we finish the proof. [
We can now proceed to the main result on R2.

Proof of Theorem 2.14. Recall that, by Lemma 2.8, it suffices to bound the maximal function
restricted to the cap C; in particular all the directions occurring below satisfy |ey — ¢;| < %
Proposition 2.17 and its proof remain valid with S*~! replaced by C throughout, the e;, forming
a maximal d-separated subset of C. We apply it in this form with n = 2 and p = p’ = 2; the
theorem follows once we prove

m
Z 12 XTy, S V 1Og %7 (36)
k=1 L2(R2)
whenever T} := Tgk(ak), 1 < k < m, are d-separated d-tubes associated with a maximal
d-separated set {e1,...,en,} CC and t1,...,t, > 0 satisfy the normalisation
m
5y th <1 (37)
k=1

We first have to prove the following counting estimate: for every fixed k,
<logi. 38
Z |€k — ey s (38)
l;ék
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2.4. Kakeya maximal conjecture in the plane

Indeed, for j > 1 set
Iii={l#k : jo<|ex—e| <(j+1)}.

The fact that the directions are J-separated means that |ep — ¢;| > § whenever [ # k, so the
families I, j > 1, include all the indices [ # k; furthermore, I; is empty as soon as jo > %,
since all the directions are contained in the cap C.

In order to obtain an upper bound for the number of elements in I; we change from the chord
distance to the arc distance ¥(e, e’) € [0, 7], the two being related by |e — €| = 251n(19(6 - )).
That is, J(e,€') = %arcsin(@). The map r — 2arcsin(}) is increasing on [0, 2] and has
derivative (1 — ﬁ)_E < 2 there, hence is Lipschitz with constant 2 on that interval; this covers

jé

the relevant range because (j + 1)0 is less than or equal to . If we let ¥; equal 2arcsin %4,

therefore have

we

{eeS':ji<le—ex| < (j+1)6} ={ecS:9; <V(eer) <Dy},

and this is made up of two arcs, each having a length of ;41 —9; < 26. Since |e —¢€'| < (e, €¢'),
two distinct directions of our family are at arc distance at least J, so each of these arcs contains
at most three of them and the number of elements of I; is at most six, that is #I; < 6.
Consequently

D

1k

=22

|€k - €l| Jj=>1lel; ‘ek 1Sj<i 1<5<

which is (38).

We now expand the square and split the sum into its diagonal and off-diagonal parts:

m m m
= > i |TeNT| =D GITel + > tity [T N T4
(]RQ) k,l=1 k=1 k];lzl

Z 75k><T,c

For the diagonal term, since every tube has measure w;é and by (37), we know that

Ztk|Tk| = wléztk <w; <logk 5
k=1
where the last inequality holds since § < % For the off- diagonal term we apply Lemma 2.15 in
the form given by (30) with n = 2, that is |T}, N T}
symmetrically between the two indices:

Ztkt,\Tkmﬂ\§Z<\7tk(|€k - )%> (xft,(ek el|)§>-

k£l k£l

| < Ten—a> and we distribute the factor )

By the Cauchy—Schwarz inequality and the symmetry of the quantity ﬁ in the two indices,
the right-hand side is bounded by

5t} 5t ot} 5t
(Z \ek—€l|> (Z l\ék-Gll) B2 k|€k—6l| Z Z\ek—eﬂ

k#l k#l k#l k=1 l#k
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Chapter 2. Kakeya maximal function

The inner sum is estimated by (38) and the outer one by (37), so that

m
Ztktl T. NT| < log% Z 6t2 < log %.
kAl k=1
If we add the two contributions together we obtain
2
< log 5,
L2(R?)

m
Z teXT,
k=1

which is precisely (36). Proposition 2.17 then gives a bound for the operator, namely

IKs fllrzc) S \/log 5 1 f 1l z2(r2)s

and Lemma 2.8 extends the estimate to the whole unit circle S'. O

Observation 2.18. Since 10g% < C57 ¢ for all 0 < 6 < 1 and every € > 0, the estimate of
Theorem 2.14 implies the Kakeya maximal conjecture 2.4 for n = 2.

Observation 2.19. The logarithmic factor in Theorem 2.14 cannot be removed. For 0 < § < %

consider 1

fs(z) == Tl 1(5<|al<1}-

Passing to polar coordinates,

2 1 1
1511722y = /0 /5 5 rdrdi =2mlog .
On the other hand, for every e € S! the tube T?(0), which is centred at the origin, gives
Kf@>1/ £ > log 1
56 = 5 Tg(o)éw gs:

Therefore |[Ksfsllr2sty 2 log %, whereas 1 fsll 22y =~ (log %)1/2

\/log% is possible.

, S0 no bound better than
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