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Sets which are not tube null and intersection properties
of random measures

Pablo Shmerkin and Ville Suomala

ABSTRACT

We show that in R? there are purely unrectifiable sets of Hausdorff (and even box counting)
dimension d — 1 which are not tube null, settling a question of Carbery, Soria and Vargas, and
improving a number of results by the same authors and by Carbery. Our method extends also
to ‘convex tube null sets’, establishing a contrast with a theorem of Alberti, Csornyei and Preiss
on Lipschitz-null sets. The sets we construct are random, and the proofs depend on intersection
properties of certain random fractal measures with curves.

1. Introduction and main results
1.1. Non-tube null sets and localization of the Fourier transform

By a tube T of width w = w(T) > 0, we mean the w-neighborhood of some line in R?. We
recall that a set A C R? is called tube null if for any § > 0 it can be covered by countably
many tubes {T}} with Y w(T;)*" < 6.

The class of tube null sets arises, perhaps surprisingly, in the localization problem for the
Fourier transform in dimension d > 2. Indeed, Carbery, Soria and Vargas [4, Theorem 4] have
shown (generalizing a result of Carbery and Soria in [3]) that if F is a tube null subset of the
unit ball of R? (denoted by B), where d > 2, then there exists f € L2(RY) which is identically
zero on By, and such that the localizations

o~

Suf(e) = | F@exp(zric - x) de
l€I<R

fail to converge as R — oo for all z € E. It is an open problem whether, conversely, every set

of divergence for Sg is tube null. Motivated by this connection, in [4, p. 155] (see also [2]) the

authors pose the problem of finding the infimum of the Hausdorff dimensions of sets in R¢,

which are not tube null, and show that this infimum lies between d — 1 and d — 1/2. We are

able to settle this question.

THEOREM 1.1. There exists a purely unrectifiable set A C R which has Hausdorff and
box counting dimension d — 1 and is not tube null.

We remark that the non-tube null sets of fractional dimension constructed in [4] are unions
of spheres, and therefore fail to be purely unrectifiable.

We obtain a finer result in terms of gauge functions. Recall that a function A : (0,00) —
(0,00) is called a gauge function if it is non-decreasing, continuous and limyoh(t) =0
(sometimes continuity is not assumed). Given a gauge function h, the h-dimensional Hausdorff
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measure H" is defined as

HME) = %i_r% inf {i h(diam(E;)) : E C UEi’ diam(FE;) < (5} .

i=1

This is always a measure on the Borel o-algebra. When h(t) = t°, we recover the usual
B-dimensional Hausdorff measure H?. See, for example, [6, Section 2.5] for further details.

THEOREM 1.2. Let h: (0,00) — (0,00) be a gauge function such that h(2t) < 2?h(t), and
1

J t=1y/t1=d|log(t)|h(t) dt < +oo0. (1.1)
0

Then there exists a compact set A C R? with the following properties:

(i) For each n, A can be covered by C/h(27™) balls of radius 2=, where C > 0 depends
only on d.
(ii) We have 0 < H"(A) < oo.
(iii) If B C A is a Borel set with H"(B) > 0, then B is not tube null. In particular, A is not
tube null.

One obtains Theorem 1.1 by taking, for example, h(t) = t?~!|logtlog | log t||~3; see Section 4.

The condition h(2t) < 29h(t) is very mild for a subset of R?. The key assumption is (1.1);
it says that A is ‘larger than d — 1 dimensional by at least a logarithmic factor’. Theorem 1.2
fails if liminf, o h(t)t1 =9 > 0, see [4, Proposition 7]. It remains an open problem to determine
the exact family of gauge functions for which non-tube null sets exist.

1.2. Tubes around more general curve families

When d = 2, we are also able to treat tubes around more general curves. Given a family of
curves F in R?, we call the w-neighborhood of F € F an F-tube of width w = w(T). We say
that a set A C R? is F-tube null if, for every 6 > 0, there is a countable covering {T}} of A by
F-tubes, with > w(T};) <.

Given k € N, let Py be the family of (real) algebraic curves of degree at most k. Observe
that Pi-tube null is just tube null. By imposing a slightly stronger integrability condition for
h, we obtain the following generalization of Theorem 1.1 for Py.

THEOREM 1.3. For d =2 and k € N, Theorem 1.2 continues to hold if in (iii), ‘tube null’
is replaced by ‘Py-tube null’ and if (1.1) is replaced by

Jl t~Hlog(t)]|/ti—h(t) dt < +oo. (1.2)
0

The family of algebraic curves of a bounded degree is ‘essentially finite-dimensional’, see
Lemma 5.3. These results pose the question of how large a family of curves F may be so
that there exist sets of less than full Hausdorff dimension which are non-F-tube null. The
family P = (J,,cn Pr does not have this property for trivial reasons: it is Hausdorff dense in the
compact subsets of the unit square. If we instead consider the family Q C P of algebraic curves
which are graphs of functions of either = or y with derivative at most 1, then the situation is
much more subtle. Indeed, Alberti, Csérnyei and Preiss (see [1, Theorem 2]) proved that for
the family £ of 1-Lipschitz graphs in the coordinate directions, any Lebesgue-null set is £L-tube
null. By approximation, the same can be deduced to hold for Q.
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One is then led to ask what the situation is for infinite-dimensional families of curves which
nonetheless carry more structure than just being Lipschitz. One of the most natural such
families is the following: let C be the family of curves which are graphs of a convex function
f:10,1] — R. It is not hard to see C is not doubling in the Hausdorff metric (see Section 6).
Nevertheless, in contrast with the result of Alberti, Csérnyei and Preiss, there are sets of
dimension less than 2 which are not C-tube null.

THEOREM 1.4. For every 2 < 3 < 2, there exists a set A C R? with 0 < H?(A) < oo which
is not C-tube null.

It seems very likely that the method can be pushed to show that % can be replaced by %
in the above theorem. We do not know what is the best possible value, and conjecture that
g cannot be replaced by 1, that is, there is § > 0 such that every set of Hausdorff dimension

1+ 6 is C-tube null.

1.3. Further results

As a corollary of the proofs, we can extend [2, Theorem 1] to one of the endpoints and a wider
class of tubes.

THEOREM 1.5. For any 3 >d— 1, there exists a set A C R® with positive and finite
B-dimensional Hausdorff measure H?, such that

HP(ANT)
sup

u 7w(T)d*1 < 400,

where the supremum is over all (linear) tubes. In dimension d = 2, the result also holds when
the supremum is taken over all Pj-tubes (for fixed k).

In [2, Theorem 1], this is proved, for standard tubes, with any exponent v < min(3,d — 1)
in the denominator, and the question of finding all possible pairs (/3,7) is posed. Examples
satisfying this estimate at the other endpoint, corresponding to f = v < d — 1, were constructed
by Orponen [11] (again, only in the case of standard tubes around lines).

Our final result concerns the dimension of intersections of fractals and lines (or, more
generally, algebraic curves). It is a general result of Marstrand (in the plane) and Mattila
(in arbitrary dimension) that a Borel set £ C R? of Hausdorff dimension 3 > 1 intersects
‘typical’ lines in Hausdorfl dimension at most 5 — 1 (here ‘typical’ refers to an appropriate
natural measure space, see [9, Theorem 10.10]). It is of interest to sharpen this result for
specific classes of sets. For example, Furstenberg [7] conjectured that for certain fractals of
dynamical origin, there are no exceptional lines, and Manning and Simon [8] proved that
typical lines with rational slopes intersect the Sierpinski carpet in dimension strictly less than
B — 1, where 3 is the dimension of the carpet. It follows from our methods that there exist
sets for which there are no exceptional lines in the Marstrand—Mattila’s Theorem, in a strong
uniform quantitative way.

THEOREM 1.6. Let h be a gauge function satisfying the assumptions of Theorem 1.2.
Then there exists a compact set A C R? of positive and finite h-dimensional measure with the
following property: there exists C' > 0 such that for any line v C R? and any r > 0, the fiber
AN~ can be covered by Cr/h(r) intervals of length r.

If d =2, then the same holds for all v € Py, provided h satisfies the slightly stronger
assumption of Theorem 1.3.
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HmiE

FIGURE 1. The first three steps in the construction of A in the plane, with a1 = 4,a2 = a3 = 1.

The proofs of all our main results rely on a random iterative construction described in the
next section. Thus, this paper can be seen as an application of the probabilistic method, based
on the insight that it is often easier to exhibit objects with certain properties by showing that
almost every object in a random family satisfies them. Although here we study the geometry of
random measures as a tool towards our results, many recent articles have studied projections of
random fractals for their own sake (see [12, 14, 15] and references therein). In particular, the
results in [12, 15] on projections of fractal percolation led us to believe that random tree-like
fractals were likely not tube null, and provided several of the ideas needed to prove it.

2. Notation and construction

We use O(-) notation: X = O(Y) means X < CY for some constant 0 < C' < 400, X = Q(Y)
means Y = O(X), and X =0(Y) means X =O(Y) and Y = O(X). When the implicit
constants depend on some other constant, this will be denoted by subscripts; so, for example,
Y = Op(X) means that Y < C(k)X for some positive function C of k. Throughout the paper,
we let |A| denote the Lebesgue measure of a set A C R?. We also let D denote the Hausdorff
metric in the space of compact subsets of the unit cube [0, 1]%.

We prove all our results for sets obtained as the limit of an iterative random construction
related to (although different from) fractal percolation. A somewhat related random construc-
tion was used by Peres and Solomyak [13] to obtain sets A such that H"(A) > 0, yet almost
all orthogonal projections of A have zero Lebesgue measure. Such sets are necessarily tube
null, and it is thus not surprising that the results of [13] apply to completely different gauge
functions than the ones considered in the present work.

We now describe our random construction: Let D,, denote the collection of closed dyadic
sub-cubes of [0, 1]¢ of side length 27". Let {a,} be a sequence satisfying

an €{1,2%} and P, := ﬁai =0(1/h(27™)).
i=1

Such sequence exists because h(t) < h(2t) < 2?h(t).

Starting with the unit cube Ag = [0, 1]¢, we inductively construct random sets A,, as follows.
If a, = 2¢, then set A, 1 = A,. Otherwise, if a,, = 1, then choose, for each D € D,, such that
D C A, one of the 2¢ dyadic sub-cubes of D (which are in D,, 1), with all choices being
uniform and independent of each other and the previous steps. Let A, 11 be the union of the
chosen sub-cubes. Then {A4,,} is a decreasing sequence of non-empty compact sets, and we set
A =", A,. See Figure 1 for an example.
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3. Proof of key result
Let i, be the normalized restrictions of Lebesgue measure to A,,, that is,
pn(B) = 2P BN A, (3.1)

for all B c R%. Write B,, for the ring generated by the dyadic cubes in D,,. It is easy to
check that if m > n, then p,,(B) = u,(B) for B € D,, so it follows from Carathéodory’s
extension theorem that there is a Borel probability measure 4 on R? (but supported on A) such
that u(B) = pn(B) for any set E € B, see, for example, [6, Proposition 1.7]. In particular,
[ fdpn, — [ fdp for any function f which is Bj-measurable for some j, and from here an
approximation argument shows that u,, — p weakly. Note that, even though A is random, this
convergence is deterministic for any realization of the sequence (4,,).

It is standard that u(E) = ©4(H"(E)) for any Borel set E C A; we give the proof for
completeness. Write

Fh . . Nt —k

= v ; i . ;> .

H (F) nh_)néolnf {z; h(27%): E C UE“El € Dy,, ki > n}
1= 3

Since any set of diameter r € [27",217") can be covered by O4(1) cubes in D,,, and diam(Q) =

©4(27™) for Q € D,,, we have ﬁh(E) = O4(H"(E)) for any set E. Since, by construction,

M(Q) = :u‘n(Q) = @(h(QiTL)) if Q € D,, and Q C Ana

the claim follows from the fact that dyadic cubes generate the Borel o-algebra. In particular,
0 < H"(A) < oo and, for any Borel set £ C A, H"(E) > 0 if and only if u(E) > 0.

We now start the core of the proof of Theorem 1.2: showing that almost surely (a.s.), no
positive measure subset of A is tube null.

Let A denote the family of all lines which intersect the unit cube. Given ¢ € A and n € N,
we define the random variable
HY(A, N{)

[Anl

where H! denotes one-dimensional Hausdorff measure (length). Our proof will involve esti-
mating the Y,’, and indeed showing that they are uniformly bounded. This is the content of
our key result.

Yvi=2"ptHY (A, N0) = (3.2)

THEOREM 3.1.  Almost surely, sup, ey pca Yyt < 00.

Theorem 3.1 will follow from the next two lemmas. The first is a large deviation argument
that we adapt from [12]. Since we want Y’ to be a martingale, we only consider non-dyadic
lines, for example, lines £ € A not contained in any dyadic hyperplane, {(z1,...,z4) € R? |
x;j =k27"}, k€ Z, n e N. We denote the family of non-dyadic lines by A’. Observe that

SUPpeN,ceA er = Od(suPneN,éeA/ va)
LEMMA 3.2. Forany ¢ e A',n €N, and k > 0 for which
k220-Dnp = (1), (3.3)

we have
BV, — VY] > Vi) < O(1) exp(~Q(1)x220 D" P,).

Proof. Fix n. If a,, = 2%, then er—&-l = Yf, so we assume a, = 1, whence P,,;1 = P,. Write
D for the collection of cubes in D,, forming A, that intersect ¢ in a set of positive length.
In the following, we condition on D. Let v; = 2"H1|m,4]., j €{n,n+1}. For each Q € D, we
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let
Xq = 2an+1(Q) - Vn(Q)

Since we are conditioning on D, the random variables {X¢ : Q € D} are independent, have
zero mean, and are bounded in modulus by O(1). For each j, we decompose D into the families

D;={QeD:Vd-277 <v,(Q) < Vd-2'77}.
Then D; is empty for all j < 0. Moreover, as Y,{ = 20~V P 13" 0w, (Q), we have
Yo > QQ)#D;)2 e

for all j.
By Hoeffding’s inequality, for any A > 0 we have the estimate

P> Xq|>x09mP, /Y| <O1)exp(—Q(A\*)27 T4 p,),
QeD;

recall | Xg| = O(277). Since V!, | — V! = 2(d=bnp-1 >_0ep Xq, we conclude that

BV~ Y > m /Y <SSP (| S0 Xo| > (22097 Pysy /¥

j=1 QED;
< O(1) exp(—(1)2 " P, k7),

oo

where we use (3.3) to obtain the last estimate. O

The second lemma shows that a finite set of lines of exponential size controls all lines, up to
an ultimately negligible error.

LEMMA 3.3. For each n, there is a (deterministic) family of lines A, C A’ such that
#A, <O(1)", and
sup V.Y < sup Y +0(27"),
teA teA,
for any realization of A.

Proof. We construct a family of lines A,, with O(1)" elements such that, given any line
e A, there is ¢/ € A,, such that

H(NQ)<HY (I NQ)+0(8 ™) forany Q € D,,. (3.4)

We first assume that d = 2. Recall that D is the Hausdorff distance between closed subsets
of the unit cube. By elementary geometry, there is A% C A’ with O(1)" elements which is
(64=™)-dense in the D metric. That is, for every ¢/ € A’ there is £ € A% with D(¢,¢') < 647",
For each horizontal dyadic line

e ={(z,9) eR? |y =k27"}, k=0,1,...,2",

let Ay, denote the collection of lines forming an angle 87" with ¢, and crossing ¢, at any of
the points (m8~ ", k27"), m =0,1,...,8". Let AL be the union of all the Ay, k=0,...,2".
Observe that AL has only O(1)" elements. Finally, let A2 be a similar family of lines constructed
around the vertical dyadic lines {(z,y) € R? | 2 = k27"} and define A,, = AY U AL U A2.

Now let £ € A’. If the angle between ¢ and the coordinate directions is larger than 8™ or if
¢ is completely contained in a single row or column in D,,, then by elementary geometry, (3.4)
holds for any ¢ € A%, which is 64~" close to £ in the D metric. Otherwise, we can find a line
¢ from AL or A2 such that (3.4) is fulfilled.
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When d > 2, we also let A% be a (647")-dense family in A’ with O(1)" elements. As in
the d = 2 case, for any ¢ € A’ which forms an angle of at least 8™ with all the coordinate
hyperplanes, there is £/ € AL so that (3.4) is satisfied. To deal with the lines forming a small
angle with at least one hyperplane

H={(x1,...,24) € R? | x; = k27 "},

which they intersect, we need to construct families AL, ..., A%. This is done in a similar way
to the d = 2 case, by considering a dense enough subset Yy C H with O(1)" elements and
choosing, for each z € Yy, suitable lines that cross H at z and are almost parallel to H. We
omit the details.

We can now finish the proof of the lemma. Since each line ¢ hits at most O(2") squares
in D,,, we conclude from (3.4) that H' (/N A,,)) < HY(¢' N A,) + O(4™™) and, combined with
the definition of Y/, this implies that Y,/ < V¥ + 29" P-10(4™") = V¥ + O(27"). Recall that
P, = Q21U Tt follows that A, is the desired family. O

Proof of Theorem 3.1.  Let M,, = sup,c 4 Y,. It follows from (1.1) that

i \/n2d=Dnp(2-1) < oo, (3.5)

We claim that it is enough to find C' < oo such that

> P(Mpiy — M, > Cy/n2@=Drh(2-7) M, + O(27")) < cc. (3.6)

n=1

Indeed, if this is true, then, by the Borel-Cantelli lemma there is ng such that

M1 < M, + Cy/n26@=Dnp(2-7) M, + O(2™")

for all n > ng. Hence, M,, < M,, for all n > ng, where M, = M,, and

Mos1 = My + Cy/n26-0mh(2-m)D, + O(27").

Dividing through by \/M, and using that M, is increasing, we get

\/ M1 <\ M, +Cy/n2@d=Dnp(2-n) + O27™)/\/My,.

In light of (3.5), \/ M, is uniformly bounded, and hence so is M, giving the claim.

Hence, the task is to verify (3.6), and it is enough to do so if we fix n and condition on A,
(so long as the constant C is independent of A,,). Pick ¢ € A. Recalling that P, 1 = ©(h(27)),
it follows from Lemma 3.2 that

P (Y,fH ~Yv!>0C n2(d1)”h(2”)er> < O(1) exp(—C?Q(n)).

Observe that n2@=Drp(2-m)20-dnp — Q(n) = Q(1) so that (3.3) holds and we may apply
Lemma 3.2.
Let A, 11 be the family given by Lemma 3.3. For C sufficiently large, it holds that

P (gerr}aﬁl Vi — M, > C\/n2(d1)”h(2”)Mn> < O(1)" exp(—C%Q(n)) (3.7)
— O(exp(~0(n)))

In light of Lemma 3.3, we see that (3.6) holds, completing the proof. O
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4. Proofs of Theorems 1.1 and 1.2

Proof of Theorem 1.2. The first two assertions in Theorem 1.2 are clear; we only need to
show that if B C A has positive p-measure, then B is not tube null. By Theorem 3.1, a.s. there
is C' > 0 such that Y, < C for all n and /. Let 7y denote the orthogonal projection onto a
hyperplane H C R? and pl (B) = p,(n;"(B)) for all B C H. Using Fubini’s theorem, ;! has
density

lim u,’f(B(x, r)) < Yé(H,g:)7
rlo |B(x,r)| "

where ¢(H,x) is the line passing through = € H orthogonal to H and |B(z,r)| denotes the

(d — 1)-dimensional Lebesgue measure of the ball B(z,r) C H. This implies that for each n,

all orthogonal projections of p, onto hyperplanes have a density (with respect to (d —1)-

dimensional Lebesgue measure) uniformly bounded by C. The same therefore holds for p.
Now this implies that if {7} is a countable collection of tubes covering B, then

0<p(B) <Y pwTy) <Y Cu(T)™
J J
showing that B is not tube null. ]

Proof of Theorem 1.1. Take h(t) = t%~!|logtlog|logt||=3. Because lim; o logh(t)/logt =
d—1, A has Hausdorff and box dimension equal to d —1, and is a.s. not tube null by
Theorem 1.2.

It remains to show that A is purely unrectifiable. For simplicity, we assume that d = 2.
Denote by N the collection of all n € N for which a,, = a,,+1 = 1. Observe that a, in (3.2)
can be selected so that A is infinite. Suppose on the contrary, that there is a continuously
differentiable curve I' such that I'N A has positive length. By the Lebesgue density theorem,
H!-almost all z € ANT satisfy

i H'(3Q.NTNA) L limsu HY(3Q, NT)
nise HL(3Q,NT) 0 P T 9w

where @,, € D, is a square that contains = and 3Q,, is the union of @),, and its neighbors
in D,,. Fix x € ANT satisfying (4.1) and let n € A/. Since each of the neighboring squares of
D,, contain only at most one square from D,, 42, I' N 3Q,, has to cross at least one column or row
S of squares in D,, ;5 such that 3Q,, " AN S = . This implies that H*(3Q,, N T\ A) > Q(27").
For large n, this yields a contradiction with (4.1).

The case d > 2 follows with the same argument, assuming that a, =an+1= -+ =a,10,0)=1
for infinitely many n.

= 0(1), (4.1)

5. Proof of Theorems 1.3, 1.5 and 1.6

The proof of Theorem 1.3 follows the same pattern of the proof of Theorem 1.2; the main
difference lies in establishing the analog of Lemma 3.3, which requires a more involved
argument. From now on, we assume that d =2. Fix k € N. As in the linear case, for any
curve v and n € N, we define the random variable

Y =4"P Y HY (A, N ). (5.1)

Lemma 3.2 continues to hold for v € P, with the same proof, unless v is a dyadic line of
the form {z = k27"} or {y = k27"}, k,n € N. Indeed, in Lemma 3.2, the only time we used
the fact that we were dealing with lines was in the estimate H!(¢/ N Q) = O(diam(Q)) for all
squares @, and it is clear that H!(y N Q) = Ok (diam(Q)) if v € Pg.
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Before discussing the needed analog of Lemma 3.3, we make a reduction that will be useful
also later. The following lemma should be well known, but we include a proof for completeness.

LEMMA 5.1. Each v € Py can covered by Oy (1) curves, each of which is, after a rotation
by w/2 and/or a reflection, the graph of a convex, increasing function f: [a,b] — [0,1] with
derivative bounded by 1.

Proof. We may assume that v = P~!(0) where P is irreducible (otherwise, apply the
argument to its Oy (1) irreducible factors). We also assume, as we may, that v does not contain
(and therefore is not) a line. In particular, this implies that the partial derivatives P,, P, are
not identically zero. By Bezout’s Theorem, the set

S=P7H0)n (P71(0) U P;(0))

has cardinality Og(1). It is well known that v has Og(1) connected components, see, for
example, [5, Theorem 4.6]. It follows that  \ S can be partitioned into Oy (1) curves which are
graphs of functions of either x or y, without critical points. If (z,y) is in the graph of one such
function, say y = f(x), then implicit differentiation gives f'(x) = —Py(z,y)/Py(x,y), and one
more implicit differentiation yields

Fia) = — (f(2))2Pyy (2, y) + 2F' () Pay (2, 9) + Poa(z, )
Py(z,y)

Hence, if S’ = {z : f'(x) =1} and S” = {a : f”(«) = 0}, then the union S’ U S” has cardinality
Or(1) by another application of Bezout’s Theorem (since v is not a line). The closures of the
connected components of v\ (SUS"US”) are the required curves; their union covers all of
~ except the isolated points (if any). Note that the isolated points lie in S, and can thus be
covered by Og(1) curves of the required type. ]

The core of the proof of Theorem 1.3 is again to show that

C:= sup Y] <+oo.
YEPL, neN
By Lemma 5.1, it is enough to show this for the family Qf, which consists of those subsets of
the algebraic curves in Py, which are graphs of convex increasing functions with right derivative
bounded from above by 1.
The following simple lemma is essential in the proof of Lemma 5.5. It should be well known,
but we have not been able to find a reference, so a proof is included for completeness.

LEMMA 5.2. Let fi, fo be convex increasing functions defined on [0, 1] with right derivative
bounded above by 1, and let v;, i = 1,2, be their graphs. Then

[H () = H (2)| = O(If1 = foloo),
where |h|oc = sup,eo,1) [h(2)]-

Proof. By approximation, we can assume that f1, fo are twice continuously differentiable.
Then

i) =Hn) = [ 1+ o2 =1+ fep a

1
:J a()(F1(8) — fo(t)) dt, (5.2)

t=0
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where

a(t) = (fi(t) + f3(t) \/1+f’ +\/1+f2

Then
a'(t) = bi(t) f1'(t) + ba(t) f5 (1),

where by, be are continuous functions on [0, 1] bounded by O(1). Integrating by parts, we deduce
from (5.2) that

[H (1) = H (32)| < O( 1 = leoo)+LO\a’(t)l|f1(t)—fg(t)ldt
S O(fs = faloo) (X + [d|1),

where | - |1 denotes the L'-norm on [0, 1]. But

o'l < [brloo A1 + b2l o f5'h = O(1),
using that |f/’|1 = f/(1) — f/(0) < 1 for i = 1,2, thanks to our assumptions. O

K3
We shall next provide a simple geometric argument implying a bound on the number of
d-balls needed to cover Qj. Recall that D is the Hausdorff distance on the unit cube.

LEMMA 5.3. Forall 0 < 6 < 1, Q can be covered by exp(Ox(|log§|?)) balls of radius 6 in
the D-metric.

Proof. We prove that, given v € Qp and 0 <r < 1, we may cover the ball B(v,r) by
Oy (r=9+M) balls of radius /2. It then follows by induction on n that Qi = B(vo, O(1))
can be covered by 20k(n*) halls of radius 2. Given § € (0,1], applying this to n such that
27" < § < 2177 yields the claim. .

Fix v € Qk, and for 4 € B(v,r), let f:[ay,c5] — [0,1] be the convex increasing function
with graph 4. Also, let v be the graph of the corresponding function f : [ay,c,] — [0, 1].

For notational convenience, we assume that 5/r € N. For —8 <14 < 8, let f; = f +ir/5. We
extend the functions f; to [a, — 7, ¢, + 1] by setting f;(t) = fi(ay) for ay —r <t < a, and
fi(t) = fi(ey) for ¢, <t < ¢y +r. To each ¥ € B(v,r), we attach a sequence

P = p(ﬁ/) = (p07p17 e 7p5/r) S {—OO, _87 _77 ey 77 +OO}5/T

such that '
. Jr
—o0 ifas > =—,

775

Pj =141 if f; (J;) <f (jg) < fi+1 ({;) ;

+oo ifey < %

By Bezout’s theorem, for any ¢ and 4 € B(~, ), 7 intersects the graph of f; at most O (1)
times (or otherwise f = f;). This means that for each 4 € B(v,7), there are at most O (1)
values p; such that pji1 # p;. Thus, the number of all possible sequences p(7) for 4 € B(~y,r)
is at most O(r~°W). In addition, if p(7) = p(¥), then it follows from the construction that
4 € B(%,1/2), recall that the derivative of each f € Qy is between 0 and 1. Combining these
observations implies that B(y,r) may be covered by O(r~°(")) balls of radius /2. O

REMARK 5.4. It seems likely that the bound exp(Ok(]logé|?)) in Lemma 5.3 could be
improved to 6~ 9*(1) (this is equivalent to Q) having finite box dimension in the D-metric).
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If this is the case, then (1.2) in Theorem 1.3 can be replaced by (1.1). However, we have not
been able to prove this nor could we track such a result in the literature. Recall that there is
only a mild difference between the conditions (1.1) and (1.2), and also that it is not known if
(1.1) is sharp for Theorem 1.2.

As earlier in the case of lines, we ignore the elements of Q. that contain a non-trivial line
segment of some dyadic line {y = k27"}, k,n € N. We denote the corresponding family by Q).
Note that, trivially, Lemma 5.3 applies also for Q.

LEMMA 5.5. For each n, there is a family of curves Q,; C Q) such that #Q, <

exp(Ox(n?)), and
4 n
sup Y,) < sup Y,  + Oy <(> > ,
NeQy, YEQn 5

for any realization of A.

Proof. To begin with, take 6 =25"" and let IV C Q) be the 0-dense family of size
exp(O(n?)) given by Lemma 5.3. We will next modify I by adding a finite number of translates
of each vy € T": Let v € T, and let 7y be the graph of f: [a,c] — [0, 1]. Let (a, ) be the interval on
which f/(xT) < 57" If there is k € N such that |f(a) — k27" < 57", then we choose numbers
—0(5 ™) <y; < O(57™) for each a < 57" < b, ¢ € N, such that the function f;(x) = f(z) + v
crosses the dyadic line y = k27" at x; = i5~". Let &, consist of 7y and all the graphs of f;. We

define
r=Je.

yeT’

Since each &, contains at most O(5") elements, it follows that the cardinality of T' is
exp(O(n?)). Moreover, using Lemma 5.2 it can be checked that, for any v € Qy, there is ¥ € T’
such that

H(yNQ) < H(ANQ) +0,(57™) forall Q € D,.

We leave the verification of these several simple cases to the reader, or see Lemma 6.6 for a
similar but more complicated argument.

As in the proof of Lemma 3.3, the claim now follows by adding over all chosen @, using the
trivial bound P,, = (2"), and recalling the definition of Y,) (see (5.1)). O

Proof of Theorem 1.3. Once we have analogs of Lemmas 3.2 and 3.3, the proof of

Theorem 3.1 works verbatim to yield that a.s.
C:= sup Y, <+oo.
YEQk, nEN

(Replacing Lemma 3.3 by Lemma 5.5 and (1.1) by (1.2), the upper bound in (3.7) reads
exp(O(n?) — C*Q(n?)).)

To conclude the proof, fix some v € Qy; suppose that + is the graph of f : [a,b] — R. Then
for any § > 0,

7(9) € B((a, f(a)),8) U B((b, f(b)),8) U{(z,y) : ly — f(x)] <20}

Comparing the definitions of j, and Y' (see (3.1) and (5.1)), it then follows from Fubini’s
theorem that p,(v(0)) < O(CJ), and hence the same bound holds for p and all v € Pj,. The
proof then finishes as in the case of lines. |
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Proof of Theorem 1.5. Take h(t) = t” with 3 > d — 1. Then the random measure y satisfies
w(T) = O(HP(T N A)) for any Borel set T'. In the proof of Theorem 1.2, we observed that (as
an easy consequence of Theorem 3.1) supy u(T)/w(T)?~! < co where the supremum is over
all tubes in R%. Likewise, in the proof of Theorem 1.3, the same was proved for tubes around
algebraic curves in R2. The theorem follows. |

Proof of Theorem 1.6. We consider first the case of lines in R?. By Theorem 3.1 and
Fubini, there exists C' > 0 and a realization of the random set A such that u,(y(d)) < C9 for
all 6 > 0,n € N and all lines ~. In particular, this holds for ¢ := v/d-2~". Since any chosen
cube in A,, which intersects 7 is then contained in (¢), it follows from the definition of wu,
that vy can intersect at most O(27"/h(27™)) such cubes. From here, the theorem follows easily.

The situation for algebraic curves is identical, using the proof of Theorem 1.3 instead. [

6. Proof of Theorem 1.4
6.1. Initial reductions

The proof of Theorem 1.4 follows once again a similar pattern. However, bounding the number
of D-balls of radius § needed to cover C is more delicate (and the bound is much larger than
for the case of Py).

We start with some notation and reductions. Abusing notation slightly, we will sometimes
identify functions f : [0,1] — [0, 1] with their graphs. We denote by CT the subset of C consisting
of non-decreasing functions with right derivative bounded above by 1. We note that since every
curve in C is the union of at most four curves which are obtained from a curve in CT by a
possible 7/2 rotation and/or a reflection, it is enough to prove Theorem 1.4 for CT instead
of C. (To be more precise, an arbitrary f € C is the union of such four curves defined on some
interval [a, b] rather than [0, 1]; by continuing them linearly to the left of a and the right of b,
there is no harm in assuming they are defined on all of [0,1].)

6.2. Bounding the size of C*

PROPOSITION 6.1. For every 0 < § <1, C™ contains a d-dense subset (in the Hausdorff
metric D) with exp(O(61/2|logd|)) elements.

The idea of the proof of Proposition 6.1 is to associate to each f € Ct a finite collection of
numbers, in such a way that knowing each of these numbers with an error up to ¢ allows to
construct a piecewise affine approximation which is within distance O(d) of f. The problem is
then reduced to a counting problem in a much more straightforward space. Of course, this can
be done with any continuous function; the trick is to exploit the convexity and monotonicity
of f to show that, in essence, exp(O(5~'/?|logd|)) numbers suffice to reconstruct f up to
error O(0).

From now on, we assume that 6~'/2 is an integer N (for simplicity of notation). Let us
first define the parameter space. Let X = {0,1/N2,... (N2 —1)/N?,1} and let A be the
family of all increasing functions f: Y — X, where Y C X has at most 2N + 1 elements.
It is straightforward to check that #A < NOWV),

We reduce the proof of Proposition 6.1 to the following proposition.

PROPOSITION 6.2.  There is a mapping P: C* — A such that if f, fect and P(f) = P(f),
then D(f, f) = O(N~2).
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FIGURE 2 (color online). The graphs of f and p = P(f) for f(x) = 2*/3, N = 5.
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In this case, Yf—{O, 25,25,25,25,25,1}.

This indeed implies Proposition 6.1: the needed O(§)-dense collection in C* is obtained by
choosing one element from P~!()\) for each A € P(CT).

To define the projection P, we fix f € C*. We first construct Y = Y7 inductively as follows:
Let g = 0. If 2 < 1 is defined, let

1 1
Thy1 = min {1,xk + N,inf {x eX tap<az, flat) = flz)) + }} :
We stop the construction when xy, = 1, and set Y = {xg, 21,22, ..., 21}

LEMMA 6.3. For each f € C*, the set Yy satisfies

#Y < 2N + 1, (6.1)
1 1
e <z —xiq1 < N for each 0 < z; €Y. (6.2)
In addition, for each 0 < z; € Y, we have
f(t) — w = O(1/N) forz;_1 <t <7, (6.3)
7 Li—1

where &; = ©; — N~2.

Proof. The first claim follows directly from the construction of Y since 0 < f/(¢t7) <1 is
non-decreasing by convexity. The claim (6.2) is also clear. The last claim follows from (6.2)
and the fact f/(z; ) < f/(tT) < f/(F) < f(af )+ Nt forall o,y <t < 7. O

We may now complete the definition of p = P(f). For each x € Y, we let p(z) = (k — 1)/N?,
where k € N and (k —1)/N? < f(z) < k/N?. Given f € CT, we extend p = P(f) to [0,1] by
interpolating it linearly between the points of Y. For notational convenience, we denote the
extension also by p. See Figure 2 for an illustration.

The claims of the following lemma are simple consequences of the definitions.

LEMMA 6.4. For fe€CT,p=P(f) andY =Yy, it holds

Ip(z) — f(z)| = O(N~?) forallz €, (6.4)
p'(t)=0(1) forall0<t<1,t¢Y. (6.5)
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Proof of Proposition 6.2. We claim that for each f e CT, the (extended) projection
p = P(f) satisfies

Ip = floo = O(N7?). (6.6)
This implies the claim since, if f, f € C* and p = P(f) = P(f), then
D(f, f) = O(f = floe) = O(|f = ploc + |f = Ploc) = O(N7?).

In short, the estimate (6.6) holds because Y = Y} has been constructed so that the variance of
f" on each interval [x;_1,z; — O(N~?)] is at most O(N ') and p|(;, , »,] is an affine map with
Ip(zk) — f(zx)| = O(N~2) for k =i — 1,i. For the reader’s convenience, we provide a detailed
proof.

Let 0 <t <1 and choose i such that z;_ <t <a;. Set &, =x; — N~2. If t > Z;, then
|t —2;] < N=2 and it follows using (6.4), (6.5) and 0 < f/(z*) < 1, that

Ip(t) — f(O] < Ip(t) — p(@i)| + Ip(z:) — f(@:)] + [f(z:) — f?)]
<3xO(N"2)=0(N7?).
It remains to consider the case z;_1 <t < I;. Write

p(t) = plwir) + (¢ = xifl)%i(fjil)

= f(wi-1) + (p(zi-1) = f(wi-1))
F(@i) = f(zioa) + (p(2i) = f(@i) + flaioa) = plzioi))

t— = .
Tt Tic) Ty —wig+ N2 (6.7)
Using (6.4), the definition of p, z;_1 <t < z; and 0 < f'(27) < 1, we estimate
Ip(zio1) — flzio1)| = O(N7?),
p(x:) = f(@:)] = O(N7?),
trma ) oy,
Tj — Tj—1
We deduce from (6.7) that
f(@) = fleio1) | 2
(0) - i) = (0= i) L2 TEC o2, (69
Also, using x; — ;1 = 2N "2, x; <t < ;1 and 0 < f/(2F) < 1, we have
1 1
- = O(N |z —aiq| 72 .
| = O — i), (6.9
|(t = 1) (f(Z:) = f(zio1))| = O(jzs — i1 [?). (6.10)
Combining the estimates (6.8)—(6.10), we conclude that
531‘ — XTi— _
‘p(t) — fl@i—1) — (- xi—1)—f( ~) fzid)| _ O(N~2).
Ti — Tij—1
Since, on the other hand (6.2) and (6.3) yield that
i‘i — X _
‘f(t) i) — (= 2 L EL I @) | ey,
Tj — Tj—1
we have shown that (6.6) holds. O

REMARK 6.5. It follows from the previous proposition that if N(d) is the minimum number
of balls of radius ¢ needed to cover C* in the Hausdorff metric, then log N'(6) = O(6'/2|log 6|).
This is close to being sharp: log N(§) = Q(6~/2). Indeed, suppose again N =§~1/2 is an
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integer. Set
1
A:{(al,...,aN) : aiE{O,N,...,l}, 0<a1<-~-<aN<N}.

Then log #A = Q(N). Given a = (a1,...,an) € A, let L, be the piecewise affine function
satisfying L,(0) =0 and L, (t) = a;/N for (i —1)/N <t < i/N. It is clear that L, € CT, and
if a # b€ A, then D(Lg, L) = Q(1/N?).

In particular, (CT, D) has infinite box dimension, and is very far from being a doubling
metric space (recall that a metric space is doubling if each ball can be covered by a uniformly
bounded number of balls of half the radius).

6.3. Completion of the proof of Theorem 1.4

The proof of Theorem 1.4 now follows the usual pattern, with minor variations. We still use
the construction from Section 2, but we now assume that h(t) = t? for some € (3,2). As
before, we ignore the elements of CT whose graphs contain non-trivial dyadic line segments,
but for simplicity of notation, we still denote the new slightly smaller collection by CT.

Lemma 3.2 holds for curves v € CT, as there is a uniform upper bound for the ratio
H(y N Q)/diam(Q) (namely 2) for all dyadic squares Q. The needed analog of Lemmas 3.3
and 5.5 is now the following.

LEMMA 6.6. Let 1 <n < 4. For each n, there is a family of curves C,, C C*, such that
log #C,, = O(n2""/?) and, for any realization of A,

sup V) < sup Y;) 4+ 028~ F=mn),
’Yec+ yeCn,

Proof. Let § = 27", We apply Proposition 6.1 to obtain a d-dense family C/, C C* such
that log #C! = O(n2""/?).

We will modify C/, in the same fashion as in the argument of Lemma 5.5. If f € C/, let (0, ]
be the interval on which f’(z) < 27771 If there is k € N such that |f(t) — k27 "| < 277m+1
for some 0 < ¢t < b, then we choose for each 0 < 27" < b, i € NU {0}, numbers y; such that
the function f;(x) = f(x) + y; crosses the horizontal line y = k27" at x; =i27™". Let & be
the collection of all f; and set

C.=C,u | &
recy,

Since each £; has at most O(2"7) elements, it follows that log #C,, = O(n2"/2). Let v € C+.
We claim that there is ¥ € C,, such that

Y. H(GNQ <KH(GNQ) +0@" ). (6.11)
QED,
This implies the claim since then
Y = 4"PH (v N Ay) <ATPTNHN (AN AR)) + 020 07)
=Y + P to@"C ) = v 4 0(2nB-Am),
recall that P, = ©(2"7).
To prove (6.11), fix f € CT and let v be the graph of f. We first choose f* € C/,, which is

d-close to f. If - = ), then we let f = f*. Otherwise, there is k € N and 0 < t < b such that
|f*(t) — k27| < 27mF1 where b = sup{z : f*(z*) < 27"7!}. Denote

a=sup{r : f(z) <k27"},
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with the convention a = 0 if f(0) > k27 ". It follows from the construction of £+ that we may
choose f € &+ and 0 < z; = 427" < b with f(z;) = k27" such that

0@ ™)  ifa<hb,
i = al < {0(2”(1—W)) if @ > b (6.12)

Let f = fi. We first assume that a > b. Let v, 4,~4% and 52 be the graphs of fi .1, f[O,wi]a
Jia,1) and flq, 1), respectively. It then follows that

HY QN <HYQNA) +0(27™) forall Q € D,,. (6.13)

Recall that by Lemma, 5.2, it is enough to bound the Hausdorff distance of v* N Q and 7' N Q
in order to estimate the difference H'(7* N Q) — H' (¥ N Q). Let I C [a,1] be the set where
the distance of 7 is at least 277 to all dyadic lines y = j27™. Then

H ()N Q) <H' (2N Q) +0(2~™) for all Q € D,,. (6.14)

Since the derivative of f is at least 27"~ on [a, 1], it follows that |[a,1]\ I| = O(2"(1=),
Combining with (6.13), (6.12) and (6.14), and taking into account that each v intersects at
most O(2") squares in D,, yields (6.11) in the case a > b.

If a < b, then we can repeat the above argument with [0, ;] and [a, 1] replaced by [0, b] and
[b,1]. O

Proof of Theorem 1.4. We follow the proof of Theorem 3.1. Let
M, = sup Y,.
yect

Pick any n € (3—3,2(8 —1)); note the interval in question is non-empty thanks to our
assumption that G > % It will be enough to show that

> P(Mpiy — M, > 072/ M, + 287970 < o0, (6.15)
n=1

Indeed, thanks to Borel-Cantelli this implies that sup,, ey yec+ Y,/ < 00 a.s., and from here the
proof can be finished exactly as in the proof of Theorem 1.3.
From now on, fix n and condition on A,,. Pick v € CT. Recall that under our assumptions,
P, = ©(2"%). Lemma 3.2 (applied to curves in C*) yields that
P(Y, ,, =Y, > n2V/Y) < O(1) exp(—Q(n_42(ﬂ_1)”)).
Let C,, be the family given by Lemma 6.6, with this n. Then

VM,

n2

P (m%x V) — M, > ) < O(1) exp(O(n2™/2) — Q(n =420~ 1))
YECH

= O(1) exp(—Q(2""))

for any 0 <’ < 3 —1 (here we use that 7 < 2( —1)). This implies (6.15) and finishes the
proof. ]

7. Generalizations

We finish the paper by sketching some generalizations of the results in Section 1.

In R%, d > 2, Theorem 1.1 can be generalized by considering tubes around planes rather than
lines. For k € {1,...,d — 1}, denote the Grassmannian of k-planes in R? by G(d, k). A G(d, k)-
tube T of width w = w(T) is, as usual, a w-neighborhood of a plane V' € G(d, k). We say that
A c R? is G(d, k)-tube null if for every 6 > 0 one can find countably many G(d, k)-tubes T;
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covering A with Y, w(T;)?* < §. The proof of Theorem 1.2 extends to this setting to give the
following theorem.

THEOREM 7.1. Let h:(0,00) — (0,00) be continuous and non-decreasing such that
h(2t) < 2?h(t), and

1
J t=1\/tk=d|log(t)|h(t) dt < +oc.
0
Then a.s. the set A constructed in Section 2 has no G(d,k)-tube null subsets of positive
H"-measure.

In particular, there exist non-G(d, k)-tube null sets of Hausdorff and box counting dimension
d—k.

The latter claim is obtained by taking, for example,
h(t) = t**|log tlog | logt|| 3.

Again, it is easy to see that the dimension threshold d — k is sharp: any set E C R? of
dimension strictly less than d — k is necessarily G(d, k)-tube null, since any particular ortho-
gonal projection onto a (d — k)-dimensional subspace has zero (d — k)-dimensional Lebesgue
measure.

As our main goal was to prove the existence of sets of small dimension that are not tube null,
we focused on a simple model that achieved this purpose. But it is possible to prove that many
other sets arising from random models are not tube null (provided they are of sufficiently large
dimension). This is true for a large class of repeated subdivision fractals; the key feature that
must be present in the construction is that, conditioning on the nth level, each surviving point
has the same probability of surviving to the next level (and the partition elements should be
regular enough that the combinatorial Lemma 3.3 can be carried through; but this is a mild
condition). Thus, for example, classical fractal percolation limit sets with constant probabilities
(see, for example, [15]) are a.s., not tube null when they have dimension strictly larger than 1.

The main difference between the families C and Py is their size: We have seen that the
number of §-balls needed to cover C is exp(Q(6~1/?)), whereas for Pj only exp(O(|logd|?))
such balls are needed. Theorem 1.3 can be generalized to many other curve families satisfying
such bounds. For instance, if F is a collection of curves in R? such that for 0 < § < 1, it can be
covered by exp(O(]log §|°M)) balls of radius § (in the D metric), and if each F is contained in
a union of O(1) curves in C, then the proofs of Theorem 1.3 and Lemma 6.6 can be combined
to show the existence of non-F-tube null sets of dimension 1.

Regarding higher dimensions, it seems likely that our methods can be used to prove results
for algebraic curves and surfaces in R? in the spirit of Theorem 7.1.

We finish this discussion with a generalization in a different direction. Our proof of
Theorem 1.1 reveals that all orthogonal projections of the random measure p onto lines
are absolutely continuous, with a density bounded by some uniform random constant. It is
natural to ask if the projections may enjoy any additional regularity. Away from the coordinate
projections, one may use the method of Peres and Rams in [12] to prove that projections have
a Holder continuous density (Peres and Rams prove this fact for projections of the natural
measure on fractal percolation). However, the dyadic nature of the construction makes a
discontinuity in the coordinate projections unavoidable. In a forthcoming work [16], we address
this issue by studying intersection properties of a different class of random measures, generated
by removing a ‘random soup’ consisting of countably many shapes generated by a Poisson
point process, see, for example, [10] for the description of this model. In particular, we show
the existence of measures of dimension 1 in R?, all of whose orthogonal projections onto lines
are absolutely continuous, with a continuous density.
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