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ABSTRACT. We introduce a new concept of dimension for metric spaces, the
so called topological Hausdorff dimension. It is defined by a very natural
combination of the definitions of the topological dimension and the Hausdorff
dimension. The value of the topological Hausdorff dimension is always between
the topological dimension and the Hausdorff dimension, in particular, this new
dimension is a non-trivial lower estimate for the Hausdorff dimension.

We examine the basic properties of this new notion of dimension, compare
it to other well-known notions, determine its value for some classical fractals
such as the Sierpinski carpet, the von Koch snowflake curve, Kakeya sets, the
trail of the Brownian motion, etc.

As our first application, we generalize the celebrated result of Chayes,
Chayes and Durrett about the phase transition of the connectedness of the
limit set of Mandelbrot’s fractal percolation process. They proved that certain
curves show up in the limit set when passing a critical probability, and we
prove that actually ‘thick’ families of curves show up, where roughly speak-
ing the word thick means that the curves can be parametrized in a natural
way by a set of large Hausdorff dimension. The proof of this is basically a
lower estimate of the topological Hausdorff dimension of the limit set. For the
sake of completeness, we also give an upper estimate and conclude that in the
non-trivial cases the topological Hausdorff dimension is almost surely strictly
below the Hausdorff dimension.

Finally, as our second application, we show that the topological Hausdorff
dimension is precisely the right notion to describe the Hausdorff dimension of
the level sets of the generic continuous function (in the sense of Baire category)
defined on a compact metric space.

1. INTRODUCTION

The term ‘fractal’ was introduced by Mandelbrot in his celebrated book [13].
He formally defined a subset of a Euclidean space to be a fractal if its topological
dimension is strictly smaller than its Hausdorff dimension. This is just one example
to illustrate the fundamental role these two notions of dimension play in the study
of fractal sets. To mention another such example, let us recall that the topological
dimension of a metric space X is the infimum of the Hausdorff dimensions of the
metric spaces homeomorphic to X, see [8].
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The main goal of this paper is to introduce a new concept of dimension, the so
called topological Hausdorff dimension, that interpolates the two above mentioned
dimensions in a very natural way. Let us recall the definition of the (small inductive)
topological dimension.

Definition 1.1. Set dim; = —1. The topological dimension of a non-empty metric
space X is defined by induction as

dim; X = inf{d : X has a basis ¢ such that dim;dU < d — 1 for every U € U}.

Our new dimension will be defined analogously, however, note that this second
definition will not be inductive, and also that it can attain non-integer values as
well. The Hausdorff dimension of a metric space X is denoted by dimpgy X, see
e.g. [4] or [14]. In this paper we adopt the convention that dimg 0 = —1.

Definition 1.2. Set dim;g® = —1. The topological Hausdorff dimension of a
non-empty metric space X is defined as

dim;y X = inf{d : X has a basis U such that dimgy 9U < d — 1 for every U € U}.

(Both notions of dimension can attain the value co as well.)

It was not this analogy that initiated the study of this new concept. Our original
motivation was that this notion grew out naturally from our investigations of the
following topic. B. Kirchheim proved in [10] that for the generic continuous function
(in the sense of Baire category) defined on [0, 1]%, for every y € int £(]0, 1]%) we have
dimgy f~1(y) = d—1, that is, as one would expect, ‘most’ level sets are of Hausdorff
dimension d — 1. The next problem is about generalizations of this result to fractal
sets in place of [0, 1]¢.

Problem 1.3. Describe the Hausdorff dimension of the level sets of the generic
continuous function (in the sense of Baire category) defined on a compact metric
space.

It has turned out that the topological Hausdorff dimension is the right concept to
deal with this problem. We will essentially prove that the value d—1 in Kirchheim’s
result has to be replaced by dim;y K — 1, see the end of this introduction or Section
6 for the details.

We would also like to mention another potentially very interesting motivation of
this new concept. Unlike most well-known notions of dimension, such as packing
or box-counting dimensions, the topological Hausdorff dimension is smaller than
the Hausdorff dimension. As it is often an important and difficult task to estimate
the Hausdorff dimension from below, this gives another reason why to study the
topological Hausdorff dimension.

It is also worth mentioning that there is another recent approach by M. Urbanski
[16] to combine the topological dimension and the Hausdorff dimension. However,
his new concept, called the transfinite Hausdorff dimension is quite different in
nature from ours, e.g. it takes ordinal numbers as values.

Next we say a few words about the main results and the organization of the
paper.
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In Section 3 we investigate the basic properties of the topological Hausdorff
dimension. Among others, we prove the following.

Theorem 3.4. dim;(X) < dim;y(X) < dimy(X).

We also verify that dim,z; X satisfies some standard properties of a dimension,
such as monotonicity, bi-Lipschitz invariance and countable stability for closed sets.
Moreover, we check that this concept is genuinely new, since we show that dimsz X
cannot be expressed as a function of dim; X and dimyg X.

In Section 4 we compute dim;y X for some classical fractals, like the Sierpinski
triangle and carpet, the von Koch curve, etc. For example

Theorem 4.4. Let T be the Sierpiniski carpet. Then dim;y (T) = }ggg = Egg +1.

(Note that dim; T =1 and dimpy T = ﬁgg while the Hausdorff dimension of the

triadic Cantor set equals igg; )
We also consider Kakeya sets (see [4] or [14]). Unfortunately, our methods do
not give any useful information concerning the Kakeya Conjecture.

Theorem 4.6. For every d € NT there exist a compact Kakeya set of topological
Hausdorff dimension 1 in R?.

Following [11] by T. W. Korner we prove somewhat more, since we essentially
show that the generic element of a carefully chosen space is a Kakeya set of topo-
logical Hausdorff dimension 1.

We show that the trail of the Brownian motion almost surely (i.e. with proba-
bility 1) has topological Hausdor{f dimension 1 in every dimension except perhaps
2 and 3. These two cases remain the most intriguing open problems of the paper.

Problem 4.8. Determine the almost sure topological Hausdorff dimension of the
trail of the d-dimensional Brownian motion for d = 2 or 3.

As our first application in Section 5 we generalize a result of Chayes, Chayes
and Durrett about the phase transition of the connectedness of the limit set of
Mandelbrot’s fractal percolation process. This limit set M = M®™) is a random
Cantor set, which is constructed by dividing the unit square into n x n equal
subsquares and keeping each of them independently with probability p, and then
repeating the same procedure recursively for every subsquare. (See Section 5 for
more details.)

Theorem 5.1 (Chayes-Chayes-Durrett, [2]). There exists a critical probability

De = pﬁ”) € (0,1) such that if p < p. then M is totally disconnected almost surely,
and if p > p. then M contains a nontrivial connected component with positive
probability.

It will be easy to see that this theorem is a special case of our next result.

Theorem 5.2. For every d € [0, 2) there exists a critical probability pgd) = pﬁd’") €

(0,1) such that if p < pgd) then dim;y M < d almost surely, and if p > pgd) then
dimgg M > d almost surely (provided M # ().
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Theorem 5.1 essentially says that certain curves show up at the critical proba-
bility, and our proof will show that even ‘thick’ families of curves show up, which
roughly speaking means a ‘Lipschitz copy’ of C' x [0,1] with dimy C > d — 1.

We also give a numerical upper bound for dim;z M which implies the following.

Corollary 5.18. Almost surely
dim;g M < dimg M or M = {.

In Section 6 we answer Problem 1.3 as follows.

Corollary 6.21. If K is a compact metric space with dim; K > 0 then
sup{dimg f~!(y) : y € R} = dimyy K — 1 for the generic f € C(K).

(If dim; K = 0 then the generic f € C(K) is one-to-one, thus every non-empty
level set is of Hausdorfl dimension 0.)

If K is also sufficiently homogeneous, e.g. self-similar then we can actually say
more.

Corollary 6.23. If K is a self-similar compact metric space with dim; K > 0 then
dimgy f~Y(y) = dimyy K — 1 for the generic f € C(K) and the generic y € f(K).

In the course of the proofs, as a spin-off, we also provide a sequence of equivalent
definitions of dim; g K for compact metric spaces. Perhaps the most interesting one
is the following.

Corollary 6.13. If K is a compact metric space then dim;y K is the smallest
number d for which K can be covered by a finite family of compact sets of arbitrarily
small diameter such that the set of points that are covered more than once has
Hausdorff dimension d — 1.

It can actually also be shown that in the equation sup{dimg f~!(y) : y € R} =
dimy gy K — 1 (for the generic f € C'(K)) the supremum is attained. On the other
hand, one cannot say more in a sense, since there is a K such that for the generic
f € C(K) there is a unique y € R for which dimy f~!(y) = dim;y K —1. Moreover,
in certain situations we can replace ‘the generic y € f(K) with ‘for every y €
int f(K)" as in Kirchheim’s theorem. The results of this last paragraph are to
appear elsewhere, see [1].

Finally, in Section 7 we list some open problems.

2. PRELIMINARIES

Let (X,d) be a metric space. We denote by cl H, int H and 0H the closure,
interior and boundary of a set H. For z € X and H C X set d(z, H) = inf{d(z, h) :
h € H}. Let B(z,r) and U(z,r) stand for the closed and open ball of radius r
centered at x, respectively. More generally, for a set H C X we define B(H,r) =
{reX:d(z,H)<r}and U(H,r) ={z € X : d(z, H) < r}. The diameter of a set
H is denoted by diam H. We use the convention diam ) = 0. For two metric spaces
(X,dx) and (Y,dy) a function f: X — Y is Lipschitz if there exists a constant
C € R such that dy (f(z1), f(z2)) < C-dx(z1,22) for all 1,22 € X. The smallest
such constant C is called the Lipschitz constant of f and denoted by Lip(f). A
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function f: X — Y is called bi-Lipschitz if f is a bijection and both f and f~! are
Lipschitz. Let X be a metric space, s > 0 and § > 0, then
H3 (X) = inf {Z(diam vy:xcly Ui} :
i=1 i
H3(X) = inf {Z(diam Ui)* : X € | JUs, VidiamU; < 5} ,
i=1 i
HI(X) = 515&7{5()()'
The Hausdorff dimension of X is defined as
dimgy X = inf{s > 0: H*(X) = 0}.

For more information on these concepts see [4] or [14].

Let X be a complete metric space. A set is somewhere dense if it is dense
in a non-empty open set, and otherwise it is called nowhere dense. We say that
M C X is meager if it is a countable union of nowhere dense sets, and a set is
called co-meager if its complement is meager. By Baire’s Category Theorem co-
meager sets are dense. It is not difficult to show that a set is co-meager iff it
contains a dense G5 set. We say that the generic element x € X has property P, if
{z € X : x has property P} is co-meager. The term ‘typical’ is also used instead of
‘generic’. Our two main examples will be X = C'(K) endowed with the supremum
metric (for some compact metric space K) and X = K, that is, a certain subspace
of the non-empty compact subsets of R? endowed with the Hausdorff metric (i.e.
dp (K1, K2) = min{r : K1 C B(Ks,r) and Ko C B(K1,7)}). See e.g. [9] for more
on these concepts.

3. BASIC PROPERTIES OF THE TOPOLOGICAL HAUSDORFF DIMENSION

Let X be a metric space. Since dim; X = -1 <= X =0 <= dimyg X = —1,
we easily obtain

Fact 3.1. dim;g X =0 <= dim; X = 0.
As dimy X is either —1 or at least 0, we obtain

Fact 3.2. The topological Hausdorff dimension of a non-empty space is either O or
at least 1.

These two facts easily yield

Corollary 3.3. FEvery metric space with a non-trivial connected component has
topological Hausdorff dimension at least one.

The next theorem states that the topological Hausdorff dimension is between
the topological and the Hausdorff dimension.

Theorem 3.4. For every metric space X

dim; X < dimyyg X < dimgy X.
Proof. We can clearly assume that X is non-empty. It is well-known that dim; X <
dimpy X (see e.g. [8]), which easily implies dim; X < dimy X using the definitions.

The second inequality is obvious if dimy X = oco. If dimyg X < 1 then dim; X =0
(since dim; X < dimpy X and dim; X only takes integer values) and by Fact 3.1 we



6 RICHARD BALKA, ZOLTAN BUCZOLICH, AND MARTON ELEKES

obtain dim;y X = 0, hence the second inequality holds. Therefore we may assume
that 1 < dimpy X < oo. The following lemma is basically [14, Thm. 7.7.]. Tt is only
stated there in the special case X = A C R", but the proof works verbatim for all
metric spaces X.

Lemma 3.5. Let X be a metric space and f: X — R™ be Lipschitz. If s > m then
(31) [ 7 W) dnlo) < clom) Lintr) e CX),

where f* denotes the upper Lebesgue integral, \,, the m-dimensional Lebesgue mea-
sure and c¢(m) is a finite constant depending only on m.

Now we return to the proof of Theorem 3.4. We fix £y € X and define f: X — R
by f(x) = dx(x,x0). Using the triangle inequality it is easy to see that f is
Lipschitz with Lip(f) < 1. We fix n € Nt and apply Lemma 3.5 for f and
s:dimHXJr% > 1 = m. Hence

[ e ant) < comeeo <o

Thus H5~1(f~ (y)) = HI™r X+5-1(f~1(y)) = 0 holds for a.e. y € R. Since
this is true for all n € N*, we obtain that dimy f~!(y) < dimg(X) — 1 for a.e.
y € R. From the definition of f it follows that OU (zo,y) € f~!(y). Hence there
is a neighborhood basis of xy with boundaries of Hausdorff dimension at most
dimp (X) — 1, and this is true for all o € X, so there is a basis with boundaries
of Hausdorff dimension at most dimy(X) — 1. By the definition of the topological
Hausdorff dimension this implies dim;g X < dimpy X. O

There are some elementary properties one expects from a notion of dimension.
Now we verify some of these for the topological Hausdorff dimension.

Extension of the classical dimension. Theorem 3.4 implies that the topo-
logical Hausdorff dimension of a countable set equals zero, moreover, for open
subspaces of R? and for smooth d-dimensional manifolds the topological Hausdorff
dimension equals d.

Monotonicity. Let X CY. If Y isabasisin Y thenUx = {UNX : U e U} is
a basis in X, and dx (U N X) C 9y U holds for all U € Y. This yields

Fact 3.6 (Monotonicity). If X CY are metric spaces then dimyy X < dimygy Y.

Bi-Lipschitz invariance. First we prove that the topological Hausdorff dimen-
sion does not increase under Lipschitz homeomorphisms. An easy consequence of
this that our dimension is bi-Lipschitz invariant, and does not increase under an
injective Lipschitz map on a compact space. After obtaining corollaries of Theorem
3.7 we give some examples illustrating the necessity of certain conditions in this
theorem and its corollaries.

Theorem 3.7. Let X,Y be metric spaces. If f: X — Y is a Lipschitz homeomor-
phism then dim;g Y < dimgg X.

Proof. Since f is a homeomorphism, if I/ is a basis in X then V = {f(U) : U € U} is
abasisin Y, and 9f(U) = f(0U) for all U € U. The Lipschitz property of f implies
that dimy 0V = dimyg 9f(U) = dimpy f(OU) < dimpy OU for all V = f(U) € V.
Thus dim;gy Y < dimsg X. O
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This immediately implies the following two statements.

Corollary 3.8 (Bi-Lipschitz invariance). Let X,Y be metric spaces. If f: X =Y
is bi-Lipschitz then dimyg X = dimg Y.

Corollary 3.9. If K is a compact metric space, and f: K — Y is one-to-one
Lipschitz then dim; g f(K) < dimg K.

The following example shows that we cannot drop injectivity here. First we need
a well-known lemma.

Lemma 3.10. Let M C R be measurable with positive Lebesgue measure. Then
there exists a Lipschitz onto map f: M — [0, 1].

Proof. Let us choose a compact set C' C M of positive Lebesgue measure. Define
f: M —[0,1] by

A((—o0,2)NC)

f(z) = N0
where A denotes the one-dimensional Lebesgue measure. Then it is not difficult to
see that f is Lipschitz (with Lip(f) < ﬁ) and f(C)=[0,1]. O

Example 3.11. Let K C R be a Cantor set (that is, a set homeomorphic to the
middle-thirds Cantor set) of positive Lebesgue measure. By Fact 3.1, dim:;y K =
dim; K = 0. Using Lemma 3.10 there is a Lipschitz map f: K — [0, 1] such that
f(K) = [0,1]. By Theorem 3.4, dim;z[0,1] = 1, hence dimyg K = 0 < 1 =

The next example shows that Corollary 3.9 does not hold without the assumption
of compactness. We even have a separable metric counterexample.

Example 3.12. Let C be the middle-thirds Cantor set, and f: C x C' — [0, 2] be
defined by f(z,y) = x +y. It is well-known and easy to see that f is Lipschitz and
f(C x C) =10,2]. Therefore one can select a subset X C C x C such that f|x
is a bijection from X onto [0,2]. Then X is separable metric. Monotonicity and
dim(C x C) = 0 imply dim;y X < dim;y(C x C') = 0. Therefore, f is one-to-one
and Lipschitz on X but dim;g X =0 < 1 = dimg|0, 2] = dimy g f(X).

Our last example shows that the topological Hausdorff dimension is not invariant
under homeomorphisms. Not even for compact metric spaces.

Example 3.13. Let C7,Cs C R be Cantor sets such that dimyg Cy # dimg Cs.
We will see in Theorem 3.19 that dim¢y(C; x [0,1]) = dimy C; + 1 for i = 1,2.
Hence C; x [0,1] and Cs x [0, 1] are homeomorphic compact metric spaces whose
topological Hausdorff dimensions disagree.

Stability and countable stability. As the following example shows, similarly
to the case of topological dimension, stability does not hold for non-closed sets.
That is, X = U:Zl X, does not imply dim;g X = maxi<p< dimyg X,,.

Example 3.14. Theorem 3.4 implies dim;z(R) = 1, and Fact 3.1 yields
dim;y(Q) = dim;(Q) = 0 and dimypg(R \ Q) = dim¢(R \ Q) = 0. Thus
dimyy R =1 > 0 = max{dim;y (Q), dim:x (R \ Q)}, and therefore stability fails.
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As a corollary, we now show that as opposed to the case of Hausdorff (and
packing) dimension, there is no reasonable family of measures inducing the topo-
logical Hausdorff dimension. Let us say that a 1-parameter family of measures
{u}s>0 is monotone if p*(A) = 0, s < t implies p'(A) = 0. The family of
Hausdorff (or packing) measures certainly satisfies this criterion. It is not diffi-
cult to see that monotonicity implies that the induced notion of dimension, that is,
dim A = inf{s : u*(A) = 0} is countably stable. Hence we obtain

Corollary 3.15. There is no monotone 1-parameter family of measures {p°}s>o0
such that dim;g A = inf{s : p*(A4) = 0}.

However, just like in the case of topological dimension, even countable stability
holds for closed sets.

Theorem 3.16 (Countable stability for closed sets). Let X be a separable metric
space and X = {J,cy Xn, where X;, (n € N) are closed subsets of X. Then
dimig X = sup,,cy dimeg Xy

Proof. Monotonicity clearly implies dim¢yz X > sup,,¢cydim;g X,,. For the other
direction we may assume sup,,cydimsyg X, < oco. Let d > sup,cydimyy X, be
arbitrary. Assume U,,, n € N is a countable basis of X,, such that dimyg dx,U <
d—1foralln e Nand U € U,. Let Y = J{0x,U : n € N, U € U, }. By countable
stability of the Hausdorff dimension, dimg Y < d — 1. Using the definition of the
topological dimension we obtain dim;(X, \Y) = 0 for all n € N. The set X,, \ Y
is closed in the separable metric space X \ Y, and X\ Y = J,,c(Xn \Y). By the
sum theorem for topological dimension 0, see [3, 1.3.1], dim(X \ Y) = 0.

Let us fix an open set V C X and a point z € V. Using that X \ Y is a
separable subspace of X with topological dimension 0, by the separation theorem
for topological dimension zero [3, 1.2.11.] there is a so-called partition between x
and X \ V disjoint from X \ Y. This means that there exist disjoint open sets
U, U C X such that x € U, X \V C U’ and (X\(UUU))N(X\Y) = 0.
In particular, z € U C V. Moreover, 9xU N (X \Y) = 0, so OxU C Y, thus
dimyg OxU < dimg Y < d—1. By the definition of topological Hausdorff dimension
we obtain dimyyg X < d. As d > sup,cydim¢yg X, was arbitrary, the proof is
complete. O

Corollary 3.17. The same holds for F, sets, as well.

Products. Now we investigate products from the point of view of topological
Hausdorff dimension. By product of two metric spaces we will always mean the
2-product, that is,

dxxy ((x1,91), (22,92)) = \/dfx(xhﬂ%) + d%/(ylva)-

First we recall a well-known statement, see [4, Chapters 3 and 7] for the defini-
tions and the proof.

Lemma 3.18. Let X,Y be non-empty metric spaces such that dimg Y = dimpgY,
where dimp is the upper box-counting dimension. Then

Now we prove our next theorem which provides a large class of sets for which
the topological Hausdorff dimension and the Hausdorff dimension coincide.
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Theorem 3.19. Let X be a non-empty separable metric space. Then
dim;g (X x [0,1]) = dimpy (X x [0,1]) = dimy X + 1.

Proof. Applying Lemma 3.18 for Y = [0, 1] we deduce that dimpgy (X x [0,1]) =
dimpy X + dimg[0,1] = dimyg X + 1. From Theorem 3.4 it follows that
dimp (X x [0,1]) < dimpy (X x [0,1]). For the opposite inequality we need the
following lemma.

Lemma 3.20. Let X be a non-empty separable metric space and let d < dimpy X
be fized. Then there exists x4 € X such that dimgy U(xq,r) > d holds for every
r > 0.

Proof of the Lemma. Assume, on the contrary, that for all z € X thereisanr, >0
such that dimpy U(x,r,) < d. Since X is separable, by the Lindelof property we
can select a countable subcover {U(zy,r,)}nen of the cover {U(z,r;)}rex. By
countable stability of the Hausdorff dimension dimg X = sup,, ¢y dimg U (Tp,rn) <
d, which is a contradiction. O

We now return to the proof of Theorem 3.19. For a fixed d < dimyg X assume
that 24 € X is given as in the lemma. Let U be a basis in X x [0,1] and pry: X x
[0,1] = X, pry(z,y) = . There exists Ug € U such that (zq,1) € Ug and Ug N
(X X [O, %]) = (). Then there is an r4 > 0 such that U(zg4,rq) x [1—7g4,1] C Uy. For
every x € U(xg,74) we have (z,0) ¢ Uy and (z,1) € Uy, hence dU4N (z x [0, 1]) # 0.
Thus U(zg,74) C pry(0Ug). Projections do not increase the Hausdorff dimension,
therefore dimy Uy > dimpy U(xq,74) > d. This is valid for all d < dimpg X, so
supy ey dimy OU > dimpy X for all basis U, thus dim; g (X x [0,1]) > dimy X + 1
by the definition of topological Hausdorff dimension. O

Remark 3.21. We cannot drop separability here. Indeed, if X is an uncountable
discrete metric space then it is not difficult to see that dim;g (X x [0,1]) = 1 and
dimg (X x [0,1]) = dimpyg X = oo.

Separability is a rather natural assumption throughout the paper. First, the
Hausdorff dimension is only meaningful in this context (it is always infinite for
non-separable spaces), secondly for the theory of topological dimension this is the
most usual framework.

Corollary 3.22. If X is a non-empty separable metric space then
dimy (X x [0,1]%) = dimy (X x [0,1]%) = dimpy X + d.

The possible values of (dim; X, dim:y X, dimgy X).

The following theorem provides a complete description of the possible values of
the triple (dim; X, dim;y X, dimy X). Moreover, all possible values can be realized
by compact spaces as well.

Theorem 3.23. For a triple (d,s,t) € [0,00]® the following are equivalent.

(i) There exists a compact metric space K such that dimy K = d, dimyy K = s,
and dimg K = t.
(i) There exists a separable metric space X such that dim; X = d, dim;g X = s,
and dimyg X =t.
(iii) There exists a metric space X such that dim¢ X = d, dim;g X = s, and
dimH X =t.
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(iv) d=s=t=—-1,ord=s=0,t€[0,00], ord e Nt U{cc}, s,t €[1,00], d <
s < t.

Proof. The implications (i) = (i¢) and (i¢) = (¢i?) are obvious, and (iii) =
(iv) can easily be checked using Fact 3.1 and Theorem 3.4.

It remains to prove that (iv) = (i). First, the empty set takes care of the case
d=s=t=—-1. Letnowd=s=0,t € [0,00]. For t € [0,00] let K; be a Cantor
set with dimy Ky = ¢t. Such sets are well-known to exist already in [0, 1] for large
enough n in case t < oo, whereas if C' is the middle-thirds Cantor set then CV is
such a set for t = oco. Then clearly dim; K; = dim; K; = 0 and dimy K; = t, so
we are done with this case.

Finally, let d € Nt U {oo}, s,t € [l,0], d < s < t. We may assume
d < oo, otherwise the Hilbert cube provides a suitable example. (Indeed, clearly
dim; [0, 1]N = dim [0, 1]N = dimy [0, 1] = 00.) Define Ky 5+ = (Ks_qx [0, 1]Y)UK;
(this can be understood as the disjoint sum of metric spaces, but we may also as-
sume that all these spaces are in the Hilbert cube, so the union is well defined).
Since dim (X xY') < dim; X +dim; Y for non-empty spaces (see e.g. [3]), we obtain
dimy(Ks_gx[0,1]%) = 04+d = d. Hence, by the stability of the topological dimension
for closed sets, dim; Ky s+ = max {dimt (Ks_d x [0, 1]d) , dim; Kt} = max{d,0} =
d. Using Corollary 3.22 and the stability of the topological Hausdorff dimension for
closed sets we infer that dim; g Ky 5+ = max {dith (Ks,d x [0, 1]d) , dimy g Kt} =
max{s—d+d,0} = s. Again by Corollary 3.22 and by the stability of the Hausdorff
dimension we obtain that dimy Kg s+ = max {dimH (Ks_d x [0, 1]d) ,dimgy Kt} =
max{s — d + d,t} = max{s,t} = ¢. This completes the proof.

The topological Hausdorff dimension is not a function of the topolog-
ical and the Hausdorff dimension.

As a particular case of the above theorem we obtain that there are compact
metric spaces X and Y such that dim; X = dim; Y and dimg X = dimg Y but
dimygy X # dimy Y. This immediately implies the following, which shows that the
topological Hausdorff dimension is indeed a genuinely new concept.

Corollary 3.24. dim;g X cannot be calculated form dim; X and dimg X, even
for compact metric spaces.

4. CALCULATING THE TOPOLOGICAL HAUSDORFF DIMENSION

4.1. Some classical fractals. First we present certain natural examples of com-
pact sets K with dim; K = dim;y K < dimpg K. Let S be the Sierpinski triangle,

then it is well-known that dim; S = 1 and dimg S = ﬁgg

Theorem 4.1. Let S be the Sierpiriski triangle. Then dim.p(S) = 1.

Proof. Let ¢;: R? — R? (i = 1,2,3) be the three similitudes with ratio 1/2 for
which S = [J2_, ¢i(S). Sets of the form ¢;, o---0p;, (S),n €N, j € {1,...,n}, 4, €
{1,2,3} are called the elementary pieces of S. It is not difficult to see that

U = {intg H : H is a finite union of elementary pieces of S}

is a basis of S such that #0gU is finite for every U € U. Therefore dimy dsU < 0,
and hence dimyg S < 1. On the other hand, S contains a line segment, therefore
dim; g S > dimy[0,1] = 1 by monotonicity. O
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Now we turn to the von Koch snowflake curve K. Recall that dim; K = 1 and

: _ log4
dimyg K = Tog3"

Fact 4.2. If K is homeomorphic to [0,1] then dim;g K = 1.

Proof. By Corollary 3.3 we obtain that dimy;z K > 1. On the other hand, since K
is homeomorphic to [0, 1], there is a basis in K such that #9U < 2 for every U € U.
Thus dim; gy K < 1. O

Corollary 4.3. Let K be the von Koch curve. Then dim;g K = 1.

Next we take up a natural example of a compact set K with dim; K < dimyg K <
dimyg K. Let T be the Sierpinski carpet, then it is well-known that dim; 7 = 1 and

. _ log8
dimg T = Tog3"

Theorem 4.4. Let T be the Sierpiriski carpet. Then dimy (T) = %ggg +1= }ggg.

Proof. Let C denote the middle-thirds Cantor set. Observe that C x [0,1] C T.
Then monotonicity and Theorem 3.19 yield dimiy T > dimy(C x [0,1]) =

. log 2
dimgC+1= lg§3+1.

Let us now prove the opposite inequality. For n € N and ¢ = 1,...,3™ let

2 = 2L Then clearly

DR

{z! ' neN,ie{l,...,3"}}

is dense in [0,1]. Let L be a horizontal line defined by an equation of the form
y = z;' or a vertical line defined by x = 2. It is easy to see that L N1 consists
of finitely many sets geometrically similar to the middle-thirds Cantor set. Using
these lines it is not difficult to construct a rectangular basis & of T such that

dimg orU = E’gg for every U € U, and hence dim;g T < }ggg +1. O

Finally we remark that, by Theorem 3.19, K = C x [0, 1] (where C is the middle-
thirds Cantor set) is a natural example of a compact set with dim; K < dim;g K =
dimH K.

4.2. Kakeya sets.

Definition 4.5. A subset of R? is called a Kakeya set if it contains a non-degenerate
line segment in every direction (some authors call these sets Besicovitch sets).

According to a surprising classical result, Kakeya sets of Lebesgue measure zero
exist. However, one of the most famous conjectures in analysis is the Kakeya
Conjecture stating that every Kakeya set in R? has Hausdorff dimension d. This
is known to hold only in dimension at most 2 so far, and a solution already in R3
would have a huge impact on numerous areas of mathematics.

It would be tempting to attack the Kakeya Conjecture using dim;y K < dimpg K,
but the following theorem, the main theorem of this section will show that unfor-
tunately we cannot get anything non-trivial this way.

Theorem 4.6. There exists a Kakeya set K C R? of topological Hausdorff dimen-
ston 1 for every integer d > 1.

This result is of course sharp, since if a set contains a line segment then its
topological Hausdorff dimension is at least 1.
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We will actually prove somewhat more, since we will essentially show that the
generic element of a carefully chosen space is a Kakeya set of topological Hausdorff
dimension 1. This idea, as well as most of the others in this section are already
present in [11] by T. W. Kérner. However, he only works in the plane and his space
slightly differs from ours. For the sake of completeness we provide the rather short
proof details.

Let (K,d) be the set of compact subsets of R4! x [0,1] endowed with the
Hausdorff metric, that is for each K1, Ko € K

dy(K1,K9) =min{r : K1 C B(Ks,r) and Ky C B(K1,7)},

where B(K,r) = {z € R x [0,1] : dist(z, K) < r}. It is well-known that (K, dp)
is a complete metric space, see e.g. [9)].
Let
r={(z1,...,24-1,1):1/2<x; <1, i=1,...,d—1}
denote a subset of directions in R%. A closed line segment w connecting R?~! x {0}
and R4™1 x {1} is called a standard segment.

Let us denote by F C K the system of those compact sets in R4~1 x [0,1] in
which for each v € T we can find a standard segment w parallel to v. First we
show that F is closed in K. Let us assume that F,, € F, K € K and F,, - K with
respect to dgr. We have to show that K € F. Let v € I be arbitrary. Since F;, € F,
there exists a w, C F, parallel to v for every n. It is easy to see that UneN F, is
bounded, hence we can choose a subsequence ny such that wy, is convergent with
respect to dg. But then clearly w,, — w for some standard segment w C K, and
w is parallel to v. Hence K € F indeed.

Therefore, (F,dp) is a complete metric space and hence we can use Baire cate-
gory arguments.

The next lemma is based on [11, Thm. 3.6.].

Lemma 4.7. The generic set in (F,dg) is of topological Hausdorff dimension 1.

Proof. The rational cubes form a basis of R?, and their boundaries are covered
by the rational hyperplanes orthogonal to one of the usual basis vectors of R
Therefore, it suffices to show that if S is a fixed hyperplane orthogonal to one of
the usual basis vectors then {F € F : dimy (F N S) = 0} is co-meager.

For n € N* define

1 1
]-‘n:{Fe]-‘:’Hz(FmS)<E}.

In order to show that {F € F : dimg(F NS) =0} =, cy+ Fn is co-meager, it is
enough to prove that each F,, contains a dense open set.

For p € RY v € T'and 0 < a < 7/2 we denote by C(p, v, a) the following doubly
infinite closed cone

C(p,v,a) = {x € R?: the angle between the lines of v and x — p is at most a}.

We denote by V(C(p,v,a)) the set of those vectors u = (u1, ..., u4—1, 1) for which
there is a line in int(C(p, v, o)) U {p} parallel to u. Then V(C(p,v, a)) is relatively
open in R4~ x {1}.

The sets of the form C’(p,v,a) = C(p,v, )N (Rd_l x [0, 1]) will be called trun-
cated cones, and the system of truncated cones will be denoted by C’. A truncated
cone C'(p, v, a) is S-compatible if either C’'(p,v,«)NS = {p}, or C'(p,v,a)NS = (.



A NEW FRACTAL DIMENSION: THE TOPOLOGICAL HAUSDORFF DIMENSION 13

The set of S-compatible truncated cones is denoted by Cg. Define Fg as the set
of those F' € F that can be written as the union of finitely many S-compatible
truncated cones and finitely many points in R4~1 x [0, 1].

Next we check that Fg is dense in F.

Suppose F' € F is arbitrary and € > 0 is given. First choose finitely many
points {y;}!_; in F such that F C B ({y;}!_;,). Let v € T' be arbitrary, then
there exists a standard segment w, C F parallel to v. By the choice of S and T,
clearly w, ¢ S, hence we can choose p, and «, such that C’(p,,v,a,) € Cs and
du (C'(pu, v, ), wy) < €. Obviously v € V(C(pv,v, aw)), so {V(C(pv,v, aw))}ver
is an open cover of the compact set I'. Therefore, there are {C’(pw,, vs, ;) } 12y in Cg
such that T' C (J!, V(C(pv;, vi, ;). Put F' = Ui~ C'(Doys iy @, ) U{u1, .-, e}
then F’ € Fg. It is easy to see that |J~; C’(py,,vi, a,) € B(F,¢), and combining
this with {y;}{_; C F we obtain that F’ C B(F,e). By the choice of {y;}!_, we
also have F' C B(F',¢). Thus dy(F, F') <e.

Now using our dense set Fg we verify that F,, contains a dense open set U.
We construct for all Fy € Fg a ball in F,, centered at Fy. By the definition of
S-compatibility Fy NS is finite. Hence we can easily choose a relatively open set

Up C S such that Fy NS C Uy and Hi(UO) < L. Let us define

U={FecF:FnSCU}.

Clearly Fy € U, U C F,, and it is easy to see that U is open in F. This completes
the proof. O

From this we obtain the main theorem of the section as follows.

Proof of Theorem 4.6. By the above lemma we can choose Fy € F such that
dimsg Fy = 1. Then F contains a line segment in every direction of I', hence we
can choose finitely many isometric copies of it, {F;}_; such that the compact set
K =J!_, F; contains a line segment in every direction. By the Lipschitz invariance
of the topological Hausdorff dimension dim;y F; = dimygy Fy for all ¢, and by the
stability of the topological Hausdorff dimension for closed sets dim;y K = 1. O

4.3. Brownian motion. One of the most important stochastic processes is the
Brownian motion (see e.g. [15]). Its trail and graph also serve as important ex-
amples of fractal sets in geometric measure theory. Since the graph is always
homeomorphic to [0, c0), Fact 4.2 and countable stability for closed sets yield that
its topological Hausdorff dimension is 1. Hence we focus on the trail only.

Each statement in this paragraph is to be understood to hold with probability
1 (almost surely). Clearly, in dimension 1 the trail is a non-degenerate interval, so
it has topological Hausdorff dimension 1. Moreover, if the dimension is at least 4
then the trail has no multiple points ([15]), so it is homeomorphic to [0, c0), which
in turn implies as above that the trail has topological Hausdorff dimension 1 again.
However, the following question is open.

Problem 4.8. Let d = 2 or 3. Determine the almost sure topological Hausdorff
dimension of the trail of the d-dimensional Brownian motion.

5. APPLICATION I: MANDELBROT’S FRACTAL PERCOLATION PROCESS

In this section we take up one of the most important random fractals, the limit
set M of the fractal percolation process defined by Mandelbrot in [12].
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His original motivation was that this model captures certain features of turbu-
lence, but then this random set turned out to be very interesting in its own right.
For example, M serves as a very powerful tool for calculating Hausdorff dimension.
Indeed, J. Hawkes has shown ([7]) that for a fixed Borel set B in the unit square
(or analogously in higher dimensions) M N B = ) almost surely iff the sum of the
co-dimensions exceeds 2, (that is, (2 — dimyg M) + (2 — dimy B) > 2), and this
formula can be used in certain applications to determine dimyg B. Moreover, it can
be shown that the trail of the Brownian motion is so called intersection-equivalent
to a percolation fractal (roughly speaking, they intersect the same sets with positive
probability), and this can be used to deduce numerous dimension related results
about the Brownian motion, see the works of Y. Peres, e.g. in [15].

Let us now formally describe the fractal percolation process. Let p € (0,1) and
n > 2, n €N be fixed. Set My = Mo(p’") = [0,1]2. We divide the unit square into
n? equal closed subsquares of side-length 1/n in the natural way. We keep each
subsquare independently with probability p (and erase it with probability 1 — p),

and denote by M; = Ml(p ™) the union of the kept subsquares. Then each square
in M; is divided into n? squares of side-length 1/n?, and we keep each of them
independently (and also independently of the earlier choices) with probability p,
etc. After k steps let My = M ]gp ™) be the union of the kept k" level squares with
side-length 1/n*. Let

o0
(5.1) M=M®P" = () M.

k=1
The process we have just described is called Mandelbrot’s fractal percolation process,
and M is called its limit set.

Percolation fractals are not only interesting from the point of view of turbulence
and fractal geometry, but they are also closely related to the (usual, graph-theoretic)
percolation theory. In case of the fractal percolation the role of the clusters is played
by the connected components. Our starting point will be the following celebrated
theorem. Recall that a space is totally disconnected if every connected component
is a singleton.

Theorem 5.1 (Chayes-Chayes-Durrett, [2]). There exists a critical probability p. =

pﬁ") € (0,1) such that if p < p. then M is totally disconnected almost surely, and if
p > pe then M contains a nontrivial connected component with positive probability.

They actually prove more, the most powerful version states that in the super-
critical case (i.e. when p > p.) there is actually a unique unbounded component
if the process is extended to the whole plane, but we will only concentrate on the
most surprising fact that the critical probability is strictly between 0 and 1.

The main goal of the present section will be to prove the following generalization
of the above theorem.

Theorem 5.2. For every d € [0,2) there exists a critical probability pﬁd) = pgd’") €

(0,1) such that if p < pgd) then dimg M < d almost surely, and if p > pgd) then
dimgg M > d almost surely (provided M # ().

In order to see that we actually obtain a generalization, just note that a com-
pact space is totally disconnected iff dim; M = 0 ([3]), also that dim;y M = 0 iff
dim; M = 0, and use d = 0. Theorem 5.1 basically says that certain curves show
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up at the critical probability, and our proof will show that even ‘thick’ families of
curves show up, where the word thick is related to large Hausdorff dimension.

In the rest of this section first we do some preparations in the first subsection,
then we prove the main theorem (Theorem 5.2) in the next subsection, and finally
give an upper bound for dim;z M and conclude that dimy;z M < dimyg M almost
surely in the non-trivial cases.

5.1. Preparation. For the proofs of the statements in the next two remarks see
e.g. [2].

Remark 5.3. It is well-known from the theory of branching processes that M = ()
almost surely iff p < #, so we may assume in the following that p > #

If # <p< ﬁ then dimy; M = 0 almost surely. Hence Fact 3.1 implies that
dim;y M = 0 almost surely. (In fact, the same holds even for p < p., see Theorem

5.1.)

Remark 5.4. As for the Hausdorff dimension, for p > # we have

1
dimpy M =2+ 8L
logn
almost surely, provided M # ().
We will also need the 1-dimensional analogue of the process (intervals instead of

squares). Here MOP) = ¢ almost surely iff p < %, and for p > % we have

logp

dimy MUIP) =1 4
logn

almost surely, provided M (1D) £ (.

Now we check that the almost sure topological Hausdorff dimension of M also
exists.

Lemma 5.5. For every p > # and n > 2, n € N there exists a number d =

d®»m € [0,2] such that
almost surely, provided M # (.

Proof. Let N be the random number of squares in M;. Let us set ¢ = P(M = ).
Then ¢ < 1 by p > n—12, and [4, Thm. 15.2] gives that ¢ is the least positive root of
the polynomial

ft)=—t+ iP(N = k)t".
k=0

First we show that P(dimig M < z) is a root of f for every z € R.

Let M7 = {Q1,...,Qn}, where the Q;’s are the first level subsquares, and fix
z € R. (Define Q; = 0 if N = 0.) For every i and k let M2* be the union of those
squares in M, that are in Q;, and let M¥: = Mk M,? (Note that this is not the
same as M N @Q;, since in this latter set there may be points on the boundary of
Q; ‘coming from squares outside of Q;’.) Then M % has the same distribution as
a similar copy of M (this is called statistical self-similarity), and hence for every i

P (dimyy M9 < 2) = P (dimyy M < ).



16 RICHARD BALKA, ZOLTAN BUCZOLICH, AND MARTON ELEKES

Using the stability of the topological Hausdorff dimension for closed sets and the
fact that the M@:’s are independent and have the same distribution under the
condition N = k, this implies

P (dimyg M <z |N =k) :P(dithMQ* < g for each 1 §i§k|N:k)
— (P (dimy MO < z))"
— (P (dimyy M < z))".

Therefore, we obtain

3

P(dimyy M < z) =Y P(N = k)P(dimyy M < z|N = k)
0

=~
Il

P(N = k) (P (dimyy M < 2))",

I
M=

k=0

and thus P(dimyy M < z) is indeed a root of f for every z.

As mentioned above, ¢ # 1 and ¢ is also a root of f. Moreover, 1 is obviously
also a root, and it is easy to see that f is strictly convex, hence there are at most
two roots. Hence ¢ and 1 are the only roots, therefore P(dimiy M < x) = g or 1
for every .

Then the distribution function F(z) = P(dimig M < x| M # () only attains
the values 0 and 1, moreover, F'(0) = 0, F(2) = 1, thus there is a value d where it
‘jumps’ from 0 to 1, and this concludes the proof. O

5.2. Proof of Theorem 5.2; the lower estimate of dim;; M. Set
pgd’") = sup {p s dimy gy MP™) < d almost surely} )
First we need some lemmas. The following one is analogous to [6, p. 387].

Lemma 5.6. For everyd € R andn € N, n > 2

(d,n)

P <1 = pln’) <.

Proof. Clearly, it is enough to show that

1
(5:2) pim (1 - (1 - pﬁ‘*”’) "2) < pldn) < pldm),

We say that the random construction X is dominated by the random construction
Y if they can be realized on the same probability space such that X C Y almost
surely.

Let us first prove the second inequality in (5.2). It clearly suffices to show that

dim g M®n?) < d almost surely — dim;gy M®™) < d almost surely.

But this is rather straightforward, since MQ(Z’n) is easily seen to be dominated by
2
M}gp,n ) for every k, hence M @™ is dominated by M@,
2
Let us now prove the first inequality in (5.2). Set p(x) =1— (1 — :c)l/" . We
need to show that

(5.3) 0<p<pd™p@Edm)) — dimyy M®"*) < d almost surely.
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Since xp(x) is an increasing homeomorphism of the unit interval, p = qp(q)

for some ¢ € (0,1). Then clearly ¢ < pﬁd’"), so dimyg M(@™) < d almost surely.

Therefore, in order to prove (5.3) it suffices to check that

(5.4) M®") is dominated by M(@™).
First we check that
(5.5) M,gw(q)’HQ) is dominated by M,gq’n) for every k,

and consequently M®@:1%) is dominated by M (2™ Indeed, in the second case we
erase a subsquare of side length % with probability 1—q and keep it with probability
q, while in the first case we completely erase a subsquare of side length % with the

same probability (1 — <,0(q))"2 = 1 — ¢ and hence keep at least a subset of it with
probability q.

But this will easily imply (5.4), which will complete the proof. Indeed, after each
step of the processes M ((@n*) and M (@) let us perform the following procedures.
For M®@:n*) let us keep every existing square independently with probability ¢
and erase it with probability 1 — ¢ (we do not do any subdivisions in this case).
For M (%™ let us take one more step of the construction of M (4™, Using (5.5) this

easily implies that M,iq‘P(Q)’"% is dominated by MéZ’") for every k, hence Mae(@)n?)
is dominated by M (@™ but qo(q) = p, and hence (5.4) holds. O

From now on let N be a fixed (large) positive integer to be chosen later. Recall

that a square of level k is a set of the form [ﬁ, %—H X [ﬁ, ]Niﬂ C [0,1)%

Definition 5.7. A walk of level k is a sequence (Si,...,S;) of non-overlapping

squares of level k such that S, and S,;; are abutting for every r = 1,...,1 — 1,
moreover S; N ({0} x [0,1]) # 0 and S; N ({1} x [0,1]) # 0.

In particular, the only walk of level 0 is ([0, 1]?).

Definition 5.8. We say that (S1,...,.5]) is a turning walk (of level 1) if it satisfies
the properties of a walk of level 1 except that instead of S; N ({1} x [0,1]) # @ we
require that S; N ([0,1] x {1}) # 0.

Lemma 5.9. Let S be a set of N — 2 distinct squares of level 1 intersecting {0} x
[0,1], and let T be a set of N — 2 distinct squares of level 1 intersecting {1} x [0, 1].
Moreover, let F* be a square of level 1 such that the row of F* does not intersect
SUT. Then there exist N — 2 non-overlapping walks of level 1 not containing F*
such that the set of their first squares coincides with S and the set of their last
squares coincides with T .

Proof. The proof is by induction on N. The case N = 2 is obvious.
Case 1. F'* is in the top or bottom row.

By simply ignoring this row it is straightforward how to construct the walks in
the remaining rows.
Case 2. F* is not in the top or bottom row, and both top corners or both bottom
corners are in SUT.

Without loss of generality we may suppose that both top corners are in SUT. Let
the straight walk connecting these two corners be one of the walks to be constructed.
Then let us shift the remaining members of T to the left by one square, and either



18 RICHARD BALKA, ZOLTAN BUCZOLICH, AND MARTON ELEKES

Case 1. Case 2. Case 3.

FIGURE 1. Illustration to Lemma 5.9

we can apply the induction hypothesis to the (N — 1) x (N — 1) many squares in
the bottom left corner of the original N x N many squares, or F'* is not among
these (N — 1) x (N — 1) many squares and then the argument is even easier. Then
one can see how to get the required walks.
Case 3. Neither Case 1 nor Case 2 holds.

Since there are only two squares missing on both sides, and F* cannot be the
top or bottom row, we infer that both S and 7 contain at least one corner. Since
Case 2 does not hold, we obtain that both the top left and the bottom right corners
or both the bottom left and the top right corners are in S U 7. Without loss of
generality we may suppose that both the top left and the bottom right corners are
in SUT. By reflecting the picture about the center of the unit square if necessary,
we may assume that F™* is not in the rightmost column. We now construct the first
walk. Let it run straight from the top left corner to the top right corner, and then
continue downwards until it first reaches a member of 7. Then, as above, we can
similarly apply the induction hypothesis to the (N — 1) x (N — 1) many squares in
the bottom left corner, and we are done. O

Lemma 5.10. Let S be a set of N — 2 distinct squares of level 1 intersecting
{0} x [0,1], and let T be a set of N — 2 distinct squares of level 1 intersecting
[0,1] x {1} (the sets of starting and terminal squares). Moreover, let F* be a square
of level 1 (the forbidden square) such that the row of F* does not intersect S and
the column of F* does not intersect T. Then there exist N — 2 non-overlapping
turning walks not containing F* such that the set of their first squares coincides
with S and the set of their last squares coincides with T .

Proof. Obvious, just take the simplest ‘L-shaped’ walks. O
The last two lemmas will almost immediately imply the following.

Lemma 5.11. Let (Si,...,S5;) be a walk of level k, and F a system of squares of
level k 4+ 1 such that each S, contains at most 1 member of F. Then (S1,...,5S)
contains N — 2 non-overlapping subwalks of level k + 1 avoiding F.

Proof. We may assume that each S, contains exactly 1 member of F. Let us denote
the member of F in S, by F*. The subwalks will be constructed separately in each
S, using an appropriately rotated or reflected version of either Lemma 5.10 or
Lemma 5.9. It suffices to construct S, and 7, for every r (compatible with F*) so
that for every member of 7, there is an abutting member of S,1. (Of course we
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FIGURE 2. Illustration to Lemma 5.11

also have to make sure that every member of S; intersects {0} x [0,1] and every
member of 7; intersects {1} x [0, 1].) For example, the construction of 7, for r <[ is
as follows. The squares S, and S,.;1 share a common edge E. Assume for simplicity
that E is horizontal. Then 7, will consist of those subsquares of S, of level k + 1
that intersect E2 and whose column differs from that of F}' and F7 ;. If these two
columns happen to coincide then we can arbitrarily erase one more square. The
remaining constructions are similar and the details are left to the reader. O

Definition 5.12. We say that a square in M)}, is 1-full if it contains at least N2 —1
many subsquares from M}, . We say that it is m-full, if it contains at least N2 —1
many m — 1-full subsquares from M. We call M full if My is m-full for every
m € NT.

The following lemma was the key realization in [2].

Lemma 5.13. There exists a pN) < 1 such that for every p > p™) we have
P (M®N) s full) > 0.

See [2] or [4, Prop. 15.5] for the proof.

Definition 5.14. Let L < N be positive integers. A compact set K C [0,1] is
called (L, N)-regular if it is of the form K = ;. Ki, where Ko = [0, 1], and K1
is obtained by dividing every interval I in K} into N many non-overlapping closed
intervals of length 1/N**! and choosing L many of them for each I.

The following fact is well-known, see e.g. the more general [4, Thm. 9.3].

log L
log N *

Fact 5.15. An (L, N)-regular compact set has Hausdorff dimension

Next we prove the main result of the present subsection.
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Proof of Theorem 5.2. Let d € [0,2) be arbitrary. First we verify that, for suffi-
ciently large N, if M = M®N) is full then dim, g M > d. The strategy is as follows.
We define a collection G of disjoint connected subsets of M such that if a set in-
tersects each member of G then its Hausdorff dimension is larger than d — 1. Then
we show that for every countable open basis U of M the union of the boundaries,
Uvew OmU intersects each member of G, which clearly implies dimyg M > d.

Let us fix an integer N such that

log(N —2)

. >
(5.6) N > 6 and oz N

>d—1,

and let us assume that M is full. Using Lemma 5.13 at each step we can choose
N — 2 non-overlapping walks of level 1 in M7, then N — 2 non-overlapping walks of
level 2 in M5 in each of the above walks, etc. Let us denote the obtained system
at step k by

Gr = {Tir,ip  (i1s-noyin) € {1,...,N = 2}F}

where I';, ;. is the union of the squares of the corresponding walk. (Set Gy =
{Ty} = {[0,1]?}.) Let us also put

Cr = {y €10,1]: (0,y) € ng}
and define

C=)Ck

keN

Then clearly C is an (N —2, N)-regular compact set, therefore Fact 5.15 yields that
dimpy C = 18022 > — 1. We will also need that dimp (C'\ @) > d — 1, but this
is clear since dimg C' > 0 and hence dimy (C'\ Q) = dimy C.

For every y € C'\ Q and every k € N there is a unique (i1, ...,4) such that
(0,y) € T'yy,..4,- (For y’s of the form ﬁ there may be two such (i1,...,1x)’s,
and we would like to avoid this complication.) Put I'y(y) = I';;... ;. and I'(y) =
Mie; Tk(y). Since I'(y) is a decreasing intersection of compact connected sets, it is
itself connected ([3]). (Actually, it is a continuous curve, but we will not need this
here.) It is also easy to see that it intersects {0} x [0,1] and {1} x [0, 1].

We can now define

G={T(y):y € C\Q}.

Next we prove that G consists of disjoint sets. Let y,y’ € C'\ Q be distinct.
Pick I € N so large such that |y —y/| > %. Then there are at least 5 intervals of
level I between y and y’. Since we always chose N — 2 intervals out of N along the
construction, there can be at most 4 consecutive non-selected intervals, therefore
there is a I';, . ;, separating y and y’. But then this also separates I';(y) and I';(y'),
hence T'(y) and T'(y’) are disjoint.

Now we check that for every y € C'\ Q and every countable open basis U
of M the set Uy ¢y OmU intersects T'(y). Let 2o € I'(y) and Uy € U such that
z0 € Uy and I'(y) € Uy. Then 9y Uy must intersect I'(y), since otherwise I'(y) =
(T(y) NUp) U (T'(y) Nintar (M \ Up)), hence a connected set would be the union of
two non-empty disjoint relatively open sets, a contradiction.

Thus, as explained in the first paragraph of the proof, it is sufficient to prove
that if a set Z intersects every I'(y) then dimy Z > d — 1. This is easily seen to
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hold if we can construct an onto Lipschitz map

p: [ Jg—C\Q

that is constant on every member of G, since Lipschitz maps do not increase Haus-
dorff dimension, and dimg(C \ Q) > d — 1. Define

p(z) =y if z € I(y),
which is well-defined by the disjointness of the members of G.
Let us now prove that this map is Lipschitz. Let y,3' € C\ Q, z € T'(y), and
z' € I'(y'). Choose | € N* such that 77 < |y — /| < 57=r. Then using N > 6 we
obtain |y — ¢'| > %, thus, as above, there is a walk of level [ + 1 separating z
and z’. Therefore |z — 2’| > w4+, and hence
< N2|Z - Z/|a

1 1
[o(2) =0l = Iy~ ¥/| < 7 = N

therefore ¢ is Lipschitz with Lipschitz constant at most N2.
To finish the proof, let n be given as in Theorem 5.2 and pick k£ € N so large
that N = n?" satisfies (5.6). If p > p™¥) then using Lemma 5.13 we deduce that

P (dith MEN) 5 d) >p (M@’N) is full ) >0,

which implies p((:d’N) < 1. Tterating k times Lemma 5.6 we infer pgd’") < 1.

Now, if p > pﬁd”” then

P (dith MEm 5 g } MPn) 2 (z)) > P(dimgy M®™ > d) > 0.
Combining this with Lemma 5.5 we deduce that
P (dimes M®™ > d| MO £ 0) =1,
which completes the proof of the theorem. O

Remark 5.16. It is well-known and not difficult to see that lirri P(M®™) =) =0.
p—

Using this it is an easy consequence of the previous theorem that for every integer
n>1,d<2and e > 0 there exists a § = (%) > 0 such that for all p >1—§

P (dith MP) d) >1—¢

5.3. The upper estimate of dim;y M. The argument of this section will rely on
some ideas from [2].

Theorem 5.17. Ifp > ﬁ then almost surely

I
dimyy M < 2+ 2282
logn

Proof. A segment is called a basic segment if it is of the form [’;—,}, #] X {#} or

{#} x [, %], where k e N*, i € {1,...,n*} and j € {1,...,n" — 1}.

It suffices to show that for every basic segment S and for every € > 0 there
exists (almost surely, a random) arc v C [0, 1]? connecting the endpoints of S in
the e-neighborhood of S such that dimyg (M N~vy) < 14 2112§Z. Indeed, we can
almost surely construct the analogous arcs for all basic segments, and hence obtain
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3
3.
SN~—

FiGURrE 3. Construction of the arc v connecting the endpoints of .S

a basis of M consisting of ‘approximate squares’ whose boundaries are of Hausdorft
dimension at most 1 + 211353'; , therefore dim;y M < 2+ 211251'; almost surely.

Let us now construct such an arc v for S and € > 0. We may assume that
S is horizontal, hence it is of the form S = [’n_—,}, nik} X {nj—k} for some k € NT,
i€{l,...,nF} and j € {1,...,n* —1}.

We divide S into n subsegments of length nk—lﬂ, and we call a subsegment

[, x| % {n]_k} bad if both the adjacent squares |21, 4t ] X [# — —T, nj—k]
and [Z;—ﬂ, %} X [#, # + #] are in Myy1. Otherwise we say that the subseg-
ment is good. Let B; denote the union of the bad segments. Then inside every bad
segment we repeat the same procedure, and obtain Bs and so on. It is easy to see
that this process is (a scaled copy of) the 1-dimensional fractal percolation with p
replaced by p?. Let B = (), B; be its limit set. Then by Remark 5.4 (note that

p? > %) we obtain dimyg B =1+ lfz)gg’;: =1+ 2%23:'; or B = () almost surely. So it
suffices to construct a =y connecting the endpoints of S in the e-neighborhood of S
such that v N M = B (except perhaps some endpoints, but all the endpoints form
a countable set, hence a set of Hausdorff dimension 0).

But this is easily done. Indeed, for every good subsegment I let v; be an arc
connecting the endpoints of I in a small neighborhood of I such that ~ is disjoint

from M apart from the endpoints (this is possible, since either the top or the bottom

square was erased from M). Then v = (UI is good ’y]) U B works. O

Using Remarks 5.3 and 5.4 this easily implies
Corollary 5.18. Almost surely
dimyg M < dimg M or M = 0.
Remark 5.19. Calculating the exact value of dim;g M seems to be difficult, since
it would provide the value of the critical probability p. of Chayes, Chayes and

Durrett (where the phase transition occurs, see above), and this is a long-standing
open problem.
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6. APPLICATION II: THE HAUSDORFF DIMENSION OF THE LEVEL SETS OF THE
GENERIC CONTINUOUS FUNCTION

Now we return to Problem 1.3. The main goal is to find analogues to Kirchheim’s
theorem, that is, to determine the Hausdorff dimension of the level sets of the
generic continuous function defined on a compact metric space K.

Let us first note that the case dim; K = 0, that is, when there is a basis consisting
of clopen sets is trivial because of the following well-known and easy fact.

Fact 6.1. If K is a compact metric space with dimy; K = 0 then the generic con-
tinuous function is one-to-one on K.

Corollary 6.2. If K is a compact metric space with dim; K = 0 then every non-
empty level set of the generic continuous function is of Hausdorff dimension 0.

Hence from now on we can restrict our attention to the case of positive topological
dimension.

In the first part of this section we prove Theorem 6.20 and Corollary 6.21, our
main theorems concerning level sets of the generic function defined on an arbitrary
compact metric space, then we use this to derive conclusions about homogeneous
and self-similar spaces in Theorem 6.22 and Corollary 6.23.

6.1. Arbitrary compact metric spaces. The goal of this section is to prove
Theorem 6.20. In order to do this we will need a sequence of equivalent definitions
of the topological Hausdorff dimension. These equivalent definitions may be of
some interest in their own right.

Let us fix a compact metric space K with dim; K > 0, and let C'(K) denote
the space of continuous real-valued functions equipped with the supremum norm.
Since this is a complete metric space, we can use Baire category arguments.

Definition 6.3. We say that a continuous function is d-level narrow, if there exists
a dense set Sy C R such that dimg f~*(y) < d—1 for every y € Sy. Let Ny be the
set of d-level narrow functions. Define

P, = {d: Ny is somewhere dense in C(K)},
and let dim,, K = inf P,,.

We repeat the definition of the topological Hausdorff dimension in an analogous
form.

Definition 6.4. Define
P,y = {d : K has a basis U such that dimgy U < d —1 for every U € U},
then dim;g K = inf Pp.
For the next definition we need the following notation.

Notation 6.5. If A is a family of sets then let T(A) denote the set of points
covered by at least two members of A, that is, T'(A) = U, a,e4 4,24, (41 N A2).

Definition 6.6. We say that C is a d-dimensional small cover for € > 0, if C is
a finite family of compact sets such that |JC = K, diam C < ¢ for all C' € C and
dimgy T(C) < d — 1. Define

P; ={d: Ve >0, 3 a d-dimensional small cover for ¢},
and let dimg K = inf P;.
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Definition 6.7. For d > 1 we say that C is a a d-dimensional pre-measure fat
packing for € > 0 if C is a finite family of disjoint compact subsets of K such that
diam C < ¢ for all C € C and HL 1+e(K \ [JC) < e. Define

P, ={d>1:Ve >0, 3 ad-dimensional pre-measure fat packing for £},
and let dim,, K = inf P,,.
Definition 6.8. Define
P, = {d : for the generic f € C(K), Vy € R dimp iy <d- 1},
and let dim; K = inf P, be the generic level set dimension of K.

We assume that by definition oo € P,,, Py, Ps, P, B
Our goal is to show in Theorem 6.11 that if dim; K > 0 then our five notions of
dimension coincide. One can verify that they may differ if dim; K = 0.

Remark 6.9. The restriction d > 1 in Definition 6.7 is not too artificial. It is easy
to check directly that if dim; K > 0 then P,, Piy, Ps, P, P, C [1,00] . However, it
will also be a consequence of Fact 3.2 and Theorem 6.11.

First we need a technical lemma related to Definition 6.7.

Lemma 6.10. Let X be a metric space, 0 < ¢ < 00 and ¢, \y¢. If H(X) — 0
then dimg X <ec.

Proof. We may assume that HS2 (X) < 1. Fix t > ¢. Then ¢, <t for large enough
n. It is not difficult to see that ¢, < ¢ and HS (X) < 1 imply HE (X) < HE (X).
Therefore HS (X) — 0 yields HL (X) = 0, which easily implies H*(X) = 0. Hence
dimy X <t, and since t > ¢ was arbitrary, dimy X < c. O

Theorem 6.11. If K is a compact metric space with dim; K > 0 then P, = P,y =
P, =P, =P.

This immediately yields.

Corollary 6.12. If K is a compact metric space with dimy K > 0 then dim, K =
dim;y K = dimy K = dim,,, K = dim; K.

This result will be a technical tool in the sequel, but we believe that the equation
dimyg K = dimg K is particularly interesting in its own right. Let us reformulate
it now.

Corollary 6.13. If K is a compact metric space then dim;g K is the smallest
number d for which K can be covered by a finite family of compact sets of arbitrarily
small diameter such that the set of points covered more than once has Hausdorff
dimension d — 1.

Next we prove Theorem 6.11. The proof will consist of five lemmas.
Lemma 6.14. P, C Py.

Proof. Assume d € P, and d < oo. Let us fix g € K and r > 0. To verify d € P,y
we need to find an open set U such that g € U C U(xo,r) and dimpy OU < d — 1.
We may assume 9U (x¢,r) # 0, otherwise we are done.
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By d € P, we obtain that Ny is dense in a ball B(fo, 6¢), € > 0. By decreasing r if
necessary, we may assume that diam (fo(U(zg,r))) < 3e. Then Tietze’s Extension
Theorem provides an f € B(fo,6¢) such that f(zo) = fo(wo) and f|oy(zy,r(z) =
Jo(zo) + 3¢ for every x € AU (xo,r). Since Ny is dense in B(fo, 6¢), we can choose
g € Ny such that ||f — g|| < e. By the construction of g it follows that g(zo) <
min{g(OU (zo,))}. Hence in the dense set Sy (see Definition 6.3) thereisan s € Sy
such that

(6.1) g(x0) < s <min {g (U (x0,7))} .
Let

~((=00,8) NU(x0,7),
then clearly zp € U C U(:co, ) ( 1) we have dg~! ((—o0,5)) N AU (zg,r) = 0,
therefore U C dg~ "' ((—o0,s)) C g~'(s). Using s € S, we infer that dimy OU <
dimg g~1(s) <d—1. O

Lemma 6.15. P,y C P;.

Proof. Assume d € Py and d < oo. Fix € > 0, and let U be an open basis of K
such that dimp U < d— 1 for all U € Y. Then {U € U : diamU < &} covers
K, hence by compactness there exists a finite subcover {U;}¥_,. Then diamU; < ¢
and dimg OU; < d — 1 for all 4. Let us now consider all the 2* possible sets of the
form U N---NU*, where every a; € {1,—1}, and U} = clU;, and U; ' = K\ U;.
Let C be the family consisting of the sets of the above form, then it is easy to
check that C covers K and also that diamC < e for every C' € C (note that
diam(U; ' N---N U, ') < e holds simply because U; ' N---N U, ' = 0). Moreover,
one can check that T'(C) C Ule OU;, hence dimy T'(C) < dimpy Ule oU; <d—1.
Therefore, C is a d-dimensional small cover for € > 0, hence d € P;. O

Lemma 6.16. P, C P,,.

Proof. Assume d € Ps and d < oo. First we check that dim; K > 0 implies d > 1.
If d < 1 and for every € > 0 there exists a d-dimensional small cover for £ then
these covers are actually finite partitions (since d — 1 < 0) into compact sets, but
then these sets are also open, hence K has a clopen basis, which is impossible.
Fix € > 0. Let C be a d-dimensional small cover for €. Since dimpy T'(C) < d—1,
we can choose an open set V such that T(C) C V and HL1Te (V) < e. Let
C'={C\V :C €}, then (' is a finite family of disjoint compact sets. Clearly,
diam C” < ¢ for every C" € C'. Since K'\|JC' =V, we also have HI 1+(K\|JC') <
e, hence C’ is a d-dimensional pre-measure fat packing for € and thus d € B,,. O

Lemma 6.17. P, C P,.

Proof. Assume d € P,, and d < oco. By definition, d > 1. First assume d > 1.

Forn € Nt let C" = {C},...,C}! } be a d-dimensional pre-measure fat packing for
1/n, that is, C™ consists of disjoint compact sets, for all i € {1,...,k,}

1
(6.2) diam C]' < —,

n

and for the open set V" = K \ Uf;l C? we have

(6.3) PO () (K\Ucn)g%
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Let
={(r1,...,r,) € Q" iy # oy if i £ j},
and let fn,,.l,___ﬂ«k" ( ) be a continuous function that is constant r; on C* for

every i € {1,...,k,}. It is not difficult to see (using that every element of C'(K) is
uniformly continuous) that for every N € N* the set

{fn,rl,m,rkn in > Na (Tla o 7T.kn) € R(Tl)}

is dense in C(K).
Set
1 |ri =7y

57‘1,...,7‘k = min {_7 — 27] € {15 .. -7kn}a i 7é .7} >0
n n 3
then
g(N) = U U U(fn,rl,...,rk" 5 57'17~~~1"'kn)
n>N (ri,...,Tg, JER(n)

is dense open in C(K) for all N € NT. Therefore

G= () 9

NeN+
is co-meager in C(K).

It remains to prove that for all f € G all level sets of f are of Hausdorff dimension
at most d — 1. Fix f € G and y € R. By the definition of G, there are infinitely
many n € N* such that f is in one of the U(fn,,.l,___ﬂ«k" , 5,.17,,,,%” )’s. For every such
n there exists ¢ = i(y,n) such that

iy ccruvn,

Using (6.2), (6.3) (C?" is covered by itself when estimating "HZO_H_% (C)) and finally
d > 1 we obtain

d1+

(6.4) S -+

() < Heo

N
(—) +— —0asn — oo.
n n

d1+

(OF) +Hoe (V) <

Let us now fix a sequence ny, of integers for which (6.4) holds. By applying Lemma
6.10 for ck:dflJrnik \( d — 1 we obtain that for all f € G and y € R

dimy f~'(y) <d—1.

Therefore, d € P;.

Let us now consider d = 1. Fix a sequence d,, N\, 1. By the previous case we
have d,, € P, for all n € N, hence there exist co-meager sets F,, C C(K) such that
dimy f~Yy) < d,—1forall f € F,, and y € R. The set F = N, en Fn is co-meager
in C(K), and obviously dimg f~(y) < nli_{r;O(dn —1)=0forall fe FandyeR.
Thus 1 € P,. O

Lemma 6.18. P, C P,.

Proof. Assume d € P, and d < co. By the definition of P, for the generic continuous
function f we have dimgy f~(y) < d—1 for all y € R. Hence Ny is co-meager, thus
(everywhere) dense. Hence d € P,. O
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This concludes the proof of Theorem 6.11.

For the proof of the main theorem of this section we will need that the infima in
the above definitions are actually attained.

Lemma 6.19. If K is a compact metric space with dim; K > 0 then dim, K =
min P,, dim;y K = min Py, dimg K = min Ps, dim,, K = min P,,, and dim; K =
min P;.

Proof. By Theorem 6.11 it suffices to prove that P,, has a minimal element. We
may assume P,,, # {oo}. Let d = inf P,,. Fix ¢ > 0. There exists d’ € P, such that
d>dandd —d<e. Sete' =e—(d'—d),then0 <&’ <ecandd —1+¢&' =d—1+-e¢.
By d' € P, there exists a d’-dimensional pre-measure fat packing C for ¢’, that is,
a finite disjoint family of compact sets such that diam C < ¢’ for all C € C and
HE-1+(K\|JC) < ¢’. But then by ¢’ < e and d' — 14 ¢ = d — 1 + & we obtain
that C is also d-dimensional pre-measure fat packing for €, and hence d € P,,. 1

Now we are ready to describe the Hausdorff dimension of the level sets of generic
continuous functions.

As already mentioned above, if dimy K = 0 then every level set of a generic
continuous function on K consists of at most one point.

Theorem 6.20. If K is a compact metric space with dim; K > 0 then for the
generic f € C(K)
(i) dimg f~(y) < dimyy K — 1 for every y € R,
(i1) for every € > 0 there exists a non-degenerate interval Iy. such that
dimy f~'(y) > dimig K — 1 — ¢ for every y € I5..

Proof. By Lemma 6.19 we have dim; K = min P, and hence dim; K € P;. By the
definition of P, and using Corollary 6.12 we deduce that there is a co-meager set
F C C(K) such that for every f € F and y € R

dimgy f~(y) < dimy K — 1 = dimyy K — 1,

therefore (7) holds.

Let us now prove (i¢). Clearly, by Theorem 6.11, dim;y K — % < dimyg K =
dim,, K for every k € N*. Hence Ny, . i 1is nowhere dense by the definition of
dim,, K. It follows from the definition of Ny that for every f € C(K)\ Nim,,; x—1
there exists a non-trivial interval I 1 such that dimg f— ( ) > dim;g K—1 f% for
every y € Iy 1. But then (ii) holds for every f € C(K)\ (Uren+ Naim,y Kk-1), and
this latter set is clearly co-meager, which concludes the proof of the theorem. [

This immediately implies

Corollary 6.21. If K is a compact metric space with dimy K > 0 then
sup{dimy f~(y) : y € R} = dimyyy K — 1 for the generic f € C(K).

6.2. Homogeneous and self-similar compact metric spaces. In this section
we show that if the compact metric space is sufficiently homogeneous, e.g. self-
similar (see [4] or [14]) then we can say much more.
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Theorem 6.22. Let K be a compact metric space with dim; K > 0 such that
dimygy B(z,r) = dimeyg K for every © € K and r > 0. Then for the generic
f € C(K) for the generic y € f(K) we have

dimg f~(y) = dimgy K — 1.

Before turning to the proof of this theorem we formulate a corollary. Recall
that K is self-similar if there are contractive similitudes ¢1,...,¢r : K — K
such that K = Ule ©;(K). The sets of the form ;, o, o...¢; (K) are called
the elementary pieces of K. It is easy to see that every ball in K contains an
elementary piece. Moreover, by Corollary 3.8 the topological Hausdorff dimension
of every elementary piece is dim;y K. Hence, using monotonicity as well, we obtain
that if K is self-similar then dim;y B(z,r) = dim¢y K for every z € K and r > 0.
This yields the following.

Corollary 6.23. Let K be a self-similar compact metric space with dim; K > 0.
Then for the generic f € C(K) for the generic y € f(K) we have

dimgy f~!(y) = dimgy K — 1.
Before proving Theorem 6.22 we need a lemma.
Lemma 6.24. Let K1 C Ko be compact metric spaces and
R: C(Kz) = C(K1), R(f)= flk,-
If F C C(K3) is co-meager then so is R™1(F) C C(Kz).

Proof. The map R is clearly continuous. Using the Tietze Extension Theorem it is
not difficult to see that it is also open. We may assume that F is a dense Gs set
in C(K7). The continuity of R implies that R~1(F) is also G, thus it is enough
to prove that R!(F) is dense in C(K3). Let U C C(Ks3) be non-empty open,
then R(U) C C(K,) is also non-empty open, hence R(U) N F # 0, and therefore
UNR(F) #0. O

Proof of Theorem 6.22. Theorem 6.20 implies that for the generic f € C(K) for
every y € R we have dimy f~1(y) < dim;y K — 1, so we only have to prove the
opposite inequality.

For f € C(K) and € > 0 let

Li.={y€ f(K):dimyg f'(y) > dimy K — 1 — &}.

First we show that it suffices to construct for every ¢ € (0,1) a co-meager set
F. C C(K) such that for every f € F. the set Ly is co-meager in f(K). Indeed,
then the set F = ﬂkeN’k22 }"% C C(K) is co-meager, and for every f € F the
set Ly = (\penr>o Lyi C f(K) is also co-meager. Since for every y € Ly clearly
dimg f~1(y) > dimyg K — 1, this finishes the proof.

Let us now construct such an F. for a fixed e € (0,1). Let {Bn}nen be a

countable basis of K consisting of closed balls, and for all n € N let R,,: C(K) —
C(By,) be defined as

Ru(f)=f

By, -
Let us also define

B, = {f € C(By) : jes. t.Vy € Iy, dimy fHy) > dimg K — 1 —5},
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(where If . is understood to be a non-degenerate interval). Finally, let us define

Fo= () R, (Bn).
neN

First we show that F. is co-meager. By our assumption dim;z B, = dim;g K >
dim;y K — ¢ (which also implies dim; B,, > 0 by Fact 3.1, since dim;y K > 1
and € < 1), thus Theorem 6.20 yields that B,, is co-meager in C(B,,). Lemma 6.24
implies that R, 1(B,,) is co-meager in C(K) for all n € N, thus F is also co-meager.

It remains to show that for every f € F. the set L;. is co-meager in f(K).
Let us fix f € F.. We will actually show that Ly. contains an open set in R
which is a dense subset of f(K). So let U C R be an open set in R such that
f(K)NU # 0. It is enough to prove that Ly, N U contains an interval. Since the
B,,’s form a basis, the continuity of f implies that there exists an n € N such that
f(Byn) C U. Tt is easy to see using the definition of F. that f|p, € By, so there
exists a non-degenerate interval Iy, . such that for all y € Iy, . we have

dimy f~Y(y) > dimpg (f]s,) " (y) > dimy K —1 —¢.

Thus Iy, . € Lf.. On the other hand, as we saw above, dimiy K —¢& > 0.

Hence, dim¢y K — 1 —e > —1 which implies (f|g, )" (y) # 0 for every y € Ifip, e
thus Iy, . C f(By). But it follows from f(B,) C U that I, € U. Hence
I\, e € LyeNU and this completes the proof. O

7. OPEN PROBLEMS
First let us recall the most interesting open problem.

Problem 4.8. Determine the almost sure topological Hausdorff dimension of the
trail of the d-dimensional Brownian motion for d = 2 or 3.

Now we collect a few more open problems.

Problem 7.1. Let B C R? be a Borel set and € > 0. Does there exist a compact
set K C B with dim;y K > dimsyg B — €7

Problem 7.2. Let B C R? be a Borel set and 1 < ¢ < dim;yy B arbitrary. Does
there exist a Borel set B’ C B with dim;g B’ = ¢?

The next problem is somewhat vague. It is motivated by the proof of Theorem
5.2.

Problem 7.3. Is there some sort of structural characterization of the sets with
topological Hausdorff dimension at least ¢? For example, is it true that a Borel
set B C RY satisfies dim;z B > c iff it contains a disjoint family of non-degenerate
connected sets such that each set meeting all members of this family is of Hausdorff
dimension at least ¢ — 17

In a somewhat similar vein, is there some sort of analogue of Frostman’s Lemma?
(See e.g. [4] or [14].)

Moreover, it would also be interesting to know whether the theory of the topologi-
cal packing dimension and topological box-counting dimension (defined analogously
to dim;y B in the obvious way) differs significantly from ours.

Acknowledgment. We are indebted to Andras Mathé for some illuminating dis-
cussions.
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