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Abstract

Geometric measure theory explores the properties of general sets with only limited
structure through measure theory. Measure theory and advanced techniques are needed
to analyse the complicated structures that arise in contexts such as dynamical systems,
which generally are not ”"smooth”. While complex, many spaces (such as Ahlfors regular
spaces and Kakeya sets) still retain much ’hidden structure’ that we will explore in this
course through the lens of measure theory.

The title image shows the density of a random cascade measure. A useful random probability measure
supported on the unit square.
1These lecture notes will evolve throughout term and there may be frequent significant structural changes.
I have no doubt that there are many typos and inaccuracies in this manuscript. If you find anything that
would need correction, please let me know at sascha.troscheit@univie.ac.at. Thank you!
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Aims and Motivation

During the course our main aim is to develop measure theoretic tools to analyse geometric
object, especially invariant sets from dynamical systems. A central object of study is the
Hausdorff measure, an outer measure that generalises the Lebesgue dimension to non-
integer “dimensions”, as well as arbitrary metric spaces. For the moment, we will omit its
definition and collect some key properties when used as a measure on R

Let FF C R? and s > 0. The Hausdorff measure H°

e is translation invariant: H*(F) = H*(F +t) for t € R%;
e has appropriate scaling: H’(c- F) = ¢® - H*(F) for all ¢ > 0;
e is equivalent to the Lebesgue measure £°, when s € N;
e is the counting measure when s = 0.
A motivation. Many invariant sets in dynamical systems are “very small” compared to

the size of the underlying state space. We endeavour to better determine their structure.
Let (X, d) be a metric space, T : X — X be a self-map (a surjective mapping).

Definition 0.1. The tuple (X,T) is called a (discrete) dynamical system with state space
X and dynamic T.

Definition 0.2. We say that a set F C X is (forward or positively) invariant under T if
T(F)=F.

Example. Let X =[0,1]/0~1 be the circle and let
T(x) =3z mod 1 =3z — |3z]

be the tripling map. Clearly, the whole space X is invariant as T': X — X is surjective. On
the other hand [0, 5] is not invariant as 70, 1] = X.
Now let

o U .
F= = —:a;,€{0,2}VieN 1
{x > e 02 }\{ }
be the collection of all points in [0, 1) with ternary expansions only containing the digits 0

and 2. We now show that F' is also invariant under 7'. Note that

o0

T(F) = {T(x) o= Z;La € {0,2} Vi € N} \ {1}

i=1

S ai .
= 32§ modl:aie{072}VzeN}\{1}
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and so F' is invariant under 7. It is not too hard to show that the Lebesgue measure is 0.
(Exercise!l) Can we gain more information using the Hausdorff measure?

Notice that F' = F U {1} can be partitioned by the first digit in its ternary expansion.
It can be written as the union

F'=(3F +0)U(3F +3).

Since this union is disjoint we can use that #° is a measure?, that it is translation invariant,
and use its scaling properties to obtain the following equality:

H(F) = H(AF +0) + HY(LF + 2) =2 L H*(F).

This equality is trivially satisfied if H*(F') is zero or infinite. However, assuming that there
is an s > 0 such that H?® is positive and finite, we must have — upon division by H® — that

2 __log2

l=—<=s= .
3% s log 3

Telling us that any non-trivial “natural” measure must be log; 2-dimensional.

Remark. As it turns out the logs 2-dimensional Hausdorff measure of F' is positive and
finite and is equivalent to an important measure of the dynamical system T : F — F, the
measure of maximal entropy.

Exercise 0.1. Show directly from the definition of the Lebesgue measure that the invariant
set ' in the exercise above is 0.

1 Basic Measure Theory: Definitions and some results.

Recall the definition of an outer measure and a measure.

Definition 1.1. Let X be a set and write P(X) = {A C X} for its power set. An outer
measure on X is a set function p* : P(X) — [0,00] such that

1. p*(2) =0;
2. W (A) < p*(B) for all AC B C X;
3o (Ui Ai) <3002, wi(A;) for all countable collections Ay, As, - -+ € P(X).

Definition 1.2. Let X be a set and X be a o-algebra over X (i.e. @, X € 3, and X is closed
under taking complements and countable unions). A measure p on the measure space (X, )
is a set function p: X — [0, 00] that satisfies

1. w(@) =0;

2. pw(Usey Ai) =202, Ai for all countable, pairwise disjoint collections Ay, As, -+ € X.

2Technically, we also need to know that F’ is measurable, but let’s take this for granted now.



Remark. Relaxing condition (2) in the definition of measure to finite unions of pairwise
disjoint collections gives rise to the notion of a content.

Following Mattila [1], we will not make a distinction between outer measures and mea-
sures and agree to call all outer measures simply a measure. This enables us to speak of the
measure of any subset of X, albeit with the potential issue arising from measurability. In
fact, any measure yu gives rise to an outer measure u* by defining

w(A)=inf{u(B): ACBeX}.
Similarly, restricting u* to a o-algebra of measurable subsets gives a measure pu.
Definition 1.3. A set A C X is said to be p-measurable if
w(B)=pu(ANB)+u(B\A) forall BCX.
We will now call outer measures simply measures and drop the superscript * from our

notation.

1.1 Basic properties of measures and some definitions

Proposition 1.4. Let u be a measure on X and let M C P(X) be the family of pu-measurable
subsets of X.

1. M is a o-algebra.

2. W(A)=0=>AeMforall AC X.

3. If Ay, As, - -+ € M are pairwise disjoint, then p (Ui, Ai) = > oy w(A;).
4. If Ay, As, -+ € M then

(4;) = {’U’(ﬂ?il A if AL C Ay

C ..
I -
o p(Usmy 4i)  if Ay D Ay D ... and p(Ar) < .

i—00
Proof. The proof is left as an exercise. O
Definition 1.5. Let p be a measure on (X, d).

1. p is called regular if VA C X,3B € M with A C B and pu(A) = u(B).

2. w 1is called Borel if all Borel sets are p-measurable.

3. w is called Borel reqular if the sets B in (1) are Borel sets.

4. w is called a Radon measure if it is Borel and

(a) u(K) < oo for all compact K C X.
(b) w(U) =sup{u(K): K CU,K is compact} for all open U C X.
(c) p(A) =inf {p(U): ACU,U open} for all AC X.



Examples. The d-dimensional Lebesgue measure £% on R? is a Radon measure, as is
the Dirac measure d, at z € X. The counting measure H° is Borel regular for all metric
spaces (X, d) but Radon only if (X, d) is discrete, i.e. if all compact subsets of K have finite
cardinality.

Theorem 1.6 (Carathéodory’s criterion). Let u be a measure on (X,d). Then u is Borel
if and only if
n(AU B) = u(A) + pu(B)

for all A, B C X with d(A, B) := inf {d(a,b) :a € A,b € B} > 0.
Exercise 1.1. Prove Proposition 1.4.

Further we have the need to say when a measure converges. First, the portmanteau
theorem, which gives many equivalent definitions for the convergence of a measure.

Theorem 1.7. Let X be a metric space and % its Borel o-algebra. A sequence of probability
measures defined on (X,X) is said to converge weakly to a measure p on (X, %) if any of
the following equivalent statements hold:

o [ f(z)dun(z) — [ f(z)dp for all bounded, continuous functions f: X — R.
o [ f(@)dpn(z) = [ f(z)dp for all bounded and Lipschitz functions f : X — R.
e limsup,, ., pn(K) < u(K) for all closed sets K C X.

o liminf, o0 un(U) > p(U) for all open sets U C X.

The following result is a useful observation.

Theorem 1.8. Let u, be discrete probability measures in R®. Then there exists a subse-
quence ny such that p,, — p, where p is a Borel probability measure supported in RY.

1.2 Other useful results
We collect some other useful results that we will later in the course.

Definition 1.9. Let (a,)nen be a sequence of reals. If apim < an + ap, for all m,n € N,
we say that the sequence is subadditive. Similarly, if there exists a constant ¢ € R and the
sequence satisfies Gp i < ap~+am+c we say the sequence is quasi-subadditive with constant
c.

Lemma 1.10 (Fekete’s lemma). Let (a,,) be a subadditive sequence. Then, the limit

. anp
a= lim —
n—oo M

exists, equals inf, (a,/n), and takes values in [—00, 00).

Proof. Fix some k € N. Then, for every n € N there exists unique p € Ny and ¢ €
{0,1,...,p — 1} such that n = pk + ¢q. Using the subadditivity condition repeatedly, we
obtain

Up = Opk4q Sapk+aq Sa(p—l)k+ak+aq < - Spak+aq

and so

On _ POk g Ok 4 O

n =~ pk+q — k  pk



Taking n — oo gives p — oo and limsup,, ., %* < 9. Since k was arbitrary,

. a . ..ea . a . .a
inf =% < liminf = < limsup — < inf ok
kE k k—oo 1 booo N kE k

and the limit exists and equals the infimum. Hence we must also have a = lim, a,/n €
[—00,00) as a1 /1 is an upper bound to a and is finite. O

Corollary 1.11. Let (a,) be a quasi-subadditive sequence with constant c. Then, a =
lim, a,/n ezxists and a,, > na — c.

Proof. Note that
and so the sequence (a,, + b) is subadditive. Using Fekete’s lemma we get

. ap . apn+b . _ap+b
a= lim — = lim = inf .
n—oo N n—oo n k k

This proves the first part. The second part derives from a = infy(ax + b)/k < (ag + b)/k
and so ax > ka — b as required. O

2 The Hausdorff measure and content

To ease notation we write |U| for the diameter of a set, i.e. |U| = sup {d(x,y) : z,y € U}.
We use the convention that |@] = 0.

Definition 2.1. Let (X,d) be a metric space and let s > 0 and § > 0. The s-dimensional
Hausdorff §-content is

H;(X) = inf {Z |U;|°: X C U Ui, U; open, |U;| < 5} )
i=1 i=1
where the infimum is taken over all such countable open d-covers of X .

Notice that for increasing § > 0 the infimum is taken over a larger family of covers. Since
we are taken the infimum, this means that Hj is decreasing in §. Taking limits, we arrive
at the definition of the Hausdorff measure and content.

Definition 2.2. Let (X,d) be a metric space. The s-dimensional Hausdorff content is
Hoo(X) = Jim H5(X) = inf 35(X).

FEquivalently,

Ho (X) = inf {Z |U;1°: X C U U;,U; open} )
=1 i=1

Definition 2.3. Let (X, d) be a metric space. The s-dimensional Hausdorff measure is

H(X) = lim H3(X) = sup H3(X).
d—0 5>0



We can summarise the relations between those quantities by
HL(X) < H(X) < Hy (X) < HY(X)
forall 0 < ¢ < d < 0.
Proposition 2.4. The Hausdorff measure is a Borel measure.

Proof. The proof that H?® is a measure is left as an exercise.

We will use Carathéodory’s criterion to show that the Hausdorff measure is Borel. Let
A, B C X such that p = d(A, B) > 0. By subadditivity of measures, we only need to show
that H*(AU B) > H*(A) + H*(B).

First, for 0 < 6 < p/2 and any dé-cover U; of AU B, we claim that each covering set
U; cannot intersect both A and B. To prove this fact we assume without loss of generality
that U; N A # @&. Then there exists a € ANU; and for any = € U; we have d(a,z) < 0
since |U;| < §. By assumption any b € B satisfies d(a,b) > p. Using the triangle inequality,
d(b,z) > d(a,b) — d(a,z) > p—35 > p/2 > 0 from which the claim follows.

We may also assume that H*(AU B) is finite as otherwise there is nothing to prove. Let
e > 0 and let {U;} be a d-cover of AU B such that

H(AUB) =Y [Uil*—e= > [Ul"+ Y |Uil* —¢ > H3(A) + H3(B) — =
i=1 1€N €N
U;NA#£D U;NB#Q

Letting § — 0 gives
H(AUB) > H*(A) + H*(B) —e.

However, since € > 0 was arbitrary, we get the required result. O

Remark The Hausdorff content is unfortunately misnamed as such and is — in fact — not
a “proper” content. However, it is a measure albeit with the caveat that the family of
measurable sets is fairly small.

An illustrative example is the set F' = {(z,y): 2 € [0,1],y € {0,1}} = LU (L + (0,1))
which are two copies of the unit line, translated. One can show that Hl (L +t) = 1,
independent off the translation ¢ € R?, whereas F' can be covered by an (open) square with
sidelength 1 + ¢ for any . This gives

HA(F) < V2 < 2= HL (L) + He (L + (0, 1)).

We collect some more properties of the Hausdorff measure.

Proposition 2.5. Let (X, d) be a metric space. The Hausdorff measure satisfies the follow-
mg:

1. If H*(X) = 0 for some s > 0, then H'(X) = 0 for all t > s.
2. If H*(X) = oo for some s > 0, then H'(X) = oo for all 0 < t < s.
3. There exists at most one s € (0,00) such that H*(X) € (0,00).

Proof. The proof of this theorem follows from monotonicity type property.



We show that H*(X) < oo implies H'(X) = 0 for all t > 5. Let £,6 > 0 and let {U;} be
a countable open §-cover of X such that

H(X) <) U <H(X) +e.
€N
Let t > s, then
H5(X) < Y [U" = (U070 = 3 (OO ™" < D0 Ul < 877 (H(X) +e).
ieN ieN ieN €N
Letting § — 0 gives the required H'(X) = 0, which proves cases (1) to (3). O

While we always have that the Hausdorff content is a lower bound to the Hausdorff
measure, the content is zero precisely when the measure is zero.

Proposition 2.6. Let (X, d) be a metric space. The Hausdor{f measure and content satisfy:
H(X)=0e H (X)=0.

Proof. Since H: (X) < H*(X) we only need to show that HZ_(X) = 0 implies zero Hausdorff
measure. But zero Hausdorff content means that for every € > 0 there exists a countable

cover {U; }ien such that
Z |UZ‘S < €.

€N
But then {U;} is an e'/*-cover and H/,,.(X) = H*(X). But since ¢ > 0 was arbitrary, upon
taking limits we get H*(X) = 0. O
Observe further that for bounded spaces X, the Hausdorff content is always finite, since
Hi(X) < diam(X)®.
From the results above, we see that the Hausdorff measure and content have a “jumping”

characteristic, with a point of discontinuity for H°. This unique value where the measure
jumps from oo to 0 is known as the Hausdorff dimension of the space X.

Definition 2.7. Let (X, d) be a metric space. Its Hausdorff dimension dimpy is given by

dimg X =inf{s > 0: H*(X) =0} =sup{s > 0: H*(X) = o0}
=inf{s>0:H(X)=0} =sup{s > 0:H (X)>0}.

2.1 Computing the Hausdorff measure and content

It is generally very difficult to precisely compute the Hausdorff measure and content at the
critical component and we often have to contend ourselves with approximations. Most often
we will only require knowledge of whether the Hausdorff measure is positive and finite.

To give upper bounds, the most effective approach is to explicitly construct coverings.

Examples We will consider the unit line L = [0,1] (as a subset of R), the unit circle
St = {x : |z| = 1} (as a subset of R?), and the Cantor set

C—{xe[O,l]:x—igj,aie{O,Q}.}

=1



(as a subset of R). We give upper bounds to the Hausdorff content and measure. Since all
sets are bounded, we can obtain the (perhaps trivial) open covers of (—e,1+¢) D L for all
€ > 0. This gives H3 (L) < (1+2¢)®* - 1 as ¢ — 0. Hence H. (L) < 1.

Similarly, we can cover S! with the open disc {z : |z| < 1+ &} giving H5 (S') < (2 +
2¢)* — 2° as € — 0. Note that this gives H. (S') <2 < 27 = £}(S").

Finally, since C C L, we get the bound H*(C) < 1.

To give an upper bound for the Hausdorff measure we will need a family of covers whose
diameter goes to zero. Very heuristically, this is achieved by taking n intervals of length
(1+4¢)/n for L and taking 7n balls centred on S* of radius 1/n for S'. For s = 1 these give
HY(L) <1 and H'(S') < 27 as one would expect.

For the Cantor set, we can cover it by using the construction intervals. That is, it can
be covered by 2™ intervals of length 1/3™. Hence

Hi 00 (€) < 203 = (2/3°)"
For s = log3/log2, this gives an upper bound of H*(C) < 1. For small s the expression
diverges to oo, for large s it goes to zero.

Obtaining good lower bounds is made much more difficult by having to consider all
possible coverings. Instead we will prove and use the following powerful result, known as
the mass distribution principle.

Lemma 2.8 (Mass distribution principle). Let (X,d) be a metric space, let s > 0 and let
E C X be a bounded non-empty set. Let p be a finite and positive Borel measure® supported
on E which satisfies

w(B(z,r)) < Cr®

for some universal C' > 0 and all x € E and r > 0.
Then, H3 (E) > p(E)/C and so dimg E > s.

Proof. Let {U;},cy be a cover of E. Since E is bounded we can also assume |U;| < co. Let
x € U;NE and set r; = |U;|. Then, U; C B(z;,r;) and

u(Us) € w(B(zi, i) < Cry = ClUJ° (2.1)
by monotonicity and our assumption on the size of p. Then

>l ZZ“(g”) > éu (U Uz-) > @

i€EN 1€EN

by (2.1) and subadditivity of p. Since the covers were arbitrary, taking the infimum over all
covers gives the required result. O

Remark The estimate above may be improved if every U; is contained in a ball B(z;,r;)
of radius less than the diameter of U;. For example, for convex bounded subsets E C RY,
each U, is actually contained in a ball of radius |U;|/2. In this setting, the bound on the
Hausdorft content maybe be improved to H: (E) > (2°/C)u(E). As we shall see both of
these bounds are “optimal”.

3We do not use the Borel property in the proof here and only use the (outer) measure properties of p.
The reason that it appears is because of a converse to this lemma that we will see later.

10



Examples For the line L we take p to be the Lebesgue measure restricted to L. Then,
w(B(z,r)) < 2r° for all z € L and r > 0, giving C' = 2. Using the MDP gives H. (L) >
w(L)/C = % However, since L is convex we may also use the “improved” version, giving
HL (L) >2'u(L)/2 =1 and thus H' (L) = H. (L) = 1.

For the unit circle we can use p to be the one dimensional Lebesgue measure sup-
ported on the circle, (i.e. the arclength). Considering balls centred on S' one can show that
w(B(z,r)) = 4arcsin(r/2) for 0 < r < 2 (details omitted). Considering 4/r arcsin(r/2) we
can derive that C' = 7 is optimal. The MDP gives H._(S') > u(S')/C = 2x/7 = 2 giving
H! (S') = 2 when combined with our earlier upper bound. This shows that the constant in
the MDP is optimal for generic sets.

To show that the Hausdorff measure is 27 we can split the circle into disjoint arcs and
use the MDP on each of those circles (with its most optimal bound). Details are omitted,
but do give it a try!

Finally we consider the Cantor set C. We construct a measure p iteratively, giving
each construction interval at construction step n measure 1/2". (Details in class) This
construction gives a Borel probability measure on C, details are left as an exercise. Now let
x €C, s =1log2/log3 and r > 0. Without loss of generality we may assume r < 1/2 (as
otherwise C C B(x,r)). Let n be such that

3=t <y <37,
Then B(x,r) is contained in a level n construction element which has weight 1/2",
w(B(z,r)) <27 = (3%)7" = (37")° = 3% = 212,
Using the MDP with C' = 2 gives H._(C) > u(C)/C = 1/2.
Exercise 2.1. Show that the set function u constructed in the example is a Borel measure.

Exercise 2.2. Show, using an appropriate strengthened form of the MDP that the Hausdorff
content and measure of the Cantor set for s =log2/log3 is actually equal to 1.

Exercise 2.3. Give examples of compact sets such that H*(E) = oo and H*(E) = 0, where
s is the Hausdorff dimension of E.

The Hausdorff is easily seen to be invariant under isometries as it is defined completely
in terms of distances. However, we have yet to prove the “proper” scaling invariance.

Proposition 2.9. Let (X,d), be a metric space with subsets E,F C X. Let f : E — F be
a bijection such that

d(f(x), f(y)) = c- d(z,y)
for all x,y € E and some fized ¢ > 0. Then H*(F) = ¢* H*(E).

Exercise 2.4. Prove Proposition 2.9.

We have shown that the value of the Hausdorff content and measure are related (recall
positivity). However, if we know that a set F' has equal measure and content, we can say
more.

Theorem 2.10. Let (X,d) be a metric space and let F C X be a H®-measurable set with
HP(F) = Hi (F) < 0o. Then, for all H® measurable E C F, we have H*(E) = H: (E).

11



Proof. By measurability
H(E) =H(F) = H (F\ E) < H(F) = H3(F\ E).
But F=FEU(F\ E), and so
H(F) S HL(E) + HI(F\ E)

and H*(E) < Hoo(E), completing the proof. O

2.2 More general Hausdorff measures (bonus?)

The choice of looking at the diameter of sets raised to a power, i.e. the |U;|° appearing
in the Hausdorff measure is inspired by the “normal” geometric behaviour that sets in R
exhibit. However, we need not have restricted ourselves to this. Given any increasing
g :]0,00) = [0,00) with g(0) =0 we can define

HJ(X) = inf {Zg(|Ui|) : U; is a d-cover of X}

€N

letting HY and HZ, be the natural limits in 4.

These general Hausdorff measures and contents can be useful in more abstract metric
spaces (such as those arising in random geometry) and differentiate behaviour for decay
behaviour that is “slower” than polynomial.

Many results extend to these general Hausdorff measures, and there is a natural analogue
of the mass distribution principle.

3 Covering Lemmas

Clearly, coverings are important to understand the Hausdorff measure and content of a
space. But even more generally they are crucial to understanding metric spaces and allow
us to analyse structures and extrapolate notions such as differentiability to “rough” metric
spaces. We will get to see several covering lemmas in this section, the simplest being this
finite covering lemma.

Lemma 3.1 (Finite Vitali Covering Lemma). Let B = {B;} be a finite collection of closed
balls in (X,d). There exists a subcollection B' = {B;} C B such that all B(z,r) € B are

mutually disjoint and
UsclUss' = J Bl3r).
B(zj,rj)eB’

Proof. The proof is constructive. Let j; be such that B;, = B(z;,,7;,) has the largest of all
radii in B choosing arbitrarily if there is more than one. By induction we choose a disjoint
collection of balls. Assuming we have found a disjoint collection of balls B;, UB;, U...B;,,
we choose Bj, ,, to be the largest ball in B that is disjoint from By, U---UB;,. We terminate
the process once there is no such ball left.

To show that the enlargement contains | J B, consider an arbitrary ball B; € B. If B; € B
we are done, so assume the contrary. But then B; must intersect a ball B; € B’ with no
smaller radius as otherwise B; would be a member of B’. Hence B;NB; # @ and the triangle
inequality implies that B; C 3B;. This proves the lemma. O

12



The proof for arbitrary collections is similar, but requires the axiom of choice (i.e. well-
orderings).

Lemma 3.2 (Vitali 5r-Covering Lemma). Let B be an arbitrary collection of balls in a
metric space (X,d) with diameter uniformly bounded above. Then there exists a disjoint
subcollection B' such that for every B € B there exists B' € B' with B C 5B’.

Proof. We partition B by size of balls and write B,, = {B(z,r) € B: 27" < r < 27"} for
n € Z. By the boundedness of the balls there exists N € Z such that B,, = @ for all n < N
and By # @.

We define B’ inductively. Set Ay = By and let B}, be a maximal disjoint subcollection
of Ay (this requires the Axiom of choice). Having defined A,, and B,,, we define

Ani1={B€B,y1:BNB =g forall B € Byu---UB,}

and let 8], ; be a maximal disjoint subcollection of A, 1.

Let B = UneN0 B.,. Tt remains to show that B’ satisfies the assumptions. Clearly, by
construction, B’ is a disjoint family of balls. Consider an arbitrary ball B € B. There exists
n such that B € B,, and we may assume B is not contained in B, as otherwise there is
nothing to prove. There are two cases to consider: either B ¢ A,,, in which case there exists
B’ € ByU---UB,_, such that BN B’ # @ and as diam B’ > diam B we have B C 3B’. The
other case happens when B € A,, where B is part of the new collection of smaller balls but
is not in the maximal disjoint subset and there exists B’ € B], such that BN B’ # &. Since
diam B’ < 2diam B, the triangle inequality gives B C 5B’. This proves our claim. O

Remark. If (X,d) is separable, the cover can be taken to be countable. In fact for metric
spaces, the following are equivalent notions: X is separable, X is second countable, X is
hereditarily Lindelof.

Remark. For bounded doubling spaces, we may assume that each of the B, are finite
as the doubling property implies that we will eventually “run out of space” for too many
disjoint balls of the same size. Since RY is doubling, we can for bounded subsets assume
that the countably many balls in B’ can be sorted in decreasing order.

Remark. The balls can also be replaced by “reasonable” closed and bounded subsets of
X, such as convex sets, defining their 5r enlargements in a natural way..

3.1 Vitali’s covering theorem for the Hausdorff measure

We can use the 5r covers mentioned above to create a countable cover that approximates a
set up to negligible Hausdorff measure. We first define the notion of a Vitali cover.

Definition 3.3. Let E C X for some metric space (X,d). Assume V is a family of sets
such that
supinf {|B|:z € Be€ V} =0. (3.1)
z€A
We say that V is a Vitali cover of A. If V is a collection of open/closed balls in X, we say
V is an open/closed Vitali cover of A.
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Theorem 3.4. Let s > 0 and let V be a closed Vitali cover of E C R?. Then there exists a
countable, disjoint subcollection V' CV such that either

n(E\ |J Bi| =0 (3.2)

B;eV’

or

Z |Bi|* = o0. (3.3)

B, eV’

Proof. First assume E is bounded. Let V' = {B;} be the disjoint 5r cover constructed in
Vitali’s covering lemma. If V' is finite, we must necessarily have F C J B, Bi and (3.2) is
immediately satisfied. Hence we may assume )’ is countably infinite and B; can be indexed
by i € N. Further, since E C R? is bounded we may assume that | B;| is decreasing in i. We
may also assume that Y-, |B;|* < oo as otherwise (3.3) applies.

Let k € N and note that R?\ Ule B is open. Thus, for all z € R\ Ule B; there must
exist a ball B € V that contains z, and is of diameter at most that of By. Now B must
intersect at least one ball B; € V' of diameter in-between that of By and B (as otherwise it
would have been picked in V). Hence j > k and

k 00
E\x|UBic |J B
1=1

i=k+1

Temporarily fix § > 0 and chose k such that |5B;| < ¢ for all i > k. Clearly, k — oo as
0 — 0. Then, putting it all together,

M (E\GBZ-) <M <E\OBZ->

i=1 i=1
< H; < U Bi>
i=k+1
< D HIBI
i=k+1
Since the sum is finite, letting § — 0 gives H* (E \ ;2 B;)=0, as required. O

Proposition 3.5. Let £ C R? be a Borel set. Let 1 be a finite Borel measure on R? and
let 0 < c < o0.

1. If limsup,_,, M <c for all x € E then H*(E) > u(E)/c.

2. If limsup,_,, wB@r) > ¢ for all x € E then H*(E) < 2°u(RY) /.

s

Proof. Statement (1.) follows from the mass distribution principle since p(B(z, 7)) < (¢ +
€)r® holds for all £ > 0 for small enough r > 0. Details are left as an exercise, see below.

Proof of statement (2.). Let €, > 0 and let V be the collection of closed balls B(x, )
for x € E and 0 < r < 4 such that u(B(z,r)) > (¢ — &)r®. It can easily be checked that V

14



is a closed Vitali cover of E for all 6. Hence, using Vitali’s covering theorem, there exists
V' C V which is countable and pairwise disjoint such that

H* (E\ U B) =0 or > |[B]'=cc.

BeV’ Bey’

We divide into two cases and first consider the diverging sum case:

o= > [Bf=2" >

BeV’ B(z,r)ev’
25
< o,
S Z w(B(z,1)) (by definition of V)
B(z,r)ev’
29 e
= i ( U B) (by additivity of Borel measures)
€-e BeV’
29 d
< R)
T c— 5” (

and so p (Rd> = 0o and the conclusion holds trivially.
The second case is similar, noting that V' depends on the choice of € and 6.

H(E) = H® (E\ U B>+7—LS (Em U B)

BeV’ BeV’

=H* (E N U B) (since the first term is 0)
BeV'

< Tlim s < Tim o s
_11%1551f%5<u B)_llgl_}l(f)lf Z 25

BeV’ B(z,r)ev’

28 2

< limi : < (d)

*lgl—}(r)lfc—s M<UB>C—€M R =
BeV’

Exercise 3.1. Prove Statement (1.) in Proposition 3.5.

3.2 A Vitali covering theorem for Radon measures

One can also give a Vitali covering theorem for Radon measures which, unlike the Hausdorff
measure, are finite for all compact sets. We will not prove the following statements, but
note that they are important in the study of geometric measures and generalise (to some
extend) the last couple of statements.

Theorem 3.6. Let i be a Radon measure of R?. Let A C R? and V be a closed Vitali cover
of A. Then there exists a subcollection V' C V of disjoint balls such that

u(A\ U B):O.

BeV’

Proof. A proof can be found in [1, Theorem 2.8]. O
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Similarly we can study measures relative to each other by looking at local measure ratios.
This is in analogy to Proposition 3.5.

Proposition 3.7. Let i and v be Radon measures on RY. Let 0 < ¢ < 0o and A C RY.

1. Ifliminf, o % <c forallx € A, then u(A) < cv(4).

2. If limsup,_,q % > ¢ for all x € A, then pu(A) > cv(A).

4 Cookie Cutters

In this section we will study a simple dynamical system which has a “fractal-like” invariant
set, but is not linear as the earlier examples were. That is, the invariant set is not self-similar
in its strictest sense.

The system we consider acts upon a closed interval X C R. Let X be a non-empty closed
interval and let X; and Xs be disjoint subintervals of X. Let f be a dynamic such that
f:X1UXs — X such that f|x, and f|x, are both bijective. We will further assume that
f is twice differentiable and that |f'(z)| > 1 for all z € X7 U X». Note that the closedness
implies the crucial fact that the derivative is bounded away from 1 uniformly on X; U Xs.
We write f* for the k-th iterate of f.

Consider the points that never leave X7 and X5. That is, the points

E={zeX: ffz) e X1UX, forall k € N}.

The set is invariant under f, i.e. E = f(E) = f~1(E) since = € E if and only if f(z) € E.
Similarly, any € X \ E must, by definition, be eventually be mapped outside of X; and
X,. As such, E is the “largest” invariant set. Since it is contained in the preimages f~*(X),
which is a decreasing collection of compact sets, E mus be compact itself.

We can equivalently see the set arising as an attractor of an iterated function system.
Let Fy,F5, ..., Fyx be a finite collection of strict contractions on R?. Then there exists a
unique, compact subset X C R? such that

called the attractor of the iterated function system (IFS) {Fy,...,Fy}. This fact holds,
because X +— Ufil F;(X) is a contractive map on the metric space K(R?),dy), the space
of all compact subsets of R? with the Hausdorff metric. An application of the Banach fixed
point theorem shows that there is a unique point in K(X) (i.e. a unique compact subset)
that is fixed by this operation.

In our case, the contracting maps are given by the two inverse branches of f, that is the
inverses 1 = (f|x,)"! and Fy = (f|x,)”!. Since E is a compact set invariant under f, it
must also be invariant under the IFS {F}, F5} and hence it is the unique attractor.

We will index the images of X under the IFS by sequences of 1s and 2s. We write
I, =1, Q}k for all sequences of length k. For sequences i € I of length k, we write

X :Xlltzlk = Fil OFiQ O"'OFik(X) = FI(X)

We may further have need to refer to all finite words, which we denote by I, = {1,2}" =
U?;O I, where Iy consists only of the empty sequence. We can iterate the construction and
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see that X; D X1 U X; 2. In fact, we can approximate the attractor E by their images
under Fy and Fy. We define E), = UiE 1, X1 which is the union of 2F disjoint closed intervals.
Clearly E C Ej C Fy_1 for all k£ and it can be shown that E; — E in the Hausdorff metric
sense.

A simple example of a dynamical system is f(z) = 3z mod 1, where X; = [0,1/3] and
Xy = [2/3,1]. Equivalently, Fi(z) = z/3 and Fa(x) = 2/3+2/3 with X = [0,1]. The arising
set is the Cantor middle third set, which we have seen before. However the construction
is much more flexible and we can use nonlinear maps such as Fy(z) = z/3 + \/z/10 and
Fy(x) = 2/3 + sin(x) /20 + exp(x/20)/10 + 2/3 with X = [0, 1], as long as the conditions of
contractiveness (or expansiveness for f) and differentiability is guaranteed.

4.1 Bounded distortion

Bounded distortion makes the notion of “self-similar up to some distortion” more concrete
by stating that small neighbourhoods are uniformly bounded away from an exact similitude.
We will first show that concept of bounded distortion in a general way before applying it to
the cookie cutters.

Let ¢ : X7 U X5 — R be a Lipschitz function, satisfying

[¢(z) — o(y)| < clz -y
for some ¢ > 0. We are interested in evaluating ¢ at the iterates of a point  and we define

k—1

Skp(z) = ¢(x) + ¢(f(2) + (f7(2)) + - + (S (x)) = D d(f/ (2)).

Jj=0

This is certainly defined whenever x € FE, but we may also more generally assume that
x € X; for some i € I}.

The principle of bounded variation states that Si¢(z) does not vary much with z in a
uniform sense.

Proposition 4.1 (Principle of bounded variation). Let ¢ : X — R be a Lipschitz function.

1. There exists a number b such that for all k € N and all i € I}, we have

|Ské(z) — Sko(y)| < b
for all z,y € X;.

2. More generally, for all ¢ > k and all 1 € I, we have

Sk (x) = Sko()] < bIX 7 Xi s,
forall x,y € X;.
Proof. Repeatedly applying the inverses F;, we have, for all 1 € Ij.
| Xs| = [Fiy 0+ 0 Fyy (X)] < e X1,

where cpax = max;eqy,2y Maxgex |Fj(z)] < 1. Now if z,y € X; then flz, fly € X;
and

JH1-Tk

|¢(fjx) - ¢(ij)| < C|fjl‘ - f]y| < C|Xij+1---ik| <c Cfnax|X|
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Thus,

k—1 k—1
|Skp(x) = Sko(w)| = D o(fx) =Y 6(fy)

§=0 §=0
k—1

< S 16(f92) - o(f7y)|
7=0
k—1

< C’Cmax|X| < ¢ cmax|X[/(1 — emax)
7=0

which proves the first statement with b = ¢ cpax|X|/(1 — cmax)-
The second statement is similar and follows upon noting that for xz,y € X;, then
flz, fly € X; and

1]‘+1...’iq
‘¢(fjx) 7¢(ij)| < C'Cfn;i|Xik+1---iq|' O
An alternative form of the first statement is

e (Si6) _
= oxp (Sko(y)) =

which will come in useful later.

We will now consider the special function ¢(x) = —log|f'(z)|. It is easy to verify that
¢ is Lipschitz on X7 U X5. The function is chosen to represent the geometric size of subsets
of X. Using the chain rule repeatedly we obtain

(¥ (@) = f/(f* ) - f1(F5 %) f ()
and taking logarithms we obtain

k—

k—1
—log |(f*)'( Z log|f'(f12)] =Y ¢(fx) = Ske(x).

=0 =0

The mapping f* : X; — X for i € I is a bijection with the additional property that it is
bi-Lipschitz with constant close to |X;|. This is encapsulated in the principle of bounded
distortion.

Proposition 4.2 (Principle of bounded distortion). There exist constants by and by such
that for all i € I, and k € N we have

bo " < 1X[I(F5) ()] < bo
for all x € X;. Moreover fk 1 Xi — X satisfies
bty — 2 < |5 (y) — P11 X < buly — 2|
forally, z € X;.

Proof. Recall that X; = F; o---0 F;, (X) and so f¥ : X; — X is a twice differentiable
bijection. The mean value theorem gives that for every x,y € X; there exists z € X; such

that
FE@) = y) = (@ —y) (5 (2).
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We may chose x,y to be the endpoints of X;. Then
1X| =X /[(5) ()]
for some z € X;. The bounded variation principle further gives

()" (w)]

e—b<7<eb

) (w)
for all u,w € X;. Combining these estimates proves our statements above. O

We may also need to you the equivalent form in terms of the inverse branches of f¥,

X
| | < by.

bt <
O T (Fyo0F,) (x)]

Note that in the special case of similarity mappings the contractions have constant derivative
and
‘Xl| =Cij; Ciy -+ Cik|X|;

where ¢; = F] is the contraction ratio of the similarity F;.
Recall that we needed separation in Caratheodory’s criterion and we can prove a sepa-
ration condition using the last proposition

Corollary 4.3. Let E be a cookie-cutter set and let d = dist(X7, X2) be the distance between
the two disjoint intervals.

1. For all i € I,
dby M X | < dist(X50, Xi2) < [ X5
2. Let \ = dbl_lcmin. Foralliely, ifx € XsNE and | X;| <r < \Xi|c_1 then

min’

B(z,Ar)NE C X; NE C B(x,r).

Proof. Left as an exercise. O

Exercise 4.1. Prove the corollary above.

4.2 “Almost” self-similar sets

We can use the principle of bounded distortion to prove forms of self-similarity that will be
useful later.

Corollary 4.4. Let E be a cookie-cutter set. Then there are c,rg > 0 such that for all
B = B(x,r) withx € E and 0 < r < rq there exists mapping g : EN B — E with

clr e —y| < gx) —g)| < er o —y| forallz,y € ENB.

Heuristically, this means that every ball of E is a not too small and not too distorted
subset of E itself.

The following corollary can be considered a ‘dual’ to the one above. It essentially states
that every ball in E also contains a not too small and not too distorted copy of E.

19



Corollary 4.5. Let E be a cookie cutter set. Then there are c,rg > 0 such that for all
B = B(z,r) withxz € E and 0 < r < rq there exists a mapping g : E — E N B with

e —y| < gla) — g(y)| < erlz —y.

As it turns out, the latter property will be more useful as an assumption for general sets.
The former property is essentially too restrictive as every ball needs to be contained in F
(after rescaling) but the latter condition means that the set is only contained in every ball,
which does not exclude the set to have more points.

Exercise 4.2. Prove the corollaries above.

5 Thermodynamic formalism and Pressure

Recall that we could deduce the dimension formula for the Cantor middle-third set from it
“linearity”. More generally, we say that a compact, non-empty subset of R? is self-similar
if it satisfies

for some similarities f;, i.e. those maps for which |f;(z) — fi(y)| = ¢z — y| for some
¢; € (0,1). Equivalently, f;(z) = ¢;O0;x + t;, where O; is an orthogonal matrix and t; is a
translation vector in R“.

If the images f;(E) do not overlap, we can guess (as before) that the Hausdor{f measure
is positive and finite to get an expression for the dimension:

n

HH(E) = YW (F(E) = Y (@) H (E)

and so > . (¢;)® = 1. The unique value for which this holds is called the similarity
dimension of E. The similarity dimension is always an upper bound to the Hausdorff
dimension, irrespective of whether images f;(F) overlap and is sharp whenever the images
are pairwise disjoint, see exercise below.

In this section we will develop a systematic approach for the above for non-linear attrac-
tors and repellers. We will develop these for cookie-cutter sets only, though the methods
will apply in much greater generality.

Exercise 5.1. Show that the similarity dimension is unique. That is, given any finite,
positive number of contractions with contraction ratios ¢; € (0,1), there is a unique solution
to

n

D) =1

i=1

Exercise 5.2. Show that the Hausdorff dimension of a self-similar set is bounded above by
the similarity dimension.

Exercise 5.3. Let E be a self-similar set with mappings f;. Assume that f;(E)Nf;(E) =@
for all i # j. Using the mass distribution principle and a suitable measure, show that the
Hausdorff dimension is equal to the similarity dimension.
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5.1 Cookie-cutter thermodynamic formalism

We recall some notation from the previous section. Let X be a real closed interval with
disjoint sub intervals X; and X5. Let f : X; U X2 — X be an expanding mapping with
continuous second derivative with f|x, and f|x, bijective. There exists a repeller E which
is also the unique invariant set £ = |J,_, , Fi(E), where F; = (f|x,)™".

Let ¢ be a Lipschitz function ¢ : X3 U X, — R. That is,

lp(z) — p(y)| < Clz —y|

for all z,y € X3 U X2 and some uniform C > 0. The bounded variation theory from last
section applies. So, writing

k-1
Skp(x) = Z(p(fj(x)) for z € U X;
j=0 i€l

there exists b > 0 such that

Sep(@) — Sep) <b = o < DPER@)

~ exp(Skp(y))

forall z,y € X;, i€ Iy, ke N.
An appropriate choice of ¢ will lead us to the dimension formula. However, we will
develop the theory for general Lipschitz ¢ first.

Our next goal is to find a measure p on E such that

w(Xi) ~ exp(Skp(x)) exp(—kP(p))

for all i € I and z € X;. Such a measure (if it exists) is called a Gibbs measure with poten-
tial ¢. The constant P(y) that only depends on the potential ¢ is called the (topological)
pressure of the potential .

Theorem 5.1. For allk € N and i € Iy, let x; € X;. Then the limit

.1
P(p) = lim % log Z exp Skp(xi)

k—o0
iely

exists and does not depend on the x; € X; chosen.
Further, there exists a Borel probability measure p that is supported on E and a constant

ag > 0 such that
1 1(X3)
— < <a
ag ~ exp(—kP(p) + Spp(w)) ~
forallk e N, i €Iy, and x € X;.

Proof. Fix w € E. Note that

Siam@(2) = Spp(2) + Smp(f*(x)).

Taking exponentials and summing gives

Y. edSimel@) = Y exp(Spe(x)) exp(Smep(fF(2)))

z:fktmae=w T fRtm(z)=w
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— Z Z exp(Ske(x)) exp(Sme(2))

zifz=w x:fhkr=z
<e > > exp(Skp(x)) exp(Smep(2)).
zifz=w x: fRr=w
Writing sy, = Zm:fkm:w exp(Spp(x)), we get Spym < €’spsm,. Similarly, one can give a lower
bound and we see that si is quasi-multiplicative:

e_bsksm < Sktm < ebsksm.
Taking logarithms gives
log sy, +1log sy, — b < log Sk4m < log sk + log s, + b

and using Fekete’s lemma (see Lemma 1.10 and Corollary 1.11) there exists

c¢= lim € [—00,00)

el klog sy

satisfying log s; > k¢ — b. Similarly,
—log skm < (—logsk) + (—logsm,) +b
giving
-1
—e= lim —1 _
c= lim ——logsy € [—00, 00)

and —logsy > —kc — b. Hence ¢ € (—o0,00). Note that for this particular choice of x;,
¢ = P(p). The argument above can be sufficiently altered to make the choice of x; arbitrary,

see Exercise 5.4.
Combining the bounds on s, we get

e exp(kP(p)) < s < € exp(kP(p)) (5.1)

We now construct a measure p by defining discrete measures p,,, and taking their limit. For
any A C R we define

pm (A) = P~ Z exp(Smp(x))
m z€A: fm=w

Equivalently, it is giving each of the 2™ many images z; = F;, o--- o F; (w) a normalised
weight given by exp(S;,¢(zi)). This clearly makes p,, discrete as well as a probability
measure. Hence a subsequence of pu,, converges weakly to some Borel measure p with
support on F, see Theorem 1.8.

For any X; with i € Iy for k < m we have

in(X) = Y exp(Smela))

S
m zeX;:fmr=w

= si Z exp(Skp(x)) exp(Sm—_re(f*(2))).
m rzeX;: fmr=w

Letting y € X; be arbitrary we get

1
lum(X) < —ep(Ske) D exp(Smokp(2)) < pm(Xy).
m zeEX: fm—k=q
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By definition of s,,_,

k

et (X1) < exp(Skp(y) E < ehp(Xs)

m

and as Sy, = Sk+m—k ~ SkSm—k;

1
e 2 (X;) < o exp(Ske(y)) < € pim (X3)

which holds for all m > k, so in particular,

e < s p(X3) < 2,
exp(Ske(y))
Finally we use (5.1) which gives
—3b p(Xs) 3b
e < <e
~ exp(Skp(y) —kP(9)) T
as required. O

Exercise 5.4. Complete the proof above by showing that the points x; are indeed arbitrary

5.1.1 Generalisations

While we have restricted to one-dimensional dynamics with only two expanding maps, the
study above can be extended to much larger families of maps.

Topological pressure Recall that the points x; were chosen arbitrarily. For more general
mappings, the expression may however depend on the point chosen. Usually, the points x;
are taken to be the fixed points of the map under iteration. Since for every i € I there is
a unique z; € X; such that

Fil (O OFik(xi) =i < fk(l'i) = T

we may choose to define the pressure over the 2* fixed points of f¥,

Plo) = lm = 3 exp(Suple).

k—o0
zeFix(fF)

Apart from its capability as a definition when the expression is point dependent, it avoids
referencing X, which could be cumbersome.

Potentials Throughout we assumed that the potentials were twice differentiable with
continuous derivative. However, it suffices for the maps to be C'*¢. That is, the maps are
differentiable, with Holder continuous derivative.

Expanding maps Similarly, the mapping itself only has to be C'*¢ on a suitable (e.g.
convex, open domain). In some cases it may be easier to define the mappings in terms of
(potentially overlapping) inverses F;. The minimum assumptions to use the above results
with minimal alteration are that the F; : RY — R? are contracting, with (absolute) derivative
uniformly bounded away from 0 and 1 on an open convex domain. In higher dimensions we
have to assume that the derivative is a similarity, which also implies conformality (angle-
preserving).
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5.2 Dimension theory of cookie-cutters

In this section we will explore what we can learn about the dimension theory of attrac-
tors/repellers arising from cookie cutter systems. We will do this by trying to find a po-
tential such that the associated Gibbs measure behaves like the Hausdorff measure on the
repeller. That is, we want to find potential ¢ such that the Gibbs measure y associated with
that potential is equivalent to H®|g, where E is the cookie cutter set and s = dimpy E.

5.2.1 The upper bound

First note that the Hausdorff measure can be approximated from above through images of

the attractor. That is,
3(E) < ) diam(X;)*
iely

if k is large enough such that diam(X;) < § for all i € I. This gives

S(E) < limint S | X, ]°. 2
H()_lggg;_ez;ll\ (5.2)
iely

Observe that X; is comparable to - (F;, o F;, 0+ -0 F;, (2)) and define ¢(z) = —slog|f'(z)|.
The pressure becomes

k—1

P(=slog|f']) = lim % log > exp [ =Y slog|f'(f7(x1))|

i€l 7=0

= lim 1o 317

i€l

1
lim —1 Xil°.
Jn log 2 14

iely

This looks similar to the Hausdorff measure bound in (5.2) and in fact,
D X[ ~ exp(kP(—slog |f'(z)])).
iely

This shows, that we want the pressure to be zero for the associated Gibbs measure to relate
directly to geometric sizes. Before we show that the s for which the pressure is zero also
gives the Hausdorff dimension of the set, we need to establish a few intermediate results.

Lemma 5.2. For s € R and § > 0 we have
—dmg < P (—(s+06)log|f']) = P (—slog|f']) < dma
where

0<my:= mf log |f'(x)| < sup log|f'(x)| = ma < o0
X1UX5 rzeX1UX>2

Proof. For § > 0,

k—1

1

glog E exp E (s + ) log [ f/(f7 (21))]
7=0

i€l
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k—1

1 .
< log | > exp | = slog|f/(f(x1))] exp(—0kma)
i€l 7=0
1 k—1 )
< log Y exp | =) slog|f/(f/(x0))] | —omi.
iely 7=0

Taking limits we obtain the upper bound. The lower bound proof is similar and omitted. [

Corollary 5.3. P, = P(—slog|f'|) is strictly decreasing and continuous, Py — —oo as
s — 00 and Py — 00 as s — —oo. Further, Py = log2 and hence there exists a unique s > 0
such that P, = 0.

Proof. The proof is left as an exercise. O

Theorem 5.4. Let s be the unique solution to
P(=slog|f']) = 0.
Then, dimg E = s and H*(E) € (0,00). Further, H® |g is a Gibbs measure, i.e.
X <HI(ENXS) < o X
foralli € I, and k € N.

Proof. Letting s be the unique solution for zero pressure and taking the potential ¢(x) =
—slog|f'(z)| we obtain a Gibbs measure u satisfying

—1 N(Xi)
O S olSe@) =

By the chain rule,
w(Xy)

— < (.

|(F*) ()]~

— 1(Xi)
Oyt <
2T X
Using the bounded distortion condition, every B(x,r) with z € E and r > 0 contains a “not
too small” cylinder set X;. That is, there exists ¢ > 0 such that for all z € E,0 < r <
diam(E) there exists k € N and i € I}, such that |X;| > ¢r and X; C B(z,r) N E. Hence,

crt<

and

< Ch.

CS

Cy

S

w(B(z,r) N E) > u(X:) > Cy Y X |* > —r°.

Similarly one can show that p(B(z,7)NE) < Csr® for some C3 > 0 [Exercise]. We conclude
that there exists a measure p and constant Cy > 0 such that

C’ers < u(B(z,r)NE) < Cyr.
Using Proposition 3.5 we immediately get that
H(X3) = p(Xy) = | Xy

which proves the theorem. O
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6 Quasi self-similar sets and their Hausdorff measure

Recall that we proved that cookie cutters have the property that every small ball centred
on them contains a not too distorted copy of the entire set, which is not too small. We will
make a property out of this condition and call sets that satisfy it quasi self-similar.

Definition 6.1. Let E be a non-empty compact subset of RY. Let D > 0 and suppose
that for every closed ball B(x,r) with x € E and 0 < r < |E| there exists a mapping
g: E— EnNB(x,r) such that

D™ 'rlz —y| < [g(z) — g(y)| < Dr|z —y|

for all z,y € E. We say that E is quasi-self-similar (QSS) with distortion D > 0.

6.1 Upper bounds on the Hausdorff measure

We can use the quasi self similarity to show that every such set must have finite Hausdorft
measure. The proof uses the QSS condition and the maps g to create an “iterated function
system” that generates a natural and uniform cover.

Theorem 6.2. Let E be a QSS set with distortion D > 0. Then every r-packing with
disjoint centred closed balls of radius v < min{|E|, D} has cardinality less than D%r—*,
where s = dimpg F.

Further, H*(E) < 4°D® < 0.

Proof. We write N,.(E) for the maximal cardinality of an r packing of E. Since F is bounded
and R? is doubling, E is totally bounded and so N,(E) is well-defined. Assume for a
contradiction that

Ny (E) > D*r™*

for some 0 < r < min{|E|, D}. Since r < D and so (D/r)® > 1, there must exist ¢ > s such
that N,.(E) < Dtr~t. Thus there are disjoint balls By, Bs, ..., By of radius r, centred in F,
where we have written N = N,.(F) to avoid unnecessary notation. By the QSS condition
there exist g; : F — FE N B; such that

lgi(x) — gi(y)| > D" 'r|z —y. (6.1)

Let d = min;y; dist (B;, B;) > 0. Let i,,j, € {1,...,N} and assume i = i;...i; and
j =ji...jq agree only up to (¢ — 1) for some ¢ > 1. Then, by iterating the lower bound
(6.1) (¢ — 1) times gives

d(gi, ©-+-09i,(E),gj, 0 0g;,(E)) =d(gi, o+ 09 (E),gi, ©-+-0gi,_, ©9j,(E))
(D~ 'r)? 1 dist(B,,, B;,) > d(r/D)?!

Y

ig)

Fix z € E arbitrarily. For m € N we define p,, to be the uniform discrete probability
measure giving each

gi, © 09, (2)

weight N~=™ for all i,, € {0,..., N}. Our standard machinery, see e.g. Theorem 1.8 implies
that i, — p weakly, where p is Borel. In particular, pu(gs, o ---0 g, (E)) = N79.
Now, let B(z, p) be a ball centred in E with diameter 2p < d. Let k be the unique integer
such that
(D7) ld < 2p < (D7 'r)kd.
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The ball intersects at most one g;, o --- o g;, (F) and so
u(B(z,p)) < N™F < (D7) < (D7Ldr) ™" (2p)".

By the mass distribution principle we must have dimy £ > ¢ > s, which is a contradiction.
This proves the first claim that N,.(E) < Dr~*.

The second claim can be proven by noting that doubling the radius in a maximal packing
makes it a cover of the space. Hence, E can be covered by N(r) many balls of radius 2r and
diameter 4r. Hence

Hi (E) < D*r~%(4r)® = 4°D?
for all r < D. Hence H*(E) < 4°D*. O

Remark 6.3. Note that we are really only using the lower bound of the quasi self similarity
condition. However, the upper condition is necessary for many other properties of quasi
self-similar sets.

6.2 Geometrical Homogeneity

In this section we study the geometrical homogeneity of some sets in terms of the Hausdorft
measure. We first look at self-similar sets.

6.2.1 Self-similar sets

Recall that a set F is called self-similar, if it is a non-empty compact set invariant under a
finite number of contracting similarity maps, i.e. there exist similarity mappings Fi,..., Fy
with

|Fi(2) — Fi(y)| = cilz — y
for some ¢; € (0,1) such that E = Uf\]:l F;(E). As it turns out self-similar sets are very
homogeneous and have equal Hausdorff measure and content.

Proposition 6.4. Let E be a self-similar set. Then H*(E) = Hi (E) and so H*(A) =
HE(A) for all AC E, where s = dimpy E.

Proof. First, H:_ (F) < oo as E is necessarily compact. We may also assume that H’_(F) >
0 as the desired result holds trivially otherwise. Let e > 0 and let {U;};ca be a countable
cover of closed balls such that

H(BE) = |U|° —e.
iEA
Now let B be the closed ball of diameter | F| such that E C B. Let V = {Fi(B):i € {1,...,N}*}

be the collection of all images of B. This is a closed Vitali cover and there exists V' C V
such that

WE)=H|En |J FRE|= > HENRE)S > (a)H(E)
i:Fi(B)eV’ i:Fi(B)eV’ i:Fi(B)eV’

by a variant? of the Vitali covering theorem. We conclude® that doiew(ci)® > 1. An
”obvious“ covering gives the reverse inequality.

4The variant is essentially the same as the Vitali covering theorem where the images E N Fi(B) replace
the closed balls. We will not prove this result, but it may be attempted as a difficult exercise

5We are misusing notation here slightly. i is of course not an element of V', but it stands shorthand for
“The i such that F;(B) € V'.
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‘We now obtain

HE(E) = H* (Em U Fi(E)> <# | J RO

iey’ i€V’ jeA
=Y () (U (Z(@)‘*) >olul
iey’ JEA iey’ JEA
<HI(E)+e

and as € > 0 was arbitrary our first claim follows. The second claim follows immediately
from Theorem 2.10. O
6.2.2 Quasi self similar sets

We now move onto quasi self similar sets. First, recall that Hausdorff measure and content
for quasi self-similar sets cannot always be equal. The upper half-circle can be checked to
be quasi self similar. However its content is 2 but its measure is w. This suggests that the
Hausdorff content and measure may be related by a multiplicative constant, and indeed one
can prove that these notions are related.

Lemma 6.5. Let E C R? be quasi self similar. Let s = dimy F and write N.(E) for the
mazimal cardinality of disjoint r-packings of E. Then,

27°H: (E)r® < N.(E) < D°r~°.
Proof. The proof is left as an exercise. O

Exercise 6.1. Prove Lemma 6.5.

Theorem 6.6. Let E be a quasi self-similar set. Then there exists C > 0 such that for all
r€e FE andr >0,
H¥(F N B(z,r)) < Cr®

and

H(FNA) <H (FNA) <CHL(FNA)
for all A C R?.

Proof. We may assume H*(E) > 0 as the proof is trivial otherwise. But then H: (E) > 0
and we write
C=2-2%D*H5 (E) "

Assume for a contradiction that there exist o € E and ro > 0 such that H*(ENB(zg,rg)) >
Cr§. Fix n € N and let B,, be a 27"-packing of E. We have

27T HI(EN2™ < # B, < D*2™°. (6.2)
For B € B,, let gg be the map guaranteed by the QSS condition. Then, for every B € B,,,

HS(QB (E n B({I?(), 'I"()))) 2 D—%27"s HS(E n B(ZL'(), ’I’()))
> COD 7527 "yps = 2. 25575 D25 (B) . (6.3)
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Since diam(gp(F N B(xg,r0))) < D27 "2rg =: é,, we get
M3, (98(E N B(wo,70))) < D*27"2%rg (6.4)
for all B € B,,. Combining (6.2) and (6.3) gives

Z HS(QB(E N B(xo,ro))) > 2. 228D287“8
BeB,

and combining (6.2) with (6.4) gives

Z HSH(QB(EO B(fo,ro))) < 225D2S7‘8.
BeB,

In turn, we get

HY(E) = H° <F\ U gB(EﬁB(xO,rO))> + Y H(gs(E N B(xo,70)))

BeB, BeB,

> H* <F\ U g8(EN B(mo,ro))> +2-2% D%

BeB,
and
M, < HMs, (F\ U gB(EﬂB(wo,To))) + Y M3, (98(E N B(xo,m0)))
BeB, BeB,
<H* (F\ U g8(EN B(xo,ro))> + 225 D2y,
BeB,
So,

H(E) — M3 (E) >2-2*°D*r§ — 2°°D*r§ = 2**D*r§ > 0

which is independent of §,,. Hence taking n — oo ad 4,, — 0 we get a contradiction. This
proves our first claim. The second claim is left as an exercise. O

Exercise 6.2. Prove that the Hausdor[f content (up to a constant) is an upper bound to the
Hausdorff dimension for any subset of R%.

A standard way to refer to global and local homogeneity is through the Ahlfors-David
regularity.

Definition 6.7. Let E C RY. The set E is said to be Ahlfors-David s-regular if there exists
a Radon measure p with support E satisfying

C~'r® < w(B(z,7)) < Or*
for some uniform C > 0.

We can use the result above to show that all quasi self similar sets are Ahlfors-David s-
regular, precisely when they have dimension s and positive s-dimensional Hausdorff measure.

Corollary 6.8. Let E be a quasi self similar set with Hausdorff dimension s. Then, E is
Ahlfors-David s-regular if and only if H*(E) > 0.
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Proof. We start by proving that H*(E) > 0 implies Ahlfors-David regularity. Consider
w="H*|g >0, then

w(B(z,r)) =H(EN B(z,r)) < Cr®
by the last Theorem. Further, since F is quasi-self-similar there exists ggE — E N B(x,r)
that maps with distortion D > 0. Then,

H(ENB(z,7)) > H (9p(F)) > D™ °*r* H*(E).
Since H*(E) > 0 is a constant and H® |g is Radon (see exercise below), Ahlfors regularity
holds with constant C' = max{C, D* H*(E)~'}.

To prove the converse, assume that E is Ahlfors-David s-regular. Let U; be a countable
d-cover of E. Write B; for a ball of radius 4|U;| that contains U; and is centred in U;. Then,

w(E) < ZM(Ui) < ZM(Bi) < CZ |2U;)°

and so H3(E) > 275C~'u(E) > 0 for all § > 0. Hence H*(E) > u(E)/(2°C) > 0, which
completes the proof. O

Exercise 6.3. Assume E is an Ahlfors-David s-reqular set. Show that dimy F = s.

Exercise 6.4. Show that H’®|g is a Radon measure whenever E is a QSS set. What are
the requirements for the (restricted) Hausdorff measure to be Radon?

7 Structure of s-sets and Ahlfors-David regular sets

Recall the Lebesgue density theorem.

Theorem 7.1. Lebesgue density theorem Let E C R be a Borel set. Then, for L£-almost
all z € RY,

. LYENB(x,r) |1 ifzek,

r=0  LYB(z,r)) 0 ifx¢FE.

Given that the Hausdorff measure can be considered an extension of the Lebesgue mea-
sure to non-integer dimension, we may want to study densities with respect to the Hausdorft

measure’.

Definition 7.2. Let E C R? and = € RY. We write

—s . HY(ENB(x,r)) . H*(E N B(z,T))
PO T By T e

and H (ENB
S(EN
D*(E, 2) = liminf 2 E O BE1)
r—0 28ps
for the upper and lower density of E at x, respectively. If both limits coincide, we write

D*(E,z) for the density of E at x.

6Technically, we have to use the Hausdorff content in the denominator. This is due to the fact that the
s-dimensional Hausdorff measure of a d-dimensional ball is infinite for s < d, whereas the content gives us
the right “intuition” for volume
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We restrict our attention at first to so-called s-sets. Sets that satisfy a minimum of
“regularity” with respect to the Hausdorff measure.

Definition 7.3. Let E C RY. We say that E is an s-set if 0 < H*(E) < oo.
Note that this immediately implies that the Hausdorff dimension of E is s.

Exercise 7.1. Let E C R? be bounded. Show that any Ahlfors-David s-reqular set is also
an s-set

Definition 7.4. A point z € R? is called reqular if D(E,x) = 1. It is called irregular
otherwise.

Similarly, a set E C R? is called reqular if H®-almost every point is reqular. If H*-almost
every point is irreqular, E is called irregqular.

Remark 7.5. While a point is irregular if it is not reqular, this is not true for sets. There
could, a priori, be sets which have both reqular and irreqular points with positive Hausdorff
measure.

Proposition 7.6. Let E C R? be an s-set. Then,
1. D*(E,z) = D°(E,z) = 0 for H*-almost every = ¢ E,
2. 275 < ﬁS(E,aj) <1 for H®-almost every x € F.

Proof. (1) is easy if E is closed, since E°¢ is an open set and so any small enough ball will
not intersect E. The general case is quite difficult to prove and is left out.

(2) follows from the definition of density (upper bound) and Proposition 3.5, see exercise
below. O

Exercise 7.2. Finish the proof of statement (2) above.

As it turns out, the Lebesgue density theorem does not hold for the Hausdorff measure.
In fact, it fails “spectacularly” as the following result shows.

Theorem 7.7. Let E C R? be an s-set. Then E is irregular unless s € N.

Unfortunately, a full proof is out of the scope of this course. We will however give the
proof for a reduced version of the theorem that allows for a nice geometrical argument.

Theorem 7.8. Let E C R? be an s-set for s € (0,1). Then E is irreqular.

Proof. Assume by the way of a contradiction that F is not irregular. Thus, there exists a
subset of £, C E with positive Hausdorff measure containing only regular points. We may
assume that E7, is Borel. Using Proposition 7.6, we see that D(E,z) > 27° for (almost) all
z € Ej.

Recall Egorov’s theorem, which states that given a sequence f, of measurable functions
on some measure space (X, X, u), and given a measurable subset A C X of finite 1 measure
such that f,, converges pu almost surely to some f. Then f, converges uniformly on a subset
A" C A with measure pu(A") > p(A) — ¢ for all € > 0.

Let f.(z) = H*(E N B(z,7,))/(2r,) for r, = o™ for some 2°71 < o® < 1. We can
apply Egorov’s theorem to show that for some Borel set Er C E%, with positive Hausdorff
measure and some 19 > 0,

H*(ENB(z,r)) > o*D*(E,x)(2r)* > 2°7'27%(2r)* = 1(2r)*
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for all z € ER and r < rg. Let y € Egr be a limit point”. Now, let § > 0 be arbitrary and
for every r > 0 consider the annulus A(r,d) = B(y,r(1+6)) \ B(y,r(1 — 4)). Clearly,

H(ENA(r,0))/(2r)° = (2r)~* (H(EN B(y,r(1+6))) = H(EN B(y,r(1 - 9))))
= D*(E,y)((1+6)° — (1 -9)°)

for » — 0. Since y was a limit point, we may take a sequence of z:, — y, writing r,, = |x,, —y|.
Then, B(x,76/2) is contained in the annulus and

%(rné)s < H(ENB(zp,rd/2)) <H (EN A(rp,0)).

Note that the Taylor expansion for z® around 1is 1+ s(z — 1) + O((z — 1)2). Therefore,
(14+0)° = (1—=0) =14 55+ 0(6%) — (1 — 56 + O(6%)) = 255 + O(5?)
and
n0

(27’7075 HS(E N A(TTHCS)) > % (> — 2*(1+s)5s

21,
= H(ENA(r,,0)) > 27158

Let € > 0 be arbitrary. Then, for small enough r,,,
HH(E N A(ra,6)) < (1+)(2r)* D(E, y)(255 + O(6%))

and
27165518 < (1+4€)2°rE D(E, y)(256 + O(6?)) < (1 +€)2%r8 (256 + O(52)).
This gives
27175 < (1+€)(256"° + 67°0(6?))

which clearly does not hold for small § > 0. This is our required contradiction. O

7.1 Structure of 1-sets and rectifiability

We saw that s-sets for non-integer values must be irregular. We will now investigate sets
where s = 1. Our first result shows that we can decompose any such set into a regular and
irregular part.

Theorem 7.9 (Decomposition theorem). Let E be a 1-set. Then the set of regular points
i E forms a regular set and the remainder is an irreqular set.

Proof. This follows from the observation that the density of a point x € F C E is almost
surely the same with respect to either E or F, assuming F' is Borel. Formally,
H(ENB(x,r))  H(FNB(x,r)) n H((E\ F)N B(x,r))
(2r)® a (2r)° (2r)°

and since

H((B\F)NBa,r)
(2r)®

for H®-almost all z € E we get
D°(F,z) =D°(E,z) and D*(F,z)= D*(E,z).

The conclusion of the theorem follows immediately. O

"Why must there be limit points in Er?
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Note that either of the two sets may be empty. A smooth curve, for example is a 1-set
with no irregular part (of positive Hausdorff measure). The irregular set may even be empty,
such as for the unit circle.

On the opposing end, the “Cantor dust” that is the invariant set of the four contractions
fl(x) = 1’/4, fZ(x) = :E/4 + (Oa 3/4)7 f3(x) = x/4 + (3/4’0)7 and f4(CU) = (L’/4 + (3/47 3/4) is
an s-set that only contains irregular points.

This is a typical scenario and we will be able to decompose sets into a “line like” and
“dust like” part.

Definition 7.10. A Jordan curve is the image of a continuous injection ¢ : [0,1] — C C R?.
The length of C is

L(C)= Supz |z; — 21|
i=1

where the supremum is taken of all finite tuples of points xo, ..., T, such that ¢~'(z;) <
¢~ H@it).
If L(C) is positive and finite, we say that C is a rectifiable curve.

Note that any Jordan curve defined in this way is not self-intersecting and has two
distinct ends.

Lemma 7.11. IfC is a rectifiable curve, then H'(C) = L(C)

Proof. Let z,y € C and write L(z,y) C R? for the line through z and y and L(z,y) C
L(z,y) for the line segment starting at = and ending at y. Note that the natural orthogonal
projection 77, ) is a Lipschitz map which, in particular, does not increase distances. Thus,

H(A) > H (T () A) for all A C R?. In particular, let C(x,y) be the closed section of C
starting at = and ending at y. Then,

H' (C(x,y) > H (TL(ay) (C(2,1))) = H (L(z,y) = |z —y.

Therefore, for any finite partition,
Z |z — 21| < ZHI(C(Iu%—l)) <H'(C).
i=1 i=1

Taking suprema over all partitions gives H'(C) > L(C).

To prove the opposite inequality, observe that ¢’ : [0, £(C)] — C that maps t € [0, L(C)]
to the point in C that is t away from ¢(0) is a rectifiable curve that has been reparametrised.
Since then |¢/(t) — ¢'(s)| < |t — s| for all s,¢ € [0, £(C)] the mapping ¢’ is Lipschitz and

H'(C) < HA ([0, £(C)]) = £(C). O
It is straightforward to show that every rectifiable curve is a regular 1-set.
Proposition 7.12. Let C be a rectifiable curve. Then C is a regular 1-set.

Sketch of proof. Take y € C not an endpoint. For r > 0 sufficiently small, and since C is
continuous and not self-intersecting, there must be two distinct points z, z € C at distance
r from y. Then,

HY (CNB(x, 7)) _ H'(C(x,y)N B(z,r))  H(C(y,z)NB(z,r)) _ r o
(2r)! = 2r + 2r = 2r + o !

giving D*(C,y) > 1 from which the result follows. O
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We define curve-like sets to capture this regularity.

Definition 7.13. A 1-set E is curve-like if it is contained in a countable union of rectifiable

CUTU@S.s

As one would expect, adding countably many curves does not change regularity.
Proposition 7.14. Let E be a curve-like set. Then E is a reqular.

Proof. Index the countable rectifiable curves C; by ¢ € N. Given x € F, let i, be the least
integer such that x € D;, N E. Then,

DY (E,z) > DY(ENC;,,x) =D'(C;,,z) =1

for H'-almost every z € E N Ci,. But since the collection is countable, this holds for
H'-almost every x € E. O

A complimentary definition is being curve-free, also known as unrectifiability.

Definition 7.15. Let E be a 1-set. If H'(ENC) = 0 for every rectifiable curve C, we say
that E is curve-free or unrectifiable.

It is easy to see that any irregular 1-set F is unrectifiable. Consider any rectifiable curve
C. Then ENC is a subset of a regular and irregular 1-set. As such it must have zero measure.

Proposition 7.16. Let E be an irreqular 1-set. Then E is unrectifiable.
We can complete characterise regular and irregular sets.
Theorem 7.17. 1. A 1-set in R? is irreqular if and only if it is unrectifiable.

2. A 1-set in R? is reqular if and only if it is the union of a curve-like set and a set of
zero H'-measure (i.e. it is rectifiable).

Proof. (1) An irregular set is curve free by Proposition 7.16. We will omit a proof of the
converse, which follows from the stronger fact that any curve-free 1-set in R? has lower
density less than 3/4 for H'-almost every point.

(2) By Proposition 7.14 any curve-like set is regular. This is unaltered if we include a
zero measure set.

Proving the converse is slightly more involved. Assume F is regular. Then any Borel
subset F' C E has density D!(F,1) = 1 for almost all x € F. By the above mentioned fact
on densities, the set F' cannot be curve free and there exist rectifiable curves that intersect
F with positive length. Using induction we first define C; to be any rectifiable curve such
that

HY(ENCy) > Lsup {H'(ENC):C is arectifiable curve} .

Having defined Cy, . ..,Ck, we define Cy41 by considering Ej, = E\Uf:1 C; which is a regular
set of positive measure. We let Ci41 be any rectifiable curve such that

H' (Ep N Cry1) > Ssup {H' (B, NC): C is a rectifiable curve}

8 A similar notion is a countably rectifiable set, which is any set that is contained in a countable connection
of rectifiable curves up to a set of zero measure.
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If the process terminates, we must have exhausted the measure and our claim holds. Oth-
erwise,

i%l(EkmckH) <HYE) < . (7.1)
k=1

Now assume for a contradiction that H* (E\U;2, C;) > 0. Since the set is regular there exists
a rectifiable curve C that intersects it with positive length, say L. But H'(Ey NCpy1) < L/2
for some k as the sum in (7.1) converges. But then H'(Ey NCry1) > L and C would have
been picked over Cgy1, a contradiction. O

Remark 7.18. It is noteworthy that this full classification relates two notions that seem at
first very disparate: the local densities and the geometric intuition of rectifiability.

In fact, the above shows that regular sets are essentially subsets of unions of rectifiable
curves, whereas irregular sets contain no part of a rectifiable curve.

Remark 7.19. This also shows that reqular 1-sets may be connected, but irregular 1 are
totally disconnected as no two points can lie in the same connected component.

Remark 7.20. Using stronger assumptions such as Ahlfors David reqularity, one can show
that the notion of unrectifiability is equivalent to that of zero analytic capacity.

8 Projections of sets and Frostman’s Lemma

Recall the potent mass distribution principle (slightly paraphrased), Lemma 2.8.

Lemma 8.1. Let £ C R? be Borel and let s > 0. If there exists a Borel measure p with
suppp C E and p(E) > 0 such that u(B(z,r)) < r° for all x € R* and v > 0, then
H(E) > 0.

Recall also that the proof does not require i to be a Borel measure at all, just an outer
measure. The reason for the wording is that the converse also holds.

Lemma 8.2. Let E C R be Borel and let s > 0. The following are equivalent:

e There exists a Borel measure p with supp u C E and p(E) > 0 such that p(B(z,r)) <
rs for all z € R and r > 0.

o H(E) > 0.

While one direction is usually called the mass distribution principle, the converse is called
Frostman’s Lemma after Otto Frostman, who discovered the equivalency in his PhD thesis
for closed sets. While this makes a (very challenging) exercise, the full equivalency for Borel
sets is long an tough to prove and we will omit either proof.

8.1 Potential theoretic methods

One can use Frostman’s Lemma and the equivalency above to prove a corollary that expresses
the measure properties in energy integrals, which provide surprisingly strong methodology.

Let  be a finite and positive Borel measure on E C R%. Then, the s energy of E with
respect to p is the double integral

si dp(z)du(y)
Iﬂ(E’*//ExE oy
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For integer values, these energy integrals may be familar to anyone who studied some physics.
For s = 1 this corresponds to the potential energy of particles distributed according to u
with a force that satisfies an inverse square law, such as gravity.

It turns out that this notion is very useful due to its connection to the Hausdorff measure.

Corollary 8.3. 1. Let E be a Borel set and u be a positive and finite Borel measure
supported on E. Then,

II(E) <oo = H(E)=o0.

2. Let E be a Borel set with H*(E) > 0. Then, for all 0 < t < s there exists a positive
and finite Borel measure yu supported on E such that I;,(E) < oo.

8.2 Projections in the plane

Studying projections to distinguish and classify their objects is an essential part of many
fields. In many contexts we are only given a projected image of an object, say the 2-
dimensional projection of a 3-dimensional object on our retinas, or screens. Yet, we are still
able to reconstruct, with great accuracy, the 3-dimensional properties of the objects we are
observing. Other effects in nature also arise from projections of higher dimensional objects.
The structure of quasi-crystals and their unusual lattice structures can be easily understood
by higher dimensional lattices that are projected into three dimensional space.

In this last section we will try to understand the dimensional properties of such projec-
tions and study the “size” of objects when projected into lower dimensional spaces. For
ease, we will later work in two dimensions only, but the methods extend without issue into
higher dimensional spaces.

8.2.1 Orthogonal projections and Marstrand’s projection theorem

We saw that the orthogonal projections g : R* — Lg, where Ly is the line through the origin
at angle 0, are Lipschitz maps already. This holds in general, any orthogonal projections
m: R™ — R™ cannot increase distances. Hence, by the definition of the Hausdorff measure,
HE(rE) < H*(E) for any E C R This also implies, for any set E € R™ and orthogonal
projection 7 : R™ — R™,

dimg 7E < min{m, dimg E},

that is, dimensions cannot increase and the dimension is bounded by the ambient space
dimension.

Thinking about this inequality in the plane and projecting onto lines we see that this is
certainly not sharp. Letting FE be a straight line segment, there exists an angle such that
the projection is a single point. However, for all other angles the projection is a line segment
of reduced length. We may guess that our upper bound is correct in “most” cases, and this
is guaranteed by the famous Marstrand projection theorem.

Theorem 8.4. Let E C R? be Borel.
1. If dimg FE < 1, then dimy m9(F) = dimyg E for almost every 6 € [0, ).
2. If dimy E > 1, then LY(7E) > 0 for almost every 6 € [0, 7).
Proof. Let s < dimyg E < 1. Then, by Corollary 8.3 there exists a positive and finite Borel

measure u for which
/ / dp(@)dp(y) _
Bxe T —y[*
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Let pg = (mp)« (1) be the projected measure onto Ly, that is
po(A) = p{z e R? i m(x) € A}

for all Borel A € Ly. Equivalently, we may express the measure as an integral

/fdua /f67>

where 6§ is the unit vector in direction 6 and - is the usual dot product.

Our goal is to show that the energy of the projected measure I} (7E) is finite. This will
imply a lower bound on the dimension by Corollary 8.3. However, it is impossible to do this
for all directions and we use a trick to make it manageable. We will integrate the energy
with respect to # and show that this is finite.

foaen= 1] "“Tu ]
UL

— ™ do dp(x)dp(y) e Fubini
_//ExE (/0 U(x_y)g) —yJ° (Using Fubini)  (8.1)

where ¥(xz — y) is the unit vector in the direction of = — y.
The innermost integral can be written as

/7r do :/7T df
o vz —y) o |cos(op—0)s’

where 6 is the angle of ¥(xz — y). But since we are only considering the absolute value of the
cosine, we are integrating over its whole period. In particular, this means that ¢ is only a
phase shift and the value of the integral is independent of x and y. One can use the small
angle approximation to show that cos(¢ — ) ~ 6 + ¢ for 6 close to the value that makes the
cosine zero. This is also the only part that provides an issue with determining the integral.
However, since s < 1, the integral must be bounded using basic calculus. We write ¢, for
the value of the 1ntegra1 then (8.1) is bounded by

// dp)dply) =cI;(E) < oo.
ExXE |5U - y\

Thus I, (7E) is bounded for almost every § and H’*(mgE) = oo and dimy 7E > s. The
conclusion follows by taking s arbitrarily close to dimy F.

We will not prove the statement about positive Lebesgue measure here as it is slightly
beyond the scope of the course. However, it follows from similar ideas. O

Remark 8.5. The theorem above was proven in this way by Marstrand in the plane using
a combinatorial approach. The idea to use potential theoretic methods came from Kaufman,
with whose methods it is straightforward to extend the proof to all orthogonal projection in
(finite dimensional) Euclidean space.
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The generalisation to higher dimensions is straightforward, but requires a little more
definitions. The set of all orthogonal projections G(n,m) from R"™ into R™ is called the
Grassmannian manifold. It supports a natural Haar measure v, with which we can chose
“typical” projections.

Theorem 8.6 (Marstrand projection theorem (higher dimensional)). Let E C R™. Then,
for all 1 <m <n and v-almost every m € G(n,m) we have

dimy 7E = min {m, dimy E} .

Further, if dimyg E > m, then L™ (wE) > 0 for almost every m € G(n,m).

8.3 Projections and 1-sets

We end with a few results on projections of 1-sets.

Proposition 8.7. Let E C R? be an irreqular 1 set. Then m9E has zero Lebesque measure
for almost every direction 6.

Proof. The proof is intricate and omitted. O

Proposition 8.8. Let E C R? be a regular 1-set. Then LY (7E) > 0 for all but at most one
exceptional direction.

Proof. (Heuristics) Since regular 1-sets are rectifiable it must be contained in (multiple)
rectifiable curves ith positive length. The only possibility for 7FE to have zero measure is if
those curves are lines that align. O

And using our earlier decomposition and classification theorem we obtain

Corollary 8.9. A 1-set is irreqular if and only if it has zero L' measure in two directions.
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