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Abstract

These lecture notes develop measure theory and its applications to the fractal geometry
of deterministic and random functions. We begin with measures and integration,
including convergence theorems, product measures, and Fubini’s theorem. We then study
Borel and Radon measures, the Riesz representation theorem, weak convergence, and
Lebesgue measure. This foundation leads to Hausdorff measures, Hausdorff and box
counting dimensions, the mass distribution principle, Frostman’s lemma, and capacities.
We apply these tools to Holder continuous functions and the Weierstrass function,
examining regularity, nowhere differentiability, and graph dimensions. Finally, we
construct Brownian motion and study its modulus of continuity, nowhere differentiability,
and the fractal dimensions of its graph and images.
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1 Measures 3

Prerequisites and external results. We assume elementary real analysis, linear algebra, and
the basic language of metric and topological spaces, including compactness, continuity, and
countable bases. The measure-theoretic arguments are developed below. A few background
results from topology, approximation theory, and probability are used without proof; their
precise forms are stated before use and references are supplied. The multivariable change-of-
variables formula used for Gaussian integrals is also recalled before those calculations.

1 Measures

Let X be a set. The power set of X, denoted by 2% consists of all subsets of X. Following [4, 8, 9],
we define a measure on X as a function p: 2X — [0, c0], and subsequently define measurability
for sets with respect to a measure. While such functions are typically called outer measures in
the literature, we simplify terminology by referring to them exclusively as measures.

Definition 1 (Measure, measurable set). Let X be a set. A measure on X is a function
p: 2% — [0, oo] satisfying the following properties:

(i). w©@) =0;
(ii). If A C B C X, then u(A) < u(B);

(iii). Countable subadditivity: for any sequence (A;);>1 of subsets of X, then

U
i=1

A measure p on X is called a probability measure if it satisfies u(X) = 1. Moreover, given a
measure u on X, aset A C X is called p-measurable if for any set E C X,

w(E) = w(ENA) + u(E \ A).

The collection of all y-measurable sets in X is denoted by M,,.

(o8]

< Z (A7),

i=1

u

Furthermore, the collection of all p-measurable sets satisfies special stability properties
that are described by the following definition.

Definition 2 (c-algebra). Let X be a set. A g-algebra on X is a collection A C 2% satisfying
the following properties:

(i). 0 e A;
(ii). fAe A, then X\ A€ A;

(iii). If (A;)i>1 is a sequence of sets in A, then | J2; A; € A.

An important example of o-algebra is the Borel g-algebra induced by a topological structure
on a set. A topology on a set X is a collection of sets in X, called open sets, such that any union
of open sets is an open set, and any finite intersection of open sets is an open set. If a set X
is endowed with a topology, this set is called a topological space. The Borel o-algebra on X,
denoted by B(X), is then defined as the smallest o-algebra containing all open sets of X.

The following result shows that the collection M, of y-measurable sets is a o-algebra, and
establishes the countable additivity of the measure u on this collection. We use the symbol
| | to indicate that the sets forming the union are pairwise disjoint.
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Theorem 1 (0-algebra of measurable sets, countable additivity on measurable sets). Let X be
a set and let u be a measure on X. The collection M, of u-measurable sets in X is a o-algebra on X.
Moreover, the following properties hold:

(i). The null sets are measurable, that is, if a set N C X satisfies u(N) = 0, then N € M,;

(i1). For any set E C X and for any sequence (A;)i>1 of pairwise disjoint sets in M,

‘LL(E N [I A;
i=1

For E = X, this entails that the measure u, restricted to M, is countably additive.

= i u(ENAp);
i=1

Proof. The collection M, is closed under complements, due to the symmetry of the definition
of measurability. To show that null sets are measurable, consider N € X with u(N) = 0, and
E C X. Then,

HE\NN) < p(E) <w(ENN) +w(E\N) < u(N)+ u(E\ N) = u(E\ N).
We thus have equality throughout, which shows that N € M.
To prove closure under countable unions, first take A, B € M, and E C X. We have
HEN(AUB))+wE\(AUB)) = (W(EN(AUB)NA)+u(EN(AUB)\ A)) + u(E\ (AUB))
=uwENA)+p(ENA)NB)+u((E\A)\B)
= p(ENA)+p(E\A) = p(E),
from which we conclude that A U B € M,,. Furthermore, let us consider a sequence (A;);>1 of
pairwise disjoint sets in M, with union A = | |2, A;, and a set E C X. Then, forany n > 1,
pEN(ATU---UA)=umENALU---UA)NA)+u(EN(ArU---UA,) \ Ap)
HMENAy) +uwENA U UA,;1))
= wENA,)+--+u(ENA.

Moreover, the previous argument shows that A U --- LU A, € My, so that

WE) =pu(EN(ArU---UAp)) +u(E\ (A1 U---UAy))
=wENA)++uENA)+uE\ (A U---UA,))
>uENA)+---+uENA) +uE\A).

Since this bound holds for all n > 1, we deduce that

+U(E\A) 2 p(ENA) +p(E\ A) 2 p(E).

u(E) > (Z u(ENA)

i=1
We thus have equality throughout, which shows that A € M,,. In addition, replacing E by
ENA, we get

HENA) =

Zy(E NA)| +u(ENA)\A) = Z w(E N A;).

i=1 i=1

Finally, if the sets A; are not pairwise disjoint, the sets A} = A; \ (A1 U---UA;_q) are pairwise
disjoint, belong to M,,, and their union satisfies L172, Al = Ui2; Ai. We can therefore apply
the previous argument to conclude that this union is also in M. m|
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By Definition 1 and Theorem 1, a measure is a nonnegative set function defined on 2%
that vanishes on the empty set and is nondecreasing, countably subadditive, and countably
additive on the o-algebra of its measurable sets. Conversely, any nonnegative set function
defined on a o-algebra that vanishes on the empty set and is countably additive can be
extended to a measure on X.

Theorem 2 (Extension of a countably additive set function). Let X be a set, let A be a o-algebra
on X, and let v: A — [0, c0] be a countably additive set function satisfying v(@) = 0. (Hence,
v(Ll; Ai) = 2 v(A;) for any sequence (A;)i>1 of pairwise disjoint sets in A.) Then, the formula

u(A) = inf{v(B), B € A with B 2 A},

where the infimum is attained, defines a measure on X that extends v and verifies that all sets in A are
p-measurable. Specifically, for any subset A of X, the following properties hold:

(i). There exists a set B € A such that B 2 A and v(B) = u(A);
(it). If A € A, then u(A) = v(A) and A € M,,.

Proof. It is clear from the formula that pu(A) = v(A) for any set A € A. In particular,
w(@) = 0. Moreover, if A; C Ay C X, then any set in A that contains A, also contains Ay, so
that u(A1) < p(A2).

To prove that the infimum is attained, let us consider a set A C X such that p(A) < oo,
and observe that for any integer n > 1, there exists a set B, € A such that B, 2 A and

v(By) < p(A) + 1/n. Then, the intersection B = (", B, is in the o-algebra A and satisfies
B 2 A. In addition v(B) = u(A), since

w(A) <v(B) <v(B)+v(B, \B) =v(B,) < u(A) +1/n 2 p(A).
If u(A) = oo, the infimum is attained at B = X since X € A and v(X) = u(X) > u(A) = oo.
Now, for any sequence (A;);>1 of subsets of X, there exists a sequence (B;);>1 of sets in

A such that B; 2 A; and v(B;) = u(A;). The union | J;2; B; is in A, and contains the union
U2, Ai. Thus,

jn

i=1

[oe]

sV(UBi)=V(L|Bi\<81u~~u3i_1> = ) V(B \ (BL1U -+ UBi1))
i=1

i:l l=1

u

< ) (W(Bi\(B1U---UB;-1)) + v(BiN (B U---UB;1) = ) v(B)) = ) (A
i=1 i=1 i=1
(M)

It remains to show that A € M,,. Let us consideraset A € A,asetE C X,and aset B € A
such that B 2 E and v(B) = u(E). Since BN A and B \ A are disjoint and in (A, we obtain

wE) <u(ENA)+u(E\NA)<v(BNA)+v(B\A)=v(B)=uE).
We have equality throughout, so we can conclude that A € M,,. m|

Theorems 1 and 2 allow us to pass between our framework and the standard o-algebra
approach: restriction gives a countably additive set function on the measurable sets, and
extension preserves its values there. These operations need not recover the original outer
measure on nonmeasurable sets. We now characterize measure behavior under monotone
set sequences.
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Theorem 3 (Measure of monotone unions and intersections). Let X be a set, let 11 be a measure
on X, let (A;)i>1 be a sequence of sets in My, and let E be a subset of X. Then, the following
properties hold:

(i). fAy CAy C -, then y(E N G Ai) = sup u(E N A;);
i=1

i>1
(ii). If Ay 2 Ap 2 --- and u(E N A;) < oo for some i, then y(E NN Az-) = inlfy(E N Aj).
i=1 2

Moreover, these extrema can be written as limits, because the sequences therein are monotone.

Proof. For the first property, let us define B; = Ay and B; = A; \ A;_1 for i > 2. The sets B; are
pairwise disjoint, belong to M,;, and their union is equal to | J;Z; A;. Theorem 1 then yields

‘u(E N O A;
i=1

For the second property, let us suppose that u(E N A;;) < oo and define C; = A;; \ Aj,+; for
i > 1. The sets C; € C; € - -+ belong to My, so the first property yields

00 i i
= Zy(E N Bj) = supZy(E NBj)=supul EN UBj =sup u(E N A;).
j=1 i>1 j=1 i>1 j=1 i>1

u

(ENA)\[ ) Aigsi
i=1

= p(E N O CZ-) =sup u(ENC;) =sup w(E N (Ajy \ Aig+i))-

i=1 i>1 i>1

Moreover, the measurability of the sets A;,.; implies that u(E N A;,), which is finite, is equal
to both

(ENAig) [ )Aigsi | + 1| (B0 A \ () Aigsi
i=1 i=1
H((E N Ajy) N Ajgri) + u((E N Aig) \ Aigi)-

H + 4

In particular, all these terms are finite, and we deduce that

H(E N Aj) - [J(E N ﬂ Aig+i | = p{(E N Aj) \ ﬂ Aig+i | = sup p(E N (Ajy \ Aig+i)
i=1 =1 i>1
= sup(W(E N Ajy) = u(E N Ajyi))
i>1

= W(E N Ag) —Inf p(E N Aj+i).
This proves the desired equality, since (2] Aig+i = [ieq Ai- O

2 Integration

2.1 Measurable and simple functions

Our study of integration theory begins with the concepts of measurable and simple functions.
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Definition 3 (Measurable function, simple function). Let X be a set, let i be a measure on X,
and let f be a function defined on X and taking values in a topological space Y, endowed
with its Borel g-algebra B(Y). The function f is called:

(i). u-measurable if the inverse image f~!(B) is in M, for any Borel set B € B(Y);
(ii). simple if its image f(X) is a finite set;

(iii). Borel-measurable if X is a topological space and the inverse image f ~1(B) is in B(X) for
any Borel set B € B(Y).

The set of all u-measurable functions from X to C, and to [0, o], are denoted by L, and by
L}, respectively. The set of all simple p-measurable functions from X to [0, c0) is denoted

by S

The Borel o-algebra being generated by open sets, it suffices to check the measurability
conditions for inverse images of open sets. Thus, it is easy to see that continuous functions
are Borel-measurable. In addition, if u is a Borel measure, meaning that all Borel sets are
py-measurable, any Borel-measurable function is p-measurable. We refer to Definition 9
below for the definition of Borel measures.

2.2 Integration of nonnegative functions

We first integrate simple functions, then nonnegative measurable functions.

Definition 4 (Integral of a nonnegative simple measurable function). Let X be a set and let u
be a measure on X. The integral of a function f € S with respect to y is defined, adopting
the convention that 0 - co = 0, by the formula

[rdu= 3 vutr .

yef(X)

The above sum that defines the integral of f € S has a finite number of terms, because
the image f(X) is finite. These terms belong to [0, ]. By convention, if 0 € f(X), the
corresponding term 0 u(f~1({0})) in the sum is equal to zero, even when the measure
p(f1({0})) is infinite. The integral of a nonnegative simple measurable function is thus
well-defined, and belongs to [0, co]. Furthermore, the integral of a function f € S;[ over

aset A € M, is defined by
/fd[.lI/lAfd[J, 2)
A X

where 14 is the indicator function of A. This integral is well-defined, because 14 f € S;[ .
Finally, nonnegative simple measurable functions have integrals satisfying the properties
listed below. The proof of these properties reveals why Definition 4 requires measurability,
even though the formula therein remains well-defined without this condition.
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Proposition 4 (Properties of integrals of nonnegative simple measurable functions). Let X be
a set and let  be a measure on X. The following properties hold for any f, g € S

(i). If c € [0, ), then /X cfdu=c /dey;
(i) [((f+8)du= [ fdu+ [ gdu
(iii). If g < f, then fngy < /dey;
(iv). The mapping v: A inf{ﬁ3 fdu, B € M, with A C B} is a measure on X, and M, € M,,.

Proof. The first property is obvious for ¢ = 0, so we assume that ¢ > 0. The function c f
is simple, its image is {cy, y € f(X)}, and the inverse image of {cy} under cf is equal to
f{y}). Therefore,

[erau= 3 cvuterritemn=c 3, vatr = [ rau

yef(X) yef(X)

To prove the second property, we first note that the function f + g is nonnegative, simple,
and p-measurable. The measurability of the sum comes from the continuity of the addition
operation. We then use the countable additivity of ; on its measurable sets, together with the
fact that the sets f~1({y}), for y € f(X), yield a measurable partition of X. Hence, we have

[gau= Y zu =Y, 3 zu(wng w2,
X zeg(X) zeg(X) yef(X)
and a similar expression for fX f du, exchanging the roles of f and g. Adding these
expressions and using the partition into sets (f + g)"!({w}), for w € (f + ¢)(X), we obtain

[rans [gau= 3 ¥ wezutrwhng @)

yef(X) zeg(X)
= >0 > > Hu(f Ay n gtz N (f + 97 ().
yef(X) zeg(X) we(f+g)(X)

The latter intersection above is empty unless w = y + z. Since the sets f1({y}) N ¢ 1({z})
that are nonempty form a partition of X, the right-hand side above can be rewritten as

S wul(f + 9 (w)) = /X (f +g)du.

we(f+g)(X)

The third property follows from the second property and the observation that if g < f,
then f — g is nonnegative, simple, and p-measurable. Consequently,

/deu=/X(g+(f—g))du=/ngw/X(f—g)dpz/ngy.

The fourth property follows from Theorem 2. Indeed, v is the extension as a measure
on X of the nonnegative set function B /B f du defined on M. To check that this set
function vanishes on the empty set and is countably additive, it suffices to observe that for
any set B € My,

and to use the countable additivity of u on M. m|
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The integral of a nonnegative measurable function is then defined as the supremum of
the integrals of all simple functions that are less than or equal to this function.

Definition 5 (Integral of a nonnegative measurable function). Let X be a set and let u be a
measure on X. The integral of a function f € £ with respect to 1 is defined by the formula

/fdy:sup{/gdy, geS;witthf},
D' X

and then its integral over a set A € M, is defined by the formula (2).

The integral of a nonnegative measurable function is thus well-defined, and belongs to
[0, co]. By Proposition 4(iii), the above definition is coherent with Definition 4 for simple
functions. Moreover, Propositions 4(i) and 4(iii) can directly be extended to nonnegative
measurable functions. We now prove a fundamental convergence theorem.

Theorem 5 (The monotone convergence theorem). Let X be a set and let p1 be a measure on X. Let
(fj)j=1 be a sequence of functions in L, such that fj < fj.1 for all j > 1. If f denotes the pointwise
limit of fjas j — oo, then f € L and

/fdyzlim/jfjdy.
X joe Jx

Proof. Itiseasy to check using Definition 3 that any pointwise limit of functionsin L isin £}
too. The sequence ( fX fj du)j>1 is nondecreasing and bounded above by /X f du. Therefore,
it converges to a limit ¢ € [0, oo] such that ¢ < /X f du. To prove the reverse inequality, let us
consider a € (0,1) and g € S such that ¢ < f. The sets A; = {x € X| fj(x) > ag(x)} are in
M, are nondecreasing in j, and their union is X. Moreover, [, fidu> [, fidu>a [, gdpu.
ThZorem 3 and Proposition 4(iv) give /X ] /A] ] /A]

é’:lim/ﬂduzhma/gdy:a/gdy.
joe Jx joeo 4, X

We conclude by letting @ — 1 and taking the supremum over all ¢ € S suchthat g < f. O

By Definition 5, the integral of a nonnegative measurable function is defined as a supre-
mum of integrals of simple functions. Thanks to the monotone convergence theorem, we can
also express it as a monotone limit of integrals of simple functions. The following construc-
tion gives a nondecreasing sequence of simple functions approximating any nonnegative
measurable function.

Lemma 6 (Approximation of nonnegative measurable functions by simple functions). Let
X be a set and let p be a measure on X. For any function f € L], there exists a sequence (gj)j>1
of functions in S such that g1 < g» < --- < f, and gj — f pointwise as j — oo. Moreover, the
convergence is uniform on any set where f is bounded.

Proof. For any integer j > 1, let us consider the nonnegative simple Borel-measurable function
on [0, oo]
221
;=21 o + Z k27 1427 (k41)2-17-
k=0
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For all y € [0, o], note that 0 < ¢j(y) < y, and that ¢;(y) > y — 27/ when y < 2/. Moreover,
we can check that ¢;,1(y) > ¢;(y) for all y € [0, o], by inspecting all the possible cases:

If y <0, then ¢j41(y) = 0 = ¢;(y);

If y > 2/*1 then ¢j;1(y) = 2771 > 2/ = ¢i(y);

If 0270+ <y < (¢ + 1270+ with ¢ € {2571, ..., 220+D — 1}, then ¢ (y) = €270+D >
2 = ¢j(y);

If 270D < y < (0 +1)270*D with ¢ € {0,...,2%*1 — 1}, then ¢j41(y) = €270+
151277 = ¢i(y).

Hence, the sequence formed by the functions gj = ¢jo f € S fulfills the desired properties. O

.
\%

As a first application of the monotone convergence theorem, that is, Theorem 5, we observe
that we can exchange sums and integrals for sequences of nonnegative measurable functions.

Theorem 7 (Integral of a sum of nonnegative measurable functions). Let X be a set and let 1 be
a measure on X. Let (fj)j>1 be a sequence of functions in L. Then, the function Z}";l fiisin L,
and the following equality holds:

Lgﬁd#zgéﬁd“'

Proof. Note that the result encompasses the case of a finite sum, because we can consider
some of the functions f; to be zero. The result is actually equivalent to the case where the
sum is finite, by virtue of Theorem 5. Therefore, by induction, it suffices to prove the result
for a sum of two functions fi, f» € L;. By Lemma 6, there are two sequences of functions
81, 82,j €Sy suchthat g1 < g1p <+ < frand g21 < 20 <-+- < fr,and suchthat g1, — fi
and g j — f> pointwise as j — oo. Then, g1, + &2, € S, the sequence (g1,j + §2,j)j>1 is
nondecreasing, and its pointwise limit is f; + f,. We conclude from Proposition 4(ii) and
Theorem 5 that

/(f1+fz)du= .lim/(g1,j+gz,j)du= .lim(/ g1, dl~‘+/82,]’d#) =/f1 du+/fzdu,
X ] JX ] X X X X

and the result follows directly. |
Another important consequence of the monotone convergence theorem is Fatou’s lemma.

Theorem 8 (Fatou’s lemma). Let X be a set and let 11 be a measure on X. Let (f;);>1 be a sequence
of functions in L. Then, the function iminfj .o f; is in L, and the following inequality holds:

/hmmff] du < hmmf/ f] du.
X

]—)OO

Proof. The fact that liminf; .. fj belongs to L} follows directly from Definition 3. Fur-
thermore, for any integer j1 > jo, we have inf;j, f; < fj;, so that fX infj>j, fjdp < /X fi dp.
We deduce that fX infj>j, fjdu < inf;s fX fj du. Applying Theorem 5 to the nondecreasing
sequence of functions inf;»j, fj € L, indexed by jo > 1, we obtain

/hmmff] du = lim [ inf fidu < lim 1nf/fjd‘u:1ir_ninf/fjdy,
X J7e JX

] ]O—>oo X 712Jo ]O—>oo jZJo

which concludes the proof. m|
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Recall that a property depending on x € X holds for p-almost every x € X if the set of
x € X such that the property does not hold is p-null. Then, this property is also said to
hold u-almost everywhere. We write a.e. as a shorthand for both “almost every” and “almost
everywhere’. The next result shows that the nonnegative measurable functions with a
vanishing integral are p-a.e. equal to zero.

Proposition 9 (Functions with a null integral). Let X be a set and let u be a measure on X. Then,

for any function f € L, it holds that

/fdyzO = u-a.e. f =0.
X
Proof. The result is clear when f € S, since it follows from Definition 4 that

/X Fdu=0 e= [VyefEONO) a(f ') =01 = uX\ {0} =0.

In the general case, let us assume that a function f € L] is equal to zero p-a.e. and consider a
function g € S suchthat g < f. Then, g is also equal to zero p-a.e. and the above equivalence
ensures that fX gdu = 0. By Definition 5, we necessarily have fX f du = 0. Conversely, for
any integer j € Z,

/ fdu> / 14, fdu>27u(A) with Aj={xeX|f(x)=27}eM,. 3)
X X

If the integral in the left-hand side vanishes, then all the sets A;, for j > 0, are y-null. By
Theorem 3, their increasing union {x € X | f(x) > 0} is y-null as well. O

Definition 6 (o-finiteness). Let X be a set and let u be a measure on X.

(i). A subset A of X is o-finite with respect to u if A = |J;2; A; for some sequence of sets
A;j € M, such that u(A;) < coforalli > 1;

(ii). The measure u is o-finite if X is o-finite with respect to u;

(iii). A function f defined on X and taking values in [0, oo] or C is o-finite with respect to u if
f is y-measurable and the set {x € X | f(x) # 0} is o-finite with respect to p.

Remark 1 (Functions with a finite integral). For any function f € £ with fX fdu < o, the
integral in the left-hand side of (3) is finite, so that y(A;) < oo for all j > 0. Hence, the set
{x € X| f(x) > 0} is a countable union of measurable sets with finite measure. This means
that the function f is o-finite in the sense of Definition 6. Moreover, the function f is finite
p-a.e., because (3) implies that

u({x € X| f(x) = oo}) < u(Aj) <2 deVT_T_—OjO'

Thanks to Proposition 9, we can establish versions of Fatou’s lemma and the monotone
convergence theorem for a.e. convergence. Specifically, let us assume that a sequence of
functions f; € L tends p-a.e. toa function f € L. There exists aset N € My, with u(N) =0,
such that fj(x) — f(x)asj — oo, forall x € X \ N. By Theorem 7 and Proposition 9, we have

/deu = /Xlxwf d#+/Xle dy = /Xlxwf dp, 4)
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and the same holds for the integrals of the functions f;. Moreover, 1x\n fj — 1x\n f pointwise
as j — oo, everywhere. Applying Theorem 8, we deduce that

If we assume in addition that the sequence (fj(x));>1 is nondecreasing for y-a.e. x € X,
there is a set N’ € M, with u(N’) = 0, such that fj(x) < fj+1(x) for all x € X \ N’. Then,
Ix\(vun) fi — Ix\(vuny) f pointwise and monotonically as j — oo, everywhere. Since (4) still
holds with NUN" instead of N, for the functions f and f;, we can apply Theorem 5, which gives

/ fdu= / Laywony f du = lim / Lowony fjdp = lim / fidp
X X ]/ JX ]/ JX

These methods often generalize integral results to almost everywhere conditions.

2.3 Integration of complex functions

The positive and negative parts of a real-valued function f are f* = max{f,0} and f~ =
max{-f, 0}, respectively. If f is measurable, then both f* and f~ are nonnegative and
measurable. To ensure linearity, it is then natural to define the integral of f with respect

to u by the formula
/fdu=/f+du—/f‘du-
X X X

The integral of f is well-defined, and valued in [—oo, 00], when at least one of the integrals in
the right-hand side is finite. Since |f| = f* + f~, both of these integrals are finite if and only if
/Xl fldu < co. This entails that the integral of f is finite. Furthermore, if f is complex-valued,
we can define its real part R f and its imaginary part J f by the decomposition f =R f +iJ f.
If f is measurable, then both R f and J f are real-valued and measurable. Again, to ensure
linearity, it is natural to define

/dey:/X‘Rfdy+i/XSfdp.

The integral of f is well-defined if the two integrals in the right-hand side are finite, which
is guaranteed if both /Xl‘Rfl dy and /Xlﬁfl dp are finite. Since |f| < |R f| +|3 f| < 2|f], this
condition is equivalent to the finiteness of /X | f|dp. We therefore make the following definition.

Definition 7 (Integral of a complex-valued measurable function). Let X be a set and let u
be a measure on X. A function f: X — Cis u-integrable if f € £, and /leldy < co. The
collection of all u-integrable functions in £, is denoted by .[:}l. Moreover, the integral of a
function f € L:, with respect to u is defined by the formula

Jrau=([pran- [pran) i [onra- [ora)
X X X X X
and then its integral over a set A € M, is defined by the formula (2).

The integral of a complex-valued measurable function was defined above with linearity
in mind. Unsurprisingly, we thus have the following properties.
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Proposition 10 (Linearity of integrals). The set of real-valued p-integrable functions is a vector
space over R. The set L}l of complex-valued p-integrable functions is a vector space over C. Moreover,
the integral is a linear functional on these vector spaces. More precisely, for any f, g € L}l and

any A € C, it holds that
/(Af+g)du=?\/fd#+/gdu-
X X X

Proof. The fact that L:, is a vector space over C, and that its restriction to real-valued functions
is a vector space over R, follow from the observation that [A f + g| < [A||f]| + |g|, combined
with Theorem 7 and the extension of Proposition 4(i) to nonnegative measurable functions.

To prove the linearity of the integral, let us first assume that A € R, and that f and g are
real-valued. Letting A* = max{A, 0} and A~ = max{-A,0}, we have (Af)" = A*f* + A~ f~
and (A f)” = A7 f*+A* f~. By Theorem 7 and the extension of Proposition 4(i) to nonnegative
measurable functions, we get

[arau= [ sa - [ooraarau
:A+/Xf+dy+A_/Xf‘dy—A_/Xf+dy—A+/Xf_dy
=<A+—A->(/Xf+du—/xf'du)=A/deu-

Moreover, the function h = f + g satisfies h* + f~+ ¢~ =h™ + f* + ¢g*. Theorem 7 yields

/h+dp+/f_dp+/g_dy:/h_dy+/f+dy+/g+dy.
X b'e b'e b'e b'e b'e

Arranging the terms in this equation, we directly obtain

/thy:'/Xthdlu—/Xh_dy
=(/}(f*du—/xf‘du)+(/Xg+du—/xg‘dy)=/de#+/xgdu-

To deal with the integral of A f in the complex case, we observe that R(A f) = (RA)(R f) —
(BN I f)and J(Af) = (RA)Tf) + (JA)(R f). The above calculations imply that

[ardu= [ (@B0RA) -GG Mdu+i [((ROE) +GENR )
X X X

:(‘R/\/xﬁ%fdy—ﬂ/lfxﬁfdp)+i(‘)&/\/xﬁfdy+8/\/xﬁ%fdy)

:(%A+iﬁ/\)(/X‘Rfdy+i/XSfdy):A/dey.

Concerning the integral of f + g, we observe that R(f+¢) = R f+Rgand I(f+g) =TI f+Tg,
and we use again the previous calculations to obtain

[repdu= [ Br+Redau+i [ (87 +Igau
X X X

=(/X‘Rfdy+/X‘Rgdy)+i(/XSfdy+/XSgdy)
:(/X?%fdyﬂ/xﬁfdy)+(/X%gdy+i/xfigdy)
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:/dey+/xgdy.

The linearity is thus established for all functions f and g in £, and for all A € C. ]

The linearity of the integral implies its monotonicity for real-valued integrable functions.
More precisely, if f, g € L}l are real-valued and satisfy f < g, then Proposition 10 ensures that

[sau=[¢re-mau= [ raus [6-pan> [ fau

This property persists when the inequality f < ¢ holds u-a.e., as justified by Proposition 9
and the subsequent comments. Now, let us establish the triangle inequality for integrals.

Proposition 11 (Triangle inequality for integrals). Let X be a set and let u be a measure on X.
Then, for any function f € L}, it holds that
< [ If1du.
X

‘/deu

Proof. Assume that fX fdu#0andseta = |/X fdyl/fX f du. We have

‘/de#‘=/xafdﬂ=‘)§(/xafdy):/X‘K(af)dys/X|af|du=-/x|f|dyl

which concludes the proof. m|

Proposition 9 and its subsequent discussion demonstrate that null-set modifications of
nonnegative measurable functions do not affect their integrals. The following proposition
extends this invariance property to complex-valued functions.

Proposition 12 (Invariance of integrals under null modifications). Let X be a set, let i be a
measure on X, and let f, g € L}l. Then, the following equivalence holds:

[VAGMH ‘/Afdy:/Agd‘u] = /};|f—g|d‘u:0 — pae f=g.

Proof. The second equivalence follows from applying Proposition 9 to the function|f —g| € L.
In addition, Propositions 10 and 11 ensure that for any set A € M,

‘//‘fdu—/Agd#‘=‘/X1A(f—g)dy s/x|1A(f_g)|dM§/X|f_g|du_

This proves one direction of the first equivalence. Finally, if it is false that f and g coincide
p-a.e., then at least one function among (R(f — ¢))*, (R(f —¢))~, (3(f - )", and (I(f - g))~
is positive on a set of positive measure. To fix ideas, if A = {x € X | (R(f — £))"(x) > 0}
satisfies u(A) > 0, then

‘R(/Afdy—/Agdu)=/A‘R(f—g)du=/XIA(‘R(f—g))*dWO

The last equality holds because (R(f — g))~ = 0 on A, and Proposition 9 gives the strict
positivity. The other cases follow in the same way. m|
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Proposition 12 establishes that integrable functions may be modified on uy-null sets without
affecting their integrals. For integration purposes, it thus makes no difference to consider,
instead of .E}l, the collection of all equivalence classes of functions defined on X and p-a.e.
equal to some function in £}, for the equivalence relation corresponding to the y-a.e. equality.
This collection of equivalence classes is denoted by L};- For any set A € M, writing fA fdu
with f € L}t implicitly means that we consider the integral of an arbitrary function in L}l
that coincides u-a.e. with f. It follows from Proposition 12 that the value of the integral
does not depend on the choice of the representative function in L:l. Finally, Proposition 10
pertains to the equivalence classes. Indeed, L}l is a vector space over C, and the integral is a
linear functional on this vector space. Likewise, the pi-a.e. real-valued functions in L}l form
a vector space over R. These vector spaces can be endowed with the L}l—norm

Iy = [ 1f1dp

This induces a metric (f,g) +— ||f - gllL%‘ on Lzl. The corresponding convergence is the

L}l-convergence. For all functions f, fi, f2,... € L}l, the norm definition and Propositions 10
and 11 ensure that

Ll
fJ]_>—oo>f = Ui fldp—00 = /Xﬁd#: fdu. ()

The following important result gives a sufficient condition for L}l—convergence.

Theorem 13 (The dominated convergence theorem). Let X be a set, let i be a measure on X, and
let (f;)j>1 be a sequence of functions in L},. Assume that there exist a function f defined on X and a
function g € L}l such that for u-a.e. x € X,

i) > fx) - and - suplfi(x)] < g(x).

j=1
Then, the following properties hold:

Ll
fj—>f€L1 and so ‘/Xf]d‘u—> fdu.

]/ ]

Proof. Up to modifying the functions f, ¢ and f; on a y-null set, we can assume that the
function g and all the functions f; belong to £, and that the convergence and the domination
assumptions hold everywhere. Hence, f is a pointwise limit of measurable functions and
|fl < gonX,sothat f € -5;11- Since |f; — f| < |fjl + | f] < 2g by the triangle inequality, we can
apply Fatou’s lemma, that is, Theorem 8 to the functions 2¢ — |f; — f| € L][. Together with
Proposition 10, this gives

/ngy:/liminf(2g—|]fj—f|)dy

X X joe

Sliminf/(Zg—|f]-—f|)dy£/2gdy—limsup/|f]-—f|dy.
]/ X X j—oo X

We conclude with the help of (5). O

Thanks to the dominated convergence theorem, we can establish the following convergence
result for series of integrable functions, which can be compared with Theorem 7.
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Theorem 14 (Series of integrable functions). Let X be a set, let u be a measure on X, and let
(fj)j=1 be a sequence of functions in L}l such that 3, /X| fildp < oo. Then, the series }; fj converges

p-a.e. to a function in LY and
J 2 naw= [ san

Proof. The functions |f;| are in L;[. By Theorem 7, their sum g = Z;’iﬂ fil is also in .[:;: and

satisfies /X gdu= Z;’il /X| fildpy < co. Therefore, g is in L}l. By Remark 1, the function g is
finite -a.e., so the series f = }; f; is y-a.e. absolutely convergent. The partial sums belong to
L}l and satisfy |Z;l=1 fil < g, by the triangle inequality. We conclude thanks to Theorem 13. O

3 Product measures

3.1 Definition and measurability properties

The product of two measures is the measure on the product set that is defined as follows.

Definition 8 (Product measure). Let X and Y be sets, and let u and v be measures on X
and Y, respectively. The product measure of i and v is the set function u ® v: 2XX¥ — [0, o]
defined for each set E C X X Y by the formula

ue® v(E) = inf{i [J(Al')V(Bi), EC D(Ai X B;) with (A;, B;) € MH X MV}

i=1 i=1

The following result shows that the product measure y ® v is a measure on X X Y, in the
sense of Definition 1, and discusses its measurability properties. According to our notations,
the g-algebra of measurable sets with respect to the product measure u®v is denoted by Mg, .

For any subset E of a product set X X Y, we define the cross sections of E as the sets

E.={yeY|(x,y) €eE} and E,={xeX|(x,y) € E}.

Proposition 15 (Measurability with respect to the product measure). Let X and Y be sets, and
let 11 and v be measures on X and Y, respectively. Then, the product measure |1 ® v is a measure on
X XY, and the following properties hold:

(i). IfAe Myand B e M,, then A X B € Mg, and u ® v(A X B) = u(A)v(B);
(i1). For any set E C X XY, it holds that u ® v(E) = inf{lu ® v(F), F € Myg, with F 2 E};

(iii). The above infimum is attained by a set F that is a countable intersection of countable unions of
sets of the form A X B, where A € My and B € M,.

Proof. It is clear that u ® v(0) = 0, and that p ® v(E) < p ® v(F) when E C F, because any
covering of F is also a covering of E. To prove the countable subadditivity property, let us
consider a sequence of sets E; C X X Y. We can assume that the sum 2}21 p ®v(E;) is finite.
For each ¢ > 0 and j > 1, choose sequences A;; € M, and B;; € M, such that

E;

N

U(Aj’i X B]',i) and Z y(A]’,i)V(B]',j) SU® V(E]') +e270
i=1 i=1
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Enumerating {1,2,...}? as (ju, in)n>1, we see that Ux(Aj, i, X Bj, i,) covers | J; Ej, hence

sIn

ue® V(U Ei|< Z u(A;, i)v(Bj, i,) < €+ Z pu®v(E)) gy Z u®v(E)).
n=1 =1

=1 =1

Let & denote the collection of all sets E C X X Y such that: for any y € Y, the function
x = 1g(x,y) is in L;; and the function y +— /X 1e(x, y)du(x) is in L. For E € &, we

can define
mm=[1£umwmwﬂmwy

The set function p is nonnegative and nondecreasing on &. Moreover, Theorem 7 ensures
that the collection & is closed by taking countable unions of disjoint sets, that p is countably
additive on &, and that p(|; E;) < 3; p(E;) for any sequence of sets E; € & such that | J; E; € &.

In addition, let # denote the collection of all product sets A x B, where A € M, and
B € M,. Note that # C & and p(A X B) = u(A)v(B) for any A € M, and B € M,. We then
define P, as the collection of all countable unions of sets in . Any set in ; can be written
as a countable union of disjoint sets in P. This follows from the observation that for any sets
A1 X By and A, X By in P, we have

{(Al X B1) N (A2 X Bz) = (A1 N Az) X (B1 N By) ©)

(A1 X B1) \ (A2 X Bp) = ((A1 \ A2) X B1) U ((A1 N A2) X (B1 \ Bp)),

where the sets in both right-hand side belong to . We can thus proceed as in (1) to transform
the countable union of sets in $; into a countable union of disjoint sets in . We deduce that
P, € &E. On top of that, we define P, as the collection of all countable intersections of sets
in P;.

Let us now prove that for any set E C X X Y,

u®v(E) =inf{p(P), P € P, with P 2 E}. (7)

For any covering E C [ J;(A; X B;), where A; € M, and B; € M,, note that A; xB; € P C &
and P = |J;(Ai X Bi) € P; € &, so that p(P) < 3, p(A;i X Bi) = ; u(Ai)v(Bi). Thus,
p ® v(E) is bounded below by the above infimum. Conversely, any set P € $, such that
P D E can be written as a countable union of disjoint sets A; X B; € £ C &. Then,
p(P) = X p(Ai X Bj) = 3; u(Ai)v(B;) > u ® v(E), because the sets A; X B; cover E. We thus
obtain (7).

We are in position to establish the announced properties. Let A € M, and B € M,. The
set A X B isin P, and satisfies u ® V(A X B) < u(A)v(B) = p(A x B) < p(P) for any P € P, with
P 2 A X B. It follows from (7) that u ® v(A X B) = u(A)v(B). To show that A X B € Mgy, let
us consider aset E C X XY, and a set P € P, with P D E. By (6), the sets P N (A X B) and
P\ (A x B) are in P;. By (7), we get

H®V(EN(AXB)+u@v(E\(AXB)) < p(P N (AxB))+p(P\ (AxB)) = p(P),

and we conclude by taking the infimum over all sets P € $; with P O E in the right-hand side.

Finally, let us consider a set E C X X Y. It is clear that u ® v(E) is bounded above by the
infimum in the statement. To prove the reverse inequality, and that the infimum is attained, it
suffices to exhibit a set F € Mg, such that F 2 E and u® v(F) = u®v(E). If u®v(E) = o0, we
can take F = X XY € Mgy, since u ® v(F) > u ® v(E) = o0. Otherwise, (7) yields a sequence
of sets P; € P, such that P; 2 E and p(Pj) < p®v(E) +1/j, and we take F = (; P;. Indeed,
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the set F contains E, belongs to 55, and thus to Mg, because this g-algebra contains #. In
addition, (7) ensures that

p®v(E) < u®v(F) < p(Pj)) <u®v(E)+1/j j_)—oo>y®v(E).

The statement is thus proved. In the finite-measure case just considered, let us show
additionally that F € & and u® v(F) = p(F). Put G; = Py N---N Pj and hj(y) = u((Gj)y).
Since P, is closed under finite intersections, G; € $; C &. Thus h; is measurable, h; < hy,
and L hi1dv = p(P1) < 0. The measurable set N = {y € Y| h;(y) = oo} is therefore v-null.
For every y ¢ N, the functions x — 1g j(x, y) decrease to 1r(x, y) and are dominated by the
integrable function x + 1p,(x, y). Theorem 13 gives, for y ¢ N,

hi(y) v h(y) := u(Fy).

Every section Fy, is measurable, being a countable intersection of measurable sections. The
function h agrees outside N with the measurable function lim;,« /;; since every subset
of N is v-measurable by Theorem 1, the function & is measurable as well. Hence F € &.
Replacing j, h1 and h by zero on N gives finite-valued measurable functions dominated by
an integrable function on Y. A second application of dominated convergence yields

p(F):/Yhdv: lim hjdv:]'h_{?op(lemij)'

j—o Jy
Finally, using (7), we obtain
pu®v(F)<p(PrN---NPj)<p(P) <u®v(E)+1/j <u®v(F)+1/j,

and we conclude by letting j — oo that u ® v(F) = p(F). m]

3.2 Fubini’s theorem

An important result about product measures is Fubini’s theorem, which states that a product
measure can be recovered by integrating the measures of the cross sections of the product
set. This result is valid under the o-finiteness assumption of Definition 6.

It follows from Remark 1 that any function in L}l is o-finite with respect to p. We shall
split the statement and the proof of Fubini’s theorem into two parts, one for sets and one
for functions. We begin with Fubini’s theorem for sets.

Theorem 16 (Fubini’s theorem for sets). Let X and Y be sets, and let u and v be measures on X
and Y, respectively. Then, for any subset E of X XY that is o-finite with respect to u ® v, the following
properties hold:

(i). Ey € M forv-a.e. y €Y, and [y — u(Ey)] € L7,

(ii). Ex € M, for pra.e. x € X, and [x = v(Ex)] € L];

(ii). y@v(E):/Yy(Ey)dv(y):/Xv(Ex)dy(x).

Proof. Let us consider a set E € Mg, such that u ® v(E) < co. As established in the proof of
Proposition 15, there exists a set F € Mg, N & such that F 2 E and u®v(F) = p(F) = u®v(E).
Thus,

p®Vv(F\E)=u®v(F)-u®v(E)=0.
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Likewise, there exists a set N € Mg, N & such that N 2 F\ E and u® v(N) = p(N) = 0.
Observe that p(N) = L w(Ny)dv(y). Proposition 9 ensures that u(N,) = 0 for v-a.e. y €Y,
which implies that u((F \ E),) = 0. Since negligible sets are measurable, we have (F \ E), € M,.
Moreover, since F € &, we have F, € M, forally € Y. We deduce thatE, = F,\ (F\E), € M,
for v-a.e. y € Y. In addition, the function y + u(F,) is in £}, and coincides v-a.e. with
the function y +— u(E,). Hence, the latter function is in £ as well. Finally, Proposition 12
implies that

weviE)=p(P) = [ uE)dvty) = [ E)dviv)

To obtain the whole statement, it suffices to observe that any o-finite set can be written as a
countable union of disjoint measurable sets of finite measure, and that we can exchange the
roles of p and v above and in the proof of Proposition 15. m|

To transfer Fubini’s theorem from sets to functions, we establish the following result.

Lemma 17 (Decomposition of nonnegative measurable functions). Let X be a set and let 11 be a
measure on X. For any function f € L}, there exists a sequence of sets Aj € M, such that

Proof. We define the sets A; inductively. To be specific, we set A1 = {x € X | f(x) > 1}, and

forj>2,
i-1
f(x)> % + Z I&‘T(x)}
k=

=1
It is clear that A; € M. Moreover, f > 14,, and for all | > 2, the following implication holds:

A]'Z{XEX

~
~

-1 J-1 J
14, 14, 14,
+ ) — |+ 1xy, —#:2}4.
= J J J

2yl
AN

j

- f =1A]f+1X\A]f ZlA]

Il
—
~| =
_

By induction, we conclude that f > Z}'il 14;/j. Finally, if f(x) = oo, then x belongs to all the
sets Aj, so that 2}21 lAj(x) /j = oo. Otherwise, if f(x) < oo, then x ¢ A;, for infinitely many j,,,
and thus

o 14,(x) =yl
e sy #
= Jn i3
We conclude by letting n — co. m|

We can finally state and prove Fubini’s theorem for functions.
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Theorem 18 (Fubini’s theorem for functions). Let X and Y be sets, and let u and v be measures on
X and Y, respectively. For any function f € £;®V that is o-finite with respect to 1 ® v, the following
properties hold:

(i). x = f(x,y) is y-measurable for v-a.e. y €Y, and y fX f(x,y)du(x)isin L};
(ii). y v~ f(x,y) is v-measurable for y-a.e. x € X, and x — fY f(x,y)dv(y)isin L};

in. [ sawen = [( [ rwmauo)avm = [ ( [ romanen) auo,

In these formulas, the inner integral is defined to be zero on the exceptional null set where the section is
not measurable. For any function f € Li@v, almost every section is integrable; defining the inner
integral to be zero on the exceptional null set where the section is not integrable, the same properties
hold with Ly, and L replaced by Ll and L}l.

Proof. The statement is exactly that of Theorem 16 when f is the indicator function of a set
E that is o-finite with respect to u ® v. For a general function f € L;@/ that is o-finite with
respect to u ® v, we can apply Lemma 17 to write f = Z;ozl 14,/j, where the sets A; are in
M,ev. These sets are o-finite with respect to u ® v, because their union is the set of points
where f is nonzero, which is o-finite with respect to u ® v. We conclude thanks to Theorems 7
and 16.

If fe LQ@V, we begin by observing that f is o-finite with respect to y ® v, in view of
Remark 1. The function f can be decomposed as f = (Rf)* = (Rf)")+i(Tf)* = (Tf)),
where (Rf)*, (Rf)", (Jf)" and (I f)~ are in L;@W and o-finite with respect to u ® v. The
tirst part of the proof ensures that the properties hold for these functions. We deduce the
desired properties for f. In particular,

/Y ( /X (%fr(x,y)du(x)) dv(y) = /X R duey < /X Iflden) <o,

so that the function y +— fX(‘R F)t(x,y)du(x) is in Ll. The same is true for the other
components of f, so we can replace £; and L} by £} and L}, in the statement. O

4 Borel and Radon measures

4.1 Definitions

Let us now explore the properties of measures that are specific to the context of topolog-
ical spaces. We shall work on Hausdorff spaces, where two distinct points have disjoint
neighborhoods. The collections of all compact sets and all open sets in a Hausdorff space
X are denoted by K(X) and G(X), respectively. Let us introduce several properties that
combine measures and topology.
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Definition 9 (Borel measure, regularity, local finiteness). Let X be a Hausdorff space and let
u be a measure on X.

(). w is a Borel measure if all Borel sets in X are u-measurable, that is, B(X) € M,;

(ii). p is Borel-regular if u is Borel and for any set A C X, the following equality holds and
the infimum is attained: p(A) = inf{u(B), B € 8(X) with B 2 A};

(iii). p is inner regular on a set A C X if u(A) = sup{u(K), K € K(X) with K C A};
(iv). wis outer reqular ona set A C X if u(A) = inf{u(U), U € G(X) with U 2 A};
(V). wis locally finite if any point x € X has a neighborhood V, such that pu(Vy) < co.

For any countably additive set function v: B(X) — [0, oo] such that v(0) = 0, the extension
u given by Theorem 2 is a Borel-regular measure on the space X. More precisely, u is the
unique Borel-regular measure on X that coincides with v on all Borel sets.

Given any Borel measure, one can easily construct a Borel-regular measure that agrees
with the original measure on all Borel sets. This is the purpose of the following result.

Proposition 19 (Regularization of a Borel measure). Let X be a Hausdorff space and let u be a
Borel measure on X. Then, the formula

{i(A) = inf{u(B), B € B(X) with B2 A},

where the infimum is attained, defines the unique Borel-regular measure fi on X that satisfies
fi(A) = u(A) for all Borel sets A € B(X).

Proof. Clearly, ji(A) = u(A) for every Borel set A. In particular, {i(f) = 0. Moreover, if
A1 C Ap C X, then every Borel set that contains A, also contains Ay, so that fi(A1) < fi(A2).
To prove that the infimum is attained, let us consider a set A C X such that fi(A) < co, and
observe that for every integer n > 1, there exists a Borel set B,, 2 A such that u(B,) < fi(A)+1/n.
Then, the intersection B = (),_; B, is a Borel set such that B 2 A. In addition u(B) = fi(A),
since
B(A) < u(B) < u(B) + u(By \ B) = u(By) < i) +1/n —— i(A).

If fi(A) = oo, the infimum is attained at the Borel set X, because u(X) = fi(X) > fi(A) =

Now, for every sequence (4;);>1 of subsets of X, there exists a sequence (B;);>1 of Borel
sets such that B; 2 A; and u(B;) = [i(A;). The union J;2, B; is a Borel set that contains the
union | J;2; A;. Thus,

< (OBz) (I_IB \(B1U---UB;1) =§1#(Bi\(BlU'“UBi—1))
i1

i=1

Z(H(B \(BiU---UB;1)) +u(B;iN(ByU---UB;1))) = Z u(Bi) = Z [i(Ai).
i=1 i=1
8)

To prove that all Borel sets are fi-measurable, let us consider a Borel set A C X, asetE C X,
and a Borel set B D E such that u(B) = [i(E). The Borel sets BN A and B\ A are disjoint, so that

A(E) < B(E N A) + [i(E\ A) < u(B N A) + (B \ A) = pu(B) = i(E).

We have equality throughout, so we can conclude that the Borel set A is ji-measurable. We
thus have shown that fi is a Borel-regular measure that coincides with u on all Borel sets.
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It remains to prove uniqueness. Let v be another Borel-regular measure on X such that
v(A) = u(A) for all Borel sets A C X. For every A C X, Borel regularity of v gives

v(A) = inf{v(B), B € B(X) with B 2 A} = inf{u(B), B € 8(X) with B 2 A} = [i(A).
We conclude that the measures v and [i coincide on all sets. m|

Locally finite measures are finite on compact sets. In locally compact spaces, measures
that are finite on compact sets are locally finite. These spaces are defined by the condition
that every point has a compact neighborhood. The Euclidean space R is locally compact
and Hausdorff, because all closed balls are compact. Metric spaces are Hausdorff, but
not always locally compact.

The inner and the outer regularity properties characterize the approximation of a measure
by compact and open sets, respectively. A first consequence of the inner regularity property
is that a measure is null outside of its support, which we now define.

Definition 10 (Support of a measure). Let X be a Hausdorff space and let 1 be a measure on
X. The support of u is the complement of the union of all y-null open subsets of X, specifically,

suppp = X \ U{U € G(X) | u(UD) = 0}.

From this definition, it follows immediately that the support of a measure is closed. While
its complement is a union of null sets, this union may be uncountable, and consequently
need not be null itself, unless additional assumptions are made on the measure or the space.
The following result shows that the complement of the support is null if the measure is
inner regular on open sets.

Proposition 20 (Null complement of the support). For any measure u on a Hausdorff space X
that is inner reqular on all open sets, u(X \ supp u) = 0.

Proof. Any compact set K contained in the open set X \ supp u is covered by a finite
union of y-null open sets Uy, ..., U,. By the countable subadditivity of i, we deduce that
pw(K) < p(Uy) + -+ + u(Uy) = 0. The result follows directly from the inner regularity of y on
all open sets, hence on X \ supp u. m|

Radon measures, defined below, are crucial for studying the positive linear functionals
on the space of compactly supported continuous functions. The next definition establishes
our framework. The closure of a set E is denoted by E.

Definition 11 (Compactly supported function, positive linear functional, Radon measure).
Let X be a Hausdorff space.

(i). The support of a function f: X — Cis the closed set supp f = {x € X | f(x) # 0}.

(ii). The set of continuous functions X — C with compact support is a vector space over C,
denoted by C.(X).

(iii). A linear functional I on C.(X) is positive if I(f) > 0 whenever f > 0.

(iv). A Radon measure on X is a locally finite Borel measure on X that is inner regular on all
open subsets of X, and outer regular on all subsets of X.

According to Definitions 9 and 11, a Radon measure is necessarily Borel-regular and
outer regular on Borel sets. Conversely, these two properties ensure that a measure is
outer regular on all sets.
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4.2 Urysohn’s lemma and continuity of positive linear functionals

Definition 11 does not mention any continuity requirement on the linear functional I. However,
the positivity assumption entails a strong continuity property. To see this, we need a version
of Urysohn’s lemma on the existence of continuous functions that can separate two disjoint
closed sets. Such a result requires additional assumptions on the space. For this reason, we
work from now on in a locally compact Hausdorff space X. For any compact set K € K(X),
any open set U € G(X), and any function f € C.(X), we write K < f < U to indicate that

0<f<1, f=1onKk, supp f € U.

The second assertion below is Urysohn’s lemma for locally compact Hausdorff spaces.

Lemma 21 (Compact closed separation, Urysohn’s lemma, partition of unity). Let X be a
locally compact Hausdorff space, and let K € K(X) and U, Uy, ..., U, € G(X) such that K € U and
K c Uy U---UU,. Then, the following properties hold:

(i). There exists a relatively compact open set V € G(X) such that KCV C 'V C U;
(ii). There exists a function f € Co(X) such that K < f < U;
(iii). There exist functions fi, ..., fu € Co(X)with® < fj < Uj forall j,and f +---+ f, =1on K.

Proof. To prove (i), let us consider, for any x € K, an open neighborhood V, of x with compact
closure. By compactness, K is covered by the union W of finitely many sets Vy,, ..., Vy, . The
closure of W is contained in the union of the closures of the sets V, i which are compact. It
follows that W has compact closure. If U = X, we can thus choose V = W.

Let us assume otherwise that F = X \U # 0. Forany f € F, there exists an open set Wy such
that K C Wy and f ¢ Wf Indeed, for any y € K, the Hausdorff property ensures that there
exist two disjoint open neighborhoods A, and B, of f and y, respectively. By compactness, K
is covered by a finite union Wy = B, U---UB,, ,while f isin A,, N---NA,, ,an open set disjoint
from Wy, and thus from Wf It follows that () ¢ep(F N Wn Wf) is an empty intersection of

compact sets, from which we can extract finitely many compact sets F ﬂWﬂW_fl, ...,F OWOW_fP
with an empty intersection. We can finally take V.= W N Wy N --- N Wy To extract an
empty finite intersection from an arbitrary empty intersection of compact sets, observe that if
KoN Ny Ka =0, then Kg € (X \ Kpy) U--- U (X \ Kg,).

To prove (ii), let (r);>1 denote an enumeration of the rational numbers in [0, 1], with 71 = 0
and r, = 1. Then, (i) yields two relatively compact open sets Vj and V; such that

KcVicVicVycVocU.
For | > 2, assume that we have relatively compact open sets V,., ..., V;, such that forall j, j’ €
{1,....]},
KcV,cV,cU and [rj<ry = V, cV]. 9)

We choose in {1, ..., ]} two indices j and j" such that 7; < rj41 < rj» and rj — r; is minimal.
Then, (i) yields a relatively compact open set V;,, such that

Vie €V,

T1+1 < V7’]+1 < V”j'

By induction, we obtain a sequence of relatively compact open sets V;; such that (9) holds
forall j,j* > 1. Let us now define the functions

f= sup f
I’E[O,l]mQ ' Wlth {fl’ =r 1Vr

= inf =5+ (1-5)15.
&7 e & v
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The function f is lower semi-continuous, meaning that the set {x € X | f(x) > a} is open
for any a. Likewise, g is upper semi-continuous, meaning that {x € X | g(x) < a} is open
for any a. Moreover, 0 < f <1, with f =1on V; 2 K and supp f € Vp € U. To show that f
is continuous, it suffices to show that f = g. To proceed, note that f,(x) > gs(x) implies that
r > s and x € V, \ V. This is impossible since V, C V; when r > s. We deduce that f, < g;
for all r and s, so that f < g. For the reverse inequality, note that f(x) < g(x) implies that
f(x) <r <s < g(x) for some rational numbers r and s, and thus that x € Vi \ V,, which is
again impossible. Therefore, f = ¢ and the proof of (ii) is complete.

Let us prove (iii). Any point x € K belongs to some open set U;, and (i) ensures that there
exists a relatively compact open set V, such that {x} C V, C V, C U.. By compactness, K
is covered by the union of finitely many sets Vy,,...,Vy,. Fori € {1,...,n}, let L; be the
union of the closures ij, with 1 < j < m, that are contained in U;. Then, (ii) yields a function
gi € Cc(X) such that L; < g; < U;. The functions defined by

fi=g1, fo=01-g1)8, fu=1=g1) - (1-8u-1)8n
are in C.(X), and satisfy @ < f; < U;. Moreover,
A+t fi=1-(1-g1)-(1-gi)
= fit ot fin=1-01-g1)-(1-g)+(1-g1) - (1-gi)gi+
=1-(1-g1) (1~ gi+1)-

Therefore, by induction, we have fi +---+ f, =1 - (1—-g1)--- (1 — g»). Since K is covered by
the union of the sets L;, the product in the right-hand side is zero on K. We conclude that
fi+t-+ fru=1TonKk. m|

We can now show that a positive linear functional on C.(X) satisfies a continuity property.
This vector space is equipped with the uniform norm, defined for any function f € C.(X) by

[l fllo = supl f (x)].
xeX

We then have the following result.

Proposition 22 (Continuity of positive linear functionals). Let X be a locally compact Hausdorff
space, and let I be a positive linear functional on C.(X). Then, for any compact set K € K(X), there
exists a constant Cx > 0 such that for all f € C.(X),

supp f CK = |I(f)| < Ckllflle-

Proof. First consider real-valued functions f € C.(X). Positivity implies that I(f) is real,
since f = f* — f~. Urysohn’s lemma, that is, Lemma 21(ii) yields a function ¢ € C.(X) such
that K < ¢ < X. If supp f C K, then |f| < || f]lo®. It follows that || f|l¢® + f > 0, and thus
I(1flle = £) > 0. Hence, ()] < 1) flle

For complex-valued f with I(f) # 0, choose A € C such that [A| = 1 and AI(f) = [I(f)|.
Complex linearity and the preceding real-valued case give

(Al = RIASf) = IRAS)) < HQIBA )l < IO fllco-
The bound is immediate if I( f) = 0. Taking Cx =1+ I(¢) > 0 proves the statement. ]
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4.3 The Riesz representation theorem

Let u denote a locally finite Borel measure on a locally compact Hausdorff space X. Any
function f € C(X) is Borel-measurable, and thus py-measurable. Moreover,

/X 1di < | flle s(supp f) < co. (10)

It follows that C.(X) is contained in L}l. In addition, the mapping f + fx f du is a linear
functional on C.(X), by Proposition 10. It is easy to check that this functional is positive.
The main result of this section is that all positive linear functionals on C.(X) are of this
form, and can thus be represented by a locally finite Borel measure u on X. In fact, u
can be chosen to be a Radon measure, which then ensures its uniqueness. This result is
the Riesz representation theorem.

Theorem 23 (Riesz representation theorem). Let X be a locally compact Hausdorff space. For

any positive linear functional I on C.(X), there exists a unique Radon measure y on X such that
forall f € Co(X),

1= [ fdu
X
Moreover, the measure u satisfies the following properties:
(i). pU) =sup{l(f), f € Cd(X)with® < f < U} for all open sets U € G(X);
(ii). w(K) =inf{I(f), f € Co(X) with K < f < X} for all compact sets K € K(X).

Proof. We begin by proving uniqueness. Let u denote a Radon measure such that I(f) =
/X fduforall f € C.(X). Then, for any open set U € G(X) and any function f € C.(X)
with0 < f < U,

I(f)z/deyS/XIUdyzy(U).

Moreover, for any compact set K € K(X) such that K € U, Urysohn’s lemma, that is,
Lemma 21(ii) yields a function g € C(X) such that K < ¢ < U. We have

I(g)z‘/ngyZ‘/Xleyzlu(K).

Since i is inner regular on open sets, the supremum formula (i) holds. The Radon measure u
is thus determined by I on open sets. By outer regularity, u is actually determined by I on
all sets.

To prove existence, we begin by defining, for any open set U € G(X),

w(l) = sup{I(f), f € Co(X) with @ < f < U}. (11)
We then extend the definition of y to any subset A of X by setting
pu(A) = inf{u(U), U € G(X) with U 2 A}. (12)

We thus obtain a measure on X. Clearly, u(@) = I(0) = 0, and p(A) < u(B) for any A C B
because any open set that contains B also contains A. To prove the countable subadditivity of
u, let us consider a sequence of sets A; in X. For any ¢ > 0 and i > 1, there exists an open set
U; € G(X) such that A; € U; and w(U;) < u(A;) + €27". Let us consider a function f € C¢(X)
such that® < f < U = {J; U;. The support K of f is compact, and thus contained in a finite
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union U;; U --- U U;,. By Lemma 21(iii), choose fi,..., fu € Cc(X) such that § < f; < U,
forallj,and fi +---+ fu =1on K. Since f = 3%, fif and 0 < f; f < Uj;, we obtain

n

I(f) = D 1(fif) < Z u(Uy,) < i Uy < e+ i H(A).
j=1 i=1 i=1

j=1

For this fixed ¢ and the corresponding open set U, taking the supremum over all functions
f € C(X) such that @ < f < U, we obtain

Ja
i=1

Letting ¢ — 0 proves countable subadditivity, so i is a measure on X. Moreover, (11) and (12)
ensure respectively that u satisfies the supremum formula (i) and is outer regular on all sets.

The next step is to show that any open set U € G(X) is u-measurable. Let E be a subset of
X such that u(E) < co. For any ¢ > 0, there exists an open set V € G(X) such that E C V and
(V) < u(E) + €. Since U N'V is open, there exists a function f € C(X) with0 < f <UNV
and I(f) > p(UNV)—e. Likewise, there exists a function g € C(X) with® < g < (V \ supp f)
and I(g) > u(V \ supp f) — . Note that @ < f + ¢ <V, so that

W(E)+e > u(V) = [(f+g) = I()+1(g) = p(UNV)+u(V\supp f)~2¢ > w(ENU)+u(E\U)~2e.

We conclude by letting ¢ — 0 that U is y-measurable. Hence, M, contains all open sets
in X and is a g-algebra by Theorem 1. Thus, all Borel sets are in M_,, implying that u is a
Borel measure.

Let us now show that u also satisfies the infimum formula (ii). Let K € K(X), and let
f € C(X) such that K < f < X. For 0 < ¢ < 1, let us consider the open set U, = {x € X |
f(x) >1-¢} 2 Kand a function § € Co(X) such that® < ¢ < U,. Wehave (1 -¢)g < f, so
that I(g) < (1 — €)7YI(f). Taking the supremum over all the functions g, we deduce that

H(K) < p(UL) < (1= &) 1) — 1(6).

U

<pU) < e+ Y p(A).
i=1

Conversely, for any open set U 2 K, Urysohn’s lemma, that is, Lemma 21(ii) yields a function
f € Cc(X) with K < f < U. Consequently, inf{I(g), § € Cco(X)withK < ¢ < X} <I(f) <
p(U). Taking the infimum over the open sets U 2 K and using (12) gives the reverse inequality
required for the infimum formula.

We thus established the infimum formula (ii). This implies that u is finite on compact
sets, and hence locally finite, because X is locally compact. Indeed, for any compact set K,
Urysohn’s lemma, that is, Lemma 21(ii) yields a function f € C.(X) such that K < f < X. We
have u(K) < I(f) < oo.

To prove the inner regularity of y, let us consider an open set U and a < u(U). By (11),
there exists a function f € C(X) suchthat® < f < U and I(f) > a. Let K denote the support
of f. For any function g € Cc(X) such that K < ¢ < X, wehave ¢ > f,so thatI(g) > I(f) > a.
By the infimum formula (ii), we deduce that (K) > a. This proves that y is inner regular on
open sets.

It remains to establish that I(f) = fX fduforall f € C(X). We can assume by linearity
that f takes values in [0, 1]. Let us define Koy = supp f and, for all integers 1 < j <n,

n n

K; = {xeX)f(x)z %} and f]-:min{(f—j_l)+,l}.
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Note that 1g, <n fi < 1k, ,, so that for any open set U 2 K;_1, we have K; < n f; <U. Thus,

u(Kj) <n /X fidu<u(Kis)  and  wp(K;) <nl(f) < p).

We used here the infimum formula (ii) and the fact that K; is a compact set, as a closed subset
of the support of f. Moreover, taking the infimum over all open sets U 2 K1, and using the
outer regularity of , we can replace U by K;_; in the last inequality. Finally, observing that

f=fit-+ fu, weget

1 n 1 n-1 1 n 1 n-1
LX) s [Faus Ty u) and LN uE) <1 <3 Y (k).
=1 X j=0 j=1 =0

As a result, since the compact set K has finite measure, we have

Ko) — u(K K
I(f)_/fdysu( o) — u(Ky) _ p(Ko) 0.
X n n n—oo
This finishes the proof of the Riesz representation theorem. ]

4.4 Regularity and approximation properties of Radon measures

We now study in more detail the regularity and approximation properties of Radon measures.
We begin by strengthening the inner regularity properties of Radon measures.
A topological space is called o-compact if it is a countable union of compact subsets.

Proposition 24 (Inner regularity on o-finite sets). Let X be a locally compact Hausdorff space, and
let 1 be a Radon measure on X. The following properties hold:

(i). w is inner regular on all its o-finite sets;

(ii). If X is also o-compact, then  is inner regular on all its measurable sets.

Proof. Let A be a o-finite set with respect to y. In particular, A is p-measurable. Let us
assume that p1(A) < co. Since u is outer regular on all sets, for any ¢ > 0, there exists an open
set U 2 A such that

pU\A) = ul) - u(A) < e.
Likewise, there exists an open set V 2 U \ A with p(V) < e. In addition, since p is inner
regular on open sets, there exists a compact set K € U such that p(K) > pu(U) — €. The set
L = K\ V is compact, as a closed subset of K, and satisfies L C A. Moreover, we have

p(L) = u(K) = p(KNV) > (ut) — &) = u(V) > p(A) - 2e.

This shows that the measure u is inner regular on the set A. If otherwise y(A) = oo, then
A is the union of a nondecreasing sequence of y-measurable sets A; such that p(A;) < co.
By Theorem 3, we have u(A;) — oo as i — oo. For any ¢ € R, we have u(A;) > ¢ for some i
and, by the previous argument, there exists a compact set L € A; € A such that u(L) > ¢. We
conclude that y is inner regular on A.

For the last part of the statement, we just observe that if X = | J; K; with K; compact, and
if A € M, then A = | J;(ANK;)with AN K; € M, and u(A NK;) < u(K;) < oo, so that A is
o-finite. It follows from the first part of the statement that y is inner regular on A. |

Proposition 24 ensures that all o-finite Radon measures are both outer and inner regular
on all measurable sets. The following result discusses the approximation properties of o-finite
Radon measures for measurable sets. Recall that a Gs-set is a countable intersection of open
sets, and that an F;-set is a countable union of closed sets.
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Proposition 25 (Measure approximation of Borel sets). Let X be a locally compact Hausdorff
space and let  be a o-finite Radon measure on X. Then, for any p-measurable subset E of X, the
following properties hold:

(i). Forany € > 0, there exist a closed set F and an open set U with F CE C U and u(U \ F) < ¢;
(ii). There exist an F,-set A and a Gs-set B with A C E C Band u(B\ A) = 0.

Proof. Since u is o-finite, we can write X = (J; A; with A; € M, and u(A;) < . By
outer regularity, for any ¢ > 0 and any i > 1, there exists an open set U; 2 E N A; with

w(U;) < p(EN A;j) + €270+ The set U = | J; U; is open, contains E, and satisfies
o0 o0 8
u(U \ E) < Z‘ u(Ui \ (EN A) = ;<u(ui) ~HENA)) < 3.

The same arguments applied to the set X \ E yield an open set V 2 X \ E such that
u(V NE) < €/2. Then, the set F = X \ V is closed and contained in E. Finally, we have

WU\ F) = U\ E) + w(E\F) = (U \ E) + p(ENV) < .

We thus established (i). In order to prove (ii), we apply (i) with ¢ = 1/i, thereby obtaining
a sequence of closed sets F; and a sequence of open sets U; such that F; € E C U; and
p(U; \ F;) <1/iforany i > 1. The set A = | J; F; is an F;-set, the set B = (); U; is a Gs-set, and
A CE CB. Finally, foralli > 1,

p(B\A) < u(U; \ F;) <1/i -2 0.
This achieves the proof of (ii). O

We finish our treatment of Radon measures by showing that, under a o-compactness
assumption on the space, any locally finite Borel-regular measure is actually a Radon measure.

Theorem 26 (Sufficiency of local finiteness). Let X be a locally compact Hausdorff space, and let u
be a locally finite Borel measure on X. Assume that any open subset of X is o-compact. The following
properties hold:

(i). w is outer and inner regular on all Borel sets;

(ii). If in addition u is Borel-regular, then it is a Radon measure.

Proof. Recall that C.(X) is contained in L}, as a result of (10). Moreover, the mapping
f— fX f du is a positive linear functional on C.(X), thanks to Proposition 10. Theorem 23
yields a Radon measure v that corresponds to this positive linear functional. Let us consider an
opensubset U of X and assume that U = | J; K;, where the sets K; are compact. By Lemma 21(ii),
there exists a function f; € C.(X) such that K; < fi < U, and by induction, there exists a
sequence of functions f; € C(X) such that (K; U---UK; Usupp fiU---Usupp fi-1) < fi <U
for all i > 2. This sequence of functions is nondecreasing in i and converges to 1, so the
monotone convergence theorem, that is, Theorem 5, yields

M(u)=/1udy=.lim/fidu=lim fz‘dv=/1udv=v(u)c
X i—oo Jx =00 JX X

The measure v is o-finite, because X is o0-compact and v is locally finite. Moreover, any
Borel subset E of X is v-measurable. Proposition 25(i) yields a closed set F and an open set U
such that FC E C U and v(U \ F) < €. Since U \ F is open, we have u(U \ F) = v(U \ F) < .
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Hence, u(U) < u(E) + €, which proves outer regularity when u(E) < co; when u(E) = oo, outer
regularity is immediate by monotonicity. Moreover, F is closed in the o-compact space X, so
there are increasing compact sets K; with union F. By Theorem 3, u(K;) — u(F). If u(E) < oo,
then u(F) > u(E) - ¢, and some K satisfies y(K;) > u(E) — 2¢. If u(E) = oo, the inequality
H(E \ F) < & gives u(F) = oo, so the compact masses 1(K;) are unbounded. This proves inner
regularity in both cases.

For the last part of the statement, we use the fact that if ¢ is Borel-regular and outer regular
on Borel sets, it is actually outer regular on all sets. Since p and v coincide on open sets, they
coincide on all sets. Hence, p is the Radon measure v. m]

Remark 2 (Open sets are o-compact in second-countable locally compact Hausdorff spaces).
A topological space is called second-countable if there exists a countable collection of open
sets such that any open set in the space can be expressed as a union of open sets from this
collection. If a locally compact Hausdorff space X is second-countable, then any open subset
of X is o-compact, and so the assumption of Theorem 26 is verified. To see this, let us consider
an open subset U of X. By Lemma 21(i), for any point x € U, there exists a relatively compact
open set V, such that x € V, C V, C U. Moreover, there exists an open set U, from the
countable base of X such that x € U, € Vy. Hence, U = U, U,, where the sets U, are
compact, and only countably many are distinct, since the base is countable.

4.5 Image measure
Let us now study the notion of image measure. We are particularly interested in the

preservation of the Borel and Radon properties of measures when taking their image.

Definition 12 (Image measure). Let X and Y be two sets, let u be a measure on X, and let
f: X — Y be a function. The image measure of ;1 under f, also called the pushforward measure
of u by f,is the measure v on Y defined for all subsets A of Y by the formula

v(A) = p(f7H(A)).

The image measure v is denoted by fau, or o f=1.

This definition does not make any assumption on the measure u or the function f. When
Y is a topological space and f is y-measurable, we obtain additional measurability properties.

Proposition 27 (Borel image measure). Let X be a set and let y be a measure on X. Then,
for any p-measurable function f: X — Y, where Y is a topological space, fs1 is a Borel measure on
Y. This is the case in particular for f Borel-measurable, when X is a topological space and i is a
Borel measure.

Proof. Letus considera Borelset A € B(Y). If f is u-measurable, then f ~!(A)is y-measurable,
and thus A is v-measurable, because for any subset E of Y, we have
V(ENA) +v(E\A) = u(fTHENA) +u(fHE\ A))
= u(fHE)N FTHA) +u(fTHE) fTHA))
= u(f7(E)) = v(E).
When X is a topological space and p is a Borel measure, any Borel-measurable function is

necessarily py-measurable, so the above arguments apply. m|

Furthermore, the Radon property of a measure is also conveniently transferred to its image
under a continuous function, when the measure has compact support.
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Theorem 28 (Radon image measure). Let X and Y be locally compact Hausdorff spaces, let u be a
compactly supported Radon measure on X, and let f: X — Y be a continuous function. Then, fgu is
a Radon measure on'Y. Moreover,

supp fyt = f(supp ).

Proof. Since u is a Borel measure and f is Borel-measurable, as a continuous function,
Proposition 27 shows that fsu is a Borel measure. Moreover, u has compact support
S = supp u and is finite on compact sets, because it is locally finite, so p(S) < co. Since u is
inner regular on all open sets, we also know from Proposition 20 that u(X \ S) = 0. Therefore,
for any compact subset L of Y,

fap(L) = u(fHL)) < w(S) < oo.

Given that the space Y is locally compact, this ensures that fyu is locally finite.

Let us prove that fzu is inner regular on any open subset U of Y. Since f is continuous,
f~1(U)is open, so for any ¢ > 0, the inner regularity of u implies that u(K) > u(f~1(U)) - ¢ for
some compact set K C f~1(U). The set L = f(K) is compact and contained in U, and satisfies

feu(L) = u(fH(F(K)) = p(K) > p(f7HU) — & = fyp(U) - e.

In order to establish that fsu is outer regular on an arbitrary subset A of Y, we consider ¢ > 0
and we use the outer regularity of u to obtain an open set U 2 f~1(A) N S such that

pU) < u(f YA NS) + e < fau(A) +e.

Note that V = Y\ f(S \ U) is an open set, as the complement of a continuous image of a
compact set. Moreover, AN f(S\ U) =0, so that A C V. In addition, we have

SN fHV)=8\ fHfS\U)cs\(S\U)cU,

from which we directly deduce that

fiu(V) = u(f71(V) < u(X\ S) +u(S 0 fH(V)) < p(U) < fyu(A) + ¢

We have thus checked all the requirements to confirm that fzu is a Radon measure on Y.
It remains to show that the support of fzu is the image of that of . For any open subset U of
Y, we have

= fruul)=0 = u(flu)=0
= fT(U)SX\suppu
[—==

fi U Nsuppu=0 & UN f(suppp) =0
& UcY\ f(suppu).

U CY\supp fau

The result follows from the fact that supp fzu and f(supp p) are two closed sets. m|

Finally, we also have the following useful integration formula for image measures.
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Theorem 29 (Integration formula). Let X and Y be topological spaces, let |1 be a Borel measure on
X, and let f: X — Y be a Borel-measurable function. Then, for any nonnegative Borel-measurable

function g defined on'Y,
[atm= [ gorau
Y X

This formula remains valid for ¢ valued in C, provided that either of the integrals is finite when the
integrand is replaced by its modulus.

Proof. We first remark that g and g o f are Borel-measurable functions, and that fyu and
u are Borel measures, in view of Proposition 27. Hence, g is fspy-measurable and g o f is
p-measurable, so the integrals are well-defined. Let us assume that g is simple, so that g o f
is also simple. By Definition 4,

[gofau= 3, zugon@zm= Y zutr g (zh),
X ze(gof)(X) 2eg(F(X))

For z € g(Y) \ g(f(X)), we have f~1(g71({z})) = 0, so fau(g~'({z})) = 0. Hence,

[t =3 2 g @M= Y zulr D)

zeg(Y) zeg(f (X))

It follows that the formula is valid when g is simple. To deduce the result in the general case,
we use the sequence of nonnegative simple Borel-measurable functions ¢; built in the proof
of Lemma 6, and we conclude with the help of the monotone convergence theorem, that is,
Theorem 5.

To deal with the case where ¢ is valued in C, it suffices to apply the formula for nonnegative
functions to the positive and the negative parts of the real and the imaginary partsof ¢. O

4.6 Weak convergence

Let us now study the convergence properties of Radon measures, in the following dual sense.

Definition 13 (Weak convergence of Radon measures). Let X be a locally compact Hausdorff
space, and let y; and y be Radon measures on X. The sequence (y;);>1 converges weakly to u if
for any function f € C(X),
[ o [ o
X X

j—o0

This property is denoted by pj — pasj — oo.

This use of C.(X) test functions is also called vague convergence; probability texts often
reserve weak convergence for convergence against all bounded continuous functions.

On a second-countable locally compact Hausdorff space, any uniformly locally finite
sequence of Radon measures admits a weakly convergent subsequence. To prove this result,
we shall use the Riesz representation theorem, and the separability of the space C.(X) when
X is compact and metrizable, which is addressed in the following lemma.

We use the following form of the Stone-Weierstrass theorem: if K is a compact metrizable
space and A C C(K;C) is a complex subalgebra containing the constants, separating points,
and closed under complex conjugation, then A is dense in C(K;C) for the uniform norm.
This approximation theorem is admitted here; see Theorem 7.33, p. 165, in [10].
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Lemma 30 (Separability of C.(X)). If X is compact and metrizable, then C(X) is separable.

Proof. Let d be a compatible metric on X. Since X is compact, it is separable, so that there
exists a countable dense subset {x,, n > 1} of X. Let us consider the functions defined by
fa(x) = d(x, x,), and the family P consisting of the functions P(fi, ..., f,), where P is a
polynomial in n variables with complex coefficients. The family # is an algebra over C of
complex continuous functions on X that is self-adjoint (stable under complex conjugation),
that vanishes at no point of X (because # contains the constant function equal to 1), and
that separates points on X (because if x # y, there exists n > 1 such that d(x,, x) # d(x,, y)).
The Stone-Weierstrass theorem ensures that the algebra # is dense in C.(X). We refer to
Theorem 7.33, p. 165, in [10] for the statement of the Stone-Weierstrass theorem that we use
here. However, the functions f, are uniformly bounded on X by the diameter of X, and the
set of Gaussian rationals Q(i) is dense in C, so restricting the coefficients of the polynomials
to Q(i), we establish that the algebra P is separable, and thus that C.(X) is separable. O

We also use the following topological fact: every second-countable locally compact
Hausdorff space admits a compatible metric and is a countable union of compact sets. This
is the metrization and o-compactness result recalled in the corollary to Proposition 16 in
Chapter IX, § 2, no. 9, pp. 158-159, of [2].

Combining Lemma 30 with Theorem 23, we can now establish the following result.

Theorem 31 (Uniformly locally finite sequences of Radon measures). Let X be a second-
countable locally compact Hausdorff space, and let (11;);>1 be a sequence of Radon measures on X that
is uniformly locally finite, meaning that for any compact set K C X,

Ck = sup p;(K) < oo.
j21

Then, there exists a subsequence (i, )k>1 and a Radon measure y such that yj, — uas k — oo.

Proof. Since the space X is second-countable and locally compact, it is metrizable and
o-compact, see the corollary to Proposition 16 in Chapter IX, § 2, no. 9, pp. 158-159, of [2]. It
is also exhaustible by compact sets. Indeed, let us assume that X = | J,,, L, with L,, compact.
By Lemma 21(i), there exists a relatively compact open set Uy 2 L;. For m > 2, we can thus
define inductively a relatively compact open set U, 2 U,,—1 U Ly,. Letting K,,, = U,,, we see
that X = J,, Ky, with K, compact and K,, € intK,,,;. Every compact K,, is metrizable,
so that C.(Kj,) is separable, by Lemma 30. Let E,, be the subspace of C.(X) consisting of
functions with support contained in K,,. Restriction to K,, identifies E,, isometrically with a
subspace of the separable metric space C.(K,,). Every subspace of a separable metric space
is separable: intersect a countable base with the subspace and choose one point from each
nonempty intersection. Thus, let {(j)]([,m), p > 1} denote a countable dense subset of E,,. Up
to adding a countable number of functions, we can assume that for any p > 1, there exists

p’ > 1 such that (p;@ = (Rgb;,m))J“. Since z — (Rz)* is 1-Lipschitz continuous, this ensures
that any nonnegative function in E,, can be approximated by nonnegative functions from the
dense subset.

Let 91,12, ... be an enumeration of the set {(j);m), m,p > 1}. The uniform local finite-

ness yields
‘ / Yiedy;
X

< /Xlﬁbklduj < Csupp gy [Pkllco-
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The sequence in the left-hand side is bounded in j, so we can extract a convergent subsequence.
Specifically, we obtain an extraction 11 (j) such that fX Y1 duy,(j) converges. By induction, we

further obtain extractions (11 o - - - o n¢)(j) such that /X Yk dp(yy0--0n;)(j) cOnverges. Finally, the
diagonal extraction defined by jx = (11 o --- o ¢)(k) satisfies forall m,p > 1,

/cp(’”) duj —— J(py") e C.

Let us consider a function f € C.(X). We have supp f C K,, for m large enough, and

there exists a sequence of functions qbl(f:) that converges uniformly to f. By the uniform local
finiteness, we have

/ oo duj, — /X oy dyj,

Letting k — oo, we deduce that

T@U) =TI < Ci,y 190" = S lco-

< /X 160 = U] dgj, < Cry 16U = 0o

The sequence (] (qi)g:)))nzl is Cauchy, and thus converges to some limit I,,,(f) € C. The same
arguments imply that the value I,,,(f) does not depend on the choice of the approximating

functions qbgf), and does not depend on m provided that supp f C K,,. Hence, I,,(f) = I(f) €
C when supp f C K.
To show that [ is linear, let us consider a € C and f, g € C(X). For m large enough, the

supports of f, g and a f + g are contained in K,,. There are sequences of functions qi),(g'f),
¢;’Z1) and ngﬁ) that converge uniformly to f, ¢ and a f + g, respectively. The uniform local
finiteness yields

‘ o am - [ o+ ol du,

< [ 1o = ol + 6l N, < Cr ol - ot + 0l
X n n n
Using the linearity of the integral and letting k — oo in the left-hand side, we obtain

(@0 = af(@pr) = (U < Cr,, 190 = (agppy’ + U)o

Letting n — co with m fixed, we deduce that I(a f + ¢) = al(f) + I(g). Hence, I is a linear
functional on C(X). To show that I is positive, let us consider a nonnegative function
f € Co(X). Again, for m large enough, the support of f is contained in K,,;, and there exists
a sequence of functions ¢I(;Z11) that converges uniformly to f. However, we have another
sequence ¢(m) = (‘ch(m))Jr > 0 that converges uniformly to (R f)* = f. Note that | (qbgfi)) >0,
so that I, (f)>0 and finally I(f) > 0. '
Since I is a positive linear functional on C.(X), the Riesz representation theorem, that is,
Theorem 23, ensures that there exists a unique Radon measure p on X such that I(f) = /X fdu
for all f € Cc(X). It remains to prove that yj, — pas k — co. Let us consider a function

€ C.(X) such that su C K,;, and a sequence of functions (m) that converges uniforml
PP q P S y
to f. We have

< |Lu(f) = J(@U)] +

[ rau- [ rau, o - [ ot au
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/X o) duj, - /X £,
< () = T + 100" - /X o) du,

+ CKm ||(P§71:Z) - .f“oo

+

Letting k — oo, we obtain

/deu—/xfdwk

which implies that fX fduj — /X f du as k — oo, thereby achieving the proof. m|

lim sup

k— o0

< () = J@PN + C,, 94 = flls —— 0,

The simple example of a Dirac mass 6x; on R that escapes to infinity when x; — oo shows
that the weak convergence of Radon measures does not imply the convergence of the measure
of a particular set. Indeed, oy, = Oas j — oo, but for instance Ox; (R) =1 for all j. However,
we have the following semicontinuity result for the measures of open and compact sets, which
is a direct consequence of the Riesz representation theorem.

Theorem 32 (Portmanteau for Radon Measures). Let X be a locally compact Hausdorff space, and
let uand u; be Radon measures on X such that uj — uas j — oo. Then:

(i). For any open set U € G(X), it holds that u(U) < liminf u;(U);
]—?OO

(i1). For any compact set K € K(X), it holds that u(K) > lim sup u;(K).

]

Proof. Let us consider the positive linear functionals defined by I;(f) = fX f duj and
I(f) = fX fdu for f € Co(X). The formulas (i) and (ii) of Theorem 23 hold for these

functionals and the corresponding Radon measures. Let us consider an open set U, and a
function f € C(X) such that® < f < U. Then,

I(f) = lim I;(f) < liminf u;(U),
j—ooo j—oo

as a result of (i), that we subsequently use again to take the supremum over f in the left-hand
side. Similarly, let us consider a compact set K, and a function f € C.(X) such that K < f < X.
Then,

I(f) = lim I;(f) > limsup p;(K),
] i

]

as a result of (ii), that we use once more to take the infimum over f in the left-hand side. O

5 Metric measures

5.1 Definition and Borel property

We now study the particular case of metric spaces, and consider important examples of
measures related to the size and the geometry of sets. These measures fall in the category
of metric measures.
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Definition 14 (Metric measure). Let (X, d) be a metric space. A measure u on X is metric if
forallsets A,B C X,

dA,B)>0 = uAUB)=u(A)+ uB),
where d(A, B) = inf{d(a,b), a € A,b € B} is the distance between A and B.
Metric measures are Borel measures. To prove this, we need the following lemma, which
is Lemma 1.4, pp. 5-6, in [5].

Lemma 33 (Carathéodory’s lemma). Let (X, d) be a metric space. For any metric measure |1 on
X, and for any nondecreasing sequence of subsets A; of X with union A = J; Aj, the following
implication holds:

[Vi=21 d(Aj,A\Aj11) >0] = u(A) =supu(4)) = jlim u(Aj).
Proof. Define By = Ajand Bj = Aj \ Aj_1 forall j > 2. Fori >j+2,wehave B; CA\ A;1 C
A\ Aji1,sothatd(Aj, Bi) 2 d(Aj, A\ Aj+1) > 0. Hence, for any m > 2, we have
d(B1 UB3 U ---U B3, Bam-1) 2 d(A2m-3, Bam-1) > 0,

and a similar property for sets with even indices. By induction, using Definition 14, we get

#(0 sz—1) = i p(Bak-1)  and #(0 sz) = i 1(Bak).
k=1 pa k=1 k=1

If at least one of these series diverges, we have 1(A) > u(A;j) — oo as j — oo, because the
unions are both contained in Ay,,. We may therefore assume that }}; u(Bx) < oo, which gives

[o¢]

u(A) =l AU ) Be|<uap+ ) u(B) — lim p(A)) < p(A),
k=j+1 k=j+1 e e

which achieves the proof. a

We can now establish that Borel sets are measurable with respect to metric measures.

Theorem 34 (Metric measures are Borel). Let X be a metric space, and let i be a metric measure
on X. Then, u is a Borel measure.

Proof. It suffices to show that any closed set A is u-measurable. Forall E C X and j > 1, let
us define E; = {x e E\ A|d({x}, A) > 1/j}. Wehave d(E;,ENA) 2 d(E;,A) > 1/j > 0. Hence,
by Definition 14,

p(Ej) + wW(ENA) = w(E; U(ENA)) < u((E\ A)U(ENA)) = u(E).

Moreover, the sets E; are nondecreasing in j, and their union is equal to E\ A, because A is closed.
In addition, they satisfy the assumption of Lemma 33, specifically, d(E;, (E \ A) \ Ej+1) > 0
for all j > 1. To see this, consider a point x € (E \ A) \ Ej41. Then, d(x, a) < 1/(j + 1) for some
a € A. Fory € Ej, we have d(y, a) > d({y}, A) > 1/j, and the triangle inequality implies that
d(x,y) > 1/j—1/(j + 1), which ensures that d(E;, (E \ A) \ Ej4+1) > 1/(j(j + 1)) > 0. Lemma 33
now gives u(E \ A) + u(E N A) < u(E) for all E C X, proving the measurability of A. m|
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5.2 The Lebesgue measure

The principal example of a metric measure is Lebesgue measure, defined below.

Definition 15 (N-dimensional Lebesgue measure). For any integer N > 1, the N-dimensional
Lebesgue measure is the measure on RN defined by

LNA) = inf{i(%i)N, AC O Q(Xi,ri)}-
i1 i=1

The infimum is over all coverings of the set A C RN by open cubes centered at x € RN with
side length 2r > 0, namely, by cubes Q(x,r) = {y € RN | max,|x, — y,| < r}. A cube with
r = 0 is empty.

Theorem 34 and the results of Section 4.4 imply the following important property.

Theorem 35 (Metric and Radon properties of the Lebesgue measure). For any N > 1, the
N-dimensional Lebesgue measure LV is a metric Radon measure on RN,

Proof. Let us check that £V is a measure. First, the empty set @ is covered by cubes with
side length 0, so that £LN(0) = 0. Furthermore, if A C B, any covering of B is a covering of
A, so that LN(A) < LN(B). Finally, for any sequence of sets Aj and any ¢ > 0, there exists
a covering of A; by cubes Q(x;,;, 7j,i) such that Z;’il(er,i)N < LN(Aj) + 27/, The union of
the cubes Q(x;,, 7,i) is a covering of the set A = Uj Aj. The associated sum Z;’il Z‘f’:l(er,i)N
is bounded above by ¢ + Z;; LN (Aj), and below by LN(A). We deduce the countable
subadditivity by letting ¢ — 0.

In order to show that the Lebesgue measure is a metric measure, we observe that the
infimum that defines £N(A) is unchanged when the coverings are restricted to cubes of
arbitrarily small side length. Specifically, for any 6 > 0,

LNA) = inf{Z(Zn)N ,AC U Q(x;, r;) with r; < 6}. (13)
i=1 i=1

To prove this, let us consider a covering A C | J; Q(x;, ;). For any ¢ > 0 and m; > 1, the open
cube Q(x;, r;) can be covered by mZN open cubes with side length 2(1 + ¢€)r;/m;, which is less
than 6 for m; large enough. We obtain a covering of A with sum }}; mlN Q@1 + &)ri/m)N =
(1+ &)N 3;(2r;)N. By taking the infimum over all coverings, we deduce that the right-hand
side of (13) is bounded above by (1 + )N £LN(A), while being clearly bounded below by LN (A).
We conclude by letting ¢ — 0 that (13) holds. Now, let us consider two sets A, B € RN such
that d(A, B) > 0, and a covering of A U B by cubes Q(x;, r;) with r; < 6. Define I as the set of
indices i such that A N Q(x;, ;) # 0, and define Ip similarly. The sets I4 and Ip are disjoint if
0 is small enough. Moreover, the set A is covered by the cubes Q(x;, ;) with i € 4, and a
similar property holds for B. It follows that LN(A U B) > £LN(A) + LN(B).

We just proved that £V is a metric measure, and Theorem 34 implies that £V is a
Borel measure. Furthermore, for every set A C RN and m > 1, there exists a covering
A C By = Uj2 Q(¥m,i, 'm,i) such that LN(B,) < Zfil(Zrm,i)N < LN(A) + 1/m. The set
B = N, B is a Gs-set containing A and satisfying £LN(B) < £LN(A). Therefore, LN is a
Borel-regular measure.

By Theorem 26, only local finiteness remains to be checked. Every point has an open ball
of finite measure, since LN (B(x,r)) < 2r)N < c. O
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Proposition 36 (Lebesgue measure of rectangles). The Lebesgue measure of a rectangle in RN
with sides parallel to the coordinate axes is given by

N N
LN(n[ﬂi,bi]) = l_[(bi - a;), (14)
i=1 i=1

where —co < a; < b; < oo for all i. Moreover, the above formula is also valid for open rectangles.

Proof. An open rectangle with a zero side length is empty and has measure zero. Otherwise,
since open rectangles can be sandwiched between two arbitrarily close closed rectangles, the
formula (14) for closed rectangles implies the formula for open rectangles. To prove (14),
note from Definition 15 that the Lebesgue measure is translation-invariant and satisfies the
scaling property LN([0,5]N) = 6N LN([0,1]V) for every 6 > 0. In addition, the rectangle
Hf\il [a;, bi] is sandwiched between the union of Hf\ill_b"g”fj disjoint closed cubes with side
length 6’ € (0, 6), and the union of Hﬁl max{l, fbig”f]} closed cubes with side length 06,

where | - | and [ - | denote the floor and the ceiling function, respectively. Therefore,

LY, 1M 6™ ]H[V’;”J < LN(ﬁ[a- b-]) < 200,15 | | max{l F’f = ”f”_
’ L o1 )T ' o

i=1 i=1
Letting 6" — 6 and then 6 — 0, we deduce that

N N
LN(n[ﬂi, bi]) = LN([0,1]V) l_[(bi —a;).
i=1

i=1

It now remains to prove (14) for the unit cube [0, 11N, For every 6 > 0, the unit cube
is contained in an open cube with side length 1 + 6. It follows from Definition 15 that
LN({[0,11N) < (1 + )N, Letting 6 — 0, we obtain £LN([0,1]) < 1. To prove the reverse
inequality, assume that the unit cube is covered by open cubes of the form Q(x;, 7;). By the
countable subadditivity, the translation invariance and the scaling property of the Lebesgue
measure, we have

LV, 1Y) < 37 LV QG 7)) < LY([0,11Y) Y @r).
i=1 i=1

We deduce from Definition 15 that £V ([0, 1]V) < £N([0, 1]V)?, and thus LN ([0, 1]N) € {0, 1}.

To prove that £LN([0,1]V) = 1, we extract by compactness a finite subcover of the
unit cube, and thus assume that [0,1]N ¢ ", Q(x;,r;) with r; > 0. If one of these
cubes has side length 2r; > 1, then 1 < Y;(2r;)N, which already gives the required lower
bound for this covering. Otherwise, all 2r; < 1, and we argue as follows. Recall that a
dyadic cube is a set of the form 27/(k + [0, 1)N), for j € {0,1,...} and k € ZN. Each set
[0, )N N Q(x;, 7;) is covered by at most 2V dyadic subcubes of [0, 1)V with side length
27Ji ' where ji is chosen such that 27Ji=1 < 2y; < 27Ji. Each of these subcubes contains
2N(U-ji) dyadic subcubes with side length 27/, where | = max{ j1, -, jn}. The total number
of the latter subcubes is equal to 2NJ because their union is equal to [0, 1)N. (However,
each of them can belong to several of the former subcubes.) Hence, 2NJ < oN ha 2NU=j),
which implies that 1 < 2N 31, 27Nii < 22N 3% (27;)N. We conclude from Definition 15 that
LN([0,1]V) > 272N > 0, and finally that £N([0,1]V) = 1. O

The next result shows that the N-dimensional Lebesgue measure can also be obtained as a
consequence of the Riesz representation theorem and the properties of product measures.
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Proposition 37 (Alternative construction of the Lebesgue measure). The mapping I: f
00 1 n-1 k
Z lim - Z f (j + E) is a positive linear functional on C(R), represented by a unique Radon
n—o0
j=—00 k=0
measure | on R. Then, the measure uy defined inductively by u1 = y and pun = un-1 ® p is the
N-dimensional Lebesque measure LN on RN,

Proof. Itis easy to see that I is a positive linear functional on C.(R). Indeed, there are finitely
many nonvanishing terms in the series, and those terms are well-defined as limits of Riemann
sums. The Riesz representation theorem, that is, Theorem 23 implies that there exists a
unique Radon measure p on R such that I(f) = fR fdu. Fora<band0< e < (b—-a)/2, let
fe denote the continuous function that is constant equal to zero outside of (a, b), constant
equal tooneon [a + ¢,b — €], and affine on [a, a + ¢] and [b — ¢, b]. Similarly, let g, denote the
continuous function that is constant equal to zero outside of (a2 — ¢, b + ¢), constant equal to
one on [a,b], and affine on [a — ¢,a] and [b, b + ¢]. We have f. <1(, ) < g, so that

b-a-e=1If)<u(@ab)<I(g)=b-a+e.

It follows that u((a, b)) = b — a. Furthermore, let us consider a covering of a set A C R by open
intervals (x; — r;, x; + r;). By countable subadditivity, u(A) < 3;(2r;). Taking the infimum
over all coverings, we obtain u(A) < L1(A) for any set A C R. Moreover, since £! and p are
both Borel-regular measures, there exists a Borel set B 2 A such that £(B) = £L!(A) and
w(B) = u(A). Then, for any r > 0,

0=LY(~r, )= u((=r,) = (L (=r,7) N B) = p((=r,7) N B))
+(LY((=r, 1)\ B) = p((=r,7) \ B)),

where the two terms in parentheses are nonnegative. These two terms are thus equal to zero,
and Theorem 3 implies that u(B) = L1(B), so that u(A) = £1(A). The Radon measures y and
L coincide.

Using Proposition 15, we can show by induction that un(Q(x, 7)) = (2r)N for any open
cube Q(x,r)in RV, since a cube in dimension N is the product of a cube in dimension N — 1
and an interval. Then, for any covering of a set A € RN by open cubes Q(x;, 7;), we have by
countable subadditivity un(A) < ¥;(2r;)N. Taking the infimum over all coverings, we obtain
un(A) < LN(A). To justify Borel regularity of uy, assume inductively that both factors are
Borel-regular. Each measurable rectangle in a covering can be enlarged to a Borel rectangle
with the same cost, by taking Borel hulls of its two factors. Intersecting countable unions
of these rectangles from coverings whose costs tend to un(A) gives a Borel hull of A with
the same measure when uy(A) < oo; otherwise RN is such a hull. Moreover, every open set
in RY is a countable union of open rectangles, which are uy-measurable by Proposition 15.
Hence uy is a Borel-regular measure. The preceding comparison argument, with expanding
open cubes in place of intervals, now gives uy = £LN. ]

5.3 Tailintegrals and integral inequalities

Considering the product of a measure with the one-dimensional Lebesgue measure, we
can express the integral of any nonnegative function as an integral of its tail distribution.
In these integrals, we may write dt for d£L!(t).
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Proposition 38 (Tail formula for integrals). Let X be a set and let 1 be a measure on X. Then, for
any function f € L] that is o-finite with respect to y, the following equality holds:

[rau= [ utxexism>mar
X 0

Proof. The set under the graph is measurable, including when f takes the value oo, because

A ={(t,x) eERXX[0<t < f(x)} = U 0,9)x{xeX]| f(x)>q}.
q€Q, >0

Each rectangle is measurable by Proposition 15, and the union is countable. In addition, the
set Ay is o-finite with respect to £L! ® p. This follows from Proposition 15 and the following
observations: the function f is o-finite with respect to y, the Lebesgue measure is o-finite,
and Ay CR x {x € X| f(x) # 0}. Therefore, Theorem 16 yields

L'eu(Ay) = / LY({teR[0 <t < f(0)})du(x) = / u{xeX10<t < fPAL®),
X R
and the result follows directly. m|

Proposition 38 can be used to derive Kolmogorov’s inequality for functions in weak Lebesgue
spaces. To be more precise, if a set X is endowed with a measure y, then for any p € (1, ),
the Lebesgue space LZ consists of equivalence classes, modulo equality p-almost everywhere,
of u-measurable functions f: X — C such that ||’ € L}l. It is known that LZ is a vector
space, on which the mapping f +— ”f”Lﬁ = (/X|f|l” dy)l/p is a norm, see [11]. Then, the
weak Lebesgue space LZ’OO consists of equivalence classes, under the same identification,
of p-measurable functions f: X — C such that

fllz = sup t p({x € X ||f ()] > th!P < co.
t>0

The mapping f — || f]| e fails to be a norm, but LZ’OO is a topological vector space, see [7].
In addition, note that ||f ”Lﬁ""’ < |If ”Lﬁ/ so that LZ - LZ’OO. Indeed, if |f(x)| > t, then
t7P|f(x)IP > 1, and we have

1/p
e € XU 00 <o [ 0P au) - =1l

The value of || f ”Lf,’w yields an upper bound on the integral of | f| over measurable sets of

finite measure. This is the purpose of the following result, which is a direct application
of Proposition 38.

Proposition 39 (Kolmogorov’s inequality). Let X be a set and let u be a measure on X. Then,
for any p € (1, 00), any function f € L, and any set A € M,,, the following inequality holds:

p(A) P
J 171w < 2

Proof. If u(A) = 0, the integral vanishes. If ”f”Lﬁ’“ =0, then u({x € X ||f(x)| > 1/n}) =0

for every n > 1, so that f = 0 uy-a.e. and the integral again vanishes. These cases agree with
the convention 0 - co = 0. If neither factor is zero and one is infinite, the right-hand side is
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infinite and the result is immediate. We may therefore assume that both p(A) and || f|| [~ are

posli:ive and finite. In particular, 14 |f| € L} is o-finite with respect to u. By Proposition 38,
we have

Jintau= [ utxeanig@i> mar< [ minfuca, v i) a

Comparing the two terms in the minimum, we deduce that

* dt
J1r1du < @ il 151 [ =
u(Ay 11z
p
11/ ”f” pw T 1p _ [.1( )1 1/p
= A TN fllpe + ——= (WA fllp) 1o IIfIILP ,
which proves the inequality. m|

We now state and prove Jensen’s inequality.

Proposition 40 (Jensen’s inequality). Let X be a set and let u be a measure on X such that (X) = 1.
Then, for any —oo < a < b < oo, any convex function ¢: (a,b) — R, and any p-integrable function

f: X — (a,b), it holds that
qb(/xfdu) < [ o(pau

The integral on the right is well-defined in (—co, co]: it means /X(qb o f)*du-— fX(¢> o f)~du, and
the second integral is finite.

Proof. Putm = fX f du, which s finite by integrability. If a is finite, then f —a > 0 everywhere,
so Proposition 9 gives m —a = /X( f —a)du > 0. Similarly, if b is finite, then b —m > 0. Hence,
m € (a,b).

Since ¢ is convex, it is continuous on (a,b), and its finite left-hand and right-hand
derivatives satisfy, fora <u <v <D,

o = 202 o o) < o).

It follows, considering separately ¢ < m and t > m, that for every t € (a, b),

P(t) = p(m) + ¢L(m)(t — m).

Thus, the measurable function ¢ o f is bounded below by the integrable function h =
¢(m) + ¢, (m)(f —m). In particular, (¢ o f)~ < h™ is integrable, so the asserted extended
integral is well-defined. If its positive part has infinite integral, the desired inequality is
immediate. Otherwise, ¢ o f isintegrable, and integrating the supporting-line inequality gives

[otnau= [ hdu=¢(m)+¢’+(m)( i fd#—M) = o(m),

as required. ]

In comparison with Proposition 39, Jensen’s inequality yields another bound on the integral
of |f| over measurable sets, in terms of ”f”LZ' When 0 < p(A) < co and ”f”Lft < o0,

Proposition 39 and the bound || ]| e <|Ifl 1}, ensure that | f| is integrable on A. Applying
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Jensen’s inequality to the probability measure p(A) " ulsa on A and the convex function
¢:t € R — [t|P, we obtain

1 P 1
- — P 1P £l
(H(A) /Am d”) > 1(A) Alﬂ dp andso /A|f| du < pu(A) PNl

If ||f ”Lfl = oo, the last inequality is immediate.

6 Hausdorff measures, dimensions, and capacities

6.1 Hausdorff measures and contents

The definition of the Lebesgue measure given in Definition 15 can be generalized in several
natural ways: for instance, we can consider coverings by arbitrary sets in a metric space
instead of cubes in RN, or we can raise the diameter of the covering sets in the sum to a
power s > 0 instead of N. The diameter of a set A in a metric space (X, d) is defined by
|A| = sup{d(x,y), x,y € A}. We use the convention || = 0. The previous ideas are put
together in the following definition.

Definition 16 (Hausdorff content and Hausdorff measure). Let (X, d) be a metric space, and
lets € [0,00). Forall A C X and 6 € (0, o], define

H(A) = inf{ZlAiP, AcC UAi with |A;] < 5},
i=1 i=1

where the infimum is over all coverings of the set A C X by arbitrary sets A; € X with
diameter less than 6. (We adopt the convention that |A;]0 = 1(4,+p}, i.e., we do not count the
empty sets in the sum when s = 0.) Then, the s-dimensional Hausdorff content of A is defined as
the value HE (A), and the s-dimensional Hausdorff measure of A is defined as the monotone limit

H*(A) = sup H;(A) = lim HS(A).
6>0 6—0

We then have the following analog of Theorem 35 for Hausdorff measures.

Theorem 41 (Metric and Radon properties of Hausdorff measures and contents). Let X be a
metric space and let s € [0, co). Then, the following properties hold:

(i). H; is a measure on X for every 6 € (0, o], so the Hausdorff content Hg, is a measure on X;
(ii). The Hausdorff measure H* is a Borel-regular metric measure on X;

(iii). for every locally compact subspace A C X such that H*(A) < oo, the restriction H|a is a
Radon measure on A.

Proof. For every 6 € (0, 0], we can show as in the beginning of the proof of Theorem 35
that H; is a measure. We can deduce that H;, and H* are measures by letting 6 = co and
6 — 0, respectively. To check that H* is a metric measure, we can use the same argument as
in the proof of Theorem 35 to observe that if d(A, B) > 0, then H; (A U B) = H;(A) + H; (B)
for 6 small enough, and we conclude by letting 6 — 0. To show that H* is Borel-regular,
first note that if H°(A) = oo, the Borel set X is a hull of the same measure. We may therefore
assume H*(A) < co. Then, for every m > 1, there is a covering A C |J2; Am,; such that
DilAmil® < Wls/m(A) +1/m and |A,i| < 1/m. The closures A, ; also cover A and have the
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same diameter as A, i, so yield the same sum. The set B = (,, U7, A_mZ is thus a Borel set
containing A and satisfying H; Im (B) < H; /m(A) + 1/m. We conclude that H*(B) = H*(A) by
letting m — oo. Finally, if H*(A) < oo, then H*(A N B(x, r)) < oo for every open ball centered
at x € A with radius r > 0. Thus, H?|4 is locally finite on A. Moreover, A is separable, hence
second-countable, as it can be covered by countably many arbitrarily small sets. If A is also
locally compact, we conclude that H°|4 is a Radon measure on A, thanks to Theorem 26 and
the fact that open sets are o-compact in second-countable locally compact Hausdorff spaces
(see Remark 2). |

We now compare s-dimensional Hausdorff measures and contents for different values of s.

Proposition 42 (Hausdorff measures and contents comparison). Let X be a metric space, let
t >s>0,and let A C X. Then, the following implications hold:

H(A)=0 — HA=0
HE(A) < o0 - HI(A)=0
HI(A) >0 — HE(A) = co.

Proof. Since HS,(A) < H*(A), vanishing of the Hausdorff measure implies vanishing of
the content. For the converse when s = 0, any covering of a nonempty set has at least one
nonempty member and therefore has total cost at least one. Thus, HZ(A) = 0 forces A = 0,
and hence H’(A) = 0. Now let s > 0 and assume that H3 (A) = 0. For every ¢ > 0, there is a
covering [ J; A; 2 A such that };|A;|° < e. Hence, |A;| < el/s for every nonempty A;, so that
7—(51/5 (A) < e. Letting ¢ — 0, we get H*(A) = 0.

For every t > s > 0 and every covering | J; A; 2 A with |A;| < 6, omitting empty members
and using the convention in Definition 16 when s = 0, we have

HI(A) < Y AL <67 Y A
i i

Taking the infimum over all coverings, we obtain H}(A) < 6'5H;(A). If H*(A) < oo, then
H;(A) < H*(A), and letting 6 — 0 implies that H {(A) = 0. The last implication is the
contrapositive: if H'(A) > 0, then H*(A) = . m|

6.2 Hausdorff dimension

Proposition 42 shows that there is a cutoff at which the Hausdorff measure drops from infinity
to zero. This cutoff is called the Hausdorff dimension of the set, and is formalized as follows.
In the definition below, we adopt the convention that sup(® = 0 and inf() = co.

Definition 17 (Hausdorff dimension). Let X be a metric space. The Hausdorff dimension of a
nonempty set A C X is defined as

dimpg A = sup{s > 0| H*(A) = oo} = inf{s > 0| H*(A) = 0}.

The Hausdorff dimension of the empty set is defined to be —co.

Recall that a mapping f defined on a metric space (X,dx) and taking values in a
metric space (Y, dy) is bilipschitz if there exists a constant £ > 1 such that £~ dx(x,x’) <
dy(f(x), f(x")) < £dx(x,x’) for all x,x” € X. Hausdorff dimension satisfies the following
important properties. Here, countable sets include both finite and countably infinite sets.
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Proposition 43 (Hausdorff dimension properties). Let X and Y be metric spaces. Then, the
following properties hold:

(i). Monotonicity: If A C B C X, then dimy A < dimy B;
(ii). Finite or countable stability: If A1, Az, ... C X, then dimy J; A; = sup,; dimpy A;;
(iii). Bilipschitz invariance: If A C X and f: X — Y is bilipschitz, then dimy f(A) = dimy A;

(iv). Nonempty countable sets: If A C X is nonempty and countable, then dimy A = 0;

Proof. Monotonicity: The case A = 0 follows from our convention, and the case dimy B = oo
is immediate. Otherwise, observe that if A C B C X and s > dimyg B, then H*(B) = 0,
and thus H*(A) = 0 as well. This shows that dimg A < s, and the result follows from
letting s — dimgy B.

Finite or countable stability: If all the sets are empty, the equality follows from our convention.
If sup; dimy A; = oo, monotonicity gives the equality. In the remaining case, we may discard
empty sets and assume that the supremum is finite and nonnegative. Note by monotonicity
that sup,; dimy A; < dimy |J; A;. Conversely, if s > sup, dimy A;, then H*(A;) = 0 for all i.
By countable subadditivity, H*({J; A;) = 0. It follows that s > dimy | J; A;, and we conclude
by letting s — sup; dimy A;.

Bilipschitz invariance: The case A = () is immediate. If f: X — Y is bilipschitz with constant
{ and aset A C X is covered by sets A; € X with |A;| < 6, then its image f(A) is covered by the
sets f(A;) €Y with |[f(A;)| < €]A;| < £6. For every s > 0, we thus have H;,(f(A)) < {*H(A).
Letting 6 — 0, we obtain H*(f(A)) < *H*(A). This shows that dimy f(A) < dimpyg A.
Conversely, if f(A) is covered by sets B; C Y with |B;| < 6, then A is covered by the sets
f7Y(B;) € X with |f71(B;)| < €|B;| < £6. Tt follows that dimy A < dimy f(A).

Nonempty countable sets: For every x € X and 5,6 > 0, we have H;({x}) < {x}° = 0.
Letting 6 — 0, we obtain H*({x}) = 0. If A is a nonempty countable set, it follows from the
countable subadditivity that H*(A) = 0. This being true for all s > 0, and the dimension of a
nonempty set being nonnegative, we conclude that dimy A = 0. a

In Euclidean spaces, Hausdorff measures and dimension enjoy the following additional
properties in relation to Lebesgue measure.

Proposition 44 (Comparison between the N-dimensional Hausdorff and Lebesgue measures).
For every integer N > 1 and every set A C RY, it holds that

27N £N(A) < HN(A) < NN2 £N(A). (15)

It follows that dimpy A < N, with equality if A has positive Lebesgue measure, hence in particular if A
is open and nonempty.

Proof. For any covering of the set A by open cubes Q(x;,r;) with diameter less than 6,
that is, such that 2r;N'/2 < §, we have 7-((5N(A) < 32NN = NN25.2r)N. In view
of (13), taking the infimum over all such coverings and then letting 6 — 0, we obtain
HN(A) < NN/2 £N(A). Conversely, for any covering of the set A by sets A; with diameter
less than 6, we can cover each set A; of positive diameter by an open cube with side length
2(1 + ¢)|Aj|, for every € > 0. The nonempty sets of diameter zero are singletons; for any 7 > 0,
cover the i-th such member by an open cube of volume at most 727, Empty members can be
omitted. Hence, LN (A) < ¥;(2(1 + ¢)|Ai)N + 7. Letting T — 0, taking the infimum over all
such coverings, and then letting ¢ — 0 and 6 — 0, we obtain LN(A) < 2N HN(A).
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If the set A is bounded, it has finite Lebesgue measure, hence finite N-dimensional
Hausdorff measure, so that dimp A < N. If A is unbounded, it is covered by countably
many bounded sets, so that dimpy A < N by the countable stability of Hausdorff dimension
established in Proposition 43. If A has positive Lebesgue measure, then it has positive
N-dimensional Hausdorff measure, so that dimy A > N. This holds in particular if A is open
and nonempty, as it then contains a closed cube with positive side length, and thus positive
Lebesgue measure by Proposition 36. a

For the following remark only, we use uniqueness of Haar measure: on a locally compact
Hausdorff group, any two nonzero left-translation-invariant Radon measures are proportional
on Borel sets, provided they are positive on nonempty open sets. In our framework, their
Borel-regular extensions are therefore proportional on all subsets. This theorem is admitted
here; see [7].

Remark 3 (Proportionality between the N-dimensional Hausdorff and Lebesgue measures).
Beyond the inequalities in (15), it is true that for some constant cy > 0 and for every
set A C RN,

HN(A) = ey LV(A).

This follows from the fact that both HY and LN are Haar measures on the locally compact
additive group RV, specifically, they are translation-invariant Borel-regular Radon measures
on RY that are not identically zero. The uniqueness of Haar measures up to a multiplicative
constant (see [7]) then implies the existence of the constant cy.

6.3 Box counting dimensions

Recall that a subset A of a metric space X is totally bounded if for every ¢ > 0, the set A can
be covered by a finite number of balls of radius ¢. Box counting dimensions are closely
related to this concept.

Definition 18 (Box counting dimensions). Let X be a metric space and let A € X. If A is
nonempty and totally bounded, the lower box counting dimension and the upper box counting
dimension of A are defined respectively by

log N.(A
dimgA = liminf og—g()
- =0 —loge

log N:(A)

and dimpA = lim sup Tog ¢

e—0
where N.(A) denotes the minimal number of open balls of radius ¢ needed to cover A. For
A = 0, we set both dimensions equal to —co. Moreover, if A is not totally bounded, then
dimgA = EBA = oo. Finally, if dim;A and EBA coincide, their common value is called
the box counting dimension of A and is denoted by dimg A.

The box counting dimensions provide a simple way of measuring the size of a setin a
metric space, taking into account its geometry. They can be compared to the Hausdorff
dimension as follows.
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Proposition 45 (Comparison of dimensions). Let X be a metric space. Then, for every set A C X,
we have
dimHA < dimBA < dimBA.

Proof. The inequality between the lower and upper box counting dimensions is trivial. To
prove the inequality between the Hausdorff dimension and the lower box counting dimension,
we may assume that A is nonempty and totally bounded. (Otherwise, the Hausdorff
dimension is —oco or the lower box counting dimension is oo, so the inequality is trivial.) For
e > 0, the set A can be covered by N,(A) open balls of radius ¢. Hence, for every s > 0, we
have H; (A) < Ne(A) (2¢)°. If s > dimyA, then

H*(A) = lin% H;.(A) < lim i(?f N:(A) (2¢)* =0,
£ &=
so that dimy A < s. The result follows from letting s — dimjA. |

6.4 Mass distribution principle and Frostman’s lemma

There is an important relationship between the Hausdorff dimension of a set and the existence
of measures with support in that set. This can be formalized in the two directions. First, if a
set supports a measure with certain scaling properties, then we obtain a lower bound on its
Hausdorff dimension. This is the purpose of the following mass distribution principle.

Lemma 46 (Mass distribution principle). Let X be a metric space, let s € [0, o), and let A C X.
Assume that there exists a measure y on X such that u(B(x,r)) < forall x € Aand 0 < r < r, for
some rg > 0. Then, H*(A) > u(A). If in addition u(A) > 0, then dimy A > s.

Proof. Assume that s > 0. The condition on i implies that u({x}) = 0 for all x € A. Let
us consider a covering | J; A; 2 A with |A;| < 6 < rp, and a real number ¢ > 0 such that
(I+¢€)d <rp. Ifx; € ANAjand |A;| > 0, then A; C B(x;, (1+¢)|Ai]), so that u(A;) < (1+¢)°|A;f.
If |Ai| = 0, then A; = {x;}, so that u(A;) = 0 < (1 + €)°|A;]°. Therefore, we obtain

WA S D HANAY S Y p(A) < L+ Y JAF.
i=1 i=1

ANA;#0

We conclude by letting ¢ — 0, taking the infimum over all coverings, and finally letting 6 — 0.

If s = 0, then H°(A) is the number of points in A. We can assume that A is finite and
nonempty, say A = {x1,...,x,}. The condition on u implies that u({x;}) < 1 for all 7, so
that pu(A) < n = HO(A). o

Example 1 (The middle-third Cantor set). Let K be the closed unit interval [0, 1] and, for
all integers j > 1, let K; be the union over all possible j-tuples (a1, ..., a;) € {0, 1} of the
closed intervals 2a; 371 +--- + 24 j 377 +[0,377]. Each set K is the union of 2J closed intervals,
each of length 37/. The sets K; are nonincreasing in j, nonempty and compact. Hence, their
intersection K = ﬂ;’io K is nonempty and compact, by Cantor’s intersection theorem. The set
K is called the middle-third Cantor set. Let us show that

log 2

dimg K = fog3"

(16)

Let s = log2/log3 and & > 0. Choose an integer j > 0 such that 37/ < 6. Since K C K;, we
have H; (K) < 2/(377)* = 1. Letting 6 — 0, we get H*(K) < 1, so that dimy K < s. To show
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the reverse inequality, consider for each j the probability measure on R derived from the
restriction to the set K; of the Lebesgue measure L. To be precise, for any set A C R, define

wi(A) = (3/2) LYK N A).

By Theorem 31, there exists a subsequence (1}, )x>1 converging weakly to a Radon measure u
on R. The open-set and compact-set inequalities of Theorem 32 apply to this subsequence.
For any integer jo > 0, the set R \ Kj; is open and has pj-measure zero for all j > jo. It
follows from Theorem 32 that u(R \ Kj)) = 0. Theorem 3 then ensures that u(R \ K) = 0.
Moreover, the closed unit interval [0, 1] is compact and has uj-measure one for all j > jo.
The compact-set inequality gives u([0,1]) > 1, whereas the open-set inequality applied to
R gives u(R) < liminfy o pj,(R) = 1. Hence u([0,1]) = u(R) = 1. Thus, u is a probability
measure supported in K. In addition, consider x € R and r € (0,1/2], and choose an integer
jo = 0 such that 37071 < 2 < 37/0, The open ball B(x,r) = (x — r, x + r) intersects at most
one interval among the union Kj,, hence at most 2/~/ intervals among the union K; if j > jo.
Then, u;j(B(x,r)) < (3/2)) 2/7/0 371 = 2710 = (37/0)° < (6r)*, hence

u(B(x, 7)) < (6r)° =2°H1rS <47°, (17)

as a result of Theorem 32. By the mass distribution principle (Lemma 46), we conclude that
H*(K) > u(K)/4 = 1/4 > 0, which implies that dimy K > s. This finishes the proof of (16).

The mass distribution principle (Lemma 46) provides one direction of the relationship
between measures and Hausdorff dimension. The other direction is subtler. It states that if a
set has positive s-dimensional Hausdorff measure, then it supports a measure that scales
as in the assumption of the mass distribution principle. The existence of such a measure,
formalized in Frostman’s lemma, is crucial in various applications, particularly in fractal
geometry and the study of sets with specific dimensional properties. Though this result is
valid in more general settings, we only state and prove it for F;-sets, that is, for countable
unions of closed sets in the Euclidean space RV.

Lemma 47 (Frostman’s lemma). Let N > 1and s > 0, and an Fy-set A CRN. If H*(A) > 0, then
there exists a nonzero finite Radon measure u on RN with compact support supp u C A, such that
for every x € RN and r > 0,

pu(B(x,r)) < re.

Proof. We use the Euclidean distance throughout. If s = 0, the assumption implies that A
is nonempty. A unit point mass at any point of A is a nonzero finite Radon measure with
compact support in A and satisfies u(B(x, 7)) < 1 = r¥ for every x and r > 0. We may therefore
assume that s > 0.

An F;-set in RN can be written as a countable union of compact sets, each contained in a
closed cube of the form k + [0, 1] for some k € ZV. By countable subadditivity of Hausdorff
measures, if the F,-set has positive measure, then at least one of the compact sets must have
positive measure. We can thus assume that A is compact and contained in some cube of the
previous form. Up to translating A, we can assume that it is contained in the cube Qg = [0, 1]V.
For every integer m > 1, this cube is the union of 2N disjoint cubes with side length 27,
specifically, the cubes Q,; x = H,Ij:l[kn 27™ (k, +1)27™), for k,, € {0,1,...,2™ — 1}, where
) means that the right endpoint is excluded unless it is equal to 1. We put Qy = {Qo} and
define Q,, as the collection of all cubes Q,, k, for k € {0,1,...,2" — 1IN Ifm > 1, any cube
Q € Qy, is contained in a unique cube that belongs to Q,—1, is denoted by QT, and is called
the parent of Q. Hence Q is a child of Q.
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We define by induction a family of weights ag, for Q € Q,, and m > 0. Set ag, = HS,(A),
which is positive by Proposition 42 and at most |Q|* = N*/2. For each cube P € Q,,—1, put

Sp = Z HE (ANR).

RT=pP
For each child Q of P, define
HS (AN
MU(P, SP > 0,
ag = Sp
0, Sp=0.

We check simultaneously by induction that ag < H(A N Q) and that 3 y1_p ag = ap. The
bound holds at the root. If it holds for P, countable subadditivity gives

ap < HS(ANP) < Sp.

If Sp = 0, then ap = 0, and both assertions follow from the zero-weight convention. If
Sp > 0, the formula for ag proves the bound for each child, and summing that formula
proves conservation of mass. Thus, for every m’ > m and Q € Q,,, the weights of all level-m’
descendants of Q sum to ag.

This enables us to define a sequence of measures i, on RN, with support contained in Qg
and with constant total mass 1,,(Qo) = H;,(A), by the formula

LV

Hm = YQ N
QEZQm LY(Q)
These measures are Radon measures on RV, because of Theorem 26 and the fact that they are
Borel-regular and locally finite, as finite linear combinations of restrictions of the Lebesgue
measure to Borel sets. By Theorems 31 and 32, there exists a subsequence (i, )k=1 and
a Radon measure p on RN such that for every open set U € RN and for every compact
set KC RN,

pl) < lilgn inf 1, (U) and p(K) = lim sup piy, (K). (18)
—00 k—)OO
Since RN \ Qp is open, we have in particular u(RN \ Qp) = 0, so that the support of u
satisfies supp . € Qop. Moreover, since Q is compact and RN is open, we also have
HE(A) < u(Qo) < u®RN) < HL(A). Hence, the measure u has total mass equal to H,(A),
which is both nonzero and finite.
The dyadic partitions are nested and their boundaries have zero Lebesgue measure.
Conservation of the weights therefore gives u,(Q) = ag = um(Q) for every Q € Q;, and
m’ > m. In particular, if Q N A = 0, then ag = 0 and p,/(Q) = 0. Define the open set

U, = {x e RN |d({x}, A) > VN 27"}

Since every cube in Q,, has Euclidean diameter VN 27 we have

U, N Qo C U Q.

QeQm
QNA=0

Every i, is concentrated on Qo, so iy (Uy,) = 0 for m” > m. Applying the open-set inequality
in (18) along the subsequence yields u(U,;) = 0. As A is compact, RN \ A = J,,50 U, whence
u(RN\ A) = 0 and supp p C A.
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Finally, let 0 < r < 1 and choose m > 0 such that 277! < r < 27, Each coordinate
projection of the Euclidean ball B(x, ) is an interval of length 2r < 2-27", so the ball intersects
at most 3N cubes of Q,,. For all m’ > m, we obtain

i (B(x, 7)) < Z i (Q) = Z aQ

QeQm QeQm
QNB(x,r)#0 QNB(x,r)#0
< > HLANQ) <3NV <3N VN)r
QeQm
QNB(x,r)#0

The open-set inequality in (18) gives u(B(x,r)) < 3N(2VN)*r®. For r > 1, the total-mass
bound gives
u(B(x, 1) < u(RN) = HE(A) < N2 < 3V 2VN ) rs.

Dividing u by 3V (2VN)® proves the asserted estimate for every r > 0, while preserving its
positive finite mass and compact support in A. m|

6.5 Capacities

The scaling behavior of measures in the mass distribution principle and in Frostman’s lemma
is conveniently encoded by dimensional energies, which in turn lead to the notion of capacity.

Definition 19 (Energies and capacities). Let (X, d) be a separable and locally compact metric
space and let s € (0, 00). The s-dimensional energy of a Borel measure u on X is defined by

the formula (dx) (')
B p(dx) p(dx
sw=[ [ Sy

The s-dimensional capacity of a set A C X is defined by the relationship
-1 _
Cap,(A) = #gg)gl Es(w),

supp uCA

where the infimum is over all Borel probability measures p on X with support contained in
A. The energy kernel is assigned the value co when x = x’. We use the conventions inf ) = oo,
1/00 =0 and 1/0 = oo; in particular, Cap (@) = 0.

Observe that a set has zero s-dimensional capacity precisely when it supports no Borel
probability measure with finite s-dimensional energy. The following theorem relates capacities
to Hausdorff measures and yields a capacity characterization of Hausdorff dimension. The
second part of this statement relies on Frostman’s lemma and thus inherits the assumptions
of Lemma 47, although the conclusion holds in greater generality. In the statement below,
we adopt the convention that sup@® = 0 and inf() = oco.

Theorem 48 (Relationship between capacities and Hausdorff measures and dimension). Let
X be a separable and locally compact metric space, let A C X and let s € (0,00). The following
properties hold:

(i). If Cap (A) > O, then H*(A) > 0;
(ii). If X = RN and A is an F,-set such that H*(A) > 0, then Cap,(A) > 0 for every t € (0, s);
(iii). If X = RN and A is a nonempty F,-set, then

dimpg A = sup{s >0 | Cap,(A) > 0} = inf{s >0 | Cap (A) = 0}.
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Proof. Let us first assume that Cap (A) > 0. Then, there exists a Borel probability measure
p on X such that supp u € A and &s(u) < co. Since X is a separable metric space, it has a
countable base; the complement of supp p is therefore a countable union of y-null open sets.
Thus, u(X \ supp u) = 0, and pu(A N E) = u(E) for every set E C X. For every integer i > 1,
define the set

pldx’) i}

x d(x,x)* ~

A = {x e X

The sets A; are p-measurable, because the function x /X % is y-measurable, as a

consequence of Fubini’s theorem (Theorem 18). The union over all i > 1 of the sets A; is equal
to the set of all x € X such that fX d((dx )

75 < co. This set has y-measure equal to one, because
Es(u) < co. Then,

p(dx’) B
TTRT < oo}) =1,

sup u(A;) = y({x €eX

i>1
as a result of Theorem 3, so that 1(A;) > 0 for some i > 1. Moreover, forall x,x” € X and r > 0,
note that 1p ,)(x") d(x, x’)°* < r°. Consequently, for every x € AN A; and r > 0, we have

) = [ An @)ty < [ Gl ) <

By the mass distribution principle (Lemma 46), we obtain H*(A) > H*(ANA;) > p(ANA;)/i >
0.

Let us now assume that X = RN and that A is an F,-set with H°(A) > 0. By Frostman’s
lemma (Lemma 47), there exists a nonzero finite Radon measure  on RN with compact support
K = supp u C A and such that u(B(x, 7)) < r° for every x € RN and r > 0. For all ¢ € (0, s)
and x € K, we then have

u(dx’) u(dx')
/K”x/ — x|t Z 1{2 Tl —xll<2” ]}||x' x||f

< Z 26+ 1y (B(x, 27)) < Z 2+ < oo,

j==r j=-r

where r is an integer such that |[K| < 2". The first equality follows from the observation that
p({x}) = 0 and Theorem 7. Since the upper bound is independent of x € K, we deduce
that &;(u) < co. The measure pu/u(RN) is thus a Borel probability measure with support
contained in A and with finite t-dimensional energy, so that Cap,(A) > 0. Finally, put
d = dimy A. If u > d, then H"*(A) = 0, so the first assertion implies Cap,(A) = 0. If 0 < u < d,
choose v with u < v < d; Proposition 42 gives H?(A) > 0, and the second assertion gives
Cap, (A) > 0. These two observations prove both formulas for d, including d = 0 with the
stated empty-supremum convention. |

7 Holder continuous functions and their graphs

7.1 Generalresults

Recall that the graph of a function f defined on an interval I C R and valued in R is the set

gph f = {(x, f(x)), x € I} CR*.

If the function f is continuous and the interval I is compact, then the graph gph f is a
compact subset of R?, because it is the image of the compact interval I under the continuous
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mapping x — (x, f(x)). Additional properties on gph f can be derived from the Hoélder
continuity of f, which we now define.

Definition 20 (Holder continuity, Lipschitz continuity, and modulus of continuity). Let
a € (0,1]. A real-valued function f defined on a nonempty interval I C R is called a-Hélder
continuous if there exists a constant C > 0 such that for all x,x" € I,

lf(x) = f(x) < Clx — x| (19)

If @ = 1, then the function f is also called Lipschitz continuous. More generally, if 1 is a
continuous function defined on the interval [0, co) such that 1(0) = 0, then the function f is
said to have modulus of continuity n if there exists a constant C > 0 such that for all x, x" € I,

|f () = ()] < Cplx = x7)).

We assume in Definition 20 that a € (0, 1], since the only functions that satisfy (19) for
a > 1 are the constant ones. Indeed, for all x,x” € I, and for x,, x = x + k(x" — x)/n, the
triangle inequality gives

n-1 n-1
F) = FOO = | D (FConi) = FCenpan))| S D[ F Qi) = F o)
k=0 k=0
n-1

IA

C > Wuk = Xl = Clx’ = x| n!™ — 0,
=0 n—oo

which implies that the function f is constant on the interval I. The following result derives
an upper bound on the upper box counting dimension of the graph gph f from the Holder
continuity of f.

Proposition 49 (Graph dimension upper bound for Hélder continuous functions). Let
a € (0,1] and let f be a real-valued a-Hélder continuous function defined on a nonempty bounded
interval I C R. Then, the upper box counting dimension of the graph gph f satisfies

dimgpgph f <2 - a.
Hence, the Hausdorff dimension of the graph gph f satisfies

dimpgph f <2 -a.
Proof. If I is a singleton, its graph has dimension zero and the conclusion is immediate.
Otherwise put L = |I| > 0. For 0 < ¢ < min{L, 1}, partition I into at most L/¢ + 2 intervals of
length at most . On each interval the oscillation of f is at most Ce“, so its graph is covered

by at most Ce%! + 2 closed squares of side length ¢. Each square is contained in an open
Euclidean ball of radius 2¢. Consequently,

Nae(gph f) < (L/e +2)(Ce® 1 +2) <3L(C +2)e* 2.

The upper box dimension bound follows from Definition 18, and the Hausdorff bound from
Proposition 45. o

The next result explains how Hausdorff dimension behaves under Holder continuous
mappings. Recall from Proposition 43 the bilipschitz invariance of Hausdorff dimension.
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Proposition 50 (Hausdorff dimension upper bound on Holder continuous images). Let
a €(0,1]) and let f be a real-valued a-Hélder continuous function defined on a nonempty interval
I C R. Then, for any set A C 1, it holds that

dimy f(A) < % dimg A.

Proof. If A = 0, the conclusion follows from f(A) = 0. Assume henceforth that A # 0.
Let us consider two real numbers s > dimpg A and 6 > 0, and a covering | J; A; 2 A by
sets A; C I (intersect any covering with I) such that |A;| < 6 for every i > 1. Then, the
set f(A) is covered by the sets f(A;), each of which has diameter at most C |A;|* by (19).
Therefore, ;| f (A;)|*/® < C*/* 3;|A;|*. Taking the infimum over all such coverings, we obtain
Wgéi(f(A)) < Csle H;(A). Letting 6 — 0, we deduce that H/2(f(A)) < C/*H(A) = 0,
which implies that dimy f(A) < s/a. The result follows by letting s — dimp A. ]

Example 2 (The Cantor function). Let K be the middle-third Cantor set and let u be
the associated probability measure, as defined in Example 1. Define the Cantor function
f:10,1] = [0, 1] by the formula f(x) = u([0, x]). It follows from (17) that for 0 < x < x” <1
and ¢ > 0,

() = FGN = (e, 3D < (e, 3" + ) <20+ &= xf — 2 =,

where s = log 2/log 3. Therefore, the function f is nondecreasing and s-Holder continuous on
the unit interval [0, 1]. Moreover, it is clear that f(K) C [0, 1]. To prove the reverse inclusion,
consider y € [0,1], write y = Z?’:l a; 27/ with aj € {0,1}, and define x = Z]?'il 2a;377. We
assert that x € K and f(x) = y. Indeed, for every integer jo > 1, we have

x=>020;37 = Y 20;37 + > 2a;37 € 24137 4+ + 22,370 +[0,37] C K.
j=1 j<jo j>jo
In addition, the interval that contains x among the union K, is the (2°71ay + -+ + aj, + 1)-th,
considering the order of the intervals within [0, 1]. Since single points have p,-measure equal
to zero, it follows that

27 ay + -+ )27 <y (0, ) = ([0, 1) < (207 May + -+ ajy + 1)270.

The interval (0, x) is open and the interval [0, x] is compact. Hence, letting jo — oo along a
subsequence to which Theorem 32 applies, we obtain

1((0,x)) < lim (207 1g; +.. -+aj0+1)2_j° =y and u([0,x]) > lim (2°la;+-- -+aj0)2_j° =y.
jo—00 jo—o0
By (17), single points also have p-measure equal to zero. We conclude that f(x) = y, and then

that f(K) = [0,1]. Therefore, dimy f(K) = 1 = (1/s) dimy K, which shows that the upper
bound given by Proposition 50 is attained in this case, proving that the proposition is sharp.

A converse to Proposition 49 requires a lower Hélder estimate.

Definition 21 (Lower Holder estimate). Let @ > 0. A real-valued function f defined on a
nonempty interval I C R satisfies a lower Hélder estimate of order « if there exists a constant
C > 0 such that for every nonempty subinterval | C I, there exist x, x” € | such that

[f(x) = fFDI = CYI*. (20)

Under this condition, we can derive the following converse result to Proposition 49.
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Proposition 51 (Graph box dimension lower bound under a lower Holder estimate). Let
a > 0and let f be a real-valued continuous function defined on a bounded interval of positive length
I C R and satisfying a lower Holder estimate of order a. Then, the lower box counting dimension of
the graph gph f satisfies

dimg gph f 22 - a.

Proof. Ifthe graphisnot totally bounded, its lower box dimension is infinite and the conclusion
is immediate. Otherwise choose a closed subinterval [a,b] C I of length L =b —a > 0. For
0 < e <L/2,itcontains M = |L/e] > L/(2¢) consecutive closed intervals of length ¢. On each
such interval ], continuity and (20) imply that f(]) contains an interval of length at least C&®.
If N open balls of radius ¢ cover the graph, let n; count those meeting its graph over J. Their
vertical projections cover f(J), so 2enj > Ce®. The horizontal projection of any one ball has
length 2¢ and meets at most four of the consecutive intervals J]. Summing gives

MC a-1 CL a-2
4N > z}l ny > TE > TE .
Therefore N(gph f) > (CL/16)e~?~®), which yields the conclusion. O

Since the inequalities in Proposition 45 are not equalities in general, the previous result
does not imply a lower bound on the Hausdorff dimension of the graph. However, for
functions that are a-Holder continuous and satisfy a lower Holder estimate of the same order
a € (0, 1), the graph has Hausdorff dimension larger than one, as the next proposition shows.

Proposition 52 (Hausdorff dimension lower bound under a lower Holder estimate). Let
a €(0,1) and let f be a real-valued a-Holder continuous function defined on a bounded interval of
positive length I C R and satisfying a lower Hélder estimate of the same order a. Then, the Hausdorff
dimension of the graph gph f satisfies

dimy gph f > 1.

Proof. It suffices to prove the bound for the restriction of f to a closed subinterval of positive
length: its graph is contained in gph f, and both Holder estimates are preserved. We may
thus assume that I is a compact interval of positive length.

By (19) and (20), there exist two constants 0 < C; < C; such that the oscillation of the
function f over any interval | C I is between C1 |J|* and C2|J|*. For every A € R\ {0}, the
graph of the function A f is the image of the graph of f under the bilipschitz mapping
(x,y) = (x,Ay). Hence, by Proposition 43, these two graphs have the same Hausdorff
dimension. Therefore, up to dividing f by C,, we can assume that C, = 1. Up to reducing Cy,
we can also assume that C; = 4V2 b~ for some integer b > 2.

Let 1 be the measure obtained by lifting the Lebesgue measure on the interval I to the
graph of the function f. More precisely, for every set A C R?, define

uA) = L1{x eI (x, f(x)) € A}).

We aim at applying the mass distribution principle (Lemma 46) to the measure 1, to derive the
required lower bound on the Hausdorff dimension of gph f. Note that u(gph f) = £L(I) > 0.

Consider a square Q of side length less than one, and assume that Q intersects gph f and
that the projection | of Q onto the first coordinate axis is contained in I. (The square Q can
include all, none, or some of its boundary sides.) Then, there exist xo, x1, x> € | such that
(x0, f(x0)) € Q and |f(x1) — f(x2)] = C1]J|*, in view of (20). By the triangle inequality, we



7 Holder continuous functions and their graphs 53

have |f(x;) — f(x0)] = C1|J|*/2 for some i € {1,2}. Then, for any point (1, v) € Q, the triangle
inequality also implies that

s ) o, 02 15,5 = o S =, 50D = 0,0
> S -1l 2 S - vE.

Now, divide | into b disjoint subintervals [i, . .., J; with equal length, and assume that x; € Ji
for some k € {1,...,b}. If Q intersects the graph of f over the interval Ji, then there exists a
point (x, f(x()) € Q with x[ € Jx. Using (19) with constant C; = 1, the previous inequalities
with (u,v) = (x;, f(x()), and the fact that a € (0,1) and C; = 4V2 b, we obtain

‘M’” VIO o 11V < [l0xs, Fxa)) — () FIT = (Gei = x5+ (Fx) — Fp)?)

<GP+ < () 2,

which is equivalent to 2b=¢|J|* — |J| < (|]|/b)?, that is, ]| = b~*/(1=%). The upshot is that
Jl<b™/@=0  —  Fke{l,...,b} Qn{(x,f(x), x €k} = 0.

We apply the same reasoning to the other intervals J; with j # k. Each of these intervals
contains a subinterval of length |J|/b? over which the graph of f does not intersect Q, provided
that the condition 2b=4(|J|/b)* — |J| < (|J|/b*)* does not hold, meaning that |J| < b=22/(0-%),
Tterating this argument, we deduce that if |J| < b="*/(1=%) for some integer n > 1, then there
exist disjoint subintervals of ], one of length |J|/b, then b — 1 of length |J|/b?, and so on, up to
(b —1)"! of length |J|/b", over which the graph of f does not intersect Q. As a consequence,

|1|1 -1/ (. 1\"
(1_1/b)—(1 )III-

Choosing ¢ > Osuch that 1-1/b < b=¢*/(0-% and assuming that b‘(”“)“/(l'“) < |J| < bne/(-a)
for some integer n > 1, we conclude that

wQ) <1l - ('”+<b D+t (b - 1)“1”') 7l -

1 ! —nea - fare - &
u(Q)s(l—E) 1< el < peelimepiee,

Finally, for any point z € gph f and for any positive radius r such that » < |I|/2 and
r < b=*/0-%) /2 theset gph fNB(z, r) is contained in a square Q of side length 2r that intersects
gph f and whose projection onto the first coordinate axis is contained in I. Therefore,

H(B(Z/ T)) < IU(Q) < 21+ebea/(1—a)1,1+6.

Hence, the mass distribution principle (Lemma 46) implies that dimpgph f >1+¢>1. O

7.2 The Weierstrass function

The Weierstrass function is a classic example of a continuous function that is nowhere
differentiable. It is also Holder continuous and satisfies a lower Holder estimate, which
makes it a perfect illustration of the previous results. This function is defined as follows.

Definition 22 (Weierstrass function). The Weierstrass function with parameters a real number
a € (0,1] and an integer b > 1 is defined for all x € R by the formula

Wy p(x) = Z b cos(b" x).
n=1
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7.2.1 Holder continuity and modulus of continuity

We begin with the Holder continuity and the modulus of continuity of the Weierstrass
function. In the following statement, log, denotes the positive part of the base b logarithm,
defined by the formula log; t = max{0, log t/log b} for every real number ¢t > 0.

Proposition 53 (Holder continuity and modulus of continuity of the Weierstrass function).
Let a € (0, 1] and let b > 1 be an integer. Then, the following properties hold:

e If a <1, then the Weierstrass function W, p, is a-Hdlder continuous;

o Ifa =1, then Wy has modulus of continuity 1(0) = 0 and 1(t) = t(1 + log; (1/t)) for t > 0.

Proof. For all x, x” € R such that |x — x’| > 1, we have

2b™¢
_1—b @

Wap(x) = Wa p(x")] < Zb n2|c0s(b" x) — cos(b"x’))| <22b na

n=1 n=

|X - x,lar

which yields the desired estimates. Now, consider x, x” € R such that 0 < [x — x’| < 1, and
then the integer N > 1 such that b™N < |x — x’| < b}™N. The same remainder estimate gives

2b—(N+1)a 2p«

< -na _ < — x'|e.
_ZZb T _1—b—“|x x|
n=N+1

i b™"% cos(b" x) — i b™"* cos(b" x")

n=N+1 n=N+1

In addition, the mean value inequality implies that |cos(b" x)—cos(b" x”)| < b"|x—x'|foralln > 1.
Hence, for a < 1, the N-th partial sum satisfies

(1-a)N _
Zb " cog(h"x) — Zb na cog(bx’)| < Zb napn|y — x| = pl- abb — LI
bZ(l—a) LN b2(1 @) a
—m(b ) - xl_mlx—ﬂ

This shows that the Weierstrass function W, ; is a-Holder continuous. For @ = 1, we have

N
< Z b™"b" |x — x’
n=1

1
—N|x—x|<|x—x|(1+10gb| '|)

N N
Z b~ cos(b"x) — Z b~ cos(b"x")
n=1 n=1

We thus obtain the desired modulus of continuity on the Weierstrass function W, ;. m|

7.2.2 Nowhere differentiability

We now show that the Weierstrass function is nowhere differentiable. To this purpose, we
place the Weierstrass function within the general framework of Fourier series of the form
fa)= ) ae, 1)
n=—oco
where (a,,),¢z is a sequence of complex numbers such that }},[a,| < co. The partial sums
of the above series are continuous and 2n-periodic functions, and they converge uniformly
on R to a complex-valued function f which is then continuous and 2m-periodic as well.
In addition, the Fourier series satisfy the following basic properties. The first one can be
interpreted as an inversion of (21).
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Proposition 54 (Basic properties of Fourier series). Let (a,)nez and (by)nez be sequences of
complex numbers such that ),,|a,| < oo and ), ,|b,| < oo, and let f and g be the corresponding
Fourier series as in (21). Then:

(i). For every integer n € Z, it holds that
1 [~ i
— —1mx .
an =5 /_n f(x)e™* dx;

(ii). For every real number xo € R, the function x — f(x — xo) is the Fourier series associated with
the sequence (e7"¥0a, ) ez,

(iii). The convolution f + g is the Fourier series associated with the sequence (a,by )nez, that is,

[ee]

frglx)= %L fx-y)gly)dy = Z anb,e.

n=—oo

Proof. The first property can be proven using Fubini’s theorem (Theorem 18). To be specific,
for any ng € Z, we have

i ) n X ) )
/ f(x)e ¥ dx = Z ape’ e % dx
—T

T p=—o0
[ee] I ) [o0]
= Z ay / el(n_nO)x dx = Z 2n1{n:n0}an = 271(1,10.
n=—oo - n=—co
In order to prove the second property, we just write

(o] [oe]

f(x —xo) = Z anein(x—xo) = Z e—inxoaneinx.

n=—oco n=—oo

Finally, using Fubini’s theorem again, we obtain

" — _ — im(x—y) in
f*gx) oy /_n flx-y)g(y)dy " § ame v E bye™ dy

T m=—00 n=—oo
_ i /n i i ameimxbnei(n—m)y d y= i i ambneimxi /n ei(n—m)}/ d]/
2n ), L L 2n J_,
M=—00 N=—00 M=—00 N=—00
= Z Z ambneimxl{m:n} = Z anbneinx,
M=—00 N=—00 n=-oo
which proves the third property. m]

As mentioned above, the Weierstrass function W, ; can be expressed as a Fourier series.
To be specific, let sgn denote the sign function, defined by sgnx = x/|x| for x # 0, and
by sgn0 = 0. Then,

1~ bl "
Wa,b(x) — _E + Z Telsgn(n)bl |x. (22)

n=—oo

More precisely, the Weierstrass function is a lacunary Fourier series, in the following sense.
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Definition 23 (Lacunary sequences and lacunary Fourier series).  (i). A sequence of posi-
tive integers (1 )r>1 is lacunary if there exists a real number g > 1 such that ny4; > g ny
for all integers k > 1.

(ii). A Fourier series as in (21) is lacunary if there exists a lacunary sequence (1 )x>1 such
that a,, = 0 for all integers n € Z that are not of the form +n; with k > 1.

The first property of Proposition 54 can be strengthened into the following statement,
which is particularly relevant for lacunary Fourier series.

Lemma 55 (Inverse formula with trigonometric polynomials). Let (ny)kez be a strictly increasing
sequence of integers, let (a,)nez be a sequence of complex numbers such that {n € Z|a, # 0} C
{nk, k € Z} and Y |an| < oo, and let f be the corresponding Fourier series as in (21). Then,

b cne™ with co # 0 and degree at

for every k € Z and every trigonometric polynomial T(x) = X,

most €y < min{ny — ng, ng — ng_1}, it holds that

_ [T F(0)Te(x)e e dx
- /_7; Ti(x)dx '

ﬂnk

Proof. For every k € Z, define g(x) = Tx(—x)e™**. We have

s 4 g+l
f(x) = Z a,e"* and g(x) = Z ¢, ellt=mx — Z Cop—ne'™.
n=—oo n=—{y n=ny—{

The third property of Proposition 54 gives

[o¢]

1 [ . 1 [
ﬂ/ F(x)Tk(x)e "™  dx = ﬂ/ f(x)g(=x)dx = Z AnCrp—nLin—t <n<ni+,) = Any Co-
—Tt —Tt

n=—oo
The last equality follows from the following observations: if ny — fx < n < ny + {, then

Ng-1 < n < ng41; hence, if a, # 0, then n = ny and c,,,—, = co. To conclude, we observe that
= /_ 7; Ti(x) dx = cp, as a consequence of the first property of Proposition 54. m|

Lemma 55 can be used to estimate the coefficients of lacunary Fourier series. For such series,
it is convenient to apply this lemma to the trigonometric polynomials obtained as the squares
of the Fejér kernels. For every integer N > 1, the Fejér kernel Fy is defined by the formula

N-1 |1’l| . N-1 n
INOERSY (1 - ﬁ)e — 142 ; (1 - ﬁ) cos(nx),

n=-N+1

for all x € R, and satisfies the following properties.

Proposition 56 (Basic estimates on the Fejér kernel). For every integer N > 1, the Fejér kernel Fy
satisfies the following properties (the bound involving 1/x? is interpreted as co at x = 0):

sin(Nx/2)

2
W) for x ¢ 2nZ, with continuous extension FN(2mk) = N;

(i). Fn(x) = %(

2
(ii). Fn(x) < min{N, %}for all x € [-7, mt);

(iii). Fn(x) > gfor all x € [-n/N,n/N].
T
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Proof. To prove the first property, we first observe that for all x € R,

N-1
N Fy(x) = Z (N — [n|)el"™ = Z Z elnr = Z Z el (23)

[n|<N [n|<N |n|sm<N m=0 |n|<m

The formula at x € 2nZ follows directly from the defining finite sum; its continuity also gives
the claimed extension. For every integer m > 0 and x ¢ 2nZ, we have

Z Z (- _ _ i Zm: S 1 — el@m+1)x ~ eimx _ qi(m+1)x
= = - T—eix 1-elx
Therefore, we obtain
N-1 N-1 - -

. . 1- e—le 1= e1Nx

_ix _ pilm+1)xy — —imx _ i(m+1)x _ _ix
(1-e*)N Fy(x) = Z(e il D) n;)e ;]e T

]—e iN¥  @iN¥_] g _giNy_g=iNx  (eiNx/2_gmiNx/2)?
= 1 —eix N 1 —eix = 1 —eix =~ 1 —eix

This concludes the proof of the first property, since we now have

(eiNx/2 _ e—iNx/Z)2 (etN¥/2 — e‘iN"/z)2 1 (sin(Nx/2) 2
Fn(x) = - = -N

N(1 - ei*)(1 —ei¥) N (eix/2 - e—ix/2)2 sin(x/2)

To prove the second property, we infer from (23) and the triangle inequality thatforall x € R,

|FN(x)|<_ZZ|W—NZZ1_ Z(z +1) = (MH\;):N.

m=0 |n|<m m=0 |n|<m

By the first property, Fy is a nonnegative function, so we have Fy(x) < N. Moreover,
sint > 2t /m for all t € [0, /2]. Since Fy is an even function, the first property then implies
that for all x € [-n, ] \ {0},

Ex(x) = (sm(Nx/Z)) <L 1 1 (n)z_ 2

sin(x/2) N (sin(x/2))2 = N\x/ ~ Na2’

Finally, we use the fact that 2t/ <sint <t for all t € [0, t/2], the first property, and the
fact that Fy is an even function to obtain that for all x € [-t/N, t/N] \ {0},

sm(Nx/Z)) L1 (Nx/n)z_ AN
SINX/2) =

Fnix) = ( sin(x/2) x/2

which proves the third property. The identity Fx(0) = N gives the remaining bounds at
Zero. |

As mentioned above, we shall apply Lemma 55 to the trigonometric polynomial Ty = F?,
that is, the square of the Fejér kernel Fyy. We shall also use the following estimates on Ty.
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Lemma 57 (Estimates on the square of the Fejér Kernel). For each integer N > 1 and each 6 €
(0, ), we have the following bounds for Ty = F;:

n 100 ™ 63 n
T dx < — T d d T; dx < —— T dx.
/ T dr < g / @y an /a<|x|<n Nx) dr < o / () dx

Proof. Proposition 56 implies on the one hand that

T " 2 it YN 2 "ot
Inlwa(x)de[nlxl mm{N ,N2x4}dxs2/0 xN dx+2'/1/N N2 dx

271/N 4 m 2
<2N2[ +2i2[—iz =1+n4—n—2S1+n4,
2, N 2x 1N N
and on the other hand that
e /N 2
1 2
/ Tn(x)dx > / 61:] dx = g (24)

- -n/N T L

from which the first desired estimate follows, specifically,

1+ nhHrd 32N 100
32N ™ - N

/ x| Ty(x)dx <1+ nt = TN(x)dx.

In addition, Proposition 56 also implies together with (24) that

4 2t 1 ¢ 2t 1 1
/ TN(x)dxs/ T dr = =i2(——3+—3
6<|X|<ﬂ 6<|x|<7-[ N X N 3X 5 N 371 36

ot A BN _ 63 /”T(x)dx
= 303N2  4853N3 3 ~ N3 SN ’

which proves the second desired estimate. m]

We are now in position to establish the following connection between the coefficients of
a lacunary Fourier series and its differentiability properties.

Theorem 58 (Differentiability and decay of coefficients for lacunary Fourier series). Let f be
a lacunary Fourier series with coefficients denoted by a, for n € Z. Assume that the function f is
differentiable at some point xo € R. Then, the coefficients satisfy n a,, — 0 as |n| — oo.

Proof. Define two coefficients ¢y = f(xg) +1 f’(xo) and c1 = —i f’(x0), and then the function
g(x) = f(xo+x)—co—c1e™ = (ag — co) + (a1™ — c1)e™ + Z a0,
nez\{0,1}

which satisfies g(0) = ¢’(0) = 0. Hence, for every ¢ > 0, there exists 6 € (0, ) such that
|g(x)| < glx| for all x € [-0,6]. In addition, g is bounded by some constant C > 0 on the
interval [-7, 7t], because f is bounded. Moreover, since f is a lacunary Fourier series, there
exists a lacunary sequence of integers (1x)x>1 such that a,, = 0 for all integers n € Z that are
not of the form +n; with k > 1. Also, there exists a real number g > 1 such that ny.1 > g ny
for all integers k > 1, which implies, for k > 2, that

min{ny.1 — Nk, N — Ng_1} = mm{(q - 1)nk, 1 - nk} nk k—) 00, (25)
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Let (my)ez be a strictly increasing enumeration of the distinct elements of {0, 1}U{+n;, j >
1}. This set contains the support of the Fourier coefficients b, of g. Adding the two frequencies
0 and 1 affects only finitely many gaps, so (25) gives, for all sufficiently large |k|,
min{my,1 — my, my — my_1} > (1 - q_l)lmk| F 00,
Choosing |k| large enough and N > 1 maximal such that 2N < (1 — g7!)|my|, and applying

Lemma 55 to the function ¢ and the trigonometric polynomial Ty = F 12\], where Fy is the Fejér
kernel, we obtain

_ [T g(x) Ty (x)e™ i dx
- f_ 7; Tn(x)dx '

Thanks to Lemma 57 and the aforementioned bounds on g, the numerator can be estimated
as follows:

bmk

‘/n g(x) Ty (x)e " dx

100e  63C "
< T .
_( Nt 63N3)[n N(x)dx

S/ elxlTN(x)dx+/ C Tn(x)dx
|x|<o

O<|x|<m

The maximality of N implies that 4N > 2(N + 1) > (1 — g71)|my|. Therefore,

2N +1)(100c 63C | __ 4 63C
1-g1\'N " N3 53N2

| b, | < - (1oos +

S
1008C
- g Piml )

< _t 100¢ +
1-g71
Since the Fourier coefficients of g that are not indexed by an integer m; are equal to zero, and
since the coefficients of f and g have the same modulus, except maybe those indexed by 0
and 1, we get
4 1008C
|7’1 ﬂn| = |Tl bnl < 1_—q_1(100€ + 63(]_——5]_1)2712)
for all |n| large enough. This directly implies that

. 400¢
limsup|n a,| < T

|| —o0 q

e—0
and the theorem follows. ]
The following corollary follows from Theorem 58, since the Weierstrass series is lacunary.

Corollary 59 (Nowhere differentiability of the Weierstrass function). For every a € (0, 1] and
every integer b > 1, the Weierstrass function W, , is nowhere differentiable.

Proof. Recall from (22) that the Weierstrass function W, ; is a lacunary Fourier series whose
coefficients a, satisfy a, = bKle /2 when n = sgn(k) bkl £ 0. In particular, for a positive
integer n of the previous form, we have a,, = n=%/2,so thatna, = n'=®/2. Since @ < 1, we
have n a, /» 0 as n — oo. The conclusion then follows from Theorem 58. m|
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7.2.3 Lower Holder estimate

Recall from Proposition 53 that the Weierstrass function W, ; is a-Ho6lder continuous when
0 < a < 1. We now prove the corresponding lower Holder estimate of order a.

Proposition 60 (Lower Holder estimate of the Weierstrass function). Let a € (0,1) and let
b > 1 be an integer. Then, the Weierstrass function W, j, satisfies a lower Holder estimate of order a in
the interval [—mt, t].

Proof. Assume that W, ; does not satisfy a lower Holder estimate of order «a in [-m, 7].
Any interval in [-7, 7] can be divided into seven equal subintervals of length at most 1.
Applying the negation of Definition 21 with constant ¢/7% and choosing one such subinterval
shows that, for every ¢ € (0, 271/2) there exists an interval I C [-7t, 7] such that |I| < 1 and
forall x,x" €1,

Wa () = Wa ()] < €2 1.

Let xo be the center of the interval I, and define ] = I — x¢p = {x — xo, x € I}, so that ] is an
interval centered at zero. Define also

(o]

F3) = Wasloxo + X) = Wap(x0) = =3 = Waplx0) + )

n=—oo

ei sgn(n)b|”|x0 ei sgn(n)b|”|x )

b—|n|a
2

The latter expression follows from (22). The nonconstant frequencies of f are lacunary; its
full frequency set is contained in {0} U {b/, j > 1}. Moreover, f(0) = 0 and

[f(x) = fQ < 1

for all x,x” € J. We may take ¢ arbitrarily small; since |J| < 1, the frequency chosen below
then tends to infinity and the maximal integer N is at least 1. Now, define r = ¢[J|/2 > 0 and
observe thatif 2¢r < |x| < r/¢, then x € | and

[fl = 1f(x) = fO) < EJI* = €® 2r/e)* = €72 2er)* < e |x|".

Also, recall from Proposition 53 that W, is a-Holder continuous. Hence, there exists a
constant C > 0 such that |f(x)| < C|x|* for all x € R. Note from the proof of Proposition 53

that the constant C depends on a and b only. Choose two integers k, N > 1 such that
b™* <r<b'"Fand

2N < (1-b71)bF = min{p**! - b*, b* - bF1} <2(N +1).

Applying Lemma 55 to the function f and the trigonometric polynomial Ty = F 12\], where Fy
is again the Fejér kernel, we obtain

ke e [ FOOT(0e ™ dx
—e€ = = .
2 f_n Tn(x)dx

The numerator of the right-hand side has modulus bounded above by

(26)

/ Clx|*Tn(x) dx +/ elx|*T(x) dx +/ Clx|*Tn(x) dx.
|x|<2er 2er<|x|<r/e

r/e<|x|<m

Thanks to Proposition 56, the first integral satisfies

/ Clx|[*Tyn(x) dx < CN?(2¢er)*(4er) = 22HACN2gltaplta
|x|<2er
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h-1 1+a
2+ 2 1+a — — _ 1\ 1+a l-a 1+«
<2°7*CN-e¢ (ZN) 2(b—1)"T“CN "',
the third integral satisfies
it T
/ Clx|*Tn(x)dx < / Clx|* —5— dx = 2n4CN'2/ x* dy
r/e<|x|<m r/e<|x|<m N=x r/e
x2 3" 2nC
<2m'CN7?|=——| <5—& N7
- a—-3 r/e T 3-a
3- _
_2m'C a2 4N ° 27204 C N1-ag3a
“3-a 1-b1 B—a)1-b1)3a ’
and the second integral satisfies
-
/ elx|*Tn (x) dx s/ e|x|* N2 dx+/ elx|® - dx
2er<|x|<r/e lx|<r |x|>r N=x
g ent %
= 2€N2/ xdx +2— / x4 dx
0 N r
a+l 17 4 a-3 1%
=2eN?2 | —| 428 |2
a+1], N2 |a-3],
4
< N2erott 4 2 N2¢pa3
a+1 3-a
_ a+l 4 3-a
< 2 N2e b-1 N 21 N-2¢ 4N
a+1 2N 3-a 1-b"1
_ 2—a(b _ 1)a+1 N 27—2(17.(4 Nl—ag.
a+1 B-a)1—-b1)3-

We deduce that the numerator of the right-hand side of (26) has modulus bounded above by
N'=%¢ times a constant that depends on a and b only. Moreover, the denominator is bounded
below by 32N/ 73, as shown in (24). Hence, there exists a constant D > 0 depending on «
and b only such that

[ fTve e ar R
= — <DN %< Db "¢,
/_n Tn(x)dx

“\1-0b1
This yields a contradiction if ¢ is chosen small enough. a

b—koc _ ‘b—ka eibkxo
2 2

7.24 Graph dimension

Recall from Proposition 49 that the upper box counting dimension, and thus the Hausdorff
dimension, of the graph of an a-Hoélder continuous function defined on an interval are
bounded above by 2 — a. Conversely, recall from Proposition 51 that the lower box counting
dimension of the graph is bounded below by 2 — a when the function satisfies a lower
Holder estimate of order a. These properties are satisfied by the Weierstrass function when
0 < a < 1, as shown by Propositions 53 and 60. Using also Proposition 52 which discusses
Hausdorff dimension, we have the following result.
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Corollary 61 (Graph dimension of the Weierstrass function). Let a € (0,1) and let b > 1 be an
integer. Then, the graph of the Weierstrass function W, , restricted to the interval [—mt, 1] satisfies

dimpgph W, =2 -« and 1 <dimpygphWyp, <2 -a.

At the endpoint @ = 1, the Hausdorff and both box counting dimensions of the same graph
are equal to 1. Indeed, the logarithmic modulus in Proposition 53 implies f-Holder continuity
on this interval for every 0 < < 1. Proposition 49 therefore bounds the upper box dimension
by 2 — B, and letting  — 1 gives the upper bound 1. Projection onto the first coordinate does
not increase diameters of covering sets, so it cannot increase Hausdorff dimension. Since the
projected graph is the interval [-7t, 7], its Hausdorff dimension is at least 1.

8 Fractal properties of Brownian motion

8.1 Basics on probability spaces and random variables

We begin with the minimal notions of probability theory needed to define Brownian motion
and study some of its fractal properties.

A probability space is a triple (QQ, A, P), where Q is a set, A is a o-algebra on (), and P is
a probability measure on € such that A € Mp. An event is an element of A. A real-valued
random variable is a mapping X: Q — R such that for every Borel set B € B(R), the inverse
image X~1(B) is an event. In this case, X is P-measurable in the sense of Definition 3. For
any Borel set A, it is customary to write P(X € A) instead of P(X~1(A)) for the probability
of the event X 1(A).

A real-valued random variable is simple if it takes a finite number of values. The integral of
a simple random variable X : (3 — [0, co) with respect to the probability measure P is called
the expectation of X and is denoted by E[X]. It is defined by Definition 4 by the formula

E[X] = /QXdP = X;Q)xp(x = x).

Furthermore, the expectation of a random variable X: QQ — [0, o] is defined by
E[X] = / X dP = sup{E[Y], Y simpleand 0 <Y < X}.
Q

Now, if X: O — R is an arbitrary real-valued random variable, then its positive part
X" = max{X, 0} and its negative part X~ = max{—X, 0} are two random variables valued
in [0, c0). If they both have finite expectations, or equivalently if | X| has finite expectation,
then the expectation of X is defined by

E[X] = E[X*] - E[X"].

We can also define a measure ux on R by the condition ux(A) = P(X € A) for any set A C R.
Then, for every continuous function f: R — [0, c0), we have the following integration formula:

E[F(X)] = /R £ dx. @)

This can be proven by approximating f by a monotone sequence of simple measurable
functions, using Theorem 5 and Lemma 6, as in the proof of Theorem 29.

An N-dimensional vector-valued random variable, also called an N-dimensional random vector,
is a mapping X : Q — RN such that every component X; is a real-valued random variable.
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Random vectors are usually considered as column vectors. Then, the expectation of a random
vector X = (Xj,...,Xn) is defined by E[X] = (E[X1], ..., E[Xxn]) when all the expectations
of the components exist. Random matrices and their expectations are defined similarly.
Moreover, the covariance matrix of a random vector X is defined by

Cov(X) = E[(X - E[X])(X - E[X])"] (28)

provided that all the involved expectations exist. If X is a real-valued random variable, this
covariance matrix has only one component, namely, the variance of X, which is given by

Var(X) = E[(X - E[X])?].

Finally, a family (X;);e; of real-valued random variables X;, indexed by some finite,
countably infinite, or uncountable set I, is called a stochastic process or a random process. Its
components are called independent if for all integers n > 1, all distinct indices iy, ...,i, € I
and all Borel sets By,...,B,; € B(R),

P(Xil €By,... /Xin S Bn) = P(X,‘l S Bl) . ~-P(X1‘n S Bn). (29)

For distinct indices i1, ..., i,, if these components are nonnegative, approximating them
by monotone sequences of nonnegative simple functions of the corresponding components
(using Theorem 5 and Lemma 6) gives, with the convention 0 - co = 0,

E[X;, --- X, ] = E[X; ] - - E[X;, ]. (30)

If instead the components are real-valued and integrable, applying this identity first to their
absolute values shows that their product is integrable; decomposing each component into its
positive and negative parts then proves (30) in this case as well. Therefore, the covariance
matrix of a random vector with independent square-integrable components is diagonal. In
addition, the independence of random vectors of various dimensions can be defined similarly
by extending the condition (29) to Borel sets of the Euclidean spaces of appropriate dimensions.

We shall use the following countable product theorem, admitted here: for any sequence of
Borel probability distributions v; on R, there exists a probability space carrying independent
random variables X; such that P(X; € A) = v;(A) for every Borel set A. Equivalently, their
finite-dimensional distributions are the corresponding finite products. This is the countable-
product case of Kolmogorov’s extension theorem; see [3]. It also permits countably many
independent copies of a construction based on countably many such variables, by indexing
the coordinates with pairs of positive integers.

We recall the analytic change-of-variables formula used below: for a C! diffeomorphism
T: U — V between open subsets of RN and a nonnegative Borel function g,

/ g(y)dy = / ¢(T(x))|det DT (x)| dx.
14 u

The same formula holds for integrable functions. Its polar-coordinate consequence for a
nonnegative radial integrand is

RN 0

where « is the surface area of the Euclidean unit sphere (k1 = 2). These standard integration
formulas are used without proof; see [7].
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8.2 Gaussian random variables
Brownian motion is a paramount example of a Gaussian stochastic process, meaning that

every finite vector of its components is jointly Gaussian, as defined below.

Definition 24 (Gaussian random variable, Gaussian random vector, Gaussian process).

(i). A real-valued random variable X on a probability space (Q2, A, P) is a standard Gaussian
random variable if for every x € R,

—t2/2

dt
X V27'(

(ii). An N-dimensional random vector X = (X3, ..., Xy) is a standard Gaussian random vector
if its components Xj, ..., Xy are standard Gaussian and independent random variables.

P(X > x) = 31)

(iif). An N-dimensional random vector X is a Gaussian random vector if there exist an integer
M > 0, an M-dimensional standard Gaussian random vector Y on the same probability
space, an N X M matrix A and an N-dimensional vector b with real entries such that

X=AY+b almost surely. (32)

For M = 0, Y is the empty vector and AY = 0; this includes almost surely constant
vectors without requiring auxiliary randomness. Equalities in Gaussian representations
below are also understood almost surely.

(iv). A stochastic process (X;)ier is a Gaussian process if for every integer n > 1 and all indices
i1,...,i € I, the random vector (X;,, ..., Xj,) is Gaussian.

Suppose that a real-valued random variable X satisfies

P(X >u)= /m(p(t)dt (u eR)

u

for a nonnegative Borel function ¢. Then, for every nonnegative Borel function f, we have

B[F(X)] = / FOp(t)dt. 33)

We call ¢ the density of X. Here is a justification using the preceding measure theory. Letting
U — —oo gives fR @ = 1. The Borel probability measures nx and v(B) = /B @(t)dt agree on all
intervals (1, o). (The latter measure on Borel sets may be extended to an outer measure by
the extension theorem.) Continuity of measures and of the integral shows that both measures
give mass zero to each singleton, and hence agree on all open intervals. Every open subset
of R is a countable disjoint union of open intervals: each component contains a distinct
rational number. Thus they agree on open sets, and outer regularity on Borel sets, supplied
by Theorem 26, gives agreement on all Borel sets. Formula (33) follows first for nonnegative
simple functions and then by monotone convergence. It also holds for signed functions whose
absolute value has finite integral, by taking positive and negative parts.

For a standard Gaussian variable, ¢(t) = (2r1)"1/2e~"*/2. The integral of |t|¢(t) is finite,
symmetry gives mean zero, and integration by parts gives

/tz(p(t)dt ~to(t)]” /(p(t)dt =1.
R

Consequently,

E[X]=0 and Var(X) = 1. (34)
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A plain consequence of (30) and (34) is that the covariance matrix of a standard Gaussian
random vector is the identity matrix. Hence, if X is a Gaussian random vector given by (32),
then its expectation and covariance matrix are given respectively by

E[X]=0b and Cov(X) = AAT. (35)

Moreover, the following lemma shows that the image of a standard Gaussian random
vector by an orthogonal transformation is still a standard Gaussian random vector. Recall
that a square matrix Q is orthogonal if QQT = I, where I denotes the identity matrix.

Lemma 62 (Stability by orthogonal transformations). Let X be an N-dimensional standard
Gaussian random vector, and let Q be an N X N orthogonal matrix. Then, the random vector Y = QX
is a standard Gaussian random vector.

Proof. Independence and the one-dimensional density formula imply that the law of X
and the measure with density Hf\il(Zn)_l/ 2¢71112 agree on Borel rectangles. They therefore
agree on finite unions of open rectangles, by finite inclusion-exclusion. Every open subset
of RN is a countable union of rectangles with rational endpoints contained in it; continuity
under increasing unions gives equality on open sets. Outer regularity on Borel sets then
gives equality on all Borel sets. Simple approximation and monotone convergence justify
integration of any nonnegative Borel function against this product density.

For every Borel function f: RN — [0, o], we have

E[f(YT)] =E[£((QX)")]

e_tif/z
o T

/ /f(ul,..., \_/Liz e:;iZ 1---duy.

The second equality follows from (33) and Fubini’s theorem (Theorem 18), and the third one
from the change of variable formula combined with the fact that |[det Q| = 1 and ||t|| = [[fQ T]l.
The above computation guarantees that the components of Y are standard Gaussian and
independent. (To prove that every component of Y is a standard Gaussian random variable,
recover (31) by choosing f as the indicator of the interval (x, co) for only one component. To
prove the independence of these components, choose f as the product of the indicators of
Borel sets of R for each component.) a

Two N-dimensional random vectors X; and X, are said to have the same distribution if
VBe B(RYN) P(X; €B)=P(X, € B).

The following result shows that two Gaussian random vectors with the same expectation and
covariance matrix can both be written as in (32) with the same A and b, up to a suitable choice
of the standard Gaussian random vector Y. This entails that they have the same distribution.
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Lemma 63 (Characterization of Gaussian random vectors). Let Xy and X; be two N-dimensional
Gaussian random vectors such that

E[X1] = E[Xz] and COV(Xl) = COV(XQ).

Then, there exist two M-dimensional standard Gaussian random vectors Y1 and Y>, an N X M matrix
A and an N-dimensional vector b with real entries such that

X1 =AY1+b and Xy =AY, + b.

In particular, the random vectors X1 and Xy have the same distribution.

Proof. Up to replacing X; and X, by X; — E[X;] and X; — E[X;], we can assume that
E[X;] = E[X;] = 0. By Definition 24, there exist matrices C; and C,, and standard Gaussian
vectors Z1 and Z, such that

X1 = C1Z1 and X2 = CzZz.

Write M; for the dimension of Z; and put ¥ = rank Cov(X;) = rank Cov(X>). The identity
ker(C;C;") = ker C; " shows that both C; have rank r. If r = 0, both centered vectors vanish
almost surely; take M = 0, let A be the matrix with no columns, and take Y7, Y> to be empty
vectors. This proves the claim when r = 0, so assume r > 0. Choose an M; X M; orthogonal
matrix Q; whose first r columns span the row space of C;. Then C;Q; = (D;, 0), where D; has
r columns. By Lemma 62, the first r coordinates of Q;"Z; form a standard Gaussian vector,
and multiplying this vector by D; gives X;. We may therefore replace the two representations
by these reduced representations, so both have input dimension M = r, without adding any
random variables.

Let C; and C, denote the spans of the rows of the reduced matrices C; and C,. Up to
simultaneously permuting the output coordinates of X, X, and the rows of Cq, Co, we can
assume that the first » rows of C; form a basis of C;. We undo this common permutation on
the final matrix A and vector b. There is a linear mapping £: C; — C; that sends these rows
to the first r rows of Cp, meaning that

vie{l,...,r} gc)=cl (36)

where C;i) and Cg) denote the i-th row of C; and Cy, respectively. Let u € C;. There is an
N-dimensional column vector A whose components are A1, ..., A, followed by N — r zeros
such that u = ATCy. In view of (35), we have

ATCr = M+ 2,0 = g 442,01
=LATCy) = L(u),
IATCol? = (ATC2)(ATCa)" = ATCov(X2)A = ATCov(X4)A
= (ATC(ATC1)" = IATCalP = [[ul.

This implies that £ is injective, and thus that the dimension of C; is at most that of C>. By
symmetry, these two dimensions are equal. Hence, £ is an isomorphism from C; to Cs.
Moreover, the isomorphism £ preserves the Euclidean norm. It is therefore an orthogonal
transformation from C; to C;. We can extend £ to an orthogonal transformation between
M-dimensional row vectors that sends the orthogonal complement of C; to that of C,. This
orthogonal transformation can be represented by an M X M orthogonal matrix Q such that
L(u) = uQ for every row vector u. For 1 <i <r < j < N, formulas (35) and (36) give

(@’ -2, ey =(cy, e - e, ey =, ¢y - ) ¢y
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= (C2C27)j,i = (C1C17);,i = (Cov(Xp))j,i — (Cov(Xy));,i = 0.

Since the rows Cg), el CS) form a basis of C», we deduce that Cg ) _ E(C? )) belongs to the
orthogonal complement of C,. Moreover, it also belongs to C, so it is equal to zero. We have
proved that (36) holds for every i € {1, ..., N}, meaning that C; = C1Q. We deduce that

X1 = C1Z1 and X2 = CzZz = ClQZZ.

To conclude the proof, set A = C1, Y1 = Z1, Y2 = QZ; and b = 0, and observe using
Lemma 62 that Y; is a standard Gaussian random vector since Q is orthogonal. The last claim
of the lemma follows from the observation that for every Borel set B € B(RN),

P(X1 € B) = P(4,5(Y1) € B) = P(V1 € ¥}, (B)) = P(Ya € ¥}, (B))
=P(Yas(Y2) € B) =P(X; € B),

where 14 ;, denotes the continuous mapping y — Ay + b. The middle equality follows from
the fact that Y7 and Y5 are both M-dimensional standard Gaussian random vectors. m]

Lemma 63 shows that two Gaussian random vectors with the same expectation y and
the same covariance matrix X have the same distribution. For this reason, we thus say
that X has distribution N(u,X). The symbol N means normal, another name for Gaussian.
In particular, a standard Gaussian random vector has distribution N(0, I). Lemma 63 also
gives the following corollary.

Corollary 64 (Sum and difference of independent Gaussian random variables). Let X; and X»
be two independent random variables with distribution N(0, a?) for some o > 0. Then, X1 + X, and
X1 — Xy are independent random variables with distribution N(O, 2062).

Proof. Set Y; = X;/o for i = 1,2. Scaling and Lemma 63 show that each Y; is standard
Gaussian, and independence is inherited from X;, X,. Thus Y = (Y1,Y>)" is a standard
Gaussian vector and X; = o¢Y;. Then,

1 (X1+X5 1 (M+Y, ; 1(1 1

B = = QY with = — .
el )= i e =%

Itis easy to check that QQT = I. Thus, the matrix Q is orthogonal. We deduce from Lemma 62
that the vector in the left-hand side above is a standard Gaussian random vector. Hence, its

components are independent standard Gaussian random variables. This implies that X; + X»
and X; — X, are independent random variables with distribution N(0, 202). m]

We end this section on Gaussian random variables with the following tail estimates.

Lemma 65 (Gaussian tail bounds). Let X be a standard Gaussian random variable. Then,
for every x > 0,

e—x2/2 e—x2/2
—<PX>x)< .
(x+1/x)V2n xXV27

Proof. On the one hand, the formula (31) yields

o 12)2 0 122 22| 2
P(X>x):/ ¢ Tare [ L& lgolize = ¢
. x X

V2n x X A\2m
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On the other hand, the function f defined by

flx)=x e /2 _ (x* + 1)/ e 12 g
X
satisfies f(0) < 0and f(x) — 0 as x — oo, by the previous bound. Its derivative is

f(x) = e X2 _ 2emx2 _ 2x/ e 24t + (x* + 1)e_"2/2 = —Zx(/ e 24t — %e_"z/Z .
X

X

The previous bound implies that f’(x) > 0 forevery x > 0. Hence, f(x) < Oforeveryx >0. O

8.3 Lévy’s construction of Brownian motion

Brownian motion is a Gaussian process indexed by an interval [0, a] with a > 0, or by [0, ),
with stationary independent increments and continuous trajectories. More precisely:

Definition 25 (Standard Brownian motion). Let I = [0,a] witha > 0, or [ = [0,0). A
real-valued stochastic process (B¢ )1 on a probability space (Q, A, P) is a standard Brownian
motion if the following conditions are satisfied:

(i). Bo=0;

(ii). forallintegersn > 3 and allnumbers t; < --- < t, in I, the increments By, — By, ..., By, —
By, , are independent random variables;

(iii). for all numbers s, t € [ with s < t, the increment B; — B; is a Gaussian random variable
with distribution N(0, t — s);

(iv). P(t ¥ By is continuouson I) = 1.

For pathwise arguments we may work with a version having continuous paths everywhere:
choose the measurable event of probability one in the definition, retain the process on that
event, and set the whole path equal to zero on its complement. All finite-dimensional
distributions are unchanged. This version is jointly measurable in (w,t). Indeed, let
qm(t) = 27™|2™t]. For every m, the function (w,t) + Bg,)(w) is measurable for the o-
algebra generated by measurable rectangles, because g, has countably many values with
Borel level sets. Continuity gives B, )(w) — Bi(w) pointwise. This also proves joint
measurability of functions of (w, f, ") used in the energy integrals below, and justifies their
use in Fubini’s theorem. Any almost sure path property established for this version holds
for the original process on the same event of continuous paths.

In addition to (28), recall that the covariance of two real-valued random variables X and Y is

Cov(X,Y) = E[(X - E[X])(Y - E[Y])].
A plain consequence of Definition 25is that forall s, t € I, the covariance of B; and B; is given by
Cov(Bs, By) = min{s, t}.

Indeed, if for instance s < t, then By = B, + (Bt — Bs), where Bs and By — B are independent
random variables with distribution N(0, s) and N(0, t — s), respectively. Hence, using (30)
and (35), we obtain

Existence of Brownian motion was first established by Wiener in 1923. An explicit
construction as a uniform limit of piecewise affine interpolations at dyadic time values
was then given by Lévy in 1948. This construction relies on the following convergence
part of the Borel-Cantelli lemma.



8 Fractal properties of Brownian motion 69

Lemma 66 (Borel-Cantelli lemma (convergence part)). Let (A,)n>1 be a sequence of events on a
probability space (€, A, P). The event that A, occurs for infinitely many indices n is given by

{A, zo}—hmsup :ﬁo

where i.0. stands for infinitely often. Moreover, if 3}, P(A,) < oo, then P(A, i.0.) =0

Proof. For every integer n > 1, the event | ;,_,, A is the event that A,, occurs for some index
m > n. Hence, the event (), Uy—, A is the event that for every integer n > 1, there exists
an index m > n such that A, occurs. This is precisely the event that A,, occurs for infinitely
many indices n. This proves the first claim of the lemma. In addition, the monotonicity and
the countable subadditivity of the probability measure, and the convergence of the series

imply that
Am

which proves the second claim. m|

P(A, i.0.) <P < Y PAn) — 0,
n—oo

We can now present Lévy’s construction of Brownian motion.

Theorem 67 (Existence of Brownian motion). Standard Brownian motion exists on the interval
[0, 00), and thus on any interval [0, a] with a > 0.

Proof. We first construct the process on [0, 1] using the dyadic numbers

D=|Jp; with D;={k27, ke{o,...,21}},
j=0
and then a collection of independent standard Gaussian random variables X, for s € D, on a
probability space (Q2, A, P). (Existence follows from the countable product theorem stated
above.) We define inductively a collection of random variables B that give the values of the
Brownian motion at dyadic time values s € D in such a way that for every integer j > 0, the
following conditions are satisfied:

(). Forn > 3ands; < --- < s, in Dj, theincrements Bs,—Bs,, ..., Bs, —Bs,_; areindependent;
(ii). Forall s; < s3 in Dj, the increment Bs, — Bs, has distribution N(0, s2 — s1);

(iii). The families of random variables (Bs)sepj and (Xs)seD\Dj are independent.
These conditions are satisfied for j = 0 by setting By = 0 and By = Xj. Assume that they are
satisfied for some j > 0. For every s € Dj;1 \ Dj, consider s~ = s — 2-0G+D) and s+ = s + 20+
in Dj, and define
Bs— + Bs+ + Xs

2 2(j+2)/2°

Bs = (37)
By induction, the random variables (Bs+ — Bs-)/2 and X,/ 20+2)/2 are independent and both
have distribution N(0, 2-0+2)), By Corollary 64, their sum B, — B;- and their difference B+ — B;
are independent and have distribution N(0,2~U+V). This implies, again by induction, that the
above three conditions are satisfied for j + 1. These conditions are thus satisfied for every
integer j > 0.
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We now interpolate between the dyadic time values to define a sequence of piecewise affine
random functions. Specifically, set Yo = tX; for every t € [0,1], and then for every j > 1,
define t - Yj; as the piecewise affine function on [0, 1] that interpolates between the points
(s,270+D/2x, 1{S¢D].71}) for s € D;. These functions are continuous on [0,1]. Moreover,
forall j > 0 and s € D, we have

j 0
Bs = Z Yi,s = Z st (38)
=0 i=0

The second equality holds because Y; s = 0 for every i > j. The first equality can be proven by
induction on j. It is satisfied for j = 0 since By = 0 and B; = X;. Assume that it is satisfied
for some j > 0. For every s € Dj;1 \ Dj and every i € {0,...,j}, the function t > Y;; is
affine between the dyadic time values s~ and s* which are consecutive in D i, S0 between two
consecutive dyadic time values in D;. The value of Y; ; at the midpoint s of s~ and s* is thus
the average of the values Y; ;- and Y; s+. Hence,

j+1 J

1s "‘st+ Bs- + Bg+ X
ZO ZO Y]+1s— (ZOYZS +ZOY15+)+Y]+15— > +2(j+2)/2:BS’
i i= i i

where the last equality follows from (37). By induction, this proves (38) forall j > 0 and s € D;.

Let us prove that the series in (38) converges uniformly on the whole interval [0, 1] with
probability one. For every integer j > 1, the function t Y] ;| is bounded above on the
interval [0, 1] by the maximal value of 2-0+D/2|X | for s € D;. Using Lemma 65, we infer that
forallc¢ > 0,

, , 212/ + 1)

1/2 1/2 o Sl

]P(rsréaDinSl > (2cj) ) < SEED_POXS' > (2cj) ) < (e .
]

If ¢ > log 2, then the sum of the right-hand side above over j > 1 is finite. By the convergence
part of the Borel-Cantelli lemma (Lemma 66), we deduce that

P Z sup |Yj¢| = oo | <P| sup [Yj| > (c])1/22 i?i0.] < P(maxlX | > (20])1/2 io.| =0.
=0 t€[0,1] te[0,1]

(39)

This means that on an event of probability one, the series }}; Y;; converges uniformly on
[0, 1] to a continuous function. By (38), the sum is equal to B; for every s € D. The sum of
the series is thus the unique continuous extension of the mapping s — B defined on the
dense subset D of [0,1]. We use the notation t — B; for this extension on the measurable
event of uniform convergence, and set B; = 0 for every ¢ on its null complement. Each B; is
then a random variable, and every path of this version is continuous. Its values at dyadic
times agree almost surely with the previously defined variables.

Let us prove that this process is a standard Brownian motion. The first and fourth
conditions of Definition 25 hold by construction. Fixn > 2and t; < --- < t, in [0, 1], and
choose s;,, € D; tending to t,. For sufficiently large j these times are strictly increasing. Put

Zj=(Bs, — B, )iTl,  Z=(By, — By,)iT]

5j,p+1 Sip/p=17

Continuity implies Z; — Z almost surely. Let Gy, ..., G,;-1 beindependent standard Gaussian
variables and put 4, = /571 — 3j and ap = \/tp+1 —tp. The dyadic construction says
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that Z; has the same distribution as (a; , GP)Z;%' For every bounded continuous function

¢: R"! - R, dominated convergence on the two probability spaces gives
E[¢p(2)] = ]ll,r?o E[(P(Z])] = ],li_)rgE[(P((aj,pGp)p)] = E[(P((apGp)p)]-

These equalities determine the Borel distributions. Indeed, regularize either distribution by
Proposition 19; the resulting finite Borel-regular measures on Euclidean space are Radon
by Theorem 26. Equality of their integrals on C.(R"~!) implies equality of these measures
by Theorem 23, and hence equality of the original distributions on Borel sets. Thus the
components of Z are independent Gaussians with variances t,1 — t,. This proves the second
and third conditions, including the single-increment case n = 2.

Finally, to extend the construction to the interval [0, o), consider a sequence of independent
standard Brownian motions (B t):e[o,1] on [0, 1] for m > 0, and then define for every t > 0,

Lt]-1
Bt = B¢t + Z Bia,
i=0
where || denotes the integer part of . It is now easy to check that the stochastic process
(Bt)te[0,00) is a standard Brownian motion on the interval [0, o). O

8.4 Holder continuity and modulus of continuity

The construction developed in the proof of Theorem 67 shows that Brownian motion has
continuous trajectories. It actually gives a modulus of continuity, and thus proves that
Brownian motion is Holder continuous with exponent less than 1/2. We highlight this
in the following statement.

Proposition 68 (Holder continuity and modulus of continuity of Brownian motion). Let
(Bt)tefo,1] be a standard Brownian motion on the interval [0,1]. Then, there exists an event of
probability one on which the function t — By has modulus of continuity n(0) = 0 and n(t) =

(t(1 + max{0, log(l/t)}))l/2 for t > 0. Hence, on this event, the function t — By is a-Hdlder
continuous for every o € (0,1/2).

Proof. Firstconsider the Brownian motion constructed in the proof of Theorem 67. Forall j > 1
and t,t’ € [0,1], we have
2-0+D/21x |

;s = Y| <min{|t — | max 251 2 max 20+ D/21x |
SED]‘ 2_] SEDj

= 27U D2 min{2/]t - #'|, 2} max|X;|.
seDj

In addition, we know from (39) that if ¢ > log2, then on an event of probability one,
the maximal value of |X;| for s € D; is at most (2¢ j)1/2 for all but finitely many indices j.
Thus, on an event of probability one, there exists a (random) constant Z € (0, o) such that
foreveryj>1,

max|X;| < Zjl/z.

seD;
For the initial term, |Yo ; — Yo ¢/| = |X1||t —’|. Since B; is the sum of the series ), j it we deduce
that on this event,

IBr = Bul < Y Yo = Yiwl < [Xullt = |+ Z Y 270D 2 min{2f]t - ¢'], 2} j*/2
j=0 j=1
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jo—1
<|X1||t—t|+—|t—t| 211212 4 72 N 27I2112,
DY ).
for any integer jo > 1. In addition, we have
jo—1 jo—1 2] 2 1/2 00 ‘ ‘ ) .
Z 2i12j1/2 < ]1/2 Z 2i/2 < and Z 27il2j1/2 < 2—10/2]-(1)/2 Z 27i2(1 + L2,
Jj=io j=0

so there are two numerical constants C1, C; € (0, o) such that
B — Byl < [Xu| |t — /| + CLZ |t — | 2001202 4 Cy 7 2710/ 12,
Assuming that ¢ # t’ and choosing the integer jo > 1 such that 2770 < |t —#’| < 217/0, we obtain
By — By| < [Xa| [t — /| + (C1ZV2 + CoZ) |t — £'[V2(1 +1og,(1/|t — ') /> < C (It - #'])

for some (random) constant C € (0, o). This proves the modulus bound for the constructed
process, including ¢t = t’ by continuity of 1 at zero. To transfer it to any standard Brownian
motion, let D be the dyadic times in [0, 1] and consider the event

E=|J () B~ Bl < Mgl - ol

M=1u,veD

Its probability is determined by the finite-dimensional distributions: enumerate the countably
many pairs, use continuity from above for each fixed M, and then continuity from below in
M. All standard Brownian motions have the same finite-dimensional distributions, since their
values are sums of independent Gaussian increments. Hence P(E) = 1 for every standard
Brownian motion. Intersecting E with its event of continuous paths extends the estimate
from dyadic pairs to all pairs by continuity. This proves the first claim. The second claim
follows from the observation that for every a € (0,1/2), there exists a numerical constant
Ca € (0, 00) such that n(t) < C,t® for every t € (0,1]. O

8.5 Nowhere differentiability

In contrast with the Holder continuity property established in Proposition 68, Brownian
motion is almost surely nowhere differentiable. This is stated in the next proposition.

Proposition 69 (Nowhere differentiability of Brownian motion). Let (B;)se[o,1] be a standard
Brownian motion on the interval [0, 1]. Then, there exists an event of probability one on which the
function t — By is nowhere differentiable. Furthermore, on this event, for every t € [0, 1], either
D.B; = —co or D*B; = oo, where the limits are taken through h # 0 with t + h € [0, 1] (thus one-sided
at the endpoints):

D.B; = liminf 222 =Bt g DB, = limsup 21 =Bt

Proof. We use the continuous-path version described above and work on a probability space
(Q, A, P) and define subsets of ) by the formulas

Q' ={3ty€[0,1] : —o0 < D,By, < D*By, < oo}

Bt — By, <M}

QM:{Htoe[O,l]: sup o
—to

te[0,1]\{to}




8 Fractal properties of Brownian motion 73

If both Dini derivatives at ¢ are finite, the difference quotients are bounded near ty; continuity
on [0, 1] bounds them away from ty as well. Thus the set ()’ is contained in the union of the
sets Q) over all integers M > 1. Hence, it suffices to prove that P(Qy) = O for every M > 1. If
a time value fg € [0, 1] satisfies the condition in the definition of () and belongs to the dyadic
interval [ko277, (ko + 1)27/] for j > 0 and kg € {0, ...,2/ — 1}, then for every k € {0,...,2/ — 1},
the triangle inequality implies that

|B(k+1)2-f - Bkz—f| < |B(k+1)2—f - Btol + |Bk2-f - Bto| (40)
< M|(k +1)27 — to| + M[k27/ — to| < 2M(Jk — ko| + 1)27/. (41)
Consequently,
oo 2i-1 2/-1 .
Qum C ﬂ Qum,jk, With Qppjx, = ﬂ {lB(k+1)2—j - Bkz—j| < M(lk — ko| + 1)21_]}.
j=0 ko=0 k=0

The increments B(y,q)-j — Byo-i for k € {0, ... ,2/ — 1} are independent Gaussian random
variables with distribution N(0, il ). Hence, letting X denote a standard Gaussian random
variable and observing from (31) that P(|X| < x) < (2/m)"/?x < x, we obtain
21 ' '
P(Qm,j ko) = H P(2]/2|B(k+1)2*f — Bioi| < M([k — kol + 1)2'7772)

k=0
2i-1
ﬂ P(1X| < M(|k — ko| + 1)2177/?)
k=

- o

2j—
< 1—[ min{1, M(k - ko| + 1)2'72} < (6M)? 2732,
k=0

For the last inequality, we assume that j > 2 and just retain three factors in the product,
namely for three values of k such that |k — ko| < 2. We finally deduce that

2/-1

: ‘ o cn] 35-3j/2 _
P(Qy) < }g;)P(QMJ,kO) <inf2/ (6M) 279/ =,
o=

so that P(Q)") = 0. More explicitly, the measurable set Ej = ) j>2 Uig;%) Qnm,j ko contains Qg
and has probability zero by the same estimate. The complement of | J);» Eum is therefore a
measurable event of probability one on which the conclusion holds. This avoids needing a
separate measurability assertion for the existentially defined sets Q. m|

Remark 4 (Nowhere a-Holder regularity of Brownian motion for & > 1/2). The proof of
Proposition 69 can be adapted to show that for every a > 1/2, there exists an event of
probability one on which the function t — B; is nowhere a-Holder regular, in the sense that
for every t € [0, 1], either liminfy, ,o(B¢4, — Bt)/|h|* = —o0 or lim sup,,_, (B¢ — Br)/|h|* = oo,
The limits again use i # 0 with t + h € [0, 1]. The proof is essentially the same, except that
the upper bound (40) is replaced by 2M(|k — ko| + 1)*27%. It is then necessary to assume j
sufficiently large to retain more than (a —1/2)~! factors in the product, so as to obtain a bound
that tends to zero as j — oo.

8.6 Dimensions of graph and images

Recall from Section 7.1 that the Holder regularity of a function has an impact on the Hausdorff
and box-counting dimensions of its graph and images. We now consider Brownian motion.
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Corollary 70 (Dimension upper bounds for the graph and images of Brownian motion).
Let (Bt)tefo,1] be a standard Brownian motion on the interval [0,1]. Then, there exists an event of
probability one on which the following properties hold:

(i). The Hausdorff and box-counting dimensions of the graph of the function B: t — By satisfy
dimy gph B < dim, gph B < dimg gph B < 3/2;

(ii). For every set A C [0, 1], it holds that
dimy B(A) < min{1, 2 dimg A}.
Proof. Proposition 68 ensures that on some event of probability one, the function ¢t +— By is

a-Hoélder continuous for every a € (0,1/2). Propositions 45, 49 and 50 then ensure that on
this event, for every a € (0,1/2) and every set A C [0, 1], we have

dimp gph B < dim, gph B < dimpgphB<2-a  and dimyg B(A) < % dimp A.
The conclusion follows by letting a tend to 1/2. m|

The upper bound of 3/2 for the Hausdorff and box-counting dimensions of the graph
of Brownian motion is actually an equality. This is the content of the following statement,
due to Taylor in 1953.

Theorem 71 (Graph dimensions for Brownian motion). Let (B;):e[o,1] be a standard Brownian
motion on the interval [0, 1]. Then, there exists an event of probability one on which the Hausdorff and
box-counting dimensions of the graph of the function B: t — B; satisfy

dimy gph B = dim; gph B = dimg gph B = 3/2.

Proof. The upper bounds are given by Corollary 70. Hence, we need to prove that
dimpg gph B > 3/2 on some event of probability one. In view of Theorem 48, it suffices
to prove that for every s € (1,3/2), there exists an event of probability one on which

Cap,(gph B) > 0. (42)

(Taking a sequence of values of s that increases to 3/2 and intersecting the corresponding
events of probability one then gives the conclusion.) For every set A C R?, define

w(A) = L'{t €[0,1]|(t, B) € A}).

If we work on an event of probability one on which the function t — B; is continuous, then p
is a Borel measure with support contained in the graph of B. The s-dimensional energy of u

satisfies
(dx) p(dx”) de’ dt
SS(H):/ £ [J/ s / / s/2°
ez = (It =t/ +|B; — BiP)

This follows from the integration formula given by Theorem 29. Applying Fubini’s theorem
(Theorem 18) to the product of probability measure and the Lebesgue measure, we obtain

E[&:(1)] = // 2 +1B, - Btrlz)_s/z]dt’dt.

Since the integrand is symmetric in ¢ and t’, we can restrict the integration domain to the
triangle {(t,t') € [0,1]?| #’ < t} and then multiply the integral by 2. For 0 < ' <t < 1, the
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increment B; — By has distribution N(0, t — t’), so it has the same distribution as XVt — t/,
where X is a standard Gaussian random variable. Performing the change of variable u =t —t’,
we thus obtain

E[Es(u)] :2/1/t]E'((t—t’)2+(t—t’)X2)_S/z] dt’ dt
o Jo L
:2/1/t]E’(u2+uX2)_s/2] du dt
o Jo L
£2/1/1E»(u2+uX2)_5/2] dudtzZ/lE[(u2+uX2)_s/2] du.
o Jo L 0

Thanks to (31) and (33), the expectation in the integrand satisfies

- o _ —x2/2 3] _
E[(u2+uX2) 5/2] =/ (u? + u x?) S/Ze—dx=w/5/ (u? +u x?) a2 gy
—o0 V21 T Jo

To estimate the last integral, we split the integration interval at the values vu and 1.
Accordingly, we consider the following three integrals, recalling that s € (1,3/2) when
estimating them:

Vi Vi
(1) / (u2 +u xZ)—S/Ze—xz/Z dx < / (uz)—S/Z dy = ul/Z—S;
0 0

1 ~ 1 ~ /2 ,1-s 71 (1-s)/2 _
(ii). / (u? +u x?) S2e-12 gy < / (u x?) 2 4y = [u] - uﬂﬂu <
Vi ‘/g 1-s \/ﬂ s—1
u1/2—s
s—1"7

(iii). / (uz +u xZ)_S/ze_xZ/2 dx < u_S/Z/ e 2 dx < u_S/Z1 /g
1 1

Summing these three bounds, we finally obtain

2 Y s 1/2-s —s/Zf
E[SS(H)] < 2\/;A (:M +u E du < oo.

This shows that on some event of probability one, E;(u) is finite. Dividing the measure u by
its total mass, we obtain a Borel probability measure with finite s-dimensional energy and
support contained in the graph of B. This proves that (42) holds and concludes the proof. O

Similarly, the upper bound on the Hausdorff dimension of the images of Brownian
motion given in Corollary 70 is an equality. This is even true for N-dimensional standard

Brownian motions, namely, stochastic processes B; = (Bgl), el BgN)) taking values in RN,

whose components B gi) are independent standard Brownian motions. We have indeed the
following statement, due to McKean in 1955.
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Theorem 72 (Hausdorff dimension of the images of N-dimensional Brownian motion). Let
N > 1 be an integer, let (Bt );e(o,1) be a N-dimensional standard Brownian motion on the interval [0, 1],
and let A be an F;-set in [0, 1] such that dimy A < N /2. Then, there exists an event of probability
one on which the function B: t v~ By satisfies

dimH B(A) =2 dimH A.

Proof. Proposition 50 can easily be adapted to functions f defined on a nonempty interval
I € R and taking values in RN that are a-Holder continuous, meaning that the absolute value
in the left-hand side of (19) is replaced by the Euclidean norm in RN. Proposition 68 shows
that, on some event of probability one, all the components of the N-dimensional Brownian
motion are a-Holder continuous for every a € (0,1/2). The N-dimensional Brownian motion
B: t — B; is thus a-Holder continuous for every such « on this event. This implies that for
any set A € [0,1],

dimg B(A) < min{N — dimgg A} —1/2> min{N,2dimy A}.
a—

If A = 0, the conclusion follows from the convention for the dimension of the empty set. If
A # (0 and dimy A = 0, the upper bound and nonnegativity of dimension give the conclusion.
Otherwise put d = dimy A > 0 and choose a sequence 0 < s, < d increasing to 4. Theorem 48
gives Cap, (A) > 0. Also, A is a countable union of compact subsets of [0, 1], so continuity
makes B(A) a countable union of compact sets, hence an F;-set.

To establish the reverse inequality when A is an F,-set such that dimpg A < N/2, we note
from Theorem 48 that it suffices to prove that for every s € (0, N/2) such that Cap (A) > 0,
there exists an event of probability one on which Cap,,(B(A)) > 0. Hence, let us consider
such a value of s and a Borel probability measure p with support contained in A and finite
s-dimensional energy. Define

up(E) = u({t €[0,1]| B; € E})

for every set E C RV If we work on an event of probability one on which the function B is
continuous, then up is a Borel probability measure with support contained in B(A). Indeed,
K = supp u is closed and contained in [0, 1], hence compact, and p(K) = 1 (the complement
of the support has a countable cover by open sets of zero mass). The compact set B(K) € B(A)
has full yg-mass and contains its support. The integration formula given by Theorem 29
ensures that the 2s-dimensional energy of up satisfies

B p(dx) up(dx’) p(dt) pu(dt’)
Eas(pp) = /R/R TR / / 1B = BolE

Finite s-dimensional energy implies that u has no atoms: an atom of mass a > 0 would give
the diagonal point product mass 4% and infinite energy. By Fubini’s theorem, the diagonal in
[0, 1]? therefore has i ® u-measure zero. We may omit it when using the Gaussian scaling
formula below. Applying Fubini’s theorem (Theorem 18) to probability measure and u ® p
gives

1 1 1 1
ElE2(5)] = /0 /0 E[IIB: - Bol["%] u(d) u(dt’) = /0 /O B[l — ¢ 1X17% | p(dt) p(dr’)

d d
—er) [ ESOED e
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The second equality follows from the fact that the increment B; — By has the same distribution
as the random vector |t — t’|'/2X, where X is an N-dimensional standard Gaussian random
vector. To check that E[||X||72*] is finite, we combine Fubini’s theorem with (31) and (33), and
a spherical change of variable. Accordingly, letting x denote the surface of the unit sphere
in RN, we obtain

—(xf+~-~+x12\])/2

~ (o) (o) _ e
E[”X” 25] 2/ / (x%+---+x12\,) sdel“‘dXN
KN ©

og g2 _
/ 250712y N-1q4 < oo,
0

- (27-()N/2

This shows that on some event of probability one, Exs(u) is finite, and thus Cap, (B(A)) is
positive. Intersecting the probability-one events for the countable sequence s, and applying
Theorem 48 to B(A) gives dimy B(A) > 2s, for every n, hence dimy B(A) > 24. |

Applying Theorem 72 with A = [0, 1], we see that the range of an N-dimensional standard
Brownian motion has Hausdorff dimension 2 when N > 2. In dimension N = 1, the range
clearly has Hausdorff dimension 1: It is an interval by continuity and is nondegenerate almost
surely, since P(B; = 0) = 0. As a further result, which we do not prove here, in dimension
N > 2, Theorem 72 can be strengthened in the sense that the event of probability one on
which the conclusion holds does not depend on the set A. This uniform dimension doubling
property was proven by Kaufman in 1969. It does not hold in dimension N = 1: the zero set
has Hausdorff dimension 1/2 almost surely, whereas its image is {0}. These additional facts
are discussed in Theorem 6.4.5, p. 173, in [1], and in the discussion on p. 174.
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