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The Gaussian Free Field and its
thick points

1.1 Heuristic and physical motivations

The aim of this chapter is the definition of the Gaussian Free Field, which can be seen
as the analogue of the Brownian Motion in which the time is d-dimensional. In this
chapter we consider the d-dimensional torus 7% as domain and we always work with the
Periodic Boundary Conditions, therefore every Sobolev space of functions of the torus
will implicitly be restricted to zero-mean functions.

Physical reasons suggest that d = 2 is more relevant than other dimensions, and the
definition of thick points requires explicitly to work only in dimension two.

At the end of this chapter, we spend a few words about the construction of the
Gaussian Free Field for other domains (in particular regular bounded subsets of the
plane). Such constructions are a bit more technical, but the idea is still quite intuitive.

1.2 Definition of the Gaussian Free Field in the torus

We consider the following family of L?(T9)

2milk,x)
(& )
kezd

where Zg := Z¢\ {0}. Since we are considering only zero-mean functions, this set is an
orthonormal basis of L2(T%).
Let us consider a countable family of i.i.d. standard Gaussian random variables

{Gk : (Qvf’ P) - R}kEZg :
It is possible to consider, at least formally, the series

X(w) =Y [k Gr(w)e. (1.2.1)
kezd

The previous formula can easily be rewritten as

X(w) = okGr(w) fr, (1.2.2)

kezg
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Chapter 1. The Gaussian Free Field and its thick points

where
a € (0,400),
o = k|7,
fr = [k[* ey

We recall that f; is an orthonormal basis of the Sobolev space W ~12(T4),

Proposition 1.2.1. Le us define Xy as the partial sums of (1.2.2), namely

Xnw):= > oxGrw)fr

kezd, |k|l<N
Then the random variables
Xy : (Q,F,P) = Woth2(rd)

are a Cauchy sequence in the space L2(€, W~+12(T4)) if and only if the series
2
>
kezd

converges.

Definition 1.2.2. If the hypothesis

Z a,% < +00
kezd

is fulfilled, then the random variable X given by (1.2.2) is well defined as an element of

L2 (97 Wfa+1,2(Td)).

Definition 1.2.3 (Gaussian Free Field). Since the series

Z |k’—2o¢

kezd

converges if and only if o > g, Proposition 1.2.1 implies that for every o > % the random

variable
1

F = Z —erkz Z |k“_a Gk:fk

kezZd [l keZd

is well defined as an L?(Q, H=**12(T4)) limit.
The random variable F' in H _%+1_(Td) is called Gaussian Free Field.

1.3 Main properties of the Gaussian Free Field

1.3.1 Integrability properties

(1.2.3)

Since the Gaussian Free Field is defined as an L%(Q,V) equivalence class (where V is
the suitable Sobolev space), it makes no sense in general to consider F(w) for a fixed
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1.3. Main properties of the Gaussian Free Field

value of w. In fact changing the value of F' on a negligible subset of 2 does not change
the random variable as an element of L%(Q, V).

Another aspect that underlines the fact that the correct way to look at F is as an
element of L?(£2,V) and not pathwise is the integrability. If we consider the random
variable for a fixed value of w, all that we can say is that

F(w) € H™ 5 (T%).

In particular the duality (F(w),g) is well defined if and only if

The following theorem, however, shows that randomness allows to improve integra-
bility properties.

Theorem 1.3.1. Let us consider any element g € H~(7%). Then the sequence
(Fn,g): Q2 =R
is a Cauchy sequence in L2(Q2,R). Therefore for every g € H~(T%) it is well defined its
limit
(F.g) € L*(R).
It is a real Gaussian random variable with law of N (0, || g||?{_1).

In an analogous way it is possible to prove the following Proposition.

Proposition 1.3.2.

E((F.an) (o)) = 92}y = (A7 g102) = [[ 6o n)an(@)onto).

This Proposition justifies formally the intuitive concept that the correlation of the
Gaussian Free Field is the Green kernel.

1.3.2 Averages of the Gaussian Free Field

As we have seen, the Gaussian Free Field is no more than a distribution (although in
dimension d = 2 it takes values in H~(T)), therefore it is not well defined pointwise.
However, as soon as we consider certain kinds of averages, it becomes a proper function.
There are basically two ways of taking averages.

The first one is to consider a borelian set A C T%. The indicator function 14 is an
element of L2(T?). Therefore, if |A| > 0, it is well defined

1
F, ]1A> € L*(Q,R).
S
This allows us to speak about averages of the Gaussian Free Field on borelian sets,

defined as ) )
— | F(z)dx := <F,]IA>.
o e 4]
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Chapter 1. The Gaussian Free Field and its thick points

Alternatively, if we deal with the two dimensional torus, from now on denoted by T,
given a simple smooth curve v : [0,1] — T, we can consider the function

r,: HY(T) -

fH/f

It is possible to show that I\, € H~1(T), therefore we can define

hll/vF(a)da - <F wl‘r7>.

In the case in which ~,, parametrizes 0D(z,r), this is equivalent to

1

F(z,r):= ol
z,r

/ Fo)do = (F.n..), (1.3.1)

where 7(z,7) is the uniform measure on 0D(z,r). The duality is well defined, since
Nz € H™Y(T).
Using Proposition 1.3.2 it is possible to compute the covariance of the process F(z,r)
E [F(Zv T)F(w’ 8)] =E [(F, 7’z,r> <F7 77w,s>]
= <77z7”777ws>H 1
A Tz, 7“) Thw s>

/ G(z,y) dnzr(z) dny s (y). (1.3.2)

Given the expression (1.3.2) it is possible to show the following two facts:
e If we fix z and consider t; := log (%), to := log (%), then

min {t1,t2}

E [F(z,e_tl)F(z,e_t2)] = o

+ C(2).

This comes from the fact that G(z,y) can be written as log(|x — y|) plus a reg-
ular function and a computation of complex analysis. Therefore the process

{\/ 27 (F(z, e t) — F(z, e‘tl)) }t>t has the mean and the covariance function of a
Zl1

Brownian motion.

e This quantitative estimate holds

z,ryw,s) — (2w, s

(rAr )V (sAs)

‘E [F(z,r)F(w,s)] —E[F(Z,r)F(w's)] ‘ < C|(

)

(1.3.3)
where the right-hand is not bounded when one of the radii goes to zero because
the variance of F(z,r) is equal to 5= log(2). We do not report the computation,
that can be found in [2].

What we need now is the following theorem.
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1.3. Main properties of the Gaussian Free Field

Theorem 1.3.3 (Modified Kolmogorov-Centsov Theorem). Let U be a bounded open
set of R? and X be a process from U x (0, 1] to R. If there exist some a, 8 > 0 such that

z,r)—(w,s d+1+3
EHX(Z,T) — X(sz)‘a] < C(Oé) (‘(’)(’)’>

)

rAs

then for every ¢ > a~!, for every v € (0, g) there exists a modification X of X such
that there exists a constant M = M («, 3,7, () such that for every z,w € U, for every
r,s € (0,1] with £ € [%,2}

X(zr) = X(w.s)| < M <1og i)g (’(Zﬂ") —~(w,s)|7> |

rY

where 4 = %.
In our case, this theorem applies and the following result holds.

Theorem 1.3.4 (Existence of a Holder-continuous version). The process F(z,r) admits
a modification F'(z,) such that

1
for every v € (0, 2) , for every 0, >0
there exists a constant M = M (v, 6, () such that
s 2’

‘F’(z,r) - ﬁ(w,s)‘ <M (log (1>)C ((Z”)r;-y(;w(g)P) . (1.3.4)

r

1
for every z,w € U, for every r,s € (0,1] with T'e [ 2}

Proof. We estimate
EKﬂzm—FWﬁ»T:Epmmy}—Ew@meﬁﬂ+Epwwfquﬂ@mpmﬁn
< ‘E [F(z,r)z} —E[F(z,7)F(w, s)]’ + ‘E [F(w, 3)2] —E[F(z,r)F(w, s)]‘

oz = ()l (1.3.5)
- (VAN
where for the last inequality we have used (1.3.3).
Now we recall that F'(z,7) — F(w,s) is a Gaussian random variable, therefore it is
possible to estimate any moment with a suitable power of the second moment, namely
2

EHH@M—FWﬁWﬁngyERHAM—FWﬁDT. (1.3.6)

Therefore, combining (1.3.6) and (1.3.5) it follows that for every a > 1,

[e3

E HF(Z,’I“) - F(w,s)‘a} < C(a) <|(z,1")—(w,s)|>2 .

AN

Now the thesis follows applying Theorem 1.3.3. O

This modification is unique, since it is well know that two modifications of the same
process that are continuous are indistinguishable. From now on we will always assume
that F'(z,r) is the continuous version.



Chapter 1. The Gaussian Free Field and its thick points

1.3.3 Markov property

Theorem 1.3.5 (Markov property). If D € U and G is a Gaussian Free Field on D,
then
G+H=F

where F' is a Gaussian Free Field on U and H is harmonic in D and independent of G.
In particular, if we consider two disjoint annuli

D(z,r1) \ D(z,7m2) and D(w,s1) \ D(w, s2),
then F(z,r1) — F(z,72) and F(w, s1) — F(w, s2) are independent.

Proof. We give only a brief sketch of the proof, that can be found in details in [1].
We consider a regular domain D C U and we use the following decomposition

H}(U) = Harm(D) @+ H}(D),

where H{ (D) denotes the functions in H{ (D) which have been extended to zero outside
D and Harm(D) denotes the functions defined on U which are harmonic in D.
Given such decomposition, we recall that the Gaussian Free Field is defined as

F(w) = ZGk(w)fka

where fj, is an orthonormal basis of H}(U). If we choose a basis (¢, ) of H(U) such
that 9y, is an orthonormal basis of Harm(D) and )\ is an orthonormal basis of H{ (D),
we can write

F(w) =) Gl + Y Giw),

:=H(w) =G(w)

where G(w) is by definition a Gaussian Free Field on D and H(w) is a harmonic function
in D (one can show that it converges in the sense of distributions, and since it is harmonic,
it is a proper function). Moreover, G and H are independent, since they are defined as
series of independent Gaussian random variables.

Finally, if we have two disjoint annuli D(z,71) \ D(z,r2) and D(w,s1) \ D(w, s2),
we take the smallest of the two, that without loss of generality we will assume to be
D := D(z,r1) \ D(z,r2) and we use the previous decomposition with this choice of D.
It follows that

F(szl) - F(ZvTQ) = <G+ H, Nz — 7]2,7“2> = <G’ Nz — 772,7”2>’

in fact the term with H does not contribute, since it corresponds to the difference of two
averages of a harmonic function on concentric circles. Moreover

F(w,s1) — F(w, s2) = (F, Nw,s1 — 77w,82> = (H, Nw,s1 — 77w,82> )

since G is zero outside D.
This shows that F'(z,r1) — F(z,7) and F(w, s1) — F(w, s) are independent. O
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1.4. Definition of the Gaussian Free Field in other domains

1.4 Definition of the Gaussian Free Field in other domains

A lot of different approaches can be taken into account for the construction of the
Gaussian Free Field in a bounded domain U with smooth boundary. The construction
as a series of independent standard Gaussian random variables is still possible (for further
details see [1], [2]).

Other ways to define the Gaussian Free Field are the following ones.

e A stochastic Gaussian process indexed by the set of measures p compactly sup-
ported in U such that

/U2 Gp(z,y)du(r) du(y) < +oo,

(where Gp stands for the Green function of U with Dirichlet boundary conditions).
The covariance function is given by

Cov[F,, F)] := /U2 Gp(z,y)du(z) dv(y)

(see [1]);
e Construction of the suitable Abstract Wiener Space (see [4]);

e Construction as a Gaussian Hilbert Space, namely as a complete vector space V'
with
V= {{F vl femw)

where each element of V' is a real Gaussian random variable and the covariances
are given by

E[<F7f>v <F79>V] = <f79>v
(see [4]);

e Heuristic definition as the random field whose covariance operator is the Green
kernel, namely

E[F(z)F(y)] = Gp(z,y).

It is possible, although quite technical, to show the equivalence among these definitions.
Some properties, as the one that follows, are much clearer in one context than in another.

1.5 Thick points

Let us consider a domain U (that can be a bounded subset of R? with smooth boundary
or the two dimensional torus) and a Gaussian Free Field F' defined on U.

Given any nonnegative number a, for every fixed value of w we define the set of the
a-thick points as

T(a,U)(w) == {z €Ust lim 13T _ a}. (1.5.1)

r—0t+ log % ™
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Chapter 1. The Gaussian Free Field and its thick points

Intuitively, since F'(z,r) represents an average of the Gaussian Free Field F' around
the point z, as r approaches 0 one might expect that F'(z,r) approaches the value of
F(z). This value, however, is not well defined, because F'(w) is just a distribution.

Therefore a point z is said to be “a-thick” if around z there is a particular concen-
tration for F', i.e. if F(z,r) behaves asymptotically as \/%log %

The aim of the rest this note is proving the following theorem, due to X. Hu, J. Miler
and Y. Peres (see [2]).

Theorem 1.5.1 (X. Hu, J. Miler, Y. Peres).
Almost surely the Hausdorff dimension of T'(a,U)(w) is 2 — a.

From now on, we will drop for simplicity the complete notation. Therefore we fix the
value of the real number a once for all, and then we will write T'(w) or just T instead of
T(a,U)(w). Therefore, from now on the letter 7" will stand only for the set (w-dependent)
of thick points, and in order to avoid confusion we will call our domain U, when needed
(even if it might be the torus).



Upper bound

Let us fix any positive small number €. In the whole note C is a constant dependent
only on €,7v,( and independent of n,z. We allow C' to change value from line to line.
We define K := % and 7, :==n"K.

2.1 Step 1: choosing a bigger set

Our aim is to find a bigger set in which the set of thick points is contained. We will
therefore show that

T C T(a),

where T(&) is a suitable set that has the form of countable intersections and unions of
disks. This leads to a great simplification in computing the Hausdorff dimension.

We begin with this lemma. We give it in the weakest form that is sufficient for all
our following estimates, but it can be easily improved by adjusting the value of 6.

Lemma 2.1.1. For every ( > 0 there exists a constant C' such that, if r € (rn41,7],
then

|F(z,1) — F(z,ry)| < C(logn)g

for every z.

Proof. We use Theorem 1.3.4 with parameters v € (0, %), 0 = e on the points

(2,7),
(Z7 TTL)?
(that eventually satisfy ;- € B, 2}) so that

|F(z,7) — F(z,rp)| < M (10g i)C (!(z,r) - (z,rn)p)

rY+E

_ v
< M- log(n + 1) (lrull)

7”n—&—l’H—76
= O (log )¢ (frn — i) - (m 17479
=C - (logn)* (|rp — rns1]?) - (n + 1)K+ (2.1.1)



Chapter 2. Upper bound

We now use that for a fixed value of K, eventually in n

1 1 K+1
nK  (n+ 1)K — pKtL7

and this implies that

1 I , 1
WK R Sl = O]
Combining (2.1.1) and (2.1.2) we finally obtain that
gl
|F(z,r) — F(z,1,)| < C(logn)* py el (n + 1)K+
1 17
< C(logn)* K| (2n) K7
= C(logn)*
We define
F
T>(w) :=13z €U s.t. limsupw > at
- r—o0+  log T

It is immediate to see that for every w
T(w) CT>(w).

Lemma 2.1.2 (Reduction to a sequence). It holds that

F
T :{zeUs.t. limsupM> a}.

n—4oo log % VT

Proof. One inclusion is trivial, so we show the other one. If we suppose that

|F(z,7)] a

limsup ——~~ >4/ —,
r—0+ log ™

then there exists a sequence s;, — 07 such that

]F(Z,Slh)\ > \/E_Am
10g§ m

where \j, goes to zero as h approaches infinity.

(2.1.2)

(2.1.3)

We consider the subsequence of r,, which we call r,,, such that s, € (rp,+1,7n,]-

Using Lemma 2.1.1 with ¢ < 1 we obtain that

‘F(Z7rnh)‘ 2 ‘F(Z,Sh” - ‘F(Z7rnh) _F(szh)’

1
> <\/E - )\h> log — — C(logny)*
™ Sh
a 1 1 1\\¢
~ (e - (s ()

10



2.1. Step 1: choosing a bigger set

and this implies that

Pzl - (/2= M)lom 3y — C 1o ()
log (i) - log (Tih>

> \/z— o(1),

where the last inequality follows from the fact that { < 1. Therefore we have shown that

F
lim sup [Fz )l (Z’Zn)’ > \/E,
n—+o00 lOg ™ ™

and this concludes the proof of the Lemma. O

We fix p such that py — v — e := 8 > 0, therefore such that p > 1 + % When ¢ will
go to zero, p = p(e) can be as close to 1 as we want.
Now, for every fixed value of n, we fix any optimal 78 net, i.e. a set of points

(znj) ; in U such that

J€JIn

e UC U D(zn;,7h),
J€JIn

e any proper subset of J, has not the same property.

Since U is compact, for every p and for every n the set J,, is finite. It is simple to notice
that |J,| ~ —&

(h)"
We call b := \/g and we choose any b< b, we call yu:=b— b> 0 and we define

L, = {j € J, s.t. ‘F (znj,rn)’ > 1310g (:)},

1(6,No) i= |J {D-., st j € La}.
n>No

Intuitively, L, is the set of indexes such that the corresponding center z,, is behaving
like an almost-thick point. The sets I (5, Ny) are obviously ordered by inclusion.

Lemma 2.1.3.
For every b < b it holds that

Fz,mm A
2 €U st limsupw >byC () I(h,Ny). (2.1.4)
n—+00 lOg(a)

11



Chapter 2. Upper bound

Proof. We use again Theorem 1.3.4 with ( = 1 to obtain that there exists a constant

M = M(v,¢,() such that

1 ‘z—znj !
‘F(z,rn) — F(znj,rn)’ < M (log - e
Py

=C(logn)r,P777¢
= C (logn) n K8
Therefore, if we suppose that
F
lim sup |F'(z, )] > b,
n—+oo log (rln)
then there exists a sequence ny such that
‘F(Zﬁrnh)‘ 2 b— )\ha

o5 (5,

where )\, goes to zero as h approaches infinity.
Now we are interested in the following

> [F(2,m)| = |F(2,7,) = F (20,70,

1
> (b= Mlog (- ) = € (logna) my ™
np,

_ AN (i (B KB
= (b— Ap)log <7“nh> o (K log <7"nh>> np,

~ log (1) (b= 2 — )

Tnp,

? A 1
>b-log ()
Tny,

The last inequality is equivalent to

‘F(Znhﬁrnh)

(b — )\h — Cnh_K’B) £ B,

2

Ap + Cny, 58 <,

?
An + Cnh_Kﬁ < u.

(2.1.5)

(2.1.6)

The limit of the left-hand side of (2.1.6) is 0, therefore there exists hg = ho(7,¢,(, 2)

such that Ay + Cny 5P < 1 for every h > hy.

12



2.2. Step 2: proving the upper bound on the bigger set

Therefore (2.1.6) is eventually true in h, and therefore (2.1.5) holds infinitely many
times in n, namely we have proved that

F
lim sup 7| (z,7n)]

A 1
> b, = ’F(znj,rn)‘ >b - log () for infinitely many n
n—-+oo log (%)

Tn

= ze () I(b Np),
NoeN

that was exactly the thesis. ]
Putting Lemma 2.1.2 and Lemma 2.1.3 together, it follows that for every b < \/g

TCT-C () I, No)= () U U D(zn,,7n)-

NoeN NoeNn>Np jeLy,

2.2 Step 2: proving the upper bound on the bigger set
We define 1 = 1(p, £) = 5(¢) so that

d:=2—7b*+n>2 —nb*+¢
and

li = 0.
i )

Lemma 2.2.1. For every ¢, for every 6 > 0

Iim E

No—+o00

H?—w@z—&-n ( U U D(znj,rn))] =0,

n>No j€Ln

where 7-[3‘[ is as usual
HL(E) = inf {Z diam(E;)?| diam(E;) < 6, E C EZ} .
el icl
Proof. We use the fact that

A2

1
X~ N(0,1) = P(IX| > ) < Cye T,

hence
2

X ~ N(0,02) = P (|X| > b) < C%e*m.

13



Chapter 2. Upper bound

We compute

P(j € Ly,) :P(‘F(znj,rn)’ > b -log (: )
b

)

IN
>
O
UQ Q
ﬁ‘,_‘
j
o
0]
('D
]
o]
/—\
[wabd
™
—
O
UQ
5 -
S} 3H
"“L/
N~ —

Therefore

E(|Ln|) = |<]n| : P(] € Ln)
< Cn2Kp. anwBQ

e b2
< C_n2Kp Krb .

Let us estimate

Hg( U U D(znjﬂ"n))] )
n>No jE€Ln

and finally substitute d with the Hausdorff dimension 2 — 7% + n. If Ny is big enough,
the diameters 2r,, are smaller than J, and therefore for Ny sufficiently large we have

Z |Ly| - 2rnd]

Hf;l( U U D(znj,rn))

n>No jE€Ln n>Nop
<SC-E| Y |Ln| 1"
n>Np
=C- Z E[|Ly|] - n K4
n>Ng
<C. Y pPKpoKnb?-oKd, (2.2.1)
n>Ngp

Finally we examine the exponent of the right-hand side, and we claim that it is

14



2.3. Conclusion

strictly lower than —1. Recalling that K = ¢!, this is equivalent to check that
—1> —Knb® +2Kp — Kd,

b? d
s d

€ e €
—e>—nb®+2p—d,
d>2p—w52+5,

that is true. Therefore (2.2.1) is the tail of a convergent series, and therefore we have
proved the limit we wanted

lim E

No—+o00

HE ﬂb2+n( U U D( znj,rn )] =0.

n>No jELy,
O

Corollary 2.2.2. Applying Fatou’s Lemma we obtain that for every ¢, § > 0, almost
surely

lim inf HQ 7Tb2+77 ( U U D ZnJurn) 207

N
000 n>No j€ln

therefore almost surely
s
H?; o ﬂ U U D(zn;,mn) | =0,
NoeNn>Ng j€Ly

and therefore, exploiting the previous property with §,, — 0T, we get that almost surely

H2—7rl§2+n ( ﬂ U U D(znj,rn)) =0. (2.2.2)

NoeNn>Ng j€Ly

2.3 Conclusion

From Step 1 we know that for every b<b

Tc (1 U U DGayra).

NoeNn=>No jeLn
Using (2.2.2) we deduce that almost surely
H2= 0 (T) = 0.
Since this holds for every € > 0, letting € — 0% (so that n(e) — 0) we get
dimy(T) < 2 — 7b?.
Now, letting b— b~ we get
dimy(T) <2 —mb*> =2 —a,

and this concludes the proof of the upper bound for the Hausdorff dimension of the thick
points.
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Lower bound

3.1 Heuristics and general strategy

In order to estimate the Hausdorff dimension from below, we define a subset of the thick
points, which we call the perfect points. This set is much simpler to handle, and we will
prove that its Hausdorff dimension is greater than or equal to 2 — a.

We now recall a general theorem of geometric measure theory that will be funda-
mental to our end.

Definition 3.1.1 (Energy of a measure). Let U C R? and let x be a measure supported
on U. The a-energy of the measure p is defined as

/ / dpu(z1) dp(ze)
N
Theorem 3.1.2 (Frostman’s criterion). Let U C R?. Let us assume that there exists a
measure p with these properties:
e u(U) >0,
e 4 is finite,
e 4 has finite a-energy.

Then the Hausdorff dimension of U is at least .

The proof can be found in [3].
Finally, we state and apply this theorem.

Theorem 3.1.3 (Hewitt-Savage zero one law). Let X,, be a sequence of i.i.d. random
variables. Let E be an event of the form

E = {w s.t P(Xl(w),...)},

where P is a suitable property. Let us suppose that, given any finite permutation of the
indexes o, then

E = Ey = {wst P(Xom®),...) }.
Then
P(E)=0or P(E) =

17



Chapter 3. Lower bound

We can immediately apply this theorem to the Gaussian Free Field to obtain the
following proposition.

Proposition 3.1.4. For every d > 0 the set

{HU(T(w)) > 0}
has probability zero or one.

Proof. We recall that the Gaussian Free Field is defined as a series of i.i.d. standard
Gaussian random variables weighted by suitable coefficients (see Definition 1.2.3). The
process F(z,r) has been defined in (1.3.1) as the L-limit of (F},,7.,) and the set of
thick points has been defined in (1.5.1) as

F
T(w) := {ZEUs.t. lim (z,f):”a}.
r—0+ log o s

If we consider a finite permutation of the indexes o, and we apply again the definition
of the Gaussian Free Field, we obtain another object that we call Fi,.
We now want to show that

{w st. HYT(w)) > 0} = {w s.t. HUT, (w)) > 0},
and for this it is sufficient to show that for every w € €2 it holds that
z € T(w) <= z € T,(w).

But the last implication is true, because the permutation ¢ only moves a finite set
of indexes, so that the difference between
F(z,r Fo(z,r
(1) pg B0
log - log v

is negligible (we are dividing by infinity).
We therefore can apply the Hewitt-Savage zero one law (see Theorem 3.1.3) and
deduce that the event {’Hd(T (w)) > O} can only have probability 0 or 1. O

The first step of the proof of the lower bound is the construction the set P(w) of
perfect points, which is a subset of the thick points.

The second step is proving the lower bound on the Hausdorff dimension on the set
of perfect points, and this will be done building a suitable measure 7,, that satisfies the
hypotheses of Theorem 3.1.2

3.2 Definition of perfect points

We define s, := % and the following events

E,(z) = {w| sup V2 |F(z,8) — F(z, 8m) — \/z <10g (i) —log (;))‘ <

SE[Sm41,5m)

\/log <Sml+1> —log (;n)} , (3.2.1)

18




3.2. Definition of perfect points

Fn(z) = {st < sm \/ﬂ‘F(z,s) —F(z,sm)’ < log<1> — log <1> —1—1},

S Sm

and finally
E"(2) := (ﬂ Em(z)> N Foi1(2).
m=0

Let us consider any w € €. Given any point z € U, we say that z is n-perfect (with
respect to w) if
we E"(z).
From now on we consider a fixed w and we often omit the explicit dependence on w.

2
We fix a unit square H C U, and we divide it into (%) little squares of side sy,

each. The set of the centers at passage n will be denoted as

= {Z”j}je{l,...,(n!>2}‘
Let C,, be the set of centers that are n-perfect. We denote with S(z,r) the square of
center z and side equal to r.

We finally define the set of perfect points as

P(w) = ﬂ U U S(z, Sn). (3.2.2)

k>1n>k zeChp,

By definition P(w) is closed.

Lemma 3.2.1 (Perfect points are thick points). Almost surely
P(w) CT(w).

Proof. Let us fix w, and let us consider z € P(w). We have to check that z € T'(w),

namely that
F
T Gk Ry L (3.2.3)
s

s—0t log s

We will prove this statement

1 1
. F(z,s) — \/glogg — F(z,81) + \/glogg 0

1
+ =
s—0 10g

, (3.2.4)

which is equivalent to (3.2.3) because the term

F(z,s1)+ \/glog i
10g%

goes to zero.
Let us study the absolute value numerator of (3.2.4), which we call X = X (s),

1 1
X(s):= ‘F(z,s) - \/zlogs — F(z,51) + \/zlogSl

By hypothesis, since z € P(w), there exists a sequence ny — +oo and a sequence of
centers z,, such that

19



Chapter 3. Lower bound

® 2y, is an ny-perfect center,
o d,, = |z— z,,| goes to zero.
For each ng, by triangular inequality it holds that
X(s) <A+ B+C,
where

A(s, k) = ‘F(z,s) — F(zn,,s)

I

)

a 1 1
C(S7k) = ’F(an,s) - F(anvsl) - \/; (10g g - log 81)‘ .

We now show two sub-steps before concluding the proof.
Step 1:
The following limit is zero.

lim ( lim A(S’k)+B(S’k)> =0.

s—=0+ \ k—+oo log %

B(s, k) := ‘F(znk,sl) — F(z,51)

Proof of Step 1:
We use the Holder regularity (see Theorem 1.3.4) (the choice of the parameters is not
relevant, for example we can choose v = %,( =1,0= %) to gain that

log %C
A(s, k) <C-d}), g ol
y log éc
B(s, k) <C-dy, el
51
This implies that for every fixed value of s
A(s, k) + B(s, k
lim (s, )+1 (5,%) =0,
k—+o00 log <
and therefore
A B
lim ( lim AR F (s’k)> —0,
s—=0+ \ k—=+oo log <
which concludes the proof of Step 1.
Step 2:
Defining
1
M = M(s) :min{m eNst. (m+1)! > },
S
~ M(s) 1 1 M)
f(s) = Z log S —log; = Z \/1og(i + 1),
i=1 v v i=1

20



3.2. Definition of perfect points

then the following limit is zero

Proof of Step 2:

As s — 07, M(s) — 400, and therefore by the Stoltz-Cesaro Theorem we deduce that

lim f(si = lim
s—0T log S M—odoo

M
log(i + 1
2 \/logli+ ): L VTR

= _
> log(i)
i=1

Mg—rﬁoo log M

as desired.
Conclusion:

We choose

1
M::M(s):min{mENs.t. (m+1)! > s}'

This ensures that

SM(s)+1 < 8 = Sp(s)-

Now, we estimate C(s, k) as follows

M-1
Cls, k)<
=1

a 1 1
F(zn,, si+1) — F(zn,, i) — 1/; (log 1 log s)‘
(3 1

a 1 1
+ ‘F(znk,s) — F(zn,,sm) — \/;<log8 —logSM>’.

If ng, > M(s)+1, we can use that z,, is in E,, for every m = 1,...,ng, and therefore
Zn, is in By, for every m =1,..., M(s) + 1. With this fact, and using the definition in
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Chapter 3. Lower bound

(3.2.1), we obtain this stronger estimate on C

1 1 1
—log — + 4/log — log —
—1 Si SM+1 SM

Therefore, if ny is big enough (i.e. greater than or equal to M (s) 4+ 1), we estimate
X(s) as
[X(s)| < A(s, k) + B(s, k) + f(s)-

By the previous steps we know that

i ( o A(s,k:)—irB(s,k)) .

s—0+ \ k—-+o0 log%
and _
im ) g,
s—0* log <
therefore we deduce that X
lim (81) =0,
s—0* log ¢
therefore we have proved (3.2.4), as desired. O

We now need some estimates on the probability of the intersection of E™(z) and
E"(w), for z # w. Since we need some kind of independence, we will use the Markov
Property.

Lemma 3.2.2 (An estimate on the probability of the intersection of E™(z) and E™(w)).
There exists a constant C' such that

Vze H, VIieN, YweS(zs)\S(zs11)

it holds that
P(E"(2) N E™(w)) < Clyy s, “P(E"(2)) P(E"(w)),

where 7, is defined by

H % logz

Proof. Let us fix any z € H,l € Nyw € S(z,8;) \ S(z,8+1) . In the picture the “square
annulus” S (z, ;1) \ S (2, s;41) is colored in green. There are some kind of circles that do
not intersect, as the ones drawn in red.

To be more precise, we consider dD(z, s;) and 0D(w, sj), and we observe that
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3.2. Definition of perfect points

e if i >1+2and j>1+2, then D(w,s;) contains D(z, s;), therefore
0D(z,s;) N OD(w, s;) =0,

eif i > 1 +2and j <[l — 2, then D(w,s;) is disjoint from D(z,s;), therefore
9D(z,s;) NOD(w, sj) = 0.

By Theorem 1.3.5, this implies that

if i >0+ 2 and j > [+ 2, the events F;(z) and E;(w) are independent,

ifi>1+2and j <Il—2, the events F;(z) and Fj(w) are independent,

e if 4,5 <n, the event F},1(2) is independent both of E;(z) and of E;(w),
e if 4,5 <n, the event F},1(w) is independent both of F;(z) and of E;(w).
We now estimate

n

P(E™(z)N E™(w)) =P (ﬂ Ei(2) N ﬂ E;j(w) N Fp1(2) N Fnﬂ(w))

i=1 j=1



Chapter 3. Lower bound

Let us estimate

n n n
P E()N(Ejw) | <P| () E(n ) Ejw)
=1 7=1 =142 7=1,...,n;
GAI-1,11+1

_P( (n) Ei(z)) P (| Ejw)]|. (3.2.6)

i=1+2 j=1,...m;
GAI=1,11+1

An application of Girsanov’s theorem (which we do not report, but can be found in
[2]) allows to estimate the probability of the event Ej;(z), which we recall that is of the

form
Ei(z) = { sup  [B(z,) — g(t)] < /log(i + 1)}-

t€ltiztiv1)
Hence it holds that o
P (Ei(z)) > —egvlogi,

<
S|

therefore, since the events F;(z) are independent one from the other, it holds that
I+1 4l
P (ﬂ E,(z)) > [ =e?V
i=1 i=1"
Cl+1 +1 via
(C+1)h 15

= Cl+1(31+1)a%a+1~

In an analogous way we obtain that
I+1 41~
Pl N Eiw]|= [ =etv.
j=l-1 j=1-17
Therefore

+1 +1 I+1 C o r
P(ﬂ E1-<z>>P AR EXAS TN | (3.2.7)
=1

j=l—1 j=l-1

We claim that there exists a constant C' independent of [ such that
I+1 C iy
1+1 a.a | ~ 2T Al a.a
CH o (sir) ™t I =ge2¥? = Clsi)™ (3.2.8)
j=1-1

The previous inequality is equivalent to

1 ] 2
N ENOE

ol VTSIV S Al
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3.2. Definition of perfect points

therefore we prove a stronger form, that is

Cl+4 )]4a > él.

(l+1

If we take the [-th root on both sides, we get that

V@H

The liminf of the left-hand side of the previous inequality as [ approaches infinity
is C, and therefore it is possible to find a constant C' such that (3.2.9) holds for every
[ € N, and therefore (3.2.8) is proved.

Putting (3.2.7) and (3.2.8) together it follows that

1 I+1 R
i (ﬂ Ei(z)) . ( ] Ej<w>) > C'(s0)" i
i=1 j=l—-1
1 41 I+1
C(sp)0f (ﬂ Ei( ) P (quEj(w)> > 1. (3.2.10)

Putting (3.2.10) and (3.2.6) together we gain that

r(fymor )

4a
(z+11)] > C. (3.2.9)

1 I+1 I+1
= (z 142 (w) |- C" (1) o (zq Ei(z>> i (jQIEj(w))

- ,l,l+1

1
= Gr <Z_ (J p Ej( ) (3.2.11)

Finally, putting (3.2.11) and (3.2.5) together we obtain that

P (E"(z) N En(w)) < ﬁp ((n] Ei(z)> P ((n] Ej(w)) - P (Fny1(2)) - P (Fpp1(w))
i=1 j=

as desired. ]
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Chapter 3. Lower bound

3.3 Sequence of random measures

2
Let M,, := (%) denote the cardinality of all the centers at the n-th passage. Let
Pn,j = P2, € Cp). We define this sequence of random measures

M7L 1

Twn(A) = Z

i=1 pn,i

1c, (2n,) / L5ty ay(2)d2
A
1

_ dz.
Z DPni /Al"lS(zni,Sn) ’

centers z,, that are n-perfect

We recall that the measure 7, depends on w through the definition of C),, which is
w-dependent.

The measures 7, , are not supported on P(w), but their limit (in the appropriate
sense) will. We therefore are interested in proving some uniform bounds.

Lemma 3.3.1. For every value of the constant C, it holds that

D Ch s < oo, (3.3.1)
=1
S ClTH I+ 1)7 < oo (3.3.2)

=1

Lemma 3.3.2 (Estimates on the sequence of random measures). For every natural
number n the following properties hold

where K’ H' are suitable constants that do not depend on n.

Proof. We observe that by definition

My 1
Ton(H) = E :
i=1 p'I’L,’L

]lcn (Zni)s’?l'

Therefore the first property is a straighforward consequence of the construction,
because

5

-P(zy,; € Cy)s?



3.3.

Sequence of random measures

We estimate now the second moment

-
E [Tn(H) } =5, Z —P(zn,, 2n;, € Cp)

ij= 1pn2pn,g

<S4Z Z

=1

>
< Ksh M| (clw -ag)

Zn; €S(2zn;,51)\S(2n;,5141)

1 1
—P(zp;, 2n, € Cp)
DPn,i Pn,j

(3.3.3)

(3.3.4)

where in the passage (3.3.3) we have divided the sum in j in terms corresponding to
the “square annuli” S(zy,,s;) \ S(zn,,S1+1) and then we have used Lemma 3.2.2 and
the fact that in the “square annulus” S(zy,, s;) \ S(zn,, si+1) the number of n-centers is

2
proportional to j—é

In the passagg (3.3.4) we have applied Lemma 3.3.1, obtaining a constant K’ that

obviously does not depend on n.

We estimate now the a-energy. As before, we divide the sum in “square annuli” of
the form S(zn,,s1) \ S(zn,, Si+1), and this allows us both to apply Lemma 3.2.2 and to

estimate from above the integrator, as follows

E [Ioc (Tn)] =
M,
=1 1 Do d
=Y ——P(zp,, 2, € Cp) / / e
ij=1 Prnsi Pnj S(zn;,sn) J S(2n,5n) |21 — 22
M, 00
) 1 b d
B Z Z Z P(zn,;, 2n, € Cp) / / 21 dzo
=L A\I=L 20 €5(2ng 080 \S (20 58141) Pn,i Pn.j S(2zn;ssn) J S(2n;,5n) |21 — 2]
Mn [e.e]
= Z Z / / le dZQ
A #nj €5(2n;,50)\S (2n;8141) S(zn;,sn) J S(zn,5n) l+1|
> 2
= K |M,| Z oL Ol sy s s
s
I=1""n
1 o= 57 a4
K?Z§C QURCTREINES
nij=1""
=k Z Clyr )2+ 1) (3.3.5)
=1
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Chapter 3. Lower bound

Using (3.3.5) with @ = 2 — a and recalling Lemma 3.3.1 this gives

E [Io(m0)] < KiC’lvf‘l(l + 1) =H', (3.3.6)
=1

where H' is a constant that does not depend on n. O

Proposition 3.3.3 (Definition of G). There exist some constants d > 0, b € (0,1) such
that, given

Gy = {w st. Twn(H) € [b, 1} and Iy—q(7wn) < d},

b
o0
G :=limsup G, := ﬂ U G = {w s.t. w € Gy, for some subsequence ny},
n n=1k>n

then it holds that
P(G) > 0.

Proof. We use the Paley-Zygmund inequality, which says that

E [X]*
P(X > > (1— )2
(X =B (X)) > (1= W)y
and the Markov inequality
E[X]
P (X > )\) <=
E[X]
P(X<A)z1- ==
Therefore
1

P (run(H) 2 A1) = (1= 2) =,
P (runlH) < Do) 21 1,
P (Iz_a(nm) < )\3) >1 - I;Z

Therefore it is possible to choose A1, Ao and A3 such that

1
P (Tw,n(H) > >\1) 2 55 =
A2 m
P (Tw:n(H) g 2) Z P(Twn(H) < )\2) >1— g’
A
P <12_a(7-‘” n) < 23) > P (IQ—GL(Twm) < /\3) >1- %7

so that



3.4. Limit measure

Therefore there exist some constants d > 0, b € (0,1), 5 > 0 such that
P(Gp)>p VYneN.

Therefore it follows that
P(limsup G,,) > 0.

In fact, if by contradiction

P(limsup G,,) =0,
n

then
P (w s.t. eventually in nw ¢ Gn) =1, (3.3.7)
P ( U w for every n > now ¢ Gn> =1, (3.3.8)
no€N
and therefore
P(w for every n > Now ¢ Gn) > 1—%,
for some Ny, but this is absurd, because
P(Gny+1) > B VneN.
O

3.4 Limit measure

We therefore restrict to G C 2. By definition of G, for every w € G there exists a
subsequence nj, such that w € Gy, for all k. Hence the family of measures
(T ren
admits a weak limit that we call 7, such that
o m(H) € [b1],
o Ir_o(1w) <d,

where the upper bounds follow from the lower semicontinuity of the total mass and the
2—a energy with respect to the weak convergence, while the lower bound is a consequence
of tightness (H is compact). Moreover, the support of 7, is contained in P(w), in fact
we recall that by definition

Supp(Tw,n) - U U S(Z,Sn),

n>k zeCp,

and the set P(w) is defined exactly as

P(w) = ﬂ U U S(z,sn)

k>1n>k zeCy
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Chapter 3. Lower bound

(for this passage it is fundamental to have put the closure in the definition of P(w)).
Therefore each 7, satisfies the hypotheses of Theorem 3.1.2, and hence

HPe (P(w)) >0 YweQG,
P (1 (Pw)) > 0) > P(G) >0.
Recalling Lemma 3.2.1, this implies that
P (H*™(T(w)) > 0) > 0.
Therefore, applying Proposition 3.1.4 it follows that
P(H*(T(w)) > 0) =1,

hence almost surely
dimg(T(w)) > 2 —a.

Together with the upper bound, this gives us that almost surely
dimpg(T(w)) =2 — a,

as desired.
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