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ABSTRACT. Massive and massless Gaussian free fields can be described as generalized Gaussian pro-
cesses indexed by an appropriate space of functions. In this article we study various approaches to ap-
proximate these fields and look at the fractal properties of the thick points of their cut-offs. Under some
sufficient conditions for a centered Gaussian process with logarithmic variance we study the set of thick
points and derive their Hausdorff dimension. We prove that various cut-offs for Gaussian free fields satisfy
these assumptions. We also give sufficient conditions for comparing thick points of different cut-offs.

1. INTRODUCTION

Let D C R% with d > 2 be a subset of R? (possibly D = R?). A Generalized Gaussian field (GGF, in
short) X is a collection of centered Gaussian random variables indexed by a certain class of functions
H, that is, the field can be written as {(X, f) : f € H}. H is in the present paper a Hilbert space
of functions on D, and more specifically a Sobolev space. Notable examples of such GGFs, and the
ones especially considered in this article, are the massive and massless Gaussian free fields (GFF). The
study of GFFs has received considerable attention in the context of statistical mechanics and physics,
as they can be seen as multidimensional generalizations of Brownian motion (see Sheffield [23] for their
construction and properties).

The two most important places (among many) where such fields have shown prominence is the construc-
tion of the Liouville Quantum Gravity measure (Duplantier and Sheffield [7]) and the theory of Gaussian
multiplicative chaos (Kahane [16], Robert and Vargas [21]). In both these cases one constructs a random
measure on D C R%, given formally by

m(dz) = exp (fyX(:c) - %ZE [X(I)Q]) dz. (1.1)

Since X is not defined pointwise, the notation X (x) and hence (1.1) are merely formal. To avoid this
discrepancy, one defines suitable approximations which converge to the desired limiting measure. These
approximations, which are from now on referred to as cut-offs, form in turn a space-time Gaussian pro-
cess if certain conditions of positive-definiteness are satisfied. Among many methods of approximations
we would like to mention two of them: one taking into consideration the geometry of the indexing space
H (for example average processes), and another its covariance structure. In this article, we will be mainly
interested in the second method, namely, cut-offs created by removing the singularity of the covariance.
These approaches are used extensively in the recent literature (see Duplantier et al. [8] for example) and
are connected to the seminal work of Kahane [16]. We describe more explicitly some of these approxi-
mations in Subsection 2.2.

In the definition of the measure (1.1), X (x) should be replaced by the cut-offs given by a space-time cen-
tered Gaussian process { X.(z) : x € D, ¢ > 0}. The limit of such measures as ¢ goes to zero forms
an important object in mathematical physics. In general, for log-correlated models the limiting random
measure is known as Gaussian Multiplicative chaos (GMC) measure (after Kahane [16]). In particular,
when the field is either a planar massless or massive free field it is known as Liouville Quantum Gravity
measure. It is natural to ask whether different approximations almost surely give the same GMC. The
answer in full generality is not known yet. The question was already studied in Kahane [16], Rhodes and
Vargas [20] where, for certain cut-offs, the equality in law was proved. Also, in case of planar (massless)
GFF, it was shown by Duplantier and Sheffield [7] that measures created by circled average process and
by orthonormal basis expansion of H& (D) (another approach to create cut-offs) are almost surely same.
To best of our knowledge this is the only almost sure result on equivalence of the measures known till
Now.

In this article we continue this study of almost-sure universality of cut-offs with respect to thick points
(the term in this context was used in Hu et al. [14], and also referred to as multi-fractal behavior in
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Kahane [16]). This is the set of points which encapsulates the extremal behavior of the field. For a cut-off
{Xc(x): x € D, € > 0} the thick points are defined as

L Xe(z)
T(a){l'EDll_l’}%ma}, a > 0. (1.2)
Their importance comes from the fact that they have full mass for the Gaussian multiplicative chaos, and
give also information on the behavior of the so-called Liouville Brownian motion for the Liouville quantum
gravity measure (Garban et al. [10]). The main properties of the well-known cut-offs is that Var (X (x))
behaves like — log € as € goes to 0. Under an additional Holder type condition we show in Theorem 2.1
that the Hausdorff dimension of T'(a) has an upper bound of d — a?/2 when a < v/2d. Note that similar
results were derived in Kahane [16] (for the lower bound) and with some extended conditions in Rhodes
and Vargas [20]. The Holder type condition seems to be a minimal requirement as these fields are not
smooth and exhibit a fractal behavior. The condition is also satisfied by most of the cut-offs including the
circle average process in 2d and 4d case.

In the second part of our main result we show that under certain assumptions (see Theorem 2.2) the
Hausdorff dimension has a lower bound of d — a?/2 for a < v/2d. To achieve this goal we follow the
approach in Kahane [16], who considers covariance kernels that can be written as series of truncated
positive, positive definite kernel. These conditions were extended in the work of Robert and Vargas [21]
and are are flexible enough to accommodate the covariance cut-offs in most cases. However we point out
here that circle average processes do not fall under this class of sufficient conditions. Hence it still remains
an open question to determine what the best conditions which can include all “reasonable” cut-offs are.

In view of the above results, one might ask whether there is a possibility of comparing the extremal
behavior for different processes. We give a partial answer to this query by imposing a sufficient condition
(see Theorem 2.3) on the difference of two cut-offs . In fact, we show that whenever this condition is
satisfied the cut-offs have the same fractal behavior. The outline of the article is as follows. In Section 2
we review the definitions of the fields and in Subsection 2.2 of some of the well known cut-offs procedures.
Then we state the main results with brief descriptions in Subsection 2.3. In Section 3 we first show that
the examples considered in Subsection 2.2 satisfy the assumptions of these results. Finally, in Section 4
we provide the proofs of these results.

2. CONSTRUCTION OF FREE FIELDS AND APPROXIMATIONS

2.1. Two examples of fields.

2.1.1. Massive free fields on R?. LetR?, d > 2. Let S(R?) be the Schwartz space consisting of smooth
functions whose derivatives decay faster than any polynomial. Let S’ (Rd) be the space of tempered
distribution which are also the continuous linear functionals on S(IR?). Also, S(R?) form a dense subset
of S’(R?) with respect to weak*-topology. With C5°(D) we denote the set of smooth and compactly
supported functions on D. To avoid somehow lengthy notation, we set L? = L2(Rd, dz) dropping the
reference measure. For £ € RY, let (€)= (m? + |£]?)!/? and we denote by (¢) = (£),. To avoid
confusion, we will denote in some instances the scalar product in a Hilbert space H by angle brackets
with a subindex as (-, -) ;. For s € R we denote the operator B, : S(RY) — S(IRY) defined by

Bhola) = [ e (6], Ge)a, 21

This corresponds to the definition of the (formal) Bessel operator B ¢ = (m211 — A)_s/z ¢. Let us
denote G, (z) = Ko(m|z|), where Ky(+) is the modified Bessel function; it is well known (see Stein



[24]) that G4(£) = (¢)-" and hence one can write

B,o(a) = [ Gule - y)(u)ay.
R
We want to look at generalized massive free fields indexed by f € S(IR?) such that

E[(X, )X, 9] =(f B™9),.

It can be shown that the functional
1 _
L(¢> = exXp (_5 <¢7 Bmd¢>L2) )

is a positive definite functional and hence this induces a measure on S’(Rd) whose characteristic func-
tional is given by L(¢) (we provide a short proof of the fact that it satisfies the conditions of the classical
Bochner-Milnos theorem in the Appendix 6). This gives us a generalized Gaussian field {(X, ¢), ¢ €
S(R?)} whose covariance can be represented by

E (X, 6)(X, )] = / 3&)0E) (&) de 22)

(see Hida [12], Yaglom [26]). The tempered measure p(dz) = <£>;nd d¢ can be realized as the spectral
measure of the covariance of this Gaussian process. We remark here that the Hilbert space associated
to the GGF X is in this case the fractional Sobolev space I7%/%(R), that we recall being definied by

H*(RY) :={p € S(RY) : B*¢ € L*(RY)}, scR.

For details on the construction of such generalized Gaussian fields, we refer the interested readers to
Gel’fand and Vilenkin [11]. See also for a white noise representation (2.5) for the massive free fields in
Subsection 2.2.1.

2.1.2. Massless planar Gaussian Free Field. Let C§°(D) be space of smooth functions vanishing out-
side D, a bounded domain of R%. Let H} (D) be the Hilbert space which is closure of C°(D) under the
norm

16 = [ IV FO)Ean
The dual of H (D) is given by H~'(D) equipped with the norm
||f||f{*1 = sup <fvg>7

geCFe(D),llgll 1 <1

where (, ) denotes the duality pairing. Note that for f, g € C§°(D), we have by Green's identity that
(f,9) ;1 = (f, Ag), - anditfollows that (f, g) ;- = (f, A~1g) 2, where for g € C§°(D) one denotes

Alg(z) = /D Gp(w,y)g(y)dy.

Here Gp(z,y) is the Green’s function for the Dirichlet problem on a planar domain and it is well known
that

Gp(z,y) = 7r/ pp(t, x, y)dt. (2.3)
0

pp(t, x, y) is defined in the following way. Let 7p = inf{t > 0: B, ¢ D} be the first exit time from D
for a Brownian motion B;. Then for {B; : 0 < ¢t < 7} there exists a transition sub-density pp(t, =, y)
which satisfies for all t > 0

Px (Bt S A,t S TD) - / pD(tv z, y)dy
A
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Also recall from [19, Chapter 3] that
pD(ta T, y) = p<t7 z, y) - EI [p(t — 7D, BTD??J) 1{t>TD}:| 5

where p(t, z, y) is the transition density of the unstopped Brownian motion (also called the Gauss-
Weierstrass heat kernel) given by

1 |z —y|
t - =)
p(t, z, y) - eXp( 5

A (massless) Gaussian free field can described as a centered Gaussian process indexed by H (D),
that is, a collection {(®, f) : f € H~'(D)} such that

Cov ((, f)(®,9)) = {f,9) sy -

One can also consider it as a centered Gaussian field indexed by H&(D) by duality (since (P, g)r2 =
(@, A7) where A™'g € H}(D) for f € H~(D)). Note that the variance in both cases is the
same, as [|A71g||%,: = [|g||5;-1. If we restrict ourselves to C5°(D) we get from the above observations

Cov (@.)@.9) = [ [ #@)g(w)G(a.y)dody.
DJD
If D = [0, 1]* the Gaussian Free Field has a formal representation as
o = Z Xj,kej,k (2-4)
j, keN
where ¢; ;. are eigenfunctions given explicitly by
sin(mjz) sin(mky
ey, y) = 22T SThy)
]2 + kQ

which also form an orthonormal basis of H} (D). This ® converges almost surely in H (D) and hence
it is consistent with the above definitions. We refer the readers for a more detailed construction to Dubédat
[6] and Sheffield [23].

2.2. The construction of cut-offs. There are several ways in which one can approach the question of
approximating a field with infinite variance by cut-offs. We will list here only a few of those examples.

2.2.1. White-noise cut-offs for massive free fields. Let W be a Gaussian complex white noise with control
measure ((d§) = (5);‘1 d¢. Formally, the field X is given by the characteristic function of the white
noise. That is, if (), &) = e “M&)za one can represent the field as

XM= [ <o awe),
which means that (X, ¢) for ¢ € S(R?) has the stochastic integral representation
(X.0) = | SEW(d)

It is well-known ([18, Chapter 1]) that for any f € LZ(R?) the integral above is well-posed. Note that
under the control measure p, the isometry property of the stochastic integrals again gives us the covari-
ance of the field as (2.2). Note that since WV is a complex white noise with control measure . which is
absolutely continuous with respect to the Lebesgue measure, the field can also be represented by using

a standard complex white noise W (with control measure d¢) in such a way that

X = [ A9, W(de).
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Since this directly relates to the Bessel potential operator B;Ld in (2.1), these fields can be thought of as
X = (m’1—A)" W, (2.5)

The above white noise representation helps to create the first example of white-noise cut-off. Pick now an
arbitrary € > 0. We denote the white noise cut-off as

X.(z) = — / C(x, EW(dE). 2.6)
B(0,1/¢)

Wd
Here wy = 272 /T'(d/2) is the volume of the d-dimensional unit ball. Such cut-offs are also known
as ultra-violet (UV) cut-offs (see Rhodes and Vargas [20]). We call this a cut-off for the field since if we
denote by

K. (z,y) = E[X.(2)X.(y)] = / RCRASICrE 27)

then for f, g compactly supported smooth functions one has

iy [ [ f@lato)i. oty = [ FO0) (€,

e—0

and the right hand is the same as (2.2). One can also introduce many other cut-offs. One example is by
taking a mollifier 6(&) that satisfies

1 6 is positive definite and symmetric,
2 [pa0(x)dz =1,

3 10(2)| < qyppars for some y > 0,

(an example is the Gaussian density) one can define a cut-off as

~

X.(z) = / () By (d), 28)
B(0,1/¢)

—4 4.

m

where W is again a complex white noise with control measure ;(d¢) = (&)

2.2.2. Integral cut-offs. This cut-off has been extensively used by Rhodes and Vargas [20] as it follows
under the scope of the work of Kahane [16]. Consider the massive GFF on R?. For that one observes
that K.(x,y) — Ko(m||lz — y||) as € — 0 and = # y (on the diagonal the modified Bessel function is
infinite). For = # y one may write

o du
Ka(mle =yl) = [ n(ulle =91

where
S m2|z|2 9
km(z) = —/ e~ 20 e Y 2du.
2 Jo
Now one denotes the integral cut-off of the covariance for x,y € R? as

1/e d
R 29)
1

and associates to it a centered Gaussian process (we show in the appendix that K gives rise to a positive
definite functional). Note that even when x = y this is well defined and it follows that H.(x,z) ~._g
— log €. For the planar GFF one can define the integral cut-offs as follows. One considers for ¢ > 0

—+00
GE,D(xv y) = 27T/ pD(S, x, y)dS (210)
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It is well-known that G p is a positive definite kernel (for a proof see [20, Section 5.2]) and hence one
can consider a Gaussian process X(x) such that E [ X ()X (y)] = Gep(z,y). Note that, as before,
it follows that for f, g € C§°(D) one has that

ll_r)%/ / f eD(I»y)dxdy: <f7A_lg>L2'

We note that H.(z,y) in (2.9) and K (x,y) in (2.7) are different pointwise and indeed it can be shown
that there are z, y € R?, such that K (x, ) takes negative values whilst F(x, ) is always positive.

2.2.3. Transition semigroup cut-offs. These approximations instead rely on the particular transition semi-
group of the massless Gaussian field, which is given in terms of the transition kernel of Brownian motion
and follow somehow a mixed approach between the integral cut-off (compare for example (2.10) and
(2.9)) and the white-noise integration. Let us start with the planar case to illustrate the technique. Let 1V
be a standard space-time Gaussian white noise on D X (0, co) with the Lebesgue measure as control
measure; define the stochastic integral corresponding to the Gaussian free field as

X(‘T) =V 27 pD(S/2ax7y)W(dy7dS)
D x(0,00)
Now one represents the approximating field as
Xe(x) = V2r pD<S/27 €, y)W(dy7 dS)
Dx (€,00)
It follows again that E [ X (2) X (y)] = f:o pp(s,z,y)ds (see Rhodes and Vargas [20]).

The very same decomposition works for the massive GFF too. Knowing that

+oo
—d d/2—1
By “u(x) d/2 / /]Rd e't p(t, =, y)u(y)ditdy

Vor
VT(d/2) Jra xie, +o0)

V2r / ¢
_— et t3/27p(t, x, y)dt.
I'(d/2) Jie, 100

This decomposition extends in general to any operator whose action can be represented through the
Brownian motion semigroup (as for example Hu and Zahle [13]). Being very similar to integral cut-offs
such as (2.10), in the paper we do not treat these approximations as separate cases but refer to integral
cut-offs for more general properties.

we can set

X (w) = 2 p(t /2, 2, y)W (AL, dy).

Once more we have

E[Xc(2)Xc(y)] =

2.2.4. Other cut-offs. The properties of the aforementioned cut-offs rely on the removal of the singularity
of the covariance on the diagonal. There are however other cut-offs which can be constructed starting
from the geometry of the field. Here we would like to mention briefly a few of them.

Circle and sphere averages: Introduced by Duplantier and Sheffield [7], the circle average for the
planar massless Gaussian Free Field is based on the solution of the boundary value problem

—5=AGL(y) =vi, yeD

Gily) = 0, y € dD

for all z € D, where 17 is the uniform measure on JD. The circle average for the GFF @ is then

the process{(®, G¥) : = € D, ¢ > 0}. This cut-off enjoys several important properties, among
which being the time-change of a Brownian motion and possessing short-range correlations, in

2.11)
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contrast to white noise and integral cut-offs. To obtain a similar cut-off in higher dimensions is
trickier due to the more complex geometry, hence more work is needed (Chen and Jakobson [4]
treats the 4-dimensional case). In this case, one cannot work directly with the analogous solution
of (2.11), but has to modify the field to achieve the spatial Markov property again.

Orthonormal basis expansion: Generalized Gaussian Fields always feature an orthonormal basis
representation (Janson [15]), that can be described generally as follows. If {(X, @) : ¢ € H}isa
GGF associated to the Hilbert space H, and an orthonormal basis of H can be written as (hn)neN,
then

(X, 9) = (@, hn)yphn, @€ H.
neN
More formally, the field is represented for every x € D as X (x) = > .\ anhy(2). Here (o, ) nen
are i. i. d. standard Gaussians. In this sense, the approximation is given by

Xo(z) =Y aphy(z), meN.
n<m

We have already encountered this representation in the specific case of the planar GFF in (2.4).

2.3. Main results. In this section we discuss the main results of this article on fractal properties of the
cut-offs stated in the previous section. We give some general sufficient conditions under which the lower
bound and upper bound can be proved. We also give sufficient conditions for comparing fractal properties
of two different cut-offs. Later in the article we show that these sufficient conditions are satisfied by almost
all of the the cut-offs described above.

Theorem 2.1. If (X()) ¢ ,epa, d > 2, is a centered Gaussian process satisfying

(A) forall R > 0 and for all z,y € B(0, R) and e, > 0 we have

o o=yl +ln—d
E [(X, (o) = X)) < 2L

(B) the variance of the process satisfies
G(e) == E [X(2)?] ~emo —loge.
Then letting

Xe
Ts(a, R) = {x € B(0,R) : 11_r)r(1) G((:;) > a}
we have for a < v/2d thatdimpy(T(a, R)) < d — “2—2 almost surely, and for a > +/2d that T (a, R) is
empty almost surely.

Theorem 2.1 is stated for balls of radius R, but it can be used to derive the upper bound by first covering
the space with a countable number of balls and then using the countable stability property of the Hausdorff
dimension, which reads as

dimpy (U Bn> = supdimy (B,) (2.12)

neN neN

for an arbitray collection of sets (B,,)nen- In the following Corollary we treat as a separate case the
Massless GFF, both for its importance and for the slightly different proof.

Corollary 2.1. Let D be a bounded, convex regular domain. For & > 0, denote DO .= {zr € D :
d(xz,0D) > 0)}. If X.(z) is a planar (massless) Gaussian free field integral cut-off, satisfying assump-
tions (A) and (B) on DO for any 6 > 0. If we denote

T.(a,D) := {x €D lim )é((g > a} ,



8

then the conclusion of Theorem 2.1 holds with d = 2.

In Section 3 we will see that most of the cut-offs discussed in Subsection 2.2 satisfy the assumptions of
Theorem 2.1 and Corollary 2.1. A brief sketch of the proof is as follows. The condition (A) allows us to
have a modification which has nice bounds on the spatial and time variable almost surely. We use a strong
version of Kolmogorov-Centsov theorem from Hu et al. [14] to derive this. Using these path properties it
is possible to get an explicit cover of the space and also get good bounds for the diameters of the sets
used to form the cover. The upper bound then follows easily from the definition of Hausdorff dimension.

Now we give some sufficient conditions on the cut-off for which we have a matching lower bound. We
state the results for discrete time for ease of exposition, noting that it can be extended to continuous time
if the processes have a continuous modification.

Theorem 2.2. Suppose X, (x) is a centered Gaussian process with covariance kernel denoted by
pn(x,y) which satisfies the following properties:

(C) forx # y, pu(z,y) < llog”x—iyu + H(z,y) where sup, e e H (z,y) < C' < o0,
(D) There exists a sequence of positive definite covariance kernels p,(z,y) such that p,(z,y) =

> v Pr(z,y), and moreover p,,(x, ) = 1 for all .

Let0 < a < \/2d and consider the set of thick points on D = [0, 1]¢, that is,
Xn
T(a):= {x eD: lim — = a} : (2.13)

Then we have dimy (T'(a)) > d — % almost surely.

If for a cut-off X (x), G(¢) = Var(X.(x)) is monotone in ¢, then one can apply the above result
to the process Xg-1(,) (x) to get the lower bound for thick points from Theorem 2.2, which can now
be combined with Theorem 2.1 to get the result for the Hausdorff dimension of thick points easily. The
conditions in Theorem 2.2 are inspired by the works of Kahane [16]; we notice that cut-off constructed
through truncating the covariance structure fall under this category, for example white noise cut-offs,
integral cut-offs and semigroup cut-offs. The sphere average processes however are excluded from such
assumptions.

It is also important to note that condition (C) can be relaxed to the case where the upper bound holds
uniformly for n large enough. This important modification especially comes useful in dealing with white-
noise cut-offs which do not have positive kernels. We point out this important modification in Remark 4.1.

The proof follows in some steps the ideas of Kahane [16] (chiefly the construction of rooted measures).
The condition (C) allows one to construct a positive martingale using measures of the form (1.1) which
converge for every bounded set A. Now logarithmic bounds allow one to extend this convergence to
an L? convergence. It is then standard to construct a limiting a measure out of it. However instead of
following the technical way of estimating the size of balls, we show that this measure has required finite
energy almost surely using uniform bounds and weak convergence techniques. Finally, we show that the
limiting measure thus obtained has finite energy and also gives full mass to the set of thick points. To
show that the latetr we need to use rooted measure techniques borrowed from Kahane [16] (see also
Duplantier and Sheffield [7]) and the strong law of large numbers under this measure.

As pointed out earlier, the above assumptions are not really useful when one deals with circle averages.
This drawback obviously raises the question on whether we can compare covariances of two cut-offs to
deduce the behavior of thick points. Our next result is in that direction.
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Theorem 2.3. Let X, (z) and X (x) be two cut-off families for the same field on D. Let T(X, a) and
T(X,a) be the set of a-thick points for X.(x) and X.(x) respectively. Call Z.(x) := X (x) — X (z).
Suppose Z(x) satisfies the following assumption:

(E) Zc.(x) is symmetric in x and there exists universal constants C' > 0, C" > 0 independent of ¢ and
x such that

E[Z(x)?] <C (2.14)
and

E[(Z(z) — Z(y))?] < o=yl (2.15)

€

Then for all a > 0 we have dimy (T'(X, a)) = dimy (T (X, a)) almost surely.

Again we will give an example in Section 3 where condition (E) would be satisfied. Unfortunately, we
cannot compare important processes like sphere average and white-noise cut-off through this theorem.
In fact, the bounded variance seems a bit restrictive and if this condition could be relaxed then one could
accommodate more interesting examples.

To prove Theorem 2.3 we show first that using Sudakov-Fernique one can compare the maxima of the
Gaussian process Z.(x) with a multivariate version of the OrnsteindAS-Uhlenbeck process for which
the order of expected maxima can be easily derived. To pass to the almost sure version of it one uses
bounded variances and Borell’'s inequality. This allows one to compare the set of thick points and derive
the final result.

3. EXAMPLES

In this Section we explicitly show cut-offs that satisfy the assumptions of our theorems. We will concentrate
on massive and massless GFFs but the results in general can be applied to centered Gaussian process
with appropriate covariance structure too. Since we could not find comprehensive proofs in the literature
we try to outline the details explicitly.

3.1. White noise cut-off for massive GFF. We recall the cut-off (2.6)

K.(e.y) = — / (o —y,€) (6) " de,
B(0,1/¢)

W
where ((z — y, &) = e " @%) We now start with proving (A)-(D).

(A)

2,€) Lpwo1/e) —C(z,§) 1 71622
E [(Xel(x) —XEQ(SL‘))ﬂ :/]Rd (C( £) B(E)|,|£/”2)+ i;)dfi B(0,1/ )) dé

! d
(€1 +m2)i7

1
S |
(el +my

2
= e ((x, 5)2 (HB(071/61) - IL13(071/62))

B /Rd |§(ZL‘, §>|2(11/62<‘5|§1/51)2

1/e1 pdfl
o[
er

< Cles — €1]/€1



lz—yl
TAY

where we have used the inequality ‘log ( )’ <

;—” . For the more general case we assume

(without loss of generality) €; < €5 so that

E [(X,, (2) — Xo,(9))?] :/ (€(@,€) 1p,1/e) —C(¥:§) ]13(0,1/52))2d§

RY (I€]* + m2)er>

, 1
_ - -4
/B o (€@~ ) e
1
+/RdC(l’,5)2(11/e2<£|<1/61)<”§”2+—WWdS

SCHx_yH + |2 — e §C||$—y||+|€2—€1|‘
€2 €1 €1 N\ €9

(B) It follows from the fact that,

1 1
EX6$2:—/ dé ~ —loge.
X =20 Lo GE T TEI

(C) Recall that G(¢) = K(z,2) = - fol/e t4(m? + 2)=%24L. The required Gaussian process
satisfying (C) is X¢-1(n)(2), so that p,(x,y) is given by

1
pn(x7y> = §E [XGfl(zn)(x)XGfl(Qn)(y)} .

Note that this kernel is not in general positive. We first need to compute

1 .
Kae,y) = — e (€)
Wd JB(0,1/G-1(n))
(27T)d/2

1/G=(n) y 4/
= tY2 Ty a1 (m||z — y||t) (1 + t3)~Y2dt
i | sl = y)(1 4+

,ddg

m

omV42T(d/2) [mlz—yl/GT ) -
_ ( )27rd/g / ) / td/QJd/271(t)(m2||x . y||2 + t2) d/2dt
0

mllz—yl /G~ (n)
= 24/2711(d/2) / 42 Jys0 1 () (mP ||z — yl|* + %) ~2dt.
0

Let T, (m||z—y||) := Ko(m|lx—y|)—K,(m|xz—yl||). We see that T,,(a) — 0asn — +oo,
and in addition the convergence is uniform. Indeed if d > 2 we get

/Oo 44/2 Jd/271(t) dt

K —y|) - K, — = 24/2-1P(q/2
| Ko(mllz —yl]) (mllz —yl))| (d/2) . (mlz — y|P + 22)72

< C/OO e a<c [ i< C(m, d) (G (n))"* " =0
= Sl (m|lz —y|2+2)Y2 T T Jmle—ul - ’

G T(n) G—T(n)

as n — oo. For d = 2, note that we can assume n large enough so that

Jo(t) = \/gcos (g 1) - (%)3/2:31%% - G)m'
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Therefore

/OO t1/2 + 0 (t71/2) &

mllz— 2 _ 2 2
et w7 — yP +

< /OO (732 4o (t77?)) < C (G (m)"* —0.

mllz—yl|
G—T(n)

[Ko(mljz = yll) = Kn(mljz —yl))] <

Hence there exists an n such that for all n > ng uniformly in a € (0, 1],
T (mllz — y]))] < 1.
We use the triangular inequality to say that
Kn(z, y) < [To(mlle = yl)] + Ko(mllz —yl)) <1+ Ko([lz —yl)

1

where L(x,y) is bounded function. It is important to stress at this point that showing Condition
(C) for all n is not immediate, and hence we will explain in Remark 4.1 how the proof of the lower
bound should be adapted in this case.

(D) We have that p,,(x, z) = n and we can define

- 1 . _ . B
o) = | e g g - [ el-v9 () ag.
2 JB(0,1/G-1(2k)) B(0,1/G-1(2k—2))

It is easy to see that p,,(z,y) = > _,_, Pr(z, ). Also note that

_ 1 _ _

Pl 7) = 5 (GG (20) ~ GG 2k~ 1) = 1
This shows condition (D) of the theorem.

3.2. Integral cut-off for massive GFF (2.9).

(A) We have

E[(Xe(2) = X()’] < |E [Xe(2)? = Xe(2)) Xe(w)]| + [E [Xe(y)? — Xe(2)Xc(y)]|

of which we can bound one summand as

1 1/e  poo oy 2m2u2 d
E [X(0)? ~ X)X w)]| = 5 / [Te (1mmEat
1 0 u

2 2
llz—y[|"m* yH

w_uz yn m2u

Jymaieet
lla— uH2m w
[ ()
0 s
1 c llz—y)%m? lz—y]|2m? ds

- —lemplms A 1 — o—5/2
L (e ) (e
A G e TR
lle—ylim s




Now in the first integral the integrand is bounded in absolute value by C'%, hence the whole integral

lz—y[lm

is smaller than C'! =—. As for the second integral

oo 2 2 2. 2
lz—y|°m _llz—yl|*m
/ <e— B e ) (1-e2)
lz—yllm
€

0o el Zm2 z—yll?m?2 /1 _
S / efH g‘s‘ (1 — e_%(e 2_1)) (1 — 678/2) %
I

z—y|m S
€

1—e*<g [° —ylIPm?2
S/ |z —ylI*m (672_1)§

le—yllm 2s S
€

1_2 o) d -
§|!x—yH2m2( ;))/ & cmlezyl

€ le—yllm $2 €

ds

S

€

Similarly we obtain the bound for |E [X (y)? — X (y) X (y)]]-
(B) Using the fact that k,,(0) = 1 it follows that E [ X (z)?] = —loge.
(C) Note that H,,(x,y) = E [X—n(2)X.—n(y)] this for z # y satisfies the following inequality

1 —

1 1

- 4
|z =yl

We can derive sup, (0,12 H (7, y) < C.
(D) We choose

2k

pr(z,y) = 1/e Ep (u(z — y))d—u, keN.

2 ]2t (%
With this normalization one has also py(z, z) = 1.

3.3. Planar GFF semigroup cut-off (2.10). The proof for the planar GFF is a bit more involved than for
other cut-offs, and requires some preliminary lemmas and notations. We also would like to remind here
that a proof tailored on the 2-d massless GFF for Theorem 2.1 is given in Corollary 2.1. We first show
conditions (A) and (B) and for future references we put it as lemma.

Lemma 3.1. Fixd > 0, and for a set D assume that D'®) is an open convex domain. There exists a
constant C' = C'(9) such that

E [(X(a) — X, ()] < L= yyli R EL

holds for all z,y € D®) and G (€) = Var (X (z)) ~ —loge ase — 0.
Proof. We first begin by showing the second statement. Recall that

G(e) = 27r/ pp(t, x,z)dt.

Also note that from [17, Section 2.4] we have the following upper and lower bounds on pp (¢, x, x),
1 1
2t we(d(z, OD))

P) S pD(tax7$) (32)

< —.
— 27t
Fix to > 1, then we ignore the part from (¢, 00) by using [17, Lemma 2.28], since

o0 [e.9] 1
< —=dt .
/to pp(t,z,x)dt < C(z,0) /to t(logt)2d < 00
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Now using the fact that z € D) it follows from (3.2) that,
2¢
e0?

The second claim is immediate after one lets ¢ — (. Now we show the first bound. First we assume
x = yand e < ¢ and use the fact that pp (¢, x,y) < p(t, z,y).

loge +logty < G(e) < —loge+ logty + C'(z,9).

E [(Xc(z) — Xo(2))?] = E[XZ(2)] + E[XZ(2)] — 2E[Xc(2) Xe ()]
= / pp(t, z, x)dt —/ pp(t, z, z)dt

Now to show the Condition (A) for z # ¥, we use the representation from Marters et al. [19]

pD(ta xz, y) = p(ta T, y) - Ex [p(t - TD7 BTD7 y) ]1{TD<t}:|

for E, the law of a standard Brownian motion B with By = z. Note that

E [(X.(2) - X(y))?] <| / "t o) — otz y)d

+

/ po(t,y,y) —pp(t,w,y)dt‘ :

We shall show that

/ (po(t, . ) —pD<t,x,y>>dt\ <clz=ul 33)

€

The other part follows similarly. So now note that (3.3) is satisfied if one replaces pp with p. We take D
to be a bounded domain, hence IM > 0 such that ||z — y|| < M forallz, y € D). So

/EOO(PD(t,m,x)—PD(t,x,y))dt:/eoo (1_6Xp (_w»%

|z —yl? /” dt _ M|z —yl|
<tz [ e I 3.4
- 2 . 272 € (3.4)

Now we need to show the term containing the expectation has a similar bound. First note that using a
multivariate version of the mean value theorem,

with A € [0, 1]. We use then the notation £ := (1 — \)z + Ay to denote a point on the line starting from
x and ending at 7. Observe that ¢ € D®). From Saloff-Coste [22] we have for any x € (0, 1)

C(x) |z - £I°
HVgp(t,z,f)H < mexp <—m> (3.5)

and V' (z, r) is the volume of B(x, r). Now using this inequality we have



| B 00— o By ) = plt = T By ) Loy

- / B, [(p(t — T, Bry. ) — p(t — To, Bry. ) Lot
<E, [/OOO |p(t, Bo, ) — p(t, Bry,, y)| Lgsrpve dt]
<E, {

S ' E:L" |:/ ’p(S,Bo,ZL’) _p(suBTD7y)| d8:|
0

[ 19tt.Bo.2) = ptt, By ) dt]

™D

(3.5) o0
2 o = ylIE, [ [ vt B —p(s,BTD,ynds]
0

excry (I Bro =l
< B E o €Xp 4(1—k)s d
— ||$ y” €z 0 83/2 S

52
o €Xp <_4(1—/€)s>
<lle—ylb. | [ — s

x —
= 0, )z — ol < 00, w)1Z Y

Note that here we have used the fact that Br,, € 9D and since ¢ € D we have that || By, —

&|| > ¢. So the above inequality combined with (3.4) shows (3.3) and hence completes the proof of the
Lemma. 0

(C) To show this condition it is sufficient to observe that

1 [ 1 [ 1
Gle) := 5/ po(t, z, y)dt < 5/ p(t, z, y)dt = SG(z, y) (3.6)
€ 0
where ( is the whole-plane Green'’s function for Brownian motion. We have also from [19, Thm.
3.34]
1 1 1
5G(,y) <C+glogr—, [z -yl <1
2 27 lz —yll

(D) G(e) is clearly decreasing in ¢, so we define the kernels

/ pD(ta €, y)dt - / pD(t, xz, y>dt) .
G—1(2n) G—1(2n+2)

This allows us to say p,(z, ) = 3 (G(G7'(2n)) — G(G*(2n + 2))) = 1.

Pn(z, y) = % <

3.4. Example for comparison: cut-offs (2.6) and (2.8). This example illustrates the fact, that the effect
of the mollifier 6 in (2.8) does not affect the structure of thick points, as one might rightly expect. Indeed
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let us show that Assumption (E) holds. For the cut-off X (x) of (2.6) it holds that

1) X (] < (€@, = Ch Q)P _
(%)= X0)F) < sy (EFFmie o
1 —cos(2m(y — x f))
C
e
1 — cos(2m (y —x{)) 1—cos(z) <z, 220
C <
/<0 e (€17 +m2)d? “ B
< T €> Cauchy — Schwarz
C/ oo (EF+mepE S
€l
S ) S P
0 R 5
1/e d 1
Clle = / o < Clo =yl 67
Then we set Z(x) := X (x) — )forX( ) of (2.8). We have

i@ ) (1 — (e€))?
(Il + m2)er2

E [(Z(2))*] = E [(X.() - Yi(2))?] < / ™ a¢ =

4i(z, €)
/ ‘e 2‘ d 2d5+/ : 2 <€€2>>d/2 ¢<
B(0,1/0nsupp(e) (€7 +m2)Y/ B0, 1/e)nsupp(e) ([€]° +m?)

(1 —0(c€))

—

where we used the fact that f(e-) = 16 (%) and the bound Hg(e
(2.14). To obtain (2.15) observe that

I = L0 ()], = 1. his shows

N 2
(14020 < | (€)= ¢, (1- () "
e\T) — Ze\Y =
B(0,1/0) (J€1* + m2)2/2
and from here one can proceed starting over again as in (3.7) to conclude the proof of the condition.

4. PROOF OF THE MAIN RESULTS
4.1. Proof of Theorems 2.1 and 2.2.

Proof of Theorem 2.1. First, we claim that by Assumption (A) of Theorem 2.1, there exists a modification
X(x) of Xc(x) such that for every v € (0,1/2) and x, ¢ > 0 there exists M > 0 such that

X, () - X, (Z/)‘ <M (log é)< (It 613(;)5)% e))’

(4.1)

forall z,y € B(0,R) and €1, €5 € (0, 1] and e2/€; € (1/2,2]. Indeed, by (A) we have that

T — €1 — €3 /2
EKXa(x)—XeQ(y))a]gc(’ yl +| |)

€1 VAN €9
We can find a and (3 large enough such that |§ — %} < 0, and consequently by [14, Lemma C.1]
there exists a modification X (x) a.s. for which (4.1) holds. Without loss of generality we now work with
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this modification and with a slight abuse of notation denote it by X.(z). Now we choose some suitable
parameters according to the regularity condition above. Let x > 0,7 € (0, 1),{ € (0, 1),7 = (1+x)r,
K=x"1'7,=n"% and

X
= b > .
Ur {:c € B(0, R) nkrfm G 2 a}

Since for t € (7,41, 7,,) we have by (4.1) and the fact that G(r,,) = C'logn(1 + o(1)),

Xi(x) — X, (x) (logn)¢

" =0 =o0(1).

ey (Gtay) =ow

This shows that 7> (a, R) C Ug. Let (xnj)fil be a r1™X- net for points in B(0, R). Denote
. X'r (xn])
n = " >a—90
A= {32 Tt 2 i

with 6(n) = C(logn)S~! (the constant C' can be adjusted accordingly). Again using (4.1) it follows that,
foral N > 1, > x Ujeay B (%0, r1X) covers Ug with sets having maximal diameter 27X,

We first note the estimate P (j € A,,) using the following Gaussian tail bound as follows:

: X, (Tn)
P(jeA,) <P <W > (a—d(n)) GW))

< C(log n)’l/zn_%“*o(l))

Furthermore
a2
E[|Au]] < Cllogn) 2R 4005505900 < (log ) ~Y/2p 5 F 4320 (q0)
By denoting
a? d+ <
=d— — 2
« 5 + X Ty

we can estimate the size of the balls in the cover as follows,

S Y dian(Blous, )| € X logn) rgionyEovie

n>N jeEA, n>N

< Z (log n)_1/2n_§(1+><)0‘—%+d+%+o(1)
n>N

=C Z(log n) 2~ < 4o0.
n>N
T2herefore DN Djen, diam(B(zy, ritX))® < +o0 a.s. and this implies dimg (7 (a, R)) < d —
% a.s. by letting x | 0.

Now we show that for every R > 1, Tz(a, R) is empty for a®? > 2d using the above estimates. Since
a® > 2d we have that % —d(1+ %) > 1 and hence,

SR (A > 1) < S E[A) <30 () <o

n>1 n>1 n>1

and hence by the Borel-Cantelli lemma we can conclude that, if y becomes arbitrarily small, |.A,| = 0
eventually and so 7 (a, R) is empty for a® > 2d with probability one. O
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Proof of Corollary 2.1. Recall that from Lemma 3.1 we have that Conditions (A) and (B) hold for the
restricted domain D® for any 0 > 0. Now, since D is a regular domain we can write

D= U Dn)

neN

for a suitable sequence d,, | 0 and d(D(‘S”), D¢) > 0. Now that by repeating the arguments in the
proof of Theorem 2.1 and using Lemma 3.1, we get that for all n, dimy (T'(a, D)) < 2 — % with

probability one. Hence by (2.12) we obtain that dim g (7'(a, D)) < 2 — % almost surely. O
Now we provide a proof of the lower bound.

Proof of Theorem 2.2. For the proof of the lower bound we denote D = [0, 1] Let
B = {w : dimy(T(a)(w)) > d — “2—2} We first show that P (B) > 0. For this we use the fol-

lowing fact from [9, Theorem 4.13]. If 1 is a mass distribution on F' (that is, ;(F) = 0) with I, (1) < oo
then dimy (F') > «. Now we make the following claim

Claim 4.1. There exists a random measure j. giving full mass to T'(a) such that P (I,(p) < o0) > 0
2

Wftha:d—%.

Note that Claim 4.1 will show

To provide a proof of Claim 4.1 we break the proof into some basic steps.

Step 1: Construction of the measure. We pass now to define the approximation of the limiting measure
through the Radon-Nikodym derivative

QW) = e (Xo(e) = TE[X0)] ) = enp (X (o) = Snl )

so that we can choose the measure on [0, 1]¢

i (da) = QL) (x)da.
We now note down some basic properties of this measure.

E [12n[[0, 1]%]] = 1: one has, using Fubini,

E [1a[0, 1]7] = / E[QY(z)] dv = 1. (4.3)

[0,1]¢



E [(un[[o 1]d])2] < oo: For this notice in first place that X,,(x) + X,,(y) is Gaussian with mean

zero and covariance pn(az x) + pu(y, y) + 2p,(x, y). Hence, again by means of Fubini,

E [ (nall0 /[O . /[0 W ELQP @R w] sy

/[0 » E [exp (a (Xn(z) + Xo(y)) — %2 (pn(z, ) + paly, y)))} dzdy
/[O e~ % n@2) 42 00) E foxp(a (Xo(x) + X, ()] dady

_ / / o= 5 (D)) o5 (21249000420 0
0,14 Jjo, 1

= / / exp (a’pn(z, y))dady
[0, 1]¢ J [0, 1j4n{ yo£a}

(©) 1
< sup et HO) / ——zdady
z,y€[0,1]4, 27y 0,19 {y#e} ||z — y||Z

and for integrability it suffices to have % <d.

Finite energy: Now we show that the sequence of measures (i, has finite energy, so let a < d — “2—2
Then we have

1
el €| [ [
[0,1)4 J[0,1]¢ |z —yll
1
_ / e [0 @Q )] dedy
0,1¢ J0,1]¢ |z — QH
] ey
0,1]¢ 01d||1’—3/||a
e H @) dzdy
/()1]d/[01]d e =yt y||“+“2

1
< sup e *H(z.y) / / 1ip ¢y} dxdy <C.
0,1 J[0,1)4

z,y€[0,1]4

Step 2: Limiting measure with finite energy. An easy appllcatlon of Paley-Zygmund inequality shows
that

P (1 (D) > BE (D)) = (1 = b
which implies by (4.3)
1 (1—b)?

P (D) > ) = (1= Err 2 S Efn O

Also by Markov inequality we have that

- [1n (D)]
P (1n(D) > b7) < =EEZ2 =,
One can choose b so small that (1 — b)?/b > sup,, E [11,(D)?]. Hence there exists a v > 0 such that

(1-0)
sup,, E [ (D)?]

P(b<pn(D)<b™") =P (un(D) >b)—P (ua(D) 2 07") > ( - b> >0 > 0.

(4.4)
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Also, we get ¢ < oo such that

P (o) > ) < 22n E[C]oc(ﬂn)]

Now using the simple inequality P (AN B) > P (A) — P (B°) we get

<wv/2.

P(b< (D) < b, L(pm) < ¢) > % > 0.

Let us denote

C, = {w D un(D) € {b, ﬂ o (pn) < c} and C :=limsupC,,.

n—oo
From (4.4) it follows immediately that P (C) = lim, . P (Uy>,Ch) > lim, o P(C,) > 0. Let
us denote by M, the Borel measures such that ;(D) € [b, ;]. It is well-known by Prohorov’s theorem
that all finite positive measures on a compact metric space form a compact metric space again. Now,
if un e M, converges weakly to a measure 1 then for every bounded continuous functions we have
fD z)dp,(x) — fD ) and hence since the function constantly equal to 1 is a bounded
continuous functlon on D we have that pn(D) — p(D) and hence p1 € M. So M, is a closed subset
of a compact space and hence compact.

We have also that 1 — 1 ® i is continuous on M. This follows easily as [0, 1]d is compact; it is enough
to show the convergence for products of bounded and continuous functions by the Stone-Weierstrass
theorem. More precisely, if 1, weakly converge to p then

/ f(@)g(y)dpndpn(y) — / f(@)g(y)dp(z)du(y).

But since the integrals are finite the convergence follows by weak convergence and hence the continuity
follows. So by continuity of the functional now we have, for any K < oo,

Y(p) = // (m A K) du(z)du(y)

is continuous on M, and hence the functional y1 — sup ., I (1) = I, (1) is lower semi-continuous
of this subspace topology. The lower semi-continuity implies that the set M’ := {u € M : I,(u) < a}
for a < oo is compact.

Fix w € C, hence there exist n, — oo such that w € C,, and p,, (w,-) € {p : u(D) €
b, 3], In(p) < a} = M'. Now by the previous paragraph we have that M’ is compact, so there

exists a further subsequence 4, (w) Z pu(w) and p(w, D) > 0and I,(u) < oo fora < d — a.

Step 3: Construction of the rooted (Peyriére) measure (Kahane [16]). Let Y,,(x) be independent
(over n) Gaussian variables with covariance kernel given by p,,(z,y). Hence we have that X,,(z) has
the same law as > ;" , Yi(x). Note that for any bounded (measurable) subset A € [0, 1], u,,(A) is a
positive martingale W|th respect to the filtration F,, generated by {Y,,(z) : m < n}, hence it converges
almost surely. In fact, Step 1 shows that sup,,~; E [1,(A)?] < C < oo and hence 1,,(A) is a uniformly
integrable martingale and converges to some random variable C'4 in L?. The limiting random variable
satisfies the following two properties:

B for A and B bounded disjoint subsets of [0, 1]¢ we have that
Caup=Cyu+Cp almost surely / L?,

B for any family of bounded sets {A,, : A,, | 0} one has C4,, — 0 almost surely and in L. For
the almost sure convergence, note that as E [C'(A4,,,)] — 0, by Markov’s inequality C'(A4,,) — 0
with probability one.
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Now by applying [5, Theorem 6.1.VI] we get that there exists a measure v such that p,, converges weakly
to v in L? and almost surely. Note that by the weak convergence we have that

v(A) < liminf u,(A),

for A bounded open subset of [0,1]%. Also, by Fatou’s lemma we have that E[v(A)] <
E [liminf, . pn(A)] < liminf, .o E [u,(A)] = vol(A) < oo. Hence we have by the L? con-
vergence

E ()] = lim E [, (4)] = vol(4),

for every bounded open set A. Thus itis true that E [1/([0, 1]7)] = 1.

Now we construct the rooted measure using this v. Let us define a measure on [0, 1]? x Q as
M(dz, dw) = v¥(dz)P (dw) .

Note that by the previous observation M ([0, 1]¢ x ) = 1 and hence M is a probability measure. We
observe that for any g compactly supported (possibly random) it holds that

[ o) = [ gz

[0,1]¢

by L? convergence, from which also Lt convergence follow:

e| /[ ’”dgmu(dx)] ~ Jin € | /[ B o(on(d)] 5)

Step 4: Y,,(x) are independent under ). First note that X, (x) < Y i, Y;(z). Let us denote by

P@(z) = exp (aYn(x) - %Qﬁn(x,x)> .

This will help us to show that for all bounded positive continuous functions and N > 1

ST savanar =TT [ vatenan -
Note that (gx () := [T, fu(Ya(z)))

JTLstvonan =€ [ [ 11 fn<Yk<x>>u<da:>]

[071]d n=1

_E [ /[ 71]dgN<x>v<dx>}
“ lim E {/[o,ﬂd gN(x)“’“(dI)} |

k—o0

Choose k& > N and using the fact that Q () L Pl(a)(x) e P](\?) (x)--- P,ﬁ“) (x) we have that

e| /[ B ov(o(dn)| €| /[ @) P ) At




21

The last line follows since E [PTS{Z) (x)] = 1form > 1. Now we claim that {E [f,,(Y,.(z))P.(x)]} are
independent random variables in x. Let us define a new probability measure as

P'(dw) = P9 ()P (dw).

Now note that the law of Y,,(x) under P’ is given as follows
2

P'(Y,(z) € dy) = exp (ay — %ﬁn(x, x)) P (Y,(x) € dy)

1 2 2
= ex ( y (x,x) )dy
= —————ocxp (ay — 5 Pa(@,7) = 5
27Dy (z, x) 2 2pn (7, @)

. 1 ox _(y_a’ﬁn(x7x))2
B 27Dy (z, x) P ( 2pn(z, ) ) W

Therefore E |:fn(Yn<I>>P7(la)(l’)i| = E'[f(Z,)] where Z,, ~ N(ap,(z,x), p,(x,x)). So this gives us

/an n dM @ HEM fn n( ))qua)(x)}.

Finally we note that, by repeating the calculations above,

N

1111 n n (e)
H/fn ()M = n:lklﬂooE[ [071}dfn( Ya(@))dpue(z ] HE IJa(@) B )}

Step 5: Law of Y, under rooted measure. To recap, from the previous step we have that for a compactly
supported function

/ (Ya(@)AM = E [f(Ya(2) P9 (2)] = E[/(2)).

where Z is a random variable independent of = and n and is distributed like N (ap,(x, x), pn(z, ))
under P’. In particular, by taking smooth approximations to the identity function we get that

/Yn(:c)dM = a.
Set
Az, w) :=={w:z € T(a)}.

By the strong law of large numbers, A(z,w) has M -probability zero, and hence v(T'(a)¢) = 0 P-almost
surely. Hence v is a mass distribution on 7'(a).

Step 6: Uniqueness of the measures: Recall from Step 2 that we can find a non-null random set ('
where we can find a limit measure p(w, -) with finite a-energy for o < d — % Also we have along a
subsequence

(wEC/f ), (w, dx) —>/f w,dx),Vf € Cy(D ))>0.

On the other hand Step 5 yields a full-measure set S and a measure v(w, -) for which T'(a)¢ is P-almost
surely a null set:

(wES/f ), (w, dx) —>/f w,dx),Vf € Cy(D ))—1

So we have that for an appropriate subset of a probability space

Plw: v(iw,:)=pw,)) >PCNS)>0
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This in particular shows that P (w : I, (1) < oo, u(T'(a)) = 0) > 0 and hence this shows Claim 4.1.
We now complete the proof using a 0-1 law to prove {/, (1) < oo, u(7T'(a)) = 0} is a tail event.

Step 7: 0-1 law. Recall that {Y;(z) : = € [0,1]?} is a centered Gaussian process with covariance
given by pi (2, y). Also, we know that {X,,(z), z € [0,1]%, n € N} has the law of {3>_"_ Yj(z), z €
0,1]¢, n € N}. So

{xE[O,l]d: lim Xn(2) :a}i{xe[(),l]d: lim 20 ¥l ):a}.

n—oo n n—-+o00 n

Let us denote the sigma field generated by the process {Y,(z) : = € [0,1]?} by F,. Let ’T
0(U;s, F;)- Note that the sigma fields F; are independent. Denote the tail sigma field by 7 = [

We claim that B € 7. In fact, let
_ Yj(x) Yj(x) 1
j<m j<n

N>j m>n>N

n>0

We seethat A; € 7;and A; € 7, forany ¢ < j. Since we have

ﬂAj = { lim M = a}
j n——+oo n

Jj<n

ijf) = a} € 7; for any natural number j. So it follows by Kol-

mogorov’s 0-1 law that P (B) € {0, 1}. Since P (B) > 0 by Steps 5 and 6, we have that P (B) = 1
and this completes the proof.

we can see that {].imn—>+oo > i<n

O

Remark 4.1. The proof of Theorem 2.2 requires a different argument for white noise cut-offs. Step 1 in
fact can be said to hold eventually for i large enough, as Condition (C) holds from a certain ny onwards.
The limiting event C' described in Step 2 depends on the tail behavior of the measures ,, and hence
remains the same. What one should be careful about is the L? convergence of the martingale /1,,(A) in
Step 3 which is ensured by Doob’s martingale inequality, since

sup E [pn(A)*] < CE [ (4)°] < C.

n<ng

4.2. Proof of Theorem 2.3. Before we start the proof of Theorem 2.3, we state a useful claim which we
implement in the proof.

Claim 4.2. Let {G.(x),x € B(0,R),e € (0,1)} be a centered Gaussian process, such that for some
positive constant C

E[(Gulo) — Gl < 47

Then there exists constants C (depending only on C, d and R) such that

< Ciyv/—loge.

E[ sup G(x)

z€B(0,R)

Proof of Claim 4.2. Without loss of generality let us take R = 1, D = B(0,1) and let T'(z) be a
continuous, stationary, centered Gaussian process (indexed by x € D) with

Cov(T(x), T(y)) = %exm—pux — ),
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where 0 = 2C' and p is some positive constant less than €/2. Such a Gaussian process exists, see for
example [2, Lemma 2.1]. Using the factthat 1 — e~* > (x A 1)/2 we have that

E[(T(x/e) = T(y/e))’] =

=2 (1—exp(—plz —yle))

— 2Cov(T(z/€), T(y/¢))

I [9

L ole—ul
€
This shows that E [(G.(x) — G.(y))?] < E[(T(z/€¢) — T(y/€))?]. Hence by Sudakov-Fernique’s in-
equality ([1, Theorem 2.9]), we have that

E {sup Ge(x)] <E [supT(x/e)] =E [ sup T(z)] . (4.8)

zeD €D z€B(0,e1)

Now we can can apply Lemma 11.2 of Chatterjee [3] to conclude that

E[ sup  T(w)| < C(d)y/log N(B(0,1/e)),

z€B(0,e~1)

where, for A C R, N(A) denotes the 1-packing number. Since it is bounded by the 1-covering number
of B(0,1/¢), it is easy to see that N(B(0,1/¢)) is bounded from above by ¢~ and hence the claim
now follows from (4.8). L]

Now using Claim 4.2 we derive a proof of Theorem 2.3.
Proof of Theorem 2.3. First observe that Assumption (E) implies we can apply the modified Kolmogorov-

Centsov theorem as in Theorem 2.1 and derive that, for z € D = B(0, R) and € € (0, 1], there exists a
modification Z.(z) of Z.(x) such that for every v € (0,1/2) and a, b > 0 there exists M/ > 0 such that

~ ~ 1\ (||z — y|| + a1 — €2])”
Zel (‘/E) - Z€2 (y)‘ <M <10g g) (H H(1+l)71 2’) (4.9)
€

forallz,y € B(0, R) and €1, €2 € (0,1] and e2/¢1 € (1/2,2].

We work with a modification of the process and also use the same notation for the process and its
modification. First we show that
Z(x)

lim sup = 0. (4.10)
0 —loge

From Claim 4.2 we have that E [sup, . Z.(x)] < C'v/— log €. By Borell’s inequality ([1, Chapter 5.1]),

"

where ¢ = (sup,.p, E [Z.(2)?])"". Leta > 0 and if we choose €, := n~Y/4, r,, = 1/log &,°*/* then it

follows that
oo
>
=1

n

sup Z.(x) — E [sup Ze(a:)} ‘ > r) < Ce_c’"Q/Q, (4.11)

zeD zeD

= 1
sup Z,, () — E {sup Ze, (x)} ' > Tn) <C g 3 < +o0.
n=1

zeD zeD

Now by an easy application of Borel-Cantelli we have that sup,.p, Z, (x) = o(— log€,,) almost surely,

since 1225 — 0 as n — 4o00. Now we claim that due to continuity we can move from the discrete
- n
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sequence to the continuous sequence. We plug in (4.9) the choice of €,, = n-t/e

in order to have

andlete € (€,11,¢€n)

sup ZE(I) — sup ZEn (ZL’)
reD zeD

1\ e — €, b
< log; WgC(logn) = o(logn).

€n

This implies that [22zeD ZE(f)lggs‘;S””ED Zen@)l _, () and hence, using Z.(z) = Z(z) — Z., () + Z., (2)
Ze(z) —

—loge N
points, and we begin with the inclusion 7'(X,a) C T'(X, a) almost surely. The other follows similarly.

ffc()w) > a. Since Z(z)is a
g€

we get that lim sup__,, 0 almost surely. What is left to show is the equality of the set of thick

Letx € T'(X, a), then as a consequence of (4.10) it holds that lim sup,_,,
symmetric process in x, we have

X —Z X
lim inf 4 > liminf [ inf ﬁ + lim inf ﬁ
—0 —loge e—0 zeD —loge —0 —loge
Hence using lim inf,, z,, = — lim sup,,(—x,,) we have
X X
lim inf () > lim inf () =q
—0 —loge —0 —loge

This completes the proof of the fact that T'(X, a) C T'(X, a); reversing the roles of X () and X (x)
we get the other inclusion to complete the proof. 0
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6. APPENDIX

Lemma 6.1. If BB, is a symmetric operator on R? with Fourier muitiplier m/-) such that sup,cga m(§) =
¢/ < 00, then the characteristic functional L(¢) = exp (—3% (¢, B,,"¢) ,,) is a positive definite func-
tional and continuous in the Frechét topology of S(IR).

For our proof we will follow the ideas contained in Sun and Wu [25].

Proof. Let ¢ € S(R?) and s > 0, and define

10) = exp (— (0 56), ) = exp (5 (5%, 59%) ) = exp (50, ).

(6.1)
One clearly has L(0) = 1. The positive definiteness can be shown by verifying the condition

DY zE L — ) >0
=1 k=1

foralln € N, z1,..., 2, € Cand ¢y, ..., ¢, € S(R?). Let then i be a Gaussian measure on
V = span(¢y, . .., ¢,), with covariance matrix given by (<B’d/2¢k, de/2¢j>L2)i j ,, and hence

[ et - L)

=1,...,



25

for all ¢ € S(R?). Now (F here denotes the Fourier transform)

ZZkL <Z5k Z / ijke B 42(¢j—¢1),B~ d/2t> (dt)

j=1 k=1 k=1

).

Using the inequality that [e=* — e Y| < ||z — y|| we have that
1L06) — L) < | (B2, B420) - (B2, B2

=1{¢, B %) — (¢, B") |
= |(F¢, FB ¢y — (Fp, FB~ ) |

| (B©F - 19r) m(f)ds'
< c[1d -

Now it is easy to see that the map ¢ — ||®||2 is continuous in the Fréchet topology of S(RY). O

n n

2

p(dt) > 0.

i 26 ((B7%6;,B74/%)
J

J=1

Remark 6.1. Note that the Fourier multiplier for the Bessel operator B?, is (m — 47r||§H2)78/2 and thus
satisfies the above assumptions.

Lemma 6.2. The function

1/6 dU
o) = [ Falullz =)
1 U

_m \\

where kn,(2) = 5 [ e e~v/2dw, is positive definite for each € > 0.

Proof. In full generality, we will show that fx(z,y) = fb km(u(z=v) 44, js a positive definite functional for

a u

any 0 < a < b < oo. To this purpose we consider ¢ in C>°(R?). To show that

/ o(2)6(y) f (2, y)dady > 0
R4 JRY

we expand the expression as follows:

/ o(2)6(y) i (, y)dady
R? JR?

b 1 o0 u2'm2 r—y

= [, oo ([ (5 [T e ar) ) anay

R? x R4 « \2.Jo u

u?m Hz yl?

(27T)d/2/ /b /ooe L el dtd/2 /2 d
= — —u— dt dxd

m) t4/2 du
et Cm / / / o(x)o(y ( — > T, y) y e 2dt— dmdy

RdXRd m=u u

The semi-group property of the Gauss-Weierstrass heat kernel

e, ) = [ plt/2 22000022902
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is well-known. Hence we have

/Rd p o(2)9(y) fr(z, y)dzdy

e L ([ o) )
oo U (oot e

td/ 2 du
e 2 dt] } dzdy
u

u

et ([ (o ) ) (Lown(sn) )

td/Q
e dt] d“} dz
(% (%

:O(m)/Rd{/ab [/OOO </Rd¢(:v)p (ﬁxz) dx>2tzf _t/zdt] du }dz>0
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