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Abstract
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1 Introduction and main results

We consider a system of d stochastic heat equations on the unit circle driven by an infinite-
dimensional fractional Brownian motion BY with Hurst parameter H € (0,1). That is,

Ou; oBH
a%(t,x) = Aguilt, @) + (1), £>0, ze St (1.1)

with initial condition u;(0,2) = 0, for all i = 1,...,d. Here A, is the Laplacian on S' and
BH a centered Gaussian field on R, x S! defined, for all 2,y € S* and s,t > 0, by its
covariance structure

BB (to) BY (5,9)] =274 (£ 4+ 52 — |t = 5} Q (w,9) b1,

where Q is an arbitrary covariance function on S' and d;; is the Kronecker symbol. To
simplify our study, we assume that B is spatially homogeneous and separable in space;
therefore @ (z,y) depends only on the difference z —y , and we denote it abusively Q(z —y).

Note that because @ is positive definite, there exists a sequence of non-negative real
numbers {qy },cy such that

Qz—y)=> gneos(n(z—y)).

neN

This expression may be only formal for certain choices of the sequence {g¢,},, as these
pointwise values may explode, but this Fourier representation is always relevant if one
allows @ to be a Schwartz distribution. Examples will be given below where @ (0) is infinite
while all other values are finite (Riesz kernel case); another, also with @ (0) = oo, will show
that @ may not be equal to its Fourier series at any point (fractional noise case for small
Hurst parameter), but still allows a solution to (1.1). Any case with @ (0) = oo denotes
a distribution-valued noise B in space, for which the notation BY (¢, ) is only formal in
the parameter z.

The infinite dimensional fractional Brownian motion B, with values in L?(S'), can
also be defined using its random Fourier series decomposition as

BlH (t,x) = Z \/qTL(cos (nx) @',Hn (t) + sin (nx) 5{}7{ (t)) ,
n=0

where the sequences {ﬁ{i}neN and {ﬂ%}nem i € {1,...,d}, are independent and each
formed of independent one-dimensional standard fractional Brownian motions. Then, the
“mild” or “evolution” solution of the stochastic integral formulation of equation (1.1) is
given by the evolution convolution

u; (t,x) = i \/qTL<COS (nz) /Ot e (t=s) ZHn (ds) + sin (nx) /t e_”Q(t_S)ﬂgi (ds)). (1.2)
n=0

0

[TTV03] showed when such a solution exists, and more specifically, that the necessary and
sufficient condition for existence of (1.2) in L? (Q x [0,T] x S') (cf. [TTV03, Corollary 1])



is
(o.9]
g qnn_4H < 00.
n=1

The study of stochastic PDEs similar to (1.2), that is, using fractional Brownian noise in
time, is a fairly recent endeavor. Preceding [TTV03] was the particular case where B
is white in continuous space R (which would correspond to our case when ¢, = 1 for all
n) which was studied in [DPM02], where the solution exists if and only if H > %. The
topic is very active today; some recent results in directions tangential to ours include:
[MNO3] (evolution equations), [DMPO06] (solutions of semilinear equations), [QT08] (on the
stochastic wave equation with fBm), [BT07] (existence of the stochastic heat equation with
colored noise in R? and H > 1/2.) Our article is closer to the line of [TTV03]; in comparison
with this and other papers concerned with regularity (such as [SV06], see below), our article
is the first to manage sharp time-regularity results when H < 1/2.

This article goes beyond regularity issues, however. Herein we develop a potential theory
for the solution to the system of equations (1.1). In particular, given A C R we want to
determine whether the process {u(t,z),t > 0,z € S'} visits, or hits, A with positive
probability.

Potential theory for the linear and non-linear stochastic heat equation driven by a space
time white noise was developped in [1I-DKNO7] and [2-DKNO07]. The aim of this paper is to
obtain upper and lower bounds on hitting probabilities for the solution of (1.1). For this,
following the approach developped in [I-DKNO7] , a careful analysis of the moments of the
increments of the process u(t, x) is needed. In particular, this will lead us to solve an open
question which is the Holder continuity in time of the solution of (1.1) when H < 3. The
Holder continuity in space for the solution of (1.1) was studied in [TTV04] and the Holder
continuity in time when H > % is due to [SV06]. These are generalizations of earlier work
done for the stochastic heat equation with time-white noise potential: [SS00], [SS02].

Let us first state, in some detail, the path continuity results we obtain for the solu-
tion of the fractional heat equation on the circle (1.1), as these are a valuable immediate
consequence of our work. Assume that for all n large enough

Cn4H—204—1 < In < Crn4H—204—17 (13)

for some positive constants ¢ and C and « € (0, 1] with a # 2H. Our basic quantitative
result is the following bounds on the variance of the increments of the solution: for tg, 7 > 0,
for some positive constants ¢, C, ¢;,, Cy,, for all x,y € S, and all s,t € [tg, T,

ciole =y < Efllu(t,z) —u(t,y)[IP] < Cplz —y/*
clt— s < Blu(t,z) —uls,2)|?] <Ot —s/*"CH)
Here and throughout || - || denotes Euclidean norm in R

We then immediately get that u is S-Ho6lder continuous in space for any 5 € (0, ) and is
(-Holder continuous in time for any 8 € (0, § A H), but not for 3 equal to the upper values
of these intervals. All these results are true for any H € (0,1). Moreover, these results are
sharp for our additive stochastic heat equation (1.1): up to non-random constants, exact
moduli of continuity can be found (see the last bullet point below).

Let us consider some examples:
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e In the case where B is “white noise” in space, then u exists if and only if H > 1/4;
moreover u is (-Holder continuous in space for any 8 € (0,2H — %) and (-Holder
continuous in time for any 3 € (0, H — %) This follows from the above continuity
results because the white noise case is the case g, = 1: the appellation “white” reflects
the fact that all spatial Fourier frequencies are equally represented.

e In the case where BY has a covariance function in space given by the Riesz kernel,
that is, Q(z —y) = |z —y|™7, 0 < v < 1, we can prove that ¢, is commensurate
with nY~!. More specifically, we can show that ¢, = n7~!c(n) where ¢ (n) is function
bounded between two positive constants, because it can be written as the partial sum
of an alternating series with decreasing general term and positive initial term (see
Appendix A.1). Therefore, the solution of (1.1) exists if and only if H > T and u is
B-Holder continuous in space for any 3 € (0,2H — %) and (-Holder continuous in time
for any 3 € (0, H— 7). See [QT08] for the existence, uniqueness and Holder regularity
of the solution of the stochastic wave equation in R driven by a multiplicative infinite
dimensional fractional Brownian motion with H € (3, 1) and a space covariance given
the Riesz kernel. Note also that the condition H > % is the same as the one found in
the paper [BT07] (when 2 € R? instead of S').

e In the case where Bf behaves as “fractional Brownian noise” both in time and space
with common Hurst parameter H, then the solution of (1.1) exists if and only if
H > % Indeed, a wide class of examples fitting the description “fractional Brownian
noise” can be defined by assuming that g, = c(n)n'=2" where the function ¢ only
needs to be bounded above and below by positive constants. When H > 1/2, if one
prefers to work starting from the spatial covariance function @), one may stipulate
that B is has a Riesz kernel covariance, ie. Q(z—y) = |z —y[*" 2 = |z —y|?
with v =2 (1 — H) € (0,1), in which case one is in the situation of the last example,
with g, = c¢(n)n'~2# where the function ¢ was described therein.

On the other hand, if H < 1/2, no Riesz-kernel interpretation is possible with ¢, =
c(n)n'=2" no matter what the choice of ¢ bounded. Appendix A.2 contains another
interpretation in this case, which also works for H € (1/2,1). This interpretation,
which uses a differentiation construction, also allows a justification, for all H € (0, 1),
of why we use the appellation “fractional Brownian noise” in the case g, = c(n)n!=2H.
In all cases, i.e. for all H € (1/3,1), u is B-Ho6lder continuous in space for any

B € (0,3H — 1) and is f-Hoélder continuous in time for any (5 € (0, 3HQ_1).

e Similarly to the previous example, but more generally, to obtain a B¥ that behaves
like a fractional Brownian noise with parameter H in time and K in space, we can set
¢n = n' 72K (using the same justification as in the Appendix relative to the previous
example). This is equivalent to « = 2H + K — 1. In other words, the full scale of
fractional Brownian noise with H, K € (0,1) covers the case of Riesz kernels with
v = 2K — 1, and also extends to the case K € (0,1/2] which is not covered by the
Riesz kernels. We then get existence of a solution if and only if 2H + K > 1, and
the solution is then B-Holder continuous in space for any 5 € (0,2H + K — 1) and is
B-Holder continuous in time for any 3 € (0, %)



e In addition to the examples above, which are of Riesz, white noise, or fractional
Brownian noise type in space, we mention the classical Ornstein-Uhlenbeck (OU)
process, which uses Q(r) = exp(—ar), i.e. for small r, the squared canonical metric
is 2ar + o (r), so that the local behavior is very close to standard Brownian motion
(note that the corresponding B is a bonafide function in space), and corresponds
to ¢, < n~2 (see Lemma 2.1). We note then that hypothesis (1.3) is satisfied with
o = (4H + 1) /2, which can only work if H < 1/4. It is the fact that the OU covariance
is that of a bonafide function that creates this slight difficulty, but If instead one
interprets B”as an OU noise, i.e as the spatial derivative of a process with spatial
OU behavior, then ¢, < 1 i.e. a = 2H — 1/2, and the behavior is like the case of
white-noise in space (first example above).

e From Gaussian regularity results such as Dudley’s entropy upper bound (see [K02]),
we can state that if the upper bound in (1.3) holds, then the modulus of continuity
random variable

s lu (t,2) —u (t,y)| [ (t,z) — u(s,z)]
eyestsielto ] \ |7 —y[*logV2 (1 +1/ |z —y|) |t — s|@PM 1ogh/2 (14 1/ |t — s|)

is finite almost surely. Moreover, a (near) converse also holds: if the above random
variable (with logarithmic terms moved to the numerators) is finite, then the upper
bound in (1.3) holds for some constant C' < oo (see [TTV04, Corollary 1]).

[43

Those examples treat the case where the covariance is “white” or “Riesz type” in space,
but other interesting examples such as Bessel type covariance, Poisson kernel, etc. could
also be considered.

We now state the results of potential theory that we will prove in this paper. For this,
let us first introduce some notation. For all Borel sets F C R? we define #(F) to be the
set of all probability measures with compact support in F. For all y € Z22(R%), we let I 5(1)
denote the §-dimensional energy of pu; that is,

T() == / / Ks(|lz — yl]) p(de) pu(dy).

Here and throughout,

r—p if >0,
Kg(r) := < log(No/r) if 8 =0, (1.4)
1 if 8 <0,

where Ny is a constant whose value will be specified later in the proof of Lemma 4.1.
For all # € R and Borel sets F' C R, Capg(F') denotes the 3-dimensional capacity of
F'; that is,

—1
Capg(F) := Lei;{ o Iﬁ(u)] :

where 1/00 := 0.



Given 3 > 0, the g-dimensional Hausdorff measure of F' is defined by

H3(F) = lim inf {Z(Qm)ﬁ :F C U B(zi,ri), supr; < e} ,

+ .
=0 i—1 i=1 izl

where B(z,r) denotes the open (Euclidean) ball of radius r > 0 centered at 2 € RY. When
B < 0, we define #3(F) to be infinite.

Let u(S) denote the range of S under the random map r +— wu(r), where S is some
Borel-measurable subset of R, x S*.

Theorem 1.1. Assume hypothesis (1.3). Let I C (0,T] and J C [0,27) = St be two fived
non-trivial compact intervals. Then for all’T > 0 and M > 0, there exists a finite constant
cg > 0 depending on H, M, I and J such that for all compact sets A C [—M, M),

ey Cap,_g(A) < P{u(l x J)NA# 0} < cg H5_p(A).

where 8:=1 4+ (2Vv L).

Remark 1.2. (a) When B is white in time and space, that is, H = % and ¢, = 1 for all
n, Theorem 1.1 gives the same hitting probabilities estimates obtained in [1-DKNO7,
Theorem 4.6.].

(b) Because of the inequalities between capacity and Hausdorff measure, the right-hand
side of Theorem 1.1 can be replaced by c¢Capy_g_,(A) for all n > 0 (cf. [K85, p.
133)).

We say that a Borel set A C R? is called polar for u if P{u(S)NA # @} = 0; otherwise,
A is called nonpolar.
The following results are consequences of Theorem 1.1.

Corollary 1.3. Assume hypothesis (1.3) and let 3:= 1 + (2 Vv ).

(a) A (nonrandom) Borel set A C R? is nonpolar for u if it has positive d— 3-dimensional
capacity. On the other hand, if A has zero d— B-dimensional Hausdorff measure, then
A is polar for u.

(b) Singletons are polar for w if d > 3 and are nonpolar when d < (3. The case d = 3 is
open.

(c) Ifd > B, then
dim, (u(Ry x SY)) =3, a.s.

Let us consider the same examples as we had for the regularity statements.

6

H . . _ 1 _
e In the case where B is white in space, then a = 2H — 5 and 8 = 7.

e In the case where BY has a covariance function in space given by the Riesz kernel,
that is, Q(z —y) = | —y|™?, 0 <y < 1, then o« = 2H — % and 8 = 7~

5



e In the case where B is the fractional Brownian noise with Hurst parameter H > 1/3
in time and space, then « = 3H — 1 and 3 = 3}%1

e In the case where B is the fractional Brownian noise with Hurst parameter H in

time and K in space, and 2H + K > 1, thena =2H + K — 1 and g = %%

This paper is organized as follows. In Section 2 we prove the path continuity results of
u stated in the Introduction using fractional stochastic calculus. In Section 3 we obtain an
upper bound of Gaussian type for the bivariate density of u that will be needed for the proof
of Theorem 1.1. Finally, Section 4 is devoted to the proofs of Theorem 1.1 and Corollary
1.3.

In all the paper, cf, Cy will denote universal constants depending on H whose value
may change from line to line.

2 Regularity of the solution

We consider the two canonical metrics of u in the space and time parameter, respectively,
defined by

87 (z,y) :

E[fJu(
62(s,t) :=E

u(t,z) = u(t, )%,
[lu(t, z) = u(s, =),

for all z,5 € S* and s,t € R,.

The aim of this section is to obtain upper and lower bounds bounds in terms of the
differences |x —y| and |t — s| for the two canonical metrics above. These imply, in particular,
the Holder regularity of w that we have described in detail in the introduction. We begin
by introducing some elements of fractional stochastic calculus.

2.1 Elements of fractional stochastic calculus

In this section, we recall, following [NO6], some elements on stochastic integration with
respect to one-dimensional fractional Brownian motion needed for the analysis of the regu-
larity of w in time.

Fix T > 0. Let BY = (Bf(t),t € [0,T]) be a one-dimensional fractional Brownian
motion with Hurst parameter H € (0,1). That is, B is a centered Gaussian process with
covariance function given by

R(t,s) = E[BY(t)B1 (s)] = 27! (tQH s g 5|2H> .

Note that for H = %, BH is a standard Brownian motion. Moreover, B¥ has the integral
respresentation

BH(t) = /0 t KH(t, s)W(ds),

where W = (W (t),t € [0,T]) is a Wiener process and K (¢,s) is the kernel defined as

KM (t,s) = cu <t>H_%(t _gH by s%—HF<t>, (2.1)

S S

7



where cp is a positive constant and

}Xz):cH(;——H>lAZITH3(1—(1+TV{%>dr

(j) - (2.2)
oK™

It is important to note that “g— is positive if H > 1/2, but is negative when H < 1/2.
This negativity causes problems when evaluating the time-canonical metric’s lower bound.

We denote by & the set of step functions on [0, 7T]. Let .# be the Hilbert space defined
as the closure of & with respect to the scalar product

(L0, Ljo,6)) ¢ = R(t, s).

The mapping 194 — Bl can be extended to an isometry between .# and the Gaussian
space 7 associated with BH. Then {B(¢),¢ € #} is an isonormal Gaussian process
associated with the Hilbert space .#. For every element ¢ € 2, BY (¢) is called the Wiener
integral if ¢ with respect to B and is denoted

T
(A o(s)BH (ds).

For every s < t, consider the linear operator K* from & to L?([0,T]) defined by

t H
K70(9) = KM(1,9)0(9) + [ (60 = o(5) T —(,5) du

From (2.1) we get

(NI
D=

ag{;{(t, s) =cy <H — ;) (t—s)"

When H > %, since K (t,t) = 0, this operator has the simpler expression

t H
KM@z/Mm%;m@m

The operator K* is an isometry between & and L?([0,T]) that can be extended to the
Hilbert space 5. As a consequence, we have the following relationship between the Wiener
integral with respect to the fractional Brownian motion BY and the Wiener integral with
respect to the Wiener process W:

/¢@§Wﬁ=/Kw®WW%
0 0

which holds for every ¢ € #, which is true if and only if K;¢ € L([0,T)).
Recall also that when H > %, for any ¢, € ||,

E[/thﬁ(s)BH(ds) /Otw(s)BH(ds)} _ HeH - 1)/: ds/otdu¢(s)¢(u)\s—u|2H_2. (2.3)

Here the notation |77 designates the set of all functions ¢ € L?([0,T]) such that the
quantity on the right-hand side of formula (2.3) is finite for ) = ¢. The reader can also
consult the original work [AMNO99] for more details.



2.2 Space regularity

The next lemma gives a precise connection between a generic condition of the type (1.3)
and the Fourier expansion of a canonical metric for a homogeneous Gaussian field on the
circle.

Lemma 2.1. Let Y be a homogeneous, centered and separable Gaussian field on S' with
canonical metric § (x,y) = 0 (x —y) for some univariate function §. Then, there exists a
sequence of non-negative real numbers {r,}, . such that for any r € St

0% (r) =2 1y (1—cosnr). (2.4)
n=1

Moreover, if there exist constants ¢ and C positive, and o € (0, 1], such that for all n large
enough,

en~2l < < C’n_%‘_l, (2.5)

then for all v close enough to 0,

Vkaer® < 6(r) < /Ko Cr?, (2.6)

where ko and K, are constants depending only on a. More specifically, the upper bound
(resp. lower bound) in (2.5) implies the upper bound (resp. lower bound) in (2.6).

Proof. We start proving (2.4). Let C(x,y) denote the covariance function of Y, that is, for
any x,y € S*,
ElY (#)Y (y)] = C(z,y),

where C depends only on the diference x — y. Because C' is positive definite, it holds that
there exists a sequence of non-negative real numbers {7}, . such that

C(z,y) = Z rn cos (n(x —y)) .

neN

Hence, for any r € S*,

*(r) =E[(Y(0) = Y(r)?] =2 ra (1 —cosnr).

n=1

This proves (2.4).

We now prove the second statement of the lemma. We begin proving the upper bound
statement. Assuming that the upper bound of (2.5) holds for all n > ng > 1, we restrict
r accordingly: we assume ng < [1/r], that is, » < 1/ng. In this case, we immediately get



r? < r2®, We write

no—1 (1/7] o0
27162 (r) = Z rn (1 —cosnr) + Z rn (1 —cosnr) + Z rn (1 — cosnr)
n=1 n=ng n=[1/r]+1
no—1 (1/7] oo
< max {rn} Z (nr)? + Z Cn~%=1 (nr)? 42 Z Cn 201
o n=1 n=1 n=[1/r]+1
[1/7]
< nl max {ro}r? 4+ Cr? Zn_QO‘—H +2 Z Cn 21
n=1 n=[1/r]+1

< r?72ng max {r} 1% 4 CCar® (1/r)” 2a+2+2cc’ (1/r)”

<2C (Ca + 20;) e

provided r < ry := min{l/no; (Ca + 2CY) [nd maxp<n, {rn}]l/ @ 2a)} where C,, and

C!, are constant depending only on a. It is elementary to check that C/, can be taken as
1/ (2a). If a € (0,1/2), then one checks that C, can be taken as 1; while if a € [1/2,1],
and we assume moreover that r < ro := (1 — 2a)_1/(2a), then C, can be taken as a~!.
In other words, when a < 1/2, we obtain the upper bound of (2.6) for all » < r;, with
Ko = 4(a™t+1), while when a € [1/2,1], we obtain the upper bound of (2.6) for all
r < min {ry;ro} with K, = 8a~!. In fact, the formula K, = 8a~! can be used for both
cases.

In order to prove the lower bound on ¢ (1), we write instead, still assuming r < 1/ny,
that

27162 (r Zrn 1 —cosnr) Z —2a=1(1 — cosnr)
[ﬂ/(27")} [r/(2r)]
>c Z n~2271 (1 — cosnr) > ¢(1 — cos1) Z n—2e1
n=[1/r]+1 n=[1/r]+1

e () (50 )

—2« T
>r®e(l—cos1) (3)  (5-1-2r),
> r“¥c(1 —cosl) 5 5 r

Note here that 1 —cos1 > 0.459 and 7/2 —1 > 0.57. It is now clear that choosing
r < ro:=min{0.035;1/no}, we get

6% (r) > r?%¢ (1 — cos 1) (w/2)**

which proves the lower bound of (2.6) with ko = (1 — cos1) (7/2)"** for all r < ry. The
proof of the lemma is complete. ]

This lemma can be applied immediately, to find sharp bounds on the spatial canonical
metric of u; the almost-sure continuity results also follow.

10



Corollary 2.2. Let H € (0,1), to > 0 and t € [to,T] be fized. Assume hypothesis (1.3).
Then the canonical metric o, (x — y) for u(t,-) satisfies, for all r enough close to 0,

Vkace (to, T, H)r™ < 6; (r) < VKoCOC (to, T, H)r?,

where ko, and K,, are constants depending only on «, ¢ (tg, T, H) and ¢ (to, T, H) are constant
depending only on to,T and H and ¢,C are the constants in (1.3). In particular, u(t,-) is
B-Hélder continuous for any B € (0,a). More specifically, up to a non-random constant,
the function r — r¢ logl/2 (1/r) is an almost sure uniform modulus of continuity for u (t,-).

Proof. Let (B8 (t),t > 0) be a one-dimensional fractional Brownian motion. Let t; > 0
and t € [to,T] be fixed. From the proof of Theorems 2 and 3 of [TTV03] we deduce that
there exists positive constants ¢ (to, T, H) and C (to,T, H) such that

t 2
c(to, T, H)n " <E [( / e =gl (ds)) ] < C(to, T, H)n ™.
0

Thus, appealing to (1.2), we find that for all n sufficiently large,
2¢ (to, T, H) n™* g, (1 — cos(nr)) < 62(r) < 2C (to, T, H) gun (1 = cos(nr))

Then hypothesis (1.3) and Lemma 2.1 conclude the first result of the corollary.

The second statement of the corollary, which is a repeat of one of the continuity results
described in the introduction, is proved using the arguments described therein as well. In
fact, a simple application of Dudley’s entropy upper bound theorem is sufficient (see [K02,
Theorem 2.7.1]). We do not elaborate further on this point. O

2.3 Time regularity

We now concentrate our efforts on finding sharp bound on the time-canonical metric of w.
The bounds we find for H > 1/2 were essentially already obtained in [SV06], although
the result and its proof was not stated explicitly therein, an omission which we deal with
here. When H < 1/2, no results were known, either for upper or lower bounds: we perform
these calculations from scratch. This portion of our calculations is very delicate. As in the
previous section, our new estimates can be used to also derive almost sure regularity results.

Proposition 2.3. Let H € (0,1). Assume hypothesis (1.3). Let T > 0, ty € (0,1] and
s,t € [to,T] with |t —s| < % be fized. Then the canonical metric 0y (t — ) for u (-, z)
satisfies for every x € S*

oot — s <62 (8 — 5) < Cyy |t — 5N, (2.7)

where ¢y, .1 and Cyy 1,1 are positive constant depending only on to,T and H. In particular,
u(-,x) is B-Ho lder continuous for any 3 € (0,5 A H).

In particular, u(-,x) is f-Holder continuous for any B € (0,5 A H). More specifically,
up to a non-random constant, the function r — ra/t logl/2 (1/r) is an almost sure uniform
modulus of continuity for u (-, x).

11



Proof. The statement on almost-sure continuity is established using the arguments de-
scribed in the introduction, or simply by applying Dudley’s entropy upper bound theorem
(see [K02, Theorem 2.7.1]). We detail only the proof of (2.7), separating the cases H > 1/2
and H < 1/2.

Fix T > 0, tp € (0,1] and s,t € [to,T] such that |t —s| < %0 We assume without loss of
generality that s < ¢. Following [SV06, Section 2.1], it yields that

5§(5,t) = qolt — s|2H
S e (ter) _ g (s—r)) gH Lo g g VT (28
+§janH/ (€ = gl + [ ) <dr>} }
n=1 0 s

where {(B(t),t > 0)},>1 is a sequence of fractional Brownian motions.
In order to bound the last expectation we consider two different cases:

Case 1: H > 1. In [SV06, (15)] it is proved that 02(s,t) is bounded above and below by

CHY
wlt — s+ > n4; + > Cuanlt — s
n2(t—s)>1 n2(t—s)<1

Taking ¢, and o € (0, 1] from hypothesis (1.3), we obtain that 62(s,t) is bounded above
and below by
et — 5P+ 1t — s|%) = enlt — 5|t — sPH 1),

Hence, as 2H > 1 > « > 0, the upper and lower bounds of (2.7) follow for H > %
Case 2: H < % We prove the upper and lower bound of (2.7) separately.

The upper bound. In order to prove the upper bound of (2.7), we start estimating the
expectation in (2.8). Using the results in Section 2.2, we have that

s t 2
E [( / <e”2<”> —6"2(57‘)) BH (dr) + / e~ (=) gl (dr)> ] <2 + I+ 2I3, (2.9)
0 s
where
= / (K2 f(r)dr, f(r)=e (77 —emmlmn),
0
t
I = / (K;g(r))2dr, g(r)=e """, (2.10)
b= [ (ia(r) = Kigr)Par
We next study each term Iy, I and I3 separately. We will compute the order of each
serie Z;:g qnl;, for i =1,2,3, for g, as in (1.3). For this, we will separate the sum in two
terms: n%(t —s) > 1 (tail) and n?(t —s) < 1 (head). We will then prove that the tail of the
series are of order |t — s|* for all the terms, and the heads are of order |t — s|*"?H) for I,

and I3, and of order (|t — s|* ) 1 |t — 5|%) for Is.

12



We start estimating I;. We write

n<2 [(wensora e [ [vw - o2 wna) o

= 2[171 + 2[1’2.

(2.11)

Using Lemma A.1 and the change of variables 2n?(s — ) = v, we have

s
1171 < CH/ (S o 7,,)2H—1,r2H—1(e—nQ(t—r) o 6—712(3—1"))2 dr
0

cH ) 2n2s v 2H—1
= —g(l—e™ (t_s))z $— o v 1ev do.
n 0 2n

By Lemma A.2, it yields
CH 204
L1 < —(1—e ™92,
1,1 = n4H( € )
We now treat I; 2. Using Lemma A.1 and the change of variables s —r = v, s —u = v/, we
have

Lo <ech(l-— e_”z(t_s))Q/ dv (/ dv' (v — v’)H_3
0

0

|
—~
<.bl
3
[N
<.
Cb|
3
N
<
~—
N———
[\o}

By the change of variables v — v’ = u, we find

s v 2
Lo <cp(l-— 6_”2(t_5))2/ dv e~ 2 </ du uH_%(e"QU — 1)) )
0 0

Then using [TTV03, Lemma 2] with a = n? and A = H — £, we conclude that
CH —n2(t—
Lo < —(1—e ™ E9))2,
1,2 = TL4H( € )
Writing /7 1 and I 2 together, we get
CH —n2(t—
I < —(1—e M E9))2,
1> ’I’L4H( e )

We now separate the sum in (2.8) in two terms, as n?(t —s) > 1 (tail) and n?(t —s) < 1
(head), and take g, and « € (0, 1] from hypothesis (1.3). Then we obtain for the tail of the

series
Z g 11 < cy Z n2el < cglt — s|®.
n2(t—s)>1 n2(t—s)>1

For the head of the series, use the inequality 1 — e™* < z, valid for all x > 0, to get

c(t ,H _n2(t—s Cn2(t—s)\2—
Z qnl1 < Z an (no4H )(l—e (t=5))2H (1 _ g=n*(t=s))2-2H
n2(t—s)<1 n2(t—s)<1

< cult— 27 Z pAH—20-1
n2(t—s)<1

13



‘We now bound Is.

t t t 2
I, < 2/ (K (t,r)g(r))%dr + 2/ dr</ du (g(u) — g(r))aa—[u((u, 7‘))
=211 + 2125.

Using Lemma A.1 and the change of variables 2n%(t — r) = u, we have

t
I < CH/ dr (t — p)2H-1p2H =1 =202 (=)
S
2n?(t— 2H-1
_ ‘H (=) du [+ — u w2 -1,-u
- n4H 0 2”2 .
Using Lemma A.2, we obtain for the tail of the series
Z qnl21 < cH Z n=20 <eglt — 5|
n2(t—s)>1 n2(t—s)>1

For the head of the series, as |t — s| < &, we have

cto, H) (71 2= 2H-1
Z Q’IZIQ,I S Z dn n4H 5 0 duu

n2(t—s)<1 n2(t—s)<1

< CH|t - S,ZH Z n4H72a71.

n2(t—s)<1

This proves that Zn2(tfs)§1 qnl2,1 is of the same order as an(tfs)gl grnI1 which we calcu-

lated above to be of order |t — s|*N2H),
We now bound I 2. Using Lemma A.1 and the change of variables t —r = v, t —u = v/,

we have
t—s v 3 . ) 2
Iy < CH/ dv </ dv'(v—o)I"2 (e —e™ “)) ,
0 0

Using the change of variables n?(v — v') = y and 2n?v = z, we find

2n2 (t—s) x/2 2
Iro < Cﬂq/ dee™™ </ dy yH*%(ey - 1)>
n 0 0

Appealing to [TTV03, Lemma 2] with @ = n? and A = H — %, we obtain for the tail of the

series
Z qnl22 < cH Z n=2 <eglt — 5|
n2(t—s)>1 n2(t—s)>1

For the head of the series, we have

cH 2n2(t—s) 1/2 5 2
g QnIZ,Q < Z an/ dx (/ dyyH—i(ey _ 1)>
0 0

n2(t—s)<1 n2(t—s)<1

< cglt — s Z n~2t <yt — 5|
n?(t—s)<1

14



We now estimate I3.

s s t 0K 2
I < 2/0 (K (1 1) —K(s,r))Q(g(r))er—l—2/O dr(/s du (g(u) —g('r))au(u,r)>
= 2[3’1 + 2[372.

By Lemma A.1, we get, for every r < s < t,

1
K(t,r)— K (s r):(t—s)/o %f(s—i—v(t—s),r) dv
1
< e (t— s)/ ls+v(t—s)—r[T32dv (2.12)
0
<en ‘(s ) g r)H*W" . (2.13)

We now separate the evaluation of the integral in I3; depending upon whether r is
bigger or smaller than s — (¢ — s) /2. In the first case, we evaluate

Bagi=m [ R ) = K (s
—(t—s)/2

Here, we have s —r < (t — s) /2 and t — r > t — s; therefore, using ( 2.13), we have

I < cp /:(tsw ((1 + 2H*1/2) (s — T)H—1/2>2 (=) g

< cge ) / (s—r)*"tdr
(t—s)/2
= ce 79 (1 — 5)?1
For the head of the series, we find

Z nl3z11 < cu (t— 5)2H Z n4H—2a—17

n2(t—s)<1 n2(t—s)<1

which is bounded above by ¢yt — s]aA(QH ) while for the tail of the series we have

a1 —m2(f—
Z qn13,1,1§CH(t—8)2H Z pAH—2a—1,—n?(t—s)

n2(t—s)>1 2(t—s)>1

< —5) pAH—20a-1
CH /t s)_1/2 e
(t—s) / eV A 20 Ydy = ey (t — 5)°

Second we evaluate

s—(t—s)/2 ) )
I31 0 := / (K (t,r) — K (s,r))"e™ =) .
0

15



Here, we have s —r > (t — s) /2; we simply use (2.12) where an upper bound is obtained

T‘H73/2 H-3/2,

by replacing |s +v (t —s) — by |s — | ; the latter can now be bounded above

by 23/2-H |t — 3|H_3/2. Thus

sram—y [T,
L <cplt—s*" / e gy,
0
This estimate will not help us in the case n? (t — s) < 1. In the other case, we have
Z Gnlszio <cplt— s Z nAH—20-3 ;—n(t—s)
n2(t—s)>1 n2(t—s)>1
o0
<ecplt— s / pAH—2a=3 —a2(t=s) 7.
(tfs)_l/2
[ee]
=cy |t . S|2H71 (t o S)*2H+a+1 / y4H—20—3€_y2dy — oy (t B S)CY ‘
1

The third and last step of the estimation of /31 is the sum for n? (t—s)<loflzia. In

this case, we use (2.13) and obtain an upper bound by bounding (s — T)H_1/2 —(t— T)H_1/2

above by cg (t — s) (s — )7 73/2. Thus
g [0/ 2H—3 2H
Is12<cy(t—s) / (s—r) dr <cpg(t—s)"".
0

This proves that an(tfs)ﬂ qnls12 is of the same order as an(tfs)gl qnl31,1 which we

calculated above to be of order |t — 5| \2H),

We now bound I3 5. Using Lemma A.1 and the change of variables s —r = v, s —u = v/,
we have

s 0 9
IS,Q < CH€2”2(ts)/ dv </ d’t)/(’l) - U/)Hfg(@*n%' _ en2v)> )
0 s

—t

Using the change of variables v — v’ = u, we find

2 s 2 vH(t—s) 3 2 2
I35 < cpe (t_s)/ dve " ”(/ duuH_ﬁ(e” v — 1)) .
0 v

Appealing to [TTV03, Lemma 2] with @ = n? and A = H — %, we obtain for the tail of

the series
—2a-1
Z anl32 < cH Z n= " < cglt — s|”.
n2(t—s)>1 n2(t—s)>1

In order to evaluate the head of the series, we separate the evaluation of the integral in I3 »
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depending upon whether v is bigger or smaller than ¢ — s, that is,

s v+(t—s) 3 2
I35 < CH/ dv </ duuH2>
0 v
t—s v+(t—s) 2 s v+(t—s) 2
:cH{/ dv (/ duqu> +/ dv </ duuH§> }
0 v t—s v

{/ dvv?H=1 4 dvv*H=3(t — 5)2}
0

t—s
(t

Therefore, Zn2(t—s)§1 gnl32 is of the same order as ZnQ(t_S)Sl gnl3,1 which is of order
‘t _ S‘O‘A(QH).

Use all the estimates above, together with (2.8), to conclude that

IA

CH
CH

t—s
s)2H,

IN

52(s,t) < cn (|t — s 4 |t — 5|) < iyt — | H).
This proves the upper bound of (2.7) when H < 1/2.

The lower bound: We now estimate the lower bound of the expectation in the case H < 1/2.
We write

s t 2
B K / (enz(tr)_enz(sm> BH (dr) + / e—n2(t=T) 551(&)) } =L+ L+13+1, (2.14)
0 s

where I, I and I3 are as in (2.10), and

I = /0 (KEF)) (K7 g(r) — KZg(r))db. (2.15)

We will prove that the serie )y @n(I1 + I + I3 + I4) is of order (¢ — 5)%, and that the
tail of the serie of the first term I; are the ones that contribute on that order. First note
that Iy, Is,Is > 0, but Iy = I4,1 + I472 + 1473 + 14,47 where I4,1,]472 > 0 and 1473,1474 <0
(see (2.17) below). Hence, it suffices to find a lower bound for }_  ¢n(I1 + Is3+ I44). In
fact, it suffices to find a lower bound for the tail series ZneSK qn(I1 + Is3 + I4.4), where
Sk = {n eEN:n?(t—s) > K} for some (large) constant K > 1 which will be chosen later.
We will prove that for some constant K > 1 sufficiently large, the serie ), sy dnl1 is bigger
than 23 ¢ qn|la3| and than 43 o gy |l14], and is of order (¢t — s)*K ™. This will
imply the desired lower bound.

We start by finding a lower bound for I;. We have Iy := I 1+ 11 2+ I1 3, where I ; and
I 5 are as in (2.11), and

ha=2 [ dr K ) [ du(i - 1) G ().

The change of variables s —r =v,s —u = w,v — w = v’ gives

—n?(t—s)\2 ° —2n2y ! /aK / n?u’ 2
L =(1-e ) dve K(s,s—v)+ | du %(u,O)(e -1 .
0

0
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Appealing to Lemma A.1 in the appendix, and the change of variables n?u’ = u,n?v = z,
we obtain

2 2

L > ;ﬁl(l—e_ 2(t_s)) / dxe™® ( H—3 _ f—H / duuf’=2(e" —1))

2
¢ —n s 2x L —2/u
> n47HH( - (t=5)y2 / dxe” (H 2—(2—H)/0 duuf=2 (e —1))

- :ﬁl(l—e n?(t-5))2, (2.16)

as the last integral is finite and positive.
Next we evaluate I4. We write Iy = I41 + Iy + I4 3 + 144, where

MJ{KWK@MﬂMKwH—K@MMM
zu—/Umw0ﬂ>/mu<>gm@?wm

oK oK (217)
/m/m %<>/M<>mwww
oK
Iy = / dr(K(t,r) — / du(f f(r)— 5 (u,r).
0 U
Now, note that Iy1,142 > 0 but Iy3, 144 < 0.
We claim that, for some subset S C N,
Z inl > 2 Z dn |I4,3’7 (2.18)
neSk neSk
Z qnli >4 Z n |14l s (2.19)
neSk neSxk

where ¢, and o € (0,1] are as in hypothesis (1.3) and Sk := {n € N:n?(t — s) > K} for
some (large) constant K > 1 which will be chosen later.
Assume (2.18) and (2.19) proved. We write, using (2.16),

o0

Z agnlh > cp(1 — 6_1)2/ draz™2bi=cl 4t —s) K™ (2.20)
neSk 2\/?/\/15—5 ’

Because Iz, I3, 141,142 > 0 and using (2.18), (2.19) and (2.20), we find

ZQn(II+IQ+I3+I4) > Z qgnl1 — Z qnlla3| — Z qn |14

neN neSK neSk neSk

Zi Z QnII

neSk

> can i (t— )"
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Therefore, by (2.8) and (2.14), we conclude that
62(s,t) > qolt — s|*H + cx|t — | > |t — 5|2 ),
This proves the lower bound of (2.7) when H < 3.

We finally prove (2.18) and (2.19).

Proof of (2.18). Using Lemma A.1 and the change of variables s —r = 1/, s —u = u/,

s—v=0v,7r —u =u" " —v =" n*u =z, n*" = v, we find

TLZS T
a3] < cu (1 — e_”z(t_5)> e_"Q(t_S)n_4H/ dre %" (/ duuf=3/% (et — 1)>
0 0

x4+n2(t—s)
X / dvv =32 (e —1) .

Note that with the exception of the factor e™*(=5) in |I, 3|, the combination of all the

terms in Iy and I4 3 are in fact largely similar, which makes this portion of the proof quite
n?(t—s)

(2.21)

delicate, and in particular, to exploit the factor e~ , we must restrict the values of
n?(t — s) to being relatively large, which explains the choice of Sk above.

Our strategy is to bound the sum over n € Sk of g, |I43] above as tightly as possible
by performing a “Fubini”, dragging the sum over n all the way inside the expression for
Y5 In |11 3], and evaluating it first using some Gaussian estimates. That these Gaussian
estimates work has to do with the precise eigenvalue structure of the Laplacian, not with
the Gaussian property of the driving noise.

We proved in (2.20) that the contribution of I; is bounded below by an expression of
the form ci% g (t—s)* K%, where c:;’ g depends only on o and H. We will now show that

> nllusl <y (t—s) K7 (2.22)

neSk

for some B > «, where Ci, g depends again only on H and a. Even if Ci, g is much

larger than ¢l ;;, one only needs to choose K > (2¢2 ;/ch; )Y/(P=®) to guarantee that the
contribution of I 1 exceeds twice the absolute value of the contribution of I, 3 as announced
in (2.18), which implies that even though the latter is negative, the sum of the two exceeds
(C}LH/Q) (t —s)* K=%, i.e. for some K depending only on H and a.

First, for fixed z, we perform the announced Fubini, which means that, instead of
having the integration and summation limits for n and v as n > /K/ (t — s) first and
r <v<z+n?(t—s)next, we get instead x < v < co and

n>max{\/K/(t—s),\/(U—x)/t—s}
=(t—s)""*/w-2) VK.
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Therefore, bounding (1 — 6*"2(’&*5)) by 1, and n?s by oo, we have

Z In |13 < CH/ dre </ duu=3/2 (e — 1))
0 0

neSk (2.23)
X </ dv v =312 (e“—l)S(K,v—x,t—s)),

where the term S (K,v — z,t — s) is defined by a series which we compare to a Gaussian
integral as follows

S(K,v—xz,t—s):= Z n—20—1,—n?(t—s)
n>(t—s)"1/2y/(v—2)VK
< /OO dy y—2a—1€—y2(t—s)'
y>(t—s)"1/2\/(v—x)VK

Using the change of variable w? = (t — s) y?, we have

S(K,v—x,t—s)<(t— s)o‘/ dw w20 e’
v (v—z)VK
<(t—9)° (v —2)V K)—a—l/Q/ dw e
(v—z)VK

Now, using the classical Gaussian tail estimate fjo dwe " < 2*1A*16*A2, we get
S(K,v—mzt—s) <27 (t—s)((v—1z)VEK) > e VK (2.24)

Combining (2.23) and (2.24) we have immediately

o0 T
> gnllugl <cn(t- S)a/ dw e (/ uft =32 (e — 1) du)
0

neSk 0

=cu (t—s)° eKKo‘l/ do e (/ duu™=3/% (ev — 1)> (2.25)
0 0

o+ K
X </ dv o =3/2 (e — 1)>

+ ey (t—s)* /Doo dre (/x w32 du, (e — 1)) (2.26)

0

X </ dv v =32 (¥ — 1) (v — )™ e_(”_$)> )
z+K

We separate the last expression into various terms. We will calculate first the term in
line (2.25) by separating the z-integration over x € [0, K] and = € (K, 00), which we denote
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by Ja31 and Jy 32, respectively. The term in line (2.26), which we denote by J4 32, can be
dealt with more directly. We now perform these evaluations.

Term Jy3.1. We write
K T
Jus1i=ch(t—s)" eKKal/ dze 2® </ du w32 (e — 1))
0 0

z+K
X (/ dv v =3/2 (e — 1)>
<ecp(t—s) e KKr—ol / dx e %" (/ duufT=3/2 (e — 1))
0 0

2K
X (CH + / dv o372 (¥ — 1)> .
1

Now, integrating by parts, we get
2K
/ dv v —3/2 (e —1) < cyeX KHFY2,
1
The last two estimates imply immediately that
Jusg <ecp(t—s)* KotH-1/2
which proves the contribution of Jy 31 in (2.22).

Term Jy32. We write

z+K
% (/ dv H 3/2

Juzo:=cg(t—s)" e KK~ 1 dxe (/ du u—3/2 (e" — 1))
0
<ecpy(t—s)” e_KK_O‘_l dx e~

")
</0 duufT=3/2 (e — 1)>
LH=3/2 (ex+K _ e"”)

<cy(t—s)” K_O‘_l/ dw e T2 =3/2 (/ duu™ =32 (et — 1)>
0

K

<ecg(t—s)* K1 / dx e TgH—3/2 <CH + 633/ du uH—3/2>
K 1

<en(t—s)° o1 (KH—3/26—K + KH—1/2)

<y (t—s)* K—oTH=3/2,

which proves the contribution of Jy 32 in (2.22).
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Term Jy33. The last part of the estimation is that of

J4,373 = CH (t — S)a/ dx 6_296 (/ uH_3/2 (eu — 1) du>
0 0
X (/ dv v =3/2 (e —1)(v— x)_a_l e_(”_gc))
z+ K
<cpg(t—s)” KH_3/2/ dre ™. </ duu™ =32 (e — 1))
0 0
X (/ dv (v — :U)O‘l)
z+ K
=cam(t—s)* K~ atH- 3/2/ duut~ 3/2 </ dre” “”>

= cqo (t — ) K_O‘+H_3/2/ =32 (% — 1) e “du
0

= o (t—s)* KoHH=3/2 |:CH + / uH3/2du}
1

= Cop (t —8)* K—OTH=3/2,

Therefore, (2.22) holds taking § = a + 1/2 — H which is greater than o as H < 1/2.
The proof of (2.18) is now finished. O

Proof of (2.19). By (2.12) and Lemma A.1, we have

Lol < en(t—s) /O (s =) ) [ - )" ) - £0))

Using the change of variables s —r =1/, s —u = v/, — v = v,n’v = u,n’r’ = z, we get

2

[44] < vy 2(t— s)e "2(ts)(1—en2(ts))/() d:szgeh/O duqug(e“— 1).

Bounding (1 — e_"2(t_5)) by 1 and n2s by oo, we get

—n2(t—s) )

nAH- 2(t_ s)e

We will now proceed as in the proof of (2.18); that is we will prove that there exists a
constant CH depending only on H such that

> ullual <y (t—s) K7, (2.27)

neSk

for some 3 > a. It then suffices to choose K > (40%1/0}{,a)1/(3_a) to get (2.19).
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We now prove (2.27). We write

o0

Y anllsal <cult—s) / dx g~ 20+ =7 (t=9)

nESK K/(t—s)
=cy(t—s)* / dyy~20tlev
VK

<cg(t—s) K271 / dy 2ye™
VK

< CH(t _ S)aKf(aJrl),
which proves (2.27) taking 5 = o + 1 and concludes the proof of (2.19).

This finishes the proof of the entire proposition.

3 Gaussian upper bound for the bivariate density

We denote by pya:s,y(-,-) the (Gaussian) probability density function of the random vector
(u(t,z),u(s,y)) for all s, >0 and z,y € S! such that (t,z) # (s,y).
For every fixed real number 0 < o« < 1 we consider the metric

A((t,2); (s,9)) = |z —y[** + [t — 5| G, (3.1)

In this section we establish an upper bound of Gaussian type for the bivariate density
Ptasy(-,-) in terms of the metric (3.1). This will be one of the key results in order to
show the lower bound of Theorem 1.1. The estimates obtained in the previous section to
prove space and time regularity are nearly sufficient to obtain the results in this section.
The following further improvement is needed, which deals with precise joint regularity (see
[1-DKNO7, (4.11)] for the space-time white noise case).

Lemma 3.1. Assume hypothesis (1.3). Fiz tg,T > 0. Then there exists cg > 0 such that
for any s,t € [to, T, =,y € S, with (t,) is sufficiently near (s,y), and i =1, ...,d,

i At @) (s,9) < E[(wi(t,2) —ui(s,y))°] < cnA((t,2);(s,9)). (3.2)

Proof. The upper bound in (3.2) is a consequence of the upper bounds of Corollary 2.2 and
Proposition 2.3, and the following inequality

E [(uz(t,x) — ui(s,y))Q] < 2{E [(ul(t,x) — ui(s,x))Q] +E [(uz(s,x) - ui(s,y))Q]}.

We now proceed to the proof of the lower bound in (3.2). By Corollary 2.2, there exist
c1,c2 > 0 such that for all t € [to, T, z,y € S*, with x is sufficiently near y, and i = 1,...,d,

cie —yP* S E[(ui(t,z) — wit,y))?] < ol —y**. (3-3)

Moreover, Proposition 2.3 assures the existence of cs,cq > 0 such that that for any s,t €
[to, T, x € S, with t is sufficiently near s, and i = 1, ..., d,

ey [t — s[* ) <E [(ui(t,2) —ui(t,y))?] < ealt — 5[ (3.4)
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Let us now consider two different cases.

Case 1: |t — s|*"2H) < ol — y|?@. Appealing to the lower bound in (3.3) and the upper
bound in (3.4),

E [(Uz(tw%') - ui(37y)>2] =E [(ul(t7x> - ui(tay) + ui(t7y) - ui(s7y)>2]

> SE [(ualt, ) — it )] — B [(ualt0) — uils 0))?
1

> —cilz — y** — calt —

S‘a/\(ZH)
5 .

Because of the inequality that defines this Case 1, this is bounded below by

TP
c1 20 CLAC  anem)
> —|r — < It =
> glr—yl* + o=t = s|
> min (%,%4) A((t,z);(s,y))-

This completes the proof of the lower bound in (3.2) in Case 1.

Case 2: |t — s[*"\CH) > %]m — y|?*. The proof of this portion is identical to Case 1, by
using the upper bound in (3.3) and the lower bound in (3.4), and writing

E[(wi(t,z) —wi(s,y)?] = BE[(ult,z)—ult,y) +ult,y) —wi(s,y))?]
> 3 [(us (00) = s (5,00 = B [ (5,2) = 5,9)°]

which yields the lower bound min (%, %) A((t,z);(s,y)). This completes the proof of
Case 2.

Case 3: %|x —yP> > |t — s[NCH) > iz — y|?®. Note that it suffices to prove that,
B [(ui(t, ) — uils, 9))?] > clt — s|*"C). (3.5)

Indeed, because of the lower bound inequality that defines this Case 3, this is bounded

below by
C C1

24cy
which proves the lower bound in (3.2) in this Case 1, provided that (3.5) is proved.

Cc a «
5lt = sl N2H) 4 |l —y** > dA((t,2); (s,y)),

Proof of (3.5). We write
B [(ui(t,2) = uwi(s,9))?] = qolt — s> + ) qu{#1 + #3},

n=1
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where

W =E H / s(cos(nx) e 1) — cos(ny) e ) B, (dr)
0
2
+ /t cos(nz) e (t=r) ﬂn(dr)} ],
W =E [{/S(sin(m:) e =) sin(ny) 6_n2(5_r)) By (dr)
0

2
+ /t sin(nx) e~ (t=r) ﬁ;(dr)} ],

where {8, }nen and {3, }nen are independent standard fractional Brownian motions.
Now, because the further calculations use fractional stochastic calculus we need to con-
sider the two different cases, namely H < % and H > %

Case H > 1. In this case a A (2H) = a and (3.5) is proved in [SV06] for the case z = y.
Straightforward computations using (2.3) give

E [(ui(t,z) — ui(s,y))?]

o0
e S R T T A

n=1

+e R, 4 2e <e”2t — cos(n|z — y|)e"23> .[3}

oo
> qolt — S|2H + Z qn{(e—nzt _ e—nzs)QII + e—n21212 + 2€—n2t(€—n2t _ e—n25)13}7

n=1
s s )
/ dw/ dv e™ (w-i-v)’w _ U’ZH_2,
0 0

t t
I, = / dw/ dv 6"2(w+”)]w — 72
S S

s t
I3 :/ dw/ dv e”z(wﬂ)\w — o2,
0 s
Hence, using the results of [SV06, Section 2.1 and (17)] and (1.3), it follows that

E [(ui(t,z) —ui(s,9)*] = qolt = s +en(t =" Y a
n?(t—s)<1

>cp((t—s) +(t—9)%) > eyt —s)°.

where

I

This proves (3.5) when H > 1.

Case H < % It is elementary to see that by (2.14), #4 > I +14, where I; and I, are defined,
respectively, as I; and Iy in the previous section (see (2.10) and (2.15)), but replacing f
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and g by

F(r) = cos(nz) e ™) — cos(ny) e, G(r) = cos(na) ",

Similarly, # > I + I, where I; and I4 are defined, respectively, as I; and I but replacing
f and g by

f(r) = sin(nz) P sin(ny) e (s, g(r) = sin(nx) e (=),
Therefore, the proof of (3.5) when H < 3 is similar to the control of I; from below by |4
in the previous section; yet it is less delicate, because the hardest estimates we will need to
use are one which were already obtained therein. Indeed, proceeding as in (2.16), we find

L+ > ;—HH{(COS(nx) e (t=s) _ cos(ny))? + (sin(nx) e (t=s) _ sin(ny))?}

= %{672"2(’&75) +1—2cos(n|z —y|) e ™ =
n

CH _n2(i—s
> 7147H(1_6 (t ))2 (36)

Here we see that the case where x = y is the worst case, in the sense that the lower bound
(2.16) obtained for I is a lower bound for all I + I, uniformly in ¢, z, s, y.

Moreover, simple calculations yield very similar formulas for the four terms in I, + Iy
as we had found for Iy itself in (2.17); namely we have

I~471 +Iy = /08 drK (s,r)h(r)(K(t,r) — K(s,1))g(r),

I~472 + Iy = /OS drK s, r)h(r)/ du(g(u) — g(r))%f(u,r),
hatha = [ ar [ dulnt) = ne) Gt [ doo(e) = 9 G 1),
FoatTua = /0 Cdr(K (6 r) — K(s,7)g(r) / " du(h(u) — h(r))aa—f(u,r).
where
h(r) = e (=) _ cos(n|z — y|) e (s=7)
= () (efnz(tfs) — cos(n|z — y\))
= e 0. (3.7)

In other words, for each j = 1,2, 3,4, the formula for I~47j + 1:4,]' is identical to that of Iy ;,
with f replaced by h. Also recall that

f(r)= G (67”2(#5) - 1) = 67n2(37r)hs,t,x,z-

We see here that f is always negative, while it is much more difficult to control the sign of
h. Luckily, for any r, the sign of h(r) is the sign of the fixed coefficient h ., defined in
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(3.7). When hg ., is negative, we will be able to use calculations from the previous section

directly. When hg ;. is non-negative, we will instead compare fl +1; with ‘Ilm + f471‘ and
‘—f4,2 + f4,2‘ .
Case hgt.,y < 0. Note that, in this case, I~4,1 + f4,1 > 0 and I~472 + f472 > 0, while

the other two sums are negative. Therefore, identically to the proof of lower bound in the
previous section, we only need to show that for sufficiently large K, still using Sx = {n :

HQM__S‘EiI(L
Z go(h+ 1) > 2 Z Gn |3+ In3| (3.8)
neSk neSK
Z gn (L1 + 1) > 4 Z In I~4,4+f4,4’- (3.9)
neSk neSk

This is not difficult. Indeed, we have that both f and h are decreasing, and for all u € [r, s],
h(w) = h()] = (e =)

< (e = ) gl = 1 () = £ ()],

Hence, exploiting the fact that all the terms in the products defining the I3 as well as
I, 3 + I43 have constant signs, we can write

)1:473-1-]_4,3) = /SdT/SdU’h(U) |‘
< [Car [Cauls - 01| G

[ aetote) ~ o) | G 0

/S lglo) - a(0) |, (1)

and similarly we get ‘j4’4 + f474‘ < |I44|. Since the lower bound on L+ 1 in (3.6) is as

large as the lower bound (2.16) on I;, the proof of the lower bound in the previous section
implies both (3.8) and (3.9), which finishes the proof of (3.5) when hy; ., < 0.

Case hstzy > 0. Here we cannot rely on prev1ous calculations. Indeed, in this case,
143 + I43 >0 and I44 + I44 > 0, while 14 1+ I4 1 and I4 2+ 142 are negative, and we must
therefore control their absolute values. As in the previous case, we only need to prove that
for K large enough,

Z gn(l1 + 1) > 2 Z n f4,1 + Iy1], (3.10)
neESK neSk
Z Qn(jl + 1) >4 Z dn j4,2+1:4,2’~ (3.11)
neSk neSK

Unlike the last section where the full sum had to be invoked to obtain the required lower
bounds, here it is possible to prove that the above two inequalities hold without the sums,
i.e. for any fixed n € Si. These fact are established in Appendix A.4.

This proves (3.5) when H < % The proof of the lemma is thus complete. ]
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Proposition 3.2. Assume hypothesis (1.3). Then for all to, T, M > 0, there exists a finite
constant ciy > 0 such that for all s,t € [to,T], z,y € S* and 21, 20 € [-M , M]?,

) —d/2 _ 21 = =l
Prassy(#1:22) < e (AL, 2): (s,9)) " e | X a—smi=s |-

Proof. Let p} .., (-,-) denote the bivariate density of the random vector (u;(t, ), ui(s,y)).
Note that p?x;s’y(- ,-) does not depend on 1.
We follow [DN04] and [1I-DKNO7]. As in [DN04, (3.8)] and [1-DKNO07, (4.10)], we have

that
1 o ’Zl — 22‘2
xp | 2L 21
T 2Mos T P 472

pi,w;s,y(zl’ 22) <
ey (I (L
472 202,)"

where
Ot,a;s,
2= 0't2,a: (1 - p?,w;s,y) s Ptx;s,y — ﬂv Ut%w = E[(UZ(t’:U))Q]
Ot,x0s,y
T4 e
m = wv Otzis,y = Cov (ui(t, ), ui(s,y)).
US,ZJ

We now show the analogues of (4.12) and Lemma 4.3 in [1-DKNO7] in the case of the
fractional heat equation. Fix s,t € [tg, T], =,y € S'. We claim that the following estimates
hold:

012 — 05y < crlt — s (3.13)
CHA((t,2);(s,y)) < 07,02, — 0Py < e A((t,2) (5, 1)), (3.14)
(07 — Otasy| < cr [A((E,2); (s, y))]"2. (3.15)

Indeed, in the proof of Proposition 2.3 we have proved that

t 2
E[(/ efnz(tfs)ﬂf (ds)> } < cglt — s|*.
0

Therefore, using [1-DKNO07, (4.31)], we have

010 — 0yl < cmlop, — o3, | < cult — s
where ¢y does not depend on ¢ € [tg,T]. This proves (3.13).

We now prove (3.14). Let 77,.., = B[(ui(t,2) — ui(s,y))?]. Then using [1-DKNO7,
(1.42)],

1
Ut?,ng,y B O—t27x§87y - Z (’)/t%z;s7y - (O—t71’ - O—szy)Q) ((o—t,(E + O—sfy)Q - 7152,39%5731) : (316)
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By Lemma 3.1,77, ., < ¢A((t,x);(s,y)). Therefore, the second factor of (3.16) is bounded
below by a positive constant when (¢, ) is near (s,y). Furthermore, Lemma 3.1 and (3.13)
yield

Yisw ~ (T = 0oy)? Z cnA((t,2)5(5,9)).

This proves the lower bound of (3.14) provided (¢, x) is sufficiently near (s,y).
In order to extend this inequality to all (t,2) and (s,y) in [to, T] x S*, note that by the
contuinuity of the function (¢, z, s,y) — 0’152,33‘73,3, - at%x;s,y, it suffices to show that

O—tz,:cag,y - Ut%a:;s,y >0 if (t ) .’E) 7é (3 ) y)

If this last function was equal to zero there would be A € R such that w;(t,x) = Au;(s,y)
a.s., which is a contradiction to the lower bound in (3.2) and the fact that A((¢,z);(s,y))
is zero only if (¢,2) = (s,y). This completes the proof of the lower bound of (3.14).

In order to prove the upper bound of (3.14), use Lemma 3.1 to see that the first factor
in (3.16) is bounded above by cg A((t,x);(s,y)). As the second factor in (3.16) is bounded
above by a constant ¢y, the desired upper bound follows.

It remains to prove (3.15). Use [I-DKNO07, (4.47)] to find

|J1$2,$ - O't,:v;S,y| = ‘/yz.r;s,y + Cov (ul(t ’ :E) - ui(s ’ y) 7u’i(5 5 y))|
< '.)/Zas;s,y + Vtas,y0s,y
<eu [A((t,2); (s, )],

where we have used Lemma 3.1 twice in the last inequality. This implies the desired bound.
Finally, introducing inequalities (3.14) and (3.15) into (3.12) and using the independence
of the components u1, ..., ugq, the proposition follows. O

4 Proof of Theorem 1.1 and Corollary 1.3

In order to prove Theorem 1.1 we will follow the approach developped in [1-DKNO07] ex-
tended to our situation. For this we shall state and prove the versions of Theorem 2.1(1),
Lemma 2.2(1), Theorem 3.1(1) and Lemma 4.5 in [1-DKNO07] needed in our situation.

The first result is an extension of [I-DKN07, Lemma 2.2(1)] (take a = 1/2, H = 1/2
and d = 3).

Lemma 4.1. Let I and J two intervals as in Theorem 1.1. Then for all N > 0, there exists
a finite and positive constant C = C(I,J, N) such that for all a € [0, N],

dt d d d e—a2/A((t,CC);(S7y)) < CK 4 1
fi e [ [ Sty = i@ 6D

where A((t,z);(s,y)) is the metric defined in (3.1).

Proof. Write a := 2a and a2 := aA(2H). Using the change of variables & = ¢t — s (¢ fixed),
0 =z —y (z fixed) we have that the integral in (4.1) is bounded above by

1 1] . a2
4|IHJy/ da/ do (4 + 22)~ /zexp<—>. (4.2)
0 0

@ + 5o
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A change of variables [a®! = a?u, 72 = a?v] implies that this is equal to
5o, fHloa? [Jj*2a=? L ar—lyag ! 1
Caor Tas d/ du/ dvd/Zexp<—>. (4.3)
0 0 (u+v) u+v

Observe that the last integral is bounded above by

Pass to polar coordinates to deduce that the preceding is bounded above by I} + Iz(a),
where

d

KN~? 141 4 4
I ;:/ dpper 22 " 2 exp(—c/p),
0

Ka™? 1,1 d
Ix(a) := /KN_2 dppei a2,

where K = |I|** v |J|*2. Clearly, I, < C < oo, and if d # 2 + 2, then

_2_ 2 Nd_i_L
1 1 d (o e 7, — a)  ag
— KarTa; 2%
Iy(a) = Ko1 " e2 R —
ai | az 2

2 4 2
Ifd> 2+ 2, then Iy(a) < Cforallac [0,N]. Ifd < 2+ 2, then Ip(a) < Ca” w1722,

Ia) =2 [m <61L> + ln(N)] .

Finally, if d = 2 + 2, then

Hence, we deduce that for all a € [0, N], the expression in (4.3) is bounded above by

C’de(lJrl)(a), provided that Ny in (1.4) is sufficiently large. This proves the lemma. [
g

aj
The next result uses the proof of [I-DKNO07, Theorem 2.1(1)] applied to our situation

and establishes the lower bound of Theorem 1.1.

Theorem 4.2. Assume hypothesis (1.3). Let I C (0,T] and J C [0,27) be two fized non-
trivial compact intervals. Then for all T > 0 and M > 0, there exists a finite constant
cy > 0 such that for all compact sets A C [-M, M|,

c Capy_g(A) < Plu(l x J)NA# 0},
where 8:=1 4+ (2v 1).

Proof. The proof of this result follows exactly the same lines as the proof of [I-DKNO7,
Theorem 2.1(1)], therefore we will only sketch the steps that differ. It suffices to replace
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their 3 — 6 by our d — 8 with 3 := é + (% Vv %) Moreover, if p; »(y) denotes the density of
u(t, ) solution of (1.1), then we have that for all y € [-M, M]¢ and (t,z) € I x J,

pt,x(y) = (27-(-0-2 )*d/2€_||y||2/(2(7t2,z) > cy, (44)

t.x

which proves hypothesis A1 of [I-DKNO07, Theorem 2.1(1)]. On the other hand, our Propo-
sition 3.2 proves hypothesis A2 with A((¢,z);(s,y)) defined as in (3.1).

We then follow the proof of [I-DKN07, Theorem 2.1(1)]. Define, for all z € R¢ and
€>0, B(z,¢) == {y €RY: |y — z| < ¢}, where |z| := max;<;<q 2|, and

1
Ju(z) = W/Idt /de Lo (ult,2)).

In the case d < 3, follwing as in [I-DKNO07, (2.30)] and using Proposition 3.2, we find that
forall z € A C [-M , M]% and € > 0,

E[(Je(2))?] < cH/Idt/Ids/de/de AT2((t,2); (s,9)).

Then instead of [1-DKNO7, (2.31)], we get following as in (4.2) and using [1I-DKNO07, Lemma
2.3], that for all z € A C [-M , M]? and € > 0,

1] ||
E [(JE(Z))Q] SCH/ du / dv (u2a +UQA(2H))fd/2
0 0
1] J
< CH/O du \IJIJLd(%/\H)(U a)

1]
do
We will then consider the different cases: d < % \Y % , % \Y % <d<
d= % \% % This will prove the case d < (.
The case d > (3 is proved exactly along the same lines as the proof of [I-DKNO07, Theorem
2.1(1)], appealing to (4.4), Proposition 3.2 and Lemma 4.1. O

+(2V %) and

Q=

The following result is an extension of [I-DKN07, Lemma 4.5].

Lemma 4.3. Assume hypothesis (1.3). For all p > 1 , there exists Cp g > 0 such that for
all e >0 and all (t,x) fized,

E sup Ju(t,2) —ul(s, y)|I’| < Cpue’, (4.5)
[A((t) 5(s,))]'/2<e
where A((t,);(s,y)) is defined as in (3.1).

Proof. Tt suffices to prove (4.5) for each coordinate u;, ¢ = 1,...,d . We proceed as in
[I-DKNO7, Lemma 4.5], that is, we will use [1-DKN07, Proposition A.1] with S := S, =

{(s,9) = [A((t,2);(s,9))]"? < e}, p((t.2),(5,9) = [A((t,2);(s,9)]'?, pldtdz) =
dtdz, U(z) :=el*l — 1, p(z) := z, and f := u,.
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Moreover, by (3.2), the random variable ¢ defined in [I-DKNO07, Proposition A.1] sat-

e u(t ) — w(s.)|
ui(t,x) —ui(s,y
E[?] <E [/ dtd:c/ ds dy exp< - ’ )] < cpé,
€ € [A((t?x)7(87y))]1/2
where 8 =2 + (£ v 2).

The rest of the proof follows exactly as in [I-DKNO7, (4.51)] and is therefore omitted. [J

The next result uses the proof of [I-DKNO07, Theorem 3.1(1)] applied to our situation
and establishes the upper bound of Theorem 1.1.

Theorem 4.4. Assume hypothesis (1.3). Let I C (0,T] and J C [0,27) be two fized non-
trivial compact intervals. Then for oll T > 0 and M > 0, there exists a finite constant
cg > 0 such that for all Borel sets A C [—~M, M]?,

P{u(I x J)NA# 0} < cy Hg—p(A),
where 8:= 1+ (2v 1)

Proof. When d < 3, there is nothing to prove, so we assume that d > (3. For all positive
integers n, set ¢} := k2—n/a xy = (2~ @n/a)V(n/H) anq

Il? = [ Z? 2-1-1]7 ng = [Igax?—&—lL RZ,E = Il? X Jén

Then for all Ry, CcIxJ, there exists a constant ¢y > 0 such that the following hitting
small balls estimate holds for all z € R% and ¢ > 0,

P{u(Rg ) N B(z,¢) # 9} < crel. (4.6)

Indeed, as {u;(t,x)}i=1,.q are independent, centered, Gaussian random variables, with vari-
ance bounded above and below by positive constants, and such that the upper bound in (3.2)
and Lemma 4.3 hold, the proof of (4.6) follows exactly along the same lines as the proof of
[1-DKNO7, Proposition 4.4]. Note also that because {u;(t,x),u;(t},x})} is a 2-dimensional
centered Gaussian vector, the random variables Y}, and Z}', defined in [1-DKNO07, (4.58)]
are independent. 7 ’

Finally, the result follows directly from [1-DKNO7, Theorem 3.1(1)] replacing their 3 by
d and the 6 by our . O

Proof of Theorem 1.1. Theorems 4.2 and 4.4 prove the lower and upper bounds of Theorem
1.1, respectively. O

Proof of Corollary 1.3. (a) This is an immediate consequence of Theorem 1.1.

(b) Let z € R If d < 8, then Cap,_4({z}) = 1. Hence, the lower bound of Theorem 1.1
implies that {z} is not polar. On the other hand, if d > 3, then J_g({z}) = 0 and
the upper bound of Theorem 1.1 implies that {z} is polar.
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(c) Theorem 1.1 implies that for d > 1: codim(u(R;4 x S')) = (d — 8)™; where codim(FE)
with E a random set is defined in [I-DKNO7, (5.12)]. Then, when d > 3, [1-DKNO7,
(5.13)] implies the desired result.

The case d = ( follows using exactly the same argument that lead to the result in
[1-DKNO7, Corollary 5.3(a)] for d = 6, and is therefore omitted.
O

A Appendix

A.1 Riesz-kernel example

We consider the example of the Riesz kernel. There, we assume that @ (z) = ||~ for some
v € (0,1). We then first need to show that this is a bonafide homogeneous spatial covariance
function on the circle (that this is such a function in Euclidean space is well-known, but
here we are restricted to the circle). In other words, we need to show that

oo
Q) =3 gnoosna,
n=0

where {g, }nen is a sequence of nonnegative real numbers. Since @ is integrable, we simply
calculate the values g, by (inverse) Fourier transform: using the symmetry of @, and some
scaling, we obtain

s s
n = / e x| 77 dx :2/ cos (nz) ™ Vdx
0

—T

nim
= 2n7_1/ cos (z) ™ "dx
0
n—1
= 7y k),
k=0

where r (k) = 2f,§:+1)ﬂ cos (x) 7 Ydz. We can calculate this r (k) a bit further: using an
integration by parts, we get

(k+1)m
r(k) = 27/ 27 sin (z) dx
k

™

L (k+1)m
= 29(-1) / 277 sin (2)| dz.
k

™

Hence we do indeed have, as announced in the Riesz kernel example, that ¢, = n?"!c(n)
where ¢ (n) is the partial sum of the alternating sequence with general term 2r (k). Also as
announced, we clearly see that 7 (0) > 0, and it is trivial to prove that |r (k + 1)| < |r (k)|, by
simply using the change of variable 2’ = x — 7, and the fact that sin (z/ + 7) = —sin (2/).
The partial sums of such an alternating series are always positive since the first term is
positive. All the claims in the Riesz-kernel example are justified.
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A.2 Fractional Brownian example

In the fractional Brownian noise class of examples, with H < 1/2 and where g, = c(n)n!=2#

for some function ¢ which is bounded above and below by positive constants, the Fourier
series representation Q (z) = Y oo c(n)n!=2 cos (nz) is only formal because this series
diverges even as an alternating series. Yet we can interpret BY as the spatial derivative
of a process similar to space-time fractional Brownian sheet. Indeed, consider the centered
Gaussian field Y (¢, z) which is fractional Brownian in time with parameter H, and has
spatial covariance equal to R (z,y) = R(0) — |z —y|*". This field, which is spatially
homogeneous on the circle for fixed t, is not the usual fractional Brownian sheet on the
circle since the latter is not spatially homogeneous. However, the reader will immediately
check that BY and the standard fractional Brownian sheet share the same canonical metric
(standard deviation of their increments), which means that their increments have the same
regularity and scaling properties. Using exactly the same calculations as in the Riesz-kernel
case above, but this time with v = —2H, we can still invoke the fact that 277! is decreasing,
since 2H — 1 < 0, and thus R (z,y) can be written as R (0) + >_°0; ¢ (n) n=27~1 cos (nx)
where, as in the previous example, ¢ (n) is the partial sum of a positive alternating series.
It is then easy to see that Y can be represented as

#) = VRO Bos () + 3 v/emn =2 cos (n2) By (1)
n=1

+ > Velmn 2 sin (nx) B (1),
n=1

where {B;, i }nen and {anH}neN are independent sequences of IID standard fractional
Brownian motions. If one then defines the noise in the heat equation formally (i.e. in the
sense of distributions) by

0
By (tv $) = %Y (t7 J}) )

a factor n comes out in the Fourier representation, and one gets that By can be written,
in the sense of distributions, as

Z\/i ~HHY/2 cos (na) By ( +Z\/7 ~HH2in (nz) B i (1) 5

from which the formula ¢, = c(n)n'=2 follows, i.e. the formal expansion Q(z) =
> ye(n)n~ 2t cos (nz) follows immediately. This justifies using the scale n!=2# as
the covariance’s Fourier coefficient in order to construct a space-time fractional Brownian
noise. Note that this justification also works when H > 1/2.

It is instructive to note that one can also formally write
0 0
T — = E|=—Y(l,z) =Y (1,
Q(z—y) 5 ) )8y(y)
— (0%/0ndy) o~y = 2H (2H — 1) |o — "2,
which is not integrable at the origin (x = y) when H < 1/2, which explains why one cannot
use the pointwise Fourier and/or the Riesz-kernel representation in this case.
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A.3 Estimates of the kernel K7

We have the following estimates on the kernel K% .

Lemma A.1. Let tg,T > 0 be fized. Then for any H < % and s,t € [to, T] with s < t,
there exist positive constants c(to, T, H) and C(to, T, H) such that

D=

Y

clto, T, H) "Mt = 5)" 2 < K™ (t,5) < clto, T, H)(t — )"~ 2 5"

Clto, T, H) ™ (H — 1)t — )3 < P21, 5) < Clto, T, H)(H — )(1 — 5)/"

Proof. Theses estimates follow immediately from (2.1), (2.2) and [DU97, Theorem 3.2] [

The following is a two real variable technical result that is used several times in this
paper.

Lemma A.2. Letty > 0 fized. Then for any s > tg, there exists a positive constant c(to, H)

such that
2n?s v 2H—1
/ <s - 2> v e du < ¢(tg, H).
0 2n

Proof. We write, following [TTV03, eq. (25)],

2n2s v 2H-1
$— vl gy
0 2n

Svom—1 [°° om-1 2 \2H-1 2ns v\
< (2 - —leg—vyg — _ —vd
_(2) /0 v e Y dv+ (n”s) /n (s 2n2) e "dv

2g

n2s V! 2H-1 ) ,
< CHtOszl + (n28)2H1/ <2 2) o (2n7s—v') 17
0 n

< C(to, H) + CHtOQH—1e—n25(n2S)2H
< C(to, H) + C(to, H) sup e “2*"|

r>s

< Clto, H).

A.4 Further covariance calculations

Proof of (3.10) . With the notations of the proof of Lemma 3.1, we will show that for K
large enough and for all n such that n? (t — s) > K, when h¢ s, > 0,

I~1+I_1 >2‘I~4,1+I_471‘. (A1)

This will prove (3.10).
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Using Lemma A.1, and the trivial bound hy 5, < 2 applied to (3.7), we have
0K
. ('LL, 7a)

s t
‘14,1 +I4’1‘ = / drK (s,r)h(r) (/ 50 du) g(r)
0 s
< CH/ dr (5 — )12 gn?(t+s=20) ((S _ 2 r)H_l/z)
0

_ CHe—n2(t—s) /s dr rH=1/2 (TH—l/Q 4t S)H—1/2) o= 2%
0

We evaluate the integral above by splitting it up according to whether r exceeds n=2. We
also assume that n? (t — s) > 1, i.e. we restrict K > 1. Hence

n—2
/ dr H-1/2 (TH—I/Q (4t S)H—1/2> o~ 2n%r
0

-2

< / dr rH-1/2 <7,H—1/2 (2t — 28)H—1/2)
0
-2

_ / dr (T2H71 _ pH=1/2 (2t — 28)H71/2>
0

< cHn_4H.

The other piece is

° dr vH-1/2 (R H-1/2 _ +_ g H-1/2) j=2n’r
/n_2 ror (7‘ (r+t—-s) )e

s , )
< CH/ dr 7QH71/2 (t . S) T,H73/2672n r_ CH (t o S)/ dr 702H72672n r
n—2 n—2

2

n4s
— cHn_2n4_4H (t . S)/ dx l_2H—2e—2x
1

< cgn 4 p? (t—s) /oo dp 2H2e22
1
=cpn Hn?(t—s).
In conclusion, we get
)—f4,1 + I_4,1) <chn M (1402 (t—s)) o 2(t—s)

Since the function x — (1 + x) e~* decreases to 0 as = increases to oo, we only need to choose
K sufficiently large such that for all n with n? (t — s) > K, f471 + 1:471‘ < 2_10}{n_4H(1 —

e*”Q(t*s))2 < 1:1 + I_l, where c}{ is the constant in (3.6). This completes the proof of
(A.1). O

Proof of (3.11). We now show that for K large enough and for all n such that n? (t — s) >
K, when hy 5 > 0,

I~1+f1 >2‘I~472+j472‘. (AQ)
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This will prove (3.11).
Again using Lemma A.1, and the bound h¢ s, < 2 applied to (3.7), we have

- - s t 0K
ot ] = ey [ @kt [Cautata) - o) | G )
0

S

s t
< CH/ d?"(s . T)H—l/Qe—nQ(s—l-t—r) / du (€n2u o em%) (u o T)H_3/2.
0

s

We cut this integral into three pieces. First calculate the piece for u > s 4+ n=2:

S t
/ dr(s — r)H=1/2en"(s+t=7) / du (6"2“ - e"QT) (u—r)H=3/2
0 s+n—2

s t
< / d’I"(S _ T)H—l/Qe—nz(s—i—t—Qr) / duenz(u—r) (u _ T)H_3/2
0 s+n—2
s ) (t—r)n?
_ n—2H+1 / dT(S - T)H—l/Ze—n (s+t—2r) / exJ:H—S/Qd:C
0 (s—r)n2+1

sn? ) y+n2(t—s)
_ n4H/ dy nyl/Qefyefn (t—s) / exfo?)/de.
0 y+1

Now, for any fixed constants yo (H) and y; (H) such that y; > yo + 1, the above term with
the y-integral restricted to y < yo can be written as follows:

Y y y+n?(t—s)
n4H/ Ody yH71/2€fyefn2(tfs) /1 ema:H3/2dx+/ e H=3/2 4,
0 y+1 Y1

Yo
< n_4H/ dy 4172 (e_"2(t_s)c (H,y1) + y{{_gmeyo) .
0

We now choose y; and K large enough such that for all n with n? (t — s) > K and for any
choice of 79, the above equation is smaller than cgn™*H with ¢z < 27tk (1 - e_”z(t_s))Z,
where cl; is the constant in (3.6).

For the other part of the integral in y we get

sn? ) y+n?(t—s)
n4H/ dy nyl/Qefyefn (t—s) / exfo?)/de
Yo y+1
sn? y+n2(t—s)
< 4 / dy yZH—Qe—ye—n2 (t—s) / e da
B Yo y+1

2

sn
< 7’L_4H/ dy y2H—2

Yo

—4H,2H-1
< cgn Yo ’

and it is sufficient to take gy large enough to ensure that this last expression is smaller than
cgn~* with ey < 271ek (1 - e~ (t=5))2,
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Now we calculate the piece for u € [s,s +n~2] and r € [s —n~2, s]. This yields a piece
bounded above by

s ) s+n—2 ) )
¢ dr(s —r H—1/2e—n t du (e st _ gnis=1) (4, — 1 H-3/2
H

s—n—2 s

< e (7) / dr(s = )12 (s = )12 = (s =y 402 H12)

—n—2

1
_ CHenQ(ts)n4H/ LH-1/2 (xH—l/Z —(z+ 1)H—1/2) da
0

—n2(t— —
= cye n#(t s)n 4H

which can obviously be made smaller than 27 1ck (1 — e‘"Q(t_s))Q, for all n such that
n? (t — s) > K, provided that K is large enough.
The last piece to deal with is

s—n~? s+n=2
CH/ dr(s — T)H_1/2e_”2(s+t_r) / ’ du (6"2“ — en2r> (u—r)H=3/2
’ s—n~2 ’ s+n~2
< CH/ dr(s — T)H71/267n2(3+t7r) / du €n2u(u _ 70)H73/2
’ s—n—2 j—l—n_g
< cHe/ dr(s — T)H71/267n2(tir) / du (u — ’I”)H73/2
0 s

-2

— cpe (9 / ) dr(s —r)H=1/2 ((s — )2 e 4 n_Q)H_1/2)
0

< CHe—n2(t—s)n—4H /00 LH-1/2 <$H—1/2 —(z+ 1)H71/2> do
1

[o¢]
2
< epe (ts)n4H/ SH-3/24,
1
n?(t—s), —4H

=cge n ,
and the conclusion is the same as before. This finishes the proof of (A.2). O
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