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Abstract. Consider a class of stochastic pseudo-partial differential equation on R of the form

gtu(t,a:) = —Lu(t,x) + o(u(t,z))W(t,z),
where £ is a nonlocal pseudo-differential operator and W denotes a Gaussian noise which is white in
time and has a covariance function of fractional Brownian motion with Hurst index H € [1/2,1) with
respect to the spatial variable. If, in addition, u(0,z) = 1,Vx € R, we prove that the normalized
spatial average of the solution from —R to R (R > 0) converges in total variance distance to a
standard normal distribution as R tends to infinity. We also establish a functional version of this
central limit theorem. The Malliavin-Stein’s method plays an important role.

1. Introduction

Consider the following stochastic pseudo-partial differential equation (SPDE for short) with
Cauchy initial condition on R,

gtu(t,x) = —Lu(t,x) +o(u(t,x))W(t,x), (t,z)e Ry xR,
u(0,2) =1, =z €R,

(1.1)

where L is a pseudo-differential operator with negative definite symbol of variable order which
generates a stable-like process (see, for example, Jacob and Leopold (1993); Jacob et al. (2008,
2010) and etc). The noise W (t,z) is the Gaussian noise which is white in time and fractional in
spatial variable with Hurst index H € [1/2,1). Here o(-) is assumed to be a Lipschitz continuous
function with the property o(1) # 0. We state the following assumption on the coefficient o(-).
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Assumption A: There exists a constant L, > 0 such that for any u,v € R,
lo(u) —o(v)| < Lg|u —v|. (1.2)

Following the references Dalang (1999); Walsh (1986), the definition of mild solution to the SPDE
(1.1) is given as follows.

Definition 1.1. For p > 1, an LP(Q) valued (F;)-adapted process u(t, z;w) : Ry x Rx Q2 — Ris a
mild solution to SPDE (1.1) if

w(t,z) =1+ /0 /R Cr ol y)o(uls, y))W (ds, dy), (1.3)

with the Green function {G;_s(z,y),t,s € Ry, x,y € R} is the solution to Eq. (2.6) and the
stochastic integral appearing in the right hand side of (1.3) is in the sense of Walsh (1986).

Theorem 1.2. Suppose that the Assumption A holds. Then, with the assumptions % <H<I1
and (2.7), the SPDE (1.1) admits a unique mild solution given by (1.3). Moreover, for any p > 2,
we have

sup sup E [|u(t, z)|P] < oo.

teR4 xzeR

We may use Dalang-Walsh’s theory (i.e. Dalang (1999); Walsh (1986)) to establish that the
SPDE (1.1) has a unique solution which can be written in the mild form given by Definition 1.1. In
fact, the proof of the existence can be done by using the Picard iteration scheme. The proof of the
uniqueness can be done by the standard arguments (see, for example, Dalang (1999); Liu and Yan
(2018); Walsh (1986)). Here we omit the details to the interested readers.

In this paper, we are interested in the Gaussian fluctuation of the following spatial average Fr(t)
of the solution u to SPDE (1.1) (see, for example, Assaad et al. (2022); Delgado-Vences et al. (2020);
Huang et al. (2020a,b); Pu (2022)).

1 R

Fgr(t) = / (u(t,x) — 1) dzx, (1.4)

OR J-R
with R > 0 and "
0% = Var </ (u(t,z) — 1) dx) . (1.5)
—R
The goal of this paper is to prove the following two central limit theorems. The first result is the
following quantitative central limit theorem concerning the spatial average Fgr(t) of the solution
u(t,x) over [-R, R|,R > 0 as R — +o0. It is stated as follows.

Theorem 1.3. Let u = {u(t,z), (t,z) € (0,T] x R} be the mild solution to the SPDE (1.1). For
H € [1/2,1), assume that the Assumption A and (2.7) hold. Denote by dry the total variation
distance. Then there exists a constant C, depending only on t, such that

R
dry (1 | (i) - 1>da:,N) < CR",
or J_R

where N is a standard normal random variable, and 0122 is defined by (1.5) satisfying 0%2 ~ R*H g5
R — +o00.

We also establish a functional version of Theorem 1.3.

Theorem 1.4. Let v = {u(t,x),(t,z) € (0,T7] x R} be the solution to the SPDE (1.1). For
H €[1/2,1), assume that the Assumption A and (2.7) hold. Then for any T > 0,

R t
{RlH/ (u(t,:z:)—l)da;} W) {/ p(s)dBS} ,
-R te[0,T] 0 t€[0,7)
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as R — 400, where B is a standard Brownian motion, the notation “—MW)" denotes the weak

convergence which takes place in the space of continuous functions C([0,T]) and p(s) is defined by

VI, H =

2ln(s), He(1/2,1),

with &§(s) = E[o*(u(s, y))] and 1(s) = E[o(u(s,))].

We will mainly rely on the methodology of Malliavin-Stein approach to prove the above results
(Theorem 1.3 and Theorem 1.4). Such an approach was introduced by Nourdin and Peccati in
Nourdin and Peccati (2012) to, among other things, quantify Nualart and Peccati’s fourth moment
theorem in Nourdin and Peccati (2009). Theorem 1.3 is proved using a combination of Stein’s
method and Malliavin calculus, following the ideas introduced in Assaad et al. (2022); Delgado-
Vences et al. (2020); Huang et al. (2020b); Nourdin and Peccati (2012). An important aspect of
our methodology is to use the representation of Fg(t) defined by (1.4) as a divergence operator,
taking into account that the Ito-Walsh integral is a particular case of the Skorohod integral (see,
for example, Nourdin and Peccati (2012), Nualart (2006)).

This work continues the lines of researches initiated in Huang et al. (2020a,b), where a similar
problem for the stochastic heat equation on R (or R?, respectively) driven by a space-time white
noise (or spatial covariance given by the Riesz kernel, respectively) was considered. Later on, the
results Huang et al. (2020a) and Huang et al. (2020b) have been extended to the stochastic fractional
heat equation driven by a general Gaussian multiplicative noise in Assaad et al. (2022), in which the
authors presented a quantitative central limit theorem for the stochastic fractional heat equation.
The corresponding SPDE is driven by a general Gaussian multiplicative noise, including the cases
of space-time white noise and the white-colored noise with spatial covariance given by the Riesz
kernel or a bounded integrable function.

Our methods in this work are similar to those of the three references, Assaad et al. (2022), Huang
et al. (2020a) and Huang et al. (2020b). However, we stress that we do not have fine properties of the
Green function {Gy_s(z,y),t,s € Ry, z,y € R} in our case, and hence one has to be more careful in
the computations. In particular, our main contribution is the bound for the norm of the Malliavin
derivative (cf. Lemma 3.5) that differs from the classical Laplacian and fractional Laplacian case
(see, for example, Assaad et al. (2022), Huang et al. (2020a), Huang et al. (2020b)). Moreover,
we follow a general approach proposed in Assaad et al. (2022), Chen et al. (2023), Delgado-Vences
et al. (2020), Huang et al. (2020b) on how such bounds can be achieved, based on the boundedness
properties of the convolution operator with the spatial covariance together with the semigroup
property and some integrability of the Green kernel. Omne can consult the Section 2.2 for more
details about the Green function {G¢_s(z,y),t,s € Ry, z,y € R}.

On some other related literatures, we also mention Chen et al. (2021) in which the authors studied
the spatial ergodicity for a class of stochastic heat equation via Poincaré-type inequalities. While
in Chen et al. (2022), the authors studied the central limit theorems for parabolic SPDEs driven
by a Gaussian noise which is white in time and has a homogeneous spatial covariance function.
They mainly used the Poincaré-type inequalities, Malliavin calculus, compactness arguments and
Paul Lévy’s characterization of Brownian motion. The authors in Chen et al. (2023) established
quantitative central limit theorems for spatial averages of the form N9 f[o, N] g(u(t,z))dx as N —

p(s) = (1.6)

400, where g is a Lipschitz-continuous function or belongs to a class of locally-Lipschitz functions,
using a combination of the Malliavin-Stein method for normal approximations. Furthermore, the
authors in Delgado-Vences et al. (2020), Nualart and Zheng (2022) studied the asymptotic behavior
of spatial averages of solutions to stochastic wave equation on R and R%. In this work, we consider
that the driving noise in SPDE (1.1) was assumed to be the Gaussian multiplicative noise which is
white in time and colored in space such that the correlation in the space variable is described by
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the fractional kernel. As such, our results complements the above mentioned works studying the
stochastic heat and wave equation.

The rest of the paper is organized as follows. In Section 2 we recall some preliminaries on
the fractional noise, the pseudo-differential operator £, Malliavin calculus and Stein’s method.
Asymptotic behavior of the covariance with respect to the mild solution is proved in Section 3.
Section 4 is devoted to the proofs of our main theorems (Theorem 1.3 and Theorem 1.4).

2. Preliminaries

This section contains some basic results on the fractional noise, the pseudo-differential operator
L and Malliavin-Stein’s method that will be needed in the following Section 3 and Section 4.

2.1. Fractional noise. We denote by W = {W(t,x),t € Ry,z € R} a centered Gaussian family of
random variables defined in some probability space (2, F, (F;), P), with covariance function given
by

EIW ()W (5,9)] = 5 (2 + o — o —3?") (¢ A 5),

with H € [1/2,1). Let Ho be the Hilbert space defined as the completion of the set of simple
functions on R equipped with the inner product
1

[ e, 1=,
(pst)mg =4 °° (2.1)
i [ elahil)le =l 2dedy, 1 € (1/2,0),
with ¢,9 € Ho and By := H(2H — 1). Set H = L?(R;Ho) and notice that

E[W (&, )W (s,9)] = (1j0,4x[0,2]> L[0,s]x[0,5]) H-

Therefore, the mapping (¢t,z) — W (t,z) can be extended to a linear isometry between H and the
Gaussian subspace of L?(2) generated by W. We denote this isometry by ¢ — W(p). When
H = 1/2, the space H is simply L?(RT x R) and W () is the Wiener-Ité’s integral of ¢ denoted by

W(@):/H{Jr/Rgo(s,x)W(ds,da:).

For H € (1/2,1), the space L'/*(R) is known to be continuously embedded into Hp.
For any ¢t > 0, we denote by F; the o-field generated by the random variables {W (s, z),0 < s <
t,x € R}. Then, for any adapted Ho-valued stochastic process {X(s,),s > 0} such that

/OOOIE [HX(S, )H%O] ds < 00, (2.2)

then the following stochastic integral fooo Jz X (s,y)W (ds, dy) is well-defined and satisfies the isom-

etry property . 2 )
(/O /RX(s,y)W(ds,dy)> _E </0 ||X(s,-)|%0ds), 2.3

2.2. The pseudo-differential operator £. We maily recall the operator £ in more details given in
the references Bass (1988), Jacob and Leopold (1993), Kikuchi and Negoro (1997) and Kolokoltsov
(2000). As shown in the above references, the operator £, which is the Markov generator of a
stable-like process, has the following representation

- o) - [ " ola+2) — pla) -

E

Z¢,($)1{|z<1}(z):| ‘ dz (2.4)

1+ ’2‘2 Z|1+a(m)’
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for some suitable functions ¢ : R — R (for example, ¢ could be a Schwartz test function on R),
where a(-) : R — (0,2) is a measurable function. The symbol of £, denoted by ¢, is a complex-
valued bivariate function ¢ : R x R — C. However, in our case, the symbol for the £ is real-valued
and q(z, k) = q(z, —k), (z,k) € R x R.

On the other hand, let us represent the operator £ in polar coordinates as in the framework
Kolokoltsov (2000). Following the notations of Kolokoltsov (2000), let Sy = {—1,1} and B =
P(So) = {p,{—1},{1},S0}. Given any finite, centrally symmetric measure m on (Sp, B), we define
s:= 7 for z € R\{0}. Then, (2.4) can be rewritten as

=
+00 20 () g (2 P
o= [ [¢($+Z)—90($)— “ff\;ﬁ” L mids). (29)

which is in the form of the generators for stable-like processes considered in Kolokoltsov (2000).
Thus, by Theorem 5.1 of Kolokoltsov (2000), £ generates a stable-like process with probability
transition density {Gi—s(z,y),0 < s < t < oco,z,y € R} which is nothing but the fundamental
solution of the following parabolic equation

0
aGt,s(x,y) = —LGi_4(x,y), (t,x) € (s,00) xR, (26)

}{g(;rﬂ(may)zzéy(x)v €x G]R,

for (s,y) € [0,00) x R.

The study of stable-like Markov generators with variable order can be traced back to the seminal
paper Bass (1988) where the author studied pure jump Markov processes associated with such Lévy
type Markov generators. Further works on sample path behaviors as well as transition densities re-
lated to stable-like processes can be found in Bass and Levin (2002), Jacob et al. (2010), Kolokoltsov
(2000), Komatsu (1995) and etc. The topic of estimating the transition densities (or equivalently,
the fundamental solutions) G associated with Lévy stable type Markov generators £ (with fixed
a € (0,2)) was started in Komatsu (1988, 1995). There are further investigations for £ with variable
order in Bass and Levin (2002), Jacob et al. (2010), Kolokoltsov (2000), Komatsu (1995) and etc,
where under certain further assumptions on «(x), interesting estimates for transition densities of
the stable-like processes have been achieved.

Let

am = inf a(z), oM =supa(x).
z€eR z€R
We collect the following proposition concerning with the Green function Gy(z,y). We will write
Gga) (z —y) for G¢(z,y) to emphasize that «a(x) is a constant «.

Proposition 2.1. If 0 < a,, < o™ < 2 and the derivative of o : R = [a,, aM] is uniformly

continuous and bounded, assume the parameters «, 8, A satisfying the following

a € [opm, ], Be(O,Hla>, Ae (0,1 —B(1+a)). (2.7)

then there exists a constant C only depending on au, and o™ such that for any 0 < s < t and
z,y € R, the following estimates hold:

o — S A
Ginsleg) = GO =) (1 ol(t = 99) + T 2= 2:5)
O\ (@ —y) < G\ (x —y) < CoH[" (@ — ), (2.9)
t—s

H)\(x —y) = (t—S)’il{ (2.10)

s
o-sl<t-9% ) T Tz —yra {le-ul>t-9% }
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OG_s(z,y) — !
< — « -
‘ 5 _C’((t s) a Az —y| )
1 t=s
' [(t — s T I:I:—yllml{'m‘yb(t_s)é}] o
C(t—s)Mx —y|®
_ Y
(1+(t—9)°) + 0+ [z — gty
and
8ths(xay) —1-7 .
FHt=s\H J) | _ @ 1 T _ o 14+a e
‘ T e | A (FRVTVRNY  Gah vepuey e (M RV 5 (2.12)
.(1+(t8)6>+0(t_8))\_1 |
1+ |z — y[tHe

where the standard notation o(f) appearing in the above expression, for any positive function f |
stands for a function that is less than C - f for some constant C > 0. Furthermore, we would like to
clarify that the factors o(t?) and o(t") appeared above and in the sequel are indeed functions that do
not depend on the space variables x,y and etc. Here the constant C is independent of o, 8, and .

Remark 2.2. The inequality (2.8) and estimates (2.9), (2.10) and (2.11) can be found in Kolokoltsov
(2000) and Jacob et al. (2010). Following the proof of Proposition 2.1 in Jacob et al. (2010), we
can obtain the estimate (2.12). Here we omit the details. (One also can see Bass and Levin (2002),
Jacob et al. (2010), Kolokoltsov (2000), Komatsu (1995) and references therein for more details)

2.3. Malliavin-Stein’s method. Since W = {W (t,z), (t,x) € R4 xR} is Gaussian, one might develop
the Malliavin calculus with respect to W (see, for example, Nualart (2006)). Let S be the class of
smooth and cylindrical random variables of the form F' = f(W(¢1),...,W(pn)), where f € Cp°(R™)

(i.e. the set of all functions with bounded derivatives of all orders) and ¢; € H (i = 1,...,n and
n € N). For each F' € S, define the derivative DF' by
DF =) 5= (W(p1),.... W(en))epi.
i=1

For any p > 1, let D'? be the completion of S under the norm
1
1Fllp = (E[IF]”+DFIZ])" .

Then D2 is the domain of the closed operator D on L?(2) with the domain D, being the closure
of § under the norm
IF 7 = E[|F* + [DnF ]
Let {h,,n > 1} be an orthonormal basis of H. Then F' € D12 if and only if F € Dy, for each n € N
and o | E|Dy, F|? < co. In this case, D F = (DF, h)y.
On the other hand, the divergence operator ¢ is the adjoint of the derivative operator D charac-
terized by the following duality relationship

E((DF,u)y) = E(Fé(u)), for any F €S,

where u € H = L?(2;Hp). Then Dom(6), the domain of §, is the set of all functions u € L%(Q;Ho)
such that

E[(DF, u)y| < Cu)|Fl|r2(0),
where C'(u) is some constant depending on u. The operator ¢ is also called the Skorohod integral.
More generally, in the context of the (fractional) Gaussian noise W, and adapted random field X
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which is jointly measurable and satisfying (2.2) belongs to the domain of § and §(X) coincides with

the Dalang-Walsh integral
d(X) / / X(s,x)W(ds,dx).
R+

As a consequence, the mild equation (1.3) can also be rewritten as
u(t,x) =146 (Ge—.(z, %)o(u(-, *))) . (2.13)

Next let us provide a linear equation for the Malliavin derivative of the solution u to SPDE( 1).
The claim follows from (1.3), and the proof is rather standard (see, for example, Nualart (2006)).
For this reason, we omit the details.

Lemma 2.3. We have that the mild solution u(t,x) to SPDE (1.1) belongs to DY with p > 2 and
the Malliavin derivative Du(t, x) satisfies the following integral equation

Ds yu(t,xz) = Gi—s(x,y)o(u(s,y)) +/ /}RGt_r(x,z)E(r, 2)Dg yu(r, z) W (dr,dz), (2.14)

where X(r, z) is an adapted stochastic process (uniformly with respect to r and z) bounded by the
Lipschitz constant L, of o(+) that coincides with o' (u(r, z)) whenever o(-) is differentiable. Further-
more, for any p > 2

sup sup |Du(t,z)|l, < +o0.

z€R t€[0,T]

Stein’s method is a probabilistic method that allows one to measure the distance between a
probability distribution and a target distribution, notably the normal distribution. Recall that the
total variation distance between two real random variables F' and G is defined by

drv(F,G) = sup |P(F € B)— P(G € B)|,
BeB(R)

where B(R) is the collection of all Borel sets in R. The following theorem provides the well-known
Stein’s bound in the total variation distance (see, Chapter 3 in Nourdin and Peccati (2012)).

Theorem 2.4. For N ~ N(0,1) and for any integrable random variable F,
drv(F,N) < sup |E[f'(F)] —E[Ff(F)]|,

fe€FTV

where Fry is the class of continuously differentiable functions f : R — R such that || f|lec < \/7/2
and || f' |0 < 2.

(2.15)

For a proof of this theorem, one can see the Theorem 3.3.1 in Nourdin and Peccati (2012).
Furthermore, Theorem 2.4 can be combined with Malliavin calculus to get a very useful estimate
(see, Assaad et al. (2022), Delgado-Vences et al. (2020), Huang et al. (2020a), Huang et al. (2020b),
Nourdin and Peccati (2009), Nualart and Zheng (2022)).

Proposition 2.5. Let F = §(v) for some H-valued random variable v € Dom(§). Assume F € D2
and E[F? =1 and let N ~ N(0,1). Then we have

drv (F, N) < 21/Var((DF, v)3). (2.16)

In the course of proving Theorem 1.4, we also need the following lemma, which is a generalization
of Theorem 6.1.2 in Nourdin and Peccati (2012) and Proposition 2.3 in Huang et al. (2020a).

Proposition 2.6. Let F = (FU ... F(™) be a random vector such that F = §(v®) for
vl ¢ Dom(d) and F@O e DY2 with i = 1,...,m. Let N be an m-dimensional centered Gauss-
ian vector with covariance (C;j)i<ij<m. For any C?-function h : R™ — R with bounded second
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partial derivatives, we have

[E[A(F)] — Elh()]] < 51"l 2:[ — (DFO),00)y)?],

where ||h ]| = sup{

2 . .
%&Ejh(X)‘ :XERm,z,jzl,...,m}.

3. Asymptotic behavior of the covariance

Our aim in this section is to prove the following proposition concerning with the asymptotic
behavior of the covariance of the solution v to SPDE (1.1).

Proposition 3.1. Denote by &(r) = E [0?(u(r,z))], n(r) = E[o(u(r, z))] and set

R
Grlt) = / (u(t, z) — 1)da. (3.1)
—R
Then for any s,t > 0, one gets the following two limits
t
1
lim ~ Cov(Gr(t), Gr(s)) = 2 / (rydr, if H =1 (3.2)
R—o0 R 0 2
and
o SAt 9 ) 1
Jim oo RQH Cov(Gr(t), Gr(s)) = 2 /0 n(r)2dr, i H e <2, 1) | (3.3)

From this proposition, we have found the result considered here that the square moment
E [0%(u(r,2))] in the colored case (i.e., H € (1/2,1)) is replaced by the square of the first mo-
ment (E [o(u(r,2))])? in the white noise case (i.e. H = 1/2). Furthermore, the rate of convergence
depends on the Hurst parameter H. Such a phenomenon also appeared in the case of the one-
dimensional wave equation and (d + 1)-stochastic fractional heat equation, see the recent paper
Delgado-Vences et al. (2020) and Assaad et al. (2022), respectively, while the authors in Delgado-
Vences et al. (2020) considered the Riesz kernel and more general spatial kernel in Assaad et al.
(2022).

Before we can state the proof of Proposition 3.1, let us firstly give the following five useful lemmas
[i.e., from Lemma 3.2 to Lemma 3.6].

Lemma 3.2. Let S be a stable-like process whose transition probability is given by Gy(z,y) with
(t,z,y) € Ry x R? and H € (1/2,1). Then the following inequality

sup/ Gz, y) |y 2dy = supE [l + S| ] < Clz|*72, (3.4)

holds for some constant C' > 0.

Proof: For the integral [, Gy(x, y)|y|?~2dy, one can decompose it as follows
|Gl Py = [ Gile )l ay+
R lyl<3 ly

The second term in (3.5) can be dealt with as follows.

[ Gelal Ty < Ol [ Gulwypdy < Clap? (3.
ly|>"5 ly|>5

i Ce@ )y Py (35)
>3
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Now let us move the the first term in (3.5). According to (2.8), (2.9) and (2.10), one obtains that

t
Gz, y)|y[*2dy < C/ ol 1
/|y<; t(z, Y)Yl y=C {lo—yi<td ) Tz —yfFa {le—ul>t¥ )

2

(1+17) + R — [y 2dy
1+ |z —y[tte '

(3.7)

Since for any z,y € R, it holds that
|z = |yl < o =y < [z] + |y|.

The first term in the right hand of (3.7) can be estimated as follows

1 1
CRL PR S [ Py
/|y<;” {le-visiz} w<lgt {5'<e}

1
St“/ ‘3/|2H72dyl lo| L
lyl<t@ {TSM}

|<te
_2(1—-H)

= Ct 71{%3%} < Cla"2.

The second term in the right hand of (3.7) can be estimated as follows

t .
el 1 \yIQHZdyStQ/ 1 1 y[PT 2 dy
/|y|<; o =y {lavl>ee ) pi<izl {le-v>te}
1
< - 2H-1
S C|£C‘2H_2.

The third term in the right hand of (3.7) can be estimated as follows

t>\ H— A— H—
/| o] WI@/F 2dy < CtM |22,
yi<z

Combining these above three inequalities, one can conclude that, for all ¢ > 0

/| 2| Gt(%y)‘mzH*Qdy < C|$]2H72 {1 + t)"l} < C]:];\QH*Q_
yl<5

Thus one can conclude the proof of this lemma by combining the estimates (3.5), (3.6) and (3.7).
([l

Lemma 3.3. Suppose the parameters o, B, A satisfying (2.7), then for any x,y € R and 0 < s <

t < 400, there exists some constant k > 1_%0‘ such that

1-k

/R Gra(m,y)idy < Ot — )5, (3.8)

for some constant C > 0.
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Proof: Using the estimates (2.8), (2.9) and (2.10) for G¢(x,y), with x > 14%0[7 one can obtain that

/ Gt—s (JZ‘, y)nd$
R

= C/R K(t B S)_él{mmsws)é} - yxt—_yyslwl{ww(ts)i})
. (1+(t—s)5) R el rdy

1+ |z —y|[tte

1 1
o) (1 o M)“/R {\gc—y|>(t—s>a}dy+ (t - S)A“/R(ldy (3.9)

2 — y[<CiFe) T+ Jaf o

(
—cf-9'% (14 0= 9%)" [ 1uendu

R RV AL g [
Hi- 95 (14 (- 9)7) /R|u’,i(l+a)1{,u|>1}du+(t 5) /R(H'm'm)ﬁd:ﬁ

(
<clit-9)% (1+¢-97)" + -]
=C(t-s)" [(1 +(t— s)ﬁ)ﬁ +(t— S)M*ITT“} :

where in the above deviations we have used the facts that

1 & 1
/ du = 2; / Ty du = 2/ PGy < 0o, i K> ;
u|<1 juf>1 |1+ 1 1+«
and
1 ! > n(l—i—a)d
———dr <2 d 2 - .
@(LﬂMH%ﬂx— A o K ’ e
Thus one can conclude the proof of this lemma. ]

The proof of the next lemma can be completed by using the similar arguments in the proof of
Proposition 2.4 and (3.9) in Liu and Yan (2018). We omit the details here.
Lemma 3.4. For anyt > 0,x,y € R, there exists some positive constant C such that

2H-—2

//Gt(x,zl)Gt(:U,zg)]zl—ZQIQH_2dz1dZQSCt a . (3.10)
R JR

The following result provides two upper bounds for the p-th (p > 2) norm of the Malliavin
derivative of the solution to SPDE (1.1) according to the value of H.

Lemma 3.5. For every 0 < s < t < T and every x,y € R, with p > 2, there exist two positive
constant Cq, Cy such that
(1) If H=1/2, then
| Dsyu(t, z)||, < C1Ge—s(@, y). (3.11)
(2) If H € (1/2,1), then

1D gu(t,z)||, < Calt — )= Goou(z, ). (3.12)

Proof: In a standard way we can show that, for every ¢t € [0,7] and = € R, the random variable
u(t, z) belongs to the Sobolev space D' for all p > 2 and its Malliavin derivative satisfies (2.14)
(see, for example, Nualart (2006) and references therein). We will divide into two steps to prove
this lemma.
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Step 1. The case H = 1/2. In this case, from (2.14), one can write

E[|Dsyu(t,z)P] < CGi_s(z,y)P + C </:/RGts(fU,Z)2(Ds,yu(T, Z))erdz>§

This implies that

HDs,yu(t,x)Hp < CGi—s(z,y) —|—C/ /Gt s(x z) | Ds yu(r, z)derdz

By using Lemma A.1 in Huang et al. (2020a), one can conclude the proof of (3.11).

Step 2. The case H € (1/2,1). Recall that the Dalang-Walsh integral satisfies the following
version of the Burkholder-Davis-Gundy inequality (see, for example, Assaad et al. (2022)): for any
t > 0 and p > 2, there exists some constant ¢, > 0 such that

[ee) 2

[ XCsunwids,dy)

R P
> 2H—-2

<o [T [ [IXGmX Gl - P s

We obtain that, for any p > 2, there exists some constant C, > 0 such that
t
1Deu(t. )|} < CoGialas + Gy [ [ [ Goorlirein)Georl)
s JRJR

X HDs,y“(T7 yl)Hp”Ds,y“(Ta 92)”p|yl - y2\2H72dy1dy2dr.

To conclude the proof of (3.12), it suffices to apply the following Lemma 3.6 with 6 =t—s,n = x—z,
and

(3.13)

9(0,n) = || Dsyu(0 + s,n + 2) ||

In order to prove the above Lemma 3.5, we need the following lemma.
Lemma 3.6. Assume that H € (1/2,1) and g(t,z) : [0,T] x R — R is a non-negative function
satisfying, for every t € [0,T],z € R,

t
g*(t,x) < Gy(x) + BH/O /R2 Gis(2,9)Grs(z,9)g(5,9)g(s, 9 )Ny — o P 2dy'dyds.  (3.14)

Then, for some constant C > 0, one obtains that
g(t,r) < Ct "= Gt(x 0)H. (3.15)

Proof: We follow the similar arguments in the proof of Lemma 5.3 in Assaad et al Assaad et al.
(2022). As explained in Chen and Huang (2019) (see the proofs of Lemma 2.4 and Lemma 3.1), it
suffices to prove the bound (3.15) in the case when (3.14) is an equality. Define iteratively as follows

gO(ta w) = Gt($7 0)7

and
t
dra(t.0)? =i, 0P+ 6 [ [ [ Gislon)Gistay)
0 JRJR
- gn(8,9)9n (5,9 ly — y'[P7 2 dy' dyds.
Denote by k = M < 1, we prove by induction that for every n > 0

T ( 1 _ .
o(t, )2 < C’Z G f) =Ry (a5, 0)2H. (3.16)
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By using the methods of induction, for n = 0, one gets

go(t,x) = G¢(z,0) < Ct™ = Gt(x 0)H. (3.17)
In fact, one obtains
Gt(‘r’ O) 1-H
————— = G¢(x,0 .
Gt(% O)H t(él?, )

Based on the expressions (2.8), (2.10) and inequality (2.9), for H € [1/2,1), one can estimate
Gy(z)'=H as follows.

Gy(x,0)17H
_ (aﬁ“)(x) (1+06%) + 20 )1_H

1+ ‘x|1+a

< G (@)1 (1 + o(t5)>1_H + (%) B

< {lx\<t } E ,1+a {|x|>t })1_H (1+0(tﬁ))1—H+<%>1H

_1-H (-H)(1+3) g\I"H | _im PAI=H)+ 2 (1-H)
—er 1{”‘3%} erl{‘x'”é} (1+0(t )> e (1 + [ o)t =1

<Ct

where the notations o(t?) and o(t") in the above expression are explained in Proposition 2.1.

Now suppose (3.16) holds for every n > 1. Denote by C; = % and by induction

hypothesis, one gets

t
921 (t,x) < Gy(2,0)% + BH/ d8/2 dydy' Gi—s(2,y)Ge—s(z, ')
0 R
x D Cis TGy, 0) 1 Gy, 0) ly — o P (3.18)

Jj=0

= Gt(.%', 0)2 + By ZCjIj,

j=0

where we denote by
t .
I 12/ S”(l_”)_“/ Gis(@,9)Grs(z,4")Gs(y,0)7 Gy, 0) |y — o/ PT 2 dydy/ds.
0 R2

By using the embedding inequality from L'/# (R) into Hp, the inequality (3.17) and the semigroup
property for G¢(z,y), one obtains that

2H
I<C/s](1““</Gtsxy (,O)dy) ds

2H
gc/ J(=r)—n (/(t—s)_laf?Gt_S(a:,y)Gs(y,O)dy> ds
0 N (3.19)
< CGy(x, O)QH/ sTI=R=R (1 — )7 ds

0
LA =mI(E+ DA = x))
NG +2)(A-r)

= OGy(z,0) T+ D0=x)
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Substituting both (3.17) and (3.19) into (3.18) yields

LA =R+ 1A - k)
I'((7 +2)(1 = x))

92,1 (t, x) <Ct"Gy(z, 00 + CZ C;Gy(, 0)2H U+ DU=r)
=0

n+1 ]
— T 2H J(1=kK)—kK F](l _ F@)
CGy(x,0) ]Z:;t T+ D —r)’

Finally, it follows from (3.16) that

(3.20)

g(t,z) = lm gn(t, )

(NI

z.0)2H i (1= k)
< C | Gi(a,0) ]Z:%tj T((j + DT )

< Ct™2Gy(x,0)7
= Ct " Gy(z,0)1
This finishes the proof of (3.15).

Now we are ready to prove Proposition 3.1.

Proof of Proposition 3.1: Recall the mild solution of SPDE (1.1) and the quantity G(t) given by
(3.1), one can rewrite Gr(t) as follows

-/ i / t [ Gt gpotuts )W (ds. )iz
-/ t [ onts.uhotuts, )W (ds.dy),

R
R(s,y) = / Gia)da

According to the value of H, we divide into two cases to prove this proposition.
Case 1. H = 1/2. Based on the Itd’s isometry (2.3) for Dalang-Walsh stochastic integral (see,
for example, Dalang (1999), Walsh (1986)), we have that, for any s,t > 0 and 1,22 € R

tAs
E [u(t7$1)u(83$2)] =1 +/0 /RGtr(l‘lay)Gsr(:ﬂQ,y)E[a(u(r’ y))Q]dydT

tAs

=1 + g(T)Gt+572r(l’1,$2)dT,
0

with £(r) := E[o(u(r,y))?]. Recall that

e

Since GRr(t) is given by (3.1), then one has E[Gr(t)] = 0. Thus we obtain that

(3.21)

where we denote by

(3.22)

tAs
Cov(GRg(t) / / E(r)Gigs—or (21, 22)drdr1das

tAs
= 2/0 f(r)/o (2R — 2)Giys—2r(2,0)dzdr.
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As a consequence,

1 tAs 2R Py
Rh—I>Ic1>o ECOV(GR(t),GR(S)) = Rh_r}rg()Q/() 5(1")/() (2 - E) Giys—2r(2,0)dzdr
tAs

=2 &(r)dr

0
Case 2. H € (1/2,1). Thanks to the Ito’s isometry (2.3) and expression (3.21) for Gr(t), we
have

(3.23)

Cov(GR(t),Gr(s)) = E[GRr(t)GRr(r)]
—BH/ T/ ©r(S,Yy1)PR(S,Y2)

(u(s, 1)) (u(s, y2))] [y1 — yo|*~2dy1 dyads.

We remark that, for each fixed ¢ > 0, the process {u(t,z),z € R} is strictly stationary', meaning
that the finite-dimension distributions of the process {u(t,z 4+ y),x € R} do not depend on y. This
fact yields that the process {o(u(t,z)),x € R} is stationary with respect to the space variable x,
(see, for example, Lemma 18 in Dalang (1999)), we write

Elo(u(s, y1))o(u(s, y2))] :== ¥(s,y1 — y2).
Then

tAT
E[GR(1)Gr(r)] = B / / or(s,€ + 2)on(s, 2)U(s, £)[¢[2H2dedzds.

We claim that

lim  sup |¥(s,z)—n*(s)| =0,
§]=+00 0<s<tAr

with 7(s) := E[o(u(s,z))]. By using the two-parameter version of Clark-Ocone formula (see, for
example, Nualart (2006)), we can write

o(u(s,y)) = Elo / |ED )] W (dr, d),
and
o(u(s,2) = E / [ED )T W (dr, o).

As a consequence

E [o(u(s, y1))o(u(s, y2))] = n(s)? + T(s;91,2),
with

T(s391,92)
/ /]12{2 D, ., (o(u(s,11)))|Fr) E(Dy 2y (o (u(s, y2))) | Fr)] |21 — 22|2H_2dz1d22dr.

By using the chain rule for the Malliavin derivative operator as follows (see, for example, Nualart
(2006))

DT77«'1 (U(U(S’ yl))) = E(S, yl)Dr,zlu(Sa y1)7
and
DT722 (O‘(U(S, y2))) = E(s, yZ)DT,ZQU(Sa 3/2)7

1To see the strict stationarity, we fix y € R and put v(¢t,z) = u(t,z + y). It is clear that v solves the SPDE (1.1)
driven by the shifted noise {W (¢t,z + y),t € R4,z € R}, which has stationary increments in the spatial variable.
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where X(s,y1) and X(s,y2) are two adapted random fields uniformly bounded by the Lipschitz
constant L, of o(-). This implies

[E[E (D, (0 (u(s,51)))|Fr) E (Drzy (0 (uls, y2))IFo)]| < L[ Dryuls, y) |2l Drzpuls, y2)ll2.
One obtains that

S
T(s;y1,y2) < C/ /2 Dy u(s, y1) |2l Dr zyu(s, y2) [l2] 21 — 20|* ~2dz1dzadr.
0 R

Hence by using inequality (3.12) in Lemma 3.5 with x € <1+ , 1), we obtain

T )] £ C [ (5= [ Gurlyns o) "Gy ln,22) o1 — 2o derdndr
0 R

=Ti(s;y1,2)
We claim that
Ti(s;y1,y2) = 0, as |y1 — yo| = +oc.

We prove this claim by an argument based on the uniform integrability. Making the following
change of variables

u=s—r, §=y1—21, &=y — 2.
Then we can write

ﬂ@mwﬁz/u“/;&@mwwagmﬂm—m—&+@””%M@m
0 R

For any fixed &;,& € R, clearly |y1 — y2 — &1 + &[*7 72 — 0/if |y1 — yo| tends to infinity. Taking into
account that

/ W(E1, 002G (62,00 de derdu < oo,

to show that
lim  Ti(s;y1,92) =0. (3.24)

ly1 —y2|—+oo

It suffices to check that

[ [ Guten 0 Gulea, 0 =~ 6+ P Pdrdadu < o,
for some 1/2 < Hy < H < 1. Making a change of variable, we can write
[ [ Gutn 071Gt 0) i 2 = s + P derdadu

" 2Hy
<C'/ (/G y,z)Hod > du.

Next one can obtain the following estimate

_H_ Ho—H
/G y,z)Hodz < Cu *Ho .
Thus for k = 2(1 ) - 1, one gets
/ w(61,0)7Gu(&,0) |y1 — yo — &1 + &P072dE  dEodu

. 2(Hg—H)
<C u "uT o du
0

S 2(Hg-1)
:C/u a du<oo, if a+2Hy—2>0.
0
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This concludes the proof of (3.24). That means

U(siyn1 —y2) = Elo(u(s,y1))o(u(s, y2))] = n*(s) = E[o*(u(s, )],

as |y1 — ya| — +oo.

Now for notational simplicity, we only consider the case t = r, while the general case r,¢ € [0, T
follows in a similar way. Recall the expression (3.21) for Gr(t). Thanks to the Itd’s isometry (2.3),
we have

t
E [Gr(t)*] = 5H/0 /R2 er(s,91)r(s,y2)Elo(u(s, y1))o(u(s, y2))lly1 — yo* ~2dy1dyads.
Recall that we denote by

V(siy1 — y2) = Elo(uls, y1))o(uls, y2))] = n*(s) + T(s;91, 2)-
Define the quantity Tk as

Tr = 1/t/ (s,€+ 2)er(s, 2)[¥(s, &) — 2(5)]|§‘2H_2d£dzds
R'_RQH 0 RQ@R ) PYR(S, , n ‘

By using Lemma 3.2 and dominated convergence theorem, one can use the similar arguments in the
proof of (3.7) in Huang et al. (2020b) to prove that

Tp -0, as R — +oo.

Here we omit the details.
Now, it suffices to show that,

; t
a1 [ (s) [ onlo6+ pnls, 2P dedzds > 2 [ p(s)s, (329
0 R2 0

as R — +oo. In fact, for some constant ¢ > 0, the left-hand of (3.25) is equal to

t
BuR~" /0 () / (s, € + 2)pn(s, 2) €T 2dedzds

t
:ﬂHR_QH/ 7% (s) / / dxdz’ - Gi_s(x,6 + 2)Gy_s(2, 2) |6 2dzdEds

:5H3—2H/ / / dxdx’ /GQ(t o(@, 2’ + &) 2dzds
= BHR2H/ nz(s)/ / El|lz — 2’ 4 ¢S|*~?|dzdx’ds
0 -RJ-R
t 11
= 5H/ 772(5)/ / E Um —a + CR_IS|2H_2] drdz'ds.

In view of Lemma 3.2 and dominated convergence theorem, we obtain the limit in (3.25) and hence

the proof of this proposition is completed.
O

Remark 3.7. (1) It follows from Proposition 3.1 that, if H € (1/2, 1), the random variable Gr(t)
is not chaotic in the linear case. More precisely, when o(z) = z, the above proposition gives
us that

Var(Gg(t)) ~ 2R)*t, as R — +oo.
On the other hand, when o(z) = z, the random variable Gg(t) defined by (3.21) has an
explicit Wiener chaos expansion (see, for example, Pu (2022) and etc)

t
Ggr(t) = / / or(s,y)W(ds,dy) + higher — order chaoses.
0o JR
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The first chaotic component of Gr(t) is centered Gaussian with variance equals to

t
BH/ /2 er(s,v)er(s,2)|ly — z|2H_2dydz ~ (2R)2Ht, as R — +4oo,
0o JR

see (3.25). This shows that only the first chaos contributes to the limit, that is, there is a
non-chaotic behavior of the spatial average of the linear SPDE (1.1), when H € (1/2,1).
(2) For H =1/2 and o(z) = x, we obtain from Proposition 3.1 that

Var(Gg(t)) ~ QR/(:E[(u(s,x))Q]ds, as R — +oo,

whereas the variance of the projection on the first chaos is, using (3.23),

t
/ /¢R(s,y)2dyd5 ~2Rt, as R — +oo.
0 JR

Note that E[(u(s,))?] > [E(u(s,))]?> = 1 and the inequality is strict for all s € (0,1]
(otherwise u(s,z) would be a constant). This implies that the first chaos is not the only
contributor to the limiting variance.

(3) We also would like to point out that, for the linear stochastic heat equation driven by space-
time white noise as considered in Huang et al. (2020a), the central limit is chaotic, meaning
that each projection on the Wiener chaos contributes to the Gaussian limit. In this case,
the proof of asymptotic normality could be based on the chaotic central limit theorem (see,
for example, Section 6.3 in Nourdin and Peccati (2012)). For the case of stochastic wave
equation driven by fractional noise with Hurst index H € [1/2,1), one can see the Remark
1 in the work Delgado-Vences et al. (2020). For H € (1/2,1), the random variable Gp is
not chaotic in the linear case (i.e. o(x) = z). For H = 1/2, the first chaos is not the only
contributor to the limiting variance of Gp.

Before we give the proof of Theorem 1.3, by using the similar arguments as in the proof of
Proposition 3.1, we can also obtain an asymptotic formula for E [Gr(t;)Gr(t;)] with t;,¢; € RT,
which is useful in the proof of functional central limit theorem (i.e. Theorem 1.4).

Remark 3.8. By using the same arguments as in the proof of Proposition 3.1, we obtain an as-
ymptotic formula for E[Gr(t;)Gr(t;)] with ¢;,t; € RT, which is a useful ingredient for the proof of
Theorem 1.4.

(1) Suppose t;,t; € Rt for H = 1/2, we write
tiNt; i R
EGRt)GR)] = [ [ o)l s ms(s)ayas.

with go%)(s, y) = f—RR Gt,—s(z,y)dz, and we obtain

E[GR(ti)GR(tj)] L . /ti/\tj / (4) )
Rsoo R = pim B dsSls) | eR (s y)er' (s, 9)dy

=2 /Otmtj £(s)ds.

(2) Suppose t;,t; € RT, for H € (1/2,1), we write

t/\t
E[Gr(t; / / 09 (s,0) 9 (5, 2)U (s, y — 2)|y — 22 2dydzds,
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with go%)(s, y) = f—RR Gt,—s(z,y)dz, and we obtain

. E[Ggr(t)Gr(t;)] . —oH /ti/\tj 2 / (i) (7) 2H—2
plm 7 = . R ; dsn”(s) PR (s:9)eg (s, 2)ly — 2|7 “dydz

o [T 5
=2 /0 n(s)ds.

4. Proof of Theorem 1.3 and Theorem 1.4

In this section, we will apply Propositions 2.5 and Proposition 2.6 to prove Theorem 1.3 and
Theorem 1.4.

4.1. Proof of Theorem 1.5. Now we can state the proof of Theorem 1.3.

Proof of Theorem 1.3: From (1.4), one can rewrite Fg(t) as follows
= [ [ ontswpotuts, )W ids. ) = o),
UR
with
1
UR = 1[0,t}(8)*903(8,y)a(u(s,y)).
OR
Moreover, from the expression (1.4), one can get
1 R
styFR(t) = 1[0,15}(8)/ Ds,yu(t, x)dx
UR R

From (2.14) and the stochastic Fubini’s theorem, one obtains that

/ Dy yu(t,x)dx = ¢gr(s,y)o(u(s,y)) / /goR 5,9)%(r, 2)Ds yu(r, z) W (dr, dz).
Therefore, we have the following decomposition

<DFR, UR>H = A; + Ay,

where the expressions of A, Ay depend on the value of H =1/2 and H € (1/2,1).
Case H = 1/2. In this case, A1, A are given as

Ay = UR/ /sOR s,y)o”(u(s, y))dyds,
As = 0122/0 /Rgpg(s,y)a(u(s,y))/st/RgoR(r, 2)3(r, 2) D yu(r, z) W (dr, dz)dyds.

Note that for any process X = {X;, s € [0,t]} such that Var(Xj) is integrable on [0, ¢], it holds that

\/Var (/Ot Xsds> < /Ot V/Var(X,)ds. (4.1)

So we can write

VVar(DF g, vr) < V2 (VVar(An) + /Var(Az) ) == V2(By + By),
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with

N

5= /O ([t Covlouto). o uls, My ) ds

%/Ot</RS/<persoR(s Y)er(s,y')

‘£ [ (7”7 Z)Dg yU(T Z)Ds y/u(r, Z)U(u(s,y))a'(u(s,y'))] dydy’dzdr)% ds.

Let us firstly estimate the term Bs. For any p > 2, as a consequence of stationarity, we write

Ky(t) = sup sup[lo(u(s,y))llp = sup [lo(u(s,0))]lp. (4.2)
0<s<t yeR 0<s<t

q

Thus one obtains that
E [22(r, 2) Dy yu(r, 2) D yu(r, z)o (u(s, y))o (u(s,y)] < CKZ(t)L2Gr—s(2,9)Grs(2,1/),

where the last inequality follows from Lemma 3.5. Together with Proposition 3.1, integrating z, 2’
over R, then integrating y,y’ on R and using the semigroup property for the Green function Gy(z, y),
we obtain that

1 t t
By< Oy / ( / / / / Grs(@,9)Grs (2, 1) Grs(F, 2) Gy, 2)
0 R2 —R,R‘1 s R

 Gr_s(2,9)Gr—s(2,y)dzdrdrdx’ dzdz’ dydy )2ds

= CR/ (/ / / /GHT 25(%, 2)Giyr— 25(33 z)dzdrdxda;) ds
_ Al , ) 3
=03 G2t+2r—4s($,$)d7‘dxdx ds.

R 0 —RJ—-RJs

Finally, integrating « over R and =’ over [—R, R], we get

1
By < C—=.
2_ '\/E

Next let us study the term Bi. In order to bound By, we need to find the bound for the covariance
Cov(o?(u(s,y)),o%(u(s,y"))). In fact, using the two-parameter version of Clark-Ocone formula (see,
for example, Nualart (2006)), we can write

7 (us.9) = Blo* (s, )]+ [ [ B [Deslo®uts,n)I7] Wi, do)
Then
Cov(o™(uls,1). 0% u(s. 1)
/ / (5,9 B [Dralo (s, o )| F] W (dr d2).

Applying the chain rule for the Lipschitz functions of Malliavin derivatives, we have

DT,Z(UQ(U(Sv y))) = 20(“’(37 y))2<37 y)Dr,zu(‘S? y),
and

[ [Dr,: (o (uls, ) F] ||, < 2Ka ()| Dr2uls, y)|s-
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Then using the first point in Lemma 3.5, one can write

Cov(0®(u(s, 1)), 0> (u(s, ) < 2Kt / / 1Dy (5, 9) 14l D wta(s, o) adzdr
SC’/ AGS_T(y,z)GS_T(y’,z)dzdr

Therefore,

sz [ ([L([ omenss) ([ Gorteaar)

1
S 2
. / Ggs_gr(y,y’)drdydy’> ds
0

1 t s " ~
S CE / </ / / ths(l‘a y)ths (I‘, y)ths(‘T/a y/)Gt*S(‘T/’ y/)
0 0 JR?2 J[-R,R}*

- Gos—or(y, y ) dzdrdz' dZ’ dydy dr)% ds

Again, integrate T,7’ over R, then integrate y,y’ over R using the semigroup property, to obtain

1 t s R R %
B < C/ </ / / GQt_QT(l’,l'/)d.:de,d’r) ds.
R Jo 0o J-RJ-R

Finally, integrating x over R and 2’ over —R to R, we obtain
1

This completes the proof of this theorem with H = 5
Case H € (1/2,1). In this case, the decomposition of (DFr,vr)y is given by

(DFR,vr)# = C1 + Co,

where

t
=2 [ [ entsmhonto.otuts, ot/ Dy — P12y,

/ /RQ (/ /V’R 7, 2)X(r, 2) Ds yu(r, z) W (dr, d@)

or(s,y)o(u(s,y) |y — y' [P 2dydy ds.

This decomposition implies that

V/Var(DFg,vg)y < V2(D1 + Da),

with
Bu [* N e ol
Di="y s er(s,9)er(s, ¥ )er(s, Der(s, ¥y — v |* 2y — 7|2
R JO

‘Cov(o(u(s,y))o(u(s,y")), o(uls, 7))o (uls, )))dydy/dydy)%d
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and

3
/82
Dy =4
R

1503
U/Ot (/: /RG @r(r, 2)pr(r, 2)pr(s, ¥ )¢r(s,7)

E [%(r, 2) Ds yu(r, 2)5(r, 2) Dy gu(r, 2)o (u(s, y'))o (u(s, ))]
Jy =

12H=21 — 7 P22 2 — 2121 2 dydy dyydy dzdzdr) : ds.
Let us firstly prove the second term Dy
defined by (4.2), we can write

As before, for any p > 2, recall the notation K,(t)

E [S(r, 2) Dsyu(r, 2)X(r, 2) Dy gu(r, 2)o (u(s, y'))o (u(s, 7))]
< K(t

1—H)

Yy ) o (u
< Kp(t)’LE || D yu(r, 2)||4]| Ds gu(r, 2) |14
<C(r-— 3)72(

Grs(y, )"
where the last inequality follows from the second point in Lemma 3
R > Rt )

o

G’I‘—S (ga 2) H7

QR
9.9.
3.1, for any fixed ¢ > 0, there exists a positive constant R; that depends on ¢ such that for any

Now by using Proposition
Dg<cR2H/ (/ [ ertr2)entr 2en(s. Jor(s. )

2(1—-H)
(r—s) =

@

Gros(y,2)Gros(g. )"
Jy =o' - 7P
in Lemma 3.3, and taking into account that

21212 dydy dyydyy 'dzdzdr)? : ds.
Following the similar arguments in the proof of Theorem 2.3 in Assaad et al. (2022), by using (3.8)

1
sup /
we conclude that

zeR

lz 4 2?7 2dx < oo
-1

(4.3)
D, < CRYL.
We now estimate D;. We begin by estimating the following covariance

Cov (a(u(s, y))o(u(s,y'))

(u(s, 9))o(u(s, 7)) -
Using a version of Clark-Ocone formula for some integrable functionals of the noise W (see, for
example, Nualart (2006)), we can write, for any s > 0 and y,y’ € R
o(u

(u(s,y))o(u(s,y)) = (s,9))o(u(s y))]
Then, we represent the covariance (4.4) as

(s,9))o(u(s
//RQE{E ’

D
By the chain rule

(4.4)

ODIF]

W(dr,dz).

s,y))o(u(s, )| F]

IIIF] bz =2

PH=20zdz dr.

(o (u(s, y))o(uls,

Dr(o(u(s, y))o(u(s,y'))) = X(s,y) Drouls, y)o(u(s,y) + o(uls,y))2(s,y') Drzuls, ')

Therefore, the term E [D,. ( (u(s,y))o(u(s,y’)))|Fr] can be bounded by
Ky(t)Lo [HDT 2u(s,y)lla + ||Dr‘ 2u(s,y )"4}
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Using Lemma 3.5 again, we see that the covariance (4.4) is bounded by

2230 [ [ Dl + 1D auts. )l

[IDr (s, Dlla + |1 Dr (s, §) 4] 12 = 22 dzd2"dr
< C’/Os(s — r)_ma;m /R2 (Gs_r(y,z)H + GS_T(y',z)H)

. (GS_T@, 4G (7 z’)H) |z — 2|22 2dzd2 dr.

Then, it follows from exactly the same arguments as in the estimation of Dy in the previous step
and taking into account that the fact (4.3) again and by (3.8) in Lemma 3.3, we conclude that

Dy < CRHL.
Thus one can complete the proof of Theorem 1.3. ]
4.2. Proof of Theorem 1./. In order to prove the Theorem 1.4, we need to prove tightness and the

convergence of the finite-dimensional distributions. Notice that tightness follows from the following
Proposition 4.1 and the well-known criterion of Kolmogorov’s continuity theorem.

Proposition 4.1. Assume that H € [1/2,1) and let u(t,x) be the solution to SPDE (1.1). Then
forany 0 < s <t <T, R>0 and any p > 2, there exists a constant Cy, 1, depending on T and p,

such that
R R
E )/ u(t,x)da?—/ u(s, z)dx
-R -R

Proof: For any 0 < s <t <7, we can write

p(a+2H—2)

p
> < CprRPT(t—s)" 20 . (4.5)

R T
/ (ults ) — (s, z))de = /0 /R (Rl y) — 9o r(r)) o (ulr, 1)) W (dr, dy),

-R
where we denote by
R
SOt,R(r’ y) = / Gi—r (l‘, y)l{rgt}dx-
—R
The proof of this proposition consists two steps.

Step 1: Suppose that H = 1/2. Using Burkholder-Davis-Gundy inequality and Minkowski’s
inequality, we get, for some positive constant cp,
p)

. <' /_i wlt, Vo /_f; uls, 2)d

([ tourtrn = oot e?tute yaras) 5]

p

<o/ [ )~ ) ot Dlidrdy)

< cE

< Ky (T < /0 ' /R (e1.r(r,y) — sr(r, y))Zdrdy>g,
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where K,,(T') has been defined in (4.2). Now we notice that

lot,r(r, y) — @s,r(r,Y)]

R R
< 1{7“§s} /R ‘Gt—r(x7 y) - GS—T(wv y)|dﬂ§' + 1{S<r§t} / R ‘Gt—r(x7 y)‘dx

E (’/R u(t,z)dr — /R u(s, x)dx p)
< oK) (/ / ( {r<s}/ G r(2,y) = Gsp(x,y)|dx

P
2
Tlisar<sy / Ger (2, y)!dx> drdy)

Thus we have,

<@ ([ 1oz [ [160st) - Gt Payinin

ﬂ
Jr/ 1{s<r<t}/ /|Gt ()] dydxdr) ,
0

where the last equality is derived by using Fubini’s theorem. According to the estimate (2.12),
following the similar arguments in the proof of (4.11) in Liu and Yan (2018), one gets that

/]R |G (,y) — Gomr(w,y)Pdy < C(t — 8)2(t —1) 25,

From inequality (3.9) in Liu and Yan (2018), one obtains that

/ Gyr(z,y)?dy < C(t — 1) =,
R

Thus we can get the following

E (‘/_Zu(t,w)dx - /_}; u(s, x)dx

Step 2: Suppose that H € (1/2,1). Denote Oy s.,(r,y) by

p) < CRi(t—s)5(1-3),

@t,s;x(ra y) = Gt—r(xa y)l{rgt} - GS—T(‘Ta y)l{rgs}-
In the same way, one can write

E (‘/_};u(t,x)dx - /_]; u(s, z)dx p)

< R [</0T 1(t,2(r, ) = @s,r(r ) (ulr, )3, dr> g] '

As mentioned in Section 2, for H € (1/2,1), the space L'/#(R) is continuously embedded into
Ho. Consequently, there exists a constant ¢y > 0, depending on H, such that

(4.6)

[(prn(r.) = @an(r. Do lulr ),

1 e (47)
<en ( / rwt,R<r,y>—sos,Rmy)\Hro<u<r,y>>|ﬂdy) .
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Substituting (4.7) into (4.6) and applying Holder’s and Minkowski’s inequalities, one can write

Q/ txm_/uﬁwwj

v o, [T X L 5
<qeprit| [ ( / \sot,w,y)—gos,Rv,y)rH\a(u(r,ymﬂdy) dr
} 4.8
v o, [T N LoN\2H % (48)
<qeprit| [ (/R |got,R<r,y>—%,Rm)\ﬂHa(u(r,y»uﬁdy) dr

T ) o 5
/0 ( /R \sot,R(ny)—ws,R(T,y)Ide> dr] :

Now let us estimate the following integral [g [¢ r(7,y) — @s r(T, y)|%dy In fact

1
/R oer(ry) — psn(ry)|Hdy

<cchT2*1K( )P

L

H
dy

R R
< / \1{@} / Goer (2,) — Car (@, 9)lde + 1pscrety / [Gier(a)lds
<C/ 1{r<5}/ |Gi—r(z,y) — Gs— T(m,y)]%dyda:

+/ 1{s<r<t}/ ‘Gt r x y)‘ded.%

From the inequality (3.9) in Liu and Yan (2018), one obtains that

1

[ 1)y < o= ).
R

Moreover, according to the estimate (2.12), following the similar arguments in the proof of (4.11)
in Liu and Yan (2018), one gets that

/ Grr(,y) = Gamp(, )| T dy < C(t — s)7 (£ —r) =5
R
These above two inequalities yield that

1
/R \oer(ry) — por(ry)|Hdy

< CR [1jpany(t =) T (t = 1) 50" 4+ acra(t— 1) 75
Substitutes (4.9) into (4.8), one obtains that
p)

Q/ it eyis — [ s ey

T
< cchTiflK ( )pRpH [/ [1{r§s}(t — 8)%@ — 7")7 aH
0

(4.9)

[
[ E—

_1-H72H )2
+1{s<r§t} (t - T) ol :| d?“:|

p(at2H-2)

D
< epe T2 LK, (TP RPE (t — 5)7 2a
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Thus one can conclude the proof of this proposition. ]
Now lets us give the proof of Theorem 1.4.

Proof of Theorem 1.J: Let us now show the convergence of the finite-dimensional distributions. We
fix 0<t1 <+ <ty <T and consider

1 R :
Fgr(t;) == TH </ u(t;, z)dr — 2R> = 5(1}%)), i=1,2,...,m,

-R
where
i o(u(s,y))
o (5,9) = 102y () T 0 ),
with
(0 "
vr (s,y) = /RGt,-—s(x,y)dﬂf-
Set Fr = (FRr(t1),..., Fr(tm)) and let N be a centered Gaussian vector on R™ with covariance
C = (Ci,j)lgi,jgm given by
ti At 1
2 [ ey, H=3
el (4.10)

ol tiNt; 5 1
2 / n“(r)dr, H € <2,1> .
0

Recall that &(r) = E[o?(u(r,y))] and n(r) = E[o(u(r,y))]. Then, we need to show Fgr con-
verges in distribution to N. In view of Lemma 2.6, it suffices to show that for each i, j, the

term (DFg(t;), Ug)>7{ converges to C; ; defined by (4.10) in L?(2), as R — +oc. The case i = j has
been tackled before and the other case can be dealt with by using arguments similar to those in the
proof of Theorem 1.3. For the convenience of readers, we only sketch these arguments as follows.

We consider two cases: H = 1/2 and H € (1/2,1). In each case, we need to show, with
,j=1,2,....m

(1) E[FR(ti)FR(tj)] — C@j, as R — +o0;
(2) Var ((DFR(ti), Ug>>%) 0, as R — +00.

The above point 1 has been established in Remark 3.8. To see point 2, for the case H = 1/2, we
begin with the decomposition

(DFp(t:), 095 = E1(i, 5) + Eald, §),
with
L[ g () 5
ad) =g [ [ el 0o uls )dsdy,
0 R
and

i =5 [ [ Aot
y < / " /R o9 (r, 2)2(r, 2)o (u(r, 2))W (dr, dz)> dsdy.
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Then using (4.1) and going through the same lines as for the estimates of the two terms By, B2 in
the proof of Theorem 1.3, we can get

Var(&(1,7)) < e (/RS/ SOR T, 2) )(3 ?J)SO( )( )

2 (7“, 2)Dgyu(r, z)Dg yru(r, z)o(u(s,y))o(u(s, ))] dydy drdz)

N|=

xE ds

—

<

Z5loy

That is, we have Var(&2(i,7)) — 0, as R — +oo. We can also get

W < L H% () (@) () /
ar(&1(4,7)) soR (s, v)en (ssy)er (s,4)ep (s,9)

xCov(cf?(u(s,y)),o?(( ¥))) dydy')? ds

<

50

That is, we have Var(&;(i,7)) — 0, as R — 4o0.
To see point (2) for the case H € (1/2,1), one can begin with the same decomposition and then
use (4.1) to arrive at similar estimates as those for D; and Ds. Therefore the same arguments ensure

Var <<DFR(ti)7vg)>H> < OR*M2,

Now the proof of Theorem 1.4 is completed.
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