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Abstract

Suppose that {u(t,x)};~0 ecrae is the solution to a d-dimensional stochastic heat equation
driven by a Gaussian noise that is white in time and has a spatially homogeneous covariance
that satisfies Dalang’s condition. The purpose of this paper is to establish quantitative central
limit theorems for spatial averages of the form N~ f[o,N]d g(u(t,x))dz, as N — oo, where
g is a Lipschitz-continuous function or belongs to a class of locally-Lipschitz functions, using
a combination of the Malliavin calculus and Stein’s method for normal approximations. Our
results include a central limit theorem for the Hopf-Cole solution to KPZ equation. We also
establish a functional central limit theorem for these spatial averages.
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1 Introduction

Consider the following stochastic heat equation on R%:

gl;(t,x) = %Au(t,x) +o(u(t,z))n(t,z) for all (t,z) € (0,00) x RY, (1.1)

subject to u(0,z) = 1 for all x € R% The diffusion coefficient 0 : R — R is assumed to be
nonrandom and Lipschitz continuous. Moreover, we avoid trivialities by always assuming that

o(1) #0.! (1.2)
The noise term 7 denotes a centered, generalized Gaussian random field such that
Covin(t,x),n(s,y)] = do(t —s)f(x —y) for all s,¢ > 0 and z,y € RY, (1.3)

for a nonnegative-definite tempered Borel measure f on R¢ that we fix throughout. More formally,
this means that the Wiener-integrals

Wi(o) = / s@)n(drde) [t > 0,6 € #®RY) (1.4)
(0,t) xR

define a centered Gaussian random field with covariance
Cov [Ws(d1) , Wi(¢2)] = (s At){(¢1, b2 * f)r2(ra) for all 5,¢ > 0 and ¢, ¢ € .7 (RY).

Note, among other things, that {W;}+>0 is an infinite dimensional Brownian motion.
Recall that the Fourier transform f of the measure f is a tempered Borel measure on R%. We
assume here and throughout that f satisfies the integrability condition? — Dalang’s condition:

~

f(dz)

—— < 0. 1.5
T+ < (1:3)

Tndeed, if o(1) = 0 then it can be checked that the the solution is degenerate: u(t,x) =1 for all (t,z) € Ry x R
®To be concrete, the Fourier transform is normalized so that h(z) = [, € *h(z)dx for all h € L'(R?) and z € R?.



For some results, we will need the following reinforced version of Dalang’s condition:

f(d
/Rd mfu(znz))l_a < 00, for some « € (0, 1]. (1.6)

Dalang [15] has proved that, because of (1.5), the stochastic heat equation (1.1) has a mild solution
u = {u(t,r)};>0 zere that is the unique predictable random field such that

sup sup E (|u(t,m)\k) < 0 for every T'> 0 and k > 2. (1.7)
t€[0,T] zeR4

Moreover, “mild” refers to the fact that u satisfies the evolution equation
u(t,z) =1+ / pr—s(x —y)o(u(s,y))n(dsdy) for all ¢ > 0 and = € RY, (1.8)
(0,t) xR

where p denotes the heat kernel on (0, 00) X R?: that is,

() :;exp 7Ha:||2 [t >0,z € RY
! (2mt)d/2 2t ’ '

The mapping (t,z) ~ u(t,z) is continuous in L*(Q2) on [0, 00) x R? for every k > 2; see Walsh [38]
for the case that f = dp, and Dalang [15] and its method for the general case.

In Ref. [7] we observed that the spatial random field u(t) = {u(t, x)},cga is stationary for every
t > 0, and we proved that u(t) is an ergodic random field for every ¢ > 0 provided that f {0} =0. In
particular, if the spectral measure fdoes not have an atom at 0, then the ergodic theorem implies
that, for all ¢ > 0 and all measurable functions g : R — R such that E[|g(u(t,0))|] < oo,

1

A}iinoo Nd /[O,N]d g(u(t,x))dz = Elg(u(t,0))] a.s.. (1.9)

A natural question is to determine whether (1.9) has a matching central limit theorem (CLT). That
is, we would like to establish the convergence in distribution of N42Sy ;(g) to a normal law as N
tends to infinity, where

Snilg) =N"1 o g(u(t,z))dz — E[g(u(t,0))] [N, t>0]. (1.10)

In a recent paper [8], we have derived such a CLT under the following assumption:
0 < f(RY) < oo, (1.11)

when ¢g € Lip, where “Lip” denotes the collection of all real-valued Lipschitz-continuous functions on
R. Our proof rested on Poincaré-type inequalities and Malliavin’s calculus, as well as compactness
arguments and Lévy’s characterization of Brownian motion. The positivity of the total mass of f
[in (1.11)] merely ensures nontriviality. And the finite-mass condition on f turns out to be optimal.
Moreover, we considered, instead of only CLTs for N9 f[o, N] g(u(t,z))dz, functional CLT's for

N~ [pa(z/N)g(u(t,z))dz where 1) : RY — R ranges over a large class of nice functions.

In the present paper we appeal to the Malliavin-Stein method in order to establish convergence
of N/28 ~,:(g9) to a normal law in the total variation distance, which we denote by dy throughout.
As was initiated by Nourdin and Peccati [30,31], the combination of Malliavin’s calculus with Stein’s



method for normal approximations can provide an effective method for deriving quantitative CLTs
for functionals of Gaussian random fields. Moreover, we will establish such central limit theorems
not only for g € Lip, but also for certain locally Lipschitz functions such as

g(u) =log(u) and g(u) =u* for a#0 and u > 0. (1.12)

In particular, our results will cover the case when g(u) = log(u) (with o(u) = u, f = do, d = 1),
in which case g(u) is called the Hopf-Cole solution or height function of the corresponding Kardar-
Parisi-Zhang (KPZ) equation [26].

Huang et al [24] were the first to use the Malliavin-Stein method in order to study spatial
averages of parabolic SPDEs. They (ibid.) studied the case that d = 1 and f = §p — that is, the
stochastic heat equation in 1 4+ 1 dimension, driven by space-time white noise — and proved that,
in the case that g(u) = u,

dry (N1/2SN,t(u) , X) = 0(1/VN) as N — oo, (1.13)

for every fixed t > 0, where X = X (¢) has a centered normal distribution. Huang et al [23,25] study
the case that d > 1 and f(dx) = ||z||~? dx for some 8 € (0,dA2). This Riesz-type covariance form
does not satisfy condition (1.11). Huang et al (ibid.) establish a CLT though with a nonstandard
normalization that depends on the numerical value of the Riesz kernel index 5. More recently,
Nualart and Zheng [34] use Wiener-chaos expansions to derive CLT's in the case that o(u) = v and
g(u) = u.

Let us next describe some of the highlights of this paper. Precise formulations can be found in
the next section.

Theorem 2.1 states that if the variance of N/ 2SNﬂt(g) converges to a strictly positive real
number, then N¢/ 2Sn+(g) converges in total variation to a normal law. The proof is based on
the Malliavin-Stein approach, as well as on an abstract ergodic theorem for functionals of the
underlying Gaussian noise 7. Sufficient conditions for the limit variance to be nonzero are given in
Proposition 2.6.

Theorem 2.3 provides a functional version, in the time variable, of some of our recent work [8,
Theorem 1.1]. This result is a non-trivial extension of a functional CLT of Huang et al. in [24],
valid for SPDEs that are driven by space-time white noise.

We are able to explore the rate of convergence in total variation of N /28 ~N.+(g) to a normal law
in two special cases:

1. In Theorem 2.4 we study the case that g(v) = v for all v € R, and find bounds on the total

variation distance between Sy ¢(g), normalized by its standard deviation, and N(0,1); and

2. In Theorem 2.5 we restrict our attention to a general g, but study the rate-of-convergence

problem for the so-called parabolic Anderson model, which is (1.1) in the case that o(z) = z
for all z € R.
In Theorems 2.1, 2.3 and 2.5, g can be either a globally Lipschitz function or certain locally Lipschitz
function that includes examples in (1.12). The proofs of these theorems can be found respectively
in Sections 4, 5, 6 and 7.

In this paper and its companion papers [7-9] we have presented several new ways of establishing
CLTs for functionals of infinitely-many particle systems based on Malliavin’s calculus, compactness,
Poincaré inequalities, the Malliavin-Stein method, and Clark-Ocone formulas. Previous, more
established methods, for deriving CLTs for particle systems include:

e The use of martingale CLTSs (see, for example, Deuschel [16]);

e CLTs for strongly mixing processes (see, for example, the monograph of Bradley [1]); and



e Techniques based on association, a notion that we recall in the appendix (see, for example,
Newman and Wright [29] with various extensions that can be found in Newman [28], and
Rao [36]).
We can compare the techniques of this paper and its companions (ibid.) with the above methods
in the context of SPDEs and systems of interacting SDEs as follows:
e Our methods provide significant improvements over those that appeal to martingale CLTs
(see [9], and consider adapting the methods of the present paper to the semi-discrete setting
[16] for still dramatic improvements such as those hinted at in Corollary 2.7 below);
e We do not know how to establish strong mixing for SPDEs except possibly when ¢ is constant.
In that very simple case, the solution to (1.1) is a Gaussian process and one can try to
adapt the existing ergodic theory (see for example Helson and Sarason [22], and Dym and
McKean [17] for an overview) to the present setting. We warn however that even that effort
will likely require a fair amount of work; and
e We can try to implement association techniques to derive CLTs for SPDEs (instead of the
present methods). It is known that the solution to (1.1) is associated in a few special instances:
Corwin and Quastel [14] (see also Corwin and Ghosal [13]) observed that u is associated when
d=1, f =dp, and o(u) = u; and a theorem of Pitt [35] implies that u is associated whenever
o is a constant. The strongest association result that we are able to prove requires a good
deal more effort, and yet only states that: u is associated provided that o(u) does not change
sign; see Theorem A.4. As we shall see, CLTs for (1.1) do not require that o(u) does not
change sign. Therefore, we will not pursue association ideas vigorously here.
Throughout, F = {3 }+>0 denotes the Brownian filtration generated by the infinite dimensional
Brownian motion {W};>0, defined in (1.4). As is customary, we assume that F is augmented in
the usual way. For every Z € L¥(Q), we write || Z||; instead of the more cumbersome 12| k() =

{E(|Z|F)}'/k. We use N(0,1) to denote the standard normal distribution. For every g : R — R we

e 9(8) — gla)
. —g(a
Lip(g) = sup g g .
—oco<a<b<oo ‘b - a|

Thus, g € Lip if and only if Lip(g) < oc.

2 Main results

Let Sy (g) denote the random variable defined in (1.10) for every ¢t > 0, N > 0, and any measurable
function g : R — R. Throughout, we will write, for ¢1,t2 > 0,

B iy,12(9) = Cov (NS 1, (9), NS 1,(9)) (2.1)

and for t; =ty =t we put By+(9) = By ++(g). We have proven in [8, Proposition 5.2] that, when
g € Lip,

im By ,.1,(9) = Bi o (9) == | Covlg(ulty,z)) , g(u(tz,0))]d, (2.2)

N—oo Rd

and
/Rd Covlg(u(t,2)) , glults,0))]|dz < oo (2.3)

see [8, Lemma 5.1]. Denote B(g) = By+(9).

3 This result is proved in [8] in the case t1 = t2 and the proof in the case t1 # t2 is analogous.



We are also interested in the cases when the above Lipschitz functions g are replaced by certain
locally Lipschitz ones. In particular, assuming o(0) = 0, the solution w(¢,x) is strictly positive
almost surely and it turns out that the following set of conditions will be sufficient for this purpose:

(g€ C?(0,00), (2.4a)
g is either strictly positive or strictly negative, (2.4b)
g" is monotone over (0, c0), (2.4¢)

dig
< (u(t,0))

“

It is clear that conditions (2.4a) — (2.4c) are satisfied by examples in (1.12). As for condition (2.4d),
thanks to the comparison principle established by Chen and Huang [5] and nonnegative moments
proved in Chen and Huang [6, Theorem 1.8] (see also Theorem 5.1 of Conus et al [11] for the
case when d = 1 and f = ¢&p), by assuming both condition ¢(0) = 0 and the reinforced Dalang’s
condition (1.6), all examples in (1.12) satisfy condition (2.4d) (even for all i > 0). One can see that
conditions regarding locally Lipschitz g in Theorems 2.1, 2.3, and 2.5 are all special cases of (2.4).

Now we are ready to state our results. The following is the first result of this paper, and shows
that the weak convergence theorem of [8, Theorem 1.1] holds in total variation when the limit
variance is not zero. This is a strict improvement because manifestly limy_,oo N%28 Nt(g) =01in
L?(£2) when the limiting variance is zero.

k
) < oo, forallt>0,i€{0,1,2} and k € Z. (2.4d)

Theorem 2.1. Let u denote the solution to (1.1) with w(0) = 1 and o(1) # 0 and suppose that
(1.11) holds. Suppose that one of the three conditions holds:

(i) g € Lip,
(i) g € CY(R) and for some k > 4

E (‘g(i)(u(s,()))‘k> < 00, for all s >0, i € {0,1}. (2.5)

(iii) o(0) = 0, f satisfies the reinforced Dalang’s condition (1.6), g € C1(0,00) and (2.5) holds.
Then, properties (2.2) and (2.3) are satisfied and, for any t > 0, provided that B(g) > 0, we
have that

Jim_dry (N2Sy4(9) . VBilg)N(0,1)) = 0. (2.6)

Moreover, in Case (iii), we have the following sufficient condition for Bi(g) € (0,00):
o(x) #0 for all x > 0 and ¢’ is either strictly positive or strictly negative for all x >0, (2.7)

It is clear that the parabolic Anderson model (d = 1,0(u) = u,f = dp) and the function
g(u) = logu satisfy the conditions (iii) and (2.7) of Theorem 2.1; see [11, Theorem 5.1] for the
moment condition (2.5). Therefore, Theorem 2.1 implies the following central limit theorem for the
Hopf-Cole solution to the KPZ equation.

Corollary 2.2. Assume d =1, f =y and o(u) = u for all u € R. Then, for all t > 0,
1 N
/ {logu(t,z) — E[logu(t,0)]} dz — N(0,0?) in distribution as N — oo, (2.8)
VN Jo
where o} := [*_Cov[logu(t,z),logu(t,0)]dz € (0, 00).
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Our next result provides a functional version in time of the weak convergence proved in [8,
Theorem 1.1].

Theorem 2.3. Let u denote the solution to (1.1) with w(0) = 1 and o(1) # 0 and suppose that

f satisfies both condition (1.11) and the reinforced Dalang’s condition (1.6) for some o € (0,1].

Then we have the following two cases:

(i) For any g € C*(R) such that g' is Hélder continuous of order § € (0,1], it holds that
{Nd/2SN,t(g)}

clo,r
o [ ]; {gt}te[OvT} as N — oo, for any T > 0, (2.9)

where {Gi }1>0 is a centered Gaussian process with covariance E[Gy, Gi,| = By, 1,(g) [see (2.2)].
(ii) If o(0) = 0, then (2.9) holds for any g € C%(0,00) such that g" is monotone over (0,00) and

E (‘ L9 it 0))

k
g ) <oo forallt>0,k>2,andic {0,1,2}. (2.10)
x
In the special case that g(v) = v for all v € R, we can use Malliavin-Stein’s method to show
that the total variation distance between Sy ;(g) and a suitable normal distribution is O(N~%?2).
The next theorem contains the exact form of this statement, and generalizes the recent work of
Huang et al [24].

Theorem 2.4. If g(v) = v for all v € R, then for two real numbers \, L > 0 — depending only on
(f,o) — it holds that

Snt(9) LeM
o ( Var(Sx1(9)) ’N(O’”) < NPBy(g) (2-11)

uniformly for all t > 0 such that B(g) > 0 and all N > 0 large enough to ensure that By (g) > 0.

We are able to study the parabolic Anderson model as well. That is the when o(z) = z for all
z € R. Though we hasten to add that the proof of the following is different from that of Theorem
2.4.

At this point, we are not able to analyze the case where both ¢ and g are fairly general [nice]
functions.

Theorem 2.5. Let u denote the solution to (1.1) with o(z) = z and u(0) = 1 and assume that f
satisfies both (1.11) and the reinforced Dalang’s condition (1.6) for some a € (0,1]. Suppose that
g € C?(0,00) and for some k > 4,

E <
Then for two real numbers A\, L > 0 — depending only on (f,c) — it holds that

Sn,t(g) L O, e
v (Var(SN,t(g)) ’N(0’1)> = N4PBy (g)’ (2.13)

dig
2wl 0)

k
) < oo forallt>0 andie€ {0,1,2}. (2.12)

uniformly for allt > 0 such that By(g) > 0 and all N > 0 large enough to ensure that By (g) > 0,
where Oy := ||g'(u(t,0))[, max(|lg’(u(t, 0));, [lg" (u(t, 0))]5)-



In Theorem 2.5, the reinforced Dalang’s condition (1.6) is used to ensure that almost surely
u(t,z) > 0 for all t > 0 and 2 € R?. We do not need this condition if we assume g € C?(R) instead
of g € C%(0,0).

Note that both (2.11) and (2.13) are trivial when By ¢(g) = 0.

Among other things, Theorems 2.4 and/or 2.5 and Eq.’s (2.1) and (2.2) together imply the
following extension of (1.13) from the case that d = 1 and f = dp to the more general settings
of Theorems 2.4 and/or 2.5: If either g(v) = v for all v € R% or o(z) = z for all z € R, and if
B:(g) > 0 then

dTV (% 7N(O ’ 1)) = O(N_d/z) as N — oo.

Moreover, because Theorem 2.4 and 2.5 involve quantitative bounds on the total variation distance,
we can also sometimes use them to prove that Sy.(g) is asymptotically normal as N, — oo
simultaneously. The following provides the requisite technical result that allows for this sort of
undertaking. Before we state the result, let us note that the parabolic Anderson model [that is,
o(z) = z for all z € R] satisfies all three conditions of the following.

Proposition 2.6. Suppose g(v) = v for all v € R, and let {tn}n=0 be a net of strictly positive
numbers such that ty = o(N?) as N — oo. Recall condition (1.2) and suppose additionally that
either QQ = o or Q = —o satisfy any one of the following conditions:

1. Q(z) >0 for all x > 0;

2. There exists ¢ > 0 such that Q(w) > ¢ for all w > 0;

3. Q(0) =0 and there exists ¢ > 0 such that Q(w) > cw for all w > 0.
Then, liminf y_y oo t]fleNytN (g9) > 0 under conditions 1 and 2, and liminfx_,oc By, (g) > 0 under
condition 3.

Indeed, Theorems 2.4 and 2.5, together with Proposition 2.6, yield the following result imme-
diately, with no need for additional justification:

Corollary 2.7. Suppose that g(v) = v for all v € R, o satisfies one of the three conditions of
Proposition 2.6, and {tn}nN>o s a net of strictly positive numbers. Then,

S
lim drv Nin(9) , N(0,1) ) =0 provided that tn = o(logN) as N — oc.
N=oo Var(Sy,ix (9))

Such time-dependent CLTs have been anticipated by Deuschel [16].
In light of our earlier work [8], the proof of Proposition 2.6 is short enough, and simple enough,
that it can be included here.

Proof of Proposition 2.6. According to the proof of Proposition 5.3 of Chen et al [8], there exists a
real number C' > 0 such that, under either condition 1 or condition 2,

t
Coviu(t,z),u(t,y)] > C’/ (p2s * f) (x —y)ds for all t > 0 and z,y € R%.
0



Since g(v) = v for all v € R, it follows that

C t
Bri)> g [ do [y [dspasn@y
[0,N]d [0,N]d 0
@ fo [
= — dzx dz ds (pas * f) (2
N9 Jio,n) 2—[0,N]d 0 (P2 x 1) (2)

t
> o dm/ dz / ds (p2s * f) (2)
N9 Jinja3N)ae [ N/4,N/4]d 0
C t
dz/ ds (p2s * f) (2)
[—N/4,N/4]4 0
C t
tf(Rd) 2d/ dz/ ds (pa2s * f) (2).
RA\ [~ N/4,N/4]4 0
If 2 ¢ [-N/4,N/4]? and y € [-N/8,N/8]%, then z —y ¢ [-N/8, N/8]%, and hence
t
/ dz/ ds (pa2s * f) (2)
RI\ [~ N/4,N/4]4 0

(N8, /8] da /0 ds poa(x) + LR\ [~ /8, N/8]%)

/W\[N/&N/S]d

< tf(R? / po(z)dz 4+ tf(RT\ [-N/8, N/8]%).
R\ [~ N/(8VD)],N/(8v/D)]¢

Replace t by ¢y and use the fact that ty = o(N?) as N — oo in order to complete the proof of the
proposition under conditions 1 and/or 2.

Next suppose condition 3 of the proposition holds. In this case, the proof of Proposition 5.3 of
Chen et al [8] yields strictly positive numbers ¢ and R such that

2
Covlu(t,z),u(t,y)] > [0(21)]/ ds/ f(dw) pa—s)(z—y+w) for all t > 0 and z,y € R%
R,R]d
Therefore,

BNt dS

dw/ dx/ dy pagi—s) (T —y +w)
[-R,R]¢ [0,N]¢ [0,N]d

ds/ fdw/ da:/ dz pas(z +w
2Nd /t—5 [~ R,R]d (dw) oO,N]d  Jz—[o,N]d 2u( )

1 2 t
> [(;EH)E / ds/ f(dw)/ dz pas(z + w)
t—5  JI-R,R)d [ N/4,N/4])

P g ey P [ . s
=t (brmt) = G2 [ [ [ et

The preceding triple integral can be bounded from above as follows:

t t
/ ds/ f(dw)/ dz pos(z +w) < f(Rd)/ ds/ dz pas(z)
t—6 [—R,R]4 RA\[-N/4,N/4]4 t—6 RI\[R—N/4,—R+N/4]4

< f(Rd)5 po(x) dz.
RA\[(R—N/4)/Vt,(N/A—R)/V/1]4

Replace t by ty and observe that the integral tends to zero as N — oo because ty = o(N?) as
N — oo. This completes the proof because f([—R, R]%) > 0; see Chen et al [8, Proposition 5.3]. [




3 Preliminaries

In this section we collect some basic facts about the Malliavin-Stein method. We also derive
estimates on the LF(Q)-norm of the Malliavin derivatives of the solution u = {u(t, T)}i>0, zerd 1O
the stochastic PDE (1.1). These L*(Q) estimates will play a pivotal role in the remainder of the
paper. We also provide sufficient conditions, based on our earlier work [8], for the nondegeneracy
of the limiting variance of N¥2Sx 4(g).

3.1 Malliavin’s calculus and Stein’s method

Let Ho denote the Hilbert space that is obtained by completing .#(R%) under the pre-Hilbertian
norm that is defined by scalar product {(¢1, ¢2)u, = (¢1,¢2 * f)r2(ray, and let H = L2(Ry; Ho).
The Gaussian random field {n(h)}4ecz, formed by the Wiener integrals

n(h) = /R s n(dsdn)  he ), (3.1)

is called the isonormal Gaussian process on the Hilbert space H. Thus, we can develop the Malliavin
calculus in this framework; see, for instance, Nualart [32].

We denote by D the Malliavin derivative operator and by J the corresponding divergence oper-
ator that is defined by the following adjoint relation:

E((DF ,v)y) = E[Fd(v)], (3.2)

valid for every random variable F' in the Gaussian Sobolev space D2 and every v in the domain
in L?(Q2) of 6. An important property of the divergence operator is that

IF) = / F(s,z)n(dsdx) [the Walsh integral],
R+ xRd

when F' is a predictable and square-integrable random field.
We make extensive use of the following form of the Clark-Ocone formula (see Chen et al [7,
Proposition 6.3)):

F =EF +/ E (D .F | Fs)n(dsdz) a.s. for every F € DM2. (3.3)
]R+ xRd

Among other things, the Clark—Ocone formula readily yields the Poincaré inequality,
Var(F) < E(|DF|3,)  forall F € D'2 (3.4)

Recall that the total variation distance between two probability measures g and v on R is
defined by

dyv(p,v) = sup |u(B) —v(B)],
BEB(R)

where B(R) denotes the family of all Borel subsets on R. As is customary, we let dpv(F', G) denote
the total variation distance between the laws of F' and G whenever F' and G are random variables.
And drv(F,N(a,b)) is written interchangeably for dry(F',G) where G has a normal distribution
with mean a and variance b.

The combination of Stein’s method for normal approximations with Malliavin calculus leads to
the following bound on the total variation distance. See Nualart and Nualart [33, Theorem 8.2.1]
for details and proof.
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Proposition 3.1. Suppose that F € DY? satisfies F' = §(v) for some v in the domain in L*(Q) of
the divergence operator &, and suppose that 72 := E(F?) > 0. Then

2E (|7 - (DF .o)ul) (3.5)

dry(F,N(0,7%)) < =
TV( ) ( , T )) = 7_2
Thanks to the duality relationship (3.2), the pair (F',v) of Proposition 3.1 satisfies

E((DF ,v)y) = 7% = Var(F). (3.6)

Therefore, Proposition 3.1 is bounding the total variation distance between F' and N(0, Var(F')) by
the centralized L'-norm of (DF ,v)4. Note also that, as a consequence of (3.5), (3.6), and Jensen’s
inequality,

dpv(F,N(0,1)) < 2y/Var ((DF ,v)%) when Var(F) = 1. (3.7)

3.2 Malliavin derivatives of the solution

In this part, we will establish the strict positivity of the Malliavin derivatives to the stochastic heat
equation in Theorem 3.2 and derive its moment estimates in Lemma 3.3 and Proposition 3.4. We
first establish the positivity of the Malliavin derivative and it will be a key ingredient in the proof
of the positivity of the limiting variance in our CLT.

Theorem 3.2. Let u denote the solution to (1.1) subject to u(0) = 1. Suppose that 0(0) = 0 and
o(x) # 0 for all x > 0. Suppose that f satisfies the reinforced Dalang’s condition (1.6) for some
a € (0,1]. Then, there is a version of the Malliavin derivative of u(t,x) that satisfies

D u(t,x) >0 forallt>sandx €R? as. (3.8)

for all s > 0 and z € R?.

Proof. Choose and fix an arbitrary s > 0 and z € R? Proposition 3.2 of Chen and Huang [6]
implies that, for all (s, 2) fixed, the random field {D; u(t, )} )e(s,00)xre Satisties the following
stochastic integral equation:

Duslt,2) =pios(a = ouls, ) + [ st =)o ulr ) Desulr ()

Because u(s,z) > 0, by the assumptions on o, we see that C; , := o(u(s, z)) belongs to Fs and is
strictly positive a.s. For (s, z) fixed, the field (t,z) — V;.(t,z) := C;} D, .u(t,x) satisfies

Vault @) = prol — )+ /( W PrlE D D)Vt ) n(ardy),
s,t) X

where (t,z) € (s,00) x R, Note that the above integral equation is nothing but the mild solution
to the following variant of the stochastic heat equation:

0
a%,z(t,x) = 1AV, (t,2) + Hoo(t, 2z, w)Vs (t,2)n(t,z) [t>s, z€RY,

‘/ZQ,Z(S 5 CL') — 505

where Hy ,(t,2,w) := o' (u(t,z)(w)). Notice that |Hs (¢, ,w)| < Lip(c) uniformly in (s, z, ¢, z, w);
see Remark 4.1. This is exactly the same setup as Theorem 1.8 of Chen and Huang [6] or Theorem

11



1.5 of Chen et al [4] for the case when d = 1 and f = Jp (see also Theorem 1.5 of Chen and
Huang [5]). Therefore, one can apply these references to conclude that

P{%@@w)>ut>&xeRﬂ@z>O}:L
or in other words,
P {D&zu(t,a}) >0,t>s,x€ Rd} =P {Vs,z(t,x) >0,t>s,x€ Rd‘C&Z > O} P{C,.>0}=1,

for all s > 0 and , z € R?, which is nothing but (3.8). This completes the proof of the theorem. [

In order to derive the moment estimates of the Malliavin derivatives of the solution to (1.1), let
us introduce some notation. Denote

2 f(dz)
T(A) := o) /Rd 2+ 2P for all A > 0.

Dalang’s condition (1.5) ensures that T(\) < oo for all A > 0. In that case, T decreases strictly as
A increases. Therefore, T has an inverse which we denote by

A=71"1

The following variant of Chen et al [7, Theorem 6.4] shows a way in which A can be used to control
the size of the moments of the Malliavin derivative of the solution.

Lemma 3.3. For all real numbers e € (0,1), t >0, and k > 2, and for every z € RY,
[ Dszult, x)lly < CepeoPrs(z — 2), (3.9)
valid for a.e. (s,z) € (0,t) x RY, where

8 (|o(0)] V Lip(c)) e2tAa€)/k)
Ciheo = (lo(0)] i’)(/Q)) and a(e):

B (1—¢)?
= 2(d+6)/2[|5(0)| v Lip(o)]?’

(3.10)

where 1 =0 := oco.

Proof. Choose and fix some T' > 0. We proved in Chen et al [7, Theorem 6.4] (see also [8, Lemma
4.2]) that, for each ¢t € (0,7] and x € R%, the random variable u(¢,z) is in the Gaussian Sobolev
space D* (see Nualart [32, Section 1.5]) for every & > 2, and that

||Ds,zu(t 5 ‘T)Hk < CVT,k,e:,apt—s(a7 - Z),
for a.e. s € (0,t) and z,z € R%. Set t = T and relabel [T <+ ¢] to derive the result. O

Lemma 3.3 has nontrivial content if and only if |o(0)| V Lip(¢) > 0. This is precisely when
o # 0, which is equivalent to the statement that the stochastic PDE (1.1) is not identically the
same as the nonrandom heat equation O;u = %Au.

In the particular case of the parabolic Anderson model, that is, when o(z) = z for all z € R,
we are also able to estimate the moments of second-order Malliavin derivatives. Notice that when
0(z) = z for all z € R, the constant defined in (3.10) has the form

Chpe =832 %A;Qiﬂi (3.11)
tke ‘= g exXp 2(d+6)/2 2 . .

Later on, for the proof of Theorem 2.5, we will need the following moment bound of second-order
derivatives.
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Proposition 3.4. Suppose that o(z) = z for all z € R. Then, for all real numbers ¢ € (0,1),
t>0, and k > 2, and for every z € R?,

1Dz Dsyult, o)y, < Cipe [Prs(@ = Y)Ps—r(y = 2) L) (8) + Pr—r( = 2)Pr—s(2 = )10, (5)] ,
valid for a.e. (s,y),(r,z) € (0,t) x R, where

L -2 (1 — 5)2
tke = 16¢ exp {3tA <2(d+6)/2]€> } . (312)

Proof. The proof is fairly involved, though it mostly follows arguments that have been used earlier
in simpler forms. Specifically, see the proof of Theorem 6.4 in [7]; see also Lemma 2.2 of [5]).
Consider the Picard iterations defined by ug(¢,x) := 1 and

wiat0) =14 [ p(e = pun(r, O n(dr g
(0,t) xR

for all n € Zy, t > 0, and € R?. The elementary properties of the Malliavin derivative and

induction together show that u,(t,z) € Ng>2D*F for every (¢,z) € Ry xR% and n € Z. Moreover,

Ds,yun-l—l(t 5 $) = pt—s(l‘ - y)un(s 5 y) + /( R pt—’r(l‘ - g)Ds,yun(T , f) U(dT df),
s,t) xR
for almost every (s,y) € (0,t) x R% Since Ds yuo(t,z) = 0 a.s. for every s,¢ > 0 and z,y € R?, we
can, and in fact will, change the value of Dy up,11(t,2) on a Lebesgue-null set of values of (s,y)
and define Dsyuni1(t,z) for every (s,y) € (0,t) x R%.
A second round of differentiation yields the following, after one more round of modifications on
null sets:

DT,zDs,yun+1(t y 1’) = pt—s(x - y)Dr,zun(37 y) + pt—’/‘(x - Z)Ds,yun(r ; Z)

+ / Di—r ($ - g)Dr,zDs,yun (T ) ‘5) 77(d7 dE),
(sVr,t)xRd

for every (s,y), (r,z) € (0,t) x R%.

According to the proof of Theorem 6.4 in Chen et al [7], and thanks to the same argument that
was used in Lemma 3.9, the estimate (3.9) holds also — with the same constant Cyj ., — when
we replace D u(t,x) by D un+1(t,x). Indeed, Chen et al (ibid.) first bound the moments of
Dy uy(t,z) and then obtain (3.9) by passing to the limit, as n — oco. In this way, we find that

||Dr,zDs,yun+l (t ) :E) ”k < Ct,k:,s [pt—s(x - y)ps—r(y - Z)l(r,t) (5) + pt—r(ﬂj - Z)pr—s(z - y)l(O,r) (S)]

+

)

k

/ Per(& — E)Dy2 Dy yun(r ,€) (dr d€)
(svrt)xRd

for the same constant C} j . that was defined earlier in (3.11). We can now apply the Burkholder—
Davis-Gundy inequality [2], using with the Carlen and Kreé [3] bounds on the optimal constants,
in order to find that

k

E

/(‘ £ xRd pt—T(ZU - f)Dr,zDs,yunH(T ’ 5) 77(d7' d{)
sVr,t) X

< (28) e

t
/ dr / de / FAE) Prr(z — €+ ENprr( — O)Tal(r € — EVTalr &)
rVs R4 Rd

k/2>
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where
Tn(T,a) := D, .Ds yun(T,a) for every 7 > 0 and a € R%.

We combine the above with Minkowski’s inequality and Hoélder’s inequality, and deduce that

t 1/2
<ovk [/ dr / a / f<df'>pt_T@c—f+s’>pt_7<z—§>rmm—f’)Hkumnf’)rk} |
rvVs R4 R4

/ dpth(-% - g)DT,zDs,yuTH»l(Tag) 77(d7 df)
(svrt)xR k

The preceding computations yield the following inequality on the L*(Q)-norm of the second Malli-
avin derivative of u,11(t,z):

HDT,ZDS,yum—l(t ) x)Hk < Ct,k,s[Ps,r,t(y ) %5 x)l(r,t)(s) + Prst(2,Y; x)l(O,r)(S)]
t 1/2
w2V | [ ar [ ag [ 50 pisto— €+ Opirla - O Talr 6~ O T ]

where
Ps,r,t(y y 23 .’E) = pt—s(x - y)ps—r(y - Z)'
Set y := 24216k and ho(t) := 1 for all t > 0, and define

t
hi(t) := /0 hn-1(5) (P2(t—s) * [) (0) ds forallt >0 and n € N.

We claim that, for every n € Z,

1Dy 2 Ds yyun(t, )|, (3.13)

<V2Cihe |Port(y,252) | D Vit — 5) L (8) + Prose(z,y52), | D vhilt — 1) 1(g,(s) | -
=0 =0

We prove (3.13) using induction on n.

Eq. (3.13) holds for n = 0 since up = 1 whence D, . D ,uo(t,z) = 0 a.s. We now suppose that
(3.13) with n replaced by any arbitrary m = 0,...,n — 1 and seek to verify that (3.13) holds for
n > 1.

Indeed, by the induction hypothesis,

t
/ dr / d / FAE) prr(@ — €+ E)prr( — )| Toca (7€ — el T (7. )l
rVs R4 Rd

n—1 ' t
< 2 ()0 L' [ ar [ ae [ 1) prote =64 hpr e 6)
X Parr(¥,2:8 = &) Parr(y, 2:§)hi(T — 5)
n—1 t
21 Cc? i d d d¢’) pi_r(z — Npi—r(z —
+2100,(s) k;y/ r [ [ A€ Pt =6+ pire =)

X Pr,s,7'<z y Y3 § - él)Pr,s,T(Z 'Y f)hz(T - 7“)
=: 21(r,t) (S)CI)<S T3 Y Z) + 21(0,r) (3)(13(7' 1852, y)
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Because s
Prs(w =Py = 2) = prla = 2)pse g (v =2 = 2@ = 2)).

it follows that

n—1 ‘ t
¥ooriva) = Chperl v 7 [ ar [ [ 16 pste =4 pista =9

X prs(& =& —y)pr—s(§ — y)hi(T — 5)
= Ctksps r( )pt2 s(x_y)

XZV/dT/ A€ | F(0€) Py - <€§’y;:j(wy))

T—S

X)) i)

X P(t—r)(r—s)/(t—s) (5 vy

Therefore, the semigroup property of the heat kernel, together with its symmetry, yield the follow-
ing:

n—1 ‘ t
(s, r;y,2) =Cl.ps(y— 2)P;_o(z — ) ZVZ/ dr /Rd F(AE) Pag—ry(r—s)/(t—s) () i(T — 5).
i=0 s
According to Lemma 6.6 of Chen et al [7],

t t
/ 9(T = 8)Pa(r—s)(t—7)/(t—s)(y) AT < 2(d+2)/2/ 9(T — 8)pat—r)(y) dr,
S S
for every nondecreasing function g : (0, — s) — R. In accord with Lemma 2.6 of Chen and
Kim [10], every h; is nondecreasing (this fact follows from induction on 7). Therefore, it follows
from the above [with g <+ h;] and the definition of the h;’s that

@(s,r;y,z) SC’tQ,lc,s (d+2)/2p§ r(y_z pt s Z’Yh‘l—l-l t—S
Ciy
= kfpg r( _Zpts Z’yht_s

the last line holding since we originally made the special choice, v = 2%/216k. Consequently,

||Dr,zDs,yun(tax)Hk
< Ct,k@[,Ps,r,t (y y %3 x)l(r,t) (S) + PT,S,t(Z yYs .TL')].(() ) (S)]

1/2
+ \/§Ct,k,e 1(r,t)(8)ps—r(y -z pt s LL’ — (ny h; t — s )

1/2
+1(0,r)(3)pr—s(z_ypt r(x—y <Z’Yh t—r ) ],

which proves (3.13).
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We appeal to the nondecreasing property of the h,’s once again in order to deduce from (3.13)
that

1Drz Dsytins1 (£, ) |6 < V2CripeP(s, 7 t5y, 2, 7)

where

P(S T t Y.z, 33) = 1(r,t) (S)ps—r(y - Z)pt—s(x - y) + 1(0,r) (S)pr—s(z - y)pt—r(x - y)

We now let n — oo in order to obtain

HDT’,ZD&yu(t’Q:)Hk < \/ict,kﬁp(‘s?TJt;yvzvx)

> yihit).
=1

The details are the same as its counterpart in the proof of Theorem 6.4 of [7]. Therefore, we skip
those details. Because the Plancherel theorem implies that [;°exp(—At)(py * f)(0)dt = T(X),
Lemma 6.7 of Chen et al [7] implies that

> exp(2\t
Z”Yzhi(t) < IIi(T)7
i—1 — 37 (A)

for all large enough A > 0 that satisfy 2 > 4T (\). We now follow the proof of Lemma 4.2 in [§]

and choose the particular value,
NVACSDN
- k2(d+6)/2 | °

This choice yields

_ 1—¢)?
DDyt )b < 252 Concoxp {08 (e ) b PG i 2,0),

and completes the proof of Proposition 3.4. O

3.3 Malliavin derivatives and shifts of the noise

In the general setup of Malliavin calculus, the Hilbert space L?(€2) includes square-integrable ran-
dom variables that are functions of the isonormal process h — n(h); see (3.1). Thus, we identify
every random variable F' € L?(Q) with a function F(n) of the underlying noise n. Note that this
function need not be local. That is, the instance F'(w) of the random variable F' [w € €] need not
be a function of the instance n(w) of the noise. To see how this can happen, choose and fix some
h € H and consider the random variable Fy = n(h). Because Wiener integrals cannot be defined
pathwise (unless h is sufficiently smooth), this shows that the random variable Fj is not a local
function of 5, though it is of course a function of 7.

Let us follow the proof of Lemma 7.1 in [7] and define, for every y € R?, the shifted Gaussian
noise 7,, and the corresponding Gaussian family of random variables in the following manner: For
all p € H and y € R? we set

ny(SD) = 77(9%),

where ¢, (s,z) := ¢(s,r—y). We remark that the elements of the Hilbert space Hg are generalized
functions, so the shifted element ¢, should be defined as in distribution theory: (¢, , %) = (¢,¥—y)
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for every smooth function ¢ of rapid decrease. By the Wiener isometry for Wiener stochastic
integrals, 7, has the same law as 7 for every y € R?. As in Chen et al [7, Lemma 7.1], we define
a family of shift operators {6}, cge that act on every random variable F' € L?() to create new
random variables {F 00y}, cga in L%(Q) as follows:

(Fo8y)(n) = F(ny) for every y € R%.
Lemma 3.5. Choose and fir some y € R and F € DY2. Then, a.s., D(F o 0,) = (DF), 0 0,.

Proof. We first examine the case that F(n) = n(y) for some ¢ € H. On one hand, (DF), = ¢,.
Since ¢ is non random, this proves that (DF'), 00, = ¢, a.s. for all a € R?. This holds in particular
when a = y. On the other hand, F o 8, = n,(¢) = n(¢y) and hence D(F o 6,) = ¢,. This proves
the lemma in the case that F' = n(yp).

The preceding special case and the chain rule of Malliavin calculus (see Nualart [32, Proposition
1.2.3]) together imply that the lemma holds also when F(n) = ij:l ®;(n(pj)) when @q,..., Py :
R — R are smooth and grow at most polynomially, and 1, ..., € H. The general result follows
from this case and density; see Nualart [32, Proposition 1.1.1]. O

3.4 An abstract ergodicity result

In [7] we proved that the infinite dimensional random variable u(¢) is [spatially] ergodic for every
t > 0. The following is a non-trivial variation on that and uses similar ideas.

Throughout this section, we suspend the finiteness portion of assumption (1.11).

Because of the above, the Fourier transform f of f is a positive-definite tempered measure that
need not be bounded.

Theorem 3.6. To every random variable G € L?*(Q)) we associate a random field — also denoted
by G — via G(z) := Gob, for allx € R, Then, {G(x)},cra is stationary. Moreover, the following
are equivalent:

1. {G(z},epa is ergodic for every G € L*(Q) such that x — G(z) is continuous in probability;

2. f{0} =0.

The spectral condition 2, f {0} =0, is equivalent to either one of the following:

1. f has no atoms;

2. flx eR:: ||lz|| < r} = o(r?) as r — oo.
See Chen et al [7] for details.

Before we prove Theorem 3.6, we point out a further generalization which is noteworthy (though
we will not need it here).

Remark 3.7. One can make only small adjustments to the proof of Theorem 3.6 in order to see that
if G = (Gy,...,Gp) is an m-dimensional random vector with G; € L?(Q2) for every i = 1,...,m,
then {G 0 0,},cpa is stationary and ergodic, where (G o 6,)(n) := G(7,), the same as in the case
m = 1. This particular phrasing of Theorem 3.6 extends the ergodicity result of [7] since it was
shown in the latter reference that u(t,z +y) = u(t,r) o6, a.s. for all t > 0 and z,y € R In
fact, this phrasing can be viewed to be an infinite-dimensional extension of a classical result of
Maruyama [27]; see also Dym and McKean [17].
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Proof of Theorem 3.6. Stationarity is immediate; we prove only ergodicity.

First, suppose that {G(z)},cpa is ergodic for every G € L*(Q) such that z — G(x) is continuous
in probability.? Consider random variables of the form G = n(1j ® ¢) where p € & (RY) is a
probability density function. In this case, G(z) = [ (0,1)xRd ¢(y —x) n(dsdy) is continuous in L?(9)
and hence in probability. Indeed,

Cov[G(z) , G(0)] = /R ey —m)(px )y forall z € B

Consequently, ||G(x) — G(2')|]3 = QfRd [o(y) —oly—xz+2)](e* f)(y)dy — 0 as 2/ — x. Also, the
assumed ergodicity implies among other things that

HNd / G(z)dx
[0,N]¢

where Iy := N*dl[o’N]d and Q(z) := Q(—=z) for all z € R and all Q : RY — R. Because

(L Iy @xox ) (0) = o /| |2H< COSNZJ))f(dz»

and ¢(0) = 1, the dominated convergence theorem implies that f{0} = 0.

For the more interesting half of the proof we assume f {0} = 0, and extend the ideas of the
proof of Lemma 7.2 of Chen et al [7].

Define G(x) := H;?:lgj(G(a: +¢7)), where k > 1, ¢1,....¢F € RY and ¢1,...,9r : R = R
are Lipschitz-continuous and bounded functions that satisfy ¢;(0) = 0 and Lip(g;) = 1 for every
j =1,...,k Since G is a stationary random field, the ergodic theorem reduces the problem to
proving the following;:

2

:<IN*fN*g5*<p*f>(O)%O as N — oo,
2

VN (G) := Var (N_d/[oN]d G(x) da:) —0 as N — oc. (3.14)

See [7, Lemma 7.2 | for the details of this argument.
The bulk of the proof is concerned with the proposition in the special case that the random
variable G has the form,

= h(n(1), - n(Pm)), (3.15)

where h € C®(R™) and 1, ..., %, € Co(Ry x RY). Let us first understand why it is enough to
study G’s of the form (3.15).

Given an arbitrary random variable G € L?(Q) and a number ¢ > 0 we can find a random
variable GG that can be written as the right-hand side of (3.15) and satisfies |G — G|z < &; see
Nualart [32, Proposition 1.1.1]. The argument that we used at the very beginning portion of the
proof can be recycled to show that z — G(x) := G o 0, is continuous in L?(2) and hence in
probability. Let G denote the analogue of G but with G replaced by G everywhere. By the triangle

inequality,
( G(z)dx — Eg(O)) - (N_d/ G(z)dx — Eg(O))
[0,N]d [0,N]d

VIR (G - T 0) <
< 2.

2

4Continuity in probability is here only to ensure that = — G(x) has a Lebesgue-measurable version.
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If we could prove (3.14) for all random variables of the form (3.15), then limy_so, Viv(G) = 0 whence
limsupy_,, Vi (G) < 42 by the above. Since ¢ > 0 is arbitrary this shows that it is enough to
prove (3.14) for random variables of the form (3.15).

Suppose now that G has the form (3.15). By the Poincaré inequality (3.4),

VN(G) <E || DG (x) dx
[0,N]4

_ ar—2d T x )
N //[O’N}zdd dy B[(DG(z), DG(y))2]

H

Before we study the expectation inside the double integral, note using the chain rule of the Malliavin
calculus (see Nualart [32, Proposition 1.2.3]) that

k

Ds7zg($) = Z H g] 1,‘ + C])) Ds7zG(~fc + Cjo)’

Jjo=1 \j=1,j#jo

and observe that D, .G(z + ¢%0) = Y7 (8;h)(Y)i(s,z — x — (%), where Y denotes the m-

dimensional Gaussian random vector (1,41 (Y1), - -+ Nagcim (¥m)). Thus,
k m A
IDs -G ()|, < Lip(h) > H gi(G@+ )| D |ei(s,z =z — )
Jo=1 ||j=1,5#j0 g =1
< Lip(h) sup g (w)|F~? Z ‘wi(s,z—x—cjo)‘ =1L Z ‘1[1i(s,z—$—§j°)|.
19k 1<jo<k 1<jo<k
weR 1<i<m 1<i<m

Consequently, the Walsh—-isometry for stochastic integrals yields
t
B((DG(@). DO()w) = [ ds [ da [ (@) B(D..0()Duu i)

<2 Y / ds [ da [ 7(@) [i(s.a == )i (s.a= b=y - ).
1<j0 ]1 <k‘ Rd Rd
1<29,21<m
Recall that Iy := N _dl[o, n]¢, and integrate the preceding displayed expression [Iy(x) dzIn(y) dy]
in order to deduce from Fubini’s theorem that
¢
W@ <L Y [ s (s D frlun(0)] 510 6)) (0 - 7).
1<j0,71<k 0
1<ig,i1<m
where Q(s) = Q(s,e) for all s > 0 and space-time functions @ : Ry x R — R, and §(z) = q(—x)
for all z € R? and ¢ : R — R. Since Iy % Iy * f is a continuous, positive definite function, it is
maximized at the origin. This is a consequence of the Bochner—Hergloz theorem of classical Fourier
analysis, and found in introductory probability textbooks. This yields

2
VN(G)S(kL)Q(IN*IN*f) /(an ||L1Rd> ds.

According to Chen et al [7, Proof of Proposition 3.7], (In * In * f)(0) = 0 as N — oo because
f{0} = 0. This establishes (3.14) when G has the form (3.15), and completes the proof of the
proposition. O]
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4 CLT: Proof of Theorem 2.1

Before we begin the proof properly, let us pause to make two elementary remarks, one from real
analysis and the other from information theory.

Remark 4.1. If g € Lip then according to Rademacher’s theorem, the weak derivative ¢’ of g is
a.e.-defined and satisfies |¢'| < Lip(g) a.e.; see for example Federer [18, Theorem 3.1.6].

Remark 4.2. If 0 < ¢ < ¢1, then

1 Cl1 — C9
2 co

dTV [N(O s Cl) N N(O s 02)] S

One can prove this quickly using Pinsker’s inequality (see, for example, Cover and Thomas [12]).
Indeed, Pinsker’s inequality tells us that 2[drv(y/c1Z ,/c2Z)]* is at most the relative entropy of
N(0, c1) with respect to N(0, co), which is —|log(c1/c2)| 4+ (c1 — ¢2)/(2¢2) < (¢1 — ¢2)/(2¢2).

According to Chen et al [8, Lemma 4.3] or (3.9), it is easy to see that in case of Lipschitz g,
Sni(g) € Mi=eDYF for all N > 0, (4.1)

and

Dy .Sni(g) =N~ g (u(t,x))Ds su(t, x) dz. (4.2)
[0,N]4

However, when g goes beyond the globally Lipschitz functions, we need to identify those g’s that
satisfy g(u(t,z)) € DY for all k > 2, ¢t > 0, and € R?, in order to apply Clark-Ocone formula
(3.3). The following lemma serves this purpose. Indeed, an application of part (i) of Lemma 4.3
below shows that under conditions of part (ii) of Theorem 2.1, Sy (g) € Db* C D2,

Lemma 4.3. Let I =R or I = (0,00). Suppose that F is a random variable taking values in I
that belongs to Np>1DVF. Let g : I — R be a measurable function such that ||g(F)||x < oo for some
k> 2. Then:

(i) If g € C1(I) satisfies ||g'(F)|l, < oo for some p > k, then g(F) € DY* and

D[g(F)] = ¢'(F)DF. (4.3)

(i) If g € C2(1) satisfies g/ (F)|, + g (F)ll, < 0o for some p > k, then g(F) € D** and

D?(g(F)] = ¢"(F)DF ® DF + ¢/(F)D*F.

Proof. We prove (i); (ii) is proved similarly and so we skip the proof of that part. For every M € N
and x > 0, we set grr(z) = (g(x) AN M)V (—M). Because gps is Lipschitz, by the chain rule for the
Malliavin calculus gas(F) € DY* and

Dign(F)] = g'(F)1{|F|SM}DF a.s. (4.4)

Because ||g(F)|[x < oo, g (F) converges to g(F) as M — oo in L*(Q2). Moreover, by Holder’s
inequality and (4.4), D[ga (F)] converges in L*(Q;H) to the right-hand side of (4.3) as M — oo.
This completes the proof of (7). O
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Once the property Sy+(g) € D'? is established, one can apply the Clark-Ocone formula (3.3)
to see that a.s., Sy(g9) = f(o £)xRd E[Ds .Sn(g) | Fs)n(dsdz). Since the Walsh stochastic integral
is an extension of the divergence operator ¢, it follows that (a.s.)

Sni(g) = 6(vne(g)) with oni(9)(s,2) == E[Ds:Snt(9) | Fsll4(s)- (4.5)
Throughout the paper,we denote by
KN7t1,t2 = Nd <DSN7t1 (g) y UN’tQ (g)>H and KN = KN,t7t- (46)

The next lemma shows that properties (2.2) and (2.3) hold under assumptions (ii) or (iii) of
Theorem 2.1.

Lemma 4.4. Suppose that either g € C1(R) or o(0) =0, g € C*(0,00)and f satisfies the reinforced
Dalang’s condition (1.6) . Suppose, in addition that (2.5) holds for some number k > 2. Then,
(2.3) and (2.2) hold for all ty,ts > 0.

Proof. Let us first show (2.3). First of all, note that g(u(t,z)) € D? thanks to Lemma 4.3 and
the fact that (2.5) holds for some k& > 2. This proves that the Clark-Ocone formula (3.3) is valid.
Applying Clark-Ocone formila yields

Cov [g(u(tr, ), g(ultz,0))] = E( | as [Lan [ @ [t ) Dyt 0100 ()17

x E [¢'(u(tz, 0))Ds yu(ts, 0)1[0@}(5)]};] )
Finally, Holder’s inequality and the estimate (3.9) together yield

/ | Cov [glu(tr, 2)). gu(tz, 0))] [dz < C / s / dady f(d2) poy—s( — Y)Pry—s(@ — y — 2)
R4 0 R3d
= CfRY(t; Ato) < 0.

The equality in (2.2) follows from the following claim:

lim Cov (Nd/QSN,tl (9), N¥2Sy ., (g)) = | Cov[g(ulty, ), g(u(ts, 0))] dz. (4.7)
—00 Rd

Indeed, by the stationarity of the solution in its spatial variable, we see that

1
Cov (Nd/QSN,tl(g), Nd/QSN,tz(g)) = Nd /[O’N]ddx /[O ,N]ddy Cov (g(u(ty, z)), g(u(ta, y)))
:/ Cov (g(u(ty, 2)), g(u(tz,0))) dz.
[0,N]4

Now let N — oo to deduce (4.7) from (2.3) and the dominated convergence theorem. O

The following proposition is a basic ingredient in the proof of both Theorem 2.1 and 2.3.

Proposition 4.5. Suppose that [ satisfies (1.11). Under each of the three cases (i), (ii) and (iii)
of Theorem 2.1, the following convergence holds true

A}im Var (Nd (DSN+,(9) » UNty (g)>H) =0, for any t1,ts > 0. (4.8)
—00
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Proof of Proposition /.5 in Case (i). We may use (4.5) together with Fubini’s theorem and the
definition of H in order to decompose the quantity of interest K¢, 1+, defined in (4.6) as follows:

Kovawg =N [ as [ 42 DooSwis(9) (BIDoSis(o) | R+ 1) (2

__ ard . t1/\to ) . § ) ]
=N /ON]dd /[ON dy/ d / dz Ds.g(u(t1,x)) (E[Dseg(u(tz,y) | Fo] * f) (2)

=hn—DIn,

where

t1N\to
Ly = N / do / dy / ds [ dz Dysglu(ty, ) (B[Dsag(ults,y) | Fil ) (2),
[0,N]¢ R4 Rd

t1/A\t2
I N = Nd/ dx/ dy/ ds/ dz Ds.g(u(t1,2)) (E[Dseg(u(ta,y) | Fs] = f) (2).
[0,N]4 R4\ [0,N]4 0 R4

The following shows that the asymptotic behavior of Ky, 1, is the same as that of I y.

Claim 1. Io xy — 0in L*(Q) as N — oo. Thus, (4.8) holds if L y—EL y — 0 in L?(Q) as N — <.
Proof of Claim 1. The second assertion of Claim 1 is a ready consequence of the first assertion

and Jensen’s inequality. It suffices to prove the first assertion then. We may appeal to (3.9) with
c=C4 keoCtykeor, k=4, and € = 1/2 (say) as follows:

t1A\t2
oxle <N [ / dy / ds / dz | Dasg(ults )]s (| Deswglultz, 9 * 1) (2)
[ON R4\ [0, N]d

Llp tl/\tz
< clLin(g))” / da / / / dz poy—o(z — 2)(Pra—s * f)(z — 1)
[ON]d Rd\[ON]d

c[Lip( s
— [p/ dgp/ dy/ ds Lgayjo,nja(¥) (Pti+t2—2s * f) (z — y)
[0,N]4 Rd

t1A\t2
= C[Lip(g)]Q/D ds /]Rd dz (pty+ty—2s * [) (2) /]Rd dz 1o yjanafo,1ya+2) (%),

owing to the semigroup property of the heat kernel. Now f is a finite measure [see (1.11)] and
Jga 1[071]dn(Rd\[0’1]d+%)(fE) dr — 0 as N — oo for every z € R%. Therefore, the dominated conver-
gence theorem ensures that the preceding displayed expression converges to zero as N — oo. This
proves Claim 1. O

In order to investigate the asymptotic behavior of I; y, we first define
Hy(z) := / E[Ds.g(u(ty,a)) | Fs| do for all s € [0,t] and z € RY.
R4
Since Ds.g(u(t2,y)) = ¢'(u(ta,y))Ds.u(ts,y) for ae. (s,z) € (0,t2) x RY and since y +
Dy cu(ts,y) is continuous in L2(2) for a.e. (s,z) € (0,t2) x R? (this can be proved by the

same arguments as in [15, Lemma 19]), Lemma 3.3 (applied with ¢ = 1/2, say) implies that
H = {Hs(2)} (s 2)e[0,qxre i an adapted random field that satisfies

| Hs 2|k < Cty 172,06 LiP(9) /Rd Pty—s(y — 2)dy = Cy, .1/2,.Lip(9), (4.9)
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uniformly for all £ > 2, s € (0,12), and z € R?. Our interest in the random field H stems from the
fact that I1 y can be written in terms of H as follows:

t1A\t2
Ly=N" dz / ds / dz Dy .g(u(ty,z))(Hs * f)(z) = N4 U(x)dr, (4.10)
[0,N]4 R4 [0,N]d
where

:/1 st/ dz D g(ulty @) (H, * f)(2). (4.11)
0 R4

Similar estimates to those used in the proof of [7, Theorem 6.4] and [8, Lemma 4.2] show that
(s,2z) = Hg(z) has a version that is continuous in probability on [t; A t2] x R% In partic-
ular, there also exists a measurable version of the random field ¥, and it can be written as
U(z) = ¢'(u(ty,z))¥i(x), where z — ¥y(x) := gl ds [padz D, u(ty,z)(Hs * f)(2) is continu-
ous in probability. This and a simple extension of Doob’s separability theorem [19] together imply
that H, ¥y, and ¥ all have Lebesgue measurable versions, which we feel free to use.

Claim 2. For every z,y € R%, U(z +y) = ¥(x) 00, a.s.

Proof of Claim 2. We may write

U(x+y) = /1 st /Rd da /Rd dz Ds.g(u(t1,z +v)) (E[Dseg(u(ta,a)) | Fsl * f) (2)

/1 st/Rdda/Rddz D-g(uty,z + ) (B[Dseg(ults, a+y)) | F % £) (2).

We have proven in [7, Lemma 7.1] that for all ¢ > 0, u(t,z 4+ y) = u(t,x) o 0, a.s. Therefore, by
Lemma 3.5,

x4y = / ds/Rdda/Rddz s,2—yg(u(ti,x))) o by
(E[{Dse—yg(ulta,a))} o by [ Fs| * f) (2)

_ / s / da / dz (Ds.g(u(tr 7)) 0 8, ({E[Dseglults, @)} 0 6, | Fi]  f) (2),
0 R4 R4

after a change of variables [z — y +> z]. Now, F; is generated by all random variables of the form
f(07t) wra V(5,7)ny(dsdx) as 1) ranges over .5 Because of this observation, it is now a simple
exercise in measure theory to verify that {E[D; eg(u(t2,a))} 08, | Fs] = E[Dseg(u(ts, a)) | Fslob,
a.s., which in turn implies that

Yot y) = (/ s [ o [ d Dgluttn ) (BID.eoulta ) | 71 ) () 06,

almost surely. This proves Claim 2. O

Claim 3. ¥(0) € L3(9).

Point being that F; is generated equally well by the infinite-dimensional Brownian motion {W; o 8, }:>¢ for any
y € R%; compare with (1.4).
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Proof of Claim 3. We proceed as we did for Claim 1. Thanks to the definition (4.11) of ¥ and
Lemma 3.3,

t1/\t2
1(0)]l2 < Chy 41 /2.0 Lin(g) f (R / / Az | Dy ults, 0))]],

d tl/\tg
< Cuapaollin@)PRY [ ds [ @z Dt o)
< Cy,.41/2,0Ct0,4.1 /2,0 [LiD(g )2 FRY) (8 Ata),

where we used (4.9) in the first line (with & = 4), the chain rule of Malliavin calculus (see Nu-
alart [32, Proposition 1.2.3]) in the second line, and Lemma 3.3 in the last line. This verifies Claim
3. O

We can now complete the proof of the proposition in Case (i) as follows. Thanks to Claims
2 and 3, we may deduce from Theorem 3.6 that the L?(Q)-random field {¥(x)},cpa is stationary
and ergodic. Thus, (4.10) and the ergodic theorem together ensure that I; y — E¥(0) as N — oo,
a.s. and in L?(Q). This implies, among other things, that I; ~N—EL ;= 0in L?(Q) as N — 0.
Now apply Claim 1 to deduce (4.8) and hence Case (i) of Proposition 4.5 O

Proof of Proposition 4.5 in Cases (ii) and (iii). Cases (ii) and (iii) can be proved similarly. For
Claim 1, notice that for ¢ = 1,2,

1Ds zg(uti, 2))lly < |lg' (uti, @), 1 Ds zulti, ),y = (|9’ (uti, 0))]], [ Dszulti, z)l,

where p~! + (p')~! = 1/4, and the last equality is due to the stationarity of  — u(t;,z). Hence,
the moment bound for I y is still valid with the constant c[Lip(g)]? = C’tl,4’1/270C’t2’471/27g[Lip(g)]2
replaced by

Ct pr1/2,0Ctapr 1/20H9 u(t1,0) H HQ u(te,0 )Hp‘

The above constant is finite thanks to (2.5). Hence, Claim 1 is true. Claim 2 still holds without
any change. As for Claim 3, the moment bounds for ¥(0) are replaced with the following, using
similar arguments as above:

[Ty < Cypr1/2,6Ctp1/2,0 g’ (u(ty,0) H |9’ (u(t2,0 )pr(Rd) (t1 AN t2).
With these changes, the proof of Cases (ii) and (iii) follows the same arguments as Case (i). [

We now proceed with the following.

Proof of Theorem 2.1. We first consider Case (i). Throughout, we choose and fix some ¢t > 0
and recall that limy_oo By(9) = Bi(g) > 0. In particular, we observe that By¢(g) > 0 for
all sufficiently large N. Also, Remark 4.2 shows that /By (g)Z converges in total variation to

/Bi(g9)Z as N — oo. Therefore, it suffices to prove that
EN = drv <Nd/2SN’t(g) , BN,t(g)Z> -0 as N — oo. (4.12)
In view of the representation of Sy :(g) given in (4.5), we may therefore apply (3.5) to see that

En < BN2t (’BNt N (DSn,(9) , UN,t(g»'HD ) (4.13)
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valid for all IV large enough to ensure that By ¢(g) > 0. According to (3.6), E((DSn(9),vn:(9))n) =
B: n(g). Therefore, in light of (4.12) and (4.13), and owing to Jensen’s inequality, it suffices to
prove that the variance of N¢ (DSn (g) , vN,t(g)), converges to zero as N — oo, which has been
shown in Proposition 4.5.

For Cases (ii) adn (iii), the limit (2.6) can be proved in the same way as above and (2.3) and
(2.2) hold due to Lemma 4.4. Finally, Property B;(g) > 0 in Case (iii) is a direct consequence of
Corollary 4.7 below and (2.3) O

Proposition 4.6 below is devoted to establish the nondegeneracy of B;(g) in Case (iii) of Theorem
2.1. Our next result is an application of Lemma 3.2 and the Clark-Ocone formula (3.3). In some
sense, the following says that the solution u to (1.1) has a strict association property; see Appendix
for more exploration in this direction.

Proposition 4.6. Let u denote the solution to (1.1) subject to w(0) =1, and suppose that o(0) = 0,
o(x) #0 for all x > 0, and f satisfies the reinforced Dalang’s condition (1.6) for some o € (0,1].
Choose and fix n space-time points (t1,x1),. .., (tn,zs) € (0,00) x R, and real-valued functions
91,92 € CY((0,00)") such that for everyi=1,...,n and j = 1,2:

1. 0;g; > 0; and

2. gi(u(ty, 1), ..., ultn,zn)) € L*(Q) and 8;g;(u(t1,x1), ..., u(tn, zn)) € Ups2LP(Q).
Then, we have the strict positivity result,

Cov (g1 (u(t1, 1), -, ul(tn, xn)) , ga(u(ty,x1),. .., u(tn,x,))] > 0. (4.14)

Proof. Denote the covariance in (4.14) by I. According to Lemma 4.3, Assumption 2 ensures
that gj(u(ti,z1),...,u(tn, x,)) € DV for j = 1,2. Therefore, we may appeal to the Clark-Ocone
formula (3.3) in order to obtain

I—E(/Ooods/Rddy Rdf(dz)

X E Za’bgl tlaxl u(t’nnxn))DS,yu(tivxi>1[0,ti](8)

] (4.15)

x E 28392 tl,xl u(tnaxn))Ds,y-qu(tj?xj)l[()ﬂfj](s) ‘ Fs )

The integral I is well defined and finite. Indeed, Assumption 2, Holder’s inequality and the estimate
(3.9) together yield

u<c/ as [ ay [ saz) (Zpt_s i = )1 (s > Zpt._s 5= 9= 2 (9)

=1

tint;
/ ds/ dy f(dz) pt,—s(wi — y)pt;—s(xj —y — 2) < 0. (4.16)
ij—1 R4 Ra

Since o (0) = 0, u(0) = 1, and o (1) # 0, and because f satisfies the reinforced Dalang’s condition
(1.6) for some a € (0, 1], one can apply Theorem 1.6 of Chen and Huang [5] in order to see that
u(t,x) > 0 almost surely for all ¢ > 0 and = € R%. Hence, by Assumption 1 and Theorem 3.2, the
two conditional expectations in (4.15) are strictly positive a.s. This proves that I > 0, which is
another way to state the proposition. O
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Notice that Proposition 4.6 remains valid if in its assumption 1 we require that all partial
derivatives are strictly negative, instead of strictly positive. In this way, we can include examples
such as g(z1,...,zy) = [[1nq 2" where aq,...,a, <O0.

The following corollary is an immediate consequence of Proposition 4.6.

Corollary 4.7. Let u denote the solution to (1.1) subject to u(0) =1 and o(0) = 0, and suppose
that f satisfies both condition (1.11) and the reinforced Dalang’s condition (1.6) for some a € (0,1].
Choose and fix some g € C1(0,00) that satisfies (2.5) for some number k > 2. Suppose, in addition:
1. o(xz) #0 for all x > 0; and
2. ¢ is either strictly positive or strictly negative on (0,00);
then By, ¢+, (9) > 0 for all ty,t3 > 0.

Note that all examples in (1.12) satisfy the conditions of the above corollary.

5 Functional CLT: Proof of Theorem 2.3

In order to show Theorem 2.3 we will establish the weak convergence of the finite-dimensional
distributions, as well as tightness. We start with a couple of technical lemmas.

Lemma 5.1. Fiz 0 <a <b<7, k>2. Let {®(s,y)}(s4)c0,1]xre be an adapted and measurable
random field such that, for some constants M > 1 and K > 0, and for some function ¢ : [0,7] —
R"r}

19 (s, )lle < KN %o (s) / Prrr_o)(@ — y) dz, (5.1)
[0,N]¢

or all (s,y) € [0,7] x RE. Then,
f y

1/2

H [, ammasan| <ofir@nen ([ 20a)

k

Proof. By the BDG inequality, the estimate (5.1) and the semigroup property of the heat kernel
together yield

2 b
g4k/ d/R dy F(d2)][B(s 1) kl|B(s. 5 — 2) 1k

k

/[b] Rd@(svy)n(dsdy)
a,b] x

b
< 4k‘K2N—2d/ d$1d$2/ ds @2(5)/ dy f(dz) Prr(r—s)(T1 — Y)PrM(r—s) (T2 — Y + 2)
[O,N]Qd a R2d
b
= 4k‘K2N_2d/ d$1dx2/ ds @2(5)/ f(d2) pons(r—s)(z1 — 2 — 2)
[0,N]2d a R4

b
< 4kK2N1f(RY) / ©?(s)ds.

The proof is complete. ]

Lemma 5.2. For every p € [0,1) there exists a constant C, such that

1
/0 (1—2)Pe 202 dz < C,(1 AN for every XA > 0.
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Proof. Without loss of generality, we may — and will — assume that A > 1. Now simple computations
allow us to write

1 1/2 1
/ (1 _ CE)*PefA:p(lfx) do = / (1 _ x)*pef/\z(lfx) dz + / (1 _ J;)*pe*)\I(lfx) da
0 0 1/2

1/2 1
< 2"’/ e M2 dp + / (1- x)_pe_/\(l_x)/2 dz
0 1/2
< (27 + 1)/ zPe N2 Az < AD(1 — p) AL
0

This provides the desired estimate. O

According to Sanz-Solé and Sarra [37], the reinforced Dalang’s condition (1.6) implies the fol-
lowing Hélder continuity of the solution:

sup [lu(tz,x) —u(ts,z)|lp < Crpylta — 1], (5.2)
z€R4

valid for all ¢1,t2 € [0,T], v € (0,/2), and p > 2. The next proposition provides moment
estimates which are well tailored to establish tightness.

Proposition 5.3. Assume that f satisfies both (1.11) and the reinforced Dalang’s condition (1.6)
for some o € (0,1]. Then we have the following two cases:
(i) If g € CY(R) is such that ¢’ is Holder continuous of order § € (0,1], then for every T > 0,
v € (0,a/2), and k > 2V 5§71, there exists a number L > 0 depending on T, k, o, f,y and g such
that
sup_ B (1Sn.(9) = Snai (9)I") < Lita — 7O NH2

0<t1,t2<T
(i3) If (0) = 0 and if g € C*(0,00) is such that g" is monotone over (0,00) and condition (2.10)
is satisfied, then for every T > 0, v € (0,a/2) and k > 2 there exists a number L > 0 depending
onT,k,o, f,v and g such that

sup_ B (‘SN,tz (9) — SN,tl(g)lk) < Lty — 1IN /2,
0<t1 2 <T

Proof of Case (i) of Proposition 5.3. Fix p € (0,1/2). For all N > 0 and 0 < t; <ty <T we can
write using Clark-Ocone formula (3.3) and stochastic Fubini’s theorem

Snis(9) — S (g) = N ¢ o N}d[g(u(h ;7)) — E(g(u(ta, r))) — g(u(ty,z)) + E(g(u(ts, z)))] dz
= [ AGaadsd s [ Bl n(dsdy),
[0,t1] xR [t1,t2] xRE
where
A(s,y)=N"1 o E[Dsy(g(u(te, z)) — gu(ti, x))) | Fs| dz [0 <s <],
B(s,y) = N"¢ E Dy yg(ults, x)) | Fs] da [t < s <to].
[0,N]d
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We can make the additional decomposition, A(s,y) =: Ai(s,y) + Aa(s,y), where

Ai(s,y) = N o E [(g'(u(tg,:r)) — ¢ (u(t1,2)))Ds yu(ts, z) | ]-"s] dx

As(s,y) = N o E [g’(u(tg,x))[D&yu(tl,x) — D yu(ta, )] | .7-"5] dx
0,N]4

We first estimate the k-norm of the random variables A;(s,y), As(s,y), and B(s,y) in order to

apply Lemma 5.1. The Holder continuity of ¢’, the estimate (3.9), and the Holder continuity of
u(t,z) (see (5.2)) together imply

| AL(s, y)|le < Ls(g') sup [Ju(tz,z) — U(f1a$)||gk5N_d/ | Ds yu(tz, v)||2x do
CEGRd [OvN]d

< Crone.oLs(9)CF ps Itz — t1 PN ~4 /[ ]dptz—s(x —y)dz, (5.3)
0,N
where Ls(g') = SUp_og cacpens |9'6) — 9'(@)]/Ib — al’.
The estimation of the k-norm of As(s,y) is more involved. We first write for every s € [0, 1]
and y € R?,
Dy yu(ty,z) — Dsyu(ts, z) = Pt —s(@ = y) — Pro—s(x — y)]
t1
]f t/“ [P (& — 2) — Pryr (& — 2o’ (u(r,2)) Dagu(r 2) m(dr d2)
to
/'/‘mgrm—z o'(u(r 2)) Dayu(r =) n(dr d2).
where ¢’ denotes the weak derivative of o; see Remark 4.1. As a consequence,
oo 901 N7 [ 1 )l 04(0) 4 0al) + )l

where

1 = [lo(u(s, 9)) ok [P —s(2 = 9) = Pros(w = W),

2= / [ptl—r(‘r B 2:) - pt2—7“(x - Z)]U/(U(T ) z))DS,yu(r ) z) U(dT’ dz) )
(S,t1)><Rd 2%k
Oy = / Pto—r(x — 2)0’ (u(r, 2))Ds yu(r, z) n(dr dz)
(t1,t2)><Rd

2k

First we estimate ®1. Let Cr oo = supsejo ] [o(u(s,0))|l5, and use the following estimate from
Chen and Huang [5, Lemma 4.1]:

to —t1 p/2
|pt1,5($ - y) - pt2,5($ - y)‘ <C t—s Pa(ty—s) ('T - y)’ (5'4)

valid with p = 296 < «, where o € (0, 1] is the exponent that appears in the reinforced Dalang’s
condition (1.6). Thus, we obtain

ty—t1\7°
¢ < Crok,0C s Pa(to—s)(T — Y). (5.5)
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For @9, we apply the BDG inequality, (5.4), and (3.9), and write

t1
¥ < $kILip(o)Craneal” [ r [ as [ 5@ st — )~ praste )
s R R
X ’ptl—"'(x —z+ Z/) - pt2—'l‘(x —z+ Zl)‘pT—S(y — 2)pr—s(y — 2 + Zl)

. 2 " dr
< 8k[Lip(0)CCrgke,0]* (ta — t1)” / =)

< [0 [ FQ) paan@ = iy 0= 2 el = Dpesly = 2+ )

o qr
< 92d+211T4 o2 (ta — f’/ —
< k[Lip(0)CCrpk.e,0)”(t2 — t1) . (b —r)p

X /]Rd dz R f(dZ,) Da(ty—r) (l‘ - z)p4(t2—r) (:E —z+ Z,)p4(r—s) (y - Z)p4(r—s) (y -zt Z/).

The elementary identity,
Po(7)po(y) = QdPQU(x - Y)p2, (T + y), (5.6)

valid for every o > 0 and z,y € R%, yields the following with C'1) := 22442k [Lip(0)CCrop c o ]*:

t dr
R O e

X /Rd dz y F(d2) Pg(ry—r) (22 — 22 + 2")Dg(1y—r) (2)Ps(r—s) (2y — 22 4 2" )Ps(r_s) (2')

_ t dr
=2 dC(l)(b - tl)pPS(tz—s)(2<m - y))/ W /Rd f(dz’) pS(tg—r)(Z/)pS(r—s) (Z,)

=2720W (1, — tl)ppi(tg—s) (z—y) /:1 (t d_rr)p R F(d2) Ps(ty—r)(r—s)/(12-5) () (B.7)
In the last equality we used the formulas
Po(2)pr(x) = (21) (0 + 1) P *Pyrjosn (@) [o,7 > 0,2 € RY), (5:8)
and
Po(2x) = 27%(270)?pl () [0 >0,z €RY. (5.9)

Plancherel’s identity allows us to write

_ 4(ta —7)(r—s .
[ psni-sn-o@) (@) = o [ o (<0200 =D 192) fgae 6a0)

Moreover,

[ (AT ) A [ (A ) ) A

. 1 dx

= (t; — 3)1 /0 exp (—41‘(1 —x)(t1 — 9) ||§H2) (1—z)°
< Gyt — )77 (1A (4t — 9) €777

< C AP (AT P A gD, (5.11)
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where we made the change of variable (r — s)/(t; — s) = = in the equality and applied Lemma
5.2 in the second inequality. We substitute (5.10) and (5.11) into (5.7), taking into account that
Jra((AT)1 = A €]12¢P—1) £(€) d€ < oo due to (1.6) and p < «, in order to find that

Dy < L(ta — tl)p/2p4(trs) (z —y), (5.12)

where here and for the rest of the proof L will denote a constant that depends on (T, k, 0,7, p, f),
and can vary from line to line. We use the same arguments as before and employ the formulas
(5.6), (5.8) and (5.9), in order to write

®3 < 8k([Lip(0)Crak 0]

to
/ dr/ f (d2") pry—r(x — 2)Pty—r( — 2+ 2 )Pr—s(y — 2)Pr—s(y — 2 + 2')

22d+3k[L1p( )CT 2k,e 0]2

to
/ dT’/ f (dz") Pagty—r) (22 — 22 4 2" )Pogty—) (2 )P2(r—s) 2y — 22 + 2')Por—s) (2)

t2
<Cp? _( / d?“/ f (d2") Pagy—r)(r—s)/(t2—s)(2), (5.13)

with C?) := 8k[Lip(0)Cr ok -]%. Again, Plancherel’s identity allows us to write

[ prnenisneof@) @) = o [ o (<2220 g) fgas g

I

and we have

/t:Q exp <—(t2 — r)_(z °) H§H2> dr < /: exp <—<t2 t;%:fl f) H&HQ) dr

t2
1
— (2= 11) | exp (~a(l = 0)(t2 — )]¢]?) do
0
< Colty — t1) (LA ((t2 = t)IE) ™) < Coltz — t1) (LA (22 — )€1
< Co(ta — 1) (T Allg]**™h), (5.15)
where we used Lemma 5.2 with p = 0 in the equality. From (5.13), (5.14), and (5.15) we obtain
B3 < L(ta — t1)*ppy_s(x — ). (5.16)
From (5.5), (5.12) and (5.16) we deduce
1 A2(s, )k < ||g (ultz,0)) ||, Ltz — t1) " (t1 — s) TN~ ’ N]dmurs)(x—y) de.  (5.17)

The Hélder continuity of g implies that sup,¢(o 77 [lg'(u(r, 0))l|y; < 00 and an application of Lemma
5.1 with [a,b] = [0,t1], T = to, M =4, p(s) = (t1 — 3)*751[07,51)(8) yields the desired bound for

I f[O,tl]de A(s,y)n(ds dy)|[x-
Finally,

HB(S,Z/)Hk < sup Hg/(u<7"70>)H2k CT,2k,o',€N_d pt2—8(x - y) d.%', (518)
T‘E[O,T] [07N]d

and a further application of Lemma 5.1 with [a,b] = [t1,t2], 7 = ta, M =1, and ¢(s) = 1 allows us
to bound || f[tl 2] xR B(s,y) n(dsdy)||x by a constant times N~%2(ty — t;)"/2. The proof of Case

(i) of Proposition 5.3 is now complete. O

30



Proof of Case (ii) of Proposition 5.3. We follow the proof of Case (i) of Proposition 5.3, making
necessary changes to adapt the arguments to the present setting. The main difference comes from
the bound for A; under the new assumptions on g. In particular, notice that

lg" Cuttn, 2)) = o (o )|y < ((lg” Cutr, 2Dy + 9" ulta, ) 4) 590 lult, 2) = wlta, 2)
z€eR

< Oraky (Hg u(t1,0) H4k *“‘9 u(ts,0) “4k)‘t2 —tf
< Crak Sup lg” (u(t,0))|,,. [t — ta]”
tel0,T

=: Cilta — t1]7,

where the first inequality is due to the monotonicity of ¢”, the second is due to (5.2) and the
stationarity of the solution, and the constant C7 4, comes from (5.2). Note that the continuity of
te€[0,T]— |g"(u(t,0))],, ensures that the above constant C is finite. Hence,

[ AL(s, )|l < Cilts — t2 N9 . Pt,—s(r —y) da. (5.19)

The remainder of the proof is similar, with the remark that sup,co 71 [|g'(u(r,0))[ly;, < oo due to
condition (2.10). ]

Equipped with Proposition 5.3, we can now proceed with the proof of Theorem 2.3.

Proof of Theorem 2.3. We first prove Case (i). Choose and fix some 7" > 0. By Proposition 5.3,
a standard application of Kolmogorov’s continuity theorem and the Arzela-Ascoli theorem ensures
that {N%2 Sy 4(9)}n>1 is a tight net of processes on C([0,T]). Therefore, it remains to prove that
the finite-dimensional distributions of the process t — N%2Sy ;(g) converge to those of {Gt} o)

Let us choose and fix some 7' > 0 and m > 1 points t1,...,t, € (0,T). Consider the random

vector Fy = (F](\,l), e FJ(\,m)) defined by
F]i;) = Nd/QSNvti(g), fori=1,...,m,

let G = (G4 ,- -, Gt, ) denote a centered Gaussian random vector with covariance matrix (By; ¢;(9))1<i,j<m-
Recall from (4.5) the random fields v+, (g), - .., VN, (¢) which are such that F](Vi) = §(NY?un4.(9))
foralli=1,...,m. Set V]E,i) = Nd/Qthi(g) fori=1,...,m and let Vy = (Vji,l), e Vjsfm)). Since
E[F](\;)] =0 and F](Vi) € D5 (see (4.1)), we can write, by a generalization of a result of Nourdin and
Peccatti [31, Theorem 6.1.2],

m

E((F) - BAO)] < e, | Y- B ([Buste) - 05 V[ ) s20)

ij=1
for every h € C?(R™) that has bounded second partial derivatives, and with the notation

0?h(x)
8:@-6@ .

||| = max sup
1<i,5<m xeR™

Thus, in view of (5.20) in order to show the convergence in law of Fiy to G, it suffices to show that
for any 4,5 = 1,..., m, we have

i T
lim E (‘Bm(g) —(DFY ,V}VJ)>H‘ ) —0. (5.21)

N—oo
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Notice that, by the duality relationship (3.2) and the convergence (2.2) and we have, as N — oo,
B((DFY ,V)n) = NB ((DSxs, (), vvs, (9)))
= NE (Sn1,(9), (v, (9)))

= NE (Sn.4,(9), Sn;(9) = Buis, (9)- (5.22)

Therefore, the convergence (5.21) follows immediately from (5.22) and (4.8). It follows from this
fact that the finite-dimensional distributions of ¢ — N%2 S ~,t(g) converge to those of G as N — oo.
The proof of Case (i) of Theorem 2.3 is now complete.

The proof of Case (ii) follows the same lines as that of Case (i) with the following changes:
Tightness is a consequence of part (ii) of Proposition 5.3. In order to apply Theorem 6.1.2 of
Nourdin and Peccati [31], we need to verify that S, :(g) € Db for all ¢+ > 0. This follows from
the fact that g(u(t,z)) € DY for all t > 0 and for all x € R? due to Lemma 4.3 and assumption
(2.10) and the fact that the integral f[o, N) g(u(t,z))dz can be approximated by Riemann sums in

the norm of D%*. Finally, the convergence in (5.22) is due to (4.7). This completes the proof of
Theorem 2.3. O

6 Total Variation Distance for linear g: Proof of Theorem 2.4

Throughout this section, we choose and fix a number ¢ > 0. The strategy of the proof of Theorem
2.4 is as follows: We proceed as we did with Theorem 2.1, and begin by appealing to (4.12),
(4.5), and (4.13), but use the linearity of g in order to make precise estimates of the centralized
moments of Ky (rather than appeal to ergodic-theoretic arguments). The details are lengthy and
technical, and will follow in due time. For now, we suffice it to say that one can indeed anticipate
simplifications in the present setting in which g is linear. For example, because g(v) = v for all
v € R? (4.2) simplifies to the a.e. identity (in (s,2) € (0,t) x R9):

Ds,zSN,t(g) = N_d Ds,zu(t’x) dz. (61)
[0,N]4
This is one of the quantities that appears in the H-inner product in the definition (4.6) of K. We
will be able to make use of the above because of the well-known fact that the integrand Dj ,u(t, z)
solves the following stochastic integral equation for all ¢ > 0 and = € R% and a.e. (s,y) € (0,t) x R%:
a.s.,

Dgyu(t,z) = pi—s(z —y)o(u(s,y)) + /( - pi—s(z — 2)o’ (u(r, 2))Ds yu(r, z)n(drdz). (6.2)

The above integral eqution also allows us to better understand the second quantity vy (g) in the
‘H-inner product of the definition (4.6) of K. Indeed, because of the martingale property of Walsh
integral, the above eadily yields the following a.s.-identity that is valid with the same null-set
restrictions as does the preceding identity:

E [D&yu(t R 33‘) | ]:s] = ptfs(-r - y)O‘(U(S ) y))

Integrate this over z € [0, N ]d, apply Fubini’s theorem, and divide by N¢ to find that for all t > 0
and a.e. (s,y) € (0,t) x R,

E[DsySni(9) | Fs| = Hgf\yf)a(u(s ,y)) a.s., where

6.3
Y =10 =N [ pe -y d, 63)
[0,N]¢
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In light of (4.5), we find the following formula for the random field vy ¢(g), valid since g(v) = v for
allv € R: For all t > 0 and a.e. (s,z) € (0,t) x RY,

un(9)(s, z) = Hg{g)a(u(s ) z))l[o,t](s).

Finally, let us integrate both sides of (6.2) over x € [0, N]¢, and then divide by N¢, in order to
deduce from standard Fubini-type arguments and (6.1) that a.s. for a.e. (s,y) € (0,t) x R9,

DsySni(9) = vni(9)(s,y) + T (s,y), where
T(s,y) = Tgan(s,y) = / UMY’ (u(r, 2)) Dy yu(r , z) n(dr dz),

(s,t) x R4

(6.4)

and ¢’ is any [measurable] version of the weak derivative of o (see Remark 4.1). And D; Sy =0
when s > t. The preceding yields, among other things, that

O Jona )y + 4T owal0)h g 65)

see (4.6). We estimate the preceding two quantities separately and in turn by way of two lemmas.

Lemma 6.1. There exists a real number L1 = Ll(f(]Rd) ,Lip(c)) such that for every e € (0,1),
N,t >0,
Var (loxe(0)3,) < T G2y g AFN 91,

where Ct 4.5 was defined in Lemma 3.5 and At := supge gy [|o(u(s, 0))][4.

Proof. Choose and fix N,t > 0 and € € (0,1) throughout. The definition of the Hilbert space H
implies that

HvN,t(g)lli=/ dS/ dy vne(9)(s,y) (vne(9)(s, @) * f) (y)
/ds/ dy [ £(d2) IIN) o (u(s,y))o(uls,y - 2)).
R‘i Rd

Therefore, we can apply Minkowski’s inequality for integrals® in order to see that

/t{Var (/R dy y f(dz) H<N>H§ZV,)Z (U(S,y))a(u(s,y—z))>}l/2 ds]
- U (Var(F)}? ds] : (6.6)

the definition of the process {Fs}¢(0,) being obvious. By the Poincaré inequality (3.4), Var(F;) <
E(||DFs||3,). Therefore, we need to compute DF;. But that is, by the chain rule [32, Proposition
1.2.3], given by

2
var ([lowe(9)13) <

DowF= [ dy [ 5(@) MYNE)Drfotuls p))otuls.y - 2)
Rd Rd

e / dy [ £(d2) TN o/ (u(s, y)) Dru(s 1) (uls y — 2)),
R4 R4

5That is, | fOt[Xs — E(XJ)]ds|2 < fot | Xs — E(Xs)||2ds, whenever this makes sense, for any stochastic process
X = {Xs}()gsﬁt-
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where the prefactor 2 comes from symmetry. In this way we find that
(HDF HH [/ dr/ dw f(dv) Dy o (F) rw—v(F)]
R Rd

/dr/ dw/ f(dv) / dy/ dz/ dy' [ f(dZ) (N)Hg]\;) ZHLE]\;)HS\;,)?Z,
Rd Rd Rd R Rd Rd ’

( y))Drwu(s y ( u\s y—z ( (S y))Drw UU’(S 3/) ( (37y _Zl))]'
Holder’s inequality ensures that the final expectation in the above display is bounded above in
modulus by
[Lip(0))? (| Drwu(s s 9) | lo(uls sy = )y || Drw—vuls 9| o (uls y" = =),
= [Lip(a))? [lo(u(s , 0)||3 || Dpwtul(s , ), HDT,w,Uu(s , y')H4 [stationarity]
< [Ct,4,e,UAtLip(J)]2 psfr(y - w)psfr(y/ —w—+ U),

uniformly for all s € (0,¢), where ¢ € (0,1) is arbitrary; see Lemma 3.3 for the last line. These
computations and the Poincaré inequality together yield the following;:

Var(Fy) < 4[Ctae0ALip(o /dr/ dw/ f(dv) / dy/ f(dz) / dy/ f(dz")
Rd R4 R4 Rd Rd Rd

x ) ) p (v — w)ps (v —w+v)
=4[Cp 40 ALip(o / dr/ f(dv) / dy/ f(dz) / dy/ f(dz")
R4 R4 Rd Rd R4

X Hg{\;)ng\;) ZHi y)Hi]Z 1_ 1 P2(s—r) (y —y+ U

owing to the symmetry and semigroup properties of the heat kernel. Since II(™) < N~ [see (6.3)]
we may replace three of the four terms that involve the IT’s with N~¢ in order to find that

[Ct 46,0 A:Lip(o
Var(Fs) < Nid / dr Rdf (dv)

></ dy/ f(dZ)/ dy’ f(dZ)/ da ps(a — y)pogs—r)(y' —y +v)
R? R¢ R R [0,N]d
Cir a0 AL f (R%)?
41C 0 AiLip(o / dr/ f(dv) / dy/ da p3s_or(a+y +v)

N4d Rd Rd [0,N]d
4 [CtA,EJAtLlp(O')] f (Rd) s
- N4d
Plug this bound into (6.6) to deduce the result. O

Lemma 6.2. There exists a real number Ly = Lo(f(R?), Lip(c)) such that for every ¢ € (0,1),
N,t >0,
Var (T, o e(9))y,) < Lot’CPy . ,AZN T3,

where Cy4c o and Ay were respectively defined in Lemmas 3.5 and 6.1.
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Proof. Choose and fix N,t > 0 and € € (0,1) throughout. It follows from (6.4), the definition of
the Hilbert space H, and a standard appeal to a stochastic Fubini theorem that

T oo = [ s [y [ ) T ppomato)s v =)
:/ [/ ds/ dy f(dw) s’z o (u(r, z))Ds7yu(r,z)H§Z)_wa(u(s,y—w)) n(drdz)
0,t) xRd R4 R4

=: / A(r, z)n(drdz),
(0,t) x R4

notation being clear. Among other things, we see from the above representation that the random
variable (7 ,vn¢(g9))n has mean zero. Therefore,

Var (7wl = B (T coma(o) = [ ar [ ao [ @) BLAG ) A(r.a-0)]. 67
The integrand is bounded as follows:

E|A(r,a)A(r,a— )]

/ds/ dy [ f(dw) / ds/ dy/ f(dw') 11 N)Hsy) wHS\Q bHSV; !
R4 R Rd R

x E { }d(u(r ,a))Dsyu(r,a)o(u(s,y — w))‘
x o' (u(r,a —b))Dgyu(r,a—b)o(u(s,y —w'))| }

< [Lip(o /ds/ dy f(dw) / ds/ dy/ f(dw') H(N)Hs]\;) wH(N) bH(N)
R Rl s’a s’y —w’

X || Dsgu(r,a)llyllo(u(s,y — w)| || Deyulr,a— Db, [|o(uls’,y —w))|,.

thanks to Holder’s inequality. Thus, it follows from Lemma 3.3 and the stationarity of x +— u(s,x)
that

E|A(r,a)A(r,a —b)| < [AtCtacoLip(o / ds/ dy [ f(dw) / ds/ dy' [ f(dw')
R4 Rd R4 Rd

N (V) N
gy)wnsa ngy) _w' Pr— S(a_ pr s/ a_b_

< [A¢CiacoLip(o / ds/ dy f(dw) / ds’ / dy/ f(dw’)
R4 R4 R4 R4
X N~ 2dH( ) H( Pr— s(a - y)pr s’ (a —b— y

s,y—wrs y —w!

x T

This and the semigroup property of the heat kernel yield

/ E|A(r,a)A(r,a —b)|da < [AtCM]EV(;EZAP /ds/ dy [ f(dw) / ds/ dy’ [ f(dw')
Rd R4 R4 Rd R4

XHgy) wHS y w/p2’l‘ S— S( _b y

Apply the simple bound HS\Z,_ , < N~ and first compute the dy’-integral to remove the term

w

ps_s(y —b—1'), and then the dy-integral to see that

rf (R A¢Ca.c o Lip(0)]?
/RdE|A(7‘,a)A(r,a—b)|da§[ t]\;;d ] .

Plug this inequality into (6.7) to complete the proof. O
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Proof of Theorem 2.4. Since Var(X +Y) < 2Var(X)+ 2Var(Y) for all random variables X and Y,
(6.5), and Lemmas 6.1 and 6.2 together yield

Var(Ky) < 2(L1 + Lo)t*CEy . ,ATN . (6.8)

4.e,0
Because |0(z)| < |0(0)| + Lip(c)|z| for all z € R?, the large-deviations method of Foondun and
Khoshnevisan [21] implies that A; < |o(0)[ 4+ Lip(0) supse (o) llu(s,0)[l4 < aexp(bt) for all ¢ > 0,
and for strictly positive numbers a,b that depend only on (f,0). And Lemma 3.3 shows that
Ciae0 < cexp(dt) for all t > 0 and positive numbers ¢ and d that depend only on (f,c). This

proves immediately the existence of positive real numbers ¢ and A — depending only on (f,0) —

such that
KGZAt

N~
It is easy to see that dpy(aX ,aY’) does not depend on the numerical value of o > 0 for all random
variables X and Y. Therefore, as long as By (g) > 0, (2.1) implies that

Snlg) P AR A10)
drv (Var(SNt(g)) : N(0,1)> =drv < Bai(9) ,Z>

2
=drv <Nd/23N,t(g) A/ Bni(9) Z) < mEu{N — E(KnN);

see (4.13) for the last inequality. Apply the Cauchy-Schwarz inequality [see also (3.7)] and the
preceding upper bound for Var(Ky) to complete the proof with L = 2v/¢, since limp_,oo B Ni(g) =
B(g) implies that indeed By (g) > 0 for all sufficiently large N > 0. O

\QH(}(N) <

7 Parabolic Anderson Model: Proof of Theorem 2.5

We begin by trying to mimic the proof of Theorem 2.4, except we do not assume that g(v) = v for
all v € R,
Recall Ky from (4.6) and note that

Var(n) = N¥Var ( [ds [ dy DoySni(o) (BIDweSni(0) | 715 H )

Therefore, we may take square roots and appeal to Minkowski’s inequality [cf. (6.6)] in order to see
that

t
VVar(Ky) < N / ds \/Var<<E [DsaSna(9) | Fol + DoaSna(9))yey ) (7.1)
0
We have seen already [see (4.2) and (6.2)] that
DoySnalg) = N~" [ g'(u(t, ) Dy yult, z) dz,. (72)
[0,N]¢

where Du(t, ) satisfies the linear stochastic integral equation,

D, yu(t,z) = pi_s(xz — y)u(s,y) + /( . Di—r(x — 2)Ds yu(r, z) n(drdz).
s,t) xR
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See (1.8). It follows form these remarks that

Dy ySni(g) = u(s,y) N 74 o g (u(t,x))pi—s(z — y) da

+ N g (u(t,z)) [/ Di—r(z — 2)Dg yu(r, z) n(drdz) | de.
0,N]d (s,6) xRd

This is more or less (6.4), except that: (i) ¢ is not necessarily linear; (ii) o(z) = z for all z € R here;
and most significantly (iii) because of the presence of the non-anticipative term ¢'(u(t,z)), we can
no longer interchange the dz-integral with the n(dr dz)-stochastic integral. It is in fact because of
item (iii) that we will need to adopt a different way to estimate Var(Ky) in the proof of Theorem
2.4. And at present the only other proof that we can construct works only when g € C2(0, c0)
satisfies (2.12) and o(z) = z for all z € R, whence follow the conditions of Theorem 2.5.

According to (7.1) and the proof of Theorem 2.4, the key step of the argument is to find an
efficient bound for

V(s) = Vivag(s) = Var ((B[DsaSnn() | Fil . DusSva(@)y,)  [0<5 <1l

However, as was alluded to earlier in this section, the above estimation will need to involve other
ideas than those that were used in the course of the proof of Theorem 2.4. Indeed, we plan to
estimate V(s) by appealing to the Poincaré inequality (3.4). In order for this method to work, we
will need to assume that g € C?(0, 00) satisfies (2.12).
In the following, we abbreviate Sy +(g) by Sy in order to simplify the typesetting. With this
convention in mind, the Poincaré inequality yields
’ 7.3

Dnz <E [Ds7-SN ’ Jrs] ; Ds,oSN>7-L0 = /Rd dy /Rd f(dyl)E [Ds,ySN | Fs] DT,zDs,y—ylsN

V(s) <E (HD (E[DsaSy | Fil . DaaS)y,

Now,

+ /d dy . f(dy1) DsySn Dy E [sty_yISN | Fs]
R R
=: \I'ﬁgl + \117],\;2.

By Proposition 1.2.8 of Nualart [32], one can exchange the Malliavin derivative and the conditional
expectation so that

w2 = [y [ 7(dn) DuySy BIDDuyySy | ).
R R
Therefore, it follows that
2 2
V(s) < 28 (|[w™][7,) + 28 (¥2]3,) (7.4)

Both expectations can be estimated in the same way, and both estimates will yield the same upper
bound. Therefore, we present only the details of the estimate for the first expectation.
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We can write

B (e, = /Otdr/Rd ax [y [ o [ s [ sam [ )

X E|: E [D&ySN ‘ Fs] Dr,zDs,y—ylsN
x E [Dsyy/SN ‘ ,7:5] Dr,zfz’Dsy —y} SN:|

Then an application of Holder inequality shows that

(10 < [[ar [ v [ [ s [ siom [ st -

< Doy SN 4 1Dr2DsyyiSnlly || DSl HDT,,Z_Z,DS,@,_% SNH4.

According to Lemma 3.3 and Holder’s inequality,
1
D5y Sl < Nl (ult,0)) 12 /W |Doyult, @) ae do < C, a g ut, 0))[|51IEY),

where ¢ € (0,1) is arbitrary and II'Y) was defined in (6.3). Next we apply (4.2) in order to see
that

D, .Ds SN =N—¢ g (u(t,z))Dy D yu(t,z)dx
[0.N1¢ (7.6)
+ N g"(u(t,z))Dy u(t,z) Dsyu(t,x) dz.
[0,N]d

Therefore, Proposition 3.4, Lemma 3.3, and the notation for II™Y) in (6.3) together yield

|Dr2DaySnilla < CF a9/ (ult 0))x [Por(y = )1 I + P (= = )1 sy T

€2y o Cult,0)

Vo7 . o s o d
+ ~d /[ON]dpt (x — 2)pr—s(z —y)dz
C: g/ (ut,0) €2y N Ol

< N

p|sfr|(y - Z) + Nd p2t—r—s(y - Z),

owing to the semigroup property of the heat kernel and Rademacher’s theorem (Remark 4.1), where
the constant C} 4  is defined in (3.12). Thus,

B ([e™3,) <Cillg'(ult,0) )}

t
></ dr/ dz dy/ dy’/ f(dz") / f(dyr) / f(dy)) 11 N)
0 Rd Rd Rd Y

<C’2Hg'(u £,0) 1k Plo iy — 31— )+ Csug”(N(t O oy — 1 —z))

Csllg” (u(t, 0)) |k
Nd

X

g 75 0))lx
x < 2llg’(utt, ) Pis—r|(¥ —th —2+2)+ Pou—rs(y —y1 — 2+ Z’)> ;
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where C; = C?,, , Cy = C*,. and C3 = C? ,
t,m,& t7m7 t?ﬂ?‘s?a-

and integrate [first dy/, then dz, and then finally dy, and in this order|, using also the inequality
Jza ng) dy < 1, in order to obtain

We apply the bound HSZI) < N

E ([JeN13,) < Calf(RYPENT, (7.7)
where

Cy = Crlg' (u(t, 0)) 1% [Callg’ (ult, 0) Ik + Chllg” (u(t, 0))II&]* (7.8)

The very same method applies and yields the same upper bound for E(||¥™:2(%). Therefore, we
may deduce from (7.3) and (7.4) that V(s) < 4C4tN=3[f(R?)]3. We plug this estimate into (7.1)
to obtain the following:

VVar(Ky) < N? / t VV(s)ds < 2012832 [f(R4)3/2N~4/2, (7.9)
0

This is the replacement of the inequality (6.8) in the present setting of the parabolic Anderson
model; the remainder of the proof of Theorem 2.4 goes through unhindered to complete the proof
of Theorem 2.5.

A Association for parabolic SPDEs

We conclude the paper by showing how we can adapt the ideas of this paper to also document a
result about the association of the solution to (1.1). First, let us recall the following.

Definition A.1 (Esary, Proschan, and Walkup [20]). A random vector X := (X1,...,X,) is said
to be associated if
Cov]hy(X), ho(X)] > 0, (A.1)

for every pair of functions hi, he : R™ — R that are nondecreasing in every coordinate and satisfy

hi(X), ho(X) € L?(9).

It is easy to see that hy and hg could instead be assumed to be nonincreasing in every coordinate:
One simply replaces (hi,h2) by (—hi,—hg2). Other simple variations abound. Esary, Proschan,
and Walkup [20] prove the more interesting result that X is associated iff (A.1) holds for all
hi,hy € Cy(R") that are nondecreasing coordinatewise.” This and the dominated convergence
theorem together imply the following simple criterion for association; see also Pitt [35].

Lemma A.2. X = (X1,...,X,,) is associated iff (A.1) holds for all hy,he € C°(R™) such that
Oihj >0 for everyi=1,2 and j =1,...,n.%

The notion of association has a natural extension to random processes. Here is one.

Definition A.3. A random field ® = {®(t,)};50 yera 18 associated if (®(t1,21),...,P(tn,Tn))
is associated for every tq,...,t, >0 and z1,...,z, € R%

The following is the principal result of this appendix.

"Recall that C,(R™) denotes the collection of all real functions on R™ that are bounded and continuous.
8Recall that the subscript “c” in C° refers to functions of compact support.
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Theorem A.4. Let u be the solution to (1.1) with u(0,-) being a nonnegative measure such that
(u(0,-) * pt) < oo for allt > 0. Under Dalang’s condition (1.5), if o ou a.s. does not change signs;
that is,

P{o(u(t,z))o(u(s,y)) >0} =1 for every s,t >0 and z,y € R%, (A.2)

then, u is associated.

Theorem A.4 reduces to simpler results in two important special cases that we present in the
following two examples.

Example A.5. Condition (A.2) holds tautologically when o is a constant, say 0 = 09 € R. In
that case, it is not hard to see that the solution to (1.1) is a Gaussian random field with covariance
function,

t

Coviu(t,z),u(t',2")] = 03/0 (p2s * f) (x — 2') ds.

Because this quantity is > 0 for every ¢,¢ > 0 and z, 2’ € R%, Pitt’s characterization of Gaussian
random vectors [35] immediately implies the association of u when ¢ is a constant.

Example A.6. If o(u) = u,d =1, and f = Jp, then the sign condition (A.2) holds simply because
u(t,z) > 0 a.s. In this case, Corwin and Quastel [14, Proposition 1] have observed that w is
associated; see also Corwin and Ghosal [13, Proposition 1.9]. Strictly speaking, the statements
of the latter two results are weaker that the association of u. But the proof of Proposition 1.9
of Corwin and Quastel (ibid.) goes through unhindered to imply association. Indeed, Corwin
and Quastel note the said association from the well-known fact that all exclusion processes are
associated (the FKG inequality for i.i.d. random variables).

The preceding examples are proved using two different “direct hands-on” methods. The general
case is quite a bit more involved. In order to avoid writing a lengthy proof, we merely outline the
proof, with detailed pointers to the requisite literature and preceding results of the present paper.

Qutline of the proof of Theorem A.J. By considering —o in place of ¢ if need be, we may — and
will — assume without loss in generality that

o(u(t,xz)) >0 a.s. for every (t,x) € (0,00) x R%

We begin by rehashing through the proof of Theorem 3.2, and recall that the Malliavin derivative
of u(t,z) a.s. solves

Dyult @) = pr-s(a — )r(uls, ) + /( P =0 O ) D ) (0 ), (A3)
5,t) %
for almost all (s,z) € (0,¢) x R%. And, of course, D, ,u(t,z) = 0 a.s. for a.e. (s,z) € (t,00) x R%.
Note that the right-hand side of (A.3) is in fact a modification of D, ,u(t,z). Therefore, we can —
and will without loss of generality — redefine D, ;u(t,x) so that (A.3) is an almost-sure identity for
every (s,z) € (0,t) x R, and that D u(t,x) := 0 whenever s > t. It is not hard to deduce from
(A.3), and arguments involving continuity in probability, that the use of this particular modification
does not change the law of the Malliavin derivative. However, it makes the following discussion
simpler as we can avoid worrying about null sets.
We aim to prove that, under Dalang’s condition (1.5) alone,

D u(t,x) >0 a.s. for every (t,z) € (0,00) x R% (A.4)
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Once this is proved, one can appeal to the Clark-Ocone formula (3.3) to conclude the theorem; see
the proof of Theorem 4.6 for a similar argument.
Choose and fix (s,2) € (0,00) x R%, and consider a space-time random field ®5 . defined via

O, .(t,x) :=Ds u(s+t,z+x) for all t > 0 and = € R%

Our claim (A.4) is equivalent to the a.s.-nonnegativity of ®, .(t,x).
Observe (similarly to what we did in the proof of Theorem 3.2), that ® . solves

(I)S,Z(t ,7) = pi(z +x)o(u(s,2)) + /( e Pi—r(T — y)H&z(t ) y)@&z(r 2 Y) Us,z(dr dy),
0,t)x

for (t,x) € (0,00) x R where 7, is the same shifted Gaussian noise that arose in the course of
the proof of Theorem 3.2, and

Hs,z(tvy) = (u(s+t,z+y)),

also as in the proof of Theorem 3.2. In other words, conditional on the sigma-algebra F, the
random field ®, . solves the SPDE,

0 Ps . = %Aq)syz + O, H s, subject to @ .(0,2) = o(u(s, z))do(z). (A.5)

This is a standard Walsh-type SPDE. In order to understand why this is the case, note first
that u(s,z) is Fs-measurable and 7, , is independent of Fj; see also the proof of Lemma 3.2.
In order to complete the assertion about (A.5) being a standard Walsh-type SPDE we note that
M (A) = f(O,t)XA H, .(r,y)ns.(drdy) defines a martingale measure in the sense of Walsh. Hence,

we view (A.5) conditionally on Fs to see that it is a reformulation of the Walsh SPDE,
0P, = %A@S,z + <I>57th(:r) subject to  ®,.(0,2) = o(u(s, 2))do(z),

also viewed conditionally on Fs. In fact, we can interpret (A.5) as a parabolic Anderson model
with respect to the martingale measure M. Because of (1.11), and since o € Lip, M is in fact a
worthy martingale measure because H, . is bounded; see Walsh [38].

For every e € (0,1) let 75 , denote the Gaussian noise

ni,z(tvx) dt := /]Rd ps(x - y) Us,z(dtdy).

The spatial correlation measure f. of 75 , is in fact a function [not just a measure| and is given by
fe = pocx f. Because f is a finite measure, it follows that f. satisfies the extended Dalang condition
(1.6) with o = 1. Let @ , denote the unique solution to the SPDE,

0 ®5 . = SADS , + (0’ ou)® m5, subject to P, .(0,2) = o(u(s, 2))do(x).

This is the same SPDE as (A.5), but with respect to the mollified version 73, of the Gaussian
noise 7. in place of 7, .. Because f. satisfies (1.6) for some o > 0, Theorem 1.6 of Chen and
Huang [5] [applied conditionally on F] implies that, if H, , were a constant [that is, o(u) x u],
then @5 . (t,7) > 0 a.s. for every t > 0 and z € R9. Careful scrutiny of the proof of Theorem 1.6
of [5], using the boundedness of Hy ., yields that ®5, > 0 a.s. in all cases; see also Theorem 1.8 of
Chen and Huang [6]. Finally, we let € | 0 and appeal to Theorem 1.9 of Chen and Huang [5] to
see that lime_,0 5 _(t,2) = ®s.(t,x) in L*(Q) for all (t,z) € (0,00) x R?. These facts, together
imply ®;.(t,2) > 0 as. for all (¢t,2) € (0,00) x R%, which is another way to write (A.4). This
concludes the proof. O
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