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Abstract. We prove a functional central limit theorem and a uniform moderate deviation principle
for the law of the solutions to a class of parabolic semilinear stochastic partial differential equations,
where the driving noise is a finite dimensional Wiener process. The space variable is of any dimension
and the uniformity is with respect to initial conditions that are bounded and do not necessarily
belong to a compact set. Our proof is based on the weak convergence method.

1. Introduction

We consider a family of parabolic, semilinear stochastic partial differential equations (SPDEs)
indexed by 0 < € < 1. The equation reads

0 0 0
68 — - 3 ) 3 €&
8tu (t,z) o2, (bm(a?)axju (t,z) + g; (t,$,u (t,a:))) + f(t,:L’,u (t,x))]
+\eo; (t,x,ue’g(tja:))iBj, t>0, z€D, (1.1)

dt

supplemented with Dirichlet boundary conditions

u(t,z) =0, t >0, z € dD,
and the initial condition

u(0,z) = £(z), = € D.
Here D C R? with d > 1 is a bounded convex domain with smooth boundary, 9D, the driving
noise Bj := {Bj(t),t > 0,5 =1,2,--- ,k} is a k-dimensional Wiener process, and the space variable
is of any dimension. The compromise for the space variable being of any dimension is the finite-
dimensionality of the noise. In other words, it is the finite-dimensionality of the noise that allows
for the space variable to be of any dimension. The initial condition, £, belongs to L”(D) for p
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sufficiently large, and the small parameter ¢ € (0,1] denotes the noise intensity. The functions
gi == gi(t,x,r), i = 1,2,---d are locally Lipschitz continuous in the third variable and have at
most quadratic growth in » € R. The functions f := f(¢t,z,r) and o; := o;(t,z,7), i = 1,2,--- k
are locally Lipschitz continuous in the third variable and have linear growth in r. Additionally,
we assume that f := f(t,x,r) and ¢; := ¢;(¢t,x,r), i = 1,2,---d are differentiable in the third
variable, and that their derivatives are uniformly Lipschitz continuous in r. The existence and
uniqueness of a probabilistically strong solution to Eq. (1.1) was proven by Gyongy and Rovira
(2000) via an approximation method. In Setayeshgar (2019), a large deviation principle (LDP)
for the law of the solutions to Eq. (1.1) was proven, which was uniform over initial conditions on
compact sets. In Salins (2019), a definition for an equicontinuous uniform Laplace principle (EULP)
was introduced. It was then shown that the EULP is equivalent to the Freidlin and Wentzell’s
definition of the uniform large deviation principle (FWULDP). A sufficient condition under which a
measurable function of an infinite-dimensional Wiener process satisfies an EULP was also provided
with uniformity being over initial conditions that belong to bounded and not necessarily compact
sets. In Salins and Setayeshgar (2023), the authors extended the work in Setayeshgar (2019), and
relaxed the restriction on initial conditions over which the large deviations was uniform in that
they established a uniform large deviation principle for the law of the solutions to Eq. (1.1), where
uniformity was over bounded and not necessarily compact sets of initial conditions. Essentially,
that work characterized the asymptotic behavior of probabilities of large deviations of the solution
to the SPDE (i.e., u¢) away from its law of large numbers limit (i.e., u%¢) as € — 0.

In this work, we first consider the scaled and centered process, v“¢ := ﬁ(ue’5 —u%¢), and show

that, {v*¢ }ee(0,1] converges to the solution of a related SPDE as € — 0, and prove the first result of

our paper: a Functional Central Limit Theorem (FCLT). We then consider, 2&¢ := \/Ei(e) (us€ —u%%),

where y(€) — oo and 7y(e)y/e — 0 as ¢ — 0, and prove the second result of our paper: a Uniform
Moderate Deviation Principle (UMDP). We do so by establishing that, {2}, (9,1 converges to 0
and satisfies a ULDP. Note that the ULDP that we prove is essentially a UMDP due to the scaling
which is under.

Among the applications of large deviations is the design and analysis of accelerated Monte Carlo
techniques such as importance sampling. Importance sampling algorithms employ a change of
measure, which attempts to reduce the variance of the estimator. There exists a vast amount of
literature exploring how the large deviation principle rate function may suggest effective changes
of measure (see e.g. Dupuis and Wang, 2004; Vanden-Eijnden and Weare, 2012; Dupuis et al.,
2015; Wang et al., 2015). As discussed in Dupuis and Johnson (2017), changes of measure based
on the moderate deviation principle (MDP) rather than the large deviation principle are often
easier to obtain due to the simplified form of the MDP rate function and may be effective when
one is interested in trajectories that fall between the central limit theorem approximation and that
of the LDP. Although most of the research currently present in the literature is concerned with
finite-dimensional settings, there are some interesting infinite-dimensional examples. In Salins and
Spiliopoulos (2017), the authors prove desirable asymptotic as well as pre-asymptotic performance
under the large deviations scaling for importance sampling schemes used to estimate probabilities
of escape from an attractor for solutions to a linear parabolic SPDE. The paper provides a useful
discussion on the additional challenges posed by an infinite dimensional setting and the approach
presented relies on the existence of a spectral gap, which allows the scheme to focus on a lower
dimensional manifold, where escape is most likely to occur. In Gasteratos et al. (2024), the authors
apply a related approach and achieve similar results for a semilinear SPDE, where they instead work
with a moderate deviations scaling, which provides a linear approximation of the more complicated
nonlinear dynamics in a neighborhood of the equilibrium. There are other examples of proving an
MDP for small noise solutions to SPDEs (see e.g., Wang and Zhang, 2015; Gasteratos et al., 2023;
Hu et al., 2020; Dong et al., 2017; Xiong and Zhang, 2021; Belfadli et al., 2019). Among them,
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our work is most similar to Hu et al. (2020), who also prove both an FCLT and an MDP using the
weak convergence approach. However, there are significant differences between Hu et al. (2020) and
what is carried out here. The method of proof in Hu et al. (2020) uses stopping times to bound the
expected value of the stopped process, while here we avoid that approach and work with pathwise
inequalities instead. These pathwise inequalities allow us to prove a sufficient condition under which
a uniform moderate deviation principle with uniformity being over bounded sets of initial conditions
that do not necessarily belong to compact sets, holds.

Lastly, we provide the motivation for our work as follows. As already outlined, large deviations
analysis has many applications including but not limited to, the analysis of Monte Carlo and fast
simulation techniques such as importance sampling. To the best of the authors’ knowledge, con-
struction of efficient importance sampling schemes for infinite dimensional models has not been
carried out extensively in the literature and is thought to be expensive even for a single sample.
This cost suggests that fast simulation techniques may be effective even for deviations that are
only moderately away from the law of large numbers limit. For this reason, moderate deviations
analysis — which is essentially large deviations but with a different deviation scaling — may be useful
in constructing efficient importance sampling schemes for analyzing rare events arising in infinite
dimensional systems.

The main contribution of this paper is twofold: a functional central theorem and a uniform
moderate deviation principle for the law of the solutions to Eq. (1.1), where the uniformity is
with respect to initial conditions that are bounded and do not necessarily belong to a compact
set. Note that our proof to the latter verifies the sufficient condition of an EULP as opposed to
that of Budhiraja et al. (2008), which cannot be used in this setting. Note that we also prove a
uniform Laplace principle (ULP) with uniformity being over initial conditions on compact sets. We
reiterate that our work has potential for constructing efficient importance sampling schemes capable
of identifying the probability of rare events occurring in infinite dimensional settings. Finally, we
mention that it would be interesting to study Eq. (1.1) with the white-in-time noise replaced by
that of white-in-time, colored-in-space, where the injection of coloring will allow the process to gain
better regularity. In such case, first it must be proven that under appropriate conditions on the noise
correlation structure, a unique solution to Eq. (1.1) exists, that is strong in the sense of probability
theory and further depends continuously on initial data. The existence and uniqueness of solutions
often depends upon the conditions on the noise covariance function, e.g., decay and smoothness
properties. The existence and uniqueness of a solution to Eq. (1.1) with a white-in-time, colored-
in-space noise will be a prerequisite for carrying out other future work, such as a uniform large
deviation principle, among others.

1.1. Outline of the paper. In Section 2 we state the assumptions and preliminaries that are necessary
for the formulation of the problem. The existence and uniqueness results for the family of semilinear
SPDEs is also asserted in this section. In section 3 we state and prove the first main result of our
paper: a functional central theorem. Section 4 states the definition of the uniform large deviation
principle as well as a sufficient condition under which the principle is said to hold. Section 5
introduces the moderate deviations scaling as well as the controlled and skeleton equations. The
existence and uniqueness of solutions to the aforementioned equations is also established in this
section. Section 6 states the second main result of our paper: a uniform moderate deviation principle,
where uniformity is over bounded and not necessarily compact sets of initial conditions. Proving
the UMDP requires a set of preliminary results, which are provided in Section 7. Finally, the proof
of the UMDP is carried out in Section 8. A collection of results used in the proofs of our main
theorems is presented in Appendix A.
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1.2. Notation. For a spatial domain D C R? and p € [1,00), let LP(D) be the set of functions
g: D — R, such that / lg(x)|Pdx < 400 endowed with the norm
D

gl = ( / |g<sc>|ﬂdx> B (1.2)
D

For any T > 0 and p € [1,00), let C([0,T] : LP(D)) denote the space of functions g : [0,7] x D,
such that t — ¢(t,-) is continuous in the L?(D) norm. We endow this space with the norm

‘g‘C([O,T]:LP(D)) = t:;é%] |9t ')\p-

Finally, for any metric space (£, 7), we define the distance between an element = € E and a set
B C E by

distg(z, B) := inf 7(z,y). (1.3)

yeB
Unless otherwise noted, we adopt the following notation throughout the paper. The summation
convention is in place. The notation := means by definition. C' denotes a free positive constant,
which may take on different values and depend upon other parameters. When the dependence of
the constant C' on a parameter is of significance, we denote it with a subscript, i.e., Cx will represent
that C' depends upon the parameter k. If §# € R™ for some n € N, then 6; denotes the i*" component

of that vector and [] := (> 7, |6;]%) 2, We use the notation |h(t, )|, := |h(t)|, to denote the LP(D)-
norm of a function h := h(t, x) with respect to the variable € D. Throughout the manuscript, we
will work with inequalities and properties related to random fields that hold almost surely. To avoid
repeatedly mentioning the foregoing, we state that these results are only implied to hold almost
surely rather than everywhere. If z := z(¢, x) is a random field and F is a function space, then saying
that z is almost surely in F means that z has a stochastic modification, which is in £ almost surely.
For ease of notation, we typically do not distinguish between a random field and a modification,
which has the desired properties. For instance, if we say that h(t,z) € C([O, T]: LP(D)), this means
that there is a modification of h(t,z), which is almost surely in C([0,T] : LP(D)). Occasionally,
we will be more explicit about this in situations where we desire to exercise care. Depending on
the situation, we may indicate the (¢,z)-dependence in different ways to make the notation more
convenient. For example, at times we write f (¢, 2, u“*(t,z)) as f(t, u“(t))(z) or f(u"®)(t, z), and

2¢(t, x) - f(t,:n,uevf(t,:x)) as (z€f(u575))(t,x).

2. Preliminaries

In this section we introduce a set of assumptions and preliminaries that are necessary for the for-
mulation of the problem. Let (€2, F, {F; }e[o,7, P) be a filtered probability space or stochastic basis
carrying a k-dimensional Brownian motion, {B;(t),t > 0,1 < j < k}. The following assumptions
will be in effect throughout the paper.

(A1) The domain D C R% d > 1 is a bounded convex set with smooth boundary.
(A2) The matrix b;;(z) € C?(D) is symmetric for every z € D, and satisfies the uniform ellipticity
condition, i.e., there exists a constant x > 0, such that

110 > by ()0t > wl6P

for all # € R? and z € D.
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(A3) The functions g; are of the form g;(t,z,7) := gi1(z,t,7) + gia(t, ), where g;; and g;o are Borel
functions of (¢t,z,7) € [0,7] x D x R and of (¢,r) € [0,T] x R, respectively. Moreover, there
exists a constant K > 0, such that

‘gil(taxar)‘ < K(l + |’I”|), ‘giQ(tvr)‘ < K(l + ‘r|y)7 S {17 "'ad}a

for all t € [0,T], z € D, r € R, with some v > 1.
(A4) The functions f := f(t,x,r) and o := o;(t,z,r) are Borel functions and have linear growth
in 7, i.e., there exists a constant L > 0, such that

S ot e, )| < L(lr| +1), § € {1, k),
F

|t z,m)| < L(lr| + 1),
forallt € [0,T], x € D, and r € R.
(A5) There exists a constant L > 0, such that

Z }aj(t,x,r) — aj(t,x,s)‘ < L(|r —sl|), j€{1,....,k},
J

|[f(t.z,m) = f(t,2,5)] < Llr — s,
|gi(t, @,m) = git,w,8)| < LU+ 4 [s" ) | —sl, i € {1, d},
forallt € [0,T], x € D, r,s € R.
(A6) The functions f(z,t,7) and g;(z,t,r) are differentiable with respect to the third variable and

their derivatives f’(z,t,r) and g}(x,t,r), are uniformly Lipschitz with respect to the last vari-
able. That is, there exists a constant K > 0, such that

}f/(l',t, T‘) - f/($7t7 S)‘ < K"I“ - S|7
}gé(:z:,t, r) — gi(x,t, s)‘ < Kl|r—s|, ie{l,..,d},
for all t € [0,T], z € D, and r, s € R.
Observe that the addition of (A6) implies v < 2 and }f’(a:,t, 1")‘ < Lforalltel0,T], z€D,
and r € R.
Definition 2.1 (Mild Solution). A random field ug := {u(t,z) : t € [0,T],x € D} is called a mild
solution of Eq. (1.1) with initial condition § € LP(D), if ug(, ) is C([0,T] : LP(D))-valued a.s., and
ug(t, z) is {F}-measurable for any ¢ € [0,T], and x € D, and if

o (t, ) = /D Gl )E@W)dy + Ve /0 /D Gralr, )0 (5,05 (5)) () dyd B; (s)
[ [ uGietwiao,u () s
0 D
T 5. uSs (s S. .
+ /0 /D Gl y) f (5,u5(5)) (y)dyd (2.1)

The function G¢(z,y), t > 0, x,y € D is the Green kernel associated with the following linear
equation

0 0 0
au(t,x) = o (bij(f)(%ju(taﬂﬁ)),
with Dirichlet boundary condition

u(t,z) =0, t >0, x € 0D,

where b;; € C?(D), and 9D is Lipschitz. We now state some estimates on the Green kernel that
result from Proposition 3.5 of Gyongy and Rovira (2000).
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2.1. Estimates on the Green kernel. The following estimates on the Green kernel are results that
follow from Proposition 3.5 of Gyongy and Rovira (2000). The proof of that proposition uses a key
estimate by Ladyzenskaja et al. (1968). The below estimates on the kernel are used in proving the
main results of the paper.

There exist Borel functions a, b, c and for p > 1, a corresponding nonnegative constant K, such
that for all 0 < s < ¢ < T, z,y € D, and i € {1,...d}, the following hold:

dpl)

(E1) yGt s@y)| <alt—s,2—y), Jat, )| < Kt 25,

‘8 Gi—s(z, y)‘ <b(t—s,x—vy), |blt,) ’pngt (2 pl)*%’
’8 Gi—s(x, y)’ <c(t—s,z—y), ’c(t,-)‘ < Kyt~ 2 — T

The following theorem (Gyongy and Rovira, 2000, Theorem 2.1) asserts the existence of a unique
solution to Eq. (1.1).

Theorem 2.2 (Existence & uniqueness of solution mapping). Assume the set of Hypotheses (A1)-
(A5). Then, there exists po(d,v), such that for every p > po(d,v), Eq. (1.1) has a unique solution in
C([O, 7], LP(D)), provided & is an Fo-measurable, LP(D)-valued random element. Moreover, if £ has
a continuous stochastic modification, then ug(t, x) has a stochastic modification, which is continuous
n (t,x) € [0,00) x D.

Hereon, we assume p < oo is fixed and satisfies p > max{po(d,v),d + 2}. We further collect
related results used in the remainder of the paper in Appendix A.

3. Functional Central Limit Theorem

In Setayeshgar (2019), a large deviation principle for the law of the solutions to Eq. (1.1) was
proven, which was uniform over initial conditions on compact sets. In Salins and Setayeshgar (2023),
the authors extended that work and relaxed the restriction on initial conditions over which the large
deviations was uniform in that they proved a uniform large deviation principle for the law of the
solutions to Eq. (1.1), where uniformity was over bounded and not necessarily compact sets of
initial conditions. In this work, we center u“¢ around its law of large numbers limit and consider
the following scaling

0ot = — (ut — ul), (3.1)

to prove the first result of our paper: a functional central limit theorem. Note that for a.e. w € ,
and for all ¢ € [0, 7], we have

Vo (1) = //%Gts Y)
+/0 /DGts(l"»?/)\[

t
—|—/0 /DGts(x,y)aj(uo’g—}—ﬁve’f)(s,y)dydBj(s), (3.2)

( i (U + Ve t) — g; (uo’g)) (s,y)dyds

%\

/\

F (€ + et €) — f(uP€) ) (s, y)dyds

for a.e. x € D. The first result of our paper — a functional central limit theorem — shows that for
any £ € LP(D), {Ue’g}ge(o,l] converges in probability as € — 0 to an F;-adapted random process,
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o€ € C([0,T] : LP(D)), which satisfies for a.e. w € Q and for all t € [0, 7]
) == [ [ G (06055 5.1
# [ Gt (a0 6.y
+ /0 t /D Gi_s(x,y)oj (u®4) (s, y)dydB;(s), (3.3)

for a.e. z € D. Note that because supcjo r1,0cp |u%€(t, 2)| is not necessarily finite, existence and
uniqueness of solutions to (3.3) do not follow directly from Theorem 2.2. We are now in a position
to state the functional central limit theorem.

Theorem 3.1 (Functional Central Limit Theorem). For any £ € LP(D), there exists a unique Jy-
adapted random process, v¢ € C([0,T] : LP(D)), satisfying (3.3) and {ve’f}ee(o,” converges to 0% in
probability in C([O,T] : L"’(D)) as € — 0.

Next we state and prove two propositions below, which will subsequently be used in the proof of
Theorem 3.1.

3.1. Preliminary results required to prove Theorem 5.1. We first establish that the sequence
{ SUPyc(0,7] |v€’§(t)|p}6€(0’1] is bounded in probability, uniformly in € € (0, 1].

Proposition 3.2. For any € € LP(D), the sequence { sup |ve’5(t)|p} is bounded in probabil-
te[0,T] € (0,1]
ity, uniformly in € € (0, 1].

Proof: Let € € (0,1] be arbitrary. We have

ws) =], < | [ [ 0 Gmsteon (5.0 (9) () = gu(su4()) () s

p

¥ /0 [ Gesle [£ (5w () 1) = £ (5:00%(5)) ()] dus

p

+ Ve

/ / G o) (5,15 (5)) () dyd By ()
0 D o

= Ji(t) + J5(t) + Ve3(t),
for all ¢ € [0,T]. Next define

(i:=14 sup ‘uo’f(s)}p—k sup !ue’g(s)}p,
]

t€[0,T] t€[0,T

and

G5 = sup J5(1).
te[0,7

Due to Lemma A.6, {(f }ee(o,1) is bounded in probability, uniformly in € € (0, 1], and due to Lemma
A5, combined with Lemma A .0, {C;}ge(ovl] enjoys the same property.
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Consider Ji(t). Due to (A6), for all i € {1, ...,d}, we have

9:(5,u°€(9) (4) = (5, u4()) (v)|

1
< |ut(s,y) — uo’g(s,y)\/
0

gg(s, uo’f(s)) + r(ue’g(s) — u075(s))(y)‘dr

< C<1 + [u®%(s,y)| + [ut (s, y)|> [u (s, ) — u(s,y)]- (3.4)

Consequently

< [ [ 6w

t
< [ o=
0 -

d t d 1
< ZC/ (t—s)"20 2|gi(s,u"(s)) (") — gi(s,u”%(s)) (")
i=1 0

ds
P

9:(5,u5(9)) () = g1 (5, u"4() (9) |y

gi(s,u*(5)) (-) — gi (s, u”*(s)) ()| ,ds

(SIS}

ds

t 1
<c [(t-97 (1 T (s)], + ru°<<s>|p) [ (s) — u%(5)] ds
0

t
<0Gt [t s () - (o),
0

where line 1 used Minkowski’s inequality, line 2 used (E2) and Young’s inequality for convolutions
with p = p/(p—1), ¢ = p/2, and r = p, where 1/p+1/¢ =1+ 1/r and p,q,r € R>1, line 3 used
(E2), and line 4 used Holder’s inequality and (3.4).

Similarly
J5(t) < /O | Grsln [ (5w ) 0) = £ (5.005) )]

SC'/Ot /D}Gt—s('ay)‘

< C’/O la(t — s, -)Mue’g(s) - uo’g(s)’pds

ds
P

ds
P

ut(s,y) — u®4(s, y)’dy

t
< C’/O ‘ue’g(s) - uo’g(s)‘pds,

where line 2 used (A5), line 3 used Young’s inequality for convolutions with exponents p = 1, ¢ = p,
and r = p, and line 4 used (E1). Combining the foregoing implies that for all ¢ € [0, T], we have

¢ _d_1
[ust(t) — w4 (1)), < Ve + € /0 (0= 97572 + 1) Jus(s) = u4(s)] s,
from which it follows by Gronwall’s inequality that
_d_1
sup.[u“S(1) — w0 (1), < veggeC I (T Heit)is
te[0,7] P

Since € > 0 was arbitrary and both {({}cc(0,1) and {(5}cc(o,1] are bounded in probability, uniformly
in € € (0, 1], the result follows from (3.1). This completes the proof. O

The following Lemma will allow us to control the stochastic integral term in (3.2), which is also
needed in the proof of Theorem 3.1.



CLT and MDP for a class of semilinear SPDEs in any space dimension 423

Proposition 3.3. For any € € LP(D)
| [ Gt (a5(.04) 0) = 03 (5,004(6)) () )y )
0o /D

in probability as e — 0.

— 0,
p

sup
t€[0,7)

Proof: Due to Lemma A.G and (A5), we have
k

6 . : r p
623)17)” {E Z sup ‘O’j(t,u f(t)) — 0 (t,uog(t))’p] } < C(l + |§|p).

j=1 tE[OvT]

Therefore, Lemma A.5 implies that

t
/0 Gt (05 (5.4 (5)) () — 05 (5, u*<(5)) () ) dyd By s),

is tight in C ([O, T]: L (D)) Consequently, given any subsequence we can choose a further sub-

sequence indexed by €*, that converges weakly in C([0,T] : L?(D)) to some limit X*(¢). Since

p > d+ 2, we can choose p € (d + 2,p) and since D is bounded, this subsequence also converges

weakly to X*(¢) in C([0,T]: LP(D)). Therefore

L L
e el ) e e ol )’
sup |u€ S(t) —u> (t)‘ <|(|D| 7 sup |uA(t) —u® (t)‘
te[0,7)

p t€[0,T] P

<C| sup ‘uE*’f(t)‘p—i- sup ‘uo,f(t)’,z )
t€[0,7] P el

where we have employed Holder’s inequality with exponents p/(p — p) and p/p and Minkowski’s
inequality. This result combined with Lemma A.6, implies

P
. r\*
sup B || sup |u8(t) — uo’g(t)‘ < C(1+¢19).
e t€[0,T] P
Consequently, for any K > 0, we have
P * p
KrsupE ‘evft—ovﬁt}z .
PSP B 2o 1 T O et o)
E
p
<supFE sup ‘ue*’s(t) — uo’g(t)|p < C’(l + |§|§)a
€* t€[0,T) P

which implies that

{ sup [u€) —u®<@)2}
t€[0,T] PJe

is uniformly integrable. This combined with (A5), implies

k
Z sup ’aj (t,ue*’g(t)) — Jj(t,uo’g(t)))p] =0.

j=1 t€[0,T]

lim F

e*—0

Combining this with Lemma A.2 part (a), gives

lim F

e*—0

[ [ st (o365 €060 1) — 55, 00%(6) ) )t )
0 JD

p
=0,
p
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for all ¢ € [0,7]. It follows that sup,cr|X*(t), = 0 for a.e. w € Q and consequently

supyepo] [ X (t)][, = 0 for a.e. w € Q. Since the initial subsequence was arbitrary, it follows
that

sup / / Gi—s(-y 0] s,u%(s))(y) — aj(s,uo’g(s))(y))dydBj(s) — 0,
te[0,T7] p
in probability as € — 0. This completes the proof. ([l

3.2. Proof of Theorem 3.1. For any Fy-adapted random process z € C([0,T] : L?(D)), define

LE(Z?ta:B / / ayth s l’ ?J ( i(uo’ﬁ + \/EZ) _gi(u07£))(8ay)dyds7

Li(z,t,z) := —/Ot/D@h.Gts(x,y) (zg;(uo’g))(s,y)dyds,
L5(z,t, ::/ / Gi—s(x,y)— ( (u0’§ + \/Ez) — f(uo’é))(s,y)dyds,
Lo(z,t, ) : / /Gt Sa;y)(zf( 0&))(3 y)dyds,

and
Ls(t, x) := /Ot/DGt_S(x,y) (Uj(u0’5)>(s,y)dydBj(s).

Due to (A6) and the Fundamental Theorem of Calculus, for allz € D, ¢t € [0,T], and i € {1, ...,d},
we have

' (2 (93 (" + Vez) = i(u) ) = 24! (u0’§)> (t, )

_ ‘((zgi(uo’i;;\ﬁz) ;) — zg! (u0,£)> (t,x)

=|(= [ st + riee)ar -2l )t
< CVel(t,2) .

Similarly
'(ff (£ 4 Vez) = £(u)) - zf’(uﬂ’ﬂ) (t,2)| < CVelz(t.2) "
Consequently
‘L(ztw) Li(2,t, ) <C\f/ /|5yzGtsmyH Syldyds
and

L5(z,t,z) — ig(z,t,x)‘ < Cﬁ/o /D ‘Gt_s(m,y)Hz(S’deyds.
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Using Minkowski’s inequality, Young’s inequality with (E2), and Holder’s inequality gives

Li(zat) - Ll(zat)’p < C\/EZ/O
i=1

/“%Gt—s(‘,y)HZ(S,y)‘Zdy ds
b p

goﬁ/o (t— )% % |a(s)[2ds

< Ove swp |21,
t€[0,7) P
and
t
L0, <€ [ | [ [ouGurton]| o (009)) (s ] s
p
d .
<C’Z/(t—s) 22 (zg;(uo’g))(s,) dyds
i=1"0 2

0

< C’(l + |£|§) /0 (t — 8)_%_%|z(s)}pds,

where the second to last line used (A6) and the last line used Lemma A.G. Similarly, using
Minkowski’s inequality, Young’s inequality with (E1), (A6), Holder’s inequality, and Lemma A.6
gives

LS(2 1) — ig(z,t)‘p < c\/z/0 (t— ) 3 2(s)2ds

< CVe sup |z(t)[2,
t€[0,T]

and

Eate0], < C(1+1lp) [0 =s) 50 s

For notational convenience, for all € € (0, 1], define

t
(f:= sup //Gt—s('7y)<‘7j(u67£)_Uj(uo’£)>(say)dydBj(5) ,
tef0, 71| J0 JD p
and
€ €, 2
G5 = Ve sup [v°(t)| .
te€[0,T] P

Note that due to Proposition 3.3, lim.,o(f = 0 in probability and due to Proposition 3.2,
lime_,0 (5 = 0 in probability. Recall (3.2) and note that for all €;,e2 € (0,1] and ¢ € [0,7], we
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have
06175 (t) _ ,U€2:£ (t) ‘

P
S)El(vel,g_vez,s,t)‘ +)£2(061,5_U627£7t)‘ i
p p

LS (€, 8) — Ly (016, ¢) L + O+

I L§2 (1)62,5’” _ £2(U62,§’t)

L2 (2 1) — Ly (026 1) \p +

LY (02, t) — Lo (014 1) L +

o
t
< c(1+\£!2)/ ((t=9) 372+ (= )75 ) [ () —052’5(3)’ ds
0 p
+0(¢ +¢87) + ¢+
Consequently, Gronwall’s inequality yields
sup_[vH€(t) — v ()| < OG5+ G + ¢+ G2 ) IR, (3.5)
te(0,7) p
Next, define the sets
o = {C(§§ +C9)eCOFER) < 2—n—1}. (3.6)

Since both (f — 0 and ¢5 — 0 in probability for any subsequence, we can choose a further subse-
quence indexed by {€,}nen, such that €, | 0, which satisfies

P((@i”)c) <o, (3.7)

for all n € N. For any N € N, note that on the set N,>y0%* due to (3.5), (3.6), and (3.7) for all
n,m > N, we have

sup
te[0,7

’Ugn’f(t) - vgm,g(t)) < 2—n—1 + 2—m—1 <2 min{mm}.
p

Since C([0,T] : LP(D)) is complete, this implies that {v¢},cn converges to a limit on the set
Unen Np>n ©5 and due to the Borel-Cantelli lemma P( UNeN ﬁnZN@fL") = 1. Define 0¢ :=
limy, 00 v*¢ in C([0, 7] : LP(D)) and note that since {v*¢}, ey are Fr-adapted, so is 95. We have
forallt € [0,7]) and n € N

08 (t) — (La (05, 1) + Lo (o5, 1) + Ls(1)) ‘p

< ‘@%) - zﬁmf(t)‘ +
P

LY (v 1) — Ly (o5, 1)| +
P

L (1) = Lo o)

# 6t [T 00)] + |aes - o,0)
p p

o E(1) — 04(0)|

<O f"—&-(;")—i—C(l—i—]f\ﬁ) sup )

te[0,7

Since with probability 1

lim (C’( TG +C(1+ ]§|z) sup

n—0o0 t€[0,T

vgn,s(t) _ @5@)‘ ) =0,
p
it follows that for a.e. w €

sup
te[0,7

:07
p

o8 (t) — <E1 (05,t) + La(¢°,1) + Eg(t)>

meaning ©¢ satisfies (3.3). Recall that the original subsequence from which we chose the further
subsequence {v"¢},cy that converged to ©° a.s. was arbitrary. Consequently, it follows that
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{v“ }ee(0,1] converges to ©° in probability in C([0,7] : LP(D)) as ¢ — 0. To show uniqueness,
assume an F-adapted random process, o¢ € C([0,7] : L?(D)), satisfies

sup ‘175@) — Ly (175, t) + Ly(t,t) + IN/S(t)‘ =0,
te[0,T] P

for a.e. w € Q. Then with probability 1, for all ¢ € [0, 7], we have

o (t) — ﬁf(t)(p = )J'il(@f - ﬁf,t)‘p + ’]32 (¢ - o%,1) ‘p

<C(1+ep) / t ((t=5) 272 (1= 9)75)|65(s) — ()| ds.

o
Therefore, Gronwall’s inequality implies that for a.e. w € Q

sup @5(75)—175(75)‘ ~0.
P

This completes the proof. ]

4. Uniform Large Deviation Principle

In this section we recall Freidlin and Wentzell’s definition of the uniform large deviation principle
Freidlin and Wentzell (2012) as well as that of an equicontinuous uniform Laplace principle Salins
(2019). We further assert that they are equivalent. We then provide a sufficient condition under
which an EULP and therefore an FWULDP holds. Let (£, 7) be a Polish space and & a set. For any
£ € &, let I¢ : € — [0,400] be a so-called rate function, meaning that it is lower-semicontinuous.
Let I'¢(s) denote the level set I'¢(s) := {p € € : I¢(¢) < s}, and let .Z be a collection of subsets of
&o. Further, let a(e) be a function converging to zero as € approaches zero itself.

Definition 4.1 (FWULDP). A family of £-valued random variables, {Xg}ﬁg‘(gg 0 Is said to satisfy
an FWULDP with speed a(e) and rate function I¢, uniformly over .2, if
(1) Forany L € £, s > 0, and § > 0

L : c S
llg;lélf%gi gaeggm) <oz(5) logP(T(Xg,go) < 5) + Ig((p)) > 0.

(2) Forany L € £, so >0, and § > 0

limsupsup sup (04(5) logP(distg(Xg,Fg(s)) >9)+ s) <0.
e—=0  £€L s€(0,s0]

Recall that a family @ C Cy(€) of functions z : £ — R is equibounded and equicontinuous if

sup sup |z(<p)‘ < oo and limsup sup }z(gp) - z(n)‘ =0.
z€Q pel 0=0,eQ pmee
T(pm)<d

Definition 4.2 (EULP). A family of £-valued random variables, {Xg}gg(gg it is said to satisfy

an EULP with speed a(e) and rate function I¢, uniformly over .2, if for any L € £ and any
equicontinuous and equibounded family @ C Cy(E)

2(X§)

log Eexp| ——%

a(e) log exp( o)

Theorem 4.3 (Salins, 2019, Theorem 2.10). FWULDP and EULP are equivalent.

lim sup sup
e—0 ¢eLl 2eQ

) + inf {z(p) + I(p)}| = 0.
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We now present a sufficient condition under which a family of random variables satisfies an EULP
and therefore also an FWULDP. To this end, for any N > 0 and 7' > 0, let AY be the collection of
Fi-adapted square integrable R¥-valued processes, such that

P<|5|L2([0,T];Rk) < N) =1
Assumption 4.4. Assume that there exists a family of measurable maps ¥ : C([O, T] — Rk’) - &
indexed by ¢ € [0,1] and £ € &. Let B be a k-dimensional Brownian motion, Xg’ﬁ =9 <\/ a(e)B+

/ ﬁ(s)ds), and .Z be a collection of subsets of £&. Assume that for any § >0, L € £ and N > 0
0

iy o (92 (Voo L) [[ac) ) > ) =0

Theorem 4.5 (Salins, 2019, Theorem 2.13). If Assumption 4./ holds, then the family X?’B =
3 (\/a(e)B +/0 ﬁ(s)ds) satisfies an EULP, uniformly over £ with speed o) and rate function

T
Ielg) = inf {3 ] s},
{BeL2((0,1):RF):0:=42(J; B(s)ds) } 0

with the convention that inf(()) = +oo.

5. Controlled and Skeleton Equations

In this section we introduce the scaling, which is used in the second of our two main results: the
uniform moderate deviation principle. Let {y(€)}cc(0,1) be a sequence satisfying

limy(e) = oo and lim y(e)v/e = 0, (5.1)
e—0 e—0
and define

—_

268 =

ust — 0y = —— <t .
Aave T T 750 2

Note that for a.e. w € 2 and for all ¢ € [0, 7], we have

258(t, x) / / 0y, Gi—s(,y) (sxﬁ( i (u 0’5+7(6)ﬁze’5) —gi(uo’g))(s,y)dyds

+/0 [ G = (1€ (V) = £(009)) (5 9) s
+7(1€)/0 /DGtS(x’y)aj(uo’g+7(6)\/EZE’§)(S,y)dydBj(s), (5.3)

for a.e. x € D. Observe that due to Theorem 3.1 and (5.1), 26¢ converges to zero in probability in
C([0,T] : LP(D)) as € approaches zero. Further, note that the unique mild solution to Eq. (2.1) is
probabilistically strong. The same holds for the solution to (5.3). For this reason, for any € > 0 and
initial condition § € LP(D), there exists a measurable map J : C([0,T] : R¥) — C([0,T] : LP(D)),

1
such that 2% := ,%“(—B).
£ ()
Next we provide the following definition [Eq. (4.1) in Budhiraja et al. (2008)], which is used in

the proof of our main results.
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Definition 5.1. For any N > 0, define

N . _ 2 . kY . g 2
AN = BGL([O,T].R)./ |B(s)|*ds < N ¢,
0

and endow AY with the metric
oo

dl(fug) = Z%

=1

)

T .
/o (fi(s) — gj(s))€}(s)ds

where {e'};cy is an orthonormal basis of L?([0, T : R¥) under which AY is a compact metric space.
Note that when we say convergence in AV, we will be referring to convergence under the d; metric
(which is consistent with the weak L?([0,7] : R¥) topology) rather than convergence under the

L2([0,T] : R¥) norm.

Let As be the set of Fy-adapted controls 3 : [0,T] — RF, such that P(|B|L2([O’T}:Rk) < oo) =1

Further, as introduced in Section 4, for any N > 0, let AY C As be the set of admissible controls
such that

- {ﬁ € Ay B(w) € AN a.s.},

where AY is given by Definition 5.1.
We now define the following change of measure, which will allow us to introduce the controlled
version of z9¢(t, x).

Definition 5.2 (Change of measure). For any N > 0 and 3 € A} define the measure Q" as

follows -
dQE’B () 2
=ex dB] ds ».
e ep{ ) [ a [ 150 }

Note that Girsanov’s theorem implies that under the measure, Q%?, the process
¢
B(O) = B(®) ~1(0) [ Bls)ds
0

is a k-dimensional Wiener process
Let z259°(t,2) := HE ( © B —|—/ B(s ds) Note that, 24P (¢,z) is the so-called controlled
€

equation, and has the same distribution under the measure P, that z ’g(t,x) = (ﬁB> has
(e

under the measure Q?. It solves

2988 (t, x) //ayth s (;ﬁ(gi(uo’é—i—’y(e)\ﬁze’gﬁ)—gi(uo’g))(s,y)dyds
x u%* )VezP) — f(u®%)) (s s
+/O/DGH< )7 (P A(OVEE) — 1(u04) ) s, )y
+ /O /D Grs(,y)oj (ust7) (5,y)dyB; (s)ds
= t z,y)o; (uP) (s i(s
=5 [ Gt () sy ). (54)

The following theorem asserts the existence and uniqueness of solutions to (5.4). Its proof is
almost verbatim to that of Budhiraja et al. (2008, Theorem 10) with Girsanov’s theorem being the
main ingredient.
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Theorem 5.3 (Existence & uniqueness of controlled process). Let %’f denote the solution mapping,
and let B € AY for some N € N. Then, for all e € (0,1] and £ € LP(D)

29PE = HE (’Y(le)B + /0. B(s)ds),

is the unique solution to (5.1).

When € = 0, %”50 ( / B (s)ds) .= 2068(t, z), will represent the solution to the so-called skeleton
0

equation. It solves

DBt z) = //%Gt () (0092062 s, ) s
+ /0 /D Grosl ) (£ (u0€)2047) (s, y)dyds
+/0 /DGt_s(x,y)ffj(uo’s)(57?/)dy/31(5)d5- (5:5)

The following lemma asserts the existence of a unique solution to the skeleton equation. It is
essentially a deterministic version of Theorem 3.1. Therefore, for the sake of brevity, and because
the arguments employed in the proof of this lemma are indeed similar to those used in the proof of
Theorem 3.1, we will only provide a sketch, which is located in Section A.2.

Theorem 5.4 (Existence & uniqueness of skeleton). For any N > 0 and 8 € AV, there erists a
unique solution to (5.5) in C([0,T] : LP(D)).

We are now in a position to provide a definition for the large deviations rate function.

Definition 5.5 (Large deviations rate function). Let £ € L?(D) and ¢ € C([0,T] : L*(D)). We
define the large deviations rate function or action functional, I¢ : C([0,T] : L?(D)) — [0, 400] by

1 T
Ie(y) = in {2 / rﬁ<s>|2ds}, (5.6)
{BeL2((0,1V:RR)p:=2(J;; B(s)ds) } 0

with the convention that inf(()) = +o0o. We say that I is a rate function if for any fixed £ € LP(D),
the mapping I : C([0,T] : L?(D)) — [0, +0c] is lower-semicontinuous.

6. Uniform Moderate Deviation Principle in C([0,7] : L*(D))

In this section we state the uniform moderate deviation principle — the second main result of our
paper — which is indeed a uniform large deviation principle but with the scaling introduced in
Section 5 .

Theorem 6.1 (Uniform Moderate Deviation Principle in C([0,T] : L?(D)) topology). The pro-
§eLP(D)
€€(0,1]

uniformity is over LP(D)-bounded sets of initial conditions with rate function I¢, given by (5.6).

(1) For any R >0, so >0, and 6 > 0

1
e : s >
et \sf,flsfwelrgfso) <(v(6))2 IOgPOZ Ve < 5) * Ig(w)) =0

cesses, {2¢} satisfy a uniform moderate deviation principle on C([0,T] : LP(D)), where the

(2) For any R >0, so >0, and 6 > 0

1
limsup sup sup ( logP<dzstC([0 17: LP(D))(Z & ,Te(s ))) > 5) + 5> <0,
e—=0  |¢],<R s€[0,s0] (7(€))?
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where
FA@::{dwsCﬂ&]ﬂ:L%D»:Idw)gs}
The proof of Theorem 6.1 is in Section 8.

Corollary 6.2 (ULP). Let I¢ be given by Definition 5.0 and {Ze’g}&% f] :

for any bounded, continuous function f: C([0,T] : LP(D)) — R and compact subset K C LP(D),
we have

be given by (5.3). Then,

lim sup
e—0 ¢eK

—(7(€)2f(2%%) i =
log E [e } + weC([O?]f:LP(D)) {I§(¢) + f(¢)}‘

(7(e))”

The proof of Corollary 6.2 is in Section 8.

The following corollary follows immediately from Corollary 6.2, as for Polish space random el-
ements the Laplace principle implies the large deviation principle. (see Dupuis and Ellis, 1997,
Theorem 1.2.1). Due to the scaling that the LDP is under, we will refer to this corollary as an
MDP.

§eLP(D)

ce(0.1] be given by (5.3). Then,

Corollary 6.3 (MDP). Let I¢ be given by Definition 5.6 and {25%}
for any & € LP(D), the following hold:

(a) For any closed F C C([0,T): LP(D))

; €& _
hI:f(t)lp (7(6))2 logP( € F) < 1111161% {Ig }

(b) For any open G C C([0,T]: L*(D))

1
lim inf log P(2¢ € G) > — inf {1, .
0 (o) (e0)2 fela{ ()}

7. Preliminary Results Required to Prove Theorem 6.1

The following lemma demonstrates that the law of large numbers limit is continuous as a function
of the initial condition, which is needed for the proof of Theorem 7.3.

Lemma 7.1. If " — ¢ in LP(D) as n — oo, then u®" — u%¢ in C([0,T] : LP(D)).
Proof: We have for all t € [0, T

260 =050) < | [ ] Gt (5a0) = a9 (s
[ ] G (760 = 1) (s
+| [ atlero) - wlay

= () + J3E) + JR(E).

Using an argument similar to that used in the proof of Proposition 3.2 gives

T0) <0 [0 (s) = ut(5) s,

p

p

p
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and

¢
Ji(t) < C<1—|— sup ‘uog s)| + sup ‘uo’gn(s)} >/(t—s)2p‘u0§n(s) —uo’g(s)‘ ds
€[0T P sefoT ?J Jo P

<c(r+lel el )/ (t = 5)7 33 |u0" () — u05(s)| s,

where the second inequality used Lemma A.6. In addition, Young’s inequality and (E1) give

J5(t) < ClE(s) — £(s)] -

p
Therefore, for all ¢ € [0, 7] we have

[ (#) = "4 (1)], < Cl€"(5) —£(3)],

¢ d 1
P P -3 0,6n 0,
+C'/0 ((1+’f"|p+}§|p)(tfs) 20" 2 +1>’u § (s) —u g(s)lpds. (7.1)
Finally, Gronwall’s inequality implies

sup_ [u0€" (1) — u®4(0)], < Cle(s) — ()], (HEBHER)

te[0,7)

Now tending n to oo, taking the limit of both sides, and further using that " — & in LP(D) as
n — 00, yields the result. This completes the proof. ]

The proof of Theorem 7.3 also requires the following lemma, which gives a bound on the L”-norm
of the skeleton equation in terms of the initial condition and the control.

Lemma 7.2. There exists a constant C' > 0, such that for all € € LP(D), N >0, and B € AN, we
have

sup ’2055 )} <CN(1+‘§‘) (1+1€]5).
t€[0,T]

Proof: For all t € [0,T], we have

t
2068 (1) 0 /D 8y, Gr—s (- y) (gé(uo’5 R ) (s, y)dyds

" [ Gt f’(uovf>z°’fﬂ)<s,y>dyds

p

p

/Gt o )05 (u%€) (5, 9)dyB; (s)ds
1) 1 Talt) 1 T (D).

p

Using a similar argument to that applied to the f/i and 1~L§ terms in the proof of Theorem 3.1, gives

Jl(t)gC(lJr}ﬂZ)/Ott—s 54120695 ds,
and

t d
B(t) < C(1+ !€!Z>/O (t = 5)73]255(s)] ds.
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In addition, Minkowski’s inequality, Young’s inequality with (E1) and (A4), Lemma A.6, and the
fact that B € AV, give

e C/Ot(l +[u®4(s)], ) |(s)]ds < ¢ 1 + s W50, (/Ot |5(5)|2ds)5 <oN(1+¢?).

Therefore
t
‘Zo,ﬁf(t)‘p SON(+[¢))) +C(1+¢]) /0 ((t ) (t— s)‘%—%) |z0,€,ﬂ(8)‘pd57
for all ¢ € [0,T] and Gronwall’s inequality yields

sup }zo’s’ﬁ(t)‘p <CN(1+ |§|I'Z)ec(1+‘5|z).
te[0,T

This completes the proof. ]

The next theorem demonstrates the continuity of the skeleton equation and is used in the proof
Corollary 6.2.

Theorem 7.3 (Continuity of skeleton equation). For any N > 0, the mapping

(€, 8) — %0(/0 B(s)ds) from LP(D) x AY to C([0,T] : L#(D))
18 continuous.

Proof: Assume that (¢7,3") — (£,8) in LP(D) x AN (recall the metric on AV given in Definition
5.1). We have

sup Z&&”ﬂ"@)fﬁéﬁ(ﬂ‘ < sup 20,6”76”@)720,5,5”@)‘ + sup ZO,E,ﬂ”(t)sz,S,B(t)‘ . (7.2)
te[0,1] P teloT) P tef0,T) P

First, consider supye(o 11 | 20678 (1) — 2065" (t)}p and note that for all ¢ € [0, T]

‘ZO,E",,B"() 68" /ayth oy ( 0.47) 078" _ o108 ; 07576”>(8,y)dyd5

p

+ / / Gt s LY OE,”) 0,£",8™ —f/(u0’6)20’£’6n>(S,y)dyds

:
" / [ Gt <u07f">_aj<u°v€>)<s,y>dyﬂy<s>ds

= JU () + T3 (1) + T3 (0).

Using Minkowski’s inequality, we have

ds
p

ds
P

gg(uo,gn) (20,5",5” _ ZO,&B”)) (s,9)dy

i

/ 0, Grs (o) (917 = gl () ") (s, )y

= J11 ) + Jis(t),
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and

ds
P

¢
/ Gt—s(',y) <f/(u0,§”)<2075”,,3" _ zO,é,B"))(s,y)dy
D

ds

p

t
/ Gi—s(-y) ((f/(uo,gn) - f/(uo,g))zo,g,ﬁn) (s,y)dy
D

=y (t) + J5(t).

A similar argument to that applied to the f}i and I~/§ terms in the proof of Theorem 3.1, gives

t d 1
Jht) <C(1+ \g”\ﬁ)/ﬂ (t—s)"27 2|2

076",6"(8) _ ZO,&B"(S)’ ds,
p

and

t
J(t) < C(1+[¢"])) /0 (t = )73 |04 (5) = 20 (5)| d.

In addition, using Young’s inequality combined with (E2), Holder’s inequality, and (A6), gives

((ghu") = gh(u®$) 226" ) s, )

d 1

d ¢
Jg(t)go;/o(t_s) A3

d

d t L
SCE:/(t—s)_2 -3
i=1"0

< C sup |zo7€’ﬂn(t)|p sup ’u075n(t) —uo’é(t)’ .
t€[0,T] t€[0,T] p

ds

14
2

gL )(s) = gl (s)] 206" ()] s

Similarly, using Young’s inequality combined with (E1), Holder’s inequality, and (A6), gives

Jon(t) < C sup ‘2055 )‘ sup ‘uo,gn (t) — uo’g(t)‘ .
t€[0,T] P ielo,1] p
Again using Minkowski’s inequality, Young’s inequality with (E1), (A5), and that " € AN, gives

/ / Gi () (330" = 3 (u9)) (5, )52 (5)

< C/ ‘uo’gn(s) - uo’g(s)‘ |5”(s)‘d5 < C sup |u®"(t) — uo’g(t)‘ .
0 p

ds
P

te[0,T p
Therefore
]zovf"ﬁ"(t)—zovfﬁ"(t)‘p o1+ s{gpﬂwf o], sup. uo’gn(t)—uo’f(t)‘p
te tel|0,

p

+ C’(l + ‘E”‘Z) /Ot Ct(s)‘zo’gn’ﬁn(s) - zo’g’ﬁn(s)‘ ds,

for all ¢ € [0, T, where
d 1 d
c(s):=(t—s) 2 24 (t—s) 2.
Consequently, Gronwall’s inequality implies
sup |20 (1) — 20687 (¢ )‘ < C<1+ Sup ‘205’3 ()‘ ) sup |u%€" (1) _uo,é(t)‘ eCAHER),
te[0,1] t€[0,1] P7 telo,1] P

and due to Lemma 7.1, Lemma 7.2, and the fact that " — £ in LP(D) as n — oo, we have

lim sup |2%¢"F"(t) — 208" (t)‘ = 0. (7.3)
00 (0,77 p
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Now consider sup¢o 71 |2068 (8) — 2068" (t)‘ . For all ¢t € [0,T], we have

2088t 1) — 2068 (¢, 1) //%Gt s(z, y)(g( 05)(Z0’§’6—ZO’E’BHD(S»QWW
+%&Laﬂ@wyﬂwﬂ@“ﬂ—ﬁwﬂyaw@%
[ Grstoan) (o9 () (35 0) = 57(5) s

= DVt w) + 15 (2) + L3t 2),
for a.e. x € D. Therefore, for all ¢ € [0, 7]
08B () — 08" (¢ ‘ L (t,)], + | L5 ()], + |L5(

)" ‘p'

Similar to J{} and J3; above, it follows that

t 1
(e, < o1+ yg\g)/o (t—s) 3

zo’f’ﬁ(s) — zo’f’ﬁn(s)’ ds,
p

and

2068 (5) — zO,&B"(S)‘ ds.
P

\Lg<t,.)\pg0(1+\g\g)/o (t—s) %

Therefore, for all ¢t € [0, 7]

t
)Zo,g,ﬁ(t)_zo,s,ﬁ“(t)) < sup |L5(s)| +C(1+[¢]) / ct(s)‘zo»fﬂ(s)—zo»fﬂ”(s)] ds,
0

p s€[0,7 P

where L ,
ci(s):=(t—s) 20 24 (t—3s) 2,
and Gronwall’s inequality gives

< sup ‘Lg(t)‘pec(lﬂglg). (7.4)
te[0,7)

P tel0,1]

Now consider L%(t,z). Note that for all (t,x) € [0,7] x D and j € {1,...,k}, Holder’s inequality
combined with (E1), (A4), and Lemma A.6, gives

/ (/ Gi_s(z,y)o; (u) (s, y)dy> ds

<C/ (t — 5) "7 oy (u®) (s, \ds<0<1+ sup_[u* (s )!ﬁ)dséc(lﬂf(p)
s€[0,T7] P

Consequently, for all (¢,z) € [0,T] x D, we have I{S<t}/ Gi—s(x,y)o; (uo’g)(s,y)dy € LZ([O,T] :
D
Rk) so the convergence of " — 3 in AN (which implies 8" — (8 weakly in L2([O, T]: Rk)) gives
lim L5 (t,x) — 0, (7.5)

n—o0
for all (t,z) € [0,7] x D. Due to (A4), Lemma A.6, and that {8"},en, 3 € A, we have for all
jed{l, ... k}

</0T ‘Uj (u™) (s,-) (B} (s) = @(S))‘ZdS); - C<1 . TEEFT] WO{(@\/}) </0T

<C(1+1ef).

W@—m@ﬁ%é
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Consequently, Lemma A.3 implies that there exists a constant C > 0, such that for all n € N

Ly(t.) - Li(s.)| <O+l

for all s,¢ € [0,T] and

;d
L3(t,2) - L(ty)| < C(L+ [¢l)e — 9| =

for all z,y € D, and t € [0,T]. It follows from a deterministic version of the proof of Lemma A.5
that {L%}nen is tight in C'([0,T] : LP(D)). Therefore, any subsequence of {L%},cn has a further
subsequence that converges in C'([0, 7] : LP(D)) and due to (7.5), this limit must be 0 € C([0,7] :
LP(D)). From this it follows that

lim sup |L3(t)| =0.
n_)OOtE[O,T]‘ 3 |P

Plugging this into (7.4), gives
lim sup ’zo’é’ﬁ(t) — 088" (t)’ =0,
=00 te[0,T] p
which combined with (7.3) and (7.2), yields
lim sup ‘Zo,gn,ﬁn (t) — zo’g’ﬂ(t)‘ =0.
N0 0,7 P

This completes the proof. ]

The following lemma, which can be thought of as an analogue of Lemma A .6 for u©¢? is used to
prove Lemma 7.5.

Lemma 7.4. Let N > 0 be arbitrary. Then, there exists a constant Cn > 0, such that for any
BeAY, £ € LP(D), and € € (0,1], we have

E| sup |ue’5’5(t)’2 <Cn(1+ ’5’2)
te[0,T
Proof: This proof is essentially an application of Girsanov’s theorem to what was already done in
Gyongy and Rovira (2000). For this reason, we only provide a sketch here and refer the reader to
that paper for additional details.

Recall that lim.—o v/ey(¢e) = 0. For this reason, sup¢(g 1) vey(€) < co. Let € € (0, 1] be arbitrary.
As in the proofs of Theorem 2.1 and Proposition 4.4 in Gyongy and Rovira (2000), we can consider a
sequence of Fi-adapted random processes {@, fneny € C([0,T] : L*(D)), which satisfy the following:
(a) lim a5 =u as. in C([0,7] : LP(D)).

n—0o0

(b) For all ¢ € [1,00) and n € N

E[ sup ‘a;(t)}g] < 00.
te[0,7]

(¢) There exists a constant K7 > 0, which does not depend on n or €, such that for all n € N, and
for a.e. we Q)

t
s 0)]” < e’ + K +K1/0 i (5)|"ds

t
+ Ve / / [, (5,2)[7 2 (5, 2) 0 (5, 2 0 (5, 2) ) dwd By (5),
0 D

where 0}, is a truncated version of ¢;, which satisfies (A4) with the same L > 0.
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t
Recall the measure Q? given in Definition 5.2 and that B(t) := B(t) — 'y(e)/ B(s)ds is a k-

0
dimensional Brownian motion under Q%?. Consequently, under the measure Q%?, u“¢ has the same
distribution as u®¢#. For a.e. w € Q

t
a5 < |¢] + Ko +K1/0 a5 (5)|ds
t
+\/EV(E)P/ / |ﬂ;(5,$)|p_2d;(8,a:)ajn(s,Lﬁ;(s,x))da:ﬂ;(s)ds
o Jp
t

+\/EP/ / ‘ﬁ;(s,x)’p_Qag(s,x)ajn(s,a:,ﬂ;(s,x))dazdgj(s), (7.6)

0 Jp

Q"
dP

2
for all ¢ € [0, 7). Since 3 € AY, it follows that F [( ) } < 00. Consequently for all ¢ < oo

. dQe,ﬁ
EQ’ﬂ{sup as (t q}SE[ sup | (t Qq} E[( )] < 00.
t€[0,7] 5 )‘q t€[0,7] (Dl ar

The Burkholder-Davis-Gundy inequality gives

R’ sup \fp/ / |as, (s, @) |” s, (s, )0 jn (s, @, 5 (s, @) ) dwd B (s)
rel0,t]
k t 2 2
< CZEQGJB / < s, (S, 1:)|p_21l;(s,x)ajn (s,x,ﬂ%(s,x))dw) ds
([ 2 \? s t :
< CE%" (/ (1+]a5(s)) ds) <C|1+E? ( sup |a;(r)\”/ ya;(s)\”ds>
0 P ref0,4 ? Jo P
1 o ‘ !
< -E9 "’[ sup aZ(r)Ip] + K1+ E9 ’B[ s (s)\pds} ,
4 ref0,] P 0 P

for all ¢ € [0,T], where the constant Ky > 0 neither depends on n nor on e. Similarly, since
SUDPe(0,1] VEY(€) < 00, for all t € [0,T1], we have

v [ / i o )] (5,2) 0 (s, 855, ) ka5 5)d

<c/ (1+ i (s)[%) | )|ds§0(/0( ) (/ 165(s |ds>
SCN(l-i- < sup |a, (r "Dds> ) gl sup a;(r)‘p—i-Ks,N(l—F t
4r€[0,t] P

Combining the foregoing with (7.6) and defining Ky n := K1 + K> + K3 n, gives

1 s)‘st).

¢
EQEﬂ[ sup ’u ‘p} < ’f‘p+K4,N—I—K47N/ EQG’B[ sup }u )‘ ]ds.
2 se[0,¢] P p 0 re0,s]
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Since t — EQE'E[ Sl[lp] ‘ﬁ%(s)m is continuous (this is due to a5, € C([0,T] : L?(D)) Q-a.s., and
s€[0,t
the monotone convergence theorem), Gronwall’s inequality gives

FQ°F [ sup | g, (¢ \ﬁ] < 2(|§|g + K4’N)62K4,N7
t€[0,T)
for all n € N. Since limy_,o0 @5 = u* in C([0,T] : LP(D)) Q“P-a.s., Fatou’s Lemma gives
EQ°7 [ sup ‘ue’g(t)‘p} < liminf EQ"” [ sup |ag, (¢ ‘p} < 2(’5") + K4,N) e an,
t€[0,7) P n—00 t€[0,7] P P

Since the distribution of u®¢ under Q¢ is the same as u©$? and e was arbitrary, this completes the
proof. O

Lemma 7.5. For any N >0 and R > 0

{ sup [2469(1)|

te[0,T

?

e, <R.BEAY
p}

€€(0,1]
is bounded in probability, uniformly in € € (0,1], [¢], < R and 8 € AY'.

Proof: Throughout this proof, the free positive constant C will neither depend on R nor on N. For

convenience, define
Cf’g’ﬁ = sup }u &8 ( )|p + sup ’uoé
te[0,T) t€[0,T]

Due to Lemma 7.4 and Lemma A.0, there exists a constant Ky > 0, such that

sup sup sup E[(Ci’g’ﬁ)p} < KpnN-.
€€ (0,1] [€l, <R Be.AY

),

For a.e. w € Q, we have for all t € [0, T]

2P (¢, 2) / / By, Gi—s(x,y) ()\[<gz( ut + y(€)y/e2PF) fgi(u0’5)>(8,y)dyds

n /0 /D Gieslr) 5 ﬁ<f(u°’5+7(6)\/€zf’ﬁ’f)—f(uo’é))(s,y)dyds
t

[ Gty (15 )y (s)as

+7(1€)/0 /DGts(m,y)aj(ue’ﬁ’g)(s,y)dydBj(s)

€ € € 1 €
= L1a£75(t7 :L,) + L27§7B(t’ x) _|_ L375’6(t, 1,) + 71’14’576(2&, a:.)’ (7.7)

v(€)

for a.e. z € D. Next define

9700 = [ [ 0,61mutoan) (24700) ) 5. o)is

As in the proof of Theorem 3.1, it follows that

t
Lyt - L5, ->\p < C(e)ve /0 (t =) 302|204 (s) 2

t d 1
< CCf’f”B/ (t— s)_%_ﬁ‘ze’ﬁ’g(s)‘pds,
0



CLT and MDP for a class of semilinear SPDEs in any space dimension 439

and .
L7, )], < C(1+¢*F) / (t—s) 3 2[255¢(s)| ds,
0
which gives
t
LP @, )], < C(1+¢*7) / (t—s) "3 2|255E(s)| ds.
0

A similar argument gives

t
L5570, < (14 ) [ = 0) 8500 s

Similar to the treatment of the J3(¢) term in the proof of Lemma 7.2, we have

‘ 1
‘Lg’g’ﬁ(t, )‘ < C(l + sup ‘u EE ) </ ‘6(3)‘2(13) ’ < CN(l + Cf’g’ﬂ),
s€[0,T] 0

where the second inequality used that § € .Aév . Finally, consider Lff’ﬁ (t,z). Due to Lemma 7.4,
€, <R,BEAY
(A4), and Lemma A.5, it follows that {‘LZ’E’B(t)‘p} EO . * s tight in C([0,T] : L*(D)), and
ec(0,
Y [€lo<RBEAY , s . .
consequently {supte[o 1] | Ly (t)‘p} 01 is bounded in probability, uniformly in € € (0, 1],
’ ec(0,
||, < R and B € AY. For convenience, let
te[o T]
Therefore
1
Zevﬁvg(t) S L67§76(t) + Levgvﬂ + Lezéﬂ + Sup LEgﬁ )
0, < |50, 50, + 1590+ s e (1590,
1
S CN(l + CE’E’B + ’Y(e) C§7£7ﬂ> + C(l + Cf?gvﬂ) / Ct(s)‘ze,ﬁ’g(s)todsy
0
where

S
(NI

c(s) = (t — S)i% +(t—s)

Consequently, Gronwall’s inequality implies

1 £,
sup |29PE(t)], < ON [ 1+ 08P 4 587 ) C0+G &8y
te[0,T) (0

1
Since lgr(l) i = 0 and both {Cl’é 5}‘62’153’5642 nd {¢5 £ 5}56")5;]%’5642 are bounded in probability,

uniformly in € € (0,1], [£], < R and 8 € ALY, the result follows and the proof is complete. O

8. Proof of Theorem 6.1

Theorem 4.3 provides that FWULDP and EULP are equivalent. To this effect, in order to prove
an FWULDP, we will prove Theorem 4.5, which is an EULP, whose proof hinges upon showing that
Assumption 4.4 holds in the C ([O,T] 2 LP (D)) topology. The next theorem proves the holding of
that assumption in the said topology.

Theorem 8.1 (Uniform Convergence in probability). For any A >0, R >0, and N > 0

lim sup sup P< 2688 _ 088 . > A) =0.
0 |el LR e AY ‘ {C([O,T].LP(D))
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Proof: Throughout this proof, C' denotes a free positive constant, which does not depend on R or
N. Note that for all t € [0,T] and a.e. z € D,

25,575(t7 z) — 20,5,5(t7 z) = Jlﬁfﬁ (t,z) — jl&ﬁ(t’ z) + Jg’g’ﬁ(t, ) — jg’ﬂ(t, z)
1

Jooh t,x),
7(6) 4 ( )

+ J§’£’B(t, x) — jg”B(t, x) +

where

588y i= = [ [ 0y Guatea (52 (005 +2(0VE ) — i) ) 5.1,

t
TPt ) = —/0 /D@int_s(xyy) (Zo’ﬁ’ﬁgé(uo’g))(S,y)dyds,

TRt ) = /0 t /D Gt—s(x,y)<,y(6:;\ﬁ(f(uo’é+’Y(6)\@Z€’£"B)—f(uo’£)>)(37y)dyd87

5 = | t [ Gslo ) (401 004 ) s, s,
t
T8 (t,2) = /0 /D Grs(,9)0; (u" + Y()v/ez"57) (s, y)dy B (s)ds,

50 = [ [ Gt (09 o) o),
and .
JoSB(t, x) ::/O /DGts(x,y)aj (u™* + v (e)Vez"F) (s, y)dydB;(s).
Note that for all ¢ € [0, 7], Minkowski’s inequality implies
[992) = 0@, < |00 = TP @), + 15570 - ),

(8.1)

&8 6B L e
+ | ISP () = J5 (t)|p+7(6)\174 (t)\p-

We reiterate that, as a matter of notation, any display even if not made explicit will hold true with
probability one. We now aim to find desired bounds on the RHS of (8.1). To this end, we first

attend to ‘Jf’g’ﬂ(t) - jf’ﬁ(t)‘p + ‘J;’E’ﬁ(t) — jgf’ﬁ(t)|p. For all t € [0,T] and x € D, define

t
LYY (tx) = /O /D 3int—s(x,y)(ze’g’ﬁgé(uo’gﬁ(s,y)dyds,

and observe that

‘Jf’§76(t) B jléﬂ(t)‘p < ‘Jla&ﬁ(t) B Liaiﬁ(t)‘p + ‘Li’g’ﬁ(t) B jf’ﬁ(t)‘p' (8.2)
Applying the same argument as in the proof of Theorem 3.1 to bound |L§ (z,t) — Li(z, 1) p gives
7750 (0) — L3P (1) < Crle)e sup [540(s)]2. (83)

s€[0,¢]

Next we use the boundedness of the initial condition and the same argument as in the proof of
Theorem 3.1 to bound |L1(z,t)|,, which yields

t
L7 (0) = TP ()], < C(1+ R?) / (t — 5)3 3 |26 (s) — 20 (s)| ds. (8.4)
0
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Next define
d 1 d
c(s):=(t—s) 20 24 (t—s) 2, VO<s<t<T,
and
2
(f’g’ﬁ = (1 + sup ‘ze’f’ﬁ(tﬂ > .
te[0,T] P

Note that due to Lemma 7.5, {Cl’gﬂ}‘fe'po<ﬁ’ﬁe“42

€], < R and B € AY. In view of (8.2), and combining (8.3) and (8.4)

is bounded in probability, uniformly in € € (0, 1],

t
[ T552() = TP (0)], < CrOVe? + C(1+ RY) /0 ci(s)|274(s) = 2240 (s)] ds.  (8.5)
Similarly, we get
t
I8 (1) — 5P (0)], < CUVEC + 0(1 L RY) /0 ils)]6%(s) - PE0(s)| ds. (86)
It remains to bound ‘Jg’g’ﬁ(t) — jg’ﬁ(t)‘p —|— ‘Je B (¢ } We first attend to |J5 B () — jg’ﬂ(t)‘p.

Applying the same argument as in the proof of Theorem 7.3 to bound J(t), and that 8 € AV a.s.,
we have

I35 () = 5P (1)], < CNy(e)ve sup 2997 (s)] | < CNy(e)v/e(i ™.

s€0,t]
(8.7)
Note that due to Lemma 7.4 and Lemma A5, {Jj’g # }Ep;ﬁ P s tight in C([0,7] : L*(D)).
Define
G = s TPV ()],
te[0,T]

Consequently, {(5 57 }‘fe'p; ﬁﬁEAQ

B € AY. Finally, observe that in view of (8.1), and by combining (8.5), (8.6) and (8.7) we have

is bounded in probability, uniformly in € € (0,1}, |£], < R and

LGEB () _ L068 68, L eep
690 - 2450, < 01+ M) (VG + )

+ C(1+ RF) /Ot ct(s)‘zf’é’ﬁ(s) - zo’g’ﬁ(sﬂpds.

Consequently, Gronwall’s inequality implies

sup \za&ﬁ(t) — zQéﬁ@)}p <C@ +N)< G )\[Cl,ﬁﬁ T (1)C &8, 5)6 (1+Rp).

te[0,7
Therefore, for any A > 0

)\/
sup sup P( sup ‘26’5’5(15) - zo’g’ﬁ(t)‘ > )\> < sup sup p( &&B S )
€lo<R BeAY  \t€0T] 8 €lo<R BeAY V(e)ve

+ sup sup P(C ’£5>)\'
‘§|p§Rﬁ€A§V
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A o
where \ := 201 T Nyl Note that by Lemma 7.5, {¢ €£6}

ability, uniformly in € € (0,1], |¢], < R,8 € AY. Lemma 7.4 and Lemma A.5 imply the same for

1
{ggf ﬁ}lje\p;f%,ﬂeA2 Therefore, since y(€)y/e — 0 and ) — 0 as € — 0, we have
v(e

lim sup sup P( sup ‘zs’f’ﬁ(t) —zo’g’ﬁ(tﬂ > A) =0
—0l¢[,<RgeAl  \t€[0,T] ’

l€lo<R,BeAY
ec(0,1]

is bounded in prob-

This completes the proof.

Proof of Theorem 6.1. Theorem 6.1 is a direct consequence of Theorem 4.5 and Theorem 8.1.

Proof of Corollary 0.2. Due to Theorem 6.1 and Salins (2019, Theorem 2.5), it suffices to show that
for any compact set K C LP(D) and s > 0

Uger {¢ : Ie(¥) < s},
is a pre-compact subset of C'([0, 7] : LP(D)). This follows from Theorem 7.3.

Appendix A.

A.1. Related Results. The following definitions and results are used in proving the main theorems
of the paper.

For notational convenience, the following definition is introduced.

Definition A.1. For p > d+2, j € {1,...,k}, and an Fp-adapted random process h(t) € C([0,7] :
LP(D)), define

t
H(ta) = [ [ Groslwhts,n)dndB (o),
0
for all t € [0,7] and = € D.

It follows from Holder’s inequality and (E1) that H;(h)(t,z) is well defined (see Gyongy and
Rovira, 2000, Lemma 3.3). The next two lemmas will be imperative when proving tightness and
precompactness and are versions of Gyongy and Rovira (2000, Lemma 3.3) and Gyongy and Rovira
(2000, Lemma 3.1) that have been slightly adjusted to address what is needed here.

Lemma A.2. Let p>d+2, j€{1,..,k}, and h(t) be an Fi-adapted random process in C’([O,T] :
LP(D)), which satisfies E[supte[oﬂ }h(t)m < o0o. Let H;(h) be given by Definition A.1. Then, the
following hold:
(a) There exists a constant C' > 0, such that
|| < o5 s jhol).
rel0,T7] P
for allt € [0,T] and xz € D.

1
(b) For any T € (0, §(p —d —2)), there exists a constant C > 0, such that

4@@mm—%%&mﬂsaww“4§%wwﬂ

for all s,t € [0,T] and xz € D.
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(¢) For any o € (0,p — d), there exists a constant C > 0, such that

E[‘Hj(h)(t,x)—Hj(h)(t,y)‘p] < Clz—y|* E[ sup |h(r ‘]
rel0,T]
for all xz,y € D and t € [0,T].

Proof: Since we assumed p > d+ 2, all claims follow directly from Lemma 3.3 in Gyongy and Rovira
(2000) by (using their notiation) setting m = p, choosing v sufficiently large, and observing that

k=1-— 2p, 0 = 5, and € = 1 (note that there is a typo in part (1) of the statement of Lemma 3.3
in Gyongy and R()\ ira (2000) and it can be verified by checking the proof that the exponent on ¢
should be r, — 3 — % rather than r, — § — %) O

Note that Lemma A.2 implies there is a modification of H;(h)(t,x), which is an LP(D)-valued,
Fi-adapted random process.

Lemma A.3. Forp>d+2 and h(s) € L*([0,T) : LF(D)), define
J(h)(t,x) / / Gi—s(z,y)h(s,y)dyds,
for allz € D and t € [0,T]. Then J(h)(t,x) satisfies the following:
(a) For any T € (0,1), there exists a constant C > 0, such that
1
uwxw—waﬁuscv—SVQA\()Pm>,

for all s,t € [0,T].
—d
(b) For any o € (O, L), there exists a constant C > 0, such that
p

]ﬂ@@w%—ﬂM@wﬂSCh—yW<ATW0ﬁm>{

for all z,y € D and t € [0,T].

Proof: Part (a) follows from Gyongy and Rovira (2000, Lemma 3.1) by setting both ¢ and p in their
notation equal to our p, which results in kK = 1 and € = 1 in their notation. To prove part (b) note
that for all z,y,z € D

Giesl,2) = Gioa(y,2)|

< (I60ate P+ Gl ™) [Ginale2) = Ginaly )
< <|Gt—s(x,2)!1_a+ \Gt_s(y,Z)}l_a)’fﬂ—y}a</olb(t—8,y+A(w—y) —Z>dA>a
< ‘m—y’a< (t—s x—z)l_a—i—a(t—s,y—z)l_a) (/Olb<t—s,y—|—)\(m—y)—z)dA)a, (A1)

where the second line used the inequality [a — b] < (|a[*=* + [b]'~)|a — b|* for any a,b € R and
a € [0, 1], the third line used (E2), and the fourth line used (E1). In addition

[e%
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<a(t—s,m—-)1a—l—a(t—s,y—-)la)(/Olb<t—s,y+/\(x—y)+')d)\>a
)(/1’bt—sy+)\x— y) )| dA)a
0 poT

<CO(t—s) B TEHD _ o g5 E (A.2)
where Holder’s inequality, Minkowski’s inequality, (E1), and (E3) were used. Therefore
TR (1) - J(h)(t,w\

’1—0[

< (‘(a(t—s,x— )

—l—‘a(t—s,y—

/ [(Gmale,) = Gusly, s, )] ds < /Ot)Gts(x, )= Gy, -)‘pl}h(s)}pds

SC"m—y’a/O (t—s)_QdP_Q‘h(s)‘pdsgC’x—y‘a</0 ‘h(s)]?,ds)Q.

This proves (b), where Holder’s inequality was used twice and the third inequality used (A.1) and
(A.2). O

We will rely on the following version of the Kolmogorov continuity theorem.

Theorem A.4 (Kolmogorov Continuity Theorem). Let h(t) be an LP(D)-valued, Fi-adapted sto-
chastic process and assume there exist constants a,7 > 0 and C > 0, such that for all s,t € [0,T]
we have

E[}h(t) - h(s)m <Cle—s"t. (A.3)
Then, for any A € (0,2), there exists a A-Holder continuous, Fy-adapted modification h(t). In

addition, if we let Yy represent the corresponding (random) \-Hélder constant of h(t), meaning
with probability 1 for all t,s € [0,T], we have

- - A
|h(t) — h(s)‘p < Talt—s|",
then, there exists a (deterministic) constant Kt (which does not depend on C), such that
E[(T,\)a} < K1,072C.

Proof: That there exists a A-Holder continuous, Fi-adapted modfication comes form the standard
Kolmogorov continuity theorem (see Da Prato and Zabczyk, 2014, Theorem 3.3). It remains to
address the A\-Holder constant. Using a version of the Garsia, Rademich, and Rumsey lemma (see
Garsia et al., 1970/71, Lemma 1.1), there exists a constant f(T@m a, such that with probability 1
(specifically, on the set where h(t) is continuous)

T sup ‘h (8)| (/ / ‘Zdtds>
A= TC!{T)\
step]  [E—sP !t - 8\“‘“

Raising both sides to the power of a, taking expectations, and recalling (A.3), gives

E[(Y2)?] € Kr,a,:2C.

Q=

0

The next lemma will be used to prove tightness of the stochastic integral terms in both the proof
of the FCLT and the proof of the UMDP.
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Lemma A.5. Let p > d + 2 and {h*(t)}aca be a collection of Fi-adapted random processes in
C([0,T] : LP(D)) indexed by some o € A, which satisfy

sup {E[ sup \ha(t)yg” < 0. (A4)

acA t€[0,7]

For arbitrary j € {1,....k}, let H;j(h*)(t,x) be given by Definition A.1 for all « € A. Then,
{H;(h®)(t)}aca is a collection of Fy-adapted random processes in C'([0,T] : LP(D)), which is tight
in C([0,T] : LP(D)).

Proof: Note that due to Lemma A.2, {H;(h")(t)}aca is a collection of Fi-adapted, LP(D)-valued

random processes. Using Lemma A.2 part (b), combined with (A.1) implies that for any 7 €
(O, %(p —d— 2)), there exists some C' > 0, such that

sup {E“Hj(h"‘)(t) - Hj(ha)(s)(p] } <Clt—s|"",

acA P

for all s,¢ € [0,T]. This, combined with Theorem A.4 implies that for an arbitrary A € (0, 7) and
all o € A, Hj(h*)(t) € C*([0,T] : LP(D)) and

sup {E[(Ti‘)p]} < 0, (A.5)

acA
where for all o € A, T is the (random) A-Holder constant, which for a.e. w € Q2 satisfies

A

)

[0 (1) = Hy(h) ()| < 05— s
for all s,t € [0,T].

Recall that for any A* < A, aset G C C* ([0, T] : LP(D)) is precompact if there exists a constant
C > 0, such that for all g € G and s,t € [0,7], we have ‘g(s) - g(t)’p < C|t — s|* and there is a
countable, dense subset D C [0, 7], such that for all t € D

G(t) == {g(t): g € G},

is precompact in LP(D).

Due to the Kolmogorov-Riesz compactness theorem, H C LP(D) is precompact if
(i) suppen |h‘p < 00,
(ii) limsupy,_,oSupPpey }iL( +y) — iL()|p = 0, where h(z) := Zp(z)h(z) and in the above equation
the LP-norm is on R? rather than on D.

We will use the following sufficient condition for (ii). Define the C2°(R%) mollifier
C (#) if 2] <1
n(a) = P (=) el s
0 if |z > 1,
where the constant Cy, is chosen so that [p,n(z)dz = 1. For all 7 > 0 and f € LP(R?), let

mia) = wgn(5), and () = [ fo =),

Then (i) in combination with

lim sup |iL’" - 71! =0, (A.6)
r—=0 ey p
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implies (ii) and that H is precompact in LP(D).
To see this, assume (A.6) and (i) so that supy,cy |h|p = C < co. Let € > 0 be arbitrary and note
that, we can choose r > 0 sufficiently small, such that

—h| <E
EACRLTES

and since 7, € C2°(R?), we can choose § > 0 sufficiently small, such that

sup ‘nr(x) —ne(z+y (A7)

€
< sem
TERY,|y| <5 3CH| By

where B, is the ball with radius 7 4 § centered at the origin and |B,,s| == [5 » dx. Then, for
any |y| <6 and h € H, we have

RC) =+ 9], <[5 = B O]+ 1B +9) = B+ 9l + [F76) = 7+ )]
YA
<3¢+ sl o= 200 0]

1
2 € 1—1 ~ P P
<-4+ ———|Bys5 P(// h(z — z dzd:n) <e,
3 3CH\BT+5!| al Rd BT+5’ ( )

where the third line used (A.7) and the fourth used Holder’s inequality.

Consequently, the tightness of { H;(h®)(t, l‘)}aEA in CA' ([0, T] : LP(D)) for an arbitrary A\* < A
will follow from Prokhorov’s theorem if we can show that for any § > 0, the following hold:
(a) There exists a constant C' > 0, such that for all « € A

p

3=

IN

P(‘Hj(ho‘)(s) - Hj(ha)(t)’p < Ot — 5| for all s,t € [0,T]> >1-6.
(b) For all t € [0,T1], there exists a constant C' > 0, such that for all « € A
P<{Hj(ha)(t)\p < C) >1-4.

(c) For all t € [0,7] and n € N, there exists an 7 > 0, such that for all a € A

(L

Note that (a) follows directly from (A.5) and (b) follows from Lemma A.2 part (a), combined
with (A.4). For (c), note that due to Lemma A.2 parts (a) and (c), combined with (A.4) and the
fact that p — d > 2, there exists a constant C' > 0, such that for all « € A, x,y € D, and t € [0,T],
we have

Ip(x)H;(h™)(t,x) — / Ip(x —2z)Hj(h")(t,x — z)nr(z)dz‘pdx < ;) >1-0.

T

E[|Hj(ha)(t,x)yp] < C and E[\Hj(ha)(t,x) — H(h™)(t, y)ﬂ < Olz -y (A.8)
Let
D! :={x € D:dist(z,0D) > r}, |Di|:= / dz, DY :={x e R%:dist(x,0D) <r}, |D|:= / dx,
Di D

and observe that lim,_,o|D| = 0, so we can choose r > 0 sufficiently small, such that
4]

Cr?|D| + 2P0 |Db| < —.
n
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Then, we have

E /R [z Hy ()0, ) - / Tp(x — 2)H; (h®) (o — z)nr(z)dz‘pdx]
<E /D i / (H; (). 2) —Hj(h"‘)(t,x—z))m(z)dz‘pdx]
LR /D zot; 0y ) x| +2rE /D b /B ID(:B—z)Hj(hO‘)(t,:L‘—z)nr(z)dz)pdw]

< / / E [‘Hj(ho‘)(t, ©) = Hy(h®)(t, 2 — z)‘pdx] o (2)die + 29 /D E “ID(x)Hjma)(t, m)‘p] de
5

)
n

+ 2p/ [ E UID(QC —2)H;(h*)(t,x — z)ﬂ dzn,(2)dz < Cr?|D| + 2PT1C|Db| <
B, JDp
where the second inequality used Jensen’s inequality and the third used (A.8).

Markov’s inequality then gives

n

P</Rd Ip(z)Hj(h™)(t,z) — /TID(«T — 2)H,(hY)(t, z — Z)Tlr(z)dz‘pdm - i) < ad 5.

which gives (c) and completes the proof that {H;(h®)(t,z)}aca is tight in C**([0,7] : LP(D)) and
consequently also tight in C([O, T]:LP (D)) O

The following lemma is a direct consequence of Gyongy and Rovira (2000, Proposition 4.4) and
will allow us to use Lemmas A.2, A.3, and A.5.

Lemma A.6. There exists a constant C > 0, such that for all £ € LP(D), we have

sup {E[ sup |u€’5<t>rz]} <C(1+eh).

€€l0,1 te[0,7]
Proof: This is given by the proof of Gyongy and Rovira (2000, Theorem 2.1) and a careful reading
of the proof shows that the same constant C' > 0 applies for all € € [0, 1]. Note that, the exp_‘“()'f’

weighting used in Gyongy and Rovira (2000) is not necessary here because we are working with
deterministic initial conditions. g

A.2. Proof of Theorem 5./. Theorem 5.4 is essentially a deterministic version of Theorem 3.1.
Therefore, for the sake of brevity, and because the arguments used in the proof of this lemma are
indeed similar to those used in the proof of Theorem 3.1, we will only provide a sketch.

For all m € N, define g™ € AN by

m if Bj(t) >m
Bt) == —m if B(t) < —m
Bj(t)  otherwise,
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for all j € {1,....,k} and ¢t € [0,T]. Due to Theorem 2.2, we know for all € € (0, 1], there is a unique
WP (t,x) e C([0,T] : LP(D)), such that for all ¢ € [0, T]

t
@0 (1, ) = /D Gilw,y)Ew)dy + Ve /0 /D Grosla, ) (5™ (s, y)dy 37 (s)ds
-/ t R
4 /0 t /D Gro(,y) F (867" (s, y)dyds,

for a.e. £ € D and due to Lemma A .6

sup { sup ‘ff’gﬂm(t)m} < Cn(l1+ ‘§|Z).
e€[0,1] \ t€[0,T]

Applying the same arguments used to treat the J3 term in the proof of Lemma 7.2 and the J§
and J§ terms in the proof of Proposition 3.2, combined with Gronwall’s inequality gives

sup {eé sup ‘ﬁe’f’ﬁm (t) — uo’g(t)‘ } < Cp,.
€€(0,1] te[0,7] P
Define
m 1 m

seE8™ . \%(ﬂe,w _ %),
A deterministic version of the proof of Theorem 3.1, combined with the argument used to treat the
J& term in the proof of Theorem 7.3, shows that {2%47"} (o 1) converges in C([0,7] : L?(D)) to
a limit 2257 which satisfies for all ¢ € [0, 7]

" t
8P (1) = \@/0 /[)Gt_s(m,y)aj(uo’g)(s,y)dyﬂ?(s)ds
- / t / 8y, Gi—s(z,y) (Zo’f’ﬁmgé(uo’é))(s,y)dyds
0 D
t
+/0 /DGt_s(w,y)(20’5”3mf'(u0’§)>(8,y)dyds,

for a.e. x € D. A similar approach, combined with the argument used to treat the J3 term in
the proof of Lemma 7.2, shows that {0¢#"}, cn converges in C([0,T] : LP(D)) to a limit 207,

which satisfies (5.5). Uniqueness follows as in the proof of Theorem 3.1.
O
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