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Abstract

The goal of this paper is to study the moderate deviation principle for a system of
stochastic reaction—diffusion equations with a time-scale separation in slow and fast
components and small noise in the slow component. Based on weak convergence
methods in infinite dimensions and related stochastic control arguments, we obtain an
exact form for the moderate deviations rate function in different regimes as the small
noise and time-scale separation parameters vanish. Many issues that appear due to the
infinite dimensionality of the problem are completely absent in their finite-dimensional
counterpart. In comparison to corresponding large deviation principles, the moderate
deviation scaling necessitates a more delicate approach to establishing tightness and
properly identifying the limiting behavior of the underlying controlled problem. The
latter involves regularity properties of a solution of an associated elliptic Kolmogorov
equation on Hilbert space along with a finite-dimensional approximation argument.
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1 Introduction

In this paper we study the asymptotic tail behavior of the following system of stochas-
tic reaction—diffusion equations (SRDEs) with slow—fast dynamics on the interval
O,L)cR:

FX(1,6) = AiX(t,6) + (5, X(1,6),Y(,9))
+Vea (6, X(1,8), Y (1,)dwi (1, 6)

1 1
WY (1,6) = E[AzYe(t, £ +g(6, X1, 8), Y, 6)] + —Bazwz(t, & @D

7
X(0,8) =x0(8) . Y°(0.6) =yo(§) . §€(0,L)
MX(t,6) =NaY(1,6) =0 , 1 >0,& € {0, L}.

Here, € is considered a small parameter, § = 6(¢) — O ase — Oand L > O.
The operators A1, A are second-order uniformly elliptic differential operators which
encode the diffusive behavior of the dynamics, while the reaction terms are given by
the (nonlinear) measurable functions f, g : [0, L] x R?2 — R. The operators N1, N>
correspond to either Dirichlet or Robin boundary conditions and the initial values
X0, yo are assumed to be in LZ(O, L).

The system is driven by two independent space-time white noises d;wy, d;wa,
defined on a complete filtered probability space (€2, F, {F;};>0, P). These are inter-
preted as the distributional time-derivatives of two independent cylindrical Wiener
processes wi, wy. The coefficient o : [0, L] x R? — R is a measurable function
multiplied by the noise 9, w;.

Since 1/6 is large as ¢ — 0, we see that the first equation is perturbed by a small
multiplicative noise of intensity /€ while the second contains large parameters and, at
least formally, runs on a time-scale of order 1/§. Thus, one can think of the solution X¢
of the former as the "slow" process (or slow motion) and the solution Y€ of the latter
as the "fast" process (or fast motion). Note that, since § has a functional dependence
on €, the 6-dependence is suppressed from the notation.

As € (and hence &) are taken to O one expects, on the one hand, that the small
noise will vanish. On the other hand, assuming that the fast dynamics exhibit ergodic
behavior, Y€ will converge in distribution to an equilibrium and its contribution to the
limiting dynamics of X€ will be averaged out with respect to the invariant measure. In
[10], Cerrai demonstrated the validity of such an averaging principle for a system of
reaction—diffusion equations in spatial dimension d > 1, perturbed by multiplicative
(colored) noise in both components. The setting of the present paper is closer to that of
[12], where Cerrai and Freidlin proved an averaging principle in spatial dimensiond =
1 and with (additive) noise only in the fast equation. In particular, letting x € L>(0, L)
and assuming that the coefficients are sufficiently regular, the fast process Y<* with
"frozen" slow component x admits a unique strongly mixing invariant measure @~ and
the slow process { X €} converges in probability, as € — 0, to the unique (deterministic)
solution X of the averaged PDE

@ Springer



Stoch PDE: Anal Comp

WX, &) =AX(t, €+ F(X(1)()
X(0,6) =xo(&), £€(0,L) 2)
MX@t,eE)=0, t>0,&€{0,L)}.

The nonlinearity F is given by the averaged reaction term

Fx)(§) = (/Hf(wX('),y(')) de(y))(é)- 3

The averaging principle describes the typical dynamics of the slow process and thus
can be viewed as a "Law of Large Numbers" for X€. One may then study the problem
of characterizing large deviations from the averaging limit. In the Large Deviation
theory of multiscale stochastic dynamics, the relative rate at which the intensity of
the small noise and the scale separation parameter vanish plays a significant role. In
particular, we distinguish the following asymptotic regimes:

0 Regime 1
A5 g.
lim — = {y € (0,00) Regime 2 “)
€—0 \/E .
o0 Regime 3.

The problem of Large Deviations for slow—fast systems of stochastic reaction—
diffusion equations has been considered in [36] in dimension one, with additive noise
in the fast motion and no noise component in the slow motion. In [25], the authors
proved a Large Deviation Principle (LDP) in Regime 1, for a system with spatial
dimension d > 1 and multiplicative noise, using the weak convergence approach
developed in [7].

Moderate deviations characterize the decay rates of rare event probabilities that lie
on an asymptotic regime between the Central Limit Theorem (CLT) and the corre-
sponding LDP. The goal of the present paper is to prove a Moderate Deviation Principle
(MDP) for system (1) in Regimes 1 and 2. The latter is equivalent to deriving an LDP
for the process

X€(t,8) — X(t, &)
Veh(e)

ne(, &) =

with speed hz(e). The scaling factor 4 (€) is such that
h(e) —> 00 , +Jeh(e) — 0 as € — 0. 5

Note that if we set & = 1 and let ¢ — 0 we would observe the behavior of normal
deviations (CLT) around X while if we naively set i(€) = 1/./€ we would observe
the Large Deviations behavior. Hence, the MDP fills an asymptotic gap between the
CLT and the LDP and, as such, it inherits characteristics of both.
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One of the most effective methods in proving statements about the behavior of rare
events (such as LDPs and MDPs) is the weak convergence method (see [4,7], as well
as the books [6] and [17]) which is the method we are using in this paper. The core of
this approach lies in the use of a variational representation of exponential functionals
of Wiener processes (see [4] for SDEs and [7] for SPDEs). Roughly speaking, one can
represent the exponential functional of the moderate deviation process 1€ that appears
in the Laplace Principle (LP) (which is equivalent to an MDP) as a variational infimum
of a family of controlled moderate deviation processes n<*, plus a quadratic cost, over
a suitable family of stochastic controls u. In particular, for any bounded continuous
function A : C([0, T]; L%(0, L)) — R:

2 €
— ——log ]E[e_h ©AG )] = inf
uePT(L2(0,1)?)

1 ' €,u
E[E,/o (||M1(f)||%2(O‘L) + ||u2(t)||i2(0,L)) dr+ A(n® ):| (6)

whereu = (u1, ur) and PT (L?(0, L)?) is the family of L>(0, L)?-valued progressively-
measurable control processes, where u; is measurable with respect to the filtra-
tion F} generated by {(wi(t),w2(¢)) ,t € [0,T]} (i = 1,2) and has finite
L2([0, TT; L%(0, L))-norm.

The process n* that appears on the right hand side of (6) is defined by

XU, ) — X(1,8)
Veh(e) '

N, §) = (N

Here, X" corresponds to a controlled slow—fast system (X", Y<*) (see (25) below)
which results from (1) by perturbing the paths of the noise by an appropriately re-scaled
control. It is due to the latter that this representation is called variational.

In light of (6), we see that in order to obtain a limit as ¢ — O of the Laplace
functional (i.e. to prove an MDP), one needs to analyze the limiting behavior of n*
and, before doing so, obtain a priori estimates for the underlying controlled slow—fast
system given in (25). The latter is the first technical part of the current work (Sect. 4).
As in the LDP case, the difficulty in these estimates is in that the stochastic controls
are only known to be square integrable.

Compared to the corresponding LDP, the essential source of additional complexity
in Moderate Deviations lies in the proof of tightness of the family {n©*; €, u}. What
complicates the analysis is the singular moderate deviation scaling 1/./eh(e). We
overcome this difficulty by following, in spirit, the general method developed by
Papanicolaou et al. in [29]. This involves the study of fluctuations with the aid of
an elliptic Kolmogorov equation, associated to the fast dynamics and posed on the
infinite-dimensional space L2(0, L). After projecting the controlled fast process Y€
to an n-dimensional eigenspace of the elliptic operator 4,, we are able to apply Itd’s
formula to the solution ®€ of the Kolmogorov equation and derive an expression for
n©" that is free from asymptotically singular coefficients. Using the a priori estimates
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from Sect. 4 along with regularity results for ®€ from [12] and [8] we are then able to
show tightness (Sect. 6).

Regarding the characterization of the limit in distribution of the process n“, note
that the presence of stochastic controls u leads to a limiting invariant measure of the
controlled fast process Y <" which a priori depends on u. In order to deal with this in a
unified manner across regimes we use the so-called “viable pair” construction (see [25]
and [19,32] for the finite and infinite-dimensional settings respectively) to characterize
the limit. The latter is a pair of a trajectory and measure (¥, P) that captures both the
limit averaging dynamics of n“* and the invariant measure of the controlled fast
process Y. In particular, the function v is the solution of the limiting averaged
equation for n€* and the probability measure P characterizes both the structure of the
invariant measure of Y<* and the control u. Although, in general, these two objects
are intertwined and coupled together into the measure P, Regimes 1 and 2 lead to
a decoupling of the form P (dudydt) = v,(duly)u*® (dy)dt, where v,(duly) is a
stochastic kernel characterizing the control and ;X is the local invariant measure.

The measure P is obtained as the limit of a family of occupation measures P2,
that live on the product space of fast motion and control, with A = A(e) — 0 to
be specified later on. The result on the weak convergence of the pair (n%, P<%) in
Regimes 1 and 2 is the content of Theorem 3.2.

With the analysis of the limit and the construction of a viable pair, we then prove
the Laplace Principle (equivalently LDP) for the moderate deviation process 1 in
Regimes 1 and 2 (Sect. 7). The main result of the paper is stated in Theorem 3.3.
Proving the Laplace principle amounts to finding an appropriate functional S such
that for any bounded and continuous function A : C([0, T]; L>(0, L)) — R

1 2 €
lim — log E[e " ©A0)] = _ inf S(p) + A(9)].
e—0 h(€) e Bl ] ¢eC([0,T];L2(o,L)>[ @) @]

As is common in the relevant literature, the Laplace principle upper bound can be
proven using the weak convergence of the pair (7%, P<*) per Theorem 3.2. The
situation is more complicated for the Laplace principle lower bound for which we
need to construct nearly optimal controls in feedback form (i.e. they are functions of
both time and the fast motion) that achieve the bound.

In finite dimensions, the Large Deviation theory for multiscale diffusions with
periodic coefficients has been established in all three interaction Regimes and with the
use of the weak convergence approach (see [19,32] and the references therein). The
problem of Moderate Deviations in finite dimensions has been treated in [13,18,23,24,
28] under different settings and assumptions. Specifically, the finite-dimensional work
of [28] makes use of solutions to associated elliptic equations to treat Regimes 1 and 2.
While the well-posedness and regularity theory of such equations are well-studied in
finite dimensions (see e.g. [30]), their analysis on infinite-dimensional spaces becomes
quite more involved and the relevant literature is more limited. The absence of available
regularity results for a general class of such equations is the main reason why we only
consider the fast equation with additive noise.
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To the best of our knowledge, the problem of moderate deviations for systems of
slow—fast stochastic reaction—diffusion is being considered for the first time in this
paper. Its contribution is twofold:

On a theoretical level, it provides a way to study rare events for the infinite-
dimensional dynamics in both Regimes 1 and 2. In the LDP setting, Regime 2 remains
open as it does not lead to a decoupling of the limiting invariant measure of Y <* and the
control . The regularity of the optimal controls has been studied in finite dimensions
using their characterization through solutions to Hamilton-Jacobi-Bellman equations
(see [32]). Such techniques have not been established on an infinite-dimensional set-
ting. However, as shown in this paper, Regime 2 can be studied in the context of
Moderate Deviations. In this regime the control of the fast equation survives in the
limit. This reflects the fact that we are studying fluctuations very close to the CLT and
a certain derivative of the Kolmogorov equation (see the term \I—'g uy in Theorem 3.2)
captures the contribution of these fluctuations. It is worth noting that normal devia-
tions from the averaging limit for slow—fast stochastic reaction—diffusion equations
have been studied in [11]. This was done with different techniques and no explicit
connection was drawn between the covariance of the limiting Gaussian process and
the solution of the Kolmogorov equation. More recently, the authors of [31] general-
ized the results of [11] and studied normal deviations from the averaging limit using
the Kolmogorov equation approach.

On a computational level, the solution to the stochastic control problem gives vital
information for the design of efficient Monte Carlo methods for the approximation
of rare event probabilities on the moderate deviation range. In particular, the fact that
the limiting equation is affine in n“* is expected to make moderate deviation-based
importance sampling for stochastic PDE easier to implement than its large deviation-
based counterpart, see [33] for the related situation in finite dimensions. We plan to
explore this in a future work.

The outline of this paper is as follows: in Sect. 2 we give background definitions,
set-up as well as our assumptions. In Sect. 3 we review basic facts about the weak
convergence method in infinite dimensions and we define viable pairs and occupation
measures as well as state our main results on averaging for the controlled moderate
deviation process n“* and the MDP. In Sect. 4 we prove a priori bounds for the
solution of the controlled system (X<, Y<"). In Sect. 5 we prove a priori bounds
for the process n<* with the aid of the elliptic Kolmogorov equation while Sect. 6 is
devoted to the analysis of the limit of the pairs (€%, P$%). In Sect. 7 we prove the
MDP. Finally, “Appendix A” contains some classical regularity results for stochastic
convolutions adapted to our multiscale setting while “Appendix B” contains the proof
of Lemma 5.4.

2 Notation and assumptions
We denote by H the Hilbert space L(0, L) endowed with the usual inner product

(-, ). The norm induced by the inner product is denoted by || - ||7¢. Throughout this
paper, @ denotes the Hilbert space direct sum. The closed unit ball of any Banach
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space X, i.e.theset {x € X : ||x||x < 1}, will be denoted by B . The lattice notation
A, V is used to indicate minimum and maximum respectively.

For & > 0, we denote by H ?(0, L) the fractional Sobolev space of x € H such
that

(&) — ()
[xlpo o= /[O y M ) < o0,

where Ay denotes Lebesgue measure on [0, L]2. H 6)(0, L) is a Banach space when
endowed with the norm || - || go := || - | + [1ge-

Moreover, for T > 0 and 8 € [0, 1), we denote by CP([0, T1: H) the space of
B-Holder continuous H-valued paths defined on the interval [0, T']. CP(0, T1; H) is
a Banach space when endowed with the norm

1 X1l cs om0 = 1Xlcqo.rim + [XTes o, 71:1)

X (@) — X()n
sup_IX(@)llpg + sup 2
1€[0,T] s,te;[éo,ﬂ [t — s
t#s

For any two Banach spaces X', Y and k € N we denote the space of k-linear bounded
operators Q : X kL y by ¥ k (X'; V). The latter is a Banach space when endowed
with the norm

19Nl .#rx;y) == sup [[Qx]ly .
k

X€EBY

When the domain coincides with the co-domain, we use the simpler notation .# k)
while for k = 1 we often omit the superscript and write £ (X; )) = £ 1 (X; ).

The spaces of trace-class and Hilbert—Schmidt linear operators B : H — H are
denoted by .2 (H) and % (H) respectively. The former is a Banach space when
endowed with the norm

I1Bll.z 1) = tr(V B*B)
while the latter is a Hilbert space when endowed with the inner product

(B1, B2) (3 := tr(B; B1).

The class of (globally) Lipschitz real-valued functions on 7 is denoted by Lip(H)
and the space of k-times Fréchet differentiable real-valued functions on H with
bounded and uniformly continuous derivatives up to the k-th order (k € N) is denoted
by C ',j (H). The latter is a Banach space when endowed with the norm

k
1X ety 2= Sup 1X(0)] + sup DX s+ Y sup 1D/ X ()l i1z -
xeH xeH

i—p x€H
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For k = 0 we often omit the superscript and write C(H) = C,? (H) for the space of
bounded uniformly continuous functions on H.

The operators Aj, A, appearing in (1), are uniformly elliptic second-order dif-
ferential operators with continuous coefficients on [0, L]. The operators N7 and N3
act on the boundary {0, L} and can be either the identity operator (corresponding to
Dirichlet boundary conditions) or first-order differential operators of the type

Nu) =bE)u'¢) +c®u®) , & €{0, L}

for some b, ¢ € C1[0, L] such that b # 0 on {0, L} (corresponding to Neumann or
Robin boundary conditions).

Fori = 1, 2, A; denotes the realization of the differential operator .4; in H, endowed
with the boundary condition A;. It is defined on the dense subspace

Dom(A;) = {x € H*0, L) : N;x(0) = N;x(L) = 0}
and generates a Cp, analytic semigroup of operators S; = {S;(t)};>0 C Z(H).

Regarding the spectral properties of A;, we make the following assumptions:

Hypothesis 1(a) Fori = 1, 2 the operator — A; is self-adjoint. As a result (see Theorem
8.8.37 in [20]), there exists a countable complete orthonormal basis {e; p}pneNy C H
of eigenvectors of —A;. The corresponding sequence of nonnegative eigenvalues is
denoted by {a; n}nen.

As a consequence, for each x € H,t > 0,i = 1, 2, we have

o0
L “2tinfai,
I1Si@Oxll3 =D e 2 (x ein)g, <€ " xllyg < lxll - ®)
n=1
Hypothesis 1(b) For i = 1, 2 we assume that
sup lle; nllLoe,) < o0. )

neN

Hypothesis 1(c) A is self-adjoint and satisfies the strict dissipativity condition

A= inf az, > 0. (10)
neN

Under this assumption it is straightforward to verify that
1201z < €™, 12 0. (1D

Remark 1 Without loss of generality, we can replace the operator A; by A; =
Ay — ¢l for some ¢ > 0 and the reaction term f in (1), by f(é, x(&),y()) =
f(&,x(&),y(&)) + cx(§). The slow equation is invariant under this transformation
and, in light of Hypothesis 1(a), it follows that 181(0)]] 2 < e . Throughout the

rest of this work we will be using A 1 51 and f with no further distinction in notation.
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Leti = 1,2 and 6 > 0. In view of Hypotheses 1(a) and 1(c), along with the previous
remark, it follows that O is in the resolvent set of A;. Hence the operator — A;, restricted
to its image, has a densely defined bounded inverse (—A;)~! which can then be
uniquely extended to all of 7{. One can then define (—A;)~? via interpolation and
show that it is also injective.

Letting (—A)? := ((—A)~2)~" we define H! := Dom(—A;)? = Range

(—A,»)’% C 'H. The latter is a Banach space when endowed with the norm

3
lellze = | (=ADZx] 5, -

This norm is equivalent, due to injectivity, to the graph norm (see [27], Chapter 2.2).

Remark 2 For6 € (0, %) the spaces H (0, L) and Hf coincide, in light of the identity

HY0,L) = H] = {x e H: lIxllgc0 i= sup 1~2Si()x = xllp < o0},
te(0,1]

which holds with equivalence of norms. The latter implies that for each ¢ > 0, the
linear operator S; (1) — I € Z(H?; H) and there exists a constant C > 0 such that

1) = 1) o7y = C172 (12)

The analytic semigroups S; possess the following regularizing properties (see e.g.
section 4.1.1 in [8]) :

(i) For0 <s <r < tandt >0, S; maps H*(0, L) to H"(0, L) and

IS;@xllar < Cogt ADT T e lx|lgs . x € H'(0, L), 13)

for some positive constants ¢, 5, Cr .
(i1) S; is ultracontractive, i.e. fort > 0, S;(¢) maps H to L°°(0, L) and furthermore,
forany 1 < p <r < o0,

_r=p
IS @)xllLro,0) < CEAD 2 |Ix|lLro,) » x € LP(0, L). (14)

Remark 3 The assumption that A; is self-adjoint is made to simplify the exposition
and is not necessary for the results of this paper to hold. Indeed, assuming that A has
C! coefficients and in view of section 2.1 of [9], we can write A; = C; + L, where
C1 is a non-positive uniformly elliptic self-adjoint operator and L; a densely defined
first-order operator. Moreover, we have Dom (L) = Dom(L}) = Dom((—C1)%).
The fractional powers of —A| can then be substituted throughout by fractional powers
of —Cj. Finally, the mild formulations for X¢* and n€* can be re-expressed in terms
of the analytic semigroup Sc,, generated by Cy, with the addition of a linear term
corresponding to the operator L (see Definition 3.1 and Proposition 3.1 in [9]).
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The next set of assumptions concerns the regularity of the nonlinear reaction terms
in (1). In particular, we assume that f, g : [0, L] x R> — R are measurable functions
and:

Hypothesis 2(a) For almost all € € (0, L), the map (X, y) — f(&,X,y) is in C2(R?)
and its derivatives are uniformly bounded with respect to &, X, y.

Hypothesis 2(b) (i) For almost all & € (0, L) and all y € R, the map x — g(&,X,y)
is in C2(R) and its derivatives are uniformly bounded with respect to & X, y.

(ii) For almost all ¢ € (0, L) and all x € R, the map y — g(£,X,y) is in C3(R) with
uniformly bounded derivatives with respect to &, X,y and

sup |dyg (&, x,y)| =t Ly < A, (15)
£,x,y

with A as in (10).
Hypothesis 2(c) With 1, L, as in Hypothesis 2(b) we assume that

A —3L
a)::Tg>O. (16)

Hypothesis 2(c) is used to prove that a partial Fréchet derivative of the solution of
the Kolmogorov equation associated to the fast process converges, as € — 0, to an
operator-valued map that is Lipschitz continuous with respect to its arguments (see
Lemma 6.10 and Corollary 6.1).

The last set of assumptions concerns the behavior of the diffusion coefficient o. In
particular, we assume that o : [0, L] x R2 — R is measurable and satisfies either :

Hypothesis 3(a) There existsc > 0andv € [0, 1/2) such that for almostall& € [0, L]
and all (x,y) € R2

lo (€. x, ) < c(L+ x|+ ly["). a7

or:
Hypothesis 3(a’) There exist c1, co > 0 such that for almost all & € [0, L] and all
(x,y) € R?

c1 <o, x,y) <c. (18)

Remark 4 The diffusion coefficient o is allowed to grow at most like |y|'/? in the third
argument. This is due to the fact that the stochastic controls are only known to be
square integrable. As a result we can obtain estimates for Y<* in L? ([0, T]; H), for
p <2 (see (48) and (58) in Sect. 4 below).

Hypothesis 3(b) There exists Ly > 0 such that for almost all & € [0, L], the map
x,y) — o(&,X,y) is Ls-Lipschitz continuous.
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Remark 5 The a priori estimates in Sects. 4—5 hold by assuming only Hypothesis 3(a).
For the analysis of the limit (Sect. 6) we assume 3(a) along with 3(b). Finally, we
strengthen the assumptions on ¢ and use the strictly stronger Hypothesis 3(a’) along
with 3(b) to prove the Laplace Principle upper and lower bounds (Sects. 7.1 and 7.2
respectively).

The reaction terms f, g induce nonlinear superposition (or Nemytskii) operators
denoted, respectively, by F, G : H x H — H and defined by

F(x, y)(¢) = f(,x(5), y(E)), Gx,y)E) =g(E x(§),y&). §<[0,L].
19)

In view of Hypotheses 2(a) and 2(b), F' and G are (globally) Lipschitz continuous.
Moreover, F and G are Gateaux differentiable with respect to both variables and along
the direction of any x € H. Their Gateaux derivatives are given by

Dy F(x, y)(x)(§) = 0x f (5, x(8), y(E)x (&) ,
DyF(x, y)(x)(§) = 9y f(§, x(8), y(§))x (&) (20)

and

Dy G(x, y)(X)(§) = 9xg (&, x(8), y(§))x (&) ,
DyG(x, y)(X)(§) = dyg (&, x(§), y(E)x(5)

for & € [0, L]. Furthermore, for each fixed y € H and x; € H, the map
H > x+— DF(x,y)(x1) € L'(0, L)

is Gateaux differentiable along the direction of any x» € H. Equivalently, the non-
linear operator F, when considered as a map from H to LY(0, L), is twice Gateaux
differentiable with respect to x, along any direction in H x H. Its second partial
Gateaux derivative is given by

DIF(x, )1, x2)(§) = 05, f (6, x(E), yENx1 E)x2(®) , £ €[0,L].  (21)

Remark 6 Note that, for fixed x, y, all the first-order partial Gateaux derivatives above
are in .Z ('H) and D%F(x, y) € ZL*(H; L(0, L)). Nevertheless, F and G, considered
as maps from H x H to H, are not Fréchet differentiable with respect to any of their
variables. In fact, it can be shown that a Nemytskii operator from H to H is Fréchet
differentiable if and only if it is an affine map (see Proposition 2.8 in [1]).

The diffusion coefficient o is considered as a function multiplied by the noise and
hence induces, for each x, y € H, a multiplication operator

[Z, »x]©) =0 x@), yENx©E), x €H, § €(0,L).
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In view of Hypothesis 3(a) it follows that £ (x, y) € .Z(L*(0, L); H)N.Z(H; L' (0, L)).
Moreover, under Hypothesis 3(a’), we have X (x, y) € Z(H).

For the purposes of this paper we consider a Polish space to be a completely
metrizable, separable topological space. For a given topological space £ we denote
the Borel o-algebra by Z(€) and the space of Borel probability measures on £ by
P (€). If € is Polish then Z(£), endowed with the topology of weak convergence of
measures, is also a Polish space.

3 Weak convergence method and moderate deviations

In this section we review the weak convergence approach to large and moderate devi-
ations (see [17] as well as the more recent [6]) and then we state our main results of
the paper on the averaging principle for the controlled process n¢* (see (7)) and on
the moderate deviations for {X€}.

Let j = 1,2 and consider the cylindrical Wiener process w; : [0, 00) x H —
L3(2) appearing in (1). For each fixed ¢, {w;(z, x)},ex is a Gaussian family of
random variables and for each ¢1, 7, > 0, x1, x2o € H

Elw;(t1, xDw;(t2, x2)]1 = t1 At2{x1, X2)H-

The first step of the weak convergence method relies on a variational representation
for functionals of the driving noise. For the infinite-dimensional setting of this paper,
we will use the variational representation for Q-Wiener processes that was proved
in [7], Theorem 3. In order to apply this result in the context of space-time white
noise, we introduce a separable Hilbert space (Hy, (. , .)7,) such that H is a linear

subspace of H and the inclusion map H N ‘H; is Hilbert—Schmidt (for more details
on this construction we refer the reader to [21,22]). Given a complete orthonormal
basis {e; ,}nen C H, the process

oo
Bj(6) =) wit,ejn)ilejn),1=0

n=1

is an H1-valued Q-Wiener process with trace-class covariance operator Q = ii* €
Z1(H1). In particular, for each ¢, s > 0 and x1, x2 € H| we have

ElOa, w0, (X2, Wj (D)), 1 =1 As{xa, Qxadm, =1 Asli™(xn), i (x2)) -

This construction allows us to use the following representation.

Theorem 3.1 ([7], Theorem 3) Let T < oo, A : C([0, T1; H1) — R be a bounded,
Borel measurable map and W be an Hi-valued Q-Wiener process. Moreover, let
PT(H) denote the family of H-valued, progressively-measurable stochastic processes
for which
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T
IP’[/ lu(s)13, ds < ooi| =1.
0

Then:

T .
—log Elexp(—=A(W))] = inf ]E|:l/ ||u(s)||%{ ds + /\(W +/ u(s) ds)].
uePT(H) L2 Jo 0

Since the processes w1, w; are independent, it follows that w = (Wy, W) is an
H1 @ H-valued Wiener process with covariance operator (Q, Q). Hence, we can
replace W, H; and H by w, H; @ H; and H & H respectively to obtain

_ . LT
—log Elexp(—A(iD))] = uepr“(’ff@mE[i /0 (1 (117, + Nu2(9)17,)ds

+/\<ﬁ + / u(s) ds>],
0

where u = (uy,up) and A : C([0, T]; H1 @ Hi) — R is measurable and bounded.
In order to obtain a representation in the moderate deviation scaling, we replace u and
A by h(e)u and h%(€)A respectively and then divide throughout by 4% (¢) to deduce
that

_ “ROA®] 1 / ! 2 >
e log Ele ]_uepr‘?ﬁ@mE 7 ), (@l + lua()liz,) ds
+A<w+h(e)/'u(s) dsﬂ. (22)
0

Now, the system (1) can be re-expressed in the mild formulation as

t
XE(1) = $1(1)x0 + / Si(t — $)F(XE(s), Y<(s))ds
0

t
+JE/ Si(t —$)Z(X(s), Y(5))dw (s)

1 t
YG(r)—Sz(S)yHaf Sz( _ )G(XG(s) Y<(s))ds

S
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where we recall that Ay, A; are the realizations of 4}, A, on H with the boundary
conditions N7, N2, {S1(f)};>0 is generated by Aj and {S>(1/8)},>0 is generated by
Ay /8.

For each fixed €, T and initial conditions xq, yo € H, the existence and uniqueness
of a mild solution (X€*0:Y0(r), Y¥0-Y0(¢)) that takes values on C([0, T']; H)? implies
the existence of a measurable solution map

Ze020 - C([0, T Hi @ Hy) —> C([0, T]; H)

such that

1

T X7 O — X0w) = IR @).

ne(@) = n>*0Y(r) =

Here, X*0 is the solution of the averaged equation (2). Returning to (22), we replace
A by A oZ€¥0-%0 where A : C([0, T]; H) — R is continuous and bounded, to obtain
the representation

—log E[e—h%em(nf)]

— E[l/T(Hul(l)Hz+||M2(l)||2)dl+1\(776'u)} 23)
uePT(HoH) L2 Jo n 7t .

The process n€* on the right-hand side is defined by

X&) — X (1)

Jeh(© @9

net @) =

and X" corresponds to the controlled system of stochastic reaction—diffusion equa-
tions

dXO" (1) = [A1 X" () + F(XO"(@0), YU (1) 4+ Veh(e) D (X (0), YU (1) )uy (1) ]dt

+ VET (XM (), YU (1)) dwi (1)

| | (25)
dY©' (1) = <[AY U (1) + G(XOU(0), YU (1)) + Vh(e)ur (1) ]dt + —= dwa (1)

NG

|

X"(0)=xp € H,Y"(0) = yo € H.
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The mild solution of the latter is given by a pair of controlled stochastic processes that
satisfy

t
X1 (1) = S1(t)xo +f Si(t = $)F(X“"(s), Y (s))ds
0
t
+ ﬁh(e)/ Si(t — s)E(XE’“(s), Yg”‘(s))ul(s)ds
0

t
+ JE/ S1( = $)T(X (), Y (5))dwi (5) (26)

1
Y“‘(r)-&( )yo+8/0 Sz( . )G(X”(s) YEU (5))ds
h
+% i 52<t a )uz(s)ds—l-—/ Sz( )dwz(s)

Next, let N > 0 and define

T
’PK, = {u = (uy,up) € ”PT(HGBH) : ./O (||u1(s)||%_l + ||u2(s)||%_{)ds <N, P-— a.s.}.
(27)

As in Theorem 10 of [7] and for each u € PAT, and € > 0, there is a unique pair
(X", YS"yin LP(2; C([0, T]; H) x C([0, T1; H)) that satisfies (26).

Now, proving a Laplace Principle for ¢ amounts to finding the limit as e — 0 of the
left hand side in (23). This is equivalent to proving an LDP for the family {n€, ¢ > 0}
with speed h2(€), which in turn is equivalent to an MDP for {X¢€, € > 0}. This is the
path that we follow in this paper for proving the MDP for the family {X€, e > 0}
in C([0, T]; H). Also, as it is shown in [4], the representation implies that we can
consider, without loss of generality, u = u¢ € 791{, for a sufficiently large but fixed
N > 0 (see also [5], p.22).

As discussed in the introduction, the analysis of the limiting behavior of n€:* is more
complicated, compared to that of X", due to the singular coefficient 1/./€h(e). In
view of (24) and (26) we can write

nf’“(t)—fh() Sl(t—s) F(X(s)

+ Veh(e)n " (s), Y (5)) — F(X(s), Y (s))]ds
t

+ [ Si(t — )T (X" (s), YO d
| 16 =920, v ) syds o)
1 t

+ m Si(t —)T(X"(s), YO (5))dwi (s)
\/_h( )/ Si(t —)[F(X(s), Yo" (s)) — F(X(s5))]ds
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where h(€) — 00, \/eh(e) — 0as e — 0 and F denotes the averaged Nemytskii
operator (3).

The asymptotic analysis of the first term above, as € — 0, is straightforward.
Indeed, its limiting behavior is captured by

t
[ S1(t = $)D F(X(s), YS" ()" (s)ds,
0

(see (20) and Proposition 6.1). Moreover, the second term is of order 1 while the
third is expected to vanish in the limit. In contrast, the last term requires a more deli-
cate approach. This is connected to the solution of the following elliptic Kolmogorov
equation on 'H:

c(€) P (x, y) = LY (x, y) = (Fx, ) = F(x), X)yy » (29)

where x,x € H,y € Dom(A>) and c(¢) vanishes as ¢ — 0. The exact dependence
of ¢ on € will be specified later (see Sect. 5.2). For ¢ : H x ‘H — R such that for
each fixed x,y € H, ¥(x,-) € C>(H) and D%W(x, y) € £ (H), the Kolmogorov
operator L* is a second-order differential operator defined by

1
LAY (x,y) = Etr[Dﬁllf(x, V] +(Dy¥(x, ), A2y + G(x, y));, . ¥ € Dom(Ay).
(30)

Formally, £* is called the infinitesimal generator of the (uncontrolled) fast process Y*
with "frozen" slow component x. The latter satisfies the stochastic evolution equation

dY* Y (1) = A Y'Y ()dt + G(x, YU (1))dt + dwy (1)

Yer0) =y. Gy

Remark7 1If Ay € Z(H), and hence Dom(A,) = H, then £* coincides with the
infinitesimal generator of the transition semigroup P* of the Markov process Y*
defined by

Pl p1(y) = Elp(¥" )], t = 0,¢ € Lip(H). (32)

The latter is not rigorous in the present setting. Indeed, since A, is a differential
operator, the paths of Y*¥ do not take values in Dom(A>) and It&’s formula cannot
be directly applied to smooth functionals of Y*7.

As we have already mentioned in the introduction, our assumptions guarantee that for
each x € H, the process Y~ admits a unique, strongly mixing local invariant measure
w* defined on (H, (H)) (see e.g. Chapters 8, 11 of [15] as well as [12]). We state
here an important result regarding the continuity properties of the averaged Nemytskii
operator F.
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Lemma 3.1 Assume that F : H x H — 'H is Lipschitz continuous. Then the map
H>ox+— Fx) =/ F(x, )du*(y) e H
H

is Lipschitz continuous. In particular, under Hypothesis 2(a), the operator F in (28)
is Lipschitz.

The proof relies on the ergodicity of the invariant measure ©* and can be found e.g.
in Lemma 3.1 of [10].

Now, as shown in [12], (29) has a strict solution which is explicitly given by the
probabilistic representation

S (x, y) = /0 e~ PI(F(x, ) — F(x), )10t ,x € H, y € Dom(Ay),
33)

with £ := (A — Lg)/2 (see (10), (15)) and for some some C > 0 independent of €, the
following estimates hold:

|5, e, I < — (U Dxllag + Iy lle) x N

1Dy @S Ces e < —lx Nl

(34)

QN|QN|Q

Dy @ (x, <— )
[ Dy @, (x )’)”H_C(E)”X”H

c
u[ D3¢ (x, ]| < ot U Itz + 1yl Il

(see 5.12-5.15 in [12]). In light of (33) and these estimates, we see that the maps

H > x —> CIJ;I(x,y) e R,
HxH > (x1, x2) —> (Dxd>j(l (x.y), XQ)H e R,
H X H > (le X2) e <qu>;1 (xv )’), XZ)H € R

are in Z(H; R), £*(H; R) and .£?(H; R) respectively. From the Riesz representa-
tion theorem, there exist W€ : H x H — H and W}, W5 : H x H — Z(H) such that
for all x1, x2,x € H,e > 0and y € Dom(A,)

qu((x’ y) = (\pf(x’ y), X>'H >
(Dx @, (x. ). x2)y = (VIO X2 X1}y (35)
(Dy @5, (x, 1), Xy = (W5 G, ) x2, 313y -
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As a consequence of (34) we have

~| 0

W@,y < = (1 Ixlz + 1ylix).

<
c(e)’
C

1059 pg =

(REIEN01 PP (36)

Additionally, as shown in Lemma 6.9 below, there exists a map \l—'g THxH —> ZL(H)
such that

sup ||\Il§(x, y) — \Ilg(x, y) ”,Z(H) —> 0, ase — 0. (37)
x,yeH

Next, let ¥,;" denote a projection of the Y to an n-dimensional eigenspace of A,.
For each n, the paths of Y;;'* take values in Dom (A»). This allows us to apply Itd’s
formula to the real-valued process

{WeX ), Y ), 8160 =)y beqon 1 €10, T]

to show that the asymptotic behavior of the last term in (28), as € — 0, is captured by

5 ! _
%/(; S1(z —S)\IJS(X(S)’ Yé’u(s))uz(s)ds

(see Lemma 5.4, Proposition 6.3 and (132) below).

We need to understand not just the limit of the process n<* but also the measure
with respect to which the averaging is being done. As in [25,28,32], the dependence
of the dynamics on the unknown control process u = u€ complicates the situation.
Following the recipe of these works we introduce the family of random occupation
measures

P2 (B) x By x By x By)

1 t+A
B Kf f 1, (1)) g, (2(5)) gy (Y (5) ) dsdlt, (38)
By Ji

defined on & (H x H x H x [0, T]). Here, the first two copies of H are endowed
with the weak topology, the third with the norm topology and [0, 7'] with the standard
topology. For the sake of shortness we will call the resulting product topology WWNS.
The parameter A = A(e) is such that

Véh(e) .
VA

A(e) — 0 0, ase—0. 39)
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These occupation measures encode the behavior of the control and the fast process.
It is the correct way to study the problem because the fast motion’s behavior will not
converge pathwise to anything, but its occupation measure will converge to a limiting
measure. We adopt the convention that the control u(¢) = u€(¢t) = 0 fort > T. Then,
we consider the joint limit in distribution of the pair (n<*, P$%) as € — 0.

In order to state our main results, we introduce the following definition of a viable
pair corresponding to [19], but appropriately modified for the moderate deviation
setting.

Definition3.1 Let T < o0, E : H° — H and X € C([O, T];H) solve (2). For

each x € H, let u* denote the unique invariant measure of (31). A pair (¢, P) €
C([0, T1; H) x P(H x H x H x [0, T]), where H x H x H x [0, T] is endowed

with the WWNS topology, will be called viable with respect to (E, ,u}_( ) if

(i) The measure P has finite second moments in the sense that there exists 6 > 0
such that

f (ln 12, + 2l + 15120 )d Ptz . 1) < 00, (40)
HxHxHx[0,T]

(ii) Forall By x Bo x B3 x B4 € B(H x H x H x [0,T)),
P(Bi x By x By x By) = f / V(B) x Baly, ndpX O (y)dt,  (41)
By J B3

where v : B(H x H) x H x [0, T] — [0, 1] is a stochastic kernel on H given
‘H x [0, T (see Appendix A.5 in [17] for stochastic kernels). This implies that the
last marginal of P is Lebesgue measure on [0, 7] and in particular

PHxHxHx[0,t]) =t, forall € [0, T]. (42)

(iii) Forallt € [0, T,

Y(t)= Si(t=s)E(Y(s), X(5), y, ur, u2)dP(uy, uz, y, s).
HxHxHx[0,]

(43)

The family of viable pairs with respect to (&, /,LX ) will be denoted by V(E 1%y

In view of (4), we also define

0, i=1
Vi = ) 44)
y € (0, 00), i =2.

Using the viable pair definition, we can then state the main results of our paper.
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Theorem 3.2 (Averaging forn©*)Leti = 1,2, T < oo,a > Oandu € P;.Moreover
let (X", Y<") be the mild solution of (25) with initial conditions xq, yo € H*(0, L)
and n©" as in (28). Let 2; : H> — H be defined by

B (W, x, y, u1, u2) i= Dy F(x, ) + (x, yuy + ¥, Yuz , i = 1,2,
(45)

with y; and \Ilg as in (44) and (37) respectively. Assuming Hypotheses 1(a)-I(c), 2(a)-
2(c), 3(a), 3(b) and Regime i, the family of processes {n©" : € € (0, 1), u € Pﬁ}istight
in C([0, T1; H) and the family of occupation measures (P> : € € (0,1),u € 79]{,}
istightin Z(H x H x H x [0, TY]), where H x H x H x [0, T] is endowed with the
WWNS topology.

Then for any sequence in {(n©*, PS2) e, A > 0,u € PJ\T,} there exists a subsequence
that converges in distribution with limit (n;, P;). With probability 1,

(771', Pl) eV Eivﬂx).

Theorem 3.3 (Moderate Deviati_on Principle) Leti = 1,2, T < oo, a > 0 arbitrarily
small and (X€¥0:Y0 Y&X0:.Y0)  X* be the mild solutions to (1) and (2) with initial
conditions xq, yo € H® . Define S; : C([0, T]; H) — [0, <],

Si(¢) =  inf [1

lurll3, + lluall3 dP(ul,uz,y,r)} ,
(¢,P)EV(Ei,MX) 2/~'1'{><7-l><7-[><[(),T]( " H)

with the convention that inf & = oo. Assuming Hypotheses 1(a)-1(c), 2(a)-2(c),
3(a’),3(b) and Regime i we have that for every bounded and continuous function
A:C(O0, T]; H) — R:

1 2 €
lim —— logE[e ™" ©A0)] = —  inf Si A()],
e—0 h2(e) gBfe ] ¢eC([0,T];H)[ 1)+ A@)]
where
X€X0.)0 _ XX0
N =—=—.
JVeh(e)

In particular, { X €} satisfies a Moderate Deviation Principle in C ([0, T]; H) in Regime
i with rate function S;.

The proof of Theorem 3.2 can be found in Sect. 6.3 while Theorem 3.3 is proved in
Sect. 7. In fact, by letting Q; : H — Z(H),

0i(x) = /H (E(x,ym*(x,y)+y,?wé’(x,y)@*(my))du%y) (46)
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with y; and \I/g as in (44) and (37) respectively, we prove that our rate function S; has
an explicit non-variational form given by

1 T
s =3 [

for v € HO1 ([0, T1: H) N L%([0, T1; Dom(A})) and S; = oo otherwise (see Proposi-
tion 7.1).

2
dt (47)
H

1

Qi (X(0) 2 [0 (1) — Aryr(t) = D F (X)) ()]

4 A priori bounds for the solution of the controlled system

As discussed in Sect. 3, the variational representation (23) gives rise to a slow—fast
pair of controlled stochastic reaction—diffusion equations. In this section we prove a
priori estimates for the mild solution pair (X<*, Y<") (see (26)) that are uniform over
compact time intervals, u € 731{, and e sufficiently small. These preliminary estimates
hold in both Regimes 1 and 2 and we will use them to prove a priori bounds and
tightness for the family {n©"; €, u} in Sects. 5 and 6.

We start with two auxiliary estimates for the moments of the space-time L2 norm
and the C ([0, T']; H) norm of the controlled fast process Y<*. Due to the multiple
scales, the latter is singular at § = 0. The proofs rely on the dissipativity assumption
(16). As is customary, we use the same notation for different but unimportant constants
that may change from line to line.

Lemmad.l LetT <oo, p>1,e € (0,1)andu € 77{,. In both Regimes 1 and 2,
there exists a constant C > 0, independent of €, such that

2 2
ENY“IE 0 1y = <1 + l1yoll3} +/ EI|X“ (1) 7 dr ) (48)
0
Moreover, for any p € (1/2, 1) and € sufficiently small we have

E sup ||Y”(l)||H<C<1+||y0||H+E sup [IX“ (O[3, + h*(e) + 87~ 1)

t€[0,T] t€[0,T]
(49)
Proof Let Y<" be the mild solution of the controlled fast equation (see (26)),
wAz(t) = \/_/‘ Sz( )dwz(z)
be the stochastic convolution term and
Lo () = YU (1) —wh, (1) . 1 €[0,T]. (50)
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With probability 1, the process I'“* has weakly differentiable paths and satisfies

1
() = S[AaT () + G (X" (). T (1) + wly, (0)] + %“2(’)

in a weak sense. Hence,

1
—3z||1“€ "7, = (0T @), T (D) 3(A2FE’”(I), Tt (1)),

+ E(G(Xe’“(t), T (1) + wh, (1), T (1), (51)

+ %)(uz(r), T (1)),

For the first term above we invoke Hypothesis 1(c) to obtain
o
(AT (D), T ()3 = Y (—aza) (T (1), ean)3g < —AIT“ (D)7, . (52)

n=1

For the second termin (51) we invoke Hypothesis 2(b) whichimplies that G : HxH —
‘H is Lg-Lipschitz and with Cg = (||G (0%, O¢) [l Vv L) we have

(G (X0, T (1) + wh, (0), T ()| = [(G(X 0, wh, ), T (1))

+ ‘(G(Xe’”(t), e (1) + wiz 1) — G(X" (), wi2 1)), FE‘“(I))H’ (53)

< Cg||FE’u(t)||H<1 + lwh, Ol + ||X€’M(t)||H> + Lo IT ()13,

Combining (51), (52) and (53) we obtain

1 C
Eaturf’”(r)u; < fnre’“(r)nu(l + w, Ol + ||X6’u(f)||H)

h(e)

L
+ =2 7

— A 5
Ire“®ly + —F=

3 T Ol llua @l -

Next, let By, B2 > 0. From an application of Young’s inequality for products on the
first and third terms,

1 2C,
0 I3, < gﬂl I3, + —% 258 (1 + llwh, O3, + I1X© ”(I)IIH>
1

h(e) 2h(e)
NG 2583

L, —
+ = IIFE’“(I)IIH + —=B5 T (1) I3, + lua ()17, -
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From Hypothesis 2(b) we have A — L, > 0 and thus we can choose 7 = (A—L,)/C,
and B3 = (. — Lg)/(h(€)+/8) to obtain

2
* = Lg)5<
h=(
||F€"(f)||H+ glll"”(l)llq.[-F

A=
1(A—Lg
— - &%t 2
6( 5 )n 013,

2

(A= Lg)5(

1 A—1L
ST Ol < Tgnr“mn%{ 1+ wd, O13, + 1X€ “(r)nH)

2(¢

+ ||u2(r>||%{
g

2()

* A —

el w03, .

(54)

1+ wd, 013, + 1X€ ”(t)IIH)

Integrating this inequality yields

1 1 1/A
ZIITE" (¢t 2 - 2 -
2|| M7 2||y0||H <

Lg ! €,u 2
105 (s) [I5,ds
8 0
2

Cg ! ) 2 2
€u
+ G —Lys /0 <1 + lwy, ()7 + 11X (S)IIH)dS

h2(e)N?
A—Lyg

El

(55)

where the last term follows from the fact that u, € P;,. Letting £ = (A — Lg)/2,
multiplying throughout by §/¢ and dropping the nonnegative term (8/2¢) sup, (o 7y

[T (1) ]|3, we see that

5 T
T (s) (13 ds < - sup ||rf’“<r)||2 + f € (5) )13, ds
/(‘) p tel0, H 0 H
Céz’ r S 2 2
< 2( ||)’0||H + m/{) (1 +llwiy, (N7 + ||X€,u(s)||H)ds
N28h2(e)
(A—Lg)t "~

Regarding the last term on the right-hand side, note that, in both Regimes 1 and 2 (see
), (5)),

Sh2(e) = <§>eh2(e) —0,
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as € — 0. Hence, for all sufficiently small €,

T T
/0 ITS () N17ds < 1+ llyollz, + C/o (1 + lwdy, (91l + ||X€’”(s>||%{)ds,
and in view of (50) we have
T T T
fo IYe )2, ds < C /0 IT€ )12 ds + Cy fo ', (5)13,ds
T
< i+ lyol3) + szo (1 +llwd, ()17, + ||X€*”<s>||%{)ds.

After taking expectation we deduce that
T 5 p )
E(f IIYG’”(S)IIHdS) < Cp(1+ Iyollz)
0

T
2 2
+C, /O (1 +Elwd, 6177 + Enxe’"(s)u?;’)ds

and (48) follows upon invoking Lemma A.2(i).
It remains to prove (49). Returning to (54), we multiply throughout by e
obtain

201/8 ¢

2)
0 (1P IT (0)117) = 2P0, T 13 + e IT ()13,

22

8 20t/8 ) 2 , 2

=< me <1 + lwy, O3 + | X€ u(t)”H) (56)
2h?

() L

2
t .
e L

+

Integrating the latter on [0, ¢] then yields
2 2 2C§ L 0(—s)/8 s 2 2
€,u - - €,u
175505 < ol + G—Lgs /0 e (1 +llwa, N7 + 11X (S)||H>d5

2h%(e) (! ,2U—5)/8

2
lluz ()17, ds
r—Lg Jo H

EIIYOII%{+C<1+ sup [lwl, ()13, + sup ||Xf*“(s>||%>
s€[0,7] s€[0,7]

t
+Ch2(e)/o lua ()13 ds.

Taking expectation and applying Lemma A.2(i) we deduce that

E sup [IT““0)II3, < lyolif, + C(l +8"'+E sup ||x€’"(s>||%() + Cyh*(e)
te[0,T] s€[0,T]
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Hence, we can use Lemma A.2 (ii) to show that

E sup [Y<“(1)|f; < CE sup [IT““(t)3, + C'E Sup IIwAz(t)IIH
tel0,7T] t€l0,T] t€l0,

<C<1+||yo||H+IE sup ||Xf"(t)||H+h2(e)+ap 1)

t€l0,
and the proof is complete. O

Remark 8 Due to the presence of the stochastic controls u, we can only prove uniform
estimates for the fast process Y<* in L? ([0, T']; H) for p < 2. This limitation is also
reflected in the choice of the growth exponent v < 1/2 in Hypothesis 3(a).

Using Lemma 4.1, we can prove the following a priori bounds for (X<, Y<*) by
means of the Gronwall inequality.

Proposition4.1 Let T < oo and v € (0,1/2) be as in Hypothesis 3(a). In both
Regimes 1 and 2, there exists €9 > 0 and a constant C > 0, independent of €, such
that

2 2
sp B sup X3, < (1+||XO||7"{+||yo||7Q> 57)

O<e<eo,u€'PT t€[0,T]

and

2 2
sup ]E||Y”||L20T]H) (1+IIXO||7”1+||}’0||7”{>- (58)

0<6<60,u€73

Moreover, for any p € (1/2, 1) and € sufficiently small, there exists a positive constant
C, independent of €, such that

sup E sup Y ()7, < C<1 + Ixoll3; + yoll3, + 72 (€) +8ﬂ‘). (59)
uePl, t€l0.T]

Estimates (57) and (58) are standard and their proofs will be omitted. Similar results
can be found e.g. in [10,25] among other places. The main difference here is in the
moderate deviation scaling which does not change the proof in an essential way.
Finally, (59) follows from the combination of (49) and (57).

Next, we provide an estimate for the Holder seminorm of the controlled fast process
Y<* which depends on the regularity of the initial conditions. The estimate is singular
at § = 0. As seen in the proof below, there is a trade-off between the Holder exponent
and the rate of divergence of the right-hand side as € — 0.
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Proposition4.2 Let T < 00, a € (0,2], xo € H and yo € H*(0, L). Forallu € 771(,
and € sufficiently small there exists B < 4—1‘ A 5 and a constant C > 0 independent of
€ such that

1

E[Y“"]csgo,rymy = ChEOS™ vg(1+||xo|m+||yo||Ha). (60)

Proof Letting 0 <s <t < T we can write

€,u €,u ! S 1! r—z €u €u
o ro=[s() (o [ (5 ot
- y s$—¢2 €u €u
[52< 5 )_IM) Sz( 5 )G(X (2), Y"(2))dz

h(e) t—z
+W : S2< 5 )MZ(Z)dZ

() ol

+ud, () —wh, () =Y IS0

Z)Mz(z)dz

We shall estimate each term of this decomposition separately. For J f ", we use the
semigroup property and invoke (11), (12) to obtain

2(5)[(57) 1,
=2 (3)], o0 [[2(5°) 1]

o= 5/8

9560 = |

H (61)

t—s
Sz( 5 )—IH Iyoll e
ZL(HH)

< Cr8™2(t — )| yoll e

Next, we use the Lipschitz continuity of G along with Holder’s inequality forg > 1
to obtain

C ! 11—z
56,0l = 5 [ e 04 X+ @ )
N
=|1+ XU ()|, + YOu (s )
(1 Pl s el

1/p
%(/ - dz) (t—s)la
s s
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gca—lfqa—s)l/q<1+ sup | X““(0)],, + sup HYE*”(t)HH>
te[0,T] te[0,T]

00 I/p
x</ e_pud{) .
0

Letting € be sufficiently small, taking expectation and applying (57) and (59) we get

€,u
95760y s
E  sup g = Cpd T+ lIxolln + llyolln + h(e) +6 72 ).
t5€l0,Tlis 16— 8|4

Choosing p = 3/4 € (1/2,1) and g = 9 yields

1 N 1—p 1 N 11
-t ==t - < -
q 2 9 8 4
Hence, for 8 < 1/9
Jy (s, 1)
E  sup M < Ch<e>a—”4<1 + %ol + ||yo||H>. (62)
1s5€0,TLits | — ]

Next, for J36 " we shall invoke (12) and then apply Lemma A.1(i) to obtain
!

> <[ 3 s) - IH /S
517\ s 2 wo:r) Jo

g 870/2(f _ s)9/2 : (_A )9/25 §—z G(xé,u( ) YG,M( ))
s 0 2 2 s 2), Z

s _ o\ —(pt0)/2 .
< Cg87179/2(t _S)e/z \/3 (‘Y 5 Z) eik(flzf)
0

(1+ 1x @l + Iy @lyy )z

dz
HY

IA

S2<S ; Z)G(XE’u(Z), YE,M(Z))

57650l

IA

dz
H

which holds for 6 € (0, 1/2), p € (1/2, 1) and we used the Lipschitz continuity of G
to obtain the last line. Performing the substitution { = (s — z)/4 then yields

JE s, D, < s — 9/2<1+ x4 ., + YO (e )
175 (s, 0] (1 =) t:{gpﬂ“ 04 l:{gyﬂ“ 04

X/S/‘Sg—(pwvze—%fd;

0

SC)L,98_9/2(I—S)0/2(1+ sup | X““(@)|,, + sup ||Y€’”(t)||H>
1€[0,T] 1€[0,T]

y /w(kg/4)7(p+e>/2[u/4d§
0

@ Springer



Stoch PDE: Anal Comp

where p + 6 < 3/2. The integral on the right-hand side is finite and, in fact, can be
explicitly computed in terms of I'(1 — p_ere) , where I" denotes the Gamma function.
Letting € be sufficiently small, taking expectation and using (57) and (59) we deduce
that

”J;M(SJ)HH p=l_9¢
E  sup — ez = Ch(e)d Z 72 1+ [lxollx + llyollx )
15€0,Tli#s |t — 5]

Choosing 6 = 2/9 and p = 3/4 we obtain, as we did for J5*", that forall B < 1/9

”J;’u(s’t)”?{ —1/4
E  sup =g < Ch(e)s L+ llxollx + lyolle ). (63)
1s€0,Tlis | — 5]

As for Jy,

€.u h(e) ! r—z
o= ([ (5],
V([ )

_ Nh(e)( / o e—z“dz)2
0

< Cyh()872(t —5)2

2

2
dz) Nl 220, 77:1)

with probability 1. Thus, for g < 1/2,

S e

< Ch(e)s™ 2. (64)
rsel0.Tliss 1t —s|P

The analysis for J5™* is similar to J3™". In particular,

Ch s _
175G, 0 ”H = <%>5_0/20 —S)Q/Z/O ‘(—A2)9/252<S 5 Z)uz(z) Hdz
< Ch(e)s (1 — s)9/2<%>

S /s 2\ 0 \?
% /o ; e dz | lu2llr2qo.r:m)

1
< CNh(E)Sfe/Z(t _ s)9/2</oo §p+ge)\,{/2dé_>2
0
< Cuh(€)8~2(t — P20 (1 — p — 0))2,
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where we have chosen p € (1/2,1) and 6 € (0, 1/2) to satisfy p + 6 < 1. Thus, for
B<0/2<1/4

TS (s, 1)
E  sup w < Ch(e)s™ /2. (65)
15€l0,Tlists 1T — 5]

Finally, from (182) (see “Appendix A”), there exists 8 < 1/4 such that

JG,M ,
6.0y

oot _
It —s|P [wiJerqormy =C87 =C87V% (66)

E sup
t,s€[0,T],t#s

and the latter holds since p € (1/2,1/2 4+ 28). The argument is complete upon
combining (61)—(66). O

Before we conclude this section, let us gather some auxiliary estimates regarding the
spatio-temporal regularity of the solution X of the averaged slow equation (2). These
will be needed in the subsequent analysis of the controlled moderate deviations process

ne,u.

Lemmad4.2 (i) For T < oo, there exists a constant C > 0 such that

sup X (013 < € + [Ixol7)- 67)
te[0,T]

(ii) LetT < 00,a > 0andxy € H*(0, L). Forall 6 < le/\ % there exists a constant
C > 0 such that

XN co oy < C(1+ llxollga). (68)

(iii) Let T < oo,a € (0,2] and xo € H“(0, L). Then, for all t > 0 we have
X(t) € Dom(Ay). Moreover, there exists C > 0 independent of t such that for
allt € (0,T]

|AIX @)y, < C(eF M xol e + 1+ |x0llme). (69)
To prove these estimates, one has to use the Lipschitz continuity of F (see Lemma 3.1)
along with the smoothing property (13) of the analytic semigroup S;. These results
are well-known and we will only present the proof of (69) in “Appendix A”.
5 A priori bounds for ¢:¥ and the Kolmogorov equation
In this section we aim to prove regularity estimates for the controlled moderate devia-
tion process €, in Regimes 1 and 2, that are uniform over controls u € PAT, and small

values of €. These will be used to show that the family {n*, e € (0,1),u € PAT,} is
tight in C([0, T]; ‘H) (see Lemma 6.1 in Sect. 6). To be precise, we are interested in
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studying the spatial Sobolev and temporal Holder regularity of the process n<*. The
main result of this section is given below:

Proposition 5.1 Let T < oo, a > 0 and xo, yo € H*(0, L). With v as in Hypotheses
3(a) and in both Regimes 1 and 2, there exist 6 < (% -V Aa B < (4—1‘ -3 A5,
€0 > 0 and C > 0 independent of € such that

(i)

sup E sup [0 < C(1+ lIxoll3e + Iol3e) — (70)

0<5<60,u€771\T, 1€[0,7]
(ii)

sup B[] cp 07570 < C(1+ Ixollma + Ilyoll ). a0

0<6<60,u€’PAT,

To prove these estimates, we use a generalized version of decomposition (28). In
particular, we fix 0 € [0, 1/2),0 <s <t <T, x € Dom((—Al)”%) and write

(170 = 1) = ($1(¢ = 5) = 1) (5). (=40

1 ! €U € u
= mfs (F(X“"(2), Y*"(2))
—F(X(2), YU (2), $i(t — 2)(—AD T x)ndz

t
+/ (1t =) Z(X"(2), Y (2))ui (2), (—AD? x)dz
t

T J,

1 4 _ o ,
\/Eh(f) / <F(X(Z)’ YG’M(Z)) - F(X(Z))v S1(t — 2 (—A1)2x)ndz

= I9"(s, 1,0, )+ T19"(s,1,0, x) + 111" (s,1,0, x) + IV "(s,1,0, x).
(72)

(S1(t — 2 (X(2), YU (2))dwi (2), (—AD T x) %

+

This decomposition allows us to study spatio-temporal regularity in a unified manner.
In Sect. 5.1 we provide the necessary estimates for the terms 1<%, [1", I11". As
we mentioned in Sect. 3, the term IV <" requires a more careful analysis, which is
done with the aid of the Kolmogorov equation (29). This is the subject of Sect. 5.2.
Finally, we prove Proposition 5.1 in Sect. 5.3.

Remark 9 The reason for choosing our test functions x € D0m((—A1)1+%) is related
to the treatment of term IV <* and will become clear in Sect. 5.2 (see Lemma 5.4).
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5.1 Estimates for I€°Y, II€-Y, [I[€-Y

The proofs of the three lemmas in this section have the following structure: First, we
prove a preliminary space-time estimate which depends linearly and continuously on
the test function x in the topology of H. Since y is smooth, we can extend the latter
by density to arbitrary test functions in . Finally, we set s = 0 to prove a spatial
Sobolev-type estimate, or & = 0 to prove a temporal equicontinuity-type estimate,
uniformly over x € By . These estimates hold in both Regimes 1 and 2 (see (4)).

Lemma5.1 Let T < oo, t € [0,T], 0 € [0,1/2) and I¢" as in (72). For all € >
O,u e 731(,, there exists a constant C > 0, independent of €, such that

sup [1(0,1,0, )| <Cf (=27 sup 1" )5dz P-as. (73)
X€By rel0,z]

and

19%(s,1,0, x)

E( sup  sup Q) < CE sup ”ne’”(t)”H. (74)
s,te;é),T])(eBH [t —s| 1€[0,T]

t#£s

Proof Let x € Dom((—A1)'79/%). Using the analyticity of the semigroup S; and the
Lipschitz continuity of F,

1 t
|16~"<s,t,e,x)|sﬁh(e)[ [(~ADESia—2)
[F(X”’(z) YU (2) — F(X(2), Y @) ]| o llx N1 dz

||X||H/(f D702 X4 (@) — X ()], dz

- fh( )
scnan/ (t =27 sup ")y, dz.

rels,z]

. 0. . .
Since Dom ((—A1)'*2) is dense as a subspace of H, we can approximate any element

of H by a sequence {xm}meN C Dom((—Al)H%) in the topology of H. Hence the
last estimate holds, with probability 1, for each x € H. Choosing x € B, we set
s = 0 and take expectation to obtain (73). Setting 0 = 0 yields

[19"(s.1,0, )| = Ct —5) sup [[n“"()],
tel0,T]

and (74) follows by taking expectation. The proof is complete. O

Lemma5.2 Let T < 00, x0, Yo € H, v < 1/2 as in Hypothesis 3(a) and 11" as in
(72). There exist0 < 1/2 —v, B < 1/4 —v/2 and a constant C > 0, independent of
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€, such that

2 2 2
sup E( sup sup |119"(0,1,6, x) ”)SC(1+||XO|I7Q+|Iy0||7”{) (75)

e>0,uePf t€[0,T] x By
and
[1154 (s, 1,0, x)|
sup E( sup sup ————————) < C(I+Ixollx + Iyolln).  (76)
e>0uePy  \srel T xeBr |t —s|
A

Proof Let x € Dom((—Al)H'%). An application of Lemma A.1(i) yields

t
0
119" (s, 1,0, x)| 5/ [(—ADZSi(t — )T(X"(2), YO @)u1 @)1l x 1dz
S
t
< Clixllx f (t =)~ =X (X @), YU D) 00,130 111 @ 132
s

t
< Clixllx f (t - z>—<ﬂ+9>/2(1 + X @ 4 + Y @) ||;) lu1 (2)lI4dz,

where p € (1/2, 1) and we used Hypothesis 3(a) to obtain the third line. Using a
density argument as in the proof of Lemma 5.1 it follows that the estimate holds for
each y € H. Choosing x € By, we apply the Cauchy—Schwarz inequality to deduce
that

T 1/2
119" (s, 1,6, )| < C(/ ||u1(z)I|%1dZ>
0

1

t 2
U (t—z)_p_9(1—i—HXe’”(z)||${+||Y€’“(Z)H§_z>dz] ,

with probability 1. Applying Holder’s inequality with p = 1/v, g = 1/(1 —v)

1

t—s 2

111" (s, 1,6, x)| < CN[/ z_q(p+0)dz] '
0

r ;
[/O (1 X @2+ |yen ) ][%)a} .

Since v < 1/2 we can choose p € (1/2,1 —v)and <1 —v—p=—p+1/gso
that fé_s 7710z < CT'40P+9)  Setting s = 0 in (77) we obtain

(77)

T v
1140, 1,60, x)| < CNT“*”*"’Q)/z[l + sup [X9*(2) H%v +/ ”YG’M(Z)“%-[dZ} ’
1€[0,T] 0
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and (75) follows by taking expectation and applying (57) and (58). As for (76), we set
6 = 0in (77) to deduce that

1155, 1.6, x)| cari2v o T rven iz 12
WEC[IthGS'[ﬁPT]”X @ |7 +f0 |y (z)HHdz],

forf <(1—v—p)/2 < (1 —v)/2.In view of the a priori bounds (57) and (58), the
proof is complete. O

Lemma5.3 Let T < oo, v < 1/2 as in Hypothesis 3(a) and I 11" as in (72) . There

existeg > 0,0 < % - B < ‘—1‘ — % and a constant C > 0, independent of €, such
that

2 2 2
sup E( sup  sup !IIIG’”(O,t,G,x)I”) < C(1+ lIxollf, + lIyollz) (78)

6<€0,u€fp}\T/ tel0,T] xeBy
and
|11 (s,1,0, )|
sup  [E| sup sup 5 < C(L+ lIxoll + lIyoll)- (79)
€<60,M€P17\; Mtjg’” XE€BK |t — s
Ay

Proof Let6 € [0,1/2), x € Dom((—Al)H%) and a € (0, 1/2). From the stochastic
factorization formula (176) we can write

1" (s,1,0, x) =

sin(ar)
)T

1 0
<f (=2 L =AD2S1(t — MG (5, 2, 25 Dz, x>
h(E K

H

where, fort] <t < 13,
5]
M (1, 1. 133 1) :=[ (13 = )81t — OB(X(Q), YU (©))dwi (¢).
4

Thus,

Ca

€,U
[T119(s, 1,0, )| < e

t
0
I ll7¢ f (= (AN T MS (5. 2. 73 D)y d
N
(80)

From a density argument (see proof of Lemma 5.1), the last estimate holds with
probability 1 for all x € By.
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We start by proving (79). To this end, set & = 0 in (80) and apply Holder’s inequality
for g > 1/a > 2 to deduce that

t
111965,1,0, 0] = 3l [ (0= 2 M5 5,253 )

- (a—1)
< e )||X||H</ (t—2)? dz)
([ 1.z 1>||Hdz) '

Since Mg (s, z,z) = Mg"(0,z,2; 1) — Mg" (0, s, z; 1),

1

I11¢"(s,1,0, T q

h(e) sup | ( — x| fcq(/ sup M50, s, z; I)Hq dz) )
xeBy ~(t—s)la 0 sel0.z]

Taking expectation, we apply Jensen’s inequality followed by the Burkholder-Davis-
Gundy inequality to obtain

I

1119 (s, 1,0, T a

E sup sup |(—1X)| (/ sup || MEH(0, s, z; 1)”11 a'Z)
.v.zeQ,T]XeBH |t —s|a—1/a h(f) s5€[0.z]

i#s

C T ‘ —za €U €,u % 5
< @UO (fo t =) RSt — HT(X"(Q), ¥© <;>)||§2<H)dw1<;>) dz) :

From Lemma A.1(ii) (with B = (X" (-), Y*(-)), P, = I) and Hypothesis 3(a)

[111¢% (s, 1,0, x)|
5,1€[0,T] x EBH |t —sla=/4
tF#£s

(81)

q 1

c 1
fm)(/ (/ S p(l+IEHX€”({)HH+IEHY€”(§)HH>d;)2dz)q,

Next, choose a < 21;—% €(0,1/4)andp < 1 —v—2a € (1/2, 1). Applying Holder’s
inequality with exponents 1/v and 1/(1 — v), followed by Jensen’s inequality, we
obtain

S R (R ST Yﬂ“mn?;)d:

< CT‘“”[/ (1 +E||
0
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Letting ¢ = 2/v > 2, it follows that

1

! ) —2a— €,u 2 €.u 2v % q
[A<ﬁ£“‘0 %LHM’@WH+W’@%Jﬂ>d4
T v
N N LA Y

Combining the latter with (81) yields

|[111¢%(s,1,0, )|

E sup sup
5.1€l0,T] x €Byy |t — sje=1/a
t#£s

Sy T (1+EIx @y + Bl ©l; )‘“);
— h(e) \Jy " ! |

Using estimates (57) and (58) and noting that i(e) — oo as € — 0, (79) follows.
Similarly, (78) can be proved by setting s = 0 in (80). This yields

2
E( sup sup |I11%(0,1,6, x) ”)
te[0,T] xeBx

Ca
h(e)

v

T
EH/ t =211t —2)ME(0, 2, 25 1)dz
0

HY

CaTa_l/q /T 0
<z E[(—AD2ZMS" 0,2, z: | Ld
<0 \ [(=ADTMS (0, 2, z: D5, dz

Cra( (" [ ~2a 0
: h(e) <[0 (/0 @ =) E[(-=AD2 81z = ¢)

q 2

2 qv
S (X @), YU )2 (H)d§> dz)q ,

g

for6 € (0, 1/2).In view of (179), we can choose § < %—v € (0, %),a < 1—3—% S
O,1/4)and p <1 —v —2a € (0 + 1/2, 1) and then apply Holder’s inequality with
exponents 1/v and 1/(1 — v) to obtain

2
]E( sup  sup |IIIE’“(0,t,9,x)|U)
1€[0,T] x€By

X

< ¢ T ¢ —2a—pE S(xEH yeu 2 2 %
= h(e) ./0 /O(z—;) [ = (X @, YO (o0 0,107y dz)

T €u 2/v €,u 2
<c ) (IHEX @l +E[y @l )iz

Noting that a < 1/2 can be arbitrarily small, we apply (57) and (58) and the result
follows. =
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Remark 10 The estimates derived in this section do not require any regularity for the
initial conditions of the controlled system (25). Such considerations have to be taken
into account in the next section.

5.2 The term IV&Y

This section is devoted to the analysis of the last term in the decomposition (72). As
we mentioned above, this term requires additional work due to the singular coefficient
1/.4/€h(e). Throughout the rest of this paper we choose the small parameter c(¢) in
the Kolmogorov equation (29) to be

c(e) := yJe. (82)
Now, let P, : 'H — span{ez,...,e2,} be an orthogonal projection onto the
n-dimensional subspace spanned by the eigenvectors ez 1, . . ., €2, of A2 (see Hypoth-

esis 1(a)), uz,, := Pyuz be the projection of the control u, and

n
wyn(t) =Y ez xwalt, e2)

k=1

be the projection of the cylindrical Wiener process w,. Consider the family of n-
dimensional processes

Yol =P YY", nelN.
These processes satisfy the controlled stochastic evolution equations

1
Y (1) = S[AXY71 1) + PG (X" (@), Y ()]

+ %umr)dr + % dws (1) (83)

t>0,Y:"0)= P,y € H.
Next, recall that
1 i - _ o
IV (s, 1,0, x) = —/ F(X(2), Y*"(2)) — F(X(2)),

Si(t — 2)(—AD 2 x)ndz.
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For x € Dom((—Al)H%) we can further decompose this into

T o 0
Tig ) FER@. V@) = F(X@). 810 = 0-A0 g

1 ! % €,u
ﬁh(e)/s (F(X(2).Y""(2)) (84)

v €,u ¢
— F(X(@), YE' (D)), $i(t — 2)(=AD T )y dz
=T (s, t,n,0, ) + Ty "(s, 1,1, 6, x)

+

and then rewrite Tf’”, with the aid of Itd’s formula, in order to deal with the asymp-
totically singular scaling. In particular, consider the real-valued map

[s,2] x H x Dom(A3) 3 (z,x,y) —> O(z,x,y) := ®° o (x,y) €eR,
S1(t—2)(—A)2Zx

where @€ denotes the strict solution of the Kolmogorov equation given by (33). In
view of (35),

O(z,x,y) = (¥(x, ), S1(t —Z)(—Al)%X)H (85)
and

9.0z, x, y) = (W(x, y), (—ADESI (2 — D)X)3

D}O(z,x,y) = D} ®¢ s (x,y)
S1(t=2)(=AD 2 x
)
= (W] (x, Vv, S1(t —2)(=AD2x)H » (86)
DiO(z,x,y) = Dy®* o (X, )
S1(t=2)(=ADZ x

[
= (W5 (x, v, St —2)(—AD I x)H
where DV denotes partial Fréchet differentiation in the direction of v € H. More-

over, from the last estimate in (34) and the Riesz representation theorem, there exists
Wi (x, y) € H such that

tr[(Py — DD, (x, y)]| = (¥5" (x, ). x);, and

c (87)
v <—A1 .
37 (e, Wl < C(G)( + [l + 11y 1)
The latter implies that
2 €,n 2
[ (P, — D3Oz, x, y)] = (W3 (x, y), S1(t = 2)(=ADZ X)) (88)

Noting that, for ezach t > 0,Y,"(t) € Dom(Ay) almost surely, we can apply Itd’s
formula to © (¢, X(¢), Y;"" (¢)) to obtain the following:
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Lemma54 letn € NNT < o0,¢e > 0,06 > 0,0 < s <t < T, x €
Dom((—A1)'"9/2) and define

TS (5,0, 0, x) = W5 (X (), YEU(2)), S1(t — 2)(—AD )y dz

2fh(6)/

€u €.u (89)
(w5(X(2), v P.G(X(z), Y
fh( )/ 5(X (@), Y (2)[ PG (X (2), Y'(2)

0
- G(X(@), Yo" (@)], $1t — ) (=A1)? x)p,dz
With W€, Wi, W5, \l—’E " Tf’u, T;’" as in (35), (87) and (84), we have

IVE(s, 1,0, x)

8 €(y €,u €(y €,u ¢
:_fh( )(\I/ (X@), Y (1) = W (X(5), Y (5)), S1(t = )(=A1)2 ),

fh(e) W (R (@), ¥E(@) — W6 (R0, YD), S1(0 — (AN 1), dz

\W (X@), Yo" @) [A1X (@) + F(X(@)], Si( - Z)(_Al)%X)HdZ

fh(e)
cle) (!

fh( )
+ 22 f (‘IJS(X(Z),Y:’“(Z))uz,n(z),sl(t—Z)(—Al)%X)HdZ

| (X@. v @), s10 - D(=ADS x), dz ©0)

t
+ ﬁf@ / (—ADESI( — W5 (X (). Yo" () dwan(2), )y
+ R"(s,t,n,0, x)
6
=) IV (s tn 0, x) + RO (s, 1.0, 0, ),
k=1

where
R(s,t,n,0, x) =Ty, "(s,1,n,0, )+ T3 " (s, t,n,0, x). 91)

The proof of Lemma 5.4 is deferred to “Appendix B”.

Remark 11 Note that the terms IV, k = 1,...,6 are free from asymptotically
singular coefficients. This comes at the cost of introducing the unbounded operator
(—Ay) in the term 1V, ",

We can now proceed to estimate each term in (90) in both Regimes 1 and 2. The terms
TV{", IVy" are the most challenging and will be handled similarly. In particular,
we apply the mean value inequality for Fréchet differentials along with the Schauder
estimates (60) and (68) to obtain temporal equicontinuity and spatial Sobolev regularity
estimates. This is done in the following two lemmas. Note that extra care is required in
the choice of Holder exponents, due to the fact that (60) introduces singular coefficients
in € (see the comment preceding the proof of Proposition 4.2).
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Lemma5.5 Let T < ooa > 0, xo,y0 € H*(0, L) and IVf’" as in (90). There exist
€ > 0,0 < % Ana, B < }t A % and a constant C > 0, independent of €, such that

sup sup]E( sup  sup |1Vf’”(0,t,n,0,x)|2)

6<€0,u€731\T/ neN tel0,T] x€Bx

< C(1 4 I1x0l%a + lIyol%a)

92)

and

|IV1€’M(S, t,n,0, X)|

sup SUPE< sup  sup >§C(1+||XO||H“+||)70||H")~ (93)

e<eguePh neN MtE;[&T]XGBH |t —s|f

Proof Let x € Dom((—Al)”%),xl,xz, Y € Hand yy, y2 € Dom(A»).Recall from
(35) that

(W (xr, y) — W€ (x2, y2), Y = DY (x1, y1) — DY (x2, y2).

An application of the mean value inequality for Fréchet derivatives then yields

(W er, y1) = W2, 2), Y| < sup [1Dx @Y (x, W liagllxn — 22l Il

x,yeH

+ sup [[Dy @, (x, Mlixliyve — v2lm ¥l -
x,yeH

In view of estimates (34),

(W€, y1) = W€, y2), Y| < <ﬁllm — X2l + Iy — yzllH)llWllH

(94)

Using the latter, along with the self-adjointness of A and the analyticity of S}

5 €(x €,u €(S cu 0
T (Y RO Y5 0) = (X6, 154 ©). $166 = (A0 00|
Cs

«/_h()

IS Al)ZSl(t—S)[‘I’E(X(t) Yot () — W (X (), Y ()] |5l

Il = )" W (X @), Yt (0) — W€ (X (5), Y ()] 5

<
- «/Eh(e)

< Clixln —s>9/2( | X(1) — X(5)]

1)
@vene

3 €u €,u
+ m”yn’ ®) - Y, (S)”H)’
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In view of the Schauder estimates (68) and (60), X and Y€* have finite Holder semi-
norms with probability 1 and

(W (R0, YD) — W (R0, V). S ADE )|

\/Eh(e)< (X(®, Y"(0) = WE(X(5), Y7 (5)), S1(t = 9)(=A1)2 X}
_ 1)

< Clixllx( —s) 0/2( (e)fh(e)[ Jeo o110 — 5)f

8 0
+ Jeh(©) [Ye’u]cf?z([o,T];H)(t =) 2)’

where 61, 6, < % A 5. By the density argument used in the proof of Lemma 5.1, this
estimate holds for any x € H. Letting 0’ = 6; A 6, and x € By

L|<\1ﬁ(fm) YEu(n) — W (X(s), YU (), St — )AL x)w|
\/Eh(é) s Iy > Ip » 91 1X/H
" 8 -
< CT(t - 5)9 Q/Z(M[x]cm ([0,T1;H) (95)

b

€,u
* Jao ]092“0’””))'

Setting s = 0 and taking 6 < 20’ < (1/2) A a we get

]E( sup  sup |1Vf’u(0,t,n,9,x)|2>
te[0,T] xeBy

82 ) 82 cul?
= CT<62(6)6;12(6) [X]en (0,731 + ehz(e)E[Y ]CGZ([O,T];H)>'

Next, note that the Schauder estimates (68) and (60) can be easily seen to hold in
L2(2). In view of this we obtain

Cs?
E( sup sup |[IV"(0,1,n,6, %) > < ————(1+ Ixoll%a)
<,e[o nXeBH| | c2(e)eh?(e) "
+ h2<e>a a1+ xoll3; + llyoll3a)-

€h?(e)

Since c(€) = +/€ and the inclusion H%(0, L) C H is continuous, we can choose
a < 1 to obtain

]E( sup  sup }IVf’”(O,t,n,G,x)}z)
1€[0,T] xeBy

Cs?

Cs
2 2 2
= 0o (1 + lIxolza) + o (1 + lIxoll 77« + 1yoll7a)-
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In view of (4), the coefficients

82 8
€2h2(e)’ €

are bounded in both Regimes 1 and 2, for € sufficiently small and (92) follows.
It remains to prove (93). Setting & = 0 in (95) we deduce that for any 8 < 0’

[TV (s, t,n,0, 0)|

E{ sup sup B
5.1€[0.T] x€By [t — s

t#£s

- L[;‘(] n i]E[ <]
= c(e)Jeh(e) T ACAOTIEH) T Jep(e) C%2([0,T1H)

and the estimate follows from the same argument. O

Lemma5.6 Let T < 00, a > 0, xo, yo € H*(0, L) and IVy" as in (90). There exist
€ > 0,0 < % Ana, B < }1 A % and a constant C > 0, independent of €, such that

2
sup supE( sup  sup |IV2€’”(0, t,n,0, X)| ) < C(l + ||x0||%_1a + ||yo||12qa)

€<€0’”E7)/(/ neN te[0,T] xeBy
(96)

and

1Vy"(s,1,n,0, x)
sup supE( sup sup [v; 3 |) < C(1+ lIxollzze + llyoll za)-
e<ep,ueP] neN 5.1€l0,T] x €Byy lt —s|
t#£s

o7

Proof Let x € Dom((—A 1)1+%). From the analyticity of S| along with (94)

|1V (s, t,n,0, x|

=

8 4 )
«/Eh(G) llx ”'H/ H(_Al)l-i-%Sl (r— Z)[‘DG(X(Z), Y;'M(Z))

— V(X @), Y )] 5,4z
Cs
Jeh(e)

t L 5 _ 1
= C”X”H/; (t—2) ! Wz(m[x]cﬂu[oj]ﬂ{)(t—Z)e

° o
+ m[ye’”]c“’Z([o,T};H)(I -2 2>dz.

=

t - -
I Nl / =27 TP W (X (@), Y5 () — WE(X (@), Y () | dz
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As in the proof of Lemma 5.5, this estimate can be shown to hold for all x € By and,
letting 8’ = 0; A 0,

8

[1Vy " (s, 1m. 0, 50| < C(m[x]col (10, 71:H)

98
[ Tengoryna) [
Jeh(e) C2([0.T1;'H) P

Thus, for s = 0 and 6 < 20’

/ 1) _
, 0'—0/2
1Ot b0l Tt <c(e>ﬁh(e) Kenomiao
8

€,u
- Veh(e) ¥ ]Cf’u[o,T];H))

and (96) follows using the same argument as in the proof of (92). Finally, letting & = 0
in (98) and taking 8 < 0, we obtain (97). O

Next, we estimate the term / Vf’” in (90). The main ingredients of the proof are the
spatial regularity estimate (69) along with the continuity of the averaged operator F
(see Lemma 3.1).

Lemmab5.7 Let T < oo, a > 0, xo € H*(0, L) and IV;’” as in (90). There exist
€>060<a pB< % and a constant C > 0, independent of €, such that

2
sup supE( sup  sup |IV3€’”(O,t,n,6,X)| ) < C(l + ||xo||%1<l) (99)

e<eg,ucPl neN t€[0,T] xeBy
and
IV (s, t,n, 0, x)
sup supIE( sup sup V3 5 |> < C(1+ llxoll ae). (100)
e<eg,ueP neN s,tte;l[é),T]XGBH [t —s|
A

Proof Let x € Dom((—Al)H'%). Using the analyticity of S; along with the first
estimate in (36)

|1V (s, 1, 0,0, )|

‘ l TWE(X €u
< \/El/l(é) ”X”'H/\: “Sl(t —Z)(—Al)gllll (X(Z),Yn’ (Z))
[A1X () + F(X@)]| 4z

Cs t B i o
< NS IIXIIHfS (t—2) 0/2<HA1X(z)HH+HF(X(Z))HH>dZ’
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with probability 1. As in the proof of Lemma 5.5, a density argument allows us to
choose x € By and apply (69) to deduce that

[TV (s, 1,n,0, )| < “OP2[(z71%4972 4 1)||xo | e

Cé ! ; )
BN / -z
+ | F(X(@) [ 5)dz

(101)

Setting s = 0 and choosing p large enough to satisfy 6 < 2/p < a, we apply Holder’s
inequality to obtain

1

|I‘/ ’ (0 t,n,0 )| e {” | / (Z2 l)adZ
b k b 9 j—
3 X ( )[h( ) X0l He

+TT sup ”F(f((z))HH}.
z€[0,T]

From the Lipschitz continuity of F and the fact that c(¢) = € (see (82)) we have

T(-?p8

€h(e)

This proves (99) since §/(eh(€)) is bounded for € small enough. As for (100), let
0 = 0 and c(¢) = /€ in (101) to obtain

|1V (0,1,n,0, )| < (L+ llxoll e)-

Cs ! - -
175765, 0m,0.0] = s [ LG 4 Dllsolle + | F(R) ez

In view of the Lipschitz continuity of F, the proof is complete. O

The following two lemmas provide estimates for the terms / V,f Mk = 4,5 in (90).
These estimates do not require regularity of initial conditions and in fact are straight-
forward consequences of the analyticity of S; and the a priori bounds (67) and (58)
from Sect. 4.

Lemma5.8 Let T < o0, x0, Yo € H and IV:’“ as in (90). There exist g > 0 and a
constant C > 0, independent of €, such that forall@ < 1/2and B < 1/2

sup sup]E< sup  sup |IV4€’”(0,t,n,9,X)|2>

e<eg,uePl neN 1€[0,T] xeBx (102)
< C(1+ lIxoll3, + lyol3,)
and
[TV " (s.t,n,0, 0)|
sup supE( sup sup 5
e<equePT neN  \srel0.7] x€By [t —s| (103)

t#£s

< C(1+ lIxollm + llyoll)-
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Proof Let x € Dom((—Al)H%) . Using the analyticity of S; along with (36) we
obtain

4 —
1V (5,10, 0, 0] < \/Cg(;()e)/ ”SI(Z_Z)(_Al)%\lﬁ(x(z)vY;'u(z))”H”X”HdZ
C ! _
< J;h(:) ||x\|nl (z—z>—9/2(1+}|X(z>||H+HY:’"(z)HH)dz,

Since 6 < 1/2, the Cauchy—Schwarz inequality yields
[TV (s, t,n, 60, 0

Ce(e) _ 1/2—9/2</T S 2 N )1/2
Sﬁh(e)llxllu(t s) 5 [T+ | X@ |3+ |5 @3 )dz )
(104)

As in the proof of Lemma 5.5 we can use a density argument to show that the last
estimate holds for all x € H. Setting s = 0 and taking expectation, we apply Jensen’s
inequality along with (67) and (58) to obtain

c2e) (T S 2 2
E sup sup |IVE0,1,n,6, )| < 1+ |X@ |5, +E|Ys )5, ]dz
IG[O’PT]XGEE’J 4 | eh2e) Jo [ H HH H n ”H]
Ccz(e) 2 2
— (1 .
< 20 (1 + lixollz, + lyolliz)

This completes the proof of (102) since

c2(e) 1

= 0 0.
20~ 2O —> 0 as € —>

As for (103), we set & = 0 in (104) to conclude that

[TV (s.1.n,0, %) C
<

T = 2 €,u 2 172
(/O [T+ |X@ |5 +E|Yvy (z)||H]dz>

E sup sup < =
s#1€[0,T] x By It —s|2 h(e)
c 2 2,172
<—q ,
< h(e)( + llxoll + llyolg)
for € sufficiently small. O

Lemma5.9 Let T < oo, x9, yo € H and IV;’” as in (90). There exist g > 0 and a
constant C > 0, independent of €, such that for all® < 1/2and g < 1/2

sup supE( sup sup |IV§’“(O,t,n,9,X)|2> <C (105)

€<€01M€771€ neN tel0,T] xeBx
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and
IVE (s, t,n, 0,
sup supE( sup  sup [7vs"¢ . X)|> <C. (106)
e<eo,ucPh neN s,t;[f,T]XGBH [t —s|
S

Proof Let x € Dom((—Al)H%) . Using the analyticity of S| along with the second
estimate in (36) we have that, with probability 1,

€,u C\/g ! — €(y €,U
[1Vs" (5,106, 0)| < 7||x|m/s (t =225 (X @, Y5 @) | )

lu2,n(2)llHdz
C/3 (107)
< %nx It = ) 2702 luzll 20,7370
CN/§ 1/2-0/2
< t— ,
< =7z Ixlintt =s)

where we applied the Cauchy—Schwarz inequality and the fact that uy € PK, to obtain
the last line. From a density argument (see proof of Lemma 5.5), the last estimate
holds for all x € H. In view of (4), \/S/\/E is bounded in both Regimes 1, 2, for €
sufficiently small. Thus we set s = 0 in (107) to obtain (105) and & = 0 to obtain
(106). O

Next, we bound the stochastic convolution term / Vg *_ The estimates rely on the
stochastic factorization formula and, to avoid repetition, many of the arguments will
be omitted.

Lemma5.10 Let T < oo and IVg’” as in (90). There exist €9 > 0 and a constant
C > 0, independent of €, such that for all 6 < % and B < %

e<eo,ue731{, neN t€[0,T] xeBx
and
IVE (s, t,n, 0,
s SupE( ap wp [T X)|>§C‘ (109)
€<60,M€'P;(, neN s,t;[é),T] X€Bx |t — 5|
1)

Proof Let x € Dom((—Al)H%) and apply the stochastic factorization formula (see
(176)) to obtain

1V (s, 1,n,0, x)
/8 sin(ar)

= t — el g _ n,eu >
= Jeher </Y t =2 (AD2S1(t — )M} (s, 2,2)dz , X H(’HO)
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where,

15) _
Myt o, t3; 1) = / (13— £)7“S1(13 = W3 (X(), Y5 (0)) Padw2(E)
1
(111)

and P, is an orthogonal projection on an n-dimensional eigenspace of Aj. It follows
that

|1V (s, ,n,60, 0)| < CVe ||x||H/ (0= (—ADTMES (s, 2, 2 1) |5 dz.

Jeh(e)
(112)

From a density argument (see proof of Lemma 5.1), the last estimate holds with
probability 1 for all x € By.

Due to the similarity of the estimates with those in Lemma 5.3, we will only prove
(109). To this end, set & = 0 in (112) and let g > 1/a > 2. Repeating the arguments
of Lemma 5.3 we see that

|IV6€’M(S, t,n,0, X)|

E sup sup
5,1€[0,T] x €Byy |t —sja=1/a
t#s

1

Vs ([T ( (7 e 3
< ﬁhf(é)(/o (fo @ — O HE| Sz — HWE (X (). ¥y ({))Pan%(H)d;)zdz)q.

Invoking Lemma A.1(ii) (with B(¢) = LIJ§ (f(({), Y;"(¢)) ) along with the first esti-
mate in (36), we can choose a < ‘—11 and % < p < 1 —2a so that

IVE (s, 1.n, 0, Vs ([T ( [ foN\e
E sup sup [1vs¢ : 4l < Vo </ <f (Z—E)_za_pdC> dZ)q
.Y.te;éJ.T])(eBH |t —s|a=1/a Veh(e) \ Jo 0
t£s

T 1
G ([ v <
€n(e 0

Since /3§ /+/€ is bounded for € sufficiently small and h(e) — o0 as € — 0, (109)
follows.

Taking (110), (111) and (36) into account, we see that the proof of (108) is nearly
identical to that of estimate (78) and thus will be omitted. O

The last remaining step before estimating /V<" involves bounding the finite-
dimensional approximation error R¢* in (90), given by (91). This term has singular
prefactors of order 1/./eh(¢). However, if we fix € and let n — oo, R®" vanishes.
Thus, for each € > 0, we can choose an integer n(€) that makes R€* small. This is
done in the following lemma.
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Lemma5.11 Let T < oo, 0 < 1/2 and R" as in (91). For all € > 0 there exists
n(e) € N such that

sup E sup sup |R€"‘(O,t,n(f),0,)()‘2 <e (113)
ue’P; tel0,T] xeBy

and

|RE"(s,1,n(€), 0, %)
i — 5|12 =€ (114)

sup E sup sup

T .
uePl; s,t;[é(kﬂ XEBK

Proof Let x € Dom((—A1)?), n € N and recall that

1 ! -
N / (F(X(2), Y""(2))

— F(X@). Y" (@), $1(t — ) (=ADF x),, dz
1
Veh(e)
— G(X(@). Yo" (@)] $1G = D(=ADF x), dz

R"(s,t,n,0,x) =

+

t
/ (W5 (R (@), YU @) [ PG (R (@), Yo () (115)

1 ! €,N (v €.u ]
+—2¢2h(e)/s (W (X (@), Yo (Z)),Sl(t—z)(—Al)zx)HdZ.

We start by estimating the first term in the last display. Using the analyticity of S
along with the Lipschitz continuity of F

1 ! _ — )
‘ /S (F(X(2), Y"(2)) = F(X(2), Y;"(2), S1(t = 2)(=A1)2 x);, dz

Veh(e)
- t B X €u % €,u
< ) ||X||7—(/S (t —2) 2| F(X (). Y*" (@) = F(X(@2). Y$"@) | dz
Cy T - - 5 1/2 o
=i [ @ - vl i) a-9'

where we also applied the Cauchy—Schwarz inequality to obtain the last line. As in the
proof of Lemma 5.1, we can use a density argument to deduce that the last estimate
holds for all x € By. Setting s = 0

1 ! -
NIt /0 (F(X@). Y ()
2

— F(X@.Y" (D), $1G = (=ADFx),, dz (116)

E sup
X€By

C
€h?(e)

=

T
E/ ”Ye,u(z) _ Y,f’”(z)“?{dz,
0
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while for & = 0 we obtain

1
|t —s[1/2

E sup sup

5,1€[0,T] x€Bp
s

F(X(2),Y9"(2))

fh(E)

— F(X@. YD), 1 — )y, dz (117

C T €u €u 2 1z
Sﬁh(e)(E/O [Y<"(z) — Y (Z)”Hdz) .

Next, recall that Y,, solves (83) and note that for fixed € and all z € [0, T']

Yo'(z) — Y"(z) ,as n —> 00 P —a.s.

Moreover,

T
supE / 175 — YU @13 < 2BV 12200 7490,
neN 0

and the last expression is finite due to (58). An application of the Dominated Conver-
gence theorem yields that for each fixed ¢ > 0

1 T ) 12
Jeh(e) A (E/O Y9 (@) = Yo' dz) —0.

Combining the latter with (116) and (117) yields

1
lim E sup sup PRIV

N=>00 1el0,T] xeBy |
s

F(X(2),Y*"(2))

f h(e)

— F(X(2), Y"(2). Si(t — 2)x),dz

= lim E sup

n—o0 XGBH

1 v €,u
NGB (X(2).Y""(2)

— F(X(2), YE"2), 1t = ) (=AD 2 ) dz| =0,
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Thus, for all € > 0 we can find n(e) € N large enough to satisfy

1

E sup sup
sael0.7] xeByy 1T — S|
t#£s

1 Lo
Th© / (F(X(2),Y"(2))

172

— F(X(@). Y ). Si(t = 2)(=AD 2 x)pdz

1 ! -
m/o (F(X(), Y"(2))

— F(X(Q). Y4 ). Sit — 2)(—A1)? x),dz

+E sup (118)

XEBK

=

W Mm

For the second term in (115) we can use the first estimate in (36) along with similar
arguments to show that for each y € By

1
‘\/Eh(E)
— G(X(2), YE" D)) 1 — D(=AD 7 )y dz

t
/ (W5 (X@, ¥ @) [ PG (X (@), Y (2)

C
Veh(e)

=

T _ B 1/2 -
( f |P.G(X(@). Y9 (2) — G(X (). Y 2) | 7, dz> (t—5)7".
0
Since G is continuous in y, for each fixed € and z € [0, T,

| P.G(X(@), Yo" (@) — G(X(). Yo @) |7, — 0 . as n — 00 P —as.

From the linear growth of G in both variables along with estimates and (67) and (58)
we have

T _ _
sup B /0 | PG (X(2), Y (@) — G(X(2). Y5 () |,dz
ne

T
= Cg(l + sup ||X(t)||%+/ lEIIYe’”(z)Ilgidz> < 0.
1€[0,T] 0

Applying a dominated convergence argument as before we can show that, foralle > 0,
there exists n(e) € N large enough to satisfy
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1 €,u
]Es,tSEE’PTuSeHI?H [t —s|1/2 «/_h( ) X(Z) i (e)(Z))[ n(e)G(X(Z) & (Z))
t#£s
2
~G(X@.Y (5)(z))], S1(t = ) x)ydz
(119)
i AT )/ 2 (X@. Y36 @)[Pro G (X ). Y9(2)
2
— G(R@. Y @) S = D(=AD )z =5

It remains to estimate the last term in (115). Since the arguments are very similar to
the ones above we will only sketch the proof.
In view of (88) and the continuity of D2<I>€ (x,y)iny

(5" (X (@), Y5 (@), Ay = u (Pa = DDJ@S (X (@), Y7 (@)] — 0 as n — o0

and this convergence is uniform over x € Byy. In view of the estimate in (87), which
is uniform in n,

T
supIE/ w5 (e, X(2), Y;’M(Z))”itdz
neN JO

— (14 sup IX@)I3+EIYe")? )
c(e )( zel OpT] " L2(0.T1:H)

and for each fixed € the right-hand is finite due to estimates (67) and (58). Using the
analyticity of S7 along with the Dominated Convergence theorem as before we deduce
that for each 6 < 1/2 and € > 0, there exists n(e) € N large enough to satisfy

E sup su / W e, X(2), Y (2), Si(t — 2)x),,dz
meopT]XeBlj.( It—Sll/2 2fh(6) rio@): 5 b
t#s
€, (e) S 4 2
+E s f (W5 (e, X(2), Y5 (), S1(t — 2)(—AD T x), dz
v ZI h(e) @@)- 51 DX
€
<-.
-3
(120)
The proof is complete upon combining (118), (119), (120). m|
Collecting the estimates we proved for / V,f’”, k=1,...,6and R" we can finally

prove the following:
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Lemma5.12 Let T < o0, a > 0, xg, yo € H%(0, L) and IV" as in (90). There exist
€ >0,0< % ANa, B < }‘ A 5 and a constant C > 0 independent of € such that

2
sup IEI( sup sup |[1VEU(0,1,0, x)| > < C(1+ Ixoll3a + ¥0l13a)

e<eo,uePl; t€l0,T] xeBy
(121)
and
[1VEu(s, 1,0, x)|
sup E( sup sup 3 < C(1+ lIxollzze + Iyoll za).
e<eo,ucPy S”IEQ’T]XGBH |t —s|
)

(122)

Proof In view of (92), (96), (99), (102), (105), (108) and (113) there exist ¢y > 0,
0 < % A a and, for each € > 0, a n(e) € N such that

sup IE( sup  sup |IV€‘”(0,t,8,X)|2>
€<e€q tel0,T] xeBy

6
<cy supE( sup  sup ‘IV,f’”(O,t,n(e),@,x)|2>

iTie<co \re[0.T] xeBy (123)

+ C sup ]E( sup  sup \RE’”(O,LH(G),@,X)F)
€<e tel0,T] xeBy

< C(1+ Ix0l3a + lIy0ll3a)

which proves (121). Finally, in view of (93), (97), (100), (103), (106), (109) and (114)
there exist g > 0, 8 < ‘]—‘ A % and, for each € > 0, an(¢) € N such that

< |[1Vei(s,,0, x)l)
sup E{ sup sup
e<ep 5.€[0.T] x€By |t — s|P
t#£s
6 €,u
1V, " (s, t,n(e),0,
SZsupE sup sup | e © X)|
€<€0  \s.€l0.T] x€By |t —s|P
k=1 15
ReY(s,t,n(e),0,
+supE< sup  sup | ( ) X)|>
€<eg s,te;é(),T] X€By |t —s|P
t#s

< C(1+IIxollga + llyoll #a),

which proves (122) and completes the argument. O
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5.3 Proof of Proposition 5.1

We can now combine the estimates of this section and prove the desired a priori
estimates for n©*.

(i) Setting s = 0 in the decomposition (72) (recall that n*(0) = Oy)

1“1 = sup [ @), (~ADx)y, |
XEBy

sup [19"(0,1,0, )()|2
XEBH

+ sup |11€’”(O,t,9,)()|2
XEBH

IA

+ sup [1119(0,1,6, x)|’
X€By

+ sup [1VE(0,1,6, )| .
X€By

In view of (73),

13
_ 2 2
() 130 §C/ =27 n"@ | edz+ sup sup [119%(0,1,0, )|
0 te[0,T] xeBx

+ sup sup |111€’“(0,t,9,x)|2+ sup  sup |1V€’”(O,t,0,x)|2.
1€[0,T] xeBr t€[0,T] xeBx

An application of Gronwall’s inequality then yields

I @113, SCT,0< sup sup [119(0,1,6, x)|’
1€[0,T] xeBx

+ sup sup |[T119°0, 4,0, )|
tel0,T] xeBy

+ sup sup |IV€’”(O,t,9,x)|2).

1€[0,7] x By

Taking expectation and invoking (73), (75), (78) and (121) we obtain

E sup [n“ll30 < C(1+ lIxollFa + Iy0ll3a),
t€[0,7T]

which holds for € sufficiently small, 6 < (% — V) A a and proves (70).
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(ii) Setting & = 0 in the decomposition (72) we apply a reverse triangle inequality to
obtain

I @) = n" () l# < 1(S1 = 5) = D" ()3 + sup [19"(s, 1,0, 1)

XEBy
+ sup |II€”(s,t,0,X)|
X€BH
+ sup |III€“(s,t,O X)|—F sup |I\/6“(s,t,0 X)|
XE€BH X€BH
< C =) )l yo + sup [1"(s,1,0, )]
XEBH
+ sup ‘Iléﬂ(s,t,o,x)‘
XEBy
+ sup |I11¢
XEBK

where we used (12) to obtain the last inequality. Hence for any 8 < 6/2 <
(JT — %) A % we take expectation and apply (74), (76), (79) and (122) along with
(70) to deduce that

n @) = n"(s)|

E sup < CE sup nf,u(t)
5,1€[0,T] |f — S|/3 1€[0.7] || ”Hﬁ
t#£s
I€,M Ss ts Oa
+E sup sup M
s.1€l0.7] x€Bpy [t — s|
t#£s
I1¢%(s,t,0,
+E sup sup M
s,te[O,T]XeBH |t - S|ﬂ
t#£s
111 (s,t,0,
+E sup sup | ( - 3l
5,1€l0,T] x€Byy [t — 5]
t#£s
1VeU(s,t,0,
+E sup sup | ( . x|
5.€[0.T] x€Byy [t — 5|
t#£s

C(1 + lIxoll e + llyoll )

The proof is complete.

6 Tightness of the pairs (17'¥, P¢:2) and analysis of the limit
Let n°* denote the controlled moderate deviation processes defined in (24) and P2

the random occupation measures defined in (38). In this section, we prove the first
main result of this paper, Theorem 3.2. To do so, we first show that the family
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(S, P9D), e > 0,u € 77{,} is tight in Sect. 6.1 and then identify the limiting
dynamics in Sect. 6.2. We complete the proof of Theorem 3.2 in Sect. 6.3.

Before we proceed to the main body of this section, let us recall the notion of
tightness for a family of probability measures and then state an extension of the
classical theorem of Prokhorov which will be used in the sequel.

Definition 6.1 Let £ be a Hausdorff topological space and IT C Z?(€) be a set of
Borel probability measures on €.

(i) We say that a sequence {P,} C II converges weakly to a measure P € Z(€) if
for every f € Cp(E)

lim [ fdP =/fdP.
& &

n—oo

(i) We say that I is tight if for each € > O there exists a compact set K. C & such
that for all P € I,

P(E\ Ke) <e. (124)

The classical version of Prokhorov’s theorem asserts that the notions of tightness and
relative weak sequential compactness on &?(€) are equivalent, provided that £ is a
Polish space. The following generalization can be found e.g. in [3] (see Theorem
8.6.7).

Theorem 6.1 (Prokhorov) Let £ be a completely regular Hausdorff topological space
and T1 C L (E) be a tight family of Borel probability measures. Then T1 has compact
closure in the topology of weak convergence of measures. In addition, if for each
€ > 0 the set K. in (124) is metrizable, then every sequence in Il contains a weakly
convergent subsequence.

6.1 Tightness of {(n€Y, P®2), € € (0,1),u € ’PAT,}

Lemma6.1 Let T < oo, N > 0, a > 0and (X", Y") denote the mild solution of
(25) with initial conditions xq, yo € H?*(0, L). Then the family {n®", ¢ € (0,1),u €
P} is tight in C([0, T1; H).

Proof Let M, 8,6 > 0. From an infinite-dimensional version of the Arzela-Ascoli
theorem, sets of the form

Ku.po = {X e CUO, TLH) = IXNcpqo.ry:1) =M s sup [ XDl ge < M}
tel0,T]

are compact in C([0, T']; H). Indeed, since the inclusion H 90,L) c His compact,
we see that Ky g ¢ contain uniformly equicontinuous paths with values on compact

subsets of H. In view of Proposition 5.1 in Sect. 4, there exist 8y < % — v and
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1 v
Bo < 7 — 75 such that

lim sup P[ﬂe’u ¢ ’CM»ﬂoﬁo] =0.

M=% ¢ (0,1),ueP?,

Equivalently, the probability laws of the processes n€* are concentrated in compact
subsets of C([0, T']; H), uniformly in €, u. The proof is complete. O

In order to show that the laws of the random occupation measures P form a tight
subset of (X (H x H x H x [0, T])) we need the following auxiliary lemma
regarding the spatial regularity of the fast process Y<*.

Lemma 6.2 Let T < oo. There exists 0 > 0 and a constant C > 0, independent of €,
such that

T
sup E /0 | YU @) | Fedt < C(1 + 02, + Ivoll3)- (125)

e>0,uePAT,

Proof Recall that the mild solution of the controlled fast equation (see (25)) is given
by

€,u ! 1 ! I—=s €,u €,u
ye (t)=52<5)y0+5/0 Sz( ; )G(X* (), YU (5))ds
he) [ (1=s .
+T/o 2< 5 >u2(S) s

+Lfts (t;s>dw (s)
V8 Jo s N

Using the analytic properties of the semigroup and the linear growth of G, we can
estimate the first two terms by

[5G

2 T ,o\—0
1 e
dt < C/ <§> e yoll3dt < Crodliyollz, (126)
0

HY

and

! r—s
/ Sz< >G(X€’”(s), Ye’”(s))ds
0

1)
t—s\?? _Mi—s)
e 26 |
1)

HY

G(X"(5), Y'(5)) | 5,ds.

@ Springer



Stoch PDE: Anal Comp

Applying Young’s inequality for convolutions in the form || fxgll2 < || fll1llgll2 we

obtain
1 ! I—s €,u €,u
3 Y 5 G(X’ (s), Y® (s))ds dt
0

T
)
0 HY
o0 At 2 r 2 2
c(/ t_e/ze_ldt> ]E/ (L4 [ x5, + Y @ 3,)ar
0 0

< C(1+ lIxoli3, + lIyoli3).

2

(127)

IA

where the last inequality follows from the a priori bounds (57), (58) in Sect. 4. It
remains to estimate the control and stochastic convolution terms. The first can be
bounded by Young’s inequality for convolutions and the L? bound on the controls as

follows:
t _ 2 "2
h\(/?/o Sz<t as)u(s)ds Hedt < §)</ (t/8)" 9/2e—zsdt)

T
|
T
fo ()2 dr
2 00 2
< N—h ;6)82</ 5_9/2e_k2sds>
0

< C8h*(e) — 0, ase — 0.

(128)

The last line above follows from the change of variables s = ¢/§ and the integral is
finite provided that & < 2. Finally, for the stochastic convolution term, we can proceed
as in [25] (see Lemma 4.6, (33) and set ¥ = I) to show that

/ 52( )dwz(S)
0

The proof is complete upon combining (126)—(129). O

2
dr < C. (129)
H9

We can now argue that the family of occupation measures P is tight. The difference
with the finite-dimensional case (see Proposition 3.1 in [17]) is that the controls take
values on the infinite-dimensional space . Since the occupation measures are defined
on H x H xH x [0, T]with the WWNS topology and the weak topology is not globally
metrizable, it follows that H x H x 'H x [0, T'] is not a Polish space (and consequently
neitheris &2 (H x H xH x [0, T]) with the topology of weak convergence of measures).
This is why we need Theorem 6.1.

Lemma 6.3 The family (P>, e > 0} is tight in Z(H x H x H x [0, T]) where
H x H x 'H x [0, T] is endowed with the WWNS topology.
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Proof Let M > 0 and define
Ku = {(ur,uz, y) € H x H x M lutlly, + lualif, + Iyl < M} x [0, T].
Since

Ky C {@r.uz) € Hx H: lurllf, + lualz, < M}
x{yeH: |y} <M} x[0,T],

we invoke the Banach—Alaoglu theorem along with the compact inclusion H% (0, L) C
"H to deduce that /Cp is compact in the WWNS topology. Next define

m, = U {Pe@(HxHxHx[o,T]):P(K;d)<%},i,jeN.

L>i M>j

By Definition 6.1 it follows that, for each i, j, I1; ; is a tight family of measures.
Since H is a separable Hilbert space and the weak topology on By is metrizable,
the sets KCps are compact, metrizable. Thus, in light of Theorem 6.1, the sets IT; ;
are relatively compact and, in fact, relatively sequentially compact in the topology of
P (H x H xH x [0, T]). Now, an application of Chebyshev’s inequality along with
estimate (125) yields

€,A c 1 T A €,u c
E[ P2 (KS)] = N P(u1(s), uz(s), Y (s)) € K1 dsdt

1 T t+A ) ) 5

< — E/ Nt (N5, + a7, + 1Y ()16 )dsdt
MA/O . ( H H He)
1 T+A ) ) )

< M/o (Ellur ()17, + Elluz ()15, + EIY" ()] 5,0)ds
C

< WN(I + Ixoll3, + lyoll3)).

Yet another application of Chebyshev’s inequality implies that

1

<—0+ Z + 2).
M ( ||x0||H I VO”H)
Next, leti € N, p > 0 and take L > i and

M = CyL(1L+ lIxoli3; + Ivol3)/p = [Cni(1+ IIxoll3, + Iyoll3,)/p] =: j (. p),

where [-] indicates the floor function. It follows that

P[PE2 ¢ T, ji.p]

=1
M—o0 L—00

, 1
im  lim IP’|:P€*A(IC5W) > Z} <0,
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uniformly in €, u. Since p is arbitrary the proof is complete. O

Finally, we state here, without proof, a result regarding the tail behavior of the random
measures P€ 2. The proof follows the same strategy as that of Proposition 3.1 in [19]
(see also Lemma 4.14 in [25]).

Lemma6.4 Let M,0 > 0,T < oo and
Unmor = {i,uz, y. 1) uillpg = M, Nzl = M, |lyllye = M, 1 €[0,T1}.

For all T there exists 0 such that the occupation measures P©® are uniformly inte-
grable, in the sense that

M—>00 ¢~

lim Sup]E/ (et + luzliz + 1yl go )d PE2 uy, uz, y, 1) = 0.
Umo.r

6.2 Identification of the limit points

Let i = 1,2. In view of Lemmas 6.1 and 6.3 along with Prokhorov’s theo-
rem, each sequence of € > 0,u € 731{, contains a subsequence €,, u,, such that
(n€mtn P€n-An) converges in distribution to a random element (n;, P;) in Regime
i. Returning to the decomposition (72), we can use very similar arguments to the
ones found in Sects. 5.1, 5.2 and Lemma 6.1 to show that each one of the terms
1¢"(0,1,0, x), I19%(0,¢,0, x), [115"(0,¢,0, x), IV<*(0, t, 0, x) are tight. Invok-
ing Prokhorov’s theorem once again, each of these terms have subsequential limits in
distribution on C ([0, T']; H). The goal of this section is to identify these limits.

At this point we will use the Skorokhod representation theorem which allows us
to assume that the aforementioned sequences of random elements converge almost
surely. The Skorokhod representation theorem involves the introduction of another
probability space but this distinction is ignored in the notation.

In view of Lemma 5.3 we immediately see that the third term in (72) converges to
0 in distribution. Hence, it suffices to study the limits of 7¢-%, I 1<% and IV ", This is
done in Propositions 6.1, 6.2 and 6.3 below. The proofs of these Propositions are based
on a few preliminary lemmas which follow the general strategy of Lemmas 4.16, 4.17
in [25]. Thus, to avoid repetition, some intermediate steps in the proof of Proposition
6.1 as well as the proof of Proposition 6.2 will be omitted. Let us remark at this point
that the averaging of 1V <" presents challenges that are absent from both the finite-
dimensional MDP and the infinite-dimensional LDP. These are related to continuity
properties of the operator-valued map \llg in (137), which are here investigated with
the aid of the first variation equation corresponding to the Markov process Y*¥ (31)
(see Lemma 6.10). For this reason, we will present the proof of Proposition 6.3 in full
detail.

We start with 7€, Using Taylor approximation we can show that the limit of this
term is linear in 7;.
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Lemma 6.5 Let T < oo. Under Hypothesis 2(a) we have

E
te[OT fh(e)/

— F(X(s), Y (5))]ds

S1(t — $)[F(X(5) + Veh(en™ (s), Y (5))

—> 0, ase —> 0.

t
—/0 Si(t =)Dy F(X(s), Y& (9)) (" (5))ds
H

Proof Let x, y, h € H. A first-order Taylor expansion for Gateaux derivatives yields
F(x+h,y)=F(x,y)+ D F(x,y)(h) + ZD%F(x + Ooh, y)(h, h),

for some 6 € (0, 1) (note that here we are considering F : H x H — L1(0, L)).
Letting x = X(s),y = YU (s)and h = \/Eh(e)rf*”g (s), we integrate over [0, ¢] to
obtain

fh(e) / Si(t = )[F(X(s) + vVeh(em ™ (s), Y () = F(X(5), Y (5))]ds

= /0 Si(t — $)Dy F(X(s), yeu (s))(n“‘ (s))ds
t
+2ﬁh(e)f Si(t — s)DIF(X(s)
0
+ Bov/eh()n (5), Y () (0" (), 0" (5))ds

where we used the homogeneity of the Gateaux derivative to simplify the e-dependent
coefficients. In view of the regularizing property (14) (withr = 2, p = 1), along with
(21), we obtain

Veh(e)

t
/ S1(t — $)D2F (X (s) + 6p/eh()1<™ (s), YU () (0 (5), & (s))ds
0

H
t
< cﬁme)/ (t =) 5| DXF (X (s)
0
+003/h @ (5), Y () (0 (), 19" ) | 110,145
< eveh(©) 02 f|| /(z—s) 3 0" (5) 13, ds

< T en@) |97 f | o o | I () 3.
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Taking expectation, we use (70) to deduce

Jeh(e)E sup
1€[0,T]

+ Bov/eh (@) (5), YU () (0" (5), 1 ())dss
H

t
/ Si(t — s)DIF(X(s)
0

< CJ/eh(e)E sup 17 (113, < C/eh()(1+ [Ixol%a + I1Y0ll3a) —> O
s€[0,T]

as € — 0. The proof is complete. O

Lemma 6.6 Let A asin (39) and T < oo. Under Hypothesis 2(a) we have

1 t s+A _ . .
Z/ / Si(t =)Dy F(X(5), YO (1)) (n®" (s))drds
0 Js

E sup
1€[0,T]

— 0,

1 t s+A _ . .
— Z/ / Si(t =)D F(X(r), YU (r)(n®" (5))drds
0 Js

H
as € — 0.

Proof In view of the regularizing property (14),

1 t s+A ~ . . ) )
HK/O / Syt — s)[DXF(X(s), yeu (r)) — DXF(X(r), yeu (r))](ne,u (s))drds

C t s+A 1 _ . "
< Z/ / (t —9)71|[DeF(X (), YO (1)
0 Js

— D F(X(r), Y ()] (1" (5)) | 1.)drds.

Next, let r € [s,s + A]. An application of the Cauchy-Schwarz and mean value
inequalities yields

[[DF(X(s), Y& (1) = D F (X (), Y ) (0 ) | 1 0.1

L 5 €
< [ner (s)uH(/O o f (&, X(5,6), Y (r, §))
1

— o f (6. X0 0, Y (r, ) dé)z

< 92 fllso sup [0S DUl X () = X ()7 -
te[0,T]

In view of the Schauder estimate (68) we obtain

[DxF(X(9). Y5 (1) = D F (X (), Y& )| (0" ) | L1 0,1,

<Cy sup [ Ol A (1 + x50l ),
tel0,T]
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where 6 < }‘ A 5. Thus,

1 [t A ~ . . ) )
HX/O / S1(t — s)[DXF(X(s), yeu (,)) — DXF(X(r), yeu (’,.))](r,e,u (S))drds

H
t
< Ca'(1+ ol sup [ @l [ @ =5 tas
t€l0,T] 0
< CTTA(1+ xollge) sup [ (0)llx.
t€(0,T]
In view of (70) it follows that
1 t s+A B .
E sup —/ / Si(t — )[DxF(X(5), Y (r))
refo,m 1 A Jo Js
— Dy F(X(r), Y& (1) ] (n" (s))drds
H
< Cr AP (1 + |Ixoll ga) (1 + lIxoll e =+ [1yoll )
The proof is complete upon taking A — 0. O

Lemma6.7 Leti = 1,2, T < 0o and assume that the pair (n"", P¢2) converges
in distribution, in Regime i, to (n;, P;) in C([0, T]; H) x Z(H x H x H x [0, T]).
Then the following limit is valid with probability 1:

/ / Si(t — s)Dy F(X(r), yeu r)(n &uf (s))drds

te[o T
—/ Si(t =)Dy F(X (), y)ni(9)dP<®(uy, uz, y,5)| —> 0,
HxHxHx[0,1] H
as € — 0.
Proof Recall that for each fixed x, y € H, D, F(x, y) € £ (H) with
sup. |DxF e, )| gy = 105 flloo < 00 (130)

x,yeH

By virtue of the Skorokhod representation theorem it follows that P-a.s.

sup
t€[0,T]

1 t ps+A _ c .
— /0 / Si(t =)D F(X(r), Y (r))(n®" (s) — ni(s))drds

H

Q

XAT sup HD F(x, y)|| L) sup ||n5’”€(s) — 1)y — 0, ase — 0.
E

x,yeH

Hence, it suffices to study the term

1 t ps+A _ .
Z/ f Si(t —s)DyF(X(r), YU (r))(ni(s))drds.
0 Js
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The rest of the proof is omitted as the arguments are identical to the ones used in the
proof of Lemma 4.16 in [25]. O

Lemma 6.8 Leri = 1,2, T < 0o and assume that the pair (n"*, P2) converges
in distribution, in Regime i, to (n;, P;) in C([0, T]; H) x (H x H x H x [0, T]).
Then the following limit is valid with probability 1:

sup / Si1(t — $)Dx F(X (), y)ni ()d P<® (uy, ua, y, 5)
t€[0,T] HxHxHx[0,1]
—f S1(t =)D F(X(s), )i (9)d Piur, uz. y.8)|  —> 0
HxHxHx[0,1] H
as € — 0.

Proof The argument is identical to the proof of Lemma 4.15 in [25]. In fact, the present
setting is even simpler since the family { D, F(x, y)}, yerg C Z(H) is uniformly
bounded in the operator norm topology (see (130)). O

Combining Lemmas 6.5, 6.6, 6.7 and (6.8) we obtain the following:

Proposition 6.1 Leti = 1,2, T < oo and assume that the pair (<", P¢2) converges
in distribution, in Regime i, to (n;, P;) in C([0, T]; H) x (H x H x H x [0, T]).
Then the following limit is valid with probability 1:

S - S[F(X(s) + Veh(en" (), Y (s))

lim su
€—>0teon x/_h(é)

— F(X(s), Y& (5))]ds

=0.

—/ Si(t — s)Dy F(X(s), y)ni ()d P;(uy, uz, y, s)
HxHx[0,t] H

Regarding the averaging of the term I 7¢%, first note that X&* = X + /eh(e)n©* and
by the Skorokhod representation theorem n<* — n; in C([0, T']; H) with probability
1. Using the latter along with the uniform integrability of the occupation measures
(see Lemma 6.4) and the fact that, for each t > 0,x,y € H, the operator u >
S1(t)X(x, y)u is compact, we can follow the proofs of lemmas 4.15, 4.16 of [25]
verbatim to show Proposition 6.2 below.

Proposition 6.2 Leti = 1,2, T < oo and assume that the pair (<", P©2) converges
in distribution, in Regime i, to (n;, P;) in C([0, T]; H) x Z(H x H x H x [0, T]).
Then the following limit is valid with probability 1:

t
lim sup /Sl(t—s)E(}_((s),Ye’“(s))ui(s)ds
e~>0¢cp0,71 1l Jo (131)
- / Si(t —)Z(X(s), y)urd Pi(ur,uz, y,s)| =0.
HxHxHx[0,t]
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It remains to study the limiting behavior of the term 7V in (72). To this end, let us
setd = 0, s = 0in (90). In view of this decomposition, along with Lemmas 5.5- 5.12,
we see that for all € > 0 there exists n = n(e) > 0 and €9 > 0 such that for all € < €

E sup sup [IVE*(0,1,0, x)
tel0,T] xeBy
N
— 7 | 910 =295 (X Vi @m0 @) v (132
=E sup sup |IV6’“(O, t,0, x) — IV;’“(O, t,n(e),0, )()| < €.
tel0,T] xeBx

Thus, it suffices to study the term

t
g/o Si(t — 2)W5 (X (2), Yo (2))uz n(2)dz.

In fact, since for all 7 > 0 we have |u2n — uzllp2¢qo, 7.1y — 0, P-a.s. and
W5 (x, y) ”f(H) < C/¢ uniformly in x, y (see (36)) we can directly work with

t —_
Vi /0 Si(t —2)¥5 (X (2), Y;’“(z))uz(z)dz. (133)

where y; = lim._,¢ 4/8/€ in Regime i. First, we need to find the limit of the operator-
valued map W5 as € — 0. In view of (35) and estimates (36) we have that, for all
X, x,v € Handy € Dom(A>),

{ws (x, y)U’X>H = (qu>§( (x. ). U>H

where Dy ®¢ is the partial Fréchet derivative of the solution of the Kolmogorov equa-
tion (29). Recall that the latter is explicitly given by (33). Hence we can write

(WS (x, y)v. x)yy = / e Dy PF((F(x, y) = Fx). x)n)()dt
0 (134)

= /OO e D E[(F (x, Y (1)) — F(x), x)x]()dt,
0

where P} denotes the transition semigroup corresponding to the fast process Y7 (see
(31), (32)). Now, for each fixed x € H, the map

Hoyr— (F(x,y), x)x €R
is Fréchet differentiable with
Dy<F(x, )’)» X>H(v) = (DyF(x’ y)Xa U)H
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along the direction of any v € H. Therefore, we can differentiate under the sign of
expectation and use the chain rule for Fréchet differentials to obtain

DyE[(F(x, Y (1)) — F(x), x)3](0) = E(Dy F (x, Y (1)) x, Dy Y™ (1)v),,.
(135)

In view of the latter, (134) yields

o0
(W5 (x, y)v.x)y, = f e (D F(x, YV (1)) x, DyY* Y (t)v), dt.  (136)
0

Under Hypothesis 2(a), the following lemma addresses the limiting behavior of W5 in
(133) as the correction term in the Kolmogorov equation vanishes.

Lemma 6.9 Let T < oo and define a map
HxH> (x,y) —> lllg(x,y) € DS”(H)
by
o
(W9 (x, y)v, X)p = /0 E(Dy F(x, Y*Y (1)) x, DyY*Y (1)), dt , x,veH. (137)
The following limit is valid P-almost surely:
lim sup

€=>04¢[0,7]

t
— / Si(t — Z)\Pg()_{(z), Yo'(2))uz(2)dz
0

t
/0 Si(t — W5 (X (2), Yo' (2))ua(2)dz

=0.
H

Proof Let x € H and v € H. Under our dissipativity assumptions, the y-Fréchet
derivative of Y*¥ at the point y and along the direction v satisfies

sup [ DyY*Y ()|, < e “lvlly . P—as., (138)
x,yeH
A—L .
where £ = — £ (see 3.7 in [12]). Hence,

o
sup |(W3 (x, y)v, x)y| < sup / VB[ DyF (e, Y )X 3| Dy Y ()|t
0

e>0 e>0

o0
< 113y llooll X l17¢ 0]l 2¢ sup f e @emtqy
e>0J0

A

oo
< Cf||X||H||U||H/0 e"dt < 0. (139)
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An application of the Dominated Convergence theorem yields that for each fixed
x,yeH

. o0
tim (95 (. 3)v. 7 = |

eh_r)r%) e “E(DyF (x, YV (1)) x, DyY™Y (t)v), dt
o
zf E(DyF(x, Y¥ (1)), DyY"’y(t)v>Hdt
0
= (\Ilg(x, y)v, X>H'

In fact, estimate (139) is uniform in x, y and x, v € By hence we obtain

sup H\Ilf(x y) — \Ilg(x, y) ”,Z(H) —> 0, ase — 0.
x,yeH

The proof is complete. O

To proceed in finding the averaging limit of
t _
/ Si(t = )W (X (2), Y (2))ua (2)dz.,
0

we need to establish uniform continuity properties of the map (x, y) — \Ilg (x,y). In
view of (136), this is related to the continuity of the map

x > DyP[(F(x,) — F(x), X)1]()(v) = DyE(F (x, Y*¥ (1)) — F(x), x)3(v),

foreach fixedz > 0, y, v € H. This is done in the next two lemmas. Note that, in order
to obtain continuity properties of D,Y* ¥ with respect to x, y, we need to assume the
stronger dissipativity from Hypothesis 2(c).

Lemma6.10 Lett > 0, v, y1, y2,Xx1,Xx2 € Hand w = A3, > 0 as in Hypothesis
2(c). Under Hypotheses 2(b) and 2(c) there exists C > 0 independent of t, such that

. _1
(i) sup ||Dny’y(t)v||Loo(0 L SCtnl)de vl (140)
x,yeH ’

Moreover, foreacht > 0, v € Hthemaps x, y — D,Y*Y(t) are Lipschitz continuous
with

(i) [ DyY* (0w — Dy (v, < CA+ e ullpllxr — x2ll9
(141)

and

(i) | DY (0w — DY 2 (), < C(L+De™ ullallyr — y2lln.
(142)
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Proof (i) For x € 'H, the first-order derivative D,Y*¥(¢)v at the point y € H and
along the direction v € H solves the first variation equation

%Z2 (1) = AaZY (1) + DyG(x, y)Z2 (1) , >0

v (143)
7!, (0)=veH.

Under our dissipativity assumptions it follows that for all p > 1, Z} /(1) €
L?(0, L), P-a.s. and for p = 2 we have

sup | ZY ()], < Ce vz, (144)
x,yeH

for all + > 0, where £ = Ale o 0 (see eg (3.7) in [12]). For a proof of (144)

we refer the reader to [8], Prop. 4.2.1. In order to prove (140) we use the mild
formulation of (143) along with (144) and the ultracontractivity of S> (see (14))
to obtain

t
12}, Ollz>.2) < [1S2(0)vllz=0.1) +/0 |82t =)Dy G(x, ZY ()| 1o 9.1, 45
1 ! 1
< Ct #|vlln + C/O (t =) 4| DyG(x, »)Z (5)],,ds
t
< Cr vl + CLg/ (t — )" Te U vllpds.
0
Hence, for t < 1 we have
_1
12y ,OllLe.) < Ct™* vlln. (145)
As fort > 1 we use the latter along with the linearity of (143) to deduce that
ZY ,(t=1)

_1
|23y Ol = 125" (Do) < C174] 25 ((

r= Dl (146
< Ce Dy,

where we invoked (144) once more to obtain the last inequality. Combining (145)
and (146), we get that (140) holds.
(i) From the mild formulation of (143) we have

t
Zy 0 =Zy, (1) = /O Syt — 5)[DyG(x. WZ3, y(8) = DyGxa, y)ZEz,y(s)]ds

t
:/O Sa(t = $)DyGx1, [ Zy, () = Z, \(5)]ds

t
+/O S2(t = )[DyG(x1, y) = DyG(x2, )] ZY, \(s)ds.
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Using (140) on the second term we estimate

” le y xz y(t)”H =L /() _Mt & ” X1, y(S) - Z)lf)z,y(s)”HdS

t
+ /0 e ID,G(x1, y)

— DyG(x2, Mlzwoo.0)1) | Z{ ) lz=©,0)ds

t
< L [ M 25,00 = 28, 0

+ Ce M|l DyG (x1, y)

13
1 o
_DyG(xz,y)||$(Loo(01L);H)/ (s A1)~ 5e005 .
0

An application of the mean value inequality then yields

t
—A A
” Z)q y(t) - Z)?z,y(t) ”H = Lge [/0 S” X1, )(S) - Z}c)z,y(s)”HdS
t
+ Coe ™M ||x1 — xall1llv ]l / (s A D)iet034g
0

A+Lg

and A — € = > 0. Hence

1280 = 22y Ol = L [ 128,00 = 2,0 s

+ Cllxt = xallpllvllyge® 0" (147

[l%]l(()’l)(l) + (I + t)]l[l,oo)(t)]

and the second term on the right-hand side is increasing in ¢. Invoking Gronwall’s
inequality we obtain

M| z2 ) = Z8, (D] 5 = C(1+ 1) 70 xy — xa ]

and Ly — € = Lg — )”_ZLg = —w is negative in view of (16). The proof of (141)

is complete.
(iii) Similarly, we can write

t
Zy oy (0 =ZY (1) = / S2(t = $)[DyG(x, yNZY y, () = DyG(x, y2) Z{ \, ($)]ds
:/ S2(t _S)DyG(X )’1)[ X,V1 (S) - x yz(s)]

t
+/O S2(t = )[DyG(x, y1) = DyG(x, y2)]|Z} , (s)ds.
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Using an identical argument as in (i), the result follows by Gronwall’s inequality.
O

Lemma6.11 Lett > 0, x, x1, x2, y1, y2, v € Handc(t) := l—i—t—}—(tAl)_% . Under
Hypotheses 2(a)-2(c) and for all x, y € H we have

(i)
E[Dy(F (x1, Y1 (1), x)3, (@) — Dy(F (2, Y27 (1)), 1)y, ]|

—wt

< Clixlinlvlirlixr — x2llpe@)e™
(ii)
|E[Dy(F (x, Y*1 (1)), X (V) — Dy(F (x, Y*¥2(1)), X>H(v)]|

wt

= Clixllxlivlinliyr = y2line@e ™™,

with w as in (16).

Proof (i) Let Z}j,y(t) := D, Y*Y(t)v as in the previous lemma. In view of (135),

E[Dy(F (x1, Y7 (1)), x)p,(0) = Dy(F (x2, Y*2¥(0)), x )5, (v)]
=E(DyF(x1, Y () x. ZY, (1) = Z2, (D),
+E(DyF(x1, Y'Y (0) x — DyF(x2, Y2 (1)) X, Z3, ,(D)y, = I + .

From (141) we obtain

| < ||DyF(x, Yxl’y(t))X”LZ(Qx(o L))”Zx1 Yy =2y, y(’)”L2<Qx(o D) (148)
< CL+ e oy f || M Ixllvllzllxn — x2lln.

As for I, we apply (140) along with the mean value inequality to deduce that

|I2| = E|:” Z)lc)z,y(t)” L®(0,L) ” DyF (x1, Y (1)) x — DyF (x2, sz’y(t))X||L1(0,L)i|

=Cn 1)71670”0”7-(”)(”71(”3 S ol = x2ll

105, f | LE[ Y (1) = Y2 ()] ) (149)

< Crt A Fe ol iz (11 — xallz

+E sup |Dx YX}(I)”X(H)IIM x2l7)
x,yeH

< Cpt A Fe M ullaglixliaglixn — xallg(1+ ),

where we invoked (3.9) in [12] to obtain the last line. Combining the latter with (148)
concludes the argument. Finally, (ii) follows from a similar argument along with

estimate (142). O
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Corollary 6.1 Let x, x1, x2, y, y1, 2 € H. There exists C > 0 such that

(i) The L (H)-valued map x \I/g(x, y) is C-Lipschitz continuous uniformly in y
ie.

W9t ) = W92, 1) gy < Cllr = 22y -

(ii) The £ (H)-valued map y — \I'g(x, y) is C-Lipschitz continuous uniformly in x
ie.

[ W90, y0) = W3, 72) | gy < Cllon = 32l - (150)
Proof (i) From (137) and Lemma 6.11(i) it follows that

sup |(\Ilg(x1, y)v — ‘l’g(xz, Vv, X>H|
v, X€BK

< / sup | Dy PA[(F(x1, y) = Fxo), X))
0 v,xeBy

— Dy P?[(F(x2,y) — F(x2), x)3](v)|dt

o0
< Cllx1 — 2l / (e d
0

o0
=Cllx; — x2||H/ [1+t+@A 1)_%]e_“”dt,
0

and the lastintegral is finite. As for (ii), the estimate follows from an identical argument
along with Lemma 6.11(i7). O

The next lemma is analogous to Lemma 6.6 that was proved for 7¢*.

Lemma6.12 For A > Qasin (39) and T < o0 we have

sup sup
neNte(0,T]

1 t s+A _
X / / Si1(t — s)\llg(X(s), Y,f’"(r))ug(r)drds
0 Js

—> 0, a5 >0,

1 t s+A _
- — / / Si(t — s)\IJg(X(r), Y,f’”(r))uz(r)drds
A 0 Js H

P—a.s.
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Proof The proof is a direct application of Corollary 6.1. In particular, we have

t s+A
H / / Si(t — )WI(X(s), YU () — W3 (X (r), Yo" (1)) Jua(r)drds
0 Js H

tops+A _ i
: C/O / W3 (X (), " (1) = W3 (X (), V" ()| gy 2 () s
t AerA _ _
= C[) / | X () = X |5 w2 l1ndrds

B t s+A p
§C[X]CH([O,T+1D/O / Is — r|?|ua(r)lpgdrds
N
t s+A
sC(1+||xo||Ha)A9// |u2(r)lipndrds
0 Js

T+A
< C(1 + ||xoll ga) AT / |u2(s)llpeds < Cr v (1 + lIxollga) AT,
0

where 6 < ;11 A 5 and we used (68) to obtain the third inequality and the Cauchy-
Schwarz inequality, along with fact that u € 79{,, to obtain the last line.
Therefore,

1
—  sup
A eNiel0,T]

t s+A _
/0/ St — D[ W(X (), Y (r))ua(r)

—W(X(r), YE" (1)) Jua(r)drds

H
< CA(1 + |Ix0 || o).

The proof is complete upon taking € — 0. O

For n € N and A as in Definition 39, define the projected occupation measures
PEA(Ty x Ty x T3 x Ty) = PSA(Ty x Ty x Py (T3) x Tw)

1 +A
= Z/ / I, (u1())Ar, (u2()) Ly (Y5 (s))dsdt,
Iy Jt

I' xIM'h xI'3 xI'y € B(H x H x H x [0, T]) ie. P,f’A is the push-forward of
P<* induced by the n-dimensional orthogonal projection P, on the third marginal.
It is straightforward to verify that P A inherit the tightness and uniform integrability
properties from the occupation measures P2 (see Lemmas 6.3 and 6.4). Moreover,
for each € > O there exists n = n(e) > 0 large enough so that, after passing to
subsequences, Py A and P2 share the same limit in distribution (denoted by P;) as
€ — 01in the topology of weak convergence of measures on H x H x H x [0, T].
Indeed, the class of Lipschitz-continuous functions f € Cp(H x H x H x [0, T'])
characterizes weak convergence of measures (see [17], Remark A.3.5.) and for any
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such f we fix € > 0 and apply the dominated convergence theorem to obtain
‘/ Fur,uz, v, 1)dPE S (uy, uz, y, 1)
HxHxHx[0,T]

—/ fur,uz, y, t)dP® (uy, uz, y. 1)
HxHxHx[0,T]

1 T prt+A . 6
‘Z/o /t F5(), uS(9), YU (), 1) — £ (uS(5), uS(s), YU (5), 1) dsdr

IA

1 T t+A . .
Z/o /t | P, Y™ (s) — Yo (s)HHdsdt — 0 asn — oo.
Using the latter, along with Lemma 6.12, we can now prove the following asymptotics:

Lemma6.13 Leti = 1,2, T > 0 and assume that the pair (e, P2 converges
in distribution, in Regime i, to (n;, P;) in C([0, T]; H) x (H x H x H x [0, T]).
Then there exists n = n(e) > 0 large enough, such that the following limits hold with
probability 1:

t
sup f Si(t — )WY (X (), Y (5))us (s)ds
t€l0,T] 0 (151)
—/ Sl(t—s)‘l’g(}_((s),y)ugdP;'A(ul,uz,y,s) —0,a5¢e—0
HxHxHx[0,1] H
and
sup / Si(t — s)\l'g()_((s), y)uzdP,f’A(ul, uz, y,s)
te[0,T] HxHxHx[0,7]
- 152
—f St — WX (s), Yurd Po(ur, .y, )| — 0, 1P
HxHxHx[0,t] H
as € — 0.

Proof We start with (151). Notice that
/ Si(t — )W(X(s), y)urd PS 2 (uy, ua, y, 5)
HxHxHx[0,1]
t ps+A _
= / / Si(t — )WI(X(s), Y (r))uz(r)drds.
0 Js
In view of Lemma 6.12 it is enough to study the term

t ps+A _
/ / Si(t — )WY (X (), Y (r))ua(r)drds.
0 Js
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Changing the order of integration, the latter is equal to
A r B
/ / Si(t — )W(X(r), Y (r))ua (r)dsdr
o Jo
t r _
—l—/ / S1(t —s)\IJg(X(r), Y,f’”(r))uz(r)dsdr
A Jr—=A
+A ot B
+/ / Si(t — )WY (X (), Y (r)ua(r)dsdr.
t r—A

The first and third terms in this expression converge to zero as € — 0, so we only
need to focus on the second term. In view of (12),

t r—A
H f / Si1(t — WX (r), Y (r))uz (r)drds
A Jr

t
—f S1(t — WX (r), Y5 (r))ua (r)dr
A

t
</
A

t A
= E (/ s9/2dS> ”Sl(l — r)\IJg(}_((r)’ Y;yu(r))UZ(V)”Hgdr,

H

1 A 0(vy €,u
—f Si(s)ds — I IS1t = W (X (), Y () ua (r) | godr
A Jo ZL(HOH)

Finally, we invoke Lemma A.1(ii) to conclude that

t r—A
” / / S1(t — s)\IJg()_((r), Yne’”(r))uz(r)drds
A Jr

t
—/ Si(t — WX (r), Y (r))us (r)dr
A

H

t
< CpA"? /A (t =) P W(X @), Yt () | g 1S () I
t
< CQAQ/ZN/ (t —r)~2Pdr,
A

where p > 6 + 1/2 and we used the Cauchy—Schwarz inequality to obtain the last
line. Since 6 can be chosen to be arbitrarily small, (151) follows.

It remains to prove (152). To this end, let P/, denote orthogonal projection to an
m-dimensional eigenspace of Aj. From a slight modification of Lemma A.1(ii) we
have

o0
[ = PDSIOWE(x. 9) gy < CIES G )| oy € = )75 Y a3
= (153)

o0
o -
<C(@t—s)le 2 E azf,
j=m+1
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for some p > 1/2. The last term on the right-hand side is the tail of a convergent
sum. Thus, for fixed ¢ > 0, the operator u Sl(t)\Ilg(x, y)u is a uniform limit of
finite-dimensional operators, hence a compact operator. As such, it is continuous from
the weak topology of H to the norm topology of H and for each k € N the real-valued
map

(5. ¥, u2) —> (S1(t — )WY (X (). y)ua. €1k}

is continuous in the WWNS topology on H x H x H x [0, T']. Appealing to the
Skorokhod representation theorem once again, there exists n(¢) € N such that P ( e
converges Weakly to P; as € — 0 with probability 1. Combining this with the uniform
integrability of P¢; () (see Lemma 6.4), we have that for each m € N,

H/ Pn1151(t—S)‘Pg(X(S),y)uzdP,f’A(ul,Mz,y,S)
HxHxHx[0,t]

2
Py Si(t — )WY (X (s), y)uad Pi(ur, uz, y, s)

/7:(><7—[><’H><[O,t]

= (Sl(t—s)\Ilg()_((s),y)uz,elﬂ dPnE’A(ul,uz,y,s)
Z H
HxHxHx[0,t]

2
_ f <Sl (t— s)\llg(X(s), y)uz, el,k)HdP,‘(ul, uz, v, s)) — 0
HxHxHx[0,t]

as € — 0. Finally, we use (153), (36) to show that the remainders

2
H / (I — Py)Si(t — )W (X(s), y)uad P2 (w1, ua, y, 5)
HxHxHx[0,t] H
are uniformly bounded in €, ¢, n and small as m — oo. The proof is complete. O

To conclude this section, we combine Lemmas 6.9, 6.12 and 6.13 to obtain the fol-
lowing, regarding the limiting behavior of the term V<" in (72):

Proposition6.3 Let i = 1,2,y; as in (44) and T < oo. Assume that the pair
(né’”s, P<2) converges in distribution, in Regime i, to (n;, P;) in C([0, T]; H) x
P(H x H x H x [0, T]). Then there exists n = n(€) > 0 such that the following
limit is valid with probability 1:

lim sup
€=>01e[0,7]

— Vi / Si(t — )W (X (), y)uad Pi(u1, ua, y, s)
HxHxHx[0,t] H

\/_./ Si(t — v)\IJZ(X(s) Yé"(s))uz(s)dz

=0.
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6.3 Proof of Theorem 3.2

Leti = 1, 2. In this section we will show that the limiting pair (n;, P;) in Regime i is,
with probability 1, a viable pair in V g ¥ . In particular, we shall show that (»;, P;)
satisfies (i), (ii) and (iii) in Deﬁn1t10n (3 1).

First, note that Propositions 6.1, 6.2, 6.3 from Sect. 6.2, along with (132), imply that
any sequence in {(n<*, P¢2 1€ € (0,1),u € 73{,} has a subsequence that converges
in distribution to a pair (;, P;). This pair satisfies the integral equation

ni(t) = / Si(t —S)[DxF()_((S), y)ni (1)
HxHxHx[0,t]

+ E()_((S)’ y)M] + Vl\pg()_((s)’ )’)”21|dpi(ul, uz,y, S)

/ Si(t = $)Ei(ni(s), X(5), y, u1, u2)dP;(ui, uz, y, s)
HxHxHx[0,]

with probability 1. Hence, (n;, P;) satisfies (43). As for (40), the weak convergence
of P$% to P; along with the uniform integrability of P (Lemma 6.4) imply the
square integrability of the measures P;.

Regarding (42), note that this property holds at the prelimit level. Since the map
t+— P;(H x H x H x [0, t]) is continuous and P;(H x H x H x {t}) = O the result
follows as in the finite-dimensional case (see [19]).

Finally, we verify the decomposition (41). For this it suffices to show that the third
and fourth marginals of P; are given by the product duX® x dt of the local invariant
measure and Lebesgue measure. Indeed, we shall show that for any f € C,(H),

T _
/ FOVP; sz, 3, 1) = / / FOYREO (.
HxHxHx[0,T] 0 H

To this end, let ¥ < denote the uncontrolled fast process depending on the controlled
slow process X€*, i.e. Y solves

- 1, - - 1 .
dye(t) = S[AZY; 1)+ G(X"(1), Y1) ]dt + 7 dwy(t) , Y5 (0) = yo.

The following lemma, whose proof is deferred to the end of this section, shows that
the process Y (¢) is close to the controlled fast process Y “* in an appropriate ergodic
sense.

Lemma6.14 Let T < oo, u € 731{, and A = A(e) > 0 as in Definition 39. Then

Sh%(e)
n —>0,ase€ — 0. (154)

iE/T |yer @) — Ye@)|5,dt < €
A 0 u HA = CT.g
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Similarly, for s > ¢, we can define the two parameter process yeXxeto (s; 1) solving
€,u 1 €U €,u
dy< X060 = S[AY T 0 + G(X (1), YO (s;0) Jds

1
+ 7 dw(s) ,

5

YeX" 0@ = v

and show that for any ¢ > 0O there exists €o(¢) > 0 such that for all € < ¢y we have
1 +A » 5
ZE/ |Ye@dt —ysX " Os; 1) |3,ds < Cye, (155)
t

with A as in (39) and for each fixed t > 0, C; . — 0 as € — 0. This shows that, in
small time intervals, we can consider the effect of X" as frozen.

In view of (154) and (155) we can now apply Lemma 4.19 from [25] to show that,
for any f € Cp(H),

T _
/ FOVP; s 2, 3, 1) = / / FOYREO (.
HxHxHx[0,T] 0 H

This completes the proof of the decomposition (41). Let us now conclude this section
with the proof of Lemma 6.14.

Proofof Lemma 6.14 Let " = Y&!" — 17; This process has weakly differentiable
paths and solves the equation

1 ~
I (t) = E[ 2T () + GX (1), Y (1) — G(X" (1), Y(1)) ]
h(e) eu
+—=us(1), IT7(0)

NG

=0y .

As in Lemma 4.1 we have

1 L,— A h(e€)

29, |74 (¢ 2 =8 et (s 2 et (s ¢
ST @I = =1 ()||H+—J3 TS ¢ luz () 14
L,— A h2(€)

< £ g T ()13, + llua ()13,

=5 .

Integrating yields

1 rA—L, (T h2@e) [T
L sup ez, + 22 L / 1T ()2, < / ()12, dt
2 1€10.7) 26 Jo cg Jo
Nh2(€)
<.
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The latter completes the proof, since it implies fOT |[TeH (t)||%{dt < Cg,NShz(e). O

7 Proof of the moderate deviation principle

This section is devoted to the proof of Theorem 3.3. Recall from Sect. 3 that the MDP
for the family {X€ , € > 0} of slow processes is equivalent to an LDP for the family
(€ , € > 0} with speed h%(¢).

In Sect. 7.1 we use the variational representation (23) to show that, in Regime
i =1,2,{n°, e > 0} satisfies the Laplace Principle upper bound with rate function

1

inf |: /
@ PV x5, L2 JrxrxHx(0,1]
¢ € C([0, T]; H),

Si(¢) = (lur 13, + luz %)) dP(ul,uz,y,r)} :

(156)

where E; is given in (45) and the infimum runs over the family V(Ei 5 of viable pairs
(Definition 3.1). The upper bound is a straightforward consequence of Theorem 3.2
and the Portmanteau lemma.

The Laplace Principle lower bound in Regime i is proved in Sect. 7.2. The situation
for the lower bound is more complicated, as we have to construct nearly optimal
controls that achieve the bound. To do so, we take advantage of the affine structure
of the limiting dynamics, captured by Z;, to express the rate function in an explicit,
non-variational form (47). This allows us to construct nearly optimal controls which,
in principle, depend on the fast process in feedback form, but have sufficient regularity
properties for the averaging principle to hold.

Finally, we verify in Sect. 7.3 that the rate function has compact sublevel sets. This
guarantees that the LDP is equivalent to the LP and completes the analysis.

Note that throughout Sect. 7.2 we switch from Hypothesis 3(a) to the stronger
Hypothesis 3(a’). The reasons for this will become clear below.

7.1 Laplace principle upper bound

We aim to prove thatfor 7 < oo and any bounded, continuous A : C ([0, T1; H) — R,

lim sup log E[e‘hz(e)A("é)] <— inf

o h2(e) <= ot L S@+A@)]. i =1.2057)

It suffices to verify the above limit along any convergent subsequence in €. Such a
subsequence exists since, for € small enough,

2 €
—log E[e " ©A00]] < sup A(P)|.
h?(€) [ ] $<C((0.T1;H) 2@
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Next let p > 0. In view of the variational representation (23), it follows that for each
€ > 0 there exists a family of controls {(u{, u5)}e0 C PT(H @ H) such that

1 2 €
log B[~ "> ©AM°)
hz(e) og [e ]

1T ‘
5—114:[5[0 (Il O3 + NS D7) de + A (" )}+p. (158)

In fact, we can assume without loss of generality that {(u{, u$)}e=0 C 771(, (He'H)
for N = N(p) large enough (see [7] and [5],p.22). Using this family of controls and
the associated controlled moderate deviations processes n€“* we can define occupa-
tion measures P2 and, from Theorem 3.2, the family {(rf*”g, P2y e, A > 0} is
tight. From the same theorem, any sequence of €, contains a further subsequence
for which (y€**, P&2) converges in distribution, in Regime i, to a viable pair
mi, P) eV g %) Taking limits along this subsequence in (158) yields

hm sup log E[e _hz(e)A(ne)]

hz( €)

. 1T e
< limsup —E E/(‘) X/ (||ui(s)||%{ + ||u§(t)||%_[) dsdt + A(n®" )] +p
L t

e—0

T
= —liminf E (lur 3, + lluzli3,) d P& (ur, ua, y, t)

_2 /HXHXHX[O,T]

+A(ne,ue) + p.

Since the map

?}’(HXHXHX[O,T])BIH—)
HxHxHx[0,T]

(lurll3, + lualid ) dv(ur, uz, y, 1) € R

is nonnegative and lower semi-continuous, we use the Portmanteau lemma to obtain

lim sup log E[e‘hz“m(ns)]

€—0 h2(e)
1 2 2 .
<-E| > (i3 + llu2llzg) dPiGur, uz, y,0) + A@i) | + p
HXHxHx[0,T]

. 1
<- inf [f/ (et 13 + llu2ll3,) dPuy,uz, y, 1) +A(¢>] +p
@RV & L2 Jroxrxrxio

Since p > 0 is arbitrary, the proof of (157) is complete.
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7.2 Laplace principle lower bound

Assume Hypotheses 3(a’) and 3(b). We aim to prove that for 7 < oo and any bounded,
continuous A : C([0, T]; H) — R

(159)

1 2 €
liminf —— log E[e " ©AUD] > jpf
e—>0 h2(e) eB| Iz ¢eC([0,T];H)[

From our definition of viable pairs and Theorem 6.3 we see that the third marginal
of the invariant measure P does not depend on the control variables u1, u; and is in
fact given by the local invariant measure ©*. This decoupling is further exploited in
the following lemma, which allows to rewrite the rate function S; (see (156)) in a
convenient ordinary control formulation.

Lemma7.1 Withi = 1,2 and E;, u* as in Theorem 3.3, let

Ay = {P 1[0, T] — P(H xHxH): P,(B x By x By)

= f v(B1 x Baly, NduX®(y),

B3
! 2 2 2
N llgy + luallyy + Iyllye)d Ps(ur, uz, y)ds < 0o
/0 /HXHXH( " " H) ’

for some 6 > 0,

t
V(1) =/ / Si(t —S)Ei()_((S),1#(3),y,ul,uz)dﬂ(uhuz,y)ds}
0 JHxHxH

and

@7:'(,)1//12 {(ul,uz) ([0, T)xH— HxH:

T _
/0 /H(nul(s,y)n%ﬁ||u2<s,y>||%{+||y||%,e)dux<”<y)ds <o

for some 6 > 0,
t -
Y (t) =/0 /Hsl(r —s)ai()?(s),w(sxy,ul(s,y>,uz(s,y>)dux“><y>ds}
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(the superscripts r, o refer to the relaxed and ordinary control formulations respec-
tively). For € C([O, T1; H) we have

1 T
Si(y) = inf |:—/ / llur 7, + lluzll dPs(ulsu2ay)dS]
2 Jo HXHXH( " H)

Pedl’
1 [T Coo
[5/0 /H(”Ml(sa)’)”%{‘f‘||M2(S,y)||%1) du’“”(y)ds]

i, T

inf
(uy,u)et’

iy, T
(160)
This result is standard and a proof can be found e.g. in [25], Section 5.2.
Proceeding to the main proof, let p > 0 and ¢ € C([O, TI; H) such that
S +AW) < inf  [Si(@)+ A@)]+p < 0. (161)
#€C(0,T1;H)

For each (u1, uz) € Mz‘i)w’T’

Y1) = [Ot /H Si(t = $)Ei (X(5), ¥(), v ur (s, y), uz(s, »))du*® (y)ds
- /0 t /H $1(t — )DL F(R(5), Y)Y $)du™® (y)ds
+ /0 t /H Si(t = $)Z(X(5), y)ui (s, )du*® (y)ds
+y /0 t fH $1(t — HWAR(5), y)uals, ™ (y)ds.
Hence, 1 is the mild solution of the semilinear evolution equation

Wy (1) =AW(MW(X@))W)+/H[2(X(t),y)u1<t,y)

_ . 162
(R, y)ua(t, »]dpEO () (162)
V(0) =0y ,
where
D.F(X() ;:/ DxF()_((t),y)d,uX(’)(y). (163)
H

In view of Hypotheses 2(a) and 3(a’), the maps

' / DLF(X (), y) 0 ()dp* O (y) |
H

/H [Z(X@), y)uit, y) + v WX (1), y)uat, »]du*® (y)
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belong to L2([0, T']; H). From standard theory of deterministic parabolic equations
it follows that v is a weak solution of (162) in the sense that ¢ € HOl (0, T; H) N
L*([0. T1; Dom(A1)).

The next step is to show that S; has a non-variational form. To this end, let x € H and
define Q; (x) : L2(H, W H) @ L2(H, n*; H) — H with

Qi (x)(u1, up) = /H [Z @, )ur () + v W9 (x, yua(]dp* (v) , i = 1,2.

Note that é;“(x) cH — L*>(H, u*; H) ® L?>(H, u*; H) is given by

OF (v = (T*(x, v, yi W (x, y)v). (164)

Next, define Q;(x) € Z(H) by

0i(x) := 0i(x)0F(x) = /H [Z 0, T, y) + 7280 (e, W (x, ) ]dp ().

(165)
We can now prove the following:
Proposition 7.1 Under Hypothesis 3(a’) the following hold:
(i) Fori = 1,2 and each x € H, Q;(x) has a bounded inverse that satisfies
sup [0 (0l z ey < e (166)
xeH
Furthermore, éi (x) has a bounded right inverse given by
0 () = 0; (" Q; " (). (167)

(ii) Fori = 1,2 and T < oo, S;(y) < oo if and only if ¥ € Hé([O, T]; H) N
L2([0, T1; Dom(A})). Moreover; the infimum in (160) is attained and letting

Vi, y) = HX®), )07 (X (1)) <3fl/f(t) — A (@) - DxF(X(t))II/(I)) (168)

vh(t,y) = y WY (X(0), y) Q! (X(w)(a,w(r) — Ay () — W(fm))w)) (169)
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we have

T _
<v;,v'2>eargmin(m,meyf:w,rl /0 fH (||u1<r,y>||%+||uz(r,y)||%)duX(f)(y>dr}.

Hence, the rate function in Regime i takes the non-variational form

1 T
sw=3 [

foryr € H} ([0, T1; H) N L2([0, T; Dom(A1)) and S; = oo otherwise.

2
dt,
H

1

i (X(0) 2 [0 (1) — Aryr(t) = D F (X)) ()]

Proof (i) Let u € H. By definition, Q;(x) is self-adjoint and from Hypothesis 3(a’)
we have

(Qi (), )3 = 107 Ol 3y v ryor2 (0 0
= /H 5% (x, yuld,du™ () + v? /H O9* (x, y)ull,d i (v)
> ot lullg,mw* (M) = ctllull?, -

Thus, Q;(x) is injective and

5 2
Qi (ullye = cillulin,

which implies that éi (x) has a closed range in H. It follows that Q;(x)(H) =
Qi(x)(H) = ker(Q7 Nt = ker(Q;(x))t = {03} = H. By virtue of the
inverse mapping theorem we deduce that Q; (x) € Z(H) and (166) follows.
Lastly, it is straightforward to check that Q+(x) is a right inverse of Q (x) and in
view of (164) and (166), 0" (x) € L (H; L2(H w s H) @ L2(H, u*; H)).

(i) Letting v € C([0, T']; H) such that S; () < oo it follows that 42%"1# r # 9.
From our previous discussion, there exists (u1, u2) € <. T such that v is the

strong solution of (162). Hence ¢ € Ho (0, T]; H)N L2([0, T]; Dom(A1)) and
fort € [0, T'] we have

(ur(z, ), uz(t,-)) € Qi(?_f(t))_l(aﬂﬁ(t) — Ay (1) —W(X(t))lﬂ(t)>

C L2(H, X0 1) @ L2(H, uX©; H).

Since O; (X (1)) (3% (t) — A1y (1) — Dy F (X (1)) ¥ (1)) is an element of

0:i(X(1)™! (31W(l) — Ay () — W(}‘m))w))
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with minimal L2(H, Mf{(r); H) & L*(H, ;LX(’); ‘H)-norm it follows that
T ) ) _
/0 /H (et (e, I3y + Nz (e, 113,)dp* @ (y)dt

= /(; ||(M](t, ')7 M2(ta .))”iz(H,,u)_((l);H)@LZ(H,/A}_((”;H)dt
T —_
> /0 |35 (R @y () — Ay ()
- 2
- DXF(X(I))I//(I))HLZ(H,;LX;H)EBLZ(H,/AX;H)dt
T —_ —_
- /0 |32 @) 07 ) (@ (1) — A (1)

= DeF (X)) 2204 px0r00 1204 00708

. (170)
=/0 /H |5 (X (1), ) Q7 RO (@) — Ay ()
~ D F(X0))y®)|5,du*® (vt
T
+ /0 /H 17 ¥ (X (@), MO (X @) (3 (1) — Ay (1)
~ D F (X)) Y ) [5,du™® ()
T
= fo <a,w<r)—Alwr)—ﬁ(m))wm,Q,-‘(fcm)
[0 (1) — Ay (1) — W(i<r>)w(r>]> dt
H
Now, in view of (160),
Si(y) = 20” MZ)E%T/ / ey (1, )3, + Nua e, P13,)dX O (n)di

>3 [0 |0 (X)) 2 [aw () — Arw (1) — DyF(R)w ()] 2.
From (167) and (164) we see that

(i, v) = O (XO)[3¥ (1) — A1y (1) = DxF(X (1)) ()]
and since the .Z (H)-valued maps Q_1 o, \IJO* are bounded uniformly in x and
y (see (166), (18) and (36) respectively) we conclude that (v1 Uz) € o, 10 o and

achieves the lower bound in (170). The proof is complete.
(]

We are now ready to prove regularity properties for the pair (vﬁ , vé).
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Lemma7.2 Fori = 1,2, T < o0 and (vi, vé) as in (168), (169) there exists k; €
L2[0, T] such that :

(i) Foreacht € [0, T],

sup [|v} (¢, y) I3 + sup V5, )llx < & (@)
yeH yeH

(ii) Foreacht € [0, T] and y;, y» € H,

0 (2, y1) — v (2, y2) I + 05, y1) — vh(t, y2) llzg < ki ()1 — Y2l -

Proof (i) From Hypothesis 3(a’) and (36),

15 D)1+ 1@, »llx
|=*(X(1). )07 (X)) (3 (1) — Aiyr(t) = DL F (X)) ()]
+ [ (X @), y) 07 (X @) (39 (1) — Aryr (1) = D F (X)) ¥ (1) | 5
< GO (XD) Izl () — Ay () — DF (X)) ¥ (1]
< G * |0y (1) — Ay () = DA F (X)) ¥ (D) |5, »

-

where the last line follows from (166). Since ¥; € HJ ([0, T1; H) N L*([0, T;
Dom(A1)) and, in view of Hypothesis 2(a), sup; 0,77 | Dx F (X (1))l (1) < 00
we deduce that

/0 ' |8y (1) — A1y (1) — D F(X () (1) |5,d1
< C(IW Izqo.73:7 + 1Vl 20,71 Dom(ary + ||¢||H01([0,T];H)) < oo.
The argument is complete upon setting
i (1) == 9, (1) — Ay (1) = D F (X)) (1) | 4, - 71
(ii) With «; asin (171),

0] (2, y1) — Vi (2, y2) Il + 052, y1) — vh (2, y2) Il
<10, 1 (X)) .z I O IHIZ (X (0, y1) — E(X @), y2)l.200)
+ 7l (X (0, y1) — ‘1’3*(?_((1‘), y2) 2y

In light of Hypothesis 3(b) and (150) it follows that

o} @, y1) = i@, y) Dl + 05, y1) = vh(, y2) I < Cilli Oy — yaliag -

The proof is complete. O
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Appealing to a mollification argument (see e.g. [17], Section 6.5 as well as [25],
Theorem 5.6) we can also assume, without loss of generality, that v’i , vé are continuous
in time. Having established these regularity properties we can now use the optimal pair
(vll', vé) to construct a pair of stochastic controls in feedback form that approximate
the lower bound (161). To this end, let

v (1) == (vi([t/AIA, TEX @), v (1/A1A, 79X (1)) 1 €10, T] i = 1,2

where [-] denotes the floor function, A = A(¢) is such that A /§ — oo as € — 0 and
YX solves the evolution equation

d;e,)’((t) _ [AQ)N’G*X(t) + G(;'(([;/A]A), ?G’X(t))]dt

ST

+idw2(t) Y<X(0)
\/S k]
=)0 € H .

An application of Lemma 5.7 in [25] yields

lim 2F /T 1" () 3 epdt | = 1/T/ (14 e I3, + w5 e )13) duX )

02| Jo HeH 2Jo Ju H " 72)
(ndt = S (),

where the last equality follows from Proposition 7.1(ii). Next consider, in Regime i,

the family of moderate deviations processes 7" controlled by v':€. Repeating the

arguments of Sect. 6 it follows that

i€

n©Y" — i as € — 0 in distribution in C([0, T']; H). (173)

To verify the latter, the only additional step is to show that the control terms

119V 1 yer converge to the averaging limit. In particular, we can apply the argu-
ments of Lemma 5.8 in [25] to show that, as € — 0,

t _ _
/ S1(t — ) Z(X (), YoX () vl ([s/A1A, Y (5))ds
0
t _ . _
R /O /H S1(t — )B(X(s). y)vi (s, »)AEX O (y)ds
and
t _ _
v / Si(t — )WY (X (5), YoX(9))vh([s/A1A, VX (s5))ds
Ve Jo
t _ . -
Sy /O /H S1(t — WX (5). y)vh(s. y)duX® (y)ds
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in LY(; C([0, T1; H)).

In view of (172) and (173) along with the variational representation (23), the
Laplace Principle lower bound follows. Indeed, for any bounded, continuous A :
C({0,Tl; H) - R

1 2 .
lim sup — —— log E[e " (©A0)
e%Op h2(e) £ [ ]

T
= lim sup inf E[l/ ||u(t)||%{@Hdt+A(n€’”):|
e—0 uePT(HoH) L2 Jo

1T ¢
< lim supE|:§ /O ||vf(t)||%1®H dr + A(ne,vi )i|

e—0
1 (T i ' )
T2 /o /H (11 W3 + 103, 9I17,) dp @ (de + A)

=S§; A < inf S; A .
W) + (‘”)<¢ec&8,n;m[ @)+ A@]+p

where the equality on the last line follows from the optimality of v’i, v% and the last
inequality is due to the fact that ; was chosen to satisfy (161). Since p is arbitrary,
the result follows.

7.3 Compactness of the sublevel sets

In this section we show that S;, i = 1,2 (see (156)) is a good rate function, i.e. for
each M > 0 the sublevel set

ZiM) ={y € C(I0, TI; H) : Si(¥) = M}

is compact. To this end, consider a sequence of viable pairs {(V;, Py)}nen C V(E. %)
such that

lurll3, + lluallz, + 1v130) dPu(ur, uz, y, 1) < M.
/;ixHxHXIO,T]( " " H ) "

Now foreachn € N, ¢, € Hé ([0, T]; H) N Lz([O, T1; Dom(Ay)) is the strong
solution of (162). Since the last marginal of P, is Lebesgue measure we can work
with the mild solution of (162) to prove estimates similar to those of Lemma
5.1 that are uniform in n € N. By an Arzela-Ascoli argument we conclude that
{¥nlnen C C([0, T]; 'H) is relatively compact. Moreover, we can use Prokhorov’s
theorem exactly as we did in Lemma 6.3 to show that the sequence of (determinis-
tic) measures { P, }peny C P (H x H x 'H x [0, T]) is weakly relatively sequentially
compact.

Next, we claim that the limit (i, P) of any convergent sequence of {(v,, P,)} is
also a viable pair. To this end, note that the Portmanteau lemma immediately implies
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that

lunll3, + luallz, + Ivl1%0) dP @i, ua, y, 1) < 00;
/HXHXHX[O,T]( H " " )

hence (40) holds. For each n € N we have
Yn(t) = / S1(t — )i (Yn(9), X(5), y, ur, uz)d Py(uy, uz, y, s)
HxHxHx[0,t]

and we can show that P, are uniformly integrable as in Lemma 6.4. Since &; is affine
in ¥, u and (Y, P,) converges to (¥, P), the latter will also satisfy (43). Proving that
(¢, P) satisfies (41) is straightforward since, at the prelimit level, we have

dPy(u1, uz, y, 1) = dv,(uy, ualy, )d X (y)dt,

where v, is a sequence of stochastic kernels. Finally, P satisfies (42) since, for each
n, the last marginal of P, is Lebesgue measure and P(H x H x H x [0,t]) = ¢.
Therefore, (¥, P) is indeed in V = .

At this point we have estabhshed that fori = 1,2 and M > O the sublevel set
Zi(M) is relatively compact. To show compactness it remains to prove that it is
closed. This will be done by showing that S; is lower-semicontinuous. Indeed, let
{(¥n, Py)} be a sequence of viable pairs converging to a pair (¢, P). Assuming that
liminf,_, » S; (¥,;,) = M < oo we can pass to a subsequence that satisfies

lunll3, + luallz, + Iv1%0) dPu(ur, ua, y, 1) < M’ (174)
/HXHXHX[O,T] ( " H Hg) "

and
1
SW)z/ lurll3, + luall3) dPyur, uz, y, 1) — = .
o H><’H><H><[0,T]( " H) " n

From (174) and our previous discussion, {(v,,, P,)} has a subsequence that converges
to a viable pair {(y/, P")} and by uniqueness of the limit (', P’) = (v, P). It follows
that

n—o00

liminf 8 () = liminf / (et 12 + Nu2lZ) d PaCuer. ua, v, 1)
HxHxHx[0,T]

> lurll3, + luall3,) dP(ur, ua, y, 1)
/;‘fX'HX'HX[O,T] ( H H)

> inf f
WPV %) S HXHXHX[0,T]

=S W);

(i3, + luall3) dP(ur, uz, y, 1)

hence S; is lower semicontinuous. The proof is complete.
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Appendix A

In this section we collect a few preliminary estimates concerning the regularity prop-
erties of stochastic convolutions that are used throughout the paper. Some of them are
well known when § = 1. In the context of the present work, these estimates depend
on the fast scale parameter §. The reason we present them here is to showcase this
dependence when § is close to 0. Finally, we provide the proof of estimate (69) in
Lemma 4.2.

Fori = 1,2,8 > 0, t > 0 and an operator-valued map B; : [0, 00) — Z(H) we
define the re-scaled stochastic convolution w‘SAi by

wh (1) = f/ sl< )B(z)dwl(z) (175)

We consider B; to be constant in s equal to identity. To study the space-time regularity
of wf‘,, we use the stochastic factorization formula

sm(an)

A()_

/(t ) 1S( >M3(0 z,z;i)dz, a € (0,1/2), (176)

where, for any f; < 1, < t3, we define

3—¢

n
M(t1, 1, 13;0) == / (t3 — C)_aSi(t >Bi(§)dwi(§)- (177)
1

The stochastic convolution w‘SA is a well-defined H-valued process and has a ver-

sion with continuous paths (see [16], Theorem 5.11). Before we proceed to the main
estimates we need the following auxiliary lemma:

LemmaA.l Leti = 1,2,0 < s < t,0 € Rand B; : [0,0) — Z(H) be an
operator-valued map. Furthermore, let B (s) denote the H-adjoint of the bounded
linear operator B;(s). Under Hypotheses 1(a) and 1(b) the following hold:

(i) For p € (1/2,1) and u € 'H there exists a constant C; > 0 such that

it = $) (=402 Bis)u|py < Citt =)~ P2 BES)| gy 0. 1y00) 10121 -

(178)
(ii) Let P,f € £ (H) denote the orthogonal projection to the n-dimensional subspace
of H spanned by {e; x, k =1, ...,n}. Forp > 9—|—% there exists a constant C; > 0
such that

[ i 112 -
sup H (A28 — S)Bi(s)Pyl, } D (H) = Ci”B;k(s)“vzg(Loo(o’L);H)(t —s)77
neN

(179)
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These estimates are obtained by expanding with respect to the orthonormal basis
{ei k, k € N} and using Hypothesis 1(b), along with the fact that the eigenvalues of
the elliptic operator —A; satisfy a; x ~ k2, for each k € N. Such arguments can be
found e.g. in Lemma 4.2 and Lemma 4.3 of [25].

In view of the strict dissipativity of A> (see Hypothesis 1(c)), we can prove that the
Hilbert—Schmidt norm of the fast semigroup S» decays exponentially for large enough
t. In particular, we set 6 = 0, P,i =1, B = I in (179) and then invoke (11) to show
that, for all p € (%, 1),

[2)] 30y < CADTETH, 1 > 0. (180)

The next lemma provides temporal continuity estimates for the stochastic convolution
w‘SAz. As seen below, the estimate for the mean C ([0, T']; H) norm is singular of order

_1-
672 ase — 0.

LemmaA.2 Let T < 00,6 > 0and wiz be asin (175).

(i) Let p > 1. There exists C > 0 independent of § such that

2
sup E[w, 037] = C.

6>0,t>0
(ii) Forall p € (1/2,1) there exists Ct > 0 independent of § such that

E sup [w, )7 < Crs”~".
te[0,T]

Proof (i) An application of the Burkholder—Davis—Gundy inequality, along with the
2p
2 1
Elw, )3 < —E sup

substitution z +— t — §¢, yields
S t —z
/ Sz<—>dw2(z)
se0,0 1 Jo s

t _ 2 p
(105
87\ Jo 8 )z

1/8 5 p
=c( [ 1520 g

In view of (180) it follows that

H

Elwh, )l < C/ A+ de =Ccen™ + 07T - p) < oo,
0

where p < 1 and I" denotes the Gamma function.
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(ii) Appealing to the stochastic factorization formula we have

lwh, (Dl < Sm(‘”” / (t —2)*! ( )M%o 2.2 2)” dz

7% /O t 30,2, 2 2) | dz.

An application of Holder’s inequality for ¢ > 1/a > 2 then yields

c T N T 7
)l < %(/o (I_Z)p(a_l)dz> </0 a0 2.2 2)”3*”&)

cre i (T 5 i
< M, 0, 2 d .
=S ([ s i =2 1ge)

Thus, we apply Jensen’s inequality to obtain

2
C T q
) 2 T 8 . q
E sup flwy, (0l = (/0 E sup. HMa(O,s,z,Z)HHdz)

tel0,T] s€[0,z]
2 g 2
Moe) )’
A (H)

SO (feorefs (5

5(/0 (/O(z )T E| S, 3
T q 2

< csp—l(/ (/Z(z—c)‘za‘ﬂdg)zdz>q,
0 0

where the second line follows from the Burkholder-Davis-Gundy inequality and
the third from (180). The last integral is finite, provided that we choose a <
(1 — p)/2 < 1/4. The proof is complete.

O

Next, we provide estimates of spatial Sobolev regularity and temporal Holder regu-
larity for w? 4, Both estimates are singular as € — 0.

LemmaA3 Let T <ooandé € (0, 1).
(i) Foranya,® < 1/2and p € (60 + 1/2,1 — 2a) we have

E sup ||wA @)l go <CT8 > . (181)
1€[0,T]

(ii) There exists § < 1/4 such that for any p € (1/2,1/2 + 2p8)

—1

S
E[wAz]cﬁ([o TLH) = = CTS 2. (182)
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Proof (i) Using the stochastic factorization formula and Holder’s inequality with g >

(i1)

1/a > 2, as in the proof of Lemma A.2(ii), we obtain

"1 [ [T i
0 < (/0 s A0, 2)”Hdz> |
SE Z

Assuming momentarily that the integrand in (177) is in Dom((—Ag)%), we can
interchange stochastic integral and unbounded operator and then apply Jensen’s
inequality followed by the Burkholder—Davis—Gundy inequality to obtain

. z 2 0 z—¢ : d %d %
— )T (—=A)2 S
z:[ng] ||wA2(‘)||H9 = f(f </(; @=9 (=42) 2( ) ) Z5(H) f) Z>

_ T z % L
<crsr (/ (/ (z— g)—Z“—Pd;) 2dz> ‘)
0 0

where p > 6 + 1/2 and the last line follows from Lemma A.1(ii). The last integral
is finite provided that 8 < % —2a and 0 + % <p<l1-2a.

Let 0 < s <t < T. From the stochastic factorization formula (176) it follows
that

Von

sin(am)

(wi, (1) — w, () = /(t—z)“ 152( 5 )M (s,2, 23 2)dz
—S s .78 8
+ [Sz(T> - I}wAQ(s) = (. 1)+ J(s. 1)

For the first term we apply Holder’s inequality with ¢ > 1/a > 2 to obtain

; 3 T q
PR %(/ (1 —z)P(”‘”dZ> </ |M3Gs.2,2:2) ||3de>
N 0

T 7
7(r—s> (/0 |\M2(s,z,z;2)}!%dz>

Recalling (177), we see that Mg(s,z,z; 2) = Mg(O,z,z; 2) — Mg(O,S,Z; 2).
Therefore,

Cq, 1 T L
[0l = S =3 ([ sup ez 1 z)

Proceeding as in the proof of Lemma A.2, we deduce that

J o ([T (7 5 oNd
E sup —” PG Oy <Cs z'(f ([ (z—g“)z“pdg“)zdz) .(183)
s#tel0.T] |r — g7 0 0
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Note that ¢ is arbitrarily large and the last integral is finite, provided that 2o <
1—p<1/2.
As for J2, we invoke (12) to obtain

t—s s
5 1 s, (5)1l o
8 L(HOH)

< C5 (1t — )P wd, ()l o

Js36.0lh < €

where 0 € (0, 1/2). In view of (181), we have

1726501,
It _s|9/2

/—1-0
< Cs™PE sup [lwd, ()l < C52
s€[0,T]

E s
s#te[0,T]

where p’ € (1/2+ 6,1 — 2d’) and @’ < 1/2 can be arbitrarily small. Choosing
pe/2,1/2+0)and 0 = p' — p < 1/2 — 24’ it follows that

J3 (s, 1) _ ool

E % < CS°PE sup [[wl,(s)llye < C8T . (184)
s#tef0,7] 1T — S| 5€[0,T]

The proof is complete upon combining (183) and (184). O

We conclude this appendix with the proof of estimate (69) of Lemma 4.2.

Proof of Lemma 4.2 (iii) From the mild formulation of (2) we have
- t - - t - - - -
X() = S1(t)xo + / Si(t —$)F(X(1))ds + / Si(t —9)[F(X(9) — F(X®))]ds.
0 0
Using this decomposition along with (12) and the Lipschitz continuity of F we obtain

t
A1 X @)y, < [|A1S1()x0] 5, + H/O ALSi(t —s)F(X(1))ds

H
t
+/0 [ 4181 = )[F(X() = F(X0))]],,s
<t xollge + || (S10) = (X)),

t
+ Cffo =)' X) = X@)|,ds

< Ct77Y|xo e +cT(1+Lf sup ||5f(r)||H)
t€[0,T]

t
% —1+0
+C[X] CQ([O,T];H)/O (t—s)""*ds

< Ct27 Y xollga 4+ C(1+ ||xollme) + Cr o1+ llxoll ) T?

< c(r‘z’lnxonm +1+ ||xo||Ha>,
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where we used (67) and (68) to obtain the last inequality. O

Appendix B

Here we give the proof of Lemma 5.4.

Proof By virtue of the Itd formula and (86) we have

O(r, X(1), YU (1)) — O(s, X(s), Yo (s))
t
_ f (W4 (X(2), YE" (), Si(t = (=AD" x), dz
t
+ [ W ERE. @)X + F(X@)] 816 - (-1 )z

1 [ _ _
+§/ (W5 (X (@), Y5 (@) [A2Ys " (2) + PuG (X (2). Y (2)) ],

0 185
S1(t = 2)(—AD)? x)ydz (183)
1 5 )
+ — | u|lP,D>®¢ X(2), Y5 () |dz
28 Js [#2D3 Sl(t—z)(—Al)%x( @, 1"(@)]

+@/’<\pe(g() YU (@))uan (@), S1(t — 2)(—AD ), d
\/S s 2 2), I, 2 2,n{2), 91 < ! XHZ

1 4 _
+ ﬁ/; <(—A1)%Sl (t— Z)‘IIE(X(Z), erﬁ“(z))dwz)n(z), X)H )

In view of (35), we can express the sum of the third and fourth terms on the right-hand
side of the last display in terms of the Kolmogorov operator £* (see (30)) via the
identity

1 [ _ - 0
5/ (W3 (X (@), Yo" (@) [A2Y 5" (2) + PaG (X (2), YO (2)) ], S1(t — 2)(—A1) 2 x),,dz

1 [t }
+— | u[pP,D?d X(2), Yo" (2))]dz
28 J; [£aD3 Sl(t—z)(—A1)%x( @, 1" @)]
(186)

1 [ % .
= / £XO e (X, Yo" (@)dz
s Si(t—2)(=A1)2x

+

h
VD5, 1m0, 0.
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In view of (186), we return to (185), apply (85) on the left-hand side and then multiply
throughout by § to obtain

— ] - (2]
S (X (@), Y (1), (=ADZ X )3 — (¥ (X(5), Y (5)), S1(t — 5)(=A1)2 x)3]

t
= 5/ (U (X (@), Y (@), Si(t — Z)(—AI)H%X)HdZ
13
+3/ (U (X(2), Y5 (@) [A1X () + F(X(@)]. Sit _Z)(—Al)%X>HdZ

t v —_
4 / LX) g . (R, Yo" (2)dz (187)
s Si(t—2)(—=A1)2

t
+/3h(e) / (W5 (X (@), Y5 () uan (@), 1t — 2)(—AD)? x)ydz

t
+ s / (—ADTSI( — W5 (X (), Y t(2))dwa n(2), X)py

+ Veh(e)Ty " (s, t,n,0, ),

Since ©¢ solves the Kolmogorov equation (29),

£X0 s (X2, Y9 (@) = c(e) @ s (X, Y0 (2)
S1(t—=2)(=A1)2 x S1(t=2)(=A1)2 x

—(F(X(2),Y"(2)) — F(X(@), Si(t — Z)(_Al)%X>H
— (W (X (), Y (D), S1(t — )(=AD T x),,
—(F(R@). Y{"@) = F(X@). 51 — 2)(=AD 1)y, -

Consequently, we can rearrange (187) to obtain

t - - —
[ (PR ¥ @) = FR@). S10 = A0 ]z
s ) , . ,
= =S[(W(X@). Yo" (1), (AN x)n — (W (X (5), Y (5)), S1(t — ) (—AD) 2 )]

t
+5 / (WS (R (@), V5" (). S = (=AD" )z

+8 / (W (@), Y @)A1 X @) + F(X(@)], 81 — (=41 1), dz )
+e(o) / W@, YD), St — (A )y

+/8h(e) / (WS (R, Y )2 (@), $1(0 — (= AD x), d

+ ﬁ/st (ADIS1( — W5 (X (@), Y () dwan(2), X,

+ Ver(e) T (s, t,n,0, x).
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Regarding the second term on the right-hand side of the last display we can write

t
/s (V(X(2), Y5@), Si60 = (=AD" 2 1), de
t
= (WE(X@), Y 1), / Si(t = (=AD" xdz)y,
t
+ / (W4 (X (@), Y (@) = W (), Ve (1)), $1( — (= AD 2 1), dz

- 6
= (WE(X@), Y5 @), [I = 51t — )] (=AD? X)y,
t
+ / (WE(X(2), Y (2) — WE(X(0), YO (), St — 2)(—ADFE x), dz,

N

1+2 d [4 . €,u

where we used the fact that §1 ( —2)(—A1) "2 x = 2S1(t —2)(—A1)2 x. With T},

T3E’“ asin (84), (89) respectively, we can further rearrange (188) and divide throughout

by +/€h(€) to obtain

Tf’u(S, t,n,0,x)

° ‘(X €1 €(y €u 0
_ _m[(‘l’ (X(0), Yo (1)) — WE(X (), Y (9)), Si(t — )(—AD 2 x)x]

1) ! _ B

— Gh(e) / (\I/E(X(t), Y;’M(Z)) - \Ije(X(Z)! Y;!M(Z))’ Sl (l _ Z)(_Al)1+%X)HdZ
8 t €(y €,u S - - 0

+ eh(é)/ (U5 (X(@). Y @) [A1X () + F(X(2)]. S1(t — 2)(—=A1) 2 ), dz

t
+ \/Cé;(hé()e) <\I/‘(}_((Z), Y;v”(z)), S1(t — Z)(_Al)%X)HdZ

s (! -
+ 2/ (WS (X (2), Y (@) uzn(2), S1(t — Z)(—Al)%X)HdZ

\/g t 2 €(y €,u
+m/5 (—ADES1(t = W5 (R (@), Yo" (@) dwan (@), Xy

+ T35 (s, 1,0, 0, x).
(189)

In view of (84), the argument is complete upon adding T; (s, t,n,0, x) in both
sides of the last display. O
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