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Abstract. In this paper we present a rigorous asymptotic analysis for stochastic systems with
two fast relaxation times. The mathematical model analyzed in this paper consists of a Langevin
equation for the particle motion with time-dependent force constructed through an infinite dimen-
sional Gaussian noise process. We study the limit as the particle relaxation time as well as the
correlation time of the noise tend to zero, and we obtain the limiting equations under appropriate
assumptions on the Gaussian noise. We show that the limiting equation depends on the relative
magnitude of the two fast time scales of the system. In particular, we prove that in the case where
the two relaxation times converge to zero at the same rate there is a drift correction, in addition to
the limiting It6 integral, which is not of Stratonovich type. If, on the other hand, the colored noise
is smooth on the scale of particle relaxation, then the drift correction is the standard Stratonovich
correction. If the noise is rough on this scale, then there is no drift correction. Strong (i.e., pathwise)
techniques are used for the proof of the convergence theorems.
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1. Introduction. Many physical systems are subject to either additive or mul-
tiplicative noise. The dynamics of such systems are quite often adequately described
by systems of SDEs. There are various applications where the noise in the physical
system under investigation has a nontrivial spatio-temporal structure and where it is
not realistic to model it as a white noise process. The term colored noise is used for
such a noise process.

It is a well-known result that if we approximate white noise by a smooth, colored
process, then at the limit, as the correlation time of the approximation tends to zero,
the smoothed stochastic integral converges to the Stratonovich stochastic integral
[4, 32], [2, Ch. 10]. To be precise, consider the SDE (written here in one dimension
for simplicity)

(1.1) ;'u:b(x)er’

where b(z), f(x) are Lipschitz continuous and 7(t) is a continuous mean zero Gaussian
process with E(n(t)n(s)) = e~ =5l Then the results of [4, 32] imply that, as e
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converges to 0, the solution of (1.1) converges weakly to X (¢), which satisfies

(12) X(8) = b(X) + 3 FOF(X) + F(X)B.

Here f(t) denotes a standard one-dimensional Brownian motion. The term % ffis
sometimes referred to as the Stratonovich correction. This result has been extended
in various ways, including the case of multiple It6 integrals [19], as well as linear
[5, 6, 10, 20] and semilinear SPDEs; see [33] and the references therein. Moreover, the
case of infinite dimensional noise has also been studied [6, 8, 10]. In the context of the
theory of turbulent diffusion, the results of the aforementioned papers are concerned
with the convergence of rapidly decorrelating in time velocity fields to the Kraichnan
model for passive tracers [16].

The main interest of this work is to extend these results to situations where inertial
effects are taken into account. For motivation, consider the motion of a particle with
relaxation time 7 under the influence of a force field b(x) and subject to dissipation
and colored multiplicative noise:

2
(1.3) i = b(z) — i + Lx)”ﬁ(t/e ).
We are interested in analyzing the limit of (1.3) as both 7 and € tend to 0. It should
be expected that these two limits do not commute. To see this, first let ¢ — 0 while
keeping 7 fixed to obtain the SDE?

7% =b(z) — % + f(x)0.
Now taking the limit as 7 — 0 leads to the Ité6 SDE [22, Ch. 10]

& =b(x) + f(x)B.
On the other hand, if we first take the limit as 7 — 0 and then let ¢ — 0, we end up
with (1.2).

Because of this lack of commutativity, it is not clear what the limiting equation
should be as we let € and 7 both tend to 0 at the same time. This is sometimes
referred to as the Ité versus Stratonovich problem in the physics literature [26]. The
correct form of the limiting SDE and, in particular, the presence or otherwise of a drift
correction term in addition to the limiting Ito integral—the noise induced drift—is
of particular importance in the theory of Brownian motors [26], noise induced phase
transitions [11, 15, 21], and the dynamics of fronts [28].

The purpose of this paper is to investigate the It6 versus Stratonovich problem
rigorously. Let us now discuss the main results of this paper in the one-dimensional
setting. The one-dimensional version of the model considered in this paper reads

f@)n(t/e?)

(1.4a) T10€7% = b(x) — & + ———,
€

IThroughout the paper we will use the notation fot f(z(s)) dB(s) (respectively, f(z(t))B(t)) to
denote the It6 stochastic integral (respectively, differential) and fot f(z(s)) o dB(s) (respectively,
f(z(t)) o B(t)) for the Stratonovich stochastic integral (respectively, differential). Furthermore, we
will refer to an Ité6 or Stratonovich SDE depending on how we choose to interpret the stochastic
integral in the equation.

21t is easy to check that in this case there is no Stratonovich correction to the Ité integral, because
of the regularity of x.
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where «, A, and 7y are positive O(1) parameters and v € (0,00). In this paper we
show that three possible limiting equations result, depending on the magnitude of the
particle relaxation time relative to that of the noise correlation time, i.e., depending
on the exponent +. In particular, for v € (0,2) we show that the limiting equation is
the Ito6 SDE

(15) (0) =006 + 205

For v € (2,00) we obtain, at the limit € — 0, the Stratonovich SDE

() = b3 + 2 p(x) 0

A 2 :
(1.6) Zb(X)‘*‘ﬁf(X)f/(X)‘f‘?f(X)ﬁ
For v = 2 the limiting SDE can be interpreted in neither the Itd nor the Stratonovich
sense; we obtain

A VA

(1.7) X(t) :b(X)‘me(X)fI(X)‘F?f(X)ﬂ

Let us make some remarks concerning (1.7). If we define the stochastic integral

/f D) = gz [ IO s+ 2 [ x(e) s

then this integral obeys neither the It6 nor the Stratonovich (i.e., Newton—Leibnitz)
calculus. Let us now define the stochastic integral in (1.8) as the limit of Riemann
sums

N
[ KB a36) = 25 (87 (XK (5) + (1 A CK 500 (365) — 1)
j=1
with p € [0,1]. The stochastic integral (1.8) corresponds to the choice p = m
As is well known (see, e.g., [23]), the It integral corresponds to the choice p = 0,
whereas the Stratonovich integral corresponds to p = % Notice that letting 7y in
(1.7) vary in (0, 00) interpolates between these two well-known integrals.

The one-dimensional model (1.4) was studied by Graham and Schenzle in [13] us-
ing formal singular perturbation analysis for the corresponding Fokker—Planck equa-
tion in the spirit of [4]. Similar questions to the one studied in this paper were
investigated by Givon and Kupferman in [12] for SDE limits of discrete dynamical
systems with scale separation. Specific examples were presented where the limiting
SDE is neither of It6 nor of Stratonovich type. A formal derivation of the results
reported in this paper, together with extensive numerical simulations, were presented
n [18].

In this paper we base our rigorous derivation of the limiting SDE for the infinite
dimensional version of (1.4)—see (2.4) below—using the pathwise techniques devel-
oped in [24], following the work of [§8]. Our method enables us to treat the infinite

dimensionality of the noise in a rather straightforward way and, in addition, to prove
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strong convergence results. Furthermore, we are able to prove upper bounds on the
convergence rate in LP(Q; C([0, T]; R)). The numerical results reported in [18] indicate
that the upper bounds are in fact sharp.

This paper is organized as follows. In section 2 we describe the equations that we
will be studying and present the convergence theorems. In section 3 we present various
preliminary results which are necessary for the proof of our convergence theorems.
In section 4 we show that the structure of the limiting equations depends crucially
on 7. Our convergence theorems are proved in section 5. In section 6 we present two
applications of the convergence theorems, with particular emphasis on the inertial
particles problem considered in [24, 29, 30]. Finally, section 7 is devoted to some
concluding remarks.

2. Description of the model and statement of main results. In some of
the applications of interest to us the driving colored noise is infinite dimensional.
This arises, for instance, in Gaussian random field models of turbulence such as those
pioneered by Kraichnan [16] and in generalizations to include noise correlation times
[6, 7, 10, 17, 29, 30]. Such applications are described in section 6. In this section
we formulate the problem for infinite dimensional driving noises and state our main
results.

2.1. The model. We consider the Langevin dynamics for a particle moving in
R? d > 1, under the influence of a forcing term b(z) and a rapidly decorrelating in
time random field v(x,t):

t 2
(2.1) i = bw) + YD)y e e,
€

where v € (0,00) and € < 1. The field v(z,t) is a generalized Ornstein-Uhlenbeck
(OU) process. This is a mean zero, Gaussian process which can be constructed as the
solution of the vector valued SPDE

(2.2) dv = —Avdt + dW.

Here we take A : D(//l\) — (L?(2))4, where Q € R? and W is a Q-Wiener process on

~

H = (L?(22))%. We assume that A is a strictly positive self-adjoint operator on the
Hilbert space H and that, furthermore, it has the same eigenfunctions {f;}3>, as @:

Afy = agfr, Qf = M fr-

We now assume that there exist vectors hy € R? and positive definite self-adjoint
operators A, Q on L%() such that

e = hidp, Ay, = ap o, Qb = A\ Pr.

Using this we can write
v(z, ) = f@)n(t) = hrow()m (D),
k=1

where 7(t) : {3 — R is defined through the equation

(2.3) dn = —Andt + dW.
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Here, abusing notation, we have used A4, Q € L(¢3) with
A = diag{ax }, Q = diag{Ar}.

Furthermore, W is a Q-Wiener process on £2:
W(t)=> VAwerBr(t),
k=1

with {ex}72, being the standard basis in ¢o and fx(t) the mutually independent
standard one-dimensional Brownian motions. We remark that, for each fixed x, f is
a linear operator from £y to R4: f € L(£2 R?).

Now using the fact that 8(ct) = v/¢((¢) in law, we can finally write our model in
the following form:

(2.4a) % = b(z) + ”(i’ D_s
(2.4b) v(z,t) = flz)n(t),
(2.4c) dn = féAn dt + %dVV.

To simplify the notation we have set 7o = 1 in (2.4a). In what follows we will use
both notations v(z,t) and f(z)n(t) for the random field.

2.2. Statement of main results. Now our goal is to obtain the limiting equa-
tions of motion as € — 0. In order to prove our convergence theorems we will need to
impose various conditions on the spectrum of the Wiener process, the eigenvalues of
the operator A, the eigenfunctions {¢(z)}32,, and the drift term b(z). The condi-
tions that we have to impose are more severe for v > 2, since in this parameter regime
we will need more integrations by parts in order to obtain the limiting equations.

We will use the notation || -|| to denote the Euclidean norm in R¢. Subscripts
with commas will be used to denote partial differentiation.

As has already been mentioned, we take A to be a self-adjoint, positive operator
on L?(€2). We assume that the eigenvalues {ay}32, of A satisfy

oo)\k

(2.5) e > gy o > w >0, —
2ak

k=1

The eigenfunctions of A are normalized so that their L2(£2) norm is set to 1: ||¢x 20
= 1. Moreover, for v € (0,2) we assume that there exist constants C' > 0, «, 8 such
that
(2:6) { Pe(x) € CH(Q), k=1,2,...,

‘ 6k (@)l () < C 0, [ Dk ()] (o) < C -

The conditions for v > 2 are more severe. We assume that there exist constants
C >0, «, 3,7, 6 such that

or(x) € CE(Q), k=1,2,...,

(2.7) on(x)|| L) < Caf, (| Doy
D2 ¢k ()| (o) < Caf, | Doy

()] () < C o,
(

)| L) < Caf.
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REMARK 2.1. At this level of generality and, in particular, since we do not make
any specific assumptions on the operator A, we do not have any detailed information
on the L™ norm of the eigenfunctions {¢r}7° | and their derivatives. Much is known
when A is a uniformly elliptic operator; see, e.g., [31, Ch. 5], [3, 14], and the references
therein. In particular, the results from [14] imply that, when A is a uniformly elliptic
operator with smooth coefficients and Dirichlet or Neumann boundary conditions on
some bounded domain Q C R? with smooth boundary, then the following estimate
holds:

d—1+2

(2.8) 1D ke < Cayp * , n=0,1,....

We will assume that the drift b(x) is Lipschitz continuous:
(2.9) b(z) bl < Cllz —yl, x,yeR™
Moreover, we will assume that there exist constants C,r such that
(2.10) lhell < Clagl™, k=1,2,....

Now we are ready to present the conditions that we have to impose on the spectrum
of the Wiener process. First, we need to ensure the existence and uniqueness of the
equations of motion (2.4a). To this end, we assume that the velocity field is sufficiently
regular:3

(2.11) v(z,t) € (C(RT,CH(Q))™

Assumption (2.11), together with assumption (2.9), ensures that there exists almost
surely a unique solution of the equations of motion (2.4a) when the initial condi-
tions for (2.4c) are distributed according to the invariant measure of this process.
Furthermore, for v < 2 we have to assume conditions of the form

oo

(2.12a) 3 Va0 oo
k=1
©0 1
(2.12b) Z \//\ka,(gr+ﬁ7§7p) < 0.
k=1

The specific value of the exponent p will be given when stating our convergence
theorems. For v > 2, in addition to the (2.12) we further assume that

oo - 3
(2.13a) > Ve, T <o,
k=1

3A simple variant of [25, Thm. 5.20] yields that v(z,t) € (C(Rt,C1(Q)))?, provided that there
exists a ¢ € (0,1) such that

o0
Z )\kai<r+a)717< < o0,
k=1

o0
S ApaZFTT <o
k=1

However, these conditions are not optimal, and so we simply assume (2.11).
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(2.13b) Z \/ﬁa;ﬂsf% < 00,
k=1

(2.13c) Z Apay T2 oo,
k=1

REMARK 2.2. Consider the case where A is a uniformly elliptic operator. From
(2.8) it is easy to see that conditions (2.12) and (2.13) become

Z\/ﬁal(cr+d/475/87p)<oo
k=1
and

o0

2r+d/2—17/8
g )\kakH/ / < 00,
k=1

respectively.
We now fix an integer p > 1. We assume that the initial conditions are random
variables, independent of the o-algebra generated by W (¢), with

(2.14) EHJ:OHQP < 00, E||y0||2p < o0
for v € (0,2) and
(2.15) EonHQ” < 00, E||y0||4p < o0

for v € [2,00).

Now we state the convergence theorems. We start with v € (0, 2).

THEOREM 2.3. Let x(t) be the solution of (2.4a) for v € (0,2). Assume that
conditions (2.5), (2.6), (2.9), (2.10), (2.11), and (2.12) with p = % and (2.14) hold.
Assume further that the initial conditions for (2.4c) are stationary. Then x(t) con-
verges, as € — 0, to X (t), which satisfies the following equation:

(2.16) X(t) = 20+ /O b(X(s)) ds + /O FIX(s) A= dW (s),
the convergence being in L?P(Q, C([0,T],R)):
(2.17) E <0213T X () — x(t)%) <C (ew + e<2*v>H) :

where o > 0 is arbitrarily small. The constant C depends on the moments of the
initial conditions, the spectrum of the Wiener process, the operator A, the exponent p,
the maximum time T, and o.

In order to present the convergence theorems for the case v > 2 we need to
introduce some notation. We denote by ©,0 : {5 — /5 the diagonal operators defined
by

T Y O — 1 AN

J



8 G. A. PAVLIOTIS AND A. M. STUART

We will use the notation V- A to denote the divergence of a matrix A, i.e., {V-A}; =
o1 Aijg-

The next theorem covers the case v € (2, 00).

THEOREM 2.4. Let x(t) be the solution of (2.4a) for ~ € (2,00). Assume that
conditions (2.5), (2.7), (2.9), (2.10), (2.11), and (2.12a) with p = 5, (2.12b) with
p =0, (2.13), and (2.15) hold. Assume further that the initial condmons for (2.4c)
are stationary. Then xz(t) converges, as € — 0, to X (t), which satisfies the following
equation:

Xt):xo+/tb( ds+/v @fT( (s))) ds

the convergence being in L*P(Q, C([0,T],R)):
(2.20) E ( sup [|X (1) - ar(t)||2”) < (v g enono),
0<t<T

where o > 0 is arbitrarily small. The constant C depends on the moments of the
initial conditions, the spectrum of the Wiener process, the operator A, the exponent p,
the maximum time T, and o.

Finally, the case v = 2 is covered by the following theorem.

THEOREM 2.5. Let z(t) be the solution of (2.4a) for v = 2. Assume that condi-
tions (2.5), (2.7), (2.9), (2.10), (2.11), and (2.12a) with p = 3, (2.12b) with p = 0,
(2.13), and (2.15) hold. Assume further that the initial conditions for (2.4c) are
stationary. Then x(t) converges, as ¢ — 0, to X(t), which satisfies the following
equation:

X(0) =20+ / e+ [ v (f(X(s))éfT<X<s>>) a5

(2.21) / f(X(s)0V - fT(X ds+/ f(X(s)A™dw (s),
the convergence being in L?P(Q, C([0,T],R)):
(2.22) E ( sup || X (t) — x(t)||2p> < C eI,

0<t<T

where o > 0 is arbitrarily small. The constant C depends on the moments of the
initial conditions, the spectrum of the Wiener process, the operator A, the exponent p,
the maximum time T, and o.

REMARK 2.6. The second and third integrals in (2.19) give the d-dimensional
analogue of the Stratonovich correction 3 f(X)f'(X) in (1.6), where the system is
driven by an infinite dimensional noise process. Similarly, the second and third inte-
grals in (2.21) correspond to the drift correction in (1.7).

REMARK 2.7. The assumptions of the convergence theorems ensure Lipschitz
continuity and linear growth of all terms that appear in the limiting equations, and
hence the existence and uniqueness of solutions.
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REMARK 2.8. Throughout the paper we have set 1o = 1, in order to simplify the
notation. Of course, the_above convergence theorems hold true for arbitrary o > 0.
In this case, the matriz 0 defined in (2.18) has to be modified:

~ i
2.23 0 =di — 3
( ) lag{Q(X?(l‘i‘ToOéj)}

Notice that we can formally retrieve the limiting equation for v < 2 and v > 2 by
sending T in (2.23) to oo and 0, respectively.

REMARK 2.9. Problem (2.4) for v = 0 was considered in [24]. It was shown
there that, under appropriate conditions on the spectrum of the Wiener process and
the operator A, the particle position x(t) converges pathwise to the solution X of a
second order SDE, which we formally write as

X =b(X) - X+ f(X)A~'W.

It was proved in [24] that the convergence rate is of O(€2~7), where o > 0 is arbitrarily
small. It is natural, therefore, that the convergence rate in Theorem 2.3 degenerates
as vy tends to either 0 or 2, since the limiting equation is different in both cases.

2.3. Remarks on the convergence theorems. We now present a few com-
ments on the convergence theorems. First, we note that the smoothness assumptions
on the eigenfunctions {¢y}72 ; are more severe for v € [2, 00) than for v € (0,2). This
is because, in order to prove our convergence theorems for v > 2, we need additional
integrations by parts, using the It6 formula. As a result, we need to assume that more
moments of the particle velocity at time ¢ = 0 exist when v > 2. Notice also that the
convergence to the limiting equations becomes arbitrarily slow as v — 0 and v — 2~
in Theorem 2.3, as well as v — 2% in Theorem 2.4. This is also not surprising since
the form of the coefficients in the limiting equation is discontinuous at v = 2. The
extensive numerical experiments reported in [18] indicate that the convergence rates
of our theorems are sharp. On the other hand, the conditions that we have to impose
on the spectrum of the Wiener process, conditions (2.12) and (2.13), are not sharp
and are not, in general, independent from one another. In order to optimize these
conditions one needs more detailed information on the specific problem under investi-
gation, in particular on the properties of the eigenfunctions of the operator A. These
conditions can be optimized, for example, when A is a uniformly elliptic operator; see
Remarks 2.1 and 2.2.

Let us now try to give an intuitive explanation of our results. First, for v < 2
the particle relaxation time—which is of O(e7)—is large compared to the relaxation
time of the noise—which is of O(e?)—and consequently the particles experience a
rough noise with practically zero correlation time. This means that for v < 2 the OU
process is not viewed from the point of view of the particle as a smooth approximation
to white noise, and, as a result, the stochastic integral in the limiting equation has
to be interpreted in the It6 sense. On the other hand, when v > 2, the particle
relaxation time is small compared to that of the noise. Consequently, in this parameter
regime the rescaled OU process is indeed a smooth Gaussian approximation to white
noise, and the stochastic integral in the limiting SDE should be interpreted in the
Stratonovich sense, as in (2.19), in agreement with standard theorems [2, sec. 10.3].
The case v — oo leads to the case of tracer particles whose relaxation time is zero
and covered precisely by these standard theorems.
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For the case v = 2 the particle relaxation time is comparable in magnitude to
the noise correlation time, and a resonance mechanism prevails, which results in the
limiting stochastic integral being neither that of It6 nor that of Stratonovich. In
this case the drift correction to the It6 stochastic integral depends on the detailed
properties of the OU process, in particular its covariance.

It is well known that for second order SDEs the It6 and Stratonovich interpre-
tations of the stochastic integral coincide. For certain Gaussian fields v(z,t) this
also happens for the limiting equations given in our convergence theorems: the
Stratonovich correction, as well as its modified version from Theorem 2.5, will, in
some situations, be identically zero due to the specific properties of v(x,t). In this
case the limiting equations are the same for all values of . This situation occurs, for
example, in the inertial particles problem, which is discussed in section 6, due to the
fact that the fluid velocity is assumed to be homogeneous and incompressible.

Let us now outline the method that we will use in order to prove the results of
this paper. The first step is to use the variation of constants formula to write the
particle velocity y(t) := @(t) and particle position z(t) as follows:

t
(224) () =goe T 4 / o Uz(): 9)
0 €

¢
ds+¢e 7 / ese;”tb(x(s)) ds
0

and

" u(a(

x(t)=x0+ayo(1—e—%)+/0 S)’S)ds—i—/o b(z(s)) ds

€

(2.25) —/0 ese_Wths)’s)ds—/O e T b(x(s)) ds,

€

respectively. The next step is to use (2.24) and (2.25) in order to obtain sharp
estimates on the moments of the particle velocity. The basic strategy will be to derive
first estimates valid for v € (0,00) and then use them in order to obtain sharper
estimates valid for v € (0,2). We emphasize that sharper estimates for v € (0,2) are
necessary for the proofs of the convergence theorems. Now, with the estimates for
the moments at hand we prove that the last two integrals on the right-hand side of
(2.25) are small in L?P(Q2; C([0, T, R)) for all values of v > 0.

Then we study the term which induces noise in (2.25), in the limit e — 0, namely
the first integral on the right-hand side of this equation. We refer to this as I(t).
We use the It6 formula, together with the estimates on the moments of the particle
velocity, to show that I(t) consists of an O(1) term plus higher order corrections. The
leading order term in I(t) is different for v < 2, v > 2, and v = 2: this is the term
which is responsible for the difference in the limiting equations for different . Finally,
the proof of the convergence theorems is completed by an application of Gronwall’s
lemma.

Throughout the paper we will make extensive use of estimates on the infinite
dimensional OU process v(z,t), as well as the stochastic convolution

t
/ e

0
(Lemmas 3.2 and 3.7, respectively). The proof of Lemma 3.2 is based on Borell’s

inequality from the theory of Gaussian processes [1], while the proof of Lemma 3.7
uses the factorization method [25].

 fla(s) AT W (s)
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We remark that, unlike the methods used in the proofs of the convergence the-
orems in [24], the proof in this paper relies on the presence of the friction term —&
in the equations of motion (2.1). The linear friction term enables us to obtain repre-
sentations (2.24) and (2.25) for the particle velocity and position, respectively, which
are necessary for analyzing the dependence of various moment bounds on e.

3. Preliminary results.

3.1. The integral formulation. The first step is to obtain an integral equation
for x(t) that will be more convenient for our analysis.

LEMMA 3.1. Consider the equations of motion (2.4a). Then the particle position
satisfies the following integral equation:

z(t) =20+ lyo(l —e ) + /Ot (1 _ ei—;‘) wds
(3.1) + /Ot (1 - e%t) b(x(s)) ds.

Proof. We start by solving the equation for y(¢) = @(t) using the variation of
constants formula:

t t
(3.2) y(t) =yoe T +e 7 / e v(@(s),5) ds+e 7 / esf;”tb(a:(s)) ds.

0 € 0
Another integration will give us an integral equation for z(¢) which involves a double
integral:

t . 1 t 4 st
x(t):onr/ yoe*?”der—/ / e H(x(s),s)ds | dl
0 € Jo \Jo

(3.3) = zo 4 Tyo(l — e ) + I(t),
where

H(s) = w + b(z(s)).

We can reduce I(t) to a single integral as follows: First, we define the following
function:

¥
P = /0 ¢ H{(s) ds.

Now we perform an integration by parts:

I(t) 6% Ot (/Ozeif (W +b(s)> ds> de

1t
=— | e TF{)dl
e 0
¢
= —F()e ﬁig+/ e <7 dF({)
0
v t
=—¢ e”/ e"H(s)ds+ [ H(s)ds
0 0
v(x
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Substituting (3.4) into (3.3) we obtain (3.1). 0
Throughout the paper we will use the following notation:

(3.52) Ii(t) = yo(1 — e~ 77),

(3.5b) ) = [ L&) (x(se))”(s) ds,

t
0
t

(35C) Ig(t) = —/(; Q%M dS,

€

(3.5d) I(t) = — /0 e b(xz(s)) ds.

Using this notation the particle position z(¢) can be written in the form

4 t
(3.6) w(t) =20+ S L) + / b(x(s)) ds.
i=1 0
We clearly have
(3.7) IE( sup |11(t)2p) < C e,
0<t<T

Now we want to study terms I5(t), I5(t), and I4(t). As explained in section 2.3, we
want to show that I3(¢) and I4(t) are o(1) in L?P(2, C([0,T],R)) for every v € (0, 00)
and then show that the behavior of the term Iz(t) as € — 0 depends on . In order
to obtain the necessary bounds we will need sharp estimates on the moments of the
particle velocity. We will obtain these estimates in section 3.3. Before doing this, we
need some estimates on the velocity field v(z,t).

3.2. Estimates on the colored noise. In this subsection we present two results
which will be used in the proofs of the convergence theorems. We start with an
estimate on the infinite dimensional OU process.

LEMMA 3.2. Assume that conditions (2.7), (2.10), and (2.12a) with p € R are
satisfied. Then the following estimate holds:

(3.8) IE( sup HAPv(x(t),t)||2p> <Ce,

0<t<T

where o > 0 is arbitrarily small.
Proof. Let n(t) = {nk(t)}22; : £2 — R be the solution of (2.3) with stationary
initial conditions. The kth component 7 () solves the equation

dnk = —OgNk dt + \ )\dek-

A simple variant of Theorem A.1 from [24] yields

o )= ()" ()
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Let Y(x(t),t) := A= Pv(x(t),t). We first consider the case p = 1. We have

e

0<t<T

=E | sup || hior(a(t))ay ()

0<t<T

=E | sup | Y hi-heow(a(t)de(@(t))og oy m(t)me(t)

Ot<T | o=y

<E <sup (Znhkn be(a(®)) aﬂnk(t)ﬁ))

ZZIIthI\\heII¢k (@(8)) P ((t)) vy "oy " (8)me (2)

k=1 £k
0 k|2 r+a) < 2> 0 ‘k|r+a (
<C su t +C E( su
Z Jsup [ni(t) > S B, b
)\k|k|2(r+a) ‘k|r+a .
_ ak
SCE_”,

<t>|))2

on account of condition (2.12a). We can proceed in the same way for p > 1, by
breaking the sums into various parts, until we have sums that involve independent
OU processes. Condition (2.12a) ensures the summability of all the sums that appear.

The lemma is proved. 0

Using the above lemma we can easily obtain the following estimate.

LEMMA 3.3. Assume that the conditions of Lemma 3.2 hold. Define

t
(3.10) I(t) = / e A Py(x(s), s) ds.
0
Then the following estimate holds:
(3.11) IEI( sup ||1(t)||2p> < C eI,
0<t<T

where o > 0 is arbitrarily small.
Proof. We have, for t € [0,T],

2p

o= [ A (a(s), ) ds

to, 2p
< sup [APu(a(s),s)]* ( | ds)
0<s<T 0

< €2P7 sup ||A_pv(a?(s),s)||2p.
0<t<T

Lemma 3.2 now yields estimate (3.11). O
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REMARK 3.4. The techniques used in the proof of Lemma 3.2 enable us to con-
clude that we can bound uniformly all moments of the field v(x,t):

E| A~ v(z, )| < C,

provided that the assumptions of the lemma are satisfied. Furthermore, the method of
proof of Lemma 3.3 gives

E|I(#)|*" < C e,

where 1(t) is defined in (3.10).
REMARK 3.5. Lemma 3.3 with p = 0 provides us with estimates for I3(t) and
I, (t) which we will use for v € [2,00):

(3.12a) E (OiltlgT ||13(t)||2p> < CePO=N=7 5 c[2,00),
and
(3.12b) E (OiltlgT ||I2(t)|2p> <Ce?7, ye[2,00),

where o > 0 is arbitrarily small. This estimate is not sharp enough when v € (0,2),
and we need to improve it. This will be accomplished in Corollary 3.13.
REMARK 3.6. Assume that the moments of the particle velocity y(t) satisfy

E( sup ||y<t>|2”) < e
0<t<T

for some ¢ € R. A repeated use of Hélder’s inequality, together with the Gaussianity
of the process n(t) as in the proof of Lemma 4.3 in [24], enables us to prove that

(3.13) E( sup IIy(t)llzplln(t)|§?> <e e
0<t<T

for every n, assuming that Tr(Q) < oo, with o > 0 arbitrarily small. In what follows
we will have the occasion to use estimate (3.13) and variants of it repeatedly.

We proceed now with an estimate on a stochastic integral.

LEmMMA 3.7. Consider the stochastic integral

1) :/0 ¢ F(a(s) AL AW (s).

Assume that conditions (2.6), (2.10), and (2.12a) with p = § hold. Then we have the
following estimate:

(3.14) E( sup ||1(t)2p) <CeP,
0<t<T

where o > 0 is arbitrarily small.
Proof. We fix a € (0, %) and use the factorization method from [25, sec. 5.3] to
obtain

1) ::/O ¢ F(a(s) A~ dW (s)

sin(ma)

¢
= / e%t(t —5)*7 Y (s) ds,
0

™
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where

Y(s) = / % (5 — o)~ f(w(0)) A~L dW (0).

0

We choose m > i and use the Holder inequality to obtain

t 2m 2m—1 ¢
I(t)||2m§6’(/0 e (=)t ds) /OHY(S)||2mdS.

A change of variables now yields

J(t) := /Ot

2m—1 —
2 —1 2m Y
2m —1 2m (Oé+ (m ) 2ma—1 tom—1€ —z 2m (04—1)
— eV 2m—1 e “z2m-1 dz
0

2m
2m—1

eﬂe;vt(t—s)a‘_1 ds

2m

o0
2 —1 2
S E’Y 2mn?—1 / efzzmnyil(a*l) dz
0

2ma—1

< C e’ zm—1 |

In the above estimate we used the fact that, since m > i, we have e~z 7m=1(0~1) ¢
LY(RT). Consequently, we have

T
B ( s (10 ) <catrE [y as
0

0<t<T

To proceed further, we use [25, Lem. 7.2] to deduce that there exists a constant
C,, > 0 depending only on m such that

sup EJ|Y (s)[*™ < CE ( | ¥ - o)A da) ,
0

0<s<T
with
o)A By = Tr [(fa(0)A™Y) Q (fa(0))A™)]
_ i >\k|¢k($(22))\2||hk|\2
k=1 k
(3.15) < Oimak\?(a*’“*) < o0,
k=1

on account of condition (2.12a) with p = % Now we can apply the same change of
variables that we used in the estimate for J(¢) to obtain

S m
sup E[|Y(s)|*™ < CE (/ X (s — o) do)
0<s<T 0

% m
<C <67(12O‘)/ e T2 dz)
0

<C E'ym(l—Qa).
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From the above estimates we conclude that
E( sup ||I<t>2m) <Cotm,
0<t<T

1
2a

1

Now estimate (3.14) follows for p > 5

Holder inequality to obtain

E( sup ||f<t>||2p) < (E( sup |f<t>||2m)); <cev i,

0<t<T 0<t<T

upon taking p = m. For p < we apply the

which completes the proof of the lemma, since m can be chosen to be arbitrarily
large. a

3.3. Bounds on the moments of y(t). In this subsection we will obtain
bounds on the moments of y(¢) that we will need for the convergence theorem. In
order to obtain estimates on the moments of the particle velocity we first need to
obtain a crude estimate on the moments of the particle position. This estimate will
be improved later.

LEMMA 3.8. Let x(t) satisfy (2.4a). Assume that (2.9) and (2.14) as well as the
conditions of Lemma 3.2 with p = 0 are satisfied. Then the following estimate holds:

(3.16) E ( sup ||x(t)||2p> <Ce e,
0<t<T

where o > 0 is arbitrarily small.
Proof. The particle position is given by (3.1), which can be written in the form

t
x(t) = xo + 1 (t) + Io(t) + Is(t) + / (1 - ete;ws) b(x(s)) ds.
0
The Lipschitz continuity, assumption (2.9), of b(x) implies that there exists C' > 0
such that
(3.17) [b()[| < C(1 + ||z[]).
We use this, together with estimates (3.7) and (3.12), as well as Lemma 3.2, to obtain

E ( sup |x(t)||2p> < El||zo||? 4+ Ce¥P 4 Ce™ 277 4 OO0

0<t<T
T
+C <1+/ E( sup ||m(t)||2p) dt)
0 0<t<T

T
< Ce_2p_‘7+/ E( sup |x(t)||2p> dt.
0 0<t<T

Estimate (3.16) now follows from Gronwall’s lemma. |

We have already mentioned that the bounds on the moments of the particle
velocity will be different for v < 2 and v > 2. We start with the regime v € [2, 00).

LEMMA 3.9. Let x(t) satisfy (2.4a), and let y(t) = &(t). Assume that assumptions
(2.9) and (2.14) as well as the conditions of Lemma 3.2 with p = 0 are satisfied. Then
the following estimate holds:

(3.18) E( sup ||y(t)||2p> <Ce O,
0<t<T

where o > 0 is arbitrarily small.
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Proof. The particle velocity is given by (3.2), which can be written in the form

y(t) = yoe_e% — e VI3(t) — eV I4(2).

Lemma 3.8 and estimate (3.17) give

IE( sup | Ly (t )|2p) < 0er(y=D-o,
0<t<

We use the above estimate, together with (3.12a), to obtain

E ( sup y(t)||2p) < Oy 4 Cre™ PR ( sup ||13(t)||2p> + Cye PR ( sup ||I4(t)||2p>
0<t<T 0<t<T 0<t<T
< O(e?77 +1),

from which the estimate follows. O

Estimate (3.18) will be sufficient for our purposes for v € [2,00). However, it is
not sharp enough for v € (0,2). In order to prove the convergence theorem for values
of v in this parameter regime, we need to improve the estimate for the 2pth moments
of the particle position and particle velocity. For these two estimates we need some
preliminary estimates which will also be used in the proof of the convergence theorem.
We start with the following lemma.

LEMMA 3.10. Assume that conditions (2.5), (2.6), and (2.10) together with
(2.12b) with p € R hold. Fiz z,y € RY, and define df (x)y € L({2,R?) by

{(df)y}y = thy V ik

Let
t s—t
16) = [ e dra)u()A 00
and
t
(3.19) 1) = [ dr(a(s))u(s) A "n(s) ds.
0
Then the following estimates hold:
(3.20) ]E< sup ||1(t)||2p> < CePr=Dy=2p=0
0<t<T
and
~ 2p
(3.21) ]E( sup HI(t)H ) < Qe e,
0<t<T

where o > 0 is arbitrarily small.
Proof. An application of the Holder inequality yields

1) < ( / el 5 ) h / e on(s)|% ds

< Cr17 / I ((s))y(s)A=Pn(s) |7 ds.



18 G. A. PAVLIOTIS AND A. M. STUART

A simple variant of (3.13), together with calculations similar to those used in the
proof of Lemma 3.2, gives

E( sup ||f<t>||2p) < e [ Blartatou(s)a- (o7 ds

0<t<T

oo | oo d
< C€(2p—1)’Y/ E Z Zme s)ozj_pnj(s) ds

i=1 |j=1 k=1

2p

T

SCG(ZP—U’Y/ E Zaﬁ+r p n;(s) Hy(s)HZP
0

< 06(21’—1)7—211—07

assuming that condition (2.12b) holds. This proves (3.20). The proof of (3.21) is
almost identical and is omitted. a

We introduce some notation that we will use repeatedly throughout the rest of
the paper. We set

Lemmas 3.2, 3.3, 3.7, and 3.10, assuming that the initial conditions for v(z,t) are
stationary and that conditions (2.12a) with p = 1 and (2.12b) with p = 1 are satisfied,
provide us with the following bounds:

E < sup ||J1(t)||2p> < Ce 7, E ( sup ||J2(t)|2p) < CePP=tr=2p=0,
0<t<T 0<t<T
32 5 (s o) oo, B (s i) <céne
0<t<T 0<t<T

LEMMA 3.11. Let z(t) be given by (3.1), and let y(t) = &(t) be given by (3.2).
Suppose that conditions (2.9) and (2.12) with p = 1 hold. Then for v € (0,2) the
following estimate holds:

(3.23) B ( s o)) <C

0<t<T

Proof. Consider first the term I5(t) defined in (3.5b). We integrate by parts to
obtain

(3.24) / F(a(s) AL dW (s) — e (1) + eda(h),

where
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and

To(t) = / df (x(5))y(s) A~ () ds.

Lemma 3.2 with p = 1 gives

—~ 2
E( sup HeJl(t)H p) <Cere.
0<t<T

Moreover, Lemma 3.10 with p = 1, in particular estimate (3.21), yields

E( sup |]e£(t)\|2p) <c.

0<t<T

Furthermore, the Burkholder-Davis—Gundy inequality, assuming that condition
(2.12a) with p = 3 holds, yields
2p
) <c

sup
0<t<T

We put the above estimates together to conclude that

/f DA~ AW (s)

E< sup ||12(t)||2p) < C.
0<t<T

We use this estimate, together with (3.12a) and the assumptions (2.14) in (3.1), to
obtain

. ( sup llx(t)llz”) < CElfeo|” + CElyol|” + =D

0<t<T
+C/ ( sup |x(t )2>dt
0<t<

< c+/ ]E( sup ||x(t)||2> dt
0 0<t<T

Estimate (3.23) now follows from Gronwall’s lemma. |

Now we are ready to obtain a sharp bound on the moments of the particle velocity
for v € (0,2).

LEMMA 3.12. Let x(t) be the solution of (2.4a), and let y(t) = ©(t). Assume
that Ellyo||*’ < oo and that conditions (2.6), (2.9), (2.10), and (2.12a) with p =
and (2.12b) with p =1 are satisfied. Then the following estimate holds:

(3.25) E( sup ||y(t)||2p> <CeP7 0 4 e(0,2).
0<t<T
Proof. Lemma 3.11 and estimate (3.17) give

(3.26) E( sup ||14(t)||2p> < O,
0<t<T
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We combine this estimate with (3.2) to deduce
E ( sup ||y(t)||2p> < Oy + Ce *PE ( sup ||I3(t)|2p> .
0<t<T 0<t<T

We need to get a sharper estimate on I5(t) than (3.12a). For this we need to integrate
by parts. We apply It6’s formula to the function

Gin(s,7.m) = e%fim(s))"';(;)

to obtain, after some algebra,

- / e f(x(s) A~ AW (s)

+e 77/0 e A7 v(x(s), s)ds
(3.27) = eJy(t) — eJo(t) — Ja(t) + 77 Ju(t).

Consequently, on account of estimates (3.22),
B (s 16(O7) < 0 (7 + oo ey,
0<t<T
Thus
E ( sup ||y(t)||2p) <C (62”(1’7)*” LT 4 efmfa> ’
0<t<T

from which estimate (3.25) follows upon noticing that, for v € (0,2), 2p(1—7~) > —p,
as well as that p > 1.* The proof of the lemma is now complete. o

From the above lemma we can obtain sharper bounds on I3(¢) and J3(t) defined
in (3.19) for v € (0,2).

COROLLARY 3.13. Let x(t) be the solution of (2.4a). Suppose that the conditions
of Lemma 3.12 hold and that v € (0,2). Then I3(t) and Jo(t) satisfy the following
estimates:

(3.28) ]E< sup |13(t)||2p) <CaPT, e (0,2),
0<t<T
and
~ 2p
(3.29) E( sup HJg(t)H ) <CeMT, 4 e(0,2),
0<t<T

respectively, where o > 0 is arbitrarily small.

4The presence of the term Ce2~27 in the bound of the second moment of the particle velocity
can become important when studying the problem considered in this paper numerically. We refer
the reader to [18] for details.
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Proof. Consider the term Jy(t) defined in (3.27). Lemmas 3.10 and 3.12 imply
that for v € (0,2) we have

E ( sup Jz(t)||2p> <C (e(p_l)'y_” + 62(”_1)7_">
0<t<T

(3.30) < Celp=Dr=7,

since p > 1. We use now (3.27) and the above estimate, together with (3.22), to
obtain

E ( sup |13(t)2p) <C (6219—‘7 4 2p—F(p=Dy—0o | 6p'y—o>
0<t<T
<O,

where we have used the facts that p > 1 and v < 2. Calculations similar to the
ones used in the proof of Lemma 3.10, together with estimate (3.25), yield estimate
(3.29). d

4. Drift corrections to the Itd integral. Estimates (3.7), (3.26), (3.12a), and
(3.28), together with (3.6), imply that x(¢) is of the form
x(t) = zo + Ix(t) + o(1).

Thus, in order to analyze the behavior of z(t) as € tends to 0 we need to identify the
contribution of the term I5(¢) to the limiting equation. In this section we use the
bounds on the moments of y(t) that we derived in section 3.3 to investigate precisely
the limit of I5(¢) defined by (3.5b) as e — 0.

We start with the regime v € (0,2). We have the following.

LEMMA 4.1. Let z(t) be given by (3.1), and let y(t) = ©(t) be given by (3.2).
Suppose that conditions (2.9) and (2.12) with p = 1 hold. Then for v € (0,2) the
term I5(t) given by (3.5b) has the form

B(O) = [ fal)A W) + H)
where
(4.1) E <02‘1]§1£)T |H(t)2p) < C M=o,

where o > 0 is arbitrarily small.
Proof. I(t) is given by (3.24):

L(t) = / Fla(s) A~V dW (s) — ey (t) + edalt).

We have that

~ 2p
E( sup eJl(t)H ) <Cere,
0<t<T

Furthermore, estimate (3.29) gives

~ 2p
E < sup Hng(t)H ) < Ce2=Mp—o,
0<t<T

Estimate (4.1) follows from the above bounds. 0
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From our estimates on terms I;(t), i = 1,...,4, we anticipate that x(t) converges
in mean square, as € — 0, to X (t), which satisfies (2.16). The proof of this convergence
is presented in section 5.

Now we proceed with the case v € [2,00). We have the following lemma.

LEMMA 4.2. Let x(t) be given by (3.1), and let y(t) = &(t) be given by (3.2).
Suppose that conditions (2.7), (2.9), (2.10), and (2.13) hold. Then for v € [2,00) the
term Io(t) in (3.1) has the form

/v $)OfT (z ds—/ f(z(s)OV - fL(x(s))ds
(/f DA~ AW (s)
(42) —671/<# yn(s) ds + H(#),

where

E(amm’>%)<cgpo
o0<t<T

where o > 0 is arbitrarily small.
Proof. From (3.24) we have

(4.3) / f 2l ‘/Tj dB;(s) — ey (t) + eJa(t),

with E(supg<;<r leJ1(t)][2") < C'€2P=°5 In order to study the term Jy(t) we need
another two integrations by parts. We apply the It6 formula to the function

Gijk(x,y,m) = fijr(@)yra; 'n,
from which we obtain, after some algebra,
d
¢ Jij kN5 Yk dt — —er 1y <fij,k77jyk) AR Z Jij ke Yrye dt
Qj @ — @
=1
o0
n efij,knjbk it + Z fij,kfkpnjnpdt
Qj

o
p=1 J

Jij kY A/ Aj _
(44) — 67¥dﬁj — G’Y lfij,kyknj dt
J

Now we define the following functions (no summation):

Fijkp = f177kfkp

and
Gijkp = Fijkpnpnjcy

5This estimate is independent of ~.
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We apply the Itd formula to the function Gy, to obtain

1
dGijkP Z Fz]kp 2Yen; npa tdt — wkpa 77377p(04p + a])dt
0

1
kapa VAjApbjpdt + Fukpa (Mo v/ AjdBs + 1/ ApdBp),

from which, after multiplying through by €*(a;; + ,)~! and taking the sum over
p=12 ..., we get

i Figh feoino 4, _ fv:j,;ﬁ;j)\j it

p=1 i J
24 ZM 222 (figkfrp) eyenon; it
p—l(aj—'_apaj —1p=1 Y (o + )
(45) Te Z f” i np (Mp\/ 2585 + 0"/ ApdBy)-
1 Q ap + aj
Note that
fijefrs = (fig fug) e — fij Fenej-
Thus, from the above calculations, after taking the sum over j € Z¢ and k = 1,...,d,
we obtain
ht /V DOf (@ ds—/f )V - 7 (a(s)) ds

/f DA~ (s —e“/df Yy(s)n(s) ds + H(),

where H(t) = 23:1 H,(t) with

(4.6a) = _¢ Z Z fij.k(2(5)) fip(2(5)) 1o (5)75(5)

)
j,p=1k=1 a](ap+aj) 0

aawy  mw-c [ 3 S~ Uisar e ralel6))veSIanis) o,

Jp=1kt=1 a](a1+al’)

(4.6c) H3 _6/ Z Zfzjk fkp( ()) ()\/)Tjdﬂj(s),

j,p=1k=1 aﬂ(a]+a)

(4.6d) / Z quk fkp( ()) (S)\/Tpdﬁp(s),

aj(a + o
Jop=1k=1 i+ ap)

t

(1.60) _ _on 3oy JurGOun )|

j=1 k=1 0




24 G. A. PAVLIOTIS AND A. M. STUART

(4.6f) — €’Y+1/ zd: Jigke(x(8))ye()ye(s)n;(s) ds.

s
j=1k,t=1 J

S 17, k\ TS 1 (s
(4.6g) Hi(h) :6/0 > Jig b ()i (8)0w ((5))

t 2 L fi(z(s S '
(4.6h) Hé(t) o ZZ flj,k( ( ))yk( )\/E dﬁj(s).

Now we have to bound the terms Hy(t), £ = 1,...,8. The necessary estimates are
proved in Lemma A.1 in the appendix. The final result is that

E( up ||H<t>||2p) < e,
0<t<T
This completes the proof of the lemma. ]

Lemma 4.2, together with the estimates on I3(¢) and I4(t), will enable us to show
that for v € (2,00) the particle position z(t) converges in L?P(Q2, C([0,T];R)) to the
solution of the It6 SDE (2.19). The precise convergence theorem will be proved in the
next section.

The above argument fails when v = 2 since in this case we cannot control the last
integral on the right-hand side of (4.2) uniformly in e. For the convergence theorem,
in this case we need the following corollary of the previous lemma.

COROLLARY 4.3. Let the conditions of Lemma 4.2 be satisfied, and let v = 2.
Then I5(t) has the following form:

B = | V~(f( (DOS(wls)) ds ~ [ )8V - £ (w(s) s
(47) + [ statpat aws) + Ho),

with E(supg<,<7 |H ()||?") < €2P=7, where o > 0 is arbitrarily small.
Proof. We set v = 2 in (4.4), solve for fij,kyknjajfldt and combine the result with
(4.5), sum over j € Z% and k = 1,...,d, and integrate over [0, ] to obtain

L) = [V (Fo)OF W) ds— [ 1608V (o) ds
/f )ATLAW (s) + H(t),

with H(t) = 22:1 Hy(t). The terms Hy(t), k = 1,...,8, are similar to the terms
defined in (4.6), with the difference that the diagonal operator (I + A)~! is applied
to every one of them. Similar techniques to the ones used in the proof of the previous
ones still apply. We obtain estimate E(supg<,< |[H (t)]|??) < C €*?~9, provided that
conditions (2.13) hold. O S

The above corollary will enable us to show that, for v = 2, x(¢) converges to
X (t), which satisfies SDE (2.21). This leads to the surprising conclusion that in this
case the correction to the drift is not the usual Stratonovich correction. The precise
convergence theorem will be proved in the next section.
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5. Proofs of the convergence theorems. In this section we prove the con-
vergence theorems, Theorems 2.3, 2.4, and 2.5. In the following proofs we will use the
fact that f : o — R? is a Lipschitz continuous map, provided that condition (2.12b)
with p = % holds. In particular, a calculation similar to the one presented in (3.15)
in the proof of Lemma 3.7 yields

(5.1) I (F(X(5)) = f(a(s)) Az < Cl1X () — x(s)]-

Proof of Theorem 2.3. We combine (3.1), together with estimates (3.7) and (3.26),
Corollary 3.13, and Lemma 4.1 to write z(¢) in the form

(5.2) z(t) = zo + /0 flz(s) A~ dW (s) + /0 b(z(s))ds + Ry,

with E(supge, < || R1]|?P) < C(e?=7P=7 1 ¢77=9) Now we take the difference between
X(t) given by (2.16) and z(t) given by (5.2), raise it to the 2pth power, take the
expectation value of the supremum, and use the Burkholder—Davis—Gundy inequality
and the Lipschitz continuity of f(x), b(x), together with the estimate on Ry, to obtain

B ( s 1X(0) - (0] )

0<t<T

<c / EI|(F(X(5)) = f(a(s) A7 ds

+ C/OT]E < sup || X (t) — x(t)|2p) ds+CE (OE?ET ||R1(t)||2p>

0<t<s

T
<C (6(277)1)70 + 6'”)76) + C/ E ( sup || X(t) — x(t)||2p> ds.
0

0<t<s

We apply now Gronwall’s lemma to the above equation for the function

(1) =E ( sup || X (t) - x(t)ll2p>

0<t<T

to conclude the proof of Theorem 2.3. ]

Now we proceed with the convergence theorems for v € [2,00). Let us consider
the case v > 2.

Proof of Theorem 2.4. Consider the integral

t
J(t) =t / df (2(3))y(s)n(s) ds.
0
We use Lemma 3.10 with p = 0 to deduce

E( sup |J<t>||2p) < a0,

0<t<T

Now we combine (3.1) with estimates (3.7), (3.26), and (3.12a) and Lemma 4.2,
together with the above estimate, to write z(¢) in the form

(5.3) x(t) = zo + /0 B(z(s))ds + /0 f(z(s) A~ dW (s) + Ra(t),
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with E(SuPogf,gT |R2(1)?) < C (er(’Y*Q)*” +€279) and

B(z(s)) = b(a(s)) + V- (f(2(5))0f" (x(5))) = f(z(s)OV - f1(x(s)).
Now assumptions (2.9) and (2.7) imply that the drift term B(z) in (5.3) is Lipschitz
continuous:
(5.4) IB(X) = B(z)|| < C || X — x|

under condition (2.13c). The Lipschitz continuity of B(z), together with (5.1) and
the Burkholder-Davis—-Gundy inequality, gives

IE( sup_ [ X(t) — ()ng> <Ch (QM R 0)

0<t<
T
+02/ E ( sup X (1) —az(t)|2p) s,
0 0<t<s

from which Theorem 2.4 follows, upon applying Gronwall’s lemma. O

Now we are ready to present the convergence proof and theorem for the case
v = 2. Since the proof is essentially the same as the one of Theorem 2.4, we will be
brief.

Proof of Theorem 2.5. We combine (3.1) with estimates (3.7), (3.26), and (3.12a)
and Corollary 4.3 to write z(t) in the form, for v = 2,

(5.5) —mo+/ B ds+/ f(z(s) A~ dW (s) + R3(t),
with E(supg<;<r | R3(1)]|?P) < C €~ and
B(a(s)) = b(a(s)) + V- (F()OF (a(s))) — F(a(s)OV" (a(s).

Assumptions (2.9), (2.7), and (2.13c) ensure that B(z) is Lipschitz continuous. As
in the proof of the previous theorem, we take the difference between X (t) given by
(2.21) and z(t) given by (5.5), raise it to the 2pth power, take the expectation value
of the supremum, and use the Burkholder-Davis—Gundy inequality and the Lipschitz
continuity of the terms in (5.5) to obtain

T
IE( sup || X (t) —x(t)||2p> <Cpere +02/ E( sup [ X (t) —x(t)|2p) ds.
0<t<T 0 0<t<T
Now we apply Gronwall’s lemma to obtain estimate (2.22). d
6. Applications.

6.1. Inertial particles in a random field. A model for the motion of inertial
particles in turbulent flows was introduced in [29, 30]. It consists of the Stokes law
for the particle motion with the background divergence-free fluid velocity field being
an infinite dimensional OU process. We assume that the motion takes place on the
two-dimensional unit torus T?:

(6.1a) TE = v(x,t) —
(61b> v = VLwa
(6.1c) dp = vAY dt + /vdW,
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where V+ := (32, —52-)7 stands for the skew gradient and ¢ denotes the stream

function. Furthermore, W (x,t) denotes a Q-Wiener process on

H := {f € L2, (T?; | fdx= o}.

T2

Various asymptotic limits for (6.1) were considered in [24]. Let us now consider the
scaling limit considered in this paper.

We assume that 7 = 79¢”~! and that the inverse noise correlation time v is
of O(e7!), and we rescale time by ¢ — t/e. Moreover, we expand the solutions
of (6.1c) in terms of the eigenfunctions of the Laplacian on T?, e**. We also set
K = 2772\ {(0,0)} and denote CK = {n € CK; ny = 7_1}, equipped with the
standard ¢ inner product. Setting 79 = 1 for notational simplicity, the rescaled
equations (6.1) can be written in the form

(6.2a) i = M —&(t),
(6.2b) fl@)g =" ikte g,
keK
(6.2¢) dny, = —elg|k|2nkdt + %\/ﬁdﬁk, kekK,

with k+ = (ke — k1]T, n = {ne}32, € CK. Moreover, {B(t)}2, are mutually inde-
pendent one-dimensional standard Brownian motions satisfying the reality conditions
Bk = B—k-

It was shown in [29] that

Ak

T __ : _
(6.3) fOfT =0l with afzw,

keK

where O is defined in (2.18) and I stands for the identity matrix. A similar calculation
reveals that
Ak

ST _ : =~ _
fOft =0l with J_Z2|k|2(1+|k|2)'

keK
Furthermore, the incompressibility of the velocity field implies that
v-ff=o.

The above calculations imply that, for the inertial particles problem whose motion is
modeled by (6.1), the It6 and Stratonovich interpretations of the stochastic integral
coincide and that the limiting equation of motion is

X(t) = w0 + / F(X(5) A~ aW (s)

for all values of v > 0. In fact, Theorems 2.3, 2.4, and 2.5, together with the properties
of the eigenfunctions of the Laplacian on T2, yield the following result.
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PROPOSITION 6.1. Let x(t) be the solution of (6.2a) and v € (0,00). Assume
that

Z VAL <oo for v€(0,2)
keK
and that
Z VARE| < oo for v €[2,00).
keK

Assume further that conditions (2.14) and (2.15) hold and that the initial conditions
for (6.2¢c) are stationary. Then x(t) converges, as € — 0, to X (t), which satisfies

X(1) = 2o + / F(X(5)) A1 dW (s),

with
]E( sup [|X(t) — x(t)||2p> <C (ap +e<2ﬂ>p*0) for ~v€(0,2),
0<t<T
E( up ||X<t>x<t>||2”) <0 for y=2,
0<t<T
and

E ( sup || X(t) — x(t)||2p> <C (621’_‘7 + 62p(7_2)_") for v € (2,00),

0<t<T
where o > 0 is arbitrarily small. The constant C depends on the moments of the
initial conditions, the spectrum of the Wiener process, the operator A, the exponent p,
the maximum time T, and o.

Physically, we are looking at inertial particles in rapidly decorrelating velocity
fields over long times. The parameter v affects the nondimensional mass of the parti-
cle, which is of O(¢7~1). Provided that v > 0, which includes a range of massive, as
well as light, particles, the limiting particle motion is equivalent in law to a Brownian
motion; see (6.3). For v = 0, however, the limiting motion is that of the integrated
OU process: the particle velocity is of OU type [24].

6.2. Diffusion in solids. Consider now the motion of a particle in one dimen-
sion under the influence of a periodic potential V(x), subject to dissipation:

(6.4) i =-V'(x) — .

We assume that the derivative of the potential can be written in the following Fourier
sine series:

o0
V'(z) =— Z sin(jx) ;.
j=1
We assume further that the control parameters p; are noisy and of the form

1
ny =y + 0y (/€%),
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where {§3}32, are constants and {7;(t)}32, are one-dimensional OU processes driven
by mutually 1ndependent noises:

d’f}j:—j27’]jdt+ \/)\jdﬁj, j:].,...,OO

Substituting the above into (6.4) and assuming that the particle relaxation time 7 is
of O(€7) we obtain

(6.5a) i =-Vj(z) -z + % Z sin(jz)n;(t),

1. 1 :
dnj = —:2]2773'6”+ VAl j=1,...,00,

where Vj(z) = = 3272, sin(jz)ug. We use now Theorems 2.3, 2.4, and 2.5 to deduce
the following result.
PROPOSITION 6.2. Let z(t) be the solution of (6.5) and v € (0,00). Assume that

Z\/)\jj_l <oo for v€(0,2)
j=1

and that
Z‘/)‘j < oo for vy €[2,00).
j=1

Assume further that conditions (2.14) and (2.15) hold, that Vo(z) € CZ(R), and that
the initial conditions for (6.2c) are stationary. Then x(t) converges, as e — 0, to
X(t), which satisfies

To — Vo'(l”)

+f0 VN (X (s) dBi(s) ¢ v <2

Jj?

zo — Vo(x) + 3 fo ol W sin(25X (s)) ds
X(t) = Soe NS
+fo i1 e, sn(iX(s)dBi(s) : v=2
zo — Vo(z) + 3 fo j= 1 JS - sin(27.X (s)) ds

+fo S Y (X () dgs(s) ¢ v > 2,

with
IE( sup [|X(t) — :v(t)||2p> <C (evp —1—6(2_7)”_”) for ~v€(0,2),
0<t<T
E( sup || X () — x(t>ll2”> <CeTT for v =2,
0<t<T
and

E ( sup || X(t) — x(t)||2p> <C (62;070 + 62”(772)*") for v €[2,00),
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where o > 0 is arbitrarily small. The constant C depends on the moments of the
initial conditions, the spectrum of the Wiener process, the operator A, the exponent p,
the mazimum time T, and o.

We remark that for v € (0,2) the particle motion is in the mean potential

Vo(x) = E(V(z,1)).

On the other hand, for v > 2, the limiting motion particle motion is in modified
potential, which depends discontinuously on 7 as v — 2+.

7. Conclusions. The It6 versus Stratonovich problem is studied in this paper
for a class of infinite dimensional mean zero Gaussian random fields. It is shown that
the correct interpretation of the stochastic integral in the limiting equation depends
on the rate with which the particle relaxation time 7, tends to 0, relative to that of
the noise correlation time 7,. In particular, it was shown that in the case where 7,
and 7, tend to zero at the same rate, the limiting stochastic integral is neither of It
nor of Stratonovich type.

The proof of our convergence theorems is based entirely on the pathwise tech-
niques developed in [8] and used previously in [24], rather than the weak convergence
methods of, e.g., [9]. Our techniques enable us to obtain strong, i.e., pathwise, con-
vergence results, as well as sharp upper bounds on the convergence rates. A drawback
of the method employed in this paper is that it is applicable only for noise processes
which can be expressed as solutions of SDEs, like the one used in this paper. In
order to apply the results reported in this paper to more general classes of colored
approximations to white noise, weak convergence techniques will be more appropriate.

Appendix A. Estimates on terms H;(t), i = 1,...,8. In this appendix we
prove the following lemma.
LEMMA A.1. Consider the terms H;(t), i = 1,...,8, defined in (4.6), and set
H(t) = Zf L Hi(t). Assume that conditions (2.7), (2.13a), (2.9), (2.10), and (2.12a)
with p = % and (2.12b) with p = 0 hold. Then the following estimate holds:

(A.1) E( sup ||H(t)||2p> < Ce.
0<t<T
Proof. We start with Hj(t). First, we compute

Z wak ) Fip(x(8))mp(s)m;5(5)

aj(a, +ay)

J,p=1k=1
2 a8t ()| & o [y (s)]
S C 14 14 J

| /\

o0 2 o0
(Z atr— 1|,,7 )|> +C ZQ?+T_1|773‘(5)|

j=1

= Jl(t) + JQ(t).

Now calculations similar to the ones employed in the proof of Lemma 3.2 enable us
to obtain

E( sup ||J1<t>|2p) <0, IE( sup ||J2<t>||2p> <o,
0<t<T 0<t<T
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for o > 0 is arbitrarily small, provided that conditions (2.12b) with p = 1 and (2.12a)
with p = 1 hold. We use the above estimate and the definition of Hy(t) to conclude:

E( sup |H1<t>|2") < Cetn-o,
0<t<T

for o > 0 is arbitrarily small.
We proceed now with Hz(t). We define

Z Z (fij e (2(8)) Fio (2(5))) eye(s)no ()15 (s)

j,p=1k,0=1 a](aJ+aP)

Now we compute

Jignee((5)) frp(2(5))ye(s)1p(5)75(3)
j;l kg:l a; (aJ + ap)
n Z Z Jighe(2(5)) frp,e(2(5))ye(s)m,(s)n; ()

aj(a; + ap)

Jp=1k (=1

<O§: o5 |y (s) IHm(S)Iiaﬁ”\np(S)\

Qp

p=1

[e'e] 'y+r (s
+CZ [y (s)|[Im; (s)]

a;

a7 (n,(s)|
Qp

WK

°
Il
—

2 2
[eS)

< Celly(s) I | [ Do ad™ )|+ D ey In(s)

2
+ Ce ¢ (Z aa+r 1|77p > (Za +r— 1|77p >

for ( € R. We use now calculations similar to those used in order to prove Lemma 3.2
and estimate (3.13), together with Lemma 3.9, to deduce

E ( sup ||H2(t)||2p> < O(2P679  tPm2emy
0<t<T
provided that conditions (2.12) with p = 1 hold. We now choose ¢ = 1 to obtain
2p 2p—0o
E(sup | H|| )SCG .
0<t<T

Consider now the term Hy(t). We introduce the cylindrical Wiener process

= aBi(t)
p=1

Now we can write Hy(t) in the form

o~

t
Hy(t) :e/ Faw,
0
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where the map F : £ — R? is defined as

(Pr) = 5o 32 Fus Ol e,

j,p=1k=1 a](aj+ap)

We need to estimate the Hilbert-Schmidt norm of F. We have

2
e’}

. d | d ’ ) SR
IF12, 000 = 330|303 L fk< (s)n; ()N

aj(ay + a
p=1i=1 |k=1j=1 ilog =+ P)

0 0 B‘H“ozr
<cy (3= i)

aj(aj + ap)

p=1 j=1
2
oo oo
S9N Cue 1f) 2o
p=1 j=1
[e%S)
<C Za e 1|77j )
Jj=1

provided that condition (2.12a) with p = 3 holds. We use now the Burkholder-Davis—
Gundy and Hélder inequalities, together with a calculation similar to the one used in
the proof of Lemma 3.2, to deduce

a2 B( sw mO) <o [ BB s < 0
0<t<T 0

provided that condition (2.12b) with p = 1 holds. Exactly the same analysis provides
us with the estimate

E( sup ||H3<t>|2p) <oe
0<t<T

under conditions (2.12b) with p = 1 and (2.12a) with p = 1.
Now we consider term H5(t). We have

Hy(1) =~ df (a()y(s) A~ ()

0

Now the calculations used in the proof of Lemma 3.10, together with (3.13), yield

]E< sup || Hs(t )|2p) < C’ezp(7+1)]E< sup ||df(x(s))y(s)A177(5)H2p>

0<t< 0<t<T
(A.3) < 0w,

where o > 0 is arbitrarily small, provided that (2.12b) holds with p = 1.
Now we proceed with Hg(t). We use a simple variant of (3.13) and assume (2.13a)
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to compute

2p

d 0 d
]E( sup Hﬁ(t)|2”> < 0O+ /OTEZ D3 fije((s))yn(s)ye(s)ni(s)|

.
0<t<T i=1 [j=1 k,e=1 J

)

2p
T oo
< et / E{ Iy [Sact ) | | ds
0

< CePr-h-o

where o > 0.
Consider now Hr(t). This term can be written in the following form:

:(0) = ¢ [ (o)A~ n(s) ds.

We use the Holder inequality, together with a calculation similar to the one presented
in the proof of Lemma 3.10, as well as assumptions (2.9) and (2.12a) with p = 1, to
obtain

T
E( sup ||H7<t>||2p) < Ce / E ||df (z(s))b(x(s) A~ n(s)||*" ds
0<t<T 0
2p
2 r - —1
< C|b(@) e / E Zlo/’“ m;(s) | ds
=

(A4) < C e,
Finally, consider Hg(t). We write it in the form
¢
Hy(t) = [ df(als)y(o)A” dW (s)
0

We use the Burkholder-Davis-Gundy inequality to obtain

P

2p 2vp ’ —1y2
E (Oilg)THHs(t)H ) < CePE (/0 | df (z(s))y(s)A ||Lg>

Now we have
ldf ((s))y(s) A~ |7 < Clly(s)|%,

provided that condition (2.12b) with p = 0 holds. Thus

E ( sup ||H8(t)||2p> < CGQ’YPEHy(t)Hzp < CeZp(’y—l)—o.
0<t<T

Now putting all the above estimates together we obtain (A.1). |
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