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Homogenization of a random

non-stationary convection-diffusion problem

M. L. Kleptsyna and A. L. Pyatnitskii [Piatnitskii]

Abstract. The homogenization problem is studied for a non-stationary convection-
diffusion equation with rapidly oscillating coefficients periodic in the spatial variables
and stationary random in the time. Under the assumption that the coefficients of
the equation have rather good mixing properties, it is shown that, in properly chosen
moving coordinates, the distribution of the solution of the original problem converges
to the solution of the limit stochastic partial differential equation. The homogenized
problem is well-posed and determines the limit measure uniquely.
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§ 1. Introduction

We study the homogenization problem for a non-stationary convection-diffusion
equation with rapidly oscillating coeflicients that are random in the time and peri-
odic in the spatial variables. We assume that the dependence of the coefficients on
the time reduces to a dependence on a stationary random process £. with values
in R?, d > 1. The corresponding Cauchy problem becomes

0 0 T 0 1 [z 0
R T T c_o, 1
ot m;ﬂ”(a%) aa;j“ Eb (5 éﬂ)@aziu 0 @)

u®(x,0) = ug(x),

and we investigate the limit behaviour of the solutions u® as € — 0.
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Similar problems for parabolic equations with symmetric elliptic part and with
diffusion process &. were treated earlier in [7] and [13]. In [13] it was shown that
the ‘classical’ homogenization result holds for operators in divergence form, that
is, the family of solutions of the Cauchy problem or of an initial-value boundary-
value problem for the original equation converges almost surely (a.s.) as ¢ — 0
to a solution of the corresponding Cauchy problem or initial-value boundary-value
problem for the homogenized parabolic equation with constant non-random coeffi-
cients.

The picture of the limit behaviour of the solutions changes substantially in the
presence of an increasing zero-order term; see [7]. In this case the limit dynam-
ics remains random in general, and the homogenization result holds in a weaker
form. Namely, the family of probability measures generated by the distributions
of the solutions of the original problem in an appropriate function space is weakly
convergent as € — 0 to a measure solving the limit martingale problem.

Homogenization problems for diverse elliptic and stationary parabolic operators
with lower-order terms were studied in [14], [15], [24], [19], [21]. Special attention
has been given in the literature to operators with incompressible convection terms;
see [2], [3], [9], [10], [25].

Non-stationary parabolic equations of convection-diffusion type whose coeffici-
ents are periodic with respect to both the spatial variables and the time were treated
in [11], where the homogenization result was obtained under the assumption that
the oscillation in the time is ‘slower’ than that in the spatial variables.

The basic concepts of homogenization theory can be found, for instance, in the
books [4] and [12].

As in the deterministic case, when studying the problem (1), one must take
into account the convection term of order 1/e in the asymptotics of u®. In this
connection, the result on homogenization of the problem (1) is obtained below
in moving coordinates #’ = x — bt/e with some constant vector b. This change of
variables enables us to avoid the growing velocity field (of order 1/¢) in the effective
dynamics.

We show here that the family of measures defined by the distribution laws of
the solutions of the problem (1) is weakly convergent as € — 0 to a solution of the
limit martingale problem in the energy function space. The diffusion arising in
the limit equation is finite-dimensional and has a coefficient of the form AVwu, where
A = {A¥Y} is a constant matrix, and the drift operator is a second-order elliptic
operator with constant coefficients. The matrix A is of special interest because,
if €. is a diffusion process, then this matrix cannot be constructed by solving the
ordinary ‘local’ problem on a cell with the help of the generator of the process: its
construction requires a more delicate analysis.

In this paper we construct several correctors that are solutions of auxiliary par-
tial differential equations, prove several a priori estimates, and then combine this
technique with some ideas developed in [23] and [6]. It should be noted that some
correctors constructed here depend not only on the value of the process &. at the
current time but also on the entire ‘future’ of the process. This differs substantially
from the approaches used in [7], [13], and [6], where the diffusion nature of the
correctors was used.
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In §2 we pose the problem and formulate the conditions on the coefficients
and on the process. The objective of §3 is to prove the tightness of the family
of distributions for the solutions of the original problem. In §4 we pass to the
limit, construct the coefficients of the limit martingale problem, and then, using
the uniqueness of the solution of the limit problem, prove the convergence of the
distributions of u®. The last section is devoted to a special case in which &. is a
diffusion process.

§ 2. Setting of the problem
We study the asymptotic behaviour of solutions of the Cauchy problem

0 . 0 x 0 . 1 [z 0 . B
e (m,t)—a—miaij<g,§§>%ju (m’t)_5b1<5’£§>8miu (x,t) =10, (2)

u®(x,0) = ug(x),

for small € > 0; here £. stands for an ergodic stationary random process defined on
a probability space (€2, F, P) and taking values in R%. The symbol E always stands
for the expectation. If £. is a diffusion process, then we denote by L its infinitesimal
generator,

o 0 0
L= Qij(y)a_yi By, + i(y)a_yi :

Further conditions on the process &. are given below in terms of strong or uniform
mixing coefficients or in terms of the maximum correlation coefficient. We present
here the corresponding definitions for the convenience of the reader.

Let F<; and Fx; be the o-algebras (&, s < t) and o(&s, s > t), respectively.
The function «a(s), s > 0, given by

a(s) = sup |[P(B1UB2) — P(B1)P(B2)]
B1€F <o, B2€TF >,

is called the strong mizing coefficient of the process £.. The function ¢(s), s > 0,
given by
¢(s) = sup [P(B1 | B2) — P(By)]
B1€TF <o, B2€T >,

is called the uniform mizing coefficient of .. Finally, the maximum correlation
coefficient p(s), s > 0, is defined by

| cov(n1,m2)|
E(m — E(m))2E(n2 — E(n2))?

p(s) = sup 7

where the supremum is taken over all F¢p-measurable functions 7; and all J5,-
measurable functions 72 such that E(n;)? < oo and E(n2)? < oo, and the symbol
cov stands for the covariance.
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In what follows we always assume that the coefficients a;;(z,y) and b;(z,y) are
periodic with respect to the variable z. The other assumptions are formulated
below.

A1l. The functions a;;(z,y) and b;(z,y) and their first-order derivatives with
respect to z and y are uniformly bounded:

|aij (2, 9)| + [V=ai5(2, y)| + [Vyaij(z,9)

| <e,
|b1(z,y)| + |vzbz(z7y)| + |Vyb1(2‘,y)| g G

here and below, the symbol ¢ stands for positive constants.
A2. The matrix a;;(z,y) is positive definite, that is,

aijnin; = cnl?, neR",

for some ¢ > 0 and for any (z,y) € T" x R%
A3. At least one of the following relations holds:

| e s <o [Toe s <o [T pts)ds <.

For the special case in which &. is a diffusion process, there is a natural desire to
replace the above condition A3 by some effectively verifiable sufficient condition in
terms of the coefficients of the generator. However, it turns out to be much more
convenient to use the generator of the time-reversed process (s = £_; rather than
that of the original process &;. In this connection we introduce the notation L for
the generator of (s,

~ o 0 ~ 0

L=ad — 2 4B i
qr1(y) o o k(Y) ur

and suppose that the following condition holds instead of A3.

A3'. The diffusion coeflicients gi;(y) and their first-order derivatives are uni-
formly bounded,

131 (y)] + V@i (y)| < e,

and the operator L is uniformly elliptic,
Grimeme > clnl?, neRrR?,
for any y € R The vector function B (y) admits the polynomial estimate
|By)| + [VB(y)| < e(1+y|")
for some k > 0, and there are numbers u > —1, R > 0, and ¢ > 0 such that

B(y) -y

< —cfy|”
|yl

for all y in {y : |y| > R}.
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According to [20] (see also [7]), under the condition A3’ the process ¢. (and hence
the process &. as well) admits a unique invariant measure, which has a continuous
density p(y) satisfying the equation

L*p =0, / p(y)dy =1,
Rd

and decaying at infinity more rapidly than any negative power of |y|; here the
symbol L* stands for the adjoint operator. Moreover, for the stationary version of
the process (. with generator L the strong mixing coefficient a(s) decays at infinity
more rapidly than any negative power of s, which implies the condition A3.

Further, the distribution of the stationary process £. (§s = (_5) in the space
of sample paths coincides with the distribution of the stationary diffusion process
with generator

0

2 0, (<p<y>>-1 a%wy)am(y)] —ék@)) o

L= (p(y) " L*(p(y) ) = Gui(y)

we identify these processes in what follows.
Under the assumptions A1-A3, the problem (2) has for any initial condition
up € L*(R™) and any € > 0 a unique solution

u® € L2(0,T; HY(R™)) U C(0, T; L*(R™))

almost surely. The distribution of this solution generates a Radon probability
measure on the space

V = Li,(0,T; HY(R™) U C(0,T; L3, (R™))
equipped with the Borel o-algebra; the symbol w stands here for the weak topology.
This measure, defined as the distribution of u® in V', is denoted by Q°.
§ 3. Tightness

In this section we establish results on tightness of the family of measures Q°.
Generally, this family of measures itself is not tight in V. To obtain a tight family,
we introduce a moving system of coordinates (z',t) = (z — b/e,t) with a constant
vector b and show that for an appropriate choice of b the family of distributions of
the functions u®(z’,t) is tight in V. This result is based on a priori estimates for
a solution of the problem (2) and on the Prokhorov theorem (see [23], [6]).

Proposition 3.1. The estimate

t
sup (IOl + [ IV ey @) < ol )

holds uniformly with respect to € > 0. There is a constant vector b such that

O R o) S

for any p(x) € C§°(R™) and any v > 0.

lim sup P{ sup
v—=0e>0 [t—s|<v
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Proof. Let us consider the auxiliary problem

pe(ays)  A'pe(a8) =0, (2,0) €T x (o0, T+ 1)/, (5)
p€|s=(T+1)/e2 =1,
where 5 9
A = (a6 5 — 5 (a6, ()

By the maximum principle (see [16]), the solution p.(z, s) is strictly positive. More-
over, taking account of the structure of the equation and integrating by parts over
the set T x (s, (T +1)/&?), we get that

/ Pe(z,8)dz =1

for any s < (T + 1)/e2. Tt follows from Harnack’s inequality (see [22]) that
0 <er <pe(z,8) < e < o0, (7)

where the constants ¢; and ¢y depend neither on £ nor on the sample path of &..
Multiplying the equation (2) by p.(z/e, s/e?)u(z, s) and integrating the resul-
ting formula over R™ x (0, t), we see after simple manipulations that

3 [ (5 a5 [ ot (£0)as
+//(fs/)p(’“")£ (0,0 g (. 5) d ds
[ [ 2 (25)+ i (o (Bt o (23))
ST

According to (5), the last integral vanishes. Therefore, by (7) we readily obtain (3).

Let us now pass to (4). The following statement is crucial here.
Lemma 1. Let the initial condition ug(x) in (2) be of class C§°. Then there is a

non-random function k1(g) vanishing as € L 0 and such that

sup oscu® < K1(e), (8)
(z,t)eR?x (0,T) G2

where G5, stands for the set x + (—¢/2,¢/2)™.
Proof. Let us consider the auxiliary periodic Cauchy problem
a—v(z,s) — Av(z,8) =0, ze€T", s> sq,
E

U|s=80 =Y
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with the operator
o 0 ; 0
A= —a" — 4+ —. 9
82‘1'@ (Z7£s)82‘j + (Z’£S)8zi (9)
The solution v(z, s) of this problem tends exponentially to a constant as s—sg — 0.
In particular,

osc v(-, s0+e1?) < ¢ exp(—ce V) |vo| e, (10)

where ¢’ and ¢ depend neither on sy nor on a realization of .. Indeed, under
the assumptions A1l and A2 the solution v(z,s) satisfies the uniform Harnack
inequality, which, in turn, implies the desired estimate (see, for instance, the proof
of Lemma 2 below).

The operator
0 x 0 1. [z 0
A= a( 26y )5+ b D6
83:1@](5 g#)@mj + Eb (5 gﬂ)@azi

commutes with any shift of the form Syu(z) = u(z + k), k € Z". Therefore, by
the maximum principle we get that

luf(z + ek, t) — u(z, b)| < Melk|,  keZ" (11)

where M = max, |Vuo(z)|.
Next, let us arbitrarily choose tg > 0 and z¢ € R™, restrict the function u®(z, t)

to G5, and denote by vj the periodic extension of this restriction with period e

with respect to the coordinate directions. By (11) we have
U5 (z) — us(z, to)| < Me'/* (12)

for all 2 such that |z — x| < e'/%.
Let p(t,t', z, 2") be the fundamental solution of the problem (2). According to [1],
under the assumptions A1-A2 the inequality

p(t();t() + 53/27'7:7‘7/) g CI eXp(—c|a: - ‘TI|2/53/2) (]‘3)
holds for any z, ' such that |z — | > '/4, where ¢ and ¢’ depend only on

the constants in the conditions A1-A2. Integrating this inequality over the set
{z : |z — 2’| > e/}, we see that

/I - p(to, to+ %2, x, ") dz < ce. (14)
r—x'|>e

Let v°(z, t) be the solution of the equation 9;v° — A°v° = 0 with the initial condition
U%|t=t, = U5(xz). Then the estimate (10) gives

%scﬁe( o +€3/2) < & exp(—ce V) T poe.
On the other hand, it follows from (12) and (14) that

|us (z, to 4 €3/2) — ¢ (, to + €%/%)| < celuo|p= + cMe'/*
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for any z € G%,. The last two inequalities imply the desired statement for any
t > £3/2. For small ¢ this statement is a trivial consequence of (14), which completes
the proof of the lemma.

In what follows, we need a sequence of problems

2pN(z,s) +A*pN(z,s) =0, (258 €T"x (—o0,N),

0s (15)

pV(z,N)=1,

with the operator A* given by (6). By the above arguments one can readily show
that the functions p" satisfy the estimate (7) uniformly with respect to N and s,
—00<s<N.

Lemma 2. The sequence p~ converges as N — oo to a stationary ergodic process
with values in C'(T™), and the realizations of this process satisfy the equation

%p—i—A*p =0, / p(z,8)dz =1, s € (—00, +00). (16)

Moreover, there are non-random constants ¢ > 0 and ¢y > 0 such that

max IpN (2, 5) — p(2,8)| < 1 exp(—c(N — k)). (17)
k<schil

Proof. To prove the convergence and the estimate (17), we consider the following
problem:

9 .
50t A =0, 4 _y=a, (18)

in which qo € L?(T™) satisfies the equation

/n qo(z)dz = 0. (19)

Let us first show that, for our purposes, it suffices to verify the exponential decay
of a solution of the problem (18) as N — s — oo, that is, to obtain the estimate

l9(2, 8)| < crllgol| 2y exp(—¢(N = 5)). (20)

Indeed, for any N > 0 and k& > 0 the difference pV*t* — pV is a solution of the
equation

0
@(pN““—pN)+A*(pN+’“—pN)=0, s <N,

and for any s < N we have

[0 e =¥ adz =0, =gV <
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Therefore, assuming the validity of the estimate (20), we get that

N — Nl o ikt < c1exp(—c(N — k).

72
By the Cauchy criterion, the sequence p’¥ converges as N — oo to a limit continuous
function, which we denote by p(z, s), and this function satisfies the inequality (17).
Passing to the limit in (15), we obtain (16).
To prove the estimate (20), we consider the conjugate problem

ﬁy(z,s) — Av(z,8) =0, (z,8) €T" x (sp,+00),

Os (21)

V(Z7 80) = QO(Z%

where ¢ stands for an arbitrary L?(T")-function. Multiplying this equation by
q(z, 8), integrating over T™ X [sg, V], and integrating by parts several times, we get
that

/n v(z,N)qo(z)dz = /n ©(2)q(z, s0) dz. (22)
By the Nash inequality (see [16]),

iré%§|y(z,so +1)| < cllellz2(m)- (23)

Let v (z,s1) and v~ (2, s1) be the positive and negative parts of v(z, s1), respec-
tively:

v (z,81) = max(v(z, s1),0); v~ (z,81) = —min(v(z, s1),0).

Subtracting an appropriate constant if necessary, we can assume without loss of
generality that

iré%§u(z, $1) =— ZIIEI’iEI% v(z,s1),

and hence ||[vT(-,s1)||L=~ = |[v (-, s1)||L~. Applying Harnack’s inequality to the
solution to the problem

%VI(Z,S) — Avt(z,8) =0, (2,8) € T" x (s1,+00),
vi(z,51) = vT(z,51),

we obtain the estimate

max 1/1(2:, s1+ 1) < ¢c2 min 1/1(2:, s1+1)
z€Tn z€T™

with a constant c; depending only on the constants in the conditions A1 and A2.
Combining this with the obvious estimate

0< v < vt (-, 1) e,
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we see that
0< C3 < Vl(z781 + 1) < HV+(' 731)HL°°'

Similarly, if 2 is the solution of the problem
%VQ(Z, s) — Av?(z,8) = 0, v3(z,81) = v (2, 81),

then it admits an estimate of the form

0<c3<v(z,81+1) < v (-, 81)]pee-
By the last two inequalities, it follows that there is a constant ¢4 > 0 such that

c&cu(-,s—i—l)<(1—04)%%cy(-,s) (24)

for any s > sg + 1. By (23), this implies that

oscv(-,s) < crexp(—c(s —s0))llellrz(rm)

for any s > sg + 1. Finally, it follows from (22), (19), and the last estimate that

/nw(Z)Q(Z, so) dz| =

for any ¢ € L?(T™). Therefore,

/ v(z, N)qo(2) dz| <ciexp(—c(N —s0))llqo | L2cxm) [0 l| L2 (1)

llg(-,s0)llL2(rm) < c1exp(—c(N — s0))llqoll2(Tn)

and
(2, s0)| < c1exp(—c(N — s0))llgoll £2(rn),

where the Nash estimate was again used in the proof of the latter estimate.

Let us consider the functions p” (z,s) = pN*t%(z,s), where pV is the solution
of the problem (15). For any N > 0 the function p” is defined for any s € R,
and it is a stationary ergodic process with values in C(T™). As proved above, the
sequence p'¥(z,s) converges exponentially to p(z,s) as N — oco. Hence, p(-,s) is
also a stationary ergodic process. This completes the proof of the lemma.

We now introduce the constant vector
= [ (a6 1) Yoty (25)
Tn 82]'
and the following stationary random process with values in R™:
. 9 .
7 (s) = / (Ta”(z,fs) (5 8) - ) (2,5) dz. (26)
Tn Z]

All processes used in the definition of the vector b are stationary and ergodic. Thus,
by Birkhoff’s theorem we have

~ Jim 1 / /(a ss>+b<,ss>)p<z,s>dzds (27)

for almost all w € ().
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Lemma 3. The process n(s) satisfies the functional central limit theorem (the
invariance principle) with the covariance matrix

{02} = / T E(r ()07 (0) + (0} (s)) .
That 1is,

e—=0

./e? .
5/ n(s)ds —— ow.
0
in (C[0, T])", where w. is the standard n-dimensional Brownian motion.
Proof. Let us first prove that the inequality
IE{n0 | F>7}L2(0) < e1(exp(—cT) + p(T/2)) (28)

holds for any T' > 0 with some constants ¢ > 0 and ¢; > 0. To this end, we represent
the function p(z, s) on the interval 0 < s < T//2 as a sum p(z, s) = p'(z, s)+p*(z, 5),
where the summands p! and p? satisfy the equation

%pi(z, s)+ A*pi(z,8) =0,  s<T/2,

with the initial conditions p'|s—7/2 = 1 and p?|s_7/2 = p(2, T/2) — 1, respectively.
Then we have 7(0) = n'(0) +7%(0), where

7™ (0) :/IF (%GU(%&)) + bi(Z,&g))pm(z,O) dz, m=1,2.
" J

It follows from the definition that p'(0) is measurable with respect to F<7/2, and
hence so is 71 (0). By the mixing condition A3 we get that

IE{n" (0)|F>1}H L20) < A(T/2)lIn" (0)l|z2(2) < Cp(T/2). (29)

It follows from (17) that

1p%(2,0)| = |p(z,0) — pT/2(2,0)| < c1 exp(—cT/2).
Hence,
[E{n*(0)1F>7} 2(0) < [7(0)l|2(0) < C exp(—cT'/2),
and this inequality, together with (29), gives the desired estimate (28).

According to [18], Chapter 9, under the assumption A3 the inequality (28)
ensures the functional central limit theorem (CLT) for the process n(—s), which
in turn implies the functional CLT for 7n(s). Indeed, by the Prokhorov theo-

t/e2
rem (see [5]), the family {5/ n(s) ds} is tight in (C([0,T))™ if the family
0

t/e?
{5 / n(—s) ds} is tight and the process is stationary. The convergence of
0
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t/e?
the finite-dimensional distributions of the process {5 / n(s) ds} is obviously
0

equivalent to the convergence of the corresponding finite-dimensional distributions

of {E/OW n(=s) ds}.

Remark. We have proved the assertion of Lemma 3 under the assumption that the
last inequality in A3 holds. The other two cases (of strong or uniform mixing) can
be treated similarly.

Let us consider another auxiliary problem,

o . . o .. g B
55V (2:8) + Az, 5) = =5 (a" (2, &)p(z, 5)) — a”(z,fs)a—sz(z,s)

+bi(z,§s)p(z,s) — Bip(z,s) — ni(s)p(z,s), (2,8) € T" x (—00,+00), (30)

where A* is given by (6).

Lemma 4. The problem (30) has a stationary ergodic solution. Under the nor-
malization condition

¥(z,8)dz=0
Tn

this solution is unique.

Proof. For brevity, we denote the right-hand side of (30) by F(z, s). Let us consider
the following sequence of Cauchy problems:

9 N * 1 N m

%w (2,8) + A" (2,8) = Lin_1<s<ny F(2,8),  (2,5) € T" x (o0, N),

wN|s=N = 0’

where 1;y_1<s<n} stands for the indicator function of the interval (N — 1, N).
Taking into account the equality fw F(z,8)dz =0, we can readily see that

YN (z,8)dz =0

for any s, where we assume for convenience that " = 0 for s > N. By (3.20) we
obtain the estimate

9™ (| oo (0 x (k1)) < €1 €xp(—c(N — k)

for all £ < N. Summing the functions over N, —oco < N < 400, we obtain the
stationary solution ¢ = Y1 + ¥V of the problem (30). Moreover,

191 Lo (T x (—00,+00)) < C (31)

for some non-random constant C'. The uniqueness and ergodicity can now be proved
in the same way as in Lemma 2.
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To complete the proof of the tightness of the family of distributions of {u®}, we
consider the expression

(@, 5°¢) + (@, U Vap)

for an arbitrary test function ¢ € C§°(R™), where

. . 1. 1 (" (s
u(z,t) =u (m—gbt—g/o n<5—2> ds,t),
t
~— T op, -2 5\ e L
pe(z,t) p(g e bt —¢ /On<52>d8,52>,

t
T o1 9 s t
w(E—E bt—E /0 n<5—2>d8,5—2>
We also use the notation
1. 1 [ /s
p = bt + — — |d 32

Vir(x) = Vzr(z)|zzx/€, o5r(t) = gr(s)

S

V(1)

and write

s=t/e2

for an arbitrary function r. Using the equations (16) and (30), integrating by parts,
and making simple manipulations, we get that

;t[( PP (@, U Vep)] = jt[( 0°0) + e(ut, YV )]
= (470, 75) + (v Fggr” ) + 26+ 0/) - (.7

+ e(A%uf YV, P) + 5(“67 w%ﬂe) + (b +n(t/e?)) - (uf, PV Vi)

= (%, p"a* Vo V@) + (0 Vi Vi@, [V (at)) + a®Vogp — b59° + by® + n°y°])
+ e(uY®, a*V, Vi Vi 0). (33)

By (3), this implies the inequality
[(@(8), P (1) p) — (@ (), P (s))| < clt = s[ [l cs- (34)
Approximating the initial condition ug € L?(R™) in the problem (1) by a sequence

ud) € C§°(R™) if necessary and using (3), we can always assume that ug € C5°(R™).
Then by (34) and Lemma 1, we get that

[(@(8), ) = (@ (5), )| < clt = sl llles + cra(e) el on- (35)

Writing
0 (z,t) = u®(x — e bt, t), (36)
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we arrive at the relation

(@ (8), ) — (@ (s), 9|

1 t
<t = sl llellos + erle)lleller + clleller g/ n(r/e*) dr|. (37)
S

For any function ¢ € C§°(R™) the first two terms on the right-hand side of (37)

vanish as ¢ — 0 and |t — s| — 0, uniformly with respect to ¢, s, and w € Q. By
t

1
Lemma 3, the integral B / n(T/e*) dr satisfies the functional central limit theo-

0
rem in (C[0,T])"™ on any finite interval [0, T]. Therefore, applying the Prokhorov
theorem twice, we see that the family of distributions of (4°, ¢) is tight in C(0,T).

§4. Passage to the limit

The objective of this section is to show that the family {@®} of functions con-
verges almost surely to a solution of the Cauchy problem for a limit deterministic
parabolic equation with constant coefficients, and to obtain the main results on
convergence in distribution for the family of solutions of the problem (1). We
first prove convergence in the space V introduced in §2. Then we prove the same
convergence in a stronger topology.

We have already proved that the family {u®} is tight. Therefore, to find the limit
distribution, it suffices to pass to the limit in the expressions of the form (4%, ¢) for
an arbitrary function ¢ € Cg°.

By (33) and by Lemma 1 we get that

(@(8), ) — (w0, )

= (@(8), p° (D)) + (U (t), ¥° (£) Vap) — (0, 0°(0)) — £(uo, ¥°(0)Vap) + O(e)

- /0 (uf (s), apF (5) Vi Vo) ds + /0 (U (5), 4 VEU* (5) Vi Vi P) ds

+/0 (u®(s), Vi (a9 () Ve V@) ds—/o (u®(s), b°9Y°(8)Va Vi) ds

" / (u (s), B (5) Vi VD) ds + / (u (), 1 (s)U* (5)V V) ds + O(e). (38)

The following lemma will help us to pass to the limit in this expression.

Lemma 5. Let ((z,s) be a stationary ergodic process with values in L*(T™) (or
C(T™)) and let

<l z2(Tm x(0,1)) < C
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for a non-random constant C. Then the relation

lim sup =0 (39)

e—=0 t<T

/0 (4 (), ¢ (8)F) ds — (©) / (u(s), ) ds

holds almost surely for any C§°-function ¢, where

(¢)y=E - ((z,8)dz,

and @ is defined in (32).

Proof. We can assume without loss of generality that ({) = 0, and we write u(s) =

¢(z,$)dz. By Lemma 1,
Tn

sup < Cky(e)

t<T

[ e -u(Z)wm.a]

with a non-random constant C. Thus, it suffices to show that

[ 0(%)w @

By the Arzela theorem, it follows from (35) that for any ¢ € C§°(R™) there is a
compact subset K C C[0,T] for which (a°(-), ¢) € K almost surely for any £ > 0.
The rest of the proof is standard. We construct a finite J-net consisting of step
functions and use Birkhoff’s theorem to prove the limit relation

lim sup =0. (40)

e—=0 t<T

t
. T e ~ _
lim /0 u<52>(u (1),@)dr| =0
for any t < T. This, together with the simple estimate
! T ~ : 1/2
[ u(E)wopar<du(F)| s
s € £ L2(0,T)

establishes the relation (40), which completes the proof.

We denote by @*/ the ‘homogenized’ matrix given by

—ij ij ik 9 i j

a’ =E a’(z,&)p(z,8) +a (z,ﬁs)gwj (z,8) = b'(2,&)Y (2,8)| dz.  (41)
n k

This definition is natural since the terms on the right-hand side of (38) which do
not enter the definition of @*/ satisfy the equation

/W (a%(a““(z,gswj(z, $)) + b (2,5) + ' ()97 (2, s))dz —0.
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By Lemma 5, (38), and the last equation, we get that

lim sup]| (@ (£), ¢) — (o, @) — /0 (W (5), aV, Vo) ds| = 0

e—=0 t<T

almost surely for any ¢ € C§°. Thus, any limit point of {u°} in V satisfies the
equation

a’ljlo — AU/O = 0, U/0|t=0 = Uo, (42)

0 i A solution of the prob-
xX; 8a:j

lem (42) is unique, and hence the family {t*} converges almost surely in V' to the
function u° as e — 0.

for any typical realization of ¢ and for A = @

In fact, the above convergence result can be improved. Let us show that there
is a stationary ergodic process x(z, s) with values in C(T™) for which the function

. . 0 ~t 1 [ T
v (z,t) = u'(x,t) —u (m—i—bg—i—g On = dr,t
_ 1 [t
—Equ()(a:—i-bE—i-—/ n(%)dm)x(f,%) (43)
e ey \e e'e

converges almost surely to 0 with respect to the norm of the space L (R™ x [0, T])N
L?(0,T; HY(R™)). To this end, we substitute the expression (43) into the original
equation, collect the terms with like powers of &, and equate the resulting expres-
sions to zero. The first equation in this chain is generated by the terms of order
1, and it is

(55259 - Ax(er))

here and henceforth, we use the notation

A T
0 _,0 P —
ug(z,t) =u <m+b5+5/0 n<82>d7',t>.

Hence, we want to choose the function x(z, s) as a solution of the equation

%Xj(% §) = Ax!(z,8) = Vi,a" (2, &) + 6 (2,6) — b — 1’ (s). (44)
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Let us study this equation in more detail. Multiplying it by p(z, s), integrating over
the cylinder T™ X [s1, s2], and recalling the definitions of p(z, s), b, and 7n(s), we can
readily see that

/ X(z, 8)p(z, s) dz = const.

Further, arguing as in the proof of Lemma 4, one can show that the equation
(44) has a stationary solution x(z, s) which is unique up to an additive constant.
Moreover, x(-, s) is an ergodic process with values in C(T™). For definiteness, we

set x(z, 8)p(z, s)dz = 0.
Tn
Under the above choice of x we have

0 0 0
(2 —A€>’U€ — <__ +a¥ _'>u0 + (ae _i_v;(anE) +GEV;X€

- t
+ X" —bx° — ”(5_2>X6 - a) Vi Vou + O(e), (45)

where O(e) tends to zero in the L ((0,7); H*(R")-norm uniformly with respect
to w € Q, and

0= [ (@956 + V(™ (. N . 5)
+ a™(2,£) V., (2, 8) + b (2, €)X (2, 5))p(z, s) dz.

For brevity, let us use the notation

dhun(e0) =t 0} = 2. ) 492 (o L (2.5 )
t
+ a<§7£t/62>vix<§7 E_2>
t - t t
e h(8) (o)

and
<aaux> (S) = Tn {aij(z7 gs) + vZk (aik(z7 gS)Xj (Z7 8))
+a®*(2,6) Vo X2 (2, 8) 4+ 0'(2, €)X (2, 8) }p(z, s) dz.

We shall see below that @ = a. Thus, the first term on the right-hand side of (45)
vanishes. To obtain the energy estimate, we multiply the equation (45) by pv®
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and integrate the resulting formula over R? x (0,T). After simple manipulations,
this gives

/Rn(uf(m,t)) (— )dm—l—/ /Rn ( %) (55 )aiz v (@, s)%ve(m,s)dmds
A )
/ /Rn (45 (z, 5) a“}p(f,g%)a% %ug(m,s)ve(m,s) da ds
LA )
/ /Rn [a‘;&,{ 2,5) — () (8%)];7(;8%) 8‘21 821 Wz, sy (w, 5) do ds

+/0 /R" [(aau,&ij (5%) - aij]p<§’ s%) 8?01 82] ug(z, )v (z,5) dw ds. )

The second integral on the right-hand side admits the estimate

ij o 0
2z, s) — (Gaux)” (—s )]p(g, 2 )— —ul(x, s)v°(x, ) dr ds
n|: 52 £ 52 ami am] ( ) ( )
i 0 o 0
\I/UJC E S 0 € <
n (5’ 52> Ozy, (83:1- ox; el )y (m78)> dods| < ee

with non-random constant c; here the functions W%/:¥(z, s) are chosen to satisfy the
equation

div ¥ (=, 5) = (a3 (=, 8) — (Gaux) 7)p(2, 9).
Let us estimate the last term in (46). It follows from the definition of v°(x,t) that

V¥ (2,8) = U (2, £)—u <m—bf—1 /Ot n(g%)df, t) +0(e) = v (2, £)— (2, £) +O(c)

€ €
uniformly with respect to z, t, and w. Further, by (35), the family
(us(t) — ud(t), Vu Voul(t)) = (@°(t) — u’(t), VaVou' ()

is compact in (C[0,T])"". Therefore, it follows from Birkhoff’s theorem that the
limit relation

t
. ig (5 _ .ij r s\ 0 i 0 e _
/0 /n|:<aaux> <52> a ]p(E 52>8a:1- aUl;j%(av,s)v (z,s)dxds| =0

holds almost surely. We arrive at the following lemma.

lim sup
e—0 t<T

Lemma 6. The difference (u® — u?), and hence the difference (a° — u®) as well,
converges to zero almost surely with respect to the L°°(0,T; L?(R™))-norm as e — 0.



Homogenization of a random non-stationary convection-diffusion problem 747

Let us now pass to the main results of the paper. We denote by @5 the

distribution of the function u®(x,t) = u®(z — e 1bt,t) in V, where the vector b
is given by (25). We also recall that the matrix {a”} was introduced in (41).

Theorem 1. Let {u®} be the family of solutions of the problem (1). Suppose that

up € L2(R™). Then the measures Q° converge weakly in V as € — 0 to the unique
solution of the stochastic partial differential equation

o1 -\ 0 0
— [ g¥ + Z(A2Y
du(t) = (a + 2(A ) )83:1- oz, u(t) dt + AV,u(t) dwy, (47)
u|t=0 = Uo,

where the matriz A is given by the formula
(02) = [ EGH O () + 7 O () ds

and w; stands for the standard n-dimensional Wiener process.

Proof. One can readily see by Ito’s formula that the function u®(x — Awy,t) is a
solution of the problem (47). According to [8], this problem is well-posed and has
a unique solution.

Let us transform the function u(z — e~ 1bt, ) as follows:

_ 1 [t
uf(z — e bt t) = u° (m + E/ n(é) ds,t)
0
e -17 0 1 [t (s
+uf(z—e bt t) —u |z + = [ n| 5 |ds,t).
eJo \&

It follows from Lemma 6 that the L>°(0,T; L?(R™))-norm of the difference between
the second and third terms on the right-hand side vanishes almost surely as € — 0.
Thus, for any ¢ € C§° the families

(u(x — e 'bt, 1), ) and (u()(a:—i-é/otn(é)ds,t),go)

converge in distribution in C(0,7T) to the same limit distribution.
The map F,: (C(0,7T))" — C(0,T) defined by

Fo(0(-)) = (u®(- +0(t), 1), )

is continuous, and since the functions

{2 n(5)»}
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converge in distribution to Aw; in (C(0,T))", it follows that the functions

(2 L)) o)

converge in distribution to (u°(x + Awy, t), ), which proves the theorem.

The topology of V is very weak. In fact, the same convergence holds in a stronger
topology.

Theorem 2. The family u® converges in distribution in the function space Vi =
L>(0,T; L*(R™)) endowed with the topology of convergence in morm (the strong
topology).

Proof. As already proved, the difference

€ —17 0 I S
uf(z —e bt t) —u'(z+ = [ n( = |dst
eJo \e

converges to zero almost surely in V1, that is, with respect to the L> (0, T; L?(R"™))-
norm. By the Prokhorov theorem and Lemma 3, for any § > 0 there is a compact
subset K C (C(0,T))™ such that

1/t s
supP{—/ n<—2>d3¢ K} < 0.
e>0 € Jo €
The map ®: (C(0,7))" — V! defined by
®(0(+)) = u’(x+0(t), 1),

is continuous. Therefore, for any § > 0 there is a compact subset K! of V! such

that
0 1 s 1
supPiu’(z+= [ n| 5 |ds,t) ¢ K <.
e>0 g Jo (>

By Lemma 6, this implies that the families

{uf(x — e 'Bt, 1)} and {u()(a:—i—é/otn(é)ds,t)}

have the same limits in distribution in V. The convergence in distribution of the
1 [t

expressions u” (a: + - / n (;2) ds, t) to u®(z + Awy, t) follows from Lemma 3 and
0

the continuity of the above map .

§ 5. Operators with diffusion coefficients

In this section we assume that the process £. in the definition of the coefficients
of the equation (1) is a diffusion process. In this special case, the coefficients of the
effective equation (47) can be found in terms of solutions of auxiliary deterministic
partial differential equations. Moreover, diverse sufficient conditions ensuring the
mixing property A3 of the process £. can be formulated in terms of the coefficients
of the generator of &..
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Let us recall the notation (s = £_, and consider the diffusion process ()? 55 Cs)
with values in T™ x R? that corresponds to the operator

~ 0 0 0 - 0 0 ~ 0
A+L= a_ziaij(z>y)_ +bi(z,y) 57— + ka(y)a—yk En + Bk(y)a—yk .

8zj 82‘1-
According to [20] and [7], under the assumptions A1, A2, and A3’ the process
(Xs,¢s) has a unique invariant measure, and the density of this measure satisfies
the equation

(A" + I p(z,y) = 0, /WA;mzwwwdz=1. (48)

Moreover, p(z,y) decays as |y| — oo more rapidly than any negative power of |y.
Further, if f(z,y) is a function of polynomial growth with respect to y, then the
equation

is solvable if and only if

[ [, secwntendyd: o (49)

any corresponding solution is also of polynomial growth in y.

In what follows, we always suppose that ()Z'S,Cs) is a stationary process with
density p(z, y).

Let p(z, s) be the conditional density of X, given &, 7 € [s,+00). Then p(z, s)
satisfies the equation (16) almost surely (see [17]), and the process 1 defined in (26)
admits the representation

n(s) = E{div[a(X,, &)] + 0'(Xs, &) =0 | o(&r 7 = 5) )
We note that the condition (49) is equivalent to Ef ()Z's, ¢s) = 0. In particular, the
solvability condition holds for the function f*(z,y) = (div.[a(z,y)] + b(z,y) — b°).

We denote the corresponding solution by xs(z,y). Applying It6’s formula to the
expression x5(Xs, (s), we get after simple manipulations that

t o~ o~ o~
/N&@mzmxm—M%@>
0 t . . t .
+/U@@®%M@@@m@+/Z@WMW&&W@,
0 0

where w! and w? are independent Wiener processes of dimensions n and d, respec-

tively, and
o(zy) = ez v} B) = Viw@)}-

Passing in the preceding formula to the conditional expectations with respect to
the o-algebra F_o s = 0{(;, —00 < 7 < t} = F_4 4o and taking the independence
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of {¢.} and w! into account, we get that

t - -
%/0 N_sds = %E{Xb(Xth) | Foot}

1 t o 2
+ %E{/O Z(gs)VyXb(X&Cs) dws

- %E{Xb()?bg) | gr—ooi}

§—oo,t}

1 t ~ B )
+ %/0 E{E(gs)vyxb(Xs,Cs) | 3‘_0078}dws,

where the process 7, is defined in (26). The first term on the right-hand side
vanishes as t — oo. Calculating the quadratic characteristic of the It integral in
the second term and applying Birkhoff’s theorem, we see that

t ~ ~ . ~ ~
%/0 Q(CS)E{VyX?)(X&Cs) | EF—oo,s}E{vai(X&Cs) | EF—oo,s} ds

— E(a(@)E{Vih (X0, 0) | F-oe0} E{Vix} (X0, C0) | T}

= E(a(60)E{Vx} (X0, €0) | Fo.+o0 }E{ Vi) (Ko, €0) | Fo oo }) = (A2)7.

Finally, by Theorem 9.1 and 9.2 in [18] we have the convergence

1 tT o
— N_sds ——— AW,
\/7_'/0

T—00

where W; is the standard n-dimensional Wiener process.
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