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AVERAGING A SINGULARLY PERTURBED EQUATION
WITH RAPIDLY OSCILLATING COEFFICIENTS
IN ALAYER

UDC 517.946
A. L. PYATNITSKII

ABSTRACT. A complete asymptotic expansion is constructed for a second-order equation of
elliptic type with a small parameter in the highest-order derivative and rapidly oscillating
coefficients.

Bibliography: 11 titles.

In this paper in the layer a < x; < b of the space R” we study the problem
d x d
Ea_)c,-aif(x e)a (x, )ax u (x)+c(x —) (x)=f(x),

“E|xl=d = ¢1(x), u£|x1=b = ¢,(x)

(1)

with a small positive parameter &. We assume that the coefficients a,,(x, y), b;(x, y), and
¢(x, y) are smooth functions which are periodic in the second argument y. We further
assume that the matrix (a,) satisfies the condition of uniform ellipticity

}\|§|2 < aij(x= )’)gifj < Alglz, 0<A<A.

Our aim is to find conditions on the coefficients of equation (1) under which the
solution #°(x) can be represented as an asymptotic series in powers of the small parameter
e and also to construct such an asymptotic expansion when these conditions are satisfied.

The first section is of independent interest. There we study the behavior of a solution of
the equation

3 9 3
-a;;a,-,-(y)g;;u(y) +bi(y)a—y’_u(y) =f(»), @
u|y1=o = (P()')’

defined in the cylinder (y,,...,),) € (0, + 00) X T"~! with toroidal cross-section for large
y,- Existence of a bounded solution of problem (2) and stabilization of any bounded
solution to a constant as y, — oo are proved under the assumption that the right side f(y)
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20 A. L. PYATNITSKII

decays sufficiently fast. Necessary and sufficient conditions are obtained for uniqueness of
a bounded solution of (2).

We note that for equations in divergence form a similar problem was solved in [1]. The
behavior of solutions of various boundary value problems in domains close to a cylinder
was investigated in [2] for equations of divergence type.

A method of constructing an asymptotic expansion of a solution of (1) is presented in
§2. This method is applicable if an auxiliary vector field b;(x) constructed on the basis of
the coefficients of (1) satisfies certain conditions which are close to the condition of
regular degeneracy of [3].

Near each of the boundary planes the asymptotic expansion of #*(x) contains functions
of boundary-layer type which are found by applying the results of §1. Here in a
neighborhood of one of the boundary planes a boundary layer occurs already in the zeroth
approximation, while in a neighborhood of the other it occurs only in first approximation.

In this same section the solvability of problem (1) is proved for sufficiently small €, and
the sign of the coefficient c¢(x, y) can be arbitrary. Estimates of the solution in terms of
the right side and the boundary functions are also obtained. These results are proved by
probabilistic methods.

Equations of the form (1) with nonoscillating coefficients have been studied in [3], [4],
and many other works. If the lower order terms b,(x, y) and c(x, y) are not present in
problem (1) an asymptotic expansion of the solution can be constructed by the methods of
[5], but this expansion has a form different from that obtained by us.

§1

In an infinite cylinder which is the product of the half-line (0, + o0) and the (n — 1)-

dimensional torus 7"~ we consider the equation

d d d
%usa—yia,.j(y)gy;u(y)+b,-(y);;y—l_u(y)=f(y), @)

u,yl=0 = (P(.y)

Here the coefficients a,,( ) and b,( y) are bounded and measurable. Moreover, the matrix
(a,;) satisfies the condition

}\|§|2 < ajj(y)gigj < AI§|2’ 0<A<A.

We begin the study of problem (2') with the simplest case where the coefficients a;;( y)
and b,(y) are periodic in the variable y; and are twice continuously differentiable. We
denote by &7; the operator formally adjoint to 2/, and on the torus of periods T" we
consider the problem s/ p = 0. A nontrivial solution p(y) of this equation exists; it is
unique up to a factor and vanishes nowhere (see [6]). In order to uniquely determine the
choice of p(y) we assume that its average over the torus 77 is equal to one. We now
construct the auxiliary vector

7 d
bi= fT,,(a—yjau(J’) +b(»)|p(y)dy.
THEOREM 1. Suppose that the operator %, has coefficients which are twice continuously

differentiable and periodic in the variable y,, and suppose that the boundary condition in (2')
is given by a bounded function, while the right side f(y) decays exponentially as y, —

Il o1y < 0, ||eBylﬂlL°°((o,+oo)><T"-1) < o0, B> 0.



AVERAGING A SINGULARLY PERTURBED EQUATION 21

Then any bounded solution of problem (2') stabilizes as y, = o to a constant at an
exponential rate:

lu(y) —pl< ce™™, a>0.

The inequality b, < O holds if and only if a bounded solution of problem (2') exists and is
unique; the inequality b, > 0 holds if and only if for any real p. problem (2) has exactly one
solution which tends to p. at infinity.

PRrROOF, We first prove the assertion of the theorem for zero right side. To this end we
consider the diffusion process corresponding to the operator .+;:

dgy = o(&) aw, + b,(&§) dt, &=,
where

0 (7)0,(¥) = 2a,(»), bf(y)=5f—’y;cf,(y>+bi(y>.

We denote by I, the lower base of the cylinder and by I'y the section of the cylinder by
the hyperplane { y; = N}. Let 7(y) be the Markov time at which the process &} first
reaches the lower base I;. If £ does not reach I, we set 7(y) = oo.

ASSERTION 1. Either the probability P{1(y) < w} of the process & reaching the lower
base is equal to one for all y, or it is less than one for all y not lying on T,.

PrOOF. We consider the process & in the finite cylinder {y: 0 <y, < N}, and we
denote by 74(y) the Markov time of first passge of the process £ onto the boundary
I, U Iy of this cylinder. According to [7], the probability P{§; ) € Iy} satisfies the
equation

oy =0, uylp, =1,  uyly, =0.

It is easy to verify by the maximum principle that the functions u, ( y) are monotonically
increasing in N and satisfy the inequality O < u,(y) < 1. Therefore a function u(y) =
lim, _, , uy(y) is defined that, like all the u,(y), is a solution of the equation 2/u = 0
and satisfies the inequality 0 < u(y) < 1.
On the other hand,
lim P{& €T} =P{r(y)< oo}

No oo Tn(¥)
for all y, and hence u(y)=P{7(y) < oo}. Assertion 1 now follows from the strong
maximum principle.
ASSERTION 2. Suppose that P{1(y)} < oo} <1 for all y not lying on Iy. Then there exists
8 > 0 such that for all y
P{7(y) < 0} < ce”. (3)

PROOF. We use the strict Markov property of the diffusion process £7. We may assume
with no loss of generality that the period of the coefficients of &7, in the variable y, is
equal to one. From the hypotheses of the assertion and the continuity of P{7(y) < o} it
follows that

max P{7(y) <o} =6, <1
yehy
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Suppose now that y € I',. We denote the Markov time of the process § reaching the
section I'; by n(y). By the strict Markov property of £ we have (see [7])

P{r(y) < oo} =P{(n(y) < ) N(r(y) —n(y) < )}
= E[P{(n(y) < ) N(7(y) = n(») < ©)i%, }]
= E(X(an <o) P{7(2) = 1()) < 01, })
= E(X (s»y<o0) P{2(n(1)) < 0})
< OE(X(aiy) <)) = BP{N() < 20} < 63
here E denotes the expectation corresponding to the probability P, and Z,,, is the
o-algebra generated by the Markov time 7(y); here and henceforth x denotes the
characteristic function of a set.
In exactly the same way, for y lying on I', we obtain by induction the inequality
P{7(y) < o} <8l
Further, again using the strict Markov property, it is easy to obtain (3).

LeMMA 1. Suppose that the probability P{1(y) < oo} is equal to one for all y. Then (2')
has a unique bounded solution, and this solution stabilizes to a constant at an exponential
rate.

PROOF. Existence. In the bounded cylinders {0 < y; < N} we consider the sequence of
problems
Houy =0,  uyle, =9(y), uylp, =0.

The solution of each of these is given by

uy(y) = E(X(g{}v(y)el‘o}q’(aw(y)))'

Since by hypothesis P{7(y) < «} =1 for any y, as N — oo the probability P{y(y) #
7(y)} converges to zero for all y. From this and Lebesgue’s theorem it follows that for
each y there exists the limit

u()’)=Nh;f)noouN(Y)=E((P(§¥(y)))- (4)

The limit function u( y) is defined in the cylinder {0 < y; < «}, is bounded, and satisfies
the equation &/ u = 0, since all the uy(y) satisfy this equation. Moreover, the function
() serves as boundary condition for u( y) on I},.

Uniqueness. We suppose that there is another bounded solution v(y) of (27) distinct
from u(y). We fix an arbitrary point y and note that in the cylinder {0 < y; < N} we
have

v(y)= E(U(g,\,(y)))- (5)
It follows from the hypotheses of the lemma that
Jim. Pl e} =1
By hypothesis vlr0 = @(y). Therefore, passing to the limit as N — co in (5) and using the

boundedness of v(y) we obtain v(y) = E(p(£},))). From this and (4) it follows readily
that v(y) = u(y).



AVERAGING A SINGULARLY PERTURBED EQUATION 23

The semigroup property. We shall prove the following property of the operator 7, which
is important for our purposes. Let z(y, v) be a bounded solution of the problem

Hyz =0,  zlp, =ulp. (6)

Then z(y, v) = u(y) for y; = ».

Indeed, u(y)| J,»» 18 @ bounded solution of (6). It remains to use the uniqueness of a
bounded solution.

Stablization to a constant. In the cylinder y; > k + 1/2 we consider the problem

Sz =0, Z|rk+1/2=4/§()’)~

Here k is a natural number, and ¥;(y) is a smooth, nonnegative function with support in
a ball of radius p > 0 with center at the point x which is equal to one in a ball of radius
p/2. Then for any y in the section I, , ;

z(y) = v(p) > 0, (7)

where y(p) does not depend either on y or on x. Indeed, for fixed x inequality (7) follows
from the maximum principle and the compactness of I', ;. Further, using the probabilistic
representation for z(y) or the maximum principle, it is easy to verify the continuous
dependence of z( y) on x, after which the uniformity of the estimate (7) in x follows from
the compactness of the torus I, , ; 5.

We denote by #i(t) the maximum of u(y) on the set I, and by m(#) the minimum of
u(y) on I';; we set w(r) = m(t) — m(¢). From the representation (4) for u(y) and the
semigroup property it follows that 7i(r) decreases monotonically, while m(z) increases
monotonically. Our problem is to prove that w(¢) < ce”*, where the positive number o
does not depend on ¢ but only on .%/,. To this end we consider the solution u(y) over a
single period (k <y, < k + 1), and we prove that w(k + 1) < Bw(k), where 8; <1
does not depend on & or g(y).

Because of the linearity of the problem, we may assume with no loss of generality that
m(k)=1 and m(k)=-1. If m(k + 1)< 1/2 or m(k + 1) > -1/2, then for B, it is
possible to take 3 /4. Otherwise, on I, ,, we have

m(k+1/2)>1/2, m(k+1/2)<-1/2. (3)

We denote by y’ and y” respectively the points of the maximum and minimum of u(y).
Noting that the quantity ju( y)| is bounded by one, from Schauder’s inequality we obtain

”“Hcl(k+1/4<y1<k+3/4) < 0,(A,). 9)

The uniformity of this estimate in & follows from the periodicity of the coefficients of %7,.

It follows from (8) and (9) that for some p > 0 in a ball of radius p with center at y’ we
have u{(y) > 1/4. Similarly, in a neighborhood of the minimum point we have u(y) <
-1/4. We now represent u(y) as the sum u;(y) + u,(y), where u,(y) is the solution of
the problem

ouy =0, "‘1|1‘,H1/2 = %\I/Z (»),
and u,( y) is the solution of the same equation with the initial condition

u2|Fk+1/2 = u(rk+1/2 - %ll/:(Y)



24 A. L. PYATNITSKIT
It is easy to see that u, IFM/Z > -1 on I}, /,; this same inequality therefore holds on
T, ., as well. From (7) we have
ullrm > 3v(p).
Hence,
ulp,, = (w +uy)|p, > -1+ 3v(p).

In precisely the same way,

“lrkH <1-3v(p),
and so

w(k +1) < (1-3v(p))w(k).
To complete the proof of the lemma it remains to choose for 8, the quantity
min(3/4,1 = v(p)/4).
REMARK. It is evident from the proof of Lemma 1 that in the estimate

u(y) — bl < cem

in our case the constant ¢ can be chosen equal to 2e||p|| = r)-

LEMMA 2. Suppose that P{1(y) < oo} <1 for all y not lying on Iy. Then for any real p.
there exists a unique solution of problem (2") which converges to p at infinity. The stabilization
occurs exponentially. Problem (2') has no other bounded solutions except those which stabilize
to a constant.

PROOF. As in the preceding lemma, in the bounded cylinders {0 < y, < N} we consider
the sequence of problems

oy =0, uyle, =o(y),  uylp, =p
Each of the solutions u, (y) is given by

uy(y) = E(MX(S{NU.)EI‘N} + (P(gN(y))X{ggN(y)ero})-
It is clear that for any y the sequence u, () converges as N — oo to the quantity
u(y) = lim uy(y) = pP{r(y) = oo} + E(@(&0)) X (ry<eny )-

Since all the functions uy(y) are solutions of the equation sZ,uy = 0, it follows that
#yu = 0. Further, it is easy to verify that u|r, = @(y).

We shall show that our solution u( y) tends to u exponentially as y; — oo; to this end
we estimate the difference

lu(y) = bl <IplP{7(y) < 0} +lgll =y P{7(y) < o0}

< C(ll"l + ”‘P”Lw(ro)) e” N,

the second inequality here follows from Assertion 2. It follows from the maximum
principle that any solution of (2') which tends to p at infinity coincides with u( y).

We shall verify that there are no other bounded solutions. We suppose that there is a
bounded solution of (2’) which does not stabilize to a constant. We denote it by v( y). The
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lack of stabilization implies that for some ¢, > 0 for any k in the cylinder { y; > k} there
are points y” and y” such that
() = v (y")]> & (10)
We now extend the coefficients of &7, to the cylinder {~o0 <y; < + o0} in periodic
fashion, and we consider the problem
yzy =0, ZNer = Uir,vs (11)

which can be solved “below”, i.e., on the set (—oc, N) X T""1. We observe that for any y,
-0 < y; < N, the probability that the process &/ defined in the cylinder {-o0 < y; <
+ oo} reaches the section I'y is equal to one. Indeed, for each finite » the probability that
the process £ reaches the boundary I, U I of the cylinder {» < y; < N} is equal to one
(see [7]), and by the hypotheses of the lemma the probability of reaching the lower base T,
for fixed y tends to zero as ¥ = —oo. From what has been said it follows that Lemma 1 is
applicable to problem (11); therefore Z,(y) stabilizes exponentially to a constant as
(y1 — N)— —o0. Here

zn(y) = E(U(g-?y,v(y))),

where 7, ( y) is the Markov time of first passage of £ onto I'.
In the cylinder {0 < y; < N} the function v(y) can be defined by

o() = E(0(&,)).

Further, by Assertion 2
P{iy(y) =1y (»)} =P{&,, €T} < P{7(y) < »} < ce™n,

and hence for any y” and y” in the cylinder {k <y, < N/2} on the basis of the formulas
for the solutions z, ( y) and v(y) we have

(») =0 () <le(y) = 2y (W) +]zn (¥) = 25 (P +law (") = 0(»”)]

aN/2

< C“‘P”po(ro)e_ok + cl|of o, ye” + c||(p||Lw(r0)e‘”k

Choosing first k and then N sufficiently large, we obtain a contradiction to (10). The proof
of the lemma is complete.

LEMMA 3. The condition b, > 0 is necessary for the inequality P{7(y) < o0} <1 to be
satisfied for all y not lying on I},.

PROOF. Suppose that P{7(y) < o0} < 1 for all y not lying on I},. In this case Lemma 2

guarantees the existence of a solution of the problem
Lou=0, ulp, =0, u =1

=

We multiply by p( y)u( y) and integrate over the cylinder 0 < y, < N:

1) = [ {0005 u0) + B )| pIul)
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We now integrate I(N) by parts:
I(N) = —fONdylfryl(ai,-(y)aiyiu(y)%u(y))p(y) &y’
o, (ai,<y>aiyiu(y)aiyp<y>)u(y)dy'
2[ f (6P ()u*(y) & +f y)p(y)alj(y)a u(y) &y’
+5erb1(y)P(y)u2(y)dy’
= [ POy ) g &
3 [0 0 01520 = 00
—% rNuz(y)aU(y)aiyjp(y)dy’ +eru(y)p(y)a1,-(y)aiyju(y)dy’

+% erbl(y)p(y)uz(y) &’

=0.
From the definition of p(y) we obtain

N d d
d 2 —a;(y)a— b, =0.
[ 200 g0 5000~ 5 B.0Ip0N)| o
We now integrate J(N) with respect to N over the interval fromn toy + 1:
n+1 N d 0 ,
fn deO dylfrp(y)ai,(y)a—y:u(y)ay_u(y)dy

; "delf “ (y)[alj(Y)a p(y) = b, (¥)p(y)

)

ay’

+fn" dylfr u(y)p(y)au(y)gy—ju(Y)dy’=0-

p41

In this equality we pass to the limit as 5 — 0. Since the function u( y) converges to one as
y; —> oo as its first derivatives tend to zero, the third integral on the left side of the last
equality drops out, and we arrive at the relation

[T r(a, ) e g5 u(n) @

=% p(y)( a,(y) + bi(y) | dy.

The first integral here is positive, while the second is b, by definition; therefore, b, > 0.
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LEMMA 4. The condition b, < 0 is necessary in order that P{t(y) < oo} = 1 for all y.

PROOF. Suppose that P{7(y) < o0} =1 for all y. In the cylinders {0 < y; < N} we
consider the sequence of problems

oy =0, uylp, =1, uyly =0. (12)

It follows from the hypotheses of the lemma that on the set {0 < y; < 3} the functions
uy(y) tend to one as N — oo. The derivatives of these functions tend to zero on the set
{1 <y, <2} asN — oo; this follows from Schauder’s inequality [8]. As in the proof of
Lemma 3, we multiply (12) by p(y)u,(y) and integrate over the cylinder {9 <y, < N }.
Integrating by parts, just as in the preceding lemma, we obtain

—_/;,Ndylfpp(y)aij(y)%”N(}’)%“N(Y) dy’
+% fru?v(y)(alj(y)aiyjp(y) - bl(y)p(y)) dy’

= [P ()an() g un () & =0.

We integrate this equality with respect to 7 from 1 to 2. Passing to the limit as N — oo, we
obtain

im — [an " (0,500 () p )

-3 [+ 0] p ) o

Since the limit on the left is nonpositive, it follows that 7)1 < 0.

We now observe that Assertion 1 implies that the necessary conditions formulated in
Lemmas 3 and 4 are also sufficient. The assertion of Theorem 1 has thus been proved in
the special case f(y) = 0.

We continue the proof of Theorem 1 in the general case; for this we consider the
problem

Hou = f(y), ”|r0=0-

As previously, we consider two cases independently: b, > 0 and b, < 0. Suppose first that
b, < 0. We denote by uy( y) the solution of the problem

Aoy = (), uN|r0=O’ uNlI‘N=O‘

We multiply both sides of this equation by p(y)uy(y) and integrate it over the cylinder
0 < y; < N. Integrating by parts, we obtain

_foNdy‘fp p(Y)“u(Y)a%uN(y)aiy_uN(y) dy’
y | j (13)
= [ [ P
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For brevity we denote the function f ()p( y) by f(»). Just as f(»), it decays exponen-
tially as y; — co. We shall prove that f( y) can be represented in the form

F(y) = ;;igm

where all tlle g(¥), i =1,...,n, decay exponentially as y; — co. Indeed, let /,(,) be the
average of f(y) over the section I', :

Alr) =fr f(y)ay.
As g,(y) we choose the function
s =~z @

It is clear that g;( y) decays exponentially as y; — co. The difference f,(y) = f(y) — fi(»)
has zero mean over I, for almost all y,. We define the function g,(y) as follows:

2 ~
g(7) =f0 dZ/Tn_Zfz(J’bZ’)’3,---’yn)d)’s ey,

Continuing this process, we find the desired representation for f( y).
Equality (13) can now be rewritten as follows:

N d d , (N d )
j(;d)’lLﬂP()’)“ij()’)a_yiuN()’)g);jf”N()’)dy —fo dylﬁmgi(y)a—%uN(y)dy-

From this by the exponential decay of the functions g,(y) we obtain

”VuN”LZ(0<yl<N} <e(f), (14)

where the constant c(f) does not depend on N. Noting that all the u,(y) vanish on I},
from (14) we easily find that forany k,1 <k < N — 1,

“uN”LZ{k—1<yl<k+1} < ce(f)k. (15)
From this by known estimates [9] we obtain
IluNI|C°(Fk) < e f)k. (16)

Estimates of the Holder norms of u,(y) which are uniform in N (see [9]) enable us to
choose from the sequence u, () a subsequence u( y) which converges uniformly on each
compact set to some function u(y). It is clear that u(y) is a solution of the equation
Hou = f(y) and satisfies the boundary conditions “lro = (. The estimates (15) and (16)
remain valid for u(y).

We now define the function v, ( y, k) as the solution of the problem

ooy = (), UNlI‘k =0, UNer = 0.
For y; > k the function zy(y, k) = vy(y, k) — uy(y) satisfies the equation
Hyzy =0, leI‘k = _“N|rk’ ZNlFN =0.

From the sequence vy(y, k) for each fixed k it is possible to select a subsequence
converging to some function v(y, k). In this case it is easy to verify that the function
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z(y, k) = v(y, k) — u(y) is a bounded solution of the problem
oz =0,  z|p = -ulp; 17)

and hence from the part of the theorem already proved it follows that the oscillation of
z(y, k) on the set 2k < y; < 2k + 1 does not exceed c;ke ®*. From the exponential
decay of the right side f( y) and estimates of the type (16) for v( y, k) we obtain

o (s Bl coaray, <ansny S cake P

here B is the coefficient in the argument of the exponential function in the estimate of the
rate of decay of f(y). For y; > k the function u(y) can be represented as the sum
u(y) = v(y, k) + z(y, k), and hence the oscillation of u(y) on {2k < y; < 2k + 1} does
not exceed cse~ %%, o > 0. From this it follows immediately that u( y) converges exponen-
tially to a constant.

The case b; > 0 is considered similarly; the only difference is that in problem (17) there
is the additional condition at infinity z(y, k)|, -, = 0. The proof of the theorem is
complete.

REMARK 1. By analyzing the proof of the theorem it is easy to verify that in the estimate

u(y) — bl < ce™
the quantity a depends only on the operator 27, and the number B present in the
formulation of the theorem, while the constant ¢ further depends also on ||@]| z=r,),
P71 1] Lo+ a0y x 7n-1y and .

REMARK 2. If in the hypotheses of Theorem 1 the coefficients of o7, are continuously
differentiable / times, / > 2, while the right side f(y) decays exponentially together with
its derivatives to order /, then all the derivatives of the bounded solution u( y) of order no
higher than / + 1 also decays exponentially. This follows immediately from Schauder’s
inequalities.

Periodicity of the coefficients of problem (2') in the variable y, played a fundamental
role in the theorem just proved. The condition of periodicity of the coefficients of .7, in y,
can be replaced by a considerably weaker condition. Namely, we have the following result.

THEOREM 2. Suppose that the coefficients a,(y) and b;(y) of the operator o/, are bounded
and measurable, and that in the cylinder {0 <y, < oo} there exists a solution p(y) of the
homogeneous, formally adjoint equation /5 p = 0 which for all y satisfies the inequality

0<rg<p(y)<m<oo.
Then for any k > 0 there exists the limit
k— 1 N+k _ a ,
Af = lim fN dylfrn(bl(y)p(y) 4p()g, PN &',

N—-owo

the quantities A* are connected by the relation N* = kA, and all the assertions of Theorem 1
continue to hold if in the hypotheses the quantity b, is replaced by A' and the additional
condition ||@|| gi2r,, < o0 is imposed on the boundary condition ().

PROOF. As in the proof of Theorem 1, we first consider problem (2’) with zero right side.
The existence of a bounded solution in this case can be obtained just as in Theorem 1. We
observe only that the existence of a solution of the problem

oy =0, uNlr(,:‘P(y)’ ”Ner=0
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for each N is ensured by the finiteness of the H'/2-norm of ¢( y). We shall prove that any
bounded solution of (2') stabilizes to a constant as y; — . For this we multiply (2') by
the function p( y)u(y) and integrate this equation as in Lemma 3. As a result we obtain

k+s N+n a a ’
—fk dnfn dylfrylp(y)a,»j(y)a—yiu(y)a—yju(y)dy

+

[T u(y)p(y)al,(y)aiyju(y) &’ (18)

- ;j;tﬂd)ﬁfr (aﬂ()’)aiyip()’)—bl(y)p(y))u2(y) dy’)

1=K

Since u(y) and p(y) are solutions of «/yu = 0 and &/;*p = 0 respectively, the boundedness
of these functions implies the boundedness of their H'-norms in the cylinders { N < y, <
N + 5} uniformly with respect to N in (0, + o). Therefore, from (18) we find that

o 3 3 )
fo dylfrwp(y)aij(y)a—yiu(y)a—yju(y)dy < oo.

From the convergence of the last integral we obtain
Nli_{noo Ivull 2 n<y<wesy =0

Using Poincaré’s inequality, it can be deduced from this that for some numerical function
p(N) the difference u(y) — p(N) tends to zero in the norm of L>{N <y; < N + s} as
N — oo. Therefore, according to [9], the maximum of |u(y)— u(N)| in the cylinder
{N+s5/3<y, <N+ 2s5/3}alsotends tozeroas N — .

Further, using the methods of [8], it is possible to prove that the maximum principle
holds for the equation.«/u = 0 in each cylinder {N <y, <N + 5},

From what has been said and from the boundedness of the solution u( y) it now follows
that the maximum and minimum of u#(y) on the section I'y have finite, equal limits as
N — 0. Of course, this is equivalent to the stabilization of u( y) to a constant.

Using the methods of Lemma 4, it is possible to prove that the uniqueness of a bounded
solution of (2') implies the existence of the limit A*, A* = kA, where A! < 0.

As in the proof of Lemma 3, it is possible to show that if for any real p there exists a
solution of (2') converging to p to infinity, then the limit A* exists, A* = kA, and A' > 0.

Thus, to complete the proof of Theorem 2 in the present special case it remains to verify
that u( y) stabilizes to a constant at an exponential rate.

Suppose first that A" < 0. It can be shown that in this case the maximum of u( y) on the
section I'y, decays monotonically with respect to N, while the analogous minimum
increases monotonically. By subtracting a constant from u( y) if necessary, we may assume
with no loss of generality that u| y=co = 0. This solution u(y) for any N satisfies the
inequality

“u”LZ{N<y1<N+s} < c(s)]l vu”Ll{N—s/2<yI<N+s}‘ (19)

We shall not consider the proof of this inequality in detail; we note only that here
estimates of the maximum modulus of u( y) in terms of its L?-norm in a broader domain
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are used. In (18) we now put N equal to oo. From the easily verified relation

t+s < d d
dn["d L) u(y)u(y) dy’
/ nf ylfrylp(y)au(y)ayiu(y)ayju(y) y

o0 N+ J d
=1 d d a,(y)=— — dy’
] ylfrylp(y) 5 (N g4 gy u() &
and (18) with N = o¢ we obtain

=] n+s 2
f,d"fn dylfryllvu(y)l dy’<c(f[ dylf (v '+ max u3(y)),

sy stts

which in turn together with (19) implies the followmg estimate (see [9]):
2
f dnf dylf [vu(y) & < cf dylf | vu()] &';

here we have used the fact that the maximum of u2( y) over FN does not increase. For the
positive, continuous function

t+s 2
L) = [ [ Ivu(n)l &
n

we have obtained

[ n(n) dn < e(5(1) + L(: - 5)).

4

It can be shown that this inequality implies
o0
f L(n)dn<ce ™, a>0.
!t

From this it is easy to obtain the exponential rate of stabilization of u(y).
In the case A' > 0 we define the function

1 pr+3s72
Il(t) 25 '/t.f 52 d '/I:u(y)dy

As previously, we here assume that u| = (; therefore, from (18) it is not hard to

obtain

1=

ftocdnfnnﬂdylfrvllVu(y)l2 dy’
B0 [ an [ (50)p0) — (550 ()] 7 < 013(0)

fﬁrsdylf Ivu(y)| &y’ + max (u(y)—Iz(z))z);

I<)1Stts

()
°T%
here & is an arbitrary positive number. Choosing it equal to A'/2 and considering the

estimate

2
max  (u(y) + L(1))" < c”Vu”Lz{tfs/2<yl<t+3s/2}a

ISy St+s
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we obtain for u( y) the inequality
[os] n+s 2 t+3s/2 2
d d Vu dy' < ¢ d vu ay’,
ft nfn ylj;yll ) dy ft_s/z ylfryll () dy

from which, as above, we deduce an exponential estimate for the rate of stabilization of
u( y) to a constant.

The transition to a nonzero right side is accomi)]ished as in Theorem 1.

REMARK 1. The condition of boundedness of the right side f( ) was used in the proof of
Theorems 1 and 2 only to obtain estimates of the type [|u|cop,) < cllull 2oy However,
according to [9], these estimates are valid under much less stringent conditions on f( y).
Therefore, in the formulations of both theorems the conditions on the right side f(y) can
be substantially relaxed.

ReMARK 2. The assertions of both theorems remain valid also for right sides f( y) in the
space H }{0 <y, < oo}, but in this case stabilization of the solution occurs not in the
norm of C° but in the norm of L? over a section.

§2

In this section we construct an asymptotic expansion of the solution of problem (1) in
powers of the small parameter ¢ under the assumption that the coefficients of the operator
& ¢ satisfy certain conditions which we call regularity conditions. The results of §1 are
used to study the asymptotics near the boundary planes.

We henceforth assume that the coefficients a,,(x, y), b,(x, y) and c(x, y) of the
operator &/ ¢ are smooth functions periodic in the second argument y and the derivatives of
any order of the coefficients are bounded uniformly with respect to x and y.

Before formulating the main regularity condition, we introduce the following notation.
We denote by 7, the operator

‘MO ay lj(x y)a +b(x y)a

which depends on x as a parameter, and by p(x, y) a solution of the equation &/fp = 0
which is periodic in y and is normalized by the condition

[ px.y)dr=1;
T"

under the assumptions made above regarding the coefficients of /¢ the function p(x, y)is
a smooth function of both arguments. Finally, we define the auxiliary vector field b,(x):

() = [ | 0,0 ) + B3 )| p (5 ) o,

DEFINITION. We say that problem (1) is regular if |b;(x)| > E > 0 everywhere in the
layera < x; < b.

To be specific, we henceforth assume that b;(x) > 0.

We shall begin with the formal construction of an asymptotic expansion without having
for the time being either the existence of a solution #°(x) or any estimates. Within the
layer we seek a solution in the form of a series

u(x) ~ up(x) + ki::lsk(uk(x, %) + uk(x)); (20)
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here we seek functions u,(x, y) which are all periodic in the second argument y. We
represent &7 ° in the following form:

d d d
£ = R L. —_ . —_—
“ (8 [ay,-“”(x’y)ayj+b‘(x’y)6y,-]

J 0 d d i
(0 )3+ g 0) g+ Bk ) el )

0 d
a—xiaij(x7 )’)x_])

7]

+¢°

(21)

+ &

y=x/e
=1 0 1
=g Wy + e + e,

In the equation &°u® = f we represent &° in the form (21), and in place of u® we
substitute the series (20). Equating the coefficients of like powers of &, we obtain the
following infinite system of equations:

e Ayu, + Huy = f,
&' Hyu, + u, + SLyuy =0,

We begin the investigation of this system with the equation for €°. The condition for its
solvability in the space of functions periodic in the variable y is the orthogonality of the
functions f(x) — &7,u, and p(x, y) in the space L*(T") for each x. This condition can be
rewritten in the form of an equation for u,(x):

B (x) 3 w0(x) + E(x)ug(x) = () @)

here

e(x) = [ (e, 3)p(x,5) .

The averaged equation (22), which the leading term of the asymptotic expansion uy(x)
satisfies, is an equation of first order; therefore, of the two boundary conditions in
problem (1) we can impose only one. For this condition we choose

ol y=p = P2(x);

this choice is explained by our assumption that b, > 0. Indeed, the boundary condition
must be imposed on that boundary plane onto which there pass trajectories beginning
within the layer of the equation generated by the field b,(x): x = b(x). After the function
uy(x) has been found, from the same equation for € we find the function u,(x, y); the
solution u,(x, y) is determined up to a function depending only on x. We choose this
solution so that it depends smoothly on x. This can be achieved, for example, by requiring
that u,(x, y) have zero mean value over a period for each x.

So far we have not kept track of the boundary conditions. We note that on the
boundary { x; = a} the difference between ¢(x) and the first two terms of the asymptotic
series (20) has order O(1), while on the boundary {x, = b} it has order O(e). In order to
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deal with the errors in the boundary conditions, in a neighborhood of the boundary
{x, = a} we add to the series (20) an asymptotic series

zo(x,K,x?)+szl(x,§,%)+ e {let;—a’ (23)
and in a neighborhood of { x; = b} a series
! ’ _b
evl(x,0,x?>+ezvz(x,0,—i—)+ e 0=x1€ . (24)

We seek all functions z,(x, {, y’) and v, (x, 8, y’) periodic in the variables y’ = (»,,...,,)
which decay exponentially in { and 6 toward the interior of the layer.

Before secking these corrections, in a neighborhood of each of the boundary hyper-
planes we expand the coefficients a,,(x, y), b;(x, y), and ¢(x, y) in Taylor series in the
variable x;:

o0

0y (x,3) ~ a0, 50 + B gy Sray o) - o)

& b (@ ) — a)*, (25)

b ) = bla s+ L g
LS
dxf

£

(x ) ~ el X' 0) + T gy ela ) - a)'
and we form analogous expansions near the hyperplanes { x; = b}.

Above we represented &7° as the sum (21) of operators acting on functions of the 2n

independent variables x, y. In the same way, here we write &/ in the form

A= ¢y + ) + esd,
where &/,, #7;, and %/, act on functions of the variables x, { and y’ and have a form
entirely analogous to 2/, #;, and .«,. We shall not write them out in detail.

In each of the operators &7, &, and &%, we now substitute in place of the coefficients
a (x,§ ), b.(x, %, y"), and &(x, §, y') the series (25), replacing the quantities (x, — a)*
and (x; — b)* by (&)* and (e8)* respectively. Applying the operator &¢ written in this
form to the asymptotic series (23) and (24) and equating coefficients of like powers of ¢,
we obtain two systems of equations one of which must be satisfied by the functions
z,(x, {, y’) and the other by the functions v, (x, 6, y’).

To construct zy(x, §, y") we use the equation for e™!:

a{all(a x { y)a§ZO(X §>y)+ agalj(a x’ § y) ZO(-x { Y)
Il(a x’ g"Y)a{Zo(x §ay)+ alj(a x’ f»Y)a—Zo(x {9)1) (26)
+b1(a’ x', g" y’)gzZO(X,f, y/) + bi(a’ x',f, y’)s-}-}—_zo(x,f, y,) =0,

Zo|§=0 = %(x) - uo(a, x’);

the indices i and j in this equation vary from 2 to n; the boundary conditions are chosen
so as to eliminate the error of zeroth order on the boundary {x, = a}. The regularity
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condition enables us to apply Theorem 1 to problem (26); hence there exists a solution
zo(x, §, y") which decays exponentially together with its derivatives as { — co. In a
neighborhood of {x, = b} we now find v,(x, 6, y’) from the equation for ¢

a a a ’ ’ a 4
%au(b’x,’os y,)_a—ovl(xae’ yl) +—a_0'alj(b>x .0, y )Tvl()@oa y)
(60, ) ggunl 0. ) + (b 50, ) (.0, )

+b,(b, x', 0, y’)@vl(x, ,y)+b,(b,x,0, y’)a—yvl(x, 6, y) =0,

7 b 7
U1|0=0 = _ul(b’ X2y )

From Theorem 1 it follows that there exists a unique bounded solution of this problem.
This solution stabilizes at an exponential rate as § - —oco to a function »(x’) depending
only on x’.

We can now constuct p,(x). For this we write out the solvability condition of the
equation corresponding to €’ in the system of equations for the functions u,(x, y):

B,-(x)a%iulm +e(x)m(x) = g(x);

here g(x) is a known smooth function. To this equation we add the boundary condition
p‘l‘xl—b V(X)

In the same way at the kth step the equation for ¢~ in the first system of equations
enables us to find u,(x, y). From the corresponding equations in neighborhoods of the
boundary hyperplanes {x; = a} and {x; = b} we then find the functions z, ;(x,§, ¥)
and v,(x, 8, y’). Theorem 1 ensures the existence of such functions of boundary-layer
type. Finally, the solvability condition for the equation corresponding to &* gives an
equation for determining p, (x).

Thus, corresponding to the original equation (1) we have formed the asymptotic series

w(x) ~ ug(x) +| 20(x, &, y) + X e (ue(x, y) + pel(x) + 2(x, 8, )
k=1
+ e, 6, y’)))‘y=x/e,§=<x1—a)/e,0=(x1b)/e'
We denote by o, (x) the sum of the first s terms of this series.

PROPOSITION. Suppose that in problem (1) the right side f(x) and the boundary functions
@,(x) and @,(x) are bounded together with all derivatives uniformly with respect to x. Then
of = f(x) + e 'gi(x),
= () + & (%), ol o = a(x) RS (X)),

where the functions o/(x), g;(x), and h; ,(x) satisfy the inequalities
2

locllcreca.pyxrr-ty 18l cricamyxrety + 22 1145 Ml ctme1y
i=1

‘|
O x=a

: (27)

<c(s, l)e! ”f“c’*-“((a,b)xR””l} + Y lledlcrsme | l20,s
i=1

0.

\Y%
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We omit the proof, since it is obvious.
We shall now prove the existence of a solution of problem (1) for sufficiently small &
and obtain estimates of this solution in terms of the boundary functions and the right side.

THEOREM 3. Suppose that problem (1) is regular and its coefficients a;,(x, y), b;(x, y),
and c(x, y) are bounded uniformly with respect to x and y together with their derivatives of
the first two orders. Then there exists an €, > 0 such that for all € < ¢y and for any
sufficiently smooth f(x) and ¢(x) which are uniformly bounded in the layer problem (1) has a
unique bounded solution. Moreover,

2
”uE”L”{(a,b)XR"’l} < C(||f||L°°((a,b)><R"-1) + E H(piHLw(Rn-l))' (28)
i=1

PrOOF. We first prove the theorem under the assumption that c(x, y) < 0. This
restriction will be removed below. We consider the operator

R e EA e

€/ 0x; 0x;

and the diffusion process £5* corresponding to it, which for brevity we denote by &;.

LEMMA 5. Let 75(x) be the Markov time at which the process & first reaches the boundary
of the layer (a, b) X R*™1. Then there exists a constant ¢ not depending on € or x such that
Eré(x)<c.

PROOF. Let v,(x) be the solution of the auxiliary problem
- 0
bi(x)gvo(x): S N R

It follows from the regularity condition that vy(x) is twice continuously differentiable in
the layer. We find a function v,(x, y) periodic in y from the equation

(52 e 3) (5, )5, )

= gy ) g () = b ) () 1.

In order to uniquely determine the choice of solution v,(x, y) we assume that its mean on
y for each x is equal to zero. From the construction of v,(x) and v,(x, y) we obtain

%‘E(vo(x) + evl(x, f—)) =-1+ ey(x, %),

in which y(x, y) is a function bounded in the layer. We now choose ¢, so that
gov(x, y) < 1/2 for all x and y. For suitable choice of the constant c¢; the sum vy(x) +
ev;(x, x/€) + ¢; for all ¢ < g, satisfies the following relations:

ve(x) + 601<X, ) +¢ >0, ﬁs(vo(x) + evl(x, ) + cl) < -1/2.
Hence, according to [7],

Evé(x) < 2max(vo(x) + evl( ) + cl) < cy.
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Continuing the proof of the theorem, in the bounded cylinders {x: a < x; <b,
|x’| < k} we consider the sequence of problems

Meuli =f’ ulsc||x’|=k = 0’ uli|x1=a = (Pl(X), u/eclx1=b = (pz(X)- (29)
For each k this problem has a unique solution for which there is the probabilistic
representation
TH(x t £ TE(x ;

gy (x) = E(fo“ (&) [ 5 dsar+ {00 e [l 1,2 dt);
here ¢;(x) is the Markov time at which the process §; first reaches the boundary of the
cylinder {x: a < x; < b, |x’| < k}; ¢*(x) denotes a function which coincides with ¢(x)
on the upper and lower bases of the cylinder and is equal to zero on the lateral surface.

It is easy to verify that each fixed e the sequence 77(x) converges as k = oo to 7%(x);
therefore, on the basis of Lemma 5 and Lebesgue’s theorem we can pass to the limit in the
preceding equality and find the bounded solution of (1):

ué(x) = E(j:s(x)f(ff)exp j(;tc( e %) dsdt + q)(iﬁs(x))exp j:(x)c( € g) dt).

Iz
€

The estimate (28) is derived from this representation in elementary fashion by means of

Lemma 5.

We shall prove uniqueness of the bounded solution. Using the strict Markov property of
the process &;, it is possible to obtain the estimate

P!

in which the constants ¢ and 8 do not depend on %, ¢ or x.
We now suppose that there exists a nonzero bounded solution of the equation

£ — x| > N} <ce N, 5>0. (30)

[ -S— —— p—
fv=0, v, _,=0 v, ,_,=0,
and we consider a sequence of problems of the form
E, j— — e p—
v, =0, vk||x’|=k = U||x’|=k’ Uk|x1=a =0, Uk|x1=b = 0.

The functions v,(x) so defined coincide with v(x) inside the cylinder {x: a < x; < b,
|x’| < k}. On the other hand, using the probabilistic representation of v, (x) and (30), we
find that for each fixed x the quantity v, (x) tends to zero as k — oo. This contradiction
proves the uniqueness of a bounded solution.

We now show how to eliminate the restriction ¢(x, y) < 0. To this end we prove the
following lemma.

LEMMA 6. There exists a number N, such that for any 8 > 0 the following inequality holds
uniformly with respect to x and € < ¢,(8):

P{7*(x) > N} < ce”#™~No), (31)

ProoF. Since the process & possesses the Markov property, it suffices 1o prove the

existence of an N, such that for each 8> 0 for all x and & < gy(B) the following
inequality holds:

P{r¢(x)> Ny} <B. (32)
We shall show that for N, it is possible to choose a constant bounded above by 2E7°(x).
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According to [11], ET%(x) and E(7%(x))? satisfy the equations
#(Ere(x)) = -1 (33)

and

#*(E(%(x))*) = ~2E7%(x)

respectively with zero boundary conditions. Using these equations, we see by direct
verification that the square of the variance E(7°(x))? — (E7%(x))? of the Markov time
7%(x) is a solution of the problem

B (Var °(x))? = 2£aij( ) E’T (x)—ET (x), (34)

Var 7¢(x) | =0, Varr® (x)[xl=b=0.

x)=a
Since for nonpositive c¢(x, y) the theorem has already been proved, we can estimate the
variance of 75(x) if we construct an approximate solution of the last problem.

A procedure for constructing the formal asymptotics of a solution of (33) was described
in detail above. This asymptotic expression has the form

Er'(x) ~ mo(x) + emy(x, )+q0(x,x1;a,%’)+ (35)

Substituting now the first several terms of (35) into the right side of (34) in place of
Er%(x), we obtain an asymptotic expression for this right side:

>

X, —a x’
€ €

eml(x, )+8 qo(X, s

here §,(x’, §, y') is the boundary layer near the hyperplane { x, = a}, and the function
it (x, y)is periodic in y. We shall seck a solution of (34) in the form of a series

(Var 7¢(x))’ ~em1<x, )+q0( xle_a,x?)+6(§1(x' xl;a,%)+

Applying the same methods as above, we construct a function éo(x’, ¢, y") of boundary-
layer type near the hyperplane { x; = a} and a function /1, (x, y) periodic in y, etc.

In our expansion of (Var 75(x))? all terms except for §,(x’, {, ') have order O(e). Since
do(x, §, ¥") is exponentially small inside the layer, for all x, @ — d < x; < b, we obtain the
estimate Var 7¢(x) < ¢ve . This enables us to deduce (32) from the Tchebycheff inequality.

In order to prove (32) for all x in the layer, we extend the coefficients a,,(x, y) and
b,(x, y) of the operator %#* to a broader layer (a — d, b) X R*~! with preservation of
smoothness and periodicity in y. Carrying out constructions analogous to the above in this
broader layer, we prove (32) for all x in the original layer.

The estimate of Lemma 6 now implies the finiteness of (E exp(é7°(x))) for all suffi-
ciently small ¢; here ¢ is chosen so that |c(x, y)| < ¢ for all x and y. According to [4], from
this it follows that for all £ a solution of problem (29) exists, is uniformly bounded with
respect to &, and can be represented in probabilistic form. Passing to the limit as k — o
in these equations, we find a bounded solution of problem (1).
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The estimate (28) and the uniqueness of a bounded solution also follow from Lemma 6.
The proof of the theorem is complete.

COROLLARY. Suppose that in the hypotheses of Theorem 3 the coefficients and the data of
problem (1) are uniformly bounded together with their first | derivatives, | > 2. Then for all
k<l

2
“uellc"{(a,b)xR"“} <c(k)e® ”f“ck{(a,b)xk"-l} + X "(Pi”Ck(Rn—l) . (36)
i=1

For the proof it is necessary to use (28) and Schauder’s inequality.
We are now in a position to justify the asymptotic expression for the solution of
problem (1) constructed above.

THEOREM 4. Suppose that problem (1) is regular and its coefficients a,(x, y), b/(x, y),
and c(x, y) are bounded uniformly with respect to x and y together with their first |
derivatives. Suppose further that the data of problem (1) are also uniformly bounded together
with their derivatives to order I. Then the first | terms of the asymptotic expansion for the
solution of problem (1) are well defined, and there are the following error estimates:

oe® - UsE”C"'{(a,b)xR"*l}
2

crianxry T 2 o)
i=1

< (s, k)7 |f]

Cs+k(Rn—1) 3

s>0,k>0,s+ k<.

The proof reduces to substituting (27) into (28) and (36).
In conclusion the author expresses his thanks to M. 1. Vishik, who proposed that the
author investigate the circle of questions considered here.
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