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THE EXPONENTIAL GROWTH AND DECAY PROPERTIES
FOR SOLUTIONS TO ELLIPTIC EQUATIONS IN
UNBOUNDED CYLINDERS

LipAN WANG, LIHE WANG, AND CHUNQIN ZHOU

ABSTRACT. In this paper, we classify all solutions bounded from below
to uniformly elliptic equations of second order in the form of Lu(x) =
a3 () Diju(x) + by(x) Diu(x) + c(x)u(x) = f(x) or Lu(x) = Dy(as; (x)
Dju(x)) 4 b;(x)Diju(x) + c(x)u(x) = f(x) in unbounded cylinders. Af-
ter establishing that the Aleksandrov maximum principle and boundary
Harnack inequality hold for bounded solutions, we show that all solutions
bounded from below are linear combinations of solutions, which are sums
of two special solutions that exponential growth at one end and exponen-
tial decay at the another end, and a bounded solution that corresponds
to the inhomogeneous term f of the equation.

1. Introduction

The structure of positive solutions to elliptic equations has been studied
extensively. Early in 1990 Gardiner [5] proved the cone of positive harmonic
functions that vanish on boundary is generated by two minimal harmonic func-
tions hy (x',y) = et W¢(x') in an unbounded cylinder B x R C R", where B
is a unit ball in R"~1(n > 2), ) is the square root of the first eigenvalue of the
operator —A in B, and ¢(x’) is the corresponding eigenfunction. Landis and
Nadirashvili [8] considered the Dirichlet problem for strongly elliptic equations

a;;(x)D;ju(x) =0 or D;(a;;(x)Dju(x)) =0

in a cone. They proved that the space of the positive solutions in a cone with
zero boundary value is one-dimensional. These results have been extended to
the positive solutions to these equations in unbounded cylinders § x R C R™,
where S is a bounded Lipschitz domain in R"~! (n > 2), by Jun Bao and
some of the authors [1]. They showed that there exist two special positive
solutions with exponential growth at one end and another exponential decay
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and all positive solutions can be represented as a linear combination of these
two special solutions.

Inspired by the above two papers [1] and [8], we consider the solutions
bounded from below to second order elliptic equation with lower order terms
and with inhomogeneous term f. We will show a similar structure theorem of
these solutions.

Here we use [9] and [10] for the basic results, Harnack inequalities etc for
positive functions of second-order elliptic equations. And more related works,
one can see [2], [7].

Therefore, we consider the following elliptic equations

Lu(x) = f(x), x €C,
(1) U(X) = 0, X € 3C,
u(x) is uniformly bounded from below, xeC,

in an unbounded cylinder C = § x R C R"”, where § is a bounded Lipschitz
domain in R""!(n > 2), and L is the second order elliptic operator in non-
divergence form and in divergence form as

(2) Lu(x) = a;;(x)D;ju(x) + b;(x) Diu(x) + c¢(x)u(x) = f(x), x€C,
(3) Lu(x) = D;(a;j(x)Dju(x)) + b;i(x) Diu(x) + ¢(x)u(x) = f(x), xe€C.

We assume the coefficients and the inhomogeneous term satisfy

a;;(x) = aj;i(x), a;5(x) € C(C),
(4) bi(x), c(x) € L=(C),
f(x)e L. (C), ¢(x) <0, VxeCl,

and L satisfies the uniform ellipticity condition:
() NEP < aij(x)&&; < AlE)?,  Vx, €€ R,

where 0 < A < A, and with a constant  such that % <~.

Throughout the paper, we only prove the results in the non-divergence form,
and all our results are valid for equations in divergence form. Here, we assume
the operator L of (2) is applied to functions u in the class W, (C) N C(C).

Notations. x = (z1,...,2,) = (21,...,2Zn_1,y) = (X',y) denotes a typical
point of R" "' xR(n > 2). For E CR,Cg:=SxE ={(x',y) eR"|x' €8, y €
E},00Cp == 0S x E = {(x',y) € R"|x' € 0§, y € E} for any y € R, C, :=
C{y}, C;_ = C(y,Jroo), Cy_ = C(,Oo,y), Ct = C(-)"_, C™ = CO_ ||f|
Sup||f||Ln(C(y1y+2))'

yER

Ly =

With the inhomogeneous term f, we use U to denote the set of solutions
bounded from below to the problem (1). If f = 0, we use U to denote the
positive solution set to the problem (1) (we will see U = U with f = 0).
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For any w, 4(y) := sup ut(x,y), where u™ = max{u,0}. Therefore, for

x'eS
any u € U, 4(y) = sup u(x',y), y € R.
x'eS
For any uw € U, set m(u) := inf a(y). Ut := {u € U| lim u(x,y) =
yEeR Yy—r—0o0

0}, U” = {u e U| liI_il_l u(x’,y) = 0}, UY := {u € U] there exists x* =

y—r+o00

(x"*,y*) € C such that u(x*) = m(u) > 0}.

Without loss of generality, we assume 0’ € S.

One of our tool is a version of Aleksandrov-Bakelman-Pucci maximum prin-
ciple in unbounded domains. This helps us to estimate and establish the exis-
tence and uniqueness of bounded solution in C.

Theorem 1.1 (Aleksandrov-Bakelman-Pucci maximum principle). Assume
Lu(x) > f(x), x € C, and u(x) is bounded from above. Then we have

supu™ (x) < sup ut(x) + C|f]
xeC x€0C

L7 (C)»

where C only depends on n,~y, diam(S).

Corollary 1.2. Assume Lu(x) > f(x), x € CT, and u(x) is bounded from
above. Then we have

sup ut(x) < sup ut(x) + C||fllLn(c+)s
xeCt x€dC+

where C only depends on n, -y, diam(S).

Theorem 1.3. Let L be given by (2) in C C R™ and the coefficients satisfy (4)
and (5). If f € L} (C), then the Dirichlet problem

loc

Lu(x) = f(x), x €,
(6) { ux) = 0, x € 8C,

has a unique bounded solution u € VV;OC” C€)Nce).

The next main result is about the exponential decay property of bounded
solutions in CT.

Theorem 1.4. Suppose u(x) is bounded from above, and satisfies

{ Lu(x) f(x), x€eCT,
0

v

u(x) , x € 9§ x (0, +00).

Then there exist constants a, Co, C1 > 0 depending only on n,~y, diam(S), such
that
u(x) < Cot(0)e™ + C4 | f]

Ln(c+) xeCt.
Followed by Theorem 1.4, we obtain a corollary in C~.

Corollary 1.5. Suppose u(x) is bounded from above, and satisfies

{ Lu(x) f(x), xeC,
u(x) 0, x € 0§ x (—00,0).

v
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Then there exist constants a, Cy, C1 > 0 depending only on n,~, diam(S), such
that

’LL(X) < CQ'LAL(O)Gay + Cle”LZj(C—)v xelC .

Next, we pursue further the structure of solutions to (1). The maximum
principe in Section 2 and the boundary Harnack inequality in Section 3 are
proved with lower order terms. Therefore, we can prove the following theorems.

Theorem 1.6. For the problem (1), if f = 0, then the positive solution set
Ut, U~ are well defined. And U is a linear combination of Ut and U~ that
is, for anyu € UT,v € U™, we have

U=U"+U" ={pu+qu|p,g>0, p+q>0}.

Theorem 1.7. Assume u(x) is a bounded solution of the problem

Lu(x) = 0, xeCT,
u(x) = 0, x € dCT\Co,
u(x) > 0, xeCT.

Then for any v € U™, there exist constants ¥ > 0 depending only on n,~y,S,
and M,C depending only on 4(1),n,v,S, such that

lu(x) — Mu(x)| < Ce "ly(x), x € C(1,400)-

Theorem 1.8. There exist constants a, 3,C,C’ > 0 depending only on n,~,S,
such that for anyu € UT, v € U™, w € UV, and assume x* = (x'*,y*) € C
such that w(x*) = m(w), we have

~C+ay< ln(qf(y)) < C'" + By, y € (=00, +00),

a(0)
' py<mG C-ap ye (oo +oo)
—C+aly—y* < ln(g((;*))) <C'+Bly—-y'l,  ye (o0, +00).

For the inhomogeneous term f, we have the following desired structure of
solutions bounded from below.

Theorem 1.9. For the problem (1), the set of solutions bounded from below
can be represented by, for any u € Ut,v € U™,

U=U+U"+U" ={ug+pu+qu|p,q>0},

where U° = {ug} is the bounded solution to Lug = f in C with zero boundary
condition.

Theorem 1.9 has the following corollary, which has a more precise result
than S. Agmon’s [3].
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Corollary 1.10. Suppose u(x) is a solution of the problem
{ Lu(x) = f(x), x eC,

u(x) = 0, x € 0C,
and satisfies u(£oo) = o(U' +U™). Then we have
u(x) = up(x), VxeC.

Our paper is organized as follows. In Section 2, we mainly prove Aleksandrov
maximum principle in an unbounded cylinder. In Section 3, we mostly demon-
strate boundary Harnack inequality in a bounded cylinder. In Section 4, we
mainly prove the existence and uniqueness of bounded solution and the expo-
nential decay of bounded solutions. In the last section, we prove the structure
theorems with inhomogeneous term f.

Finally we would like to remark that if we drop the requirement on the
one-side boundedness on the solutions, there is no hope of classification of the
growth behavior at infinity which one can observe by harmonic functions in
long cylinder.

2. Aleksandrov maximum principle in an unbounded cylinder

In this section, we mainly prove Aleksandrov maximum principle in an un-
bounded cylinder C = & x R C R™. We notice that the diameter of C( 2
only depends on n and diam(S), i.e., diam(C x42)) is independent of k and
can be denoted by

diam(C k42)) = C(n, diam(S)).

Lemma 2.1. There are constants 0 < €9, < 1, such that if u(x) satisfies

Lu(x) > f(x), X € C(k,k+2)s
u(x) < 0, X € OBCik kt2)s
u(x) < 1, x € OC(k k+2),

for k € Z with || f|| L~ < ep, then we have

(Cik,k+2))
wx',k+1)<1-—4, x' €8S.
Proof. Suppose v(x) satisfies
{ Lv(x) = [f(x), x € Ck k+2),
v(x) = max{u(x),0}, x € OC(k k4-2)-
By Aleksandrov maximum principle (Theorem 9.1) in [6], we have
u(x) <ov(x) <14+ C|f|lpn <14 Ceo, ¥V x € Cpy pya)s

where C' depends only on n,~v and diam(S). With the boundary Holder es-
timate (Corollary 9.29) in [6], there exists a constant Cy > 0 depending

only on n,~,S, such that [v(x)]CQ(C(HL 1) < Cy, for any x € C(k+é,k+%)’
27 2
if

with some a € (0,1). Then we have v(x) < |v(x)| < Co(og)™ < 1,
dist(x, OpCk, k+2)) < 0 is sufficiently small.

(Ck,k+2))
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Now taking C' (11 py2) = {X € Cirpp pyz) ¢ dist(x,06Cip42) > 00} for
the o¢ as above. Clearly, 1 + Ceg — v(x) > 0, and L(1 + Ceg — v(x)) =
—f(x)+c(x)(1+Ceo) < —f(x) in C(g, k+2), hence 1+Cep—v(x) is a nonnegative
supersolution of Lu(x) = —f(x) in Cy pq2). We apply the weak Harnack
inequality (Theorem 9.22) in [6] to (1 + Cep — v(x)) in Cipy1 pys), and we
obtain for some 7 > 0

C<{ " / (14 Ceg — v)"}7
I vy e )l (et 3kt §)
<C inf 14+ Cep—v)+
- {C'<k+%,k+%>( ’ )+ 17l (C“"*%J"*%))}
<C{ inf (14+Cey—v)+eo)}
C ot Lrt3)

Therefore, for dist(x, OyC(x, k42)) > 00, 1—v(x', k+1) > %—(14—0)50 > 2% >0

by taking g9 < % Noting 1 —v(x',k+ 1) > % for the rest of the points
near the boundary, then the result follows by setting 6 = min(%, %) O

Remark 2.2. When L is in non-divergence form in Lemma 2.1, there is an
alternative proof using barrier function. As a matter of fact, fix some constant
R > 0 with R > (3 + diam(S)).

Split v = v +w in C(g 2Ry, Where v(x) satisfies

{ Lv(x) = 0, x € Co.2R);
v(x) = u(x), x € 9C(o2R)>
while w(x) satisfies
Lw(x) > f(x), x € C(o,2R),
’ZU(X) = 0 X € 0C(07QR).

By Aleksandrov maximum principle (Theorem 9.1) in [6] respectively, we have

(7) sup v <1, sup w<C|f]

C(0,2R) C(0,2R)

L™ (Ceo,2r))"

Since S is a bounded Lipschitz domain, without loss of generality, we assume
that there exists a unit ball By (y) such that By (yo)NCo,2r) = # and 0B1(yo)N
WCo,2r) = (X0, R). We also take a concentric ball B ;77=(yo) with R >
(3 4+ diam(S)). For convenience, we assume in the sequel that yo = 0, and
write that Bi(yo) = B1 and B 177 (y0) = B 1772

Now, we construct a barrier function in D = B, 475= \ B;. For p > 0 to be
determined later, we set

1

e =1
P(x)= X 1< x| <1+ R

e 1
Clearly, ¥(x) = 0 on dBy; ¥(x) =1, on 0B 77z 0 <(x) <1in D.
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A direct calculation yields
1

Li(x) = (m - 1) H4p(p + 1)?;1:;_3 - 2p|x|(l;;+2
- 2p|xb|i2ii2 +el |x1|2p - D}
< (ﬁ - 1) " {4p(p+1) sz;ﬁ - 2p|x|a2js+2 —2p |Xl)|;ii+2}
< (ﬁ - 1>‘1|x|22%{2<p+ A2 — nAlx|?

- ||bHL°°(C((),QR)) |X|3}7

where we used ¢(x) < 0 in Cgop) N D, b(x) € L>®(Cp2r)) N D and the
ellipticity. If we choose p > 0 large enough, then we have

2(]? + 1))‘|X|2 - nA‘X|2 - Hb||L°°(C(o,2R))|X|3 >0, X € C(O’2R) nD.

Hence, we have
Ly(x) <0, x € Cp2r ND.
We also can check that v(x) < ¥(x) on d(C(g2r) N D). Therefore, we have
{ Lv(x) > Li(x), x € Co,2r) N D,
v(x) < P(x), x € 9(C(o,2r) N D).
By maximum principle, we have
(8) v(x) <P(x), x€Cpar ND.
In particular, there exists a constant 6 € (0, 1) such that
v(x,R) <y ,R)<1-0<1, x' €8
Noting that v = v + w, and combining (7) with (8), we have
u(x) < v(x) + w(x) SYE) + Cllfllrcoen), X € Co2r ND.

Taking ¢¢ < %, and setting § = g, we have

u(x’,R)§1—9+050§1—g§1—5, x' €8.

What’s more, from the above, we also know, for any x € C(aoxr, 2(k+1)R), k €
Z

wx',(2k+1)R)<1-46, x €8.

Remark 2.3. If we take the result in Remark 2.2 instead of the result in Lemma
2.1 to prove the corresponding theorems, we will use step size 2R with R >
(3 + diam(S)) rather than step size 2.
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Now we prove the Aleksandrov maximum principle in the unbounded cylin-
der C, which is of interest in its own right. We remark that, to our best
knowledge, such kind theorem depends on the diameter or the measure of the
set as set forth in [4] and many other references. Our version of maximum
principle is for an unbounded cylinder due to the zero boundary condition in
our situation.

Proof of Theorem 1.1. The maximum principle has been proved with f = 0 by
Lemma 2.2 in [1], here suppose f # 0.

We can assume sup ut(z) = 0. Otherwise, we can consider v(x) = u(x) —
x€dC

sup u™(x). Therefore, we only need to prove
x€0C

ut(x) < O| f]
Suppose u(x) < M, since u has upper bound and M could be very large
for now. Also let ||fllznc) = F. Set Ci—1p41) = {x = (X',y) € R* | X' €

S, k—1<y<k+1}, k € Z. In order to apply Lemma 2.1, we consider the
function

Ln(C)» VxecC.

- 60u(x)
u(x) = - ~ , x €C.
gomax{a(k — 1), a(k + 1)} + || fllzn sy

Thus, we obtain ||f||Ln(

Clomtery) = €05 where

f(x) _ eof(x)
€0 max{ﬁ(k — 1)7ﬁ(k + 1)} + ||f||L"(c(k—1,k+l)) ’

Obviously, @(x) satisfies

x € C.

Li(x) > f(x), X € C(k—1,k+1)5
a(x) < 0, X € WClr—1,k+1)>
a(x) < 1, X € 0C(k—1,k+1)-

Now we can apply Lemma 2.1 to (x) in Cix_1 k41), there exists a constant
d € (0,1), such that a(x’', k) < (1 —9), x’' € S, that is,

(1-9)

€0

= (1—§){max{a(k —1),a(k+1)} +

(1-9)
€0

u(x', k) <

{eomax{a(k — 1), a(k + 1)} + | fllcpmr s}

(1-9)
€o

||f||L"(C(k—1,k+1))}

<(1-6)M + ||fHL"(C(k—l,k+1))'

Hence, we have
(1-9)
€0

ut(x', k) < (1 —0){max{a(k — 1), a(k+ 1)} +

(1-9)
€o

||fHL"(C(k—1,k+l))}

< (1 — M + ||f||Ln(c(k—1,k+1))'
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By the definition of 4(y), we have
(1-9)

€o

a(k) < (1= o){max{a(k —1),a(k + 1)} + [FAITRATY

1-6
<(1-6)M+ ( - )Hf||Ln(c(k,1,k+l>)~
Then, for any k € Z,
R . . (1-9)
a(k) < (1 —0) max{a(k — 1), a(k + 1)} + THfHLn(c(k_l,Hl))}

< (1= &) max{(1 = &) maxih — 2 10} + T

(1 —8) max{a(k),a(k +2)} + C 6_0 %) ||fHLn(C(k,k+2>)}
et [ PTER
< (1 = 6)? max{max{a(k — 2), a(k)}, max{a(k), a(k + 2)}}
MUl i SR ClF
€0 €0
<(1—-0)"M+ % (15_75)F
i=1 0
-+ LRy
€0 =1

By applying Aleksandrov maximum principle (Theorem 9.1) in [6], for any
yelk—1,k+1),keZ,
. Fm ;
a(y) < (1—0)"M + %El(l =)+ Clifllznciriy)
< (1—5)WM+E-—1_5+CF,
€0 1)

where C' only depends on n,v, diam(S). Letting m — oo, we have 4(y) <
(=2 + C)F, V y € R. Therefore, we obtain our result

605
1-9
uwx) < (—= +Olflleze),  VxeC,
605

where (180;(? + C) depends on n,~, diam(S). O

Similarly, we can obtain the Aleksandrov maximum principle in half cylinder
C* (or C7) by using the same method. Therefore, the proof of Corollary 1.2 is
omitted here.
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3. Boundary Harnack inequality

In this section, we mainly prove the boundary Harnack inequality in a
bounded Lipschitz cylinder. The boundary Harnack inequality and comparison
theorem are crucial for our consideration. Let ¢(x’) be a Lipschitz function in
R"~1(n > 2) with a Lipschitz constant K, such that

(9) W) - () <KX -y, ¥xy eR"
For r > 0, denote
Qri={x=,y) eR": X|<r, 0<y—y(x) <r},
U= {x=(x,y) eR": [X| <7, y = ¥ (x')} COQy.

Lemma 3.1 (Boundary Harnack Inequality). Let ¢(x’) be a function in R"~!
(n > 2) satisfying the Lipschitz condition (9), ¥(0) = 0, and let u(x) be a
function in W2 (Qar) N C(Qar), 7 > 0, such that

loc
Lu(x) = 0, X € Qor,
u(x) = 0, x € 'y,
u(x) > 0, x € Qap.

Then we have

supu < Cu(0’,7),
Qr

where C' only depends on n,~y, K.
Proof. For convenience, we write

Lu(x) = a;;(x)Diju(x) + bi(x) Diu(x) + c(x)u(x), x € Ci kt2)
as

Lu(x) = aij(X)Ug, o, (X) + bi(X)uz, (X) + c(X)u(x), x € Cij i12)-
We use a trick for adding new variables, clearly,

aij (X)
Lu(x) = —2 (14 2pi1)Upw, + 0;(X) (1 + Ty 1) Us )
(x) (1+xn+1)( +1)Ua,a; + bi(x)(( +1)Uz,; o,y
+ C(X)((l + xn+1)u)wn+1 + d((l + xn+1)u)$'rL+lwn+1’
where i, =1,2,...,n, |[zp+1| < %, and d is a sufficiently large constant.
Therefore, we can write
a;;(x)
LU(X) = m((l + anrl)u):viwj + bi(x)((l + anrl)u)xian

+ C(X)((l + In+1)u)$n,+1 + d((l + xn+1)u)3¢n+1%n+1 .
Set v(x,Tp4+1) = (1 + Tpt1)u(x), then

aij(x)

Lu(x) = 7(1 r—

Vp;z; =+ bl (X)Ufril’n+1 + C(X)Ufl’n+1 + dvﬂﬂn+1$n+1'
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Denote

aij(x)

kit (X, Ty 1) V) = 1+a +1)Uﬂvﬂ'j + bi(x)vwiwn+1 + AUz, iz
n

where k, 0l =1,2,...,n+ 1.

Next, we prove ag;(X,zp+1) satisfy uniformly elliptic condition, which is
equivalent to prove (ay) is an (n + 1) x (n + 1) positive definite matrix.

We see, (a;;) is an n x n positive definite matrix, and z,41 € [—3,1],
therefore, (1:;2“) is an n x n positive definite matrix. Set A = (1_1_(;::“ ), b=
(b1,b2,...,b,)’, then, we have

a=(5 )

We know, |A| > 0. Since d sufficiently large, |(ax;)| = d|A|—|b]? > 0, therefore,
(ag;) is an (n+ 1) x (n+ 1) positive definite matrix.

As above, we can write Lu(x) = @pi(X, Tnt1)Vzyz, + ¢(X)Vz,,,. Similarly,
we add a variable again, then this equation can be written as

apl(x, Tn
L (X) = kl( +1) ((1 + anr?)U)IkIl + C(X)((l + xn+2)v)91n+1wn+2
(1+ 2n42)

+ (6(1 + xn+2)v)?ﬂn+2$n+27

where k, 1 =1,2,...,n+1,|z,2] < %7 and e is a sufficiently large constant. Set
W(X, Tyt 1, Tnt2) = (14 Tpi2)v(X, Zpq1), then the equation can be simplified
as

g1 (X, Tpg1)

Lu(x) = (0 + 2mra)

w%kﬂﬁl + C(X)w$n+1ﬂfn+2 =+ 6w9€n+2xn+2'

Denote
A (X, Trg1)

st (X, Trg1, Tng2)We, o, = (14 zpq2)
n+

Wayz + C(X)wxn+1rn+z T €W, oo
which is to say,

LU(X) = Qg (X7 Tn41, mn+2)wxsxta

where s,t =1,2,...,n+ 2, W(X, Tnt1, Tni2) = (1 + Tpt1) (1 + Tpi2)u(x).
Similarly, we can show (ds) is an (n + 2) x (n + 2) positive definite matrix,
provided e sufficiently large, then g (X, Znt1, Tnto) satisfy uniformly elliptic
condition.
Denote Low = g (X)We,z,, X = (X, Tnp1, Tniz) € R"2 and Qo = {X =
X Y, Tnt1, Tnio) ERPTTIXRXRXR : x| < 2r, 0 < y—9(x)) < 27, |Tpi1]| <
, |Znt2| < 3}. Then w(X) satisfies the uniformly elliptic equations

—~

(IR

Low(X) = 0, % € Qar,
w( ) = 0, X € I:QT,
w( ) > 07 X € Q2ra

X
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where Ty, = {2 =&, 0 Tnt1,Tna2) ERIXRXRXR: |X| < 2r, y =
Y(x'), [Tn+1] < &, |zns2| < 2}, For this problem, we have a boundary Harnack
inequality (Theorem 3.4) in [9]

supw < Crw(0’,7,0,0),

Qr
where Q, = {X = (X, 4, Tnt11,Tnt2) €E RIXRXxR xR : [¥]| <7, 0 <
y—(x') <71, |zng1] < 1, [zpge| < 3} and C; only depends on n,7, K. Since
w = (14 xp+1)(1 4+ Zpy2)u, we replace w by u, then we can derive our result

supu < Cu(0’,r),

where C' only depends on n,~y, K. (I

Remark 3.2. When L is in divergence form in Lemma 3.1, a similar proof can be
found in Lemma 3.1. Here, we just point out some key steps. For convenience,
we write

Lu(x) = Dj(a;(x)Dju(x)) + bi(x) Diu(x) + c(x)u(x), x € Ci pt2)
as
Lu(x) = 0i(ai;j(x)05u(x)) 4 bi(x)diu(x) + c(x)u(x), x € Ci pr2)-
We use a trick for adding new variables, set u(x, zp+1) = u(x), then
Lu(x) = 0i(aij(x)0ju) + On11(bi (%) Tn410;u) + 0;(bi(X)Tn410n41u)
+ dOn41,n41U + Opp1 (e(X)Tpt1u),

where i, j =1,2,...,n,|zp41] < %, and d is a sufficiently large constant. There-
fore, we can denote

Lu(x) = Ok (ag1 (X, Tna1)Oiuw) + Opa1 (¢(X)Tpr1u),

where k,0l =1,2,...,n+1. Like the proof in Lemma 3.1, we know ax;(x, 1)
satisfy uniformly elliptic condition by taking d large enough.
Similarly, we add a variable again, then this equation can be written as

Mwl T 2)0)] O [e()Tn 1O sa (L T )us)]

+ Opyolc(X)Tny10n41(1 + ppo)u)] + ean+2,n+2[(1 + Tpi2)ul,

Lu(x) = Ok

where k,l = 1,2,...,n+ 1, [z,12| < %, and e is a sufficiently large constant.

Set v(X, Tpt1, Tnte) = (1 + Tpt2)u(X, Znt1), then we can rewrite as follows
g1 (X, Tpg1)
(1 + $n+2)
+ ean+2,n+2va

Lu(x) = Oi( 91v) 4 Ont1(c(X)Tn410n420) + Opg2(c(X)Tn410n410)

and further, we can denote as

Lu(x) = 0s(ast (X, Tny1, Tnt2)0pv),



THE EXPONENTIAL GROWTH AND DECAY PROPERTIES FOR SOLUTIONS 1585

where s,t = 1,2,...,n+ 2. If we take e large enough, then ag (X, pni1, Tni2)
satisfy uniformly elliptic condition. The following proof is similar as that cor-
responds to the proof in Lemma 3.1, and finally we obtain the desired result.

From Lemma 3.1, we have the following corollary, which is the key to proving
the asymptotic behaviors of positive solutions.

Corollary 3.3. Let u € U. There exists a universal constant C' depending
only on n,v,S, such that for any y € R, we have

U(X) S Cu(0l7 y)a X € C(y—27y+2)-

2) satisfying the Lipschitz condition (9), ¥(0) = 0, and let uy(x),uz(x) be
functions in W2 (Qa) N C(Qar), T > 0, such that

Lemma 3.4 (Comparison Theorem). Let 1(x’) be a function in R"~(n >

Luis(x) = 0, x € Q3r,
u172(x) = Oa X & F3r7
u2(x) > 0, X € Q3

Then we have U R u
sup — < C%inf —1,
Q, U2 Qr U
where C only depends on n,’y,f(.
Proof. Similarly, we can use the same method in Lemma 3.1 and combine with
Corollary 3.7 in [9] to obtain our conclusion. Here, we omit detail proofs. [

Likewise, we have the following corollary in some bounded cylinder.

Corollary 3.5. Let uj,us € U, and u1(0’,0) = u2(0’,0). Then there exists a
universal constant K depending only on n,v,S, such that for some k € Z*

1
EUQ(X) < Ul(X) < KUQ(X), X € C[fk,k]-

Remark 3.6. If the condition wu;(0’,0) = u2(0’,0) is replaced by u1(0’,0) <
u2(0',0), the result also holds.

Now from Corollary 3.5, we obtain a lemma to compare the solutions.

Lemma 3.7. Let uj,us € U. If there exists a point xg = (x'0,y0) € C such
that uy(x0) = ua(Xo), then there exists a universal constant T such that

1
TUQ(X/,yo) S ul(xl7y0) S ;uz(xl7y0)a X/ S S.

Proof. Set 1 (X',y) = wi(x'o — X';y0 — ¥), W(X,y) = u2(x'0o — X, 90 — ¥)-
Then, we get @;(0’,0) = 12(0’,0), from Corollary 3.5, there exists K > 0,
such that %t2(X) < (X)) < Ktg(X), V X € Ci_ ). Taking y = 0, we have
+U2(X',0) < @1 (X',0) < Kiip(X',0), that is,

1

Euz(xlo — %' yo) Su1(x'o — X', y0) < Kua(x'o — X', o).
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Taking x' =x'g—X' €8, 7= %, then we get
1
TUQ(X/a yO) S Ul(X/,yo) S ;UQ(X/7yO)a X/ €S. O

Remark 3.8. If the condition uq(x0) = u2(xo) is replaced by u1(x0) < u2(x0),
the result also holds.

4. The exponential decay of bounded solutions

In this section, we first demonstrate the existence and uniqueness of bounded
solution in the unbounded cylinder, which plays an important role in proving
the structure theorem with inhomogeneous term f. Then we show the expo-
nential decay of bounded solutions.

Proof of Theorem 1.3. Firstly, we consider the following equations in the
bounded cylinder

Lu(x) = f(x), x € C_n,N)»
u(x) = 0, x € IC_n Ny,

where N € Z*. By the elliptic theory of strong solutions (Theorem 9.30) in
[6], for this problem, there exists a unique solution uy(x) € VVi’f(C(,N’N))
NC(C—n,n))-

By Aleksandrov maximum principle (Theorem 9.1) in [6], we have

||UN||L°°(C(7N,N)) < CN”f”L”(C(fN,N))’

where C'y depends only on n,~, N.
We will prove there exists a constant Cy > 0 not depending on N, such that

lunllzee e wny) < Coll fllLnie ywon)-

For convenience, we denote M = |[un|[ze(c,_y.x))-
Forany § : —N +1<¢§ < N —1, clearly, C¢_1¢41) C C—n,n)- Like the
proof of Theorem 1.1 in C(¢_1 ¢41), we have

, 16
un(x',§) < (1—8)M + ?HfHLn(c(,N,N)), x €8,

then we have
N 1-9
sup an(€) < (A =)M+ ——|fllzrc iy
¢e(=N+1,N—-1) €0
that is,

1-96
sup un(x) < (1=86)M + ?HfHL"(C(,N‘N))-

x€C(_Nt1,N-1)
We have further that

1-—

)
sup  Jun ()] < (1= )M+ —=[lfllericvn):

x€C(_N41,N-1) &
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For any x € C(_n,—n41), by Aleksandrov maximum principle (Theorem 9.1)
in [6] again, we have

‘luN‘lLW(C(,N1,N+1)) S ||uN||L°°((9C(,NY,N+1)) + Cl”f'
< swp fun(x)[+ Cullf]

x€C(_N41,N-1)

1-96
<(1-0)M+ ?”fHL"(C(,N,N)) + Cillfllznenony)

(1 - 6)M + C2||f||L"'(C(_N,N))7
1—

506 + C1 depends only on n, v, diam(S).
For any x € C(y_1,n), similarly, we have
Junllze e 1wy < (1= 0)M + C|f]
where C} = 15_05 + (' depends only on n, v, diam(S).
Therefore, for any x € C(_n,n), we have
lunllzoe ey < (A= 0)M +2Cs]| fll ey n)

where C5 = max{C2,C4} depends only on n,~v,diam(S). That is, from the
definition of M, we have M < (1 —6)M + 2C3][f||Ln(c,_ . y,)- Thus we obtain

L™(C(—N,—N+1))

L™(C(—N,—N+1))

where Cy =

L™ (C—n,n))»

2
lunllzoee yony) =M < 503||fHLn(c(_N,N)) = Collfllr(c_w.ny)

where Cy = %03 depends only on n,~, diam(S).
Then, with the boundary Hélder estimate (Corollary 9.29) in [6], there exists
a constant C, > 0 depending only on n,,S, such that

[un (X)]cae_y ) < Cxs @ €(0,1).

Thus, for any bounded domain C_; ;; with [ > 0, by Arzela-Ascoli theorem,
there exists a subsequence of {uy(x)} which uniformly converges in Cj_; .
Without loss of generality, we can assume that there exists a function u(x)
such that uy(x) uniformly converges to u(x) in Wic" (C)NC(C). Therefore,
u(x) is bounded in C and satisfies (6). By Aleksandrov maximum principle
(Theorem 1.1), we know u is the desired unique bounded solution. 0

Next, we give the proof of the exponential decay of bounded solutions (The-
orem 1.4) with inhomogeneous term f.

Proof of Theorem 1.4. Assume || f||n(c+) = F. Since u is bounded from above,
we can apply Corollary 1.2,

i(y) < a(0) 4+ Clf]
By applying Lemma 2.1, there exists a constant ¢ € (0,1), such that

wnct) = u(0) + CF, Yy € (0,+00).

a(1) < @{ max{a(0), 4(2)} + | fllcioa}
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(1-9)

< (1= &) max{i(0). 4(0) + Cfllrienr} + " f o)
-0
< (1= @0+ Clflren) + = e )
< (1 =8)(a(0) + CF) + %F
(2) < B g max{i(1), 43} + L)
5
L0 i

< (1 —d) max{(1 — ) max{a(0),4(2)} +
(1= ) max(a(, a0} + C= D e} + M e

— 52 _
(-0, 1-6,
&N €0

< (1 - 6)* max{a(0) + CF,a(0) + CF} +

—5)2 _
U=ofp, 120,

= (1-0)*(a(0)+CF) + = =

Do the operation repeatedly, we obtain
k(1 —9)
a(k) < (1 —6)k(a(0) + CF) + zl( - ) p
i= 0
F 1-9

< (1 —=6)*(a(0) + CF) + w5

Therefore, we have the following estimate, for x = (x',y) € CT,

u(x) < max{a([y]), a([y] + 1)} + CF
< (1= 8)¥(@a(0) + CF) + L. 1%5 L CF
€0

F1-
< (1=0)Y"a(0) + CF) + - Té +CF
0
(@(0) +CF) yima-s  F 1-96
= —-—--- n _— F
=90 e —1-80 5 +C
(a(0)+CF) _,,  F 1-9¢
= - @ _ F
=) e +€0 5 + CF,
where a = —1In(1 — §) > 0. Since F' = || f| zn(c+), we have
L0 opF

u(x) < Co(u(0) + Fle Y + (
80(5
1-96 N
+C+Co)llfllzre+)y, xe€CT.

< Cot(0)e™
< Ou( )6 + ( 505
The proof of Corollary 1.5 is similar as that Theorem 1.4. Here we omit the

O

proof.



THE EXPONENTIAL GROWTH AND DECAY PROPERTIES FOR SOLUTIONS 1589

5. The structure theorems of solutions

In this section, we show the structure theorems of solutions with inhomoge-
neous term f. In the case of f = 0, the structure theorem is stated as Theorem
1.6. The asymptotic behaviors of the solutions are stated as Theorem 1.7 and
Theorem 1.8. The details of proofs for these theorems are covered in [1], and
are omitted here.

For the general f, we give the proof of Theorem 1.9.

Proof of Theorem 1.9. Applying Theorem 1.3, we take v such that v is the
unique bounded solution of the following problem

Lv(x) = f(x) x €C,
(10) { v(ix) = 0 x € 0C,

then we know that there exists a constant C' > 0, such that u — v > —C, and
u — v satisfies

Llu—v)(x) = 0 x e€C,
(11) (u—v)(x) = 0 x € 0C,
(u—v)(x) > -C xeC.

Since u—v is bounded below, by applying Theorem 1.1 (Aleksandrov maximum
principle), we obtain w—wv > 0. Thus, either u = v, or u—v > 0. If u = v, then
our conclusion clearly holds (taking p = ¢ = 0); If u — v > 0, by applying the
Theorem 1.6, we derive, there exist w € UT, z € U™, such that u—v = pw-+qz,
that is, u = v+ pw + qz, where v is the bounded solution. Therefore, we obtain
our conclusion

U=Uy+Ut+U",
where Uy = {v} is the unique bounded solution of the problem (10). O

It’s easy to obtain Corollary 1.10 from Theorem 1.9. Therefore, we omit the
proof here.
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