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Abstract

This paper is concerned with some extensions of the classical Liouville
theorem for bounded harmonic functions to solutions of more general equa-
tions. We deal with entire solutions of periodic and almost periodic parabolic
equations including the elliptic framework as a particular case. We derive a
Liouville type result for periodic operators as a consequence of a result for
operators periodic in just one variable, which is new even in the elliptic case.
More precisely, we show that if ¢ < 0 and aj, b;, ¢, f are periodic in the same
space direction or in time, with the same period, then any bounded solution
u of

A — aij(x,t)diju — bi(z, t)du — c(z, tyu = f(x,t), z=eRY, teR,

is periodic in that direction or in time. We then derive the following Liouville
type result: if ¢ <0, f =0 and as;, bi, ¢ are periodic in all the space/time
variables, with the same periods, then the space of bounded solutions of the
above equation has at most dimension one. In the case of the equation d,u —
Lu = f(z,t), with L periodic elliptic operator independent of ¢, the hypothesis
¢ < 0 can be weakened by requiring that the periodic principal eigenvalue A,
of —L is nonnegative. Instead, the periodicity assumption cannot be relaxed,
because we explicitly exhibit an almost periodic function b such that the space
of bounded solutions of u” + b(x)u’ = 0 in R has dimension 2, and it is
generated by the constant solution and a non-almost periodic solution.

The above counter-example leads us to consider the following problem:
under which conditions are bounded solutions necessarily almost periodic? We
show that a sufficient condition in the case of the equation dyu — Lu = f(z,t)
is: f almost periodic and L periodic with A, > 0.

Finally, we consider problems in general periodic domains under either
Dirichlet or Robin boundary conditions. We prove analogous properties as
in the whole space, together with some existence and uniqueness results for
entire solutions.
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1 Introduction

1.1 Statement of the main results

We study the properties of bounded entire solutions - that is, solutions for all
times - of the parabolic equation

Pu=0, zeRY teR, (1)

with
Pu = 0w — ai;(x,t)0iu — bi(x,t)0iu — c(z, t)u

(the convention is adopted for summation from 1 to N on repeated indices, and
0;, 0i; denote the space-directional derivatives). We want to find in particular
conditions under which the Liouville property (LP) holds. In analogy with the
classical result for harmonic functions, we say that the LP holds if the space of
bounded solutions has at most dimension one.

In some statements, we will restrict ourselves to time-independent operators,
that we write as P = 0y — L, with L a general elliptic operator in non-divergence
form:

Lu = a;;(x)0;u + bi(x)0;u + c(z)u.

The associated stationary solutions satisfy the elliptic equation —Lu = 0 in R¥.

Our assumptions on the coefficients are: a;j,b; € L®(RY x R)NUC(RY x R)
(where UC stands for uniformly continuous), ¢ € L>(RY x R) and the matrix field
(@ij),; is symmetric and uniformly elliptic, that is,

Vi S Ra fE,g S RN, Q|§|2 S az](zat)gzgj S E|§|27

for some constants 0 < ¢ < @. Let us mention that, in the case of elliptic equations,
the uniform continuity of the b; can be dropped. We will sometimes denote the
generic space/time point (x,t) € RY x R by X € RV+L,

We consider in particular operators with periodic and almost periodic coeffi-
cients. We say that a function ¢ : R¥*! — R is periodic in the m-th variable,
m € {1,---,N + 1}, with period l,, > 0, if ¢(X + lnem) = ¢(X) for X € RN+,
where (e1, -+ ,eny1) denotes the canonical basis of RV 1. If ¢ is periodic in all the
variables we simply say that it is periodic, with period (I1,--- ,Inx+1). A linear op-
erator is said to be periodic (resp. periodic in the m-th variable) if all its coefficients
are periodic (resp. periodic in the m-th variable) with the same period.

The crucial step to prove the LP consists in showing that the periodicity of the
operator P and of the function f is inherited by bounded solutions [ of

Pu= f(x,t), zcRY tcR. (2)
Unless otherwise specified, the function f is only assumed to be measurable.

Theorem 1.1 Let u be a bounded solution of @), with P, f periodic in the m-th
variable, with the same period l,,, and with ¢ < 0. Then, u is periodic in the m-th
variable, with period l,,.

I For us, a solution of a parabolic equation such as () is a function u € Lfoc(]RN‘H)7 for
all 1 < p < oo, such that dru, O;u, d;;u € Lfoc(RN+1) and the equation holds a. e. We use an
analogous definition for elliptic equations. In the sequel, we will omit to write a. e. for properties
concerning measurable functions, and we will simply denote by inf and sup the essinf and ess sup.



From the above result it follows in particular that if P and f do not depend on
t and ¢ < 0, then all bounded solutions of [@) are stationary, that is, constant in
time. Another consequence of Theorem [[Tlis that if P and f are periodic (in all the
variables) with the same period, then all bounded solutions are periodic. In par-
ticular, they admit global maximum and minimum and then the strong maximum
principle implies the LP.

Corollary 1.2 Let u be a bounded solution of [l) with P periodic and ¢ < 0. Then,
two possibilities occur:

1) ¢=0 and u is constant;
2) ¢c#£0 and u=0.

Clearly, without the assumption ¢ < 0 the LP no longer holds in general, even in
the case of constant coefficients. As an example, the space of solutions of —u” +u =
0 in R is generated by u; = sinz and us = cosx. However, if P = 0y — L,
condition ¢ < 0 in Corollary is not necessary and can be relaxed by requiring
that the periodic principal eigenvalue of —L in RY be nonnegative (cf. Theorem [
below). Henceforth, A\,(—L) will always stand for the periodic principal eigenvalue
of —L in RY and ¢, for the associated principal eigenfunction (see Section B for
the definitions).

Theorem 1.3 Let P = 0; — L, with L periodic with period (I1,--- ,In), and let f

be periodic with period (I1,--- ,In+1)- If u is a bounded solution of @) we have that:
(1) if Ap(—L) > 0 then u is periodic, with period (I1,--- ,In41);
(ii) if A\p(—L) =0 and either f <0 or f > 0 then u = kyp, for some k € R, and
F=0;
(iil) if Ap(—L) >0 and f =0 then u = 0.

In the particular case of stationary solutions, that is, solutions of the elliptic
equation Lu = 0, statements (ii) and (iii) of Theorem [[3 are contained in [21] (see
the next section for further details). Theorem part (iii) immediately implies
the uniqueness of bounded solutions to (). The existence result is also derived
(cf. Corollary 222 below).

We next consider the problem of the validity of the LP if we relax the periodicity
assumptions on a;;, b;, c and f. A natural generalization of periodic functions of
a single real variable are almost periodic functions, introduced by Bohr []. This
notion can be readily extended to functions of several variables through a charac-
terization of continuous almost periodic functions due to Bochner [6].

Definition 1.4 We say that a function ¢ € C(RNTY) is almost periodic (a. p.)
if from any arbitrary sequence (Xp)nen in RNTL can be extracted a subsequence
(X0, Jken such that ((X + X, ))ken converges uniformly in X € RN+L

It is straightforward to check that continuous periodic functions are a. p. (this is
no longer true if we drop the continuity assumption). We say that a linear operator
is a. p. if its coefficients are a. p.

By explicitly constructing a counterexample, we show that the Liouville type
result of Corollary does not hold in general - even for elliptic equations - if we
require the operator to be only a. p.



Counterexample 1 There exists an a. p. function b : R — R such that the space
of bounded solutions to
u +b(x)u’ =0 inR (3)

has dimension 2, and it is generated by the function u; = 1 and a function us which
is not a. p.

This also shows that bounded solutions of a. p. equations with nonpositive zero
order term may not be a. p., in contrast with what happens for the periodicity
(cf. Theorem [[l). Actually, the function b in Counterexample [l is limit periodic,
that is, it is the uniform limit of a sequence of continuous periodic functions (see
Definition Bl below). Limit periodic functions are a subset of a. p. functions be-
cause, as it is easily seen from Definition [C4], the space of a. p. functions is closed
with respect to the L* norm (see e. g. [2], [T4]).

Next, we look for sufficient conditions under which all bounded solutions of (&)
are necessarily a. p. Under the additional assumption ¢ € C(RY), we derive the
following.

Theorem 1.5 Let P = 0; — L with L periodic and let f be a. p. If u is a bounded
solution of @) we have that:

(1) if Ap(—L) >0 then u is a. p.;

(ii) if Ap(—L) =0 and either f <0 or f > 0 then u = kyp, for some k € R, and
f=o.

In the above statement, we require ¢ to be continuous because, in the proof, we
will make use of the fact that it is in particular a. p. Actually, using some weak
compactness arguments, one can check that the continuity assumptions on ¢ could
be removed.

Lastly, we prove analogous results to Theorems [Tl and Corollary for
equations in general periodic domains, under either Dirichlet or Robin boundary
conditions. The analogue of Theorem [Tl holds, in the case of Dirichlet boundary
conditions, for domains periodic just in the direction x,,, whereas under Robin
conditions we are able to prove the result only for domains periodic in all the
directions. The Liouville type result in the Dirichlet case is stronger than in the
whole space (Corollary [L2) and it is actually a uniqueness result. An existence result
is also obtained using a sub and supersolution method. In some of the statements
for general domains, we require that the coefficients of the operator are Holder
continuous because we need some gradient estimates near the boundary.

1.2 A brief survey of the related literature

Starting from the end of the 50’s, the classical Liouville theorem has been improved
to the self-adjoint elliptic equation

di(aij(x)0ju) + c(x)u =0 in RY. (4)

In the case ¢ = 0 (without any periodicity assumption on a;;), the LP follows
directly from the estimate on the oscillation of weak solutions proved by De Giorgi
in the celebrated paper [I3]. Another classical way to derive the LP is by applying



the Harnack inequality in the balls B,., provided that one can bound the constants
uniformly with respect to r. This has been done by Gilbarg and Serrin [T6] for the
equation a;;(x)0;;u = 0, with a;;(x) converging to constants as |z| — co. Analogous
Liouville type results can be derived in the parabolic case using the same type of
estimates (see e. g. [22]). The case ¢ # 0 has been treated in many papers, using
different techniques, such as probabilistic methods, semigroup or potential theory.
With a purely pde approach, it is proved by Brezis, Chipot and Xie in the recent
work [§], that the LP holds for @) in the following cases: N < 2 and ¢ < 0; N >
2, ¢ < 0and ¢(x) < —co(x) for |x| large, with either co(z) = Clz|™%, C >0, > 2,
or cp nonnegative nontrivial periodic function. General nonvariational operators
such as L defined in Section [l are also considered in [§] and the LP is derived for
the equation

Lu=0 inRY, (5)

when ¢ < 0 and ¢(z) < —Clz|~2, 2N, bi(z)x; < C, for some C > 0 and |z| large.
For the parabolic case, Hile and Mawata proved in [I8] that the LP holds for a
class of quasilinear equations satisfying some conditions at infinity. Their result
applies in particular to the equation [Il) when ¢ < 0, (a;;(X));; — identity and
b;i(X),c(X) — constant, with a suitable rate, as | X| — oo.

Some authors treated the problem of the existence and uniqueness of nonnegative
bounded solutions to linear elliptic equations in divergence form from the point of
view of the criticality property of the operator. Starting from the ideas of Agmon
[1] and Pinchover, and combining analytic and probabilistic techniques (such as the
Martin representation theorem) Pinsky showed in [30] that if L is a periodic operator
satisfying A\,(—L) = 0, then the unique (up to positive multiples) positive bounded
solution of ([{) is ¢, (see [29] for an extensive treatment of the subject). This result
is a particular case of Theorem part (ii) above and, since when ¢ = 0 there is
no difference between studying bounded solutions and positive bounded solutions,
it contains the case 1) of Corollary when one restricts it to elliptic equations
(except for the fact that some stronger regularity assumptions are required in [30]).

Another related topic is that of the characterization of polynomially growing
solutions of periodic equations in the whole space. We stress out that the LP - as
intended in the present paper - is obtained as a particular case considering poly-
nomials of degree zero. In that framework, using some homogenization techniques,
Avellaneda and Lin 3], and later Moser and Struwe [27], proved that the LP holds
for @) if ¢ = 0 and the a;; are periodic (with the same period). The results of
B] and [27 have been improved by Kuchment and Pinchover [21] to the general
non-self-adjoint elliptic equation (), with L periodic and a;;, b, ¢ smooth (see also
Li and Wang [23] for the case a;; measurable and b;,¢ = 0). The restriction to
bounded solutions of Theorem 28 part 3 in [21] is equivalent to the restriction to
stationary solutions of statements (ii) and (iii) of Theorem here. However, the
method used in [21] - based on the Floquet theory - is quite involved and it is not
clear to us whether or not it adapts to operators with non-smooth coefficients.

To our knowledge, no results about operators periodic in just one variable, such
as Theorem [Tl have been previously obtained.

For nonlinear operators, the LP simply refers to uniqueness of bounded (some-
times nonnegative) solutions in unbounded domains. The following works - amongst
many others - deal with this subject in the elliptic case: [15], H], [24] (semilinear
operators, see also [5] for the parabolic case), [I2] (quasilinear operators), [9], [I1],



0], [32] (fully nonlinear operators).

There is a vast literature on the problem of almost periodicity of bounded solu-
tions of linear equations with a. p. coefficients (see e. g. [2], [14], 28], [20]). Usually
ordinary differential equations or systems are considered, often of the first order. As
emphasized in [26], some authors made use in proofs of the claim that any bounded
solution in R of a second order linear elliptic equation with a. p. coefficients has to
be a. p. This claim is false, as shown by Counterexample[ll and also by a counterex-
ample in [26]. There, the authors constructed an a. p. function ¢(z) such that the
equation

v +ce(r)u=0 inR,

admits bounded solutions which are not a. p. In their case, the space of bounded
solutions has dimension one and then the LP holds. They also addressed the follow-
ing open question: if every solution of a linear equation in R with a. p. coefficients
is bounded are all solutions necessarily a. p.? Counterexample [l shows that the
answer is no. A negative answer was also given in [I9], where the authors exhibit a
class of linear ordinary differential equations of order n > 2 for which all solutions
are bounded in R, yet no nontrivial solution is a. p. Thus, this also provides an
example where the LP does not hold, but it is not interesting in this sense because
the zero order term considered there is not nonpositive.

1.3 Organization of the paper

In Section Bl we consider the case when P and f are periodic and we prove Theorem
[T Corollary[CAand Theorem[[3 In order to prove the periodicity of any bounded
solution u, we show that the difference between u and its translation by one period
is identically equal to 0. This is achieved by passing to a limit equation and making
use of a supersolution v with positive infimum. We take v = 1 in the case of Theorem
[T and v = ¢, in the case of Theorem We further derive the existence and
uniqueness of bounded entire solutions to (@) when P = 9; — L and L is periodic
and satisfies Ap,(—L) > 0.

Section Bl is devoted to the construction of the function b of Counterexample [I,
which will be defined by an explicit recursive formula.

Theorem is proved in Section @l The basic idea to prove statement (i) is
that, up to subsequences, all subsequences of a given sequence of translations of
u converge to a solution of the same equation. Also, one can come back to the
original equation by translating in the opposite direction. Then, the result follows
from Theorem part (iii).

In SectionsBl we derive results analogous to Theorems [Tl and [[C3 for the Dirich-
let and the Robin problems in periodic domains. There, the periodic principal eigen-
value A\, (—L) is replaced respectively by A, p(—L) (see Section b]l) and A, pr(—L)
(see Section B2) which take into account the boundary conditions. Existence and
uniqueness results are presented as well.

2 The LP for periodic operators

Let us preliminarily recall the notion of periodic principal eigenvalue and eigenfunc-
tion. If L is periodic then the Krein Rutman theory yields the existence of a unique



real number )\, called periodic principal eigenvalue of —L (in RY), such that the
eigenvalue problem

—Lo=Xp inRY
 is periodic, with the same period as L

admits positive solutions. Furthermore, the positive solution ¢ is unique up to a
multiplicative constant, and it is called periodic principal eigenfunction. We denote
by A\p(—L) and ¢, respectively the periodic principal eigenvalue and eigenfunction
of —L.

The next lemma is the key tool to prove our results for periodic operators.

Lemma 2.1 Assume that the operator P and the function f are periodic in the m-
th variable, with the same period l,,. If there exists a bounded function v satisfying

inflv>0, Pv=¢ forzeRY, teR,

RN+

for some nonnegative function ¢ € L>®(RNTL), then any bounded solution u of ()
s periodic in the m-th variable, with period l,,.

Proof. Let u be a bounded solution of ). Define the functions

$(X)
v(X)’

V(X)) = w(X +lpem) —u(X),  w(X):=

We want to show that they are nonpositive. Assume by way of contradiction that
k := supgn+1 w > 0, and consider a sequence (X, )nen in RN+ such that w(X,,) —
k. Define the sequence of functions 1, (X) := ¢ (X+X,,). Since the 1),, are uniformly
bounded and satisfy

Ot — aij(X + X3)0ijtn — bi(X + X3)0ithn — (X + X))ty =0 in RNV (6)

interior parabolic estimates together with the Rellich-Kondrachov compactness the-
orem (see e. g. [I7] Chapter 7) imply that (a subsequence of) the sequence (¢, )nen
converges locally uniformly in RV*! to a bounded function 1o, and that 9y, —
Moo, Othn, — Oithos, Oijibn — 0ijho weakly in LP (RNF1), for any 1 < p < cc.
Let @;;,b; be the locally uniform limits and & be the weak limit in L2 (RN*1) of a
converging subsequence respectively of a;;(X + X,), b;(X + X,,) and (X + X,,).
Thus, passing to the weak limit in (@) we derive

Pipoo =0 in RVHL,

where

P =0 — ai;(X)0;; — bi(X)0; — &(X).

Analogously, the functions v(X + X,,) converge (up to subsequences) locally uni-
formly in RV*1! to a function v, satisfying

inf v >0, Pvs >0 in RNt
RN+1
The function weo := Yoo /Veo reaches its maximum value k at 0. Moreover,

Pipos - Pus
= 1/1 = atwOO — M’LUOO + v Woo n RNJ’_l,
Vo Voo

0



where the operator M is defined by
M = &ij&j + (21)(;01&ij8jvoo + 51)81

Since the term (IBUOO) /oo is nonnegative, we can apply the parabolic strong max-
imum principle to the function we (see [31] for the smooth case and [22], [25] for
the case of strong solutions) and derive

Ve eRN, t <0, welx,t)=k.

Using a diagonal method, we can find a subsequence of (X, )nen (that we still call
(Xn)nen) and a sequence (¢ )nen in [0, sup u] such that
VheN, lim u(—hlnen+ X,) = e

n—oo

As a consequence,

Vhe Na Ch - Ch-i—l = 1/100(—(h + 1)lmem) = kvoo(_(h + 1)lmem)a

and then limy_, ¢, = —oo: contradiction. We have shown that w < 0, that
is, (X + lmem) < u(X) for X € RN, The opposite inequality can be obtained
following the same arguments, with l,, with —I[,,. This time, the contradiction
reached is that the sequence ({p)nen as defined above goes to 400 as h — co. O

Proof of Theorem [l Apply Lemma Bl with v = 1. 0

Proof of CorollarylLA. If u is a bounded solution to ([l) then Theorem [[Timplies
that w is periodic (in all the variables). In particular, it attains its maximum M and
minimum m in RN¥*! at some points (xar,tar) and (2, ) respectively. Hence,
the strong maximum principle implies that if M > 0 then u(x,t) = M for ¢t <ty
and € R, otherwise u(z,t) = m for t < t,,, and 2 € RY. Therefore, u is constant
because it is periodic in ¢t. The statement then follows. O

Proof of Theorem LA (i) The function v(x,t) := ¢p(x) is bounded and satisfies
inf v >0, Pv=¢ forz e RN, teR,

RN+1

with ¢ = A, (—L)p, > 0. Hence, the statement is a consequence of Lemma BTl
(ii) Up to replacing v with —u, it is not restrictive to assume that f < 0. Set

t
k:= sup u@, )
zeRN Sap(iw
teR
Since u is periodic by (i) - with the same space period (I1,---,In) as ¢, - it fol-

lows that there exists Xo € [0,11) X - -+ x [0,In+1) where the nonnegative function
w(x,t) = kpp(x) — u(z, t) vanishes. Furthermore,

Pw=k\,(=L)pp, — f >0 in RN,

Therefore, the strong maximum principle and the time-periodicity of w yield w = 0,
that is, u = kg, and f = 0.

(iii) Suppose that supu > 0 (otherwise replace u with —u). Proceeding as
in (ii), one can find a constant & > 0 such that the periodic function w(z,t) :=
kop(z) — u(z,t) is nonnegative, vanishes at some point Xy € RVT! and satisfies
Pw = kXp(—L)pp > 0. Once again, the strong maximum principle implies w = 0.
Hence, kA, (—L)p, = 0, that is, k = 0 and then u = 0. O



Remark 1 If L is periodic and ¢ = 0 then Ap(—L) = 0, with ¢, = 1. If ¢ < 0, ¢ # 0,
then A,(—L) > 0, as it is easily seen by applying the strong maximum principle
to pp. Hence, in the case P = 0, — L, Corollary is contained in Theorem
parts (i) and (iii). Furthermore, the existence and uniqueness result of Corollary
below apply when ¢ < 0, ¢ Z 0.

By Theorem [[3 part (iii), A,(—L) > 0 implies the uniqueness of bounded entire
solutions of dyu — Lu = f. Indeed, it is also a sufficient condition for the existence
when f is bounded.

Corollary 2.2 If P = 0, — L, with L periodic such that \p,(—L) > 0, and f €
L (RN*TL) then @) admits a unique bounded solution.

Proof. A standard method to construct entire solutions in the whole space is to
consider the limit as r — oo of solutions w, of (for instance) the Dirichlet problems

Pu, = f(z,t), € B,, t€(—rr)
U, = 0, x € 0By, t € (—r1) (7)
u, =0, r€ B, t=—r

(here, B, denotes the ball in RY with radius » and centre 0). The so obtained
solution is bounded provided that the family (u,)r>o is uniformly bounded. This
will follow from the strict positivity of A\,(—L). Define the function

| £l oo mv+1y
P(_L) min]RN Pp

v(z) = y op(z).
Since —v and v are respectively a sub and a supersolution of (@), the parabolic
comparison principle yields

Vr>0, —v<u,<wv inB, x (-r,r).

Thus, using interior estimates and the embedding theorem, we can find a diverging
sequence (7,)nen such that (u, )nen converges locally uniformly in RV*! to a
bounded solution of @). The uniqueness result is an immediate consequence of
Theorem part (iii). O

We remark that if f is periodic then one can prove the existence result of Corol-
lary by a standard functional method: after regularizing the operator in order
to write it in divergence form, one considers the problem in the space of periodic
functions and, owing to Theorem part (iii), applies the Fredholm alternative
to the inverse operator. Also, note that by Theorem part (ii), the equation
O — Ozzu = 1 does not admit entire bounded solutions and then the hypothesis
Ap(—L) > 0 is sharp for the existence result of Corollary 22

3 Counter-example when L is almost periodic

This section is devoted to the construction of Counterexample[ll Note that, by the
uniqueness of solutions of the Cauchy problem, any non-constant solution of (@)
must be strictly monotone.

We first construct a discontinuous function o, then we modify it to obtain a
Lipschitz continuous limit periodic function b. Let us recall the definition of limit
periodic functions, which are a proper subset of a. p. functions.



Definition 3.1 We say that a function ¢ € C(RY) is limit periodic if there exists
a sequence of continuous periodic functions converging uniformly to ¢ in RN .

We start defining o on the interval (—1,1]:

sy = [ -1 i —1<aso,
11 ifo<z<l

Then in (-3, 3] setting

Ve (=3,-1], o(x)=0c(z+2)—1,
Ve (1,3, o(x)=c(x—2)+1,
and, by iteration,
1
_an+l __an _ 2.3") -~
Ve (=3" =3"], o(x)=oc(x+2-3") EFEVER (8)
n n n 1
Voe @3, o) =olw—2-8"+ o0y (9)

By construction, the function o satisfies ||o||oc = 142, n™2, and it is odd except
for the set Z, in the sense that o(—z) = —o(x) for z € R\ Z.

Proposition 3.2 There exists a sequence of bounded periodic functions (¢n)nen
converging uniformly to o in R and such that

VneN, ¢n € C(R\ Z), ¢n has period 2 - 3".
Proof. Fix n € N. For x € (—3",3"] set ¢, (x) := o(x), then extend ¢,, to the
whole real line by periodicity, with period 2 - 3. We claim that

o0

1
HO’_(anoog Z ﬁa

k=n+1

which would conclude the proof. We prove our claim by a recursive argument,
showing that the property

n+1i
) ) 1
(P)  Vae(=3"73"",  jo(@) —du(x)| < ) e
k=n+1

holds for every i € N. Let us check (P). By @) and (@) we get
1

o(x) =< oén(x) . if —3"<a<3"

Property (P;) then follows from the periodicity of ¢,,.

10



Assume now that (P;) holds for some i € N. Let x € (=37l gntitl] [f
x € (=3¢ 3" %] then

Otherwise, set

xr—2-3" ifr>0.
Note that y € (=3"+1, 3" and |z — y| = 2 - 3"*". Thus, @®), @), (P;) and the
periodicity of ¢,, yield

|o(x) = ¢n(@)] < lo(x) — oY)+ lo(y) — dn(y)l

1 n—+i 1

{ r+2-3" ifz <0

<S—+ ) =

= 2 2
(n+i+1) Wo k
n+i+1

1
S
k=n-+1
This means that (P;+1) holds and then the proof is concluded. O

Note that ¢ is not limit periodic because it is discontinuous on Z.

Proposition 3.3 The function o satisfies

V>, /Oma(t)thQ( z (10)

logg x +1)2°
Proof. For y € R, define F(y) := foy o(t)dt. Let us preliminarily show that, for

every n € N, the following formula holds:

Vyel3, Py 25 (11)

We shall do it by iteration on n. It is immediately seen that ([[Il) holds for n = 1.
Assume that () holds for some n € N. We want to prove that ([l holds with n
replaced by n+ 1. If y € [0,3"] then

Y

y
F > = > —
W z52 25012

If y € (3™,2 - 3"] then, by computation,
y 2.3" —y y—3"
Fly)=F(2-3"—y)+ / o(t)dt > ———+ / o(r + 3")dr.
237y 2n ~(y=3")

Using property @), one sees that

ny”' 0 ny”' Y — 3n
/ o(t+3")dr = / U(T+3")d7'+/ o(t —3")dr + —
~(y=3") ~(y=3") 0 (n+1)
_y=-3
(n+1)27
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where the last equality holds because o is odd except in the set Z. Hence,

>2-3"—y y — 3" Y
2n? (n+1)2 = 2(n+1)2

Let now y € (2-3",3""1]. Since F(2-3") > 3"(n + 1)72, as we have seen before,
and (@) holds, it follows that

Fly) = F(2 3n)+/y c(t)dt > —> 4 Fy—2.3m) 4+ 41230
I 2.3n ~ (n+1)? Y n+1)2

Using the hypothesis [[d) we then get

y—3" y—2-3"> Yy

Fzoqme: 2 Zamrie

We have proved that ([[l) holds for any n € N. Consider now x > 1. We
can find an integer n = n(x) such that € [3"7!,3"). Applying ([l we get
F(z) > z(2n?)~. Therefore, since n < logs = + 1, we infer that

x
Flx) > —m.
(z) 2 2(logs x + 1)2

O

In order to define the function b, we introduce the following auxiliary function
z € C(R) vanishing on Z: z(x) := 2|z| if x € [-1/2,1/2], and it is extended by
periodicity with period 1 outside [—1/2,1/2]. Then we set

The definition of b is easier to understand by its graph (see Figure [I).

A

Figure 1: graphs of o and b
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Proposition 3.4 The function b is odd and limit periodic.
Proof. Let us check that b is odd. For 2 € Z we find b(—z) = 0 = —b(z), while,

for x € R\ Z,
b(—z) = o(—x)z(—x) = —o(z)z(x) = —b(x).

In order to prove that b is limit periodic, consider the sequence of periodic functions
(én)nen given by Proposition B2 Then define

n(x) = dp(x)2(x).

Clearly, the functions v, are continuous (because z vanishes on Z) and periodic,
with period 2 - 3" (because z has period 1). Also, for n € N,

Therefore, 1, converges uniformly to b as n goes to infinity. O

Proposition 3.5 All solutions of @) are bounded and they are generated by u; = 1
and a non-a. p. function us.

Proof. The two-dimensional space of solutions of [ is generated by u; = 1 and

us(z) = /0 " exp < /O yb(t)dt) dy.

Since us is strictly increasing, it cannot be a. p. So, to prove the statement it only
remains to show that us is bounded. By construction, it is clear that, for m € Z,

/0 "yt = % /O " .

Consequently, by ([[), we get for x > 1

btdt:—/ UtdtﬁL/btdtZifboo
) o= [ otars [ vz gt

and then
0 < us(x) < eVl /z exp (_L) dy
B - 0 4(loggy +1)2
+oo -1
< ollble / ox (_97) Qo
= o P\ 2logsy+ 12 )
Since b is odd, it follows that us is odd too and then it is bounded on R. O

Remark 2 The function b = 0z we have constructed before is uniformly Lipschitz
continuous, with Lipschitz constant equal to 2||o|| ). Actually, one could use a
suitable C°° function instead of z in order to obtain a function b € C*°(R).

Remark 3 The reason why the LP fails to hold in the a. p. case is that, as shown by
the previous counterexample, an a. p. linear equation with nonpositive zero order
coefficient may admit non-a. p. bounded solutions in the whole space. Instead,
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the space of a. p. solutions of (@), with ¢ < 0 and without any almost periodicity
assumptions on L, has at most dimension one, that is, the LP holds if all bounded
solutions are a. p. More precisely, the result of Corollary holds true if one
requires u to be a. p., even by dropping the periodicity assumption on L. To see
this, consider an a. p. solution u of (). Up to replacing u with —u, we can assume
that U := supu > 0. Let (2,,)nen be a sequence in RY such that u(x,) — U. Then,
up to subsequences, the functions u,(z) := u(x + x,) converge locally uniformly in
z € RY to a solution us of a linear equation —L = 0 in RY, with nonpositive zero
order term (see the arguments in the proof of Lemma ). The strong maximum
principle then yields u., = U. Since the convergence of a subsequence of u,, is also
uniform in RY, by the almost periodicity of u, we find that u = U. Therefore, the
conclusion of Corollary holds.

4 Sufficient conditions for the almost periodicity
of solutions

Proof of Theorem LA (i) consider an arbitrary sequence (X,)nen = ((@n,tn))nen
in RV x R. Since a;j, b;, c and f are a. p. (because a;;,b;,c € C(RY) are periodic)
there exists a subsequence of (X, )nen (that we still call (X,,)nen) such that a;;(z+
Tn), bi(x +x,), c(r+2,) and f(x +x,,t+1t,) converge uniformly in z € RV, t €
R. We claim that u(X + X,,) converges uniformly in X € R¥*! too. Assume
by contradiction that this is not the case. Then, there exist ¢ > 0, a sequence
(Yo nen = ((Un, Tn))nen in RY x R and two subsequences (X!) ey and (X2),en of
(Xn)nen such that

VneN, |u(Yn + X1 —u(Y, + X2)| > e (12)
For 0 = 1,2 set (Z7)nen := (Yo + X7 )nen. Applying again the definition of almost
periodicity, we can find a common sequence (ng)ren in N such that, for o = 1,2,

the functions f(X + Zg,) converge to some functions f° uniformly in X € RN+1,
As f(X + X,,) converges uniformly in X € RV*1 we see that

Vo e RV X)) = lim f(X 4V, +X,,) = lim f(X+Y, +X7,) = fA(X).

Let (nk)ren be a sequence in [0,11) x - - - X [0, ) such that y,, +2, —nk € Hfil L7
and let 7 be the limit of (a subsequence of) (n;)ren. Owing to the periodicity and
the uniform continuity of ¢, we get

clz+mn) = klin;o clx+m) = khjlgo e(x + Yn, + x}lk) = klggo (x4 yn, + xik),

uniformly in € RY. Analogously, for ¢ = 1,2,
T s (@ + g, +75,) = ag(eta),  bi@ ot yn, +25,) = bile + ),

uniformly with respect to z € RY. By standard parabolic estimates and compact
injection theorem, it follows that there exists a subsequence of (ny)ren (that we still
call (ny)ren) such that, for o = 1,2, the sequences uf := u(-+ Z;,, ) converge locally
uniformly in RN¥*! to some functions u° and Oug — O, Ojuf — Oju’, Ojuy —
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diju’ weakly in LY (RVT1), for 1 < p < oco. Passing to the weak limit in the
equations satisfied by the uf, we infer that the u” satisfy

Ri}gli u<u® < sup , o’ — Lyu® = f* in RN+ (13)
RN+1

where
Ly = ai; (- + )0 + bi(- +0)0; + c(- +n).

Clearly, if ¢, is the periodic principal eigenfunction of —L, then ¢,(- + 1) is the
periodic principal eigenfunction of —L,. This shows that A\,(—L,) = A\,(—=L) > 0.
As Oy (ut —u?) — Ly (ut —u?) = 0 in RVNT1 statements (ii) and (iii) of Theorem [3
yields

Ve eRY, teR, u'(zx,t)—u?(z,t) = kpy(z+1), (14)
for some k € R. In order to show that k£ = 0, we come back to the original equation.
For o = 1,2, the following limits hold uniformly in X = (z,y) € RY x R:

lim X - 25,) = lim F((X - 25,) + 25,) = F(X).
i a (@ 40 = yn, — 27, ) = aii(@),  Hm bi(w 0 = yn, —27,) = bi(2),
klim c(x+n—yn, — 7, ) = c(z).

Therefore, with usual arguments, we see that, for o = 1,2, u?(- — Z;, ) converges
(up to subsequences) locally uniformly to a function v satisfying
inf u? <v? < sup u?, Py’ = f in RNV*L (15)
RN+1 RN+1
Hence, P(u —v?) = 0 and then, again by Theorem [[3 parts (ii)-(iii), there exists

a constant h? € R such that u — v7 = h%p,. Since infgy+1 u < v7 < supgw+1 u by
(@) and (@), we infer that h! = h? = 0, that is, v} = v? = u. Consequently,

inf v! = inf «? = inf u, sup ut = sup u? = sup u,
RN+1 RN+1 RN+1 RN+1 RN+1 RN+1
and then, by (@), u; = uz. This is a contradiction because, by (), |u'(0) —
u?(0)| > e.
(ii) Up to replacing u with —u, we can assume that f < 0. Set

k:= sup u(z,t)

zerN Pp (‘T)
teR

and v(z,t) := kyp(z) —u(x,t). Thus, v > 0 and there exists a sequence (X,,)neny =
((Zn,tn))nen in RY x R such that lim,, .., v(X,) = 0. Arguing as above, we find
that (up to subsequences) v(- + X,,) converges locally uniformly to a nonnegative
function v satisfying

9(0) =0, 00 — agi(- +n)Bijo = bi(- + n)div — (- +1)o >0 in RV,
for some n € [0,11) X --- x [0,{x). Applying the strong maximum principle, we get

O(z,t) =0 for x € RN, ¢t < 0. As v is a. p. by part (i), we infer that lim,, ., v(X +
X,) = 9(X) uniformly with respect to X € RV Thus, lim;—,_ v(z,t) = 0
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uniformly in 2 € RY. Again by the almost periodicity, we can find a sequence
(tn)nen in R tending to —oo and such that v(x,t + t,,) converges uniformly with
respect to (z,t) € RY x R. Since

VeeRY, teR, lim v(z,t+t,) =0,

n—oo
we derive v = 0. O

Corollary 222 and Theorem [[H part (i) imply the existence of a unique a. p. so-
lution of @) when P = 9, — L, L is periodic, A\p(—L) > 0 and f is a. p.

We conclude this section with a result concerning solutions of {) when P is
periodic and f is uniformly continuous (UC) and a. p. in just one variable, i. e. there
exists m € {1,--- , N + 1} such that, for any (X1, -, X;n—1, Xont1, -+, XN+1) €
RN X, = f( Xy, s Xy o+, Xva1) 18 a. p.

Theorem 4.1 Let u be a bounded solution of @), with f € UC(RN*1) a. p. in the
m-th variable and either P periodic in the m-th variable, ¢ <0, or P=0; — L, L
periodic, Ap(—L) > 0. Then, u is a. p. in the m-th variable. check

Owing to the next consideration, the proof of Theorem ETl is essentially the
same as that of Theorem [ part (i).

Lemma 4.2 Let ¢ € UC(RN*Y) be a. p. in the m-th variable. Then, from any

real sequence (Sn)nen can be extracted a subsequence (sn, )ken Such that, for all

(Xla T aXm—laXm-i-la T aXN+1) € RN+17 the sequence ((b(Xla T aXm+snka T aXN+1))kEN
converges uniformly in X,, € R.

Proof. The proof is similar to that of the Arzela-Ascoli theorem. For simplicity,
consider the case m = N + 1. Let (s, )nen be a sequence in R. As for any ¢ € QV
there exists a subsequence (s%)pen of (85 )nen such that (¢(q,t+ s2))nen converges
uniformly in ¢ € R, using a diagonal method we can find a common subsequence
(8n,, )ken such that (¢(q,t + sp, ))ken converges uniformly in ¢ € R, for all ¢ € QV.
Fix 2 € RY. By the uniform continuity of ¢, for any € > 0 there exists ¢ € QY
such that -

VteR, |¢('T’t)_¢(%t)| < 5

Therefore,

2
|¢('T’t + S"k) - ¢('T’t + th)' < gg + |¢(Q7t + Sny) — ¢(Q7t + th)| <e
for h, k big enough, independent of ¢t € R. O

Remark 4 Statement (i) of Theorem[[H does not follow from TheoremE T because
being a. p. separately in each variable does not imply the almost periodicity in the
sense of Definition [[Al For example, the function ¢(x,y) = sin(zy) is periodic in
each variable but it is not a. p., because it is known that any a. p. function is
uniformly continuous (see e. g. [2])
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5 General periodic domains

Henceforth, Q denotes a uniformly smooth domain in RY. The symbol v stands
for the outer unit normal vector field to (2.

We fix Iy, ,Iny4+1 > 0. The domain Q C RY is said to be periodic in the
direction &, m € {1,, -+ , N}, if Q+{lnen} = Q. If Q is periodic in all directions,
we simply say that it is periodic. From now on, when we say that a function or an
operator is periodic (resp. periodic in the m-th variable with m € {1,--- /N 4+ 1})
we mean that its period is (I1, -+ ,Iny1) (vesp. ).

Besides the assumptions of Section [, we will sometimes require in the sequel
that the coeflicients of P and the function f are uniformly Hoélder continuous B. This
is because, in some proofs, we need the solutions to be Lipschitz continuous. In the
elliptic case, this property follows from W?2P? estimates, for p > N, and embedding
theorem and indeed the Holder continuity assumption is not necessary.

5.1 Dirichlet boundary conditions
We deal with the Dirichlet problem

(16)

Pu= f(z,t), €, teR
u=g(z,1), x € d, teR,

with f measurable and g € C°(99 x R). The boundary condition in () is under-
stood in classical sense: u € C°(Q2 x R) and u = g on 9 x R.

If L is a periodic elliptic operator (as defined in Section [[l), then A, p(—L)
and ¢, p denote respectively the periodic principal eigenvalue and eigenfunction of
—L in Q, with Dirichlet boundary conditions. That is, Ay, p(—L) is the unique real
number such that the problem

—Lgp,p = Ap,p(=L)pp,p in
wp,0 =0 on Of)

admits a solution ¢, p (unique up to a multiplicative constant) which is positive in
Q) and periodic.
The next result is the analogue of Theorem [Tl

Theorem 5.1 Let u be a bounded solution of @), with P, f, g periodic in the
m-th variable, as well as Q if m # N + 1, and with ¢ < 0. Then, u is periodic in
the m-th variable.

Proof. We use the same method as in the proof of Lemma Bl with v = 1. As
before, it is sufficient to show that the function

(X)) = w(X +lpem) — u(X)

is nonpositive. Assume by contradiction that k := supq,pt > 0. Let (X, )nen =
((Tnytn)n)nen in © X R be such that ¥(X,,) — k. We consider the translated

2 we denote by C’Q”'PV’""'%, with n € {0,1} and v € [0, 1), the space of functions whose space
derivatives up to order 2n and time derivative, if n = 1, are locally Holder continuous with
exponent y with respect to  and with exponent 7/2 with respect to ¢.

If these derivatives are uniformly Hoélder continuous then we say that the function belongs to
02n+%n+-}
b .
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Y (X) := (X 4+ X,,). The problem is that, in principle, these functions are well
defined only at {(0,---,0)} x R. As # is a solution of (@) with f =¢g =0 and O is
uniformly smooth, parabolic estimates up to the boundary together with embedding
theorem yield ¢ € UC(2). Hence, there exists r > 0 such that ¢, > 0in B, x(—r,r)
for n large enough. In particular, the set

R:={r>0: B.+{z,} CQ for n large enough}

is not empty. We claim that R = RT. Let r € R. We know that, for n large
enough, the ¢, are well defined and uniformly bounded in B, x R. Moreover, again
by the estimates up to the boundary, for any 1 < p < oo,

10snll Lo (B, x (—=rr))s 10i0nl| Lo (B, x (=) s 103500 | Lo (B, x (=rr)) < C,

where C' > 0 is independent of n. Therefore, by the compact injection of LP in C?,
we infer that the 1,, converge (up to subsequences) to a bounded solution 1., of

Othoo — Gij(x,1)0ij o0 — l;i(:zz, t)0ithoo — E(2,t)Woo =0, x € By, t € (=1, 1),

where @;; = lim,, o0 ai; (- + Xp), b; = lim,,_ o0 bi(- + Xp,) uniformly in B, x (—r,r)
and ¢é = lim,, o ¢(-+ X,,) weakly in LP(B, x (—r,r)). We know that ¢, attains its
maximum value k at 0 and then the strong maximum principle yields ¢ (z,t) = k
for z € By, t € (—r,0] (note that ¢ < 0). As a consequence, for n large, ¥, > k/2
in B, x (—7,0] and then, by the uniform continuity, there exists § > 0 independent
of r and n such that 1, > 0 in B,4s x (—r,0]. This shows that R = R*. We then
get a contradiction exactly as in the proof of Lemma BTl O

From Theorem b1t follows immediately the following uniqueness result (which
implies in particular the LP).

Corollary 5.2 IfQ and P are periodic and ¢ < 0 then problem ([[8) admits at most
a unique bounded solution.

Proof. Suppose that uj, us solve ([H). Applying Theorem Bl we infer that
v = u1 — ug is periodic and then it has a global maximum and minimum in Q.
Since either maxwv > 0 or minv < 0, the strong maximum principle implies that v
is constant. But it vanishes on 92 and then v = 0. 0

In order to prove the LP when P = 9, — L and Ap(—L) > 0, we will make use
of the following consideration.

Lemma 5.3 Let v; € WH°(Q x R) and va € C1(Q2 x R) be such that

vy < vy on 0N x R, Vv € UC(Q x R),

sup (v1 — v9 + min(d,v2,0)) < 0, (17)
QxR
Ve>0, inf{va(z,t) : dist(z,Q°) >e, t € R} > 0. (18)

Then, there exists a positive constant k such that kve > v1 in Q x R.
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Proof. Assume by way of contradiction that there exist two sequences (2, )nen in
Q and (tp)nen in R such that nva(z,, tn) < vi(2n, tn). Hence, limy,— o vo(p, tn) =
0 and then dist(z,,9Q) — 0 by [[{). For n € N, let y,, denote a projection of x,,
on 0f2. We find that

0 < lim (v2(Yn,tn) — V1(Yn, tn)) = lim (va(zn,tn) — v1(Tn,tn))
< lim (va(xp, tn) — nva(zy, t,)) < 0.

Therefore, by (),
lim sup 9, v2 (yn, tn) < 0.

n—oo

As Vg € UC(Q x R), we then infer that

'Ul(l'n,tn> *Ul(ymtn> an(zn;tn) 7’02(yn7tn)

lim > lim
> lim nU2(znatn) — U2(ynvtn)
n—oo |-Tn - ynl
= +oo,
which is a contradiction. O

We need the following uniform Holder continuity assumptions:
Qij, b;,c € Cg(Q), (19)
FeCITQxR), geCTTIOOxR), (20)
for some 0 < v < 1.

Theorem 5.4 Let P = 0; — L with coefficients satisfying (L) and let Q, L, f, g
be periodic. If u is a bounded solution of [[H) we have that:

(1) if A\p.p(—L) > 0 then u is periodic, with the same period as f, g;

(ii) if \p,p(—=L) = 0 and f, g satisfy @) and either f,g < 0 or f,g > 0 then
u=ky, p, for some k €R, and f,g=0;

(iii) if \p,p(—=L) >0 and f,g =0 then u = 0.
Proof. (i) Fix m € {1,--- ,N + 1} and set
P(X) = w(X + lnem) — u(X).
Let us check that the functions v;1 = ¢ and vy = ¢, p fulfill the hypotheses of

Lemma Parabolic and elliptic estimates up to the boundary yield vi,vy €

247,142
C, "2 (Q x R). Moreover,

v =v2=0, 0Jyva <0, ond xR,

the last inequality following from the Hopf lemma. Therefore, the hypotheses of
Lemma, are satisfied owing to the periodicity of ¢, p. As a consequence, there
exists k > 0 such that kyp, p > 1. Define

E* :=inf{k >0 : ko, p > ¢}
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Assume by contradiction that £* > 0. The function w(z,t) := k*pp p(z) — ¥(z,1t)
is nonnegative by the definition of k*. We distinguish two different cases.

Case 1: w satisfies ([[J).
If supyq g Oyw > 0 then there exist a sequence (Zp)nen in Zly X -+ X Zly4+1 and
a sequence (Y;,)nen in 00 X R converging to some (y,7) € 9 x R such that

limsup O, w(Yy, + Z,,) > 0.

n—oo

5143
The sequence w(- + Z,) converges (up to subsequences) in C;JW’HZ (K X (—=r,1)),
for any 0 < 4 < 7, compact set K C 2 and r > 0, to a nonnegative function wy

satisfying
Pws > 01in Q x R, Weo = 0 on 00 x R, Oywoo(y,7) > 0.

By Hopf’s lemma it follows that ws, = 0 in Qx (—o0, 7], which is impossible because
w satisfies (I8)). This shows that supyoyr Ovw < 0 and then () holds with v; =
and vy = w. Therefore, by Lemma we can find another positive constant &’
such that k’w > % in Q x R. That is,

k/
mk ©p,.D >V,

which contradicts the definition of k*. This case is ruled out.

Case 2: w does not satisfies ().
There exist then a sequence (Z,,)nen in Zl; X « -+ X Zln4+1 and a sequence (Y5, )nen
in 2 x R converging to some (y,7) € © x R such that

lim w(Y, + Z,) =0.

n—oo

With usual arguments, we find that (a subsequence of) the sequence w(- + Z,)
converges to 0 locally uniformly in Qx (0, 7]. Defining the bounded sequence ({p,)nen
as at the end of the proof of Theorem Bl we get the following contradiction:

VheN, (n—Crr=E¢pp(y).

In both cases 1 and 2, we have shown that k* = 0, that is, u(X +lnem) < u(X).
The converse inequality is obtained in analogous way by replacing [,, with —[,,.

(ii) Up to replacing w with —u, it is not restrictive to assume that f,g < 0.
Hence, u(z,t) < ¢p p(z) for x € 0Q, t € R. Note that by parabolic estimates up

i
to the boundary, u € Cb2+7’1+2 (Q x R). Applying Lemma with v; = w and
v2 = @, p, we find a positive constant £ such that kp, p > u. Set

E*:=inf{k € R : k¢, p > u}.
The function w := k*¢, p — u is nonnegative, periodic, by (i), and satisfies
Pu=—-f>0 in QxR

If w vanishes somewhere in 2 x R then the parabolic strong maximum principle and
the time-periodicity of w yields w = 0, which concludes the proof of the statement.
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Otherwise, for any x € 99, t € R such that w(z,t) = 0, the Hopf lemma yields
d,w(x,t) < 0. Consequently,

Veed, teR, —w(zx,t)+ min(d,w(z,t),0)<0.

As ¢, p and w are periodic, we see that the hypotheses of Lemma are satisfied
by v1 = ¢p,p and va = w and then we there exists another positive constant h such
that hw > ¢, p. Hence, (k* —h™')¢, p > u which contradicts the definition of k*.

(iii) It is not restrictive to assume that supwu > 0 (if not, replace u with —u).
We proceed exactly as in the proof of (ii). Now, the constant k* is nonnegative and
then the function w := k*¢p, p — u satisfies

Pw = k"Ap,p(—=L)pp,p = 0.

Then, as before, we derive w = 0. From the above expression we see that k* = 0
and then u = 0. |

Remark 5 Theorem B4 part (i) when A, p(—L) > 0 and part (iii) hold without
the additional assumption ([[d). In fact, the latter is only used to have the Lipschitz
continuity of solutions required to apply Lemma But this can be avoided
by approximating Q by a sequence of domains (O,,)men which contain Q. Then,
one argues as before, with ¢, p replaced by the periodic principal eigenfunction
associated with O,,. This function is strictly positive in  and is still a supersolution
of —L = 0 provided that m is large enough, because A, p(—L) > 0 (see the proof
of Corollary B8 below). This allows one to define the function w - which does not
satisfy () - and obtain the same contradiction as before.

Corollary 5.5 If P = 0, — L, the domain Q and L are periodic, A\, p(—L) > 0 and
fe€L®(QxR), ge WO x R) B, then problem [[B) admits a unique bounded

solution.

Proof. Note that, up to replacing f with f — Pg, it is not restrictive to assume
that ¢ = 0. As in the proof of Corollary EZ2 we find a solution u as the limit as
n — oo of solutions u,, of the problems

Pu, = f(x,t), z€Q,, te€ (—n,n)
un =0, x € 00y, t € (—n,n) (21)
up(z,—n) =0, x € Q,,

where (2, )nen is a family of bounded domains recovering €2 (defined below). The
proof of the uniform boundedness of the u, is now more delicate, because ¢, p
is not bounded from below away from zero and then we cannot take as sub and
supersolution of @Il the functions —k¢, p and k¢, p with k large enough. We
overcome this difficulty by extending a;;, b;, c to the whole space and by considering
a domain which is slightly larger than Q. Let (O,,)men be a uniformly smooth
family of periodic domains satisfying

VmeN, Opn D Opnii D, ] Om =0
meN

3 Wi;l denotes the space of functions u such that u, d;u, d;;u, Oru € L™
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For any m € Nlet A\, and ¢,,, be the periodic principal eigenvalue and eigenfunction
of =L in Oy,, with Dirichlet boundary conditions, such that |[¢m,| 1=, = 1.
It follows from the maximum principle that the sequence (A, )men is increasing
and bounded from above by A, p(—L). Owing to the uniform smoothness of the
Om, elliptic estimates up to the boundary imply that the ¢,, converge (up to
subsequences) uniformly in  to a nonnegative periodic solution ¢ of —Lyp = Ap in
Q, where A = lim,,_, o Ay Moreover, since for any € > 0 there exists ¢ such that

vmeN, dist(x,00,)<d§ = on(z)<e

(by gradient estimates up to the boundary), we see that ¢ vanishes on 92 and that
lloll L) = 1. Hence, ¢ > 0 in Q by the strong maximum principle. This shows
that A = A, p(—L). Thus, there exists m* € N such that A,,- > 0. The function

o) = D)

A MING P+

is the strictly positive supersolution we need to show that the solutions w,, of ZII)
are uniformly bounded for n € N. The smooth domains €2,, are defined in such a way
that, for n € N, Q,, C By 41 and Q,, N B, coincides with the connected component
of QN B,, containing 0 (which can be assumed to belong to 2). It is easily seen that
for any compact K C R there exists ng € N such that Q N K C €, for n > ng.
Then, we proceed exactly as in the proof of Corollary B2 with B, replaced by .
The uniqueness result follows from Theorem B4 part (iii) and Remark O

Remark 6 If ¢ < 0 then A\, p(—L) > 0 and then the existence and uniqueness
result of Corollary B applies (in contrast with the whole space case, cf. Remark
). This is easily seen by applying the strong maximum principle to the periodic
principal eigenfunction ¢, p.

5.2 Robin boundary conditions

We consider now the Robin problem

Pu= f(z,t), z€Q, teR
Nu=h(z,t), z€IQ, teR,

where

Nu = a(z,t)u + B(z,t) - Vu,
with «, 8 bounded and satisfying

> i . .
a>0, z16118fﬂﬂ(:c) v(z) >0

We always assume in this section that
y J
aij,bi,c S Cb12 (Q X R),

for some 0 < v < 1, and solutions of ([22) are understood in classical sense. Hence,
2) admits solution only if f and h satisfy some regularity conditions, but for our
uniqueness results we do not need to impose them.
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If P=0;,— L,
a=a(z), B=P), «BecC(09), (23)

and 2, L, N are periodic then A\, o and ¢, nr denote respectively the periodic prin-
cipal eigenvalue and eigenfunction of —L in §2, under Robin boundary conditions.
That is, Ap or is the unique (real) number such that the eigenvalue problem

—Lop N = dpNppN  in Q
No, v =0 on 0N

admits a positive periodic solution ¢, » (unique up to a multiplicative constant).

The strategy used to prove our results is exactly the same as in Section Bl the
following lemma being the analogue of Lemma Il While in the whole space case
we used interior estimates for strong solutions, here we need Hoélder estimates up
to the boundary (see [22], [25]).

Lemma 5.6 Assume that §) is periodic and that the operators P, N' and the func-
tions f, h are periodic in the m-th variable. If there exists a functionv € Cg’l(QxR)
satisfying

infv > 0,
Q

Pv>0, z€Q, teR
Nv>0, z€dQ, teR,

then any bounded solution of @2) is periodic in the m-th variable.

Proof. The proof is similar to that of Lemma 1] and we will skip some details.
But now we translate the functions v, v and the coefficients of the equation by
Z, instead of X,,, where (Z,)nen is the sequence in Zly X - -+ X Zln4+1 such that
Y, =X,—Z, €[0,l1)x---%x[0,{n+1). Then, the only situation which is not covered
by the arguments in the whole space is when ws, < k in  and Y;, converges (up
to subsequences) to some Yoo = (Yoo, Moo) € O X [0,In41]. Let us show that this
cannot occur. Let a* and 8* be the limits of (subsequences of) a(Ys + Z,) and
B(Y + Z,,) respectively. Clearly,

a* >0, B v(yso) > 0.

Thus, since wy is a solution of a linear parabolic equation with nonpositive zero
order term achieving a positive maximum at Y,,, the Hopf lemma yields g* -
Vs (Yso) > 0. This is impossible, because

0=a"Yoo(Yoo) + 8" - Vihoo (Yoo)
= " (WooVoo) (Yoo ) + 8%+ V(oo Voo ) (Yoo )
= k(™00 (Yoo) + 8" - Voo (Yoo)) + Vo0 (Yoo ) 8" - Voo (Vo)
> Vo0 (Yoo ) 8" - Voo (Yoo )
> 0.

Applying Lemma B with v = 1 we immediately get

Theorem 5.7 Let u be a bounded solution of @2), with Q periodic, P, N, f, h
periodic in the m-th variable and ¢ < 0. Then, u is periodic in the m-th variable.
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Compare the previous statement with Theorem Bl which holds for domains
periodic just in the direction z,,. In the case of Robin boundary conditions, we are
only able to deal with domains periodic in all directions.

Corollary 5.8 Let u be a bounded solution of

Pu=0, z€Q, teR
Nu=0, €09, teR,

with Q, P, N periodic and ¢ < 0. Then, two possibilitics occur:
1) ¢=0, a =0 and u is constant;
2) llellz=o) + lallL=@oa) # 0 and u = 0.

Proof. By Theorem B we know that w is periodic in every space/time variables
and then it has global maximum and minimum in @ xR. Let M = maxu = u(zo, o).
Up to replacing u with —u, we can assume without loss of generality that M > 0.
Thus, by the strong maximum principle, either u = M in Q X (=00, to], or u < M in
Q x (—o00,tg] and T € 9. The second case is ruled out because, by Hopf’s lemma
we would have

0< ﬁ(l‘o,to) . V’U,(,To,ﬁo) < Nu(mo,to) =0.

Therefore, u = M in 2 x (—o0, to] and then, by periodicity, in 2 x R. The statement
follows. 0

Theorem 5.9 Let P = 8; — L, the functions o, 8 satisfy @3) and Q, L, N, f, h
be periodic. If u is a bounded solution of @A) we have that

(1) if \pa(—L) > 0 then u is periodic;

(ii) if Apa(—L) = 0 and either f,h < 0 or f,h > 0 then u = kg, nr, for some
keR, and f,h=0;

(iil) if Apa(—L) >0 and f,h =0 then u=0.

Proof. First, we show that
iIglzf epN >0,

no matter what the sign of Ay »r(—L) is. Indeed, if infq ¢, or = 0, then the period-
icity and the positivity of ¢, o in Q yield @, or(y) = 0 for some y € 9Q. Hence,

0=Nopn()=BY) Vepn(y),

which contradicts the Hopf lemma.

(i) The statement follows by applying Lemma B8 with v = ¢, x.

(ii)-(iii) We can argue exactly as in the proof of Theorem [[3 part (ii) and (iii).
The only different situation is if w > 0 in  x R and vanishes at (zo,%y) € 992 x R.
In this case, we get

ﬁ(mo) . V’w(mo,to) :Nw(.l'o,to) = —Nu(mo,to) = —h(mo,to) Z 0

(we recall that it is not restrictive to assume that f,h < 0). Once again, this is in
contradiction with the Hopf lemma. |
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We conclude with the existence and uniqueness result for [22). We assume that

FECTQxR), heC'2(00 x R), (25)
and we strengthen the regularity condition on § in 3):
a=ax), f=0(x), acCT(I), BecCFO9). (26)

Theorem 5.10 If P = 9; — L, conditions @A)-@8) hold, L, N are periodic and
Ap. N (—=L) > 0, then problem @A) admits a unique bounded solution w. If in addition
f and h are also periodic, then u is periodic.

Proof. From the uniform smoothness of it follows that there exists § > 0 such
that each point in Q% := {x € Q : dist(z,0Q) < §} admits a unique projection
7(x) on 9. Hence, the function dist(x, df) is well defined and smooth in Q°. Let
X € C*(R) be a cut-off function such that y = 1in (0,d/2), x = 0 in (J,+00). The
function

h(x(x),t)
Bm(x)) - v(r(x))

belongs to C2t7:1+3(Q x R) and satisfies N9 = h on dQ. Therefore, replacing f
by f — Pt), we can take h = 0 in (ZZ). Define the domains (Qy,)nen as in the proof
of Corollary B8l Consider a family of cut-off functions (X )nen uniformly bounded

J
0 Cb2+’%1+2 (RN) such that, for n > 1,

P(x,t) = dist(x, 0Q)x (dist(z, 00))

Xn =1in B,_1, Xn > 0in B,\Bp_1, Xn = 0 in RN\ B,,.

Proceeding as in the proof of Corollary 2 with Bg replaced by Q, and ¢, by
©p,n (which has positive infimum), we see that, as n — oo, the unique solution of

Pun:f(l',t), ZCEQn, te(—n,n)
(XN + (1 — xn))un =0, z€0Qy,, t € (—n,n)
un(x, —n) =0, x € Qy,

converges (up to subsequences) in Cg’l(ﬂ N K, (—r,7r)), for any compact K C RV
and any r > 0, to a bounded solution of (Z2). The uniqueness result is a consequence
of Theorem B9 part (iii). O

Using the Hopf lemma, one can readily check that if L, N are periodic, ¢ < 0
and «, c are not identically equal to zero, then A\, o/(—L) > 0. Therefore, the result
of Theorem BT applies in this case.
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