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Abstract

We study convergence of positive solutions for almost periodic reaction diffusion equa-
tions of Fisher or Kolmogorov type. It is proved that under suitable conditions every
positive solution is asymptotically almost periodic. Moreover, all positive almost periodic
solutions are harmonic and uniformly stable, and if one of them is spatially homogeneous,
then so are others. The existence of an almost periodic global attractor is also discussed.



1 Introduction

The current paper is devoted to the study of asymptotic behavior of positive solutions
for the following reaction diffusion equation of Fisher or Kolmogorov type,

%:Au+f(t,x,u), ref, t>0,

5 (1.1)
u _
on = 0, z€0Q, t>0,

where Q C IR" is smooth, bounded and connected, f € C? is almost periodic in t
uniformly for z, u in bounded subsets ([9]). More precisely, we assume that f is either of
Fisher type

HF) f(t,x,u) = m(t,z,u)u(l — u),
where m is nonincreasing in u for u € (0, 1),
or of Komogorov type
HK) f(t,z,u) = m(t,z,u)u,
where m(t, x,u) < 0 for u > 1 and m is nonincreasing in u for u > 0.

When f is of Fisher type, (1.1) represents a population model for the spatial spread of
an allele (gene) in a migrating diploid species with two type alleles (genes), in which w is
the fraction of one of the two alleles at a particular gene locus, m is the fitnesses ([1], [7],
8], [10], [11], [14]). When f is of Kolmogorov type, (1.1) represents a population growth
model of a single species, in which u is the density of the population, m is the growth
rate ([3]-[5], [33], [35]). The Neumann boundary condition gives a restriction that no
migration should across the spatial boundary in both cases. By considering equations of
such general forms, we allow the habitat in which the population lives to be a variable. In
other words, we have assumed that the fitness or growth rate m may vary in both space
and time, which includes various possibilities: 1) certain place inside the habitat may be
more favorable to the population than other places; 2) the habitat may be subjected to
a seasonal variation which needs not be exactly periodic but rather almost periodic; 3)
the population may be of some inherent periodic variation which may be different from
the seasonal variation. The almost periodicity in our equations can be also viewed as a
deterministic version of a random or stochastic variation.

Our main interest is the long time behavior of the population dynamics depending
upon the variable habitat. Throughout the paper, by positive (non-negative) solution,
we mean a solution of (1.1) valued in (0,1) ([0,1]) in the case of HF) and a solution
valued in (0, 00) ([0,00)) in the case of HK). A trivial state of (1.1) is referred to as the
constant solution u = 0 or 1 in the case of HF) and v = 0 in the case of HK).
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Our main results state as follows.
Main Results. Consider (1.1).

1) (Asymptotic almost periodicity) Fither all positive solutions are asymptotically al-
most periodic or none of them is. Moreover, the following holds:

i) If a trivial state is asymptotically stable, then all positive solutions converge
to the same trivial state.

i) If all trivial states are unstable, then every positive solution is away from all
trivial states and also converges to a positive almost periodic solution.

i11) If one trivial state is uniformly stable, then every positive solution is asymp-
totically almost periodic.

2) (Harmonics) Any positive almost periodic solution u*(t,x) is harmonic, that is,
M(u”) € M(f),

where M(+) denotes the frequency module of an almost periodic function.

3) (Stability) All positive almost periodic solutions (if exist) are uniformly stable.
4) (Global attractor)

i) There is at most one asymptotically stable, non-negative almost periodic solu-
tion, and if there is one, then it is a global attractor of positive solutions.

i1) If m is strictly decreasing for 0 < u < 1 in the case of HF) and for u > 0 in
the case of HK), and if all trivial states are unstable, then there is a unique
positive almost periodic solution which is also a global attractor of positive
solutions.

5) (Non-uniqueness) If there are two positive almost periodic solutions, then there is
a continuous family of them connecting these two.

6) (Spatial homogeneity) If one positive almost periodic solution is spatially homoge-
neous, then so are others.

Although under some very general conditions (see the above theorem and also section
3), every positive solution of (1.1) converges to an almost periodic one, it is still possible
that none of the positive solutions of (1.1) is asymptotically almost periodic (see Example
3.1 in section 3). Such a non-convergence phenomena does not occur in the periodic
Fisher and Kolmogorov models since if m is periodic in ¢, then 1) above together with



the generic convergence property of periodic parabolic equations (see [16] and references
therein) implies that every positive solution of (1.1) converges to a periodic solution.

We remark that our main results also hold true when f is of more general form,
namely, either

HF) f(t,z,u) =m(t,z,u)h(u),
where m is the same as in HF),
h(0) = h(1) =0, h'(0) > 0, '(1) < 0, and h is concave on [0, 1];
or
HK)" f(t,z,u) = m(t, z,u)h(u)
where m is the same as in HK),
h(0) = 0, h'(0) > 0, A’ (u) > 0 and A’ (u) is nonincreasing for u > 0.

There has been many studies on different type of Fisher and Kolmogorov equations(see
1], [3]-[5], [7], [8], [10], [11], [14], [30]-[32], [33], [35] and references therein). Related to
the current work, the existence, stability, and bifurcation phenomena of equilibrium so-
lutions in an autonomous Fisher equation was studied by Fleming ([11]). Convergence
to periodic solutions in a time periodic Fisher type of equation was proved by Hess and
Weinberger ([14]). In [30]-[32], Vuillermot showed the existence of an almost periodic
attractor in certain spatially homogeneous, almost periodic Fisher equations. The exis-
tence, uniqueness, and stability of positive equilibria in autonomous Kolmogorov equation
were considered by Cantrall and Cosner ([3]-[5]). Permanence in periodic Kolmogorov
type of equations was discussed by Zhao and Huston ([35]). Wu, Zhao and He ([33])
investigated the global asymptotic behavior of solutions for certain almost periodic Kol-
mogorov type of equations. Our results in the current paper generalize many of those
existing works mentioned above.

The existence of positive almost periodic solutions in (1.1) is of particular interest in
applications since it implies the coexistence of both alleles in the case of HF) and the
persistence of the population in the case of HK) (see [3]-[5], [8], [10], [14], [33], [35]). In an
ecological context, the existence of spatially homogeneous and non-homogeneous almost
periodic solutions are referred to as temporal and spatial-temporal clines respectively.
Result 6) above implies that if the fitnesses are spatially homogeneous, then only temporal
clines exist, but if the fitnesses are not spatially homogeneous and if the two trivial states
u = 0,1 are unstable and there are no other constant state, then spatial-temporal clines
exist in the Fisher equation. Depending on the positivity or triviality of the almost
periodic solution, our convergence results for the Fisher model indicate that both alleles




coexist or eventually only one allele exists, and in the Kolmogorov model indicate that
the population persists or eventually extincts. Roughly speaking, if a positive solution
is neither away from a trivial state nor convergent to it, then in the Fisher model, the
existence of only one allele and the coexistence of both alleles are all frequently expected:
whenever an allele closes to extinction, it grows and then both alleles coexist; but after
a while the allele decays and closes to extinction again. Similarly, in the Kolmogorov
model, if a positive solution is neither away from the trivial state nor convergent to it,
then the population often closes to extinction but does not extinct: whenever it closes
to extinction, it grows and persists; but after a while it decays and closes to extinction
again. We note that this kind of phenomena do not occur when the habitat in which
the population lives varies periodically in time. However, Example 3.1 in section 3 shows
that it does happen when the habitat changes almost periodically in time.

The current work is an application of the theory of almost periodic differential equa-
tions recently developed by both authors (see [21]-[26], [34]). In separate papers, we shall
consider other applications of our theory in particular to various population problems.

The paper is organized as follows. In section 2, we summarize from [21]-[26], [34] some
of the dynamical properties of almost periodic, monotone skew-product semiflows and
give an outline of the construction of a skew-product semiflow associated to a given almost
periodic parabolic equation. Section 3 is devoted to the study of asymptotic almost
periodicity for positive solutions of (1.1). Stability and harmonics of limiting almost
periodic solutions are also investigated. We study the uniqueness of almost periodic
solutions and the existence of an almost periodic global attractor in section 4. Spatial
homogeneity of positive almost periodic solutions are discussed in section 5.

2 Preliminary

2.1. Strongly monotone skew product semiflow

Let Y be a compact metric space and X be a strongly ordered Banach space, that is,
there is a closed convex cone X, C X satisfying that X, N(—X,) = {0} and Int(X) # 0.
Note that X, induces a strong ordering on X as follows:

> y it r—ye X,

> y iff x>y and z#y

> y it r—yelnt X,.
Definition 2.1.

1) A semiflow Iy : X xY — X XY (t >0) is a skew-product semiflow if it has the
form

Ht(xvy) = (U(t,l’,y),y-t) (21)
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for a continuous function u : IRy x X XY — X, where (Y,IR) : (y,t) — y-tisa
flow on'Y'.

2) T; is C1* (o > 0) if u(t,z,y) is C* in x, u, is continuous iny € Y, t > 0, and
C* in x, moreover,
ug(t,r,y)v —v as t— 0" (2.2)

uniformly for (x,y) in compact subsets of X x Y and v in bounded subsets of X.

3) I, is almost periodic if (Y,IR) is almost periodic minimal (that is, (Y,1R) is mini-
mal and equicontinuous([6])).

4) TI; is strongly monotone if it is C' and for any (v,y) € X x Y, any v € X with
v>0, and any t > 0,

O(t, x,y)v >0, (2.3)
where ®(t,x,y) = ug(t, z,y).

In what follows, we assume that II, is C'*® for some o > 0, and is almost periodic
and strongly monotone. Denote ®(t,x,y) = u,(t,z,y) and p: X XY =Y : (z,y) — y
as the natural projection. We let K C X X Y be a compact minimal set of II; unless
specified otherwise.

Lemma 2.1 (Non-ordering principle) ([25]). Assume that II, : K — K has a
flow extension (that is, there is a flow I, - K — K (t € IR) such that 11, = II, for
t >0). Then there is a residual subset Yo CY such that p~(yo) N K admits no ordered
pairs for any yo € Yy, namely, for any (x1,%0), (12,%0) € ™ (y0) N K, 1 and x5 are not
ordered.

Remark 2.1. If (z1,y), (z2,y) € K is an ordered pair, that is, 27 > x5 or x; < 9,
then it is both a positively and a negatively proximal pair, in other words,

inf d(Ht(xlay)7Ht(x27y)) =0

(see [25]).

Lemma 2.2 (Continuous separation) ([25]). Assume that I, : K — K has a flow
extension and there is to > 0 such that ®(t,x,y) is compact for any (z,y) € K and
t > tg. Then II; admits a continuous separation on K, that is, there are subspaces
{Xi(z,9) Y amer, {Xo(2,¥)}ayex C X with the following properties:

1) X = Xq(z,y) ® Xo(z,y), ((z,y) € K) and X1(z,y), Xo(x,y) vary continuously in
(x,y) € K.

2) Xi(z,y) = span{v(z,y)}, where v(z,y) € IntX, and ||v(z,y)|| =1, ((x,y) € K).
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3) Xo(z,y) N Xy = {0}, ((z,y) € K).
4) Foranyt >0, (x,y) € K,
Oz, y, 1) X1 (2,y) = X2 ((z, 9, 1)),
O(z,y,t) Xo(x,y) C Xo(ll(x,y,1)).
5) There are M >0, 6 > 0 such that for any (z,y) € K, w € Xy(z,y) with |w|| =1,

1@(z, y, ywl|| < Me™||@(z, y,t)v(z,y)l| (t > 0).

Definition 2.2. Let (zg,y0) € X x Y be given.

1) The set w(xo,y0) = {(z,y)| there is t,, — oo such that (x,y) = lim, . I, (70, y0)}
is called the w-limit set of 11;(xq, yo) or (zo,yo)-

2) (o, yo) is said to be stable (asymptotically stable) if for any € > 0, there is § > 0
such that for any (x,yo) € X x Y with d((z, vo), (0, %)) < 9,

d(Iy(z, yo), U (20, 30)) <€ for t>0
(d(Ie(z, yo), i (z0,90)) — 0 as t — o0).

3) Wy (zo,yo) is said to be uniformly stable if for any € > 0, there is 6 > 0 such that
for any (z,y0) € X xY and 7 > 0 with d(11-(z, o), IL; (20, y0)) < 9,

d(IL(z,y0), Uy (z0,90)) <€ for t >

Definition 2.3.

1) K is called uniformly stable if for any € > 0, there is 6 > 0 such that for any
(xo,y0) € K, (xz,y90) € X XY, and 7 > 0 with d(11.(z, yo), [L;(x0,y0)) < 9,

d(IL(z,y0), Uy (20, 90)) <€ for t >

2) The number

In || ®(¢
)\K = Sup (llm sup M)

2.4
(zy)ek oo t 24)

1s referred to as the upper-Lyapunov exponent of K.

3) K is linearly stable if \x < 0.



4) K with a flow extension is said to be distal if for any (x1,y), (x2,y) € K,

%—f{ d(TTy(x1, y), Hy(z2,y)) > 0.

Remark 2.2.
1) Let K € X xY and v(z,y) be as in Lemma 2.2. Then

In ||D(t
)\K — Sllp (hm Sllp n || ( ,ZL‘,y)U(l’,y)H)
(@y)eK *  t—oo t

2) If Ak < 0, then K is uniformly and asymptotically stable. More precisely, there
are d > 0, u >0, and M > 0 such that for any (zg,yo) € K, (z,40) € X x Y with

d((z, o), (0,0)) < 0,
d(T(z, yo), Ui (z0, y0)) < Md((z,yo0), (zo,y0))e ™ for t>0.

Lemma 2.3 (Structure of w-limit sets) ([17], [25]). Assume that I1;(z,y) is uniformly
stable and there is to > 0 such that {I1;(x,y)|t > to} is relatively compact. Then w(zx,y)
1s monempty, minimal, uniformly stable, and distal.

Lemma 2.4 (Structure of minimal sets) ([25]).
1) If K is linearly stable, then there is an integer N > 0 such that K is an almost N — 1

extension of Y (that is, there is a residual subset Yo C'Y such that card(p~(yo) N
K) =N for any yo € Yp).

2) If K is also uniformly stable, then it is an_N_— 1 extension of Y (that is, card(p~(y)N
K)=N foranyy€Y).

Remark 2.3.

1) If K is as in Lemma 2.4 1), then for any (z¢,y0) € K with yo € Yy, I;(x0, yo) is
almost automorphic in ¢ (see definition below) and

NM(Iy(z0,y0)) C M(yo - 1)

(see [25], [34]).

2) If K is an N — 1 extension of Y (for example K is as in Lemma 2.4 2)), then for
any (z,y) € K, II;(z,y) is almost periodic and

NM(IL(z,y)) € M(y - 1)
(see [25], [34]).



3) The number N in both Lemma 2.4 1) and 2) indicates a kind of subharmonic
phenomena. When N = 1, the almost automorphic and almost periodic solutions
in 1) and 2) above are said to be harmonic.

Recall that a function g : IR — Z (Z is a metric space) is almost periodic if for any
sequences {a,}, {8,} C IR, there are subsequences {a,} C {a.}, {8.} C {3,} such
that lim,, .o lim, o A(t + a, + Gn) = lim, o A(t + a, + 5,) ([9]). A function g is
almost automorphic if for any sequence {a,} C IR, there is a subsequence {a,,} C {a,}
such that lim,, .. lim, .o h(t + o, — ) = h(t) ([9]). Clearly, an almost periodic
function is almost automorphic, but the converse is not true in general ([15], [21]-[26],
[29]). Almost automorphic functions were first introduced by S. Bochner in 1955 in a
work of differential geometry ([2]) and were mainly studied by W. A. Veech during the
1960’s ([27]-[29]). An almost automorphic function resembles an almost periodic one in
many aspects but may behave more irregularly and randomly (see [27], [28], [29], [34]
and references therein).

2.2. Almost periodic parabolic equations

Consider the following parabolic equation:

%%:Au+f(t,x,u,vu), zeQ, t>0,

(2.5)

_ ou _
u=0 or 871_0’ red, t>0,

where u € IR, f is C? and almost periodic in ¢ uniformly in other variables ([9]), @ Cc IR"
is smooth, bounded, and connected.
Let
Y:H(f) :Cl{fT<777>|TE IR} (26)

with compact open topology ([19]), where
fT(t7x7 u7p) = f<t+7—’ :'C7 u7p)'

Then
(Y;IR) : (g,t) —g-t =g

is an almost periodic minimal flow ([19], [26]). Let X C LP(2) (p > n) be a fractional
power space of —A : D — LP(Q) satisfying X — C1(Q2), where D = {u € H*?(Q)|u =0
or%zOforxeaQ}. Define m;: X xY — X x Y by

ﬂ-t(Uv g) = (u(t7x7 U, 9)79 : t) (27)
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where u(t, x,U, g) is the solution of

%%:Au+g(t,x,u,vu), reQ, t>0,

N 27,
u=0 or %:O, reI, t>0

with u(0,z,U,g) = U(x). Then m; is a (local) skew-product semiflow ([26]). We note
that the dynamics of (2.5) is completely reflected by that of (2.6) (see [19]-[26]).

Lemma 2.5 ([26]). 7 is almost periodic and strongly monotone with respect to the
ordering on X induced by the convex cone X, = {U € X|U(x) > 0}.

Remark 2.4.

1) By regularity theory and a priori estimates for parabolic equations, for any pos-
itively bounded motion (U, g) and § > 0, the set {m (U, g)|t > ¢} is relatively
compact. Therefore, w(U, g) # () and is compact.

2) By backward extension properties of parabolic equations ([12],[13]), for any compact
invariant set K, m; : K — K admits a flow extension and it satisfies the following:
for any § > 0, ®(¢,U, g) is compact for (x,y) € K and t > §, where ®(¢,U, g) =
uy(t,-, U, g). Thus, the compactness and flow extension conditions in Lemmas 2.1-
2.4 are automatically satisfied for the skew-product semiflow 7; generated by the
parabolic equation (2.5).

3) If K is a minimal set of (2.6), then

1t
Ag = sup (lim sup ; (s, U,g)ds),

(U,9)eK t—00
where
wls.Ug) = [ ([T ) @)
| (U, ) @)da
+Hals, 2)o(r,(U,9)(x). To(r(U. 9))(x)
+b(s, 7)o (x,(U, 9)) (@) o,
and

a(87 :L‘) = gp(87 x? u(87 x? U7 g)7 VU(S’ x? U7 g))’
b(87 :L‘) = gu(87 x? u(87 :L‘, U7 g)7 VU(S’ x? U7 g))’
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v(ms(U, g)) is as in Lemma 2.2. In particular, when f is spatially homogeneous
(that is, f(t,z,u,yu) = f(t,u,syu)) and (2.5) assumes the Neumann boundary
condition, if K is a single constant solution ¢, then

1
Mgy = lim sup fu(s a,0)ds = lim — / fu(s,a,0)d
0

t—oo b t—oo {

Moreover, in this case, {A(} is a degenerate Sacker-Sell spectrum interval of ¢
([18], [25], [26]). If Agey > 0, then u = ¢ is unstable and for any uy € X with ug > ¢,
and

inf t,- —c|| > 0.

té111R+ HU( ) ,Uo,f> CH

If f is periodic or autonomous, then A, is actually the first eigenvalue of the
linearized equation of (2.5) around u = c.

We now let u(t,z,U, g) be a solution of (1.1) with f replaced by g € H(f) and
u(0,z,U, g) = U(x), where H(f) is defined as in (2.6). Denote u = ¢ as a trivial state of
(1.1), namely ¢ = 0 or 1 when f is of Fisher type and ¢ = 0 when f is of Kolmogorov
type. Clearly, when f is of Fisher type, any solution with values in (0, 1) exists and stays
in (0,1) for all ¢ > 0. When f is of Kolmogorov type, we have the following.

Proposition 2.6. Consider (1.1) and assume that f satisfies HK). Then any positive
solution u(t,z) € X exists for allt > 0 and is ultimately bounded, that is, there is My > 0
such that u(t,z) < My fort > 1.

Proof. Consider

vy > Av+m(t,z,v)v, x€Q, t>0,
(2.8)

P>0, zedn, t>0
mn

Obviously, any solution of (2.8) is a supper-solution of the Kolmogorov equation (1.1).
Let My > 0 be such that
m(tv z, ’U,) S _50

for some 0y > 0 and any u > My. Then for any M > M,

M —oMt, 0<t< M=
0
v(t,z, M) = MM
M07 tZWO

is a solution of (2.8).

Now, let u(t,z) be any positive solution of the Kolmogorov equation (1.1). Then
there is M > My such that u(0,2) < M for z € . It follows from the comparison
principle of parabolic equation that

u(t,z) <w(t,z,M) for t>0.
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This implies that u(t, z) exists for all ¢ > 0 and u(t,x) < M, for t > _MO_JWJ(\)%' -

3 Asymptotic almost periodicity
Definition 3.1

1) A solution uw = u(t,z) of (1.1) converges to a solution u = u*(t,z) if

lim [|u(t,-) — u*(t, )] = 0.

t—o00

u = u(t,x) is said to be asymptotically almost periodic if it converges to an almost
periodic solution u*(t,x).

2) A trivial state uw = ¢ of (1.1) is unstable if there is a positive solution u(t,z) of
(1.1) such that

inf [u(t,) —c| > 0.
nf Jlut, ) — el

Let uy(t, x), ua(t, ) be two positive solutions of (1.1). We define z(t, z, uy, us) by

uz(t,z) 1

2(t, z, uy, ug) = (/ ——dn)?, (3.1)

u1(t,z) (77)
where
n(l—mn), f satisfies HF),

h(ﬁ){ (3.2)
n, [ satisfies HK).

Then z(t,x,uy, us) is well-defined, g—;(t,x, u1, uz) = 0 for z € 99, and z(t, x, uy, ug) >0
for z € Q. Moreover, by direct computations, z(¢, z, uy, us) satisfies

0z ! AL Vi

o~ A NG+ Rns) V2

=2[m(t, x,uy) — m(t, z, uy - ﬂ

= 2[m(t, x, us) (t, 7, ur)] w h(n)

HIREE I ) = ] [ 5 2w [ .

(see [14]).

Lemma 3.1. Let u(t,x), us(t, z) be two positive solutions of (1.1). Then the function
Z(t) = max,cq 2(t, x, u1, ug) is non-increasing in t for t > 0.
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Proof. Since m(t,z,u) and h'(u) (h'(u) = 1 — 2u or 1) are nonincreasing in u, the
right hand side of (3.3) is non-positive. The lemma then follows from the maximum
principle of parabolic equations.

Lemma 3.2. Assume that there is one positive solution u*(t,x) of (1.1) which is
not away from a trivial state u = c, that is, there is x, € Q and t, — oo such that
u*(tn, xn) — ¢ asm — 00. Then any positive solution u(t,x) satisfies lim,, . u(t,,z) = ¢
for x € Q.

Proof. Let u(t,z) be any positive solution of (1.1). By Lemma 3.1,

max z(t,r) < maxz(0,z) for t>0,
ASY) z€)

where z(t,x) = z(t,z,u*,u). This implies that

2(tp, Ty) < max 2(0,x) (3.4)

for any n. Since u*(t,,r,) — casn — oo and h(c) =0, h'(c) # 0, by (3.1) and (3.4), we
must have u(t,,z,) — ¢ as n — 0.

Now without loss of generality, we assume that lim, .oz, = & € Q, lim, .o f (t +
tp,x,u) = f(t,:z:, u) for any t € IR, x € Q, u € IR, and lim,, o u(t,, 7)
Then u(t, z, @, f) exists for all ¢ € IR, and

>c, if ¢=0,

u(t, x,u, f) = {

<e¢, if c=1

for any t € IR, z € Q, and u(0, %, @, f) = ¢. By the maximum principle of parabolic
equations, @(z) = ¢, that is, lim,, . u(t,,z) = c for any = € Q. @

Lemma 3.3. Any positive solution of (1.1) which is away from all trivial states is
uniformly stable.

Proof. Suppose that u = u(t,z) is a positive solution of (1.1) which is away from
all trivial states. Then there is a 9 > 0 such that both u(t,z) + dy and u(t,z) — dy are
positive. This together with Lemma 3.1 implies that for any e > 0, there is 6 > 0 such
that for any U(-) € X with |u(r,2) — U(x)| < 0 (z € ) for some 7 > 0, one has that
U(-) is positive and

lu(t,z) —u(t,z, U, f.)] <e (3.5)
for € Q and ¢t > 7. Therefore, by (3.5) and a priori estimates for parabolic equations,
u = u(t, x) is uniformly stable.

Lemma 3.4. Suppose that ui(t,x), us(t,x) are two positive solutions of (1.1) with
uy(tn, x) — ui(x) and us(t,, x) — ub(x) as n — oo for a sequence t,, — oco. Then

ui(z) <wuj(z) or wuj(z)>uiy(x) (ze).
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Proof. By Lemma 3.2, either u] = u} is a trivial state, or both u] and u} are positive.
Assume that uj(x) and u} are positive. Let z(t,x) = z(t, z, uq, uz) and

u(tz,uy, f*) 1 9
Z(t,x) = / —dn)~, 3.6
(t,2) (u(mm’{,f*) h(n) ) (36)

where h is as in (3.2). By Lemma 3.1,

max z*(t,z) = const for t € IR. (3.7)
z€Q
Without loss of generality, we assume that m*(t,x,u) = lim, . m(t + t,,z,u) exists.
Then z*(t,z) satisfies (3.3) with m replaced by m*, and w;(t,z), us(t,x) replaced by
u(t, x,uy, f*), u(t,z,ul, f*) respectively. By the maximum principle and (3.7), z*(¢,z) =
const for t € IR, and z € €). It follows that

/ w1 ' (3.8)
——dn = const, .
u(t,z,u*, f*) h(’l])

which implies that u(t, z, uf, f*) > (or <)u(t,z,ul, f*) for x € Q, t € IR, in particular,
uf(z) > (or S)ui(z) forx € Q. m

We now give sufficient conditions which guarantee the asymptotic almost periodicity
of positive solutions.

Theorem 3.1 (Asymptotic almost periodicity). Consider (1.1).

1) If one positive solution converges to a trivial state, then all positive solutions con-
verge to the same trivial state;

2) If one positive solution is away from all trivial states, then every positive solution
1s away from all trivial states and converges to a positive almost periodic solution.

Proof. Let m; : X XY — X X Y be the skew-product semiflow associated to
(1.1). Again, denote u(t,x,U, g) as the solution of (1.1) with f being replaced by g and
u(0,z,U, g) = U(x).

1) Suppose that u = u*(¢, x) is a positive solution which converges to a trivial state
u = c¢. By Lemma 3.2, any positive solution u = u(t, z) satisfies

Jim u(t,z) =c (v €Q).

2) By Lemma 3.2, we see that any positive solution u = u(t,z) is away from all
trivial states. Moreover, by Lemma 3.3, v = u(¢,z) is uniformly stable. Therefore, by
Lemma 2.3, w(U, f) is minimal, distal, and uniformly stable, where U(x) = u(0,z). It

15



follows from Lemma 2.1, Remark 2.1, and the distality of w(U, f) that p~'(g) Nw(U, f)
admits no ordered pair for any g € H(f). We now claim that p~'(g) N w(U, f) is a
singleton for any g € H(f). Suppose for contradiction that there is a ¢ € H(f) and
(U1, 9), (Us, g) € p~H(g) Nw(U, f) such that U, # Us,. By the distality of w(U, f),

inf d(m((U1, 9), (U, 9)) > 0. (3.9)
Let t,, — oo be such that

™, (Ui, 9) = (Ui, g97) (1=1,2)

2

as n — 00. By Lemma 3.4, U > Uy or Uy < Uj. But there is no ordered pair on
p(g*)Nw(U, f), and hence U; = U;, which implies that

d(my, (Ur,9),m,(Us,g)) = 0 as n — oo,

a contradiction to (3.9). Therefore, for any g € H(f), p~'(g9) Nw(U, f) is a singleton,
that is, w(U, f) is a 1 — 1 extension of H(f). Thus, m(u,, f) is almost periodic and

Jim d(m (U, £). (1, ) = 0

as t — oo, where (u,, f) = p~'(f) Nw(U, f), or equivalently, u(t,z,u,, f) is almost
periodic and

”u(t7 5 U, f) - u(t.-,uw, f)” — 0

as t — oo, that is, v = u(t,z) = u(t,z, U, f) converges to a positive almost periodic
solution. W

Corollary 3.2 (Dichotomy of asymptotic almost periodicity) Fither all positive so-
lutions of (1.1) are asymptotically almost periodic or none of them is.

Proof. Suppose that u(¢, ) is a positive solution of (1.1) which is asymptotic to an
almost periodic solution u*(¢,z). If u* = ¢ is a trivial state, then Theorem 3.1 1) implies
that all positive solutions of (1.1) converge to ¢. Otherwise, u* must be a positive almost
periodic solution, and is away from all trivial states. By Theorem 3.1 2), all positive
solutions are asymptotically almost periodic.

The case of non-asymptotically almost periodicity in Corollary 3.2 happens when
every positive solution of (1.1) is neither away from all trivial states nor convergent to a
trivial state (that is, trivial states admit weaker stability or instability). To see this, let
us consider the following example.

Example 3.1. Consider the following almost periodic scalar ODE

u = a(t)u, (3.10)



where a(t) = — 372, 27 *xsin(27%7t). Let u(t) be a non-zero solution of (3.10). Then it
is easy to see that u(t) is positively bounded, and there is ¢,, — oo such that wu(t,) — 0
as n — oo but u(t) 4 0 ast — oo (see [17]). That is, u = u(t) is neither away from
u = 0 nor converges to u = 0.

Now let m(t, z,u) = a(t) and h(u) satisfy HF) with h(u) = u for u < 1. Consider

u = Au+a(t)h(u), ze€Q, t>0,
(3.11)
Gu_p, zeo0, t>0
Then for any given 0 < ug(z) = up < 1, the solution u(t, ug) of (3.10) with (0, ug) = wug
is also a solution of (3.11), but it is neither away from u = 0 nor converges to u = 0. We
conclude that any positive solution of (3.11) (which is of Fisher type) is not asymptotically
almost periodic.

Next, let m(t,u) = a(t) — b(u), where b’ (u) > 0, b(u) = 0 for u < 1, and b(u) = u for
u > 1. Consider

u = Au+m(t,u)u, z€Q, t>0,

(3.12)
gu_p, zeon, t>0

Similar to the above, any positive solution of (3.12) (which is of Kolmogorov type) is not
asymptotically almost periodic.

Corollary 3.3 (Asymptotic almost periodicity). Consider (1.1).

1) If a trivial state is asymptotically stable, then all positive solutions converge to the
same trivial state.

2) If all trivial states are unstable, then every positive solution is away from all trivial
states and converges to a positive almost periodic solution.

3) If one trivial state is uniformly stable, then every positive solution is asymptotically
almost periodic.

Proof. 1) is an immediate consequence of Theorem 3.1 1). 2) follows from Lemma
3.2 and Theorem 3.1 2). To prove 3), we suppose that v = ¢ is a trivial state which
is uniformly stable. Then for any positive function uy € X with |jug — ¢|| < 1, we
have ||u(t, -, uo, f) — ¢|| < 1 for t > 0. Therefore, u(t,z,ug, f) is away from any other
trivial state (if exists). Now if wu(t,z,ug, f) is also away from u = ¢, by Theorem 3.1
2), u(t,z,ug, f) converges to a positive almost periodic solution. If u(t,z,ug, f) is not
away from u = ¢, by the uniformly stability of u = ¢, we must have u(t, z,uo, f) — ¢ as
t — oo. In any case, u(t, x, up, f) converges to an almost periodic solution. By Corollary
3.2, every positive solution is asymptotically almost periodic.m
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Remark 3.1 The stability conditions in 1) 2) of Corollary 3.3 can be verified directly.
Let u = ¢ be a trivial state of (1.1). Consider the variational equation of (1.1) around
u=c,

v =Av+ f,(t,x,c)v, €, t>0
(3.13)
v _
an 0, €0, t>0.

By Lemma 2.2 and Remark 2.4, there is v*(¢, z) with |[v*|| = 1, v(¢, ) > 0 such that

17 —/Q\Vv*(t,x)|2dx+/qu(t,:c,c)[v*(t,:c)]Qd:c
T'o /Q [v* (t, 2)2dz

Then by Remark 2.2 2) and 2.4 3), u = c is asymptotically stable if A\j;; < 0 and is
unstable if Ay > 0.

Note that if limy_, % Jo (o fult, 2, ¢)dx)dt < 0, we must have Ay < 0 and hence
u = c is asymptotically stable. If f is periodic in ¢ or is time-independent, then Ay is
the first eigenvalue of (3.13).

Next, we give an alternative asymptotic almost periodicity condition.

dt. (3.14)

Corollary 3.4 (Asymptotic almost periodicity). Assume that either m(t,x,u) >
m*(t) or m(t,z,u) < m*(t) fort € Ry,z € Q, and 0 < u < 1 in the case of HF),
0 <u < M in the case of HK) (here M > 0 is a constant), where m*(t) is an almost

periodic function with [T m*(s)ds = O(1) as t — oo uniformly for T € IR.. Then every

positive solution of (1.1) is asymptotically almost periodic.
Proof. We only prove the case HF) with m(¢, z,u) < m*(t). The other cases can be
proved similarly.

Consider
v =Av+m*(thv(l—v), z€Q, t>0,

(3.15)
du _

8n_0’ re, t>N0.
Forany 7 > 0,0 < vy < 1, we denote v(t, x, 7, vy) the solution of (3.15) with v(7, z, T, vg) =
v9. By direct computations,

t+7

fT m*(s)ds
w(t, @, 7 v) = —— —. (3.16)
1—vy+ erfr m* (s)ds

Now for any ug € X with 0 < ug(z) < 1 (x € Q), there is a 0 < v9 < 1 such that
uo(z) < vy (z € Q). Since m(t, x,u) < m*(t), u(t, z, ug, f-) is a subsolution of (3.15) with
m*(t) replaced by m*(t 4+ 7). It then follows from the comparison principle that

u(t, z,ug, fr) <v(t+7,2,7,10) for t>0. (3.17)
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By (3.16), (3.17), and [**"m*(s)ds = O(1) as t — oo, the trivial state u = 0 of (1.1) is
uniformly stable. By Corollary 3.3 3), every positive solution is asymptotically almost
periodic.

We end this section by a stability and harmonic property of limiting almost periodic
solutions.

Theorem 3.5. Consider (1.1).
1) (Stability). Any positive almost periodic solution (if exists) is uniformly stable.

2) (Harmonics). Any almost periodic solution uw = u(t, x) is harmonic, that is,
M(u) € M(F).

Proof. 1) By Lemma 3.2, any positive almost periodic is away from the trivial
state(s). Thus by Lemma 3.3, it is uniformly stable.

2) Suppose that u = u(t, x) is an almost periodic solution. Clearly, the result holds
if it is a trivial state. Now, suppose u is not a trivial state. By Lemma 3.2, it must
be positive, and by 1) it is also uniformly stable. It follows from the arguments in
Theorem 3.1 that w(U, f) is a 1 — 1 extension of H(f), where U(x) = u(0,z). Note that
(U, f) € w(U, f). By Remark 2.3, we have M(u) C M(f). m

4 Global attractor

Lemma 4.1. If uy(t,x) and us(t, x) are two non-negative almost periodic solutions of
(1.1), then uy(t,z) > (or <)us(t,z) for x € Q and t € IR,. Moreover, if both uy(t,x)
and us(t, x) are positive solutions, then

/ wen 1 ¢ (A1)
——dn = const, :
wes) h(n)"

where h(n) is defined in (3.2).

Proof. Note, by minimality of almost periodic functions, there is a sequence t,, — oo
such that
Jingoui(t +tn,x) =wi(t,x) (i=1,2).
The proposition then follows from Lemma 3.4 and its proof.m
Theorem 4.1 (Global attractor). Consider (1.1). The following holds.

1) There is at most one asymptotically stable non-negative almost periodic solution
and if there is one, it is a global attractor of positive solutions.
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2) If m is strictly decreasing for 0 < u < 1 when f is of Fisher type and for u > 0
when f is of Kolmogorov type, and if all trivial states are unstable, then there is a
unique positive almost periodic solution which is also a global attractor of positive
solutions.

Proof. 1) Suppose that there are two non-negative, asymptotically stable, almost
periodic solutions, say wu;(t,z) and us(t,z). By Lemma 3.2, uq, us are positive solutions,
and by Lemma 4.1,

ur(t, @) > ug(t,x) or wyi(t,z) < us(t,x)

forz € Qandt € Ry, and
/u2(t,a:) Ld B ,
e T n = const.
Without loss of generality, we assume that ui(¢,z) < us(t,z) (t € Ry, x € Q). Let ug be
such that u1(0,z) < ug(z) < uz(0,z) (z € Q) and u(t, x, ug, f) — ui(t,x) — 0 as t — 0.
Let ¢, — oo be such that u;(t,,x) — u;(0,z) (i = 1,2). Then we have

u2 (O,I) 1 2 u2 (va) 1 2
—d < / —d

u2 (tn,) 1 2
= lim ( 7o di)
n—=00"Jy(ty @u0,f) M(1)

u2(0,2) 1 9
——dn)",
(/Uo(l“) h(ﬁ) ?7>

where h is as in (3.2), a contradiction. Therefore, there is at most one asymptotically
stable non-negative almost periodic solution, and if there is one, it is clearly a global
attractor of positive solutions.

2) Suppose that m is strictly decreasing and u = 0, 1 are unstable when f is of Fisher
type and u = 0 is unstable when f is of Kolmogorov type. Then by Corollary 3.3, there
is a positive almost periodic solution. Assume that there are two positive almost periodic
solutions uf(t,z) and u3(t,x). Let z*(t,x) = z(t,z,u},u}). Then z*(t,x) = const. By
(3.3), we must have m(z,t,ul) — m(z,t,uj) = 0. This is a contradiction.

Theorem 4.2 (Non-uniqueness). Consider (1.1). If there are two positive almost
periodic solutions, then there is a continuous family of them connecting these two.

Proof. Suppose that there are two positive solutions uj(t,z) and uj(t,z). Without
loss of generality, we assume that uf(t,z) < uj(t,z). By Lemma 4.1,

us(tx) 1
/ =K (4.2)



for some K > 0. Let U(t, z, L) be defined by

/U (tx,L) 1 J I (4 )
_ I, 3
wita)  h(n)

where 0 < L < K. Clearly, uj(t,x) < U(t,z,L) < uj(t,x) for any t € Ry, = € Q,
and 0 < L < K. By the almost periodicity of u}, U(t,z, L) is also almost periodic in ¢.
Moreover, by direct computations, we have

Ut<t7x7 L) . uit(m .T)

hU(t,x, L) hui(t,x))’

Ut 2, L) = Jul(t, @
Xz
and
1
@y~ YU

Therefore, U(t, x, L) satisfies

K (U)

AU )

. 1
) = Muigre

h(u? n(U R
) = AU(h<(U))) -vU - VU(hQ((U))) + Vuy - V%(hz(u*)

Tl u)h(U) (204)

), wen 1>0, (4.5

ou _
%—O, :CG@Q, t>0.

Now by (3.3) and (4.2), we must have m(t, z, uj(t, x)) = m(t, z,ui(t,x)) and yuj(t, z) =
0, syuy(t,z) = 0 or k' (ui(t,x)) = b’ (uj(t,x)). This together with (4.4) implies that

m(t,z,U) = m(t,x,ui(t,z)) for wuj(t,x) <U <wui(t, x) (4.6)
and Y L
~-vU- VU(%) + VU’{(hz((Zf{))) = 0. (4.7)

By (4.5)-(4.7), U(t,x,L) is a solution of (1.1) for any 0 < L < K. As L varies,
{U(t,z,L)|0 < L < K} gives a continuous family of almost periodic solutions which
connect uj and u3. W

Remark 4.1. If there are two almost periodic solutions of (1.1) in which one is a
uniformly stable trivial state and the other one is positive, then there is also a family
of almost periodic solutions connecting them. To see this, suppose that u = 0 (or
u = 1 when f is of Fisher type) is uniformly stable and u*(¢,z) is a positive almost
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periodic solution of (1.1). Then for any U(z) with 0 < U(z) < 1 (or with U(z) < 1
and 1 — U(x) < 1), the limiting almost periodic solution @*(¢, ) corresponding to the
positive solution wu(t,z, U, f) is positive, and 0 < @*(¢t,z) < 1 (or a*(¢t,z) < 1 and
1 —a*(t,z) < 1). By Theorem 4.2, there is a continuous family of almost periodic
solutions connecting u* and @*. Note that @* can be as close to u =0 (or u = 1) as one
wishes. Therefore, there is a family of almost periodic solutions connecting u* and u = 0
(or u =1).

We now give an example in which (1.1) admits a continuous family of almost periodic
solutions.

Example 4.1. Consider (1.1) of Fisher type with f(t,z,u) = m(t)u(l — u), where
m is an almost periodic function satisfying [j m(s)ds = O(1) as t — oo. Then for any
constant ug € [0, 1],
t
erfo m(s)ds

u(thaumf) = t .
1 — +U06f0 m(s)ds

Since [y m(s)ds = O(1) as t — oo, u(t,r,ug, f) is almost periodic. Therefore, there is
a continuous family of almost periodic solutions connecting the two trivial states u = 0
and u = 1.

5 Spatial homogeneity

When a population lives in a spatially homogeneous habitat, it is important to know
whether the population dynamics is also spatially homogeneous. The following theorem
gives a characterization of the spatial homogeneity.

Theorem 5.1 (Spatial homogeneity). If one of the positive almost periodic solutions
of (1.1) is spatial homogeneous, so are all of them.

Proof. Suppose that u = u*(t) is a positive, spatially homogeneous, almost periodic
solution of (1.1). Let @*(t,z) be an arbitrary positive almost periodic solutions. By

Lemma 4.1, we have
/ﬁ*(tﬂf) 1 J y
——dn = const.
wr(t) h(n)

Therefore, we must have a*(¢,z) = a*(t), that is, @*(¢, ) is spatially homogeneous. m

Corollary 5.2. If f(t,z,u) is spatially homogeneous, then every almost periodic
solution of (1.1) is spatially homogeneous.

Proof. Suppose for contradiction that (1.1) admits a non-spatially homogeneous,
almost periodic solution. Clearly, such a solution must be positive. By Theorem 3.1
2), every positive solution of (1.1) converges to a positive almost periodic solution. But
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any spatially homogeneous, positive solution of (1.1) converges to a spatially homoge-
neous, positive almost periodic solution. By Theorem 5.1, all the positive almost periodic
solutions are spatially homogeneous, which is a contradiction.m

In the case that f(t, z, u) is spatially homogeneous, stability conditions of trivial states
of Corollary 3.3 can be easily verified to guarantee the existence of a positive, spatially
homogeneous almost periodic solution, that is, a positive temporal cline.

Theorem 5.3 (Temporal cline). Consider (1.1) with m(t,z,u) = m(t,u) and define

T—o00

A lim - [ d
= lim — t,0)dt
oy = 2 T/o m(t,0)dt,

Ay =—1 Lt 1)d
= — lim — t,1)dt.
(1 lmT/o m(t, 1)

T—o00

If Moy, A1y > 0 in the case of HF) and Aoy > 0 in the case HK), then all trivial states
are unstable and there exists a positive temporal cline.

Proof. We only note that in the case that f in (1.1) is spatially homogeneous, the
character Az of Remark 3.1 1) reads

1T
A} :Th—IEoT/O fu(t,a)dt.m
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