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Global-in-time behavior of the solution to a
Gierer-Meinhardt system”*

Georgia Karali, Takashi Suzuki and Yoshio Yamada

August 20, 2012

Abstract

Gierer-Meinhardt system is a mathematical model to describe bio-
logical pattern formation due to activator and inhibitor. Turing pat-
tern is expected in the presense of local self-enhancement and long-
range inhibition. The long-time behavior of the solution, however, has
not yet been clarified mathematically. In this paper, we study the case
when its ODE part takes periodic-in-time solutions, that is, 7 = ‘H‘i
Under some additional assumptions on parameters, we show that the
solution exists global-in-time and absorbed into one of these ODE or-
bits. Thus spatial patterns eventually disappear if those parameters
are in a region without local self-enhancement or long-range inhibition.

1 Introduction

Several models in mathematical biology take the form of a reaction-
diffusion system

uy = 2 Au+ f(u,v)

7o = DAv + g(u,v) in Qx(0,T) (1)
with 5 5
u v
515:0 on@QX(O,T) (2)

where ¢, 7, and D are positive constants, €2 is a bounded domain in RY
with smooth boundary 92, and v is the outer unit normal vector. One

*Key Words: reaction-diffusion equation, Gierer-Meinhardt system, Turing pattern,
Hamilton structure, asymptotic behavior of the solution, AMS Mathematical Subject
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of them is the Gierer-Meinhardt system in morphogenesis [2] which is
the case of

uP u”
f('Uq'U):_U‘i‘E, g(’U,,U):—’U—‘rE (3)
with
p>1, qr>0s>-1. (4)

It is concerned with pattern formations of spatial tissue structures of
hydra, where u = u(z,t) > 0 and v = v(x, t) > 0 stand for the activator
and inhibitor, respectively. Fundamental ideas of this model are from
Turing [17], that is, instability of constant stationary solutions is driven
by diffusion terms (see also Murray [13]).

Mathematical study on Gierer-Meinhardt system, the reaction -
diffusion system (1)-(2) with the nonlinearity (3)-(4), has been done
in details. “Turing pattern” is observed as spiky stable stationary
solutions [15, 6] in the case of

0<exl, D>»1, 0<7k], (5)
and 1
p— q
< . 6
r s+ 1 ()

See also Wei [18] and the references therein for later studies.
Condition (6) takes the following roles in the ODE system

du n uP dv n U M)
—=—u+—, T—=-v+—.
dt ve’ dt vs
First, if (6) is the case, the ODE orbits near the equilibrium (u,v) =
(1,1) are cyclic. Next, in the case of

s+1

p—1

0<t<

(8)

the constant solution (u,v) = (1,1) is stable as a steady state of (7)
because the linearized equation takes the form

)= ) ()

and the real parts of all the eigenvalues of the matrix

_(pr-1 —q
A= ( r/t  —(s+1)/7 )
are negative if and only if (8) is satisfied. Finally, if 7 = 0 the ODE

system (7) is reduced to the single equation

du qr
o7 v — )
dt utulh, Y=p s+1




Then condition (6) implies 0 < v < 1 and hence global-in-time exis-
tence of the solution of this reduced system.

In spite of such a stable profile of the stationary solution (u,v) =
(1,1) in ODE, it becomes unstable as a steady state of

2 u?
ug = e“Au—u+ —
v4q

T

TvtzDAU—U-F% in 2 x (0,7) (9)
with P P
u v

Evia Vi 0 on 99 x (0,T) (10)

if its linearized part

375(2 ) - ( Saet DA—(s+1) ) ( ZU>
in Qx (0,7) (11)

with 9 9
w z
%—5—0 on 0f) x (O,T) (12)

is unstable. This property arises if

()=t () w

has a positive eigenvalue A\, where p is a positive eigenvalue of —A with
B

5, = 0 on 0Q. In fact, since

qr

2
= — —1 —
A=+ =D = e T

the instability A = A(e, D, 7) > 0 occurs for D > 1 and 0 < ¢ < 1.
Condition (6), on the other hand, implies A(e, D, 7) < 0for0 < D <« 1
and 0 < 7 < 1. Thus, the instability of (u,v) = (1,1) as a stationary
state of (9) with (10) arises if and only if D > 1, provided that (6)
and 0 < g,7 < 1 are the cases.

Henceforth we assume (6). Unique existence of the regular solution
local-in-time to (9) with (10) is standard, for given smooth initial values

ul,_g =uo(x) >0, w|,_y=12vo(x)>0 on €. (14)

Its global-in-time existence was studied by Masuda-Takahashi [12], and
recently, Jiang [7] has established this property for

p—1
r

<1. (15)



Condition (15) is almost optimal, regarding the work of Ni-Suzuki-
Takagi [14] concerning the ODE system (7). Namely, according to
their classification of orbits, there is fintie time blowup in (7) for

p—1
r

> 1.

One of other mathematical results on the Gierer-Meinhardt system
(9) is the existence and non-existence of the global-in-time solution to
the shadow system

9 uP .
utzeAu—u+g in Qx(0,7T)
%:O on 90 x (0,T)

g u” .
T _§+J{z Edm in (0,7T)

done by Li-Ni [11], where

1
-d:c:—/wlx.
]{z 12 Jo

Yanagida [19, 20], on the other hand, formulated (9) as a skew-gradient
system

rup = re? Au + Hy,(u,v)
Tqu = ¢DAv — Hy(u,v) in Q x (0,T)
with 5 p
U v
9% — 2y 0 ondQx(0,T)
in the case of
p+1l=r, q+1=s,

using
T

r u
H(u,v) = —§u2 + gv2 + o

Consequently, any non-degenerate mini-maximizer of
2
€ D
Eu, v) :/ PVl 9o~ H(,0) d
Q

is linearly stable by general theory.

The asymptotic behavior of the solution as t 1 +oo of the Gierer-
Meinhardt system, however, has been studied mostly for the system
with supplementary terms

2 u?
Up = € Au7u+—q+01
v

Tvt:DAU—U+%+02 in Qx (0,7)
v

4



with 5 5
U v

—=—=0 o0 x (0, T

ov  Ov on 0,7)
where o; = o;(x) > 0, i = 1,2, are smooth functions satisfying o1 +
o2 > 0 (see [12, 7]). Technical difficulties to this problem lie on the
uniform esitmate of v > 0 from below, and to our knowledge the present
paper is the first challenge for the case without supplementary terms.

Our result, however, is restrited to the special case

s+1
= 1
4 p—1 (16)

where the ODE part takes the first integral (see [14])

st -1 1
H(u,v) = ! — + P wrertt S stieg, (17)
wb~t r—p+1 s+1—gq

Thus, any solution (u,v) = (u(t),v(¢)) to (7) with u(t),v(t) > 0 satis-
fies

d

£H(u(t),v(t)) =0
If

p—1 q

Sl (18)
furthermore, all the level curves of H are closed in wv plane with
u,v > 0. Consequently, any solution (u,v) = (u(t),v(t)) to (7) is
time-periodic with a period determined by the first integral (or en-
ergy) H = H(u(t),v(t)), which is constant in ¢.

Actually, periodic orbits to (7) arise if and only if (16) and (18) are
the cases, according to the classification of the ODE orbits done by
[14]. Our result is now stated as follows.

Theorem 1. Let
di=¢* dy=71"'D, (19)

and assume

2v/dyds S (s+1(p-1)

Qi rdy 2 p” , s>0. (20)
Assume, furthermore, (16), that is,
_s+1
p—1
e P 1 (21)
r s+1



Then, given a solution (u,v) = (u(:,t),v(:,t)) to the Gierer-Meinhardt
system (9) with (10), we have an ODE orbit O C R? to (7) such that

tﬁﬁo disten ((u(-,t),v(-, 1)), 0) = 0. (22)

Furthermore, if this O is not composed of a single point there is £ > 0
such that

Jin [(u 40,00t +0) = (ul, 1), v(51) e = 0. (23)

The proof is based on the theory of dynamical systems. We in-
troduce a Lyapunof function which has not been known so far. This
Lyapunov function is valid only in the case of (20) and (21). In spite
of these additional restrictions, parameters (p, g, r, s) satisfying all the
requirements of Theorem 1 exist.

Actually, the set of the values of the left-hand of (20) is equal to
[1,0) as d;, i = 1,2, varies. Hence inequality (20) requires

pflél
S

) (24)
which, however, is consistent to (21). The extremal value 1 of the left-
hand side of (20) is achieved if and only if d; = d3. In other words
the admissible parameter region of (p, q,r, s) assumed in Theorem 1 is
wider as two diffusion coefficients d;, ¢ = 1, 2, are closer.

Since condition (21) is included by (15) and (18), in the parameter
region treated in Theorem 1 any solution (u,v) = (u(-,t),v(-,t)) to
(9) with (10) and (14) exists global-in-time, any solution to its ODE
part (7) is time-periodic, and any PDE orbit O = {(u(-,t),v(:,t)) }+>0
is absorbed into one of the periodic orbits of its ODE part, denoted
by O. In other words, any spatial patterns of the Gierer-Meinhardt
system eventually disappear in the parameter region (21) of (p, q,r, )
under the assumptions of 7 = (s +1)/(p — 1) and d; =~ dy. These
assumptions are far from (5), the local self-enhancement 0 < ¢ <« 1
and the long-range inhibition D > 1, 0 < 7 <« 1. Thus Theorem
1 still supports the paradigm, Turing patterns expected under such
environments [9]. .

Assumption (16) may look restrictive. Here we emphasize again
that this is the only case that the ODE part of (9)-(10) takes peiodic-
in-time orbits. The proof of Theorem 1, furthermore, implies that the
stationary state to (9)-(10) must be spatially homogeneous without
this condition.

Theorem 2. Let




and d, D > 0 be in the region

2vdD (s+D)p-1)

1 1 2 s (26)
;fl d+ /25D P
Then any solution to
uP u” .
dAu—u—&——q:O, DAv—v+—=0 nQ (27)
v v
with 5 5
u v
— =—= Q 2
3 = B 0 on O (28)

must be the constant (1,1).

Theorem 1.1 of Jiang-Ni [8] is also concerned with the uniqueness
of the solution to (27)-(28). There, this property is established for

max{q,r} <s+1 (29)

and D/d < k with k = k(p, q,r, s) calculated explicitly. We note that
this case of [8] is a counter part of the one treated in Theorem 2,
comparing (25) and (29).

The same properties as in Theorems 1 and 2 are observed in the
classical prey-predator system

up = 2 Au + u(a — bv)

Tv; = DAv + v(—c + du) in Q% (0,7T) (30)
with 5 9
u v
5—@—0 on 0f) x (O,T), (31)

where a,b,c,d > 0 are constants (see [1, 10]), that is, the ODE part
takes always time-periodic orbits and the PDE solution is absorbed
into one of them. We have, actually, common mathematical structures
between these two models. In fact, first, any orbit of the ODE part of
(30)

% = u(a — bv), T% =v(—c+ du) (32)
with w = u(t) > 0 and v = v(t) > 0 is time-periodic. This property
follows from the fact that system (32) takes the first integral

H(u,v) = —alogv +bv — 7" clogu + 7~ du (33)

of which level curves are closed in uv plane, u,v > 0. Then,

H(u(-,t),v(-,t)) = ; H(u(x,t),v(x,t))dx (34)

7



casts a Lyapunov function to (30) with (31).

Although these structures are common to (7) for (16), here we use
additional technical ingredients. One is due to Masuda-Takahashi [12]
estimating

w vz, a,b>0.

The other is the use of a comparison principle to v~% to derive the
uniform estimate of v = v(x,t) > 0 from below.

In the following sections, first, we confirm that H(u,v) defined by
(17) is a Hamiltonian of an ODE system associated with (7) for (16)
and then show that H(u(-,t),v(-,t)) defined by (34) and (17) acts as a
Lyapunov function to (9) with (10). This propery implies Theorem 2
immediately. The proof of Theorem 1 is given in the final section.

2 Preliminaries

The parabolic strong maximum principle to (9), (10), and (14) guar-
antees u(-,t) > 0 in  x (0,400), provided that ug # 0 on 2. Hence
we shall treat positive solutions to (9) with (10) and to (7), mostly.

Writing (7) in the form of
wP(up +u) =v" % v(v+ 7 ) =77 1",

we introduce new variables,

uprrl ,Us+1
=1 "TiT (35)
Then it follows that
&= —ugu P, =0y (36)

and hence
G=u =0T =(p— 1 —{(s+ n}
== T = = s Dy (- 1€

It is not hard to formulate this system as a Hamilton system in the
case of (16), that is, p— 1 =7"1(s + 1). In fact, we have

a€ _ dn
a7 dt

using

H(&n)z(p—l)fﬁ(pﬁl—l)1A(£>+( : —1)1307) (38)



and

A =7 p - 1) g

B(n) = (s+1)" 7'+, (39)
This Hamiltonian is actually equivalent to the first integral defined by
(17).

Here we assume

-1
P <1< -1
r s+1
and put
a=——"-1>0, f=—2_ _1>0 (40)
p—1 ’ s+1 ’

Then it follows that

HEn) =@p-Dén+(s+1) " p—1)" "'
+(s+ 1)75715717]76, (41)

recalling (16).
Now we use (19) and (35). First, (36) implies

& = —diu PAu+u P —p71
M = dov®Av — iyt Ly
Then, (9) and (10) read as
& =—d(p—1)ETAL 7T+ Hy €30
m = dy(s + 1)n7F1 A= — He, n>0 inQx(0,7)
and o 5
n
—=_—"=0 o0 x (0, T

respectively. This formulation implies

d
CTJ[ H(¢,m)d 2][ Heé + Hyny da
t)o 0
Q

while



holds by (41). Then it follows that

d b1
ﬁ][ H(& n)de = (p— 1)][ —di(p — )n€rT AL T
Q Q
+da(s + 1)§nﬁAn$ dx
H s 1) - 1) e A T
Q
—dy(s + 1) Py P~ AT da, (42)

The last two terms of the right-hand side of (42) are treated by

1 1 1 1
é-forf’ﬁAgipjdx = (_a_i_ ) 7% f_a_2‘Vf|2dx
Q p—1)p—1Jq

, . 1 1
BT AnTFidr = - ][ —B=2 24
]{ln N>+ da <6+S+1>5+1Qn |Vn|“dz

using (10), while for the first two terms we note

_p_ __1 1 _pP_ __pP_
Fnerrag s = Vet ¢ FVE da
Q p—1Jq
_ 1 p -1 2
=——+4 V& Vn+ ——nf |VE® da
p—1Jg p—1
and
1

][ =1 AT de = —7][ V(En=T) -~ =1V da
0 S+1 Q
1

_ ) 5 -1 2
= S+1]{2V§ Vn+5+1§17 |Vn|*dx.

10



Therefore, it follows that

1 d

) S -1 2
+dy (V£ Vit —én [V )

(e = —f (Ve v+ L aever)

paa(s + )7 - )7 (- I ) eewep

1
dy(s + 1) P (p— 1) (5 n ) B2 Vl? da
s+1
= —][ (d + d2)VE - Vi + dy - —L—& 1| Ve
Q p—1

8 -1 2
- &0 |Vl
1
b5 + 1) - )7 (o I e v

1
+d2($ + 1)_ﬁ_1(p — ].)_1 (5 + S—|-1> 77_’6_2|V77|2 dx.

Here, the inequality o — p%l > 0 is equivalent to £ < 1 and the

quadratic form
— g, . P 52 L v

is non-negative definite if and only if (20). We thus end up with the
following lemma.

Lemma 3. Under the assumptions of Theorem 1, it holds that

d
@][ H (g mydz < —][ 1| VE 2 + e VT2 de (43)
Q Q

where ¢; > 0, 1 = 1,2, are constants.

Concluding this section, we note the following. First, by (35) and
(40) it holds that

]l H(¢ n)dx %][ uTPTLys T g rmp L g mats L gy (44)
Q Q

and

—q+ts+1

][ |VE—212 4 |V~ P2)2 da z][ Va5 2 4+ Vo2 2 da,
Q Q

where
r—p+1>0>—-q+s+1.

Next, Lemma 3 implies the following proof.

11



Proof of Theorem 2. Any solution (u,v) to (27)-(28) is regarded as
a stationary solution (u,v) to (9)-(10) for 2 = d. This stationary
system of (9)-(10) is independent of 7, so that (u,v) may be regarded
as a stationary solution to (9)-(10) for 7 = ;}%. Then, the left-hand
side of (43) vanishes because this (u, v) is independent of ¢. Therefore,
it follows that that (£,7) and hence (u,v) are spatially homogeneous
under the assumptions of Theorem 1. Here, condition (20) for dy =
e2=dand dy = 771D = %D means (26). Thus (u,v) = (1,1)
follows if (25)-(26) are the cases. O

3 Proof of Theorem 1

Henceforth, C;, i = 1,2,--- , 13, denote positive constants independent

of t. To clarify their dependnce on parameters, say, a, b, - - -, we some-

times write them as C;(a,b,---). Furthermore, we shall use standard

semigroup estimates (see, for instance, [4, 16] and the references in [5]).
First, we show the following lemma.

Lemma 4. Under the assumptions of Theorem 1, it holds that

Jo(, )Y < (15)
for anyt > 0.
Proof. Given ¢ > max{n/2,1}, we put a = q—ﬁ—l >0andv=w"%>
0. Then we obtain
[w(-,t)]le < C2 (46)
by Lemma 3. It also holds that
w, = doAw —dy(a+ D)w | Vuw|? + a7 Hw — u"wHDH

< doAw+a trtw
and hence

wy < (doA — p)w + (p+7ra Hw in Q x (0,4+00)
2—15:0 on 90 x (0, +00),

where g > 0. Then, the standard maximum principle guarantees
O<w<w  onx][0,+0c0) (47)
using the solution W = w(x,t) to
Wy = (doA — )@+ (u+ 7 a Hw in Q x (0,4+00)
ow

5:0 on 08 x (0, 4+00)

Wl,_g = vo(x)™* in Q.

12



It holds that
t

Wot) = OB g (e [ s
0

with
€™ | ey pea) < Cs(0).

Therefore, we obtain
1A"@(, t)lle < Ca(y,€)
by (46), where 0 < v < 1. Then it follows that
[@(-, )llw2re < C5(7,0)

which implies
[@(, t)[|oc < Cs

by ¢ > max{n/2,1} and Morrey’s theorem because 0 < v < 1 is
arbitrary. Hence we obtain

[o( )™ loo = lw (-, D)]loe < Ci
by (47). Since a > 0, the result follows with C; = Cﬁl/a. O

Following [12], now we estimate

from above, where a,b > 0. First, we have
% A uvbdx = /Qau“_lv_but — buv "y, dx
= /Q —d1aVu - V(u® o7t — auv =t + quT 1Py =4
+dabVo - V(u®o ) + 77 (w00 — w1 de
:/Q—a(a— Ddyu® 20| Vul?

+ab(dy + do)u® w7V - Vo — b(b 4 1)dou®v "2 |Vo|?
+(71 — a)utv™? + auttPly07a

—r et g,

The following lemma is essentially obtained in the proof of Lemma 2
of [7].

13



Lemma 5. Let (6) and (15) be satisfied. Then, given a > 1 and b >0

such that
2\/ dldQ Z ab ’ (48)
dl +d2 (a—l)(b+1)
d

— [ w ™z < (—a+ Tﬁlb)/ uvdx

+C(a,b) (/Q ve/sdx)e (/ﬂ u“vbdx) 1_6 (49)

with € and 0 defined by

it holds that

= - (-0
=i i) o

Here we take 0 < 6 < 1 so that 0 < ¢ < 1 and 8 > 0 are achieved,
recalling (6).

Proof. By (48) the quadratic form
QX,Y)=ala—1)d; X? +b(b+ 1)doY? — ab(dy + d2) XY

is non-negative definite. Hence it holds that
d
— | w7z < (—a+ T_lb)/ uv " dx
dt Jo Q

+/ au®TP=ly=0=9 _ =ty =b=s=1 g,
Q

First, we use

uaerfl,Ufbfq — {vfe(uayfb)175}1*p7i+5 . (ur+avfsfbfl)p7'rl'+d

(51)

derived from (50). In fact, we have

—1496 -1+
a(l—a)-{l—l%}—&-(r—ka)-%
:a(1—5)+(r+as)-l%+5
p—1+0—r

=a+p—1+4+0+ae-
=a+p—1

14



and
{0+b(lfs)}{17Z%M}Jr(SwLbJrl)-pirﬂ

—1+44
:0+b(1—5)+{79+b6+5+1}-%
— 1-96 — —1+49
g ropHl=d L —rdp-14d
r
—1+49
p—1)(s+1 s+1 b
LIS IR
r r a
b —1+490
254t (s+1) P — g,
a r
Hence (51) follows.
Next, we use Young’s inequality as
auatP—lyb—a
_ p—1+4$ p—1+6
. {,Ufe(uavfb)lfa}l 2 . (urJra,Ufsfbfl) 2
p—1434

T

_ {p_ 1 +5 'Tﬁlb' ur+avsb1}

r
(17P—1+5)—1

(o=t

p—1+448
1—p=l4d

.,079(uav7b)175}
< 7'71[7 . urJransfbfl + Cg(a, b) ,Ufe . (uavfb)lfs’

where

_p—1-5
Cs(a,b) = (I_M). a (le. Z)_i_HS) ‘|

(17 p—i+5)—1

r

We thus end up with

d
— [ w ™z < (—a + Tﬁlb)/ uvdx
dt Jq Q

+Cs(a,b) / v (ur ) 5 da.
Q

Since

1—¢ €
/vfo(uavfb)lfsdx < {/ uavbda:} {/ ve/gdx} ,
Q Q Q

we obtain (49) with C7(a,b) = Cs(a,b).

15



Now we show the following lemma.

Lemma 6. Under the assumptions of Theorem 1, any a > 1 admits
0 < b1 such that

/ uv~bdr < Cy, t>0. (52)
Q

Proof. If a > 1 and b > 0 satisfy (48), we have
1—¢
— [ wldz < (—a + T_lb)/ uv~dx + Cho {/ u“v_bdx}
dt Jo Q Q

by Lemmas 4 and 5. Given a > 1, on the other hand, we can take
0 < b < 1 satisfying (48) and @ > 7-'b. Then inequality (52) follows
from Lemma 2.2 of [12] or Lemma 3 of [7]. O

We proceed to the following lemma.

Lemma 7. Under the assumptions of Theorem 1, it holds that

Jin [ (u(, 6), v(5 1)) = (@), 0(t))lle = 0, (53)
where
u(t) :ﬁu(x,t) dz, O(t) :]{zv(x,t) dzx. (54)

Proof. Lemmas 4 and 6 guarantee

uP u”

= —( <

’Uq(’t)l+ ’US(’t)Z_Cll
for ¢ > max{n/2,1}. Then we obtain

similarly to the proof of Lemma 4. The orbit

O = {(u(-,1),v(-, ) }+>0

is thus compact in C?(Q2) x C?(Q) by the parabolic regularity using
inequalities (45) and (55).

From the classical theory of dynamical systems (see [3], for exam-
ple), w-limit set of the above O is defined by

w(u()vUO) = {(u*,v*) | Jty, T +o0
s.t. H(u(7tk)7v(7tk)) - (u*,v*)||c2 = O}

16



It is compact and connected in C?(Q2) x C?(Q). On the other hand,
we have -
v, >0 on§) (56)

by (45) and therefore, a semi-flow is well-defined on w(ug, vy) using (9)
and (10).

The set w(ug,vo), furthermore, is invariant under this flow, and the
solution (@, ) = (a(-,t),0(-,t)) to (9), (10), and

g =ux >0, 0,g=v.>0 onQ
satisfies p
dtJqo
where
~ ,aprrl ~ ,Es+1
§=——, 0= .
p—1 s+1

In fact, Fatou’s lemma guarantees
/ TR R T R T LRl R QR
Q
recalling (44). Since v, > 0 on Q, it holds that
/ u, P dr < +oo
Q

and hence u, # 0. Then we obtain @(-,¢) > 0 on Q for ¢ > 0 by the
parabolic strong maximum principle to (9) with (10).

Consequently, the value H(E(+,t),7(-,t)) is well-defined for ¢ > 0,
which is invariant from the LaSalle principle. This property implies
(57). Then, it holds that

][ cl|V§7°‘/2|2 + CQ|V7]7£/2|2 dx <0
Q

by (43). Hence this (@, v) = (a(-,t), (-, t)), t > 0, is a pair of spatially
homogeneous functions. Namely, the above (uy,v,) must be a pair of
positive constant functions.

We have proven that w(ug,vp) is contained in the set of pairs of
positive constants. Then it holds that

Jim {[Vu(,Ollor + 90, llor} =0 59)
and hence (53) with (54). O

We show the first part of Theorem 1.
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Lemma 8. Under the assumptions of Theorem 1 there is an ODE
orbit O C R? satisfying (22).

Proof. Given the solution (u,v) = (u(-,t),v(-,t)) to (9), (10), and (14)
with ug #£ 0, the orbit O = {(u(- ,), (,t)) }e>0 exists global-in-time
y (

and is compact in C2(Q) x C%(Q). By (43) the value
Hoo = Jim H(E(1), (1)) (59)

exists, where (£,n) = (£(-,t),n(-,t)) is defined by (35). Furthermore,
any (., vs) € w(ug,vg) is a pair of positive constants.

Since the set w(ug, vo) is invariant under the flow defined by (9) and
(10), this (us,v,) lies on one of the ODE orbit of (7) which is always
time-periodic in the case of 7 = (p—1)/(s+1). Since this ODE system
takes the Hamilton formalism (37), the above orbit is detemined by the
first integral, that is, H defined by (59). Hence w(ug, vg) is contained
in a definite ODE orbit denoted by @, and then it holds that (22). [

The following lemma is used for the proof of the second part of
Theorem 1.

Lemma 9. Under the assumptions of Theorem 1 each tj, T +oo ad-
mits {t,.} C {tx} and an ODE solution (4(t),0(t)) such that O =
{(a(t),0(t)) }ter and

lim  sup ||(u(’t + t;c)’v<'7t + t;c)) - (a(t)>ﬁ(t))||02 =0 (60)

k=00 e[—T,T]
for any T > 0.
Proof. Inequalities (45) and (55) imply
e t)lles + on(Blles < Crg, £ 1

by the parabolic regularity. Hence by the Ascoli-Arzeld theorem ¢y 1

+oo admits {t}.} C {tx} and a solution (u,0) = (a(-,t),0(-,t)) to (9)-
(10) such that

lim  sup ||(U(~,t+t;€),v(‘7t+t;€)) - (ﬂ('vt)’{)('at))”CQ =0 (61)
k=00 te[-T,T]

for any T' > 0. Since (58) implies
Va(-,t) =Vo(,t) =0, te[-T,T]

this (a,9) = (a(-,t),0(-,t)) must be spatially homogeneous, denoted
by (i, v) (4(t),(t)). Consequently, it is a solution to (7), and then
(60) follows from (61). O
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We are ready to complete the following proof.

Proof of Theorem 1. Tt remains to show (23). Let £ > 0 be the time
period of the solution to (7) on O in Lemma 9. Unless O is composed
of a single point, it holds that ¢ > 0. Then we take T > 2.

By Lemma 9, any ¢, T +oo admits {t}} C {tx} and a solution
(a(t),d(t)) to (7) such that O = {(a(t),d(t))}ser and (60). Let t €
[—¢, /] be fixed. Then it holds that

(Gt +0),0(t +0)) = (a(t),v(t)) (62)
and therefore,

limsup || (u(-,t + £+ t3,),0(-, t + £+ t,))

k—oo
7(“’(7t + t;c)7v('at + tgc))HCQ
< kli_}m l(u(-t+€+t),v(t+ L+ t)) — (At +£),0(t + £))| o2

L (st 8), 0t 1)) = (@(0),0(0) e = 0.
This property means

%H:n H(U(,t +€ + 8)7’1)(',t+ Z—I— S)) - (U(ﬂf—l— S),’U(',t + 5))”02 =0

and in particular, (23) follows. O
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