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Abstract  We investigate a system of singular—-degenerate parabolic equations with non-local terms,
which can be regarded as a spatially heterogeneous competition model of Lotka—Volterra type. Applying
the Leray—Schauder fixed-point theorem, we establish the existence of coexistence periodic solutions to
the problem, which, together with the existing literature, gives a complete picture for such a system for
all parameters.
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1. Introduction

This paper is concerned with the system

rmofal = ate0) - [ K owE - myde - [ Kale 0026t - ) de),
2ol = v (bot) - [ Ralend(et - myae - [ Kaleantet - mac)
0 Q
in @ = 2 x R, under Dirichlet boundary conditions

u(z,t) =v(z,t) =0, (z,t) €02 xR, (1.2)
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and periodic conditions
u(z,t +w) =u(z,t), viz,t+w)=0v(zt), (v,t)€cqQ, (1.3)

where 2 is a bounded domain in RV (N > 1) with smooth boundary 92, w > 0, 7; €
(0,00), i = 1,...,4, the functions K;, a, b: 2 x R — R are w-periodic with respect to
time ¢, p,q € (1,2), m > 1, n > 1, and L*" is the nonlinear operator defined by

L w] = 871;) — div(|Vw* |2 Vw?®).
The system (1.1), (1.2) models the interactions between two competition species, with
population densities u(z,t) and v(x,t), inhabiting the region (2. We are therefore only
interested in non-negative solutions u > 0, v > 0. Moreover, we are assuming that 2 is
fully surrounded by a lethal environment, because both population densities are subject
to homogeneous Dirichlet boundary conditions. For a detailed description of the model,
we refer readers to [12] and the references therein.

In recent years, coexistence solutions, namely those solutions (u,v) with u £ 0, v 2 0,
have received considerable attention. Most of the works in the earlier literature were
devoted to studying the linear diffusion case: that is, m = n = 1, p = ¢ = 2 (see, for
example, [1,7,13,16,20,21]). We also mention that, as a special case, the coexistence
steady state for biological community system has also been investigated in some refer-
ences: see [3,5,6,8,18]. The biological background makes it very interesting to study the
coexistence periodic solutions of a nonlinear diffusion system of the same type as (1.1).
In this respect, the case with double degeneracy, that is, m,n > 1, p, ¢ > 2, has been dis-
cussed extensively: see [2,9-11,23] and the references therein. For the case with gradient
singularity, that is, 1 < p,q < 2, it was Fragnelli et al. who established the existence of
coexistence periodic solutions to the problem (1.1)—(1.3) in the case of m > p, n > ¢, by
applying the theory of Leray—Schauder degree (see [12]).

The aim of this paper is to supplement the existing results with the case with gradient
singularity. More specifically, concerning the existence of coexistence periodic solutions,
the results in [12] together with our results will give a complete picture of the system
(1.1)=(1.3) for all 1 < p,q < 2, m > 1, n > 1. In fact, the theory of topological degree
has been used to deal with the case 1 < p,q <2, m > p, n > ¢ in [12], but it is difficult
to apply this method to the general case due to the complicated, or even impossible,
calculation of the topological degree. Indeed, in order to obtain the topological degree of
semi-non-trivial solutions such as (u,0) and (0,v) to the approximate problem of (1.1)-
(1.3), some estimates on the gradient of convenient powers of the solution are involved,
and the technical restriction m > p, n > ¢ is therefore imposed in [12] (see Proposition 2.3
and Lemma 2.4 therein). To overcome these difficulties, we apply the Leray—Schauder
fixed-point theorem and propose a different approximate problem from which we are able
to obtain the crucial a priori lower-bound estimates.

The paper is organized as follows. In § 2 we introduce some necessary preliminaries and
give the statement of our main result. Section 3 is devoted to proofs of our main result.
More precisely, first we prove the existence of coexistence solution (ue,v.) for a suitable
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approximation of problem (1.1)—(1.3), which has a lower bound that is independent of ¢,
by using the Leray—Schauder fixed-point theorem; and then, by applying the compactness
and monotonicity arguments, we perform some a priori estimates that allow us to pass
to the limit.

2. Preliminaries and our main result

Throughout this paper C,,(Q.,) denotes the set of functions that are continuous in £2 x R
and are w-periodic with respect to t, and Bp is a ball centred at the origin with radius
Rin L>=(Q.). We assume that a(z,t),b(x,t), K;(x,t) € C,(Qu), i =1,...,4, and

{xe(): i/owa(ac,t)dt>0} # 0, {xe 2: jj/owb(x,t)dt>0} #£ (.

Observe that there is no loss of generality if we choose K; > 0, i = 1,...,4, which
corresponds to the competition case. In fact, all of our results can be easily extended to
the cooperative case of (1.1), provided that L2-estimates of the periodic solutions to a
cooperative model are available.

Due to the singularity or degeneracy of the equations in (1.1), problem (1.1)—(1.3)
might not have classical solutions in general. We therefore consider its weak solutions in
the following sense.

Definition 2.1. A pair of non-negative functions (u,v) defined in {2 x (0,w) is called
a weak solution of problem (1.1)(1.3) if u,v € C,(Qu), u™ € LP((0,w); W, *(£2)),
v € L9((0,w); Wy 9(£2)) and (u,v) satisfies

_ _ 890 m|p—2 m _ p—1
0//Qw( u—8t+|Vu [P72Vu" Ve — auP" e
surty| [ Rieoder - mae+ [ Kason(er- g ) s
Q 10)

and

0= // (—’U&P + Vo972V Vi — bv? e
Q. \ ot

+vq1¢{/ Kg(g,t)uQ(g,t—Tg)ngr/ K4(§,t)v2(g,t—74)dgbdxdt
(9 2

for any ¢ € C1(Q,,) with ¢(z,0) = p(z,w) for z € 2 and ¢(x,t) = 0 for any (x,t) €
00 x [0,w].

In order to obtain the existence of coexistence solutions for the problem (1.1)—(1.3),
we add some viscosity terms to the degenerate parabolic equation and then consider the
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following regularized problem:

L7Pu] = uP~t _a(:c,t) — /Q Ki(&,u? (&t — 1) de

f/nKz(&t)vQ(&t*Tz)dé te (2.1) € Qu,

L] = 07 bl ) — | et - )

- /Q K& )02 (€t — 1) dE| +e, (2.1) € Qu,

u(z,t) =v(z,t) =0, (z,t) € 02 x][0,w],
u(z,0) = u(zr,w), v(z,0)=v(z,w), z€,

(2.1)
where L*P is the nonlinear operator defined by
m dw : —2 : m|p—2 m
L7Plw] = a5 ediv(|VwP™*Vw) — div(|Vw™ P7*Vuw™)

with sufficiently small ¢ > 0, and L9 can be similarly defined. The coexistence solution
(u,v) of problem (1.1)—(1.3) will be obtained as the limit point of the weak solution
(ue,ve) for the problem (2.1), which has a lower bound independent of e.

In order to apply Leray—Schauder’s fixed-point theorem to obtain the existence of the
coexistence solutions for the problem (2.1), we introduce a map G.: [0,1] x C,(Q.) X
C(Qu) = Cu(Qu) x Cu(Q,) as follows:

(0.7 f7g) '_) (UE7U€) = GE(U7 f?g)7
where (ug,ve) is the solution of the following uncoupled periodic problem:

LIPlu] = of, (x,t) € Qu,
L] = og, (2,t) € Qu,

u(z,t) =v(x,t) =0, (x,t) €02 x[0,w],
u(z,0) =u(r,w), ov(z,0)=v(z,w), zcil

As pointed out in [12], the operator A: X = LP(0,w; Wy P(£2) N L*(2)) — X7,
Au = e div(|Vul[P~2Vu) + div(|Vu™ P2 Vu™)

is hemi-continuous, strictly monotone (and hence pseudo-monotone), coercive and
bounded. The map G, is therefore well defined (see [26, Theorem 32.D]). Furthermore,
by applying similar methods from [12,27] and the classical regularity results from [14],
one can infer that the map G.(o, f, g) is a compact continuous map. Now let

Flu,v) = [a(mnﬁ) - /Q K€ty (6.t — ) dé — /Q K6, 002 (6,1 — o) dé |ul 1 4
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and
o) = [ba0) [ 1€ 00 1) ae = [ Kale e s - mafut e

where u; = max{u,0}, vy = max{v,0}. It is then observed that if the non-negative
functions ue, ve satisfy (ue,ve) = Ge(1, f(ue,ve), g(ue, ve)), then (ug,v.) is also a non-
negative solution of problem (2.1). The existence of non-negative solutions of problem
(2.1) is therefore equivalent to the existence of the fixed point (ue,v.) of the map (u,v) —
G:(1, f(u,v), g(u,v)) with u,v > 0.

Let pr(k = p, q) be the Poincaré constant such that IlkH‘Plek(Q) < HV@H%,C(Q) for any
p e WO1 k(()) The existence result can then be stated as follows.

Theorem 2.2. Assume that K;(z,t) > 0 (i = 1,...,4) and K;(x,t) < k; (i = 2,3)
for some constants k; > 0. If

1 Bl 7 ooy N2/ (A=D)(a=1))
{xe(): ;/ a(x,t)dt—k2|9<W) >o}7é@ (2.2)
0

q

and

w 2/((m=1)(p—1))
1 oo
{33 €N f/ b(x,t) dt — k3| 02| (W) > o} £, (2.3)
0

w P
then problem (1.1)—(1.3) admits a coexistence solution (u,v) € Cy,(Qu) x Cu(Qu).

Comparing this with the related results in [13], conditions (2.2) and (2.3) are both local
in space, which means that the nonlinear diffusion can efficiently improve the coexistence
ability of the biological populations.

3. Proof of the main result

First, we want to prove the existence of a periodic solution (u.,v.) for the regularized
problem (2.1), where (u.,v.) € C,(Q.) X Cu,(Qu), ue,ve > 0in Q, and £ > 0 is small
enough. To do this, we will apply the fixed-point theorem to obtain the positive fixed
points of the map (u,v) — G<(1, f(u,v), g(u,v)). As necessary preparation for the proof
of Theorem 2.2, we list the following two results.

Lemma 3.1 (Fragnelli et al. [12, Proposition 2.1]). If the non-trivial pair (u., ve)
solves

(ua7ve) = GE(Uv f(u67UE)7g(uE7U€))

for some o € [0,1], then
ue(z,t) 20, v (x,t) 20 forany (z,t) € Q.

Moreover, if u. # 0 or ve # 0, then u. > 0 or v. > 0 in Q,,, respectively.
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Lemma 3.2 (Cirmi and Porzio [4, Lemma 2.2]; Wu et al. [24, Lemma 4.1.1]).
Let (t) be a non-negative and non-increasing function on [kg, +00), satisfying

M

o) < (T2 ) o) forany > > k

with some constants M > 0, o > 0, 8 > 1. Then p(ko + d) = 0 with d =
28/(B=1) M[p(kq)] B/,

In order to use the Leray—Schauder fixed-point theorem, we next give an a priori
L*>-estimate on the fixed point of the map Gc(ao, f(-),g(+)) for all o € [0,1]. The main
tool is De Giorgi’s iteration, which is different from that in [12].

Lemma 3.3. If (uc,v:) is the solution of (uc,v:) = G:(0, f(ue, ve), g(te,v:)) for some
o € [0, 1], then there exists a positive constant R independent of o and € such that

max{||ue| Lo (q.): |vell Lo (@u) } < R- (3.1)
Proof. From Lemma 3.1 it follows that u. > 0, v. > 0. Multiplying the equation
LPlu] = oul {a(%t) —/ Ky (& t)u2 (6t —m)dg —/ Ka(&, )02 (&t —72)dE| +oe
19 2

(3.2)
by u* and then integrating it over {2, we have

1 d m m-+p—1
g gl OIRE + Ve Ol < llalle=@ullue O 1 + ellu- @5

By using the Poincaré inequality and the Young inequality, we get

1 d m —m(p— m m
mgllus(t)\lmﬂJruplﬂl(l =D g (8|8

— m —1 m m
< lall oo (@u 121D e () It 7 ™ + e 2 D e (8) -

Due to the periodicity of u. with respect to time ¢, there is a ¢y € [0, w] such that

/%“WMMZSWH%®WE7
0 te(0,w]

and thus

1/((m—1)(p—1))
a oo
wpu&@mﬁls(””L<@”) QYD 4 o),
te(0,w] Hp

where the function h(e) satisfies lim._,¢ () = 0. In particular, we have

1/((m—1)(p—1))
sup [Jue(®)lz < ((”L“””) QM2 4+ he)| @D/ (3.3
t€[0,w] Hp
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By exploiting the similar methods in [12,22], we can easily conclude that for any r > 0
there exists a constant C,. depending only on 7, m, p and ||al[ - (q,,) such that

sup |lue(t)[lr < Cp.
tel0,w]

Next, we can employ De Giorgi’s iteration to prove (3.1). In fact, multiplying (3.2) by
(ue — k)T X[ty 201 (t) for any k > 1, where ¢, 4,](f) is the characteristic function of the
interval [t1, 2], and integrating the result over @,,, we have

! /t2 d /( k)" da dt + pl/tz/( k)" VulP de dt
e — Ue — x ™m Us — ulP dx
T+1 th dt o} c + th 0 € +
t2 t2
< ||CLHLOO(QM)/ /ug_l(us—k)idxdt—i—s/ /(ue—k)ldxdt.
ty J0 ty J2

Therefore, as in the proof of Theorem 2.2 in [25], by using the Sobolev embedding
theorem, the Young inequality and Lemma 3.2, we can conclude that [juc||p~(q,) < R
for some R independent of € and o. Analogously, ||ve| L(q,) < R, and the proof of this
lemma is therefore complete. O

Corollary 3.4. The map (u,v) — G<(1, f(u,v),g(u,v)) admits at least one fixed
point (ug,v:) with uz,ve > 0.

Proof. It follows from Lemma 3.3 that there exists a positive constant R independent
of o and € such that

max{|ue L= Q) [vell= (@)} < R,
where (ug,v.) satisfies
(u,v) = Ge(o, f(u,v),g(u,v)) for some o € [0,1].

On the other hand, it is obvious that G¢(0, f(u,v),g(u,v)) = (0,0). Therefore, by
applying the Leray—Schauder fixed-point theorem, we can get a fixed point of the map
(u,v) = Ge(1, f(u,v), g(u,v)). The proof is complete. a

Next, we prove that (u.,v.) obtained in the above corollary has a uniform lower bound
in L*(Q.) x L*(Q.), provided that ¢ is small enough.

Lemma 3.5. Let the assumptions (2.2) and (2.3) in Theorem 2.2 hold. There then
exist positive constants €y and ry such that

[uell o< (@) = 7o, [vellLe(@.) = 7o

for any fixed point (u.,ve) of the map (u,v) — G(1, f(u,v), g(u,v)) with e < &.
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Proof. If the lemma were not true, we could without loss of generality assume that
there existed a pair of functions (ue,v) such that (u,v) = Ge(1, f(u,v), g(u,v)) with
|vellLo(q.) < To. From Lemma 3.1, we have u.(x,t) > 0, ve(x,t) > 0. Moreover, from
inequality (3.3) it follows that

sup [|us(t)|3 < A+ H(e),
te[0,w]

where
) )2/((m—1)(p—1))

4w (”alLOO(Qw

|£2]
Hp

and the non-negative function H(e) satisfies lim._,o H(¢) = 0.
By the assumption (2.3) in Theorem 2.2, there exist ¢ € {2, § > 0 and by € (0, 1) such
that

1 w
*/ b(l‘, t) dt — k3 A > by
wJo

for all € Bs(xg) C 2.
For any given ¢(x) € CZ(Bs(z0)), we can choose ¢ /vd~! as a test function. Multiplying
the equation

L?’q(va)=U?_1<b($7t)—/QKs(&t)ug(ﬁ,t—Ts)dﬁ—/!7K4(§,t)vf(§,t—74)d§) +e

by ¢?/v4~1 and integrating it over QF = Bs(x¢) x (0,w), we obtain

/ ¢ 0 4t da +// (n?~Lpm=D@=D) 4 o) vy, |7 2W€v< o >dtd:c
Qr U x )

Lot

g
// b(x,t) — ks sup |juc(t)]|2 — max K4(33 t) ||Us||L°°(Q )) xz)dtdz. (3.4)
* te(0,w) (z,t)€Q

By the periodicity of v., the first term on the left-hand side in (3.4) satisfies

1 v, 1 /w B(v21)
dtde = —— a —=: 2 dtdr =0. 3.5
/Q* =t ot T 2-¢ B(g(wo)d) o Ot (35)

Moreover, since
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we have

q—1 q
Vol vy () <o 21ved) 96l - - 02 ) ve
Ve Ve v

€

q g—1
_ (“)) Vo +q(¢|w€|) (lw - ¢|w€|)
Ve Ve Ve
< |Vo[? (3.6)

by the convexity of function |£|? for £ € R.
Combining (3.4) with (3.5) and (3.6) yields

b(z,t) —ks sup |luc(t)||2 — max Ki(z,t)||ve]|? 9(x)dtdx
S (0 =k s @I mas Kl )oe)

)

< // (nd~Lyn= D= 4 )| Ve[ dt da

<ot gg [ weta ()
B,

s(zo0)

Now, by an approximating process we can let ¢ = ¢,, where ¢, is the eigenfunction
corresponding to the first eigenvalue fi, for the eigenvalue problem

—div(|Ve|"*Ve) = pl¢|" ¢, = € Bs(wo),
¢ =0, MRS 835(.230),

with [|¢glle(Bs(zo)) = 1 [15], and (3.7) then becomes

J[ (@t~ swp w0l - max Kalwolleliq.)) 64 dtda

te(0,w) (z,t)€Qu

< witg (" VY ),

Therefore, we have

bo < fig(ndtr{"OY gy 4 e, Ky(x, t)rg + ksH(e).
x,t)EQw

Since there is some gg > 0 such that fize + ksH(e) < %bo for € < gg, we get

by < [anqflrén_l)(q_l) + max Ky(x,t)r,

1
2 (z,t)€Quw

and thus a contradiction follows provided that the constant rq is sufficiently small. The
proof of the lemma is complete. O

Now we are ready to prove the main result of our paper.
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Proof of Theorem 2.2. From the results above it follows that (2.1) admits the
coexistence solution (u,v:) with 7o < [|ucl[zo(q.), |vellz=(@.) < R, where positive
constants rg, R are independent of € (< &g). Therefore, due to the periodicity of u. and
v, applying a rather standard argument similar to that in [11,19], we obtain

// VU™ P de dt < C, // ‘(’ME

Qw Qw 8t

// |VoZ|?dedt < C, // ’
w QW

where C is a constant independent of €. Moreover, by using the regularity results in
[14,17], it follows that there exists a continuous and non-decreasing map g: [0,00) —
[0,00), g(0) = 0, such that

2
dedt < C,

2
dedt < C,

ov?
ot

|ue(tz, 72) — ue(t1, 21)| < g(|22 — 21| + [t2 — t1]*/7),

where the map g can be determined in terms of R and is independent of €. The same
inequality holds for v.. Therefore, using an argument similar to that in [11,12,19], we can
obtain the coexistence solution (u,v) € C,(Q.)x € C,(Q.,) for the problem (1.1)-(1.3)
as a limit function of (ue,ve). O
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