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Abstract

In this paper, we study a strongly coupled reaction-diffusion system which describes
two interacting species in prey-predator ecosystem with nonlinear cross-diffusions
and Holling type-Il functional response. By a linear stability analysis, we establish some
stability conditions of constant positive equilibrium for the ODE and PDE systems. In
particular, it is shown that Turing instability can be induced by the presence of
cross-diffusion. Furthermore, based on Leray-Schauder degree theory, the existence
of non-constant positive steady state is investigated. Our results indicate that the
model has no non-constant positive steady state with no cross-diffusion, while large
cross-diffusion effect of the first species is helpful to the appearance of Turing
instability as well as non-constant positive steady state (stationary patterns).

Keywords: cross-diffusion; Holling type-Il functional response; Turing instability;
non-constant positive steady state; stationary patterns

1 Introduction
Let © be a bounded domain in RN with smooth boundary 3<2. In this paper, we are inter-

ested in a strongly coupled reaction-diffusion equations with Holling type-II functional

response
u; — Al(dy + oqu + %)u] =u(l-¢-1{) inQx(0,00),
vt—A[(d2+£—2u+a2v)v]=vl”fr—Z—9) in Q x (0, 00), @)
g—;‘=g—:=o on 42 x (0, 00),

u(x,0) = up(x), v(x,0) = vo(x) in £,

where v is the unit outward normal to 2. The two unknown functions u(x, t) and v(x, £)
represent the spatial distribution densities of the prey and predator, respectively. The con-
stants d;, o, B; (i =1,2), K, m and 0 are all positive, and u,, vy are nonnegative functions
which are not identically zero. Moreover, d; is the diffusion rate of the two species, o; ex-
presses the self-diffusion effect, B; is called the cross-diffusion coefficient, K accounts for
the carrying capacity of the prey, 0 is the death rate of the predator, and m can be regarded
as the measure of the interaction strength between the two species. In this model, the prey
© 2013 Wen; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribu-
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medium, provided the original work is properly cited.


http://www.boundaryvalueproblems.com/content/2013/1/155
mailto:wenzj@lzu.edu.cn
http://creativecommons.org/licenses/by/2.0

Wen Boundary Value Problems 2013, 2013:155 Page 2 of 17
http://www.boundaryvalueproblems.com/content/2013/1/155

u and the predator v diffuse with fluxes

A =—<d1 + 200U + %)Vu+ ("le

+v 1+v)?
and
B2 Bav
-—(d 2 \% Vu,
) <2+1+u+ ooV V+(1+u)2 u

respectively. The cross-diffusion terms (1’5;1;2 Vv and (l’i 2}4")2 Vu can be explained that the
prey keeps away from the predator while the predator moves away from a large group of
prey. For more detailed biological meaning of the parameters, one can make some refer-
ence to [1-3].

The ODE system of (1.1)

du_ 1 u mv dv_v mu P £50 1.2)
ac K 1+u) dt \l+u ’ ’ ’

has been extensively studied in the existing literature; see, for example, [4—6]. The known

results mainly focused on the existence and uniqueness of a limit cycle. In [6], Rosenzweig
argued that enrichment of the environment (larger carrying capacity K) leads to destabi-
lizing of the coexistence equilibrium, which is the so-called paradox of enrichment. Cheng
[4] first proved the uniqueness of limit cycle. Hsu and Shi [5] discussed the relaxation os-
cillator profile of the unique limit cycle and found that (1.2) has a periodic orbit if m is
larger than a threshold value.

In mathematical biology, the classical prey-predator model (ODE system) reflects only
population changes due to predation in a situation where predator and prey densities are
not spatially dependent. It does not take into account either the fact that population is usu-
ally not homogeneously distributed, or the fact that predators and preys naturally develop
strategies for survival. Both of these considerations involve diffusion processes which can
be quite intricate as different concentration levels of predators and preys caused by dif-
ferent population movements. Such movements can be determined by the concentration
of the same species (diffusion) and that of other species (cross-diffusion). In view of this,
Shigesada, Kawasaki and Teramoto first proposed a strongly coupled reaction-diftusion
model with Lotka-Volterra type reaction term (SKT model) to describe spatial segregation
of interacting population species in one-dimensional space [3]. Since then the two-species
SKT competing system and its overall behaviors continue to be of great interest in litera-
ture to both mathematical analysis and real-life modeling [7—-10]. For the studies on bio-
logical models, since each model has rich and interesting properties and often describes
complex biological process, it is very difficult to get some general conclusions for a class
of mathematical models. So research in mathematical biology has often been performed
by investigating a specific model, the focus of which is to discuss the influences of pa-
rameters on the behavior of species in the ecosystem. Thus, more and more attention has
been recently focused on three or multi-species systems and the SKT model in any space
dimension due to their more complicated patterns, and the SKT models with other types
of reaction terms have also been proposed and investigated [11-19]. The obtained results
mainly relate to the stability analysis of constant positive steady states and the existence of
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non-constant positive steady states (stationary patterns) [9, 10, 12—-21], Turing instability
[22, 23], and the global existence of non-negative time-dependent solutions [7, 8, 11, 24].

The role of diffusion in the modeling of many biological processes has been extensively
studied. Starting with Turing’s seminal work [25], diffusion and cross diffusion have been
observed as causes of the spontaneous emergence of ordered structures, called patterns,
in a variety of nonequilibrium situations. Diffusion-driven instability, also called Turing
instability, has also been verified empirically in some chemical and biological models [26—
28]. For the system with cross-diffusion, we can know that this kind of cross-diffusion
may be helpful to create non-constant positive steady-state solutions for the predator-
prey system, for example [9, 10, 16]. Recently, the authors of [22] discussed a two-species
Holling-Tanner model with simple linear cross-diffusion

u; — Adu + dsv) = u(a — u) — ( buv

l+au)(1+Bv)’
vy — Aldou + dyv) = v(c — y—"u)

and showed that under some parameters the positive equilibrium is stable for a diffusion
system while unstable for a cross-diffusion system, which implies that cross-diffusion can
induce the Turing instability of the uniform equilibrium. In [23], Xie investigated a class

of strongly coupled prey-predator models with four Holling-type functional responses:

ur = Al(dh + d3v)ul = g1(u,v),

v — Al(da + 2-)v] = g2 (u, v).
The results indicated that diffusion and cross-diffusion in these models cannot drive Tur-
ing instability. However, diffusion and cross-diffusion can still create non-constant posi-
tive solutions for the models.

As for reaction-diffusion system of (1.2), the diffusive predator-prey equations with no
self- and cross-diffusion (o1 = @ = f1 = B2 = 0 in (1.1)) under Neumann boundary value
conditions have also been investigated (see, for example, [29-33]). Ko and Ryu [29] ob-
tained some results on the global stability of the constant steady state solutions and the
existence of at least one non-constant equilibrium solution. Medvinsky et al. [30] used
this model as a simple mathematical model to investigate the pattern formation of a
phytoplankton-zooplankton system, and their numerical studies show a rich spectrum of
spatiotemporal patterns. The discussion in [32] shows this system possesses complex spa-
tiotemporal dynamics via a sequence of bifurcation of spatial nonhomogeneous periodic
orbits and spatial nonhomogeneous steady state solutions. In [31], Peng and Shi proved
the non-existence of non-constant positive steady state solutions. Recently, the existence,
multiplicity and stability of positive solutions for the weakly coupled equations in (1.1)
with Dirichlet boundary conditions were investigated in [33].

From the above introductions, one can learn that few studies have been conducted into
the occurrence of Turing instability for a strongly coupled reaction-diffusion system with
nonlinear cross-diffusion terms in the literature. Motivated by a series of pioneering works
such as [9, 10, 16], we are interested in the instability induced by cross-diffusion and the
stationary patterns of strongly coupled model (1.1). The aim of this paper is to discuss

Turing instability and establish the existence of non-constant positive steady states of
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system (1.1). The methods we employed are the classical linearization method and the
Leray-Schauder degree theory. However, while performing a priori estimates and stability
analysis, we must try a new method and techniques to solve difficulties caused by nonlin-

ear cross-diffusion terms -2 Vv and 22 V. Nonlinear cross-diffusion terms also add

B
(1+v)2 (1+u)?
complexity of computation of characteristic equations. Moreover, this paper focuses on

the influence of nonlinear cross-diffusion terms on the appearance of Turing instability,
and the discussion shows that large cross-diffusion coefficient of the first species is helpful
to the appearance of Turing instability as well as non-constant positive steady state.

The paper is organized as follows. In Section 2, we discuss the stability of a positive
equilibrium point for ODE and PDE systems and then obtain sufficient conditions of the
appearance of Turing pattern. The results imply that cross-diffusion $; has a destabilizing
effect, which is helpful to the occurrence of Turing instability. In Section 3, we obtain
a priori upper and lower bounds for the positive steady states problem of (1.1) in order to
calculate the topological degree. In Section 4, the non-existence of non-constant positive
steady state for (1.1) with vanished cross-diffusions is discussed. In Section 5, we establish
the global existence of non-constant positive steady state of (1.1) for suitable values of
cross-diffusion coefficient B; and then show that large cross-diffusion effect p; can create

non-constant positive steady states.

2 Turing instability driven by cross-diffusion

Denote & = %. It is known from [31] that problem (1.1) has a unique positive equilibrium

K - T
w* = (u*,v*)T _ (E, ( f()rf’ll +E))

if and only if

1+ K)o
m > (+—) (2.1)
K
Moreover, problem (1.1) has a trivial equilibrium 0* = (0,0)" and a semi-trivial equilib-
rium u* = (K, 0)T.

We first investigate the stability of positive equilibrium for a reaction-diffusion system.

Lemma 2.1 Suppose that 0 < K(m —0) <m + 0, B < B,. Then the positive equilibrium

m—6

w* of (1.1) is uniformly asymptotically stable.

Proof For simplicity, we denote w = (i, v)T and

T
B(w) = (dr (W) o (w)) " = ((dl v+ %)u (dz N ozzv)v) ,

T
- (- 2220
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Then problem (1.1) can be rewritten as

% — A®(w)=F(w) inQ x(0,00),
W -0 ondQx(0,00), (2.2)

w(x, 0) = (o (%), vo(x))T  in Q.
The linearization of problem (2.2) at the positive equilibrium w* is

B~ By (W) AW = Fy (W)W in 2 x (0,00),

W -0 ondQx(0,00), (2.3)

w(x,0) = (uo(x), vo(*)T in,

%, Pl ﬁlu*
d1+20u™+ T 1rv%)2 ) E (W*) _ (bll b12) Here
» tw - :

where ®,,(w*) =

_(1@:;2 d2+%+2a2v* by 0
2u* mv* u*
bu=1-"7- = (K —1-2u%),
K (+u)? K@+u*)
mu’* mv*
b =~ <0, by=—==>0
2 1+ u* 21 (1 + u*)?

It is easy to verify that by; <0 if K(m —0) <m + 6.

Let {X;, ¢;}3 be a set of eigenpairs for —A in € with no flux boundary condition, where
0=X1 <Ay <Az <---,and let E(1;) be the eigenspace corresponding to A; in C}(R), let
@i, j=1,...,dimE(};), be an orthonormal basis of E(%;). Let

X={we[CH@NnC'(@] |ow/dv=00n0R},  X; = [cg;lc e R?}.

Then we can do the following decomposition:

0 dimE(};)
X=PX;, whereX;= P X;. (2.4)
i=1 j=1

For each i > 1, X; is invariant under the operator £ = ®,,(w*)A + F,,(w*). Then problem
(2.3) has a non-trivial solution of the form w = cp exp{ut} (c € R? is a constant vector) if
and only if (u, c) is an eigenpair for the matrix —A; ®.(W*) + F,, (w*).
The characteristic equation of the matrix —A; ®,,(w*) + F,,(w*) is given by
pi(p) = u* — trace[~4; @y (W*) + Fy (W*) |11 + det[ -1 @y (W*) + Fy (W*)] = 0.

Notice that

trace[—A; @y (W) + Fy (W) ]

= —<d1 +20qu” + 1 A

V*

+dy + ﬁ + Z(leV*))\.i + by <0,
1+u*

det[~4;®w(W*) + Fy (W*)] = AA7 + BL; + C,
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where
B B2 BrBouv*
= dy +20qu* d 200V | = —————— >0,
<1+ Ollu+1+v*)<2+l+u*Jr a2v> (1+u*)2(1+v*)2>
B2 Bu* Bav
bl d 2 b by |,
[11<2+ i + 200V +(1+v*)2 21+(1+ oy 12
C-= —b12b21 > 0.
Obviously, 1f < Bs, then L1 1+V* bzl + L2 1+u* h12 < 0andso B> 0. Thus, det[-A; @, (W*) +

F,(W*)]>0.1t follows from Routh-Hurwitz criterion that the two roots uy;, i2, of pi(n) =
0 have both negative real parts for all i > 1.

In order to obtain the local stability of u*, we need to prove that there exists a positive
constant § such that

Ref{uy;}, Re{uy;} < -8 foralli>1. (2.5)
Let u = A;Z, then
pi(i) = A7¢* — trace[ 2 @y (W*) + Fy(W*) |20 + det[-2;@y (W) + Fy (W*)] £ 5i(2).

Notice that A; — 00 as i — 0o0. We can calculate that

limpi(§)=§2+<dl+ A +dy + i ){+Aéjg(§).
1+v* 1+ u*

i—00 i

By Routh-Hurwitz criterion, the two roots &1, ¢ of p(¢) = 0 have both negative real parts.
Then we can conclude that there exists a positive constant § such that Re{z;},Re{s,) <
—5. By continuity, we see that there exists i such that the two roots of p;(¢) = 0 satisfy
Re{¢1:},Re{sy,} < —§ for all i > ig. Then Re{uy,}, Re{uy,} < —La g for all i > iy. Let

1)
§= min{ 57 nax {Re{p1,}, Re{ua,i}} }
<i<igp
Then (2.5) holds true. The theorem is thus proved. a

Similarly, we can also learn, by the proof of Lemma 2.1, a series of stability results about
the positive equilibrium for problem (1.1) with different cross-diffusion cases.

Lemma 2.2 Suppose that 0 < K(m—0)<m+6,B<0, 1,8 #0. The positive equilibrium
w* of (1.1) is unstable if B* — 4AC > 0 and

- +vB?*-4AC N -B++B?-4AC
<A<
2A 2A

for some i > 1, whereas it is uniformly asymptotically stable if B> — 4AC < 0.

Lemma 2.3 Suppose that 6 < K(m—0) <m+0, 1 = By = 0. Then the positive equilibrium
w* of (1.1) is uniformly asymptotically stable for disappeared cross-diffusion.

Page 6 of 17
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Lemma 2.4 Suppose that 6 < K(m—0) <m+0, B =0, By #0. Then the positive equilib-
rium w* of (1.1) is uniformly asymptotically stable.

Now we consider the case when 1 # 0, B, = 0. For simplicity, denote

AO = (dl + 20[11/{* + 1 1 *>(d2 + 20(21/*), B() = —|:b11(d2 + 20[21/*) + ﬁliuzbglil.
+V

1 +v)
Then

det[ 2@ (W*) + Fy(W*)] = AgA? + BoA; + C.
We thus have the following result.

Lemma 2.5 Suppose that 6 < K(m —0) <m +0, B #0, B2 = 0. The positive equilibrium
w* of (1.1) is unstable if By < 0, B — 4A,C > 0 and

-By — /B3 - 4A,C —By + /B2 - 4A,C

<A <
240 24

for some i > 1, whereas it is uniformly asymptotically stable if By > 0, or By < 0 and Bj —
45A0C <0.

Now we consider the corresponding ODE system. Let w = (u(t), v(£))T be a positive so-
lution of (1.2). It is easy to show that u(¢) and v(¢) are both well posed. Similar to the proof
of Lemma 2.1, we can get the following stability result.

Lemma 2.6 Assume that 6 < K(m —0) <m + 0. The positive equilibrium point w* of (1.2)
is locally asymptotically stable. In particular, w* is globally asymptotically stable if 6 <
K(m—-0)<m.

Proof According to the proof of Lemma 2.1, we can easily obtain local asymptotical sta-
bility of w* for ODE system (1.2).
Define the following Lyapunov function:

E(t) = Ew)(¢) = (u— W —u*In 1) ¥ p(v—v* _— 1nl*>,
u 14

where p is a positive constant to be determined. Obviously, E(w*) = 0, and E(w) > 0 if
w #Z w*. We compute the derivative of E(¢) for system (1.2):

dE_u—u*du+ v—v*dv
it~ w a T @

1 mv* 2 m P ) )
| (- i) e o (1 e e )= |

It is easy to demonstrate that 1l< - (1+um)(+iu*) > 0 if K(m — 0) < m. On the other hand, we can

p__ 1
T+u* — 1+u*

choose p = u* and then 1 - > 0. Then we get

dE )
— <0 ifw#w"

dt
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By the Lyapunov-LaSalle invariance principle [34], w* is globally asymptotically stable. So
the proof of Lemma 2.6 is completed. d

Based on the above discussion, we now can establish some sufficient conditions for the
occurrence of Turing instability induced by cross-diffusion. Our main result in this section
is the following theorem.

Theorem 2.7 Assume that 6 < K(m —0) < m + 0. The stability of the constant equilibrium
w* is stable for the ODE dynamics (1.2) while unstable for the PDE dynamics (1.1) if one of

the following two conditions is fulfilled:
(Cl) B<0,B*-4AC >0, and _B_'ZBZ_‘LAC <hi< B VZBIZ"MC

for some i >1,
B JEEaAC ps [RTAIC
(C2) B2=0,By<0,B}~4A,C>0,and Bow/BotoC 5 Bt/ BomtAoC

240 2A0

for some

i>1.

Remark 2.8 The Turing instability refers to ‘diffusion driven instability, i.e., the stability of
the constant equilibrium changing from stable for the ODE dynamics, to unstable for the
PDE dynamics. Lemma 2.4 and Theorem 2.7 imply that cross-diffusion $; has a destabi-
lizing effect, which is helpful to the occurrence of Turing instability. Moreover, we can see
that sufficiently large cross-diffusion 8; can guarantee B < 0 and By < 0, even B> —4AC > 0
and B2 — 4A4,C > 0 under a proper parameter condition. So large cross-diffusion effect
can induce Turing instability.

3 Prior bounds for the positive steady states of the PDE system
The corresponding steady state problem of (1.1) is

-A®(w)=F(w) in&,

%—“’:0 on 0%2.
v

(3.1)

In this section, we give a priori positive upper and lower bounds for positive solutions to
the elliptic system (3.1). For this, we need to make use of the following two results.

Lemma 3.1 (Maximum principle [9]) Let g(x,w) € C(Q x RY) and bj(x) € CcQ),j=
1,...,N.
(1) Ifwe CHQ) N CYRQ) satisfies

-Aw(x) < Zﬁl b,(x)wx/. +g(e,wlx) inQ,

g—WSO on 0%,
v

and w(xo) = maxgw, then g(xo, w(xo)) > 0.
(2) Ifwe C*() N CHRQ) satisfies

—Aw(x) > Zﬁl b,(x)wx/. +glx,wx) inQ,

g—sz on 0%,
v

and w(xg) = ming w, then g(xo, w(xo)) < 0.
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Lemma 3.2 (Harnack inequality [35]) Let w € C*(2) N CY(R) be a positive solution to
—Aw(x) = c(x)w(x) with c € C(Q) subject to the homogeneous Neumann boundary condi-
tion. Then there exists a positive constant C = C(N, Q, ||c||«0) such that

maxw < Cminw.
Q Q

In this paper, we assume that the classical solution is in [C?(£2) N C'(Q)]2. The results of
upper and lower bounds can be stated as follows.

Theorem 3.3 (Upper bound) For any positive classical solution w of (3.1), there exist two
positive constants C; = Ci(d;, aj, Bj,j = 1,2,K,0), i = 1,2, such that

maxu < Cy, maxv < C,.
Q Q

Proof Problem (3.1) can be rewritten as

-A¢pr=u(l-%£ - inQ,

K 1+u
-A¢y=v({{;, —0) in%Q, (3.2)
3132 -0 ondQ
av v ‘

Let x; € Q be a point such that ¢, (x;) = maxg ¢;. Applying Lemma 3.1 to the first equa-
tion in (3.2) yields u(x;) < K and

0111( + ﬂl

)Ké C.
1

1 1 B
maxu < — maxd; = — | dy + oquley) + ———— Ju(x) < [ 1+
laxu < - -ma 1 dl( 1+ aqu(x) 1+v(x1)> (1)_<

Denote ¢ = ¢; + ¢. Let x; € Q be a point such that ¢(x,) = maxg ¢. Since

Ap=(1-L)u-0
Bl G L

from Lemma 3.1, we can obtain v(x;) < 5> < ' and

1
maxv < — max ¢ = —¢@(xy)
Q Q dy

|: di + aqu(xy) + L)u(xg) + (dz + + ozzv(xz)) v(xz)]
1+ v(x) 1

Ba
+ u(x2)

[(dl + oqu + ,31)C1 + <d2 + ,32 + CUZC}) 9:| £ Cg.

=

0 0

This completes the proof. O

mK
1+K

of (3.1), there exists a positive constant c; = ¢;(N, 2, dj, o}, B;,j = 1,2,K,m,0), i = 1,2, such
that

Theorem 3.4 (Lower bound) Suppose that # 0. For any positive classical solution w

min#u > ¢, minv > c.
Q Q
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Proof Since the inequalities

1—x_ m mu _ g

K Leu Leu < C=Cd, ), Bj =1,2,K,m,0)
d +a ﬂ ) d 13_2 i ]) ]’ ]1 ’ ) ) ) )
1 14+ 1+v 100 2+ 1+u TV loo

Harnack inequality in Lemma 3.2 shows that there exist two positive constants M; =
M;(N,Q,dj, o), 8,j =1,2,K,m,0), i = 1,2, such that

max¢; < M;ming;, i=1,2.
Q

Q
Thus,
maxgu  maxge G te1maxgu + g L= dy +01C + B
9) aP1 +ming v _ 1 1C1 1 A a2 p
- =— : - <M——— =M.
mingz ~ ming —u+ P
Q a®1 dy + oy mingu + Ty dy + 2=
By the same way, we have
maxgv maxgy 42+ T B+ ap maxg v dy + By + an C
o) < QP2 +ming u <]_V[2 2 2 242 AM/
; =— ; =SMy————F—— =M,
mingv ~ ming ba - )
) a®2 dy + Trmaxg + 02 Ming v d + {re

On the other hand, by integrating the second equation in (3.1), we have [, V(% —0) dx =

Tru

0, which implies that there exists a point y, € € such that = Z((yyll)) -0=0,ie.,
mu(y1) = 0(1 +u(y)).
So u(y1) > % and

maxgu u(yr) - 6 s,
2.

min u > — > — > y

Q M M, = mM,

Now we need to prove v has a positive lower bound. Suppose on the contrary that
ming v > ¢, > 0 does not hold. Then there exists a sequence {d1 ,, 2,1, 1,1, X2, B11> Bou ooy
WIth (dl,de,mal,m“Z,nrﬁl,mﬂZ,n) € [é’ OO) X [d_Zr OO) X [ﬂ’ OO) X [Ol_z, OO) X [&’ OO) X
[B2,00) such that the corresponding nonnegative solution (u,, v,) of (3.1) with (dy, dy, a1,

o2, ,31) ,32) = (dl,m d2,m al,n: O[Z,le ,31,711 ,32,n) SatiSﬁeS

minu, > cj, minv, - 0 asu— 09,
Q Q
and then
maxv, - 0 asn— oo. (3.3)
Q

We may assume, by passing to a subsequence if necessary, that as n — oo,

(A5 Ao, 1 Q2 Brs Pon) — (dr, Ao, 01,0, B, Bo),s

(s Vi) = (&, V).
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By (3.1) and the L” regularity theory of elliptic equations, we can conclude that u,,v, €
W?2P(Q) for any p > 1. Then, for p > N, by Sobolev embedding theorem, we have u,,v, €
C?>%(Q). It follows, by passing to a subsequence if necessary, that (u,,v,) converges uni-

formly to the nonnegative function (i, 7) in C?(2) as # — co. Then

0<c <minz <maxu <, 0 <maxv < C,.
Q Q Q

By (3.3), we note that v = 0. Moreover, since

ﬂln Uy mvy
Al | diy+ o, + : U, | =uy|1-— - s
[( br bntn 1+v, " " K 1+u,

we have

—A[(dl + ,31 + 0{117{)17!] = l:t(l - I%)

Multiplying the above equation by I_TK and then integrating the resulting equation over £,

we can obtain

d 2001 i\ >
02_/ MW&F&[&C:/ 1_1 dx> 0.
Q n? Q K

Thus, # = K and then (u,,v,) — (K,0) as n — o0. At the same time, we consider the

integral equation

mu,,
/V,,( —G)dx:O, Vn > 1.
Q 1+Mn

However, since 7% — 6 — mK _ 9 40 as n — oo, we can conclude that v, (24 _ g) is
+up 1+k 1+uy

positive or negative as # is large enough. It is a contradiction. O

4 Non-existence of non-constant positive steady states
The aim of this section is to investigate the non-existence of non-constant positive steady

states of problem (1.1) with no cross-diffusion.

Theorem 4.1 Let ;= B2 =0, 60 > mK>(1 + 02—11()' Then there exists a positive constant Dy =
Dy(N, 2, dh, 0,02, K, m,0) such that problem (1.1) has no non-constant positive steady state
provided that dy, > D,.

Proof For any U € LY(S2), denote U = llﬁ fQ U dx. Assume that w = (i, v)7 is a positive
solution of (3.1) with B; = B, = 0. Multiplying the two equations in (3.1) by ”;M” and V;V;,
respectively, and integrating the results over 2 by parts, we can obtain

di+2 7 dy + 2 v
(dq + alu)u|vu|2+( )+ a2v)v|Vv|2 dx
Q u? V2

= /Q[(fl(u, V) = fi(it,9)) (u - @) + (B, v) - (@, 9)) (v - 7) | da
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= L_l 2 m _m .
_/S;[<(1+”)(1+b_‘) K>(u & +<(1+u)(1+12) 1+L_t>(u e V)]dx

1 —\2 -2
<fg[(mv—E+e)(u—u) +Cle)(v-) ]dx,

where € is the arbitrary small positive constant arising from Young’s inequality.
Similar to the proof of Lemma 3.3 and Lemma 3.4, we can conclude that

K ~
0<515u5(1+“;—)1<écl,
1

K K d K ~
0O<a=<v< d_2(1+o;ll—1>[dl+§2+K<1+O;ll—1><al+z_§)i|éCZ'

It follows from the Poincaré inequality that

Azf [dj—czl(u— u)? + df—czz(v— 17)2] dx
Q

G N
~ 1 .y N
= /QK”“CZ K +6>(u—u) + ClOW-7) }dx.

Since mC, — % <0if

mK?(d; + 1K) oy a K
d d+ Ko+ 2 )1+ 22|,
2>d19—m1(2(d1+a11()[ L (“”92)( " )]

we may choose ¢ sufficiently small and d, sufficiently large such that mC, — % +€<0,

A2 a?c;z > C(€). Thus, we can conclude that u = i, v=v. Then the proof is completed. [
2

5 Existence of non-constant positive steady states

In this section, we shall use the Leray-Schauder degree theory to develop a general setting

to establish the existence of stationary patterns for system (1.1). Denote

X" ={weXw>0o0nQ},

B(C)={w=(u,v)" eX*|C" <u,v< Con Q},

where C is a positive constant whose existence is guaranteed by Theorems 3.3 and 3.4.
Since the determinant det[®,,(w)] is positive for all non-negative w, [®,,(w*)]™! exists
and det{[®,,(w*)]"!} is positive, thus w is a positive solution of system (3.1) if and only if

Uw)2w-(I- A)_l{[d)w(w)]fl[l’(w) + VW, (W)Vw] +w} =0 in X",

where (I- A)is the inverse of I - A in X, subject to the homogeneous Neumann bound-
ary condition. Since W(-) is a compact perturbation of the identity operator, the Leray-
Schauder degree deg(W(-), 0, B(C)) is well defined if ¥ (w) # 0 for any w € 3B(C). Further,

we calculate

Dy W (W) =1 (I A) [ @w(W*)] " Fu(w*) +1}  in L(X,X).

Page 12 of 17
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We recall that if D,, W does not have any pure imaginary or zero eigenvalue, the index of the
operator W at the fixed point w* is defined as index(W¥(-), w*) = (-1)", where r is the total
number of eigenvalues of D,, W with negative real parts (counting multiplicities). Then the
degree deg(¥(-),0,B(C)) is equal to the sum of the indexes over all solutions to equation
W =0 in B(C), provided that ¥ # 0 on dB(C).

In order to calculate 7, we employ the eigenspaces of —A. Using the decomposition (2.4)
we investigate the eigenvalues of matrix D,, W (w*). First, we know Xj; is invariant under
D, W(w*) for each i € N and each j € [1,dimE(A;)] NN, i.e., D, ¥(w*), w € X;; for any
w € Xj;. Hence, p is an eigenvalue of D,, W (w*) on X; if and only if it is an eigenvalue of
the matrix

(o) R (w) 41} = 1

+)xi

[l = [@u(w)] " Eu (W)}

So Dy, W (w*) is invertible if and only if, for any i > 1, the matrix ﬁ{kil — [®y(WH)] ™ x

F,,(w*)} is non-singular. Denote
H(\) 2 H(W*, 1) = det{ A1 - [@,,(w*)] " Ey (W)}

We notice that if H();) # 0, then for eachj € [1,dim E(A;)], the number of negative eigenval-
ues of D, W (w*) on X; is odd if and only if H(};) < 0. In conclusion, we have the following
result.

Lemma 5.1 Assume that,foreach i > 1, the matrix 3,1 —[®,(W*)] " F(W*) is non-singular.
Then

index(W(-),w*) = (-1)°, whereo = Z dimE(A;).
i1 H(3)<0

According to the above lemma, we should consider the sign of H(A;) in order to calculate
index(W(-),w"). Since

H() = det{[@,, (w*)] ™} det{3.0,, (w*) - Fy (w*)}

and det{[®,,(W*)]}} > 0, we only need to consider the sign of det{A ®,(w*) — F,(w*)}. A di-
rect calculation shows

det{ Ay (W*) — Fy(W")} = 4227 + A1A + Ag 2 q(0),

where

Ay =\dy +200u” + —ﬁl dy + —'82 + 200V" Prpouv
1+v* 1+ u*

T Arw 202

A1 = —[(dz + 132 + 20[2V*>b11 + IBIM by + ‘32‘} b ],

1+u* (1 +v*)? o 1+ u*)? -

Ao = —b12b21 > 0.
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Let A; and A, be the two roots of q(A) = 0 with Re{i1} <Re{X,}. Then
Ihy = det{Fw(w*)} > 0.

So the signs of Re A; and Re A, are identical. Perform the following limits:

A
fim 43 A(A2A% + Ay),
Bi—roo By
where
1 *p*
Ay = dy + P2 + 200V" —ﬁzu—>0,
1+v* 1+u* A+ u)2(1 +v)?
u*
—————by <0.
TRt

Then we have the following result.

Lemma 5.2 Assume that 0 < K(m — 6) < m + 0. Then there exists a positive constant By
such that for any B, > B;, the two roots A1, Ay of q(1) = 0 are all real and satisfy

_ _ A _
lim &, =0, lim A, = —A—l 2350. (5.2)

p1— o0 p1— o0 2

Moreover, we can conclude that

0< Xl < )_»2,
q(A) <0  when ) € (A1, A2), (5.3)
qg(A) >0 when A € (—00,11) U (Ag, +00).

Now we establish the global existence of non-constant positive solution to (3.1) with
respect to the cross-diffusion coefficients f;, as the other parameters are all fixed positive

constants.

Theorem 5.3 Assume that the parameters dy, dy, o1, 2, B2, K, M and 0 are all fixed and
satisfy dy > D,, % #0 and

K
m1<2<1+a;—)<9<1<(m—0)<m+9. (5.4)
1

Let X be given by the limit in (5.2). If)_» € (AyyAys1) for some n > 1 and the sum o, =
Z?:z dim E(X;) is odd, then there exists a positive constant B} such that, if p1 > B, problem

(1.1) has at least one non-constant positive steady state.

Proof By Lemma 5.2, there exists a positive constant 8; such that, if 8; > ;, (5.3) holds
and

0=A1 <A1 <Ay, 72 € (ks Ast). (5.5)

Page 14 of 17
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We will prove that for any 8; > 5, (1.1) has at least one non-constant positive steady state.
The proof will be fulfilled by contradiction. Suppose on the contrary that the assertion is
not true for some f; = B, > ;. Let B; be fixed as f;.
For t € [0,1], define
() =d, dy(t) = 2D + t(dy — 2D3),

a;(t) =y, Bi(t) = tBr, Ba(t) =t

and

®(5w) = (B1(5wW), da(t;w)) "

T
_ ((dl(t) vy (B + ﬂl—(t))u (dz(t) ; ﬂZ(t))v+ oz2(t)v) ,
1+v 1+u

and then consider the problem

-A®(t;w) =F(w) in <,

(5.6)
%—T)" =0 onadQ.

Then w is a non-constant positive steady state of (1.1) if and only if it is a non-constant
positive solution of problem (5.6) for ¢ = 1. It is obvious that w* is the unique constant
positive solution of (5.6) for any ¢ € [0,1]. From (5.1), we know that for any ¢ € [0,1], w is
a positive solution of problem (5.6) if and only if

UEw) E2w-(I- A)fl{[<1>w(t; w)]71 [F(w) + VW<I>ww(t;w)Vw] + w} =0 inX".

It is obvious that W(1;w) = W(w). Theorem 4.1 indicates that W(0;w) = 0 only has the
constant positive solution w* in X*. A direct calculation shows that

Dy ¥ (5w*) = 1— (1- A) [ @ (5w*)]  Fu(w) +1).
In particular,
D, W (0;w*) =1— (1— A) [y (w*)] ' Fu(w*) + 1},
Dy W (Lw") = 1— (1— A) [ @4 (W*)] "y (W*) + 1} = D, ¥ (w*).
Here ®,,(w*) = diag(dy + 20,u4*, 2D, + 2a,v*). Moreover, we already know that
H() = det{[@, (w)] " }g(0) (5.7)

and det{[®(Ww*)]"'} > 0.
For t =1, by (5.3), (5.5) and (5.7), we have

H() = H(0) >0,
H(x;)<0 when2<i<un,
H(\;)>0 wheni>n.
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Thus, 0 is not an eigenvalue of the matrix A;I — [®,,(w*)]'F,,(w*) for all i > 0, and

n

Z dimE();) = Z dimE(\;) = oy,

i>1,H(1;)<0 i=2

is odd. It follows from Lemma 5.1 that
index (W (L;-),w") = (-1)" = (-1)7 = -1. (5.8)
For t = 0, we have
index(W(0;-),w*) = (-1)° =1 (5.9)

from Theorem 4.1.
On the other hand, by Theorems 3.3 and 3.4, there exists a positive constant M such
that for all £ € [0,1], the positive solution of (5.6) satisfies M~! < u,v < M and ¥ (£;w) #0

on dB(M). By the homotopy invariance of the topological degree, we can obtain
deg(W¥(1;-),0, B(M)) = deg(¥(0;-), 0, B(M)). (5.10)

Now, by our supposition, both equations ¥(1;w) = 0 and W(0; w) = 0 have only the con-
stant positive solution w* in B(M). Thus, by (5.8) and (5.9),

deg(¥(1;-),0, B(M)) = index (¥ (1;-), w*) = -1,

deg(W(0;-),0, B(M)) = index (W (0; ), w*) = 1,
which contradicts (5.10). The proof is completed. 0

Remark 5.4 Condition (5.4) may be fulfilled if 2 is much larger than K, and K is rather
small in comparison with 7 and 6. Moreover, the conclusion in Theorem 5.3 coincides
with the discussion in Section 2. So we know that large cross-diffusion effect 8, is helpful

to the formation of stationary patterns.

Remark 5.5 The results of Theorems 2.7, 4.1 and 5.3 show that large cross-diffusion effect
of the first species can create not only Turing patterns but also stationary patterns (non-

constant positive steady states).
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