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Abstract

This paper is focused on the existence and uniqueness of nonconstant steady states in a reaction—diffusion-ODE
system, which models the predator—prey interaction with Holling-II functional response. Firstly, we aim to study
the occurrence of regular stationary solutions through the application of bifurcation theory. Subsequently, by a gen-
eralized mountain pass lemma, we successfully demonstrate the existence of steady states with jump discontinuity.
Furthermore, the structure of stationary solutions within a one-dimensional domain is investigated and a variety of
steady-state solutions are built, which may exhibit monotonicity or symmetry. In the end, we create heterogeneous
equilibrium states close to a constant equilibrium state using bifurcation theory and examine their stability.

1. Introduction

In the seminal paper [26], Turing proposed the concept of diffusion-driven instability (DDI), which may
explain the spontaneous formation of the pattern in developmental biology. Here, DDI is the spatial
homogeneous instability caused by the interaction of two chemical substances with different diffusion
rates. Since then, the Turing notion has become a paradigm for the pattern generation and inspired the
emergence of various theoretical models, but its biological verification has remained elusive [1, 10].

However, not all patterns are formed as a result of DDI. Some models incorporate a combination of
a reaction-diffusion equation and an ordinary differential equation. A common example of migration
involves macroalgae and herbivores, particularly since macroalgae are stationary and exist solely within
the environment inhabited by herbivore species. Furthermore, the pattern occurs not just in classical
reaction—diffusion systems in which all species diffuse [11, 12, 14, 24] but also in degenerate systems
in which certain species do not diffuse. The latter systems were modelled by reaction—diffusion—-ODE
systems, see [2, 17, 25]. A model consisting of free receptors, bound receptors and ligands was proposed
by Sherrat et al. [25], which described the coupling of cell-localized processes with cell to cell commu-
nication via diffusion in a cell assembly. Free and bound receptors are located on the surface of the cell
and therefore do not diffuse. Ligand diffuses and acts by binding itself to receptors, thereby triggering an
intracellular response that leads to cell differentiation. Their model has a built-in spatial heterogeneity
that triggers patterning. Marciniak—Czochra [19, 20] later extended their model and demonstrated that
nonlinear interactions of hysteresis type can result in the spontaneous emergence of the pattern, without
the need for spatial heterogeneity. For a detailed mathematical analysis of their work, please refer to [15,
16, 18, 21].
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In order to analyse the contribution of non-diffusive components in the pattern development
procedure, we concentrate on the following system

u cuy _
u,:r(l——)u— , 1>0, xeQ,
K m+ bu
Bcuv

=d,Av — , t>0, xe, 1.1
v LAV av+m—|—bu >0, x (1.1)

arVZO, [>O, xeaQ,
Lt(.x, O)ZMO(X)20’¢O V(-x7 O)ZVO(X)E()’iOXGQ’

where u and v represent the population density of the prey and predator, respectively; d, represents
the predator diffusion rates; 2 is a bounded domain in the Euclidean space R with smooth boundary,
denoted as 32; A is the Laplace operator in RV; 7 is the unit outer normal vector on d€2. The parameters
r,m,c, b, a, B, K are positive constants.

The case is interesting because a scalar reaction—diffusion equation typically cannot produce sta-
ble spatially heterogeneous patterns [5]. While it is true that problem (1.1) does not exhibit stable
Turing-type patterns, it is worth noting that DDI (Diffusion-Driven Instability) can still occur by select-
ing suitable parameters. Interestingly, under certain conditions, the stationary problem associated with
equation (1.1) can be simplified into a boundary value problem for a single reaction—diffusion equation
featuring a discontinuous nonlinearity, which leads to the emergence of positive solutions with jump
discontinuity. There is a lot of work on such issues, such as [6, 27, 32]. Hence, the focus of this paper is
studying the stationary problem associated with equation (1.1).

u cuy —
r(l——)u— =0,xeQ,

K m+ bu
d,Av —av + peuv =0, xe, (1.2)
m—+ bu
0;,v=0, x € 0.

For convenience, we let

u cuy cuy
fl(u’v)zr(l_§>u_m+bu’ ﬁ(u’v):_av+m/3+bu'

The main findings of our current work can be summarized as follows. To begin, we carefully select
suitable coefficients a, ¢, m, b and B in order to ensure that the kinetic system (without considering
diffusion) of problem (1.1) possesses only one positive equilibrium (i, v;) located on the right branch,
as depicted in Figure 1(b). Then, by a variational approach to bifurcation methods, we show the existence
of regular stationary solutions of problem (1.2). Next, by transforming the problem into a boundary
value problem for a single equation involving v(x), we establish the existence of a discontinuous solution
(u(x), v(x)) for problem (1.2) using the generalized mountain pass lemma (Theorem 4.1). This solution is
characterized by a jump discontinuity in u(x) and Av(x). The innovation of our current research is from
the presence of a discontinuous nonlinearity in the reduced problem for v(x), which results in invalidating
the general mountain pass lemma introduced by Ambrosetti and Rabinowitz [3]. Fortunately, Chang [7]
expanded the existing theory to handle problems involving partial differential equations that contain
discontinuous nonlinearities. It appears that this approach is suitable for our specific issue, allowing us
to solve challenges we faced.

We analyse problem (1.2) within the one-dimensional domain [0, 1] to know the structure of pattern
formation. Under certain conditions on the coefficients, the equation f; (i, v) = 0, where u > 0, has three
distinct branches. These branches can be represented as u = hy(v) := 0, u = h(v), and u = h,(v), with the
feature that hy(v) < hi(v) < hy(v) (see Figure 1). To begin, we select a non-negative constant y € (0, v})
and utilize the functions u = hy(v) and u = h,(v) in the following manner: u = hy(v) forv <y and u =
h,(v) for v > y. Subsequently, the equation (1.2) is transformed into a boundary value problem for v(x),
which has discontinuous nonlinearity.

Next, by considering all values of the diffusion coefficient d,, we are able to construct monotone
solutions for this particular equation, and they are then used to construct symmetric solutions through
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Figure 1. Nullclines for fi(u,v) =f,(u,v) =0. The blue curve represents the solution of f,(u,v) =0,
while the red curve represents the solution of f-(u,v) =0. In (a), we select a=0.4, b=1, m=0.3,
K=08 c=1, =14, r=0.3. In (b), we select a=0.4, b=1, m=03, K=0.8, c=1, 8=0.6,
r=0.3.

the process of reflecting the monotone solutions, as described in Theorem 5.1. In order to demonstrate
Theorem 5.1, we employ the shooting way, which was used in the research of Takagi and Zhang [28].
Furthermore, by selecting a smaller interval for 8 within the range of (0, v;), we can establish the unique-
ness of solutions for any given d,. This is accomplished by employing another form of shooting method
[22], as demonstrated in Theorems 5.2 and 5.3. Moreover, the mode of (u(x), v(x)) refers to the num-
ber of points at which v"(x) is discontinuous. Specifically, an n-mode solution v,(x) (n > 2) implies that
there are exactly n points of discontinuity in v/ (x). Notably, a one-mode solution v,(x) shows that v, (x)
is either monotone increasing or monotone decreasing on [0, 1].

Finally, with the aid of bifurcation theory [8], we create nonconstant continuous stable states close
to (3, vy) within the one-dimensional space domain of [0,1] and investigate their instability.

The paper is divided into five sections: In Section 2, we present preliminary results on nonlinear
functions f; and f; that will be utilized in the subsequent sections of this paper. In Section 3, we construct
regular stationary solutions of problem (1.2) utilizing the bifurcation theory. In Section 4, we prove the
existence of discontinuous stationary solutions of problem (1.2). In Section 5, we not only construct
steady states with jump discontinuities but also explore various types of these states, and these steady
states can exhibit monotonic or symmetric behaviour. Additionally, we verify the uniqueness of these
steady states under certain additional conditions. In Section 6, the investigation focuses on the stability
of stationary solutions.

2. Preliminaries
We shall discuss certain properties of the functions f; and f, that will be applied in this paper.

Proposition 2.1. If Kb > m and u > 0 hold, then f,(u, v) = 0 has three distinct branches: u = hy(v) =0
forv e (— 00, +00), u=h,(v) forv e (rm/c,vy) and u = h,(v) for v € (— 00, vy), where

(1= =) on+ by
r({l——)(m+bu
uMsz_m, vy = K ! > 0.
2b c
Proof. If fi(u,v) =0, then
u=0 or r(l—ﬁ)— v =0.
K m—+ bu

It is easy to obtain that v=r (1 — %) (m 4+ bu)/c has a maximum point (i, vy ), Where
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Kb m (1——) (m+buM)
Uy = 2 Vu = - 2.1
When Kb > m, then u,, > 0, which shows that
v:p(u):r(] — %) (m+bu)/c 2.2)

is monotone increasing in (— 0o, uy), while monotone decreasing in (u,;, +00). As a result, for v €
P(0),vy) = (rm/c,vy), u=h;(v) is monotone increasing with respect to v, and for v € (— oo, vy),
u = h,(v) is monotone decreasing with respect to v. Direct calculations provide u,, < K. Based on the
expression of vy, in (2.1), we easily deduce that v, > 0. O

Proposition 2.2. Assume that Kb > m and Bc > ab hold. Then,
(i) (u;, v3) is a positive solution of fi(u,v) = fo(u,v) =0 for uy, < am/(Bc — ab) < K and it is on the

*

branch u = hy(v), where u; = am/(Bc — ab) and vy =r <1 — u_) (m+bus)/c;

(i) (u3, vy) is a positive solution of f,(u, v) = f2(u, v) =0 for 0 < am/(Bc — ab) < uy and it is on the

*

branch u = h,(v), where uy; = am/(Bc — ab) and v =r <1 — M—) (m + buy)/c.

Proof. We omit the details because the proof is elementary. O

Proposition 2.3. Assume that the Proposition 2.2 (i) holds, we have the following results.
(i) fo(ho(v), v) <0 for v € (0, +00) and f,(h,(v), v) > 0 for v € (0, v}).
(ii) d‘fz(ho(v) v) <0 for ve(—o00,400) and there is a constant de (0,v5) that ensures

d‘fz(hz(v), v) < 0 for a, vil.
Proof. (i) Obviously,
flhy(v),v)=—av <0 for ve(0,+00).

Then, we find that u = h,(v) > uj for v € (— oo, v3) and Bcu/(m + bu) is monotone increasing with
respect to u. So
Behy(v) Beu
—— —a>
m + bh,(v) m+ bu;
This shows that f,(h,(v), v) > 0 for v € (0, v}).
(ii) By direct calculations, we get

—a=0.

d
R f(hy(v),v)=—a <0 for ve(—o0,+00),
y

Behy(v) a) L, Bemliy)
m + bhy(v) (m + bhy(v))*
Recall that /. ,(v) <0 for v € (— oo, vy) from the Proposition 2.1 proof. Combining this with —a +
ﬂchz(vz) /(m+ bh,(v3)) =0, then we get i sz(hz(v) V)| vy < 0. By continuity, there exists a constant
de (0, v3) such that d‘fz(hz(v) v) < 0 for (d Vil ]

d . B
Efz( 2(v), V)= (

3. Existence of regular stationary solutions

In this section, we mainly show the existence of regular stationary solutions of problem (1.2). Firstly,
we review the results of [4] and express them in a form that [4] is already suitable to deal with a system
consisting of PDEs and ODEs. Thus, we deal with a solution (u, v) = (u(x), v(x)) to the boundary value
problem
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fu,v)=0, xe Q, 3.1
dyAv+gu,v)=0,x €, ’

with arbitrary C*—functions f and g, with constant d, > 0, and in an open bounded domain 2 C R" with
a C*—boundary. A, represents the Laplacian operator and Neumann boundary conditions.

Definition 1. (/4]) A solution (u,v) = (u(x), v(x)) of problem (3.1) is called weak if
(i) u is measurable,
(i) v e WH(Q),
(iii) g(u, v) € (W'2(Q))* (the dual of the space W'*(R2)),
(iv) the equation f(u(x), v(x)) = 0 is satisfied for almost all x € <2,
(v) the equality

—d, / Vv(x) - VE(x)dx + / gu(x), v(x))t(x)dx =0
Q Q

holds for all test functions ¢ € W' ().

Definition 2. ([4]) The weak solution of problem (3.1) in the sense of Definition 1 is called a regular
solution, if there is a C*-function 0 : R — R such that u(x) = 0(v(x)) for all x € Q.

Remark 1. It is easy to find that every regular solution of problem (3.1) satisfies
J@(x),v(x)) =f(OWx)),v(x)) =0 forall xeg,
where v = v(x) is a solution of the elliptic Neumann problem
A Vv+P)=0 for xeQ (3.2)
with P(v) = g(6(v), v).
Proposition 3.1. Assume that N < 6. Let y € C;(R) satisfy y(0) = y'(0) = 0. There is a sequence of num-

bers d, — d, and a sequence of non-constant functions v, € W"(2) such that ||v||y12 — 0 and which
satisfies the boundary value problem

dxArvs + ()"l\ + d2 - d.v)v.v +y(vv) = 0 for X e Q (33)

Proof. We prove this lemma using the Rabinowitz bifurcation theorem of the variational equation [23].
Then, assume that

(i) M is a real Hilbert space,

(ii) X € C*(M, R) with X'(u) = Lu + Z(u),

(>iii) L is linear and Z(u) = o(||u||) at u =0,

(iv) A is an isolated eigenvalue of L of a finite multiplicity. If these assumptions hold, by [23], we
know that (X, 0) € R x M is a bifurcation point of

A(u,vy=Lv+Z({v) — uv=0. (3.4)

Thus, for ||v|| # 0, the solution (u, v) of the equation (3.4) is present in each neighbourhood of (A, 0).
And we apply the usual Sobolev space M = W'?(2) with the equivalent scalar product

(u, v)Wl,z(Q)zf Vu~Vvdx+/ uvdx
Q Q

and the functional

td
nmzk;2/#a+famu
Q Q

with S(v) = fov y(s)ds. It is easy to find that X € C(W'?(£2), R) and X(v) is differentiable in the Fréchet
sense for each v € W'?(2). By simple calculation, we have

DXO)¢ = (o + o) / vedx+ / )¢ d
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with DX € C(W'*(2), Lin(W'?(R2), R)). The second Frécher derivative at the point v € W'*(Q) is
represented by the bilinear form

(DZX(V)C,K>=()\/(+CZ2)/ {de—i—/y’(v)g“lcdx.
Q Q

Next, we prove that D’X(v) € C (W'*(2), Lin(W'*(), Lin(W'*(), R))). For v, — v in W'*() and
¢,k € WH(Q), we estimate

{(D*X(v,) = D*X(")¢, k) | S/ Y ) = Y WIIE ||k |dx
Q

smm@/m—wmmw
Q

=Y Mool v = VIS sl 13

<Y Mool v = vilwr2 118 w2l iz

The last inequality comes from the Sobolev embedding assuming N < 6.
Particularly, we have for each test function £ € W'?(Q)

ﬂmo=m+@/ww+/ﬂmwsmm+mmn

Therefore, we can find that H(v) = o(||v||w12) as ||v||wi2 — 0 by assuming y = y(v). It is easy to find that
=1 is an isolated eigenvalue of the operator L with finite multiplicity. So, we obtain

Lv(f) = (v, {)yiag forall ¢ e W (Q),

that is

(s —I—dz)/v{dx:/VVoV{dx—}—/‘v{dx forall ¢ e W"(Q).
Q Q

Q

Obviously, we can reduce to the eigenvalue problem for A,. Now, the property that A, is an isolated
eigenvalue with finite multiplicity is applied. So, by the Rabinowitz Theorem [23], we can find that
(1, 0) is a bifurcation point of (3.4) which means that there is a sequence of numbers d; — d, and nonzero
{v,} € W'¥(2) such that ||v,||y12 — 0, satisfying

Lvs({) + Z(Vs)(é‘) - dx <Vs’ ;)1,2 = 0 for all { € WIVZ(Q)s

which is equivalent to the equation satisfied by the weak solutions v, € W'?(£2) to problem (3.3)

_ds / vv.r : Vé‘dx + ()"k + d2 - dr) / ng-dx + / y(vs)gdx =0
Q Q Q

for all ¢ € W'2(Q). O

Proposition 3.2. Assume that N < 6. Suppose that (u,v) € R* is a constant solution of problem (1.2)
such that f(u,v) = 0 and g(u, v) = 0. We use the following notation

ay=f,(u,Vv), bo=f1u,v), co=gWv), dy=gu,v) (3.5
and assume that
1 ag b()
ay#0 and —det =d,\, >0, 3.6)
ay ¢o do

for some A, eigenvalues of —A.. Then, there is a sequence of real numbers d;, — d, such that the
Jfollowing perturbed problem
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{f(u, v) =0, xeqQ, (3.7)

dxArv + (dZ - d.v)(v - v) + g(uv V) - 07 X e Q,
has a non-constant regular solution.
Proof. We construct non-constant solutions to the reaction—diffusion—ODE system by Proposition 3.1.
In the following, we define an open ball with a radius of p > O that is centred at v as B, (V). First, we show
that only a finite number of v, can be constant in Proposition 3.1. If there is a constant subsequence {v,“ }
that satisfies the equation (3.3) such that v,, — 0, then we know that y'(0) = —A,, which is obviously a
contradiction.
Next, since detf, (%, V) #0, for all V € (B,(v)), we obtain that there is a p >0 and a function
6 € C*(B,(v)) such that 0(v) =u and f(6(V), V) =0. Then, for all V € (B,(V)), we prove that P(V) =
g(0(V), V) satisfies P(v) =0 and P'(v) = d,A; > 0. It is easy to find that P(v) = g(6(v), v) = g(u, V) = 0.
In addition, differentiating the function P(V) = g(6(V), V) gets
P'(V) =g, 0(V), V)O'(V) + g,(0(V), V). (3.8)
On the other hand, we differentiate the equation f(0(V),V)=0 to obtain f,(6(V), V)§'(V)+
£,(6(V), V) =0, or, equivalently,
6'(V)=—f£,"' O(V), V)I,(B(V), V). (3.9)
In the end, choosing V =, substituting equation (3.9) into equation (3.8) and by (3.5) we have
P'() = =g, (00), V)f, (0F), VLOF), V) + 2,0(), V) = —coay ' by + do.
Notice that

_ _ _ 1 0 _ l do 0
Codo bo + d() - det(o —Coaglbo + d() - ay det Co _Coaalbo + d()

| 1 | (3.10)
“ae ()67 ")) = aeelid)
So, P'(v) =do2 > 0.
Next, P represents an arbitrary extension of the function P to the whole line R that satisfies
PeCXR) and P(V)=P(V) forall Ve (B,)). (3.11)
By Proposition 3.1, we have a sequence d; — d, such that
d Ay + (dy —d)(v, — V) + P(v) =0 for xeQ (3.12)

has a non-constant solution v, € W'?(Q2). Indeed, It is sufficient to search for these solutions in the form
v, =V 4+ m,, where m, satisfies

d.A;m,+ (P (%) 4+ dy —dym, +y(m) =0 in (3.13)

with 72 (v) = dy, and y(m,) = h(v + m,) — h (¥)m, satisfies y € CX(R), y(0) =0, and y'(0) = 0.

Next, we can find the solutions m, of problem (3.13) by Proposition 3.1. Therefore, according to
the standard elliptic theory, we have ||m,||y22q) — 0. By the bootstrap arguments using the elliptic
L, estimates and the Sobolev embedding theorem, we know that |[m,]||w24q, — 0 for g > % and hence

|||z — 0. Particularly, by (3.11), if [|m||o < p, we get h(v,) = h(v + m,) = h(v + m,) = h(v,). So,

the nontrivial solution of problem (3.12) is v, =V + m,, where A is changed to p. In the end, we define
u, = 6(v,) to get a nontrivial regular solution of problem (3.7). O

Now we apply the previous results to the specific reaction—diffusion—-ODE model (1.2). So, (1.2) may

be rewritten as
u cuy —
r(l——)u— =0,xe,

d,A,v—av+ s =0, xeQ.
m—+ bu
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By simple calculation, it is easy to see that problem (3.14) has trivial equilibrium (u;, v;) = (0, 0), semi-

trivial equilibrium (u,, v,) = (K, 0), and if 0 <

m b’ then (i3, v3) = (u*, v*), where

* *

u' = , %
Bc—ab K(Bc — ab)? akK

am _ Bmr[K(Bc — ab) — am] _ Bru*(K — u*)

We always assume that a < and u* < K.

Theorem 3.3. Assume that 2u; > K. For a, b, ¢, r, m, B, K are all positive constants and for a discrete
sequence of the diffusion coefficients d, > 0 problem (3.14) has a regular stationary solution.

Proof. We consider a solution (u3,V;) of problem (3.14_) and use Proposition 3.2 with the constant

2
stationary solution (u, V) = (u3, v3). Since 2u; > K, 1 — % < 0, that is, a, < 0. By simple calculation,
we can find that

2ruis cmvs CclUy
r—— - — _ _
ao by K (m+bus)?  m+bus Bcmvs cu
det = _ = — . — > 0.
¢o dy Bemv, 0 (m + bii;)?  m + biis
(m + biiz)?
As a result, for some eigenvalue A; > 0, we may select d, > 0 to satisfy equation (3.6). O

4. Existence of steady states with jump discontinuous

In this section, we prove the existence of non-constant solutions of problem (1.2) by applying a gener-
alized mountain pass lemma due to Chang [7, 31]. According to the first equation of (1.2), we obtain
u=hy(v), u=h;(v) and u = h,(v). Applying the functions u = hy(v) and u = h,(v), we get the following
single boundary value problem for v alone

hAV+1](1)=0, x€Q,
{8rv=0, rea, @D
where
y fZ(hO(V)’ V) =—av, v< y];
FO= thaorn=—av+ Ly <y <, 42

and y € (§,v}). Note that & = p(0), where p(0) has been defined in (2.2).

Theorem 4.1. Assume that the hypotheses of Proposition 2.2 (i) hold, then problem 4.1 has at least one
classical nontrivial solution v(x) so that 0 < v(x) <Vj. Particularly, v(x) must cross y.

Remark 2. By classical nontrivial_solution, we mean a solution v(x) of (4.1) such that v(x) # 0, v(x) #
Vi, v(x) e C () and Av(x) on the 2 has jump discontinuity.

To prove Theorem 4.1, we first generalize f; (v) toﬁy (v), as follows

_ 40 for v <wy,
L= Behy(vu) 4.3)
—a(y — _ _PERVMI ) g i
av—vy)+vy |—a+ DI orv > vy
and consider
A+ (1)=0,x€Q,
{BTVZO, x €. @.4)
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Sincef{ (v) discontinues at v =y, we search for the solution of (4.4) in W'?(2). The energy functional
J4,(v) connected to (4.4) is described as follows

sz(v)z%/ |Vv|2dx—/ G” (v)dx, 4.5)
Q Q

where G” (v) = fovfzy (s)ds. Moreover, we endow W'2(2) with the norm

||v||:(/ |Vv|2dx+/v2dx>'.
Q Q

Note that v =0 and v = v; are two constant solutions of (4.4). As a result, the proof will be divided into
two cases: Case 1 J,,(0) <J,,(v5) and Case 2 J,,(0) > J,,(v5).
Firstly, we consider Case 1. Let s =v — v; and Q,,(s) = J,, (s + ;) — J,,(v3). Then

Q4 (5) = % / |Vs|*dx — / (G"(s +Vv3) — G"(vy))dx (4.6)
Q Q

Here, we rephrase the definitions of the generalized gradient, Palais-Smale condition (henceforth
denoted by (PS)), and the generalized mountain pass lemma in the context of our problem.

Definition 3. If Q : W'*(Q2) — R is a locally Lipschitz continuous function, then for each ¢ € W'*(Q),
we can define the generalized directional derivative Q°(s; ¢) in the direction ¢ by

Q°(s; )= lim Q(S+”+V¢)—Q(S+u),

u—0,r}0 r
and the generalized gradient of Q(s) at s, denoted by dQ(s), is defined to be the subdifferential of the

function Q"(s:¢) at0. That is, yr € 9Q(s) C (W'3(Q))" ifand only if (. $) < Q"(s:9) for all ¢ € W'(R),
where (W'2(Q2))* is the dual space of W'?(Q).

Definition 4. We say that a locally Lipschitz continuous function Q satisfies the Palais—Smale condition
(P.S.) if any sequence {s,} C W'*(Q) for which {Q(s,)} is bounded and i(s,) = wﬁalgl ) Y w2y — 0

possesses a convergent subsequence.
Theorem 4.2. ([7]) Let Q(s) be a locally Lipschitz continuous function on W'*(Q) which satisfies (P.S.)
and assume that
(i) Q(0) = 0 and there exist positive constants p, o such that Q > 0 in B,\{0} and Q > o on 9B,;
(ii) there is an e € W'(R2), e # 0 such that Q(e) < 0.
Then Q(s) has a critical point. Here, B, = {s e W2(Q)| |Islw2@ < p}.

Next, we prove that Q,, (s) satisfies all the assumptions of Theorem 4.2.

Remark 3. If 0 € 90,,(s), then the critical point of Q,, is s € W'?(L2), as stated in [7]. Once we obtain
a critical point s of Q,,(s), then v = s 4 v; is a critical point of J,, (v).

Proposition 4.3. Assume that hypotheses of Proposition 2.2 (i) hold. Then Q,,(s) is a locally Lipschitz
continuous function on W'().

Proof. According to the definition of ]7; (v) in (4.3), we rewrite equation (4.6) as

Q4(s)=R"— / /S (W (w +v3) — " (v3))dwdx, 4.7
Q JO

% d 2 a 2 TS 12 ; ; :
where R* = 5 fQ |Vs|*dx + 3 fQ s°dx. Clearly, R* is C' on W'*(2) and hence locally Lipschitz contin-

uous. On the other hand, we know that #¥ (v) =0 if v < y, ¥ (v) = Bch,(v)v/(m 4+ bh,(v)) if y <v <vy,
and 1’ (v) = Bchy(vy)vy /(m + bhy(vyy)) if v > vy, Thus, we find that there exist a constant a; such
that |h”(v) — h”(v5)| < a, for all v € R, which means that |h”(s +Vv;) — k" (V)| < a, for all s € R. Let
H(s)= f(; (h"(w+v;) — b7 (v;))dw and B(s) = fQ H(s)dx. Then
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s1
[H(s,) — H(sy)| < | / |hV(W+ V) — hV(V§)|dW| <ayls; — 5l;
52
so that
|B(s)) — B(sy)| < aI/ |s1 — $2ldx < aymes(2)'?|[s; — $2l20
Q

<aymes()"?||s; — S2llwi2 - (4.8)

Therefore, B(s) is a locally Lipschitz continuous function on L*(£2) and W'*(£2). From this, it can be
concluded that Q,,(s) is locally Lipschitz continuous on W'*(£2). O

Proposition 4.4. Assume Proposition 2.2 (i) holds. Let {s,} C W'*(Q2) be a sequence such that

{de (s,,)} is bounded and A(s,) = min ||¥||wi2qy — 0asn — oo. Then {s,} possesses a convergent
V€04, (5n)
subsequence.

Proof. By Proposition 4.3, we know

d
0u(s)="2 / Vs, Pdx + & / sidx — / H(s,)dx
2 Q 2 Q Q

.
= Jmin (ds, ) [l [yz, — mes()" 15, 2o

Thus, {s,} is bounded in W'?(Q2) and there is a weakly convergent subsequence {sn,.} with limit
so in W'(Q2). Since W'?*(Q) — L*(R2) is compact, {sni} is strongly convergent in L?(2). Recalling
Proposition 4.3, both B(s) and Q,,(s) are locally Lipschitz continuous. So, according to Definition 3,
the generalized gradients of B(s) and Q,,(s) with respect to s do exist and they are denoted by dB(s) and
00,,(s), respectively. Note that

9Q4,(sy) C {Ls,} — 0B(s.), (4.9)

where L is an elliptic differential operator such that Ls = —d, As + as. We have applied Propositions (4)
and (3) of [7] to prove (4.9). Since A(s,) — 0 as n — oo, there is a sequence p,, € dB(s,) such that

Ls, — p, — 0 in  (W"(Q))".

Because of p,, € 0B(s,), {,o,,,} is bounded in L*(€2). This can be demonstrated by noting that B(s,.) is
locally Lipschitz continuous on L*($2) according to (4.8). Therefore, there is a subsequence {n:} of {n;},
which satisfies that { p,,,c} is weakly convergent to p, in L*(2). Therefore, it is strongly convergent in
(W'(Q))". So,

Ls,— py in  (W"(Q)),
which shows that s,, — (L)™' py in W'(2). O

Proposition 4.5. Assume that Proposition 2.2 (i) holds. We get
(i) 04, (0) =0 and there are constants p > 0, a > 0, which satisfy that Q,, > o if ||s||w12) = p;
(ii) there is an e € W' (Q), ||e||wi2 > p, which satisfies that Q,,(e) < 0.

Proof. (i) By (4.7), we know Q,,(0) = 0. Moreover, we can rewrite (4.7) as follows
0u)=5 [ Wstar+ [ @ womsas
- / /X(hy(w +v3) — B (v3) — (W), (v))w)dwdx (4.10)
From the definitions of f5(h,(v), v) iS;l (:1).2) and k7 (v) after (4.7), we know f,(h,(v), v) = —av + b’ (v),

which implies d,f,(h,(v), v) = —a + (h"),(v). By the proof of Proposition 2.3 (ii), we see 0.2(ha(V3), v3) <
0, so there is a constant a, > 0 such that a — (h"),(v;) > a, for all x € Q.
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Let ®(s) =h"(s +Vv;) — h"(v5) — (0"),(v3)s and W (s) = j: d(w)dw. It is easy to see that P(s) = o(|s]|)
at s = 0 uniformly in x € Q. Thus, for any ¢ > 0, there exists a § > 0 such that |W(s)| <us? if |s| <§. In
addition, in the proof of Proposition 4.3, we can recall the following that |h”(w + v;) — " (V})| < ay,
which leads to the conclusion that for every € € (1, (N 4 2)/(N — 2)), there exists a constant a; > 0 such
that |h”(w 4+ v3) — h"(v3)| < a; + as|w|® for all we R. This means that there exists a constant a, >0
such that [H(s)| = | [, (h”(w +v3) — h" (v3))dw| < ay]s|**" for |s| > 8. Thanks to the Sobolev embedding
theorem, we get

d
0,(5) =2 / \Vs|2dx + = / Pdv— | H(s)dx
2 |s|>6& 2 |s|>68 |s|>&
d> 2 1 *\) o2
+—= |Vs|“dx + > (a—(h"),(v3))s dx — W (s)dx
Is <6 Isl <8 Isl <8
d
> 2 |Vs|*dx + c—l/ s*dx — cs| 5] [y g,
|s|>8 |s|>6
d
+2 | \vsPax+ (% N

|s|<8 Is|<8

> 6151 [3120) — 51151y = (@6 — as|1s]15 )81 51200)
with some positive constants as and as. Therefore, let p = (as/2as)"/“~, we can see that Q,,(s) = 0 for
[Is] w12 < p if and only if s = 0 and that O, (s) > (as/2)p* = « for ||s]|wi2@) = p.
(ii) By selecting e = —vj3, we derive Q,,(e) = J4;,(0) — J,4;,(v5) <0 from Case 1. O]

Using Theorem 4.2, we find that Q,, has a critical point s(x). Then v(x) = s(x) + v} is a critical point
of Q,,. Now, we examine Case 2. Similarly to Propositions 4.3 and 4.4, we can show that Q,,(v) is
also locally Lipschitz continuous on W'?(£2) and satisfies (PS). Hence, it is also crucial to establish the
following Proposition.

Proposition 4.6. Assume that Proposition 2.2 (i) holds. We conclude that
(i) Q4,(0) =0 and there are constants p; > 0, c; > 0, which satisfy that Qu, > o if ||V||wi2 = o1,
(ii) there is an e, € W'*(2), ||e1||wi2) > pi, which satisfies that Q4,(e,) < 0.

Proof. (i) Obviously, we know Q,,(0) = 0 by (4.7). Similarly to (4.10), (4.5) can be rewritten as follows

d v
0, =2 / \VvPdx + = / Vidx — / / B (w)dws. 4.11)
2 Q 2 Q QJO

Since h”(v) =0 if v < y, we know that there exists a &, € (0, y) such that fov h (w)dw =0 for |v| < é;.
Then, by the definition of h”(v), we obtain |h” (w)| < a; with a constant a; > 0, which implies that for
every € € (1, (N 4+ 2)/(N — 2)), there exists a constant ag > 0 such that | (w)| < a; + ag|w|® forall w
R. This shows that there is a constant a, > 0 such that | fov h (W)dw| < ao|v|*™! for |v| > §,. Then repeating
the proof of Proposition 4.5, we can show that there exist positive constants p,, ; such that Q,, > «; if
[Vllwi2@ = p1. (ii) Let e; = v5. Then it is easy to know that Q,,(e;) = J,;,(v5) — J4,(0) < 0 according to
Case 2. O

Using Theorem 4.2 again, we can show that Q,, has a critical point v(x).

Proof of Theorem 4.1. A critical point v(x) of Q,, has been found. In fact, v(x) is a weak solution of
(4.4). We can obtain that v(x) is a classical solution of (4.4) by the elliptic regularity theorem [29].
Now, we demonstrate that 0 < v(x) < v;. Because the proof for 0 <v(x) and v(x) <v; are similar,

we only show that v(x) <vj. Let v(x;) =max v(x) > v;. If x; € Q, then d,Av|,_,, <0, which means
xeQ
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that Ey(v(xl)) > 0. But by the definition of Ey(v), we find ﬁy(v(xl)) <0, which is a contradiction. If
x, € , there is a ball Bx(ry) C Q centred at r, € 2 of radius R, which satisfies 92 N B(ry) = {x,} and
v(x) < v(x;) in Bg(ry). Since v(x,) > v;, it follows from continuity that v(x) > v; in Bg(r,), provided ry is
sufficiently close to x; and R is small enough. So f2 (v(x)) < 0 for x € Bg(ry), which shows that d, Av > 0
in Bg(ry). In addition, v(x) < v(x;) in Bg(ry). By employing the Hopf boundary point Proposition (see,
e.g., Chapters 8 and 9 of [13]), we observe that d,v > 0. This is in contradiction with the boundary con-
dition 9,v = 0. Thus, v(x) <V} on Q. Since fJ (v) =f; (v) for all v < vy, any classical solution v(x) of
(4.4) is also a classical solution of (4.1).

Finally, we demonstrate that v(x) crosses y. Otherwise, we can suppose that y < v(x) <v; for all
xe Q. According to Proposition 2.3 (i), we find that £ (v) = f>(h,(v), v) > 0. So, fg L(h,(v),v)dx > 0. In
addition, integrating the first equation of (4.1) over €2, we get fQ )= f o 2(h(v), v)dx = 0. This only
holds if v(x) =v;. So we have a contradiction. Similarly, we can demonstrate that 0 < v(x) < y for all
x € Q is also invalid. O

Remark 4. Suppose v(x) is a solution of (4.1) and define
v(x) <y,
ne = { () () > .

Then, (u(x), v(x)) forms a stationary solution of problem (1.2).

5. Monotone and symmetric solutions

In this section, we focus on the construction of monotonic and symmetric solutions of (4.1) in the one-
dimensional space domain [0, 1] through the method in [31]. Therefore, (4.1) can be expressed as

V' 4+ (v)=0, x€(0, 1),
{ VvV(0)=v'(1)=0.
Firstly, to recall that in the introduction, a solution V, | (x)(n > 2) for an n-mode means that the number
of points of discontinuity for V,  (x) is n.
First of all, we fix y € (&, v;) and follow the method in [28] to construct monotonically increasing
and symmetric solutions to (5.1) for each d, > 0,where £ = p(0) has been defined in (2.2).

G.D

Theorem 5.1. Assume that Proposition 2.2 (i) and d, > 0 hold. For every y € (§,v}), problem (5.1) has
a monotonic increasing s_olution Vi.+(x; dy). Furthermore, the equation (5.1) has an n-mode symmetric
solution 'V, (x; d,) with d, = n*d, for each value of n > 2.

Proof. We divide the proof into two steps.
Step 1. We consider the following initial value problems

d,V' —av=0, x € (0, ny),

{ VO)=0. )=y, (52)
V' + f(h(v),v) =0, x€(ng, 1),

{ )=y,  V()=0, (53)

where n, € (0, 1). It is easy to find that W;(x; n, d,) is a unique monotone increasing solution to problem
(5.2) for every d, > 0, where
Wo(x; ng, d ————coshy/a/d,x.
0( 0 2) oshmno / 2:

Next, we prove that problem (5.3) has a unique monotone increasing solution W, (x; ny, d,) for every d, >
0. Since f>(h,(v5), v3) =0, fo(h(v), v) > 0 for all v € (0, v3) and 9,/5(h,(v5), v;) <0 by Proposition 2.3,
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there exist 0 < n; < n, such that —n,(v —v3) < fo,(h(v), v) < —ny(v — v3) for v < v;. In order to find a
solution of (5.3), we study the following initial value problems for i =1, 2

{ V' —n(v—=v;)=0 xe&(ngyl),
ving) =y, V({1)=0.

Let Y;(x; ny, d,) be respective solutions of problems (5.4) for i=1,2. Then it is easy to find that
Yi(x; ng,d,) is a lower solution of (5.3) and Y,(x;ng,d,) is an upper solution of (5.3). For sim-
plicity, we let G,,(x; a) = cosh(a(l — x))/cosh(a(l — ny)). Simple calculations yield that for i =1, 2,
Yi(x; no, db) = (y — v3)G,, (x; /n:/dy) + vi. We claim that Y,(x; ng, da) < Ya(x; ng, ds), let Y(x; ng, d) =
Y, (x; ny, dy) — Y,(x; ny, d»). Then Y(x; ny, d,) satisfies

Y = (Y, —vy) —m(Ya — Vi) >n Y xe(ng, 1),
Y(k;ng,dr) =0, Y'(1;n0,d,)=0.

If Y(xp; no, d) = max Y(x; ny, d,) > 0 at some xy, € (ny, 1), then
x€lng,1]

(5.4)

0> dyY" (x5 o, do) > 1, Y (pg5 1o, ) > 0.

This is a contradiction. So, Y, (x; ny, d») < Y,(x; ny, d,). We verify that (5.3) has a solution W,(x; ny, d,)
by using the upper and lower solution approach.

Next, we show the uniqueness of a solution for (5.3). By the comparison method, we can guarantee
the existence of a maximal solution W,,(x) and a minimal solution W,,(x) such that

Yix) < W,(x) < Wy(x) < Y (x).

Letfz(v) =fHh(),v) /v, then]N‘z(v) is strictly decreasing in v. Due to Wy, (x) and W,,(x) satisfying (5.3),
we see

Wy, +H(Wy)Wy =0, x € (no, 1), (5.5)
and

LW +F(WdW, =0,  x€ (. 1). (5.6)
Multiply (5.5) by W,, and multiply (5.6) by W,,. Then we obtain

1
0= / (d: Wy + LWi) W)W, — (W, + fo(W,)W,) W)y )dx
ng

= (W, ()W, (x) — W, ()W (x))

1
g f (F(War) — Fo(W, )Wy W, dx

1
=sz(W,/n(”0)_W1/u(n0))+/ (EWy) = LW,) Wy W, dx. (5.7

Since Wy, (x) > W,,(x) in (ny, 1] and};(v) is strictly decreasing in v, then
W, (m0) = Wiy(no) <0, fo(Wi) —o(W,) <0, my<x<1.
Due to Wy, W,, > 0, W,, = W,, can be seen from equation (5.7). This shows that we have completed the
proof of the uniqueness of a solution for (5.3). Moreover, combining d, W, + f5(h,(W,), W;) = 0 with
S (h (W), W) > 0 and Wi(1; ny, d,) = 0, we get that W,(x; ny, d,) is monotone increasing in x.
Step 2. By simple calculation, we get

l 1
W(/)(n(); ny, dy) = y+/a/dytanh(y/a/d,n), W;(no; ng, dy) = d_/ So(hy(Wy), W))dx. (5-8)
2 ngy

Define p, to be a sufficiently small positive number. If n, = 1 — p,, then we find W;(1 — po; 1 — py, d,) >
Wil — po; 1 — po, d>) by (5.8), since f,(h,(v), v) is bounded for all x € [0, v;]. In addition, if ny = po,
then W;(po; o, d2) < W{(po; po, d) for sufficiently small p, > 0. Assume O(ny, d,) = W (no; no, dp) —
Wi (ny; ny, d»). Thus, we obtain
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O — py,d2) >0,  O(py, d>) <0. (5.9)

It is easy to see that ®©(n,, d,) is continuous with respect to n, for all d, > 0. The combination of this
and (5.9), there exists a nj; such that ®(nj, d,) = 0 and

Wo(x; ng, dy) for  x € [0, ng],

is a monotone increasing solution of (5.1) for all d, > 0.
Following, using V) . (x, d») and its reflection, we create symmetric solutions to (5.1) starting from
the monotone increasing solution V. (x, d,). For all n > 2, define a function V, ,(x,d,) on 0 <x <1 by

\% (x C_l ) _ Vl,+(nx - 2.]’ 32) for xe [2.]/"’ (2.] + 1)/”]9
T T AVIAQG+ D) —nx dy) for x €2+ 1)/n, 2+ 1)/nl,
where j=0,1,2,---,[n/2] and d, = n*d,. Then Vio(x, 32) is a symmetric solution of (5.1). This
completes the proof. O

Next, by using the shooting approach developed in the work of Mimura, Tabata and Hosono [22],
we further fix y € (d*, v;) and demonstrate the existence and uniqueness of monotone increasing and
symmetric solutions to problem (5.1). We consider the following two initial value problems

dv' —av=0, x>0,
{ V(0)=0, v(0) =0, (5.10)
and
d/2V +f(h(v), v) = 0, x>0, s
V(O) =0, V(O) Zbl’

where d* < b <y < b} <V}.
Let Vy(x; by) and V,(x; b7) be unique solutions of (5.10) and (5.11). We can see that Vy(x; by) is
monotonically increasing and V;(x; by) is monotonically decreasing (see Proposition 5.4). For j =0, 1,

V.
let x =; be the unique solution of V;(x; b)) =y and (1)) satisfies y,(};) = 8—;(lj;b]’f(lj)). Next we set

Iy = lim sup Ip(b%), I, = lim sup 1;(b*), ¥y = lim yo(ly), ¥, = Ilim Vi),

by—d* bi—v lo=lo 1=h

(5.12)

Zo(0g) = Wo_l(ao), (o) = wf'(al), 2= loinl Zo(@),z = lim_z(@),
ag—>ao o) —>—a

where o; = (1) and @ = min {4, —¥, }. Here, we have utilized the facts that the inverses b’ (I;) of [;(b?)
and the inverses ¥ (a)) of ; (j = 0, 1) indeed exist. We will establish these findings in Proposition 5.5.
Then the following two theorems are main results of this section.

Theorem 5.2. Assume that Proposition 2.2 (i) holds. For each y € (d*,v}), let 1 <Z,+7Z,. If d, > 0,
T\, (x) is a unique increasing solution of problem (5.1) and for every integer n > 2, T, ,(x) is a unique
n-mode symmetric solution of problem (5.1).

Theorem 5.3. Assume that Proposition 2.2 (i) holds. For each y € (d*,v}), let 1 >Z,+ 7. If d, > 0,
B, (x) is a unique n-mode symmetric solution of problem (5.1) for every integer n > N,, where N, is the
smallest positive integer greater than 1/(zZo + 7).

We start our discussion with the following propositions.

Proposition 5.4. Assume that Proposition 2.2 (i) holds. For all bj such that (5.10) has a unique positive
and strictly increasing solution V,(x; b}) defined for x > 0, and (5.11) has a unique positive and strictly
decreasing solution V,(x; b}) for 0 <x < Xyt where Xy IS the solution of V,(x; by) = 0.
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Proof. By f,(h.(Vp), Vo) =12(0, Vo) = —aV,, we know d, V] = aV,. By simple calculation

Vo(x; b)) = bicosh <\/a/d2x> and  V(x; b%) = bi\/a/dssinh (w/a/dzx) . (5.13)

So, for all x>0, we can get V,(x; by) is positive and strictly increasing. By Proposition 2.3 (i), we
have d,V{ = —f,(h,(V1), V1) < 0. Thus, V,(x; b)) is decreasing with respect to x. Since V(0; b7) =0, so
Vi(e; b)) <0 for 0 <x < Xy« These results show that V,(x; b)) > 0 is strictly monotone decreasing on

[0, xp;) and V(xy:307) = 0. O]
Proposition 5.5. Assume that Proposition 2.2 (i) holds. For y € (d*,v}), we have the following
conclugilons

(i) —" <0, lim ly(b5) = N =0

(ii) ’/IO(O) >0, lim (lp) =0 and w‘l(‘) 0, lim y,(1) =0,

where for j=0, 1 [ and vi(l;) are already deﬁned in the previous section.

Proof. Since the assertions for /, and ¥,(/,) may be treated similarly, it is sufficient to verify the
statements for 7, and v, ([,).

(i) Recall that V,(,(b}); by) = y. We differentiate it with respect to both sides with respect to b} and
get

avy dl, 9V,

-t =0,
ox ab | b

SO
dl, av, aV,

dbt —  ab! ax

A%
Moreover, let &, (x; b)) = a—l(x; b}) and n,(x; b)) = ob; (x b7). We get &(x; by) <0 for all x € (0, [;) by
pe

the proof of Proposition 5.4. It is easy to find that n,(x; b}) is a solution of

d

{ o]+ (V). Vo =0 for - xe [0, 11,
n,(0;67) =0, n0,(0;b})=1.

We find that if 0 <x </, then V,(x;b}) €[y, bj] C (d*,v;]. By Proposition 2.3 (ii), we have

d

Efz(hz(vl), Vi) <0 for Vi(x; b?) € [y, bi] C (d*, vi]. So,

" >k 1 d >k >k Sk
771(0§b1) = _d_zafz(hZ(bl)’bl)nl(O;bl) > 0.
Expanding 7, (x; b}) near x =0, we get

1
mi(x; b7) =ni(0; b7) + 1,(0; b)x + —77'1’(0; bx’ + -+ > 0.

Thus, we have d,n| = ——fz(hz(Vl) Vin > 0 for n,(x; by) > 0. Then, n|(x; b}) is strictly increas-

ing with respect to x. Slnce n,(0; b7) =0, we know n|(x; by) > 0 for x € (0, /;]. Combining this with
i (0; b7) =1, we get n;(x; b}) > 1 for all x € [0, [;]. So,
dl, _ 8Vl 8Vl __nl(ll(bf);bT) -
db} ob;’ ax AACHE I
and [, is strictly increasing in b}. Next, we show that bl*im [1(b7) = 0. Since e* :=f,(h,(y), y)/d> > 0 and
17y

Vi(x; b}) satisfies

Vilx; b)) =b] — 2x +0(x) as x—0. (5.14)

https://doi.org/10.1017/50956792525000063 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792525000063

16 G. Guo et al.

Therefore, by simple calculation, we have [,(b}) = /2(b; — y)/e*(1 +o(1)) as b; — y, which shows
that bl*im [1(b7) = 0. As aresult, the inverse of /,(b}) exists and is represented as b}(/,).
1Y

oV
(ii) Since ¥, (I}) = 8—1(11; bi(l)) =& (l;; bi(l,)), from Proposition 4.2, we get
X
dyi(l) _ 08 ok db _ 98 0k (b))

dl, — ox abtdl,  ax obi (b))
—; 8_‘51 o y
o b)) ( ' ox E) (s by (y))
= ! 98 an, .
= s ki) (m axs)«) b))

don, (L5 b1(L))

d d ' a d
Since (ainl - ﬂ&) =&'nm —n§ =0, we obtain ?m - %51 is a constant. And by (5.14), we
X X

have V,(x; b¥) = —e*x + O(x*) as x — 0, so

Y (l) = —+/2e*(b; — )1 +0(1)) as [, —0.

Hence, llm}) Yi(ly) = — lim /2e*(b} — y) = 0. As aresult, ¥, (/) is strictly decreasing with respect to /;
1— bi—y
and the inverse v, "(a)) of a; does exist. ]

Proposition 5.6. For a € [0, @], zo(a) + z:(— «) are a strictly increasing functions of class C' such that

20(0)+2(0)=0 and zo(@) +z/(—a)=7Z+7.

Proof. By the implicit function theorem and Proposition 5.5, we know that zo(«) and z;(— @) are a
strictly increasing functions of class C'. Then, it follows from Proposition 5.5 (ii) that 11m Yolly) =

and 11m ¥1(l;) = 0. Thus, 11m Zo(a) =0 and 11m z1(— a) =0, which show z,(0) + z,(0) = 0 Smce Z0=

lim zo(oc) L= l1m zl(oc) we have zy(or) + zl( w)=7+7. O

ag—>a

Proof of Theorem 5.2. Since 1 <7z, + 7, zo(«¢) 4+ z;(— &) increases in o according to Proposition 5.6,
so there is a unique «* € (0, o] that satisfies zo(a*) + z;(— o) = 1. Let zo(o*) = Y* for such o*. Then
the definitions of z, and z; yield ¥o(Y*) =" and ¥, (1 — Y*) = —a*. So, ¥o(Y*) + ¢¥,(1 — T*)=0.
Define
T (o) = Volx; ag(T*)) for x € [0, Y*],
TV = xsai(1 = 1)) forx e [T, 1],
where aj(T*) = aj(zo(a*)) and a;(1 — T*) = aj(z(— o*)).
Then it becomes a unique increasing solution of (5.1). Then, for each integer n > 2, we demon-

strate the existence of 7, ,(x). Let @, =y = —«a; such that zy(«,) + z;(—@,) = —. Since n>2, we
n

1 _
know — <1 <Z,+7Z,. As aresult, we can construct a unique monotone increasing solution Z, , (x) on
n

[0, 1/n], where T, (x) = Vo(x; b,) with b, = b} (z0(@,)) for x € [0, zo(@,)] and T . (x) = V,((1/n) — x; b,)
with ET =bi(z;(—@,)) for x € [zo(e,,), 1 /n]. Now define

o [ D@+ forxe2i/n. Qi+ /)
Y ZAT (26 + 1)/n] — %) for x € [(2] + 1)/n, 2( + 1)/n],
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wherej=0,1,2,--- ,[n/2]. Then T, (x) is an n-mode symmetric solution of (5.1). This completes the
proof. O

Proof of Theorem 5.3 Since zo(«) 4+ z;(— ) is a strictly increasing function for « € [0, @] from
Proposition 5.6, whose range is the same as [0,Z, +Z;] C [0, 1]. If N, is the smallest positive integer
greater than 1/(Z, 4 z;), it follows that there is a unique «* such that zo(e}) + z;(— &) = 1/n(n > Ny).
Similar to the proof of Theorem 5.5, we can create a unique monotone increasing solution Eu(x) on
[0, zo(a}) + z1(— )], where

B ()= Vo(x; bY) for x € [0, zo(c?)],
T Vi) + o= @) = x b)) for x € [zo(;), E]

with b}y = bj(zo())), b} = bj(zi(— o)) and E = zo(a}) + z;(— ). Then we extend EH(x) to the interval
[0, 2E] by

B, o= B0 forx€l0.E],
W= B, L (QE — x) for x € [E, 2E].

We continue this process until x reaches x = 1. Then I~3,,7+(x) is an n-mode symmetric solution of (5.1).
O

6. Existence and stability of bifurcation solutions

Firstly, in order to study the stability of this equilibrium solution for system (1.1) on one-dimensional
domain [0, 1], we analyse the spectrum of the linearized operator through the method in [31]. Let (i, V)
be any constant solution of system (1.2) and

f(u’ V) = (fl (M, V), dZV// +‘f2(u7 V))»

then the Fre’chet derivative with respect to (u, v) of F at (i, V) is expressed as follows

(0 )
Jai dzl%-f-fzz ’

where fi, = f1.(@,V), fi2 =fi,(, V), for =fou(U, V), foo =fo, (&, V). Suppose that A is an eigenvalue of L.
Then we find that X satisfies the characteristic equation

22— (fus + oo — LA+ fisfro — fiofor — dof i L; =0 (6.1)

for some j > 0, where L; = (;r j)?,j=0,1,2,- -, are the eigenvalues for {Z—i subject to Neumann bound-
ary conditions. In addition, cos(rjx) is an eigenfunction corresponding to L; and {cos(r j)c)};i0 forms a
basis of L*(0, 1).

Theorem 6.1. For d, > 0, the following assertions are true.

(i) The trivial solution (1,V) = (0, 0) and the semi-trivial solution (u,v) = (K, 0) are unstable.

(ii) The positive solution (u,v) = (u}, v3) is locally asymptotically stable under the assumption of
Proposition 2.2 (i).

(iii) The positive solution (i, V) = (u%, v3) is locally asymptotically stable under the assumption of
Proposition 2.2 (ii).

Proof. The proof is simple. As a result, we omit the detail. O

Then, we consider d, as a bifurcation parameter and study the bifurcation problem near the constant
steady state (u}, v;) in the boundary value problem
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(1 ”) W _ 0, xe[o0.1].

r K u ﬁm+bu = X E

v —av+ 2 0, xe(,1), (6.2)
m -+ bu

V0)=0, v(1)=0.

Let
X = {(u, Wlu e C°([0, 11), v € C*([0, 1), V(0) =v (1) = 0} R

Y = C°([0, 1]) x C°([0, 1)).

Then the Fréchet derivative L with respect to (u, v) of F at (u}, v;) can be written as follows

(0, )
fndz;?-l-fzz ’

where
~ r(K—=2u) mr(K—u) ~ cus
11 = 3 - i >O’ f]2=_ 3 *<07
K K(m+ bu3) m + bu;
~ Bemy; ~
= — 0, = 0
Ja (m + but)? > S
Therefore, the characteristic equation (6.1) is transformed into
— (fii = d L)k — fiofor — dofiiL; =0. 6.3)

Let JZ flzle/f“L Then dz > ( for every] > 1. If we assume thatf“ —i—flzfm #0, then atd, = c?z for

every j>1 f” —d,L; = (f“ +f12f21)/f“ # 0. So, we see that the zero is a simple eigenvalue of (6.3).
Therefore, the following conclusions can be drawn.

Theorem 6.2. Assume that Proposition 2.2 (ii) holds. If lez + ij; #0, then (ci;, (u3,v3)) is a bifurca-
tion point of F = 0. Furthermore, there is a 8o, which satisfies that (6.2) admits a one-parameter family
of non-constant solutions {(dz + d, (1), (u(l) v(l))) | < 80} of the form u(l) = u; + Ip; + o(l), v(I) = v; +
W + o(l), where ¢; = cos(mjx), ¥ = —(fnqb,)/f]z and d,(0) =0. Partzcularly, there exist no solutions
other than {(d2 + d, (D), (u(D), v(D)), || < 80} {(dz, U5, v3)), |dr — d2| < 80} in a small neighbourhood
of (dy, 5, v3)) in R x X.

Proof. Assume that ® = (¢, /) € kerL and let ¢ = > c¢/, =Y d¢,, then ) D( )d),

where
fu fo )
D =["~ .
! (le —d,L;

Obviously, detD; =0 & d, = 572 Letd, = CZ, we get

kerL = span{®,}, @&,= <¢o> _ ( Cos(njx) )

Vo f” 7 cos(rjx)

Similar to this, it is simple to calculate an eigenvector ®; of L* associated with 0 having the following

form
T _ * * __ ¢0 _ Eos(ﬂjx)
kerL” =span{®y}, ;= <1lfo) o (—%cos(njx) ’
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where L* is the adjoint operator of L, which is obtained by

~ (fi Fa )
L'=|"~ .
<f12 dr L

Because rangz = (kerz*){ we have dimkerL* = codim rang L=1. Finally, since
. AL (00
L=—A_. .
3d2 O d)c_z

and L, ¢ rang L, we get that the conditions required for the standard bifurcation theorem to apply,

based on the presence of a simple eigenvalue [8], are satisfied. O

Next, we study the stability of bifurcation solutions. Suppose that L(/) represent the linearized oper-
ator dyF(d, + dy (), U + 1Dy + o(1)), where U = (u, v), U = (u,v%) and (d, + dy(I), U + 1D, + o(])) is a
bifurcation solution obtained by Theorem 6.2.

Definition 5. Let B(X, Y) denote the set of bounded linear maps of X into Y. Let T, K € B(X, Y). Then
W € R is a K-simple eigenvalue of T if

(i) dimN(T — uK) = codimR(T — uK) =1 and, if N(T — uK) = span {x,},

(ii) Kxo € R(T — pK).

Proposition 6.3. Ford, = dy, Ois an i-simple eigenvalue of L and i is the inclusion mapping X->7Y.
Proof. According to the proof procedure of theorem 6.2, we can get dimkerLZ = codim rang L=1.Then

i® ¢ rang L, where @, satisfies ker L = {®,}. Thus, it is clear that L possesses 0 as an i-simple eigenvalue
according to the definition of a K-simple eigenvalue presented in [30]. O

We have identified an i-simple eigenvalue A;(d,) for L near d, = 572, as well as an i-simple eigen-
value A(J) for L(I) when |/| is small enough. By making use of the well-known theorem by Crandall and
Rabinowitz [9], we obtain

1dy(D(d)
m ——=
s—0,(D)#0 YO

Proposition 6.4. If, f1~1 : + szf; < 0, then both A(I) and —1d,(l) possess the same sign. But if. f1~12 + szf; >
0, then both A(I) and Id;(l) possess the same sign.

Proof. From (6.3) we get (,(dy))* — (i — d:LA(d) — fiafar — dofy L = 0. Taking the derivative
of both sides with respect to d,, we get Z)yf(dz))\.;(cb) + Lixi(dy) — (fir — dzLj))L_;(dz) —fuL;=0. So,
)»_,-(C?;) =0 shows

~ ~2
—Lfn _ —full
=L 7+ fof
Thus, iff:2 —i—f?zfz < 0, then A}(dz) > 0, which shows that both A(/) and —Id; (/) possess the same sign.

But if f;z + szf; >0, then 1}(d,) <0, which implies that both A(/) and Id,(l) possess the same sign.
O

A(dy) =

Then we analyse the sign of A(/). Because (i3, v3) is on the branch u = h,(v), we study the following
boundary value problem

{ dzv// + d(V) = O’ X € (0, 1), (6 4)

V(0)=0, vV(1)=0,
where d(v) = f,(h;(v), v).

Theorem 6.5. Let C=d'(v;), D=d'(v}), E=d" (V) and define N =3CE — 5D?, then we have the
following conclusions.
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() IFfi” + fiafor <0 and N > 0, then (l) < 0 for 0 <1< 1.

(i) Iffir” + fufor <0 and N <0, then A(I) > 0 for 0 <[ < 1.

(iii) Iff”2 +fiofor > 0and N > 0, then M) > 0 for 0 <[ K 1.

(V) Iffir” 4 fiafor > 0 and N < 0, then A(I) < 0 for 0 < [ < 1.
Proof. We only demonstrate the assertion (i) here, as we can approach the proof of the other assertions
in a similar manner. By Proposition 6.4, it is sufficient to compute d;(/) to reveal the sign of A(/). We
expand v(x, /) and d,(J) in [ to obtain

v, D) = vy + () + P + Pt () + -+
d()=d, + Ik + Phy + Pl + - - - .

Due to d(v}) =£2(l (v3), v;) = 0, we obtain
1 1
d)=CO = v+ 5Dl — Vi’ + cBO— VY e,

where
Bemv;
C — —h/ * ,
it ooy 1Y
_ —2Bcmbv;
(A4 b (%))

2Bcm Bemy;

/ *\\2 o=ty *
B T T

it by

6Bcmb
(m + bh,(v3))?

6B8cmb*v;

__6Bemb’vy -
= (m+ by (vh)* (R, (v3)

(hy ()’ —

Bemvy

6B8cmbv; 3Bcm
Pambss iy + —20 G+ B
3

(m+bhy(v)y ! (m + bh,(v3))?

In addition, it is easy to ﬁng that f1~ (h(v;), v5) =0. So, we get h|(v}) = —fTQ / le. Consequently, based on
the previous definition of f;, and d,, we know

h 3+ h'(vy).

~

Bemvs o Bemvs —f~ sz~ L —fi ~ .
C=— ()= —— (=) = === (=) =dor .

(m + bhy(v3)) (m+bh(v))* " fiy fio  fu
By substituting these expressions into (6.4), we can obtain a sequence of equations by assigning a value
of zero to the coefficient of each power of /.

dy7i 4 CTt, =0, (6.5)
~~// T ~r 1
dz}’lz + klnl + ED’Fl’f + Cﬁz = O, (66)
~~// 7 ~ T ~ '~ 1
daft; + Ity + it + Cy + ity + ity = 0. (6.7)

By (6.5), we know that 572;722 + C has an eigenvalue of 0. So, equation (6.6) can be solved only if
~ 1 1 1
k1/ i dx + —D/ mdx=0. (6.8)
0 2 Jy

When 7, (x) = cos(7 jx), equation (6.5) is satisfied. By simple calculations, it can be deduced that %1 =0
when it is substituted into (6.8). Therefore, (6.6) is rewritten as

e, 1
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Since 7} = (1 + cos(27jx))/2, then we know

- 11+ cos(2j

By simple calculations, it can be deduced that
D

) ==

. D D .
4C mws&m =—— + ——cos(2mjx).

4C  12C

Now we consider equation (6.7). Since %1 =0, it follows that (6.7) has a solution if and only if
- USRS B
ky | nimdx+D | nin,dx+ EE n;dx=0. 6.9)
0 0 0

It can be directly calculated that

. 1 e 5D ' 3
/ nmdx=—=L, / mmdx = ———, / widx= <.
. 2 . 8c J, 8

So, (6.9) becomes

50> E ~ 1 ,

——+ —=0; sothat k,=———BCE—5D").

48C 16 24CL;

Since k, = 0 and Id; (1) = I(k, + 2Ik, + O()), we have Id;'(I) = 2k, + O(F)). Thus, for |I| sufficiently
small, the sign of Id,’(I) is the same as that of k,. This implies that the sign of —A(!) is the same as that
of E iffT]2 ~|—f]J; < 0, according to Proposition 6.4. So, iffT.2 +f12f:. <0 and N > 0, then k, > 0; so
that A() < 0. O

1~

7. Conclusions

In this paper, we examine a mechanism of pattern formation that occurs in a predator—prey model with
Holling-II functional response. The model consists of a single reaction—diffusion equation coupled with
an ordinary differential equation. The value of this paper reflects in three aspects.

7.1. Existence of non-constant regular solution

We prove the existence of regular stationary solutions for system (3.14), using the method in [4]. If the
internal equilibrium 2u; system (3.14) is greater than the carrying capacity K, and the other parameters
are non-negative. Furthermore, if the diffusion coeflicient d, > 0 of the predator, then the system (3.14)
produces a non-constant regular solution (Theorem 3.3).

7.2. Existence and uniqueness of steady states with jump discontinuity

We apply various approaches to demonstrate the existence of steady states with jump discontinuities
and investigate their characteristics on a one-dimensional spatial domain (refer to Theorem 4.1 for
domains of higher dimensions and Theorems 5.1-5.3 for one-dimensional domains). These results show
the existence of discontinuous steady-state solutions (u(x), v(x)) for system (1.1), where u(x) displays a
jump discontinuity while v(x) is either monotonic or symmetric, depending on a fixed parameter y .
Furthermore, it is observed that by selecting a smaller range for y, the solution becomes unique. This
uniqueness stems from the fact that f,(h,(v), v) is a strictly decreasing function in relation to v within
this interval. It should be emphasized that these phenomena differ significantly from those observed in
systems where both species exhibit diffusion or non-diffusion.
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7.3. Existence and stability of bifurcation solutions

In Section 6, we focus on the bifurcating solutions of the system (1.1). It has been observed that stable
patterns emerge near the constant equilibrium state in a partial differential equation (PDE) system with
diffusion-driven instability (DDI) property. However, the system (1.1) analysed in this paper exhibits
the characteristic of DDI (Theorem 6.2), but all Turing-type patterns are unstable (Theorem 6.5). This
is significantly different from the classical diffusive model, exhibiting a notable difference.
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