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Abstract: In this paper, the dynamic behavior of a diffusive Rosenzweig-MacArthur (R-M) predator-
prey model with hyperbolic tangent functional response and fear effect was investigated. For the
local system, we gave a detailed classification of equilibria and performed bifurcation analysis. It
was shown by numerical simulation that both the capture rate and fear factor have a stabilizing effect.
Furthermore, the existence of limit cycles was discussed when the prey was in low fear or carrying
capacity was sufficiently large. For the reaction-diffusion system, we considered the local stability of a
unique positive equilibrium, Turing instability of both positive equilibrium and homogeneous periodic
orbits under weak fear effect or strong carrying capacity, the direction of Hopf bifurcation and the
stability of bifurcating periodic solutions under small fear cost and large diffusion coefficients, as well
as the existence of positive nonconstant steady states. However, in the absence of fear effect, Turing
instability of both positive equilibrium and homogeneous periodic orbits did not occur. Meanwhile,
numerical examples were given to illustrate the corresponding analytic results.
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1. Introduction

The predator-prey system and its complex dynamics are perhaps the most extensively studied topics
in mathematical biology and population dynamics nowadays. Biologists strive to illustrate some
biological phenomena through experiments carried out in laboratories or in the wild. However, it
is often not entirely successful, and we also need to make mathematical progress on the analytic
aspects of the system. In terms of the ‘paradox of enrichment’ phenomenon [1-4], environmental
conditions and properties of the community such as web-like structure, shift to inedible prey, and
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inducible defences have been put forward by many scholars as interpretations for why communities
might fail to destabilize in the presence of enrichment [5,6]. The standard Rosenzweig-MacArthur (R-
M) predator-prey model [7] is possibly the simplest formulation of a trophic community able to cause
realistic dynamic behavior [8]. Rosenzweig and MacArthur in [7] used a graphical representation to
predict conditions for stability of the predator-prey interaction. In 2005, Fussmann and Blasius [9] first
suggested that it is highly sensitive to the properties of the mathematical model. They discussed the
generalized form of the standard Rosenzweig-MacArthur predator-prey model [7], which reads

i—u = g(u) — O(u)v,

! 1.1)
dv (
ol (DP(u) — myv,

where u(f) and v(f) are the densities of prey and predator, respectively. Prey and predator respectively
grow logistically at the rate g(#) = ru(1 — u/K) and according to the nonlinear functional response
®(u). m > 0 denotes the per capita mortality rate, r > 0 is called the prey intrinsic growth rate, and
K > 0 stands for the carrying capacity.

Fussmann and Blasius [9] obtained a surprising result that the extent of destabilization caused by
enrichment is highly sensitive to the mathematical nature of the response function.

Seo and Wolkowicz [10] paid attention to the general Rosenzweig-MacArthur predator-prey model
with three different response functions: Holling type II, Ivlev, and hyperbolic tangent as mentioned
in [11-13], respectively, which take the forms:

agu
1+ bHM’
Ivlev : ®;(u) = a;(1 — e,

Hyperbolic tangent : ®7(u) = artanh(bru).

Holling type I : ®y(u) =

Parameters ay, by, a;, by, ar, by are all positive constants.

Seo and Wolkowicz [10] reconsidered the effects of the above three response functions on the
dynamic behavior of model (1.1) applying the bifurcation theory. First, they discussed the locally and
globally asymptotic stabilities of equilibria. Second, the dynamics sensitivities of model (1.1) for three
different response functions are analyzed. It is shown that there exist supercritical Hopf bifurcations
in cases of Holling type II and Ivlev functional response. Meanwhile, in case of hyperbolic tangent
functional response, the system also exhibits a subcritical Hopf bifurcation, co-dimension-two Bautin
(or generalized Hopf) bifurcation, transcritical bifurcation, and saddle-node bifurcation of periodic
orbits inducing two coexisting limit cycles. Finally, Seo and Wolkowicz illustrated the potential to
destabilize the dynamics of system (1.1) as more complex in the hyperbolic tangent functional response
case.

As for the R-M predator-prey system, little attention has been given to rigorously proving the effects
of the hyperbolic tangent response function on the dynamic behavior. Therefore, we focus on the
following R-M predator-prey model with hyperbolic tangent response function:

d

au _ ru (1 - l) — atanh(bu)v,

c(li‘t) K (1.2)
a = (a tanh(bu) - m)v’
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where a is the predator’s conversion factor, and b is the efficiency of predator for capturing prey. Other
parameters have the same significances as introduced in (1.1).

In recent years, the prey’s antipredator behavior has been studied extensively from experimental and
mathematical points of view; one can refer to [14—21] and the references therein. In particular, Wang et
al. [15] first formulated the fear factor Tlhv’ where the parameter 4 reflects the level of the fear reducing
intrinsic growth rate of prey. Inspired by [15], we try to study whether the system exhibits new dynamic

behavior when the cost of fear is incorporated into model (1.2). Therefore, we can modify system (1.2)

by multiplying the reproduction term ru of prey by a factor ﬁ as follows:
du
< =T (1- %) - atanh(bu)v,
d (1.3)
@ = (atanh(bu) — m)v.

However, the dynamic behavior of model (1.3) is similar to that of model (1.2) (can be checked by
hand; details omitted), which means that model (1.3) will not produce new biological phenomena (there
will only be a co-dimension-two Bautin bifurcation, will not be other bifurcations, e.g., Bogdanov-
Takens (B-T) bifurcation). Biologically, a high level of fear will reduce the foraging activities of
prey due to the energy and time limitations. This antipredator behavior indirectly reduces the capture
efficiency of the predator. To incorporate the fear into the low capture rate of the predator as in [22,23],
one can modify system (1.2) by multiplying the capture term bu of the predator by a factor ﬁ, where
k represents the level of the fear reducing capture rate of the predator.

Based on these reasons above, in this paper we discuss the following modified R-M predator-prey
model with both hyperbolic tangent functional response and fear factor:

% - ru(l - %) - atanh(lljr‘,‘w)v = filu,v),
(1.4)

Model (1.4) can in principle, be used to model numerous types of interactions, such as hares and foxes,
sardines and sharks, mice and owls, and so on.

Since environment, climate, food supplies, and other factors could lead to the densities of predator
and prey being spatially inhomogeneous within a fixed bounded domain at any given time, and each
species naturally diffuses to areas of smaller population concentration, we study the following reaction-
diffusion model associated with (1.4)

%_L:_d]Au:m(l—%)—atanh(lﬁ;‘{v)v, x€Q, >0,

v _ bu

5 — daAv = (atanh (25) = m)v, xea >0 (1.5)
B=5=0 €, 1>0,

u(x,0) = up(x) 2,20, v(x,0) = vo(x) >, 20, xeQ,

where Q ¢ RY(N > 1) is a bounded domain with smooth boundary dQ, and v is the outward unit
normal vector on Q. d; > 0 and d, > 0 are called diffusion coefficients. The homogeneous Neumann
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boundary conditions indicate that system (1.5) is self-contained with zero population flux across 0.
up(x) and vy(x) are nonnegative smooth functions.

The asymptotic behavior of nonnegative solutions of (1.5) is closely connected with its nonnegative
steady states, and we discuss the following steady state problem associated with (1.5):

—d\Au = ru(l - %)—atanh( bu )v, xeQ,

1+kv

~d)Av = (a tanh(li‘,’(v) —m)v, x€Q, (1.6)
ou _ dv _
du = & —, x € 0Q.

Note that some other cases of predator-prey R-D equations for which Hopf bifurcations and Turing
instability have been established (see [24-28] and references therein). Nevertheless, the diffusive
R-M predator-prey model with both hyperbolic tangent functional response and fear factor remains
unstudied.

The first purpose of this paper is to investigate the influence of fear factor on the stability of
system (1.4). It is shown that strong fear effect can stabilize the system (1.4). Our second purpose
is to perform bifurcation analysis for system (1.4). It is shown by numerical simulation that both
the capture rate of predator and the fear cost could stabilize the system. Moreover, system (1.4) will
generate a limit cycle when the prey is in a state of low fear or carrying capacity is large enough,
and will always undergo a transcritical bifurcation regardless of whether the prey is in fear or not. Our
third purpose is to discuss and compare the dynamic behavior of Reaction-Diffusion (R-D) model (1.5)
with and without fear factor. Case I. k = 0. There only exist supercritical Hopf bifurcations and
the bifurcating periodic solutions are orbitally asymptotically stable. Case II. k& > 0. Theoretical
analysis and numerical simulation demonstrate that Turing instability of both positive equilibrium and
homogeneous periodic orbits occurs under weak fear effect or strong carrying capacity, which induces
spatial inhomogeneous patterns. Moreover, if the fear cost is sufficiently small and the diffusion
coeflicients d; and d, are large enough, system (1.5) undergoes new Hopf bifurcations which produce
temporal inhomogeneous patterns. For completeness, the existence and nonexistence results of positive
nonconstant steady states of (1.5) are proved.

Briefly speaking, a strong fear effect can stabilize the system (1.4), while a weak fear effect causes
the system (1.4) to generate limit cycles. In system (1.5), a small fear factor gives rise to spatial and
temporal inhomogeneous patterns.

The rest of this paper is organized as follows: In Section 2, we first give a detailed classification
of the equilibria for Ordinary Differential Equation (ODE) model (1.4). Then, the existence, direction,
and stability of Hopf bifurcation for (1.4) are studied by the Poincaré-Andronov-Hopf bifurcation
theorem. Next, we use the Poincaré-Bendixson theorem to prove the existence of limit cycles and
apply the Sotomayor’s theorem to demonstrate that (1.4) undergoes a transcritical bifurcation. Finally,
numerical simulations are provided to discuss the dynamics differences between model (1.2) and (1.4).
In Section 3, we take into accuont the Turing instability of both positive equilibrium and homogeneous
periodic orbits for reaction-diffusion system (1.5), and the direction of Hopf bifurcation and the
stability of bifurcating periodic solutions of (1.5) are considered in one space dimension. Meanwhile,
the above analytic results are illustrated numerically. In Section 4, we investigate the existence of
positive nonconstant solutions of (1.6) according to the fixed point index theory. A brief discussion is
presented in Section 5.
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2. Stability and bifurcation analysis of ODE model (1.4)

It is easy to verify that model (1.4) has a predator-prey extinction equilibrium E, = (0, 0), a predator-
extinction equilibrium Ex = (K, 0), and a unique positive equilibrium E = (a,7) if, and only if,

(Hy) arctanh(%) <bu<bK, a>m,

where

) K(rk arctanh (%) - bm) + VA

‘T 2rk arctanh (%) ’

) bii — arctanh (%) bK (rk arctanh (%) - bm) — 2rk arctanh® (%) +b+A

o k arctanh (%) ) 2rk? arctanh’ (%)
with

A= K? (rk arctanh (%) - bm)2 + 4mrkK arctanh? (%) . 2.1

2.1. Local stability analysis

For model (1.4), the Jacobian matrix at (&, v) can be written as

2u abv abkuv bu
r (1 K ) (1+kv)cosh? ({24 ) (1+kv)2cosh? (124 ) a tanh ( 1+kv)
J(u,v) = e . tanh( Ny ) i " .
(1+kv)cosh?({24) T+kv ) ™ (Lkv)2cosh? (1)

In what follows, we give the classification of the equilibria for model (1.4). Obviously, E is a saddle
point. The Jacobian matrix at Ex is

J(K.0) = ( —-r — atanh(bK) )

0 atanh(bK) —m
It has two eigenvalues given by 4; = —r < 0 and A, = atanh(bK) — m. Hence, E is a saddle point if

atanh(bK) > m and Ex is a stable node if a tanh(bK) < m.
The Jacobian matrix at E is as follows:

J(@,7) = ( Z; ZZ ) , 2.2)
where
K(a* — m?) (arctanh (m) - bﬁ) + arki(K — 2it)

a

e akKi ’
(@® — m?) (bﬁ — arctanh (%)) arctanh (%)
ap = - —m <0, s
(a*> —m?) (bﬁ — arctanh (%)) .
e aku >0,
(@ —m?) (arctanh (%) - bﬁ) arctanh (%)
422 = abii < 0.
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The corresponding characteristic equation of (2.2) is
P =2 -0,1+0,
with
K(a®>~m?) (arctanh (%)~ bi) (b+k arctanh (2))+abrki(K —2i)

abkKn
(a®> —m?) (bﬁ — arctanh (%)) Va

@2 = apax — apax = > 0.
abkKi

@1 =apn t+ay =

b

Lemma 2.1. (1) O, < 0 if, and only if,

m

H,) K(@*-m?) (bb’t—arctanh (%)) (b+k arctanh ( )) > abrkiu(K-2un).

a
(2) ®, > 0 if, and only if,
(Hy) K(a*—m?) (bﬁ—arctanh (%)) (b+k arctanh (%)) < abrku(K-2u).
(3) any <0 if, and only if
(Hy) K@ —md) (bﬁ _ arctanh (%)) > arkii(K—2).
(4) ayy > 0 if, and only if,
Hy) K@ —m?) (bﬁ _ arctanh (%)) < arki(K—2i1).

Remark 2.1. Denote

b [am — (a*> — m%)arctanh (%)]
k] = > O,
(a®? — m?)arctanh (%)

b|2am - (a* - m?)arctanh (%)

kz = >0
arctanh (”;1) [(a2 — m?)arctanh (";1) + ar]
and
* 2 2 m m
s* = (a© — m“)arctanh (—) (b + k arctanh (—)) > 0. 2.4)
a a

If one of the following conditions holds
(Hk,) k < min{k;, k},
(Hk,) k> max{k;, k},
then
arctanh (’;—’) (s* — 2abm)?

b(s* — abm) (s* = 2abm + ark arctanh (%))

0, <0 & 0<K< = Ko,

0, >0 © K >K,.
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Thus, we have the following conclusion.

Theorem 2.1. Assume that (Hy) and (Hg,) hold, or (Hy) and (Hk,) hold. Then, the positive equilibrium
E is a locally asymptotically stable node or focus if (Hy) (i.e., K < Ky) holds, whereas it is an unstable
node or focus if (Hy) (i.e., K > K;) holds.

The impact of fear factor k on the stability of E is investigated in the following example.

Example 2.1. Choose a = 0.85, b =3, m = 0.6, r = 4, and K = 2. Clearly, (Hy) holds, and (H,) is
satisfied if k < 0.2734847026. (Hy) will be satisfied as k increases from 0.2734847026. It means that
E changes from unstable to locally asymptotically stable as k increases. In the biological sense, the
higher level of fear drives prey to exhibit antipredation behaviors including habitat switch, reducing
foraging time, raising vigilance, and so on, the more likely prey and predator are to coexist.

2.2. Bifurcation analysis

In this subsection, we prove the existence of Hopf bifurcation, limit cycle and transcritical
bifurcation for system (1.4). The direction of Hopf bifurcation and the stability of bifurcating periodic
solution of (1.4) are discussed.

2.2.1. Hopf bifurcation and limit cycle

It is difficult to obtain a unique positive bifurcation parameter value and verify the transversality
condition by taking fear factor k as the bifurcation parameter. Hence, we choose K as the bifurcation
parameter to look for the condition for Hopf bifurcation of model (1.4) occurring at E.

Clearly, ®, = 01if, and only if, K = K, when one of (Hk,) and (Hk,) holds.

Let A(K) = a(K) = iB(K) be a pair of complex roots of P(1) = 0 when K is near K. Then

0 1
a(K) = 71, B(K) = 5 V—danay — (ar) — an)*.

Some straightforward calculations imply that

a(Ky) = 0,
r arctanh (%) 2abm — s*) t*
o/ (Ky) = — >0,
ab [KO (rk arctanh (%) - bm) + \/A_O] Voo
where s* is defined as (2.4) and
2
Ay = Ké (rk arctanh (T)—bm) +4mrkK, arctanh’ (ﬂ) ,
a a
* m m L
= (rk arctanh (—)—bm) [Ko (rk arctanh (—)—bm)+ \/A_O] + 2mrk arctanh (—)
a a a

m 2 5 (M
> 2K (rk arctanh(—)—bm) +2mrk arctanh (—) > 0.
a a

Indeed, o’ (Kj) > 0 if (Hg,) holds; and the sign of a’(Kj) depends on the sign of 2abm — s if (Hk,)
holds. It is not hard to prove 2abm — s* < 0 is in contradiction with arctanh (%) < bK,, which means
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that (Hy) does not hold. Then, o’(Ky) > 0 if (Hk,) is satisfied. Therefore, the transversality condition
always holds with o’(Kj) > 0.

Thus, system (1.4) undergoes a Hopf bifurcation at E as K passes through K.

A discussion about the detailed property of Hopf bifurcation can be found in Appendix 5 and one
can obtain the following result.

Theorem 2.2. Suppose that (Hy) and (Hg,) hold, or (Hy) and (Hk,) hold. Then, system (1.4) undergoes
a Hopf bifurcation at the positive equilibrium E when K = K.

(i) The direction of the Hopf bifurcation is subcritical and the bifurcated periodic solutions are
unstable if a(Ky) > 0 (see (5.5)).

(i1) The direction of the Hopf bifurcation is supercritical and the bifurcated periodic solutions are
orbitally asymptotically stable if a(Ky) < 0 (see (5.5)).

In the following, we illustrate Theorem 2.2 by numerical simulations.
Example 2.2. Choose two sets of parameters in model (1.4) as follows:
a=32, m=2,b=2,r=4,k=0.2, (2.5)
a=09, m=0.75 b=3,r=2, k=0.6. (2.6)
Under (2.5), Ky = 2.2037 and the parameters satisfy (Hy) and (Hg,). By computing, we obtain a(Ky) =

0.0044 > 0. It follows from Theorem 2.2 that system (1.4) undergoes a subcritical Hopf bifurcation
and the bifurcating periodic solutions are unstable. In Figure I(a), choose K = 2 < Ky, and by

Theorem 2.1, E ~ (0.4148,0.6575) is locally asymptotically stable. In Figure 1(b), take K = 2.4 > K,
and by Theorem 2.1, E ~ (0.4171,0.6893) is unstable.

16} |
141

121
I

\
> 08F

15

(a) K=2 by K=24

Figure 1. The phase portraits of model (1.4) with (2.5). (a) E ~ (0.4148,0.6575) is locally
asymptotically stable; (b) E ~ (0.4171,0.6893) is unstable.

Under (2.6), Ky ~ 2.2801 and the parameters satisfy (Hy) and (Hk,). Calculations yield that
a(Ky) = —0.1990 < 0. By Theorem 2.2, system (1.4) undergoes a supercritical Hopf bifurcation and the
bifurcating periodic solutions are stable. In Figure 2(a), take K = 2.2 < K, and E ~ (0.6975,1.2422)
is locally asymptotically stable. In Figure 2(b), choose K = 2.4 > Ko, and E ~ (0.7226, 1.3468)
is unstable. There exists a stable limit cycle that surrounds E arising from a supercritical Hopf
bifurcation.
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(@) K=22 (b) K=24

Figure 2. The phase portraits of model (1.4) with (2.6). (a) E ~ (0.6975, 1.2422) is locally
asymptotically stable; (b) E ~ (0.7226, 1.3468) is unstable. System (1.4) produces a stable
limit cycle that surrounds E arising from a supercritical Hopf bifurcation.

In the absence of fear, system (1.4) degenerates into (1.2). Notice that the cost of fear is incorporated
into the capture rate of predator in the modified R-M model (1.4), and we choose b as the bifurcation
parameter to compare the dynamics differences between model (1.2) and (1.4). Similar to the above
analysis associated with Theorem 2.2, we only give the corresponding numerical results as follows.

Example 2.3. Choose the following two sets of parameters in model (1.2):

a=09 m=03,r=4, K=1, 2.7)
a=09, m=08, r=1, K=2. (2.8)

Under (2.7), by = 4.9186. System (1.2) undergoes a subcritical Hopf bifurcation and the bifurcating
periodic solutions are unstable. In Figure 3(a), choose b = 4 < by, and the positive equilibrium E* ~
(0.0866, 1.0552) of system (1.2) is locally asymptotically stable. The two limit cycles are generated
by saddle-node bifurcation of limit cycles. System (1.2) exhibits bistability (a stable equilibrium and a
stable limit cycle). In Figure 3(b), take b = 6.5 > b, then E* ~ (0.0533,0.6730) is unstable.

AIMS Mathematics Volume 9, Issue 11, 32514-32551.



32523

(a b=4 (b) b=6.5

Figure 3. The phase portraits of model (1.2) with (2.7). (a) E* ~ (0.0866, 1.0552) is locally
asymptotically stable. The two limit cycles are generated by saddle-node bifurcation of limit
cycles; (b) E* = (0.0533,0.6730) is unstable.

Under (2.8), by =~ 1.7726. System (1.2) undergoes a supercritical Hopf bifurcation and the
bifurcating periodic solutions are stable. In Figure 4(a), take b = 1.6 < by, and E* ~ (0.8854,0.6168)
is locally asymptotically stable. In Figure 4(b), choose b = 1.8 > by, and E* =~ (0.7870,0.5966) is
unstable. There is a stable limit cycle that surrounds E* arising from a supercritical Hopf bifurcation.

08|
> 0.6
0.41 1

0.2r

(a) b=1.6 (b) b=18

Figure 4. The phase portraits of model (1.2) with (2.8). (a) E* ~ (0.8854,0.6168) is locally
asymptotically stable; (b) E* ~ (0.7870,0.5966) is unstable. System (1.2) produces a stable
limit cycle that surrounds E* arising from a supercritical Hopf bifurcation.

Remark 2.2. (1) Conditions (Hg,) and (Hk,) indicate that system (1.4) may exhibit oscillation
behaviors under a low or high level of fear.

(2) It is shown by numerical simulation that system (1.2) exhibits bistability phenomenon.
System (1.4) produces a stable limit cycle that surrounds unstable E arising from a supercritical Hopf
bifurcation. This suggests that both the capture rate of predator and the fear factor could stabilize
the system.
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Remark 2.3. There will be a co-dimension-two Bautin (generalized Hopf or degenerate Hopf)
bifurcation at positive equilibrium in system (1.2) and (1.4) when the first Lyapunov coefficient o, = 0
(see (5.6)).

Notice that the above Hopf bifurcation is a small amplitude nonconstant periodic solution around E,
and the bifurcation structure is local. Therefore, we try to prove the existence of limit cycles applying
the Poincaré-Bendixson theorem.

Theorem 2.3. For system (1.4), there exists a limit cycle if (Hy) and (H,) hold.

Proof. By Theorem 2.1, E = (i1, V) is unstable under conditions (Hy) and (H,). Furthermore, Ex =
(K, 0) is a saddle point. Note that

1 m
K > it > —arctanh (—)
b a

First, set L; = u — K, and one has

dL, ‘ _du
dr lLi=0  dr

u=K

bK
= —atanh(1 +kv)v <0, VYve(0,o).

Next, let L, = u + v — ¢ with ¢ > 0 to be specified later. It is not hard to verify that

(du,
L=0 \dr dr

for sufficiently large ¢ > 0 and 0 < u < K.
Finally, set L3 = it + v — ¢, and we obtain

dL,
dr

e = ru(l —%)—m(g—u) <0

dLs dv bu
— = — =|atanh| ——— | — -u)<0
dr l;=0  dflv=¢c-u (a an (1 + k(¢ — L't)) m) (c=m)
for 0 < u < Warctanh(%).
By the Poincaré-Bendixson theorem [29], there exists a limit cycle in system (1.4) if (Hy) and (H;)
hold. -

Remark 2.4. Similar to Theorem 2.3, system (1.2) possesses a limit cycle when E* is unstable.

2.2.2. Transcritical bifurcation

Since the transcritical bifurcation occurs at a non-hyperbolic equilibrium of system, we need to
consider the axial equilibrium Eg. Notice that Ex could coincide with E when a tanh(bK) = m, and the
transversality condition for transcritical bifurcation of system (1.4) (k > 0) is verified by Sotomayor’s
theorem as follows.

Theorem 2.4. The system (1.4) (k > 0) experiences a transcritical bifurcation when the parameters
satisfy

1
b=brc = Earctanh (%)

AIMS Mathematics Volume 9, Issue 11, 32514-32551.
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Proof. The Jacobian matrix at Ex
-r —-m
(o)
has a zero eigenvalue. Let § and V be the two eigenvectors corresponding to the zero eigenvalue of
Jg, and JgK, respectively, and

s=(50)=(7) v=()=(1)

—auv(1 — tanh®(bu)) (0
auv(l - tanh*(bw)) J, ., 0 )

One can obtain

fo(Ek; bre) = (

_ (0 —au(l - tanh®(bu)) \ [ -2 [ Ko
DJy(Ex; bre)S ‘(0 au(1 — tanh?(bu)) . K@=m) |

a

D*f(Ex; bre)(S,S) =

9? Sv Sv 2 & Sv Sv 82 f g Sv
(’)ule 191 314(];1 192 6\12] 202 ]
(Ek; bre)

5 i » f;
%5151 + 2:9”515152 + %SQSQ

| —%ST - 2ab(1 ~ tanh®(bu))S 1S »
2ab(1 — tanh*(bu))S 1S, Ex: bre)

2rm(a*—m? )arctanh( a2 )—Zarm2
ar’K
2m(m? —az)arctanh( a2 )
arK

Hence, S and V satisfy the transversality conditions

V' fu(Ek: brc) :( 0 1 )( 0 )= 0,

0
K(m*—a*) 2 2
a K(a —-m )
VIIDfEx; bre)S1=(0 1 )[ N Bt )
2rm(a? —mz)arctanh( a2 ) —2arm?
ar?
VT[DZf(EK; bTC)(S’S)] = ( 0 1 )[ 2m(m2_a2)afctanh(m) } -
arK

According to Sotomayor’s theorem [30], system (1.4) (k > 0) undergoes a transcritical bifurcation
at Eg. O

Remark 2.5. For the R-M predator-prey model (1.1) with Holling type 11 or Ivlev functional response,
a similar bifurcation analysis indicates that there only exist supercritical Hopf bifurcations. However,
in case of hyperbolic tangent functional response (k > 0), it can also cause to occur a subcritical Hopf
bifurcation or a transcritical bifurcation.
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Remark 2.6. Note that the number of positive equilibria does not split from one to two when the
parameter crosses critical value, the stability will not change, and, thus, saddle-node bifurcation
cannot occur in system (1.4). On the other hand, the occurrence of transcritical bifurcation also implies
that system (1.4) will not give rise to a saddle-node bifurcation. The linearized matrix of system (1.4)
at the positive equilibrium has no zero eigenvalue with multiplicity 2. Hence, B-T bifurcation does not
occur in (1.4).

3. Turing instability and Hopf bifurcation of R-D model (1.5)

In this section, we study the Turing instability of both positive equilibrium and homogeneous
periodic orbits for (1.5). Moreover, the direction of Hopf bifurcation and the stability of bifurcating
periodic solutions to (1.5) are discussed in one space dimension.

3.1. Turing instability of positive equilibrium

In 1952, Turing demonstrated that a system of coupled reaction-diffusion equations is applicable
to depict patterns and forms within biological systems. Turing’s theory reveals that the interaction
between chemical reaction and diffusion might render the stable equilibrium of the local system
unstable for the diffusive system, and give rise to the spontaneous formation of a spatially periodic
stationary structure. This type of instability is named Turing instability or diffusion-driven instability.

Let 0 = py < pp < pus < - - - be the eigenvalues of the operator —A on Q with the homogeneous
Neumann boundary conditions and W(u,) be the eigen-space corresponding to u, in H'(Q). Let X be
the closure of (C'(Q))? in (H'(Q))?, {¢ns : s = 1,2, - -,dim W(u,)} be an orthonormal basis of W(u,,),
and X,,; = {co,, : ¢ € R?}. Then,

dim W(u,,)

X:éo;X,,, X, = @ X,,.
n=1

s=1

Theorem 3.1. Assume that (Hy) and (H3) hold. Then, the unique positive equilibrium E of model (1.5)
is locally uniformly asymptotically stable.

The proof of Theorem 3.1 is given in Appendix 5.

It follows from Theorem 2.1 that the positive equilibrium £ of ODE model (1.4) is locally
asymptotically stable if (H;) holds. In what follows, we look for the conditions for the Turing
instability of the spatially homogeneous equilibrium E of R-D model (1.5) under the assumption (H;)
and (Hy).

For convenience, denote

E(y) =N, = dldz,ui = (andy + and))u, + 02,

which is a quadratic polynomial with respect to (w.r.t.) u,. If g,(1) = 0 has two real eigenvalues with
different signs, then the positive equilibrium E of (1.5) is unstable. Note that if

H(d,,d,) := —a,1d; — and; <0,
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then &(u,) will take its minimum value

(andy + 612261'1)2
4d,d,

min f(;un) =0, -
Hn

at the critical value g = % > 0.

Define the radio y = d»/d, and
Ad,,dy) = (and, + 61226111)2 —4d,d,®, = Cl%]d% +2Qanax — anaxn)ddy + agzd%-
Thus,

Ad,d)) =0 & aj,y* +2(2anay — ajan)y +ay, =0,

a
H(d),d)) =0 & y=—-—2=9">0.
a
Moreover,
4(2a12ay1 — ay1ax)* — 4at,a3, = 16a12a21(aay; — ay1az) = —16a;,a,,0, > 0.

Then A(d;, d>) = 0 has two positive real roots

_ ~(2aay1 — anan) + 2 Vapay (apa — aiaxn)

71 - 2 s
ay

_ ~(2aay1 — an1axn) — 2 Vanay (anpa — aj1axn)

Y2 = 5 .
ay

By direct calculations, y; > y* > v, > 0. Hence, H(d,, d>) < 0 and min,,, £&(u,) < 0 when y > ;. This
implies that diffusion-driven instability appears.
Similarly, min,, &£(u,) > O at i can be determined when y; >y > y" or y* > v > v,. In these two
cases, all the roots of g,(1) = 0 have negative real parts, and E is locally asymptotically stable.
Analyzing the distribution of the roots of g,(1) = 0, one can obtain the following result.

Theorem 3.2. Suppose that (Hy), (Hy), and (Hy) hold (in this case, E is stable w.r.t. ODE model (1.4)).
Then there exist unbounded regions

Uy :={(d,dy):d, >0, d, >0, yidy > d, > —dyaxn/an}, (3.1
U, ={(d,dy) :d) >0, d, >0, —dyax/ay >d, > yd}, (3.2)
U3 = {(d],dz) . d] > 0, dz > 0, d2 > ’)/1d]} (33)

such that E is locally asymptotically stable w.r.t. R-D model (1.5) in U, or U,, and unstable w.r.t. R-D
model (1.5) in Ui, which means that Turing instability occurs.

Now, we provide an example to explain Theorem 3.2 and investigate Turing instability of R-D
model (1.5).
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Example 3.1. Fix a set of parameters in model (1.5) as follows:
a=32,b=4, m=24,r=3,k=2, K=3, d, =0.01. (3.4)

The parameters in (3.4) satisfy (Hy) and ®, =~ —-0.1026 < 0, i.e., (Hy) holds. Then, the unique
positive equilibrium E ~ (0.4943,0.5161) in model (1.4) is locally asymptotically stable. Now we
choose d, = 0.1, then vy, = 25.5802, yid, —d, =~ 0.1558 > 0, and d, + dyax/a;; = 0.0883 > 0, i.e.,
parameters in U,. E of model (1.5) is also locally asymptotically stable by Theorem 3.2 (see Figure 5).

Figure 5. Stable behavior of model (1.5) with parameters in (3.4) and d, = 0.1.

Notice that if we increase d, to 0.3, then y; =~ 25.5802 and d, — y,d, = 0.0442 > 0, i.e., parameters
in Us. As a consequence, E ~ (0.4943,0.5161) is stable w.r.t. ODE model (1.4), and unstable w.r:t.
R-D model (1.5) by Theorem 3.2. It indicates that Turing instability occurs in (1.5) (see Figure 6).

u(x,b)

Figure 6. Turing instability of model (1.5) with parameters in (3.4) and d, = 0.3.

Remark 3.1. In the absence of fear, positive equilibrium E* of ODE system (1.2) and positive
equilibrium E of diffusive system (1.5) with k = 0 are always stable, which means that the Turing
instability of both positive equilibrium and homogeneous periodic orbits does not occur in (1.5) with
k = 0. Compared with Theorem 3.2, the fear effect induces Turing instability, which implies that the
cost of fear could create spatial inhomogeneous patterns.
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3.2. The existence and stability of Hopf bifurcation

This subsection is devoted to determining the direction of Hopf bifurcation and stability of the
bifurcating periodic solutions for system (1.5) by the normal form theory and center manifold theorem.
For the sake of convenience, we consider the following system in Q = (0, {x), £ € R*:

Uy — dilly, = ru(l - %) - atanh(lﬁ?,‘cv)v, x € (0,¢m), t >0,

Vi —daVy = (a tanh(lﬁ”,iv) - m) v, x € (0,¢n), t >0,

(3.5)
ux(0,1) = u(lr, 1) = vi(0,1) =vi(bm, 1) = 0, 1>0,

u(x,0) = upg(x), v(x,0) = vy(x), x € (0, ¢n).

It is well-known that the eigenvalue problem

—¢" =pp, x€(0,6n), ¢0)=¢r)=0

has eigenvalues u, = ’é—; (n=0,1,2,---) with corresponding eigenfunctions ¢,(x) = cos 7x.

As in [31] (see also [32,33]), we shall derive our results in 3 steps as follows.
Step 1. Linearization analysis.

For system (3.5), we take the perturbation u = it + it, v = ¥ + v, and still denote (iz, V) by (u, v). Then
the problem (3.5) is transformed into

u, — dyuy, = r(u + 1‘4)(1 - L) - atanh(M)(v +9), xe(0,¢n), t>0,

K 1+k(v+7)
_ b(u+it) -
v = dyvy, = (atanh (222) — m) (v + ), x€(0,(m), t >0, 56
u(0,0) = u(Cr, 1) = v,(0,1) = vi({m, 1) = 0, t>0,
u(x,0) = up(x) —ut, v(x,0) = vo(x) — v, x € (0, ).

The linearized operator of system (3.6) evaluated at (0, 0) is

dZ
L(K) = ( ae + AR BB )
and .
Ly(K) := ( AK) =g B(K)d 2 )
C(K) D(K) - -
where

K(a?> — m?) (arctanh (%) - bﬁ) + arkil(K — 2it)

A(K) = - ,
akKiu
BK) - (@ —m?) (bﬁ - arctailh (%)) arctanh (%) .
abii
(K - (a®> —m?) (bﬁ — arctanh (%))’

akii
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(@® — m?) (arctanh (%) - bﬁ) arctanh (%)

D(K) = abii

The characteristic equation of L,(K) is as follows:
A= AT(K)+D,(K)=0, n=0,1,2,---, (3.7)

where

D,(K) = 4 — DIOSRAN o 4(K)D(K) - BIK)C(K),

{ T,(K) = A(K) + D(K) — {etdr’,

and the eigenvalues are given by

T,(K) £ \JT2(K) — 4D,(K)
> ,

AK) = n=0,1,2,-- .

Step 2. Identify possible Hopf bifurcation value and verify transversality conditions.

To look for Hopf bifurcation value Ky, we need to verify that the following necessary and sufficient
condition [31] is satisfied:

(Hs) There exists n > 0 such that

T,Ky) =0, D,(Ky)>0 and Tj(Ky) #0, Dj(Ky)# 0 for j+#n,
as well as for the unique pair of complex eigenvalues near the imaginary axis o(K) + iB(K),
@' (Ky) # 0. (3.8)

Let A(K) = a(K) + iB(K) be the roots of (3.7). Clearly, a(K) = T,(K)/2. Notice that

; (o
abk arctanh (%) [K (rk arctanh (%)—bm)+ \/Z]

m

T,K)= bm—rk arctanh (ﬂ))

a

(s* —2abm+ark arctanh ( ))+2rks*r:1rctanh2 (m) + bVAQabm—s*)

a a
d,+d,)n?
— abrk arctanh (ﬂ) (4m arctanh (T)+ \/Z) }— M
a a %
where A and s* are defined as (2.1) and (2.4), respectively.
Assume that (Hg,) or (Hk,) holds. Then,

Qabm — s*)t
)~ m) VA i

r arctanh (

T'/(K) = >0

2T [~

ab [K (rk arctanh(

with

1= (rk arctanh (ﬂ)—bm) [K (rk arctanh (ﬂ)—bm)+ \/Z] + 2mrk arctanh? (ﬂ)

a a a

m 2 5 (m
> 2K (rk arctanh (—)—bm) +2mrk arctanh (—) > 0.

a a
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It indicates that 7,(K) is monotonically increasing w.r.t. K, and

2rk arctanh? (%) (s*—2abm)
lim 7,,(K) = lim = —009,
k=0 K=0 gpk arctanh ( %) [K (rk arctanh (%)—bm)+ \/Z]

2abm — s* — ark arctanh (%) (dy + dy)n?

lim T,(K) = 2,

K=o ak arctanh (%) e

Note that I’ > 0 if, and only if, (Hg,) and

(dy + dy)n?> 2abm — s* — ark arctanh (%)
<
e ak arctanh ( %)

(3.9)

Then, T,,(K?) = 0 has a unique positive root for each n > 0. Hence, one obtains
T.(KY)=0, o'(KY)>0 and T(K)#0, for j#n.
The transversality condition (3.8) is satisfied. We claim that D J-(Kf )#0forn=0,1,2,--- . Indeed, if

n*>  d\D(K) + d,A(K)

— > , 3.10

{2 did, ( )
then D,(K) > 0. Therefore, the condition (Hs) is satisfied, which means that (3.5) undergoes a Hopf
bifurcation at K = K. Obviously, K = KJ/(= Ky) is always the unique value for the Hopf bifurcation

of spatially homogeneous periodic solution of (3.5). The above analysis can be summarized as follows.

Theorem 3.3. Assume (Hy), (Hk,), (3.9), and (3.10) hold. Then, system (3.5) undergoes Hopf
bifurcations at Kf, n=0,1,2,---.

Step 3. Verify the sign of the first Lyapunov coefficient, which will be defined later.

Recall that o’(Ky) > 0, as in [31]. We know that the bifurcating periodic solutions are unstable
(resp., stable) and the bifurcation is subcritical (resp., supercritical) if Re(c,(Kjp)) > 0 (resp., < 0).

Under the conditions of Theorem 3.3, it is easy to see that all other eigenvalues of L(Kj) have
negative real parts, and for any n > 1, L(K) has at least one eigenvalue whose real part is positive.
Hence, the periodic solutions bifurcating from (0, 0, K,’f ) are unstable.

We make a further consideration for the bifurcation solution to discuss the direction and stability of
the periodic solutions bifurcating from (0, 0, Kj).

As defined in (B.1), L is a linear operator with domain X¢ := X ® iX = {x; + ixy|x1, xo» € X}, where

X = {(u,v) € HX(0, ) X H*(0, £m)l(1tx, vi)lico.ex = O}
denotes a real-valued Sobolev space. Let L* be the conjugate operator of L. Then
L'E := DAE + J'E,

where J* = JT with the domain D;- = X¢. Set

9 _ 1
o) ate)
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with K1 = d11lk=k,> K2 = A12|k=K, and

* Bo o ki
q* ::(qi ): K> ( Kz-*-‘K;l)‘
4, 2nf3o l

Forany n; € D;., m, € Dy, itis easy to verify that (L*mry, mp) = (1, Lmy), L(Ko)q = iBogq, L (Ko)q* =

—iBoq*, {q*,q) = 1,{q*,g) = 0, where {mr|,m>) = fogﬂ 71, T, dx denotes the inner product in L*[(0, £7)] X
L?[(0, £rr)]. On the basis of [31], we decompose X = X¢ @ X5 with X¢ = {zg+Zglz € C}and X5 = { €
XKq*, ¢y = 0}.

For any (u,v) € X, there exist z € C and ¢ = (Y1, ¥») € X° such that

(Lv‘):zq+2c‘1+( Z; ) z2=4q", (u,»)").

Then
M:Z+Z+w19
VTR

K2

Reduce system (3.5) to the following system in (z, {) coordinates

% = lﬁOZ + <q*9 F0>’
. 3.11)
T =Ly +HzZY)
with
H(z,Z,¥) = Fo —{(q", Fo)g —{q", Fo)g and F,:= Fo(zq +Zzq + V). (3.12)
We write F in the form
1 1
Fo(E) = EQ(E’ E)+ EC(E’ E,E)+ O(E"Y, (3.13)

where E = (u,v), Q, and C are symmetric multi-linear forms. For simplicity, we denote Qxy = Q(X, Y).
Then,

1 1
Fy = EQqqu + Q4377 + EQqqZZ + O(|Z|3, Iz| - [, |W|2),
1 1
(q".Fo) = 5(‘]*, Q)T +(q", Q)22 + §<CI*» Qa7 + Oz, Izl - [l ),
1 1
<q*, F0> = z(q*’ Qqq>Z2 + <q*7 Qq(})zz + §<C_1*, Qqq)zz + 0(|Z|3’ |Z| : |lr//|, |¢’|2)

Hence,

N N,
H(z,7,0) = %zz + N2z + %zz + O(2P, 12 - 1, 1w P?).

By (3.12) and (3.13), we have
NZO = Qqq - <q*’ Qqq>q - <q*’ Qqq>q,
Ny = Qqq - <q*’ Qqé)q - <q*a Qqq>q,
Ny, = Qqq -, Qqq)q —q", Qqu'

AIMS Mathematics Volume 9, Issue 11, 32514-32551.



32533

Moreover, Nog = Nij = Ny, = (0,0)" and H(z,Z, %) = O(z]%, 2| - W1, [¢/|?). The model (3.11) possesses
a center manifold by Appendix A of [31], and then we can write ¢ in the following form:

V=3

2+ Yzz + %Zz + 0(|Z|3)-

Therefore, one has
Yoo = (2iBol — L)™' Ny,
Y = (=L)"'Nyy,
Vo2 = Yoo,

which implies that ¢y = ¥, = ¥; = 0. For later uses, define

80 = fudi + 2fuwd1 @2 + finds = 2a1 + 2a0q> + 2435,
ho := gudt + 28uwd1G2 + 8wds = 2b1 + 2b2q> + 2b3g5,
io := fulqil? + firl @1 + G12) + finlgal® = 2ay + ax(qo + §2) + 2aslqal,
Jo = GuldiP + 8u(@132 + G192) + gwlgal? = 2by + ba(g + Go) + 2b31s L,
lo = fuuldiPq1+ fuwClai P a2 + 4182)+ fun ailaal + 3192+ finlaal g
= 6ay + 2as(2q, + G) + 2a62lqal + 43,
Mo = Zuuldi 1+ 8un 211 q2 + 4132) + 81201102 + G142) + 8ulaol' g
= 6by + 2b5(2qs + ) + 2bs(2al? + 42),

where all the partial derivatives evaluate at the point (u, v, K) = (0,0, Ky). Thus, the reaction-diffusion
system restricted to the center manifold in z and Z coordinates is given by

dz
— =ifoz+{q", F
dr iBoz +{q", Fo)
) 1 I 1 _
= oz + E)(zoz2 + X122 + 5)(0222 + 5)(21222 + 0(|Z|4)

with
x20 = 44", (80, h0) ™Yy x11 =4q", Gos Jo) ™) x21 =4q", (o, mo) ).

Notice that bl = —a; — %, b2 = —dy, b3 = —das, b4 = —dy, b5 = —ds, and b6 = —dg. Then, by the
straightforward but tedious calculations, we yield

_ ke ((Bo ki) i
X20 2%\ 1 80 0

(K% — 2K1K2 +,83)a3 I [,
=ay—a - 5 -— [K2(K1 — K2)ay
K3 Bok;
3
) 3 2 2 2 rk;
+ Kk (K1k — K7 = Bylaz + (k] — K1K2 + Bok1 — Boka)az — 7]’
0

_ ke ((Bo ki),
X11 B\l 0—1jo

AIMS Mathematics Volume 9, Issue 11, 32514-32551.



32534

kia, (&K +Bas i[5
=a — + - Ky (K1 — K2)a
2 2172
Ky K5 ﬂokz
re’
) 2 2 >
+ K1k (K2 — K1)az + (k] — K1K2 + Bkt + Boka)az — A ]
0

and

= f ((Bo KGN
X21 2%\ 1 0 0

(k1 + Kkp)as (K} + 2K1K + B3)ag i 5
+ > - > [3K2(K1 — K7)dy
Ky K5 ﬂokz

+ ky(Bk1Ky — 3/(% —B(Z))a5 + (3K‘;’ - 3Kf/<2 + Sﬁ(z)/q _ﬁékz)aé].

:3a4—

Thus, we have

] 1 1
Re(c(Kp)) = RG{L (Xzo)(n =2yl - gL\/ozlz) + —le}

280 2
1 1
= —ﬁ[Re(Xzo)Im()(n) + Im(x20)Re(y11)] + ERG(XZI)
0
1
= — [2K0K§(K1 —Kz)a% —K0K§(3K% —2K1K> —K% +,B§)a1a2 +2K0K1K2(K% —K§ +/3(2))a1a3
2](0ﬂ(2)K2

— 2r/<§a1 + K0K1K2(K% - K% + ,B%)ag - Ko(K‘lL + 2/(?/(2 — SK%Kg + 2,8(2)/& + 2,3(2)K1K2 - ,B(Z)K%
4 3 2, 2,2 2\ 2 3 2.3
+ Bo)azas + i, (k1 + k2)az + 2Ko(ky + Bo)(k] — Kika + By)as — 2rkik;a3 + 3KoBgk,as

- Koﬁ§K§(2K1 + Ky)as + Koﬁékg(/% + 2K1K> +,8(2))a6].

Based on the above analysis, the results can be given as follows.

Theorem 3.4. Suppose that (Hy), (Hk,), (3.9), and (3.10) hold. Then, the reaction-diffusion
system (3.5) undergoes a Hopf bifurcation at K = K.

(1) The direction of Hopf bifurcation is supercritical and the bifurcating periodic solutions are
asymptotically stable if Re(ci(Ky)) < 0. Moreover, they are orbitally asymptotically stable in
unbounded region U, or U, (see (3.1) or (3.2)), and unstable in unbounded region Us; (see (3.3)).

(i1) The direction of Hopf bifurcation is subcritical and the bifurcating periodic solutions are

unstable if Re(c;(Kjp)) > O.
We give the following example to illustrate Theorem 3.4.

Example 3.2. Choose two sets of coefficients as follows:
a=09,b=2,m=08,r=24,k=06,d,=1,d,=0.1, =4, n=2, (3.14)

a=2,b=1,m=07,r=24,k=02,d, =0.1, d, =0.01, £ =3, n=4. (3.15)

Under (3.14), Ky =~ 12.6419 and the parameters satisfy (Hy), (Hk,), (3.9), and (3.10). By
calculations, Re(c1(Ky)) ~ —0.0314 < 0. It follows from Theorem 3.4 that Hopf bifurcation is
supercritical and the bifurcating temporal periodic solutions are asymptotically stable. Moreover,
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v, = 0.0451, —diaxp/a;; —dy = 0.9 >0, and d, — y,d; = 0.0549 > 0, that is, all parameters lie in U,.
The bifurcating periodic orbits of model (1.5) are orbitally asymptotically stable (see Figure 7).

Figure 7. Periodic solutions of model (3.5) with parameters set (3.14), and K, = 12.6419.

Under (3.15), Ky = 29.3260 and the parameters satisfy (Hy), (Hk,), (3.9), and (3.10). Re(c,(Kj)) =
0.3205 > 0 implies that Hopf bifurcation is subcritical and the bifurcating temporal periodic solutions
are unstable (see Figure 8).

Figure 8. Periodic solutions of model (3.5) with parameters set (3.15), and K, = 29.3260.

In the absence of fear, we still choose b as the bifurcation parameter. Some direct computations
are similar to the above analysis associated with Theorem 3.4, hence we only give the following
corresponding numerical results.

Example 3.3. Take the system coefficients as follows:
a=09, m=0.75r=64, K=3,d,=3,d,=0.1, (=12, n=1. (3.16)

Similar to the verification in Example 3.2, system (3.5) (with k = 0) undergoes a supercritical Hopf
bifurcation and the bifurcating temporal periodic solutions are orbitally asymptotically stable (see
Figure 9).
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u(x,b)

t

Figure 9. Periodic solutions of model (3.5) with k = 0, parameters set (3.16), and by =
1.1128.

Remark 3.2. Denote

n1 = rk26(a®—m?)arctanh’ (T)+bk52(m+r)(aZ—nfﬂ)arctanh2 (ﬂ)
a a
+ bm|akn’(dy +d>) + bC(@®—n*)| arctanh (ﬂ)—za#mzfz,
a

n, = k€ —mP)arctanh? (T)+[akn2(d1 +d)+bO(@>—~m?) + akr( |arctanh (T)—zabmfz,
a a

m

K= {K T.K)=0, K > arctanh(a)/b}.

If
n >0
n, [abmn?(d, + do) + rf?(s* — abm)]
with s* defined as (2.4), where (Hk,) or (Hk,) holds, then system (3.5) undergoes new Hopf bifurcations
at the Hopf bifurcation point K € (arctanh (%) /b, Ko). The new Hopf bifurcations produce temporal
inhomogeneous patterns.

Remark 3.3. There will be a Turing-Hopf bifurcation in system (1.5). The existence and normal form
of the Turing-Hopf bifurcation can be analyzed as in [34]. Considering the limited length of this paper,
we will not expand the discussion.

4. Positive nonconstant steady states of (1.5)

In this section, the nonexistence and existence of positive nonconstant steady states for elliptic
system (1.6) are investigated.

4.1. A priori estimates

A prior estimates for the positive solution of (1.6) are established by the maximum principle in Lou
and Ni [35] as follows.
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Theorem 4.1. Assume that arctanh (%) < bK < 2arctanh (%) and f7“< (bK —arctanh (%)) < k. Then any
positive solution (u,v) of (1.6) satisfies

—rsz_:k\/A_* <u(x) <K,
rk (bK — 2arctanh (%)) +b+/A, bK — arctanh (%)
< <
2rk?arctanh (%) v < k arctanh (%)

with m
A, = PKK? — darkK (bK — arctanh(—)) > 0.
a

Proof. Let (u,v) be a given positive solution of (1.6) and
uy = max u(x), uyp = minu(x),
Q Q
vy = maxv(x), vy, = minv(x).
Q Q

Applying the maximum principle in [35] to two equations of (1.6) yields that

ruM( - ‘%) - atanh(li‘,‘(”v”M) vy >0,
4.1
ruL( —%)—atanh(li’szL)vMsO “.1)
and ,
atanh(H”]i"V” )— m > 0,
buy (4.2)
atanh(HkvL) -m<0.
Solving the first inequality of (4.1) and (4.2), respectively, one obtains
bK — arctanh (’;—’)
Uy < K, Vm <
k arctanh (";1)
The second inequality of (4.2) entails
bu; m
< arctanh (). 4.3
T+ kv, arctan p 4.3)
Further, solve the second inequality of (4.1) to see that
b
ruL(l - M—Ié) - % (bK — arctanh (%)) < ruL(l - M—KL) - Cll ka‘:Z <0
Thus,
S rkK + /A,
“e = 2rk '
Moreover, from (4.3) we have
buy — arctanh (%) rk (bK — 2arctanh (%)) + b+/A,
vy = > .
k arctanh (%) 2rk*arctanh (%)
This completes the proof. O
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4.2. Nonexistence of positive nonconstant steady states

One nonexistence result of positive solutions is considered as follows.

Theorem 4.2. [f arctanh (%) > bK, then (1.6) has no positive nonconstant solution.

Proof. On the contrary, suppose that (1.6) has a positive nonconstant solution (u, v) when arctanh (%) >
bK. Integrating the second equation of (1.6) on €2, one has

b
0=-d, f Avdx = f atanh - m|vdx < f (atanh(bK) — m)vdx.
Q Q 1+ kv Q

Obviously, this is a contradiction with arctanh (%) > bK. O

Now, we prove another nonexistence result of positive solutions. For notational convenience, one
can denote the parameter set consisting of a, b, m, r, k, and K as M* = M*(a,b,m,r, k, K).

Theorem 4.3. There exist positive constants di = d;{(M", u,) and d5 = d5(M*, 1) such that system (1.6)
has no positive nonconstant solution when d, > dy and d, > d;.

Proof. Suppose that (u,v) is a positive solution of (1.6) when d; > dj and d, > d; for some positive
constants d; and d;;. Denote

1 f 1
n=— | uxdx, v=— f v(x)dx.
1Ql Ja Q| Jao

Multiply the two equations in (1.6) by u — &t and v — ¥, and then integrate the obtained equations by
parts, respectively. It follows from Theorem 4.1 that

24 _ _M —? - -0 bu - aunp
j;d]quI dx —fg[r(l X )(u )" —a(u — i) (tanh(1+kv)v tanh(1+k\7)v)] &
<f [r(u — ) —a(u - it)( tanh bu y—tanh bu %
o 1+kv 1+kv

bu \ . bu \ . bu \ . bi \ .
+tanh(1+kv)v—tanh(1+kﬁ)v+tanh(1+kﬁ)v—tanh(1+kﬁ)v)

< f ((r+ ab¥)(u - @7 + a(1 + bkKD)|u - allv - ) dx
Q

1

1
< f (r + abd)(u — 2)*dx + a(1 + bkKD) (’ﬂ f (u—)*dx+ — f (v — f/)zdx) )
Q 4 Jo M1 Jo
Similarly,
f do|Vv2dx < f (—m(v — D)2 +aly = D|(|v = D + bEKDy — D] + bdlu — a|)) dx
Q Q

1
< f (a — m + abkK?d)(v — 9)*dx + abd (’ﬂ f (w—-n)dx+— | v- \9)2dx) X
Q 4 Q M1 Ja
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The above estimates imply that

d, f Vuldx + dy f Vyl2dx < (r +abb + %(1 + b+ bkm)) f (u = i)2dx
Q Q Q

+ (a—m+abkKd + (1 + b + bkKD)) f (v — §)dx.
Hi Q

Applying the Poincaré inequality fg(a) — @)*dx < fQ |Vw|*dx yields

di f (u — i)*dx + dopty f (v —P)*dx < d, f \Vul*dx + d, f |Vv[*dx.
Q Q Q Q

Let
g = a(l + bv + bkKV)uy + 4(r + abv)
: 4y ’
. (a—m+abkKV)u; + a(l + by + bkK?V)
d2 = 2 .
My
Then
d, f (u—)*dx + d, f (v —P)dx < d} f (u—i)dx +d; f (v - P)dx.
Q Q Q Q
Obviously, it leads to a contradiction with d; > d} and d> > dj. O

4.3. Existence of positive nonconstant steady states

The existence of positive nonconstant solutions is studied by applying the fixed point index
theory [36,37]. Theorem 3.1 indicates that there is no positive nonconstant solution to (1.6) near
E when (H3) holds. Hence, we always assume that (Hy) and (Hy) are satisfied in the sequel.

The following preliminaries for later use can be found in [38,39].

Let E be a real Banach space and P C E be a closed convex set. For any real number @ > 0, P is
called a wedge on E if aP C P. A wedge P is termed as a cone if P N {—P} = {0}. For { € P, denote

P,={heEll+IheP [>0}, Q,={heP]-heP,.

Then, Pg is a wedge and it is convex, and Q, is a closed convex set on E.

Set Y to be a compact linear map on E which is invariant on I_’{. If there existz € (0,1)and y € Pg\Qév
such that y — 1Yy € Q,, then Y has property @. Assume P is a wedge on E and F' : P — P is a compact
map with fixed point {, € P. The Fréchet derivative of F at {, is defined as T = F’({). Then, T maps
P, into itself.

Now the fixed point index of compact maps is given as follows.

Lemma 4.1. (1) Suppose that I - T is invertible in E and T has property a on Py, Then, index(F, {y) =
0.

(2) Suppose that I — T is not invertible in E but is on P;,\{0}. Moreover, I —= T : Py — Py is not
surjective. Then, index(F, {y) = O.
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As is well-known index(F, {,) means the Leray-Schauder degree deg(I — F, U({y), 0), where U({)
is a neighborhood of ¢ in P.

If (u, v) is a positive solution of (1.6), it follows from Theorem 4.1 that there exist positive constants
D, and D, such that D; < u,v < D,. Denote

= {(u,v) € (C" (V)| O,u = 8,v =0, x € 4Q},

{(u,v) € Xlu,v >0, x € Q, du=0,v =0, x€dQ),
={(u,v) € X*|D; <u,v < Dy, x € Q},
A={ueCy@Qu>0, xeQ, du=0, x€oQ),
P=AsA.

X
X+
D

Then, A is a cone in Cy(Q).
We can find a large constant ® > 0 due to the boundedness of (u, v) such that

max { mg_azlx{lru(l —u/K) — atanh(bu/(1 + kv))v|}, mg_ezlx{l(a tanh(bu/(1 + kv)) — m)v|}} < O.

To calculate the index(F, Ey) and index(F, Ex), one can let

K 1+kv

(~dyA + ©)7((atanh ({2) = m)v + Ov)

1+kv

F(u,v) = (—diA + @)—1(}’”(1 — l) _ atanh( bu )V + @u)

2

where (—=d;A + ®)7!, i = 1,2 are positive compact linear operators, and F is the direct sum of positive
compact linear operators according to the strong maximum principle. Obviously, (u,v) is the solution
of (1.6) if, and only if, (u, v) is the fixed point of F, which is independent of the choice of ©.

Take into account the system

—d\Au = ru(ﬂ—l)—atanh( bu )v, xeQ,

K 1+kv
—dyAv = (af tanh (24 ) — m) v, xeQ, (4.4)
Qo= =, x €09,

with € [0, 1]. It can be similarly proved that (uy, vy) is bounded if (uy, vy) is a solution of (4.4) and
D] < Ug,Vy < D2.
Denote

K 1+kv

(=dyA + ©)7((a tanh ({2 ) — m)v + ©v)

1+kv

Fy(u,v) =

(—d, A + @)—l(m (ﬁ - 1) - atanh( bu )v + ®u) ]

Clearly, (uy,vy) 1s a solution of (4.4) if, and only if, (uy, vy) 1s a fixed point of Fy. Moreover, by the
boundedness of solutions of (4.4), there is no fixed point of Fy on 9D. Then, the homotopy invariance
of degree shows that index(F'y, intD, P) does not depend on ¢}. Furthermore, if (u, v) is a fixed point of
Fﬁ, then

deg(I — Fy, U(u,v),(0,0)) = index(F(u,v), (0,0), P) = (-1)7, 4.5)

where U(u,v) is a neighborhood of (u, v), and o is the sum of algebraic multiplicities of all eigenvalues
of Fj(u,v) which are greater than 1. Therefore, index(F%(u,v), (0,0), P) = 1 by (4.5) if the spectral
radius R(F(u,v)) < 1.

AIMS Mathematics Volume 9, Issue 11, 32514-32551.



32541

Now, we take # = 0. Obviously, (4.4) has a unique nonnegative solution (0, 0). Further, (0,0) is a
unique fixed point of Fy on P. Hence,

index(Fy, intD, P) = deg(I — Fy, U(0,0),(0,0)).

By direct computations, one has

F)(0,0) = ( (=diA + ©)7'(r9 + ©) 0 )

0 (=dhA + ) (O — m)

It is obvious that F(0, 0) has no eigenvalues which are greater than 1 when @ = 0. Thus, R(Fj(u,v)) <
1 and

index(Fy, intD, P) = deg({ — Fy, U(0,0),(0,0))
index(F (0, 0), (0,0), P) (4.6)

=1

holds for all ¢ € [0, 1]. Particularly, take ¢ = 1. For F; := F, one has
index(F, intD, P) = index(F, intD, P) = 1.

We discuss the indexes of F at E,, Ex and E below. To obtain the index of F at E, some other
preliminaries need to be provided. Let D = diag(d,,d,), E = (u,v), and

G(E) = ru(l—%)—atanh(%)v), A:(a” alz)

(a tanh ( lfr']‘w) - m) 1 da; ax

with a;; given as (2.3). Then, system (1.6) could be rewritten as
— DAE =G(E), x€Q; 0,E =0, x € Q. “4.7)

Hence E is a solution of (1.6), if, and only if, E is a solution of (4.7), if, and only if, E is a solution of
the problem

WE)=E-I-AN""D'GE)+E)=0, xeQ; §,E=0, x€dQ

in X*. Obviously, the operator ¥ is a compact perturbation of the identity operator /. In view of
the definition of the Leray-Schauder degree, we conclude from Y¥(E) # 0 on 0Q that deg(\¥, D, 0) is
well-defined. Furthermore, E is a fixed point of F if, and only if, E is a zero point of V.

In what follows, we look for the index of F at £ by W¥. The main result of this subsection is as
follows.

Theorem 4.4. Assume that I — F'(E) is invertible on (Co(Q))>. If the determinant det(A + D) < 0,
then the system (1.6) has at least a positive nonconstant solution.

Proof. We first calculate the index of F at E. Clearly, PEO = P and Qg, = {(0,0)}. Consider

(-diA+0O)'(r+0 0

FEI={ Cpa+0)'0 ©-m) |
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Take (7, J) € (Co(Q))>. If (I = F'(Ey))(t, /)T = 0, then

{ —di|At = r,

—-d,Aj = —mj. (4.8)

The invertibility of I — F'(Ey) on (Co(Q))? is investigated as follows.

The second equation of (4.8) means that j = 0. For the first equation, the following two cases need
to be considered.

Case 1. d—r] ¢ o(—=A), where o(—A) represents the spectrum set of —A with homogenous Neumann
boundary conditions. Thus, 7 = 0, which implies that I — F’(Ey) is invertible on (Co(Q))%. Set 1 = %.
Then, 1 € (0, 1). Let f; be the principal eigenfunction of —A. Then, (fy, 0) € Pg,\Qg,. Hence,

o -1
() -( B er e oR) (0] o,

which indicates that F’(Ey) has property a on Pg,. Therefore, index(F, Ey) = 0 due to Lemma 4.1.

Case 2. d—’l € o(=A). Then, there exist 7, j € Co(Q), T £ 0, satisfying (I — F’(E))(t, ;)T = 0. Thus,
I—-F'(E,) is not invertible on (Cy(Q))>. Assume that 7, is the eigenfunction of I — F’(E,) corresponding
to j. Then, 7, must change sign in , which means that I — F’(E)) is invertible on PEO. Furthermore,
the nodes of 7, divide Q into finite subregions. Hence, we can find a positive function 7, d,7|sqo = 0 on
Q that satisfies fQ 77,dx # 0. We claim that I — F’(E,) is not surjective on Pg,.

In fact, take j € A and assume that there exist 7y, jo € A such that (I — F'(Ey))(to, Jo)" = (%, ))".
Then,

{ 70— (r + @) (-d|A + )1y = 7, 4.9)
Jo = (@ —m)(=drA + ©)' jg = . '
Multiply the first equation of (4.9) by 7, and then integrate over € to obtain
f(—dlA - r)TT,dx = f(—dlA + O)7r,dx. (4.10)
Q Q

Clearly, the lefthand side is fQ(—dlA - rror,dx = 0 of (4.10), whereas, the righthand side is
(r +0) fQ%T,dx # 0 of (4.10). This implies that there does not exist 7y, jo € A such that
(I = F'(Ep))(10, Jo)" = (T, ))". Consequently, I — F’(E)) is not surjective on Pg,. One can still obtain
index(F, Ey) = 0 due to Lemma 4.1.

Next, we calculate index(F, Ex). For Eg, Pr, = Co(Q) ® A, and Op, = Co(Q) @ {0}, consider

(-diA+O©) ' (-r+®  —atanh(bK)) )

F'(Ex) = ( (-=d2A +©)"(0  atanh(bK) —m + ©)

Take 1 = % for some 6 > 0, then 1 € (0, 1) since O is large. Moreover, fj is still denoted as the
principal eigenfunction of —A. Then, for (f;,0) € Pg,\Qg,, one has

e AN LI ey

[ Ho—(diA+O) (=(r+6)+O) fy )
0

ﬂ
(%)< 0n
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which induces that F’(E) has property a on Pg,. We have already assume that I — F’(E) is invertible
on (Cy(Q))?, thus index(F, Ex) = 0 by Lemma 4.1.

Then, we will change our ideas about calculating index(F, E).

Notice that the Fréchet derivative of F at E is precisely the matrix A, then

[-Y(E)=U-ANYD'A+]D.

By the definition of fixed point index, if I — ¥’(E) is invertible, then the fixed point index of [ — ¥ at
E is denoted by index(/ — ¥, E) = (—1)", where ¢ is the number of negative eigenvalues of I — ¥'(E).
Therefore, we need to investigate the eigenvalues of I — V'(E).

It is not hard to verify that u is an eigenvalue of I — ¥(E) if, and only if, u is an eigenvalue of
#M(D‘IA + I). This indicates that I — ¥/ (E) is invertible if, and only if, the matrix D™'A + [ is
non-degenerate. Hence we only need to focus on the determinant D~'A + I. Since

1
det(D™'A + I) = — det(A + D),
did,
if det(A + D) # 0, then I — ¥'(E) is invertible and the number of negative eigenvalues of I — ¥/(E) is
odd if, and only if, det(D~'A + I) < 0. In fact, our assumption implies that

index(I - ¥, E) = -1,

which means that index(F, E) = —1. Recall index(F, E;) = index(F, Ex) = 0. We derive the result and
the proof is completed. O

Remark 4.1. A priori estimates in Subsection 4.1 play an important role in later discussions. However,
it is difficult to establish a priori positive lower bounds for the positive solution of (1.6) when k = O.
Then, the homotopy mapping defined later is zero at the boundary and the Leray-Schauder degree has
no definition. Hence, we cannot investigate the existence of positive nonconstant solutions applying
neither the fixed point index theory nor Leray-Schauder degree theory. It further indicates that the
fear effect makes it possible to apply the fixed point index theory or Leray-Schauder degree theory to
study spatially nonconstant steady states. On the other hand, this is another reason why model (1.4) is
discussed instead of (1.3).

5. Conclusions

In this paper, Hopf bifurcation and Turing pattern of a diffusive R-M predator-prey model with
both hyperbolic tangent functional response and fear factor were studied. Mathematical analysis and
numerical simulations reveal that fear factor plays a key role in the dynamic behavior of the system.

For the ODE system (1.4), we first gave a detailed classification of equilibria based on stability
analysis. It is shown that positive equilibrium £ becomes locally asymptotically stable as k increases
to a critical value ky (see Example 2.1). Biologically, strong fear effect could stabilize the system by
changing the prey’s foraging activity, defense behavior, reproduction capacity, and so on. Then, we
proved the existence, direction and stability of Hopf bifurcation for (1.4) by the Poincaré-Andronov-
Hopf bifurcation theorem. It is observed by numerical simulation that system (1.2) exhibits the
bistability phenomenon. System (1.4) produces a stable limit cycle that surrounds unstable E arising
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from a supercritical Hopf bifurcation. It indicates that both the capture rate of predator and fear factor
have a stabilizing effect. Finally, the existence of limit cycles and the transversality condition for
transcritical bifurcation of (1.4) were discussed. It is shown that system (1.4) will generate a limit
cycle when the prey is in a state of low fear or carrying capacity is large enough, and will always
undergo a transcritical bifurcation regardless of whether the prey is in fear or not.

For the diffusive system (1.5), Case 1. k = 0, the stability of positive equilibrium E* of (1.2) is
exactly the same as for (1.5) with & = 0, which means that the Turing instability of both positive
equilibrium and homogeneous periodic orbits does not occur in (1.5) with k = 0. Case II. k > 0, we
first demonstrated that positive equilibrium E is locally asymptotically stable w.r.t. R-D model (1.5)
in unbounded region U, or U, (see (3.1) or (3.2)), and unstable w.r.t. R-D model (1.5) in unbounded
region Us (see (3.3)), which implies that Turing instability of positive equilibrium E occurs under
weak fear effect or strong carrying capacity. Then, the direction of Hopf bifurcation and the stability of
bifurcating periodic solutions for system (3.5) were discussed. If the fear cost is sufficiently small and
the diffusion coefficients d; and d, are large enough, system (3.5) undergoes new Hopf bifurcations
and exhibits Turing instability of spatially homogeneous periodic orbits. It is shown that fear effect
can drive Turing instability and create spatial inhomogeneous patterns. Finally, the existence and
nonexistence of positive nonconstant steady states of (1.5) were studied applying the fixed point index
theory.

To sum up, the qualitative analysis of the R-M predator-prey model with hyperbolic tangent
functional response reveals that different response functions play an important role in determining
dynamics of the model. We mainly investigated the impact of fear on the R-M predator-prey model
with hyperbolic tangent functional response. It is shown that fear factor could stabilize the system,
cause the system to generate limit cycles, and give rise to spatial and temporal inhomogeneous patterns.
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Appendix A. The proof of Theorem 2.2

In order to understand the detailed property of the Hopf bifurcation, we need a further analysis
for the normal form. One can translate the positive equilibrium £ to the origin by the transformation
it = u—uand ¥ = v — . For the sake of convenience, we still denote iz and ¥ by u and v, respectively.
Thus, the local system (1.4) can be given by

du _ r(u + ﬁ)(l - M) —atanh( bluth) )(v+ V),

K T+k(v+7)
gé e (5.1)
_ b(u+ii) -
P (a tanh(Hk(Jv'w)) - m) (v + V).
Rewrite the system (5.1) as
L u f(u,v,K)
r v g, v, K)
where
fu,v,K) = aiu® + auv + azv: + aqgl’ + asu’v + aguv® + -+,
gu,v,K) = biu? + bouv + byv? + bgui® + bsu®v + beuv® + -+ -,
and
2 _ 2
a = _L_ m(a—_m)arctanh (@) (arctanh (ﬂ) - bﬁ) ,
K a’kit? a a
22
a, = garctanh2 (@) (Zm arctanh (ﬂ) — 2mbiu — a) ,
a’bii? a a
k )
as = (a—_m)arctanh3 (ﬂ) (mbﬁ + a — m arctanh (ﬂ)) ,
a’b*ii? a a
2 _ PV — 3m2
a, = (@ —m )(a_ m )arctanh2 (ﬂ) (bﬁ — arctanh (ﬂ)) ,
3a3ki? a a
22
as = —_marctanh2 (@) [(a2 — 3m?)arctanh? (@) + (bia(3m* — a*) + 2am)arctanh (ﬂ) — ambﬁ],
a*bi’ a a a
k 2_ 2
ag = (m—_a)arctanh3 (ﬂ) [(cl2—3m2)alrctanh2 (ﬂ)+(bb‘t(3m2—a2)+4am)arctanh (ﬂ)—Zambﬁ—az],
a’bu? a a a
r
by =-a; - I by = —ay, by = —az, by = —au, bs = —as, bg = —as.
Set the matrix
N 1
P ( N )
with M = —“‘% and N = “222;/3““ Then,
_ o(K) —B(K) )
PP = D(K) := .
% ( BEK) (k)

Let
M, = M|K:Ko, Ny := N|[(:K0, ,80 ::ﬁ(KO)~
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By the transformation (1, v)" = P(x,y)", the system (5.2) is transformed into
dx 1
i | = oK x)+(f(x’y’ ) 5.3
( @ ) ( )( y g'(x,y,K) (5-3)
1 1
£y, K) =278(Nx +y, Mx, K)

N?  N? 2rN 2N
= (_r_ ——a; — Nay - Mag) X+ (_r_ - —a - az)xy

where

KM M KM M
r ar\ , (N? ;
—(—+—) —|—a4+ Nas + Mag|Nx
KM M M
3N? 3N
- (704 + 2N(15 + Ma6) xzy - (E(M + as) xyz - %y3 +oee,
1 N
g (x,y,K)=f(Nx+y, Mx,K) — Mg(Nx +y, Mx, K)

N3 N
[r— +N? (1 + M)al + NM + N)a, + M(M + N)a3] x°

KM
rN N 5
xy+[—+(1 +—)a1]y

+

N
+2N(1 +M)a1 +(M+N)a,

[ 2rN?
| KM KM M

’ N
+ a2 (1 + M)a4 + N2 (M + NYas + MN(M + N)aﬁ] e

[ N
+|3N? (1 + M)a“ +2N(M + N)as + M(M + N)ag| x>y

) N N
+ »3N(1 + M)CM + (M+N)a5]xy2 + (1 + M)a4y3 T
The polar coordinate form of (5.3) is as follows:

p=aK)p+aKp’ +---,
0=pBK)+c(K)p*+-.
Then, the Taylor expansion of (5.4) at K = K, yields

(5.4)

p = ' (Ko)(K = Ko)p + a(Ko)p® + o (K = Ko)’p, (K = Ko)p®, ).
6 = B(Ko) + B (Ko)(K — Ko) + c(Ko)p® + 0 (K = Ko)’, (K = Ko)p?, p*).
We need to verify the sign of the coefficient a(K), which is given by
. 1 1 1 1 1 1 1 1 1 1 1 1 11 11
a(KO) = E (fxxx + fxyy + gxxy + gyyy) + Fﬁo [fxy (fxx + fy}) - gxy (gxx + gyy) - fxxgxx + fyygyy]

to determine the stability of Hopf bifurcation periodic solution, where all partial derivatives are
evaluated at bifurcation point (x, y, K) = (0,0, Ky), and

N2
fxlxx(O, O, Ko) = —6N0 (VOCM + N0a5 + Moa(,) N
0
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3N,
f1y(0,0,Kg) = =2 (VOO(M + as) ;

N
£4,(0,0,Ko) = 2 [3N§ (1 + ﬁo) a4 +2No(Mo+Ny)as +M0(M0+No)a6] :
0

N
1 _ 0
gyyy((), 0, KQ) =6 (1 + —Mo)d4,

1 rNg  Ng
fxx(O, 0, K()) =-2 KoM + —M a) + N()(lg + M0(13 s
04¥10 0
2rN 2N,
1 0 0
09 09 K = - - T - s
fxy( 0) KOMO MO aq ay

2
f3(0,0, Ko) = A (— + (11),

3
N,
gl (0,0, KO):Z[ 0 +N§(1+—MO)al+N0(M0+N0)a2+M0(Mo+N0)a3 ,
0

2

| 2rN; No
gxy(O, 0, Ko) = KM +2N0 1+ﬁ Cll+(M()+N())612,

oMy 0
1 rNy Ny
(0,0,Kp) =2 +1+— .
By 0) [KoMo ( MO)CH]
By direct calculations, we have
_ 1 4 3 2 2
a(Ky) = _W[ZKO (NO +M0NO +2N0 +MyNy+ 1) aj

— Ko (N§—2MoNy—(3M; — 2)Ng =2MoNo— Mg +1) aray + 2KoMoNo (Mg —Ng —1) aras
+2r Ny +2N; +1) ay + KoMoNo (M3 —Ng—1) a3 — KoM (3N +2MoNo— Mg +1) aras
— r(N§ = MoNy +2Ng = MoNo+1) ay = 2KoMy(Mo+No)a3 — 2rMoNo (N3 +1) a3

— 3KoMoBo (Ng+1) as + KoMoBo (N3 —2MoNo+1) as + KoMgBo(2No—Mo)as|. (5.5)
Denote (Ko)
allo

= - . 5.6

7T T e(Ky) ©-0

Recall that @’(Kj) > 0, and one can obtain the result of Theorem 2.2 by the Poincaré-Andronov-Hopf
bifurcation theorem [40].

Appendix B. The proof of Theorem 3.1

Let D = diag(d,,d>), E = (u,v), and L = DA + Jg(E). Then, the linearized system of (1.5) at E is

E, =LE. B.1)
The eigenvalues of the operator L are the eigenvalues of the matrix —u,D + Jg(E), Yn > 1, where
- a a
JE(E):( 1 an )
a dan
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The characteristic equation of —u,D + Jz(E) is given by
gu(A) £ Al + p,D — Jg(E)| = * + M,A+ N,

where
M, = (d) + du, — Oy, N, = didopi® — (ay1dy + and ), + ©,.

(H3) implies that a;; < O, then M,, > 0 and N, > 0. The roots 4,,; and A4,, of g,(1) = 0 all have
negative real parts.
We claim that there exists a positive constant 6 such that

Re{d,}, Re{d,,) < =5, VYn> 1. (B.2)

In fact, let 4 = u,0, then
gn(A) = 120* + Myj1,0 + N, 2 ,(0)

and 5,(0)
lim g;:f = 0"+ (di + dr)o + did> = 5(0).

Notice that g,(0) = 0 has two negative roots —d; and —d,. By continuity, there exists an n, such that
the two roots g,,; and g, of g,(0) = 0 satisfy

A

d= min{dl,dz}, Vn > ny.

NS IENTN

Re{o,1}, Re{o,2} < —=,

In turn, Ref4,,1}, Re{d,,} < —g, Vn > ny.
Denote
[max {Re{A,.1}, Re{d,0}} = —@.
<n<ng
Then, @ > 0, and (B.2) holds for 6 = min{w, g}. This implies that all eigenvalues of L lie in {Re A <
—0}. Therefore, E is locally, uniformly, asymptotically stable. The proof of Theorem 3.1 is completed.
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