@ axioms

Article

Spatiotemporal Dynamics of a Diffusive Immunosuppressive
Infection Model with Nonlocal Competition and
Crowley—Martin Functional Response

Yuan Xue, Jinli Xu and Yuting Ding *

check for
updates

Citation: Xue, Y.; Xu, J.; Ding, Y.
Spatiotemporal Dynamics of a
Diffusive Inmunosuppressive
Infection Model with Nonlocal
Competition and Crowley-Martin
Functional Response. Axioms 2023,
12,1085. https://doi.org/10.3390/
axioms12121085

Academic Editor: Delfim F. M.

Torres

Received: 23 October 2023
Revised: 23 November 2023
Accepted: 24 November 2023
Published: 27 November 2023

Department of Mathematics, Northeast Forestry University, Harbin 150040, China; xueyuanl@nefu.edu.cn (Y.X.);
xjl@nefu.edu.xn (J.X.)
* Correspondence: dingyt@nefu.edu.cn

Abstract: In this paper, we introduce the Crowley—Martin functional response and nonlocal competi-
tion into a reaction—diffusion immunosuppressive infection model. First, we analyze the existence
and stability of the positive constant steady states of the systems with nonlocal competition and local
competition, respectively. Second, we deduce the conditions for the occurrence of Turing, Hopf, and
Turing-Hopf bifurcations of the system with nonlocal competition, as well as the conditions for the
occurrence of Hopf bifurcations of the system with local competition. Furthermore, we employ the
multiple time scales method to derive the normal forms of the Hopf bifurcations reduced on the
center manifold for both systems. Finally, we conduct numerical simulations for both systems under
the same parameter settings, compare the impact of nonlocal competition, and find that the nonlocal
term can induce spatially inhomogeneous stable periodic solutions. We also provide corresponding
biological explanations for the simulation results.
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competition; Hopf bifurcation; delay
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1. Introduction

Continued infection with certain human pathogens can lead to the development of
chronic diseases, such as Hepatitis B Virus (HBV), Hepatitis C Virus (HCV), and Human
Immunodeficiency Virus (HIV) [1]. Although specific antiviral treatments are essential for
managing these infections, the complete eradication of these pathogens remains an elusive
goal due to the high genetic variability of these viruses and their ability to evade the host
immune system. In recent years, a few HIV-infected individuals, known as elite controllers,
have been discovered [2,3]. They can maintain low or undetectable viral loads without
treatment, possibly due to their robust immune responses [4-6]. Enhancing virus-specific
immune responses is now a key research focus.

Mathematical models have been used to model the dynamic behavior of immune
suppression infections between viruses and the immune system [7-9]. Komarova et al. [1]
proposed a basic immunosuppressive infection model in which the proliferation term of
immune cells is considered to be influenced by both viruses and immune cells, expressed
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where c is the immune intensity, 77 stands for the inhibitory effects of
the virus on the proliferation of immune cells, and u and v represent the density of viruses

Following this, many scholars continuously modified the immunosuppressive in-
fection model [10-12]. Due to the immune system requiring a time lag to generate new
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immune cells through a series of events [13], Shu et al. [10] proposed an assumption that
the activation rate of immune cells at time ¢ is dependent on both the virus load and the

Axioms 2023, 12, 1085. https:/ /doi.org/10.3390/axioms12121085

https:/ /www.mdpi.com/journal/axioms


https://doi.org/10.3390/axioms12121085
https://doi.org/10.3390/axioms12121085
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/axioms
https://www.mdpi.com
https://doi.org/10.3390/axioms12121085
https://www.mdpi.com/journal/axioms
https://www.mdpi.com/article/10.3390/axioms12121085?type=check_update&version=1

Axioms 2023, 12, 1085

2 0f23

number of immune cells at time ¢t — 7. They investigated the immune expansion function

described as ®(u,v) = % In this way, the time delay T can be seen as the period
during which the immune cells undergo activation or maturation. In other words, these
immune cells are produced at time f — T but do not work until {. Subsequently, Li et al. [12]
made further modification to the immune expansion function; they proposed that the
expansion of immune response is achieved through the stimulation of the virus on the
immune cells. This process involves the processing and presentation of viral antigens by
antigen-presenting cells for recognition and activation of effector cells [14]. This implies
that it takes a certain amount of time for the virus to effectively stimulate the immune cells,
which is known as the viral stimulation delay, denoted by 7. In this way, the immune cells

at time f are activated by the virus that stimulated them at time ¢ — 7. They investigated the

immune expansion function described as ®(u,v) = lir”(t;z)v
nu(t—1)
this model involve the work of Chen et al. [15], where they replaced the immune expansion

function with the Beddington-DeAngelis (B-D) functional response given by:

The latest advancements in

B cu(t— 7)o
®(u,v) = 1+qu(t—1)+s0

where s represents the competition intensity among immune responses. Additionally,
Xue et al. [16] introduced diffusion into the model proposed by Chen et al. [15].

In this paper, we consider replacing the Beddington—DeAngelis functional response
with the Crowley—Martin (C-M) functional response:

cu(t —1)v
(I4+nqu(t—1))(1+sv)

The Crowley-Martin functional response was first introduced by Crowley and Mar-
tin [17]. Like the B-D functional response, it was initially used to describe interactions and
competitive relationships in predator—prey models [18-20]. Skalski et al. [21] analyzed
an important distinction between the B-D functional response and the C-M functional
response in predator-prey models through mathematical formulas; they suggested using
the B-D functional response when the predator’s consumption rate is no longer correlated
with predator density at high prey densities, whereas they advised employing the C-M
functional response when the predator’s consumption rate continues to be influenced by
higher predator densities at high prey densities.

Now, revisiting the immunosuppressive infection model, when the viral quantity is
sufficiently high, the B-D functional response can be expressed mathematically as:

®(u,v) =

lim ®(u,0) = lim +——— v — = Q’
u—roo u—r0o E+;7+H 77

while the C-M functional response can be expressed as:
cv cv

lim ®(u,v) = lim 5 = :
U—»00 U—r00 H"’ﬂ“‘%"”?sv 1’](1+SU)

From this, it can be observed that as the density of viruses (denoted as u) increases,
in the B-D functional response, the competition among immune cells (represented by s)
has almost no effect on their proliferation rate. However, in the C-M functional response,
competition among immune cells still affects their proliferation rate. In reality, as viral
quantity rises, it can harm the immune system, leading to immune exhaustion. This
exhaustion makes it challenging for immune cells to efficiently clear the virus, resulting
in a weakened immune response (as mentioned in [22]). Even when only a small fraction
of immune cells are actively responding to the viruses, some level of competition among
them can influence their proliferation rate, functionality, and lifespan, thus affecting the
overall immune response (as mentioned in [23]). This implies that even though the viral
quantity reaches a certain threshold, competition s among immune cells still influences the
proliferation term of immune cells, aligning more closely with the description of the C-M
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functional response. Therefore, it is reasonable to replace the B-D functional response with
the C-M functional response. In fact, many scholars have incorporated the C-M functional
response into virus infection models [24-27], primarily to simulate the infection rate. To
the best of our knowledge, there have been relatively few instances of utilizing the C-M
functional response to simulate the proliferation term of immune cells in these models.

In this paper, we will consider the following system:

au(aji’t) =d1Au(x, t) +ru(x,t) (1 — u<§’ t)) —au(x, t) — pu(x, t)o(x,t),
% = dao(e ) + n;?ixt t_ﬂ? (z)l(i’ ';)U(xl gy ~ el —quixn o), @

ou(x,t) =dyo(x,t) =0, x€9Q,t>0,
u(x, t) = P1(x,t), v(x, t) = Pa(x,t), x€Q, te[-71,0],

where () = (0, 7). The variables u(x, t) and v(x, t) represent the density of viruses and
immune cells at the spatial location x and time ¢, respectively. The parameters a and b
correspond to the natural mortality rates of the viruses and immune cells, respectively.
Meanwhile, r and K describe the viral replication rate and viral load, respectively. Addition-
ally, we use the parameters ¢, s, and 7 to represent the immune intensity, the competition
intensity among immune responses, and the inhibitory effects of the viruses on the prolifer-
ation of immune cells. The parameter T characterizes the viral stimulation delay, which
means the immune cells at time ¢ are activated by the virus that stimulated them at time
t — 7. It is postulated that immune cells eliminate viruses at a rate of puv, while viruses
suppress immune cells at a rate of quv. The diffusion rates for the viruses and immune
cells are denoted as d; and d, respectively. It is crucial to emphasize that all parameters in
system (1) must remain nonnegative.

Nonlocal competition was first proposed by Furter and Grinfeld in their research in
1989 [28]. They introduced nonlocal interactions into a population dynamics model of
a single species to describe how species interact when competing for a shared resource.
In recent years, many reaction—diffusion equations with nonlocal competition have been
used in ecological system modeling [29-32]. Research indicates that introducing nonlocal
effects may lead to the emergence of multi-peaked population density distributions [32-34].
In system (1), the viral replication rate follows logistic growth, ru(1 — %). That implies
that there is an implicit one-to-one correspondence between viral and infected cell, while
Bessonov et al. [35] and Banerjee et al. [36] mentioned that, in biomedical applications,
viral cells can also compete for resources, with the possibility of different types of viral cells
infecting the same cell. In this case, the viral reproduction rate is described by the expres-

sion ru(x, t) (1 — % [oGx,y)u(y, t)dy), where G(x,y) is some reasonable kernel which

characterizes the efficacy of host cell infection. The integral 7i(x,t) = [, G(x,y)u(y, t)dy
corresponds to nonlocal resource consumption at a particular spatial point x [31]. In this
paper, we choose G(x,y) = 1/7. In order to investigate the influence of nonlocal competi-
tion on the dynamic behavior of system (1), we also consider the following system with
nonlocal competition:

a”(a’;' D _ g Au(x ) + ru(x,f) (1 - W‘) ~au(x,t) — pu(x, o(x t),
ov(x, t) cu(x, t — T)v(x,t)

T dyAv(x,t) + A pulx =) 1508 bo(x,t) — qu(x, t)o(x,t), (2)
opu(x, t) =dyo(x,t) =0, x€90,t>0,
u(x, t) = P1(x,t),0(x,t) = ¢o(x,t), x€Q,te[-1,0],

where all the parameters are consistent with those in system (1).
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The remaining sections of the paper are structured as follows. In Section 2, we sepa-
rately discuss the stability of positive constant steady states and the existence of possible
bifurcations for systems with and without nonlocal competition. Section 3 presents the
normal forms of Hopf bifurcations in both systems and analyzes the stability of bifurcating
periodic solutions, along with their respective bifurcation directions. In Section 4, we
conduct numerical simulations for the two systems to compare the distinct spatiotemporal
dynamics arising from the introduction of nonlocal competition. Finally, conclusions are
given in Section 5.

2. Stability and Bifurcation
2.1. Stability and Bifurcation of the System with Nonlocal Competition

Considering the biological aspect, we focus on the positive constant steady state
E. = (u,v4) of system (2). Then we have:

Tl (1 — &) — auy — pusvyx =0,
K
CU Vs b 0 3)
— boy, — gquyve = 0.
(1"‘770*)(1"‘577*) 1

Suppose
(HO) a + pos < 1.

Then by direct calculation, we can deduce the form of u, as follows:

u*:K(1”+rpv*) > 0. @)

Substituting (4) into (3), then v, must satisfy the following equations:
h(v) = Av® + Bv?> + Co+ D = 0,

where
A = —qyK?p?s,
_ _ Py brs| _ars
B = —-2pK {17 [q((a r)s+ 2)K > } 5 ], -
C=—gqn(a—r)(sa—sr+ 2;7)1(2 +r[—s(by +q)r+b(sa+ p)y+ (sa+p)qg — cp]K — br3s,
D = —qy(a—r)?K>+4r(by —c+q)(a—r)K — br?.
Denote
2B+ /B, . —2B— /A
Ay = 4B* — 12AC, v} Y o (6)

For the sake of discussing the existence of positive constant steady states, we make
the following assumptions:

(H1)C<0,B>0,A1>0,D>0, h(v;) <0, h(v]) >0,
(H2)C >0, D<0, h(v]) >0,
(H3)C<0,B>0,A;>0,D>0, h(v;) =0o0rh(v]) =0,
(H4)C<0,B>0,A1>0,D<0, h(v]) >0,

(H5) C >0, D>0orh(v]) =0,

(H6)C <0, B>0, Ay >0, D >0, h(v;) > 0orh(v]) <0,
(H7)C <0, B>0,A;>0,D <0, h(v]) =0,
(H8)C<0,B>0,A1<0,D>0,
(H9)C<0,B<0,D>0.
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Theorem 1. Assume that (HO) holds; then for the positive constant steady state E, = (uy, v«) of
system (2), the following statements hold true.

(i) If (H1) holds, then system (2) has three positive constant steady states;

(i) If any one of the conditions (H2)-(H4) holds, then system (2) has two positive constant steady
states;

(iii) If any one of the conditions (H5)—(H9) holds, then system (2) has one positive constant
steady state.

Proof. Note that A < 0 and 1'(v) = 3Av? + 2Bv + C is a quadratic equation. Then we will
analyze the monotonicity of h(v) based on the direction of /' (v) and the presence of the
positive roots of /' (v) to determine the number of positive roots of h(v).

If C <0, B> 0and Ay > 0, then the parabola of i’ (v) opens downward and /' (v) = 0
has two positive roots v] and v; . That means /(v) is monotonically increasing when
0<ovy <v< v;r, and monotonically decreasing when v € [0,v; ) U (vT,00). At this time,
we have the following results.

(@) If D >0, h(v]) <0, h(v]") > 0 are satisfied, then /(v) has three positive roots (see

Figure 1).

(b) IfD >0, h(v;)=0o0rD >0, h(v;) <0, h(v;) =00r D <0, h(v]") > 0hold, then

h(v) has two positive roots (see Figure 2a—c).

If C > 0, no matter the sign of B, the parabola of K (v) always opens downward,
and /' (v) = 0 has one positive root v;” and one negative root v; . That means h(v) is
monotonically increasing when v; < 0 < v < v;, and monotonically decreasing when
v € (—o0,v; ) U (v, 00). Combining this with D < 0, h(v]") > 0, we can conclude that
h(v) has two positive roots (see Figure 2d).

This proves (i) and (ii). Similarly, we conclude (iii), the remaining proof process is
omitted, and we only provide graphs for one positive root (see Figure 3). O

h(v)

(vi*,h(v1%)

(v1,h(v1))

Figure 1. If (H1) holds, then system (2) has three positive constant steady states.
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Figure 2. System (2) has two positive constant steady states under various conditions. (a,b)
Correspond to when (H3) holds. (c) Corresponds to when (H4) holds. (d) Corresponds to
when (H2) holds.
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Figure 3. Cont.
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h(v) ' h(v)
(v1*,h(v1*))

vi*,h(viY)) v

S R S

(c) (d)
h(v) h(v) h(v)
\ 5
D

(vi*,h(v1*))

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
1
1
1
1
I

(e) (f)

Figure 3. System (2) has one positive constant steady state under various conditions. (a,b) Correspond
to when (H5) holds. (c,d) Correspond to when (H6) holds. (e) Corresponds to when (H7) holds.
(f) Left corresponds to when (H8) holds, and right corresponds to when (H9) holds.

Denote the positive constant steady states of system (2) as E,. Therefore, when the
parameters of system (2) satisfy any one of conditions (i)—(iii) of Theorem 1, the positive

constant steady state E. = (14, vs) exists.
Set U(x,t) = (u(x,t),v(x,t))T; then the linearization of system (2) at E. is

% — DL AU(x, £) + JU(x,t) + AU (x, 1) + BU(x, t — T), @)
where
D*:(dl 0),]_< 0 —1112),14*:(—{111 0>’ g 0 ° ’
0 dz —d21 —Aax 0 0 b21 0
with

a—m—*a—ua—va— COUOx by = €0x (8)
11 — K ’ lZ*P * 21*q xy W22 — (1+1’]u*)(1+5v*)2’ 21 — (1+77M*)2(1—|—SU*)

Clearly, a11, a12, a1, a2z, and by are all positive numbers.
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Therefore, the associated characteristic equations at E, are

A2+ ToA+Ny+bpe =0, n=0,
T,: 5 At B 9)
A%+ T,A+ N, + boe =0, n=12,---,
with
To = a1 +axp, No = ayaxn —apa, by = apb,
and
Ty = ay +don® + din?, Ny = apdin® + dydan® — agpan.
CaselT=0

When t = 0, Equation (9) becomes

A4+ T A+N,+by=0, n=1,2,---.

Suppose that there exists Ky > 0 such that Ny + by = 0 for K = Kp; then the character-
istic Equation (10) has a zero root for n = 0. Futhermore, note that N, + by (n =1,2,3,---)
is monotonically increasing with respect to n, so N, + by > 0 (n = 1,2,3,- - - ) if and only
if Ny +bp > 0. Take K as a bifurcation parameter, and assume that the transversality
condition for the occurrence of 0-mode Turing bifurcation is satisfied. Then we have the
following results.

~1
Theorem 2. If Ny + by > 0 holds, and (Regﬁ) ‘K B # 0, then we have the following
=&0

statements.

(i) If Ng+ by > 0 holds, then all the roots of characteristic Equation (10) have negative real
parts; thus, the positive constant steady state E.. of system (2) is locally asymptotically stable.

(i) If No + by < O holds, the characteristic Equation (10) will exhibit characteristic roots with
positive real parts for n=0, then the positive constant steady state E.. of system (2) is unstable.

(iii) If No + by = 0 holds, the characteristic Equation (10) has a zero root for n = 0, then system
(2) undergoes 0-mode Turing bifurcation at E,.

Case2T1>0
Set A = iwy (wy, > 0) as a root of Equation (9); then we have

bo sin(w, 7)) = Tywy,
osin(wnt) " forn=0,1,23,--- . (11)
by cos(wnT) = wi; — Ny,
Futhermore, we define
T,
Ry 2 sin(w, ) = an,
A wzo— N, (12)
Qn = cos(wyT) = ”T"
0

By squaring both equations in Equation (11) and adding them together, then denoting

A 5 :
g = wy;, we can obtain

A
9(g) = ¢+ (T, —2N,)g + N> — b = 0. (13)
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Lemma 1. When T > O, sz,% — b% < 0(n =0,1,23,--) holds, then the characteristic
Equation (9) of the linearization of system (2) has a unique pair of purely imaginary roots Liw, at
Ty, j, Where

\/ZNn — T2+ /A,
wi’l - 7
2 (14)
1
(arccos(Qn) +2jm), fornel, j€Ny=0,1,23,---,

Tn,j = win

with Ay = (T2 — 2N, )2 —4(N2 - 12), I = {n € Ng| N2 — b2 < 0}.
Proof. By simple calculation, we can obtain

T¢ — 4Ny = (a11 — a2)* +4apaz >0, n =0,
T2 — 4N, = (ayp + don® — dyn®)* 4+ dappan >0, n=1,2,3,---,

and
{ZNO — T2 = —a%l — a%z —2a1pa71 <0, n =0,

2N, — T2 = —(ap + byp)? — din* — 2415801 <0, 1 =1,2,3,--- .

Then we conclude that, forn =0,1,2,3, - - -, there always exist Ay = (T,% - 2D,1)2 —
4(N2 —b3) = T2(T? — 4N,) + 4b3 > 0 and g1 + g2 = 2N, — T3 < 0. Futhermore, if N3 —
b% <0(n=0,1,2,3,---) holds, we can obtain g1 - g» = N,% - b(z] <0(n=0,1,23,--+).

The results mentioned above suggest that there is a unique positive root g = w
satisfying Equation (13), then Equation (9) has a unique pair of purely imaginary roots
A = *iwy, where w, = ,/g. Furthermore, due to by > 0, T;, > 0 and w, > 0, we have
Ry > 0. From Equation (12), we can derive the form of 7, ; as shown in Equation (14). This
completes the proof. [J

Remark 1. Since we can deduce that Ay > 0 and g1 + g2 < 0 must hold, it implies that there
are no instances of two positive roots for Equation (13); thus, the positive constant steady state
of system (2) will not exhibit stability switches. If N% — b% >0(n=0,1,2,3, ) holds, then
Equation (13) has no positive root.

We can deduce from Equation (14) that for a fixed value of n, € I, T, ; attains its
minimum at j = 0. Define this smallest critical value as:

Te =Ty, 0 =min {70 |n € 1 }. (15)

Lemma 2. For system (2), the transversality condition for the occurrence of n.-mode Hopf bifurca-

>0, forn €I, j € Np.

T:T,,,’]‘

-1
tion is satisfied, that is, (RedT>

Proof. Differentiating both sides of Equation (9) with respect to the time delay 7 results in

A —2A-T, 1
dt MM+ T A+ N, A
From Equation (9) we can obtain that, for alln = 0,1,2,3,- - -, there always exists
bpe M = — (AZ + TyA + Ny). Then substituting it into the above formula, we can obtain

o)
edr

This completes the proof. [

(T2 —2N,) + 2w? .
= >0, €, jeNp.
=Ty, Tnzwz + (w2 — Nn)2 " 1] 0
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Theorem 3. Assuming that N,% — b% <0(n=1,23,--)and Ny + by > 0 are satisfied, for

system (2), we have the following statements.

(i)  When Ny + by > 0 and N3 — b3 < 0, the positive constant steady state E, is locally
asymptotically stable for T € [0, T.) and unstable for T € (1, c0). Additionally, system (2)
undergoes n,-mode Hopf bifurcation at E, when T = 1,

(i)  When Ny + by < 0, the positive constant steady state E is unstable for T > 0;

(iii) When Ny + by = 0, then system (2) undergoes (0, n)-mode Turing—Hopf bifurcation at
(K, 1) = (Ko, ),

where 1. is defined in Equation (15), and Ko > 0 satisfies Ny + by = 0.

2.2. Stability and Bifurcation of the System without Nonlocal Competition

In fact, the positive constant steady states of system (2) with nonlocal competition
are identical to those of system (1) without nonlocal competition; they all align with the
description provided in Theorem 1. Then, the characteristic equation of the linearization of
system (1) at E is

AN+ TA+N, +bhe*™=0, n=0,1,2,---, (16)
where
T,Q =apxp +a1 + dlnz + d2n2,
N}, = apdin® + didon® — a12a01 + ayydon® + ayyaz,
bo = a12b1,

where a11, a1p, a1, a2, by are defined as in Equation (8).
By the same approach as in Section 2.1, we have the following results:

Theorem 4. If (N])? + b3 > 0and (N},)* — b3 < 0 are satisfied, then the positive constant steady
state of system (1) is locally asymptotically stable when T € [0, t.), and unstable when T € (!, %0).
Moreover, system (1) undergoes the n..-mode Hopf bifurcation at E, when T = T/, where
T =1, 0=min{7,,|nel}, (17)
with
/

1 . .
T = U(arccos(Q;) +2jm), fornelj, j€N,

n,j
n

and

R’ é T,wy, / é (“4/1)2 - N, W = 2N}, — (T%), + v/ (A2)
n bo 4 n bo 4 n 2 7
I ={neNg| (N;)*—b§ <0}, Ay=((T7) —2N;)* —4((N7)' - bg).

The specific proof process is omitted.

3. Stability and Direction of Hopf Bifurcation

In this section, we will use the method of multiple time scales to analyze the stability
and direction of Hopf bifurcation for the two systems.
Denote

1>

cu(x, t —1)v(x,t)
(1+nu(x,t—1))(1+sv(x,t))’

flu(x, t —1),0(x,1))
and
B =1+ sv,,

18
o =14 nu,. (18)
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Expand f(u(x,t — 7),v(x, t)) by using a Taylor series around E,, leading to

fu(x,t —7),0(x,t)) :CL;*;* + Zzg(u(x,t— T) — Uy) + ZZ’; (v(x,t) — vy)
- CZ;; (u(x,t—7) — 1) + “Z—Cﬁz(u(x,t — 1) — ) (v(x, £) — vs)
2
- %(U(x,t) —v*)2+%(u(x,t—“r) —u,)? (19)

- %(u(x't —7) — ) (0(x, ) — vs)

cs?u,
ap*
3.1. Stability and Direction of Hopf Bifurcation of the System with Nonlocal Competition

We have obtained that when T = 7, the characteristic equation (9) of the linearization
of system (2) has a unique pair of purely imaginary roots +iw;,, where 7. is defined in (15).
At this time, system (2) undergoes n.-mode Hopf bifurcation at E..

Choose the delay T as a bifurcation parameter, by setting t — t/7 and translating
the equilibrium points of system (2) to the origin; we can express the truncation up to the
third-order form of system (2) as follows:

~ g et = 7)) (o) )

(v(x,t) —v,)> + - -

Bu(aaz,t) =T ldlAu(x, t) 4+ r(u(x, t) +uy) (1 - J (u(x,:r)KJr u*)dx> —a(u(x, t) +uy)
~plu(a, ) + ) (00, 1)+ 0.)|,
80(83;, ) =T |:d2AU(x, )+ CL;*;* + Z;};u(x,t —-1)+ ;l;;;v(x, t) — C;gg u?(x,t—1)
2
+(X2Lﬂ2u(x,t—1)v(x,t) - f;;vz(x,t)+%u3(x,t—l) (20)
- “222 u?(x,t —1)o(x,t) — ag—;u(x,t —1)v?(x, t) + Cij;i* 3(x,t)
—b(o(x,t) +v) —q(u(x,t) +ue)(0(x, £) +0s) |,
opu(x,t) =9dyv(x,t) =0, x€9Q, t>0,
u(x, t) =yp1(x,t), o(x,t) =ya(x,t), x€Q=(0In), tel[-1,0],

where « and B are defined as Equation (18).
Denote the eigenvector of the characteristic matrix of system (20) at E, corresponding

to the eigenvalue iw;,, T as h = (hll,hlz)T, and the eigenvector of the adjoint matrix
corresponding to the eigenvalue —iwy,, T as h* = d(hy3, hig); they satisfy the inner product

(W*,hy =T -h=1.
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Then we have

1 .
hll = 1, h12 = _pu (I(Un* +Vl%d1),

*

(21)

1 . CSU4D
hiy =1, hiz=— —iwp, + ——

2 T R
oL, 22 +nida|, d= (hizhi +hshi2) "

Set T = T¢ + ey, where 1. represents the critical point for the Hopf bifurcation, as
defined in Equation (15). Here, i serves as a small perturbation parameter, and ¢ is the
characteristic scale used for non-dimensionalization. Next, we only present the main
results regarding the computation of the normal form for Hopf bifurcation. The specific
computational process is detailed in Appendix A.

By the method of multiple time scales, we deduce the normal form of the n,-mode
Hopf bifurcation for system (2) reduced on the center manifold as follows:

G = MuG + xG*G, (22)

where M and y are given in Equation (A11) and Equation (A17) in Appendix A.

Now introduce G = rel’ and substitute it into the normal form Equation (22). This yields:
# = Re(M)ur + Re(x)r°,
= Re(Mypr + Re()” )
6 = Im(M)p + Im(x)r*.

Regarding the stability of the bifurcating periodic solutions of system (2), the following
result can be established:

Re(M)u
Re(x)

Theorem 5. When
state E,.. Moreover:

< 0, system (2) has periodic solutions near the positive constant steady

(i) IfRe(M)u < 0, the bifurcating periodic solutions reduced on the center manifold are unstable,
and when y > 0 ( u < 0), the direction of bifurcation is forward (backward);

(i) IfRe(M)u > 0, the bifurcating periodic solutions reduced on the center manifold are stable,
and when y > 0 ( u < 0), the direction of bifurcation is forward (backward).

3.2. Stability and Bifurcation of the System without Nonlocal Competition

Similar to the analysis in reference [16], we can also obtain the normal form of the
n.«-mode Hopf bifurcation for system (1) reduced on the center manifold:

# = Re(M')ur +Re(x')r’, (24)
0 = Im(M)u +Im(x)r?,
where _ L ) )
W13M7 + hiaM R
Ml = - , ! cv i AN X/ = W’ (25)
W3+ ha(hyy + “ge n=)

with
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2ru
M) = —a+r—n2.dy — pv, — puhl, — K*
(Zye W T Cliy
My = —n2,dyhyp + — + (m —b—qui)hip — qzs,
_ _ T'cv e_iw;l**ré T
V' = I3 + hia(hy + =< *oczﬁ )] /0 0s? (11, x)dx,
| 2 B n + ) e .
R =, [ Uhs 1) _ 1§50+ 1+ Mot + ot )| - B
k=0
4Ty 3Tc’cnzv*e_i“’ﬁ**fé B Tc’cqefzi“’;f*ﬂclﬁ’lz B Tc’cs(h’lz)zei“’@**fcl
4B 32 o2 B3
3T CSZu h/ 2]71/ T _ —ZT/C o) Z+f° ! efiwi,l**"rc, + ! efiwil/l**Tc,
¢ *[(3412) 12 / cost (. x)dx + fing cCH U« k_o(’70,k % Mk )
42 0
TC/C Z;’;’B(gélkefiw:l**'rc, + g/L lwn**Tc _|_ h 2170k + h]z’?l ke Ziw;**ré)
+ “2‘32
—2rlcus Ll (Mo + Mpli) & .
- B Z Cox + C1k + Moo + Famg) | - B
and
1 ru
/ *
- d }
2= [lw +n,dy + X
1 . CSU4D 5
3= o {—W;l + agz -+ ”**dz},
g = (Jo + 2iwy,, )l — W/ E;
1k — R . YW =
! Jo+2iwn,, ) (J 21w, we 2Wn T C
Ut 2 p)u(*l W) (_MT +qv*) k
17/ L= IZZé -5 Ek
Ok 11
A (— e 4 go.) O
Ex i +2iwy,,
Qe="0- o T*n Mg
Ee ]
%,k =l = C piLs "76,1«
W = —cpp.e Tl cuys(hyy)? —qh
IX3‘B 0(2,32 0(,[‘33 127
o —2cnv.  c(H) el 4 g i T  2cusshiph'yy gy + i712)
a3ﬁ “2132 "‘ﬁ3 ’

2ru
]1 =pox+a—r+ —— K +k2d1,

1 —r
= |5~ i

pit.
1 _ 2
I = - { p(hip + h'12) — K}’

T
E,'(:/ c0s? (11,5x) cos(kx)dx,
0

s 7T
F, :/ cos(n**x)cos(kx)dx-/ cos(kx)dx.
0 0
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1.36

1.35

1.34

u(x,t)

1.32

1.31 .
150

Time t

!/

The remaining parameters hys, [, &, B, C, Wy,

Equation (17).

can be found in Appendix A and

4. Numerical Simulations

In this section, we will conduct numerical simulations to demonstrate the theoretical
findings we have obtained in the preceding sections. For both system (2) and system (1),
we select the same set of parameters as follows:

Svirus~day !,

dp =04 mm ™ duyfl, K =10 virus mm=>, b=2 dayfl,

a=30day~!, p=10mm3cells 'day™', q=1.0mm

(26)
dy =01mm 3 day™!, c¢=4mm®virus 'day~t, r=7.0day !,

1 = 0.35 mm =t virus, s =0.03 mm> immune cells—'.

4.1. Numerical Simulations of the System with Nonlocal Competition

With the parameters given in (26), we can obtain a positive constant steady state for
system (2):
E. = (1.337684786, 3.063620649).

According to Lemma 1 and (15), we can obtain that n, = 1, w; = 1.7003, I; = {n =
0,1,2, 3}. And the critical point for the Hopf bifurcation is 7. = 71,9 = 0.1128. Furthermore,
according to (A11) and (A17), we can calculate that M = 0.3695 + 1.6296i, x = —0.0039 —
0.0186i. Hence, when T € [0, 7.) = [0,0.1128), we can deduce from Theorem 3 that E. is
locally asymptotically stable, as shown in Figure 4; when 7 € (0.1128, +00), we can infer
from Theorems 3 and 5 that E, is unstable and system (2) has stable forward bifurcating
periodic solutions near T = 73 9 = 0.1128, as shown in Figure 5. When 7 significantly exceeds
the critical value 7, system (2) no longer exhibits stable periodic solutions and will undergo
substantial oscillations, as shown in Figure 6.

31
3.09

3.08

3.05

3.04
150

50

1 1

0 o Distance x Time t 0 o Distance x

Figure 4. Choose 7 = 0.1 < 0.1128 and the initial function is (1.337684786 + 0.01 cos x, 3.063620649 +
0.025 cos x). Then the positive constant steady state E, = (1.337684786, 3.063620649) of system (2) is
locally asymptotically stable.



Axioms 2023, 12, 1085 15 of 23

31

137
136
= 135
Z 134
133

132

1.31
80

60

1 1
Time t 50 o0 Distance x Time t 30 o Distance x

Figure 5. Choose T = 0.1165 > 0.1128 and consider the initial function as (1.337684786 + 0.01 cos x,
3.063620649 + 0.025cos x). Then system (2) exhibits a spatially inhomogeneous stable periodic
solution.

35

v(x,t)
w

180 3
160 2
140 1 140 1
Time t 120 o Distance x Time t 1200 Distance x

Figure 6. Choose 7 = 0.12 > 0.1128 and consider the initial function as (1.337684786 + 0.01 cos x,
3.063620649 + 0.025 cos x). The constant steady state solution E of system (2) is unstable.

Remark 2. From Figure 4, it can be observed that when the time delay T required for immune cells
to generate an immune response is less than the critical value T, system (2) undergoes a period of
oscillations before eventually converging to a stable state. This implies that when the immune system
is stimulated by the virus, it takes some time to mount an immune response, but eventually manages
to control the number of viruses within a certain range. In this scenario, the disease is brought under
control, and the quantities of viruses and immune cells no longer exhibit significant fluctuations.

Remark 3. From Figure 5, it can be observed that when the delay T required for immune cells
to generate an immune response is slightly greater than the critical value ., system (2) loses its
original stable state and generates spatially inhomogeneous periodic solutions. This occurrence
encapsulates the intricate dynamics between viruses and the immune system. When viruses trigger
an immune response, immune cells swiftly localize and eliminate local viruses, leading to a decline
in the local virus population. However, the nonlocal effect implies that the immune system has a
certain sensing range and can perceive the density of viruses in distant areas. This results in the
immune system generating a stronger immune response when it senses areas with a high density of
viruses in other locations, to combat viruses at a distance. Consequently, the dynamism in viruses
and immune cells across the system becomes non-uniform, exhibiting periodic spatial fluctuations.
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u(x,t)

1.345 +

1.34

1.335 4

1.33 -

This results in varying dominance; in some regions, the immune system prevails, effectively clearing
viruses, while in others, viruses regain dominance. These spatially driven periodic oscillations stem
from the intricate interplay between the immune system and viruses, underscoring the complex
dynamics of their interaction. The detailed mathematical analysis emphasizes the crucial role played
by nonlocal competition in the emergence of spatial inhomogeneity, highlighting its impact on the
system’s dynamics.

We have also observed a stable number of cells in the central space, while the cell count on both
sides exhibits periodic fluctuations. This phenomenon may be related to the boundary conditions.
When immune cells localize to areas with higher virus density, they congregate at the boundary
due to the inability to traverse it. As the virus density decreases at the boundary, the nonlocal
competition suggests that the immune cells might hypothetically move in the opposite direction,
resulting in periodic variations in the number of immune cells on both sides of the boundary. With
nearly equivalent counts of immune cells in both forward and backward diffusion trends, the number
of immune cells in the central space tends to stabilize.

Remark 4. Once T significantly exceeds the threshold, taking T = 0.12 > 0.1128 as an example,
system (2) no longer possesses stable periodic solutions, and the virus proliferates rapidly (see
Figure 6). This is the worst case scenario, where the virus could spread rapidly, posing significant
risks to the host.

4.2. Numerical Simulations of the System without Nonlocal Competition

Based on the parameters in (26), the positive constant steady states in system (1) equal
the positive constant steady state E in system (2), indicating that

E. = (1.337684786, 3.063620649).

Similarly, by calculation, we find 7., = 0, wj = 1.68, I} = {n = 0,1,2,3}, 7\ =
Télo = 0.1774, M’ = 0.5345 + 1.5215i, x’ = —0.0008 — 0.1513i. Therefore, E, is locally
asymptotically stable when T € [0, 7)) = [0,0.1774), as shown in Figure 7, and unstable
when T € (0.1774,4+00). Furthermore, system (1) also has stable bifurcating periodic
solutions and the direction of the Hopf bifurcation is also forward, as shown in Figure 8.

3.075 -

3.07 4

2 3.065
Y
3.06 4
0 3.055 o 0
300
¢ 200 100 N
- 3 .
0 6 Distance x Time t 0 Distance x

Figure 7. Choose T = 0.165 < 0.1774 and the initial function is (1.337684786 + 0.003 + 0.005 cos x,
3.063620649 + 0.001 cos x). Then the constant steady state E, = (1.337684786, 3.063620649) of system
(1) is locally asymptotically stable.
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~ 15

u(x,t

05
400

Time t

370

v(x,t)

380
4
4 370

360 6 Distance x Time t 380 6 Distance x

Figure 8. Choose T = 0.178 > 0.1774 , and consider the initial function as (1.337684786 + 0.003 +
0.005 cos x, 3.063620649 + 0.001 cos x), then system (1) exhibits a spatially homogeneous stable peri-
odic solution.

Remark 5. Under the identical parameter settings, a noticeable difference is observed between the
reaction—diffusion system (1) without nonlocal competition and system (2) incorporating nonlocal
competition terms. Specifically, in the former case, the critical value | is comparatively larger,
whereas, in contrast, system (2), with nonlocal competition, exhibits a smaller critical value.
Furthermore, Figure 8 demonstrates that system (1) also exhibits periodic and steady state solutions.
However, a pivotal disparity emerges regarding the nature of these solutions.

In the context of system (1), the solutions appear spatially homogeneous, indicating an inde-
pendence of the interaction between the immune system and viruses from spatial variables. This
suggests that in the absence of nonlocal competition, the dynamics of the immune response to viruses
remain consistent throughout space.

However, a more realistic scenario warrants consideration, suggesting that the interaction
between the immune system and viruses should be influenced by spatial variables. In systems where
nonlocal competition terms are present, the smaller critical value implies that spatial influences
significantly impact the dynamics of the immune system—virus interaction. This signifies a spatial
dependency, wherein the behavior of the immune system in response to viruses may vary across
different spatial regions, emphasizing the importance of spatial considerations in understanding the
dynamics of virus—immune system interactions.

5. Conclusions

This paper introduced the Crowley-Martin functional response into an immunosup-
pressive infection model and conducted a comparative analysis of the dynamic behavior
between a delayed reaction—diffusion system with nonlocal viral competition and a delayed
reaction—diffusion system without nonlocal viral competition. The nonlocal term represents
the space-time weighted average of the viral population. We derived the normal forms of
the Hopf bifurcations reduced on the center manifold for both systems, one with nonlocal
competition and the other without, and performed numerical simulations. The results
indicated that the introduction of nonlocal competition causes a reduction in the stability
region, i.e., 7. < 7/, and the system with nonlocal competition generated spatially inho-
mogeneous periodic solutions, whereas the reaction—diffusion system without nonlocal
competition terms yielded spatially homogeneous solutions. This suggested that systems
with nonlocal effects exhibited more diverse dynamic behaviors, highlighting the special
biological significance of spatiotemporal nonlocality.
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Appendix A
We assume that the solution of system (20) follows the following form:
—+o0
U(x,t) =U(x, To, Ty, To, -+ ) = Y e Ui(x, To, T1, Tn, - +), (A1)
k=1
with T
U(x/ TO/ Tl/ TZ/ o ) = (u(xl TO/ Tl/ TZ/ T )/ U(x/ TO/ Tl/ TZ/ o )) s (A2)
le(x, TQ, Tl,Tz, e ) = (uk(x, To, Tlr Tz, R ),vk(x, TQ, Tl,Tz, e ))T
The time derivative is now transformed into
0 0 d 5 d 5
g_ 9 < — 4+...=D D Dy +---, A3
5 8T0+88T1+£ aT2+ o+ €Dy +¢e°Dy + (A3)
with D; = % ieNy=0,1,23,---
Set
u]' == uj(x/ TO/ Tl/ TZ/ e )/ uj,l == T/l]'(x, TO - 1/ Tl/ TZ/ e )/ (A4)
Uj - Uj(x/ TO/ Tl/ TZ/ e )/ Uj,l - Uj(x/ TO - ]-/ T]/TZ/ te )/
wherej € N=1,2,3,- ... Then we have
ou 2 3 2 3 3
5 =eDgUq + DUy + €’ DyUy + e Doy + e DUy + e DUz + - - - . (A5)

To handle the delayed terms, we can approximate u(x,t —1)asu(x, To — 1,71, Tp, - - - );
thus, we obtain:

u(x,t — 1) = euyy + upy + e uz — €Dyury — € Dyupy — € Dougg + - -, (A6)
withuj; = uj(x,To—1,T1,Tp,--+), j € N.

Substituting Equations (A1)-(A6) into system (20) results in a set of perturbation
equations. Extract the coefficients of the ¢ terms:

T
rugi, iy fy updx
K K

Douy — e |d1Auy — puqvs + ruq — pusvy — auyg — =

7

(A7)

COsU CULD
Dovy — T, [dZAvl — by — qUsD] — qUITs + — 11 * 1} =0,

aZﬁ DC‘BZ

where a, B are given by Equation (18). Hence, the solution to Equation (A7) can be repre-
sented in the following form:

{Ml = G(Ty, Tp, - - - ) TTopy; cos(m,x) + c.c., (A8)

v1 = G(Ty, Ta, - - - )& ©“T0hy, cos(n.x) + c.c.,
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where hy1, b1y are defined by Equation (21), and c.c. denotes the complex conjugate of the
preceding term. Next, collecting the coefficient of €2, we can obtain

7T
ru Tru urdx
Doupr+1.(pv« +a —r+ ?*)uz + Tepu vy — Todi Aup + %
r
= — Dyuy — pd1Auy — Tpuq0g — upu,oy + (—Upos — pa + pr — %)ul
Tl fon urdx  priy foﬂ updx
7TK 7-[K 4
COx U271 CU4 Ty (A9)
Dovy+1¢ | —d2Avy + buy 4 qusvy + qupv, — e _ e
=T. | —quiv1 — c0sDyuny CHosug;  cuyyoy _ c1t,.50?
=T | —qu101 a2p 3B 2p2 TS
CUxU17 CU% D1
o [dZAvl TP g e w?p > } — Dioy,

where « and p are determined by Equation (18). After substituting solution (A8) into the
right side of Equation (A9) and simplifying, we define the coefficient vector of el %10 ag
my. It is important to note that m; must satisfy the solvability condition:

(h*, (mq,cos(n.x))) = 0.

Then one has

G
3 = Al
where _ _ B
_ _ hsMi+hiaMy + hisMs (A11)
hiz + hg (h12 + %e_iwn* Tc) ’
with
2 Ty
My = —nidy — pvs —a+r — puihp — N
9 cz e W T Cllx
M2 = —Tl*dgl’llz + W + (OCZIB —b-— qu*)hu — (2,
M = ( ru*) Jo cos(nyx)dx - [ cos(n.x)dx
TV K o cos?(n.x)dx
Assume that the solution of Equation (A9) takes the form
+oo B ) , )
Uy = Z (ﬂo,kGG + 771/k€21wn*TCTOG2 + ﬁl,ke_zlwn*TCToGz) COS(kx),
- (A12)
v =), (go,kGG + gy P "0 G2 4 7 e Hen w0 Gz) cos(kx).
k=0

To facilitate the determination of the coefficients for the second-order solution (A12),
we denote

7T

T
Ckz/ cos(kx) cos(kx)dx, Gk=/
0 0

7T
Ek:/ cos?(n.x) cos(kx)dx, Fk:/
0 0

T
cos(kx)dx - / cos(kx)dx,
0
7T

. (A13)
cos(n4x) cos(kx)dx ./0 cos(kx)dx.

After substituting Equations (A8) and (A12) into Equation (A9) and simplifying, we
take the inner product with cos(kx) on both sides of the resulting equation, where k € Np.
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By summing up the obtained results, we can then compare the coefficients in front of the
terms G? and GG, leading to

. E
(J2 + 2Zicon, )y — W - E&  + 2icon,

Mk = - ~ oo e ;G =h———
(]2+21wn,%)u(11 +2iwy, ) (_cv*eaiﬁ + qv*) Py
E, (A14)
]212 -S- Cr é ]
Mok = r 6ok =12~ 10,k
H2 = (55 +qo.) pis
where
—2iwy, T, —iwy, T, 2
_CT]U*e nx tc Chlze nx tc Cu*ShlZ
W = _ _ah
3B T w232 e ghi2,
—2c1 0y c(hlzei“’"* T 4 }_llzeiiw”* TC) ZCM*Shlzljllz -
5= 0637; a2p2 - e —q(h12 + h12),
_ B TUs 5 Fils @
i =pvs +a—r+ X +kdl+7ﬂ< .’
—K2d, — 4y
b= 2*“‘32+ + quy,
1 Ek r Fk
1 = N—phpyy =k K
' pus [ P2t e, T K ck]’
1 - Ex r(hi+hin) K
I, = e fy,) - =k AT L) Tk
2 piis [ p(hiz + hia) Ce K Cel’
B =1+ sv,,
o =1+ nu,

By calculating, we discover that for n. € Ny, 714, 7o, C1x Cox 7 O if and only if
k = 0. Therefore, we can deduce the specific form of solution (A12):

= 2i To 2 = —2i To ~2
{uz — UO,OGG+771,Oe 1Wny Te G +171,0e 1Wny Te G ,

_ . S _ (A15)
vy = éO,OGG + €110e21wn*TcT0G2 + €1,0e72lwn*TcT0G2'
Collecting the coefficient of €%, we can obtain
T
Tru uszdx
Douz — t.d1Auz + t.(a —r + I + pzs)uz + Tepusvs + %
K K
ru
= — Dyuy — Dyup + pd1Aup — p(a —r + ?* + pus Uy — UPpUIU] — UPULTY — TPULD2
pruy fon wdx  Teruo fon updx  pry. fon updx  Torug fon updax
Tepta® K K K K !
ToCZ4U —cv
Dyv3—TcdaAvs — — a2*/3 LA aﬁ; + b+ qui)v3 + Tequs3
- cvs(—Dqupr — Douqy)  2cnvsugg (—Diugg +u1) | cuqivn (A16)
=—Dyvy — D10 + ¢ [ 28 - 3B a2p2
c(=Diuy + up)o1  2cU,s010 N cn?o,u3, _oynor csunvf 5?03
a2p2 TE e w3 B2 W2p3 wp
cz«(—Dqup1 +u c
—qu10p — ‘“7”2771:| +n [dzsz + ( ;2; 2) + (“?; —b—qu.)v;
2 2
CHULUT;  CUNU)  CY+SU]
- 063!% 0(2132 - Uéﬁa — qU101 — U204 |,
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where « and  are determined by Equation (18). Substitute solutions (A8) and (A12) into
the right side of Equation (A16) and simplify the equation. Next, we define the coefficient
vector associated with e/ %10 as m,. It is worth noting that m;, satisfies the solvability
condition presented as

(h*, (mp, cos(nyx))) = 0.

Given that y is regarded as the disturbance parameter, and 32 has a negligible impact
on the outcome, we can ignore the terms containing #>G. Then we obtain

— =xG*G
0T !
where R
xX= v (A17)
with
B =145z,
& =1+1nys,
_ _ —iWnp, T¢ T
x=p 0
7 = 7 - Ter L% (o + 1)
R =3 [—Tcp Y- (o + Cuje + Paatiox + Fuong) | - Ex + s | —— k_onK’ | F
k=0
[ e 5 Onox + 1) /” 2 /”
hia | — = ! ’ . dx - kxo)d
+ M3 K ) cos (nex)dx A cos (kx)dx
5 [ 3r.cnPoeinT  gope 2OnThy,  Teshd,en T 3rcstu i i Ty,
[ —2meenv. Y (o xe ™ Om T gy e 0n ™) —0tcu,s Y% (hnox + M2l )
+h1y 3 — :
14 :B a’B
TeC Y150 (Coxe 190 + T3 el n T + hypngo g + hipipy e 2i0n-)
+ 062‘32

+oo )
—Teq Y (Cox + Gk + Manjox + hianix) | - Ex.
k=0

Thus we deduce the normal form of the n,-mode Hopf bifurcation for system (2)
reduced on the center manifold:

G = MuG + xG*G.
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