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Abstract

This article investigates Hopf bifurcation for a size-structured popu-
lation dynamic model that is designed to describe size dispersion among
individuals in a given population. This model has a nonlinear and non-
local boundary condition. We reformulate the problem as an abstract
non-densely defined Cauchy problem, and study it in the frame work of
integrated semigroup theory. We prove a Hopf bifurcation theorem and
we present some numerical simulations to support our analysis.
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1 Introduction

In this work we investigate Hopf bifurcation for the following size-structured
population dynamic model:

00a8:5) — 2 (11, 5)) 0t 3a (6, 5) + 07 (65) = (s + )l 5),
91g (150) = ah (fy ™ 4(5) Gig(t,5) + 5o (8, 5) + alt, ))ds) |

OS] omut5) + 1) = (54 ) ),

) — Gylt5) + dnlts5)) — (s, ),

jg(ov ) = jg10 € L}F((()? +00
jT(O, ) = jr,O € L-li-((oa +00
and

a(0,.) = ag € L ((0,+0),R),

~—
~

(1.1)
where g > 0,07 > 0,07 > 0,¢ > 0, > 0, > 0,7 € L((0,+00) ,R) \ {0},
and the map & : [0, +00) — [0, 4+00) is defined by

h(z) = xexp (—&x),VYa > 0,

with £ > 0.

Model (1.1) combines the growth process of individuals in size, the mortality
process and the reproduction of individuals. In this model, the total popula-
tion is decomposed into juveniles and adults. Here, juveniles and adults have
another meaning than the usual ones in ecology. Actually, juveniles are the
individuals that can grow in size, while the adults have reached the maturity
in size (i.e. definitively stopped growing in size). The resting phase, i.e. period
while individuals stop growing, is introduced to the class of juveniles, result-
ing in two subpopulations, namely growing juveniles and non-growing juveniles.
The population density j4(t,s), j-(t,s) and a(t, s) are respectively the density
of growing juveniles, non-growing juveniles and adults at time ¢ with size s. For
each so > s1 > 0 the quantity

/ Jg(t,s) ds, / Jr(t, s) ds, / a(t, s) ds,

are respectively the total number of individuals of growing juveniles, non-growing
juveniles, adults, at time ¢ in the size range (s1, s2).

In this model the newborns are assumed to be in the class of growing ju-
veniles with size zero. Moreover, the flux of newborns at time ¢ is given by

ah (fOJrOO v (s) (4qg(t,s) + jr(t,s) + alt, s))ds) , where « is the reproduction rate
of individuals, and the function y(s) € [0,1] can be interpreted as the probabil-
ity for an individual with size s to reproduce. The function h(z) = xexp(—&x)



is a Ricker [48, 49] type birth function. This type of birth function has been com-
monly used in the literature, which describes a limitation for the birth whenever
the population becomes large. We refer to Ducrot, Magal and Seydi [22] for a
mathematical justification of the Ricker function by using a singular perturba-
tion idea. For mathematical convenience, the mortality rate p is supposed to
be independent of the size.

If we neglect the birth and the death process in model (1.1), then it becomes

dj(t,s o , . . . .
altis) _ 0 (05 4,5)) — otiy(t,5) + 0= dr(ts ) — <t ),
ot Os
5 9jg(t,0) =0,
i (2, . . .
Jéﬁ = 07 jit,5) + 0 g (1) — <G (1, 5),
da(t,s . .
ot ) =< (]g(tv 5) +]r(ta 5)) .

Here g > 0 is the growth rate of growing juveniles. o™ (respectively o) is the
turning rate of juveniles passing from the growing phase to the resting phase
(conversely from the resting phase to the growing phase). To be more precise,
the average time spent by a juvenile in the growing phase (respectively in the
resting phase) follows an exponential law with mean U%r (respectively 0%) >0
is the transition rate from juvenile to adult stage.

Figure 1 summarizes model (1.1). For short, the new born individuals start
in the growing phase. The juveniles then alternate between the growing phase
and the resting phase, and this process stops when individuals become adults
(in size).

New born

Growing phase Resting phase
juveniles — juveniles

Je(t:s) Jrlt,s)

Adults
a(t,s)

Figure 1: Diagram fluz of model (1.1).



As far as we know, the first attempt to model size structured population can
be attributed to Sinko and Streifer [46], Bell and Anderson [7]. Their model is
a single transport equation. Since then, transport equations have been widely
used and investigated size structured populations in the context of ecology and
cell population dynamics. We refer to Metz and Diekmann [42], Cushing [17],
Arino [2], Arino and Sanchez [3], Calsina and Saldana [10], Calsina and Sanchén
[11], Webb [56] (and references therein) for studies on size-structured models.

With a single transport equation, two individuals having the same size at
a given time keep the same size as long as they stay alive. However, it is
observed that a group of individuals having the same size (for example at birth)
exhibit distributed size after a period of time (see [6]). This phenomenon can
be regarded as a dispersion process with respect to size.

The dispersion of individuals during the development process was probably
introduced by Lee et al. [36] and modeled first by using a diffusion process
in Metz and Diekmann [42]. Recently, this kind of model was investigated by
Buffoni and Pasquali [9] with a linear boundary condition and by Chu, Ducrot,
Magal and Ruan [13] with a nonlinear boundary condition.

Another approach to model this phenomenon is by allowing growth rates to
vary for individuals with the same size. We refer to Huyer [30] and Banks et al.
[6] for models with multiple growth rates. More recently, Chu, Magal and Yuan
[14] modeled the size dispersion process by using a “random walk” like process
by alternating a positive and negative growth speed. In particular, when the
negative growth rate becomes null in the “random walk” model, one can derive
a model similar to the model used to describe the quiescence of cells. Models
with quiescence were first proposed by Gyllenberg and Webb [27] for tumor
cells. We refer to [4, 23, 28, 50, 51] for studies on age and/or size-structured
models with quiescence and results on this subject. We also refer to Bai and
Cui [5], Farkas and Hinow [25] for size-structured cell models with two kinds of
interchangeable but strictly positive growth rates.

From modeling point of view, the goal of model (1.1) is to describe this size
dispersion process. To the best of our knowledge, the model (1.1) has not been
considered in the context of size population dynamics.

From a mathematical point of view of (1.1), we can first consider some
special cases. For example, if v (z) = 1,Vx € [0,+00), then the total number
of individuals U(t) := f0+°° u (t, s) ds satisfies the following ordinary differential
equation

WO o @)~ (1) 2 0,
U(0) = [y (oo +dro + ao) (s) ds.

In this case, the positive equilibrium (when it exists) is globally asymptotically
stable. Consequently, there will be no oscillations.
If we assume ¢ = 0, then

a(t,s) =e *"ag(s) = 0ast— +oc.

Hence, the dynamical properties of (1.1) with ¢ = 0 are captured by the following



system

0jq(t, s a , . . _ . .

%t) =% (9dg(t,8)) — 0T jg(t,s) + 07 jir(t,s) — pig(t,s),

974(t,0) = ah ([ A() gt 5) + 3o (8, 9))ds )

0jr(t, s . . . (1.2)
M = _Uijr(tv 8) + U+]Q(tv 8) - /U'.?r(ta S)a

jg(07 ) = jg,O S L-lf— (O, +OO) )

jr(07 ) = jr,O € L}t,_ (07 +OO),

which is an extreme case of the model studied in Chu, Magal and Yuan [14].
In particular, if ot = 0 and ¢ = 0, then the system becomes

0oes) 0 (4, (t,5)) = pig(t.5),
07y (1,0) = o (5 2(3) Gy (1, 8)ds ) (13)

Jg(0,.) = jg0 € L}r (0, +00) .

With a simple change of variable, we can assume g = 1, then (1.3) is exactly
the age-structured model considered in Magal and Ruan [40] and Chu, Ducrot,
Magal and Ruan [13].

From mathematical point of view, the goal of this article is to study the
existence of Hopf bifurcation for system (1.1). Our work is conducted by the
carly fundamental work of Engel and Nagel [24] and Goldstein [26] on linear
semigroup theory. Some recent improvement about this theory allows to de-
rive a center manifold theorem for abstract non-densely defined Cauchy prob-
lems (see Magal and Ruan [40]) as well as a Hopf bifurcation theorem (see
Liu, Magal and Ruan [37]). These theorems have been successfully applied to
study the existence of Hopf bifurcation for some age/size-structured models, see
[40, 13, 14, 41]. We would like to point out that there are relatively few results
concerning the non-trivial periodic solutions for age/size-structured population
dynamical models. We refer to Cushing [18, 19], Priiss [43], Swart [47], Kostova
and Li [35], Bertoni [8] for results in such a context. It is commonly believed
that periodic solutions appeared in age/size-structured models are induced by
Hopf bifurcations (Castillo-Chavez et al [12], Inaba [31, 32], Zhang et al [57]).
Hopf bifurcation analysis has been considered for various classes of partial dif-
ferential equations in Amann [1], Crandall and Rabinowitz [15], Da Prato and
Lunardi [20], Guidotti and Merino [16], Koch and Antman [33], Sandstede and
Scheel [44], and Simonett [45]. However, since there is a nonlinear and nonlo-
cal boundary condition in our model (1.1), their results and techniques do not
apply to (1.1).

The paper is organized as follows. In section 2, system (1.1) is reformulated
as a non-densely defined Cauchy problem. In section 3, we study the existence
and uniqueness of the positive equilibrium. In section 4, we linearize system
(1.1) at the positive equilibrium, investigate the spectral properties of the lin-
earized equation, and give the characteristic equation. The local stability of the



positive equilibrium is considered in section 5. In section 6, the existence of
Hopf bifurcation is studied when « is considered as the bifurcation parameter.
Finally, in section 7 we summarize the results of the paper and present some
bifurcation diagrams as well as some numerical simulations of the model.

2 Preliminary

By making a simple change of variable (s = g), without loss of generality, we
will always assume that g = 1. From here on, we consider the system

O0ot:5) _ _006(t8) _ i s ) 1 it ) — (s 1) gt 8),

ot Js
Jolt:0) = ah ([ 1)Uy (1,5) + (2, 5) + alt, 5))ds)
?Za?@ = —0 e (t,8) 4+ 0 gt s) — (s + ) (2, ), (2.1)
a(()t, S) =< (jg(t7 S) + jr(t’ 8)) - /Ml(t, S)’

j9(07 ) = jg,O S L_li_ (0, +OO) ,
j’l”(oa ) = j,r.’(] S LL(O, —f—OO)7
a(0,.) = ag € LY (0, +00),

where 0 > 0,07 > 0,¢ >0, > 0,a > 0,7 € LY (0,+00) \ {0}, and the map
h:R — R is defined by

h(z) = xexp (—€x),Vx € R,

with £ > 0.

Let L : D(L) C X — X be a linear operator on a Banach space X. Denote
by p(L) the resolvent set of L. The spectrum of L is o (L) = C\p (L) . The point
spectrum of L is the set

op(L):={AeC: N\l —-L)#{0}}.

Let Y be a subspace of X. Then we denote by Ly : D(Ly) C Y — Y the part
of L in Y, which is defined by

Lyx=Lx,Nere D(Ly)={xr e DL)NY :Lr€Y}.

In particular, we denote Lo the part of L in D(L).
Consider the Banach space

X =R x L' (0, +00) x L* (0,400) x L' (0, +00)
endowed with the usual product norm

«
¥1
P2
¥3

= || + |01l £10,400) T 11920 21 0,400) T 119311 L1 0,500) -



The positive cone of X is

Xy =Ry x L} (0,+00) x L} (0,+00) x L} (0, +00).
Define the linear operator A : D(A) C X — X by

0 —¢1(0)
#1 —<Pﬁ
A
Y2 0
©3 0

with
D(A) := {0} x Wh (0, 4+00) x L' (0, +00) x L* (0, 4+00) .
Then

XO =

D(A) = {0} x L* (0, +00) x L' (0, +00) x L* (0, 4+00) # X.
Let Ag : D(Ap) C Xo — X be the part of A in Xy, which is defined by

Aol’ = Al‘, Vx € D(Ao)
with

D(Ao) = {(E S D(A),Am S Xo} .
Define the linear operator L : Xy — Xg by

0 0

| @ — (ot s+ e+ 2
P2 —(0" s+ tote
©3

s (14 @2) — pes
Define the map H : Xg — X by

0 ah (575 (5) (91(5) + 93(5) + p3(s)) ds
H P1 0
P2 0
¥3 0
0
]g(ta') ot
By identifying Jr(t, ) with v(t) = jg(t’ 'k the partial differential
ot ) at,)
equation (2.1) can be rewritten as the following non-densely defined Cauchy
problem
0
du(t i
Zi) = Av(t)+Lo(t)+H (v(t)), for t >0, and v(0) = ;.9*“ € Xo. (22)
7,0
ao

First we have the following lemma about the resolvent of A.



Lemma 2.1 We have (0,+c0) C p(Ao) = p(A), and for each X\ > 0 we obtain
the following explicit formula for the resolvent of A:

c 0
A — AL L _ ¥1
( ) (0 2
(2] ©3
<:> S
o1 (s) =ce ™ + IN e 2=y (1) dl,
P2 = %7
s = 2.

From the resolvent formula for A, we deduce that.

Lemma 2.2 The linear operator A is a Hille-Yosida operator on X. More
precisely, we have (0,4+00) C p (A) (the resolvent set of A), and

H(Mf A)_1H < %,V/\ > 0.
Set
Q:={AeC:Re(N) > —pu}.

Next we obtain the following result.

Lemma 2.3 The linear operator A+ L is a Hille-Yosida operator on X. More-

over
O Cp(A+1L),

and for each A € Q the resolvent of A+ L is defined by

c 0
M — (A L —1 ¢1 — P1
Oy, v2
3 ®3
~
s ot
¥1 (5) =ce (/\+U++§+H7 >\+6_+<+u)s

— ot

L G e e [l (d,l (e — (z)) dl,
02 (8) = sporeqy (W2 (8) + 091 (s)),
03 (8) = 3z (W3 (5) +< (1 (5) + 92 (5))) -

w

Next since L + 01 is a positive linear operator for § > 0 large enough we
obtain the following result.

Lemma 2.4 We have (A — (A+ L))"'X, C X, for A > 0 large enough.



Set
X0+ = XO n X+

By using the results in Thieme [52], Magal [38], and Magal and Ruan [39], we
can obtain the following theorem.

Theorem 2.5 (Existence) There exists a unique continuous semiflow {V (t)},~,
on Xo4 such that Yv (0) € Xo4, t = V(t)v (0) is the unique integrated solution
of system (2.2), or equivalently,

V() (0) = v (O)+A/0t V(1o (0)di+L /OtV(l)v(O) dl+/0tH(V(l)v (0))dl, Vt > 0.

3 Equilibrium

The equilibrium solutions of equation (2.2) are obtained by solving the equation

0 0 0 0

Al Lo \wn| do |em| 2o | =0
Jr Jr Jr 0
a a a 0

and we obtain the following lemma.

Lemma 3.1 (Equilibrium) There exists a positive equilibrium of system (2.1)
(or system (2.2)) if and only if Ry («) > 1, where

+ +oo ) R ,
Ro () ==« <1 + g) (1 + U) / y(z)e (g++g+u—m)sd8.
0

1 o N 1
(3.1)
0
Moreover, when it exists, it is unique and the positive equilibrium v = %9
T
a

18 given by the following formula:

- aln Ry (o) —(a*-i—c-&-u— g ot )

S) = ——¢ o +stp 87
+
- g -
Jr(8) = mﬂg (s),

als) = i G, () + 7. (5)) -

4 Linearized equation

From now on, we set

]
Il
|



where j,, j,., @ are given by Lemma 3.1.
The linearized system of (2.2) around v is

du(t)

T Av(t) + Lv(t) + DH(v)v(t) for t > 0, (4.1)

where

0 (@) [57° 7 (5) (91(5) + @2(s) + p3(s)) ds

DH (%) :2 = 8

©3 0

with oo
(@) = ([T 206 Gy(6) +7,6) + a(e) as)

Since

W(z)=e " (1-¢x),

and by Lemma 3.1 we have

+oo
/0 2(s) (To(5) + To(s) + als)) ds

B ¢ ot aln Ry (a) teo *+<+u—m
B <1+M> <1+a—+§+u> §R0(0<) /o 7(8)6 ( ) ”
_ In Ry (o)

€ b
it can be deduced that

n(a) = (1—InRo(a)). (4.2)

Ro()

The Cauchy problem (4.1) corresponds to the following linearized system:

0jy(t,s) 8jg(t s)

e Q ot jg(t,8) + 07 gty s) = (¢ + ) Gg(t, s),
Jg(t,0) a) [ 7 () (g (t, s) + jr(t, s) + alt, s))ds,
ajr(t73) I— 4o _ .

;=0 Jr(t,s) + 0T jg(t,s) — (s + p) jr(t, s),
6@8, s) _

S (Jg(t,s) +r(t,s)) — pal(t, s),
Jg(0,.) = jgo0 € L}g- (0,4+00),

JT( ) ) = jr,O S Li(o, +OO),

a(0,.) = ag € LY (0, +00).

Next we study the spectral properties of the linearized equation (4.1).

10



Definition 4.1 Let L : D(L) C X — X be the infinitesimal generator of
a linear Co-semigroup {T1,(t)},~, on a Banach space X. We define wo (L) €
[—00, +00) the growth bound of L by

In (||
wo (L) :== lim (H L(t)”L(X)>.

t——+oo t

The essential growth bound wp ess (L) € [—00, +00) of L is defined by

In (|| T
Wo,ess (L) = : hgrn 4ﬂ (” Lt(t)HESS)v
—4o0

where || TL(t)||... is the essential norm of Tr(t) defined by

1T (@) css = £ (TL(t)Bx (0,1)),
here Bx (0,1) = {z € X : ||z]|y <1}, and for each bounded set B C X,
k(B)=inf{e > 0: B can be covered by a finite number of balls of radius < e}
1s the Kuratovsky measure of non-compactness.

For the following result, the existence of the projector was first proved by
Webb [54, 55] and the fact that there is a finite number of points of the spectrum
is proved by Engel and Nagel [24].

Theorem 4.2 Let L : D(L) C X — X be the infinitesimal generator of a linear
Co-semigroup {Tr(t)} on a Banach space X. Then

wp (L) = max <w0,ess (L), /\ea(gl\a;( 0w Re (/\)> .

Assume in addition that wg ess (L) < wo (L) . Then for eachy € (wo,ess (L) ,wo (L)],
{ANe o (L):Re(N) >~} Cop(L) is non empty, finite and contains only poles of
the resolvent of L. Moreover, there exists a finite rank bounded linear operator
of projection I1 : X — X satisfying the following properties:

(a) TA—=L) ' =\—=L) " ILVA € p(L);
(b) o (Licx)) ={A€ (L) : Re()) = 7}
(¢) o (Lir—myx)) = o (L) \ o (Lux)) -
To simplify the notation, we define B, : D(B,) C X — X as
Bow = Az + Lx + DH(v)z with D(B,) = D(A),

and denote by (B, )o the part of B, in Xj.

11



Lemma 4.3 For each \ € Q, we have
e p(Ba) & A, ) £0,
where N
S o
1+
A+ux Ao +c+p

Foo oot
) / v (s) B I
0

Moreover, we deduce the following explicit formula:

A, A) =1 =n(a)(1 + )

c 0
MoB) | 2| D
N M R
s 3
=
~ : oot
By (s) = g o rstne =)

L (Aot tetn—s72=2— ) (s-D) (¢1 () + ﬁ@ (l)) dl,
V2(8) = xomgegy (V2 () + 0% (),
b3 (s) = 5z (W3 () +< (¥ (5) + 92 (9))) 4

where

&= A, ) e+ () f37 () 5kt () + (14 535 ) sroreat2 ()

+ (1 n m) (1 + m)
y (fo 67(A+U++c+/ﬁ e +<+,L)( ( )+ mwz( )) dl)]ds}7

with n(«) defined in (4.2).

Proof. Since A € Q, it follows from Lemma 2.3 that (A — (A + L)) is invertible.
Then

A — B, is invertible < I — DH(0) (\] — (A+ L))" is invertible,
and
M —=By) "= —(A+L)! [I —~DH(@) (M — (A+ L))"

The result follows by solving

¢

I - DH(®) (M = (A+L))"] f; — z; . (4.3)
s V3

u

By using the above explicit formula for the resolvent of B, we obtain the
following lemma.

12



Lemma 4.4 If \y € o(B,) NQ, then A\ is a simple eigenvalue of B, if and
only if
dA(av >\0)
X

Since DH (v) is a bounded linear operator and A + L is a Hille-Yosida op-
erator, it follows that the linear operator B, is also a Hille-Yosida operator.
Consequently (B, )o generates a strongly continuous semigroup {T{p.), (t)} on
Xo. Moreover by using a perturbation result we obtain the following estimation.

£0.

Lemma 4.5 The essential growth bound of (By)o satisfies the following esti-
mation:

Wo,ess ((Ba)o) < —p.

Proof. We have
1Ta+ 230 Ol 10 00y = 1 Tcas21 Ol 110 4oy < N Tearn)y O Il 1o
= [T @ el e = [T e ) ds

= e " el 110, 400) -

It follows that
Wo,ess ((A + L)o) < —p.

Since DH () is compact, and woess (A + L)) < wo ((A+ L),) < —p, by using
the result in Thieme [53] or Ducrot, Liu and Magal [21, Theorem 1.2], we deduce
that

wO,ess ((Ba)o) S wO,ess ((A + L)o) S — M-

Lemma 4.6 We have
0((Ba)o) NQ =0,((Ba)o) N2 ={A € Q:A(a,\) =0}.

Proof. This Lemma follows directly from Lemma 4.5, Theorem 4.2 and Lemma
4.3. [

5 Local stability

This section is devoted to study the local stability of the positive steady state .
Recall that this positive equilibrium exists and is unique if and only if Ry (a) >
1. Since the essential growth bound wgess ((Ba),) < —p < 0, by the local
stability result proved in Thieme [52] or in Magal and Ruan [39], it is sufficient
to consider

0((Ba)o) NQ={AeQ:A(x,\) =0},

and to show that all the eigenvalues of the characteristic equation have negative
real part.

13



Lemma 5.1 If Ry («) > 1, then A (o, 0) # 0.
Proof. After a simple of computation, we can deduce that
A(a,0) =In Ry (o),
and the result follows. ]

Theorem 5.2 If
1 < Ry < é?,

then the positive equilibrium v of system (2.2) is locally asymptotically stable.

Proof. Consider the characteristic equation

+ oo _ (g0t L _emot
(i 5 ) [T
0

A4 Ad+o07+¢+pu
where o
= 1-InR
1(0) = 751~y (a)
with
+ +o0 -t
S g — (ot +etp——2—2 )s

R = 14+ = 1+ — / ( o~ +stn) (s,

0 (@) a( u)( 0+<+u> . e ’

Thanks to Lemma 5.1, 0 is not an eigenvalue. It is easy to check that if Re(\) >
0, then

1+4£—7<1+£,
A+ p I
+ +
4+ <l —a
Ao~ +c+pu o+t
o ot oot
Re(A4oT+¢+p—-~—— | >0 +c+p— ———.
( D NHp e T
Hence we can derive from the characteristic equation that

+ +oo - 4+

N g — (Mot tetp——2—o— )s

1= « 1 + 1 4+ - / S)e ( Ao~ s+ dS
%()< A+u>( A+o—+<+u> 0 v(e)

+ +oo —ot
S o —Re A+o++§+u*%)s
<) 1+=-) 14+ ——— / s)e ( Mo dstn/ ds
el (1+2) (14 =) [ e

+ +o0 o= ot
<|n(a)|(1+_;) (1-F(T>L/‘ v(s)e’(”++<+”’a*+uw>sds
0

0" F+S¢+
=|1—-InRy(a)].
So if

[1 —InRy(a)| <1,
ie.
0 S IHRQ (O() S 2,

then there will be no roots of the characteristic equation with non-negative real
part, and the result follows. [

14



6 Hopf bifurcation

In this section we will study the existence of Hopf bifurcation around the positive
equilibrium v when « is regarded as the bifurcation parameter of the system.
Recall that by Theorem 5.2 we already know that the positive equilibrium v of
system (2.1) is locally asymptotically stable if

1 < Ry (a) <é?,

where

+ +oo o= ot
() () [
0

o +c+ 1

So in order the study Hopf bifurcation, we should consider the parameter « in
the region {z € R: Ry (a) > €%}, i.e.

+ too = ot
a>e2((1+2) 1+ —2— (z) o~ (Tt o
I o +<c+u/) Jo 7

In this section, we will assume that

-1

y(@) = (@—7)" e P L (2)
with 7 >0, >0, n €N, and

1 (@) = 1, ifz >,
(o)) =0, ifz € [0,7).

We assume before that v (x) € L3° (0,+00) \ {0}, so the parameters in function
~(+) satisfy either 7 > 0, 8 >0, n € Nor 7 > 0, 5 = 0, n = 0. Therefore, we
make the following assumption for function ~(-).

Assumption 6.1
y(@) = (@ —7)"e P (@)
witht>0,>0,neNort>0,=0,n=0.

Lemma 6.2 Let Assumption 6.1 be satisfied. Then the characteristic equation
becomes

- <a><1+<><1+0+)
= A+ Ac+pu+o-
oto~
xnlexp (= (Aot +e+p———
TLXP( ( o A+<+u+a—>7>

X <5+ Aot +c+ oto~ >("+1)
p -
K Ad+c+p+o-

15



for Re(A\) > —pu, where

n(0) = =2 (1—1n Ry () = i“ ~In (ax))

with
RO (a) = ax,

+
X = <1+<> <1+_U)
I o +c+p
U+

xn'exp( <J++<+ug)7)
' S+u+o~

octo~ )(nﬂ)

x|\ B+o+s+p— ——
(6 a S+u+o~

Proof. We have

+oo n 0’+0'_
—( A+ +e+puy— —— d
A W(S)eXp( ( 7o A+<+u+o)a ’
i Bls—7) + oto”
= s—1)"e P exp(—(A+oT +s+p———————|5s]ds
1 &= Xp( ( 7 : A+<+u+o—>>
o [T + oto”
— T —)'exp(—(B+A+ot +o+p———)s)d
e /T (s —171) Xp( (5 o +s+u )\+§+M+U_>S> s

=nlexp|—[(A+o" +c+ —L T
e R W

x(ﬂ+/\+ o+ o'o >(n+1)
g U — .
K A+c+p+o~

In particular, taking A = 0 in the above formula, we have

Foo iy omet g to~
/ v(x)e (‘7 totu a*+<+u)‘sds = nlexp (— (0+ +o+pu— ”> 7')
0

S+u+o~
oto~ —(n+1)
X +ot+o+p— —— .
(ﬁ B <+u+a>
Then the result follows by putting the above formulas into A(a, A) = 0. [

6.0.1 Existence of purely imaginary eigenvalues

Now we are in the position to look for purely imaginary roots A = +iw with
w > 0.

Proposition 6.3 Let Assumption 6.1 be satisfied, and ¢ > 0, o7 >0, 0= > 0,
w>0,7>0,8>0,n¢€N be fited. Then the characteristic equation has a pair

16



of purely imaginary solutions tiw with w > 0 if and only if w is a solution of
equation

—0; (w) + arctan (Z) +bo(w) T+ (n+1)bs (w) =m+2kr,keZ, (6.1)

and (n+1)
1 n
a= ;exp <1+X\/meXp(a(w)T) :j((:))xn') ’
where
ot [(s+mp)(s+p+o)+w? A

a(w):=¢+pu+

5 , b(w):=w |1+
wrt(s+pu+o7)

r (@) = (@@ + (@) 72 @) = (B+a @) + (bW’

01 () = anctan (142 ) () = avctan (505 ).

Moreover, for each k € N, there exists at least one solution wy, of equation (6.1),
and for each

1 2 2 T2 (wk)(nﬂ)
o =aqp = ;exp 14+ x\/wi +p exp(a(wk)T)W ,

the characteristic equation has at least one pair of purely imaginary eigenvalues
+iwy with wi > 0. Furthermore

wi — 00 and oy — 400, as k — +oo.

Proof. Under Assumption 6.1 if the characteristic equation admits a pair of
purely imaginary solutions +iw with w > 0, then by Lemma 6.5, we have

S ot
iw+ iw+c+pto

x nlex iw+ot+c+ AL T
FxP K w+s+pu+o-
O’+O'7 —('IL+1)
X +iw+a++§—|— - .
(B K zw—l—C-i-u—i—a)

17
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Note that
oto™
W+C+p+o-
. ot (iw+ <+ p)
—iwts+pt—————=
o w+s+put+o~
ot [(s+p)(s+p+o7)+w?

w2+ (s +p+o)?

. oto~
+aw | 1+ 5 |-
w4 (c+p+o7)

iw+ot +s+p—

=¢+pu+

Now set
ot [(s+p) (s+p+o7)+w?
(@) =t pt [(s+p) (s +p )2 ],
W+ (C+p+o)
+_
b(w):=w |1+ 79 5 |-
w2t (c+p+o7)
Then
iw+0++§+,ufa+—ai a(w)+ib(w)::r1(w)ei01(“’)
wHs+u+o- ’

JF
<1+, ° )<1+. ? )
w+ w+s+ut+o~

iw+u+§xiw+§+u+a‘+a+

iw+ w+S+pu+o-
1 , n oto~
= - X(wt+o"+e+p———7—""—
W+ [ WwH+ct+put+o-
Ca(w)+ib(w) 7 (w)eir®)
N W+  dwHp
oto~

tiwtottotp— ———— = Bt a(w) +ib(w) = ra (w) ),
8 St o era e =P e@ T )= ()

where

r1 (@) = /(@ (@) + (b (W),
ra (@) = (B + a @) + (b)),

01 (w) := arctan (2 EZ;) ,

0, (w) := arctan (651(:(@) .

18



So

S ot
iw+ iwtc+p+o

x nle ( (iw—i— ++§+ octo™ > )
. eX — g I ——
Y a wHs+u+o-
oto~ —(n+1)
X t+iwt+or+c+py——-——— 7
<B o lw+§+,u+a)
~
#1(w) . —(n+1)

1=n(a) T (w)e xnlexp (= (a (w) + ib (w)) 7) x (7"2 () 6102(@) '

\/mei arctan( %)

By Theorem 5.2, in order to obtain pure imaginary eigenvalues for the charac-
teristic equation, we must have Rg (a) > 2. Then by the definition of 7 () in
equation (4.2) we have 1 («) < 0. Hence, the above equation is equivalent to

T1 (CL))
N

—6; (w) + arctan (j:) +bo(w) T+ (n+1)0s (w) =m+2kr,ke€Z. (6.3

1=-n(a) x nlexp (—a (W) 7) X ro (w)_("+1) , (6.2)

Denote by f(w) := —6; (w) + arctan (%) +bW)T+ (n+1)6; (w). Note that

b(w) = +00,as w — 400,
01(w) — g, arctan (Z) — g, 05 (W) — g, as w — 400,
it follows that
wgg-loof(w) = oo

Moreover, since f(w) is a continuous function with respect to w and f(0) = 0,
it can be obtained that equation (6.3) has at least one solution wy, > 0 for each
k € N. Furthermore, we have

wr — +o0o, as k — +oo.

Remember that 1
n(a) = ;(1 —In(ax)).

Then it follows from (6.2) that

(r2 (w)) "+
ry(w) xn!’

L1 () = Vi F e (0 @) )

19



i.e.,

! o (r2 ()"
a:;exp 1+ xvw?+plexp(a(w)r) —5——— .

r1 (w) x n!

]

Next we give the following lemma to show that for any given o > 0 large

enough, there exists at most one pair of purely imaginary solutions of the char-
acteristic equation.

Lemma 6.4 Let Assumption 6.1 be satisfied, and € > 0,¢ >0, 0" > 0,0~ > 0,
w>0,7>0,6>0,n€N be fired. Then there exists § > 0 large enough, such
that for each o > 0, if

Alayiwr) = A, iwe) = 0, wy, we > 0,
then
W1 = Wa.
In particular, if 8 =n =0, then A(a,iw;) = A, iws) = 0, wy,ws > 0 implies

w1 = ws for each a > 0.

Proof. By Proposition 6.3, we know that if A(q,iw) =0, then

a= lex 1+ xvVw?+ p2exp(a(w)T) W (w)(”+1)
In order to prove this lemma, we will first prove that g—z > 0 for w large enough,
ie.

(n+1)

- (m exp (a ) r) 2

— > 0, for w large enough.  (6.4)
r1 (W)

20



In fact, we have

d o (w)("ﬂ)
. (\/w2+u26xp(a(w)7) )

=w (W + uz)_% exp (a (w) 7)

(W) =w (W + %) T+ VW R x o= (aw) T
L JETE <n+1>;£,<rz<w>>xm(w)—r2<w>m<r1<w>>>

VW + 0255 (e (@) VP + P (r1 (W)

T2 (w) - 1 (w)

So in order to prove equation (6.4), it is sufficient to show

lim & (w) > 0.

w—+o0
Since

ot [(s+mp)(s+p+o)+w?
W+ (s+p+om)?

+ —
b(w)=w|1+ 79 5|
w4 (s+pu+o7)

)




(a ()*+ (b (w))?,

rw) =/
J

re (W) =/ (B+a W)+ (bw))>*

we have
da (w) 2woTo” (c+p+o7)

dw (W2+(§+M+07)2)2

db(w) 14 oto™ B 2wloto~
dw W+ (s+p+o) (w2+(<+u+o—)2)2
)+(g+u+o*)4+a+a* (c+p+o)

2

wh 4+ w? (2 (c+p+o ) —oto
(w2 +(c+u+ a*)2>

dry (w) 1 (a ) % (a(@)) +b(w) % ¢ (w))) ,

¥ @y 0wy

dry (w) _
o B+ aw)?+ b w)?

Then we obtain
lim a(w)=0",
w—+o00
d
lim w? 4+ p?— (a(w)) =0
w—r+00 d
: 2 2\"F _
i o)
LA C) R T U CO
w—+00 W w—+00 dw
2 2 /2 2
lim e = lim Wt =1,
wotoo 711 (W) wotoo 7o (W)
lim bw) = lim bw) —1,
w—+00 2 2 w——+00 2 2
(a(w))”+ (b(w)) \/(5+a(w)) + (b(w))
and it follows that
fm L@ g, dre@)
w—otoo  dw w—otoo  dw
Therefore, we deduce
. . dry (w)  dry (w)
1 P =1 1 1 — = 1
i 0= i (1) T - ) <o

w—+00
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and (6.4) is satisfied. Moreover, it is clear that
o — +00, as w — +00.

So we deduce that g—g > 0 for a large enough.

In particular, if 3 = n = 0, then by Proposition 6.3, we know that if
A(w,iw) = 0, then

1+<U++§—|—,u— o o )7’
2 +T

o +s+p
= [LexXp ) _
+ W=+ exp k w 0_02 —
H (w +(s+pto—) )(a +s+u)

Obviously,
-5t
don 1+(a++c+ufoi jw)r
— =exp 5T 3 . _ X
dw Vw it wic otT
+ Iz exp <(w2+(§+u+0)2)(0+<+u)

d w?o~ o™t
_ A /w2 + /’[’2 exp
dw

(w2+(<+u—|—a—)2) (0= +s+n)

T

After some computations, we arrive at

d wlo~otr
o Vw? + p2exp 5

w <w2+(§+u+0*)>(0*+<+ﬂ)
w?o ot

w2+(§+u+0*)2> (0= +<+u)

T

:w(w2—|—u2)_% exp (

w?o ot
(w2+(§+u+a*)2) (0= +<c+np)
y 2w(s+pu+o )o otT

+ Vw2 + p2exp

2\ 2
(w2+(§+,u+o—*) )
> 0.

Thus, in this case, we have g—g > 0 for each « satisfying A(a,iw) = 0, and the
result follows. [
6.0.2 Transversality condition

The aim of this section is to prove a transversality condition for the model.
Lemma 6.5 If Ry (o) > 1, Re(A\) > —p and A(o, A) = 0, then

AA(ar, \)

e < 0.
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Proof. We have
+
S o
Ala,\) =1— T+ — ) (14—
(c 4) 77(a)( +)\+u>< +)\+<+u+o)

oo n oto~
x — (Aot torn——TT ) )ds,
/0 V(S)exp( ( 7o A+<+u+o)) ’
and

+
OA(a, ) _dy () 14 S 14 o
oa da A Ads+pu+o~
oo n oTo~
X/O 'y(s)exp<—</\+0 +§+/.t—>\+§+'u+o_>)d8

1 (1 gﬂ) (1 H )
Ry (@) A+ Ats+puto~
+

o~

+o0 o
X —(A+ot+s+pu— —"——1) | ds.
/0 W(s)exp( ( o+ s+ p )\+§+M+0’_>) s

Thus if A(a, \) =0, we deduce that

0A(a,N) 1 " 1
da Ro(a)  n(a)
_ 1 y 1
Ry (@) (o) (I -InRy(a))
1

T a(l-InRo(a)

and the result follows.

Lemma 6.6 Let Assumption 6.1 be satisfied, and € > 0,¢ > 0,07 > 0,0~ > 0,
@w>0,7>0,6>0,n€N be fired. For each k > 0 large enough, let A\, = iwy,
wg > 0 be the purely imaginary root of the characteristic equation associated to

ay > 0 (defined in Proposition 6.3), then we have

8A(ak, iwk)

Re B\

> 0.

Proof. Let Assumption 6.1 be satisfied, then the characteristic equation is

A (a,\) =0, where

S ot
Ala,\)=1— 1+— ) (14—
(e, A) ”(O‘)( )\+u>< )\+§+u+a—>
+o—
! Y 0) )
xneXp< < 7oreTh Ats+puto- ’

><<B+A+ ot Al )Wl)
g U — .
a Ad+Sc+p+o~
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After some computations, we deduce that

OA(a, N) S ot S ot
—— =1n(a) 51+ — )+ |1+ 5
OA A+ ) Adtc+tuto Adtp) A+c+p+o)
+ -
| (apot .9
xnexp( (—l—a +q+ pER—— T
oto~ —(n+1)
X B+A+ot +c+p—
(ﬁ 7 T )\+<+u+a>

+ (a)(l%—‘;) <1+(f%>
K A+ Atstputo
oto~
xnlexp (— (Aot +ctp——T T
"exp< ( 7o A+<+u+a—>T>
oto~
x| 1+ 5 |7
A+c+p+o7)
oto~ —(nt1)
x (B+r+otverp— ot
(5 goTeTh A+§+u+a>
+
S o
+ T —— ) (1
"Uﬂ< A+u)< A+§+u+a—>
oto~
xnlexp(— (Aot +¢+ —> >
Xp( ( 7 s At+c+pu+o- 7

oto~ —(nt2)
x (n+1) <5+)\+U++§+M_>\+§+‘u+0)

oto~
x | 1+ 5 |-
A+c+p+o7)

Then if Aoy, iwy) = 0, we have

S ot
1=n(ag) |1+ - 1+ - —
WE + U wp+<S+pu+o

x nlex iwp +oT +¢+ A T
SxP F K iwp +s+p+o~
oto~ —(n+1)
X tiwg +oT + s+ pu— - .
<B r K zwk+<+u+a—>
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It follows that

OA (o, iwr) S N ot
OA (iwg 4 1)” + < (iwg + ) (iwp +s+p+0) +ot (iw, +s+p+o-)
oto~
{1+ 2|7
(iwg +<+p+07)
N oto~ -
+n+1 tiwg+o" +o+p— -
( )(6 b sTH zwk+<+u+a>

oto~
X |14 — 5 |-
(lwpy +s+p+07)

Since wg — 400 as k — 400,

. 8A(ak,iwk) -
kkgﬁﬁ(e» =7>0,

and the result follows. ™

Theorem 6.7 Let Assumption 6.1 be satisfied, and ¢ > 0,¢ > 0, o7 > 0,
o0 >0,u>07>0,62>0n¢€N be fired. For each k > 0 large enough,
let A, = iwg, wi > 0 be the purely imaginary root of the characteristic equation
associated to o, > 0 (defined in Proposition 6.3), then there exists pr, > 0 (small

enough) and a C*-map Xk (g — pryag + pr) = C such that
Melo) = iwg, A, Ae(@)) =0, Va € (ar — prs ok + pi)

satisfying the transversality condition

d\
Re <k(ak)> > 0.
da
Proof. By Lemma 6.6 we can use the implicit function theorem around each
(o, iwy) provided by Proposition 6.3, and obtain that there exists pr > 0 and

a Cl-map A\ : (agx — pr, ax + pr) — C such that

o~

e () = iwy, A(a,/):k(a)) =0, Va € (ag — pr, ok + pr)-

Moreover, we have

OA (a,Xk(a)) oA (a,Xk(a)) Do(@)

Ao * 15D da 0, Ya € (ax — pr, ax + pr) -
So
Do) . oA (a,)\k(a))
do ~ oA(am@) | da € (kT Pk okt pn).
5N
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By using Lemma 6.5, we deduce that Vo € (g — pi, ag + pk)

0A (a,//\\k (a))

an > 0.

d ~
Re (da)\k(a)> >0 < Re

In particular, we have

d ~ 0A (ak,iwk)

By Lemma 6.6, the result follows. [

6.1 Hopf bifurcations

wo,ess ((Ba)g) < 0 has been obtained in Lemma 4.5. The existence of a unique
pair of pure imaginary eigenvalues of B, has been obtained by Proposition 6.3
and Lemma 6.4. The simplicity of these pure imaginary eigenvalues follows
directly from Lemmas 4.4 and 6.6. Moreover, the transversality condition is
proved in Theorem 6.7. Hence by using the Hopf bifurcation Theorem proved
in [37, Theorem 2.4], we obtain the following Hopf bifurcation result.

Theorem 6.8 (Hopf Bifurcation) Let Assumptions 6.1 be satisfied. Then
there exists ko € N (large enough) such that for each k > ko, the number «y, (de-
fined in Proposition 6.3 is a Hopf Bifurcation point for system (2.1) parametrized
by «, around the positive equilibrium v given in Lemma 3.1.

7 Summary and numerical simulations

We first summarize the main results of this study. They are essentially divided
into three parts: (a) the existence of a positive equilibrium; (b) the local stability
of this equilibrium; and (c) the Hopf bifurcation for this equilibrium. To be more
precise, we obtain the following results.

(i) There exists a positive equilibrium if and only if

Ry > 1,

where

+ +o0 o= ot
Fole) =a <1 " g) (1 " 0> / v(z)e (U++§+”_”‘+<+u)sds.
2 0

o +<c+pn

Moreover, when it exists, it must be unique.
(ii) The positive equilibrium is locally asymptotic stable if 1 < Ry < 2.
(iii) To show the Hopf bifurcation we consider the following function ~(z):

(@)= (x = )" e P o) (@)
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for 6>0,neN,7>0,0r =0,n=0,7>0.
Then regarding « as a parameter we obtain an infinity of Hopf bifurcating
branches around the positive equilibrium. To be more precise, they are

_ 1 [ 2, > ra (wi) "
Q= N exp (1 + x\/wi + 12 exp (a (wr) T) () X7 (7.1)

for k large enough, where wy is a solution of

—61 (w) + arctan <Z> +bh(w) T+ (n+1)0s (w) =7+ 2km,

s+ p) (st pto7)+wi]
W24 (s+p+o)

+ —
b(wi) = wg <1+ 79 2),

g
a(wy) =<+ np+

)

wi+(c+p+o)

r1 (wr) = /(@ @) + (b (@),
ra (i) = /(84 a (w)? + (b (wr)*.

By using Proposition 6.3, we can investigate numerically the bifurcations in the
space of parameters. Figures 2, 3, 4 and 5 are drawn to show the influence of
oT,07 and ¢ on the bifurcation diagram.

+
[

Figure 2: In this figure, we plot curves given by (7.1) in the (o, a)-plane for
c-=1L¢=1Lu=1,n=0,8=0and 7 = 2.
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Figure 3: In this figure, we plot curves given by (7.1) in the (0™, «)-plane for
ot =1¢=1Lpu=2n=1,=1and T =3.
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Figure 4: In this figure, we plot curves given by (7.1) in the (¢, «)-plane for
ot =10 " =lLu=2n=1,=1and 7=3.
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Figure 5: In this figure, assuming that o = o=, we plot curves given by (7.1)
in the (0%, a)-plane forc =1, u=1,n=1,8=2 and 7 = 5.

Next we provide some numerical simulations in order to illustrate the stabil-
ity of the positive equilibrium and the Hopf bifurcation for system (2.1) when
taking « as the bifurcation parameter. In the following figures, we choose the
following parameters v(z) = 15 20(2), 0" = 0.01,6~ = 0.05, ¢ = 0.01, x = 0.1
and £ = 0.5.

In Figure 6, we plot the total number of individuals in the stage of adults,
growing juveniles and non-growing juveniles, i.e. L'-norm of a(t,), j,(t,-) and
Jr(t,-), respectively. Moreover, we plot the surface solutions of j(¢, s) for various
values of «, see Figures 7, 8 and 9.
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Figure 6: Figures (a), (b) and (c) describe the evolution of the L' norm re-
spectively of a(t,-), j4(t,-) and j,(t,-) as a function of time.
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Figure 7: Surface solution of j,(t,s) when a = 5.
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Figure 8: Surface solution of j4(t,s) when a = 10.
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Figure 9: Surface solution of j4(t,s) when oo = 25.

It can be observed from the above figures that when « is relatively small, the
positive equilibrium is locally asymptotically stable; when « is relatively large,
the positive equilibrium becomes unstable. We conclude that increasing « from
5 to 25 tends to destabilize the positive equilibrium and leads to undamped
oscillating solutions.
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Next we choose parameter « carefully in order to observe the Hopf bifur-
cating periodic solution. In fact, if y(z) = 15 100y (2),0" = 0.01,0~ = 0.05,
¢ =0.01,4 = 0.1 and £ = 0.5, then by Proposition 6.3 and Lemma 6.4, the char-
acteristic equation admits a unique pair of purely imaginary solution +0.3663¢
at o = g = 22.8509. Moreover, when (z) = 1[5 1) (7) and if A(a,iw) = 0,
following the lines of Lemma 6.6, we can arrive at

T.

Re (8A(o¢,iw)) o - oto~ ((§+M+o’*)2 7w2)
W2 2 2
oA w? 4 p <(§+N+07)2+W2)

In particular, under the chosen parameters, it can be derived that

Re <8A(ao, 0.36631)

= 5.691 .
B ) 5.6919 > 0

Consequently, the simplicity of eigenvalues £0.3663:¢ follows. Moreover, accord-
ing to the proof of Theorem 6.7, the transversality condition is also satisfied.
From the above analysis, we can conclude that the number o = oy = 22.8509
should be a Hopf bifurcation point. Therefore, we choose o = 23 > ag, and
depict the following figures:

(a) (b)

norm of solution j (1)

L norm of solution j (t)
&

1
IS

0 50 100 150 200 250 300 0 50 100 150 200 250 300
time t time t

0 50 100 150 200 250 300
time t

Figure 10: Figures (a), (b) and (c)describe the evolution of L'-norm of respec-
tiwely jq(t,-), jr(t,-) and a(t,-) in function of time when o = 23.
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The above figures 6-10 indicate the existence of periodic solutions, which
port our analysis.
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