Available at Applications and Applied

gl
‘Q d m\\ http://pvamu.edu/aam Mathematics:
!

Appl. Appl. Math. An International Journal
ISSN: 1932-9466 (AAM)

Vol. 4, No. 2 (December 2009), pp. 394 — 412

Remarks on the Stability of Some
Size-Structured Population Models V: The
Case When the Death Rate Depends on Adults
Only and the Growth Rate Depends on Size Only

M. El-Doma

Faculty of Mathematical Sciences
University of Khartoum
P. O. Box 321, Khartoum, Sudan
biomath2004 @yahoo.com

Received: March 4, 2009; Accepted: August 11, 2009

Abstract

We continue our study of size-structured population dynamics models when the population is
divided into adults and juveniles, started in El-Doma (To appear). We concentrate our efforts in
the special case when the death rate depends on adults only, the growth rate depends on size
only and the maximum size for an individual in the population is infinite. Three demographic
parameters are identified and are shown to determine conditions for the (in)stability of a nontrivial
steady state. We also give examples that illustrate the stability results. The results in this paper
generalize previous results, for example, see Calsina, et al. (2003), ElI-Doma (2006), and El-Doma
(2008).
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1. Introduction

N this paper, we continue our study of a size-structured population dynamics model that

divides the population at any time ¢ into adults with size larger than the maturation size
T > 0, we denote by A(t), and juveniles with size smaller than the maturation size, we denote
by J(t), started in El-Doma (To appear). The vital rates i.e., the birth rate, the death rate, and
the growth rate, depend on size, adults, and juveniles, accordingly, the model takes into account
the limited resources as well as the intra-specific competition between adults and juveniles.

In this paper, we concentrate our efforts in the study of the special case when the death rate
depends on adults only, the growth rate depends on size only, and the maximum size for an
individual in the population is infinite. The motivation for assuming that the death rate depends
on adults only is that almost all species protect their young (juveniles) by sheltering and caring,
though this is species specific. Also when disturbed or attacked by predators, for example, some
females even take their young into their mouth, for example, see Taborsky (2006). This assumption
will also allow us to generalize stability results given, for example, in Gurney, et al. (1980) and
Weinstock, et al. (1987) for the classical age-structured population dynamics model of Gurtin, et
al. (1974), which corresponds to problem (1.1) in El-Doma (To appear) when V' =1, and 7' = 0.

We study the stability of the nontrivial steady states given by Theorem 2.1 (2) in El-Doma (To
appear). We identify three demographic parameters that determine the (in)stability of a nontrivial
steady state. We also obtain several conditions for the (in)stability of a nontrivial steady state via
these demographic parameters. We also give examples that illustrate our stability results.

In the last paper of our series, further stability results will be given for the case when, V'(a, J, A) =
V(a),u(a, J, A) = pu(J), and the case when, V(a, J, A) = V(a), u(a, J, A) = u(a).

The organization of this paper as follows: in section 2 we obtain stability results, and give
examples that illustrate some of our theorems; in section 3 we conclude our results.

2. Stability of the Nontrivial Steady States

In the following, we obtain stability results for the special case when, | = +o0,V(a,J, A) =

V(a), u(a, J, A) = u(A), and /0 h Vd(TT)

We note that if u(As) = 0, then from equation (4) in El-Doma (to appear), we obtain that
P, = +00. Therefore, we assume that, ;1(A.,) > 0, throughout the paper.

= +00.

We also note that, in this case, Corollary 3.7 in El-Doma (to appear), gives the following condition
for a nontrivial steady state to be locally asymptotically stable:

/l 6—H(A<x>) f(;l %
T V(a)

T ~n(As) J§ V& I ra
|7|/ ———da +/ / F(a,a)‘gA(U, Jooy Aso)|doda
0 V(a) T Jo

[ﬁ(a, Joos Aoo) + 5}

da + (D
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Lol pa milAs) Jy ¥
+/ / / e F(0,0)|9a(0, Joes A) [ (b, o, Asc) = 30, Joe, Acc)||dordadh
T JT JO V(b)

T pl pa 6—,u(Aoo)f(§’ e
+17] / / / WF(G, U)‘gA(U, Joo, Aoo)‘dadadb +
o Jr Jo

|7|/ / / —F(G,U)’QA(U’ JooaAoo)’dUdadb < 1,
T JO 0 V(b)
where 0, and 7 are given, respectively, by equations (22), (23) in El-Doma (to appear).

Also from Theorem 3.2 in El-Doma (to appear), we obtain the following condition for the
instability of a nontrivial steady state:

Ao + Vs + ,u’(Aoo){7 [Joo /T l /0 ' ﬁ;"((aa)) doda — Ay, /0 ! /0 ' Z;;O(f)) doda

Lo poo(a)
_AOO/T/O A(a, Joo,Am)mdada} > 0. )

Also, in this case, by straightforward integrations in the characteristic equation (11) in El-Doma
(to appear), we obtain

Ee~lEtn(Ax)lm
[€ + 1(Aso) 1€+ X]

e—lE+n(Ace)lm [5 n eu(Aoo)mX}

1
e A\ ] S ©)

where , and m are given by

1 /l a
1 = — [ fla, Jo, Ax e~ Jo EMdrgq 4
v J, )

 Peo(0)V(0) (Asg)emHAIm
v (As) ’ 4)

S /T dr 5)
B o VI(r)

The stability results that we are going to obtain are in terms of the following three demographic
parameters:

6 = /TOO ﬁA(a7 J7 A)poo(a)da7

Y = /T ﬁJ(a7 J7 A)poo(a)da,

x = Poo(0)V(0) 1/ (Ang e H(Aoe)m
11(Aso) )

= P/ (Ay)e HA=Im,

We note that 6 can be interpreted as the total change in the birth rate, at the steady state, due to
a change in adults only. Also, note that v can be interpreted similarly.
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If T =0, then y = P/ (Py) and therefore, it can be interpreted as the total change in the
death rate, at the steady state, due to a change in the population, for example, see Weinstock, et
al. (1987). If T' # 0, then x can be interpreted as the total change in the death rate, at the steady
state, due to a change in adults only. Note that the factor e #(“=)™ in the formula defining y
when 7" # 0, is the probability of survival up size 7.

We expect that 0 < 0,7 < 0, and x > 0 are conditions that imply the local asymptotic stability
of a nontrivial steady state, for example, see El-Doma (2008), for the special case when, 7" = 0.
On the other hand, from (2), it is easy to see that if 6 > 0, > 0, and x = 0, then a nontrivial
steady state is unstable.

In the next result, we describe the stability of a nontrivial steady state when, 7' = 0. This special
case is proved in El-Doma (2008), and therefore, the proof is omitted.

Theorem 2.1 Suppose that, 7" = 0,x > 0, and, 6 < 0, with both not equal to zero. Then a
nontrivial steady state is locally asymptotically stable.

We note that Theorem 2.1 is important for our further stability results since it establishes the
local asymptotic stability of a nontrivial steady state when, 7" = 0.

In the following result, we describe the stability of a nontrivial steady state in the special case
when, 6 = v = 0.

Theorem 2.2 Suppose that, § = v = 0. Then a nontrivial steady state is locally asymptotically
stable if x > 0, and, unstable if y < 0.

Proof. We note that in this case, the characteristic equation (3) can be rewritten in the following

form:
!
X ﬁ(a, Joanoo) _§fad_‘r
1+—H1—/—7ra,Joo,Aooe 0 VTdal =0, € 40. 6)
R A )
From equation (6), we see that if y < 0, then £ = —x > 0 is a root of equation (6), and therefore,

we obtain instability.

On the other hand, if y > 0, then £ = —x < 0, is a root of equation (6), and the only other
possible root of equation (6) is when

l dr
- / Bla Joo Ae) L 100, A )e B Foda = 0, € £0. (7
T V(a)

Now, suppose that £ = = + iy, x > 0, then by equation (6) in El-Doma (to appear), it is easy
to see that the only possible root of equation (7) is, £ = 0, and Theorem 3.3 in El-Doma (to
appear) shows that, £ = 0, is not a root of the characteristic equation (11) in El-Doma (to appear)
since, xY > 0. According, a nontrivial steady state is locally asymptotically stable if x > 0. This
completes the proof of the theorem.

In the next result, we show that a nontrivial steady state is unstable if x < 0, and, § = (1 —
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Theorem 2.3 Suppose that, Y < 0, and, § = (1 — e#*=<)™)~_ Then a nontrivial steady state is
unstable.

Proof. We note that, in this case, it is easy to see that £ = —x > 0 is a root of the characteristic
equation (3). This completes the proof of the theorem.

We note that in Theorem 2.3, if we set v = 0, then 6 = 0, and hence we retain the result of
Theorem 2.2.

We note that according to Theorem 3.2 in El-Doma (to appear), a nontrivial steady state is
unstable i.e., £ > 0, is a root of the characteristic equation (3) if = > 0. Also by Theorem 3.3 in
El-Doma (to appear) if = = 0, then, £ = 0, is a root of the characteristic equation (3). Therefore,
a necessary condition for a nontrivial steady state to be hyperbolic and locally asymptotically
stable is, = < 0.

In the following lemma, we give sufficient conditions for, =, to be negative.
Lemma 2.4 Suppose that, [ = +o0,V(a, J, A) =V (a), u(a, J, A) = p(A), x >0,
Rj(Jx, As) <0, and, R4(J, As) < 0. Then

= = [(1+ GalT,1,0) s = Ga(0, T, 0) A Ry (o, Acc) +

(14 Gy (0,7,0)) A = Gy (T, 1,0) Joc | R, Anc) < 0. )

Proof. We note that, in this case, G;(7T,1,0) = G;(0,7,0) = 0, and therefore, we only need to
show that

[(1 + GA(T> la 0))Joo - GA(0> T> O)Aoo:| RJ(Jooa Aoo) + AOORA(JOO7 Aoo) <0. (9)

Now, we notice tha@} by using theyMean Value Theorem, we obtain G4 (7,1, 0)Jo—G4(0,T,0)Ax =
1 od 2

1 (Ao) Joo Ao [/0 W:) —/0 W:')} >0, for y; € [T,1] and y2 € [0,T] since x > 0 implies

that 4/(As) > 0. Hence (9) follows immediately. This completes the proof of the lemma.

We note that from the characteristic equation (3), if we let £ = x + iy, then we obtain the
following pair of equations:

! a —[z Aso)]m
ﬁ(a> JooaAoo) [z p(Ase)] [ 2 / dr e [z+p(
- [ 2o fec) I g A
/T Vi) v ™ A 0l

{[yz(x + 11(Ase) + X) + z(x + 1(Ax)) (X + 2)] cosym + y[u(As) x — (22 + y?)] sin ym} +

%{(x + 1(As)) (@ + X)? + ¥ (2 4+ m(Ax)) + [xy® — X (= + p(Aco)) (z + x)]e™™ cos ym +

l a —[z+u(Ass)m
6(a7 ‘]007 Aoo) —lz+p(A )]f“ _dar | / dr e [z+p(
— ' e oo 0 V(r) Slny da — 5— %
/T V(a) 0 V(T) A

{I(A)yx = y(a® + y2)] cos ym — [(2(e + p(A)) +53) (@ + X) + p(As)y?] sinym |
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,}/ —|x oo )|m —lx oo )|m —lx oo )|m
+Z{ — Pyl X2 4 [eyeErRAIm A YyyemltuAslm 3 —leti(As)]

Fyx (2 + p(As) + 2 4 x)e™ ™ cosym + [xe ™" (x + p( A ) (z + x) — xyPe ™" +
2(w 4+ 1 Ae)) (1 + XTI 2ol (4 A) + 0+ ) simym |, (1)

where A is given by

A = [+ p(40) + Pl + ) + 9. (12)

We note that the following conditions are for crossing the imaginary axis, for example, see
Thieme, et al. (1993), and Iannelli (1995), stem from the fact that by Theorem 2.1 if 7"= 0, x > 0,
and, 6 < 0, with both not equal to zero, then all the roots of the characteristic equation lie to
the left of the imaginary axis, and by further conditions, for example, see Lemma 2.4, they can
only cross the imaginary axis to the right-half plane as 7" increases by crossing the imaginary
axis when, y # 0:

l a —p(Asc)m
Bla, Joo; Asc) —p(ace) fo otz / dr el
1 — —————€ e/ Jo V(n) COS da = 5 — X
/T V(o) Y V) &, 0

{y2 [1(Ase) + x] cosym + y[u(Ase)x — y*]sin ym} + Alo{u(floo)x2

+11(Ase)y” + Xy — 11(Aso)X?] cos ym + xy[1(Ase) + X] sin ym}, (13)

l a —p(Asc)m
ﬁ(aa Joo, Aoo) —u(Ao) [ AT . / dr e
— ' ' e >/ Jo V() gin da=1) —v]|— x
/T V(a) V) vt TS

{I(Ac)yx — ") cosym — y*[x + pl(Asc)] sinym | +

Alo{ — " = yx* + yx[pu(Ax) + x] cosym + x[xu(Aw) — 7] sin ym}» (14)

where A is define by
Ao = [u(Ax) + ¥ + 7). (15)

In the next result, we describe the stability of a nontrivial steady state when, 6 = v < 0 = .

Theorem 2.5 Suppose that, 6 =y < 0 = x. Then a nontrivial steady state is locally asymptoti-
cally stable.

Proof. In this case, from equations (13) and (15), we obtain

l a
ﬁ(a> Joos AOO) —(A) [y 755 / dr %u(AOO)
1-— —€ /00 V(7)) cos dao = —————. (16)
/T V(a) VI vin™ T (A +

We note that the left-hand side of equation (16) is positive by equation (6) in El-Doma (to
appear) since y # 0 by using Lemma 2.4, whereas the right-hand side is negative because v < 0.
Accordingly, crossing is impossible, and therefore, by Theorem 2.1, a nontrivial steady state is
locally asymptotically stable. This completes the proof of the theorem.

In the next result, we describe the stability of a nontrivial steady state when, 6 = v < 0, and
p(As) > x > 0.
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Theorem 2.6 Suppose that, 6 = v < 0, and, (A~ ) > x > 0. Then a nontrivial steady state is
locally asymptotically stable.

Proof. We note that, in this case, from equation (13), we obtain

l a
1 _/ Me_“(‘&w)ﬁ) % Cosy/ dT da — l{M(AOO)Xz _I_M(Aoo)yz +
T V(a) 0

[xy? — (Ase)X?] cosym + xy[u(As) + X] Sinym}- (17)

Since by Lemma 2.4, the left-hand side of equation (17) is positive, we obtain
1(Ac)X® + 1(Aso)y® + [xy* — 1(Ae)x?] cosym + xy[u(Ase) + x]sinym < 0. (18)

Suppose that y = ji(A ), and cosym = —1, then from inequality (18), we obtain 2/( A )*

which is a contradiction, and hence the result follows in this case.

< 0,

Now, suppose that the above special case does not occur, then from inequality (18), we obtain

X(1(Aso) + X) sinym72
2(p(Aso) + x cosym
X (1(As) — x)(1 — cosym)
) A[u(Aso) + X cos ym] [(1(Ase) = X)(1 + cosym) — 4p(Aso)]
Y (1(Aso) — x)(1 — cosym) B
4[pu(As) + x cos ym] [—2p(Ax)]

[11(Ase) + X cosym)] [y +

<

0,

which is a contradiction, and therefore, a nontrivial steady state is locally asymptotically stable.
This completes the proof of the theorem.

We note that alternatively, we can give another proof for Theorem 2.6 as follow.

We note that, in this case, if we let £ = x + 7y, and assume that x > 0, then the characteristic
equation (3) takes the following form:

ol + () i)
(+ wtaa) ]

! o
I = /6(a7JooaAoo)7T(a,JOO,AOO)6_[I+Zy]fO %da_k
T

Cxe” Tz 4 x —dy][r 4 p(As) — iyl {=z+iy#0

e+ x02 + 92 [ (2 + (A)) +47)

In order to show that the above characteristic equation does not have a root with, z > 0, we only

Aoo 2 2 —2xm
need to show that [z + 1{Ax)] — X € > 0, and

2 2 2
(o4 ma0)) +97| lw+x2+ 9| (v + n(4x) +9?]
this is easy to show by straightforward calculation provided that ;(A,) > x. This completes the
proof of the theorem.

We note that the result of Theorem 6 generalizes that of Theorem 2.5.
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In the next result, we prove a corollary to Theorem 2.6 which deals with the case when, p(A),
is a constant.

Corollary 2.7 Suppose that, § = v < 0, and, 0 < p(A) is a constant. Then a nontrivial steady
state is locally asymptotically stable.

Proof. This result follows directly from Theorem 2.6 since, in this case, y = 0, and accordingly,
1(As) > x. This completes the proof of the corollary.

In order to generalize Theorem 2.6 to the case, y < 0, we need to assume the following condition:

/J(Aoo)m l a T a
5P, + L{é [JOO/ / poo(a)dada — Ay / / poo(a)dada
Py rJo V(o) o Jo V(o)

Lo Poo()
_AOO/T/O Bla, Joos Ase S dada}<0. (19)

In the next result, we will assume condition (19) and obtain a result that generalizes Theorem
2.6 to the case, y < 0. We note that condition (19) is to assure crossing the imaginary axis with

y# 0.

Theorem 2.8 Suppose that, inequality (19) holds, 6 = v < 0, and, (A~ ) > |x|. Then a nontrivial
steady state is locally asymptotically stable.

Proof. Suppose that x = u(Aw), and, cosym = —1, then from inequality (18), we obtain
2,u3(Aoo) < 0, which is a contradiction, and hence the result follows in this case. Also, if xy =
—1(Ax), and cosym = 1, then from inequality (18), we obtain 0 < 0, which is a contradiction,
and hence the result also follows in this case.

We note that the remaining part of the proof follows the same arguments as in Theorem 2.6 to
conclude that the roots of the characteristic equation can not cross the imaginary axis. The result
is completed by observing that if x = 0, then by Theorem 2.6 the result holds. This completes
the proof of the theorem.

We note that by arguments similar to that used in Lemma 2.4, we can show that if y > 0, and
0 = v < 0, then inequality (19) is automatically satisfied, and accordingly, we obtain Theorem
2.6 from Theorem 2.8.

In the next result, we describe the stability of a nontrivial steady state when, [e*(4=)™ 4 1]y <

0 <0,6 #~,and y = 0.

Theorem 2.9 Suppose that, [e/(4=)™ 4 1]y < § < 0,6 # 7, and, xy = 0. Then a nontrivial
steady state is locally asymptotically stable if |0 — 7|, is sufficiently large, and, § — -, have the
appropriate sign.

Proof. We note that, y = 0, implies 1'(As) = 0, and therefore, by Lemma 2.4 and equation
(13), we obtain the following condition for crossing:

l a
B(a, Jooy Aco)  —p(Ace) [ / dr
1—/ I R e M) o V) cosy da (20)
v Vl(a) o V(1)
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(Ao —i(Aco)m Yy sinym Ay
_m%%e M = Cosym} - _mw—ﬂe w(Asc)m.
If sinym = 0, then from equation (20), we obtain
l a
/B(a JOO AOO) _ (A )IGL / dT
1 — / #6 H{Aco) Jo V() Cosy da — (21)
T V(a) . V()
%{7(1 — eI cos ym) + Ge A= cos ym},

and since cosym = +1, it is easy to see that we can obtain a contradiction when cosym = 1
since the left-hand side of equation (21) is positive whereas the right-hand side is negative. If
cosym = —1, then we similarly use the condition [¢"4=)™ 1 1]y < § < 0, which also gives a
contradiction.

Now, we assume that sinym # 0, and accordingly, we can use equation (20) to solve for y and
use it in equation (14) to obtain the following condition for crossing:

A )e s = g [1(Ax)? + y] 2
[1(Aso)? + y?] sinym {< YT G Ane e H I = 7]) i

[1(As)? + 7] < 20(Aso )y
21(Ase) e #AIm[§ — A\ [1u( Ao )? + 7]

: a _dr a
et e [ )

B (AL + 37
4p(A)e A=Im[5 — ] sinym

!
Bla, Joo, Axo) —1(Aso) [ 755 /a dr 2
1 1— _ /) Jo V(r) ]
e L Vi) © C%yOXdﬂM)}>O 22

[COS ym +

Now, we can obtain the result from inequality (22) by first assuming that ¢ — v is large and
positive and sin ym is negative, therefore, the first bracketed term is a large negative number
whereas the second bracketed term is a small positive number, hence inequality (22) can not be
satisfied, and therefore, a nontrivial steady state is locally asymptotically stable. On the other
hand, we may assume that § — v is large and negative and sin ym is positive therefore, as before,
the first bracketed term is a large negative number whereas the second bracketed term is a small
positive number, hence inequality (22) can not be satisfied, and therefore, a nontrivial steady
state is locally asymptotically stable. This completes the proof of the theorem.

1 1
In the next result, we describe the stability of a nontrivial steady state when, D= 0, where D
is given by
1
5 = De(u(Ase) +X)7 + 70 = 7) ((As)x — )] (23)
1 As) —
Theorem 2.10 Suppose that, (A ) > x > 0, = = 0, and, [e“(A"")mM%—l v < <O.
D [1(Ace) + X]

Then a nontrivial steady state is locally asymptotically stable.
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Proof. From equation (13), we obtain the following condition for crossing:
e — 9] {y[(Ace) + X] cos ym + ylu(Ase)x — v sinym | +

W{M(Aoo)xz + 11(Ase)y® + [xy? — 11(Ase)x?] cos ym + xy[p(As) + X] Sinym} > 0.

Now, if we use equation (23), we obtain the following condition for crossing:

e AImy2 (1 (A ) + x| cosym + yu(Aso)y?[1 — e A=) cos ym]
+yxy’[1 — e M4 cos ym + Y Ane)X*[1 — cosym] > 0. (24)

From inequality (24), if we assume that cos ym > 0, then we obtain a contradiction. Accordingly,

Ax) —
6M(Aoo)mM +1lv<d<0,

we assume that cos ym < 0, and use the assumption that [
[1(Ass) + X]

we obtain

Je MAMy2[1(Ase) + x] cosym + Y Aso)y?[L — e MM cos ym)]
+yxy’[L — e A= cos ym + yu(Ase) X1 — cosym] <

As) —
[M( o) ZX | e Y[ Ase) + x] cosym + ypu(Aco)y?[1 — e H4)™ cos ym]

1(Aso) + X
+yxy?[1 — e HMA<I™] cos ym 4 (Ao ) X3l — cosym] =
Yi(Ase)y*[1 + cos ym] + yu(Ase)X*[1 — cos ym] < 0. (25)

Now, from (25), we see that crossing is impossible, and the proof of the theorem is completed
by using Theorem 2.1. This completes the proof of the theorem.

In the next result, we generalize Theorem 2.10 in the sense that we relax the assumption that
v < 0. We note that in such case we need to assume the following in order that crossing of the
imaginary axis takes place when y 7é 0:

xe et(Aco
§Am 4y + X /

Lo poo(a)
_AOO/T/O Aa, Joo,Aoo)mdada} <0. (26)

poo poo

1
Theorem 2.11 Suppose that, ) < 0, x > 0, and, — = 0. Then a nontrivial steady state is locally
asymptotically stable in each of the following cases:

1)
N cos ym + yu(As) x> + y7] <0, (27)
when § # ~, and condition (26) holds, where y* and N are given by

Ax) +X)
2 Ay 4 XU
Y~ = pu(Ax)X + e AT (§ — )’

N = e UA=Im(§ — 5) (u(Ace) + X)y* + X (47 — 1(Aco)X)- (29)

(28)
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2) 0 =1.

1
Proof. To prove 1, we suppose that § # +, then from — = 0, we obtain equation (28). Also
from equation (13), it is easy to see that inequality (27) 1s the condition for a nontrivial steady
state to be locally asymptotically stable provided that condition (26) holds. This proves 1.

1
To prove 2, we note that if ) = v, then from — = 0, we obtain that, y = 0, and, in this case, we
find that inequality (27) is satisfied. We also note that, in this case, condition (26) is automatically
satisfied. This completes the proof of the theorem.

In order to facilitate our writing, we define L by

L= e =I5 — ) (p(Aso) +x) + X7- (30)

In thelnext result, we prove that a nontrivial steady state is locally asymptotically stable when,
L=—=0,and, 6 <0.
D , an
1
Theorem 2.12 Suppose that, § < 0,L = D= 0. Then a nontrivial steady state is locally
asymptotically stable.

Proof. We start by supposing that ;1 (A, ) + x = 0, then from L = 0, we obtain that v = 0, and
1

from — = 0, we obtain e *A=)"§ [,u(Aoo)2 + yz} = 0, which is impossible since § < 0, and

,u(AOO§)> 0. Accordingly, 1(Ax)+ x # 0, and we can divide in the equation for L = 0 to obtain

A (5 _ ) — _m. (31

) ) ) 1 )
Now, we can use equation (31) in the equation for o= 0, to obtain

X7

MESESY [(M(Aoo) +X)* = wlAx)x +y°| =0, (32)

which implies that either x = 0, or v = 0, or (u(As) +x)* — 1(Ase)x + > Suppose that y = 0,
then by using L = 0, we obtain that v = 9, and hence, we obtain the result from Theorem 2.6.
If we suppose that v = 0, then from L = 0, we obtain that 6 = 0, which is impossible. Also, it
is easy to see that (u(As) + %) — u(Ax)x + y* # 0. Accordingly, only y = 0 is possible in
equation (32). This completes the proof of the theorem.

In the next result, we prove that a nontrivial steady state is locally asymptotically stable when,
L=N=0,and ¢ <O0.

Theorem 2.13 Suppose that, 6 < 0,L = N = 0. Then a nontrivial steady state is locally
asymptotically stable.

Proof. We note that in this case, from N = Ly® — yu(As)x?, we obtain that x*y = 0, which
implies that either x = 0, or v = 0. If y = 0, then from L = 0, we obtain § = v, accordingly,
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local asymptotic stability follows from Theorem 2.6. If v = 0, then from L = N = 0, and using
L’Hopital’s rule, we obtain
Aso)x?
[6_“(A°°)m(5 —7)(1(As) + x) + X7

which is impossible. This completes the proof of the theorem.

In the next result, we prove that a nontrivial steady state is locally asymptotically stable when,
L=0,and 6 =y <0.

Theorem 2.14 Suppose that, L. = 0, and, 6 = v < 0. Then a nontrivial steady state is locally
asymptotically stable.

Proof. From L = 0, we obtain that xy = 0, and hence the result follows from Theorem 2.6. This
completes the proof of the theorem.
In the next result, we prove that a nontrivial steady state is locally asymptotically stable when,

1
BZNZO’ and, 0 = v < 0.

1
Theorem 2.15 Suppose that, — = N = 0, and, 6 = v < 0. Then a nontrivial steady state is
locally asymptotically stable.
Proof. From N = 0, we obtain yy[y* — x(Aw)] = 0. Therefore, either x = 0, and hence the

1
result follows from Theorem 2.6, or y* = x/u(As), and in this case, by using — = 0, we obtain

X(1(Ax) + x)7 = 0. We note that, in this case, if we assume that (A ) + x = 0, then we
obtain that y? = —j(A.)?, which is impossible. This completes the proof of the theorem.

In the next result, we prove that a nontrivial steady state is locally asymptotically stable when,

1
BZNZO’ and 0 < 0,04« +7Js < 0.

1
Theorem 2.16 Suppose that, D= N =0,0 <0, and, 0 As +7J < 0. Then a nontrivial steady
state is locally asymptotically stable.

1
Proof. We note that when D= L = 0, then by Theorem 2.12, we obtain the result.

Therefore, we only need to consider the case L # 0. Also if § = 7, then we obtain the result
via Theorem 2.15. Accordingly, we obtain the following two equations for 3/° :

As)x?
= M= L)X 0 (34)
Ax))
> _ (AL X (¢ + ‘
Yo = 1(Asc)X + pmE Ty — (35)
Now, using equations (34)-(35), we obtain
2 L
Y((As) + x)3 [e A= (5 — + = 0. (36)
(1(A) + ) | C=| +-55)
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2
From equation (36), we obtain that either y = 0 or p(A) + x =0, or [e_“(A"")m(é - 7)} +

v =0. If u(As) + x = 0, then from equation (35), we obtain y? = —u(Ay)?, which is
L
1(Aso)
v > 0, and therefore,

p(Ax) )
impossible. Also, if [e—““oo)m(a —| +

2
~v = 0, then [e_“(A"")m(é—v)} =— v.

L
(Aso)
But this is also impossible since from equation (34), we obtain

1(As)
v # 0. Hence x = 0 is the only solution of equation (36). But

2 L
oo s
p( A
in this case by the assumptions 0 < 0,04, + 7Jx < 0, crossing with y = 0 is not possible

by Theorem 3.3 in El-Doma (to appear), and the result is obtained by using Theorem 2.1. This
completes the proof of the theorem.

In the following result, we describe the stability of a nontrivial steady state when, § = v <
0,N =0, and, x <0.

Theorem 2.17 Suppose that 6 = v < 0, N = 0, and, y < 0. Then a nontrivial steady state is
locally asymptotically stable.

Proof. From N=0, we obtain vyx(y* — jt(As)x) = 0, which implies that y = 0, since y < 0.
Accordingly, the result follows from Theorem 2.6. This completes the proof of the theorem.

In the following result, we use inequality (26) to obtain the result of Theorem 2.9.

Theorem 2.18 Suppose that, 6 < 0,5 # v, x = 0,0Ax + VJoo < 0, and, sinym # 0. Then the
result of Theorem 2.9 holds.

Proof. We only need to observe that in this case inequality (26) becomes 0 A + 7Js < 0. The
remaining steps for the proof are the same as in the proof of Theorem 2.9. This completes the
proof of the theorem.

In the next result, we describe the stability of a nontrivial steady state when, N = 0, where N
is given by equation (29).

1
Theorem 2.19 Suppose that, N = 0, 5 # 0,sinym # 0, and, 0 < 0. Then a nontrivial steady
state is locally asymptotically stable if L = 0. If L # 0, then a nontrivial steady state is locally
asymptotically stable if inequality (26) holds, y > 0, and, the following inequality holds:

l a
/B(ay Joo> Aoo) —u(Aso) [ 4 / dr M(Aoo)’y 2 2
1 1— AN T T o) Jo V(r) da — ———2 L
+{ /T V(a) e cosy V) a A, [y* + x ]} X

{DV[@/“'XQ] —cosym} <0 37)
sin ym -
where y? is given by
As)x?
J2 = V(Ao )X (38)

[(1(Ace) + x)etAm (3 = 5) + 37|

Proof. Suppose that L = 0, then the result follows from Theorem 2.13.
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Now, suppose that L # 0, then we can solve for y* from equation (29) to obtain equation (38).
Also, from equation (13), we obtain

! a .
Bla, Joo, Axo) —u(Aso) [ T2 / dr Y 2 9 ysinym
1-— ——€ <700 V(n) cos da — —p(As + =—— (39
/T V(a) V] e T Aty = T

From equation (39), we can solve for y, and then use equation (14) to obtain inequality (37).
This completes the proof of the theorem.

1
In the next result, we describe the stability of a nontrivial steady state when, N # 0, — #

D
0,sinym # 0, and, condition (26) holds.

1
Theorem 2.20 Suppose that, § < 0,y > 0, N # 0, D # 0,sinym # 0, and, condition(26) holds.
Then a nontrivial steady state is locally asymptotically stable if

N AO 2 W 2 1 )
o i oN P —h——————AQLW}<0 40
Aosinym{[smym+2zv} +[eosym+ 5]} 4NAosinym{ ot Wiy =0, (0

where D, N, are given, respectively, by (23), (29), and W, W are defined as follows

l a
J A ) —u(A a dr dT
W Yy~ + X 1(As) ] 0[ A PR osy [ 35 a}’
(41)
l a
[/A[/ J A ) — (A a dr dT
(A D] 0[ T V(a) ‘ sy o V(1) a}
(42)
Proof. From equation (13), we obtain
! . ‘
Bla, Joo, Aco) —u(ace) [t 325 / dr N Yi(Ass) 5 91 Ysinym
1— [ === v cos da— ¥ cosum — L2 ysinym
/T V(a) Y o V() Aq Y A [y° 4+ x7] AcD
(43)

1
From — # 0, and sinym # 0, we can solve for y in equation (43), and then use equation (14)
to obtain (40). This completes the proof of the theorem.

In the next result, we describe the stability of a nontrivial trivial steady state when, sin ym = 0.
We note that this result is similar to Theorem 2.11, and therefore, proof is omitted.

Theorem 2.21 Suppose that, 6 < 0,y > 0, condition (26) holds, and, sinym = 0. Then a
nontrivial steady state is locally asymptotically stable if

N cosym + yu(Aso)[x* +y°] <0, (44)

where y = —W,n =+1,42,43, ...
m

In the next result, we describe the stability of a nontrivial steady state when, sinym = 0 = L,
where L is given by equation (30).
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Theorem 2.22 Suppose that, 6 < 0,x > 0,L = 0, and, sinym = 0. Then a nontrivial steady
state is locally asymptotically stable in each of the following cases:

1) v <0, X
2) e HAee)m _ A 5 )
[11(Ass) + X]

Proof. To prove 1, we note that from equation (27), and L = 0, we obtain the following condition
for the local asymptotic stability of a nontrivial steady state:

Vi (Aso) [y2 +x*(1 — cosym)| < 0. (45)
Accordingly, since by 1, v < 0, the result follows from inequality (45) since inequality (26) is

automatically satisfied. This proves 1.

To prove 2, we note that since p(Ay) + x > 0, then from L = 0, we obtain

fe HAx)m — [6—M(Aoo)m . x ] (46)
[1(Aso) + X]
Now, using 2, the result follows easily from equation (46) since we have, v < 0, accordingly,
we see that (45) is satisfied. This completes the proof of the theorem.

In the next result, we describe the stability of a nontrivial trivial steady state when, sinym =
N =0.

Theorem 2.23 Suppose that, ) < 0,y > 0,sinym = N = 0, and, condition (26) holds. Then a
[1(As) + X] m

nontrivial steady state is locally asymptotically stable if X )2eH(A)m

0,n=+1,42,+3, ...

Proof. We start by noting that if L = 0, then by Theorem 2.13, we obtain the result.

T(A)x® o

Accordingly, we assume that L # 0, and therefore, y* = = (—)?, hence, from
m

. L
N = 0, we obtain
_ m nmw nmw N9 u(A)m
7[#(Aoo)><2 + e M A (A + X)) ()P = (F)7x | = 8(—)2e A (u( A + x).
m m m
As)x — (2E)?
So, since (A )+x # 0, then we obtain the result from xp(doo)x = Gy )] +(T)ze_“m°")m >

. [1(As) + X] m
0,n =+41,42,+3, ... This completes the proof of the theorem.

In the next result, we describe the stability of a nontrivial trivial steady state when, p(A.) >
x > 0=sinym, and v <9 < 0.

Theorem 2.24 Suppose that, j(As) > x > 0 = sinym, and, v < 6 < 0. Then a nontrivial
trivial steady state is locally asymptotically stable.

Proof. We note that in this case by using sinym = 0, we obtain condition (24) for crossing.

From (24), it is easy to see that if cosym = 1, then we obtain a contradiction.
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Accordingly, we assume that cosym = —1, to obtain the following condition for crossing:

yPe MM (y = 5)(u(Ane) + ) + 192 (1(Ans) = x) + 271 Acc)X* > 0, “7)

which is impossible, and the result is completed by using Theorem 2.1. This completes the proof
of the theorem.

Example 1: In this example, we consider the case when (3(a, J, A) = By, pu(a, J, A) = u(A),V(a, J, A) =
V(a), where 3, is a constant.

In this case from equation (6) in El-Doma (to appear), we obtain

p(As)et A=) lo ¥ = g (48)

Also, from equation (9) in El-Doma (to appear), we obtain

P = At A=)l ¥ (49)

Now, if we can solve for A, from equation (48), then P, is determined from equation (49),
and accordingly, J, is given by

dr

Jo = P [1 _ oA f v (50)

Therefore, using Theorem 2.2, we obtain that a nontrivial steady state is locally asymptotically
stable if x > 0, and is unstable if y < 0.

Example 2: In this example, we consider the case when (3(a, J, A) = fy(a)e ",
wla, J, A) = u(A),V(a, J,A) = V(a), where c¢; is a constant.
In this case from equation (6) in El-Doma (to appear), we obtain
1 = e @b /OO —ﬁo(a) e—H(Aoo)f(;l %da. (51
r Vi(a)
Also, from equation (9) in El-Doma (to appear), we obtain
P = A eMA) 0 v (52)
Now, using equation (52) in equation (51), we can see that if
/oo Bo(@) o) fi 55 4y = 1, (53)
r Vi(a)
and
/ Me_“m“’)m Y& da < +00, (54)
r V()

then a nontrivial steady state exists.

Using equations (52), (4), we obtain
X = Acott (Aso). (55)
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Accordingly, using Theorem 2.6, we obtain that a nontrivial steady state is locally asymptotically
stable in each of the following cases:

1) p(A) = oA, where ¢, is a positive constant,

2) u(A) = VA,

Example 3: In this example, we consider the case when ((a,J, A) = ((a, A), u(a, J, A) =
w(A),V(a,J,A) = V(a). We note that in this case adults control the population in terms of birth
and death. For the case when juveniles control the population in terms of birth, see El-Doma (to
appear) and Cushing, et al. (1991).

We also note that in this case, from inequality (1), we obtain the following condition for the
local asymptotic stability of a nontrivial steady state:

/z e—u(Aoo) 5
(a)

/ / (a,o0) ‘gA (0, A ‘dada+ (56)

e 1A ) Js ¥
/T /T /0 TF(Q’ U)‘QA(Q Ass) [6(57 Ax) — Bla, Aoo)} ‘dadadb < 1.

From Theorem 3.2 in El-Doma (to appear), we obtain the following condition for the instability
of a nontrivial steady state:

da

[ﬁ / Ba(a, Asc)pooa )da]

RA(JOO, Aoo) > 0.

Also, in this case from equation (6) in El-Doma (to appear), we obtain

L /oo /B(ay Aoo) 6—,u(Aoo)f(;l %da. (57)
T V(a)

Note that P, satisfies equation (52). So, the positive solutions of equation (57) determine the

nontrivial steady states.

ﬁo

If we assume that 5(a, A) = —, where (3 is a constant, n = 1,2, ...; and pu(A) = py = constant.
Then from inequality (56), we obtaln the following condition for the local asymptotic stability
of a nontrivial steady state:

Bo(n — 1)e” " o ¥
HoAZ,

< 1. (58)

We note that inequality (58) is automatically satisfied when, n = 1.

Also, note that by using equation (57), we obtain that (58) becomes
n <2,

which means that n = 1.

Regarding Example 1 - Example 3, we note that we can use Theorem 2.3 in El-Doma (to
appear), and Corollary 3.10 in El-Doma (to appear) to show that these steady states as well as
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their stability results remain unchanged if each of the vital rates is multiplied by any positive
function f(J, A) € C*(R*?).

3. Conclusion

In this paper, we continued our study of size-structured population dynamics models, started in
El-Doma (to appear). The present study assumed that the population is divided into adults and
juveniles, the death rate and the growth rate assumed special cases such that the former depends
on adults only and the latter depends on size only, and the maximum size for an individual in
the population is infinite.

In our assumption that the death rate depends on adults only, we are motivated by the fact that
many species protect their young (juveniles) by sheltering and caring, though this is species
specific. Also when disturbed or attacked by predators, for example, some females even take
their young into their mouth, for example, see Taborsky (2006).

In our study of the local asymptotic stability of a nontrivial steady state, we identified three
demographic parameters: 9,7, y, where J, is given by equation (22) in El-Doma (to appear),
which represents the total change in the birth rate, at the steady state, due to changes in adults
only; v, is given by equation (23) in El-Doma (to appear), which represents the total change in
the birth rate, at the steady state, due to changes in juveniles only; and Yy, is given by equation
(4), which represents the total change in the death rate, at the steady state, due to changes in
adults only.

We obtained several conditions, depending on the three mentioned demographic parameters, for
the (in)stability of the nontrivial steady states. We also determined relations that lead to similar
conditions on the three demographic parameters, for example, see Theorem 2.12 - Theorem 2.16.
We also illustrated our stability results by several examples.

We note that our model in this paper generalized that given in El-Doma (2008 a), where juveniles
are not considered. We retained all the related stability results given therein. We also note that
this case linked our study of the stability of our size-structured population dynamics model to
the study of the classical Gurtin-MacCamy’s age-structured population dynamics model given in
Gurtin, et al. (1974), specifically, the studies for the stability given in Gurney, et al. (1980) and
Weinstock, et al. (1987), in fact, the characteristic equation for this special case, when juveniles
are not considered i.e. when, 7' = 0, has the same qualitative properties as the characteristic
equation of the Gurtin-MacCamy’s age-structured population dynamics model, for example, see
El-Doma (2008).

We also note that in our first paper in this series of three papers, we studied the general model
with general vital rates, and determined the steady states and obtained general conditions for the
(in)stability of the (non)trivial steady states as well as several special cases.

In the last paper of our series, further stability results will be given for the case when, V' (a, J, A) =
V(a), pu(a, J, A) = pu(J), and also the case when, V' (a, J, A) = V(a), u(a, J, A) = p(a).
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