STEADY STATES IN HIERARCHICAL STRUCTURED
POPULATIONS WITH DISTRIBUTED STATES AT BIRTH

JOZSEF Z. FARKAS AND PETER HINOW

ABSTRACT. We investigate steady states of a quasilinear first order
hyperbolic partial integro-differential equation. The model describes
the evolution of a hierarchical structured population with distributed
states at birth. Hierarchical size-structured models describe the dy-
namics of populations when individuals experience size-specific envi-
ronment. This is the case for example in a population where individ-
uals exhibit cannibalistic behavior and the chance to become prey (or
to attack) depends on the individual’s size. The other distinctive fea-
ture of the model is that individuals are recruited into the population
at arbitrary size. This amounts to an infinite rank integral operator
describing the recruitment process. First we establish conditions for
the existence of a positive steady state of the model. Our method
uses a fixed point result of nonlinear maps in conical shells of Banach
spaces. Then we study stability properties of steady states for the
special case of a separable growth rate using results from the theory
of positive operators on Banach lattices.

1. INTRODUCTION

Classic population models often assume that individuals experience
scramble competition. This means that all individuals in the population
have equal chances in the competition for resources such as food, light,
space etc., see e.g. [9, 18, 23, 24, 27]. In many species, however, competi-
tion for resources that determine individual mortality and fertility is based
on some hierarchy in the population which is related to individuals size or
to any other variable that characterizes physiological structure. Significant
amount of interest has been paid to understand the dynamics of popula-
tions that exhibit contest competition. Structured population models are a
useful tool to study intra-specific contest competition. Both (time-)discrete
(see e.g. [20, 21]) and continuous (see e.g. [1, 2, 6, 7, 8, 14, 15]) models have
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been formulated and analysed to this end. Most of the nonlinear models
in the literature incorporate environmental feedback through some form of
density dependence in the vital rates. Our goal in this paper is to carry
out a qualitative analysis of a continuous model which incorporates quite
general nonlinearities.

We study the following quasilinear partial integro-differential equation

o p(s,0) + 2 (2, PU)p(5,1)) = —p(s, B(s,p))p(5,1)

+/Omﬁ(svva(y,p))p(y,t)dy, (1.1)
(0, P(#))p(0, ) = 0, (1.2)

E(s,p) = oz/os w(r)p(r,t)dr + /m w(r)p(r, t) dr, (1.3)
P(t) = /Om k(s)p(s,t)ds, (1.4)

with the initial condition
p(s,0) = po(s).

This model describes the long term dynamics of a population of a suffi-
ciently large size living in a closed habitat. The function p = p(s,t) denotes
the density of individuals of size (or other developmental stage) s at time ¢.
It is assumed that individuals may have different sizes at birth and there-
fore B(s,y, -) denotes the rate at which individuals of size y “produce”
individuals of size s. Hence the non-local integral term in Equation (1.1)
represents the recruitment of individuals into the population. v denotes the
size-specific growth rate, while u stands for the mortality rate. We assume
that individual growth is also regulated by a weighted population size P,
for example due to competition. Mortality however, depends on the size-
specific environment F, for example due to cannibalism. The parameter
« is related to the strength of the hierarchy in the population. We note
that if & = 1 our model reduces to the scramble competition model that in
the special case K = w = 1 was considered in [12]. We make the following
general assumptions on the model ingredients

p e CH([0,m] x [0,00)), B € CH([0,m] x [0,m] x [0,00)),
v € C*([0,m] x [0,00)), w, k€ L>®(0,m), (1.5)
ﬂvavwaﬂzo, ’Y,/ﬁl>0.
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Notice that we make no requirement that 5(s,y, E(y,p)) = 0if y < s
although this seems natural from a biological point of view. In the remark-
able paper [7], Calsina and Saldafia studied well-posedness of a very general
size-structured model with distributed states at birth. They established
global existence and uniqueness of solutions using results from the theory
of nonlinear evolution equations. Model (1.1)-(1.4) is a special case of the
general model treated in [7], however, in [7] qualitative questions were not
addressed. In contrast to [7], our paper focuses on the existence and local
asymptotic stability of equilibrium solutions of system (1.1)-(1.4) with par-
ticular regards to the effects of the distributed states at birth (previously
we addressed simpler models without hierarchical structure in [12, 14, 15]).
Earlier, in [19] Henson and Cushing studied continuous age-structured hier-
archical models. They compared models with scramble versus contest com-
petition for a limited resource. In particular the equilibrium levels for the
two modes of competition were analyzed. Crucially however, the models in
[19] incorporate vital rates that do not depend explicitly on the structuring
variable.

In Section 2, we will establish conditions for the existence of positive
steady states of our model. The question of the existence of non-trivial
steady states is difficult mainly for two reasons. Firstly, due to hierarchy in
the population related to individual size, individual mortality and fertility
depend on the size specific environment FE. This environmental feedback
yields an infinite dimensional nonlinearity in the model equations, in con-
trast to Gurtin-MacCamy type models [18], where the vital rates depend
on a weighted total population size, or on a finite number of such variables.
Secondly, as individuals may be recruited into the population at all possible
sizes, a recruitment operator of infinite rank arises. This means that the
steady state equation cannot be solved explicitly. In [12] we overcame this
issue for a simpler model where the model ingredients only depended on the
total population size by using results from the spectral theory of positive
operators. Unfortunately this approach cannot be extended to the model
considered here. Therefore we devise a different approach, based on fixed
point results for nonlinear maps in conical shells of a Banach space, see
[4, 10]. This approach was used before to treat age-structured models (also
with diffusion), see [24, 26], where every individual enters the population at
a single state, namely at age zero. The method is based on the construction
of an appropriate nonlinear map that requires the implicit solution of the
steady state equation. However, the solution of the steady state equation of
our model is not available. Therefore we need to construct an appropriate
sequence of recruitment processes of finite rank for which we can solve the
corresponding steady state problems. Then we show that the steady states
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constructed from the fixed points of the sequence of the nonlinear maps,
have actually a convergent subsequence and we show that the limit point is
actually a steady state of the original problem (1.1)-(1.4).

In Section 3 we focus on the asymptotic behavior of the model. A positive
quasicontraction semigroup describes the evolution of solutions of the sys-
tem linearized at an equilibrium solution. We establish a regularity property
of the governing linear semigroup in Proposition 3.7 that allows in principle
to address stability questions of positive equilibrium solutions of (1.1)-(1.4).
However, even the point spectrum of the linearized semigroup generator
cannot be characterized explicitly via zeros of an associated characteristic
function. This is because the eigenvalue equation cannot be solved explic-
itly due to the infinite dimensional nonlinearity in the original model and
the very general recruitment process. We will overcome this issue by using
compact positive perturbations of the semigroup generator and rank one
perturbations of the general recruitment term. This allows us to arrive at
stability /instability conditions for the steady states of our model.

2. EXISTENCE OF POSITIVE EQUILIBRIUM SOLUTIONS

In this section we will discuss the existence of steady states of model
(1.1)-(1.4). We define the nonlinear operator

U Wwh0,m) — L' (0,m)

by
U(g) = % (v(s,Q)a(s)) + pu(s, E(s,q))q(s) — /Om B(s,y, E(y,q))q(y) dy,
(2.6)
where

Q= [ wo)ats) s

It is clear that p, € WH1(0,m) is a steady state of (1.1)-(1.4) if and only if
lIj(p*) =0 and p*(o) =0.

Our aim here is to apply a fixed point result, see e.g. Theorem 12.3 in
[4] or Theorem A in [24]. Its proof uses the Leray-Schauder degree theory
for compact perturbations of the identity in infinite dimensional Banach
spaces.

Theorem 2.1. Let (X,|| - ||x) be a Banach space, K C X a closed convex
cone and K, = KN B,(0), where B,(0) denotes the ball of radius r centered
at the origin. Let ® : K, — K continuous such that ®(IC,.) is relatively
compact. Assume that

(1) @z # Xz forall |lz|jlx =7, A > 1
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(2) There ezists a p € (0,r) and k € I\ {0} such that
x—®x # Nk forall ||z||lx =p, A >0.
Then ® has at least one fized point x, in the shell
Spr={z ek :p<|lz|lx <r}.

2.1. The case of a separable fertility function. First we show in Theo-
rem 2.2 that for a finite rank fertility process the problem admits a positive
steady state under biologically meaningful conditions on the model ingredi-
ents. Later we treat the general case in Theorem 2.3.

Theorem 2.2. Assume that
B(s,y, E Zﬁj $)B;(y, E(y)) (2.7)

with continuous functions B, B and there exists a j € {1,...,1} such that

/ B;i(s,0)F;(s,0,0)ds > 1, (2.8)
0
where 0 is the zero function and

Fj(s, E(s), P) = /Os exp {— /: M(T7E(;2i’;)vs(T, P) dr} f(;(?x;) dz.

Let F' be a bounded and measurable function that satisfies
F(s,H(s),P) > F;(s,H(s), P)
forallj, s € [0,m], He LY (0,m) and P > 0, and c be a constant such that

l
K(s) > > Br(s, H(s)). (2.9)

Suppose that there exists an R > 0 such that for all (H, P) € L} (0,m) x Ry
with ||H||r + P > R we have

/ k(s)F (s, H(s),P)ds <c. (2.10)
0
Then the model (1.1)-(1.4) admits a positive steady state p..
Proof.
Let X = LY(0,m)® ' withnorm || - ||x = || - ||z2 +]| - ||;:. We will use the

notation x = (H,P), where H € L'(0,m) and P € [* or x = (H,P°,P’)
where P° is just the first component of P and P’ = (P!, P?,...). We
consider elements of R™ to be in [! by the trivial embedding. We denote
by K = (L'(0,m) ® ll)+ the positive cone of X which is closed and convex
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and denote I, = K N B,(0), where r has yet to be chosen. Without loss
of generality we may assume that the indices have been assigned such that
condition (2.8) holds for j = 1.

We note that for a fertility function 8 of the form (2.7) the non-trivial
time independent solution of model (1.1)-(1.4) can be found (if it exists) as

l
p*(S)Zzszj(S,E*(S),PS), (2.11)

where

Pi= [ s B (pa(s) s g€ (1l
E.(s) = a/os w(r)ps(r)dr + /mw(r)p*(r) dr, (2.12)
0 — mns . (s) ds.
P~ [ rtom(s)a

We define a nonlinear map ®' : K, — K by ®' = (@}, ®}), where

ah(H,P) = [P / " e(s)Fy (s, H(s), P°)ds,

j=1

! - O
;PJ/O Bi(s, H(s))F;(s,H(s),P”)ds, ...,

l m
P /0 Bu(s, H(s))Fy(s, H(s), P°) ds, 0, ..

Although at this moment we consider only a single fertility function g
(namely the finite sum of separable functions from equation (2.7)), we use
the superscript notation ®' in anticipation of a sequence of such maps that
we shall employ in the proof of Theorem 2.3 below. Note that & (H,P) > 0
and since

l
(@) (H,P)(s) = ZPj(a — Dw(s)Fj(s, H(s), P),
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also @' (H,P) € W11(0,m). Likewise ®,(H, P) > 0 and the nonzero entries
of ®,(H,P) are in R{fl. Thus ® maps indeed into K and has a relatively
compact image. It can be seen that (F,,P.) € K, is a fixed point of the
nonlinear map ®! if and only if the function p, defined via equations (2.11)-
(2.12) is a steady state of problem (1.1)-(1.4).

Assume now that for (H, P°, P’) € K, such that

|(H, P°,P")||x = |[H]|r + P+ |[P||n =
and for some A > 1 we have

o'(H,P°,P') = \(H, P°,P’),

that is
@ll(Hy_PO’P/) :)\H’ ®12(H7P0,P,):>\(P07P/), (213)
The second equation in (2.13) can be written as
l X m
AP =3P [ RE s, H (). P ds, 1)
=1 70
AP = ZP]/ Bi(s, H(s))Fj(s, H(s), P’) ds, (2.15)
=1 70
L m
AP =S P [T G H)F s H ) Py ds. (216)
j=1 0

It follows from equations (2.13)-(2.16) that we may assume that P7 # 0 for
j=0,1,2,...,1L
From equations (2.15)-(2.16) we obtain

[ m
M |P/| |2 :ZZPj/O Br(s, H(s))Fj(s, H(s), P°) ds. (2.17)

k=1 j=1

Combining equations (2.14) and (2.17) we obtain

! m
ey
— 0

1P| = PO | 2

l
B (s, H(s))F;(s,H(s), PO) ds
k=1

m
0

l
> P / r(s)Fj(s, H(s), P°)ds
j=1

This, combined with inequality (2.9) implies that
c||P’||; < PO (2.18)
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However, by choosing r = ||H||zx + P° + ||P'||l;x > ||H||z» + P° > R
sufficiently large and using condition (2.10), we have from equation (2.14)

P0<ZPJ/ r(s)Fj(s, H(s), P°) ds

< 1P|l / k() F (s, H(s), P*) ds < c||P'[lnn < P,
0

a contradiction. Thus condition (1) of Theorem 2.1 is established.

Let us now define £ = (0,(1,...,1,0,...)) € K\ {0} with [ 4+ 1 entries
1 and assume that for some A > 0 and p > 0 we have for all (H,P) with
|(H, P)l|lx = p

(H,P) — ®'(H,P) = \E,
that is
H-3(H,P)=0, P—-3,HP)=()\...,\).
The latter equation can be written as
(I-B(H,P°)-P=(\...,\), (2.19)

where the (I 4+ 1) x (I + 1) matrix B has elements Byy = 0 and
By / Bi(s, H(s))Fi(s,H(s),P%)ds for i=1,...,1L

It follows from condition (2.8) and the continuity of 3; and F; that By > 1
for all ||(H, P°)|| = p for some small enough value p > 0. This renders the
left hand side of (2.19) negative and yields a contradiction. Condition (2)
of Theorem 2.1 is established and the proof is now completed. (I

2.2. General fertility function. Every fertility function [ of the required
regularity C* (in all its arguments, see (1.5)) can be written as a limit of
partial sums of separable functions

l
ﬂ S y7 Zﬂ 6k yv y))7 (220)

k=1
with
Jim {15C-, -, B(-)) — B BC) zeso,mp2) = 0
for every E € L'(0,m). Do we have this uniformly in E? This can be

achieved by partitioning the interval [0,m] into [ subintervals by y}, = k7%
k=0,...,l and setting

Bir1(s) = B(s,u0 E(yi))  and Bi1 (v, E(W)) = X, 11 (¥)
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fork=1,...,l where X[y, denotes the indicator function of the respec-

tive interval. Then the partial sums converge in the supremum norm as the
number of subintervals increases to infinity and there is a uniform bound of
the derivatives in the s-direction

1Bkl lcr(o,m)) <M (2.21)

for all k, uniformly for arbitrary E € L!. The latter is because of the
boundedness of all derivatives of (.

Theorem 2.3. Assume that for fized model ingredients u,~, 3 and x there
ezists a bounded and measurable function b that satisfies

b(s) > B(s,y, E) for every s,y €[0,m] and E€LL(0,m) (2.22)
and there exists a R > 0 such that for ||H||z1 + P° > R we have

/Om rk(s)Fy(s, H(s), P°)ds < c, (2.23)
where
0 5 S u(r, H(r s(r, P° b(x
- [l [ HI )
and c satisfies
k(s) > ¢b(s), (2.24)

for every s € [0,m]. Moreover assume that there exists a separable under-
estimator of the fertility,

for every s,y € [0,m], E € L% (0,m) such that By together with F| satisfies

/m B1(s,0)F(s,0,0)ds > 1. (2.26)
0

Then model (1.1)-(1.4) admits a positive steady state p, € WH1(0,m).

Proof. We begin by replacing (s, y, E(y)) by
B(s,y, E(y)) — Bi(s)B1(y, E(y)) = 0

from condition (2.25) and then decompose this remainder as indicated in
equation (2.20). We also note that the decomposition of the 3! functions
in (2.20) can be achieved in the way that there is a common first term for
every [, i.e. we may write (31(s)31(y, E(y)) = BL(s)3 (y, E(y)) for every 1.
This gives a sequence of finite rank approximations
!
B'(s,y, E(y)) = Br(s)B1(y, E(w)) + Y Bi(s)Bi(y, E(y)).

k=2
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Thus, by Theorem 2.2, every ®! corresponding to a finite rank approximant
A" has a fixed point (E!,P) in the common shell

Spr={zek:p<||z|lx <7}

Indeed, due to the uniform bound from inequalities (2.22) and (2.23), the
outer radius r can be chosen uniformly. The common lower radius p can
be guaranteed since all approximants 3! begin with a common first term
for which condition (2.8) from Theorem 2.2 holds. By the additional gain
in regularity due to ®!, we have that EL € W1(0,m). By straightforward
calculation,

l l
Fi(s, E.(5), PY)

Bi(s) N u(s, BL(s)) +s(s, P
(s, P (s, P2

s s (. EL(r ’ Poz (2
/OeXp{_/I ulr. Aﬂ):;ovl)( >dr} B
F}'(s, EL(s), PL)
_ By(s)(s, P — B(s)7(s, P
(s, P
(5. P ) (5. BL()) 155, B BLY (5) + (5, P)) = sl Pl EL(5) + 75, P2))
v2(s, Pa")

Fj(s, EL(s),P.)

p(s, BL(s)) + 7s(s, P2)
y(s, P2)

This shows that Fj(-, EL(-),PL) € W%Y(0,m) for all [ and j = 1,...,1,

and moreover, that this family is uniformly bounded. For every [ the fixed
point yields a steady state of the approximate problem by

+

l l
Fi(s, E.(s), PY)

1
; s) = ZP?le(sti(s)’PS’l)'
j=1
Since pl is a linear combination of elements in W?21(0,m), it is itself in
W?21(0,m). The uniform bound on the derivatives in (2.21) implies that
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d2 pl
ds?

dpl,
ds

<M forall [e€N.
Ll

||pi||wz,1=||pi||L1+H ‘
Ll

This means that {p! }21 is a bounded set in W2!(0,m) which is compactly
embedded in W11(0,m) (see e.g. Theorem 6.2 in [3]). Therefore the se-
quence p. has a convergent subsequence, again denoted by pl, with limit
point p, in W11(0,m). This p, is the natural candidate for a positive steady
state of model (1.1)-(1.4). Next we show that

llir& H\Ij(pi)HLl =0,

where W is the nonlinear operator defined in (2.6). Let ¥! denote the non-
linear operator corresponding to the partial sum fertility function 4*. Then

1w (L) — ¥ (L],

= /om /Om [B(s.y, EL(y)) — B (s, y, EL(y))] p.(y) dy| ds

< [N B = B L] s
0

A /Omyws, CEN)) = Bhs, - B ds
SKHﬁ(a 7Ei())_6l(7 aE»l«())HLooa

for some positive constant K. Finally we have

lim ( L )

l—o00

19l = o (i ot )

= fim [[@ ()| =0,

Lt Lt

where the second equality follows from the continuity of the operator W.
Thus p. is the desired steady state. O

Remark 2.4 We note that conditions (2.22)-(2.26) are natural and biolog-
ically relevant. They are similar to the ones obtained in [24] for the existence
of a positive steady state of a nonlinear age-structured model. For our model
the introduction of a net reproduction function (which will be an operator)
will be somewhat cumbersome and biologically less straightforward, see the
next section. However, it is still shown that conditions (2.22)-(2.26) require
that the growth rate of the population is larger than one close to the zero
steady state while the growth rate of the population is small (definitely less
than 1) for large population sizes.
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3. ASYMPTOTIC BEHAVIOR

In this section we will investigate the asymptotic behavior of solutions.
Our approach is based on a formal linearization around a steady state so-
lution and on a careful spectral analysis of the linearized operator. More
precisely, our goal is to establish conditions which guarantee that the growth
bound wy of the linearized semigroup is negative, respectively positive. We
note however, that the Principle of Linearized Stability has so far only been
established for semilinear models, see e.g. [18, 24, 27], but not for general
quasilinear equations, such as the one we treat in this paper. Therefore,
for the remainder of the paper, we make the additional assumption of a
separable growth rate

(s, P) = y1(8)y2(P). (3.27)
This is plausible from the biological point of view, as the growth rate is

modulated by the total weighted population, equally for individuals of all
sizes. Then the quasilinear problem (1.1) can be written in the form

L s+ F), p(0) =, (3.25)

where
9(p) == 72(P) =2 </Om K(s)p(s;t) d8> , Ap= % (mp)

and the recruitment and mortality terms in equation (1.1) are incorporated
in the nonlinear operator F'. Grabosch and Heijmans in [17] introduce the
transformation

t
7p(t) :/ g(p(s))ds
0
and define
q(1) = p(t,(7)), forT >0,
where ¢, is the inverse function of 7,. It is then verified that the so defined

function ¢ satisfies the semilinear equation

dq

o, = Ad(7) + Bla(7)),  4(0) = po, (3.29)
with the same initial value and nonlinear operator B(q) = F'(q)/g(q). This
requires that ¢ is a continuous, strictly positive and bounded function, as is
guaranteed by our assumptions (1.5). In [17], Grabosch and Heijmans show

that

(1) solutions of problems (3.28) and (3.29) are in one-to-one correspon-
dence with each other [17, Theorem 3.4],
(2) problems (3.28) and (3.29) have the same equilibrium solutions, and
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(3) an equilibrium solution of (3.28) is stable if and only if it is stable
for (3.29) [17, Theorem 5.1].

In what follows, we make the assumption (3.27), but keep the notation
~(s, P) to avoid unnecessarily complicated expressions. Partial derivatives
are denoted by s, vp etc.

We will see later that the growth bound of linearized semigroup can be
completely characterized by the spectrum of its generator. However, as we
noted before, the main difficulty is that the eigenvalues of the linearized
semigroup generator and therefore the spectral bound cannot be characte-
rized directly via eigenvalues, in the general case.

3.1. Linearization around steady states. Given a stationary (time in-
dependent) solution p, of system (1.1)-(1.4), we introduce the perturbation
u = u(s,t) of p by making the ansatz p = u + p, and we substitute this
into equations (1.1)-(1.4). Then we are using Taylor series expansions of
the vital rates of the following form

f(z,E) = f(z,Ey) + fe(x, E)(E — E,) 4+ “higher order terms”,
to arrive at
ue(s,t) + ((v(s, P) +p(s, POU(L)) (uls,t) +pu(s)) ),
= —(1(s, E(s,p+)) + 1 (s, B(s,p:)) E(s,u)) (u(s,t) + ps(s))

+ /Om (B(s,y, E(y,p«)) + Be(s,y, E(y, p«)) E(y, u)) (u(y, t) + p«(y)) dy,

(3.30)
where we have defined

U(t) :/ K(s)u(s,t)ds.
0
Next we omit the nonlinear terms in equation (3.30) to arrive at the lin-
earized problem
ut(sv t) + ’Y(S, P*)US(S, t) + ’78(‘9’ P*)U(S, t) + 'YPS(S; P*)p*(S)U(t)
+7p(s, Pp.(s)U(t)
= —p(s, E(s,pi))uls, t) — pp(s, E(s, p:))p«(s) E(s,u)
[ (B B ulot) + 805, B ) B0 ) i
0

(3.31)
with the boundary condition

~(0, Py)u(0,t) = 0. (3.32)
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Equations (3.31)—(3.32) are accompanied by the initial condition
u(s,0) = up(s). (3.33)

Next, we cast the linearized system (3.31)-(3.33) in the form of an abstract
Cauchy problem on the state space L(0,m) as follows.

d
i (A+B+C+D+F)u, u(s,0)=ug(s),

where

Au=—~(, P.)us with Dom(A) = {u e W 0,m) |u(s =0) = O} ,

Bu = — (75 (s Po) + p(- E( p4))) w, (3.35)

Ctt = — (s (s P () + v P () / " cwuly) dy

= 0.0) [ st a, (3.:36)

Du = — pp(, B(,pa))ps(VE( ), (3.37)
Fu = / BC,y, By, p))uly) dy + / By By, po)ps(y) By, u) dy.
’ ’ (3.38)

Proposition 3.5. The operator A+ B+ C + D + F generates a strongly
continuous quasicontractive semigroup {7 (t)},~, of bounded linear opera-

tors on L'(0,m), which is positive if the operator C + D + F is positive.

We omit the proof of the above proposition as it can be established
following similar results in [12, 14, 15, 16].

3.2. Stability results for positive equilibria. In this section we estab-
lish linear stability/instability results for a general steady state p.. We will
treat the extinction steady state in the next subsection in detail. The main
difficulty is that, in general, the point spectrum of the semigroup generator
cannot be characterized via zeros of an associated characteristic function.
We will overcome this problem by using positive perturbation arguments.

Theorem 3.6. Assume that

/Om " /Os exp{_/ys %(%P*)VJE;%)E(LP*» dm} 7@,(31}3)*) dyds < 1.
(3.39)
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Furthermore assume that

p+(8) <0, se€[0,m] and Fe >0 such that p.(s) # 0 for a.e.s € [0,¢],
(3.40)

Then the steady state p, of model (1.1)-(1.4) is linearly unstable.

Proof. First we note that A+ B + C generates a positive, irreducible and
eventually compact semigroup if conditions (3.40) hold true. Eventual com-
pactness is easily shown, see Proposition 3.7. To establish irreducibility we
consider the resolvent equation

RNA+B+Ch=u, hext.

The solution is obtained as:

u(s):/osexp{_/: %(%P*)+u($>E($,p*))+)\dx} hy) g,

")/(ZE,P*) V(y,P*)
o e [0 P+ Bp)) A4 1 pe(9)
3.42

where
U= /Om k(s)u(s)ds

me K(s) foé exp {_ f; ¥s (@, P)+ (@, B(z,p. )+ A dx} h(y) dy ds

_ ~(z,Px) (Y, Px)
e O
(3.43)

The second equality is obtained from (3.42) by multiplying by « and inte-
grating from 0 to m. Hence for A large enough U > 0 and u > 0 follows
from condition (3.40). The irreducibility and eventual compactness of the
semigroup imply that the spectrum o(A 4 B + C) is not empty, see e.g. Th.
3.7 in Sect. C-IIT in [5], hence the spectrum o (A + B + C) contains at least
one eigenvalue. Next we find the solution of the eigenvalue equation

(A+B+Cu=u

as

u(s) = _U/Os exp {_/yg Vs (x, Px) +Vlzif,c}f)(x,p*)) +A dx} 7p*(y) dy.
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Next we multiply the solution (3.44) by « and integrate over [0, m] to obtain

UUAmM@

[l [ emienos ) s

We note that, if U = 0 then equation (3.44) shows that u(s) = 0, hence
we have a non-trivial eigenvector if and only if U # 0 and A satisfies the
following characteristic equation

1=K\ ¥

Amdg

X /Os exp {— /S 2 P) +7/Za(::,c’]f)(x,p*)) 2 dx} ,Yp*(y) dy ds.

It is easily shown that
lim K(\) =0,
A——+oco
therefore it follows from the assumption K(0) > 1 (3.39), on the grounds of
the Intermediate Value Theorem, that equation (3.45) has a positive (real)
solution. Hence we have

0<s(A+B+0),

where s(A + B + C) stands for the spectral bound of the operator A + B + C.
The operators D and F are positive if conditions (3.41) hold true. We have
for the spectral bound (see e.g. Corollary VI.1.11 in [11])

0<s(A+B+C) < s(A+B+C+D+F)

Since the growth bound of the semigroup is bounded below by the spectral
bound of its generator, the proof is completed. O

We note that the instability conditions (3.41) imply that mortality is a
non-increasing function of the environment and fertility is a non-decreasing
function of the environment.

Next we establish conditions which guarantee that the equilibrium so-
lution p, is linearly asymptotically stable. To this end we establish first
that the spectrum of the semigroup generator A+ B+ C + D + F consists
of eigenvalues only and that the spectral mapping theorem holds true. Then
the growth bound of the semigroup equals the spectral bound of its gene-
rator. These follow however from the following result (see e.g. Corollary
1V.3.12 in [11]).



STEADY STATES IN HIERARCHICAL POPULATIONS 17

Proposition 3.7. The semigroup {7 (t)}:>0 generated by the operator
A+ B+ C+ D+ F is eventually compact.

Proof. We only sketch the proof here since analogous results for simpler
problems can be found in [12, 14, 15, 16]. Due to the zero flux bound-
ary condition and the finite maximal size, the operator A + B generates a
nilpotent semigroup. The biological interpretation is that in the absence of
recruitment the population dies out independently of the initial condition.
C is a bounded linear operator of rank one, hence it is compact. It only re-
mains to establish that the bounded linear integral operators D and F are
compact. These however, can be deduced using the Fréchet-Kolmogorov
compactness criterion (see e.g. Chapter X in [28]) from the regularity as-
sumptions we made on the model ingredients, see the proof of Theorem 12
in [12] for more details. O

The previous result guarantees that stability is determined by the lead-
ing eigenvalue of the semigroup generator A+ B+ C + D + F, unless the
spectrum is empty. In that case one further needs to establish positivity of
the semigroup which guarantees that the growth bound coincides with the
spectral bound, which by definition equals minus infinity. However, as we
noted before, the eigenvalue equation

(A+B+C+D+F—-XNT)u=0, u(s =0) =0,

cannot be solved explicitly. This is due to the infinite dimensional nonline-
arity in the original problem and to the very general recruitment term.

Compact perturbations do not change the essential spectrum of the semi-
group generator. Therefore our approach to establish stability is to find a
positive compact perturbation of the generator for which we can charac-
terize the point spectrum via zeros of an associated characteristic function.
To this end, for a separable fertility function 8, we introduce the following
operators on L(0,m),

D= (L ECp o) [ wlr)utr)ar

Fou=Bi() / " oy, By p)p (9) dy / " w(ryu(r) dr.

Theorem 3.8. Assume that there exists a function

B(s,y, E(y,p+)) = B1(5)B2(y, E(y,p+))
such that

ﬁ(sava(yap*)) < ﬁ(sava(yap*))v 8,y € [Ovm] (346)
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Furthermore assume that the following conditions hold true

e (s, B(s,p.)) <0, Bru(s,y, Ey,p.)) >0, s,yel0,m], (347
Yps (8, P)p«(s) +vp(s, Po)pi(s) <0, s€[0,m], (3.48)

and the characteristic function KB()‘) given by equation (3.54) correspond-

ing to E and to the modified operators D and Fo does not have a zero with
non-negative real part. Then the stationary solution py is linearly asymp-
totically stable.

Proof. We obtain the solution of the eigenvalue equation

(A+B+C+D+Fi+Fa—A)u=0, (3.49)
as
uls) U1 [ Rl dy
° s (3.50)
<0 [ Renpwar+0 [ Benhma,
where
U, = /0 k(s)u(s)ds, Us = /0 w(s)u(s) ds,
Us :/0 B2(s, E(s,p«))u(s) ds,
_ —es(y, P)pe(y) — ve(y, Ppi(y) _ Bily)
fily) = S P . f3ly) = S P
2 V(yv P*) .

We multiply equation (3.50) by &, w and by 2 and integrate from 0 to m,
respectively to obtain

U1(1 + au()\)) + U2a12(>\) + Ugagg()\) =0, (351)
Uraz1(A) + Ua(agz(N) + 1) + Usazs(A) = 0, (3.52)
U1a31()\) + Ug&gg()\) + U3(a33(/\) + 1) =0, (353)
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where for i = 1,2, 3,
o = | " i(s) / R0 () dy ds,
o) = [ o) [ Rsns) s
o) = [ 5als,Bs.p)) [ S i)yt

If A € 0(A + B+ C+D+F;+F>) then the eigenvalue equation (3.49) admits
a non-trivial solution u hence there exists a non-zero vector (Uy,Us,Us)
which solves equations (3.51)-(3.53). To the contrary, if (U, Us,Us) is a
non-zero solution of equations (3.51)-(3.53) for some A € C then (3.50)
yields a non-trivial solution w. This is because the only scenario for u to
vanish would yield

u, /0 TR (s faly) dy = U /0 "R (59 faly) dy

LU, /O S (5,9) 5 () dy,

for every s € [0,m]. This however, together with conditions (3.47)-(3.48)
would yield Uy = U = U3 = 0, a contradiction. Thus A € C is an eigenvalue
of A+ B+ C+D+F;+F; if and only if it satisfies the characteristic equation

def 1+a11 ()\) a12<>\) alg()\)
KB ()\) = det as1 ()\) 14 aos ()\) a23(/\) =0. (3.54)
agl()\) a32()\) 1+ a33()\)

Next we observe that conditions (3.47)-(3.48) guarantee that both C, D and
F are positive operators. Therefore we conclude that A+B+C+D+F
is a generator of a positive semigroup. Moreover, the operators (D — D),

(}"15 - flﬁ) and (?5 - .7:5) are all positive and bounded. We have

s(A+B+C+D+f):s(A+B+C+D+Ff+f§)
§s<A+B+C+D+}‘{’+F§+DD+}‘157—‘{’+}“§f§>
=s<A+B+C+D+f?+f§> <0,

and the proof is completed. O

Example 3.9 The crucial assumption of the previous theorem is that the
characteristic function K E; does not have a root with non-negative real part.
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Here we only present an example when this condition may be easily verified.
In particular, let us assume that

K=c, wW=cy, [Pa=c3

for some constants cj,ce,c3 > 0. In this special case the characteristic
equation Kz(A) = 0 takes the simple form

1= /Om /OS fé\(s,y)(clfl(y) + cafoly) + csf3(y))dy ds.

Therefore there exists a unique dominant real eigenvalue, which is negative,

if
Amllm{éﬁa%aﬂﬁgf@wmd§

o (51(2/) (03 +c fom Ba(s, E(s, p«))p«(s) ds)

Y(y, Pi)

copie (Y, E(y,ps)) + c17ps (Y, Pe)ps(y) +617P(y,P*)> dud
Y(y, Py)

<1.

The latter condition may be easily verified for fixed model ingredients.

3.3. The extinction equilibrium. In this subsection we establish a sim-
ple criterion for the stability /instability of the trivial steady state p. = 0.
The stability of the trivial steady state is important from the biological
point of view, as it can answer the question for example if a species can be
introduced successfully into (or can invade) a new habitat. In case of the
trivial steady state the eigenvalue problem can be written as

(A+B+Fsg—X)u=0, u(s=0)=0, (3.55)

where A € C, the operators A and B are defined via (3.34)-(3.35) with
px =0 (and P, =0) and

~%u=£mmn%mmw@.

We recall that in case of simpler scramble competition models the so called
net reproduction function played a crucial role in the stability analysis of
equilibrium solutions, see e.g. [13]. In particular, we managed to relate our
stability results to a biologically meaningful model ingredient, namely the
net reproduction rate. In case of hierarchical contest competition models
this is less straightforward as we have seen. Nevertheless at least for a
separable fertility function

6(57:'-/’ E(y7 )) = ﬁl(s)ﬁQ(ya E(y7 ))7
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we may define a net reproduction functional
R:LY(0,m)—R
of the standing population p as

/m/sexp{/s s(z, P) JE;(;,)E(:c,p)) dx} 51(3/)%(;,1139)(5,;;))@(157

[ [ A0 )

where P is the weighted population according to (1.4). The value of the
functional R is the expected number of offspring to be produced by an
individual in her lifetime. Individuals of size y are produced at a rate [3;
and need to survive from size y to size s to reproduce. We also note that
R(p«) = 1 is a necessary condition for the existence of a positive steady
state p, of our model. It is however not a sufficient condition in contrast to
scramble competition models, i.e. when density dependence is incorporated
via finite dimensional nonlinearities in the vital rates.

Proposition 3.10. Assume that there exists a function 3' such that
B'(s,y) = Bi(s)B2(y) < B(s,y,0)
and Rgi(0) > 1 (where Rg stands for the net reproduction functional corre-

sponding to the fertility function 3'). Then the trivial steady state is linearly
unstable. On the other hand if there exists a function B% with

B“(s,y) = Bi'(s)B5 (y) = B(s,y,0)
and Rpu(0) < 1, then the trivial steady state is linearly stable.

Proof. The eigenvalue equation (3.55) has a nontrivial solution if and only
if \ satisfies the characteristic equation

K ()\) def

/ﬁz

o[ HBE )

(3.56)
It can be shown that \ lirf K'()\) = 0. Therefore, if R3:(0) > 1 holds true,

then the characteristic equation (3.56) admits a positive solution A. Since
A+ B+ Fp generates a positive semigroup, and the operator F3 — Fpa is
positive we have 0 < s(A+ B+ Fu) < s(A+ B+ Fp) and the instability
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part follows. Similarly, if Rg«(0) < 1 holds true, then the characteristic
equation 1 = K"(\) does not have a solution with non-negative real part.
Therefore on the grounds of Proposition 3.7. we have

s(A+B+Fg+ Fau —Fg) < s(A+ B+ Fgu) <0,
and the stability part follows. |

4. CONCLUDING REMARKS

Hierarchical structured population models are important from the appli-
cation point of view as they describe the evolution of populations in which
individuals are experiencing size-specific environment. This is the case for
example in a tree population or in a cannibalistic population. They pose a
greater mathematical challenge though than scramble competition models.
In the recent papers [14, 15] we started to investigate the asymptotic behav-
ior of hierarchical structured partial differential equation models with one
state at birth. Nevertheless, the question of the existence of positive equi-
librium solutions for hierarchical models remained an open question up to
our knowledge. In this work we formulated biologically relevant conditions
for the existence of positive steady states of a very general model.

In the second part we focused on the stability of equilibria. As we have
also seen earlier in [14, 15], the main difficulty to establish easily verifi-
able stability /instability conditions for positive steady states of hierarchical
structured population models is that the point spectrum of the semigroup
generator cannot be characterized explicitly via zeros of an associated char-
acteristic function. In [14, 15] we devised a dissipativity calculation to show
that the linearized semigroup has negative growth bound, and therefore
the steady state is stable. The stability conditions we obtained in that way,
though, were extremely restrictive. Therefore in this work we devised a new
approach to establish stability by using results from the theory of compact
and positive operators.

The separability assumption made in (3.27) is only required for the result
of Grabosch and Heijmans [17] to be applicable, and not to prove any of the
results concerning the linearized semigroup 7 (¢). A Principle of Linearized
Stability for fully nonlinear (quasilinear) hyperbolic equations remains a
problem for future investigations. We also refer [22, 25, 27] for related
results. This needs a bit polishing.

Acknowledgments. J. Z. Farkas was supported by a personal research
grant by the Carnegie Trust for the Universities of Scotland. Part of this
work was done while J. Z. Farkas visited the University of Wisconsin - Mil-
waukee. Financial support from the Department of Mathematical Sciences
is greatly appreciated.



(1
2]
(3]
[4]
(5]

(6]

(8]
9

[10]
(11]

(12]
(13]

(14]

(15]

[16]
(17)
(18]
19]
[20]
(21]

(22]

STEADY STATES IN HIERARCHICAL POPULATIONS 23

REFERENCES

A. S. Ackleh, K. Deng, and S. Hu. A quasilinear hierarchical size-structured model:
well-posedness and approximation, Appl. Math. Optim. 51 (2005), 35-59.

A. S. Ackleh and K. Ito. Measure-valued solutions for a hierarchically size-structured
population, J. Differential Equations 217 (2005), 431-455.

R. A. Adams, J. J. F. Fournier. Sobolev Spaces, 2nd edition, Elsevier/Academic
Press, Amsterdam, Boston (2003).

H. Amann. Fixed point equations and nonlinear eigenvalue problems in ordered
Banach spaces, STAM Rev. 18 (1976), 620-709.

W. Arendt, A. Grabosch, G. Greiner, U. Groh, H. P. Lotz, U. Moustakas, R. Nagel,
F. Neubrander and U. Schlotterbeck, One-Parameter Semigroups of Positive Oper-
ators, Springer-Verlag, Berlin, (1986).

A. Calsina and J. Saldafia. Asymptotic behavior of a model of hierarchically struc-
tured population dynamics, J. Math. Biol. 35 (1997), 967-987.

A. Calsina and J. Saldafia. Basic theory for a class of models of hierarchically struc-
tured population dynamics with distributed states in the recruitment, Math. Models
Methods Appl. Sci. 16 (2006), 1695-1722.

J. M. Cushing. The dynamics of hierarchical age-structured populations, J. Math.
Biol. 32 (1994), 705-729.

J. M. Cushing. An Introduction to Structured Population Dynamics, STAM,
Philadelphia (1998).

K. Deimling. Nonlinear Functional Analysis, Springer-Verlag, Berlin (1985).

K.-J. Engel and R. Nagel. One-Parameter Semigroups for Linear Evolution Equa-
tions, Springer, New York 2000.

J. Z. Farkas, D. M. Green and P. Hinow. Semigroup analysis of structured parasite
populations, Math. Model. Nat. Phenom. 5 (2010), 94-114.

J. Z. Farkas and T. Hagen. Stability and regularity results for a size-structured
population model, J. Math. Anal. Appl. 328 (2007), 119-136.

J. Z. Farkas and T. Hagen. Asymptotic analysis of a size-structured cannibalism
model with infinite dimensional environmental feedback, Commun. Pure Appl. Anal.
8 (2009), 1825-1839.

J. Z. Farkas and T. Hagen. Hierarchical size-structured populations: The linearized
semigroup approach, Dyn. Contin. Discrete Impuls. Syst. Ser. A Math. Anal. 17
(2010), 639-657.

J. Z. Farkas and P. Hinow. On a size-structured two-phase population model with
infinite states-at-birth, Positivity 14 (2010), 501-514.

A. Grabosch and H. J. A. M. Heijmans. Cauchy problems with state-dependent time
evolution, Japan J. Appl. Math. 7 (1990), 433-457.

M. E. Gurtin and R. C. MacCamy. Non-linear age-dependent population dynamics,
Arch. Rational Mech. Anal. 54 (1974), 281-300.

S. M. Henson and J. M. Cushing. Hierarchical models of intra-specific competition:
scramble versus contest, J. Math. Biol. 34 (1996), 755-772.

S. R.-J. Jang and J. M. Cushing. A discrete hierarchical model of intra-specific
competition, J. Math. Anal. Appl. 280 (2003), 102-122.

S. R.-J. Jang and J. M. Cushing. Dynamics of hierarchical models in discrete-time,
J. Difference Equ. Appl. 11 (2005), 95-115.

N. Kato. A principle of linearized stability for nonlinear evolution equations, Trans.
Amer. Math. Soc. 347 (1995), 2851-2868.



24 J.Z. FARKAS AND P. HINOW

[23] J. A. J. Metz and O. Diekmann. The Dynamics of Physiologically Structured Pop-
ulations, Springer, Berlin, 1986.

[24] J. Priss. On the qualitative behavior of populations with age-specific interactions,
Comput. Math. Appl. 9 (1983), 327-339.

[25] S. L. Tucker and S. O. Zimmerman. A nonlinear model of population dynamics
containing an arbitrary number of continuous structure variables, SIAM J. Appl.
Math. 48 (1988), 549-591.

[26] Ch. Walker. Global bifurcation of positive equilibria in nonlinear population models,
J. Diff. Eq. 248 (2010), 1756-1776.

[27] G. F. Webb. Theory of Nonlinear Age-Dependent Population Dynamics, Marcel
Dekker, New York, (1985).

[28] K. Yosida. Functional Analysis, Springer, Berlin, (1995).

JOZSEF Z. FARKAS, DEPARTMENT OF COMPUTING SCIENCE AND MATHEMATICS, UNI-
VERSITY OF STIRLING, STIRLING, FK9 4LA, UNITED KINGDOM
E-mail address: jzf@maths.stir.ac.uk

PETER HINOW, DEPARTMENT OF MATHEMATICAL SCIENCES, UNIVERSITY OF WISCON-
SIN — MILWAUKEE, P.O. Box 413, MILWAUKEE, WI 53201, USA
E-mail address: hinow@uwm.edu



