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Abstract

Using the Leggett-Wiliams fixed point theorem, we show the existence of at least three
solutions to a system of first-order nonlinear functional differential equations. These
solutions have non-negative components which makes them suitable for hematopoiesis
models.
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Introduction

the system of differential equations

Here A is a diagonal n x n matrix whose entries depend on ¢t and on the unknown function

u = (ug,u, ..., up)T. We assume that the diagonal entries a;(t,u) € C(R,R) are periodic in

u'(t) = A(t,u)u(t) + Af(t,ug)) .
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t, with a common period T' (T-periodic for short). The parameter A is positive and assumed
to be known, or at least its range. The function f = (f1, f2,..., fn)? has each component
in C(R,R) and is T-periodic whenever u is T-periodic. Here u; denotes a functional that
depends on t and satisfies the conditions stated below. Typical examples of such functionals
are evaluations u(h(t)), and memory terms fioo k(s)u(s) ds.

The above system includes the scalar differential equations

u'(t) = a(t)g(u)ult) — Ab(t) f(¢, u(t — 7)),
u'(t) = Fa(tyu(t) £ Af(t u(t — 7))
that have been studied by several authors [1, 2, 11, 14]. For A(t,u) = A(t) in (1.1), Jiang
et al [3] proved the existence and non-existence of a nonnegative periodic solution. Zhang et
al [14] used Krasnoselskii fixed point theorem to show the existence of two solutions for the

above equation. Padhi et al [8] obtained the existence of three nonnegative periodic solutions
to the scalar equation

u'(t) = —a(t)u(t) — Ab(t) f(t, u(h(t))). (1.2)
Motivated by these studies, we set up (1.1) to include all of the above equations, and show
the existence of three nonnegative periodic solutions.

2 Preliminaries

All functions in this article are assumed to be in the space of continuous functions, equipped
the supremum norm ||u|| = maxj<;<nsup, [u;(t)|. We shall use the following as general
assumptions throughout this paper.

(A1) There exist continuous T-periodic functions b, ¢ such that 0 < b(¢t) < |a;(t,u)| < ¢(t) for
1 <4 < n and all T-periodic functions u. Furthermore, fOT b(t)dt > 0.

(A2) fi(t,ue) fOT ai(s,us)ds <0for1<i<nand 0<t¢t<T.

(A3) f(t,u) is a continuous function of u, when w is bounded and continuous; i.e., for each
€ > 0 there exists 0 > 0 such that ||¢ — || < 6 implies || f(¢, ¢+) — f(E, )] < e

From the periodicity of the solution and the assumption that u is known in the non-linear
parts of (1.1), we can construct a Green’s kernel. In fact the solutions of (1.1) satisfy the
integral equation

4T
u(t) = )\/ G(t,s)f(s,us)ds,
t
where G(t, s) is a diagonal matrix of entries

exp (f; ai(6, ug) do)

Gi(t,s) = exp (— [ ai(8,ug)df) — 1

These entries are bounded as follows:

) exp (— [ c(6) d6) <Gt )| <
exp (— [ b(@)de) -1~ T

exp (fOT c(9) d@) .
exp (— fOT c(0)d) —1

(2.1)
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Note that G(t, s) is T-periodic in both variables and that G; and fOT a; have opposite signs.
Therefore, by (A2), f; and G; have the same sign.

The following concept will be used in the statement of the Leggett-Williams fixed point
theorem. Let E be a Banach space and K be a cone in E. A mapping v is said to be a
concave nonnegative continuous functional on K if 1) : K — [0, 00) is continuous and

Plpr + (1= p)y) = pp(z) + (L - p)(y), z,ye K, pel0,1].
Let c1, c2, c3 be positive constants. With K and F as defined above, we define
Koy ={ye K: |y <a}, K@ ecres)={yeK:co<t(y), Iyl <es}

Theorem 2.1 (Leggett-Williams fixed point theorem [5]). Let (E,| -||) be a Ba-
nach space and K C E a cone, and cy4 a positive constant. Suppose there exists a con-
cave monnegative continuous functional ¢ on K with P(u) < |lul| for u € K., and let
A K. — K., be a completely continuous mapping. Assume that there are numbers
c1,Ca,C3,Cq With 0 < 1 < ¢ < c3 < ¢4 such that

(Z) {’LL € K(wa C2, 03) : 1/’(“) > 02} 3& (b) and 1/’(AU) > C2 fOT allu € K(wa C2, 03);
(ii) || Aul| < ¢y for allu € K., ;

(#ii) Y(Au) > co for allu € K(@, co, cq) with ||Au| > cs.

Then A has at least three fived points uy,uz, us in K.,. Furthermore, ||u1| < c1 < |Jual|, and

P(uz) < c2 < Y(us).

In this article, let E be the set of continuous T-periodic functions, which forms a Banach
space under the norm [|ul| = max;<j<n supg<;<7 |[ui(t)|. Then we define the operator A on E

by T
:)\/t G(t,s)f(s,us)ds

Recall that by (A2), the functions G; and f; have the same sign so that Aw; is non-negative.
Furthermore,

(Au;)( )\/ ts||f1(sus|ds<)\6/ | fi(s,us)| ds.

Taking the supremum on ¢,

T
I(Au)(®)]| < AB / (s, us)| ds.

Also we have .
(Au;)(t) > )\a/ | fi(s,us)| ds.
0

Combining the two inequalities above,

(Au;)(t) > %H(Au»(wu. (2.2)



30 S. Padhi, S. Srivastava, and J. G. Dix

Motivated by this inequality, we define the cone K in E as

K={ucE:ut)> %Huil\, fort € [0,7] and 1 < i < n},

so that A(K) C K. From assumptions (A1)—(A3), it is also clear that A is a completely
continuous operator on K; see [4, Lemma 2.3]. Furthermore the existence of solutions of
(1.1), with nonnegative components, is equivalent to the existence of fixed points for A in K.
On the cone K, we define concave functional

= min inf u(t).
vl = 2ig, i)

3 Main results

To prove our main result, we state the following conditions in terms of the bounds « and
defined by (2.1).

(H1) There exists a positive constant ¢; such that
T
)\6/ |fi(t,u)|dt < c¢; for 1 <i<nandwué€ K with ||u|| <e¢;. (3.1)
0
(H2) There exists a positive constant co > ¢; such that
T
e < )\a/ |fi(t,ug)|dt for 1 <i<mandue K with ca < ||u]] < fea/a.  (3.2)
0

(H3) There exists a constant ¢y > fca /a0 =: ¢35 such that
T
)\6/ [fit,ug)|dt < ey for1<i<mnandue K with ||ul] <c4. (3.3)
0

Theorem 3.1. Assuming (H1)-(H3), the conditions for the Leggett-Williams theorem are
satisfied and therefore (1.1) has at least three nonnegative periodic solutions.

Proof. First we show that A maps K., into K.,. For u in K,,, using (2.1) and (3.3), we have

JAug| < A/ (b, )1 fi(s,us)] ds < Aﬂ/ fils,us)l ds < e,

which proves that A(K.,) C K.,. Now, we prove (i) in Theorem 2.1. The set {u €
K1, ca,c3) + ¥(u) > c2} is not empty because the constant function w;(t) = (c2 + ¢3)/2
is in this set. For each function u in K (4, ca,c3), we have ¢z < |Ju|| < ¢3 = fBez/a. Then
using the definition of ¢, that G; and f; have the same sign, (2.1), and (3.2), we have

T
P(Au) —mlnlnf)\/ it 8)|| fi(s,us)| ds >m1n)\a/ |fi(s,us)| ds > c2
0
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which implies (i). Now, we prove (ii) in Theorem 2.1. For u in K, using (2.1) and (3.1), we
have

me<A/ tsHMS%N%<A@/Iﬂs%N%<q

which proves (ii). Now, we prove (iii) in Theorem 2.1. From the definition of ¢ and (2.1),

T
P(Au) = rmnlnf)\/ i(t, )| fi(s,us)| ds > mln)\a/ | fi(s,us)| ds.

From ||Au|| > ¢3 = fea/a and (2.1), we have

T
%<MMSM/IMMM%-
0

Combining the two inequalities above, ¥(Au) > co, which proves (iii). Once the conditions
for the Leggett-Williams theorem are satisfied, the operator A has at least three fixed points
that correspond to solutions of (1.1). O

Related results

Several versions of Theorem 3.1 can be stated (and have been stated for particular cases)
using the following four lemmas.

Lemma 3.2. Condition (3.1) in (H1) is implied by

T
6)\lirnsup/ | fi(t,up)| dt/||u]| < 1, Vi
0

llull—0
In turn, this condition is implied by

5)\Thmsup max |f1(t ug)l/||u]| <1, Vi

fluf—0 ©

Proof. From the definition of limit superior, for each 0 < € < 1, there exists a ¢ > 0 such that
T
5)\/ | fi(t,ug)| dt < €||ul| for ||u|| <6, Vi.
0
Select ¢; < 8. Then for u in K., ,
T
o3 [ 1t unlde < el < Jull <1, vi
0

which implies (3.1). O
Lemma 3.3. Condition (3.2) in (H2) is implied by

ca < XaT|fi(t,u)| fort €]0,T], Vi, u € K with ca < ||ul] < fez/a.
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Lemma 3.4. Condition (3.3) in (H3) is implied by
T
ﬂAlimsup/ [f(tue)| dt/||ul] <1, Vi.
[|u||—o0 JO
In turn, this condition is implied by

BAThmsupOrgtaSXTU(t,ut)|/|\u|\ <1, Vi.

llull—oo =

Proof. From the definition of limit superior, there exist positive constants ¢ < 1 and § > 0
such that

T
5)\/ |f(t,ue)| dt < e|lu| for ||ul| >46, WVi.
0

From (A3), when |lul < 4, A fOT [ f(t,u)|| is bounded by a positive constant r. Select
¢y =1r/(1 —€). Then for u in K,,,

T
5)\/ [fi(t,ug)| dt < elul| +7 < ecy +7 < ey
0

which implies (H3). O

When we know only the range of A, rather than its value, Hypotheses (H1)-(H3) need to
be modified as follows.

Theorem 3.5. When A\ < A < Ao, Theorem 3.1 remains valid if we replace (3.1)—(3.3),
respectively, by

T
)\26/ |fi(t,u)|dt < c1 for1<i<mn andu € K with ||ul]] <ep, (3.4)
0
T
e < Ala/ |fi(t,ug)|dt  foru e K with co < ||ul|| < Bea/a, (3.5)
0
T
)\26/ [fi(t,u)|dt < ¢y forl1<i<n andu e K with ||u|| <c4. (3.6)
0

Table 1 shows some choices of A\; and Ay found in the indicated references.

Table 1: Hypotheses when A\; < A < Ag

Theorem 3.5 Ref. [8] Ref. [8] Ref. [8]
MSA<h [ 55<A<g F<A<1 1<A<p sr SAS 7
T T T T
(3.4) hlfl<e | Bl lfl<a |8 1l <al gl 1<
(3.5) c2<ggJo lfil | ca< G Jo Ifil | e <[y Ifil | e2<gp [y Ifil
T T T T
(3.6) Jolfil<es | Bl fil<ea [ By 1fil<ea | By 1fil <es




Existence of Three Nonnegative Periodic Solutions 33

4 Applications
As a particular case of (1.1), we have the scalar equation

u(t —7(1))

u'(t) = —y(t)u(t) +p(t)ma (4.1)

which is a hematopoiesis model; it describes the production of red blood cells. In this model
it is realistic to assume the periodicity of some parameters, because of the periodic variations
of the environment, which play an important role in many biological and ecological systems.
Mackey and Glass [6] also used this equation, with a continuous function as initial condition,
to describe some physiological control systems. Here ~, p, 7 are continuous periodic positive
functions with a common period 7', and the constants m,n,T are positive. Existence of a
solution to (4.1) has been proved by Wan et al [10], while global attractivity has been studied
by Wang and Li [12]. The Green’s kernel for this equation is

*~(8) db T
G(t,s) = m%+” ,  where § = exp (/0 v(6) db) .
This kernel is bounded as ) 5
— < < —.
BT U

The cone K is defined by
1
K={ueFE:ut)> gHuH,fort € [0,7},

and the operator A by

u™(s —7(s))

TrurGs—r)

t+T
mwwzl G(t, 5)p(s)

As explained in the proof of the next theorem, the condition (ii) of the Leggett-Williams
theorem is satisfied if there exists a positive constant cy such that

L (ca/0)™

We select ¢z as the minimizer of the function f(c¢) = (§ — 1)c(¢/d) ™™ (1 + (d¢)™). This choice
of ¢y leads the assumption in the following result.

Theorem 4.1. Assumen >m — 1> 0 and

n 1+n—m)(m71)/n

T
ds > 6" M6 -1 4.2
[ s> 1 6 = 1) () ( (12)
Then the hypotheses of Theorem 2.1 are satisfied and, therefore, (4.1) has at least three non-

negative periodic solutions.
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Proof. From the definition of the cone K, ||u||/d < u(s — 7(s)) < ||u|| for s € [0, T]. Then

w(s — 7(s)) 57 -
\un/ O e L O L e s

Since lim, oo ™71 /(1+2™) = 0, the right-hand side of the above inequality approaches zero
as ||ul]| — oo. By Lemma 3.4, this implies (H3), for ¢4 arbitrarily large, which in turn implies
A(K,,) C K.,. On the other hand, since lim, .o 2™ /(1 + 2™) = 0, the right-hand side of
the above inequality approaches zero as ||u|| — 0. By Lemma 3.2, this implies (H1), for ¢;
arbitrarily small, which in turn implies (ii) of Theorem 2.1. To prove (i) of Theorem 2.1, we
set

1, m—1 (1i/n
275 (1 +n— m)

and cg = dcy. Note that the set {u € K (1, c2,c3) : ¥(u) > ¢} is not empty because the
constant function u = (cz + ¢3)/2 is in this set. For each u in the cone K with ¢z < 9(u) and
lu|| < ¢, we have ca < |lu]| < ez and c2/0 < u(s —7(s)) < c26. Then

T m
V(Au) > 5i1/ p(s)ds% > o .

The above inequality follows from (4.2) and the choice of ¢o. Here we have used that 1 +
(c20)” =n/(1+n —m) and that

(02/5)771 = C2

02m—13 4+ n—m '

The above inequality implies (i). Now, we prove (iii) in Theorem 2.1. Note that
1 =T u™(s —71(s))
A — ——2_ds.
b(Au) 2 = / P& T w(s —r(s) &
From || Aul|| > ¢3 = dcz, we have

(s —rls)

a<tan < 55 [T

Combining the two inequalities above, ©¥(Au) > c¢o, which proves (iii). By the Leggett-
Williams theorem, (4.1) has at least three nonnegative periodic solutions. O

Note that a function in K can not have zeros, unless it is identically zero. Therefore, the
second and the third solutions obtained in Theorem 4.1 are positive. The first solution will
be positive if for example f(t,0) is not identically zero, which seems to be very restrictive.

Remark

The hematopoiesis model (4.1) with m = 1 was considered in [8]. Unfortunately, [8, Theorems
3.8-3.11] are incorrect: The fact that

lim sup max & =0
w—o 0<s<T 1+ u™

does not imply (ii) in Theorem 2.1.
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Second example

Consider the scalar delay differential equation

u'(t) = —y(O)u(t) + p(H)u™(t — 7(t)) exp ( —ru(t — T(t))), (4.3)

where 7, p, T are continuous periodic positive functions with a common period 7', and the
constants m, r, T are positive. The Green’s kernel GG, and the cone K are the same as above.
While the operator A is

t+T
(Au)(t) = / G(t,s)p(s)u™(s — 7(s)) exp ( —ru(s—7(s)))ds.
t
For proving (ii) in the Leggett-Williams theorem, we need a positive constant co such that

1

t+T
51 / p(s)ds(ca/8)™ exp (— rdeca) > co.
—LJ

We select ¢y as the minimizer of the function f(c) = (6 — 1)c(c/d)~™e . This choice of ¢y
leads the assumption in the following result.

Theorem 4.2. Assume that m > 1 and that

ré‘e )mfl (4.4)

m —

T
/0 p(s)ds > 6(6 —1)(

Then the hypotheses of Theorem 2.1 are satisfied and, therefore, (4.3) has at least three non-
negative periodic solutions.

Proof. This proof is similar to the one in Theorem 4.1; so we only sketch it. Since lim, o 2™ te™ "™

0, Lemma 3.4 implies (H3), for ¢, arbitrarily large, which in turn implies A(K,,) C K,,. Since
lim, .o z™ e~ = 0, Lemma 3.2 implies (H1), for ¢; arbitrarily small, which in turn implies
(ii) of Theorem 2.1. To prove (i) of Theorem 2.1, we set

m—1

rd

Cy =

and c3 = dcp. For each u in the cone K with ¢o < 9(u) and |lu|| < ez, we have ¢ < |Ju]| < c3
and c2/0 < u(s —7(s)) < c26. Then

A > 1 r d 5 m _—rcad
U( u>_5——1/0 p(s)ds(ca/0)™e > co.

The above inequality follows from (4.4) and the choice of ¢3. Therefore, (i) is satisfied. The
proof of (iii) is the same as in Theorem 4.1. Then by the Leggett-Williams theorem, (4.1) has
at least three nonnegative periodic solutions. O

Equation (4.3) with m = 1 was also considered in [8]. However, the conditions for applying
the Leggett-Williams are not satisfied.
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