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Abstract. We investigate second-order generalized Beverton—Holt difference equations of the form

af(x'n» xnfl)
oy = T Tn1) g
I T T fwnan1) T

where f is a function nondecreasing in both arguments, the parameter a is a positive constant, and the initial conditions x_1
and z are arbitrary nonnegative numbers in the domain of f. We will discuss several interesting examples of such equations
and present some general theory. In particular, we will investigate the local and global dynamics in the event f is a certain

type of linear or quadratic polynomial, and we explore the existence problem of period-two solutions.
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1 Introduction and Preliminaries

Consider the following second-order difference equation:

af<xn7 xn—l)
)
1+ f(xmmn—l)
Here f is a continuous function nondecreasing in both arguments, the parameter a is a positive real number,

and the initial conditions z_; and x( are arbitrary nonnegative numbers in the domain of f. Equation (1)
is a generalization of the first-order Beverton—Holt equation

Tn1 = n=01,.... (1)

axTny
14,

Tni1 = n=01,..., (2)

where a > 0 and xg > 0. The global dynamics of Equation (2) may be summarized as follows, see [9, 15]:

lim z, =
n—oo

{ 0 ifa<1 3)

a—1 ifa>1and zg > 0.

Many variations of Equation (2) have been studied. German biochemist Leonor Michaelis and Canadian
physician Maud Menten used the model in their study of enzyme kinetics in 1913; see [20]. Additionally,
Jacques Monod, a French biochemist, happened upon the model empirically in his study of microorganism
growth around 1942; see [20]. It was not until 1957 that fisheries scientists Ray Beverton and Sidney Holt
used the model in their study of population dynamics, see [1, 9]. The so-called Monod differential equation
[20] is given by

1 dN rS

N &t a+s @

where N(t) is the concentration of bacteria at time ¢, % is the growth rate of the bacteria, S(t) is the
concentration of the nutrient, r is the maximum growth rate of the bacteria, and a is a half-saturation

LCorresponding author, e-mail: mkulenovic@mail.uri.edu

185 Bertrand 185-202



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 29, NO.1, 2021, COPYRIGHT 2021 EUDOXUS PRESS, LLC

constant (when S = a, the right-hand side of Equation (4) equals r/2). Based on experimental data, the
following system of two differential equations for the nutrient S and bacteria N, as presented in [20], is
given by
as 1 S dN S
Dy Ny (5)
dt v a4+ S dt a+S
where the constant v is called the growth yield. Both Equation (4) and System (5) contain the function
f(z) =rz/(a+ x) known as the Monod function, Michaelis-Menten function, Beverton-Holt function, or

Holling function of the first kind; see [1, 5, 9, 11].

One possible two-generation population model based on Equation (2),

a1Tn a2Tn—1
- . n=0,1,..., 6
Tnt 1+xn+1+:rn_1 " ®)

where a; > 0 for i = 1,2 and z_1, 29 > 0, was considered in [18]. The global dynamics of Equation (6)
may be summarized as follows:

lim x, =
n—oo

0 ifar+a9 <1
a1 +as—1 ifay+as>1and xg+x—_1 > 0.

This result was extended in [5] to the case of a k-generation population model based on Equation (2) of
the form

k—1
A;Lp—4
$MJ:§:Tiii? n=0,1,..., (7)
1=0

k=1
where a; > 0 fori=0,1,...,k—1, > a; >0, and z1_g,...,xo > 0. It was shown that the global dynam-
i=0

k—1

ics of Equation (7) may be given precisely by (3), where a = > a; and we consider all initial conditions
i=0

positive.

The simplest model of Beverton—Holt type which exhibits two coexisting attractors and the Allee effect
is the sigmoid Beverton—Holt (or second-type Holling) difference equation

2

M n_ - p=0,1,..., (8)

T+l = m7
n

where a > 0 and xg > 0. The dynamics of Equation (8) may be concisely summarized as follows:

0 ifa<2or(a>2and zg<7_)
li_)rn Tp=4¢ T_ fa>2and xg=7_ (9)
e Ty ifa>2and xg>7T_,

where T_ and T4 are the two positive equilibria when a > 2; see [1, 5]. One possible two-generation
population model based on Equation (8),
2 ao12

a1y, n—1
+ , n=0,1,..., 10
I+ax2 1422, (10)

Tn+1 =

where a; > 0 for i = 1,2 and x_1,29 > 0, was considered in [4]. However, the summary of the global
dynamics of Equation (10) is not an immediate extension of the global dynamics of Equation (8) as given in
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(9); see [4]. Equation (10) can have up to three equilibrium solutions and up to three period-two solutions.
In the case when Equation (10) has three equilibrium solutions and three period-two solutions, the zero
equilibrium, the larger positive equilibrium, and one period-two solution are attractors with substantial
basins of attraction, which together with the remaining equilibrium and the global stable manifolds of the
saddle-point period-two solutions exhaust the first quadrant of initial conditions. This behavior happens
when the coefficient ay is in some sense dominant to ap; see [4]. Such behavior is typical for other models
in population dynamics such as

2
n 1+z, 1+.’E721717 y Ly
and )
azxn—l
mn+1:a1xn+72, TL:O,l,...,
1+z;_

which were also investigated in [4]. In the case of a k-generation population model based on the sigmoid
Beverton—Holt difference equation with k£ > 2, one can expect to have attractive period-k solutions as well
as chaos.

The first model of the form given in Equation (1), where f is a linear function in both variables (that
is, f(u,v) = cu+ dv for ¢,d,u,v > 0) was considered in [19] to describe the global dynamics in part of
the parametric space. Here we will extend the results from [19] to the whole parametric space. In this
paper we will then restrict ourselves to the case when f(u,v) is a quadratic polynomial, which will give
similar global dynamics to that presented for Equation (10). The corresponding dynamic scenarios will be
essentially the same for any polynomial function of the type f(u,v) = cu®4du™ where ¢,d > 0 and m, k are
positive integers. Higher values of m and k may only create additional equilibria and period-two solutions
but should replicate the global dynamics seen in the quadratic case presented in this paper. The global
dynamics of some higher-order transcendental-type generalized Beverton-Holt equation was considered in

[3].

Let the function F : [0,00)? — [0,a) be defined as follows:

af(u,v)
Flu,v) = 2200 11
(w,0) = 7 ) (11)
Then Equation (1) becomes x,+1 = F(xn,z,—1) for all n = 0,1,..., where F(u,v) is nondecreasing in

both of its arguments.

The following theorem from [2] immediately applies to Equation (1).

Theorem 1 Let I be a set of real numbers and F : I x I — I be a function which is nondecreasing in the
first variable and nondecreasing in the second variable. Then, for every solution {xn} 2 | of the equation

Tpi1 = F(zn,2n-1), z_1,20€I, n=0,1,..., (12)
the subsequences {.%‘Qn}zozo and {:Ugn,l}fbozo of even and odd terms of the solution are eventually monotonic.

The consequence of Theorem 1 is that every bounded solution of Equation (12) converges to either an
equilibrium, a period-two solution, or to a singular point on the boundary. It should be noticed that
Theorem 1 is specific for second-order difference equations and does not extend to difference equations
of order higher than two. Furthermore, the powerful theory of monotone maps in the plane [16, 17] can
be applied to Equation (1) to determine the boundaries of the basins of attraction of the equilibrium
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solutions and period-two solutions. Finally, when f(u,v) is a polynomial function, all computation needed
to determine the local stability of all equilibrium solutions and period-two solutions is reduced to the theory
of counting the number of zeros of polynomials in a given interval, as given in [12]. This theory will give
more precise results than the global attractivity and global asymptotic stability results in [7, 8]. However,
in the case of difference equations of the form

ag($n7 Tp—1y--- 7$n+1—k‘)
1 + g(l‘n, Tp—1y--- 7'In+1—k‘)’

Tpgl = n=0,1,..., k>1,
where ¢ > 0 and ¢ is nondecreasing in all its arguments, Theorem 1 does not apply for £ > 2, but the
results from [7, 8, 13] can give global dynamics in some regions of the parametric space.

The following theorem from [10] is often useful in determining the global attractivity of a unique positive
equilibrium.

Theorem 2 Let I C [0,00) be some open interval and assume that F € C[I x I,(0,00)] satisfies the
following conditions:

(i) F(x,y) is nondecreasing in each of its arguments;

(ii) Equation (12) has a unique positive equilibrium point T € I and the function F(x,x) satisfies the
negative feedback condition:

(x —7)(F(z,x) —x) <0 for every x € I\{T}.
Then every positive solution of Equation (12) with initial conditions in I converges to T.

The following result from [4] will be used to describe the global dynamics of Equation (1).

Theorem 3 Assume that difference equation (12) has three equilibrium points Uy < To < Tgw < INE
where the equilibrium points Ty and Tyg are locally asymptotically stable. Further, assume that there
exists a minimal period-two solution {®1, ¥} which is a saddle point such that (®1, V1) € int(Q2(Esw)).
In this case there exist four continuous curves W*(®1, 1), W3 (U, &), W4 (Pq, ¥1), W*(U1, P1), where
WE(®q, W), W3(Wy, D) are passing through the point Egw, and are graphs of decreasing functions. The
curves WY(®q, W), W(Uq,®1) are the graphs of increasing functions and are starting at Ey. Every
solution which starts below W?*(®1, V1) UW? (U1, 1) in the North-east ordering converges to Ey and every
solution which starts above W*(®1,W1) UW?3 (U, ®q) in the North-east ordering converges to Enpg, i.e.
WS((I)l,\Ifl) = C+ = C;_ and Ws(\Ill,(I)l) = 1_ = CQ_

This paper is organized as follows. The next section deals with the local stability of equilibrium
solutions and period-two solutions of the general second-order difference equation (12), where F(u,v) is
nondecreasing in both of its arguments. In view of the results for monotone maps in [16, 17] and their
applications to second-order difference equations in [4, 5], the local dynamics of the equilibrium solutions
and period-two solutions will determine the global dynamics in hyperbolic cases and some nonhyperbolic
cases as well. The third section will provide some examples of global dynamic scenarios of Equation (1)
when the function f(u,v) is either linear in both variables or linear in one variable and quadratic in the
other variable. The obtained results will be interesting from a modeling point of view as they show that the
appearance of period-two solutions with substantial basins of attraction (sets which contain open subsets)
is controlled by the coefficient of the x,,_1 term that is affected by the size of the grandparents’ population.
The same phenomenon was observed in the case of Equation (10).
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2 Local Stability

In this section we provide general conditions to determine the local stability of equilibrium solutions and
period-two solutions.

It is clear that x, < a for all n > 1. In light of Theorem 1, since all solutions are bounded, if there
are no singular points on the boundary of the domain of F', it immediately follows that all solutions to
Equation (1) converge to an equilibrium or a period-two solution.

An equilibrium 7 of Equation (1) satisfies
Z(1+ f(7,7)) = of (T, 7). (13)
Clearly Top = 0 is an equilibrium point if and only if (0,0) is in the domain of f and f(0,0) = 0.
The linearized equation of Equation (1) about an equilibrium T is
Zn+1 = Fu(Z,T)zn + Fo(T,T)2p—1, n=0,1,....
Since f is a nondecreasing function, it follows that F,(z,z) > 0, F,,(Z,Z) > 0. Therefore, if

ANT) = Fu(T,7) + F(T,7) = alf “((ff} (Z;Z’)(;’ 2 (14)

then in view of Corollary 2 of [13] we may conclude that

locally asymptotically stable if \(Z) < 1
T is ¢ nonhyperbolic if \(z) =1
unstable if A(z) > 1

a repeller if 6(x)
T is ¢ nonhyperbolic if 6()
a saddle point if §(T)

where

5(F) = Fy(3,7) — Fu(m,7) = & (15)

8

Let (¢,1) be a period-two solution of Equation (1). The Jacobian matrix of the corresponding map
T = G?, where G(u,v) = (v, F(v,u)) and F is given by Equation (11), is given in Theorem 12 of [6]. The
linearized equation evaluated at (¢,1)) is

/\2 - TTJT(qu ¢)A + DetJT(¢a ¢) = Oa

where

Trip(¢,v) = DoF(,¢) + D1F(F(¢,¢),¢) - D1F(¢,¢) + Do F(F (¢, ¢), 1))

and

DetJr(¢, ) = DoF(F (4, ¢),¢) - DaF (¢, ¢).
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3 Examples

In this section we present four examples of different forms of Equation (1) where the transition function
f(u,v) is linear or quadratic polynomial in its variables which effects the global dynamics.

3.1 Linear-Linear: f(u,v) = cu+ dv

We consider the difference equation

a(cxy, + dry—1)
- C n=0,1,..., 16
Tl =1 cxn + dr,_1 " (16)

where ¢ > 0 and d > 0. If d = 0, then Equation (16) becomes Equation (2) after a reduction of parameters.
a(ct+d)—1
c+d

By Equation (13) we know that Ty = 0 is always a fixed point and T, = is a unique positive fixed

point for a(c+d) > 1.

Since A(Zp) = a(c + d), we have that

locally asymptotically stable if a(c+d) <1

To is ¢ mnonhyperbolic ifa(c+d) =1
unstable if a(c+d) > 1.
Further, notice that
d 1
NTL) = ale+d) - <1

(1+ <a(cc++dc)fl> .(C+d))2 a(c+d)

for all values of parameters for which 7 exists. Therefore

d)—1
Ty = a(c++)d is always locally asymptotically stable.
c

Note that there is an exchange in stability from T to T+ as the parametric value a(c + d) passes through
1.

We next search for period-two solutions. Suppose there exists such a solution {1, ¢, v, ¢,...} with
¢ # 1. Then {1, ¢} satisfies the following system:

af(¢, )  _ alcg+dy)

Y = —
L+ f(d,9)  1+cp+dy
b = af(,9)  alcy+dp) - (17)
1+ f(¢)  1+ch+dé
Notice that
w_(b: a(d—c)(¢—¢)
(1+co+ d)(1+ cyp + dg)’

whence we deduce that d > ¢ and (1 4 ¢ + dy)(1 + dy + dp) = a(d — ¢). Now

a((c+d) (¥ + @) +2(cd + dp) (cyp + dg))
a(d —c) ’

v+ =

or equivalently,

2¢(Y + @) + 2(chp + dp)(ctp + dop) = 0.
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Since 1 4+ ¢ > 0, it must be the case that ¢ = 0, and then 2d?)¢ = 0 so that one of either ¢ or 1 equals
zero. Without loss of generality assume ¢ = 0. But then ¢ = fle/’w, and hence ¢ = “dd_l = T4. Thus the
only non-equilibrium solution of System (17) is the period-two solution {Z,0,7Z4,0,...}, which exists for

ad > 1 and ¢ = 0. Now we formulate our main result about the global dynamics of Equation (16).

Theorem 4 Consider Equation (16).

(a) If a(c+d) <1, then To = 0 is a global attractor of all solutions.

(b) If ¢ =0 and ad > 1, then there exists a period-two solution {“dd_l,O, “dd_l,O, .. } T4 15 a global at-

tractor of all solutions with positive initial conditions. Any solution with exactly one initial condition
equal to zero will converge to the period-two solution.

(c) If c >0 and a(c+d) > 1, Ty is a global attractor of all nonzero solutions.
Proof.

(a) If a(c+d) <1, then Ty = 0 is the only equilibrium, and no period-two solutions exist. By Theorem
1 all solutions must converge to zero.

(b) Suppose ¢ =0 and ad > 1, and consider I = (0, 00). Notice that

adzx
2T = Ty 27T,

and therefore by Theorem 2 we have that all solutions with initial conditions in I converge to T.
Now suppose one initial condition is zero, so without loss of generality assume xz_; = 0 and zg > 0.

Then 1 = 0 and
adxg ad—1 _
1+dfco<x0 d T <20

Further, one can show 29 S 74 <= 29 < 74+. By induction, klim Zop = T4+ and xor_1 = 0 for all
— 00

Z2

k=0,1,.... Thus all solutions with exactly one initial condition equal to zero will converge to the
period-two solution {Z4,0,7Z4,0,...}.

(¢) When ¢ > 0 and a(c+ d) > 1, Ty is locally asymptotically stable while Z( is unstable. As in the
proof of (b) we can employ Theorem 2 to show that all solutions with positive initial conditions must
converge to 4. Since ¢ > 0 and d > 0, if o+ z_1 > 0, then 21 = F(x9,z_1) > 0 (and also xz2 > 0),
so the solution eventually has consecutive positive terms and must converge to 7.

O
3.2 Translated Linear-Linear: f(u,v) =cu+dv+k
We briefly consider the difference equation
n + dx,_ k
g = Mt ATt k) o (18)

1+ cxy +de,_1 +k’
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where ¢ > 0,d >0, c+d >0, and k > 0. We notice in this example f(0,0) = k > 0, so the origin cannot
be an equilibrium. More specifically, an equilibrium of Equation (18) must satisfy

(c+d)T*+ (k+1—a(c+d)ZT—ak =0

Since ¢+ d > 0 and ak > 0 by Descartes’ Rule of Signs it must be the case that there exists a unique
positive equilibrium 7z .

Theorem 5 Consider Equation (18) such that ¢+ d > 0 and k > 0. The unique positive equilibrium T
1s a global attractor.

Proof. The result follows from a straightforward application of Theorem 1.4.8 of [14]. O

3.3 Quadratic-Linear: f(u,v) = cu® + dv
We consider the difference equation

a(cz? + dzy_1)
= =0,1,.... 19
Tn+1 1 n CLU% n dxn_la n ) Ly ( )

Remark 1 For the analysis that follows, we will consider Equation (19) with ¢ > 0 and d > 0. Notice
that when ¢ = 0 Equation (19) is a special case of Equation (16), and the global dynamics for this case
is discussed in Theorem 4. When d = 0 Equation (19) is essentially Equation (8), the dynamics of which
may be seen in (9).

An equilibrium solution of Equation (19) satisfies
@ +d7* + T = acz® + adT
so that all nonzero equilibria satisfy
Z* 4 (d — ac)T + (1 — ad) = 0, (20)

whence we easily deduce the possible solutions

__ac—d+\/(d—ac)? +4c(ad — 1)
Ty = %2 )
which are real if and only if R = (d — ac)? + 4c(ad — 1) > 0.
Notice that

R>0 < d*—2acd + a®c® + 4acd — 4c > 0 <= (ac + d)* > 4. (21)

Here we have that
a(2¢T +d)

MO = T s awe

Theorem 6 Equation (19) always has the zero equilibrium To = 0, and

locally asymptotically stable if ad < 1

To is§ nonhyperbolic ifad =1
a repeller if ad > 1.
Proof. The proof follows from the fact that A\(Zy) = §(Zp) = ad. O

The next result gives the local stability of positive equilibrium solutions.
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Theorem 7 Assume c >0 and d > 0.

(1) Suppose either
(a) d > ac and 1 > ad, or
(b) d <ac, 1> ad, and R < 0.
Then Equation (19) has no positive equilibria.

(2) Suppose either
(a) 1 < ad, or
(b) d < ac and 1 = ad.
Then Equation (19) has the positive equilibrium solution Ty, and it is locally asymptotically stable.

(3) Suppose d < ac, 1 > ad, and R = 0. Then Equation (19) has the positive equilibrium solution
Ty, and it is nonhyperbolic of stable type (that is one characteristic value is A1 = £1 and the other
A1l < 1).

(4) Suppose d < ac, 1 > ad, and R > 0. Then Equation (19) has two positive equilibria, T+ and T_; T4
is locally asymptotically stable, and T_ is a saddle point.

Proof. The existence of positive equilibria follows from Descartes’ Rule of Signs. Using Equation (14),
notice that
a(2¢x 4 d) a(2c¢x 4 d) 2¢T +d 1 CT

MO =T @ v de? ~ (alex + )2~ alex 1 A2 alez +d) " a(c@ + d)

Further, for the parametric values for which T exists,
T4 < a(czy +d) -1
a(czy +d)2 —  a(cT4+ +d)
T4 < (T4 +d) (a(cTy +d) — 1) = (cFy + d) (T3 + dT4)
c < (cZy + d)?
de < (2¢z4 +2d)? = (ac + d + VR)?,

AMT4) <1

[

which is true by (21). Thus if R > 0, T4 is locally asymptotically stable, and if R = 0, T+ is nonhy-
perbolic. In the latter case the characteristic equation of the linearization of Equation (19) about T4,
y? = F,(T+,7+)y + Fy(Tx,T+), reduces to acy? — (ac — d)y — d = 0, which has characteristic values y; = 1
and yo = —%, where —1 < y2 < 0 since ac > d. Thus in this case 1 is nonhyperbolic of stable type.
When 7_ exists, then

MT_)>1 < 4c¢> (ac+d—VR)?
— 4dc+ (ac+ d)VR > (ac+ d)?
— (ac+d)VR> (ac+d)*—4c=R
<« (ac+d)* > R = (ac + d)* — 4c,

which is true since ¢ > 0. To show more specifically that z_ is a saddle point when R > 0, we must show
that 0(7_) < 1, where § is defined by Equation (15). Notice

a(d —2cx_) a(d—2cx_)  4(d—-2cT-) 4 <2d —ac+ \/R>

6(z-) = 1+ @2 +dz_)? - (a(ct— +d)?  a(2cz— +2d)?>  alac+d—VR)?
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and so we have that
2
(7o) <1l = 4(2d—ac+\/ﬁ) <a(ac+d—\/}§)
— (2+a(ac+ d)) VR < a(ac + d)? — 4d.

The right-hand side of the latter inequality is positive since a(ac + d)? — 4d > 4ac — 4d = 4(ac — d) > 0 by
assumption. But then

5T ) <1 <= (2+a(ac+d))? ((ac+d)* — 4c) < (a(ac+ d)* — 4d)2
— 3a®c®d + 6a*cd® + 3ad® — 3a*c* — 2acd — 3d* — 4c < 0
< (ad — 1) (3d* + 3a®c* + 2¢(3ad + 2)) < 0,

which is automatically true since the latter factor is strictly positive and ad < 1. Thus indeed Z_ is a
saddle point when it exists for R > 0. O

Theorem 8 There exist no minimal period-two solutions to Equation (19) if ¢,d > 0.

Proof. Suppose there exist ¢,y > 0 with ¢ # v such that

af(d,9) _ a(cd® +dy)

VST 0w Lt by
. (22)
5 _ olW.0) _ aler?+dd
L+ f(v, ) 1+ cy? +do
From System (22) we notice that
b g aly = 9w+ )

(1+co? +d)(1+ cp? 4 do)’
whence it immediately follows that (1 4 c¢? + dip)(1 + cp? + d¢) = a(d — c(¢ + ¢)). But then

2(cg? + dip)(c? + dp) + c(¥® + ¢*) + d(¥ + ¢)

vhes d—c(v+0) '
Thus we have that necessarily
_ 2a%(c® + dip)(cyp? +dg) < e+ %) +d(y + ¢)>
AT P ) B R B R R

since both ¥, ¢ > 0. But this implies that

(Y + ¢)(d — c(¥ + ¢)) > c(¥® + ¢*) + d(¥ + ¢)
= d(Y+ ) — (¥ + ¢)* > (¥ + ¢%) + d(¥ + ¢)
= 0> (P +¢?) + (v + )7,

a clear contradiction since ¢ > 0.
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Now suppose there exists a period-two solution {¢, 1, ¢,1,...} with ¢ # 1 but ¢p = 0. Suppose
without loss of generality that ¢ = 0. Now

y __af00) v
1+ f(0,%) 14 dy
o af0) _ ac®

1+ f(1,0) 1+ cyp?

which immediately leads to the contradiction ¢ = ¢ = 0 for ¢ > 0. Thus Equation (19) has no minimal
period-two solutions. O

The next result describes the global dynamics of Equation (19).
Theorem 9 Consider Equation (19) under the condition ¢ > 0 and d > 0.

(1) Suppose either
(a) d > ac and 1 > ad, or
(b) d <ac, 1> ad, and R < 0.
Then To is a global attractor of all solutions.

(2) Suppose either
(a) 1 < ad, or
(b) d < ac and 1 = ad.
Then T4 is a global attractor of all nonzero solutions.

(3) Suppose d < ac, 1 > ad, and R = 0. Then Equation (19) has the equilibria Top = 0, which is locally
asymptotically stable, and T4, which is nonhyperbolic of stable type. There exists a continuous curve
C passing through E = (T+,T+) such that C is the graph of a decreasing function. The set of initial
conditions Q1 = {(z_1,z0) : ®_1 > 0,29 > 0} is the union of two disjoint basins of attraction,
namely Q1 = B(Ey) UB(E), where Ey = (To, To),

B(Ep) = {
B(E) = {

(4) Suppose d < ac, 1 > ad, and R > 0. Then Equation (19) has the equilibria To = 0, which is locally
asymptotically stable, T_, which is a saddle point, and T4, which is locally asymptotically stable.
There exist two continuous curves W*#(E_) and WY(E_), both passing through E_ = (T_,T_), such
that W#(E_) is the graph of a decreasing function and W*"(E_) is the graph of an increasing function.
The set of initial conditions Q1 = {(x—_1,z0) : ©_1 > 0, x9 > 0} is the union of three disjoint
basins of attraction, namely Q1 = B(Ey) U B(E_) U B(EL), where Ey = (Zo,To), B+ = (T4+,74),
B(E.) = W(E.),

);
(x—1,20) : (x_1,20) <ne (x,y) for some (z,y) € C}, and
(x—1,20) : (2,Y) <ne (x_1,20) for some (z,y) € C}UC.

B(Ep) = {(x_1,20) : (x_1,20) <ne (x,y) for some (x,y) € W (E_)}, and
B(Ey) ={(z-1,20) : (2,9) <ne (x-1,70) for some (z,y) € W (E_)}

Proof. (1) The proof in this case follows from Theorems 1, 7, and 8 along with the fact that Top = 0 is the
sole equilibrium of Equation (19).
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(2) The proof used to show that all solutions with positive initial conditions converge to Z follows from
an application of Theorem 2 (as used above in the proof of Theorem 4). Notice that 1 = F(zg,z_1) > 0
if either g > 0 or x_; > 0 (and similar for z3), so I = (0,00) is an attracting and invariant interval. Thus
all nonzero solutions must converge to T.

(3) The proof follows from an application of Theorems 1-4 of [17] applied to the cooperative second
iterate of the map corresponding to Equation (19). The proof is completely analogous to the proof of
Theorem 5 in [4], so we omit the details.

(4) The proof follows from an immediate application of Theorem 5 in [4]. O

3.4 Linear-Quadratic: f(u,v) = cu + dv?

We consider the difference equation

a(czy +da?_y)
1+ ecx, + dm%fl ’

Tptl = n=01,.... (23)

Remark 2 For the analysis that follows, we will consider Equation (23) with ¢ > 0 and d > 0. Notice
that when d = 0 Equation (23) reduces to Equation (2), a special case of Equation (16). When ¢ = 0
Equation (23) is essentially Equation (8) with delay.

An equilibrium of (23) satisfies
dz* + ¢T* + T = acT + adz®

so that all nonzero equilibria satisfy
dz? + (c — ad)T + (1 — ac) = 0, (24)

whence we easily deduce the possible solutions

ad — ¢+ +/(c — ad)? + 4d(ac — 1)
2d ’

Ty =

which are real if and only if R = (¢ — ad)? + 4d(ac — 1) > 0.
Notice that
R>0 < ¢*—2acd + a*d* + 4acd —4d > 0 <= (ad +¢)* > 4d. (25)
Here we have that
a(c + 2dx)
(1+ cx + dz?)?’

AT) =
Theorem 10 Equation (23) always has the zero equilibrium Ty = 0, and

locally asymptotically stable if ac < 1

To is§ nonhyperbolic ifac=1
unstable if ac > 1.
Proof. The proof follows from the fact that A(Zp) = ac. O

Theorem 11 Consider Equation (23) and assume ¢ > 0 and d > 0.
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(1) Suppose either
(a) ¢ > ad and 1 > ac, or
(b) c < ad, 1> ac, and R < 0.
Then Equation (23) has no positive equilibria.

(2) Suppose either
(a) 1 < ac, or
(b) ¢ < ad and 1 = ac.
Then Equation (23) has the positive equilibrium solution Ty, and it is locally asymptotically stable.

(8) Suppose ¢ < ad, 1 > ac, and R = 0. Then Equation (23) has the positive equilibrium solution T,
and it is nonhyperbolic of stable type.

(4) Suppose ¢ < ad, 1 > ac, and R > 0. Then Equation (23) has two positive equilibria, T4 and T_; T4
18 locally asymptotically stable, and T_ is unstable.
Let K = a%d? + 14acd — 3¢ — 3a®cd? — 6a%c?d — 3ac® — 4d.
(i) If K < 0, then T_ is a saddle point.
(ii) If K > 0, then T_ is a repeller.
(iii) If K =0, then T_ is nonhyperbolic of unstable type (that is one characteristic value is \y = +1
and the other || > 1).

Proof. Much of the analysis is similar to the considerations in the proof of Theorem 7. Notice that

@) = a(c+2dr)  alc+2dz) = c+2dT 1 N dz
S (l+cz+dz?)? (a(c+dx))?  alc+dz)?  alc+dx)  alc+dT)?’

For the parametric values for which 7 exists,
dz < alc+dzy) —1
alc+dz)?2 = ale+dzy)
= d7; < (c+d7zy) (a(c+dz4) — 1) = (c + d74 ) (T4 + dT2)
— d < (c+dzy)?
— 4d < (2¢+2dz.)? = (ad + ¢ + VR)?,

AN7T4) <1 =

which is true by (25). Thus if R > 0, T4 is locally asymptotically stable, and if R = 0, T+ is nonhy-
perbolic. In the latter case the characteristic equation of the linearization of Equation (23) about T,
y? = Fy(Zs, T4 )y + Fy(T+, T4 ), reduces to ady? — ¢y + ¢ — ad = 0, which has characteristic values y; = 1
and yo = C;gd, where —1 < y9 < 0 since ad > ¢. Thus in this case T+ is nonhyperbolic of stable type.
When z_ exists,

MZ_)>1 < 4d > (ad+ ¢ — VR)?
— 4d+ (ad + ¢)VR > (ad + ¢)?
— (ad+c)VR > (ad+¢)* —4d =R
> (ad+c)*>R=(ad+c)* —4d

which is true since d > 0. To more specifically classify ZT_, we must calculate §(Z_). Notice

S(F) = a2dz_ —c¢)  a(2dz_ —c)  4(2dT_ —c) 4 <ad —2c— \/R>
(T-) = (At @ 1 d?)?  (alctdil)?  aet 2052  aladtc— VR

197 Bertrand 185-202



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 29, NO.1, 2021, COPYRIGHT 2021 EUDOXUS PRESS, LLC

and so we have that
(7o) 21 — 4<ad—2c—\/ﬁ> 2 a(ad—i—c—\/ﬁ)2
— (a(ad+¢) —2) VR = a(ad + ¢)* — 4ad + 4¢ = aR + 4c.
Notice that R > 0 automatically implies a(ad + ¢) > 2, as
0 < (ad + ¢)? — 4d < a*d® + 2acd + a®d* — 4d = 2d (a(ad + ¢) — 2)
since ¢ < ad. Therefore we may square both sides to obtain
5(T_) =1 <= (a(ad+c) —2)*R = (aR + 4c)?
< R(a*(ad + c)* —4a(ad + c) + 4) = a®R* + 8acR + 16¢*
— R (a2R — 4ac+ 4) > a’R? + 8acR + 16¢2
< R(1 —3ac) —4c* 20
— a®d® + 1dacd — 3¢® — 3a3cd® — 6a%c*d — 3ac® — 4d = 0.

Thus if

K = a*d® + 14acd — 3¢* — 3a3cd® — 6a%c*d — 3ac® — 4d, (26)

K < 0 implies T_ is a saddle point and K > 0 implies it is a repeller. If K = 0, T_ is nonhyperbolic, and
we expect in such case to be nonhyperbolic of unstable type. Indeed one can show that in the event K = 0,
the characteristic equation of the linearization of Equation (23) about 7_, y* = F,(Z_,7_)y + F,(Z_,T_),
has roots y; = —1 and yo = Fy,(Z_,Z_) + 1 > 1, which immediately shows the desired result. |

The investigation of the existence of periodic solutions of Equation (23) is an interesting one that
involves a thorough analysis of potential parametric cases. This analysis will reveal the potential for the
existence of several nonzero periodic solutions. The juxtaposition of Equation (19) with Equation (23)
illustrates an interesting phenomenon in which, loosely speaking, the dominance of the delay term z,_1
contributes to the possibility of periodic solutions arising.

A minimal period-two solution {¢, 1, ¢, 1, ...} with ¢,1 > 0 and ¢ # 1 must satisfy

af(,0) _ alco+dy?)
1+ f(¢,) 1+ co+ dy?

_ af(¥,¢) _ alcy +do?)
L+ f(¥,0)  1+cp+dg?

Eliminating either 1) or ¢ from System (27) we obtain
(d¢* + (c —ad)p + (1 —ac)) h(¢p) =0, or (d¢® + (c—ad)y) + (1 — ac)) h(¢)) = 0,

v =

¢

where
h(z) = —d®z% + d*(c + 2ad)x® — d(c? + 2d + 3acd + a*d*)z* + d(c + 3ac® + 2ad + 3a*cd)z? (28)
— (& + ac® + d + 2acd + 3a*c*d + a’cd®)x? + ac(1 + ac)(2¢ + ad)x — a*c*(1 + ac).

Since dz? + (¢ — ad)x + (1 — ac) # 0 for any = that is not a solution of the equilibrium equation (24),
minimal period-two solutions must be the solutions of the equation

h(z) = 0. (29)
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Theorem 12 Any real solutions of Equation (29) are positive numbers for c¢,d > 0, and there exist up to
three minimal period-two solutions of Equation (23). Furthermore, let K be as defined in Equation (26),
and define the following expressions:

J = 4a’cd* — 8a*Pd® + 12a33d? — 24a3cd® — 8a’ctd + 28 d? — a*d® + 4ac® + dacd
+ 32acd® + 4c* + 8c*d + 4d*
A = 6d°
Ay = d'? (8a°d® — 16acd — Tc* — 24d)
Ag = —24'2 (8a5cd5 +13a*d* + 10633 d® — 44a’cd* + 4a%Ad? — 34a%A2d® — 4a®d* — 19ac’d
+14ac®d* + 44acd® + 6¢5 + 7c*d + 5crd® + 16d3)

Ay = 2dB3 (—16agcd8 —12a32d" + 244" Ad° + 152a"cd” — 68a5¢*d® + 80a%c2d8 + 8a%d” + 48a°Pd*
—164a°3d® — 464a°cd® — 60a*c8d® + 20a*c*d* — 180a*2d® — 64a*d® + 56a3cd? — 332a3Pd®
+388a3c3d* 4 488a3cd® — 48a%Bd + 272a%Pd? + 2550t d® + 152ac?d* + 136a2d® + 24ac’
+8ac’d + 124ac’d® + 180ac®d® — 152acd” + 24c® + 68c%d + 32¢"d® — 44c*d® — 32d*)

Ay = 2443 T (3a802d6 +2a"ed® — 18a82d® — aSd® + 6a°Pd® + 10a°Ad* — 8aPed® — 10a* A d?
+44a*Ad* + 6a*d® + 54a>Pd? — 25033 d® — 6accd* + 3a*P® — 8a%8d + 354t d? — 394 d®
—9a?d* + 6ac” + 2ac’d + dac®d® + 14acd® + 3c® + 10c*d + 11c*d® + 4d?)

Ag = a’Sd¥(ac+ 1)K J%

(1) If A; > 0 for all 2 < i < 6 then Equation (29) has siz real roots. Consequently, Equation (23) has
three minimal period-two solutions.

(2) If Aj <0 for some 2 < j <5 and A; >0 for i # j, then Equation (29) has two distinct real roots and
two pairs of conjugate imaginary roots. Consequently, Equation (23) has one minimal period-two solution.
(8) If A; <0, Aj11 > 0 (such that at least one of these is strict) for some 2 < i < 4, and if Ag < 0, then
Equation (29) has three pairs of conjugate imaginary roots. Consequently, Equation (23) has no minimal
period-two solutions.
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Proof. The proof of the first statement follows from Descartes’ Rule of Signs.
Let disc(h) denote the 12 x 12 discrimination matrix as defined in [12]:

[ ag a5 a4 a3 as a] ag 0 0 0 0 0]
0 6&6 5&5 4(14 3(13 2@2 aj 0 0 0 0 0
0 ag a5 as a3 as a1 ag 0 0 0 0
0 0 6&6 5&5 4a4 3a3 2a2 aj 0 0 0 0
0 0 ag as a4 as as ai ag 0 0 0
. 0 0 0 6a6 5CL5 4CL4 3a3 2612 aj 0 0 0
dlSC(h) - 0 0 0 ag as a4 as as al ag 0 0
0 0 0 0 6&6 5&5 4CL4 3&3 2&2 aq 0 0
0 0 0 0 Qg as a4 as a9 aj aq 0
0 0 0 0 0 6ag bdas 4dag 3az 2a9 a3 O
0 0 0 0 0 Qg as a4 as a9 aj ag
0 O 0 0 0 0 G6ag bdas 4ag 3a3 2a2 aq |

Here aj, equals the coefficient of the degree-k term of h as defined in Equation (28); that is, ag = —d°,
as = d*(c + 2ad), ay = —d(c® 4 2d + 3acd + a?d?), a3z = d(c + 3ac?® + 2ad + 3a’cd), ag = —(c + ac® + d +
2acd +3a%ctd+adcd?), a1 = ac(l1+ac)(2c+ad), and ag = —a?c?(1+ac). Let Ay, denote the determinant of
the submatrix of disc(h) formed by its first 2k rows and 2k columns for £ = 1,2,...,6. Then the values of
Ay are listed above, and the veracity of the statements above may now be verified by employing Theorem
1 of [12]. Notice that Ay > 0 for all d > 0. O

Remark 3 The parametric conditions discussed above do not exhaust all of the parametric space but
cover a substantial region of parameters for which Equation (23) possesses hyperbolic dynamics.

We will use the sufficient conditions provided in Theorems 10, 11, and 12 to obtain some global dynamic
scenarios discussed in [4]. We will not investigate the dynamics of Equation (23) when it has one or no
positive fixed point since in such cases the dynamics should be similar to the dynamics of Equation
(19) discussed in Theorem 9. The following theorem relies on results from [4] and summarizes potential
hyperbolic dynamic scenarios for Equation (23) in the event it possesses three fixed points and zero, one,
or three pairs of hyperbolic period-two points. In particular, Theorem 3 is applicable to case (ii) of the
following result. See also the statement and proof of Theorem 11 in [4].

Theorem 13 Consider Equation (23) and assume 0 < ¢ < ad,ac < 1 such that R > 0.

(i) If A; > 0 for all 2 < i < 6 then Equation (23) has three equilibria To < T_ < Ty, where Ty and
T4 are locally asymptotically stable and T_ is a repeller, and three minimal period-two solutions
{o1, U1}, {2,902}, and {¢3,¢s}. Here (¢1,91) <ne (¢2,2) <ne (83, 3), {¢1,91} and {$3, s} are
saddle points, and {¢a,12} is locally asymptotically stable. The global behavior of Equation (23) is
described by Theorem 8 of [4]. In this case there exist four continuous curves W#(¢1,11), W* (1, 1),
WH(ps3, 13), WE2(¢3, ¢3) that have endpoints at E_ = (T_,Z_) and are graphs of decreasing functions.
FEvery solution which starts below W*(¢1,11) U W*(¢1, ¢1) in the northeast ordering converges to
Ey = (To, To) and every solution which starts above W?*(¢s, 13) UW?* (13, ¢3) in the northeast ordering
converges to Ey = (T4, T4+). Every solution which starts above W?(¢p1,11) U W?* (11, 1) and below
W53, 103) UW? (13, ¢3) in the northeast ordering converges to {¢pa,12}. For example, this happens

_ _ 389 _ 249
fora=1,c= 53, and d = %7 .
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(it) If A; <0 for some2 < j <5 and A; > 0 fori # j, then Equation (23) has three equilibria Ty < T_ <
T4, where Tg and T4 are locally asymptotically stable and T_ s a repeller, and one period-two solution
{p1,91}, which is a saddle point. The global behavior of Eq. (23) is described by Theorem 7 of [4].
In this case there exist four continuous curves W*(¢1,11), W3 (11, é1), W (1, 11), W (1, ¢1), where
W3 (h1,4n), W (11, 1) have endpoints at E_ = (T_,ZT_) and are graphs of decreasing functions. The
curves W*(é1,vU1), W* (11, ¢1) are graphs of increasing functions and start at Ey = (o, To). Every
solution which starts below W?3(p1,11) U W*(¢1, ¢1) in the northeast ordering converges to Ey and
every solution which starts above W?*(¢1,1¢1) U W?*(¢1,¢1) in the northeast ordering converges to

237

E, = (T4+,T4) . For example, this happens for a =1, ¢ = %, and d = Zf.

(i1i) If A; < 0 and Ajr1 > 0 (such that at least one of these is strict) for some 2 < i < 4, and if
Ag < 0, then Eq. (23) has three equilibria To < T_ < T4, where Ty and T4 are locally asymptotically
stable and T_ is a saddle point, and no period-two solution. The global behavior of Equation (23) is

described by Theorem 5 of [4] or Theorem 9 case (4). For example, this happens for a =1, ¢ = %,
and d = L7
48

Equation (23) exhibits global dynamics similar to that of Equation (10), which was investigated in [4].
Therefore, we pose the following conjecture.

Conjecture 1 There exists a topological conjugation between the maps in Equations (10) and (23).
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