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ABSTRACT
The asymptotic properties of a class of nonlinear second order difference
equations are studied. Sufficient conditions that imply the types of behavior
mentioned in the title are discussed, in some cases within the context of the
macroeconomic business cycle theory. We also discuss less commonly seen types
of behavior, such as the equilibrium being simultaneously attracting and unsta-
ble, or the occurrence of oscillations away from a unique equilibrium.

RESUMEN

Se estudian las propiedades asintéticas de una clase de ecuaciones en diferen-
cia no lineales de segundo orden. Se discuten condiciones suficientes que implican
los tipos de comportamiento mencionados en el titulo, en algunos casos dentro
del contexto de la teoria del ciclo de los negocios macroeconémicos. Ademds
se discuten tipos de comportamiento menos vistos cominmente, tales como el
equilibrio siendo simultdneamente atractivo e inestable, o la ocurrencia de oscila-
ciones lejos de un equilibrio tnico.
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Introduction

Few known difference equations display the wide range of dynamic behaviors that
the equation

Tpt1 = Ty + f(@n —Tp—1), 0<c<1l, n=0,1,2... (1)

exhibits with even a limited selection of function types for f (assumed continuous
throughout this paper). The nonlinear, second order difference equation (1) has its
roots in the early macroeconomic models of the business cycle. Indeed, a version of
(1) in which f(t) = at + § is a linear-affine function first appeared in Samuelson
(1939). Various nonlinear versions of (1) subsequently appeared in the works of many
other authors, notably in Hicks (1950) and Puu (1993). For more details, some
historical remarks and additional references see Sedaghat (2003a). The mapping f
in (1) includes as a special case the sigmoid-type map first introduced into business
cycle models (in continuous time) in Goodwin (1951). These classical models provide
an intuitive context for the interpretation of the many varied results about (1).

In this paper we discuss several mathematical results that have been obtained
about the asymptotic behavior of (1). These results include sufficient conditions for
the global attractivity of the fixed point and conditions that imply the occurrence
of persistent oscillations of solutions of (1). Historically, the latter, endogenously
driven oscillatory behavior was one of the main attractions of (1) in the economic
literature. The case ¢ = 1 which in Puu (1993) models full consumption of savings,
is substantially different from 0 < ¢ < 1; we discuss both cases in some detail.

We also show that under certain conditions, solutions of (1) exhibit strange and
complex behavior. These conditions include a case where the fixed point is globally
attracting yet unstable. Also seen as possible is the occurrence of persistent, off-
equilibrium oscillations; i.e., oscillations which do not occur about a fixed point. We
also state various conjectures and open problems pertaining to (1). The essential
background required for understanding the results of this paper is minimal beyond
elementary real analysis and some mathematical maturity. However, some readers
may benefit from a look at helpful existing texts and monographs such as Elaydi
(1999), Kocic and Ladas (1993), LaSalle (1986), Sedaghat (2003a).

1 Oscillations

In this first section of the paper, we consider the problem of oscillations for solutions
of (1). In addition to being of interest mathematically, from a historical point of view
this was the main attraction of business cycle models based on (1). In fact, in those
economic models the kind of non-decaying, nonlinear oscillation that is discussed next
was of particular interest.

7, 2(2005)
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1.1 Persistent oscillations

Consider the general n-th order autonomous difference equation

Tn+1 = F(l'ny Tn—1y--- 71'n—m+1) (2)
This clearly includes (1) as a special case with m = 2.

Definition 1. (Persistent oscillations) A bounded solution {x,} of (2) is said to be
persistently oscillating if the set of limit points of the sequence {z,,} has two or more
elements.

Persistent oscillations are basically a nonlinear phenomenon because nonlinearity
is essential for the occurrence of robust or structurally stable persistent oscillations.
Indeed, if F is linear then its persistently oscillating solutions can occur only when a
root of its characteristic polynomial has magnitude one; i.e., for linear maps persistent
oscillations do not occur in a structurally stable fashion. Next we quote a fundamental
result on persistent oscillations; for a proof which uses standard tools such as the
implicit function theorem and the Hartman-Grobman theorem, see Sedaghat (2003a).

Theorem 1. Assume that F in FEq.(2) satisfies the following conditions:

(a) The equation F(x,...,x) = x has a finite number of real solutions Ty < ... < Ty;
(b) For i = 1,...,m, the partial derivatives OF; = OF/0x" exist continuously at
X; =(Zj,...,%;), and every root of the characteristic polynomial

AT =S OF(X)Am
i=1

has modulus greater than 1 for each j=1,... k;
(c) For every j=1,....k, F(Z;,...,Z;,x) # & if v # I;.
Then all bounded solutions of (2) except the trivial solutions T;, j = 1,...,k, oscillate

persistently. If only (a) and (b) hold, then all bounded solutions that do not converge
to some T; in a finite number of steps oscillate persistently.

The next result is the second-order (and sharper) version of Theorem 1.

Corollary 1. Consider Eq.(2) with m = 2 and F = F(x,y). Assume that the
following conditions hold:

(a) The equation F(x,x) = x has a finite number of solutions Ty < ... < Ty;

(b) Fp = 0F/0x and F, = OF /0y both exist continuously at (Z;,Z;) for all j =
1,...,k, with:

|Fy(z5,75)| > 1, |Fy(Z5,25) — 1] > |Fu(Z5,Z5)]| -

(c) Forevery j=1,...,k, F(Z;,y) # Z; if y+#Z;.
Then all non-trivial bounded solutions oscillate persistently.

Definition 2. (Absorbing intervals) Equation (2) has an absorbing interval [a,b] if
for every set xg,x_1,...Z_my1 of initial values, the corresponding solution {z,} is



92 Hassan Sedaghat

7, 2(2005)

eventually in [a, b]; that is, there is a positive integer N = N(xg,...Z_mn41) such that
Zn € [a,b] for all n > N. We may also say that F' (or its standard vectorization) has
an absorbing interval. In the special case where a > 0, (2) is said to be permanent.

Remarks. 1. If F in (2) is bounded, then obviously (2) has an absorbing interval.
Also, if (2) has an absorbing interval, then obviously every solution of (2) is bounded.
The converses of these statements are false; the simplest counter-examples are pro-
vided by linear maps which are typically unbounded. A straightforward consideration
of eigenvalues shows that if F' is linear, then an absorbing interval exists if and only
if the origin is attracting. On the other hand, if all eigenvalues have magnitude at
most one with at least one eigenvalue having magnitude one, then every solution is
bounded although there can be no absorbing intervals. An example of a nonlinear
mapping that has no absorbing intervals, yet all of its solutions are bounded is the
well-known Lyness map F(z,y) = (a + z)/y, a > 0; also see Theorem 6 below.

2. An absorbing interval need not be invariant, as trajectories may leave it and
then re-enter it (to eventually remain there); see Corollary 6 below and the Remark
following it. Also an invariant interval may not be absorbing since some trajectories
may never reach it.

3. The importance of the concept of permanence in population biology (commonly
referred to as “persistence” there) has led to a relatively larger body of results than
is available for absorbing intervals in general. These results are also of interest in
social science models where the state variable is often required to be positive and in
some cases, also bounded away from zero. See Kocic and Ladas (1993) and Sedaghat
(2003a) for more examples and details.

Our next result requires the following lemma which we quote from Sedaghat
(1997). Lemma 1 refers to the first order equation
Ung1 = fvn), v1=21-20 (3)

which with the given initial value relates naturally to (1).

Lemma 1. Let [ be non-decreasing.
(a) If {x,} is a non-negative solution of (1), then

n
T < g+ E Ry
k=1

for all n, where {v,} is a solution of (3).
(b) If {zn} is a non-positive solution of (1), then

n
Tp > g + g Ry
k=1

Theorem 2. Let f be non-decreasing and bounded from below on R, and let ¢ < 1.
If there exists o € (0,1) and ug > 0 such that f(u) < au for all u > ug, then (1) has
a nontrivial absorbing interval. In particular, every solution of (1) is bounded.



7, 2(2005)

Global Attractivity, Oscillations and Chaos in ... 93

Proof. If we define w,, = f(x, — x,—1) for n > 1, then it follows inductively from
(1) that
Tp =" o+ 2w+ CWyg Wy (4)

for n > 2. Let Ly be a lower bound for f(u), and without loss of generality assume
that Lo < 0. As wg > Ly for all k, we conclude from (4) that

1— n—1
Tp > ey 4 (106) Lo

for all n, and therefore, {z,,} is bounded from below. In fact, it is clear that there is
a positive integer ng such that for all n > ng,
Lo

n> L= -1
In = 1—c

We now show that {z,} is bounded from above as well. Define z, = y1pn, — L
for all n > 0, so that z, > 0 for all n. Now for each n > 1 we note that

Zntl = CTping + f(anrno — Tping-1) — L
= ¢zt f(zn —2p—1) — L1 —¢) .

Define g(u) = f(u) — L(1 —¢), and let § € (a, 1). It is readily verified that g(u) < du
for all v > u; where
—L(1-¢) }

uq imax{uo, s
If {r,} is a solution of the first order problem

Tnt1=9(rn) ,  T1=21— 20
then since f is bounded from below by Lo — (1 — ¢)L = 1 — ¢, we have

Tn = 9(7‘n—1) >1l-c

for all n > 2. Thus {r,} is bounded from below. Also, if r; > u; for some k > 1,
then

rre1 = g(rE) <ok <71 .

If 41 > wy also, then §r, > i1 > ug and since g is non-decreasing,
Tht2 = g(rie1) < g(ori) < 6%y,

It follows inductively that
it < 0l

as long as ryy; > uy. Clearly there is m > k such that r,,, < u;. Then

Tmt+1 = g(Tm) < glur) < dur < wy
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by the definition of u;. By induction r,, < u; for all n > m. Now Lemma 1(a) implies
that for all such n,

Zn A T R L S D N cL ot
— — n—m
" m+1(zocm 2+"'+Tm—1)+u1 Zk=0 Ck

MKy 4+ up (1 —¢) 7 (1 — ermmtL)

A IA

Thus there exists ny > m such that

Uy +1

Zn <

for all n > ny. Hence, for all n > ng + ny we have z,, € [L, M] where

oo,

M =
1

—c
It follows that [L, M] is an absorbing interval.

There is also the following more recent result which we quote from Kent and
Sedaghat (2003). In contrast to Theorem 1, f is not assumed to be increasing in
the next theorem, and if f is unbounded from below then it is also unbounded from
above.

Theorem 3. Let ¢ < 1 and assume that constants 0 < a <1 and b > 0 exist such
that @ # (1 - VT —¢)? and
|f(t) —at] <b forall t.

Then (1) has a non-trivial absorbing interval. In particular, all solutions of (1)
are bounded.

Remark. It is noteworthy that both Theorems 2 and 3 exclude non-increasing func-
tions, except when f is bounded (at least from above). This is not a coincidence; for
example, if f(t) = —at then (1) is linear and all solutions are unbounded if

c+1

<a<l.

The next corollary concerns the persistent oscillations of trajectories of (1).

Corollary 2. In addition to the conditions stated in either Theorem 2 or Theorem
3, assume that f is continuously differentiable at the origin with f'(0) > 1. Then for
all initial values xo,x_1 that are not both equal to the fixed point T = f(0)/(1 — ¢),
the corresponding solution of (1) oscillates persistently, eventually in an absorbing
interval [L, M].

Proof. To verify condition (b) in Corollary 1, we note that

Fy(z,2) = c+ f'(0), F,(z,2)=—f'(0)

which together with the fact that f/(0) > 1 > ¢ imply the inequalities in (b).
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As for condition (c) in Corollary 1, since f is strictly increasing in a neighborhood
of 0, if there is y such that

T=F(z,y)=ct+ f(Z—y)
then f(0) = f(Z — y), so that T — y = 0, as required.

We now consider an application to the Goodwin-Hicks model of the business cy-
cle. This model is represented by the following generalization of Samuelson’s linear
equation

Yo=cYp 1+ 1(Yn1— Yo 2)+ Ao+ Co + Go (5)

where I : R — R is a non-decreasing induced investment function. The terms Y,, give
the output (GDP or national income) in period n and the constants Ay, Cy, Gy are,
respectively, the autonomous investment, the minimum consumption and government
input. We assume in the sequel that

Ao+ Co+ Gy > 0.

The number ¢ here is the “marginal propensity to consume” or MPC. It gives the
fraction of output that is consumed in the current period. If we define the function

f(t)if(t)-f—Ao-i-Co-i-Go, teR,

we see that (5) is a special case of (1). The next definition gives more precise infor-
mation about that function.

Definition 3. A Goodwin investment function is a mapping G € C'(R) that satisfies
the following conditions:

(i) G(0) =0 and G(t) + Ao + Co + Go > 0 for all ¢t € R;

(ii) G'(t) > 0 for all t € R and G’(0) > 0;

(iii) There are constants top > 0, 0 < a < 1 such that G(t) < at for all t > to.

The next result is an immediate consequence of Corollary 2. It gives specific
criteria for persistent oscillations of output trajectories, as is expected of a business
cycle.

Corollary 3. (Persistent oscillations) Consider the equation
Yn = Yn-1+ G(Yn—1 = Yn—2) + Ao+ Co + Go, 0<c<1, (6)

where G is a Goodwin investment function. If G'(0) > 1, then all non-trivial solutions
of (6) oscillate persistently, eventually in the absorbing interval [L,t1/(1 — ¢) + 1],
where t1 >ty is large enough that G(t) + Ag + Co + Go < at for t > t1 if G(t) < at
for t >ty and where

L:tlil_n G(t)+A0+Co+G020
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1.2 Other oscillatory behavior

Here we approach the oscillation problem for (1) at a more general level, without
requiring that the oscillatory behavior to be persistent. We begin with the following
lemma; it gives conditions that imply a more familiar type of oscillatory behavior
than that seen in the preceding sub-section. Note that if ¢ f(¢) > 0 for all ¢, then by
continuity f(0) = 0 and the origin is the unique equilibrium of (1).

Lemma 2. If tf(t) > 0 for all t then every eventually non-negative and every
eventually non-positive solution of (1) is eventually monotonic.

Proof. Suppose that {z,} is a solution of (1) that is eventually non-negative, i.e.,
there is k£ > 0 such that x,, > 0 for all n > k. Either z,, > x,_1 for all n > k in
which case {x,} is eventually monotonic, or there is n > k such that z, < x,_;. In
the latter case,

Tp4+1 = CTp + f(xn - xn—l) S CInp S T

so that by induction, {z,} is eventually non-increasing, hence monotonic. The argu-
ment for an eventually non-positive solution is similar and omitted.

The preceding lemma and the first part of the next theorem are taken from
Sedaghat (2003b).

Theorem 4. Let 0 <c< 1.

(a) If tf(t) > 0 for all t, then (1) has no solutions that are eventually periodic with
period two.

(b) Let b= (1— \/ﬁ)z If B> a>band alt] <|f(t)| < BJt| for all t, then every
solution of (1) oscillates about the origin.

Proof. Let {z,,} be a solution of (1). We claim that if ¢ > 0 then for all k > 1,

Tk > 0> a1 implies zpye <0
T <0< xK41 implies xpyo >0

For suppose that xx > 0 > xp1 for some k£ > 1. Then
Tpt2 = Ty + f(@rt1 — 2x) < g1 < 0.

The argument for the other case is similar and omitted. Now by Lemma 2, if a
solution {z,} eventually has period 2, then for all sufficiently large n, there is z,, > 0,
Tpt1 < 0and x40 = x, > 0. If ¢ > 0 then this contradicts the above claim. If c =0
then

0<$n:xn+2§f(xn+1_wn)§0

which is again a contradiction. Hence, no solution of (1) can eventually have period
two.

(b) See Kent and Sedaghat (2003) for a proof.
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2 The Case c=1

We now consider the case ¢ = 1. This case is substantially different from the case
0 < ¢ < 1 and it is informative to contrast these two cases. Also Puu’s equation
below reduces to this case. First, we note that with ¢ = 1, Eq.(1) may be put in the
form

Tntl — Tn = f(xn - mn—l) (7)
From this it is evident that the standard vectorization of (7) is semiconjugate to the
real factor f relative to the link map H(z,y) = x — y; see Sedaghat (2003a). Further,
the solutions {x, } of (1) are none other than the sequences of partial sums of solutions
{vn} of (3), since the difference sequence {Ax,,} satisfies (3).

Theorem 5. Let {x,} be a solution of the second order equation (7) and let {v,} be
the corresponding solution of the first order equation (3).

(a) If v* is a fized point of (3) then x,, = xo + v*n is a solution of (7).

(b) If {v1,...,vp} is a periodic solution of (3) with period p, then

Ty = 2o — Wy + TN (®)
is a solution of (7) with v =p~! P_, vi the average solution, and
Pn

wn:@pnfzvja (Uoio)

j=0

where py, is the remainder resulting from the division of n by p. The sequence {wy,}
is periodic with period at most p.
Proof. Part (a) follows immediately from the identity

Tp = X + Z V; (9)
i=1

which also establishes the fact that solutions of the second order equation are essen-
tially the partial sums of solutions of the first order equation.

To prove (b), observe that in (9), after every p iterations we add a fixed sum
>-F v to the previous total. Therefore, since n may generally take on any one of
the values pk + p,, where 0 < p,, < p — 1, we have

P Pn
xn:onrkaiJerj. (10)
i=1 §=0

Now substituting & = n/p — p,/p in (10) and rearranging terms we obtain (8).
Also w,, is periodic since p,, is periodic, and the period of w,, cannot exceed p, since
wpr = 0 for each non-negative integer k.

Corollary 4. If {v,} is periodic with period p > 1, then the sequence {x, —vn} is
also periodic with period at most p. In particular, {x,} is periodic (hence bounded)
if and only if 7= 0.
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The next result in particular shows that unlike the case ¢ < 1, under conditions
implying boundedness of all solutions, (1) typically does not have an absorbing inter-
val.

Theorem 6. Assume that there exists a constant « € (0,1) such that |f(u)| < a|ul
for all u. Then every {v,} converges to zero and every {x,} is bounded and converges
to a real number that is determined by the initial conditions xg, x1.

Proof. Note that |v,41| = |f(vn)] < alv,| for all n > 1. It follows inductively that
|vn| < @™ |v1], and hence,

ol < nl 3t < 212
k=1 k=1 -

which implies that the series Y | |v,,| converges. It follows at once that {v,} must
converge to zero and that {z,} is bounded and in fact converges to the real number

xo + ZZOZI Upp -

3 Complex Behavior

Under the conditions of Corollary 3, the unique equilibrium

. Ag + Co + Go
1—c¢

of (6) is repelling (or expanding) but it is not a snap-back repeller (see Marotto,
1978 or Sedaghat, 2003a for a definition). This is due to Condition (c¢) in Corollary
1. Indeed, with a Goodwin function numerical simulations tend to generate quasi-
periodic rather than chaotic trajectories. However, if we do not assume that f is
increasing, more varied and complex types of behavior are possible. This is the case
in Puu’s model, which we describe next.

3.1 Chaos and Puu’s model

The number s = 1 — ¢ € (0,1] is called the marginal propensity to save, or MPS for
short. In each period n, a percentage of income sY,, is saved in the Samuelson-Hicks-
Goodwin models and is never consumed in future periods - hence, savings are said
to be “eternal.” At the opposite extreme, we have the case where the savings of a
given period are consumed entirely within the next period (Puu, 1993, Chapter 6).
Puu suggested an investment function in the form of a cubic polynomial @ seen in
the following type of difference equation

Yn = (1 - S)yn—l + sYn—2 + Q(yn—l - yn—2) (11)

where @ is the cubic polynomial Q(t) = at(1 — bt —t2), b > 0, a > s. Puu took b = 0
(which makes @ symmetric with respect to the origin); but as we will see later, this
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restriction is problematic (see the remarks on growth and viability below). Equation
(11) may alternatively be written as follows

Yn = Yn—1 + P(ynfl - yn72) (12)
in which we call the (still cubic) function
P(t) = Q(t) — st = t(a — s — abt — at?)

Puu’s (asymmetric) investment function. Note that (12) is of the form (1) with ¢ =1

as in the preceding section. Therefore, each solution {y,} of (12) is expressible as

the series y, = yo + EZ;S z, where {z,} is a solution of the first order initial value
problem

zn = P(zn-1), 20 =1 — Yo. (13)

Each term z, is just the forward difference y,+1 — yn, and a solution of (13)

gives the sequence of output or income differences for (12). In order to study the

dynamics of Equations (12) and (13), we gather some basic information about P.
Using elementary calculus, it is easily found that the real function P has two critical

points
1 s
+_ 1| 2 _2
I3 3[ bt 4/b +3<1 a)]

with €~ < 0 < €. Similarly, P has three zeros, one at the origin and two more given

by
gi:% {—bi bQ+4<1—Z>]

Further, if @ > s+ 1, then for all b > 0, P has three fixed points, one at the origin

and two more given by
1
bi\/b2+4<1 i >
a

Remarks. (Growth and Viability Criteria) Assume that the following inequalities
hold:

ti

1
2

0 < PX(e7) < P(¢Y). (14)
Then it is not hard to see that P({7) < ¢~ and that the interval
I=[P(¢7), max{¢", P(¢7)}]

is invariant under P. We refer to inequalities (14) as the viability criteria for Puu’s
model as they prevent undesirable outcomes such as negative income. See Figure 1.
Next, suppose that

P(ET) < (T,  or equivalently, P?(¢T) > 0. (15)
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Figure 1: A viable Puu investment function

In this case, the right half I = [0,(*] of I is invariant under P, and it follows
that the income sequence {y,} is eventually increasing. For this reason, we refer
to condition (15) as the steady growth condition. The function depicted in Figure 1
satisfies both the steady growth and the viability criteria.

The proofs of (a) and (b) in the next corollary follow from Theorem 5. For a proof
of the rest and some examples, see Sedaghat (2003a).

Corollary 5. (Steady growth) Assume that inequalities (14) and (15) hold. Also
suppose that a > s+ 1 and yo — y_1 € IT. Then the following statements are true:

(a) If P'(t*) < 1, then each non-constant solution {y,} of (12) is increasing and the
difference |y, — t+n| approaches a constant as n — oo.

(b) If P'(t*) > 1 and {v1,...,vx} is a limit cycle of (13), then each non-constant
solution {y,} of (12) is increasing and the difference |y, — vn| approaches a periodic
sequence {wn} of period at most k, where

k Pn
_ .1 . _ )
v=g ;,1 Vi, Wp =+ Vp, — IE,O vi, (vp = 0)

with « a constant, and p, the remainder resulting from the division of n by k.

(¢) If P has a snap-back repeller (e.g., if it has a 3-cycle) then each non-constant
solution {yn} of (12) is increasing, the corresponding difference sequence {Ay,} is
bounded, and for an uncountable set of initial values, chaotic.
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Remarks. 1. The preceding result shows that unlike the Hicks-Goodwin model,
Puu’s model (and hence, (1) with ¢ = 1) is capable of generating endogenous growth
(i.e., without external input). Under the conditions of Corollary 5(c), this growth
occurs at an unpredictable rate. The implication that the existence of a 3-cycle implies
chaotic behavior was first established in the well-known paper Li and Yorke (1975).
The existence of 3-cycles implies the existence of snap-back repellers (Marotto, 1978).
Figure 2 shows a situation where the fixed point is a snap-back repeller because it is
unstable yet a nearby point ¢y moves into it.

I P

Figure 2: A snap-back repeller in Puu’s investment

Chaotic behavior may be observed in the output trajectory {y, } itself and not just
in its rate sequence. For instance, if inequalities (14) hold but (15) does not, then I
is invariant but not I™. Hence, Ay, is negative (and positive) infinitely often, and
sustained growth for {y,} either does not occur, or if it occurs over longer stretches
of time, it will not be steady or strict. See Sedaghat (2003a) for an example of this
situation.

3.2 Strange behavior

Going in a different direction, note that by (i) and (ii) in Definition 3 a Goodwin
function can exist only if Ag+ Cy+ Gy > 0. To study the consequences of the equality
Ao+ Co + Gy =0, we replace (ii) in Definition 3 by:

(ii)’ H is non-decreasing everywhere on R, and it is strictly increasing on an

interval (0, ¢) for some § > 0;

Here we are using H rather than G to denote the more general type of invest-
ment function that (ii)" allows. The next corollary identifies an important difference
between the smooth and non-smooth cases.
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Corollary 6. (Economic ruin) Assume that Ag+ Co + Go = 0. Then every solution
of
Yn = CYn—1 + H(yn—l - yn—2) (16)

converges to zero, eventually monotonically. Moreover, the following is true:

(a) If H € CY(R), then H'(0) = 0 and the origin is locally asymptotically stable.
Thus, the income trajectory stays near the origin if the initial income difference is
sufficiently small.

(b) If H(t) =bt on an interval (0,r) for some r >0 and

b> (1+Vi-o) (17)

then the origin is not stable. If 0 = y_1 < yo < r then the income trajectory {y,} is
increasing, moving away from the origin until y, — yp—1 > r, no matter how close yq
18 to zero.

Proof. If Ay + Cy+ Gy = 0, then H(t) = 0 for ¢ < 0. Now, there are two possible
cases: (I) Some solution {y,} of (16) is strictly increasing as n — oo, or (II) For
every solution there is k > 1 such that yx_1 > yi. Case (I) cannot occur for positive
solutions, since by Theorem 2 the increasing trajectory has a bounded limit ¢ with

y= nli,rr;o[cy"71 + H(ynfl - yn72)} =cy+ H(O) = ¢y,
which implies that § = 0. For y_1, 3o < 0 the sequence {y, } is increasing since

Ynt1 = CYn + H(Yn—1 — Yn—2) > cYn > Yn

as long as y, remains negative. Thus either y, — 0 as n — oo, or y,, must become
positive, in which case the preceding argument applies. In case (II), we find that

Yk+1 = CYr < Yk

so that, proceeding inductively, {y,} is strictly decreasing for n > k. Since the origin
is the only fixed point of (16), it follows that y,, — 0 as n — oo.

Next, suppose that (a) holds. If H(¢) is constant for ¢ < 0, then H'(t) = 0 for
t < 0, and thus, H'(0) = 0 if H' is continuous. Thus the linearization of (16) at the
origin has eigenvalues 0 and ¢, both with magnitude less than 1.

Now assume that (b) is true. On the interval (0,7), a little algebraic manipulation
shows that due to condition (17), the eigenvalues A\; and Ay of the linear equation

Yn+1 = Yn + b(Yn — Yn—1) = (b + ¢)yn — byn—1 (18)

are real and that

0< A\ =

- 2_4 vV 2_4
b+c (b+¢) b<1<>\2:b+c+ (12)+c) b'

2
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With initial values y_; = 0 and yo € (0, r), the corresponding solution of the linear
equation (18) is
Yo ()\n+1 _ /\?ﬂ)

s T

which is clearly increasing exponentially away from the origin, at least until y,, (hence
also the difference y, — y,—1 since yo —y—1 = yo) exceeds r and H assumes a possibly
different form. The instability of the origin is now clear.

Remark. (Unstable global attractors) Under conditions of Corollary 6(b), the origin
is evidently a globally attracting equilibrium which however, is not stable. This is a
consequence of the non-smoothness of the Hicks-Goodwin map at the origin, since in
Part (a), where the map H is smooth, the origin is indeed stable.

Remark. (Off-equilibrium oscillations) Note that the mapping H (t) of Corollary 6(b)
has its minimum value at the origin, which is also the unique fixed point or equilibrium
of the system. If the mapping f in (1) is characterized by this property, then solutions
of (1) are in general capable of exhibiting other types of strange behavior that do not
occur with non-decreasing maps of type H.

Suppose that f has a global (though not necessarily unique) minimum at the
origin and without loss of generality, assume that f(0) = 0. Then the origin is the
unique fixed point of (1). Clearly, if (1) exhibits oscillatory behavior in this case, then
such oscillations occur off-equilibrium, i.e., they do not occur about the equilibrium
or fixed point. In particular, if z,, is a solution exhibiting such oscillations, then its
limit superior is distinct from its limit inferior. As a very simple example of this sort
of oscillation, it is easy to verify that with

f(t) = min{|t], 1}, ¢=0

(1) has a periodic solution {0, 1, 1} exhibiting off-equilibrium oscillations with limit
superior 1 and limit inferior 0. However, off-equilibrium oscillations can generally
be quite complicated (and include chaotic behavior) with non-monotonic f; see the
example of non-monotonic convergence after Conjecture 1 below. For examples not
involving convergence see Sedaghat (2003a).

4 Global Attractivity

In this section we consider various conditions that imply the global attractivity of
the unique fixed point of (1), namely, z = f(0)/(1 — ¢). Throughout this section it
is assumed that 0 < ¢ < 1. We begin with a condition on f under which the origin
is globally asymptotically stable. We need a result from Sedaghat (1998) which we
quote here as a lemma.

Lemma 3. Let g : R™ — R be continuous and let T be an isolated fized point of

Tn+1 = g(xnaxnfla ey xnfm)~
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Also, assume that for some o € (0,1) the set

Ao ={(ur, .. um) s |glur, ... um) — 2| < amax{|u; — Z|,. .., |u, — Z|}
has a nonempty interior (i.e., g is not very steep near ) and let r be the largest
positive number such that [T —r,Z+r|™ C A,. Then T is exponentially stable relative
to the interval [T —r, T + r].

The function g in Lemma 3 is said to be a weak contraction on the set A,; see
Sedaghat (2003a) for further details about weak contractions and weak expansions. As
a corollary to Lemma 3 we have the following simple, yet general fact about equation

(1).

Theorem 7. If |f(t)| < alt| for all t and 0 < a < (1—c)/2 then the origin is globally
attracting in (1).

Proof. The inequality involving f in particular implies that f(0) = 0, so that the
origin is the unique fixed point of (1). Define g(x,y) = cx + f(x — y) and notice that

l9(z,y)| < cla] + alz —y|
< (c+a)lz| + aly|
< (¢ + 2a) max{|z], |y[}.

Since ¢ 4+ 2a < 1 by assumption, it follows that ¢ is a weak contraction on the
entire plane and therefore, Lemma 3 implies that the origin is globally attracting (in
fact, exponentially stable) in (1).

Remark. If f(0) = 0 and f is continuously differentiable with derivative bounded in
magnitude by a or more generally, if f satisfies the Lipschitz inequality

|f(t) = f(s) < alt — |

then in particular (with s = 0), |f(¢)| < alt| for all t. However, if f satisfies the
conditions of Theorem 7 then it need not satisfy a Lipschitz inequality. Theorems 8
and 9 below improve the range of values for a in Theorem 7 with the help of extra

hypotheses.

4.1 When f is minimized at the origin

In this sub-section we look at the case where f has a global minimum (not necessarily
unique) at the origin. These types of maps were noted in the previous section when
remarking on off-equilibrium oscillations. It will not be any loss of generality to
assume that f(0) = 0 in the sequel, so that £ = 0. This will simplify the notation.
We begin with a simple result about the non-positive solutions.

Lemma 4. If f(t) >0 for all t and f(0) = 0 then every non-positive solution of (1)
is nondecreasing and converges to zero.

Given Lemma 4 and the fact that if zp > 0 for some £ > 0 then x,, > 0 for all
n > k, it is necessary to consider only the positive solutions. Before stating the main
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result of this section, we need another version of Lemma 3 above which we quote here
as a lemma. See Sedaghat (1998) or Sedaghat (2003a) for a proof.

Lemma 5. Let g : R™ — R be continuous and let T be an isolated fized point of

Tn+1 ::g(xnaxn447~~~axnfnJ~

Let Vy(ui,...,um) = (g(u1, ..., Um),u1,...,Um—1) and for o € (0,1) define the
set

Ao ={(ur, .. um) s |glur, ... um) — 2| < amax{|u; — Z|,. .., |u, — Z|}
If S is a subset of Ay such that Vy(S) C S and (Z,...,Z) € S, then (Z,...,Z) is
asymptotically (in fact, exponentially) stable relative to S.
The next theorem is from Sedaghat (2003c).
Theorem 8. Let 0 < f(t) < alt| for all t.
(a) If a <1—c, then every positive solution {x,} of (1) converges to zero.

(b) If a < c then every positive solution {x,} of (1) eventually decreases monotoni-
cally to zero.

(¢) If a < max{c,1— c} then the origin is globally attracting.
Proof. (a) Assume that a < 1 — c. Define g(z,y) = cx + f(x — y) and for z,y > 0
notice that

9(x,y) < cx +alz —y|
< cx + amax{z, y}
< (c+ a)max{x,y}.
Since ¢ + a < 1 by assumption, it follows that g is a weak contraction on the

non-negative quadrant, i.e.,
[O, 00)2 C Aa+c~

Since [0, 00)? is invariant under g, Lemma 5 implies that the origin is exponentially
stable relative to [0, 00)2. Thus every positive solution {z,,} of (1) converges to zero.
(b) Let {x,} be a positive solution of (1). Then the ratios

T
Tn = n, n>0
Tp—1
are well defined and satisfy
Ty — Ty a|Ty — Tp— 1
rn+1:c+f( L 1)§0+ [0 =z 1‘:cha 1——.
Tn Tn Tn

Since it is also true that r,+1 = ¢+ f(2y, — 2p—1)/T, > ¢ we have

1
1- —
Tn

c<rpy1<c+a n > 0.

7
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If r1 < 1 then since r; > ¢, we have ¢ < ry <c—a+— <c—a+ < 1 where the
1
last inequality holds because a < ¢ < 1. Inductively, if for k: >2, ¢< rn <1l, n<k
then ¢ <71y <c—a+ 2 <1 so that
r1<l=rmr,<1 forall n>1. (19)

Now suppose that r; > 1. Then

a
c<rg<c+a——<c+a.
1

If c+a <1, then ry < 1 and (19) holds. Assume that a + ¢ > 1 and ro > 1. Then

a
ry<c+a—— <ra.
T2

The last inequality holds because for every r > 1, ¢+ a — a/r < r if and only if
r? —(c+a)r+a>0. (20)

Inequality (20) is true because the quadratic on its left side can have zeros only
for r < 1. Now, if r3 < 1, then (19) holds for n > 2. Otherwise, using (20) we can
show inductively that

L >Te >1r3 >

so there is k > 1 such that r, < 1 and (19) applies with n > k. Hence, we have shown
that for any choice of rg, the sequence r,, is eventually less than 1; i.e., z,, < z,_1 for
all n sufficiently large and the proof is complete.

(¢) Immediate from Parts (a) and (b) above and Lemma 4.

1

Figure 3: Global attractivity regions when f is minimized at 0

Figure 3 shows the parts (shaded) of the unit square in the (¢, a) parameter space
for which global attractivity is established so far.The diagonal lines represent a = 1—c¢
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and a = c. The horizontal line a = b in the middle of the diagram comes from Sedaghat
(2003c) where it is shown that if

l—b<ac<b, b=2/(V5+1),

then the origin is globally asymptotically stable. Numerical simulations indicate that
the origin is possibly attracting for points in the unshaded region of Figure 3 also.
Therefore, we state the following:

Conjecture 1. If 0 < f(t) < alt| for all t, then the origin is globally attracting for
all points of the unit square in the (c,a) parameter space with a,c # 1.

The next example shows that convergence in Part (a) of Theorem 8 need not be
monotonic.

Example. Let ¢ < 1/2 and let f(¢) = a|t| with ¢ < a < 1 — ¢. By Theorem 8 every
solution {z,} of (1) converges to zero. Let r, be the ratio defined in the proof of
Theorem 8(b) and define the mapping

1

o(ry=c+a 17; , r>0.

Then 1,41 = ¢(r,) for all n > 0 and ¢ has a unique positive fixed point

1

in[ (afc)2+4af(afc)] <+a

which is unstable because |¢'(7)| = a/#2 > 1. Suppose that ro < 1, i.e., zg < z_1 but
ro # 7. Then r; = ¢(ro) = ¢1(r9) where ¢; is the decreasing function

¢1(r)=c—a+%.

Since ¢1(r) > 1 for r € (0,7*) where r* = a/(1 + a — ¢), it follows that either
r1 > 1 or some iterate ry = ¢]f(7“0) > 1. This means that x, > xp_1 while x1 > x9 >
oo > xp_1. Next, rgr1 = ¢d2(rg) where ¢o is the increasing function

qﬁg(r):a—kc—%.

Since ¢o(r) < a+c < 1 for all r we see that r,11 < 1 and so the preceding process
repeats itself ensuring that there are infinitely many terms zy;, j = 1,2, ... where the
inequality g, 11 > Ty, holds.

The magnitude of the up-jump depends on the parameters; since c is the absolute
minimum value of ¢ for r > 0, we see that

ra < 0(0)=61(0) ==~ (a—c)

for all n > 1. Thus
a )
Ty < Tp41 < [E — (afc)} T, J=1,2,..
The difference k;+1—k; need not be a constant function of j. Indeed, if a+c > 1/2,
then it can be shown that ¢; has a snap-back repeller at 7 for a certain range of values
of a (see Sedaghat, 2003c). In such a case the ratios r, exhibit chaotic behavior.
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4.2 When tf(t) >0

The situation we discuss in this sub-section is, in a sense, complementary to the one
we considered in the preceding sub-section. However, as seen below there are some
interesting parallels between the two cases. The condition ¢f(t) > 0 encountered in
the section Other Oscillatory Behavior above, has significant consequences in the case
of convergence too. We note that if ¢f(¢) > 0, then by continuity f(0) = 0 so the
origin is the unique fixed point of (1) in this case. The following is proved in Kent
and Sedaghat (2003).

Theorem 9. (a) Assume that there is a > 0 such that |f(t)| < alt| and that tf(t) >0
for all t. If
2—c

a<—— or a<l-—c
3—c

then every solution of (1) converges to zero; i.e., the origin is globally attracting.

(b) Let b = (1—-+/1 70)2. If a < b in Part (a), then every solution of (1) is
eventually monotonic and converges to zero.

The conditions of Theorem 9 specify the shaded region of the (c,a) parameter
space shown in Figure 4 below.

oy b

o
B3]

Figure 4: Global attractivity regions when ¢tf(t) > 0

The line a = 1 — ¢ and the curve a = (2 — ¢)/(3 — ¢) are readily identified (the
latter clearly by its intercepts with ¢ = 0 and ¢ = 1). The third curve represents a = b
where b is defined in Theorem 9(b). Figure 4 is analogous to Figure 3 and it leads to
the following conjecture which is analogous to Conjecture 1.

Conjecture 2. If f(t) < alt| and tf(t) > 0 for all t, then the origin is globally
attracting for all points of the unit square(a,c # 1) in the (c,a) parameter space.
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5 Concluding Remarks and Open Problems

The preceding sections shed some light on the problem of classifying the solutions of
(1). However, there are also many unresolved issues, some of which are listed below
as open problems and conjectures (they all refer to the case 0 < ¢ < 1):

Conjecture 3. All solutions of (1) are bounded if and only if (1) has an absorbing
interval.

Problem 1. Find sufficient conditions on f that imply (1) has an absorbing interval
when f is minimized at the origin.

Conjecture 4. Related to Problem 1 where f(t) > f(0), (1) has an absorbing interval
if there is a € (0,1) and tg > 0 such that

F(t) <alt] for |t > to

Problem 2. Find sufficient conditions on f for the fixed point z = f(0)/(1 — ¢) to
be a snap-back repeller. Together with Theorem 3, this establishes the occurrence of
chaotic behavior in a compact set.

Conjecture 5. Related to Problem 2, if f(¢) is non-decreasing then every solution
of (1) is either periodic or almost (or quasi) periodic.

Problem 3. Find either sufficient conditions on f, or specify some classes of functions
f for which every solution of (1) is eventually periodic or every solution approaches
a periodic solution for a range of values of c.

Problem 4. Investigate the consequences of f being an even function, i.e., f(—t) =
f(t) in the case where f is minimized at zero. Similarly, when tf(¢) > 0, what is the
significance of the oddness of f (i.e., f(—t) = —f(¢t)) for the asymptotic behavior of
solutions?

Problem 5. Extend the results of this paper, where possible, to the more general
difference equation

Tpy1 = €Ty +dTp_1 + f(Tn —x8n_1), c¢,de€]0,1].

Puu’s general model is a special case of this equation with ¢+ d < 1.

Received: March 2003. Revised: July 2003.
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