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Preface

The International Conference on Difference Equations and Applications (ICDEA)
is held annually under the auspices of the International Society of Difference
Equations. At these conferences, leading mathematicians from around the world
assemble to discuss and present their research in the theory, analysis, and appli-
cations of difference equations, discrete time dynamical systems, and related
disciplines. The 19th annual conference (ICDEA 2013) was held at Sultan Qaboos
University, Muscat, Oman, May 26-30, 2013.

At ICDEA 2013, ten invited speakers delivered plenary talks on various topics
of discrete dynamical systems and difference equations and their applications to
natural sciences. The opening plenary address was given by Professor Michal
Misiurewicz who was awarded, at the conference, the second biannual Aulbach
Prize by the International Society of Difference Equations in recognition of his
significant contributions to difference equations and discrete dynamical systems.
Included among the more than 60 talks presented at the conference were those in
four special sessions on Applications of Dynamical Systems with Delays,
Difference Equation Applications in the Biological Sciences, Continuous
Dynamical Systems, and Topological Dynamics.

These proceedings contain articles written by participants at ICDEA 2013 and
were selected by our panel of referees to ensure quality of scientific content. Four
of the articles are survey papers prepared by the plenary speakers Azmy Ackleh,
Arno Berger, Eduardo Liz, and Hinke Osinga.
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Our gratitude and appreciation go to the organizers for their efforts that made
possible the success of the conference; the members of the scientific committee
who ensured the high standards of the conference’s scientific activities; the
administration of Sultan Qaboos University for providing its facilities and
resources to conference participants; and last but not least, the sponsors for their
generous financial contributions.
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Competitive Exclusion Through Discrete Time
Models

Azmy S. Ackleh and Paul L. Salceanu

Abstract In biology, the principle of competitive exclusion, largely attributed to
the Russian biologist G. F. Gause, states that two species competing for common
resources (food, territory etc.) cannot coexist, and that one of the species drives the
other to extinction. We make a survey of discrete-time mathematical models that
address this issue and point out the main mathematical methods used to prove the
occurrence of competitive exclusion in these models. We also offer examples of
models in which competitive exclusion fails to take place, or at least it is not the only
outcome. Finally, we present an extension of the competitive exclusion results in
[1, 5] to a more general model.

1 Introduction

An important tenet in mathematical biology is the principle of competitive exclusion.
According to this tenet any two species that compete for common limited resources
cannot coexist in the long term; one of the species will drive the other to extinction.
This principle is attributed to the Russian biologist Gause [18] who, through lab
experiments, studied many scenarios of interaction for competing species, among
which some resulted in competitive exclusion. The principle was first illustrated by
the Lotka-Volterra competition model and ever since it has been extensively studied
in the literature.

In the field of mathematical biology (especially in ecology and epidemiology)
numerous continuous time mathematical models, such as ordinary, partial and delay
differential equations, have been dedicated to this idea. However, discrete time

A.S. Ackleh (X)) - P.L. Salceanu
University of Louisiana at Lafayette, Lafayette, LA 70504, USA
e-mail: ackleh@louisiana.edu

P.L. Salceanu
e-mail: salceanu@]louisiana.edu
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4 A.S. Ackleh and P.L. Salceanu

models have been used much less in the study competitive exclusion. Discrete time
models allow for interesting and more general cases of coexistence (such as nontrivial
interior attractors); thus contradicting the principle of competitive exclusion.

Cushing et al. [11] considers two discrete models for competition between two
species. One model (a Leslie-Gower model), with Beverton-Holt-type nonlinearities
(which we will, hereafter, also refer to as weak nonlinearities), has dynamics analo-
gous to the Lotka-Volterra competition model. Namely, if the competition between
the two species is strong, then every orbit converges either to the extinction equilib-
rium, or to one of the two boundary equilibria (thus competitive exclusion occurs
in the latter case). On the other hand, if the competition is weak, then both species
survive at the unique interior equilibrium. The other competition model considered
assumes age structure in one of the two species and Ricker-type nonlinearities, and
in this model coexistence can occur in the form of an asymptotically stable 2-cycle.
Strong nonlinearities (involving exponential functions) in the species growth func-
tions could even lead to “mixed-type” attractors, such as a stable coexistence 2-cycle
and a stable exclusion equilibrium [12], or even to multiple coexistence attractors,
some of which are chaotic, if structure is also added into the model [16, 17].

An interesting idea, exploited by Rael et al. [30], is to investigate if evolution that
happens on a fast time scale (commensurate with that of population dynamics) can
change the outcome of competition. Namely if, through evolution, it is possible to
change the winner between two competing species, or to go from competitive exclu-
sion to coexistence, thus explaining the “anomalies” observed in the lab experiments
of Dawson [15], respectively Park et al. [24], involving two species of flour beetle
insects (Tribolium castaneum and Tribolium confusum).

In [4], AlSharawi and Rhouma study an n-species Leslie-Gower model, but
assume that competition impacts equally each species. They show that competi-
tive exclusion is the only outcome, with one species surviving (at the equilibrium)
and driving the rest of the species to extinction. In order to look for possibilities of
coexistence among species, they modify the model by considering stocking and/or
harvesting. Inspired by a paper of Ackleh et al. [1], Chow and Hsieh [5] show that
competitive exclusion occurs in the n-species Leslie-Gower model from [4], even
when the impact of competition is not the same for each species, but assuming that
the mortality for species i is proportional to the size of the population. This result
for two species (n = 2) can also be found in [1]. Ackleh et al. [2] further extend this
model so that to allow for selection and mutation. This modification complicates the
mathematics, but competitive exclusion still remains possible.

The work of Hsu et al. [21] addresses the issue of competitive exclusion in a
more general framework, that of ordered Banach spaces. Under a set of assumptions
made on the map defining the dynamics of the system, the authors show that the
omega limit set of any interior point is either an interior equilibrium, if such an
equilibrium exists, or a boundary equilibrium. One of the assumptions is that the map
is strictly order-preserving. This assumption, in most cases, is difficult to verify in
applications and general conditions sufficient to imply it are not known to the authors
(see Smith [31] for planar systems). Ackleh and Zhang [3] use the results in [21] to
analyze competition between two species of iris (a plant that produces sexually and
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asexually), each species being also structured by stage (seeds, juveniles and adults).
The authors show that each species, in the absence of the other, can survive at an
equilibrium with all coordinates positive, and that when they compete, the species
the species having the largest equilibrium value drives the other species to extinction;
provided the intraspecific competition efficiencies of both species are similar. When
they consider different intraspecific competition efficiencies between the species
they show that coexistence in the form of globally asymptotically stable equilibrium
(in the interior of Ri) is possible [34]. Cushing et al. [13] also consider a structured
model (juveniles and adults) with two competing species, having similar boundary
dynamics as in [3]. In their model they also obtain besides competitive exclusion,
a globally asymptotically stable (in the interior of Ri) interior equilibrium due
to allowing for different interspecific competition efficiencies between the juvenile
classes.

Smith and Zhao [33] investigate competitive exclusion among multiple microbial
populations feeding on the same nutrient and prove that the microbial species with
the break-even nutrient concentration wins the competition, driving all the other
microbial population to extinction. A particular case of this model, containing only
two microbial strains was previously analyzed in [32].

This survey is far from being a comprehensive one and it is mainly organized
by considering two classes of competition models, with and without (age/stage)
structure. This is because, especially with regard to the first class, there is no
“general method” available to approach the issue of competitive exclusion in discrete
time models. Another reason is that adding structure into a competition model has
the potential of enriching model dynamics by violating the principle of competitive
exclusion, thus allowing for (multiple) interior attractors [13]. Thus, our primary
goals here are to observe the principle of competitive exclusion “at work™ in differ-
ent types of such models and to point out the main mathematical tools (specific to
each model) used to investigate it.

2 Unstructured Models

In unstructured models each species is regarded as an aggregation of identical indi-
viduals, without taking into account different characteristics of individuals within the
species. The majority of the unstructured competition models in discrete time, that
predict competitive exclusion, use a Beverton-Holt-type population growth func-
tion, and this class of models is known as Leslie-Gower-type models [23]. Thus
we begin with a survey of these models. In unstructured Leslie-Gower models with
pure selection (individuals of one species produce individuals of the same species
only), competitive exclusion is the most probable outcome. The following model,
considered in [4], accounts for such a case:

Xi(t+1) = bixi iy (1)
1+z’]1-:1 cjxj(t)
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In this model, competition affects each species equally [notice that the right-hand
side in every equation in (1) has the same denominator]. Then the largest of the
“growth coefficients” by, ..., b, dictates whether all species go extinct, or just one
of them survives and all the other die out. More exactly, if by > by > --- > by,
then b1 < 1 implies x;(t) — Oast — oo, foralli = 1,...,n, and by > 1 implies
xi(t) > 0ast — oo, foralli =2,...,n,and x1(¢) — (by — 1)/c1. Although, the
strict inequalities among b;’s, i = 2, ..., n (assumed in [4]), could be replaced by
weak inequalities, so that the assumption by > by > --- > b, would produce the
same result (see also [2, 5]).

In [1], Ackleh et al. consider a modified version of (1), when the effect of compe-
tition is not the same for all species, but the mortality rate for each species is propor-
tional to the sum total of the population sizes of all species (that is, the intraspecific
competition is the same as any interspecific competition).

a;x;(t) .
xit+1) = , i=1,...,n. 2
l( ) 1+bl Z]}ZI xj(t) ( )
If 1 {
D72 %70 20, foralli=2,....n, 3)
by b;

then the boundary equilibrium £ = ((a; —1) /b1, 0, .. ., 0) is asymptotically stable,
while all the other nontrivial boundary equilibria E; = (0, ..., (@; —1)/b;,0,...,0)
are unstable. This follows directly from the eigenvalues of the Jacobian matrix eval-
uated at these equilibria, which are easy to calculate. Further, it is shown that, when
n = 2, E; also attracts all solutions with x;(0) > 0. For this, the authors use
Bendixson-Dulac criteria for difference equations, but also mention that the same
result could be achieved by using the theory of competitive planar systems of differ-
ence equations. This result is extended to arbitrary n in [2, 5] (with different proofs).
In [5] the proof is tedious and requires quite a few preliminary results (lemmas) in
order to prepare it. Ackleh et al. offer a much shorter proof, based on the fact that the
set{x € R | |x| < (a1—1)/b1}is positively invariant and attracts all solutions. This
follows by noting that the maximum of | f (x)|, where f denotes the map that gives
the right hand side in (2), over the set . := {x e R, | x| =¢ < (a1 — 1)/b1} is
attained atapointx = (0, ...0,¢,0...0),henceitis equal to ca; /(1+b;c), for some
i € {1, ..., n}. Further, based on (3), it follows that max ¢ | f (x)| < (a1 —1)/b1,
which implies that the set {x € R’} | [x| < (a; — 1)/b1} is positively invariant. We
present this idea in more detail in Sect.4, when we prove a similar result for more
general growth functions. Above, by abusing notation, |x| denotes the L! norm of x.
That is, |x| = |x1| 4+ - - - + |x,|, where |x;| is the absolute value of the real number
x;. The same notation will be used several times throughout this paper.

In case that some of the maximum carrying capacities corresponding to some of
the species are equal, say when (a; — 1)/by = (aa — 1) /by = -+ = (ar — 1) /b >
(k41— 1) /bkgy1 = -+ = (ap—1)/b, (forsome k € {1, ..., n}), itis shown (both in
[2, 5]) that every solution of (2) with x1(0), ..., x;(0) > 0 converges exponentially
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to a point on the hyperplane {(xy,...,x,0,...,0) | x; > 0, i=1,...,k, and
X1+ -+ xp = (a — 1)/b1}.

When intraspecific competition is different from the interspecific competition,
unstructured Leslie-Gower models still allow for competitive exclusion but also leave
the door open for coexistence. As Cushing et al. show in [11] for a two-dimensional
model of this type [see (4) below], the dynamics are similar to those predicted by
the Lotka-Volterra model.

b il
X =b—
s 11+xt+cl)’t
. 4)
YVi+1 = b :

21+szz+yz

Here the intraspecific coefficients [that is, the coefficients of x; and y; from the
denominator in the first, respectively the second equation in (4)] are scaled to one. It
is shown that when the growth coefficients b and b, are not both greater than one,
the model can have only boundary equilibria Eg = (0,0), E; = (b; — 1,0) and
E;, = (0,by — 1). Infact, if b1, by < 1 then Ej is globally asymptotically stable in
Ri; if b1 > 1, bp < 1then E| is globally asymptotically stable in {(x, y) | x > 0};
if by < 1, bp > 1 then E; is globally asymptotically stable in {(x,y) | y > 0}.
So in the last two cases the model predicts competitive exclusion. However, when
b1, by > 1, the two species can coexist at an interior equilibrium

Ex (Cl(bz —D—=01—1D b -1 (- 1))
3= .

cicr — 1 ’ cier — 1

The main results are presented below.

I. c;1 < (b1—1)/(bo—1)andcr > (bp—1)/(b1—1) = Ejis globally asymptotically
stable in {(x, y) | x > 0};

2. c1 > (b1—1)/(bp—1)andcr < (by—1)/(b1—1) = E;is globally asymptotically
stable in {(x,y) | y > 0};

3.¢c1>((b1—1)/(by—1)and ¢z > (by—1)/(b; — 1) = E3isasaddle point, and all
solutions starting in {(x, y) | x > 0 and y > 0}, but not on the (one-dimensional)
global stable manifold of E3, converge either to Eq or to E3;

4. c1 < (b1—1)/(bp—1)andcy < (by—1)/(b1—1) = Ej3is globally asymptotically
stable in {(x, y) | x > O0and y > 0}.

Thus, cases 1, 2 and 3 above give competitive exclusion, but when interspecific
competition is small, coexistence occurs (case 4).

As shown in [12], one of the “mechanisms” that can produce non-Lotka-Volterra
type dynamics is to consider stronger nonlinearities to model species growth, for
example by using Ricker-type functions.

X4l = blxte—mxf—cuyr + 514
Vi1 = bayre” AT L5y,

®)
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The parameters s; and s; in [0, 1) account for the survival rates of species x and

y, respectively. This model can have a coexistence equilibrium E = ((Inn; —
ciInny)/(1 —cic2), AInny —cpInny)/(1 —cicz)) (Whenever n; = b; /(1 —s;) > 1,
i = 1,2), but it is unstable. The single species dynamics (say for species y)

are given by
Vi1 = bayre” " + 50yr. (6)

At the critical value b§" = (1 — 52)e?/(1=52) of the parameter by, a period-doubling
bifurcation occurs, resulting in an asymptotically stable2-cycle (yg, yy) for (6),
which results in an extinction 2-cycle ((0, y), (0, y)) for (5). Denoting r = ¢2/c;
and ¢ = ¢, model (5) becomes

Xt = np(1—sp)xe” Y
Vir1 = n2(l —s2)yse

+ s1x¢

7
+ 521 ™

—rex =Y

This is done in order to investigate the stability of the extinction 2-cycle as a function
of a single inter-specific competition c.

It is shown in [12] that the Jacobian matrix of (7) evaluated at ((0, yy), (0, ¥))
has eigenvalues

ki = h(0) = [ni (1= sDe” T+ si]lni (1= s1)e”% + 1] ®
o = [m2(1 = )1 = yPe T + sllna(1 — s2)(1 — y3)e 2 + 5]
But &> < 1 (based on by being greater than, but near bg’, which represents the
existence condition for the extinction 2-cycle). Hence A1 = Aj(c) determines the
stability of the extinction 2-cycle. Thus, since A is decreasing in ¢ and A(0) =
(n(1 —s1) + s1)2 > 1 and lim,_, » A1 (c) = s152 < 1, there exists a unique value
¢ = c* such that ((0, y3), (0, y})) is stable for ¢ > ¢*, and unstable for ¢ < c*.
The loss of stability of the extinction 2-cycle at the critical value of the parameter
¢ = ¢* suggests existence of coexistence 2-cycles for ¢ < ¢*. The authors show that
indeed this is the case, by Lyapunov-Schmidt expansions of ((0, y;), (0, y)), which
they use, in turn, to estimate the bifurcation value c¢* for the 2-cycles generated
by the solution branch (x, y,c) = (x, y(x), c(x)) that gives the fixed points of
the composite map for the right-hand side of (7). Also using Lyapunov-Schmidt
expansions, the authors further give conditions for the stability of the coexistence
2-cycle (that is, conditions for ¢/(0) to be negative), as well as for the existence of
a mixed attractor (stable coexistence 2-cycle and stable exclusion equilibrium) in
terms of the survival ratios s; and s;. To complement their theoretical results, the
authors offer a series of numerical simulations in order to illustrate other scenarios
of mixed-type attractors, that include higher period cycles, quasi-periodic and even
chaotic attractors.

Even though model (5) has richer dynamics, as compared to the previous models
presented in this section, the performed mathematical analysis is a local one, thus



Competitive Exclusion Through Discrete Time Models 9

conditions that differentiate in between global coexistence and competitive exclusion
are not determined.

A particular form of (7) (with s; = s, = 0) was analyzed in [25, 31], even though
the mixed attractor scenario (as mentioned above) was not observed (we give below
the system used in [25]).

Xp+l = xneK_xn —ayn
9)

L—bx,—
Vatl = Yne Xn—Yn

Using results concerning the dynamics of planar competitive systems (also devel-
opedin [31]), Smith [31] proved that when the carrying capacities of both species are
smaller than one, either one of the two nonzero boundary equilibria, or the interior
equilibrium, attracts all solutions starting in the interior of R%_. With respect to model
(9), these results say the following. Assume that K, L < 1.

(@) IfaL/K < 1 < bK/L then the equilibrium E; = (K, 0) attracts all points not
on the y axis.

(b) If bK/L < 1 < aL/K then the equilibrium E> = (0, L) attracts all points not
on the x axis.

(¢) If aL/K, bK/L < 1 then the (unique) interior equilibrium E* attracts all
solutions starting in the interior of R% .

Further, for bK/L, aL/K > 1 (which corresponds to the interior equilibrium
being a saddle point), it is shown that there exists a smooth curve I" through the origin
and E* (which is, in fact, the global stable manifold of E*), that “separates” Rﬁ_ into
two (disjoint) “relatively open” sets B and Bj, that represent the basin of attraction
of E1 and E», respectively. Hence, for K, L < 1, (9) predicts Lotka-Volterra-type
dynamics.

In [25] the authors are mostly concerned with the local stability analysis for this
model by determining the regions in the parameter space that dictate the local sta-
bility of each of the four equilibrium points mentioned above. Of particular interest
are the non-hyperbolic cases, when the authors determine the stability of the non-
trivial boundary equilibria £ and E», as well as of the interior equilibrium E*,
when one eigenvalue (but not both) of the Jacobian matrix evaluated at each of these
equilibria has modulus equal to one. The methods involve the approximation of the
(one-dimensional) center manifold near the equilibrium point using Taylor series,
and then studying the dynamics on the center manifold (the Schwarzian derivative
is also used for this). Further, using bifurcation analysis, the authors show that the
coexistence equilibrium undergoes a period-doubling bifurcation leading to asymp-
totically stable coexistence periodic orbits of arbitrarily large periods, and eventually
to chaos. Thus, as a consequence of strong nonlinearities, model (9) has the potential
of violating the principle of competitive exclusion.

We conclude this section with a look at the competitive exclusion—coexistence
dichotomy from the perspective of evolutionary game theory (EGT). Namely, we look
at how evolution that occurs on a time scale comparable to that of the dynamics of
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the population, can influence (change) the outcome of competition between species,
as discussed by Rael et al. in [30].

The mathematical model is a Leslie-Gower-type model of two competing species
x1 and x3, in which the competition coefficients are not constant, but depend on a
vector u, (with two components), that gives the phenotypic traits (or strategies) of
the two species. In turn, the vector u depends on how the two species evolve over
time, thus the full model consists of four difference equations:

er

Lt c@ui(0), ur(0)x1(t) + c@ui(r), uz(1))x2(1)

r

x1¢+ 1) =x1(@)

e

2+ D) = O O I Om () + @), )50

(10)
[ (v, u)x1 (1) + e, 2)x20] 0y 1))

11+C(”1(t) ur(D)x1(r) + cuy (1), uz(1))x2(1)

ur+1) =ui@t) —

L [Be@ unxi (@) + e, u)x0] i, 4w
O’
21+ c(ua(t), ur (0)x1 (1) + c(ua (1), ua(t))x2(1)

up(t +1) = 21(2) —

This model considers two scenarios: with and without a boxer effect, meaning that
the maximal competitive intensity does not (respectively does) occur between species
having identical, or nearly identical, strategies. The main objective is to find out if it
is possible to start with a strategy that would lead to competitive exclusion (if u(¢)
remained constant for all# > 0) but that, in fact, evolves towards a strategy that results
in the coexistence of the two species. Mathematically, this translates into solutions
of (10) starting at (x{, x3, u{, u9) (at# = 0), such that (x; (1), x2(t), u1 (t), u(t)) —
(x}, x5, uj,u3)ast — oo, where x{, x5 > 0, but solutions of the subsystem formed
with the first two equations in (10) and keeping u1(¢) = ”(1) and u(t) = ug constant
for all ¢, would approach an extinction equilibrium (thus, implying evolution would
change the outcome of the competition from competitive exclusion to coexistence).
Through numerical simulations it is shown that this situation can, indeed, take place,
but in the model without boxer effect it requires the initial trait to correspond to a
globally attracting extinction equilibrium (with one of the two species absent) and
not to a saddle interior equilibrium. The latter case is of special interest because it
corresponds to the Park’s “anomalous” experiment that showed coexistence of the
two species of Tribolium. Thus, it is concluded that a boxer effect can produce new
“evolutionary paths” and, in addition, it can give rise to coexistence equilibria that
are ESS (evolutionary stable strategy).



Competitive Exclusion Through Discrete Time Models 11

3 Structured Models

From a pure mathematical perspective, competitive exclusion in structured
discrete-time competition models poses a much higher degree of difficulty, and a
general approach for this has not yet been established. However, Hsu et al. [21] offer
such an approach for monotone systems. The setup is as follows. Let X| and X» be
ordered Banach spaces with non-empty interiors, X = X| x Xp,and X+ = X fL x X ;‘ .
Let K be the cone with nonempty interior int(K) = Int(Xfr) X (—Int(X;’)),
that generates the following partial order relations. Thus, for any x = (x1, x2) and
X = (¥1, x») in X T, we have:

x <g X & x1 <x1and xp > xp;
X <g X & X1 <X, X2 > X2 and x # X; (11
X Kg X & x1 < xpand xp > xa.

Let T : X* + X be an order compact, continuous map, having the following
properties:

H1) x <g x = T(x) <k T(x);

(H2) T(0) = 0 and 3 U a neighborhood of 0 such that V x € U\{0}, 3 n = n(x)
such that 7" (x) ¢ U.

(H3) T(Xfr x {0} C Xfr x {0} and 3 x; > O such that T (x;,0) = (x1,0) and
T"(x1,0) — (x1,0), VY x; > 0. Assume a symmetric condition for 7 on
{0} x X;‘, with fixed point (0, X2).

(H4) If x,y € X* satisfy x <k y and either x or y belong to Int(X™) then
T(x) <k T(y).If x = (x1,x) € X7 satisfies x; # 0,i = 1,2, then
T(x)>0.

Under these assumptions, if the map 7 does not have a fixed point in Int(X™),
then either E; = (X1, 0), or E» = (0, Xp) attracts all solutions of x,4+; = T (x;)
starting in Int (X ) N (I := [0, %1] x [0, X»]). For solutions starting in Int (X )\ I,
solutions converge either to Ep, or to E», depending on the initial condition.

Thus, in a competition modeled by such a map 7, if the two species (x1 and x3)
cannot coexist at an interior equilibrium, the outcome predicted by the model is
competitive exclusion. However, for solutions with both species present and starting
outside 7/, we do not know which species persists and which dies out.

The model of Ackleh and Zhang [3], used to investigate the competition between
the Louisiana blue flag iris (I. hexagona), which is a wild species of iris, and the
yellow flag iris (I. pseudacorus), which is a cultivated species, fits in the above
framework:

A _ ,AA
o N
y‘t4+l - s%xt +£2 “ A A
liy1 =5 (1) y;f + 53 (@)z; (12)
)CB — bBZB
t+1 1%t

B _ .B.B B_B
y%_H _ SIBXI +I§72 “ B B
2B = sB@0yE + sE @)z
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The two species are denoted by A and B, while x, y and z stand for seeds,
juveniles and adults, respectively. ¢ denotes the total number of plants (juvenile
and adult) for both spemes together. The surV1vorsh1p functions s ,k=A, B,are
assumed to satisfy sl €(0,1),0 <s, (O) <3 (O) < 1 and (52) (x) < (53) x) <0
for all x > 0. In addition, for i = 2,3, st € C'[0, 00), (s5(x)x)" > 0 forall x > 0,
limy o s;‘(x) =0, limy_, s{‘(x)x < 00.

In order to verify assumption (H3) above, Ackleh and Zhang use the fact
that the single species dynamics are given by a monotone system. The nontriv-
ial boundary equilibria are denoted by E; = (%4, $4,%4,0,0,0), respectively
E; = (0,0,0,x8, 9B, 2P). The partial order relation <g is chosen such that

= (x1,x2) y = (y1,y2) € R x R3 satisfy x <g y if and only if x; < y
and x» > y,. Assumption (H4) is replaced by the slightly weaker

(H4y If x = (x1,x2) or y = (y1,y2) are in Int(R3 x RY) and x <k y then
T'(x) < T!(y) forsome! > 0.If x = (x1,x2) € R} xR3 and x; # (0,0, 0),
i =1,2,then T™ > 0 for some m > 0.

It is shown in [3] that, whenever locally asymptotically stable, E also attracts
all solutions having non-zero components corresponding to species A if and only if
54424 > $8 428 (with an analogous statement for species B), and that coexistence
occurs only in the extreme case 34 + 24 = $% + 2B,

The authors then extend their model to allow for different intraspecific competition
efficiencies between the two species [34], where they consider the following discrete
two-species model:

xA | = bA
yz+1 Sl xt + b2 zf
G =5 @0y + 55 (90!
z+1 = bl Zz
yt+1 = 51 xf + bz 2
2ty =57 @)yF + 53 (@2)zf

13)

Here it is assumed, due to competition, that the survivorship of both juveniles and
adults for the two species depend on a weighted total number of plants, ¢; =:
¢ + c1P and ¢y =: 20 + P, respectively (where ¢ = yA + z2 is the total
number of plants (juveniles and adults) for species A, and ¢ = y& + 7B is the
total number of plants for species B, at time ¢). The competition coefficients ¢; > 0,
¢ > 0 represent a measure of the strength of interspecific competition between the
two species.

Note that this model reduces to a model of type (12) in the case ¢ = ¢3 = 1.
The main goal in [34] is to extend the analysis to the case c1, ¢ > 0. In addition
to the global analysis of model (13) with weak nonlinear survivorship functions
(Beverton-Holt type), the authors also establish the local stability with Ricker type
survivorship functions and perform numerical bifurcation analysis on these strong
nonlinearities. They define the net reproductive number of species A and B at density
level ¢ by
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bisi'ss (@) + 55 (P)bh and  RE(p) = bPsPsP(¢) +SB(¢)b§.
1_53 (@) 1_53 (@)

RY(¢) =

The inherent net reproductive number of species A is R4(0) and of species B
is R2(0). Notice that R*(¢) and RB(¢) are decreasing functions with limg_,
RA(¢) = limy_.0o RE(¢) = 0. Thus, if R4(0) > 1 and RB(0) > 1 then there exist
unique positive real numbers o1 and a7 such that RA(a;) =1 and RB(ap) = 1.
Clearly, model (13) has the trivial equilibrium denoted by Eg = (0, 0, 0, 0, 0, 0).
Furthermore, if R4(0) > 1 and R®(0) > 1, then each species (living alone) has a
positive globally asymptotically stable interior fixed point. Denote this equilibrium
for species A by EA = (£4, $4,24) and for species B by EZ = (28, 38, 25).
Thus, it follows that model (13) has two nontrivial boundary equilibria given by
= (EA,0) € Ri and E, = (0, EB) € Ri. Therefore, @1 = 4 + 24 and
ar = yP + 28 Furthermore, if either

oy < cpa; and o) < clon

or
oy > cpa; and o) > cron (14)

is satisfied, then system (13) has a unique interior equilibrium
= (b7, (b + bz, 24 bEZE, (5B + 5B, 28,

where B 5
L+ sibf + b2t 1+sBbE + b8

Relying on the monotonicity of the system when the nonlinearities are weak, and
using the theory of [21], Zhang and Ackleh establish the following:

(a) If e > g—f and ] < %, then the boundary equilibrium E is globally asymptot-
ically stable;

(b) Ifer < g—? and ¢ > Z—; then the boundary equilibrium E is globally asymptot-
ically stable;

(c) Ifcp > 32 and ¢y > 2‘{—1 then both boundary equilibria are locally asymptotically
stable;

d If oo < ‘;‘—f and ¢; < %, then the unique interior equilibrium E3 is globally
attractive.

Then the authors study the local stability in the case of strong nonlinearities
and investigate the model dynamics by using numerical simulations and bifurcation
diagrams. The numerical results indicate that the criteria given in (a—d) above can
be used to predict the competition outcome even for strong nonlinearities. While
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under such strong nonlinearities competitive exclusion, coexistence and bistability
can be obtained, the surviving species may have richer dynamics including periodic
or chaotic attractors.

A slightly different competition model between two species, containing only two
age groups (juveniles and adults) for each species, has been considered by Cushing

etal. [13].
1

J =bh—A
t+1 11+d1At t
A ! J
=5
s 11+J;+Clj; '
(15)
o 1
Jt+1 = 21+d2a, a
1

ar+1 =

PR B
T+

A particular feature of this model, that facilitates its analysis, is that its variables
that are two time-steps apart form two decoupled, unstructured systems, one for each
species.

1
J,
1+ (I +dis)di +crje '

Jiv2 = bisy
! A
14 (d1 + b)) A, + c1bra, (1 +diA) /(1 + daay)

1 .
I+ edi+ (U +dosn) i

Az = bisy
(16)

Ji+2 =basy

1
a
14 cabi A1+ daay) /(1 + dy A A, + (da + bo)ay

a2 = bysy

The two submodels corresponding to juveniles, respectively adults, in (16) are
of the form (4). Thus, they produce similar Lotka-Volterra-type dynamics for (15),
in the cases when the inter-specific competition coefficients ¢; and ¢, are not both
large. More exactly, assuming that b;s; > 1,i = 1, 2, we have the following:

(@) ifer < (1+das2)(bisi—1)/(basp— 1) and ¢z < (1+dis1)(basa—1)/(bisi — 1),
then there exists a coexistence equilibrium that is globally asymptotically stable
in Int(R%);

(b) ifcy < (1+das2)(b1s1—1)/(basy—1) and c; > (1+d151)(b2s2—1)/(b1s1—1),
then the exclusion equilibrium (J,, A, 0,0) = ((b1s1 — 1)/(1 + dys1), (b1s) —
1)/(b1+dy), 0, 0) is asymptotically stable and attracts all solutions of (15) starting
in Int(R%);
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(c) ifcy > (14das2)(bys1—1)/(b2sy—1) and ¢z < (1+ds1)(basy— 1)/(b1s1 —1),
then the exclusion equilibrium (0, 0, j., a.) = (0, 0, (bas2—1)/(14+d2s2), (basr—
1)/(by + d»)) is asymptotically stable and attracts all solutions of (15) starting
in Int(RY).

However, when both ¢; and ¢, are large, which corresponds to the case when the
interior equilibrium is unstable (saddle), there exists a nontrivial coexistence (local)
attractor. Thus,

(d) ifcy > (1+da2s2)(b1si —1)/(basy—1) and c; > (14dys1)(bas2—1)/(bys1 — 1),
then the coexistence equilibrium (for which explicit formula is given in [13]) is
a saddle and the 2-cycle {(J,, 0,0, a.), (0, A, je, 0)} is locally asymptotically
(orbitally) stable.

Ackleh et al. [2] re-visited model (2), but this time allowing for mutation. That is,
individuals from species j can give birth, with probability y;; to individuals belonging
to other species, i. Thus, model (2) becomes

(viiai + Dxi(t) + 22 4 vijajx;(t)

4 >0.b > 0. 17
T+ bi >, x50 ai ‘= (17

xi(t+1) =

When the mutation matrix T" is block-diagonal

r'ro o 00

0Ir, 0 0O
r=|100".00], (18)

S ()

00 0 0TIy

(17) can be regarded as a structured model of the form

xO@+1) =A@ D), i=1,...,1, (19)
where x = (x(l),...,x(l)), x® e R™ Hence n; + --- + n; = n, but we assume

that n; > 2 for some i, in order to have a model different from (2).

Let b = minj’:1 bj and b" = max'}izl, i =2,...,1. Then from (19) we have

1 _
Ve +1) > ———AxV(r)
1+b6Mx(1)]
(20)
. 1 - .
Ot+1) < — AxD@), i=2,...,1,
x\W(t + )—1+b;."|x(t)| ix(t), i

where A| = (14+bM|x|)A; and A; = (1+b/"|x)A;,i =2, ..., 1. Itis shown in [2]
that, when each I';, i = 1, ..., n, is irreducible and (r;/r1) max {1, b{”/b;’?} < 1 for
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j > 2, where r; denotes the spectral radius of A;,i = 1,...,n, then x)(r) — 0,
as t — oo. This condition, which leads to competitive exclusion, is weaker than (3).
This is primarily due to the fact that the methods of proof for the unstructured model
(2) could not be extended to (17).

Modeling the growth functions using stronger nonlinearities in structured models
also complicate the global dynamics (as compared to the classical Lotka-Volterra
models). To illustrate this fact, the authors in [11] consider the following Ricker
competition model, when one of the two species is structured by age (juveniles and
adults).

Jiy1 = brAexp(—ci1A; — ci2y)
Arpr =A =) 2D
Vi1 = bayrexp(—cai1Jy — cooyr).

It is shown that this model does not produce Lotka-Volterra-type dynamics, in the
sense that local stability of the non-zero boundary equilibria does not necessarily
imply competitive exclusion (as in cases 1-3 on page XX). The authors prove the
existence of coexistence 2-cycles by showing that the composite map [thatis F o F,
where F is the right-hand-side of (21)] has non negative fixed points. For this, they
set J = 0, and then the fixed points of F 2 satisfy

bi(1 — ) exp(—c11A — c12y) =1
b3 exp(—cny — 21 A 1 — bacypye ) = 1. @2)
From (22), a scalar equation for y is obtained:
bycayye—c2Y = (ﬂ) v+ (21n by — —2 b1 - u)) . (23)
(1 = e (I = wen

The graphs of the two functions given by the left and right-had-sides in (23) can
have at most two intersection points. Such an intersection point y* gives a fixed
point (A*, y*) for (22) which, in turn, yields a 2-cycle {(0, A*, y*), (J, 0, )} for
(21). For a particular set of parameters, a 2-cycle is computed numerically and then
verified to be asymptotically stable, while the corresponding boundary equilibria are
also asymptotically stable, hence model (21) exhibits a “multiple attractor”, making
coexistence possible.

Along the same lines, there is the age structured LPA (larvae, pupae, adult)
two-species competition model (see [8-10, 16, 17]).

lt+1 — bate—Cellr—Ceaat—CeLLr—CeAAt

pr+1 =11 — )
ar+1 = Pze_cp“a'_c”AA’ +ar (1 — wq)
Ly = BA[e_CE/lr_CEaat—CELLt—CEAAr
Py = L(1—pp)
Argr = Pre™Pe=eraft 4 AL (1 — )

(24)
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This model is a natural extension of the well-known single species LPA model (see [6,
7, 14, 19, 20, 22]) and mainly developed to try to explain some of the “anomalies”
(multiple coexistence attractors) observed in the lab experiments of Park and his
collaborators (see [24, 26-29]) involving two closely related species, 7. confusum
and T castaneum.

Through a series of numerical simulations, Edmunds [16] and Edmunds et al.[17]
show that various scenarios can take place in regard to the global dynamics generated
by (24):

1. a globally attracting 2-cycle, with one of the species extinct;

2. two attractors: one 2-cycle with one of the species extinct and a coexistence
attractor (which could be periodic, or even chaotic);

3. three attractors: one 2-cycle with one of the species extinct and two coexistence
attractor (one of which being chaotic);

4. two extinction attractors (with one of the species “missing”): one 2-cycle and one
chaotic, and a coexistence 2-cycle;

5. two extinction attractors (with one of the species “missing”): one 2-cycle and one
chaotic.

However, the basins of attraction of these attractors have complicated structure,
some of them being fractals. Thus, predictions as to which species survives when the
initial population is near these boundaries is practically impossible, in the presence
of stochasticity.

Extending the work in [32], Smith and Zhao [33] consider a chemostat model
where m species compete for a common food source.

X = AiSxl, =1,

3

Each species (at time step n) is structured by size and denoted in the model by the
vector xi € R’, and U, = |x!|. S, denotes the nutrient concentration (at time
step n). The nutrient uptake rate f is of Michaelis-Menten form f(S) = MS/(a +
S), with M being the maximum uptake rate, and a being the half-saturation (or
Michaelis-Menten) constant (in fact, the paper allows more general forms of f, the
Michaelis-Menten form being just a particular case). The projection matrix for the
ith population is

1—-P O M; P;
M;P; 1—P 0 ... 0
0 M;P;, 1—P 0 ... 0

0 - 0 M;P; 1 — P
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where M; = 27 and P; = f;(S)/(M; — 1). It follows then that the total biomass
for the ith species satisfies the equation

=0 =B+ fi(S)UL i=1,....m. 26)
Denoting S, + Z?:] U,’; by X, Egs. (25) and (26) imply

2 =0-E%,+ES. (27)
In turn, from (27) it follows that ¥, — $% as n — oo. Thus, replacing S, by
- >, UL, (26) becomes an unstructured, limiting system. The assumptions
made on f guarantee that the equation

A =E)1+fi($) =1

has at most one solution and, whenever such a solution exists, it is denoted by A;
(and referred to as the break-even nutrient concentration for the ith population).
Otherwise, A; is set to be co. It is shown then that the total biomass of the species
having the lowest ;, with A; < S, settles at a positive equilibrium equal to §° — A1,
while all the other species go extinct. This is done using the Lyapunov function
W : R"™ — R, W(x) = |x|, and the LaSalle invariance principle. Further, using
properties on internally chain transitive sets (omega limit sets of bounded solutions
being such sets) the above results regarding the limiting system are “lifted” back to
the system formed by (26) together with the second equation in (25), from where it
follows that every solution of (25) with xé # 0 converges to ()El, 0,...0, A1), where
=8 =/ r . (80 =/ ).

4 Extending the Competitive Exclusion Result in [5]

In this section we revisit the model (2), but consider the growth functions to be of a
more general form. Specifically, we consider the model

xit+1) =g (x@)Dxix), i=1,...,n. (28)

Each g; : Ry — R, is assumed to be non increasing and to have the property
that there exists a unique value o; > 0 such that g;(«;) = 1. We also assume that
y — ygi(y) is non decreasing for alli = 1,...,n and y € [0, max «;]. The proof
of the following result is in the spirit of the approach developed in [2].

Theorem 1 Assume that o) = oy = -+ = Qx > W41 = -+ > Ay, for some
kell,...,n}. Thenx;(t) > Oast — oo, foralli =k +1,...,n, and x(t) —> x
ast — 00, where x = x(x(0)) is an equilibrium with |X| = o;.
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Proof Let f = (f1,..., fu), where fi(x) := gi(|xDx;,i = 1,...,n. Let 7 =
{x e R, | |x| =c > 0} and assume ¢ < «y. Then, for x € J#., we have

IFl =D gi(o)xi. (29)

i=1

Note that the right hand side in (29) is a linear function of x, hence the maximum of
| f(x)|, for x € 7, is attained at a point x = (0,...0,¢,0...0).

max |f(x)| = gi(c)c, forsomei € {1,...,n}. (30)
xeH;

But
gi(o)e < gilaay < gi(a)ar = ai. 3D

This implies that .7 := {x € R’ | |x| < a1} is positively invariant for (28).

Now let X € R’} such thatX; 4 - - 4%, > 0 and consider the solution x (¢) of (28)
with x(0) = X. Without loss of generality we consider X; > O foralli =1, ..., k.
Then we have one of the following two cases:

(a) x € . Then x(¢t) € & for all t > 0, which implies that x; (t + 1) > x;(¢),
i=1,...,k forallt > 0. Hence x;(¢) is convergenttoan x; > 0,i =1, ..., k,
as t — oo. Then, from the equation for x1 in (28), it follows that |x(¢)| — «;.
This implies that lim;_, oo x; (t + 1) /x; (t) = gi(a1) < 1,foralli =k+1,...,n,
hence x;(t) - 0,i =k+1,...,n. Thus, x(#) > x = (¥1,..., %, 0,...,0),
where X must be an equilibrium with |x| = «;.

(b) x € L. Ifx(t) ¢ . forall t > 0 then

xi(t+1) < gi(@)xi(t), Yt>0, i=1,...,n. (32)

Ifi €{1,...,k}, then (32) implies that x; () — 0 ast — oo, because o] > «;.
Ifi e {1,...,k}, then (32) implies that x;(t + 1) < x;(¢) for all # > 0, hence
x; (t) converges to some Xx;, as t — 00. Then, from the equation for x in (28), it
follows that |x(¢)| — «7. So again, x(¢) - x = (x1,..., X, 0,...,0), where
X must be an equilibrium with x| = «;.

If x(t) € & for some ¢t > 0, then, without loss of generality we can consider
that we are in case (a) above.

O
Remark 1 Suppose that the growth function g; (y) = a;e %, i.e., is of the Ricker

type. Then, if In(a;)/b1 < 1/b;,i =1, ..., n, the function g;(y)y is increasing on
the interval y € [0, o] and hence Theorem 1 applies.
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Benford Solutions of Linear Difference
Equations

Arno Berger and Gideon Eshun

Abstract Benford’s Law (BL), a notorious gem of mathematics folklore, asserts that
leading digits of numerical data are usually not equidistributed, as might be expected,
but rather follow one particular logarithmic distribution. Since first recorded by New-
combin 1881, this apparently counter-intuitive phenomenon has attracted much inter-
est from scientists and mathematicians alike. This article presents a comprehensive
overview of the theory of BL for autonomous linear difference equations. Necessary
and sufficient conditions are given for solutions of such equations to conform to BL
in its strongest form. The results extend and unify previous results in the literature.
Their scope and limitations are illustrated by numerous instructive examples.

1 Introduction

The study of digits generated by dynamical processes is a classical and rather wide
subject that continues to attract interest from disciplines as diverse as ergodic and
number theory [1, 14, 15, 27, 30], statistics [18, 21, 32], political science [16, 31,
40], and accounting [12, 13, 33, 37, 38]. Across these disciplines, one recurring
theme is the surprising ubiquity of a logarithmic distribution of digits often referred
to as Benford’s Law (BL). The most well-known special case of BL is the so-called
first-digit law which asserts that

P (leading digit = d) = log (1 + d—l) . Vd=1,2,...,9, 1)
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#{1 < n < N : leading digit of x,, = d}
N

Sequence (x,) ...

Example: (x,) = (F,)

1
02 N=10 o2 N =100 Ny
..
oo e
‘)
#{x; € X : leading digitof x; =d
Dataset X = {x;,...,x,} ... € s kil }
#X
Benford’s original data [3] U.S. Census data [38] ) exact first-digit law
mixture I
of many |
02 02 datasets  ¢,!

|
H“mﬂﬂmm HHHDDDDD see e.g. [24] hHHH[JHHDg

Random variable X ... P(leading digit of X = d)

X uniform X exponential
on (0,1) 02 EX =1

e .

Fig. 1 Different interpretations of (1) for sequences, datasets, and random variables, respectively,
and scenarios that may lead to conformance to the first-digit law

where leading digit refers to the first significant (decimal) digit (see Sect.?2 for rig-
orous definitions) and log is the base-10 logarithm; for example, the leading digit
of e = 2.718 is 2, whereas the leading digit of —e® = —15.15 is 1. Note that (1) is
heavily skewed towards the smaller digits: For instance, the leading digit is almost
seven times as likely to equal 1 (probability log2 = 30.10%) as it is to equal 9
(probability log & = 4.57 %).

Ever since first recorded by Newcomb [36] in 1881 and re-discovered by Benford
[3] in 1938, examples of data and systems conforming to (1) in one form or another
have been discussed extensively, for instance in real-life data (e.g. [19, 41]), stochastic
processes (e.g. [44]), and in deterministic sequences (e.g. (n!) and the prime numbers
[17]). There now exists a large body of literature devoted to the mechanisms whereby
mathematical objects, such as e.g. sequences or random variables, do or do not satisfy
(1) or variants thereof, see also Fig. 1. Beyond mathematics, BL has found diverse
applications throughout the sciences. Given that the ubiquity of BL in these fields
is still somewhat of a mystery [8], some BL-based tools (e.g. for fraud detection in
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20365011074 3416454622906707
32951280099 5527939700884757
53316291173

8944394323791464

86267571272 E 1
139583562 23416728348467685
225851433717 37889062373143906
365435296162 61305790721611591

3524578 591286729879
5702887 956722026041

99194853094755497

259695496911122585

420196140727489673

2504730781961
4052739537881
6557470319842

24157817
39088169

1 2880067194370816120 2

|| 27777890035288|  4660046610375530309 3 13 | 12.49
267914296]  44945570212853|  7540113804746346429 2 5 9.69
433494437| 7272346024811 |0 :
5 8 7.91
31940434634990099905 3 " 6.69

| 308061521170129|  51680708854858323072
2971215073  498454011879264|  83621143489848422977 7 5 5.79
28657 | 4807526976 746049 3 - 511

218922995834555169026
2111485077978050] 354224848179261915075 9 4 4.57

Fig. 2 Already the first one-hundred Fibonacci numbers conform to BL quite well

tax, census, election or image processing data) have proved remarkably successful
in practice. This in turn has triggered further research on the many unique features
of BL [22, 23, 45]. It still rings true that, as Raimi [39] observed almost 40 years
ago,
[t]his particular logarithmic distribution of the first digits, while not universal, is so common
and yet so surprising at first glance that it has given rise to a varied literature, among the

authors of which are mathematicians, statisticians, economists, engineers, physicists and
amateurs.

As of this writing, an online database [4] devoted exclusively to BL lists more than
750 references.

Due to their important role as elementary models throughout science, linear
difference and differential equations have, from very early on, been studied for
their conformance to (1). A simple early example [11, 20, 28, 48] is the sequence
(xp) = (F,) = (1,1,2,3,5,...) of Fibonacci numbers, i.e. F{ = F, = 1 and
F, = F,_1 + F,_, for all n > 3, which satisfies (1) in the sense that

#{1 <n < N : leading digit of x, = d}
N

=log(l+d~ Y, Vd=1,2,...,9,

(2)
see also Fig. 2. Another simple case in point is (x,) = (2") for which (2) also holds
[2, §24.4]. On the other hand, the sequence of primes (x,) = (2,3,5,7,11,...)
does not satisfy (2), as was in essence observed already by [47], yet may conform to
BL in some weaker sense [14, 42].

limy 00



26 A. Berger and G. Eshun

Both positive examples mentioned above, i.e. the sequences (F,) and (2"), are
obviously solutions of (very simple) autonomous linear difference equations. Build-
ing on earlier work, notably [5, 26, 35, 43], it is the purpose of this article to
provide a comprehensive overview of the theory of BL for such equations. Thus
the central question throughout is as follows: Given d € N and real numbers
ap,az,...,aq—1,aq with ag # 0, consider the (autonomous, dth order) linear dif-
ference equation

Xp =1 Xp—1 +a2Xp2+ -+ i 1Xn—dy1 +agxp—q, n>=d+1. (3

Under which conditions on a1, az, ..., a4—1, a4, and presumably also on the initial
values x1, x2, ..., x4, does the solution (x;) of (3) satisfy (2)? Early work in this
regard seems to have led merely to sufficient conditions that are either restrictive
or difficult to state. By contrast, two of the main results presented here (Corollary
3.7 and Theorem 4.11) provide easy-to-state, necessary and sufficient conditions for
every non-trivial solution of (3) to conform to (1) in a sense much stronger than (2).
The classical results in the literature are then but simple special cases.

The organisation of this article is as follows. Section 2 introduces the formal def-
initions and analytic tools required for the analysis. In Sect. 3, difference equations
(3), as well as the matrices associated with them are studied under the additional
assumption of positivity. Though restrictive, this assumption holds for some impor-
tant applications, and it yields a particularly simple answer to the central question
raised earlier. Dropping the positivity assumption, Sect. 4 studies the case of general
equations and matrices. The emergence of resonances, the key problem in the gen-
eral case, is dealt with by means of a tailor-made definition (Definition 4.2). While
the main results (Theorems 4.5 and 4.11) are stated in full generality, proofs are
given here only under an additional non-degeneracy condition (and the interested
reader is referred to the authors’ forthcoming work [6] for complete proofs). Finally,
Sect.5 demonstrates how the presented results can be used to explain the “cancella-
tion of resonance” phenomenon first observed in the context of finite-state Markov
chains [10].

2 Basic Definitions and Tools

Throughout, the following, mostly standard notation is adhered to. The sets of natural,
non-negative integer, integer, rational, positive real, real, and complex numbers are
symbolised by N, Ny, Z, Q, RT, R, and C, respectively. The cardinality of any
finite set Z C C is #Z. The real part, imaginary part, complex conjugate, and
absolute value (modulus) of z € C is denoted by Nz, Jz, 7, and |z|, respectively. Let
S :={z € C: |z| = 1}. The argument arg z of z # 0 is understood to be the unique
number in (—, 7] for which z = |z|e' #8%; for convenience, let arg O := 0. For any
set Z C C and number w € C, define wZ := {wz : z € Z}. Thus for instance
wS = {z € C: |z| = |w|} for every w € C. Given Z C C, denote by spangZ the
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smallest subspace of C (over Q) containing Z; equivalently, if Z # & then spang Z
is the set of all finite rational linear combinations of elements of Z, i.e.

spangZ = {p1z1 +p2z2 + -+ pnzn :n €N, p1, 2, ..., on€Q,z1,20, ..., n € Z};

note that spangp@ = {0}. Forevery x € R, log x and In x are, respectively, the base-
10 and the natural (base-¢) logarithm of x; for convenience, setlog 0 := In 0 := 0. For
every x € R, denote by | x| the largest integer not larger than x, hence (x) := x — | x|
is the non-integer (or fractional) part of x.

Given x € R\{0}, there exists aunique S(x) € [1, 10) such that |x| = S(x)10* for
some (necessarily unique) integer k. The number S(x) is the (decimal) significand
of x. Note that

S(x) = 100D vy e R\{0};

for convenience let S(0) := 0. For x # 0, the integer | S(x)| € {1,2,...,9} is the
first significant (decimal) digit of x. More generally, for every m € N, the integer
1107718 (x) | — 1011028 (x) | € {0, 1, ..., 9} is the mth significant (decimal) digit
of x, see e.g. [7, Prop.2.5].

Throughout this article, conformance to (1) for solutions of difference equations
is studied using the following terminology.

Definition 2.1 A sequence (x,) of real numbers is a Benford sequence, or simply
Benford, if

#{l<n<N:S <t
fimy o TL =R = < ) S8 _ g Vi e[1.10). (4)

Note that every Benford sequence (x,,) satisfies (2). For the purpose of this work, the
following well-known characterization of the Benford property is indispensable.

Proposition 2.2 [17, Thm. 1] A sequence (x,,) is Benford if and only if the sequence
(log |x,|) is uniformly distributed modulo one.

The term uniformly distributed modulo one is henceforth abbreviated u.d. mod 1. In
view of Proposition 2.2, a few basic facts regarding uniform distribution of sequences
are used throughout; for an authoritative overall account on the subject, the reader is
referred to [29].

Proposition 2.3 [29, Sect. 1.2] The following statements are equivalent for any
sequence (y,) in R:

(i) (yp)isu.d. mod 1;
(i) For every ¢ > O there exists a sequence (z,) that is u.d. mod 1, and

. #{1<n<N:|y, — 2z > ¢}
lim supy_, o I <ée,

(iii)) Whenever (z,,) is convergent then (y, + z) is u.d. mod 1;
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@(iv) (pyn) is u.d. mod 1 for every non-zero integer p;
(v) (yn +alogn) is u.d. mod 1 for every o € R.

One of the simplest yet also most fundamental examples of a sequence u.d. mod 1
is (n®) with ¥ € R\Q. The following, therefore, is an immediate consequence of
Propositions 2.2 and 2.3.

Proposition 2.4 Let (x,) be a sequence in R, and o € R\{0}. If lim,— o0 X /0"
exists (in R) and is non-zero, then (x,)) is Benford if and only if log |«| is irrational.

Example 2.5 Since log?2 is irrational (even transcendental), (2") is Benford, and
so is the sequence (F,) of Fibonacci numbers because, with ¢ = %(1 +/5),

lim,_, o0 Fy/¢" = 1/4/5 # 0, and log ¢ is irrational as well. <

Remark The Benford property can be studied w.r.t. any integer base b > 2, simply
by replacing the decimal significand S(x) in (4) with the base-b significand Sp,(x) =
b2 X} where log, denotes the base-b logarithm. With the obvious modifications,
the results in this work carry over to arbitrary base b € N\ {1}, cf. [5-7]. For the sake
of clarity, however, only the familiar case b = 10 is considered from now on.

When studying solutions of linear difference equations, sequences of a particular
form are often encountered, and the following lemma clarifies their properties.

Lemma 2.6 Leta € R, z € C\{0}, and (z,,) a sequence in C with lim,_, ~ z,, = O.
If 91, 92 € R are irrational then the following statements are equivalent:

(i) 01 & spang (1, 92}
(ii) The sequence (y,) with

yn = nd +alogn +log|R(ze'™2 + z,)|, neN,

is u.d. mod 1.

Proof If ¥ ¢ spanQ{l, ¥} then 1,9, v, are rationally independent, and
[5, Lem.2.9] shows that (y,) is u.d. mod 1. On the other hand, if #; € spanQ{l, D7}
then k191 = ko + k20>, where ko, k1, kp are appropriate integers with k1ky # 0;
assume w.l.o.g. that k1 > 0. Consider now the sequence (7,) with

nn = ni + log [R(ze'™2)| + ’;—j (3 +%85) —loglzl, neN.

T

If (y,) was u.d. mod 1, then so would be (1,,), and hence also (k17,), by Proposition
2.3. Moreover, for every n € N,

(ki) = <k2(nz92 + 3+ 2E5) + kg log ‘ sin (7 (n92 + 3 + *£9)) ‘>

= <f(m3‘2 +14 ar,,ﬁ)>,
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Fig. 3 The map 7 does not T(#) = {t + log (sin(mt
preserve A, 1, see the proof of ( ) < g( ( ))>
Lemma 2.6

with the measurable function f : R — R given by f(¢) = kot + k log|sin(t)].
Note that f(t +1) — f(¢) € Zforallt € R, and so f induces the measurable map

T := (f) on [0, 1). Recall now that the sequence (n1, —+ % + #£%) is u.d. mod

1 because ¥ is irrational. For every continuous, 1-periodic function g : R — R,
therefore,

N N
1 —oo (1
> ek =y 2go f(mna+ 1+ 25 = [Lgo rora
n=1 h

n=1
=/ goTdx =/ gd(AQJ oT_l),
[0.1] [0,1]

because g o f is Riemann integrable on [0, 1]. On the other hand, if (k1n,) was u.d.
mod 1 then limy_y oo N ! Z,ILVZ] gUkin,)) = f[o 118 dAo,1 for every g, and hence

1
N

Ap.10 7! = Ao,1. However, it is intuitively clear that the latter equality of measures
does not hold. To see this formally, note that f is smooth on (0, 1) and has a (unique)
non-degenerate maximum at some 0 < 7o < 1. Thusif Ao j o T-! = Ao,1 then, for
all ¢ > O sufficiently small,

flto—e) = flig—2¢) _ ko ([Tt —2e), Tt — ©)])

& &
o1 o T[T — 26), T (1o — ¢)))
- &
. ro1(to —2¢, 10 — ) _ 1,
&

which is impossible since f”(tp) = 0, see also Fig.3 which depicts the special case
k1 = ko = 1. Hence (k1n,) is not u.d. mod 1, and neither are (1,) and (y,). |

Although it would be possible to study the Benford property of solutions of (3)
directly, the analysis in subsequent sections becomes more transparent by means of
a standard matrix-vector approach. To this end, associate with (3) the matrix
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ap ax --- daq—1 aq
1 0--- 0 O

A=10 10 - 0 | cpdxd 5)
0O---0 1 0

which is invertible as ag # 0, and recall that, given initial values x1, x2, ..., x4 € R,

the solution of (3) can be expressed neatly in the form

Xd
X, = e;A”y, where y=A"'| * | e RY; (6)
X2
X1
here ey, e3, . . ., eq represent the standard basis of R4, and x T denotes the transpose

of x € RY, with x "y being understood simply as the real number Z‘;Zl x;jyj.In
what follows, therefore, the following, more general question suggested by (6) will
be addressed: Under which conditions is (xTA" y) Benford, where A is any fixed
real d x d-matrix and x, y € RY are given vectors? Note that specifically choosing
x =ejand y = ¢, with j, k € {1,2,...,d}, simply yields e;!—A”ek = [A"]j,
i.e. the entry of A” at the position (j, k). Also, if A € R?*¢ is given by (5) then
every sequence (xTA” y) solves (3), and (6) establishes a one-to-one correspondence
between all sequences of the form (e;,rA"y) and all solutions of (3).

In the analysis of powers of matrices in the subsequent sections, d always is
a fixed but usually unspecified positive integer. For every x € R?, the number

x| > 0 is the Euclidean norm of x, ie. |x| = v/x'x = 4_ x2. A vector
J=17]

x € R? is a unit vector if |x| = 1. The d x d-identity matrix is I;. For every matrix
A € RI%d g spectrum, i.e. the set of its eigenvalues, is denoted by o (A). Thus
o(A) C C is non-empty, contains at most d numbers and is symmetric w.r.t. the
real axis, i.e. all non-real elements of o (A) come in complex-conjugate pairs. The
number 7, (A) := max{|A| : A € 0(A)} > 0 is the spectral radius of A. Note that
re (A) > 0 unless A is nilpotent, i.e. unless AN = 0 for some N € N. For every
A € R4 the number |A| is the (spectral) norm of A, as induced by | - |, i.e.
|A| = max{|Ax| : |x| = 1}. Itis well-known that |A| = \/rs (AT A) > rs(A).

3 A Simple Special Case: Positive Matrices

The analysis of sequences (x | A”y) is especially simple if the matrix A or one of its
powers happens to be positive. Recall that A € RY*? is positive, in symbols A > 0,
if [A]ljx > Oforevery j, k € {1,2,...,d}. The following classical result, due to O
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Perron, lists some of the remarkable properties of positive matrices, as they pertain to
the present section. For a concise formulation, call x € R? positive (non-negative),
in symbols x > 0 (x > 0),if x; > 0 (x; > 0) forevery j € {1,2,...,d}.

Proposition 3.1 [25, Sect. 8.2] Assume that A € R*4 jg positive. Then:

(1) The numberry(A) > 0isan (algebraically) simple eigenvalue of A, i.e. a simple
root of the characteristic polynomial of A;

(ii) |A| < rs(A) for every eigenvalue A # ry(A) of A;

(iii) There exists a positive eigenvector q, unique up to multiplication by a positive
number, corresponding to the eigenvalue rys (A);

(iv) The limit Q = lim,_ o0 A" /rs (A" exists, and Q > 0 satisfies Q* = Q
as well as AQ = QA = ry(A)Q. (In fact, Q is a rank-one projection with
Qg9 =q.)

Recall that (o) with @ > 01is Benford if and only if log « is irrational. The following
is a generalization of this simple fact to arbitrary dimension. Informally put, it asserts
that as far as the Benford property is concerned, matrices with some positive power
behave just like the one-dimensional sequence (r(, (A)").

Theorem 3.2 Let A be a real d x d-matrix, and assume that AN > 0 for some
N € N. Then the following four statements are equivalent:

(1) The number logrs(A) is irrational;

(ii) The sequence (x " A"y) is Benford for every x, y # 0 withx > 0 and y > 0;
(iii) The sequence (|A"x|) is Benford for every x # 0 with x > 0;

(iv) The sequence (|A"|) is Benford.

Proof Since AN > 0, the number r,(AN) = r, (A)N > 0 is an algebraically
simple eigenvalue of A", by Proposition 3.1. It follows that exactly one of the two
numbers 74 (A) > 0 and —r,(A) < 0 is an algebraically simple eigenvalue of A.
Denote this eigenvalue by g, and let P be the spectral projection associated with
it, that is, P = bc " / bTc where b, ¢ are eigenvectors of, respectively, A and AT
corresponding to the eigenvalue Ag, i.e. Ab = Aob and A'¢ = Agc. Thus P2 = P
and AP = PA = X;oP. Moreover, the matrix R := A — AoP clearly satisfies
AR = RA and PR = RP =0, and hence

A" =P+ R", VneN. 7

Since |A| < |Ag| = ry (A) for every eigenvalue A of R, lim, . R"/rs(A)" = 0,
and an evaluation of (7) along even multiples of N yields

(AN A R2
lim;— 00 ra— = lim,, ro (A)2nN P+ ro (A)2nN =P

This shows that P = Q > 0, with Q according to Proposition 3.1(iv) applied to A" .
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With these preparations, the asserted equivalences are now easily established.
Indeed, given any x, y # 0 with x > 0 and y > 0, the vector Qy is positive, and
xRy

i

i TATy  AgxTOy +x TRy
ro (A)" ro (A"

n—

xTQy + = xTQy >0, (8)

together with Proposition 2.4, shows that (x T A” y) is Benford if and only if log 7o (A)
is irrational. A similar argument applies to (JA"x|), as

|A" x| Mng + R"x| ’ R'Xx| n—>oo
= = |0x + — |0x| >0,
ro (A" ro (A" Ao
whenever x > 0, x # 0, and also to (|A"]), as
Y PRQHR | R s .
re (A re(A" Ao '

Remark The proof of Theorem 3.2 shows that if log r, (A) is rational then (x " A"y)
and (]A"x|) are not Benford for any x, y > 0, and neither is (|A"|) Benford. Also, in
(iii) and (iv), the Euclidean norm | - | can be replaced by any norm on, respectively,
R? and R4*4

Corollary 3.3 Let A € RY*?, and assume that AN > 0 for some N € N. Then, for
every j,k € {1,2,...,d}, the sequence ([A"]x) is Benford if and only iflogrs (A)
is irrational.

Example 3.4 The matrix associated with the Fibonacci recursion

Xp = Xp—1 +Xp—2, n =3, 9

is A = |:} (1)], with 7, (A) = ¢ = %(1 + +/5). While A is non-negative, i.e.

[A];x > Oforall j, k, but fails to be positive, the matrix A?is positive, and so is A”
for every n > 2. Since logr, (A) is irrational (even transcendental), every entry of
(A") is Benford. This is consistent with the fact that

F, F,
n __ n+1 n
A _[Fn Fn—lil’ 1’122,

and the sequence (F}) is Benford.

Consider now the sequence (x,) with x,, = eIrA" (3ep — e1). Recall that (x;,) thus
defined also solves (9). However, since 3e»> — ej is not non-negative, Theorem 3.2
does not allow to decide whether (x,) = (2, 1, 3,4, 7, ...), traditionally referred to
as the sequence of Lucas numbers and denoted (L,,), is Benford. Corollary 3.7 below
shows very easily that this is indeed the case. <
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Example 3.5 Consider the (symmetric) matrix

=310
B=] 101/{,
016

the characteristic polynomial of which is
pe(h) =det(B — A1) = —A3 + 317 + 201 — 3.

Itis readily confirmed that pp has three different real roots. If . = £10"/" was a root
of pp with any relatively primem € Z andn € N, thenn < 3, and 10” would divide
| det B"| = |det B|" = 3", hence m = 0, thatis, A = £1. But pp(£1) = £19 # 0.
It follows that r (B), albeit algebraic, is not a rational power of 10, and so log r, (B)
is irrational (even transcendental). Moreover, B” contains both positive and negative
entries forn =1,2,...,7, yet

13841 1929 37034
B =| 1929 56662 335235 | >0,
37034 335235 2031038

hence Theorem 3.2 and Corollary 3.3 apply. In particular, every entry of (B") is
Benford. Note that the actual value of r, (B),

re(B) =1+ %@ cos (% arccos 517@) = 6.165,

is not needed at all to draw this conclusion. <

Example 3.6 When A > 0 and logr, (A) is irrational, the sequence (xTA"y) may
nevertheless not be Benford for some non-zero x, y € R?. By Theorem 3.2, such
x, y cannot both be non-negative. For instance, the matrix A = |: 155 155:| is positive,
and logr, (A) = 1 + log?2 is irrational, yet (e] A"(e; — e2)) = ((—10)") is not

Benford. On the other hand, even if r, (B) is rational, (x| B" y) may be Benford for
some x,y € R%. Again, x, y cannot both be non-negative, by virtue of Theorem 3.2.

Concretely, B = |:2 2i| > Ohaslogr, (B) = Irational, yet (] B"(e; —e2)) = (2")

is Benford. <

Corollary 3.7 Let (x,,) be a solution of the linear difference equation
Xy = @1 Xp—| + @Xp—2+ -+ ad1Xn—d+1 + AdXpn—q, N >d+1,

with a1, as, ...,aq—1,aq > 0. Assume that the numbers x1, x3, ..., Xq are non-
negative, and at least one is positive. Then (xp) is Benford if and only if log¢ is
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irrational, where z = ¢ is the right-most root of 4 =aq7 Va4
aq—1z + aq.

Proof The associated matrix A according to (5) is non-negative, and A" > 0 for
n > d. Moreover, A has the characteristic polynomial

pa) = (DA0d —ap® T —and - gy h—ay).

Since x, = x A" ly withx = ¢4 > Oand y = Z‘;zl Xdt+1—je;j > 0, the claim
follows directly from Theorem 3.2. O

Example 3.8 Every solution of (9) with xjx2 > 0 is Benford. (For the case x| < 0
simply note that (—x,) is a solution of (9) as well.) Evidently, this includes the
Fibonacci sequence, where x; = x; = 1, but also the Lucas numbers, where x| = 2,
x2 = 1. As they stand, however, Theorem 3.2 and Corollary 3.7 do not allow to
decide whether the solution of (9) with, say, x; = 2, x = —3 is Benford.

More generally, every solution (x,) with xjx2 > 0 of

Xp = a1Xp—1 + azxxp—3, n >3, (10)

where a1, a; are positive integers, is Benford if and only if 102" — g, # ap - 10™ for
everym =0, 1, ..., [log(a; + a2)]. Again, this leaves open the question regarding
the Benford property of solutions of (10) with xjx2 < 0. The results of the next
section allow to settle this question without any further calculation: Except for the
trivial case x; = xp = 0, every solution of (10) is Benford if and only if

110" —ap| #ap - 10", Ym =0,1,..., [log(a; +a2)] . (11)

For the Fibonacci recursion (9), for instance, (11) reduces to |1 — 1| # 1, which is
obviously true. Thus, apart from x,, = 0, every solution of (9) is Benford. <

The following examples aim at illustrating the scope and limitations of Theorem
3.2. Although the latter is easy to state and prove, and quite useful in a variety of
situations, its overall applicability is somewhat limited because

e it does not apply in general if the matrix in question fails to have a positive power,
see Example 3.9;

e even ifitapplies, the Benford property of individual solutions of a linear difference
equation (3), or equivalently of sequences (x " A”y) with A according to (5) and
arbitrary x, y € R?, is generally unrelated to the Benford property of (x T A”y)
with non-negative x, y, see Example 3.10;

e it does not apply to various sequences that are closely related to (A”) and often of
interest in their own right, for instance (A"H — r (A)AM), see Example 3.11.

In view of these limitations, in the next section the Benford property is studied more
generally for sequences (x | A”y) with arbitrary A € R?“ and x, y € R?.
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Example 3.9 Theorem 3.2 may fail if A € R?*¢ does not have a positive power.
20
01
log?2 is irrational, yet ([A"];x) is constant and hence not Benford except for
j = k = 1. Neither is (|A"e;|) Benford. Thus the implications (i) = (ii) and
(i) = (iii) in Theorem 3.2 do not even hold for non-negative matrices. As will be
seen in the next section, however, (ii)) = (i) and (iii) = (i) remain true for arbitrary
(non-nilpotent) matrices in that if (x T A”y) or (|A"x|) is, for every x, y € R, either
Benford or vanishes for all n > d then logr, (A) is irrational. Similarly, if A does
not have a positive power then (]A”|) may not be Benford even when logr, (A) is
irrational, see Example 4.10.

Note also that even if B does not have any positive power, all entries of (B"),
or in fact all non-trivial sequences (x ' B"y), may nevertheless be Benford, as the

Simply consider the (non-negative) matrix A = |: :|, for which logr,(A) =

example B = |:_} _ii| shows, for which
B":Z”_l[_}_i], neN. ;|

Example 3.10 Consider the difference equation

Xn = %(xn—l +xp-2), n =3, (12)

(1]

Similarly to Example 3.4, A > 0 and A2 > 0. In addition, A evidently has the
property that the entries in each of its rows add up to 1. Thus A is a (row-) stochastic
matrix. It is well known (and easy to see) that 7, (A) = 1 for every (row- or column-)
stochastic matrix. According to Theorem 3.2, none of the sequences (x ' A”y) with
x,y > 0 is Benford. In fact, a short calculation yields

17217 =H"1 1-1
n_ 1 3
A _3[21]+ 3 [_2 2], neNp, (14)

showing that each sequence (x ' A"y) converges to a finite limit (which is positive
unless x = 0 or y = 0) and hence cannot be Benford. Recall that each such sequence
is a solution of (12). On the other hand, the solution of (12) with x; = =2, xp = 1
is (x,) = ((—%)”’2) and clearly Benford. Thus a solution of a linear difference
equation may be Benford even if the associated matrix A has a positive power but
does not satisfy (i)—(iv) in Theorem 3.2.

To see that the reverse situation—some solution of a difference equation is not
Benford despite the associated matrix having a positive power and satisfying (i)—(iv)
in Theorem 3.2—can also occur, consider

and the associated matrix

o
Ol—=
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X, = 19x,_1 4+ 20x,_>, n > 3. (15)

The solution of (15) with x; = —1,xp = 1 is ((—1)”) and hence not Benford. On
19 20
10
and logr, (B) = 1 + log2 is irrational. <

the other hand, the associated matrix B = |: j| has a positive power as B2 >0,

Example 3.11 1f AN > 0forsome N € N then exactly one of the two numbers Ao =
re(A) > 0or Ay = —r;(A) < Ois an eigenvalue of A, and Q := lim,, .o A" /1§
exists and is a positive matrix. This fact, which has been instrumental in the proof
of Theorem 3.2, is of particular interest in the case of A being a stochastic matrix,
ie. for A > 0 and each row (or column) of A summing up to 1. In this case,
Ao = ros(A) = 1, and hence Q = lim,_. o A". Often, one is interested in the
(Benford) properties of (A" — Q) and (A"*! — A"). Entries of these sequences
may well be Benford, notwithstanding the fact that Theorem 3.2 does not apply and
log rs (A) = 0 is rational. For instance, with A from (13), it follows from (14) that

A"— Q=

=H"r 1=

but also
1 -1
+1 _ 1yn+1
Al’l _ An — (_E)n [_2 2} , ne N(L

and hence every entry of both (A” — Q) and (A"*! — A") is Benford. In general,
note that AQ = QA = A9Q, and consequently the sequences

(IA" = 25Q1jx) = (e (A" =5 Q)ex) = (e] A"(la — Q)ex)

as well as
(LA™ = 304" ]jx) = (e] A"(A = Aolo)ex)

are all of the form (x T A" y) withx = e ;j and the appropriate y € R¢ where, however,
y > 0 may not hold and consequently Theorem 3.2 may not apply. <

With a view towards Theorem 3.2, how does one decide in practice whether a
given d x d-matrix A has a positive power? Comprehensive answers to this question
appear to be documented in the literature only for A > 0, that is, for non-negative
matrices. In this case, Wielandt’s Theorem [25, Cor. 8.5.9] asserts that AN > 0 for
some N € N (if and) only if A4*=2d42 - () The number d? — 2d + 2 is smallest
possible in general, but can be reduced in many special cases, see [25, Sect. 8.5]. An
equivalent condition is that A be irreducible and aperiodic, i.e. for any two indices
J.k €{1,2,...,d} there exists a positive integer N (j, k) such that [A"];;x > 0 for
every n > N(j, k); see e.g. [25, Sect.8.4]. Note that if A > 0 but the matrix A" is
not positive for any n € N then there exists j, k € {1, 2, ..., d} such that eventually
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the sequence ([A"] ;) vanishes periodically and hence cannot be Benford. Overall,
by combining these known facts, Theorem 3.2 can be re-stated specifically for non-
negative matrices.

Theorem 3.12 Let A € R?*“ be non-negative. Then the following three statements
are equivalent:

(1) A isirreducible and aperiodic, and log r, (A) is irrational;
(i) AL~20+2 = 0 and log r, (A) is irrational;
(iii) The sequence (x " A™y) is Benford for every x,y # 0 withx > 0 and y > 0.

Moreover, if (i)—(iii) hold then, for every x % O with x > 0, the sequence (|A"x|) is
Benford, and so is (|A")).

Proof If A€’ 2442 g ot positive then neither is A” for any n, by Wielandt’s The-
orem, and hence A cannot be irreducible and aperiodic. Thus (i) = (ii). According
to Theorem 3.2, (iii) follows from (ii). Assume in turn that (i) does not hold. Then
either A is not irreducible and aperiodic, or log 75 (A) is rational. In the former case,
([A"] 1) = (ejTA"ek) vanishes periodically for some j,k € {1,2,...,d}, hence
(iii) fails with x = e¢; > O and y = ¢, > 0. In the latter case, assume w.l.o.g.
that A is irreducible and aperiodic. Then (iii) fails again, by virtue of Theorem 3.2.
Overall, (iii) = (i). Finally, the assertions regarding (|A"x|) and (]A"|) are obvious
from Theorem 3.2. O

Remark The non-negative matrix A = 2:| has neither of the properties (i)—(iii)

0
20
in Theorem 3.12, and yet (|A"x|) is Benford for every x # 0, and so is (|A"|).

In general, i.e. without the assumption that A be non-negative, the clear-cut situ-
ation of the non-negative case persists only for the special cases d = 1 (trivial) and
d = 2 (a simple exercise), where AN > 0 for some N € N (if and) only if A% > 0.
In stark contrast, if d > 3 then the minimal positive integer N with AN > 0 can be
arbitrarily large. For example, for every o € R the (symmetric) 3 x 3-matrix

10 — 10% 10+t1/2(10%-1 4 1) 9.10%
Ay = | 10°T1/2(10%71 4 1) 18 - 10% 10%/2(10%F1 4 1)
9.10% 10%/2(10%F1 4 1) 10%+1

is positive precisely if || < 4—1‘, and for |«| > }‘ a short calculation shows that
min{n eN: Al > O} =2||a|] +2 > 2|«|.

Note that, for every o € R, the matrix A, has at most one negative entry (and is, in
the terminology of [25, Exc. 8.3.9], essentially non-negative).

The example of A, demonstrates that unlike in the non-negative case, for d > 3
the minmal exponent N with AV > 0 does not admit an upper bound independent
of A. Still, the property that AY > 0 for some N € N can be characterized rather
neatly.



38 A. Berger and G. Eshun

Proposition 3.13 The following properties are equivalent for every A € R4

(i) AN > 0 for some N € N;
(i) A?" > 0 for all sufficiently large n € N;
(iii) Either Ay = 15(A) > 0 or A9 = —ry(A) < 0 is an algebraically simple
eigenvalue of A with |L| < ry(A) for every A € o (A)\{ o}, and the spectral
projection Q associated with L is positive, i.e.

beT
0= m >0, (16)

where b and c are eigenvectors of, respectively, A and A" corresponding to the
eigenvalue Lo, that is, Ab = hob and ATe = e

Applying this result for instance to the 3 x 3-matrix B of Example 3.5 yields, with
Ao = 1o (B) = 6.165,

3.158 28.95 175.3
0 =10"*]| 28.95265.3 1606 | > 0,
175.3 1606 9731

and hence immediately shows that BY > 0 for some N € N. (In Example 3.5,
the minimal such N was seen to be N = 8.) On the other hand, for the matrix B
considered in Example 3.9, the spectral projection associated with Ao = r4(B) = 2,

1 1 -1
Q=§|:_1 1:|,

is not positive, and neither is B" = 2"~! B = 2" Q positive for any n € N.

Example 3.14 Theorems 3.2 and 3.12 are especially easy to apply if A is an integer
matrix, i.e. if [A]jx € Z for every j, k. In this case, an explicit calculation of 7, (A)
is not required. In fact, if A € 74*d with d > 2 and AY > 0 for some N € N then
log ry (A) is irrational (even transcendental) provided that

none of the numbers + 10", withm = 1,2, ..., |d log| Allco]

d
and ||A| oo := max; Zk—l |[A]jk , 1s an eigenvalue of any of 17
the d matrices A, Az, A A4,
Even simpler to check is the condition that
det A is not divisible by 10, (18)

which implies (17) and hence also guarantees the irrationality of log r, (A).
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For example, the matrix A associated with (9) is an integer matrix with A >0,
and det A = —1 obviously satisfies (18). Hence, as already seen in Example 3.4,
Theorem 3.2 applies, and (x " A”y) is Benford forall x, y > O withx # Oand y # 0.
Similarly, for the matrix B discussed in Example 3.5, B8 > 0,and det B = —3is not
divisible by 10, hence log r (B) is irrational, and again Theorem 3.2 can be applied
without determining the actual value of 7 (B).

For another example, consider the matrix

—3-1-1
cC=|-21 =3/{,
1 -3 -1

for which ||C|lsc = 6. As before, C® > 0, hence Theorem 3.2 applies. Note that
det C = 30, and so (18) fails. However, (17) holds, as [31og ||C|ls] = 2 and none
of the four integers 410, 4107 is an eigenvalue of any of the three matrices

10 5 7 —33 —26 —32
c, C’=|1122|, c3=|-25 5 -39,
2 —19 5 —30 -8

as can easily be checked e.g. by means of row-reductions. Again, therefore, log r, (C)
is irrational. <

4 The Case of Arbitrary Matrices

Given an arbitrary real d x d-matrix A, this section presents a necessary and suffi-
cient condition for the sequence (xTA"y) to be, for any vectors x,y € R4, either
Benford or identically zero for n > d. As explained earlier, the result also allows
to characterize the Benford property for solutions of any linear difference equation.
To provide the reader with some intuition as to which properties of such equations,
or the matrices associated with them, may affect the Benford property, first a few
simple examples are discussed.

Example 4.1 (i) Let the sequence (x,) be defined recursively as
Xp = Xp—1 — Xp—2, N =3, (19)
with given x1, xo € R. From the explicit representation for (x;,),
Xn = (X1 — x2) cos (%nn) + %(xl + x7) sin (%nn) , neN,

itis clear that x, ¢ = x, forall n,i.e. (x,) is 6-periodic. This oscillatory behaviour of
(x,,) corresponds to the fact that the eigenvalues of (19), i.e. of the matrix associated
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with it, are A = e*7/3 and hence lie on the unit circle S. For no choice of x1, x2,

therefore, is (x,) Benford.
(ii) Consider the linear 3-step recursion

Xp = 2xp—1 + 10x,,_p — 20x,,_3, n > 4. (20)
For any x1, x2, x3 € R, the value of x,, is given explicitly by
xn = 12" + a2 10"? 4 a3 (—1)"10"2,
with the constants o1, a2, @3 according to
ap = 35(10x; —x3), @23 = g5(x3 +3x2 — 10x)) & lzlw(xg — 4x1).

Clearly, limsup,,_, , |x,| = 400 unless x; = x2 = x3 = 0, so unlike in (i) the
sequence (x;) is not bounded. However, if |a2| # |o3| then

n 1 n
log [x,| = 5 +log [a1 107372 -y 4+ (—1)"as| ~ 5 + log oz + (=)',

showing that (S (xn)) is asymptotically 2-periodic and hence (x,) is not Benford.
Similarly, if || = || # O then (S(xn)) is convergent along even (if ax = «3) or
odd (if wp = —w3) indices n, and again (x,) is not Benford. Only if ap = a3 = 0
yet a1 # 0, or equivalently if x3 = 2xo = 4x7 # 0 is (x,) Benford. Obviously, the
oscillatory behaviour of (S (xn)) in this example is due to the characteristic equation
13 =212 4+ 102 — 20 associated with (20) having two roots with the same modulus
but opposite signs, namely A = ++/10.

(iii) Let y = cos(m log?2) = 0.5851 and define (x;) recursively as

Xp =4yxp—1 —4xp—2, n >3, 21
with given x1, xo € R. As before, an explicit formula for x,, is easily derived as

—2x(2y% = 1)

i

Xp = 2”’2(4yx1 — xp) cos(rnlog?2) + 22 re sin(zrn log2)
=2"Bcos(wrnlog2 + &),

with the appropriate § > 0 and & € R. Although somewhat oscillatory, the sequence
(xp) is clearly unbounded. However, if (x1, x2) 7 (0, 0) then 8 > 0, and

log |x,| = nlog2+log B + log|cos(mnlog2 +&)|, neN,

together with Lemma 2.6, where ¥y = ¢ = log2, @ =0, z = e and z, = 0,
shows that (x,,) is not Benford. The reason for this can be seen in the fact that, while
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log |A| = log 2 is irrational for the roots A = 2¢®*7 1°22 of the characteristic equation
associated with (21), there clearly is a rational dependence between the two real
numbers log |A| and % arg A, namely log |A| — 2(% argi) = 0. <

The above examples indicate that, under the perspective of BL, the main difficulty
when dealing with multi-dimensional systems is their potential for more or less cyclic
behaviour, either of the orbits themselves or of their significands. (In the case of
positive matrices, as seen in the previous section, cyclicality does not occur or, more
correctly, remains hidden.) To precisely denominate this difficulty, the following
terminology will prove useful. Recall that, given any set Z C C, spangZ denotes
the smallest linear subspace of C (over Q) containing Z.

Definition 4.2 A non-empty set Z C C with |z| = r forsomer > Oand all z € Z,
i.e. Z C rS,is non-resonant if its associated set Ay C R, defined as

argz — argw

Az =11
z[~|— .

:z,weZ]

satisfies the following two conditions:

1 AzNQ={1}

(ii) logr ¢ spangAz.

An arbitrary set Z C C is non-resonant if, for every r > 0, the set Z N rS is either
non-resonant or empty; otherwise Z is resonant.

Note that by its very definition the set Az always satisfies | € Az C (0, 2) and is
symmetric w.r.t. the point 1. The empty set & and the singleton {0} are non-resonant.
On the other hand, Z C Cis certainly resonant if either {—r, r} C Z for some r > 0,
in which case (i) is violated, or Z N'S # &, which causes (ii) to fail.

Example 4.3 The singleton {z} with z € C is non-resonant if and only if either z = 0
or log|z| ¢ Q. Similarly, the set {z, z} with z € C\R is non-resonant if and only
if the three numbers 1, log |z| and % arg z are rationally independent, i.e. linearly
independent over Q. <

Remark 1f Z C rS then, for every z € Z,

spangAz = spang ({1} U [W Tw e Z]) ,

which shows that the dimension of spanQA 7, as alinear space over Q, is at most#Z.
Also, if Z C rSis symmetric w.r.t. the real axis, then the condition (ii) in Definition
4.2 is equivalent to log r & spangy({1} U (5= argz : z € Z}), cf. [5, Def.3.1].

Recall that the behaviour of (A") is completely determined by the eigenvalues
of A, together with the corresponding (generalized) eigenvectors. As far as BL is
concerned, the key question turns out to be whether or not o (A) is non-resonant.
Clearly log ry (A) isirrational whenever o (A) is non-resonant (and A is not nilpotent),
but the converse is not true in general.
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Example 4.4 The spectrum of the matrix A associated with the Fibonacci recursion
9), 0(A) = {—¢~!, ¢}, is non-resonant. On the other hand, the matrices

210 -20

B:[i_ol] c=|10 0 |, D:[“l”_ﬂ,
01 0

associated with the difference equations (19), (20), and (21), respectively, all have a
resonant spectrum. Indeed, o (B) = {e*'7/3}, and hence As(B) = {%, 1, %} con-
tains rational numbers other than 1, which violates (i) in Definition 4.2. Also,
log |[e*7/3| = 0, and so (ii) is violated, too. Similarly, o(C) = {2, £+4/10}, and
with Z = o(C) N +/10S = {£+/10} again both (i) and (ii) in Definition 4.2 fail.
Finally, o (D) = {27 1°¢2} ‘and so Ay(py = {1, | & log2} satisfies (i), yet (ii) is
violated as log 2 € spangAq(p) = spang{l, log2}. <

The following theorem is the main result of the present section. Like Theorems
3.2 and 3.12, but without any assumptions on A, it extends to arbitrary dimensions
the simple fact that for the sequence (xa"y) with o € R\{0} to be either Benford (if
xy # 0) or trivial (if xy = 0) it is necessary and sufficient that log |«| be irrational.
To concisely formulate the result, call (xTA" y) and (JA"x|) with A € R4*%d and
x,y € RY terminating if, respectively, x ' Ay = 0 or A"x = 0 for all n > d;
similarly, (JA"|) is terminating if A” = 0 foralln > d.

Theorem 4.5 Let A be a real d x d-matrix. Then the following statements are
equivalent:

(i) The set o (A) is non-resonant;
(ii) Forevery x,y € R?, the sequence (x T A™y) is Benford or terminating.

Moreover, if (i) and (ii) hold then, for every x € R4, the sequence (|A"x|) is Benford
or terminating, and so is (|A™]).

For a full proof of Theorem 4.5, the reader is referred to [6]. A simplified variant
that applies to most matrices is given at the end of this section. From the argument,
it will transpire that “terminating” can be replaced by “zero” (meaning “identically
zero”’) whenever A is invertible, i.e. whenever 0 ¢ o (A). Before that, however, a
few examples, corollaries, and remarks are presented.

Example 4.6 (i) As seen in Example 4.4, the (invertible) matrix A = |: } (1):| associ-

ated with (9) has non-resonant spectrum. For every x, y € R2, therefore, (x| A” y)
is either Benford or zero. The latter happens precisely if x and y are proportional
to, respectively, the eigenvector ge; + e», corresponding to the eigenvalue ¢ of A,
and to the eigenvector e, — ey, corresponding to —g ™!, or vice versa. In particular,
the sequences (F,,) = (e{ A"e;) and (L,) = (e] A"(3e; — e1)) are Benford, as has
already been observed in Examples 3.4 and 3.8.

Note that (Fnz), for instance, is also Benford. This follows from Proposition 2.3
but can be seen directly as well by noticing that (Fn2 + %(— 1)") is a solution of
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Xp =3Xp-1 — Xp—2, n >3,

. .3
and the associated matrix |: 1 Oi| has non-resonant spectrum {2, ¢ ~2}.

(ii) The 3 x 3-matrix B considered in Example 3.5 has non-resonant spectrum, as
it has three real eigenvalues of different absolute value, none of which is of the
form £10"/" with m € Z and n € N. As in (i), every sequence (x ' B"y) is either
Benford or zero, with the latter being the case precisely if x and y are proportional to
eigenvectors of B corresponding to two different eigenvalues. Note that even for this
conclusion, which is stronger than the one reached in Example 3.5, it is not necessary
to know o (B) explicitly. In fact, unlike in Example 3.5 it is not even necessary to
know that BN > 0 for some N. <
i _” one finds o (A) = {+/2¢*7/*} which is
resonant, as Ay (4) = {%, 1, %}. By Theorem 4.5, there mustbe x, y € R? for which
(x T A™y) is neither Benford nor zero. Indeed, observe for instance that

Example 4.7 For the matrix A = |:

1 .1

cos(zmn) —sin(gzmn

ef Aley = el 22| (f ) (14 ) el =2”/2cos(}‘mz), n € Ny,
sin(z7n) cos(zmn)

and hence (ei'—A”e 1) is neither Benford (because eIrA4"_ze 1 = 0 for all n) nor zero
(because e]—AS”el = n # 0 for all n). Note, however, that this of course does
not rule out the possibility that some sequences derived from (A”) may be Benford
nevertheless. Forinstance, (|A"|) = (2"/2) is Benford. For another concrete example,
fix any x # 0 and, for each n € N, denote by E,, the area of the triangle with vertices
at A"x, A" lx, and the origin. Then

E, = 1 |det(A"x, A" 'x)| =2"2|x|>, neN,

L
2

so (E,) is Benford, see Fig. 4. Note also that while o (A) is resonant, the set (AY =
{—4} is not. (The reverse implication is easily seen to hold for alld € N and A €

R?*4: If o (A) is non-resonant then so is o (A”) for every n € N.) <
. 19 20 .
Example 4.8 For the matrix B = 1ol first encountered in Example 3.10,

o(B) = {—1,20} is resonant. Consequently, there must be x, y € R? for which
(xTB" y) is neither Benford nor zero. In essence, this has already been observed in
Example 3.10, with x = ej and y = ¢] — e», for which (x " B"y) = ((—1)"). Note
that failure of (x T B"y) to be Benford can occur only if (20x; + x2)(y1 + y2) = 0.
For most x, y € R2, therefore, (xTB” y) is either Benford or zero. <

Example 4.9 This example briefly reviews matrices and difference equations from
earlier examples in the light of Theorem 4.5
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Fig. 4 Two Benford sequences, (Fnz) and (E,), derived from linear 2-dimensional systems, see
Examples 4.6 and 4.7; note that o (A) is resonant for the matrix A associated with (E,)

(i) The matrices A = [155 155} and B = |:2 2j| both have resonant spectrum,
o(A) = {—10, 20} and o (B) = {2, 10}, which corroborates the observation, made
in Example 3.6, that for some x, y € R2, (xT A" y) is neither Benford nor zero, and
similarly for B. Note, however, that (xTA"y) is Benford whenever x, y € R2? are
not multiples of e; — e3, and hence for most x, y € R2, whereas (xTB” y) can be

Benford only if x or y is a multiple of e — e3.
(i) While Theorem 3.2 did not apply to B = |:_i _}] in Example 3.9, every

sequence (x| B"y) was seen to be Benford or terminating. This observation is con-

sistent with o (B) = {0, 2} being non-resonant.

11
(iii) As is the case for every stochastic matrix, the matrix A = |: % (2) ] in Examples
3.10 and 3.11, has resonant spectrum o (A) = {—%, 1}, and for most x,y € R2,
(xTA"y) is not Benford. The question, already raised in Example 3.11, whether,
say, entries of (A”T! — A") can be Benford nevertheless is addressed in Sect.5. <

Example 4.10 Unlike in Theorem 3.2, within the wider scope of Theorem 4.5 the
sequence (| A" x|) may, for every x € R?, be Benford or terminating even if (i) and
(i1) do not hold. Similarly, (JA"]) may be Benford. For an example, consider the
3 x 3-matrix
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, cos(2r ) —sin(2r ) 0
A =107 | sinRmrg) cosme) 0 |,
0 0 1

where ¢ = %(1 + +/5), as usual, and hence ¢*> = ¢ + 1. The spectrum o (4) =

{10‘”2, IOWZeiQ’W} is resonant because
%(3 + \/g) = g02 = log 109 € spangAq(4) = spangf{l, «/g}.
Nevertheless, for every x € R3,

e cos(2mng) — xp sin(2mwng) .
|A"x| = 10" || x1sinQQrng) + xp cosQRung) || = 10" |x|,
x3

and since 2 is irrational, (|A"x|) is Benford whenever x # 0. Similarly, note that
10~"¢" A is an isometry for every n, and (|A"|) = (10"‘/’2) is Benford. However, by
Theorem 4.5, not every sequence (xT A" y) can be Benford or zero. That (e;r Aey) =

2 . . . . . .
(10”‘/’ sm(2nn¢)), for instance, is neither can be seen easily using Lemma 2.6.
Consider now also the matrix

, cos(2r @) —sin(2w¢) sin(mwp) cos(wg)
B =10% | sin(Qwp) cosme) sin(r)?
0 0 1

Clearly, o (B) = o (A), so the spectrum of B is resonant as well. A short calculation
confirms that

cos(2rng) —sin(2rng) sin(wne) cos(rne)

B" = 10" sinmng) cos2mrng) sin(rng)? , n €Ny,
0 0 1

from which it follows for instance that

|B"/2e3] = 10"° /3 — cos(2nng), n € No,

and consequently, using ¢ = ¢ + 1,
(log|B"v2es]) = (ng + 3 log(3 — cos(2mng))) = (f (ng)),

with the smooth function f : R — R given by f(s) = s + 5 log(3 — cos(27s)).
Recall that (n¢) is u.d. mod 1. As in the proof of Lemma 2.6, consider the piecewise
smooth map 7 = (f) on [0, 1) induced by f. Since T is a bijection of [0, 1) with
non-constant slope, Ao 1 o 7! # Ap,1. This in turn means that (| B"e3]), and in fact
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(|B"x|) for most x € R3, is neither Benford nor zero. Similarly,

|B"| = 10"“’2\/1 + %sin(ymgo)2 + %| sin(mne)|v4 + sin(mne)?, n e Ny,

and a completely analogous argument shows that (| B"|) is not Benford either.

As evidenced by this example, the property of a matrix A € R?*¢ that (|A"x|)
is, for every x € R, either Benford or terminating is nor a spectral property, i.e. it
cannot be decided upon, at least for d > 3, by using o (A) alone. Similarly, (JA"|)
being Benford is not a spectral property of A. <

Remark According to Theorem 4.5, non-resonance of o (A) is, for any invertible
A € R¥¥4_ equivalent to the widespread generation of Benford sequences of the
form (x T A"y). Most d x d-matrices are invertible with non-resonant spectrum,
under a topological as well as a measure-theoretic perspective. To put this more
formally, let

4, ={A € R4 . A is invertible and o (A) is non-resonant }.

Thus for example ¥ = {[«] : « € R\{0}, |@| # 10” for every p € Q}. While the
complement of ¥, is dense in RY*?_ it is a topologically small set: R?*9\¥; is of
first category, i.e. a countable union of nowhere dense sets. A (topologically) typical
(“generic”) d x d-matrix therefore belongs to ¢;. Similarly, if A is an R?*?-valued
random variable, that is, a random matrix, whose distribution is a.c. with respect
to the d?-dimensional Lebesgue measure on R?*4  then P(A € ¢) = 1, i.e. with
probability one A is invertible and o (A) non-resonant.

The next result is a corollary of Theorem 4.5 for difference equations and analo-
gous to Corollary 3.7 but without any positivity assumptions on coefficients or initial
values.

Theorem 4.11 The following statements are equivalent for the difference equation
Xp = a1Xp—1 +@Xp—2+ -+ ad1Xn—d+1 + dgXn—q, N >d+1, (22)

where a1, az, ...,a4—1,a4 € Rwithag # 0:

(i) The set{z € C: A=a1 Va4 tagz+ aq} is non-resonant;
(ii) Every solution (x,) of (22) is Benford, unless x, = 0.

While the reader is again referred to [6] for a full proof of Theorem 4.11, a simplified
argument applicable to most a1, az, ..., a4—1, aq is given at the end of the present
section, following the very similar proof of Theorem 4.5.

Example 4.12 Since {z € C : 2> = z + 1} = {—¢~!, ¢} is non-resonant, every
solution of (9) except for x, = 0 is Benford, as was already seen in Example 4.6.
More generally, consider the second-order difference equation
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Xy = a1Xp—1 + azxp—3, n >3, (23)

where ayp, a are non-zero integers, and a, > 0. The set {z € C : 2 = aiz + ar}
consists of two real numbers with different absolute value, and is resonant if and only
if one of them is of the form 10" for some N € Ny. It follows that every solution
(x,) of (23), except for the trivial x,, = 0, is Benford if and only if

110¥" — ap] # |a1|10™, VYm =0,1,..., [log(la1] + a2)]. 24)

For example, for a; = 2, a, = 5, condition (24) reduces to |1 — 5| # 2. As the latter
is obviously correct, every solution of

Xy = 2Xp—1 + 5xp—2, n >3,
is Benford unless x; = x = 0. On the other hand, for
Xp = 19x,_1 + 20x,_>, n >3,

(24) reads |10%" — 20| # 19 - 10" for m = 0, 1, which is violated for m = 0.
This corroborates the observation, already made in Example 3.10, that ((—1)") isa
solution that is neither Benford nor zero. <

Remark Earlier, weaker forms and variants of the implication (i) = (ii) in Theorems
4.5 and 4.11, or special cases thereof, can be traced back at least to [42] and may also
be found in [5, 7, 9, 26, 35, 43]. The reverse implication (ii) = (i) seems to have
been addressed only for d < 4, see [7, Thm. 5.37]. A case in point is the 4 x 4-matrix

cos(2+/3) — sin(27+/3) 0 0
A—10V2 sin(27+/3)  cos(2+/3) 0 0
0 0 cos(4+/3) — sin(4m~/3)
0 0 sin(4w \/§) cos(4m ﬁ)

In [7, Ex.5.36], it was observed that (xTA"y) is Benford or zero for every x,y €
R*—despite the fact that A fails to be Benford regular, a property introduced there
that is more restrictive than the non-resonance of o (A). This mismatch is resolved
by Theorem 4.5, simply by noticing that o (A) = {1Oﬁei’2”‘/§, 1Oﬁei’4”‘/§} is
indeed non-resonant.

Example 4.13 While satisfying theoretically, Theorems 4.5 and 4.11 may be difficult
to use in practice, even if A is an integer 2 x 2-matrix (in Theorem 4.5), or d = 2
and ay, ap are integers (in Theorem 4.11). To illustrate the basic difficulty, consider
the innocent-looking difference equation

Xp = 2Xp—1 — S5x,,_2, n>3. 25)
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1 2 3 4 S 6 7 8 9
N=10 50.00 | 10.00 | 10.00 | 10.00 | 10.00| 0.00 [ 10.00| 0.00| 0.00
N=100 |20.00]|11.00|13.00( 7.00(10.00(12.00]12.00| 9.00| 6.00

N=1000 |29.80|17.20|13.80| 8.90| 7.80| 6.80| 6.50( 5.20| 4.00

N=10000 [29.99(17.23|12.78| 9.51| 7.92| 6.61| 6.01| 5.19| 4.76

exact BL |30.10(17.60|12.49| 9.69| 7.91| 6.69| 579 5.11| 4.57

0 1 2 3 4 o) 6 ) 8 9
N=10 40.00{40.00 | 10.00| 0.00| 0.00| 0.00| 0.00| 0.00( 0.00|10.00
N=100 |15.00|11.00| 8.00|10.00|15.00| 7.00|10.00| 9.00( 7.00| 8.00

N =1000 |10.80|10.70|11.10| 9.50|11.60| 10.10|10.70| 9.30( 8.40| 7.80

N=10000 |11.44|11.48(11.18| 9.98(10.22|10.03| 9.27| 9.04( 8.85| 8.51

exact BL | 11.96]11.38|10.88]10.43]10.03| 9.66] 9.33] 9.03] 8.75] 8.49]

Fig. 5 Relative frequencies of the first (top) and second significant digits for the first N terms of
the solution (x,) of (25) with x; = x> = 1, see Example 4.13; the data suggests that (x,,) is Benford

Fortheset Z = {z € C : 22 = 2z — 5} = {1 + 21} = {+/5¢* @2} it 5 not hard
to see that Ay = {I,1 + %arctan 2} satisfies (i) in Definition 4.2. Thus the non-
resonance of Z is equivalent to log5 ¢ spangAz = spang{l, %arctan 2}. While
log 5 and % arctan 2 can both be shown to be transcendental, it seems to be unknown
whether or not 1, log 5, % arctan 2 are rationally independent [46]. In other words,
it is not known whether the set Z is non-resonant. In the likely case that it is, every
solution of (25), except for x, = 0, would be Benford; otherwise, none would.
Experimental evidence strongly supports the former alternative, see Fig. 5. <

The practical difficulty alluded to in Example 4.13 can be avoided altogether only
if all eigenvalues of A, or all roots of d=a? a4+ aq—1z2 +ag are
real. In this situation, the following simple observation may be helpful.

Proposition 4.14 A set Z C R is non-resonant if and only if every z € Z\{0}
satisfies
log|z| € Q and |w| # |z|] forevery w € Z\{z}.

The remainder of this section is devoted to presenting proofs of Theorems 4.5 and
4.11. Both proofs are given here only under the additional assumption that,

for every r > 0, the set 0 (A) N rS contains at most two elements, (26)

i.e. the matrix A has at most two eigenvalues of modulus r, which may take the form
of the real pair —r, r, or a non-real pair A, A with |A| = r. (For complete proofs
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without this assumption, the reader is referred to [6]. Note that the matrices not
satisfying (26) form a nowhere dense nullset in RdXd.) For convenience, let

ot (A) := {1 € o(A) : Ix = 0}\{0}.

Proof of Theorem 4.5 If 67 (A) = @, then A is nilpotent, 0 (A) = {0} is non-

resonant, every sequence (x ' A”y) is identically zero for n > d, and the claimed

equivalence trivially holds. Thus, from now on assume that o7 (A) is not empty.
Recall that, given any x, y € R4, the value of x " A" y can be written in the form

xTA"y =9 (ZAEJJr(A) pA(n))»n) , n>d, 7)

where py is, for every A € 07 (A), a (possibly non-real) polynomial of degree at
most d — 1; moreover, p, is real whenever A € R. The representation (27) follows
for instance from the Jordan Normal Form Theorem. Note that p; also depends on
x, y, but for the sake of notational clarity this dependence is not displayed explicitly.

To establish the asserted equivalence, assume first that o (A) is non-resonant and,
given any x, y € RY, that p; # 0 for some A € o7 (A). (Otherwise x " A”y = 0 for
alln > d.) Let

r=max{|A| : 1 € 6T (A), pp #0} > 0.

Recall that o (A) NrS contains at most two elements. Note also that » and —r cannot
both be eigenvalues of A, as otherwise o (A) would be resonant. Hence either exactly
one of the two numbers r, —r is an eigenvalue of A, and logr is irrational, or else
o (A) NrS = {re®"?} with the appropriate irrational 0 < ¥ < 1, and

logr ¢ spangfl, 1+ 0} = spang{l, J}.

In the former case, assume w.l.0.g. that r is an eigenvalue. (The case of —r being an
eigenvalue is completely analogous.) Recall that |A| < r for every other eigenvalue
A of A with p;, # 0. Denote by k € {0, 1, ...,d — 1} the degree of the polynomial
pr.and let y = lim,_ o0 pr(n)/ nk. Note that y is non-zero and real. From (27), it
follows that

IxTA"y| = =r"nfly +z4l, n>d,

n n
primr-+ ZAEU+(A):|)\|<r P ()%

with the (real) sequence (z,,) given by

Pr(”) 1 "
ak Y + rink ZAEo+(A):|M<r prmAT, n=d.

in =
Clearly, lim;,— 0 z, = 0. Since log r is irrational and

log|x"A"y| = nlogr +klogn +1logly +zal, n=>d,
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Proposition 2.3 implies that (x " A”y) is Benford.

In the other case, the matrix A has A9 = re!™ and its conjugate Ao = re”
as eigenvalues, and |A| < r for every other eigenvalue A of A with p; # 0. With &
denoting the degree of p,,, let again y := lim,— o0 pa,(n)/ n*, and note that y may
now be non-real, yet is non-zero as before. Deduce from (27) that

1547

T Ay =

n (m0 e ™ 3 o Al Px(n)/\")‘ = ke ™ 4 2,)),

with the (possibly non-real) sequence (z,), given by

_ p)LO(n) . Ty 1 n
" ( nk y) T Tk Zkea+<A):|x|<r Pi(A

again satisfying lim,_, o, z, = 0. Since ¢ is irrational due to the non-resonance
of 6(A), the set I := {n € N : R(ye™ + z,) = 0} has density zero, that is,
limy o 1#(I N {1,2,...,n}) =0, and

log|x"A"y| = nlogr + klogn +log |R(ye™” +z,)|, VneN\I. (28)

(The reader familiar with the Skolem—Mahler—Lech Theorem [34, Thm. A] will
notice that 7 is actually finite, though this much stronger property is not needed
here.) Lemma 2.6 with ¢ = logr, ¥ = ¥, « = k, z = y shows that the sequence
on the right in (28) is u.d. mod 1, and so is (log IxTA™y)), by Proposition 2.3. Thus
(xTA"y) is Benford, and the proof of (i) = (ii) is complete.

To establish the reverse implication, assume that o (A) is resonant. Then, for some
ro > 0 and with Z := o (A) N ryS, the set Az contains rational numbers other than
1,orlogrg € spangAz, or both. Assume first that 1 + p € Az for some rational
number p > 0. This implies that Z contains exactly two elements, either ro, —rg
or else roe™””. In the former case, let b, ¢ be unit eigenvectors corresponding to,
respectively, the eigenvalues rg and —rg of A, and let x := y := b + c. Then

xTA"Y = (b+0) (rfb+ (—=r)"c) = (1 + b o) (1§ + (—ro)").
By the Cauchy—Schwarz inequality, 1 + 5 "¢ > 0. Hence x ' A"y = 0 for all odd n
butx " A"y > Oforallevenn,and (x " A”y) is neither Benford nor terminating. In the
case of non-real eigenvalues, there exist linearly independent unit vectors b, ¢ € RY
such that, for every n € Ny,

A"b = r cos(mnp)b—rg sin(wnp)e, A'c = ry sin(wnp)b+ry cos(wnp)c. (29)

Hence with x := y :=b +c,
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xT A"y =r{(b+ ¢)"((cos(wnp) + sin(wnp))b + (cos(mnp) — sin(wnp))c)
=2(1+b"e)rf cos(np),

and again x ' A"y = 0 periodically but no identically. Thus (x " A"y) is neither
Benford nor terminating.

It remains to consider the case where #(Az N Q) < 1 forevery Z = o (A) NrS
andr > 0, yetlogry € spangAz for some ro > 0. Again it is helpful to distinguish
two cases: either 0 (A) NroS C Roro (A) NroS C C\R. In the former case, exactly
one of the two numbers rg and —rg is an eigenvalue of A. The argument for —rg
being analogous, assume w.l.0.g. that o (A) NrpS = {ro}. Then Az = {1} and hence
log rg is rational. Taking x := y := b, where b is any eigenvector of A corresponding
to the eigenvalue ro, yields x T A"y = o |b|?, and (x T A”y) is neither Benford nor
terminating. In the other case, i.e. for Z = o (A) N roS = {rpe™™?} with some
irrational 0 < ® < 1, pick again linearly independent unit vectors b, ¢ € R? such
that (29) holds for all n, with p replaced by . With x := y := b + ¢, it follows that

log|x T A"y| = nlogry + log [2(1 + b ¢) cos(mnd)|.

Recall that logrg € spang{l, ¢}, by assumption. An application of Lemma 2.6
with 9 = logrg, 9 = 9,0 =0,z =2(1 + bT¢) > 0 and z, = 0 shows that the
sequence (x " A”y) is not Benford. Clearly, it is not terminating either. Thus (ii) = (i),
as claimed.

To complete the proof, the assertions regarding (|A"x|) and (]A"|) have to be
verified. The above argument establishing (i) = (ii) can be used to verify the former
assertion because, forevery x € RY, |A"x|? = Z?zl(e;—A"x)z,and so (log [A"x]|)is
easily seen to be u.d. mod 1 using Lemma 2.6. Finally, if A is not nilpotent (otherwise
(|A"|) obviously is terminating) assume first that o (A) N 7y (A)S = {ry (A)e™?77)
for some irrational 0 < ¥ < % Then, with the appropriate integer k > 0,

(AMTA" = ro (A)*"n* (B(9) " B(n®) + Cy), neN,

where the function B : R — R?*9 is l-periodic, real-analytic and does not vanish
identically, and (C,) is a sequence in R*d with |C,| — 0. It follows that

log |A"| = nlogrs(A) + klogn + S logro (B(n®) " B(n®) + Cy).

Note that ry (B(t)TB(t)) > 0 for all but finitely many ¢ € [0, 1). By the assumed
non-resonance of o (A), logry (A) ¢ spanQ{l, ¥}, and hence [5, Lem.2.9] shows
that (|A"|) is Benford. As the argument for the case o (A)Nry (A)S C R is completely
analogous, the proof is complete. O

Proof of Theorem 4.11 Note first that the matrix A associated with (22) via (5) is
invertible because a; # 0. Hence (27) is valid for all n € N, and the sequence
(x T A™y) vanishes identically unless p; # 0 for some A € o7 (A). Also note that
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o (A) simply equals {z € C : = a4+ 4 aqg—1z2 + aq}. Thus, if
the latter set is non-resonant then (x,) = (e;er”y) with y = Al Z?:l Xd+1-j€;j
either is Benford or else vanishes identically. This shows that (i) = (ii).

To establish the reverse implication, assume that o (A) is resonant, and distinguish
cases just as in the above proof of Theorem 4.5. If o (A) is resonant due to failure
of (i) in Definition 4.2 then, for some ry > 0 and rational number p € (0, 1), either
{=ro, 10} C o (A) or {roe™™} C o (A). In the former case, (x,) = (rf + (—ro)")
solves (22) and is neither Benford nor zero. In the latter case, the same is true for
(xp) = (r(’} cos(rm,o)). If, on the other hand, o (A) is resonant due to failure of (ii)
then, for some r9 > 0 and irrational ¢ € (0, 1), either ryg € o (A) and logrg € Q,
or else {roe™™”} C o(A) and logrg € spang{l, #}. In the first case, (x,) = ry)
solves (22) and is neither Benford nor zero. In the second case, (x;) = (rg cos(nm 19))
is a non-zero solution of (22) that is not Benford since

(log | cos(nm®)|) = (nlogro + log | cos(nmr)])

is not u.d. mod 1, by Lemma 2.6. Overall, (ii) = (i), and the proof is complete. O

5 An Application to Markov Chains

If Aisareal d x d-matrix and log r, (A) is rational then, as an immediate consequence
of Theorem 4.5, the sequence (xTA"y) is, for most x, y € R4, not Benford. If, in
addition, A happens to have a positive power then, for instance, none of the entries
([A™] k) is Benford, according to Corollary 3.3. Even in this situation, however, it
is quite possible that all entries of (A”T! — r, (A)A”"), and in fact most sequences

(xT (A" —r (A)A™) y) , are Benford. This phenomenon has already been observed
11
in Examples 3.10and 3.11 for the matrix A = |: % (2) i|, forwhichlogr,(A) =log1 =

0, and yet

41 o 1\n+1 1 -1
AT qn = (1) [_2 ] nen.

hence most sequences (x ' (A"t! — A™)y) are Benford. The purpose of the present
section is to study this “cancellation of resonance” scenario and to demonstrate how it
can be understood easily by utilizing the results from previous sections. The scenario
is of particular interest in the case of sfochastic matrices which often arise as tran-
sition probability matrices of finite-state Markov chains. (As observed in Example
4.9(iii), the spectrum of every stochastic matrix is resonant.) However, “cancella-
tion of resonance” may occur whenever A has a dominant simple eigenvalue, and
it is in this more general and transparent setting that the main result, Theorem 5.1
below, is formulated. The specific result for Markov chains is then a simple corollary
(Corollary 5.4).
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Assume, therefore, that the real d x d-matrix A has a dominant eigenvalue A that
is algebraically simple, i.e. [A| < |Ag| for every A € o (A)\{Xo}, and A is a simple
root of the characteristic polynomial of A. Note that Aq is necessarily a real number,
and r5 (A) = |Ag]. It is not hard to see that under these assumptions the limit

n

, A
Oa:=limy 00 — (30)
)‘0

exists. Moreover, it is clear from (30) that Q4 A = AQ4 = A9Q 4, but also Q2 =
Q4. In fact, Q4 is nothing but the spectral projection associated with A9 and can
also be represented in the form

be'
bTe’

Oa= €29

where b, ¢ are eigenvectors of, respectively, A and AT corresponding to the eigen-
value Ag. A dominant, algebraically simple eigenvalue is often observed in practice.
For instance, it occurs whenever AN > 0 for some N € N, see Proposition 3.1. (In
this case even Q4 > 0.) But it also occurs for matrices such as e.g.

1 -1 21
RG]

of which no power is positive.

Consider now the sequences (A"t! —19A") and (A" — Ay Q4), both of whichin a
sense measure the speed of convergence in (30) and therefore are often of interest in
their own right. Using the results of Sect. 4, the Benford behaviour of these sequences
is easily analysed.

Theorem 5.1 Assume A € R?*? has a dominant eigenvalue g that is algebraically
simple, and let Q 4 be the associated projection according to (31). Then the following
three statements are equivalent:

(1) The set o (A)\{ o} is non-resonant;

(ii) The sequence (x T (A"t! — AgA™)y) is Benford or terminating for every x, y €
Rd,'

(iii) Ehe sequence (x T (A" — Lo QA)Y) is Benford or terminating for every x,y €
R<,

Proof Since all assertions are trivially correct for d = 1, assume d > 2 from now

on, and hence A9 # 0. As in the proof of Theorem 3.2, let R := A — ApQ4 and
observe that AR = RA as wellas Q4R = 0 = RQ 4, and hence

A" =)\EQA+R", Vn=>1. (32)



54 A. Berger and G. Eshun

Note that, for every A € 0 (A)\{Ao} and x € RY with (A — Al)™x = 0 (i.e. x #0
is a generalized eigenvector of A corresponding to the eigenvalue A # X),

0=cT(A—Alp)"x = (AT = al)"¢) ' x = (g — 1) x,

and so ¢'x = 0, which in turn implies Q4x = 0, and hence A"x = R"x for all
n, by (32), and A € o(R). On the other hand, Ab = Aob = LoQ b and therefore

Rb = 0. Thus 0 € 6(R). Also, if Rx = Agx for some x € R4 then (32) yields

A'x

Oax =1lim, 0 7 = 0ax +x,
0

hence x = 0. In other words, A9 ¢ o (R), and overall 0 (R) = (o (A)\{Ao}) U
{0}, showing that o (R) is non-resonant if and only if o (A)\{Ao} is non-resonant.
Moreover, deduce from (30) and (32) that

AT 30A" = R"(R — Aoly), A" —A3Qa=R", Vn>1.

Since R — Aply is invertible, the asserted equivalences are now obvious from
Theorem 4.5. O

46
has the dominant simple eigenvalue Ay = 10. Thus Theorem 5.1 applies, with

-5 Bn_l 11
QB—lmnewE—z BEE

Example 5.2 (i) The (positive) matrix B = |:6 4:| first encountered in Example 3.6

Since o (B)\{10} = {2} is non-resonant, every sequence (xT (B! — 10B™)y) and
(xT(B" —10" 0 p)y) is Benford or terminating. This can also be seen directly from

1 -1 o 1-1
15:’”1—1019"=_2"+2[_1 1], B"—10"Qp =2" 1[_1 1}, n € Np.

19 20

(ii) For the (non-negative) matrix B = |: 1o

] from Example 3.10, 1o =20 is a
dominant simple eigenvalue, and
1 [2020
Op = 21 |: |1 :| .
However, o (B)\{20} = {—1} is resonant, and hence some (in fact, most) sequences

(xT(B"1 —20B™)y) and (x T (B" —20" Qp)y) are neither Benford nor terminating.
Again, this can be confirmed by an explicit calculation as well.
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4 —6
and hence Theorem 5.1 does not apply. Correspondingly, the limit lim,_, o, C" /2"
does not exist. Note, however, that every entry of (C ntl _oc ), for instance, is
Benford, as

(iii) The matrix C = [ ] does not have a dominant eigenvalue, as o (C) = {£2},

—12
+1 _ +1
crTh =20 =2(-2)" [_1 2j|, n € Np. 4
Example 5.3 (i) The spectrum of
—10 15 15
A=|-24 29 27
24 —24 —22
equals o (A) = {—10, 2,5}, and hence is resonant, yet Ay = —10 is a dominant

simple eigenvalue, and o (A)\{—10} = {2, 5} is non-resonant. By Theorem 5.1,
every entry of (A" 4+ 10A") and (A" — (—10)" 0 4), in particular, is Benford or
terminating, where

(ii) Consider the (non-negative) 3 x 3-matrix

310
B=1030
002

Clearly, Ao = 3 is a dominant eigenvalue, and o (B)\{3} = {2} is non-resonant.
However,

3" p3n=l o
B"=|0 3 0|, neNy,
o o0 2

and so lim,_, oc B" /3" does not exist. The reason for this is that the eigenvalue Ao,
although dominant, is not simple. Thus Theorem 5.1 does not apply. Nevertheless,
(x T (B"*1 —3B™)y) is Benford or terminating for every x, y € R3. <

Remark A close inspection of the proof of Theorem 5.1 shows that the assump-
tion of algebraic simplicity for Ay can be relaxed somewhat. As a matter of fact,
Theorem 5.1 remains unchanged if the dominant eigenvalue A is merely assumed
to be semi-simple, meaning that its algebraic and geometric multiplicities coincide
or, equivalently, that A — A9y and (A — Ag Id)2 have the same rank.

Arguably the most important application of Theorem 5.1 is to stochastic matrices.
Recall that A € R?*4 is row-stochastic (column-stochastic) if A > 0 and the entries
in each row (column) add up to 1; recall also that ro(A) = 1 € o(A) for every



56 A. Berger and G. Eshun

(row- or column-) stochastic matrix. In probability textbooks, the letters P, Q etc.
are traditionally used to denote stochastic matrices, a tradition adhered to for the
remainder of this section. If P € R?*¢ is a (row-) stochastic matrix, then it can
naturally be interpreted as the matrix of 1-step transition probabilities of a time-
homogeneous d-state Markov chain (X,,), i.e. (X},) is a discrete-time Markov process
on d symbols, s1, 52, ..., Sq, and, for every n € N,

P(Xpp1 =8kl Xy =s) =[Pljx Vj, kefl,2,....d}. 33)

As a consequence of (33), the N-step transition probabilities are simply given by the
entries of PV, that is, for every n € N,

P(Xpin = skl Xn =) = [PV Vj ke(l,2,...,d}.

Thus the long-term behaviour of the stochastic process (X,,) is governed by the
sequence of (stochastic) matrices (P"). Moreover, if |A| < 1 for every eigen-
value A # 1 of P then Qp := lim,_, o P" exists and is itself a stochastic matrix.
A common problem in many Markov chain models is to estimate Q p through numer-
ical simulation. In this context, the sequences (P"*! — P") and (P" — Qp) are
of special interest, as they both in a sense measure the speed of convergence of
P"™ — Qp. They are also rich sources of Benford sequences.

Corollary 5.4 [10, Thm. 12] Assume that the stochastic matrix P € RI%d s jrre-
ducible and aperiodic, and let Q p := lim,_, » P". Ifo (P)\{1} is non-resonant then,
forevery j,k € {1,2,...,d}, the sequences ([P"T! — P"]jx) and ([P" — Qpljk)
are Benford or terminating.

Proof Since P is irreducible and aperiodic, PN > 0 for some N € N, and hence
Mo = 1 is a dominant, algebraically simple eigenvalue of P. The claim then follows
from Theorem 5.1. O

Example 5.5 For the stochastic matrix

L [oo01
P=—1631].
101109

o(P)\{1} = {13—0, %‘} is non-resonant. Note that P fails to be irreducible, and hence
Corollary 5.4 does not apply directly. However, 1y = 1 obviously is dominant and
simple, and so Theorem 5.1 can be used to deduce that every entry of (P"+! — P™)
and (P" — Qp) is Benford or terminating, with

(1ol
Op=-|101
101
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Example 5.6 Consider the (irreducible and aperiodic) stochastic matrix

| 1411 5
P=—|11145 |,
5520

for which o (P)\{1} = {1]—0, %} is resonant. While Corollary 5.4 does not apply,
Theorem 5.1 shows that there exist x, y € R> for which (x T (P"+! — P™)y), for
instance, is neither Benford nor terminating. For a concrete example that is neither,
simply take x = e1, y = e] — e2, which yields (x ' (P"*! — P")y) = (107"). On
the other hand, with

1 111
Op=Z| 111/,
3111

it is straightforward to check that all entries of (P"*! — P") and (P" — Q p) are
Benford. Thus the non-resonance of o (P)\{1} is not necessary for the latter prop-
erty. In other words, the implication in Corollary 5.4 cannot in general be reversed.
Moreover, the property asserted by Corollary 5.4, i.e. the property that all entries of
(P"t1 — P") and (P" — Qp) are Benford or terminating, is not a spectral property
of P. To see this, consider for example

N EER
P=—|343].
101136

and note that a(ﬁ) =o(P)and Qp = Qp. Again, it is readily confirmed that, for
instance ([P"*! — P"]5) = (—2107™") and ([P" — Qp]2) = (310™"), and both
sequences are neither Benford nor terminating. <

The situation described in Corollary 5.4 is very common among stochastic matri-
ces. To put this more formally, denote by &2, the family of all (row-) stochastic
d x d-matrices, that is

_ dxd . d _ .
Py;=1PecR .PZO,Zkzl[P]jk_lVJ_I,Z,...,d .

The set &, is a compact and convex subset of R¢*?. For example,

2, ={[1]} and %:[[ls_tlzs} :O§s,t§1].
Note that £2; can be identified with a d-fold copy of the standard (d — 1)-simplex,
thatis, #; >~ {x € R :x >0, Z?:l Xj= 1}d, and hence carries the (normalized)
d(d — 1)-dimensional Lebesgue measure Leb. Consider now
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Hy = [P € Y, : P isirreducible and aperiodic, and o (P)\{1} is non—resonant].

Thus .77 is exactly the family of stochastic matrices covered by Corollary 5.4. For
instance, 71 = {[1]} = £,

%:[[litl:s]:o§s,r<1,s+z=1orlog|s+t—1|¢c@],

and in both cases 7% constitues most of &2;. The latter can be shown to be true in
general: For every d € N, the complement of .77 in &, is a set of first category
and has Leb-measure zero. Thus if P is a #;-valued random variable, i.e. a random
stochastic matrix, whose distribution is absolutely continuous (w.r.t. Leb, which
means that P(P € C) = 0 whenever C C Z; and Leb(C) = 0), then P(P €
) = 1. Together with Corollary 5.4, this implies

Corollary 5.7 [10, Thm. 17] If the random stochastic matrix P has an absolutely
continuous distribution then with probability one, P is irreducible and aperiodic,
and every sequence ([P”“‘1 — P"]jx) and ([P" — Q plji) is Benford or terminating.

Note that for example the random stochastic matrix P has an absolutely continuous
distribution whenever its d rows are chosen independently according to the same
density on the standard (d — 1)-simplex.

While the above genericity properties are very similar to the corresponding results
for arbitrary matrices (see the Remark on p. 23), they do not follow directly from the
latter. In fact, they are somewhat harder to prove, as they assert (topological as well
as measure-theoretic) prevalence of .7 within the space &?; which, as a subset of
R9*d g itself a nowhere dense nullset. The interested reader may want to consult
[10] for details.
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Harvesting and Dynamics in Some
One-Dimensional Population Models

Eduardo Liz and Frank M. Hilker

Abstract We review some dynamical effects induced by constant effort harvesting
in single-species discrete-time population models. We choose three different forms
for the density-dependent recruitment function, which include the overcompensatory
Ricker map for semelparous species; a modified Ricker model allowing for adult
survivorship; and a model with both strong Allee effect and overcompensation which
results from incorporating mate limitation in the Ricker model. We show that these
simple models exhibit some interesting (and sometimes unexpected) phenomena
such as the hydra effect; bubbling; sudden collapses; and essential extinction. We
underline the importance of two often underestimated issues that turn out to be
crucial for management: census timing and intervention time.

1 Introduction

We consider discrete-time single-species models governed by a first-order difference
equation
Xn+1 :F(xn)a n=051725"°7 (1)
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where x, denotes the population size at the n—th generation, and F is the so-called
stock—recruitment (production) function. These models are well-suited for semel-
parous populations [7, Chap. 4], but they also fit well to populations where a fraction
of adults survive the reproduction season [3, Sect.7.5]. We will focus our attention
on the unimodal Ricker map [12]

F(x)=xe'1™9 >0, (2)

and two modifications of it. The first one assumes a survivorship rate o, @ € (0, 1),
of adults and reads
F(x) = ax + (1 — a)xe" 179, 3)

We refer to this function as the Ricker—Clark map; see, e.g., [3, 9, 19].

The second modification of the Ricker model that we will consider exhibits a
strong Allee effect, that is, there is a critical population size (Allee threshold) below
which the population cannot survive [4]. It has been used by Schreiber [14] to model
mate limitation, and we will refer to it as the Ricker—Schreiber map. Its production
function is

F(x) = %x =0 g~ (4)

Our aim is to show how a strategy of constant effort harvesting changes the
dynamics of the difference Eq. (1) when the production map F' is given by (2), (3)
or (4).

2 The Ricker Model and the Hydra Effect

In this section we consider the Ricker function (2), which is a prototype for over-
compensatory production. See Fig. 1 for a graphic representation when r = 3.

A strategy of constant effort harvesting assumes that a percentage yx of the
population is removed at every period. Thus, harvesting a population following the
Ricker map after recruitment gives

Xpp1 = (1= pP)xy eI n=0,1,2,..., (5)

where y € (0, 1). The bifurcation diagram of (5) for varying y (Fig.2) shows the
well-known effects of increasing harvesting:

e Reducing complexity: if the unharvested population is unstable, a sufficiently large
harvesting effort leads the system to a globally stable positive equilibrium through
a series of period-halving bifurcations (see, e.g., [8]).

e Overharvesting leads to extinction after a transcritical bifurcationaty = 1—e™".
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Fig. 1 Graphic representation of the Ricker stock—recruitment curve F (x) = xe3!=)_ This curve
is overcompensatory; this means that after a critical value of the population size, recruitment de-
creases with increasing population size. The intersection with the line y = x (dashed line) is the
positive equilibrium x = 1 (obtained from the carrying capacity after normalization)
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Fig. 2 Bifurcation diagram for Eq.(5) with » = 3 and y € (0, 1). For each value of y (with step
0.001), we produce 300 iterations of (5) with a random initial condition xo € [0, 2.5], and plot the
last 20 iterates to let the transients die out. The bold line corresponds to the average population size

2.1 Census Timing and the Hydra Effect

The hydra effect is a term recently coined by P. A. Abrams and co-authors to define a
seemingly paradoxical increase in the size of a population in response to an increase
in its per-capita mortality [1]. One of the simplest models where this effect can be
observed is a modified version of Eq. (5), namely,

Xpgl = (1 _ y)xn er(l—(l—V)Xn)’ n= 0’ 1’ 2’ . (6)

This equation has been studied in [8, 11, 15]; see also [1] for other recruitment
functions. In particular, Ref. [11] proves that the average population size for any
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initial condition xo > 0 is an increasing function of the harvesting effort y for all
y € (0, 1—el™r ) The average population size is defined by the formula

n—1

1
¢ (0. y) =ngrgO;§xi(y>.

The bifurcation diagram for » = 3 is shown in Fig. 3. The bold line corresponds to
the average population size.

What is the relationship between models (5) and (6)? From an ecological point
of view, both are models with only two processes: reproduction and harvesting.
The only difference between them is the moment at which the population size is
measured. Indeed, if we denote by F(x) = xe”(!=*) the recruitment function and by
h(x) = (1—y)x the harvesting action, Eq. (5) corresponds to census after harvesting.
That is, it can be written in the form

Xpt1 = h(F(xy)), n=0,1,2,... @)

On the other hand, Eq. (6) corresponds to census after reproduction. That is, it can
be written in the form

Xup1 = F(h(xp), n=0,1,2,... (8)

Following another analogy [3, see Sect.7.1], Eq.(7) measures the dynamics of the
parent stock, whereas (8) measures the dynamics of the recruits.

From a mathematical point of view, Egs.(7) and (8) are dynamically equivalent
[11]; this means that they share the same properties of stability, periodicity and
chaos. However, what we observe in Figs.2 and 3 does not appear to be the same. In
particular, while (7) does not exhibit the hydra effect, (8) does do. This fact stresses
the necessity of taking into account census timing when a mathematical model is used
for management purposes; using Clark’s terms [3, see Sect.7.1], the same harvesting
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model can exhibit a hydra effect when we census recruits, but it does not if we census
the parent stock. Of course, the hydra effect is still present in the recruits but “hidden”
since we do not measure it. For more discussion on this topic, see [5] and references
therein.

We notice that the hydra effect in discrete single-species models can only occur
if the density dependence is overcompensatory [1, 15]. Actually, it is easy to explain
using the geometric interpretation of the positive equilibrium. Recall that for the
Ricker model, the average population size matches the equilibrium even when the
population oscillates. Itis easy to check that the equilibrium K, of (5) is the projection
on the x—axis of the intersection of the curve y = F(x) with theline y = x /(1 —y),
and the positive equilibrium of (6) is K_y = F(K,), which is the projection of
the same intersection point on the y—axis. This simple observation explains why
increasing harvesting produces a hydra effect in model (6) but not in (5). See Fig. 4.

2.2 Variable Harvest Timing and Its Impact on Population
Dynamics

As emphasized in [6], the timing of harvesting may profoundly influence the impact
on the population. The main reason is that if population growth is compensatory, then
if individuals are removed at early stages in the season, the remaining individuals
reproduce better. Seno [15] proposed one of the simplest models that considers
harvesting at a specific point of time within the season. It assumes that individuals
accumulate energy for reproduction in the course of the season and takes into account
density-dependent effects in the population dynamics for the parts of the season
before and after harvesting. For the Ricker map, the model is
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Fig. 5 Time series for Eq.(9) with y = 0.7, r = 4 and different harvesting times: a chaotic
solution for & = 1 (harvesting at the end of the reproductive season); b asymptotically stable
positive equilibrium for 8 = 0.7

S = (1= )y (60707 4 (1 =) 170 - n=0,1,2,... ©9)

where 6 € [0, 1] is the moment of time in the season (assuming its length is 1) when
harvest intervention takes place. The main conclusion of Seno’s paper is that the
hydra effect in (9) occurs for low values of 6, that is to say, the earlier we harvest,
the more the average population size is increased.

It is easily seen that the right-hand side of (9) is a convex combination of the
right-hand sides of Egs. (5) and (6); cf. [2]. In other words, it can be written as

Xnal = OR(F(xn)) + (1 — O F(h(xp)), n=0,1,2,...,

where 4 and F have the same meaning as in (7). Using this fact, it is easy to prove
that the intervention time 6 does not change the critical value of the harvesting
effort y driving the population to extinction, and that the average population size is
a decreasing function of 6.

Since we have seen that the cases # = 0 and 6 = 1 are dynamically equivalent,
an interesting problem is how intervention time affects the qualitative behaviour of
the model with harvesting. This problem has been addressed in [2], and a major
conclusion is that harvesting at intermediate values of the reproductive season may
reduce complexity. To illustrate this fact, Fig. 5 shows the time series of a solution of
Eq.(9) with & = 1 (which reduces to (5)) and & = 0.7. While the former is chaotic,
the latter has a globally attracting positive equilibrium.

3 The Ricker-Clark Model and the Bubbling Effect

As we have seen in the previous section, one of the characteristics of the Ricker model
with harvesting (5) is that an increasing harvesting effort stabilizes the positive equi-
librium. Actually, the opposite effect is not posible: harvesting cannot destabilize
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Fig. 6 Graphic representation 2.5
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a stable positive equilibrium [11]. However, it has recently become apparent that
harvesting/fishing can magnify fluctuations in exploited populations, and some hy-
potheses have been proposed (see, e.g., [16] and references therein).

One of the simplest mechanisms giving rise to destabilization with increasing
harvesting effort in deterministic models of discrete-time single-species populations
is to allow a certain percentage of the adult population to survive the season. This
yields the Ricker—Clark production function (3). Contrary to the usual Ricker map,
function (3) is usually bimodal, and this fact leads to richer dynamics. See Fig. 6 for
a graphic representation when r = 4 and o = 0.55.

The influence of harvesting in a population governed by Eq. (1) with the Ricker—
Clark function (3) has been recently studied in [9] for constant quota harvesting and
in [11] for constant effort harvesting. In both cases, it was shown that for certain
parameter ranges (of the adult survivorship « and production rate ) increasing har-
vesting can destabilize the positive equilibrium and, more generally, harvesting can
magnify fluctuations of population abundance, even inducing chaotic oscillations
[11, Sect.3.2].

Consider the Ricker—Clark map with constant effort harvesting

Yot = (1= ) (ozxn +(1—a)x, e’“—xﬂ) Cn=0.1.2.... (10

The destabilization that occurs for increased harvesting can be explained by a
bubbling effect, which essentially consists of a period-doubling bifurcation followed
by a period-halving bifurcation; these bifurcations produce a bubble in the bifurcation
diagram. See Fig.7.

In Fig. 8 we visualize the bubbling effect as well as population extinction due to
overharvesting by presenting time series predicted by the model for selected harvest-
ing efforts.

In Ref. [11, Theorem 2], the exact parameter ranges are given for which a bubble
occurs in Eq.(10). What is necessary is a combination of high production rates
(r > 3) and intermediate survivorship rates. Similar conclusions are obtained for
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Fig. 7 Bifurcation diagram showing a bubbling effect for Eq.(10) with o = 0.55, r = 4 and
y € (0, 1). Inside the bubble, the equilibrium is unstable (dashed curve), and there is an attracting
periodic orbit of period two
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Fig.8 Time series for Eq. (10) witha = 0.55, r = 4 and different harvesting rates: a asymptotically
stable equilibrium for the unharvested population (y = 0); b sustained oscillations for a capture
rate of 30 %; ¢ the equilibrium is again stable when the harvesting rate is 70 %; d overharvesting
(y = 0.96) drives the population extinct

a stage-structured model with two age classes (juveniles and adults) if only adult
harvesting is allowed [10, 20]. Bubbling can also occur if juveniles and adults are
harvested with the same rate, but not if juveniles are the only harvesting target (for
more details, see [10]). Note that forms of bubbling have also been observed in
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population models with constant feedback control (here, constant immigration), but
only when varying the production rate rather than the harvesting parameter [18].

If we consider intervention time using Seno’s model as we did in Sect.2, we
arrive at a similar conclusion: intermediate harvesting times can be stabilizing;
actually, a suitable value of the timing parameter 6 can avoid the bubbling effect
(see [2] for more details).

4 The Ricker-Schreiber Model: Sudden Collapses and Essential
Extinction

A common feature of the models studied in the previous sections is that overharvest-
ing (leading to population extinction) takes place after a transcritical bifurcation, i.e.
when the harvesting effort has passed a critical value y*. Actually, for values of y
slightly smaller than y*, the positive equilibrium is globally asymptotically stable
and decays continuously to zero. In some sense, this means that extinction can be
prevented if harvesting pressure is increased only gradually (although the decay to
zero can be very fast, especially if we census after reproduction, see Fig.3).

But there are populations for which the transition from a stable positive equi-
librium to extinction is discontinuous, producing a so-called sudden collapse. This
phenomenon is typical of a strategy of constant quota harvesting [9, 13], but it can
also happen for constant effort harvesting if the population model exhibits a strong
Allee effect.

The last model we consider in this paper is also based on the Ricker map, but it
includes a factor for positive density dependence that induces a strong Allee effect.
It is the Ricker—Schreiber model

= P e =0,1,2 1
x}’l+1 l—‘,—ﬂxnxne ) n 9 Ly &y ey ( )

which was already introduced in Eq. (4). Parameter 8 represents the carrying capacity
of the population in the absence of mate limitation multiplied by an individual’s
efficiency to find a mate [14, Sect.2.1]. See Fig. 9 for a graphic representation when
r=35and 8 =0.5.

There are three generic possibilities for the dynamics of model (10): extinction;
bistability between extinction and survival; and essential extinction [13]. The latter
means that extinction occurs for a randomly chosen initial condition with probability
one. For fixed values of 8 and r, different harvesting efforts result in the three generic
possibilities. For example, we consider the model with constant effort harvesting

4xn X, oH1—xn)
1+ 4x,

X1 =1 =) , n=0,1,2,... (12)
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For y = 0, there is essential extinction (c.f. [14, p. 205]). When constant effort
harvesting is applied (see the bifurcation diagram in Fig. 10), a boundary colli-
sion switches the dynamics from essential extinction to bistability at a value of
y1 = 0.09384. A tangent bifurcation leads to extinction at y» = 0.91104, which
corresponds to a sudden collapse due to overharvesting. Between y; and y», the
dynamics of the nontrivial attractor ranges from chaos to asymptotic stability of the
larger positive equilibrium.

We call the reader’s attention to an unusual behaviour of extinction: populations
can persist within a band of medium to high harvesting efforts, whereas extinction
occurs for lower and very high harvesting efforts. This phenomenon is also typical
of a strategy of constant quota harvesting, and has been uncovered by Sinha and
Parthasarathy [17]. For constant effort harvesting in models with Allee effects, it
was first demonstrated by Schreiber [14].

The influence of harvest timing in the model (10) has been considered in [2]. Here
we just state the main conclusions for the model
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where 0 € [0, 1] and Fg ,(x) = (Bx/(1 + Bx))x er(l—x)

e Formoderate harvesting efforts, intermediate values of the harvest timing 6 can sta-
bilize the larger positive equilibrium and hence facilitate stabilization—similarly
to the models considered in Sects.2 and 3.

e For large harvesting efforts (close to the regime of overharvesting), intermedi-
ate values of the harvest timing 6 can render the population more vulnerable to
extinction. In this scenario, the population can persist for early- or late-season
harvesting, but goes extinct for mid-season harvesting; see Fig. 11. The underly-
ing reason is that intervention time 6 does change the overharvesting effort, i.e. the
critical value of the harvesting effort at which the system switches from survival
to extinction. This is in contrast to the models considered in Sects.2 and 3.

e For low harvesting efforts (close to the regime of essential extinction), intermediate
values of the harvest timing 6 can prevent essential extinction, which would occur
for early or late harvesting.

Hence, intermediate harvest times can be both beneficial (for small and moderate
harvesting efforts) and detrimental (for large harvesting efforts). See [2] for more
details.
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5 Conclusions

In this contribution, we have reviewed the impact of harvesting effort and harvest tim-
ing on population dynamics. While a large part of the literature is mainly concerned
with the yield obtained from harvesting (e.g.,[3]), we have focused on (i) the abun-
dance of the exploited population and (ii) the complexity of the dynamics induced by
harvesting, in particular whether harvesting can be stabilizing or destabilizing. Both
aspects are crucial for the yield as well as for the sustainability of the population.
In the overview of this contribution, we have exclusively considered single-species
discrete-time population models. However, they represent a fair amount of different
ecological situations as they take into account overcompensation (scramble compe-
tition); adult survival (iteroparity) and critical depensation (strong Allee effect).

Regarding population abundance, the most interesting phenomenon is the
hydra effect [1, 11, 15]. Average population abundance can increase in response
to an increase in the per-capita mortality rate. This phenomenon underlines the im-
portance of census timing, as the hydra effect in parts of the population may be
“hidden” from observation and go unnoticed [5].

Regarding the complexity of the dynamics, increased harvesting typically sta-
bilizes population dynamics, but in the presence of adult survivorship it can also
be destabilizing. Typical mechanisms are period-halving bifurcations and bubbling
[8, 11].

In compensatory models (i.e., without Allee effect), harvest timing does not affect
the critical harvesting effort leading to overexploitation and population extinction.
Harvesting at an intermediate moment of the season can reduce dynamic complexity,
preventing chaos and sometimes stabilizing the positive equilibrium. In models with
a strong Allee effect, intermediate harvest timing can enhance both persistence as
well as extinction; the actual outcome depends on the magnitude of the harvesting
effort [2].

In models with a strong Allee effect, population extinction due to overharvesting
may occur in form of a sudden collapse rather than gradually. Intermediate harvesting
rates, however, may help the population to survive, preventing essential extinction
due to overproduction [14].

To conclude, we emphasize that a good knowledge of the population dynamics is
crucially important for designing management programmes of exploited populations.
For example, does population growth exhibit exact or undercompensation, overcom-
pensation or depensation? Is the population semelparous or iteroparous? Once the
underlying population dynamics is known, it can be equally important to address the
aspects of census timing (how many times and at what moments in the seasons the
population is measured) and harvest timing. Kokko [6, p. 143] highlighted already
in 2001 that

Timing of harvesting may profoundly influence the impact on the population.

In this overview, we have collected further theoretical mechanisms demonstrating the
role of harvest timing and that it should not be neglected in comparison to harvesting
effort.
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Chaos and Wild Chaos in Lorenz-Type Systems

Hinke M Osinga, Bernd Krauskopf and Stefanie Hittmeyer

Abstract This contribution provides a geometric perspective on the type of chaotic
dynamics that one finds in the original Lorenz system and in a higher-dimensional
Lorenz-type system. The latter provides an example of a system that features
robustness of homoclinic tangencies; one also speaks of ‘wild chaos’ in contrast
to the ‘classical chaos’ where homoclinic tangencies accumulate on one another,
but do not occur robustly in open intervals in parameter space. Specifically, we dis-
cuss the manifestation of chaotic dynamics in the three-dimensional phase space
of the Lorenz system, and illustrate the geometry behind the process that results in
its description by a one-dimensional noninvertible map. For the higher-dimensional
Lorenz-type system, the corresponding reduction process leads to a two-dimensional
noninvertible map introduced in 2006 by Bamoén, Kiwi, and Rivera-Letelier [arXiv
0508045] as a system displaying wild chaos. We present the geometric ingredients—
in the form of different types of tangency bifurcations—that one encounters on the
route to wild chaos.

1 Introduction

The Lorenz system was introduced and studied by meteorologist Edward Lorenz in
the 1960s as an extremely simplified model for atmospheric convection dynamics
[35]. Famously, Lorenz discovered sensitive dependence on the initial condition, and
the Lorenz system has arguably become the best-known example of a chaotic system.
It is given as the vector field
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x=o0(y—x),
)}sz—y—xz, (1)
7= —Bz 4+ xy.

The system is invariant under the symmetry of a rotation about the z-axis by 7. The
now classical choice of the parameters for which Lorenz found a chaotic attractor is
2

o =10, p =28, ,3:25. (2)
For these parameters, (1) has three equilibria: the origin 0 and a symmetrically re-
lated pair of secondary equilibria p*, which are all saddles. The chaotic attractor is
often called the Lorenz or butterfly attractor. It has two ‘wings,” which are centred
at p~ and p™ (which are not part of the attractor). Importantly, the Lorenz attractor
contains 0 and its one-dimensional unstable manifold W*(0), that is, the two trajec-
tories that converge to 0 in backward time. The Lorenz attractor actually consists of
infinitely many layers or sheets that are connected along W*(0), which forms the
‘outer boundary’ of the attractor. This is already sketched and studied in the original
paper by Lorenz [35]; an illustration of the different layers of the Lorenz attractor
can be found in the paper by Perell6 [40] and it is reproduced in [14].

Figure 1 shows a computed version of the Lorenz attractor, which was rendered as
a surface from computed orbit segments of several suitably chosen families; see [14]
for details of this computation. Also shown in Fig. 1 is the one-dimensional unstable
manifold W*(0), with its left and right branches rendered in different shades; observe
how W*(0) forms the outer boundary of the Lorenz attractor. Our visualisation in
Fig. 1 is quite different from most images of the Lorenz attractor that are obtained
with numerical simulation. Starting from some initial condition, and letting transients
die down, the Lorenz attractor is typically visualised by plotting (a long part of) the
remaining trajectory. In this way, the part of the Lorenz attractor closest to the origin
is generally missed, as it is not ‘visited’ very often by trajectories; hence, most
published images show a considerably smaller part of the Lorenz attractor.

The Lorenz system (1) has been studied since the 1970s via the concept of the
geometric Lorenz attractor, which is an abstract geometric model introduced by
Guckenheimer [24], Guckenheimer and Williams [26], and Afrajmovich, Bykov and
Shilnikov [1, 2]; see also [8, 44]. The key is that the geometric Lorenz attractor
displays all the features observed in the Lorenz system, and that it can be reduced
rigorously to a one-dimensional noninvertible map. This reduction is done in two
steps. First of all, one considers the Poincaré return map to the horizontal section
through the points p* (given by z = p — 1). Locally this map is a diffeomorphism
that has a stable foliation (near the classic parameter values), that is, an invariant
foliation that is uniformly contracted by the Poincaré return map. The map on the
quotient space of this foliation is a one-dimensional noninvertible map, called the
Lorenz map, and it describes the dynamics on the geometric Lorenz attractor exactly.
It can be shown with standard methods that the Lorenz map has chaotic dynamics;
see, for example, [25]. In 1999 Tucker [45] famously provided a computer-assisted
proof that, for the classical parameter values (2), the Lorenz system (1) satisfies the
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w(0)

Fig. 1 The Lorenz attractor as computed and rendered as a surface, with the equilibria 0 and p*
and the manifold W*(0)

technical conditions of this geometric construction, thereby showing that the Lorenz
attractor is indeed a chaotic attractor.

The question how chaos arises in the Lorenz system has also been considered,
where p is chosen traditionally as the parameter that is varied [15, 43]. For small
o > 1 all typical initial conditions simply end up at either p~ or p™, which are
the only attractors of (1). As p is increased, a first homoclinic bifurcation at p =
13.9265 is encountered; here both branches of the one-dimensional unstable manifold
W*H(0) of the origin return to 0 to form a pair of homoclinic connections. This
global bifurcation creates not only a pair of (symmetrically related) saddle periodic
orbits, but also a hyperbolic set of saddle type. The result is what has been called
preturbulence [29], which is characterised by the existence of arbitrarily long chaotic
transients before the system settles down to either p~ or p™ (still the only attractors).
At p &~ 24.0579 one encounters a pair of heteroclinic cycles between the origin and
the pair of saddle periodic orbits, and this results in the creation of a chaotic attractor.
The chaotic attractor, which is the closure of W*(0), coexists with the two stable
equilibria until they become saddles in a Hopf bifurcation at p = 470/19 ~ 24.7368.
After the Hopf bifurcation and up to p = 28, the chaotic attractor is the only attractor.

A crucial role in the organisation of the dynamics of the Lorenz system (1) is
played by the stable manifold W*(0) of the origin 0, which we refer to as the Lorenz
manifold. The origin 0 is a saddle equilibrium (for p > 1) with two stable directions
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and one unstable direction, and W*(0) is a smooth surface that consists of all points
in R? that end up at 0. Before the first homoclinic bifurcation, W*(0) forms the
boundary between the two attractors p~ and p™. In the preturbulent regime after the
first homoclinic bifurcation W*(0) is still part of the basin boundary of p*, but it is
much more complicated topologically as it is involved in organising arbitrarily long
transients.

More importantly for the purpose of this paper, the Lorenz manifold W* (0) organ-
ises the dynamics in the chaotic regime [14, 15]. Owing to the sensitive dependence
on the initial condition, W*(0) is dense in phase space. Moreover, the interaction of
the Lorenz manifold W* (0) with the unstable manifold W*(0) gives rise to infinitely
many further homoclinic bifurcations when p is varied. Closely related is the fact
that there are infinitely many homoclinic tangencies between the two-dimensional
stable and unstable manifolds of the saddle periodic orbits that lie dense in the chaotic
Lorenz attractor. More generally, such tangencies of a three-dimensional vector field
correspond directly (by taking a Poincaré return map) to homoclinic tangencies of the
one-dimensional stable and unstable manifolds of fixed or periodic points of a planar
diffeomorphism such as the Hénon map [27], which is another well-known chaotic
system. Near a homoclinic tangency one can construct Smale horseshoe dynamics,
that is, a chaotic hyperbolic set of saddle type. Moreover, any homoclinic tangency
of a one-parameter family of three-dimensional vector fields, or planar diffeomor-
phisms, is accumulated in parameter space by other homoclinic tangencies [39],
leading to an infinite sequence of homoclinic tangency points accumulating on other
homoclinic tangency points. This is one of the characterising properties of ‘clas-
sical chaos’ that arises in vector fields of dimension three and in diffeomorphisms
of dimension two, for which the Lorenz system and the Hénon map are standard
examples; see, for example, textbooks such as [4, 25, 42].

At a homoclinic tangency of a hyperbolic set (such as a periodic orbit) there
is a nontransversal intersection of its stable and unstable manifolds. In particular,
the point of homoclinic tangency is nonwandering and its tangent bundle cannot be
decomposed into stable and unstable subspaces. As a result, the system is not uni-
formly hyperbolic, or simply, it is nonhyperbolic at a homoclinic tangency. In other
words, in ‘classical chaos’ one finds infinitely many accumulating points of nonhy-
perbolicity. A property is said to be robust (in the C'-topology) if there is an open
neighbourhood in the space of vector fields or diffeomorphisms such that all these
systems have said property. As it turns out, it has been argued that nonhyperbolicity
and homoclinic tangencies do not occur robustly in three-dimensional vector fields
or two-dimensional diffeomorphisms [36].

On the other hand, robust homoclinic tangencies and, hence, robust nonhyperbol-
icity can be found in vector fields of dimension at least four and in diffeomorphisms
of dimension at least three [11]. Any system with this property is said to display
wild chaos [37]. There are several constructions of diffeomorphisms that feature
robust nonhyperbolicity [3, 6, 7, 21, 22]. Moreover, in [49] it is shown that a four-
dimensional vector field model of calcium dynamics in a neuronal cell has a heterodi-
mensional cycle between two saddle periodic orbits, which is directly associated with
robust hyperbolicity [11, 29]. It is also possible to construct an n-dimensional vector
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field with robust homoclinic tangencies of a singular attractor and, hence, with wild
chaos. Turaev and Shilnikov presented such an example for n > 4 in [46, 47]. We
consider here the example for n > 5 due to Bamén, Kiwi, and Rivera-Letelier [9],
which is constructed as a Lorenz-type system. It suffices to consider their construc-
tion for n = 5; the associated attractor is called Lorenz-like because it is effectively
a higher-dimensional version of the geometric Lorenz attractor. The dynamics of the
five-dimensional Lorenz-type vector field is described by a four-dimensional diffeo-
morphism given as the Poincaré return map to a suitable codimension-one section.
On this section there is a two-dimensional stable foliation, and the resulting quotient
map is now a noninvertible map of the plane. This map is given in [9] in explicit form;
in fact, Bamon, Kiwi, and Rivera-Letelier construct their example by starting from
the noninvertible map, lifting it to the four-dimensional Poincaré return map and then
suspending this diffeomorphism to obtain an abstract five-dimensional Lorenz-type
vector field. In a small neighbourhood of a specific point in parameter space, they
then show that the planar noninvertible map is robustly nonhyperbolic.

The goal of this paper is to determine and illustrate the geometry behind chaos in
the Lorenz system and wild chaos in the five-dimensional Lorenz-type system. This
study is made possible by advanced numerical methods—based on solving families of
boundary value problems—for the computation of two-dimensional global manifolds
of vector fields [15, 30, 31, 33] and tangency bifurcations involving stable and
unstable sets of noninvertible planar maps [10, 28]; their implementation is done
in the packages AUTO [13] and CI_MatContM [18, 23], respectively. Section?2 is
concerned with the Lorenz system. Our starting point in Sect. 2.1 is the discussion of
how the three-dimensional phase space is organised globally by the two-dimensional
Lorenz manifold W* (0) of the origin in the presence of the classical Lorenz attractor.
We then discuss in Sect.2.2 the geometry behind the description of the dynamics
on the Lorenz attractor by the one-dimensional Lorenz map. The two-dimensional
Lorenz-like map is introduced in Sect.3 and its basic properties are discussed. The
transition from simple to wild chaos is the subject of Sect.3.1, where we show
how different types of tangency bifurcations are involved in creating increasingly
complicated dynamics. In Sect. 3.2 we present a two-parameter bifurcation diagram
with curves of the different tangency bifurcations, which allows us to identify a large
region where we conjecture wild chaos to be found. Finally, Sect.4 summarises the
results and briefly discusses avenues for future research.

2 Chaos in the Lorenz System

In this section we consider the chaotic dynamics of the Lorenz system (1) for the
classical parameter values given in (2). We first consider the organisation of the
full phase space and then illustrate the geometry behind the reduction to the one-
dimensional Lorenz map.
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2.1 Global Organisation of the Phase Space

The Lorenz attractor is the only attractor of (1) for p = 28. Its basin is the entire
phase space R3 with the exception of the symmetric pair of secondary equilibria p*
and their one-dimensional stable manifolds W*(p¥). Recall that the origin 0 and
its one-dimensional unstable manifold W*(0) are part of the chaotic attractor. This
also means that the two-dimensional stable manifold W¥(0) lies in the basin of the
Lorenz attractor. Moreover, locally near 0 the invariant surface W* (0) determines the
dynamics in the following sense: initial conditions on one side of W*(0) flow away
from the origin into the left wing of the attractor (towards negative values of x) and
those on the other side flow away from the origin into the right wing of the attractor
(towards positive values of x). The sensitive dependence on initial conditions of
the dynamics on the Lorenz attractor has global consequences throughout the phase
space. Any open sphere in phase space, no matter how small, must contain two points
that eventually move over the Lorenz attractor differently: at some point in time one
trajectory is, say, on the left wing, while the other is on the right wing. This means
that, locally near the attractor, the two trajectories are on either side of W*(0). This
implies that W* (0) must divide the open sphere into two open halves, each containing
one of the two initial conditions. In turn this proves that W*(0) lies dense in the basin
of the Lorenz attractor and, hence, also in R3.

According to the stable and unstable manifold theorem [38], locally near 0 the
surface W*(0) is a small topological disk that is tangent to the two-dimensional
stable linear eigenspace E*(0) spanned by the eigenvectors of the two negative real
eigenvalues. This disk can be imagined to grow while its boundary maintains a fixed
geodesic distance (arclength of the shortest path on W*(0)) to the origin 0. At any
stage of this growth process one is dealing with a smooth embedding of the standard
unit disk into R? yet, as it grows, this topological disk fills out R? densely. Hence,
loosely speaking, one can imagine the surface W*(0) as a growing, space-filling
pancake.

We developed a numerical method for the computation of two-dimensional stable
and unstable manifolds, called the geodesic level set (GLS) method [30]. This method
is based on the idea of growing such a manifold by adding geodesic bands to it at each
step. With the GLS method we are able to compute a first part of W*(0) as a surface
up to a considerable geodesic distance. On the other hand, in order to examine the
denseness of W*(0) in R? a different approach is needed. Namely, we consider the
intersection set W* (0) := W*(0) N Sg with a suitably chosen sphere Sg, which is
then computed directly by defining a boundary value problem such that its solutions
are orbit segments with begin point on S and end point in £°(0) near 0; see [5, 15]
for details. More specifically, we choose the centre of Sk as the point (0, 0, p — 1) on
the z-axis, which lies exactly in the middle of the line that connects the two equilibria
pi. The radius R of Sg is chosen such that the Lorenz attractor is well inside Sg, and
the second intersection points in WS( pE) == WS(p*) N Sk of the small-amplitude
branches of W*(p¥) lie on the ‘equator’ of Sg—for p = 28 as considered here, this
gives R = 70.7099; see [15] for details.
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Fig. 2 The Lorenz manifold W*(0) for p = 28 intersecting the sphere Sg with R = 70.7099 in
the set W¥(0); also shown are the equilibria 0 and p~ and the one-dimensional manifolds W*(0)
and W* (p®)

Figure 2 illustrates the geometry of how W* (0) intersects the sphere Sg. The view
is from a point with negative x- and y-coordinates, and only one half of the computed
part of the surface W*(0) is shown, namely, the part with y > 0. The sphere Sg is
rendered transparent. Inside Sg, we can clearly see the equilibria 0 and p~—, with
pT obscured by W*(0). The one-dimensional unstable manifold W*(0), with its left
and right branches rendered in different shades, gives an idea of the location of the
Lorenz attractor. Also shown in Fig. 2 are the two one-dimensional stable manifolds
W*(p*), each drawn in different shades. Note that the small-amplitude branch of
W#(p~) indeed intersects Sg along its equator, while the large-amplitude branch
of W¥(p™) intersects Sg at a point higher up and closer to the z-axis. Recall that
pEUWS (p*) forms the complement of the basin of the Lorenz attractor. The surface
W9 (0) can be seen to wrap around the curves W*( pT), which it cannot intersect.
The part of W*(0) that is shown, which was computed up to geodesic distance 162.5,
generates the beginnings of what appear to be only three intersection curves in ws ).
It is clear that an 1mpractlcally large piece of W*(0) would need to be computed to
generate the many curves in W+ (0) that are shown in Fig.2; this is why W5 (0) is
computed directly.
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Fig. 3 The set W (0) for p = 28 on the sphere Sk with R = 70.7099; also shown are W ( pi)

Figure 3 shows four different views of the computed intersection curves in we 0
on the sphere Sg; also shown on Sk are the points in ws ( pi). In all views, the
vertical axis is the z-axis of (1). In Fig. 3a, the horizontal axis is the direction defined
by (cosf, —sin @), with & = 37/10 (in other words, the (x, y)-plane was rotated
clockwise by 377 /10 about the z-axis). The view points in panels (b)—(d) are consec-
utively rotated by a further 7 /4 radians about the z-axis; note that a further rotation
over /4 would show the symmetrical version of Fig. 3a with W (p~) and ws (phH
interchanged. Figure 3 is designed to illustrate how W*(0) fills the phase space R?
by showing the intersection set W*(0) on the sphere Sg. Notice the intricate struc-
ture of how the curves in W* (0) fill up Sg; see also [15]. As one might expect, the
computed curves in we (0) are not distributed evenly on Sg, and there are several
larger regions on Sg without computed curves in w* (0). This is due to the fact that
a finite computation is performed to show an infinite process. More specifically, the
curves in W+ (0) that are shown in Fig. 3 have the property that the overall integration
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time of the associated computed orbit segments is no larger than 7.0; see [15] for
details of the computational setup. This bound already leads to a considerable com-
putation generating 350 MB of AUTO data and 377 individual curves in W5 (0). As
we have checked, these regions fill up with additional curves in W* (0) if one allows
for a larger bound on the integration time of orbit segments; however, the number of
curves thus obtained and, hence, the duration and data produced grow exponentially
with the bound on the integration time. Figure 3 provides a good illustration of the
space-filling nature of the surface W*(0) in phase space that, in turn, constitutes a
global geometric interpretation of the sensitive dependence of the Lorenz system (1)
on the initial conditions.

2.2 From Lorenz Attractor to Lorenz Map

The first step in the reduction process resulting in the description of the dynamics
on the Lorenz attractor by the Lorenz map is to consider the Poincaré return map to
the horizontal plane X, through the secondary equilibria p*E, which is given by

2, ={(x,y, 00 eR [ z=p—1}. 3)

Geometrically, this means that one needs to consider the intersection sets with X, of
the relevant invariant objects of the vector field (1). Figure 4 illustrates the situation.
The Lorenz attractor, represented by the unstable manifold W*(0) accumulating on
it, can be found in the middle of the image. It is intersected by X, which is rendered
transparent, at the height of the equilibria p*. The stable manifold W*(0) is shown
as computed up to geodesic distance 162.5; the parts of W¥(0) below and above
the plane X, are rendered solid and transparent, respectively. The outer boundary
of the computed part of W*(0) (the geodesic level set of geodesic distance 162.5)
is highlighted to help illustrate the complicated geometry of this surface, which is
topologically a disk. The surface W* (0) can be seen in Fig. 4 to intersect X, in several
curves of the set W' (0) := W*(0) N X,. One of them is the primary intersection
curve W‘B(O), which is invariant under the symmetry of a rotation by & about the z-
axis and contains the point (0, 0, p —1). Also shown in Fig. 4 are the one-dimensional
manifolds W* (p¥), which intersect X ©» in discrete points.

It is important to realise, as can easily be checked from (1), that the flow is tangent
to X, along the tangency locus

C={x,y,p—1)eR|xy=8(p—-1) 4)

The set C consists of two hyperbolas, which contain the equilibria p* € ¥ 0, TE-
specively. In between the two hyperbolas the vector field points downward (towards
negative z), which is indicated by the symbol ® in Fig.4. In the regions to the other
side of C the vector field points upward (towards positive z), which is indicated by
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Fig.4 The manifold W*(0) for p = 28 computed up to geodesic distance 162.5 and its intersection
with the plane X,; the section X, and the part of W*(0) above it are rendered transparent. Also
shown are the equilibria 0 and pi, the one-dimensional manifolds W*(0) and W ( pi), and the
tangency locus C on ¥,

the symbol ©. As a result, the Poincaré return map, defined as the first return to the
section, is not a diffeomorphism on the entire plane X,. This is why one defines the
local Poincaré return map only on the central region of X, where the direction of
the flow is downward [24], that is, in between the two hyperbolas of C; technically,
this means that one considers the second return to X,

However, this local Poincaré map on the central region is still not a diffeomor-
phism. Namely, points along the primary intersection curve WB(O) converge to
0 ¢ X, under the flow and, hence, do not return to the section X,. This means
that the Poincaré map is not defined on WS(O). Trajectories through points to the
left of Wg (0) spiral around p~ while those through points to the right of WS )
spiral around p before intersecting the central region of X, again. Hence, the local
Poincaré map has a discontinuity across the curve Wf) (0), and it maps each of the two
complimentary regions either side of W‘S (0) over the entire central region between
the two hyperbolas in C.

Figure 5 shows the respective invariant objects in the plane X, which can be
identified with the (x, y)-plane (with fixed z = p —1). By construction, the equilibria
p* lie in X, and on the tangency locus C that bounds the central region indicated
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—20 —10 0 10 X 20

Fig. 5 The invariant objects of (1) for p = 28 in the plane X,; compare with Fig.4. Shown are
the iqluilibria p*, the tangency locus C, the intersection set of Lh§ Lorenz attractor as represented
by W (0), and curves in W (0); the primary intersection curve W (0) is highlighted, and it divides
the central region labelled ® where the direction of the flow is downward

by the symbol ®. The Lorenz attractor is represented by the intersection points
w" (0) := W*(0) N X, of the unstable manifold W*(0). These intersection points
appear to intersect X, in four disjoint curves, two of which lie in the central region;
note that the Lorenz attractor does not contain the points p* and compare with Fig. 1.
Also shown in Fig. 5 are many curves of the intersection set W*(0), and the primary
curve WS (0) is highligthed. Curves in the set W' (0) were computed directly by
imposing the boundary condition that the corresponding orbit segments have their
begin point in X,; by contrast, in Fig.4 the shown curves in W (0) were obtained
from the computed part of the two-dimensional manifold W*(0).

The reduction of the Poincaré map to the Lorenz map for p = 28 relies on
the fact that the geometric Lorenz system—the abstract version of the Lorenz
system—admits an invariant stable foliation in some neighbourhood of the chaotic
attractor [1, 26, 41, 48]. This means that leaves of this foliation are mapped to leaves,
and the dynamics on the leaves is a contraction. When restricted to said neighbour-
hood of the attractor, the curves in w' (0) generate the stable foliation by means of
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taking their closure. Hence, Fig. 5 provides an illustration of the stable foliation by
showing a large number of curves in W (0). The leaves of this foliation intersect the
segment of the diagonal between p~ and p™ in unique points. The one-dimensional
Lorenz map is defined on this diagonal segment—or, rather, on the corresponding
interval of the variable x—and it describes how leaves are mapped to leaves under the
Poincaré map on the central region of X,. The Lorenz map is topologically conjugate
to the map
1—n |x|% xe[-1,0),
XH[—1+n|x|a, x € (0, 1], )

with) < a < 1,n € (1,2) and o n > 1; see [25]. Here, « is the ratio between
the magnitudes of the weak stable and unstable eigenvalues of the equilibrium 0
of the Lorenz system (1). The Lorenz map is not invertible because it maps the
subinterval [—1, 0) to a much larger subinterval in [—1, 1]; due to symmetry, the
same is true for the subinterval (0, 1]. Moreover, the Lorenz map has a discontinuity
at 0, which is also referred to as the critical point; note that 0 corresponds to the point
0,0,p—1) € w’ (0) that never returns to X, The critical point 0 has infinitely many

preimages under the Lorenz map, because all points on W' (0) eventually map to O;
compare with Fig.5. One can also take the point of view that the critical point 0 of
the Lorenz map represents the origin 0 of the Lorenz system; then the (symmetrically
related) first intersection points of w" (0) in the central region of X, can be thought
of as the forward (set-valued) image of the critical point 0. In particular, whenever
these two points map to the critical point 0 under some iterate of the Lorenz map
then this corresponds to a homoclinic orbit of 0 in the full Lorenz system.

The Lorenz map of the form (5) is a rigorous description of the dynamics of the
Lorenz system (1) provided that there is an invariant stable foliation. There is every
indication that this is indeed the case in this entire p-range of 0 < p < 30.1 [43].
Indeed, the Lorenz map has been used to study the (emergence of) chaotic dynamics
for increasing p up to p = 28 [24, 29, 43]. On the other hand, it is known that for
larger values of p the Lorenz system has ‘cusped horseshoes,” the dynamics of which
is definitely not represented faithfully by the one-dimensional Lorenz map [24, 43].
By which mechanism the stable foliation is lost near p =~ 30.1 is the subject of
ongoing research [12].

A closely-related concept is the so-called Lorenz template [19, 20, 24, 35]. Geo-
metrically, the Lorenz template is obtained from the Lorenz attractor in Fig. 1 by the
identification of points on the diagonal segment in between p~ and p* with points
on the Lorenz attractor via the projection along leaves of the stable foliation in X,,.
More specifically, consider the points corresponding to the stable projections of the
first intersection points of the two sides of W*(0) with X, in the central region where
the direction of the flow is downward. The diagonal segment connecting these two
points contains the point (0, 0, p — 1). Initial conditions on the diagonal segment on
either side of (0, 0, p — 1) sweep out two surfaces as the flow takes them around p~
and p, respectively, until they return to the central region of X, as two curves (that
are very close to the intersection of the Lorenz attractor with X). Projection along
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stable leaves then identifies these two end curves with the initial diagonal segment.
This segment can, hence, be thought of as the start and finish line on a branched
two-manifold, that is, the topological object obtained by ‘glueing’ the two surfaces
together along the diagonal in the central region of X,; this branched two-manifold
is the Lorenz template. In particular, the Lorenz template allows one to describe
the symbolic dynamics of the knot-types in R? of periodic orbits in the Lorenz sys-
tem [19]. Notice that the dynamics from start to finish on the Lorenz template is
exactly given by the Lorenz map.

3 Wild Chaos in a Lorenz-Type System of Dimension Five

The reduction process for the three-dimensional (geometric) Lorenz system can also
be applied to systems with phase-space dimension n > 4. In direct analogy, one
obtains an invariant foliation in a suitable (n — 1)-dimensional cross-section with
leaves of codimension one and dimension n — 2; this would require that, near the
Lorenz attractor, the additional directions are all stronger than those on the Lorenz
attractor. Projection along stable leaves then results in a one-dimensional Lorenz
map, meaning that the dynamics of such a vector field for n > 4 is just like that of
the Lorenz system (1) itself.

To obtain a Lorenz-type vector field in higher dimensions with different dynamics
from that of the Lorenz system (1), one needs to consider an example where the
Poincaré map in a cross-section admits an invariant stable foliation of codimension
at least two. In 2006, Bamoén, Kiwi, and Rivera-Letelier [9] constructed such an
abstract n-dimensional Lorenz-type vector field for n > 5 with a stable foliation
of codimension two and dimension n — 3 in the (n — 1)-dimensional cross-section;
the minimal case n = 5 contains all the geometric ingredients, and we restrict
to it for simplicity in the discussion that follows. The central object in [9] is the
corresponding two-dimensional noninvertible quotient map, which is given on the
punctured complex plane as

f:C\{0} — C

7z \2
2 l—>(1—k+klz|”)(m) +1,

(6)

with parameters a, A € R in the ranges 0 < a < 1 and 0 < A < 1. Notice the term
|z|*, indicating a clear similarity with the form (5) of the one-dimensional Lorenz
map.

A planar noninvertible map can have richer dynamics than a one-dimensional
noninvertible map, where homoclinic tangencies can be at most dense in parameter
space. Indeed, [9] provides a proof that there exists a small open region near the
point (a, A) = (1, 1) in the (a, A)-plane, such that the map (6) has a homoclinic
tangency for every point from this parameter region; hence, homoclinic tangencies
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occur robustly, and the map, as well as the associated Lorenz-type vector field in R>,
exhibit wild chaos.

As is the case for the one-dimensional Lorenz map, the origin in C does not have
a well-defined image under (6). Hence, this point is a critical point, which we refer to
as Jo. The critical point Jy arises, as in Sect. 2.2, from the fact that it lies on the three-
dimensional stable manifold of an equilibrium e of the five-dimensional Lorenz-type
vector field, where e does not lie in the cross-section on which the four-dimensional
Poincaré map is defined. The equilibrium e has a two-dimensional unstable manifold
that corresponds in the planar map (6) to the critical circle

Ji={zeC| |z—-1|=1—=A}, (7

with radius 1 — A around the point z = 1. The equilibrium e plays the role of the
origin 0 of the Lorenz system (1) and, in complete analogy, the critical circle J; can
be interpreted as the set-valued image of the critical point Jy. The map (6) maps the
punctured complex plane C\ Jy in a two-to-one fashion—by angle doubling due to
the term (z/ |z|)2—to the region outside the circle Ji; the centre of the angle-doubling
is shifted by 1 with respect to Jo = 0. Dynamics and bifurcations of this type of map
are the subject of [28], where we consider a more general family with an additional
complex parameter ¢ for the shift; it is set to ¢ = 1 in (6) for simplicity and in
accordance with the formulation of the map in [9].

Our goal here is to present geometric mechanisms that are involved in the transi-
tion from simple dynamics to wild chaos in the map (6) as the point (a, A) = (1, 1)
is approached. Key ingredients in this transition are different types of global bifurca-
tions. The map (6) has fixed points and periodic points, which correspond to periodic
orbits of the associated vector field. If they are saddles then these points have sta-
ble and unstable invariant sets, which are the generalisations of stable and unstable
manifolds to the context of noninvertible maps; see, for example, [16, 17, 32] for
more details. Points on the stable set W*(p) of a saddle periodic point p converge to
p under iteration of X where k is the (minimal) period of p; note thatk = 1if pisa
fixed point. Similarly, points on the unstable set W*(p) of p converge to p via a par-
ticular sequence of preimages of f*. Note that W*(p) and W*(p) of the map (6) are
one-dimensional objects, but they are typically not manifolds. The stable set W*(p)
consists of a primary manifold W (p) that contains p, and all preimages of W(p),
so that the stable set is typically a disjoint family of infinitely many one-dimensional
manifolds. The unstable set may be an immersed one-dimensional manifold; how-
ever, the sequence of preimages of points in W*(p) may not be unique, in which case
W"(p) has self-intersections. The stable and unstable sets of a saddle fixed or peri-
odic point of the map (6) correspond to four-dimensional stable and two-dimensional
unstable manifolds of the corresponding saddle periodic orbit in the five-dimensional
Lorenz-type vector field.

Clearly, the stable and unstable sets of a fixed or periodic point p can become
tangent, which is referred to as a homoclinic tangency and corresponds to a tangency
between the respective manifolds of the associated periodic orbit in the five-
dimensional Lorenz-type vector field. To characterise the additional global
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bifurcations that arise in the map (6) it is convenient to consider the backward critical
set

S =0 o),
of all preimages of the critical point Jy, and the forward critical set
S = U A,

of all images of the critical circle J;. Note that _#~ consists of potentially
infinitely many discrete points, while _# * consists of infinitely many closed curves;
wereferto ¢ = #~ U _#7 as the critical set. With this notation, we can define
three further tangency bifurcations: the forward critical tangency where the sta-
ble set W*(p) becomes tangent to the circles in the forward critical set _# +; the
backward critical tangency where a sequence of points in the backward critical set
# ~ lies on the unstable set W*(p); and the forward-backward critical tangency
where a sequence of points in the backward critical set _# ~ lies on the forward criti-
calset _# . These three global bifurcation involving the critical set _#, as well as the
homoclinic bifurcation, are encountered and discussed here as part of the transition
to wild chaos. They are of codimension one, that is, they are encountered generically
at isolated points when a single parameter is changed; their unfoldings are presented
in detail in [28]. Note that a forward or backward critical tangency corresponds to
a heteroclinic bifurcation between the corresponding periodic orbit and the equilib-
rium e of the Lorenz-type vector field. The forward-backward critical tangency, on
the other hand, corresponds to the existence of an isolated homoclinic orbit of the
saddle equilibrium e of the five-dimensional Lorenz-type vector field; it is the higher-
dimensional analogue of how a homoclinic bifurcation in the Lorenz system (1) is
described by the one-dimensional Lorenz map.

3.1 The Transition for Increasing a = A

We now show a series of phase portraits as panels (a)—(1) of Fig. 6 that illustrate the
bifurcations that are encountered in the transition to wild chaos and generate the
robustness of homoclinic tangencies; more specifically, we increase a and X along
the diagonal ¢ = A towards the point (a, A) = (1, 1), near which wild chaos was
proven to exist [9]. To facilitate the visualisations, we project the complex plane
C onto the Poincaré disk by stereographic projection, where the unit circle, that
is, the boundary of the Poincaré disk represents the directions to infinity. In each
phase portrait we show a suitable number of points in the backward critical set
7~ (as dots) and the closed curves in the forward critical set _# *. We remark that
the circle J; with radius 1 — A appears distorted in all phase portraits as a result
of stereographic projection. For the values a, . € R that we consider, the map (6)
has one fixed point p on the positive real line and a complex-conjugate pair of fixed
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points g*. We plot these fixed points p and g%, as well as the stable set W*(p) and
unstable set W"(p) of the saddle point p; throughout, the points in _# ~ are branch
points of the stable set W*(p). Notice that all phase portraits are symmetric with
respect to complex conjugation, owing to the fact that a, A € R. The phase portraits
in Fig. 6 were obtained from computations of the transformed map on the Poincaré
disk as follows: the fixed points p and g% can be found readily; J# ~ is represented
by all backward images of Jy under up to eleven backward iterations, that is, by
U,?:O f*(Jo); similarly, 7 is represented by J; and its next fourteen forward
iterations; to obtain W*(p), we take advantage of the complex-conjugate symmetry
and note that the primary manifold Wj(p) is the real halfline (0, co), which is the
real interval (0, 1] on the Poincaré disk; we computed eleven backward iterates of
W5 (p); finally, W*(p) was found by computing a first piece of arclength 5 and then
plotting it and its next six iterates (in this way, we ensure that W (p) maintains a
suitable and comparable arclength as parameters are changed).

Figure 6a is for a = A = 0.7, when the map (6) does not have chaotic dynamics,
and all typical orbits converge to one of the two attracting fixed points ¢g*. The two
branches of the unstable set W*(p) (which is an immersed manifold in this case)
spiral towards ¢* and g, respectively. The preimages of W3 (p) are organised in
such a way that every point in the backward critical set _# ~ connects four branches
of W¥(p). Moreover, # ~ accumulates on the boundary of the Poincaré disk. The
forward critical set _# T, on the other hand, accumulates on the unstable set W*(p).
Figure 6b shows the phase portrait for a = A = 0.72, just after a Neimark-Sacker
bifurcation (or Hopf bifurcation for maps) [34]. The fixed points ¢* are now repel-
lors and W¥(p) and ¢ * accumulate on two invariant closed curves (not shown),
which correspond to invariant tori in the associated Lorenz-type vector field. As a
and X change, these invariant closed curves undergo various bifurcations (associ-
ated with resonance phenomena) that we do not discuss here. Figure 6¢c shows the
phase portrait for a = L = 0.73277, approximately at the moment that W*(p) and
W*"(p) have a firsthomoclinic tangency. Since W* (p) accumulates on itself, this first
homoclinic tangency is accumulated in parameter space, on the side of larger a = A,
by infinitely many homoclinic tangencies. As is shown in Fig.6d fora = A = 0.745,
after the first homoclinic tangency there is a homoclinic tangle between W¥(p)
and W"(p). Therefore, the system is now chaotic in the classical sense, mean-
ing that any homoclinic tangency between W*(p) and W*(p) is accumulated by
further homoclinic tangencies with associated saddle hyperbolic sets and horseshoe
dynamics; see, for example, [11, 39]. Notice also that W*(p) accumulates on itself
and the two branches of the unstable set W*(p) now intersect. Moreover, the forward
critical set _# T accumulates on W*(p), so that the first homoclinic tangency is also
accumulated in parameter space, on the side of larger a = A, by infinitely many
forward critical tangencies; indeed, in Fig.6d there is a tangle between W*(p) and
B * as a result. Furthermore, the forward critical tangencies have the effect that
the points in _# ~ are branch points to infinitely many, instead of four branches of
W9 (p); see also [28]. In Fig. 6d, this can be seen at the origin, where an additional
eight branches are shown to connect to 0; these are preimages of the two additional
branches of W*(p) that intersect Jj.
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Fig. 6 The objects p (cross), g& (triangles when attracting, and squares when repelling), W* (p),
W*(p), #~ and /+ on the Poincaré disk; from (a) to (d) a = A take the values 0.7,0.72, 0.73277
and 0.745; from (e) to (h) a = A take the values 0.76302, 0.765, 0.77 and 0.8; and from (i) to (1)
a = A take the values 0.85, 0.87, 0.9 and 0.95

In Fig.6e for @ = A = 0.76302 one encounters the first backward critical tan-
gency, where the unstable set W*(p) goes through the critical point Jy = 0, which
implies that W*(p) contains two sequences of preimages of Jy (two because of sym-
metry). Since W*(p) accumulates on itself, this first backward critical tangency is
accumulated in parameter space, on the side of larger a = A, by infinitely many
backward critical tangencies. Observe from Fig. 6f for a = A = 0.765 how these
interactions with Jy induce effects near J; and its images. As a result of this first
backward critical tangency, W"(p) has points of self-intersection on each of its two
branches (in addition to the intersections between the two branches). Consider the
region .o enclosed by the first segments of the two branches of W*(p) up to when
they meet on the real line. Before the backward critical tangency all points of _# ~
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Fig. 6 (continued)

lie outside the region 7. In this and the accumulating further backward critical tan-
gencies, more and more points of _# ~ move inside this region; see also Fig. 6g and
hfora = A = 0.77 and a = A = 0.8, respectively. Moreover, the map (6) has a
chaotic attractor in the region <7, which is the closure of the unstable set W*(p)
and, hence, also contains p. Because the forward critical set ¢ + accumulates on
W (p), the first backward critical tangency is also accumulated in parameter space,
on the side of larger @ = A, by infinitely many forward-backward critical tangencies
between #+ and _# ~. The forward-backward critical tangencies lead to the disap-
pearance of certain sequences of backward orbits of Jo from the backward critical set
_# ~; moreover, the closed curves in _# + develop self-intersections in the process.
These effects of the forward-backward critical tangencies are difficult to discern in
the phase portraits (f)—(1) of Fig. 6; see [28] for details and illustrations.
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When a = A is increased further, W*(p) and, thus, the region <« grows and
incorporates more and more points of # ~; see Fig.6i-k fora = A = 0.85,a =
A =0.87 and a = 1 = 0.9, respectively. At the same time, the sets W*(p), W*(p)
and ¢ seem to become denser in the Poincaré disk, leading to ever more associated
tangency bifurcations whena = A isincreased. As Bamodn, Kiwi, and Rivera-Letelier
showed in [9], near a = A = 1 the tangency bifurcations between stable and unstable
sets of the hyperbolic saddle of (6) occur robustly. This means that there exists
0 <« w* < 1, such that one finds a homoclinic tangency of the hyperbolic saddle
for every point (a, 1) € (w*, 1) x (w*, 1). We believe that Fig. 6l fora = A = 0.95
gives some impression of what wild chaos, that is, the robustness of homoclinic
tangencies might look like. The saddle point p is only one of uncountably infinitely
many nonwandering points; yet the sets W*(p) and W*(p) and the critical set _#
already fill out the Poincaré disk increasingly densely.
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Fig. 7 Bifurcation diagram of (6) in the (@, )-plane for a, 2 € R. Shown are the curve NS of
Neimarck-Sacker bifurcation of ¢, the curve HO of first homoclinic tangency and two further
nearby curves of homoclinic tangencies, the curves FX for k € {8, 10, 12, 14, 16} of forward critical
tangencies, the curve B? of first backward critical tangency and two further nearby curves of
backward critical tangencies (one of which is labelled B2), the curve FB!0 of forward-backward
critical tangency, and the curve A (cyan) along which det(Df (p)) = 1. The labelled points along
the diagonal @ = A correspond to the panels of Fig.6

3.2 The Bifurcation Diagram in the (a, \)-plane

The bifurcations that are encountered as a = A is increased towards a = A = 1 can
be continued as curves when a and X are allowed to vary independently. For tangency
bifurcations this is done via the formulation of a suitable boundary value problem.
These computations are based on the technique for continuing a locus of homoclinic
tangency described in [10], which has been implemented in C1_MatContM [18, 23];
details on how we adapted this method can be found in [28]. Figure7 shows the
resulting bifurcation diagram of (6) in the (a, A)-plane; the points labelled (a)—(1)
along the diagonal are the parameter points of the phase portraits of Fig. 6. Starting
from the lower-left corner, one first encounters the Neimarck-Sacker bifurcation
NS. The system then becomes chaotic when the curve H° of homoclinic tangency
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between W¥(p) and W¥(p) is crossed. As we already discussed, there are many
more homoclinic tangencies that accumulate on H® and two of them are shown in
Fig.7. These curves of secondary homoclinic tangencies turn around and cross the
diagonal at least twice, between the points (c) and (d) and between the points (d)
and (e); they each end on the curve B® of first backward critical tangency where
W*"(p) interacts with _# ~. Also shown in Fig. 7 are five curves F¥ of forward critical
tangency between the primary manifold Wj(p) and f &=y, namely, those for
k =8, 10, 12, 14 and 16. Observe how each curve F¥ passes very close to H? before
turning away towards the right boundary of Fig.7 and note that F* for k = 12, 14
and 16 cross the diagonal very close to the curve H?. The curve B? is accumulated by
curves of further backward critical tangencies, for example, the curve B2. Figure 7
also shows the curve FB!? of forward-backward critical tangency between Jy and
£2(J1), which lies very close to BY.

While the proof in [9] is valid only very close to the point @ = A = 1, the
bifurcation diagram in Fig. 7 suggests that one might expect to encounter wild chaos
in a much larger region of the (a, A)-plane. As soon as B is crossed, infinitely
many forward-backward critical tangencies have occured, which are codimension-
one homoclinic bifurcations of the equilibrium e of the five-dimensional Lorenz-type
vector field; as such, they play the role of the homoclinic bifurcation in the Lorenz
system (1). Apart from this geometric ingredient, the proof in [9] also requires that
the parameters are such that (6) is area-expanding in a neighbourhood of the chaotic
attractor. In [28] we conjecture that homoclinic tangencies occur robustly to the right
of the first backward critical tangency B’; this region is shaded in Fig.7. This is
based on the suggestion that (6) is area-expanding in a neighbourhood of a subset of
the attractor in this region. A sufficient (but not necessary) condition to ensure this
area-expanding property is that the product of the eigenvalues of p exceeds 1. The
curve A in Fig.7 is the locus where det(Df (p)) = 1, and (6) is area-expanding in a
neighbourhood of the chaotic attractor in the darker shaded region to the right of A.
Hence, in this darker region wild chaos should certainly be expected. In particular,
this means that the phase portraits of Fig. 6k and 1, and possibly also those of Fig. 6g—j,
are already from the regime of wild chaos.

4 Conclusions

We presented a geometric perspective of the techniques used to prove the existence
of chaos in the Lorenz system (1). The same approach can also be applied to the study
of wild chaos in higher-dimensional Lorenz-type vector fields. We focussed here on
the two-dimensional noninvertible map (6) by Bimon, Kiwi and Rivera-Letelier [9]
and discussed how interactions between its invariant objects are directly related to
homoclinic and heteroclinic bifurcations of the associated five-dimensional Lorenz-
type vector field. In this way, we were able to describe geometric changes in (6)
during the transition from non-chaotic, via chaotic to wild chaotic dynamics. Our
numerical results provide guidance for further theoretical study. In particular, we
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proposed the conjecture that the wild chaotic regime for (6) starts as soon as the
first backward critical tangency bifurcation has occurred. Due to the accumulative
nature of the respective objects, the first backward critical tangency induces infinitely
many forward-backward critical tangencies, which emerge as a main ingredient for
wild chaos. It remains to show that, in this regime, the attractor has the necessary
area-expanding properties. The numerical methods we employed can be used to
investigate other two-dimensional noninvertible maps and associated vector fields.
In particular, it is of interest to explore possible routes to wild chaos in these other
examples.
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Almost Automorphic Sequences
and Their Application to a Model
of a Cellular Neural Network

Syed Abbas

Abstract In this paper we show the almost automorphic sequence solution of a
model of a cellular neural networks with piecewise constant argument. We convert
the model into a corresponding difference equation model and then show the existence
and global attractivity of solutions.

Keywords Almost automorphic sequence - Difference equations - Neural networks

1 Introduction

Since the introduction of almost periodic functions by Bohr [1], there have been many
important generalizations of these functions. One of the important generalization of
almost periodic functions is that of almost automorphic functions introduced by
Bochner [2].

Itis natural to inquire about a discrete counterpart of these functions. The theory of
discrete almost automorphic sequence develops in parallel with that of almost auto-
morphic functions. As we know, difference equations play an important role in many
fields like numerical analysis, population dynamics, etc. Hence, many mathemati-
cians have investigated the almost periodicity/almost automorphy of the solution
to difference equations (see: [3-9]). Application of these functions in differential
equations has been studied by several authors (for example [10—12] and references
therein).

Neural networks are important in artificial networks because of their richness
as theoretical models of collective dynamics. Many authors have recently studied
the dynamics of neural-networks. For example, the network model proposed by
Hopfield [13] is described by an ordinary differential equation of the form
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S = g0+ > hwn. 1<isnizo. )

j=1

i

where the variable x;(¢) denotes the voltage of the input of the ith neuron. Each
neuron is characterized by an input capacitance C; and a transfer function f;(x). The
connection matrix element 7j; has a value R when the non-inverting output of the

jth neuron is connected to the input of the lth neuron through a resistance R;;, and
a value % R— when the inverting output of the jth neuron is connected to the input of
the ith neuron through a resistance R;;. The parallel resistance at the input of each

neuron is defined by R; = (ijl |Tij|) . The nonlinear transfer function g;(u) is
sigmoidal, saturating at 1 with maximum slope at u = 0. By defining
_ 1 _ Tj

SR TG

we can re-write the differential equations as

dx; (1)
dt

= —bixi(1) + > ayfi(G(0), 1 <i<n.

j=1

The theory of discrete almost automorphic sequences has been developed in a
paper by Araya et al. [7]. Using this foundation, we establish the existence of a
unique almost automorphic sequence solution for a general discrete model of cellular
neural network. A cellular neural network is a nonlinear dynamic circuit consisting of
many processing units called cells arranged in two or three dimensional array. This is
useful in the areas of signal processing, image processing, pattern classification and
associative memories. Hence, the application of cellular networks is of great interest
to many researchers. For more details on neural networks, the interested reader may
consult [3, 5, 6, 8, 14—-16]. In [8, 14—16] the authors dealt with the global exponential
stability and the existence of a periodic solution of a cellular neural network with
delays using the general method of Lyapunov functional. The discrete analogue of
continuous time cellular network models is important for theoretical analysis as well
as for implementation. Thus, it is essential to formulate a discrete time analogue of
continuous time network. A reasonable method is to discretize the continuous time
network. For detailed analysis on the discretization method, the reader may consult
Mohamad and Gopalsamy [16], Stewart [17].

The purpose of this paper is to study the problem of existence, uniqueness and
exponential attractivity of almost automorphic solution of the following difference-
differential equation model of a neural network,

dx; (1)

= = — a0 + D by (Df (1)

Jj=1
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+ > eyt (s — Typ)ds) + Li([1]),

J=1
Xi(t) = ¢l(t)a e [_Tijv 0]7 (2)

wherei = 1, 2, ..., mand [-] denote the greatest integer function. The function x; (¢)
is the potential of the cell 7 at time ¢ and f; is the nonlinear output function. b;; and
¢;j denote the strengths of connectivity between the cells 7 and j at the instants ¢ and
t — Tj;, respectively. 7;; is the time delay required in processing and transmitting a
signal from jth cell to the ith cell. We denote the ith component of an external input
source from outside the network to the cell i by /;. This is a generalization of the
result of paper [5] for delayed model.

2 Preliminaries and Main Results

Assume X be a real or complex Banach space endowed with the norm || - ||x.

Definition 1 A function f : Z — X is said to be almost automorphic sequence if
for every sequence of integer {k;};cn there exists a subsequence {k,},cn such that

Jk+ k) — g(k)

and
gk — kp) — f(k)

for each k € Z. This is also equivalent to

lim lim f(k + k, — k) = f (k)

n— 00 m— 00
foreach k € Z.

Denote by AAS(X) the set of all almost automorphic sequences from Z to X. Then
(AAS(X), |l - llaascx)) is a Banach space with the supremum norm given by

llullaasx) = sup [[u(k)|lx.
keZ

Definition 2 A functionf : Z x X — X is said to be almost automorphic sequence
in k foreach x € X if for every sequence of integers {k;};,cn there exists a subsequence
{kn}nen such that

flk+ky,x) — gk, x)
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and
gk — ky,x) — f(k,x)

foreachk € Z and x € X.

The set of all such functions is denoted by AAS(Z x X, X).
For any almost automorphic functions f(#) over R, the sequence {x,} define by
x(n) = f(n) for n € Z is almost automorphic.

Example Consider the function
f (k) = signum(cos 2 k6).

This function is almost automorphic.
The discrete analogue of the model (2) is given by

1— e—ai(”)
xi(n+ 1) = xj(n)e” 4" 4 ————
a;(n)

[ > by g0
j=1

+ 3 cymfiyn =) + Lim |,
j=1
%00 = ¢iln), T =n =0, &)

where i = 1,2,...,m, n € Z. We prove the existence and global attractivity of
almost automorphic sequence solutions of Eq. (3) in this section. For more details of
this kind of model without delay term and c¢;; = 0, we refer to Huang et al. [9] in
which the authors proved the existence of an almost periodic sequence solution.

The assumptions described below are necessary to show the existence of almost
automorphic solutions of Eq. (3).

(A1) ai(n) > 0is almost automorphic sequence and b;;(n), ¢;;(n), 1;(n) are almost
automorphic sequence fori,j = 1,2, ..., m.

(A2) There exist positive constants M; and L; such that |f;(x)| < M; and |f;(x) —
fin] < Lilx —y|foreachx,ye Randj=1,2,...,m; i=1,2,...,m.

For discrete Eq. (3), let us introduce the following notations,

)
Cin) = e~ Dy(n) = byj(n) :

ai(n)

| — e—ai 1 — et
Eym) = ¢ijn)— s, Filw) = Lilm) =0

Using the above notations, we can re-write Eq. (3) as,
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m

5+ 1) = Conxin) + X (Dymfi o500 + Ey00f 0 — ©)) + Filn), 4)
j=1

fori=1,2,...,m. The Eq. (4) is clearly a difference equation and in this work we
focus on this equation only.
Denote:
Ci =sup|Ciw)l, I = sup [Li(n)],

1
nez nez

Dj; = sup |Dji(n)|, Ej; =sup|E;(n)|, F; =supl|F;(n)l,
nez neZ nez

m
b} = sup b ()|, af = inf a;(n), P = > (D} +E})M; + F.

i
nel j=1

Definition 3 A solution x(v) = (x;(v), ..., x,(v))T of (4) is said to be globally
attractive if for any other solution y(v) = (y1(v), ..., ym(v))T of (4), we have

lim |x;(v) —y;(v)[ = 0.
V—>00

Lemma 1 Suppose assumption (Ay) holds, then C; € AAS and Dy, Ej,
FieAASfori,j=1,2,...,m.

Proof From the assumption (A1) we know that a; () is almost automorphic sequence.
Thus for any sequence k; there exists a subsequence k;, such that

aij(n + k) — ai1(n) and a;1 (n — ky) — a;(n).
Denoting Cjj (n) = e~%1™ | we have

ICi(n + kp) — Cir(n)]
= Je W) — ZN O] < Jai(n + kn) — air(m)] = 0, (5)

as m — 00. Also

|Cit (1~ k) = Ci()]
= |e 0T — 7UO| < aiy (n — k) — ai(m)] = 0, (©)

as m — oo. Thus one can conclude that C;(n) are almost automorphic. Now since
bjj and I; are almost automorphic, we have

bij(n + km) d El](n) and 5’/(’1 - km) - bij(n)
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and
I;(n + ky) — L;(n) and I;(n — ky) — I;(n).
By assuming D;j(n) = b,-j(n)l_;z—na;(n) and D;(n) = B,-j(n)%:;w, we obtain
IDij(n + ki) — Djj(n)|
1 — g~ @(tkn)  _ 1 — e~
= by + k) —————— — by
i) e Y
— — e*d,‘(ﬂ‘l’km)
< 1byn + k) = ()| x | —————
<| zj(n+ m) lj(n)| 4+ ko)
_ 1 — e—ailntkn) 1 _ p—ai(n)
+ |bij(n)| x ‘ —
P00 ai(n + k) a;(n)
— 00, as m — 0o. (N
Similarly
IDij(n — k) — Djj(n)|
_ 1 — e—@i(n—km) 1 — e—ai(m
= \bn—-k)— _p.
o gy A
_ 1— e*ai(n*km)
< 1bii(n — k) — by =
< |bjj(n m) i ()] x ai(n — ko)
1 — e—ailn—kn) 1 _ p—ai(n)
+ b)) | -
Y ai(n — k) ai(n)
— 00, as m — oo. (8)

From the above analysis, we conclude that ngs are almost automorphic sequences.
By similar analysis, it is not difficult to show that the sequences E;; and F; are also
almost automorphic.

Lemma 2 Under the assumptions (A1), (A2), every solution of (4) is bounded.
Proof One can easily observe that the relation
Cimxi(n) — R; < xi(n+ 1) < Ci(mxi(n) + R;,

where R; = Z]m=1 D;‘j + F} holds. Consider the following difference equations

Xi(n+ 1) = Ci(n)x;(n) + R;,

where x;(0) = x;(0). Using induction we have
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n—1 1

500 = [T Cwm© +”( T ik +1)

k=1 I=1 k=1

n—1
<%0 + RO T+ 1)
=1
; R;
= %O+ Pl €))

a;

One can easily observe that x;(n) < x;(n). Now using the difference equation
xi(n+ 1) = Ci(n)xi(n) — R;
and doing the similar calculation we get

- _ R;
Xi(n) = —|x%0)] — =

Combining the above two, we get the following estimate

R; 0 R;
PR <xi(n) < |x(0)] + — o

—e Y —

—|xi(0)] -

Thus x; are bounded.
Now consider the following difference equations

xi(n+ 1) = Ci(m)xi(n) + Fi(n). (10)

Lemma 3 Under assumption (Ay), there exists a almost automorphic sequence
solution of (10).

Proof Using the induction argument, one obtain

xn+ 1) =[[Goxo+> ] C®Fm-1
k=0

1=0 k=n—I+1
" n 1 — ¢—ai(n=D .
—e k=0 ai(k)xi(()) + Z Iin—1)— e~ D k=n—i41 ”i(k).
,_0 ai(n — 1)

Consider the sequence

00 1— efa,-(nfl) n "
Xi(n) = Zli(n — l)me* 2 k=ni1 Gik)
=0
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Since

—ay —at * ,d

1—e _ gl—e % . IFe

()] < 2 I e D = el—* e <
a; 1=0 a; i

Thus the sequence x;(n) is well defined. It is easy to verify that
Xi(n+ 1) = Ci(mxi(n) + Fi(n).
Hence the sequence x; = {X;(n)} is bounded. Now define
1— e—a,(n )

Xi(n) = zyol ___tﬁ_eZLHHmm

and
—a;(n—1)

5}1(”) ZI (I’l —l)e ZZ=n_l+1 ai(k).

For any sequence k; there exists a sequence k;, such that

|Xi(n + ki) — Yi(n)|

S. Abbas

o0 .
1 _ e_al(n+km_l) n
— In+k, —)— ¢~ D ken—t41 i (ktkm)
\Z k=D
_ p—ai(n—=0) .
— z I (n —e e Zk:nflJrl aj(k)
-1
00 B 1— e—ai(n+km—l) Zn etk
< [i(n+kpy —1) —;(n — )| ————¢~ &k=n-it114% m
g'( " l jai(n + ki = D)
_ p—ai(ntky—1) .
4 _i n—1)| x ‘le—e_ D ki1 @i (ktkm)
ai(n+ky —1)
_ p—ai(n=10)
— 16—67 Z;cl:an»l ai(k) ‘)
ai(n—1)
&% IFe% % IFedi
1 l
<e— te e _a—*e+ e €. (11D

i i i i
From the above calculations, we obtain

Xi(n+ky) — yi(n) m— oo.
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Similarly one can show that
Vi(n — ky) — xi(n) m — oo.
Hence x; are almost automorphic sequences.

Theorem 1 If assumptions (A1), (Az) hold, then there exists a unique almost auto-
morphic sequence solution of (4) which is globally attractive, provided

cr D} + EL } 1.
x| +Z< +

Proof Denote a metric d : AAS x AAS — R*, by

d(x,y) = sup max |xi(n) — yi(n)].
nez 1<

Now define a mapping F : AAS — AAS by Fx =y, where
Fx = (Fix, Fox, ... ,me)T
such that F;x = y; and y; = {y;(n)}. Define
m
yin+ 1) = Cmxin + 3 (Dgmf(5m) + Egfjn = ) + Filw,
j=1
where X; are almost automorphic sequence solution of (10). Using Lemma 1 and

assumption (A,), we see that F maps almost automorphic sequences into almost
automorphic sequences. Now denote

max {C} —|—Z(D*+E*)L}_r<1

1<i<m

For x,y € AAS, we have
|Fx — Fy| = Sug max, ‘[(Dzj(n)(ﬁ(x]'(n)) — fi(yj(n)))
ne =1

+ (Eij(n)(ﬁ(x]'(n — 1) —fjyj(n = 1)))]

nez 1sism

m
< sup max ZDZL/I)Q/(H) —yim|
=1
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m

+ sup max ZE;lexj(n —1)—yj(n—71)|

nez 1<ism 4=

j=1
m
* * * . _
5§yq+2wﬁ%mw |
i
< rllx = yl. (12)

Hence F' is a contraction. It follows that Eq.(4) has a unique almost automorphic
sequence x.

Let y be any sequence satisfying Eq.(4). Consider Q(n) = x(n) — y(n), then
we get

Qiln+1) = GO + z (Dij(n)(ﬁ(xj-(n)) — i)

j=1

+Eii(n)(fj (xj(n — 7)) — fjyj(n — f))))- (13)
Taking modulus of both sides one has
1Qi(n+ 1| < C71Qi(nm)| + iD?}LﬂQj(”N + iE;LﬂQj(” -7l
j=1 j=1
Defining Q(n) = max|<j<,, |Q;(n)|, we have
[Q(n+ D] < CF Q)] + i(DZ"ijQ(n) + E;LiQ(n) < rQ(n). (14)
j=1

By induction we have

O(n) < r"0(0).

Hence
|xi(n) —yi(n)] > 0 asn — oo.

Thus x is a unique globally attractive almost automorphic sequence solution of (4).
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Advances in Periodic Difference Equations
with Open Problems

Ziyad AlSharawi, Jose S. Canovas and Antonio Linero

Abstract In this paper, we review some recent results on the dynamics of
semi-dynamical systems generated by the iteration of a periodic sequence of contin-
uous maps. In particular, we state several open problems focused on the structure of
periodic orbits, forcing between periodic orbits, sharing periodic orbits, folding and
unfolding periodic systems, and on applications of periodic systems.

1 Introduction

Let C(I) denote the set of continuous maps f : I — [ where [ is a compact
subinterval of the real line. We consider fp, ..., f,—1 € C(I). These maps generate
a semi-dynamical system [33], which we denote by (/, [ fo, ..., fp—1]). For any
x € 1, the orbit through x is denoted by Orb(x, [ fo, ..., fp—1]) and given by the
solution of the non-autonomous difference equation

[XO - (1)

Xnt1 = fu modp(xn)-

The number p is called the period of the system and it is always considered to be
minimal.

J.S. Canovas (X)

Departamento de Matematica Aplicada y Estadistica, Universidad Politécnica de Cartagena,
Paseo de Alfonso XIII, 30203 Cartagena, Murcia, Spain

e-mail: jose.canovas @upct.es

7. AlSharawi

Department of Mathematics and Statistics, Sultan Qaboos University, 36 PC 123 Al-Khod,
Muscat, Sultanate of Oman

e-mail: alshalzm@alsharawi.info

A. Linero

Departamento de Matematicas, Universidad de Murcia,Campus de Espinardo,
30100 Murcia, Spain

e-mail: lineroba@um.es

© Springer-Verlag Berlin Heidelberg 2014 113
Z. AlSharawi et al. (eds.), Theory and Applications of Difference Equations and Discrete
Dynamical Systems, Springer Proceedings in Mathematics & Statistics 102,

DOI 10.1007/978-3-662-44140-4_6



114 Z. AlSharawi et al.

Periodic difference equations have been studied by several authors recently (see
for instance [6, 8, 9, 11, 15, 16, 23, 28-30, 33]. The interest for studying periodic
discrete systems is motivated by applications in population dynamics, the (see e.g.
[27] and [38]) and economic dynamics (see the so-called duopolies (see e.g. [44]
and [47]). When one observes the orbit (x,,) of a point x € I, it is easy to note that
the subsequences (xp;), (Xpn+1), - .., (Xpatp—1) are respectively the orbits of the
initial points

x0, fo(xo), ... ,(fp—20...0 fo)(xo0)
under the iteration of the individual maps

Fo, Fi, F2, ... ,Fp_1,

where Fj = f(p—14jymodp © ... © fj+1 0 fjfor j = 0,1,... p — 1. Therefore,
one might expect that the dynamics can be completely given by the dynamics of the
above individual maps. Indeed, this is true for some characteristics of the dynamical
system. For instance, the topological entropy of [ fo, ..., fp—1] can be computed by
means of the topological entropy of f, 10 ... o fo (see [40]). On the other hand,
the w-limitset w (x, [ fo, ..., fp—1]), which s the set of limit points of the orbit with
initial condition x, can be obtained from the equality

o(x, [fo, -\ [pD) = ox, fp—10 ... 0 fo) Uo(fox), foo fp—10 ... 0o fDU...
o Uaol(fp-—20 ... 0 fo)x), fp—20 ... 0 foo fp—1)
= w(x. Fp) Uo(fo(x). F) U...Ua((fy—2 0 ... o o)), Fp_1)

where each w(zj, F;) is meant the set of limit points of the orbitof z; = (fj—10 ... 0 fo)(x)
under the interval map Fj, j= 0,1,...,p—1, (here, zg = x).

The aim of this paper is to show that, even when many dynamical properties can
be studied by the folded dynamical systems, there are several open problems that
deserve investigation. The paper is organized in sections and each section covers a
topic that includes some proposed open problems.

In Sect.2, we deal with the set of periods Per| fo, ..., fp—1] of periodic non-
autonomous systems. In Sect. 3 we analyze how this set can be altered by the effect
of folding some maps of the periodic non-autonomous system in order to obtain a
new system, of possibly shorter period. After this, we present in Sect. 4 the question
of studying the resulting period when we combine strings of two given periodic
sequences. Another problem related to periodic orbits appears in Sect. 5: it is an open
problem to determine whether or not the intersection of the sets of periodic points
of two commuting interval maps is empty. Section6 is devoted to the Parrondo’s
paradox. Finally, we present some interesting applications related with the dynamics
of population models described by periodic non-autonomous systems.
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2 Periodic Orbits in Periodic Non-autonomous Systems

When Eq. (1) is composed of one map, say f, an orbit Orb(x, f) = (x,) is said to
be periodic if there is ¢ € N := (1,2, ...} such that x,, 4 = x, for all n > 0. The
smallest number ¢ satisfying this condition is called the period or order, and denoted
by ord 7 (x). In the case of discrete dynamical systems on the interval /, the well-
known Sharkovsky ‘s theorem characterizes the set of periods of f, denoted Per(f).
More precisely, we consider the following order in the set of natural numbers N.

355> 7 >3- ->52:3>2-5>,2-T>5 ---

2" 352" 552" T s > 2P S 2 S s 2 5.

For n € N U {2°°}, define .¥(n) = {m € N : n >gn} U {n} and .7(2%°) =
{2" : n € N U {0}}. Sharkovsky’s theorem states that if f has a periodic orbit
(periodic sequence) of period n, then it has periodic points (periodic sequences) of
period m € . (n). Moreover, for any n € N U {2} there is f € C(/) such that
Per(f) = .7 (n) (see [52] or [32] for a recent proof of Sharkovsky’s theorem).

In the case of periodic non-autonomous systems, a generalization of Sharkovsky’s
theorem is given in [11]. For a fixed p € N, consider a p-periodic system defined
by the maps [ fo, ..., fp—1]. For ¢ € N, define the clusters

n

Tpa =l tlemn, p)=q - p)=ln:g = o)

Notice that p - ¢ € 7, ,. Now, define the equivalence relation “~,” on N by stating
thatn ~, m, n, m € N, if and only if n and m belong to the same set 7, , for some
g € N.If we denote any equivalence class <7, , by [¢], we define the orderon N/ ~,
by [n] >s[m] if and only if n >gm. Now, [g] € Per([ fo, ..., fp—1])/ ~p denotes
that @7, , N Per([ fo, ..., fp—1]) is nonempty. The generalization in [11] shows if
[n] € Per([ fo, ..., fp—1])/ ~p, thenfor any [m] € N/ ~, such that [n] >s[m], we
have [m] € Per([ fo, ..., fp—11)/ ~p. The proof of this result is based on two facts:
Sharkovsky’s theorem and the fact that if m € Per([ fo, ..., fp—1]) and m € [q],
then g € Per(f,_10 ... o fo).

When p = 2, another approach was used in [23] to characterize the structure of
the set of periods Per([ fo, f1]). More precisely, set

N* = N\ ({27 — 1:n € NJU{2}).

The following result is given in [23].

Theorem 1 Each of the following holds true for a 2-periodic system:

(a) If [ fo, f1] has a periodic orbit of period n € N* U {2°°}, then . (n)\{1, 2} C

Per( fo, f1l.
(b) If2n+1 € Per[fo, f1l. n > 1, then /(2 - 3)\{1} C Per[ fo, f1l.



116 Z. AlSharawi et al.

(c) There is a 2-periodic system [ fo, f1] such that Per([ fo, f1]) is {1}, {2} or {1, 2}.
(d) For any n € N* U {2°°), there is a 2-periodic system [ fo, f1] such that one of
the following is satisfied.

d.1. Per([fo, f1]) = (n).
d.2. Per([fo, f1]) = L ()\{1}.
d.3. Per([ fo, f1D) = L ()\{2}.

(e) For any subset of odd numbers Imp C {2n + 1 : n € N} there is a 2-periodic
system [ fo, f1] such that one of the following is satisfied.

e.l. Per([fo, 1) = Imp U (F(2-3)\{1}).
e.2. Per([fo, fil) = ImpU.#(2 - 3).

Notice that the case Per([ fo, f1]) = Imp U (' (2 - 3)\{2}) is not allowed, that is,
if 2n + 1 € Per([ fo, f1]) for some n € N, then automatically 2 € Per([ fo, f1]). In
addition, for n € N* U {2%°}, n # 2 - 3, there are no continuous maps fy, f1 € C(I)
such that Per ([ fo, f11) = Imp U ((n)\{1}) or Per([fo, f1]) = Imp U (' (n)\{2})
or Per([ fo, fil) = Imp U . (n).

The following frame summarizes the forcing (where n >,m is meant that the
presence of a period n in the alternated system forces the existence of periodic
sequences having order m):

2-n+1:neN}>2-3>,2-5>,2-7T>)...
2" .3552".55,2" T >y 2" 55>, 2% >, (1 or/and 2).

The generalization of Sharkovsky’s theorem given by AlSharawietal. in [11]lacks
the details about the forcing relationship within each equivalence class [¢] = .27}, 4.
On the other hand, the result of Cdnovas and Linero in [23] gives the exact forcing
between cycles when p = 2, but lacks the generality for p > 2. Since the results in
[11] and [21], several attempts have been made to give the exact forcing within each
equivalence class [¢] [6, 8, 15]. Although progress has been made in special cases,
the general case is still open, which motivates our first open problem.

Open Problem 1 Extend Theorem1 to periodic sequences of maps of arbitrary
period, i.e., characterize the set of periods Per([ fo, ..., fp—1]) for any positive
integer p.

In each equivalence class or cluster [¢] = <7, 4, there is one period, namely
pq, that does not depend on the intersection between the maps fy, fi, ..., Sp—1.
while the other periods need certain intersections between the maps [8, 15]. This
observation leads to dividing the periods into the ones that are generic proper-
ties of the intersections, and the ones that are generic properties of the iterations.
Indeed, establishing a connection between those two sets was one of the objec-
tives in [6, 8, 12]. Examples were constructed [6] to show that the existence of
m € Per([ fo, ..., fp—1]) for some m € Mp,q, where g > 1 is a power of 2, does
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not guarantee that pg € Per([ fo, ..., fp—1]). However, the following problem is
still open.

Open Problem 2 Suppose m € Per([ fo, ..., fp—1]) for some m € <, ,, where
q > 1is an odd number. Prove that pq € Per([ fo, ..., fp—1]).

It is well known that Sharkovsky’s theorem works under certain modifications
for other one-dimensional spaces, as the circle -with some modifications as a
consequence of the degree of a circle map-, even for classes of n-dimensional

continuous maps, for instance the so-called triangular maps G (x1, x2, ..., X,) =
(g1(x1), g2(x1,x2), ..., gn(x1, X2, ..., X)) (see [S] for more details). To this
respect:

Open Problem 3 Extend Theorem 1 to periodic sequences of two continuous circle
maps, that is, characterize the set of periods Per([ fo, f1]), where fo, f1 : St — sl
are continuous.

3 Folding in Periodic Systems

For a p-periodic system [ fo, ..., fp—1], it is possible to fold some of the maps
to obtain a system of possibly shorter period. For instance, an obvious situation is
the p-fold map Fy := fp—1 0 fp—2 0--- 0 fo, which changes the p-periodic non-
autonomous system into an autonomous system. In general, forany 1 <k < p — 1,
we can fold the maps

Ji—1o0---0 fo=:Fy, fu—10---0fx=:F1, frx—10---0 fo=:Fr,--- (2)

to form another periodic system [ Fy, F1, ..., F

- ]. Some caution must be made
P,

here about the period of the new periodic system It may not be —— © d( o Indeed, take

the 4-periodic system [ f, f_l, f‘l, f1and k = 2, then the folded system [ Fp, Fi]
is 1-periodic rather than 2-periodic. The notion of folding was introduced in [6]. The

. . ) . . p .
scenario of having [Fy, Fi, ..., Fgcd{pyk)] with a period less than a1 called

degenerate scenario and has been avoided. The case when k is a divisor of p is studied
in [12] and connections between the cycles of the folded and unfolded systems have
been established. However, for general k, the connection between the folded and
unfolded systems still open for further investigation, which motives the next open
problem.

Open Problem 4 Consider the p-periodic system [ fo, ..., fp—1], and let1 <k <
p. Consider the maps Fy, Fy, ..., F —— defined in (2). What is the relationship
£¢t

(p,

between Per([ fo, ..., fp—1]) and Per([Fo, F1, ..., F a; k)])?
ed(p,

Periodic difference equations with delay of the form y,+1 = gnmodp(Vn—k—1))
have been studied by AlSharawi et al. in [10], and a characterization of the periodic
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structures was given. To visualize the orbits in this case, consider p = 6 and k = 4,
then orbits of y,+1 = gnmode(Yn—3) can be written in matrix form as

y-3 Y-2 y-1 Yo
go 81 & &3
84 85 80 &1
82 83 84 &5

From the columns of this matrix, observe that each column gives a periodic system
of period m, which can be assumed to be the minimal period. This observation
motivates the following problem.

Open Problem 5 Suppose there is a p-periodic system| fo, ..., fp—11, whichis un-

known to us, but we know one of its folded systems [ Fy, Fi, ..., F - 1. What kind
ged(p,

of similarity (if any) in periodic structure do we have between the unfolded p-periodic
system [ fo, ..., fp—1] and the periodic system with delay x, 11 = F, (xy—x—1))?

4 Merging Periodic Sequences

In the unfolding process of a %—periodic system [Fo, F1,..., F %], we find our-
selves dealing with sequences that are merged in a certain way [12]. Therefore, we
find the notion of merging two periodic sequences to be related to the topic of the
previous section, and therefore, we find it is worth addressing here. Suppose we have
two periodic sequences {a,} and {b,} of periods ¢ and ¢», respectively. The two
sequences can be thought of as two periodic signals or codes coming out of two
machines. After each string of length k; produced by the first machine (a k; string
of {a,}), the second machine releases a kj string (a k» string of {b,}). The obtained
signal has the structure [ay,, b,] :=

ki string ky string ki string
—_——
ai,az, ..., ag,b1,ba, ... by, Gr 41, Ak 425 - -+ 5 A2y s By g1, - - 3)

Before we proceed, we clarify the notion by an illustrative example.

Example 1 For n € N, consider a, = nmod 4 and b, = 4 4+ (n mod 6). Thus, {a,}
is periodic of period ¢ := 4 and {b,,} is periodic of period g7 := 6.

(i) If k4 =2 and kp = 3, then
la,,b,] =1{0,1,4,5,6,2,3,7,8,9,0,1,4,5,6,---},

and the period of the formed sequence is 10.
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(i1) Ifk; =2 and kp = 4, then

[an, bn] =1{0,1,4,5,6,7,2,3,8,9,4,5,0,1,6,7,8,9,
293’4’576’7’0’ 1’879’475’293’6’778’9’0’1...}
and the period of the formed sequence is 36.

For a better understanding of the structure of the formed sequence [ay,, b,], we
write its elements in matrix form as follows:

ap ay - ap-1 by b1 - b,
Qky Q41 - Ak —1 by byt -+ bogy—1
Aok A2Uy41 - A3k —1 Doky D2kyt1 -+ - D3gy—1 (4)

a3k, A3k +1 - Aakj—1 D3y D3gyt1 -+ baky—1

Now, reading this matrix row by row from left to right gives the formed sequence
[an, by]. It is obvious that we obtain a periodic sequence in each column. In some
cases, it is easy to deduce the new period of the sequence obtained from the merging
process, for instance when the merged sequences are disjoint (we establish here the
result without proof):

Lemma 1 Forn € N, let{a,} and {b,} be two disjoint periodic sequences of periods
q1 and q3, respectively. Also, let 1 < k1 < q1 and 1 < ko < q>. The period of the
sequence [ay, by] formed in (3) is of minimal period kq, where k = k1 + ky and

q = lcm ( a1 2 )
ged(kr, g1) " ged(ka, q2)

The condition to have the two sequences disjoint is a luxury that one may not
have, which leads us to state the following general problem:

Open Problem 6 For n € N, let {a,} and {b,} be two periodic sequences of
periods q1 and q3, respectively. Find the minimal period of the sequence [ay, by ]
formed in (3).

5 Commuting Maps and the Problem of Sharing
Periodic Orbits

Denote by Fix(f) and P(f) the set of fixed and periodic points of amap f € C(1),
respectively. We consider two maps fo, f1 € C(I) such that they commute, that is,
Jfoo fi = fio fo

In the fifties of the 20-th century, some authors posed independently the problem
of proving whether two commuting continuous interval maps share fixed points. The
problem is answered in affirmative for polynomials, as J. F. Ritt pointed out in [49].
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Other cases, under restrictive conditions, have also a positive answer (for instance, we
mention [31] or [53]). The question on whether Fix ( fo) NFix( f1) is nonempty, that is,
fo and f; have a common fixed point, was open for a long time [37]. Finally, Boyce
[20] and Huneke [36] found simultaneously counterexamples which show that in
general the answer is negative, there exist two continuous commuting interval maps
which do not share any fixed point. The counterexamples constructed in [20, 36] are
given by two maps fj and fi that share periodic points.

Since then, the research on this topic was concentrated in several directions. For
instance, to extend the problem to other compact metric spaces or to particular classes
of continuous maps [34, 39, 41]. The problem has been also posed in terms of sharing
periodic points which are not necessarily fixed points (see [3, 55]). Then, it can be
expected to raise the following question:

Open Problem 7 Is it true that P(fo) N P(f1) # @ for commuting continuous
interval maps fo, f1 € C(I)?

Fixed and periodic points are the strongest type of recurrence in dynamical sys-
tems. There are weaker notions of recurrence that contain the sets of fixed and periodic
points. Namely, a point x € X is called recurrent if for any open neighborhood U
of x there is an increasing sequence {n;}7°, such that /" (x) € U. If the sequence
{n;}72, has bounded gaps, the pointis called uniformly recurrent.1f n; = ki for some
k € N the point is called almost periodic. Denote by Rec(f), UR(f) and AP(f) the
sets of recurrent, uniformly recurrent and almost periodic points. It is clear from the

definitions that
Fix(f) € P(f) € AP(f) € UR(f) < Rec(f).

Following the Sharkovsky’s order of natural numbers, let 7 = {f € C(I) : P(f)
is closed}, 95 = {f € C(I) : f has periodic points of period 2", n > 0} and
= {f € C(I) : f has a periodic point which is not a power of two}. The next
result was proved in [22].

Theorem 2 Assume fy, fi € C(I) commute. Then

(a) If fo € Z, then Fix(fo) NP(f1) # 0.
(b) If fo € 2, then Fix(fo) N AP(f1) # 0.
(c) If fo € T3, then Fix(fo) N UR(f1) # 0.

The above result proves Open Problem 7 for maps which are simple from the point
of view of dynamics. Note that maps of type .73 have positive topological entropy,
and therefore, they are chaotic in the sense of Li and Yorke. Chaotic maps in the
sense of Li and Yorke may also exist in the family .7, but they cannot be found in
1, which contains the set of continuous interval maps with finite set of periods (see
[18] or [22]). So, if one has to look for counterexamples for Open Problem 7, he/she
should construct maps having both infinitely many periodic points. In addition, they
cannot have a finite number of monotonicity pieces (see [20, 36]).
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We finish this section by a problem that links Theorem 1 and Open Problem .

Open Problem 8 Find Per([ fy, f1]) for commuting maps fy, f1 € C(I). More pre-
cisely, can the examples of Theorem 1 be constructed such that fy and f| commute?

6 The Parrondo’s Paradox

Parrondo’s paradox [35] has become an active area of research in many applied sci-
ences like Physics [46], Economy [56] or Biomathematics [57]. As a first approach,
we can say that it appears when we alternate different games in a stochastic or deter-
ministic way. Parrondo’s paradox exists when the behavior of individual systems and
the combined one are completely different. For discrete dynamical systems, the para-
dox was formulated in [4] by showing that the phenomenon “chaos + chaos = order”
and “order 4 order = chaos” are possible when considering periodic combinations of
I-dimensional quadratic maps. Similar results have been obtained by Boyarsky and
collaborators in the random combination of piecewise smooth maps [19]. On the other
hand, it was shown in [21] that in some particular cases the paradox is not possible.

The dynamic Parrondo’s paradox was studied in detail in [24] as follows. For a
map f € C(I), I = [0, 1], denote by Z(f) the set of dynamic properties of f
(for instance to have positive topological entropy or exhibiting chaos in the sense of
Li and Yorke), and define Z([ fo, f1]) similarly. Let J = [a,b] € I = [0, 1] and
denote by ¢; : J — [ alinear map such that ¢;(a) = 0 and ¢;(b) = 1. Define
f1:00,11— [0, 11by f1(x) =" o fop,(x)ifx € J, f1(0) =0, f;(1) =1,
and linear on any connected component of [0, 1]\ J. A dynamic property P € Z(f)
is an L-property if for any continuous map f and any compact subinterval J C [0, 1],
itis held that P € Z(f) N 2(f). The fact that if fy, fi € C(I), then the dynamics
of the sequence [ fo, f1] is complicated (or simple) if and only if the dynamics of
Jfoo f1is complicated (or simple), jointly with L-properties are the key for analyzing
the Parrondo’s paradox as the following result shows [24].

Theorem 3 Let P;, i = 1,2, 3, be L-properties. Then there are fy, fi € C(I) such
that Py € 9(fo), P> € Z(f1) and P € Z(fo o f1).

In particular, we can construct maps such that fy and f; have a complicated
(simple) L-property and fo o fi has not this property. [P € Z(fy) N 2(f1) and
P ¢ 2(fo o f1)]. For instance, we consider the topological entropy (see e.g. [2]
or [5] for definition and basic properties of topological entropy), which is a useful
tool to decide whether a map has a complicated dynamics. From Theorem 3, we can
construct two continuous interval maps, fo and fj, with zero topological entropy
(and hence simple) such that fo f] has positive topological entropy (and therefore a
complicated dynamics), because the properties zero topological entropy and positive
topological entropy are L-properties. However, we must emphasize that, although
Theorem 3 shows the existence of paradox in a general way for a very large list of
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dynamical properties, the constructions made for proving it cannot be done when
we consider fixed maps like for instance a member of the logistic family f,(x) =
ax(l —x),1 <a <4andx € [0, 1].

Open Problem 9 State an analogous result to Theorem3 when the maps fo and f
commute.

Consider the well-known logistic family f,(x) = ax(l — x), a € [1, 4]. More
precisely, we consider two maps f, and f; and wonder about the existence of paradox
for parameters a and b. In [26], the paradox existence is shown for several parameters
values. However, although f;, o f, may exhibit the paradox, it is observed that several
combinations like f, o f o f, do not exhibit the paradox.

Open Problem 10 Characterize the set of parameters a, b € [1,4] such that any
combination of maps f, and f}, exhibit the Parrondo’s paradox. Is this set nonempty?

Denote the topological entropy of a continuous map f by A (f). In [25], numerical
simulations show that Parrondo’s paradox cannot be exhibited by maps with positive
topological entropy, that is, if min{a(f,), h(fp)} > 0, then numerical simulations
show that h(f, o fp) > 0, and therefore the Parrondo’s paradox cannot be exhibited
(see Fig. 1).

Open Problem 11 Inthe logistic family, prove or disprove that min{h( f,), h(fp)} >
0 implies that h(f, o fp) > 0.

3.8

3.6

34

32

3.0k ! ! ! i 1
3.0 32 3.4 3.6 3.8 4.0

Fig. 1 On the left we show the topological entropy of F with accuracy 1073, On the right, we
present the projection of topological entropy where stronger colors means lower topological entropy.
The darkest region represents those parameter values for which the topological entropy is zero up
to the prescribed accuracy
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7 Applications

In population dynamics, one dimensional models usually take the form x,+; =
xn f (xn), where x,, represents the density of a population at discrete time n and f(¢)
is a function that reflects certain characteristics of the studied species. For instance,
f@) = %, u > 1isused for the Beverton-Holt model [17], f(¢t) = at(b—1t)

is used for the logistic model [45], and f(f) = be " is used for the Ricker model
[48]. Forcing periodic harvesting or stocking in a deterministic environment leads to
investigating the dynamics of models in the from

Xnt1 = Xp f (Xn) £ i, (&)

where {h,} is a p-periodic sequence that represents harvesting or stocking quotas.
See [7] and the references therein for more details and some open questions. We find
Problem 3.1 in [7] to be suitable within the context of this paper.

Open Problem 12 Consider Eq. (5) with stocking (i.e. +hy,) and assume this equa-
tion has a global attractor (like when f(t) = lb_-lit [14]). Let {h,} be a permutation
of {hy,}. Define x4, and X4y to be the average of the global attractors associated with

{h,} and {fz,, }, respectively. How does xg, relate to X4, ?

Although it is tempting to believe that increasing constant yield harvesting in
population models leads to a decline in the population, recent results show otherwise
[50, 54] and the phenomenon is known as the hydra effect [1]. In fact, this notion
led to a fertile area of research; see for instance [42, 43, 51] and the references
therein. When we confine models in Eq. (5) to contest-competition models and force
the harvesting to be constant yield harvesting (i.e., h, = h for all n), then the hydra
effect is not known to take place. For instance, if we take the Beverton-Holt model
with harvesting [13], then the global attractor is decreasing in . However, the effect
of periodic harvesting is not characterized yet, which motivates our next problem.

Open Problem 13 Consider Eq. (5) with harvesting (i.e. —hy,). Investigate the effect
of ordering the elements of the sequence {hy,} on the population. On other words,
assume that we have a periodic sequence of harvesting quotas but we have the
[freedom to permute its elements. Which permutation of {h,} plays on the advantage
of the population in terms of the basin of attraction and in terms of the arithmetic
average of the attractor?
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An Evolutionary Beverton-Holt Model

J.M. Cushing

Abstract The classic Beverton-Holt (discrete logistic) difference equation, which
arises in population dynamics, has a globally asymptotically stable equilibrium (for
positive initial conditions) if its coefficients are constants. If the coefficients change in
time, then the equation becomes nonautonomous and the asymptotic dynamics might
not be as simple. One reason the coefficients can change in time is their evolution
by natural selection. If the model coefficients are functions of a heritable phenotypic
trait subject to natural selection then, by standard methods for modeling evolution,
the model becomes a planar system of coupled difference equations, consisting of
a Beverton-Holt type equation for the population dynamics and a difference equa-
tion for the dynamics of the mean phenotypic trait. We consider a case when the
trait equation uncouples from the population dynamic equation and obtain criteria
under which the evolutionary system has globally asymptotically stable equilibria or
periodic solutions.

1 Introduction

The well-known difference equation

1
=b—x, b, 0 1
Xr+1 l+Cxth c > (D

arose historically in population dynamics as a discrete analog of logistic growth [6]
(also see [7-10]). It has been used as a basic model in many studies in population,
ecological and evolutionary dynamics in the same way that the logistic differential
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equation is used as a starting point for innumerable differential equation models in
these fields. The equation has been used, for example, in the fisheries industry where
it is known as the Beverton-Holt equation, a name that is now widely used for the
equation.

The dynamics of (1) are well known. For xg > 0 the equilibrium x¢ = 0 (which
we will refer to as the extinction equilibrium) is globally asymptotically stable (GAS)
if b < 1.1fb > 1 then x = Ois unstable and the survival equilibrium x°* = (b—1)/c
is GAS. Moreover, solution sequences are monotone (and hence the strong analogy
with the logistic differential equation).

There are numerous biological reasons to consider the coefficients b and ¢ in
Eq. (1) not to be constants. For example, these parameters might change in time due
to changing environmental conditions, to physiological cycles, etc. Their fluctuations
might be stochastic or deterministically regular, even periodic (modeling seasonal,
monthly, or daily environmental oscillations). These fluctuations in (1) give rise
respectively to a stochastic, a nonautonomous, and a periodically forced difference
equation. The mathematical literature on the latter case has, for both (1) and for more
general scalar difference equations, grown considerably in the last decade.

Another biological reason for which parameters in population dynamic models
might change is time is evolutionary adaptation. In this case, the coefficients b and/or
cin (1) are assumed to be functions of a phenotypic trait or several phenotypic traits
that are subject to Darwinian evolution through natural selection and hence that
change in time. If a scalar v represents a quantified phenotypic trait (e.g. body size,
age, color, metabolic rate, aggressiveness, etc.) whose value affects and determines
the values of b and ¢ experienced by an individual that inherits the trait v (or by
a mutant or an invader with trait v), then we write » = b (v) and ¢ = ¢ (v). It is
up to the modeler to assign specific properties to these two functions that reflect the
biological situation of interest. It can be the case that these parameters are not only
affected by the trait value v of the individual, but by the traits of other individuals in
the population (for example, through competition for resources). One way to model
this case (called frequency dependence) is to assume that b and/or ¢ also depend on
the mean trait u of the population and to write

b=bW,u), c=c,u).

A method for modeling the change in the mean trait u over time, as subject to
evolution, is by means of the equations

1
= b uy) T 2
Xr+1 v, ur) L+c(v,u)x V=i, . .
dlnr (x,v,u)
Uyl = Ut o’ Tt ”
V=us
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where

r(x,v, I/l) :Zb(V, M)m

[1, 4,5, 11]. The equation for u; (the trait dynamics) states that change in the mean
trait is proportional to the fitness gradient where here fitnessisdefined asInr (x, v, u).
The parameter o2 (the constant of proportionality in the assumed evolution law) has
different biological interpretations that depend on the assumptions made in modeling
evolution [1]. Generally, however, o> is proportional to the variance of the trait in
the population, which is assumed constant over time. In any case, o> measures how
fast evolution occurs, and we refer to it as the speed of evolution.

The model equations (2) constitute a planar system of difference equations in
which the population dynamics of x; and the evolutionary dynamics of u, are in
general coupled. A method known as adaptive dynamics uncouples the trait equation
from the population dynamic equation by making the assumption that evolutionary
and population dynamics occur on (infinitely) different time scales [1, 4]. In this
paper, we consider a (fairly general) case in which the trait dynamics uncouple
from the population dynamics without the necessity of this strong assumption about
differing time scales.

We will assume that » depends only on v (i.e., only on the trait inherited by the
individual and not on the traits of others in the population). We also assume that
¢, which is surrogate for intraspecific competition, is a function of the difference
v — u; that is to say, the amount of competition felt by an individual depends on how
different its trait is from that of others, as represented by the mean u. Letting R and
R™ denote the real numbers and positive real numbers respectively, we make the
following assumption:

b=b() andc=c(v—u) whereb,c € C>*(R,RT) and /(0)=0. (4

The ecological reason for the assumption ¢/(0) = 0 is that it is often assumed in
evolutionary game theory models that an individual experiences maximum compe-
tition when its trait equals the population mean, i.e. the competition coefficient ¢
is maximized when v = u. In this case, the evolutionary Beverton-Holt model (2)
becomes

1
X1 = b (uyr) mxz )
t

2b/ (uy)
b (ur)

(6)

U4l = U +0

where ¢o = ¢ (0) > 0. The prime denotes differentiation: b’ (u;) = 3b (v) [0V]y—y, -
Note that (6) is uncoupled from Eq. (5), but not vice versa.

The evolutionary models (2) and (3) are included in the general models studied
in [3]. The theorems in [3] extend the fundamental bifurcation theorem for general
population models that occurs as extinction states destabilize. These theorems apply



130 J.M. Cushing

to the evolutionary Beverton-Holt model (5)—(6) and provide criteria under which
equilibrium states are locally stable or unstable. However, in this paper we will
obtain a more general, independent analysis (including global dynamics) of (5)—(6)
by taking advantage of the fact that (6) is uncoupled from (5) and of the fact that the
global dynamics of (5) are well-known if evolution does not take place (i.e. 0> = 0
and u, remains constant at uq for all time).

2 Asymptotic Dynamics of the Evolutionary
Beverton-Holt Model

A critical trait (mean) u is one for which b’ (1) = 0. Note that critical traits are
equilibria of the scalar trait equation (5). Also note that (x¢, u®) is an equilibrium
of (5)—(6) if and only if u® is a critical trait. If u® is a critical trait, there exist
two equilibria, one with x* = 0 and another with x¢ = (b (u®) — 1) /co. We call
the equilibrium (0, u€) an extinction equilibrium. We define a survival equilibrium
(x¢, u®) of the system (5)—(6) to be an equilibrium associated with trait u¢ for which
x¢ > 0. The survival equilibria of (5)—(6) are

(xS u) = (—b ) = l,ue) (7)

€0
where u¢ is any critical trait that satisfies
b(uf) > 1.

Let U € R. We say that an equilibrium (x¢, u®), x¢ > 0, is globally attracting on
R x U if (xg, ug) € R x U implies lim;_, 4o (x7, ;) = (x¢, u®). If, in addition,
(x¢, u®) is a locally asymptotically stable equilibrium of (5)-(6), then we say it is
globally asymptotically stable (GAS) on RT x U.

Note that because (6) is uncoupled from (5), the local asymptotic stability of
an equilibrium (x¢, u®) of (5)—(6) implies that u° is a locally asymptotically stable
equilibrium of (6).

Theorem 1 Assume (4) and that Aue is a critical trait. We have the following facts
about the extinction equilibrium (0, u®) and the survival equilibrium (7) of the evo-
lutionary system (5)—(6).

(a) (Extinction equilibria). If b (u®) > 1 or if

b// e
02 (u®)

b (u®) ©

'1+

then the extinction equilibrium (6, u®) is unstable.
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Ifb(u®) < 1 and

5 b (u®)

b (1)

'1+a )

then there exists an open neighborhood U of u® such that the extinction equilib-
rium (0, u®) is GAS on Rt x U.

(b) (Survival equilibria) If b (u®) > 1 and (8) hold, then the survival equilibrium
(7) is unstable.

If b (u®) > 1 and (9) hold, then there exists an open neighborhood U of u® such
that the survival equilibrium (7) is GAS on RT x U.

Note that the instability inequality (8) holds if »” (1) > 0.

Proof The Jacobian J (x, u) of (5)—(6), when evaluated at any equilibrium (x¢, u°),

namely
bu) —1— 0
J (xe’ ue) _ ( (1+cox©)? o ) (10)
0 1+o 100)
has eigenvalues
1 b// e
=b () —— a =402
(14 cox®) b (u®)

(a) The instability assertions follow from the linearization principle when either
A1 or A have absolute value greater than one. By the linearization principle, the
extinction equilibrium (0, #¢) is locally asymptotically stable when both 1| or A
have absolute value less than one. What remains to show, in this case, is its global
asymptotic stability when b (u®) < 1. Since u is a locally asymptotically stable
equilibrium of the trait equation (6), we can find a § > 0 be such that |ug — u®| < §
implies lim;_, 4o 1y = u®. Let (x;, u;) be any solution of (5) with an initial condition
(x0, up) that satisfies xo > 0 and |ug — u®| < §. We need to show that

_l)igloo (xz, ur) = (0, u®). (1)

t

Since we already know that lim;—, 4o 1ty = u®, we need only show lim;_,
x; = 0. Since b (u®) < 1 we can choose a real number 8 satisfying b (u¢) < 8 < 1
and, since lim;_, y oo u; = u®,thereexistsa7 > Osuchthats > T impliesd (u;) < B.
From (5) we have

1
0< =b _ X <
= Xt+1 (ur) 1+ cox, X < Bxy

for all + > T. It follows that lim;— 40 x (f) = 0, i.e. (11) holds.
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(b) For a survival equilibrium (7) we have

0<A = <1

b (u®)

When (8) holds, instability follows because |[Az| > 1.

On the other hand, when (9) holds, then |A2| < 1 and the survival equilibrium is
locally asymptotic stability. What remains to prove, in this case, is its global stability.
Since u¢ is a locally asymptotically stable equilibrium of the trait equation (6), we
can find a § > 0 be such that |ug — u¢| < & implies lim;—, 40 u; = u®. Let (x;, uy)
be any solution of (5)—(6) with an initial condition (x¢, 1) that satisfies xo > 0 and
|lug — u¢| < 8. We need to show

lim  (x, ur) = (x%, u®). (12)
—>+00
Since we already know that lim,_, - u, = u®, we need only show lim;_, ;o

x; = x%. The sequence x; is positive for all ¢ and satisfies the asymptotically
autonomous equation (5). A straightforward calculation shows that y; := 1/x; sat-
isfies the linear, asymptotically autonomous equation

&)
0< = —y + .
T ™ T b
Lemma 1 in the Appendix implies
i o
imy =———
T pwe) — 1
from which we obtain
. b —1 B
limx; = —— =x
1—>+ co

and hence (12) holds. This completes the proof.

With regard to evolutionary convergence (i.e. the stability of a survival equilib-
rium), Theorem 1b requires (9) hold. For this inequality to hold it is necessary that
b"(u¢) < 0 and

2 b (“e)

o° < — ,
b// (ue)

(13)

that is to say, that the speed of evolution be not too fast. The open neighborhood U
in Theorem 1(b) can be taken to be the basin (interval) of attraction of u¢ as a stable
equilibrium of the trait equation (6).

If the inequality (13) is reversed, that is to say, if the speed of evolution is too
fast, then Theorem 1(a) implies the survival equilibrium is unstable and the expected
exchange of stability between equilibrium branches as b (#¢) increases through 1
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does not occur. This destabilization of the survival equilibrium is due to a period
doubling bifurcation in the trait equation (6) as o increases through the critical
value —2b (4¢) /b” (u®) where the derivative of

2b/ (u)
b (u)

u-+o

equals —1 atu = u®. In such a case, the uncoupled trait equation (5) can have locally
asymptotically stable periodic cycles. In this case we have the following theorem
for the dynamics of the evolutionary system (5). We say that a p-periodic solution
(&, vy) of the system (5)—(6) is a survival p-periodic solution if & > O for all 7.

Theorem 2 Assume (4). Suppose v, is a hyperbolic, locally asymptotic p-periodic
solution of the trait equation (6). If

p—1
Hb(u,) > 1 (14)
=0

then there exists a survival p-periodic solution (&, v;) of the evolutionary system (5)—
(6) which is globally asymptotically stable on Rt x U for some open neighborhood
U of vo.

Proof The x; component of a solution pair (x;, u;) of (5)—(6) satisfies the nonau-
tonomous equation

1
X+1 = b (ur) mxn x>0 (15)
t

where u, satisfies the uncoupled trait equation (6). Suppose u; approaches the p-

periodic solution v; as t — +o00o. Then the nonautonomous equation (15) is asymp-
totically periodic with limiting equation

1
Xr41 = b (vr) mxh xo > 0. (16)
t

Defining y; = 1/x; we obtain the linear, asymptotically periodic equation

yo > 0. a7

AR YRR

By Theorem 1 in [2] the periodically forced limiting equation

1 (o)

— v+ 18
b(vt)y (18)

Yi+1 = t m

has a unique, positive p-periodic solution 6;.
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To show the periodic solution 6, is attracting, we consider the p-fold composite
equation of (17), which is a linear (asymptotically autonomous) equation of the form
(21) in Lemma 1 in the Appendix, namely,

Vil = oy + Br

with
1 1

oy = T — af <1
Hi:O b (ur)

= —
172 b )

and a sequence B, > 0 (a formula for which we do not need) which approaches a
limit 8¢ as t — oco. By Lemma 1, inequality (14) implies the solution of the p-fold
composite with initial condition yp > O approaches as t — oo the equilibrium
B¢/ (1 — «) of the limiting equation of the composite. This limit is, in fact, the first
point 6y in the p-periodic solution 6;. Repeating this argumentusing y;, 1 <i < p—1,
as a starting point, we find that the solution of the composite approaches the it/ point
0; in the p-periodic solution 6;.

All of this is to say that the solution of (17) approaches the periodic solution 6, of
the limiting equation (18), which in turns implies the solution x; of (15) approaches
the periodic solution & = 1/6; of the limiting equation (16). All that remains to
prove is that p-periodic solution (&;, vy) of (5)—(6) is locally asymptotically stable.
This is done by investigating the eigenvalues of the Jacobian of the p-fold composite
map arising from (5)—(6). This Jacobian is equal to the product 1'[{:01 J (&, vy) where

h (v, u) b (u) %x)

J(x,u) = ( 0 2 ()

is the Jacobian of (5)—(6). Here

b @) b () — (b (w)®

A1 (x,u) :=b(u) b2 (u)

Mx,u)y:=140

(14 cox)?’

Therefore

p—1 % p—1 p—1
[17 & v = (’3 m), mo=[[rE v, me=]]rw,
=0 =0

i=0

where the asterisk does not concern us, since the eigenvalues of this matrix lie along
the diagonal. The assumption that v; is a hyperbolic, locally asymptotically stable
periodic solution implies that |m2| < 1 and hence that the stability of the periodic
solution (&, vy) is determined by the ;.
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Note that

p—1 p—1 1 p—1
g i1 = g b (vy) TC()&& = g b (vj)

Since & is p-periodic, it follows that []/_ S,H = Hf:ol & and hence

p—1 1 p—1 p—1 |
1= b (v; = b (v .
g (1)1+Cof;'i g (l)gl-l-q)ij[

Then

1

1
0<m=[]bw - I
- 1:[0 U F et by

which establishes local asymptotic stability.

3 Examples

p—1
[1&-
i=0

135

We give two examples of the use of Theorem 1 to analyze the evolutionary model
(5)-(6) with specified dependences of the coefficient b = b (v) on the phenotypic
trait v. In the first example, the adaptive landscape defined by b (or by fitness In b)
is unimodal with a global maximum. In the second example, the adaptive landscape
is bimodal. In that example, oscillations are possible and Theorem 2 is applicable.

Example 1 A common assumption in evolutionary modeling is that vital parameters

are normally distributive as functions of a phenotypic trait. If we take

2
b (v) = by exp (—m) , byp>0

then v¢ = 0 is the only critical trait. Since

—bo
b (0) = —

we find from Theorem 1 that if 62 < 2w? then

(0,0) is GAS on R x RT if by < 1 and unstable if by > 1

(”0651,0) is GAS on RT x RT ifbg > 1.
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Here the interval U = R™ because u¢ = 0 is globally attracting as an equilibrium of
the (in this case simple linear) trait equation (6) u;y| = (1 —0o? / w2) u;. Note that
the solutions of this equation are unbounded if 2 > 2w? and hence so are the orbits
of the evolutionary model (5)—(6).

In Example 1, the adaptive landscape, i.e., the graph of fitness

V2

Inb (v) =Inbg 2

as a function the mean phenotypic trait v, is unimodal with a maximum at the critical

trait v = 0. When orbits approach a survival equilibrium, i.e. when by > 0 and

02 < w?, the evolution of fitness In b (u;) along orbits of the model (5)—(6) tends to

its maximum value In bg. In this case, the trait u¢ = 0 is said to be an evolutionarily
stable strait (ESS) since it is located at the global maximum of fitness [11].

In the next example, we illustrate the application of Theorems 1 and 2 in a case

when the adaptive landscape has multiple peaks and the evolutionary model can have

multiple attractors.

Example 2 An example of a two peaked adaptive landscape is provided by the
fitness function In b (v) with

b (v) = bo exp (—v2 (3v2 — - 3)) by > 0. (19)

In this case,
Inb () = In by — u (3u2 —u— 3)

has three critical traits

b (1) has a local maximum at u® = —1/2, a local minimum at #¢ = 0, and a global
maximum at ¢ = 1. See Fig. 1. Calculations show

b(—1/2) = bpe>''® and b” (—1/2) = —9bpe>' ¢ < 0

b (0) = by and b” (0) = 6by > 0

b (1) = bye? and b” (1) = —18bge* < 0.
Theorem 1 implies the stability results in Table 1 for the extinction and survival
equilibria of the evolutionary Beverton-Holt equation (5)-(6) when b is given by

(19). In each case the set U is the interval of attraction of u¢ as an equilibrium of the
trait equation (6), which is in this example, the scalar difference equation

W=u+60uCu+1)1—u. (20)
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Fig. 1 The graph of b (u) in (19) is shown for three values of by which give rise to three different
phase plane scenarios in Table 1. Phase plane plots for each case are shown, with three sample
orbits, in plots (a), (b) and (c). In all cases 02 =0.01 and ¢g = 0.01. a by = 1/20. In this case,
b(—1/2) = e5/16/20 < land b (1) = e2/20 > 1 and there exists no survival equilibrium. All
orbits approach an extinction equilibrium. b by = 1/4. In this case, b (—1/2) = ¢>/'9/4 < 1 and
b(1) = &2 /4 > 1 and there exists one survival equilibrium (7) with trait u¢ = 1 which attracts
orbits with ug > 0. Orbits with ug < 0 tend to an extinction equilibrium. ¢ by = 2. In this case,
b(—1/2) = 2¢5/1% < 1 and b (1) = 2¢% < 1 and there exist three survival equilibria. Orbits with
uo > 0 tend to the survival equilibrium (7) with trait u® = 1. Orbits with ug < 0 tend to the survival
equilibrium (7) with trait u® = —1/2. Orbits with g = 0 lie on the stable manifold of the unstable
(saddle) survival equilibrium (7) with trait u® = 0

When the survival equilibrium at u® = 1 is stable, the trait u® = 1 is an ESS since
it is located at a global maximum of the fitness function. On the other hand, when
the survival equilibrium at u® = —1/2 is stable, the trait u® = —1/2 is said to be
evolutionarily convergent, but not an ESS since it does not yield a global maximum
of the fitness function. It is possible, of course, for both survival equilibria at u® = 1
and u® = —1/2 to be stable, which occurs when by > ¢ /10 and 62 < 1/9.

A cobwebbing analysis and a bifurcation diagram of trait equation (using the
speed of evolution o2 as a bifurcation parameter) indicates what occurs when the
slow evolution inequalities in Table 1 are violated. As o2 increases through the critical
values 1/9 and 2/9, period doubling cascades to chaos occur as the corresponding
survival equilibrium destabilizes. See Fig.2. For any periodic cycle which results
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Table 1 In the right column are the extinction and survival equilibria of the evolutionary Beverton-
Holt equation (5)—(6) when b is given by (19). The middle and left columns show the criteria for
the global stability and instability of each equilibrium. The set U is the interval of attraction of ue
as an equilibrium of the trait equation (20)

Extinction equilibria GASon Rt x U Unstable
0, —1/2) by < e ando? <2/9|by > e/ oro? > 2/9
0,0) never always
0, 1) bo<e?ando? <1/9 |by>e%oro?>1/9
Survival equilibria (7)
(% —1/2),b0 > ¢5/16]62 - 2/9 bo > =516 and 02 < 2/9
%, O), by > 1 never always
foe’=l, 1),b0 > o2 o2 <1/9 o2 >1/9

from these bifurcations, Theorem 2 implies that there exists a periodic cycle of the
evolutionary system (5)—(6) which is globally asymptotically stable on R x U for
some open neighborhood of the critical trait u°.

4 Concluding Remarks

We considered the evolutionary Beverton-Holt model (2)—(3) under the assumption
(4), which uncouples the trait equation (3) from the planar system (2)—(3). We proved
the global stability criteria given in Theorems 1 and 2 for equilibria and for periodic
cycles of the resulting system (5)—(6). The proofs of these theorems make use of
the uncoupling of the equations, which produces a nonautonomous version of the
Beverton-Holt equation (5) in which the coefficient b = b (u;) is driven by a solution
of the scalar trait equation (6).

The dynamics of the evolutionary Beverton-Holt model (2)—(3) when the trait
equation does not uncouple remains an interesting open question. For example, a
common mathematical expression for the intraspecific competition coefficient ¢ =

c(v—u)is[11]
— _M
¢ = coexp 22 ,

which assumes that the maximum competitive effect cop occurs when an individ-
ual’s trait v equals the population mean trait u. If, more generally, the maximum
competitive effect c( is dependent on the individual’s trait v, then

(v —u)?
¢ =cp (v)exp o
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Fig. 2 The bifurcation diagram of the trait equation (20) shows a periodic doubling cascade origi-
nating at each of the survival equilibria (7) with u® = —1/2 and 1 at their respective critical values
of o2, namely, 1/9 and 2/9. a When the speed of evolution in the case of Fig. 1(c) is increased the
02 = 0.12 > 1/9, the survival equilibrium with u, = 1 destabilizes, resulting in a stable period
2 cycle. b When the speed of evolution is further increased to o> = 0.17, a chaotic attractor is
reached through a period doubling cascade initiating at the survival equilibrium with u¢ = 1

and the trait equation will no longer uncouple in the evolutionary Beverton-Holt
model (2)—(3).
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Appendix

Lemma 1 Consider the nonautonomous linear difference equation

V41 = oy + B 21

fort =0,1,2,....Assume a;, B > 0 and
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lim o =« lim B; = B°.
t—>—+00 t——+00

If a¢ < 1 then for all yg > 0

ﬂ(?
lim y, = y¢:= .
t—>+00 1 — ¢

Proof If we define w; := y; — y,, then
Wiyl = 0Wr + ¢y

where
q: = (Olt - Ole) YO+ B — B°

and hence

By induction

t t t
Wi+1 =(Ht¥i)wo+z H(Xi qj—1+4q:-
i=0 j=1 \i=j

J.M. Cushing

Let@ and g > 0 be upper bounds for the bounded sequences «; and |g;| respectively.
Choose a positive p < 1. Since «® < 1 and lim;_, o, b; = b, for arbitrary & > 0,

we can find a 7 > 0 such that t > T implies
O0<o =<p, lgsl<e(l—=p).

Fort > T we have

T t T t
|w,+l|s(na,-)( 1 ai)|wo|+z [Ter | 1o
j=1 \i=j

i=0 i=T+1

t t
+ >0 (T ]e | laj-1] + lasl

j=T+1 \i=j

T [T i
<& wol + D7 [ ] ( I1 Oli) |gj-1]
j=1 \i=j

i=T+1

t
+ D e —p) +ed—p)
Jj=T+1
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T
_ _ T N =T 1
Wit <@’ o= jwol + pf qu a’ ]+a+m8(1—,0)-
j=1

Letting t — +00 we obtain

lim sup|wry1] <e.
t—+400

Because ¢ > 0 is arbitrary, we conclude lim;_, o [Ws 41| = 0.
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The Periodic Decomposition Problem

Balint Farkas and Szilard Gy. Révész

Abstract If a function f : R — R can be represented as the sum of n periodic
functions as f = f1 +---+ fy with f(x + ;) = f(x) (j = 1,...,n), then it
also satisfies a corresponding nth order difference equation Ay, ... Ay, f = 0. The
periodic decomposition problem asks for the converse implication, which may hold or
fail depending on the context (on the system of periods, on the function class in which
the problem is considered, etc.). The problem has natural extensions and ramifications
in various directions, and is related to several other problems in real analysis, Fourier
and functional analysis. We give a survey about the available methods and results, and
present a number of intriguing open problems. Most results have already appeared
elsewhere, while the recent results of [7, 8] are under publication. We give only some
selected proofs, including some alternative ones which have not been published, give
substantial insight into the subject matter, or reveal connections to other mathematical
areas. Of course this selection reflects our personal judgment. All other proofs are
omitted or only sketched.
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Keywords Periodic functions  Periodic decomposition - Difference equation *
Almost periodic and mean periodic functions * Transformation invariant functions *
Functions with values in a group - Operator semigroups

1 Introduction

Let f : R — R be a function with
f=hHh+-+rf fik+a)=/[filx) VxeR, j=1....n, (1)

where o; € R are fixed real numbers. We call this an (a1, . .., a,)-periodic decom-
position of f. Fora € R let A, denote the (forward) difference operator

Ay : RR RR, Agg(x) = gx +a) — g(x).

Then the o;-periodicity of f; above means Ay, f; = 0. The difference operators
commute, SO
Agi Doy .. Ag, [ =0. (2)

Problem 1.1 (Ruzsa, 70s) Does the converse implication “(2) = (1)” hold true?
Naturally, this question can be posed in any given function class F € RE.

Definition 1.2 Let F € RE be a set of functions. With n € N, n > 1, and
a1, ..., a, € Rgiven, the function class F is said to have the decomposition property
with respect to a1, . . ., o, if for each f € F satisfying (2) a periodic decomposition
(1) exists with f; € F (j = 1, ..., n). Furthermore, the function class F has the
n-decomposition property if it has the decomposition property for every choice of
ap ..., o, € R, and F has the decomposition property if it has the n-decomposition
property for each integer n > 1.

Notice that we did not speak about uniqueness of decompositions. As we shall see
uniqueness is an intriguing problem and in general cannot be expected. Note also
that RR or C(R) (space of continuous functions) do not have the n-decomposition
property for n > 2. Indeed, let n = 2 and &y = ap = «. The identity function
id(x) := x satisfies Ay Aqid = 0, but it fails to be a-periodic. So the implication
“(2) = (1)” fails. As a matter of fact, a function class containing the identity does
not have the decomposition property.

The above choice for o1, o hides the nature of the problem a bit: The existence of
periodic decompositions may depend on the system «q, . . ., ¢, of prescribed periods.
If we take oy = 1 and a» = +/2 the arguments above do not work. And in fact, if a1
and oy are incommensurable (i.e., v1Z NaxZ = {0}) then f =id : R — R hasa
decomposition as f = fi + f2, Aq; fj = 0.
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Proposition 1.3 Let «1,ar € R be incommensurable. Then each function f :
R — R satisfying (2) can be written as f = f1 + f», with f1, f> being a1 and
ay periodic, respectively. That is, RR has the decomposition property with respect
to any system of two incommensurable reals.

Proof Using the axiom of choice, we can select one representative from each of the
classes of the equivalence relation x ~y < x — y € o1 Z + ap Z.

On each class we construct our f; as follows. For the fixed class representative
y € R take fi(y + ka1 + man) := f(y + man) and fo(y + koy + map) =
f(y+kar) — f(y). Then f; are aj-periodic and by (2)

fO+kar +mag) = f(y +maz) + f(y+kar) — f(y)
= f1(y + ka1 + man) + fo(y + kay + man).

This ends the construction of a periodic decomposition. O

Of course, the decomposition given in the preceding proof depends on the particular
choice of the representatives for the equivalence classes, hence uniqueness cannot
be expected. In fact, by adding and subtracting a function constant on o1 Z + a2 Z to
f1 and f> respectively, we immediately obtain different decompositions. In Sect. 8
below we shall return to this matter. The above decomposition can be far worse than
the function itself. E.g., f = id is continuous, while f; and f> are certainly not,
for continuous periodic functions, hence also their sums, are necessarily bounded.
That f = id does not even have a measurable decomposition, is proved in [34] by a
somewhat involved argumentation.

In fact, no function with lim,_,» f(x) = oo can have a measurable periodic
decomposition. To see this, let &, n > 0 be arbitrarily fixed, and assume that f has
a measurable decomposition (1). Then for each j =1, ..., n, f; must be bounded
on [0, a;] by some constant K; < oo apart from an exceptional set A; C [0, o]
of Lebesgue measure |A;| < 1. Therefore, on any interval I of length ¢ (large), f
is bounded by K := K| + --- 4+ K, < oo apart from an exceptional set A C [
of measure |A| < ([£/a1] + -+ + [€/an])n < €f, if n is chosen small enough.
So f is “locally almost bounded”: for any ¢ > O there is K < oo such that on any
sufficiently large interval I, [{x € I : |f(x)| > K}| < ¢|I|.

One would think that the bug here is with the axiom of choice, the huge number of
“ugly”, non-measurable functions, so that once a continuous function has a relatively
nice—say, measurable—decomposition, then it must also have a continuous one.
However, the contrary is true:

Proposition 1.4 (Keleti [24]) There exists f € C(R) having measurable decompo-
sition (1) but without a continuous periodic decomposition.

For the proof see [23, Theorem4.8].

We can also look for further immediate solutions of (2): For example polyno-
mials of degree m < n satisfy this difference equation. So, we can ask for guasi-
decompositions with periodic functions and polynomials
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=p+fi+---+fu, with Ay, f; =0 and degp < n apolynomial. (3)
jvJ

Theorem 1.5 (Ruzsaand Szegedy (unpublished)) There exist continuous, unbounded
solutions of (2) with limy_,  f(x)/x = 0.

As a consequence C(R) does not have the quasi-decomposition property either. For
a discussion see [29, pp. 338-339]. It can be precisely described which functions in
C(R) have continuous periodic quasi-decompositions (3).

Theorem 1.6 (Laczkovich and Révész [29]) For a function f € C(R) the existence
of a quasi-decomposition (3) is equivalent to (2) together with the Whitney condition

8u(f) = sup{Z(—l)j (’;)f(x +jh) : xhe ]R] < 0.

j=0

Proof Notice first Z’;:O(—l)"_j (;f)f(x +jh) = A} f(x).Hence,if f = p+ f1+
.-+ 4+ fy asin (3), then AZp = 0. Since f; is aj-periodic and continuous 8, (f;) <
2" SUPre(0,0,] | fj(®)]. So that (3) implies both (2) and §,(f) < oo. Conversely, a

result of Whitney [38] says that §,(f) < oo entails that f can be approximated by
a polynomial p of degree deg p < n within a bounded distance: || f — p|lcoc < 0.
Thus, for g := f—p € BC(R) wehave Ay, ... Ay, g = 0 anditremains to establish
the decomposition property of BC(R), postponed to Sect.4.1. O

2 Continuous Periodic Decompositions

In view of the foregoing discussion it is natural to pose the boundedness condition
on the occurring functions and look at subclasses F of the space BC(R) of bounded
continuous functions on R. Note that if f has a continuous periodic decomposition
it is uniformly almost periodic (alternatively, Bohr or Bochner almost periodic), i.e.,
the set

{f(+1):1eR} CBCR)

of its translates is relatively compact with respect to the supremum norm || f||s :=
sup, g | f(x)|. Denote by UAP(R) the set of all such functions, which becomes
a Banach space, actually a C*-algebra, if endowed with the supremum norm and
pointwise operations, see [2, Chap. 1]. Evidently, a solution of (2) in 7 € BC(R)
must be contained by UAP(R) if F has the decomposition property.
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Proposition 2.1 The space UAP(R) has the decomposition property.

At this point, we give a proof only for the case of incommensurable periods to
illustrate the use of Fourier analytic techniques. The complete proof will be given in
Sect. 3 as a special case of a more general result, see Example 3.7.

Proof Suppose «f, ..., a, are incommensurable and let f € UAP(R). Any f €
UAP(R) has a mean value

t
1
Mf = lim —/f(s)ds eC
t—>o0 t
0

by [2, Sect. 1.3], and M is a continuous linear functional on UAP(R). Moreover, for
A € R the Fourier coefficients of f are defined as a(X) := M(f(s)e_”)‘) among
which only countably many are nonzero, denote these by cx and the corresponding
“frequences” by A. We say that f has the Fourier series f ~ >, cxe'**.

Let o € R. In what follows M is understood with respect to the variable s and
A with respect to the variable x. We have

kA (e”‘“) = A, (M( f(s)e—iw)eixxk)
- ) o)
= M((f(s +a) — f(s))e*i(sfx))»k) _ M(Aaf(s)efi“‘k)eix}‘k,

So that the difference equation (2) implies Agy, ... Ag, cre™ = 0. Since ¢ # 0,
this is only possible if Ay = 27€/a; for some £ € Z and j € {I,...,n}. Since
a1, ..., q, are incommensurable there can be at most one such j.

On the other hand, by Sect. 1.8.6° in [2] # 211(\121 f(s+ka;) converges uniformly
(in s) as N — o0 to an «j-periodic continuous function f;, whose (non-zero)
Fourier coefficients are precisely those Fourier coefficients a(A) of f for which
A € 2m/aj)Z. We see therefore that f1 + --- + f, and f have the same Fourier
coefficients, hence they coincide by Theorem 1.4.7° in [2]. O

That is to say if we a priori know that f is uniformly almost periodic, then the
difference equation (2) implies the periodic decomposition (1).

The next step is to deduce this almost periodicity. Let © € M. (R), i.e., acompactly
supported finite (signed) Borel measure on R, and let f € C(R). Then

f o) = / Fx = 0du)
R

defines a continuous function, the convolution of f and . The convolution of two
measures i, v € M. (R) is defined by f * (u*v) := (f *xu) *v (for f € C(R)): As
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a continuous linear functional on the locally convex space C(R), w * v is a compactly
supported measure, i.e., u * v € M:(R). It is also easy to see that convolution is
commutative and associative in M. (R).

Now denote y := 8_y — 89, where dg is the Dirac measure at 8 € R. Then
fxug = f*%(6—y —60) = Ay f. With this Eq. (2) takes the form

f*(ﬂm*"'*lian):f*((afal_50)*"’*(87%_80)):0-

Definition 2.2 (Schwartz [35]) A function f € C(R) is mean periodic if there
exists a compactly supported Borel measure i on R with f % u = 0.1.e. ffooo flx—
tH)ydu(t) =0.

Let us recall from [21, p. 44] the following.

Proposition 2.3 (Kahane) A bounded uniformly continuous mean periodic function
is uniformly almost periodic.

An immediate consequence of this and of Proposition 2.1 is the following.

Proposition 2.4 (Gajda [13]) The Banach space BUC(R) has the decomposition
property.

Gajda proved this results with a different argument (using Banach limits) that can
be easily extended to the case of translations on locally compact Abelian groups (see
Corollary 7.2).

However, the result of Gajda for BUC(R) falls short of the complete truth, in
the extent that it does not tell that a continuous function satisfying (2) is necessarily
uniformly continuous, a fact that would imply even the decomposition property of
the whole BC(R) itself.

No direct proof of the implication “ f € BC(R) & (2) = f € BUC(R)” is known,
so the decomposition property of BC(R) lies deeper. In fact, to prove that a bounded
continuous solution of (2) is uniformly continuous, we have no other known ways
than this periodic decomposition result on BC(R) itself.

Before proceeding let us formulate the following more general question than
Problem 1.1.

Problem 2.5 Let pt, v (or iy, ..., i,) be given Borel measures of compact support
on R. Clearly, if

f=g+h with g,h e C(R) suchthat gxu =0, hxv =0, “4)
then f* (u=v) = 0. Find conditions, under which we have the converse implication:

If f € C(R), and f * (u * v) = 0, then (4) holds. Or find conditions on p ensuring
that a solution f € BC(R) of f % u = 0 is almost periodic.
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In this formulation we use no assumption on boundedness or uniform continuity.
Clearly, then additional assumptions are needed. E.g. additional functional equations
must also be satisfied? Spectra must be simple? Spectra of i and v should be distinct?
Several variations may be considered.

Remark 2.6 In the problem above f is by default mean periodic. However, con-
vergence of mean periodic Fourier expansions was shown only in a complicated,
complex sense. Perhaps, recent developments in the Fourier synthesis and represen-
tation of mean periodic functions can be used, see Székelyhidi [37]. Then again,
boundedness and uniform continuity could be of use by means of Proposition 2.3 of
Kahane.

Wierdl [39] showed that the space BC(R) of bounded continuous functions has
the 2-decomposition property. Subsequently, Laczkovich and Révész proved this for
general n as the main result of [29], which was the first internationally published
paper in this topic (but see also the preceding paper [28]).

Theorem 2.7 (Laczkovich and Révész [29]) The Banach space BC(R) has the
decomposition property.

Although many generalizations and interpretations have since been described and
various tools could be invoked depending on the setup, oddly enough this first non-
trivial result could be covered by neither extensions. To date, we have no other proof
than the essentially elementary yet tricky original argument. In Sect.4.1 we present
a proof of this result utilizing the operator theoretic approach to be developed next.

3 Generalizations to Linear Operators

For o € R the translation by « acts as a homeomorphism on R. Consider the so-called
Koopman (or composition) operator, in this case called the shift operator,

T, :RE SRR T, f(x) := f(x + ).
Observe that the solutions of the difference equation (2) form the subspace
ker(Ty, = 1) -+ (Ty, — D

(where I denotes the identity operator), while the functions having a periodic decom-
position (1) are the elements of

ker(Ty, — D) + - - - + ker(T,, — D).
Then Problem 1.1 can be rephrased so as whether the equality

ker(Ty, — 1) -+ (T, — 1) = ker(Ty, — 1) + - - - + ker(T, — I) (5)
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holds? Of course, one can restrict the question by considering linear subspaces of
RR that are invariant under the occurring operators. The equality then means the
decomposition property of F. Or more generally one can ask the following:

Problem 3.1 Let E be a linear space and let T, ..., T, : E — E be commuting
linear operators. Find conditions such that

ker(Ty =D --- (T, = 1) =ker(Ty = I) + - - - + ker(T,, — I). (6)

Remark 3.2 For a system of pairwise commuting operators 71, .. ., T, the inclusion
“ker(Ty — D --- (T, — ) 2 ker(T1 — 1) + - - - + ker(7,, — I)” trivially holds. This
corresponds to the trivial implication “(1) = (2)”.

The first result in this direction is the following:

Theorem 3.3 (Laczkovich and Sz. Révész [30]) Let X be a topological vector space
and Ty, ..., T, be commuting continuous linear operators on X. Suppose that for
everyx € X and j € {1,...,n} the closed convex hull of{Tj’-"x : m € N} contains
a fixed point of T}, that is

conv {ijx tm e N} Nker(T; —1) # 0.

Then (6) holds.

We shall give the proof of this theorem in a special case only, see Proposition 3.6,
because that proof yields some extra information about the obtained decompositions.
For the proof of the general statement we refer to [30]. For a Banach space E
we denote by .Z(E) the space of bounded linear operators on E. Here are some
consequences of the previous theorem:

Corollary 3.4 Let E be a Banach space and let Ty, ..., T, € £ (E) be commuting
power bounded operators. Suppose an additional vector topology T is given on E
such that the unit ball B := {x € E : ||x|| < 1} is T-compact, and the operators T,
are t-continuous. Then (6) holds.

The proof is the application of the foregoing result and the Markov—Kakutani
fixed point theorem (see, e.g., [5, Sect. 10.1]) to the closed convex hull W{T;”x :
m € N}, which was assumed to be T-compact.

The above together with the Banach—Alaoglu theorem yields the following:

Proposition 3.5 Let X be a normed space, E := X* and let T := o(X*, X) be
the weak™ topology on X*. If Ty, ..., T,, € Z(E) are commuting, power bounded
weakly* continuous operators, then (6) holds.

Let E be a Banach space. Suppose 71, ..., T, € Z(E) are power bounded, then
the fixed point condition in Theorem 3.3 means precisely the mean ergodicity of
Ti, ..., Ty, see [5, Theorem 8.20]. Recall that T € Z(E) is mean ergodic if
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Px := lim —ZT’

N—oco N

exists forevery x € E.Inthis case the limit P is abounded projection onto ker (7 —1),
the so-called mean ergodic projection, and one has E = rgP @ ker P and ker P =
1g(T — I), where rg and rg stand for the range and the closure of the range of an
operator, respectively, see [5, Sect. 8.4].

If T, S are commuting mean ergodic operators with mean ergodic projections
P,Q,then PS=SP (and TQ = QT),sothat PQ = QP.

Proposition 3.6 Let E be a Banach space and Ty, . .., T, € £ (E) be commuting
mean ergodic operators. Then the equality (6) holds.

Proof Since the operators 71, . .., T,, commute, so do the mean ergodic projections
Py, ..., P,, and actually all operators occurring in this proof commute with each
other. A moment’s thought explains that the direct decomposition

E=r1gP®rgP(I—P) & ®1g(Py(Il— Ppey)---(1—P))
®rg((l— P)A— Py_y)---(1— Py))

is valid, i.e. for any x € E we can uniquely write x = x; +--- + x, + y with x; €
rgP; = ker(T;—I)andy € rgI—Py) - - - (I—Py,).Letnow x € ker(T1—1) - - - (T,—1I):
then (T1 — D) --- (T, — )y = 0. It follows that y € ker(T; — I)--- (T, — 1) C
kerd— Py)---(I— Py),thusy ergd— Py)---(I— Py)Nker(IL— Pp)--- (I — Py).
However, (I — P;) - -- (I — P,) is a projection, so from this y = 0 follows. m]

Actually, the proof above and the result itself appears in [19] in a slightly more
general form, and as a matter of fact even much earlier in [30]. None of the papers
however formulated it by using the notion of mean ergodicity.

Example 3.7 Since shift operators T, are all mean ergodic on E = UAP(R) we
obtain a (complete) proof of Proposition 2.1. To see that 7, is mean ergodic it
suffices to note that {7} : n € N} is compact in the strong operator topology and
to invoke [5, Theorem 8.20]; or alternatively one can use [2, Sect. 1.8.6°] as in the
proof of Proposition 2.1 given for incommensurable periods.

Remark 3.8

(a) Notice, that Q; = P;j(I — Pj_1)--- (I — P>)(I1 — Py) is a bounded projection
on E. One trivially has IPill < ITjll and I — P;|| < 1+ ||T}]l. If we suppose
IT;|l <1lforj=1,...,n,then ||Q;l < 2/-1 The proof above yields that the
decomposition obtained is actually

x=Px+PA-P)x+---+P,d—-Py—1)---I—=P)I— P)x
= Q01x+ Qx4+ -+ Opx.
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Hence x has a decomposition x = x1 + - - - + x, with x; € ker(T; —I) and

-1
max [lx; [ < 2" x|l
j=1,..,n

(b) If E is a Hilbert space, then the mean ergodic projections P; are orthogonal,
see [5, Theorem 8.6]. So that I — P; is also an orthogonal, hence contractive,
projection. This implies that x € ker(77 — 1) - -- (T, — I) has a decomposition
X =x1+---+x, with x; € ker(T; —I) and

max lx;ll < [lx]].
j=1,...n

(c) In the original setting of the decomposition problem Laczkovich and Révész
have shown that on £ = BC(R) with T being translations by a; a function f
satisfying (2) has a decomposition f = f1 + --- + f, with

-2
max | filleo < 2" 7| fII.
j=1,...,n

The estimate is sharp for n = 2, see [29].

Problem 3.9 Find the best constant C,, such that any x € ker(77 —1I)--- (T, — )
has some decomposition x = x1 + --- + x, with x; € ker(7; —I) and

,,,,,

We saw C,, < 271 ip general, C,, < 2"=2 for translations on BC(R). Are these
estimates sharp? Is it true that C,, = 1 for translations on BC(RR) for every n? € N,
n > 1?7 Under which conditions on E and/or T4, - - -, T,, does C,, = 1 hold?

Example 3.10 1t is a classical result that a power bounded operator on a reflexive
Banach space E is mean ergodic. As a consequence, commuting power bounded
operators on a reflexive Banach space E fulfill the conditions of Proposition 3.6,
hence (6) holds true. See also [30, Corollary 2.6]

Definition 3.11 Let E be a Banach space, or, more generally, a topological vector
space. We say that E has the decomposition property with respect to the pairwise
commuting operators Ty, ..., T, € Z(E) if (6) holds. Moreover, if &/ C Z(FE)
and E has the decomposition property for each system of n pairwise commuting
operators T1,...,T, € o/, then E is said to have the n-decomposition property
with respect to <f . Finally, if this holds for all n € N, then FE is said to have the
decomposition property with respect to <7 .

So that e.g. Example 3.10 means that a reflexive Banach space has the decomposition
property with respect to (commuting) power bounded operators. This new terminol-
ogy shall not cause any ambiguity in connection with the decomposition property of
function classes .% C RR (in Definition 1.2).
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Remark 3.12 1f 1 is not an eigenvalue of say 77, then the questioned equality (6)
reduces to ker(7> —1I)... (T, — ) = ker(T, — ) + ...+ ker(T,, — I). That is to say
the order n reduces to order n — 1. In particular, if 1 is not a spectral value for every
11, ..., T,, then (0) is satisfied trivially, both sides being {0}.

Note the following border-line feature of our subject matter. It is only interesting
to look at cases when ||Ty|| > 1, ..., ||T,|| = 1 (since I — T is invertible for
IT|| < 1). On the other hand, if Tj,..., T, are power bounded and commute,

_____ , such that
for the new norm each operator becomes a contraction. Hence in the end with the
assumption || 71| = --- = ||T, ]| = 1 one loses no generality (for the particularly
fixed power bounded operators T, ..., T}).

Recall that a Banach space E is called m-quasi-reflexive if E has codimension m
in its bidual E**.

Theorem 3.13 (Kadets and Shumyatskiy [20])

(a) A l-quasi reflexive Banach space E has the 2-decomposition property with
respect to any pair of commuting linear transformations S, T of norm 1.

(b) If E is m-quasi reflexive with m > 1, then there exist commuting linear transfor-
mations S, T € £ (E) of norm 1 such that E fails to have the 2-decomposition
property with respect to S, T.

Also Kadets and Shumyatskiy proved the following:

Theorem 3.14 (Kadets and Shumyatskiy [19]) Neither the space co of null sequences,
nor £' has the 2-decomposition property with respect to operators of norm 1.

See [19] for the proofs and for further information on averaging techniques which
can be used in connection with the periodic decomposition problem. Several natural
questions arise, see [20]:

Problem 3.15

1. Isit true that in a 1-quasi reflexive space E has the decomposition property with
respect to any finite system of commuting operators of norm 1?

2. Does the 2-decomposition property with respect to contractions imply the
n-decomposition property with respect to contractions?

3. Does the 2-decomposition property with respect to power bounded operators
characterizes m-quasi reflexive Banach spaces with m < 1?

Let us finally remark that a recent result of Fonf et al. [12] states that a separable
1-quasi reflexive space can be equivalently renormed such that every contraction
with respect to the new norm becomes mean ergodic. Also a classical result of theirs,
see [11], is that a Banach space E is reflexive if (and only if) every power bounded
operator is mean ergodic. These indicate the possible difficulty of Problem 3.15.
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The original setting of the decomposition problem has a special feature, namely
that the translation operators 7; on translation invariant subspaces E of RR form a
one-parameter (semi)group of linear operators. In the rest of this section we shall
study this aspect from a more general point of view. Given a Banach space E, a one-
parameter semigroup T is a unital semigroup homomorphism 7 : [0, c0) — Z(E),
ie., T(t+s)=T(t)T(s) and T(0) = I are fulfilled for every 7, s > 0. Whereas a
one-parameter group defined analogously as a group homomorphism (into the group
of invertible operators). On RR one can define the translation group by T(t) f(x) =
f(t + x), which is then, as said above, a one-parameter group.

Problem 3.16 Under which conditions does a Banach space E have the decompo-
sition property with respect to operators 77, ..., T, coming from a one-parameter
(semi)group T as T; = T(¢;) forsome t; > 0,7 =1,...,n?

A one-parameter (semi)group is called a Co-(semi)group if it is strongly continuous,
i.e., continuous into .Z'(E) endowed with the strong (i.e., pointwise) operator topol-
ogy. The translation group is not strongly continuous on the Banach space B(R) of
bounded functions or on BC(R), but it is strongly continuous on the Banach space
BUC(R) of bounded unformly continuous functions. A one-parameter (semi)group
is called bounded if | 7 (r)]| < M forallt € [0, co) (ort € R). See [6] for the general
theory.

Theorem 3.17 ( Kadets and Shumyatskiy [20]) Let T be a bounded Cy-group, and
let t1,tp > 0. Then

ker(T(t1) — (T (t2) — I) = ker(T(t) — 1) + ker(T (12) — I). 7)

Translations on BUC(R) is a Co-group of isometries, providing another proof of the
2-decomposition property of BUC(RR), formulated in Proposition 2.4.

In general the idea is to find a closed subspace F' C E invariant under the semi-
group operators 7'(¢), such that one can apply Proposition 3.6 to the restricted oper-
ators. Concerning the nature of the problem there is one immediate candidate for
this subspace. In what follows 7" will be a fixed bounded Cy-semigroup. A vector
x € E is called asymptotically almost periodic (with respect to the semigroup T) if
the orbit {T'(t)x : t > 0} is relatively compact in E. Denote by E,apthe collection of
asymptotically almost periodic vectors, which is easily seen to be a closed subspace
of E invariant under the semigroup operators. It can be proved that if T is a bounded
Co-group then for x € Eq,p one actually has also the relative compactness of the
entire orbit {7'(t)x : ¢ € R}. The proof of Theorem 3.17 by Kadets and Shumyatskiy
establishes the fact that ker(T (t;) — D(T (12) — D C Eqap.

The only known extensions/variations of the Kadets—Shumyatskiy result follow
the same strategy (or some modifications of it) and are the following:

Theorem 3.18 (Farkas [8]) Let E be a Banach space and let T be a bounded
Co-group. Suppose that E does not constain an isomorphic copy of the Banach
space cq of null sequences. Then for everyn € Nandty, ..., t, € R we have
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ker(T(t1)) —=1)---(T(ty) —I)=ker(T(t1) —I)+---+ker(T(t,) — ). (8)

Itis not surprising that Bohl-Bohr—Kadets type theorems (see [1, 18]) play an impor-
tant role here. In this regard let us mention just the following:

Theorem 3.19 (Basit [1], Farkas [7]) A separable Banach space E does not contain
an isomorphic copy of co if and only if for every x € E, T € £ (E) invertible with
T and T~ both power bounded the following statements are equivalent:

(i) {T"Hx —T"x :n e N} is relatively compact.

(ii) {T"""x — T"x : n € N} is relatively compact for some m € N, m > 1.
(iii) {T"™"x —T"x :n € N} is relatively compact for allm € N.
(iv) {T"x :n € N} is relatively compact.

The next class of Cy-semigroups for which the decomposition problem has positive
solution is of those that are norm-continuous at infinity, including also eventually
norm-continuous semigroups, see [31] or [6, Sect.2.1] for these notions.

Theorem 3.20 (Farkas [8]) Let T be a bounded Cy-semigroup that is norm-
continuous at infinity. Then for alln € Nand t1, ...,t, > 0(8) holds.

Problem 3.21 1. Is the Kadets—Shumyatskiy theorem true for every n? lL.e., can
one drop the geometric assumptions on £ from Theorem 3.18?

2. What about the case of Cp-semigroups? Can one get rid of the eventual norm-
continuity in Theorem 3.20?

3. None of the above covers the decomposition property of BC(R). What can be
said about one-parameter semigroups that are only strongly continuous with
respect to some weaker topology on the Banach space E? Can one cover the
decomposition property of BC(R) by some extension of the results for one-
parameter semigroups?

4 Application of the Operator Theoretic Results

In this section we present some applications of the results in the foregoing section.

4.1 The decomposition property of BC(R)

We devote this subsection to the proof of Theorem2.7. We slightly differ from the
original proof of [29], in exploiting the previous results and in particular Proposi-
tion2.1.

For n = 1 the statement is trivial, so we argue by induction. Suppose f € BC(R)
satisfies (2). We group the periods according to commensurability:
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{Ol]a'n,an}:{al’-~~,aa}U{lglv-ua,Bb}U"'U{,Ola~'-7,0r}-

Denote the least common multiple of these by «, B, . . ., p,i.e., « is the non-negative
generator of the cyclic group ﬂ‘;zl a7 etc. Then from (2) we obtain

NS AT f=0. 9)

Lemma 4.1 Let f € B(R) (a bounded function) and « € R\ {0}, n € N. If
ALf =0, then Ay f = 0.

Proof Obviously, it suffices to work out the proof for n = 2. Let g := Ay f. By
condition, Ay g = 0, so g is a-periodic. Therefore,

N—1
f(x+Na)= fx) + Z Ag f(x +ia) = f(x)+ Ng(x),
i=0
thus f cannot be bounded if g(x) # 0. O

As a consequence, from (9) we obtain
Ng...0pf =0. (10)

Hence in case oy, ..., a, are not all pairwise incommensurable then f is also a
solution of a difference equation of order less than n. We can therefore apply the
induction hypothesis providing that f has an («, ..., p)-decomposition. So in par-
ticular f € UAP(R), which space has the decomposition property in view of Propo-
sition 2.1, and so we are done.

It remains to handle the case when «1, ..., a, are pairwise incommensurable. The
crux of the proof is thus the following:

Lemmad4.2 Let oy, ...,a, be pairwise incommensurable, and let f € BC(R)
satisfy (2). Then f has an (aq, .. ., oy)-decomposition in BC(R).

To prove this lemma it is natural to get rid of one period and reduce the situation to
a difference equation of order n — 1 by considering g := A, f, which then satisfies
Ag, ... Aq, ;& =0, and thus by the induction hypothesis, by Remark 3.8(a) and by
Example 3.7

g=g1++g}’l71 (Aa]gjzovjzla’n_l)a
where g; = Qg for some bounded projection Q ; on UAP(R). If f were subject to
the representation (1), then we could guess Ay, fj = gj. So we try to “lift up” the

g;j to some functions f; with Ay, fj = Aq;8j = 0 and Ag, fj = g;. Suppose this
works, we find such f; € BC(R). Then

fa=f—(1+--+ fum) € BCR),
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and Ay, fn = 8—(g1+---+8u—1) = 0,50 f has adecomposition (1). So it remains
to show the possibility of a lift-up for any incommensurable periods.

Lemma4.3 Let g € C(R), let B,y € R be incommensurable, and suppose
Agg = 0. Then the following are equivalent:

(i) There exists K > 0 such that

k—1
‘Zg(x +iy)) <K (forx eR keN)
i=0

(ii) Thereis h € C(R) such that Agh = 0 and Ayh = g.

Proof This is a special case of a well-known ergodic theory result, see [14, The-
orem 14.11, p.135], as putting Y := R/yZ, the homeomorphism ®(x) := x +
mod y has minimal orbit-closure Y for every x. O

To complete the proof of Theorem 2.7 we need to check that condition (i) in the
preceding lemma is fulfilled. For j € {1,...,n — 1} the projection Q; commutes
with translations so that

k—1 k—1
> g5 +ian)| = |2 (00 +ian)
=0 =0

k—1
=0, > gt +iay)
i=0

= |0 (F(x +kew) = £0)] = 20051+ 1 /11

for every x € R, k € N. The proof is hence complete.

4.2 Applications to L? spaces

Let (X, ¥, ) be a measure space. In this subsection our standing assumption is as
follows:

Condition4.4 For j =1,...,nletT; : X — X be pairwise commuting measur-
able mappings such that ,u(Tj_l(A)) < u(A) for every A € X.

Then the Koopman operators, denoted by the same letter and defined by
Tif:=foT;
are contractions on all of the spaces L” (X, X, u). In particular the condition above

is fulfilled if the T;s are measure-preserving, in which case the Koopman operators
T; become isometries on each of the L? spaces.
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For the reflexive range the next corollary of Proposition 3.6 is immediate:

Corollary 4.5 Let 1 < p < oo. Under Condition4.4 consider the Koopman oper-
ators Tj on LP (X, X, w). Then (6) holds true.

The same result is true for the case p = 1, but the proof is different since infinite
dimensional L! spaces are non-reflexive. We remark however that if (X, ¥, u) is
finite, then the Koopman operators 7 are simultaneous L! and L® contractions,
so-called Dunford—Schwartz operators, that are known to be mean ergodic on L,
see, e.g., [9, Sect. 8.4].

Proposition 4.6 (Laczkovich and Révész [30]) Under Condition 4.4 consider the
Koopman operators T} on Li(X, =, ). Then (6) holds true.

We do not give the proof here, but note that the mean ergodicity of the operators
can be replaced by an application of Birkhoff’s pointwise ergodic theorem, see, e.g.
[5, Chap. 11]. See [30] for the detailed proof.

The case of p = oo is more subtle. Let us recall the following notion.

Definition 4.7 A measure space (X, X, ) is called localizable if the dual of the
Banach space L1 (X, X, 1) is L®(X, X, 1) (with the usual identification).

As a matter of fact, the original definition of Segal (see [36, Sect.5]) was different,
but is equivalent to the one above. Known examples of localizable measure spaces
include:

Example 4.8

1. o-finite measure spaces,

2. (X, X, n) with X aset ¥ = Z(X) the power set, u the counting measure,

3. (X, X, ) purely atomic,

4. (X, X, n), X alocally compact group, X the Baire algebra, u a (left/right) Haar
measure.

Hence, in all of these cases the results below apply. In particular if one considers
commuting left- (or right) translations on some locally compact group G, then the
respective Koopman operators will satisfy (6). Note that the left and the right Haar
measures are absolutely continuous with respect to each other, so we can fix each
and any of them for our considerations below.

Theorem 4.9 (Laczkovich and Révész [30]) Let (X, X, u) be a localizable measure
space, and suppose that for the pairwise commuting measurable mappings T; : X —
X (j=1,...,n)the push-forward measures |1 o T areall absolutely continuous
with respect to . Then for the Koopman operators T; on L™ (X, X, u) (6) holds
true.

The proof relies on the fact that under the conditions of localizability of (X, X, ©) and
absolute continuity of the push-forward measures, the operators 7; will be weak*
continuous on L*°(X, X, ) hence one can apply Proposition 3.5. For the details
see [30].
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Problem 4.10 Can one drop the localizability assumption?

Corollary 4.11 (Gajda [13], Laczkovich and Révész [30]) The space B(X) of
bounded functions on a set X has the decomposition property with respect to any
system of commuting Koopman operators.

This follows from Theorem 4.9 and from Example 4.8(2) above. The proof of Gajda
uses Banach limits, see also Sect. 7. To sum up we have:

Corollary 4.12 The Banach spaces LP (R) (1 < p < oo, Lebesgue measure) have
the decomposition property.

Of course, 0 is the only periodic function in L? (R) if p < oo, hence the message of
the previous result is that (2) has 0 as the only L”-solution if p < oco. This follows
also from a more general result of Edgar and Rosenblatt [4, Corollary 2.7] stating
that the translates of a function 0 # f € LP(RY), p < 2d/(d — 1) are linearly
independent.

4.3 More Spaces with the Decomposition Property

Proposition 4.13 (Laczkovich and Révész [30]) The following spaces of real-valued
functions on R have the decomposition property:

(a) BVI(R) :={f: f € B(R) with unif. bdd. variation on [x,x + 1], x € R}
(b) Lip,(R) := \ f : fis bounded and Lipschitz continuous}
(c) Lip]g R) := {f . f € BC(R) k times differentiable with f® Lipschitz }

The cases (a) and (b) can be handled by introducing an appropriate norm turning the
spaces under consideration into Banach spaces, then by noting that the unit ball is
compact for the pointwise topology. Hence Theorem 3.3 is applicable. Details are in
[30]. Part (c) relies on the following result interesting in its own right:

Proposition 4.14 (Laczkovich and Révész [30]) Let F € C(R) be a function class
with the property that whenever [ € F and c € Rthen f +c € F. Let k € N and
define

G :={f: f € BC(R) isk times differentiable with f* € F}.

If the function class F has the decomposition property so does G.

Problem 4.15 There are several interesting Banach function spaces. Which of them
do have the decomposition property? Just take your favorite non-reflexive translation
invariant Banach function space on R. Does it have the decomposition property?
Denote by L}, (R) the set of functions with

I4+x /p

I fll1,p := sup / | f()|Pdt < 00,
xeR J
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and by S”(R) the closure of trigonometric polynomials in this norm. The elements
of SP(R) are called Stepanov almost periodic functions, see [2]. Does the Banach
space L}, (R) have the decomposition property? If the answer were affirmative it

would follow that f € LL(R) and (2) imply that f € SP(R). (This is because
periodic functions belong to S”(RR).) So, is an L}, (R) solution of (2) Stepanov almost
periodic?

5 Results for Arbitrary Transformations

Treating the periodic decomposition problem for various classes F of real functions
a natural approach would be to split the question into two. That is first looking for a
periodic decomposition into arbitrary periodic functions with the given periods, and
then investigating whether the existence of such arbitrary decomposition entails the
existence of a decomposition within the function class F. In this section we address
the first question, which can be actually done in a far more general setup. We consider
this problem interesting in its own right, even if we already know that for some
important function classes (e.g., for C(R), see the paragraph after Proposition 1.3)
the answer to the second question is in the negative.

Let X be a non-empty set. The decomposition problem can be formulated in the
whole space of functions RX with respect to arbitrary commuting transformations
in XX. To do that to a self map T : X — X, called transformation, we asso-
ciate the Koopman operator (denoted by the same letter) 7f := f o T, and the
T -difference operator At f := Tf — f. A function f satisfying A7 f = 0 is then
called T -invariant. A (Ty, . .., Ty)-invariant decomposition of some function f is a
representation

f=h+-+/sfu, where Arfi=0 (j=1,...,n). (11)
For pairwise commuting transformations 7; the functional equation
A ...AT, f=0 (12)

is evidently necessary for the existence of invariant decompositions. On the example
of translations on R we saw that it is not sufficient. Now in this general setting our
basic question sounds:

Problem 5.1 Give necessary and sufficient conditions, containing (12), in order to
have some (71, ..., T,)-invariant decomposition (11). Or give restrictions either on
the transformations or on X (but not on the function class R¥) such that (12) becomes
also sufficient.

More precisely, we focus on complementary conditions, functional equations, on
the functions, which they must satisfy in case of existence of an invariant decompo-
sition (11) and which equations will also imply existence of such a decomposition.
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Difference equations (of higher order) and/or inequalities occur here naturally, as is
also suggested by the appearance of the Whitney condition in Theorem 1.6.

Further necessary conditions can be easily obtained. Indeed, as the transformations
commute, (12) implies

A Aps [ =0 (V... ky €N). (13)

1

Now the major difficulties come from the following features:

1. The transformations 7; may not be invertible.

2. The “mix-up” of transformations can be completely irregular: 7°53x = T75x
for some x € X and nothing similar for other points y € X.

3. Functions on X lack any structure beyond the obvious linear one—no bound-
edness, continuity, measurability, compatibility with underlying structure of X,
nothing—so not much theoretical mathematics but pure combinatorics can be
invoked.

For two transformations, i.e., n = 2, the answer is completely known:

Theorem 5.2 (Farkas and Révész [10]) Let X be a non-empty set, let S, T : X — X
be commuting transformations, and let f € RX. The following are equivalent:

(i) There exists a decomposition f = g-+h, with g and h being S- and T -invariant,
respectively.
(ii) AsArf =0, and if for some x € X and k,n, k', n’ € N the equality

TFS"x = TV §"' % (14)

holds, then /
F(T*%) = £(T% ).

(iii) AsA7 f =0, and if for some x € X and k,n, k', n’ € N (14) holds, then

F(S"x) = f(S"x).

Of course, the equivalence of (ii) and (iii) is due to symmetry, if one knows that any
one of them is equivalent to (i). We do not give the proof (see [10]), but mention
an idea that will be useful also below. First we partition the set X with respect to
an equivalence relation: x,y € X are equivalent if there exist k, n, k', n’ € N such
that T*§"x = TX " y. X splits into equivalence classes X /~, from which by the
axiom of choice we choose a representation system. Obviously, it is enough to define
g and 4 on each of these equivalence classes. Indeed, for x € X the elements x, Tx
and Sx are all equivalent, so the invariance of the desired functions g, & is decided
already in the common equivalence class. So the task is now reduced to defining the
functions g and % on a fixed, but arbitrary equivalence class.

For generaln € N,n > 2 the following difference equation type necessary conditions
can be found:
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Condition (*) For every N < n, disjoint N -term partition By U By U --- U
By = {1,2,...,n}, distinguished elements h; € Bj (j = 1,...,N), indices

0 <kj, lj,l; eN,(j=1,...,N)and z € X once the conditions
1, Tz = T'z  foralli € B\ (h;).forallj=1,....N (15)
are satisfied, then
AThkll '”AThk,/:,’f(Z) =0. (16)
Theorem 5.3 (Farkas and Révész [10] ) Let Ty, ..., T, be commuting transforma-
tions of X and let f be areal function on X. In order to have a (Ty, . . ., T,)-invariant

decomposition (11) of f Condition (*) is necessary.

If the blocks B; are all singletons the condition (15) is empty, so (16) expresses
exactly (13). In particular, Condition (x) contains (12).

For n = 3 transformations Condition () is not only necessary but also sufficient for
the existence of invariant decompositions.

Theorem 5.4 (Farkas and Révész [10]) Suppose that Ty, T>» and T3 commute and that
the function f satisfies Condition (x). Then f has a (Ty, T», T3)-invariant decom-
position.

Again the proof is combinatorially involved, so let us just state one main ingredient,
the "lift-up lemma" corresponding to Lemma 4.3 above. It is proved itself in a series
of lemmas, which we do not detail here.

Lemma 5.5 Let T, S be commuting transformations of X andlet g : X — R be a
function satisfying Asg = 0. Then there exists a function h : X — R satisfying both
Ash = 0and Arh = g if and only if for every x € X it holds

k—1
Zg(Tix) — 0 whenever T*S'x = S x with some k,l,l' e N. 17
i=0

Problem 5.6 Is Condition () equivalent to (11) foralln € N (n > 4)?

5.1 Unrelated Transformations

If the orbits of the transformations show no recurrence then a satisfactory answer
can be given. The relevant notion is the following.

Definition 5.7 We call two commuting transformations S, 7 on X unrelated if
T"S*kx = T™S'x can occur only if n = m and k = [. In particular, then nei-
ther of the two transformations can have any cycles in their orbits, nor do their joint
orbits have any recurrence.
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If all pairs 7; and T; (1 <i # j < n) are unrelated, then Condition (x) degener-
ates, as in (15) we necessarily have that all blocks B are singletons. Hence Condition
() reduces merely to (13) or, equivalently, to (12).

Theorem 5.8 (Farkas and Révész [10]) Suppose the transformations Ty, . . ., T, are
pairwise commuting and unrelated. Then the difference equation (12) is equivalent
to the existence of some invariant decomposition (11).

Proof Only sufficiency is to be proved. We argue by induction. The cases of small
n are obvious. Let F' := Ar,, f. Then F satisfies a difference equation of order
n, hence by the inductive hypothesis we can find an invariant decomposition of F
in the form F = Fj + --- + Fy, where Ag;F; = 0 for j = 1,...,n. Since the
transformation are unrelated, condition (17) in Lemma 5.5 is void, and therefore the
“lift-ups” f; with A7, fj =0, Ar,,, fj = Fj existforall j =1, ..., n. Therefore,
o1 = f—(fi+---+ fu) provides a function satisfying Az, | fu4+1 = F — (F1 +
-+ + F,;) = 0. Thus a required decomposition of f is established. O

5.2 Invertible Transformations

When the transformations 7'; are invertible, the situation simplifies somewhat. Denote
by G € XX the group generated by 71, . .., T),. As before, we work on equivalence
classes, now orbits O := {Tx : T € G} for some x € X, under the action of the
transformation group G. Given a group G denote by (a) the cyclic group generated

byaie., (a) :={a" :n €Z},andfor H C G let[H] := () (h).
heH
Condition(**) For all orbits O of G, for all partitions

BiUByU---UBy ={T1 10, T2 l0,..-. Tu lo}
and any element S; € [B;], j =1,..., N, we have that
Ag, ... Asy f lo=0 holds. (18)

The next is the main result in this setting:

Theorem 5.9 (Farkas et al. [9]) Let T1, ..., T, be pairwise commuting invertible
transformations on a set X. Let f : X — R be any function. Then f has a
(T, T, . .., Ty)-invariant decomposition (11) if and only if it satisfies Condition

The proof relies on a variant of Lemma 5.5.
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6 Decompositions on Groups

Let us see some consequences of the result in the foregoing section. Let G be a
group, and let aj,...,a, € G. Consider the actions of aj,...,a, on G as left
multiplications. For a function f : G — R we introduce the left a-difference oper-
ator Ay f(x) := f(ax) — f(x). The function f is called left a-invariant (or left
a-periodic) if A, f = 0. Since the actions are transitive we get:

Corollary 6.1 Let G be a group and ay, ..., a, € G pairwise commuting. Then
a function f : G — R decomposes into a sum of left aj-invariant functions,
f = fi+---+ fu, ifand only if for all partitions ByUB,U---UBy = {ay, ..., a,}
and for each element b € [B|]

Ap, ... Apy f=0.

In a torsion free Abelian group A for B C A the generator of the cyclic group [B]
is uniquely determined (up to taking inverse). In [10] we called this (maybe two)
element(s) the least common multiple of the elements in B. For instance, with this
terminology we have that the least common multiple of 1 and /2 in the group (R, +)
is 0. Then we have the next result:

Corollary 6.2 Let A be a torsion free Abelian group and ay, . . ., a, € A. A function
f 1 A — Rdecomposes into a sum of aj-periodic functions, f = fi + -+ fu, if
and only if for all partitions By U B, U ---U By = {a1, ..., a,} and b; being the

least common multiple of the elements in B; one has

Ap, ... Apy f=0. (19)
If we take A = R and «1, .. ., o, incommensurable we obtain the following.
Corollary 6.3 (Mortola and Peirone [32], Farkas and Révész [10]) Let oy, ..., a,

€ R be incommensurable. Then a function f : R — R satisfies (2) if and only if it
has periodic decomposition (1).

The above results remain true if one considers functions with values in torsion free
groups I'. The proof of the following is the same as for Theorem 5.9 with the new
aspect that taking averages in I requires some additional care.

Theorem 6.4 (Farkas et al. [9]) Let A,T" be torsion free Abelian groups and

ai,...,ay € A. A function f : A — T decomposes into a sum of aj-periodic
Sunctions f; : A — I, f = fi+---+ fu if and only if for all partitions
BiUByU---UBy = {ay,...,a,} and bj being the least common multiple of

the elements in B one has (19).

Let A be atorsion free Abelian group. By the previous theorem forI' = Rand forI" =
Z, we obtain that for a function f : A — Z the existence of a real-valued periodic
decomposition and the existence of an integer-valued periodic decomposition are
both equivalent to the same condition.
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Corollary 6.5 If an integer-valued function f on a torsion free Abelian group A
decomposes into the sum of aj-periodic real-valued functions for some ay, . . ., ay,
then f decomposes into the sum of a j-periodic integer-valued ones.

There are examples showing that one cannot get rid of the torsion freeness of A in
Corollary 6.5 or Theorem 6.4, see [9].

Note that in crystallography and other applications, reconstruction or at least
unique identification of integer-valued functions or characteristic functions of sets
from various (partial) information concerning their Fourier transform are rather
important. This also motivates the interest in integer-valued periodic decomposi-
tions or decompositions with values within a subgroup. In turn, support of a Fourier
transform can reveal the existence of a periodic decomposition, see e.g. [27, 2.7 and
2.8], or the analogous idea of the proof for Proposition 2.1. For more about this see
[27] and the references therein.

7 Actions of Semigroups

Let X be a non-empty set and let 7 : X — X be an arbitrary mapping. If a function
f : X — Risinvariant under 7', i.e., A7 f = 0, then it is evidently invariant under
each iterate 7" of T for n € N. Given commuting mappings 7i,..., 7, : X — X
consider the generated semigroups

S; = {Tj" ‘n € N}. (20)

The corresponding semigroup of the Koopman operators on RX is denoted by 7.
(Recall that we use the same symbol T for the Koopman operator of T € XX.)
For a subset <7 of linear operators on R¥ we introduce the notations ker .7 :=
() sc.y ker A. Then the equality

ker(Ty = 1I)--- (T, = 1) =ker(T1 = I) + - - - + ker(T,, — I) 21
is easily seen to be equivalent to
ker(Z1 —D--- (S — 1) =ker(S — D +--- +ker(, — D). (22)

In what follows we study this equality when .#; are general, not necessarily cyclic,
semigroups.

Let S be a discrete semigroup with unit element, and let S;, j = 1, ..., n unital
subsemigroups of S that all act on the non-empty set X (from the left), the unit acting
as the identity. Suppose furthermore st = ts foralls € S; andt € S; withi # j
(the actions of different S;s are commuting).
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Theorem 7.1 (Farkas [8]) Suppose that for j = 1,...,n the unital semigroups
S; on the set X are (right-)amenable and that the actions of the different S; are
commuting. Denote by .#; the semigroups of the Koopman operators. Then (22)
holds in the space B(X). Furthermore, if X is uniform (topological) space and the
action of S on X is uniformly equicontinuous, then (22) holds in the space BUC(X).

This result and its proof generalizes those of Gajda [13], who used Banach limits
(i.e., amenability of Z or N) to establish the above for Z and N actions, i.e., for
semigroups as in (20). The next consequence immediately follows.

Corollary 7.2 (Gajda [13]) Let A be a locally compact Abelian group, and let
ai,...,a, € A. Then (21) holds in BUC(R) for T; being the shift operator by
aj. In particular BUC(R) has the decomposition property.

Let us finally return to the purely linear operator setting on an arbitrary Banach
space E. A subsemigroup .¥ € Z(E) of bounded linear operators is called mean
ergodic if the closed convex hull conv(.) C Z(E) contains a zero element P, i.e.,
PT = P =TP forevery T € .7. In this case P is a projection, called the mean
ergodic projection of ., and it holds (see [33])

E =1gP ®rgd— P) with rgP =ker(¥ —1).

Theorem 7.3 (Farkas [8]) Let S, S, ..., S C L (E) be mean ergodic operator
semigroups and suppose that ST = TS whenever T € .}, S € .} with i # j.
Then (22) holds.

Since an operator 7 is mean ergodic if and only if the semigroup {7" : n € N} is
mean ergodic, the previous result contains Proposition3.6. Moreover, the obvious
modification of Theorem 3.3 (using fixed points in the closed convex hull) for this
semigroup setting is easily proved, but this we will not pursue here. Furthermore,
the analogue of Corollary 3.4 can be formulated for amenable semigroups instead of
cyclic ones, where of course one applies Day’s fixed point theorem, see [3], instead
of the one of Markov and Kakutani.

Problem 7.4 Does the space BC(A) of bounded and continuous functions, where A
is a locally compact Abelian group, has the decomposition property with respect to
translations? If A is compact or discrete or A = R, this is so by the previous results.
What about A = R??

8 Further Results

‘We briefly touch upon topics that, regrettably, could not be covered in detail.
First we take a second glimpse at the original problem.
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Theorem 8.1 (Natkaniec and Wilczyniski [34]) Let «q, . .., a, € R\ {0} be incom-
mensurable. A function f : R — Rhas adecomposition (1) with fi, ..., f, Darboux
functions if and only if (2) holds.

See [34] for the proof where also the decomposition property of Marczewski
measurable functions is studied for incommensurable periods. It is also shown that
the identity is not the sum of periodic functions having the Baire property. For classes
of measurable functions we have, e.g., the following.

Theorem 8.2 (Keleti [26]) None of the following classes F have the decomposition
property:

(a) F={f:f:R—Z feL®R)}

(b) F={f:f:R— Zisbounded measurable},

(c) F=A{f:f:R— Risa.e. integer-valued and f € L>°(R)},

(d) F={f:f:R— Zisa.e. integer-valued, bounded and measurable}.

For more information on measurable decompositions see also [23-25]. Next we
turn to integer-valued decompositions on Abelian groups. We mention only three
exemplary results from [22]:

Theorem 8.3 (Karolyi et al. [22])

(a) Suppose f : Z — Z has an (ay, ..., o,)-periodic decomposition into real-
valued functions with aj € Z. Then it has an (a1, ..., ay)-periodic integer-
valued decomposition.

(b) Foray,...,a, € Z the class of 7. — 7 functions has the decomposition prop-
erty.

(c) Let A be a torsion-free Abelian group. Then the class of bounded A — 7
functions has the decomposition property if and only if A is isomorphic to an
additive subgroup of Q.

For a proof and for an abundance of further information we refer to [22], and remark
that part c) above implies that the class of bounded and integer-valued functions
does not have the decomposition property known also from Theorem 8.2, see also
[22, Corollary 3.4].

Finally, we discuss some aspects of uniqueness of decompositions. Of course, one
cannot expect uniqueness in the original setting, since appropriate constant functions
can be added to the summands in (1) not affecting the validity of (2). If one restricts
to certain function classes then only this trivial procedure can produce different
decompositions (for incommensurable periods).

Theorem 8.4 (Laczkovich and Révész [30]) For incommensurable periods a peri-
odic decomposition in L°°(R) of a function f € L*®°(R) is unique up to additive
constants.

In the original setting of the decomposition problem, i.e., in R¥ the situation is
somewhat more complicated. E.g. consider n = 2, f = fi + f with A4, fj =0,
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Jj = 1,2. Let h be a not identically O function that is both «1- and «p-periodic. Then
f = (f1 +h)+ (fo — h) is a different decomposition.

In general two decompositions f = gy +---+ g, and f = f1 +--- + f, with
Ag;8j = Aa; fj = 0j = 1,...,n are called essentially the same if there are
functions hij € RR for i,j = 1, Y () with h,’[ = 0, hij = —hj,', Aa[h,'j = 0,
Aajh,-j = Osuchthatforall j =1,...,nonehas f; —g; = Z;’zl hij. Note that
for incommensurable periods o; /or; & Q we necessarily have /;; =constant on each
equivalence class of R (for the equivalence relation as in the paragraph after Theorem
5.2), whence in presence of continuity on the whole real line.

Essential uniqueness of decomposition depends very much on the periods:

Theorem 8.5 (Harangi [17]) For a1, ..., a, € R\ {0} the following assertions are
equivalent:

(i) If any three numbers o, o}, oy fromay, . .., oy are pairwise linearly indepen-
dent over Q, then they are linearly independent over Q.
(ii) Any two (a1, ..., apn)-periodic decomposition of a function f are essentially
the same, i.e., the decomposition is essentially unique.
(iii) If a function f : R — Z has an (a1, ..., ay)-periodic decomposition into
bounded real-valued functions, then it has also one into bounded integer-valued
functions.

See also [15], [17] or [16] for details and further directions.
We end this survey by posing the following problem:

Problem 8.6 Study the periodic decomposition problem for functions f on R, or
on an Abelian group, with values in R mod 1 (or in an Abelian group).

References

1. Bazit, R.B.: Generalization of two theorems of M.I. Kadets concerning the indefinite integral
of abstract almost periodic functions. Matematicheskie Zametki 9(3), 311-321 (1971)

2. Besicovitch, A.S.: Almost Periodic Functions. Dover Publications Inc., New York (1955)

3. Day, M.M.: Fixed-point theorems for compact convex sets. Ill. J. Math. §, 585-590 (1961)

4. Edgar, G.A.,Rosenblatt, J.M.: Difference equations over locally compact abelian groups. Trans.
Amer. Math. Soc. 253, 273-289 (1979)

5. Eisner, T., Farkas, B., Haase, M., Nagel, R.: Operator Theoretic Aspects of Ergodic Theory.
Graduate Text in Mathematics. Springer, Berlin (2013, In Press)

6. Engel, K.-J., Nagel, R.: One-Parameter Semigroups for Linear Evolution Equations, Graduate
Texts in Mathematics, vol. 194. Springer, New York (2000)

7. Farkas, B.: A Bohl-Bohr-Kadets type theorem characterizing Banach spaces not containing cq
(2013). (Submitted); arxiv:1301.6250

8. Farkas, B.: A note on the periodic decomposition problem for semigroups (2014). (Submitted);
arxiv:1401.1226

9. Farkas, B., Harangi, V., Keleti, T.: Révész, Sz.: Invariant decomposition of functions with
respect to commuting invertible transformations. Proc. Amer. Math. Soc. 136(4), 1325-1336
(2008)


http://arxiv.org/abs/1301.6250
http://arxiv.org/abs/1401.1226

The Periodic Decomposition Problem 169

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.
22.

23.
24.

25.
26.
217.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.

Farkas, B.: Révész, Sz.: Decomposition as the sum of invariant functions with respect to com-
muting transformations. Aequationes Math. 73(3), 233-248 (2007)

Fonf, V.P.,, Lin, M., Wojtaszczyk, P.: Ergodic characterizations of reflexivity of banach spaces.
J. Funct. Anal. 187(1), 146-162 (2001)

Fonf, V.P, Lin, M., Wojtaszczyk, P.: A non-reflexive banach space with all contractions mean
ergodic. Isr. J. Math. 179, 479-491 (2010)

Gajda, Z.: Note on decomposition of bounded functions into the sum of periodic terms. Acta
Math. Hungar. 59(1-2), 103-106 (1992)

Gottschalk, W.H., Hedlund, G.A.: Topological Dynamics. Amer. Math. Soc. Colloquium Pub-
lications. American Mathematical Society, Providence, R.I. (1955)

Harangi, V.: Periodic decompositions of functions. Real Anal. Exchange (31st Summer Sym-
posium Conference), 185-188 (2007)

Harangi, V.: Sums of periodic functions. Master’s thesis, Eétvos Lordnd Univeristy, Budapest
(2007). (In Hungarian)

Harangi, V.: On the uniqueness of periodic decomposition. Fund. Math. 211(3), 225-244 (2011)
Kadec, M.I.: The integration of almost periodic functions with values in a Banach space.
Funkcional. Anal. i PriloZen. 3(3), 71-74 (1969)

Kadets, V.M., Shumyatskiy, B.M.: Averaging technique in the periodic decomposition problem.
Mat. Fiz. Anal. Geom. 7(2), 184—195 (2000)

Kadets, V.M., Shumyatskiy, B.M.: Additions to the periodic decomposition theorem. Acta
Math. Hungar. 90(4), 293-305 (2001)

Kahane, J.P.: Lectures on Mean Periodic Functions. Tata Institute, Bombay (1959)

Karolyi, G., Keleti, T., K6s, G., Ruzsa, I.Z.: Periodic decomposition of integer valued functions.
Acta Math. Hungar. 119(3), 227-242 (2008)

Keleti, T.: Difference functions of periodic measurable functions. Ph.D. thesis

Keleti, T.: On the differences and sums of periodic measurable functions. Acta Math. Hungar.
75(4), 279-286 (1997)

Keleti, T.: Periodic decomposition of measurable integer valued functions. Real Anal. Exchange
(31st Summer Symposium Conference), 189-193 (2007)

Keleti, T.: Periodic decomposition of measurable integer valued functions. J. Math. Anal. Appl.
337(2), 1394-1403 (2008)

Keleti, T. and Kolountzakis, M.: On the determination of sets by their triple correlation in finite
cyclic groups. Online J. Anal. Comb. 1, 4, 18 pp. (electronic) (2006)

Laczkovich, M., Révész, Sz: Periodic decompositions of functions. Real Anal. Exch. 13(1),
126-128 (1987)

Laczkovich, M.: Révész, Sz.: Periodic decompositions of continuous functions. Acta Math.
Hungar. 54(3-4), 329-341 (1989)

Laczkovich, M.: Révész, Sz.: Decompositions into the sum of periodic functions belonging to
a given Banach space. Acta Math. Hungar. 55(3—4), 353-363 (1990)

Martinez, J., Mazon, J.M.: Cp-semigroups norm continuous at infinity. Semigroup Forum 52(2),
213-224 (1996)

Mortola, S., Peirone, R.: The sum of periodic functions. Boll. Unione Mat. Ital. Sez. B Artic.
Ric. Mat. (8) 2(2), 393-396 (1999)

Nagel, R.: Mittelergodische Halbgruppen linearer Operatoren. Ann. Inst. Fourier (Grenoble)
23(4), 75-87 (1973)

Natkaniec, T., Wilczyiiski, W.: Sums of periodic Darboux functions and measurability. Atti
Sem. Mat. Fis. Univ. Modena 51, 369-376 (2003)

Schwartz, L.: Théorie générale des fonctions moyenne-périodiques. Ann. Math. 2(48), 857-929
(1947)

Segal, LE.: Equivalences of measure spaces. Amer. J. Math. 73, 275-313 (1951)

Székelyhidi, L.: On mean periodic functions. Aequationes Math. 58(3), 203-213 (1999)
Whitney, H.: On functions with bounded nth differences. J. Math. Pures Appl. 9(36), 67-95
(1957)

Wierdl, M.: Continuous functions that can be represented as the sum of finitely many periodic
functions. Mat. Lapok 32(1-3), 107-113 (1981/1984)



Existence of Periodic and Almost Periodic
Solutions of Discrete Ricker Delay Models

Yoshihiro Hamaya

Abstract The aim of this article is to investigate the sufficient conditions for the
existence of periodic and almost periodic solutions of a generalized Ricker delay
model,

N(n+1) = N(n)exp{f(n, N(n —r(n)))}

when f are periodic and almost periodic functions in n, respectively, which appears as
a model for dynamics with single species in changing periodic and almost periodic
environments, by applying the technique of boundedness and stability conditions
which derives the fixed point theorems and uniformly asymptotically stable of so-
lutions for above equation, respectively. Moreover, we consider the existence of an
almost periodic solution of the case where f has the Volterra term with an infinite
delay.

1 Introduction

For ordinary differential equations and functional differential equations, the
existence of periodic and almost periodic solutions of systems has been studied
by many authors. One of the most popular methods is to find Liapunov func-
tions/functionals [1, 3, 7, 11, 14] for boundedness and stability conditions. For
the periodic functional difference equation, the existence of uniform bounded and
uniform ultimately bounded solutions imply the existence of a periodic solution, see
[9], However, for an almost periodic equation, the boundedness of solutions does
not necessarily imply the existence of an almost periodic solution even for scalar
differential equations with no delay. Recently, He et al. [10] have shown the exis-
tence of periodic and almost periodic solutions for a non-autonomous scalar delay
differential equation of modeling single species dynamics in a temporally changing
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environment. Their results extend the results of Gopalsamy [3] to a non-autonomous
differential equation by using the 3/2 stability conditions [13] when its almost peri-
odic case. To the best of our knowledge, there are no relevant results on the existence
of periodic and almost periodic solutions for discrete Ricker models by means of
our approach of discrete boundedness and stability theorems [16]. We emphasize
that our results extend [4, 10] as delay discrete periodic and almost periodic cases.
Equation (27) does not contain a delay independent stabilising negative feedback
term and hence (27) require a different approach from that in the literature [11]. In
this paper, we discuss the existence of periodic and almost periodic solutions for
a generalized non-autonomous discrete Ricker type difference equations with finite
delay and infinite delay in f, respectively.

In what follows, we denote by R real Euclidean space, Z is the set of integers,
Z7* := [0, 00) is the set of nonnegative integers and | - | will denote the Euclidean
norm in R. For any discrete interval / C Z := (—00, 00), we denote by BS(I) the
set of all bounded functions mapping I into R, and set |¢|; = sup{|¢(s)| : s € I}.
We introduce an almost periodic function f(n, ¢) : Z x BS — R. where BS is an
open set in R. After, this BS is defined by I = [—£, 0] for some & > 0.

Definition 1 f(n, ¢) is said to be almost periodic in n uniformly for ¢ € BS, if for
any ¢ > 0 and any compact set K in BS, there exists a positive integer L (g, K) such
that any interval of length L (e, K) contains an integer t for which

lfn+7.0) - fn.¢)l <e¢

foralln € Z and all ¢ € K. Such a number 7 in above inequality is called an
e-translation number of f(n, ¢).

In order to formulate a property of almost periodic functions, which is equivalent
to the above definition, we discuss the concept of the normality of almost periodic
functions. Namely, Let f(n, ¢) be almost periodic in n uniformly for ¢ € BS. Then,
for any sequence {h;(} C Z, there exists a subsequence {hj} of {h;(} and function
g(n, ¢) such that

fn+hie, ¢) — g, $) (D

uniformly on Z x K as k — oo, where K is a compact set in BS. There are many
properties of the discrete almost periodic functions [2, 11], which are corresponding
properties of the continuous almost periodic functions f(¢,x) € C(R x D, R)
[cf. [14]]. We shall denote by T (f) the function space consisting of all translates of
f,thatis, fr € T(f), where

fT(nv¢):f(n+T7¢)v TEZ' (2)

Let H(f) denote the uniform closure of 7 ( f) in the sense of (2). H(f) is called the
hull of f. In particular, we denote by £2( f) the set of all limit functions g € H(f)
such that for some sequence {ny}, ny — occask — ocoand f(n+ny, p) — gn, ¢)
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uniformly on Z x S for any compact subset S in BS. By (1), if f : Z x BS — R is
almost periodic in n uniformly for ¢ € BS, so is a function in £2(f).

The following concept of asymptotic almost periodicity was introduced by Frechet
in the case of continuous function (cf.[14]).

Definition 2 u(n) is said to be asymptotically almost periodic if it is a sum of a
almost periodic function p(n) and a function g (n) defined on I* = [a, 00) C ZT
which tends to zero as n — oo, that is,

u(n) = p(n) +qn).

u(n) is asymptotically almost periodic if and only if for any sequence {n;} such that
nx — 0o as k — oo there exists a subsequence {n} for which u(n + ny) converges
uniformly onn; a < n < oo.

2 Preliminary Lemma

In this paper, we shall consider a discrete non-autonomous Ricker delay difference
equation of the form

Nn+1)=Nmexp{f(n, N(n —r(n)))} for n>ng,np € Z. 3)
As example of the type (3), we provide the following example
N(n+1)=N@m)exp{a+bN’(n—r)—cNi(n—r)}.

We set the following assumptions for Eq. (3).

(Hy) f is continuous at second term defined on [n9, 00) x R™ to R, r defined on
[ng,00) C Zto Zt and 0 < rl <r() < rL < oo forn > no, and some ng € Z.

(Hy) f is almost periodic function in n uniformly for ¢ and it’s continuous at
second term defined on [ng, o0) x RT to R. r defined on [ng, 00) C Z to ZT and
r is almost periodic in n, 0 < rt = liminf,_ o r(n) < r(n) < lim SUp, o () =
rl < oo for n > ng, and some ng € Z.

(H,) There exist continuous function F; : RT to R (i = 1, 2) such that Fi(y) <
f(n,y) < Fa(y) for (n, y) € [ng, 00) x R*.

(H3) There exist & > 0(i = 1, 2) such that

Fi6)=0,G=12),
Fi(x) > 0 for x € [0, &),
Fi(x) <0 for x € (&, 00).

We assume that the initial conditions associated with (3) are as follows:

N(s) =¢(s) >0, s € [no —rL no] ,¢(ng) > 0 and ¢ defined on [no — rL,no] .(4)
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By (3) and (H3), we can see that solutions of (3) satisfy

n—1

n—1
¢ (o) exp { > FIING - r<j)))} < N() < ¢(ng) exp [ > R(NG - r(j)»} n > no.

J=no J=no

We show the following key lemma in which the solution of (3) is permanence
[8, 9].

Lemma 1 Ifthe assumptions (H) and (H3) hold, then there exists an ny > ng such
that any solution N (n) of (3) satisfies

Nmn) <M= gze‘”L for n > nj. 5)
where o = maxo<x<g, F2(x). Furthermore, if we assume that (H>) and (H3), and if
Fix) > (M) for0<x=<M,
then there exists an no > nj such that

N() > m = &M for n > n,. (6)

3 Periodic Models with Finite Delay

To construct the discrete type existence theorem of the periodic solution, we first
consider the scalar general functional difference equation

x(n+1) =g, x,). @)

Here x, is the segment of x(s) on [n — h, n] shifted to [—h, 0], where i >
0 is a fixed constant integer. For 4 > 0 and ¢ € BS = BS([—h,0]), |¢| =
SUP_j,<s<0 |9 (s)]. In (18), g(n, ¢) is continuous for ¢ (second term) defined on
Z x BS to R and it takes bounded sets into bounded sets. Moreover, it satisfies a
local Lipschitz condition in ¢ and there is a T with g(n + T, ¢) = g(n, ¢) whenever
¢ is also T-periodic. A solution through (ng, ¢) is denoted by x(ng, ¢) with value
at being x (n, ng, ¢) and with x (ng, no, ¢) = ¢. The solution of (7) is unique for the
initial function ¢ (cf. [8, 9, 11]).

We consider the following fixed point theorems by Schauder and Horn [cf. [1]].
Theorem A (Schauder) A continuous mapping Q of a compact convex nonempty
subset Y in the Banach space X into itself has at least one fixed-point.

Theorem B (Horn) Let So C S1 C S> be convex subsets of the Banach space X,
with So and S» compact and S| open relative to Sy. Let Q : S — X be a continuous
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function such that for some integer q > 0,

(@Q/'s5c$, 1<j<g-1
and
b) Q'S C S, g=<j=<2q-1

Then Q has a fixed point in Sp.
we now define the uniformly bounded and uniformly ultimately bounded of so-
lutions for (7).

Definition 3 The solutions of (7) are uniformly bounded if for any K > 0, there
exists a By = B1j(K) > 0 such that |¢| < K implies |x(n, ng, ¢)| < Bj for all
n = nog.

Definition 4 The solutions of (7) are uniform ultimately bounded for bound B, if
there exists a B > 0 and if corresponding to any K > 0, there exists a T* =
T*(K) > 0 such that |¢| < K implies that |x(n, ng, ¢)| < B foralln > ng + T*.

The Definitions 3 and 4 can employ to our finite delay difference Eq. (3) and so,
Lemma 1 shows that the solution N (n) of Eq. (3) is uniformly bounded and uniformly
ultimately bounded under assumptions (H1), (H3) and (H3). We show the following
theorems by improving, as discrete case, the proof of theorems in [1].

Theorem 1 Suppose that x(n + T) is a solution of (7) whenever x(n) is a solution
of (7). If solutions of Eq. (7) are uniformly ultimately bounded for bound B, then it
has a mT -periodic solution for some positive integer m.

Theorem 2 Suppose that x(n+T) is a solution of (7) whenever x (n) is a solution of
(7). If solutions of Eq. (7) are uniformly bounded and uniformly ultimately bounded
for bound B, then it has a T -periodic solution which is bounded by B.

Proof Letx(n) = x(n, 0, ¢) be the solution defined on ZT with initial time no = 0.
Since solution x(n) of (7) is uniformly bounded, for B > 0 of uniformly ulti-
mately bounded for bound B, there is a By > 0 such that |¢| < B implies that
|x(n, 0, ¢)| < Bj.For this By, there exists a By > 0 such that |¢| < By + 1 implies
that |x(n, 0, ¢)| < By. Also, since solution x(n) is uniformly ultimately bounded,
there is an integer m such that |¢| < Bj + 1 implies that |x(n, 0, ¢)| < B for
n > mT — h. By uniformly boundedness, for above B; there exists an L > 0 such
that |¢| < B, implies that |[x(n + 1,0, ¢)| < L. Let

So = {¢ € BS||¢| = B, [¢ () — ()| < Llu — v},
S2 = {¢ € BS||¢| = B2, |p(u) —pW)| = L|u —vl},

and

S1 = {¢ € BS||¢| < B1 +1} N S.
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Then, the S;, (i = 0, 1,2) are convex, and moreover Sy and S, are compact by
Ascoli’s theorem. Furthermore, S is open in S,. Define Q : S» — BSby ¢ € S
implies Qp = x(n+T,0, ¢) for —h <n <0.Nowx(n+ T, 0, ¢) is a solution for
n > 0 and its initial function is Q¢. Hence,

x(n+T,0,¢) =x(n,0,0¢) ®)
by the uniqueness theorem. Next,
0’0 =x(n+T,0,0¢) for —h<n<0

and x(n + T, 0, Q¢) is a solution with initial function Q¢. Hence,

x(n+T,0,00) = x (n 0, Q2¢) 9)

by uniqueness. Now in (8) let n be replaced by n + T so that
X(1+2T,0,9) = x(n +T,0, 09) = x (n,0, 0%)

by (9). In general, for each integer k > 0, x(n + k7,0,¢) = x(n,0, 0kg). By
construction of S; and S, we have Q/§; C S, for 1 < Jj < m. By choice of m we
have Q/ S1 C Sp for j > m. Also, Q/ So C S for all j. We can see that, by Horn’s
fixed point theorem, Q has a fixed point ¢ € Sp. Then, we conclude that x (n, 0, ¢)
is T-periodic solution of (7). This completes the proof.

Now, in our main theorem, we show that the existence of a periodic solution for
the Eq. (3).

Theorem 3 Under the assumptions (Hy), (Hz) and (H3), if f(n, ¢) is continuous
in its second term, satisfies a local Lipschity condition in ¢ and periodic in n with
period T, then Eq. (3) has a positive periodic solution of period T.

4 Almost Periodic Models with Finite Delay

First, in (7), we assume that the g (n, ¢) is almost periodic in z uniformly for ¢ € BS.
In what follows, we need the following definitions of stability.

Definition 5 The bounded solution x (n) of Eq. (7) is said to be;

(i) uniformly stable (in short, US) if for any ¢ > 0O there exists a §(¢) > 0 such that
if ng > 0, |x,y — unyl < 8(e), then |x, —u,| < & foralln > ng, where u(n) is
a solution of (18) through (ng, v) such that u,,(s) = ¥ (s) forall —=h < s < 0.
(i1) uniformly asymptotically stable (in short, UAS) if it is US and if for any ¢ > 0
there exists adp > Oand a 7' (¢) > Osuch thatif ng > 0, [x,, — upn,| < o, then
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|xn — uy| < eforallm > ng + T (¢), where u(n) is a solution of (7) through
(no, ¥) such that u,,(s) = ¥ (s) forall =h < s < 0. The §p and the T in above
are independent of ny.

(iii) globally uniformly asymptotically stable (in short, GUAS) if it is US and if
for any ¢ > 0 and @ > O, there exists a T(¢, @) > 0 such that if ng > 0,
[Xpg — Ungl < o, then |x, —u,| < e foralln > ng 4+ T (e, o), where u(n) is a
solution of (7) through (ng, ¥) such that u,,(s) = ¥ (s) forall —h < s < 0.
The T in above is independent of ny.

We consider the scalar delay difference equation as special case of (7).
Ax(n) = —a(n)x(n —r(n)), (10)

where A is difference of x(n),a : Zt — Rt andr : ZT — [0, h]. We assume that
a(n) and r(n) are almost periodic functions in n, and 0 < rl = liminf,_ o r(n) <
r(n) <limsup,_, . r(n) = rk.

The following lemma is derived from the results of Theorem 1.1 and 1.2 in [16],

and so we omit the proof of Lemma 2.

Lemma 2 [fa(n) and r(n) are in R and

)
2(rk+1)

9
n>0

o0 n
Za(s):oo, A = lim sup Z a(s) <1+
s=0

s=n—r(n)

then the zero solution x(n) = 0 of (10) is uniformly stable. Moreover if A < 1
rl42

MEGERVE

We have the following theorem by Lemma 2.

then the zero solution of (10) is uniformly asymptotically stable.

Theorem 4 Suppose that all the assumptions of Lemma 2 are satisfied. Let g(n, z):
[ng, 00) X R — R™ be defined by

- af (n, e*)
g(i’l,Z):—a—. (11)
Z
We assume that there exists a function G : [ng, 00) — R such that
o0
Z§(57X)=oo, and gn,x) < G@n) form <x <M
s=ng
where m and M are defined by (5) and (6). If
n l
r'+2
lim su Gis) <1+ ———, 12
m sup > G ST (12)

s=n—r(n)
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then any positive solution of (3) is uniformly asymptotically stable.

Remark 1 From Theorem 2 in [9] and above Theorem 1, we can see that, under the
assumptions of Theorem 1, if f is a periodic function in n with period 7' > 0, then
(3) has a periodic solution with period 7" which is uniformly asymptotically stable.
From Theorem 1, we obtain the following main theorem.

Theorem 5 Under the assumptions (Hy/), (Hy) and (H3), if f(n, ¢) in (3) is con-
tinuous with its second term, satisfies a local Lipschitz condition in ¢ and an almost
periodic function in n € [ng, 0o) uniformly for ¢ € BS([—h, 0], R™), then Eq. (3)
has a unique positive almost periodic solution which is globally uniformly asymp-
totically stable.

Proof Let N (n) denote a positive solution of (3) such that
O<m<Nm) <M, for n > ny,

where m and M are defined by (5) and (6). Let {n;} be a sequence of integer such
thatn; — oo as j — oo. Define x;(n) and x;(n) as follows,

i = N +n;), e5im =N@n+nj).
It follows from (3)
Axi=xin+1) —x;i(n) = f (n +nj, exi("_r("))) .
Axj=xjn+1) —x;(n) =f (n +nj, exf("_’(”))) .
We let y; j(n) = x;(n) — x;(n) and note that

Ay j(n) =y jm+1) —y; j(n)
—f (n tn emnfr(n))) _f (n +nj, ex,-(w(n)))

=f (n +n;, ex"(”_’(”))) —f (n +ni, exf(""(”))) + h(n; ni,nj),
(13)

where h(n;nj, nj) = f (n + n;, exi("”(”))) —f (n +nj, exj("*’(”))), By (11), we
can rewrite (13) in the form

Ayi,j(n) = —[g(n +ni, &ii(n —rm))]yi j(n —rm) + h(n;ni,nj), (14)

in which &; j(n) lies between N(n + n;) and N(n + n;). By hypotheses and
Lemma 2, the trivial solution of the linear equation

Az(n) = —e(n)z(n —r(n)) 15)
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with e(n) = g(n +n;, & ;(n — r(n))) is uniformly asymptotically stable and hence
the fundamental solution W (n) associated with (15) satisfies an estimate of the type
(see [1, 6])

W)W ()| < C*n? "% for y € (0, 00), C* €[1,00),n € (0,1). (16)

By the variation of constants formula [1], we have from (14) that

n—1

Yi,j () = W)W (no)yi,j (no) + Z W)W~ (s)h(s; ni,nj) (17)

s=ng
Using (16) and (17) we obtain

n—1

lyij ()] = C* 7" |yi (o)l + D C* " |h(s; niunj)l, n = no. (18)

s=ny

From the almost periodic property of f(n, ¢) in n uniformly for ¢ € BS, we can
choose integers n and nj‘ large enough such that

|h(n;ni,nj)| = ’f (n + n;, exf("_r(”))) - f (n +nj, exf'(”_r(")))‘

24
2C*

< for nj > ni,nj > nj (19)

and for arbitrary ¢ > 0. Also, we have from |y; j(no)| = |x(no +n;) —x(no +n;)|
that

lyvi,j(no)| < g for n; > n;k nj > ”j (20)

due to the uniformly convergence of the sequence {x(n + n;)} for n in compact
subsets of [ng, 00). Thus, it follows from (18), (19) and (20) that

lyi,j(m)| =|x(n+n;) —x(n+nj) <e fornelng,o0),n >nn;> nj

and hence, x (n) is asymptotically almost periodic in the sense that there exist x* and
X satisfying

x(n) =x*(n) +x(n) 21

where x* is almost periodic on [ng, 00) and X is on [ng, o0) with x(n) — 0 as
n — 0o. We can now proceed as in [7] to show that the almost periodic part x* in
(21) is a solution of
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Ax*(n) = f (n, ex*(nfr(”))) .

It follows that N*(n) = e*" ™ is an almost periodic solution of (3). The uniform
asymptotic stability of N*(n) is an immediate consequence of Theorem that is, the
proof is complete.

Conjecture For the functional differential equation with finite delay, it is well known
that the condition (12) and others is able to change the 3 /2 stability [cf.[13]]. Then,
we have the following conjecture; it seems that if (12) is replacing

1
2(rL + 1)

b

n
3
lim su G(s) < =
s=n—r(n)

then the result of Theorem 4 is also right for (3). However, we have no prove, yet.

5 Examples

We first consider the following almost periodic delay model of the form
N(n+ 1) = N(@)exp{a(n) + b(n)N?(n —r(n)) — c()N¥(n — r(n))}, (22)

where a, b, ¢ and r are defined on [ng, co) with a(n) > 0, b(n) € R, c(n) > 0
and r(n) > 0 are almost periodic functions in n, and

O0<p<gq, 0< r! = lim inf <r(n) <limsupr(n) = rk, (23)
n—0o0 n—00

0 < d' =liminfa(n) < a() < limsupa(n) = a*,
n—0oo

n—o0

b' =liminf b(n) < b(n) < limsupb(n) = b" and (24)
n—>0o0 n—00
0 < ¢ =liminfc(n) < c(n) < lim supc(n) = et
n—oo n—00

for n > ng. The original differential model of (22) is considered by Ladas and Qian
[12]. Let

f(n,y) =am) +bn)y” —c(n)y?
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and
Fi(y)=a" +by? —ctyl, Fp(y) =a +bly? — ).
We note that F1(y) < f(n,y) < F2(y) forn > ng, y € [0, 00). It is easy to see
that all the assumptions (H}), (H») and (H3) are satisfied. We denote by y, and y*
the unique positive solution of the equations F1(y) = 0 and F>(y) = 0, respectively.

Then, any positive solution N (n) of (22) satisfies eventually for all large n

myp < N(n) < My,

where
y*eaLrL’ b(n) <0,
M| = r/(q—p) q/(q—p)
! y* exp [rL (aL + bt (b;—qp) - (lj—(‘;) ):| ., bn)>0
and
My = Yy exp [rl‘ (a1+blM1p —CLM;I)]. (25)

We obtain the result which is a generalization to the delay difference equation of
that in [5]. According to the above result and Theorem 5, we can obtain the following
corollary for Eq. (22) which has been studied recently [10] treated delay differential
equations, and the conditions of the following corollary offer an improvement of this
known results for differential equations.

Corollary 1 Leta(n), b(n) and c(n) be almost periodic functions. Suppose that (23)
and (24) hold. If

n—1

1
2
lim sup z [c(s)in] — b(s)pr] <1+ % for b(n) <0
n—o00 s=n—r(n) 2 (V + 1)
and
i e q » rl 2
lim sup [c(s)qu — b(s)pml] <14+ T I for b(n) >0
n—o00 s=n—r(n) 2 (}’ + 1)

in which my and My are defined by (25), then (22) has a unique almost periodic
solution which is global uniformly asymptotically stable.

Proof Let N (n) be any positive solution of (22). Let ™ = N(n). Note that
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g, u) = _Bf(;z—l;e”) = —b(n)pNP + c(n)gN7. (26)

We have from above example that N (n) satisfies
my < N(n) < My,

eventually for all large n which, together with (26), implies that g(n, u) < G(n)
where
c(m)gM{ —bm)pM? for b(n) <0
G(n) =
c(n)in] — b(n)pmf for b(n) > 0.

Then, from Theorem 5, the conclusion follows.

6 Almost Periodic Models with Infinite Delay

We final consider the existence of an almost periodic solution of the following almost
periodic Ricker type difference equation in the case where f of (3) has an infinite
delay (cf. [4]);

Nn+1) =N(n)exp[a(n)—b(n)ZK(s)N(n—s)] , 27
s=0

where a and b are positive almost periodic functions in n, and K is nonnegative
kernel on [0, co) such that there exists a o > 0 satisfying

D K()=1, > sK(s) <o <oo and D> K(s)>0. (28)
s=0

s=0 s=0

Moreover, we assume that

0<d = liminf a(n) < a(n) <limsupa(n) = al,
n—00 n—00

0 < b! =liminf b(n) < b(n) < limsupb(n) = b. (29)
n—00 n—00

In the following we are concerned with positive solutions of (27) corresponding
to initial conditions of the form

N(s) = ¢(s) =0, s € (—00,0],$(0) > 0 and ¢ € BS ((—00,0], R*). (30)
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The following lemma provides a priori upper estimate of any positive solution of
7.

Lemma 3 If the assumptions (28), (29) and (30) hold, then there exists a T* > 0
such that any positive solution N (n) of (27) satisfies

N(n) < N*,
where

(ZL

A
b0 K(s)

o forn > T*. (31)

Furthermore, if
a > bLN*,
then there exist a Ty > T* and an (N* >)Ny > 0 such that
N(n) > N, for n>T,.

Theorem 6 Assume that a, b and K in (27) satisfy (28), (29) and (30).
Then Eq. (27) has an unique positive almost periodic solution say p(n) such that
any other positive solution N (n) of (27) satisfies

Jim {N(n) — p(n)} = 0. (32)
Proof For (27), we first introduce the change of variables
N(n) = exp{v(n)}, p(n)=-exp{y(n)}.
Then, (27) can be written as
vin+1) —v(n) =an) — bn) z K(n —s)exp{v(s)}. 33)
§=—00
We first consider Liapunov functional
o0 n—1
Vi = Vi), y() = v(n) — ym)l + D K(s) D bs +Dlexpiv(D)} — exp{y(D}],
5s=0 I=n—s

where y(n) and v(n) are solutions of (33) which remains in bounded set B := {x €
R|N, < x < N*}. We have
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AVi(v(n), y(n)) < v(n+ 1) —v(m)| — |ly(n + 1) — y(n)|

+ Z K (s)[b(s + n)| exp{v(n)} — exp{y(n)}|
s=0

— b exp{v(n — 5)} —exp{y(n — )}

= la(n) — b(n) Z K (s)exp{v(n — )} — la(n)

s=0

—b(n) Y K(s)exply(n — )}

s=0

+ Z K (s)[b(s + n)| exp{v(n)} — exp{y(n)}|
s=0

—b(m)|exp{v(n — 5)} —exp{y(n — )}
< la(n) = b(n)exp{v(n — )} — la(n) — b(n) exp{y(n — $)}|

+b(s +m)fexp{v(n)} — exp{y(m)}| — b(n)| exp{v(n — )} — exp{y(n — 5)}|
< =2b(m)| exp{v(n — 5)} — exp{y(n — )} + b(s + n)| exp{v(n)} — exp{y(m)}.

Secondly we consider
Vo = Va(v(n), y(n)) =2|v(n +5) — y(n + s)I.
Similar we can calculate

AVo(v(n), y(m)) <2(v(n+s+ 1) —v(n+s)| —|y(n+s+1) —yn+s)))
< =2b(s + n)| exp{v(n)} — exp{y(m)}|.

We take V = V| 4+ V5. Then, we have

AV (v(n), y(n)) < —2b(n)| exp{v(n — s)} — exp{y(n — 5)}|
— b(n + )| exp{v(n)} — exp{y(n)}|
< —b(n + 5)| exp{v(n)} — exp{y(n)}|
< —b'|exp{v(n)} — exp{y(m)}I.

From the mean value theorem, we have
lexp{v(n)} — exp{y(m)}| = exp{0(n)}|v(n) — y(n)|,
where 0 (n) lies between v(n) and y(n). Then, we have

AV (v(n), y(n)) < =b'Dlv(n) — y(n),
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where set D = exp(N,). Let be solutions z(n) of (33) such that N* > z(n) > N,
forn > T,. Thus |v(n) — y(n)| = 0asn — oo, and hence V = V(v(n), y(n)) — 0
as n — 00. Moreover, we can show that [v*(n) — y*(n)| — 0 as n — oo, where
v* and y* are solutions in hull of (33) by the same argument as in [11]. By using
similar Liapunov functional V* of V, we can show that V* — 0 as n — o0o. Note
that this Liapunov functional V* is a non-increasing functional on Z, and hence
V* = V*(v*(n), y*(n)) = 0. Thus, v*(n) = y*(n) for all n € Z. Therefore,
each hull equation of (33) has a unique strictly positive bounded solution. By the
equivalence between (27) and (33), it follows from results in [15] that (27) has an
almost periodic solution p(n) such that N, < p(n) < N* foralln € Z and (32)
yields. This proof is complete.
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Generalized Lagrange Identity for Discrete
Symplectic Systems and Applications
in Weyl-Titchmarsh Theory

Roman Simon Hilscher and Petr Zemanek

Abstract In this paper we consider discrete symplectic systems with analytic
dependence on the spectral parameter. We derive the Lagrange identity, which plays
a fundamental role in the spectral theory of discrete symplectic and Hamiltonian
systems. We compare it to several special cases well known in the literature. We
also examine the applications of this identity in the theory of Weyl disks and square
summable solutions for such systems. As an example we show that a symplectic
system with the exponential coefficient matrix is in the limit point case.

1 Introduction

In this paper we consider a 2n-dimensional discrete symplectic system

k1 (A) = Sp(A) z (M), (S»)

whose coefficient matrix Sg (1) € C?**?" is analytic in the spectral parameter A € C
in a neighborhood of 0 and satisfies a symplectic-type identity, i.e.,

S =D M AN sy sy =g S = (_°, (’)) (1
j=0
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The superscript * denotes the conjugate transpose and M*(1) := [M (1)]*. For the
applications we will in addition assume that a certain weight matrix ¥ (1) € C***?"
is positive semidefinite. The terminology “symplectic system” refers to the fact that
Sk (1) and the fundamental matrix of system (S, ) are complex symplectic (also called
conjugate symplectic or _#-unitary) when A is real, i.e., they satisfy the identity
MyM= 7.
For convenience we write system (S;) as two n-dimensional equations with
k(X)) = (xf(), up(A)* and Sg(A) = ("Q{k()\) P (A)>. System (S;,) was studied
' Ce(A) D(2)
in the literature in several special cases. In [2—4, 6, 9] the first equation in (S; ) does
not depend on A and the second equation is linear in A, which by [2, Remark 3(iii)]
gives the form

_ Y78 S
Zk+1()") - (%k _ )\fkaQ{k @k _ )"ka%k) Zk()"), (2)
where % = ?{ gk is complex symplectic, Wy is Hermitian, and Wj > 0. Note
k k

that system (2) covers also the classical second order Sturm-Liouville equation

— A(R Ayr (M) + Qi yi+1(A) = AW yr+1 (1) 3)

with Hermitian matrices Ry, Qk, Wi € C"*", invertible Ry, and W} > 0, see Exam-
ple 1. System (S;) with a general linear dependence on A

Z+1(A) = (S + A7) 2z (V) 4)
was studied in [18, 19], where the matrix .7} is complex symplectic, ¥ ¢ .7

is Hermitian and positive semidefinite, and 7,* # 7, = 0. In [15, 16] the linear
Hamiltonian difference system

A(ka) (A Berawy] (xkﬂm) )
u (1) Cr — w3 —ax ue(A)

is considered with the matrices Ay, By, Ck, W,E]], Wk[z] eCYn Ap = (I — Ap)~!
exists, By, Cy, Wk[l], W,Ez] are Hermitian, and W,El] >0, ka > 0. Upon expanding
the forward difference in (5), we can verify that system (5) corresponds to a discrete
symplectic system (S, ) with quadratic dependence on A. Another linear Hamiltonian

system
XY X1 (1) _ (—Cr Af
A (Mk()»)) = k/Hk( e (V) ) H, = ( AL B’]z) (6)



Generalized Lagrange Identity for Discrete Symplectic Systems... 189

with Hy € C¥*2" Hermitian and Ax(A) := (I — AAg)~! is studied in [13, 14].
Upon expanding the latter inverse into a power series we get the analytic dependence
on A in the coefficient matrix of system (6). More generally, the linear Hamiltonian
system corresponding to

k(M) (0] (1 [ Xk+1(A)
A (ukm) = S (He + 2 Hy )( ur (1) )

with Hermitian H,EO], Hk[l] € C?"*2 is considered in [5]. Finally, a discrete sym-
plectic system (S;) with analytic dependence on A and <7k[0] = [ is studied in [7].
The latter paper also motivated the present study.

All the above mentioned references are devoted to various results in the spectral
theory of the corresponding system. As it is known, the Lagrange identity plays a
fundamental role in these investigations. This identity connects the _#-skew-product
of two solutions of system (S;) with the associated weight matrix Wy (}). In this
paper we prove a general form of the Lagrange identity for system (S, ) with analytic
dependence on A € C and calculate the corresponding weight matrix explicitly in
terms of the coefficients of (S;). This result includes the Lagrange identities for the
above mentioned special systems. As a consequence we obtain the _#-monotonicity
of the fundamental matrix @4 (1) of (S;), which is used in [7] for proving the Krein
traffic rules for the eigenvalues of @;()). We also investigate applications of the
generalized Lagrange identity in the discrete Weyl-Titchmarsh theory. In particular,
we show that under an appropriate Atkinson condition involving the weight matrix
Y (1), the theory of eigenvalues, Weyl disks, and square summable solutions devel-
oped in [18, 19] for system (4) remains valid without any change also for system
(S,.) with the analytic dependence on A.

2 Lagrange Identity

Consider system (S;) with complex 2n x 2n matrix Sg(A) such that (1) holds. The
parameter A € C is restricted to [A| < & for some ¢ > 0 (¢ = oo is allowed), which
bounds the region of convergence of Si (1) in (1) for all k € [0, 00); := [0, o0) N Z.
It follows that the matrices Yk[] ], J € [0, 00)z, satisfy the identities

Sy g = g (7

m
Z(yk[/]y%[m_J] — 0’ m e N (8)

j=0

forall k € [0, 00);. We note that | det fk[o]| = 1, as the determinant of any complex
symplectic matrix is a complex unit. The second identity in (1) implies that Si (1) is
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invertible and hence
St =- 80 g =-> 0 g g,
j=0
Remark 1 From Sy (L) S,:l (*) = I we then obtain the identity Sy (A) _# S} ) = 7
or equivalently

m
IO g7 = g S AN g =0, meN.
j=0

First we study the _#-skew product of two coefficient matrices with different
values of the spectral parameter. This lemma gives a main tool for the proof of the
Lagrange identity.

Lemma 1 Assume (7)—(8). Then for every A, v € Cwith |A| < g, |V] < &,
Si) I Sk(v) = 7 + (=) (),
k € [0, 00),, where the 2n x 2n matrix §2(,, v) is defined by
o m J
2uCv) = DD ammii Y gl by gl )
m=0 j=0 1=0

Moreover, for v = )\ the matrix §2 ()_\, M) is Hermitian for all k € [0, 00).

Proof We fix |A| < ¢, |v| < g, and k € [0, 00)z. The power series for SZ()\) and
Sk(v) converge absolutely, so that the terms in the product Sj(A)_# Sr(v) can be
re-arranged to the separate powers of A"~/ v/ that is,

oo m
SE(h) 7 Sk(v) = Z Z,{m—;vjyk[m—ﬂyykm_
m=0 j=0
By using identity (8) for each m € N, we replace the term v™ yk[oly yk[m] by
—p" (yk[m]yyk[m _i_yk[m—l]yyk[l] 4 +yk[l]yc7k[m_l]).
Thus, with the aid of (7) we get

Si) 7 Sy = 7 + DD (G —v) v gl g =il

m=1 j=1
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Upon factoring A — v out of each term A/ — v/ and collecting the remaining
products with the same powers of A and v, we get

0o m J
SHOW AN ES VRIS (inlv“)vmfyk[ﬂyy]gm—ﬂ

m=1j=1 “I=1
= 7 + (=) 2, v),

where £2; (&, v) is given in (9). Finally, for v := A we get by using F*=—_¢ and
identities (8) that the matrix £2; (A, A) is Hermitian. This latter fact is also shown in
[7, Proposition 1]. O

The following theorem provides the main result of this section. Its relationship to
known discrete Lagrange identities in the literature is discussed in Sect. 3.

Theorem 1 (Lagrange identity) Assume (7)—(8) and fix .,v € C with |A| < &,
|v| < e. For any two solutions z()) and z(v) of systems (S;,.) and (S,), respectively,
we have for all k € [0, 00)y

Az Fze() = (L —v) zp (M) ek, v) 2 (v), (10)

k
Bt M) I k1 (v) = 25(0) Fz20(0) + (. — ) ZZ?(/\) 2;0,v)zjw). (1)

j=0

Proof Given that 7341 (L) = Sp(X) zxg(A) and zx4+1(v) = Sg(v) zx(v) for all k €
[0, 00)z, we obtain from Lemma 1 that

A(ZEO) F 2 () = ZEW) [SEM) F Sk (v) — 7 |z (v)
= (=) Zt(A) 2k, v) (V).

The summation of (10) over the interval [0, k], then yields (11). m|

Motivated by Lemma 1, we define for k € [0, 00)7 the Hermitian 2n x 2n matrix

o m J
W) = 20 = D D am Yy gl gl (12)
m=0 j=0 1=0

The following identities show that Wy ()) is the correct weight matrix for the
spectral theory of system (S,,), see the examples and applications in Sects. 3 and 4.

Corollary 1 For every . € C with |A| < € and k € [0, 00); we have
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A(ZE) 2 (W) = =2i im(L) 2 (W) Y (A 2k (M), (13)

k
1MW) I 21 (W) = 25(0) Fz0(A) — 2i im(X) Z MMz, (14

j=0
W) () =250 _F20(R). (15)
Remark 2 When |A| < e and A € R, we have
oo m j
W) = > iy gl = st ) 7 S = SE) 7 Sk,

m=0 j=0 =0

where the dot denotes the derivative with respect to A. The weight matrix
S S 7 S{ W) 7 =S R w0 ST ()

was used in [11, 17] in the oscillation theory of systems (S; ) with general nonlinear
dependence on A.

3 Special Examples

In this section we show the connection of the generalized Lagrange identity in
Theorem 1 to several special cases known in the literature. We also demonstrate
that a positive definite weight matrix ¥ (1) can be obtained when Sy ()) is quadratic
in A.

Example 1 Inthe simplest case, i.e., for the second order Sturm-Liouville difference
equation (3), the Lagrange identity is

Alyi ) ReAyr(v) = (AyEG) Reyk0)] = (= v) ¥ ) Wiyt (0),
see e.g. [1, Theorem 4.2.1] or [10, Theorem 2.2.3]. This can be seen from (10) and

(9), in which & = 00, x¢ := yx, ux := Ri Ayx, zx = (x, uj)*, and use the formula
Xkl = Xk + Rk_luk. The coefficient matrix of (S;) is Sg(A) := %% + A ¥} with

I R.! 0 0
y:y[m:( i ) Vim0 = ( )
T T\ T oeryt) W, WeR;

Q0. =W F S = (1, RFY Wi (I, RYY) = W),

and .7/} := 0 for j > 2. Note that Eqgs.(7) and (8) with m € {1,2} hold, since
Ry, O, Wy are assumed to be Hermitian.
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Example 2 Consider system (4) with general linear dependence on A. In this case
Yk[o] = fk,fk[l] = "//k,fk“] :=0for j > 2,6 = 0o0,and 2, (A, v) = ¥} 7 S =
Ui (1) is constant in A and Hermitian. Identities (7) and (8) with m € {1, 2} are

KFSi= J. KIh+ RIS =0, K F%h=0. (16
The Lagrange identity in (10) is, compare with [19, Theorem 2.6],

A(ZZ) F () = (A —v) ZZ) VL S 2 (v)
=0 =) i W) I NI LI 2 (). (17)

Observe that by (16) the matrix % is singular. Hence, §2; (A, v) and W (}) are in
this case singular as well. Moreover, det S; (1) = det %% and thus | det Sg(A)| = 1.

Example 3 System (2) represents a special case of Example 2, namely

ool _ e B —on_ (0 0
Tei= T _(‘fk 91()’ Vo= = (Wkﬁfk Wi %)’

Qe ) = VI S = (S, Br)" Wi (e, Br) = T(h).
In this case the Lagrange identity in (10) or (17) has the form
A(ZE) Iz ()) = (A —v) x5 (W) Wi xg1 (v), (18)

where z(A) = (x*(A), u*(A))* and z(v) = (x*(v), u*(v))*. Identity (18) is used in
[6, Lemma 2.3] and [4, Lemma 2.6].

Example 4 In this example we discuss the symplectic analogue (or a generalization
to the symplectic system) of the linear Hamiltonian system (5), which was studied
in [15, 16]. We take system (S; ) with a special quadratic dependence on A

4 B+ rchy Wl
Zk+1(A) = 1 [2] 1] 21 2k (1),
G — Wl g + a6, WP —awi (@ + . wH)
(19)
where W,i” and W,izl are Hermitian. That s, Sy (1) = %% + A% +A2#4 withe = oo,
H= IO = (TP = AP = g W= (i
Tk G )’ Tk 0 —willggpw )
~ ~ 0 AU
W =M= gWeH + S I Wy = Kk ,
k o = I Wik + Tk I Wi “willg gow® —wilz,

20, v) = Wi + (I =AW 2) S5 Wi Si (I + 0,7 Wp),
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and ka[j 1= 0 for j > 3. The Hermitian 2n x 2n matrices Wy = diag{W,El], 0}
and VT’k := diag{0, W,Ez]} are block diagonal. We can see that in this case ¥ (A) =

£ (%, 1) is Hermitian but no longer constant in A, as was the case in Examples 1-3.
The above coefficients satisfy identities (7) and (8) with m € {1, 2, 3, 4}, i.e.,

I Se=,  BINA+WISe=0, VZIW+ W I V=0
LI+ I N+ WIS =0, IV =0.
The Lagrange identity in (10) now reads as
* — (3 _ * [1] * 2]
A(ZEO) Fze () = (= v) [x,) W xe (V) + g (D) W ue ()], (20)

where z(A) = (x*(A), u*(1))* and z(v) = (x*(v), u*(v))*. Identity (20) can be
found in [16, Lemma 2.2]. We note that we can factorize S; (1) and 2 (A, v) as

(T O\ (% B (1 awf
Sk() = (-AW,E” 1) (%k _@k) (0 )
B} o oN(w o \ (A% B+vaw?
2 = _k k k k kW)
k() (%;JFAW,EZ]%* 1)( 0o w2 (0 1 )

Therefore, det Sg(A) = det %% and | det Sg(A)| = 1 as in Example 2, and
det Wy (1) = det 24 (k, v) = |det | x det W' s det w2 (21)

Equation (21) shows that the determinant of the weight matrix ¥ (1) does not depend
on A. Moreover, ¥ (1) is invertible if and only if <%, W,EI], W,Ez] are invertible.
And in this case the matrix Wi (A) is positive definite if and only if W,El] and W,Ez]
are positive definite. However, an invertible (positive definite) weight matrix Wy ()
can occur only when system (19) corresponds to a linear Hamiltonian system (5)
with invertible (positive definite) W,El] and W,Ez], because in this case @7, = Ak is
invertible. The other coefficients of (19) are then given by %) = Ak Bi, ¢ = C A~k,
and Oy = CrApBr + I — A}, see [16, Formula (2.3)].

Example 5 Consider the linear Hamiltonian difference system (6), in which
J j—1
(0] . [ . Ul Ay A B :
Sco,” =1, A= FH, S = - i . J=2,
k k S Hi k (CkAi 1 LAl 2B, J

2cGv) = DI (V) Hy De(v), D) = (Ak(/\) MAL() Bk)’

0 1

where Ak (A) = (I — 2Ap) "L, see [7, p- 5]. Therefore, the dependence of S (1)
on A is analytic with ¢ = inf{1/sprad(Ay), k € [0, 00)z}, provided this infimum is
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positive, where sprad(M) = max{|u|, wis an eigenvalue of M} denotes the spectral
radius of M. The Lagrange identity in (10) is, compare with [13, Formula (9)],

* - by Kk
A(ZgW) () = (k. —v) (XZZE)E))) H, (xk+1(v)) '

u(v)

Example 6 In [7, 8], the discrete symplectic system (S;) with Yk[j] = (1/j) R,{
for j € [0, 00)y is studied, where Ry € C>"*?" satisfies R 7 + 7 Ry = 0. This
means that the coefficient matrix Sy (1) is of exponential type, i.e., ¢ = oo and

e¢]

A
Sk =D El R} = exp(ARy). (22)
j=0 7"

By [7, p. 6] or [8, Sect.2], we then have

v)?/

(k= v
Qi(h, v)-Z( 1/ (2 —

i (RiY.7 R
= @)

(Rk)f/R’ Z( i G0

The Lagrange identity has the same form as in (10) with the above £2; O, v).

4 Weyl-Titchmarsh Theory

In this section we discuss the applications of the Lagrange identity from Theorem 1
in the Weyl-Titchmarsh theory for system (S;) with analytic dependence on A. We
assume that the Hermitian weight matrix Wy (1) defined in (12) satisfies

Yr(L) =0, k € [0, 00)z. (23)

In [19] we have recently developed the Weyl-Titchmarsh theory for system (4),
i.e., for system (S; ) with general linear dependence on A. In this section we show that
most of the results in [19] remain valid also for the analytic dependence on A, when
we modify the corresponding Atkinson-type condition to this more general setting.
One of the crucial properties is that the fundamental matrix @, (X) of (S, ) satisfies

DEN) I (W) = (24)

for all k € [0, 00); whenever (24) holds at the initial point K = 0. Note that identity
(24) now follows from (15) in Corollary 1. In the subsequent paragraphs we review
the most important results, which are in particular connected to the theory of square
summable solutions of (S, ).
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In [19] we identified the minimal requirements for the solutions of (S, ) to satisfy
the Atkinson condition. In this way we obtained the weak and strong Atkinson
conditions, which are needed for different statements in the Weyl-Titchmarsh theory.
For completeness we reformulate these conditions in the setting of this paper. Let
Dr(V) = (Zr (L), Zk(k)) be the partition of the fundamental matrix of system (S;)
into 2n x n solutions, which are given by the initial conditions Zy(1) = «* and
Zo(h) = — _Zo* for some fixed a € CM 2" with a Za* = 0and ae® = I. The
solution Z(A) is called the natural conjoined basis of (S; ) and the spectral properties
of the associated eigenvalue problem are formulated in terms of this natural conjoined
basis. Let us fix for a moment an index N € [1, 00).

Hypothesis 1 (Finite weak Atkinson condition) For all A € C with |A| < ¢ and
every column z(A) of the natural conjoined basis Z (1) of (S;) we assume that

N
> 200 () () > 0. (25)
k=0

If B € C™?" with B 7 B* =0and BB* = I is also fixed, then we consider the
symplectic eigenvalue problem

(S5), k€[0,Nlz, azo(r) =0, Bzny1(2) =0. (26)

It follows as in [19, Theorem 2.8] that under Hypothesis 1 the eigenvalues of (26)
are real, isolated, and they are characterized by det S Z ~N+1(A) = 0. The correspond-
ing eigenfunctions are then of the form 4 (X) d with nonzero d € Kerp 4 N+1 (D).

The M (1)-function for system (S, ) is defined by My (1) := —[B Zk()»)]’l B Zi(X)
and it satisfies the properties in [19, Lemma 2.10 and Theorem 2.13]. In particular,
M Z‘ (A = My(Z) and My (%) is analytic in A. Define the Weyl solution x (A, M) of
(S) corresponding to M € C"*" and the Hermitian matrix function & (A, M) by

kO M) = B0 (I, M*Y5, &G M) == i 500) Xt Oy M)_Z 3 Cr, M),
(27)
where 6(A) := sgnim(A). The Weyl disk Di (1) and the Weyl circle Ci(A) are then
defined as the sets

Dr(A) :={M € C"", &, M) <0}, Cr(A):={M e C"", &, M) =0}.

It follows that the results in [19, Sect. 3] regarding the Weyl disks and Weyl circles
hold exactly in the same form, but now under the following assumption.

Hypothesis 2 (Infinite weak Atkinson conditign) There exists Ng € N such that for
all & € C with |A| < € every column z(A) of Z(A) satisfies (25) with N = Nj.

We summarize the main properties of the Weyl disks in the following.
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Theorem 2 Let A € C\ R with |A| < & and suppose that (23) and Hypothesis 2
hold. Then for every k > No + 1 the Weyl disk and Weyl circle satisfy

D) = {Pc(M) + Re(W) VR (W), V e C™", V¥V < I},
Ce(W) = {Pc() + ReW) UR(M), U € CV", U*U =1},

where the center Py()\) and the matrix radius Ry ()\) are defined by

—1/2

Pk = =7 O G, ReG) = R0 (28)

with 7.(%) and G (x) given by JG4.(1) = i8(A) ZF (M) _F Ze(A) and (%) =
i6(A) Z,’{*(k)/zk(k). Moreover, the Weyl disks Dy(\) are closed, convex, and
Diy1(A) € Dr(2) forall k > No + 1.

Proof The proof follows the same arguments as in [19, Theorem 3.8]. We note that
by (14) in Corollary 1 we have

k—1
S0 = 2[im()] D Z5R) W) Zj (). (29)
Jj=0

This shows that under Hypothesis 2 the matrices 7% (1) are Hermitian and positive
definite for k > Ny + 1, so that the center P, (A) and the matrix radius Ry (X) are
well defined. O

The properties of the Weyl disks Dy (1) in Theorem 2 and formula (29) imply that
for k — oo there exists the limiting Weyl disk D4 (A) := ﬂkZNo-H Dy (\), which is
closed and convex and which satisfies

Di(M) ={Pr(M) + Ry(W) VR (W), V e CV", V*V < I},
where the limiting center and the limiting matrix radius are complex n x n matrices

P.(h) = lim Pe(3),  R:():= lim Ri(2) = 0,

compare with [19, Theorem 3.9 and Corollary 3.11]. The elements of the limiting
Weyl disk are characterized in the following result.

Theorem 3 Let A € C\ R with |A| < & and suppose that (23) and Hypothesis 2
hold. The matrix M € C"*" belongs to D4 (L) if and only if

im(M)

DX O M) W () (O, M) < e

k=0

(30)

where x (A, M) is the Weyl solution of (S, ) corresponding to M defined in (27).
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Proof The proof follows by applying identity (14) in Corollary 1 to &% (A, M), see
also [19, Corollary 3.12]. |

We now discuss the number of square summable solutions of (S;) with analytic
dependence on . As the weight matrix ¥ (1) now depends on A, we define for A € C
with [A| < ¢ the semi-inner product and the semi-norm

172

(e.¢] (e.¢]
(@ Dww =D G UM% lzlwe) =@ dwa = (ZZZ () Zk) :

k=0 k=0

and the corresponding space of all square summable sequences with respect to ¥ (1)
G = {la)iZo. % € C*, llzllwgy < oo} 31

Observe that the space Eﬁ/(/\) now also depends on 1. However, in some special cases
this space can be taken independent on A, as it is shown for systems (2), (3), (4) in
Examples 1-3. Also, in view of (20) in Example 4 we may consider for systems (19)
or (5) the space

o

2 . kky k|00 * [1] % 2]

Cyuwr = {Zk = (X, up) }k:oa Z (xk+1 Wi X1 +u Wy ”k) < OO]’
k=0

which does not depend on A. Given the space eﬁ/(k) in (31), its subspace of all square
summable solutions of (S;) is denoted by

N :={ze qu,m, 7 = {zr}i solves(Sy) }.

Under assumption (23) and Hypothesis 2, the result in Theorem 3 implies that n <
dimAN (L) < 2n for all A € C\ R with |A| < &, see also [19, Theorem 4.2].
The two extreme cases are then called as the limit point case when dim AV (1) =
n, and the limit circle case when dim A (1) = 2n. The cases when dim A/(}) is
between n + 1 and 2n — 1 are called intermediate. It follows that the results in [19,
Theorem 4.2, Corollary 4.15] hold for system (S;,) with analytic dependence on A in
exactly the same form under the appropriate weak or strong Atkinson type condition.
We summarize the main result regarding the number of linearly independent square
summable solutions of (S, ) in the following theorem.

Theorem 4 Let ) € C\Rwith |A| < € and suppose that (23) and Hypothesis 2 hold.
Then system (Sy) has exactly n + rank Ry () linearly independent square summable
solutions, i.e.,

dim N (A) = n + rank R (M),

where R (1) is the matrix radius of the limiting Weyl disk D1 (1).
Proof We refer to the proof of [19, Theorem 4.9] for the details. O
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As a consequence of Theorem 4 we obtain the characterization of the limit point
case and limit circle case for system (S, ) with analytic dependence on A in terms of
the limiting matrix radius R4 (A).

Corollary 2 Let A € C\ R with |A| < & and suppose that (23) and Hypothesis 2
hold. System (S)) is in the limit point case if and only if R1 (LX) = 0, and in this case
D, (M) = {Py(L)} and D (L) = {P.(L)}. System (S;) is in the limit circle case if
and only if Ry (}) is invertible.

In a similar way, the results in [18] regarding the Weyl-Titchmarsh theory for
system (S, ) with jointly varying endpoints remain valid also for the analytic depen-
dence on A, when we assume the following finite or infinite strong Atkinson type
condition.

Hypothesis 3 (Finite strong Atkinson condition) For all A € C with |A]| < &, every
nontrivial solution z(1) of (S, ) satisfies (25).

Hypothesis 4 (Infinite strong Atkinson condition) There exists Ny € N such that
for all A € C with |A| < & every nontrivial solution z(A) of (S;) satisfies (25) with
N = Ny.

We illustrate the Weyl-Titchmarsh theory of system (S; ) with analytic dependence
on A by the following interesting example.

Example 7 In this example we show that the discrete symplectic system

2U+1(A) = exp(Af) 2k (D). (32)

is in the limit point case for every A € C \ R. Moreover, we calculate the unique
2n x n solution (up to an invertible multiple) of (32) whose columns lie in ZZ,I,()L) and
thus form a basis of N/(1). System (32) is an exponential symplectic system from
Example 6, where ¢ = 0o, Sg(A) := exp(2_¢#) is given in (22) with R := _#Z . This
matrix satisfies the conditions R} ¢ + _# R; = 0 in Example 6, so that by (22)
we have Sg (L) = exp(A_#) = (cosA) I + (sin})_# . Note that this matrix does not
depend on k.

For simplicity we perform the calculations below in the scalar case, i.e., forn = 1.
The general case follows with the same arguments upon multiplication by the n x n
or 2n x 2n identity matrices at appropriate places. The fundamental matrix @i (L)
of (32) with @¢(1) = I is given by

—sinkA coskA

() = exp(ki7) = (coskr) I + (sinkr) 7 = ( cosk  sin “)

forevery k € [0, 00)z. Since @o(A) = I, wetakea := (1, 0),sothate_Z o™ = Oand
aa® = 1are satisfied. It follows that the natural conjoined basis of (32) is determined
by the second column of @ (1), i.e., Zx(A) = ((coskAr)*, (sinkA)*)*. Since the
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powers of ¢ repeat in a cycle of length four, the weight matrix ¥ (L) = Q(x, 1) is
given in Example 6 as (we substitute x := im(A))

vy = L i Qo+ 1 i @) sinh 2x ;o cosh 26— 1 y
YT 0k Sy T e T 2x
sinh x

. . sinh x coshx isinh x
=— [(cosh x) I + (sinh x)i 7] = (—i sinhx cosh x) >0,

X

where we used the formulas for hyperbolic functions sinh 2x = 2sinh x cosh x,
cosh 2x = 2 cosh? x — 1, and the identity cosh? x — sinh? x = 1. By the definition
of s (1) and ¥, (1) in Theorem 2,

HG.(L) =i 8(1) (sinkA cos ki — coskA sinkA) = sinh (2k [im(A)|),

G (\) = —i (1) (sinkA sinkx 4 cos kA coskr) = —i 8(X) cosh (2k im(%)),
where we used the identities cosh x = cos ix and i sinh x = sin ix relating the
hyperbolic and trigonometric functions. The same value for .77 (1) is of course

obtained from formula (29) after some calculations. Therefore, Hypothesis 2 is sat-
isfied with Nop = 1, and by (28)

Pi(A) =i coth 2kim(%)), Ri (X)) = 1/4/sinh 2k [im(A)]).
The center and radius of the limiting disk D4 (1) are then

Pr() = lim P () =id@), Ry()= lim RyQ) =0,

so that system (32) is in the limit point case for every A € C\R. From Corollary 2 and
Theorem 3 we obtain that dim A/(1) = 1, and the space N (1) of square integrable
solutions of system (32) is generated by the Weyl solution

_ 1 _ cos kA +41i8()) sin kA
Xe(ho B Q) = Pr(d) (P+(A)) = (— sin kA + 7 6(1) cos kk)

_ 1 100K
i 5(0) :

for which (we again substitute x := im())

| X G PeO 56y = D0 28 Gos PLOD) 90 xaGhs P (R)
k=0

2sinh x 00
= x [cosh x — () sinh x] x 26*2 |k

X
k=0
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_ 2sinh x h SO0 sinh 1 _
= . X[COS x—()sm X]Xm—m.

This shows that || X, Pr(})) || oy = 1/+4/]im(})] < o0, and so indeed we have
XX, Pr(V)) € Ezlp(k) for every A € C\ R. On the other hand, we also have

= 2 - =y = (29) 1 .
1 Z0) [y = ,;Z" W) Zx() = S lim G

1
= lim sinh(2k [im(A)]) = oo,
2 limGy] o, sinh(Zk [im(2)]) = oo

so that Z(1) -4 Eé(k). Thus, again we get that dim A/(A) = 1. Similarly, in arbi-
trary dimension n we get that the n columns of the Weyl solution x (A, Py (1)) are
linearly independent and they belong to Z?I, 0y while the n columns of the natural

conjoined basis Z (%) are linearly independent and they do not belong to Zg, o) Hence,
dim A/ (1) = n and system (32) is in the limit point case for all A € C \ R.

Finally, as a consequence of (14) we obtain the _#-monotonicity of the funda-
mental matrix of (S; ). We recall the terminology from [12, p. 7] saying that a matrix
M e C*"*21is _g-nondecreasing if i M*# M > i #, and itis _Z-nonincreasing if
iM*#M < i #.Similarly we define the corresponding notions of a _#-increasing
and _7Z-decreasing matrix. These concepts are used in [12] to study the stability zones
for continuous time periodic linear Hamiltonian systems. In a similar way, such sta-
bility zones are studied in [13, 14] for discrete linear Hamiltonian systems (6) and
in [7] for discrete symplectic systems (S; ) with 5”,([0] =1.

Corollary 3 Fix ). € C with |A| < & and assume (23). Let @ (1) be a fundamental
matrix of system (S;.) such that @ (A) is complex symplectic, i.e., ;1) F Po(X) =
F. Then for every k € [0,00); the matrix ®r(X) is _f-nondecreasing or
_F-nonincreasing depending on whether im(L) > 0 or im(1) < 0. Moreover, under
Hypothesis 4 the _Z-monotonicity of @i (1) is strict for k > No + 1.

Proof By applying (14) to the fundamental matrix @, (1) we get

k—1
P DF(0) 7 Pe() — i 7 =2im() D> DT Wi(R) D (). (33)

j=0

By (23), the sum in (33) is nonnegative, so that @ (1) is _#-nondecreasing when
im(A) > 0, and it is _#-nonincreasing when im(1) < 0. Moreover, under Hypothe-
sis 4 the sum in (33) is positive definite for k > Nop+1, so that @ (A) is _Z-increasing
when im(1) > 0, and itis _Z-decreasing when im(i) < 0. O
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Dynamic Selection Systems and Replicator
Equations

Zdenék Pospisil

Abstract The dynamic replicator equation is inferred from a generalized
Kolmogorov-type dynamic system that is called selection system. This way, both
systems have the same dimension. The main result shows that the replicator equation
is in a certain sense equivalent to a selection system of lower dimension. Corollaries
demonstrating connections with known results are also presented. The equations are
interpreted as models of biological evolution on different time scales. Hence, the
results show a link between ecology and evolution at least on the level of mathemat-
ical models.

1 Introduction

There are two general theories dealing with biological evolution. One of
them—the ecology—aims to describe interactions among population and their envi-
ronment and consequent changes in population abundances. Suitable tools for this
purpose are Kolmogorov-type systems of differential equations

u: =uiri(ug,up, ..., uy), i=12,...,m,
and their discrete counterparts, see e.g. [10]. Here, r; denotes growth rate of the
ith population affected by all of the populations forming the community. The other

one—the evolution theory in the strict sense—is interested in change of gene fre-
quencies, traits or so one. These phenomena can be described by replicator equations

X =xi(filxr.x2, .o x) — P(x1, X2, ..., %)), i=1,2,...,n,

where f; and @ denote fitness of the ith species and an average fitness, respectively,
that depend on structure of the modelled community, see e.g. [7].
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A trivial but noteworthy fact is that ecology and evolution operate on different
time scales. Although the previous sentence uses the word “time scale” in a common
meaning, not in the technical one, the mentioned different passing of the ecological
and evolutionary times hints to embody both mathematical ecology and evolution
theory in the unified framework of dynamic equations, i.e. equations on time scales
in the strict sense [1].

There is a huge literature on continuous and discrete equations of population
dynamics (see e.g. [5, 6] and references therein), as well as on continuous and
discrete replicator dynamics ([3, 9] and references therein). Hence, it may be useful
to point out a general character common to all of them. This is the aim of the presented
paper.

The subsequent section introduce a time scale form of the replicator equation. It
is inferred from the selection system, i.e. from the system describing evolution of
interacting populations. This part follows a terminology and ideas that G.P. Karev
used for continuous systems [4]. The main result is presented in Sect. 3 and it consists
in the proof of certain equivalence of dynamic replicator and selection systems.
Theorem 2 generalizes a result of Hofbauer [2] obtained for a special continuous
replicator equation and a Lotka-Volterra system. The replicator equation with linear
fitness function is of a particular interest, it describes an evolutionary game dynamics
introduced independently by Taylor and Jonker [11] and Schuster and Sigmund [8].
Hence, some corollaries of Theorem 2 for these systems are presented.

The notation used is standard. Vectors are denoted by bold italic letters, the symbol
v; or (v); denote the ith entry of the vector v. The symbol R denotes the set of non-
negative reals, the sets

n n
S,,:[xem:zx,-=1], S,‘j:lxeS,,:Hxi>O], 38, =S, \ S°
i=1 i=1

are (probability) simplex, its relative interior and boundary, respectively. Throughout
the paper the symbols o, A, and p denote the forward jump operator, the Hilger
derivative and the graininess function on a considered time scale T, respectively.
The “regressive minus” operation is defined by the formula

a—>b

b=——;
A

for details of time scale calculus see the excellent monograph [1].
2 The Equations and Their Interpretation

The dynamic selection system consists of the equations

ul =wiri@), i=12,...,m, ()
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where r; : R’} — R are positively regressive rd-continuous functions such that the
system with the initial condition

u(ty) =ug € Rﬁ (2)

has exactly one solution.

Proposition 1 Let u be a solution of the problem (1), (2). Then u;(ty) = 0 implies
u;i(t) = 0andu;(ty) > Oimpliesu;(t) > Oforeacht € Tandanyi € {1,2,...,m}.

Proof The first statement follows from the assumed uniqueness of the solution. If
t1 € T is right scattered and u; (¢;) > 0, then

uf () = wi () (1+ p(ri (@) ) > 0

by the supposed positive regressivity of the function r;; if #; € T is right (left) dense,
then there exists a right (left) neighborhood of #; such that u(¢#) > 0 on it. Hence, the
statement follows from the induction principle [1, Theorem 1.7]. m|

The proposition shows that the selection system (1) can be considered as a deter-
ministic model of an isolated biological community formed by interacting popu-
lations. Here, u; is interpreted as a size (population density, biomass) of the ith
population. The modeled community consists of constant number of populations;
none of them goes to extinction in a finite time, neither immigration nor emigration
is taken into account.

Letg : TxS,, — R™ beamap. We define the average function g : Tx S,, — Rby

2(,%) =D xigi(t,x) =x"g(t,x).
i=1

Theorem 1 Let the vector function u : T — R™ be a solution of the initial value
m

problem for the selection system (1), (2) with > u;(to) > 0. Put
i=1

wi )

N(@) =D i), X = Fo

i=1

i=1,2,...,m.

Then there are rd-continuous and positively regressive functions f; : T x S, — R,
i =1,2,...,m such that the vector function x solves the dynamic equations

P =x (i) fi,x), i=12...,m. 3)

Proof First note that the functions x; are non-negative according to Proposition 1
and they satisfy
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hence, x € §;,. The linearity of the Hilger derivative operator yields
m m m
NA=>"ub =D ujrj), ie. N”=N+puN>=>D" u;(l+ urj@w).
j=1 j=1 j=1
Let the functions f; : T x S, be defined by the formulae
fit,x) = ri(N(t)x), i=1,2,...,m.
Then the functions f; are rd-continuous. Further,

L+ (@) fi(t,x) = 1+ n@ri (N@Ox) = 1+ w@)ri(u@) > 0,

hence the functions f; are positively regressive. Now, we have
A A m
u\NA  utN —u;N 1 u;
XA = (ﬁl) =t —— G = o | i@ —u; > 7]\; rj(u)

j=1
uj (Vi - I;\frj(u)>

wj(l+ prj)) j=1

T

Jj=1

)

" ri(Nx) — % Xjrj(Nx)
Xi j
=— (r,-(Nx) - ijrj(Nx)) =X m

> xj (14 prj(Nx)) Jj=1 L4+ > xjrj(Nx)
j=1 Jj=1

m
since > x; = 1. The proof is complete. O
Jj=1
The theorem suggests a form of a dynamic equation describing an evolution of
the community structure. We shall take an “autonomous form” of the Eq. (3).
Letf : R" — R" be an rd-continuous and positively regressive map. The dynamic
replicator equation is the vector equation with the components

XiA:Xi(fi(x)ef(x))’ i=1,2,...,n. 4

Further, assume that all of the functions f; are such that any initial value problem
for the Eq. (4) with the initial condition
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x(ty) = xo @)
possesses exactly one solution.

Proposition 2 Let the vector function x : T — R" be the solution of the problem
@), (5). If xi(ty) = O for an index i then x;(t) = O forallt € T. If xg € S, then
x(t) € S, forallt € T.

A simple consequence of the proposition is that xo € S, and xo € 95, imply
x(t) € S, and x(t) € 95, forall r € T, respectively.

Proof The first statement follows immediately from the assumed uniqueness of the
solution.

Let us observe now that the positive regressivity of the functions f; yields positive
regressivity of the function f on the set S,. Indeed, for any x € S, and t € T, we
have

L () F ) = D xi + () D xi fix) = D xi (14 () fi(x)) > 0.
i=1 i=1 i=1

Consequently, the functions f; © f are positively regressive on S,,, since

fi®) = ) _tu@fi®)
L+ @) fx) 1+,u(t)f(x)

(1)

In a similar way as in the previous proposition, we can show that x; (o) > 0 implies
xi(t) > Oforallt € T.
Letx be a solution of the Eq. (4) and define the function y : T — R by the formula
n
y() = > xi(t) — 1. Then

i=1

SN . < filr) - fx@)
i;x, 0 (/i) © Fx)) = lex O 6 780)

1

W (Z xi (1) fi (x (@) = f (x() le (,))

Fx@®) f (x(t))
=S 2 ; -yt
4 () 7 (x(0) ( ut )) T+ e iE0) "

[ef(t.x®)]y®).

yA(1)
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That is, the function y solves the linear homogeneous dynamic equation

yA=[ef(x®)]y

which yields y(t) = yo |:eef(x(~)) (t, to):|. Hence, if yop = 0 then y(¢) = 0 for all

n
t € T, cf. [1, Theorem 2.48]. Subsequently, if xo € S, then > x; () = 1 for all
i=1

t € T. That is, the second statement of the proposition holds. O

Proposition 2 enables one to interpret the solution of the Eq.(4) as an evolution
of frequencies of some replicated—i.e. neither appearing nor vanishing—entities,
e.g. genes, memes or traits present in a population or in a community. For brevity,
we will use an accustomed terminology and call these entities “quasispecies”. Then,
the entries of vector x can be interpreted as frequencies of quasispecies forming a
biological community and the replicator equation (4) as a model of evolving structure
of it. The function f; expresses a fitness of the i th quasispecies and the fitness
depends on time and on structure of the community. Hence, the replicator equation
precises (or specifies) the basic tenet of Darwinism that the evolutionary success of
a (quasi)species depends on its fitness: the relative change of the i th quasispecies
frequency equals the regressive difference of its fitness and of the average one.

3 Equivalence of Selection and Replicator Systems

Now, we are ready to prove the main result of the paper: the statement that the dynamic
selection system and the replicator equation are in a certain sense equivalent.

Theorem 2 Let the vector function x : T — S, be the solution of the initial value
problem (4), (5) with the initial value xo € S;. Then there exist a time scale T,
one-to-one continuous maps ¢ : T — T, F : S, — (0, 00)*~ L and positively
regressive rd-functionsr; : T — Ri=1,2,...,n—1such thatF(x(t)) = u(go(t)),
where the vector function u : T— Ri_l is the solution of the problem (1), (2) with
m=n—1anduy = F(xp).

Proof Fory e S, define
Fy)=veRT! where v ==, i=12,....,n— L (6)

The map F is obviously continuous on S;. Summation of the previous equalities
gives
1-— 1

y n—1
n
Zvj:— Vi = , hence —:l—i—Zvj.
n .
j=1

Yn Y
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That is, the map F is invertible and y = F~!(») is given by the formulae

-1 -1

n—l n—1
Vi =vi 1+Zv,- L i=12...n—1, y,= 1+Zv,- (D
j=I j=I

Let ¢ : T — R be defined by the integral

t

o(t) = / xn(s) As ®)

4]

and put T= {o(t) : t € T}. Since x,(¢) > 0 for all # € T, the function ¢ is strictly
increasing and, consequently, ¢ : T — T is bijection. The properties of the time
scale integral imply that the function ¢ is rd-continuous. Hence, the set T is a time
scale.

The graininess & of the time scale Tis given by

o(t) t o(t)

w(t) =i (w‘l(t)) = / X (s)As —/xn(S)As = / Xn($)As = p()x, (1),
t

Iy fo

or briefly
L= uUx,. 9

Let the functionsu; : T — R,i = 1,2,...,n—1satisfy u(t) = F(x(w_l(t))),
i.e.

. —1
u,»(r):M i=1.2.. . .n—1. (10)

Xn (fﬂ_l (T)) ’

Let g : T — R be a differentiable function. For clarity, we denote the Hilger
derivative on the time scale T by the symbol 2. The chain rule [1, Theorem 1.93]
yields

(g o™ (1) = g% (p(0) 9 (1) = x, ()™ (0(1)),
that is, for T € T we have

. i1
(go @)A(w_l(T)), briefly g% = —g”.

Ay
§7 (= Xn (90_1(7)) Xn
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Now, we can calculate

: . [i@) = f@)  fu@) = f@x)  filx) — ful®)
i © — \Un S] = — + = = =
(fime f®) - (frxo fx) T a7 ® 7o i

xg (1 1 @) = % (14 1 (a0 © F®) ) (1 4+ 17 0) = 51 + 1 00),

and, subsequently according to (10), we have

u- = —
Xn \Xn

_ X fi) = fu®)
X 2 (14 f1f ()

i1 (ﬁ)A_ixiAxn—xian _x (fiwefw) -~ (v e fw)

Xn XnXg Xn x7

Denoting h;(x) = f;(x)/x, and considering (9) we obtain
A X hi) —h@)  hi(F@) = ha(F~ @)
i = X 1+ pxph, (x) i 1+ fthy (F~' ()
= ui[hi(F' @) © ha(F' @) .

where the “regressive minus” & is related to the time scale T. Hence, the relations
(7), (10) show that the functions r; : R’j__l — R,i=1,2,...,n— 1 defined by the
formulae

ri(w) = H;(w) © H,(u), where H;(u) = 1+Zuj fi(F~ ') 1
j=1

satisfy the statement of the theorem. O

We can reformulate the statement of Theorem 2—the systems (1) and (4) are
qualitatively equivalent; the term “qualitative equivalence” means that there is a
homeomorphism S; — (0, 00)"~! that maps orbits of one equation to the orbits of
the second one.

The proof of the theorem reveals that one can take the set

t
T = /x,,(s)As: teT
0]
as the time scale for the selection system (1) equivalent to the replicator equation

(4). Then, the maps F, ¢, and the functions r; are defined by equalities (6), (8),
and (11), respectively. The choice of x,, for the construction of the time scale T is
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not substantial, any other component of the vector function x solving the Eq. (4) is
applicable as well.

If the time scale T is discrete, i.e. u(f) > O for all + € T, then the replicator
equation (4) can be rewritten to the form

o 1+ufi
X, =X ————.
L4+ pfx)

In particular, if T = Z, the replicator equation takes the form

1+ fi(x()
i l = i —_— =, .
xi(t+1) =x;(t) 1 f(x(t))

The replicator equation with linear fitness functions f;, i.e. with the functions
n
j}(x):: :E:LHij ::(/\x%,
Jj=1

where A is a constant n X n matrix, is of a particular interest. It describes a game
dynamics and the matrix A can be interpreted as a payoff matrix, cf. [3]. The functions
fi are positively regressive if

—u(@) (Ax); <1, i=1,2,....,n
forall t € T, x € S,. The condition is satisfied for any time scale if the matrix A is

nonnegative; this constraint is not restrictive for payoff matrices at all.
The replicator equation with linear fitness functions takes the form

1

XA =y ((Ax),-exTAx), i=1,2,....n, (12)

and it is equivalent to the selection system

n—1 n—1

A .

up = u; E ajjuj +app, | © E AnjUj + app i=1,2,...,n—1.
j=1 j=1

Indeed, the term H; in the equality (11) takes the form

ui

n—1 n-1
Hi(w) = (HZM;)J%(F_I(”)): (”Z“J‘) A |
=1 j=1 L+ > uj tn=1

j=1 1
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n—1
= Za,]u] + ajp.
j=1

We have to keep in mind that the time scale for the dynamic replicator equation (12)
is different from the one for the dynamic selection system (13).

We finish with two corollaries of Theorem 2. The n x n matrix A with the entries
a;j is non-negative in both of them.

Corollary 1 (equivalence of replicator and Lotka-Volterra equations, [2]) The dif-
ferential replicator equation

i =i ((Ax); —xTAx), i=12,...n,
is qualitatively equivalent to the Lotka-Volterra differential system
w; =ui(c; —(Bx);), i=12...,n—1,

where ¢; = ajp — app, bij = ayj — a;j.

Corollary 2 There exists a strictly increasing sequence {ty} of reals such that the
difference replicator equation

x~(:+1)=M i=1,2 n
’ 1+x()TAx(r) o

is qualitatively equivalent to the difference equation

J

n—1
1+ (A'L'k)( ajjuj(tk) + ain
-1
ui (tey1) = -~ ui (i),
1+ (Afk)( anjuj(fk) + ann)
=1

i=12,...,n—1

J

There exists a strictly increasing sequence {t;} of reals such that the difference
equation

n—1

14+a;, + Z aijuj(r)
Jj=1
n—1

I+ au, + z anjuj(r)
j=1

wi(t+1) = wi(t), i=1,2,....,n—1,

is qualitatively equivalent to the difference replicator equation
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1+ (An) (Ax (1)),
1+ (An)x (1) TAx (1)

Xi (1) = =1,2,...,n.

Proof Multiplying the equation (13) by x and adding x; to the both sides of it, we
obtain

n—1
L+ p| 2 aijuj + ain

j=1

A
uj =u; + pup =u; -
1+ pu Zanjuj+ann
Jj=1

O
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Asymptotic Equivalence of Difference
Equations in Banach Space

Andrejs Reinfelds

Abstract Conjugacy technique is applied to analysis asymptotic equivalence of
nonautonomous linear and semilinear difference equations in Banach space.

1 Introduction

The well-known Levinson’s theorem [8] states that if the trivial solution of
x' = Ax (1)

is uniformly stable, where x € R”, and
o0
/|B(t)|dr < +00
0

then (1) and
x' = Ax + B(tH)x

are asymptotically equivalent.

There are many studies in the literature which deal with asymptotic equivalence
problem in the theory of differential equations, difference equations and equations
on time scale at n-dimensional space R". See in particular [1-11] and the references
citied therein.
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In the present paper asymptotical equivalence of linear and semilinear
nonautonomous difference equations is proved in Banach space. We prove that cor-
responding difference equations are conjugated and using this conjugacy we find
sufficient conditions for asymptotical equivalence.

Consider the following difference equations in Banach space E

x1(t+ 1) = Fi(t, x1(1)), (2)

x(t + 1) = Fa(t, x2(2)). (3)

Let us denote by x((-, s, x): [s, +00) — E and by x3(-, s, x): [s, +00) — E

the solutions of equations (2) and (3) satisfying the initial conditions x (s, s, x) = x
and x2(s, s, x) = x respectively.

Definition 1 Difference equations (2) and (3) are conjugate if there exists a home-
omorphism H (¢, -): E — E such that |H (¢, x)| |x|’1 is uniformly bounded and

H(t,x(t,s,x)) = xo(t,s, H(s, x)) fort >s.

Definition 2 Difference equations (2) and (3) are asymptotically equivalent, if there
exists a homeomorphism H (s, -): E — E it such that

lim (xp(t,s, H(s,x)) — x1(¢,s,x)) =0.
t—>—400

Let us consider linear and semilinear difference equation in Banach space

x(t+1)= A@®)x() + f(t,x(1)) “)

x(t+1) = A@Mx() (&)

where the map A(¢) : E — E is invertible. We will assume that map F': [s, +00) X
E — E satisfy the Lipschitz condition

|f@,x) = f, XD < y@®)lx —x
and (4) has the equilibrium point x = 0,
f@,0)=0.

Let X (¢, s) t, s € Z be the Cauchy evalutionary operator of (5), where X (s, s) = [
and [ identity operator.
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Our basic assumption is that

+00
®(s) =sup > |[X(r,i+ DI|IX3E r)|y@) <oo
e -
and
lim ®(s) =0.
s——+00
Remark 1 1f

|X(t,5)] <M < oo forallt,s € Z

then conditions (6) and (7) reduces to condition
+o0
z y (i) < oo.
i=s

Lemma 1 [fs is large enough, then the following estimate is valid

D(s)]x |

+00
DX i+ DIy OG5 0] = T—g

i=s
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(6)

(7

Proof The solution of (4) satisfying the initial condition x (s, s, x) = x fort > s is

given by the formula

t—1

x(t,s,x) = X(t,5)x + ZX(t, i+ 1) fa, x@,s,x)).

i=s

‘We have estimate

IX (s, 1+ DIy @Ix(@, s, x)| < |X(s, 1+ DIy @)X, s)lx].

t—1

+ X (s, t+ D]y @) Z X, 14+ D|y@I|xd,s, x)|.

i=s

Summing up for #’s with respect ¢ > s, we obtain

T T
DX (s, 4+ DIy @lx (@, 5,01 < D 1X(s, 1+ DIy (01X (¢, 9) x|

t=s t=s
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T t—1
+ D XG4 DIy ) DX @i+ DIy ()lxG, s, %)

t=s+1 i=s

T
< DX (s, 1+ DIy 01X (@, 9)]1x]

1=s

T T
+ D IX G i+ Dy @)t s, 0 D X @)X 1+ Dly@)

i=s t=i+1

+00
< D IX (s, 1+ DIy 0IX (@, 9)]1x]

r=s

T —+o00
+ DX (s, i+ Dy DIxG, 5,01 D 1X @)X (s, 1+ DIy ()
i=s t=s
Therefore
d = @ (s)|x|
§|X<s,i+ DIy @()lx(@, s, x)| < §|X<s,i+ DIy O, s.0] = =g

Let us note that

vl +o0 i . ) - | Xz, s)||x|
(s, 0| < 1X @) el + D] 1X (s, i+ DIy ()IxG. s, x)] ST -ox

i=s

O

2 Conjugacy of Difference Equations
Let us consider the following semilinear difference equations in Banach space E
xi(t+ 1) =AMx1 (1) + fi(t, x1(1) ®)

x(r+1) = AWM)x2(t) + f2(1, x2(2)) €))
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where

[fi(t,x) — fit, x| < y(@©)|x — x|
|2t x) = fo@t, x| < y(@)|x — x|

and
fit,00 =0, f2(,0)=0

Theorem 1 Let ®(s) < 1/2. Then difference equations (8) and (9) are conjugate.

Proof Consider the set of continuous maps

h(t,
M= | h: [s. +00) x E.E) | sup "D _

t,x x|

It is easy to see that 91 is a Banach space with the norm

h(t, x
il = sup 29 o

t,x x|

We will seek the map establishing the conjugacy of (8) and (9) in the form
Hi(t,x) = x + hi(¢, x). We examine the following functional equation

+00
hi(s.x) = > X(s.i + D(fii,x1(, 5, x))

i=s
— fa(, x1(, s, x) + hi (@, x1(, 5, %)) (10)
Let us consider the map hy — £ hy, hi € 9 defined by the equality
+00
Lhi(s,x) = D X(s,i + D(fiQ, x1(, 5, %))
i=s

— fali, x1(, s, x) + h1(i, x1(i, 5, X)))).

First we obtain

= 20 (s)|x|
20| < 2§|X(s,i+ Dly @, 0| < 75 =
Then [.Z(0)]| < lzf)qf‘&. Next we get
b
L Lhi(s.x) — L (s, 0] < =y

1 —®d(s)
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We get that the map & is a contraction and consequently the functional equation
(10) has a unique solution in 9.

+00
it x1 (6 s.0)) = D X (60 + D(fil 216, 5.0)) = f 21 s, 0) + by (316 s, x)))
i=t
t—1

=- ZX(I, i+ D16 x1G s, x) — 20 x1( s, %) + hi( xi (@ s, x))))
+oo
+ ZX(I, i+ DG X8, x) — 20, x1G s, x) + hi (G xi G s, X))
t—1

= X(t.i+ D faG,x1G, s, %)+ hi (i, x1 65, %))
—x1(t,5,x) + X, s)(x + hi(s, x)).
Consequently, we have

x1(t,s,x)+hi(t,x1(t,s,x)) = x2(t, 8, x + h1(s, x)).

Changing the roles of f] and f>, we prove in the same way the existence of /; that
satisfies the equality

x2(t,8,x) 4+ ho(t, x2(t,8,x)) = x1(¢, 5, x + ha(s, x))
Designing Hi(t, x) = x + hi(t, x), Ha(t, x) = x + ha(t, x), we get

Hi(t, Hy(t, x2(t, 5, x))) =x2(t, 5, Hi (s, Hy(s, x))),
Hy(t, Hi(t, x1(t, s, x))) =x2(t, 5, Ha(s, Hi (s, x))).

Taking into account uniqueness of mappings Ha(t, Hi(t,-)) — id and H
(t, Hy(t,-)) — id in 91 we have H(t, H(t,-)) = id and H(t, Hy(t,-)) = id
and therefore Hj(t,-) is a homeomorphism establishing a conjugacy of the (8)
and (9). O

3 Asymptotic Equivalence of Difference Equations

Theorem 2 If
lim |X(¢,s)|®() =0 an
t—+00
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where
+00
®(s) =sup D |X(r.i + DX r)y() < oo
r=s
" i=r
and

i 0 =0

then difference equations (4) and (5) are asymptotically equivalent.

Proof Let fo(t,x) =0, f1(¢,x) = f(¢, x). Then Theorem 1 implies that
X, 8)(x + hi(s, x)) —x1(t,s,x) = h1(t, x1(z, 5, x)).

We have the estimate

+00
hi(t, xi (s, )| = | DX (@i 4+ D f G x1Gs 5, %))

i=t

+o00

ZIX(MHL DIy @) lx1 G, t, x1(z, 5, x))]
i=t

_ P00l SOIXE )l

T l=d@m T A=2@)d - ()

IA

It follows that difference equations (4) and (5) are asymptotically equivalent. O
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