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Abstract. In this study, replication of a period-doubling cascade in coupled systems with delay is rigorously
proved under certain assumptions, which guarantee the existence of bounded solutions and replication of
sensitivity. A novel definition for replication of sensitivity is utilized, in which the proximity of solutions is
considered in an interval instead of a single point. Examples with simulations supporting the theoretical
results concerning sensitivity and period-doubling cascade are provided.

1. Introduction

The occurrence of time delays is an issue that is crucial for nonlinear processes. In the case that
time delays are taken into consideration, delay differential equations can be utilized in modeling of such
processes. Infinite-dimensional dynamical systems can arise from delay differential equations [1, 2], and
such equations can exhibit chaotic behavior, even in scalar case [3, 4]. Delay differential equations are useful
in various fields such as neural networks, secure communication, robotics, economics, and lasers [5]-[9].
Some open problems concerning differential equations with delay can be found in the papers [10]-[12].
Another phenomenon that can be observed in dynamics of nonlinear systems is period-doubling cascade,
which is capable of giving rise to the emergence of chaos. Likewise systems with delay, the presence of
period-doubling cascades as well as chaos can be observed and have applications in a variety of scientific
areas [13]-[16].

We understand chaos as the presence of sensitivity, which can be considered as the main ingredient
of chaos [17]-[19], and infinitely many unstable periodic solutions in a compact region. Motivated by the
effective scientific roles of chaos and systems with delay, in the present study, we consider the replication of
period-doubling route to chaos in unidirectionally coupled systems in which the secondary system is with
delay. More precisely, we take into account the systems

x'(t) = F(t, x(t)) 1

and

y'(t) = Ay(t) + G(t, x(1), y(t — 1)) )
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where the functions F : R X R” — R"” and G : R x R” X R” — R" are continuous in all of their arguments,
all eigenvalues of the matrix A € R™" have negative real parts, and 7 is a positive number. Our purpose
is to rigorously prove that system (2) exhibits chaotic motions, provided that the same is true for system
(1) under certain conditions that will be mentioned in the next section. These assumptions are required in
order to verify the existence of bounded solutions and replication of sensitivity.

The existence of chaos in delay differential equations was demonstrated in the studies [3, 4, 20]. The
results of the papers [3, 4] are based on the Li-Yorke definition of chaos [21, 22]. Utilizing the results obtained
in their study [23], Lani-Wayda and Walther [20] constructed a delay differential equation possessing chaotic
behavior. On the other hand, global attractors for delay differential equations were investigated in [24, 25].
The global attractiveness of a three-dimensional compact invariant set of a differential equation modeling
a system governed by delayed positive feedback and instantaneous damping was shown by Krisztin and
Walther [24]. In addition to the presence of a global attractor in the dynamics of a differential equation
with state-dependent delay, one of its topological properties were investigated in [25]. Moreover, results
concerning periodic solutions of state-dependent delay differential equations were presented by Kuang
and Smith [26]. The technique provided in this study is different compared to the papers [3, 4, 20] such that
we take into account replication of sensitivity and period-doubling cascades in unidirectionally coupled
systems.

Regular inputs such as periodic, quasi-periodic, and almost periodic motions can lead to the formation
of outputs of the same types in dynamics of certain types of differential equations [27, 28]. The main idea
of our investigation is the usage of chaotic motions as inputs in systems with delay, and it is demonstrated
that chaotic outputs are obtained. The inputs are supplied from solutions of another system possessing
chaos. The reader is referred to the papers [29, 30] for some applications of input-output systems.

The foundations of chaos generation in systems of differential equations by means of perturbations and
impulsive actions were laid by Akhmet [31]-[33]. An answer to the question whether continuous chaotic
inputs generate chaotic outputs was given in the study [35] for systems without delay. It was rigorously
proved in [35] that under certain conditions chaotic dynamics of a system of differential equations can
be replicated by another system under unidirectional coupling between them. Chaos in the senses of
Devaney [34] and Li-Yorke [21] as well as period-doubling cascade were considered by Akhmet and Fen
[35]. Moreover, the study [36] was concerned with replication of period-doubling route to chaos in systems
with impulsive actions. Systems with delay were not taken into account in the studies [35, 36]. The main
novelty of the present research is the consideration of replication of chaos problem for systems with delay.
Due to the presence of delay, a novel definition for replication of sensitivity is provided and the contraction
mapping principle is utilized for its verification. The obtained results are valid for systems with arbitrary
high dimensions. The book [37] comprises some applications of the replication of chaos technique to neural
networks, economics, and weather dynamics.

In the literature, unidirectionally coupled chaotic systems have been considered within the scope of
synchronization [38]-[40]. In the case of identical systems, synchronization occurs when asymptotic prox-
imity of the states of the drive and response systems is valid [38]. For the presence of synchronization in
the dynamics of non-identical systems, the asymptotic proximity is considered with the help of a functional
relation, which determines the phase space trajectory of the response system from the trajectory of the
drive [39]. The approach utilized in this study is different from synchronization of chaos since the coupled
system (1)-(2) is not taken into account from the asymptotic point of view. For that reason, following the
terminology of paper [35], we call system (1) the generator and system (2) the replicator.

The rest of the paper is organized as follows. In the next section, preliminary results and conditions on
the coupled system (1)-(2), which are required for replication of sensitivity and the existence of unstable
periodic solutions, are provided. In Section 3, replication of sensitivity is theoretically investigated. Section
4, on the other hand, is concerned with replication of period-doubling cascade. Section 5 is devoted to
examples in which the Lorenz system [17] and Duffing equation [41] are utilized as generator systems.
Finally, some concluding remarks are given in Section 6.
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2. Preliminaries

Our main assumption on the generator system (1) is the existence of a nonempty set .o/ of all solutions
of the system that are uniformly bounded on R. In this case there exists a compact set A € R" such that
the trajectories of all solutions that belong to < lie inside A. We also assume that there exists a positive
number T such that

F(t+ T,x) = F(t, x)
and
G(t+T,x,y) =Gt xy) 3)

forallt € R, x € R", and y € R".

Since we suppose that all eigenvalues of the matrix A in the replicator system (2) have negative real
parts, there exist numbers K > 1 and w > 0 such that “eAt“ < Ke ™ forallt > 0.

Throughout the paper, we make use of the usual Euclidean norm for vectors and the spectral norm for
square matrices.

The following conditions are required.

(C1) There exists a positive number Lr such that ”F(t, X) — F(t,?c)“ <Lr Hx - ?” forallt e Rand x,x € A;
(C2) There exists a positive number L; such that ”G(t, x,y) — G(t, X, y)” > 14 ||x - J?” forallt € R, x,x € A,

and y € R

(C3) There exists a positive number L, such that ”G(t, x,y) — G(t,x, y)” <L, ”x - ﬂl forallt € R, x,x € A,
and y € R";

(C4) There exists a positive number L3 such that ||G(t, x,y) — G(t, x,g})” <Ij ||y - ?“ forallteR,x € A, and
v,y R

(C5) There exists a positive number Mg such that  sup ||G(t, X, y)H < Mg;

teR,xe\,yeR"
(C6) w —2KLze®"/? > 0.

For the existence and uniqueness of the bounded solutions of system (2), the conditions (C4) and (C5)
are utilized. Conditions (C1), (C3), (C4), and (C6), on the other hand, are required to show the proximity of
the bounded solutions of (2) on a closed interval with length 7 in the verification of replication of sensitivity.
Moreover, the condition (C2) is used in the replication of sensitivity to show the divergence of the bounded
solutions, and the condition (C6) is required also in their global exponential stability.

Suppose that the conditions (C4), (C5) hold. For a fixed solution x € 27 of system (1), it can be verified
that a function y(t) which is bounded on the whole real axis is a solution of system (2) if and only if the
integral equation

y(t) = f eAIG(s, x(s), y(s — 1))ds

is satisfied. Denote by ¢ the set of continuous functions ¢ : R — R" with ”qo”oo < My, where
il = sup ool
teR

and

K
Mo = M 4)
w

Let us define the operator I' on ¢ through the equation

t
Top(t) = f eA9IG(s, x(s), p(s — 7))ds.
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If ¢ is a function in ¥, then one can confirm that Hl"(p”w < My, which yields I'(¥¢)) € €. Additionally, if ¢4,
KL
|Fq01 - FQDZHOO < 73 ||(p1 - (p2||oo. Therefore, if w — KLz > 0, then the operator I'is a

@2 belong to ¥, then

contraction. For that reason, if the conditions (C4), (C5) hold and the inequality w — KL3 > 0 is valid, then
for each fixed solution x € &7 of system (1), there exists a unique solution ¢, of system (2) which is bounded
on the whole real axis such that

sup ”d)x(t)“ <My
teR

and

t

Ox(t) = f eA9IG(s, x(s), Pu(s — T))ds. (5)

—00

It is worth noting that the condition (C6) implies the inequality w — KL3 > 0. Moreover, if conditions
(C4)—(C6) are satisfied, then for each x € o/ the bounded solution ¢,(t) of system (2) is globally exponentially
stable [42].

To investigate the replication of sensitivity theoretically, we introduce the set of uniformly bounded
functions

Z={pult) : xe . (6)

There is a one-to-one correspondence between the sets &/ and % under the condition (C2). In other words,
for each solution x € </ of generator (1) there exists a unique bounded solution ¢, € % of replicator (2),
and vice versa.

3. Replication of Sensitivity
The definition of sensitivity for system (1) is as follows.

Definition 3.1. [35]. System (1) is called sensitive if there exist positive numbers €y and A such that for an arbitrary
positive number Oy and for each x € <, there exist X € o/, to € R, and an interval | C [to, oo) with a length no less
than A such that ||x(t0) - i(to)” < g and “x(t) - E(t)” > e forallte].

The next definition is concerned with the replication of sensitivity by systems with delay.

Definition 3.2. System (2) replicates the sensitivity of system (1) if there exist positive numbers €, and A such
that for an arbitrary positive number 01 and for each bounded solution ¢, € 9B, there exist a bounded solution
¢z € B, ty € R, and an interval | C [ty, 0o) with a length no less than A such that  sup Hgi)x(t) - cp;(t)” < 61 and

te[to—1,to]

l:(5) = p(t]| > €1 forall t € T.

The main result of the present section is provided in the next theorem. In the proof of the theorem,
first of all, utilizing the initial proximity of two solutions of system (1) in &/ we estimate the distance
between them backward in time. Then, this estimation is used to verify the initial proximity of the bounded
solution of system (2) on an interval of length 7 by means of the contraction mapping principle. Finally, an
equicontinuous family of functions is constructed based on the equicontinuity of both </ and the bounded
solutions of system (2), and it is useful for verifying the divergence of the bounded solutions of (2). The

provided proof technique makes it possible to determine the numbers €; and A mentioned in Definition 3.2.

Theorem 3.3. Assume that the conditions (C1) — (C6) are valid. If system (1) is sensitive, then system (2) replicates
the sensitivity of (1).
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Proof. Fix an arbitrary positive number §; and a bounded solution ¢, € % of system (2). Let us denote

ZKM()O.)

= 7
' w0 = 2KLgew? @)
where M) is the number defined by (4), and
KL,
Re= 0ok ®

The numbers R; and R; are positive by condition (C6). Suppose that 5y = y&1e”N'*, where y is a positive
number such that

VSR 4R )
and N is a positive number satisfying the inequality

N>’c+£ln(1 ) (10)

w  \yd
Since system (1) is sensitive, there exist positive numbers €y and A such that

(ko) = X(to)]| < 00 (11)
and

|[x(®) = %(t)|| > €0, t €, (12)

for some x € 7, t) € R, and for some interval | C [t, o) with a length no less than A.
Making use of the relation

t
X(£) = x(t) = x(to) = x(fo) + f (E(s, x(s)) = F(s, x(s))) ds
£

it can be verified for t € [ty — N, fp] that

t
|l = )| < ||x(to) — x(to)|| + ‘ fLF |[x(s) = %(s)|| ds,

Applying the Gronwall-Bellman inequality [43] we obtain that

|l = x(t)|| < ||x(to) — X(to)|| €7, £ € [ty — N, to].

Therefore, ||x(t) — J_c(t)” < yb1 fort € [ty — N, t] in accordance with the inequality (11).
One can confirm that the function () = ¢.(t) — ¢x(t) is a solution of the system

Y'(t) = AY(t) + G(t, x(t), P(t — T) + pz(t — 1)) — G(t, X(t), P=(t — 1)) (13)
Accordingly, the equation

Pty = e (gt — N) - dlto - N))

t

+ f M9 (G5, x(5), (s = 7) + s(s — 7)) — G5, X(s), Pxls — 7)) ds

ty—N

is satisfied for t >ty — N.
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Let us denote by .7 the set of continuous functions () defined on R such that
[p®)|| < Rie N2 4 Ryysy (14)

for tp — N — 7 < t < ty, where the numbers R; and R; are respectively defined by the equations (7) and (8),

and |||l < 2K{Mop + Mg in which ||¢| = sup ||¢(t)|| - Define an operator IT on .7 through the equation
® w ® teR

(;bx(t) - (;b?(t)/ t< tO - N/
AN (. (tg = N) = tx(to — N)

(o) :
b [ (Gls 9, 916 = 1)+ (s = ) - Gl 9, 05(s — D) s, £ 10~ N

to—N

First of all, we will show that I1(77°) C J#. Suppose that {(t) belongs to 7. If ty — N < t < ty, then it
can be obtained using inequality (14) that

@] < [l flonto = N) = patto - N

t
+ f e[ [|G(s, x(5), (s — T) + (s — 7)) — G5, x(5), Px(s — 1))|| ds

to—N

t
+ f 2| ||G(s, x(5), Px(s — 1)) — G(s, X(s), Px(s — 1)) ds
to—N

t
ZKMOefw(tfth) + f KLSefa)(tfs) (Rlefw(sfrftngN)/Z + R2V51> ds

to—N

IA

t

+ f KLz)/(Sle_w(t_s)dS
to—N

R wT/2 Kvo
< 2K (MO + L"’l—e)e—w—fow)/z + % (Ly + L3Ry)
W

— Rle—a)(t—to+N)/2 + RZ)/(SII

since equations (7) and (8) respectively imply that

— 1\

wT/2
2K (Mo + %)

and
K
— (L2 + L3Ry) = Ry.
w

Additionally, since 2Mj < R;, the inequality ”Hlp(t)“ < Rye~@t-to+N)/2 1 Ryy0; isalso valid for t(p—N -7 <
M
t <ty — N. On the other hand, it can be confirmed that Hl‘hp”o0 <2K (Mo + f) Thus, I[T(#) C .
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Now, our purpose is to verify that the operator I1is a contraction. Let ¢1(¢) and ¢»(t) be functions that
belong to 7. The inequality

t

||H‘:b1(t)—nl/)2(t)|| < fHeA(t—s)

|G(s, x(s), 1(s = 7) + (s — 7))

to—N

— G(s,x(s), Y2(s — T) + Px(s — 7))||ds
KL —w(t—to+
(1= ) g =y

is valid for t > ty — N. Moreover,

Iy (t) — Ty (t)|| = 0 for ¢ < o — N. Hence,
KL
1 = 1|, < === {ly1 = y2]|..,

KL
and the operator I1is a contraction since the inequality 73 < 1 holds by condition (C6).

According to the uniqueness of solutions of system (13), the function (t) = ¢(t) — ¢=z(t) is the unique
fixed point of the operator I1. Let us denote

Px(t) = Px(t), t <to =N,

Po(t) =
M)ty = N) = Gxlto ~ N)), £ 2 to = N,

which belongs to .7#. The sequence of functions {x(f)}, where y1(t) = ITyn(f), k = 0,1,2,..., converges to
¢x(t) — dx(t) on R. Thus,

”(Px(f) - ¢§(f)|| < Rye @0 N2 4 Ry
for tp — N — 1 < t < tp. Using the inequalities (9) and (10), one can confirm for ty — 7 < t < f that
[[px(B) = =(t)]| < Rie™CT N2 + Ryysy < (Ry + Ro)ydy < 61
Hence, we have sup ||qu(t) - q);(t)” < 01.
te[to—1,to] —_
Next, we will show the existence of positive numbers €; and A such that ||¢x(t) - ¢;(t)‘ ( > ¢ forallt €],

where Tc [to, 00) is an interval with length A.

Let Mr = sup |[[F(t,x)||l. Both of the sets &/ and %, = {qu(t —T7): x€A } are equicontinuous families
teR,xeA

on R since sup [|x'(#)|| < Mf and sup |
teR teR

oyt — T)” < |IAll My + Mg for each solution x € &7 of system (1).

Suppose that G(t,x,y) = (Gi(t,x,y),Gao(t, x,y),...,Gu(t, x,y)), where Gi(t,x,y), i = 1,2,...,n, are real
valued functions. Let us denote Ag = {y eR": HyH < MO} and define the function G : RX AX A X Ay — R"
by E(t, x1,%2,Y) = G(t,x1,y) — G(t,x2, ). Due to the periodicity of the function G(t,x, y) in ¢, the function
a(t, X1, X2, ) is uniformly continuous on R X A X A X Aq. Therefore, the set of functions

F = {Gilt, x(t), ¢u(t = 1) = Gi(t, X(t), pu(t = 7)) : 1S i<, x,X € 7

is an equicontinuous family on R. Thus, there exists a positive number & < A, which is independent of the
functions x(t) and x(t), such that for each 1, t, € R with |[t; — #;| < &, the inequality

| (Gi(tl,x(fl)r¢x(t1 = 7)) = Gi(t1, x(t1), px(t1 — T)))
L1€0

— (Gilta, x(t2), Palts = 1)) = Gilta, F(t2), Palta — 1)) | < e (15)
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holds foreachi=1,2,...,n.
Let us denote by 1 the midpoint of the interval | and set & = 7—&£/2. There exists an integer jo, 1 < jo < n,
such that

G, (1,2, (1 = ) = G (1, 50), b = D)
> 2= [l6(nxm.9:0-0) G (1.5, g1t - o)

We obtain by means of the condition (C2) and inequality (12) that

G, (1., 941 = ) = Gy, (.50, 620~ )| 2 % ) - )| > Ll—v‘;’

One can confirm in accordance with inequality (15) that

G (6308, 9t = 1)) = G (1 0), 9t~ )

> G (1,500, 9101 = ) - G (0 F) 60 - 0)] - 2
L1€0

forallt € [a,a+ &].
There exist numbers s; € [a, a + &], k= 1,2,...,n, such that

a+é

f (G5, x(5), Pxls = 1)) = Gls, X(5), (s — 7)) ds

a+é 2.1/2

= [ ( f(Gk(s, x(5), Px(s — 1)) — Gi(s, X(8), Px(s — T))) ds) ]

1/2

= cf[ (Gk(sk/ x(sk), Px(sk — 7)) — Gr(s, X(sk), Px(sx — T)))z]
=1

Therefore, the inequality (16) yields

a+é&

f (G5, x(5), Puls = 1)) = Gls, X(s), els — 1)) ) ds

> |Gy (50, X(5), Px(5)y = T)) = Gy (5, X()y), Px(5)y — 7))
EL1€g
24n

Utilizing the equation

>

t

6= 65() = (@)= @) + [ A(9x(9) - 9x(6) s
t

[ (666,309 0(5 = 1) = Gls 66, 45— 1) s

a
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it can be deduced that
a+é&

f (G5, x(5), Px(s = 1)) — G(s, X(5), (s — 7)) ds

\%

[pxla + &) = e + &)

~éx(@) - dx@)] - f AN [[94(5) — b5(6)]| ds

a+é
- f 1G5, ), bxls — ) — G(s, T(5), (s — 1) ds

¢Ligg e
yn - A el ety max o0 - gx0]).
Hence,

ELieg
22+ ENA| + ELs)

Suppose that _max _[|¢x(t) = ¢=(8)]| = [[fx(2) - é<(1)

max lox(t) = ()| >

tela—T,a+

,Wherea — 7 < A < a+ &. Let us denote

_ EL1€p
42+ EAll+ ELs) Vn

€1

and

EL1€g

A= :
4(IAIIMo + M) (2 + ENlAIl + ELs) Vn

Forte I where Tz [/\ - A2, + Z/2], we have that

t
ox® - o0l = [ou) - )] - f AN [+(6) - dx(5)] s
A

t
f 1G5, (), bxs — 1)) — G(s, T(5), (s — 1) s
A

S ELi€g
22+ EAll+ ELs) Vn

— A(IIAl| Mo + Mg).

Thus, ||¢«(t) - (1);(1‘)” > ¢ forallte T Consequently, system (2) replicates the sensitivity of system (1). O

It is worth noting that if an autonomous system is utilized instead of the non-autonomous system (1) as
the generator, then the result obtained in Theorem 3.3 is also valid with the counterpart of condition (C1).
This is illustrated in the first example provided in Section 5.

The next section is devoted to the replication of period-doubling cascade.

4. Replication of Period-Doubling Cascade

Let us consider the system

xX'(t) = H(t, x(t), ), (17)
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where i is a real parameter and the function H : R X R” X R — R, which is continuous in all of its
arguments, satisfies the equation H(t + T, x, u) = H(t,x, u) for all t € R, x € R", and p € R. We suppose
that there exists a finite value i, of the parameter p such that the function F(t, x) on the right-hand side of
system (1) is equal to H(¢, x, o).

System (1) is said to admit a period-doubling cascade [44—46] if there exists a sequence { i j}, Ui = Hoo as
j — oo, of period-doubling bifurcation values such that system (17) undergoes a period-doubling bifurcation
as the parameter p increases or decreases through each yj, i.e., for each j € IN a new stable periodic solution
with period pp2/T appears in the dynamics of (17) for some positive integer po, and the preceding po2/~'T-
periodic solution loses its stability. Therefore, at the parameter value y = . there exist infinitely many
unstable periodic solutions of system (17), and hence of system (1), all lying in a bounded region.

We say that system (2) replicates the period-doubling cascade of system (1) if for each periodic solution
x € @/ of (1) system (2) admits a periodic solution with the same period.

The one-to-one correspondence between the periodic solutions of systems (1) and (2) is mentioned in
the following lemma.

Lemma 4.1. Suppose that the conditions (C2), (C4), (C5) hold and w — KLz > 0. Then x € < is a koT-periodic
solution of the generator system (1) for some positive integer ko if and only if the bounded solution ¢y € X of the
replicator system (2) is ko T-periodic.

Proof. First suppose that x € ./ is a kyT-periodic solution of the generator system (1). Using the integral
equation (5) we obtain that

[Pt +koT) = dat)|

IA

f G, x(5), als + koT = 1)) = G5, x(6), (s = D) ds

KL;

@

IA

stullg [Pt + ko T) — a2

The last inequality implies that sup “(1),((1‘ +koT) - gbx(t)” = 0. Thus, ¢«(t) is koT-periodic.
teR

Conversely, let us assume that ¢, € % is koT-periodic. Then we have
G(t, x(t), px(t = 1)) = G(t, x(t + ko T), Px(t = 7))

for all t € R. Using the last equation and condition (C2), one can confirm that x € &7 is kyT-periodic. O

It is worth noting that if x € &/ is an unstable periodic solution of system (1), then the periodic solution
(x, px) € o X 2 of the coupled system (1)-(2) is also unstable.

The following theorem can be proved by using Lemma 4.1.

Theorem 4.2. Suppose that the conditions (C1) — (C6) hold. If system (1) admits a period-doubling cascade, then
system (2) replicates the period-doubling cascade of (1).

The result of Theorem 4.2 is also valid in the case that the generator system is an autonomous one with
the counterpart of condition (C1) and the periods of its periodic solutions appearing in the cascade and the
number T satisfying (3) are commensurable.

A corollary of Theorem 4.2 is as follows.

Corollary 4.3. Suppose that the conditions (C1) — (C6) hold. If system (1) admits a period-doubling cascade, then
the same is true for the coupled system (1)-(2).

Itis worth noting that the coupled system (1)-(2) possesses exactly the same sequence of period-doubling
bifurcation values with the generator system (1) under the conditions of Theorem 4.2. For that reason the
Feigenbaum universality [44] holds also for the coupled system (1)-(2) provided that it is valid for (1).
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5. Examples

Twoillustrative examples that support the theoretical results are provided in this section. The replication
of sensitivity is discussed in the first example, and the second one is concerned with replication of period-
doubling route to chaos.

5.1. Example 1

Let us consider the Lorenz system [17, 47]

x1(f) = =101 (f) + 10x2(¢)
xy(t) = =x1(H)xs(t) + 28x1(t) — x2(t) (18)

%) = xa(ta) - 33500

It was demonstrated by Tucker [48] that system (18) admits a chaotic attractor.
In this example, we use the Lorenz system (18) as the generator, and as the replicator we take into
account the system

yi(H) = =4.5y1(t) + 0.3 tanh(y,(t — 0.25)) + 1.7x;(t)
yo(f) = =2.8y»(t) + 0.4 sin(y; (t — 0.25)) — 1.5x5(t) (19)
y5(t) = =3.6y3(t) + 0.8x3(t) + 0.1 cost,

where (x1(t), x2(t), x3()) is a solution of system (18).
System (19) is in the form of (2) with

A = diag(-4.5,-2.8,-3.6),

G(t, x1,x2,x3, Y1, Y2, y3) = (0.3 tanh Y2 +1.7x1,0.4 sin y; — 1.5x,0.8x3 + 0.1 cos 1),

and 7 = 0.25.

The conditions of Theorem 3.3 are satisfied for the coupled system (18)-(19) withK =1, w = 2.8,L; = 0.5,
L, =1.7, L3 = 0.4, and accordingly, system (19) replicates the sensitivity of the Lorenz system (18).

In order to illustrate the replication of sensitivity, we depict in Figure 1 the trajectories of two initially
nearby solutions of system (19) in which initially nearby solutions of (18) that eventually diverge are
utilized. Let us consider the constant functions uy(t) = —1.06, ux(t) = 3.28, us(t) = 4.36, v1(t) = —1.04,
0o(t) = 3.26, and v3(t) = 4.37. Using the solution (x;(t), x2(t), x3(t)) of (18) with x1(0) = 7.93, x,(0) = 2.41,
x3(0) = 33.05 in (19), we obtain the trajectory shown in blue corresponding to the initial data y;(f) = u1(#),
Y2 (t) = ux(t), ya(t) = us(t), t € [-0.25,0]. On the other hand, the trajectory in red represents the solution of (19)
corresponding to y1(t) = v1(t), y2(t) = va(t), ys(t) = vs(t), t € [-0.25, 0], when the solution (x1(t), x2(t), x3(t)) of
(18) with x1(0) = 7.97, x2(0) = 2.36, x3(0) = 33.09 is utilized in (19). The time interval [0, 3.18] is used in the
simulation. Figure 1 confirms the result of Theorem 3.3 such that the trajectories in blue and red eventually
diverge even if they are nearby on the interval [-0.25, 0].
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-20 40

Figure 1: Replication of sensitivity by system (19). The figure supports the result of Theorem 3.3 such that two trajectories of the
replicator system (19) which are nearby on the interval [-0.25, 0] eventually diverge.

Next, to demonstrate the chaotic behavior of system (19), using the solution (x;(t), x2(t), x3(t)) of (18)
with x1(0) = 7.93, x5(0) = 2.41, x3(0) = 33.05 one more time, we represent in Figure 2 the time series of the
y1-coordinate of (19) corresponding to the initial data y1(t) = u1(t), y2(t) = ua(t), y3(t) = us(t) for t € [-0.25,0].
The irregularity seen in Figure 2 manifests the replication of chaos.

‘4 Il Il Il Il Il Il Il
0 10 20 30 40 50 60 70 80
t

Figure 2: Time series of the y;-coordinate of the coupled system (18)-(19). The figure reveals the chaotic behavior in the dynamics of
the replicator system (19).

5.2. Example 2
Let us take into account the Duffing equation
X (t) +0.3x(t) + x°(t) = p cost, (20)

where p is a parameter. It was shown by Sato et al. [41] that equation (20) displays period-doubling
bifurcations and leads to chaos at p = ple, = 40.
Using the new variables x1(t) = x(t) and x(t) = x’(t), equation (20) can be rewritten as the system

xj () = xa(t)
x5(t) = =0.3x2(t) — x%(t) + L cost. (21)
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One can confirm that the chaotic attractor of system (21) with y = p. takes place inside the compact
region

A={(x,x) € R2: 1| <55, |x <14}
Next, we consider the system with delay

vi(t) = =2y1(H) + ya(t) + 1.3x1(t) — 0.06x3(t) + 0.1sin ¢
Y5(t) = =0.5y1(f) = 3y (t) + 0.14 arctan(y; (t — 0.15)) + 0.9x2(t), (22)

where (x1(t), x2(t)) is a solution of system (21). The system (21)-(22) is a unidirectionally coupled one in
which (21) is the generator and (22) is the replicator.
Systems (21) and (22) are respectively in the forms of (1) and (2), where

-2 1
F(t,x1,x2) = (X2, —0.3x; — xi) + pcos t)’ A= (—0.5 —3)'

G(t,x1,%2, Y1, ¥2) = (1331 = 0.06x3 +0.1sint,0.14 arctan y; +0.9x2),

1 1
and 7 = 0.15. The eigenvalues of the matrix A are —g + ~iand i =i. Let us denote

2 2 2
0o 1
P :(0.5 —0.5)'

Using the equation

Al = p-5t2p COS(%) —sm(%) p-1
sin(é) cos(%) ’
it can be verified that |[e*|| < Ke™* for all t > 0, where K = ||P|| |[P~}|| ~ 2.618034 and @ = 2.5.
The conditions (C1)—(C6) are valid for systems (21) and (22) with Ly = 90.76, L1 = 0.452549, L, = 2.156757,
L; = 0.14, and Mg = 15.701095. According to our theoretical results, system (22) replicates the period-
doubling cascade of system (21), and the coupled system (21)-(22) is chaotic at the parameter value u = .
Figure 3 depicts the projections of periodic and irregular orbits of the coupled system (21)-(22) on the
y1 — y2 plane. The projections of period-1, period-2, and period-3 orbits are shown in Figure 3, (a), (b),
and (c), respectively. The values 31.7, 34.3, and 36.1 of the parameter u are respectively used in Figure 3,
(@), (b), and (c). Figure 3, (d), on the other hand, represents the projection of the irregular orbit for u = 40
corresponding to the initial data x1(f) = u1(t), x2(t) = ua(t), y1(t) = us(t), y2(t) = ua(t) for —0.15 < t < 0, where
ui(t) = 1.26, ux(t) = —=2.21, us(t) = 1.36, and uy(t) = —1.29 are constant functions. The time series of the
y2-coordinate of the solution of the coupled system (21)-(22) corresponding to the same initial data and the
same value of i that are utilized in Figure 3, (d) is shown in Figure 4. Figures 3 and 4 manifest that system
(22) replicates the period-doubling cascade of (21).

6. Conclusions

This paper is devoted to replication of chaos for unidirectionally coupled systems in which the replicator
is a system with delay. It is rigorously proved that the replicator exhibits dynamics similar to the one of
the generator system, which is the source of chaotic motions. The results are based on the replication of
sensitivity and the existence of infinitely many unstable periodic solutions in a compact region. Due to the
presence of delay, a novel definition as well as a more complicated proof for the replication of sensitivity are
provided compared to the paper [35]. Using the technique presented in this paper it is possible to obtain
high dimensional systems with delay which possess chaotic motions. The obtained theoretical results may
be applied to various fields such as neural networks, secure communication, robotics, economics, and lasers
in which dynamics are described through differential equations with delay [5]-[9].
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Figure 3: Projections of periodic and irregular orbits of the coupled system (21)-(22) on the y; — y» plane. (a) Period-1 orbit. (b)
Period-2 orbit. (c) Period-4 orbit. (d) Irregular orbit. The values 31.7, 34.3, 36.1, and 40 of the parameter u are respectively used in (a),
(b), (c), and (d). The figure reveals the replication of period-doubling route to chaos.

0 20 40 60 80 100 120

Figure 4: Irregular behavior in the dynamics of the replicator system (22). The figure shows the time series of the y,-coordinate of
the coupled system (21)-(22) with p = 40 corresponding to the initial data x1(t) = uy(t), x2(t) = ua(t), y1(t) = usz(t), y2(t) = ua(t) for
—0.15 < t < 0, where u(t) = 1.26, up(t) = —=2.21, uz(t) = 1.36, and u4(f) = —1.29.
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