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Abstract

The aim of this article is to introduce the distributed-order hyperchaotic detuned (DOHD) laser
model. Its dissipative dynamics, invariance, fixed points (FPs) and their stability are investigated.
Numerical solutions of the DOHD laser model are computed using the modified Predictor-Corrector
approach. Its viscoelasticity is described by the so-called DO derivative, allowing for the study of
different technical systems and materials, and the model is found to have a whole circle of FPs as a
hyperchaotic attractor. We discuss the coexistence of more attractors under various initial conditions
and the same sets of parameters for our model (multistability). We also introduce the notion of dual
combination synchronization (DCS), using four integer-order drive models and two DO response
models. A theorem is stated and proved to obtain an analytical control function that ensures DCS for
our models. Numerical simulations are presented to support these analytical results. Regarding the
use of the well-known Caputo derivative, the results are very similar to those of DO, except when the
Caputo order, 0 < ¢ > 1, is very close to 1, where the dynamics shows a "spiralling behavior" towards
a fixed point. In all other cases, both Caputo and DO exhibit a very similar behavior.

Keywords: fractional derivatives; distributed derivatives; hyperchaotic; detuned laser; multistability;
synchronization

1. Introduction

The distributed-order (DO) fractional calculus was discussed for the first time in 1969 in [1]. It
was argued then that the DO derivative is a generalization of fractional and integer-order derivatives.
Caputo and others, in [2-7] developed what they called the DO calculus. DO differential equations
have several uses in the fields of secure communication, image encryption, physics, and circuit imple-
mentation [8-11]. Aboelenen [12] proposed a local discontinuous Galerkin finite element approach for
DO time, Riesz space-fractional convection-diffusion, and Schrodinger-type problems. In [13], chaos
synchronization of the DO Lorenz model using chaotic masking are presented. Secure communications
using DO hyperchaotic masking for a text that consists of symbols, spaces, numbers and alphabets
are examined in [8]. Abed-Elhameed et. al [11] introduced a scheme for image encryption based on
adaptive synchronization.

The authors of [14] proposed the complex detuned lasers model as follows:

1n=av—a(l—ic)u,
0= (d—w)u—(1+ic)o, (1.1)
W = —bw + 3 (v + uo),

where, u = w1 + iwp, v = wy3 + 1w, i = vV —1, w = wys, the positive real parameters are 4, b, c,
and d, the complex conjugate variable is denoted by (.=.) and the time derivatives are represented by
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dots. The state variables w, v, and u in a ring laser system of two-level atoms are related to population
inversion, polarization, and electric field amplitude, respectively, as illustrated in [15]. The dynamics
and synchronization characteristics of complex detuned lasers (1.1) were investigated by Mahmoud
et al. [16], and in this 5-dimensional model [16] only chaotic attractors were found to exist . A new
version of (1.1) which represents a 6-dimensional hyperchaotic model was studied in [17], where
w = wi5 + iwye. Using a novel image cryptosystem for high security, Li et al. [18] discussed the
7-dimensional fractional-order hyperchaotic detuned laser model.
The real form of (1.1) is written as:

w1y = a(wyz — wiq) — abwyy,
w1y = a(wyy — wip) + abwyy,

w3 = (¢ — Wis)Wiq + WiaWip — W3, (1.2)
w14 = (. — Wi5)Wip — Wi3W12 — Wia,
W15 = —dwis + W1 w3 + WiW14,

where, w11, w12, w13, w14 and wq5 are real state variables.
Based on the model (1.2), the fractional-order detuned laser model can be written as:

CD%wyy = a(wiz — wiy) — abwyy,

CD%wip = a(wis — wip) + abwyy,

CDwy3 = (c — wis) w1 + Wigwip — W13, (1.3)
CDwyy = (c — wis) w1z — Wizwip — Wia,

CDwys = —dwis + wiwiz + wiawia,

where, €D stands for the Caputo fractional derivative (0 < ¢ < 1) [1], wyj € R, j=12,.,5anda,b,c
and d are the real parameters of model (1.3).

In this paper, we focus on what we call the distributed-order hyperchaotic detuned (DOHD) laser
model, given as follows:

D¥@wyy = a(wy3 — wiy) — abwiy,

D¥Owip = a(ws — wip) + abwiy,

D¥@wi3 = (c — wis)wiy + wigwip — Wiz, (1.4)
D¥@wyy = (c — wys)win — wizwip — Wia,

DY@ w5 = —dwys + wi1w13 + wipwia,

Extreme multistability and multistability phenomena have recently become very important in the
study of chaotic models. Indeed, multistability frequently appears in nonlinear dynamical systems and
denotes the presence of multiple attractors for the same set of model parameters [19]. Additionally,
this phenomenon is often referred to as extreme multistability when an infinite number of attractors
coexist for the same set of model parameters [20]. An enhanced two stable node-foci example of Chua’s
circuit was investigated and the model’s multistability was examined in [21]. In [22], coexisting chaotic
attractors, as well as periodic and point attractors were studied in a new 4D smooth chaotic model.
Chen [23] discovered many kinds of coexisting behaviors, such as coexisting chaotic and periodic
attractors, chaotic attractors and singular degenerate heteroclinic cycles, different kinds of periodic
attractors, as well as periodic attractors and singular degenerate heteroclinic cycles. Moreover, the
phenomenon of extreme multistability, with an infinite number of hidden attractors was investigated
in a novel memristive hyperchaotic model in [24]. Mengxin et al. [25] also observed the phenomenon
of extreme multistability in a complex simplified Lorenz model with integer-order derivatives. Finally,
a logarithmic memcapacitor model was comprehensively investigated with coexisting attractors and
multistable coexisting oscillations in [26].
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The synchronization of hyperchaotic (or chaotic) models is an essential branch of nonlinear
dynamics research. It has been thoroughly studied in a number of areas, such as circuit implementa-
tion [11], neural networks [27], color image encryption [9] and secure communications [8]. Many types
of synchronization, including complete synchronization [7], projective synchronization [27], adaptive
synchronization [11] and generalization of combination synchronization [9] were investigated for DO
models. A scheme to examine the generalization of combination-combination synchronization among
two fractional-order and two DO hyperchaotic models was introduced in [28].

In this article, we present the dynamics and numerical solutions of the DOHD laser model (1.4)
for the first time. The coexistence of several attractors with the same parameter set but different
initial conditions is investigated, while we also study the dual combination synchronization (DCS)
for integer and DO hyperchaotic models. Other types of synchronization can also be studied, as
particular cases of the suggested DCS phenomenon, as noted in literature. Here, using the tracking
control technique [29], we present schemes for the DCS with four drive and two response integer
and distributed-order models, respectively. To derive analytical formulas for control functions, we
formulate and prove a new theorem. A particular case is provided to demonstrate how well the
numerical and analytical results agree with each other. To this end, we applied here the modified
Predictor-Corrector approach [7] to obtain our numerical results.

The format of this article is as follows: A preliminary introduction and an application of the
Caputo fractional derivative to our model are given in Sections 2 and 3 respectively. Next, the
dynamical properties and Lyapunov exponents (LEs) of the proposed model (1.4) are calculated in
Section 4. Section 5 contains the numerical simulations of the multistability phenomenon for a model
with various coexisting attractors. A scheme to achieve the DCS using the tracking control technique is
investigated in Section 6. Furthermore, a particular case is provided to demonstrate the validity of the
generated analytical control functions. Our overall conclusions are described in the final section.

2. Application of the Caputo Fractional Derivative to the Model (1.3)

In this Section, we use the classical form of the Caputo derivative, as stated in eq. (1.3) of Section 3
and present results on their chaotic behavior in Figures 1 and 2 (see below). The reader is advised to
inspect these figures, in connection with their corresponding data, described in the subsection that
follows, and compare them with the results of the DO derivative presented in later sections of the

paper.
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Figure 1. Chaotic attractors for the fractional order detuned laser model (1.3) for (a,b,c,d,0) =
(10, 0.001, 41.3, 1.2, 0.99), (a) (w14, w12, w15) space.
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Figure 2. Chaotic attractors for the fractional order detuned laser model (1.3) for (a,b,c,d, o) =
(10,0.001,41.3,1.2,1), (@ (w14, w12, w15) Space.

2.1. Numerical Solutions of the Fractional-Order Detuned Laser Model (1.3)

The numerical solutions of the fractional-order detuned laser model (1.3) are computed applying
the Predictor-Corrector technique [30]. We calculated the LEs by a modified technique of the well-
known Wolf algorithm [31] implemented using a MATLAB software program. This model has five
LEsT;,i =1,...,5. The signs of these LEs give a useful characterization of the dynamics of this model’s
solutions [32]. For the following cases, we determined the LEs for an observation time 1000, sampling
size 0.001 and the initial conditions (w11, wyp, w13, w1s, w15) T (0) = (2,1,5,3,4)T, where T denotes the
transpose.

2.1.1. Solutions That Approach Fixed Points

For model (1.3), if we choose (a,b,c,d,0) = (10,0.001,41.3,1.2,0.92), we obtain the following
values of the LEs as: I'1 = —0.0001, I', = —1.3139, '3 = —1.3185, 'y = —16.0130 and I's = —16.0115.
These imply that the solution of model (1.3) approaches a stable fixed point in the 5-dimensional space
and indeed we find numerically that it does. The same holds true for ¢ = 0.95, 0.96.

2.1.2. Solutions That Approach a Chaotic Attractor

It is important, however, to note that for (a,b,¢,d) = (10,0.001,41.3,1.2) and ¢ = 0.97,0.98,0.99,
the Caputo derivative model (1.3) continues to have a chaotic attractor, as in the case ¢ = 1, see e.g.
Figure 1 and Figure 2. This is very interesting, as one might have expected that for all o < 1 values,
the dynamics would lead to a stable fixed point.

2.1.3. The Difference Between Caputo and DO Dynamics

We emphasize that the DO derivative studied here extends the property of the dynamics, beyond
the Caputo derivative, by integrating over all 0. Thus, as we describe below, it leads not only to stable
fixed points, but also to chaotic and hyperchaotic attractors.

3. Preliminaries

In this section, we provide definitions, lemmas and a theorem [1,7,33] for our analysis of the DO
derivative, which constitute the fundamental ideas of the paper.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Definition 1. [1] Forany r € N*, (r —1 < o < r). For the function w(t), the Caputo fractional derivative is
defined as follows:

Cop(s) — L o)
CDw(t) = r(r—a)/o Emeatl (3.1)

Definition 2. [33] The distributed derivative of any continuous function w(t) is:

r m
DY) (t) = / () D w(t)de ~ Y (07 C D% (t) Avj, (3.2)
r—1 ;
j=1
where, r —1 <o <r,0 =1y <11 < .Uy = 1,Avj =V—Vj1 = %,0']' = Vﬁ# = Zé—:nl,j =

1,2,...mmée N,

Theorem 3.1. [7] Assume that a dynamical system with DO on several terms of our fractional-order model is

given by:
£ p(0y)C D0 () vy = JF(w(1)) + F(w(1)), 63)
where, w € R" and let { (‘5’;5—;1) represent the eigenvalues of 5’51 ,if
; [f @) _ .
Lo el =

2 Jarg(G(—%2) > Bk =1,2,3,..,mi=123,.,m.

where, f contains the nonlinear terms of our model, ] is m x m constant matrix, d, € R™ " so that &y =
1,0 = IAviy(0y),j = 1,...,m, Ay = O — 1, 1 is the (m x m) identity matrix and (m + 1) is the
number of steps for o € [0,1). It follows that (3.3) has a zero solution that is asymptotically stable.

Lemma 3.1. [6] Assume that a Lyapunov function V (t,w(t)) exists that satisfies
rllwl|” < V(tw(t) < rllwl, (3.4)
DYV (t,w(t) < —r3fwl|”, (3.5)

wherea,b,r; > 0,i =1,2,3and ¢ € (0,1]. Thus, @ = 0 is Mittag-Leffler stable, where @ is a FP for
the DO model (3.3). If these assumptions hold globally on R", then @ is globally Mittag-Leffler stable.

Lemma 3.2. [6] Let w(t) € R" is differentiable function, then
%D’/’(”)wT(t)w(t) < W ()DYw(p), (3.6)

where, T denotes the transpose operation.

4. Analysis of the DOHD Laser Model (1.4)

In this section, we examine the dissipation, invariance, FPs, stability, and coexistence properties
of a hyperchaotic attractor of the DOHD laser model (1.4).

4.1. Invariance and Dissipation

Under the transformation (wq1, w1z, w13, W14, Wi5) — (—W1i1, —Wi2, —W13, —W14, W15), the model
(1.4) is symmetric, and w5 is the axis of rotational symmetry. The divergence of (1.4) is as follows:

5]

Wij _
awi]' -

V.F =

i

—(2a4d +2).
1

T

Consequently, we can conclude that our model (1.4) is dissipative when 2a +d +2 > 0.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.2. Fixed Points and Their Stability
First, the FPs of model (1.4) can be obtained as follows:

a(wiz — wy1) — abwyy =0,

a(wiy — wra) + abwy =0,

(¢ — wi5)wry + wigwyp — w13 =0, (4.1)
(¢ — wi5)wip — wizwp — w14 =0,

—dw1s + wiwys + wpwig = 0.

One solution of (1.4) is clearly Fy = (0,0,0,0,0), which is the trivial FP, while we also obtain a circle of
nontrivial FPs Fy as follows:

wy =rcosB, wip =rsinf, w3 =rcosf+brsinf, wyy =rsinf —brcosh, wis=(c—1—"b?),
where, ¥ = /d(c—1—"b%) and 0 € [0,27]. So, model (1.4) has the circle of FPs: Fy =
(rcosB,rsin@,rcosf + brsinf,rsinf — brcos 6, (c — 1 — b?)).

For model (1.4), we analyze the stability of Fy = (0,0,0,0,0) by applying Theorem 3.1. The first
condition of Theorem 3.1 can be tested using the following steps:

If DI lim V (—wiswi1)2 4 (—wiswin)? + (wiwi3)? + (wipwie)?
lot)|=0  lw(B)l Jr(t)]—0 lw(t) ]l
~ lim \/ wis(wi) + wh) + wiwiy + whwl, 42)
[w(t)]|—0 lw(®)|l
3llw(t)|* _ 3
3l|lw(t =0,
= =0 Tw®l  Ju(t)|—o et

where w = (wn, W12, W13, W14, w15)T.

We test a particular case by examining the second requirement of Theorem 3.1, as the stability
cannot be known in general The form of trivial FPs is: Fy = (0,0,0,0,0)T. Taking m = 30, ¢(0) =
k=1and A, = m, we find

S
—a —ab a 0 O
5 ab —a 0 0
—5 =3.19193 x 10 ¢ 0 -1 b o0 |, (4.3)
! 0 ¢ —b -1 0
0 0 0 0 —d
where, &) = —J, 61 = 5Ip(Z), I is (5 x 5) identity matrix and ] is the matrix of the linear part of

model (1.4). The equivalent characteristic polynomial is:

p(&) =— {(d+§)<72u(ab2c72h(§+t§(fl Fe—O)(148)) + (2ab+28) (20 +2(1+8)) +2a(2b +2(1 fc+§))>}, (4.4)

this indicates that each point on this circle is stable if | arg(&;)| > %, i = 1,...,5; else, it is a circle of

2 7
unstable FPs.

4.3. Numerical Solutions of the DOHD Laser Model (1.4)

Utilizing the improved predictor-corrector technique [7], the numerical solutions for the DOHD
laser model (1.4) are established. Our technique for calculating the LEs involves modifying the
Wolf algorithm [31]. Clearly, there are five LEs for this model, I';,i = 1,...,5 and its solutions to
this model are characterized by the signs of LEs [9]. Selecting (4, b, c,d)T = (10,0.001,41.3,1.2)T
and the initial conditions (w11, Wy, w13, w14, w15)T (0) = (2,1,5,3,4)T, where the LEs of the model
(1.4) are calculated, for an observation time 30000 and sampling size 0.001, to be: I'; = 1.836,1 =

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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0.002627,T'3 = —0.003746,T'y = —24.1569 and I's = —28.9801, see Figure 3. This indicates, as shown in
Figure 4, that this model has a hyperchaotic attractor.

(a)

5 |
0 1
-5 ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 2.5 3
t X 104
b
0.1 ( ‘ )
o 0.05 1
O | ‘ | ‘ YEo.ot)zszl
0.5 1 1.5 2 2.5 3
t % 10%
C
20 ( | )
- T
0 i X0t
~ r
Lc'\ 220 I~ |
~ .40 e |
0 0.5 1 1.5 2 2.5 3
t X 1()4

Figure 3. LEs of the DOHD laser model (1.4), (a) I'; versus t, (b) I'; versus t, (c) I's, I'y and I's versus t.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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@ | (b)

20

Figure 4. hyperchaotic attractors for the DOHD laser model (1.4) for (a,b,c,d) = (10,0.001,41.3,1.2),
(@) (wq, wp, wis) space and (b)  (wqp, wy3) space.

5. Coexisting Attractors of DOHD Laser Model (1.4)

In this section, we discuss the coexistence of more than one attractors, under various initial
conditions, for the same sets of parameters, a phenomenon known as multistability. Model (1.4) has
many coexisting attractors for the various ranges of initial conditions.

5.1. Chaotic and Hyperchaotic Attractors

This subsection deals with the generating many coexisting multiple attractors of model (1.4) by
various ranges of initial conditions and fixing the parameters 4, b, c and d. We calculated the LEs for
model (1.4) with various ranges of initial conditions and the same sets of parameters for the following
cases:

5.1.1. Fixa = 10, b = 0.001, ¢ = 41.3, d = 1.2, (w12, w13, w1g, w15)’ (0) = (1,5,3,4)T and Vary w1 (0)

We determined the LEs for the initial condition of w11(0) € [—4,4) of model (1.4) as seen in
Figure 5. This model has a hyperchaotic attractor for wy1(0) € [—4, —0.1) and w;1(0) € [1.9,2.5) and it
has chaotic attractors for w11 (0) € [—0.1,1.9) and w11 (0) € [2.5,4).

For (a,b,c,d) = (10,0.001,41.3,1.2) and the initial condition (w11, wyo, w13, wig, wi5) T (0) = (—3.7,1,5,3,4)7,
the solutions of (1.4) converge to a hyperchaotic attractor );. The corresponding LEs of this hyperchaotic
attractors are

I'1 =1.8206,I'; = 0.0093, I's = —0.0095, 'y = —24.1597 and I's = —28.9637.

When (a,b,c,d) = (10,0.001,41.3,1.2) and the initial condition (w11, Wiy, w13, wg, wi5)T(0) =
(37,1,5, 3,4)T, the solution of the model (1.4) goes to a chaotic attractor (). Also, the related LEs of this
chaotic attractor are

I'1 =1.8436, ', = —0.0027, I's = —0.0007, I'y = —24.1530 and I's = —28.9886.

The phase space of () and (), are seen in Figure 6.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. LEs of model (1.4) for (a,b,¢,d) = (10,0.001,41.3,1.2), (a) I'; versus w11 (0), (b) I'; versus w11 (0), (c)
I'3, I’y and T'5 versus w1 (0).

60

s Qe 10
= 40 2,
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Figure 6. Different coexisting attractors of model (1.4) for (a,b,c,d) = (10,0.001,41.3,1.2) and different initial
conditions (1 and () on (a) (w4, w1y, w15) space and (b)  (wqp, wy3) space.

5.1.2. Fixa = 10, b = 0.001, ¢ = 41.3,d = 1.2, (w11, w13, wa, w15)" (0) = (2,5,3,4)T and Vary w5 (0)

By computing the LEs for model (1.4) for the initial condition of w1,(0) € [0,1.8), e conclude that
our model has a hyperchaotic attractor for wy,(0) € [0.5,1.8) and for w1,(0) € [0,0.5) it has a chaotic
attractor.

5.1.3. Fixa = 10, b = 0.001, ¢ = 41.3,d = 1.2, (w1q, w12, w1g, w15)’ (0) = (2,1,3,4)T and Vary w3(0)

For the initial condition of w13(0) € [3.6,6), model (1.4) has a hyperchaotic attractor for wq3(0) €
[4.6,6) and for wq3(0) € [3.6,4.6) it has chaotic attractors.

5.1.4. Fixa = 10, b = 0.001, c = 41.3,d = 1.2, (w11, w1z, w13, w1s)’ (0) = (2,1,5,4)T and Vary w14(0)

As we did before, we concluded that for w14(0) € [1.7,3.4), model (1.4) has a hyperchaotic
attractor for wy4(0) € [2.1,3.4) and it has chaotic attractors for w14(0) € [1.7,2.1).

5.1.5. Fixa = 10, b = 0.001, ¢ = 41.3,d = 1.2, (w11, w12, w13, w14)’ (0) = (2,1,5,3)T and Vary w;5(0)

Under the initial condition wy5(0) € [2,5), our model (1.4) has a hyperchaotic attractor for
w15(0) € [3.3,5) and it has chaotic attractors for wy5(0) € [2,3.3).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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5.2. Solution That Approaches Fixed Points

In a similar way as we did above, we evaluated the LEs for the following case:

5.2.1. Fixa =5.7,b = 0.01, c = 2.3, d = 30.6 and Vary the Initial Conditions

The solution of model (1.4) approaches FPs for any values of initial conditions. For exam-
ple, if we choose a = 5.7, b = 0.01, c = 23, d = 30.6 and (wyy, wip, w13, w14, wi5)' (0) =
(—2,0.5,3.1,—2.6,—0.7)T(0), we computed the LEs which are: T; = —0.0004, T, = —9.0303,
I's = —9.0424, 'y = —15.4003 and I's = —53.4817. This means that our solution approaches FPs
at these initial conditions as seen in Figure 7.

(a) ‘ ‘ (b)
445

4.435 ; : ; ; ;
-4.434 -4.432 -4.43 -4.428 -4.426 -4.424 -4.422

Wiz

Figure 7. Solution that approaches FPs of the DOHD laser model (1.4) for (a,b,¢,d) = (5.7,0.01,2.3,30.6) and
the initial condition (w7, w1y, w13, w14, w15) T (0) = (—2,0.5,3.1,—2.6, —0.7)T(0), @ (w14, w12, w15) space and
(b) (wip, wy3) space.

6. A Scheme for DCS Between Integer and Distributed-Order Hyperchaotic Models

The DCS of n-dimensional hyperchaotic integer-order and DO dynamical systems with four drive
and two response models are introduced in this part. For the drive models, we need one pair of
two integer-order hyperchaotic models, and for the response models, we need another pair of DO
hyperchaotic models.

Let the drive models be:

= fi(uy), 6.1)
iy = fo(uz),

and
=8 (01), 62)
02 = £2(v2),

where, the state vectors of drive models (6.1,6.2) are u; = diag(uyy, u1p, ..., 1) € R, up =

diag(uy, up, ..., tlpy) € R™M", v1 = diag(v1q,v12, ..., V1) € R, vy = diag(vy, v, ..., V2y) € R and
the four continuous vector functions f; = diag(fi1, fi2, - fin) € R™", fo = diag(fo1, f22, s fon) € RV,

g1 = diag(g11, 812, - §1n) € R, g0 = diag(ga1, 822, -, §on) € R™.
Models (6.1,6.2) can be expressed as

i = f(u), (6.3)
and

v=g(v), (6.4)
where, u = diag(uu, U1, ..., U1y, U21, U272, ..., uzn), vV = diag(’()]],’()lz,...,’(’Jln,?)21,1)22,...,'02.,1), f =

diag(f11, fi2, - fins f21, f22, s fon) and g = diag(g11, 812/ --» §1ns §21, 8§22/ -+r §2n)-

These are the equivalent of one pair of two response models:

DY Dw; = hy(wy) + kg,

DY Dw, = Iy (wy) + ka, 65)
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where, wy = diag(wi1, w1, ..., w1,) € RMM, wy = diag(woyy, wy, ..., wa,) € RM*M is the state vectors of
the response models (6.5), iy = diag(h11, h1, ..., h1y) € R™™and hy = diag(hyy, hoy, ..., hoy) € R**™ are
continuous vector functions and ky = diag(kq1, k12, ..., k1,) € R, kyp = diag(ky, koo, ..., ko) € R
are two control functions of the response models (6.5).

Models (6.5) can be expressed in vector form as:

DY @w = h(w) +k, (6.6)

where, wW = dillg(ZU11,ZIJ12, veey W1y, Wo1, W22, ..., wZn), h = dillg(h11,h12, ey hlnr h21,h22, ey th) and k =
diag(k11, k12, -, k1n, k21, k22, - ko).

Definition 3. Given that three non-zero constant diagonal matrices T, R and S in R2M %20 oxist such that
lim ||e|| = lim ||Tu + Ro — Sw|| =0, (6.7)
t—o0 t—o0

then the drive models (6.3-6.4) are said to be in DCS with the response models (6.6), where the synchronization
error is e € R2  while the matrix norm is || - ||.

Remark 6.1. Equation (6.7) implies combination synchronization [17] if the response models are integer-order.

Remark 6.2. Additional synchronization kinds, such as projective [34], modified projective [35,36], and
complete synchronization [37], may be considered as particular cases of (6.7).

Assume the following for the control function Y (u, v, w):
Y(u,v,w) = Sw = a(u,v) +v(u,v,w), (6.8)
with the the compensation control a(u, v) € R?" described as:
a(u,v) = DY) (Tu+ Rv) — Th(u) — Rh(v). (6.9)
The vector of the control function <y (u, v, w) will be defined below.

Theorem 6.1. The drive models (6.3-6.4) and response model (6.6) may perform the DCS, if the control function
vector is constructed as follows:

y(u,v,w) = Th(u) + Rh(v) — Sh(w) + Ke, (6.10)

where, a positive-definite diagonal gain matrix K = diag(ky1, k12, ..., k1n, k21, k22, ..., kop) € R™™ and y =
diag(Y11, Y12, o Yins Y21, Y22, s Y2n) € R¥ x R2,

Proof. Multiplying Equation (6.6) by S gives
SDY(@w = Sh(w) + Sk, (6.11)

which implies that
DY) (sw) = Sh(w) + a(u,v) + 7(u, v, w). (6.12)

Suppose now that the compensation control has the form:

a(u,v) = DY) (Tu+ Rv) — Th(u) — Rh(v), (6.13)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and hence that model (6.12) becomes:
DY¥(%e = Th(u) + Rh(v) — Sh(w) — v(u, v, w). (6.14)
Assume now that
v(u,v,w) = Th(u) + Rh(v) — Sh(w) + Ke, (6.15)
The result of substituting equation (6.15) into equation (6.14) gives
D¥(@e = —Ke. (6.16)

If K is chosen so that Theorem 6.1 is satisfied, then e(t) — 0 as t — 0. So, DCS among one response
model (6.7) and two drive models (6.3-6.4) can be performed. O

6.1. A Special Case

Using four integer-order and two DO detuned laser models as drive and response models,
respectively, the control functions (6.15) are calculated numerically as an example to achieve the DCS.
The four drive models are:

ujp = aj(ujp —ujp) —apbjup,
Ujp = ap (uj4 — u]'z) + ajlbjlujll

Ujz = (le — uj5)uj1 +ujatp — ug, (6.17)
g = (cjp — ujs)up — Ujlip — Uja,
lijs = —djlu]g Uzt Upliy,

and
o1 = ap(vjs — vj1) — apbjpvp,
O = ap(vjs — vjp) + apbjpoj,

”[)jg = (Cj2 — ‘U]'5)”Uj1 + VjsVjp — Uj3, (6.18)
ja = (Cjp — 0j5)Vj2 — V302 — Vja,
Ujs = *djzij + 0j10j3 + 0204,

the two associated response models are

DIP(U)ZUﬂ = {1]'3(ZU]'3 — wjl) — a]‘3b]‘3w]'2 + kj],

DY Dwj, = aj3(wjs — wp) + apbjawp + ko,

DV wjs = (cjs — wjs)wj + wawp — wjs + kjs, (6.19)
D‘/’(”)w]-4 = (C]'3 - w]-5)w]-2 - w]-3wj2 — w]'4 + k]'4,

DY wjs = —djgwis + wjwjs + wpwjs + kjs,

where, the control functions of the response models (6.19) are k = diag(kq1, k12, k13, k14, k15, k1, koo,
k23, k24, k25) and ] = 1, 2.

We noe choose T = diag(1,—2,4,1,-3,—-1,4,2,6,—-5), R = diag(4,1,-5,1,4,2,5,3,6,-1), S =
diﬂg(?), —5, 1, 6, —1, 2, 4, 1, 5, —3) and K = di{lg(kll, klz, k13, k14, k15, k21, kzz, k23, k24, g25) In like manner other
choices of T, R, S and K can be studied.

Using Theorem 6.1, we may now generate the control function matrix as:

¥ = diag (11, Y12, Y13, Y14, Y15, Y21, V22, Y23, V24, V25), (6.20)

where,
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Y11 =a11 (13 — u11) — anbiunn +4a12(v13 — v11) — 4arpbipv1y — 3a13(wiz — wiy) 4 3aizbizwen
+k1tert,
Y12 = — 2a11 (14 — u12) — 2a11byyuny + a12(v1g — v12) + A12b12011 + 5a13(wig — wiz) + Sagabizwiy
+k1ze12,
Y13 =4(c11 — u15) U1 + 4urgugy — dugz — 5(c12 — v15)v11 — 5014012 + 5013 — (€13 — Wis) W11 — WiaW2 + W13
+kiszeqs,
Y14 =(c11 — t15) U1 — Uatt1n — t1g + (C12 — V15)V12 — V13012 — V14 — 6(C13 — Wi5) W12 + 6W13W1o + 6Wi4
+kige14,
Y15 =3d11u15 — Bugiuiz — Suipyg — 4d1p015 + 4011013 + 4012014 — d13W1s + Wi W13 + WpWy
+kiseis,
Y21 = — a1 (U3 — uz1) + az1bying + 2a(va3 — V1) — 2000620020 — 203 (Wa3 — Wa1) + 2423523120
+karear,
Y22 =4ay (24 — U22) 4 4ay bayting + 5422 (V24 — v22) + 5anabrrva1 — 4ags(wps — wo) — 4axbazwy
+kozenr,
Y23 =2(Co1 — U5 + 2up4tizy — 2193 + 3(Con — V25) V21 + 3024020 — 3023 — (€23 — Wos) W1 — WaaWop + Wo3
+koszeos,
Y24 =6(Co1 — U5 )ty — U3 — bling + 6(Con — V25)U22 — 60232 — 6V24 — 5(C23 — W5 ) W2 + 5Wrstwan + 5woy
+kaserq,
Y25 =5dp1tizs5 — Stipiting — Stipaing + d22¥25 — V21023 — V22024 — 3dp3Wos + 3w Wos + 3wanwoy
+koseos,
Equation (6.10) yields the error model (6.16) as:
D¥(Wey; = —kyyeqy,
D¥(Weyy = —kppery,
D¥@ers = —kizers,
D¥(Weyy = —kygeys,
D¥(9)e;s = —kisers, 621)
D¥(Wey; = —ky1ea1, '
D¥(Weyy = —kppen,
D¥(Weyy = —kpzens,
D¥(Veyy = —kpyens,
D¥(9)exs = —kysess,
where,
eln = uq +4v1; — 3wy,
e = —2upp + 12 + Swyy,
ez = 4ujz — 5013 + w3,
€14 = U4+ 014 — 6wy,
e;s = —3uis +4v1s + wis,
€1 = —up1 + 20y — 2wy,
e = 4upp + 5vp — 4wy,
ez = 2upz + 3093 — Wwo3,
eq = 6bupy + 6V — Swoy,
e = —51425 — U5 + 31025.

In order to achieve the DCS between the four drive models (6.17-6.18) and the two response
models (6.19), numerical solutions are performed using the control functions (6.20). The ini-
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tial conditions of the drive models (6.17-6.18) and the response models (6.19) are, respectively,
diag(un, U1, U13, U14, u15) (0) = diag(z, -2,20,3, —12), diug(u21, Upp, U3, U4, u25) (O) = diag(—z, 4,
10,18, —20), diag(v11,v12,v13,014,015)(0) = diag(8,1,—25,3,16),diag(vy1, v22, U3, V24, v25)(0) =
diag(4,5,15,18, —4), diag (w11, w1, w13, w14, w1s)(0) = diag(6, —5,5,18, —4) and diag(wo1, wap, w3,
Wy, wo5)(0) = diag(4,4,5,15,—12). Selecting ay1 = a1 = a3 = ap = ap = a3 = 10,
bin = bip = biz = byy = by = bz = 0.001, c11 = c1p = c13 = 21 = ¢ = 3 = 41.3 and
dy1 = dip = diz = dyy = dop = dyz = 1.2, the results of DCS of models (6.17-6.19) are depicted in
Figures 8-11. The three dimensional projection in the first two drive models of (6.17-6.18) and the
first one response model of (6.19) are plotted in Figure 8: a (117 + 4v11, 41113 — 5v13, —3u15 + 4v15)
space and b : (3wq1, —wi3, —wq5) space. In addition, the three dimensional projection in the sec-
ond two drive models of (6.17-6.18) and second response model of (6.19) are indicated in Figure 9:
a  (—upy + 20y, 2up3 + 3093, 61pg + 6024) space and b : (2wy1, wo3, 5wos) space. This shows that the
DCS is performed as suggested by Theorem 6.1. As shown in Figures 10-11, on the other hand, the
synchronization errors e converge to zero very rapidly as t — cc.

(a) (b)

200 200
150 |
100 |

50 |

—3uys + 4dvgg
—wis

-50

-100 |
200

Figure 8. DCS of: (a) the first two drive models of (6.17-6.18) in (111 + 4v11, 4u13 — 5013, —3u15 + 4v1s5) space and
(b) the first response model of (6.19) in (3wy1, —wy3, —w1s5) space.
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Figure 9. DCS of: (a) the second two drive models of (6.17-6.18) in (—up1 + 2051, 2up3 + 3003, 6uny + 6U24) Space
and (b) the second response model of (6.19) in (2w51, wp3, 5Swyy) space.
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Figure 10. Synchronization errors for the first two drive models of (6.17-6.18) and the first one response model of
(6.19) versus t, (solution of the model (6.21) for (k11, k12, k13, k14, k15) = (7,7,7,7,7)).

‘—621 €22 €23 €24 €25

Synchronization errors
: =]

Figure 11. Synchronization errors for the second two drive models of (6.17-6.18) and the second one response
model of (6.19) versus ¢, (solution of the model (6.21) for (kp1, koo, ka3, koa, ko5) = (7,7,7,7,7)).

7. Conclusions

We have examined the dynamical properties of the proposed DOHD laser model (1.4), including
dissipation, invariance, and studied its FPs and the coexistence of a hyperchaotic attractor. We have
shown that this model has a hyperchaotic attractor and a circle of FPs. The observation of multiple
coexisting behaviours demonstrates that this hyperchaotic model has multistability, with: (i) chaotic
and hyperchaotic attractors and (ii) solutions that approach the FP as seen in Figures 5-7, respectively.
In the domain where our model (1.4) has solutions that approach FPs, we find that choosing different
initial conditions does not affect the type of solutions in the corresponding intervals. We also obtained
solutions that approach FPs for all different choices of initial conditions. Other choices of our initial
conditions in different intervals can be similarly studied. We introduced the Definition 3 of DCS for
two DO response models and four integer-order drive models. Remarks 6.1-6.2 state that this definition
is considered as a generalization of those found in the literature. Furthermore, we introduced a scheme
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to achieve DCS. The formula for the analytical control function to achieve DCS is obtained by Theorem
6.1. Examples are provided to illustrate the great agreement among the numerical and analytical
results, see Figures 8-11. With respect to the Caputo derivative, the outcomes are largely consistent
with those of the DO method, except when ¢ is very close to 1 from below. In that case, the system
stills tends to a chaotic attractor. For all other values of ¢, both the Caputo and DO approaches lead to
a rapid convergence to the fixed point.

Supplementary Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org.
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