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Abstract: The Telegraph problem is a linear time-partial differential equation that
models the transmission of electrical impulses through a cable. It consists of two
coupled partial differential equations that describe the voltage and current within the
cable, capturing both wave-like propagation and diffusive effects. This equation inte-
grates elements from the wave equation and the heat equation to account for resistive
losses and signal propagation speed. The objective of this study is to investigate the
existence and uniqueness of a strong solution to the Telegraph problem under purely
integral conditions. The analysis is conducted using the operator density method
derived from the problem framework and the energy inequality approach. To approx-
imate the desired solution, a combination of the Laplace transform technique and the
homotopy perturbation method is employed. This approach yields solutions in the
form of rapidly convergent series, and the convergence of these series is rigorously
established. The findings indicate that the proposed methodology is highly effective
and applicable to a broad class of mathematical problems. To validate these results,
several illustrative examples are provided, demonstrating the accuracy of the pro-
posed method by comparing approximate solutions with exact solutions.

Keywords: telegraph equation; purely integral conditions; a priori estimate; Laplace
transform; homotopy perturbation method; Stehfest algorithm.
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1 Introduction

Many problems in modern physics and engineering are effectively modeled using inte-
gral conditions, particularly when direct boundary measurements are not feasible [15].
These integral conditions often arise in scenarios where the data on the boundary cannot
be explicitly determined. Several studies have explored such problems, as seen in [6H14].
The presence of integral terms in boundary conditions significantly complicates the ap-
plication of standard numerical techniques such as the finite difference and finite element
methods. Despite these challenges, the theoretical solvability of such equations has been
extensively studied, focusing on the existence and uniqueness of their solutions. This
study builds on previous theoretical findings and aims to further analyze the implica-
tions of integral conditions in solving partial differential equations, see [15H26].

The Homotopy Perturbation Method (HPM) is a semi-analytical technique used for
solving both linear and nonlinear differential equations, including those with ordinary or
partial derivatives. Additionally, this method can be applied to systems of linear and
nonlinear differential equations. The HPM was first introduced by J. He [27] in 1998,
and was later refined and improved in subsequent works [28}/29]. Traditional perturba-
tion methods are often based on the assumption of small parameters, which can be a
significant limitation in many practical applications. To address this issue, Liu [30] pro-
posed the artificial parameter method, while Liao [31}/32] contributed to the development
of the Homotopy Analysis Method (HAM), which eliminates the dependence on small
parameters. J. He [27] further developed the HPM technique, offering a more robust
approach that does not rely on the assumption of small parameters. In recent years, the
application of homotopy perturbation theory has gained widespread recognition among
researchers [33H37]. Notably, S. Abbasbandy [33] successfully applied this method to
functional integral equations, demonstrating its effectiveness as a powerful mathematical
tool.

The contribution of this research lies in investigating the solvability of a problem
primarily governed by the telegraph equation, where the classical boundary conditions
are replaced with purely integral conditions. Furthermore, this study explores a novel
approach that combines the Laplace transform with the homotopy perturbation method
to approximate the solution using convergent series representations.

2 Existence and Uniqueness of the Solution

The well-posedness of partial differential equations is essential for ensuring the validity of
their solutions. In this section, we analyze the existence and uniqueness of solutions for
the telegraph equation with purely integral conditions using operator theory and energy
inequalities.

2.1 Statement of the problem

The telegraph equation models signal transmission incorporating both diffusion and wave
propagation effects. In this subsection, we formulate the problem with purely integral
conditions, which introduce additional complexity compared to classical boundary-value
problems. In the rectangular domain

Q={(z,t): 0<z<1, 0<t<T},



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 25 (5) (2025) 473

we consider the telegraph equation

0%u 0%u ou

= — — —_— - = 1
fu=Sg a5 = f ) (1)
subject to the initial conditions
lu = u(zr,0)=(z), 0<z <1, (2)
qu = w(z,0)=T(x), 0<z <1, (3)
and the purely integral conditions
1
/ u(z,t)de = a(t), 0<t<T, (4)
0
1
/ sue tyde = b{t), 0<t<T, (5)
0

where f, ®, ¥, a,b are known functions, and «, 3, T are strictly positive constants. Addi-
tionally, the functions ® and ¥ satisfy the following compatibility conditions:

/O “bdr = a(0). /O sz = b(0), (6)
/01 Vdr = d/(0), /01 xWdx = b'(0). (7)

2.1.1 Reformulation of the problem

To facilitate the analysis, it is beneficial to transform the problem — into an equiv-
alent formulation with homogeneous integral conditions. This transformation simplifies
the mathematical treatment and enables a more structured approach to solving the prob-
lem. For this purpose, we introduce a new function v(x,t) defined as

u(z,t) = v(x,t) + Ulx,t), (8)

where
U (xz,t) = (12b(t) — 6a (t)) z — (6b(t) — 4a (1)) . (9)

This substitution transforms the original problem — with inhomogeneous integral
conditions - into the equivalent problem of determining v(x,t), which satisfies

9% 9% ov

subject to the initial conditions
w = v(x,0)=¢), 0<z<l, (11)
g = v(z,0)=9(), 0<z<l, (12)

and the homogeneous integral conditions

1
/v(a:,t)dcc = 0, 0<t<T, (13)
0

1
/ v (z,t) dx
0

I
o

0<t<T. (14)



474 I. M. BATIHA et al.

The associated functions are defined as

g (xvt) = f (‘T,t) - £U7 (15)
plr) = @(z)—LU (z,1), (16)
Y(z) = Y(z)—qU(z,t). (17)

Thus, instead of solving for u, we focus on finding v. The solution to the original problem

— is then reconstructed using —@D.

2.1.2 A priori estimates and their consequences

To establish the well-posedness of the problem —, we derive a priori estimates,
which play a crucial role in proving existence, uniqueness, and stability. These estimates
ensure that the solution remains bounded within an appropriate function space. The
solution of the problem — can be formulated in an operational form

Lv=2%,

where L = (£, ¢, q) is considered as an operator from the Banach space B to the Hilbert
space F. The space B is defined as the Banach space of functions v € L?(Q), equipped
with the norm

1 3
folls = ( s [ H%ﬁ“(x,w IS0 () ) de )
o<r<T.Jo ot

which is finite. Similarly, the space F' is the Hilbert space consisting of all elements
Z = (g,¢,v), endowed with the norm

171 = ( /Q gl dodt + / (@I + e @) dx)é ,

which is finite. These function spaces provide the appropriate setting for analyzing the
problem and deriving estimates that will aid in proving the existence and uniqueness of
solutions.
The domain D(L) of the operator L consists of all functions v such that
2 2
)]
ot ot 9dx’  0x?
and v satisfies the integral conditions and ([14).
To analyze the solvability of the problem, we first establish an a priori estimate. This
will immediately lead to results regarding the uniqueness and continuous dependence of
the solution on the given data.

Theorem 2.1 If v(x,t) is a solution of the problem - and g € C(Q), then
the following estimate holds:

2

lollp < CllLolp, (18)

where C' is a positive constant independent of v, for all v € D(L), and is given by

1 o 1
max (Z’ bR @)

min (

[N

C:

, X

N[
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Proof. We define the following integral operators:

S,v —/x (€,1) de, %v—// (&,t) dedn.

Multiplying equation by the integro-differential operator

e ov

Mo —
VT T ey

and integrating over the subdomain
Q- =(0,7)x(0,1), where0<7<T,

we obtain

v 4 (Ov v,
[ e (2 a2 (% a5 [ 2 (%)
ov
_ Q2
/QTg\sz<8t)dxdt (19)

Applying integration by parts to each term on the left-hand side of , we obtain

82 0287} 1
- dxdt =
/QT a2V pt 2/0
2 1 1
O‘/QTZ “ig:d dt = /o v (z,7)||* dor — %/O o (2)]? da, (21)

—ﬂ/ “2—ddt 5/ %@2
T ot 0.l ot

The substitution of , 7 and into yields

ov
7ot (

x,T)

x”/ 1900 (@) e, (20)

dxdt. (22)

1 2 1 2
%/0 %m%(x,f) dx+%/0 ||v(x,7)|‘2dx+ﬂ/ H%zgj dxdt
e ! 5 OV
5 [ Isw@Pae s [le@iPde - [ o925 duar (23
0 0 Qr

When applying the Cauchy-Schwarz inequality with parameter e, the right-hand side of
is bounded as follows:

1 1 2 1 o 2

Se— (z,7) dxdt
1 L &~ 2 (0% ! 2 S
<3 [ Inw@Pare s [e@P a5 [ ol i o
0 0

ot
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Using the Poincaré-type inequalities

1 1
2 / 180 (2, 7)| 2 dx < / v (2, 7)1 de,
0 0

1 2 1
[eafost
0 t 2 Jo

1 N ) 1t )
[ 1w @Pa < [ 1@

2

«~ Ov dr.

\S‘ma

o~2
Sy

we obtain

ov

Se o (#,7)

1 1
2 o
1 ovl?
_ = o 9Y
+ (ﬁ 4€) /QT HJI atH dxdt (25)

1 1 (8] 1 g
< */ ||1/1(93)||2d:z:+*/ IIw(I)llzdz+f/ lg|l* dadt.
/o 2 Jo 2 Ja-

For the choice € = ﬁ, we obtain
1 1
2 Jo

1/1 2 Ol/l 2 1 2
< - P ()| de + = x)||"dx + — ql|” dzdt,
i, @S [ le@iP et g [ ol

2 1
dx + a/ IS0 (m,T)H2 dxz
0

Sz@ (z,7)

2 1
o d:rJra/O 1S20 (z,7)|)° da

or equivalently,
1
/

1 1
<0 ([ Mol dsie [ @+ [l @)

where the constant C' is given by

Sy (,7)

2 1
dm—i—/ 100 (2, 7)|2 da (26)
ot |

Since the right-hand side of is independent of 7, we take the supremum over 7 in
the interval [0, 7] on the left-hand side, yielding

1
ov
su Se— (z, 7
0<TI<)T/O (H x‘?t( )

SC(/Q ||g||2dxdt+/01 ||¢($)||2dx+/01 ||<P($)2d$)-

Thus, we establish inequality .

2
+ IS (x,T)||2> dx
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Corollary 2.1 If problem — admits a solution, then this solution is unique
and depends continuously on the given data (g,p,v) € F.

2.2 Existence of the solution

Establishing the existence of a strong solution is crucial for ensuring the well-posedness
of the problem. The following theorem guarantees that under appropriate conditions, a
unique solution exists.

Theorem 2.2 Ifv (z,t) satisfies the conditions stated in Theorem then the prob-
lem — admits a unique strong solution given by

v=T "(g,0.0) =L (g,0,0).

Proof. To establish the existence of a strong solution for the problem —,
we need to demonstrate that for any arbitrary (f, , ) € F, the range of the operator
L, denoted as R(L), is dense in F. First, consider the case where L is reduced to
Lo = (£,4,q), with its domain given by

D(Lg) ={veD(L) | tv=0, qu=0}.
To achieve this, we establish the following proposition.

Proposition 2.1 Under the conditions of Theorem for w € L*(Q) and for all
v E D(Lo), if

/ £v-wdxdt =0, (27)
Q
then w is identically zero almost everywhere in Q.

Proof. The equality can be rewritten as

2 2
/ %wdxdtza/ %wdwdt—ﬁ/ %wdazdt. (28)
Q- Q- Qr

From equation ([28]), we express the function w in terms of v as

,02@
rot”

w =

(29)

Substituting w from into , we obtain

2 2
/ % <%§g:> de dt = a/ % (sié;:) dwdtfﬂ/ % (si?ﬁ) dz dt.
Q- Q. 0T Q-

(30)
Integrating by parts and considering conditions and , we obtain
0%v v 1t v 2 1/t
——“2—ddt:f/ Qe d—f/ Suqu|* d
/Q, 8t2( J‘”@t) x 5/, S 5 (x,7) i 5/, |Sequl|” dz
1 (Y. o 2
= 5] |G @n)| @ (31)
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00,0 ' 1 1
o SaiGpaa = 5 [ o= [l a=5 [ o Pas

and
o, S(oR)ua- s b

By substituting (31] , .7 and ( into , we obtain

1/1 v ? ~ vl
2O

%ma(x,'r) de + o Sagy
Since norms are non-negative, the inequality simplifies to
1 2
/ dz + /
0

Since the right-hand side of is independent of 7, we take the supremum over 7 € [0, T
on the left-hand side, yielding

1 2 2
0
sup / d:ch/ H%xv
o<r<7Jo o ot

Since norms are non-negative, each integral in the above inequality must be zero. This
implies that

d:r dt. (32)

1 1
da dt + 5/ |v(z,7)*de <0.  (33)
0

@2
ot

ov
o 2P o
Qe 5 (z,7)

1
3, da:dt+/ lo(z,7)|2de <0.  (34)
0

T~

ov

Se—= (z,7)

1
o dzdt + sup / v (z,7)]]*dz < 0.

o<r<T Jo

81}
ot

Thus, we conclude that v = 0. Now, substituting v = 0 into , we obtain w = 0, which
means w = 0 in L*(Q).

=0, Sw=0, and v=0 almost everywhere in Q.

3 Solution’s Approximation via HPM

We assume that the function u(z,t) is well-defined and of exponential order for ¢ > 0,
meaning there exist constants A, > 0, and ¢y > 0 such that

lu(z,t)| < Aexp (vt) fort > t.
Furthermore, we assume that the Laplace transform of u(x,t) exists and is given by
o0
Ulx,s)=ZL{u(z,t);t — s} = / u (z,t) exp (—st) dt,
0
where s is a positive parameter. Applying the Laplace transform to both sides of equation

, we obtain

a%(w, s) = (82 + Bs)U(x,s) — (F(x,s) +¥(x) + (s + B)p(x)), (35)

where F (x,s) = Z{f (z,t);t — s}. Similarly, the integral conditions in the Laplace
transform form become

1
/0 U (€, 5)dé = A(s), (36)
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/0 €U (€, 5) de = B(s), (37)
where

A(s) = ZLA{a(t);t — s}, (38)

B(s) = 2 {b(t);t — s} . (39)

We associate the problem 7 with the following mixed boundary value problem:

T @) = KV(@s) = (Fle.s) +6(@) + (s-+ A)elz). (40
V(0,s) = X(s), ()
Ve (0,5) = p(s), (2
where
kQZSQZﬁS. (43)

Clearly, the function V(z,s, A, u) will be a solution to problem 7 if and only if
the pair (A, ) satisfies the following system of equations:

1
/ V(€. 5\ p)de = A(s).
g (44)

1
/0 EV(E, 5, \ p)dé = B(s).

It is evident that V can be expressed as the sum of two functions, V and ‘7, where these
components satisfy the following problems:
- For V| we have

2 ~
%uc,s) = KV(a,5) — = (F(r,9) +6() + (s + H)ele)) (45)
V(0,5 = 0 40

- For V, we obtain

W(m, s) = E*V(x,s), (48)
V (0,5) A(s), (49)
V2 (0,s) 1(s) (50)

One can easily verify that V is given by
V = Acosh(kzx) + % sinh(kx). (51)
Thus, we express U as

U=V =V + \cosh(kz) + %sinh(kx). (52)
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Substituting into , we obtain the system

/\sinkhk: + Iucosl];;cfl — fo d§7
(53)
Aksinhk;goshk—i—l +Mkcoshl]:3—sinhk — B(S) B fol §V(f,8)d§
The determinant of this system is given by
1
D(k) = w (k‘ sinhk — 2coshk + 2) = k4g(k) (54)

Consequently, we have

g(k) = ksinhk —2coshk + 2,
Jg(k) = dikg(k) = kcoshk — sinh k,
1 d2
g'(k) = Wg(k) = ksinh k.

Since Vk > 0: ¢"”(k) > 0, it follows that
Vk >0:4g(k) > g (0)=0= g(k) > g(0) = 0.

Hence, for all positive values of k, the system admits a unique solution given by

As) 5 )~ I -
8) = = i
(k sinh k—2 cosh k+2) B gv 5’ df k cosh k(—smhk
( ) 0 ( ) " (55)
sinh k
/‘(S)Zk'hkk; FFTD) | ksinh k—cosh k f9
(k sinh k—2 cosh k+2) sin ;SOS +1 ( ) 0 gv(§7 )d§
To solve the problem —, we construct the following homotopy:
Viz,s,p) : Qx[0,1] =R,
a2V 2 1
C(es) = p|BV(s) — = () +9() + (s + Bpl@)| . (50)
We assume that the solution of can be expressed as a power series
V= ijf/j. (57)
§=0
Substituting into , we obtain
? )
e ZOW p|k Zopfv - f< (2,8) +$(@) + (s + Bpl@) | - (58)
j= J

Equating the coefficients of p with the same powers in leads to

a2V ~
P dx; =0, Vu(0)=0,

s
dx

(0) =
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= Vo(z,s) =0.

For p', we have
2V
dz?

_ (Wo L P ) ¢ (s ﬁ)@(@)) C =0, M=o

Solving the integral equation for i yields
Tz p
. 1
Vatos) == [ [ (F65)+00) + (s + 9)o(€)) ded
0 0

_ fé / (@ — ) (F(&,5) + () + (s + B)p(&)) de.

0
For p"*t!1,¥n > 1, we have

A2V 41
dx?

Solving iteratively yields

= k*V,, Vn(0)=0,

T M x
Voii(z,s) = kZ//f/n(g, s)dedp = k? /(a: — OV, (€, 5)dE.
0 0 0

Thus, we obtain the general expression

Vo(z,s) =0 N
Vn>1: Vo(n,s)=—LE f),f x = &P H(F(E5) +0(6) + (s + B)p(€)) dé.

When p — 1, equation provides the approximate solution to the problem —,
given by
0 12j-2

Vigm(2,5) = iéw/ S 957 (F(6,9) +0(0) + (s + D)olE) de. (59

Theorem 3.1 If

sup [F(&,8) + (&) + (s + B)p(§)] = M < oo,
£€(0,1)

then the series defined by equation s convergent.
Proof. We define the function G (§,s) = F(&,s) + (&) + (s + B) p(§). For all n > 1,

we have

~ - 1 k2n_2 v 2n—1
R = UL
1 k2n72 ” 2n—1
< am/o (x—¢) |G (&, 8)|dE
M k22 “ 2n—1
< o @n=1J, (=€) d¢
Mk2nf2 on

a (2n)! v
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Now, we define

M k_2n—2
Wiy (z,8) = — 2
() a (2n)! v
Taking the limit, we obtain

2,.2

lim M —  lim k*z

n—oo W, (z,5) n—oo (2n + 1) (2n + 2)

= 0.

Since the series S W, (z,s) is convergent, it follows that the series 3V, (z,s) is also
convergent. The solution Uppm (z,t) can be approximately recovered from Uppm, (2, 5)
either through an analytical approach or by using the Stehfest algorithm [38], where the
inverse Laplace transform of Uppm, (2, s) is computed as follows:

In2 nln2
uhpm x, t NZﬂnUhpm( ;)5

n=1
where the coefficients (,, are given by
B = (=)™ mhfm S
" iy (m — k)E! (k- 1)(n — k)!(2k —n)!’
==z

Here, m is an odd positive integer, and L%J denotes the integer part of ”7“ For
=5, the first ten coefficients f3,, are given as

1 385 46871 505465
= — = —— = 1 = - 5 =
ﬁl 12’ ﬂ? 19’ ﬁ3 2797 54 3 3 Bd 6 )
473915 1127735 1020215 328125 65625
ﬂ6:_ 2 ) /87277 ﬁg:_T, 59: 2 ’ Bloz_T'

Thus, the approximate solution is given by
In2 nln2
uhpm z, t NZﬁnUhpm< ;)-

4 Numerical Example

In this section, we present a numerical example to illustrate the effectiveness and accu-
racy of the proposed method. The approximate solution obtained using the homotopy
perturbation method (HPM) is compared with the exact solution to validate its conver-
gence and reliability. The numerical results demonstrate the efficiency of the method in
handling the Telegraph equation with integral boundary conditions.

Example 4.1 Consider the Telegraph equation with the following parameters:

a=1, p=1, f(x,t):et(2x2+2t—|—1),

a(t) = %et(3t+l), b(t) = iet(2t+1),
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p(r) =2*, () =2"+1.

The exact solution to this problem is given by
Uexa (T,1) = (t + CEQ) et
By substituting the given data into , , and , we obtain

k=1+1/s2+s

E: 3—1)/‘( ) ((@—1P>§‘+(s_n2>d£

1 1
=———-coshkr + — (sac2 —z? —|—1),

‘7}me (J?, S)

(s—1) (s—1)
sinh k coshk—1
A(s) = L k(s—1)? R | _ 1
(ksinh k—2cosh k+2) W (k sinh k — cosh k& + 1) kcoshllzigsnlhk (571)2
. sinh k sinh k ’
_ k ) k k(s—1)2 _
1 (s) (ksinh k—2 cosh k+2) | ksinh k;gosh k41 kz(slq)? (ksinh k — cosh k + 1) 0
and
1 1 2 2 ©o.
r,s5) = —— 5 cosh kx sr® —x cosh kx 4+ = sinh kx.
U(,s) 5 cosh kx + 5 ( +1) + Acoshkz + hk
(s—1) (s—1) k
Therefore, we obtain
1
U(z,s)=—— (sa® —2°+1).
(s—1)

Taking the inverse Laplace transform yields

u(x,t) =271 <(8_11)2 (sa® —2® + 1)) =ela? 4 te! = Uepa (2,1).

Example 4.2 The parameters for this example are given as

a=1, pf=2, f(x,t)z?x(3t2+x2),

1 1 1 1
a(t)=§t3+1t, b(t)=§t3+gt, o(x)=0, o (x)=2"

The exact solution to this problem is given by
Ueza (T, ) = ta (t2 + xz) .
By replacing the previous data in (43, (59), and (52)), we get
E o= +/s2+2s,

~ > |22 r o 2 12

Vipm (2, 8) *Z =1 / (x — &)Y 1<(S+1)§3+83§>d§,
Jj=1

1

8—41‘ (52332 + 6) — % sinh kzx.
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Solving for A(s) and u(s), we obtain

6 cosh k—1
A (S) _ i k4 =re (COShk — 1) 2 —0
(ksinhk—2coshk+2) | 6 (sinh k — kcoshk) Kcoshimsinhk| =
k3s i3
(s) I~ L“,?k et (coshk — 1) 6
8) = 7= —_— ) - 6
H (ksinhk—2coshk+2) |ksinhk kSOSh k+1 k3654 (Slnh k — k cosh k) st

Thus, the function U(x, s) is given by

1 6
U(x,s) —x (32x2 + 6) — —— sinh kz 4+ A cosh sz + % sinh sz,

54 kst
= S%x (52952 + 6) .

Taking the inverse Laplace transform yields

u(r,t) = £7! <514x (s®2® + 6)) =tz (* + 2°) = Ueaa (7, 1).

5 Conclusion

In this paper, He’s homotopy perturbation method (HPM) has been successfully applied
to solve second-order differential equations with constant coefficients. The method has
proven to be reliable and efficient, offering an analytical approximation that, in many
cases, yields an exact solution in a rapidly convergent sequence with elegantly computed
terms. The convergence of this series has been rigorously demonstrated in this study.
Furthermore, by integrating the HPM with the Laplace transformation technique and the
Stehfest algorithm, we effectively addressed the telegraph problem with integral boundary
conditions. This combined approach not only provides a powerful framework for solving
similar differential equations but also enhances the applicability of analytical methods in
various scientific and engineering contexts.
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1 Introduction

Epidemiological nonlinear COVID-19 models are associated with a respiratory disease
that emerged in December 2019 in Wuhan and other cities in China, which has become
a global public health emergency declared by the World Health Organization (WHO) in
the first quarter of 2020. The first transmission of the disease was from animal to human.
Then, it spreaded rapidly among humans through direct and indirect contact. The most
common clinical symptoms of SARS-CoV-2 infections are fever, cough, tiredness, loss of
taste or smell, nausea, diarrhea, pneumonia, and respiratory issues.

Mathematical nonlinear models play a crucial role in predicting future trends of epi-
demics and developing effective strategies to control them based on data and microscopic
hypotheses about the population. The Kermack and McKendrick model [6] presented
in 1927, was the first SIR model capable of predicting epidemic infections. Since then,
researchers have further studied and developed global and local stability of SEIR and
SIR models. Recently, the development of mathematical models to predict the evolution
of COVID-19 infections has attracted considerable attention. Researchers have explored
various aspects of the disease, including its nature, transmission dynamics, basic repro-
duction number, and stability [3}/5,/9].

The stability of fractional nonlinear epidemiological models is crucial for understand-
ing complex dynamical systems because it allows an accurate representation of natural
phenomena by integrating long-term memories and non-local behaviors. Some researchers
have examined the stability of fractional conformable pandemic models 7], in particular,
simplifying calculations while preserving these advantages, thus facilitating the analysis
of local and global stability. The particularity of this derivative is due to its simplicity of
handling and interpreting and the use of the simplest initial conditions similar to those of
classical derivatives. Some researchers have applied the Sumudu transform in fractional
conformable models [2]. Similar to the Laplace and Fourier transforms, the Sumudu
transform is an efficient method for solving differential and integral equations. It differs
from the Laplace transform in that it also takes into account the units of the original
function, making it more suitable in physics and engineering applications. Moreover,
its connection with the Laplace transform allows a smooth transition between various
analytical techniques, thus increasing its adaptability to different domains.

In this paper, by using the conformable derivative, we study Rabih Ghostine’s
COVID-19 model focusing on positivity analysis via the Sumudu transformation. There-
fore, we apply this technique to understand in detail the local and global stability of
this model using the concept of Ry. The results of our study reveal that the Sumudu
transformation and the conformable derivative improve these analyses, providing more
information about its behaviors as well as possible applications in epidemiological mod-
eling or other related fields.

This paper is organized af follows. In Section [2] we present preliminaries and prob-
lem formulation. Section [3|is devoted to the study of the positivity and boundness of
the solutions using the Sumudu transform. The choice of this transformation is due to
its conservation of units, which facilitates the interpretation of results while simplifying
calculations for certain differential and integral equations. Additionally, it provides a di-
rect correspondence with power series and offers a simpler inversion in some cases. The
Disease-Free and Endemic Equilibrium and the basic reproduction number are estab-
lished in Section [l Stability analysis is presented for the considered class of nonlinear
models in Section[5] In Section[6] some numerical examples and simulations are presented
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to show the effectiveness and applicability of the proposed method.

2 Preliminaries and Problem Formulation

In this section, we present the mathematical formulation of the COVID-19 nonlinear
model. We have chosen the conformable derivative for this formulation because it pro-
vides a simpler and more intuitive alternative for modelling, manipulating, and inter-
preting dynamic phenomena. Additionally, it uses simpler initial conditions similar to
those of classical derivatives.

2.1 Preliminaries

This subsection presents essential theorems and definitions of conformable fractional
operators and the Sumudu transform, which is crucial for the dynamic analysis of the
results discussed in this paper.

Definition 2.1 [7] Let a function x : [0, +00) — R be given. Then the conformable
derivative of the function x of order «, with a € (0, 1], is defined by
t+et!=) —z(t
T (@)(t) = lim 2EELTD =)

e—0 €

If the conformable derivative of the function x of order « exists for all ¢ > 0, then we
simply say that z is a-differentiable.

Theorem 2.1 [7] Let o € (0,1] and x1, 22 : Ry — R be a-differentiable functions.
Then, ¥Vt > 0,

(a) T (azy () + baa(t)) = aT (21)(t) + BT (2)(t) for all a,b € R;
(b) T(t?) = pt?~< for all p € R;

(¢) T*(X) = 0 for all constant function z1(t) = A;

(d) T(z1(t)z2(t) = 21() T (22)(t) + 22(8) T (21)(¢);

o (T1()\  a(t)T(21)(t) + 21 (1) T (22)(1) |
(e) T (xz(t))_ 20 ’

t
(f) If z1 is differentiable, then T (xq)(t) = t1 = dx;t( )

Definition 2.2 [7] We take into account functions with exponential order in the set
A defined by

[t]

A= {z(t) IM, 71,72 >0, z(t) |[< Me 7, ift € (=1)7 x [0,00)},

the Sumudu transform X of a continuous function x is represented by

Slz(t)] = X(v) = /000 x(vt)e tdt, v € (—71,T2),
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or a similar alternative
Slz(t)] = X (v) = / z(t)e vdt, v>0.
0

Theorem 2.2 [1] Let x : [0,00) — R be a given function, 0 < o < 1. Then we have
the following property:

Sa[T2(t)](v) = % [Salz(®)](v) —=(0)], Vvi>0.

Theorem 2.3 [I] Let c and a € R and 0 < o < 1. Then

1.
Sa[e—a%x(t)] — W’ V> 0;
2.
Salel(v) = ¢
3.
4.
Sa [e %&}(”)leav’ >3

2.2 Model formulation

Several models have been developed in the literature to describe and study the dynamics
of COVID-19 disease. Rabih Ghostine’s nonlinear model has been recognized for its
comprehensive yet creative methods used to explain better and understand the outbreak
and spread of COVID-19. Several factors contribute to its significance: Accuracy and
Predictive Power, Involvement of Different Variables, Adjustability, Transdisciplinarity,
Openness and Accessibility, and Influence in Reality. This work focuses on an extended
and reformulated version of Ghostine’s epidemiological nonlinear model [5], expressed in
a fractional form using a conformable derivative, with a subsequent investigation of its
global stability.

In our model, the human population denoted by N is composed of seven compart-
ments (subpopulations) according to the status of the disease. The number of susceptible
individuals S(¢), infected individuals in the incubation period E(t), infectious individ-
uals I(t), hospitalized individuals H(t), recovered R(t), and vaccinated cases V(t) are
incorporated. The fractional-order SETHRDV model, utilizing the conformable fractional
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derivative of order 0 < a < 1, is given by

ToS(t) = A% —BYSI—n®S — s,

TE(t) = BSI+(0B)*VI—(v* +pu*)E,

TI(t) = y*E— (6% +p),

TOH(t) = 61— ((1—k*)A® + (kp)® + u®)H, (1)
T*R(t) = (1—k*)AH — u°R,

TeD(t) = (kp)*H,

ToV(t) = n°S— (aB)°VI— pV

under the conditions
S(0)=S5,>0, E0)=EF,
D)= Dy >0, V(0) =V,

and N(t) = S(t) + E(t) + I(t) + H(t) + R(t) + D(t) + V(2.

uH HR

5 (1K) A

uv

Figure 1: Compartmental diagram for the transmission dynamics of COVID-19.

In the following two sections, the analysis of the nonlinear epidemiological model
is carried out under certain constraints on the parameters of the model to ensure the
biological acceptability as well as its mathematical structure, the positive populations,
plausible and sequential disease case rates. These characteristics are particularly impor-
tant for describing the long-term development of an infectious disease process, including
its retention or extinction. In terms of systems theory, the stability of these nonlinear
models is of great importance in terms of the equilibrium point and its robustness against
perturbations that revolve around the fundamental concepts of nonlinear dynamics.

3 Non-Negativity and Boundedness of Solutions

The objective of this section is to analyze and demonstrate the positivity and bound-
ness of the system’s solutions by introducing a new innovative integral technique named
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the Sumudu transform to solve differential systems.
A (0%
Proposition 3.1 The region Q = {(S,E,I,H,R,D,V) eR": 0 < N < () } s
L
non-negative invariant for the model fort>0.

Proof. We have

TS+ E+I+H+R+D+V)t)=A*—pu*(S+E+I+H+R+D+V)(t).
= TN(t) = A“ — u*N(t)
= TN(t) +p*N(t) = A~

Taking the Sumudu transform, we have

LSaINOI) - NO)) + i SN (D)) = A°
= S,[N)](v) +vp*SL[N(®)](v) = N(0)+ vA®
— O T
— SNl = O LS

Thope (o) | g
Applying the inverse Sumudu transform, we get

A A« —p Xt

N(t)=—+ <N(O)—)e CH

ue e
Thus
: AN
lim SupN(t) < | —) .

1

t—o00

As a result, the functions S, E, I, H, R, D and V are all non-negative.

4 Equilibrium Points and Basic Reproduction Number of the Model

The primary objective of this section is to determine two essential equilibrium states:
the Disease-Free Equilibrium and the Endemic Equilibrium. Additionally, we aim to
determine the Basic Reproduction Number Ry.

Based on [12], Basic Reproduction Number Rg and the Disease-Free Equilibrium
point (DFE) of the model are given as follows:

A @ (0% (0%
RO = (57 ) 0 XO = <A7 07 07 0; 07 (nA) ) )

)
H*er€x€s €1 nrer

and the Endemic Equilibrium point (DEE) is given by

Xl( A e VAL 0T,
oIl +e’ o M3 Toeg

(1= k")) 4 (nA)* )
Ma€4 ’ (ﬁall + 61)((0-6)0111 + Ma)’ :




NONLINEAR DYNAMICS AND SYSTEMS THEORY, 25 (5) (2025) 493

where
e =p"+n% e =p"+7% e =p"+75%,
€4 = p% + A (L= &%) + (kp)*, € =p"+(no)”
and
_ «\2 2a a\2 @ 2 2
My =(e2e31%)* + (ABy0)"™ + (€1€2€307)° — 2(op)“€er1€5¢€5
+4Ro(op)ere5e5 — 2(ABoyu)ezes — 2(Ba?yA) ¥y,
My = (BoyA)* — 0%€162e5 — p¥e2e3, M3 = 2(B0o)%ezezenes. (2)

5 Stability Analysis

In this section, our objective is to investigate the Local Asymptotic Stability (LAS) and
to study also the Global Asymptotic Stability (GAS) of the Equilibrium points (DFE)
X% and (DEE) X! for the model ().

5.1 Local stability of the equilibrium points

By the use of the basic reproduction number R |12], we can present the theorem that
establishes the local stability of the Disease-Free Equilibrium (DFE), which is defined as
follows.

Theorem 5.1 The disease-free equilibrium X° is locally asymptotically stable if Ry <
1 and unstable if Ry > 1.

Proof. The Jacobian matrix at the DFE point X° is given by
RO,UQEQE:),

—e 0 - 0 0 0

€5

0 o 29% 0 0 0
Y

0 « — 0 0 0

0 0 0 —€4 0 0

0 0 0 (I=r"A* —p* 0

° 0 ~ Ro(on)¥ezes 0 0 e
V€5

The roots of the characteristic equation are defined as follows:

s1 = —€1 <0, Ss9=—€ <0, s3=—p*<0, s4=-—p*><0,
1

S5 = —5 €y + €3 + \/(62 - 63)2 4+ 4Rpeqzez | < 0,
1

Sg = 3 €2 + €3 — \/(62 - 63)2 +4Rpeze3 | <0 iff Ry < 1.

The disease-free equilibrium XY is locally asymptotically stable or unstable according
to Rop < 1or Ry > 1.
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5.2 Global stability of the equilibrium points

The theorems that establish the global stability of the Equilibrium points (DFE) and
(DEE) are formulated as follows.

Theorem 5.2 The disease-free equilibrium X© is global asymptotically stable in
Q={(S,E,I,H,R,D,V)eR, /S+E+I+H+R+D+V <N, S5(0)>0,E(0) >0,
I1(0) > 0, H(0) > 0,R(0) > 0,D(0) > 0,V (0) > 0} if Ro <1, otherwise unstable.

Proof. Following [10], let us consider the Lyapunov function

V) = EBE+11E7
Y
The conformal derivative of the Lyapunov function, denoted by T*V(E, I), is given by
led « « €2
T*V(E,I) = T*E(t)+T I(t)<w>,

= BSI+ (0B)°VI— e + %(7“E — &),

= BY(S+ooV) - 22

(0%

_ € e pu*Ro(S + o?V) Tl < €2€3

,y(x Aa€5 ,y(x

Thus, T*V(E,I) < 0if Ry < 1, and T*V(E,I) = 0 if I(t) = 0 and Ry = 1.
Therefore, the largest invariant set contained in this set is

(Ro — 1)1

L={(S,E,I,H,R,D,V) € Q/T*V(E,I) =0},

which is reduced to DFE. Hence, by LaSalle’s Invariance Principle, it follows that the
disease-free equilibrium point is Globally Asymptotically Stable in €2 whenever Ry < 1.

Theorem 5.3 If Ry > 1, then the endemic equilibrium of the model given by X1
18 globally asymptotically stable in Q.

Proof. The non-linear Lyapunov function of the Goh-Volterra form [8] is as follows:

« 1]1
V(S,E,I,HV) = (S-5"n(9))+ (E-E'n(E))+ Bnyl (I —I'in(I))
ﬁaSI 1 L
+ (H — H'In(H)) + (V = Vin(V)),
the conformable derivative of the Lyapunov function, T*V(S, E, I, H, V), is expressed as

TV(S,E,1,H,V) = (1 - ‘21) TS(t) + (1 - b;l) TE(t)

ﬂaslll Il o
g (L7 T) T

/Basl Hl o Vl o
+ 5 (1—H)T H(t)+(1—V>T V(t).
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Furthermore, we have

TS(t) < A* — B*SI, TYE(t) < B*SI+ (cB)*VI, T I(t) <~*E

TYH(t) < 6%I, TV (t) <n*S — (ep)*VI.

Therefore,
TV(S,E,I,H,V) < A“ 1—5—1 +n*s?t S _Vs
) ) ) ) S n Sl VSl
I  EYVI
ays1lrl
+ (B VI (p‘m)

E 1 E'SI I'E H'I
aslll — 9 _ _ _
+h <E1 TER T Eein T IE Hﬁ)

<0

so that the following inequalities hold:

St _, S VsS_. I _EVI_,
S0 ST vsi=T [ EVI S

and

Thus T*V(t) < 0 for Ry > 1. The point X! is globally asymptotically stable if
Ro > 1.

6 Numerical Results and Discussion

In this section, we present a numerical study that simulates the SETHRDV model with
a conformable fractional derivative applied to the spread of COVID-19 in Algeria. The
parameters are determined using real-time data on COVID-19 cases in Algeria provided
by the World Health Organization (WHO) and the Algerian Ministry of Health. The
primary objective of this simulation is to assess the impact of the vaccination campaign on
disease transmission. We employ the Runge-Kutta 4th order (RK4) method in MATLAB
for this study.

The baseline parameters and the initial values for our proposed model are shown in
Tables 1 and 2.
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Parameter Interpretation Initial Value Reference
ﬂ Natural birth and death rate 3 x 107° person/day Estimated
A New births 1350 person/day
771 Incubation period 5.5 days
01 Infection time 3.8 days
A1 Recovery time 10 days
p~1 Time until death 15 days
n Vaccination rate 4 x107% day ! Estimated
(rate of people who are vaccinated)
o Vaccine inefficacy 0.05 day !
B Transmission rate divided by N 5.7 x 1078 day ! Estimated
K Case fatality rate 0.028 \\
Table 1: Initial model parameters.
Variable N I() E() H() R() D() V() S()
Tnitial Value 44,600,000 202,122 150,000 180,000 138,362 5,730 0 44,457,156
Reference |13] ﬂ15] Estimated Estimated |15] ﬂ15] ﬂ15] Estimated
Table 2: The initial values for the model variables.
N | e
4 K\ :\pn:;1 351 \\ :\pph:i
a5 | \ o \\{\
% 25 —‘ ‘\\\ g - \ \\
° ‘ \ < 2 / / \\ \ -
2 ol | | g \ \/
i \ sl | | \/
15 x\\ ‘ K \\ /\\,\
1 —\ | ‘\\ : / t,\'\’\ \\
05 f\ \ A 05/ \\\\\
, \ N ol et —
0 5 10 15 20 e (ZZU!/") 30 35 40 45 50 0 5 10 15 20 e fSDm/v‘) 30 35 40 45 50
,’// a\p‘hafo 8 ‘/ alp‘haiﬁ 8
10 " \\
o E \
E| 2 \
I - N
. O\
AN \\\
2 ~ \‘\\

20 25 30

time (Days)

20 25

time (Days)

30
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"
x10° 16 120

= Al apha=0.8
alpha=0.8 N
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ar alpha=1 14 AN alpha=1

Recovered Individuals
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®

0 5 10 15 20 25 30 35 40 45 50 o 5 10 15 20 25 30 35 40 45 50
time (Days) time (Days)

Figure 2: Plots of S(t), E(t), I(t), H(t), R(t) and V(t) for different values of a = 0.6,0.8,1.0
with respect to time (days).

The graphs highlight the dynamics of disease spread and the impact of the o param-
eter. Over time, the number of susceptible individuals decreases as more people become
exposed and infected, with lower a values resulting in fewer susceptibles. Exposed indi-
viduals peak and decline more quickly with lower « values, showing a faster transition
to the infectious stage. Infectious individuals exhibit a distinct peak and subsequent de-
cline, with lower « values leading to an earlier and higher peak, indicating a more rapid
and intense spread. Hospitalized individuals peak and then decline, with lower « values
causing a later and lower peak, suggesting a reduced burden on the healthcare system.
The number of recovered individuals increases over time, with the lowest recovery rates
at @ = 1. Vaccinated individuals rise rapidly at first and then stabilize, with lower «
values leading to faster vaccination rates but reaching this stabilization sooner.

7 Conclusion

In this paper, we analyze fractional order derivatives utilizing the confomable deriva-
tives with an order of 0 < o < 1 within the SETHRDV nonlinear epidemiological models
with vaccination. To this end, COVID-19 case data from Algeria at the beginning of
vaccine implementation (September, 2021) are used. To prove the positivity of the sys-
tem’s solutions, we introduce the Sumudu transform (an integral technique for solving
differential systems) as a new innovative approach. After that, we establish the local sta-
bility of the equilibrium points by calculating the Jacobian matrix and proving that its
eigenvalues are negative. To demonstrate the global stability of the equilibrium points,
we construct a Lyapunov function. Our study shows that a lower value of « is associated
with a more effective response to the disease. However, it is important to note that « is
not the only factor that determines the effectiveness of a response. Other factors such
as the effectiveness of the vaccine and the availability of healthcare resources, also play
a role in the analysis of Covid-19 epidemiological models.
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Abstract: In the present work, we use a topological method to establish the existence
of positive pu-SP-pseudo almost automorphic solutions for some systems of nonlinear
delay integral equations which, from a biological point of view, model the evolution
in time of interacting species. Specifically, we use the contraction mapping principle,
Leray—Schauder alternative and Krasnoselskii’s theorem to obtain our results.
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morphy; compact operators; fired point.

Mathematics Subject Classification (2020): 45G15, 92D15, 92D25, 92D30.

1 Introduction

The notion of almost automorphy is a natural generalization of the classical almost pe-
riodicity [2}/3]. It was first introduced by Bochner in the mid-1960s; one can find more
details about this topic in [7}/11,[13] and the references therein. Since then, this notion
has been generalized in different directions. In [12], N’Guérékata and Pankov introduced
the concept of Stepanov-like almost automorphy and applied this concept to investigate
the existence and uniqueness of an almost automorphic solution to the autonomous semi-
linear equation. Then, new generalizations of the Stepanov-like automorphy have been
discovered. Among the most important of these generalizations, we have the notion of
Stepanov-like weighted pseudo almost automorphic function presented by Xia and Fan
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in [17] and that of weighted pseudo almost automorphic functions in the light of the
measure theory introduced by Blot et al. in [1].

Recently, the concept of p-Stepanov-like pseudo almost automorphic functions was
introduced and applied to study the existence of solutions to some evolution equations
in Banach spaces (see, for instance, [5,|6]). Note that with the development of the
theory of almost automorphy, its applications have attracted a great deal of attention of
many mathematicians due to their significance and applications in physics, mathematical
biology, control theory, and so on.

However, since the concept of p-Stepanov-like pseudo almost automorphy is more
general than weighted pseudo almost automorphy, our goal in this paper is to investigate
the existence of Stepanov-like p-pseudo almost automorphic solutions to the following
multidimensional systems of nonlinear delay integral equations:

T'(s)
z(s) = F(s,z(s — 1)) —|—/0 f(s,0,2(s — o — ¢))do, (1)

where z = (z1,...,2,) : R — R}, F = (Fi,.... Fp) : R — R}, I'=(I'y,...,T,) : R —
R? and f = (f1,..., fn) : R x Ry x R} — R are appropriate functions specified later.
Hence, system means that, for each i € {1,2,...,n},

I'i(s)
xi(8) = Fi(s,21(s — £),...,xn(s — £)) + / fi(s,o,21(s —0 —0),...,x,(s — 0 — {))do.
0

System with positive solution describes the evolution in time of n species with
interaction. In fact, for i = 1,2,...,n, z;(t) is the number of individuals present in the
population x; at time ¢, which live to the age I';(¢). The function f; is the number of
new births per time unit in z; and F; is a nonlinear perturbation. Another explanation
can be given to by considering it as an epidemic model combined with population
ecology. In this context, z;(t) is the population at time ¢ of infectious individuals in the
species x;, f; represents the instantaneous rate of infection in the species x and T';(¢) is
the duration of infectivity in ;.

Note that, in the case n = 2, system (1]) generalizes the one studied in [15] if one does
the change of variable s — o =« and ¢ = 0,

t
z(t) =y )zt — B1) + / f(s,z(s),y(s))ds,
t—oq (t)
; (2)
o) = O =)+ [ olsals)p()ds
t—oa(t
In |14], the authors show the existence of positive Stepanov-like almost automorphic
solutions for multidimensional systems of the type

(s)
z(s) = /0 f(s,0,2(s — o —1))do.

Therefore, our system , in the present work, generalizes the previous and other sys-
tems.

The paper is organized as follows. Section 2 is devoted to basic definitions and results
that are known in the literature. In Section 3, we present some results which are essential
in the proof of our results, namely, composition theorems. Finaly, in Section 4, we prove
the existence of solutions.
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2 Preliminaries

Troughout this paper, we will use the following notations. R is the set of real num-

bers, Ry = [0,400), N is the set of nonnegative integers and for every element
n

x = (z1,...,x,) € R, ||z|| = > |xs|. Also, C(R,R™) denotes the space of all con-
i=1

tinuous functions from R into R™ and BC(R,R™) consists of the bounded ones in
C(R,R™). Equipped with the norm sup ||z|s = sup,cp ||2(t)]|, BC(R,R™) is a Banach
space. LY (R,R™) denotes the space of all equivalence classes of measurable functions
f : R — R"™ such that the restriction of f to every bounded subinterval of R is in
L? (R,R™).

Let us begin by giving some basic definitions and results on almost automorphic and
p-pseudo almost automorphic functions.

Definition 2.1 [2]

(i) A continuous function f : R — R™ is called almost automorphic if for every
sequence of real numbers {s/ }, there exists a subsequence {s,} such that

ff@®) = lim f(t+sp)

n—-+o0o

is well defined for each ¢t € R and

f@®) = lm f*(t—sy,), VteR.

n—-+4oo
The collection of all such functions will be denoted by AA(R,R"™).

(i) A continuous function f: R x Ry x R} — R™ is said to be almost automorphic
if f(s,0,u) is almost automorphic in s € R uniformly for all (¢, u) € K, where K
is any bounded subset of Ry x R’. The collection of all such functions will be
denoted by AA(R x Ry x R}, R™).

Example 2.1 The function

1

t—cos—m——
2 —sint —sinnt

is almost automorphic but not almost periodic since it is not uniformly continuous.

Throughout this work, we denote by 28 the Lebesgue o-field of R and by 9 the set of
all positive measures p on B satisfying pu(R) = +oo and p([a, b)) < +oo for all a,b € R
with a < b.

Definition 2.2 [1] Let € 9.

(i) A continuous function f: R — R™ is said to be p-ergodic if

1
lim —————~ d =0.
[ 15Ol

r=too p([=r, 7))

We denote the space of all such functions by e (R,R™, 1) (or € (R™, ) for short).
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(i) A bounded continuous function f: R x Ry x R} — R™ is said to be p-ergodic if
f(.,0,z) is bounded for each (o,z) € Ry x R and

. 1
lm /[ 16 )l(s) = 0.

r—-oo p([—r,7])

We denote the space of all such functions by e (R xRy xR%,R" ) (or
5 (RT‘l,R", M) for short).

Lemma 2.1 [1]] Let p € M. Then (¢ (R™, 1), ||.]loo) % @ Banach space.

Definition 2.3 [1] Let u € 9. A continuous function f : R — R™ is said to be
p-pseudo almost automorphic if f can be expressed as

f=g+h,

where g € AA(R,R™) and h € € (R™, ). We denote the space of all such functions by
PAA(R,R™, u).

For p € 9M, denote by p, the positive measure on (R, B) defined by
pr(Ay=p({a+7:a€ A}), forA e B.

In the sequel, we assume the following hypothesis.

(Ho) For all 7 € R, there exist # > 0 and a bounded interval I such that

pr(A) < Bu(A),
where any A € B satisfies ANT = ¢.

Lemma 2.2 [1] Let p € M satisfy (Hp). Then € (R™, ) is translation invariant,
and therefore, PAA (R,R™, u) is translation invariant.

Lemma 2.3 [1] Let p € M. Assume that PAA (R,R™, u) is translation invariant.
Then the decomposition of p-pseudo almost automorphic function in the form f = g+h,
where g € AA(R,R™) and h € € (R™, u), is unique.

Lemma 2.4 [1] Let p € M. Assume that PAA (R,R™, u) is translation invariant.
Then (PAA (R, R™, 1), |.||ls) is a Banach space.

Now, we give some preliminaries on u-Stepanov-like pseudo almost automorphic func-
tions.

Definition 2.4 [8,/12] The Bochner transform f°(t,s),t € R,s € [0, 1], of a function
f R — R" is defined by
fo(t, s) := f(t +s).

Remark 2.1 [8] Note that a function (¢, s),t € R, s € [0, 1], is the Bochner trans-
form of a certain function f(t),

ot 5) = f'(t,5)
if and only if p(t + 7,5 —7) = p(s,t) for all t e R, s € [0,1] and 7 € [s — 1, 5].
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Definition 2.5 [8] The Bochner transform fb(¢,s,0,u),t € R,s € [0,1],(o,u) €
R x R™, of a function f: R x R x R™ — R"™ is defined by

fb(t’ 570—7 u) = f(t + S’ 0—7 u)'
Definition 2.6 [12] Let p € [1,+00).

i) The space BSP (R,R™) of all Stepanov bounded functions, with the exponent p,
consists of all measurable functions f on R with values in R™ such that f* €
L*> (R, LP ([0,1],R™)). This is a Banach space with the norm

t+1 >
150 =1 =@my =sup ([ 1IPas)
t

ii) The space BS? (R x Ry X RLR") of all Stepanov bounded functions, with the
exponent p, consists of all measurable functions f : R x Ry x R} — R" such that

fP(, . o,u) € L= (R, LP ([0,1],R™)) ,t — fo(t,.,0,u) € L? ([0,1],R™),
for each ¢ € R and each (o,u) € Ry x R"}.

Definition 2.7 [12] The space ASP(R,R") of Stepanov-like almost automorphic
functions (or SP-almost automorphic) consists of all f € BSP(R,R") such that f° €
AA(R, LP([0, 1], R™)).

In other words, a function f € LI (R,R") is said to be SP-almost automorphic if
its Bochner transform f° : R — LP([0,1],R™) is almost automorphic in the sense that

for every sequence of real numbers {s] }, there exist a subsequence {s,} and a function
f*eLf (R,R") such that

loc
([ s+

()]

as n — +oo pointwise on R.

pds) v — 0,

1/p

f (s —sn) —f(s)des) -0

Example 2.2 [12] Let {f,} C R be an almost automorphic sequence, and € € (0, 3).
Let

0= "
Then f € ASP(R,R) for all p € [1,4+00) but f ¢ AA(R,R).
Lemma 2.5 [12/
(i) (ASP(R,R™),|.|ls») s a Banach space.
(ii) AA(R,R™) is continuously embeded in ASP(R,R™).

Remark 2.2 (1) The operator J : ASP(R,R") — ASP(R,R") such that
(Jx)(s) := x(—s) is well defined and linear. Moreover, it is an isometry and J? = I.
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(2) the operator 75 defined by (7gz)(s) := x(s— ) for a fixed 8 € R leaves ASP(R,R™)
invariant.

Definition 2.8 [12] A function f: Rx R xR} — R", (s,0,u) — f(s,0,u) with
f(ou) € LY (R,R™) for each (o,u) € Ry x R is said to be Stepanov-like almost
automorphic in s € R uniformly for (o,u) € Ry x R%} if s — f(s,0,u) is Stepanov-
like almost automorphic for each (o,u) € Ry x R’}. That is, for every sequence of real
numbers (s],),, there exist a subsequence (sy), and a function f*: R xRy xR} — R”
with f*(.,o,u) € LY _(R,R™) such that

D=

t+1
(/ |f(s+sn,cr,u)f*(s,a,u)npds) 0,
t

t+1 %
</+ ||f*(5_5n,0',’u,)—f(8’0'7u)||pd3) — 0

asn — +oo for all t € R and (o,u) € Ry x R%.
Denote by ASP (]R x Ry x R%, R”) the set of all such functions.

Definition 2.9 [6] Let p € M. A function f € BSP(R,R") is said to be u-Stepanov-
like pseudo almost automorphic (or u-SP-pseudo almost automorphic) if it can be ex-
pressed as f = g + h, where g € ASP(R,R") and h® € ¢ (LP([0,1],R"),x). In other
words, a function f € L} (R,R) is said to be p-Stepanov-like pseudo almost automor-
phic relatively to the measure p if its Bochner transform f° : R —s LP([0,1],R") is
p-pseudo almost automorphic in the sense that there exist two functions g, h : R — R”
such that f = g + h, where ¢ € ASP(R,R") and h® € (LP([0,1],R"), ), that is,
h® € BC (R, L*([0,1],R™)) and

1 t+1 1
lim 7/ [/ h(s)||Pds| " du(t) = 0.
[=r,7] t

r=+oo ([, 7])
The set of all such functions will be denoted by PAAP(R,R", u).

Definition 2.10 [6] Let p € 9. A function f : R x Ry x R} — R”,(s,0,2) —
f(s,o,x) with f(.,o,2) € LY (R,R™) for each (0,2) € Ry x R} is said to be
u-Stepanov-like pseudo almost automorphic (or p-SP-pseudo almost automorphic) if
it can be expressed as f = g + h, where g € ASP (R x Ry XR},R") and h’ €
€ (]R:L_H, Lr(]0,1],R™), ,u). We denote by PAAP (]R x Ry x RY,R™, [L) the set of all such

functions.

Theorem 2.1 [6] Let p € M and I be a bounded interval (eventually I = &).
Assume that f(.) € BSP(R,R™). Then the following assertions are equivalent:

(i) f°() € e (LP([0,1],R™), ).

(i) lim 4o ﬁ S (M 1F ) Pds) P duge) = 0.

n(ft € [=r )\ T: ([ )£(s)Pds)? > £}

W=\ D) =0

(iii) For any e > 0, lim, 4
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Theorem 2.2 [6] Let p € M satisfy (Hp). Then e (LP([0,1],R™), u) is translation
invariant, therefore PAAP (R,R™, u) is also translation invariant.

Theorem 2.3 [6] Let p € M satisfy (Hy) and f € PAAP (R,R"™, 1) be such that
f=g+h, where g € ASP (R,R") and h® € £ (LP([0,1],R™), ). If PAAP (R,R™, 1) is
translation invariant, then

{g(t) :t e R} C{f(t):t € R} (the closure of range f).

Theorem 2.4 6] Let y € M. Assume that PAAP (R, R"™, u) is translation invariant.
Then the decomposition of the u-SP-pseudo almost automorphic function in the form
f=g+h, where g € ASP(R,R™) and h® € ¢ (L?([0,1],R™), ), is unique.

Theorem 2.5 [6] Let p € M. Assume that PAAP (R,R™, u) is translation invariant.
Then (PAAP (R,R™, 1), ||.|lse) is a Banach space.

Recall the following theorem, whose proof and more details can be found in [6].

Theorem 2.6 [6] Let u € M. Suppose that f = g+h € PAAP (R X Ri,R",u) with
g€ ASP (R X RQ,R”), hb € e (R’fr, Lr([0,1],R™), ,u) and the following hypothesis holds:

o There exists a constant L > 0 such that for all u,v € R?} and s € R,

1/ (s,u) = f(s,0)|| < Llju = v]|.

If 1 = a+1 € PAAP (R,R", i) with a € ASP (R,R"), ¥* € e (LP([0,1],R"™), ) and
{a(s),s € R} is compact, then f(.,z(.)) € PAAP (R,R", p).

To establish the existence of solutions for system , we will apply the fixed point

theorem of Krasnoselskii-Schaefer type, where the Schauder-type condition is substituted
by the Schaefer-type condition.

Theorem 2.7 (Krasnoselskii-Schauder [16]) Let ©Q be a nonempty bounded
closed conver subset of a Banach space (X, ||.||). Suppose C; T : Q@ — X are two
mappings satsfying

(i) Cx+Ty €, Va,y € Q,
(i) C is a contraction and

(iii) T is completely continuous.
Then the mapping A = C + T has a fized point x € Q, that is, Ax = Cx + Tx = x.

Proposition 2.1 [/ If (X, |.||) is a normed space, if 0 < A <1, and if C: X — X
s a contraction mapping with the contraction constant §, then
1
ACX X =X

s also a contraction mapping with the contraction constant J, independent of A; in par-

ticular,
[AC(z/N)|| < él[=|| + |C(0)].

Theorem 2.8 (Krasnoselskii-Schaefer [4]) Let (X, ||.|) be a Banach space and
let C,T : X — X be such that C is a contraction with the contraction constant 6 < 1
and T being completely continuous. Then either

(a) = AC(x/X)+ ATz has a solution in X for A\=1, or
(b) The set {x € X : x=AC(x/X) + XTz,\ € (0,1)} is unbounded.
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3 Composition Theorems

In this section, we will prove two composition theorems, which will allow us to study,
in Section 4, the existence of u-Stepanov-like pseudo almost automorphic solutions for
systems of type (1), as well as for the scalar case of system . Let us begin by introducing
some notations.

Let p € 9M. Assume that PAAP (R,R™, u) is translation invariant. Consider the
set of all bounded functions BASP(R,R"™) C ASP(R,R") (resp. BPAAP(R,R", p) C
PAAP(R,R™, 1)), that is, for each x € BASP(R,R") (resp. « € BPAAP(R,R", u)),
we have ||z|loc = supger [|z(s)|| < oo. It is clear that (BASP(R,R"),|.||s») (resp.
(BPAAP(R,R™, i), ||.|ls»)) is a Banach space. Also, if f = g+ h € BPAAP(R,R"™, u),
then both g and h are bounded.

Consider L’i’(}c (R x Ry, R™) being the space of all equivalence classes of measur-
able functions ¢ : R x Ry — R", (s,0) — ¢(s,0) such that the restriction of
¢ to every bounded subset of R x Ry is in LP* (R x Ry, R") = L? (R, L' (Ry,R™)).
Then, let ASP! (R x Ry X R",R") be the subset of AS? (R x Ry X Ri,R") consist-
ing of all functions f such that f(.,.,u) € le’olc (R xRy,R™) for all u € R’ and let
e (R, LP1([0,1] x Ry, R™), 1) be the subset of ¢ (R, LP([0,1],R™), i) consisting of
all function h satisfying h(.,.,u) € L' (R x R, R™) for all u € R

Denote by PAAP! (R x Ry x R}, R™, ,u) the subset of PAAP (R x Ry x R}, R™, u)
consisting of all functions f = g + h such that g € ASP! (]R x Ry X ]R’L]R”) and h® €
e (R LPL([0,1] x Ry, R™), p).

Next, as general assumptions, we make the following ones for functions ® : R x Ry x
R} — R™

(Hy) For each compact subset K C R}, there exist constants L (®), Mg (®) > 0 such
that

i
! [ (s, 01,u) = D(s,02,0)[| < Lr(®) (lor — o2 + [[u—vl])
for all u,v € K, all 01,00 € Ry and all s € R .
(i)
1@ (s, 0,u)|| < Mg (®)]ul],
for all (s,0) € R xRy and all v € K.

In the sequel, we say that a function f satisfies (H;) means that (H;) holds for f
instead of ®. Then we prove the following composition theorem relevant to our system

().

Theorem 3.1 Let p € 9 be such that BPAAP (R,R"™, ) is translation invariant.
Assume that

(i) f=g+he PAAPT (R x RYT RY, 1) with g € ASP (R x R RY) and h® €
e (R, LP1([0,1] x Ry, R™), u) such that f and g satisfy (Hy).

(ii)) T =74+ ¢, x = o+ 1 € BPAA?P (R,Ri,u) with T,a € BASP (R,Ri) and
o® b € e (LP([0,1],RY), ).
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Then the function Tx : R — R"™ defined by

T'(s)
Tx(s) = /0 f(s,o,2(s — o —{)do

belongs to BPAAP (R, R?%, ,u).

Proof. First, since z,I' € BPAAP (R, Rﬁ,u) and f satisfies (Hj)(ii), we get that
Tz(.) is a bouned function. Then, taking into account all assumptions of the theorem,
it is easily verified that

T'(s)
Tx(s) = / f(s,0,2(s — o —{)do
0
(s)
= /0 g(s,0,a(s — o — l)do
7(s)
+ / [f(s,0,a(s—0—1L)—g(s,0,a(s — o —{)]do
0
7(s)
+ [ a0 =0 = fs.oas — o~ 0o
T'(s)
+ / f(s,0,2(s — o —{)do
7(s)
= G(s)+H(s)+1(s) + J(s),
where
(s)
G(s) = /0 g(s,0,a(s — o —{)do,
(s)
1) = [ eoats—o =0 = gsoa(s = =0l
7(s)
= / h(s,o,a(s — o — {)do,
0
(s)
16 = [ Uoals—o—0-fsoas =00l
T'(s)
J(s) = /()) f(s,0,2(s — o — £)do.

In view of |14 Theorem 3.1, G € BAS? (R, IR:L_) So, it is enough to show that
H 1°,J% € e (LP([0, 1], R7), ).

Let us prove that H® € ¢ (Lp([O, 1],]1%’_}_),#). We first point out that since f and
g satisfy (Hj), the function h = f — g also satisfies (H;). In addition, since a(s) is
bounded, K = {a(s):s € R} is compact. So, for ¢ > 0 (small enough), there exist
a finite number of points o) € K, k = 1,2,...,m, such that for any u € K, we have
luw — ol < m = gq for some 1 < k < m. Let

I ={seR:|a(s) —ai|]| <o}, k=1,2,...,m.
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It is clear that R = UJ' ;9. Let

Er =91, B =0 \ (uf;f 191-), k=2,3,..,m

Then we have

R:kﬁlEk and B;NE; =0, i # 7, i,j € {1,...,m}. (4)

Define the step function @ :

:R = R" by @(s) = ag, s € Ex, k = 1,...,m. Then
|a(s) —@(s)| < 0. Hence, from (H;)(i) and (), one can easily get

1

Z/ Ih(s,o,a(s — o —£)) — h(s, 0o, ak)des>p
1/ Ernltt+1]

(/tt+1 |h(s,0,a(s —o =€) — h(s,0,0(s —0 — g))deS)%

3
< EoLK(h) = 8”7’” .
(oo}

On the other hand, since h® € ¢ (RT‘l, LP1([0,1] x Ry, R7) ,u), there exists rg > 0
such that

t+1 I7lles S
m /[T’T] [/t H/O h(s, o, ak)dUH ds} du(t) < 8im

(5)
forallr >rgand 1 <k <m.
Now, using —, we have for all r > rq,
t+1 7(s) p 1
{/ H/ h(&a,a(s—a—f))da” ds}p
t 0
L—l t+1 |7l oo %
<AL [ [ Ihtsoats—a = o)lPdads]
~ el Z/ ([ thtsso.ats — o~ opipan)as]
T|od h(s,o,a(s — o —{))||Pdo )ds
BErO[t,t+1]
‘THoc m 1
<o / Z/ h(s.0.a(s — & — ) — h(s,0,00)|"ds) do] "
EpN[t,t+1]
lI7]loo 1
21+ T / / h(s,o,a)||Pdo)ds|”,
Flirled Z e (s, ) |Pdor ) ds|
which proves that for all r > rg,
1 / /t+1 H /T(s) p % L1 (€ m%&_
_— h(s,o,a(s —o — ¢ dO’H ds|"du(t) < 2175 (= + <E.
i S A AL [ ds] " d(t) < 275 (5 + )

This ensures the desired result.
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Next, we prove that I° € ¢ (Lp([(), 1],R7%), u). Set A = {z(s) : s € R}, then

([ wenea)?

~(/ B / " ts0va(s — 0 - 0) = f(s,00(s — 0 — )ldolds)”

S

<o ([ oo~ —ats o - lpiras)
= LI ( B R O

Since ¥* € e (LP([0,1],R™), i), using Theorem and the fact that e (LP([0,1],R%), u)
is translation invariant, we get

Finally, we show that J® € ¢ (LP([0, 1], R%), ).
( weea) = (7] ieonts -0 - oaoteas)’
< Ma(D)llelo / ) - s ipds)”
= el [ hotoas)”

Also, since ¢ € € (L”([O, 1],R’_f_),u), we have
1

e ([ wers) ao o

This completes the proof.
Proposition 3.1 Let y € M and f € C,(R,R). Then the following statements hold:
(i) f € ASP(R,R) implies that f € AAR,R);
(ii) f° € e(R,LP(0,1;R), u) implies that f € (R, R, u);
(i) f € PAAP(R,R, u) implies that f € PAA(R,R, p).

Proof. The proof of the above proposition is analogous to that from [10, Proposition
3.3]. We omit all details here.

Now, we prove the composition theorem which corresponds to the system in its
scalar case.

Theorem 3.2 Let y € M be such that BPAAP (R, R, u) is translation invariant.



510 A. EL HADDOUCHI AND A. SADRATI

(1) Assume that f,I' € BPAAP (R,R, ). Then the function F defined by

is in BPAAP (R, R, u).
(2) If f,g € BPAAP (R,R,, 1), then the product f.g € BPAAP (R,R,, u).

Proof. (1) Since f,I' € PAAP (R,R4, ), we have by definition that f = h + ¢ and
I =7 +¢&, where h,7 € BAS? (R,R,) and ¢, ¢ € ¢ (R, LP(0,1; R ), ). Hence,

s—7(s) s s
f(0)do + h(6)d6 + 0)do
»/SF(S) ( ) »/ST(S) ( ) AT(S) Sﬁ( )
H(s) + @(s),

!
—~
®
S~—"

I
T
»
~
=z
By
—
s
S~—
U
<>
I

where H(s) = [7_ h(0)d0 and ®(s) = [Z7) f(0)d0 + [7 ) o (0)do.

We prove that H € BASP(R, R+) Since h,7 € BASP(R,R), it is easy to see that
h,7 € LY (R,Ry). Moreover, for every sequence of real numbers (s),),, there exist a
subsequence (s;,), and functions h*,7* € L, (R,RRy) such that (3] holds. Let

Then we have

[/tH ‘H(S—I—Sn) - H*(s)‘pds}%

t+1 s+sn S P 1
/ h(6)do — h*(&)dQ’ ds] ’
s+sn—7(5+5n) s—T1*(s)

S

/ h(0 + s,)d6 — h*(e)de‘pds} v
s—7(s+58n) s—T1*(s)

- /H*(S) h(&—i—sn)de‘pdsf

s—7(s+5n)

‘ /:T*(s) [h(0 + s,) — h* (9)]d9’pds} 1
< ||h||oo[/t+1 ‘ (54 80) — 7" (s )’pds}%

t+1
e / /
Il

Since 7 € BASP(R,R,), we have

lim [/ttﬂ ’T(S +5n) — 7(s)

n—-+oo

IN

|
[
[
[

(0 + 5,) — h*(&)‘ d@ds} v

p

1
ds} " =0.
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/t-i-l /s
Il
t+1 p %
/ / h(0 + sn) — h*(&)‘ deds}
—+o0 t+1 p L
/ / h(s—9+sn)—h*(s—9)‘ dsde]”
0 t
—+oo

_ [ ke sn)dﬁ]%

Moreover,

P 1
(0 + sn) — h*(&)‘ d&ds] ’

t+1 « p
where K;(0,s,) = ‘h(s —0+s,) —h*(s— 9)‘ ds.

It is clear that Kt is bounded, K; > 0 and lim, . K¢(0,s,) = 0. Hence, by the
Lebegue dominated convergence theorem, we obtain

t+1 s
lim [ /
e Ly s—|lm*|]

s [ oo -0 ) =0

RO+ 5,) — h*(@)’pdeds} " =0,

Thus,

Analogously, we prove that lim,, o {f:ﬂ ‘H* (s —sp) — H(s)
Thus, H € BASP(R,R.).
On the other hand,

m /[_TT] / t“‘ / ST@ @(G)de‘pds]%d,u(t)
HTHOO / /”1/ ||ruoo dodswdﬂ()
5 L [ oo
_ MI(I[TJoo / . /t+1 / +°° (s~ 0)|dbas] dy(t)
anoo /M] /”1 /*"" (s - 0)[[ dodsan(o)]
e [/0 e o [ e - o asan)as)”

Since e (R, L?(0,1;R4), 1) is translation invariant, and by the Lebegue dominated con-
vergence theorem, we obtain

1 t+1 s p .
lim 7/ / / w(6)do| ds]zdu(t) = 0.
n—r+oo ,LL([—T, 7’]) [—r,7] |: t ‘ s—T7(s) ( ) ‘ ] ( )

pds} » =0.

I /\
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Also,
t+1 s—7(s) P
p(l= “D/[—w] / ‘/ <T<s>+s< ) (e)de‘ dolrntt)
<o L[ o
et [ ot
gu('h”w / [ / (o] s} du(r
t+1 —+oo
i) /W][/t | et - ol astaucr
Then we get
t+1 P 1
and

([])/[ /t“(/m o0 de\ bt
:{/0 =) /[]/ deM( ))da]%.

Again, since € (R, LP(0,1;R, ), 1) is translation invariant, by the Lebegue dominated
convergence theorem, we obtain

nli}rfocM/[_M] /t+1‘/+00 (s —0)do ds] d,u()

Consequently, ®° € ¢ (R, L?(0, 1; R, ), #). This completes the proof of the assertion (1).
(2) By definition, there exist h,k € BASP (R,R}) and ¢,9 € € (R, R4, u) such that
f=h+ypand g=Fk+.
Obviously,

I /\

fa=hk+hy+pk+pa.

First, we prove that h.k € BAS? (R,R). By Definition [2.7] n for every sequence of real
numbers (s,),, there exist a subsequence (s,), and functions h*,k* € L} (R,R) such
that holds.
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It is easy to see that h*.k* € L (R,R,). In addition,

loc

Um ‘h(ﬂ + 52)k(0 + sn) — h*(0)k*(0) pda} 1

< [/m 16+ 50 1(0+ ) — h(6 + sn)k*(e)‘pde} v

+ [/tm ’h(& + sk (8) — h*(@)k*(a)]pda] z

< |lhlloo [/tm ‘k(@ +5,) — k*(6) pd@] v

This assures the assertion.
On the other hand,

t+1 , N
[/t ’h(9>¢<9>+¢(9)k(9) +<ﬁ(9)w(9)] de} »
<ol [ o) st [ ol )’

4313 [/tm )w(e)w(e)‘pde] %,

which gives

it [ T hO0(6) + o(Ok(6) + (6)0(6)|"d6] " au(t) .

T_H'Oolu([_ra T])

4 Existence of ;-SP-Pseudo Almost Automorphic Solutions

We will give sufficient conditions for system to admit a solution in the space
PAAP (R,R’_f_, p). In this case, we apply Theorem As a corollary, we treat the
scalar case of system . We begin first by the following lemma.

Lemma 4.1 Let p € M be such that PAAP (R,R"™, 1) is translation invariant. Let

{zr} be a sequence of p-SP-pseudo almost automorphic functions (that is, {zx} C
PAAP (R,R", i) ) such that

t4+1
lim lzk(s) — x(s)|[Pds =0 (6)

k—oo Ji

for each t € R, then x € PAAP (R,R", ).

Proof. To prove the lemma, we refer to |9, Lemma 2.7]. From @, one can easily
deduce that {z}} is a Cauchy sequence with respect to ||.||s», and by definition, we can
write ), = oy + ¢, where {a;} C ASP (R,R") and {¢%} C e (R, LP([0,1],R™), u). From
Theorem [2.3] we have

{ag(t) : t e R} C {xp(t) : t € R}
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It follows that {ay} is also a Cauchy sequence for the norm ||.|[se. Thus, there exists a
function o € AS? (R, R™) such that limg_, ||ax — al/sr = 0. Hence, ¢p = x — oy, is a
Cauchy sequence for the norm ||.||s». So, there exists a function ¢ € BSP (R, R™) such
that limy_,e0 [|[@r — @|ls» = 0. Let us prove that ¢ € e (R, LP([0,1],R™), ). For r > 0,

we have
/” /tﬂ |”d81 dp(t)
/[_M] / ot — o(s)]7ds] " du)
+ u([—])/] [ onts >|pds} (0

<lodlls+ s [ [ T onras] duto)

Since ¢¢ € e (R, LP([0,1],R"), u) for all k € N, and limy_ [|¢x — @|ls» = 0, we deduce

that . 1 .
T g L, O] =0

Consequently, by the uniqueness of the limit, we obtain © = a+ ¢ € PAAP (R, R", u).

Theorem 4.1 Suppose that all assumptions of Theorem[3.1] are verified. In addition,
the function F € PAAP (R X ]RT}F,]RT}F,M) and satisfies the following conditions:

(Hs2) There exists a constant § € [0,1) such that

[F(s,2) = F(s,y)l| < 6llz —yll, Yo,y € R, Vs € R

(H3) There exists a constant M > 0 such that for any compact subset K C R,
|F(s,x)|| < M||z|, Vs € R, Vz € K,

and
04+ Moo < 1.

Then system has a positive solution x in BPAAP (R,Rﬁ_,p).

Proof. Define the operators C,T : BPAAP (R, R%, ,u) — BPAAP (R R7, /L) by

T'(s)
Cx(s) = F(s,z(s —¥)) and Tz(s) = /0 f(s,0,2(s — o —¥)do.

Then, by Theorem [2.6| and (H>), the operator C' is well defined. Moreover, it is easy to
see that
||CSU - CyHSP < 5||m - y”SP’ V(E,y € BPAA? (Rv Rivu) )

which implies that C' is a contraction operator.
Let us prove that T : BPAAP (]R, ]R’_}_,,u) — BPAAP (]R, R’j_,u) is a completly
continuous operator, that is, 7' is compact and continuous. Firstly, we prove that
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T is a compact operator, which is equivalent to showing that for every bounded se-
quence {xy} € BPAAP (]R, R?%, u), the sequence {Tx} has a convergent subsequence in
BPAAP (]R, R?%, u). Indeed, the proof is similar to step 2 in the proof from [14], the only
difference is that we use Lemma instead of Lemma 2.7 from [9]. The continuity of T'

is also similar to that in step 2 from [14, Theorem 3.5].
Finally, if A € (0,1) and if € BPAAP (R,R", 1) satisfying

_ I'(s)
x(s) = \F <S7x(s/\€)> +)\/ f(s,0,2(s — o —{))do,
0
then, from Proposition [2.1] we have
—/
H)\]: <s, a:(s)\)) H <dllz(s— 0| +R
for some R > 0. Moreover, according to (Hs), we get
1Tl oo
lz(s)|| S(SHJJ(S—E)H-FR-F/O M|z(s — o —{)||do.

It follows that

41 il s
lzllse < 6||x||Sp+R+sup(/ H/ Mlja(s — o — O)do|ds)”
teR t 0
p—1 t+1 T 1
< Gllellse + R+ ||T)lod Msup(/ / li(s — o — €) [Pdods|"ds) "
teR t 0

which implies that

[zlsr < dlzlsr + M|T||c|[x]sr + R.

Consequently,
zlls» < S —
ST M|

The proof is complete.
As a special case, we prove the existence of Stepanov-like p-pseudo almost automor-
phic solutions to the scalar case of system in BPAAP (R,R,, u). Let us consider

S
z(s) = v(s)z(s — B) —l—/ ( )f(o,x(o))da, (7)
s—I'(s
where v,I' : R x Ry and f: R x Ry — R are positive functions.

Corollary 4.1 Suppose that ~,T € BPAA? (R,Ry,p) and f €
PAAPY (R x R, Ry, p). In addition,

(Hy4) For all compact subset K C Ry, there exist constant L, M > 0 such that
(4i7)
|f(s,u) — f(s,v)| < Llu—v|, Yu,v € K, Vs € R;

(iv)
|f(s,u)] < M|u|,YVu € K, Vs € R.
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(Hs) There exists a constant § € (0,1) such that

7l < 6.

If
§+ M|T||o < 1,

then equation (7) has a positive solution v € BPAAP (R, Ry, ).

Proof. We will apply Theorem [2.8 once again. Indeed, it is enough to verify that
assertion (a) holds.

oo < aleo =)+ [ ool

Hence,

t+1 s %
lelse < 6||x||sp+Msup(/ H/ (o) |dof]"ds)
teR t $—|IT| oo

bt t4+1  p0)|oo 1
< O|xllse + Mo sup(/ / Hx(s—a)”pdadsnpds)
teRrR t 0
< Ol|z]lse + M|T|co|z]| 5w + 1.
Thus,
s < !
X p —_— .
210 - M

5 Conclusion

In conclusion, the model studied in this work is a generalization of the one treated in [14]
by adding a nonlinear perturbation in a more general Banach space. The topological
method used allowed us to get rid of any form of monotony considered in many works of
this type.

Indeed, when we assume the monotony of the functions with respect to each variable
x;, 1 = 1,...,n, we predetermine the nature of the interaction between the populations,
for example, cooperation, competition, prey-predator, etc. In our case, the topological
method allowed us to study the model for a broader class of functions.
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Abstract: This paper investigates the existence of multiple solutions for double-
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1 Introduction

Let a bounded domain & C RY, N > 2, with the Lipschitz boundary Ol be given.
Consider the following double-phase system:

pi(y) _ (y)—2 2r(y) r(y)—2 s(y) s
L) g = Au(y)[* " u(y) + TG+ 50y) [u(y)["Y " u(y)[v(y)[*Y  in U,
ngy(i)q(y)v = Ao [v(y) |7 2v(y) + ﬁ(yﬁ(y)lu(}’)lr(”IV(Y)IS(”‘QV(Y) in U,
(Du(y) [P®)=2Du + 11 (v) | Du(y) |20)"2 Du) .v = hy (v, u(y)) on U,
(IDv(y) [P 2DV + pa(y)[Dv(y) |9 =2Dv) v = ha(y, v(y)) on U,

(1)
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where v the outer unit normal parameters \;, A\; are positive, 1, s : U — (0, 00) are
Lipschitz continuous, and s, r, ¢, p : Y — R are continuous functions that satisfy the
following conditions:

1<q <qt<p <pT<s +r =mins(y)) + minr(y)) < st +rt < oo, (2)

yeu yeu
pm o _(_p 4" sTH+rT —q" 3)
s++r+ S++r+_q+ p+_q_ ’
EZZS’)q(y)u = —div ( | Du(y) [P9)=2Du + 4;(y) | Du(y) [20)~2 Du) foralli =1,2. (4)

We assume h; : O0U xR — R are Carathéodry functions satisfying the following conditions:

(H1) There exists 8 > rT + sT for some B such that for each |0| > B, we get

0
0< H;(y,0)dv §/ hi(y,H)%dl/ a.ex € OU with H,(y,0) :/ hi(y,t)dt,
0

ou oul
(H2) hi(y,0) =0,

(H3) lim 7}”(},’5) =0and lim hi(y, €)

i 2 lim m = 400 uniformly a.e.y € OU.

Due to the presence of two different elliptic growths p(y) and ¢(y), the problem is
said to be the double-phase type system. Recently, great attention has been devoted to
treating the functional

Vi / (|Dv[? + a(y)|Dv|?)dy with 1 <p<gq and a(y) >0, forally el C RY.
u

(5)
This kind of functional was introduced by Zhikov [19H21]. The functional has been
used in various scientific fields. Zhikov [20,[21] discusses its numerous applications in the
study of duality theory. In recent works, several researchers have focused on studying
equations or systems involving the double-phase operator. The reader may consult the
work of Liu and Dai [11] who studied the following equations:

Ly = fly,m) inu,
u=20 on oU,

where Eﬁ(g)u = —div(|Du(y) |PDu + u(y) | Du(y) |? Du). For the performed comparable
processing via Nehari’s manifold method, see Gasiniski et al. in [10], see also Arora et
al. in [3]. Along the same lines, refer to [1,4,14-18]. In the same context, Gasinski and
Winkert [9] studied the double-phase equation with a non-linear boundary condition of
the following form:

£t u= flwn) = uy) P2 uly) = p(y)|u@y) [ uy)  inl,

(|Du(y) [P=*Du + pa(y) | Du(y) |92 Dv).v = h(z,u(y)) on OU.

Choudhuri, Repovs and Saudi [6] proved the existence of solutions to a double-phase prob-
lem with a nonlinear boundary condition that is specified and nonlinear. Concerning the
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analysis of nonlinear systems with Dirichlet-type boundaries, Aberqi et al. |2] demon-
strated the existence of at least two nonnegative nontrivial solutions to a p(z)-Laplacian
system with critical nonlinearity. Furthermore, Winkert et al. [13] investigated a system
involving the double-phase operator with sources that depend on Neumann boundary
conditions, and the gradient structured as follows:

Ezg;i)q(y)u = f1(z,u, v, Du, Dv) inl,
L:zf((;:,;,ql (a:) (/U) = f2 (3:7 u, v, Du, DV) in Z/[7

(IDu(y) [P1*)=2Du + g1 (y) | Du(y) [ =2 Du).v = by (2,u,v)  on dU,

(IDu(y) |P*®)=2Du + py(y) | Du(y) |2® =2 Du).v = hy(z,u,v) on IU.

More recently, Marino and Winkert [13] showed the existence of at least one weak solution
of such systems. Some research related to our contribution are: Marano, Marino and
Moussaoui [12], Chen and Wu [5].

Remark 1.1 e Neumann boundary conditions may cause non-uniqueness unless
the solution is normalized.

o Neumann conditions often stabilize the system compared to Dirichlet conditions.

e They allow global attractors or stationary solutions to emerge depending on the
nonlinearities.

Motivated by the aforementioned works and the remarks above, in this study, we will
employ a variational approach to investigate the existence of at least two positive non-
trivial solutions to the system (1)) under conditions (H1) — (H3), [)-(3)-

The theorem presented below constitutes the primary result of this paper.

Theorem 1.1 If hypotheses (H1) to (Hsz) are satisfied, and there exists a positive
constant K > 0 such that A1 + A2 € (0, K), then the system possesses at least two
non-negative, non-trivial solutions.

The paper is structured as follows. In Section [2] we review established properties
of the variable exponent spaces LP()(U) and Musielak-Orlicz Sobolev space WP() ()
that are compatible with the variable exponent double-phase operator, along with other
technical tools that will be employed later. We present our main results in Section

2 Background Results

This section presents the essential definitions and properties of the Sobolev-Orlicz space
featuring variable exponents. To delve deeper into the theory of Sobolev-Orlicz spaces,
refer to |2,[7.[8].

Consider the following sets: P(U) = {w : U — R,w measurable} and C,(U) =
{p:U — (1,00)) continuous : p_ > 1}.

Definition 2.1 (see [7]) Let ¢ € C (U). We denote by L) () the Lebesgue space
with variable exponent, that is,

L0 @) = {w € P [ ufay < oo} ,
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whose modular is given by g4y (w) = fu|w|q(y )dy and which is endowed with its corre-
sponding Luxemburg norm

q(y)
lwllqcy = inf{)\ >0: / ('f') dy < 1}.
u

Definition 2.2 (see [7]) Let w : i — R, we define the Sobolev space by

W @) = {w e L0 W) V| € LIV W)},

it is equipped with the norm |[wly 4y = [lw|[lq¢) + [[Vw|lg), and let W&’Q(Y)(U) =

1,q(y)
o=a” Y.

Proposition 2.1 (see [7]) Let ¢ € C1(U) be such that there exists a vector X €
RN\ {0} with the property that for all x € U, the function

ge(t) = q(z +tX) with K, ={teR:z+tX €U}
is monotone. Then there exsits a constant C > 0 such that
0q()(w) < C.ggy(Vw) forall we WO U), where 24y (Vw) = 040 (|Vwl).
Proposition 2.2 (See [§]) Let g € C(U), then there exists Cy > 0 such that
[wllgcy < CollVwllg(y,

thus, we can define the equivalent norm on I/[/()l’q(')(b{)7 ||

1a0r.0 = IVullge)-
Proposition 2.3 (See [§]) Let u € L' (U), v e L™ O(U). Then we have

1 1
/u [u(y)v(y)ldy < (r— + ,_) HUHLT(-)(L{)'”U”LT’(-)(Z,{)v
1

r

where —— + =1.

r' (y) r(y)

Proposition 2.4 (See [2]) Let w € L™OU), {w;} € L"OU), j € N. Then we have
(i) |wllr@) < 1(resp. =1,> 1) <= py) < L(resp. =1,>1),
s T rt
(i) |[wllr@y <1 = flwli@ < pre) < llwllq,
(ii3) im [|w; — wl,;(z) = 0 <= lim p, () (w; —w) = 0.
j—o0 j—o0

1 1 1

Theorem 2.1 (See [2]) Let q(y),p(y),r(y) +s(y) € L®U)NCU). If

Nq(y)

a(y) <r(y), ply) <r(y)+s(y) <q" = N—q)’

then
WO (1) s LPO) (U)and W) (1) s LTOT0) (1),
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In addition, we consider the (N — 1)-dimensional Hausdorff (surface) measure o on OU.
Introduce the space (L") (9U), ||.||»().o) and the continuous trace map v : W10 () —
L™(dU) with 7 < r,, such that

Y(u) = ulay for all u € WP N CO(U),

and N1
—1)r
r*z% ifr<N; r«= anyl € (r,+00)if r > N.
According to the trace embedding theorem, v is compact for any 7 < r,. So, we under-
stand all restrictions of Sobolev functions to OU in the sense of traces.

Lemma 2.1 Let (u,v) € W10 () x W) (1Y), then we have

[ (il + xafo()#) dy

(©
q qa q q
< calhn ) (el B g I g I )
| )
) . X (7)
T rT4s
< camae (kg Il g I g IO 0 )

Proof. The proof is similar to the proof in [2], we will omit it.

The weighted variable exponent Lebesgue space LZ((};)) (U) is defined as follows:

LZ((};)) Uu) = {w :U — R is measurable ;/L{u(y)|w|q(3’)dy < oo}

and endowed with
[wllgey).ut) = mf{n >0: / =190 pu(y)dy < 1}
RMWW”MW@MMWMMmL%Wﬁwwmmw=émmwmmwaw

Proposition 2.5 (See [2]) Let w and {w,} C LZ((?))( ), then we get

(i) [[w| g, uly) < L(resp. =1,> 1) <= py(y)u(y) < 1(resp. =1,>1),
(i) llae) ) < 1= 101500 ur) S Pasrnen < 10050 ey

et
(ii8) 0 llatynts) > 1= 100% aie) < Patrnts) < 10l e
(i) im_{1wnllo(y).pur) =0 = nlggo Paty) ) (Wn) =0,

(v) Jim [1wnllow) ny) = 00 = T pycy).uey) (wn) = oo

It should be noted that the non-negative weighted function u(.) : U — RY satisfies the
following condition:

p(.) : U — R such that pu(.) € LS (U) with
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In fact, because p(.) : U — R, then there exists o > 0, and for all x € U, we get that
u(y) > po-

Theorem 2.2 (See [2]) Assume that q(y) € C(U) N L>®U) and U is a bounded
domain with smooth boundaries. Suppose that the assumption is verified. Then we
have the compact embedding

La(y) q(y)
WO @) < L0 u).

3 Proof of Theorem [1.1]

Let us denote W = WM () x W4 /), endowed with norm ||(u,v)|| = |[ul| + |||,
and D(U) is the space of C2° functions with compact support in U.
3.1 Nehari analysis for system
First, we define the weak solution of the system as follows.
Definition 3.1 We say that (u,v) € W is a weak solution of the system if

| (IPu)l=2g(Duty). Do(3)) + Do) P29 Du(y). D) ) dy

+ /M (1 () 1Du(x) [0 2g(Duly), Do () + a2 (¥)| Do ()"0 29 (Du(y) Do (y)) ) dy
— [T u)ol@) + (. (o)) dv

= [ ()2 u5)60) + dalo ()7 uly)i(r)) dy

2r(y) n(y)— 2s(y) miy)— )
(GRS uom) + 2o 2ulu) ) dy
for all (¢,v) € D(U) x D(U).
Let Jx,.», : W — R be the energy functional defined by

1

Tay s (1) = /M oy (DU D)) dy+ /u o7 (DA Do) 1)) ay

- / (1 (v u(y)) + Haly, v(y))dv
ou

Oy ) oI dv — [ 2 O ) 5
| 5 (7 20lu)* )y = [ E o) (),

By a direct calculation, we have Jy, », € C'(W,R). Consider the Nehari manifold
N = {(0,v) € WAL(0,0)} : (73, (10,%), (u,v)) = 0} . Then, (u,v) € Ny, , equiva-
lent:

/u (\Du(y)|p(>’) i |Dv(y)|”(Y)) dy Jr/u (ul\Du(y)W(” i M‘Dv(y)‘qw)) dy
_ / (h1(y,u(y)).u(y) + ha(y, v(y)).v(y))dv — / </\1|u(y)‘q(y) + )\2|U(y)|q(y)) dy
ou y

f/mwmeWWM@:a
u
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Lemma 3.1 Suppose that the hypotheses (H1) — (Hs) are satisfied, then the energy
functionals Jy, x, are bounded and coercive on W.

Proof. For (u,v) € Ny, »,, according to , and Proposition

I (0,v) = /u (p(ly) - r(y)is(y)) (\Du(y)|17(y) + |Dv(y)|p(y)) dy
+/M (ql 1 ) (Ml(Y)|Du(y)|q(y) + uz(y)IDv(y)\Q(Y)) dy

r(y) +s(y)
(
(
1

1
(7‘(}’) +s(y)  a(y)
1

1 - Ho 1 1 -
>0 [ — — T _ P
>0 (5~ i ) 109 + e (55— =35 ) o)

v)
1
T ) ~ K)o
o) Jlr sy V) vy) - H2(y,v(y))> dv

“Ju
“Ju
“

) (M@ 4+ 22l ay

1 1 +
_ q
+ (A1 + A2) (r++s+ q) [[(w, V)17
As p—1+ > 7r+is+ > % and p~ > g%, then Jy, \,(u,v) = oo as [[(u, V)] — oo. As a

result Jy, x, is coercive and bounded below on Ny, »,. Then we look at the energy
Exixe P Vaya, — Rogiven by

Exine (1,7) = (T, 5, (0,¥), (1, v)) for all (u,v) € Ny, z,-

Therefore, we divide Ny, », into

u, V S N)\l,)\z . <£)\1,)\2(uav)7 (H,V)> >0

)

N = {( }
N)\l Ay = { W, v) € Ny, », ¢ <§;\17>\2(u,v), (u,v)) = 0}7
-{ J

)\17A2 u, V € Nk1,>\2 . <§)\1,)\2(uav)7 (u,v)) <0

Lemma 3.2 For each (A1,\2) € R?\ {(0,0)}, there exists a constant K1 > 0 such
that for all 0 < A1 + Ay < K7, we have Ngl)\z = 0.

Proof. Suppose Ny , # 0 for all (A1, \2) € R*\ {(0,0)}. Take (u,v) € Ny, such
that [|(u,v)|| > 1, then the definition of N , , (H1) — (H3) and (@), lead to

0= <£;\/17)\2 (u,v), (u,v))

I u(v) [P v(v)[PG) - _ gt u(v)4&) ()4
>(p —g )/u (IDuE)PY) + Do) PO dy + (¢~ — ¢ )/u(ul(y)ID @)1 + 2 (3) [ Do(x)|70) dy
+/ (q*hl(y,u(y))ﬂ(y)*Hl(y:U(Y)))dVJr/ (g7 h2(y,v(y))v(y) — Hi(y,v(y))) dv
ou ou

+2(¢" = (rF +s1)) / lu)I™ v )l dy.
u
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Since ¢ > q% > %, by (H1), we obtain
0 = (€x, 2, (0 V), (1, v)
> (™ —a") /u (IDu) PO +Do(x)P0)) dy+ (¢~ = a*) /u (1 @IDU)) + o) D)) dy
+2 (¢t — (7 +sT)) /u ) 17O v ()] dy.
Therefore, from Theorem Poincare’s inequality, and Lemma [2.1] we have
02 (=) )P +er (a7 =a") [T +2 (g =0 +59) esll ()74

As p~ > g7, then

0> (i (P~ —d") +er(a ~ q+)> I, )7 +2 (¢F = (7 + 57)) esll(u,v) 7+

Lo — gt) + erlq— — gt)\ TFrEaT
Then7 ||(U.,V)H > (C(Z (q+(i zrt +(§+)) C;] )> ' (9)

Analogously,

0 = (€3, g (0, V), (u,v)

< (pt—r=—s") / (IDu)IP®) +[Du(y) PO dy + / (™ + 57)ha(y, v(¥)v(y) = Haly, v(y)) dv
u ou

+ (5T —q") / (A7 + A2 ]v(y)207) dy+ / (= +57)ha(y, uly)-u(y) — Ha(y, u(y))) dv
u ou

("= =) [ (m@IDE)) + o) Dur)| ) dy.

According to Theorem and (H1), we have

0<(pt—r—s7) /u (IDu) PO+ Do) PO) dy+ (™ =5~ —g7) /u (M lu)I10) +xa]v(y)[10) dy

F07+7) [ I u) () + oy v)v(5) v
1

S = =T =TI IP +e2(n +22) (T =57 = gD VT + T+ )]

Then [|(u, v)|| < <C<C2(A1+Az)+1)<r +s)>pq

r~4+s- —pt (10)

According to @ and , we deduce that

(i(p‘ —q")+alg” —q*))ﬂ-:*—q+ - <c(cQ(A1 +X2) +1)(r” —i—s))plq |

2(qgt —(rt+s1))cs r~+s- —pt

Then Ay + A2 > K7, which is a contradiction, hence we can conclude that for any
0 <A+ X2 < K1, we have NY =0 for all (A1, A2) € R*\ {(0,0)}.

Remark 3.1 As a conclusion of Lemma we can write Ny, x, = N;\rl x Y NN
and we define

+ o . — o .
Yy he = 1nf+ Ix; a (1, v) and Vg de = inf e (1, v).
(u,v)Erh‘Az (u,v)GNAl,Az
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Lemma 3.3 Suppose that (H1) — (Hs) are satisfied. If 0 < Ay + Ao < Ko then for
all (u,v) € N;,kz’ Iriae (u,v) <O0.

Proof. Suppose (u,v) € N;\FM\Q, then the definition of Jy, x, leads to

Taine (0, v) < p%/u (\Du(y)V’(y) + |Dv(y)|p(Y)) dy
+ q%/u (Ml (y)\Du(y”q(y) + ,ug(y)|Dv(y)|‘I(Y)) dy
_/au (H1(y,U(Y))+H2(y,v(y)))du—q%/u (Al‘u(y”q(y)+)\2|V(y)‘q(y)> dy
-2 [Py

< (55 = ) [ a4 v 4 i u)# + o) ay
u

(11)

+

1
[ (Gemsutsat) - <y,u<y>>> v

(
+ /au (ql‘fhz(y,\'(y))N(Y) - Hl(y’v(y))) v

1 1 - R
2( 2 o) [ ROy
1 1 - 1 1 1 +
— = — ) [,V +|ca(——=—=—)+— | l(w,v)|?
| q_)|< )| (1<p_ ) q+)|< )|

q+

p
1 ]' r +s
+203(q+) I+,

with (e1,c3) being the embedding constant of @, . As (u,v) € N;,Az’ we get

p [ (IDus)p) + De)P) dy+ g+ [ (1)U + ) D)) dy
- [ st + Hav @) v = [ (M) + dalv() 1) dy
ou u

a2 1) / ()" v ()P dy > .
U

(12)
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Multiplying by —(r~ 4+ s7), by a direct calculation
— (7 +57) [ (Du)P + [De(y)P) dy
u
— (7 +57) () DPu)|"Y) + o (v)[Dv(y)|*Y) dy
+(r+ 3_)/3 (ha (v, w(y))u(y) + ha(y, v(y)).v(y)) dv
u
H07 57 [ )+ el dy
u
207 +57) [ IOy o
u
Combining with , we get that
(0" = 0 +57) [ (IDu)P) + DY) ) dy + (g~ (7 +57)
u
< [ (@I + o)D) 1) dy
u
[ (0 5 m ) aw) - i) dv
ou
b [0+ el v v(y) ~ Haly () do
ou
—4s —gt A a) 1 ) a ) dyv > 0.
(757 =) [ (a4 b)) dy >
Combining (#H;) with Poincare’s inequality and Lemma we have
—4s —gt A a¥) £\ a¥)) q
(757 =a) [ (MBI + b)) ay
HO ) / (1 (5.)005) + By () ()
ou

>((7“ +57) - )/(IDu )Ip(Y)+IDV(y)|p(Y))dy+((7“‘+s‘)—q+)
x $)Du()|*) + s (¥)|Dv ()| ) dy
Z/l

rT4+s7)—q" -
%((r ) =) v+ P g,

Dr (c+ 1)
then .
(™ + 57 = %) = 4O+ 20) + (™ + 7)) )
- - 1 Ho -
> (0 +5) =) [+ e | Nl
and [ < 2T SO ) 0 )
(= +57) =) [+ porite]

(V)|

527

(13)



528 M. KNIFDA, A. ABERQI AND A. OUAZIZ

As (r~ +s7) > ¢T, using , we get

e N G et 19 [V O B e 0\ | IS
R R e S T | I vl

Drt (e1)PT
1 1 1 +
+(lal———F])+ — u,v)||
Kl(p q+) q+)} [[(w, V)

1 1 N
- - q
+[2cj(q+ T++S+)} v

Finally, for A\; + Ay sufficiently large, we get 7;: x, = inf(, VweNt I (u,v) <0.
? ? 1522

J,\17>\2(u, V) < [

Lemma 3.4 Under assumptions (H1) — (Hs3), if 0 < A1 + A2 < K3, then for all
(u,v) € Ny e (1, v) > 0.

Proof. Let (u,v) € Ny ,,. By definition of Jy, x,, @), (H1), and (B.1)), we get
1
sl = = [ ([Pl + De(n) ) dy
1
T
1 a(y) a(y)
1 u) + Haly v = = [ () + e fo(x) 1) dy

/ PIDU)IT) 4 (D)) dy
[
2

/ () () 0y

+

>(pl+ ) [ (Dul )+ D) ay
(25~ =557 [ (DI () Dvis) ) dy
- [ (et - i) ) av
- [ (v ) - Halr) )

1
- a(y) a(y)
+(T_+s_ q+) /M (M) + defo(x)1)) dy.
+

Since 8 > r~ + s, we get # > %, and by (H1), we have
1 1 1 - 1 1 _
U P = q
Taina (0,v) 2= (p+ - +8_) [(w, )IP + o <q+ - +S_> | (w, V)]
1 1 .
_ = q
+ ca(A1 + Az) (r e q*) [[(a, V)17

Since ¢~ < ¢t < p~, we have

htan 2 [ (5 - >+u (5 - =55 )|
FQ(AIHQ)( — i)} V)]«
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cca r—+s— Ca r—+4s— s™+r——qt

obtain that Jy, x,(u,v) > 0, this implies that vy , = inf e (u,v) > 0.

So, if we take A\ + Ay < i(p% -1 )+ "—“(q%r S— )} |:q+(s++r+)i| = K3, we

(u’V)EN;lJ\z
Hence, Ny, x, = N>\71,>\2 U N;\FMAQ, N/\l)\2 N N;\;AQ = (0, by the above lemma, we must
have (u,v) € Ny, 5, -

4 Minimizer on N and N, , .
)\1,A2 )\17)\2

We will show that there are two nonnegative solutions to the system.

Theorem 4.1 Under assumptions (H1) — (H3), there exists a minimizer (ug,vy) of
I (U, v) on N;:,)\Q, for every A1+ A2 < K = min(K;, K3), such that Jx, x,(u

+
ROVISYE

S

Proof. Lemma[3.1]implies Jy, », is bounded below on Ny, z,, so it is bounded below
in N /\+ \,» then there exists a minimizing sequence {u;,v;'} € r;\r 3, such that
1,N2 1,12

lim Jy, ahvih)y = inf  Jya,1yv) = '7;\r1,>\2 < 0. (14)

n—+00 (“7\’)67"-;1,)2

Note that Jy, x, is bounded on W. Hence, without loss of generality, we suppose
(wh,vit) = (ud,vy) on W; and by the compact embedding, we get

n»'n

ut — ud strongly in LPO)(U), L@ (U) and L™M*+*0) (1) as n — oo,

n

v = v strongly in LPO)(U), L4 (U) and L™®+*0) (1) as n — oo, (15)

n

+

T —ud and vl = v§ aeinUf asn — .

Next, we will prove that u}f — uf and v;7 — vi on WP (/) as n — oo. Otherwise,
let u}” — ug and v;7 — vi on WHPO)(Yf) as n — oo, then we have

Pa(y) (ué) < lim inf pq(y)(urf), and pg(y) (V(T) < 7}1—{20 inf py(y) (vh).

n—oo

Since (Jx, 2, (W, vih), (uh,v;h)) =0, we get

1/1 1 - 1 1 _
+ + I + )\ ||P - + ot\|lg
J>\1,>\2(unvvn)2 ¢ (p+ 7‘+S> ||(un7Vn)H + o (q+ TJrs) H(un7vn>||
1 1 +
I + )¢
ralu ) (e - ) e
That is,
lim Jy, », (wh,vih) >1 ot lim ||(wh,v;D)|P
e LA\ Y ) = p+ r— 45 ) noo noy'n
1 1 _
- : + )¢
+/.t0 (qu r-|—3)nh—>ngo||(un7vn)|

r+ + st n— 00

1 1 .
+ (A + A2) ( - q+) lim ||(U:§,V:f)||q+-
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By and , we have

1/1 1 - 1 1 -
+ + oo R
ons >+ (o5 = e NGO 0 (e = = ) I 9l
1 1 F ovgt
ral ) (s - or ) DI

Since 7= + s~ > p~ > ¢ for |[(w,v)]|] > 1, we deduce that aj{h/\? =
inf +  Jxa . (u,v) > 0, which is in contradiction with Lemma [3.3] hence
(u,v)er)\l))\2 1,A2

1
W) —ud and vt — v§ on Wo’p(y)(l/{) as n — 00.

n

NI e +
Consequently, (ug, vy ) is a minimizer of Jy, », on Ny , .

Theorem 4.2 Suppose that conditions (Hi)- (H3) are true. Then there exists a
minimizer (g , Vo ) of Jax, on Ny, for all 0 < Ay + A2 < K = min {K1, Ka} such
that JAl,Az(“57V6) = 0;17)\2.

Proof. Jy,,», is bounded below on Ny, »,, and so on 7y , , then there exists a

minimizing sequence {u,, v, } € N, , such that

lm Jy, a,(u,,v,) = inf e (W, v) = Yayn, > 0

m»'n

n—-+00 (u,v)EN;l»\2

So, the sequence{u; , v, }nen is bounded in W. There exists (ug ,vy ) € W such that up

to a subsequence (u,,,v;,) — (ug,vg) in W. Thanks to Theorem we obtain

m'n

u; — ug strongly in LPOY) (U), L"®+*0) () as n — oo,
— vy strongly in PO (U), "0 0 () as n — oo, (16)
—uy and v, = vy a.einlf as n — oo.

n
V’fl
n

Hence, (ug,vy) € Ny, 4,, 3t > 0, such that (tug,tvy) € Ny, and Jy, x,(ug,vy) >
e (tug , tvg ). According to (#1) and the definition of 5;\1’/\2, we have
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p(y) (1Dtug ()" +|Divg ()P dy

S

(& ltug 13, (tug s tvg ) ) =

=2 [ (r(y) + ()t ()" ftvg (2)]*Vdy

S~

a(y) (1 () IDtug ()70 + ()| Divg ()] ) dy

+
S

y (Hi(z,tug () + Ha(z, tvg () dv

- [ aly)

!
S~

Aultug @) + daftvg (@)7)) dy

/N

u
*2/(7”(}’) S(y)|tu5(x)|r(-‘/)|tva(x)|5(y)dy

< pter’ / (|Du ¥)[P®) + [Dvg (y )|p(Y)) dy
u

—q tq /

2 / 55 (@G ().
u

i (y)Dug (91 + 2 (¥)IDvg ()]0 dy

<

(
( |q(y + Ao|vg (z )|q(y)) dy

<

Due to ¢ < gt < pt < s~ + r~, and by Propositions it follows that
<£;\1 2 (tug  tvg ), (tug , tvg ) < 0. Hence, by definition of Ny, . (tug,tvy) € Ny 4.
Next, we show that (u,,v;) = (uy,vy) € W(U). Assume that (u,,v;,) » (ug,vg) €
W, by Fatou’s Lemma, we have

[ (6D 7 + aD (477

< tim [ (m@)Du; () + o (y)[Dvy (1)) dy,

n—-+oo u

by , we get

| (Dug )P+ 10w 0P ) dy <t [ (1D ()P Dy (97) 4
u n——+oo U
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Then, by (#H1), we have

" _ B
Iag x, (tug , tvg ) < ?/ (|DUO (y) [P + IDv; (y)‘p(y)> dy

ta" - )
+ T« ) (ul(y)\Duo 1Y) + pa(y) Dy (y)|q(y)) d

- / (Hi (=, tug (x)) + Ha(z, tvg (y))) dv
o
I [ (b 6 4 dalvi ()1 dy
25 [ @ @ ay
wm T - p(y) v p(y)
< tim 2 [ (D 0P + v, ()P dy

+ Jim S [ (@)D )+ a0y ()17 dy

n—-+oo q_

_ ngrfoo (Hy(z,tu, (z)) + Ha(z, tv,, (z))) dv
ou

14
— lim —/ (Aﬂu;(w)\q(w +)\2|V;(w)|q®> dy

n—-+oo q+
2T +s= .
_ () s(y)
Jin 2 [ @ )y
< lim J>\1,)\2(tun,tvn)
o

n—-+4
< lim J u ,v, )= inf J WV) =9y ..
oo >\1,)\2( no n) (uv)eNs )\17/\2( ) ) Y22
1,72
Hence
I (tug , tvg) < inf Ire (W, v) = Yy de-

(W, V)ENA 2,

This a contradiction, consequently, (u,,v,,) — (u5,vy) € W(U), and
Hmy o0 a0 (0, v ) = Jaia(Ug, Vo ) = 74, 0, After that, we infer that (ug,vg)
is a minimization of Jy, », on N)\_h)\2.
Proof of Theorem 1.1 From Theorem and Theorem there are (ut,v™) €
N;\rl’)\2 and (u™,v7) € Ny, for every A1 + A2 € (0,min {K71, K2}) such that
e (Ug vy ) = inf  (w,v) and Jy, ., (ud,vd) = inf (V).
(u, V)ENA1 g (u, V)GNX1 xa

Then the system admits (uy,vy) € Ny, 4, and (ug,vg) € Ny |, as two solutions

in W (U); thanks to Lemma (3.2)), it follows that Ny , N N>\1,>\2 (Z) Then (uy,vy) #

(ug,vd). Following this, we show that (uf,vi) are non-negative in U. For that, we

introduce the truncation function hy ;(y,s) : 0U x R — R defined by

hyi(y,s) =hi(y,s)if s >0, and hy ;(y,s) =0, if s <0, withi=1,2.
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We set Hy ;(y,s) = fos hi(y,t)dt, and the C*-functional J;:’/\z : W — R is given by

J)\h)\z(uav)

- [ L u(y)[Po) v(v)[P®) 1 ()[4
/up(y) (' Du(y)["™” + [Dv(y)l )dy+/uq(y)u1(Y)|D )l

+/L{$\M2(Y)DV(Y)|Q(y)dy—/au H, 1 (y,u(y)) + Hy o(y, v(y))dv.

Then by Proposition we get that for all (u,, vy ) = min(0, (u,v)),

0= <J;r1’)\2(u,,v,), (u,,v,)>

prpp(.)(DU—vDU—) u_,v_)

Ho
+ mﬂqm(
2 pp() (v, v-)
> [[(u—, v )P

Hence [[(u—,v_)||? = 0 and thus, (u,v) = (uy,vy), then, choosing (u,v) = (ug,vg)
and (u,v) = (ug,vy), we conclude (uf,vi) is a non-negative solution of system ().

5 Conclusion

The Nehari manifold method is a powerful variational tool for proving the existence (and
sometimes multiplicity) of solutions to nonlinear coupled elliptic systems under Neumann
boundary conditions. Its effectiveness arises from converting the PDE problem into a
constrained minimization problem in an appropriate Sobolev space. The method filters
out trivial or non-physical solutions by exploiting the geometry of the energy functional
and the nonlinearity.
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Abstract: We investigate the 1 : 2 resonance in the periodically forced asymmetric
Duffing oscillator, it is created via the period-doubling of the primary 1 : 1 resonance
or forming independently and coexisting with the primary resonance. We compute
the steady-state asymptotic solution — the amplitude-frequency response function.
Working in the framework of differential properties of implicit functions, we discover
and describe complicated metamorphoses of the 1 : 2 resonance and its interaction
with the primary resonance.
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70K20, 70K30, 70K50.

1 Introduction and Motivation

A period-doubling cascade of bifurcations is a typical route to chaos in nonlinear dynam-
ical systems. A generic example is the asymmetric Duffing oscillator governed by the
non-dimensional equation

§+2Cy + vy’ = Fo + Fcos (1), (1)

which has a single equilibrium and a one-well potential [1], where ¢, v, Fy, F are param-
eters and () is the angular frequency of the periodic force.

Szemplinska-Stupnicka elucidated the period-doubling scenario in the dynamical sys-
tem (1) in a series of far-reaching papers [2-4]; see also [1] for a review and further
results.
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The main idea introduced in [2] consists in perturbing the main steady-state (approx-
imate) asymptotic solution of Eq.

yo (t) = Ag + Aq cos (Ut 4 0) (2)

as
y () = yo (t) + Bcos (30t + ), (3)

substituting y (¢) into Eq.(1) and considering the condition B # 0. In papers [1-4], the
authors found several conditions guaranteeing the formation and stability of solution (3]
and used them to study the period-doubling phenomenon.

In our recent work, we studied the period-doubling scenario using the period-doubling
condition determined in [114] as an implicit function. More precisely, using the formalism
of differential properties of implicit functions [5.[6], we derived analytic formulas for the
birth of period-doubled solutions [7].

The motivation of this work stems from two observations: (i) In some cases, 1 : 2
resonance, coexisting with 1 : 1 resonance, is not created via the period doubling of 1 : 1
resonance, and (ii) 1 : 2 resonance depends on the parameters in a more complicated way
than the primary resonance.

Thus, the present work aims to study the metamorphoses of the 1 : 2 resonance
coexisting with the primary 1 : 1 resonance.

The paper is structured as follows. Section 2 describes the amplitude-frequency re-
sponse, an implicit function, for the 1 : 2 resonance for Eq.. In Section 3, we derive
equations to compute singular points and vertical tangencies of the response function.
Section 4 presents an example of the metamorphoses of 1 : 2 resonance based on com-
puted singular points. Section 5 provides an example of similar metamorphoses for a
different dynamical system, suggesting a greater generality of our results. We summarize
our results in the last section.

2 The 1:2 Resonance: Steady-State Solution

Since the stable 1 : 2 resonance can coexist with the stable primary 1 : 1 resonance, we
assume the following steady-state solution of Eq.:

y (t) = Bo + Bcos (30t + ), (4)

which can be computed by proceeding as in [8l[9]. More exactly, we get

3 3 3
ifyBoB2 + B3 + §7B0C'2 -+ 17B2C cos2p =0, (5a)
¢BQ — 3vByBC'sin2¢p = 0, (5b)
1 3 3
1BQ2 — 1733 —3yB:B — ?yBCQ —3vyByBC cos 2¢ = 0, (5¢)
where
4F

C=—i—= 3vB? —40% £0). 5d

3B A0 (37 #0) (5d)
We note that in papers [1,2], a form describing a combination of 1 : 1 and 1 : 2 resonances
was assumed (see Eq.(8.5.20) in |1] and Eq. (8a) in [2]), and thus, different equations for
the asymptotic solution were obtained.
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Assuming B # 0, we get from Eqs.(5b), (5d),

2
S1(Bo, B,Q;¢,7, F) = Q%+ (592 — 39B? — 3vyB§ — 37C?) (6)
~9y2B3C? = 0.

Moreover, equations and lead to

52 (B07BvQ;C7’Y7F07F) = _BQQQ—FSB‘LY_ 12BQVBg+6B2’yC (7)
—16yB4 — 24vB2C? + 16 By Fy = 0.

Equation (7)) is quadratic concerning BZ. Therefore, we solve this equation for Bg,

B,Q;(,7,F)
B2=-1p24+ 1%+ F (B¢, . (y>0, 3yB? — 402 #£0
0 4 12"}/ 3/_)/ (3'YB2 _ 492)2 (FY rY 7{ )
F(B,Q;¢, 7, F) = —8102C%y*B® 4 1087? (4Q%¢? — 3F2y) BS (8)

—108024? (8Q%¢% — 9F%y) B* + 96vQ* (8Q*(? — 9F?y) B?
—256¢2Q10 4+ 192F2~0°6 — 576 F442.

We substitute the following expression for By:

1, VIB.%CA,F)
—02+ 5
12y 3y (3yB? — 402)

By (B,Q) = \/—iB2 + (9)

to Eq. (it turns out that we have to choose the plus sign) to get a complicated but
valuable implicit non-polynomial function L (B, ;(,~, Fy, F) =0,

L(B7Q;<ary’F0aF) :SQ (BO(BaQ)7B7Q;C77aFO7F)' (10)

3 Vertical Tangencies and Singular Points

Equations for vertical tangencies read

L(ngaCa'y’ FOaF) = 0? (113’)
6L(nga<a’77F0aF) _
. _ o, (11h)

while equations for singular points are

L(ng;Ca’YaFOaF) = 0? (123‘)
8L(BaQ7Ca,Y7FOaF)
. 0, (12b)
8L(3797C7%F07F)
70 0 (12¢)

Equations , can be solved numerically, yet simplify greatly for B = 0.

3.1 Vertical tangencies, B = (

‘We check that
[8L(B7Q;C7’73F07F)/8B]B=0:O' (13)
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Therefore, we obtain a simplified equation for vertical tangencies

L(0797<77aF07F):O (14)
We can solve equation for 2, getting
Ay F) = Q2 416¢%QY — 129F2Q° + 3672 F* = 0, (15a)
18
f2 (67 Fo F) = ) @ =0, (15b)
k=0

and obtaining non-zero coefficients a, as shown in Table 1 below.

For example, to find vertical tangencies, we can choose values of (, v, Fy, and F,
solve Eq.7 and accept all solutions with Q > 0. Alternatively, we set ¢, 7, and Fy
and solve Eq., accepting solutions with 2 > 0.

Lk [ |
181
17 | 48¢2
16 | 768¢*

15 | 36vF? — 3456 F¢ + 4096(°

14 | 1152¢%yF? + 165 888(>~F§

13 | 9216y F2¢?

12 | 75672 F* — 248 83272 F2 ¢ + 2985 984+2 F;
11 | 24192¢%4?F* + 1990 65672 F2 F3 (>
10 | 19353672 F%¢?

345673 F6 — 22394883 F4 F2
1658883 F9(?

—31104y2F® + 4478 9767 F3 F'©
2488 32071 F3(?

—933 120F 1045

4665 600F2~5

O W| U O 00| ©

Table 1: Non-zero coefficients ax of the polynomial (15b)).

3.2 Singular points, B =0

Moreover, we can significantly simplify the equation for singular points (12)) in the case
B = 0. We note that for B = 0, Eq. solves first two of equations (12)), thus to
find a solution of Eq., it suffices to demand that the equation has a double
root (equation has no physical double roots). To this end, we request that the
discriminant of the polynomial f5 (€2) vanishes or solve the equivalent set of equations

f2 (Q;Ca77FOaF) = 07 (16&)
an (Qa 4577F05F)
" 0. (16h)

By solving Eqs. for Fy, F', we obtain clear and simplified equations for singular
points, making the computations easier,

p(Z) = d12212 + dl()ZlO + ngS + d6Z6 + +d4Z4 + d2Z2 + do = O7 (17)
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di2 = 46656075, dig = —2332807°Q2, ds = 207367102 (202 + 11¢?) ,
ds = —1728v3Q4 (207 + 41¢?) , dy = 5472Q* (30 + 112¢202 + 448¢*)
dy = =3yQ0Q* + 72¢20% + 896¢*, do = 4¢%Q° (Q* +20¢%0? + 64¢*)

d

where Z = o an

q(T) = esT? +¢9 =0, (18)

ey = 1728v00 + 41 472v¢20* + 1603 584~¢*0? + 22118 4007¢°,

4.2 2,2
eo = —QU 4 (=53422%y + 592¢2) Q12 + 152261% CZ 3196827y
+ (—2479682Z5~° + 627 55224(%y% — 499008 Z2(*y + 195072¢5) Q8

1736 640Z8~* — 3805 0562°¢%3 + 2596 608 Z4(*+? b
T\ —05846422¢6+ + 458 752¢8
—4199 0402194 + 9642 24028(%~y* 4 7617 02425¢*~3 Ol
T\ —40255 48874(54% + 16465920228y
+ (—19906 560210¢?~ — 76 308 480Z8(*~* + 23224 3202°(%~?) 2
—99532800210¢445,

QIO

where T = Fy<).

4 Numerical Verification

In this section, we shall compute singular points and vertical tangencies for the implicit
function L (B,Q;(,v, Fo, F) = 0, Eq., for chosen values of (, v, and Q. In the case
B =0, we use Eqgs. in the reduced forms and to compute singular points
and apply Egs.(15) to compute vertical tangencies. Then, in the case B # 0, we use
Eqs. and (|11)), respectively.

In what follows, we arbitrarily choose ( = 0.09, v = 0.3, 2 = 1.5.

4.1 Singular points and vertical tangencies, B =0

Thus, we choose the singular point as (B, 2) = (0, 1.5). We must compute the parame-
ters Fy and F, for which the selected point is singular.

Therefore, for ¢ = 0.09, v = 0.3, @ = 1.5, and B = 0, we solve the equation p(Z) =0
with p(Z) defined in Eq.7 obtaining four positive roots, Z = 0.198 445, 0.509 084,
1.095980, 1.259811. We check, however, that only Z = 1.095980 leads to a solution
of . Since Z = F/Q?, we get, for Z = 1.095980, F = 2.465955. We now solve
q(T) = 0 with ¢ (T) defined in Eq., obtaining, for Z = 1.095 980, one positive root
T =0.112203. Since T = Fy2, we get Fy = 0.074802.

Now, we check that for v = 0.3, Fy = 0.074 802, F' = 2.465 955, equations (12]), solved
numerically, yield indeed ¢ = 0.09 and an isolated singular point (B, 2) = (0, 1.5); see
Fig[l] and Subsection [£.4] for description.

To find vertical tangencies, we set, for example, ¢ = 0.082 and use just computed
parameter values v = 0.3, Fy = 0.074802, F = 2.465 955. Solving equation , we get
(B, Q) = (0, 1.474612), (0, 1.527914) (all solutions of Eq.(15a]) are complex); see red
boxes in Fig[l]
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Figure 1: Sequential metamorphoses of amplitude-frequency implicit function
L (B,Q;¢,n, Fo, F) = 0, describing 1 : 2 resonance.

4.2 Singular points and vertical tangencies, B # 0

We work with parameter values computed in the preceding subsection, i.e., v = 0.3,
Fo =0.074802, F' = 2.465955. We have shown in the prior section that equations (12)
have, for ¢ = 0.09, an isolated singular point (B, Q) = (0, 1.5).

Moreover, equations have other singular points for v = 0.3, Fy = 0.074 802,
F = 2.465955, and B # 0. Solving numerically Eqs., we get (i) ¢ = 0.086 504 and a
pair of self-intersections (B, ) = (£0.305 755, 1.496498), (ii) a pair of isolated points,
¢ =0.108010, (B, Q) = (+1.069257, 1.613277), see Fig[l] where we show all singular
points.

We also compute vertical tangencies for B # 0. Solving equations and
numerically for v, Fy, F listed above and ¢ = 0.082, we get (B, Q) =
(£0.318 833,1.514 052 ); see red boxes in Figll]

4.3 Bifurcation diagrams

We have computed bifurcation diagrams solving Eq. numerically — obtaining y () as a
function of ; for computational details, see Appendix [A] Comparison with Fig[l]reveals
which branches are stable. Colors in the bifurcation diagrams correspond to those in
Fig[l] resonance 1 : 1 is black.

We show, in Fig the birth of 1 : 2 resonance (¢ = 0.11469, red; top figure), its
growth (¢ = 0.114, navy; top figure), and one period-doubling (¢ = 0.0977, sienna;
bottom figure).
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Figure 2: Bifurcation diagrams, ( = 0.11469 (two red boxes), ¢
¢ = 0.0977 (sienna) — bottom.

1.7

1.8

1.9

2.0

0.114 (navy) — top,

Figure [3| displays the first point of contact of 1 : 2 resonance (¢ = 0.094 185, red

circle; top figure) with 1 : 1 resonance (black).

This singular point grows into an oval (¢ = 0.091, green; bottom figure); a double
period-doubling cascade forms and breaks.
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Figure 3: Bifurcation diagrams, ¢ = 0.094 185 (top), ¢ = 0.091 (bottom).

Finally, in Fig we display the formation of a double self-intersection (¢ = 0.090 14,
magenta; top figure) and its subsequent breaking (¢ = 0.90, blue; bottom figure).

We note that resonance 1 : 1 and left resonance 1 : 2 merge (top figure), then
connected branches split in another way (bottom figure).

Section describes in detail the complicated metamorphoses of 1 : 2 resonance and
its interaction with 1 : 1 resonance.

4.4 Description of transmutations of 1: 2 resonance

We describe the metamorphoses of 1 : 2 resonance for v = 0.3, Fy = 0.074802, F =
2.465 955 and descending values of (. In what follows, (;,, denotes the values of ( computed
by integrating the Duffing equation numerically, while {, means values of ¢ computed
from the analytical condition for singular points. We have computed the function
L(B,Q;¢,y, Fo, F), Eq.7 from the asymptotic solutions and .

In Fig the transmutations of function L (B,$;(,~, Fy, F') are shown, and in bi-
furcation diagrams, Figs [2] [3| and [4] the metamorphoses of the solutions of the Duffing
equation are presented.
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Figure 4: Bifurcation diagrams, ¢ = 0.090 14 (top), ¢ = 0.90 (bottom).

Parameters in Figll]are v = 0.3, Fy = 0.07480195, F = 2.465 954, and ¢, = 0.108 010
(two red dots), ¢ = 0.1072 (navy), 0.095 (sienna), ¢, = 0.09 (red, a dot and two
branches), ¢ = 0.088 (light green, an oval and two branches), {, = 0.086 504 (magenta,
two self-intersections), ¢ = 0.086 (blue), 0.082 (green).

We note good qualitative correspondence between predicted transmutations shown
in Fig[l] and the metamorphoses of the solutions of the Duffing equation documented in
Figs[2] [3] and [4

We describe these changes as follows.

1. For ¢,, = 0.11469, the 1 : 2 resonance appears for the first time at 2, = 1.722; see
two red boxes (singular, two isolated points) in the top Fig The corresponding
analytical values are ¢, = 0.108010, £, = 1.613; see two red dots in Fig[l] Next,
for descending values of (, the 1 : 2 resonance grows and transforms rapidly.

For ¢, = 0.114, 1 : 2 resonance becomes larger; see navy lines in top Figl2] Then,
for ¢, = 0.0977, there is a first period-doubling of 1 : 2 resonance; see two sienna
branches in bottom Fig[2]
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2. For ¢, = 0.0941 85 (¢, = 0.09), a new isolated point of 1 : 2 resonance (red) appears
on 1: 1 resonance (black) at Q,, = 1.57 (€2, = 1.5); see small red circle in top Fig3]
or red dot in Fig[l] The primary 1 : 1 resonance is black.

It is the first contact of these resonances. Note that the 1 : 2 resonance has been
subject to more period-doubling.

3. The singular, isolated point gives rise to an oval — a period-doubling of 1 : 1
resonance; see the light green line in Fig[T]and the green oval in bottom Fig[3] The
1 : 1 resonance is black.
There is still no other contact between the primary 1 : 2 resonance and the 1 : 1
resonance.
There are already two whole cascades of period-doublings of 1 : 2 resonance that
have been disrupted and moved away; we call them left and right; see green lines

in Figf3).

4. For ¢, = 0.09014 ({, = 0.086504), there are two self-intersections (two singular
points) at Q, = 1.573 (£, = 1.496) and resonance 1 : 1 and left resonance 1 : 2
merge; see magenta lines in Fig[l] and top Figld The right 1 : 2 resonance stays
separated. The primary 1 : 1 resonance is black.

5. For ¢ < ¢, = 0.09014 (¢, < 0.086504), connected branches split in another way;
see blue lines in Fig[l] and Figld] The primary 1 : 1 resonance (black) absorbs the
left 1 : 2 resonance with the whole cascade of period-doubling; there is also another
branch of 1 : 1 resonance, with one period-doubling. The right 1 : 2 resonance stays
unchanged.

Summing up, the separate 1 : 2 resonance, after the first contact with 1 : 1 resonance,
splits into two parts, left and right, then the left resonance 1 : 2 merges with the primary
1: 1 resonance and splits in another way.

5 Summary and Most Important Findings

Based on the amplitude-frequency steady-state implicit equation computed for
Eq.7 we studied the metamorphoses of the resonance 1 : 2 and its interaction with
the primary resonance 1 : 1.

Working within the formalism of the differential properties of implicit functions,
we derived formulas to compute singular points of the amplitude-frequency function
L(B,Q;(,, Fo, F) defined in 7 see Section (3] In Section |4l we have computed sin-
gular points for arbitrary parameters ¢ = 0.09, v = 0.3, Q = 1.5.

It should be stressed that the dynamics of the initial equation change in the
neighborhood (in the parameter space) of singular points.

We also computed bifurcation diagrams by solving Eq. numerically, see Figs
and [4] and obtained good agreement with the amplitude-frequency profiles of Figll]

The most significant achievements of this work are:

1. The semi-analytic and numerical procedures to compute singular points of the
amplitude-frequency implicit function that indicate the birth of 1 : 2 resonance,
correspond to the first contact of resonances 1 : 2 and 1 : 1, and merging of 1 : 2
and 1 : 1 resonances.
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2. Discovery and detailed description of complicated transmutations of 1 : 2 resonance

A

that resulted in the first contact with the primary 1 : 1 resonance, disruption of
the 1 : 2 resonance into two parts, left and right, merging of the left 1 : 2 resonance
with the primary 1 : 1 resonance, and breaking again; the right 1 : 2 resonance
effectively not evolving.

Computational details

Nonlinear equations were solved numerically using the computational engine Maple 4.0
from Scientific WorkPlace 4.0. Figure [I| was plotted with the computational engine
MuPAD 4.0 from Scientific WorkPlace 5.5. Bifurcation diagrams in Figs[2] [3] and [4] were
computed by integrating numerically Eq. running DYNAMICS [11], as well as our
programs written in Pascal and Python [12].
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Abstract: An individual’s health condition can be judged by their activities and
lifestyle. People who live in big cities like Surabaya, tend to be more prone to stress if
they do not manage it well. This high level of stress triggers the onset of hypertension
or high blood pressure. Hypertension is a disease related to a person’s blood pres-
sure, where the blood pressure exceeds the limits of normal conditions. The number
of people affected by this disease, especially in East Java province, is quite high with
most sufferers being of productive age. Therefore, it is necessary to take systematic,
scientific, and technology-based steps relevant in addressing this case. By utilizing
advances in information technology, the increase in number of these cases can be mon-
itored using prediction methods based on data analysis, statistics and mathematics.
This research used the Recurrent Neural Network (RNN) and Kalman Filter methods
to predict the increase in cases of hypertension in East Java. The simulation results
showed that the Recurrent Neural Network (RNN) method produced the best error
value (RMSE) of 0.0009, while the Kalman Filter method produced the best error
value (RMSE) of 234.213.
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1 Introduction

Hypertension often called high blood pressure is one type of dangerous disease occurring
in Indonesia. According to WHO (World Health Organization), hypertension (high blood
pressure) is defined as a medical condition occurring when the pressure in the blood
vessels is equal to or more than 140/90 mmHg [1]. Hypertension occurs due to increased
blood pressure in the arteries. Hypertension can increase the risk of various diseases such
as heart failure, stroke, aneurysm, heart attack, and kidney damage [2].

According to the 2018 Riskesdas, the prevalence of hypertension in Indonesia was
34.11% with an estimated number of hypertension cases in Indonesia of 63,309,620 people,
while the mortality rate in Indonesia due to hypertension was 427,218 deaths. East Java
is in the sixth position. The highest number of patients in East Java is in Surabaya City,
which has 313,960 residents [3]. If this situation is not well taken care of, it is likely that
more and more people in East Java province will get hypertensive disease.

There are many ways to minimize the spread of hypertension, one of which is by using
machine learning technology-based forecasting methods. Machine learning is a computing
paradigm allowing computer systems to learn from previous data and experience without
having to be explicitly programmed. This approach allows the system to find patterns,
identify trends, and make decisions automatically, with the aim of solving problems or
performing specific tasks [4]. Thus, the decision-making process by the respective party
can be more focused and efficient.

In this study, the authors used the Recurrent Neural Network (RNN) method. Re-
current Neural Network (RNN) is a Neural Network (NN) having feedback to the neuron
itself and other neurons so that the flow of information from the input has many directions
(multi directional) [5]. In the previous research in 2024, this Recurrent Neural Network
(RNN) method was used to forecast IDX30 blue chip stock prices [6]. The Kalman Filter
is a method introduced by R.E Kalman. The Kalman Filter method is an algorithm that
can be used to estimate discrete linear systems [7]. In the previous research in 2024, this
Kalman Filter method was used to forecast chili prices in Ponorogo [§].

2 Research Methods

The time-series data used in this study come from the SIPTM (Non-Communicable
Disease Information System) data of East Java province having 3 columns and 114 rows
with a time span from 2020 to 2022. The data in this study were analyzed using the
Python programming language with the dataset as in Table [I] below.

Year Name of Regency/City | Number of Hypertension Cases
02/01,/2020 Pacitan 170
11/01/2020 Ponorogo 115
25/01/2020 Trenggalek 302
02/02/2020 Tulungagung 74
11/02/2020 Blitar 448
25/02/2020 Kediri 189
02/03/2020 Malang 1235
11/03/2020 Lumajang 106
21/03/2020 Jember 278
29/03/2020 Banyuwangi 556
02/04,/2020 Bondowoso 4429
18/12/2022 Batu 910

Table 1: Hypertension dataset of East Java province.
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After obtaining and exploring the data, the next step is to carry out the stages of the

research methodology one by one as shown in Figure [I] below.

Start
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Figure 1: Research methods.

. Problem Identification: This research raises a case study on the prediction of hy-

pertension cases in East Java.

. Data Acquisition: The data used in this study is secondary data sourced from

SIPTM (Non-Communicable Disease Information System) of East Java province
with a time span from 2020 to 2022.

. Data Preprocessing and Analytics: Data preprocessing is basically used to see the

initial condition of the dataset obtained from the source. At this stage, the dataset
is identified starting from the data type to missing values that may occur.

. Feature Selection: This research uses a univariate table model with 1 target column,

with numerical data that has no empty/null values.

. Model Selection: Recurrent Neural Network (RNN) is one part of deep networks,

learning unsupervised by using previous data samples as a source of learning. In
the RNN, there are recurrent connections occurring in each neuron and layer that
can form cycles in the RNN architecture, and this makes it possible to model
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time-related behavior such as time-series [9]. The mathematical function of the
Recurrent Neural Network (RNN) method is as follows [10]- [11]:

P q
Y=£ 158+, <5jfh (’onJr’Ydj +Z’YﬂX¢>> ; (1)
=1

=1

where

Y is the output variable; 3 is the bias weight at the hidden layer; 3; is the weight
for the j-th hidden neuron, j = 1,2,...,p; 7o is the weight of the i-th input
neuron to the j-th hidden neuron; 74 is the delay weight or context neuron; ;o
is the bias weight at the input layer, ¢ = 1,2,...,n; X; is the input neuron, i
= cos1,2,..,n; f*(x) is the activation function at the hidden layer; f°(z) is the
activation function at the output layer. Meanwhile, Kalman Filter is an assimilation
method. Assimilation is a way of improving estimates by combining state space
models with observational data [12]. Kalman Filter was first introduced by R.E.
Kalman and is a combination of model and measurement algorithms. Below is the
equation of the Kalman Filter algorithm.

System Model and Measurement Model
Tp4+1 = Akxk + Bkuk + kak
2z = Hyxp + vy
xo ~ N (Zo, Pry); wi ~ N(0,Q); vk ~ N(0, R)

Initialization
To = Top
pO — p.”c[)

Prediction stage
Estimation : &, , = AT + Bruyg
Error Covariance : P, = AkPkAg + GkaGz
Correction stage
Kalman Gain : Ky1q = PE+1HICT+1(Hk+1PE+1H?+1 + Rpy1) !
Estimation : Zpy = jf;rl + Kk+1(zk+1 — Hk‘*‘lj;—i-l)
Error Covariance : Pyy1 = [I — KkHHkH]Pk;l

Table 2: Kalman Filter Algorithm [13].

The prediction stage is influenced by the dynamics of the system by predicting
the state variables using the state variable estimation equation, and the level of
accuracy is calculated using the error covariance equation. At the correction stage,
the state variable estimation results obtained in the prediction stage are corrected
using the measurement model. One part of this stage is to determine the Kalman
Gain matrix used to minimize the error covariance.

. Model Training: At this stage, the selected values of the features are trained using
the Recurrent Neural Network (RNN) and Kalman Filter based on the division of
training data and testing data to obtain the error value.

. Model Testing: Model testing of learning outcomes with the prepared test data.

. Model Evaluation: At the evaluation stage, the model trained and tested is calcu-
lated for accuracy based on the resulting error value. This research uses the Root
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Mean Square Error (RMSE) method to calculate the error value generated by the
model. The function of the Root Mean Square Error (RMSE) is as follows:

A2
RMSE = w (2)

where n is the quantity of data; y; is the actual value at the i-th data; g; is the predicted
value at the i-th data.

3 Result and Discussion

From the testing simulation conducted with the division in proportion of training data
and testing data, the following results can be seen in Figures [2}{4]

Comparison Actual & Prediction Actual Hypertension Case Value in Province East Java 2020 - 2022 (Tr 70 %, Ts 30 %)
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Figure 2: First Simulation Plot of RNN - Kalman Filter (70% training data, 30% testing data).

The first simulation was conducted using the Recurrent Neural Network (RNN)
method with the parameters of the hidden layer = 50 and epoch = 100 and a ratio
of 70% training data and 30% testing data. The results of the first simulation provide a
good and accurate prediction value as shown by the Recurrent Neural Network (RNN)
prediction graph (blue line) touching the actual value graph (red line). The resulting
RMSE value is 0.0020. As for the prediction results of the Kalman Filter method (green
line) with the parameter value R = 0.01, it produces an RMSE value of 234.213. The
prediction results of the two methods show that the Recurrent Neural Network (RNN)
method yields better prediction results.

The second simulation was conducted using the Recurrent Neural Network (RNN)
method with the parameters of the hidden layer = 50 and epoch = 100 and a ratio of 80%
training data and 20% testing data. The second simulation results provide a good and
accurate prediction value as shown by the Recurrent Neural Network (RNN) prediction
graph (blue line) touching the actual value graph (red line). The resulting RMSE value
is 0.0009. As for the prediction results of the Kalman Filter method (green line) with the
parameter value R = 0.01, it produces an RMSE value of 234.228. The prediction results
of the two methods show that the Recurrent Neural Network (RNN) method yields better
prediction results under the condition that the error value decreases considerably.
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Comparison Actual & Prediction Actual Hypertension Case Value in Province East Java 2020 - 2022 (Tr 80 %, Ts 20 %)
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Figure 3: Second Simulation Plot of RNN - Kalman Filter (80% training data, 20% testing
data).
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Figure 4: Third Simulation Plot of RNN - Kalman Filter (90% training data, 10% testing
data).

The third simulation was conducted using the Recurrent Neural Network (RNN)
method with the parameters of the hidden layer = 50 and epoch = 100 and a ratio of
90% training data and 10% testing data. The third simulation results provide a good and
accurate prediction value as shown by the Recurrent Neural Network (RNN) prediction
graph (blue line) touching the actual value graph (red line). The resulting RMSE value
is 0.0037. As for the prediction results of the Kalman Filter method (green line) with
the parameter value R = 0.01, it produces an RMSE value of 234.249. The prediction
results of the two methods show that the Recurrent Neural Network (RNN) method still
yields better prediction results even though the error value increases as compared to the
first and second simulations.

Based on the simulation results obtain above, a recapitulation of the simulation results
of the Recurrent Neural Network (RNN) method with the parametersof the hidden layer
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= 50 and epoch = 100 and Kalman Filter with a value of R = 0.01, with a parameter
value of R = 0.01 can be seen in the table below.

Comparison of RMSE Value RMSE Value
Training Data (DTr) by Recurrent Neural by Kalman Filter
and Testing Data (DTs) Network (RNN) R =0.01
70% : 30% 0.0020 234.213
80% : 20% 0.0009 234.228
90% : 10% 0.0037 234.249

Table 3: RMSE Value Comparison.

The above table shows the simulation results generated by the Recurrent Neural
Network (RNN) method with hidden layer parameters = 50 and epoch = 100 and the
Kalman Filter method with a value of R = 0.01, from the first simulation to the third
simulation. For the overall simulation results of the Recurrent Neural Network (RNN)
method with hidden layer parameters = 50 and epoch = 100, there are dynamics of the
resulting error value with an error value range of 0.0011 to 0.0028. For the Kalman Filter
method with a value of R = 0.01, the range of error values is from 0.005 to 0.021.

Based on the results of the data analysis and simulation above, it can be seen that the
target column containing the value of the incidence rate of hypertension disease spread
in districts / cities in East Java is predicted to be close to the actual value by both
methods. Thus, it is easier for the respectibe stakeholders to make strategic decisions.

In addition, this shows that the Recurrent Neural Network (RNN) and Kalman Filter
methods have a high accuracy and are able to handle univariate data. Thus, these meth-
ods can be recommended for using in other prediction case studies with more complex
datasets.

4 Conclusion

Based on the results of the simulations conducted, it can be concluded that the results of
the first to third simulations using the Recurrent Neural Network (RNN) from the first
simulation to the third simulation with a parameter value of hidden layer = 50 and epoch
= 100 and Kalman Filter with a value of R = 0.01, provided a satisfactory prediction
error value (RMSE). In the second simulation, the Recurrent Neural Network (RNN)
method yields the best error value (RMSE) of 0.0009 with a division of 80% training
data and 20% testing data. The best error value by the Kalman Filter method with a
value of R = 0.01, was obtained in the first simulation with a division of 70% training
data and 30% testing data, with an RMSE value of 234.213. These results prove that
the Recurrent Neural Network (RNN) method provides good and consistent prediction
results.
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Abstract: This paper is devoted to the construction and study of a topological
invariant for a class of pairs of morphisms (f,g) € Morrep(X,Z) x Morrep(Y, Z),
where Top denotes the category of Hausdorff topological spaces and continuous single
valued maps and X,Y, Z represent subsets of R" ™! such that X,Y contain the sphere
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1 Introduction

The concept of topological invariants, degrees, characteristics, or generalized character-
istics, has been extensively explored by numerous authors for various classes of single-
valued and multivalued mappings (see, for example, [7,/10,/13]. By exploration of various
topological techniques, this concept serves as a powerful tool in analyzing and proving
results in fixed point theory. This provides practical applications across diverse fields
such as nonlinear analysis [6], economics [3], biology [5] and physics [9]. In some cases,
they are very useful to prove the existence of solutions for linear or semi-linear dynamical
systems [8].

Moreover, topological invariants are highly instrumental for the study of bifurca-
tions and nonlinear dynamical systems (see [9]). In the case when nonlinearities are not
smooth enough, they help to identify fixed points and their stability, which are critical
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in understanding bifurcations. Also, they offer deep insights into the global structure
and complexity of systems, making it possible to fully comprehend qualitative transi-
tions as parameters change. With these invariants, researchers can not only detect and
classify bifurcations, but also develop predictive theories and models for a wide range of
dynamical phenomena.

Let S ¢ X C Y C R*!, where S” is the unit sphere of R**! and X is an n-
connected space, and let Z be an arbitrary non empty subset of R?*1,

In the present paper, we build a topological invariant for a class of pairs of morphisms
(f,9) € Morpop(X,Z) x Morre,(Y,Z) such that the maps f,g do not coincide on the
sphere S™. This class of morphisms is denoted M. This construction can be seen as
a natural extension of the characteristic xgn(f) defined on the sphere S™ (see [4], [14]).
Indeed, recall briefly that the degree of continuous maps f in Mory,,(S™, S™) is closely
related to the group m,(S™) and it is often used in analysis. Consider a continuous
map f: S™ — S™ and let v, be a generator of the group m,(S™) ~ Z (see [16]), then
f+(vn) = ayn, where o € Z. The number « is called the degree of f and it is denoted by
degf.

Since the space R" ™1\ {0} is homotopy equivalent to the sphere S™, one may define
the degree of morphisms f in Mory.,(S™ R™™! \ {#}). It is called the characteristic
(or rotation) of the vector field f, and it is denoted by xg»(f). Using algebraic and
geometric topological methods, different generalizations for topological degree are given
for single valued maps and multivalued maps (see |13}[14]).

This paper is divided into three sections. After the introduction, in Section 2, we
build and develop some properties of the generalized n-characteristic, in particular, we
show that it is a homotopy invariant. We also show that it can be used in coincidence and
fixed points theories. In Section 3, we build and study a generalized n-mult characteristic
for a class of multivalued mappings. As application, a fixed point theorem for this class
is provided.

2 Generalized n-Characteristic of a Pair of Morphisms

Let Top be the category of Th-topological spaces and continuous single valued maps
and Gy be the category of graded groups and homomorphisms of degree zero. In
what follows, m : Top — Gy stands for the covariant functor of the homotopy
which assigns to a Th-topological space X a graded group {m,(X)}.>0 € Obj(Ga),
and to a given morphism f € Mory,,(X,Y) a homomorphism of degree zero
Ta(£) € Morc, ({mn () bz, {7 (¥ ) bnzo).

For given topological spaces X,Y in the category Top, the set of all continuous maps
from X to Y is denoted by C(X,Y). For the sake of easy reference, we recall some
terminology and facts concerning n-connected spaces.

Definition 2.1 (see [12], [4]) A path-connected space X is n-connected if its n-first
homotopy groups 7, (X) (0 < k < n) are trivial.

Thus, 0-connected means path connected and 1-connected means simply connected.
The examples of n-connected spaces are:

e The Euclidean space R™ is 1-connected.
e The unit sphere S™ is (n-1)-connected.

e The unit ball B"™! = {# € R""! ||z|| < 1} is an n-connected space.
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e Every CW complex X, with exactly one 0 cell and all other cells having dimensions
greater than n, is n-connected.

Because of its size (n-connected spaces can also be produced from other spaces) and
the intriguing properties and applications that have been developed for it, the class of
n-connected spaces is quite significant. Examples include those of Whitehead, Hurewicz,
and Frendenthal (refer to [1}/11,|12,|16]), which, when applied to various problems, yield
remarkable results in the area of algebraic topology.

Let Mz be the class of maps defined in the Introduction. Our goal in this section is
to define for the elements (f, g) of Mz a topological invariant.

Let (f,g9) € Mgz, which means that (f,g) € Morre,(X,Z) x Morre,(Y,Z) such
that S" ¢ X C Y c R*!, X is an n-connected space and Z is an arbitrary non
empty subset of R"*1. We can get the pair of morphisms (f, g) € Morpey(S™, Z), where
f,3: 8" — Z are the restrictions of f, g, respectively, on the sphere S™. The fact that
Coinc((f, g), S™) = 0 entails (f — g) € Morye,(S™, R™™1\ {#}). This allows us to give
the following definition.

Definition 2.2 The generalized n-characteristic of the pair (f, g) € Mz is defined as
the homomorphism £(f, g) = m,(f — §) = (f — §)sn € Morg, (mn(S™), 1, (R*T1\ {6})).

Let us give some properties of this generalized n-characteristic.

Proposition 2.1 Let (f,g) € Mz so that the generalized n-characteristic £(f, g) is
not trivial, then the equation f(x)— g(x) = 0 admits at least one solution in X \ S™, i.e.,
there exists a coincidence point of f,g in X \ S™.

Proof. For the reason that (f,g) € Mz, we have Coinc((f,g), S™) = (). Suppose that
f(z) # g(x) for all x € X \ S™, s0 (f — g) € Moryo,(X,R" 1\ {#}). Thus, we have the
following commutative diagram:

x 4 reti (o)

N Tr-9

Lo
Applying the co-variant functor 7 to the diagram above and using the fact that X is an
n-connected space, we deduce that (f — §)n,« is a trivial homomorphism.

Corollary 2.1 Let X C Z CR""' i € Morr,,(X,Z) be a canonical injection, and
(i,9) € My so that £(i,g) is not trivial, then the equation x — g(x) = 6 admits at least
one solution in X \ S™.

Proof. We apply Proposition to the pair (i, g).
Let us show that the generalized n-characteristic is a homotopy invariant. First, we
introduce the following definition.

Definition 2.3 Two pairs (f,g), (f',¢') in My are said to be homotopic if there
exists a pair of continuous maps (F,G) € Morrep(X x [0,1], Z) x Morrq,(Y x (0,1}, Z)
such that the following conditions are satisfied:

1. Coinc((F,G),S™ x [0,1]) = 0.
2. F(z,0) = f(z), F(z,1) = f'(x), forall z. € X .
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3. G(y,0) = g(y), G(y,1) = ¢'(y), for all y € Y.
In this case, (F,G) is said to be the homotopy between the pairs (f, g) and (f',¢’).

Proposition 2.2 If (f,g), (f',g') are some homotopic elements of Mz, then
§(f,9) =¢&(f.9)-

Proof. Let (F,G) be the homotopy between (f,g) and (f’,g’). One can consider the
morphism F — G € Morre,(S™ x [0,1],R**1\ {#}), where F,G are the restrictions of
F,G to 8™ x [0,1]. Using the fact that F, G are, respectively, homotopies between f,

f/ and §, §', one deduces that F' — G is continuous and it is a homotopy between the
morphisms (f — §), (f' — §') € Morgo,(S™, R* 1\ {#}). Therefore, we have

g(fvg) = (f_ g)n,* = (.f/ - gl)n,* = g(flvg,)'

Proposition 2.3 Let X, be a subset of R"™! which contains S, and
© € Morrep(Xo,X) so that o(S™) = @(S™) C S™ and (f,g) € Mz, then
(fvg) oY= (fo ©v,90° 90) € MZ and g((fvg) OQD) = E(fag) © Qan*

Proof. Let us consider f oy € Morro,(Xo, Z) and fo @ € Mory,,(S™ R\ {6}).
If we suppose that there exists xg € S™ such that f o ¢(xg) = g o p(z0), then we obtain
yo = @(x0) € Coinc((f, g),S™). It is impossible because (f,g) € Mz. We deduce that
Coinc(f o p,gop) =0, then (f op,gop) € Mz. Furthermore,

E(fop,go0)=(fop—Fo@hm.=(f~7) 0@®ns=F—Dnx0 P

Thus, §(f o Y,go SO) = §(fa g) o @n,:ow

Corollary 2.2 Let S" C Xo C R"™, o € Moryo,(Xo, X) with ¢(S™) = S™, and
the restriction @ : S™ — S™ induces an epimorphism in the n-th group of homotopy, then
if (f,g9) € Mz, we have the equivalence

&(f,g) is not trivial if only if £((f,g) o ) is not trivial.

Proof. Suppose that £((f,g) o) = &(f, g) 0 Pn,« = 0. Using the fact that ¢, . is an
epimorphism, we can deduce that

§(f,9) © P (mn(S™)) = E(f, 9)(Tn(S™)) = Or, wnt1\{6})-

Then &(f,g) = 0. On the other hand, suppose that £(f,g) = 0, then &(f,g) © Pn« = 0,
so §((f,9) o) = 0.

Proposition 2.4 Let (f',¢') € Morpe,(X',Z') x Morre,(Y', Z") satisfying the con-
ditions

1. 8" Cc X' CY' Cc R*™! qnd Z' C R+,
2. Coinc((f',¢'), S™) = 0.

Let (f,g) be an element of Mz, then the product pair (f x f',g9 X ¢') € Myxz and
E(fxfgxg’)=Jdo(&(f,g)xE(f',g"))ol, where I, J stand for the product isomorphisms.
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Proof. Using the fact that (f,g) and (f’,¢’) are in My, we can check that
(f x f',9xg") € Myxz . Furthermore, denote by P, the continuous projection, we can
built the following diagram:

T

gn fjl R+l \ {9}
Py (1) T PrY)
gn % §n fo’JXg’ Rn+1 \ {9} « Rn+L \{9}
PrXL ) 1P,

sn =g R\ {0).

From the commutativity of the two squares (I), (II) of the diagram above, one can deduce
the equality j o Qf X fl—gxg)= ((f— g)o (f — §')) oi, where i = Pr x Prfg and
j = PrY, x PrY,. Since the induced homomorphisms I, .J of i, j, respectively, are both
isomorphisms (see [15]), we deduce the equality

Ef x fgxg)=J""o(&(f9) xE(f,g) o1

Let us consider the case X = Y = Z = B""! = {z € R*"™/||z| < 1} and let
Cp : B"*1 — B"*! be the constant map, where Cy(x) = 6 for every element z € B"*1.

Proposition 2.5 Let (Idgn+1,g) be an element of Mpgn+1. Then for Cy as defined
above, we have £(Idgn+1,g) = £(Idgn+1,Cy) and it is not trivial.

Proof. Let F : B"™! x [0,1] = B"*! and G : B"*! x [0,1] — B"*! be given by the
rules F(z,t) = x and G(x,t) = tg(z) for every (x,t) € B"*! x [0,1]. The pair (F,G)
satisfies the conditions of Definition then we deduce that it is a homotopy between
(Idgn+1,Cy) and (Idgn+1,g). Hence, from Proposition one gets £(Idgn+1,Cy) =
&(Idgn+1,g9). We conclude the proof by remarking that £{(Idgn+1,Cy) = i., where i :
S™ — R\ {0} is a homotopy equivalence (see [4]).

Corollary 2.3 If (Idgn+1,9) is an element of Mpn+1, then the equation x—g(z) = 6
admits at least one solution in the interior of B™t1.

Proof. From Proposition we have {(Idgn+1,g) is not trivial. The result is
obtained by applying Proposition to the pair (Idgn+1,g).

Proposition 2.6 If (f,g) in Mpgn+1 is such that f(x) — g(z) and © are not in the
opposite sense for all vector x in S™, then £(f, g) is not trivial.

Proof. First, we can verify that the pair (Id,g — f) is in Mpn+1. Let
F:B"" x[0,1] — B""! and G : B"*! x [0,1] — B"*! be continuous maps de-
fined by F(z,t) = (1 — t)f(z) + tIdgn+1(x) and G(z,t) = g(x) — tf(z) for every
(z,t) € B"™ x [0,1]. Since f(x) — g(z) and z are not in the opposite sense for all
vectors x € S™, one can show that Coinc((F,G), S™ x [0,1]) = . Furthermore, we ver-
ify that the pair (F,G) is a homotopy between the pairs (f,g) and (Id,g — f). Thus,
&(f,g9) =¢&(Id,g — f). We end the proof by remarking that &(f, g) is not trivial because
&(Id, g — f) is not trivial.

Corollary 2.4 Let (f,g) € Mpgn+1 so that f(x) — g(x) and x are not in opposite
sense for all x € S™, then f and g have at least in B" ™1\ S™ a coincidence point.

Proof. 1t is a consequence of Proposition and Proposition
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3 A Generalized n-Mult Characteristic for a Class of Multivalued Mapping

Let Zy, Z, be two arbitrary subsets of R"*! such that Z; C Zy C R*"! and F : Z; — Z
is an upper semi continuous multivalued mapping.

Definition 3.1 F is said to be admissible (respectively, strongly admissible) if
there exist an n-connected space X such that S* C X < R and a pair
(p,q) € Morgep(X, Z1) x Morrep(X, Z2) such that p is surjective and gop~'(z) C F(x)
(respectively, g o p~1(x) = F(z)) for all x € Z;. In this case, the pair (p,q) is called a
representation of the multivalued mapping F' on the n-connected space X and will be
denoted by (p,q,X) C F, or (p,q) C F if we do not to specify X.

The class of admissible multivalued mappings from Z; to Zs is denoted by A(Z1, Z2).

Let us consider the set Coinc(p, q) = {x € X/p(x) = q(z)} and the set
AM(Zy1, Z3) = {F € A(Zy, Z3)/Coinc((p, q), S™) = 0,¥(p,q) € F}.

In the case where Zy = Z3 = Z, the space AM(Z1, Z3) will be denoted by AM(Z).
For any representation (p,q) of F, the restrictions of p, ¢ on the sphere S™ are denoted

by p,q.
Definition 3.2 The generalized n-mult characteristic of F' € AM(Z1, Z3) is denoted
and defined by

Xam(F) = {m(p — @) € Morrop(mn(S™), mn(R™F1\ {6})),¥(p,q) C F}.

Lemma 3.1 For every admissible representation (p,q) of F, we have

p(Coinc(p,q)) ={z € Z1/z € gop—1(2)}.

Proof. The proof is obvious.
We have the following theorem.

Theorem 3.1 Let F' be a multivalued mapping satisfying the following conditions:
1. F e AM(2),
2. xam(F) # {0}, where 0 is the zero homomorphism,

so there exists at least a representation (p,q) of F and an element z € Z \ p(S™) such
that z € F(z), i.e., a fized point of F.

Proof. Because x am(F) # {0}, then by definition, there exists at least a represen-
tation (p, q) of F' on an n-connected space X such that 7, (p — ¢) # {0}. By Proposition
the equation p(z) —g(z) = 6 has at least one solution z¢ in X\ S™. We put z = p(x),
so we obtain z € ¢(p~'(2)) = F(2).

Definition 3.3 Let F,G be two elements of AM(Z). F,G are said to be homotopic
if there exist two representations (p, q), (p’,¢’) on the same n-connected space X which
contains S™, respectively, and a pair of continuous maps

(H,H') € Morpop(X x [0,1], Z) X Morpe,(X x [0,1], 2)

such that
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1. Coin((H,H'),S™ x [0,1]) = 0,

2. H(z,0) =p(z), H(z,1) = p'(z), Vo € X,

3. H(z,0) = q(x), H (2,1) = ¢'(x), Vz € X.
In this case, the pair H = (H, H’) is called a homotopy between F' and G.
We have the following proposition.

Proposition 3.1 If F,G are two homotopic elements of AM(Z), then
XAMm(F) N xam(G) # 0.

Proof. Since F,G are homotopic, there exist representations (p,q), (p’,¢’) on an
n-connected space X such that they are homotopic in the sense of Definition So, by

Proposition 2.2] £(p,q) = (0, ¢'). But £, ¢') € xam(G), 50 xam(F) N xam(G) # 0.

Remark 3.1 The proposition above can be formulated as follows. If F,G are two
homotopic elements of AM(Z1, Z2), then there exist two representations (p,q), (p',¢’)
of F' and G, respectively, on the same n-connected space X which contains S™ such that

(P —q) =m( — 7).

Proposition 3.2 Assume that F,G : Z1 — Z5 are two upper semi continuous mul-
tivalued mappings such that the following conditions are satisfied:

1. F(z) C G(z), Vx € Zy,
2. FGAM(Z17ZQ)
Then G € AM(Z1,Z3) and x am(F) C xam(G).

Proof. Indeed, Y(p,q) C F, we have (p,q) C G.

Let us consider the case Z; = Z, = B""! and let AM(B"*!). Consider the set
AMpnia (B™H) € AM(B™1), where AM gnia (B™ 1) contains all admissible multival-
ued mappings F of AM(B"*!) which have at least a representation (p,q) on the unit
ball B"*!. Denote

Xam(F, B"™) = {€(p,q) = 7 (B — §) € Morrop(ma(S™), ma(R" 1\ {0})),¥(p, ¢, B"™") C F}.
It is easy to see that x anm (F, B™Y) C xam(F).

Proposition 3.3 If F € AM(B"") is a multivalued mapping defined by
F(z) ={f(z)} for every x € B"', then x am(F) # {0}.

Proof. In this case, we take p = Idgnt1, ¢ = f and X = B"*! we get (Idgnt1, f)
is one representation of F. Because F € AM(B"*!), so Coinc(Idgn+1, f) = ) on the
sphere S™. By Proposition we have £(Idgn+1, f) = £(Idgn+1,Cy) and it is not trivial.
But {(Idpn+1, f) € xam(F), so xam(F) # {0}.

Proposition 3.4 If F € AMpgn+1(B""Y) is such that there exists a representation
(p,q) of [ satisfying the condition p(x) — q(x) and x are not in opposite sense for every

x € 8™, then x am(F) # {0}.

Proof. We apply Proposition for the pair (p,q), we obtain £(p,q) # 0. But
§(p, ) € xam(F), so xam(F) # {0}.
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Corollary 3.1 Let F € AMpni1(B™"1) be such that there exists a representation
(p,q) € AMpni1(B™Y) of F satisfying the condition p(z)—q(z) and x are not in opposite
sense for every x € S™, then there exists z € B"T1\p(S™) such that z € F(z) = qop~1(z).

Proof. By Proposition we have £(p,q) # 0. But {(p,q) € xam(F), so by
Theorem we obtain the result.

4 Conclusion

This paper introduces a topological invariant designed for the pairs of mappings defined
on n-connected spaces containing the sphere S™, under the condition that they differ
on this sphere. The invariant’s definition indicates that it is a group homomorphism,
establishes its novelty, and extends the definition given for the sphere S™. Among the
properties that are provided, we show its homotopic invariance and utilize it to establish
theorems in coincidence and fixed point theories when these properties are not verified
on S™. In Section 3, leveraging the aforementioned construction, we define a generalized
n-mult characteristic for a class of admissible multivalued mappings. Various properties
of this n-mult characteristic are delineated, notably including the fixed point theorem for
this class of multivalued mappings. In conclusion, recognizing the effectiveness of topo-
logical invariants in solving diverse nonlinear problems, we anticipate that the introduced
topological invariant will also find applications, serving as a potent tool for addressing
various mathematical and scientific challenges across different domains.
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Abstract: In this paper, using the averaging method of first order, we compute the
maximum number of limit cycles that can bifurcate from the periodic orbits of the
center & = —y?P7! ¢ = 2227 ! with p and g being positive integers, under perturbation
in the particular class of the generalized Liénard polynomial differential systems.
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1 Introduction

The second part of the Hilbert’s 16th problem [9,(17] aims to find a uniform upper bound
for the number of limit cycles of all polynomial differential systems of a given degree.
The limit cycles problem and the center problem are concentrated on specific classes
of systems. For instance, much has been written on Kukles systems, Duffing systems,
Mathieu differential equations, Kolmogorov systems (see for example, [5/10,/11,/15]) and
Liénard systems, that is, systems of the form

Jb:ya y.zfx*f(x)a

where f(z) is a polynomial in the variable z of degree m. The motivation in the
Liénard family is because it is one of the most important families related to the Hilbert’s
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16th problem. Moreover, some classes of Liénard systems appear in applied sciences.
Bifurcation of limit cycles in Liénard systems have been tackled by several authors and
by using different approaches. See, for example, [1L/41|7].

In [13], Lliber et al. proved that the generalized Liénard polynomial differential
system
&=y, y=—g(x) - flx)y,
where f(z) and g(z) are polynomials in the variable x of degrees n and m, respectively,
can have [22=1] limit cycles, where [.] denotes the integer part function. In [14],

Llibre and Makhlouf proved that the maximum number of limit cycles of the following
generalized Liénard polynomial differential system:

i=—y? 7 g =T —ef()y*

is at most [g] , where p, ¢ and m are positive integers, ¢ is a small parameter and f(z) is
a polynomial of degree n. In [2], Benterki et al. studied the maximum number of crossing
limit cycles of planar piecewise differential systems formed by linear Hamiltonian saddles.

In this paper, we want to study the maximum number of limit cycles of the following
generalized Liénard polynomial differential system:

&=y g = e f(z,y)yP (1)

where p, ¢ and m are positive integers, ¢ is a small parameter and f(x,y) is a polynomial
of degree n. Clearly, system with € = 0 is a Hamiltonian system with the Hamiltonian

1 1
H = 2% § —y?P,
(z,y) 2g" T oY
More precisely, our main results are as follows.

Theorem 1.1 For the sufficiently small ||, system has at most
n
p= [5} max {p, ¢}
limit cycles bifurcating from the periodic orbits of the center © = —y*P~ 1, ¢ = 2171,
using averaging theory of first order, where [.] denotes the integer part function.

The proof of Theorem [I.1]is given in Section

Theorem 1.2 Consider system with ¢ = lp, | is a positive integer, then for
le| sufficiently small, the mazimum number of limit cycles of the generalized Liénard
polynomial differential system bifurcating from the periodic orbits of the center & =
—y?P=1 gy = 22P=1 using the averaging theory of first order, is

wm = GG )<t

B = 03]SR 2]

The proof of Theorem is given in Section
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2 Preliminaries

2.1 First order averaging method

The averaging theory is also an interesting method to research the limit cycles. Essen-
tially, we have to look for the zeros of some specific function associated to the initial
system.

Theorem 2.1 Consider the following two initial value problems:
i =eR(t,x) +2G(t, x,€),2(0) = xo (2)

and
g=cf °(y),y(0) = xo, (3)

where x,y and xo € D which is an open domain of R, t € [0,00), € € (
are periodic functions with their period T with its variable t, and fO(y
function of R(t,y) with respect to t, i.e.,

0,e0], R and G
) is the average

T
0 — 1
Ply) =1 / R(t,y)dt.

Assume that

2
(i) R, a—R, 37]2%7 G and 6—G are well defined, continuous and bounded by a constant
x
independent of € € (0, &9 in [0,00) x D.

(i) T is a constant independent of €.

(iit) y(t) belongs to D on the time scale 1/e. Then the following statements hold:
. 1
(a) On the time scale - we have
x(t) —y(t) = O(e), ase — 0.
(b) If p is an equilibrium point of the averaged system such that

af°
Y ly=p
then system has a T-periodic solution ¢(t,e) — p as e — 0.
(c) If is negative, then the corresponding periodic solution ¢(t,e) of equation
according to (t,x) is asymptotically stable for all € sufficiently small; if s positive,

then it is unstable.

For more information about the averaging theory, see [6[16}/18].
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2.2 (p.q)-trigonometric functions

Following Lyapunov [12], let u(6) = C'sf and v(6) = Snf be the solutions of the following
initial value problem:

2p—1 2q—1

U = —v ,0=1u ,

u(0) = 2{/2 and v(0) = 0.

Moreover, they satisfy the following properties:
(a) The functions C'sf and Sn@ are T-periodic with

R NES)
T:Qququz}(ZfL
F(%

where I' is the gamma function.
(b) For p = ¢ =1, we have Csf = cosf and Snf = sin 6.
(c) pCs?PO + qSn?16 = 1.

(d) Let Csf and Sné be the (1.g)-trigonometrical functions, for ¢ and j being both
even (see [8]),

T ‘ ' . T i+l J+1
/ Cs'0Sni0d0 = 2~ M (5)
0 D+ 557)

2.3 Descartes theorem

The purpose of the Descartes theorem is to provide an insight into how many real roots
a polynomial P(x) may have.

Theorem 2.2 [5] Consider the real polynomial
p(.l?) = al1xl1 + alle2 +ot a’lkxlk
with 0 <y <ly < ... <l and a;, # 0 being real constants for i € {1,2,3,...,k}. When
ayay,, <0, we say that a;; and ay, ., have a variation of sign. If the number of variations
of signs is m, then p(x) has at most m positive real roots. Moreover, it is always possible

to choose the coefficients of p(x) in such a way that p(x) has exactly k — 1 positive real
T001S.

3 Proof of Theorem [1.1]

We shall need the first order averaging theory to prove Theorem 1.1. We write system
in (p, q)-polar coordinates (r,0), where x = rPCsf and y = r2Snf. In this way, system
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will be written in the standard form for applying the averaging theory. If we write
n . .
flz,y) = > aijz'y’ , then system becomes

i+5=0
= —E?"2Q(m_1)+1 zn: a; j,rpi—i-qj (089)2 (Sne)jJrQ(er;D*l)
i+j=0 . (6)
0 = rPa—P=4 — gp2a(m=1)p, a; jrPiTe (Cs0) ! (Sne)? T2t
i+j=0

Treating 0 as the independent variable, we get from system @ the following:

dr 9
i eR(r,0) + O(e?),
where

n
R(r,0) = —p~2patam=1)+p+1 Z a; jrP (Csh)" (Sn9)j+2(m+p_1) .
i+3=0

Using the notation introduced in Section 2, we have

r—2pq+q(2m—1)4+p+1

T ' .
o) =— T Z (ai,jrpi"‘qj/ (Csh)’ (Sn9)1+2(m+p—1)> 7
0

i+5=0
we write
0 r—2pat+q(2m—1)+p+1 1 o
7
folr)y=— 7 > aii i jramip-1r Y,
i+5=0
where

T
1 ; = / Cs'0Sn’0do.
0
It is known that

Ii

I;; > 0ifiand j are even.

= 0ifior jis odd,

Hence

r—2pq+q(2m—1)+p+1 [%]
o)y =- T a2s,2%Ts 214 2(mp—1)r 2P (7)
s+k=0
For the simplicity of calculation, let A\s 1 = aas2kl2s 2k4+2(m+p—1), therefore, (7)) can be
reduced to 2]
—2pq+q(2m—1)+p+1 °
oy T 2(ps+qk)
1) = 7 2 duartrees (8)

As we all know, the number of positive roots of f9(r) is equal to that of

3]
N(r) = Z Ag pr2Pstak)
s+k=0
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then, to find the real positive roots of N(r), we must find the zeros of a polynomial in
the variable t = 72

)

3]
M) = 3 Aspt?™ " (9)

s+k=0

Now, we expand the polynomial @[) as follows:

M) = Xoo
+A1,0t7 + Xo,1t?
+X0,0t% + Ay 1P 4 N ot
+...
+ a0t + )\d7171t(d—1)p+q + )\d72’2t(d—2)p+2q
oo g g ot?PTA=2a L\ G pptld=Da g pad
+...

—&-/\[i}ﬁt[%]p + )\[ t([%]—2)p+2q

n
2

nl-1
%]7171,5([2] )p+q+)\[%]7272

et )\2’[%]*2252%([%]_2)(1 A ["]fltﬁ([%]_l)q + /\o,[w]t[%]q.

2

2

So, the degree of M (t) is bounded by p = [%] max {p, ¢}, we conclude that f°(r) has at
most 4 positive roots r. Hence, Theorem [I.1]is proved.

4 Proof of Theorem [1.2]

Consider the polynomial differential system with ¢ = lp, from equation , we obtain

,,,lp(72p+2m71)+p+1 [%]
o) = — - D APt (10)
s+k=0

As we all know, the number of positive roots of f9(r) is equal to that of

&
G(r)= D Agpr?Cth), (11)
s+k=0
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We write as follows:
G(T) = )\0,0 + (/\1)07‘217 + )\0717“2:0[) + ()\2)07“41) + )\171T(l+1)2p + /\0)27‘4@)

+(>\370T6p+)\271r(l+2)2p +>\1,2T(1+2l)2p+)\073r6lp)

_’_()\4’074817 +)\3)1r(l+3)2p +)\2,27,,(2+2l)2p +)\1)3r(1+3l)2p+)\0’4r8lp)

211
N )\17[%]_17«(1+([%]—1)l)2p + X, %]r[%]le]. (12)
Let us write as
G(r) = [Moo+A1,0m% + Ao or™ +
ot )‘[%]—2,07"([%}72)217 * )‘[%]—1,07“([%]71)217 * )‘[%]707"[%]2]0]

+[)\0,17“2lp + )\171T(l+1)2p + )\2717«(“‘2)2?3 +

ot )\[ﬂ]_Q lr(”[%}*?)?p + /\[ﬂ]—l 1r(l+[%]71)2p}
2 ) 5 s

F[Ao2r P 4 Ay or D2 g o Bl

o )\[ﬂ]_g 21"(2”[%]*3)21’ 4 )\[ 2?"(2”[%]*2)27)]
2 s

3]-2,

A (E]-202

Jr)\O’[ﬁ}T‘[%]l. (13)

To find the number of positive roots of polynomials G(r), we distinguish two cases.

Case 1: For [%] <[l —1, the number of terms in polynomial is

([B1+1)+ 5]+ ([5]-1) + - +2+1=5([5]+2) ([5]+0)-
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Now, we shall apply the Descartes theorem introduced in Section 2, we can choose
the appropriate coefficients \; ; in order that the simple positive root number of G(r) is

([ +2) (5] +1) =

Hence (a) of Theorem is proved.

Case 2: For [%] > [, the number of terms in polynomial is

(5] +)+ (5] (3] -1) 0
(31100 (B () -2
< 3G ()~ () -0e) () -2

l[n} (l-3)

2 2

by the Descartes theorem introduced in Section 2, we can choose the appropriate coeffi-
cients )\; ; in order that the simple positive root number of G(r) is at most

= -
n (- 2
- 1[5 -

Hence (b) of Theorem is proved.
Example 4.1 We consider system , where p =1, ¢ =3, m =2 and

f(z,y) = —3.62% + 2.42y + 0.635y + 0.5.

In this case, n = 2, | = 3 and Csf and Snf are T-periodic functions with period
T = 8.413 1. From equation , we obtain
0 r 2 6
o) = —f(ko.o + Aror” + Xoar”),

where Ag ;= a2s 21125 26+4-

Using , we get
1074 = 0.63098,[2,4 =0.15115 and 10,6 = 0.19718.

So 5
o _ T

S =~
This polynomial has two positive real roots, r; = 0.8 and r, = 1.3. According to state-
ment (a) of Theorem 1.2, the system has exactly two limit cycles bifurcating from the
periodic orbits of the center & = —y, ¢ = 2° , using the averaging theory of first order.

(0.31549 — 0.544 142 + 0.125 2175 .
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Example 4.2 We consider system , where p =1, ¢ =2, m = 3 and
f(z,y) = 1.52° + 2xy* — 56.0952* + 13.5752%y* — 0.46834y* + 21.2272% + 4* + 2.7x — 1.

In this case, n = 5, [ = 2 and C'sf and Snf are T-periodic functions with period T' =
7.416 3. From equation , we obtain

8
fo(r) = —%(/\0.0 + A107 + (Mo1 + A20) 7+ A7 + Aoor®),

where A p = ags 21125 2k +6-

Using , we get

Ing = 0.48158,I,6=28.6894 x 1072, Iy5 = 0.224 74,
Iig = 3.2105x1072,I,5 =3.5780 x 1072 and Iy.19 = 0.106 45.
So
8
o) = (—0.481 58 + 1.844 572 — 1.576 2r* +0.485 71r° — 4.9855 x 107%8).

7.4163

This polynomial has four positive real roots, 11 = 0.6,79 = 1.4,73 = 1.85 and r4 = 2.
According to statement (b) of Theorem 1.2, the system has exactly four limit cycles
bifurcating from the periodic orbits of the center # = —y, ¥ = x , using the averaging
theory of first order.

5 Concluding Remarks

The second part of the Hilbert’s 16th problem concerns the maximum number of limit
cycles of all planar polynomial vector fields of degree n. One way to produce limit cycles
is by perturbing a Hamiltonian system which has a center, in such a way that limit
cycles bifurcate in the perturbed system from some of the periodic orbits in the original
system. In this work, by using the averaging theory of the first order, we have proved
upper bounds for the maximum number of limit cycles bifurcating from the periodic
orbits of the Hamiltonian system with the Hamiltonian H (z,y) = 2—1(1332‘1 + %yzp , where
p and g are positive integers. We will continue our research on the maximum number of
limit cycles for differential systems that model phenomena in biology, physics, etc, using

the higher-order averaging theory.
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Abstract: In this paper, we prove the existence and uniqueness of solutions to heat
equations in quasi-metric spaces by applying the ¢(G—contraction in this setting. This
type of contraction is analogous to the ¥ F-contraction introduced by Secelean et al.
in 2019. In the ¢ F-contraction, we have F : RT — R as an increasing mapping and
i (—oo, i) — R for some p in R U {oo} as an increasing and continuous function
such that 1(t) < ¢ for every ¢ in (—oo, u). Meanwhile, in the ¢G-contraction, we have
G as a strictly increasing mapping from R* U {0} to RT U {0}. Also ¢ : (—oo, 1) —
R* U {0} as a strictly increasing and continuous function satisfying ¢(t) < t for
all t and ¢(0) = 0. This approach also provides a framework for solving nonlinear
equations.

Keywords: fized point theories; heat equations; quasi-metric spaces.

Mathematics Subject Classification (2020): 46, 47H10, 47H09, 54E50, 93B28.

1 Introduction

In the last century, fixed points have become an important topic in pure and applied
mathematics, as well as in nonlinear dynamics, see, for example, [IH{6]. The concept
of fixed points and their associated mappings is crucial in investigating the existence
and uniqueness of solutions to various mathematical models. The study of fixed points
began with the Banach Contraction Principle in complete metric spaces in 1922 (see [7]).
Afterward, many researchers introduced other types of fixed points in complete metric
spaces and found their applications both in pure and applied mathematics.
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Many authors have also studied fixed point results in other spaces, including quasi-
metric spaces which were first introduced by Wilson in 1931 (see [§]). In the last decade,
many authors have found applications of fixed points in quasi-metric spaces, for exam-
ple, in software engineering [9], the problems of existence and uniqueness of solution
of boundary value problems [10-15], nonlinear fractional differential equations [16], and
stability analysis of a solution for the fractional-order models on rabies transmission dy-
namics [17]. More recently, Secelean et al. [18,/19] introduced the % F-contraction on
quasi-metric spaces and obtained the fixed point results on that space. They also found
its applications in fractals theory. Following this, Zakiyudin and Fahim [20] introduced
the ¢G-contraction on quasi-metric space which is analogous to the ¥ F-contraction and
obtained similar fixed point result. They also found its application to the nonhomoge-
neous Cauchy equation (see [20]). Other fixed point results and their applications can
be seen in [1H5},21-24].

Our purpose in the present paper is to find an application of ¢G-contraction, specifi-
cally for heat equations. For this purpose, let Q C R™ be a closed set and let H = L%(2),
where L?((2) is the space of measurable functions for which the square of the absolute
value is Lebesgue integrable. Additionally, let T' € (0,400) and w = w(t) be a function
valued in the Banach space H. Consider a Lipschitz function f : H — H, meaning there
exists a constant C' € R™ such that for all z,y € H, one has

1 (@) = FW)lle < Clle —ylla-

Now, consider the heat equation

dw
o = Awt) + flw(),  0<t<T, (1)
w(0) = wo,

where wg # 0,wy € H, and A satisfies the Neumann or Dirichlet Boundary Condition.
Then, for T > 0 and p € [1,400), we define LY (0,T; H) as the space

T
IE(O0.T; H) = {f - [0.T) ~ H - / e F@)E dt < oo}

equipped with the norm

T 1/p
”fHLT;*(O,T;H) = (/ e M F@)I dt) :
0

In this work, we study the existence and uniqueness of solutions for the heat equation
in the space (X;g\, p{f)\) defined below:

X;f,(/\ = {g € L§(0,T; H) : g(0) = wo and ||g||L§(O,T;H) < K}
with the mapping

K, for llgllzy (0,7, = K and llg = hll 2 o 7y > K,

p[I){,A(gv h) = {

lg — h||L§(0,T;H) , for other g and h,

where K € (0,400) and p € [1,+00).
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In order to do this, some concepts on quasi-metric spaces, such as the definition and
some properties of this space, for example, forward convergence, forward Cauchy se-
quence, forward completeness, forward Picard operator, and their analogs for the back-
ward are presented in Section Then we provide the definition of ¢G-contraction in
quasi-metric spaces, and the fixed point result is presented in Theorem In addition,
we give the required conditions for the space (X;f)\, pff ) in Lemmas an In
Section [3] we present our result for the heat equation, it begins with Lemma [3.I] which
states that there exists a Cy-contractive semigroup with A as its infinitesimal genera-
tor. Furthermore, we introduce the definition of the mild solution of in Definition
Afterward, we define a mapping T and state that T is a self-mapping in Lemma
Additionally, we prove an inequality that will be used to establish the existence and
uniqueness of solution of (1)) in Lemma[3.3] Finally, using the provided lemmas, we state
Theorem which asserts that the mild solution of the heat equation exists and is
unique. We end this paper with the conclusion in Section

2 Preliminaries

In this section, we present some preliminaries on quasi-metric spaces and provide the
result of our previous work about the ¢G-contraction in such spaces. In addition, we
introduce the auxiliary spaces.

2.1 Quasi-metric spaces

Let X be a non-empty set. These preliminaries on quasi-metric spaces are discussed
in [25].

Definition 2.1 A quasi-metric p : X x X — [0,+00) is a mapping satisfying the
following conditions:

(p1) p(z,y) =0 if and only if z = y;

(p2) p(z,2) < p(z,y) + p(y, 2) (triangle inequality).

A pair (X, p) denotes a quasi-metric space.

Example 2.1 Fora >0, let X ;=R and p: X x X — [0,+00) be defined as

( ) r—=1y, xzyv
T,Yy) =
Py aly—z), w<y.

Then (X, p) is a quasi-metric space.

Example 2.2 Let a > 0 and consider a decreasing function g : R — R, let X =R
and p: X x X — [0,400) be defined as

p@y%{x_% T=v
’ a(f(x) = fly), @<y

Then (X, p) is a quasi-metric space.

Definition 2.2 If (X, p) is a quasi-metric space and (z,,) is a sequence on X, then
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1. The sequence (x,) is forward convergent (for short, f-convergent) to x € X if for
every € > 0, there exists k € N such that p(z,z,) < ¢ for all n > k.

2. The sequence (z,,) is backward convergent (for short, b-convergent) to x € X if for
every ¢ > 0, there exists k € N such that p(z,,z) < ¢ for all n > k.

Definition 2.3 If (X, p) is a quasi-metric space and (z,) is a sequence on X, then

1. The sequence (z,,) is forward Cauchy (for short, f-Cauchy) if for every € > 0, there
exists k € N such that p(z,, z,) < e for all m >n > k.

2. The sequence (z,) is backward Cauchy (for short, b-Cauchy) if for every ¢ > 0,
there exists k € N such that p(zp,,2,) < e for all m >n > k.

Definition 2.4 If (X, p) is a quasi-metric space, then (X, p) is forward complete (for
short, f-complete) if every f-Cauchy sequence is f-convergent, and (X, p) is backward
complete (for short, b-complete) if every b-Cauchy sequence is b-convergent.

Definition 2.5 If (X, p) is a quasi-metric space and T': X — X is a mapping, then

1. T is a forward Picard Operator (for short, {-P.0O.) if there exists a unique n € X
such that T'np = n and the sequence z,, := T"z( for zo € X,n € N is f-convergent
ton.

2. T is a backward Picard Operator (for short, b-P.O.) if there exists a unique € X
such that T'n = n and the sequence x,, := T"xq for zo € X,n € N is b-convergent
ton.

2.2 The ¢G-contraction

In the following, we present a fixed point result concerning ¢G-contraction obtained by
Zakiyudin and Fahim in [20].

First, we denote by G a family of all strictly increasing functions G : [0,4+00) —
[0,+00). Let u € (0,00], and we denote by ®, a family of all strictly increasing and
continuous functions ¢ : [0, ) — [0, +00) that satisfy ¢(t) < ¢ for all ¢ > 0 and ¢(0) = 0.
We write ®,, as @ if 4 > sup (o 400) G(2)-

Definition 2.6 Let (X, p) be a quasi-metric space, G € G, and ¢ € P¢. A mapping
T:X — X is called

(i) forward ¢G—contraction if
Te#Ty = G(p(Tz,Ty)) < o(Gp(z,y))),
(ii) backward ¢G—contraction if
Te#Ty = G(p(Tz,Ty)) < o(G(p(y, 2)))-
Theorem 2.1 Let G € G and ¢ € Dg. Let (X, p) be a quasi-metric space such that
1. (X, p) is f—complete;
2. Every f-convergent sequence in quasi-metric space (X, p) is also b—convergent.

If T : X — X is a forward ¢G— contraction, then Y is a forward Picard operator.
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2.3 The auxiliary spaces

In the following, we present some properties of the space (X;f,(,\’ pf) ) obtained by Za-

kiyudin and Fahim in [20].

Lemma 2.1 The space (XX

p7/\,p£)\) is an f-complete quasi-metric space.

Proof. First, we prove that (X;S\, pff ) is a quasi-metric space. It can be observed

that pff,/\ : Xzf,(/\ — [0, +00) and for z,y € X;()\, we have pff,/\(x,y) = 0 if and only if

x = y. Next, to prove the triangle inequality, consider the following conditions:
1. When ||$||L§(0,T;H) = K and ||y||L§(0,T;H) =K.
We obtain that p{f)\(x,y) = K and p{f,k(m,z) = |z — z||L,;(O’T;H). Since p{f)\(m,z)
and pZIf, 1(2,y) are non-negative, one has
Ppa(@,y) < ppa(a,2) + ppa(2,9)-
2. When z # 0, y =0, and z = 0.
We obtain that p{f/\(z,y) =0, pff/\(a:,y) = pgx(z, z), then
o (@) < ppa(a,2) + ppa(2,9)-

3. When z =0, y #0, and z = 0.
We obtain that p,(2,2) = 0, p5\(0,9) = [ylloeruy and () =
191l 2 (0.7;1)> then

Pff,x(xay) < Pff,,\(ﬁﬁ, z) + P?,A(ZJ/)-

4. When z =0, y # 0, and z # 0.

We obtain that Pffx(x,y) = ”yHLi(o,T;H)a pff,/\(x,z) = HZ|‘L§(0,T;H)7 and
pf,fh(z, y) =z - yHL’;(o,T;H)- Then, by using the triangle inequality in the norm,
one has

||y||L§(o,T;H) =lly—=2+ ZHLI;(Q,T;H) <lly - ZHLI;(O,T;H) + HZHLI;(O,T;H) )
SO
Ppa(2,Y) < pyia(a, 2) + pyia(z.y).
5. When z # 0, y =0, and z # 0.
We obtain that pg)\(m,y) < ||$HL§(0,T;H) and pgk(a:,z) = |z — z||L,;(O’T;H).
1
If ||Z||L§(O,T;H) > §K7 then
1
Pf,,\(xay) < iK = pff/\(z,y) < Pff,A(fE,Z) + Pff,\(«z»y)

. < l
and if HZ||L§(0,T;H) < 5K, then

ng(xay) < ||55HL§(0,T;H) <z - ZHLQ(O,T;H) + ||ZHL§(0,T;H)

< P;I;(,,\(»Ta z) + P;If,)\(za Y)-
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6. When z # 0, y # 0, and z = 0.
We obtain that plX, (z,y) = ||z — Yllze 0,7:00): pE\(x,2) = K, and
pff)\(z,y) = ||yHL§(O,T,H). Then, by using the triangle inequality in the norm, one
has
1 =yl e o,mm) < WllLe 0,y + 19l e 0,00y < K+ 19l e 0,7) »

S0
P;I;(,A(% y) < P,I)(,A(% z) + pffA(Z,y).

7. When = # 0, y # 0, and z # 0.
We obtain that p{f)\(aj,y) = |z — y||L§(O)T;H), pf:)\(x,z) = |z — ZHL’;(O,T;HV and
pff/\(z, y) = |lz— yHLi(OﬁT_H). Then, by using the triangle inequality in the norm,
one has

<z —

|z — ’UHL’;(O,T;H) ZHLﬁ(O,T;H) + 1z - y||L§(o,T;H) )

SO

poa(,y) < pia(x,2) + pia(z,y)-

Therefore, the triangle inequality holds. Next, we prove that (le/\, p{f ) is f-complete.

Take any f-Cauchy sequence in (X[, pf,), then for every & > 0, there exists M () € N

Py
such that
pf)fA(xn7xm) <e, Vm>n>M(e).
Then for every 0 < & < 1K, there exists M (e) such that
[@m — anLT;(o,T;H) <& Vmznz=M().

This can be generalized for all ¢ > 0 by taking M(¢) = M (1K) for e > ;K. Thus, (z,)
is a Cauchy sequence in (X;()\’ ||'HL1>”\(0’T;H))~ Since this space is complete, (z,) is also
convergent in this space. Therefore, there exists = € Xsz/\ such that for all € > 0, there
exists M (e) € N, where

& = xnllpp 0 mymy <& Y= M(e).
This implies that for every 0 < ¢ < P, where
1K ifz=0,
- {min {%K, % Hx||L;;(O)T;H)} if £ #0,
there exists M (e) € N such that
pf,fA(x7xn) <eg, VYn>Ml(e).

This can be generalized for all € > 0 by taking M () = M (P) so that (x,) is f-convergent
in the quasi-metric space (X[, pf,). Therefore, (X[, pK,) is an f-complete quasi-
metric space.
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Lemma 2.2 FEvery f-convergent sequence in the quasi-metric space (X;g\,p{f)\) 18
also b-convergent.

Proof. Take any f-convergent sequence (z,,) in quasi-metric space (X zf,(A’ p;f ). Then

there exists # € X, such that for every 0 < e < 1K, there exists M(c) € N such that
K
||x7anL§(O7T;H) :pp,k(xazn) <g, VnZM(g)

Since 0 < & < 1K, one has pEA (@, @) = || — anL’;(O,T;H) < e, Vn > M(e). This can
be generalized for all € > 0 by taking M(e) = M (1K) for e > LK. Consequently, (z,)
is b-convergent in quasi-metric space (Xf)\, D)

3 The Existence and Uniqueness of Solution of the Heat Equation

In the following section, we establish the existence and uniqueness of solution of the heat
equation .

First, we define the resolvent set o(A) of a linear operator A as the set of all complex
numbers \ for which A\I — A is invertible, that is, (A\I — A)~! is a bounded linear operator.
For A € (A), the bounded linear operator R(\ : A) := (A — A)~! is called the resolvent
of A. Now, we prove that {{R(¢)}+>0 is a Cyp-contractive semigroup, where A is its
infinitesimal generator, by using the following lemma.

Lemma 3.1 There exists a Cy-contractive semigroup {9R(t)}s>0, where A is its in-
finitesimal generator.

Proof. Let x, — x in H, where ), € D(A) for all k € N and Az,, — y in Y. Since
D(A) = H?(Q) is a Hilbert space, z € D(A) and it follows that

Az, — Azl = ||z, — 2] pa) — 0.

Therefore, Az, — Az in H. We get y = Ax since the limit of a sequence in the Hilbert
space is unique. Thus A is a closed operator and we have D(A) = H. Then, from [26],
for A € (0,+00), one has

IR A < | sin® (arg V)| <

> =

By the Hille-Yosida Theorem (see [27]), the operator A is the infinitesimal generator
of the Cy-contractive semigroup {fR(¢)}+>0. The properties of Cy-semigroup imply that
u(t) = R(t)up is a unique solution to the differential equation

d
dit‘ = Au(t), u(0) = uo.

Next, using the Fourier Transform, we have
(Flu()(€) = e K Flug), € € R™.
Therefore, for all v € H,

F@R(tyw) = e PR,
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and
I8l = IF@RO) |y = e P R]|| < 1FRIa = [v]a.

This is the definition of a mild solution to the heat equation .

Definition 3.1 Let {fR(¢)}i>0 be a Coy-contractive semigroup and let A be its in-
finitesimal generator. A function w : [0,7] — H is called the mild solution of equation
if there exists \* = \*(p, ug, T) > 0 such that u € LY. (0,T; H) and satisfies

u(t) = R(t)uo + /o R(t) f(u(s))ds.

Next, we define a mapping T such that

T(v)(t) = R(t)vo +/O R(t)f(v(s)) ds. (2)

Thus, we specify some properties of T below.
Lemma 3.2 Let \* > 0 such that

(207" + 2% 73CPTP) ooy + 2277 || f (vo) Iy
KP

A > +2%P-3cPTP,

then the mapping Y is a self-mapping on X;g\*.

Proof. Letv € X;_S\, then T'(v)(0) = vy = wp. Since R is a Cp-contractive semigroup

of {MR(t)}i>0 and by applying Holder’s inequality, we have

p

OO0 =[O0 + [ 50005 s

LY (0,T;H)

t p
<op [||m<t>vo||’£z;<o,T;H) + H / R(1)f(u(s)) ds ]
0 L2 (0,T;H)

T
_gp-1 / M R (E)uo 7, dt
0

T t
Lopt / e () F(u(s)) ds
0 0
T
<op-1 / e [lugl|?, dt
0
T t P
et [T ([ireo a)
9p—1 p T T ’
S%mfl / Atgr—1 ( / 1f @O ds) dt
0 0

T t P
vt [Ler ([ vl @)
0 0
op—1 p T ¢ g
<2l pencr [T ([t an)
0 0

P
dt

H
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T t P
+22p*20p/0 e~ Mop—1 (/O [v(0)],; ds> dt
p

T T
192 / (/ 1F O ds) dt

gp—1 p r ' ’
<2 ol 23p*30p/ e M </ o)1l ds) d
A 0 0
TP

+ (2737 0 (0) 1% + 2272 | £ (0(0)) 1)

A
2p71 p T T
< !\UOHH +23p—3Lp/ / e—Attp—l (HU(S)”H)p dt ds
0 s
3p—3,p P 2p—2 p I
+ (277207 w(0) |13 + 22772 |1 £ (0(0)) ) ~
_ @74 2%75CrT?) [lo(0)|1 n 2°P2TP || f(w(O) %
- A A
23p=3CpTP-1[KP
\ .
Now, let
-1 3p—3 2p—2
N s BTl £ 22T )y | sy st
KPp
and we obtain that if v € X[,., then T(v) € XJ,..

1
Lemma 3.3 Let a = (T’t\iiczv " and assume that \* satisfies \* > TP~'CP. Then
for any u,v € X;,()\* , the following inequality is satisfied:
pﬁA*(Tu, Tov) < apff)\* (u,v). (3)

Proof. Consider that v € X;{A*, so Yv # 0. We can prove this by contradiction.
Assume that Tv = 0, it follows that

R(t)vo + /O R(t)f(v(s)) ds = 0.

If we set ¢ = 0, this implies vg = 0, which contradicts the fact that vg # 0. Hence,
Twv # 0. Subsequently, since S is a Cy—contractive semigroup and by applying Holder’s

inequalities, for all u,v € le)\*, we have

Pf;(,,\(T% Tv) = [|[Tu — TU”LI;(O,T;H)

S ‘

/0 R(t) [f (u(s) — F(u(s))] ds

L2 (0,T;H)

- ( / T (n / 9R(1) [ () — F(o(s))] ||Hds)p dt)
< ( / e ( / I (u(s)) — f(v(s»Hds)p dt) "

1/p
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< ( /0 e ( /0 t Cllu(s) - v(s>||Hds)p dt)
< (cp /O " /0 t (lu(s) = v(s)llz)" ds dt)

ppp—1 T 1/p
s<0§ / e—“(||u<s>—v<s>ﬂ>pds> .

Now, let A = \* > TP~1CP, then we obtain

1/p

1/p

p{f,)\* (Tu, Tv) < apf,f» (u,v),

where

TP=1CP 1/p
()

Finally, we establish the existence and uniqueness of solution to the heat equation
through the following theorem.

Theorem 3.1 For some \*, the heat equation has a unique mild solution in the

space (X}, phse).

p—1c1p 1/
Proof. Let G(z) =z and ¢(z) = ax = (%) pz, and

201 + 2P 73CPTP) |lwo [y + 22T f (vo) Iy
KP

A* >max{( + 23p=3¢PTPL,

Tp—lcp}.

Then, by Lemmas and E and also by Definition we have that T : X;i\* —
X;fA* is a forward ¢G-contraction. The necessary conditions for the quasi-metric space
(X:f)\* , p{f)\*) in Theorem are satisfied by Lemma and Lemma This implies

that T is a forward Picard Operator, hence there exists a unique u € X z{,(/\* C LY.(0,T; H)
such that

t
u(t) = R(t)uo + / R(t) f(u(s))ds.
0
Therefore, u(t) is the unique mild solution of the heat equation .

4 Conclusion

In this paper, we have demonstrated the existence and uniqueness of mild solutions to

the heat equation in the quasi-metric space (X;g\, p{f_ ). This result was obtained
by using the fixed point theory of the ¢G-contraction, as stated in Theorem We
established that the space (X]f)\, p{f’k) satisfies the necessary conditions for Theorem

to hold. Moreover, we showed that the mapping Y (u)(t) = wu(t), where u(t) is the
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mild solution of the heat equation, is a ¢G-contraction in this space. The final result,
presented in Theorem [3.1] confirms that the mild solution to the heat equation exists
and is unique within the given quasi-metric space framework. Future work may explore
the extension of these results to more general classes of differential equations.
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