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Abstract

This paper investigates the explicit criteria of the stability of the zero solu-
tion and the boundedness of all solutions for a certain non-autonomous third-
order functional differential equation with multiple deviating arguments. To
study the stability of the zero solution we construct the Lyapunov functional.
The Gronwall-Reid-Bellman inequality is employed to establish the bounded-
ness of all solutions of the addressing model. This study includes and improves
some related results existing in the relevant literature. For illustration, two
examples are given.
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1 Introduction

It is well-known that functional differential equations (FDEs), in particular,
delay differential equations (DDEs) are very important in many areas of engi-
neering and science. These equations are frequently encountered as mathemat-
ical models of most dynamical processes in mechanics, control theory, physics,
chemistry, etc. (see [6, 12, 13, 14, 31, 39] and the references therein). One of the
most attractive areas of the qualitative theory of FDEs is the stability and the
boundedness of solutions. In the study of stability and boundedness problems
for FDEs, it is well-known that Lyapunov’s second method is very important
and effective. This technique is also called the direct method because it can
be applied to a differential equation directly, without any knowledge of solu-
tions. Today, this method is widely recognized as an excellent tool not only
in the study of differential equations but also in the theory of control systems,
dynamical systems, systems with time-lag, power system analysis, time varying
non-linear feedback system and so on. It worth mentioning that there are nu-
merous books studied the stability and the boundedness by Lyapunov’s direct
method (see for example [8, 10, 11, 13, 17, 18, 40]), etc. In the last few decades,
the theory of FDEs has attracted much attention and numerous of papers have
been published, we can mention the works in [1-3, 5, 9, 19-25, 27-30, 32-35, 37,
41], and the references therein. In the particular, many results on the stability
and the boundedness of solutions of non-autonomous third-order FDEs have
been studied. It can briefly be summarized as the following:

Sadek [30] investigated the asymptotic stability of the zero solution of the
delay differential equation

i+ a(t)i + b(t)d + c(t) f(z(t — 7)) =0,

where a(t),b(t) and ¢(t) are positive and continuously differentiable functions
on [0,00); where r is a positive constant; f(z) is a continuous function and
f(0) =0.

Omeike [20] studied the stability and the boundedness of solutions of the
third-order non-autonomous nonlinear differential equation with delays of the
form

T +a(t)i +b(t)g(x) + c(t)h(x(t —r)) = p(t),
where r is a positive constant, a(t), b(t), c(t), g(¢) and h(z) are real-valued
functions continuous in their respective arguments; g(0) = h(0) = 0.

Mahmoud [19] established sufficient conditions for the asymptotic stability
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of the zero solution for a certain nonlinear non-autonomous third-order delay
differential equation

i+ a(t)d + b(t)g(i(t — (1)) + c(t)h(z(t — r(t))) =0,

where 0 < r(t) < v, v > 0, a(t), b(t), c(t), g(¢) and h(x) are real-valued
functions continuous in their respective arguments; g(0) = h(0) = 0.

Besides it is worth-mentioning that according to our observation, there are
few papers studied the behaviour of solutions of certain differential equations
of third and fourth-order with multiple delays, (see, [4, 15, 16, 26, 36, 38]).

Tung and Gozen [38] investigated the stability and the boundedness of so-
lutions of the third-order FDE with multidelay of the form

F(t) + a(t)i(t) + nb(t)g(&(t)) + c(t Zh (t—r)) = p(),

where r; are certain positive constants, a(t), b(t), c(t), g(&), h(z) and p(t)
are real-valued and continuous functions in their respective arguments with
g(0) = h(0) = 0.

Tung [36] discussed the asymptotic stability of the zero solution and the
boundedness of all solutions of the third-order nonlinear differential equation
with multiple deviating arguments as

F(O+F((t)#(t) + H (i +ZG (1)) + ¥ (z(t))
:P(t,x(t),..., (t_gn<t))7 (t>7"'7 (t_gn(t))ﬁ.é(t)))

where F, H, GG;, ¥ and P are continuous functions in their respective arguments,
with G;(0) = ¥(0) = 0.
Ademola et al. [4] established the stability and the boundedness to a certain

third-order delay differential equation with multiple deviating arguments as the
following

n

T+ Z filtsw,x(t = 1i(t)), &, (¢ — 7)), &, @(t — 7a(t) + D il (t — (1))

1=1

+Zh (t — 7 ))):Zpi(t,:c,:c(t—n(t))n@s‘c(t—n(t)),éf,fc‘(t—n(t))),

where f;, g;, h; and p; are continuous functions in their respective arguments.
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Motivated by the above discussion, the present paper investigates the stabil-
ity of the zero solution and the boundedness of all solutions of non-autonomous
third-order FDE with multiple deviating arguments as follows

Fa(t) f(2)E + b(1) Y gila(t = ri(0),(t = ril0) + et Zh (t =ri(1)))

- p(t, T,T,T, f(t - T(ﬂ)):

(1.1)

where a(t),b(t) and ¢(t) are positive and continuously differentiable functions
on [0,00); f, ¢; and p; are continuous functions for all values of respective
arguments, with h;(0) = g;(x,0) = 0.
All of the functions which appear and the solutions considered are supposed
to be real. The dots indicate differentiation with respect to the independent
variable t. Also the derivatives a%gi(x, T), é%gi(x, t), hi(x), d'(t), V'(t), ¢ (t) and
r'(t) exist and are continuous moreover, the existence and uniqueness of the
solutions of (1.1) will be assumed.

However, to the best of our knowledge, there is no previous literature on
stability and boundedness of solutions to non-autonomous third-order FDE
with multiple deviating arguments (1.1).

2 Preliminary Results

We consider the following general non-autonomous finite delay differential
system:

&= f(t, ), mp=2(t+0), —r<0<0, (2.1)
where f : [0,00) x Cy — R" is a continuous mapping, f(¢,0) = 0, and we
suppose that f takes closed bounded sets into bounded sets of R™. Here (C, ||.||)
is the Banach space of continuous function ¢ : [—r, 0] — R™ with the supremum

norm, Cy is the open H—ball in C, » >0 for H > 0,Cy ={o € C: ||¢] <
H}, C = C([-r,0],R™). We will give some important definitions (see Burton

19])-

Definition 2.1 A continuous function V : [0,00) x Cyg — [0,00), which is
locally Lipschitz in ¢ and the derivative of this function is defined as

V(t, ;) = lim sup V({4 hzeenlto 9)) = VT, 2i(to, Cb))’
h—0 h
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is called a Lyapunov functional for (2.1), if there is a wedge W satisfies the
following conditions

(2) W(|lp(0)]) <V(t,9), V(t,0)=0 and
(%) ‘7(2.1)(t,$t) <0.

Definition 2.2 The zero solution of (2.1) is said to be stable at t > tg, if for
each € > 0 and ty € R there exists a positive constant § = d(g,ty) such that, if
ol < 9 then |x(t,to, @)| < e fort > 1.

Definition 2.3 The zero solution of (2.1) is said to be uniformly stable, if it
is stable for t > ty and the positive constant § is independent of tg.

Theorem 2.1 [7, 41] Let V(¢) : Cy — R be a continuous functional satisfying
a local Lipschitz condition, V(0) = 0 and functions W;(r), (i = 1,2) are wedges
such that

(2) Wi([o(0)]) < V(9) < Wi(llo]l) and
(4) Vian)(9) <0, for ¢ € Cy.

Then the zero solution of (2.1) is uniformly stable.

Assumptions:

In addition to the basic assumptions on f, g; and h; of equation (1.1), suppose
that there are positive constants ag, ay, as, as, a4, as, a;, by, b1, b;, [;, with
ajapboa; — col; > 0, Ly, Ny; for alli (i =1,2,3,...,n), v and 3, which satisfy the
following assumptions:

(2) @ > aj, hi:(f) > b;, for all z # 0 and y # 0.
(i) an < F(y) < a3 sup{R(2)} = b, 429 <0, for all 2 and .

(42) a1 < a(t) < ag, c1 < by < b(t) < by, 1 < c(t) < ¢g such that ¢y > 2¢, for
t > 0.

(iv) clT <pu, U(t)<d(t)<0,a; <d(t) <ay, fort>0,a; #0.
(v) ri(t) <7, r(t) < B, 0< <1, fort>0.
(vi) |hli(z)| < L, |3g1 | < N, for all z and y.

Electronic Journal. http://diffjournal.spbu.ru/ 88



Differential Equations and Control Processes, N. 1, 2019

3 Main Results

Theorem 3.1 By assuming that the assumptions (i) — (vi) hold true with
hi(0) = g;(x,0) = 0, suppose that the positive constant vy is also satisfied

(1 — B)(agarbo iy ai — co iy li — pasaa)

{1 = B0 S0 N 0 T £+ alp + DT L
(1 — B)(aoarbo Y iy ai — co iy li) ]

2bo >0, al{(l —Beod i Li+ (p—=B8+1+b)> 0, NZ-} |

¥ <mm[

where
_aparbo Y i ai+cod iyl

250 Zz 1 @i
Then the zero solution of (1.1) with p = 0 is uniformly stable.

Proof.
By considering p = 0, equation (1.1) is equivalent to the following system
T =Y,
y =z,
_ - "t 9gi(x(s), y(s
= —a(t) F(y)z — (1) ngx,y) oy [ TRy
i=1 t—T’fL‘ t

Z/t 99:( (S))z(s)ds
— c(t) Z hi(x) + c(t) Z /t o hi(x(s))y(s)ds.

The proof of the theorem depends entirely on some fundamental properties of a
certain differentiable Lyapunov functional V' = V (x4, y, 2;) of the system (3.1)
defined by

V(a2 =pe) 3 | e + eteyy > o

1
+ pa(t /f )ndn + b(t Z/ gzgr;77dn—l—,uyz-l—Qz2 (3.2)

+Z)\/ / d9+25/ /%M@
—ri(t) Jt+s —r;(t) Jt+s

Electronic Journal. http://diffjournal.spbu.ru/ 89




Differential Equations and Control Processes, N. 1, 2019

By differentiating (3.2) in terms of ¢, we get

o =t Z | nerie + e Z hala) + (1) Z [ atenan
() [ S0 S +40) 3 [y
— a®)f0)2 + s+ 1)y + 2 Z [ bt
— bl Zgz 2,y) + b(t) (uy + 2) Z/ 9gi(@ (8))2(3)033
)y + 2) Z/ b (x )ds+y22)\m +z2i5iri(t)
- Z Xi(1 =7l /t_m(t) 0)d0ds — Z 8;(1 —r( /t_r,.@) 22(0)dbds.

From the assumptions (i7), (vi) and by using the inequality zy < 1(z? + y?),
we have

W Z [ e+ c’<t>y§;hi<x> ' 0) [ iy
+0'(t) 21:/0 gi(x, m)dn + c(t)y? zn; li—a(t) f(y)2® + pz?
— pyb(t) zn: gi(z,y) + gb(t)?f En; Niri(t) + @22 En; Niri(t)
g 2 Z Liri(t C(;) 2? i Liri(t) + ¢ i Airi(t) + 22 i o;ri(t)
+ {g (t) 21: L+ % 21: Li— zn; Ai(1— r;(t))} /t;(t) y2(0)dods
{gb(t) 2 N + @ i N, — 2 5:(1 — r;(t))} /t ;(t) 22(0)d0ds.
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Therefore by using the assumptions (i) — (v), we obtain

n

<ud(t Z/ &)dé + d(t)y th(x ) + pa(t) /yf Yndn
i=1
+{Cozli—ubozaz+ bﬂZN +—COVZL +VZ>\}
i=1 i=
+b'(t)2/ygi(w,n)dn+{u—aoal+§172Ni+%szi+vz5i}z2
i=1 70 i=1 i=1

+{ colp+ )0, Li Z)\}/ y(s)ds

2 t—ri(t)
+{ (u+1)222 N 25}/ 2(s)ds.
t—r;(t
If we take
Z)\ COZZ 1L 25 M+1)Z?:1Ni

-8
and from assumptions (i7) and (iv), we can obtain
y
t)/o fn)ndn < p 3243/2

Then we find

C;—‘t/ <G — {Mbo Zaz — C()Zli — ga3a4 — gbﬂZNi — gCo’YZ L;

i=1 i=1 i=1 i=1

—vizn;ki}f—{aoal u——vzn:N——sz 725}

(3.3)

where

G =)y [ hyie + 0wy o) + 60 S [ ey

Since b'(t) < ¢(t) <0 and [ g;(x,n)dn > 0, we find the following two cases:
Case (1): if ¢(t) = 0, it follows that

n Yy
= ’t)Z/ gi(z,n)dn < 0.
i=1 V0
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Case (2): if ¢(t) # 0 and since 8 < 1, then we have

< (1) @Z / xhi@)dfwim(mi / ygxx,mdn).

Since sup{h;(z)} = > 1; by (i) and Y1 2 xy >3 ag; by (i), it follows
that

ch’(t){szl ( ZamLZh ) +/m(u S i )Zn:h

i=1 Z 1 @i

y’(t)/j( “az)zh

Then we obtain

G<C 51/ df<0

>

By using the assumption (iv), and considering 0 = — SEL “ < 0, so that we

zll

can write (3.3) as the following

dV - {a0a160 Z?:l a; — Cp Z?:l lz Mo

S 2 T g
=By Niteod i L) teolp+1)3 0 Li | o
21— B) B
B {a0a160 D i1 @i — oY iy Li
260 Zz 1 @i
co(1=B)> i Li+(p—B8+1+b1)> L N }Zz
2(1—-7) '

Therefore, if
(1 — B)(aoarbo 3 iy ai — co iy i — pasas)
2{#(1 = B)(b1 3251 N4 co 3oy Li) + colp+1) 3201, Lz} |
(1 = B)(agarbo > iy ai — co 357 i) } |
20 31, az{(l —B)eo i Li+ (p—B+1+b1) 30, NZ-}

Thus for the positive constant D, we obtain

d
d—z < =Dy +2%). (3.4)

y <min[
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Because of f ft L Y7 (0)dfds and f ft L, 2 (0)dfds are non-negative, then
from equation (3 2), we have

Viange ) 2nelt) 3 [ HOE + cley Y- huto) + alt) [ stau
b(t) Z /Oy gi(z,m)dn + pyz + %,22.

From the assumptions (i) — (v), we get

n
a1ay bo
Ve, s 2e) >pc E / )dé + cry Y hi(x) + PAR02 1 205 4
=1

2 2 4
=1

+ pyz + 22

Now we can write the previous inequality as the following form

1
V(e ye, 2t) > 2b0 0 (boy Z a; + €1 Z hi( ) Sy + 2)?
Z 1 g
x h/ n
+/ {cw i ZZ b }Zh Jd§+ 5 E (arag — p)y?.
0 ,

z 1al

. . . ce . b, i Tl
By using the assumptions (i)—(i74) and since aga; —p = “= 0%%)0 ia 3’2”1 > 0,
=1 "

then we obtain

x 2 n n 5
V(@t, yr, 2t) Z/O {Cl,u ;;%;ll Z};hi(f)df+§2(y2+z2)-

cf 25:1 Li
bo D iy @
with the assumption (i), we have

Suppose that d3 = ¢ — > 0, by the assumptions by > ¢; and ¢y > 2¢y,

53 2 . 52 2 2
V > — E L+ = + )
(ajtvytht) =9 x — bl 9 (y < )

So we can write Lyapunov functional V' (xs, y, 2¢) as
V(ze, 1, 2t) > Do(2® + y° + 27), (3.5)

where Dy = mm{‘s3 S b2 2}, Do is a positive constant.

Since | > 211 hi(z)] < D000 Lis | 2002 1891% | < >2ini N and hy(0) = gi(z,0) =
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0, then by using the mean-value theorem we can write equation (3.2) as the
following

V(e ye, 2t) <pc(t) Z /w L;&dE + c(t) Z Lizy + pyz + pa(t) /y f(n)ndn
i=1 70 i—1 0
b(t) ZN/ ndn + 52° + ;)\ /M(t) (9 t 4 m(t))y (6)do
+ Z 3 /

t—r;(t

< —t+ n(t)) 2*(0)do.

From the assumptions (i) — (v) and by using the inequality uv < 3(u*+v?), we
have

n

V (s, yts ) <?:ﬁi@-+ xQZL + ZL +“a2a3 2, b QZN

Hoo 9 2 7 2 ’Y 2
— — - — A+ — 0;.
M LA +2z + 51yl ;:1 + 5=l E:

So that the above inequality becomes as

1 n
Vian ) <5{atn+ DY L ol?

1=1

e ZL +612N+ua2a3+1 r ZA}HW
+§{<u+1>+7225i}uzu2.
=1

= N)lv—\

Then we obtain
Vi(xe, ye, 21) < D3(:1:2 +y? + 22), Ds > 0. (3.6)

Then, from inequalities (3.4), (3.5) and (3.6), we conclude that all the assump-
tions of Theorem 2.1 are satisfied, so that the zero solution of equation (1.1) is
uniformly stable. Hence, the proof of Theorem 3.1 is now complete.

Remark 3.1 If we consider equation (1.1) is a differential equation with a
deviating arguments, and if we let f(z) =1 and g(xz(t —r(t)),2(t —r(t))) =
g(z(t —r(t))), we find that the results of the equation discussed by Mahmoud
[19].
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Example 3.1. Consider the non-autonomous third-order nonlinear functional
differential equation with multiple deviating arguments as:

4 (4 -+ sin ) ()% + G b o) 3 lgx(t P m-(t))]

3 42 P 2+sint
1 T Z(t —ri(l)) ]
+ 2+ dx(t —r;(t)) + ; = 0.
2+ 5) 2 440010+ 5 T BT
(3.7)
The previous equation is equivalent to the system

T =y,
y =z,

1 Y
s 3 2
Z=—(4+sint)y°z — (2+m) (4y+2+|$|+‘y|>

1 ot [ —y
+ 2+ ) / ]ysds
(245t 2 oo [ )P

Then, we can write the function
a(t)=4+sint, a1 =3 <a(t) <4=ayd(t) =cost, —1<d(t) <1

Also the function

and 1

b(t) = (2 bp=2<b(t)<25=0b

()= @+ ) =220 <25=1h,
therefore we have

b(t) = —3t?
(412

Also ] ] ] 5

c(t) (4—|—t3+2),01 4_c(t)_4 Co,
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therefore we have

—3t?
(t?) +2)2 —

d(t) =

it is clear that

Vt) <d(t) <0.

Therefore from the assumption (i7), we have by =2 > ¢; = i and
co = % > 201 = %
Now, let the function

n . _ n y
;%( ) Z[“y*@ﬂxmm)]’

1=1

then, we have

n

— gi(z,y) 1 R .
YA S ) 24

1=1 1=1

It follows that the derivative of this function in terms of x is

—~ 0g:i(1,y) —y
D TEDD [<2+ al + \y|>2] =0

1=1

and in terms of y is

0%xy - 24 B
T Z[ @+ Jal + 1) ]<45 ZN'

=1 =1

Finally, the function

and

= >3 = b;.
x ; [ 2+smt] - ;

i=1
Therefore the derivative in terms of x becomes

n

Ox ;[3+2+sint] =4 : =
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Then sup {Ri(z)} =4=>"" 1.
Then we have

aoalbOZai —C()Zli =48 —3 =45 > 0.
i=1 i=1
Thus all the assumptions (i) — (vi) of Theorem 3.1 are satisfied.
The following is the second main result of boundedness of solutions for (1.1)

for p # 0.

Theorem 3.2 In addition to the assumptions imposed on the functions that
appeared in equation (1.1), we have the assumption

\p(t, T, T, j?'r(t o T(t)))‘ < C](t),
where max{q(t)} < oo and q € L'(0,00), L'(0,00) is space of integrable
Lebesque functions. Then, there exists a finite positive constant k such that
the solution x(t) of equation (1.1) defined by initial functions

(t) = (), (1) = o(t), i(t) = o(t)
satisfies the inequalities
[(t)] <k, |2()] <k, |2(@)] < K,
for all t > tq, where ¢ € C?([tg — 1, 10|, R).

Proof.
Now, if p # 0, then the equation (1.1) is equivalent to the following system

T =y,
Y=z,

2= —a(t)f(y)z — bt Zgl z,y) + b(t Z/ P91l (S))y(s)ds
}:l‘ 8% (Qz@MS—dQE:M@)

}:[ﬁ y(s)ds + p(t,z,y, z, z(t — r(1))).

From the assumptions (i) — (vi) of Theorem 3.1 and the equation (3.2), we get
dV(ﬂft, Yt, Zt)
dt

< =Di(y* + 2°) + (uy + 2)p(t, 2y, 2, 2(t = 7(t)))

< (ulyl + |2])Ip]
< Ds(ly| + |2])q(2),

Electronic Journal. http://diffjournal.spbu.ru/ 97



Differential Equations and Control Processes, N. 1, 2019

where D3 = min (u, 1).
Therefore, we obtain
dV (xe, yt, 2t
@ 9:2) < Dyfly) + [el)at®)
Since by the inequalities |y| < 1+ y?, |z] < 1+ 2%, then we get
dV(CCt, Yt, Zt)
dt
From the inequality (3.5), we have y? + 22 < D;'V.
Then the inequality (3.9) becomes
dV(SCt, Yt, Zt)
dt
and by integrating the last inequality from 0 to ¢, therefore we get

< D3(2+y* + 2)q(t). (3.9)

< Ds(2+4 Dy'V)q(t),

¢ ¢
V(@e, ye, 2e) < V(xo, Yo, 20) + 2D3/ q(s)ds + D3D21/ Vq(s)ds,
0 0

since q(t) € L'(0,00) and by using the Gronwall-Reid-Bellman inequality, we
obtain

V(@ yr, 2e) < |V (0, Yo, 20) +2D3/0 Q(S)d5’] exp (D3D2_1/0 q(s)ds)
= k1 < o0,
for k1 > 0.
Again, since V (¢, y1, 2¢) > Da(z? + 9* + 2%); by (3.5), then we have
4y A< DWW <Dk = K.
Thus we conclude
lz(t)| < K, |2(t)] < K, |#(t)] < K, for all t > t.

Therefore the proof of Theorem 3.2 is now complete.
Example 3.2. Consider the third-order nonlinear functional differential equa-
tion as

e (b o
1 "l &(t —ri(t))
! (2 e 1) 2 [4“““ ~O @) T e = m<t>>|]

i=1 .
A 2 22(0) + () + 22(0) 2t~ (D)

(3.10)
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Then, the function

- 1 < o = alt)
T2+ 2200 + g2(0) + 2(0) + 22t —r(t) — 4+ D

for all t € RT.
It follows that - x 1
i
ds = ds = — <
| awis= [ g =T <
then ¢(t) € L*(0,00).
Since

p

agabod g ai oy i i 51
B 2bo Y iy @ 16’

then, we obtain
dV (¢, Y, 2t)
dt
where Dy = min(34, 1) = 1.
Therefore, we get

< Dy(lyl + 12D

2 2 -1
dV(.Q?t,yt,Zt) < 2 +y + z < 2 1 D2 V
dt — 44+t2 T 44120 4412

By integrating the previous inequality from 0 to ¢, using the fact that

e € L'(0,00), we have

/0

V(mtaytazt> S (Vb + 9

) exp (D;lg) < 00.

So, we can conclude the boundrdness of all solutions of the equation (3.10).

4 Conclusion

We know that the differential equations of third-order play extremely im-
portant and useful roles in many scientific areas such as atomic energy, biology,
chemistry, control theory, economy, engineering, information theory, mechan-
ics, medicine, physics, etc. Sufficient conditions for stability and boundedness
of solutions of third-order functional differential equation with multiple delays
were established. The appropriate Lyapunov functional is used to obtain the
results. The results of this paper improve and complement existing results in
the literature.
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