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A global uniqueness result for fractional

order implicit differential equations
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Abstract. In this paper we investigate the global existence and uniqueness of
solutions for the initial value problems (IVP for short), for a class of implicit
hyperbolic fractional order differential equations by using a nonlinear alternative
of Leray-Schauder type for contraction maps on Fréchet spaces.
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1. Introduction

The idea of fractional calculus and fractional order differential equations and
inclusions has been a subject of interest not only among mathematicians, but
also among physicists and engineers. Indeed, we can find numerous applications
in rheology, control, porous media, viscoelasticity, electrochemistry, electromag-
netism, etc. [13], [17], [18]. There has been a significant development in ordinary
and partial fractional differential equations in recent years; see the monographs
of Abbas et al. [5], Kilbas et al. [14], Miller and Ross [16], Samko et al. [19],
and Podlubny [18], the papers of Abbas and Benchohra [2], [3], Abbas et al. [1],
[4], Belarbi et al. [7], Benchohra et al. [8], [9], [10], Kilbas and Marzan [15],
Vityuk [20], Vityuk and Golushkov [21], Vityuk and Mykhailenko [22], and the
references therein. In [23] Vityuk and Mykhailenko used iterative method to ob-
tain solution to problem (1)—(2) on bounded domain. By means of the Banach
contraction principle and the nonlinear alternative of Leray-Schauder type Abbas
et al. [6] present some existence as well as uniqueness results for problem (1)—(2)
on bounded domain.

In this paper we are concerned with the global existence and uniqueness of
solutions to fractional order IVP for the system

(1) Dyu(z,y) = flz,y,u(x,y), Dyu(z,y)); if (z,y) € J:=][0,00) x [0, 00),
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) {u(z,m = pla), ul(0,y) = ¥(y): @,y € [0,50),

where 6 = (0,0), Dy is the mixed regularized derivative of order r = (r1,73) €
(0,1] x (0,1], f: J x R™ x R™ — R"™ is a given function and ¢, : [0,00) — R"
are absolutely continuous functions. We make use of the nonlinear alternative of
Leray-Schauder type for contraction maps on Fréchet spaces [11]. Many properties
of solutions for differential equations and inclusions, such as stability or oscillation,
require global properties of solutions. This is the main motivation to look for
sufficient conditions that ensure global existence of solutions for IVP (1)—(2).
This paper initiates the study on unbounded domain of IVP (1)—(2).

2. Preliminaries

In this section, we introduce notations, definitions, and preliminary facts which
are used throughout this paper. Let p € N and Jy = [0,p] x [0,p]. By C(Jy) we
denote the Banach space of all continuous functions from .Jy into R™ with the

norm
[wllee = sup [w(z,y)ll,
(z,y)€Jo
where || - || denotes a suitable complete norm on R™.

As usual, by AC(Jy) we denote the space of absolutely continuous functions
from Jp into R™ and L*(Jy) is the space of Lebesgue-integrable functions w : Jy —

R™ with the norm
P P
el = / / (e, )l dy da.
0 0

Definition 2.1 ([14], [19]). Let o € (0,00) and u € L'(.Jp). The partial Riemann-
Liouville integral of order « of u(z, y) with respect to x is defined by the expression

1 ‘ a—1
m/o (x — 8)*u(s,y)ds,

for almost all z € [0,p] and almost all y € [0, p].

Ig u(z, y) =

Analogously, we define the integral
B i) = o [ =9 e ds,
' I'(a) Jo
for almost all z € [0,p] and almost all y € [0, p].

Definition 2.2 ([14], [19]). Let a € (0,1] and u € L'(Jp). The Riemann-Liouville
fractional derivative of order a of u(x,y) with respect to x is defined by

(o7 a —
(DO,wu)(xay) = glol,;c u(xay)v



Partial differential equations of fractional order

for almost all z € [0, p] and almost all y € [0, p].

Analogously, we define the derivative

« a 11—«
(D07yu)(x,y) = 6_y10,y U(IL‘,y),

for almost all z € [0, p] and almost all y € [0, p].

Definition 2.3 ([14], [19]). Let a € (0,1] and u € L'(.Jp). The Caputo fractional
derivative of order « of u(z,y) with respect to z is defined by the expression

ca —a 9
DO,IU(‘I7 y) = Iol,L %U(l', y))

for almost all z € [0, p] and almost all y € [0, p].

Analogously, we define the derivative
cpe __Il—a 0
O,yu(l‘ay) — 10,y a_yu(xay)7

for almost all z € [0,p] and almost all y € [0, p].

Definition 2.4 ([21]). Let r = (r1,7r2) € (0,00) x (0,00), 8 = (0,0) and u €
L'(Jp). The left-sided mixed Riemann-Liouville integral of order r of u is defined
by

(Igu)(z,y) = m /0z /Oy(x —8)"1Hy — )2 (s, t) dt ds.

In particular,

(Igu)(:c,y) =u(z,y), (Ifu)(z,y) = /Or /Oy u(s, t) dt ds;

for almost all (x,y) € Jy, where o = (1,1).
For instance, Iju exists for all 71,7 € (0,00), when u € L'(.Jy). Note also that
when u € C(Jy), then (Iju) € C(Jy), moreover

(Tu)(x,0) = (Iu)(0,y) = 0; ,y € [0,p].
Example 2.5. Let A\,w € (—1,00) and r = (r1,72) € (0,00) x (0,00), then

B 1+ Mra+w)
ST A1+ w+72)

oMyt for all (z,y) € Jo.

By 1 —r we mean (1 —r1,1—73) € [0,1) x [0,1). Denote by D2, := the

mixed second order partial derivative.

52
0xdy
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Definition 2.6 ([21]). Let 7 € (0,1] x (0,1] and u € L*(Jy). The mixed frac-
tional Riemann-Liouville derivative of order r of u is defined by the expression
Dyu(z,y) = (Diylgfru)(ac, y) and the Caputo fractional-order derivative of order

r of u is defined by the expression “Dju(x,y) = (I‘;_"Diyu)(:r, Y).

The case 0 = (1, 1) is included and we have

(D§u)(z,y) = (‘Dyu)(x,y) = (D? yW(x,y), for almost all (z,y) € Jo.
Example 2.7. Let \,w € (—1,00) and r = (r1,72) € (0,1] x (0,1], then
. F(l—i—)\)I‘(l +w) s
Dyaty® = 2 yP T for almost all :
9T Y N T — Yy , for almost all (z,y) € Jo

Definition 2.8 ([23]). For a function u : Jo — R"™, we set

q(z,y) = u(z,y) — u(z,0) — u(0,y) + u(0,0).

By the mixed regularized derivative of order r = (ry,72) € (0,1] x (0,1] of a
function u(x,y), we name the function

Dyu(z,y) = Dyq(z,y).
The function

Dy yu(,y) = D'y [u(z,y) — u(0,y)],
is called the partial r1—order regularized derivative of the function u(z,y) : Jo —
R™ with respect to the variable x. Analogously, we define the derivative

Doryul,y) = D2, [u(e, y) — ulz,0)].

Let X be a Fréchet space with a family of semi-norms {| - ||n}nen. We assume
that the family of semi-norms {|| - ||} satisfies:

Izl < |lzll2 < JJz|ls < ... forevery z € X.

Let Y C X, we say that Y is bounded if for every n € N, there exists M,, > 0
such that

llylln < M, forall yecY.

To X we associate a sequence of Banach spaces {(X™,] - ||»)} as follows: For
every n € N, we consider the equivalence relation ~,, defined by: x ~,, y if and
only if ||z — y||», = 0 for z,y € X. We denote by X" = (X|~,, |- [|») the quotient
space, the completion of X™ with respect to || - ||,. To every Y C X, we associate
a sequence {Y"} of subsets Y™ C X" as follows: For every = € X, we denote by
[x],, the equivalence class of x of subset X™ and we defined Y™ = {[z],, : z € Y'}.
We denote by Y7, int,(Y™) and 0,Y™, respectively, the closure, the interior and
the boundary of Y™ with respect to || - ||, in X™. For more information about
this subject see [11].
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Definition 2.9. Let X be a Fréchet space. A function N : X — X is said to
be a contraction if for each n € N there exists k,, € [0,1) such that

IN(uw) — N)|n < knllu— ], forall u,veX.

Theorem 2.10 ([11]). Let X be a Fréchet space and Y C X a closed subset
in X. Let N : Y — X be a contraction such that N(Y') is bounded. Then one
of the following statements holds:

(a) the operator N has a unique fixed point;
(b) there exists A € [0,1), n € N and u € 9,,Y" such that ||u — AN (u)|, = 0.

For each p € N we define in C(J) the semi-norms by:

[ullp,="sup [[u(z,y)].
(z,y)€Jo

Then C(J) is a Fréchet space with the family of semi-norms {||u||,}pen-

3. Existence of solutions
Let us start by defining what we mean by a solution of the problem (1)—(2).

Definition 3.1. A function v € C(J) such that 581111&(36, Y), 5821&(36, v), Dyu(z,y)
are continuous for (z,y) € J and I, "u(z,y) € AC(J) is said to be a solution of
(1)—(2) if w satisfies the equation (1) and the conditions (2) on J.

For the existence of solutions for the problem (1)—(2) we need the following
lemma.

Lemma 3.2 ([23]). Let a function f(z,y,u,z) : JoxR"xR"™ — R"™ be continuous.
Then problem (1)—(2) is equivalent to the problem of the solution of the equation

(3) g(l‘ay) :f(x,y,u(x,y)+Ié'g(x,y),g(x,y)),
and if g € C(Jy) is the solution of (6), then u(z,y) = p(x,y) + Ijg(x,y), where
w(@,y) = ¢(z) + ¥ (y) — 9(0).

In the sequel we use the following version of Gronwall’s Lemma for two inde-
pendent variables and singular kernel.

Lemma 3.3 ([12]). Let v : J — [0,00) be a real function and w(-,-) be a non-
negative, locally integrable function on J. If there are constants ¢ > 0 and
0 < ry,79 < 1 such that,

v(z,y) < w(z,y) + c/ow /Oy = ;;Ef’(;) DE dtds,

then there exists a constant 6 = §(r1,r2) such that,

< 1) dtd
v(@,y) < wlz,y) + C// (x —8)" t)?'z 5
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for every (z,y) € J.

We are now in the position to give conditions for the existence and uniqueness
of a solution of problem (1)—(2).
Theorem 3.4. Assume

(H1) the function f: J x R™ x R™ — R" is continuous;
(Hz) for each p € N, there exists constants k, > 0 and 0 < I, < 1 such that
for each (z,y) € Jy

1f (@550, 2) = f(,y, 0, 0) || < Rpllu =l + B[]z — wl],

for each u,v,w,z € R",
If

kppTlJrTz
(1—=1,)FQ+7r)T(1+rg)

(4)

<1,

then there exists a unique solution for IVP (1)—(2) on [0,00) X [0, 00).

PrOOF: Transform the problem (1)—(2) into a fixed point problem. Consider the
operator N : C(J) — C(J) defined by,

(5) N(u)(z,y) = p(z,y) + Ig(z,y),

where g € C(J) such that g(x,y) = f(z,y,u(z,y),g(x,y)). The operator N is
well defined, that is, for each u € C(J) there exists a unique g € C(J) such that

(6) 9(x,y) = f(z,y,u(z,y),9(w,y)) for each (z,y) € J.

Indeed, assume that for each u € C(J) there exist g1, g2 € C(J) satisfying (6).
Then using (Hs) we get for each (z,y) € J

(1 =p)llgr(z,y) — g2 (2, y)|| <0,

which implies that

g1(z,y) = g2(x,y) for each (z,y) € J.

Let u be a possible solution of the problem u = AN (u) for some 0 < A < 1.
This implies that for each (z,y) € Jy, we have

>\ ‘ Y ri—1 _ p\r2—1 s s
(7) u(x,mwz,ywmfo / (2 — 5"y — 1) (s, 1) dt ds.
By (Hz) we get

gz, 9l < 7 + Epllulz, y)l| + Lllg(z, v,
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where
fr= sup |[f(z,4,0,0)].
(Ivy)eJU
Then
I+ kpllu(z,y
lo(y)| < LFelu@ vl

1-1,
Thus, (7) implies that
[u(z, y)l| < ||/~t($ vl

(1—l (r1)(re) // )N 7t)r2_1(f*Jrkp”U(Sat)”)dtdS

f p71+72
(1 )T+ 7)) (14 r2)

T Frl TQ// (z = )"y — )" u(s, )] dt ds.

Set

<lellp +

f*pr1+r2
w={lully (1 —1,)T(A + )T +12)

Lemma 3.3 implies that there exists a constant 6 = d(r1, r2) such that

[u(z, y)l| < (1+(1_l T 7“2// 5)" Hy t)”*ldtds)

ok pT1+T2
< 1 P
< wis 11,0 + )00+ 7«2))

= M,

Then for every p € N we have ||u||, < M. Set
U={uelC(J):|ull, <M,+1 forall peN}

We shall show that N : U — C(Jp) is a contraction map. Indeed, consider
v,w € C(Jp). Then, for (x,y) € Jy, we have

N = N
Ve / / 7y = 07 gl 1) — his, )] deds,

where g, h € C(Jp) such that
9(x,y) = f(z,y,v(z,y),9(x,9))

and

h(l‘ay) = f(x,y,w(x,y), h(l‘ay))

611
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By (Ha), we get

lg(x,y) = h(z, y)|| < kpllv(z,y) —w(@, y)|| + Lllg(z, y) — k@, y)|.
Then

lg(a,y) = hz, y)|| <

Thus, (8) implies that

r o=l

[N (v) = N(w)]lp

kp ‘ Y _ g r1—1 _ p\r2—1 v — w S
S(LJNNHW@ﬂ[;A(x =1y — )72 — wllp de d

k pT1+T2
< p
=M ,)TA+ )01 + 1)

[o = wllp-

Hence
kpp7'1+7'2
(1- lp)F(l + 7)1+ 7o)

[N(v) = N(w)ll, <

[[o = wl|p.

By (4), N : U — C(Jy) is a contraction. By the choice of U, there isno u € 9,,U™
such that u = AN (u), for A € (0,1). As a consequence of Theorem 2.10, we deduce
that N has a unique fixed point « in U which is a solution to problem (1)-(2). O

4. An example

As an application of our results we consider the following implicit partial hy-
perbolic fractional order differential equation of the form

Y ;
PDoulen) = om0 e 1 Dty oY) € 00 x10:00)
(10) u(@,0) =, u(0,y) =y* z,y € [0,00),
where
cp = ra +;:1)£T(21 +r2) ; pe N :={1,2,3,...}.
Define f by
flz,y,u,v) = L (z,y) € [0,00) x [0,00) and u,v € R.

Ter P2 (L4 cpful + o)
Clearly, the function f is continuous. For each p € N* and (z,y) € Jy we have
1

=2 (Gpllu =l +[lv =),

Lf (2, g, u(z,y),v(z,y) — f(2,y,0(x,y),0(z,y))| <
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for each u,v,u,v € R.
Hence condition (H,) is satisfied with k, = =% and [, = =1;. We shall show
that condition (4) holds for all p € N*. Indeed

kpprl-i-rz B cpp7'1+7'z B 1 <1
(1—I)F(1+7r)P(1+7r2) (72— D1 +r)T(1+72) Te2—1

Consequently, Theorem 3.4 implies that problem (9)—(10) has a unique solution
defined on [0, c0) x [0, 00).
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