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Abstract. Existence and uniqueness results for solutions of system of Riemann-Liouville
(R-L) fractional differential equations with initial time difference are obtained. Monotone
technique is developed to obtain existence and uniqueness of solutions of system of R-L
fractional differential equations with initial time difference.

1. INTRODUCTION

Theory of fractional differential equations [7, 9, 17] parallel to the well-
known theory of ordinary differential equations [5, 6] has been attracted re-
searchers. Due to wide range of applications of fractional calculus in sciences,
engineering, nature and social sciences numerous methods of solving fractional
differential equations are developed [11, 12]. Lakshmikantham et al. [8] studied
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local and global existence results for solutions of Riemann-Liouville fractional
differential equations. Monotone iterative method for Riemann-Liouville frac-
tional differential equations with initial conditions is studied by McRae [10].
Devi obtained [1] the general monotone method for periodic boundary value
problem of Caputo fractional differential equations. The Caputo fractional dif-
ferential equation with periodic boundary conditions have been studied in [2, 3]
and developed monotone method for the problem. Existence and uniqueness
of solution of Riemann-Liouville fractional differential equation with integral
boundary conditions is proved in [14, 15].

Recently, initial value problems involving Riemann-Liouville fractional de-
rivative was studied by authors [4, 16]. Yaker et al. studied existence and
uniqueness of solutions of fractional differential equations with initial time
difference for locally Holder continuous functions [18]. Authors have general-
ized these results for the class of continuous functions [13].

Monotone iterative technique is a powerful technique to study qualitative
properties of solutions such as existence and uniqueness of solutions of frac-
tional differential equations. As population models, pharmacodynamic models
and economic models etc.are governed by system of fractional differential equa-
tions many researchers attracted towards such models and studied existence
and uniqueness of solutions of system of fractional differential equations. This
motivates us to study system of nonlinear fractional differential equations with
initial time difference.

In this paper, we consider the system of Riemann-Liouville fractional dif-
ferential equations with initial time difference when the function on the right
hand side is quasi-monotone non-decreasing and construct two monotone con-
vergent sequences to obtain existence and uniqueness of solution for the non-
linear system.

The paper is organized as follows: In section 2, basic definitions and results
are given. Section 3 is devoted to develop monotone technique to study exis-
tence and uniqueness results for the considered system. An example is given
to validate the obtained results.

2. PRELIMINARIES

Basic definitions and results required to develop monotone technique for the
system are given in this section.

Definition 2.1. ([17]) The Riemann-Liouville fractional derivative of order
q (0 < ¢ <1)is defined as

1 d\" [*
Diu(t) = —( — ) for a <t <b.
du(t) Tn—q) <dt> /a (t—1) u(r)dr, for a<t<b
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Lemma 2.2. ([1]) Let m € Cp(J,R) and for any t; € (to,T] we have m(t;) =0
and m(t) <0 fortg <t <t;. Then DIm(t1) > 0.

Theorem 2.3. ([14]) Let v,w € Cy([to, T],R), f € C([to,T] x R,R) and

Div(t) < f(t,v(t)), Diw(t)> f(t,w(t)), to<t<T.
Assume f(t,u) satisfy one sided Lipschitz condition
flt,u) — f(t,v) < L(u—v), wuw>v, L>0.
Then v° < w°, where v = v(t)(t — t0) ™ |1=t, and w® = w(t)(t — o)~ 9|1=t,,
implies v(t) < w(t),t € [to, T).

Corollary 2.4. ([14]) The function f(t,u) = o(t)u, where o(t) < L, is ad-
missible in Theorem 2.3 to yield u(t) <0 onto <t <T.
The results proved by Yakar et al. for the following problem:
Dlu(t) = f(t,u), u(t)(t —to) I|i=t, = u’, (2.1)

where 0 < ¢ < 1, f € C[R" x R,R], are generalized by authors [13] for the
class of continuous functions u(t). These results will be stated in Theorem 2.5
and Theorem 2.6.

The corresponding Volterra fractional integral equation is given by

= L t — 5)T (s, u(s))ds
) =0 + g [ (€= 97 s o), (22)
where -

uﬂ(t) - W

and that every solution of (2.2) is a solution of (2.1).
Theorem 2.5. ([13]) Assume that
(i) v e CplJ,R],t0, T > 0,w € C;[J*,R] is continuous and p = 1—q where
Cp(J,R) = {u(t) € C(J,R) and u(t)(t —to)? € C(J,R)},
Cp(J*,R) = {u(t) € C(J*,R) and u(t)(t —70)" € C(J*,R)},
fe C[[to,To + T] X R,R], J = [to,to + T], J = [7'0,7'0 + T] and
Dv(t) < f(t,v(t), to<t<ty+T,
Diw(t) = f(t,w(t), mo<t<m+T,
v) <ud <,

where v° = v(t)(t — to)l_q|t:t0,w0 =w(t)(t — 7'0)1_‘1|t270,
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(ii) f(t,u) satisfies Lipschitz condition:
f(t,u) — f(t,v) < Llu —v], foru > v,and L > 0,

(iii) 79 > to and f(t,u) is nondecreasing in t for each u.
Then we have

(a) v(t) <w(t+mn),to<t<ty+T,
(b) v(t—n) <w(t), 7o <t <79+ T, where n =19 — to.

Theorem 2.6. ([13]) Assume that

(i) Assumption (1) of Theorem 2.5 holds.
(ii) f(t,u) is nondecreasing in t for each u and v(t) < w(t+n),
to <t<tg+T, wheren =19 —tp.
Then there exists a solution u(t) of (2.1) with u® = u(t)(t — to) ==y, satis-
fying v(t) < u(t) < w(t+mn) on [to, to + T

In this paper, we develop monotone technique coupled with lower and up-
per solutions for the class of continuous functions for the following system of
Riemann-Liouville fractional differential equations with initial time difference
and obtain existence and uniqueness of solution for the system using monotone
technique.

D%y (t) = fi(t,ua(t),ua(t)),  ur(t)(t = to)" ™ Vimty = w”,

Duy(t) = folt,ur(t),ua(t)), ua(t)(t —70)" "=ty = u2’,
where t € J = [to,to +T] f1,f2 in C(J x RER),0<q< 1.

(2.3)

Definition 2.7. A pair of functions v = (v1, v9) and w = (wy, ws) in Cp(J, R?),
p =1 — q are said to be ordered lower and upper solutions (v, ve) < (w1, ws)
of the problem (2.3) if

Dv;(t) < fi(t,v1(t), v2(t)), vi(£)(t — to)" 1=ty = vi°
and

qui(t) > fi(t, w1 (t), wg(t)), wi(t)(t — T())liq‘t:m = wio.

Definition 2.8. A function f; = fi(t,u1,u2) in C(J x R? R) is said to be
quasi-monotone non-decreasing if

filt,ur(t), uz(t)) < fi(t,vi1(t),v2(t)) if w;=v; and wu; <wy,
it i=j=1,2.
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Definition 2.9. A function f; = fi(t,u1,u2) in C(J x R? R) is said to be
quasi-monotone non-increasing if
fi(t, (75} (t), UQ(t)) Z fi(t, V1 (t), V2 (t)) if U; = Uy and U; S ’Uj,
i#4 i=j=1,2.

3. EXISTENCE AND UNIQUENESS RESULTS

This section is devoted to develop monotone technique for system of Riemann-
Liouville fractional differential equations with initial time difference and obtain
existence and uniqueness of solution of the problem (2.3).

Theorem 3.1. Assume that

(E1) v = (v1,v2) € Cp[J,R], 20, T > 0 and w = (w1,ws) € Cy[J*,R] are
continuous functions and p =1 — q, where

Cp(J,R?) = {u(t) € C(J,R?) and u(t)(t — to)? € C(J,R?)},
C’;(J*,R2) = {u(t) € C(J*\R?) and u(t)(t — )P € C(J*,R?)},
fi € Cllto,to + T] x RER], J = [to,to + T, J* = [0, 70 + T] and
Div(t) < fi(t, vi(t),v2(t)), to <t <to+T,
Dw(t) > fi(t,wi(t),wa(t)), 70 <t<79+T,
v < u° < wo,
for 00 = v(t)(t — to) 7 y=s, and w® = w(t)(t — 70) " i=ry,
(E2) fi(t,u1,u2) is quasi-monotone nondecreasing in t for each u;
and v(t) <w(t+mn),to <t <to+ T, where n =19 — to,
(E3) fi satisfies one-sided Lipschitz condition,
fi(t,ur,ug) — fi(t,wy,we) > —M;[u; —w), forw; < wu;, M; > 0.
Then there exist monotone sequences {v"(t)} and {w™(t)} such that
v (t) = v(t) = (v1,v2) and wW"(t) = w(t) = (w1, w2) as n — 0o,
where v(t) and w(t) are minimal and mazimal solutions of the problem (2.3),
respectively.
Proof. Let w;o(t) = w;(t +n) and vi(t) = vi(t) i = 1,2 for to <t < to+ T,
where n = 179 — tg. Since f;(¢,u1,uz2) is nondecreasing in ¢ for each u; we have

quin(t) = Diwi(t +n) = fi(t+n,wi(t+n), wat+n)) = fi(t, wi(t), wa(t))

wiy =wio(t) (t—=70)""i=ro = wi(t+0) (t=70)" " U1=ry = w;i () (t—70)" " Up=r, = 0°.
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Also,
Do (t) = DIv;(t) < fi(t,vi0(t),v20(t))

and
vy = vio(t)(t — to) T imty = vi(t)(t — to) T s=te = 00,00 < u® < WP,

which proves that vy and wg are lower and upper solutions of IVP (2.3) re-
spectively.

For any 6(t) = (01,02) in Cp(J, R?) such that for a9 < 61 < Bro, a0 <
02 < Bop on J, consider the following linear system of fractional differential
equations:

Dui(t) = filt, 01(2), 02(t)) — Mi[ui(t) — 0:(t)],
uf = i ()t — t0)' o=ty
Since the right hand side of IVP (3.1) satisfies Lipschitz condition, unique
solution of IVP (3.1) exists on J.

For each n(t) and u(t) in Cp(J,R?) such that v?(0) < n;(¢), wP(0) < p4(t),
define a mapping A by A[n, u] = u(t) where u(t) is the unique solution of the
problem (3.1).

Firstly, we prove that

(A1) v* < AP W], w® > Afw®, 0%,

(Az) A possesses the monotone property on the segment

0,0 = {(0) € CORY) o < un < uof <o < g,

(3.1)

Set A[v°, w ] = v}, where v} = (v{,v]) is the unique solution of system (3.1)
with 7; = 09(¢). Settlng pz(t) v?(t) — v} (t), then we see that
Dip;(t) = D} (t) — D; (1)

) =
= fz(t vl (1), v3(8)) — filt, 01(1), 02(t)) + Mi(v; (t) — 05(t))
() —

< —M;(v; vi (1)) + Mi(vi (t) — 6;(t))
< —M;[v] (1) — o7 (1)]
< - zpz(t)

By Corollary 2.4, we get p;(t) <0 on 0 <t <T and hence v{(t)—v}(t) <0
which implies v{ < A[v?, w?]. Set A[v°, w®] = w}, where w} = (w},wl) is the
unique solution of the problem (3.1) with p; = w?(2).
Similarly, by Corollary 2.4, setting p;(t) = w?(t) — w} > w;.
Hence w® > A[w? vY]. This proves (A1). Let 0,3, € [vo,w ] Wlth < B.
Suppose that A[n, u] = u(t), A[S, u] = v(t). Then setting p;(t) = u;(t) — v;, (t)
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we find that p;(¢) <0 and

Dip;(t) = DIu;(t) — D;(t)
= fi(t,m,m2) — Milui(t) — ni(t)] — fi(t, B1, B2)
+ Mi[vi(t) — Bi(t)]
< —M;p;(1).
As before in (Ay), we have A[n, u] < A[B, ul.
Similarly, if 7(¢),v(t), u(t) € [v°,w°] satisfying v(t) < p(t) and Aln,~] =

u(t), A[n, p] = v(t) we can prove that Aln,~] > A[n, u]. Thus the mapping A
possesses monotone property on [v°, w°]. Define the sequences

v (t) = Al w Tl wi(t) = Afw ™ o,

on the segment [v°, w°] by

DIW(t) = filt,of T op ™) = Mo} — o7, ol (8)(t — t0) ety = 0],

T KA
Dw;(t) = fi(t,wi™ ! ,wh 1) — M;[w} — w?_l], wi(t)(t — 7'0)17q|t:T0 = w?o.
From (Al) we have 1)? < vzl, w? > wz-l. To prove vk < vf“, wf > wf“
and vF > wk, define p;(t) = vF(t) —vF 1 (t) and assume vf L<of, wht > wh.

Thus
Dpi(t) = filt, v~ 05 ™) — Myfvf —vf
— {filt, o7 (1), 05 (1)) — Mi[vf T (t) — of ()]}
—M[f = of] = Mol — of 1] 4+ Mot () — of ()]
—M;[vf (t) — o (1)]
—M;pi(t).

(VAN VAN VAN

It follows from Corollary 2.4 that p;(t) < 0, which gives vk(t) < oft().

Similarly we can prove w¥(t) > wkﬂ( t) and v¥(t) > wk(t). By induction, it
follows that

v (1) < vf(t) < vF(t) < . <Mt < w(E) < wlTHE) < < wp () < w(t).

Thus the sequences {v"(t)} and {w™(¢)} are bounded from below and bounded
from above respectively and monotonically nondecreasing and monotonically
nonincreasing on J. Hence point-wise limit exist and are given by

lim v} (t) = vi(t), lim w!(t) = w;(t) on J.

n—oo n—o0
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Using corresponding Volterra fractional integral equations

T
0=+ g [ - s>q—1{fi<s,v?<s>,v3<s>> M - v?—l]}ds,

T
)=+ o [ - S)ql{fz‘(s, W (s), wl(s)) — Mifu] - w?*]}ds,

as n — 0o, we get

i(t) = vi(t — to)™ 1 ' — 8)T L fi(s, 0™ (s), v3(s))ds
i(t) = w?(t — )" + 1 ' — 8)I (s, w™(s), wh(s))ds
w’l(t) - F(Q) F(Q) /7—0 (t ) fl( ) 1( )7 2( ))d 9

where v) = v;(t)(t — t0) 7Y ity, WY = w;i(t)(t — 70) 7 4=ry. It follows that
v(t) and w(t) are solutions of system (2.3).

Lastly, we prove v(t) and w(t) are the minimal and maximal solutions of
the problem (2.3). Let u(t) = (u1,u2) be any solution of (2.3) other than v(t)
and w(t), so that there exists k such that v¥(¢) < w;(t) < wk(t) on J and

setting p;(t) = vF 1 (t) — w;(t), then we have p;(t) <0 and
qui(t) = fi(t, U]f, Uk) — Mi[varl — ’Uf] — fi(t, uy, UQ)
< —M;p;(1).
Thus v¥*1(t) < w;(t) on J. Since v9(t) < wu;(t) on J, by induction it follows

that v (¢) < w;(t) for all k. Similarly, we can prove u; < w¥ for all k on J.
Hence vF(t) < w;(t) < wF(t) on J. Taking limit as n — oo, it follows that

i

v; () < ui(t) < w;i(t) on J. O
Now, we obtain the uniqueness of solution of the problem (2.3) in the fol-
lowing:

Theorem 3.2. Assume that

(Uyr) Assumptions (E1) and (E3) of Theorem 3.1 hold.
(Ua) fi = fi(t,u1,u2) satisfies Lipschitz condition (two-sided),

| fi(t, ur,u2) — fi(t, Uy, u2)| > —M;|u; —;|, M; > 0.

Then the solution of the problem (2.3) is unique.
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Proof. Tt is sufficient to prove v(t) > w(t). If p;i(t) = w;(t) — vi(t), then
pi(t) = 0 and
qui(t) = qui(t) — Dq?}i(t)
= fi(t,wi(t), w2(t)) — fi(t, v1(t), v2(t))

< —M;(wi(t) — vi(t))

< —M;pi(t).
Thus, by Corollary 2.4, we get p;(t) < 0 implies w;(t) < v;(t). Hence v(t) =
u(t) = w(t) is the unique solution of (2.3) on [tg,to + T O

Example 3.3. We validate obtained results for the following system of R-L
fractional differential equations with initial time difference:

1 _
ui ug, ur(t)(t—to)' =ty =0,

D%y (t) = 269(1 — t)2 — i

. 1 (3.2)
Dtug(t) = 5t7(1 = )5 + w1 — 57“%7 ug(t)(t — t0)' "=ty = 1,
where t € J = [to,to + T]. We have
1 1
[filt,un, o) = Fut T, W) | = | = Jul +up — ST — T
< o~
=7 Uy — Ul
and
_ 15 1 4
[Pt un,u2) = folt, T3, 7)| = uy — 53 — 1 + 57

— U — ug|.
=9 2 2

Thus, assumptions of the Theorem 3.1 hold with Lipschitz constants % and %
The unique solution u(t) = (uy,u2) of the system (3.2) exists satisfying v(t) <
u(t) < w(t) where v(t) = (0,0) is lower solution and w(t) = (2t9=% 5t971) is
upper solution of the system (3.2).

Acknowledgments: The authors are thankful to the referees for careful
reading and useful comments.
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