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1. Introduction

Fractional derivative extends the classical integer order derivative to an arbitrary order case.
Fractional order differential equations can better describe various phenomenon than integer order
differential equations in many complex and widespread fields of engineering and science such as
biology, physics, finance, electrical circuits, signal processing, control theory, and diffusion processes,
there has been a rapid growth in the number of fractional differential equations from both theoretical
and applied perspectives, see [1-18] and references cited therein.

Note that most of the results on the current works are based on Riemann-Liouville type and Caputo
type fractional differential equations in the past ten years. Hadamard type fractional derivative is first
introduced in 1892 [19], which contains logarithmic function of arbitrary exponent in the kernel of
integral appearing in its definition. Hadamard type integrals arise in the formulation of many problems
in mechanics such as in fracture analysis. For details and applications of Hadamard type fractional
derivative and integral, see [3,20-22]. Recently, more and more scholars pay special attention to
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Hadamard type fractional differential equations on the finite interval [23-28]. For example, by applying
Leray-Schauder’s alternative and Banach’s contraction principle, Ahmad and Ntouyas [29] established
the existence and uniqueness of solutions for a coupled system of nonlinear fractional differential
equations with a fully Hadamard type integral boundary conditions:

Dyt = f(t,u(t),v(t)), 1 <t<e, 1 <a <2,

HDPy(t) = g(t,v(®),u(t)), 1 <t<e, 1 <B <2,

0]

u(1) =0, ue) = #I'u(oy) = % 1 (logo; —log s)™! u(s)d—;,

(1.1)

v(1) =0, v(e) = 1I"u(o,) = % fﬂz (log o, — log s)r_l v(s)%,
1

where y > 0,1 < 0,05 < e,’ DV are the Hadamard type fractional derivative and 71" is the Hadamard
type fractional integral of order r, f, g : [1,e] X R X R are given continuous functions.

In [30] by means of comparison principle and the monotone iterative technique combined with
the method of upper and lower solutions, Yang investigated the extremal iterative solutions for the
following coupled system of nonlinear Hadamard type fractional differential equations:

(D% x)(1) = f(t,x(1), (1), 0 <a <1, a<t<b,
D y)(1) = g(t, x(1), (1)), 0 <@ <1, a<r<bh, (1.2)
(0@t = x°, et =y,

where f, g € C([a,b] x RxR,R), D¢, and H J7, are the left-sided Hadamard type fractional derivative
and Hadamard type fractional integral of order «, respectively.

On the other hand, some authors have also focused on the existence of solutions for Hadamard
type fractional differential equations on the infinite intervals, see [31-36] and the references quoted
therein. In another study [37], by applying standard fixed point theorems, Tariboon et al. obtained
the existence of positive solutions of the Hadamard type fractional differential system with coupled
integral boundary conditions:

ADPx(t) + ft,x(),y1®)=0,1<p<2,te[l,+c0),
HDay(t) + g(t, x(1), y)) = 0, 1 < g < 2,t € [1, +00),

(1.3)
x(0) = 0, "D 'x(+o0) = Ty A"y,

¥(0) = 0, "D y(+00) = 31, o IPix(€),
In [38] Zhang and Liu focused on a class of Hadamard type fractional differential equation with
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nonlocal boundary conditions on an infinite interval:

DS x(t) + a@) f (1, x(1)) = 0, 2 < @ < 3,1 € (1, +o0),
(1.4)

x(0) = X'(0) = 0, “D¢; x(+00) = 31, @ 2 x(y + b X1 07 jx(E)),
where 7D? # I’f . are the Hadamard type fractional derivative of order @ and the Hadamard type
fractional integral of order 8; > 0 (i =1,2,3,--- ,m),1 <n <& <& <o <& bya,0;20 (=
1,2,3,---,m;j=1,2,3,--- ,n) are given constants satisfy certain prior conditions. By using various
fixed point methods, the authors not only obtained the existence and uniqueness of solutions, but also
the iterative sequences of approximate solutions.

Motivated by the mentioned results above, a nature and meaningful question is if we know the
existence of solution for the following Hadamard type fractional differential system (1.5), how can
we seek it? This idea lead us to develop the research of approximate sequences of positive solutions
for the following Hadamard type fractional differential system with Hadamard type fractional integral
boundary conditions:

HDovy(r) + fi(t, u(0), v(t), "D u(r), ID"'w(1)) = 0, 1 < @y < 2,1 € J,
HDey(t) + fo(t, v(0), u(0), "D~ u(t), "D 'v(1)) = 0, 1 <y <2, €,

(1.5)
u(0) = 0, "D tu(+o0) = 37 4 Piu(y),my € J,

v(0) = 0, D™ v(+00) = 372 L IPiv(p),mp € T

1

where J = [1, +00), " D% H[Pii are the common Hadamard type fractional derivative of order a; and
the Hadamard type fractional integral of order 5;; > 0, fj € C(J X RXR X R X R,R"), 4; > 0 are given
constants and satisfy Q; = I'(e;) — Z;Zjl Fﬂ(gjr_i;i?)(log n) it >0,j=1,2;i=1,2,--- ,m;,m; € N*.
In this paper, we emphasize that the nonlinearity terms f; of the system (1.5) involve multiple
unknown functions and the lower-order Hadamard type fractional derivative of multiple unknown
functions. By utilizing the monotone iterative method, we establish some explicit monotone iterative
sequences for approximating the extreme positive solutions and the unique positive solution, which
are more valuable and interesting than just constructing the existence of solutions. Further we extend
the iterative methods that are often used in a single equation to the system which is different

from [31,34,38-42]. Finally we give some examples to verify the application of main results.

2. Preliminaries

First we recall some Hadamard type fractional calculus definitions and lemmas that are helpful to
the proof of main results.

Definition 2.1 (see [1]). The Hadamard type fractional derivative of order ¢ for a integrable function
g : [1,00) — Ris given by

Hpag(r) = ! tinft(lo t —log s)" ! (s)ﬁ n-1<g<n
& T(n-g)\ dt 8 g S ="

1
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where n = [g] + 1, [¢g] denotes the integer part of the real number g and log(-) = log,(-).

Definition 2.2 (see [1]). The Hadamard type fractional integral of order g for a integrable function

g is given by
H 1 ! g-1 dS
Ig(ty= — | (logt—logs)" g(s)—,q>0,
I'(g) J s

provided the integral exists.
Lemma 2.1 (see [1,32]). If a, @, 8 > 0, then

I'p)

G- (log x — logay’ .

("Dg(log 1 —logay™")(x) =

Lemma 2.2 Let h; € C[1,00) with 0 < floo hj(s)% <ooand Q; > 0, = 1,2, then the following
Hadamard type fractional differential system with Hadamard type fractional integral boundary

conditions
ADM () + (1) =0,1 <a; <2,t€J,

HD®y) + hy(t) = 0,1 < ap < 2,1 € J,

u(0) = 0, D" Nu(+o0) = 3 41, Priu(n),

v(0) = 0, D% ly(+00) = 312 o IPv(ipy),

has a unique solution:

um:f'cmmmw%,
1
oo d
wn:f Gwmmmf,
1

where ,
o A;(log £)®!
Git,s) = gjt,8)+ ) ——————g;(n;, ), j = 1,2,
/ J ;er(a1+ﬁjl) SR
and
(log)*! — (logt —log s)% 1,1 < s <t < +o0,
gi(t,8) = ——
T@) | togn 1,1 <1 < 5 < +oo,
(logn)®*Fi~! — (logn; — log s)™ i~ |1 < s < p; < +oo,
gji(mj, s) =

(logny)®*Pi~1|1 <n; < 5 < +oo.

Proof. Utilizing Lemmas 2.5 of [32], we can derive directly the above results.

2.1

(2.2)

(2.3)

(2.4)

(2.5)

Remark 2.1 Applying definition 2.1 of Hadamard type fractional derivative and Lemma 2.1, from

(2.2), (2.3), (2.4) and (2.5), by a simple computation, one can obtain

+00 d
HD(Y]—IM([) = f GT(t, S)hl(s)?s’
1

+00 d
HD(lz—lv(t) — f G;(t, S)hz(s)?sa
1
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where

G(t, 5) = kt, s)+ZQ Al (@)

— L e, s),j=1,2, 2.6
T(@, ﬁﬁ)g] (M), ), J (2.6)

and
0,1 <s<1<+o00,
k(t,s) = 2.7
1,1 <t<s < +oo.

For convenience, we introduce the following notations:

mj

i (Q) B /lll(a)
E J J aj+Bi-1 = E J J aj+pii-1 5 _ 2
. ( gn) J J s (= 1+ —(Ogn) J J 1’ .
J I(aj) Q; I( J ﬁjl / / =1 'Q'jI (aj ﬁ]z) / /

Lemma 2.3 (see [32]). The Green’s function G(t, s) defined by (2.3) has the following properties:

(Al): G(t,s) 2 0 and G/(t, s) are continuous for all (¢, s) € J X J, j = 1,2;

(A2): % <Ajforall (z,s)e Jx J,j=1,2.

Remark 2.2 The Green’s function G(t, s) and G’;(t, s) defined by (2.3) and (2.6) still have the
following properties:

(B1): Gj(t,s) < Aj(log) ™ for (t,s) € Ix J, j = 1,2;

(B2): 0 < Gi(t,s) <E;for(t,5) € X J,j=1,2.

Proof. From (2.4) and (2.5), it is obvious that

(log )it

5 gl(rl, S) < (10 rl')aj+ﬂji_l’ (t’ S) € J X J’
I-*(a,j) J J g J

g](t’ S) <
then
Gj(t,s) < Aj(log) ™', (t,5) € J X J,

so (B1) holds. And from (2.6) and (2.7), it is easy to that (B2) holds.
Lemma 2.4 (see [32,33]). Let U C X be a bounded set. Then U is a relatively compact in X if the
following conditions hold:

t
) and 7 D 'y(t) are equicontinuous on any compact interval of J;
1 + (logr)e~!
u(ty) u(t)

(i1) For any £ > 0, there is a constant C = C(g) > 1 such that |1 Fog i)™ kg (log tz)“—ll <e&

(1) Forany u € U,

and |"D*'u(t;) — D*'u(t,)| < e for any t;,t, > Cand u € U.
Next we present some assumptions that will play an important role in subsequent discussion.

(€D Q;=T@) - % fe g (log n)™ 471 > 0 and f;(1,0,0,0,0) £ 0,¥ € J, j=1,2;

(C2) There exist some nonnegative integrable functions ajy(t),ax(t) defined on J and some
constants 0 < yj < 1 satisfy

it s 2, 13, )| < ajo(D) + ) apDlul Vi€ J, e € R, j= 1,2, k =1,2,3,4,
k=1
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and N N
© dr " « -1 dr .
f a'iO(t)T =aj < +00,f Cljl(l)[l + (log )" 1] 7 =a; < +oo,
1 0

e a;—-11Y72 dt * i dt *
ap(®)|1+ (logn™™'| —=ap<too, | ap)— = aj < oo,
1 1

—+00 dt . )
dj4(l)7 =daj < 400, ] = 1,2;
1

(C3) Functions f; are nondecreasing with respect to the second, third, fourth and last variables on
Jj=12;

(C4) There exist some nonnegative integrable functions by (1)(j = 1,2, k = 1,2,3,4) defined on J
satisfy

4
1t w1, 3, 10) = (8, B B, T, )| <Y (Dl = e, ¥t € J,ug Ty € R,
k=1

and . N
® ai— dt * a ai— dt *
fl bjl(l)[l + (log 1) 1]7 =b; < +o<>,f1 b,,-z(t)[l + 1Y 1]7 = b}, < +0o,

—+00 dt +00 dt +00 dt
f bj3(f)7 = b;k3 < 400, f bj4(l‘)7 = bj4 < +00,f |fj(l‘, 0,0,0, 0)|7 =0j < +o0.
1 1 1

3. Main results

In this paper, we will use two Banach spaces which are define by

_ |u(®)] et -1
X={ueCWUR),"™D"'ue C(J,R)| sup————— < +oo, sup ["D" 1 u(t)| < +o0
lue D T log e oy }

equipped with the norm [Jully = max{|[ul|;, |7 D™ ~"ull}, where ||ull, = sup,, Ha'g(% and [|"D™~'ul| =
sup,; 1" D" 'u(r)|, and

_ ()] _
Y ={ve CWUR),I“D* v e C(J,R)|sup —————— < +oo, sup |" D v(1)| < +o0
{veC(UR) (LR v up| ] }

equipped with the norm [ully = max{|[vll, [I"D*~"v|l}, where [V, = sup,; T2 and [[D%!y|| =

sup,.; " D*~'v(¢)|. Then the space (X, || - ||x) and (Y, || - ||y) are two Banach spaces which can be shown
similarly to Lemma 2.7 of the literature [32]. Moreover, the product space (X X Y, || - ||xxy) 1S also a
Banach space with the norm

Il llxxy = max{|lullx, ||y}
Lemma 3.1 If assumption (C2) holds, then for any (u,v) € X X Y,

+00 ~ ~ dt . 4 . . )
‘f; |ﬁ(t, Lt(l), V(I), HDm lu(t), HDwz 1v(l))|7 < ajo + Z aj'.kll(u, V)”?;Y’ J= 1, 2.
k=1
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Proof. For any (u,v) € X X Y, by assumption (C2), one can obtain
\fi(t, u@®), v(©), " D" u(r), " D> ()
<ajo() + ajOu@OP" + ap@OVOI? + asO D" u@)'® + au@)” D> v(n)*
(D)7

[1+ (logt)yx—1a
(D)2
[1 + (log r)@-1]v2

+apOI"D" u@'® + au @) D> (@)
<ajp(t) + a1 + Qog ) M lully" + ap@)[1 + (og )™= v}

+apOlully’ + ap@IVI, j=1,2.

Thus we have

f ) |fi(t, u(t), v(e), " D"~ u(o), HD“Z‘lv(t))l%
1

<ajo(t) + aj(O)[1 + (log H™ '

+ ap())[1 + (log R L

Sf (ajo(t) + a1+ Qog " Tl + ap@)[1 + (log )™ 12|Vl
1

. . dr
Y Y
+ Clj3(f)||bl||X]3 + aj4(t)||vlly]4)7

Vi Vi Vi vj
<djy + dpllully" + aplVlly” + ajllully” + aylvily”
4
Yik oo
<afy+ Y alla Iy, j=1,2
k=1
Lemma 3.2 If assumption (C4) holds, then for any (u,v) € X X Y,

+00 dt 4 . )
f |fj(I, M(l), V(Z)’ HD<1|—1M(I)’ HDdz—lv(t))|7 < Z bjk”(u’ V)”XXY +0j, J= 1,2.
1 k=1

Proof. For any (u,v) € X X Y, by assumption (C4), one can obtain
|f(t, u(®), v(@), " D™~ u(r), D v(n))|
=|fi(t, ut), v(t), " D" ~u(r), " D" (1)) - £(1,0,0,0,0) + £(z,0,0,0,0)|
<Ifi(t, ut), v(©), " D" u(r), " D (1)) - £(2,0,0,0,0)| + |fi(z,0,0,0,0)|
|u(o)l v(®)|
[1+ (logr)*—1] [1+ (log )]
+ b D u@®)| + bu (@) D) + |£i(2,0,0,0,0)|
<bj(O[1 + Qog )" ully + b1 + Qog > NVlly + baOllully + bja(D)lIVIly
+1£i(£,0,0,0,0)], j = 1,2.

Thus we have

e - a)— dt * * * *
f |fi(t, u(@), v(2), "D u(e), " D 1V(t))|7 <D llullx + DylVlly + bjsllullx + bylIvIly + 0,
1

<bji(O[1 + (logH)™™'] +bp®[1 + (logH™™']

4
< > Bl il + 05 = 1,2
k=1
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Define two cones P, = f{u € Xu@® > 04D ur) > 0, € J} and
P, = {v € Yp@® > 0,D ) > 0,t € J}, then P, x P, C X X Y is also a cone by
Py X Py ={(u,v) € X X Y|u(t) > 0,v(t) > 0, "D~ 'u(r) > 0,"D*"1y(t) > 0,1 € J}.

From Lemma 2.2, we can know that the system (2.2) is equivalent to the following system of
Hammerstein-type integral equations:

e ds
(u(t)) _ ‘f; G (1, S)fl(u,v)(s)? ‘: ( Ty (u, v)(?)

: , for (u,v) € Py X Py, t € J, (31)

+00 d )

v(t) f G(t, 5) o (5) ?S T (u, v)(¥)
1

and for convenience, we set

Siam($) = fils, u(s), v(s), "D~ u(s), "D w(s)),
f2(u,v)(s) = fZ(S’ M(S), V(S), HDa/l_lu(S)9 HDa/z_lv(s))'

Therefore one can define an operator 7' : P X P, — P X P, as follows:
T(I/t, V)(t) = (Tl’ T2) (u’ V)(t), for (I/l, V) € Pl X PZ’I € J (32)

By Remark 2.1, one can also define

e ds
HDm—lTl(u V)(t) f Gl(t’ S)fl(u,v)(s)?
( ’ ]: 1 s fOI'(M,V)EP]XPz,IEJ. (33)

Hpe=l, (u, v)(r e ds
2(41)0) f G, ()
1

Therefore, if (#,v) € Py X P,/(0,0) is a fixed point of the operator T, then (u,V) is a positive
solution for the Hadamard type fractional differential system (1.5). It is obvious that the system (1.5)
has a positive solution if and only if the operator equation (u,v) = T(u, v) has a positive fixed point in
Py X P,, where T is given as (3.2). Next we will directly consider the existence of fixed points of the
operator 7.

Lemma 3.3 If assumption (C1), (C2) and (C3) hold, then the operator T : P; X P, — P; X P, is
completely continuous.

Proof. Due to Gj(t,5) > 0,Gi(#,5) > 0 and f; > 0, we have T;(u, v)(1) > 0, ADT i(u, v)(t) > 0,
for any (u,v) € Py X Py, t € J, j=1,2,s0itis easy to know T : P X P, = P{ X P;.

Next we show in four steps that the operator 7" : P, X P, — P X P, is completely continuous.

Step 1 Take U = {(u, v)|(u,v) € Py X P,,||(u,v)|lxxy < M}. For any (u,v) € U, by Lemma 2.3,
Lemma 3.1 and Remark 2.2, one can obtain

+00 +0oo
Gi(t, ) ds f ds
T'1(u, = u,y —|<A u,v —
1Ty (ue, V)l Stlel}j‘f 1 T Qog 1) ——————— fiun(5) . ‘ v | f 1 () S "
< Ag(apy + Zalkll(u VIy) < oo
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and - J oo d
= * s = S
DT ()| = wp‘f Gﬂhﬂﬁwwﬁfz‘ﬁdaf‘|ﬁwm@»?
J
te 1 4 1 (3.5)
< Ei(ajo+ ) allia Ik, < oo.
k=1
Thus )
171, v)llx < max{Ay, Eil(ajy + ) ap ™).
k=1
Similarly
4
T2, v)lly < max{Ag, Exl(asy + . a5 M"™).
k=1
Then
IT e llxy = max {1, v)llx, 112, vy}
4 4
< max{A;,Ey, Ay, By max (a + ¥ a), M, ay + 3 a5 M) < oo,
k=1 k=1

which implies that 77U is uniformly bounded for any (u,v) € U.
Step 2 Let I C J be any compact interval. Then, for all t,,¢, € I,#, > t; and (u,v) € U, we have

D) Ten ) f+°°( Git9) Gy b
L+ (ogr)™™" 1+ 1ogny™'! — i M +(ogn)m™t 1+ (dog)m! s (3.6)
1 Git, s) Gi(t1, 5) .

IA

ds
1 + (logt)~! 1+ (log ;)71 “f1(u,v)(s)|?,

"
!

Noticing that G,(t, s)/1 + (log )*~! is uniformly continuous for any (¢, s) € I x I. Moreover the
function G,(z, s)/1 + (log)®~! is only associated with ¢ for s > ¢, which implies that G,(t, s)/1 +

(log 1)*'~! is uniformly continuous on I x (J \ I). That is, for all s € J and t;,t, € I,Ve > 0,35(¢) > 0
if |t; — 1| < 6 such that

Gl(lz, S) B Gl(tl, S) ' <e (3 7)
1+ (logt)®= ' 1+ (logt)x-! ' ’
By Lemma 3.1, for all (u,v) € U, we have
+00 dS 4
f |f1(u,v)(s)|? <aj,+ Z ay M < co. (3.8)
1

k=1
Forall t,,1, € I,t, > t; and (u,v) € U, together (3.6), (3.7) and (3.8) mean that

T (u,v)(t T1(u,v)(t
Ve > 0,38(6) > 0 such that if |t — to| < 6 then | —20LV) - T v){t)

1+ (log)™~" 1+ (logn)}'™

That is, T (u, v)(t)/1 + (log 1) ~! is equicontinuous on /.
Note that

HD(ll—lTl(u’ V)(t) = f GT(I, S)fl(u,v)(s)ds
1
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and function Gj(t,s) € C(J X J) is independent of ¢, which implies that D ~'T(u,v)(t) is
equicontinuous on /.

In the same way, one can easily show that T,(u,v)(#)/1 + (log#)®>~' and D®~'T,(u,v)(f) are
equicontinuous. Hence T and T, are equicontinuous on /. Then the operator 7 is equicontinuous for
all (u,v) € U on any compact interval / of J.

Step 3 Now we prove the operator T is equiconvergent at +co. Due to

i G(t, s) 1 N G () . 5)
m = ji\7j> S
im+eo 1+ (log¥! - Ty & Qi +:8ji)g] i
1 G A il(a;) B
S + —(10 ')aj+ﬁj’_1 < +OO’ j = 1’29
) “H Qe +Bj) = /

one can infer that for any € > 0, there exists a constant C = C(€) > 0, for any #,,#, > C and s € J, such
that
Gj(t,s) Gj(t1,5)

1+ (logt)m ' 1+ (logt)™!

with the help of Lemma 3.1 and (3.6), which mean that T;(u,v)(®)/1 + (log)*~'(j = 1,2) are
equiconvergent at +co. Meanwhile function G(z, s)(j = 1,2) are independent of 7, one can easily
show that # D“f‘lTj(u, v)(#)(j = 1, 2) are equiconvergent at +co.

From Step 1, Step 2 and Step 3, Lemma 2.4 holds. So the operator 7T is relatively compact in
P, X P,.

Step 4 Finally we prove that the operator T : P; X P, — Py X P, is continuous. Set (u,, v,), (u,v) €
P, x P, and (u,,v,) — (u,v)(n = 00). So ||(t,, v)llxxy < +00,||(#, V)|lxxy < +oo0. Similar to (3.4) and
(3.5), one has

<e€ j=1,2,

”Tl (una Vn)”l =sup

teJ

+00 4
G (t, s) ds ) *
by T g s Mo+ 25 il vl |

and

”HDa]_] T, (un’ Vn)” = sup

teJ

+00 4
f G1(t, ) fruun (3| < Eilai + Y @iyl viligly |
0 k=1

Via the Lebesgue dominated convergence theorem and continuity of function f;, we know

+00 + 00
: Gi(t, ) ds f Gi(t, ) ds
1 T4 a1 J Wy — = mme———— b VOPRD —_—,
o )i T+ (log t)"“lfl( (97 . 1+ (log t)""lfl( ()

and

+00

. " ds 0 . ds
lim | Gt )i () = f G1(t: ) frawn(9)—-

1 1
Again

+00
G, 9) ds
71 (s vi) = Tiu, W)y < Szlel})fl W‘ﬁ(un,vn)(s) ~ fian(®)| 2 0. n > e,
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and

B e —+00 i} dS
D' Ty (u,, v,) = TD ' Ty (u, v)||; < supf Ki(t, s)'fl(umvn)(s) - fl(u,v)(s)‘? — 0, n > oo.
teJ J1

Therefore, as n — oo,
”Tl(l/tn, vn) - T](Ll, V)HX = max {”Tl(urn vn) - Tl(l/[, V)”l, ”HD(Il—lTl(un’ Vn) - Dal_lTl(ua V)”} - O

This implies that the operator T is continuous. At the same way, one can obtain than the operator 7’
is continuous. That is, the operator 7 is continuous.
Summarize all of the above discussions, one can infer that the operator 7 : Py X P, = Py X P, is
completely continuous. So the proof of Lemma 3.3 is completed.
For convenience, we set
T = max {A] , Az, E] , Ez}

Define a partial order over the product space:

)= (:)

if u1(6) > ur (1), vi(t) = va(6), Dy () > TDY "y, (1), I Dy, (1) > D1y, (1), t € J.

Theorem 3.1 If assumption (C1), (C2) and (C3) hold, then the system (1.5) exist two positive
solutions (u#*,v*) and (w*, z*) satisfying O < [|(&", v*)||xxy < R and 0 < ||(W", 2")|lxxy < R, where R is a
positive preset constant. Moreover, there exist ’}1_)11010 (u,,v,) = (u*,v*) and 31_{?0 Wy, 2,) = W*, Z°), where

(uy, v,) and (w,, z,) are given by the following monotone iterative sequences

a;—1
[Mn(t)) _ [Tl (un—l’ Vn—l)(t)) n= 1’ 2’ L with (MO(I)J _ (R(log t) ) (39)

V(1) Ty (up—1, Vu-1)(¥) vo(?) R(log ™!
and
[Wn(f)) _ (Tl(wnl’an)(t)) =12 with (Wo(t)) _ (0) (3.10)
Za(1) Ty(Wu—1, Zp-1)(1) 20(1) 0
In addition
i e e ] S (4 R e
< <... < <. < <. < <... <
2o(?) z1(2) Zn(2) 4 v V(1)
‘e (ul(t)) < (Mo(t)) G.11)
vi(?) vo(?)

and

IA

( HDal—lWO(t))
1D (1)

HD(ZI—IM*
HDaz—lv*

AIMS Mathematics Volume 6, Issue 7, 7229-7250.

(HDal—lwl(t)) (HDQ/]—IWH(Z_)) (HD(YI—IW*)
<. ... < <... < <. <

HD(lz—IZl(t) HD(lz—lZn(t) HDafz—IZ*

- (HD(xl—lun(t)) . B (HD(zl—lul(t)) . (HDQI—IMO(Z_)) 3 .
= HD(IQ—lvn(t) ="' = HDaz—lvl(t) - HD(lz—lvO(t) : ( * )

IA
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Proof. First, Lemma 3.3 means the fact that 7(P, X P,) C P; X P, for any (u,v) € Py X P,,t € J.
Next, for 0 <y, yar < 1(k =1,2,3,4), set

R > max {5a},, 5a3,, (5Ta;)" 7, (5Tay) /17 k= 1,2,3,4},

and Ug = {(u,v) € Py X Py : ||(4,v)|lxxy < R}. For any (u,v) € U, similar to (3.4) and (3.5), one can
obtain

T3l < Ad|ajy + Zalkn(u WIsy] < raio + Zal R
k=1

and

H 1
D" Ty (u. vl < Eifa)y + Z a; I VI, | < rlaty + Z ay R <
k=1

This implies that ||T(u, v)||x < R for all (u,v) € Ug. In the same way, ||T>(«, v)|ly < R. Consequently
one has

1T (at, W)Ly = max {171, llx, 172G, vlly} < R

That is, T(Ug) C Ug.

Via the complete continuity of the operator 7, we present the sequences (u,,Vv,) and (w,,z,) by
(Up, V) = TWpt,Vn-1), W, 2)= TWy,—1,2,—1) for n = 1,2,--- . In virtue of (3.9) and (3.10), it is
obvious that (uo(7), vo(2)), (wo(?), z0(2)) € Ukg.

Due to T(Ug) C Uy, it is easy to see that (u,,v,), W,,z,) € T(Ug) forn = 1,2,--- . Thus we just
need to show that there exist (u*,v*) and (w*, z") satisfying lim(u,,v,) = (u*,v*) and lim(w,,z,) =
(w*,Z"), which are two monotone sequences for approximatinng_}pooositive solutions of the sn;sotoem (1.5).

For ¢t € J, (u,,v,) € Ug, from Lemma 2.2 and (3.9), one has

ui (1) = T (uo, vo)(t) Zf Gi(t, 5) fiw, vo)(S) S < Al ay, + Z CllkRy'k (log )™~
1

k=1
<R(og )™~ = uy(r)

and
vi(t) = Tauo, vo)(t) = fl - Ga (2, 8) ftu, VO>(s) > < Aofas, + Za%mﬂ (log ™!
<R(log ™" = wy(1), -
that is
(ul(t)) _ (T] (uo,vo)(t)) 3 (R(log t):;i) _ (uo(t)). (3.13)
vi(0)  \ Taluo, vo)(®)) ~ | R(log 1) vo(?)

Next we consider the monotonicity of the Hadamard type fractional derivative of (u,v). By (3.13)
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we have e d
— a|— 1 -
Hpety, (1) =D (ug, vo)(f) = f G, S)fl(”o’w))(s)?
1
4
<Eifajy+ ) @R < R="D""uy(o).
k=1
) ) oo ds
D™y (1) =" D™ T (g, vo) (1) = f G2l ) fatuoan ()5
1
4
<Eplay + ) ayR™*| < R="D""vy(0),
=1
that is
Hpe=ly, (1) "oy (ug, vo)(£)) ~ D" (1) |

Then, by (3.13) and (3.14), for any ¢ € J, via the monotonicity conditions (C3) of functions
fi(j = 1,2), we do the second iteration

(uz(f))_ (Tl(ul’ Vl)(f)) < (Tl(uo, Vo)(f)) _ (Ml(f))

v | \Taur, v)®)] =\ T, vo)(®)) ~ \vi(2)

HDOUT (uy, vy )(2) < HDNT (u, vo) (@) _ (FD™ uy (2)
HDo2 1Ty (uy, vi)(@)] ~ \E D Ta(uo, vo)(@)) — \D* v (1))

D" uy(t)
HDaz—lvz(t)

For t € J, by method of induction, the sequences {(u,, v,)}, satisfy

U1 D\ _ (D) ("D iy (0 _ (DM (1)
< s> N H a1 =\ a1 :
Vii1(F) V() D v (2) D™ v, (1)
With the help of iterative sequences (u,+1, Vu+1) = T (1, v,) and the complete continuity of the operator
T, one can easily infer that (u,,v,) — («*,v*) and T (u*,v*) = (u*,v") .
For the sequences {(w,, z,)},-,, we employ a similar discussion. For t € J, we have
+00 G t dS
(wlm)_ (n (w0, szr)) _[J, Geenn(D70 (o) _ (WOm)
N \Towo, 2000 ~ | ds|=\0) " \z® /)
Zl( ) 2( 0 ZO)( ) f Gz(t, s)fZ(wo,zo)(S)? ZO( )
1

Hpo =ty (1)
Apex=lz.(5)

e ds
(HDQ]_]TI(WO,ZO)(I)) _ ‘fl Gl(t, S)fl(WO,ZO)(S)? o (0) _ (HDm—lWO(t))
TR0 f - G5(t, 5) fiow )(s)g —\0) D% z(0) )
| 0,20 s

Using the the monotonicity condition (C3) of functions f;, one has

(Wz(f))_ (TI(WI’ZI)(t)) S (Tl(Wo»Zo)(t)) _ (Wl(f))

20 ) \Tawi, 200 = \Tawo, 2000 ~ \21(0)

Hpo=twy )\ _ (YD 1Ty (wy,21)(0) S HDM=1T (wo, 20) (@) _ (D™~ 'wi (2)
Hpe-lz (1) Hpo=1Ty(wy, 20)(@)] ~ \FD Ty(wo, 20)(1))  \ D™ 'z4(0) |
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Analogously, forn =0,1,2,...and ¢ € J, one has

(wn+1(t)) S (Wn(t)) (H D‘““Wm(t)) S (H D‘““Wn(t)).

Zn+1(t) Zn(t) HDaz_ler—l(t) HDQz_lZn(t)

In virtue of the iterative sequences (W1, Z,+1) = T (W, 2,) and the complete continuity of the operator
T, it is also easy to conclude that (w,, z,) = (W*,z") and T(w*,z") = (w",Z") . Finally we demonstrate
that (u*,v*) and (w*, z*) are the minimal and maximal positive solutions of the system (1.5). Suppose
that (£(¢), n(¢)) is any positive solution of the Hadamard type fractional differential system (1.5), then

T (&), n(0) = (£(1), n(1)) and
wo() _ (0) _ (§®) _ (R _ (uo(t)
20() \0) = \n@®) ~\Re>' ] \wo(n))
D wo(0)) _ (DMIED) _ (DM uo(0)
HDaz—lZO(t) = HDag—ln(t) = HDaz—lvo(t) .
Using the monotone conditions (C3) of the operator 7', we obtain
(Wl(t)) _ (Tl(Wo,zO)(t)) < (f(t)) < (Tl(uo, vO)(t)) _ (ul(t))
z1(0) T>(wo, 20)(®)) ~ \n(6)) ~ \Ta(ug, vo)(2) @)
HDm—lWl(t) - HDal_]f(t) - HDm—lul(t)
HDCUQ—IZ](Z.) = HDaz—ln(t) = HDarg—lvl(t) .

Repeating the above process, we have

(wn(t)) < (f(t)) < (un(t))’
Zn() n@®) = \va(®)

D w, (1)) _ (DMIED) _ (DN u (1)

< <

1Dz, | = \Dm i) = \FDe e, P

which combine lim(w,, z,) = (w*, z*) and lim (u,, u,) = (u*,v*), we gain the results (3.11) and (3.12).
On the other hand, due to f(¢,0,0,0,0) # O for all r € J, we know that (0, 0) isn’t a solution of the

Hadamard type fractional differential system (1.5). From (3.11) and (3.12), it is clear that (w*, z*) and
(u*,v*) are two extreme positive solutions of the system (1.5), which can be constructed via limit of

two monotone iterative sequences in (3.9) and (3.10).
Theorem 3.2 If assumption (C1), (C4) and

4 4
m = Tmax{Zblk,ZbZk} <1 (3.15)

k=1 k=1

hold, then the system (1.5) has a unique positive solution (x, y) in P; X P,. Further there exists a iterative
sequence (u,, v,) such that lim(u,, v,) = (x,y) is satisfied uniformly on any finite interval of J, where

(un(t)) _ (Tl (un—la Vn—l)(l)) n= 1’ 2, . (316)
V(1) T (up—1, vu_1)(t)
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Moreover there exists an error estimate for the approximation sequence

n

Qs Vi) = (X, W)lxxy = Gy, vi) = (o, volllxscr,m = 1,2, - - (3.17)

1-m
Proof. Take
r>Yo/(1—m),

where m is defined by (3.15) and o = max{o;,0,}, ©; (j = 1,2) are defined by the aussumption (C4).
First we show that TU, C U,, where U, = {(u,v) € P; X Py, ||(u, v)||xxy < r}. For any (u,v) € U,, by
Lemma 3.2 and Remark 2.2, we have

4
T2 )l < Ar( ) Blr +01)

k=1

and )
D" Tyl < Ei( ) i + 1),
k=1
which implies

4
1Tyl < Y( D bier +01) < mr+ o1, ¥u,v) € U,

k=1

Similar \
| T (u, v)|ly < T( Z byr + Qz) <mr+ To,, Y(u,v) € U,.

k=1

So one has
T (u, Vlxxy < mr+ Yo <r,¥(u,v) € U,.

Now we demonstrate that operator T is a contraction. For any (uy, vy), (42, v,) € U,, by assumption
(C4), we have

T (ur, vi) = T1(ua, v2)lly

o G, ) ds
<sup f l—l‘fl(ul,vl)(s) - fl(uz,vz)(s)‘?
1

teJ 1 + (lOg t)(}’]—
let1 (8) — ua(s)|
1 + (log s)x1-!

vi(s) — va(s)l
1 + (log s)*~!
ds
s

<A, f [p11(9)(1 + Qog )7 7) +bi(s)(1 + (log )™ 7)
1

+ bis()' D" uy () =" DT ur(s)l] + bra() D™ vi(5) =" D ()|

4
<A Z billui, vi) = (U2, vo)llxxy
=1

and
—+00
1" D™ Ty (uy, vi) =" D' Ty (ua, v)|| < sup f G(t, S)'fl(ul,vl)(s) = franv)(S)|ds
0

teJ
4

<&, bill(ui, vi) = (U2, v2)llxxys
k=1
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which implies

4
171G, vi) = TG, v)llx < T byl vi) = (a2, v2)llxer- (3.18)

k=1
In the same way, one can obtain

4
Iﬁxuuw)—TﬂwwaHS°f§:bﬁmuuvo—(mbmﬂkmn (3.19)
k=2

By (3.18) and (3.19), we gain
T (uy,vi) = T (ua, vo)llxsy < mll(uer, vi) — (U2, vo)llxxy, Yy, vi), (uz, v2) € U,. (3.20)

Due to m < 1, then operator 7 is a contraction. With the help of the Banach fixed-point theorem, 7" has
a unique fixed point (x, y) in U,. That is, the system (1.5) has a unique positive solution (x, y).

Further, for any (uy, vo) € U, ||(4n, Vi) — (X, Y)|lxxy — 0 as n — oo, where u, = T1(U,—1,Vp-1), Vn =
T)(u,—1,v,-1),n=1,2,--- . From (3.20), we have

-1
(U, Vi) = U1, Vi DIlxxy < m" [y, vi) = (o, vo)llxxy,
and
”(una Vn) - (l/lj, vj)”XXY < ”(um Vn) - (un—l’ Vn—l)”XXY + ”(un—l’ Vn—l) - (un—2a Vn—2)||X><Y
i ||(uj+la Vj+1) - (uja Vj)”XxY (3.21)

< m"(i —m/™)

Taking j — +oo on both sides of (3.21), one can obtain

1Gee1, vi) = (o, vo)llxxy-

n

(2, Vi) = (6, Plxxy < [lzey — wollxsxy-

I-m
So the proof of Theorem 3.2 is completed.
4. Examples

Example 4.1 Consider the following Hadamard type fractional differential system

HDI X (t) L . e—tlu(t)lo.l N e—2t|v(t)|0.3 N tlHDO'gu(t)lo'z tlHDO'SV(I)|O'4
i N u = e 9
[1+ (og N3]0 " [1+ (log°5]°3 *  2(4 + 1)? 5(1+ )
€—3t|u(t)|0.2 e—4t|v(t)|0.4 tlHDl'Su(t)lo'z tlHDO'SV(t)|O'6

D" (@) =17 +

1+ (og)™P2 " [T+ (ogn®™ P4 © 51+2) O+ ° (@&l

u(l) = 0, AD"8y(+00) = 0.2718u(2.5) + 0.171*%u(2.5),

v(1) = 0,7D%v(+00) = 0.171'u(1.5) + 0.371*°u(1.5) + 2 P5u(1.5),
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where ) = 18, p = 15, ,81] = 18, ﬁ]z = 28, /1]1 = 02, /112 = 01, Bz] = 15, ,822 = 25, ,823 =
3.5, /121 = 01, /122 = 03, /123 = 2, mnm = 25, m = 1.5 and

—t 0.1 -2t 0.3 0.2 04
o e |uyl e " uy| tus| tuy
1 t,ul,uz,u3,u4 =e€ + + + )
A ) [1+ (log 03101 " [1 + (log£)05103 * 2(4+ 12 5(1 +12)
s e—3t|u1 |0.2 e—4t|u2)|0.4 t|u3 |0.2 t|u4|0'6

Sl st o) = 074 w2 T4 (log 005108 T 3L+ T O+ 17

Here Y11 = 01, Y12 = 03, Y13 = 02, Y14 = 04, Y21 = 02, Y2 = 04, Y23 = 02, Y23 = 02, Y24 =
0.6.
We find that f1(2,0,0,0,0) # 0, f1(¢,0,0,0,0) 3 0, for Vt € J and

sm—rwo—zﬁﬂyg%mwwhAwm%m9>asy:rmg—zﬁﬂganw%tz

0.872852 > 0. So assumption (C1) holds.
Noting that
e—t|u1|0.l e—21|u2|0.3 t|u3|0‘2 t|u4|0‘4
+ + + +
[1+ (log)°8101 ~ [1 4 (logr)°31°3  2(4+1)? 51 + 1)
= ajo(t) + an @Ol " + apOlus|™? + aO)lus®? + aya(@)lug|*,
e |uy °2 e Mup)*4 tluz | g |
+ + + +
[1+ (log)?8192 ~ [1 + (log#)®>1%4 ~ 5(1 +#2) (9 +1)?

0.2 0.2 0.2 0.6
= ao(t) + arxi (O] + an(O)|uz|™" + asz(Dlusz™ + aa(t)lu4l

=2t

|f1(ta Uup, U, Us, u4)| <e

-5

|f2(t’ U, Uy, U3, u4)| <t

and
. oo dr e, dr e 1
am:f]‘ Cllo(f)7=fl‘ e ZtTS‘fl e 2’dt=@<00,
+00 dr +00 e! dr 1
o N +d tO.SO.]_:f 1+ Z»OSOI_ —
i I an® + oz 1" = [ Gl 4 oM T < S <o
dt
t

+oo dl +00 e—Zz 1
%:f mmwm%MW§=f [1 + (log )13
1 1

[1+ (log 1)05]03 202 =%

262
. e dt o dr 1
a;; = ﬁ 6113(1‘)7 = fl WT = 1—0 < 00,
i e dr oy At or;
$a = j: au() = f1 sa+) 10 -

\ f*“’ (t)dt f*” csdr 1
Arn = a — = — == 0,
N . r 5

2 f*“’ (O[1 + (o l)oglozdt fm e [1+ (lo t)OS]Ozdt P
a,, = a 870270 _ 810247 1 -
21 X 11 g t . [1 + (log l)0‘8]0'2 g r = 3 ,
—+00 dl —+00 e_4t dt 1
—— NI + A ¢ 0.570.4 =" — f 1+0 ¢ 0.570.4 =" < < ,
ay j: ap@®I[l + (log)™] p . [T+ (log t)0.5]0.3[ (logt)™~] =< 5 <o

. f“" (t)dt f*‘” t dt _ o« <
as, = ap()— = < — < oo,
=) B T s+

i f*"" o dr f*"" t dt 1 -
a,, = a — = < — < o0,
A L O+t T 10
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which imply that assumption (C2) holds.

From the expression of function f;, we can infer that f; is increasing respect to the variables
uy, Uy, usz, ug, YVt € J, j = 1,2. Hence assumption (C3) is also satisfied . By Theorem 3.1, it follows that
the system (4.1) have two pairs of positive solutions («*, v*) and (w*, z*), which can be constructed via
the limit of two explicit monotone iterative sequences in (3.11) and (3.12).

Example 4.2 Consider the following Hadamard type fractional differential system

e u()| e v(n)*? 1D u@)| " D)
+ + + ,
[1+ (logr)°®]  [1+ (log1)®] 2(4 +1)? 51 +¢%)

_HDISM(Z,) — e—2t +

@] _HOPt A"D ) 17D ()
[1+ (lognH®8]  [1+ (logr)®3] 5(1+12) (CESITE 4.2)

“ADYv() =17 +

u(1) = 0, #DOSu(+o0) = 0.291'81(2.5) + 0.171>%u(2.5),

v(1) = 0,2D%y(+00) = 0.171'u(1.5) + 0.371*5u(1.5) + 24 P5u(1.5),

where ) = 18, ay = 15, ,811 = 18, ,312 = 28, /111 = 02, /112 = 01, ﬁ21 = 15, Bzz = 25, ﬁ23 =
3.5, /121 = 01, /122 = 03, /123 = 2, n = 25, m = 1.5 and

2 ey e |u| tus| tuty
+ + + ,
1+ dogr)® [1+logt)] 2(4+1> 5(1+1¢1)

fl(f, Uy, Uy, Uz, Uy) = €

e |u,| e Yuy)| tlus| tluy]
touy, U, s, Uy) = 1 + + + + .
St vz, 3, y) 1+ (logn®% " [1+(logn®5]  5(1+2) O +1)?

Same to example (4.1), it is easy to verify that assumption (C1) hods.

Observing that

|f1(t, uy, uo, uz, ug) — fi(2, ur, Uz, us, us)|
e’ -2 t t
<—  uy-u|+— +—us — U3 + ——
T+ togno® ™~ ¥ T iog o3 sar o T ElY 5T
=b1(Dluy —ui| + bra(D|uy — Us| + by3(2)|us — us| + bia(t)us — ugl,
|fo(t, uy, ua, us, ug) — folt, Uy, Uy, U3, us)|
-3t —4t t ¢
< uy Uy — +—uz — U3 + ———|ug —
ST oz~ T log o3 Sy Tl Gl — s
=by1 (O — ui| + b (D) — us| + boz()uz — us| + boa(t)us — u4l,

luy — us| lug — uy

luy — us|
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by a same computation as example (4.1), one can obtain
e dr 1 oo de 1
b}, = f bii(D[1 + (log z)°~8]7 <—<oo, b, = f bi(D[1 + (1ogz)°-5]7 < = < oo,
1 e 1

2e
. —+00 dl 1 i +00 dl P
bj; = f b13(1‘)7 = — <o0,bj, = f (114(;)7 =~ < oo,
1 1

10 10
* +00 dt 1 . +00 dt 1
by = f; by (D[1 + (log t)0.8]7 < 3 < 00,b5, = f; by ()[1 + (log t)o.s]T < = < oo,
X X roodr ]
by = bis()— < — ’b* = b)) — < — )
23 f; 13()t_1()<00 4 f; 14()t 10<oo
+00 oo , dl, 1
. :f fl(t’O’O’O’O)dt:f e — < — < oo,
1 1 t 2e2
- e sdr 1
2= f £(1,0,0,0,0)dr = f 5= = 2 <o,
1 1 t 5
which show that assumption (C4) holds. By direct computation, one can obtain that

Ay =1.125161, A, =1.143496, =, = 1.051490, =, = 1.015251, Y = 1.143496,

4
m= Tmax{Zka,
k=1

Hence all presupposed conditions of Theorem 3.2 are satisfied. Then the system (4.2) has a unique
positive solution (x, y), which can be constructed via the limit of the iterative sequence in (3.16).

b3} < 1.143496 x max {0.849706, 0.435334} = 0.971635 < 1.

4
k=1

5. Conclusions

In this paper, we consider a class of Hadamard type fractional differential system. By the aid of
monotone iterative technique and Banach’s contraction mapping principle, under certain nonlinear
and linear increasing conditions, we construct some explicit monotone iterative sequences for
approximating the extreme positive solutions and the unique positive solutions. Our results generalize
iterative solution of a single equation to the case of a system, and the nonlinear term contains
Hadamard type fractional derivative which can be used more widely. Further work is still needed
including discussions on iterative solution for Hadamard type fractional differential system with
coupling integral condition and additional studies on iterative solution for impulsive Hadamard type
fractional differential system.
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