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Abstract. The new definition of the fractional derivative was defined by Atangana and Baleanu in 2016.
They used the generalized Mittag-Leffler function with the non-singular and non-local kernel. Further,
their version provides all properties of fractional derivatives. Our aim is to analyse the Keller-Segel model
with Caputo and Atangana-Baleanu fractional derivative in Caputo sense. Using fixed point theory, we first
show the existence of coupled solutions. We then examine the uniqueness of these solutions. Finally, we
compare our results numerically by modifying our model according to both definitions, and we demonstrate
these results on the graphs in detail. All computations were done using Mathematica.

1. Introduction

The fractional derivative has been known for a long time. During the last four decades, it has taken an
important place in practice as much as it has in the theoretical mathematics. There have been significant
developments in fractional derivatives throughout this fourty years. After this important development,
fractional derivative and integral have been applied in many fields, such as engineering, chemistry, physics
etc. [8,9,28, 32]. Caputo fractional derivative [18] was used in many applications [22, 24, 30]. However, this
definition has a considerable weakness because of the singularity of kernels. We see that this issue has been
addressed by the change of the kernel in the work of Atangana and Baleanu [6]. It is stated that some physics
problems including initial value give better results than the Caputo’s definition and have great advantages.
One of the most important advantages of the new definition is that their derivation has a non-singular and
non-local kernel [6]. After the new definition, a lot of important work was done. Some of these works are
shown below. Atangana and Koca contributed to the existence and uniqueness of the system solutions of
the fractional system. [7]. Chua’s circuit model was analyzed with Atangana-Baleanu fractional derivative
by Alkahtani [1]. A new analysis of the zika model was made for non-singular and non-local fractional
operators [3]. Baskonus and Bulut also contributed to some articles on fractional derivatives [11-14, 23].
The important research on the Keller-Segel model in recent years was made by Atangana and Badr. They
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used the Caputo-Fabrizio derivative to analyze the Keller-Segel model [5]. Besides, there are some research
about fractional Keller-Segel model [4, 15, 17, 21].

The Keller-Segel model is one of the most widely used models of chemotaxis. It was developed to focus
on the cellular slime mould Dictyostelium discoideum[35]. We denote a(x, t) as the gradient in an attractant,
which prompts a movement. The flux can be written [29],

] = px(a)Va,

where | is chemotactic flux and x(a) is the concentration of the attractant [31]. We can write the equation
generally for p(x, f) :

pt = Dpxx — (px(@)ax)x + f(n)
The above equation is called the reaction-diffusion-chemotaxis equation. It is known that the function a(x, t)
is a chemical term, and in general we may write a(x, t) :

a; = Dy, + g(ﬂ, P),

where g(a, p) is the kinetics term and D, is the diffusion coefficient of 4. This term depend upon p and a [16].
Pt = Dpxx - X(pax)x
a; = Daax + g(a, p).

2. Preliminaries
We give in this section some fundamental definitions [6, 18, 27, 33] on fractional derivative.

Definition 2.1. The Caputo derivative of fractional derivative is defined as [18]:

DY f(t) = f S0 4 i<v<nen (1)
F(n v) t—ryvtion
Definition 2.2. The Riemann-Liouville fractional integral is defined as [27]:
1 t
e R s %)
Definition 2.3. The Riemann-Liouville fractional derivative is defined as [27]:
RDY(f) = —1 SO wi<v<nen @3)

IT'(n-v) dt” L (=i =
Definition 2.4. The Sobolev space of order 1 in (g, b) is defined as [33]:
H'(a,b) = {u € L%(a,b) : u’ € L%(a, b)).

Definition 2.5. Let a function u € H'(a,b) and v € (0,1) . The AB fractional derivative in Caputo sense of
order v of u with a based point a is defined as [6]:

Bv) (! %
ABCyv — ’ - (t=23)
{PDyu() = 1 fa W (5)E,| —(t=9) |ds, (4)
where B(v) has the same properties as in Caputo and Fabrizio case, and is defined as
Bv)=1-v+ =

E,(A") is the Mittag-Leffler function, defined in terms of a series as the following entire function

/\V
Eyp( )_Z‘T(f/k+‘8) v>0, A<oo and >0, /\:_V(]__v)*l. )
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Definition 2.6. Let a function u € H'(a,b) and v € (0,1) . The AB fractional derivative in Riemann-Liouville
sense of order v of u with a based point a is defined as [6]:

B t
D) = 2o & [ o~ -9, ©)

when the function u is constant, we get zero.
Definition 2.7. The Atangana-Baleanu fractional integral of order v with base point a is defined as [6]:

1-v

t
14 — 4 _ v—
ABIy(F)) = 50 "D 5o fa u(s)(t — s)"ds, 7)

when the function u is constant, we get zero.

3. Keller-Segel Model with Caputo Derivative

The best approach in terms of the technique to be employed to research on this topic is to visit the Keller
and Segel model depicted in the ground-breaking paper (1970). It predates the formal structure Keller-Segel
though it is probably the first edition. They [25, 26] presented the illustration of the aggregation behaviour
of cellular slim mould which they said is caused by instability. L.R. Litter also came up with four species
important to the approach in the Keller and Segel [32].

One dimensional Keller-Segel model is given by

pr = Dpxx = X(pax)x ®)
a; = Dyayy + hp — ka.

The parameters d, D,, x are constants. D and D, are the diffusion coefficient and a,respectively, & and k
are positive constants. The first term in the first equation in (8) involves a Laplacian, representing the
random spatial motion of the cells. The second term models the chemotactic motion of the cells. In the
second equation in (8) the first term represent diffusion of the chemoattractant. The second term models
the production of the chemoattractant by the cells, and the third term represents linear decay. The initial
conditions are p(x,0) = po(x) and a(x, 0) = ap(x) for the system. The system (8) with Caputo derivative is
given as below

{ $Dyp = Dpax — x(pax).

)
$D}a = Dyfixx + hp — ka.

3.1. Existence and Uniqueness Solutions

We will give in this chapter the existence and uniqueness of the solutions. We also will present the
uniqueness of the positive solutions. Let us present every continuous functions G = C[a, b] in the Banach
space defined in the closed set [4,b] and consider Z = {p,a € G, p(x,t) 20 and a(x,t) > 0,a <t < b}

Definition 3.1. ([36]) Let X be a Banach space with a cone H. H initiates a restricted order < in E in the
succeeding approach.
y2x=>y—-xe€H

Now applying the fractional integral in equation (10), we obtain the following,

{ p(x, ) = p(x,0) = &5 [t = 1" [Dp(x, e — X{p(x, a(x, D) Jar 10)

a(x,t) - a(x,0) = fot(t - r)"‘l[Daa(x, Bax + hp(x, t) — ka(x, t)]dr.
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Now we can use system (11) to show the existence of equation (8). Necessary lemma for the existence of
the solutions are given as Lemma 3.2. We now need to define an operator which T : K — K.

t
Tp(x,t) = 1 j(; (t—r)"ts(x, 1, p(x, ))dr a1
Ta(x, t) = ﬁ fot(t — )" s(x, r,a(x, r))dr.
To be dealt with more easily, let us consider below
s(x, 1, P) = Dpxx — XPxOxx (12)
s(x,7,a) = Dyaxy + hp — ka.
Lemma 3.2. The mapping T : K — K is completely continuous.
Proof. Let M C K be bounded. There exists a constants [, m > 0 such that ||p|| < I, ||al| < m. Let,
Ly = maxozi<is(x,t, p0 D) and Ly = max oz s(x,t,a(x, 1)
0<p<l 0<a<m
Vp,a € M, we have,
1 ¢
ITp(x, I < o) f (t =" Mis(x, 1, plx, 1))lldr
_ -1 (13
_F(v)f(t r) " dr )
t
F(v +1)
So that, we can write as below,
Ly
<
1Tl < 56,4
Similarly,
1 ¢
ITa(x, I < r( ) ( — )" Yis(x, r,a(x, r))lldr
< (t—r)"dr (14)
r( ) f
T(v + 1)
So that, we can write as below,
Ly
<
el < 707y

Hence T(M) is bounded.
Now in the following part, we will consider t; < t, and p(x, t),a(x,t) € M and ; then for a given € > 0 if
|t, — t1] < 6. We have,
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2]
ITp(x, t2) - Tp(x, 1)l =ll— fo (ta = 1" s, 7, pl, Pl

1 " v—-1
T, (tr = 1) Is(x, 7, p(x, 1))drl|

=||ﬁ f (b2 = " s, 7, plx, M)l

I'(v)

" L 0 ot

- _ -1
s [ =

153
s% f k2 = 11 = (b = "I, 7, pCx, )l

r( ) f (s = )" Ml s, 7, plx, 7))lldr (15)
Ll ty . . Ly 153 .
_1“(1/) (2= =ty ar mf (=

F() f(tz—r)v 1dr—f(t1—r)v 1dr+f(t1—r)‘” 1dr

(tv +(t—f) =t +(t - tz)v)

F(1+ V)

vV L v
_F(1+ )(1— ta)" + T+ v)(tl_tl)
F(1+ )(1— t2)
_ o,
I'+v)
=€

Itis clear seen that, when the same steps are applied to the a(x, t) function, we get same situation. Finally,
[Tp(x, t2) = Tp(x, t1)| < € and |Ta(x,t;) — Ta(x, t1)| < €
1 _
are satisfied. Where 6 = (eF(l + v/2L)) /V.Therefore T(M) is equicontinuous. So that T(M) is compact via
The Arzela-Ascoli theorem. [

Theorem 3.3. Let S : [p1, p2] X [0,00) = [0, o0), then S(x,t,.) is non-decreasing for each t in [p1, p2]. there exists a
positive constants vy and v, such that B(n)vy < S(x,t,v1), B(n)v, > S(x, t,v2), 0 < v1(x,t) < va(x,t), p1 <t < py.
This means that the new equation has a positive solution.

Proof. We only need to consider the fixed point for operator of T. With framework of Lemma 3.2, the
considered operator T : H — H is completely continuous. Let us take two arbitrary p; and p,,

t
Tp1(x,t) =$ [) (t=1)""s(x, 1, p1(x,7))dr

- N (16)
< W j(; (t—1)"s(x, 1, pa(x,1))dr

= TPZ (x/ t)
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Hence T is a non-decreasing operator. So that the operator T : (v1,v2) — (v1,v;) is compact and continuous
via Lemma 1. In that case, H is a normal cone of T. []

3.2. Uniqueness of Solution

The aim of this chapter is to prove the uniqueness of solutions to the system (10). So the uniqueness of
the solution is presented as below,

t

ITp1(x, 1) = Tpalx, Bl = ||% (£ = 1) (sCx, 7, prx, 1) = (5, 7, pale, 7))

17)
< o0 f (t = 1" pa(,) — ol Pl
So that,
ITp(x,8) = Tpate Bl < { 75 Vl)}npl(x N - pax )l
Similarly,
Lo
||Ta1(x,t)—Ta2(x,t)||=I|W fo (t—r)V‘l(s(x,r,al(x,r))—s(x,r,az(x,r)))drll -

1 ' v—1
< 15 G fo (t = " las(x, ) — s, Pl

So that,
Cyot”

Tv+1)

[ITay(x, t) — Tax(x, t)|| < { }Ilal(x, r) —ax(x, 1)l

Therefore, if the following conditions hold,

Cyt" Cot”
{F(Vl_"'l)} <1land {r(vz+l)} <1

Then mapping T is a contraction, which implies fixed point, and thus the model has a unique positive
solution.

4. Keller-Segel Model with AB Derivative in Caputo Sense

We present in this chapter the existence and uniqueness of solutions of the Keller-Segel model using the
Atangana-Baleanu derivative. Let QO = (4, b) be an open and bounded subset of R". For a given v € (0, 1) and
functions p(x, ), a(x, t) € HY(Q)x[0, T]. Here p(x, t) represent the concentration of the chemical substance and
the function a(x, t) represent concentration of amoebae. We apply the system (8) to the Atangana-Baleanu
fractional derivative,

gBCDv (19)

ABCDVP — O1(X t P)
va = oa2(x, t,a).

where

Ul(x/ £, P) = Dpxx — XPxlxx
20
{ 02(x, t,a) = Datyy + hp — ka. (20)
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Using the Atangana-Baleanu integral to (21) it yields

p(x, t) = p(x,0) + B(V)ol(x t,p(x, 1)) + B(V fo a1(x, 1, p(x, 1))t — r)' " Ldr 1)
a(x,t) = a(x,0) + oz(x t,a(x, t)) + v)r o) fo o2 (x, r,a(x, ) (t — r)'~dr.
forallt € [0, T].
Theorem 4.1. If the inequality (23) hold, o1 and o, satisfy Lipshitz condition and contraction.
a(x, y)
0< Dy} + el 542 <1 (22)

Proof. We would like to start with the kernel 01. Let k1 and «; are two functions, the following equation is
written:
a(x, t
llo1(x, £, 1) — o1(x, £, k)l = HD(Kl(x/ Bxx — K2(x, t)xx) — x(k1(x, B)x — x2(x, 1)) ( )H

When we convert the above equation via triangular inequality, then we get

||O'1(X, t/ Kl) - O'](.X, t/ KZ)H <D

ant)H

(k13 e = o, B |+ - G353 = s )

Using the operator derivative, we can find two constants such as y; and y» :

D||(k1(x, ax — 12(x, ) )|| < DY2lli1(x, ) = K2, )| =)
x‘ — (1, B = w2, D) T2 | < ey | T o (v, 1) = s, )
When we substitute equation (24) in equation (21), we get:
llo1(x, £, %1) — o1(x, 8, 1)l < Kil(x1 (x, £) — 12, £)]I. (24)
where 2 Fal
-

Therefore 0 satisfies the Lipschitz condition. Then we can say that it is a contraction.
In the another case, the following inequality can be written because our kernel is linear,

a2(x, t,01) = 02(x, £,02) < (87 + Dlv1(x, £) = v2(x, D
Hence, the proof is complete. We can now show that the uniqueness of the solution. [J

4.1. Uniqueness of Solution

The uniqueness solution for system (20) is presented as below. Let p1,p2 € H ! be two solutions of (20).
Let p = p1 — p2. the following equation can be written,

p= lB( )(Gl(x t, p1(x, 1)) — o1(x, t, pa(x, t))) Biv )F )f o1(x, 1, p1(x, 7)) — o1(x, 1, p2(x, r)))

If the norms of both sides are taken, by the Gronwall inequality [20],

—ow(x t, p1(x, 1)) — o1(x, t, po(x, O + ===~ f(; llo1(x, 7, p1(x, 1)) — 01(x, 7, pa(x, 7)lldr

)
lell < B( ) BT

< K f o1, , pa e, D)l
0

A



M.A. Dokuyucu et al. / Filomat 32:16 (2018), 5633-5643 5640

Similarly, let a;,a, € H' be two solutions of (20). Let a = a; — a,. the following equation can be written,

ol < s loaCe s ) = 02 b aaCs, D) + s fo loa, 1,015, 7)) = 02, 7,2, )l
t
< & [ ot D)o
0

Finally, the system (20) has a unique solution for the equations p and a.

5. Conclusion

In this work, we compare the Caputo and Atanagana-Baleanu fractional derivative in Caputo sense for
functions p and a. The results show that the answers are similar for both derivatives in Table 1.

Approximate result
t X Pexact PCaputo P Atangana—Baleanu
05101 ] 33516 | 3.35167 3.35167
0.3 | 2.5816 | 2.58167 2.58167
0.5 | 1.89161 | 1.89167 1.89167
0.7 | 1.28162 | 1.28167 1.28167
0.9 | 0.75166 | 0.751667 0.751667
t X Aexact ACaputo A Atangana—Baleanu
0.5 ] 0.1 | 2.67694 | 2.676944 2.676944
03| 2.6549 | 2.65494 2.65494
0.5 | 2.7459 | 2.74594 2.74594
0.7 | 29524 | 295244 2.95244
09 | 3.2744 | 3.27444 3.27444

Table 1: Numerical result of concentration of amoebae and chemical when v = 1 for system (8)

It can be clearly seen that, the results are fairly close for both derivatives but Atangana-Baleanu derivative
is quite fast compared to Caputo in derivation calculations in Table 2 .

Caputo | Atangana-Baleanu
po(x, t) 0 0
ps(x,t) | 2.13375 0.17875
p1o(x, t) | 11.52625 2.84125
ap(x,t) 0 0
as(x,t) | 0.94500 0.058625
ap(x,t) | 3.12250 0.92375

Table 2: CPU speed in calculation

In figure 1 and 2, we compared the approximate solutions for the p and a function with Caputo and
Atangana-Baleanu derivative, respectively. As can be seen from the graphs 1 and 2, we have very similar
results. It shows that both definitions works correctly.
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Figure 2: The approximate answer for Caputo and Atangana-Baleanu derivative of concentration of chemical, respectively

We also compared the approximate results for v = 0,5 and v = 0.7 with Atangana-Baleanu fractional
derivative in Caputo sense. Figure 3 and Figure 4 show that the system can be work to control the behaviour
of the solution for the different scale.



M.A. Dokuyucu et al. / Filomat 32:16 (2018), 5633-5643 5642

Figure 4: The approximate answer Atangana-Baleanu derivative of concentration of amoebae for v = 0.5 and v = 0.7 respectively.
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