Journal of Mathematical Extension

Vol. 15, SIENTFCA, (2021) (21)1-17

URL: https://doi.org/10.30495/JME.SI1.2021.2194
ISSN: 1735-8299

Original Research Paper

An Extended Algebraic Method to the
Fractional Diffusive Predator-Prey Model

N. Kadkhoda*

Bozorgmehr University of Qaenat

Y. Khalili

Sari Agricultural Sciences and Natural Resources University

Abstract. In this paper, we use an algebraic method to obtain ana-
lytical solutions for conformable time fractional differential equations.
This method has been successfully applied to study and obtain analyt-
ical solutions for the predator-prey model. In this method, a suitable
fractional transform along with the property of fractional calculus has
been employed to reduce fractional partial differential equations to or-
dinary differential equations.
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1 Introduction

In recent decades, fractional differential equations(FDEs) have been
used widely to model physical phenomena, especially uncommon phe-
nomena and complex natural processes that can not be efficiently de-
scribed by classical calculus[!4, 17]. These equations have applica-
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tions in various fields, such as mathematical biology, fluid mechan-
ics, nonlinear optics, image processing, plasma physics and so on. We
need to find solutions for these equations in order research and de-
scribe these phenomena. Many researchers have developed and imple-
mented numerical and analytical techniques to solve these equations in
recent years. Some of these techniques are such as, finite difference
method[3], first integral method[!], Adomian decomposition method][7],
exp-expansion method[0], variational iteration method[7, &], Lie group
method[9], g—;—expansion method[10], Fan-sub equation method[l1],
simplest equation method[12, 20], differential transform method[16] and
so on. In this paper, we study the fractional diffusive predator-prey
model(PPM) in the following form[2]:

D&r —rpp + Br — (14 B)r2 + 13 + 75 =0,
D&s — 540 + Bs + 053 + krs = 0.

Where r = r(x,t) and s = s(z,t) are the predator—prey functions. The
parameters 3, d, k are positive constants and 0 < o < 1. Also, Dy is the
time-fractional derivative, as described in section 2. Many researchers
have been utilized some techniques to study the diffusive predator—prey
model for &« = 1 in some works, such as the first-integral method [15],
exp(—p(&))-expansion method [!], modified simple equation method[21]
and é—expansion method[15] and so on. Our aim in this paper is to find
analytical solutions for the fractional PPM using an algebraic method,
as described in section 3.

The rest of our work is organized as follows. In section 2, we present def-
inition of the conformable derivative with its properties. Description of
method and its applications to the time fractional differential equations
are described in section 3. Then the mentioned method is applied to the
fractional PPM in section 4. Discussion and conclusions are presented
in section 5.

2 Definition of the Conformable Derivative with

its Properties

Now, let us describe the definition and some its important properties of
the conformable fractional derivative(CFD) of order v as follows[13].
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Definition 2.1. For a function h : [0,00] — R, the CFD of h of order
v is defined by

D'{h(¢)} = lim h(¢+n¢' ™) — h(()'

n—0 n

Some well-known properties to this newly defined fractional deriva-
tive are as follows.
If g and h # 0 be two functions v-differentiable, v € (0,1] and a,b € R.
Then, we have

(1)  D{ag(¢) +bh(¢)} = aD7g(¢) +bD7h(C),
(2)  D{g(¢) h(¢)} = g(¢) DR(C) + h(¢) D7g(C),
9(¢) _ M¢) D7g(¢) —g(¢) D7h(C)
@ P} () |
(4) D'C =0, forallconstant functions f(z) = C,
) Do) =L
For some special functions, we have|[l3]

(a) D7 (C")=r{""7 forallr € R,

(b) D7(1) =0,

(¢) DY(e) =cCt™e®, ceR,

(d) D7(sinb¢) = bC' "7 cosbC, b eR,

(e) D7V(cosbl) = —b{*Tsinb¢, b€ R,

() D=1

Definition 2.2. Lety € (n,n+1], and h be an ~y-differentiable at t > 0.
Then the CFD of h of order v is defined as

(M1-1) (M=) — p(1-1)
DY(h(t)) = lir%h (t+nt )—h (t)
n— n

Where [~] is the smallest integer greater than or equal to ~.



N. KADKHODA AND Y. KHALILI

3 Description of Method and its Applications
to the Time FDEs

In this section, we outline the main steps of this method for solving
FDEs. For a given FDE in two variables z and ¢ we have

Q (u,uy,ur, Difu,...) =0, 0<a<l, (1)

where Df'u is the CFD of u, v = u(z,t) is an unknown function and
@ is a polynomial in w and its various partial derivatives, in which the
highest order derivatives and nonlinear terms are involved.

We take the travelling wave transformation

o

where A is a nonzero constant to be determined later. Substituting (2)
into (1), we reduce (1) to the following ODE

NU, U U" U, ...)=0. (3)

Here U™ = %. Exact solutions for this equation can be constructed
as a finite series

Un) = A, (4)
m=0

where A,, (A, # 0) are constants to be determined later, and the pos-
itive integer n can be determined by considering the homogeneous bal-
ance between the highest nonlinear terms and the highest order deriva-
tives of u(n) in equation (3). Here v = 1)(n) satisfies the following ODE

V' (n) = n(o)(a + by(n) + cy?(n)), o #0,1, (5)

where a, b and ¢ are constants and which has the following special solu-
tions with A = b? — 4ac[19].
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Case(1l). For A <0 and ¢ # 0,

il =+ B tan, (VR

ol =~ = B cor, (),

¥3(n) = —% + \/f[tang(\/j n) £ vVmnsec,(V—A n)]; mn >0,
Ya(n) = —2% + \/;cj[coto(\/j n) £ vmncsc,(V—A n)]; mn >0,
sl = =+ B pan, () — oty ()

Case(2). For A >0 and ¢ # 0,

b VA

Uoln) = — 5~ 5= tanh, (V).

el =~ = Y2 o, (L),

vs(n) = *236 + \gcz[ tanh, (VA 1) £ v—mn sechy(VA 1)]; mn <0,
Yo(n) = —% + \gcﬁ[_ coth, (VA n) £ v/mn cschg(\/g n)}; mn >0,

wlo(ﬁ) = —ﬁ — \/CZ[tanha(\/ZlZﬁ) + COthg(\/ZlZn)].
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Case(3). For ac > 0 and b =0,

oun) = [ tana(ven),

) = =% cotolaen),

1) = [ 2o (21 ) Vs (238 ) mn > 0,
1an) = [ [- coto (2v/aw )+ Vi e, (24 n)s mn > 0,
1) = 3/ Sltana () — cota (S0

Case(4). For ac < 0 and b =0,

o) = =/~ tanha (v Zaen),

1) = =2 cotho (v =),

1) = [~ 21t (v ) VAT secho (/= ) mn < 0,
1) = [~ cotho(2y/=ae 1) £ Vi escho(2v/ a6 1)l mn >0,
i) =~/ Lo (Y550 + cotho (Y )

Case(5). For a =cand b=0,

¢21(77) tang(an),

P22(n) = — cotq (an),

o3(n) = tany (2an) + v/mn secy,(2an); mn > 0,
Yau(n) =

(n) =

l\')

n) = — coty(2an) £ vVmncscy(2an); mn > 0,

[tana(an) — coto(2)).

a5 (n 5

2
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Case(6). For a = —cand b=0,

Wa6(n) = — tanhg (an),
War(n) = — cothy (an),
ag(n) = — tanh,(2an) + v/ —mn sechy(2an); mn <0,
ag(n) = — coth,(2an) + v/mn cschy(2an); mn > 0,
1 a a
P30(n) = —i[tanhg(gn) + cothg(gn)].
Case(7). For b? = 4ac,
~ —2a(bln(o)n +2)
Va1 (n) = b2nlno ’

Case(8). For b=p, a=pgq, (¢#0) and ¢ = 0.
Vs2(n) = o —q.
Case(9). Forb=c¢=0.
¥33(n) = aln(o)n.

Case(10). Fora=b=0.

1
Vaa(n) = ~cln(o)y’
Case(11). For a =0 and b # 0.
mb
Yas(m) = ~ ¢(coshy (bn) — sinhy (by) +m)’
sa(n) = — b(cosh,(bn) + sinh, (bn)
36\n) = c¢(cosh, (bn) + sinh, (bn) +n)
Case(12). For b =p, ¢ =pq, (¢ #0) and a = 0.
Y37(n) = T qnom’

We know that
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mo’l —no"

sinh,(n) = 5 ,
mo'l —no~"
2
secholi) = o fmo="
. mo™ — no~ M
sing(n) = g
mo™ —no=m
tano () =~
2
secy(n) =

moi 4+ no—m’

mo'l 4+ no "

coshg(n) = - 95
mo" +no~"
Otho (1) = ST — o
2
escholll) = o — o=’
mo™ + no =M
COSO—(n) = f,

mo™ + no~ M
cote (1) =
24

csco(n) = o

Here m and n are arbitrary constants and known as deformation param-

eters.
Now, this method for obtaining exact solutions of FDEs consists from

the following two main steps:

e Step (1). By substituting (4) with Eq.(5) into (3) and collecting
all terms with the same powers of 1 together, the left hand side of
Eq.(3) is converted into a polynomial. After setting each coefficient
of this polynomial to zero, we obtain a set of algebraic equations
in terms of A4, (m =0,1,2,...,n), a, b, c.

e Step (2). Solving the system of algebraic equations and then sub-
stituting the case(1)-case(12) into (4), it gives travelling wave so-
lutions of (3).

4 Application

In this section, we consider the time fractional predator-prey model as
follows|[2]
D& — ryp 4 Br — (14 B)r? + 12 415 = 0, (6)
Dfs — 540 + Bs + 08° + krs = 0. (7)
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Where r and s are functions of space variable x and time variable ¢ and
O0<a<l.

For obtaining exact solutions of (6) and (7), We take the traveling wave
transformation

where A is a constant which should to be determined later. Then equa-
tions (6) and (7) are reduced into two nonlinear ODEs

M 47" — Br 4 (14 B)r* —r® —rs =0, (8)
As' 45" — Bs — 05> + krs = 0. (9)

For solving this system, we consider the following transformation
r=10s, (10)
substituting (10) into equations (8) and (9), we obtain
"+ X' = Br+ kr® — 13 =0, (11)

Balancing ” with r3 in (11) gives n=1, therefore, according to (4),
solution of (11) can be expressed by a polynomial in 1 as follows:

Un) =Ao+ A1y, A #0, (12)

where 1 is the solution of equation (5). Substituting (12) into (11)
and making use of equation (5) and equating each coefficient of this
polynomial to zero, we obtain a set of nonlinear algebraic equations for
Ag, A1, a,b,c. Solving obtained system using Mathematica, we obtain

4k(b% — ac) In%*(o) — k3
18ab1n’(0)

k= 1/3(8+ 205 — ac) In%(0)), ab 0. (13)

oSetl: AOZ s Alz

, A= —=3bln(0),

Wl =

By using of the (12), (13) and case(1) respectively, we get
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kE 4k(b? — ac) In%(o) — k b V—A V=A At
ri(x,t) = - + ( ac) I; (o) 5(_7 + T
3 18abIn“(0) 2c 2¢

4k(b* —ac) In*(0) = kB, b V-A . V=A At

ra(a,t) = 3 * 18ab1n?(o) (_20 2c Ot 2 (z - 7)))’
2 —ac) In®(o) — — @
r3(x,t) = 3t Ak(b 18(11));12((0)) kﬁ[(—% + \/Z(tang(\/j(x — %)
+v/mnsec, (V—A(z — %)))], mn >0,
2 —ac) In?(o) — — a
ra(z,t) = g + Ak(6 18ab)1j12((a)) kﬁ[(—% + \/Z(cotg(\/j(x — %)

+v/mn csco (V—A(z — 7)))], mn > 0,

4k(b? — ac) In*(o) — kﬂ[_ﬁ N VvV—A VvV—A LM
3 18ab1n’(0) 2¢ dc

—coto (2 (e = So)))

By using of the (12), (13) and case(2) respectively, we get

4k(b* —ac) In*(0) —kB, b VA VA At

7"6(.7),t) = g + 18abln2(0) (_20 TCtanhU(T(x - 7))))
2 _ ac) In%(o) — o
2 _ ac) In®(o) — @
R VA~ tanhg (VB( — 2L
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2 _qc) In?(o) — «

+v/mn csche (VA (x — %)))], mn >0,

k 4k(b? —ac) In?(oc) —kB. b VA VA At
rio(@,t) =3+ (mﬁw@) T )
VA At
+COtha(T($ - 7))»
By using of the (12), (13) and case(8), we have
E  4k(b® —ac) In%(0) — kB v
1) = = p(r—=—) _
r(z,t) 3 * 18ab1n?(0) (o a)
k
oSet2:  Ag=g, Ar= +v2cln(o), \= —3bln(0),
k=3v2bln(c), a=0, bec#0. (14)

By using of the (12), (14) and case(2) respectively, we get

ra(et) = & £ V2o (=2 = B v, (VR (o - A0

ri3(z,t) = g + \/Eln(a)(—g VA . VA . A&

ria(x,t) = g + \@ln(a)[(—g + \/2Z(— tanhg(\/x(x _ %)

+v/—mn seche (VA(x — %)))], mn < 0,

ri5(x,t) = g + \@ln(a)[(—g + \/QE(— cothg(\/Z(g; _ %)

+v/mn cschy (VA (x — Aaia)))]; mn > 0,
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ri(x,t) = g + \@ln(a)[—g — \/Zlg(tanha(\/llg(g; _ %))
reotho (YR L),

By using of the (12), (14) and case(11) respectively, we have

[ V2mbln(o)
cosh, (b(z — 22)) — sinhy (b(z — 22)) +m

07

I,

k
7’17(1’,t) = g +

b(sinh, (b(z — 2£7)) + cosh, (b(z — 2£2)))
sinh, (b(z — 22)) 4 coshy (b(z — 22)) +n

nse 1) = & 5 V2In(o)| l,

By using of the (12), (14) and case(12), we have

k - V2me ln(a)ap(xf%

7t =5 o ’
Tlg(l’ ) m — qno-l’(x—%)
1 2\/k2 + 54acIn®(o)
eSet3: AO:f(k:t\/k2+54acln2(a)), A = ,
3 A
A = 464/ —acln?(0), k = 6v2\/—acln®(o), b=0, ac < 0.

(15)

By using of the (12), (15) and case(2) respectively, we have

1 k2 + 54acln’(o)
roo(x,t) = §(k + \/k2 + 5dacln?(0)) + \/ y

0oV i (B - A,

c c 2 «
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\/k‘2 + 5dacln®(o)
+

1
ro1(x,t) = §(k + \/k2 + 54acIn®(0))

A
(2B ot (YR o - 20,
1 5 \/k:2 + 54ac 1n2(a) b VA
r22($,t)=§(k::|:\/k;2—|—54acln (o)) + 3 (_E+?

(— tanhe (VA(x — %)) + /—mn seche (VA (x — )%a)))), mn <0,

k2 + 54acln’(o
e -
(= cothe (VA(z — %)) + /mn cschy (VA (x — 7)))), mn > 0,

1
rog(z,t) = g(k + \/k2 + 54acln®(0))

k2 + 54acln®(o
r24($,t):é(k:|:\/k2+54acln2(o))+ \/ il 3 () _i_\gcg
(tanhg(\/llx(a; - %)) + cotha(\{lx(x — %)))],

By using of the (12), (15) and case(4) respectively, we have

1 2 \/k2 + 5dacln®(o)
ros(z,t) = §(k + \/k2 + 54acIn®(o)) — y

(\/TZtanh(,(\/—ac (x — %))),

. 2/} + 54acIn? (o)
rog(x,t) = §(k + \/k2 + 54acIn®(0)) — By

(\/chothg(\/—ac (x — %))),

13
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2 \/k:2 + 5dacln®(o) a

ro7(x,t) = %(/{: + \/k2 + 54acln2(a)) + 3 ( -

(— tanh, (2v/—ac (z — %)) + /mn sechy (2v/—ac (z — %)))), mn < 0,

2 acln®(o a

rog(z,t) = é(kz + \/k:2 + 54acln2(a)) + 2 \/k i 5)\4 o )( -

(= cothy (2v/=ac (z — %)) i eschy(2v/—ac (x — %)))); mn > 0,
1 \/k2 + 54acln®(o) a
rog(z,t) = g(k + \/k2 + 5dacln?(0)) — 3 (\/_»c
(taﬂha(%ac(w - )\aﬁ)) + cothg(\/?(a: — %))))

Using the relation which is depicted in (10), we have the following
solution of the predator-prey model

w
I
S

>
=3

5 Concluding Remarks

In this paper, an extended algebraic method has successfully been ap-
plied to study a system of fractional differential equations, namely, the
predator-prey model. It has been shown that the applied method is
effective, and many other nonlinear evolution equations can be solved
by this method. Mathematica has been used for computations and pro-
gramming in this paper.
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