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Abstract: This article studies a nonlinear fractional order Lotka-Volterra prey-predator type dynamical system. For the proposed study, we consider the model under the conformable fractional order derivative (CFOD). We investigate the mentioned dynamical system for the existence and uniqueness of at least one solution. Indeed, Schauder and Banach fixed point theorems are utilized to prove our claim. Further, an algorithm for the approximate analytical solution to the proposed problem has been established. In this regard, the conformable fractional differential transform (CFDT) technique is used to compute the required results in the form of a series. Using Matlab-16, we simulate the series solution to illustrate our results graphically. Finally, a comparison of our solution to that obtained for the Caputo fractional order derivative via the perturbation method is given.
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1  Introduction

The subject of fractional calculus is as old as classical calculus. However, the significant progress was made after 1970. This is due to the important applications in various branches of science and technology. In fact, during modelling of real world problems, those models which involve arbitrary order derivatives are found to be more suitable than classical order in many cases. Therefore, the area devoted to fractional order differential equations (FODEs) has been investigated very well (see for detail [1–7]). Furthermore, fractional calculus is a strong and efficient tool for modelling various nonlinear real-world phenomena. The mentioned calculus preserves heredity and non-locality properties, which are the important features. The aforesaid features have numerous applications in describing various processes and phenomena in the real world. Further, it is to be noted that the mentioned characteristics are different from those of traditional calculus developed by Newton and Lebnitz. For more informative applications, we refer to some published work such as [8–10]. Various new types of operators in fractional calculus have been introduced in the last two decades. It is worth mentioning that, results including uncertainty, nonlinearity, and other features, have been investigated increasingly in recent trials. In this regard, we refer to some new results such as in [11–13]. For more recent contributions and clarifications, we refer to some published work such as in [14–16]. For more some new updated applicable literature in different areas of engineering and sciences, one can refer to [17,18]).

Fractional derivatives have been defined in different ways in which the two definitions given by Reimann-Liouville and Caputo have gotten proper attention. Hence, the literature devoted to Reimann-Liouville and Caputo derivatives has been enriched by researchers very well. Unfortunately, the classical chain rule of calculus is not satisfied by these two derivatives. Therefore, some researchers in the last few years have introduced the concept of CFOD. The mentioned operator obeys a well-behaved chain rule an allows us to derive with respect to arbitrary order. Further, we state that the CFOD is free of memory terms and also called local derivatives of arbitrary order. In this regard, valuable work has been carried out by many researchers (we refer to [19–22]). In the literature, for some important work dealing with analytical results and qualitative theory of FODEs by using CFOD, we refer to [23–25]. More recently, some useful work has been published in the mentioned area by using CFOD (the details can be found in [26–32]).

It is worth mentioning that various analytical techniques like Laplace transform connected with the Adomian decomposition method, variational iteration procedure, differential transform method (DTM), perturbation, and homotopy analysis algorithms have been increasingly used to compute approximate solutions of various problems of FODEs and their systems (see [33–49]). In the first attempt, the Chinese mathematician, Zhou [50] introduced a semi-analytical technique called DTM in 1986. After that, DTM has been increasingly used to compute approximate solutions to ordinary as well as FODEs (see [51–54] and the references cited therein). On the other hand, existence theory is an important aspect which has been very well investigated in the last two decades for FODEs by using Reimann-Liouville and Caputo derivatives. But in the case of differential equations involving CFOD, the existence theory has very rarely been studied (very few articles are given such as [55,56]).

As usual, mathematical models are used as important tools to investigate and reflect various real-world processes in more detail. For instance, in the last two decades, researchers in the physical, social sciences, and engineering disciplines have given much attention to this rich and vital area. The famous Lotka and Volterra model was established in 1925, which was later on studied from different aspects. This dynamical model is considered to be a very interesting and famous in ecology, that shows the relationship between prey and predator. It has been studied in various articles for different purposes. In general, the model in [57] is recalled as

{x′(t)−xϕ(x,y)=0,y′(t)−yφ(x,y)=0,(1)

with x,y stand for the prey and predator populations respectively at time t. Further, the functions of prey and predator are ϕ, φ analogously. The article in [58] provides a detailed explanation of how the two species survive on each other. It is remarkable that the classical model of the aforementioned phenomenon is given by

{x′(t)−x(a−by)(t)=0,y′(t)−y(−c+dx)(t)=0.(2)

Here, a is the growth rate of prey while b represents the consumption rate of prey by predator, c, d represent predator mortality and growth rate, respectively.

Currently, model (1) under the fixed coefficients

{CD+0qx(t)−x(a−by)=0,CD+0qy(t)−y(cx−d)=0,x(0)=α,y(0)=β,(3)

has been investigated by Das and his co-authors [57] by using the homotopy perturbation method (HPM) with Caputo derivative of fractional order q∈(0,1].

Inspired by model (3), we investigate the same system in the form

{𝒯qt0x(t)−x(a−by)=0,𝒯qt0y(t)−cxy−dy=0,x(t0)=α,y(t0)=β,(4)

where 𝒯qt0 denotes CFOD with fractional order q∈(0,1].

We establish some results about the existence and uniqueness of solutions for the considered problem by using some fixed point results. Existence theory is an important consequence of qualitative theory. Therefore, to investigate a dynamic problem, it must be ensured whether the problem exists and possesses a solution or not. The existence theory would tell us whether a dynamical problem has at least one solution, many solutions, or no solution at all. Therefore, numerous tools have been established to study existence theory, including fixed point theory and coincidence degree theories due to Mawhin and Schauder. Each has been extensively used in the literature to investigate various problems for the existence of solutions (see [59,60]). In order to study the approximate solutions to the system (4), we extend DTM as applied in [61] under CFOD. Some biological applications of mathematical models can be seen in [62–64]. We provide the evidence that the aforementioned techniques are rapidly convergent. Actually, it is efficient and easy to implement when compared to other analytical methods. Some frequent results in this regards are cited here as [65–67]. In this work, we further compare our results with those obtained by the homotopy perturbation method (HPM) by using the Caputo derivative. Using Matlab-16, the approximate solutions are displayed graphically by taking various values for the fractional order.

2  Preliminaries

Some fundamental results, which we need throughout this manuscript, are recollected from [53,54,61].

Definition 2.1. The CFOD to a function x:[t0,∞)→R, with order q∈(0,1] is given by


(𝒯qt0x)(t)=limκ→t0x(t+κt1−q)−x(t)κ,for all,t>t0,

provided that if 𝒯qt0x(t)=limt→aDαt0x(t).

Definition 2.2. [53] The fractional order integral of the function ϕ:[t0,∞)→R, with order q∈(0,1] in conformable sense is given by


(ℐqt0x)(t)=∫t0t(s−t0)q−1x(s)ds,for all,t>t0,

provided that integral on right exists.

Lemma 2.1. Under continuity of x:[t0,∞)→R, we have the given result.


𝒯qt0(ℐqt0x(t))=x(t),q∈(0,1],for all,t>t0.

Lemma 2.2. [61] Under the continuity of 𝒯qt0, we have the given result.


(Iqt0[𝒯qt0x(t))]=x(t)−x(t0),q∈(0,1].

Definition 2.3. [53] If x is infinitely q-differentiable function corresponding to fractional order q∈(0,1], then CFDT of x is given as


Xq(k)=1qkk![(𝒯qt0x(t))(k)]t=t0,

where (𝒯qt0x(t))(k), denotes k times fractional derivative. In same way, the inverse CFDT is given by


x(t)=∑k=0∞1qkk![(Dqt0x(t))(k)]t=t0(t−t0)qk=∑k=0∞Xq(k)(t−t0)qk.

Further properties of the mentioned transform can be read in [61].

Lemma 2.3. [61] If z(t)=𝒯qt0(x(t)), then the CFDT is defined by


Zq(k)=q(k+1)Xq(k+1).

3  Existence Theory for Solution of CFOD Model (3)

Here, by using fixed point theory, some necessary results are established for the existence of a solution. We set


ψ(t,x,y)=x(a−by),ϕ(t,x,y)=y(bx−d)

and considered system (3) as

{𝒯qt0x(t)−ψ(t,x,y)=0,𝒯qt0y(t)−ϕ(t,x,y)=0,x(t0)=α,y(t0)=β.(5)

Clearly ψ,ϕ:[t0,T]×R2→R. By applying the operator ℐqt0 to both sides of system (6), we have

{x(t)=α+∫0tψ(τ,x(τ),y(τ))(τ−t0)q−1dτ,y(t)=β+∫0tϕ(τ,x(τ),y(τ))(τ−t0)q−1dτ.(6)

Let 𝒰=C[0,T]×C[t0,T] is the Banach space subject to the norm ‖(x,y)‖=maxt∈[t0,T][|x(t)|+|y(t)|]. Define the operator ℒ=(ℒ1,ℒ2):𝒰→𝒰 by

(ℒ1(x,y)ℒ2(x,y))(t)=(α+∫0tψ(τ,x(τ),y(τ))(τ−t0)q−1dτβ+∫0tϕ(τ,x(τ),y(τ))(τ−t0)q−1dτ).(7)

The hypothesis given below holds.

(W1) If Cψ,Dψ,Cϕ,Dϕ,Mψ,Mϕ>0, be constants, then


|ψ(t,x,y)|≤Cψ|x|+Dψ|y|+Mψ,|ϕ(t,x,y)|≤Cϕ|x|+Dϕ|y|+Mϕ.

(W2) If Aψ,Aϕ>0, be constants and (x,y),(x¯,y¯)∈𝒰, then


|ψ(t,x,y)−ψ(t,x¯,y¯)|≤Aψ[|x−x¯|+|y−y¯|]

and


|ϕ(t,x,y)−ϕ(t,x¯,y¯)|≤Aϕ[|x−x¯|+|y−y¯|].

Theorem 3.1. Upon using the hypothesis (W1), the system (4) has atleast one solution.

Proof. Take a closed convex and bounded set ℬ={(x,y)∈𝒰:r≥‖(x,y)‖} of 𝒰 with


r≥max{2qα+2TqMψq−2Tq(Cψ+Dψ),2qβ+2TqMϕq−2Tq(Cϕ+Dϕ)}.

To derive the required results, consider the operator ℒ:ℬ→ℬ and (x,y)∈ℬ, one has

‖ℒ1(x,y)‖=maxt∈[t0,T]|α+∫t0tψ(τ,x(τ),y(τ))(τ−t0)q−1dτ|≤|α|+∫t0t|ψ(τ,x(τ),y(τ))|(τ−t0)q−1dτ≤α+Tqq[(Cψ+Dψ)r+Mψ]≤r2,(8)

and with same fashion, one has

‖ℒ2(x,y)‖≤r2.(9)

Using (8) and (9), one has r≥‖ℒ(x,y)‖, which further yields ℒ(ℬ)⊂ℬ. The continuity of ψ,ϕ implies the continuity of ℒ. Moreover, for t1<t2∈[t0,T], one has

‖ℒ1(x,y)(t2)−ℒ1(x,y)(t1)‖=|∫t0t2ψ(τ,x(τ),y(τ))(t2−τ)q−1dτ−∫t0t1ψ(τ,x(τ),y(τ))(t1−τ)q−1dτ|≤[(Cψ+Dψ)r+Mψ]q[(t2−t0)q−(t1−t0)q].(10)

As right side of (10) vanishes at t2→t1. Also in the same fashion, one has

‖ℒ2(x,y)(t2)−ℒ2(x,y)(t1)‖≤[(Cψ+Dψ)r+Mψ]q[(t2−t0)q−(t1−t0)q].(11)

Therefore,


‖ℒ1(x,y)(t2)−ℒ1(x,y)(t1)‖+‖ℒ2(x,y)(t2)−ℒ2(x,y)(t1)‖→0,ast2→t1.

So,


‖ℒ(x,y)(t2)−ℒ(x,y)(t1)‖→0,ast2→t1.

As a result, the operator ℒ meets all the requirements of Arzelá-Ascoli theorem. Hence the model (4) under consideration has atleast one solution in view of the Schauder fixed point result.

Theorem 3.2. Under the hypothesis (W2) together with the condition Λ=maxt∈[t0,T]{(Aψ+Aϕ)Tqq}<1, the system (4) has a unique solution.

Proof. If (x,y),(x¯,y¯)∈𝒰, one has

‖ℒ1(x,y)−ℒ1(x¯,y¯)‖≤AψTqq[‖(x,y)−(x¯,y¯)‖](12)

and

‖ℒ2(x,y)−ℒ2(x¯,y¯)‖≤AϕTqq[‖(x,y)−(x¯,y¯)‖].(13)

Using (12) and (13), we obtain


‖ℒ(x,y)−ℒ(x¯,y¯)‖≤Λ[‖(x,y)−(x¯,y¯)‖].

Thus ℒ is a contraction operator. Therefore, in view of the Banach theorem, the system (4) has a unique solution.

4  Construction of Required Solutions of Model (4)

We first establish a detailed algorithm for the model (4) by using CFDT for the approximate solution.

Example 1. We take the CFDT of (4) by using Definition 2.3 as

{q(k+1)Xq(k+1)=aXq(k)−b∑l=0kXq(l)Yq(k−l),q(k+1)Yq(k+1)=c∑l=0kXq(l)Yq(k−l)−dYq(k),(14)

where k=0,1,2,⋯, under the initial conditions as

Xq(0)=x0=α,Yq(0)=y0=β.(15)

We evaluate (14) with initial conditions given in (26), for k=0,1,2,⋯.

At k=0, we have

Xq(1)=ax0−bx0y0q,Yq(1)=cx0y0−dy0q.(16)

If k=1, one has

Xq(2)=12q[aXq(1)−b[Xq(0)Yq(1)+Xq(1)Yq(0)]]Yq(2)=12q[c[Xq(0)Yq(1)+Xq(1)Yq(0)]−dYq(1)].(17)

In same way for k=2, we get

Xq(3)=13q[aXq(2)−b[Xq(0)Yq(2)+Xq(1)Yq(1)+Xq(2)Yq(0)]]Yq(3)=13q[c[Xq(0)Yq(2)+Xq(1)Yq(1)+Xq(2)Yq(0)]−dYq(2)].(18)

Analogously for k=3, one has

Xq(4)=14q[aXq(3)−b[Xq(0)Yq(3)+Xq(1)Yq(2)+Xq(2)Yq(1)+Xq(0)Yq(0)]]Yq(4)=14q[c[Xq(0)Yq(3)+Xq(1)Yq(2)+Xq(2)Yq(1)+Xq(0)Yq(0)]−dYq(3)].(19)

On same fashion for k=4, we have

Xq(5)=15q[aXq(4)−b[Xq(0)Yq(4)+Xq(1)Yq(3)+Xq(2)Yq(2)+Xq(3)Yq(2)+Xq(4)Yq(0)]],Yq(5)=15q[c[Xq(0)Yq(4)+Xq(1)Yq(3)+Xq(2)Yq(2)+Xq(3)Yq(2)+Xq(4)Yq(0)]−dYq(4)].(20)

In this way the other terms can be computed. Hence, the series solution of the required system by using (16)–(20) is given by

x(t)=Xq(0)+X1(1)(t−t0)q+Xq(2)(t−t0)2q+Xq(3)(t−t0)3q+Xq(4)(t−t0)4q+⋯,y(t)=Yq(0)+Y1(1)(t−t0)q+Yq(2)(t−t0)2q+Yq(3)(t−t0)3q+Yq(4)(t−t0)4q+⋯.(21)

Now, using α=14,β=20,a=0.1,b=c=d=1,t0=0 in (16)–(20), we get the spectral values of CFDT as

Xq(0)=14,Yq(0)=18,Xq(1)=250.6q,Yq(1)=234q,Xq(2)=−3880.87q2,Yq(2)=−3776.4q2,Xq(3)=−59957.76q3,Yq(3)=−2974.02q3,Xq(4)=1820163.618q4,Yq(4)=2693898.618q4,(22)

and so on. The other terms can be similarly computed. Hence, the required series solution given in (20) by using (22) is obtained as

x(t)=14.00+250.6qtq−3880.87q2t2q−59957.76q3t3q+1820163.618q4t4q+⋯,y(t)=18+234qtq−3776.4q2t2q−2974.02q3t3q+2693898.618q4t4q+⋯.(23)

We compute few terms of approximate solution at some specific values of fractional order.

At q=0.35, one has


x(t)=14+716t0.35−31680.57142857142t0.70−1398431.720116618t1.05−121293702.1574344t1.40,y(t)=18+668.57142857t0.35−30827.75510204081t0.70−69364.89795918367t1.05−179518441.8492294t1.40.

Also if q=0.45, then one has


x(t)=14+556.888888t0.45−19164.79012345679t0.90−657972.6748971193t1.35−44387468.20301783t1.80,y(t)=18+520t0.45−18648.88888t0.90−32636.70781893004t1.35−65694829.88568815t1.80.

At q=0.75, we have


x(t)=14+12535t0.75−42670616908870451099511627776t1.50−(8240531786925343137438953472t2.25−78175432126790374294967296t3,y(t)=18+234t0.75−188825t1.50−65399391424767592199023255552t2.25−28925516157623991073741824t3.

Similarly, when q=0.85, the solution is


x(t)=14+12535t0.85−(42670616908870451099511627776t1.70−8240531786925343137438953472t2.55−78175432126790374294967296t3.40,y(t)=18+234t0.85−188825t1.70−65399391424767592199023255552t2.55−28925516157623991073741824t3.40.

Using the numerical values of Table 1 given in [62], approximate solutions for the first four terms corresponding to different fractional orders are displayed graphically. In Figs. 1 and 2, graphical presentation for various fractional order is given. In Figs. 3 and 4, we compare the computed solutions for the first six terms by using CFDT with those obtained by HPM under Caputo derivative using values of Case-II. One can see from Figs. 1 and 2, at different values of q, the interaction between prey and predators. Here, the time interval is kept small due to the least number of terms. On taking the maximum number of terms, we can plot the approximate solution at a large interval of time for both species. Hence, the dynamical behavior can be further explained more precisely by increasing the terms. The population dynamics of both prey and predators go hand in hand because both species depend on each other for survival. Therefore, from Figs. 1 and 2, we see that both the curves of prey and predators respectively grow side by side. Furthermore, as shown in Figs. 3 and 4, we compared our computed solution to that obtained by HPM using the Caputo derivative in [62] with two different fractional orders. Both the solutions are very close to each other. As compared to HPM, the considered CFDT is easy to implement and its computation cost is also low. Because this method does not need any kind of extra parameter or discritization of data, Also, the method is rapidly convergent as compared to HPM.
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Figure 1: The graphical presentation of the first four terms approximates solutions for the considered model by using different values of fractional order as 0<q<0.70
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Figure 2: The graphical presentation of the first four terms approximates solutions for the considered model by using different values of fractional order as 0.7<q≤1
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Figure 3: Comparison of solution of CFOD with that obtained by HPM under Caputo derivative at q=0.75
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Figure 4: Comparison of solution of CFOD with that obtained by HPM under Caputo derivative at q=0.85

Example 2. Consider another example of population dynamical model for the COVID-19. The concerned model has formed by updating the pre-predator model (3) by incorporating the immigration rate as

{𝒯qt0x(t)=ax(t)−bx(t)y(t)+ey(t),𝒯qt0y(t)=bx(t)y(t)+cy(t)−dy(t)−ey(t),x(0)=α,y(0)=β,(24)

here a stands for immigration rate of susceptible class, b stands for infection rate, c for immigration rate of infected class, d denoted death rate of infected class, and e represents cure rate of infected people. The model given in (24) has studied in [68] by using non-singular kernel type operator for investigation of COVID-19. Following the same procedure of the Section 3, we can show the existence and uniqueness results for the given model in (24). Also with the help of the Algorithm constructed in the Section 4, we can write the model (24) as

{q(k+1)Xq(k+1)=aXq(k)−b∑l=0kXq(l)Yq(k−l)+eYq(k),q(k+1)Yq(k+1)=b∑l=0kXq(l)Yq(k−l)+(c−d−e)Yq(k),(25)

where k=0,1,2,⋯, under the initial conditions as

Xq(0)=x0=α,Yq(0)=y0=β.(26)

Here, now we use the following numerical value in the Table 2 in the system (25) to present graphically the first ten terms approximate solution of the model (24).

[image: images]

Now we present, the graphical presentation for initial ten terms for various fractional order in the following Figs. 5 and 6.
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Figure 5: The graphical presentation of the first four terms approximates solutions for the considered model (23) by using different values of fractional order as 0<q<0.70
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Figure 6: The graphical presentation of the first four terms approximates solutions for the considered model (23) by using different values of fractional order as 0.65<q≤1

The interaction between susceptible class x and infected class y has shown in Figs. 5 and 6, by using two sets of fractional orders. In Fig. 5, we presented the approximate solution for first ten terms in case of susceptible and infected by taking the values of q as given by 0<q<0.70. Moreover, in Fig. 6, we presented the approximate solution for first ten terms in case of susceptible and infected by taking the values of q as given by 0.65<q≤1. The interaction shows that at greater value of q, the decay process of susceptible is slightly slow as compared to smaller fractional order, while the the growth of infection is slower at smaller fractional order as compared the greater value of q.

5  Conclusion

This manuscript has been devoted to studying a nonlinear system under CFOD. The concerned dynamical system has been inspired by the famous prey-predator model of two species. For the problem under consideration, we have established some appropriate results for the existence and uniqueness of a solution by using the fixed point approach belonging to Banach and Schauder. Further, the CFDT technique has been applied to obtain the approximate solution to the considered system in the form of a series. By using computational software like Matlab, we have presented our results graphically for infinitely many terms using various values of fractional orders. We also compared our results to those obtained by HPM [62] for the Caputo derivative. We have observed that the solutions obtained by both methods behave nearly the same. Therefore, CFOD can also be exploited to study the dynamical behaviours of different real-world problems. Also, CFDT is a powerful tool like perturbation and decomposition methods to study various problems. But the interesting feature of CFDT is that it needs no extra control or prior correctional functions. Furthermore, it also needs no discretization of data and no collocation like Tau methods. The computation by using CFDT is easy to understand. In the future, we plan to apply the aforementioned technique to more complex dynamical systems, such as infectious disease models and neural network systems.
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