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ABSTRACT

The present study is connected to the analysis of a nonlinear system that covered a wide range of mathematical
biology in terms of competition, cooperation, and symbiosis interactions between two species. We focus on how
populations change their densities when two different species follow the non-symmetric logistic growth laws.
We have investigated the stability of the corresponding densities of population, and to control the convergence
of solutions by proper choice of interacting constant and periodic parameters. It shows the effect of crowding
tolerance on both species. It will show that there exists an infinite number of coexistence solutions if the
resource distributions are identical for both populations. If the carrying capacity of the first species exceeds the
rest one, then eventually the second population drops down to extinction. The results are presented studying
the Lyapunov functional, phase portraits, and in a series of numerical examples.
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1 Introduction

The study of competition among different species is a prevailing feature in ecology. Different biological con-
siderations are known to develop two-species competition models using different growth functions. Competition
arises whenever at least two species strive for a goal that cannot be shared, where one’s gain is the other’s
loss. When they are only affected by their populations, then this type of competition is defined as intraspecific
competition [1]. When resources are limited, several species may depend on these resources. Thus, each of
the species competes with the others to gain access to the resources and this type of competition is known as
interspecific competition [2, 3, 4]. In interspecific competition species less suited to compete for the resources
may die out unless they adapt by character dislocation. In the literature, the well developed and most popular
growth laws were established in [5, 6, 7, 8, 9, 10]. In this paper, we develop a basic competition model based on
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two different species either intraspecific or interspecific competition with two different growth rates and their
carrying capacities are non-identical. Taking into account of two different species, we consider the following
system of nonlinear differential equations with initial conditions:

B (t)ut) (1 EGRLIGE
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u(to) =ug > 0, U(to) =1 > 0.

This system of equations (1.1) consists of functions that are smooth and continuous. Here u and v denote the
population density of two species and k1, ko represent their respective carrying capacity. Similarly, r; and ry are
the specific growth rates of u and v respectively. It is assumed that both functions defined in (1.1) are smooth
enough, e.g., C'T®, 0 < o < 1 over time domain. The density of u and v is always positive since we assume
that population density is not negative. Henceforth (1.1) is an initial value problem with conditions u(tg) > 0
and v(tg) > 0. Since the carrying capacity and growth rates of the two populations are distinct, the dynamics
will show the crowding effect behavior which is an important observation in the study. It is also remarked that
the carrying capacities and intrinsic growth rates are time-periodic as well as constant. If carrying capacity is
higher in a habitat then the movement of the population will increase in the niche compared to other habitats;
biologically the dynamics of the crowding effect will arise. We will discuss here how growth rates change due
to the change in carrying capacity and also give some illustrations on the stability of the population. Among
various methods for analyzing the stability of nonlinear systems, we use here a well-known method of Lyapunov
functional.
Instead of logistic growth, let us consider the following function

£t sk, M) = r(t)u(t) <1 - ;‘Eg) (;2(2) - 1> >0, (1.2)

where, r is the intrinsic growth rate, and k is the carrying capacity for population w. The function M is the
sparse function and shows the Allee effect [11, 12, 13]. If 0 < M < k then there is a weak Allee effect while the
strong Allee effect is visible for M < 0 < k. If we consider the mathematical model introducing the function
defined in (1.2), both crowding and Allee effect study can be observed. It is noted that the crowding out in
ecology is a result of competition by parasites within a host for finite resources. Typically, the severity of this
effect increases with increasing numbers of parasites within a host and manifests in reduced body size and thus
fitness. A strong Allee effect moves the species to extinction even for a weak Allee effect in many cases.

It is also noted that we introduced the linearization techniques [14] and linear differential equation theory
to analyze the steady states of our considered model. Often, mathematical models of real-world phenomena
are formulated in terms of systems of nonlinear differential equations [15, 16], which can be difficult to solve
explicitly. To overcome this barrier, we take a qualitative approach to the analysis of solutions to nonlinear
systems by making phase portraits and using stability analysis [17, 18, 19, 20]. We demonstrate these techniques
in the analysis of an individual problem in the area of nonlinear differential equations. The model is originally
motivated by population models in mathematical biology when solutions are required to be non-negative, but
the differential equations can be understood outside of this traditional scope of population models.

In mathematical modeling of ecology, the asymptotic behavior of the solutions of two species interacting
population has been central to understanding the coexistence and spatial dissociation of two species [21, 22
23]. In the weak competition case, the positive stationary solution (u,v) is globally asymptotically stable
independent of the diffusion coefficients. Materially, there exists a Lyapunov functional which allows for a
long-time asymptotic analysis [24]. The recent study has been proven that the directed dispersal organism has
evolutionary advantages to designing its own habitat for a competition coupled species model [25, 26].

We represent the stability of equilibria of the model in various parameters; at least two important constants
or periodic parameters that make the difference in the logistic growth model. It is found that if the competition
favors the latter species, there is still a range of parameters for which there is coexistence. Numerical investiga-
tion shows the long term behavior of the complete model that characterizes the population densities on several
levels. Throughout the entire study, we come to a conclusion of the stability of different competing species.

The rest of the paper is organized in the following way. In Section 2, we discuss the basic study of Lyapunov
stability and Lyapunov functional. Section 3 presents the process of finding Lyapunov functional and techniques
of stability analysis through the Lyapunov function for a general system. In Section 4, we discuss the local
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and global stability of equilibriums with phase portrait. A number of examples are presented in Section 5 for
applications. Finally, Section 6 concludes the summary of the results and future discussions.

2 Preliminaries

In this section, we introduce some auxiliary results which are available in the literature [2, 7, 27, 28], and
these features will be used throughout the paper.

2.1 Lyapunov stability

Linear stability analysis tells us how a system behaves near an equilibrium point. It does not however tell
us anything about what happens farther away from equilibrium. Phase-plane analysis combined with linear
stability analysis can generally give us a full picture of the dynamics, but things become much more difficult
in higher-dimensional spaces. In this section, we consider a technique due to Lyapunov which can be used to
determine the stability of an equilibrium point [10, 16, 29]. This method forms the basis of much of modern
nonlinear control theory and also provides a theoretical justification for using local linear control techniques.
Lyapunov stability is an intuitive approach to analyzing the stability and convergence of dynamic systems
without explicitly computing the solutions of their differential equations.

To discuss Lyapunov stability for nonlinear equations we need to demonstrate some important definitions
which are given below:

Definition 1. [27] A point x* is said to be an equilibrium point of

dzx
T f(t:b‘) (2.1)
at time to if for all t > to, f(t,z*) =0.

Definition 2. [27] The equilibrium x = 0 of (2.1) is stable if, for each time to, and for every constant R > 0,
there exists some (R, tg) such that

[lz(to)|] < r implies, ||x(t)|| < R for allt > to.
It is uniformly stable if v is independent of to. The equilibrium is unstable if it is not stable.

Definition 3. [27] The equilibrium x = 0 of (2.1) is asymptotically stable if: (a) it is stable, and (b) for each
time to there exists some r(tg) > 0 such that

l|lz(to)|| < 7= ||z(#)|| = 0 ast — oo

It is uniformly asymptotically stable if it is asymptotically stable and both r is independent of tg.

2.2 Lyapunov’s method

In many cases, it is possible to determine whether an equilibrium of a nonlinear system is locally stable
by examining the stability of the linear approximation to the nonlinear dynamics about the equilibrium point.
This approach is known as Lyapunov’s method.

Theorem 1. [27, 28] Let & = f(z), f(z*) =0 where & = % and z* is in the interior of Q@ C R™. Assume that
V:Q — R is a function and

(i) V(z*)=0.
(i1) V(z) >0 for allz € Q, © # x*.
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(i) V(x) < 0 along all trajectories of the system in Q.
() V <0 forallz € Q, x#a*.

If (i)-(i11) is satisfing then x* is said to be locally stable and if (iv) is also satisfied then x* is said to be locally
asymptotically stable.
A function that fulfills condition (i)-(iii) is called Lyapunov function.

2.3 Hartman-Grobman theorem

The Hartman-Grobman theorem is another important result in the local qualitative theory of ordinary
differential equations (ODEs). The theorem shows that & = f(z) with f(0) = 0 and its linearized system
2z = Df(x)x have the same qualitative structures near a hyperbolic equilibrium.

Definition 4. [27] Let A and B be subsets of R™. A homomorphism A onto B is a continuous one-to-one map
H:A— B such that H' : B — A. The two sets A and B are called homomorphic or topologically equivalent.
Consider

i= () (2:2)
Where x = 0 is a hyperbolic equilibrium. The linearized system

= Ax (2.3)
where A =Df(0).

Theorem 2. [27] If x = 0 is a hyperbolic equilibrium (2.2) and (2.3), then there exists a homomorphism H of
an open set U containing the origin onto an open set V' containing the origin such that for each xog € U, there
exists an open interval Iy C R containing the origin such that for all t € Iy

H o ¢4(x0) = e H (o)

3 Lyapunov Functional and Techniques of Stability Analysis

3.1 Construction of Lyapunov function

We can construct a Lyapunov function by two methods-one is a variable gradient method, and the other
is Krasovskii’s generalized method. In this paper, we grab the first method for analyzing the solution of the
proposed model.

Assume that the gradient of the Lyapunov function V() is known up to some parameters.

v ov 1t
— (V1 s e e T — — e e e e e
V@) =W T = |G g
V%:Zhijxj, =1, M
j=1
Using t}.le curl conditions afjg/mj - 6@';.‘7/1' - 9;;/1 simplify the coeflicients h;; for ¢, j = 1,---,n and hence
obtain V(x) = g—‘;. Then integrate it to obtain V(x) as shown below
V(z) = /VV(:U) dx
0
Executing this method, we have to keep in mind that the value of h;;, 4,7 = 1,--- ,n should be chosen so that

V(x) is positive definite and V (z) is negative definite.
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3.2 Techniques for solving nonlinear systems using eigenvalues

Consider a nonlinear system of differential equations using dummy variables x and y:

o' = f(z,y)
{y’ = g(z,y) (1)

Where f and g are functions of two variables © = x(t) and y = y(¢) such that f and g are not both linear
functions of z and y. It is also noted that the notation 2’ = % and y' = 9.
Unlike a linear system, a nonlinear system could have none, one, two, three, or any number of critical points.

However, the critical points are found setting 2’ = ¢’ = 0, and solve the resulting system

f(zvy) =0
g9(z,y) =0

And every solution of this system of algebraic equations is an equilibrium point of the given system (3.1). Since
there might be multiple equilibrium points present in the phase portrait, each trajectory could be influenced by
more than one equilibrium point. These results have a much more chaotic appearance of the phase portrait [29].
We will approximate the behavior of the nearby trajectories using the linearizations of f and g. The technique
converts the nonlinear system into a linear system whose phase portrait approximates the local behavior of the
original nonlinear system near the equilibrium point.

Consider the Taylor series expansion about the equilibrium point (x,y) = (o, 8) and we have

v’ = f(z,y) = fla,B) + fo(a, B)(z — a) + fy(a, B)(y — B)
y, = g(x, y) ~ g(a, 5) + gr(avﬂ)(x - Oé) + gy(avﬂ)(y - ﬂ)
Since f(a, 8) =0 = g(«, 8), the above linearizations become
z' = f(x,y) = fw(aaﬁ)(‘r - Oé) + fy(a,6>(y - ﬂ)
y' = 9(z,y) = gz(a, B)(z — @) + gy (e, B)(y — B)

Now it is a homogeneous linear system with a coefficient matrix

A s

Above matrix is calculated by putting x = «, and y = § into the matrix of first partial derivatives

o= (2 )

9z Gy

This matrix J(x,y) is often called the Jacobian matrix. It needs to be calculated once for each nonlinear system.
For each critical point of the system, all we need to do is to compute the coefficient matrix of the linearized
system about the equilibrium point (z,y) = («, 8) and then use its eigenvalues to determine the stability.

4 Local and Global Stability Analysis

4.1 Linearization of the System

First, we have to linearize the system for further analysis. Rewrite the functions of equation (1.1) to find
the Lyapunov function as

ntut) (1- “GH30) — fuv) -
_ul)+o0) _ |
ra(t)u(t) | 1 N0 g(u,v)
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To find the linearization matrices at the equilibria, we differentiate the equations of (4.1) and then obtain,

7]
a—{bzl%(kl—%t—v)
or __n

(%_ klu

99 _ 12,

6’([;_ kQ

0
a—iz%(kgfuf%)

or o\ .
VV (u,v) = Z gz ( v )
du v
and finally which yields
L (ky — 2u — v) — Ty,
_( B g ( u )

VV(u,v) = 1 1 4.2
= (B i ) (2 -

Substituting the coordinates of the equilibrium points (0,0), (k1,0), (0,k2) and (u*,v*) into this formula, we
obtain the linearization matrices to discuss the stability analysis of our main problem (1.1).
In the following section, we will consider all the equilibrium points to find stability or instability conditions.

4.2 Steady states analysis

Trivial equilibrium (0,0): At the equilibrium point (u,v) = (0,0), four partial derivatives are % = r,

of _ 0 99 _ 0, 9 _ r9. Inserting these values in (4.2), we execute V(u,v):

dv » Ou v
YV (1, v) = ry 0 u\ _ [ mu
U0 1 v )\ ru

Integrating the gradient function yields the Lyapunov function V such that

u v

V(u,v) = /mx dx+/?”2y dy
0 0
U2 2
:T1?+T2?>0, r1 >0, 7o > 0.

Let us now differentiate the previous function V(u,v), and we obtain

o
ot — a7
2 3
= Lu?(ky —u—v) + 20 (kg —u — ), using (1.1)
k1 ko

If %—‘t/ > 0 by considering u > 0, v > 0 as Lyapunov stability conditions, it can be concluded that the equilibrium
point (0, 0) is locally unstable.
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Due to the graphical analysis, the linearization matrix at (0,0) is

rr 0
A,0) = ( 01 ro ) (4.3)

We consider both ;1 > 79 and 71 < r9. Let us first consider m; = 2 and r, = 1 which gives eigenvalues
A1 =2, A2 =1 and the corresponding eigenvectors

1 0
(6) = (V)
respectively.

Here both eigenvalues are real and positive which concludes that the equilibrium point (0,0) is a repeller.
Biologically, when both of the species are present in the same ecological circumference they will repel each other
and leave the sub-domain of the habitat until other factors are considered. Similar conclusions can be made by
considering r; = 2 and ro = 3. At this critical point, the system is always unstable which is showing in Figure
4.1.
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Figure 4.1: Phase portrait of the linear system of (1.1) near (0,0) for (left) 1 = 2, 7o = 1 and (right) r; = 2,
To = 3.

Semi-trivial equilibrium (k;,0): At the equilibrium point (u,v) = (k1,0), the partial derivatives are % =

-7, % = —ry, % =0, % = %(lﬂg — k1). To execute V(u,v), substitute all partials in (4.2) and we obtain

YV (u,v) = ( e /Z(];Tikl) ) ( ; ) = < é?;ﬁ:ﬁ; )

On integration, we will find Lyapunov function V given below,

u v

r
V(U7U> = /(—’I”l.’L') dx + / 7]172 (kz — kl)y dy
0 0
2 2
U T v
=-—1r1—+ —(ka — k1) —
rno k:g( 2 — k1) 5
For stability, we must find the criterion such that V is always positive. Assume r; = ro and hence V' > 0 which
implies
2 2
U ro v
—r—+ —(ka—k1)—>0
71 B + kz( 2 1) 5 >
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= —u?ky + (ko — kl)v2 >0, sincery >0, 15 >0
(ks — k1) _ o°
— > —= > 0.

= = > '[}2 >

which implies that k3 > k1. Now, differentiating the function V', we have

ov du 19 dv
E = TlUE + E(kg kl)va
r? o\ 2
= —Lu?(ky —u—v) + 2 (kg — ky)v? (ko —u —v)
]Cl k'2

For satisfying the Lyapunov condition, we must consider %—‘{ < 0. Hence either
r2 .
— L (kyu? —ud —vu?) <0
k1

=k >u+wv, >0,k >0

T2

2
(> (k‘g — k‘l)’UQ(k‘Q —Uu— ’U) <0
ko
=0<k<u4dvifks >k
However if ky > ko then we obtain the following inequalities
ko >u+v

Considering conditions, it can be clarified that for the case k1 > ks, the equilibrium point (k1,0) is locally as
well as globally asymptotically stable independently of initial densities, see Figure 5.3(right).

Remark 1. It is noticed that both u > 0 and v > 0 throughout this section to satisfy all the inequalities of
stability analysis.

For the shake of graphical analysis, consider the linearization matrix at (k1,0):

A -
Arwo =1{ o 2 (ky — k) (4.4)

where corresponding eigenvalues are \;y = —ry and Ay = %(kg — ky1). Here Ay > 0 if ko > k; and Ag < O for

ko < k1. Initially we consider r;1 = ro = 1 and ko > ky, where k1 = 1, k3 = 2 and we obtain the eigenvalues
A1 = —1 and A2 = 0.5 and corresponding eigenvectors are

1 oG 083077
0o )" 0.556666

respectively. Since both eigenvalues are negative, we can summarize the critical point (kq,0) is an asymptotically
stable point shown in Figure 4.2 (right). So, in this case, as the species, v is extinct from the given ecological
territory, whereas the species u is the sole winner.

Semi-trivial equilibrium (0, k2): At the equilibrium point (u,v) = (0, k2), the corresponding partial deriva-

of _ m of g dg

tives are Ju = Fy (k1 — ko), o= 0, gy = T2 oGy, = T2 Substituting these values in (4.2), one can

%(/ﬁl — kg)u
—Tra2U — T2V

implement VV (u,v) as:

VV (u,0) = ( Zi(klr k2) j ) < " ) _
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Figure 4.2: Phase portrait of the linear system of (1.1) for 1y = ro = 1 and (left) k2 > k1, k1 = 1, k2 = 2 and
(I‘ight) ki > kg, ki = 4, ko = 3.

On integration provides the suitable Lyapunov function V such that

Viwe) = [ F00 ko) dot [ (-ray) dy
0 ! 0
2 2
D N T A
R (B~ k) g g

Assume 11 = ro, and consider the stability criteria V' > 0 which due to the following inequalities

2 2

1 u v

E(kl - kg)? - 7”2? >0
(kl — kg) 1)2

= o > 2

= k1 > ko, whileu >0, v > 0.

Now differentiating V', we have

oV n du dv
E = E(l@l — ]{72)'&& — 7"27.)%

2\ 2
= 7;1 (kl - kz)(/ﬁuQ — u3 — ’Uuz) _ Q(kﬂﬂ _ qu _ ’US)
k1 oy

For satisfying the Lyapunov condition, let us consider %—‘t/ < 0. Therefore, either

2\ 2
(;1) (ky — k) (k1u? — u® —vu?) < 0
1

u3 + vu2

u2

=>0<k <

- !:—2(1621)2 —w? —v%) <0
2

uv2+v3
=k > ——5—
v
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Considering these two inequalities, we can conclude that if ko > k1 then the equilibrium point (0, k3) is both
locally and globally asymptotically stable for any non-negative and non-trivial initial values, see Figure 5.3(left).
To study the graphical analysis via phase plane, let us check the linearization matrix at (0, k2) such that

Mk — k 0
Aoks) = < (1= k) > (4.5)

—72 —72

where Ay = r1/k1(k1 — k2) and As = —ro are respective eigenvalues. The eigenvalues Ay > 0 if k; > ko and
A1 < 0if ko > ky. It is also seen that the eigenvalue A5 is always negative. For instantaneous example, consider
r1 = ro and k1 > ko; specifically let us assume that k;y = 3, ko = 2 and r; = ro = 1 and the respective
eigenvalues are A\; = —1 and Ay = 0.33 with corresponding eigenvectors:

0 nd 0.799278

1 )" —0.600961
Two eigenvalues of the matrix A x,) are both real and have opposite signs. Thus the equilibrium (0, k2) is an
unstable saddle point as shown in Figure 4.3 (left).

Similarly, we consider r;1 = ro = 1 and ko > k;. Put k; = 2, ks = 3 and in this case the eigenvalues are
A1 = —1 and A2 = —0.5 and corresponding eigenvectors are

0 d 0.447214
1) "\ —0.894427
respectively. Since both eigenvalues A; and Ay are negative, the critical point (0, k) is an asymptotically stable

node as depicted in Figure 4.3 (right). Therefore, if the second species, v has more accessibility to the resources
then the first population, u goes to extinction.
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Figure 4.3: Phase portrait of the linear system of (1.1) for ry = ro = 1 with (left) ky > ko, k1 = 3, ko = 2 and
(I‘lght) ko > ]{)1, ki = 2, ko = 3.

Coexistence equilibrium (u*,v*): Since we do not know the exact coexistence equilibrium point, so it is
not possible to find the general Lyapunov function at coexistence point (u*,v*). If we place some assumptions
regarding parameters, then we can formulate a local Lyapunov function or region.

Let k1 = ko = k in some non-empty open domain of nature. Then we have the equilibrium point (u*,v*) =
(ak, (1 — a)k), with a € (0,1). Then at equilibrium («k, (1 — «)k), the corresponding partial derivatives are

of =—ra, g% =—ry(l— ), % = —r9(1 — @). By putting these values in (4.2), the gradient of

gu~ % 9y
v (it t%0)(2)

<

V(u,v) is defined as follows
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= ()

Integrating VV provides the following Lyapunov function V' such that

Viu,v) = /(frla)x dr + /(77"2(1 —a))y dy
i u? O v?
=—ria - ro(l — a)E

Regarding the stability analysis, we must find the criterion such that V is always positive. Assume ry =19 =7
and V > 0 implies
2 2
U v
—ra——r(l—a)— >0
2 ( ) 2

[\v]

—Q > v
T-a)

:>_7a>0, whilew > 0, v >0
(1-a)
>1-a>0=0<a<l

So V' will be positive for a € (0,1), which was our primary assumption of coexistence solution. To check the
local or global stability of the coexistence solution, differentiate the function V', and we have

ov du (1 ) dv

— = —rjau— —1r2(l —a)v—

ot a7 dt

2
= —?la(ku2 —u® —ou?) —

2
%(1 — a)(kv? —uw? —0?)

For satisfying the Lyapunov strategy, the necessary condition is %—‘t/ < 0 and hence, either

- %a(kuQ —u? —vu?) <0
-k u? +2Uu2
u
Or
2
- f(l —a)(kv? —w? —0*) <0
uv® + 3
v

Considering these two conditions it can be illuminated that when o € (0, 1), the equilibrium point (ak, (1—a)k)
is globally asymptotically stable, see Figure 5.3(middle).
Consider the linearization matrix at (ak, (1 — «)k) such that

B —ria —nao
A(ak,@_a)k) = < —ry(1—a) —ro(l—a) ) (4.6)

where A\; =0 and Ay = —(rja + r2(1 — «)) are respective eigenvalues. Since one eigenvalue is zero, so here we
do not have any point attractor or a point from which it will be repelled.

Here Ay = 0 and since both r1, 72 > 0 and « € (0,1) so A2 < 0, that is Ao is always negative. For instance,
let us consider 71 = ro = 1 and the respective eigenvalues for a = 0.8 are A\ = 0 and Ay = —1 and for these
eigenvalues we have infinitesimal eigenvectors for different choice of u or v.

Since eigenvalue Ay are negative, the critical point (ak, (1 — a)k) is an asymptotically stable node shown in
Figure 4.4. Therefore, the coexistence of both species is reliable when the resources are equals to both.
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Figure 4.4: Phase portrait of the linear system of (1.1) for 7y = ro = 1 and k; = ko = 1 with (left) « = 0.8, and
(right) @ = 0.5.

5 Numerical Results and Discussions

In this section, we discuss some examples of numerical solutions of the initial value problem (IVP) (1.1).
The parameters like specific growth and resource function play a significant role to change population density.

Example 1. Consider the influence of carrying capacity on the density of two competing species u and v where
intrinsic growth rates r1 and ro of two species are considered to be identical. Assumery =1 = 1.0 and k1 > ks.
Here we fix the value of k1 as k1 = 2 + sin(t) and varies ko = 1.1, 1.5 and 1.7.

0.9
f 1; ke
) 1.1
| ] 1.5
OBk 17
2 Ry
12} o ‘
£ V4
Q i |'l
Sosfhn,
LY 1 h
k- '. |"I
— 14 \\
. 15 any ‘,'\\,
L L i 1'7| 00-. ,II. - | "Iﬁ—-.__l \
05615730 45 60 75 0 15 30 45 60 75
timet timet

Figure 5.1: Numerical solutions of (1.1) for r; = re = 1.0 and k; = 2.0+sin(t), k2 = 1.1, 1.5 and 1.7 with (left)
the density of u, and (right) the density of v, where initial densities are up = 0.9 and vy = 0.9.

Comparing the different values of ks, there is an equilibrium with the increasing values of u, and decreasing
values of v as the carrying capacity of w is higher than that of v in a time domain and lower for a time
sub-domain. When time is increasing, then the coexistence is not possible, the population with lower carrying
capacity is repelling gradually.

As a result, the species u survives, and species v is going to extinct. See Figure 5.1 for graphical presentation.

Example 2. Consider the influence of periodic carrying capacities on the density of two competing species u
and v where intrinsic growth rates r1, ro of two species are considered to be same. Assume ri =1y = 1.0 and
ko > k1. Here we consider the value of ko as ko = 2.5+sin(t) while k; = 1.1+sin(¢t), 1.5+sin(t) and 2.04sin(t).
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Considering these different values of ki there is an equilibrium with the decreasing values of u and increasing
values of v as the carrying capacity of u is considered to be lower than that of v, see Figure 5.2
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Figure 5.2: Numerical solutions of (1.1) for r, = o = 1.0 and k; = 1.1 4 sin(¢), 1.5 4 sin(¢) and 2.0 + sin(t)
when ky = 2.5 + sin(t) with (left) the density of u, and (right) the density of v, where (ug,vg) = (1.0, 1.0).

Figure 5.2 is the case when the carrying capacity of ke has a higher value than ki in some non-empty open
time domain. This situation will cause species u to extinction.

If we consider ko a little lower than the previous one and as far the time increases, the species u repelled
and v survives periodically.

Example 3. Assume that growth rate of both species u and v are identical, that is r1 = ro. Here we considered
three cases, at first assume that carrying capacities are not same and v has better environment than wu, so
ko > k1. In this case we let initial density of u as ug = 1.5 and v as vg = 0.1, then for k1 = 2 and ko = 4 we

see in first figure of Figure 5.3 that u is in extinction and v is converging to ks.
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Figure 5.3: Numerical solutions of (1.1) for r; = ro = 1.0 where in (left) k; = 2.0, ko = 4.0 with (ug,vg) =
(1.5,0.1), in (middle) k1 = ko = 4.0 with ug = vo = 0.5 and in (right) &y = 4.0, ko = 2.0 with (ug,vo) =

(0.1,1.5).

In the second case, we let carrying capacities and initial densities are equal. In particular we choose ki1 =
ko =4 and ug = vo = 0.5, we have coexistence and both species converges to same direction (see middle figure

of Figure 5.3).
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Lastly we consider the contrary case of the first one. We assumed that ki > ko and by choosing k1 = 4,
ko = 2 and initial densities as (ug,vo) = (0.1,1.5) then in the last figure of Figure 5.3 shows that one species
18 1n extinction and the another one is converging towards carrying capacity. For this properties species v s in
extinction and species u converges to ky.

Example 4. Consider the equal carrying capacities for both species; for example, ki = ko = 2.0 4 sin(t). Here
we show that the effects of intrinsic growth rates on the density of populations by varying growth rates for each
species.

2.4r I,

—e— 1.0
=40 ———2.0

------- 35

1.8}

= A

2

17}

£1.2

S

0.6}

05 710 15 20 25 30 05 710 15 20 25 30

time t time t

Figure 5.4: Numerical solutions of (1.1) for k; = ko = 2.0 +sin(t) and r1 = 4.0, ro = 1.0,2.0 and 3.5 with (left)
the density of u, and (right) the density of v, where initial densities are uy = vy = 1.0.

If we fiz r1 = 4.0 and varies ro = 1.0, 2.0 and 3.5, then we have a coexistence steady state which shows that
the density of the first species will increase with a higher growth rate compared to the rest one, v, see Figure 5.4.

Example 5. Consider the equal and time-periodic carrying capacity for both species, for example, k1 = ko =
4.0 + cos(t), and we want to observe the effects of specific growth rates.
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Figure 5.5: Numerical solutions of (1.1) for ky = ky = 4.0 + cos(t) and r1 = 1.0,2.0,2.8, ro = 3.0 with (left)
density of u, and (right) density of v, where (ug,vo) = (1.0, 1.0).

If we fix ro = 3.0 and consider r1 = 1.0,2.0 and 2.8, then we have seen that if the growth rate of the first
species is lower compared to the second one, the density u of the first species decreases and larger values of 1
leads to the increasing value of u in the coexistence equilibrium. In this case, density v of the second species is
always increasing, see Figure 5.5.
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6 Conclusions

In this paper, we studied a two-species competition population model both analytically and numerically.
The results were presented for local and global cases using phase diagrams and periodic functions. It was seen
that in many cases it is possible to determine whether an equilibrium of a nonlinear system is locally stable
or globally asymptotically stable simply by Lyapunov’s theorem. This method relies on the observation that
asymptotic stability is intimately linked to the existence of a Lyapunov function. The system is asymptotically
stable means that the equilibrium state at the origin is asymptotically stable, if and only if the eigenvalues have
negative real parts. By this stability analysis, we will get a clear conception about the growth and extinction
of various competitive species. Numerical investigations both confirmed and completed the theoretical results
while comparing the density of two different species. Here we have seen that the considered model suggests that
carrying capacity plays an important role in the determination of the competition outcome between two species
in a given ecological circumference. If the carrying capacity remains the same for two species, the population
with a larger growth rate grows high and the population with a smaller growth rate decreases gradually. When
growth rates are considered identical, the population with a larger carrying capacity has higher density and is
the sole winner. Dynamical behavior of the system was investigated at equilibrium points. As one parameter is
varied, the dynamics of the system near to this solution change the stability. Both analytically and numerically,
the results showed that the model sensitively depends on the parameter values and initial conditions. For future
studies, it would be interesting if one can study these models for particular species in any habitats.
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