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In this paper, we investigate the population dynamics of phytoplankton-zooplankton—
nanoparticle model with diffusion and density dependent death rate of predator. The
functional response of predator in this model is considered as Beddington—DeAngelis type.
The stability analysis of the equilibrium points is observed by applying the Routh—-Hurwitz
criterion. Numerical simulations are given to illustrate the theoretical results.
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1. Introduction

The prey—predator interaction model was first introduced by Lotka (1924) and Volterra (1926) for
species relations by arriving at an expression in terms of nonlinear differential equations. In population
dynamics, a well-known fundamental structure is the prey—predator interaction. In accordance with
this, various models are formulated within prey and predator species to analyse and understand the
interaction and dynamics. The population and epidemic dynamics give rise to modeling techniques
that plays a vital role in various research fields. Introducing a spatially heterogeneous environment
to the Lotka—Volterra predator—prey model reveals that spatial diffusion leads to ample dynamics of
ecological populations. To understand the basic features of spatially distributed interaction, many
investigators have used reaction—diffusion related equations.

In recent decade, the impact of presence of nanoparticles (NPs) in real life applications such as
medicine, construction, automotive, agriculture etc. has attracted researcher’s interest. Sometimes,
nanoparticles may be hazardous to living organisms, marine organisms and plankton. The nanopar-
ticle reduces the growth rate of phytoplankton population and hence the system leads to limit cycle
oscillation [1]. A wide variety of biological and geological processes generate natural NPs and as
evidence, some natural NPs may be hazardous to algae, fish species and invertebrates as well as
mammals [2|. Interaction of NPs with phytoplankton cells results in growth suppression in phyto-
plankton species [3-7]. A mathematical model is formulated based on the problem of viral infection
on phytoplankton—zooplankton system [8].

The global dynamics of the prey—predator model with density dependent death rate of predator
has been investigated [9]. The dynamics of predator—prey system with disease in prey is studied
[10]. The stability analysis of solution of reaction—diffusion system has been carried out in which
their concentrations are spatially modulated with the wavenumber [11]. The dynamics of predator-
prey model with Beddington-DeAngelis functional response has been analysed [12-14]. This type of
functional response differs from ratio-dependent form as it keeps away from some of the behaviours of
ratio-dependent form at low densities. The effect of environmental toxins affecting plankton dynamics
has been studied [15,16].

The existence and uniqueness theorems for boundary value problems and properties of the solutions
have been discussed [17]. The boundedness and existence theory for nonlinear systems can be formu-
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lated in number of ways [18,19]. The dynamical complexity of a prey—predator model with nonlinear
predator harvesting has been studied [20]. The dynamics of system with ratio-dependent functional
response has been investigated [21,22]. Mathematical models dealing with diffusive prey—predator mod-
els are formulated and its dynamics are analysed which helped to understand the concepts [23-26].
Analytical approximation of predator-prey models has been derived [27-30)].

To the best of our knowledge, no researcher has formulated the diffusive phytoplankton—
zooplankton—nanoparticle model with density dependent death rate of predator. Hence we construct
the following model and analyse its local stability.

2. Mathematical formulation

The simple prey—predator model with Beddington—-DeAngelis functional response where prey and
predator represents phytoplankton—zooplankton is [1]

W _ (Y vV
dt k b+~U +aV’
v ¢cUV

dt  btU+av F

Here U denotes density of phytoplankton and V' denotes density of zooplankton at time ¢. The
phytoplankton population follows the logistic growth with carrying capacity k. The growth rate of
phytoplankton is denoted by r, predation rate is denoted by ¢, b is the saturation constant, « is the
effect of predator interference, v denotes the food weighting factor, i is death rate of zooplankton and
¢ measures the efficiency of converting prey intake into new predator.

In the presence of NPs, the growth rate of phytoplankton decreases and it is inversely proportional
to number of contacts between phytoplankton and NPs [1,3-7]. This phenomenon is included in the
above model with an assumed modified growth rate. The assumed functional form is W Hence

the growth rate of prey in the absence of predator takes the form ngﬁ% (1 — %)
The mathematical model of internalization of NPs into phytoplankton is given by [1]

aw U U\ v M
dt 14 B NU k b+~U +aV’

dv UV

Wb Urav MY 2)
%:A—ﬁNU—eN. (3)

Here N denotes the density of nanoparticle, 5 is the contact rate of NP with phytoplankton, 37 is
the proportionality constant. It is assumed that nanoparticles are added at rate A into the aquatic
environment and e denotes the natural depletion rate.

In mathematical ecology, the classical Lotka—Volterra model reveals only the population dynam-
ics due to predation in certain circumstances where the densities of predator and prey are spatially
independent. In this model, the population is homogeneously distributed and the species does not
naturally develop strategies for existence. By including diffusion process, it could be quite complicated
since different densities of prey and predator cause different population movements. These movements
can be found by the concentration of same species (diffusion). Also, we add the density dependent
death rate of predator in the model [9].

In the model [1], we consider phytoplankton to be microalgae which has movement. By considering
the inhomogeneous spatial distribution of phytoplankton-zooplankton within a fixed boundary at any
given time and the tendency of diffusion of each species, we arrive at a following system of reaction—
diffusion type,

ou 90U rU < _U) UV

* k) b+AU+aV’

Bt~ Yoz T 1+ BBNU (4)
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ov o?V ocUV 9

W_D28x2+b+7U+aV_5V —HY (5)

ON 0’N

Boundary condition:
U(z,0) >0, V(z,0)>0, N(z,0)>0, z€A, (7)

ou o0V  ON
—_— — = — = A
o o o 0, xze€dA, t>0, (8)

where A is a bounded domain, 6% denotes the outward normal derivative on 0A, § is the predator
intraspecific competition rate and D7, Do, D3 are diffusion coefficients of phytoplankton, zooplankton
and nanoparticle respectively. We have considered zero-flux Neumann boundary conditions [10]. This
condition denotes that there is no emigration or immigration across the boundary i.e., the phytoplank-
ton and zooplankton cannot leave the domain A and the species from outer of the domain cannot
enter.

Theorem 1. All the solutions of system (4)—(8) are uniformly bounded.

Proof. Using comparison theorem and from [1,10], the equation (6) becomes

d—NéA—eN.
dt

On integration, we get,

0< N(t)<e ™ (N(O) - é) +é

Ast — 0o, N(t) < 4, since sup N(t) = %.

e
t—o0
We define the function H as H = ¢U + V. The derivative of H with respect to time is given by

dH U
— K - _
S orU <1 k> uV,

dH U
ﬁ+§H<U<¢T+§¢—¢T%> + (€ -V,
dH
— <m.
di +nH <m
Here, € < pu, m = %:_5)2, hence
0< H(t) < e ¢ <H(0) - %) + %

Ast — o0, H(t) < %, since ts_lggoH(t) = %

Hence the system is bounded above. Since the system is bounded above, it is understood that
the species under consideration cannot grow exponentially or infinitely. Due to limited resource, the
density of species is bounded. ]

3. Stability Analysis

To observe the dynamics of the species population, it requires stability analysis. In this section, we
carry out the linear stability analysis for the model (4)—(6) with boundary condition (7)—(8). It helps
in understanding the qualitative behaviour of the nonlinear dynamical systems. The local behaviour
of nonlinear system is studied by means of linearization technique. Generally, the system is linearized
around each equilibrium point and it is perturbed with a very small quantity. This procedure is used
to check whether the system comes back to its corresponding equilibrium point or meets some other
equilibrium point/attractor.
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Equilibrium points. The equilibrium points of the system are:
e Axial Equilibrium Ei: (0,0, 4),
e Planar Equilibrium FEs: <k‘, 0, ﬁ),
e Interior Equilibrium E*: (U*,V* N*),
where we consider the positive root of the equation (9) as U* and U* > k
k _ * * k _ * *
O N (T ek 1o N BRSO Ny 1L 140 N B
(L + BAINU") — ra(k — U (1 + BB NU*) — ralk — U

. r(k — U*) (b4 U*) 2 r(k — U)(b+ U B
—mUT —ad Lk(l ¥ BBN*TU*) — ra(k — U*)] B Lku + BBN*U*) — ra(k — U*)} =0, (9

Ve = [ r(k—U*)(b+~+U*) }
ck(1 + BB N*U*) —ra(k —U*) |’
. A
- BU* + e

The Jacobian matrix J(E) of the model (4)—(8) is

T -
(I+BBLN*TU*)2
_ [EQ4BBIN*U*)2rU*—rU*?(kBB1N*)
[ (k(A+BBLIN*U))? ]
_ |: (b+aV*)cV* } (U *)eU* _TU* (1—UT>ﬁ51U*
J(E) = (brU=tave)? U FaV )2 HEBNTP |

(b+aV*)pcV* (b+yV*)pcV* *

BT FaV ) BT tavE — 20V7 — po 0

- —BU* 0 —BU* —e

A is the eigenvalue of IA + J(E) iff A is an eigenvalue of matrix —o;/ + J(F) [10]. Then the matrix is

A+or— My — M, — M7y
M +oil — J(E)| = — M3, A+ 02— Ms, — M3y ,
where
e r [+ BBIN*U*)2rU* — rU*z(kﬁﬂlN*)] B { (b + aV*)eV*
T T BBNTU) (k(1+ BAN"U"))? b+ 0" +aVoE)’
v b UU
2T AU aV )
rU* (1-52) ppU*
Mz = — ,
(14 BBIN*U*)?
(b+ aV*)pcV*
b+ AU +aV*)?’
(b+~AV*)pcV* .
My = —20V* —
2T b+ U +aV)? a
Moz =0,
M3z, = —pU",
M3z =0,

M33 = —,BU* — €.
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Theorem 2. The system (4)—(8) around Ej : (0, 0, é) is locally asymptotically stable (LAS) if r < o7y.

Proof. The Jacobian matrix of corresponding axial equilibrium F; is given by

r 0 0
JE)=10 —p 0
0O 0 —e

The eigenvalues of the matrix are given by roots of the characteristic equation

ANtol—r 0 0
’)\[—FO'Z'I—J(E;[)‘ = 0 A+ o9+ 0 ,
0 0 Ato3+e

A+o1—r)[AN+o2+u)(A+0o3+¢€)]=0.

The roots are A = —o; +r, A= —09 — 4, A = —03 — €.
Hence Fq is locally asymptotically stable if r < o7. ]

Theorem 3. The system (4)—(8) around FE: </<;, 0, ﬁ) is Locally Asymptotically Stable if the root

of the characteristic equation pg\>+p1 A2+ pa A+ p3 = 0 of the Jacobian matrix satisfies Routh-Hurwitz
criterion i.e. pg > 0, p1 > 0, p1p2 — pops > 0, p3 > 0.

Proof. The Jacobian matrix of corresponding planar equilibrium FEjs is given by

__ r _ T(kgi:il?) _ ¢k 0 |
(o Ga)) (o))
J(Es) =
= 0 bﬁcykk —p 0
i Bk 0 —Bk —e]

The eigenvalues of the matrix are given by roots of the characteristic equation

Ato1+ z
()
T( /J‘kie) 5 b-ikk 0
N + 0,1 — J(Bs)| = (oo () ' ,
0 Aoy — 228 4 p 0
Bk 0 At+o3+Bk+e

A
T e (o)) (1 (o))

k
X |:<)\+0'2— bicfyk+ﬂ> (A+o3+pBk+e)| =0,

kB81 A
r r ( Bk‘"’l‘e ) ]
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BB1kA
3 2 ¢Ck7 T+T(Bkl+6>
A+ N oy + Bk + e+ oo — tptor+——m— %
b+ ~k (1+ ﬁglkA>
Bk+e
ock ock? ¢ck
— 03 — — k
+ A o203 + 028k + oge b+fy/<;a3 b+7kﬁ b+7ke+u03+uﬁ
k
+M€+0103+015k‘+016+0102—01b¢c + o
+ vk

BB1kA
k r+r k+e
+<ag+ﬁk+e+a2— ook >M]

b+ vk 8B1kA\>
<1+ﬁ)
¢ck ock? ock
k — — — k
+ <O’20’3+0’2,@ + oge b+’yk0'3 b—l—’ykﬂ b+fyk€+/$0'3+,u,8 + pe

) <Ul+r+r(%%f?)>] Y

2
BB1kA
<1 + Bkl-i-e >

which is of the form
poX* + p1 A% + pa + p3 = 0.

By Routh—Hurwitz criterion, the system is locally asymptotically stable when
po>0, p1>0, pip2—pop3 >0, p3>0.

Hence F5 is locally asymptotically stable. ]

Theorem 4. The system (4)—(8) around E*: (U*,V*, N*) is LAS if the roots of characteristic equa-
tion woA® + wiA? 4+ wak + w3 = 0 of the Jacobian matrix satisfy Routh-Hurwitz criterion i.e. wg > 0,
w1 > 0, wiws — wows > 0, w3 > 0.

Proof. The variational matrix of corresponding interior equilibrium E* is given by
My, My, My
J(EY) = | Mgy M3, Msy
Mz Mgz, Mg
The eigenvalues of the matrix are given by roots of the characteristic equation which is of the form
wO/\3 + w1/\2 4+ wo A + w3 = 0.
By Routh—-Hurwitz criterion, the system is locally asymptotically stable when
wog >0, w; >0, wwr—wowz>0, ws>0.

Hence the point £E* is locally asymptotically stable. ]

4. Comparative study

Comparison of stability conditions for equilibrium points of the system (4)—(8) with system in absence
of diffusion and density dependent death rate of predator (1)—(3). The trivial equilibrium is unstable
in system (1)—(3) and it is LAS if » < o7 in (4)—(8) i.e., the population density cannot increase or
decrease indefinitely.
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Equilibriums System (1)—(3) System (4)—(8)
Eq: (0, 0, é) Unstable LAS if r < oy
EQ: <k707 ﬁ) Eck < lu(b + k) p1 > 07 p3 > 07 pP1p2 > P3, P« are

defined in theorem 2.
E*: (U V*,N*) | 01 >0,03>0,0100 >03, | wp >0, ws >0, wws > w3, ws
o, are defined in [1] are defined in theorem 3.

5. Numerical simulation

Ty I
T

il

\RN'V\\\\\\\\\\\\\
il
it

o c
o m v w e oo

0.2
0 x

00 x

(a) The temporal solution of U (b) The temporal solution of V (¢) The temporal solution of N

Fig. 1. Plot of numerical simulation of the system (4)—(8). The initial conditions are U(z,0) = 0.5, V(x,0) =
0.7, N(z,0) = 0.7 and parameter values are r = 0.2, k =20,¢=08,b=8,7y=1,a=0.1, E=0.33, up = 0.8,
A=5,e=05 =012, 6, =08,01 =1,0,=0.5,03 =0.1, 6 = 3.2.

In this section, the feasibility of our stability condition is illustrated by applying numerical values.
The initial conditions for system (4)—(8) are assumed as U(z,0) = 0.5, V(z,0) = 0.7, N(x,0) = 0.7,
x € [0,1].

Example 1. In system (4)—(8), we set the parametric values as r = 0.2, k = 20, ¢ = 0.8, b = 8§,
vy=1,a=01,¢=033, t =08 A=5e=0.5 =012, §1 =08, 01 =1, 09 = 0.5, 03 = 0.1,
6 =3.2.

By Theorem 3, we see that the equilibrium point is Fa: (20,0, 1.72413793) and p; = 5.188637689 >
0, po = 7.763154058 > 0, p3 = 4.238048444 > 0, p1ps — p3 = 36.04214529 > 0 satisfies Routh—Hurwitz
criterion which ensure the system is locally asymptotically stable.

Example 2. In system (4)—(8), we set the parametric values as r =0.2, k =20,¢c=1,0=8,y=1,
a=01,6=12 u=08 A=5 =05 8=012, 8 =08, 0, =1, 09 = 0.5, 03 = 0.1, § = 3.2.

By Theorem 4, we see that the equilibrium point is E*: (19.98525550, 0.0009573951429, 1.725190500)
and wy = 4.489944219 > 0, wy = 4.937772632 > 0, w3 = 1.262456853 > 0, wiws — w3 = 20.90786683 >
0 satisfies Routh—-Hurwitz criterion which ensure the system is locally asymptotically stable.

Figure 1 indicates the temporal solution of the system with initial condition and Neumann boundary
condition (4)—(8) is locally asymptotically stable.

6. Conclusion

In this paper, we have considered the phytoplankton—zooplankton—nanoparticle model and it is in-
corporated with diffusion and density dependent death rate of predator. The functional response
of the system is considered in the form of Beddington—DeAngelis type. The interacting species can
move inside a closed domain whereas it cannot leave or enter the domain. Thus our proposed model
is a reaction—diffusion system with Neumann boundary conditions. The equilibrium points and the
condition to be locally asymptotically stable have been analysed. Numerical simulation supports our
theoretical results and illustrates the LAS of equilibrium points. The current study can be extended
to find global stability of the system as future scope of our work.
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MaTtemaTundne MOJeJIloBaAHHA Ta aHanis ,D,VIHaMiKa
d.')ITOI'IJ'IaHKTOH—SOOI'IJ'IaHKTOH—HaHOLIaCTl/lHKa
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Kagedpa mamemamuru, Inorcenepro-mexnonro2ivnudi xonedorc,
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VY ni#t poboTi TOCTIIKYEMO MOMYMAIINHY AUHAMIKY MOJe (DiTOITaHKTOH—300TIaHKTOH—
HAHOYACTUHKA i3 Audy3iiiHOI0 3a/1€2KHICTIO TBUIKOCTI 3arnbesi xmxkaka. OyHKITIOHATbHA,
peaxiis Xm:kaka B LIl MOJEIl PO3IVIAJaeTbed K peakinis bepginrrona—leAnmxkesica.
Amnatiz cTiffkocTi TOY0K piBHOBAIM MPOBOIUTHCSI 38 IOIOMOroio Kpurepiio Payca—I'ypsina.
Jutst imocTpariil TeOpeTUIHNX pe3y/IbTaTiB HABEJAEHO UNCETbHE MOJICTIOBAHHSI.

Kntouosi cnosa: modeas “scepmea—xuoicax”, nanouacmunku, oudysis, Gyrrkuionasvma
pearuis Beddinemon—JIle Andorcenica, cmitixicmo, wucesvbre MOOeAOBAHHA.
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