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ABSTRACT

This work is devoted to the modeling, analysis and assessment of the impacts of environmental
and spillover transmissions on Avian Influenza Virus (AIV) type A infection. We formulate
a nonlinear ordinary differential system for an Avian Influenza Virus transmission that takes
into account five spreading pathways: poultry-to-poultry; environment-to-poultry; poultry-
to-human (spillover event); environment-to-human and poultry-to-environment. An in-depth
theoretical and numerical analysis of the model is done. For the sub-model without recruitment
of infected poultry, the basic reproduction number is computed and serves to prove the
global stability of the disease-free equilibrium whenever it is less or equal to unity. Moreover,
whenever it is greater than one, the existence of the unique endemic equilibrium is shown and
its global stability is established. These global results are shown thanks to the construction
of suitable Lyapunov functions based on the judicious choices of Volterra-Lyapunov stable
matrices and the application of Poincaré-Bendixson and Lyapunov-LaSalle techniques. When
the infected poultry is brought into the population, the model does not have a disease-free
equilibrium and exhibits a unique endemic equilibrium whose global asymptotic stability is
established similarly using the techniques mentioned above. Further, the model is shown to
exhibit a transcritical bifurcation with the value one of the basic reproduction number being
the bifurcation parameter threshold. We further prove that during avian influenza epidemics
outbreaks, the recruitment of infected poultry increases the endemic level of the disease.
We show that the classical Runge-Kutta numerical method fails to preserve the positivity
of the solutions and alternatively design a nonstandard finite difference scheme (NSFD),
which preserves the essential properties of the continuous system. Numerical simulations
are then implemented to illustrate the theoretical results obtained and assess the role of the
environmental and spillover transmissions on the disease.

KEYWORDS
Avian Influenza Virus, Environmental transmission, Bifurcation, Spillover, NSFD method,
Global stability.

1. Introduction

The avian influenza virus infection is caused by viruses adapted to birds and it normally
affects wild birds and poultry. The wild birds are natural reservoir for all the sub-types of
influenza A viruses. Influenza viruses are widespread and due to their high mutation rate
many subtypes exist. Further, HSN1, H7N4, H7N7, H7N9, HIN2, and other avian influenza
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viruses with pathogenicity have great potential threat to human. Poultry farms are an
important reservoir for the avian influenza virus (AIV) [1]. AIV transmission to humans
is largely facilitated by contact with animals and excretion of contaminated droplets or
aerosols [2], and to a lesser extent through transport of (dead) birds or contaminated objects
(vehicles, humans, or fomites), water, food, and contact with infected wildfowl or insects
[3]. Historically, the avian influenza splits into two classes: the "High Pathogenic Avian
Influenza (HPAI)" and the "Low Pathogenic Avian Influenza (LPAI)". The HPAI can cause
a series of systemic infections that can lead to high mortality. The LPAI causes mild or no
symptoms. In general, the risk of direct transmission of avian influenza to human is very
low. However, in 2014 a high mortality rate was recorded with around 38.7% of the patients
infected with H7N9 virus dead [4]. H7N9 virus can cause pneumonia, respiratory failure,
acute respiratory distress syndrome and multi-organ failure.

Some subtypes of AIV, namely H7N9 virus is low pathogenic in poultry although it is
high pathogenic in humans. As the infection with H7N9 virus does not cause any symptoms
in poultry, it is not easy to monitor the transmission of the virus in poultry farm and from
poultry to human. Because of this, there is an urgent need of continued surveillance in
the poultry farms. The incubation period for a human infected with H7N9 influenza virus
is about seven days and at present there are some medicines to fight against this virus.
Although, these antiviral drugs are clinically effective against the H7N9 avian influenza,
the mortality due to H7N9 avian influenza is still very high. Normally, H7N9 virus is not
thought to have a strong capacity for an efficient human-to-human spread, however there
have been two cases of the familial aggregation. Under such circumstances, it is important to
study what can be the best available policies for prevention and control of the transmission
of H7N9 avian influenza.

Mathematical models have been used to understand the transmission dynamics of avian
influenza for some time now. The medical experts have analyzed the sources of infection,
the route of transmission and susceptible population. However, these are clearly not enough
and a more focused research on the epidemic dynamic model is expected to help us better
understand and control the avian influenza. Iwami et al.[5-7/] reported many research results
on the mathematical modeling of influenza. In 2008, they developed a mathematical model to
study the pattern of spread of the mutant avian influenza and later in 2009, they investigated
the relations between the evolution of virulence and effectiveness of the pandemic control
measures after an emergence of the mutant avian influenza. A deterministic path-structured
model in heterogeneous environment was also studied by them in 2009. Bourouiba et al. [5]
presented a model to describe the behavior of both HPAI and LPAI strains in a domestic
bird population with the culling effect. Chong et al. [4] estimated the basic reproduction
number and the mean number of cases generated by poultry-to-human transmission of
influenza A (H7ND9) infection. Later, to understand the efficacy of screening and culling of
infected poultry on the transmission dynamics of influenza A (H7N9), Liu and Fang [Y]
formulated a mathematical model by considering both the human and poultry infections
and they assumed that the transmission of this disease from poultry to human as well as
human to human can be modeled using a simple mass action type incidence. Chen and Wen
[10] investigated the dynamic properties of H7N9 avian influenza models. Again, they also
considered a simple mass-action type incidence for both the bird to bird and bird to human
transmissions. They did not consider the human-to-human route of transmission. A delay
differential equation model for the avian influenza was formulated and analyzed by Liu et
al. [11]. Recently, Shu-Min Guo et al. [12] analyzed the model of avian A (H7N9) based on
low pathogenesis on poultry. They considered the saturation type incidence in the poultry,
the import of poultry, so some fraction of the total recruitment in the poultry is assumed
infected. They also did not consider human-to-human transmission of avian influenza A.

In the present study, motivated by the biological papers [1-3], we build on the baseline
mathematical modelin [12], extend it and focus on the important, yet neglected role of aerosol
on the transmission of AIV. We achieve this by considering the indirect transmission through



the incorporation of a compartment for the concentration of free-living avian influenza A
viruses in the soil of the poultry farms, generated by aerosols. We neglect the human-to-
human transmission of the avian influenza A, because it is very rare. However, knowing
that poultry-to-human transmission is also rare, but devastating, the incorporation of an
additional indirect transmission route allows us to account for the spillover infection of
AlV from poultry and environment to humans. Moreover, since the avian influenza A
does not cause typical clinical signs in the infected poultry, we assume on the one hand
that the poultry remains in incubation period without being identified as sick but being
capable of transmitting the virus from poultry to human. On the other hand, the culling
effect of infected poultry is not considered as it is not easy to identify the infected poultry.
The resulted model is deeply analyzed both theoretically and computationally. From the
analytical perspectives, we established the threshold dynamic of the system and transcritical
bifurcation using Lyapunov-LaSalle, Poincaré-Bendixson techniques and center manifold
approximation, respectively. Since the model is highly nonlinear, as usual it can not be
solved explicitly. Worse still, the powerful classical Runge-Kutta method failed to preserve
the positivity of solutions [13, 14]. Therefore, we overcome this by designing a non-standard
finite difference scheme which is dynamically consistent with the continuous model [14-

] and used it to illustrate the theoretical results and assess the role of the spillover and
environmental transmissions of Avian Influenza A.

The outline of the remainder of the paper is as follows. In Section 2 we build an avian
influenza model that incorporates spillover and indirect transmissions and give the model’s
basic properties. Section 3 deals with the theoretical and bifurcation analysis of the contin-
uous model, while Section 4 presents a dynamically consistent discrete NSFD scheme with
which the theoretical results are numerically illustrated and the role of environmental and
spillover transmissions assessed in Section 5. Finally, we conclude the paper in Section 6
and provide some discussions that highlight few relevant perspectives.

2. Model formulation and basic properties

2.1. Model derivation

2.1.1. Dynamics of the susceptible poultry:

The time evolution of the number of susceptible poultry is described as follows. We assume
that a total number A of poultry replenishes the farm due to importation per unit time. From
this quantity, a proportion (1 — g)A is susceptible poultry, while the remaining proportion
gA is infected poultry. Susceptible poultry die at rate dX. Upon the direct transmission
among poultry, susceptible poultry moves to asymptomatic class following a saturation
type incidence at rate 5, XY/(1 + aY), where 8, is the transmission coefficient, such that §,Y
measures the infection force of the infective poultry, @ being the parameter standing for the
inhibitory effort, and 1/(1 + aY) describing the saturation due to the protection measures of
the poultry farmers or the crowding of infected poultry when the number of infective poultry
increases [11]. Upon indirect transmission, 5, XC/(C + «) corresponds to the incidence rate
between environmental contaminated food particles and susceptible poultry. In the latter
saturated incidence function, f3, is the transmission coefficient such that (8, > B,); 1/(C + x)
represents saturation due to the cleaning of the farms when the concentration of excretion
becomes larger; « is the concentration of V. avian viruses attached to aerosol particles in the
farm which 50% chance of catching the infection. Thus, the variation of X is monitored by
the equation:

X Y C
i = A=A Xs — fX T

—dX. (1)



2.1.2. Dynamics of the asymptomatic poultry

The proportion gA imported poultry is asymptomatic and enters the infected class Y, where
they eventually die at rate Y. New infected in the Y-class due to infection contact between
susceptible and infected poultry come from two sources: direct transmission and indirect
environmental transmission. All these descriptions yield the equation

ay Y C

T IATBXTy T AX e

—dy. )

2.1.3. Dynamics of the concentration of ALV in the poultry farms environment

This dynamics is derived as follows. Since an emission rate for pathogens is defined as
an amount released per unit of time, it depends on source type (pigs, poultry, industrial,
humans, etc.), source characteristics (e.g., stable construction or animal activity), excretion
route (e.g., exhaled air or faeces), pathogen species or strain, particle size, etc. For a full
quantitative risk assessment, quantified emission rates are required. Hence, the contribution
by humans and poultry in the contamination of the poultry farms is respectively ¢1l and ¢,Y;
and the degradation or decontamination rate of virus (inactivation) due to the temperature
or humidity is . We can neglect the contribution by humans because of the human protection
when entering in poultry farms. The time evolution of C reads as follows:

dc
= =Y~ &C. 3)

2.1.4. Dynamics of the susceptible human individuals

New born or immigrated humans are recruited susceptible at rate B and die naturally at
rate 0. Since there are some medicines to fight against this virus, the latent and the infected
humans recover respectively at rate 4 and y. The transmission of this disease from poultry
to human occurs at rate 7, and 7, is the transmission coefficient of this disease from the
pathogenic or infectious environment to human. Here, the incidence terms corresponding
to interaction between poultry and human or environment and human are taken in such
a way that makes this model more suitable for the study of avian influenza A in human
associated with poultry farms. Thus, the variation of S is expressed by the following ODE:

ds S S
E—B'i‘ﬂE‘i")/I—TUNY—TENC—éS. (4)

2.1.5. Dynamics of the latent human individuals
Here, the morbidity of the latent human is €. Thus, the time evolution of E is expressed by

the following ODE:

dE S S
E = TUNY'FTEZT]C—(CI'F(S'FG)E. (5)

2.1.6. Dynamics of the infected human individuals

Here, the disease-related death rate is p, with (p > 0). Then, the dynamics of I is modeled
by the following ODE:

Z—i:eE—(y+p+6)I. (6)



The parameters in the model are summarized and explained in Table 3. They are assumed
non-negative. The model flowchart is depicted in Figure 1 from which we derive the system
of ordinary differential equations in (7) governing the dynamics of the constructed model.
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Thus, to get better insight into the transmission dynamics of AIV and its spillover event
to human, there is a strong need to couple equation (3) (for the production of viruses) with
dynamical model in poultry and/or human (for the transmission of AIV in poultry and/or
human). Therefore the whole system of ODE governing the AIV transmission becomes

C

ax
ar =W DA PNy TR X e X

dy Y C
E_qA+ﬁvX1+aY+ﬁEXC+K_dY'
ds S S
E:B+aE+7/I—TUNY—TENC—6S,

()
dE S

S
i TUNY+’C6NC— (@a+6+€)E,

dl
E—eE—(y+p+6)I,
ac

E_(PZY_EC'

Here N(t) = S(t) + E(t) + I(t) and M(t) = X(t) + Y(t), are the total population of humans and
poultry, respectively.

2.2. Basic properties

2.2.1. Model well-posedness

Since model (7) describes the evolution of a concentration of AIV in poultry farms, the indi-
viduals numbers should remain non-negative and bounded. The Cauchy problem associated



to system (7) is

dw
{ T =Fw), 120, @
w(0) = w?,

where w(t) = (X(t), Y(t), S(t), E(t), I(t), C(t)), w® = (X°,Y?,S°, E0, I°, C%) and F(w(t)) € R is the
right-hand vector in equation (7).

Clearly, the function F(w(t)) is continuously differentiable in R®. Thus by Cauchy-Lipschitz
theorem, for any w” € R® there exists an interval [—¢,c] and a unique continuously differ-
entiable function w(t) € R® defined for t € [—¢, ¢] and satisfying (8). Thus the existence of a
unique maximal solution for (8) is guaranteed.

Theorem 2.1. Let the initial data be X° > 0,Y° > 0,5° > 0,E® > 0,1° > 0 and C° > 0. Then, the
corresponding solution (X;Y; S; E; I; C) of model (7) is non-negative for all t > 0, whenever it exists.
Moreover, the solutions are bounded and model (7) is a dynamical system in the set

e A
cs2)

s

; S+E+IL

>3

Q= {(X,Y,S,E,I,C) eRS/X+Y <

Proof. Theorem 2.1 is not difficult to prove and the details are skipped. m|

Since according to Theorem 2.1, the solutions of system (7) remain non-negative and
bounded in R¢, We can conclude that the solution exists, globally in time. Moreover, the set
Q) is positively invariant with respect to the flow of system (7). Thus, system (7) is mathe-
matically and epidemiologically well-posed and it is sufficient to consider the dynamics of
the flow generated by system (7) in (), as it is also an attracting and absorbing set.

2.3. Sensitivity analysis of the basic reproduction number

2.3.1. Computation of the basic reproduction number Ry

In the absence of infection, thatis g = 0 and Y = E = I = C = 0, the model (7) has a
disease-free equilibrium (DFE),

70 = (X0, Y0, 8%, E%, I, C°) = (‘g,o, £,0,0,0),
which is obtained by setting the right-hand side of the system (7) to zero.

A key quantity in classic epidemiological models is the basic reproduction number, de-
noted by Ry. It is a useful threshold in the study of a disease for predicting a disease outbreak
and for evaluating the control strategies. Usually, p(M) will indicate the spectral radius of
matrix M. We stress that, (Y, E, I, C) and (X, S) are the infected and uninfected classes, respec-
tively. In order to compute the basic reproduction number R, we follow the method in [21].
By so doing we get,

5UA ﬁeAﬁbZ

2 TR

Ro = )

We notice that if the farms environment are free of viruses, that is 3. = 0, the basic reduces
to the sole contribution of direct poultry-to-poultry reproduction number

_pA

Ry = .




On the oher hand, if direct transmission (poultry-to-poultry) is absent, that is f, = 0 then
only the infected poultry farms contribute to build the basic reproduction number which
becomes

_ ﬁeA¢2
Re="ci

These two observations suggest that the two modes of avian influenza transmission can
independently or jointly trigger an epidemic depending on conditions. Thus, precisely
speaking, Ry measures the number of secondary avian influenza infections generated in a
wholly susceptible community when a sufficient concentration of vibrios contaminates the
farms environment and/or when an avian influenza-infected individual is introduced into
the farm.

In Ry, Bo/d is the average amount of hyper infectious V. avian influenza ingested by a
asymptomatic poultry.

In R,, 1/£ is the lifetime of the vibrios in the farms environment; 3./« is the number of
new cases generated in terms of vibrios per unit time, measured by the eID5; concentration;
(> /d is the average amount of V. avian influenza shed per infected poultry.

2.3.2. Local sensitivity analysis of Ry

The local sensitivity analysis is based on the normalized sensitivity index of R,. The nor-
malized forward sensitivity index of a variable to a parameter is the number of the relative
change in the variable to the relative change in the parameter. Since the basic reproduction
number is a differentiable function of the parameters, the sensitivity index may alternatively
be defined using partial derivatives [22]. To this aim, denoting by ® the generic parameter
of system (7), we evaluate the normalized sensitivity index

D IRy
S0 = 5 o,
Ro 0P
which indicates how sensitive Ry is to a change of parameter ®. A positive (resp. negative)
index indicates that an increase in the parameter value results in an increase (resp. decrease)
in the Ry value.
Consider ¢, = 10% and the other parameter values in Table 3, we tabulate the indexes of
the remaining parameters in Table 1. From Table 1, we can observe that the parameters f3,,

Table 1. Sensitivity indexes for Ry.

Parameter  Sensitivity index Value
Bo Sp. +0.9676
Be Sg. +0.03226
A Sa +0.99999
b2 S¢, +0.03226
'3 Se -0.03226
d S, -2.00003

Be, A and ¢, respectively have a positive influence in the value of Ry. This means that the
increase or the decrease of these parameters, will increase or decrease Ry. The indexes for
parameters ¢ and d which represent the degradation rate of virus and natural death rate of
poultry respectively, show that increasing their values, will decrease the value of Rj. From
these analyses, it is worth remakable that a higher emission rate of poultry ¢, and the lower
degradation rate of virus ¢ increases Ry. Using the parameter values in Table 3, the numerical
results displayed in Figure 2 illustrate the role of ¢, and & on the basic reproduction number
Ro, from which we observe that R, increases whenever the parameters ¢, and & increase
and decrease respectively. This suggests that, an optimal control measure could be the
combination of the number of emission rate of poultry and degradation rate of virus.
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Figure 2. The basic reproduction number Ry plotted as function of the emission rate of poultry ¢, and inactivation rate &.

3. Theoretical and asymptotic analysis of the model

In this section, we study the existence and asymptotic behavior of the steady state of model
(7) in two different scenarios. We start with the analysis of the sub-model where there is no
immigration of infected poultry, and secondly, we study the full model (7).

3.1. Analysis of the sub-model without imported infected poultry (q=0)

In this case, we get two equilibrium points, namely the disease-free equilibrium and the
endemic equilibrium. When q = 0, the model (7) reads

dX Y C

E_A_ﬁUX1+QY_ﬁEXC+K_dX'

ay Y C

@ - PX Ty TR Y

ds S S

E_B+QE+’)/I_TDIT]Y_TENC_6S’
(10)

dE S S

E _TUIT]Y+TeﬁC_(a+5+€)E’

dl

E-eE—(y+p+6)I,

dcC

E—qsz—cSC.




3.1.1. Existence of equilibrium points

The disease-free equilibrium is given by:

A B

ZO = (XOI YO/ SO/ EO/ IO/ CO) = (_1 0/ <7 0/ 010

d’" "o

Let Z* = (X*,Y", 5, E, I"',C") be an endemic steady state of model (10). Then, as N(t) =
S(t) + E(t) + I(t) and M(t) = X(t) + Y(t), it is easily seen that dN/dt = B — pI — 0N and for
the poultry vector population the corresponding total population size is asymptotically

constant: lim;_,, ., M(t) = A/d. Based on this, we have

B o
S*:N*_E*_I*/ I*:E_éN*, E*:ﬂ_ULN*, X*:__Y*;
p P pe  pe
0(1]\]’e (Z\]’F - E)
Y’(’ — 6
ar — azN* !

where,

m=a+0+e, m=y+06+p,

o o
alzmnz ,0(22E(E+1)(TU+T6¢—2),(X3=(£+Q+1
ple pe p

pe <

|

0))

Ty + Te—

3

Straightforward substitutions show that Y* must satisfy the following equation:

P(Y) = asY? +asY +ag =0,
with

PP Beagy  dag
ay=——1-— - ,

< < <

akBoA  PeAd)

as = —Kfy —

Petp2 - (dmc + 42

z ?)(1—R0)—

ag = kd(Ro — 1).

xkd&2 "’

)

C = %Y’*, (11a)

(11b)

(12)

(13)

(14a)

(14b)

(14¢)

Equation (13) has a unique positive solution if Ry > 1 and no positive solution whenever

Ro < 1.
Substituting this solution by its value in (11b), we obtain

HN) = ay N2 + (a3y* _ alg) N' - ayY = 0.

Notice that it is not difficult to show that /(0) < 0 and h(B/6) > 0. Indeed,

h0) = -aY <0,

(15)



2 2 5
h(g)z %+%Y"—%—QZY” = %(TU+%%)>O.

By the intermediate value theorem, there exists a positive root for the quadratic equation
(15) which lies between 0 and B/6. Moreover, since a is positive and the constant coefficient
of h(N") is negative, the second root of equation (15) is negative. Thus, the existence of a
unique endemic equilibrium point for model (10). Furthermore, we need to prove that the
corresponding unique endemic equilibrium lies in Q. To that end, let P*(Y*) = ayY** + asY* +
ae. It is straightforward that P*(0) = as > 0 and

(AN BupA? BeaA’hy A kBuA BoprA?
P (E) S A; 7 _A & d “KAA+ PE
ﬁea¢2 ﬁeﬂbz @2 KﬁvA ﬁe (PZ
+ 7 52 BT T dx + i
—MZZA —%—K&A—dk<0.

Therefore, 0 < Y* < A/d, and it follows that C* and X" are positive. Finally, the fact that the
unique endemic equilibrium (X*, Y*, S*, E*, I', C*) belongs to € is a direct consequence of the
formulas in (11a) and (11b). These investigations are summarized in the following result.

Lemma 3.1. The model (10) has:

(1) a unique endemic equilibrium whenever Ry > 1;
(2) no endemic equilibrium whenever Ry < 1.

3.1.2. Local stability the disease-free equilibrium and bifurcation analysis at Ry = 1

Theorem 3.2. The disease-free equilibrium Z° of system (10) is locally asymptotically stable in Q
when Ry < 1, but unstable when Ry > 1.

Proof. The eigenvalues of a Jacobian matrix of the vector field described by (10) at the DFE,
are the roots A1 and A, of the quadratic equation

ﬁvA ﬁvAé _ ,BeAQbZ _

2 —_— —_—
A +/\(5+d 7 )+d§ 7 o (16)
These roots satisfy the relations
WA A
Mty m—i—ds b PhAP e ),
5 Aéd BuAG kd?&
v e 2
/\1)(/\2—615— F - o —dé(l—Ro).

Clearly, If Ry <1, then A; X A, > 0and Ay + A, < 0, such the A; and A, have negative real
parts. This proves the local asymptotic stability of Z°. On the other hand, if Ry > 1, at least
one of the eigeinvalues has a positive real part, which implies that Z° is unstable. m]

Biologically, Theorem 3.2 shows that the avian influenza can be eliminated (when Ry < 1)
if the initial population lies in the basin of attraction of DFE Z°.

Lemma 3.1 and Theorem 3.2 establish that Ry = 1 is a bifurcation parameter. In fact, across
Ry = 1 the disease-free equilibrium, Z° changes its stability property from local stability to
unstable (see Theorem 3.5). In the next result, the Center Manifold Theory [23] as described
by Theorem 4.1 in [23] is used to investigate the appearance of the trans-critical bifurcation
at Ry = 1 where the stable disease-free equilibrium 7% becomes unstable when R, crosses

10



1 from below and gives rise to a stable endemic equilibrium Z*. We have the following
theorem.

Theorem 3.3. The system (10) presents a trans-critical forward bifurcation at Ry = 1.

Proof. To apply this theory, we first rename the state variables. Let x; = X,x, = Y x3 =
S,x4 = E,x5s =T and x4 = C so that N = x3 + x4 + x5. Further, by using the vector notation x =
(x1,X2, X3, X4,%5,X)T, the avian influenza model (10) can be written in the form dx/dt = f(x),

with f = (fi, fo, f3, fa, f5, fo)T as follows:

dx1 X2 X6

— =f1i=A- - —dxy,

ddt f1 ﬁvxl 1+ ax, ,Bexl Xe + K o

X2 X2

— = = [y + Pe —-d P

ddt f2 ‘BXl1+0(xZ ﬁX1x6+K 2

X3 X3

— = f=B+ + — (TpXo + Toxg) ————— — Ox3,
L axs + yxs — (ToXz Tx6)x3 a0 a
dﬁ_f—(fx +Tx)—x3 —(a+06+é€)x

ddt — /4T 2 86x3+X4+x5 v

X

d—::f5=€X4—()/+p+5)X5,

dx

d—:=f6=¢2x2—53€6-

The Jacobian of system (17) at the DFE 7% =(A/d,0,B/6,0,0,0), is the same as for the one in
proof of Theorem 3.2. The basic reproduction number of the transformed (linearized) system
(17) is the same as that of the original model (10).

Let o, be the non-negative real numbers such that f, = 0., , then the basic reproduction
number Ry becomes

_ ﬁeKéA + ﬁe¢203A

Ro K0Ed?

Therefore, choosing f. as the bifurcation parameter, by solving for g, when Ry = 1, we obtain:

Ko .Ed?

Pe=Be = At + daor)

It follows that the Jacobian (J|z) of system (17) at the DFE Z°, with B, = g, denoted by
Jlg: has a simple zero eigenvalue (with all other eigenvalues having negative real parts).
Hence, the Center Manifold theory [23] can be used to analyze the dynamics of system
(17). In particular, Theorem 4.1 in [23], will be used to show that, when R, > 1, there exists
a unique endemic equilibrium of system (17) (as shown in Lemma 3.1) which is locally
asymptotically stable for Ry near 1, under certain conditions. The application of Theorem
4.1 in [23] hinges on the following computations (it should be noted that we are using f; as
the bifurcation parameter, in place of ¢ in Theorem 4.1 [23]).

Eigenvectors of J|s.: The right eigenvector corresponding to the zero eigenvalue is:

T
u = (uy, U, U3, Ug, Us, Ug) " .

By solving the system
A A A A
—dul—ﬁzl uz—ﬁ;d s = 0; (ﬁ; —d)uz+’8;d U =0; oty — Eutg = 0;

—TyUp — (Slxlg, +auy + YUus — Telg = 0, 7TyuUr — Mus + Telg = 0, euy— MoUus = 0,

11



we obtain

€ 1 T
M1=—u2,M2=u2>0,u3:(i+7/———)(ﬂ,+ gg)z)uz,

(5771 (31]1172 1)
u4:l(TU+Te¢2)”21 Us = < TU+TE¢2)”2I ”6:ﬂ1/l2.
m & mne 'S &

Similarly, the components of the left eigenvectors (corresponding to the zero eigenvalue)
v = (v1, 02,03, 04, Vs, Us) is obtained by solving the system

BoA poA
v1=0,v3=0, - 7 U+ 7 —d|vy — ToU3 + TyUs + P06 = 0;  avs — 1104 + €05 = 0;
A A
Y03 — 1205 = 0; —ﬁzl U1+%02—Te03+'5e04—506=0-
Hence,
xd&
01:0,02:ﬁ6A06,03:0,0420,05:O,v6zvé>0.

Computation of a: For system (17), the corresponding non-zero partial derivatives of f;
(i =1;2;3;4;5;6) calculated at the disease-free equilibrium are given by:

&z_z ﬁUA.@__[E, 82][2 _ . 92f2 _,Be

2~ Ud a2 T A dxom Y Jxidxs | K

Consequently, we calculate the associated bifurcation coefficient a.

%fi Ph P >f, >fy
_ 6 a2 Ik 50y 27 J2 27 /2
a = )i Ukllill ok, (Z°) '02(142 P + ug o + 2uup Ix10%, + 2u16 ox1 3xe)
g 2|_ BoA  PeP3A  Bepr ]
= ﬁeA%uz 2a 7 2K252d prS 2B, |< 0.

Computation of b: For system (17), the corresponding non-zero partial derivatives of
fi (i=1;2;3;4;5;6) calculated at the disease-free equilibrium are given by:

’H A PhH A
oxedfs  xd’ OxedB:  wd

We compute the associated bifurcation coefficient b.

6
b= ;vkuim(z ) = UZ%E = azﬁe—Auzvé = Euz% > 0.

Thus, the bifurcation coefficient a is always negative. Furthermore, the bifurcation coefficient
b is always positive. Hence, it follows from Theorem 4.1 in [23], that model (17) does undergo
the trans-critical forward bifurcation at Ry = 1. O

Remark 3.4. The application of Theorem 4.1 in [?3] which proves Theorem 3.3, also establishes the
local asymptotic stability of the unique endemic equilibrium Z*, but this result applies only for small
values of Ry > 1. Nonetheless, for all values of Ry > 1, Z* is LAS as well and the proof follows similar
procedure as in the demonstration of Theorem (3.14).

12



3.1.3. Global stability analysis of the equilibrium points
For a better control of the disease, the global asymptotic stability of the DFE is needed.

Theorem 3.5. The disease-free equilibrium of system (10) is globally asymptotically stable (GAS)
in Q lfRo <1

Proof. We use the Lyapunov function approach. Define

2
L(X,Y,S,EI,C) = (d+%)Y(t) —C(t).
Then,

dL (1 ¢2\dY dY 1dC

d — \d dg TEar
(1 ¢ Y C 1
= \ata (ﬁvx1+ay+ﬁfxm‘”)+z“’zy_é@
(1 P2 Y C
= e+ @)Xy reXe) - r-c
[ R xR B2 KB Y C\
B ﬁUX0+[3€X0 «&EBod 5851)(5” Tray TP C+1<) r-c

Direct calculations lead to

dL ﬂo KR() ﬁe¢2 K,Bv Y C ,Be¢2

@ s (ﬁUXO T BX0 T wépod ﬁg )(ﬁ”X1 +aY +ﬁeXC+K) wea s XY
ﬁv ﬁe¢2 0 0 50 ,Be
dﬁexy 2déﬁvxc dxc 5 = RoY = —-RC-Y - C,

Ry XY xRy XY _fufp XY K} XY PRy XC xRy XC

X01+aY BX01+aY «&dl+aY d‘Bel+aY IBUXOC+1< X0 C+x
ﬁgﬂbz XC Kﬁv XC ‘BE(P2 52 ﬁe¢2 0 0C ﬁv
kdéfy, C + K d C+x KédXY dﬁeXY+ Zdéﬁvxc dX Be =5, oY

IA

-= Y +RpY = RoC + RoC.
KPo
Some simple rearrangements yield,
dL RoY X KRoﬁv 0 X
= < — — —
g = Ro=D+0) = =7 (X 1+aY) B.X0 Y(X 1+aY)

ﬁegbdzy(x 1+XaY) dg:Y(X 1+XaY) Eﬁgc al C}EK

_K_ROC ﬁe(ch X _,_Kﬁ” X_O_ X
X0 K C+1< chfﬁv k CH+x d \x C+x/)’

Finally,

dL kERo L P X XX
i =t ol g b ) e

13



Since X < X°, we have

0
dL KERy (1+qbz X0 X

TSR D0+ 0 - R E) [ﬁmxo “X)+ 5ec(7 - Z)] <0,

dL
whenever Ry < 1. Moreover, i 0,Y=C=00orX=X"and Ry = 1.

Thus, the largest invariant set H such that H C {(X,Y,S, E,I,C) € RS /dL/dt = O} is

{Z°} because in H one has lim;ic Y(t) = limj4 C(t) = 0. In system (10), we obtain
limy— 400 X(£) = X0, lim; 100 S(F) = S, limy 100 E(t) = lim;, 1 I(f) = 0. By LaSalle’s Invariance
Principle [24], {Z°} is globally asymptotically stable in Q. The proof is complete. m]

As for the proof of the GAS of the endemic equilibrium Z*, one should notice that, since the
poultry sub-model is independent of the human population variables (S, E, I), system (10)
takes the triangular form

dx
E :f(x)/ X = (X/Y/C)/
(18)

dy
i gx ), y=(SE]I.

Therefore, in order to deal with the global asymptotic stability of the unique endemic
equilibrium stated in Theorem 3.9, the following three results are instrumental.

Theorem 3.6. (Vidyagasar [25])
Consider a C! class system with an equilibrium point (x*; y*).

dx

==,

d 19
d_z =g(x,y), xeR", yeR", (19)
f(x)=0,8(x",y) =0.

If x* is GAS in R" for system dx/dt = f(x), and if y* is GAS in R", for system dy/dt = g(x*; y),
then equilibrium point (x*;y*) is (locally) asymptotically stable for system (19). Moreover, if all the
trajectories of (19) are positively bounded , then (x*; y*) is GAS for (19).

Theorem 3.7. Let H be a 2 X 2 matrix [26, 27]. Then

a a
H= 11 412 )
az1 A4

is Volterra-Lyapunov stable if and only if a1 < 0,ax < 0, and ay1a22 — apan > 0.

Theorem 3.8. Let H be a non-singular n X n matrix, where n > 2, with inverse Hl'=Kand Wa
positive diagonal n X n matrix [25]. Let H*, K*, and W* denote the (n — 1) X (n — 1) matrices obtained
from H, K, and W, respectively, by deleting the last row and the last column. Then

(i) if WH + (WH)T > 0, we must have a,,, > 0, WH* + (W*H*)T > 0, and W*K* + (W*K*)T > 0;
(i) if 4y, > 0, WH* + W*H*)T > 0, and W'K* + (W*K*)T > 0, it is possible to choose w, > 0
such that WH + (WH)T > 0.

Now, we claim the following result.

14



Theorem 3.9. The unique positive endemic equilibrium point x* = (X*,Y*, C*) of the system (20) is
globally asymptotically stable if Ry > 1.

Proof. Following, Theorem 3.6, we first study the GAS of the endemic equilibrium x* of the
poultry system:

ax Y C

ar —Pe 1+aY —peX C+1<_dX’

dx dy Y C

ar =IO =) G T Py AR e 20
e
——csz EC.

Consider the following domain as a result of a nondimensionalized system (20)

XY, eR0<X+Y<a Cx< iy
A’ = de
Next, construct the Lyapunov function
V=wi (X=X +w(Y=Y)+w;(C-C), (21)

with w1 > 0,w; > 0 and w3 > 0. Note that for the endemic equilibrium x* , we have the
following three equations for the nondimensionalized system:

Y C

A - B, X" Trar Be X" o dx =0, (22a)
* Y* * C* f—
ﬁ-UX m + ﬁeX m -4y’ = 0, (22b)
¢ Y = ECT =0. (22¢0)
Using (22a)-(22c), we obtain
‘Z—Y = 2a)1(X—X*[ poX7 Y Ty~ BX L—dX+ﬁvX*L* +BX = +dX*]

. Y C . Y* C* .
+2w,(Y — Y) [ﬁv T+ ay + BeX Car” ay — p.X T3 ar BeX* i + ay ]
+2w3(C — C*)[qi)zY —EC— Y +EC|.

Some substitutions yield
av . Y Y Y Y

dat 2“’1(X_§)[ (5“ 1Jé Tray PX L+d Tray TFX 2 Tray X 1+aY*)
- % % _ _ +\2

(’83 C+x peX Y ﬁeX § — X C*+1§/)] 2and(X Y}*()
+2w2(Y;Y [(ﬁ” T oy~ PX 1+ aY ﬁXCl*+aY_ﬁvX1+aY*)

_ x—_ _ _ _ %\ 2

(ﬁg C+x pX C+ ﬁgX peX *+1<)] 2wpd(Y = Y7)

12w5(C - CY) [¢2(Y _y)-&C-C )].

15



The gatherings of some terms give

v Y C . BoX" . .
ar - _zwl(ﬁ” 5Y 5ec+1<+d)(X_X)2_2“’1(1+a1}/<)(1+aY)(X_X)(Y_Y)
Ke * % *
DCrC R XNE-O 2“’2((1 TaY)(1 +aY") )(Y ry

Y C e
+2w2(ﬁvl+ay ,BeC+K)(Y—Y)(X—X)+2w2

+2&)3(]§2(C - C*)(Y - Y") = 2w3&(C — C*)Z/

KBe
(C+x)(C +x)

= U(WH+H™'W)UT,
where U = [X - X", Y -Y",C-C], W = diag(w, w2, w3) and

Y C B. X" KB X"

Pty e 1+ aY)(1+aY?) _(C+K)gg*+1<)
H= Y C Bo X KBe X"
Poivay TPere  Gxanirar) ¢ CroC 9
0 ¥ A

Y=-Y)(C-C)

(23)

The global asymptotic stability of x* will be established if we can show that the matrix H
defined in (23) is Volterra-Lyapunov stable [25]; that is, a positive diagonal matrix W exists

such that WH + HTW is negative definite.
From (23), one can see that H is non-singular because

e X" X" C
detH = = oc+0  Grandrar) (5 v TP d)’
kX dBuEX"
- C : 9+ 1;3)(; (1+aY)(1+aY)
v ¥ e(2 Y C
_(1+aY* C*+K)(ﬁ”1+aY 'BEC+K+d)’
) ey X"C ABLEXTY
T (cﬁ* E;’E)(C +x) _(L+aY)(l+aY)
v * e(Y2 Y C
_(1 Tay | C +K)(ﬁ”1 Fay ﬁgC+K) <0
Moreover,
Axe X"
- 1 dkB.X*
H!'= B B
detH el 2 C+OC+0
Bop2Y ﬁe<l)2C Ao + BoPp2Y ﬁeqi)zC I
[ 1+aYy C+ 1+aY C+x 3
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where,

h _ dé _ ﬁvéX* _ Kﬁe(PZX*
= I+aV)(1+aY") (C+x)(C +x)
oo BEX KReX
27 TA+an)d+aY) (C+x)(C +x)
_ BEY  BeiC
h = 1+aY+C+K'
~ BoLY  BeC
h = d£+1+aY+C+K'
_ ,BUY ﬁec 2 d‘BUX*
has = d(1 Tav C+K)+d T+an)d +ay)

Using the fact that det H < 0, and the relations that link the endemic equilibrium component,
one can readily verify the hypotheses of Theorem 3.7 for the matrix (H™!)* and conclude that
it is Volterra-Lyapunov stable. Hence, a 2 X 2 positive diagonal matrix W* = diag(wi, w>)
exists such that W*(H1)*+(W*(H™1)")T < 0. Setting O = (—H)~!, we have W*O*+(W*O")T > 0.
After lenghty but direct calculations, we obtain

a0+ o1 =] &2,

ax
with
) L BEXT paaX
= 2("1(01'S 1+aV)l+aY) (C+ K)((g 55) ) b
_ Y C v ¥ KPpeP2 !
m = alfir +Yﬁ‘féﬁ) ) 1((1 raY)(l+ar) | (C+rC + K))’
v = 20l poty oy b )
On the other hand,
W*(_H)x- + (W*(_H)*)T _ [ bll blZ :| Wlth
| b bn |7

%
bu = zwl(d+ﬁ;1 ﬁ“c+1<) .
b = a)l(1+aY)(1+ﬁa§i)_ (ﬁ“ aY ﬁeC+K),
b = zwz(d_(uw)(naw))‘

Next, we prove that W*(—H)* + (W*(=H)*)T > 0. Indeed, since W*O* + (W*O")! is positive

17



definite and — det H > 0, we have det {(— det H)[W*O* + (W*O*)T]} >(0and

det{W*(—H)* ; (W*(—H)*)T}

4a)1a)2[d By PoX! ]

%
Tray T Pcy K][ T A+ and+ar)

_“)5[(1 n aﬁlf)g(i aY*)]z - wg[ﬁﬁ +YaY * ﬁecJCr K]Z

+2w foX [ Y + ]
T A rar P T ay TPl

= det{(— det H)[W*O* + (W*O*)T]}

+4w1wr

dxBepr X N 2[ KBepa X" ]2
CroC+n " CroC +1

KﬁeqbzX* Y C
(C+x)(C +K)[ﬁvl +aY +’86C+K]

2 BiEX ]pednX
11 +aV)1+aY) (C+r)C +x)

+2wiwsr

where,

det {(- det H)[W'O" + (WO)T]} = 4w1w2[d£+ﬁvé Y ¢ ]

1+aY - ﬁegC + K
ﬁvéX* _ K,Befl)zX* ]
T+a)A+aY") (C+x)(C+x)
g BelX KB X' T
_“’1[(1 TaV)1+aY) T C+o)(C + K)]

5 Y C 7
—a)z[ﬁvél +aY +‘BEEC + K]

Y C
Ronen| oty B

[ BuéX N KPep2 X* ]
A +aV)1+aY) (C+r)(C +x)])

x[dé—

A judicious exploitation of the equilibrium relations shows that

poX"

be=d =G A ar)

Hence, the matrix W*(—H)* + (W*(-H)")T is positive definite. Since by > 0, W*(-H)* +
(W*(-=H))T > 0 and W*(-H™)* + W*(-H 1)")T > 0, then thanks to Theorem 3.8 (ii), there
exists w3 > 0 such that W(-H) + (W(=H))" > 0; thatis, WH + H'W < 0. Thus H is Volterra-
Lyapunov stable. Hence a feasible equilibrium x* is globally asymptotically stable in ;. O
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Next, we investigate the dynamics of the human sub-system:

ds S S

E:B+aE+)/I—TUNY*—TENC*—6S,
dy dE S S
_— = *. = = —Y* —C* = 24
0t g(x%y) 7 TZ,NY +’ceNC (a+0+¢€)E, (24)
%:eE—(y+p+6)I.

Theorem 3.10. The unique positive endemic equilibrium point y* = (S*, E*, I') of the system (24) is
globally asymptotically stable if Ry > 1.

Proof. We introduce the fractions x = 6S/B,y = 6E/B, z = 6I/B and scale time by introducing
anew time 7 = 6t. This gives us the simplified system as:

=l+ay+yz— (T, + TEC*)—ITI - X,

d_
dy
d_ (TUY*-i—TgC*)—N—(l +a+e)y, (25)
dz
g7 =y A+p+y)z,
where
- oo T _€- Po_ VG
a_élTU_ 6/7:6 6/6—6/p—6,7/—6,N x+y+Z
Here, we have used the fact that
dN — _
— =1-N-"pz.
dt p=

It can be shown that the region
Q={xy2)eR}/0<x+y+z<1),

is positively invariant. Now, consider the equivalent system:

Y@y +ne) i _q+a+d

gt~ BN Y

j——ey (1+p+7)z, (26)
‘ZL\] 1-N-pz

Denote

Qs ={(y,zN) e u/N=1-pz} ={(y,z,N) e Q/x+y + (1 +pz =1}
Then it not difficult to prove that Q3 is a positively invariant and attracting subset of (),.
Next we use the Poincaré-Bendixson techniques to prove that system (24) has no periodic

solution. Let us assume that the system (24) has a periodic solution 1(7) = {x(1), y(7), 2(7)}.
Let (1) be the trajectory of periodic solution, and IT be the planar region of (7). Let
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fi(x,y,2), fa(x,y,z) and f3(x, y,z) respectively represent the three expressions of the right-
hand side of the system (25). Set f = (fi, f2, 3)7, g(x, y,2) = r X f/(xyz), where r = (x,y,x)T .
Theng-f=0,letg = (91,42 g3), Wwhere

_ fixz)  falx,y) Ay fa(y,2) _fy,2)  fix2)
= - s &2 = - ; 83 = - .

&
Xz xy xy Yz yz Xz
Then
(983 dg2  dg1 dgz  dgr  I;n
C“”g-(a—y‘zf 9 o x‘@)-

By simple calculations, we have

7 a _1_ - — — 1 0

Aoy 1@ YA-xoY) ezl 1P 1
xy xy 3(1 (1+110)xz -~ Byl+px+y) vy

filx,2) = l+a[ —x = ( +p)z]+)—/—(?vY*+%eC*)£ 1_ —1,
Xz Xz Xz X Bzl-pz z
, _ _ 1-y—-(1+p a+¢€

f(v,2) - &Y+ TgC*)é y—( - 0)z _1+a +e,

Yz B yz(1-p)z z

fo(x, ) 6 1+p  1+a+e

= @Y +7.C)—

xy By1l+p(x+y) x
fs(y,2) §_1+77+ﬁ

yz oz y

f3(x, z) €[l-x-(1Q+p)z] 1+y+p

xz xz - x

Now, since x + y + (1 + p)z = 1, it is clear that —[1 — (1 + p)z] = —(x + y) < 0, so that

8g3 agz_ € e — *61—(14‘5)2
W—g——z—z—(ﬂjy +T3C)Em< .

Further, we have

dg1  dgs el-x) 1 all-Q+pzl ¥

Jdz  Jdx xz2 _ x’z x2z x2’ _
o _og _ 1 _a -y oaezoy 0 1P
dx  dy K2y a2 (I+pxdy TUBR1+p(x+y)

Obviously, the right hand sides in the two equations above are negative. Taking the unit
normal vector of ()3

(1,1,1+p)"
P +2p+3

we obtain (Curlg) -n < 0. By the Poincaré-Bendixson theorem, we know that the system (24)
has no periodic solution. Thus, the equilibrium y* is GAS in ;. m]

Finally, the combination of Theorem 3.6, Theorem 3.9 and Theorem 3.10 establishes the
GAS of Z* as stated in the corollary below.

Corollary 3.11. The positive endemic equilibrium Z* of model (10) is globally asymptotically stable
when Ry > 1.
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3.2. Analysis of the full model (q # 0)

3.2.1. Existence and uniqueness of the equilibrium point

When g # 0, one can easily establish that the components of the positive equilibrium Z=

(X,Y,S,E,1,C) of the e system (7) satisfy Eqgs.(11a), where X,E,I,C,and S replace X*,E*, I",C*
and S* respectively. Y is the solution of the equation

A -\ Y A = C -
A+ v(__Y)—_+ e(__Y)— —-dY =0, (27)
14+ P\ 1+aY Pe\a C+x

which takes the form
Q(l_/, q) = a41_/3 + a51_/2 +agY +a; =0, (28)
where,

Bod2  Peady dagy gAag,

; 05 =

< < & <
qAP2 + KBoA dic + BeAg:

3 d g’

ﬁvA(PZ " ﬁeAO((P2 _ ﬁe¢2 _ @
dé dé & &

ag = — — Kfy — dax +

ae = KqAa + a7 = kqA.

And N is the positive solution of the quadratic equation
— —2 — B\ — —
H(N) = yN +(0(3Y—0(15)N—a2¥: 0. (29)

Notice that an endemic equilibrium (i. e. a positive constant solution) Z for system (7) is
obtained by solving for Y equation (28), then solves for N equation (29) and finally recover

the remaining components of Z by replacing the obtained Y and N into Egs.(11a).
We claim the following result.

Theorem 3.12. When q > 0, system (7) has a unique positive solution Z. Moreover, the asymp-

tomatic compornents of Z and Z* satisfy the inequality Y > Y*, where Y is a positive solution of (28)
and Y* is the unique positive solution of (13) .

Proof. It is straightforward that, if Y is a positive root for (28), then since a1 > 0 and a, > 0,
equation (29) has a unique positive solution. Therefore, it is enough to solve only equation
(28) for positive Y.

Notice that a7 is positive and a4 is negative. Thus, according to the Descartes’ rule of signs,
the number of positive real roots of the polynomial (28) depends on the signs of a5 and a4 as
depicted in Table 2 below.

Table 2. Total number of possible real roots of (28)
Case a4 as ag a7 Number of sign changes Number of positive real roots
- +  + o+ 1 1

@ -
(ii)

—_

1
1
lor3

—_

-+
+ o+
-+

E
w

Now, if the signs of a5 and a¢ follow case (i) of Table 2, then there exists exactly one positive
solution Y of (28). If rather case (ii) holds, that is a5 > 0 and a4 < 0, the existence of at least

one positive solution Y is ensured. The uniqueness of Y in this case (ii) will follow later
by the proof (in Corollary (3.15)) of the global asymptotic stability of endemic equilibrium

21



Z, which normally rules out the possibility of multiple equilibria. It remains to prove that
Y> Y.

To achieve that, observe that the polynomial Q(Y,q) can be rewritten as the explicit
function g in the form:

Y. = o) g 22027 Ags
Q(,q) =YP(Y)+q3 ——Y +|kAa+ = Y + kA (30)
Next for g > 0,Y" > 0, and because P(Y*) = 0 and a4 < 0, we have:
Q(Yx- _ (PZ 2 qb2 * . N _
) =gy —— ") + [kAa + — 3 Y'+kA; >0, and lim Q(Y,q) = -
Y—+00

Therefore, it follows by the intermediate value theorem that the unique positive solution Y
for equation (28) lies in (Y*, +o0). Thatis Y > Y. O

Remark 3.13. The last statement of Theorem 3.12 established that, when the avian influenza without
immigration of infected poultry (q = 0) has a unique endemic equilibrium Z*, then the importation
of infected poultry (q > 0) introduces no new endemic equilibrium but serves to shift the existing
(unique) endemic equilibrium to a higher disease endemic level. In order works, during avian influenza
epidemic outbreaks, the recruitment of infected poultry in the farms increases the endemic level of
avian influenza in the poultry population.

3.2.2. Local and global stability analysis of the unique endemic equilibrium point

Theorem 3.14. If g # 0, the positive equilibrium point Z of system (7) is locally asymptotically
stable.

Proof. The Jacobian matrix of the vector field described by (7) at the EE is

-P-d -Q 0 0 0 -R
P Q-d 0 0 0 R
S Y C S
o 0 —TU_N —TUN TEN_—(S a Y —TE_N
] []z]]lgz,]§6 3 C S ’
0 To— To— + To— —(a+do+e¢) 0 Te—
N N N N
0 0 0 € ~-(y+p+06) O
0 P2 0 0 0 -£ |
(31)
where J;; is the non-vanishing (i, j) entry of ] and
P=fo—— tfom— , Q=f—e , R=rf—e.
1+aY C+x (1+aY)? (x + C)?
Let
c1 = —(Js3+ Jua + J55),
2 = (J33)s5 + J33Jaa + JuaJ55 — JaaJ3),
cs = (JaaJas]ss + JusJs5a)35 — J33Jaa]55),
= —(Ju+Jn+Jee)
2 = (JuJes + J22Je6 + J11)22 + J26J62 — J12)21),
3 = (=Julsle2 + J12J21Je6 = J11)22J66 — J21]16]62)-
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Then the characteristic equation of J|gg is given by
A+ A2 + oA +c3) (A2 +CiA% + 5A +¢3) = 0. (32)
We show that
c1>0,¢0>0,c3>0,¢1>0,c>0,c3>0, cica—c3>0 and cic; —c3 > 0. (33)
Itis clear that J11 <0, J;o <0, J33<0, Juu <0, J55<0, Jos <0, J12 <0, J16 <0, Jo1 >

0,J26>0, J320<0, J34>0, J35>0, Jo>0, Ji3>0, J5s4>0, Joo > 0.
It follows that

c1>0,c>0, c1>0,c2>0,c3>0, c3=J55(J34)a3 — J33]Jua) + Ja3J54]35 > 0.

Meanwhile, we notice that

cica =3 = —J3J55 = J35Jaa — 2]s]aaf55 + JssJaafas — Iy 3 = J3u)5s
+JaaJ3a]a3 — JZ5]33 — J25)aa — Ju3J54)35,
= ] 55 — J3,J55 — 2J33Jaafs5 — JasJsa)ss + (Jaz + Jaa)(JaaJus — J33Jas) > O,

== = 2 2 2 2 2 2
C1C2 — C3 _]11]66 - 11]22 - 22]66 - 22]11 - 66]11 - 66]22

+J1J12)21 = 2J11)22J66 — J22)26J62 + J22]12)21 — J26J62)66 + J16J21]62 > O.

According to the Routh-Hurwitz criterion, all the eigenvalues of (32) have negative real

parts. Thus the endemic equilibrium Z of system (7) is locally asymptotically stable in Q
when g # 0. m]

Following the same procedure as for g = 0, we can prove that the equilibrium Z is globally
asymptotically stable even when g # 0. This result is stated below.

Corollary 3.15. When q # 0, the unique positive equilibrium Z of system (7) is unconditionally
globally asymptotically stable.

4. Numerical analysis: construction and analysis of a discrete NSFD scheme

In this section, we design a nonstandard finite difference scheme that satisfies the positivity
of the state variables involved in the system.

It is important that a numerical method preserves this property when used to solve
differential models arising in population biology because these state variables represent
sub-populations which never take negative values. To begin with, the time domain [0, T]
is partitioned through the discrete time levels t, = nh, where h > 0 is the time step-size.
To construct the NSFD scheme, we discretize system (7) based on the approximation of the
temporal derivatives by a generalized first order forward difference method as follows.

4.1. Construction of a discrete NSFD scheme
For X(t) € C!, the discrete derivative is defined by

dX(H)  X(t+h) - X(t)
i o)

+O0(¢(h), as h—0, (34)
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where ¢ is a function of step-size, called "denominator" functions. X(t) — X, and ¢ have
the property

d(h) = h + O(?). (35)
The discrete derivative for other state variables are obtained analogously whereas the non-
derivative terms are approximated locally, i.e., at the base time level. Denoting the approxi-
mations of X(nh), Y(nh), S(nh), E(nh), I(nh) and C(nh) by X", Y", S", E", I" and C", respectively,
wheren =0,1,2, ..., the NSFD scheme reads
Xn+1 X" = qb(h) [(1 _ q)A _ ‘BvXanl(Yn) _ ‘BeXanz(Cn) _ an+1] ,
Yn+1 —Y" = (P(h) [qA + ﬁvxnﬂfl(yn) + ﬁanHfz(Cn) _ dyn+1] ,

Sn+1 Y o (P(h) [B + (ZE”+1 + 7/In+1 _ Tvgl(yn)snﬂ _ ngz(cn)siﬁl _ 6sn+1] ,
(36)
Bl — " = (h) 1081 (Y")S™ + 1,82(CM)S™ = (a + 5 + e)E™1],

In+1 —I = (P(h) [eEn+1 _ (V + p + 6)In+1],

Cn+1 —_C" = ¢(I’l) [¢zyn _ gcn+1] ,
where the discretizations for f1(Y"), £(C"), g1(Y") and g»(C") are given by

Y" 1 cr ¢ Y" v cr ¢ 7
WY =—7 OV =G s =g—F7 OO =gz ©

In work we choose once for good the function ¢ as follows:

olh) = 1_6—(a+6+e+y+p+d)h

a+o+e+y+p+d (38)

Let

De = (1+¢0)1+m¢)1+no)
+{Tog1(Y") + Teg2(CHH(L + me)(L + 11290) — pa(l + ) — p?yel.

Simplifying (36), we obtain

GAD + Y™ + GlBufi(Y") + Be fo(C)} X1

Yn+1
1+dg ’

gAP(1 +do) + AP* (B fi(Y") + Be fo(C"))
(1 +do)[1 + @i i(Y") + B f2(C") + d}]

[1+ PlBofi(Y") + B f2(C") + d}IY" + p{Bofi(Y") + B f2(C")I X"
(L +do)[1 + i fi(Y") + B 2(C") +d}] '
(1-9Ap+ X"
L+ @{Bofi(Y™) + Bef(C) +d}’

Xn+1
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S" + OB + aE"! + yI1)
1+ Pltog1(Y") + 1.82(C") + 6}

Bgf)(l + T}lqb)(l + T)z(f)) + (1 + 171(1))(1 + 172@{))5”
D, D,

Olal + mg) + yeglE" | gy(1+ mo)l
D, D, ’

Sn+1

E" + ¢ltog1(Y") + T.42(C")}S"H
1+ 171¢ !

BE(rog1(Y") + Tega(C(L + m20)
D,

+¢{Tvg1(Y”) + 782 (CH1 + m29)S"
D,

+¢2{Tvg1(Y”) + Te2(CH(L + n20) + yedp]E"
(1 + T]l(P)De

PR R o L 2
De (1 + nl(P)/

En+1 —

eGE™ 4 I
1+ T]z(f)

Bed*{1,g1(Y") + 1.82(C™)}
D,

eﬂbZ{Tvgl (Yn) + TegZ(Cn)}Sn
" D

+e¢3{fvg1(Y”) + e (C'N(1 + m2p) + yep]E”
1+ M) +me)D.

e {Tog1(Y") + T,g2(C)I"
(1 + 772¢)De
epE" I
+ + ,
1+ Q)1 +me) 1+m
D2pY" + C"
1+& 7

In+1 —

Cn+1

where, 1 =a+6+eandm =y +p+0.
The positivity of the solutions of the scheme (36) follows readily by its construction.

It remains to prove the positive invariance of Q. Firstly adding the first and the second
equations in (36), one has M"*(1 + d¢) = A¢p + M". Therefore, M"*! < A/d whenever
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M" < A/d. Secondly, adding the third, fourth and fifth equations in (36) we have
N™1(1 + 6¢) = B + N" — ppI"*! < Bop + N".

Therefore, N**! < B/ whenever N" < B/S.

4.2. Analysis of the discrete NSFD scheme (36)

In the following sub-section we examine the stability properties of system (36) by proving
that: (i) the continuous and the discrete models have the same equilibrium points, and (ii)
both models possess similar qualitative features near these equilibrium points.

4.2.1. The fixed points of the numerical scheme

Theorem 4.1. The discrete scheme (36) preserves the equilibrium points of the continuous model (7).
That is, on the one hand, the only fixed points of the scheme (36) are either the endemic equilibrium
point of the continuous model (7) when q > 0 or its disease-free and endemic equilibria when q = 0.
On the other hand, the fixed points have the same stability properties are those of the equilibrium
points of the continuous model (7).

Proof. Details of this theorem are omitted, because they lead us to existence of equilibria
for the continuous model. O

4.2.2. Stability analysis of the fixed points

Theorem 4.2. The disease-free fixed point of the NSFD scheme (36) for the sub-model without
imported infected poultry (q = 0) is LAS whenever Ry < 1.

Proof. Note that the Jury criterion is used to study the local stability of the fixed points. The
Jacobian matrix of the NSFD scheme is:

Ju T 00 0 i
hade 000 0
]* — 0 ]§2 ]§3 ]34 35 36
0 ]iIZ il3 il4 115 il6
0 ]EZ 53 54 55 ?6
0 J;, 0 0 0 J |

where the non vanishing entry of | are:

ro= JF (X", Y",C") 1
1m - oX" - Y" cn ’
L+ 0{fo gy g )
oo GRENLYNCY PBo[(1 — AP + X"]
: " (1 +ayE(1+ | LA S d})ZI
* ¢ﬁvl+aY" ﬁeC"+1<
. aFl(Xn/ Y", C") _ qb‘BeK[(l - q)Agb + X"]
16 — oCn - n n 27

Y
(CH+K)2(1+¢{501+04Y” +56C”+1< +d})
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I

*

22

*

26

*

62

*

66

*

33

Y" cr
OFH(X", Y, C") ¢(ﬂ Trayr T Peony K)

aXn Yn " ’
(1+d¢)(1+¢(ﬁ”1+aw +ﬁeC“+1< +d))
dF>(X",Y",C") PBol(1 — AP + X"]
aY" N " !
(1 +dg)1 + aY”)2(1 oy ThE e T d})
Y" c"
(PZﬁU[(l _q)A(P-'_Xn](ﬁU]_ +aY” +ﬁecn +K) 1
_ +
yn cr 2 1+ d(Z)I
(1 +dp)(1 + ayn)Z(l OB Pt d})
OF»(X",Y",C") PPexl(1 - A + X"]
JC - Y ¢
(1 +de)(x + c">2(1 + OBy TPt d})
Y cr
2 _ n
_ (;bﬁgK(l q)A(P—i_X ](ﬁvl'i'(XYn +ﬁeCVl+K)
(1 + d)(C + K)2(1 Ol o+ d})y
¢ Vot oy Thar
IFe(X",Y",C") 20
oY" C1+&9]
IFs(X",Y",C" 1
Eled 1+ &9]
IF5(X",Y",C") _ Oy
sn - DY
. IRXLY'L,C) O
3 — T opn D_Z’
* _ aF?)(an Yl’l’ Cn) _ O3
3~ T om D_g'
. OFE(XMLY",CY) 04
8 asn C1+me’
. _ ORXNYLCH 1 O
“ - JOE" S l+mé T+mo’
. OF(XM,Y",C") O
45 oI C1+me’
. OFs(XMY",C")  epx Oy
S P T A+ me)A + o)
* _ aFS(Xn/ Ynl Cn) _ €¢ X O5 " €(P
54 O™ A+mP)L+mp) (1 +mP)(L+1m20)
. _ OR(XLYNLCY | epx0p 1
5 oI (1 H+m)A+me) 1+ o
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O, = (1+ 171@)(11;'1 m2¢)D, o
(e ETE T T PRI MO )~ gal1 + )~ e,

O, = o[(1+ nqu)YI yep]D, o

O3 = ¢y(1+ T]1<Pl)£e -
(e G+ BT (S B2 N1+ moxt + ) - pat + 1) - giye.

Y S
¢ (St Er4In2 - (St + En+ I12)7 D,
n Cn

+]33 X (P(TU

Oy =

S B+ (ST B+ I"))’
n cr N,

(P(T” S+ E I ST B ATy )x D,
n Cn

+J34 X CP(TU

Os =

S +ET 1Y) Gt I”))’

VR - B 0.
“(S"+En+ 12 (S + En+11)2) D,

n Cn
+J35 X <P(TU

S+ E I ST Bt I"))’

Ny = B +m@)(1+m¢) + (1 +mP)(1+md)S" + ¢l(1 + md) + yeplE" + ¢y (1 + mo)I".

Firstly, we show the local stability of disease-free fixed point 20 Substituting the disease-
free fixed point Z° into the Jacobian matrix, we find that the eigenvalues are

1 1 1 1
M= 1+d¢p’ As = 1+¢o A4 = T+ mo’ As = 1+ 120
and the others satisfies
A2 —biA+b, =0, (39)
where
poo L drepA  digpA P*B.AD,
T T1r e Td+dg) 2T A+ Ep)A+dg)  dr(l + Ep)(L+do)
We have
_ déda(1 = Ro)
1+b1+b2_(1+£¢)(1+d¢), (40a)
2 —
1 bitby=1+ Ak (1 + do) + 2x(d + PPA) + 2kEP“PLA + drép(1 quO)’ (40b)

dix(1+do)(1 + E)
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Prd(l - Ro)(1+ ) + dEd(1 + Rodes) + @(1 +£6)

dx(1 +do)(1 + &)

Clearly, the expressions in (40a), (40b) and (40c) are positive if Ry < 1. The LAS of the
disease-free fixed point follows from Jury criterion for (39) given by:

1- bz = (4OC)

1—b1+b2>0, 1+b1+b2>0, 1—b2>0.

O

As for the local asymptotic stability of endemic fixed point, the characteristic equation
associated with the above matrix | evaluated at the endemic fixed point is

(A3 + b3A% 4+ byA + bs) (A% + bgA? + byA + bg) = 0, (41)

where,

1

bs = —(Ju+Jn+Je) = — — ,
1+ &)1 +dp)(k + CP>(1 + aY)?[1 + d(P +4d)]P

by = JuJn+JitJes + J22Jes _]]26]62 = Ji2J21,
2

(1+ EP)(1 +dp)(xc + C2(1 + aY)[1 + p(P + )PP

bs = JiJasJe2 + J12J21]66 — ]11]]22]66 + J16J21]62,
3

(1+ EO)(1 + d)(x + COX(1 + aY)2[1 + (P + )PP

be = —(Jaz3+ Jua+J55) = DS(l + ﬂ1¢§2(1 + U2¢),

by = J33Jaa + J33)55 + JaaJs5 — JusJ5a — J34Ju3 — J35]53 =

J5
DE(1 + me)A(1 + m2¢p)’
bs = J33Jas)5a + J34]u3]55 — J33Jaa)55 + J35)a3]54 + J35)53)aa — J33)53)a5 =

6
D8(1 + m)2(1 + mp)’

~(1 + EP)A + dP) (i + CP(L + aY)[1 + (P + d) 2
—pBol(1 = DA + X](1 + Ep)(xc + OP[1 + G(P + )
+$BoPL(1 ~ AP + XI(1+ Ep)(xc + CP2[1 + P(P + )]
—(1+&P)(x + O (1 + aY)*[1+ ¢(P + d)P

~(1 +d)(xc + C)*(1 + aY)[1 + G(P + d)P?,

J1

29



J2

JE

Ja

J5

J6

BBol(1 = DAG + X1(1 + £@)(xc + O[1 + (P + d)]
—¢?PBl(1 - AP + XI(1 + EP) (i + C)?
+PBul(1 — q)AP + X] (1< + C)2 1+ ¢(P+4d)]?
—@?PBo[(1 - AP + X](x + CPP[1 + G(P + )]

+(x + C2(1 + aY)*[1 + (P + d)|°

+(1 + EP)(k + C2(1 + aYR[1 + ¢(P + d)]?

+(1 +d)(xc + CX(1 + aY)?[1 + H(P + d)?
—?Bexcal(1 — AP + XI(1 + aY)?[1 + G(P + d)]?
+¢°BexpaPl(1 - AP + X](1 + aYP[1 + (P + d)]
+¢?BoPl(1 — 9)Ad + X](1 + £¢)(x + O)?,

~¢pol(1 - 9)A¢ + X](x + CP2[1 + ¢(P + d)] + $p2PB,[(1 — DA + X](K +C)?

—(c + C)2(1 + aY)[1 + PP+ d)]z + P?Bekpa[(1 — ) A + X](1 +aY)?[1 + ¢(P +d)]
—gb3‘BeK(]J2P[(1 QAP + X 1(1 + ozY)2 q)zﬁv [(1-9)Ap + X](K + C)2
—PBercoP[(1 — AP + X](1 + aY)?,

—(1+ mo)*(1 + m9)?*D3 — (1 + m@)*(1 + n29)P1 PN, D;

—D8(1 + m¢)(A + n2¢p) — DE(1 + md)* + pD(1 + mp)(1 + m2$p)P1N,,

—* (1 + M) + m29) + yedl(1 + M2p)PsD2 — (1 + mp)(1 + 12¢))P1PoP3 DN,
+€¢2(1 + T]lqj)PlNuDE — (sz(l + nl(]b)zD?pg, — (1 + T]l(]b)P]Png(f)DgNu,

O1(1 + mo)(1 + mp)DE — O1P1N, (1 + mp)(1 + ma¢p) D3
+e¢p?0103P3D(1 + 1) — €p*O1P1N, D3 (1 + m¢) + O1D;(1 + m¢p)?
+€¢20203P3D62(1 + 1’]1¢) — €¢2OZP1DSNM(1 + Thq@) + OzD?(l + 1’]1¢)2
—G(P(gi)PlN Dg)zDe2 + €¢3O3P1P3NuD§ + €¢302P1P3N11D?
—ep>0,03P2D? — eDS + O2pP1N,(1 + mp)(1 + 2¢) D3

+€¢OgO4(1 + ﬂl(P)D?,

equZ(QbPlNuDe)Z - 2€¢BOZO3P1P3NMDG - €¢30102P1P3N11De
+2€¢301O2O3P§ - qi)OzPlNuDg(l + 171(?) + ¢O1P1N11D2(1 + Thqf))
—OlD4(1 + nlqb) + €pO3(¢pP1N,D,)* — €¢*0105P1 P3N, D,

+€(]§ 0103P3D —€(P203P1N D3

+€(POgO4D4 + €¢OgO4O5D4 - €(]50]O506D§.

Theorem 4.3. If Ry > 1, the endemic fixed point for the sub-model without imported infected poultry
is LAS if and only if the following conditions are met:

(1)
(2)
(3)
4)
(5)
(6)
(7)
(8)

:1+b3+b4+b5>0,
:1—b3+b4—b5>0,
:1+b3b5—b4—b§>0,
:3+b3—b4—3b5>0,
:1+b6+b7+b8>0,
:1—b6+b7—b8>0,
:1+b6bg—b7—b§>0,
:3+bg—by; —3bg > 0.

The LAS of the endemic fixed point for the full model can be shown analogously to
Theorem 4.3 and the following theorem hold true.

Theorem 4.4. The endemic fixed point for the full model is LAS if and only if the following conditions

hold:
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(a) 11+d3+d4+d5>0,
(b) 11—d3+d4—d5>0,
(C) 51+d3d5—d4—d§>0,
(d) J3+d3—d4—3d5>0,
(6’) :1+d6+d7+d8>0,
(f) :1—d6+d7—d8>0,
(i) :1+d6d8—d7—d§>0,
(]) i3+d6—d7—3d8>0,

where the coefficients d3 to dg have respectively the same form as bz to bs. Moreover, they are obtained
from the characteristic polynomial of | evaluated at the endemic fixed point of full model which has
the same form as equation (41). That is:

(A% + d3A? + dyA + ds)(A° + dgA? + dyA + dg) = 0. (42)

Conditions (1) — (8) and (a) — (j) are very difficult to established analytically, however they
can be verifed numerically.

From the results in this section, we can conclude that both models (the continuous one (7)
and the discrete one (36) have the same equilibria, and their behaviors are qualitatively simi-
lar near these equilibria. Hence, the nonstandard finite difference method (36) is elementary
stable.

We end this section by providing some numerical simulations using the non-standard
finite difference method (36) and the 4th order Runge Kutta method (RK4) encoded in
the MatLab platform. At the start, we compare both RK4 and NSFD schemes for the dis-
cretization step size h =0.05. It is observed that both the numerical schemes are respectively
convergent and converge numerically to the true steady states (Z° and Z*) of the continuous
model as shown in Figures 3-4 . Moreover, for h = 0.05, RK4 and NSFD exhibit positive
solutions in the basic feasible region Q.

Critically, if we compare the schemes for the step size h = 0.1, RK4 exhibits negative solu-
tions and does not converge to both Z° and Z*, respectively, but NSFD preserves positivity
and gives convergence of the solutions, as shown in Figures 5-6.

The above discussion shows that the RK4 scheme does not always converge rather con-
ditionally converge and depends on the value of the step size h, and does not preserve
the convergence and positivity for a large step size (h > 0.1), while Figures 3-6 illustrate
the power of an unconditionally convergent NSFD scheme to produce the converged and
positives solutions of the model for any value of the step size h.
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Figure 3. Comparison of solutions obtained by NSFD and RK4 numerical schemes for Z0 with an initial condition (X(0), Y(0),
5(0), E(0), 1(0), C(0)) = (3426.56, 173.442, 2603.125, 50, 55.478, 4959.487) and step size h = 0.05. Both the schemes converge to the
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8000

3
IS
S
S

6000

5000

4000

Susceptible poultry

3000

1500

1000

500

Latent human

0 2000

4000 6000
Time

0 2000

Figure 4. Comparison of solutions obtained by NSFD and RK4 numerical schemes for Z* with an initial condition (X(0), Y(0),
5(0), E(0), 1(0), C(0)) = (3426.56, 173.442, 2603.125, 50, 55.478, 4959.487) and step size h = 0.05. Both the schemes converge to the

4000 6000
Time

true steady state of Z* with Ry = 1.1849 > 1.

Asymptomatic poultry

Infected human

200 3000
< 2500
©
180 g
=3
< 2000
160 =
8 1500
@
140
@ 1000 \\‘-
120 500
0 2000 4000 6000 0 2000 4000 6000
Time
6
c
Sa
g
€
400 8
52
[$)
200
0 0
0 2000 4000 6000 0 2000 4000 6000
Time Time

32



o %1055

8000 600
U
> \ —— NSFD
2 7000 = " - - RK4 S 6
= — > I
3 NSFD g 400 5
2 6000 -~ RKk4 o h £ 4
o = ©
2 £ 2
2 5000 S a2
& 2 200 3
2 g 2
& 4000 > @ 0
<
3000 0 -2
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time Time Time
) ><10155 s ><10154 s ><10305
0 0
c 0
5 : TNSFD g | —NSFD S ! ——NSFD
€2 - - RK4 S 5§ — — RK4 T f
271 = = | - - RK4
I = ' € 5
S £ 10! g |
27 o Uy c u
T o s) 1
P | = " O 10k
-6 15}
-8 -20 -15
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time Time Time

Figure 5. Comparison of solutions obtained by NSFD and RK4 numerical schemes for Z° with an initial condition (X(0), Y(0),
5(0), E(0), 1(0), C(0)) = (3426.56, 173.442, 2603.125, 50, 55.478, 4959.487) and step size h = 0.1, with Ry = 0.9183 < 1. The NSFD
scheme converges to the true steady state of Z0, whereas the RK4 scheme is seen to be divergent.
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Figure 6. Comparison of solutions obtained by NSFD and RK4 numerical schemes for Z* with an initial condition (X(0),
Y(0), S(0), E(0), 1(0), C(0)) = (3426.56, 173.442, 2603.125, 50, 55.478, 4959.487) and step size h = 0.1 with Ry = 1.1849 > 1. The
comparison shows that the RK4 scheme fails to converge. However, the NSFD scheme improves the result obtained by RK4
and it is seen to be convergent dynamically to the correct endemic equilibrium Z*.

5. Numerical illustrations: assessment of the role of environmental and spillover
transmissions

In this section, we use model (7) to further investigate the impact of some control strategies
on the spread of Avian influenza infection among poultry and human populations. Based
on the sensitivity analysis of the basic reproduction number with respect to its parameters,
we seek optimal measures to control the transmission of the disease using parameter values
in Table 3 related, which have been found in the literature.
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Table 3. Parameters, their definitions and baseline values.

Symbols | Definitions Estimate for AIV Source

q Proportion of asymptomatic imported poultry 0.01 [12]

A Numbers of imported poultry 100 ind.week ™! [12]

Bo Direct contact rate in poultry host 1.71 x107%/( ind.week) [31]

Be Indirect contact rate in poultry host 0.002 week™! Assumed
d Natural death rate of poultry 1/72 week ™1 [9]

a Parameter of the inhibitory effort 0.001 ind ! [31]

B Recruitment rate for humans 1.5 ind/week [12]

a Recovery rate of the latent humans 1 week™! [31]

Y Recovery rate of the infected humans 0.9/ week [31]

p Disease-related death rate 0.001 week™! [12]

Ty Transmission rate of AIV from poultry to human 0.6 week ™! [12]

€ Morbidity of the latent humans 1 week ™ [12]

1) Natural death rate of humans 0.00025641 week ™ [9]

K Half saturation rate (eIDsg) 100 g.m3 [12]

& Degradation rate of virus 35 week™! Assumed
Te Transmission rate of ATV from environment to human | ind./(g.m3.week) Assumed
P2 Emission rate of poultry g.m® /(ind.week) Assumed

5.0.1. Numerical illustrations of stability results.

To illustrate the stability results contained in this paper, model (7) is simulated using the
parameter values in Table 3. It is assumed that the average poultry lifespan is 72 weeks and
the average lifespan of human being is 75 years.

Figure 7 presents the time series of model (7) for different initial conditions when ¢, = 103,
T, = 0.1 and Ry < 1. From these figures, we can see that there are always susceptible
individuals all types in the population while all the infected populations and avian influenza
viruses disappear. Thus, the trajectories converge to the disease-free equilibrium. This means
that the disease disappears in the host populations as proved in Theorem 3.5.
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Figure 7. Global stability of disease-free equilibrium. The parameters are: q=0, A=100, ,=1.7143, $,=0.002, d=1/72, =0.001,
B=1.5, a=1, y=0.9, p=0.001, 7,=0.6, e=1, 6=0.00025641, x = 108, £=35, 1,=0.1, ¢ = 10% and Ry = 0.9183 < 1.

Figure 8 plots the solutions when ¢, = 10%, 7, = 0.1, Ry > 1 and for various initial con-
ditions. We can observe that the infected individuals and viruses persist in the population.
This means that the trajectories converge to the endemic equilibrium point. Thus, whenever
Ro > 1, the disease persists in the population as established in Corollary 3.11.

Figure 9 depicts the solutions when ¢, = 103, 7, = 0.1 and g = 0.1. From this figure, the
infected individuals and viruses remain in the population as the trajectories converge to the
endemic equilibrium point. Thus, whenever g # 0, the disease persists in the population as
established in Theorem 3.14.
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Figure 8. Global stability of endemic equilibrium. The parameters are: q=0 , A=100, ,=1.7143, $,=0.002, d=1/72, a=0.001,
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5.0.2. Impact of transmission coefficient of AIV from environment to human.

Firstly, we fix ¢ = 10%, 7, = 0.6 and vary 7, to observe the effect of increasing the transmission
rate of AIV from environment to asymptomatic poultry and infected humans.

When we vary 7, from 10% to 15% after fixing 7, = 0.6, ¢» = 10*, we see in Figure 10 that
the impact of transmission rate 7, is a bit stronger. Thus, the low ratio of this transmission rate
stands for a control measure against AIV infection in places with high prevalent AIV. Even
in this favorable situation, the number of infected individuals remains high. This implies
that the control of 7, alone is not sufficient to effectively eliminate the disease.

5.0.3. Impact of transmission coefficient of AIV from poultry to human.

Secondly, we fix ¢, = 10%, 7, = 0.1 and vary T, to observe the effect of increasing the trans-
mission coefficient of AIV from poultry to human on infected humans. We see from Figure
11 that, the increment of 7, from 60% to 65% has an increase effect on both asymptomatic
poultry and infected humans.

5.0.4. Impact of the imported infected poultry proportion q on asymptomatic poultry and infected
humans

The effect of the parameter g on both asymptomatic poultry and infected human is shown
in Figure 12. From this figure, we conclude that increase in the proportion from 10% to 15%
causes the increase in both asymptomatic poultry and infected humans.
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Figure 10. Simulation results showing the impact of transmission rate 7,. On infected humans (left panel). On asymptomatic
poultry (right panel). Both graphs are sketched with the following parameters: q=0, A=100, $,=1.7143, §,=0.002, d=1/72,
a=0.001, B=1.5, a=1, y=0.9, p=0.001, 7,=0.6, =1, 6=0.00025641, « = 10°, £=35, ¢, = 10*%.

These numerical simulations of model (7) suggest that a significant reduction of transmis-
sion rate 7, can be an efficient control strategy for AIV transmission. However, combining
the reduction of the emission rate of poultry and the recruitment of infected poultry could
be a better control measure for the disease.
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Figure 12. Variation of Y and I with time showing the effect of the parameter g. Both graphs are sketched with the following
parameters: A=100, 8,=1.7143, 8,=0.002, d=1/72, a=0.001, B=1.5, a=1, ¥=0.9, p=0.001, 7,=0.6, e=1, 6=0.00025641, x = 10°,
£=35, 1,=0.1, pp = 10*%.

6. Conclusion and discussion.

This paper has formulated and analyzed a new mathematical model for the dynamical
transmission of AIV which specifically incorporates the following usually neglected,yet
important features:
(i) The indirect transmission via the environment.
(ii) The recruitment of imported infected poultry and the spillover phenomenon from poultry
to human beings. A qualitative, quantitative, as well as sensitivity analysis of the model and
variables have been presented using a range of techniques and methods.

From the qualitative point of view, the ingenious construction of suitable Lyapunov func-
tions, the application of LaSalle Invariance Priniciple, the intuitive selection of Lyapunov-
stable matrices and the application of Poincaré-Bendixson theorem have been judiciously
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combined where necessary to deal with global asymptomatic stability of equilibria. The ex-
plicitly computed basic reproduction number R, served to establish the threshold dynamic
of the model and to prove the transcritical bifurcation of the system. The calculations of
elasticity indexes were to study the sensitivity of Ry with respect to model parameters. In a
more precise manner, we have shown:

(1) If the importation of infected poultry is banned (g = 0), then the basic reproduction
number Ry determines whether the disease will persist in the population or dies out by
proving that whenever R < 1, the disease-free equilibrium Z° is globally asymptoti-
cally stable, while R, > 1, ensures existence of a unique globally asymptotically stable
endemic equilibrium Z*. Furthermore, from elasticity indexes of Ry, it was observed
that the most effective control measure is to reduce the number of new born poultry
and the number of emission rate of virus by asymptomatic poultry.

(2) If the importation of infected poultry is permitted (g # 0), the unique endemic equi-

librium Z* is simply shifted to the one Z for which the asymptomatic component Y is
larger to Y* and is unconditionally globally asymptotically stable. This highlighted the
fact that the recruitment of infected poultry worsens the endemic level of AIV during
outbreaks.

As far as the quantitative and computational perspectives are concerned, we have con-
structed a dynamical consistent NSFD scheme, to overcome the undesirable situation for
which the classical Rung-Kutta numerical scheme exhibit negative solutions. In addition,
we have proved analytically and numericaly that the proposed NSFD scheme preserves the
boundedness of solutions, as well as the number, values and local stability of equilibria.

A reasonable extension of this paper on which we are already working, despite the
mathematical analysis complications, will be to add the convection/advection and diffusion
of viruses into air, as well as the displacement of poultry in the farms.
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