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ABSTRACT. Public health information through media plays an important role
to curb the spread of various infectious diseases as most of the populations
rely on what media projects to them. Social media and TV advertisements are
important mediums to communicate people regarding the spread of any infec-
tious disease and methods to prevent its spread. Therefore, in this paper, we
propose a mathematical model to see how TV and social media advertisements
impact the dynamics of an infectious disease. The susceptible population is
assumed vulnerable to infection as well as information (through TV and social
media ads). It is also assumed that the growth rate of TV and social media ads
is proportional to the number of infected individuals with decreasing function
of aware individuals. The feasibility of possible equilibria and their stability
properties are discussed. It is shown that the increment in growth rate of
TV and social media ads destabilizes the system and periodic oscillations arise
through Hopf-bifurcation. It is also found that the increase in dissemination
rate of awareness among susceptible population also gives rise interesting dy-
namics about the stability of endemic equilibrium and causes stability switch.
It is observed that TV and social media advertisements regarding the spread
of infectious diseases have the potential to bring behavioral changes among the
people and control the spread of diseases. Numerical simulations also support
analytical findings.

1. Introduction. Due to inadequate medical facilities in developing countries,
they face difficulties to prevent the spread of new and re-emerging infectious dis-
eases. Thus, on the emergence of any new infectious disease, these countries focus on
the alternate of medical facilities to slow down its spread. Awareness, which brings
the behavioral changes among the population, can be seen as partial treatment at
no cost. Apart from this, awareness regarding the spread of any infectious disease
also reduces the economic burden required for medication [24, 31]. The correct and
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timely knowledge about the disease has the capacity to halt its spread. To dissemi-
nate awareness, several modes, like Television, radio, posters, social media, etc., can
be used. Nowadays social media is an important platform to propagate information
regarding the risk of infection and its control mechanisms. In India, the number
of Smartphone users are predicted to reach 340 million and could reach almost 468
million by 2021 [40]. Due to low literacy rates in rural population, especially in
developing countries, the print and social media are less effective in comparison to
TV and radio. Thus, Television and radio are powerful modes of transmission of any
information to the public as they are accessible to most of the population. When
an advertisement regarding the spread of any new infectious disease is broadcasted,
people change their perception and adopt precautionary measures to halt its spread.

In the recent past, some studies have been conducted to assess the impact of
media to control the spread of infectious diseases [11, 13, 27, 28, 29, 41, 37, 38, 36,
43, 44]. In particular, Sun et al. [41] have studied an SIS model to see the effect of
media-induced social distancing on disease prevalence in two patch. Authors have
assumed that the contact rate decreases as the number of infected individuals in
respective patch increases. Their finding suggests that the media coverage reduces
the disease prevalence and shorten the duration of infection. Misra et al. [29] have
proposed an SIS model to see the effects of awareness through media campaigns on
the prevalence of infectious diseases by considering media campaigns as a dynamic
variable whose growth is proportional to the number of infected individuals. In the
modeling process, it is assumed that media campaigns induce behavioral changes
among susceptible individuals and they form an isolated aware class, which is fully
protected from infection. The model analysis reveals that the number of infectives
decreases as the media campaigns increases. Samanta et al. [37] have extended
this model by assuming that aware susceptibles are also vulnerable to infection but
at a lower rate than unaware susceptibles. In this model, authors have assumed
that the growth rate of media campaigns is proportional to the mortality rate due
to the disease. It is shown that the rate of execution of awareness programs has
enough impact on the endemic state and sustained oscillations may arise through
Hopf-bifurcation. Further, Dubey et al. [11] have studied the role of media and
treatment on the emergence of an infectious disease. It is shown that media plays
an important role to eliminate the disease in presence of treatment. As the informa-
tion regarding the disease driven by media campaigns modifies the human behavior
towards the disease [9, 12, 35]. Therefore, Funk et al. [14] have studied the impact
of public awareness and local behavioral response, where the proportion of both the
susceptible and infected individuals is aware and aware susceptibles are less vulnera-
ble to infection whereas awareness among infected individuals reduces the infectivity
due to pharmaceutical interventions. Kiss et al. [22] have proposed an SIRS model
with treatment compartment by considering two classes of susceptible and infected
individuals (responsive and non-responsive towards the information). Authors have
assumed that the responsive infected individuals search treatment faster in com-
parison to non-responsive infected individuals and the rate of disease transmission
among responsive susceptibles is less due to the impact of information. It is shown
that if the dissemination rate is fast enough, the infection can be eradicated. Here,
it may be noted that information provided to the population through media changes
the human behavior and population adopt the precautionary measures, like the use
of bed nets for Malaria [3, 33], condoms for HIV/ AIDS [1, 8, 20, 34], wearing of face
masks for influenza [19, 23], vaccination [4, 5, 39], voluntary quarantine [17], etc.,
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to prevent the spread of such diseases. Buonomo et al. [5] have studied the effect
of information on vaccination of an infectious disease and it is shown that for low
media coverage, the endemic state is globally stable and for higher media coverage,
this endemic state becomes unstable and sustained oscillations occur. The effect
of media-related information on the spread of any infectious disease is also studied
by considering the decrease in the contact rate between susceptibles and infectives
as (i) the exponential decaying function of infectives [6, 26], (ii) saturated function
of infectives [7, 27, 42]. In these studies, it is found that media coverage does not
affect basic reproduction number of the disease but controls the prevalence of the
disease in the population.

For some infectious diseases, mathematical models are also proposed to see the
effect of time delay in the implementation of awareness programs [15, 30, 32] and
it is shown that incorporation of time delay in the modeling process destabilizes
the system. Recently, Kumar et al. [24] have proposed an SIRS model to see the
role of information and limited optimal treatment on disease prevalence. Authors
have considered that the growth rate of information is proportional to a saturated
function of infected individuals. It is shown that combined effects of information and
treatment are more fruitful and economical during the course of infection. Agaba
et al. [2] have proposed a SIRS - type model to see the impact of awareness by
considering private awareness, which reduces the contact rate between unaware and
aware population and public information campaigns on disease prevalence. It is
shown that both the private and public awareness have the capacity to reduce the
size of epidemic outbreaks.

It may be noted that the change in human behavior towards the diseases through
print media, social media, internet are limited only to educated people but TV
ads have the capacity to impact large population (less educated people too) in a
very short period of time and thus are more effective. In previous studies, it is
assumed that the awareness programs are implemented proportional to the number
of infected individuals by considering media campaigns as a dynamic variable or
transmission rate as decreasing function of infected individuals due to media alerts.
However, it is plausible to assume that the cumulative number of TV and social
media ads increases proportional to number of infected individuals and their growth
rate decreases with the increase in number of aware individuals as cost is also
involved in broadcasting the information. In this regard, Kim and Yoo [21] have
presented the cost effective analysis for the implementation of TV campaigns to
promote vaccination against seasonal influenza in an elderly population and the
remarkable increment in vaccination coverage is found due to TV campaigns.

Keeping in mind the importance of information provided through social media
and TV ads to the population regarding the protection against any infectious disease
and cost involved in TV advertisements, in the present, we formulate and analyze a
nonlinear mathematical model to study the effect of TV and social media ads which
includes internet information as well as print media for the control of an infectious
disease. In the modeling process, it is assumed that the cumulative number of TV
and social media ads increases proportional to the number of infected individuals
and their growth rate decreases with the increase in number of aware individuals.

2. Mathematical model. Let in the region under consideration, N (t) be the total
population at any time ¢, which is divided into three sub-populations; namely S(t)-
susceptible population, I(¢)-infected population and A(t)-aware population. Let A
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be the constant immigration in the class of the susceptible population at any time
t in the region. It is assumed that the population is homogeneously mixed and
susceptible individuals contract the infection via the direct contact with infected
individuals. Further, the variable M (t) addresses the cumulative number of TV and
social media advertisements, which includes internet information as well as print
media etc., in the region at time ¢. The information regarding the protection against
the disease is propagated through TV and social media ads and the growth rate
of cumulative number of TV and social media ads is assumed to be proportional
to the number of infected individuals. However, this growth rate decreases with a

factor f(A) = rew_%‘. In this case, the net growth rate of TV and social media

w+A

in advertisements due to increase in the number of aware individuals. Further, it
is assumed that M, is the baseline number of TV and social media ads, which
are always broadcasted. The constant w represents the half saturation point [27)
for this interaction as f(A) attains half of its maximum value 76 when due to the
effect of TV and social media ads, the aware population arrives at w. Here, it
may be pointed out that for the feasibility of model, the value of # lies between
0 and 1. It is often observed that as time passes, the TV and social media ads
lose their impact, which leads to the diminution in TV and social media ads. In
this view, depletion in the cumulative number of TV and social media ads is also
incorporated in the model. It is also assumed that TV and social media ads induce
behavioral changes among susceptible individuals and they avoid their contact with
infected individuals by forming an isolated class known as aware class, which is
fully protected from infection as aware individuals use precautionary measures for
their protection during the infection period. It may be noted that individuals in
aware class may lose awareness with the passage of time and become susceptible
again, this aspect has been considered by incorporating the term AgA. Further, it
is assumed that TV and social media ads have limited impact on the susceptible
population and thus the susceptible population becomes aware at a rate AS HLM
and moves to the aware class. Here, the constant p represents the half saturation
point for the impact of TV and social media ads on susceptible individuals and
it attains half of its maximum value AS when the cumulative number of ads to
aware the population arrives at p. The interaction between susceptible and infected
individuals is assumed to follow the simple law of mass action.

Taking into account above facts, the dynamics of the problem is governed by the
following system of nonlinear ordinary differential equations:

ads to aware the population becomes r (1 - F)i). The constant 6 is the decay

ds

G = ABSISAS T wld A - ds,
dl

dA M

@ = My et d4

aM A

E = T<1—9w+A>I—TO(M—MO),

where, S(0) >0, I(0) >0, A(0) > 0 and M(0) > M.
In the above model system (1), 8 is the contact rate between susceptibles with
infectives and the constant A represents the dissemination rate of awareness among
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susceptible individuals due to which they form a different class and keep themselves
away from infected individuals. The constants v, o and d denote the recovery rate,
disease-induced death rate and natural death rate, respectively. The constant Ag
denotes the rate of transfer of aware individuals to susceptible class. The constant
r is the growth rate in TV and social media ads whereas the constant rg represents
the diminution rate of TV and social media ads due to inefliciency and psychological
barriers etc. [18].

Using the fact that S + 1 + A = N, the above system reduces to the following
system:

% = BIN-T-—A)—w+a+dl,

dA M

dN

— = A—dN —-al 2
dt o, )
dM A

H = T(IHM)ITO(MMO)

As the study of model system (1) is equivalent to the study of model system (2),
so we study model system (2).
For the solutions of model (2), the region of attraction [29] is given by the set:

A A
Q={(I,ANM)eR} : 0<IAZ< N<-.0< M§<M0+:Od>=MT}-

and attracts all solutions initiating in the interior of the positive orthant.

Proof. From the third equation of model system (2), we have

N ca—an
dt

and

% (Nedt) < Ae®,

Now integrating the above equation from 0 to ¢, we have
A
N(t) < N()e_dt + E

Therefore, by using the theory of differential inequalities [25], we obtain, lim;
sup N(t) < %, i.e., the human population can not be more than N(t) = Ny < %.
Since S=N—-1—A>0, therefore 0 < I, A< N < % for large t > 0.

Further, from the fourth equation of model system (2) and using the fact, I < %

for large t > 0, we obtain

dM A
E + TOM S <7"0M0 + Td) .

From the theory of differential inequality, we obtain

rA
li M) < ({Mo+— ).
() < (144 75 )

This implies that 0 < M (t) < (Mg + %) for large t > 0. O
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3. Equilibrium analysis. In this section, we show the feasibility of all equilibria
by setting the rate of change with respect to time ‘¢’ of all dynamical variables to

zero. The model system (2) has two feasible equilibria, which are listed as follows:
(i) The disease-free equilibrium (DFE) Ej (0, d(/\MO+(§;\iV{i")(p+MO)) A Mo).
(ii) The endemic equilibrium (EE) E*(I*, A*, N*, M™*).

Let us denote Ry =

m, the quantity Ry is known as basic reproduc-
tion number when there is no TV and social media ads, the number of newly
infected individuals produced by an infected individual during his / her whole in-
fectious period in completely susceptible population [10], i.e., the infection persists
in population if on average an infected individual infects more than one suscep-
tible individuals during his / her whole infectious period. In the presence of TV
and social media ads, this basic reproduction number is modified and becomes

_ BA (Ao+d)(p+Mo) : .
R, = W ratd) (AMof(AoJrI:i)(erOMo))‘ It is easy to see that Ry < Ry. The basic

reproduction number (R;) is obtained by using next generation matrix approach
[10], for the proof, see Appendix A.

The feasibility of the equilibrium Fjy is trivial. Here, we show the feasibility of
endemic equilibrium E*.

Feasibility of equilibrium E*:
In equilibrium E*(I*, A*, N*, M*), the values of I'*; A*, N* and M* are obtained
by solving following set of algebraic equations:

BIN—-I—-A)—(v+a+d) =0, (3)
M NS - et dA=o, (@)

p+M
A—dN —al =0, (5)
r<19A>Iro(MMo)o. (6)

w+ A

From equation (5), we obtain

foziA_(O;er)I. (7)

From equations (3) and (7), we get
A:B(A—(a—l—d)l)—d(u—i—a—i-d). (8)

Bd
Here, it may be noted that for A to be positive, we must have I < (W) =

I (say) and clearly I; > 0, if Ry > 1 as Ry > R;.
From equation (8), we obtain

G(I) = (10 A > _ Bdw+ (1 —-)[BA - (a+d)I) —d(v+ a+d)) (9)
w+ A Bdw+ (A — (a+d)I)—dv+a+d)
Differentiating above equation with respect to I, we get
08%dw(a + d)

[Bdw + BA — (a+d)I) —d(v + a+ d)])?
From the above equation, it is clear that, G'(I) > 0.

G'(I) = (10)
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Further, from equation (6), we have
M roMo + r1G(I) . (1)
p+M (p+ My)ro+rIG(I)
Substituting equations (8) and (11) in equation (4), we obtain an equation in I as:

_ roMo + rIG(I) vta+d) BA—(a+d))—dv+a+d)
F(I)_)\((erMo)?"oJrTIG(I))( B ) ()\OJFd)( Bd )

(12)
From, equation (12), we may easily note that

(i)ﬁF(O):{A%(V+a+d)—(AO+d) (%—(y+a+d>)}<o, if R > 1.

(@BF(L) = {A (Gt ) (v a+d)} > 0, (iif) F/(1) > 0in (0,11).
Thus, clearly F'(I) = 0 has a unique positive root I = I* (say) in (0, I;), provided
Ry > 1. Now using I = I'** in equations (7), (8) and (11), we obtain positive values
of N*, A* and M*, respectively. Thus, equilibrium E*(I*; A*, N*, M*) is feasible
provided R; > 1 and I* € (0,13).

Remark 1. From equation (12), it is easy to see that % <0, % < 0and % < 0.
This implies that the equilibrium number of infected individuals decreases as the
growth rate of TV and social media ads (1), dissemination rate of awareness among
susceptible individuals (A) and the baseline number of TV and social media ads
(Mp) increases. Further, we may see that % > 0, i.e., the equilibrium number of

infected individuals increases as the value of p increases.

Remark 2. From equation (12), it is also easy to note that % > 0 and % < 0.
This implies that the equilibrium number of infected individuals increases as the
decay in advertisements due to increase in aware individuals (6) increases whereas
it decreases as the value of w increases.

For the details of remarks 1 and 2, see Appendix B.

4. Local stability analysis. In this section, we summarize the results of linear
stability of the model system (2) by finding the sign of eigenvalues of the Jacobian
matrix around the equilibrium Ey and E*. The stability conditions of equilibria Fj
and E* are stated in the following theorem:

Theorem 4.1. (i) The equilibrium (DFE) Ey is always feasible and unstable if
Ry > 1, whereas it is locally asymptotically stable if Ry < 1.

(i) The equilibrium (EE) E* is feasible if Ry > 1 and locally asymptotically stable
provided the following condition is satisfied:

Bs(B1By — B3) — B?By > 0. (13)

For the proof of this theorem, see Appendix C.

The above theorem tells that if £* is feasible, then Fj is saddle point with stable
manifold locally in N — A — M space and unstable manifold locally in I-direction.
Thus, Fjy is unstable whenever E* is feasible.

The local stability analysis of the endemic equilibrium tells that if the initial
values of any trajectory are near the equilibrium E*(I*, A*, N*, M*), the solution
trajectories approach to the equilibrium E* under the condition (13). Thus, the
initial values of the state variables I, A, N and M are near to the corresponding
equilibrium levels, the equilibrium number of infected individuals get stabilized if
condition (13) is satisfied.
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5. Global stability analysis. In this section, we provide the result of the non-
linear stability of the model system (2). The nonlinear stability analysis of the
endemic equilibrium follows from the following theorem:

Theorem 5.1. The endemic equilibrium E*, if feasible, is non-linearly stable in
the region §2, if following inequalities are satisfied:

s 16 . [1/d)\?
(G11) <451nln{5 <6A> ,Gu} (14)

AM i < Emin 1d (15)
AM* + (p+ M*)(Xo + d) 75 3«
where, Gi11 = AAr Gi2 Bp+ M)

rod(wt AT (NM * + (ot MP) (ho ) * = By (@t AT (1=0)2 M+ (T M*) (ot d) "
The inequality (15) is a condition for determining my > 0.

For the proof of this theorem, see Appendix D.

Remark 3. From the nonlinear stability conditions (14) and (15) of the endemic
equilibrium, it is clear that the growth rate of TV and social media ads and dis-
semination rate of awareness among susceptible individuals (i.e., r and A) may have
destabilizing effect on the system. It is noted that on increasing the value of r and
A, the local stability condition stated in Theorem 4.1 is violated and thus there is a
possibility of Hopf - bifurcation as the value of » and A cross a threshold value and
the endemic equilibrium may become unstable and periodic solutions may arise.

6. Existence of Hopf-bifurcation. In this section, we derive the conditions for
the existence of Hopf-bifurcation around the endemic equilibrium E*(I*, A*, N*,
M*) by taking ‘r’ as a bifurcation parameter. Since all the coefficients of charac-
teristic equation (50) can be written as a function of r, we have

0"+ Bi(r)n® + Ba(r)n* + Bs(r)n + Ba(r) = 0. (16)
It is clear that B;(r) >0 (j = 1,2,3,4) for any r > 0. Let at r = r,
Bs(re)(Bi(re)Ba(re) — Bs(re)) — B%(TC)B4(TC) =0. (17)
Then at r = r., the characteristic equation can be written as
B BB
2, B3 2 184 _
(77 + B1> <n + Bin+ B, ) 0. (18)

This equation has four roots, say n; (j = 1,2, 3,4), with pair of purely imaginary
roots ny,2 = Fiwy, where wy = (g—j)l/ 2. For the existence of Hopf-bifurcation, all
the roots except +iwg (i.e., n3 and 74) should lie in the left half of the complex
plane. To identify the nature of remaining two roots, we have

n3+ns=—DB1 (19)
wg + n3ma = B (20)
wy (13 +1a) = —Bs (21)
winsns = By. (22)

If, n3 and 74 are complex conjugate, then from equation (19), we have 2%(n3)
—DBy, i.e., n3 and 14 have negative real parts. If, n3 and 74 are real roots, then from
(19) and (22), we find that 53 and 7, are negative. Thus, the roots ns and 74 lie
in the left half of the complex plane. Further, we find the transversality condition
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under which Hopf-bifurcation may occur. For this let at any point r € (r.—e,r.+¢€),
M2 = Kk £ @). Putting this in equation (16), we have

k% + B1k® + Bok? + Bsk + By + 9% — 6k%09% — 3B1k09? — Byt9? = 0, (23)
4k (K? — 9?) — B19® 4+ 3B k%9 + 2Bakd + Bz = 0. (24)
As Y(r) # 0, from equation (24), we have
—(4k + B1)9* + 4K 4+ 3B1k? + 2Bak + B3 = 0.
Using the value of 92 in equation (23) we have
—64r° — 96 By k° — 16 (3B} + 2B2) k' — 8 (B} + 4B, B) *
—4 (B3 + 2B By + B1Bs — 4B4) k* — 2B (B1Bs + B3 — 4B4)k
—(B3(B1By — B3) — B?By) = 0.

Differentiating above equation with respect to r and use the fact that x(r.) = 0, we

get

dk | £(Bs(B1B; — Bs) — BiBy)

d?" re=re o —2B1 (B1B3 + B% — 4B4) _
Using the value of By(r.) = (Bl(“)B"’(T];)Z?:()“)_Bg(r“)) from equation (17) in above

Z(re
equation we have
[d,‘{] B 4 (B3(B1By — B3) — B{Ba)
d - 2
Tr=re | _op, (BlBg + (%) -2(%) B+ B§>
r=rc
This implies that
{dﬂ} _ 4 (B1B;Bs — B — B{By) 20
drl,_, | -2Bi(BiBs+ (2Bs/Bi— B2)) | _

if [£(B1ByBy — B3 — B{By)|;—,, # 0. Thus, the transversality condition is
[L(B1ByBs — B3 — B}By)],—, # 0. Hence, we have following theorem for the
existence of Hopf-bifurcation.

Theorem 6.1. The reduced model system (2) undergoes Hopf-bifurcation around
the endemic equilibrium E* if there exists v = r. such that:

(i) Bs(rc)(Bi(re)Ba(re) — Bs(re)) — Bi(re)Ba(re) = 0.

(ii) [3&‘:%—“} £0 forj=1,2

i.e., [%(313233 - B3 — B%B‘l)]rzrc 7 0.

7. Stability and direction of Hopf-bifurcation. In this section, we present
the result for the direction of bifurcating periodic solutions. The following theorem
provides the information about the direction and stability of the periodic solutions.

Theorem 7.1. The Hopf-bifurcation is forward (backward) if ps > 0 (uz < 0) and
the bifurcating periodic solution exist for r > r. (r <r.). The periodic solutions are
stable or unstable according as B2 < 0 or By > 0 and period increases or decreases
according as 7o > 0 or 1o < 0.

For the proof of this theorem see, Appendix E.
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Ficure 1. Effect of changing the values of A and My on Ry

8. Numerical simulation. In the previous sections, we have presented the quali-
tative analysis of the model system (2) and obtained results regarding the stability of
equilibria and Hopf-bifurcation analysis of the endemic equilibrium. In this section,
we conduct numerical simulation of model system (2) using MATLAB, regarding
the feasibility of our analysis and its stability conditions.

Table 1. Parameter values for the model system (2)

Parameter Values Parameter Values
A 5 day ! J&} 0.0000030 day '
A 0.012 day * o 0.008 day *
v 0.2 day ! o 0.00001 day "
d 0.00004 day ! r 0.006 day *
o 0.005 day ' 0 0.0005
w 6000 p 1200
M, 500

For the set of parameter values, we have checked that the condition for the feasibility
of the endemic equilibrium (i.e., Ry > 1) is satisfied. The equilibrium values are
obtained as:
I* =932, A* = 57151, N* = 124767, M* = 1618.

For the set of parameter values given in Table 1, the value of basic reproduction
number Ry is found to be 1.87 and the value of modified basic reproduction number
Ry is 1.30. We have made contour plots of R; for different values of A and M,
which are shown in Fig. 1. From this figure, it may be noted that for small values
of dissemination rate of awareness among susceptible individuals (\) and baseline
number of TV and social media ads (Mp), the value of R; is higher but on in-
creasing the values of these parameters, Ry becomes less than unity and endemic
equilibrium loses its feasibility, showing the importance of TV and social media
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4.9

200 4.6 %10

At 100 4.4 i)

FIGURE 2. Non-linear stability behavior of model system (2) in
I — A — M space for A = 0.00003, keeping rest of parameter values
same as given in Table 1, which shows that all solution trajectory
attains their equilibrium E* inside the region of attraction 2.

ads. The eigenvalues of the Jacobian matrix corresponding to the equilibrium E*
are —0.02208, —0.00004, —0.00032 + 0.00984: and —0.00032 — 0.00984:. We note
that two eigenvalues of the Jacobian matrix are negative and the other two eigen-
values have negative real part. This implies that the endemic equilibrium is locally
asymptotically stable. Further, it may be checked that the stability condition stated
in Theorem 4.1 is satisfied. Fig. 2 is drawn for the solution trajectories of model
system (2) with different initial starts in 7 — A — M space for A = 0.00003, keeping
rest of parameter values same as given in Table 1. We may see that all solution tra-
jectories starting in positive orthant inside the region of attraction are approaching
towards its equilibrium value. This shows the non-linear stability of the endemic
equilibrium in I — A — M space. The non-linear stability conditions stated in the
Theorem 5.1 is also satisfied, which shows disease remains endemic in the region for
smaller values of r and A.

For the chosen set of parameter values given in Table 1, the dynamics near the
endemic equilibrium changes as the growth rate of TV and social media ads (r)
increases. For small values of , the endemic equilibrium is stable while an increase
in the growth rate of TV and social media ads destabilizes the endemic equilibrium
and sustained oscillations arise, which clearly states that Hopf-bifurcation occurs as
the values of r increases after a threshold. Numerically, we have obtained the critical
value of growth rate of advertisements parameter (i.e., r = r.) at which change in
stability occurs and this is r. = 0.01011. It may be noted that for » € [0,r.), all
the eigenvalues of Jacobian matrix lie in the left half of the complex plane showing
that the endemic equilibrium of model system (2) is stable for small values of r
while loss of stability occurs for » = 0.011(> r.) and endemic equilibrium becomes
unstable. The conditions stated in Theorem 6.1 are also satisfied, which shows that
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FIGURE 3. Variation of S(t), I(t), A(t) and M (t) with respect to
time ¢ for r = 0.005, which shows that the equilibrium E* is stable
and we have damped oscillation.

model system (2) undergoes Hopf-bifurcation around the endemic equilibrium at
r = r.. Further, the sign of s, f2 and 7 at r = r. are found to be 1.48 x 10715,
—3.06 x 10715 and 4.47 x 10715, respectively. Using Theorem 7.1 we can say that
the Hopf-bifurcation is forward and bifurcating periodic solutions exist for r > r..
The periodic solutions are stable and period increases as s > 0, 2 < 0 and 75 > 0.
Now, we discuss the variation of susceptible population S(t), infected population
I(t), aware population A(t) and cumulative number of TV and social media ads
M (t) with respect to time ¢ for » = 0.005 (< r.), which is shown in Fig. 3. This
diagram reveals that for r € [0,r.), all the variables attain their equilibrium values.
In Fig. 4, we plot a phase portrait for » = 0.005 (< 7.), which demonstrates that
the endemic equilibrium is stable, i.e., the solution trajectory starting from outside
approaches towards its equilibrium E*. Further, we have plotted the variation of
S(t), I(t), A(t) and M (t) with respect to time ¢ for r = 0.011 (> r.). This diagram
clarifies that all the variables show oscillatory behavior, which is shown in Fig. 5.
In Fig. 6, we draw a phase portrait in I — A — M space to show that the endemic
equilibrium is unstable for » = 0.011 (> r.). To get the more clear picture, we
have drawn a bifurcation diagram shown in Fig. 7, by taking r as a bifurcation
parameter. Form Fig. 7, it can be easily seen that for small values of the growth
rate of TV and social media ads, all variables settle down to their equilibrium
values. However, as the growth rate of TV and social media ads increase after
a threshold, periodic solutions of increasing amplitude are observed and endemic
equilibrium changes its stability from stable to unstable. In addition, for r = 0.05,
w = 60, keeping rest of parameter values same as given in Table 1, the dynamics
near the endemic equilibrium changes as the dissemination rate of awareness among
susceptible individuals (A) increases. For small values of A, the endemic equilibrium
is stable while an increase in dissemination rate destabilizes the endemic equilibrium.
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FIGURE 4. Phase portrait of model system (2) for r = 0.005 in
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to time t for » = 0.011, which shows that the equilibrium E* is
unstable and we have undamped sustained oscillation.

Further increase in dissemination rate again stabilizes the endemic equilibrium,
which clearly states that Hopf-bifurcation occurs twice as the value of \ increases.
Numerically, we have obtained the critical values of dissemination parameter A (i.e.,
Ac, and A.,) at which the change in stability occurs are given by A., = 0.00997 and
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A, = 0.01779. For r = 0.05, w = 60 and rest of parameter values as given in Table
1, the endemic equilibrium is stable if A € [0, A¢;) U (Aeys Amax) and unstable for
A € (Aeys Aey ). Furthermore, increase in the value of A(> A, ), after a threshold (i.e.,
A = Amax = 0.0239), the endemic equilibrium loses its feasibility (i.e., Ry becomes
less than unity) and in this case only disease-free equilibrium will be feasible. This
states that if dissemination rate of awareness among the susceptible individuals
is fast enough then disease can be effectively controlled in the population. To
get the more clear picture, we have plotted a bifurcation diagram shown in Fig.
8 (a~c), by taking A as a bifurcation parameter. These figures demonstrate the
interesting dynamics of the system as the dissemination rate of awareness among
susceptible individuals (\) increases. From Fig. 8 (a), it can be easily seen that
for small values of the dissemination rate, the number of infected individuals settles
to their equilibrium value but as the dissemination rate increases, the periodic
oscillations in the number of infected individuals with increasing amplitude are
observed. Further increase in dissemination rate leads to decrease in the amplitude
of these oscillations and finally, they die out for large values of dissemination rate
and again the number of infected individuals settles down to their lower equilibrium
value. From Figs. 8 (a-c), it is also apparent that for A € [0, A¢;) U (Acy, Amax)s
the endemic equilibrium shows stable character; however for A € (A, A¢,), the
endemic equilibrium is unstable and Hopf-bifurcation occurs at A = A., and A.,.
Thus, we have observed that the endemic equilibrium of model system (2) switches
from stability to instability to stability as dissemination rate of awareness among
susceptible individuals (\) increases.

9. Conclusion. In this paper, we have proposed and analyzed a nonlinear mathe-
matical model to assess the impact of TV and social media ads on the spread of an
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infectious disease. In the model formulation, it is assumed that cumulative num-
ber of TV and social media ads increases proportional to the number of infected
individuals and their growth rate decreases with the increase in number of aware
individuals. It is also assumed that susceptible individuals contract infection due
to the direct contact with infected individuals.

The analysis of proposed model reveals that only two equilibria; namely disease-
free equilibrium (DFE) Ej, and endemic equilibrium (EE) E* are feasible. The
linear and non-linear stability of endemic equilibrium, existence of Hopf-bifurcation
and result for the direction of bifurcating periodic solutions are discussed. Model
analysis shows that the increase in growth rate of cumulative number of TV and
social media ads after a threshold value destabilizes the system and periodic oscil-
lations arise through Hopf-bifurcation. It is also found that the dissemination rate
of awareness among susceptible individuals gives rise to interesting result about the
stability of endemic equilibrium. It is noted that for small values of dissemination
rate, the endemic equilibrium is stable and the increase in dissemination rate desta-
bilizes the system; however further increase in this rate again stabilizes the endemic
equilibrium. This means that the endemic equilibrium changes its stability from
stable to unstable to stable state as the dissemination rate of awareness among
susceptible individuals increases and further increase in dissemination rate after a
threshold (i.e., Amax), ceases the feasibility of endemic equilibrium (i.e., Ry < 1)
and only disease-free equilibrium is feasible, which is stable. It is also noted that
in absence of baseline number of TV and social media ads, the basic reproduction
number Ry is same as obtained for classical SIS models considered in other arti-
cles [29, 37, 30]. The incorporation of baseline number of TV and social media
ads modifies this basic reproduction number to R;, which is less than Ry. This
infers that the TV and social media ads have the potential to reduce the number
of infected individuals but for the eradication of the disease from the community,
some other efforts, like treatment, sanitation, maintaining the baseline number of
TV and social media ads are also important.

The above discussion in terms of epidemiology states that the augmentation in
the dissemination rate of awareness among susceptible individuals increases the
number of aware individuals, which leads to decrease in the number of TV and
social media ads and thus increases the number of infected individuals. Further,
this increase in number of infected individuals increases the TV and social media
ads, which increases the aware individuals. This interplay between the number of
infected individuals and dissemination of awareness through TV and social media
gives rise to oscillatory solution. It may be noted that when number of infected indi-
viduals become low and aware population reaches its saturated level, the oscillatory
behavior dies out and further increase in dissemination rate provides the stable so-
lution. Further increase in dissemination rate of awareness among the susceptible
individuals after a threshold (i.e., Amax) leads to the feasibility of only disease-free
equilibrium.
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Appendix A. Here, we will find the basic reproduction number (R;) of model
system (2) using next generation matrix approach. we have the matrix of new
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infection F(x) and the matrix of transfer V(z). Let z = (I, A, N, M), the model
system (2) can be rewritten as:

dx
— = F(z) = V(x),
" P v
ﬁI(N—I—A) (V+Oé+d)]
0 A (N =T = A) + (Mo +d)A
where F(z) = 0 and V(z) = —A+dN +al
0 (1—ewa)I+r0(M—Mo)
The Jacobian matrix of F(x) and V(z) at disease-free equilibrium Ey (0,
BA ( (Ao+a) (p+Mp) ) 0 0 0
d \ AMo+(Ao+d)(p+Mo)
MM, _ 0 0 0 0
OO Hry 3 Mo) are JF(Bo) =
0 0 0 0
0 0 0 O
and
(v+a+d) 0 0 0
A-Mo (Aoiem + 20 +d) A -2k (4 - Ao)
_ p+Mo p+M p+Mo (p+Mo)2 \ d
JV(Eg) = o 0 d 0 ’
—r (1-04%) 0 0 ro
AA M, . :
where Ag = IO 00t ity - Lhe next generation matrix Kp = JF(Ep)

JV(Ey)~! is given by

BA ( (Ao+d) (p+Mo) ) 00 0
d(v+a+d) \ AMo+(Ao+d)(p+Mo)
Kp = 0 0 0 0
0 0 0 0
0 0 0 0

Therefore, basic reproduction number is Ry = p(Kr) = max (|u|;u € p(KL)) is
spectral radius of matrix K, and basic reproduction number (R;) is obtained as

follows,
R BA ( (Ao +d)(p + Mo) >
P A+ at+d) \WMo + (Ao +d)(p+ M) )
Appendix B. Here, we proof the results for ¢ < 0, & d}\ <0, 4 dM <o, 4 dp > 0,

ddle > 0 and dI < 0 stated in remarks 1, 2.
(i) Varlatlon of I* with respect to 7:

Here we show the variation of I* with respect to r. Since at the equilibrium point
E*(I*,A*, N*, M*), the rate of change of all dynamical variables with respect to
time ‘¢’ is zero. Thus we have following system of equations:

B(N* —I"—A")— (v+a+d) =0, (25)
M*
N*—I"—A")— (A +d)A* =0, 26
o )~ o) (26)
A—dN* —al* =0, (27)
A*
r<1—9 +A )I*—’I”Q(M*—Mo):o. (28)
Using equation (27) in equation (25), we have

—(a+d)I*

Let Fy(r, %, A%) ;:5(A (d —A*)—(z/—i—a—i—d):o. (29)
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And using equations (27) and (28) in equation (26), we have

Gy(r, ", A%) = X -

r(1—0w+A*)I + ro(p + Mo
—(Ao+d)A" =0.

( 9w+A*)I*+TOMO A—(Oé-‘rd)l*_A*
4 )

(30)

Differentiating Fq(r, I*, A*) and Gq(r,I*, A*) partially with respect to =, I* and

A" we get G =0, G = — S, Fi = =5,
96 _ WO(“%M*)I* (A—(a—i—d)]*
or (7“ (1 - ‘%ﬁl*) I* +ro(p+ Mo))
G _ Ma+d) ( 9wa*)f*+7“oMo
or d (1—9 f;*>l*+ro(p+Mo)
Mwror (1625 ) A= (a+d)*
+ . 2( d
( (1—0 fA*>I*+T0(p+M0))
G, o, T(1_9w+A*)I*+ToMo
oA+ (1—0wf2*>I*+ro(p+M0)
AprorOwl*

(w4 4702 (1 (1= 025 ) I ol + M)

x (A_(O‘d“l)l* —A*) — (X0 +d).

Since Fy(r, I*, A*) = 0, and differentiating it with respect to r, we have
OF, n OFy dI* n OF, dA*
or or* dr = 0A* dr

8]171 B]Fl : :
o orr and 7L in above equation, we have

dA*  (a+d)\ dI*
dr <d> dr
Since G (r, I*, A*) = 0, and differentiating it with respect to r, we have
0Gy  0GydI* 090Gy dA*
or o dr oA dr
Using equations (31)-(33) and (34), we get

=0.

Using the values of ‘9

ar__(4n
dr o A12 '
where, Ay = )\pr0< wa2*> (Af(ajd)l* fA*) I* and Ao

y - A*) . (31)

- A*) , (32)

Apror (1—

A* A—(a+d)IT* * Aprorw(a+d)I* [ A—(a+d)I* * a+d)(No+d
0 ) (Al g g drpletdr (Aol g (st

wH+A* d

( ( -0 fA*)I*—FTO(p—FMO)) .

d(wt A™)2
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Thus, from above equation it is clear that % <0.
(ii) Variation of I'* with respect to \:

A— d)I*
Let Fo(A\ I7, AY) ::ﬂ<(ad+)—A*> — v+ a+d) =0, (35)
and
T’(lfaAi**)I*+’l"0Mo A— I*
Go(A\ I, A%) = A = ( (ad+ HI* _ A*)
r (1 _ eﬁ) I* + ro(p + Mp)
—(N+d)A* =0. (36)
Differentiating Fo(A, I*, A*) and Ga(A, I*, A*) partially with respect to A, I* and
x OFy _ o OFy _ _ PBlatd) 9Fy _ Gy _ r(1-6 95 ) " +roMo
A%, weget 52 =0, 572 = —=7— gar = B X = (r(l@wfzt31*+ro(p+Mo)
Al DT gx), 982 = 001 ang 982 — 981 Gince Fy(\,I*,A*) = 0, and

differentiating it with respect to A, we have
OFy  OFy dI*  OFy dA*

O\ | OI* d\ | OA* d\

Using the values of %, g]ﬁf and gﬁi in above equation, we have
dA* a+d\ dI*
=—|— . 37
dX < d ) dA (37)

Since Go(X, I*, A*) = 0, and differentiating it with respect to A, we have
0Gy  0Gy dI*  0Go dA*

oA oI* d\x = 0A* d\

Gy 90Ge 0Gy
O\’ OI*7 9A*

ar- Aoy
ax Agg )’
where, Asy = (r (1 — war‘%) I*+ rOM(J) (r (1 — GWf;*) I*+ro(p+ MO)>
X (%W — A*> s and A22 = Alg.
Thus, from above equation it is easy to note that % < 0. Hence the proof.
(iii) Variation of I* with respect to Mj:
Here we show the variation of I'* with respect to M.

A—(atad)I*
d

=0.

Using the values of and % in above equation, we have

Let F3(My,I*, A*") =7 ( A*) —(v+a+d) =0, (38)

and
Gs (Mo, I, A™)
A* *
7"(1—070‘)_‘_14*)[ +7‘0M0 (A—((X—Fd)l* A*)
r(l—ewi%) I* + ro(p + Mp) d
—(N+d)A* =0. (39)
Differentiating F3 (Mo, I*, A*) and G3(My, I*, A*) partially with respect to My, I*

Apr2 M,A*)
OFy _ OFy _ _flatd) OFy _ g 0Gg Pro ( d
=U, 37+ = 5 * ) 2
aMo oI d oA M, (r(lfowfj,* )I*+ro(p+Mo>)

= A

and A*, we get
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%8s = 981 and 9% = 581 Since Fs(Mo,I*, A*) = 0, and differentiating it with

respect to My, we have
JOF3 n OFs dI* n OF3 dA*
oMy = OI* dMy  OA* dM,

Using the values of gfjﬂ, gIIFE and gf{; in above equation, we obtain

aA* (a+d) dr*

dMy d dMy’

Since Gs(My, I*, A*) = 0, and differentiating it with respect to My, we have
0Gs3 . 0Gsz dI* n 0G3 dA* _
oMy  OI* dMy = 9A* dM

Using the values of gfjﬂ , ‘g(;’f, gg’i and j“ﬁo in above equation, we get

ar—_ _(4s
dMy Asz )’
where, Az = Aprd (% — A*) , and Ay = Aqo.

Thus, it is clear that % < 0. Hence the proof.
(iv) Variation of I* with respect to p:

0.

(40)

0.

A— I

Let Fy(p,I*, A*) := 8 <(O‘d+) - A*) —(wt+a+d =0, (41

and
T(l—ewA;*)I*—f—ToMo A — D I*
Galp, I*,A*) = A . ( (ad+ ) _ A*)
r (1 —%fm) I* +7o(p 4+ My)
o+ d)A* = 0. (42)
Differentiating F4(p, I*, A*) and G4(p, I*, A*) partially with respect to p, I* and
. . +d

A*, we obtain %l; = (3, o — —’H(ad ), Pa = —p,
0Gy _ _ Aro(r(1-0585=) 1" +roMo) (A—(a+d)1* —A*) 9Gs _ 961 44 0G4 _ 96y
ap (r(1—0 o2 ) I+ ro(pt M) ) d v 9 — oI A" — 9A*

Since F4(p, I*, A*) = 0, and differentiating it with respect to p, we have
OF OF4 dI*  OF, dA*
74 + 747 + 747 =0.
Op  OI* dp  O0A* dp

Using the values of %F;, gIIij and gﬁi in above equation, we get

dar (a+d> dr
dp d dp
Since G4 (p, I*, A*) = 0, and differentiating it with respect to p, we have
0Gy | 0GydI* | 0GyqdA*
dp or* dp = 0A* dp

Using the values of a(;—cz’f, g([;’f, gg’i and % in above equation, we obtain

a _ (1441>
dp Ay )’
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where, A41 = Arg (r (1 — 9%{;) I*+ ’I“oMo) (% — A*> ,and Ay = Aqs.
Thus, from above equation, it is clear that % > (. Hence the proof.

(v) Variation of I* with respect to 6:
Here, we show the variation of I* with respect to 6.

A — d)I*
Let F5(0,1%, A") ::5((01;—)—14*> —(v+a+d) =0, (44)
and
r(l—&%)]*—l—roMo A_ dI*
Gs(0,I7,A") = X - ( (“d+ ) A*)
r (1 —%fm) I* + ro(p + Mp)
—(Ao+d)A* =0. (45)
Differentiating F5(0, I*, A*) and G5(0,I*, A*) partially with respect to 6, I* and
A*, we get &z =0, P = _Lad“‘d)’ s =B,
8Gs _ Aprorl* A* A—(atd) " 4« 9Gs _ 9G,
00— ((W+A*)(T'(1—9wfz*)1*+T'0(P+1Vfo))2> ( d A ) » o1t = rt and
gﬁi = gfi. Since F5(0,I*, A*) = 0, and differentiating it with respect to 6, we
have

OFs _ OFsdl*  OF; dA*
90 " oI* do ' 9A* db

Using the values of %, gIIFE and gf‘i in above equation, we obtain

=0.

dA* a+d\ dI*
=— . 46
do ( d ) do (46)
Since G5 (0, I*, A*) = 0, and differentiating it with respect to 6, we have
0Gs  0GsdI* 0G5 dA* 0
00 oI df = 0A* d§
Using the values of 65(?;5, g(;’f, gﬁi and % in above equation, we have
ar—_ (4s
a9 Asy )’
where, As; = )‘pgfff* (A_(“;d)l* —A*), and Asy = Ajp. Thus, from above

equation, it is easy to note that % > 0. Hence the proof.

(vi) Variation of I* with respect to w:

A — I+

Let IFﬁ(w,I*,A*):ﬂ((adJr)A*) —(wv+a+d)=0, (47)

and
r 1—9(*)‘47** I*+TOMO A— A I*
Go(w, 17, A7) = A ( — ) ( (ad+ ) A*)
r (1 - Hﬁ) I* 4+ ro(p + M)
—(No+d)A* =0. (48)

Differentiating Fg(w, I*, A*) and Gg(w, [*, A*) partially with respect to w, I'*, A*,
we get % = 07 gﬂ;g = *B(ajd); ggi == 757

and

- d or*

0Gs __ AprorfI* A* : (A—(a-{-d)[* —A*) 0Gs __ 0G,
Ow (UJ+A*)2(T(1797W£Z*)I*+T0(p+M0))
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gﬁ‘i = gg’i. Since Fg(w,I*, A*) = 0, and differentiating it with respect to w,
we have

OFg  OFgdl* = OF¢ dA* 0
Ow  OI* dw = OA* dw '
g?f and gﬁi in above equation, we have
dA* a+d\ dI*
dw (d> dw’
Since Gg(w, I*, A*) = 0, and differentiating it with respect to w, we have
0Gg | OGgdl*  0GgdA™ _ 0
Ow  OI* dw = 0A* dw '

- . ¢ 9Gs 9Gg 0Ge dA* - : .
Using the values of %26, 576, 92¢ and 4> in above equation, we obtain

e __ (Aa
dw - A62 ’
where, Ag; = A’(’Loff_l{*)f* (A_(ajd)l* —A"‘)7 and Ags = Ais. Thus, from above

equation, it is clear that % < 0. Hence the proof.

: OF
Using the values of 5¢,

Appendix C.

Proof. Here, we show the local stability of equilibrium Ey and E* by finding the
eigenvalues of corresponding Jacobian matrices Jy and J*. The general Jacobian
matrix ‘J’ of model system (2) is as follows:

a1 —ﬁ] ﬁ] 0
AM AM AM Ap(N—I-A)
J = T ptM T ptM (Ao +d) p+M p(zDJrM)2
- - 0 —d 0
6A rlwl
r ( - m) T wtA)2 0 —To

where,

aj1 =B(N -2 —A)— (v+a+d).
Let Jyp and J* be Jacobian matrices evaluated at the equilibrium Ey and E*, re-
spectively. Now the Jacobian matrix at equilibrium Ej is given by:

al; — (v+a+d) 0 0 0
AM, AM, AM, 0
Jo = _P‘H\/foo _P-‘rMoo o <)\0 + d) P+M00 @24
0= — 0 —d 0
r(1- 2 0 0 —r
where,
_ AAM, 0 _ BA (Mo+d)(p+Mo) 0 _ ApA
Ao = AT Ot M1 = d (AMoﬁ<Ao+d)(p+°Mo>> and a3 = gp3an)
( (Ao+d) (p+Mp) )
AMo+(Xo+d)(p+Mo) )
From the Jacobian matrix evaluated at FEy, it is observed that one of the eigenva-

lue of this matrix is (af; — (v + a + d)), which is positive if Ry > 1 and negative if

Ry < 1. Tt is also easy to see that all other eigenvalues of Jy are - p{f‘ﬁ’o +Xo+d),

—d and —rg. Thus, the equilibrium Ej is locally asymptotically stable if Ry < 1. Ejy
becomes unstable whenever E* is feasible (i.e., Ry > 1). Thus, Ey is saddle point
with stable manifold locally in N — A — M space and unstable manifold locally in
I-direction whenever E* is feasible.
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Now, we show the local stability of the endemic equilibrium E* using Routh-
Hurwitz criterion. The characteristic equation for the matrix J* is given as follows:

n* + Bin® + Bon? + Bsn + By = 0. (50)

where, Bi = a3y + Ao +2d + 1o + I*, By = ro(a3, + Ao + d) + a5y 22555 +
61*(>\0 + 7o +d)+afl* +d(as + N + 19 +d) +dBI*.

= BI*ro(Xo + d) + BI*a3, (Ji‘j{* > + BI*as,r (1 — %) + afI*(Ao + 10 +

d) + dro(agy + Ao + d) + dag, (2245 + ﬁdl*()\o + 1o +d), By = BdI*ro(ho +

D + A1 oy s + AT ayr (1= 245 +aBI* (o + dyro + apI*as, 224,

. _ Ap(N*—I*—A%)
a3 = W’ a5y = o Here, we see that By, By, B3 and By all are

positive. Thus, by using Routh-Hurwith criterion for above characteristic equation,
we say that all the eigenvalues of the Jacobian matrix J* will be in left-half of the
complex plane if following condition is satisfied:

Bs(B1By — B3) — B?By > 0.

Hence, the endemic equilibrium E* is locally asymptotically stable provided the
above condition is satisfied. O

Appendix D.

Proof. To establish the non-linear stability of equilibrium E*, consider the following
positive definite function corresponding to reduced model system (2), about the
equilibrium E*(I*, A*, N*, M*):

I 1 1
G=I-T"-T"In (I> + §ml(A — A"+ 5mz(N — N*)?

+ %mg(M — M*)2. (51)

where, the coefficient my, mo and m3 are positive constants to be chosen appropri-
ately.
Differentiating equation (51) with respect to time ‘¢’, along the solutions of model

system (2) and choosing my = ﬁ , after rearranging the terms, we have

% = —BUI-I)?—my (ﬂw + (Ao + d)) (A—A*)?% — Bd(N N*)2
Smaro(M = M = A = AT = 1) =y 21— )4 - )
G M A4
e 2?&1 (M = M)A - )
+m1piM]\;* (N — N*)(A — A%)

Fmgr (1 - ewf*A*> (I — I*)(M — M.
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Thus, % will be negative definite inside the region of attraction 2 provided the
following inequalities are satisfied:

g < %ml (%+)\o+d), (52)

T T R

1 (PAJFMJ\;*Y < % <%+Ao+d>, (54)

() < e ()

w(aiam) < (e o)) o

msr? (1 - wejil*>2 < 4ﬁ9r0. (57)

From inequalities (52)-(54), we may choose the positive value of m;, provided con-
dition (15) is satisfied. Now, using this value of m;, we may choose the positive
value of mg from inequalities (55)-(57), provided condition (14) is satisfied.

Thus, % will be negative definite inside the region of attraction (2, if the in-
equalities (14) and (15) are satisfied. O

Appendix E.

Proof. In this section, we proof the result for direction of bifurcating periodic so-
lutions. For this, we translate the origin of the co-ordinate system to the Hopf-
bifurcation point E*(I*, A*, N*, M*), by substituting [ =1*+42;, A= A"+ 2,
N=N*+2z35, M=DM*"+ z.

Where, z = (21, 22, 23,24)7, where T represents the transpose of matrix. Now
we have the following system:

jlitl f1(21522723az4)
t _ 2(21, 22, 23, 24 L O(12P).
% f3(21, 22, 23, 24) (1=F%)
% f4(Z15227Z3aZ4)

where, f1(z1,22, 23, 21) = —BI*21 — BI* 20 + BI*z3 — Bz} — Bz122 + B2 23,

_ AM™ AM* AM* Ap(N*—I*—A")
f2(21322,237z4)__p+M*Zl_<p+1\/j* +)\O+d> 22+p+1\/j*23+ (p+DM*)? 24,

_ ApNT-IT-AY) 2 Ap _ Ap Ap
(CESVEE 7 (T M*)2 2124 [CESVEDE 2924 + (P M*)Z 2324,

f3(21, 22, 23, 24) = —az; — dz3,

0A* Owl* Owl* 2 0
fa(z1,22,23,24) = 1 (1 - w+A*) 21— ranze — ozt rarE e T [GrAnz A2
In the above expression, we are not interested in the coefficient of the third, forth

and higher order terms as they make no contribution in the further calculation.
Now, system takes the form:

2= Pz+ H(z). (58)
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21
where, z = =2 ,
z3
Z4
—pI* —gI* BI* 0
AM* AM* Ap(N*—I"—A")
P oM (p+M* + Ao+ d) p+ M (pF )2
—a 0 —d 0
A" rOwl™
T(liw—ﬁ-A*) 7m O —To
hi
_ | he
HE = | )
ha

_Ap(N*—I"—A") 2

—B23 — Bz1zo + Br123

(p+M~)?

Zy =

Ap _ Ap Ap
GFMA)Z A% — Az A2%a t GrarE #4344
0

rwl™ 2

rfw
W+A B2~ wtA")ZF1%2

. and
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The eigenvectors v1, vy and wvg of the Jacobian matrix P corresponding to the

eigenvalues iwg, 13 and 74, respectively, at » = r. are obtained as follows:
v11 — W12 U13 V14
Vg1 — W v v
vy = 20— W | 23 and v = 24
V31 — W32 V33 V34
V41 — W42 V43 Vaq
_ Ap(N*—I"—A") rfwl* AM*
where, v = (P M*)Z (Wt A™)2 + 70 PEM* +Xo+d 7(*)0’
v1g = — Jwo (A 4+ Ny +d) + row
12 0 p+M* 0 0o (>
vor =1 (1 — 0A* Ap(N*—I"—A")  AM* ro(atd)d+w? (atro)
21 — Wt A" (p+M~*)? p+M* 2tw? )
Voo — AM* wg((a+d)d+wg)—rowoa
22 — p+M* d2+w(2) )
_ [ aApd(N*—I"—A") rowI* adrg 4 awgro
V31 = { (2 +w2) (pt M 72 (wtA™)2 + a2 +w? p+M* + Ao +d d2+wg
2
awo
s ()

adwg

(03
Uzg = {d2+w2 +

d2 +UJ2

_ awgrg AM*
FERWRE: (p+M* + )‘0)}

V41 =

V42 =

V13

V23

V33

V43 =

V14

Ap(N*—I"—A") Qwl™*
(p+M* + 2o +d) - dgiig ( (pFM*)2 ) (A2

AM™ d Owl™
p+M* <1+ d2o_é~_w(2)) (‘:+Uj4*)2 +T'(17 w+A*) (p+M* +A0+d>

AM* awo rOwl™
P \ Brw? ) wrAs)?
Ap(N*—I* — A*)

(p+M~)?

0A*
—TWo (1—m)’

(:ii&l 5z + (ro +n3) <p+M* + Ao +d+773>

0A*
r (1 - w+A*)

Ap(N*—I"—4") (ro +713) (a+d+ns) AM*

(p+M~)2

dtns ) prM*>

T dtns

(p+M~)

p+M*

AM* (a+d+n3)< rowl*
(

Ap(N*—TI*

d+ns
—A%)

w+A*)?

(p+M*)2

@ (AL o) el (ro ) (R + o Hd b ms)
) (1= 285) (R + do+d+ ),

(U:‘f_ozl:)Q + (7’0 +774) (p-‘,—M* + Ao +d+774)
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— _ _0A* \ Ap(NT-I"—A") atdtnd ) AM*
U24—T(1 w+A*) (pF )2 (7"0+774) d+ma PN
_ Ap(N*—I"—A") ruwl* AM™
V34 =~ { GraryE — Granz T (o T m) (s Aot d+m) g,
_ AM* (atdtns rOwl* _ _eaAr
V4= e ( s ) ((w+A*)2) T (1 w+A*) ( o T Aot d+ 774)
Define, V' = (Re(v1), —Im(v1), va, v3),
V11 V12 V13 V14
Vo= | V2 V22 U Un
U3l V32 V33 Us4
V41 V42 V43 Vag
The matrix V' is non-singular such that
0 —wg 0 O
_ w 0 0 0
VPV = 0
0 0 n3 O
0 0 0 my
Inverse of matrix V is given by:
w1 Wiz Wiz Wia
vl = W21 W22 W23 W24
W31 W32 W33 W34
Wq1 Wq2 W43 W44
where,
1
w11 = X [v22(V44V33 — V43v34) + V23(V42U34 — V44V32) + V24 (V43032 — V42U33)]
1
w12 = x [U12 (U431134 - 11441133) + 013(11321144 - U34U42) + U14(U33042 - U43U32)] ,
1
w13 = X [V12(V44V23 — V43v24) + V13(V42V24 — V44V22) + V14 (V43022 — V23V42)]
1
W4 = R [v12(v24v33 — Va3V34) + V13(V22U34 — U32V24) + V14(Va3VUs2 — V33v22)],
1
wo1 = x [V21 (V34043 — V44v33) + V23(V44U31 — U34V41) + V24 (V41033 — V31043)]
1
W22 = A [U11(U33U44 - U34U43) + 013(11341141 - U44031) + U14(U 1V43 — U33V41 )] ,
1
Wz = K [V11(V43V24 — Vaqv23) + V13(V21V44 — V24041) + V14(V41V23 — Va3v21)],
1
Wy = % [V11 (V2334 — V24v33) + v13(V31V24 — V34V21) + v14(v33V21 — V23V31)]
1
w31 = K [V21 (V32044 — Va2034) + V22 (V34041 — V310V44) + V24(V31V42 — V32041)]
1
w3y = % [V11 (V42034 — V44v32) + v12(V44031 — V34V41) + V14 (V41032 — Va2031)]
1
w33 = A [’Ull(”U44’022 - ’042’024) + V12 (U41’024 - ’U217)44) + '014(’0417)32 - 7142'031)] ,
1
w34 = % [V11 (V32024 — V34022) + V12(V21U34 — V24v31) + V14(V22V31 — V21U32)]
1
Wqe1 = X [U21(U42U33 - U43U32) + V22 (U43U31 - U33U41) + U23(U41032 - 0311142)] y
1
Wy = % [v11(v43V32 — V42033) + v12(V33V41 — U31V43) + V13(Va2v31 — V32041)]
1
Wy3 = X [U11(11421)23 - 1)431)22) + v12 (11211143 - U23U41) + U13(U41022 - 0211142)] ,
1
Wy = x [v11 (V33022 — V32023) + V12(V31V23 — V21U33) + V13(V32V21 — U31V22)]
A = det(V). Consider the transformation z = Vy, i.e., y = V1z.
Where,

y= (yla y27y3ay4)T

Under this linear transformation system (58), takes the form:

g=VTIPV)y+ f(y).
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where, f(y) =V 'H(Vy). This can be written as:

i = —woye+ (Y1, Y2, Y3, Ya),
Yo = woyr + (Y1, Y2, Y3, Ya),
Ys = m3ys+ f2(y1,y2, Y3, Ya),
Yo = naya+ Y102,y 0a)

where,
f=Unr e M.
[ =wi1hy + wizhe + wishs + wishy,
f? =wa1h1 4+ washs + washs + washa,
f? =ws1hy + wsahy + wyshs + washa,
[ =warhy + wizhs + washs + washa,
hy = — B(v11y1 + viaya + v13Ys + v1ays)’
— B(vi1y1 + viay2 + v13ys + viaya) (Vary1 + vazya + V23Y3 + va4ya)

+ B(vi1y1 + v12Y2 + v13Ys + v14Ya) (V3191 + V32Y2 + UssYs + U3aya),
Ap(N* — I* — A*)

hay = (p+ M*)3 (va1y1 + vasya + vazys + vaaya)”
Ap
- m(vuyl + v12y2 + v13Y3 + V14yYa) (Va1Y1 + vazy2 + Va3Y3 + vaays)
Ap
- m(vzﬂh + V22Y2 + V23Y3 + V24Ya) (Va1y1 + Va2y2 + Vazy3 + Vasys)
Ap
* m(%yl + v32Y2 + v33Y3 + v3aYa) (Va1 Y1 + va2y2 + va3ys + vaaya),
hs =0,
réw
hy =— m(”nyl + 122 + vi3Y3 + V1aya) (V21Y1 + V22y2 + V23ys + v24Ya)
rowl*

2
— (v v v v .
@+ A*)?’( 21Y1 + U22Y2 + V23Y3 + V24Y4)
Furthermore, we can calculate hq1, ko, hao, Ha1, Hiyg, H3g, Higr, Hio1, 011, 021,
o309, 03, following the procedure given in Hassard et al. [16].
Using above, we can find following quantities:

hor = Ha +2 (H1110‘7%1 + H1210‘7%1) + Hip1030 + Hip1030,
o 5 |ho2l? ha1
a(0) = 20g hi1hao — 2|ha1] B +77
 Re((0)
H2 ¢/(0) )
Lm0 +ar0)
wo ’
Bo = —2p2¢'(0).

where, ¢/(0) = 7 (Re(1(r)))]rr, and o’ (0) = L (Im(n(r)))]r=r- N
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